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sapphire by ultrafast laser filamentation
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We report on the thermal stability of both structural and optical micromodifications created by
ultrafast laser written filaments in sapphire crystals. By using the Cr’* traces as optical probes, we
have concluded that the filaments are constituted by both reversible and nonreversible defects with
very different spatial locations. The strain field measured from the analysis of R lines has been found
to be erased at the same time when the reversible centers are recombined (~1100 °C). This fact
seems to indicate that these defects act as pinning centers for the induced stress. Furthermore, we
have found that the waveguide generated in the proximity of the filament disappear for annealing
temperatures above 1100 °C. This clearly supports the assumption that waveguiding is produced by
the strain stress induced refractive index increment based on the dominant electronic polarizability
enhancement. © 2010 American Institute of Physics. [doi:10.1063/1.3280029]

I. INTRODUCTION

When a femtosecond laser pulse is tightly focused inside
a crystalline lattice, nonlinear excitation processes from the
valence to the conduction band are activated even in the case
when the energy of incident photons is smaller than the
band-gap energy.1 Although the mechanisms at the basis of
these nonlinear excitations are not yet well understood, the
generation of well localized plasma at the focal volume is
widely assumed.” The presence of such well confined
plasma drives the crystalline lattice to an extreme situation
characterized by very high electronic temperatures and
pressures.“f6 These extreme conditions produce, at the focal
volume and in its surroundings, microstructural modifica-
tions that could remain after complete relaxation of the elec-
tronic subsystem.

The extension and nature of the permanent microstruc-
tural changes induced in the irradiated material depends on a
large variety of conditions including irradiation parameters
(pulse length, repetition rate, pulse energy, and polarization)
as well as on the particular characteristics of the irradiated
material. Among the different ultrafast inscribed microstruc-
tural modifications reported upto now in crystals and glasses,
it is worth to be mentioned the compression/dilatation of the
focal volume, changes in the crystalline orientation, changes
in the spontaneous polarization, and changes in the local
composition and local damage via optical breakdown.®™"”
Any of these changes has its particular signature in the re-
fractive index of the materials, in such a way that the refrac-
tive index is modified at the focal volume and surroundings.
The magnitude of the refractive index modifications induced
at the micro and submicroscale can range from 1074 to 1071,
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allowing for the fabrication of photonics devices (such as
waveguides and photonic crystals) in a large variety of ma-
terials including glasses and crystals.Z(L22

Among the different crystals in which ultrafast laser in-
scription has been demonstrated, sapphire is of special rel-
evance. It is regarded as one of the hardest crystals with a
large Young’s modulus (0.4 TPa) so that permanent structural
modifications require very high energy confinements.’ In ad-
dition, it has been demonstrated that ultrafast laser-induced
microstructural changes in sapphire are accompanied by rel-
evant and smooth refractive index changes, which lead to
light confinement in the surroundings of the focal spot of the
ultrafast beam.” Based on these refractive index changes
induced in the surroundings of focal volume and by transla-
tion of the sample during irradiation, channel buried
waveguides have been fabricated with a great relevance as
potential integrated laser sources and high temperature opti-
cal sensors.”**® Nevertheless, and despite its interest from
both fundamental and applied point of views, the time and
thermal stability of the microstructural changes induced in
the sapphire network (i.e., stability of the fabricated
waveguides) after ultrafast laser inscription are still unex-
plored. This information is of relevance since it provides
fundamental information about the physics beyond the ul-
trafast driven microstructural modifications and establishes
the working limits of the fabricated photonic devices.

In this work, we have investigated the thermal stability
of the microstructural changes induced in the sapphire sys-
tems after ultrafast laser irradiation. For this purpose, and
based on the analysis of the microluminescence generated by
Cr’* traces, we have measured the spatial distribution of
damage and stress in the surroundings of the ultrafast laser
focal spot after different annealings at temperatures ranging
from 100 to 1500 °C. From the analysis of these data, a
distinction between reversible and nonreversible structural
modifications, with a very different spatial distribution, has

© 2010 American Institute of Physics
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been done. The waveguiding properties of the fabricated mi-
crostructures have been also systematically studied during
the multistep annealing procedure. We have found that
waveguiding was stable up to 1000 °C, this matching the
annealing temperature that causes a total erasing of the re-
versible strain field created in the surroundings of the focal
Spot.

Il. EXPERIMENTAL

The sample used in this work was a nominally pure sap-
phire crystal provided by Crystal Systems Inc. Fluorescence
and absorption measurements revealed the presence of Cr’*
traces inside the crystal with an estimated concentration not
larger than 0.1 at. %. Ultrafast laser irradiation was done by
using a coherent MIRA oscillator and a RegA regenerative
amplifier system. The output from the RegA was frequency
doubled to produce 150 fs pulses at a wavelength of 385 nm
and a repetition rate of 250 kHz. The writing beam was
focused nominally into the sapphire sample at a depth of
150 wm with a 40X aspheric lens (numerical aperture
=0.68). The sapphire sample was mounted on a three-axis
motorized stage and translated at speeds ranging from 0.2 to
5 mm/s allowing inscription of damage filaments parallel to
the A-axis (1120) crystallographic axis. Pulse energy was
varied from 100 to 500 nJ. Repolishing of the end surface
was done after the inscription process and before optical and
structural analysis in order to remove any surface damage.
After fabrication, the structures were annealed by placing the
sample in an open atmosphere oven working up to 1500 °C.

Optical characterization of the damage filaments was
done by using a conventional optical microscope working in
transmission mode. The waveguiding properties of the fabri-
cated filaments were analyzed by coupling a He-Ne beam
(632 nm) parallel to the damage filaments by using a 10X
microscope objective. The coupled light was collected from
the exit face with a 40X microscope objective and imaged
onto a charge-coupled device camera.

The spatial distribution of the microstructural changes
induced in the surroundings of the inscribed filament was
extracted from the analysis of the microfluorescence spectra
generated by the Cr** traces. It consists of two intense nar-
row peaks located at 694.3 and 692.9 nm (shown in Fig. 1).
These two narrow emissions are unequivocally related to the
R lines of Cr** jons (the so-called R, and R,) lines.”” It is
well known that the spectral positions of these two R lines
are strongly influenced by the presence of compressive and
tensile stress in the sapphire network. Indeed, the large pres-
sure coefficients of these lines (—0.77 and —0.84 cm™'/kbar
for R, and R, lines, respectively) make them outstanding
pressure sensors.”® In addition to this, the intensity of these
lines gives a measure of the local damage and presence of
defects. As a consequence, the simultaneous analysis of the
intensity and spectral position of these two fluorescence line
provides information about the local damage and stress gen-
erated in the sapphire network. In order to extract this infor-
mation with a submicrometric spatial resolution, the sample
was placed in a scanning confocal microscope equipped with
a 100X (0.9 numerical aperture) microscope objective which
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FIG. 1. Microluminescence spectrum generated from Cr** traces showing in
detail the R lines which have been properly labeled.

focused the continuous wave 488 nm laser beam generated
by an air cooled argon laser. The sapphire sample was orien-
tated in such a way that the 488 nm beam propagates parallel
to the laser inscribed filament, i.e., parallel to the A-axis
(1120) crystallographic axis. The same objective was used
for the collection of the Cr** luminescence. After passing
through a confocal aperture, this fluorescence was focused
into a fiber connected to a high resolution spectrometer. The
sample was mounted on a XY motorized stage with a nomi-
nal resolution of 100 nm. This allows us to scan the 488 nm
excitation spot over the transverse cross section of the laser
inscribed filament.

lll. RESULTS AND DISCUSSION

A. Thermal resistance of microstructural induced
modifications

Figure 2(a) shows the optical microscope cross section
image of the as-fabricated laser-induced modification pro-
duced in the sapphire sample with a pulse energy of 500 nJ

RT 900 °C 1100 °C
(@) . (b) | (c)

¥ ) 1
=t
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FIG. 2. (Color online) Optical transmission pictures of the end face of the
sapphire sample irradiated with 500 nJ pulse energy and by translating the
sample at 2 mm/s. Dashed arrows indicate the propagation direction of UV
pulses. Solid arrows indicate the position of the self-focused spots. (a) Cor-
responds to the as-fabricated structure. (b) and (c) were obtained after 1 h
annealing at 900 and 1100 °C, respectively. Scale bar is 20u and aspect
ratio is 1:1.
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with a translation speed of 0.2 mm/s (these writing condi-
tions lead to the highest optical contrast). The propagation
direction of the UV irradiation pulses is indicated by the
dashed arrows. It is clear that ultrafast laser inscription has
been created a modified area along the laser path, which
extends over almost 60 um. This modified area is clearly
inhomogeneous as it is constituted by five distinct modified
zones (hereafter referred as spots), which have been indi-
cated by solid arrows. These five spots are quasiperiodically
spaced and this suggest that they are self-formed by the bal-
ance of plasma defocusing from a previous formed spot and
self-focusing of the laser pulses in the bulk medium, such as
reported, for example, in CaF, and lithium niobate
crystals.29’30 Although these spots lead to the highest optical
contrast, some weaker darkening regions are also observed
between these spots and in their surroundings. This suggests
that in the as-fabricated structure the material has been
strongly modified by the laser irradiation at the self-focused
spots. Somewhat weaker structure modifications also occurs
around self-focused spots. Figure 2(b) shows the optical
transmission microscope image after 1 h annealing at
900 °C, showing not relevant changes in respect to the im-
age obtained from the as-fabricated structure. Nevertheless,
when the structure is annealed at 1100 °C a drastic change is
observed [see Fig. 2(c)]. In this case, the optical contrast is
only generated at the self-focused spots and it seems that the
modification induced in their surroundings and between them
has been almost erased.

Further understanding of data included in Fig. 2 can be
obtained when the spatial distribution of the Cr** lumines-
cence intensity is analyzed. The Cr** luminescence intensity
is obtained by integrating emissions from both R lines. Fig-
ure 3 shows (top line) the spatial distribution of the Cr**
luminescence intensity over the filament’s cross section as
obtained for the as-fabricated structure and after 1 h anneal-
ing at 900 and 1100 °C. It is clear that in the as-fabricated
structure an almost continuous reduction of the Cr** lumi-
nescence has been obtained along the damage filament. This
continuous luminescence reduction becomes more localized
and discrete as the annealing temperature is increased. In-
deed, when the annealing temperature reaches 1100 °C, the
Cr** luminescence is only reduced at well-defined five loca-
tions, which matches with the location of the self-focused
spots (indicated by shadow arrows). This temperature in-
duced localization of the Cr’* intensity reduction is even
more noticeable when the intensity profiles obtained along
the pulse path are plotted for the as-fabricated structure and
after 1100 °C annealing (see bottom of Fig. 3). As men-
tioned above, in a first order approximation the reduction in
the Cr** fluorescence efficiency can be associated with the
presence of a large density of defects that act as quenching
centers.’! Thus, data of Fig. 3 reveal that two different kinds
of defects have been created along the pulse path.

(1) Thermally removable defects induced in the surround-
ings of the self-focused spots. These defects were found
to be completely recombined for annealing temperatures
above 1100 °C.

(2) Nonremovable centers created at the self-focused spots.

J. Appl. Phys. 107, 033522 (2010)

RT 900 °C 1100 eC

-—

i — 1 E]

1100 °C ann.

As fabricated

Emitted Intensity (Arb. Units)

20 0 20 20
Position (um)

FIG. 3. (Color online) Top: Spatial distribution of the Cr** luminescence
intensity as obtained from the damage filament obtained with a pulse energy
of 500 nJ and 0.2 mm/s translation speed for different annealing tempera-
tures. Dashed arrows indicate the spatial location of the self-focused spots.
Bottom - Intensity profile obtained along the pulse path for the as-fabricated
filament and after annealing for 1 h at 1100 °C. Vertical dashed lines indi-
cate the spatial location of the self-focused spot.

These defects were found to be resistant upto the maxi-
mum temperature annealing studied in this work of
1500 °C. Due to their high thermal resistance, these de-
fects are tentatively related to local optical breakdown of
the sapphire network caused by the achievement of high
photon densities during the pulse propagation.

The simultaneous presence of these two kinds of defects
seems to be a general effect of ultrafast laser inscription in
crystalline media. Indeed, for the particular case of neody-
mium doped yttrium aluminum garnet, it has been reported
that femtosecond filaments are constituted by a well local-
ized central core characterized by an irreversible damage sur-
rounded by a somehow extended volume characterized by a
large density of nonpermanent (thermally removable)
defects.”

It is known from previous works that, in addition to
defects, ultrafast laser inscription in sapphire also leads to the
appearance of residual stress at the focal spot and in its
surroundings.17 As it has been explained in Sec. II, the analy-
sis of the Cr** luminescence allows for a direct measurement
of the stress maps by just using the induced spectral shifts
and the pressure coefficients of R lines. Figure 4 shows the
spatial distribution of the residual stress generated in the sap-
phire crystal after ultrafast laser inscription corresponding to
the damage filament obtained after irradiation with 500 nJ
pulses and 0.2 mm/s translation speed.

The strain field generated in the as-fabricated structure is
characterized by a compressive stress at the main spot and a
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FIG. 4. (Color online) Top : Strain fields generated by the inscription of a
damage filament in a sapphire crystal with a pulse energy of 500 nJ and 0.2
mm/s translation speed for different annealing temperatures. Bottom - Maxi-
mum tensile stress induced in the filament’s surroundings as a function of
the annealing temperature.

tensile stress just below it. Although weak, some periodic
modulation in the induced stress can be observed above the
main focal spot, which can be attributed again to the periodic
self-focusing/defocusing of the laser pulses. In Fig. 4, we
have also included the stress maps obtained after annealing
for 1 h at 900 and 1100 °C. It is clear from the top images of
Fig. 4 that thermal annealing of the structure causes a reduc-
tion in the strain field. Indeed, when the structure is annealed
above 1100 °C, only relevant stress is measured at the main
focal spot whereas the tensile stress area is almost erased.
The change in the strain field has been found to be nonmo-
notonous. In order to illustrate this fact, the maximum tensile
stress generated below the main focal spot has been plotted
as a function of the annealing temperature (see bottom graph
in Fig. 4). In the temperature range between 100 and
1000 °C the induced tensile stress slightly reduces with tem-
perature continuously. For temperatures above 1000 °C this
trend suddenly changes. In the 1000—-1200 °C temperature
range the maximum residual tensile stress is drastically re-
duced. Similar behavior has been found when the maximum
compressive stress induced at the main focal spot has been
analyzed. It is worth to note at this point that this tempera-
ture range well matches with the recombination temperature
of the removable defects suggesting that these defects act as
pinning centers for the strain field. Once these pinning de-
fects were recombined, a complete elastic relaxation of the
sapphire network is undergone. This pinning effect can be
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FIG. 5. (Color online) Size of waveguide’s propagation mode at 632 nm for

different annealing temperatures. Insets show the waveguide’s propagation
mode at 632 nm for three different temperatures.

explained in terms of the fact that the density fluctuations
and slight ionic rearrangements inherent to defects avoids a
complete elastic relaxation of the lattice.

B. Thermal resistance of waveguiding

Previous studies have demonstrated that waveguiding
occurs in the surroundings of ultrafast laser inscribed fila-
ments in sapphire.23 In the particular case of the filament
under study in this work (500 nJ pulse energy and 2 mm/s
translation speed), waveguiding has been found to occur just
below the main focal spot, where a local dilatation of the
sapphire network has been produced (according to the stress
maps of Fig. 4). This agrees with previous works reporting
on an unexpected refractive index increment when the sap-
phire network is dilated and it has been explained in terms of
the dominant increment in the electronic polarizability over
the density decrease.*” If previous assumptions were correct
then the waveguide is expected to disappear once the crys-
talline network overcome a complete elastic relaxation so
that the strain field is erased (and so the refractive index
increment). In order to check this, the waveguiding proper-
ties of the damage filament have been investigated after dif-
ferent annealing temperatures. Results have been summa-
rized in Fig. 5 in which we show the average waveguide
mode size as obtained for different annealing temperatures.
Insets show the measured waveguide modes from which the
average size was calculated. From this figure. it is clear that
in the 100—1000 °C the size of the waveguide’s mode in-
creases monotonously with the annealing temperature. This
is suggests a monotonous reduction in the refractive index
contrast. This is, indeed, in agreement with the monotonous
decrease in the tensile strain observed in this temperature
range (see Fig. 4). Furthermore, no waveguiding was ob-
served for annealing temperatures above 1100 °C indicating
that the initially induced refractive index increment has been
completely erased. This agrees with the complete removal of
the sapphire dilatation (i.e., of the tensile stress) that takes
place at this temperature (see Fig. 4). Thus, the compassion
between the experimental data included in Figs. 4 and 5 un-
equivocally indicate that the mechanism of refractive index
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increment responsible of waveguiding is the local dilatation
of the sapphire network produced in the surroundings of the
focal spot.

It is well-known that photosensitivity induced by ul-
trafast laser radiation irradiation have been observed in a
wide array of transparent materials. It should be pointed out
that the erasing temperature for the optical modifications in
sapphire reported in this paper (>1000 °C) is similar to the
erasing temperature previously reported for other optical de-
vices fabricated by the ultrafast laser radiation such as high-
temperature stable fiber Bragg gratings in fibers. ¢ This
paper provides circumstantial evidence that the universal
photosensitivity response induced by the ultrafast laser could
share common mechanisms.

IV. CONCLUSIONS

In summary, we have investigated the thermal stability
of both structural and optical modifications induced by ul-
trafast laser filamentation in sapphire crystals. By using the
Cr* traces as optical probes, we have concluded that two
different types of defects have been created by the ultrafast
laser filamentation. These two defects are differentiated by
their different resistance against thermal induced recombina-
tion. In those areas where femtosecond pulses have been
self-focused optical break-down a high density of nonremov-
able defects is induced pointing out a well spatial localized
permanent optical break-down of the sapphire lattice. The
surroundings of these permanently damaged area are charac-
terized by a high density of nonpermanent defects that are
recombined when the lattice is heated above 1000 °C. This
temperature has been found not to be critical only for defect
recombination but also for the complete erasing of the re-
sidual stress induced in the surroundings of the filamentation
damaged area. The simultaneous defect recombination and
stress relaxation seems to indicate that the nonpermanent de-
fects act as stress pinning centers. Finally, we have found
that waveguiding in the proximity of the filamentation dam-
age track is completely removed when the tensile stress is
thermally relaxed, i.e., for annealing temperatures above
1000 °C. This establishes the operation limit of these
waveguides and also evidenced that the waveguiding mecha-
nism is the dilatation induced refractive index increment
originated in the surroundings of the filament damage track.

Thus, this work provides a new understanding of the
physics below the modification of a extremely hard material
(sapphire) by ultrafast laser inscription, this being of high
fundamental interest. In addition we have established the op-
eration limits of sapphire ultrafast laser inscribed buried
waveguides, this information of high practical relevance.
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