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Abstract 
Subject of study. This study examines the influence of Mo metal concentration on the properties of As3S7 

films when exposed to continuous laser radiation. Aim of study. This study aims to investigate the impact of Mo 
metal concentration on the photodarkening and photoresist properties of As3S7 films. Method. The 
photodarkening process was performed by subjecting the films to continuous radiation with a wavelength of 
445 nm. The transmission spectra of the samples were measured using a fiber spectrophotometer. The surface 
of the films was examined using an optical microscope. To assess the photoresist effect, radiation with a 
wavelength of 532 nm was employed, along with a solvent comprising a solution of C8H19N in C6H5CN. Main 
results. The degree of photodarkening decreased with increasing Mo concentration. In the original film a 10% 
decrease in transmission was observed, whereas at the highest metal concentration, the change in transmission 
approached zero. Additionally, the study demonstrates that the solubility rate ratio of exposed to unexposed 
films decreases at higher metal concentrations. Practical significance. The results of this study hold practical 
significance in the development of devices that utilize changes in the phase state of chalcogenide glass films. 

Keywords: photodarkening, photoresist, chalcogenides, thin films, laser exposure, As
3
S

7
, molybdenum  

Acknowledgment: this work was supported by the Russian Foundation for Basic Research (grant No. 19-53-26017) and the 
Czech Science Foundation (grant No. 20-23392J).  
For citation: Gresko V.R., Kapustina E.V., Sergeev M.M., Veiko V.P., Krbal M., Provotorov P.S., Kolobov A.V., Nesterov S.I. 
Effect molybdenum doping on photoinduced changes in the properties of As

3
S

7 
films [In Russian] // Opticheskii Zhurnal. 2023. 

V. 90. No 4. P. 48–56. http://doi.org/1023- 5086-2023-90-04-48-56  
OCIS сodes: 310.6188. 



Научная 
 

ОПТИЧЕСКИЙ ЖУРНАЛ. 2023. Том 90. № 4. С. 92–104 

 

 

1.INTRODUCTION 
Chalcogenides, specifically sulfur (S), selenium (Se), and tellurium (Te) compounds, have extensive applications as 

optical elements for infrared (IR) radiation [1, 2]. They are also utilized in the development of memory elements with 
phase change capabilities [3] and X-ray medical sensors [4]. Moreover, chalcogenides play an active role in the 
development of photovoltaic elements [5] and photocatalytic devices [6]. A key characteristic of chalcogenide 
substances is the presence of lone pair electrons occupying the top of the valence band. Although these electrons do not 
actively participate in covalent bonding, they can be excited by various stimuli, such as temperature [7], photons [8], 
and electric fields [9]. This unique property enables a wide range of adjustments to the characteristics of chalcogenides. 

Chalcogenide glasses demonstrate several notable photoinduced effects, including reversible photostructural changes 
(photodarkening) and photoinduced anisotropy. The occurrence of these phenomena and the stability of the material 
depend on factors such as the concentration of lone electron pairs and the bond configuration. 

Doping chalcogenide materials with transition metals is a common approach to modifying their various 
characteristics. One extensively studied chalcogenide system is the binary AsxS100–x [10]. This system is often alloyed 
with metals like Ag [11] and Cu [12] to enhance material conductivity, and with Mn [13], which among other effects, 
enhances the magnetic properties. The presence of vacant d-orbitals in transition metals enables their interaction with 
the electrons of the lone pairs in the doped matrix. Consequently, the concentration of these electrons is altered [14], 
leading to changes in phase transition properties, photodarkening, and parameters of the material as a photoresist. 

Therefore, it is crucial to investigate the impact of alloying metal concentration on these properties. In this study, we 
focused on Mo, a commonly used transition metal for chalcogenide doping [15]. The chalcogenide matrix consisted of 
a thin film of As3S7. Laser radiation serves as a convenient tool for examining phase transition properties, specifically 
the kinetics of photodarkening. This technique enables rapid and localized manipulation of the material structure. 

The aim of this study was to explore the influence of the Mo metal concentration on the photodarkening of As3S7 
films under the action of laser radiation. In addition, the correlation between the photodarkening of the films and their 
resistance to the solvent was studied. 
 

2. METHODS AND MATERIALS 
In this study, chalcogenide films of arsenic sulfide As3S7 doped with molybdenum in various concentrations were 

fabricated. The films had a thickness of 500 ± 5 nm. The film fabrication methodology is described herein. 
The precursors used were As3S7 bulk glass particles synthesized by melt quenching and (NH4)2MoS4 powder, which 

were dissolved in propylamine. The resulting solutions were thoroughly mixed in a ratio of 1:5, 1:2, 2:1, and 5:1 and 
left to homogenize and react with each other for 24 hours. Thin layers were applied through centrifugation. The prepared 
thin films were placed in a vacuum furnace preheated to 200 ℃, purged with pure gaseous argon, and rapidly evacuated 
to a residual pressure of 1 Pa. The layers were annealed for 2 h and then cooled to room temperature. The choice of 
As3S7 material instead of stoichiometric As2S3 was motivated by a faster dissolution rate in the preparation of initial 
solutions, which takes several hours compared to several days for As2S3. Furthermore, the As2S3 solution precipitates in 
air, thereby complicating its handling. 

The compositions of the obtained films are presented in Table 1, and the obtained films are shown in Fig. 1. An 
increase in the concentration of molybdenum led to darkening of the film. 

To reveal the dependence of the film photosensitivity on the metal concentration, we used the experimental setup 
shown in Fig. 2. For irradiation, a source of continuous laser radiation with a wavelength of 445 nm (violet light) was 
utilized. The chosen wavelength falls within the intrinsic absorption region of the films to minimize the change in 
absorption of the incident radiation during exposure to the film. A light source was placed at an angle of 45° to the 
normal of the sample. An AvaSpec ULS4096CL-EVO spectrophotometer was placed in line with the light source behind 
the film to measure the spectral transmission of the sample during processing. The beam size was 4.5×0.6 mm with a 
Gaussian intensity distribution in its cross section. The laser radiation power density (q) was varied from 8 to 25 W/cm2. 
The samples were exposed to the impact for a duration of 5 minutes, and the spectrophotometer readings were recorded 
at one-minute intervals. 

To study the effect of Mo concentration in As-S glasses on dissolution resistance, we utilized a 10% solution of 
C8H19N in C6H5CN, which is an optimal solvent for such thermally deposited resists. The film was exposed for 90 min 
to continuous-wave laser radiation with a power of 100 mW and a wavelength of 532 nm (green light). the illumination 
spot had a diameter of 3 mm. The film dissolution rate was determined from the results of interferometric measurements. 
 

Table 1. Composition of As-S-Mo films 
Proportions As, % S, % Mo, % 

5:1 1:5 31.8 65.6 2.6 

2:1 1:2 25.1 67.8 7.1 

1:2 2:1 11.4 74.1 14.6 
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1:5 5:1 5.6 75.0 18.6 
 
 

 
Fig. 1. Study samples. 

 
    445 nm   Film Fiberoptic spectrometer 
   Continuous Wave mode  Lamp  Substrate 

Fig. 2. Scheme of the experimental setup. 
 

 
3. DISCUSSION OF THE RESULTS 

The areas modified under the action of violet light were examined using optical microscopy in bright field mode with 
reflected (Rl) and transmitted light (Tl). As the laser power density increased, the film darkened in the reflected light 
mode (Fig. 3a). At the highest q value of 25 W/cm2 in the center of the region, the film began to break down. In the 
presence of Mo in transmitted linearly polarized light with a crossed polarizer and analyzer, the modified regions 
changed their brightness when the sample was rotated, which indicated the appearance of an anisotropy in the optical 
properties (Fig. 3b). In this case, with an increase in the Mo concentration, the sensitivity of the film to radiation 
decreased (Fig. 3c). At a q value of 10 W/cm2, the surface of the As3S7 sample began to break down even without 
photodarkening, and cracks appeared in the affected area. Doping with Mo prevented cracking and instead caused 
darkening under radiation, with the degree of darkening decreasing as the metal concentration increased.  

Fig. 4 depicts the transmission spectra of the films at two different time points: the initial moment of exposure (Fig. 
4a) and that after 5 min of exposure (Fig. 4b). Upon exposure of the films to laser irradiation, the spectral lines exhibited 
a shift toward the infrared (IR) region of the spectrum. 

Fig. 5a shows the transmission spectra of the initial As3S7 film (black curve) and the film during laser irradiation with 
a power density q = 8 W/cm2 (blue curve). Additionally, Fig. 5b shows the region of the spectrum from 490 to 510 nm. 
An intense peak near 445 nm corresponds to the wavelength of laser radiation. The largest shift of the spectral curves 
occurred within 1 min. After the end of irradiation, the curve shifted again towards shorter wavelengths (blue curve). A 
similar result was observed for all films and for all power densities. 

The kinetics of photodarkening directly during exposure to radiation was analyzed in more detail. Dependences of 
the change in transmission dT = T0 – Ti on the exposure time were constructed: T0 is the value of the initial transmission 
of the film at a wavelength of 500 nm and Ti is the transmission value at a wavelength of 500 nm at time ti. The larger 
the value of dT, the greater the degree of photodarkening. This wavelength is approximate to the thickness of the 
samples, and therefore, the influence of interference effects associated with multiple re-reflection in thin films on the 
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transmission value was minimized. 
 
 

 
  a     b     c 
 W/cm2  μm    μm    μm   μm 

Fig. 3. Optical microscopy in reflection and transmission mode. 
 

 
Transmission  a       nm     Transmission   b     nm 

Fig. 4. Transmission spectra of all samples. a) Spectra before laser exposure, b) spectra after 5 minutes of laser 
exposure at q = 20 W/cm2. 

Fig. 6a shows the dT dependence for the Mo/As3S7 1/2 film at various q values. Observably, an increase in the power 
density of laser radiation, which altered the optical properties of the film, led to a rapid increase in the value of dT from 
3.5% to 6.5% within 1 min. Over the next 4 min, the growth rate decelerated, and dT began to decrease, i.e., the 
transmission began to increase. This trend is attributed to a decrease in the film thickness. Characteristic dependencies 
were observed for all samples. 

Fig. 6b shows the dependence of dT at a power density of q = 8 W/cm2 for films with different Mo concentrations. 
The largest increase in dT was observed for the sample without Mo; in the first minute, the value rapidly increased to 
8%, after which it increased monotonically to 11%. As the impurity concentration increased, dT decreased; for the 
sample with an impurity ratio of 5/1, the change in transmission was close to zero. 
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  Transmission  minute  a    nm 
       b 
Fig. 5. Transmission spectra of the As3S7 film exposed for 5 min to q = 8 W/cm2, a) spectrum section from 400 nm to 

800 nm, b) spectrum section from 490 nm to 510 nm. 
We suggest that the decrease in dT with an increase in the Mo concentration is attributed to a decrease in the number 

of lone pair electrons. As was experimentally demonstrated by the EXAFS [16] and EPR ESR [17] methods, 
photostructural transformations are initiated by the formation of dynamic bonds due to lone pairs of chalcogen atoms 
(Fig. 7a). Such atomic configurations present in undoped glass (Fig. 7b) disappear (Fig. 7d) due to the formation of Mo–
S bonds involving empty d-orbitals of the transition metal and lone pairs of chalcogen atoms (Fig. 7c), leading to a 
decrease in their concentration, thereby reducing the sensitivity of the material to laser action. 

Photodarkening in As3S7 correlates with the change in solubility in various solvents, and chalcogenide glasses can be 
used as a photoresist [18]. The process is characterized by an extremely high resolution; in particular, elements with 
sizes up to 30 nm have been realized using synchrotron radiation [19]. Depending on the choice of solvent, both positive 
and negative photoresists can be produced on the basis of chalcogenide glasses. Table 2 summarizes the dissolution rate 
measurements of samples with different concentrations of Mo in both unexposed and exposed zones. 
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     W/cm2 

       min 
Fig. 6. Kinetics of dT change under laser exposure a) Mo/As3S7 1/2 film; b) power density 8 W/cm2. 
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a 

    b   c   d 
Fig. 7. Molybdenum participation in the formation of chemical bonds. (a) Mechanism of formation of dynamic bonds 

between selenium atoms upon electronic excitation of lone-pair electrons (according to [16] and [17]), (b) As-S-As 
fragments in undoped glass, (c) scheme of bond formation Mo-S with the participation of lone pairs of sulfur; (d) in 
doped glass, a reduced concentration of lone pairs leads to a decrease in the concentration of photoinduced bonds 

between chalcogen atoms. 
 

Table 2. Dissolution rates of films with different Mo concentrations 
 

Film Proportion 5/1 
1/5 

2/1 
1/2 

1/2 
2/1 

Dissolution rate (unexposed region), nm/min 26 5.8 1.2 

Dissolution rate (exposed region), nm/min 125 18.5 2.5 

Ratio 4.6 3.2 2.1 
 
 

Notably, the dissolution rate increases in the exposed films (positive photoresist). Moreover, the ratio of dissolution 
rates in the exposed and unexposed regions decreases in films with a higher Mo content. This finding corresponds to 
lower photodarkening in films containing a higher concentration of molybdenum. 
 
4. CONCLUSION 
Our study demonstrates that the addition of molybdenum to glassy arsenic sulfide results in a reduction of the band gap, 
leading to a noticeable darkening of the sample. Despite the introduction of molybdenum, the doped samples retain the 
characteristic photostructural processes commonly observed in chalcogenide glasses, including photodarkening, 
photoinduced anisotropy, and changes in dissolution rates induced by light. Interestingly, the extent of these 
photostimulated changes diminishes as the concentration of molybdenum increases. This observation supports the 
hypothesis that the unshared electron pairs of chalcogen, which are involved in the formation of Mo–S bonds, are not 
involved in the material's response to electronic excitation. 
 
REFERENCES 
 
1. Zhou T., Zhu Z., Liu X., Liang Z., Wang X. A re- view of the precision glass molding of chalcogen- ide glass (ChG) 
for infrared optics // Microma- chines. 2018. V. 9. No 7. P. 337. https://doi.org/ 10.3390/mi9070337 
2. Jean P., Douaud A., LaRochelle S., Messaddeq Y., Shi W. Silicon subwavelength grating waveguides with high-



Научная 
 

ОПТИЧЕСКИЙ ЖУРНАЛ. 2023. Том 90. № 4. С. 92–104 

 

 

index chalcogenide glass cladding // Optics Express. 2021. V. 29. No 13. P. 20851– 20862. 
https://doi.org/10.1364/OE.430204 
3. Xu Y., Zhou Y., Wang X -D., Zhang W., Ma E., Deringer V. L., Mazzarello R. Unraveling crys- tallization 
mechanisms and electronic structure of phase-change materials by large-scale Ab initio simulations // Advanced 
Materials. 2022. V. 34. No 11. P. 2109139. https://doi.org/10.1002/ adma.202109139 
4. Orlik C., Levéillé S., Arnab S. M., Howansky A. F., Stavro J., Dow S., Kasap S., Tanioka K., Goldan A. H., Zhao W. 
Improved temporal per- formance and optical quantum efficiency of ava- lanche amorphous selenium for low dose 
medical imaging // Medical Imaging 2022: Physics of Medical Imaging. SPIE. 2022. V. 12031. P. 1179– 1185. 
https://doi.org/10.1117/12.2611820 
5. Cao Y., Liu C., Jiang J., Zhu X., Zhou J., Ni J., Zhang J., Pang J., Rummeli M. H., Zhou W., Liu H., Cuniberti G. 
Theoretical insight into high-efficiency triple-junction tandem solar cells via the band engineering of antimony 
chalcoge- nides // Solar RRL. 2021. V. 5. No 4. P. 2000800. https://doi.org/10.1002/solr.202000800 
6. Chu K., Nan H., Li Q., Guo Y., Tian Y., Liu W. Amorphous MoS3 enriched with sulfur vacancies for efficient 
electrocatalytic nitrogen reduction // Journal of Energy Chemistry. 2021. V. 53. P. 132– 138. 
https://doi.org/10.1016/j.jechem.2020.04.074 
7. Nemanich R.J., Connell G.A.N., Hayes T.M., Street R.A. Thermally induced effects in evapo- rated chalcogenide 
films. I. Structure // Physical Review B. 1978. V. 18. No 12. P. 6900. https://doi. 
org/10.1103/PhysRevB.18.6900 
8. Owen A.E., Firth A.P., Ewen P.J.S. Photo-induced 
structural and physico-chemical changes in amor- phous chalcogenide semiconductors // Philosophi- cal Magazine B. 
1985. V. 52. No 3. P. 347–362. https://doi.org/10.1080/13642818508240606 
9. Shin S.Y., Kim H., Golovchak R., Cheong B.K., Jain H., Choi Y.G. Ovonic threshold switching induced local atomic 
displacements in amor- phous Ge60Se40 film probed via in situ EXAFS under DC electric field // Journal of Non-Crys- 
talline Solids. 2021. V. 568. P. 120955. https:// doi.org/10.1016/j.jnoncrysol.2021.120955 
10. TsuchihashiS.,KawamotoY.Propertiesandstruc- ture of glasses in the system As-S // Journal of Non-Crystalline 
Solids.1971.V.5.No4.P.286–305. https://doi.org/10.1016/0022-3093(71)90069-X 
11. Akola J., Jóvári P., Kaban I., Voleská I., Kolář J., Wágner T., Jones R.O. Structure, electronic, and vibrational 
properties of amorphous AsS2 and AgAsS2: Experimentally constrained den- sity functional study // Physical Review 
B. 2014. V. 89. No 6. P. 064202. https://doi.org/10.1103/ PhysRevB.89.064202 
12. Andler J., Mathur N., Zhao F., Handwerker C. Assessing the potential environmental impact of Cu3AsS4 PV systems 
// 2019 IEEE 46th Pho- tovoltaic Specialists Conference (PVSC). 2019. P. 1669–1674. 
https://doi.org/10.1109/PVSC40753. 2019.8981146 
13. Stronski A., Paiuk O., Gudymenko A., Klad’Ko V., Oleksenko P., Vuichyk N., Lishchynskyy I., Lah- deranta E., 
Lashkul A., Gubanova A., Krys’kov T. Effect of doping by transitional elements on properties of chalcogenide glasses 
// Ceramics International. 2015. V. 41. No 6. P. 7543–7548. https://doi.org/10.1016/j.ceramint.2015.02.077 
14. Kolobov A.V., Saito Y., Fons P., Krbal M. Struc- tural metastability in chalcogenide semiconduc tors: the role of 
chemical bonding // Physica Status Solidi (b). 2020. V. 257. No 11. P. 2000138. https://doi.org/10.1002/pssb.202000138 
15. Krbal M., Prokop V., Cervinka V., Slang S., Frumarova B., Mistrik J., Provotorov P., Vlcek M., Kolobov A.V. The 
structure and opti- cal properties of amorphous thin films along the As40S60-MoS3 tie-line prepared by spin- coating // 
Materials Research Bulletin. 2022. V. 153. P. 111871. https://doi.org/10.1016/ j.materresbull.2022.111871 
16. Kolobov A.V., Oyanagi H., Tanaka Ka., Tanaka K. Structural study of amorphous selenium by in situ EXAFS: 
Observation of photoinduced bond alternation // Phys. Rev. B55. 1997. P. 726. 
https://doi.org/10.1103/PhysRevB.55.726 
17. Kolobov A.V., Kondo M., Oyanagi H., Durny R., Matsuda A., Tanaka Ka. Experimental evidence for negative 
correlation energy and valence al- ternation in amorphous selenium // Phys. Rev. B56. 1997. P. 485. 
https://doi.org/10.1103/ PhysRevB.58.12004 
18. Singh B., Beaumont S.P., Bower P.G., Wilkin- son C.D.W. New inorganic electron resist system for high resolution 
lithography // Appl. Phys. Lett. 1982. V. 41. No 9. P. 889–891. https://doi. org/10.1063/1.93687 
19. Nesterov S., Boyko M., Krbal M., Kolobov A. On the ultimate resolution of As2S3-based in- organic resists // 
Journal of Non-Crystalline Solids. 2021. V. 563. P. 120816. https://doi.org/ 10.1016/j.jnoncrysol.2021.120816  
 
AUTHORS 
Vladislav R. Gresko — Research Ingineer, ITMO University, 197101, Saint-Petersburg, Russia; Scopus ID: 
57211848411, http://orcid.org/0000-0003-3308-6034, gresko.97@mail.ru 
Ekaterina V. Kapustina — Student, ITMO University, 197101, Saint-Petersburg, Russia; http://orcid.org/0000- 0002-
4531-9512, kapustina01@inbox.ru 
Maxim M. Sergeev — Ph.D, Docent, Senior Researcher, ITMO University, 197101, Saint-Petersburg, Russia; 
http://orcid.org/0000-0003-2854-9954, mmsergeev@ itmo.ru 
Vadim P. Veiko — Dr.Sc., Professor, Chief Researcher, ITMO University, 197101, Saint-Petersburg, Russia; 
http://orcid.org/0000-0001-6071-3449, vadim.veiko@ mail.ru 
Milos Krbal — Ph.D., Senior Researcher, University of Pardubice, 53210, Pardubice, Czech; http://orcid.org/0000- 



Научная 
 

ОПТИЧЕСКИЙ ЖУРНАЛ. 2023. Том 90. № 4. С. 92–104 

 

 

0002-8317-924X, Milos.Krbal@upce.cz 
Pavel S. Provotorov — Graduate Student, Herzen University, 191186, Saint-Petersburg, Russia; http://orcid. org/0000-
0003-1117-5431, p.provotorov95@yandex.ru 
Alexandr V. Kolobov — Dr.Sc. of Physics and Mathematics, Physic Institute Director, Herzen University, 191186, 
Saint-Petersburg, Russia; Scopus ID: 7006432485, http:// orcid.org/0000-0002-8125-1172, akolobov@herzen.spb.ru 
Sergey I. Nesterov — Senior Engineer, Ioffe Institute RAS, 194064, Saint-Petersburg, Russia, http://orcid. org/0000-
0003-1166-9087, nesterovru@mail.ru 
 
The article was submitted to the editorial office 17 October 2022 
Approved after review 23 December 2022 
Accepted for publication 27 February 2023 


	Abstract
	1. INTRODUCTION

