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Abstract: The nonlinear absorption coefficient of A glass has been
measured to be 2.0 cm/GW for femtosecond pulses at 800 nniosecond
laser structuring via two photon absorption in bulk,8s glass by erasable
and permanent photo-darkening is demonstrated using batgtaphic
and direct multi-beam laser writing.
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Chalcogenide glasses are nonlinear optical materialsasitisiderable potential for all-optical
switching at the IR telecommunications wavelengths [1,,2/]3A general characteristic of
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Fig. 1. Schematic setup based on diffractive optical element (DOH)dmgraphic (with
sample positior§l)) and direct multi-beam recording (sample posit{@)), respectively.

chalcogenides is their susceptibility to photo-darkenirdich can result in a refractive index
change ofAn ~ 102 that can be used for creating thermally re-writable opticamories and
for applications in micro-photonics.

This work explores the use of nonlinear absorption of feetoad laser pulses to achieve
permanent/erasable 3D optical data storage [5, 6] in a pbaositive chalcogenide glass - a
process which has the potential to significantly boost mgratarage capacity. Ultrafast (sub-
1 ps) 800-nm laser pulses were focused into a block of tramapA$S; glass to record a three-
dimensional (3D) pattern via photo-darkening. The fororatf "memory bits” involves two-
photon absorption and can be achieved using relatively toevgy laser pulses. This provides
the opportunity for fast parallel writing of multi-bit patins using a single laser pulse.

Commercial AsS; glass (Amorphous Materials) with a melting temperature g was
used in this study. Amplified femtosecond laser pulses (leagth 800 nm, pulse duration
150 fs) were obtained from a Spectra Physics Hurricane tgsating at 1 kHz repetition rate.
Holographic recording was realized by 4 and 5-beam intenfeg using a diffractive optical
element (DOE) (see, ref. [7, 8] for details) and focusingwaiNA = 0.75 objective lens. For
direct laser writing, the holographic setup was modifiedibyp$y adding a second lens (Fig. 1).
In this geometry a DOE generating 31 beamlets (G1022A) inglsiline was utilized and the
sample was translated normal to the line thereby recordingin®s in one scan. The scan
speed was 0.1 mm/s speed which corresponded to 20 nm betuassssive pulses. The whole
sample was then translated laterally by half the patterthnadd re-exposed. By this process
the line exposed to the most off-center beamlet (the wepkest subsequently overwritten

with the strongestt@ beamlet during the second scan resulting in the formatica wifiform
pattern over a comparatively large¢n?) area.

The nonlinear absorption of AS3 was measured between 650 nm and 1200 nm using the
z-scan technique with a TOPAS (Light Conversion) opticabpeetric generator pumped with
a femtosecond Clark-MXR CPA2001 laser. The beam from theAlORas focussed into a
sample 2.74 mm thick using @n= 150 mm lens and in some conditions spatially filtered with
a pair of apertures to give a truncated Airy disk pattern asiileed in ref. [9]. Prior to running
Z-scans on AsS; the light intensity was calibrated using closed apertuse@ns on fused silica
plates 1-3 mm thick for which the nonlinearity is known tore= 3 x 10~16 c?/W.

Figure 2 shows a set of Z-scans recorded at 820 nm for a ranqgakfintensities. The curves
were fitted by numerical integration of Sheikh-Bahae equat{10] to determine the nonlin-
ear absorption parameters. As an example, Fig. 2(b) shaf# flor the lowest intensity from
Fig. 2(a) (0.839 GWI/c/) which resulted in the imaginary part of the nonlinear phasé s
Im(Ag)=0.30 rad. A large number of data points were recorded abwaiintensities and from
these it was determined tha(Ag) /I = 0.547 rad crd/GW at 820 nm. Taking into account the

sample thickness one calculates from(ny) = A= ™29 thatim(ny) = 3.1 x 10-4 cn2/wW

and, fromg = ZHITW the two-photon absorption coefficient Bf= 2.0+ 0.2 cm/GW. Since
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Fig. 2. Z-scan measurements. (a) A set of open aperture Z-sc@2@ am for the following
light intensities: 14.5, 7.2, 3.0, 2.1, 1.22 and 0.839 GV\?lquu) Numerical fit of transmis-
sion, T, for the intensity of 0.839 GW/cfn (c) Wavelength dependence of the two-photon
absorption coefficient; line is an exponential fit given as an eyeguide.

Fig. 3. Calculated normalized light intensity distribution of 4 (a) and 5 (b)rtseéas-
sumed to be plane waves) hologram. The angle between side beamgti@atiaxis was
6 = 33.8°%; the ratio of E-fields of interfering beams wés:1:1:1) and(1:1:1:

1: 4(central)) for 4 and 5-beams, respectively. The lateral pattern (xy-crostsesg of
recording beams is shown as insets. The lateral periods are given=by'2\ /(2sing)

(4-beamsy = A /sinB (5-beams) and the axidl= A /(1 — cosf) (5-beams), wheré the
angle between the side beam and optical axis.

the two-photon absorption cross section can be expreswﬂa@ and the molecular den-
sity of As,Sg molecules iN = No& ~ 7.8 x 10°* cm™3, we obtaing, = 6.2 x 100 cnts or
6.2 Goeppert-Mayers (GM) for a formally stoichiometric eclle.

The wavelength dependence of the two-photon absorptiofiideat for As;S; obtained
from Z-scans at different wavelengths is shown in Fig. 2. $batter in the results primarily
arises from uncertainties in determining the intensityhiea $amples and the possibility that at
high intensity the approximation used in the Sheikh-Bahaery [10] was broken and higher-
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Fig. 4. Optical transmission images of four (a) and five (b) beams harag) and their
Fourier transform images: numerical (upper inset) and by diffracgaciout by 632 nm
laser light (lower inset). Theoretical period was 1108 (4-beams) and 1.45m (5-beams).
Holograms were recorded by a 5 min exposure to thed/pulse (at 1 kHz repetition rate)
pulses of 800 nm wavelength and 150 fs duration. Area of pattern 0.atr2@um depth;
angle of focusing was 3326

order absorption could affect the measurements. The langeiat of data collected at 820 nm
- close to the wavelength used in the experiments on twogphiotduced photo-darkening - led
to better accuracy at this wavelength.

The laser intensity thresholds for erasable and permamenphoton photo-modification
were measured and compared with those for conventionalespigpton direct laser writ-
ing using a cw-laser [2, 3, 4]. The single pulse thresholdei@sable photo-darkening for
a 800 nm/180 fs pulse was determined by focused beam dirgset lariting to be 5 +
0.5 GW/cn? (~ 1 mJ/cn?) for three-dimensional patterns written approximately 2@ be-
neath the surface using tiNA = 0.75 objective lens. Erasing was achieved by annealing the
sample at 156 15°C for 2 h. The threshold was determined using a beam with nigeich
spherical aberration by changing the divergence of incgrbgam to achieve photodarkening
with the smallest cross-section at the smallest pulse gragrg fixed 20um depth beneath the
target surface. Near the threshold irradiance lines of x@s using single pulse separated by
400 nm were created and this allowed the onset of photo-noatldin to be clearly identified
by in situ observation. The dielectric breakdown threshold recaieby a plasma spark oc-
curred at approximatehr0.18 J/crd/pulse (82 x 10 W/cné/pulse irradiance). Such fluences
are obtainable from standard fs-oscillator [5], howeverused an amplified laser at 1 kHz rep-
etition rate and lower average power to avoid the heat aclation present in a experiments
with MHz oscillators. The single pulse threshold fluence &Hr was significantly £ 107
times) smaller than that observed in experiments with ftzMasers [1] but the irradiance
was larger. Permanent (thermally un-erasable) photodaravas observed at approximately
102 J/cn? using the same measurement procedure.

In should be noted that the data on photordarkening disdussehat follows were strongly
affected by spherical aberration and also involved mudtiplilses, hence, the thresholds de-
termined above can not be directly compared with fluenealiance used in the following
experiments.

Four and five beams holograms were formed insideSAglass to check a possibility of
recording a 3D hologram by photodarkening. The light initgrdistribution | (r) creating the
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Fig. 5. (a) Diffraction pattern of HeNe laser beam on the grating recoogiedirect multi-
beam (with 31 inline beams) laser writing. (b) Optical image of the grating yBAglass.

hologram can be simulated by interference of plane waves as:

(1) = 3 Ene i) g7 dlkn ) &)

n,m

whereE is the E-field vector(designates a complex conjugate)s the coordinate vectok,
the wavevector, and = m represents the number of interfering beams. The phasesaoide
are given byd, m = 0. Control of the phases provides a method for fine tuning efirtkerfer-
ence patterns. Calculations were carried out for s-p@#da (perpendicular to the plane of
incidence), hence there was no depolarization presentihieelongitudinal componeiid, = 0
(Fig. 3).

The resulting optical images of the pattern of photodarkgriormed holographically are
shown in Fig. 4. These images were digitised and Fouriestoamed numerically. The result-
ing calculated diffraction patterns are shown in the insi#h the dominant (smallest) period
identified and this corresponded well to the theoreticalitedmined value appropriate for the
focusing conditions employed in the experiment. The difian pattern of He-Ne beam (see
lower inset) was also recorded and shows the same peripditiis implies, however, that the
actual pattern recorded by 4-/5-beams inside glass waamilather than three-dimensional as
expected, i.e. the optical diffraction was the same as ki from 2D optical transmission
image.

The actual axial length of the 4-/5-beams pattern was etedulay measuring the angular
dependence of the diffraction efficiency from a grating rded by two beam interference.
The first minimum of the diffraction was observed at’ 28 largest saturated value of pho-
todarkening. The highest photodarkening valueAof= 0.06 (at 633 nm) was obtained in
As;S3 [3, 4]. Then, the 29 corresponds to 1rm axial length. At the third of the saturated
exposureAn = 0.02+ 0.005, the position of the first minimum of the angular depeicdenf
diffraction efficiency was 18 which corresponds to the axial extent (thickness) of aquiterk-
ened regiord = 20+ 5 um. It is noteworthy, that in order to avoid total internal eetion and
to measure the transmitted first-order diffraction, theecaylass was attached onto the back
side of A$S3 sample using immersion oih(= 1.515 at 633 nm). This expanded the angular
range of the measurable diffraction up td30

The depth of the pattern formed by 4-/5-beams inside the&sASample was considerably
smaller than would be expected from the focusing conditidhe effective numerical aperture
of beams writing the pattern was 5-6 times smaller than thtieobjective lensNA = 0.75,
since the diameter of the beamlets was approximately 1 marefitrance aperture of the objec-
tive lens was 5 mm). Hence, the axial extent of the waist (dpttdof focus), was expected to be
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approximately 5qum. The experimentally measured axial extent of the photeatead region
of onlyd =20+5 um, was also confirmed by direct optical imaging. The discnepdetween
the theoretical and experimental length of the pattern eaexplained by the photodarkening
itself, which creates an array of micro-lenses which mottify distribution of the light pre-
venting hologram formation deeper into the sample. This fisnalamental constraint of 3D
structuring: once the refractive index is changed, thesoais altered for the regions further
along the light propagation. In the case of holographic ngiog, the 3D intensity distribution
(Fig. 3) was distorted when photo-darkening occurred aitloos of the highest intensity. The
3D structures still could be recorded by translating samagially in steps equal to the axial
period along the direction of light propagation.

The simple addition of one lens allowed us to change the hafiddc recording setup into
a multi-beam direct laser writing tool (the sample positin Fig. 1). Such extension of
the holographic recording is equivalent to the more efficfroto-structuring by a lens array
introduced recently [11]. The effective numerical apextaf the objective lens for multi-beam
recording becomes smaller by the ratio of the beamlet dianetthat of entrance aperture of
the objective lens. The pattern of lines written by slow si@ag using the lateral shift described
earlier has proved to create extended gratings with higietstral quality. The pattern could not
be erased by a 18@/2 h annealing procedure (no changes of optical densite whkserved).
This method can be used for waveguide formation as well.

Rewritable and permanent photo-structuring of&sglass by femtosecond laser pulses has
been demonstrated. Both methods can be applied for efficegg-area{mm) pattern for-
mation. The two-photon absorption coefficient was measioeAds,S; chalcogenide glass in
a wide spectral range from 650 to 1200 nm. The two-photonrakiso cross-section was
found to be & + 0.5 GM around 800 nm wavelength. The threshold laser intessir
erasable and permanent photodarkening for single 800 rtniglgulses were 1 mJ/ctpulse
and 10 mJ/cripulse (dielectric breakdown at0.18 J/crd/pulse) correspondingly in ASz.
The results demonstrate that the use of chalcogenide memtidied by ultrafast laser pulses
through a photodarkening process has a great potentiad$o8D laser writing of erasable and
permanent memory approaching a TBitsfamemory density domain (estimated from a single
bit volumeA x A x 2A at focusing with objective lens ™A = 0.75).
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