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ABSTRACT Femtosecond laser-induced structural changes in LiNbO3 are studied. De-
pending on the laser processing parameters two different types of modification are
identified and their origin is discussed. Both types of modification can be described
within the framework of induced lattice defects. For strong material damage a refrac-
tive index increase can be obtained due to the induced stress field. By appropriate
tailoring of this stress field thermally stable and highly symmetric waveguides can be
obtained well suited for nonlinear integrated-optical applications.

PACS 61.80.Ba; 77.84.Dy; 42.65.Re; 42.82.Et

1 Introduction

Lithium niobate (LiNbO3) is
one of the most important materials
for integrated-optical applications due
to its wide transparency range and its
outstanding electrooptic and nonlinear
properties. Although mature technolo-
gies exist for waveguide fabrication [1],
the inherent capability of the femtosec-
ond laser direct-write method to pro-
duce three-dimensional structures [2, 3]
has triggered ongoing research in this
direction.

Soon after the initial demonstration
of optical waveguiding in LiNbO; in-
duced by focused femtosecond laser
pulses [4], two distinct types of modi-
fication were observed that showed fun-
damentally different structural proper-
ties [5,6]. It was shown that the tem-
poral width of the ultrashort pulses
had a strong influence on the resulting
structures [7]. Detailed investigations
on the structural and optical properties
of the two types of modification were
given [8]. Here, we will focus on the ori-
gin of the different types of modification
with respect to their waveguiding prop-

erties. We will show that both modifica-
tions can be understood by a common
model of lattice defects. Pathways for
obtaining highly stable and symmetric
waveguides without any loss of nonlin-
earity will be given.

2 Experimental

For the structuring of the
LiNbO;3 crystals a commercial am-
plified Ti:sapphire femtosecond laser
system (Spectra-Physics, Spitfire) was
used. The system was operated at a repe-
tition rate of 1 kHz and provided pulses
at a central wavelength of 800 nm with
a minimum pulse duration of 35 fs and
pulse energies up to 1 mJ. For obtain-
ing longer pulse durations the grating
compressor was misadjusted. A con-
tinuous variation of the output power
was obtained by using a motorized half-
wave plate and a subsequent polarizer.
The laser was focused into the sample
with a40 x microscope objective (NA =
0.65) within a depth of 50-150 pm be-
low the sample surface. In order to pro-
duce straight lines of modification as re-
quired for waveguiding the sample was
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moved perpendicular to the laser beam
axis with a velocity of 100 um/s using
an air-bearing xyz positioning system
(Aerotech, ABL90030).

The LiNbO; samples were congru-
ent x- and z-cut samples from Crys-
tal Technology. After laser process-
ing the end facets were polished and
inspected by optical microscopy. To
evaluate the induced refractive index
changes thin slices of the sample were
cut and polished down to a thickness
of 40 um. These slices were analyzed
using a shearing interferometric micro-
scope at 550 nm. For the characteriza-
tion of the waveguiding properties laser
light at 633 nm and 1.06 um was fiber-
coupled into the structures and the end
facet was imaged onto a CCD camera.

3 Results and discussion

The illumination of LiNbO3
with ultrashort laser pulses results in
structural modifications which can be
used to fabricate optical waveguides.
Depending on the processing param-
eters like pulse energy, pulse duration
or numerical aperture of the focusing
lens, two types of structure can be distin-
guished. Figure 1 shows examples of the
refractive index distribution and guided
optical mode field for each type in an
x-cut sample. To choose which kind of
structure was obtained, only the pulse
duration was varied. As was explained
in detail in [8], the nonlinear propaga-
tion of the pulse strongly influences the
spatial distribution of the energy dens-
ity in the focus. This is a result of the
effects of self-focusing and defocusing
due to the created plasma. At pulse du-
rations of the order of 100fs and the
experimental conditions described here,
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d

20 um

20 pm

Two types of waveguides in x-cut LiNbO3 at a fixed pulse energy of 0.2 puJ and different

pulse widths. (a) Extraordinary refractive index profile and (b) guided optical mode at a wavelength of
633 nm for a pulse duration of 220 fs (type I); (¢) extraordinary refractive index profile and (d) guided

optical mode for a pulse duration of 1.1 ps (type II)

the intensity reaches the threshold for
nonlinear absorption well before the fo-
cus so that the energy is deposited in
a large volume. As a consequence, the
deposited energy in the focal volume is
low resulting in only weak damage. This
weak damage coincides with an increase
of the extraordinary refractive index .
as can be seen in Fig. 1a. No noticeable
change of the ordinary refractive index
n, 1s observed in this case. We will refer
to this type of modification as type I in
the following.

In contrast, for pulses of equal en-
ergy but picosecond duration, nonlinear
absorption does not set in until the fo-
cus is reached. Thus a much higher flu-
ence is obtained in this case resulting in
strong material damage and a decrease
of both ordinary and extraordinary re-
fractive index. As can be seen in Fig. 1c,
this is accompanied by a refractive in-
dex increase at the sides of the damaged
region which gives rise to waveguid-
ing (type II). Similar observations have
been made in other crystalline materi-
als [9—11], suggesting a common mech-
anism underlying this behavior.

The two types of structural modi-
fication have been shown to exhibit
quite different physical properties. Only
a short summary of them is given here
while the origin of the waveguiding
is discussed in detail. In Sect. 3.1, the

mechanisms responsible for the extraor-
dinary index increase at low fluences are
proposed. The relation of the decrease
of the refractive index at high fluences to
stress in the crystalline lattice along with
numerical simulations of the resulting
waveguides are presented in Sect. 3.2.

31 Origin of the extraordinary

index increase

The first type of modifica-
tion, shown in Fig. 1a, is characterized
by an increase of the extraordinary re-
fractive index in the focal volume while
the ordinary index is unchanged. It oc-
curs only in regions of moderate laser
fluence. At elevated temperatures of
200 °C, the structures completely van-
ish. Moreover, the electrooptic proper-
ties of such waveguides are markedly
reduced [8].

A number of mechanisms may cause
an increase of n.. Among those are the
photorefractive effect, changes in chem-
ical composition and lattice defects. The
following discussion will show that only
lattice defects can explain the full set of
observations.

The photorefractive effect appears
as a change of refractive index when
the sample is illuminated with light in
the visible spectral range. Absorption
at Fe>™ impurities creates conduction

band electrons that move along the crys-
tal ¢ direction by means of the bulk
photovoltaic effect [12]. This results
in space charges that alter the refrac-
tive index via the electrooptic effect.
Under inhomogeneous illumination, the
electrons move out of the irradiated
volume and get trapped nearby caus-
ing a refractive index profile that shows
a characteristic decrease in the center
along with smaller positive wings [13].
Moreover, the shape of the refractive
index profile is the same for both n,
and n. while the amplitude is differ-
ent. Under near-infrared femtosecond
illumination, where the absorption pro-
cess is nonlinear, time constants for
this process of the order of minutes
have been observed [14]. This is in
contrast with the results reported here,
where one point of a waveguide is ir-
radiated with only a few pulses and
therefore exposure times of some mil-
liseconds are obtained. Furthermore,
the characteristics of the photorefrac-
tive effect are not in agreement with
the refractive index changes shown
in Fig. 1 as isolated regions of in-
creased n. are observed. Moreover, ex-
periments performed in MgO-doped
LiNbO3, where the photorefractive ef-
fect is orders of magnitude smaller, re-
vealed similar modifications after fem-
tosecond laser irradiation. Thus the in-
fluence of the photorefractive effect is
considered negligible.

The increase of n. may also be
caused by ion migration resulting in
changes of the chemical composition.
In LiNbOs3, the most mobile ion species
are Li as well as H which is always
present in the crystal as an impurity.
For An. > 0 an increased concentration
of H ions is necessary [15]. However,
the high temperatures during the laser
structuring suggest diffusion out of the
modified volume. Thus, the influence
of H ions can be ruled out. In contrast,
diffusion of Li ions out of the irradi-
ated volume can explain an increase of
ne [16]. For ultraviolet laser structur-
ing of LiNbOs, it was proposed that
the Li ions diffuse due to a tempera-
ture gradient induced by the local laser
absorption [17]. In the case of fem-
tosecond laser structuring at kilohertz
repetition rates, this mechanism yields
no satisfactory explanation as the fol-
lowing calculation according to [18]
shows. Under the ideal assumption that
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the absorbed energy of the pulse heats
the crystal instantaneously at one point,
the heat conduction can be modeled
by the heat conduction equation [19].
The calculation shows that after a time
of 10 ps, the temperature has already
fallen below 300 K for an absorbed en-
ergy of 1 pJ. The ions are thus mobile
only during this period of time in which
the temperature gradient exists. The
ion diffusion is calculated by the diffu-
sion equation which is analogous to the
heat conduction equation. In a time T,
the ions can travel a characteristic dis-
tance Ip &~ 2(D1)'/2. At a temperature
of 1000 K the diffusion constant D has
a value of D=2 x 10" m?/s for Li
ions [18]. Consequently, during the time
t = 10 pus calculated above these ions
can travel only as far as /p &~ 1 nm. This
value illustrates that the time of elevated
temperature is insufficient for ion diffu-
sion to take place. In the experiments,
each spot was irradiated with approxi-
mately 10 pulses, so that accumulation
effects should not be important.

Defects in the crystalline lattice can
have a significant influence on the op-
tical properties of LiNbO3. This was
extensively investigated in connection
with the implantation of ions. There,
several features were observed that are
shortly summarized in the following.

When high energy ions impinge on
the crystal they are slowed down by lat-
tice interactions until they are halted in
a depth ¢#,. This depth is characteristic
of the ion species and its energy [20].

While for the fast ions the energy loss
is dominated by electronic interactions,
elastic collisions with the lattice atoms
become dominant when the ions have
lost most of their energy. Correspond-
ingly, two regions with different prop-
erties are created giving rise to different
optical properties. The resulting ex-
traordinary index profiles are schemat-
ically shown in Fig. 2 as a function of
depth. For high doses (solid line), both
indices of refraction exhibit a strong de-
crease in a depth f,, i.e. at the end of
the ion track (region II). In contrast,
an increase only of the extraordinary
index can be observed in the region
of electronic interaction (region I) in
LiNbO; [21].

Structural investigations showed
strong damage of the crystalline struc-
ture in region II. This explains the index
decrease which is due to a reduction in
density as a result of the defects. In add-
ition, it can be observed that the nonlin-
ear properties are completely removed.
Full recovery is impossible even when
annealing at 500 °C [22].

A different behavior is observed in
region 1. Here, the lattice structure is
still intact with the exception of point
defects. Although the nonlinearity is
reduced in this case as well, it could
be completely restored by annealing
at temperatures of 200°C [22]. Un-
fortunately, no detailed information is
available about the temperature stabil-
ity of the refractive index changes in this
region.

high dose

Ane —

low dose

II

depth —

In

FIGURE 2  Schematic of the extraordinary index profile after the implantation of ions (solid line: high
dose; dotted line: low dose) into LiNbO3 (after Rams et al. [21]). The nuclear damage region is located

at a depth t,

Similar results as observed in re-
gion I can be obtained at the end of
the ion track (region II) when only low
doses are used. The extraordinary in-
dex is enhanced in this case in region II,
while the ordinary index still shows
a decrease. No refractive index changes
can be observed in region I [21]. This is
consistent with the weak lattice damage
observed in region I when exposing the
sample with high doses.

To explain the increase of n. sev-
eral mechanisms were proposed. Firstly,
a defect-induced increase of ion mobil-
ity could cause Li ions to move into the
nuclear damage zone (region II). Ac-
cordingly, this would leave regions of
depleted Li concentration resulting in
an enhancement of n. [16]. However,
this does not explain the increase of
the extraordinary index in the damage
region at low doses. Secondly, it was
assumed that lattice defects lower the
spontaneous polarization of the crystal.
The spontaneous polarization P is the
result of the permanent electric dipole
moment in the ferroelectric phase which
is caused by the dislocation of Li and
Nb atoms with respect to the oxygen oc-
taeders [23]. The refractive index is re-
duced because of P due to the quadratic
electrooptic effect [24, 25]:

1
S, = —EngggPsz s

Sne = —%niggst : )
where g is the quadratic electrooptic co-
efficient. With values of én, = —0.06
and dn, = —0.24 this gives rise to the
large negative birefringence observed
in LiNbOj3. Consequently, a reduction
of Ps would therefore mainly result in
an increase of n.. This is counteracted
by the enlargement of the unit cell and
thus an increase of the molar volume
due to a reduction of crystallinity. In
a simplified model, this can be related
to a decrease of refractive index by the
Clausius—Mosotti equation [26]:

-1 «
T 2
nc+2 A%V

Here, oy denotes the molar polarizabil-
ity. The combination of volume change
and decrease of spontaneous polariza-
tion was deemed responsible for the ob-
served index changes caused by ion im-
plantation [27,28]. Note that a similar
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discussion has also been made for pro-
ton exchange [29].

While quantitative predictions are
impossible due to the simple nature of
the model, qualitatively, the increase of
n. at low damage, i.e. in region I or
at low doses, is plausible. In this case
the lattice structure is still preserved
and thus the volume increase is negli-
gible. When the damage is stronger, the
volume change becomes the dominant
contribution so that both indices of re-
fraction are decreased.

The phenomena observed with ion
implantation and the proposed induced
damage model offer a striking analogy
to femtosecond laser structuring. The
question if type I or II structures are in-
duced by the laser can thus be answered
based on the degree of the resulting
damage. For pulse durations of &~ 100 fs
or within filaments, the laser fluence is
kept at a moderate level thereby creating
limited damage [8]. In this case, type I
modifications with An. > 0 occur. If the
pulse duration is of the order of 1 ps or
in filaments with repeated self-focusing
at powers much higher than the critical
power, the fluence exceeds the threshold
for catastrophic collapse so that strong
damage of the crystal is induced. There-
fore, type Il structures with a decrease of
both indices occur in this case.

This model is also in agreement with
the observed temperature behavior of
the modifications. The thermal erasure
of type I waveguides coincides with the
annealing of isolated point defects at
temperatures of 200°C [22]. In add-
ition, the loss of nonlinearity can be ex-
plained by the decrease of spontaneous
polarization since the electrooptic and
nonlinear properties depend linearly on
P in this class of crystals [30].

3.2 Waveguiding
based on stress-induced

refractive index changes

When LiNbOs is subjected to
high laser energy densities, as obtained
in the focus for example by using pi-
cosecond pulses, both indices of refrac-
tion are decreased (type Il modification,
see Fig. 1c). However, regions with in-
creased refractive index are obtained ad-
jacent to the modifications allowing to
guide light (Fig. 1d). These structures
were shown to be stable up to tempera-
tures of > 300 °C [8].

Within the model of lattice defects,
this type of modification can be readily
explained: the high laser fluences lead
to strong disorder of the crystal result-
ing in a volume increase. As a result
the refractive index is decreased accord-
ing to (2). At the same time, stress is
induced in the surrounding material.
Here, it is assumed that the elastoop-
tic effect is responsible for the observed
refractive index changes in analogy to
previous publications on quartz [9, 31].
In this section we present numerical
simulations of the stress-induced re-
fractive index changes and the resulting
guided-optical mode fields and discuss
the implications for practical waveguide
fabrication.

The simulation relies on the shape of
the modified region which is determined
by the numerical aperture of the focus-
ing objective and nonlinear processes.
For simplicity, an ideal elliptical shape
was assumed with typical diameters of
a = 15 um along the direction of laser
incidence and b = 2.5 um perpendicu-
lar to it. To estimate the volume change
of the structured region, the differential
form of (2) is used:

AV 6n

o " A
\% n2+2)(n?-1)
~ —0.5An.

n
3)

For experimentally observed ordinary
refractive index changes of the order

30 um

..

c d

of —1072 this yields relative volume
changes of some 1073, Note that this
is only a qualitative estimation, since
other mechanisms of refractive index
change have been neglected. Further-
more, it was assumed that the structures
are homogeneous along the waveguide
direction. In the absence of cracks, this
is ensured by the overlap of multi-
ple pulses at one position. Under these
conditions the problem can be simpli-
fied to a planar geometry. Finite elem-
ent calculations were carried out with
the software Comsol Multiphysics [32]
using a plain strain model. Within this
model, the strain tensor is planar while
anonzero component of the stress tensor
along the waveguide direction (o7;) ex-
ists. The volume change of the elliptical
modification was simulated by thermal
expansion to an arbitrary temperature
at which AV/V = Aa/a+ Ab/b had
reached the desired value.

The stress distribution in the crys-
tal surrounding the structured region
was calculated with a relative volume
change of AV/V =7 x 10~3. We do not
provide a graph of the stress here since
it resembles the refractive index profiles
of Fig. 3aand b. At the sides of the modi-
fication compressive stress exists in the
horizontal direction as well as tensile
stress in the vertical direction; its mag-
nitude is of the order of 10 MPa.

Refractive index changes were cal-
culated from the stress values oy using

FIGURE 3 Calculated refractive index profiles (a) An, for vertical (TM) and (b) An_ for horizontal
polarization (TE) according to the induced stress. This results in the optical mode fields for a wavelength
of 633 nm for (¢) TM and (d) TE polarization, respectively
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the piezooptic effect [33]:

1
A<; ) E Tijki O
Y

Z PijmnSmnki Okl - (4)

m,n,k,l

Here, the piezooptic tensor mjy =
> . PijmnSmnit 18 evaluated from lit-
erature values of the elastooptic ten-
sor p and the elastic compliance ten-
sor s [23]. The result is shown in Fig. 3a
and b. At the sides of the structure,
the index change is positive for verti-
cal (TM) and negative for horizontal
polarization (TE); above and below the
ellipse the signs are opposite. Based
on the refractive index profiles, the op-
tical mode fields were calculated for
a wavelength of 633 nm. Each polar-
ization was treated separately. It was
further assumed that within the struc-
ture, the index change was —1072 for
TM and half this value for TE polar-
ization, in accordance with [8]. In the
simulation, off-diagonal elements of the
tensor (1/n?) ;j were neglected for tech-
nical reasons. The results are shown
in Fig. 3c and d. Well-confined guid-
ing exists at the side of the ellipse for
TM-polarization. For TE-polarization,
where the regions of increased index are
located above and below the structure,
the guiding is weak and the correspond-
ing mode field very large. The reason
for this is that the index increase at the
tip of the ellipse is limited to a small
area, although its magnitude is greater
than for TM-polarization. Note, how-
ever, that this is strongly dependent on
the assumed shape of the ellipse.

The results of Fig. 3 are based on
the geometry of an x-cut crystal with
the waveguide direction along y. For
other geometries, similar results were
obtained with strong TM guiding at the
side of the ellipse and weak TE guid-
ing above and below. The accentuation
of the lateral regions for strong guiding
is owed to the shape and orientation of
the ellipse, however. If in the simula-
tion the ellipse is rotated by 90°, then
the regions of strong guiding are located
above and below while the polarizations
are maintained. This illustrates that with
adequate beam shaping, the waveguid-
ing properties can be specifically tai-
lored. For more complex shapes of the
modifications, as are observed in fila-
ments, multiple regions of TE and TM

guiding in close proximity may be ob-
served so that no simple predictions can
be made.

The available experimental data is in
agreement with the results of the simu-
lation. Nejadmalayeri et al. reported
TM guiding at the sides and TE guid-
ing below laser-induced modifications
in z-cut LiNbOj3 [7]. These waveguides
exhibited propagation losses as low as
0.7 dB/cm. Moreover, the observations
in crystalline quartz [9,31] can also be
interpreted by the model for LiNbOs3 as
both crystals show the same symmetry
in their elastic and elastooptic tensors.

The waveguides that are based on
stress in the crystal are inherently un-
symmetric since they are always lo-
cated next to the modification whose de-
creased refractive index acts as a strong
barrier for the guided mode. For inte-
grated-optical elements, however, sym-
metric modes are mandatory to ensure
a high coupling efficiency to optical
fibers. To fabricate symmetric wave-
guides with high thermal stability, we
demonstrated the approach of writ-
ing two parallel lines in close separa-
tion [34,35]. In this case the TM guid-
ing regions overlap and form a well-
confined waveguide in the center be-
tween the lines. In Fig. 4, simulation
results for this geometry and a sepa-
ration of 10 wm are shown. In the cal-
culation, the single modifications were

modeled in the same way as in Fig. 3.
For TM polarization, a homogeneous
index increase in the center is created.
As can be seen in Fig. 4b, this region is
limited both in horizontal and vertical
direction by barriers of decreased index.
The calculated mode field in Fig. 4c thus
shows a high confinement and symmet-
ric shape. For small separations < 6 pm,
no central mode is guided. In the other
extreme, two separate modes exist for
large separations. Depending on the
wavelength, the magnitude of the in-
dex changes and the line separation, the
guiding of higher order modes is also
possible.

To verify the above considerations,
waveguides were produced in x-cut
LiNbO3 using a pulse energy of 0.3 puJ
and a pulse duration of 1.2 ps. These
parameters resulted in strong material
damage with a smooth elliptical shape.
As can be seen in Fig. 5a, a single line
exhibited the typical guiding properties
for TM polarization similar to Fig. 3c.
When two lines were fabricated with
a separation of 10 um, a symmetric
mode with better confinement emerged
in the center (Fig. 5b). If the polarization
was adjusted to TE, no guiding could be
observed.

The damping losses of these wave-
guides were then measured by compar-
ing the transmitted light to the light re-
flected back out of the waveguide when

A
{ — \I 6 /1
— 0 : 4
1
(=]
Ss = ? -
; 4 gof
=19 2
f \
{ = ) 15 %45 20 100 10 20 30
position [um]
a
c
FIGURE 4 (a) Simulated refractive index distribution for TM polarization for a double line structure

with 10 wm separation. The single modifications were modeled in the same way as in Fig. 3. (b) Ho-
rizontal (blue) and vertical (red) cross section of the refractive index profile. Note that there is a strong
refractive index decrease (10~2) in the destructed elliptical zones (shaded regions). (¢) Resulting mode
profile for TM polarization at a wavelength of 633 nm
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a b

FIGURE 5 Experimental comparison of the optical guiding properties of (a) a single line and
(b) a double line structure with 10 pm separation in x-cut LiNbO3. The modifications have been in-
duced with a pulse energy of 0.3 uJ, a pulse duration of 1.2 ps and a scan speed of 1 mm/s. In this
case a Ti:sapphire laser system operating at 100 kHz has been used. At the top microscope images of
the induced structures are shown. The dimensions of each modification are 2 x 13 pum?2. At the bottom
the near-field intensity distributions are given for a wavelength of 633 nm and TM polarization. Light

propagation is along the z-axis

a high-reflectivity mirror was positioned
at the sample end facet. At the wave-
length of 1.06 um used, a line separation
of 17 um showed the best guiding. With
this setup the propagation losses were
measured to be &~ 0.6 dB/cm.

4 Conclusions

The mechanisms which lead
to refractive index changes have been
discussed for the two observed types of
fs laser-induced structures in LiNbOj3
for the first time to the authors’ know-
ledge. Both types are well explained
by the model of lattice defects at dif-
ferent degrees of damage. For lower
laser fluences, point defects are created
which lower the spontaneous polariza-
tion of the crystal and thus increase
the extraordinary index. Strong crys-
talline damage at high fluences leads
to a volume increase that correlates
with diminished refractive indices. It
has been shown that the latter mech-
anism also explains stress-induced re-
fractive index changes in the vicinity
of the structure. Using finite element
simulations, the shape and polariza-
tion dependence of the guided modes
could be modeled in agreement with
experimental observations. Due to the

general nature of the process, these re-
sults are also valid for other crystalline
materials.

It has been demonstrated by experi-
ment and simulation that by fabricating
two parallel lines close to each other,
low-loss symmetric waveguides are cre-
ated. Unlike waveguides based on an
increased extraordinary refractive in-
dex, the former are thermally stable
and do not suffer from a diminished
nonlinearity. The results given here
thus permit to further improve the per-
formance of femtosecond laser-written
waveguides in LiNbOs3 in order to fab-
ricate efficient nonlinear integrated-
optical devices.
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