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Abstract:  We report on the operational parameters that are required to
fabricate buried, microstructured waveguides in a z-cut lithium niobate
crystal by the method of direct femtosecond laser inscription using a high-
repetition-rate, chirped-pulse oscillator system. Refractive index contrasts
as high as —0.0127 have been achieved for individual modification tracks.
The results pave the way for devel oping microstructured WGs with low-loss
operation across a wide spectral range, extending into the mid-infrared
region up to the end of the transparency range of the host material.
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1. Introduction

Owing to its robustness and unique flexibility, the direct femtosecond (fs) laser inscription
method [1, 2] is one of the most efficient techniques for three-dimensional volume microstruc-
turing of transparent dielectrics, thereby offering a valuable aternative to more mature tech-
nology such as, for instance, lithography-based approaches. A pioneering demonstration of the
possibility of modifying the refractive index (RI) of glasses in a controlled manner by use of
intense fs laser pulses was reported in [3, 4]. Photoinduced structural modification of glasses
has triggered the research in thisfield, and is the foundation for all subsequent applications of
such atechnology in integrated optics. In crystals the exposure to fs laser radiation often pro-
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duces a negative change in the RI [5, 6] which does not allow for waveguiding to be observed
directly in single written tracks. On the other hand, by writing multiple tracks with areduced RI
around the unmodified volume of material it is possible to produce a depressed-index cladding
with the central volume serving as the core of awaveguide (WG) [6,7]. The depressed cladding
fs-laser inscription approach can in principle achieve arbitrarily shaped light guiding chan-
nelsinside the unmodified material [6], which feature reduced propagation losses (due, e.g., to
induced material absorption or scattering [1, 8]) as compared to directly written, single-track
WGs [7]. The main issue with this approach is how to ensure good mode confinement in the
WG, as depressed-index cladding WGs often exhibit leaky-mode features [9], especially when
the thickness of the cladding structure or the magnitude of RI contrast between the low-index
tracks of the cladding structure and the core guiding region is small. We have addressed thisis-
suein recent numerical works[10,11]. We have demonstrated to which extent the waveguiding
properties of depressed cladding WGs written in birefringent crystals can be controlled by the
WG geometry at the induced RI contrasts that are feasible by use of current fs microfabrication
technology [10], and described how these properties can be optimized for low-loss operation in
the mid-infrared spectrum [11].

In this paper, we report on the operational parameters that are required to fabricate such
a low-loss, buried, microstructured WG in a crystal of great importance for applications in
nonlinear integrated optics, lithium niobate (LiNbO3), by high-repetition-rate (HRR) fs laser
inscription. The observations and results described here serve to support our numerical studies
in [10, 11]. HRR fs lasers have become the preferred laser source for fast writing of low-loss
WGsiin glasses [12-17], enabling RI contrasts between exposed and unexposed areas of up to
five times higher than those of standard optical fibers[14, 15]. However the application of this
approach to crystals has received less attention in the literature [ 18]. We would also like to note
that the energy efficiency of HRR laser systems can be twice as large as that of low-repetition-
rate (LRR) systems owing to the heat accumulation effect [12,13]. At HRRs, the time between
successive laser pulses is shorter than the heat dissipation or cooling time, resulting in an ac-
cumulation of heat in the focal volume that melts the material. This melted zone is sustained
above the working point of the material throughout the laser cycle, which can be beneficia
for smooth track formation. As the laser is scanned through the sample, the molten material
cools from the outside in, resulting in a permanent Rl change. The key control parameter for
permanent material modification seems to be the energy density delivered into the foca vol-
ume which drives all subsequent material transformations [14, 19]. kHz fs laser systems which
are currently most widely used for WG writing in crystals, employ typical sample translation
speeds of 10 to afew hundred um/s. The slow laser writing at LRRs isthe main limiting factor
for the experimental exploration of complex depressed cladding WG designs suitable for prac-
tical applications. Indeed, typical structures that have been fabricated to date mostly consist of
either just two parallel tracks or asingle layer of circularly arranged tracks confining an unmod-
ified domain of crystal, and usually suffer from high propagation losses [8, 18]. Furthermore,
such structures do not allow for flexible control over the waveguiding properties. On the other
hand, HRR fs systems can enable up to four orders of magnitude quicker fabrication than the
LRR ones [14, 15]. This makes feasible the fabrication of more complex depressed cladding
WG structures having afairly large number of layers of tracks and thereby displaying low-loss
operation over awide spectral range [10].

2. Experimental setup and procedures

The experimental setup used for inscription is shown in Fig. 1. The inscribing laser was a
chirped-pulse oscillator system [20] (Femtosource Scientific XL, Femtolasers), which oper-
ates at 792nm central wavelength and is pumped with a diode-pumped solid state Verdi V-10
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Fig. 1. Optical schematic and photograph of the experimental setup. Theinsert on the photo
presents the oil-immersed MO used for inscription in lithium niobate crystals. WP stands
for: wave plate, PBS: polarization-beam splitter, M: folding mirror, MO: micro-objective,
CCD: charge-couple device camera.

(10W) green, 532nm laser. The repetition rate of the fs laser is 11MHz. The temporal pulse
widths of individual pulses were measured using a frequency-resolved optical gating technique
(Grenouille). The use of broadband, highly chirped mirrorsin the laser cavity enables the com-
pensation of the dispersion of al intra-cavity components and the achievement of a full-width
at half-maximum pulse duration of approximately 50fs, that being the shortest pulse width
obtainable with a reasonably radially symmetric beam profile and a saturable Bragg reflector
(SBR) end mirror [15]. For this pulse width, the spectral bandwidth is approximately 30nm
(at 10% intensity level). Wider spectra (hence shorter pulses) seem to constitute a problem for
this system due to the limitations imposed by the SBR. Overall, the optical microfabrication
system used enables on-target pulse energies of up to 75nJ. Without the SBR, the same sys-
tem produces 26fs pulses with more than twice the output energy [20, 21]. Several microscope
objective lenses were used to produce index modifications in the LiNbO3 crystal. After some
preliminary trials aimed at producing smooth, non-damaged tracks, it was decided to use an
objective with a numerical aperture (NA) of 1.25 and a working distance of approximately 0.4
mm (Fig. 1). ThisisaZeiss oil-immersed objective (RI of oil used: n = 1.523) with afixed cor-
rection of spherical aberration at the depth of 0.17mm in standard glass. Additional dispersion
induced by the glass of the objective was pre-compensated by tuning the prism compressor at
the laser output. We would like to note that in contrast to previous reports on laser WG writing
in LiNbOg3 [19], we used linear polarization of the inscribing light perpendicular to the sample
scanning direction, and almost transform-limited fs pulses. Our choice was based on several
experiments in various glasses [14, 15] and crystals [14, 22], which revealed that the optimum
regimes of HRR fs inscription are essentially independent of the inscribing polarization state.
z-cut LiNbO3 wafers of 75mm diameter and 1mm thick (supplied by University Wafer) were
used in the experiments. The samples were mounted on a three-dimensional Aerotech transla-
tion stage, comprising two air-bearing stages for the x and y directions and a mechanical stage
for the z direction, and enabling translation speeds of up to 100mm/s with a sub-micrometer
accuracy. The samples were moved transversely to the laser beam (in the x, y plane), and accu-
rate positioning of the sample relative to the objective along the direction of the fs beam was
controlled using the reflection from the sample top surface. Only the working distance of the
objective lens limited the maximum depth of inscription from the sample’s surface to approxi-
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mately 0.5mm. A more detailed description of the experimental setup used for inscription can
be found in [14].

Note that the better the focusing of the fs beam onto the sample to be inscribed, the lower
the pulse energy above which a continuum light is produced within the material for agivenin-
scription depth [23,24]. In borosilicate (BK7) glass, using an in-house designed, long working
distance, oil-immersed microscope objective with an effective NA of 1.2 [25], we measured
this energy threshold to be approximately 12nJ at an inscription depth of 0.5mm, whereas in
LiNbOs (and with the 1.25 NA of the commercial objective) the threshold was three times
higher at an inscription depth of approximately 0.25mm. In LiNbOs, as well as in other crys-
tals [22], the energy threshold for the appearance of a continuum is slightly lower than the
threshold for residual material modification to occur. The conditions of fs beam focusing are
critical for direct inscriptionin LiNbO;3 crystals[26], asthe RI of the extraordinary axis (z axis)
differs significantly from that of the ordinary axes. Diffraction-limited focusing in birefringent
crystalsisitself a challenging task, because an aberration-free focusing at an arbitrary depth in
such crystalsis not possible by standard microscope objectives. Adaptive optics (such as, e.g.,
deformable mirrors) [27] or computer-controlled spatial phase modulators [26] may be used for
correction of the aberration, and afeedback loop for the corrective system is needed. However,
most of the quantitative feedback methods that are available to determine the optimum focusing
conditions are not applicable to birefringent hosts. In the inscription experiments described in
this paper, we used a qualitative feedback method based on either measurement by a photodiode
or naked eye visual perception (using appropriate filter or protective glasses) of the brightness
of continuum light produced within the sample. The decision about the microscope objective
was made based upon the lowest energy threshold provided for the appearance of a continuum.

The irradiated samples were visually inspected with an optical microscope, Axioscope-2
MOT (Zeiss), which is equipped for both transmitted light and differential interference con-
trast (DIC) measurements. The 16-bit, 10M-pixel charge-couple device (CCD) camera of the
microscope is interfaced to a personal computer by a fibre-optic link, which reduces the level
of electronic noise and achieves high data throughput. The capabilities of the microscope are
described in detail in [28, 29]. The sample tracks were inspected using the quantitative phase
microscopy (QPM) method [30, 31] at the microscope (commercial software by IATIA), from
which a cumulative phase profile and, hence, refractive index distribution over the radial dis-
tance from the central axis of the track can be obtained. The QPM technique relies on taking
multiple images of theintensity distribution of thefield leaving a phase object at different focus
distances (an in-focus image and a number of slightly positively and negatively defocused im-
ages) and using these data to estimate the differential with respect to the defocus of the image
for phase recovery [30,32]. Thus, it is clear that accurate positioning of the object along the z
axisis very important for the extraction of correct phase information. In its motorized version,
the microscope has a built-in, electronically controlled z translation stage with an approximate
positioning accuracy of 100nm. To achieve even better z stage performance, we used a z step
size equaling an integer multiple of the step size of the stepper motor, thus avoiding any inter-
polation by the maotion controller. This way we were able to improve the positioning accuracy
up to the (estimated) value of 20nm. This could be further improved by a position feedback
encoder. Obviously, any noise arising during image acquisition and transmission should also be
reduced to minimum. Because the CCD camera of the microscope is uncooled, for short expo-
suretimesafew low-order bits areindistinguishable. We found that this noise can be minimized
by choosing exposure times of alarge fraction of a second. The QPM procedure was calibrated
by measuring optical fibres with known specifications at different illumination wavelengths to
ensure minimum chromatic aberrations of the system. Multi-layer Fabri-Perot interference fil-
ters (Semrock) with an approximate bandwidth of 20nm were used to limit the bandwidth of
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the light source of the microscope. The sensitivity of the QPM method was tested on WGs fab-
ricated in BK7 glasses by direct fsinscription. We believe that the current sensitivity level is of
the order of 10~° [25], which is below that of a conventional DIC microscope [29]. However,
care should be taken when the QPM technique is applied to objects with absorption (repre-
sented by the imaginary part of the permittivity). Thisis because the QPM method is based on
the transport-of-intensity equation [30, 31], which is valid only when the beam energy is pre-
served. A comparison of QPM measurements of BK7 glasses with those obtained by scattering
interferometry clearly highlights this problem [25].

The radia refractive index profiles of the tracks were reconstructed from the cumulative
phase data obtained from QPM using the Abel inverse transform method [33]. To implement
an Abel transform, it must be assumed that the structure is radially symmetric about its axis. A
visual inspection of the cross section of the tracks suggested thisto be areasonable assumption.
This assumption in the case of BK7 glass was further confirmed by comparison of mode-field
profile measurements with the results of numerical simulations for a number of tracks. The re-
constructed RI values were used in the numerical model in each case. By the use of QPM and
theinverse Abel transform it is possible to obtain phase retardation maps over the wholefield of
view of the microscope, which has the approximate size 300 um x 400 um for an image mag-
nification factor of 20, at the same time as qualitatively inspecting the results of the inscription
under the microscope, thereby making the time required for post-inscription processing of the
samples shorter [15]. We would like to note that the phase retardation maps obtained from the
QPM software for z-cut LiNbO3 samples are not sensitive to the polarization of theillumination
light. For wafers of different orientation, care should be taken when interpreting the phase maps
because of the host birefringence.

3. Resultsand discussion

The parameter space that was investigated to establish the optimal conditions for inscription
included the inscribing laser pulse energy, the speed of translation stage movement, the focus
depth inside the sample, the polarization of the inscribing light relative to the direction of the
scanning laser beam, and the duration of the inscribing pulses. For the results described in this
paper, the inscribing beam was polarized in the x direction perpendicular to the direction of
scanning, and provided pulses with the minimal (transform-limited) pulse duration (Sec. 2).
The inscribing beam profile featured a small ellipticity (defined as1—b/a, wherea and b are
the respective major and minor semi-axes) of 0.05, with the larger semi-axis in the scan (y)
direction [22].

Figure 2(a) shows example tracks obtained with a high inscription energy. The tracks of
each of the two pairs shown were written with the same scanning speed, but with opposite
scan directions. No significant morphological changes of the tracks are observed depending on
the scan direction in the z-cut LiNbOs crystal, and highly uniform tracks are obtained even at
high sample inscription speeds. A typical example of the reconstructed radia index profile of
tracks written with high energies is shown in Fig. 2(b). To identify the inscription conditions
(both inscription energies and scanning velocities at specific depths from the crystal’s surface)
for high-contrast, uniform tracks, the uniformity of each track was inspected using the phase
maps obtained from QPM. The QPM software allows one to generate artificial DIC images
of the tracks with an arbitrary direction of differentiation. By this approach, we were able to
determine the onset of instability when atrack startsto become (aperiodically) modulated. This
instability islikely dueto an elongation of the’ melted tail’ of the track being exposed to a high
mechanical stress from the cold surrounding material, which occurs for increased inscription
energies and scanning speeds. It was numerically found in [34] that the magnitude of this stress
can reach hundreds of megapascals. Such compressive forces act as an effective surface tension
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Fig. 2. (a) DIC microscope overhead views of two pairs of tracks with the same inscription
energy of 58nJ and with scanning speeds of 40mm/s (left pair) and 60mm/s (right pair)
inscribed at an approximate depth of 200 um. The tracks of each pair were inscribed with
opposite scan directions. (b) Radial RI profile of atrack reconstructed from the cumulative
phase data obtained from QPM. Writing conditions for this track were inscription energy
58nJ, scan velocity 12mm/s and inscription depth = 200 um.

leading to various thermoelastic and, possibly, hydrodynamic instabilities of the softened or
even melted jet.

The physical characteristics of al the tracks obtained with different inscription conditions
except those showing apparent instabilities, were measured by white-light microscope and the
QPM technique using the Abel transform. Figure 3 showsthe radial size (r) and the peak index
contrast (6n; measured from the zero level) as a function of inscription energy (E) for tracks
produced with a scanning inscription velocity of 12mm/s at an approximate depth of 250 um
from the surface of the crystal. It is seen that both the track’s size and the magnitude of the peak
index clearly increase with pulse energy. The maximum index change observed is —0.0127
for an inscription energy of 58nJ. This is the first time to our knowledge that such a high RI
contrast has been achieved for smooth tracks in LiNbO3. A linear fit to the experimental data
in Fig. 3 yieldsthe following functions:

r=9.65x10 2(E—Ey), 6n=—4.46x10*(E—Ey), ()

where r is given in micrometers, E is given in nanojules, and Ey = 36.45nJ is the energy
threshold of the microscope objective used for inscription. These fitting functions were used
for numerical optimization of microstructured WGs in [11]. Note that the interdependence of
thetrack’s size and RI contrast at a given scanning speed stemming from Fig. 3 can be released,
and these parameters can be trimmed to the desired values by tuning both the laser pul se energy
and the sample inscription speed, as both produce albeit connected but not identical changesto
r and én. We got evidence that uniform tracks can be achieved within a wide range of scan-
ning velocities — from a few mm/s to 60mm/s. However, at high speeds, the uniformity of the
immersion layer underneath the microscope objective becomes an issue, with this effect being
more pronounced at high pulse energies. Therefore, we believe that the practically interesting
inscription regimesin LiNbOgz are close to those illustrated by Fig. 3.

In order to create microstructured WGs with the desired geometry, one needs to control the
relative positions of the tracks at the desired inscription depth beneath the sample surface with
high precision. There is not a simple linear relationship between the actual depth of focusing
of the inscribing light and the shift of the microscope objective produced by the z-axis stage.
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Fig. 3. (a) Radius and (b) reconstructed peak RI contrast of the tracks as a function of
inscription energy at an inscription scanning velocity of 12mm/s and an approximate in-
scription depth of 250 um. Also shown isthe energy dependence of the peak-to-peak index
contrast (crosses).

However, effective control over the track’s positioning for producing circular patterns of tracks
can be achieved by measuring the eccentricity € of the resultant WG's cross section after edge
polishing of the sample. After that, the z coordinate of each track in the original (circularly
shaped) design is scaled by €, and this scaling factor is used by the program that controls
the z-coordinates of the tracks relative to the center of the structure. For inscription of circular
patterns of tracks at an approximate depth of 400 um, we measured € = 0.7, with thelarger axis
of the elliptical pattern in the x direction (Fig. 4(b)). Figure 4 shows the microscope images of
an example microstructured WG written with an energy of 48nJ, scanning velocity of 15mm/s,
and at an approximate depth of 400um. The depressed cladding is formed by two rings of
sixteen tracks each, whose centers are arranged circularly. The designed radii of the inner and
outer circles are 24um and 30um. The measured major and minor axis of an an individual
track are approximately 3.7 um and 1.4um, respectively. Further, we would like to note that
some focus splitting effects were observed in our experiments (Fig. 4 (b)), typically at elevated
laser pulse energies and for certain z-positions, e.g. when we focused deeper than 300 um. Such
asplitting as well as observed elongation of the individual track are most likely due to changes
in the trade-off among aberrations, nonlinearity and, possibly, other effects[35] in the LiNbO3
crystal host at different inscription depths.

The waveguiding properties were investigated by illuminating the structure with a broadband
supercontinuum (SC) source with a total bandwidth from 400 to 2000 nm (supplied by Fian-
ium). Light from the source was filtered by an external acousto-optic tunable filter having up to
eight independent wavel ength channels, each of approximate width 20nm. The filtered SC light
was coupled into amulti-mode optical fiber with a core diameter of 40 um. The estimated total
propagation losses were approximately 3dB/cm at visible wavelengths around 600 nm, whereas
they were approximately ten times larger (on a linear scale) at wavelengths around 1000nm.
The estimation of the losses was made by integrating the mode-field profile on the CCD camera.
The observed behavior has been confirmed by our numerical study [10]. The weaker guiding at
the longer wavelength was expected as the proof-of-principle WG structure of Fig. 4 with only
two rings of tracks was designed intuitively rather than using a systematic approach [11].

Because the RI contrasts of smooth tracks that can be achieved in crystals with current fs mi-
crofabrication technology are relatively moderate, to provide WG structures that display low-
loss operation over a wide spectral range, the most viable solution is to write a fairly large
number of rings of tracks, possibly with different sizes [10]. Optimized designs of WG struc-

#210200 - $15.00 USD Received 24 Apr 2014; revised 18 Jul 2014; accepted 19 Jul 2014; published 24 Jul 2014
(C)20140SA 1 August 2014 | Vol. 4, No. 8 | DOI:10.1364/OME.4.001708 | OPTICAL MATERIALS EXPRESS 1715



tures with several cladding layers were numerically shown to achieve acceptably low (below
1dB/cm) confinement losses (i.e., losses due to the finite transverse extent of the confining
structure) in both O and E polarizations over a wide spectral range, extending into the mid-
infrared region up to the end of the transparency range of the host material [11]. We are cur-
rently working on the experimental demonstration and characterization of such optimized WG
designs. The results will be presented in afuture publication. We would like to note that the re-
quirements on the number of rings make HRR fslaser inscription the preferred microfabrication
technique. For example, for a propagation length of 10cm in a WG with seven rings (around
200 tracks) the total length of the inscribed lines would amount to approximately 20m. Clearly,
if one uses a kHz fs system (with a typical sample translation speed of 10 to 100um/s, or of
500u1m/s by use of astigmatic beam inscription [22]), the fabrication time required on asingle
structure may exceed 60 hours, whereas a HRR system can do the job in less than an hour. It
is also clear that the HRR fs laser microfabrication technology described in this paper can be
easily extended to periodically poled crystals, thereby enabling a wide spectrum of applications
in classical and quantum nonlinear integrated optics.

Fig. 4. Microscope (&) overhead view, and (b) cross section of an example fabricated mi-
crostructured WG with two rings of tracks. Fabrication conditions for this WG were in-
scription energy 48nJ, scan velocity 15mmy/s, and inscription depth ~ 400um. The left
inset in panel (b) highlights the inscription depth, and the right inset in (b) shows the WG
design scaled by the ellipticity factor €.

4. Conclusions

We have reported on the inscription regimes that are required to fabricate low-loss, buried,
microstructured WGs in z-cut LiNbO3 crystals by an HRR fs laser system. Record-high RI
contrasts of —0.0127 have been obtained for individual modification tracks. These results offer
promising means for the development of microstructured WGs in nonlinear crystals which
are suitable for integrated optics applications in both the near- (telecommunications) and mid-
infrared spectral regions. Demonstration of such optimized WG designs in both unpoled and
poled hosts will be presented in a future work.
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