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Abstract

We report on the substantial influence of methanol presence on the dissolution mechanism of
GeoSbsS7s bulk glass with subsequent superior properties of thin films deposited from such solutions.
Raman spectroscopy confirmed significant differences in structural features present in glass solutions
prepared from pure amines (n-propylamine and n-butylamine) and their mixtures with methanol. The
experiments with dissolved elemental sulfur and GexsSys glass analog proved that both antimony and
methanol presence induce further splitting of the GesSio* cluster structure, which fundamentally
affects the properties of deposited thin films. Significant structural and compositional differences were
found not only in solutions and as-prepared samples, but also after thin films’ thermal treatment (hard
baking up to 210°C). The as-prepared thin films deposited from amine-methanol mixtures possessed
the exact composition of source bulk glass while thin films of other solvent formulations exhibited
sulfur deficiency. The annealing up to 210°C only highlighted this difference. As a result of the different
structure of the thin films prepared in this way, the other benefits of methanol addition were found,
namely an increase in the refractive index by approx. 0.1 independent of the annealing temperature,
or a lower thermally induced thickness contraction (up to 7.5%).

Keywords
Thin films, Sol-gel processes, Amorphous materials, Optical materials
Introduction

Amorphous and crystalline chalcogenide materials are used in a wide variety of advanced
applications such as infrared optics [1- 2], thermoelectric devices [3 — 4], solid-state electrolytes and/or
electrodes for next-generation batteries [5 — 6] or phase change memories for neuromorphic
computing [7]. In many of these applications, a thin film form is required. Currently, physical vapor
deposition techniques (e.g., thermal evaporation [8 — 9], sputtering [10 — 11], pulse laser deposition
[11], chemical vapor deposition [12]) are usually used for thin film deposition. These methods can
prepare high-quality thin films at the cost of a large amount of energy input, a high vacuum
environment, and high investment costs of processing equipment.

Solution-based deposition route provides a low-cost alternative for chalcogenide glass thin film
deposition. By optimizing the solution deposition parameters, it is possible to achieve thin films of
comparable quality using low-cost coating techniques (such as spin-coating [13 — 14], electrospray [15



— 16], inkjet printing [17 — 18] or chemical bath deposition [19 -20]). The advantage of the solution
processing approach lies in the possibility of composite optical materials fabrication (e.g. doping with
luminescent nanoparticles or other nanomaterials), which would not be possible by conventional
physical vapor deposition techniques [21 - 22]). Especially Ge-S and Ge-Sb-S-based thin films proved
to be suitable host media for doping applications [21, 23 - 24]. Recently, spin-coated thin films were
used as suitable materials for the production of diffractive optical elements using electron beam and
optical lithography [25], and hot-embossing techniques [26 - 27]. Notably, the GeySbsSss solution-
processed thin films could simultaneously serve as grayscale resists for electron beam lithography
(EBL) and UV lithography [28].

Since the 1980s, the solution processing techniques have been extensively studied for arsenic-
based glasses [29]. Recently, the research focus is shifting to the solution processing of glasses based
on germanium chalcogenides, but it is still limited to only a few representatives of compositions with
overstoichiometry of chalcogen (GezsS7s [30], Ge2sSb7Syo [16, 31 — 34], GexSbsSss [28], GessuSersx
(X=0, 5, 10) [35]) and stoichiometric GeSe; [36]. Pure n-propylamine or n-butylamine solvents are
used almost exclusively for the dissolution and deposition of germanium-sulfur based thin films [30 -
37]. According to previous studies, the dissolution mechanism of germanium-based glasses in pure
anhydrous amines leads to the fragmentation of the original polymerized glass structure into (GesS10)™
molecular clusters [38], known for their high susceptibility to pore formation [38 — 42]. The structure
of the thin films prepared in this way remains very similar to the structure of the source solution [38].
In addition, elemental sulfur is released from the structure of the thin film, which results in its
evaporation during annealing or exposure [28,30, 38]. Based on previous work with Ge;g.xSe7s. thin
films [35], it was confirmed that germanium-based glasses could be successfully deposited in specular
optical quality from a mixture of pure amine with methanol, and subsequent annealing can easily
minimize the content of organic residuals (including added methanol). However, this finding raises new
guestions about the applicability of methanol addition in preparation of previously studied Ge-S and
Ge-Sb-S-based systems and how the presence of methanol influences the properties of Ge-based
solution-processed thin films.

In this work, we present the study of methanol addition influence on the dissolution
mechanism of Ge;0SbsS7s source bulk glass and subsequently on the structure of spin-coated thin films.
The aim of the research is to explain the role of amine solvent mixtures and the presence of methanol
on the formation of various glass structural units and the considerably positive impact of methanol
addition on the physico-chemical properties of deposited thin films. The non-toxic Ge;eSbsSys
composition was chosen to represent previously published works based on the Ge-Sb-S system [37,
43] with good chemical stability and high potential in practical applications. Based on our findings, the
methanol addition not only significantly influence the Ge-Sb-S dissolution mechanism, but it is also
highly beneficial for compositional stability, porosity, and refractive index of prepared thin films. Thus,
the multi-component amine-methanol solvent approach is highly advantageous comparatively with
previously published usage of pure amines.

Experimental
Materials

Germanium (Ge, 99.999 %, Alfa Aesar), antimony (Sb, 99.999%, Alfa Aesar) and sulfur (S,
99,999%, Alfa Aesar), n-propylamine (PA, purum, 299 %, Sigma-Aldrich), n-butylamine (BA, 99.5 %,



Sigma-Aldrich), methanol (MetOH, p.a., 99,5 %, Lach-Ner), nitric acid (HNOs, p.a., 65 %, Lach-Net) and
hydrochloric acid (HCI, p.a., 35 %, Penta) were used without further purification.

Bulk glass synthesis and thin film deposition

The source GeSbsSys as well as GezsSss bulk glass were synthesized by a standard melt
guenching method using high-purity (5N) elemental powders. Quartz ampules were cleaned using
aqua regia to remove organic and inorganic impurities, then rinsed with deionized water, and dried.
Appropriate quantities of pure elements were weighted into cleaned quartz ampule. Subsequently,
the ampule was evacuated to a residual pressure of ~103 Pa and sealed. The synthesis was performed
in a rocking tube furnace at 950°C for 72 hours. The quartz ampule with melted glass was quenched in
cold water.

The prepared GezSbsS7s bulk glass was powdered in an agate bowl and dissolved in PA, BA,
mixture of 10 vol% of MetOH in PA (PA-MetOH) and a mixture of 10 vol% of MetOH in BA (BA-MetOH)
with a concentration of 0.075 g of glass powder per 1 ml of solvent (or solvent mixture). The
synthetized GesS7s bulk glass was dissolved in PA and mixture of 10 vol% of MetOH in PA (PA-MetOH)
also with a concentration of 0.075 g of glass powder per 1 ml of solvent. The next set of solutions was
prepared by dissolving 0.0833 g of glass powder per 1 ml of amines (PA and BA) to determine the
influence of methanol addition. After the complete glass dissolution, the pure methanol was
subsequently added to reach the same glass concentration as in the previously prepared solutions
(0.075 g of GexeSbsSss glass powder per 1 ml of solvent). The elemental sulfur in concentrations a)
equivalent to glass sulfur overstoichiometry in Ge,oSbsS7s glass (c = 0.015 g of sulfur per 1 ml of solvent)
and b) all sulfur present in weighted glass (c = 0.04 g of sulfur in 1 ml of solvent) was also dissolved in
both pure amines and amine-methanol mixtures. Dissolutions of bulk glasses and elemental sulfur
were performed in nitrogen-filled glovebox LabMaster Pro_MB200 (MBraun) inside closed glass vials
and under rigorous stirring (300 rpm) using multistirrer digital 6 (Velp). All prepared solutions were
clear without any precipitate or turbidity.

The prepared chalcogenide glass solutions were used for the deposition of thin films by a spin-
coating method using a WS-650Mz-23NPPB (Laurell) device. The deposition was performed in
nitrogen-filled glovebox using 60 s spin-time and spin-rate of 4400 RPM for PA solutions, 2000 RPM for
BA solutions, 4000 RPM for PA-MetOH solutions, and 2200 RPM for BA-MetOH solutions. Deposition
parameters were chosen based on data from preliminary experiments with a target to obtain approx.
200 nm thickness of thin films annealed at 210°C (the highest annealing temperature). Freshly
deposited thin films were immediately annealed at 60 °C on a hot plate HP 20D (Witeg) for 20 min, in
inert nitrogen atmosphere (hereafter referred to as “as-prepared” thin films). The as-prepared thin
films were subsequently thermally stabilized by annealing at temperatures 90, 120, 150, 180, and 210
°C for 1 hour in a nitrogen atmosphere. The entire process of solutions preparing, thin film deposition
and their subsequent post-deposition annealing are shown in the diagram in supplementary
information S1.

Characterization

The transmission spectra of studied thin films were measured using UV-VIS-NIR spectrometer
UV3600 (Shimadzu) in the spectral range 190 — 2000 nm. The thicknesses and refractive index values
of Ge2SbsS7s thin films were evaluated using the procedure described in [25]. Transparent region of
thin films’ transmission spectra (extinction coefficient k = 0) was fitted by a model of transmission



spectrum presented by Swanepoel [44] (absorption in the thin films is neglected —i .e. k =0), where
the spectral dependence of the refractive index was expressed using the Wemple-DiDomenico's

equation [45]:

2 41 _ _EqE
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where E4 is parameter of dispersion energy, Eo is single oscillator energy and hv is photon energy.
Described evaluation method is suitable for very thin films of dielectric materials when the measured
transmission spectra exhibit insufficient number of interference fringes for classical Swanepoel's
method to be used. The method’s limitation is a necessary specular optical quality of analyzed thin
films. An example of spectrum fitted by the described procedure in a transparent spectral region is

depicted in Figure 1.
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Figure 1: The example of the transmission spectrum of spin-coated Ge20SbsS7s thin film from butylamine-
methanol mixture annealed at 210 °C (red solid line) and soda-lime glass substrate (black dotted line) together
with fitted transmission spectrum (blue dashed line).
The presented thicknesses and refractive indexes represent average values obtained by
measuring and evaluating of three samples of each treatment. Error bars represent the standard

deviation of obtained values.

Thickness verification, topography, and surface roughness measurements of the thin films
were performed using atomic force microscopy (AFM) in semi-contact mode using NTEGRA (NT-MDT)
microscope equipped with NSG10 tips (AppNano). The thickness of the thin film was determined by
measuring the depth of the scratch made by a steel needle through the thin film. Comparison of the
determined thickness values obtained by the evaluation of the transmission spectrum and the
thicknesses determined by AFM are shown in the table in the supplementary information S2. Stabilized
thin films and thin films annealed at 210 °C were measured at 3 areas of 5 x 5 um. Sample AFM scans
and the corresponding surface roughness of the thin films are shown in supplementary information

S3.



The structure of source bulk glass, pure amines, amine-methanol mixtures, glass and elemental
sulfur solutions as well as spin-coated chalcogenide glass thin films were studied by Raman
spectroscopy using MultiRam (Bruker) FT-Raman spectrometer utilizing 1064 nm Nd:YAG laser
excitation beam (2 cm™ resolution, averaging of 200 scans for liquid samples and 64 scans for solid
samples). Raman spectra of solutions were normalized by the most intensive band of pure amines in
the region of 100 - 500 cm™, and thin film spectra were normalized by the intensity of the band at 345
cm® (edge shared tetrahedra of GeSa»).

The amorphous state of thin films was investigated by GI-XRD method using Empyrean
diffractometer (Malvern Panalytical) fitted with non-ambient chamber DHS 1100 (Anton Paar). For the
incident beam, copper anode (Cu Ka = 1,54 A), focusing mirror and 1/8° slits were used. The incidence
angle was fixed at 1° to provide sufficient penetration depth (approx. 300 nm) for the whole thin film
and minimize substrate background at the same time. 2Theta axis was scanned in the range of 10° to
70° with step size 0.0263° and counting time 500 s per step using PIXcel3D-Medipix3 1x1 detector.
Samples were measured in a vacuum under carbon cover dome to avoid oxidation during
measurement.

The scanning electron microscopy (FE-SEM) scans and elemental composition data were
obtained using scanning electron microscope LYRA 3 (Tescan) equipped with EDS analyzer AZtec X-
Max 20 (Oxford Instruments). The samples were analyzed by EDS on five 400 x 400 um areas at an
accelerating voltage of 5 kV. The presented data show the average of measured values, and the error
bars represent their standard deviation. The representative FE-SEM scans were obtained at an
acceleration voltage of 10 kV, and they are presented in the supplementary part of this manuscript in
Figure S4.

Results and discussions

The quantitative dissolution of Ge;SbsS7s in pure amines (both n-propylamine and n-
butylamine) leads to clear, amber colored solutions (solution 1 on the Figure 2). On the contrary, the
solutions prepared by dissolution of Ge;eSbsSss in a mixture of 90 vol.% of amines and 10 vol.% of
methanol were significantly darker (solution 2 on the Figure 2) with a shade closer to the color of
elemental sulfur dissolved both in pure amine and amine-methanol mixture (solution 3 on the Figure
2).

Figure 2: Photos of the prepared solutions: 1) Ge20SbsS7s from pure n-propylamine, 2) Ge20SbsS7s in the mixture of
90% n-propylamine and 10% of methanol, and 3) Sulfur dissolved in pure n-propylamine (c=0.04 g of sulfur/ml
of the solution — corresponding with a total sulfur concentration in previous solution).

The substantial color difference between prepared GezSbsSss solutions suggests that the
presence of methanol instigates changes in the glass dissolution mechanism with a potential impact



on the properties of deposited solution-processed thin films. The structural features of prepared
solutions were studied by Raman spectroscopy. Raman spectra of pure solvents, solvent mixtures and
dissolved GezoSbsS7s glass are presented in Figure 3. The spectra of pure n-propylamine and
n-propylamine/methanol mixture in the studied 100 — 550 cm™ region contained one distinctive band
at 457 cm, which was used to normalize the Raman spectra of all n-propylamine-containing solutions.
Similarly, the intensive band at 400 cm™ was used to normalize the Raman spectra of all n-butylamine-
containing solutions.

The Raman spectra of pure n-propylamine and n-butylamine Ge;SbsS7s solutions consist of
well-developed bands at 141, 187, 338, 361, 377 and 472 cm™®. The dominant bands at 141, 187, 338
and 472 cm™ indicate the presence of Ge;S10* anions with a compensated negative charge by n-propyl-
or n-butyl-ammonium cations [38]. The less intense band at 361 cm™ originates probably from
dissolution products of antimony structures in the form of SbsS;% [46]. The origin of the low-intensity
band at 377 cm™ is not entirely clear. Still, due its position and low intensity, we assume it could be a
solution equivalent to the companion vibration of Ge-S-Ge structural units [47 — 51].

There is a significant difference between the spectra of GeySbsSss solutions prepared from
pure amines and amine methanol mixtures. Intensities of bands at 141, 187, 338, and 472 cm™
(dissolution products based on GesS10*) are decreasing, whereas the intensity of the band at 361 cm™
is increasing (SbsS;* based dissolution products). Since the increase in the intensity of the band at 361
cm™ is more pronounced than can be expected only from antimony structures, we assume that in
addition to the antimony bands, bands of a new unknown Ge-S dissolution product may also contribute
to the intensity of this band. Moreover, a new broad band around 420 cm™, which can be attributed
to the terminal Ge-S™ stretching vibration [52], is present in the measured spectra. According to these
observations, we can state that the presence of methanol during the dissolution of GezSbsSs
chalcogenide glass induces the splitting of the original glass structure to smaller Ge-S structural units
in comparison with the solution originating from pure amines.

To determine the alcohol role in glass dissolution, the methanol was also added into already
prepared n-propylamine and n-butylamine Ge;SbsSss glass solutions. The Raman spectra (Figure 3)
showed that the solutions with subsequently added methanol are structurally more fragmented in
comparison with solutions of glass dissolved in pure amines (simultaneous intensity decrease of bands
at 141, 187, 338 and 472 cm™ and increase of bands at 361 and 420 cm™) but not to a level
corresponding to the complete glass dissolution in the mixture of amine and methanol. It indicates
that methanol is undoubtedly participating in Ge2SbsS7s glass dissolution, and partially influences
post-dissolution equilibrium. Thus, the simple addition of methanol into the already prepared pure
amine solution will not result in the similar glass structural fragmentation as in solution prepared
directly from mixed solvent.
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Figure 3: Raman spectra of Ge20SbsS7s chalcogenide glass dissolved in pure amine and amine-methanol mixture
solvents.

The Raman spectra of prepared solutions also showed that methanol presence during
dissolution has a significant impact on the intensity of the bands corresponding to the vibration of
dissolution products of sulfur in amines (mainly S3” and Ss% polysulfides) [53 — 54]. In order to verify
the effect of methanol presence on the sulfur dissolution mechanism, the set of elemental sulfur
solutions with various concentrations (0.015 and 0.04 g/ml) and solvent formulations (pure n-
propylamine and n-propylamine-methanol mixture) were prepared (Figure 4). The chosen
concentrations correspond either to sulfur overstoichiometry in the Ge2SbsS7s solutions or the total
amount of sulfur in prepared solutions. The Raman spectra confirmed that the presence of methanol
does not induce the formation of different sulfur dissolution products and therefore the observed
structural changes are not related to overstoichiometric sulfur but take place based on different Ge-S
and/or Sb-S dissolution structural units. To distinguish the influence of Sb-presence on GexSbsSss glass
solution, the GesS7s glass analogue was dissolved as well (Figure 4). Surprisingly, the results clearly
show, that methanol presence during glass dissolution only partially decreases the intensities of
GesS10* vibrations bands at 141, 187, 338 and 472 cm* while the Ge-S stretching vibration band at 420
cm?increases. Unlike in the case of GexSbsSss glass, there is no increase in the band at 361 cm™ and
only a partial decrease of the GesS10* bands. Thus we assume that the presence of antimony is essential
for the cleavage of the glass molecular structure to the level of Ge2ShsSss solutions in the amine-
methanol mixtures.
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Figure 4: Raman spectra of sulfur dissolved at various concentrations and GezsS7s chalcogenide glass in pure PA
and PA-MetOH mixture.

Based on our findings, we conclude that methanol presence significantly alters the dissolution
mechanism and established equilibrium in the final Ge;oSbsS;s solution. Our observed results of the
dissolution of Ge,SbsSys glass in pure amine are consistent with the dissolution mechanism described
in [38], i.e. the dissolution of Ge-S glass structures in pure aliphatic amine leads to the formation of
stable [GesS10]* ions compensated by n-propylammonium or n-butylammonium cation. Similarly, the
observed dissolution of Sb-S structures leads analogically to the formation of SbsS;* in solution. The
presence of methanol leads to the fractionation of the GeyeSbsS;s structure to the molecular level
(GesS10* bands are absent), while the antimony structural units based on SbS;* remain stable in
studied solutions. Overstoichiometric sulfur, as well as part of sulfur from fractionated Ge-S units
remains dissolved in the form of polysulfides (weak and wide bands of pure dissolved sulfur correspond
to bands present in GezSbsS;s amine-methanol solutions). The methanol addition into already
dissolved glass in pure amines only partially changes the structures of the final solution, which shows
that methanol participates both in the dissolution process itself and in the stabilization of the final
products. For this reason, the post-dissolution addition of methanol does not lead to the same ratio of
dissolution products and only partially affects their final form.

The structure of source bulk glass and deposited thin films was also studied by Raman
spectroscopy (Figure 5). The main Raman band of Ge2ShsSys bulk glass belongs to the corner-shared
tetrahedrons of GeSs/; and is located at 345 cm™ [55 —57]. This band is asymmetrically broadened both
to lower and higher Raman shifts, due to the presence of wide and low intensity band around 300 cm?
belonging to the vibrations of pyramidal units of SbSs/; [58], and the presence of bands at 368 and



436 cm™ corresponding with the to the vibrations in edge-shared tetrahedral units of GeSas; [37,
55 — 58]. Sulfur overstoichiometry leads to the presence of ring Ss bands at 151, 219, and 475 cm™ [30,
37].
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Figure 5: Raman spectra of as-prepared Gez0SbsS7s thin films from pure amines and mixtures of amine-methanol
solution.

The Raman spectra of as-prepared Ge,SbsSss thin films deposited from pure n-propylamine
and n-butylamine solution significantly differ from the spectrum of source bulk glass. The main band
at 344 cmis significantly narrower, which indicates the high fragmentation of the material’s structure
in the form of GeSs/, tetrahedra. The bands at 140, 190, and 460 cm™* confirm the presence of alkyl
ammonium germanium sulfide (AAGS) salts [30, 37]. The fragmented structure of the as-prepared thin
film indicates a strong similarity with structural fragments present in glass solution, as the bands in the
solution and thin film share almost identical positions (141, 187, 338, and 472 cm™ bands, observed in
solutions, are slightly shifted in thin films to 140, 190, 345 and 460 cm™).

Importantly, the methanol present in the source solution also significantly influences the
Raman spectra of as-prepared thin films. In comparison to the pure amine-based thin films, the main
band at 345 cm™ (corner-shared tetrahedrons GeSss) is less intensive and noticeably broader.
Similarly, to the Raman spectrum of bulk glass, the band at 345 cm™ is also asymmetrical due to the
presence of bands around 300 cm™ (pyramidal units of SbSs/;) and 368 cm™ (edge-shared tetrahedrons
GeSyy2). The bands corresponding to sulfur rings (151, 219, and 475 cm?) are significantly enhanced,
while the intensity of bands corresponding to AAGS salts (140, 190, and 460 cm®) are suppressed. The
new band can be found in spectra of amine-methanol mixture-based thin films at 245 cm™, which can
be attributed to ethane-like S;Ge-GeSs; groups [50]. We assume, that the more complex structure of



thin films from amine-methanol mixture solutions is based on the rapid reaction of the highly
fragmented glass structure of the solution and the transformation of polysulfide sulfur to the form of
Sg rings during the thin film formation process.

The Raman spectra of the thin film prepared from the solutions of dissolved glass in pure
amines with the subsequent addition of methanol are almost the same as the Raman spectra of pure
amine-based films. The main band at 345 cm™ is only slightly wider, given by the presence of edge
shared tetrahedrons GeSays.

With increasing annealing temperature, the Raman spectra of thin films become similar to the
Raman spectrum of bulk glass (Figure 6). Therefore, in the case of pure amine-based thin films, the
main band is getting broader, and the intensity of AAGS salts decreases due to the thermally induced
AAGS decomposition and structural polymerization as reported in [30, 37]. In the case of thin films
deposited from an amine-methanol mixture, the noticeable decrease in intensity of Sg sulfur ring bands
can be observed due to their gradual incorporation into Ge-S structures. Unfortunately, measurements
of the thin films annealed at 210°C could not be performed due to the oversaturation of the Raman
detector with a luminescence signal even at the lowest excitation laser power. However, the absence
of sharp peaks in XRD spectrum (except for the peak at 29.34° belonging to the carbon dome) confirms
the amorphous character of all studied thin films annealed event at the highest temperatures (Fig.7).
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Figure 6: Raman spectra of Gez0SbsS7s thin films annealed at different temperatures in the range of 90

prepared from solutions based on pure amines and amine-methanol mixtures.
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Figure 7: XRD patterns of the highest temperature annealed Gez0SbsS7s thin films deposited from pure amines
and mixtures of amine-methanol solution.

The composition of the studied thin film was analyzed by EDS. Notably, the experimental data
(Table 1 and Figure 8) shows a significant sulfur deficit in as-prepared thin films prepared both from
pure amine solutions and solutions with methanol added after complete glass dissolution. Moreover,
the sulfur content is also decreases with increasing annealing temperature (Figure 8). The total amount
of missing sulfur reaches between 5-7 at. % (in comparison with the targeted GeoSbsS;s composition).
Contrary, the as-prepared thin films deposited from solutions of amine-methanol mixtures possess
nearly ideal GeSbsS7s composition and thermal stabilization induces only a minor decline of sulfur
content. This fact is crucial for further solution processing of other Ge-based chalcogenide glass thin
films, as maintaining the targeted composition is necessary for further practical applications of such
an approach. The missing sulfur in as-prepared thin films deposited from solution without methanol
during glass dissolution can be potentially explained by significant structural and morphological
differences of deposited thin films. We assume that co-evaporation of occluded amine residua with
dissolved polysulfide reaction products (AAGS salts) together with nano-porosity of such prepared thin
films [38 —42] play a key role in observed sulfur depletion. During the deposition process, the GesSio*
ionic salts transform into the corner-shared tetrahedrons of GeSa/,. The sulfur excess probably remains
bound in the form of the alkyl ammonium salts. During post-deposition thermal stabilization, the salts
decompose forming H.S and other volatile products, which are released from the structure of
GeoSbsS7s thin films. This theory is in good agreement with observations in spin-coated As-S films [59 —
60]. It also explains the higher sulfur deficit of thin films deposited from the solution of more volatile
n-propylamine in comparison to the slightly less volatile n-butylamine (vapor pressure at 20°C for
n-propylamine is 339 hPa and for n-butylamine is 95.5 hPa) [61 — 62].



Table 1: Compositions of as-prepared and annealed Ge20SbsS7s thin films deposited from solutions of pure
amines and mixtures of amine-methanol solvents.

PA S Ge Sb BA S Ge Sb
60 724+0.5 | 221+0.1| 55+0.7 60 73.2+0.7 | 21.7+£0.1 | 51+0.7
90 7151205 | 226+0.1| 59+£0.6 90 719105 | 22.0+£0.2 | 6.1+04
120 703104 | 234+0.1| 63+04 120 716104 | 22.8+0.3 | 57+£05
150 69.6+£0.3 | 23.7+0.1| 6.7+0.3 150 70.6+0.3 | 23.0£0.1| 64+t04
180 69.4+0.5|243+0.1| 6.3+£0.6 180 70.2+0.6 | 23.5+£0.1 | 6.3+£0.7
210 67.8+0.8 | 249+0.1| 7.3+£0.9 210 69.6+0.6 | 246+0.2 | 58+0.7
PA - BA -

MetOH S Ge Sb MetOH S Ge Sb
60 74.2+04 | 205+£0.2 | 5205 60 75.0+£0.5 | 20.1+£0.2 | 49+£0.6
90 74.2+0.6 | 204+0.1 | 54%0.7 90 75.1+04 | 20.2+0.2 | 48104
120 74.2+04 | 20.2+0.1 | 5604 120 74.1+0.6 | 20.3+£0.1 | 5.7+£0.6
150 74.1+0.6 | 20.1+£0.1 | 58%0.7 150 75.0+£04 | 219110 | 3.1+14
180 74.0+0.3 | 20.2+0.1 | 58+04 180 745+0.3 | 20.2+0.1 | 53+04
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Figure 8: Annealing temperature dependence of sulfur content in Ge20SbsS7s thin films deposited from pure amines
and mixtures of amine-methanol solvents.



The relative content of oxygen and nitrogen in deposited thin films is depicted in figure 9.
Oxygen traces in thin films deposited from pure amines can be explained by minor oxidation during
their transport in the ambient atmosphere to the FE-SEM/EDS chamber. However, there is a
remarkable difference in oxygen content between thin films deposited from solutions of amine-
methanol mixtures and solutions, where the methanol was added after glass dissolution. This confirms
that methanol is clearly more firmly fixated in the matrix of thin films deposited from amine-methanol
mixtures either due to significant structural differences of glass solutions, and probably also due to the
lower films” porosity. With the increasing annealing temperature, the oxygen content decreases,
regardless of the used amine, down to the oxygen level of thin films based on pure amines without
methanol presence.
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Figure 9: Annealing temperature dependences of relative oxygen (left) and nitrogen (right) content in spin-
coated Ge20SbsS7s thin films deposited from pure amines and mixtures of amine-methanol solvents.

The nitrogen content represents the content of organic residuals from amine solvent and
amine-glass reaction products. The nitrogen content steadily decreases with increasing annealing
temperature. Measured data shows that nitrogen content is not affected by the presence of the
methanol, but only shows minor differences based on the used amine. Thus, the methanol addition
positively influences the composition of studied thin films while its presence does not hinder the
critical step of organic residual removal.

Thermal dependence of thickness and relative thickness (Figure 10) of deposited Ge;oSbsS7s
thin films shows high thin film contractions, caused by massive removal of solvent residua and
structural changes connected with glass polymerization. Measured spectra also demonstrated that all
studied thin films possess specular optical quality (Figure S5 in supplementary materials). The data
confirms earlier observations on solution-processed amorphous Ge-based thin films [30, 35], where a
steep decrease in thickness occurs up to approximately 150°C and then it is followed more gradual
decrease at higher annealing temperatures. However, the data also illustrates a significant difference
between thin film deposited from pure amines and amine-methanol mixtures. Thin films prepared
using amine-methanol mixtures exhibit film contraction by approximately 7.5% lower in comparison
to the other studied thin films. The origin of the observed difference in thickness contraction could be
credited to the higher sulfur release and higher porosity of the films deposited from pure amine
solutions and solutions with methanol added after complete glass dissolution.
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Figure 10: Annealing temperature dependences of thickness (left) and relative thickness (right) of spin-coated
Ge20SbsS7s thin deposited from pure amines and mixtures of amine-methanol solvents.

The high optical quality of the prepared thin films was also confirmed by FE-SEM images
(Figure S4), which do not show any surface microstructure or surface roughness. The low surface
roughness was simultaneously confirmed by AFM measurements. Even the highest observed
roughness RMS values of 1.30 (for the thin films deposited from the BA-MetOH mixture and annealed
at 210 °C) could not affect their optical quality. AFM scans also show the presence of nanopores. Their
occurrence has already been observed and previously described on As-S thin films deposited from
similar solution [63]. The explanation for the formation of pores is a rapid evaporation of the used
solvent from the volume of the thin film during the spin-coating stage of preparation. AFM scans show
a higher amount of these pores in the thin films deposited from the amine-methanol mixtures, which
is probably caused by the additional evaporation of a large amount of MetOH from the thin films during
stabilization and annealing. This also corresponds to the EDS observation of the relative oxygen
content in the thin films (Fig. 9 left).

We can speculate that thin films deposited from amine-methanol mixtures can also possess
higher density connected with lower porosity. This proposition can be supported by their higher
refractive index values in comparison with thin films deposited from solutions without methanol
assistance during glass dissolution (Figure 11) [64 - 65]. As the annealing temperature increases, the
structure of studied thin films changes, organic residuals are released and the refractive index rises.
The EDS data showed that the thin films deposited from amine-methanol mixtures contain practically
the same amount of amine residuals as other studied samples. At the same time, they simultaneously
also contain a higher amount of methanol residuals and a higher content of sulfur (as low refractive
index material). These facts alone would suggest that their refractive index should eventually be even
lower than in the case of thin films deposited from solutions without methanol assistance during glass
dissolution. Thus we assume that higher compactness (or lower porosity) is positively contributes to
the higher refractive index of thin films deposited from amine-methanol solutions. It is also another
significant advantage of such a multi-component solvent approach, which supports its potential usage
in solution processing of other Ge-based systems.
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Figure 11: Annealing temperature refractive index for A=1550 nm of spin-coated Ge;oSbsSss thin
deposited from pure amines and mixtures of amine-methanol solvents.

Conclusions

The GeySbsSss chalcogenide glass was successfully dissolved and spin-coated from pure
n-propylamine, n-butylamine, and their mixtures with 10% methanol. The solutions with the presence
of methanol were significantly darker and their Raman spectra were notably different from their pure
amine counterparts. The Raman spectra of glass solutions prepared from amine-methanol mixtures
confirmed higher structural fragmentation caused by further splitting of the GesS10* cluster structure.
The addition of methanol after complete glass dissolution resulted in only partial changes in the
structure, which were attributed to changes in post-dissolution equilibrium. However, the simple
addition of methanol into the already prepared solution did not result in the same glass fragments.
The Raman spectra of pure dissolved sulfur and antimony-free Ge,sS7s chalcogenide glass proved that
the observed decline of GesSi0* bands in solutions based on amine-methanol mixtures is connected
directly to both the methanol and antimony presence.

Different dissolving mechanisms of GeySbsSys in pure amines and mixtures of pure amines with
methanol significantly impacted the properties of prepared thin films. The structure of as-prepared
thin films deposited from pure amine glass solutions consisted of highly fragmented corner-shared
GeSy; tetrahedrons structure formed from GesSi0* compounds present in the source solution. On
the contrary, the structure of as-prepared thin films deposited from amine-methanol mixtures was
more polymerized. It consisted of both the corner- and edge-shared GeS,/, tetrahedrons with a high
content of non-bonded sulfur in the form of the Sg rings probably due to the rapid re-polymerization
of the highly fragmented structural units during the thin film formation and solidification. With
increasing annealing temperature, the structure of studied thin films shifts towards the structure of
the original bulk glass. However, thin films prepared from a solution of glass dissolved in amine-
methanol mixtures proved significantly higher compositional stability, lower thickness contraction, and
slightly higher refraction index in comparison to the glass dissolved in pure amines without the costs



of the lower ability for organic residuals removal. These facts make the multi-component amine-
methanol solvent approach highly advantageous and substantially better than pure amines.

Thus, the methanol presence in the source amine solution significantly alters the Ge-Sb-S dissolution
mechanism. It leads not only to different ratio of structural units present in the prepared solution, but
also positively affects the properties of deposited thin films. They possess a higher refractive index,
undergo lower thermally-induced surface contraction, and maintain the stable elemental composition
in comparison with thin films deposited from traditional pure amine solvents.
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