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ABSTRACT

By conducting point-by-point inscription in arginuously moving slab of a pure fused silica
at the optimal depth (17@m depth below the surface), we have fabricated Grizb-period
nanostructure with 30 nJ, 300 fs, 1 kHz pulses ffequency-tripled Ti:sapphire laser. This is
the smallest value for the inscribed period yetorggal, and has been achieved with radical
improvement in the quality of the inscribed nanosiires in comparison with previous reports.

The performed numerical modeling confirms the atgdiexperimental results.
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1. Introduction

In 2004, two groups independently reported #pplication of a point-by-point (PbP)
technique to fibre Bragg grating (FBG) inscriptionstandard non-photosensitive fibers [1-3].
Both groups used tightly-focussed femtosecondIRslaser A = 800 nm) radiation and a sub-
micron precision positioning system. The FBGs poadluexhibited either fourth-ordeh & 2.14
pm) [1] or from first- to fourth-order (with the singest second-ordefy = 1.07 um) [2,3]

periods for the reflection peak at the telecommations wavelength 1.58m. Since that time,



the PbP technique employing the output of a fenctmse Ti:sapphire laser has evolved to
become a relatively routine method for the fabraradf gratings in fibers with typical values of
the inscribed period of 1.Q¥m [3-8] or 1.12um (third-order grating for the 1080 nm reflection)
[9]. Recently, with tightly-focused 800 nm femtosed light pulses, injected into a slab of pure
fused silica using a special, reflective microobjex; the fabrication of first-order gratings for
1550 nm wavelength\(= 0.535um) was reported [10,11]. Very recently, by introghgcindex-
matching fluid between the planar microscope caliprand fiber, the same 535 nm period was
achieved with FBG recording in standard fiber [12].

It should be noted that all of the foregoingeastigations on point-by-point microfabrication
have employed 800 nm femtosecond light pulses, lwhicite the samples of fused silica (or
germanosilicate glass) via five-photon absorptid3].] Such a multi-photon approach can
employ the different wavelengths and different nerstof photons in one elementary absorbing
act [14], so facilitating inscription inside var®uon-photosensitive optical materials. It is also
known that the propagation of a femtosecond 800pnise inside a bulk dielectric (e.g. fused
silica glass) with a peak power exceeding the ttokels(critical power) results in self-focusing.
Remarkably, this regime is characterized by reductof the spatial dimensions of the
photoinduced material modifications below the difion limit [15]. Since the achieved size of
the pitch (modification) is about 270 nm and muetabBer than the inscribing wavelength of 800
nm, further feature size reduction would appearbéo highly unlikely using this method.
However, shifting the wavelength of the inscribifigsapphire laser radiation into the UV range
(e.g. to 267 nm with simultaneous decrease in theraf absorption process from five-photon
to two-photon [14]) immediately makes it possibte record structures with even smaller
periods. Such a development is very importantef@mple, for the point-by-point fabrication of

first-order Bragg gratings possessing a peak rilee wavelength of ~4Im.



In our previous work, the use of 267 nm femtosel pulses with 82 nJ energies led us to the
inscription of 300-nm-period structures [16]. Inetlcurrent work, the optimising of the
inscription depth has allowed us to decrease theiption energy down to 30 nJ and to inscribe
the 250-nm-period structure. In addition, the gyabf the nanostructures was significantly

improved in comparison with our previous report.

2. Experimental set-up

Femtosecond pulses at 800 nm were produced Tysapphire chirped pulse amplification
laser system consisting of a ,Tsunami* oscillatod @ ,Spitfire* amplifier (both from Spectra-
Physics). The laser system delivered 0.8 mJ pwisbs 150 fs duration and 1 kHz repetition
rate. The IR beam diameter after the amplifier @&s mm at FWHM. The set-up for third-
harmonic generation (THG) was similar to that désct earlier [17]. The pulses at 267 nm were
produced by non-collinear sum-frequency mixing et fundamental radiation and that at the
second harmonic (Fig. 1 a). A half-wave plate waed to distribute the energy of 800 nm
pulses between two channels, which allowed us toipoéate the energy at the entrance of
second-harmonic generator and, thus, the enerthedajutput radiation at 267 nm. The pulses at
400 nm were produced in a 1 mm thick BBO crystdlfou type | collinear second harmonic
generation = 29.2°,¢ = 90°) [18]. A second half-wave plate was used90t polarization
rotation of the 400 nm beam. Using three mirrorthvigh reflectance at 400 nm, the second
harmonic beam was separated from the fundamertial 400 and 800 nm pulses were directed
into a 1.0 mm thick BBO crystal cut for type | sdraguency generatiort (= 44.3°,¢ = 90°)
[18]. The angle between the 800 nm and 400 nm beemsdess than 2° in the horizontal plane.
Using highly-reflecting UV mirrors and the non-déo#ar geometry of THG, we easily separated
the 267 nm radiation. The UV pulse energy was nooeit by a PD10 photodiode (Ophir

Optronics). The energy of the third harmonic pulses about 8QuJ with pump energy at 800



nm of 800uJ. By varying the optical delay and measuring tloss:-correlation function between
the fundamental pulse and it's second harmonicestenated the width of both 400 nm and 267
nm pulse to be about 300 fs.

Fused silica samples of 3020 mm size and 1 mm thickness (Schott Glas) wseel in the
experiments. They were moved in the horizontal @lantwo perpendicular directions by an air-
bearing translation stage ABL-1000 (Aerotech). Traaslation speed was varied in the range of
0.25-1.0 mm/s. The absolute and relative micropositigraccuracies were both better than 50
nm.

The UV laser beam was directed in a strictlgppadicular direction on to the surface of the
fused silica sample from the top (Fig. 1 b). It lcbbe focused to any selected depth between 0
and 600um below the surface with accuracy ofpuin. For focusing, we used a reflective
microscope objective with numerical aperture of 50.@aling), manipulated by a 3D-
micropositioning manual translation stafjé MAX 303 (Melles Griot). The inscription energy
values were varied between 20 and 400 nJ, whitstiehgth of inscribed tracks was usually

between 0.5 and 4 cm.

3. Characterisation of inscribed structures

To establish the optimal conditions for instap, one should carefully adjust at least four
parameters including, particularly, the laser pulseergy, the speed of translation stage
movement, the focus depth inside the sample, amgpdtarization of the inscribing light with
respect to the direction of sample movement. Qpaeameters, including the numerical aperture
of the microscope objective, the repetition rdte, wavelength and the duration of the inscribing
pulses, also could be varied. The resulting nundfezxperimental tracks could easily reach

some thousands: thus, an express visualizationatiéslneeded for such optimisation.



We perform the characterisation of the irragllasamples using an optical microscope,
Axioscope-2 MOT plus (Zeiss), which was equippedioth transmitted light and differential
interference contrast (DIC) measurements. The uésal of a conventional optical microscope
is considered to be of the order of the illuminatwavelength: in our experiment, even with the
use of a blue filter it was rather difficult to trguish the 600-nm-period perturbations induced
in the bulk of the material. However, the use o€DRéchnique enabled us to monitor structures
with periods down to 250 nm. In the experiments, wged the combination of a Plan-
Apochromat oil immersed objectivec)(00/1.40/DIC) and an Achromatic-Aplanatic condenser
(1.4H/PH/DIC) with numerical aperture of 0.6 (ogher). A DIC-prism (111/1.4) and DIC-slider
(x100/1.40111) were also used; such a combinatiormse¢o be the best one commercially
available from Zeiss. The refractive index variatie expected to be of the order of*.@hich
corresponds to a few times more than the sengitieitel of this DIC microscope, based on the
comparable experiments conducted with known samples

It is important to note that DIC microscopy doeot present the real image; rather, the
resulting picture contains the information of btle intensity distribution and the derivative of
the optical phase between two orthogonally poldriseams, spatially separated by a distance
smallerthan the resolution of thel00, NA = 1.4 microscope objective. Thus, periotialmut
few hundred nanometres can be detected.

For the independent resolution check of DICrogcopy, some tracks exhibiting topographic
changes of the sample surface were characterizbdatamic-force microscopy (AFM) [19]. We
used a commercial instrument, the Dimension Namesdld (VEECO), working in the tapping

mode.

4. Results and discussion



We allied the optimisation procedure to thercdedor the optimal focus depth whereby
inscription with smaller energy (leading to smalleeam diameter and, hence, to smaller
nanostructure period) will be possible. In contnagh [16], in this work we used only the
polarization of the 267 nm inscribing beam (patdbehe translation direction).

We started our inscription experiments by feoug our microscope objective on the surface
of the fused silica sample. With pulse energy aslisis 38 nJ, we were able to record
nanostructures with a translation speed of 1.0 mi@king into account the repetition rate of 1
kHz, it is easy to deduce that the recorded gratiagostructure possesses a 1000 nm period
(Fig. 2). The DIC microphotography taken at thefaer of our fused silica sample shows that
the laser beam cross-section in the focal plametisdeal and varies in size from pulse to pulse.
A similar picture was revealed by topographic ctengf the sample surface while using the
AFM technique (Fig. 3 a). The asymmetry seen inviddal voxels is probably related to the
light diffraction on wire holders of a small mirranside the microobjective. From further
consideration it will be evident that such diffiact becomes unimportant while focussing inside
the slab of fused silica. We have also applieddh® method for the independent calibration of
our DIC microscopy approach. Figure 3 b (crossisecdbf the image of Fig. 3 a along the
grating) shows that 10 periods of our nanostructoseribed on the surface of fused silica
sample correspond exactly to i length, confirming our calibration shown at Rgthe scale
bar is 10um). The cross-section in the perpendicular dioec{presented in Fig. 3 c), which is
an ablation profile, gives an upper estimate of AG0for the diameter of the laser beam cross-
section at FWHM at the surface of our sample, whaighees with the spot sizes deduced from
Fig. 2 (216-310 nm).

To estimate the beam-waist diameter in the Ifgane, one can use the well-known

expression for diffraction-limited focusingy, = CA/NA, where/ is the inscription wavelength,

C is a constant ~1-2A..6, defined by the exact profile of the laser beandNA is the numerical



aperture of the microscope objective. Substitung 267 nm andNA = 0.65 gives the beam-

waist diametemy, of 500-600 nm, which agrees with the experimental valwesngabove.

Much better results - inscription at smallanglation speed values down to 0.25 mm/s - were
obtained with the inscribing light tightly focussemla depth of 17@um below the surface of a
fused silica sample. Figure 4 a demonstrates thede structures obtained using 30 nJ pulses
with sample translation speed values of 1.0, Onsl, @4 mm/s, respectively, i.e. with periods
1000, 500 and 400 nm, respectively. The excellemtity of the gratings obtained should be
emphasizeddf. structures with similar periods obtained in ovevious work and depicted in
Fig. 4 b. Furthermore, the irregularity in spot size wasrsgig reduced.

The measurements of the beam-waist diametirecpots presented in Fig. 4 a show that the
decrease of the translation speed value from 1.0sntorD.5 mm/s and further to 0.4 mm/s leads
to the simultaneous decrease of the beam-waisted@rfrom 630 nm to 300 nm and then to 230
nm (with accuracyt 10 %). Interestingly, a similar feature could ke®rs in the tracks with
similar periods presented in our previous repod.(# b). This could be related to the change of
glass properties (e.g., induced UV absorption anadfractive index change) performed by the
previous neighbour inscription pulse (pulses), Wwhiacreases the absorption and hence
following self-focusing for the next inscription Ise (pulses). The decrease of the translation
speed value should increase the probability of sffect.

Figure 5 shows the nanostructures obtainetieasame focus depth (1bn) using sample
translation speed values 0.3 and 0.25 mm/s, it pariods of 300 and 250 nm, respectively.
The deterioration of quality of these gratings dobke connected with overlapping between
neighbouring spots (if the size of a spot exceelalfaof the nanostructure period, i.e., 150 nm)
and/or with the nanostructure period smaller thenresolution limit of DIC microscopy. Future
investigation of recorded structures by scanniegtebn microscopy would help to elucidate this

point. In any case, in this work at optimal focusepth, we have obtained evidence for



nanostructure inscription with a period as smals8 nm. We recall that, in our previous report
[16], for this particular polarization of the ingmng laser beam only the 400-nm-period
structure was recorded.

The importance of using the optimal focus degath be illustrated by experiments conducted
at 330um below the sample surface. At this focus deptingu89 nJ pulses, we managed to
record structures with periods down to 500 nm (Big.at the optimal inscription depth (170
pum), with 92 nJ pulses, we recorded the structurd9@- and 300-nm periods (Fig. 7).

It should be emphasized that the value of fteér@l inscription depth obtained in this work
(170 um), differs from the one obtained in our previoepart (300um). The reason for this
could be the inaccurate positioning of the cormattiing of the microscope objective. Due to
this, in our previous work, the microscope objeetiwas not aligned for minimisation of
aberrations whilst being focussed on the surfacethef sample (as was done in this
investigation). It is essential to note, that thHEO& oil-immersed objective we used has the
correction (lowest aberrations) at the depth of i#Das well. We believe, that the combination
of two factors, namely, thorough optimisation o thscription conditions when we position the
periodic structure at the depth of the best resmiubf the monitoring objective, enabled us to
achieve the lowest

The minimal pulse energy value of 30 nJ usedHe inscription can be compared with the
typical pulse energy value of 600 nJ used eanie8d0 nm nanostructure fabrication [10, 11].
Such a decrease in the inscription energy is ie lvith the decrease of the order of the
absorption process, from five-photon to two-photb#, 17]. It should be emphasized that the
laser pulse peak power values used in our expetar(@0G-300 kW) correspond to the critical
power for self-focusing in fused silica, which &72nm is estimated to Bél50 kW (compared
with 2300 kW at 800 nm [11])The importance of the 170m-thick glass layer for the

substantial decrease of the focal beam spot isubtddly related to nonlinear effects.



5. Numerical modelling
For numerical modeling of the plasma formation dgrinonlinear propagation of high-
intensity femtosecond 267 nm laser pulse througiedusilica media with subsequent two-
photon absorption (TPA) and self-focusing, the éistepmesh approach [20, 21] was used. This
approach was already used earlier for the theaitetiescription of the five-photon absorption
case, which takes place while the high-intensitp 80n femtosecond pulse is propagating
through the same medium [10, 11]. Here we will p¢®nly some essential results of numerical
calculations for UV PbP inscription, the detailexbdription will be published elsewhere.
First we will determine two important physigarameters for 267 nm case, one of them being
the critical self-focusing power
2
5o A
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where A is the inscription wavelengtim is the linear refractive index at the inscription
wavelength [22] andh, is the nonlinear refractive index which is forddssilica nearly constant
through the high transparency region and equal *018° cnf/W [22]. The calculation made
gives a value of about 250 kW. This is by an omfemagnitude smaller than the similar value
for the 800 nm case (2300 kW [11, 20]). It shoulsoabe emphasized that in our case of
recording the structures with the 250 nm periali26 nm spot diameter), it means we are
reaching the intensity of 2 10" W/cn?.

Another important parameter is thg “threshold intensity” for femtosecond inscriptioo
begin [2]. It originates from the rate equation fdasma generation under femtosecond laser

radiation:
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the multiphoton absorption coefficie®can be expressed ag® =hwlo, [p,;, with the
Par =2.1EL022}érr3 is the density of atoms, ara, with K=2 for two photon excitation (Eg =

7.6 eV is assumed in fused silica) is the two-phaibsorption cross-sectiop,, is the plasma
frequency frp~1.6-1G% 1/cn?). The estimation using formula (2) witf, = ZDO’M%n [22]

gives the threshold of femtosecond inscriptio2&f nmof about6.2-13°W/cnf. This is more
than two times higher than the threshold intersit§00 nm 2.5-163W/cnf).

The laser peak power in our experiments with UVttsacond laser was of the ordePgf
Top margin of the intensity for UV femtosecond roiabrication may be obtained with the

following expression fotrpa —the saturation intensity of TPA-induced ionisation:

L= 1 _ |hvp,
B JZTe :82 Te <

where o> is the absorption cross-section of two-photon sition, 7= = 1.7 x 10"° s is the

electronic collision relaxation timéy - photon energy at 267 nmy, = 2.1x 1072 atoms/cm is

the material concentratiof, = 2 - 10" cm/W is the two-photon absorption coefficient fist
wavelength [22, 23]. The calculations give fiqpa a value of 7 - 10 Wicn? at 267 nm
irradiation, which is by more than order of magdéthigher than the value obtained above with
the formula (2).

Based on the results of the numerical simulatiorfauad that the intensity could not redgha

(7 - 18* Wicn?) regardless of the input laser pulse energy p@mdrinscription depth.

As it was mentioned in [24], the ratio of criticabwer for self-focusing and the threshold

intensity for inscription defines a “critical” fotapot area:

=%k 3)

-10 -



The significance of this parameter is in the follogv if the focal spot is larger th&&r (linear
focusing), the Kerr nonlinear term will contributethe dynamics of focusing. Estimation using
formula (3) givescritical radius of the order of 360 nm. As we mentioned above, um o
experiment we expect the focal spot radius to babolut 2586300 nm, which is close to critical
radius. This means that we have to consider theribation of nonlinear effects. Using the
formula (5) from [24] we can estimate the threshenérgy for femtosecond inscription to be 5nJ
only (due to the Kerr nonlinearity). The 6 timefalience with our experiment may be attributed
to the non-Gaussian profile of the intensity dimition in our experiment due to the specific
design of our objective.

Figures 8 a, b, ¢, d, e demonstrate the plademsity distributions (normalized to plasma
breakdown density) in fused silica for the focusttegpth of 20Qum and five different values of
laser radiation power, from OR2; to 5P,. It is clearly seen how, with the raise of intépsihe
self-focusing takes place and the “light bullettrfs. Figures 9 a, b, ¢ demonstrate the plasma
density distributions for three different focusidgpths (100, 200 and 3Q@0n) and radiation
power of 5P,. It is evident that the focusing depth of 308 is optimal, as it corresponds to the
smallest beam cross-section value. Hence the sesfilinumerical calculations are in good

agreement with our experimental findings.

6. Conclusion

Using 30 nJ, 267 nm, 300 fs laser pulses, lyigbtussed at a depth of 1{0n below the
surface of a fused silica sampige have succeeded in recording nanostructures petiods
from 1000 nm to 250 nm. To the best of our knowéeddpe latter period has never been
achieved before from this type of inscription pregeTheoptimisation of the fused silica layer
thickness led us also to the inscription of theasaéimuictures with an improved quality. The

performed numerical modeling confirms the obtaiegperimental results.
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Figure captions

Figure 1. (a) Experimental set-up for third-harneogeneration; (b) PbP inscription set-up.
Figure 2. DIC microphotograph of the 1000-nm-penm@shostructure, fabricated on the surface
of a fused silica sample. The energy of the ingugilpulses was 38 nJ. The size of the bar
corresponds to 1am.

Figure 3. (a) Topography of the same 1000-nm-panamtbstructure as in Fig. 2, investigated by
AFM; (b) Cross-section of the image, presentedim B a, along the inscription direction. (c)
Cross-section of the image, presented in Fig.f&egendicular to the inscription direction.

Figure 4. (a) DIC microphotographs of structureghvili000, 500 and 400 nm periods inscribed
at the optimal focusing depth of 1jah with sample translation speeds of 1.0, 0.5 aAdrOn/s,
respectively. The energy of the inscribing pulses 80 nJ. The size of the bar corresponds to 10
um. (b) DIC microphotographs of similar structuresdribed earlier at a focus depth of 300
[16]. The energy of the inscribing pulses was 82Ting size of the bar corresponds tquir)

Figure 5. DIC microphotographs of structures wifl0 3and 250 nm periods inscribed at the

optimal focus depth of 17Qum with sample translation speeds of 0.3 and 0.25/snm

-14 -



respectively. The energy of the inscribing pulses 80 nJ. The size of the bar corresponds to 10
pum.

Figure 6. DIC microphotographs of structures wifl®Q and 500 nm periods inscribed at a focus
depth of 33Qum with sample translation speeds of 1.0 and 0.5gpraspectively. The energy of
the inscribing pulses was 90 nJ. The size of thebaesponds to 16m.

Figure 7. DIC microphotographs of structures wittfD4and 300 nm periods inscribed at the
optimal focus depth of 17@0m with sample translation speeds of 0.4 and 0.3snraspectively.
The energy of the inscribing pulses was 90 nJ.stie of the bar corresponds toaf.

Figure 8. Plasma density distribution (normalizeglasma breakdown density) in a fused silica
for the focusing depth of 2Q@m and different laser radiation power values: (2)R,; (b) 0.5

Pcr; (€) 1.0P; (d) 2.0P; (e) 5P . The divisions on vertical and horizontal axesiarsm,
they represent the propagation direction and thegmelicular one, respectively. The colour
scale corresponds to plasma density distributiomabtzed to plasma breakdown density.

Figure 9. Plasma density distribution (normalizeglasma breakdown density) in a fused silica
for laser radiation power of B, and different focusing depths: (a) 106; (b) 200um; (c) 300
pm. The divisions on vertical and horizontal axes sr mm, they represent the propagation
direction and the perpendicular one, respectivEie colour scale corresponds to plasma density

distribution normalized to plasma breakdown density
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