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Chapter

Features of Volume Holograms
in Fluoride and Chloride
Photothermorefractive Glass

Nikonorov Nikolay, Ivanov Sergei, Dubrovin Victor
and Klyukin Dmitry

Abstract

Today, silicate photothermorefractive (PTR) glasses are well known as a
holographic medium for fabrication of holographic volume diffractive optical
elements. The photothermoinduced crystallization process is used for recording
high-efficiency phase volume holograms in this material. These holograms are used
for developing unique diffractive optical elements that provide new opportunities
for the laser technique, for example, narrowband filters for solid-state lasers and
laser diodes, beam combiners, holographic collimator sights, chirped gratings for
laser pulse compression, etc. By now, the photothermoinduced crystallization and
properties of the PTR glass are investigated well enough. However, there are some
issues and features still, which are solved in the present work. The mechanism of
refractive index change in fluoride photothermorefractive glass during photother-
moinduced crystallization and refractive index profile of the volume Bragg gratings
were discussed. We studied a fine structure of a core-shell system inside fluoride
PTR glass in which a silver nanoparticle presents the core and crystalline phases
of silver bromide and sodium fluoride present the shell. We report on the optical
properties of volume Bragg gratings in chloride PTR glass after femtosecond laser
bleaching. We demonstrated that the bleaching procedure significantly reduces the
absorption and increases the thermal stability of the Bragg gratings.

Keywords: photothermorefractive glass, holography, Bragg grating, crystallization,
bleaching

1. Introduction

Photothermorefractive (PTR) glasses are a new class of photosensitive materials
intended for recording three-dimensional phase holograms. This glass originates
from photosensitive sodium zinc aluminosilicate glasses that were applied by
Stookey and Pierson in Corning, Inc. (USA) in 1977 for the first time and were
referred to as polychromatic glass [1-4] worldwide and by Tsekhomsky in Vavilov
State Optical Institute (Russia) [5, 6] as multichromatic (MC) glass. In the late
1980s to early 1990s [7-10], Glebov and Nikonorov in Vavilov State Optical Institute
(Russia) were first proposed to implement MC glass for volume holography. This
chapter is focused on the photothermoinduced crystallization process itself and the
enhancement of the refractive index contrast between irradiated and nonirradiated
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areas. As aresult, a new class of materials was developed, which is denoted [10]

by a specific term such as “photothermorefractive (PTR) glass” (i.e., glass wherein
after UV irradiation and subsequent thermal treatment changes in refractive index
occur). Later this term started to be used worldwide [11, 12].

Nowadays, there is an increased interest in the volume Bragg gratings recorded
on PTR glass due to their outstanding properties. The main advantage of these
glasses is their unique combination of working characteristics such as high spectral
selectivity and operating angel, great mechanical and optical strength, and high
chemical durability. A great number of optical elements have been developed based
on PTR glass, including extra narrow-band filters, combiners of high-intensity light
beams, wavelength division multiplexing (WDM) devices, filters for increasing
the spectral brightness of laser diodes, chirped gratings for compressing the light
impulses, etc.

By now, the photothermoinduced crystallization and properties of the PTR glass
are investigated well enough. For example, the fluoride PTR glass was designed
and synthesized in ITMO University, Russia [13]. It is a photosensitive multicom-
ponent sodium-zinc-alumina-silicate glass containing fluorine (6 mol.%) and a
small amount of bromine (0.5 mol.%). Also, the PTR glass is doped with cerium,
antimony, and silver. These additives are responsible for the photothermoinduced
crystallization process resulting in precipitation of silver nanoparticles and sodium
fluoride crystals in the volume of the glass [2, 14, 15]. Untreated fluoride PTR glass
is transparent in a wide spectral range of 250-2500 nm. The photothermoinduced
crystallization process in the fluoride PTR glass consists of three stages: (i) a
formation of neutral silver molecular clusters after UV irradiation into the Ce®*
absorption band, (ii) a formation of the silver nanoparticles under the subsequent
heat treatment of the UV-irradiated PTR glass near the glass transition temperature
(Ty) [2], and (iii) a precipitation of silver bromide shells on the silver nanoparticles
[16] and then a growth of sodium fluoride nanocrystals on them in shape of cones
under the thermal treatment at temperatures above Ty [2, 17]. The basic optical and
spectral properties of PTR glass are described in [2, 15, 18, 19].

In comparison with conventional holographic media (photopolymers, silver
halides, gelatins, etc.), the fluoride PTR glass and the holographic optical elements
(HOE)s recorded on the glass have outstanding operating characteristics. In par-
ticular, they demonstrate the high thermal stability of the HOEs and high resistance
to the optical and ionizing irradiation. The optical and spectral parameters of the
HOESs and gradient index (GRIN) elements do not change after its multiple heating
to high enough temperature (500°C). HOEs recorded on the PTR glass show the
high chemical stability and mechanical and optical resistance. From this point of
view, the fluoride PTR glass reveals practically no difference with the commercial
optical glass BK7 (Schott). The HOEs have a very high duration of life (dozens of
years). The key advantages of fluoride PTR glass as a holographic medium are the
following:

i. high optical homogeneity (the refraction index fluctuations across the glass bulk
are of the order of 107),

ii. high reproducibility of parameters of HOEs with high diffraction efficiency
(above 99%),

iii. variety of technologies of glass processing—the fluoride PTR glass (like com-
mercial optical glass) can be subjected to various kinds of mechanical grinding
and polishing and another shaping technology like pressing, molding, drawing
fiber, as well as laser treatment, and ion exchange,
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iv.a simple synthesis of fluoride PTR glass allows us to fabricate the glass
both in the laboratory conditions (hundreds of grams) and industrial ones
(hundreds of kilograms). The chemical reagents required for glass fabrica-
tion are commercially available and not too expensive.

It should be noted that some features of fluoride PTR glass are unusual in
comparison with other holographic media. The PTR glass contains sodium ions.
These ions can be changed on another monovalent ion (silver, potassium, rubidium,
and cesium) by a well-known ion-exchange technique. This approach allowed us to
fabricate ion-exchanged optical, luminescent, and plasmonic waveguides as well as
to increase the mechanical, thermal, and optical resistance of the glass [20].

In case of fluoride PTR glass, the photothermoinduced crystallization results in a
negative change of the refractive index (RI) in the UV-irradiated area in comparison
with that of the nonirradiated area (An = —1.0 x 1072). We managed to control the
sign of the RI increment by changing the type of halide (fluoride to chloride) in
the PTR glass composition. The substitution of fluorine by chlorine resulted in the
precipitation of nanocrystalline phases of mixed silver and sodium chlorides in
glass host after UV irradiation and thermal treatment, which leads to a positive RI
changes An = +1.0 x 107>, It should be noted that positive refractive index change in
chloride PTR glass provides the opportunity not only for Bragg gratings but also for
the optical waveguides recording.

Untreated chloride PTR glass has the same transparency as fluoride one. And
the photothermoinduced crystallization process is similar to the fluoride glass. The
first stage is a generation of molecular silver clusters during UV irradiation, and the
second stage is a formation of silver nanoparticles under heat treatment. On the fol-
lowing third stage, the heat treatment of PTR glass at temperatures above T, leads to
the precipitation of silver nanoparticles with a shell consisting of mixed sodium and
silver chlorides [19, 21]. The absorption coefficient of silver nanoparticles in chlo-
ride PTR glass (at 450 nm) is very high and exceeds 100 cm™". This huge absorption
is a key disadvantage chloride PTR. Despite this, the chloride PTR glass exhibits a
rather low level of scattering. This is due to the small sizes of silver nanoparticles
(about 3 nm) and small size of silver and sodium chloride nanocrystals (less 27 nm)
[19]. This fact allowed us to conclude that the chloride PTR glass is still very attrac-
tive recording medium for photonics applications and for HOEs.

Despite the photothermoinduced crystallization and properties of the PTR
glass are investigated well enough, there are some issues still, which restrict a wide
application of the PTR glass. This chapter is a survey of recent achievements of
ITMO University (St. Petersburg, Russia) that are focused on the investigation of the
following issues: (i) mechanism of refractive index change in fluoride PTR glass dur-
ing photothermoinduced crystallization, (ii) refractive index profile of the volume
Bragg gratings, (iii) fine structure of core-shell system inside fluoride PTR glass in
which a silver nanoparticle presents the core and crystalline phases of silver bromide
and sodium fluoride present the shell, (iv) bleach of volume Bragg gratings in chlo-
ride PTR glass for decreasing optical losses and improving their thermal stability.

2. Mechanism of refractive index change in fluoride PTR glass during
photothermoinduced crystallization

According to the calculations presented in [22], the residual stresses are the main
reason of RIC in fluoride PTR glass. However, according to Nikonorov et al. [14],
this effect is assumed to be due to the difference of refractive indexes of sodium fluo-
ride nanocrystals and PTR glass. Recently, we conducted an experiment that proved
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Figure 1.
Refractive index modulation amplitude evolution depending on the sample temperature (photos of the sample
before and after the experiment on the insert).

that the origin of refractive index change in the PTR glass arises from the refractive
index difference between PTR glass and NaF crystals.

In the experiment, transmission grating was heated in the chamber up to 600°C
with 100°C step, while angular selectivity contour and diffraction efficiency (DE)
were measured. Analysis of the selectivity contour revealed that heating up to the
500°C had no measurable effect on the grating DE and therefore on refractive index
modulation amplitude (RIMA).

Also, it had been shown that DE of the grating starts to oscillate during the heat-
ing procedure as soon as the temperature reaches 480°C, which is due to the crystal
growth process that begins around 480°C [21] and leads to RIMA value rapid
increase with temperature (Figure1).

Based on the results of our experiment, it is reasonable to conclude that the
mechanical residual stresses cannot be the main reason of the RIC in PTR glass as
even at 550°C, that is, 80°C higher than T, recorded Bragg grating is still function-
ing. Thus, the main reason for the refractive index contrast between exposed and
unexposed areas is the refractive index difference between unperturbed glass and
composite with NaF inclusions (Figure 2).

To estimate the RIC for this case, Maxwell Garnett theory [30] that allows to
calculate the refractive index of the composite medium with the low volume frac-
tion of inclusions had been applied.

To calculate the composite parameters, a model of needle NaF inclusions in the
glass matrix had been chosen. In this case, the effective dielectric constant of the
composite can be estimated according to the following equation [30]:

e-¢ S5¢i+ ¢ o
_ - & it €p
6_(€i—€h)<5€+8h> @

where § is the NaF volume fraction, ¢ is the effective dielectric constant of a
composite, ¢; is the dielectric constant of the NaF inclusions, and ¢, is the dielectric
constant of the glass matrix.
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Figure 2.
Schematic representation of the volume Bragg grating (left) and TEM image of the actual grating fringe (vight).

NaF volume fraction was calculated from the TEM image of the grating fringe
(Figure 2(right)). Estimated difference of the refractive indices of such composite
and unperturbed glass gave us 2762 x 10~*. It is clearly seen that this value is of the
same order as the RIC in fluoride PTR glass after standard development procedure.

For experimental determination of RIC in the grating, five diffraction orders
have been measured. Sum of all harmonics equals to the refractive index difference
between exposed and unexposed areas and corresponds to 27.92 x 10™*. At the same
time, estimations based on Maxwell-Garnet theory gives us 2762 x 10~* that is close
enough to the value obtained by the optical method. The difference between two
methods can be attributed to rough approximations of the NaF crystal surrounding
matrix refractive index as well as the fact that heat treatment leads to the changes in
the refractive index of the unexposed glass [15].

Thus, it is shown that refractive index change in the exposed area appears
primarily due to the NaF nanocrystal inclusions in the glass matrix, which accord-
ing to the Maxwell-Garnet theory decreases the effective refractive index of such
composite. It is shown experimentally that residual stresses have no measurable
effect on the refractive index change.

3. Refractive index profile of the volume Bragg gratings

To record volume Bragg grating with holographic technique, one needs to
interfere with two coherent beams inside the photosensitive medium. This interfer-
ence will create a stationary wave with sinusoidal spatial profile of intensity. Next,
a periodic variation of refractive index is inflicted by the process specific for each
material. In our case, this process is used to be called photothermoinduced crystal-
lization. Spatial distribution of the crystals results in a spatial modulation of the
refractive index. In the case of nonsinusoidal gratings, refractive index profile can
be expanded into a Fourier series where each harmonic represents the higher orders
of diffraction. And of course, the more orders one sees, the less sinusoidal the
gratings are. To utilize the whole refractive index change potential of the PTR glass,
one needs to record pure sinusoidal gratings. We study the distribution of the RIC
among the harmonics depending on the exposure dosage (Figure 3(a)).

As one can see, gratings with exposure of 0.5 J/cm” have a nearly pure sinusoidal
profile, 96.6% of RIC is in the first harmonic (Figure 4). It is expected that with
an increase of exposure, fraction of the RIC in the first harmonic falls. However, it
does not drop below 32% even when exposure doses are enormous like 16 J/cm®.

It is reasonable to propose that the grating profile may be affected by the scattered
light; however, in such case, fraction of the RIC at the first harmonic would fall with expo-
sure linearly. However, Figure 3(a) represents the saturation effect. Thus, the fall of the
first harmonic fraction is not related to the scattered light during the recording process.
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(a) Dependence of the RIC distribution between harmonics on dosage; (b) comparison of vefractive index profile
in the holographic grating with exposure 0.5 and 16 J/cm®.
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(a) Absorption spectrum dynamic of the UV irvadiated and heated up to 485°C for 90 min fluoride PTR glass.
(b) Dynamics of SPR peak location depending on the heat treatment duration for the pavent PTR glass and glass
with the lowest possible concentration of fluorine.

In [23], such effect was modeled considering the saturation of the RIC on expo-
sure. Such saturation would lead to broadening of the grating fringes and decreas-
ing the grating contrast. This situation can occur than in the interference pattern,
maximum exposure already reached its saturation and thus does not contribute to
further increase RIC. In this case, further exposure leads to a decrease in the contrast
between the dark and the bright regions in terms of refractive index. However, our
experiments show that fringes in the gratings with big exposure are narrower than
that in gratings with small exposures Figure 3(b). We suppose that the nonsinusoidal
profile is a complex problem and cannot be explained with the saturation of exposure.

4. Fine structure of core-shell system inside fluoride PTR glass

It is clear that (i) during photothermoinduced (PTI) crystallization process,
the silver nanoparticles (NP) precipitate first (ii) that initiate sodium fluoride
nanocrystals growth that is responsible for the refractive index changes. At the same
time, the period between silver nanoparticles precipitation and sodium fluoride
crystals growth is still unclear.

In Figure 4(a), the evolution of the UV-irradiated fluoride PTR glass spectrum
in the course of the heating process (heating up to 485°C for 90 min) is shown. Itis
seen clearly that until 300°C, no significant changes appear in the visible absorption
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spectrum. Some processes occurring in this temperature range manifest themselves
mostly in the UV. Such behavior had been discussed a lot in [18, 24] and attributed to
the cerium and antimony ions in different valency. Further heating the sample leads to
the formation of silver molecular clusters, thus causing an absorption increase in the
visible. After it, when a temperature close to T, is reached, it is seen that the SPR absorp-
tion peak corresponded to silver NPs manifesting in around 400 nm is already formed.

When starting the procedure of heat treating the sample, one can observe a
significant redshift of the SPR peak location (Figure 6). Such behavior of the SPR
band can be explained by the occurrence of the shell with a high refractive index on
the silver nanoparticle.

During the photothermoinduced crystallization process of silver nanoparticles,
precipitation occurs first, which is followed by formation of highly refractivity phase
(silver bromide) when compared with glass matrix (1.498) [21]. It should be noted
that after SPR peak location reaches 460 nm, it starts moving toward the shorter
wavelengths up to 450 nm, and there, it remains independently from treatment
duration time increase. The blueshift indicates the precipitation of NaF crystals that
reduce the refractive index of the core-shell system surrounding. Stabilization of the
peak location is due to the fact that NaF crystals already act as hosts for the core-shell
structures. In the case of PTR glass without fluorine subjected to the same heat treat-
ment procedure, the only redshift of the SPR resonance peak is observed (fluorine-
free glass, Figure 6(b)). Hence, it can be concluded that the blue shift is inflicted by
a decrease in the refractive index of the core-shell surrounding.

To estimate the size of silver nanoparticles, Lorenz-Mie scattering theory [8] was
used.

The observed halfwidth of the plasmon resonance band at 415 nm equals to
100 nm that corresponds to the calculated average particle size of about 2.5 nm,
which leads to the resonance wavelength of 407 nm. However, the SPR peak posi-
tion of the parent glass heated up to the glass transition temperature is 415 nm
(Figure 4(b)). This should mean that at this stage, NP is already in the shell.

Our simulation with silver bromide shell shows that several initial steps in the
redshift cannot be achieved with this kind of crystal. A contrast in the refrac-
tive index between the silver bromide and the glass matrix is too high. Thus, we
assumed that the refractive index of the shell is less than that of AgBr crystal.

On the other hand, initial SPR peak position (415 nm) can be modeled with
2.42 nm shell thickness of pure NaBr crystal. However, refractive index contrast
between the NaBr crystal and PTR glass does not allow to achieve redshift of the
SPR to the 460 nm. Considering these facts, we suppose that the shell should be of
mixed composition. Whereby composition of the shell can be either a solid solu-
tion of NaBr and AgBr crystals or a glass-crystal composite where AgBr inclusions
present in the glass matrix. These assumptions lead to a shell with a refractive index
in the range of 1.68-2.25 depending on the AgBr fraction.

TEM image of the three-layer system (Figure 5(a)) provides us the outer
diameter of the system, which can be roughly estimated to be 10 nm. This image
was obtained from a sample with 460 nm SPR peak position. Thus, we conclude
that 10 nm system diameter corresponds to the case where NaF is a host for a core-
shell structure. Such a condition can be met only if the NaF layer thickness is above
3.17 nm. Considering the NP diameter of 2.5 nm, we adjudge that shell thickness
equals to 0.57 nm (Figure 5(b)). It is a special mention that shell thickness corre-
lates to the lattice constant of AgBr (0.597 nm) and NaBr (0.578 nm) crystals [23].

Since 0.57 nm is finite shell thickness, which already corresponds to the crystal
lattice size, we will assume that the shell thickness is constant during the heat treat-
ment procedure with the growing refractive index due to an increase in the AgBr
concentration either in the solid solution or in the crystal-glass mixture.
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(a) TEM image of a grating fringe in conventional PTR glass and (b) three-layer system model according to our
estimations and the TEM image of a real system.
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Figure 6.
Estimated refractive index of the shell for solid solution (left) and Bruggeman (vight) models.

The first approach implies that the shell of our three-layer system is a solid
solution of AgBr and NaBr crystal where during the heat treatment procedure,
concentration of the AgBr increases. Refractive index of this system was calculated
according to Varotsos [25] and its variation can be seen from Figure 6(a).

It can be seen from Figure 6(a) that initial SPR peak position at 415 nm corresponds
to 1.8% AgBr concentration in the solid solution. Thus, according to this model, initial
position of the SPR equals to almost pure NaBr shell (with respect to the accuracy of the
measurement and deconvolution). On the other hand, the final peak position equals to
the 88.7% of the AgBr in the solid solution; therefore, at the end of this process accord-
ing to this model, shell still represents a solid solution of the two crystals.

According to the second approach, a constant layer of the glass around the silver
NP is filling up with AgBr crystal cells during the heat treatment. Since the refrac-
tive index of AgBr is higher than that of the surrounding glass, this process leads to
the effective refractive index increase of the layer. Refractive index of this layer can
be estimated with Bruggeman’s two-component effective model [26]. According to
our calculation, SPR peak position of 415 nm corresponds to 25% of AgBr inclusion
volume fraction (Figure 6(b)); on the other hand, that of 460 nm corresponds
to 89% of inclusion. Thus, one can see that precipitation speed of AgBr on the NP
decreases with the crystal concentration growth. Accepting this model leads to
conclusions that (i) the precipitation of AgBr is the most rapid at the beginning of
PTI crystallization process and (ii) there is a probability that, in the course of the
NP formation, the silver bromide can already be present nearby.
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Figure 7.
Evolution of Ag mole fraction and AgBr filling factor during the heat treatment process. The corvesponding SPR
peak positions are denoted in nm.

If we plot the concentration of AgBr in the shell as a function of the heat treat-
ment duration for both above cases, the plots behave monotonically (Figure 7) and
can be approximated with sigmoidal Weibull function with zero error. This means
that both models demonstrate similar behavior with rapid growth at the beginning
and severe speed decrease as the system is reaching its saturation (AgBr filling fac-
tor or mole fraction).

5. Bleaching volume Bragg gratings in chloride PTR glass

In comparison with fluoride PTR glass, the chloride ones provide positive
refractive index change, very high induced absorption in visible spectral range,
and small size of the crystalline phase that suppresses scattering and allows record-
ing holograms with high spatial resolution. However, the diffraction efficiency of
such amplitude-phase holograms is limited according to the coupled wave theory
[27]. Therefore, absorption of sinusoidal VBGs is increased and causes a decline
of diffraction efficiency [28]. Thus, high absorption in near IR and visible spectral
range hinders this advantage and it is highly desirable to suppress absorption of
such VBGs and leave only phase grating. Since the modulation of the absorption in
the grating fringes originates from the strong surface plasmon resonance of silver
nanoparticles (AgNPs), which can be reduced by bleaching (photodestruction
process) of the AgNPs using femtosecond laser radiation.

Figure 8 shows the optical density spectra of chloride PTR glass with recorded
VBG before and after full femtosecond laser bleaching of the sample. It is seen that
before the bleaching, glass possesses high absorption of surface plasmon resonance
(>100 cm™) at 450 nm wavelength and visible spectral range. Inset to Figure 9
shows the optical density spectrum of VBG after 10 hours of thermal treatment
at 546°C when AgNPs concentration is fairly low. A dramatic decrease of optical
density in visible can be observed after laser bleaching of the sample.

Two crystalline phases are precipitated in the volume of chloride PTR glass.
The X-ray diffraction (XRD) analysis showed that the first phase is AgNPs, while
the second phase is Nag 9Ag(1Cl (NaCl-AgCl) nanocrystals. The XRD study was
performed before and after laser bleaching. The XRD analysis demonstrated the
photodestruction of AgNPs playing a role of the core on silver molecular clusters
and ions and preservation of NaCl-AgCl nanocrystals in the form of a shell.
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Absorption spectra of as-prepared PTR glass, VBGs before and after bleaching. Inset: optical density spectrum
of VBG with small AgNPs concentration.
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Figure 9.
The mechamnism for bleaching of AgNPs hologram.

The process of photodestruction of metallic nanoparticles is well known for
different types of glass [29, 30]. The absorption of ultrashort pulse energy leads to
local heating and the explosion of the metallic particle [31]. In Figure 9, process of
AgNPs surrounded by NaCl-AgCl shell, destruction, is shown schematically [32].
The femtosecond bleaching transforms AgNPs into silver clusters. However, due
to the presence of shell, the particle fragments cannot move far from the origin as
available space is limited by the interior volume of NaCl-AgBr crystal. It should
be noted that nanoparticle restoration time under thermal treatment takes several
minutes that also indicates that silver clusters close to each other after bleaching.

Considering that the absorption caused by AgNPs plasmon resonance is not pres-
ent at the spectrum of the grating, it was assumed that the grating becomes purely
phase type after laser processing. Previously, it was shown that VBGs in chloride
PTR glass are of a mixed type, that is, both refractive and absorption indexes are
modulated in the glass volume [33]. In accordance with the coupled wave theory, the
coupling constant (x) responsible for the transfer of energy between the reference
(R) and signal (S) wave contains refractive index modulation amplitude (RIMA) and
absorption index modulation amplitude (AIMA). Hence, removal of the one causes a
natural decline of the coupling efficiency as described by Collier [34].

10
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Experimental and fitted curves of angular selectivity contours before (a) and after (b) photodestruction of
AgNPs in VBGs.

In order to characterize the contribution of RIMA and AIMA to the VBGs per-
formance, one should analyze angular selectivity contour of zero diffraction order.
It is critical as the first-order diffraction selectivity contour looks similar for both
amplitude-phase and phase gratings with the same coupling.

Experimental and fitted angular selectivity contours for the holograms recorded in
chloride PTR glass are shown in Figure 10. One can notice an asymmetric shape of the
zeroth diffraction order contour before laser bleaching with respect to Bragg angle. It
directly points out at mixed nature of the grating [28, 33, 35]. After laser processing,
the contour becomes symmetric as shown in Figure 10(b). These factors indicate the
lack of absorption modulation in the hologram, so it became purely phase. Hence, the
modification of the contour shape indicates a weakening of the coupling.

The further analysis consists of the estimation of the AIMA and RIMA
[27, 28, 33, 35]. The calculation of these parameters can be carried out by the
fitting of the contours obtained in the experiment with those predicted by
the theory (Figure 11, red curves). The performed fitting of the experimental
results allows one to evaluate RIMA magnitude for each grating in the exposure
range of 1-12 J/cm? before and after bleaching (Figure 11(a)).

As it is shown in Figure 11(a) for the exposures above 6 J/em?, the volume fraction
of the crystalline phase and concentration of AgNPs saturated because RIMA value
stopped increasing. Thus, all available silver and chlorine ions in the hologram fringe
were utilized. Moreover, it should be noted that the RIMA values decreased after laser
bleaching for all exposures and the magnitude of the change depends on the exposure.
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Figure 11.

(a) RIMA before and after laser bleaching of VBGs. (b) Difference of RIMA before and after laser bleaching
(curve with squavres) and AIMA before laser bleaching (curve with circles).
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The maximum value of RIMA was reduced from 8.6 x 10~* down to 5.1 x 107%, that

is, it became nearly two times lower after AgNPs photodestruction. As it is following
from Figure 11(b), the difference in the RIMA before and after laser processing and
the AIMA vs. exposure demonstrates identical dependence on the exposure. It illus-
trates that additional RIMA, which was lost during the laser bleaching, was caused

by the presence of the AgNPs in the hologram fringes and the value is correlated with
their concentration. Although the dip of the RIMA value at the maximum is consider-
able, it was still sufficient to increase diffraction efficiency from 25 to 86%.

Thus, ultrashort laser bleaching of chloride PTR glass with VBGs causes a
decline of RIMA from 8.6 x 10™* t0 5.1 x 10™*, which is still adequate for efficient
VBGs operation. After the laser processing, the hologram becomes purely phase
modulated, so it is capable to reach high diffraction efficiency at specific exposure,
thermal treatment, and appropriate grating thickness. The transmission range of
the VBGs expanded dramatically in visible spectral range opening avenues toward
using them for high-power laser applications. Additionally, the smaller size of
nanocrystals coupled with the absence of absorption in the visible region boosts the
performance of such holograms at the smaller grating periods.

6. Thermal stability of volume Bragg gratings in chloride PTR glass

As-prepared chloride PTR glass is transparent in whole visible and near IR spectral
range until 2.5 pm. The main drawback of chloride PTR glass is absorption in visible
and near IR spectral range, caused by AgNPs possessing surface plasmon resonance
(SPR) at 410-450 nm. Chloride PTR glass has high SPR absorption (>100 cm™) with
considerable tail at near IR. In Section 5, we demonstrated that AgNPs absorption can
be reduced using femtosecond laser radiation. Moreover, it was also demonstrated
that AgNPs in chloride PTR glass can be bleached without photodestruction of
NaCl-AgCl nanocrystals, responsible for refractive index modulation in VBGs. In this
chapter, the bleaching effect on thermal stability of gratings recorded on chloride
PTR glass is discussed. Such bleaching of chloride PTR glass with VBGs can open new
opportunities for high-power laser diode (LD) applications in near-IR spectral range.

Absorption of gratings in chloride PTR glass at the wavelength of LD (972 nm)
is 1.8 cm™" before laser bleaching and 0.05 cm™ after the bleaching. The latter cor-
responds to the absorption of as-prepared glass. It is clear that higher absorption of
LD pumping light at wavelength 972 nm causes heat accumulation at VBG. Thus, at
some point, the input power cannot be dissipated with a low thermal conductivity
of the glass and the local temperature starts increasing. As following, the param-
eters of VBG such as refractive index difference, grating period, and absorption
may change significantly.

For studying the thermal stability of VBGs, we measured the angular selectiv-
ity contour of transmission VBG at a wavelength of He-Ne laser before and after
bleaching (Figure 12). Radiation of CW laser diode at wavelength 972 nm was used
as a hitting source.

Figure 12(a) shows angular selectivity curves of VBG under different pumping of
LD before femtosecond laser bleaching. A shift of Bragg wavelength under different
pumping power indicates the increase of the grating period, which directly effects
Bragg conditions for diffracted He-Ne laser beam. It is worth noting that the shape of
the curve without laser diode irradiation is complex and contains two peaks, which
indicates that the grating is overmodulated. The amplitude of central peak gradually
decreases with the growth of the laser diode intensity. The actual amplitude drop
is even more pronounced if one subtracts the background radiation, which can be
observed far from the Bragg angle. So, it is reasonable to conclude that under high
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Figure 12.
Angular selectivity at first order of diffraction of initial (a) and bleached (b) hologram.

power irradiation, the diffraction efficiency drops approximately by 30%. This result
can be understood by taking into account the fact that at the beam intensity of 40 W/
cm’, the grating temperature is about 350°C. It is known that the melting temperature
of metal particle decreases for smaller particles. For AgNPs in silicate glass, melting
temperature can be lower than 150°C, and optical properties of composite materials
with embedded AgNPs change dramatically. The plasmon resonance absorption band
of aliquid NP is broadening, which affects RIMA and AIMA values as it was discussed
in the previous section. Melted AgNPs get crystallized back after cooling of the glass
substrate with VBG and optical properties of the grating return to initial values.

Figure 12(b) shows angular selectivity contours after laser bleaching of VBGs
under the different intensity of the LD diode beam. One can notice that the shift
of the Bragg angle became smaller and the amplitude of the peak states unchanged
even at higher fluence. The temperature increase in the irradiated area can be found
from the following equation:

AT = _f_fig )

where d is a grating period, n is a refractive index of glass, and a is a coefficient of
thermal expansion. A grating temperature increase after laser bleaching at the level of
40°C for the same laser intensity is almost nine times smaller than before laser bleach-
ing. Figure 13 shows temperature increase and correspondent Bragg wavelength shift
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Figure 13.
Dependence of temperature change and Bragg wavelength on the power density of the pumping source.
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as functions of pump irradiance for VBGs before and after laser bleaching. A dramatic
decrease in temperature after laser bleaching made it possible to increase pumping
intensity almost four times from 40 to 145 W/cm®. In our experimental conditions,
strong temperature gradients in the irradiated area resulted in the glass cracking when
the pump intensity exceeds 145 W/cm?,

Thus, the bleaching technology can dramatically decrease heating of the grat-
ing under high power laser radiation, which enhances the stability of the grating’s
parameters such as period and RIMA.

7. Conclusions

Recent achievements of ITMO University (St. Petersburg, Russia) in the investi-
gation of properties of holographic volume Bragg gratings in fluoride and chloride
photothermorefractive glass are demonstrated. Some futures of the holograms are
highlighted and discussed. Some ways of improvement of characteristics of the
holograms are suggested.

Namely, the mechanism of refractive index change in fluoride photothermore-
fractive glass during photothermoinduced crystallization and refractive index pro-
file of the volume Bragg gratings were discussed. It is shown that refractive index
change in the exposed area appears primarily due to the NaF nanocrystal inclusions
in the glass matrix, which according to the Maxwell-Garnet theory decreases
the effective refractive index of such composite. It is shown experimentally that
residual stresses have no effect on the refractive index change. Estimated refractive
index difference between the composite and unperturbed glass is in a good agree-
ment with the refractive index change obtained by the grating analysis.

The refractive index profile in the volume Bragg gratings on fluoride photother-
morefractive glass was studied. It was shown that the nonsinusoidal profile of the
gratings at high exposures cannot be explained by saturation of exposure since the
fraction of the first harmonic stays the same at exposures above 6 J/cm®. In addition,
it was shown that at higher exposures, grating fringes became narrower than that of
the gratings with close to sinusoidal profile.

A fine structure of the core-shell system inside fluoride PTR glass in which a silver
nanoparticle presents the core and crystalline phases of silver bromide and sodium
fluoride present the shell was explored. In particular, for the three-layer system
consisting of a silver nanoparticle, the bromide shell, and sodium fluoride shell, we
made a numerical analysis of the peak location of surface plasmon resonance. The
analysis showed that the thickness of the high refractive index shell does not exceed
0.5-0.6 nm. This result is in a good correlation with the unit cell size of the bromide
crystals. We showed that the initial peak location of surface plasmon resonance cannot
be explained by the formation of pure silver bromide shell or by the size of the silver
nanoparticle. Moreover, the final peak location cannot be explained by the formation
of sodium bromide shell alone. We demonstrated that the observed short-wavelength
shift of the surface plasmon resonance peak at the later stage of photothermoinduced
crystallization is due to the precipitation of sodium fluoride nanocrystals.

The optical properties of volume Bragg gratings in chloride PTR glass after
femtosecond laser bleaching have been studied. The bleaching procedure signifi-
cantly reduces the absorption of volume Bragg gratings (from 100 to 0.1 cm ).
Laser bleaching does not affect the amplitude of refractive index modulation of
the grating. Femtosecond laser radiation breaks down silver nanoparticle to silver
clusters and ions, but the NaCl-AgCl shell remains almost the same. Thus, the
amplitude-phase grating is modified in the pure phase grating by femtosecond
laser photodestruction of silver nanoparticles in the volume of PTR glass. Thus, the
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increase of glass transmission in visible spectral range after laser bleaching of silver
nanoparticles opens new opportunities for high laser power application.

It was shown that the bleaching procedure increases the thermal stability of the
volume Bragg gratings under near IR laser diode pumping. So, the temperature change
of the glass with volume Bragg grating under 40 W/cm’ power density has reduced
from 350 to 38°C. The bleaching of volume gratings allowed us to reduce temperature
drift of Bragg wavelength from 50 to 6 pm/ (W/cm?). Thus, the bleaching technology
can dramatically decrease heating of the grating under high power laser radiation,
which enhances the stability of the grating parameters such as period and amplitude
of refractive index modulation. It should be pointed out that the problem of silver
nanoparticles absorption hinders not only chloride photothermorefractive glass
because so far, all types of PTR glass (fluoride and bromide) also make use of silver
nanoparticles precipitation for photothermoinduced crystallization. Thus, we believe
that this approach can be utilized for bleaching of other types of PTR glass as well.
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