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Abstract:

By conducting point-by-point inscription in a continuously moving slab of a pure fused silica at the optimal

depth (170 um depth below the surface), we have fabricated a 250-nm-period nanostructure with 30 nJ,
300 fs, 1 kHz pulses from frequency-tripled Ti:sapphire laser. This is the smallest value for the inscribed
period yet reported, and has been achieved with radical improvement in the quality of the inscribed nanos-
tructures in comparison with previous reports. The performed numerical modeling confirms the obtained

experimental results.
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1. Introduction

In 2004, two groups independently reported the applica-
tion of a point-by-point (PbP) technique to fibre Bragg
grating (FBG) inscription in standard non-photosensitive
fibers [1-3]. Both groups used tightly-focussed femtosec-
ond (fs) IR laser (A = 800 nm) radiation and a sub-
micron precision positioning system. The FBGs produced
exhibited either fourth-order (A = 2.14 pm) [1] or from
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first- to fourth-order (with the strongest second-order, A
= 1.07 pm) [2, 3] periods for the reflection peak at the
telecommunications wavelength 1.55 pm. Since that time,
the PbP technique employing the output of a femtosecond
Ti:sapphire laser has evolved to become a relatively rou-
tine method for the fabrication of gratings in fibers with
typical values of the inscribed period of 1.07 pym [3-8] or
1.12 pm (third-order grating for the 1080 nm reflection) [9].
Recently, with tightly-focused 800 nm femtosecond light
pulses, injected into a slab of pure fused silica using a
special, reflective microobjective, the fabrication of first-
order gratings for 1550 nm wavelength (A = 0.535 pm)
was reported [10, 11]. Very recently, by introducing index-
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matching fluid between the planar microscope cover slip
and fiber, the same 535 nm period was achieved with FBG
recording in standard fiber [12].

It should be noted that all of the foregoing investiga-
tions on point-by-point microfabrication have employed
800 nm femtosecond light pulses, which excite the samples
of fused silica (or germanosilicate glass) via five-photon
absorption [13]. Such a multi-photon approach can em-
ploy the different wavelengths and different numbers of
photons in one elementary absorbing act [14], so facilitat-
ing inscription inside various non-photosensitive optical
materials. It is also known that the propagation of a fem-
tosecond 800 nm pulse inside a bulk dielectric (e.g. fused
silica glass) with a peak power exceeding the threshold
(critical power) results in self-focusing. Remarkably, this
regime is characterized by reduction of the spatial dimen-
sions of the photoinduced material modifications below
the diffraction limit [15]. Since the achieved size of the
pitch (modification) is about 270 nm and much smaller
than the inscribing wavelength of 800 nm, further feature
size reduction would appear to be highly unlikely using
this method. However, shifting the wavelength of the in-
scribing Ti:sapphire laser radiation into the UV range (e.g.
to 267 nm with simultaneous decrease in the order of ab-
sorption process from five-photon to two-photon [14]) im-
mediately makes it possible to record structures with even
smaller periods. Such a development is very important, for
example, for the point-by-point fabrication of first-order
Bragg gratings possessing a peak reflectance wavelength
of ~1 pm.

In our previous work, the use of 267 nm femtosecond pulses
with 82 nJ energies led us to the inscription of 300-nm-
period structures [16]. In the current work, the optimising
of the inscription depth has allowed us to decrease the
inscription energy down to 30 nJ and to inscribe the 250-
nm-period structure. The quality of the nanostructures
was significantly improved in comparison with previous
report. Besides, in current work we provide the theoretical
estimations for major physical parameters involved in two-
photon UV inscription as well as the preliminary results
of numerical simulations.

2. Experimental set-up

Femtosecond pulses at 800 nm were produced by a
Ti:sapphire chirped pulse amplification laser system con-
sisting of a,Tsunami” oscillator and a ,Spitfire” amplifier
(both from Spectra-Physics). The laser system delivered
0.8 mJ pulses with 150 fs duration and 1 kHz repeti-
tion rate. The IR beam diameter after the amplifier was
25 mm at FWHM. The set-up for third-harmonic genera-
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Figure 1. (a) Experimental set-up for third-harmonic generation;
(b) PbP inscription set-up.

tion (THG) was similar to that described earlier [17]. The
pulses at 267 nm were produced by non-collinear sum-
frequency mixing between fundamental radiation and that
at the second harmonic (Fig. 1a). A half-wave plate was
used to distribute the energy of 800 nm pulses between
two channels, which allowed us to manipulate the energy
at the entrance of second-harmonic generator and, thus,
the energy of the output radiation at 267 nm. The pulses
at 400 nm were produced in a 1 mm thick BBO crystal
cut for type | collinear second harmonic generation (6 =
29.2°, ¢ = 90°) [18]. A second half-wave plate was used
for 90° polarization rotation of the 400 nm beam. Using
three mirrors with high reflectance at 400 nm, the sec-
ond harmonic beam was separated from the fundamental.
The 400 and 800 nm pulses were directed into a 1.0 mm
thick BBO crystal cut for type | sum-frequency genera-
tion (6 = 44.3°, ¢ = 90°) [18]. The angle between the
800 nm and 400 nm beams was less than 2° in the hori-
zontal plane. Using highly-reflecting UV mirrors and the
non-collinear geometry of THG, we easily separated the
267 nm radiation. The UV pulse energy was monitored
by a PD10 photodiode (Ophir Optronics). The energy of
the third harmonic pulses was about 80 pJ with pump en-
ergy at 800 nm of 800 pJ. By varying the optical delay
and measuring the cross-correlation function between the
fundamental pulse and it's second harmonic, we estimated
the width of both 400 nm and 267 nm pulses to be about
300 fs.

Fused silica samples of 50x20 mm size and 1 mm thick-



David N. Nikogosyan, Mykhaylo Dubov, Holger Schmitz, Vladimir Mezentsev,

lan Bennion, Padraig Bolger, Anatoly V. Zayats

ness (Schott Glas) were used in the experiments. They
were moved in the horizontal plane in two perpendicular
directions by an air-bearing translation stage ABL-1000
(Aerotech). The translation speed was varied in the range
of 0.2-5.0 mm/s. The absolute and relative microposition-
ing accuracies were both better than 50 nm.

The UV laser beam was directed in a strictly perpendic-
ular direction on to the surface of the fused silica sample
from the top (Fig. 1b). It could be focused to any selected
depth between 0 and 600 ym below the surface with accu-
racy of 1 pm. For focusing, we used a reflective microscope
objective with numerical aperture of 0.65 (Ealing), manip-
ulated by a 3D-micropositioning manual translation stage
17 MAX 303 (Melles Griot). The inscription energy values
were varied between 20 and 400 nJ, whilst the length of
inscribed tracks was usually between 0.5 and 4 cm.

3. Characterisation of inscribed

structures

To establish the optimal conditions for inscription, one
should carefully adjust at least four parameters including,
particularly, the laser pulse energy, the speed of transla-
tion stage movement, the focus depth inside the sample,
and the polarization of the inscribing light with respect
to the direction of sample movement. Other parameters,
including the numerical aperture of the microscope objec-
tive, the repetition rate, the wavelength and the duration
of the inscribing pulses, also could be varied. The re-
sulting number of experimental tracks could easily reach
some thousands: thus, an express visualization method is
needed for such optimisation.

We perform the characterisation of the irradiated sam-
ples using an optical microscope, Axioscope-2 MOT plus
(Zetss), which was equipped for both transmitted light and
differential interference contrast (DIC) measurements. The
resolution of a conventional optical microscope is consid-
ered to be of the order of the illumination wavelength: in
our experiment, even with the use of a blue filter it was
rather difficult to distinguish the 400-nm-period pertur-
bations induced in the bulk of the material. However, the
use of DIC technique enabled us to monitor structures with
periods down to 250 nm. In the experiments, we used the
combination of a Plan-Apochromat oil immersed objective
(x100/1.40/DIC) and an Achromatic-Aplanatic condenser
(1.4H/PH/DIC) with numerical aperture of 0.6 (or higher).
A DIC-prism (Ill/1.4) and DIC-slider (x100/1.401ll) were
also used; such a combination seems to be the best one
commercially available from Zeiss. The refractive index
variation is expected to be of the order of 10~4, which cor-
responds to a few times more than the sensitivity level

10 pm

Figure 2. DIC microphotograph of the 1000-nm-period nanostruc-
ture, fabricated on the surface of a fused silica sample.
The energy of the inscribing pulses was 38 nJ. The size
of the bar corresponds to 10 um.

of this DIC microscope, based on the comparable experi-
ments conducted with known samples.

It is important to note that DIC microscopy does not
present the real image; rather, the resulting picture con-
tains the information of both the intensity distribution and
the derivative of the optical phase between two orthogo-
nally polarised beams, spatially separated by a distance
smaller than the resolution of thex100, NA = 1.4 mi-
croscope objective. Thus, periods of about few hundred
nanometres can be detected.

For the independent resolution check of DIC microscopy,
some tracks exhibiting topographic changes of the sample
surface were characterized with atomic-force microscopy
(AFM) [19]. We used a commercial instrument, the Di-
mension Nanoscope Il (VEECO), working in the tapping
mode.

4. Results and discussion

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

We started our inscription experiments by focussing our
microscope objective on the surface of the fused silica sam-
ple. With pulse energy as small as 38 nJ, we were able to
record nanostructures with a translation speed of 1.0 mm/s.
Taking into account the repetition rate of 1 kHz, it is easy
to deduce that the recorded grating nanostructure pos-
sesses a 1000 nm period (Fig. 2). The DIC microphotog-
raphy taken at the surface of our fused silica sample shows
that the laser beam cross-section in the focal plane is not
ideal and varies in size from pulse to pulse. A similar
picture was revealed by topographic changes of the sam-
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ple surface while using the AFM technique (Fig. 3a). The
asymmetry seen in individual voxels is probably related to
the light diffraction on wire holders of a small mirror inside
the microobjective. From further consideration it will be
evident that such diffraction becomes unimportant while
focussing inside the slab of fused silica. We have also
applied the AFM method for the independent calibration
of our DIC microscopy approach. Fig. 3b (cross-section
of the image of Fig. 3a along the grating) shows that 10
periods of our nanostructure inscribed on the surface of
fused silica sample correspond exactly to 10 pym length,
confirming our calibration shown at Fig. 2 (the scale bar
is 10 ym). The cross-section in the perpendicular direc-
tion (presented in Fig. 3c), which is an ablation profile,
gives an upper estimate of 400 nm for the diameter of the
laser beam cross-section at FWHM at the surface of our
sample, which agrees with the spot sizes deduced from
Fig. 2 (210—310 nm).

To estimate the beam-waist diameter in the focal plane,
one can use the well-known expression for diffraction-
limited focusing, wy = CA/NA, where A is the inscription
wavelength, C is a constant ~1.2-1.6, defined by the exact
profile of the laser beam, and NA is the numerical aper-
ture of the microscope objective. Substituting A = 267 nm
and NA = 0.65 gives the beam-waist diameter wy of 500-
600 nm, which agrees with the experimental values given
above.

Much better results - inscription at smaller translation
speed values down to 0.25 mm/s - were obtained with the
inscribing light tightly focussed to a depth of 170 pm below
the surface of a fused silica sample. Fig. 4a demonstrates
the periodic structures obtained using 30 nJ pulses with
sample translation speed values of 1.0, 0.5, and 0.4 mm/s,
respectively, i.e. with periods 1000, 500 and 400 nm, re-
spectively. The excellent quality of the gratings obtained
should be emphasized (cf. structures with similar peri-
ods obtained in our previous work [16] and depicted in
Fig. 4b). Furthermore, the irreqularity in spot size was
strongly reduced.

The measurements of the diameter of the spots presented
in Fig. 4a show that the decrease of the translation speed
value from 1.0 mm/s to 0.5 mm/s and further to 0.4 mm/s
leads to the simultaneous decrease of the single-pitch di-
ameter from 630 nm to 300 nm and then to 230 nm (with
accuracy + 10 %). Interestingly, a similar feature could
be seen in the tracks with similar periods presented in
our previous report (Fig. 4b). This could be related to the
change in glass properties (e.g., induced UV absorption
and/or refractive index change) performed by the previ-
ous inscription pulse (pulses), which increases the ab-
sorption and hence following self-focusing for the next in-
scription pulse (pulses). The decrease of the translation
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Figure 3. (a) Topography of the same 1000-nm-period nanostruc-
ture as in Fig. 2, investigated by AFM; (b) Cross-section
of the image, presented in Fig. 3 a, along the inscription
direction. (c) Cross-section of the image, presented in
Fig. 3a, perpendicular to the inscription direction.

speed value should increase the probability of such effect.

Fig. 5 shows the nanostructures obtained at the same fo-
cus depth (170 pm) using sample translation speed values
0.3 and 0.25 mm/s, i.e. with periods of 300 and 250 nm,
respectively. The deterioration of quality of these grat-
ings could be connected with overlapping between neigh-
bouring spots (if the size of a spot exceeds a half of the
nanostructure period, i.e.,, 150 nm) and/or with the nanos-
tructure period smaller than the resolution limit of DIC
microscopy. Future investigation of recorded structures by
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Figure 4. (a) DIC microphotographs of structures with 1000, 500 and
400 nm periods inscribed at the optimal focusing depth
of 170 um with sample translation speeds of 1.0, 0.5
and 0.4 mm/s, respectively. The energy of the inscrib-
ing pulses was 30 nJ. The size of the bar corresponds
to 10 um. (b) DIC microphotographs of similar structures
inscribed earlier at a focus depth of 300 pm [16]. The en-
ergy of the inscribing pulses was 82 nJ. The size of the
bar corresponds to 10 um.

scanning electron microscopy would help to elucidate this
point. In any case, in this work at optimal focus depth,
we have obtained evidence for nanostructure inscription
with a period as small as 250 nm. We recall that, in our
previous report [16], for this particular polarization of the
inscribing laser beam only the 400-nm-period structure
was recorded.

The importance of using the optimal focus depth can be

10 wm

Figure 5. DIC microphotographs of structures with 300 and 250 nm
periods inscribed at the optimal focus depth of 170 um with
sample translation speeds of 0.3 and 0.25 mm/s, respec-
tively. The energy of the inscribing pulses was 30 nJ. The
size of the bar corresponds to 10 ym.

1.0 mm/s

10 um

Figure 6. DIC microphotographs of structures with 1000 and 500 nm
periods inscribed at a focus depth of 330 um with sample
translation speeds of 1.0 and 0.5 mm/s, respectively. The
energy of the inscribing pulses was 90 nJ. The size of the
bar corresponds to 10 pm.

illustrated by experiments conducted at 330 ym below the
sample surface. At this focus depth, using 89 nJ pulses, we
managed to record structures with periods down to 500 nm
(Fig. 6); at the optimal inscription depth (170 pm), with 92
nJ pulses, we recorded the structures of 400- and 300-nm
periods (Fig. 7).

It should be noted that the value of the optimal inscription
depth obtained in this work (170 pm), differs from the one
obtained in our previous report (300 pm). The reason for
this could be the inaccurate positioning of the correction
ring of the reflective microscope objective. Due to this,
in our previous work, the reflective microscope objective
was not aligned for minimisation of aberrations whilst be-
ing focussed on the surface of the sample (as was done
in this investigation). It is necessary to underline that
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Figure 7. DIC microphotographs of structures with 400 and 300 nm
periods inscribed at the optimal focus depth of 170 pm
with sample translation speeds of 0.4 and 0.3 mm/s, re-
spectively. The energy of the inscribing pulses was 90 nJ.
The size of the bar corresponds to 10 um.

the Plan-Apochromat x100 oil-immersed objective used for
DIC measurements had its minimum of aberrations at the
depth of 170 pm as well. We believe that the positioning
of the inscribed periodic structure at the depth of the best
resolution of the monitoring objective enabled us to detect
the lowest period of inscription.

The minimal pulse energy value of 30 nJ used for the in-
scription can be compared with the typical pulse energy
value of 600 nJ used earlier in 800 nm nanostructure fabri-
cation [10, 11]. Such a decrease in the inscription energy
is in line with the decrease of the order of the absorp-
tion process, from five-photon to two-photon [14, 17]. It
should be emphasized that the laser pulse peak power
values used in our experiments (100-300 kW) correspond
to the critical power for self-focusing in fused silica, which
at 267 nm is estimated to be ~250 kW (see below). The
importance of the 170-um-thick glass layer for the sub-
stantial decrease of the focal beam spot is undoubtedly
related to nonlinear effects.

5. Numerical modeling

For numerical modeling of the plasma formation dur-
ing nonlinear propagation of high-intensity femtosecond
267 nm laser pulse through fused silica media with sub-
sequent two-photon absorption (TPA) and self-focusing,
the adaptive mesh approach [20, 21] was used. This ap-
proach was already used earlier for the theoretical de-
scription of the five-photon absorption case, which takes
place while the high-intensity 800 nm femtosecond pulse
is propagating through the same medium [10, 11]. Here we
will present only some essential results of numerical cal-

culations for UV PbP inscription, the detailed description
will be published elsewhere.

First we will determine some physical parameters for
267 nm case, which will allow the better understanding
of the described effect. One of these parameters is the
critical self-focusing power

)\2

P,=—,
T 2ann,

M

where A is the inscription wavelength, n is the linear re-
fractive index at the inscription wavelength [22] and n;
is the nonlinear refractive index which is for fused sil-
ica nearly constant through the high transparency region
and equal to 3x107'® cm?/W [22]. The calculation made
gives a value of about 250 kW. This is by an order of
magnitude smaller than the similar value for 800 nm case
(2300 kW [11, 20)).

The second important parameter is the Iy, “threshold in-
tensity for femtosecond inscription to begin”, which follows
from the rate equation for plasma generation under fem-
tosecond laser excitation [10, 11]:

_ ZthBD
I =4/ B (2)

where hv is the photon energy at 267 nm, pgp is
the critical (breakdown) density of plasma (pgp =
1.6x10% 1/cm3), T, is the femtosecond pulse duration, 8
is the two-photon absorption coefficient (for fused silica at
the given irradiation wavelength 8 = 2x10~"" cm/W [23)).
The calculations made give for the threshold of femtosec-
ond inscription at 267 nm the value of about 6x10"3W/cm?.
The upper limit for the intensity for UV femtosecond micro-
fabrication may be obtained with the following expression
for the saturation intensity of TPA-induced ionisation:

_ i_ hv pat
ITPA—HUZT—H Bt ' 3)

where o, is the absorption cross-section of two-photon

transition, T = 1.7x107" s is the electronic collision re-
laxation time, pq= 21x10% atoms/cm® is the material
concentration. The calculations give for this parameter
at 267 nm irradiation a value of 7x10™ W/cm?, which is
by the order of magnitude higher than the value obtained
above with the formula (2).

According to results of our numerical simulation (with the
laser peak power of about P, so-called the sub-critical
regime of femtosecond inscription [24]) we found that the
pulse intensity never reaches Irps (7x10'* W/cm?) regard-
less of the input laser pulse energy power and inscription
depth. According to [24], the ratio of critical power for self-
focusing and the threshold intensity for inscription defines
a “critical” focal spot area:
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focusing. The estimation using formula (4) gives for our

Sy = Pf'. (4) case the value of the critical radius of around 360 nm. As
lin it was mentioned above, in our experiment we expect the
If the focal spot is larger than S, (linear focusing), the focal spot radius to be of about 250-300 nm, which is close
Kerr nonlinear term will contribute to the dynamics of to critical radius.
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Figure 8. Plasma density distribution (normalized to plasma breakdown density) in a fused silica for the focusing depth of 200 um and different
laser radiation power values: (a) 0.2 P.,; (b) 0.5 P,,; (c) 1.0 P.,; (d) 2.0 P.,; (e) 5 P.,. The vertical scale corresponds to the propagation
direction (from down to up), while the horizontal scale corresponds to the transverse direction The colour scale designation corresponds
to plasma density distribution normalized to plasma breakdown density.
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Figure 9. Plasma density distribution (normalized to plasma break-
down density) in a fused silica for laser radiation power of 5
P., and different focusing depths: (a) 100 um; (b) 200 pm;
(c) 300 um. The vertical scale corresponds to the prop-
agation direction (from down to up), while the horizontal
scale corresponds to the transverse direction. The colour
scale designation corresponds to plasma density distribu-
tion normalized to plasma breakdown density.

This means that we should expect the contribution of non-
linear effects. Using the formula (5) from [24], we could
deduce the threshold energy value for UV femtosecond
inscription of 5nJ for a Gaussian beam. The six-time differ-

ence between this value and the experimental one (30 nJ)
could be related to the non-Gaussian profile of the inten-
sity distribution due to the specific design of our focusing
objective.

Figs. 8a, b, ¢, d, e demonstrate calculated plasma density
distributions (normalized to plasma breakdown density)
in fused silica for the focusing depth of 200 pm and five
different values of laser radiation power, from 0.2 P, to
5 P.. It is clearly seen how, with the raise of intensity,
the self-focusing takes place and the “light bullet” forms.
Figs. 9a, b, c demonstrate the plasma density distributions
for three different focusing depths (100, 200 and 300 pm)
and radiation power of 5 P. It is evident that the fo-
cusing depth of 200 pm is optimal, as it corresponds to
the smallest beam cross-section value. Hence the results
of numerical calculations are in good agreement with our
experimental findings.

6. Conclusion

Using 30 nJ, 267 nm, 300 fs laser pulses, tightly-focussed
at a depth of 170 pm below the surface of a fused silica
sample, we have succeeded in recording nanostructures
with periods from 1000 nm to 250 nm. To the best of our
knowledge, the latter period has never been achieved be-
fore from this type of inscription process. The optimisation
of the fused silica layer thickness led us also to the in-
scription of the nanostructures with an improved quality.
The performed numerical modeling confirms the obtained
experimental results.

The gratings with a period of 250-360 nm inscribed in
a fibre core could be used as efficient reflectors for Yb-
doped (generation range around 1060 nm) or even shorter
wavelength fibre lasers (down to 740 nm).
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