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GENERAL DESCRIPTION OF THESIS
Introduction

This research is focused on two perspective material classes for optical recording -
amorphous chalcogenide semiconductors and azobenzene compounds.
Hologram recording using sub-band gap radiation (h, > g ) Is interesting

from a theoretical and practical point of view. In this case, the spectrum part with
low absorption is used, so the hologram is recorded also in the depth of the
sample, not only on the surface.

Organic materials are being actively researched as recording materials
because they allow for a wider change of their properties comparing with
inorganic ones. Azobenzene compounds are among the most efficient holographic
recording materials.

Azobenzene compounds have an interesting practically useful property -
photoisomerization. Trans- and cis- molecules of isomers have different
absorption spectra and size (which causes change of the electric dipole molecule
moment). The recording mechanism of red light in these materials (where
absorption is low) is not clear yet, which caused the motivation to study this area.

Theoretical interest is stimulated by unclear microscopic surface relief
grating formation processes depending on the structure of a material and on the
recording radiation parameters. Different mechanisms have been proposed which
allow to explain achieved results, but surface relief grating formation process is
still not fully clear yet. Practical interest is caused by possibility of direct (without
etching or development) recording of effective surface gratings in azopolymers
enabling production of surface relief holographic optical elements such as gratings
with a period smaller than wavelength, waveplates, antireflection surfaces,
switching units for optical wave guides and so on [18, 52].

Aim of the research

The aim of this work was the experimental research of elementary dynamic
holograms - holographic grating recording in a-As,S; amorphous chalcogenide
films and in azobenzene compound films, which belong to two different classes of
materials — to inorganic and organic materials in the red region of spectrum — as
well as to clarify their recording characteristics and recording processes, to
perform the comparison of the studied materials, as well as to evaluate application
possibility.

Tasks of the research

1. Research the holographic recording process in a-As,S; films with focused
and unfocused He-Ne laser 632.8 nm light.



Research the holographic recording process in the films of different
azobenzene compounds with focused and unfocused He-Ne laser 632.8 nm
light.

Experimentally identify possibilities of realization of one of the more
complicated holographic recording methods — focused four-wave mixing in
a-As,S; and azobenzene compound films, comparison of these possibilities.
Experimental study of the dependence of recording efficiency on
chromophore concentration and on chromophore connection to the matrix in
the azobenzene compounds.

Study of the possibility of the relief hologram recording in both material
classes with red light.

Comparison of the studied materials in the context of experimental data and
literature.

Techniques of the research

The following techniques were used in the current research.

1.

2.
3.

4.
S.

6.
7.

Recording of elementary holograms with parallelogram scheme, using
focused beams and changing the period.

Recording in the four-wave mixing geometry.

Surface relief study by atomic-force microscope before and after the
recording process.

Measurements of the absorption spectra.

Measurements of optical parameters of the films (transmission and
reflection coefficients), researching changes of these.

Analysis of relevant literature.

Theoretical calculations.

Scientific novelty

1.

It is experimentally found that effective recording of holograms with
focused sub-band gap (hv=1,96 eV) red light in a-As,S; films is possible
and properties of such recording differs from the band gap recording and
from the sub-band gap unfocused recording. Sub-band gap recording
mechanisms have been offered.

Holographic recording efficiency dependence on the chromophophore
bonding to the matrix and chromophore concentration is clarified in
azobenene compounds.

It has been found experimentally that effective relief surface grating
recording is possible with red light (632.8 nm) in stilbene azobenzene
compounds, which indicates the possibility of trans-cis photoisomerization.
It is established that efficiency of holographic recording in stilbene
azobenzene compounds is a nonmonotonic function of the sample’s age.



Statements to be defended

1. It has been found experimentally that dynamic hologram recording in a-
As,S; films by sub-band gap light (ko < Eg) differs by physical properties
significantly from recording by band gap light (ko > Ej).

2. Focused sub-band gap hologram recording in a-As,S; films is more
effective (with higher diffraction efficiency and lower recording energy)
than unfocused one. Recording mechanisms differ also.

3. Covalent bonding of chromophore groups to the matrix in the azobenzene
oligomers generally is more effective than dispersing, but nevertheless
azobenzene oligomer films with large enough dispersed chromophore
groups concentration can have almost the same holographic recording
efficiency as films with covalently bonded chromophores.

4. In compounds where dialkylaminazobenzene chromophore groups are
dispersed in a polystyrene matrix, a threshold of chromophore groups
concentration in the material exists (between 0.01 and 0.04 mol/l) below
which holographic recording not observed.

5. Effective relief surface grating production is possible (with amplitude 113
nm) by red light (1=632.8 nm) in stilbene azobenzene compounds.

Practical value of the research

The practical value of the research is defined by information obtained during
research. It allows making the conclusion that focused recording in a-As,S; films
can be used for producing stable three-dimensional holographic elements like
gratings, diffractive lenses, wave guides and combined elements as well as long
term information storage. Stilbene azobenzene compounds can be used for
producing of surface relief diffractive optical elements by red light. The advantage
of this method comparing with lithographical methods is the lack of necessity of
etching. The achieved results allow more effective search of the new optical light-
sensitive materials.
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SYNOPSIS OF THESIS

In the first chapter holographic foundations, principles of hologram creation
are described, elementary hologram classification is proposed. The main
parameters of holographic materials and gratings are described. Theoretical
foundations of thin, thick and surface relief grating production are given.

Two coherent and interfering beams are used for the holographic grating
production. Single-mode laser beams are used usually. These are closer to ideal
plane wave and interference of these beams in general cause periodic modulation
of light intensity and polarization, which change the optical properties of light-
sensitive material accordingly, when this material is located in the area of
interference. Spatial modulation of material’s optical parameters is photoinduced
production of diffractive grating.

The goal of classification is representing the main properties of different
types of holograms. Holograms that differ by one parameter may have completely
different properties. A generally accepted, single classification of holograms does
not exist today, so at this research an attempt is made to divide elementary
holograms into types and to give them definitions. Elementary hologram is
defined as hologram which is made by interference of two plane of spherical
waves. It needs to be noticed that this classification is conditional and hologram
types may be mixed. Elementary hologram classification is given in the table 1.
The importance of holographic material and grating parameters is conditional and
depends on application. The main parameter of holographic grating is diffraction
efficiency:

Tn =75 (1)

where 7 is diffraction efficiency, m is diffraction order and m=o0,+1,+2,.., Py —
power of light diffracted in m-th order, P — readout beam power. Usually,
diffraction efficiency is expressed in percents and is defined in the first order.
Important parameters are grating period, spatial frequency and resolution. As
light-sensitivity criteria in the photography the parameters of darkening curve are
used. The darkening curve is optical density function of exposure. Such criteria
are useful for amplitude media only. Holographic light-sensitivity criteria are
universal. Diffraction efficiency dependence on exposition may be complicated, so
many holographic light-sensitivity parameters are used and the main of them is
specific recording energy [56]. Specific recording energy corresponding to
maximal diffraction efficiency is used often (see formula (7)).

Diffraction of the readout beam occurs in the hologram also. It is defined
not only by media thickness and hologram features, but also by other parameters.
If it is possible to describe the propagation of light in hologram by the laws of
geometrical optics, this is called Raman-Nath diffraction. If different diffractions
orders interact in hologram, this is called Bregg diffraction.
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Classification of elementary holograms

Table 1

recording beams

Criteria Feature Type name
Interference of spherical
waves with various radii,
. : Fresnel
Type of the interference pattern is
Fresnel-zone plate
recorded .
: Interference of spherical
1 interference o . .
. waves with identical radii or
pattern in the two plane waves
material P - Fourier
Interference pattern is
sinusoidal grating of straight
lines
Readout beam Amplitude Amplitude
5 parameters that
are modulated in Phase Phase
the hologram
Disposition of the | Sample and reference beams .
) ! : Transmission
3 recording beams directed from one side
relative to Sample and reference beams .
. : i e Reflection
recording media | directed from opposite sides
4 Diffraction type Raman-Nath diffraction Thin
in the hologram Bregg diffraction Thick
Changes of No change Stationary
registered
5 | parameters during .
the readout Change Dynamic
process
Not used, parallel
Usage of polarizations of the recording Scalar
5 polarization beams
modulation of the Used, orthogonal .
Vectorial

polarizations of the recording
beams

(Polarization)

Parameters that allow distinguishing thin and thick holograms also are
important. Klein’s parameter is used often [14]

27 d

2
n,A

()

where d is absolute thickness of hologram in units of length, 4 is readout beam
wavelength, ng is average refraction index of recording material, A is grating
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period. Q<1 corresponds to the thin gratings and Raman-Nath diffraction, Q>10
corresponds to the thick gratings and Bregg diffraction.

In the second chapter degenerate four-wave mixing and phase conjugation is
described, theoretical explanations with gratings and nonlinear polarization
are given, major applications are examined.

Four-wave mixing generally means the interaction of four light waves with
different frequencies and propagation directions in nonlinear media [5]. If
frequencies of the incident light waves are equal, this is degenerate four-wave
mixing. This method may be used for phase conjugation which allows compensate
optical signal distortions or produce conjugate mirror. Four-wave mixing also can
be used for optical signal amplification.

In the third chapter the laser beam focusing process is described, quantitative
relations are given. The influence of aberrations and focusing limit of optical
system are considered.

Every optical system has finite focusing limit which is defined by diffraction. It
names diffraction limit. Diffraction limit defines the minimal cross-section area of
the beam and maximal intensity. The beam with minimal dimensions can be
obtained focusing a beam where distribution of intensity in cross-section follows
the Gauss law. In such beam the intensity distribution in cross-section does not
change with distance from the focal waist in laser resonator, also in the Gauss
beams the phase of wave is the same in all cross-section points.

Lens aberrations greatly worsen the properties of focusing systems. For
monochromatic collimated laser beam which propagates along the axis of a lens’
spherical aberration brings larger distortion. The spherical aberration conduces to
the following effect: the beams from a point source fall down to the lens in
different distances from the axis and do not converge at the focus. As the result the
image of point looks like circle with blurred borders.

In the fourth chapter the structure and optical properties of amorphous
chalcogenide semiconductors as well as photoinduced processes in these are
observed. Holographic recording mechanisms in amorphous semiconductor
films are also described.

Amorphous state is solid state of substance when isotropy of the mechanical,
thermal, electrical and other properties is observed and the substance has no
defined melting point. These characteristics result from the absence of long-range
order in the amorphous state. Amorphous substances have short-range order,
which exists in a scale of molecules dimensions (the first coordination sphere)
[60].

13



Generally, amorphous chalcogenide semiconductors As,S; and As,Se; with
halogens, tellurium, selenium or silver dopants are used for hologram recording.

Chalcogenide semiconductors have electronic conductance, its magnitude is
10" — 10" Q'm™. These glasses may consist of two or more components.
Amorphous semiconductors have wider optical transmission range (approximately
from 1 up to 25 pm) than crystalline ones. Its transparency maximum is located in the
infrared range [57].

For holographic recording in amorphous semiconductors phase transitions
are used. The properties of different phases differ dramatically, so it can be used
for information recording with high signal/noise ratio.

Six principles of optical recording are used [63]:

1. Crystallization of amorphous substance

2. Thermoamorphization of crystal

3. Photochemical transformation in the “chalcogenide — metal” system.

4. Recording “amorphous phase 1 — amorphous phase 2”

5. Evaporation of amorphous substance

6. Photoelectrochemical etching of the films
The first four principles are reversible. Using these repeated recording and erasing
are possible. For holographic recording mainly various photophysical processes in
amorphous state are used (without transition to the crystalline state).

There are known various mechanisms of photosensitivity which can be used
for holographic recording. These are photoinduced structural changes, relaxational
structural changes, recharging of localized states, photoinduced anisotropy [25,
27].

The main recording mechanism for stable holographic recording in the
amorphous chalcogenide semiconductor films is photoinduced structural changes.
It is known that this is metastable atom shifting because of chemical bonds
breaking [40, 27]. That shifting is possible because atomic lattice is not solid and
fixed like in crystals and have little coordination number Z. The condition of
lattice elasticity is z < 2.40 +0.06 [17]. For a-As,S; film there is z = 2.4 [50].

The sub-band gap light is radiation where photon energy corresponds to this
formula:

hv <E,, (3)
where h is Plank’s constant, v is frequency of radiation and e is band gap.

The recording with sub-band gap light can be explained by three
mechanisms: photoinduced relaxation structural changes, photoinduced recharging
of D-centers and photoinduced orientation of D-centers [31]. D-centers conception

was introduced by Mott and Davis [19]. In the As,S; films p° centers are s; or s

atoms, p* centers are s;atoms and D" centers are s, atoms, where lower indices

mean coordination numbers and higher mean charges. The defects of sulphur
atoms are activated mainly by sub-band gap light, which breaks VVan Der Waals
chemical bonds.
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The fifth chapter is devoted to azobenzene compounds. Properties of the
organic compounds, structures of organic polymers and oligomers are
described in brief. Also described are photoinduced processes in the organic
materials, electron donor and electron acceptor groups’ significance in the
azocompounds. The trans-cis isomerization in azobenzene compounds is
reviewed.

The variety of organic compounds is connected with carbon’s specific abilities,
comparing with other chemical elements. The carbon is able to make bonds with
majority of various elements. This feature is connected with carbon’s almost
electroneutral character and ability to make covalent bonds. Carbon atoms also can
connect each other, forming various carbon chains. Some elements also can form
chains, but not as long. [20, 51].

Polymers are natural and synthetic compounds, its molecules consist of
large amount of repetitive atom groups (10% - 10%), which are connected and make
long straight or branching chains [59].

Between monomers and polymers are oligomers [59]. The oligomers have
properties typical for both monomers and polymers. The amount of atom groups is
not large: from several to several hundreds.

The photoinduced processes in organic materials are more various than in
inorganic and these are connected with the following processes:

a) phototransfer of electron

b) phototransfer of proton

c) trans-cis photoisomerization

d) redistribution of z- and ¢- bonds

e) rearrangement of molecular fragments

f) bond breaking

g) dimerization and polymerization reactions [40, 62].

Azocompounds are organic compounds containing a group of two nitrogen atoms
which are connected by a double bond and each of these is connected with other
parts of the molecule with the C-N bond [61]. For example, azomethane

CH ,- N = N-CH , or aromatic azocompound azobenzeneC ,H,- N =N-C_H, .

Bonds conjugation is one of the most important intramolecular interaction
types of atoms and bonds. It is based on atomic electron orbital overlapping. The
main sign of conjugation is common distribution of zw-electrons density in the
conjugated molecular system. In the molecules with conjugated double bonds 7-
electrons form the united electron cloud, which belongs to whole electron chain.
As a result the mobility of w-electrons (delocalization degree) grows and excitation
energy of the molecule decreases [58].

Substituent addition to the conjugation chain (for example, to azobenzene
rings) causes spectroscopic changes. Pull-push system is characterized by electron
acceptor substituent from one side and electron donor substituent from the other
side. Such configuration makes m-bond polar, constant electric dipole moment is

15



generated, which brings additional part in the dipole moment of the whole
molecule. Major dipole moments respond to more expressed nonlinear properties
[54].

The absorption spectra of azocompounds explain the theory of chromaticity
of organic compounds. The main idea of this theory is that ability of organic
substance to absorb light is determined by special electronic states, which are
formed in the long enough conjugated chains of double bonds with connected
electron donor and electron acceptor groups [58].

20}
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Fig. 1. Absorption spectra of E- (trans-) and Z- (cis-) isomers
in C,H.-0OH solution [41]

|— 1.0 nm | |—0.59 nm.__|
Onp 2= QO
hv
8 N=N
E-azobenzene Z-azobenzene

Fig. 2. E- (trans-) and Z- (cis-) isomers with dimensions
The dipole moment increased from 0O to approx. 3 Debye
[41, 54].

The important property of azobenzene is isomerization. Isomerization is the main
photoreaction for the major part of azocompounds [41]. Azocompounds have two
geometric isomers: trans- and cis- forms. By changing spatial form the absorption
spectrum is changed (fig .1) and dimensions of the molecule (fig .2). Isomerization
reaction can be excited by light and heat.

In the sixth chapter surface the relief grating recording in azobenzene
compounds and amorphous semiconductors, as well as the recording
mechanisms of surface relief holograms, are described.

The first surface relief gratings were recorded in polymers with high glass-
transition temperature, but by relatively low intensities [12, 13 and 36]. Later
researches [4, 49] showed that in such obstacles surface relief is generated mainly
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by photoinduced mass transport with insignificant thermal effect. It is fully
photonic process.

% Heat

1—
Heat @
F‘[_i;:htl P,..
Pdve T[’
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R=1 R=0

Induces mobhility Mobility not induced

Fig. 3. Molecular reorientation is an consequence
of the trans-cis isomerization cycles [41]

This process is based on the azobenzene chromophore isomerization possibility
under influence of light. In the fig. 3 is shown that orientation of molecule follows
the photoisomerisation and thermal relaxation from high-energy cis- form to low-
energy trans- form.

The theoretical models interpret the forming of surface relief gratings:

1. Free volume model or isomerization pressure model [2, 3]. The directing
force for mass transport is the gradient of pressure, which is caused by
chromophore photoisomerization in the interference pattern. The active
isomerization process causes high pressure in the bulk and the viscoelastic
flow of material takes place from high-pressure areas to the areas with
lower pressure.

2. Gradient electric force model [15]. In the base of this is the influence of
optically induced electric field on the chromophore molecules [1]. Time
averaged density of the gradient force is described by the expression [15,
41, 54]:

f(r)=<[P-V]E > (4)
where pis polarization, Eis the electric field of light, < > means time
average. The polymer chains obey the directing force in the direction where
the component of the electric field gradient exists only and this force does
not exist when the polarization of molecule is perpendicular to the gradient.

3. Mean-field theory [34]. Light orientates chromophores align the electric
field direction. The dipoles attraction forces appear, which attract
chromophores placed parallel each to other. The mass transport is possible
only if chromophore molecules have parallel relative position.

4. Model of viscous mass flow [9, 43] is quite successful but does not describe
the microscopic nature of the directing force. For the explanation of the
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mass transport the hydrodynamics theory is used. The dynamics of the
surface relief grating are described analytically as a function of the film
thickness and wave number of the interference pattern. Authors of this
model believe that the analysis of the grating geometry can be helpful for
clarification of causes of the mass transfer.

5. Asymmetric diffusion model [16] is based on assumption that the exited
molecules containing chromophores are moved due to trans-cis
photoisomerization from illuminated areas to dark ones. The movement of
molecules describes the diffusion equation. Diffusion flow includes the
probability multiplied by chromophore quantity, which cross the given area
at one time unit. The flow is introduced into diffusion equation and its
solution gives the chromophore density distribution and the modulation of
surface.

6. Permittivity gradient model. Photoinduced changes of permittivity produce
force, which is proportional to light intensity and gradient of permittivity.
This force realizes mass transfer to the opposite direction of gradient.

— E —
f=—7°E2v.s, (5)

where E is electric field of light, - is permittivity [54].

Beginning with 1971 when J. Feinleib and colleagues [6] discovered
photoinduced crystallization in the amorphous semiconductors, density,
solidity, chemical reactivity, dissolution speed, photoinduced changes of the
electrical and optical properties were discovered too [33, 44, 45, 46]. It was
shown that the big set of chemical and structural changes can be induced by the
band gap radiation. The photoexiting of charge carriers and nonradiative
relaxation lead to the breaking of chemical bonds, polymerization, relaxation of
the mechanical tensions and corresponding structural changes [45, 46].
Photostructural changes in the chalcogenide glasses are clarified by fast
photoexcited localization of the charge carriers, by low energy defect pairs
with alternation of valences and by atoms with low coordination numbers,
which change its positions and configuration of chemical bonds [7].

Also a different photochemical mechanism is known - surface
photooxidation. It can be used for surface relief modulation in the chalcogenide
amorphous semiconductors [10]. This mechanism is working by the band gap
radiation. The surface photooxidation leads to the decrease of thickness of the
film in the brighter illuminated areas. As,O; microcrystals remain in the less
illuminated areas after the exposition. These crystals change absorption of the
material [21].

Light radiation can change not only physical properties of the material, but
also chemical ones, specifically dissolution speed by inorganic alkaline and
organic solvents [8]. The dissolution speed is dependent on the state of
amorphous semiconductor film, chemical composition of the film and the
solvent [47].
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Photoinduced volume changes can be used to produce surface relief gratings
[39, 48] by holographic method and to produce microlenses [11].

In the seventh chapter the sample preparation processes and the
experimental technique are described.

The samples of amorphous semiconductors have been prepared in the laboratory
of optical recording in the institute of Solid State Physics of the University of
Latvia by the thermal evaporation of raw material and vapor deposition on the
glass header at the room temperature. Thin films with thicknesses from 3 to 10 um
were produced by this way, controlling the thickness by the interferometeric
measurement during the deposition process.

The samples of azocompounds have been prepared in the Chemistry
department in the faculty of Materials Science and Applied Chemistry of RTU.
First of all solutions of azocompounds have been prepared. The solution of
polymer or oligomer consists of the investigated material, the film forming
polymer and the solvent. The solutions with different concentrations of a polymer
are prepared. The films are prepared by spin-coating after the solution is ready.
Polymer solution distributes evenly on the glass header and a film forms after the
solvent evaporates.

During the experiments optical (transmission coefficient, spectral), holographic
(in two and four wave interaction geometry), atomic force microscopic
measurements were performed.

W77
3

Fig. 4. Recording scheme by unfocused beams for the direct
measurements of diffraction efficiency

1 —laser; 2 — beam splitter; 3 — mirror; 4 — shutter; 5 — sample; 6 —
sensor;

Ps and Py — laser beams, ® — angle of incidence, which determines the
period of the holographic grating.
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3

Fig. 5. Recording scheme by unfocused beams for the indirect
measurements of diffraction efficiency using self-diffraction

1 —laser; 2 — beam splitter; 3 — mirror; 4 — sample; 5 — sensor; Ps and
Pr — laser beams; P’r un P’s — diffraction maximums; ® — angle of
incidence, which determines the period of the holographic grating.

Holographic recording schemes are shown at fig. 4 and fig 5. The period of a
diffraction grating has been calculated using formula:
A

2sin @' (6)
where 4 is period of the holographic grating, 4 is wavelength of the recording
laser, @ is angle of incidence.

According to the measurement results graphs have been plotted, which
shows the dynamics of diffraction efficiency during the exposure time. For each
attempt when diffraction efficiency was registered specific recording energy have
been calculated:

A =

Wmax :—, 7
77max ( )

where Wi 1S specific recording energy, | is light intensity, t is the exposure time
for the first maximum of diffraction efficiency, #ma is the first maximum of
diffraction efficiency. The intensity has been calculated according to the formula:
4(P, + P,)
l=—" (8)
7 (2r,)
where | is average intensity of laser radiation, P; and P, — powers of the recording
laser beams, 2r, — the diameter of laser beam.

In the case of fast diffraction efficiency changes during the exposure time
(interrupting one of the recording beams and reading out the meterage influence
on the recording process was observed) the scheme shown at the fig. 5 have been
used, where the self-diffraction efficiency were measured directly.
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Self-diffraction efficiency (SDE) is defined as:

pp _ Palk=-21=-1
= 5 : 9)

S

where P,(k = -2,1 = -1)is the power of self-diffracted beam (see fig. 6). It is

defined by the sum of two complex amplitudes: complex amplitude of the minus
first diffraction order of Ps beam and complex amplitude of the minus second
diffraction order of Pr beam. Ps is readout beam. If Pr=0, then self-diffraction
efficiency is equal to the diffraction efficiency. Self-diffraction efficiency is used
to estimate the diffraction efficiency.
Ps and Pr powers of the
incident beams, ®s = Gy is the

/ k=+1, I=+2 angles of incidence, k is
diffraction orders for P beam,
k=0, |=+1 | is diffraction orders for Ps

beam, 4 is the period of
/ grating, 4 is shift of the

~_ grating due to instability of the
N_ - experimental set-up or
\ =1,1=0 movement of molecules.

2
A==, -0,
k=-2, I=-1 A , Where &g
b and @r are phases of the null
ooy metor order diffracted beams

Psand Pg.
Fig. 6. Detailed recording and read-out scheme

According to the calculations, which have been made using the thin hologram
theory [22] self-diffraction efficiency and diffraction efficiency are connected by
the following expression:

%
SDE = il | D 10
DE = DE _,, + —DE_, +2| ~DE ,DE , | cos(®;-® +P ,-P.,), (10)

PS S

where Pg and Ps are powers of the recording beams, pe _, is the diffraction
efficiency of the minus first order, e _,, is the diffraction efficiency of the minus

second order of Pg, @s and @y, are the phases of zeroth orders of diffracted Ps and
Pr, @s(.1) is the phase of the minus first order of Ps and @g() is the phase of the
minus second order of Pg.

In the degenerate four-wave mixing experiments He-Ne laser LGN-222
with wavelength 632.8 nm has been used. For weak enough recording intensity the
holographic approximation can be used. [28]. Experimental set-up is shown at the
fig. 7. Experiment was performed by the following way. The beams P; and P,
recorded elementary transmission hologram (holographic grating) in the sample.

21



Reflected from the mirror 12 beam diffracts in the recorded dynamic grating.
Diffracted beam P, is directed to the sensor of power meter 9 by beam splitter 8.

Fig. 7. Experimental set-up for the unfocused measurements in the four-
wave geometry

1 —laser, 2 — prism, 3 and 8 — beam splitter, 4, 5 and 12 — mirrors, 9 —
sensor of the power meter, 10 — sample.

If the beams are focused by lenses new parameters appear: the focal length f and
the distance between parallel beams | (fig. 8). Performing trigonometric
transformations of (6) and expression from fig. 8 it is possible to derive a formula
for the calculation of grating period in the case of focused beams:

) 4f°
=7 1+ TR (11)

where A is grating period (see expression (6)), A is wavelength, f is focal length, |
is the distance between parallel beams.

\ 4

Fig. 8. Focusing geometry

| - .
L —lens, tgo = o0 where | is distance between beams, f is

focal length of the lens, o is the angle of incidence.
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The efficiency of holographic recording in the case of four-wave mixing is
described by the inverted wave efficiency (IWE):

Pl
IWE = ? , (12)

where P, is power of the inverted beam, P, is power of the incident beam (fig. 7
and 9).
Specific recording energy is calculated for the maximal IWE:

Wi = —, (13)

where Wax 1S specific recording energy, | is intensity of laser radiation (see
formula (8)), IWEqa is maximal inverted wave efficiency, t is the time for
achieving IWEa.

2 1

5 3

Fig. 9. Experimental set-up for the focused measurements in the four-wave
geometry

1 —laser, 2 and 6 — prisms, 3 and 8 — beam splitters, 4, 5 and 12 — mirrors, 7
and 11 — lenses, 9 — sensor of the power meter, 10 — sample.

Surface relief grating holographic measurements have been performed using
scanning atomic force microscope NT-MDT Model Smena-A (Russia) in the case
of toluyl azobenzene oligomer samples and using SPM 11 VEECO (USA) for other
samples. In the first case the measurements were performed in the institute of
Solid State Physics of the University of Latvia, in the second case in the faculty of
Materials Science and Applied Chemistry of RTU.

In the eighth chapter the experiments of focused and unfocused recording of
holographic gratings in As,S; films by He-Ne laser at 632.8 nm wavelength
are described.

The fig. 10 shows that the recording by focused beams is more effective than by
unfocused ones. Higher diffraction efficiencies and lower specific recording
energies were achieved for gratings with 1.4 um period. Higher recording
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intensities gave higher diffraction efficiencies and lower specific recording
energies, i.e. better recording efficiency (at least for gratings with periods less than
5 um), than lower recording intensities. The best holographic parameters achieved

. J
for focused recording 7., =14.9% and w,, =216 o but for unfocused
cm 0

Mow =0.11%  UN W __ = 72400 . The dependence of maximal diffraction

cm” %
efficiency on grating period differs too. In case of focused recording there is
maximum at A =1.4 pm. In case of unfocused recording two maximums were
observed: at 0.5 um and 10 pm [26]. The annealing of samples reduces the

diffraction efficiency: »,, =0.92% , W, =10300

cm®%
8 . . 0,016
74 - 10,014
6 - " J0,012
]
el |1
5 A1 : 'II\'_- H0,010
b 2| -‘

X 44 R L SRR N R 40,008 R
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Fig. 10. Diffraction efficiency vs exposure time for holographic
grating with 1 um period
Curve 1 —focused beams, 1=14 W/cm?; curve 2 — unfocused
beams, 1=0.58 W/cm®. Experimental points for focused
recording are circles, for unfocused - squares. As seen, scales
differ considerably [32].

Experimental results authenticate that, most probably, focused and
unfocused recording in As,S; using 632.8 nm light is made with different
mechanisms [31, 32]. To explain the results three mechanisms were offered:
structural changes due to photostimulated relaxation, generation and recharging of
D-centers under the influence of light and photoorientation of D-centers [31, 32].

Focused recording is more effective than unfocused due to different
concentration of D-centers. This concentration in amorphous AS,S; is
approximately 10" c¢cm™® [19] and only these active centers take part in the
unfocused recording. Concentration of D-centers grows together with intensity
due to generation of these centers (recharging of D-centers).
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Photoinduced relaxation structural changes take place in the soft atom
configurations, whose concentration is approximately 10 cm™ [55] and which is
activated by intensive focused light.

In the ninth chapter the experimental research of four-wave mixing in
amorphous As,S; and azobenzene oligomer films is described.

The four-wave mixing has been realized in amorphous As,S; and azobenzene
oligomer films. Experimental results for a-As,S; and the compound [4-((4-
nitrophenyl)diazenyl)-N,N-bis(2-(tetrahydro-2H-pyran-2-iloxy)ethil)benzolamine
are shown at fig. 11 and 12 as well as at table 2.
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0.15 ~

0.10 - unfocused
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-0.05 e e e Y[
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Fig. 11. Inverted wave efficiency vs exposure time for
amorphous As,S; sample
The intensities of recording light were 1=44 W/cm? for focused
four-wave mixing and 1=0.80 W/cm? for unfocused [37].

It is obvious that inverted wave efficiency of focused recording is higher
and the process is faster than unfocused one. Inverted wave efficiency decreases
after large enough exposure time because the changes of refractive index reach
saturation [42].

Recording process occurs faster in azobenzene oligomers than in As,Ss;. The
specific recording energy is lower for unfocused four-wave mixing in
azobenzene oligomers and for focused recording in amorphous As,S; (See table
2). Such effect can be explained by the recording mechanisms difference in
different materials. In amorphous As,S; there occurs orientation of D-centers
during unfocused recording and photostimulated relaxational structural changes
together with generation and recharging of D-centers during the focused
recording [32]. The recording mechanism in azobenzene oligomers are the
chromophore group orientation perpendicularly to the electric field vector of
polarized light [23, 37].
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Fig 12. Inverted wave efficiency vs exposure time for the
sample of azobenzene oligomer with chromophore
concentration 0.12 mol/l
The intensities of recording light were 1=47 W/cm? for focused
four-wave mixing and 1=0.57 W/cm? for unfocused [37].

The great energy consumption in four-wave mixing can be explained by the
following way. Probably that in case of focused recording temperature in the
recording area increases significantly like in a-As,S; [42] because both materials
have comparable thermal conductivity (379 mW/m-K for a-As,S; and 80 mW/m-K
for polystyrene [37, 53]. Chromophore groups of azobenzene oligomers are
dispersed in polystyrene matrix and chromophore amount in the sample is
significantly less than amount of polystyrene).
Table 2
Inverted wave efficiency IWE,.« and specific recording energy Wi for different
samples of azobezene oligomers (ABO) and recording conditions

) ) W
0 max_»
Material | Recording | IWE . , % kJ/(sz%)
focused 0.285 190
a-As,S;3
unfocused 0.012 234
ABO; focused 0.045 1197
C=0.1
mol/l | unfocused 0.030 25.3
ABO; focused 0.053 1316
C=0.12
mol/l | unfocused 0.047 8.6

The molecules of chromophore in the heated recording area are subjected to
photoinduced orientation by linearly polarized light and influence of heating,
which initiate the opposite effects. As the result, the inverted wave efficiency in
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azobenzene oligomer is lower than in a-As,S; where rising of temperature
stimulates structural relaxation (for focused recording).

Four-wave mixing can have many applications: research of materials, wave
front inversion, optical information processing, real-time processing of images,
creation of the coherent infrared and vacuum ultraviolet radiation sources, fiber
and free-space optical communications.

The tenth chapter is devoted to the dependence of azobenzene oligomers’
holographic properties on the connection of chromophore groups’ to the
matrix and on their concentration.

Organic materials allow more tailoring of its properties comparing with inorganic
ones. Azobenzene compounds are perspective class of materials in this sense. It is
confirmed by the properties of azobenzene and the great amount of publications
devoted to this theme. Holographic research in the red region of spectrum is
significant from theoretical and practical points of view. On the theoretical part the
recording mechanism is not clarified enough that is responsible for recording
process when absorption is low. On the practical part the recording in that region
of spectrum allows to achieve higher diffraction efficiencies and to use cheaper
lasers. In the current thesis two material groups were researched. The first group
was azobenzene chromophores, which were covalently bonded to the oligomer
matrix (the main chain of molecule). In that case two matrices were used:
modified by toluyl and modified by hexamethylene polyurethane. The second
group was azobenzene chromophores dispersed in polystyrene matrix without
covalent bonds. The main results are combined in the fig. 13 and 14 and in the
tables 3 and 4. The dynamics of diffraction efficiency during recording process
was slightly unstable, with several maximums (see fig. 13 and 14). It was
expressed more for the second type of the samples. With aim to express recording
efficiency in different samples possibly more objectively four parameters were
used:

1) Maximal diffraction efficiency of all maximal values achieved in different

measurements (max 7., ).

2) Minimal specific recording energy (minw _. ).

3) Average value calculated from maximal diffraction efficiencies of different
measurements (7 . ).

4) Average value of specific recording energies (vaax ) (which corresponds to

maximal diffraction efficiency in a single measurement? ... ) (see table 4).

27



0,8

0,7

0,6

0,5

0,4

n, %

0,3

0,2

0,1

0,0

N

[\

A

Y

- T

/‘v NWAV/

200 400

600

800

t,s

1000 1200

Fig. 13. Diffraction efficiency vs exposure time for the sample
No. 1 from table 3
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Fig. 14. Diffraction efficiency vs exposure time for the sample
“A2[125]” from table 4
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Holographic parameters for the first type of the samples

Table 3

HM- hexamethylene, Tl - toluyl, 1,.x — wavelength of the absorption maximum,
Dnmax — optical density at the absorption maximum, #ma maximal diffraction
efficiency, Wpax — Specific recording energy for 7yax

Sample | Matrix | Chromophore Amaxs | Dmax | maxs | Winaxs
nm % | JI(cm*%)
1 HM Paranitrofenylazobenzene | 470 |3.7 |0.8 1071
2 HM 4-nitronapthylazobenzene | 500 |4.2 2.1 62
3 Tl 4-nitronapthylazobenzene | 500 |4.7 |0.26 | 2626
4 HM 9,10-anthraquinone-a- 417 |24 |0 --
azobenzene
5 Tl 9,10-anthraquinone-a- 415 |25 |0 --
azobenzene
6 Ti B-chlorine-9,10- 550 |36 |0 --
anthraguinone-a-
azobenzene
7 HM B-chlorine-9,10- 420 |21 |29 |260
anthraquinone-a-
azobenzene
2,0 1 ; [ 3000
o) -~ A A A
1,5 4 Wouw O @
':> - 2000
=
R 104 | ? <::I g;_ |
< d p— A ' gi
oAb A 1000 =
05 X &
o )
A A ®
0oLt R | | | .
0,05 0,10 0,15 0,20
C, mol/l

15. att. Average diffraction efficiencies and specific recording
energies vs azochromophore concentration in the polystyrene
matrix

Data from table 4 shows that there is a threshold of diffraction efficiency between
chromophore concentrations 0.01 and 0.04 mol/l. For the greater concentrations
recording efficiency grows up to maximal concentration 0.2 mol/l, after which
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crystallization begins. Existence of the threshold can be explained by cooperative
interaction of chromophores. Fig. 15 shows that increase of concentration causes
increase of diffraction efficiency and decrease of specific recording energy.

Table 4
Holographic parameters of the second type of the samples and chromophore
concentration
Chromophore group A2 has been used to achieve higher than A1 concentration in
the polystyrene matrix; C — concentration of azochromophore, A,.x — Wavelength
of the absorption maximum, D,,.x — optical density at the absorption maximum,
maxnmax — Maximal achieved diffraction efficiency, minWy,, — minimal achieved
specific recording energy, 7. - average of maximal diffractions efficiencies, w__ -

average value of the specific recording energies (which corresponds to 5, ).

Notation of | C, Jmaxs | Dmax | MaxXfmax, | MINWax, ,; LW e
sample mol/l | nm % J(Em*%) | o, | I(em*%)
Al[112] 0.005[482 {055 |0 -- 0 --
Al[113] 0.006 482 {0.63 |0 -- 0 --
Al[115] 0.007 (480 |{0.74 |0 -- 0 --
AL[116] 0.010 480 |1.02 |0 - 0 |-
Al[117] 0.040 | 487 | 3.6 0.12 616 0.115 | 1696
A2[129] 0.050 | 502 | 3.7 0.19 1081 0.16 |1239
Al[121] 0.060 | 500 | 3.8 0.22 3127 0.16 | 2596
Al[119] 0.080 | 508 | 3.9 0.52 733 0.465 | 956
Al[91] 0.100 [ 490 | 3.9 0.42 1540 -- --
Al[123] 0.100 | 500 | 3.9 0.78 610 0.67 | 732
A2[128] 0.100 | 510 | 3.8 0.9 425 0.49 | 746
A1[125] 0.120 | 436 |43 | 0.68 329 0.665 | 452
A2[127] 0.150 | 500 | 3.9 1.39 183 0.78 | 464
A2[130] 0.200 | 500 | 3.9 2.30 31 1.74 | 260

Pursuing the aim to characterize the recording efficiency by one number a
parameter which combines the specific recording energy and the diffraction
efficiency was introduced in this thesis. It is recording efficiency factor — REF and
it is calculated as follows:

REF = —lmoc (12)

H
max

where 7., is maximal diffraction efficiency and W, is specific recording energy,

which corresponds to maximal diffraction efficiency. Fig. 16 shows the recording
efficiency factor dependence on the concentration of azochromophore in the
sample.
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Fig. 16. Recording efficiency factor vs chromophore (Al and
A2) concentration in polystyrene matrix

The eleventh chapter is devoted to studies of surface relief grating recording
in azobenzene compounds and analysis of achieved results.

Blue and green light is used for recording in azobenzene compounds usually,
because absorption spectra of them have maximums in the blue and green regions
[41]. In that case the trans-cis isomerization takes place under the influence of
light [40, 41]. At the red region of spectrum absorption is significantly lower, but
recording is possible yet [23, 29]. The mechanism of such recording is not clear
entirely and this fact gave the motivation to continue research. In limits of the
thesis, the recording of surface relief grating in the azobenzene oligomers with
toluyl matrix was researched for recording using green 514.5 nm light of Ar™ laser
and in the stilbene azobenzene compounds using red light 632.8 nm of He-Ne
laser. The possibility of surface relief gratings recording in azobenzene
compounds by red light was discovered during the present research and has been
noted by Latvian Academy of Sciences in 2008.

Two azobenzene samples (T2 and T3) have been prepared and placed on the
glass substrate. In the both samples polyurethane matrix have been modified by
toluyl oligomer (toluene diisocyanate) (n<500) with chromophore groups in side
chains. The samples T2 and T3 differ by acceptor groups. Transmission
holographic gratings with period 4=~s30 nm have been recorded by two
symmetrically incident beams of Ar” laser (Spectra Physics Model 171-09) with
equal power and linear TE polarization at the wavelength ;, - s14 snm. Recording
intensity was 1 - 0. W/cm®. Photoinduced changes have been measured by the
spectrometer (Perkin Elmer Lambda 35 UV/VIS). Absorption has decreased at
480 - 500 nm and has increased near 360 nm. These changes indicate trans-cis
transformation [41]. In addition the area under the lines decreased. Immediately
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after the recording the first order diffraction efficiency » was measured at
wavelength 632.8 nm with TM polarization and at wavelength 650 nm with TE
polarization. Specific recording energy W was calculated also. For the sample T2

kJ kJ

at 1,=632.8nm and »-0.76%, W =0.71
cm” % cm’ %

at

n=10%, W =0.54

A, = 650 nm. For the sample T3 n =2.0% , w =0.45 at 1, =632.8 nm and

cm? %

kJ
cm? %
efficiency and 8% for specific recording energy.

Microscopic measurements (with microscope NT-MDT Model Smena-A)
have shown that surface relief grating formed in the recording area. Maximal relief
amplitudes were 27 nm for the sample T2 and 35 nm for the sample T3. An
example of surface relief and profile are shown at fig. 17 and 18. Repeated after
four years measurements have shown that the relief has remained.

n=15%, w=0.60 at 1, =650 nm. Accuracy was 3% for diffraction

Fig. 18 he prfile f surface eIief grtig in the samle3 [30]
Holographic gratings using 632.8 nm light with TM polarization were recorded

also. The changes of the absorption spectrum and the relief have not been
observed in this case. These records were more effective, but less stable. For the

sample T2 #pax=7.9 %, W, = 0.42 and for the sample T3 #yax=4.2%,

cm™ %

W__ =0.086

o The relaxation time of diffraction efficiency in the dark was
cm 0

approximately 30 hours. It is obvious that recording mechanisms are different for
514.5 nm and 632.8 nm [29].
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The readout was realized by He-Ne laser 632.8 nm differently polarized

light: linear TE, linear TM, counter orthogonal polarizations (see table 5). The first
and zeroth diffraction orders of diffraction efficiency were measured for through-
passing and reflected beams [30].
These measurements have been made immediately after the recording and have
been repeated after four years. Diffraction efficiency has decreased significantly,
but surface relief grating has remained [30]. This fact shows that amplitude and
phase gratings were recorded in the sample simultaneously. Such recording
process can be explained by mean-field recording mechanism and chromophore
photodegradation mechanism. The covalently bonded acceptor group of bromine
increases recording efficiency.

Table 5
Diffraction efficiency dependence on polarization
at 632.8 nm for the sample T3 [30]
OCP-1 and OCP-2 are orthogonal circular polarizations.
Diffraction efficiency,% |TE |TM | OCP-1 | OCP-2
n 0.45(0.20 | 0.22 0.32

09614 |0.76 1.2

M

14 |23 |16 17
Mot

25 |29 |21 8.7
Mor

Strong diffraction efficiency dependence on polarization can be explained by
the photoinduced anisotropy of film material. More effective, but unstable record
by 632.8 nm light is, obviously, based on photoorientation and recharging
processes of cromophores without trans-cis transformations.

Stilbene azobenzene compounds researched in the experiments were
molecular glasses with stilbene fragments in the donor part of the
azochromophore. During the experiments holographic gratings with period 2 pm
were recorded. Recording intensity was 0.88 W/cm? Maximal self-diffraction
efficiency achieved have been 17.4%. Efficiency of the recording process was
dependent on the sample age. Optimal results have been achieved approximately
after 50 days from sample preparation. Microscopic measurements showed relief
in the recording area (see fig. 19). Amplitude of surface grating achieved 113 nm.
Structure of the surface remained during a year, as repeated measurements have
shown. Photoinduced absorption changes are shown in fig. 20. Photobleaching is
observed mainly. As it is possible to see the absorption changes are very low at
632.8 nm, thus there exists phase record only. Fig. 20 shows that optical density
decreases almost evenly in whole observed part of spectrum excluding small
decrease approximately near 700 nm. In preference the even absorption decrease
after the recording process can be explained by chromophore photodegradation, i.
e. chromophore destruction under the influence of light during the recording
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process. For example N-N bonds can be broken by 632.8 nm light [41].
Photoablation is possible too, but intensities significantly more than 1 W/cm? are
needed [41].
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Fig. 19. Surfase relief and it’s profile in the center of recorded area
Relief amplitude is 113 nm, maximal level changes — 226 nm.

Taking in account examined properties of the recording of surface relief
holograms (including fact that record have been made by He-Ne laser TM
polarized light) and known surface relief grating mechanisms, it is possible to
make a conclusion that the gradient electric force, mean-field, asymmetric
diffusion models and chromophore photodegradation mechanism are responsible
for recording.
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Fig 20. The photoinduced changes of the absorption spectrum in
the sample No. 2 (8a) under the 632.8 nm light influence

The possibility of the latter is indicated by photobleaching and warming of the
sample. Trans-cis isomerization under the red light’s influence is possible. This
possibility is confirmed by the further experiments [24]. Common action of many
mechanisms is probable. Further researches are needed to specify surface relief
grating recording mechanisms in the observable azobenzene compounds.

34



The practical importance of the effective recording at the red pert of spectrum
consists in availability of cheaper equipment and, as a result, cheaper production
of holographic optical elements, antireflection films and others.

The twelfth chapter contains information about relaxation peculiarities of
stilbene azobenzene compounds obtained as part of the thesis.

Mainly two samples of molecular glasses containing stilbene fragments in the
electron donor part have been researched. The results of experiments are shown at
the fig. 21 and table 6. It appears that fresh samples are not the most effective for
holographic recording as generally think [35, 40]. Some optimal age of the sample
corresponds to the most effective recording (maximal self-diffraction efficiency
and minimal specific recording energy).

18
1 51 days

4 L )

10

, %

SDE
;

Fig. 21. Self-diffraction efficiency vs exposure time for the
different ages of the sample No. 2 (8a)
The recording process was more effective for older sample [38].

The measurements have shown that recording efficiency in the samples of
stilbene azobenzene is a nonmonotonic function of the sample age. An optimal
time exists after which recording with maximal efficiency is possible. This time is
independent on chemical composition because in experiments the time was
different for different samples made of the same chromophore. Likely, this effect
is conditional on relaxation features of the samples of azobenzene derivatives,
because these samples consist of chromophore molecules with a lot of free volume
between them.

In the end of the thesis the achieved results of current research have been
combined, holographic efficiency of the researched materials has been
quantitatively compared and conclusions have been formulated.
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Table 6

Holographic recording efficiency dependence on chromophore concentration in

polyvinylpyrolydone and sample age for the 3-(4-(bis(2-

(tritiloxy)ethil)amine)phenyl)-2-(4-(2-bromine-4-
nitrophenyl)diazenyl)phenyl)akrylnitrile (8a)
SDE . is the maximal self-diffraction efficiency, Wyay IS the specific recording
energy, which corresponds to SDE,,, | is the intensity of recording light [38].

6 days from preparation 7 days
Sample 6,1 6,2 7,1 8 9 10
designation
Mass 100 100 95 70 35 20
concentration, %
SDEax, % 15.8 5.05 9.79 0.07 0.11 0.06
Winax, J/CM“% 57 265 162 22651 13692 | 30068
|, W/em® 0.51 0.74 0.89 0.90 0.98 1.01
66 days from preparation
SDE 1ax, % 0.23 0.35 0.04 0.03
Wi, Jlcm*% | 5175 4506 144 161
I, W/em? 0.87 0.95 0.92 0.85
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Conclusions

1. The holographic recording process by focused and unfocused sub-band gap
He-Ne laser 632.8 nm light has been experimentally researched in annealed
and unannealed a-As,S; films. It is ascertained that focused recording is
more effective than unfocused one (14.9% and 0.11% diffraction efficiency,
0.216 kJ/cm®% and 72.4 kd/cm?% specific recording energy) and properties
of these differ considerably (two year lifetime of holographic grating and
positive changes of refractive index in the case of focused recording, but
only two day lifetime and negative changes of refractive index in the case of
unfocused recording). The annealing of samples lowers recording efficiency
by more than an order of magnitude.

2. Sub-band gap light recording in a-As,S; films differs from band gap
recording. In the first case weak photoinduced bleaching of the film occurs,
but in the second case expressed photoinduced darkening is observed. As
known, structural phototransformation of the film occurs during the band
gap recording. The results of sub-band gap light recording can be explained
by photostimulated structural relaxation and by photoinduced generation
and recharging of D-centers, but the results of unfocused sub-band gap
recording can be explained by the photoorientation of D-centers and
structural relaxation.

3. The recording process of holographic gratings by linearly polarized 632.8
nm light in films of different composition (azobenzene oligomers and
stilbene azobenzene compounds) has been experimentally researched. It is
established that in all cases dynamic phase holographic gratings have been
recorded. Relaxation times of these gratings were from two days to a few
years. The recording mechanism essentially is the photoorientation of
chromophore group’s dipole moment perpendicularly to the intensity of
electric field of light. This mechanism also causes shifting of the connected
molecular segments. Evidence in favor of this mechanism is instability of
the recording and its phase character, expressed differences of the
holographic gratings changing polarization of recording light, as well as
expressed dependence of holographic recording properties on chromophore
concentration.

4. The recording of holographic gratings by focused and unfocused beams
have been realized in the four wave geometry in a-As,S; and azobenzene
oligomer  films  [4-((4-nitrophenyl)diazenyl)-N,N-bis(2-(tetrahydro-2H-
pyran-2-iloxi)ethil)benzeneamine]. Focused recording in that geometry, as
known, has been realized the first time. The higher inverted wave efficiency
was achieved for both materials by focused recording. On the contrary,
sensitivity is higher in the case of focused recording in a-As,S; films, but in
the case of unfocused recording the samples of azobenzene compounds are
more sensitive. This difference can be explained by the diverse influence of
temperature growth on the recording mechanisms. Temperature growth
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stimulates structural relaxation in the a-As,S; films, but detains the
photoorientation of chromophores in the azobenzene samples.

. The dependence of holographic recording efficiency on chromophore group
connection type (covalent or dispersed) in azobenzene oligomers (toluyl or
hexamethylene) to the matrix, or the main chain of oligomer, also the
dependence on the chromophore group concentration in the samples of
azobenzene oligomers on polyurethane and polystyrene basis is
experimentally studied. It has been ascertained that connection of
chromophore groups by the covalent bonds to the matrix is generally more
effective and more elastic matrix with larger free bulk inside is desirable for
better results. At the same time the efficiency of holographic grating
recording is considerably dependent on chromophore group concentration
and there exists a threshold the concentration between 0.01 and 0.04 mol/I.
After achieving it the recording efficiency increases noticeably and
approximately linearly. Existence of the threshold can be explained by
cooperative interaction of the chromophore groups (for example due to
interaction of dipole moments of the cromophore groups).

. Though covalent bonding of chromophore groups ensures higher recording
efficiency in generical, azobenzene oligomer films with dispersed
chromophore groups with high enough concentration can be almost as
effective. The advantages of dispersing are higher processability and higher
standardization possibilities.

. In azobenzene films, where dialkylazobenzene groups are dispersed in a
polystyrene matrix (without covalent bonds) the photosensibilization effect
is observed. This effect is seen from increased photosensitivity in the
holographic grating recording place after previous grating have been erased.
. The recording of holographic surface relief grating in films with azobenzene
groups covalently bonded to a polyurethane matrix has been studied
theoretically and experimentally. The matrix has been modified by
covalently bonded toluyl (toluyldiisocyanate) oligomer, using 514.5 nm Ar”
laser light. The amplitude of the holographic surface relief grating reached
35 nm. The conclusion is made that the recording process is explained by
photoinduced mass transfer in accordance with chromophore
photodegradation or mean-field mechanism, which is initiated by trans-cis
photoizomerization.

. It is experimentally ascertained that organic molecular glasses on the base
of stilbene azocompounds are potential materials for holographic
information recording in the red region of spectrum (self-diffraction
efficiency reaches 17%, surface relief modulation reaches 113 nm). As far
as we know, the recording of surface relief holographic grating in organic
materials by sub-band gap light is made for the first time. The unstable
volume amplitude-phase holographic gratings are the main contributor to
diffraction efficiency like in other researched materials. Most probably, the
recording mechanisms of surface relief gratings in stilbene azocompounds
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10.

are the phototermal degradation of chromophores and trans-cis
photoisomerization.

It is ascertained that holographic recording efficiency in stilbene
azocompounds is a nonmonotonic function of the sample age. An optimal
age of sample exists (approximately 50 days) when the holographic grating
recording with maximal efficiency is possible. This period of time is not
dependent on specific chemical composition. Most likely, such an effect is
caused by the structural relaxation peculiarities of the samples, because
stilbene azocompound films consist of chromophore molecules only and
there is a lot of empty space between these molecules.

39



10.

11.

12.

BIBLIOGRAPHY

Ashkin A., Dziedzic J. M., Bjorkholm J. E., Chu S. Observation of a single-beam gradient
force optical trap for dielectric particles. Optical Letters. — 1986. — Volume 11. — pp. 288-
290.

Barrett C. J., Natansohn A. L., Rochon P. L. Mechanism of optically inscribed
highefficiency diffraction gratings in azo polymer films// Journal of Physical Chemistry. —
1996. — Volume 100. — pp. 8836-8842.

Barrett C. J., Rochon P. L., Natansohn A. L. Model of laser-driven mass transport in thin
films of dye-functionalized polymers// Journal of Chemical Physics. — 1998. — Volume
109. — pp. 1505-1516.

Bian S. P., Williams J. M., Kim D. Y., Li L. A, Balasubramanian S., Kumar J., Tripathy
S. Photoinduced surface deformations on azobenzene polymer films// Journal of Applied
Physics. — 1999. — Volume 86. — pp. 4498-4508.

Eichler H. J., Giinter P., Pohl D. W. Laser-Induced Dynamic Gratings. — Berlin: Springer-
Verlag, 1986. — 256 p.

Feinleib J., de Neufville J., Moss S. C., Ovshinsky S. R. Rapid reversible light-induced
crystalisation of amorphous semiconductors// Applied Physics Letters. — 1971. — Volume
18. — pp. 254-257.

Fritzsche H. Photo-Induced Fluidity of chalcogenide glasses// Solid State
Communications. — 1996. — Volume 99. — pp. 153-155.

Frumar M., Polak Z., Cernosek Z., Frumarova B., Wagner T. Photoinduced effects in
amorphous chalcogenides// Chemical Papers. — 1997. — Volume 51. — pp. 310-327.

Fukuda T., Sumaru K., Yamanaka T., Matsuda H. Photo-induced formation of the surface
relief grating on azobenzene polymers: Analysis based on the fluid mechanics// Molecular
Crystals and Liquid Crystals. — 2000. — VVolume 345. — pp. 263-268.

He J. A., Bian S., Li L., Kumar J., Tripathy S. K. Photochemical behavior and formation
of surface relief grating on self-assembled polyion/dye composite film// Journal of
Physical Chemistry B. — 2000. — Volume 104. — pp. 10513-10521.

Hisakuni H., Tanaka K. Optical fabrication of microlences in chalcogenide glasses//
Optics Letters. — 1995. — Volume 20. — pp. 958-960.

Jiang X. L., Kumar J., Kim D. Y., Shivshankar V., Tripathy S. K. Polarization dependent
recordings of surface relief gratings on azobenzene containing polymer films// Applied
Physics Letters. — 1996. — Volume 68. — pp. 2618-2620.

40



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Kim D. Y., Tripathy S. K., Li L., Kumar J. Laser-induced holographic surface relief
gratings on nonlinear optical polymer films// Applied Physics Letters. — 1995. — VVolume
66. — pp. 1166-1168.

Klein W. R., Cook B. D. Unified Approach to Ultrasonic Light Diffraction// IEEE
Transactions on Sonics Ultrasonics. — 1967. — Volume 14. — pp. 123-134.

Kumar J., Li L., Jiang X. L., Kim D. Y., Lee T. S., Tripathy S. Gradient force: The
mechanism for surface relief grating formation in azobenzene functionalized polymers//
Applied Physics Letters. — 1998. — VVolume 72. — pp. 2096-2098.

Lefin P., Fiorini C., Nunzi J. M. Anisotropy of the photoinduced translation diffusion of
azo-dyes// Optical Materials. — 1998. — Volume 9. — pp. 323-328.

Mahadevan S., Giridhar A., Singh A. K. Chemical ordering and topological efects in
chalcogenide glass ststems// Indian Journal of Pure and Applied Physics. — 1995. —
Volume 33. — pp. 643-652.

Matsui T., Oaki M., Yoshino K., Kajzar F. Fabrication of Flexible Distributed Feedback
Laser Using Photoinduced Surface Relief Grating on Azo-Polymer Film as a Template//
Japanese Journal of Applied Physics. — 2002. — Volume 41. — pp. L1386-L.1388.

Mott N. F., Davis E. A. Electronic Processes in Non-Crystalline Materials. 2" edition. —
New York: Oxford University Press, 1979. — 604 p.

Neilands O. Organiska kimija. — Riga: Zvaigzne, 1977. — 798 Ipp.

Ogusu K., Hosokawa Y., Maeda S., Minakata M., Li H. Photo-oxidation of As,Ses, Ag-
As,Ses, and Cu-As,Se;z chalcogenide films// Journal of Non-Crystalline Solids. — 2005. —
Volume 351. — pp. 3132-3138.

Ozols A. O. Diffraction efficiency of thin amplitude-phase holograms// Optics and
Spectroscopy. — 1977. — Volume 42. — pp. 93-96.

Ozols A., Kampars V., Reinfelde M., Kokars V. Hologram recording in azobenzene
oligomers// Proceedings of SPIE. — 2003. — Volume 5123. — pp. 102-109.

Ozols A., Kokars V., Augustovs P., Uiska I., Traskovskis K., Mezinskis G., Pludons A.,
Saharov D. Polarization dependence of holographic recording in glassy azocompounds//
Lithuanian Journal of Physics. — 2010. — Volume 50. — pp. 17-25.

Ozols A., Nordman N., Nordman O. Mechanisms of holographic recording in amorphous
semiconductor films// Proceedings of SPIE. — 1998. — Volume 3347. — pp. 247-258.

Ozols A., Nordman N., Nordman O., Riihola P. Model of holographic recording in
amorphous chalcogenide films using subband-gap light at room temperature// Physical
Review B. — 1997. — Volume 55. — pp. 14236-14244.

41



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ozols A., Nordman N., Salminen O., Riihola P. Holographic recording in amorphous
semiconductor films// Proceedings of SPIE. — 1997. — Volume 2968. — pp. 282-291.

Ozols A., Ozols K., Ivanovs G. Phase conjugation properties of a-As-S-Se films//
Proceedings of SPIE. — 2006. — Volume 6180. — pp. 618010.1-61010.6.

Ozols A., Reinfelde M., Kampars V., Kokars V. Structure optimization of azobenzene
oligomers for holography// Physica Status Solidi (c). — 2005. — Volume 2. — pp. 673-676.
Ozols A., Reinfelde M., Saharov D., Kundzins K., Kampars V., Kokars V. Holographic
recording of surface relief gratings in tolyle-based azobenzene oligomers// Thin Solid
Films. - 2008. — Volume 516. — pp. 8887-8892.

Ozols A., Saharov D. Sub-bandgap light hologram recording in amorphous chalcogeniges.
Proceedings of SPIE. — 2007. — Volume 6596. — pp. 65961C-1 - 65961C-6.

Ozols A., Saharovs Dm., Reinfelde M. Holographic recording in amorphous As,S3 films
at 633 nm// Journal of Non-Crystalline Solids. — 2006. - Volume 352. — pp. 2652-2656.
Ozols A., Salminen O., Riihola P., Monkkdnen P. Nonlinear exposure dependence of the
holographic recording and relaxational structural changes in amorphous As,S; films/
Journal of Applied Physics. — 1996. — Volume 79. — pp. 3397-3402.

Pedersen T. G., Johansen P. M., Holme N. C. R., Ramanujam P. S., Hvilsted S. Mean-
Field Theory of Photoinduced Formation of Surface Reliefs in Side-Chain Azobenzene
Polymers// Physical Review Letters. — 1998. — VVolume 80. — pp. 89-92.

Righini G. C., Verciani A., Pelli S., Guglielmi M., Martucci A., Fick J., Vitrant G. Sol-gel
glasses for nonlinear optics// Pure and Applied Optics: Journal of the European Optical
Society Part A. — 1996. — Volume 5. — pp. 655-666.

Rochon P., Batalla E., Natansohn A. Optically induced surface gratings on azoaromatic
polymer films// Applied Physics Letters. — 1995. — Volume 66. — pp. 136-138.

Saharov D., Ozols A. DFWM of focused laser beams in a-As,S3; and azobenzene oligomer
films// Journal of Material Science: Materials in Electronics. — 2009. — Volume 20. — pp.
S395-S399.

Saharov D., Ozols A., Kokars V., Kampars V., Mezinskis G., Maleckis A., Pludons A.,
Jansone M. Relaxation effect of stilbene azobenzene derivatives on their holographic
properties// Journal of Physics: Conference Series. — 2007. — Volume 93. — p. 012029.
Saliminia A., Galstian T. G., Villeneuve A. Optical Field-Induced Mass Transport in
As,S3; Chalcogenige Glasses// Physical Review Letters. — 2000. — Volume 85. — pp. 4112-
4115.

Schwartz K. The Physics of Optical Recording. — Berlin: Springer-Verlag, 1993. — 191 p.

42



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Sekkat Z., Knoll W. Photoreactive organic thin films. — New York: Academic Press, 2002
— 560 p.

Suhara T., Nishihara H., Koyama J. Hologram recording in amorphous semiconductor
films// Electronics and Communications in Japan. — 1976. — Volume J59-C. — pp. 116-
122.

Sumaru K., Yamanaka T., Fukuda T., Matsuda H. Photoinduced surface relief gratings on
azopolymer films: Analysis by a fluid mechanics model// Applied Physics Letters. — 1999.
—Volume 75. — pp. 1878-1880.

Tanaka K. Photoinduced processes in chalcogenide glasses// Current Opinion in Solid
State and Materials Science. — 1996. — Volume 1. — pp 567-571.

Tanaka K., Hisakuni H. Photoinduced phenomena in As,S; glass under sub-bandgap
excitation// Journal of Non-Crystalline Solids. — 1996. — Volumes 198-200. — pp. 714-718.
Tanaka K., Ohtsuka Y. Composition dependence of photo-induced refractive index
changes in amorphous As-S films// Thin Solid Films. — 1979. — Volume 57. — pp. 59-64.
Teteris J. Holographic recording in amorphous chalcogenide semiconductor films/
Journal of Optoelectronics and Advanced Materials. — 2002. — VVolume 4. — pp. 687-697.
Tikhomirov V. K., Asatryan K., Galstian T. V., Vallee R., Seddon A. B. Photoinduced
volume changes related to photoinduced anisotropy in chalcogenide glasses. Philosophical
Magazine Letters. — 2003. — Volume 83. — pp. 117-124.

Tripathy S. K., Kumar J., Kim D. Y., Li L., Xiang X. L. Novel photoprocessing using
photo-dynamic azobenzene polymers// Naval Research Reviews. — 1997. — Volume 2. —
pp. 1-9.

Turnbull D. Phase stability of glasses// Journal of Non-Crystalline Solids. — 1988. -
Volume 102. — pp. 117-124.

Valters R. Organiska kimija (pamatkurss). - Riga: RTU Izdevnieciba, 2007. - 187 Ipp.
Viswanathan N. K., Balasubramanian S., Li L., Kumar J., Tripathy S. K. Surface-Initiated
Mechanism for the Formation of Relief Gratings on Azo-Polymer Films// The Journal of
Physical Chemistry B. — 1998. — Volume 102. — pp. 6064-6070.

Wikipedia. The Free Encyclopedia: Polystyrene / Internet. -
http://en.wikipedia.org/wiki/Polystyrene

Zhao Y., Ikeda T. Smart Light-Responsive Materials: Azobenzene-Containing Polymers
and Liquid Crystals. - Hoboken, New Jersey, US: John Wiley and Sons, 2009. — 522 p.
KJ'II/IHFCp M. N. HI/ISKOTCMHCpaTypHLIC CBOMCTBAa H JOKaJIW30BaHHBIE QJICKTPOHHBIC

cocrosiHus cTéko. — 1987. — Yenexn @m3nueckux Hayk. — Tom 152. — ctp. 623-652.

43



56.

S7.

58.

59.

60.

61.

62.

63.

Komwep P., bepkxapt K., JIun JI. Ontuyeckas ronorpadus. — Mocksa: Mup, 1973. — 686
c.

JIsruues U. 5., JlutBak U. U., Omenos H. A. [TpuGops! Ha aMOp(HBIX TOIYIPOBOJHUKAX
U ux npuMenenue. — Mocksa: CoBerckoe paauo, 1976. — 127 c.

CrenanoB b. U. BBeneHue B XMMHMIO M TEXHOJOTHMIO OPTaHMYECKUX KpacHTENeu. —
Mocksa, Xumus, 1984 — 592 c.

Tyros U. U., Kocteipkuna I'. Y. Xumus n ¢pusuka noaumepos. — Mocksa: Xumus, 1989.
—432 c.

Ousnueckas Ounukionenus/ . pen. IlpoxopoB A. M. — MockBa: CoBerckas
sHuMKIoneaus, T.1. — 1988. — 704 c.

[Mabapos 0. C. Oprannueckas xumus: Yacte 1. Henuknuueckue coequnenus. Mockaa:
Xumus, 1994. — 496 c.

[MBapr K. K. ®usrka ontuyeckoil 3amucu B IUAIEKTPUKAX U MOIYIMPOBOAHHUKAX. — Pura:
3unarue, 1986. — 232c.

[Bapu K. K., I'otmu6 B. U., Kpucrancon f. XK. OnTudyeckue perucTpupyromme Cpesl.
Pura: 3unatue, 1976. — 184 c.

44



