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Surface relief formation at hologram
recording in a-Se/As,S; nanolayered films
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Holographic diffraction gratings (HDG) recording in the nanolayered, periodically
modulated films of a-Se and As,S; is investigated. The essential role of surface deforma-
tion (expansion up to 4-5 % in illuminated regions) at real time-scale hologram recording
in such structures is established. The surface relief and diffraction efficiency dependencies
on the recording conditions are examined and compared with a surface relief formation by
selective chemical etching of the exposed single chalcogenide glass layer. The possible
effects of mutually additive or exclusive components of light modulation in reflection or
transmission measurement modes are analyzed.

Hccnegopausl ronorpaguyeckue gud)paKIMOHHLIE pElIeTHM, 3alHcaHHEBIC B HaHOCJOMC-
TBIX [EepHOJUYeCKH MOAVIMPOBAHHBIX IIeHKax a-Se u AS,S,. B pampix cTpykTypax ycra-
HOBJIeHA CYIUECTBEHHAS POJNbL MMOBepxHOCTHOI pedopmauuu (paciuMpenye BOMOTEL Ao 4-5 % B
obnydyeHHBIX obJacTAX) IIPM 3AIIMCH TOJOTPAMM B peanbiHoM mMaciutabe spemeHu. Mecnenopa-
HEl 3aBHCHMOCTH IOBEPXHOCTHOr'o penveda u AudmaknuoHHON 3(QQeKTHBHOCTH OT YCJOBHH
sanucH. Ilposegeno cpaBHeHMe ¢ o0pasoBaHHeM IMOBEPXHOCTHOI'O penbeda IIYTEM CEeJIeKTHB-
HOI'0 XHMHUYECKOr0 TPAaBJeHHA OfJIYYeHHOrO OJHODOJHONO CIOA XAJNbBKOIeHMJHOTO CTeKJa.
ITpoananusuposausl BoaMoOMHble 5hdeKTLI B3ANMHO SLIHTHBHLIX HJIM MCKIIOYAIOMIUX KOM-
MMOHEHTOB MOAYJIANMM CEeTa NPU HIMEDEeHHMAX B PeMHUME OTPAMEHHSA HJIH INPOIYCKAHHA.

I. Introduction

Photostructural transformations (PST) of
the chalcogenide wvitreous semiconductors
(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 (coeffi-
cients of transmission 1T and reflection R,
refraction index n) [1-4]. PST are divided
into two main types — reversible and irre-
versible. Reversible PST allows successive
cycles of illumination (recording at room
temperature) and erasing the optical relief
of At, An, AR by annealing of the sensitive

material below its softening temperature T,

(Tg = 305 K for a-Se, 380-450 K for a
number of As-S(Se) based ChVS). Revers-
ible PST are connected with small devia-
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tions in the metastable structure of the
ChVS layer [4]. Irreversible photo- and ther-
moinduced processes are usually observed in
as-deposited ChVS layers. These are con-
nected with the transition of the initially
metastable, defect glass structure towards
the more stable one or towards the crystal-
line state what may be accompanied by vol-
ume (thickness d) contraction [5] or expan-
sion [6], usually within =0.5 %. Giant
photocontraction effect in obliquely depos-
ited Ge-5e films (up to Ad/d =10 %) [7]
was attributed to the intrinsic transforma-
tion of the columnar structure or the de-
composition processes at elevated tempera-

tures.
Small surface relief formation at holo-

gram recording with an intensive laser
beams was supposed for As,Se; homogene-
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ous thick layer [8]. Since the surface relief
formation is important for the fabrication
of holographic optical elements, moulds for
printing, the photo-resist processes were de-
veloped due to the selective chemical etch-
ing of the exposed ChVS film [2, 9] or Ag-
ChVS double layer [10]. The disadvantage of
this process is the additional step of wet
etching in alkaline, amine or other solutions
and the possible additional noises, distor-
tions due to the surface defects, nonlinear-
ity of etching in the nonuniformely ex-
posed, optically absorbing layer.

Optical recording processes may be tai-
lored by the glass composition and technol-
ogy conditions of the layer deposition [4].
Artificial nanostructures [11, 12] suggest
new possibilities to operate PST in ChVS
layers and to use them for optical record-
ing. These possibilities are connected with
size-determined optical effects, change of
the thermodynamic parameters and possible
interdiffusion and stress in nanolayered
structures, which may enhance also volume
expansion or contraction. Large volume ex-
pansion was first time observed at hologram
recording in a-Se/As,S5 nanolayered struc-
ture and used for one-step HDG-fabrication.

2. Experimental methods
and objects

Periodical multilayered nanostructures
(MNS) containing 5 to 20 nm thick alfer-
nating pairs of a-Se/As,S; layers with a
total thickness d of the structure up to 0.5—
2.5 um were investigated. Comparison was
made with single AsSe layers with the same
total thickness. The MNS samjlés were ob-
tained in repeated cycles of thermal evapo-
ration of initial glasses in vacuum and suc-
cessive deposition of sublayers onto Corning
7059 glass, Si-wafer or transparent crystal
surfaces. Periodicity was controlled by
small Angle X-ray Diffraction (SAXD)
method. Few cross sections of MNS were
investigated by Transmission Electren Mi-
croscope (TEM). The comparison of SAXD
and TEM results with a surface geometry
analysis made with Atomic Force Micro-
scope (AFM) showed rather smooth inter-
faces and surfaces in as-deposited samples
with roughness not exceeding 0.8 nm (see
Fig.1,b). Surface hologram reliefs were in-
vestigated with the same AFM.

Holographic gratings with a period
A =1 um were recorded with a He-Ne laser

(A= 0.63 um with output capacity density
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Fig.1. a) AFM picture of the surface relief
hologram in F2a-Se/As,S; multilayer. b)
Surface relief profile and calculated sinusoi-
dal fitting curve for the same multilayer. c)
Surface roughness of the exposed layer.

P = 0.8 W/cm?) in a lenseless Fourier ho-
lography mode, in a normal atmosphere.
Since the "barrier” layers (As,S;) with
large optical bandgap E, = 2.5 eV are
transparent at A = 0.63 pm and are less
sensitive than the "well” layers (a-Se),
E, *= 1.9 eV, the letter are optically ex-
cltcﬂ by the lascr licht and PST first of all
occurs in -these sublayers. Samples were
heated ﬂnd/Dr annealed in situ during the
optical measurements or treated in a separate

_ heated chamber with normal atmosphere.

3. Results and discussion

Hologram may be recorded due to the T,
R and n and optical path changes in the
recording medium. So it is an efficient
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method of PST investigation, besides ap-
"plied importance for the HDG and other
optical elements fabrication [2, 10]. Our ex-
perimental conditions correspond to thin
holograms and to the write-readout at the

same wavelength.

The maximum diffraction efficiency 1 in
transmission mode at 2 = 0.63 pm obtained
after E =50 J.cm™2 exposure was usually
1-3 % in homogeneous AsSe layer, which
is one of the best among the known ChVS.
In homogeneous a-Se layer it was much
smaller: 1<0.1 %. The 1 values measured
in reflection mode were also small. The
large self-absorption decreases the 1) of the
absorption hologram (o = 103 ecm™!  at
A= 0.63 um, so the maximum possible
n = 6.25 % for thin absorption hologram
can not be achieved). The photo-bleaching
process in some cases results in higher m
values [4]. Let us analyze the case of AsSe

homogeneous layer before analyzing a-

Se/As,S5 results.

It is in ‘accordance with theoretical pre-
dictions [8]: if only amplitude is taken into
account,

f%mz (1)
n=—7

where m = ({1, tmin)/2tg is the factor of
transmission amplitude modulation - and

tg = (tax + tpyp)/2. For our case of T change
for 10 % the calculated n = 0.023 %. The
calculated m for simple reflection.hologram
with AR change corresponding even-to the
relatively large photoinduced refraction
index change An = 0.04 in layer plane gives

us N = 0.03 % for AsSe layer.
More effective should be the phase holo-

gram, due to the An = 0.04 in AsSe at PST
[1, 3, 4], but 7 is restricted by the above
mentioned self-absorption for in situ real-
time scale measurements in transmission

mode. For the first order reconstruction in
the case of thin phase hologram:

N = k22 {211:&.?1{5} (2)

Acosf
where k — the amplitude transmission, J,
— first order Bessel function, d — the
layer thickness, 8 — the angle between re-
cording beams, A — the free space wave-

length. In this case, supposing 100 %
transmission, the calculated m value not ex-
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Fig.2.(1) Calculated dependence of n on modu-
lation depth A for the real case of ChVS surface
deformation. (2) Experimental dependence of
the diffraction efficiency on exposition.

ceeds 1-8 % for the investigated homogene-
ous 1 um thick AsSe layer, in good accord-

ance with experiment, where n = 3.1 %.

It secems that the most effective in our
case may be the change of the layer thick-
ness and surface relief formation. Really
these were observed for the first time here
in the case of direct real time-scale record-
ing in MNS of chalcogenide glasses (see
Fig.1). We know only one paper of
M.Chomat et al.[8], where the much smaller
surface relief formation was supposed at
hologram recording in As,Se; homogeneous
layers under high laser exposures.

The surface relief hologram gives:

N = k2J% (4nA/ L), (3)

where A is the deformation excursion [14].

Maximum value of | may be 33.9 %, but
usually it is smaller because of the losses,
first of all small reflection values. The ex-
perimental results of the hologram record-
ing on a-Se/As,S; MNS are in good accord-
ance with the calculated dependencies (see
Fig.2): the measured n = 3.5 % at the satu-
ration state corresponds to the calculated
50 nm deformation excursion with the cor-
rection of the R to the real value instead of

100 %. This 1 value is in a good accordance
with the surface profile depth, measured

- with AFM and presented in the Fig.1l.b.

Interference pattern in the layer plane
during HDG recording has a sinusoidal in-
tensity distribution. The relief depth distri-
bution (Fig.1.b) correlates well with the in-
tensity distribution:

I'=1,/2 (1+ cos(2mx/A)), (4)
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where I, is the intensity in the maximum,

A is the interference pattern period. So the
changes of the layer structure upon illumi-
nation are almost linear, until the satura-
tion is reached.

Analyzing the kinetics of the relief and
n growth on the exposure E (or irradiation
time t for the given intensity capacity P),
in comparison with theoretical one (Fig.2),
it is evident, that our experimental results
correspond to the initial part of this de-
pendence, and the maximum efficiency may

be reached only on -4 pum thick structure,
supposing the maximum 5 % thickness ex-
pansion, as it was established for this type
of lightsensitive media. The saturation in
our case is connected with the maximum
PST. The following noise growth, smoothen-
ing of the grating causes the 1 decrease
during hologram recording. The reached ef-
ficiency and surface profile are stable at

room temperatures, but n relaxation occurs
with exponentially decreasing elaxation
times versus increasing temperatures and
with activation energies in 30-70 kJ/mol
range, which are similar to the measured
values in homogeneous layers [4, 12] and

usually are observed as [-type structural re-
laxation processes in glasses [15].

In spite of the similarity of n and corre-
sponding structure relaxation in AsSe, a-
Se and MNS, the measured surface defor-
mation in AsSe .or AsSe/As,S,; does not ex-
ceeds few nanometers, corresponding to the

known < 0.5 % values of photodeformation
in ChVS layers [5, 13]. The second differ-
ence is connected with optical transmission
change: photobleaching occurs in our sam-
ples. The process is thermally enhan ced,

and the deformation rate (n growth on ex-
posure) increases with temperature until
the erasing (relaxation) does not prevail.
The built-in stress as well as interdiffusion
can play a role in the surface relief forma-
tion, and the giant photodeformation is ob-
viously connected with a-Se/As,S; MNS
characteristics. The whole picture is com-
plex possibly with a several interconnected
effects, which are not properly described
theoretically for amorphous materials up to
now. OQOur continuing experiments are
pointed towards the establishment of the
stress and strains role in the process of
optical recording in these nanolayered
structures. '

The importance of such real-time record-
ing is evident for the fabrication of surface
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Fig.3. a) AFM picture of the recorded holo-
gram after etching the AsSe surface. b) Sur-
face relief profile, measured with AFM. c)
Surface roughness of the etched hologram.

~ optical elements. The advantages consist in

the real time-scale process, linearity and
better quality in comparison with the etch-
ing process. The groove profile can be easily
distorted during the etching of the non-uni-
formly exposed layer because of the rather
small differences of etching rates [2] in ex-
posed and unexposed regions, as it is dem-
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onstrated for AsSe layer in Fig.3. Addi-
tional noises appear due to the surface de-
fects formation during the -etching: the
roughness of the etched AsSe surface is 2—
4 nm. The roughness of the exposed a-
Se/As,Sz MNS surface as well as the initial
one is not worse as 0.5-0.8 nm. The surface
holograms obtained in a-Se/As,S4; MNS can
be further processed by adding reflecting
metal coatings, producing metal moulds.

4. Conclusions

The giant photoexpansion up to 4-5 %
of the initial thickness was first investi-
gated in a-Se/As,S,; nanolayered structures
and used for hologram recording. The sur-
face relief formation has an essential influ-
ence on the diffraction efficiency of the
holographic grating recorded in the real
time-scale. It was found in good accordance
with the theoretical calculations for sinusoi-
dal surface relief. The process has advan-
tages in comparison with etching process
due to the best surface quality and linearity
of the recording.
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@PopmMyBaHHA IOBEPXHEBOIO peinbedy
NpH rojgorpadiyaEoMy 3aIucy
B HAHOIIAPYBATHX ILIiBKax a—Se/As,S,

O. Kurkunewi, B.ITanvox, O. Muwax, I.Cyabo, J[.JI.Bexe

Hocaimxeni ronorpadivui gudpaxuiiini rpaTKM, 10 3anMcaHl B HAHOLIADYBATHX Ilepio-
AMYHO MONYNBLOBAHUX MiiBKax a—-Se rta As,S;. B gaHHX CTPYKTYpax BCTAHOBJIEHO iCTOTHY
posis nosepxHesol gedopmanii (posmmpenus ax go 4—5 % B onpomimenux obmacTax) mpu
janucy romorpam B pealsHomy Macmutabl yacy. Mocnimikeni sanexHocTl NoBepxXHeBoro
penvedy 1 pudpaxiiitnol edexTusrocTi Bix ymos sanucy. IIpoBefeHo NOPIBHAHHA 3 YVTBOPeH-
HAM IIOBCPXHEBOrO pelbedy MHINAXOM CCICKTHBHOTO XiMIYHOIO TpaBieHHs ONPOMIHEHOTro
OJLHOPIHOIO WIAPY XanLKOMeHIJHOro cKia. Hpn&HamanﬁaIm MOMIHBlL e)eKTH B3aCMHO agH-
THBHUX 400 BHUKJIIOUHMX KOMIIOHEHTIB MoaynaAnii csitna npwu BIMIPIOBAHHAX B peyXHUMi BigdH-

BaHHA abo nponyckaHHA.
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