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Local Photorefractive Modification in Lithium Niobate Using Ultrafast
Direct Laser Write Technique

Domas Paipulas'=, Ricardas Buivydas?, Saulius Juodkazis? and Vygantas Mizeikis'

Laser Research Center, Department of Quantum Electronics, Physics Faculty, Vilnius University, Lithuania

22Centre for Micro-Photonics, Swinburne University of Technology, Australia

3Research Institute of Electronics, Shizuoka University, Japan
dvmzks @ gmail.com

In this work we demonstrate the possibility to form discrete homogeneously-altered refractive index regions
of photorefractive origin in bulk of pure and iron doped lithium niobate crystals using femtosecond direct laser
write technique. We show that nonlinear free charge generation and charge separation caused by the bulk photo-
voltaic effect are the main contributing factors to the change in refractive index. Moreover, femtosecond pulse
induced refractive index change can be by an order of magnitude higher than values reached with longer laser
pulses. Additionaly, we show that with different recording algorithms a sufficient control on topological charge
separation can be achieved in micrometer scale that lets implement reversible information recording procedures

in lithium niobate crystal.
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1. Introduction

Lithium niobate (LiNbOj3, LN) is one of the most
important crystalline materials used in photonics applica-
tions. LN is valued for its excellent ferroelectric, piezo-
electric, pyroelectric properties and strong optical nonlin-
earity. This diverse material proved itself in many applica-
tions such as frequency converting, optical signal modula-
tion (electro-optical and acousto-optical), waveguide integra-
tion and etc [1].

One property of LN that stands out from other ferroelec-
tric materials is a very strong photorefractive effect. Non-
homogeneous illumination at low light intensities (as low as
10 mW/cm? for visible light) induces local changes in refrac-
tive index; however these variations as a rule are not perma-
nent and can be optically or thermally nullified without any
residual change in the host crystal [2, 3]. Depending on the
application material photorefractivity could be beneficial or
harmful: former case illustrates the widespread use of LN as
a medium for holographic recording [1], while low photore-
fractive damage value can sufficiently degrade laser beam
when crystal is used for nonlinear applications [3]. It is gen-
erally accepted that photorefractivity is a well understood
phenomenon at low light intensities [2] while recent decade
showed great progress in describing its behavior and nuances
at high light intensities for doped and nominally pure crys-
tals [4, 5, 6].

Localized modification of optical properties in wide
range of transparent (not necessarily photosensitive) materi-
als become possible with the progress of femtosecond laser
systems [7]. Nonlinear absorption effects initiated with fo-
cused laser beam allow three-dimensional integration of (mi-
cro)photonic devices in transparent materials by Direct Laser
Writing (DLW) technique or similar methods [8]. The great-
est attention was granted to microfabrication of glasses, but
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successful integration of permanent and quasi-permanent
waveguides [9, 10, 11, 12], volumetric diffractive optics el-
ements [13], planar devices [14] in LN crystal were also re-
ported. In these studies integration part was realized through
precise control of microdamage formation, where refractive
index change is induced through material amorphization or
stress-driven effects which result in permanent structure de-
velopment [15]. Photorefractive aspect in femtosecond DLW
was scarcely investigated. It was showed experimentally
and theoretically that femtosecond laser pulses can induce
photorefractive effect through non-linear absorption without
catastrophic damage of the LN crystal[16, 17]. Signs of pho-
torefractive behavior in some laser-written waveguides were
also reported [11], as well as an ability to record photore-
fractive data bits in 3D volume of Fe doped LN crystal [18];
however, the potential of applying photorefractivity effect in
femtosecond DLW is not yet clearly identified.

In this work we demonstrate that femtosecond DLW
technique can be easily applied for photorefractive modifica-
tion inscription in the Fe doped and nominaly pure LN crys-
tal. Photorefractive modifications are induced in the proxim-
ity of laser focus via nonlinear absorption effect and three-
dimensional optical structures can be realized without mate-
rial damage. In addition, reversible nature of induced modi-
fications can be exploited for dynamic data recording in 3D
space.

2. Induction of photorefractive modifications with fo-
cused laser beam
Photorefractivity is a change of refractive index caused
by the linear electrooptic (Pockels) effect. This mechanism
could be explained in the following process chain: photoexi-
tation creates free charge carriers by shifting electrons from
valence to conduction band; these carriers diffuse or drift
from the excitated area (spatial charge transport); finally,
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free carriers are trapped by acceptors at different crystal loca-
tion, yielding the development of uneven space-charge dis-
tribution which is accompanied with intrinsic space-charge
electric field. This electric field causes changes in refractive
index via Pockels effect.

Several physical mechanisms can be responsible for
charge transport: drift, diffusion, and Bulk Photovoltaic Ef-
fect (BPVE). Drift is an ohmic current which appears when
free-charge is put in an electric field: such field could be
externally applied or be present in a crystal due to its prop-
erties, i.e. pyro/piezoelectric effects. Diffusion currents
arise when a charge density gradient is present in the crys-
tal — a common situation when photoexcitation is produced
with inhomogeneous radiation. Finally, BPVE appears in
non-centrosymetrical crystals due to asymmetric photoex-
citation probabilities: excitation in one spacial direction is
more probable than in others which causes the appearance
of ballistic current where free-charges have non-zero net mo-
mentum along one direction [19]. A combination of these
charge transport mechanisms forms the complete picture of
space-charge separation in the medium.

In LN the dominant charge separation mechanism is
BPVE. It was demonstrated, that pyroelectric drift and dif-
fusion are capable to induce space-charge fields that are by
two orders lower than BPVE alone [20, 3]. This means that a
specific direction (c-axis) exists where main charge transport
takes place.
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Fig. 1. a) Recording of photorefractive modification with focused
laser beam; b) schematic one-dimensional description of the space-
charge field formation’ ¢) local reduction of refractive index via
Pockels effect.

Space-charge distribution creates space-charge field
(Esc) which causes change in refractive index according to
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Pockels equation:

Ano,e = _%nz,erl3,33Esm €))
here n, . is ordinary or extraordinary refractive indexes, and
113,33 1s electrooptical coefficients (for LN these are 11 pm/V
and 34 pm/V [21]) while E is directed along c-axis. Elec-
tric field values induced duo to BPVE can reach up to
10 MV/mm in LN:Fe yielding a refractive index change up
to~ 1073,

Focusing femtosecond radiation inside the bulk of the
LN crystal allows to reach intensities high enough to initiate
multiphoton absorption as well as induce photomodification
inside the volume of material. As charge mean travel length
is much smaller than laser focus spot size, the high spatial
control of the photomodified area can be achieved, as shown
in Fig.1).

Induced refractive index change in the material is deter-
mined by the internal space-charge electric field. The mag-
nitude of this field depends not only on the quantity of the
separated charge, but also on the topological nuances. Con-
sider two cases depicted in Fig. 2-a,b).

In the first case laser beam is translated perpendicularly
to c-axis, while in the second case the beam translation is
parallel. As charge separation appears only along c-axis, re-
sulting charge distribution will be different. In perpendicular
case positive and negative charge will be arranged symmet-
rically on both sides of laser written line, while in parallel
case, positive and negative charges will separate along laser
written line. The resulting intrinsic electric field will be com-
pletely different in these two cases. In Fig. 2-a,b) it is shown
amodeled refractive index distribution with separated charge
presence for both cases. Modeling was carried out by solv-
ing 2D Poisson’s equation for separate cases using Finite Dif-
ference Method (FDM) which gave electric field distribution
in the crystal; the refractive index change then was evaluated
with Pockels formula (1). The magnitude of refractive index
change was normalized.

Note that for a single drawn line, the refractive index
modulation across the modification is negative, and the mod-
ulation is strongest when sample is translated perpendic-
ularly to c-axis (Fig. 2-a)). Only the edges of modifica-
tion posses increased refractive index at places were elec-
tric field changes orientation. When the sample is trans-
lated along the c-axis, refractive index modulation at the
center becomes negligible and only edges experience suffi-
cient modulation (Fig. 2-b). This effect can be employed for
dynamic data recording/erasing, which is sketched in Fig. 2-
c).At first, perpendicular-to-c-axis line is inscribed, yielding
a strong electric field and high magnitude of refractive index
change in the material (data recording process); afterwards,
if parallel-to-c-axis line is written on top of previous modi-
fication, charge will be redistributed and newly formed elec-
tric field screens previous modification resulting in lower re-
fractive index change. This processes is an analogous to data-
erasure procedure. While charge separation is not saturated,
recording/erasure cycle could be repeated many times.

Eventually, for ultrafast DLW all these mentioned in-
scription strategies could be realized in 3D space.
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Fig. 2.  Inducing photorefractive modifications via DLW. A
change in refractive index when: a) straight line is recorded
in perpendicular-to-c-axis direction; b) straight line is written in
parallel-to-c-axis writing direction; c¢) two orthogonal lines are
recorded. In last case, the refractive index change in middle section
of perpendicular-to-c-axis written line is nullified with parallel-to-
c-axis line demonstrating data recording/erasure principle. Record-
ing directions and internal space-charge field are depicted by v and
E in the scetches.

3. Experimental setup

Experimental setup used for the fabrication is depicted in
Fig. 3. Femtosecond laser source ("Mai Tai" oscillator from
"Spectra Physics") with a pulse duration ~ 100 fs, a cen-
tral wavelength of 800 nm and a repetition rate of 80 MHz
was used for inscription tasks. The laser beam was attenu-
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ated with a variable attenuator and coupled into custom made
DLW setup which consisted of high-reflecting dielectric mir-
rors for beam guiding, microscope objective (for beam fo-
cusing and sample imaging) and a stacked pair of high-
accuracy translation stages for sample translation. The basis
for DLW and imagining setup was Olympus IX-71 inverted
microscope (with various numerical aperture (NA) objec-
tives used for beam focusing) and two translation stage sets
from PI ("Physik Instrumente"): for rough movement within
(25 x 25) mm? range model "M-686.D64” was used; and P-
563.3CD for precision positioning in (300 x 300 x 250) pum?>.

All recording process was controlled with the ”3DPoli”
(by "Femtika”) software package.

We have used nominally pure congruent and Fe doped
(500 ppm) near-stoichiometric (Li/Nb=49.85/50.15) LN
samples. The samples were all side polished slabs with size
of (10 x 10 x 1) mm? in Y-cut orientation. Refractive indexes
of LN are np = 2.3 and n, = 2.21. From the absorption spec-
trum we see that both of these samples are transparent at
Maser = 800 nm radiation, thus laser structuring should be
attributed to two-photon or other non-linear absorption pro-
cess occurring at the focus of laser beam.

The induced modifications were investigated by visible
means with wide-field optical microscopy in phase contrast
regime to asset the shape and size as well as to monitor
regions of modified refractive index. Extended structures
(diffractive constructions) were investigated by monitoring
diffraction patterns and efficiencies of diffracted laser beam
(we used specially shaped beam from 634 nm laser diode).
In addition the interferometric measurements of modified re-
fractive index region was carried out using static Michelson
interferometer setup, where one arm was slightly tilted to
produce interference fringe pattern on the CCD while the
refractive index change were calculate from the shift of the
fringes.
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Fig. 3. Scetch of experimental DLW setup.
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4. Results

4.1. Refractive index changes
While focusing ultrashort laser beam in the volume of
photorefractive crystal, the change in refractive index ap-
pears only in the vicinity of laser focus, where intensity re-
quirements for nonlinear absorption are satisfied. Modifica-
tion size can be tailored by laser intensity or by changing
focusing conditions. The phase contrast images of modifica-
tions induced via single line inscription with different focus-
ing objectives and laser powers in LN:Fe crystal are shown
in Fig. 4.
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Fig. 4. Photoinduced modifications in Fe:LN: (left-top) Transverse
view of modifications induced with 0.3 NA objective with different
laser powers (power decreases from left to right in 10 steps from
35 mW down to 3.5 mW; line’s length was 40 um in x direction,
translation velocity 20 pum/s; recorded ~ 290 um bellow the sur-
face). (left-bottom) Transverse view of modifications induced with
1.35 NA oil immersion objective with different laser powers (power
decreases from 7 mW down to 0.7 mW; line’s length — 40 pum in
x direction, translation velocity 20 pm/s; recorded ~ 50 um bel-
low the surface)). (right) The intensity-squared distribution at the
aberration-free focus in LN and air for different NA. Contours show
regions with constant intensity-squared values. Due to mismatch
of immersion-oil/LN refractive indexes, nominal value of 0.92 NA
was used instead of 1.35 NA for modeling.

A clear modification track is observed when the sample
is translated perpendicularly to crystal’s c-axis. The cross-
section views of modifications (Fig. 4(left)) reveal highly
elongated refractive index profile, where axial-to-lateral di-
mension ratios can reach up to 20:1 for lower NA values and
up tot 7:1 for high NA immersion objective focusing. Typ-
ically in ultrashort glass micromodification sub-wavelength
resolution can be reached in both directions [22], with quasi-
spherical modification shape (so called “’voxel”) [23]. The
reason for such elongation on our case is twofold: 1) high
refractive index value of LN limits the use of traditional im-
mersion oil objectives, as refractive index mismatch causes
the appearance of spherical aberration; 2) photorefractive
modification takes place at the intensities where critical free
carrier density, capable to induce plasma absorption, is not
reached; thus no plasma associated micro-defects such as
voids or cracks develop. The region of photorefractive mod-
ification closely follows laser caustic that is modeled in
Fig.4(right).
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When high repetition rate lasers are used for modifica-
tion recording it is more appropriate to use radiant expo-
sure (R) as the measure of energetic fabrication parameters.
All modifications in our experiment were recorded in non-
stationary conditions, which means that sample was always
translated at v velocity in respect to laser focus. The radiant
exposure can be expressed as:

2P
Twov’

R=k 2)
here, P is laser power, wy is the beam waist at the focus (at
1/e72 level) and k is the number of translation times though
the same spot. Theoretical Gaussian beam waist value for
0.3 NA and 800 nm is 0.8 wm while for 0.45 NA and 1.35 NA
(or non-immersion 0.92 NA) are 0.6 um and 0.4 pm, respec-
tively. We have used these values to evaluate exposure, de-
spite the fact that the resulted modifications were somewhat
larger due to aberrations. This formula also implies that there
is no difference on how total exposure is accumulated: either
by increasing power, repetition number or translation veloc-
ity. This statement is not true in general; however in our case
with used power ranges, we did not observed differences in
how exposure was accumulated (i.e.using slow speed vs fast
speed but multiple translations).

The magnitude of refractive index change was mea-
sured with Michelson interferometer: constant length lines
(200 um) at different translation velocities were recorded
in LN:Fe and pure LN crystals and the change in refrac-
tive index was evaluated through the shift of the interference
fringes. These results are shown in Fig. 5.
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Fig. 5. Refractive index change on radiant exposure measured in
pure LN and Fe:LN. Exposure was varied by increasing sample
translation speed from 0.5 pm/s to 512 pm/s at constant laser power
(50 mW); focused with 0.45 NA objective, 150 pum bellow the sur-
face.

Only measurements for e-polarization are presented in
the graph - measurement with o-polarized light give three-
times lower values, indicating that the refractive index
change is of photorefractive origin. As expected, the buildup
of refractive index change shows saturational behavior, and
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can be approximated with four-parameter logistic function
(dashed curves showed in the graph), commonly used for
exposure-dependent phenomena investigation. The maxi-
mum refractive index change at saturation was (—4.2 +
0.1) x 1073 for LN:Fe, and (—3.1+0.1) x 10~ for undoped
LN. It is interesting that photorefractive index change un-
der femtosecond laser pulses in doped and undoped crys-
tals do not significantly differ — at lower exposure levels
the refractive index change becomes even higher in pure
crystal. This is a contrary result than expected for a low
intensity radiation case. This shows that the presence of
photoactive dopants are not essential for high refractive in-
dex change when charge separation is governed through
two(multi)-photon absorption.

The BPVE saturation level is proportional to the
donor/acceptor concentration, which explains the higher re-
fractive index change values in doped crystal at greater expo-
sure. Our achieved results are slightly larger, but comparable
to these reported by others with intense laser radiation [24].

Local modification of refractive index is highly appeal-
ing for many photonics application as this is the key effect
for integrated optics. Photorefractive index change has an ad-
vantage that it is not followed by any material deterioration
which tends to produce scattering cracks limiting device per-
formance.

Fig. 6. a) Optical images of one-dimensional gratings with light
diffraction patterns made in LN:Fe. Middle and bottom images de-
pict gratings with periods of 10 um and 20 pum, respectively, while
top grating is a square grating with period of 20 pm (constructed
from alternating zones of modified/non-modified areas each hav-
ing 10 um diameter) made by raster patterning method (raster step
— 1 um). Recorded with 7.7 x 10* J/em? exposure (laser power —
20 mW, translation velocity — 20 pm/s, 0.3 NA objective).

A simple one dimensional grating inscribed in LN:Fe is
shown in Fig. 6-a) together with corresponding diffraction
patterns. Grating grooves are formed by translating the sam-
ple perpendicularly to the crystal c-axis. In addition, the
top image of Fig. 6-a) shows a 20 um-period square grating
where each groove has 10 pm diameter made by raster pat-
terning when the sample is translated along the c-axis (white
zigzag trace in the image shows an inscription trajectory for
a single groove). One can see that such patterning can pro-
duce discrete areas with uniformly modified refractive index
without any signs of increased scattering. The diffraction
pattern of the square grating clearly indicated that this grat-
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ing operates as a 20 pm period grating (a line grating with
such period is shown at the bottom of the image), but with
increased diffraction efficiency. For comparison a grating
with two times smaller period (10 pm) with corresponding
diffraction pattern is shown in the middle.

4.2. Manipulation of recorded information

The selective control of charge separation in photorefrac-
tive material via DLW makes it possible to implement dy-
namic data recording. This means that a single bit, repre-
sented by a line segment, can be recorded and selectively
erased using the same DLW procedure, only by changing
the recording direction. The experimental demonstration of
this concept is shown in Fig.7.
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Fig. 7. A microscope image of recorded and erased information
in LN:Fe. Sketch on the right depicts fabrication algorithm: lines
are recorded with perpendicular to c-axis translating direction and
later segments of the lines are erased by raster patterning consist-
ing of lines separated by 2 um translated in parallel-to-c-axis di-
rection. Line recording was carried out with the same parameters
as in Fig. 6, while erasure parameters (exposure and corresponding
translating velocity) are shown near erased segments (laser power
used for erasure was 65 mW, 0.3 NA).

At first single lines are recorded in orthogonal-to-c-axis
direction (red arrows). Later, segments of lines are erased by
changing translation direction (green arrows). As was dis-
cussed in introductory part of this paper, topological charge
separation is different when sample is translated along the
c-axis with much lower intrinsic electric field and resulted
refractive index modulation. One can see, that if sufficient
erasure exposure is used, the previously recorded lines can
be completely annihilated.

The same method can be realized for 3D data recording
and erasing. To demonstrate this we recorded a thick grating
with several stitched layers and, afterwards, a middle layer
was erased by changing sample translation direction. The
results are depicted in Fig 8-right.

Here we see the transverse image of thick grating in orig-
inal condition and with erased segment. Note, that grating
layers above and bellow erased area are intact, thus data in
other layers is not affected by laser radiation. This clearly
demonstrates the possibility to implement spatially selective
data recording in 3D. Also, in Fig 8-right, the modified re-
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fractive index can be seen at the boundaries of erased region
were erasure started/ended. At these points electric field is
not homogeneous and changes in direction resulting in mod-
ulated refractive index which is clearly visible in phase con-
trast microscope images (as modeled in Fig. 2-b) .

Refractive index change is lower in the erased segment
as electric field strength decreases in this region thus infor-
mation re-recording becomes possible. However, in this case
subsequent recording takes place in the presence of intrinsic
electric field which reduces BPVE with drift currents and re-
duces the contrast of re-recorded information. We observed
that recorded information can be read even after 50 record-
ing/erasure cycles.

Global erasure of photorefractive information in en-
tire crystal volume can be achieved with uniform visible-
wavelength illumination or thermal annealing. All structures
described in this paper were erased when sample was ex-
posed for 1 h to defocused 10 mW/cm? intensity radiation
from frequency doubled nanosecond Nd:YAG laser. The
same result was achieved by keeping crystal at 100°C for
1 h. After global erasure the same crystal can be used again
for DLW inscription.

5. Discussion

DLW of photorefractive modifications opens some new
opportunities not possible with traditional holographic
recording technique. Binary patterns, square gratings, or-
dinary waveguides are challenging or even impossible to
record via holography while they are simply realized with
DLW as demonstrated in this paper. Techniques developed
for holographic data storage in LN can be potentially ap-
plicable for DLW as both recording methods rely on the
same physical phenomenon. One important issue is over-
all stability of recorded photorefractive modifications. We
have found that structures recorded in 0.05% LN:Fe are still
present after 6-months when storing at room temperature
in the dark. Of course, when an integrated photonic de-
vice is used together with relatively intense radiation the lo-
cal space-charge separation would be destroyed. This issue
could be solved with thermal fixing which can make photore-
fractive modification permanent [25].

Several additional aspects of ultrafast DLW have also to
be mentioned. In these experiments we report on modifica-
tion induced with high repetition rate femtosecond oscilla-
tor. We have also tried to inscribe modifications with ampli-
fied laser systems (Ti:Sapphire at 1 kHz, and Yb:KGW at
100 kHz), but the quality (visible contrast) of modifications
was much worse. As the pulse repetition rate is much lower
in these systems, one needs a higher pulse energy to reach
equivalent exposure, which increases the possibility of crys-
tal damage. Also nonlinear effects start to manifest which
prevents tight beam focusing.

More complex DLW techniques could be implemented
for application-orientate photorefractive modification tasks.
For example modifications’ long axial dimensions are bene-
ficial for thick Bragg grating inscription, but not welcome in
data recording as it reduces effective storage capacity. In the
future it may be possible to suppress the axial elongation by
recently proposed temporal focusing technique, which was
successfully demonstrated in glass micromodifications [26].

251

FIII’I"I' =
Laser

incidence
direction

LAYER TO BE ERASED

C axis

Fig. 8. (Right) A sketch of three-dimensional erasure: the several
layers of grating are recorded on top of each other and later the mid-
dle layer is erased by changing translation direction. (Left) Three
dimensional data erasure in LN:Fe crystal. Thick gratings were
recorded perpendicular to ¢ axis (pulse average power — 7 mW,
speed — 20 pm/s), and middle layer was erased by changing the
writing direction to parallel to c-axis (40 pm/s translation speed).
Objective — 1.35 NA with immersion oil.

Conclusions

We showed that DLW is versatile method for three-
dimensional photorefractive modification inscribing in iron-
doped and congruently pure lithium niobate crystal. Pho-
torefractive effect can be exploited to create reversible struc-
tures with spatially tailored refractive index profile. Ad-
ditionally, a dynamic data recording and erasure can be
implemented with the same laser system. Also photore-
fractive index change magnitudes were evaluated, showing
that saturation reaches (—4.2 £0.1) x 1073 for doped, and
(=3.1£0.1) x 1073 for pure crystals — a noticeably higher
than usually achieved with longer laser pulses.
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