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Surface relief grating recording in amorphous
chalcogenide and azobenzene compounds
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The direct formation of surface relief gratings (SRG) in amorphous chalcogenide and low molecular weight azo-benzene
containing organic glass films during holographic recording was studied. It has been shown that the course of SRG growth
curves can be divided in three development stages: an induction period of photo-induced birefringence, linear growing of
SRGs and saturation of SRG inscription process. The influence of the photo-induced birefringence on the relief formation
process in amorphous As-S and As-S-Se films was evaluated and compared with the measurements on azo-benzene
containing organic glass films. It was shown that the saturation of SRG formation depends on the surface tension of

recording material.
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1. Introduction

The properties and the application of “soft materials”
including organic and inorganic polymers are based on
weak but nevertheless long-range interactions among the
molecular constituents [1]. These interactions lead to the
formation of static and frequently also dynamic structures
and changes of physical and chemical properties that can
be changed by light. Photo-induced structural changes in
soft materials play the key role in advanced technologies:
chalcogenide thin films are used as storage media of
information; organic and inorganic photoresists and related
materials necessary to produce advanced electronics
hardware [2]. Photo-induced alignment of molecules in
azo-containing polymers causes an optical birefringence —
the basic condition for polarization holographic recording
materials. Recently it has been shown that under influence
of linear polarized light a lateral transfer of matter is
possible allowing to realize “one step” surface patterning.

Already in 1976 Chomat et al [3] showed that a thin
film of an amorphous As;Se; subjected to an intensity
modulated red light interference pattern was significantly
altered: a relief hologram was formed on the surface of the
film. Almost twenty years later a similar phenomenon for
thin layers of azo-benzene-containing polymers was
observed by Rochon et a/ [4] and Kim et al [5]. A flat film
can reach a corrugation whose amplitude may be up to
fifty per cent of the initial thickness. It suggests that the
material moieties are put in light-induced lateral transfer
regarding the propagation direction of exciting light. The
most commonly used method to induce mass motion is
holographic recording with which a sinusoidal light
intensity or polarization direction modulated pattern can

be obtained at the submicron scale. The surface relief
structures can be formed also by a focused light spot [6]
and illumination performed via a metal micro grid placed
on the sample [7]. Recently, the surface relief grating
recording only by one laser beam with lateral modulated
polarisation directions was demonstrated [8]. The surface
patterns can be erased by homogeneous illumination or
heating above glass transition temperature of recording
media. The SRG direct formation by two coherent laser
beam interference has been observed in different
disordered materials: in amorphous inorganic (As-S, As-
Se) [3,7,9] and (Ge-Se) [10-12] chalcogenides, Sb-P-O
oxide-containing glass [13] and organic (azo-benzene
containing polymers [4,5,14], acrylamide photopolymers
[15], carbazole-based azopolymer [16] and organic
molecular glass [17] compounds.

The efficiency of SRG formation on the azobenzene
containing polymer and chalcogenide semiconductor films
strongly depends on the polarization state of the recording
beams [9,18-20]. The Ilargest surface relief (SR)
modulation can be obtained under +45°-45° (linearly
orthogonal polarization with a direction 45° regarding the
plane of recording scheme) and RCP:LCP (right and left
circular polarization of beams) recording conditions. It
indicates that the existence of both light intensity gradient
and resultant electric field variations is essential to the
formation of SRG on amorphous chalcogenide and
azobenzene polymer films.

A number of models have been proposed to explain
the origin of the driving force responsible for SRG
formation in the azo-polymers under the light illumination
on the molecular level, including mean-field theory [21],
permittivity gradient theory [22], gradient electric force
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model [23] and other. There is still not general agreement
on the origin of the driving force for this process and no
mechanism yet proposed accounts for all experimental
observations.

The main goal of this paper is to explore and compare
the SRG formation efficiency in amorphous chalcogenides
(As,S; and As-S-Se) and low molecular weight
azobenzene containing organic glass films, as well as to
establish the relationship between the SRG formation
efficiency and photoinduced anisotropy in both materials.

2. Experimental

Thin films of amorphous As,S; and As-S-Se were
prepared by thermal deposition on glass substrates at room
temperature. The pressure during deposition was around
10 Torr and the rate of deposition was ~20 nm/s. The
studied low molecular organic glass compound 4-((4-
(bis(5,5,5-Triphenyl pentyl) amino) phenyl) diazenyl)
benzoic acid (KRJ-8) was synthesized at Riga Technical
University [24]. The molecular structure of the compound
is shown in Fig. 1. The solution of KRJ-8 in CHCl; was
spin-coated on glass substrate. The thickness of dried films
was determined by the Veeco Dektak 150 surface
profilometer.

The surface relief (SR) formation experiments were
performed using a holographic recording system described
in [25]. The 491 nm, 532 nm, 561 nm and 594 nm laser
orthogonally +45° linearly polarised light beams with
equal intensity were used for holographic recording.
Linearly polarised 653 nm laser beam at Bragg angle was
used for read-out of diffraction efficiency. Diffraction
efficiency (1) was controlled in real time by measuring the
Ist order difracted beam intensity. The SRG recording
efficiency was defined as the tangent of the slope angle o
of the linear increasing part of the diffraction efficiency
(DE) curve [26]. The photo-induced surface relief of the
films was measured by an atomic force microscope
(AFM).

Fig. 1. Molecular structure of low molecular weight
organic glass KRJ-8

594 nm liquid
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Fig. 2. A sample holder for the studies of influence of surface
active liquids on SRG recording efficiency

Experimental set-up for photoinduced birefringence
measurements is described in [25]. Birefringence was
induced and measured by 532 nm laser light. A value of
birefringence was evaluated according to formula:

An = i arcsin L (D
nd 1,

where / is the probe beam intensity passing through
crossed polarizer and analyzer, /) — probe beam intensity
passing through parallel polarizers (with transmittance
changes taken into account), A - probe wavelength and d is
the thickness of the studied film. A cell for the
measurements of influence of surface tension of the
studied chalcogenide films on the SRG inscription
efficiency is shown in Fig. 2.

3. Results and discussion

Diffraction efficiency dependence on recording time
in amorphous As,S; and KRJ-8 thin films is shown in Fig.
3a and Fig. 4a, respectively. Diffraction efficiency is
directly correlated with the depth (Ah) of the obtained
relief (see Fig. 3b and Fig. 4b, respectively), thus to the
efficiency of mass transport. Recording was performed
until a saturation of diffraction efficiency and relief depth
changes was reached. The recording curves of diffraction
efficiency and SR changes can be expressed in three stages
- nonlinear beginning (I), linear (II) and saturation (III)
parts. To characterize the light sensitivity of the studied
recording materials the slope of the linear part was
calculated as a tano.. The values of tana characterizing a
recording rate of diffraction efficiency (Vy, %-cm?*/J) and
SR depth (Vy,, nm-cm?/J) for materials studied are shown
in Table 1. There is a significant difference in light
sensitivity of these two materials. The surface relief
recording rate is 7.4x10~ nm-cm*/J and 25 nm-cm?/J for
As,S; and KRJ-8 films, respectively. It is known that one
of the most important parameter of the materials used as a
photoresist is a maximum value and its linear range of
response to light illumination dose. For KRJ-8 films the
linear range of surface relief changes is from recording
starting up to 400 nm and the maximum changes are about
600 nm for grating period of 1 um. These parameters
satisfy the main demands regarding the photoresist used
for recording SR pixel holograms.
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Fig. 3. Diffraction efficiency (a) and relief depth (b) of

SRG recorded in 1.4 um thick amorphous As,S; film. The

orthogonally £45° linearly polarised 532 nm laser light

beams with intensity I;}=I,=0.94 W/em® were used for

holographic recording and s-linearly polarised 653 nm

laser beam at Bragg angle for read-out of diffraction
efficiency. Grating period A=1 pm

The possibility of practical application of KRJ-8 films
as a non-etching photoresist for production of embossed
holographic labels is shown [24].

Analyzing the recording curves in Fig. 3 and Fig. 4,
we can see a significant difference in the character of the
initial stage (I) for As,S; and KRJ-8 films. The duration of
this stage for As,S; films is about 1 hour, while the KRJ-8
films only take a few seconds.

The studies of initial stage (I) revealed the DE value
and growth curve character dependence on the polarization
state of read-out laser beam [26]. Fig. 5 and 6 illustrate the
course of diffraction efficiency recording at s and p
linearly polarized readout in As,S; and KRIJ-8 films,
respectively. The difference in the DE values between s-
and p-polarized beam readout is observed. In the case of
As,S; film the higher diffraction efficiencies are observed
with s-polarized readout light, but for p-polarized readout
light DE curve possesses a small maximum during first
200 seconds of recording. An opposite influence of read
out light polarization direction is observed for KRJ-8
films. The higher DE values are observed for p-polarized
readout and a small maximum is observed during first 10
seconds of recording beginning for s-polarized readout.

This phenomenon can be explained in the frame of
polarization holography [27]. It is known that in
chalcogenide [18,28,29] and azobenzene containing
organic compound [27,30] thin films the photoinduced
anisotropy can be observed. The interaction of an
azobenzene-containing polymer with linearly polarized
light results in an alignment of the dipole axis of the azo
groups perpendicular to the polarization axis of the
irradiated light, causing to birefringence and dichroism.
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Fig. 4. Diffraction efficiency (a) and relief depth (b) of
SRG recorded in 0.72 um thick amorphous organic glass
KRJ-8 film. The orthogonally +45° linearly polarised 491
nm laser light beams with intensity 1;=1,=50 mW/cm’
were used for holographic recording and s-linearly
polarised 653 nm laser beam at Bragg angle for read-out
of diffraction efficiency. Grating period A=1 pm
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Fig. 5. Diffraction efficiency of SRG recorded in 5 um

thick amorphous As,S; film. The orthogonally +45°

linearly polarised 532 nm laser light beams with intensity

1,=1,=0.94 W/cm’ were used for holographic recording

and s- and p-linearly polarised 653 nm laser beams at

Bragg angle for read-out of diffraction efficiency.
Grating period A=1 um
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Fig. 6. Diffraction efficiency of SRG recorded in 0.72 um
thick amorphous organic glass KRJ-8 film. The
orthogonally +45° linearly polarised 491 nm laser light
beams with intensity I;=1,=50 mW/cm’ were used for
holographic recording and s- and p-linearly polarised
653 nm laser beam at Bragg angle for read-out of
diffraction efficiency. Grating period A=1 um

The photoinduced birefringence of KRJ-8 thin film is
illustrated in Fig. 7. A high value of photoinduced
birefringence (An=0.2) was obtained in this compound.
The induction period of this birefringence value is very
short in some seconds. Photoinduced birefringence in low
molecular weight organic glass KRJ-8 (see molecular
structure un Fig. 1) is mainly due to trans & cis
isomerization cycling of azo linkage (—-N=N-) when the
chromofore absorbs a photon. Photoinduced molecular
motions reduce the intra- and intermolecular interactions
such as van der Waals force and hydrogen bonding by
changing their interaction distances. The structure of KRJ-
8 molecule is formed that azo linkage (—N=N-) is
surrounded by two triphenyl groups providing very low
intermolecular interaction that can be characterized by
very low surface tension 6=26.1 mN/m [24]. Therefore
electric field of linearly polarized light can easy orientate
the molecule dipoles and the surface relief in the films of
KRJ-8 compound is formed at relatively low exposure
value indicating on a high mobility of the molecules under
light influence.
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Fig. 7. Photoinduced birefringence in KRJ-8 induced by
532 nm laser (I=0.1 W/em?® ) and measured at 473 nm,
532 nm and 635 nm light wavelengths

Induction period for photoinduced birefringence in
amorphous As,;S; films is much longer than for KRJ-8
films. According to [18,31] the induction period is
measured in hours and a value of An is with order 107 —
10°. Amorphous As,S; is an inorganic high molecular
compound with network structure [29] and photoinduced
anisotropy mainly can be arised due to chemical bond
breaking and switching. This process takes a lot of energy
and long time. Therefore the induction period (I) for the
SRG formation in As,S; films is more than 1 hour (see
Fig. 3a).

It is known that the largest surface relief modulation
can be obtained under +45%-45° (linearly orthogonal
polarization with a direction 45° regarding the plane of
recording scheme) and RCP:LCP (right and left circular
polarization of beams) recording conditions [9,20,32]. For
these configurations of recording beams there are
components of resultant electric vector of light in
interference pattern that are parallel and perpendicular to
the grating vector direction [33] (Fig.8). The DE is
determined by phase shift within one grating period. If
optical path nd (d, thickness and n, refractive index of the
film) in material illuminated by s and p polarized light
differs, grating is formed and DE appears. Before
irradiation there is no grating, thus n, = n, where n,,
refractive index of ordinary ray and n,, refractive index of
extraordinary ray. When the recording process is started
the photoinduced isomerisation and molecule alignment
process takes place, and as a result photoinduced
birefringence appears (n; # n,) and volume polarization
grating is formed. Before SR grating formation the DE
both for s and p reading is equal. The result of this process
is alignment of molecules perpendicularly to electric
vector of the recording light (Fig. 8). When the formation
of SRG has begun, the DE difference appears between the
readings with s and p polarized light. For amorphous
As,S; films the DE difference shows that volume
polarization grating and SRG are in the phase or antiphase
using the s-polarized or p-polarized readout light,
respectively. In the case of the KRJ-8 film, the situation is
the opposite. The coincidence of DE curves at the
beginning of the SRG recording (Fig.5 and 6) for both s-
and p-polarized measurements show that the initial process
is due to the formation of volume polarization grating
resulting from the formation and orientation of dipole
moments during the holographic recording. The dipoles
are able to acquire selective orientation reacting to the
direction of the electric vector of the light according to
interference pattern for +45%-45° configuration of
holographic recording beams (see Fig. 8).
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Fig. 8. S- and p- polarized light components in space-

varying polarization pattern on sample for +45°:-45" or

LCP:RCP recording. An orientation of azo-dye

molecules due to photoinduced anisotropy is shown for s-
and p- components of light electric field
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After the nonlinear initial phase (I), the linear phase
(IT) of the DE and SR depth increase is observed. For the
KRJ-8 films, the linear stage (II) is started practically with
holographic recording (Fig.4). It is due to the very fast
stabilization of photoinduced birefringence value in this
material (see Fig.7). The values of the recording rate of
these two materials for the diffraction efficiency (Vy,
%:-cm?*/J) and SR depth (Vy,, nm-cm?/J) are shown in Table
1. The surface relief recording rate is 7.4-10° nm-cm*/J
and 25 nm-cm?/J for As,S; and KRJ-8 films, respectively.
So the SRG recording rate difference for both of these
materials is about a thousand times.

The SRG recording in amorphous materials is
influenced by many factors because the interaction
between light and material strongly depends on both
holographic recording conditions and properties of
recording material. The relationship between molecular
structure and photoinduced surface relief grating
formation has been investigated by using azobenzene-
based organic polymers and photochromic amorphous
molecular materials [36]. The studies of molecular weight
effect on the photoinduced surface relief gratings
formation in a methacrylate azopolymer revealed that the
grating inscription efficiency decreases with an increase of
molecular weight [37]. The grating formation efficiency is
clearly dependent on the length of the polymer chains in
the material undergoing mass transport.

Low-molecular weight organic compound KRIJ-8 in
comparison with inorganic high molecular weight
compound As,S; with network structure possesses lower
glass transition temperature (T,=107 °C) and surface
tension (o=26.1 mN/m) facilitating the photoinduced
mass displacement (see Table 1).

Table 1. Properties of amorphous As,S; and organic

glass KRJ-8: T, — glass transition temperature, ’c:

o —surface tension, mN/m; An— birefringence induced
and measured at 532 nm

Material As,S; KRJ-8
Structure Inorganic high Low-
molecular weight molecular
compound with weight organic
network structure compound
Vo, cm/J ~107 0.55
V., nm-cm*/J 74107 25
Ahg at A=1 um 125 nm >600 nm
Linear stage of 20-100 nm | 0-400 nm
SRG formation
T,. °C 200 107 [24]
o, mN/m 59 [34] 26.1 [24]
An 0.01 0.2

A number of proposed models for explaining the
origin of the driving forces responsible for SRG formation
under the light illumination on the molecular level,
including mean-field theory [21], permittivity gradient
theory [22], gradient electric force model [23], are based

on electromagnetic forces of the incident light. The spatial
variation of the light (both intensity and polarization) leads
to a variation of the material electrical susceptibility. The
electric field of the incident light then leads to a
polarization of the material. Forces are expected to occur
between a polarized material and a light field gradient in a
similar way as a dipole experiencing in an electric field
gradient. According to [38] the presence of polar As4S3
molecules which are sensitive to the electric field
generated by the laser is responsible for observed laser-
induced mass transport effect in amorphous As-S films.

To characterize the properties of polarized recording
material the measurements of optical birefringence (see
Fig. 7) and polarization holographic recording (Fig. 5 and
6) can be applied. From such point of view the effective
formation of SRG in KRJ-8 films in comparison with
chalcogenide material can be explained by high photo-
induced birefringence (An=0.2) of this material. The key
role of photoinduced birefringence in the formation of
SRG is confirmed by studies of As;Se,Sey films (see
Table 2). The simultaneous increase of photoinduced
birefringence and SRG depth is observed replacing sulfur
by selenium.

The growth of the SRG becomes saturated at long
inscription times (see Fig. 3 and 4). There is a large
difference between saturation values of SRG depth (Ahgy)
in As,S; and KRJ-8 films — 125 nm and >600 nm,
respectively (see Table 1). According to [39] at large
deformations the force of surface tension becomes
comparable to the inscription force and therefore plays an
essential role in the retardation of the inscription process.
It is equal to zero when the surface is flat and increases
proportionally to the surface area. The process of
saturation depends on the counterbalance between the
inscription force and the force of surface tension. This
balance can be shifted in favour of the inscription force by
a decrease of surface tension of recording medium. This
can be realized by covering the recording film with the
surface active liquid (see Fig. 2). The experiment was
realized by SRG holographic inscription in AsgS;sSeys
films by 594 nm laser beams with a -45%+45°
configuration. The binary mixtures of water and
isopropanol were used to obtain the liquids with a surface
tension in the range of 21.7 — 35 mN/m [40]. The obtained
results are presented in Fig. 9. The SRG depth without
covering liquid is of Ahg, =200 nm. An essential increase
of Ahg, values were obtained in the presence of covering
liquids. It can be explained by a decrease of interphase
surface tension between a chalcogenide film and a liquid
thus promoting the SRG inscription process.
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Table 2. Photoinduced birefringence (4An) and SRG depth
(4h) in amorphous As,Ss.Se, films; film thickness 1 pm;
birefringence was induced (I,=84 mW/cm®) and
measured at 532 nm; SRG were recorded by 532 nm
laser (1;=1,=0.6 W/cm’) and exposure dose 13.5 kJ/en?,

A= 1um
Material AssSs | AssSsSe; | AssSiSe;
Glass transition
temperature 200 197 194
(T,). °C [35]
Ah, nm 73 155 177
An 0.010 0.015 0.018
400

As40S15Seys film

0 10 20 30 40
Surface tension, mN/m

Fig. 9. Dependence of SRG formation efficiency in amorphous
As10S60.:5€y films on surface tension of covering liquid

4. Conclusion

The direct holographic inscription of surface relief
gratings (SRG) in amorphous chalcogenide and low
molecular organic glass films induced by polarization
direction modulated optical field was studied. The kinetic
studies showed that the course of SRG growing curves can
be divided in three development stages: an induction
period of photoinduced birefringence, linear growing of
SRG depth and saturation of SRG inscription process. The
influence of the photoinduced birefringence on the relief
formation process in amorphous chalcogenide (As-S and
As-S-Se systems) films was evaluated and compared with
the measurements on azo-benzene containing low
molecular organic glass films. The best efficiency of
surface relief grating (SRG) formation was observed with
(+45°, -45" and (RCP, LCP) polarized beam
combinations, which involve primarily variation in
linearly polarized state across the film - parallel and
perpendicular regarding the grating vector. It was shown
that the saturation of SRG formation depends on the
surface tension of recording material and a depth of SRGs
can be enhanced by applying surface active substances to
decrease the surface tension.

The SRG recording rate in As,S; and KRJ-8 films is
7.4-10” nm-cm?/J and 25 nm-cm?/J, respectively. It means
that in KRJ-8 films with an exposure dose about 10 J/cm®
is possible to obtain the SRG with a depth of 250 nm that
is sufficient for application in holography.
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