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Abstract: The refractive index of as-evaporated amorphous semiconductor As;Sg film upon an annealing and sat-
uration irradiation and annealing cycle is reversible. Upon successive treatment with annealing and non-saturation
irradiation and further annealing, the refractive index of the as-evaporated amorphous semiconductor As,Sg film
reaches a maximum value and then its reversibility occurs upon annealing. The annealing of the amorphous semi-
conductor As,Sg films results in the stabilization of the structure through changes of the S—S bonds in the nearest
environment, accompanied by a decrease of film thickness. The As,Sg planar waveguide after annealing (130 °C)
and saturation irradiation and annealing (130 °C) shows a good propagation characteristic with ca. 0.27 dB/cm low

propagation loss of the 632.8 nm guided mode.
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1. Introduction

Amorphous semiconductor chalcogenide glasses are po-
tentially useful materials for integrated nonlinear optical com-
ponents offering low-phonon energies, ultra-fast broadband
optical response times and optical transparency in the IR re-
gion[' 4. These unique optical properties make them very
interesting for integrated optical devices, all-optical signal
processing, optical circuits and, eventually, optical comput-
ingl> 8], Published studies have mostly dealt with stoichiomet-
ric As»S3 compositions in infrared optical applications. How-
ever, because the average covalent bond coordination number
of amorphous semiconductor As, Sg is lower than that of amor-
phous semiconductor As;S3 and also because of the higher
density of chemical bond defects produced by its abnormal
electronic configuration, there are a larger number of sublevels
in the band gap of amorphous semiconductor As,Sgl® 101,
especially for amorphous semiconductor As,Sg film. More
interestingly, a photo-optical effect with an optical stopping
function in amorphous As;Sg film has been reported in our
studies!' !}, which is not observed in amorphous semiconductor
As,S3 films. This function is realized through electron transi-
tion in sublevels absorbing signal light, however, in amorphous
semiconductor As,Sg, band gap light excites electrons to the
sublevels. This optical stopping function will be expected in the
development of new waveguide devices with an optical switch
function or optical attenuation, so it is necessary to fabricate a
low-loss As,Sg planar waveguide. Considering that the anneal-
ing treatment can improve certain film properties!!2- 13!, such
as adhesion to the substrate, density and physical stability, the
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films are processed by a cycle of annealing and irradiation, and
annealing.

In this paper, the refractive index changes of as-evaporated
amorphous semiconductor As,Sg films are investigated fol-
lowing an annealing and irradiation and annealing cycle. Dur-
ing the cycle of annealing and saturation irradiation and an-
nealing, the reversibility of the refractive index changes is ob-
served at an annealing temperature of below 160 °C. After an-
nealing near the glass transition temperature (130 °C), the re-
fractive index changes are fully reversible. However, with the
annealing and non-saturation irradiation and annealing cycle,
the refractive index changes continuously increase to the maxi-
mum value, and then display reversibility upon further anneal-
ing. The light propagation experiment demonstrates the As,Sg
planar waveguide upon annealing (130 °C) and saturation irra-
diation and annealing (130 °C), and shows a good propagation
characteristic with a low loss of 0.27 dB/cm.

2. Experiments

Appropriate atomic proportions of high purity (4N) ele-
mental As and S were sealed under vacuum in cylindrical silica
ampoules. The starting materials were then reacted by heating
to 800 °C and melt homogenized by continuous rocking in a
furnace for 48 h. They were then allowed to cool naturally to
room temperature in the furnace to form As,Sg glass powder.
Film samples were fabricated by evaporating the melt-cooled
As,Sg glass powder from a tantalum boat onto non-refrigerated
quartz substrates in a vacuum of 1 x 1073 Pa with about
10 A/s, forming a planar waveguide. The film thickness was
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controlled by adjusting the weight of the powder. The chemical
compositions of the films were ascertained by electron micro-
probe X-ray analyses within an accuracy of £2 at.%. Anneal-
ing was performed in a flowing nitrogen ambient for 1 h and the
samples were measured at room temperature. A prism coupling
technique using a 1.5 mW 632.8 nm He—Ne laser probe light
was employed to measure the refractive index. A UV light with
an intensity of 58 mW/cm? and a wavelength of 300436 nm
was employed to study the photo-induced changes in the re-
fractive index of the As,Sg film. The UV light came from a
photolithography source, where the non-uniformity of illumi-
nation intensity was less than 3 %. The Raman spectra were
measured by using a Fourier transform IR spectrometer with
1064 nm excitation coming from a Nd-YAG laser. The surface
morphologies of the film samples were studied by using an FEI
Quanta 200F scanning electron microscope (SEM).

3. Results and discussions

3.1. Refractive index changes of the As;Sg film upon the
annealing and saturation irradiation and annealing
cycles

The as-evaporated amorphous semiconductor As,Sg film
was first annealed and then exposed to UV light for about
70—80 min until its refractive index reached a maximum value.
Such a process is called an annealing and saturation irradiation
cycle. This cycle was repeated several times. Figure 1 shows
the changes in refractive index with UV irradiation for As;Sg
films during several cycles. Annealing was performed for 1 h
in each case at 120,130 or 165 °C. For repeated annealing at
120 °C followed by UV exposure for 80 min in each annealing
and saturation irradiation cycle, the refractive index is higher
after each annealing step before UV irradiation (i.e., at ¢ = 0)
and the change in refractive index with irradiation time differs
in each cycle. With repeated annealing at 130 °C, however, the
samples before irradiation have the same value of refractive in-
dex in each cycle (ca. 2.320), and the refractive index increases
with UV irradiation time in a similar manner in each cycle by a
further 0.015 after 80 min. After repeated annealing at 165 °C,
the refractive index decreases after each annealing step before
UV irradiation (i.e., at # = 0) and is lower than the value of
the refractive index in the well irradiated sample after repeti-
tious annealing and saturation irradiation cycles. These results
indicate that the change in the photorefractive index in the an-
nealed films is reversible by subsequent annealing (note that
the whole process consists of the annealing and saturation ir-
radiation and annealing cycle). At an annealing temperature of
130 °C, the refractive index change is fully reversible. The full
reversibility of this phenomenon potentially allows As,Sg to
be used as a thermally erasable medium and is useful for the
experimental fabrication of As,Sg strip waveguides.

This reversible phenomenon near 7, (130 °C) is more ev-
ident than that at below T, (such as 120 °C). For the anneal-
ing temperature near Ty, after each cycle, the refractive index
changes are basically the same as with the first cycle; while
below T, the refractive index change is lower than that of
the first cycle, but then has the same trend after the first cy-
cle. Moreover, the average changes of the refractive index An
after annealing (130 °C) and saturation irradiation cycles is
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Fig. 1. Refractive index change of AsySg films with repeated anneal-
ing and UV saturation irradiation cycles at (a) 120, (b) 130 and (c)
165 °C. The dashed line denotes the dependence of the refractive in-
dex of the as-evaporated film on exposure time under UV light with-
out annealing, compared with the successive annealing and saturation
irradiation cycle.

0.018, and is greater than 0.010 after annealing (120 °C) and
saturation irradiation cycles. In general, after the as-evaporated
amorphous semiconductor chalcogenide film is annealed near
the Ty, the structure of film becomes a stable equilibrium state
through the redistribution of chemical bonds. Then, under irra-
diation, photo-excited carriers are rapidly localized to a range
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Fig. 2. Refractive index change of amorphous semiconductor As,Sg
film upon the successive non-saturation irradiation (10 min) and an-
nealing (130 °C, 1 h) and non-saturation irradiation (10 min) and an-
nealing (130 °C, 1 h).

of a few angstroms with resulting recombination-induced bond
rearrangements, leading to the deformation of the microstruc-
ture of the film accompanied by an increase of the refractive
index. Upon further annealing, however, thermodynamic ac-
tivity can accelerate the relaxation of the film and makes the
film relax the stable structure by erasing the increase of the re-
fractive index. This reversible phenomenon is also explained
from the configuration coordinate of amorphous chalcogenide
film!'4- 151, A band gap irradiation for an annealed film induces
a transition of defects from a stable state to a quasi-stable state,
leading to a change in the local structural order in the amor-
phous network. With annealing treatment, defects with a quasi-
stable state relax thermally to a stable state. Especially under
annealing near 7, most defects are relaxed to a stable state and
the film structure is restored to its initial state.

3.2. Refractive index changes of As,Sg film upon the an-
nealing and non-saturation irradiation and annealing
cycles

The refractive index changes of as-evaporated amorphous
semiconductor As,Sg films after successive non-saturation ir-
radiation and annealing, and successive annealing and non-
saturation are shown in Figs. 2 and 3, respectively. During
a period of non-saturation irradiation, the irradiation time is
about 10 min less than the saturation irradiation time of about
80 min shown in Fig. 1 and does not lead to the increase of
the refractive index to the maximum value. In Fig. 2 (note
that the successive state is along the non-saturation irradiation
and 130 °C annealing and non-saturation irradiation, and then
130 °C annealing), the refractive index of the amorphous semi-
conductor As,Sg film increases monotonously from the value
of 2.2780 in the as-evaporated film to the maximum value of
2.3350 after the process of non-saturation irradiation and an-
nealing (130 °C) and non-saturation irradiation, and then upon
annealing (130 °C) reverts back to 2.2884. This change in the
refractive index also takes place in the process of the annealing
(130 °C) and non-saturation irradiation and annealing (130 °C)
and non-saturation irradiation, as shown in Fig. 3. In Fig. 3
(note that the successive state is along the 130 ° C annealing
and non-saturation irradiation and 130 °C annealing and non-

2.345
W O
2325 | ©
- X
5
=
R=
2 2305
2 A As-cvaporated
=
2 X Annealing X
2.285 O Non-saturation
A irradiation
2.265 1 L L ! : .

Succcessive state

Fig. 3. Refractive index change of amorphous semiconductor As,Sg
film upon successive annealing (130 °C, 1 h) and non-saturation irra-
diation (10 min) and annealing (130 °C, 1 h) and non-saturation irra-
diation (10 min) and annealing (130 °C, 1 h).
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Fig. 4. Raman spectra of the As,Sg bulk glass, as-evaporated and an-
nealed (130 °C) As,Sg film.

saturation irradiation, and then 130 °C annealing), the refrac-
tive index reverts from the maximum value of 2.3403 to 2.2885
after annealing (130 °C). From Figs. 2 and 3, during the suc-
cessive treatment consisting of non-saturation irradiation and
annealing, the refractive index of the amorphous semiconduc-
tor As,Sg film at first reaches the maximum value and, after
that, the reversibility of the refractive index is observed upon
annealing.

3.3. Raman and XRD spectra of an amorphous semicon-
ductor As2Sg planar waveguide

Annealing is an essential process in the fabrication of op-
tical waveguides, primarily for improving certain film prop-
erties, such as adhesion to the substrate, density and physi-
cal stability, so a study on annealing induced effects in the
films is necessary. Figure 4 shows the Raman spectra of the
As,Sg bulk glass, the as-evaporated As,;Sg film and the an-
nealed (130 °C) As,Sg film. The S-S vibration situation is
also clear from Fig. 4. In the As;Sg bulk glass structure, there
are Sg rings, which give peaks at 151 cm™!, 217 ecm™! and
474 c¢m~'16:17] However, the as-evaporated and annealed
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Fig. 5. XRD spectra of the amorphous semiconductor As;Sg film
sample before (As-evap) and after (Ann) annealing at 130 °C.

As,Sg film structures have no Sg rings, but have S,, chains in-
stead (the long chains in the broad peak centered at 463 cm™!
and the very short chains at 494 cm™! assigned to disulfide
bonds, i.e., to very short chains composed of only two S atoms
S,As—S-S—AsS,)[16: 181 So, the very broad spectral range
420-520 cm™! shows that various types of S-S bonds exist
in the As,Sg films.

As regards the As—S bonds, it is known that there are
no As4S4 molecules containing As-As bonds in As—S glasses
with As composition lower than the stoichiometric onel'%], i.e.
As40S60. In fact, As4S4 realgar molecules with a very strong
peak at 185 cm™! are not seen in the Raman spectra of the
As,Sg films. There are symmetric and antisymmetric modes
that give rise to the two peaks at 345 and 363 cm™! for AsS;
pyramidal units containing As—S bonds[?%). So, the peaks in
the 260-420 cm™! range are entirely due to As—S vibrations in
pyramids.

Given the above clarification, the structure of amorphous
semiconductor As,Sg film is better described as a mixture of
AsS3 pyramids and S-S chains. The structural changes are
mainly due to changes between S—S bonds in different envi-
ronments, but not due to changes between homopolar and het-
eropolar bonds!-22], Then the relative changes of the S-S
bonds in the 420-520 cm™! range would become obvious. The
relative peaks of molecular fragments such as Sn chains in
the Raman spectra of the annealed sample is lower than those
in the as-evaporated sample, as shown in Fig. 4. So, the an-
nealing of the As,Sg films results in the stabilization of the
structure through the changes of the S—S bonds in the nearest
environment. As a result, a polymerization of such molecular
fragments should be accompanied with a decrease in the thick-
ness of the film. Indeed, a decrease in film thickness upon an-
nealing is observed in Fig. 5.

Figure 5 shows the XRD spectra of the as-evaporated
amorphous semiconductor As,Sg films obtained using the Cu-
Ko line before and after annealing at 130 °C for 1 h. Both XRD
patterns are broad, indicating that these two films have amor-
phous structures. The main diffraction peak shifts from 16.80°
to 17.50° (20) on annealing, corresponding to a reduction in
the interlayer spacing from 0.527 to 0.509 nm, which is con-

sistent with the reduction in film thickness. This change found
in the XRD patterns suggests a thermal densification of the
films. However, upon annealing above 160 °C, which is near
the sulfur polymerization transition temperature of 159 °C in
S-rich glass['®], it is possible that crystallization effects or sul-
fur evaporation could be responsible for these effects. These
changes under annealing of above 160 °C can deteriorate the
physical properties of the film sample.

4. Light propagation experiment

To examine the guided light propagation property of an
amorphous semiconductor As,Sg planar waveguide, a light
propagation experiment was investigated. A prism coupling
technique was utilized for the guide light propagation exper-
iment in 1-pum-thick As;Sg films. The propagation loss of
the planar waveguide is estimated through the charge coupled
device (CCD) photography!?3]. The relative intensities of the
scatter light points in the propagation line are recorded by a
CCD, transformed into the intensities of the propagation light
in the waveguide and then fitted to an exponential decay curve.
An attenuated propagation coefficient is calculated by using
the exponential decay curve. Guide modes (TE) of wavelength
632.8 nm (He—Ne laser) were generated with a TiO, prism cou-
pler. Figures 6(a) and 6(b) show the exponential decay curves
with the attenuate coefficient of the light propagation in the
as-evaporated amorphous semiconductor As,Sg planar wave-
guide before and after annealing (130 °C) treatment, and sat-
uration irradiation and annealing (130 °C), respectively. It is
found that the light propagation distance of the as-evaporated
amorphous semiconductor As,Sg film waveguide, after being
processed by annealing (130 °C) and saturation irradiation and
annealing (130 °C), increases very obviously and its wave-
guide propagation loss is calculated as ca. 0.27 dB/cm less
than that of ca. 1.13 dB/cm in the only as-evaporated amor-
phous semiconductor As;Sg film, which implies that the prop-
erty of guided light propagation can be improved remarkably
by means of this process. This is because the annealing (7)
and saturation irradiation and annealing (7,) cycle can relax
the structure of the as-evaporated As,Sg film waveguide into
a stable equilibrium, leading to a decrease of light propagation
loss due to an improvement of the surface roughness and den-
sity uniformity of the film. Figures 7(a) and 7(b) show the SEM
photos of the surface roughness of the as-evaporated amor-
phous semiconductor film sample before and after the above
process treatment, indicating that the surface roughness of the
film sample is improved obviously after the treatment and its
surface becomes very smooth. Therefore, this process can re-
duce diffraction loss, leading to a decrease of propagation loss.

After annealing at above more than T, such as 165 °C,
however, the light propagation loss increases to two orders of
magnitude due to crystallization effects (or phase transforma-
tion) at the high annealing temperature!24],

5. Conclusions

In summary, amorphous semiconductor As,Sg films pre-
pared by vacuum evaporation were confirmed to undergo
changes in refractive index upon annealing and irradiation and
annealing cycles. The reversibility of the refractive index is ob-
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Fig. 6. Relative intensity distribution and its fitting curve of the
light propagation line in the as-evaporated amorphous semiconductor
As,Sg planar waveguide (a) before and (b) after treatment with an-
nealing (130 °C) and saturation irradiation and annealing (130 °C). In
(a) and (b), the light propagation loss is 1.13 dB/cm and 0.27 dB/cm,
respectively. The propagation line images are inset. The short line is
the distribution of the relative intensities; the solid line is an exponen-
tial attenuated curve fitting.

served on the cycle of the annealing and saturation irradiation
and annealing, and especially on annealing near the glass tran-
sition temperature (130 °C), this reversibility is fully reversible,
which allows amorphous semiconductor As; Sg film to be used
as a thermally erasable medium. Upon the cycle of the anneal-
ing and non-saturation irradiation and annealing, the refractive
index increases continuously to reach the maximum, and then
reverts back to the value of about 2.288 upon annealing near
the T;. Annealing near the T, of the As,Sg films results in the
stabilization of the structure through these changes between
S-S bonds in the nearest environment. The light propagation
experiment shows that the as-evaporated amorphous semicon-
ductor As,Sg planar waveguide after processing by annealing
(130 °C) and saturation irradiation and annealing (130 °C) has
a good propagation characteristic with a propagation loss as
low as ca. 0.27 dB/cm owing to the enhancement of the struc-
tural stabilization and the improvement of the surface rough-
ness. The mechanism demonstrated in the present study allows
As,Ss to be applied in waveguide devices and potentially in a
range of other optical applications.
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