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A B S T R A C T   

Synthesis and characterization of the optical properties of materials especially at a nanoscale, is considered as 
important tasks for the engineering of photonic devices and systems. In this paper we study the photo
luminescence of new nanocomposite material consisting of arsenic sulfide doped in porous glasses and the effect 
of photoinduced structural transformations on it. The nanocomposite was obtained via chemical deposition 
method in which arsenic sulfide powder was dissolved in an amine solution and then clean pieces of porous glass 
were impregnated for 2 days in the solution. Strong photoluminescence signal was observed in the samples when 
excited with lasers with excitation wavelengths of 405 and 532 nm. Also, the effect of laser irradiation on the 
photoluminescence of the samples was studied using confocal microscope with two different operating lasers 405 
and 514 nm. It was observed that laser irradiation influences photoluminescence differently depending on the 
irradiation wavelength.   

1. Introduction 

Arsenic sulfide (As2S3) is a chalcogenide material that possesses 
several unique physical and optical properties [1]. Photoinduced phe
nomena, such as stimulated changes of optical absorption and refraction 
spectra are the most special properties observed in arsenic sulfide glasses 
and have been widely studied [2–5]. Aside from the applications of 
As2S3 in passive devices such as optical fibers [6] and media for optical 
recording [7], it was recently observed that As2S3 also can be an 
excellent active medium for applications in nonlinear optics such as 
supercontinuum generation in the infrared region [8]. As2S3 photonic 
crystal fiber was used for broadband infrared supercontinuum genera
tion extending from 2.5 to 15 μm [9]. Second harmonic generation was 
observed in thermally poled As2S3 glasses [10]. As2S3 planar waveguide 
was used for broadband cascaded four wave mixing [11], and in another 
work for correlated photon-pair generation [12]. 

The photoluminescence (PL) in arsenic sulfide glasses was first 
observed by Kolomiets' group [13], and since then it has been exten
sively studied by others [14–16]. Tanaka compared the PL of As–S 
system with its crystal form with respect to composition, temperature 
and excitation spectra. Tanaka [17] observed substantially different PL 

depending on the excitation energy relative to the bandgap of the sys
tem. The PL intensity starts to decrease when increasing the temperature 
over 4 K or when changing the excitation energy further from (decrease 
or increase) the bandgap energy. The ageing effect in air on the PL of 
glassy and crystalline As2S3 was studied by applying different excitation 
energies [18]. Some PL characteristics of both aged glassy and crystal
line As2S3 were found to be as a results of oxidation process on the 
surface of the samples and accompanied by realgar to pararealgar 
transformation in the aged glassy As2S3. Strong PL emission was 
observed at room temperature in 2D- As2S3 with a laser excitation 
wavelength of 473 nm [19]. In the same work, the influence of 
composition on the PL spectra was studied. It was observed that As4S4 
realgar structural units sharply quench the PL and the cyclic As2S2 
structure is the main reason of PL in 2D- As2S3. Thin films of arsenic 
sulfide prepared by PECVD-based method shown to exhibit broad PL 
spectra with the maximum intensity shifts from 1.87 to 2.42 eV when 
changing the composition from As35S65 to As55S45 [20]. 

Recently, we observed a pronounced reversible photobleaching ef
fect (a blue shift in the transmission spectrum that can be reversed by 
thermal treatment) in arsenic sulfide doped in porous glasses. This is an 
intriguing effect because it is the opposite of the effect usually observed 
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for As2S3 bulk glasses and thin films (i.e., photodarkening.) [21]. In this 
article, we study the PL of arsenic sulfide doped in porous glasses and the 
influence of irradiating the samples on its PL. 

2. Experimental 

2.1. Materials 

The arsenic sulfide glass As2S3 used in this work was obtained via 
direct synthesis of high-purity elements in quartz ampules. Propylamine 
(No. 109819, 98%) used to dissolve As2S3 was purchased from Sigma- 
Aldrich. Silica-based porous glass (PG, 6 × 10 mm, 2.5 mm thick) ob
tained by acid leaching of sodium borosilicate glass with the composi
tion 7 Na2O, 23 B2O3, 70 SiO2 were used. The used PGs had an average 
pore size of 23 nm, and a specific surface area ranging from 10 to 300 
m2/g [21]. 

The PG's mass was measured before and after impregnation to define 
the dopant concentration (As2S3) in the glass. The samples studied in 
this work have a concentration around 2%. 

3. Methods 

The samples of arsenic sulfide doped porous glasses studied in this 
work were prepared as follows. 0.03 g As2S3 was dissolved in 2.5 mL 
propylamine, and after the complete dissolution of As2S3, pieces of PG 
were added to the solution. The PG samples were extracted from the 
solution after two days, left to air dry for 1 h, and then annealed at 
190 ◦C for 2 h. After thermal treatment, the samples were transparent 
and brown colored. 

3.1. Characterization 

The obtained samples were characterized using optical spectrometry, 
scanning electron microscopy, Raman spectroscopy, and confocal laser 
microscopy. 

The optical transmission spectra of the samples were measured in the 
visible-near infrared spectral region on a Fluorat-02-Panorama spec
trofluorometer (Lumex Instruments, Saint Petersburg, Russian Federa
tion). A DPSS laser with the emission wavelength 532 nm (KLM-532/h/ 
100, FTI Optronic, Russian Federation) was used for irradiating the 
samples and for excitation when measuring their PL. 

The composition of the samples was determined using scanning 
electron microscope (Hitachi S4300-CFE, Japan). The microscope was 
equipped with energy dispersive X-ray (EDX) spectroscopy measuring 
capability. It was used for composition measurements with a detection 
threshold of 0.1%. 

The photoinduced transformations were investigated by measuring 
the Raman spectra of the samples before and after irradiation. Mea
surements were performed on an InVia Raman microscope (Renishaw, 
Wotton-under-Edge, United Kingdom) in the Raman shift range 
100–700 /cm− 1 using a 785 nm laser as an excitation source. 

The PL spectra were measured at room temperature employing 
USB4000 Spectrometers (Ocean Insight, USA) with 405 and 532 nm 
lasers for excitation. The effect of irradiation on the PL intensity of the 
samples was investigated by A confocal luminescent scanning micro
scope LSM-710 (Carl Zeiss Microimaging, Germany) at two excitation 
wavelengths; 405 and 514 nm. 

4. Results and discussion 

4.1. PG- As2S3 composition and optical properties 

Compositional analysis of the impregnated PG samples was carried 
out on energy dispersive X-ray (EDX) spectroscope. We observed a 
higher As/S ratio in PG (As56S44) comparing with the ratio in As40S60 
which was used for preparing the samples. Similar dependency was 

observed in other works [22]. 
Since, the prepared material exhibits photoinduced structural 

transformations, we investigated the effect of irradiation on its optical 
properties. The samples were irradiated for 45 min with green laser at an 
intensity of 500 mW/cm2. The transmission spectra of the samples were 
measured before and after irradiation (Fig. 1) and they were employed 
for calculating the optical bandgap energy Eg according to Tauc method 
[23]. 

The obtained bandgap energies before and after irradiation are Eg1 =

2.18 eV and Eg2 = 2.45 eV, respectively. We notice that the initial 
bandgap energy of the samples is lower than the typical bandgap energy 
of As2S3 glass and thin films [19]. This shift can be explained by the 
higher As/S ratio in our samples As56S44. Similar dependency has been 
previously observed in several studies were the bandgap energy de
creases when increasing the As/S composition [20,24]. 

After irradiation, we observed a pronounced blue shift in the trans
mission spectrum of the samples (photobleaching) accompanied with 
increase in the bandgap energy from 2.18 to 2.45 eV. This effect is the 
opposite of the effect usually observed for As2S3 bulk glasses and thin 
films (i.e., photodarkening) [25]. 

4.2. Raman spectra 

Raman spectroscopy analysis were conducted to investigate the 
molecular structure, the polymorphism and the photoinduced structural 
transformations of the samples. Fig. 2 presents the Raman spectra of 
PG–As2S3 sample before and after irradiation. 

As shown in Fig. 2 (black line), the initial PG– As2S3 spectrum is 
dominated by strong and broad band between 250 cm− 1 and 480 cm− 1 

with its most intensive peak at 475 cm− 1, as well as other peaks at 218 
cm− 1 and ~150 cm− 1. These bands at 150 cm− 1, 218 cm− 1, 445 cm− 1 

and 475 cm− 1 represent the exact characteristics of S–S bond-stretching 
vibrational modes [24]. The appearing of theses homopolar S–S bonds 
in arsenic sulfide glasses with high As/S ratio can be explained by the 
formation of separated S-rich and As-rich clusters. The broadening of the 
spectrum into the region between 300 cm− 1 and 400 cm− 1 is due to the 
As–S vibrational modes. 

After irradiation, the bands corresponding to the homopolar bonds 
S–S at 150 cm− 1 and 218 cm− 1 disappear and several new bands appear 
at 188 cm− 1, 216 cm− 1, 235 cm− 1, 257 cm− 1, and 368 cm− 1 (Fig. 2, red 
line), indicating the breaking of homopolar S–S bonds and the forma
tion of As–S bonds. The new bands at 188 cm− 1, 216 cm− 1, and 367 

Fig. 1. Optical transmission spectra of PG–As2S3 before (black curve) and after 
irradiation (red curve). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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cm− 1 are usually attributed to As–As and As–S bonds, and they appear 
in the Raman spectra of β-realgar-like molecules [26]. The more struc
tured spectrum after irradiation indicates that irradiation leads to the 
formation of virous As–S molecular structure or nanocrystals. It is 
known that the bandgap energy of crystalline materials is higher than its 
amorphous counterpart [27]. Therefore, the increasing in the bandgap 
energy after irradiation also support the hypothesis of photoinduced 
crystallization in our samples. 

An interesting fact is the appearance of the bands at 550, 600–660 
cm− 1 after irradiation. These vibrations can be assigned to the S–S 
bonds [28,29]. 

4.3. Luminescence spectra 

The photoluminescence spectra of the samples were measured under 
excitation with 405 nm and 532 nm lasers. Since the PL spectra contain 
more than one Gaussian peak, we deconvoluted it to obtain more in
formation about the PL centers. The PL spectra are presented in Fig. 3. 
The curves P1, P2, P3 and P4 represent the deconvoluted PL spectra and 
their sum is represented by curve Fit envelope. The results show a wide 
and intensive band at 511 nm observed when excitation λex = 405 nm is 
used (Fig. 3 (a)). The deconvolution reveals four peaks centered at 446, 
490, 519 and 574 nm. 

The PL spectrum excited with λex = 532 nm is dominated by a broad 
emission band centered around 596 nm with shoulder around 630 nm 
Fig. 3 (b). Three PL peaks obtained by deconvoluting this spectrum are 
located at 583, 616 and 660 nm. 

We also investigated the influence of irradiation with different 
photon energies on the PL emission. To avoid any influence on the PL 
intensity by changing the optical element or the sample's position we 
conducted this investigation using confocal luminescent scanning mi
croscopy. The PL of the samples was measured using the excitation 
wavelengths 405 and 514 nm before and after irradiation for five mi
nutes with the same lasers. For irradiating the samples, laser beam with 
power of 1 mW was focused into 85 μm2 area. Results are presented in 
Fig. 4. 

It is clear that PL observed in our samples does not follow the known 
EPL ≈ Eg/2 rule that reflects the bulk intrinsic properties of chalcogenide 
glasses [13]. Note that for 405 nm excitation EPL/Eex ≈ 0.8 > 0.5, and for 
532 nm excitation EPL/Eex ≈ 0.9 > 0.5. Moreover, it is unlikely that the 
obtained PL spectra is a result of As2O3 or As2O5 which can be formed by 
As2S3 oxidation, because the PL spectra of these two materials are 
usually characterized by distinct luminescence band at 550 nm which is 
absent in our case [30]. 

In order to compare the PL in our samples with other works we 

reviewed some works in which the EPL ≈ Eg/2 rule was violated. The PL 
maximum position as function of the excitation wavelength obtained for 
arsenic sulfide in this work and in others is presented in Fig. 5. 

Fig. 5 shows that the PL energy increases when increasing the exci
tation energy, and it is qualitatively in the range EPL/Eex ≈ 0.8–0.9. It 
should be mentioned that the PL peak emission energy in most cases is 
lower than the bandgap energy of samples which is about 2.4 eV. In our 
samples, we notice that the PL peak emission energy is close or higher 
than the bandgap energy. This effect can be due to the fact that the PL 

Fig. 2. Raman spectra of PG– As2S3 before (black curve) and after irradiation with 532 nm laser (red curve). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Deconvoluted experimental PL spectra of PG–As2S3 when excited with 
(a) 405 nm laser and (b) 532 nm laser. Deconvoluted spectra are represented by 
curves P1, P2, P3 and P4. The resulted sum of the deconvoluted spectra is 
represented by curve fit envelope. 
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emission from arsenic sulfide nanoparticles, rather than its bulk form, is 
observed [31,32]. 

Irradiating the samples revealed an interesting dependence of the PL 
spectra. The PL intensity under excitation with 405 nm laser beam de
creases in the region irradiated with 405 nm laser. On the other hand, it 
is enhanced in the region irradiated with 514 nm laser. This can be 
explained by wavelength dependent photoinduced structural trans
formations. It was proved before that, while irradiation with bandgap 
energy increases the homopolar bonds concentration (As–As and S–S), 
irradiation with super-bandgap energy (3.06 eV or 405 nm) results in 
the formation of S-reach layers [34]. In the Raman spectrum after 
irradiation of the sample, peaks that appeared at 550, 600–660 cm− 1, 
seem to be corresponding to the S-reach layers as mentioned in [28], 
whose thickness at the nanoscale. In our case, as we mentioned above, 
irradiation with bandgap energy leads to amorphous to crystalline phase 
transition or nanocrystal formations, and also the formation of S-reach 
layers. Although it is hard to predict the exact structure and composition 
of the formed nanocrystals in these samples, but our measurements 
show that they have a relatively wide bandgap energy and exhibit PL 
emission in 490 nm range. 

5. Conclusion 

It is shown that the irradiation of arsenic sulfide doped in porous 
glasses significantly changes the structural configuration of arsenic 
sulfide. Raman studies showed that bandgap laser irradiation induces 
homopolar S–S bonds breaking and the formation of heteropolar As–S 
bonds and amorphous to crystalline phase transition. This transition is 
accompanied by increasing in the bandgap energy of the material. The 
photoluminescence of the samples was studied under excitation with 
different energies. Deconvoluted photoluminescence spectra revealed 
different emission peaks in the range of 446 to 660 nm which can be due 
to different molecular structures. The influence of irradiation on the 
photoluminescence emission intensity was also investigated. Wave
length dependent photoinduced transformation was observed. Utilizing 
the photoinduced changes in the obtained composite for optical 
recording and optimizing its optical properties makes it a promising 
material for the fabrication of various functional optical elements. 
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