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Photoinduced effects and holographic recording in
amorphous As;go.Sex, As>Se;:Sn and Sb,Se;:Sn films
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The optical and holographic characteristics of amorphous AsigoxSex, As2Se3:Sn and Sb,Ses:Sn prepared by vacuum
evaporation on glass substrates are investigated. From the transmission spectra the changes of the refractive index under
the light irradiation and heat treatment are calculated. . The band gap for amorphous Sb,Ses was found to be Eg=1.30 eV
and decrease with increasing of the tin concentration up to Eg=1.0 eV for SbSe3:Snoo. The kinetics of photoinduced
absorption and holographic recording in the investigated thin films was studied. The compositional and thickness
dependences of the light induced optical parameters are determinate. The modifications of the refractive index under the
light irradiation make these materials suitable for registration of optical and holographic information.
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1. Introduction

Photo-structural transformations in amorphous films
of chalcogenide glasses under light irradiation present a
great fundamental interest for the establishment of the
general legitimacy of interaction of the optical irradiation
with the amorphous solids. The effect of light-induced
photo-structural transformations is characteristic for many
amorphous chalcogenides films, and have been initiated a
lot of applications of amorphous material in photonics and
optoelectronics, especially as inorganic photo-resists for
sub-micron technology [1-3]. The interest in optical
properties of amorphous semiconductors has been
stimulated also by their possible applications as switching
elements and optical fibers, as well as by their use as
passivating materials for integrated circuits. Special
interest for the applications of chalcogenide amorphous
films is connected with doping with metal impurities,
which alter optical, photoelectrical and transport
properties of the host material [4-6]. At the same time it
was shown that doping of chalcogenide films by tin
impurities assist in stabilizing the glassy matrix with
respect to light exposure and thermal treatment [7,8].
According to '”Sn in the As,Ses;:Sn glassy system
according th the Mdssbauer spectroscopy [8], new
tetrahedral Sn(Se;.), and quasi-octahedral SnSe structural
units can be formed, and which can influence the
photostructural transformations. In this paper are
presented the experimental results of optical transmission
spectra of thermally evaporated thin films (thickness
~1.0+3.0 um) of AsjpSex(x=40-98), As,Se;:Sn, and
Sb,Se;:Sn, (x=0+10.0 at.%). The transmissions spectra
are used for calculate the absorption coefficient, the
optical band gap, as well as the dependence of the
refractive index on composition, and its modifications

under light irradiation and heat treatment. For the
amorphous AsjgSe the compositional and thickness
dependences of the light induced optical parameters are
determinate.

2. Experimental

The amorphous AsjgoxSex, AsySe;:Sn, and Sb,Se;:Sny
(x=0+10.0) thin films were obtained by “flash” thermal
evaporation in vacuum (p=10" Torr) of the initial
synthesized material onto the clean glass substrates. The
thickness of the films was about d~1+3.0 um. For optical
transmission a UV/VIS (300+800 nm) and 61 NIR
(8003500 nm) Specord’s CARLZEISS Jena production
were used. The influence of the light exposure on the
optical transmission was examined by illumination of the
samples during 1 hour by light with the intensity F=50000
Lux. The thermal treating effect was examined by
annealing of a part of the films in vacuum at 7,,,=100 °C
during one hour. After the annealing and light exposure
the optical transmission was registered in the same
manner.

In order to initiate the photostructural transformations
in the thin film samples a red He-Ne (A=0,63 um, P=0.6
mW) and a green (A=0,54 pm, P=0.75 mW) continuous
lasers were used simultaneously as a sources of light
exposure. The relaxation of the transmission curves was
measured both at 0,63 um and 0,54 pm wavelengths
during the excitation. The laser spot on the sample was
about 1 mm in diameter. The experimental set-up included
a digital build-in PC-card for data acquisition PCI-1713A
connected with the registration module. Fig. 1a and Fig. 1b
represent the set-up for registration of the kinetics of the
relaxation of the transmission curves and for registration
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of the intensity of the first diffraction maxima during
recording of the holographic gratings.
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Fig.la. The experimental set-up for measuring the
optical transmittance during photodarkening
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Fig.1b. The experimental set-up for recording of the
holographic gratings.

3. Results and discussion

Fig.2a and Fig.2b show the transmission spectra for
as-deposited amorphous As,Se;:Sn and Sb,Se;:Sn films.
The optical transmission 7 for thin films is determined by
the expression:

2
T (1-R)~ exp(—kd)

: : (1)
1- R? exp(~2kd)

where R - is the optical reflection, £ - the absorption

coefficient, and d - the thickness of the amorphous film.
In the visible region the reflection is constant and for
calculations of the absorption coefficient was taken the
value R =20 %. The increasing of Sn concentration in
amorphous As,Se; and Sb,Se; thin films shifts the
absorption edge in the red region of the spectra and
decreases the optical band gap.

In the consideration that the member R’e 2™ <<1

from the equation (1) we can obtain the expression for
calculation of the absorption coefficient
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The optical band gap E, for as-deposited amorphous
films was calculated from the relation:

(a0 hv)'"? = A(hv - Ey), (3)

where 4 — is a constant. A plot (a-hv)” 2~ hv (Tauc

plot) yields a straight line and the extrapolation of the

1/2
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Fig.2a. The transmission spectra for as-deposited
amorphous As,Se;s (1), As,Se;:Snys (2) and As,Se;:Sny
(3) thin films.
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Fig.2b. The transmission spectra of amorphous Sb,Se;
(1, L=0.8um) and Sb,Se;3:Snyp.9 (2, L=0.9 um) thin films.

Increasing of the As content in the glass system
As,Sejgox shift the absorption edge in the red region of the
spectrum. This is in accordance with the experimental data
obtained in [9], according which the band gap Eg decrease
from E,=1,95 eV for AsgSeq, up to E,=1,83 eV for
As3eSeqs. Increasing of the Sn concentration in the
amorphous As,Se;:Sn films also decrease the optical band
gap as was reported for the amorphous films AsSe:Sn [5].
The value of the optical band gap for amorphous Sb,Se;
films was obtained E,=1.3 eV. This value for the optical
band gap is in a good agreement with those obtained for
the Sb,Se; hollow nanospheres (£,=1.33 eV) [10], and
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other published data for amorphous Sb,Se; films (E=1.25
eV). Increasing of Sn concentration in Sb,Se; decrease the
optical band gap, and for amorphous Sb,Se;:Snjq films
E~1.0eV.

For the semiconductor transparent thin film the
transmission spectra, when the thickness d is comparable
with the wavelength A represents the curve with
interference maxima and minima. For normal incident
light the dependence of transmission 7' vs. wavelength A,
the refractive index » and the thickness d mathematically
can be expressed as [11]:

(1-R)°

=) 4
1+ R?> —2RcosS @

n—1

).

were 5=4—ﬂnd and R = (
A n+1

From (4) follow that in the transparence region of the
spectra at the wavelengths

4 =dnd

max ,m=2,4, 6, ...we have the maximums, and

4nd

at the wavelengths A =——, m=1, 3, 5, . . . we have the
m

minimums.

Than for each 4, and A

neighbor extremes in the transmission spectra, we can
calculate the refractive index n:

n_1 » corresponding to the

n= /1m ﬂ’m—l (5)

2d(ﬂ’m—l - ﬂ'm)

Fig. 3a shows a dependence of the refractive index n
vs. wavelength A for as-deposited and exposed amorphous
AsgoSeqo thin films. Light exposure and heat treatment
increase the refractive index n.
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Fig.3a. The dependence of the refractive index n vs.
wavelength for amorphous As Seg films before (n;) and
after (ny) light exposure.

The photoinduced shift of the absorption edge (44) as
well as the changes in the refractive index (4n) depends at
the fixed temperature depends on the exposure intensity,
exposure time, film thickness, and on the composition of
the amorphous thin film. The maximum shift of the
absorption edge A4 at the level of transmittance T=20 %
consists A1=920 nm, for AsgSes films, while for
AsSegy and AssSeos films this value is only A1=2+5 nm.
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Fig.3b. The dependence of the refractive index vs. Sn
concentration of amorphous AsSeg:Sn films (=720 nmy).

In the same matter, the relative change of the
refractive index An/n is bigger for AsgSes films
(An/n=0.394) and decrease with increasing the
concentration of Se in As;goxSey glassy system (Fig.4a and
4b). Our experimental data correlate with the experimental
data for As-Se films obtained in [12,13].
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Fig. 4a.. The dependence of the photoinduced shifts of
the absorption edge (A2) versus Se content (at. %) in
Asjp0Se, glass system.
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Fig.4b. The dependence of the relative changes of the
refractive index Anvs. Se content (at. %) in As;y..Se,
glass system. 1 — our data, 2 — after Ref. [13].
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Fig. 5a shows the dependence of the refractive index n
vs. wavelength A for amorphous Sb,Se; with different
concentrations of tin. The refractive index depends on the
Sn concentration in amorphous Sb,Se; films, on light
irradiation, and heat treatment. In the wavelengths region
1100+2000 nm tin impurities (up to 0.5 at.% Sn) increase
the refractive index, than for 10.0 at. % Sn, decrease. This
may be due to the formation of new structural units, like
SnSe and SnO,. For small concentrations of tin (x=0.01
and 0.5 at.% Sn) illumination and heat treatment increase
the refractive index ».
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Fig.5a. The dispersion curves of the refractive index for
amorphous SbySe; (1), Sb,Se;:Sny; (2), and Sb,Se;:Sny 5
(3) thin films.
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Fig.5b. Variation of the refractive index under the light

exposure An vs. Sn concentration in amorphous Sh,Se;
thin films.

The maxima changes in the refractive index An (about
An=0.20) occur for the composition Sb,Ses;:Sngo; and
Sb,Se;:Sngos. That allows us to conclude that doping of
amorphous Sb,Se; films with small concentrations of tin
initiate the photostructural transformations under light
irradiation, and make these materials suitable for
registration of optical information. The similar effect was
observed for the amorphous Sb-Se-In films. Increasing of
In atoms in Sb-Se-In films improve the optical information
recording characteristics [14]. Low concentrations of tin in
Sb,Se; increases under the light irradiation (An>0, Fig.5b),
i.e. the photodarkening effect take place. At the same time,

at high concentration of tin (10 at. % Sn) in Sb,Ses, the
light irradiation decreases the refractive index (An<0), i.e.
changing the composition of the amorphous Sb,Se; thin
film using the different concentrations of tin impurities,
we can create conditions for “negative”, as well as
“positive” information recording process.

For the amorphous films Sb,Se;:Sn, the maximal
modifications of the refractive index An (about A4n=0.20)
occur for the composition Sb,Se;:Sngo; and Sb,Ses:Sng gs.
That allows us to conclude that doping of amorphous
Sb,Se; films with small concentrations of tin initiate the
photo-structural transformations under light irradiation,
and make these materials suitable for registration of
optical information.

Photodarkening relaxation was measured during
illumination for amorphous Asjg.xSex (x=40+98), for as-
deposited and annealed films at T,,,=120 °C during 1 hour.
The relaxation of the relative optical transmission 7(#)/7T(0)
of the amorphous AsgySeq films of different thickness is
shown in Fig.6a. The experimental data show that for the
thicker films the photodarkening is stronger, and almost is
absent for the films with thickness about 0.2-0.3 um. The
influence of the thickness on the photodarkening effect
was also investigated for the amorphous As,S; and As,Se;
films [15], and for As,Se; pure and doped with Dy and Pr
films [16].
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Fig.6a. The dependence of transmission versus exposure
time for amorphous AsgSey films of different thickness
L, um 1-4.07; 2-2.04; 3-0.76, 4-0.54; 5-0.27.

For the stoichiometric films irradiated by band gap
illumination at room temperature was found that the
photodarkening disappears when the films are thinner than
50 nm [17]. The authors explain this anomaly by the fact
that the structure of the film is dependent on the film
thickness either that the photodarkening exhibits a surface
behaviour, which is different from bulk behaviour. On the
other hand, a small photodarkening was observed in -o-
As,Se; films of 30 nm in thickness [15]. According to [15]
the thickness dependence of the photodarkening is based
on the thickness dependence of the initial optical
absorption edge before irradiation with band gap light. The
authors explain the absence of photodarkening in thinner
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films by the strain induced by the lattice mismatch
between the film and the substrate.
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Fig.6b. The thickness dependence of the photodarkening
in amorphous AsgySey films.

According to transmission spectra measurements and
to the results obtained in [16], we suggest that the
thickness dependence of photodarkening is caused by
different light amount absorbed in the film for different
thickness, and which regulate the number of absorbed
photons generating the photodarkening effect. The
thickness dependence of photodarkening, presented in the
coordinates T/T, vs. 1g(T/T,) according [12] represent a
curve with minimum (Fig.6b). For amorphous AsgSeq
composition the maximum sensitivity is obtain for the
films with the thickness of L=4.0 um. Fig.7a shows the
relaxation of the optical transmittance during illumination
of as-deposited and annealed As;pxSex thin films.
Increasing of Se content in AsjgoxSey thin films decrease
the photodarkening, and this process is very small in the
films with high content of Se. Fig.7b represents the
relaxation of the optical transmittance during illumination
of as-deposited AssSeq thin films at two different
intensities of Ne-He (A=0.63 pm) laser beam. Decreasing
of intensity of the incident light influence the kinetics of
photodarkening at longer exposure times (curve 2). Some
photoinduced effects in antimony containing amorphous
films were investigated in [18,19]. In amorphous Sb,S;
and Sb,Se; it was observed the optically induced
crystallization and amorphization with the power threshold
of 100-200 W/cm® [18]. From the Raman spectra
investigations it was shown that the photoinduced changes
of the structure are accompanied by changes of chemical
bonds and the changes of atomic structure [20-22].

Fig.8a shows the kinetics of photodarkening in
amorphous Sb,Se; thin films doped with different
concentrations of tin exposed with LED at 850 nm (W=1
mW). The undoped Sb,Se; films exhibit small changes of
transmittance under light exposure. Adding of Sn in
amorphous  Sb,Se; increases the photostructural
transformations under light irradiation, and reaches the
maximum value for the composition Sb,Se;:Sngs
(Fig.8b). Tease results are in good agreement with those
obtained from the transmission spectra, according which
the maximum changes of the refractive index An under the

light irradiation (about 4n=0.20) occur for the composition
szse3:Sn0401 and szse3:Sn0405 (Flng)

In our previous publications [7,8] it was shown that
the observed relaxation of photodarckening is described by
the stretched exponential function 7(2)/T(0) = Ay+Aexp/-
(t-t5)/7] """, where t is the exposure time, 7 is the apparent
time constant, 4 characterizes the exponent amplitude, ¢,
and A, are the initial coordinates, and « is the dispersion
parameter (0<a<l).
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Fig.7a.  Photodarkening kinetics of as-deposited

amorphous AsSesy (1), AsysSeys (2), AsspSesy (3), and
AsgoSeqg (3) thin films. The transmission is measured at
A=0.54 um.
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Fig.7b.  Photodarkening kinetics of as-deposited
amorphous AsSeg) measured at two different intensities
of Ne-He (A1=0.63 um) laser beam.

The fact that the photodarkening kinetics may be
described by a stretched exponential we may consider as
indication of dispersion in kinetic mechanism, i.e. the
time dependence of the process rate. The data allow
concluding that formation of photoinduced absorption is
limited by a dispersive process with the exponent o= 0.5.
In our case it is the dispersive character of hole transport
that may cause the dispersive character of the relaxation
after photogeneration. The transport of photoexcited holes
is included in the “slip motion” model for photodarkening
in the stage when the layer clusters are charged due to
capture of charge carriers [23]. This model was used by us
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to explain the experimental results for amorphous As,Se;
films doped with tin [7,8] and rare-earths ions [24].
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Fig.8a. Photodarkening kinetics of as-deposited

amorphous Sb2Se; (1), SbjySes:Sngg; (2), SbySes:Sny s
(3), and Sb,Ses3:Sn;y (3) thin films. The transmission is
measured at A=0.85 um.

Charge transport in chalcogenide glasses is known as
highly dispersive due to wide distribution of capture times
in multiple-trapping process [25,26].
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Fig.8b. The dependence of the photodarkening effect vs.
Sn concentration in amorphous Sb,Se; thin films.

For glasses like a-As;Se; the dispersive parameter o
of hole transport is close to 0.5, in accordance with the
value found from the stretched exponential presentation of
photodarkening kinetics. The fact that « is increasing in
the Se-rich compositions indicates to the increasing of the
ordering in the structure of amorphous films. The
composition dependence of photodarkening may be
caused by the different ratio of homopolar chemical bonds
(As-As, Se-Se) and heteropolar (As-Se) in investigated
amorphous films, and which are responsible for the
photodarkening [27,28].
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Fig.9a. The kinetics of growth of the diffraction efficiency
vs. exposure time_for amorphous films in the glassy
system As pg.Sey.

The main functional principles and practical
application of amorphous chalcogenide registration media
for production of holograms and holographic diffraction
elements are discussed in the papers of J.Teteris
[13,29,30]. It was shown that the amorphous chalcogenide
films (As.S, As-Se, As-S-Se) are one of the promising
media for optical recording of holographic information
with high diffraction efficiency and high resolution, Bragg
grating structures and waveguides for integrated optics. In
this paper we show that the amorphous films under study
AsjpoxS€x, AsySe;:Sn and  SbySe;:Sn exhibit high
refractive index and it considerable modifications under
light exposure. For this purpose we have investigated the
process of recording of holographic gratings in the
amorphous film of the glassy system As;g.xSex and the
thicknes dependence in one of more sensitive composition
AS6()Se4().
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Fig.9b. The dependence of the diffraction efficiency vs.
As concentration in the amorphous films of the glassy
system AS jpg..Sex.

The kinetics of growth of the diffraction efficiency
was investigated during exposure of two He-Ne laser
beams (A=6328 nm) with a power of W=30 mW. The
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intensity of the first interference maximum was recorded
in the transmittance mode.
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Fig.10a. The kinetics of growth of the diffraction
efficiency vs. exposure time for amorphous AsgySey films
on different thickness.

Fig.9a represents the curves of growth of the
diffraction efficiency during time exposure for different
compositions of amorphous films in the glassy system
AsjpoxSex. Increasing of the As content in AsjgSex films
accelerate the recording process and increase the
diffraction efficiency.
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Fig.10b. The thickness dependence of the diffraction
efficiency for amorphous AsgySey thin films.1 — our data,
2 — after Ref. [30] for the As;3Seys thin films.

The maximum value of the diffraction efficiency was
recorded for the composition AsgSey (Fig.9b). As we can
see from the Fig.9a, the kinetics of the diffraction
efficiency represents a curve with a maximum. The same
dependence for the amorphous As,S; and As-S-Se was
observed in [13]. At the same time for the amorphous
films AsjpoxSx the maximum diffraction efficiency was
recorded for the composition AsssSeys [30].. The Sn
impurities in AsySeqy reduce the photodarkening effect
and stabilizes the value of the diffraction efficiency, due to
more rigid glass network [8,31].

The holographic sensitivity of the amorphous film
depends on the recording wavelength, intensity and
polarization of the laser beam and thickness of the layer.
Fig.10a shows the kinetics of growth of the diffraction
efficiency versus time exposure for amorphous AsgySeso
films on different thickness. This dependence represents a
curve with maximum corresponding to the value of film
thickness of about d=2000 nm (Fig.10b), and are in good
agreement with the experimental results obtained in [30].
The maximum value for the photodarkening process for
this glass composition was obtained for the thickness of
about d=1500 nm (Fig.6b).

5. Summary

The optical absorption spectra of amorphous Asjgo.
Se,, As;Ses:Sn and Sb,Se;:Sn thin films were used in
order to determine the optical band gap and the refractive
index. The modifications of the refractive index under the
light exposure and heat treatment also were investigated. It
was shown that tin increase the photostructural
transformation in the amorphous films under study. It was
established, that the higher sensitivity to light exposure
exhibit the non-stoichiometric AsspSess, AsssSess, and
AsgoSeqo amorphous films, and decrease with increasing of
Se content in the AsjgoSe, glass. The experimental results
are interpreted in terms of structural optical
polymerization process, which includes the transformation
of As4Se, and Se, structural units in homogenius AsSes),
network. According to '"Sn in the As,Sey:Sn glassy
system according th the Mossbauer spectroscopy [8], new
tetrahedral Sn(Se,,)4 and quasi-octahedral SnSe structural
units can be formed, and which can influence the
photostructural transformations. For the Sb,Se;:Sn, in
dependence of the composition of the amorphous thin
films the “photodarkening” and “photobleaching” effects
were established. On the basis of investigations of the
photodarkening effect and holography recording of the
diffraction gratings in AsjgxSex was established the
thickness dependence, the maximum sensitivity which
occurs at about 2 um of thickness. The obtained
experimental results allow us to conclude, the amorphous
amorphous AsjgoxSey, As,Se;:Sn and Sb,Ses:Sn thin films
are perspective for registration of holography information.
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