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Abstract

This chapter presents a survey of recent achievements of the ITMO University (St.
Petersburg, Russia) in developing new holographic media such as fluoride, chloride,
and bromide silicate photo-thermo-refractive (PTR) glasses as well as the holographic
diffractive optical elements that are the volume Bragg gratings recorded in the glasses
for improving dramatically the parameters of laser systems of different types. The
photo-thermo-induced crystallization process and the properties of fluoride, chloride,
and bromide PTR glasses are demonstrated. This new technology enabled recording
high-efficiency phase volume holograms in the optical  quality silicate glass.  These
holograms are used for developing a number of unique diffractive optical elements that
provide new opportunities for the laser technique. Some examples of designing and
fabricating of holographic optical elements such as the super-narrowband filters for
solid-state lasers and laser diodes, laser beam combiners, and collimator sights are
demonstrated in this chapter. It is shown that the PTR glass doped with rare earth ions
can be used for designing lasers with Bragg reflectors and distributed feedback.

Keywords: PTR glass, photo-thermo-refractive glass, photo-thermo-induced crystalli-
zation, volume Bragg grating, beam combining, refractive index, photosensitive glass

1. Introduction

Photo-thermo-refractive (PTR) glasses are a new class of photosensitive materials intended
for recording three-dimensional (3D) phase holograms. This class was developed based on
photo-sensitive  sodium  zinc  aluminosilicate  glasses  that  were  first  put  into  practice  by
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Corning, Inc., in 1977 and were referred to as polychromatic (PC) glasses [1–3]. In Russia,
similar photosensitive glasses [4,  5]  were denoted by multichromatic (MC) ones.  PC/MC
glasses  are  known  to  contain,  in  addition  to  Na2O,  Al2O3,  ZnO,  and  SiO2,  some  other
ingredients such as (i) photosensitive dopants playing the roles of electron donors (Ce3+) and
acceptors (Ag+, Sb5+, and Sn4+) and also (ii) halogen ions (F− and Br−) that participate in the
formation of the crystalline phases. The main specific feature of PC/MC glasses is the selective
absorption in the visible. Namely, PC glasses can acquire, under the effects of the UV exposure
and subsequent heat treatment, a wide variety of colors. In brief, the final stages of photo-
chemical  and diffusion  processes  responsible  for  this  coloration  were  assumed to  be  as
follows.  The  colloidal  silver  particles  formed  under  the  above  effects  play  the  role  of
nucleation  centers.  Around  such  centers,  the  growth  of  NaF  and  (Ag,  Na)Br  nano-  or
microcrystals occurs. Under particular growth conditions, the microcrystals acquire compli-
cated anisotropic shapes such as the elongated pyramid-like structures stretched along an
axis [1, 3, 6]. Additional multistage UV irradiation and heat treatment lead to the photolytic
precipitation of silver layer on the surfaces of these anisotropic structures (so-called “deco-
ration of the latter with silver”). The anisotropy of metallic silver shells thus formed results
in a certain shift of the corresponding absorption band into the visible. So the substantial
anisotropy of metallic silver particles was considered to be the principal condition for the
occurrence of “PC/MC coloration” in PC/MC glasses.

In the late 1980s–early 1990s [7–10], it was proposed first in Vavilov State Optical Institute to
apply PC/MC glasses for recording the 3D phase holograms. Unlike the case of PC/MC
coloration, only a single stage of photo-thermo-induced crystallization was used, and this stage
included the UV irradiation and subsequent heat treatment. When developing the corre-
sponding procedures, the principal attention was paid to a difference obtainable in the
refractive indices of vitreous and crystalline phases rather than the anisotropic shapes of
microcrystals. As a result, a new class of materials was developed in Vavilov State Optical
Institute, this class was denoted [10] by a specific term such as “photo-thermo-refractive (PTR)
glasses” (i.e., glasses whose refractive index varies due to the UV irradiation and subsequent
heat treatment). Later [11, 12], this term started to be used widely in other countries as well.
Now, there is an increased interest in PTR glasses because the volume Bragg gratings recorded
on these glasses reveal a unique combination of working characteristics such as the high angle
and spectral selectivity, high diffraction efficiency, high mechanical and optical strength, and
also high thermal and chemical durability. Based on PTR glasses, a broad variety of optical
devices are developed including extra narrow-band filters, wavelength division multiplexing
(WDM) devices, combiners of high-intensity light beams, chirped gratings for compressing
the light impulses, filters for increasing the spectral brightness of laser diodes, etc.

The given paper is a survey of recent achievements of ITMO University (St. Petersburg, Russia)
in developing new holographic media such as fluoride, chloride, and bromide silicate photo-
thermo-refractive (PTR) glasses as well as the holographic diffractive optical elements that are
the volume Bragg gratings recorded in the glasses for improving dramatically the parameters
of laser systems of different types.
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2. Properties of fluoride PTR glasses

The fluoride PTR glass was designed and synthesized in ITMO University, Russia [12]. The
fluoride PTR glass is a photosensitive multicomponent sodium-zinc-alumino-silicate one
containing fluorine (6 mol%) and small amount of bromine (0.5 mol%) and also doped with
additives (cerium, antimony, and silver) that are responsible for the photo-thermo-induced
precipitation of silver nanoparticles and sodium fluoride crystals—see for example [1, 13, 14].
Untreated fluoride PTR glasses are transparent in a wide spectral range of 250–2500 nm
(Figure 1(a)). The selective UV irradiation into the Ce3+ absorption band in the spectra of these
glasses results in the formation of neutral silver molecular clusters. The subsequent heat
treatment of UV-irradiated PTR glasses near the glass transition temperature (Tg) induces the
silver nanoparticle formation [1] (Figure 1(b)). The thermal treatment of these glasses at
temperatures above Tg leads to the growth of silver bromide shell on a silver nanoparticle [15]
and then to the precipitation of sodium fluoride cone on it [1, 16]. Image of XRD pattern of UV-
exposed and thermal-treated PTR glass sample is shown in Figure 2.

Figure 1. Absorption spectra of (a) virgin PTR glass and (b) the glass sample after the UV irradiation and subsequent
heat treatment.

Figure 2. X-ray diffraction pattern of UV-irradiated and thermal-treated PTR glass.
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In Ref. [13], authors showed, for the first time, the dramatic effect of bromine on the process
of NaF crystal growth in fluoride PTR glasses. The paper has demonstrated that the growth of
sodium fluoride crystals is possible only in the presence of bromide additives in the PTR glass
composition. A generalized NaF crystallization mechanism that consists of three stages is
proposed in Refs. [1, 17].

The process of photo-thermo-induced crystallization of fluoride PTR glass is shown schemat-
ically in Figure 3.

Figure 3. Photo-thermo-induced crystallization of fluoride PTR glass. (a) Cerium photoionization and trapping the
photoelectrons by Sb; (b) Releasing electrons Sb and trapping them by Ag ions with the formation of neutral silver
atoms and clusters; (c) Formation of colloidal particles under heating up to 400°C; (d) Growth of (Ag, Na)Br shell on
colloidal silver particles at T > 500°C; (e) Growth of NaF microcrystals at T > 500°C.

At the first stage, the trivalent cerium ion donates an electron under the effect of the UV
irradiation, thus increasing its own valency in accordance with the following reaction
(Figure 3(a))

3 3Ce  h   e   Cen
++ - +é ù+ ® + ë û (1)

Released photoelectrons can be trapped partially by silver ions (~20%) with subsequent neutral
silver atom and molecular cluster formation (Ag0, Ag2

0, Ag2
+, Ag3

2+), but most photoelectrons
are trapped by antimony ions according to the following reaction (Figure 3(b)):
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5 5e   Sb   Sb
-- + +é ù+ ®ë û (2)

At the second stage, the heat treatment at relatively low temperatures (300–450°C) leads to
releasing the trapped electrons from antimony (Figure 3(c)) with further formation of silver
molecular clusters and colloidal nanoparticles (Figure 2(b)):

5 5Sb   Sb  e
-+ + -é ù ® +ë û (3)

0nAg  ne   nAg+ -+ ® (4)

At the third stage, the heat treatment at temperatures above Tg results, first, in the growth of
mixed silver bromide-sodium bromide shell on a silver nanoparticle (Figure 3(e)) and, further,
in the coaxial growth of sodium fluoride crystalline phase on this shell (Figure 3(g)).

In Ref. [15], authors showed that the UV irradiation and subsequent heat treatment of fluoride
PTR glass induces the refractive index change only in the UV-irradiated area. There is still some
uncertainty in the origin of refractive index change in PTR glass, and several presumable
mechanisms of the change are discussed. Classically, this effect is assumed to be caused by
difference in the refractive indices between the NaF crystal phase (n ~ 1.33) sedimented in the
UV-irradiated area and the unexposed glass area (n ~ 1.49) so that the precipitation of sodium
fluoride leads to the negative refractive index increment. Although a difference between the
refractive indices of sodium fluoride and vitreous phase is rather big, the negative refractive
index change in the UV-irradiated area does not exceed 1 × 10−3 [15, 18]. This can probably be
due to the fact that, in addition to the NaF phase precipitation, there is also the silver bromide
shell with a high refractive index value (n ~ 2.3) on the silver nanoparticle. As shown in many
sources (see for example Refs. [14, 19, 20]), the maximum of surface plasmon resonance of silver
nanoparticles in fluoride PTR glasses shifts to the greater wavelengths owing to the silver
bromide shell growth.

On the other hand, the authors of [21] proposed another possible mechanism of photo-thermo-
induced refractive index change in PTR glass. They assumed that the transformation of Na+

and F− distributed in the PTR glass matrix into the crystalline NaF (a chemical change) and
structural relaxation process are not the main causes of photo-thermo-induced refractive index
change and assigned this change to high residual stresses around the NaF crystals. According
to calculations presented in the paper, these stresses are the most important cause for the photo-
thermo-induced refractive index change in PTR glass.

Also, fluoride PTR glasses have outstanding mechanical, optical, and chemical properties. In
particular, they show a high photosensitivity, high thermal stability of the recorded phase
holograms, and high tolerance to the optical and ionizing irradiation. The basic optical and
spectral properties of PTR glass are described in Refs. [14, 22–24]. The holographic optical
elements (HOE)s recorded on the PTR glass demonstrate high chemical stability, thermal,
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mechanical and optical strength and also reveal, from this point of view, practically no
difference with the commercial optical glass BK7 (Schott). The optical and spectral parameters
of the HOEs and gradient index (GRIN)-elements do not change after its multiple heating to
high enough temperature (500°C). The important advantages of PTR glass as the optical
medium are as follows:

i. High optical homogeneity (the refraction index fluctuations across the glass bulk are
of the order of 10−5).

ii. Reproducibility of its parameters from one glass synthesis to another and also in the
course of the photo-thermo-induced crystallization.

iii. PTR glass can be subjected, similar to optical glass BK7, to various kinds of both the
mechanical processing such as grinding and polishing and the formation technolo-
gies such as molding, aspheric surface production, and drawing fiber.

iv. One can fabricate PTR glass both in the laboratory conditions (hundreds of grams)
and industrial ones (hundreds of kilograms) using a simple and nontoxic technology.
The chemical reagents required for the glass fabrication are commercially available
and not too expensive.

Transparency range, nm 350–3000

Photosensitivity spectral range, nm 280–350

Photosensitivity, mJ/cm2 50

RI change, Δn, ppm 1000

RI modulation amplitude, δn, ppm 500

Induced optical loss, cm−1

• visible range 0.1

• near IR range 0.01

Optical resistance (laser-induced damage threshold):

• CW regime, kW/cm2 10

• Nanosecond pulse regime, J/cm2 40
(Data of University of Central Florida)

Mechanical and thermal resistance, chemical durability Close to commercial optical glass BK7

Spatial frequency VBGs, mm−1 up to 10,000
(Data of University of Central Florida)

Diffraction efficiency, % 95

Hologram thickness, mm 0.1–10

Angular selectivity, ang. min <1

Bandwidth FWHM, nm 0.1

Size, mm up to 25 × 25

VBGs are completely stable at temperature, °C 500

VBGs are completely stable at temperature, °C 500

Table 1. Characteristics of PTR glass and VBGs recorded on the glass.
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One should also note some features of PTR glass that are unusual for other recording media.
For example, PTR glass can be processed with the ion exchange technology, which provides
possibilities (i) to fabricate the ion-exchanged optical [25] or plasmonic waveguides and (ii) to
implement the surface strengthening, thus improving the mechanical strength, chemical
stability, and thermal and also optical strength.

Some characteristics and advantages of fluoride PTR glasses and also of holographic volume
Bragg gratings (VBG) recorded on the glasses are presented in Table 1 [26].

3. Properties of chloride PTR glasses

The chloride PTR glasses are photosensitive multicomponent glasses based on Na2O-ZnO-
Al2O3-SiO2-NaF system doped with variable batch concentration of Cl (0–2.2 mol%), a photo-
sensitizer such as CeO2 (0.01 mol%), a reducer such as Sb2O3 (0.05 mol%), and also Ag2O
(0.15 mol%). The chloride PTR glass was designed and synthesized in ITMO University,
Russia [24].

Figure 4. The evolution of the absorption spectra of PTR glass containing 2.2 mol% Cl during photo-thermo induced
cristallization (1) is the spectrum for initial untreated glass, (2) is that for glass after the UV irradiation for 50 s alone,
(3) is the spectrum for glass after the heat treatment alone at 550°C for 3 h, and (4) is the spectrum for glass after the
UV irradiation for 50 s and subsequent heat treatment at 550 °C for 3 h. An inset shows the photos and absorption
spectra (700–2500 nm) of treated chloride PTR glass samples containing 2.2 mol% Cl. Here (1) is initial untreated glass,
(2) is glass after the UV irradiation for 50 s alone, (3) is glass after the heat treatment alone, and (4) is glass after the UV
irradiation for 50 s and subsequent heat treatment.

With changing the type of halide (fluoride to bromide or chloride) in the PTR glass composi-
tion, it is possible to control the sign of the RI increment. As mentioned above, for the case of
fluoride PTR glass, thermal treatment at temperatures higher than Tg results in a decrease in
the RI of the UV-irradiated area in comparison with that of nonirradiated area. On the other
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hand, the substitution of fluorine by chlorine leads to the precipitation of nano-crystalline
phases of mixed silver and sodium chlorides in glass host and to the positive increment of RI
(∆n up to 1.0 × 10−3) [24].

Figure 5. Scheme for the photo-thermo-induced crystallization mechanism inherent in chloride PTR glasses for various
Cl concentrations (0–2.2 mol%). (a) Is the growth of shell-free silver nanoparticles in glasses containing 0–1.0 mol% Cl.
(b) Is the growth silver nanoparticles with a shell composed of mixed silver and sodium chlorides in glasses containing
0–2.2 mol% Cl.

Figure 6. Photos of chloride PTR glass luminesce under UV (λ = 365 nm) excitation (a) is the photo of PTR glass con-
taining 1 mol% Cl after the UV irradiation with various doses. The exposure duration (sec) that sets a dose is (1) 0.5 s,
(2) 1 s, (3) 5 s, (4) 50s, (5) 500 s; (b) is the photo of the UV-irradiated and heat treated (1 h 400°C) chloride PTR glasses
differing in the chlorine concentration. The chlorine concentrations (mol%) being (1) 0, (2) 1, and (3) 2.

Initially, chloride PTR glasses are transparent in a wide spectral range. 250–2500 nm (Figure 4).
The UV irradiation of chloride PTR glasses results in the Ce3+ ion photoionization and the
resultant formation of silver molecular clusters (SMC), the latter playing the role of crystalliza-
tion centers (Figures 4 and 5). Heating all studied chloride PTR glasses at temperatures above
250°C and less than Tg results, as shown in Figure 5(b), in releasing electrons from Sb and
capturing them by Ag ions with further formation of an extra amount of neutral silver atoms
and molecular clusters [19]. The latter provide, according to Refs. [27, 28], a broadband lumi-
nescence in the visible and NIR ranges (Figure 6). Further, the heat treatment of PTR glasses
containing 0–1.0 mol% Cl at temperatures above Tg leads to the precipitation of silver nanopar-
ticles with no shell (Figure 5). At the same time, such treatment of PTR glasses containing >1.0–
2.2 mol% Cl results in the precipitation of silver nanoparticles with a shell consisting, accord-
ing to Ref. [24], of mixed sodium and silver chlorides in a varied proportion (Figures 4 and 5).
The evolution of absorption spectra during the photo-thermo-induced crystallization is
shown in Figure 4. It can be seen that the heat treatment of nonirradiated chloride PTR glass
has no measurable effect on the absorption spectra. According to calculations described in Ref.
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[24], the sizes of silver nanoparticles and silver and sodium chloride nanocrystals are relative-
ly small (about 3 nm [Figure 7] for silver nanoparticles, NPs, and 27 nm for nanocrystals). This
is why chloride PTR glasses exhibit a rather low level of scattering.

Figure 7. TEM image of silver nanoparticles in chloride PTR glass. Scale − 50 nm.

Figure 8. Effect of chlorine concentration on the refractive index (nd) of PTR glass. 1—untreated glass samples, 2—glass
samples after the heat treatment, 3—glass samples after the UV irradiation and subsequent heat treatment.

Figure 8 shows the evolution of the refractive index of PTR glass with an increase in the chlorine
concentration for initial, heat-treated, and UV-irradiated and then heat-treated glasses (curves
1–3). As seen, the incorporation of Cl results in a consecutive increase in the refractive index
of glass irrespective of treatment applied. In particular, Curves 1 and 2 coincide with each
other, i.e., the heat treatment of nonirradiated chloride PTR glasses does not change their
refractive index [24]. On the contrary, the UV irradiation and subsequent heat treatment of
chloride PTR glasses result in a significant increase in their refractive index. For the maximum
chlorine concentration, a difference Δn between the refractive index values of the UV-irradiated
and nonirradiated glasses after the heat treatment reaches magnitudes up to 1.0 × 10−3. The
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positive increment of refractive index as well as high value of Δn in chloride PTR glasses can
be used for recording VBGs and optical waveguides.

4. Properties of bromide PTR glasses

The bromide PTR glasses are photosensitive multicomponent glasses based on Na2O-ZnO-
Al2O3-SiO2-NaF system doped with variable batch concentration of Br (0–1.5 mol%), photo-
sensitizer, such as CeO2 (0.01 mol%), reductant, such as Sb2O3 (0.05 mol%), and Ag2O (0.1 mol
%). The bromide PTR glass was designed and synthesized in ITMO University, Russia [17].

Figure 9. Absorption spectra of PTR glass containing 0.7 mol% Br (1) is the spectrum of initial untreated glass, (2) is the
spectrum for glass after the UV irradiation for 50 s alone, (3) is the spectrum for glass after the heat treatment alone,
and (4) is the spectrum for glass after the UV irradiation for 50 s and subsequent heat treatment. An inset shows the
photos and absorption spectra (700–2500 nm) of treated bromide PTR glass samples containing 0.7 mol% Br. Here (1) is
initial untreated glass, (2) is glass after the UV irradiation for 50 s alone, (3) is glass after the heat treatment alone, and
(4) is glass after the UV irradiation for 50 s and subsequent heat treatment.

Initially, bromide PTR glasses are transparent in a wide range: 250–2500 nm (Figure 9). The
substitution of chlorine by bromine in PTR glass composition affects the crystallization
mechanism (Figure 10). The UV irradiation of bromide PTR glasses results in the Ce3+ ion
photoionization and SMC formation (Figure 9); the latter playing the role of crystallization
centers (Figure 3(a)). Heating all the studied bromide PTR glasses at temperatures above 250 C
and less than Tg results, as shown in Figure 3(b), in releasing electrons from Sb and capturing
them by Ag ions with further formation of an extra amount of neutral silver atoms and
molecular clusters [19]. The latter provides, according to Refs. [27, 29], a broadband lumines-
cence in the visible and NIR ranges. Further, the heat treatment of PTR glasses containing 0.25–
0.7 mol% Br at temperatures above Tg leads to the precipitation of silver nanoparticles with a
silver bromide-based shell varying in thickness [20] and/or composition [30]; namely, mixed
silver and sodium bromides can occur (Figure 10(a)). Moreover, the above heat treatment can
result in shifting the plasmon resonance absorption band toward the greater wavelengths
(Figure 9); such a treatment of PTR glasses containing from 1.0 to 1.5 mol% Br results in the
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precipitation of small silver nanonoparticles without a perceptible plasmon resonance peak in
the absorption spectrum (Figure 11)—the nanoparticles being covered by a shell consisting of
silver bromide (Figure 10(b)). The sizes of silver nanoparticles and silver bromide nanocrystals
are relatively small (<3 nm for silver NPs and <11 nm for nanocrystals).

Figure 10. Scheme for the photo-thermo-induced crystallization mechanism inherent in bromide PTR glasses for vari-
ous Br concentrations (0–1.5 mol%). (a) The photoactivation of PTR glass (Ce3+ ion photoionization), formation of neu-
tral silver molecular clusters, and capturing electrons by Sb5+ valence states. (b) Releasing electrons by Sb and
capturing them by Ag ions with the formation of neutral silver atoms and clusters, and (c) The growth of (i) silver
nanoparticles with a shell composed of silver bromide in glasses containing 0.25–0.7 mol% Br or (ii) small silver nano-
particles characterized by broad plasmon resonance peak with a shell made of silver bromide nonocrystals in glasses
containing 1–1.5 mol% Br.

Figure 11. Absorption spectra of PTR glass containing 1 mol% Br (1) is the spectrum for initial untreated glass, (2) is
the spectrum for glass after the heat treatment alone, (3) is that for glass after the UV irradiation for 50 s alone, and (4)
is the one for glass after the UV irradiation for 50 s and subsequent heat treatment. An inset shows the effect of bro-
mine concentration on the average size of silver nanoparticles (NP) calculated using Mie theory and the photos of bro-
mide PTR glass containing 1 mol% Br at all stages of photo-thermo-induced crystallization (1) initial untreated glass,
(2) glass after the heat treatment alone, (3) glass after the UV irradiation for 50 s alone and (4) is the one after the UV
irradiation for 50 s and subsequent heat treatment.

Figure 12 shows the evolution of the PTR glass refractive index with an increase in the bromine
concentration for initial, heat-treated, and UV-irradiated and then heat-treated glasses (curves
1–3). As is shown, the incorporation of Br leads to a consecutive increase in the refractive index
of glass irrespective of treatment applied. In particular, curves 1 and 2 coincide with each other
up to reaching the bromine concentration of 0.7 mol%. In other words, the heat treatment of
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nonirradiated bromide PTR glasses with bromine concentration <1 mol% does not change their
refractive index [13]. On the contrary, the UV irradiation and subsequent heat treatment of
bromide PTR glasses result in a significant increase in their refractive index. For the maximum
bromine concentration, a difference Δn between the refractive indices of the UV-irradiated and
nonirradiated glasses after the heat treatment reaches magnitudes up to 0.8 × 10−3.

Figure 12. Effect of bromine concentration on the refractive index (nd) of PTR glass. 1—untreated glass samples, 2—
glass samples after the heat treatment, 3—glass samples after the UV irradiation and subsequent heat treatment.

5. Holographic properties of PTR glasses

Since the main purpose of the material is to serve as a holographic media, study of the refractive
index dynamic range was held by utilizing holographic technique. For this purpose, Bragg
gratings with period of 775 nm were recorded with UV radiation of He-Cd laser (λ = 325 nm).
Conditions of thermal treatment as well as exposure schedule differed depending on glass
type, due to the difference in the mechanism responsible for refractive index change. After UV
exposure and thermal treatment, gratings were measured and analyzed using Collier [31] and
Carretero [32] equations. All measurements were performed at the wavelength of He-Ne laser
(λ = 632.8 nm). Analysis was made with respect to the form of the angular dependence contour
either in the zero order or in the first-order of diffraction. Even though the gratings are quasi-
sinusoidal, we confine our analysis and therefore material characterization with first harmonic
of the refractive index modulation amplitude (RIMA). In this chapter, we will show the
exposure dependencies of the RIMA for each glass and its behavior connected with thermal
treatment schedule.

5.1. Fluoride PTR glass

In Figure 13, typical dependence of the RIMA on the UV exposure for our fluoride PTR glass
is shown. One can see that there is a quite wide range of the exposures in which the RIMA is
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at maximum. Therefore, we assume that an optimum exposure for this glass lies within 0.4–
0.65 J/cm2. Decreasing the RIMA with an increase in the exposure, we explain by the effect of
the stray scattering of neutral silver clusters that appears during the recording process. This
scattering affects the contrast of the interference pattern, thus lowering the RIMA in the grating.

Figure 13. Dependence of the RIMA on exposure.

In Figure 14, the dependence of RIMA value on the duration of the thermal treatment is shown.
One can see that this dependence is not linear. Basically, we can vary the duration together
with temperature and obtain the same effect. For example, the RIMA value of 1.3 × 10−3 can be
achieved for 8 h of thermal treatment at temperature of 500 C or for 130 h of heat treatment at
temperature of 470°C.

Figure 14. Refractive index modulation amplitude of the grating in the fluorine PTR glass with respect to duration of
the thermal treatment.

Additional studies of glass chemical composition allowed for implementing the complex
optimization of components, the main goal being to decrease optical losses in the visible
spectral range caused by the absorption band of colloidal silver [12]. Components that had
undergone the concentration optimization were as follows: halides (fluorides and bromides)
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responsible for the growth of microcrystalline shell and crystalline phase; antimony that plays
a key role in capturing and donating the photoelectrons arising upon the irradiation of cerium
and subsequent thermal treatment of PTR glass; also, the concentration of impurities capable
of capturing photoelectrons was lowered. As a result, a number of parameters were improved,
thus exceeding those of commercially produced material. First of all, the problem of undesir-
able absorption in the visible spectral range was solved, which resulted in a great decrease in
the induced optical losses caused by colloidal silver. PTR glass with the renewed composition
shows, after the FTI crystallization process, no absorption band related to the colloidal particles
in the optical loss spectra of a sample with a hologram recorded (Figure 15).

Figure 15. Absorption coefficient spectra of modified PTR glass with a hologram recorded.

Figure 16. Microscope image of the grating (a) right after the UV exposure and (b) after the heat treatment, and TEM
image of the grating fringe (c).

Nowadays, the maximum RIMA for the fluoride PTR glass can be as high as 1.5 ×10−3. If we
neglect scattering by the crystalline phase inside the glass, the maximum RIMA magnitude
can be even greater (like 2.5 × 10−3).

Also, we performed the visualization of the recorded gratings right after an exposure with the
UV radiation (Figure 16(a)) and after the heat treatment (Figure 16(b)). In Figure 16(a), one
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can see the luminescence of the silver clusters in accord with the interference pattern, where-
as, in Figure 16(b), there is the grating itself only formed with NaF crystals.

5.2. Chloride PTR glass

We only started studying the holographic characteristics of this type of PTR glasses. By now,
investigations carried out were intended, by analogy with similar studies performed earlier
for fluoride glasses, to estimate the maximum possible changes in the RIMA for these glasses.

Figure 17. Image of the sample with gratings recorded.

Figure 18. Example of the angular response of the mixed absorption—the phase holographic grating recorded in chlor-
ide PTR glass.
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Gratings recoded on this glass are colored (Figure 17), which is why it is natural to assume the
modulation of absorption in the grating. The first measurements performed on these gratings
proved the validity of this assumption. As one can see in Figure 18, the angular response from
the grating, indeed, has a poor symmetry. So far measurements were only at a single wave-
length of 632.8 nm that is far enough from the resonance band of silver nanoparticles. Hence,
the value of the absorption index modulation amplitude (AIMA) was expected to be rather
small.

Figure 18 shows the approximation of experimentally obtained angular response in zero order
with a theoretical curve. The position of the central maximum of the latter is shifted, and the
positions of side lobes are perfectly fitted to the experimental curve. Differences in the
intensities of the side lobes are connected with scattering in the sample that is inflicted by silver
nanoparticles. It is also clear that this grating has a strong RIMA because the shape of the
contour includes a lot of side lobes and actually lacks the central maximum.

On the other hand, our theoretical analysis shows that the AIMA is quite weak compared with
other materials. The reason can be due to the fact that the measurements are conducted in a
region lying far enough from the main resonance band of the silver nanoparticles. For instance,
AIMA for a sample subjected to the thermal treatment for 30 h and exposure of 4 J/cm2 is found
to be almost 6 cm−1, which consists 85% of the total value of the absorption coefficient at this
wavelength (7.12 cm−1). The fact that AIMA is a bit less than the latter can be explained in two
ways. First, the occurrence of scattering during the recording process might create clusters
outside the interference pattern, hence, lowering the contrast. Second, as seen in figure below,
glass is colored even outside the irradiated region (pale red color); this can be also the reason
for an additional increase in the absorption coefficient that is not connected with AIMA.

Figure 19. Typical dependence of the RIMA on exposure for chloride PTR glass.
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According to this fact, one can expect the total absorption coefficient to be modulated in the
region of resonance band, which can lead to really great AIMA magnitudes. In Figure 19, a
typical dependence of the RIMA on exposure is shown.

As is seen, this type of glass demonstrates some kind of saturation. One can conclude that,
after a dose of 4–6 J/cm2, changes in the RIMA do not depend on exposure and are only affected
by heat treatment. Our studies show that this kind of glass can acquire almost the same change
in the refractive index as fluoride ones. The maximum value of RIMA was found to be ~11 × 10−4.

This type of glass allows for recording the mixed amplitude-phase gratings alone, and it is
hard to find an application for such gratings. But since it was shown that AIMA is much smaller
than it was expected to be, and on the other hand, RIMA is as strong as in fluoride glass, one
can make quite a promising suggestion that bleaching of this glass would not affect the RIMA
component of the grating. Therefore, we can utilize positive refraction index change with its
rather big value of 1 × 10−3.

5.3. Bromide PTR glass

As mentioned above, bromine PTR glass is characterized by mechanism of induced refractive
index variation nearly in the same manner as that for chloride glasses. Now, bromine PTR glass
remains to be a novel material that is not well investigated yet. Data available by now indicate
this kind of glass to have very low refractive index change compared with that, for example,
of chloride PTR glasses. A preliminary investigation of holographic properties of this material
shows that, if we record a grating on the latter, the RIMA magnitudes are quite low and do not
exceed 1 × 10−4. Like the spectra of chloride glasses, those of bromide ones have the absorption
band in the visible region, which means that holograms recorded on this glass are mixed, i.e.,
have both RIMA and AIMA. Up to now, it remains unclear what is the reason for such a low
contrast of the refractive index in the gratings, although the absolute refractive index variation
was shown to be at least as high as 8 × 10−4. There can be several possible reasons responsible
for this effect. One of the reasons can be the high scattering in the material during the recording
process that leads to a decrease in the contrast of the interference pattern inside the medium.
Second possible reason can be the mobility of the clusters inside the medium during the process
of heat treatment. We have already demonstrated this effect for chloride PTR glasses in which
the nonirradiated areas had slightly colored regions around the gratings. This area has a color
the same as that of the gratings themselves, which is why we can assume that silver nanopar-
ticles have a shell structure the same as that inside the irradiated area; hence, a decrease in the
contrast. It is unclear, however, why these effects are weaker in chloride glass, thus allowing
for gaining the much greater contrast of the refractive index compared with that attainable
with bromide glasses.

A typical dependence of the RIMA for bromide PTR glass is shown in Figure 20. As seen, the
dependence reveals some kind of saturation and reaches its maximum around 4 J/cm2 with no
further changes. This pattern is similar to that observed for chloride glass and differs from that
observed for fluoride glass. This can be taken as a proof that the mechanisms responsible for
the refractive index modulation in the bulk of these two glass types are similar. In summary,
we can state that, so far, the RIMA in the gratings on the bromide PTR glass is rather low and
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does not exceed 1 × 10−4, though this value differs from that obtained with absolute measure-
ments, ~8 × 10−4.

Figure 20. Typical dependence of the RIMA on exposure for bromide PTR glass.

6. Holographic optical elements

PTR glass is a bulk material that is characterized by high homogeneity. Therefore, it is possible
to manufacture gratings with high efficient thickness (say, about 1 mm and more). The use of
high thickness of the material opens up a possibility to manufacture spatial and spectral filters
with outstanding parameters. As known, the selectivity of the Bragg grating depends on its
thickness; therefore, it is possible to create gratings with sub nm spectral selectivity and with
angular selectivity of <1 angular min.

6.1. Super narrow-band filters for laser diodes and their temperature stabilization of
radiation

The widespread use of semiconductor lasers is stimulated by a number of their advantages
[33–35] such as the high efficiency (75–80%), small sizes, simplicity of operation, and relatively
low cost. An important advantage of semiconductor lasers is also the possibility of fabricating
emitters operating at different wavelengths in the visible, near-infrared, and mid-infrared
spectral ranges. Apart from the above beneficial features, the semiconductor lasers have certain
drawbacks: their emission is quasi-monochromatic and spectrally unstable. This is caused by
a number of factors. The broadening of the lasing spectrum under an increase in the injection
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current stems from the fundamental aspects of charge-carrier transport and captures into the
quantum-confined active region. The lasing spectrum is also affected by the multimode design
of the laser cavity. A shift of the spectrum occurs as a result of heating the active region with
an increase in the injection current, which causes a reduction in the band gap and, thus, the
shift of the lasing spectrum to the longer wavelengths.

This problem can be solved by means of VBG recorded in photo-thermo-refractive glass. Due
to high spectral selectivity of recorded holograms, the implementation of such grating inside
the external cavity of laser diode can significantly narrow the output spectra. This idea was
used widely and proved its advantages. External cavity design based on the VBG can vary (see
Figure 21), as well as both reflecting or transmitting Bragg grating can be used [26].

The simplest implementation of VBG as an external cavity element is shown in Figure 21(a),
where a radiation after being passed through the collimating lens falls normally on the VBG
element. Unfortunately, due to a high divergence along the fast axis of the LD output radiation,
it is impossible to create the reliable external cavity of LD without additional collimation optics.
Figure 21(b) shows typical design of external cavity using transmission Bragg grating. The
grating works backward and forward, and its diffraction efficiency has to be lower than 80%
to couple output radiation efficiently. So there is a need for an additional mirror in the cavity
setup to reduce the power loss through the nondiffracted radiation on backward cavity trip.
The position of mirrors can be changed, but the number of output channels will remain the
same. Also, the cavity designs for coupling the higher-order modes of the LD are also possible.
Such designs require the high diffraction efficiency of the grating to provide the maximum
output performance and are suitable for wide stripe emitting diodes. Stabilized by means of
VBG, the laser diodes show a stable output in the temperature range from 15°C to 75°C [36].

Figure 21. Examples of design of external cavity of a diode laser based on VBGs (a) is an example of reflecting VBG
implementation and (b) is an example of cavity based on transmitting VBG.

Recent studies of VBG-based external cavity LD show that the implementation of the grating
inside cavity significantly increases its selective properties. For example, a grating used in our
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experiment [37] was recorded with estimated spectral selectivity as great as ~2 nm. We used a
cavity shown in Figure 21(b) with the transmitting VBG. The emission spectra from such cavity
show us two longitudinal modes with the separation of 100 pm and bandwidth of 4–8 pm
(Figure 22).

Figure 22. Emission spectra of laser diode source. Left: spectra recorded with (1) and without (2) grating. Right: the
detailed view of the emission line [36].

Similar to the conventional ways of LD stabilization such as Littrow scheme and Litman-
Metcalf configurations, using the standard diffraction gratings based on the VBG in the
external cavities can provide tuning of the output emission of the source. Merely by the rotation
of the grating, we can achieve a tunability along all the gain spectra of the semiconductor crystal
that can be really huge, up to 60 nm. An example of such tuning is shown in Figure 23.

Figure 23. Emission spectra of the external cavity laser diode with different angles of VBG.
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6.2. Laser beam combiners

The diffraction efficiency directly depends on the thickness and RIMA, and as shown, this glass
has quite a big inflicted refractive index change. Therefore, it is also possible to record multiple
gratings inside the single volume of the glass (Figure 24).

Figure 24. Example of multiple gratings recorded in the single volume of the glass for spectral beam combining.

There is much interest in the use of spectral beam combining (SBC) to combine multiple high-
power laser beams into a single high-power one with a narrow spectral linewidth and good
beam quality [38]. This idea can be implemented by using several volumes of Bragg gratings
for each channel multiplexed in the single volume of PTR glass. Recently, a two and four
channel combiner based on the multiplexed reflective Bragg gratings was reported [39]. This
approach allows one to develop a combining system with low complexity and better
robustness.

6.3. Collimator sights

The holographic collimator sights are the development of the classical collimator sights. This
new kind of design provides the greater transparency of the working aperture compared with
the classical collimator and greater parallax suppression. This kind of sights has an open
design, which means that the sight can be aimed with both eyes. So a shooter can use the
peripheral vision and engage more effectively. Also, due to the properties of a hologram, such
sight is very resistant to various injuries and pollution. The hologram is recorded over the
entire area of the aperture, which is why the sight remains in the working condition even after
a partial pollution and/or damage. Also, one of the main advantages over the conventional
sights is the absence of a flare toward a target, which is crucial in a combat.

Basic elements of a holographic sight are shown in Figure 25. The operation principle of
holographic collimator sights can be briefly described as follows. A radiation from the light
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source falls on the recorded hologram that creates an image of the recorded mark in the image
plane. The high transparency of PTR glass in the visible range (above 90% without AR coating)
opens up this field of applications.

Figure 25. Holographic sight (a) is the basic scheme of the sight and (b) is the observable image of a mark recorded on
PTR glass.

Figure 26. Laser action of Nd3+ heavily doped (NNd = 2.5 × 1020) PTR glass measured for mirrors with the reflection of
1% (red curve) and 5% (black curve) [34].

The application of PTR glass can solve the problem of image stabilization, which is necessary
due to the instability of laser diode source used in such sights. To date, this problem is solved
by adding, into the optical scheme, the achromatizing diffraction elements such as thin
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gratings, complex two-cavity mirrors, or compound objectives. The wavelength shift caused
by laser diode temperature changes can be nullified by spectral selectivity of thick hologram
recorded on PTR glass. Because the diffraction efficiency of holograms on PTR glass can reach
values of ~95%, an intensity required for the mark observation is rather low. In Figure 25, the
observable image of holographic mark recorded on PTR glass is demonstrated.

6.4. Distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers

The concept of DFB lasers was originally demonstrated in 1971 [40] when the laser output from
a gelatin film on a glass substrate was obtained for the first time. Two years later [41], a
generation from a similar structure on GaAs at nitrogen temperatures was demonstrated.
Benefits of such a laser design are pretty obvious: Bragg grating acts as a selective mirror with
very narrow reflection bandwidth and, thus, provides a narrow spectral emission output. Since
then, DFB lasers had a lot of development, but yet there were no results in creating DFB solid-
state lasers.

Doping PTR glass with rare earth elements provides an access to the construction of DFB and
DBR lasers because such medium possesses both the laser and holography properties.
Recently, first results on laser action on PTR glass were obtained [42, 43]. Later, a generation
on heavily Nd-doped PTR glass was obtained in ITMO University [44]. Laser performance is
shown in Figure 26. Our calculation shows that PTR glass itself is characterized, due to its
outstanding homogeneity, by relatively low round trip loss estimated to be ~0.26%, which is
comparable to that of commercially fabricated Nd:YAG crystals.

Further investigations of DFB/DBR effect on PTR glass showed that recording a grating inside
PTR glass does not affect its lasing properties. For instance, the laser action in the DFB/DBR
configuration on Nd- and Yb-doped PTR glasses was demonstrated [45]. In these experiments,
the output radiation from both setups (DFB/DBR) and on both types of PTR glasses (Nd and
Yb) was obtained. The emission spectra observed show a narrow line with 30 pm bandwidth.

7. Conclusions

Recent achievements of ITMO University (St. Petersburg, Russia) in developing new holo-
graphic media such as fluoride, chloride, and bromide photo-thermo-refractive (PTR) glasses
are demonstrated. PTR glasses change their refractive index after an exposure to the near-UV
radiation followed by thermal treatment at temperatures close to the glass transition one. In
the case of fluoride PTR glass, the increment of the refractive index is negative and its magni-
tude reaches 1.5 × 10−3 ppm. In the case of chloride and bromide PTR glasses, the increment of
the refractive index is positive and its magnitudes reach 1.0 × 10−3 and 0.8 × 10−3 ppm, respec-
tively. Thus, the fluoride, chloride, and bromide PTR glasses are very promising photosensitive
materials for recording the 3D-phase holographic optical elements. Some examples of holo-
graphic optical elements based on PTR glasses are demonstrated such as the supernarrow-
band spectral filter for laser diodes, laser beam combiners, the holographic marker for the
collimating sight, and lasers with Bragg and distributed feedback.
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