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1. Introduction

In recent years, femtosecond lasers have become a unique tool for three dimensional optical
material engineering with the ability to process transparent materials within a confined
volume and with nanometer-scale precision [1,2]. Silica glass with femtosecond laser induced
properties such as refractive index increase [3.,4], selective etching [5,6], thermal conductivity
modification [7] has been investigated from the advent of ultrafast direct writing, with
applications ranging from integrated optics [8] to micro-fluidics [9] and micro-mechatronics
[10]. Over a decade ago a peculiar self-assembling behavior, which manifests as a nanograting
formed in the femtosecond laser irradiated volume, was observed in silica glass [11]. Since
then, numerous applications of nanogratings have been demonstrated [12] including
anisotropic microreflectors [13], polarization sensitive holograms [14] and waveguides [15].
In this review we focus on polarization controlling devices written in fused silica with self-
assembled nanograting.

2. Nanograting Properties

Depending on the fluence, femtosecond laser irradiation can produce three types of
modification in fused silica: isotropic refractive index increase [3], nanogratings [11] and
voids [16,17]. However, all three types can be clearly observed only for pulses shorter than
200 fs [18]. At longer pulses nanogratings appear even at relatively low fluencies, just above a
permanent modification threshold. Femtosecond laser induced nanogratings possess two
periodicities: perpendicular to the polarization and along light propagation direction [19]. The
first grating has a period smaller than the wavelength of light in the range of 100-300 nm
depending on experimental conditions (Fig. 1). Despite some works relate this period only to
the wavelength [20], in fact it depends in more complex way on a set of parameters such as
wavelength and pulse energy [19]. The second period is growing from the head of the
structure to the tail with the initial period close to the light wavelength (lambda) in the
material (refractive index n), i.e. A,/n. Recent studies suggest that the nanoplanes of the

structure consists of a porous material [21] indicating possible glass decomposition during the
irradiation of silica glass.
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Fig. 1. Cross-section of the nanograting induced in fused silica with femtosecond laser. Two
periodicities can be distinguished; one along light propagation k and another along the electric
field direction E.

The nanogratings are able to self-replicate over the distances much larger than the spot
size of the writing beam. The experiments suggest that the structure imprinted earlier provides
an initial “seeding” conditions during the formation of the self-organized period assembly in
the adjacent region [19]. This property affects the etching rates of the irradiated regions [22].
However, recent study indicates that this is not always the case [23]. Additionally
nanogratings exhibit extraordinary thermal stability and sustain the temperatures over 1000) C
[24]. On the other hand, femtosecond laser pulses with different polarization can completely
overwrite modified regions, enabling to explore nanogratings as a rewritable optical medium
[12,25].

The predominant way of nanograting characterization is the analysis of the structure under
scanning electron microscope [19]. Despite its straightforwardness, the method restricts
characterization of the femtosecond laser induced anisotropy to the measurements of the
nanograting period. Moreover, it often requires additional post-processing efforts such as
sample polishing and etching in fluoric acid. The alternative, nondestructive way of the
anisotropic structure’s characterization is quantitative birefringence measurements, providing
the information about the dependence of induced modification on writing parameters such as
fluence, repetition rate, numerical aperture, etc.

3. Form Birefringence

The effect of form birefringence, unlike intrinsic birefringence due to anisotropy of oriented
molecules, manifests itself due to alignment of submicroscopic rodlets or platelets [26]. The
light polarized parallel to the interfaces experiences larger refractive index and as a result
phase difference for two perpendicular polarizations is acquired. The strength of the
birefringence can be controlled by periodicity and material composition of the microstructure.

Refractive indices of nanograting for ordinary 7, and extraordinary n, wave are:

2.2
nn,

frm; +(1_ff)”12’

n, =\ fnt+(1-f, )nl.

where ff - filling factor, n, and n, are refractive indices for platelets constituting the

n =

&

grating. One can see, that

2 2 _ff(l_ff)(nlz_nzz)2

n —-n = <0,

C fom + (1= 1, )ni
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i. e. the nanograting always behaves as a negative uniaxial crystal. Typical value of n, —n,
is —(2-4 x 107°) [24]. For comparison, quartz crystal is a positive uniaxial crystal and n,—n, =

9 x 107, Tt is worth to note that aligned rodlets produce positive birefringence.

Birefringent modification can be characterized by two parameters: the retardance and the
azimuth of the slow axis. On the other hand, they can be independently controlled during the
writing experiment as the retardance is a function of fluence and the azimuth of the slow axis
is defined by polarization.

Observation of birefringence which could be controlled by polarization of femtosecond IR
laser beam was first reported by Sudrie et al [27]. It should be noticed that in these
experiments the femtosecond laser induced anisotropy was reported to exhibit positive
birefringence. Simultaneously, a peculiar scattering with propeller like shape oriented
perpendicular to the laser beam polarization was observed in Ge doped silica glass [28]. It was
suggested that aligned subwavelength structures are responsible for this scattering. The
experimental observation by Sudrie et al. could be explained by well-known anisotropy due to
light induced anisotropic bonds rearrangement (light induced anisotropy) [29]. Knowing that
the nanograting always acts as a negative uniaxial crystal these experiments did not suggested
presence of the subwavelength structure. Alternatively, experimental error in this paper could
be blamed for the sign of birefringence mismatch. All further experiments confirmed the
presence of negative birefringence. Discovery of the nanograting produced in the bulk of the
material provided an appropriate explanation for the both effects: anomalous scattering and
birefringence. Under certain conditions this type of glass modification can be an undesirable
effect. As revealed from the studies of the glass modification dependence on the pulse
duration, above a certain pulse duration (~200 fs) smooth refractive index increase cannot be
achieved [18]. If waveguides are to be written using relatively long pulses >200 fs, they
potentially can be polarization sensitive, additionally, some losses can also occur due to
nanograting formation [30]. However, at megahertz repetition rates birefringence is strongly
reduced, probably due to heat accumulation effects [31]. Despite two theories proposed, the
nanograting formation mechanism is still under discussion [11,20,32]. One, adopted from the
conventional theory of laser induced surface ripples formation, relies on the interference of
bulk electron plasma waves with the incident light [11], while the other attempts to explain
the subwavelength structure formation by nanoplasmas [20]. Both theories require relatively
high density plasma for nanograting formation, which contradicts predicted [33] and directly
measured [34] values of plasma concentration. Recently, alternative theory on nanograting
formation based on exciton-polariton self-organization was proposed, which quantitatively
explain fine features of the nanogratings, such as two periods [35]. Another open question is a
possibility to induce nanogratings in other materials. Currently, nanogratings were observed
only in silica glass and several crystalline materials (sapphire [36], tellurium oxide [37]).

4. Birefringent Devices
4.1 Fresnel Zone Plate

One of the first diffractive elements fabricated by means of femtosecond direct writing was a
birefringent Fresnel zone plate [38]. Such elements are attractive as optical components due to
their compactness and focusing abilities [39]. However, traditional methods of
fabrication are based on either lithographic [40] or etching techniques [41],
which require costly equipment. The femtosecond direct writing process offers
advantages compared with current zone plate fabrication processes because it is a one-step
procedure and has the potential for creating polarization-sensitive, integrated multilens
systems in three dimensions.

The Fresnel zone plate consists of a series (or zones) of concentric rings whose outer
radius R is determined by the following equation:
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R =\mfA,

where m is the number of a respective Fresnel zone and f is the primary focal length.

Figure 2 demonstrates a lens inscribed in a slab of fused silica by selective covering odd-
numbered zones with birefringent modification. The lens fabrication was performed with a
regeneratively amplified, mode-locked Ti:Sapphire laser delivering 150 fs pulses at 200 kHz
repetition rate at 850 nm. The light was focused with 50 x (N. A. 0.55) objective into a fused
silica plate at a 0.5 mm depth.

Fig. 2. (Left) Femtosecond laser inscribed Fresnel zone plate, blue regions corresponds to laser
processed regions. (Right) Image of the University of Southampton logo projected onto the
CCD camera with embedded Fresnel zone plate.

The maximum measured efficiency for this lens, derived as the ratio of a power in each
primary focus to the total power incident on the zone plates, was 39%, which is close to the
maximum efficiency predicted by theory (about 40%) for a zone plate behaving as a phase
lens. For comparison in the case of absorbing zone plates, only 10% efficiency is predicted.
This clearly indicates that the focusing properties of this lens were mainly attributed to the
variations of refractive index but not amplitude, what could be expected due to scattering on
the modified regions. This could explain low efficiency of Fresnel zone plate reported by
Watanabe et al [42].

As a result of strong birefringence of the laser induced modification, the lens efficiency
largely depends on polarization of incident light and varies by as much as a factor of 6 for
orthogonal polarizations. In cross polarizers this lens works as amplitude Fresnel plate. Even
when focusing unpolarized light, at the focus the light will be partially polarized. This effect
may be useful for integrated optical circuits or micro-electro-mechanical systems applications
that require both focusing and polarization sensitivity.

4.2 Polarization Diffraction Grating

Another example of polarization diffractive optical elements is a polarization diffraction
grating [43]. Instead of modulating phase or amplitude of the element, one can impose a
periodic modulation on the slow axis of the birefringent material [44]. After propagating
through the grating, light becomes periodically modulated in a polarization state. If the grating
is following the law [45]:

TX
o0=-"7
(x) p

mod 7
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with @(x) being the angle of the slow axis, the diffraction has only —1, 0 and 1 orders. The

diffraction efficiency depends on the induced retardance R value at the wavelength 4 and
the state of incident light polarization:

o =%(1+cos ).
1
n-11 =5(1—COS o)(E;, |RH,LH>2 ,

where @ =27R/A is the phase shift; E, ,RH and LH denote the Jones vectors for

incident, right and left polarizations. If the phase shift is equal to =, the zero order, which
preserves the incident polarization state, vanishes completely while leaving only right and left
handed circularly polarized —1 and 1 diffraction orders. Being sensitive to the handedness of
the incident circular polarization, this grating serves as a perfect mean characterizing the
polarization state of the incident light.

The polarization grating demonstrated in Fig. 3 was written inside of bulk fused silica
using a 200 kHz repetition rate regeneratively amplified diode pumped Yb:KGW (Yb-doped
potassium gadolinium tungstate) crystal femtosecond laser operating at A = 1030 nm. Pulse
duration was set to 270 fs and pulse energy was 0.5 pJ. The laser beam was focused via 100 x
(N. A. 0.7) Mitutoyo objective into a fused silica plate 70 um below the surface. Polarization
of the incident beam was controlled with an achromatic half-wave plate mounted on a
motorized rotation stage. The sample was translated with a computer controlled three-axial
stage.

100 |-
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Fig. 3. (Left) Grayscale map representation of birefringent grating phase variation measured
with digital holography microscope. (Right) Optical path variation along the green line
indicated above.

In the first experiment on writing polarization diffraction grating with femtosecond laser, a
moderate retardance of about 80 nm (measured at 515 nm) was induced. As a result,
diffraction efficiency into —1 and 1 orders was about 20%.

Recently, a polarization grating size 2 x 2 mm with a 22.5 pum period was written by
focusing light with a low NA optics (0.16 N. A.). In this case, a pulse train of 200 kHz with
1.25 pJ pulse energy induced retardance of about 257 nm, which is close to a half-wave for
515 nm. The efficiency of the grating was much higher as compared to that discussed above.
More than 80% of the incident light was diffracted into —1 and 1 orders (Fig. 4).
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Fig. 4. Far-field diffraction images for circular (right (a) and left (b)) and linear (c) incident
polarizations. Respective profiles measured for 515 nm with a beam profile meter: (d.e)
diffraction patterns for right and left handed circular polarizations respectively, (f) diffraction
pattern for linear polarization.

Sensitivity of polarization grating to incident circular polarization can be exploited for
polarimetric measurements.

4.3 Polarization Converter

Another application of femtosecond laser-induced form birefringence is a polarization
converter [46]. There is an increasing interest in the exotic polarization modes such as radial
or azimuthal polarization. Such beams have attracted recently a significant attention largely
because of their unique properties under high numerical aperture (NA) focusing. Numerical
calculations have shown that tighter focus spots can be obtained using radial polarization,
caused by strong and localized longitudinal field component [47]. This effect has been
experimentally confirmed by several groups [48,49] and has already found applications in
high resolution imaging such as confocal microscopy, two-photon microscopy, second-
harmonic generation microscopy [50], third-harmonic generation microscopy [51], and dark
field imaging [52]. Radial polarization also ideally suits for surface plasmon excitation with
axially symmetric metal/dielectric structures [53], because plasmon excitation is strongly
dependent on excitation polarization. The large longitudinal electric fields generated with
radially polarized beams are also explored for particle acceleration [54].

Three-dimensional focus engineering is another application where beams with exotic
polarizations can be used. By controlling polarization azimuthal angle ¢, from the radial
direction, a focal field with a transverse flattop profile can be created [55]. Introducing a pupil
plane phase or amplitude mask provides additional degrees of freedom and enables extra focal
field profile control, so that a highly homogeneous electric field distribution in three
dimensions is achieved [56]. Recently, even more exotic focal field distributions, such as an
optical “bubble” [56] or optical “needle” [57], have been implemented.

Additionally, high degree of symmetry inherently present in radial/azimuthal polarization
leads to efficient interaction with matter without an undesirable anisotropy produced by a
linearly polarized light [58]. The main hindrance to a widespread use of such polarization
modes is the lack of simple and cost-effective ways to generate them. Currently used methods
are mainly based on liquid crystal technology [59,60] or segmented waveplates. However, the
low damage threshold restricts the application of liquid crystal based beam converters.
Alternatively, polarization converters can be produced by spatially variant subwavelength
gratings [61], which would generate azimuthally symmetric polarization from conventional
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linearly or circularly polarized Gaussian modes. Photolithography, which is usually used for
fabrication of such elements has a limiting resolution that restricts the wavelength of operation
to the infrared. In this respect, the nanogratings induced by femtosecond laser irradiation are a
perfect choice for devices working in visible and near-infrared. Depending on induced
retardance, two types of converters can be constructed. First type is a spatially variant quarter
wave plate, which converts an incident circularly polarized beam into a radially or
azimuthally polarized optical vortex. Second type, is a spatially variant half-wave plate, which
converts incident linear or circular polarization into radial/azimuthal polarization or optical
vortex respectively.

Such converters can be efficiently modeled using the Jones matrix formalism. The basic
idea behind this model is representing the state of polarization and the effect of an anisotropic

device on it by the Jones vector E, and the matrix M which contains 2 x 2 elements. The

transmitted polarization state E{M then can be written as:

E =ME,

out in

The matrix for a spatially variant element can be obtained by rotation transformation
expressed as follows:

M (0) = R(-0)MR(0),

where

RE) :[ cos(0) sin(&)j.

—sin(@) cos(0)

The spatially variant quarter wave plate when can be described by the following matrix:

qw

[ cos’@+isin’@ (1-i)cosPsiné
(1-i)cos@sin@ icos* @+sin* @ '

where d=¢+ /4 and ¢ is a polar angle in the polar coordinate system. Multiplying a
vector describing the left handed circular polarization by this matrix, the following expression

is derived:
- 1 —sin o
Emi = qu L = ¢ ez¢em/4.
. V2 Ui cos ¢

The first term of the product represents azimuthal polarization while the second term
indicates the presence of the orbital angular momentum / = 1. Similar calculations made for
the right handed incident polarization yield radial polarization with the orbital momentum / =
-1.

For a spatially variant half-wave plate, we get the following Jones matrix expression:

M, = (cos¢ sin ¢ ]

sing —cos¢

Then for the incident horizontally polarized light, the radial polarization emerges:

EM M, (O] :[ sin ¢ ]
1 —Ccos¢
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Similarly for the incident vertically polarized light, the azimuthal polarization is derived.
The superposition of two azimuthally symmetric polarization states can be easily produced by
rotating the incident beam polarization with respect to the radially variant half-wave plate. An
interesting result follows if a circularly polarized light is transmitted through the same

converter:
- 1 Ccos ¢ +isin (1
Evor = th . ¢ l ¢ et¢ -
i sing—icos¢ —i

As one can see, incident circular polarization changes its handedness and additionally acquires
a spatially variant phase factor which is a direct indication of optical vortex presence. As a
result, the same converter can be used for generation of azimuthally symmetric polarization
states and optical vortices (Fig. 5).

If a converter is designed for 515 nm wavelength, the corresponding retardance values for
quarter- and half-wave are 128.75 nm and 257.5 nm. First, a series of experiments were
performed to determine a writing regime where such high values of retardance can be
achieved. For the experiments we used the same Yb:KGW femtosecond laser system as
described in the above paragraph with the repetition rate set to 200 kHz.

In our femtosecond writing setup, the colimated femtosecond beam passes through a half-
wave plate and a Glan polarizer (used for controlling the average power). The second half-
wave plate, located just before the focusing optics avoiding unwanted polarization distortion,
controls polarization of the writing beam. The beam is focused with the relatively low
numerical aperture (NA = 0.16-0.35) lenses and objectives, allowing the increased values of
induced retardance as a result of an extended Rayleigh length. The sample is mounted onto an
XYZ linear air-bearing precise positioning stage (Aerotech Ltd.).

or

p.

Fig. 5. (a) Modeled and (b) measured vortex intensity profiles, (c) diffraction pattern of two
interfering vortices, (d) zoomed central part, red circles indicate ‘fork’ pattern formed due to
phase discontinuity present in the interfering electric field.

The optimum parameters to induce a high retardance were determined by a set of
experiments. The structures were written with two different translation speeds (Imm/s and
2mm/s) at energies up to 7.5 pJ and later characterized with a quantitative birefringence
measurement system (CRi Abrio) and Olympus BXS51 optical microscope. The measured
retardance dependence on pulse energy at two different focusing conditions clearly
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demonstrates possibility of reaching high retardance values exceeding even half-wave value
(258 nm) for 530 nm (Fig. 6). One can see that with lower NA optics, the higher energy is
required for forming nanogratings and, as a result, the structures with the same retardance are
less uniform. However, the retardance saturates at much higher values, allowing to write a
half-wave retardance in a single scan. With 0.35 NA objective severe damage of glass occurs
above 3 pJ limiting the induced retardance to 200 nm.

400 250
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- — 2mm/s 200} — 2mm/s
E Ll £
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8 8 150 -
= 200 - =
° ° 100 +
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© 100} © o
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Fig. 6. Retardance values for nanogratings written with 0.16 NA aspheric lens (Left) and 0.35
NA objective (Right) at two translation speeds (1 and 2 mm/s). Dotted lines indicate retardance
values of quarter and half wave for 530 nm.

To get the retardance value of a quarter-wave, the light was focused via the objective of
NA = 0.35 as this requires less energy that means that the structures are more uniform. For the
retardance value of a half-wave, the light was focused via an aspheric lens with NA = 0.16
and the writing speed was 2 mm/s. The converters were recorded by translating the sample in
spiral trajectory with the synchronous rotating polarization. The optimized writing process
allowed to appreciably reduce the total fabrication time, which in comparison to a previous
result was lowered by a factor of 7 (Fig. 7).
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Fig. 7. Schematic drawings of nanogratings distribution in quarter- (a) and half-wave (b)
polarization converters. Femtosecond laser written radial polarization converters for circular (c)
and linear (d) incident polarizations. The pseudo color indicates direction of the slow axis.
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Performance of the converter for circular polarization was investigated with a circularly
polarized argon ion laser beam (A = 514 nm). After passing the quarter-wave retardance
converter, the beam was transmitted through a linear polarizer and collected by a CCD
camera. For comparison, the respective beam profiles were modeled using the Jones calculus
and Fourier propagation (Fig. 8). In the near-field, modelling and measurements produced the
propeller shapes typical for the radial polarization. In the far-field, the diffraction distorts this
shape producing a peculiar ‘s’ shape pattern, though symmetric propeller shape can be
restored in the near-field by focusing the beam again.

—
[V
=

near-field

k=)
2
7

]
&

measured

Fig. 8. Modeled near- and far-field (top and middle) and measured (bottom) intensity
distributions after the polarization converter for incident linear polarization (a) and for left
handed circular polarization (i.e., azimuthal polarization with the orbital angular momentum / =
1 is generated) at different angles of polarizer 0° (b), 45° (c), 90° (d), 135° (e). White arrows
indicate incident polarization state.

An azimuthally (radially) polarized vortex with the orbital angular momentum / =1 (I = —1)
can be considered as a superposition of two circularly polarized beams, one possessing the
orbital angular momentum / = 2 (/ = -2) and the other having a plane front. The interference
of these two beams after the polarizer (analyser) produces a characteristic ‘s’ shape pattern,
which was observed in our experiment.

Optical vortex Zero order Plane wave

Plane wave Zero order Optical vortex

Fig. 9. Diffraction patterns of radially/azimuthally polarized optical vortices produced with the
polarization grating discussed in section 4.2.
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To visually demonstrate this, we transmitted a radially polarized optical vortex generated with
the converter through the polarization grating discussed above (Fig. 9). As this grating works
as a circular polarization beam splitter, the incident beam was split into an optical vortex and a
plane wave.

Similar procedure was used for testing a half-wave retardance converter. In this case, a
radial polarization is produced by the incident linear polarization. As this is a pure radial
polarization as opposed to the radially polarized optical vortex described above, the propeller
shape is retained even in the far-field (Fig. 10).

Fig. 10. Modeled (top) and measured (bottom) profiles of generated radial polarization directly
after converter (a) and after polarizer (b-d). White arrows indicate transmission axis of the
polarizer inserted between the converter and the CCD camera.

4. Conclusions

Femtosecond laser direct writing can be used for a three dimensional nanostructuring of silica
glass. The process not only allows fabricating complex optical devices in a single step but also
opens new opportunities for precise control of induced birefringence. Potential of this method
was demonstrated by implementing several unique polarization-sensitive devices ranging
from diffraction gratings to radial polarization and optical vortex converters which could be
used for polarimetry, microscopy, and material processing to mention only few.
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