Structural changes in As4Seo_xSex thin films due to annealing and
irradiation: Raman spectroscopy studies
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Abstract. We discuss evolution of Raman spectra for vitreous chalcogenide
As40Ss0xSex (x =0, 20, 30, 40 and 60 at. %) layers, which occurs under thermal
annealing and irradiation with the light of different wavelengths. It is demonstrated
that composition dependences of the spectral Raman intensities are consistent with
existence of ‘mixed’ As,S; Se, pyramids. We reveal that the changes in the Raman
spectra are associated with thermo- and photo-induced polymerization of the
molecular fragments of mixed As;S(Se)4-type cages and S(Se) rings or chains.
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1. Introduction

Chalcogenide glasses and thin films are attractive owing to structural flexibility of their glass
network, which results in a plethora of photo-induced changes of their physical and chemical
properties [1-5]. As a consequence, chalcogenide glasses represent promising materials for
integrated optics/photonics. The appropriate examples involve photo- and electron resists, sensors
[5, 6], optical storage and memory devices [7], and all-optical processing [8] (e. g., micro-
structured optical fibres [9] and holographic gratings [10]).

Better understanding of the structural properties of those materials can aid in optimizing
construction and sensitivity of nanocrystalline composites based on binary (As—S(Se)) or ternary
(As—S-Se) chalcogenide glasses. This is especially important since the latter glasses can be
applied for direct recording of optical elements. Note that, in most of the previous works, studies
of the changes occurring in optical, structural and surface properties of chalcogenide-glass thin
films [11-14] and glasses [15] have been performed using c. w. Ar’, He-Ne or He-Cd lasers with
the light wavelengths A = 514.5, 632.8 and 440 nm, respectively.

Raman spectroscopy has been widely used for studying the structure of the above binary and
ternary chalcogenide glasses and the thin films on their basis and analyzing the photo-induced
effect in those materials [16, 17]. As example, the authors [17] have elucidated the changes in their
optical absorption, bandgap energy, refraction index and kinetic parameters, which take place
under irradiation with both narrow-band and wide-band light corresponding to the photon energies
that range from over- to under-bandgap ones. Nonetheless, Raman spectra needed for
characterizing the origin of structural changes associated with annealing and irradiation with
different light wavelengths have not yet been analyzed.

In the present work, we employ the Raman spectroscopy to characterize the structural
changes in as-evaporated films of the ternary As—S—Se glasses corresponding to the whole
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stoichiometric row (As4Se—AssoSeq). These are the changes occurring under annealing and
irradiation with different LEDs (the wavelengths A,.x = 375-740 nm).

2. Experimental

Bulk amorphous chalcogenide glasses AssSgoxSex (with x =0, 20, 30, 40 and 60) were prepared
from high-pure (99.999%) precursor elements, using a conventional melt-quenching technique and
evacuated quartz ampoules. The glasses were synthesized in a frequently rocked furnace at 500°C
during 24 h. After that they were heated up to 850°C for successful homogenization. Thin films of
the above glasses were prepared by thermal evaporation from a tantalum cell onto silicate glass
substrates kept at the room temperature (the rate 1-2 nms ). The evaporation rate and the thickness
of the thin films were controlled using a monitoring system based upon crystalline quartz.

The thicknesses of as-evaporated thin films were equal to 1 um. As-deposited films were
annealed in the air (the temperature 160°C and the time duration 12 h). These films were exposed
to radiation of Roither Lasertechnik LEDs (Austria), with the maximum output emission power of
100 mW/cm?. The corresponding wavelengths were equal to 375, 405, 450, 525, 630, 690 and
740 nm, while the exposure times amounted up to 60 min for each thin film. The thin films of
different compositions were irradiated with the LEDs of which photon energies corresponded to
over-bandgap (405 nm), bandgap and under-bandgap light (see Table 1). Notice that the bandgap
energies for all the compounds were taken from Ref. [17].

Table 1. Some optical parameters of as-deposited AsySgoxSey thin films, and wavelengths of
LEDs used for their irradiation.

X, E,™, Avandeaps  ALED (Over-bandgap),  Agp (bandgap),  Agp (under-bandgap),

at. % eV nm nm nm nm
0 2.394 518 405 450 570
20 2.143 578 405 525 690
30 2.035 609 405 525 690
40 1.940 639 405 570 740
60 1.788 693 405 690 790

The Raman spectra of bulk As,S¢_xSex glasses and corresponding thin films were measured
at the room temperature in the spectral range from 100 to 550 cm . Our IFS 55 (Bruker) FTIR
spectrometer was equipped by an FRA 106 Raman spectroscopy module that worked with a
Nd:YAG laser (1064 nm) as excitation source.

The Raman spectra were normalized by the integrated spectral intensity and analyzed using
Fityk software [18] for data processing and multiple-peak fitting. To resolve overlapping lines in
the complex Raman spectra of our ternary As—Se—S compounds, we used an approximation of
Voigt profiles, i.e. a convolution of Gaussian and Lorentzian functions.

3. Results and discussion

The Raman spectra obtained for the bulk glasses, the thermally evaporated films and the annealed
films of AssSeo_xSey are presented in Fig. 1. As seen from Fig. 1, all the spectra detected for the
sulphur- and selenium-containing bulk glasses and the appropriate thin films reveal two principal
bands. One of these is located between 200 and 280 cm ™' and the other between 300 and 400 cm ™',
which is similar to the data reported earlier in Refs. [19-22]. The bands observed in the region of
primary maximum for the bulk As;Seo glass (300-400 cm™) can be attributed to the stretching mode
of As—S bonds of AsSs, pyramidal units or As,S, cages (362 cm™) and the vibrations of AsSs»
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Fig. 1. Raman spectra detected for the bulk glass
(dashed lines) and the as-evaporated (solid lines)
and annealed (dotted lines) thin films of ternary

pyramidal units (the shoulders occurring at 310, 331
and 380 cm™) [23, 33-35]. A weak broad band
observed at 495 cm ' is associated with the S-S
stretching vibration in Sg rings and chains. There are
numerous weak bands located at 135, 145, 154, 168,
190, 212, 222 and 231 cm™ in the region 90—
200 cm ™' of the Raman spectra detected for arsenic
sulphide. They can be attributed to the As—As bonds
of As,S, cages [23].

The strongest band in the spectrum of bulk
AsgSeg glass (227 cm'") is attributed to AsSes,
pyramidal units [1, 28, 29, 32]. In the higher-
frequency region, the band located at 241 cm ™' can
be assigned to Se, chains and/or As,Se, structural
units [19, 31]. The band 254 cm™' corresponds to
the Se—Se vibrations in Se, rings [19, 32, 33],
whereas the band 273 cm™' can be assigned to the
Se—Se bonds in AsSe; pyramidal units and As;Sey
(As4Se;) cages [31]. The broad band detected at

AsaoSeo-xSex compounds. 440-480 cm™ (see Fig 4) should be related to
vibrations of the Se—Se bonds in Se, chains [19]. Note that a number of specific features also appear
in the region 100-200 cm™' of the Raman spectra, which have also been obtained for As-rich
glasses of the As—Se system [36]. Similar features have also been found in the films and glasses of

the As—S system [5, 7, 19]. They are mainly treated
as the As—As and S-S vibrations that occur in
molecular As,S, fragments.

Thermally evaporated thin films of the stoichi-
ometric AssSeq glasses often contain some of
molecular species, of which vapour is composed due
to thermal dissociation of the bulk glass. For
As40Sg0, AsyS4 and S; units dominate in the vapour
[27] and many molecular fragments (e.g., As, Ass,
S,, As4S, and As,S;) are present during film depo-
sition [27, 28]. The mass spectra of the vapour above
As,Se; reveal a considerable number of As,, As;Se,
As;Sey, Se, and AssSe; molecules [29]. Since these
compounds are of molecular type, they should be
dissolved in a three-dimensional glass as molecular
or nanosized particles. Thus, the features seen in the
Raman spectra of the as-evaporated Asg S and
As40Seg thin films (see Fig. 1) are narrower because
of their molecular nature [4, 19, 22].

According to the results reported earlier [28],
chaotic replacement of chalcogens of one type by
chalcogens of another type can occur in the network

As,S1Sey
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Fig. 2. Raman spectra detected for the bulk
ternary As40S10Sez compound (curve 6), its as-
deposited (curve 1) and annealed (curve 5) thin
films and the films irradiated with the bandgap
(curve 4, Aep= 525 nm), under-bandgap (curve
2, Jep=690 nm) and over-bandgap (curve 3,
;LLED =405 nm) |ight.
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structure of the bulk ternary As—S—Se glasses. Then the network of these glasses consists mainly
of AsS;, AsSe;, AsSSe, and AsS,Se pyramids. The structure of the as-evaporated AsgoSeo-.Se, thin
films should also contain mixed pyramidal structural units AsS; ,Se, (n=0, 1, 2 and 3) and a
significant number of defects, such as mixed molecular species As;S(Se)s and As;S(Se);, and
S(Se), rings and chains. According to Ref. [28], the Raman spectra of our glasses and films
containing these mixed structural units do not reveal new bands (see Fig. 2 to Fig. 4), if compared
with the stoichiometric As,S; or As,Se; glasses. Only evolution of the Raman bands is observed
with changing composition.
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Fig. 3. Raman spectra detected for the bulk ternary
As40S30Ses3p compound (curve 6), its as-deposited
(curve 1) and annealed (curve 5) thin films and the

films irradiated with the bandgap (curve 4,
ALep = 525 nm), under-bandgap (curve 2,
Mep=690nm) and over-bandgap (curve 3,

ALep = 405 nm) light.

Fig. 4. Raman spectra detected for the bulk ternary
As40S20Ses o compound (curve 6), its as-deposited
(curve 1) and annealed (curve 5) thin films and the

films irradiated with the bandgap (curve 4,
Atep = 570 nm), under-bandgap (curve 2,
Mep=740nm) and over-bandgap (curve 3,

;LLED =405 nm) |ight.

Numerous weak bands detected in the region 90-200 cm ™' and the band located near 495 cm™
(see Fig. 2 to Fig. 4) can be associated with “wrong” homopolar As—As and S—S bonds in these mixed
non-stoichiometric structural units. The band 254 cm™' can be assigned to Seg-ring vibrations, while
the band 240 cm™" can be formed by overlapping the vibrations of Se, chains with those of As,(S)Se;
molecules. Contrary to the band located at 205 cm ' in the Raman spectra of as-deposited AsoSeso,
which is attributed to the vibrations of structural As;Se4 units, the band 220 cm! s clearly detected
in the spectra of the as-deposited thin films with the ternary composition (see Fig. 5). It can be
attributed to the mixed Asy(S;_,Se,)4 structure. The band 275 cm’l, which appears only as a shoulder,
is well visible in the spectra of As;Se; thin film. It seems to be due to the presence of —Se—Se—
bridges between pyramidal AsS;_;Se, units and/or As,(S;_,Se,)4 cages.

The principal bands detected in the regions 200-280 cm ' and 300-400 cm™' in all of the
Raman spectra measured by us have been fitted using a series of Voigt peaks. As an example for
As40S30Sesp compound, Fig. 5 shows the Voigt decomposition of the Raman spectra obtained for
the bulk glass, the virgin thin film and the film irradiated with the bandgap light. The vibration
frequencies of the known structural units of As,Se; and As,S; glasses reported in the literature
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Fig. 5. Voigt decompositions applied to
the Raman spectra of ternary
As40S30Ses compound: (a) bulk glass,
(b) virgin thin film and (c) film irradiated
with the bandgap light. Notation ‘exp’
and ‘it correspond respectively to
experiment and fitting, and ‘BG’ stands
for bandgap.

[21-26] have been used as initial parameters for the Voigt decomposition. The experimental data

has been fitted using the width and height variation. While fitting the Raman spectra, the deviation

of peak positions up to 2 cm ' has been allowed.

The compositional dependence of the positions of peak maxima has been derived using the
same Voigt decomposition of the Raman spectra (see Fig. 6 to Fig. 8). As seen from Fig. 6 and

Fig. 7, the positions of the band maxima located near 380, 362 and 345 cm ' are shifted toward

lower photon frequencies with increasing Se content in the ternary As—S—Se compounds.

Increasing Se content slightly shifts the position of the maximum near 310 cm ™' toward higher
frequencies. In the region 200280 cm ™' (see Fig. 8), only the bands 227 and 220 cm ™" attributed
respectively to pyramidal AsSe;;, and AssSe, units move slightly toward higher frequencies with

decreasing Se content. This shift should be expected in a mixed crystalline system revealing a

‘two-mode’ behaviour, similar to the situation reported for CdS,Se;_, alloys [30].
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Fig. 6. Shifts in band maximums detected for the
Raman spectra of the bulk glass and the virgin thin
films of ternary AssSeo—xSex compounds. Lines are
only guides for the eye.
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Fig. 7. Shifts in band maximums detected for the
Raman spectra of the virgin and annealed thin films of
ternary As40Ss0-xSex compounds. Lines are only
guides for the eye.
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Fig. 8. Shifts in band maximums detected for the Raman spectra of the as-evaporated thin films of ternary
As40Se0-xSex compounds and the films irradiated with the over-bandgap and bandgap light: panels (a) and (b)
refer to the broad bands located respectively near 250 and 360 cm™. Lines are only guides for the eye and ‘BG’
stands for bandgap.

As seen from Fig. 2 to Fig. 4, the changes in the Raman spectra taking place due to annealing
and irradiation by the bandgap light are very similar to each other. All of the narrow bands located
in the region 100200 cm™', which are mainly associated with the ‘wrong’ As—As homopolar
bonds in As(S;.,Se,)s and Asy(S; ,Se,); molecules, decrease in their intensity. In the region
220-280 cm ' where the dominant bands of As—Se system appear, both the annealing and the
irradiation by the bandgap light cause transformation of the narrow Raman bands related to
molecular As,Se, and As,Se; fragments, Seg rings and Se, chains (located respectively at 220, 255
and 270 cm™) into the broad band positioned near 227 cm™' (see Fig. 2 to Fig. 4). The latter band
is associated with the stretching vibration modes of pyramidal AsSe; units.

The same behaviour was found in the regions 300—380 and 400—-550 cm'. The annealing and
the irradiation by the bandgap light decrease the intensity of the shoulders located at 310, 362 and
380 cm’l, which are related to the As—As bonds in As,;S, cages. The weak broad bands observed at
495 and 440-480 cm ™', which are attributed respectively to the S-S and Se-Se bonds in S(Se),
chains, totally disappear due to the thermal annealing and the irradiation. A decrease in the role of
‘wrong’ bonds indicates transformation of the mentioned molecular species into the binary (AsS;),
and AsSe;;) and mixed (AsS; ,Se,, with n=0, 1, 2 and 3) pyramidal structural units of
chalcogenide-glass network. In other words, here we deal with a thermo- or photo-induced
chemical reactions [1].

Irradiation by the over- and under-bandgap light only slightly decreases the intensity of all
the narrow bands located in the region 100-200 cm™ and the narrow shoulders found at
220-280 cm ™' and 300-380 cm™ (see curves 2 and 3 in Fig. 2 to Fig. 4). Such behaviour can be
ascribed to a small penetration depth peculiar for the over-bandgap light. For a 1-pm thin film of
ternary As—S—Se system, the penetration depth of the radiation of 405-nm LED amounts to
100-200 nm. Obviously, the photo-induced chemical reactions can take place only within this
narrow near-surface region of the thin film. On the contrary, the absorption of the under-bandgap
light is quite low. Then the light is not absorbed and so it cannot transfer any energy to the
material in order to induce structural changes.

5. Conclusion

In this work we have experimentally studied and interpreted the changes in the structure of
amorphous ternary AsgoSeo_xSex thin films (x =0, 20, 30, 40 and 60 at. %), which occur under
thermal annealing and irradiation with the light of different wavelengths. Both the thermal
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annealing and the irradiation with the bandgap and over-bandgap light lead to partial thermo- and

photo-induced polymerization of molecular structural units into a continuous network, which is

characteristic for the bulk glasses with appropriate stoichiometric compositions. The shifts of the

Raman bands that take place with varying As;SeoxSex composition reveal a clear ‘two-mode’

behaviour.
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Anomauin. Obzosopero egonoyiio Cnekmpie KOMOIHAYIUH020 PO3CIAHHA OSL CKIONOOIOHUX Wapie
xanvkozenioie As.SgoSex (x =0, 20, 30, 40 i 60 am. %), sika 6i00yeacmvbca npu MepmidHOMY
8iOnani ma ONPOMIHEHHI C8IMIOM PI3HUX O006dCUH X6unb. Ilokazano, wWo KOMNO3ZUYIUHI
3ANENCHOCME  CREKMPATIbHUX [HMEHCUBHOCMEU KOMOIHAYIIHO20 PO3CIAHHS  V32000CYIOMbCS 3
icHysannam «3miuwanuxy nipamio As,S;_.Se.. Busieneno, wo 3minu 6 cnekmpax KOMOIHAYilHo20
PO3CIAHHA NOG'SI3aHi 3 MepMo- ma QOMOIHOYKOBAHOK — NOJIMEPUIAYIEID  MOJIEKVISIPHUX
paemenmie smiwanux cmpykmyprux kuimunox muny As,S(Se), i kineywv abo nanyrozie S(Se).
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