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This work presents the prospect of As—S—Se and As—Se thin film preparation from a modified solution
of AssgSesg chalcogenide glass in ethylenediamine. The source solution was modified by direct
dissolution of elemental sulfur and amorphous elemental selenium. Using this method, we successfully
prepared four sulfur-modified (Asss5S10S€45, AS40S205€40, ASzsS30S€35, and AszpSsoSesp) and four
selenium-modified (AsssSess, AssoSeso, ASzsSeess, and AszgSesq) solutions. Thin films of all compositions
(including unmodified AsspSesp) were deposited in specular optical quality using spin coating. The
structure, composition, organic residue content, refractive index, optical band gap, surface roughness,
and chemical resistance of thin films were studied depending on the annealing temperature. The

Received 29th August 2023, obtained data suggest the incorporation of both sulfur and selenium into the glass structure already in

Accepted 12th December 2023 the solution, which resulted in changes of the optical and chemical properties of thin films. According to
DOI: 10.1039/d3ma00614; our observation both composition and proximity to stoichiometric composition have a major impact on

the optical and chemical properties of the studied thin films. The solution modification allows easy pre-
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Introduction

Chalcogenide glasses are amorphous materials that contain one
or more chalcogens (S, Se, and Te) as their primary component
and usually one or more 14th or 15th group elements as their
secondary component. Compared to oxide or halide glasses,
which are usually insulators with band gaps between 5 and
10 eV, chalcogenide glasses are semiconducting materials with
band gap values between 1 and 3 eV." Chalcogenide glasses are
intensively studied materials with desirable optical properties
such as a high refractive index and a wide transparency window
in the IR region. They have many possible applications, including
elements for IR optics, optoelectronics, and photonics.'™
Chalcogenide glasses can be used either in a bulk form,*
fibres® or as thin films on appropriate substrates.>” Thin films
can be prepared by vacuum deposition methods, such as thermal
evaporation,® sputtering,® and laser ablation.® Alternatively, due
to their acidic character, chalcogenide glasses can be dissolved in
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paration of thin films with multiple different compositions from a single source solution.

alkaline solvents, for example volatile amines or amine-based
solvent mixtures.'®™? The solution can be used to deposit thin
films by various techniques, including spin-coating,’® dip-
coating,"® and spray-coating."* Solution-based methods are gen-
erally cheaper because they do not need expensive high-vacuum
equipment. The solution-based methods also enable modifica-
tion of the source solution by adding new components (e.g,
metal nanoparticles and quantum dots) or mixing several chal-
cogenide glass solutions of different compositions.*>*”

In our previous work,'® we were unable to study modified
As-S chalcogenide glasses with arsenic overstoichiometry, because
As-rich glasses of the As-S system have high tendency for crystal-
lization even at low overstoichiometry of As (glass forming region
of 4.9 to 46.1 at% of arsenic). In this work, the glass of the As-Se
system, which has a wider glass forming region (0 at% to 60 at% of
arsenic), was chosen.'® The Ass,Ses, glass is well-known for its
photoinduced phenomena in thermally deposited thin films.*
The solution-processed thin films have already been prepared
from AssoSeso,>" AS40S€s0, 2% AS33S€67,>> and AssoSeso as well as
several compositions of the As-S-Se glass system.>*** Our work
presents a comparative study of nine As-Se and As-S-Se composi-
tions prepared from a single solvent (ethylenediamine), using the
same mass concentration of a target glass composition by modify-
ing the source solution of the AssoSes, chalcogenide glass by
elemental sulfur and selenium.
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The modification of AsseSes, glass solution with arsenic-
overstoichiometry allows us to study the influence of composi-
tions with the overstoichiometry of arsenic and chalcogen on the
properties of modified thin films in As-Se and As-S-Se glass
systems. This method allows us to produce thin films of several
compositions with different optical and chemical properties, from
a single bulk glass solution modified by pure elements, and
compare their optical and chemical properties. The compositional
range includes glasses with arsenic overstoichiometry (AssoSeso,
AsysSess, and Asy5S,0S€45), stoichiometric glasses (AsyoSeso and
As40S:05€40), and glasses with chalcogen overstoichiometry
(Aszs5Seqs, As3pSes0, AS35S30S35, and AszoSseSeso). The stoichio-
metric composition corresponds to the ratio of elements in the
As,X; crystal (X = chalcogen). We studied the thickness (d), optical
properties (refractive index at 1550 nm 74559 ,m and optical band
gap Eg™), surface roughness (RMS), structure, and chemical
resistance of deposited chalcogenide thin films depending on
the annealing temperature and glass composition (including the
influence of proximity to As,X; stoichiometry).

This work offers insight into structural changes, induced by
modification of compositions, in both solutions and consequently
deposited thin films of As-Se and As-S-Se chalcogenide glass
systems. Structural changes in the glass matrix significantly affect
the optical and chemical properties of the deposited thin films.
The modification of glass solution by pure elements allows the
preparation of a wide range of glass compositions from the single
bulk glass. Because the bulk glass synthesis of several composi-
tions can be time consuming, our method significantly simplifies
the process. This could be beneficial for research groups without
the equipment for bulk synthesis, offering them a way to study
previously unavailable chalcogenide glass compositions prepared
from single commercially available bulk glass such as As,S;
(AMTIR-6 and IRG 27) or As,Se; (AMTIR-2 and IRG 26). The
modification of glass solution could also be advantageous for
optical element manufacturing as it allows the easy precise tuning
of glass compositions and thus optical properties.

Experimental

Bulk chalcogenide glass of the As;oSeso composition was
synthesized using the standard melt-quench method. Calcu-
lated amounts of high purity (5N) elements were loaded into a
quartz ampoule and sealed under vacuum (10> Pa). The
ampule was heated in a rocking tube furnace to 850 °C for
32 hours and quenched in cold water afterward.

Amorphous selenium was also prepared using the melt-
quench method. High-purity selenium (5N) was introduced
into a quartz ampoule, heated to 500 °C in a rocking tube
furnace for 24 hours, and subsequently quenched in cold water.

Bulk As;oSes, glass was then pulverized in an agate bowl and
subsequently dissolved in ethylenediamine (EDA) inside a
nitrogen-filled glovebox (Unilab Pro SP 1800/780, MBraun)
under intensive stirring using a magnetic stirrer. After the glass
was fully dissolved, calculated amounts of high purity (5N)
sulfur or amorphous selenium were dissolved in the AssySesq
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glass solution targeting a concentration of 0.2 g of targeted
glass composition per 1 mL of solvent (the concentration of
AssoSes, source solution was adjusted accordingly). The solution
was agitated using a vortex mixture (mixer Classic, Velp) during
dissolution. All solutions were homogenous without any pre-
cipitate or turbidity.

Chalcogenide glass solutions of four sulfur-modified
(As45S10S€45, AS40S205€40, AS355305€35, and As;zoS40S€30) and four
selenium-modified (AsysSess, ASi0S€s0, AS355€65, and AszoSe;o)
compositions were prepared using this method.

Chalcogenide glass thin films were deposited by the spin-
coating method. The solution of the chalcogenide glass was
spin-coated (spin-coater Laurell WS-650Mz-23NPPB) on the
soda-lime glass substrate under a nitrogen atmosphere for
60 s at a spin rate of 1500 rpm and subsequently annealed at
60 °C on a hot plate for 20 minutes (hereafter referred to as “as-
prepared” samples). As-prepared thin films were further stabi-
lized by annealing at 90, 120, 150 and 180 °C for 1 hour on a hot
plate in a nitrogen-filled glovebox. The optical properties of thin
films annealed at 180 °C were not studied due to low optical
quality and/or crystallization. The temperature range was cho-
sen based on the preliminary experiment and published values
of the glass transition temperature (T,) of glasses with similar
compositions (T = 173 °C for AszySeso, Ty = 186 °C for As,oSego,
Ty =125 °C for AszeSe;g, Ty = 196 °C for As,oS;55€45, Ty = 154 °C
for As3;S34S€34, and Ty = 135 °C for As,,SsgSess’ >>%).

Transmission spectra were recorded using a UV-VIS-NIR
spectrometer UV3600 (Shimadzu) in the spectral range of
190-2000 nm. Transmission spectra were recorded on three
samples of each annealing temperature and thin film composi-
tions. The thickness and refractive index of prepared thin films
were determined from UV-VIS-NIR transmission spectra using the
fitting procedure described in ref. 24 based on a combination of
Swanepoel’s model of thin films on the finite substrate® and
Wemple-DiDomenico’s equation.”® The optical band gap was
determined using Tauc’s method for semiconductors.® The pre-
sented thickness and optical parameter values stand for the mean
value of experimental results, and standard deviations are shown
as error bars. The example UV-VIS-NIR spectra of thin films are
provided in the ESIT (Fig. S2).

Raman spectra were recorded using a MultiRAM (Bruker) FT-
Raman spectrometer using a 1064 nm Nd:YAG excitation laser (a
resolution of 2 cm ™", an average of 64 scans for thin films and 200
scans for chalcogenide glass solutions). The measured spectra of
thin films were normalized by the intensity of the most intensive
band and spectra of solutions by the intensity of the most intensive
band in the pure EDA spectrum (475 cm ™).

The surface roughness and topography of thin films were
studied using atomic force microscopy (AFM) in the semi-
contact mode using a NTEGRA microscope (NT-MDT) equipped
with HA_HR tips (ScanSens). Three areas of 5 x 5 pm were
measured for each annealing temperature and thin film com-
positions. The presented values of RMS (calculated according to
ISO 4287/1 norm) are the average values of three scans with
error bars representing standard deviations. The AFM scans of
all studied thin films are provided in the ESI{ (Fig. S4).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Elemental compositions and scanning electron microscopy
(SEM) scans were obtained using a scanning electron micro-
scope LYRA 3 (Tescan) equipped with an EDX analyzer Aztec
X-Max 20 (Oxford Instruments). Samples were measured on five
400 x 400 um areas at an accelerating voltage of 5 kV. The SEM
scans of the studied samples are provided in the ESIt (Fig. S3).

The chemical resistance of thin films was studied by etching
thin films in the solution of 5 vol% ethylenediamine in
dimethyl sulfoxide at 25 °C. Etching rates were evaluated using
the procedure described in ref. 30

Results and discussion

Glass stoichiometry can significantly influence chalcogenide
glass properties. The stoichiometric arsenic-based chalcogenide
glass or crystal possesses exact As,X; (i.e. AsyoXeo in at%, where
X represents the chalcogen). In the crystalline form, the material
of the stoichiometric composition contains precise amounts of
tri-valent arsenic and bi-valent chalcogen that each arsenic is
bonded to three chalcogen atoms and each chalcogen atom to
two arsenic atoms (As,X3). In the amorphous state, glass of the
same composition forms a highly polymerized glass matrix,
which has the same short-range order as the crystal, but the
long-range order of the crystalline lattice is disrupted. The
comparison of the crystalline and glass structure of the As,S;
(i.e. As40Seo in at%) composition is shown in Fig. 1. In glasses
with arsenic overstoichiometry (at% (As) > 40), the glass matrix
will contain an increased amount of As-As homopolar bonds, at
high arsenic overstoichiometry even As-rich clusters (As,X; and
As,;X,) embedded into the glass polymer structure. In contrast,
in the case of chalcogen overstoichiometry (at% (X) > 60), the
presence of chalcogen chains (S, and Se,) and even chalcogen
rings (Sg and Seg) can be detected. For this reason, both arsenic
and chalcogen overstoichiometric glasses of As-S and As-Se
systems have lower chemical resistance and lower glass transi-
tion temperature than stoichiometric ones."*

The solution of the Ass,Seso chalcogenide glass in ethylene-
diamine (EDA) was modified by dissolving elemental sulfur and
selenium directly in the glass solution. Four selenium-modified
(Asy5Sess, AssoSeso, ASszsSess, and AszoSe,o) and four sulfur-
modified (As45S10S€45, AS405205€40, AS355305€35, and As3¢S40S€30)
solutions were prepared. The gradual change in the solution
color from dark red to bright red was observed for both sulfur

OAs

(a) oS )

Fig. 1 Lattice of (a) crystalline As,Ss and (b) glassy As,Ss. Reprinted from
ref. 32 with permission from John Wiley and Sons.
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and selenium-modified solutions. The photographs of Ass,Seso,
as well as the modified chalcogenide glass solutions, are
presented in Fig. 2.

The chemical structure of the glass solutions was investi-
gated using Raman spectroscopy. The Raman spectra of all
solutions and pure EDA solvent are shown in Fig. 3. All spectra
were normalized by the most intensive band of pure EDA
(475 em™"). The identification of As-Se bands is estimated
based on the positions of bands in the Raman spectra of thin
films and/or bulk glass'>**?** and changes in the intensity of
Raman bands in both solutions and thin films with changing
compositions. As far as we know, these bands are not yet
described in any published literature. The identified Raman
bands in chalcogenide glass solutions are presented in Table 1.

The source solution of the Ass,Ses, glass contains As,Se, and
As,Se; clusters (253 cm ™' and 220 cm™ '), accompanied by AsSes),
pyramids (228 cm™ "), with no observable Se-chain (244 cm™)
content. The gathered data suggest that the band at 267 cm™"
probably represents some vibrations of As,Se; clusters in As-rich
samples (AssoSeso, AS455€55, and As,5S105€45). The similar beha-
vior of the bands at 220 cm ™" and 267 cm™ " in As-rich samples
further supports this hypothesis. With further selenium addition,
the contents of As,Se; and As,Se, clusters decrease, and the
content of AsSe;;, pyramids increases. This suggests a reaction
between As-rich clusters and elemental selenium, forming AsSe;,
pyramidal units. In Se-rich glasses formed by further selenium
addition, this structure is present and accompanied by over-
stoichiometric selenium in the form of Seg rings (267 cm ') and
Se-chains (244 cm™ ).

In the sulfur-modified glass solutions, we can observe
similar changes in the selenium-based structural units as in
the selenium-based solutions (transition from As-rich clusters
to the AsSe;/, pyramid structure, accompanied by Seg rings and
Se-chains). Additionally, with the increasing sulfur content,
As,S, clusters (373 cm ") are formed in the solution when sulfur
replaces the selenium in the As-rich clusters due to the higher
affinity of sulfur to arsenic (even in As-rich compositions).*”

Due to the adjustment of solution concentrations (lower
concentration of AssoSes, source solution - see the Experimental
section), the concentration of As,S; clusters in overstoichio-
metric glasses decreases with added sulfur. With the increasing
sulfur content, the gradual formation of the S-chain (438 cm™*)

AssoSesg AsgsSess AS4oSeso As3sSegs As3oSezo

AssoSesp AsgsS105€ss ASa0S20S€s0 AS3sSzoSess AszoSaeSeso

Fig. 2 Photographs of AsspSesg and the selenium- and sulfur-modified
chalcogenide glass solutions.

Mater. Adv,, 2024, 5, 1147-1159 | 1149
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Fig. 3 Raman spectra of pure solvent and (a) selenium-modified and (b) sulfur-modified AsseSesq glass solutions.

Table1l Identified Raman bands in studied chalcogenide glass solutions in
EDA and the identification of assumed bands is based on the position of
similar structures in the bulk glass/thin film

Wavenumber

(em™) Vibration of Source
196 As-As bond in As,Se, and As,Se; Assumed
220 As-Se bond in As,Se; Assumed
228 AsSes), Assumed
244 Se-chains 33 and 35
253 As-Se bond in As,Se, Assumed
267 Seg rings 33 and 35
267 As,Se; Assumed
300 Unknown As-based dissolution product  Assumed
373 As-S bond in As,S, 33 and 36
406 Polysulfides 37

438 S-chains 33 and 36

is observed. The solutions with the highest sulfur content also
contain polysulfides (406 cm ") formed from overstoichiometric
sulfur. Significant changes in Raman spectra of solutions indi-
cate the incorporation of pure elements into the glass structure
already in the solution state.

The exact nature of the Raman peak at 300 cm ™" is currently
unknown. As far as we know, this band is not assigned in any
literature and does not directly correspond to any band found

150 | Mater. Adv.,, 2024, 5, 147-1159

in the bulk glass/thin film. The gathered data suggest that this
band belongs to some kind of As-Se based dissolution product
vibration (compound created as a result of the chemical reac-
tion between the inorganic glass matrix and ethylenediamine),
due to the weaker signal of this band in highly S-modified
solutions. Also, the presence of this band in As;,Se,, solution,
where no significant bands of As structures are present, sup-
ports this theory.

The Raman spectra of all studied thin films were recorded
and are presented in the ESIt (Fig. S1). In Fig. 4 and 5, we
present the Raman spectra of as-prepared thin films and thin
films annealed at 150 °C (the highest temperature at which all
samples still possessed optical quality). The Raman spectra of
180 °C annealed samples show similar thermo-induced struc-
tural changes. The spectra were normalized by the most inten-
sive band in the 150-550 cm™ " region. Changes in the chemical
structure are strongly dependent on both the chalcogenide thin
film composition and the annealing temperature. The identi-
fied Raman bands in chalcogenide glass thin films are pre-
sented in Table 2.

The thin films of the unmodified AssySes, glass consist of
AsSe;), pyramids (224 cm™') accompanied by As,Se; (204, 237,
255, and 280 cm ') and As,Se, (204, 244 cm™ ') clusters and Se-
chains (280 cm ™) connecting the pyramidal units (Fig. 4 - left).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of as-prepared AssoSesg, (a) selenium-modified and (c) sulfur-modified chalcogenide glass thin films. The insets in (b) and (d)

show the detail of the main Raman peak.

After selenium addition, both As,Se; and As,Se, react with
added Se, forming additional AsSe;, pyramidal units. With
further selenium addition, the formation of Se-chains and Seg
rings (255 cm ') was observed. The Se; rings possess the most
intensive band in the Raman spectra of AszsSeqs, and As;ySeyq
thin films, thanks to their high Raman signal cross-section.
After annealing, the polymerization of the glass matrix was
observed as witnessed by a decrease of Seg ring (and As,Se; and
As,Se, clusters in As-rich glasses) contents and an increase in
AsSes, and Se-chain (237 cm™ ") contents.

In sulfur-modified thin films, the formation of AsS;/,
(342 ecm™') pyramids and As,S, clusters (371 cm ') was
observed as sulfur replaces selenium in the AsSe;z, pyramids
and As,Se, clusters (Fig. 4 - right). This is supported by the
increased amount of Seg rings in the sulfur-modified thin films
that are formed from released selenium. The formation of alkyl
ammonium arsenic sulfide (AAAS) salts was also observed. The
presence of S-chains or Sg rings (475 and 490 cm ™' respectively)
was not detected probably due to their low concentration (most
of the sulfur is used to form the AsS;/, pyramids, As,S, clusters

© 2024 The Author(s). Published by the Royal Society of Chemistry

and AAAS salts). During annealing, decomposition of AAAS
salts (419 cm™") was observed alongside the further formation
of AsS;/, pyramids from the As,S, clusters. The annealed thin
films generally contain fewer As-rich clusters, Se-chains, Seg
rings and more AsSez;,, pyramids than their as-prepared coun-
terparts due to glass matrix polymerization. The content of
AsSez, pyramids is much lower than that in the case of
selenium-modified thin films due to higher affinity of sulfur
to arsenic compared to selenium (Fig. 5).

The composition of all thin film samples at all annealing
temperatures was verified by EDX measurements. The compo-
sitions of as-prepared samples and samples annealed at 150 °C
(the highest temperature at which all samples still possessed
optical quality) are presented in Fig. 6 and 7, respectively. The
compositions of all studied thin films at every annealing
temperature are presented in Table S1 of the ESLf{ All thin
films matched the target composition with deviation lower
than 2 at%. The thin films are partially depleted of arsenic
probably due to oxidation during transport and subsequent
sublimation of arsenic oxide in the SEM vacuum chamber.” The

Mater. Adv., 2024, 5, 1147-1159 | 1151
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Fig. 5 Raman spectra of AssoSesq, (a) selenium-modified and (c) sulfur-modified chalcogenide glass thin films annealed at 150 °C. The insets in (b) and

(d) show the detail of the main Raman peak.

Table 2 Identified Raman bands in studied chalcogenide glass thin films

Wavenumber (cm ™) Vibration of Source

204 As-As bond in As,Se, and As,Se; 12, 34 and 38
224 AsSe;), pyramids 12 and 34
237 As-Se bond in As,Se; or Se-chains 12, 34 and 39
244 As-Se bond in As,Se, 12, 34 and 39
255 Seg rings or As,Se; 33, 34 and 38
280 —Se-Se- bridges between AsSe;/, pyramids and As,Se; 38 and 39
342 As-S bond in AsS;/, pyramids 31, 34 and 40
371 As-S bond in As,S, 31, 34 and 40
419 AAAS salts 41

475 Sg rings 7 and 33

490 S-chains 7 and 33

selenium-modified samples maintained their composition
throughout all annealing temperatures. The sulfur-modified
samples exhibit 3-5 at% sulfur depletion for samples annealed
at the highest temperatures due to the evaporation of non-
bonded sulfur.?*

The organic residual content from the solvent was studied by
the EDX measurement of the nitrogen content similarly to our
previous work'® and data are presented in Fig. 8. The content of

152 | Mater. Adv., 2024, 5, 1147-1159

organic residues in thin films annealed at 60 °C gradually grows
with the increasing thin film thickness for all studied samples
(both S and Se modified). We assume that the organic residual
content is affected by the diffusion of the solvent through the
thin film and its subsequent evaporation on the surface,
because a temperature of 60 °C is well below the boiling point
of the used solvent (116-118 °C for ethylenediamine).** There-
fore, in thicker films, the solvent has to diffuse through more

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials, most likely leading to a lower overall diffusion rate
and a higher organic residual content. It is worth noting that,
although the error bars in the mentioned figure are smaller, the
resolution of the EDX method for light elements such as nitrogen
is about 1%.

The organic residual content in annealed thin films is signifi-
cantly affected by the proximity of the glass composition to As,X;
stoichiometry. The stoichiometric compositions of both selenium
and sulfur-modified thin films (As;oSeso and AsyS0Seq0) exhibit
the highest organic residual content after annealing. The organic
residual content gradually decreases with higher (both arsenic
and chalcogen) overstoichiometry, due to the less polymerized
structure of the overstoichiometric glass matrix. The more com-
pact glass matrix formed from AsSe;, pyramids (and AsS;/,
pyramids in the case of sulfur-modified thin films) most likely
traps the organic residual in the glass structure and inhibits their
release. Both phenomena are closely related, and highly poly-
merized structures of stoichiometric glasses usually exhibit
higher organic residual contents, due to the slower diffusion of

© 2024 The Author(s). Published by the Royal Society of Chemistry

solvent through a more compact glass matrix. This is supported
by EDX measurements, and Raman measurements are presented
above. The release of organic residues can also be affected by
lower T, of overstoichiometric glasses. No significant difference
between overstoichiometry of sulfur and selenium was observed
regarding this phenomenon.

The thin films of all compositions were deposited in the specular
optical quality. The UV-VIS-NIR spectra of prepared thin films are
presented in Fig. S2 of the ESL{ The SEM scans presented in Fig. S3
of the ESI;f show no visible defects of thin films regardless of
annealing temperature, except for the noticeable crystal growth in
highly annealed AssoSes, thin films. Furthermore, the thin films with
high chalcogen overstoichiometry (AszoSe;o and AszyS;oSesq) show
visible macroscopic degradation due to annealing over their glass
transition temperature (T, ~ 130 °C)."”** Due to these reasons, thin
films annealed at 180 °C did not possess optical quality and their
thickness and optical parameters were not evaluated.

The surface roughness of prepared thin films was studied
using atomic force microscopy (AFM). All as-prepared thin

Mater. Adv., 2024, 5, 1147-1159 | 1153
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Table 3 Surface roughness (RMS) of selenium-modified thin films at studied annealing temperatures

T[°C] AssoSeso As,5Sess As,0Seqo As35Seqs Asz0Se5q

60 4.93 £ 0.68 5.66 £ 0.52 3.81 £ 0.75 2.04 £ 0.08 1.11 £ 0.12
90 1.79 £ 0.41 5.03 £ 0.63 5.61 £ 1.32 0.69 £ 0.18 4.85 £ 1.05
120 0.30 & 0.04 0.43 £+ 0.25 0.63 = 0.24 0.68 £+ 0.21 1.25 £ 0.18
150 0.29 + 0.03 0.53 + 0.39 0.25 £ 0.01 0.19 + 0.01 0.26 + 0.01
180 0.4 = 0.03 0.24 £ 0.03 0.32 £ 0.04 0.26 £ 0.04 0.27 £ 0.00
Table 4 Surface roughness (RMS) of sulfur-modified thin films at studied annealing temperatures

T[C] AssoSeso As,55105€45 AS405205€40 As355305€35 As30S5405€30
60 4.93 £ 0.68 5.76 + 0.29 5.48 + 0.96 1.52 + 0.45 7.82 + 0.53
90 1.79 £ 0.41 4.01 £ 0.76 9.19 £ 2.64 0.33 £ 0.01 6.21 £ 0.41
120 0.30 & 0.04 1.09 £ 0.14 2.08 = 0.48 0.29 £ 0.04 1.89 £+ 0.12
150 0.29 + 0.03 0.91 + 0.42 0.58 £+ 0.13 0.26 + 0.02 2.13 £ 0.40
180 0.4 = 0.03 0.68 £ 0.21 1.66 £ 0.74 0.28 £ 0.04 2.64 £ 0.42

films initially show a higher surface roughness than annealed
samples of the same composition (Tables 3 and 4).

The surface roughness does not significantly affect the
optical quality of thin film samples as in the case of our previous
work.'® The surface roughness decreases with higher annealing
temperatures, and all samples annealed at 120 °C or higher
temperature possesses a low surface roughness (below 2 nm).

A probable explanation of observed changes in the thin film
roughness lies in the tendency to minimize free surface energy
via the reduction of the surface area. When the thin film is
annealed, the surface diffusion and viscous flow (due to the
lower viscosity of the material at higher temperatures) are
probably increased. This results in the thin film’s flattening

154 | Mater. Adv, 2024, 5, 1147-1159

(surface area decrease), and consequently the reduction of the
surface roughness. More detailed explanation of this phenom-
enon can be found in ref. 43. The gradual decrease of the
surface roughness is also observable from AFM scans, which
are presented in Fig. S4 of the ESL.¥

The thickness, refractive index at 1550 nm and optical band
gap were evaluated using UV-VIS-NIR transmission spectra and
are presented in Fig. 9, 10 and 11, respectively. The precise
values are provided in Tables S2-S4 of the ESL The thickness
of selenium-modified thin films is the highest for the stoichio-
metric glass (AssoSeso) and decreases with increasing (both
arsenic and selenium) over-stoichiometry (Fig. 9 - left). This
may be caused by higher organic residual contents, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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therefore the lower thin film density of the stoichiometric glass.
With the increasing sulfur content, the thickness of thin
films gradually increases, because added sulfur increases the
molar concentration of the solution (the same mass concen-
tration was used for all glasses) and probably increases the
viscosity of glass solution (Fig. 9 - right). With the increasing
temperature, the thickness of thin films gradually decreases
due to residual solvent evaporation, AAAS salt decomposition

© 2024 The Author(s). Published by the Royal Society of Chemistry

and polymerization of the glass structure as supported by
Raman and EDX measurements presented above.

The selenium-modified thin films exhibit the highest refrac-
tive index for stoichiometric (As,Seqo) and Se-rich thin films
while the refractive index of glasses with arsenic overstoichio-
metry is slightly lower in comparison (Fig. 10 - left). Despite
their high organic residual content, the As,,Seso glass pos-
sessed a very high refractive index, probably due to the more

Mater. Adv,, 2024, 5, 1147-1159 | 1155
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polymerized glass matrix, compared to the cluster structure of
AssoSeso, and higher content of selenium (slightly heavier
atom). The glasses with high selenium overstoichiometry pos-
sessed a high refractive index, due to their low organic residual
content and higher content of selenium as witnessed by the
EDX measurement above. With the increasing temperature, the
thin films exhibit gradual growth in the refractive index and
simultaneous reduction of thin film thickness due to solvent
evaporation and polymerization of the glass structure.

The sulfur-modified thin films exhibit significant com-
positional dependence of the refractive index. The increased
sulfur content (significantly lighter atom) gradually lowers the
refractive index of thin films (Fig. 10 - right). Similar to
selenium-modified thin films, with the increasing temperature,
sulfur-modified thin films also exhibit gradual growth in the
refractive index due to solvent evaporation and polymerization
of the glass structure.

The optical band gap of selenium-modified thin films
exhibits only minor differences and Ass,Ses, possessed a
slightly higher band gap than other selenium-modified glasses
(Fig. 11 - left). In the samples annealed at 150 °C, the band gap
is the lowest for the stoichiometric glass (AsyoSeso) and gradually
grows with overstoichiometry. The sulfur-modified thin films
exhibit a significant increase of the optical band gap with the
increasing sulfur content (Fig. 11 - right) which is in good
agreement with already published results.'®**** A slight decrease
of the optical band gap with higher temperatures was observed in
the majority of thin films, probably due to polymerization of the
glass structure and release of organic residues and sulfur.

The chemical resistance of thin films was investigated by
measuring of the etching rate of thin films in the solution of
5 vol% EDA in DMSO. The gathered data are presented in

156 | Mater. Adv, 2024, 5, 1147-1159

Fig. 12. The chemical resistance of selenium-modified thin
films is the highest (lowest etching rate) for the stoichiometric
glass (Ass0Sesg), due to the highly polymerized structure and
gradually decreases with increasing overstoichiometry (of both
arsenic and selenium). Selenium overstoichiometry lowers the
chemical resistance more significantly than arsenic overstoi-
chiometry due to the less polymerized structure of thin films
with selenium overstoichiometry (Fig. 12 - left). This claim is
further supported by Raman measurements discussed above.

The chemical resistance of sulfur-modified thin films is
affected by two contradictory phenomena. With the increasing
sulfur content, the composition initially gets closer to stoichio-
metry (more polymerized glass matrix) which increases its
chemical resistance (Fig. 12 - right). On the other hand, a
higher sulfur content significantly reduces thin film chemical
resistance due to the lower chemical resistance of As-S glasses
compared to that of As-Se glasses.** For this reason, the chemical
resistance does not change significantly with initial sulfur addi-
tion, until the thin films reach stoichiometry (As40S,0S€40). With
further sulfur addition, the thin films possessed a significantly
reduced chemical resistance, because of both the overstoichiometry
and the high sulfur content. The detailed structural changes of thin
films, responsible for reduced chemical resistance, were previously
discussed in the Raman spectroscopy section.

Conclusions

The source solution of the AssSes, chalcogenide glass in ethyle-
nediamine was modified by elemental sulfur and selenium. Thin
films of four sulfur-modified (AS45S10S€4s, AS40S205€40, AS355305€35,
and Asz0S40Ses0), four selenium-modified (As,sSess, AsioS€so,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Dependence of the thin film etching rate on the annealing temperature and thin film composition for (a) selenium-modified thin films and (c)
sulfur-modified thin films. The inset graphs in (b) and (d) show the etching rate of thin films annealed at 150 °C (the highest temperature at which samples

possessed the optical quality) depending on the arsenic content.

As3sSess, and AszSe;o) and unmodified Ass,Ses, were deposited in
a specular optical quality by spin-coating. The chemical structures
of prepared thin films, the source solution of AssSes, and
modified solutions were studied using Raman spectroscopy. The
data suggest incorporation of elemental chalcogens into the glass
structure already in solution.

Despite the major differences in the observed chemical
structure, selenium-modified thin films exhibit only minor
changes in the optical band gap and the refractive index with
the increasing selenium content. The biggest difference in both
the optical band gap and the refractive index is between
AssoSeso and stoichiometric or selenium-rich glasses. Signifi-
cant changes in the glass structure and organic residual con-
tent are observable in chemical resistance, which was studied
by the etching of thin films. Stoichiometric glass AsjoSeeo
possessed the highest chemical resistance due to its polymer-
ized structure and lack of homopolar arsenic bonds.

More significant changes were observed in sulfur-modified
thin films which exhibit a significant increase in the optical
band gap and a decrease in the refractive index with the
increasing sulfur content. The addition of sulfur should also
decrease the chemical resistance of the thin films, but it also
changes the composition of the glass closer to stoichiometry
and therefore increases its chemical resistance due to more
polymerized glass structure. For this reason, the chemical
resistance of thin films remains mostly unchanged for Ass,Ses,
AS,5S10S€45, and As,(S,0Se40. With further sulfur addition, the
composition changes to chalcogen overstoichiometry and the
chemical resistance of thin films decreases significantly.

This method allows the easy modification of thin film
compositions and thus the optical and chemical properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry

thin films. The solution modification of the bulk glass with
arsenic overstoichiometry (AssoSeso) offers further insight into
the modification mechanism and allows us to study the mod-
ified stoichiometric composition and composition with both
arsenic and chalcogen overstoichiometry.

This method offers the possibility of preparing a wide range
of thin film compositions with different optical properties from
a single source solution, which can be beneficial for the cost-
effective production of optical elements. The precise tuning of
the refractive index and optical band gap can significantly
simplify the production of multi-component optical elements,
which require several materials with different optical properties.
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