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PHOTO-OXIDATION OF THERMALLY EVAPORATED AsS THIN FILMS

P.J. Allen’, B. R. Johnson, B. J. Riley

Pacific Northwest National Laboratory, Richland, WA USA

Photo-oxidation of arsenic trisulfide is the process whereby the surface of As,S; glass is
chemically atered and degraded due to exposure to light in the presence of water vapor. For
as-deposited, thermdly evaporated, As,S; thin films the degradation process and the
subsequent products formed vary as a function of incident wavelength. This process was
studied by exposing as-deposited thin films to six different wavelengths from 380 to 525 nm
in a controlled temperature and humidity environment. Scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), and x-ray diffraction (XRD) were used to
characterize the thin films before and after exposure. At wavelengths less than 428 nm,
crystalline arsenalite (As,O3) formed on the surface, with only minor modification of the
short-range molecular structure of the film. At longer wavelengths, the short range order of
the film was atered from the as-deposited state to that typical of thermal annealing. A
mechani sm to explain these processes i s proposed.
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1. Introduction

The ability to localy photoinduce optical index change and volume expansion has
encouraged extensive study of the chal cogenide glass family. Fabrication of microl enses, diffraction
gratings, and waveguides via laser exposure have been reported [1-5]. A host of high purity glasses
from this family provide excdlent transmission in the infrared [6]. These properties make feasible
not only new telecom application but integrated optics that can support spectroscopy systems
operating from 3 to 12 um.

Materid stability isimportant for any photonic component. Two know instabilities in As,S;
films are the formation of surface oxides and the presence of metastable realgar in the films.
Thorough understanding of what conditions cause corrosion and material relaxation is necessary
before As,S; can be used for photonic components.

The am of this paper is to report on the correation of corrosive attack on thermally
evaporated As,S; thin films with environmental conditions. Researchers have reported photo-
oxidation, or lack of it, under various conditions [7-12]. We have further pursued this topic by
examining the waved ength dependence of oxide formation. Additionally, photodarkening appears to
play arolein the corrosion.

2. Experimental procedure

Fused quartz dlides were ceaned by acid etching in 5%HF:5%HNO;:90%DIW
(18.2 MQ-cm), by volume, for 20 minutes, rinsed with deonized water (DIW) and heated to
1000 °C for one hour in a Thermol yne 79400 furnace, with a fused quartz tube interlining, to remove
surface hydrocarbons [13]. Commercially obtained bulk As;S; glass (Amorphous Materids, Inc.)
was heated to 320 + 1°C at 10°® Torr and deposited onto the quartz substrates at 6-8 A/s to achieve
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2 umthick films. The substrate holder was unheated while double planetary motion helped achieve
thickness variation below 1%. Stochiometry of the films was verified to be within = 2 atomic % of
the bulk material using SEM/EDS.

Five samples were prepared to evd uate the effects of therma anneading on the molecular
structure of the films. Four samples were ramped from room temperature to 110, 130, 150, or
170 °C at 1 °C per minute, soaked for two hours, and cooled to room temperature at the same rate.
The annealing was donein an evacuated chamber. One sampl e was hot anneal ed.

To provide wavelength specific optical exposure six LEDs (Fig. 1) with wavelengths
centered at 380, 405, 428, 470, 507, and 525 nm were used to illuminate the ssmples. Every sample
was illuminated by a single LED with a 30° cone, 5 mm from the film, with 0.35 £ 0.02 mW of
optica power. All samples were placed in an environmental chamber held at 50 + 1°C and 80 + 5%
relative humidity for fourteen days. Samples are referenced by the value of their peak illumination
wave ength.
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Fig. 1. Spectral intensity of LEDs.

X-ray diffraction measurements were performed with a Scintag PAD V diffractometer using
Cu Ka radiation (40 kV and 40 mA) and equipped with a Pdtier-cooled charge coupled device
detector. The experiments were done using 6 — 20 geometry in a step-scan approach from 5° to 70°
20 with a step size of 0.04° 26, and a dwell time of 6 seconds per step. Each sample was loaded into
a Scintag 12-position automatic sample changer. Jade 6® software was used anal yze the spectra for
the presence of arsenalite (As;Os), and to characterize the shape of the different amorphous humps
due to the substrate (fused quartz — SiO,), realgar (As;Sy), and orpiment (As,Ss). Since these
samples were thin films and the arsendlite crystals were growing dong a single, planar surface, the
orientation of these crystals on the planar surface was not random. Due to their facetted nature, the
crystals tended to grow in an oriented manner. Since it was not feasible (or desirable) to prepare a
powder sample with random orientation due to the small sample volume, a user file was created to
facilitate comparison of the sampl es to each ancther.

3. Results

XRD spectra of as-deposited and thermally annealed films are shown in Fig. 2. To enhance
comparison of these spectra the intensities of each spectrum has a fixed offset, i.e. the spectra are
stacked above one another. This spectrd series is of interest for comparison to those of the
illuminated samples. A feature of interest in this series is near 16° 26, which corresponds to the
realgar signature (Fig. 6A). As the anneding temperature is increased (Fig. 2) this realgar peak
decreases. At the same time a peak at 18° 20 appears, which is explained by the presence of
orpiment (Fig. 6B). These intensity changes are partialy obscured by the quartz signature.
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Fig. 2. XRD spectrafor As,S; thin films on fused quartz substrates thermally annealed at
different temperatures.

XRD was dso performed on the illuminated samples after fourteen days in the
environmental chamber (Fig. 3). The sharp peaks from samples 308 and 405 at 14°, 28°, and 35.5°
20 corrdate with the spectra of arsenolite. Note that the spectra of samples 428 to 525 are free of
these peaks. Spectra from samples 380 and 405 also retained the peak at 16° 26 that was present in
the as-deposited films and again indicates the presence of realgar. As in the thermally annealed
series, the realgar feature decreases while the orpiment peak increases, the difference in this caseis
this series follows increased wave ength exposure instead of increased temperature.
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Fig. 3. XRD spectra of as-deposited As;S;thin films exposed to as-labeled wavel engths
at 50 °C and 80% RH for 14 days.

SEM micrographs in Fig. 4 were collected from samples 380 and 525 after XRD
measurement. These micrographs show the contrast between an unilluminated region of sample 380
(Fig. 4A) and an area subject to direct illumination by the 380 nm LED (Fig. 4B). The large
structure in Fig. 4B is an arsenalite crystal. Additionally, the film’s surface has acquired a textured
appearance. The illuminated region of sample 525 (Fig. 4C) shows no response to its environment,
the 525 nm LED caused no discernabl e degradation to the film.
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Fig. 4. SEM micrographs of films subjected to fourteen days in the environmental chamber.
(A) Sample 380, unexposed region (B) Sample 380, exposed region (C) sample 525, exposed region.

4. Discussion
Structural effects of thermal annealing

XRD andysis of as-deposited and thermally anneded films is shown in Fig. 2. Close
examination of the spectra revea ed that therma annealing created a change in the short-range order
of the film. The as-deposited thin films have a short-range order that i ndicates the presence of A$,S,
moieties in the film [14]. This is consistent with what is known from Raman investigation of
vaporized As,S;; it dissociates into As,S, and excess sulfur [15]. Additionally, Raman spectra of as-
deposited films indicates the presence of homopolar bonding (e.g. As-As and S-S bonds) which is
characteristic of As,S, (Fig. 5) [14]. Thus, one can conclude that one result of therma annealingisto
homogenize the As,S, and excess sulfur in the film such that the short-range order is representative
of arandom, distributed network of orpiment (Fig. 6B). Mechanistically, this involves breaking the
As-As bonds in the As;S; moieties and forming As-S; pyramidal units that link to form 12-
membered ring structures of hetero-polar As-S bonds.

Fig. 5. Crystal model of realgar, AsSq.

Photo-oxidation of as-deposited, unannealed thin films

The most interesting result from this photo-oxidation study was the varied response of the
films by wave ength. At wavd engths less than 428 nm the short-range order, red gar-like, structure
of the films remained essentially unaltered while a significant amount of arsencdlite formed on the
surface (Fig. 3, Fig. 4). Above 428 nm the structure of the films was atered such that they had a
random distributed network of orpiment, similar to that formed after thermaly annealing the films
(Fig. 2, Fig. 3). Surprisingly, though the structure of the film was atered, there was no evidence of
corrosive attack at these longer wave engths based on XRD or SEM investigations.
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Fig. 6. XRD spectraof thermally evaporated As,S; thin films (A) as-deposited and (B)
thermally annealed at 150 °C.

Two main causes for the variation in photo-oxidation with wavd ength are proposed. First,
since the photo-oxi dation was observed only at the higher photon energies it implies that there may
be some minimum activation energy necessary for the reaction to occur. Second, the absorptivity of
As,S; increases sharply below 600 nm; the penetration depth is less than 170 nm be ow 428 nm [17].
Consequently, at wave engths below 428 nm (>2.90 eV) all of the opticd energy was deposited at
the near-surface of the films (Fig. 7) where there was adsorbed water from the humid environment.
This reaction can be described as:

AsySy +2S+6H,0+hv  2As,03+6H2S; AG¢ =+203.29kJ / mol (1)

The energy required for reaction (1) to occur is 2.11 eV (586 nm). Since the observed
threshold energy for photo-oxidation was greater than 2.90 eV, it can be concluded that an additional
activation energy is required for the reaction to occur. One thought is that the process is dependant
upon the photo-dissociation of water. However, the energy required for photo-dissociation of an
isolated gaseous water molecule (e.g. remove one hydrogen atom) is 5.16 €V (240 nm) [16], thus
thisis not alikey reaction mechanism. More likely, the water present would bein aliquid phase on
the surface of the film. Liquid water spontaneously dissociates into hydroxyl and hydronium ionsvia
the pH equilibrium, thereby lowering the energy required to manipulate bonds for reaction (1) to
occur.
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Fig. 7. Spectral intensities for the 380 and 525 nm LEDs. Overlaid on this plot isthe
absorption coefficient versus wave ength.

The following equation (2) is a proposed photo-chemical reaction to describe the changesin
mol ecular structure observed in thin films exposed to wave engths longer than 428 nm:

A4Sy +2S+hy - 2As,S3; AGt = -165.25 ki/mol )

There is a sufficient energy release for this reaction to occur spontaneously but apparently
the ki netics specific to an amorphous solid retard this reaction. Only modest energy was required to
initiate this reaction (e.g. < 2.9 €V) and promote the homogenization of the thin film.
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In both reactions, we propose that the primary re-active component of the as-deposited thin
films is the As-As bond present in the realgar moieties (Fig. 5), and that this bond is susceptible to
manipulation by absorbed photons. At higher energies (shorter wavdengths) al of the energy is
deposited on the surface of the “opagque’ film at the interface with the adsorbed water layer. When
the As-As bond is broken by the incident photons, hydroxyl ions from equilibrium dissod ation of
water are present and facilitate the formation of arsendlite. At lower energies (longer wave engths)
close to the absorption edge, the incident photons penetrate deeper into the body of the film. In this
case when the As-As bond is broken, residua sulfur is present, and due to the favorable
thermodynamics, the As,S, moieties convert to form a randomly distributed amorphous orpiment
structure.

5. Conclusion

Photo-oxidation occurred on as-deposited thin films of As,S; only when exposed to
wave engths less than 428 nm and in the presence of humidity. At wave engths longer than 428 nm
the short-range order (molecular structure) of the thin film was modified via photodarkening such
that it had the same XRD spectra as that produced by thermal anneaing. Such alteration of the short-
range structure of the films did not occur be ow 428 nm. The wavel ength distinction between photo-
oxidation and “photoanneading” is postulated to be due to two different effects. First, a critica
activation energy associated with the formation of the corrosion products. Second, the correation
between the absorption coefficent of A$,S; and the transition between the two phenomena

Future work could include investigating the specifics of the activation energy and more
extensive comparisons of photoannealing versus thermal annealing.
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