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ABSTRACT

The optical layouts incorporating binary phase diffractive grating and a standard micro-objective were used for
femtosecond microfabrication of periodical structures in fused silica. Two beams, generated in Talbot type
interferometer, interfered on a surface and in the bulk of the sample. The method suggested allows better control over the
transverse size of the grating pitch, and thus control the reflection strength of the waveguide or fibre grating. We present
the examples of direct inscription of the sub-micrometer periodical structures using a 267 nm femtosecond laser
radiation.

Keywords: Bragg, grating, micro-holographic, Talbot, UV, femtosecond, fused silica

1. INTRODUCTION

The methods of fabrication of periodic structures by femtosecond lasers, both on the surface and in the bulk of optical
materials, are of great interest for a variety of photonic devices [1 — 11], such as fibre Bragg gratings (FBGs) [2-7] and
photonic crystals [9-10]. Femtosecond FBGs are key elements for powerful fibre lasers [7, 12, 15]; their outstanding
performance at elevated temperatures [7, 13, 14] and overall flexibility of inscription in 3D-geometry is yet to be
explored.

Few methods were suggested for femtosecond FBG fabrication by different groups. Among them, two methods are
widely used: a mask method [2, 3, 11, 12], and point-by-point method [4, 6, 7]; both were demonstrated with various
types of hosts and fibres. Traditionally, the mask method was proven to be the best one for CW and pulsed nano- and
picoseconds UV laser inscription, but its application with femtosecond NIR lasers was found to be not simple [11]. The
reason for this is that the wavelength of an NIR laser (800 nm) approaches the period of the mask used (typical mask
period for telecom applications is 1000 nm). As the broad spectrum of femtosecond lasers is spread by diffraction, a first
order Bragg grating fabrication becomes difficult, if at all possible. Use of harmonics of the femtosecond laser offered a
solution [2, 3], however, as was demonstrated in earlier papers, the gratings created are of Type I in this case [3], which
might be a disadvantage for some of the applications (for example at elevated temperatures). We believe that the
adopting a double mask method [16], initially used with low coherence excimer UV lasers for 100 nm lithography [17],
is the move in the right direction.

The point-by-point method offers more flexibility, as well as outstanding high temperature performance [7], however
natural lengthening of the grating pitch leads to higher birefringence and off-resonance losses, which may (or may not)
be desirable. A beam shaping technique, like placing an optical slit in front of the micro-objective [15], may help to
control the transverse shape of the pitch (with respect to fibre axis), as well as its orientation. It was demonstrated
recently that the point-by-point method can be implemented even for visible range applications [5, 6]. To achieve this we
suggest using a third harmonic (267 nm) of NIR femtosecond laser radiation and sharp focusing micro-objectives [6].
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The optimum energy for circular focal spot appeared to be quite close to the threshold [6], thus there is practically no
freedom left to control the transverse size of the grating pitch, as well as the induced contrast of the refractive index. A
larger focal spot usually requires more laser pulse energy to initiate the inscription. The femtosecond modification using
UV occurred in the presence of strong nonlinear propagation effects inside the glass, so, the transverse beam shape is
even more difficult to control under these conditions, regardless of the beam shaping technique being used. It is worth to
mention that the nonlinear focusing behaviour of complex 2D beams is largely unexplored, especially beyond the
paraxial approximation. As a rule, one has to solve the set of nonlinear 3D-Maxwell equations numerically, which are
coupled with plasma equations.

There is another “classic” method of FBG fabrication, which has not been widely used so far, namely the two beam
holographic interferometry [18-20]. This method has been used to produce 1D- and 2D-structures, typically with periods
of about a micrometer [8-10], and down to a few hundred of nanometers for a UV excimer or NIR femtosecond assisted
surface modification [21].

In this paper we are considering three holographic optical layouts for sub-micrometer periodic structure creation, both in
the bulk and on the surface. All of them are based on a combination of the diffractive optical element (DOE) and a
standard micro-objective (MO). The simplest example of DOE is a binary uniform phase mask (PM). The focusing is
essential for the inscription around the focal area to begin. We will continue to refer to them as micro-holographic
methods.

In Table 1 we calculated half of the interference angle in a symmetrical configuration, required for inscription of the first
order grating for various applications, using the formula: sin(a)=A/(2-Ap), where Ag is the Bragg grating period of
interest, which was obtained assuming n.;= 1.45. The required angle imposes demands on minimum numerical aperture
(NA) of the objective. Note, that third harmonic of the titanium sapphire laser in combination with the x74 (NA = 0.65)
micro-objective offers great flexibility for FBG inscription for applications ranging from 1550 nm to 650 nm.

Application Wavelength 1560 nm 1050 980 808 650
(Bragg period) (538 nm) (362) (338) (279) (224)

800 nm (F) 0.74 >1 >1 >1 > 1

400 nm (SH) 0.37 055 059 072 >1

267 nm (TH) 0.25 0.37 040 048 060

Table 1. Represents single objective NA requirements to inscribe a first order FBG in a standard fibre (n.g; = 1.45)
depending on application wavelength (Bragg period) — shown in columns. The first, second and third rows of the table
correspond to the fundamental (800 nm), second (400 nm) and third (267) harmonics respectively.

This objective has a long working distance; it is fully achromatic, with a wide range of wavelengths, a high damage
threshold and spherical aberration correction.

2. OPTICAL LAYOUT

In all examples considered in this paper we use a micro-objective in combination with DOE, which splits the incident
beam into a few diffraction orders. Two beams diffracted into +1 and -1 orders are focused and combined together at the
same time in focus, so the interference pattern is produced. All other diffraction orders are being blocked due to the
specific design of the objective. The modification of the refractive index in the maxima of the interference pattern leads
to the inscription of a periodical structure (grating). When the sample is translated perpendicularly to the interference
fringes with a speed ¥, which equals to A3 ‘n- f, where f is the pulse repetition rate and » is an integer, a periodical
structure or grating will be inscribed over the whole length of the translation. Optical schemes for first order Bragg
grating fabrications using the micro-holographic method are presented in Fig.1.
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Fig. 1. Optical layouts for micro-holographic inscription: A) PM and MO pair, B) two cylindrical lenses (CL, ,), PM and
MO, C) two PMs and MO.

The first version of the optical layout (Fig. 1a) consists of a pair: a phase mask and the objective. As the two beams are
not parallel to the MO axis, they will be focused at different points in the focal plane. However, the beams intersect
beyond the focal plane. In the area of intersection an interference pattern is produced. This scheme works well only for
surface structures, but it is not possible to make an inscription in the bulk. This is caused by the fact that intensity around
the focal points is higher than in the maxima of interference fringes. When the beam power is sufficient for inscription to
begin, modifications (or even damaged areas, defects) are produced first in the focal plane, thus the defects start to
scatter light and interference fringes will be destroyed. The scheme A is easy to align, as it has only two elements.
Regardless of how short the laser pulse duration is, the pattern is created over the whole area of intersection of these two
beams. This layout guarantees pulse overlapping and the generation of an interference pattern in a large volume [27, 28],
even with small tilts of the mask. This geometry is suitable for inscription of micro-gratings at the surface and in the bulk
of thin samples — for example, layered.

The second version of the optical layout (Fig. 1, b) includes two cylindrical lenses, the phase mask and the objective. The
beam is focused by the first cylindrical lens CL, on a phase mask PM, and then collimated after diffraction by the second
cylindrical lens CL,. The position of the phase mask and the distance between CL; and CL, were adjusted so that the PM
was placed in the focal plane of both lenses. Two collimated beams after CL, fall onto the objective MO and, ideally,
focus at the same point, where the interference pattern is produced. The application of cylindrical lenses is critical, as
CL, focuses light on the PM surface in a line with the length equal to the input beam diameter. In the case of a
conventional lens, laser light is focused into a much smaller spot, thus it could damage any phase mask. With CL, the
intensity is much lower and the PM is not affected. The laser light is focused on a sample into a much smaller spot, thus
the intensity in fringe maxima is sufficient to initiate the material modification, even if the sample and the PM are made
from the same material. When CL; and CL, are different, the beam may lengthen, as well as the focal spot. The
disadvantage of this scheme is in the complex adjustment, because of the small diameters of two focal spots. If the two
beams are not parallel, they do not overlap, so there will be no interference pattern created. The diffraction stretches the
femtosecond pulse; on top of this the direction of the wave front does not coinscide with the direction of the energy
(amplitude) front. So, the stretching and the space chirp can decrease the intensity at the point of focus, thus the beam
power needs to be increased. High power can damage other optical components that are used in this optical layout. Even
without damage, we detected that a strong red luminescence occurred when a thick phase mask made of 8 mm of fused
silica was used. This effect was due to the fact that the peak power of the pulse was far above the critical power for self-
focusing P,, at this wavelength (P,, scales as /12).

The third version of the optical layout (Fig. 1¢) consists of two phase masks PM;, PM, and the objective MO. After
diffracting on the first and the second phase masks, the two beams become parallel. This layout, also known as Talbot
interferometer [30], produces two parallel beams when the masks PM; and PM, are identical. In this layout two beams
are being focused again at the same spot where an interference pattern is produced. Due to a small focal spot it is
difficult to control the quality of alignment, similar to the previous scheme. However, it is much easier to align two
masks made of plane-parallel substrates, than layout B with two cylindrical lenses. Optical layout C has a very important
advantage — namely, the possibility to vary the period of the fringe pattern by changing the distance between the two
masks.

Note, that all of the schemes mentioned above allow fringe period tuning by changing the wavelength of the laser light.

To illustrate the peak intensity distribution around a focal area in the case when two (broadband) Gaussian pulses arrive
simultaneously at a focus in a symmetrical configuration, we integrate a standard expression of (monochromatic) field
distribution over the spectrum of the laser pulse, where we have made a coordinate substitution {x — x'cos()* z'sin(¢);
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z —+ xsin(a) + zcos(®)}. The results of the computer simulation of the intensity distribution are shown in Fig. 2.
Indeed, fringes have not only been formed in the focal plane z=0 L, but in the vicinity of the focal region (planes marked
asz=1, 2, 3, 4 u), therefore making the overlap with the (fibre or waveguide) core bigger.
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Fig. 2. a) 3D-, and b) 2D-maps of intensity distribution, plotted at a specific distance from the focal plane, as shown on the
picture. Calculated fringe pattern emerged around the intersecting foci of two ultra-short Gaussian beams. The pattern
was obtained by integration over the pulse spectrum, and represents time averaged fluence.

Calculations of the intensity distribution for schemes B and C require the space chirps induced by phase mask(s) to be
taken into account. The analysis in both cases is straightforward [29, 30], but it is beyond the scope of this paper.

We would like to mention an intrinsic achromatisation is in optical layout C. The diffraction angle ¢ on the mask is
slightly bigger for the “red” part of the laser spectrum, in accordance with:

sin(g)=4/

where p is a phase mask period and A is the wavelength. The beam separation after the second phase mask, positioned at
the distance L from the first one, would be larger for longer wavelength in accordance with:

L-A/p
1-(4/p)

The micro-objective translates the side shift of the beam d, into a different incident angle { in accordance with the
equation:

d=L-tan(¢)=

tan(y)=A-d’+B-d+C

which we found using a ray-tracing program and manufacturer’s specifications for the objective. The parameters 4, B,
and C in the case of x74 objective are: 0.1558, 0.1911 and 0.075 respectively, when d is in mm. Finally, the fringe period
after the micro-objective would be:

A
B .
2-sin(y)
The term “achromatisation” means that the change in Bragg period A , will be compensated when the laser wavelength

is increased (decreased), because the angle ¥/ also increases (decreases), in accordance with the last equation.

For the experiments described below we have not explored this effect when our masks were designed. We estimate the
space-chirp to be negligible as well, due to the use of mask periods, which are much longer than the laser wavelength.
The temporal pulse stretching has not been taken into account due to long pulse duration of our laser at 266 nm — this
was estimated to be 250-350 fs (FWHM).
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3. EXPERIMENTAL RESULTS

We use a chirped-pulse amplification laser system (Spitfire, Spectra Physics) at 800 nm — a fundamental wavelength,
having a spectral width of 12 nm (FWHM), a pulse repetition rate of 1 kHz, a pulse duration below 150 fs (FWHM), and
a pulse energy of up to 0.8 mJ. Second and third harmonics were obtained in our home made set-up [6], by collinear and
non-collinear frequency mixing for second and third harmonics respectively, in two 1 mm thick BBO crystals, with the
conversion efficiency into the third harmonic of up to 12%. We use the air-bearing stage under computer control (ABL
1000, Aerotech) for sample translation; this has the accuracy of 50 nm on both X- and Y-axis. The reflecting objective
with numerical aperture NA=0.65 and UV-enhanced Al-coating was used (Ealing). The set-up is essentially the same as
the one described in [6]. All phase masks were specially designed and fabricated at the Institute of Automation and
Electrometry (Novosibirsk, Russia), the details can be found in [22]. The periods of binary phase masks, with zero-order
suppression, fabricated on fused silica substrates, used in optical layouts A, B and C were 100 p, 50 p and 15 p
respectively.

Below (Fig.3), we present a more detailed description of the layout for scheme A.
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Fig. 3. Experimental set-up A (see text for details).

The distance between the objective and the 100 W phase mask was 120 mm. The objective creates two focal points
separated by 42 p. The sample surface was placed at a distance of about 45 p from the focal plane. The period of the
interference pattern at this distance was about 1.0 p, when fundamental light was used with the wavelength of 800 nm.
We try to keep the beam power at a level that is sufficient to modify (ablate) the material of the sample (coated with Al
or uncoated) only at positions where the intensity is maximal. Coarse beam attenuation was achieved by using the
diffractive optical attenuator, which attenuates light up to 20 times and can withstand even more powerful lasers [24].
For fine tuning of the beam power (at 800 nm) a combination of a half-wave plate and a Glan prism was used. Beam
power on the sample was pre-calibrated using a beamsplitter. The beamsplitter was used for sample alignment (with an
auxiliary He-Ne laser and flip mirror), as well as for on-line monitoring using a CCD camera, as the beamsplitter was
installed after the phase mask. We align the orientation of the MO to maximize the area occupied by fringes, free of
parasitic diffraction and obscuration by a small mirror and its three supports. In our case the interference pattern was of
a specific thombus shape (Fig.4a), where the experimentally recorded interference pattern with the period of about 1
micrometer is clearly seen. Note that the width of the interference pattern created is of the order of 20 micrometers. The
on-line monitoring of the period of the interference pattern in a holographic set-up can be done as well. The same
approach may be implemented for on-line monitoring of the results of a sample modification as well.

000 OOOCOI’e

Fig. 4. The interference pattern recorded with He-Ne laser, (a), schematic of the overlap of the fringes from consecutive
shots, (b).
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When we translate the sample with the speed matching the period of the interference pattern, the interference maxima
from consecutive laser shots overlap with each other (Fig. 4b). Thus, for 1.07 p period of fringes, the matching
translation speed should be 1.07 mm/sec, if the pulse repetition rate is 1 kHz. After the inscription, the sample was
monitored with the help of the optical microscope (Axioscope 2-MOT, Zeiss).

The microscopic photos of the surface are presented in Fig. 5. Using scheme A, micro-gratings were inscribed both on
bare (Fig. 5, a) and Al-covered surfaces of the fused silica slide (Fig. 5, b). The aspect ratio in the case of the surface
ablation was 5:1.

\“\‘\\‘#‘.’HNIU'M *\ Sau

a)

Fig. 5. Micro-gratings fabricated on the surface of the glass (a); and on the surface, coated with the Al-layer, (b). Laser
pulse energy was 300 nJ in case (a).

We believe this may allow us to obtain higher diffraction efficiency in comparison with the point-to-point method. In the
case of Al film ablation we change the orientation of the fringes slightly. The mismatch of the speed, parasitic
diffraction, and, perhaps, a re-deposition of the Al did not allow us to obtain “clean” ablation in this case.

Further examples demonstrate micro-gratings created using scheme B (Fig. 6) and optical layout C (Fig 7) and 267 nm
femtosecond laser. In these experiments, the laser pulse energy on target was 160 nJ and 55 nJ respectively. The beam
power and the sample translation speed were the variables to optimise. The surface modification results (obtained with
160 nJ) are presented in Fig. 6 a) to f). Figure 6 a) to d), each of them is a scan with constant energy but different
translation speeds: 0.4, 0.5, 0.6, 0.7 mm/s. It turned out that best contrast was achieved at 0.6 to 0.7 mm/s — slightly more
than expected. To confirm the alignment we have done two control experiments (Fig. 6 e, ). Fig 6, e presents the result
of a scan on the same sample when interference fringes are parallel to the direction of the scan (translation speed of 0.1
mm/s), while in Fig. 6 f) we have used a high scanning speed of 5 mm/s in the direction perpendicular to the interference
fringes, to resolve single shots. The five longitudinal lines in Fig. 6, ) and up to 5 lines inside the single shot spot in Fig.
6, f) confirm that interference has occurred.

This period exists within a 2.5 p focal spot area. In our previous work [6] with the focal spot of 0.4 - 0.5 u in diameter,
the inscription (energy) threshold was measured to be about 20 to 30 nJ. In the experiment being discussed, the laser fills
half of the 5 - 6 times larger area (due to fringes), this should give us about an increase in threshold energy to 300 - 450
nJ. The estimation correlates within the factor of 2 to 4 with our experimental results.
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Fig. 6. Micro-structures recorded using scheme B with two cylindrical lenses of 75 mm focal distance. Tracks a) to f) were
obtained on the surface, while g) to k) were formed in the bulk of the fused silica sample. The translation speed was: (a)
0.4, (b) 0.5, (c) 0.6, (d) 0.7 mm/s, (e) translation in perpendicular direction (parallel to fringes), (f) translation with the
speed of 5 mm/s and total energy 90 nJ. Figures g) to k) represent experimental results obtained, when focused in the
bulk with the pulse energy 315n] at the depth of 75 , the speed in this case was: (g) 0.4, (h) 0.5, (i) 0.6, (j) 0.7 mm/s; (k)
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represents the track obtained when the sample was translated parallel to the fringes, in this case the pulse energy was
315nl.

Surprisingly, it was not possible to detect fringes on the trace of single shots when we inscribed in the bulk at the depth
of 75 u (Fig. 6 g-k)). The “best contrast” was achieved again at the translation speed of 0.6 to 0.7 mm/sec, while the
number of longitudinal fringes (Fig. 6, k)) was reduced to 2 or 3. Note that at 0.4 mm/s there was practically no
periodicity seen (Fig. 6, g); at 0.5 mm/s the structure looked like a weak grating embedded into the waveguide (Fig. 6, f).
Remarkably, we achieved the best aspect ratio of about 4:1 in this case.

Perhaps, the decrease in the number of fringes was due to the presence of aberrations and nonlinear effects at higher
beam power (315 nJ in the case of Fig.6, k this corresponds to the pulse peak power of 5 to 10 P.,). The aberrations may
significantly distort the focal spot pattern, and lead to an increase in the threshold and, thus, the nonlinear effects.

We conclude, that both on the surface and in the bulk of the fused silica glass slide the optical layout B allowed us to
create fringes within the focal spot area. The quality of the interference pattern inside the glass was poor, perhaps due to
the presence of aberrations and nonlinear effects. Overall, optical layout B requires thorough alignment and elaborated
procedures for beam quality control.

The experimental results of the inscription at the depth of 75 1 and the laser pulse energy of 90 nJ, in case of optical
setup C with two phase masks, are shown in Fig. 8. The phase masks period was 15 |, and the distance between PM, and
PM,; was set to be 37.6 mm. Again, we did not managed to see a single shot pattern as clear as in the case of layout B
(when focused on the surface, Fig 6, f).

(a) (e ()

Fig. 7. The microstructures inside a fused silica sample at the depth of 75 W, obtained with the translation speed of 0.4 mm/s
(a), 0.45 (b), 0.5 (¢), 0.55 (d), 0.6 (e), 0.75 mm/s (f); the pulse energy was 90 nlJ.

The maximum contrast of the periodical structure inside the fused silica sample was achieved at 0.55 mm/s. Neither the
scan in the direction of interference fringes, nor the single shot patterns have revealed a presence of interference fringes.
Note the quality of the periodic structure at “optimal speed” of 0.55 mm/s (Fig.7, d). The inscription threshold was
approximately two times lower compared to scheme B.

Even though scheme C has no cylindrical surfaces to align, it requires careful alignment as well. For example, consider
an angular misalignment of the first mask over a small angle & . The optical path difference between +1 and -1 order

2
beams would be=2- L (% ) - o¢ ; with the parameters used in our experiment, the angular alignment should be done

with the accuracy of angular second (!) to obtain the interference. The wafer for the phase masks should be precisely
plane-parallel as well. Thus, this layout has to be realized in a much more compact way. This would require a rigorous
simulation of beam propagation, including temporal and space pulse chirps, as a short-period mask would introduce a
significant pulse broadening [30]. The control over the temporal chirp of the TH and consideration of the nonlinear
propagation effects may be required.
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The inscription in fibre samples demands our optical system for online monitoring and alignment to be improved, in
spite the fact that occasionally we were able to resolve online the ~0.4 W periodical structure in scheme B.

4. CONCLUSION

We tested three optical layouts with phase mask(s) and a micro-objective experimentally, to demonstrate the micro-
holographic UV femtosecond inscription of sub-micrometer gratings, both on the surface and in the bulk of fused silica.
These methods allow much better control of the transverse dimensions of sub-micrometer periodic structures, which is
critical for applications in the visible range. In this method, the exposure in every particular point is of a cumulative
nature, thus allowing an effective averaging of the laser fluence. We believe this could reduce the variation in amplitude
of the induced changes of the refractive index in the material. All optical layouts considered allow on-line changes of the
period, for example, by changing the wavelength of the inscription laser, or a simple mask shift or replacement.

The authors appreciate the financial support of the Engineering & Physical Sciences Research Council in carrying out
this work.
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