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Abstract. Photoinduced structural transformations in nano-
layered, compositionally modulated films ol hght-sensituve
chalcogenide vitreous semiconductors (ChVS), were investi-
gated by holographic diffraction gratings (HDG) recording.
The essential role of surface deformation (expansion up to
5% in illuminated regions) at hologram recording in such
structures 1s established. The surface relief, optical parame-
ters, and diffraction-efficiency dependence on the recording
mechanism and film structure are examined, taking mto ac-
count the possible effects of mutually additive or exclusive
components of light modulation in reflection or transmission
measurement modes.

PACS: 42 40.Ht; 78.66.-w; 81.05.Gr

Photostructural transformations (PST) of ChVS are well
known and widely used for amplitude-phase optical recording
due to the direct connections between the PST and the change
of optical parameters (coefficients of transmission t and re-
flection R, refraction index n) [1-4]. PST are devided into
(wo main types — reversible and irreversible. Reversible PST
are based on the short- and medium-range order transform-
ations of the glass structure [1,3,4] in the successive cycles
of illumination and annealing below the softening tempera-
ture 7, of the sensitive material. Photocrystallization, which
1s & morce drastic and irreversible structural transformation,
also may be reversed in some cases by intensive pulsed 1llu-
mination (heating—cooling), according to the kinetics of glass
forming process [3]. Irreversible photo- and thermoinduced
processes in as-deposited ChVS layers are usually connected
with the transition of the initially metastable, defect structure
towards the more stable one what may be accompanied by
volume (thickness ) contraction [5] or expansion [6], usually
within =2 ().5%. Giant photocontraction effect in obliquely de-
posited Ge-Se films (up to Ad/d ~ 10%) | 7] was attributed to
the intrinsic transformation of the columnar structure or the
decomposition processes at elevated temperatures.

All these effects are useful for amplitude-phase optical
recording, which may be tailored by the glass composition
and technology conditions of the layer deposition. Artificial

nanostructures [8] suggest new possibilities to operate PST
in ChVS layers and to use them for optical recording. These
possibilities are connected with size-determined optical ef-
fects, change in the thermodynamic parameters and possible
interdiffusion and stress in nanolayered structures. The holo-
gram recording- readout is a powertul tool for investigations
of such cfTects in light-sensitive media besides applications in
optics, optoelectronics [2].

1 Experimental methods and objects

Periodical multilavered nanostructures (MNS) containing
5- to 20-nm-thick alternating pairs of a-Se/As>5z or Asde/
As>S3 layers with a total thickness ¢ of the structure up o
0.5-2.5 wum were investigated. Comparison was made with
single amorphous sclenium, AsSe, As2Sz layers with the
same total thickness. The MNS samples were obtained in
repeated cycles of thermal evaporation of initial glasses in
vacuum and successive deposition of sub-layers onto Corning
7059 elass, Si-wafer, or transparent crystal surfaces. Period-
icity was controlled by small angle X-ray diffraction (SAXD)
method. Few cross sections ol NS were investigated by trans-
mission electrom microscope (TEM). The comparison of
SAXD and TEM results with a surface geometry analysis
made with atomic force microscope (AFM) showed rather
smooth interfaces and surfaces in as-deposited samples with
roughness not exceeding 1 nm. Surface hologram reliefs were
investigated with the same AFM.

Optical  transmission  spectra  were measured —at
0.5-1.0 um spectral range. In situ measurements of 7 or R
changes due to the PST were measured at 0.63 pum (He-Ne
laser with output capacity density P = 0.8 W/cm?*). Holo-
graphic gratings with a period A = 1 um were recorded with
the same laser in a lensless Fourier holography mode.

Since the “barrier” layers (As;S3) with large optical
bandgap EJ =2.5¢V are transparent at A = (.63 um and
are less sensitive than the “well” layers (a-Se, AsSe, L) =
1.9¢V), the latter are optically excited by the laser light
and PST first of all occurs in these sublayers. Samples were
heated and/or annealed in situ during the optical measure-
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ments or treated in a separate heated chamber with normal
atmosphere.

2 Results and discussion
2.1 Amplitude recording

The simplest sensitivity test for the photoinduced transform-
ations in ChVS - the light-induced change of t during the
exposition in comparison with initial 7y value at A = 0.63 pm
— shows that the amplitude recording 1s similar in a homoge-
neous AsSe and nanostructured Ass> Sy /AsSe layer, but differs
in the a-Se and As»Sy/a-Se structures (see Fig. 1).

Photodarkening was observed in AsSe/As>S3; MNS,
with almost the same efficiency for total thicknesses of the
sensitive AsSe sublayers equal to the homogeneous AsSe
layer. But the very small photodarkening of a-Se (curve 3
in Fig. 1), which is unstable at room temperature [4], is
transformed into the rather effective photobleaching of as-
deposited a-Se/As>S3 MNS (curve 4 in Fig. 1). PST and the
correspoding 7/t change rates are enhanced by the increase
of the temperature up to T < T, in homogeneous layer [4].
In the case of a-Se/AsyS3; MNS the 7, is shifted towards
higher values as compared to the bulk value (= 306 K) [9]
due to the size dependence of thermodynamic parameters.
The structure of the sensitive layer becomes more stable,
and so the recording may be reversed up to =~ 350 K. But
beginning from ~ 390K the structure during a few min-
utes is transformed into (As2S3),.-Seq_,-like solid solution
layer, with weak photodarkening characteristics similar to
curve 3 in Fig. 1. The SAXD measurements do not show
diffraction peaks in such a sample. This indicates that inter-
diffusion processes destroy the a-Se/As;S3 NS structure at
elevated temperature, contrary to the AsSe/As>Ss NS, where
the periodicity was even better after annealing at T < T,, in
accordance with the results of SAXD measurements. The in-
terdiffusion processes were insignificant here.
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Fig. 1. Relative optical transmission change at 0.63 pm in as-deposited ho-
mogeneous AsSc (1) and a-Se (3) layers, AsSe/As>8: (2) and a-5¢/Asa5;3
(4) multilayers and in the same multilayers, anncaled at 390K (2, 4')

2.2 Hologram recording

Holograms may be recorded due to the . R, and »n and optical
path changes in the recording medium. So it 18 a more effi-
cient method of PST investigation than simple optical trans-
mission measurements, besides applied importance for the
HDG and other elements fabrication [2, 10]. Our experimen-
tal conditions correspond to thin holograms.

There were not large differences between the real-time
recording characteristics of homogeneous AsSe and AsSe-
containing NS: the maximum diffraction efficiency » in trans-
mission mode at the same write-readout wavelength 4 =
(.63 jum obtained after E = 50 Jcm™2 exposure was usually
196—3% (see Fig. 2, curves 1,3). The n values measured in
reflection mode were even smaller. The large selt-absorption
decreases the 7 of the absorption hologram (o = 10° cm ™! at
A = 0.63 um, so the maximum possible n = 6.25% for a thin
absorption hologram can not be achieved). The efficiency
of thin reflecting holograms formed by the refractive index
change in the layer planc is also low [3, 11].

It is in accordance with theoretical predictions [11]: if
only amplitude 1s taken into account,
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T (1)

]’}‘:

where m = (tmax — tmin) /280 15 the factor of transmision am-
plitude modulation and ty = (fmax + fmin)/2. For our case the
calculated n = 0.023% after the T change for 10%. The cal-
culated n for a simple reflection hologram with AR change
corresponding even to the relatively large photoinduced re-
fraction index change Ar = 0.04 in layer plane gives us
n = 0.03% for AsSe layer.

More effective should be the phase hologram, due to the
An = 0.04 in AsSe at PST [1, 3, 4], but 5 is restricted by the
above-mentioned sclf-absorption for in situ real-time scale
measurements in transmission mode. For the first-order re-
construction in the case of a thin phase hologram:

5 A 2 And
n=kJ | —— |, (2)
ACOsH

where k = the amplitude transmission, J, = first-order Bessel
function, ¢ = the layer thickness, # = the angle between
recording beams, An = the refraction index modulation,
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Fig. 2. Experimental dependences of the holographic efficiency on exposure
in homogeneous AsSe (1), a-Se (2) layers and AsSe/As2S3 (3), a-Se/As2 53
(4) multilayers with total thickness = 1 pm and measured in transmission
{1—4} or reflection (47) mode



4 = the free space wavelength. In this case, assuming 100%
transmission, the calculated n value does not exceed 1%-3%
for the investigated homogeneous 1-pum-thick AsSe layer,
in good accordance with experiment, where n = 3.1% (see
Fig. 2).

It seems that the most effective im our case may be the
surface relief formation and changes of the layer thickness.
Really, these were observed for the first time here in the case
of MNS of chalcogenide glasses. We know only one paper
of M. Chomat et al. [12], where the much smaller surface se-
lief formation was assumed at hologram recording in As;Se;
homogeneous layers under high laser exposures.

The surtace relief hologram gives:

n=k*J(4TALL) (3)

where A 18 the deformation excursion.

The maximum value of 1 may be 33.9%, but usually it
1s smaller because of the losses, first of all small refiection
values. The experimental results of the hologram recording
on a-Se/As»S; MNS are in good accordance with the calcu-
lated dependences (see Figs. 2, 3): the measured n = 3.5%
at the saturation state corresponds to the calculated 50-nm
deformation excursion with the correction of the R to the
real value instead of 100%. This » value is in good accor-
dance with a surface profile depth, measured with AFM and
presented 1n Fig. 4.

The interference pattern in the layer plane during HDG
recording has a sinusoidal intensity distribution. The relief
depth distribution (Fig. 4) correlates well with the intensity
distribution:

= Iy/2(1 4 cos(2ax /1)) , (4)

where /= intensity in the maximum. So the changes of the
layer structure upon illumination are linear, until the satura-
tion 1s reached.

Analysing the kinetics of the relief and n growth on the
exposure E (or irradiation time ¢ for the given intensity cap-
acity P), in comparison with the theoretical one (Figs. 2
and 3), 1t 1s evident, that our experimental results correspond
to the imtial part of this dependence, and the maximum ef-
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Fig. 3. Calculated dependence of n on modulation depth for the real case of
ChVS surface deformation
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Fig.4. a AFM picture of the recorded hologram surface. b Surface relief
profile, measured with AFM and calculated sinusoidal fitting (dorred fine)

ficiency may be reached only on = 4-pum-thick structure, as-
suming the maximum 5% thickness expansion, as was estab-
lished for this type of light-sensitive medium. The saturation
in our case 1s connected with the maximum PST and the fol-
lowing noise growth, smoothening of the grating causes the n
decrease during hologram recording. The reached efficiency
and surface profile are stable at room temperatures both in
Asde/Ass55 and a-Se/As>S3 nanostructures, but n relaxation
occurs with exponentially decreasing relaxation times ver-
sus increasing temperatures and with activation energies n
the 30-70 kJ/mol range, which are similar to the measured
values in homogeneous layers [4,9] and usually observed in
p-type structural relaxation processes in glasses [ 13].

In spite of the similarity of n and corresponding structure
relaxation m AsSe, a-Se and MNS, the measured surface de-
formation in AsSe or AsSe/As-,S3 does not exceed a few nm,
corresponding to the known = (0.5% values of photodeforma-
tion in ChVS layers [5]. The second difference 1s connected
with optical transmission change: it takes almost equal times
in all samples, whereas the profile in a-Se/As>S3 structure
develops for much longer (see Figs. 1 and 2) and photo-
bleaching occurs. The process is thermally enhanced, and the
deformation rate (n growth) increases with temperature until
the erasing (relaxation) does not prevail.

The importance of such real-time recording is evident for
the fabrication of surface optical elements. The main question
of fundamental interest is the mechanism of the observed gi-
ant expansion in the selected a-Se/As>S; structure.The main
possible explanation consists of light-enhanced stress forma-
tion and relaxations, combined with PST of a-Se sublayers
and interdiffusion in this MNS,

The role of interdiffusion 1s possibly small provided the
sample 1s not heated above 390K for a longer time (the in-
terdiffusion coefficient D =2 x 107 m?/s at T = 381 K for
the similar ChVS MNS [14]). PST is accompanied usually
with 0.3%—0.6% volume (layer thickness) change, which 1s
attributed to the change of the mteratomic distances nside
and between the chain-like structural elements of a-Se and
ChVS [15] and supported by the fact of measurable micro-
hardness change. Most authors [5, 12, 16] note the possible
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role of photo-enhanced viscous flow and plastic deforma-
tions in this effect. The microhardness of a-Se is the smallest
between investigated light-sensitive ChVS, and 1% photode-
formation of thick layer was mentioned [5].

We have observed only very small n values in thick a-Se
layers (curve 2 in Fig. 2), so the giant deformation process
1s obviously connected with MNS characteristics. The built-
in stress can play a role in the surface relief formation as
well. The photoinduced defects and non-equilibrium charge
carriers formation might locally decrease the viscosity 1n the
photoactive layers, leading to stress relaxation. In order to
explain the increase of volume at the illuminated part one
must suppose that the a-Se layers are initially compressively
stressed. The relaxation of the longitudinal compression can
result in a local increase of the transverse layer thickness. The
in-plane diffusion processes under the influence of the tan-
gential gradients in the periodical grating structure also may
be involved for the material density redistribution, which was
observed on TEM photograps [ 17]. The whole picture is com-
plex, possibly with several interconnected effects, which are
not properly described theoretically for amorphous materials
up to now. Our continuing experiments are pointed towards
the establishment of the role of the stress and strain in the
process of optical recording in these nanolayered structures.

3 Conclusions

The giant photoexpansion up to 3% of the initial thickness
was first investigated in a-Se/As2S3 nanolayered structures
and compared with similar photostructural transformations in
AsSe/As2Sy MNS and homogeneous layers of these light-
sensitive amorphous semiconductors. The surface rehiel for-
mation has an essential influence on the diffraction efficiency
of the real-time recorded holographic gratings, which was
found in good accordance with theoretical calculations for
sinusoidal surface relief. The mechanism of the investigated

effect 18 connected with photostructural transformations in
chalcogenide glasses, combined with possible influence of
stress formation and relaxation and interdiffusion processes
in multilayer structures.
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