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We have studied the light emission properties of aged glassy (g-) and crystalline (c-) As2S3 and freshly fractured
glassy As2S3with photosensitive realgar inclusions in the 1.5–4.5 eV spectral range and applying different excitation
photon energies. Additionally, Raman scattering measurements were performed on g-As40S60 to investigate
structural changes caused by corrosion of the glass in air. Major features in the luminescence spectrawere observed
at 1.65, 1.87, 2.04, 2.26, 2.80 and 3.25 eVphoton energies. The 1.65 eV band in photoluminescence spectra of g-As2S3
was identified to be related to theAs side by comparison of the photoluminescence spectrumwith literature data for
As4S4 realgar crystal. A newly observed band at 1.87 eV was assigned to the As side in pararealgar occurring due to
the light induced transformation from realgar to pararealgar phase. An oxidation process was found to take place
during the aging and photo-aging accompanied with formation of As oxides, indicated by the emission bands at
2.04 and 2.26 eV. A rapid photo-oxidation process was observed in freshly fractured surfaces at room temperature
which was connected with the light stimulated realgar-pararealgar transformation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

From the middle of the '50s of the last century As2S3 glasses have
attracted increasing attention in field of optical applications for near
and mid-infrared region [1,2]. First investigations revealed that the
arsenic sulfide glass has very lowhygroscopicity, being a favorable char-
acteristic to use it in optical elements [3]. However, the transparency
has been reduced in infrared (IR) region for some samples due to inter-
nal impurities related to CO2, OH, CS, H2O groups [4–7]. During the use
of glassy semiconductors for acusto-optical applications it was found
that the presence of carbon, OH hydroxyl groups and molecular water
is responsible for increasing sound attenuation, and these groups can
appear in any glass composition [5]. However, additional purification
of the initial elements before the preparation of the chalcogenide
glasses (ChG) was found to decrease the internal impurity content
and leaded to the commercialization of ChG for IR optical elements in
many fields of practical applications [4–7]. But the level of purification
by distillation was not satisfactory for application of ChG in form of
fibers, where the limit of impurities content for As2S(Se)3 glass is
predicted as follows (in ppm wt): b0.1 carbon, b0.5 hydrogen as CH
group, b0.5 silicon, b0.1 metals [6–9].
b@gmail.com (R. Holomb).
There are many reasons for interest in the light guiding that can be
used in numerous potential applications such as biological and chemical
sensing, non-linear optics, pyrometers, and transmission of IR lasers [7,
9–11]. The efficiency and the stability of ChG in bulk, fiber and film
forms are connected with optical aging due to the exposure to
atmospheric conditions [7–15]. Unforeseen problems sometimes arise
because of temperature changes, which may lead to the condensation
of themoisture. The optical aging of fiberswas established and associat-
ed with a dynamic grow of the absorption bands attributed to OH and
H2O groups [9]. Similar processes were observed in a bulk As2S3, for
which the 2–4 μm wavelength region was the most affected one and a
gradual degradation over the corrosion time was detected [14]. An
ambient air exposure, in general, attacks the as prepared surface of the
As2S3 films resulting in the formation of As2O3 crystals [12,13]. Beside
internal impurities there are realgar nanophase inclusions in glassy
matrix of g-As2S3 [15,16]. Illumination of g-As2S3with realgar inclusions
by laser beams of different photon energies causes polymorph realgar-
pararealgar transition in the glassy matrix [15]. The effectiveness
of this transformation depends mainly on the irradiation source
(polychromatic or coherent monochromatic) [17] and on the photon
energy used for the irradiation but the tendency was observed for all
applied photon energies from 1.65 to 2.54 eV [18]. Both in case of expo-
sure to ambient air and to light the realgar crystal shows a polymorph
transition and formation of As2O3 units [19].
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Fig. 1. The micro-Raman spectra of g-As40S60 excited by (1) Eex.1 = 1.17 eV, (2) Eex.2 =
1.96 eV and (3) Eex.3 = 2.41 eV laser photon energies. The micro-Raman spectra (4) of
polycrystalline As2S3 is shown at the bottom for reference.
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Fig. 2. The PL spectra of g-As2S3 aged on air recorded using different excitation photon
energies (see inset).
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In ambient conditions the ultraviolet light illumination induces
oxidation of amorphous As2S3 film [20]. Generally, arsenic can be
found in N320minerals [21,22], including orpiment (As2S3) and realgar
(r-As4S4),whichwere used as paint pigments formerly. Nowadays there
is an issue connected with difficulties in finding the best illumination
method for artworks belonging to the cultural heritage [21,22]. In
nature, the arsenic bearing sulfides are oxidized and the increasing con-
centration of the dissolved arsenic can produce serious environmental
problems [23]. It was found that general dissolution behavior and
products for amorphous As2S3 and orpiment are comparable and differ
only in terms of pH-dependency, reaction kinetics, and efficacy with
generally lower activation [23–26]. In [24] it was concluded that hy-
droxide ions adsorb on the As2S3 surface, leading to the direct formation
of arsenite (HAsO3

2−/AsO3
3−) and sulfide (S2−) ions. Therefore, the

problemof diagnostic of atmospheric corrosion product of chalcogenide
glasses is multidisciplinary. The process is not completely clarified so
far. The aim of this work is the investigation of excitation photon energy
dependent photoluminescence and Raman scattering properties of aged
g-,c-As2S3 and freshly fractured g-As2S3 contained photosensitive
realgar inclusions.

2. Materials and methods

The glasses of As\\S binary systemwere synthesized by the conven-
tional melt quenching route in evacuated quartz ampoules from
mixture of additionally purified by distillation in a vacuum (99.999%)
As and S precursors. The synthesis were carried out at T = 1000 K for
10 h in a rotated ampoules. The melt quenching were performed from
1000 K and using a cooling rate of 1 K/s. The homogeneity of the
prepared glasses were confirmed by polarization method. During
the quenching of themelt the dissociation reaction of As2S3 at high tem-
perature leads to the formation of additional nanophase inclusions of
realgar in the glassy matrix, which is a main difference compared to
quenching from low temperature [27].

Both aged and freshly fractured surfaces of As2S3 glasses were used
for the investigation. The aging time for the As\\S samples was ~
10 years at T = 18–20 °C and humidity of about 60–70%. Crystalline
As2S3 with visible α-As4S4 realgar inclusions and c-As2S3 without it
were taken from Institute of semiconductor physics of National Acade-
my of Sciences of Ukraine. The structure of these crystals were investi-
gated elsewhere [28].

Photoluminescence emission spectra were recorded at room
temperature, using different excitation wavelengths from a 450 W
xenon arc lamp, selected by double monochromator system. Different
bandpass filters were placed before the entrance slit of the detecting
monochromator to separate the excitation beam and to avoid the
appearance of its second order harmonics in the recorded spectra. The
photoluminescence (PL) measurements were performed on a FL 3-22
type Horiba Jobin Yvon spectrofluorometer. A detailed measurement
process of Raman spectra was described earlier [15,16].

3. Results and discussion

3.1. Excitation photon energy dependent Raman and photoluminescence of
As2S3 glass

The Raman spectra of As2S3 glass excitedwith different photon ener-
gies is shown in Fig. 1 together with the spectra of polycrystalline As2S3.
In contrast with narrow Raman bands of polycrystalline As2S3 located at
200, 290, 310, 355 and 383 cm−1 the Raman spectra of g-As2S3 demon-
strate a broad band with the maximum at 340 cm−1. The main band in
the experimental spectra of As2S3 glass excited with photon energy of
1.17 eV (Fig. 1, curve 1) centered at 340 cm−1 is a characteristic band
of symmetric As\\S vibrations in AsS3 pyramids. The shoulders at 310
and ~390 cm−1 is connected with the asymmetric As\\S vibrations in
AsS3 pyramids and As\\S\\As vibrations of “water-like” molecule,
respectively. In addition to these bands the small features at 186, 220,
230 and 360 cm−1, connected with homopolar As\\As bonds and real-
gar As4S4 inclusions, and small intensive band at 490 cm−1 associated
with S\\S bonds can be observed [17]. Drastic changes in the Raman
spectra of As2S3 glass are observed when excitation photon energy in-
creases (Fig. 1, curves 2 and 3). The decreasing of intensity of Raman
band at 186 cm−1 and simultaneous increasing of ~235 cm−1 Raman
band can indicate the realgar-pararealgar transformations [17,18]. Tak-
ing into account the strong absorption at these photon energies the
changes in the Raman spectra can also be connected with the structure
of glass surface. Using the excitation photon energy of 2.41 eV the broad
band with maximum at ~680 cm−1 in the high frequency region of the
Raman spectra of As2S3 glass is found to increase in intensity in compar-
ison with the Raman spectra excited with lower photon energies (see
inset in Fig. 1).

In addition to the Raman spectra, the excitation photon energy de-
pendent PL spectra of As2S3 glass were investigated. The PL spectra of
g-As2S3 excitedwith different photon energies is shown in Fig. 2. Results
show that themain intensive band at ~2.80 eV in the PL spectra of aged
As2S3 glass is observedwhen excitation photon energy of 3.10 eV is used
(Fig. 2, curve 2). In addition to this band the bands at 1.65, 1.85, 2.04,
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2.26, 3.25 and 3.45 eV can be observed in the experimental PL spectra of
As2S3 glass excited with different photon energies. (see Fig. 2). The
microscopic structural origin of these PL features and it connection
with aging and photo-induced processes will be discussed in next
paragraph.

3.2. Luminescence from aged surfaces of g- and c-As2S3

The PL spectra of the fractured surface of g-As2S3, aged on air for long
term and containingβ-As4S4 realgar nanophase inclusions, excitedwith
Wex.2 = 3.1 eV (λex.2 = 400 nm) is dominated by a relatively broad
emission band having maximum around 2.80 eV (Fig. 2). The observed
feature is typical for PL spectra of As2O3 × nH2O solution [29]. In Raman
spectra (Fig. 1) recorded by Eex.3 = 2.41 eV laser excitation, an energy
that is very close to the band gap of the investigated material, a weak
and broad scattering band centered near 680 cm−1 can be observed
[15]. The broad feature is probably related to the superposition of two
bands at 710 and 655 cm−1, commonly observed for H3AsO3 and
As(OH)3 [30,31]. Such bands were detected in solutions saturated
with As4O6 (pH = 0–4) and also in solutions where the ratio of [OH−]
and [As3+] is equal to 3.5 [31]. In accordance with the Pourbaix's dia-
grams of As and S in water, at acidic conditions and in the presence of
oxygen, the As2S3 compound reacts with water and the main reaction
products are H3AsO3, H3AsO4, H2S and H2SO4 [32].

A decrease of the excitation photon energy to Wex.3 = 2.48 eV
(λex.3 = 500 nm) causes an increase of the emission intensity at lower
energy region of the PL spectrum (Fig. 2, curve 3). As a result, a well
distinguishable emission band appears at E2* = 2.26 eV accompanied
by a weak shoulder around E1* = 2.04 eV on the low energy side of
the mentioned band. These two bands can be identified as a signature
of the As2O3 and As2O5 oxide phases, which usually appears in form
of two separated bands in the PL of electrochemically etched porous
eep-GaAs [33–35]. Since the As oxides have high optical band gap
(∼4–5 eV) the nature of the luminescence centers is still unknown. A
possible explanation might be a mechanism similar to the observed PL
bands in GeOx, where they are related to defect sites [36].

The decrease of the excitation photon energy down to Wex.4 =
2.25 eV (λex.4=550 nm) results in amore pronounced shoulder around
E1* = 2.04 eV in the PL spectrum of the aged sample (Fig. 2, curve 4).
Comparing the PL spectra excited by 2.25 eV of glassy and crystalline
As2S3 (Figs. 2 and 3, respectively) it is clearly seen that the typical emis-
sion band at E1*= 2.06 eV ismuchmore pronounced for later structure.
As wasmentioned above, such PL band always appears in the PL spectra
of oxidized porous GaAs and can be assigned to the presence of the
arsenic oxide phase in the structure [33,34].
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Fig. 3. The PL spectra of c-As2S3 with realgar inclusion aged on air, excited with different
excitation photon energies (see inset).
The use of higher excitation photon energies (4.96 eV (250 nm) for
g-As2S3 and 4.59 eV (270 nm) for c-As2S3) results in a wide emission
band ranging from 1.7 to 4.0 eV in both PL spectra withmaxima around
2.80 and 3.25 eV for crystalline and glassymaterials, respectively (Figs. 2
and 3). In contrast of g-As2S3 (Fig. 2), this band has a more complex
structure in c-As2S3, which cannot be resolved at room temperature.
Presumably, the experimentally obtained wide band is an envelope of
many overlapped emission bands, including the E1* = 2.06 eV and
E2* = 2.26 eV (Fig. 3) ones.

The maximum emission peak of g-As2S3 at Wex.1 = 4.96 eV
(250 nm) excitation is located at 3.25 eV. Also, the few shoulders appear
at 2.80 and 3.45 eV together with very weak feature at 2.04 eV (Fig. 2,
curve 1). In this region As related bands were observed at 3.348 eV
for the heavily As-doped ZnO film [37]. The As2O3 bands responsible
for low temperature emission were observed in As-doped ZnO at
3.313, 3.232, 3.162, and 3.096 eV, but in the room temperature
spectrum only a wide PL band can be seen near 3.3 eV [37]. The
cathodoluminescence data obtained for bulk As2O3 show the emission
line at 3.78 eV which was related with local As2O3 groups [38].

Thus in general can be stated that the PL spectra of aged c-As2S3
(Fig. 3) contain emission bands with almost the same positions as the
PL spectra of aged g-As2S3 (Fig. 2), but thedominated relative intensities
at different excitation energies are noticeably distinct. Previous investi-
gation of oxidation of crystalline and amorphous phases of As2S3 shows
that oxidation rate of c-As2S3 is slightly lower and the activation energy
is higher, and the amorphous phase of As2S3 shows higher dependency
on pH than the crystalline, and their reaction mechanisms for oxidation
might be different [23–26]. Comparison of the PL spectra of g- and
c-As2S3 supports some conclusions of authors of [23], saying that the
general dissolution products of amorphous As2S3 and orpiment are
comparable.

3.3. Intrinsic impurities or surface contamination effect during photo-aging

PL results for g-As2S3 measured at liquid nitrogen (curve 2) and
room temperature (curve 1) are shown on Fig. 4. The observed maxi-
mum at E = 1.26 eV follows the well-known Eg/2 rule and reflects
bulk intrinsic properties of the glassy material. The shoulder at 0.8 eV
(see Fig. 4) which usually appears in the PL spectra of As\\S glasses
after UV light illumination is related to As atoms [39], while appearance
of the shoulder at 1.72 eV may be connected with nanophase As4S4 re-
algar inclusion in the g-As2S3 matrix. A band with similar maximum
was found in the PL spectrum of natural realgar crystal measured
using 480 nm excitation [40]. A relatively weak PL bandwithmaximum
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at 1.72 eVwas observed in the spectrum of the freshly fractured g-As2S3
surfaces (see Fig. 4)measuredwith 403 nm laser excitation, the position
of which is almost identical to the PL band in the emission spectrum of
the realgar crystal [40]. Therefore, the observed PL bandwithmaximum
at 1.72 eV can be assigned to the As side in realgar. In contrast, the PL
spectrum of g-As2S3 at liquid nitrogen temperature exited by wide
band projector lamp shows mainly the bands connected with intrinsic
properties of g-As2S3 (Fig. 4). All visible and near UV PL emission
bands observed in the spectra measured at different excitation energies
(Fig. 2) might be connected with surface contaminations.

The emission band at 2.30 eV, related to the As-oxide appears in the
403nm laser excited PL spectrumof aged c-As2S3without visible realgar
inclusions. This emission band is significantly red shifted in comparison
with edge of absorption of the c-As2S3 (Fig. 5). The oxide formation
can serve as the physical reason for the surface degradation of g- and
c-As2S3 during the aging process. Furthermore, the dissolution of the
oxide and the formation of PL band assigned to As2O3 × nH2O solution
(the corresponding band is at 2.80 eV) may also occur in c-As2S3 (see
Fig. 3, curves 1 and 2) because of the temperature variation during the
aging process, which can cause the condensation of the moisture.

Formation of oxide phases during the aging of the fractured surface
of the g-As2S3 with β-As4S4 realgar nanophase inclusions can be
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enhanced by the photo-aging [15,19]. The illumination of the g-As2S3
sample with UV laser resulted in the appearance of an emission band
with maximum at E1 = 1.72 eV (Fig. 4, curve 2). This PL band was
assigned to As sides in realgar and has a blue shift with the illumination
time to E2 = 1.87 eV in the PL spectra of freshly fractured As2S3 glass
measured using excitation photon energies of 2.25 and 2.48 eV (Fig. 6,
curves 2). Common considerations of the excitation photon energy
dependent Raman spectra (Fig. 1) and PL measurements of the freshly
fractured g-As2S3 (Fig. 6) lead to the conclusions that the blue shift
from E1 to E2 are presumably connected with the realgar-pararealgar
transformation [15].

Therefore, using excitation energy Wex.4 = 2.25 eV at which the
polymorphic transformation of realgar to pararealgar intensively occurs
[15], the emission maximum shifts from E1 to E2 = 1.87 eV (this peak
we assigned to p-As4S4) and, in addition, a new feature appears as a
shoulder at E1* = 2.04 eV (As2O3) (Fig. 6, curve 2). The photo-degrada-
tion of the surface during the increase of the excitation energy to
Wex.2 = 3.10 eV, accompanied with the formation of the emission
band near 2.80 eV is less intensive as during the long term aging on
air (Fig. 6, curves 1 and 2). Similar PL bands at 2.80 and 1.72 eV were
found in PL spectra of crystalline auripigment As2S3 and r-As4S4, respec-
tively. The shoulder at 3.75 eV observed in the PL spectra of g-As2S3
measured using excitation photon energy of 4.96 eV (Fig. 6) can be
related with line at 3.78 eV detected in cathodoluminescence and
indicating the formation of local As2O3 groups in bulk As2O3 [38].

4. Conclusions

The PL spectrum of the g-As2S3 investigated at liquid nitrogen tem-
perature has a classical character. Emission band with maximum at
E = 1.26 eV follows the well-known half optical band gap Eg/2 rule,
being typical for intrinsic properties of glassy materials. The shoulders
at 0.8 and 1.7 eV in the spectrum were assigned to the presence of As
side nanophase inclusion in g-As2S3 matrix.

A low intensity PL band with maximum at 1.72 eV was observed in
room temperature PL spectrum of g-As2S3 exited by 4.03 eV. The
maximum position of this PL band is located on the so called
weak edge absorption tail of the g-As2S3 spectrum. The prolonged
illumination of the sample by UV light (4.03 eV) caused a blue shift of
the emission band from 1.72 to 1.87 eV. This significant change in the
PL peak position is presumably connected with the nanophase realgar
to pararealgar transformation process stimulated by light illumination
and observed earlier in g-As2S3.

Different surface contaminations were found in aged on air glassy
and crystalline As2S3 during the analysis of the PL spectra excited by
different photon energies. PL bands, belonging to red, yellow-green
spectral regions are present in the PL spectra of both crystalline and
glassy materials and are typical for arsenic oxides (As2O3 and As2O5).
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Wehave demonstrated that the position of PL bands related to the oxide
phases in the emission spectra of crystalline c-As2S3 is the same as
that of peculiarities on the low energy side of the edge absorption for
c-As2S3. Therefore, the oxide growth may serve as the first step of
surface degradation of g- and c-As2S3 during the aging on air.

It was established that during the aging process the temperature
variations lead to the condensation of the moisture and active dissolu-
tion of the oxide phases at the surfaces of g- and c-As2S3. The dominant
emission band around 2.80 eV, appearing in the PL spectra of g-As2S3
excited by different photon energies may be assigned to the As2O3 ×
nH2O solution. Characteristic features of As(OH)3 were observed
in Raman spectrum of g-As2S3 excited with near band gap photon
energies.

The analysis of the PL spectra of freshly fractured g-As2S3 surfaces
with realgar nanophase inclusion demonstrated that the photo-aging
caused by the realgar to pararealgar transformation is accompanied by
simultaneous formation oxide phases. The appearance of a PL band typ-
ical for As2O3 × nH2O was observed during UV excitation of the freshly
fractured g-As2S3 surfaces. Intensities of PL bands from freshly fractured
surfaces are at least few times lower compared to those measured on
aged on air surfaces.
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