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ON THE ROLE PLAYED BY THE SILICON SUBSTRATE IN THE
CRYSTALLIZATION, PHOTO-VITRIFICATION AND
PHOTO-OXIDATION OF AssySeso LAYERS
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The role played by the silicon substrate in the light-induced vitrification of Ass,Ses, thin films
is analyzed. It is demonstrated that these films can crystallize into different structures,
depending on the substrate they are attached to. Photo-oxidation when the illuminated film is
deposited on silicon can be enhanced due to a chemical reaction of the chalcogenide material
with Si, which produces arsenic that would be then oxidized. The spectral irradiance of the
light source employed also influences the photo-amorphization phenomenon, because the
existence of a larger proportion of photons with higher energy will probably cause a larger
degree of disorder in the films. Finally, the reversible structural changes induced by light in
AssoSes, layers are accompanied by reversible photo-darkening.
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1. Introduction

Amorphous chalcogenides can undergo various photo-induced structural changes [1-5].
Usually, the amorphous chalcogenides are deposited on glass or silicon wafers. In many cases the
effects induced by light or other factors mechanical, thermal, electrons, nuclear particles etc., have
been studied on thin films deposited on such substrates. After our knowledge no studies regarding the
effect of substrates on the amorphous chalcogenide films (structure and light induced properties) have
been carried out up to day. In this work, we report, mainly, the results of a study of the differences
between photo-vitrification of AssySes thin films deposited on glass and silicon substrates.

2. Experiments and results

AsspSeso thin films were deposited onto glass and silicon substrates using a standard
vacuum-evaporation technique. Detailed description of the experimental procedure is given
elsewhere [6,7]. Experimental details of the treatments the samples were subjected to, can be
found in Ref. [7].

Although most chalcogenide glasses are quite reluctant to crystallization, AssgSesy thin
films deposited on either glass or silicon substrates, can be crystallized by thermal annealing at
~ 150 °C for around 72 h. The X-ray diffraction (XRD) patterns of our AssySeso films are
presented in Figs. 1 and 2.
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Fig. 1. XRD patterns (Cu Ko radiation) of the as-deposited, crystallized and photo-
amorphized AssSes, thin films on a glass substrate.

In addition, Table 1 shows the positions of the most intense XRD peaks for crystallized layers
of the already mentioned composition. It is observed that many more peaks are clearly resolved in the
case of AssySes films crystallized onto silicon substrates. On the other hand, comparison of the XRD
patterns of the crystallized films with powder-diffraction data for As-Se crystals [8], revealed that the
crystalline phase is As;Sey. It is important to note the absence of the first sharp diffraction peak
(FSDP) at 20 =~ 17°, characteristic of the amorphous phase, in the crystallized products. The influence
of medium-range order has been claimed to be responsible for that particular feature of the diffraction
results on amorphous chalcogenide materials [9]. Possible preferred orientational effects in the
crystallized films are suggested on the basis of the different peak intensities measured in our
experiments, compared to the reference powder-diffraction data. Such orientational effects, along with
the extent of crystallization, have been shown to be dependent on the Ass,Ses; film thickness, when
glass is the substrate used [10].

Table 1. Positions of the most intense XRD peaks (Cu K radiation) for crystallized samples

of AsspSesy deposited onto glass and silicon substrates. Peak positions for As,Se, crystals

(ASTM 26 - 122) are given for comparison. Values in parentheses are relative intensities of
the peaks.

Interplanar distances d (A) calculated from the positions of the X-ray diffraction peaks

glass substrate silicon substrate AsySey

5.797 (47) 5.791 (36) 5.870 (30)
5.482 (100) 5.491 (100) 5.560 (50)
3.239 (98) 3.240 (80) 3.260 (95)
3.129 (38) 3.129 (21) 3.140 (40)
2.993 (23) 2.988 (24) 3.000 (95)
2,748 (23) 2.749 (24) 2.790 (100)
1.897 (4) 1.952 (8) 1.900 (45)

3.814 (6) 3.830(8)

2.714(33) 2.650 (25)

2.579 (12) 2.580(35)

2.235 (16) 2.234 (6) 2.240 (30)

2.167 (3) 2.180 (25)
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QOur film thicknesses, in the range 700 + 1200 nm, correspond to the medium-thickness
case of Ref. [10]. Thus, we can certainly assume that the crystallization process, which takes
place upon annealing of medium-thickness AssoSeso films, is somewhat different, depending on
the type of substrate involved. Furthermore, the different crystallization behaviour observed with
films on a substrate, on the one hand, and scraped films and powdered glass, on the other, clearly
indicates that there is a very important role played by the film-substrate interface, and mechanical
strain is very probably involved. In fact, crystallization might be enhanced by crystallization
centres on Si wafers, or by a thin layer of SiSe; formed at the interface between amorphous
chalcogenide and silicon.

It is known that a thin chalcogenide film prepared by thermal evaporation consists of
molecular clusters with both heteropolar and homopolar bonds. When the as-evaporated film is
annealed, homopolar bonds are broken and energetically more favourable heteropolar bonds are
formed instead. The fact that the layer is in contact with the substrate during the annealing
procedure, leads to an accumulation of mechanical strain in the layer because the lattice
parameters of the chalcogenide film and those of the substrate, as well as their thermal expansion
coefficients, are, generally, different. Studies of the influence of the annealing and illumination
on vitreous chalcogenide layers, by means of differential scanning calorimetry, have also shown
that large mechanical strains were accumulated in a layer annealed on a substrate [11].

The crystallized AssoSesq layers were subsequently exposed, in air, to white light from a
mercury arc lamp for a period of time of about 10 h, at room temperature, which caused the
complete disappearance of the crystalline features in the corresponding XRD pattern
(see Figs.l and 2). This observation obviously implies the photo-amorphization of the present
AssoSesp films, whether they are deposited onto glass or silicon wafer substrates.
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Fig. 2. XRD patterns (Cu Ka radiation) of the as-deposited, crystallized, photo-vitrified and

photo-oxidized Ass;Seso thin films onto silicon wafer substrate. The inset is a schematic

representation of the annealed sample being illuminated, showing the possible formation of a
thin layer of SiSe; at the interface of the amorphous-chalcogenide with Si.
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A thermocouple conveniently affixed to the surface of the samples enabled us to determine
the temperature increase during the irradiation. This increase was never more than = 25 °C, which
proves the athermal character of the photo-induced vitrification phenomenon. Interestingly, this
temperature increase represents an advantage because, considering that the photo-amorphization was
found to be thermally activated [12], with activation energy AEy, = 0.15 eV, the illumination time
necessary to vitrify the film is reduced by around 35%.

Therefore, in the particular case, which is presented here, the film can even crystallize on
annealing near Ty, as it has been demonstrated above, but the mechanical strain present is so strong
that on subsequent illumination the film becomes amorphous again. Thus, in an annealed and
chemically and structurally more ordered film there are regions with large mechanical strains. Most
likely these regions will occur in places where initially homopolar As-As bonds were present, since it
was there that the bond switching, and hence the atomic displacements, took place. Should now the
annealed film be illuminated, the bonds will weaken and the structure will be able to relax. Since the
strain originated from As-As to As-Se bond conversion on annealing, it is probably that As-As bonds
will be formed again, this probability being higher at the sites where these As-As bonds were initially
present.

3. Disscusion

It is remarkable that, the FSDP is absent from the XRD pattern of the photo-vitrified AssSeso
film deposited onto a glass substrate, whereas the corresponding XRD pattern of the light-amorphized
AsspSesp film deposited onto a silicon substrate contains that feature, although somewhat it has
become broader. The type of irradiation affects also the photo-vitrification phenomenon of AssySesy
crystallized films [6]. In fact, when a quartz-tungsten halogen (QTH) lamp is used [12,13], the
corresponding XRD patterns of as-evaporated and photo-vitrified AssoSesy films, deposited onto glass
substrates, show no significant difference with respect to their features, including the FSDP. We think
that due to much higher UV light content of the mercury lamp compared to the QTH lamp, the former
can be expected to produce a larger degree of disorder in the chalcogenide material.

The crystallization-vitrification cycle was found to be reversible with both types of substrates
used in this work. That means that the photo-vitrified film, could again be crystallized by thermal
annealing at = 150 °C, and then, vitrified once more by the corresponding illumination. We have
performed three such cycles on a representative sample, with both types of substrates.

On the other hand, in the course of the vitrification of an Ass,Ses, film deposited on a silicon
substrate, photo-oxidation of the film has been additionally detected. Arsenic trioxide micro-crystals
were formed in the whole matrix of the film [6]. Such oxidation has not been observed with Ass.Ses,
films deposited on glass substrates. The enhanced oxidation of AssSes; on Si wafers can be
connected with the fact that on the interface of the amorphous chalcogenide with Si, the following
chemical reaction (possibly enhanced by illumination) can take place:

AssSey + 2Si — 2 SiSe; + 4 As, (1)

and created arsenic is then more easily oxidized, according to:
4As +30; = 2As0; (2)

Reaction (1) can also proceed during annealing. Either SiSe; or Si can form crystallization
centres, which result in a more pronounced X-ray pattern.

Typical far-infrared transmission spectra for as-deposited, crystallized and photo-
amorphized AssoSeso films, onto silicon wafer substrates, are shown in Fig. 3. Assignment of the
main infrared features is summarized in Table 2.



On the role played by the silicon substrate in the crystalization, photo-vitrification ...

143

TRANSMISSION

as-deposited
240 172 138 410

y

a0
172 138 110 |
| |

1* annealing

[ 240 |

g S a0
1% fumination 172 * 428 110 |

I w
2" annealing 172 {3g 110 |
210 |~

w0
™ ilminaion 17z 198 110, |

240 | ]

1% 0

w/@—ﬂ

| Fraert s

300 250 200 150 100
WAVENUMBER, enmi’’

Fig. 3. Far-infrared spectra for the as-deposited, crystallized and photo-amorphized AssoSes,
samples, along with those for the crystallized and photo-vitrified AssSeso samples,
corresponding to a second cycle. There is a box showing how the main chalcogenide stretch

peak has increased as a consequence of the first thermal annealing.

Table 2. Assignment of the main IR-features of virgin (V), annealed (A), photo-vitrified

(PV) and photo-oxidized (PO) AssySes, films.

IR-feature (cm™) State of the film  Idealized Structural Unit Reference
240 V,A, PV AsSes, As:Ses [8]
172 V,A, PV 9]
138 V,A, PV Se, chains [10]
110 V, A, PV AsSes, As;Se; [11]
90 V,A, PV Seg rings [10]
57 V,PV
620 PO As;0; [12]

Although in Ass,Ses, there are prevailing As;Se; molecules, it is reasonable to suppose that
during evaporation, the following reactions proceed:

or

2 AsiSes — 2 As;Ses + Asy + Se;

3 AsySeqy — 4 As;Ses + Asy

3)

4)

Se; can then be polymerized to Se, chains. From those chemical reactions, it is clear that there should
be excess of As or As plus Se, which would lead to the presence of As-As bond vibrations in the
corresponding IR transmission spectra. Nevertheless, the difference between atomic weights of As
and Se is low and the vibration frequencies of As-As, As-Se and Se-Se bonds in similar structural
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units are very close. The overlapping of their vibrations can be strong, especially in amorphous solids
with broader IR bands, and, therefore, it is difficult to separate them and assign the vibrations to the
individual modes. The IR spectrum of the crystallized AsseSesy film shows the existence of bands at
wavenumbers very close, indeed, to those already found in the spectrum of the as-deposited sample.
Nevertheless, there is an outstanding difference between those IR transmission spectra: the complete
disappearance of the vibrational band at 57 cm™, as a consequence of the thermal annealing. In
addition, the main chalcogenide stretch band seems to increase (see Fig. 3, in which a box has been
drawn to highlight this observation), indicating an increase in the As-Se bond density, as a result of
the ordering of the film, induced by the corresponding thermal annealing.

Ilumination of the crystallized AssoSes; sample with a Hg arc lamp gives rise to the presence
again of the absorption band at 57 cm™ in the IR spectrum of the corresponding exposed sample. The
absorption bands assigned to As-Se bond vibrations, and those attributed to Se, chains and Seg rings,
which were observed in the spectra of both, the as-deposited and crystallized AssySes, films, are also
present in the photo-vitrified sample spectrum. Next, the AssoSeso film was subjected to a second
annealing followed by a second illumination treatment. The vibrational bands observed in the far-IR
spectra for the crystallized and photo-vitrified layers, corresponding to the second annealing-
illumination cycle, are also displayed in Fig. 3. From the above results, we can conclude that there is a
very clear change in the vibrational band at 57 em”, whereas the other bands remain practically
unchanged. This vibrational band could be connected with some intramolecular or lattice (blocks in
amorphous solids) vibrations, although the first reason is more probable. The bending vibrations can
not be excluded either,

Finally, the crystalline structure of the annealed AssSesy film is composed of As,Sey
molecules. These molecules have a cage-like structure, in which a square of Se atoms bisects a
distorted tetrahedron of As atoms (Fig. 4). The average As-As bond length in As,Se; is 2.57 A, and
the As-As-Se bond angle subtended at either one of the As atoms comprising the As-As bonds is
101.2°. If one compare those values with the corresponding bond distance and bond angle in a-As,
2.49 A and 98°, respectively, it is found that they are larger in the case of the As;Se; molecule. The
intermolecular distances, less than 3.70 A, are shorter than the predicted van der Waals distance of
4.0A, which could be associated with relatively strong intermolecular interactions. Since the present
light-induced amorphization phenomenon is athermal, the action of the photons must certainly be to
cause chemical bond breaking.

As

Fig. 4. Crystal and molecular structure of tetrameric arsenic selenide As Se,.

A possible mechanism to explain the phenomenon would involve intramolecular bond
breaking of covalent bonds within the As;Se; molecular units, to yield a cross-linked amorphous
network. Nevertheless, there is another possibility, which would maintain the integrity of the As;Se,
molecules, although changes in their relative orientation and spatial distribution would occur, as a
consequence of photo-induced intermolecular bond breaking. It has been suggested [14] that, since
As-As distances and bond angles in As,Se, are quite different from those in pure As, as clearly seen
above, one can conclude that such intramolecular As-As bonds are rather strained. As a result, the
electronic states associated with these particular chemical bonds are likely to be at, or just above, the
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top of the valence band. Thus, optical illumination might be expected, preferentially, to involve the
excitation of such electronic states, leading to bond cleavage; As-Se bond formation could then occur
between closest atoms of neighboring molecules, leading to a more cross-linked and disordered
structure. In addition, intramolecular As-Se bonds may also be broken upon irradiation, giving rise to
intermolecular As-Se bond formation.

Details of an optical study of the athermal photo-amorphization can be found in our previous
works [7,15]. The values of the optical gap lead us to the conclusion that a clear reversible photo-
darkening process accompanies the present photo-induced vitrification phenomenon. This conclusion
is clearly supported by the above-mentioned FIR results. It is well known that As-As bonds play an
important, although not predominant, role in reversible photo-darkening in well-annealed As-rich
chalcogenide samples [2,3]. An increase in the As-As bond concentration, as a consequence of
illumination, leads to a decrease of the optical gap, owing to formation of electronic states associated
with such bonds, at, or just above, the top of the valence band. Similarly, the subsequent annealing of
the sample will lead to a decrease in the As-As bond concentration, and therefore, to an increase of
the optical gap, because breaking of As-As bonds will replace electronic states in the gap associated
with these homopolar bonds, by non-bonding As states located near the conduction band edge.

4. Conclusions

The processes of crystallization and photo-oxidation of chalcogenideAssySes films are
significantly influenced by the substrate. Silicon plays an active role during illumination. An
enhanced effect of photo-oxidation due to substrate was demonstrated.
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