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Abstract

This study explores how post-deposition thermal annealing alters the structural, mor-
phological, and electronic properties of Sn—-Te—O thin films grown by radio-frequency
magnetron co-sputtering. Thin films were annealed at temperatures ranging from
298 K to 873 K and analyzed using a suite of techniques, including X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). Annealing at 473 K resulted in increased surface roughness
(Rq) in Te-rich films, while higher annealing temperatures promoted a chemical shift in tin
oxidation states from Sn?* to Sn**. XRD patterns of films annealed at 473 K revealed the
emergence of cubic-phase SnTe reflections not prominent in unannealed samples. Contact
angle measurements indicated enhanced wettability in high-Te films after annealing, and
work function analysis via Kelvin probe showed a trend of decreasing surface potential with
lower Te content. These results provide insight into the thermal oxidation behavior and
surface evolution of SnTe films, relevant for thermoelectric and topological applications.

Keywords: thin films; annealing; tin telluride; RF magnetron co-sputtering; X-ray photo-
electron spectroscopy

1. Introduction

Tin telluride (SnTe) is a narrow-bandgap (~0.18 eV) p-type IV-VI semiconductor
that has garnered increasing attention due to its promising electrical and thermoelectric
performance [1]. In addition to its excellent electronic transport properties, Sn is rela-
tively non-toxic, earth-abundant, and compatible with green chemistry principles, making
SnTe-based materials attractive for next-generation sustainable technologies [2-5]. As
a result, SnTe has found application in diverse areas, including thermoelectric devices,
microelectronics, superconductors, energy storage systems, and photovoltaics [6-10].

While most prior studies have focused on the intrinsic electronic and thermoelectric
properties of crystalline SnTe, recent work has revealed that surface oxidation and stoichio-
metric variations play a decisive role in determining real-world performance. Consequently,
films in this system are better described as Sn—-Te-O thin films, which encompass both
oxide and telluride domains that evolve with temperature and ambient exposure. Many
researchers have studied the annealing effect of SnTe thin films [11-13]. The properties of
the nanomaterials depend heavily on morphology and crystallinity, and temperature is
one of the most important factors in controlling the morphology of such materials [14-16].
S. Xu et al. reported that the electrical conductivity of an SnTe thin film annealed at
400 °C was the highest (6.5 x 10° S/m), and this result was attributed to high-temperature
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annealing reducing crystal defects at grain boundaries [11]. While several studies have
examined annealing effects in SnTe films [11-13], there is a notable lack of systematic
analysis addressing how annealing behavior varies across different compositional ratios of
Sn and Te: a parameter known to influence both oxidation tendencies and carrier transport.

SnTe/Sn-Te-O thin films can be synthesized through various deposition meth-
ods, including chemical vapor deposition [17], thermal evaporation [18], atomic layer
deposition [19], molecular beam epitaxy [20], electrodeposition [21], chemical bath
deposition [22], and radio-frequency (RF) magnetron co-sputtering [23]. Among these, RF
magnetron co-sputtering offers key advantages such as high deposition rates, uniform film
coverage, strong film-substrate adhesion, and fine-tuned compositional control through in-
dependent power modulation of the targets [24-28]. However, films deposited at room tem-
perature by this method are often amorphous or poorly crystalline [29], necessitating ther-
mal post-treatment to achieve phase formation and desirable film texture. Post-deposition
thermal annealing plays a critical role in tailoring the structural and electronic properties of
IV-VI semiconductor thin films. For Sn-Te-O systems in particular, annealing can promote
atomic diffusion and recrystallization, leading to improved crystallinity and oxidation layer
evolution. It also influences stoichiometry by driving Te volatilization and Sn oxidation:
processes that strongly impact carrier concentration and mobility. Previous studies have
shown that controlled annealing can enhance grain growth, relieve residual strain, and
modify surface electronic states, all of which are essential for optimizing film performance
in thermoelectric and topological applications [30-33]. Therefore, a systematic investiga-
tion of how annealing temperature affects the composition, morphology, and electronic
structure of Sn—Te-O thin films is crucial to understanding their thermal stability and
functional tunability.

In this study, we fabricated Sn—Te-O thin films with controlled Sn-to-Te ratios using
RF magnetron co-sputtering at room temperature, followed by systematic annealing across
a range of temperatures. In contrast to earlier reports that examined SnTe oxidation at a
single composition or under specific conditions, this study establishes a comprehensive
composition—temperature grid (Te = 0-100%, T = 298-873 K). This systematic approach
enables a direct comparison of oxidation, phase transformation, and surface-chemical
evolution across the Sn—Te-O system [34-36]. The effects of both compositional ratio and
thermal treatment on film properties were investigated using a comprehensive suite of
surface, structural, and electronic characterization techniques. These include scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), contact angle analysis and Kelvin probe measurements,
which have been used to successfully study other systems [37-40]. Through this multi-
faceted approach, we aim to provide a deeper understanding of the thermal evolution of
Sn—Te-O thin films and offer insight into optimizing their functional properties for future
device applications.

2. Materials and Methods

Sn-Te-O thin films with varying compositional ratios of Sn to Te were fabricated
at 298 K using a homemade RF magnetron co-sputtering system, where this advanced
instrument is previously described in detail elsewhere [41,42]. The system’s base pressure
was maintained at 2.4 x 10~ Pa using a combination of two rotary vane pumps and a turbo
molecular pump. High-purity Sn and Te targets (99.99%, Vacuum Thin Film Materials,
Incheon, Republic of Korea) were used for deposition onto p-type Si (100) wafers, which
served as the substrates. Prior to deposition, the substrates were cleaned with acetone
and dried with nitrogen gas. During deposition, target temperatures were stabilized at
9 °C using a water-cooled chiller, while the substrate temperature was maintained at 25 °C.
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Argon (99.999%, DONGIL, Busan, Republic of Korea) was introduced into the chamber at
a controlled flow rate of 5 sccm using a mass flow controller. A pre-sputtering step was
carried out for 10 min to stabilize the plasma and remove surface contamination from the
targets. During this step, RF powers of 50 W and 25 W were applied to the Sn and Te targets,
respectively, under a pressure of 5.33 Pa. Co-sputtering was subsequently performed at
a working pressure of 1.33 Pa, with the Si substrate rotating at 5 rpm to ensure uniform
film deposition.

The Sn-to-Te ratio in the films was tuned by adjusting the co-sputtering duration and
applied RF powers, as detailed in Table 1. Film thicknesses, measured by a surface profiler
(Alpha-step 500, Tencor, Milpitas, CA, USA), averaged 200.0 £ 4.0 nm with a uniformity
variation of 5%. Post-deposition, the films were annealed in a tube furnace (DTF-40300-12T,
Daeheung Scientific Co., Incheon, Republic of Korea) at 473 K, 673 K, and 873 K for 3 h.
Distinct films were prepared and annealed separately at each temperature (298, 473, 673,
and 873 K); no step-annealing of a single specimen was performed. The tube furnace was
selected to ensure a uniform and stable temperature profile across all samples, enabling
consistent annealing and reproducible thermal exposure. All annealing treatments were
carried out under ambient air without external gas flow, allowing a controlled level of
oxygen exposure during heating. This condition was intentionally chosen to study the
oxidation behavior and thermal stability of Sn—Te-O system, as oxygen incorporation plays
a key role in phase evolution and surface electronic modification. In this study, we de-
note the samples using the format “XSTY,” where X represents the annealing temperature
(in K), “ST” stands for the Sn—Te-O system, and Y indicates the relative atomic percentage
of Te, as determined by XPS and EDX analyses. Samples labeled ST10 to ST40 are clas-
sified as Sn-rich, whereas ST70 to ST80 are considered Te-rich. The surface morphology
and elemental composition were analyzed using a field-emission scanning electron micro-
scope (SEM, MIRA3, TESCAN, Brno, Czech Republic) equipped with an energy-dispersive
X-ray spectroscopy detector (EDX, X-maxN 50, Oxford Instruments, Abingdon, UK). SEM
micrographs were acquired at 150,000 x magnification and 10.0 kV accelerating voltage.
Surface topography and roughness were characterized using an atomic force microscope
(AFM, Park NX10, Park Systems, Suwon, Republic of Korea).

Table 1. The applied RF sputtering power on targets and co-sputtering time for fabricating SnTe/Sn-
Te—O thin films.

Sample STO ST10 ST20 ST40 ST70 ST80 ST100
RF sputtering Sn 30 46 35 29 17 14 NA
power [W] Te NA 8 12 16 20 20 20
Co-sputtering time [s] 1152 510 532 510 600 615 900

NA stands for not available.

XPS measurements were performed using a monochromatic Al Ko X-ray source
(hv = 1486.6 eV) with the ESCALab MKII system (V.G. Scientific Co., West Sussex, UK).
The analysis chamber was maintained at a base pressure of 2.4 x 10~° Pa, supported by a
rotary vane pump, turbo molecular pump, and ion pump. Survey spectra were acquired
at a pass energy (PE) of 100 eV with an energy step size of 0.5 eV to determine overall
composition, while high-resolution spectra of Sn 3d, Te 3d, O 1s, and C 1s were recorded at
PE =50 eV with 0.05 eV steps for chemical-state analysis. All samples were transferred from
the sputtering chamber to the XPS analysis system under ambient laboratory air. Because
no load-lock was available on the instrument, each specimen experienced approximately
1-2 h of unavoidable air exposure during handling and instrument preparation. The
significant O 1s signal observed in the room-temperature samples therefore reflects native
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surface oxidation formed during this air-transfer period rather than intentional oxygen
incorporation during deposition. Each high-resolution spectrum represents the average of
nine scans to improve the signal-to-noise ratio. The take-off angle was fixed at 45°, and
data fitting was carried out using XPSPeak 4.1 software. Spectra were deconvoluted using
mixed Gaussian-Lorentzian GL(30) line shapes with Shirley background subtraction. The
instrumental energy resolution was verified from the Ag Fermi-edge width (0.55 eV at
50 eV PE). For core-level fitting, metallic Sn® and Te? peaks were slightly narrower FWHM
(2.29-2.33 eV) than oxides (2.33-2.38 eV), and all spectra were modeled using a GL(30)
mixed Gaussian-Lorentzian line shape; mild asymmetry for the metallic components did
not significantly improve residuals [43]. Sn 3ds5,; and Te 3ds,, were fitted as doublets
with fixed 3:2 area ratios to avoid complexity, as the spin—orbit coupling is very large and
separations of 8.45 £ 0.05 eV and 10.40 £ 0.05 eV, respectively. O 1s has no spin—orbit
partner and was fitted as a single core level, and the full width at half maximum (FWHM)
can be found in Table S1. Relative sensitivity factors (RSFs) of Sn 4.3, Te 5.4, and O 0.66
were used for quantification (Please see Table S52). All spectra were referenced to the
C 1s = 284.6 eV adventitious carbon peak. Charge neutralization was achieved using a
low-energy flood gun. The fit residuals (x? ~ 2-3) verified excellent agreement between
experimental and modeled spectra. Survey spectra and representative C 1s regions are
provided in Figures S1-S3. Crystallinity was examined via X-ray diffraction (XRD, Ultima
IV, Rigaku, Tokyo, Japan) using a Cu K« source (40 kV, 30 mA). Contact angle measurements
were conducted using a custom-built system with distilled water (DW) and ethylene glycol
(EG) as probe liquids to estimate the surface free energy. All quoted uncertainties (+eV) for
XPS binding energies and FWHM values represent the fitting standard error obtained from
the nonlinear least-squares peak-fitting procedure.

Kelvin probe (KP6500, McAllister Technical Services, Coeur d”Alene, ID, USA) mea-
surements were conducted in ambient air using a vibrating capacitive probe. The probe
work function (¢yp) was calibrated before each session against Au using
$ip = ¢Pau + CPDmeasured- The sample work function was then calculated as
Psample = Ptip — CPDgsample- The tip-sample spacing was maintained at ~1 mm using
a manufacturer-supplied spacer. Each contact potential difference (CPD) value represents
an average of 5 measurements per sample. The absolute uncertainty of KP measurements
was £0.10-0.20 eV, with intra-session repeatability of £0.02-0.03 eV. Electrical properties
were measured using a 4-point probe system (Loresta-GP MCP-T600, Mitsubishi Chemical,
Kanagawa, Japan). The sheet resistance values were calculated from the measured voltage—
current characteristics, with an estimated film thickness of 200 & 4 nm. Each data point
represents the average of five measurements taken at different surface locations, and the
error bars denote one standard deviation (Figure S5).

3. Results and Discussion

Table 2 summarizes the elemental composition (Sn, Te, and O) of the XSTY thin films,
revealing how thermal treatment influences the chemical makeup of the samples. Variations
in stoichiometry across annealing temperatures are attributed to temperature-dependent
chemical reactions. At 473 K, the STY thin films formed a stable cubic Sn-Te crystalline
structure, as previously reported [30]. Up to this temperature, the Sn and Te components
retained near-stoichiometric balance. However, at 673 K, approaching Te’s melting point,
the Te content in ST80 films declined markedly from 65.2% at 473 K to just 18.0% [31]. This
drop indicates significant loss of Te, likely due to volatilization. Although the absolute
Te abundance differs among compositions, the overall temperature-driven Te depletion is
reproducible across independently prepared samples. Simultaneously, the oxygen content
increased at 673 K, consistent with the oxidative transformation of SnTe into SnO, and TeO,
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via the reaction: SnTe + 20, — SnO; + TeO; [32]. At the highest annealing temperature
(873 K), the depletion of Te became more pronounced, likely due to gas-phase evaporation
of both elemental Te and TeO, [32]. Because annealing was conducted in ambient air,
a progressive rise in oxygen incorporation was observed with increasing temperature.
This behavior aligns with thermodynamic expectations, given the more negative standard
enthalpy of formation for SnO; (-577.6 k] /mol) [33] compared to TeO, (—322.6 k] /mol) [44],
suggesting that Sn has a greater tendency to form stable oxides than Te. Accordingly, the
observed compositional shifts can be attributed to the preferential binding of oxygen to Sn
at elevated temperatures, effectively displacing Te from the films.

Table 2. The relative atomic percentages of Sn, Te, and O in the XSTY thin films that were obtained
by EDX.

Relative Atomic Percentage [%]

Annealing Constituent Sample
Temperature [K] Element STO ST10 ST20 ST40 ST70 STS0  ST100
Sn 414 433 39.6 242 117 119 0.0
Te 0.0 40 9.6 186 33.9 355 60.6
298 0 13.7 9.3 8.3 114 6.2 42 14
Si 449 435 25 458 482 483 38.0
Sn 37.7 451 37.6 24.7 9.0 117 0.0
Te 0.0 24 8.9 172 26.8 385 56.4
473 o 12.1 18.1 10.9 134 9.0 6.8 27
Si 50.2 34.4 26 447 55.2 43.0 40.9
Sn 181 19.8 24.1 188 5.7 5.0 0.0
Te 0.0 14 47 136 0.6 41 0.8
673 o 28.9 28.7 36,5 16.6 145 119 3.0
Si 53.0 50.0 347 51.0 793 79.0 96.3
Sn 181 20.0 195 133 5.0 42 0.0
Te 0.0 NA 0.1 0.2 0.2 0.2 NA
873 o 40.1 46.1 45.0 32.7 132 10.8 1.7
Si 418 33.9 35,5 53.9 81.6 84.8 98.3

(NA stands for not available).

Although the films were deposited in an Ar atmosphere without intentional oxygen
introduction, a significant O 1s signal was detected in the as-deposited (298 K) samples.
This oxygen presence can be either attributed to trace amounts of O, and HyO remaining
in the sputtering chamber at its base pressure (~10~2 Pa) or from native/air oxidation
during the transfer process. Given the strong oxygen affinity of both Sn and Te, partial
oxidation can occur even under these low-pressure conditions. Additionally, brief exposure
to ambient air during sample transfer may have further contributed to the formation of a
thin native oxide layer. Since XPS probes only a few nanometers into the film surface, this
surface oxidation is readily detected despite the bulk film remaining largely stoichiometric.
Such surface oxidation phenomena are widely observed in Sn-Te-O thin films and do not
affect the overall interpretation of the compositional or electronic results.

Each panel includes the corresponding Z-range (+10 to +200 nm) to allow direct
comparison without normalizing contrast. The surface roughness was derived from height
histograms, and the instrument’s vertical resolution (<0.05 nm) was used to estimate uncer-
tainty. The roughness progressively increases with temperature, reflecting the transition
from dense to granular oxide textures. Complementing these morphological observations,
Figure 1 displays the root mean square (Rq) roughness values derived from AFM measure-
ments. At 298 K, Rq values rose in tandem with increasing Sn concentration, reinforcing
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the correlation between Sn content and surface texturing. In contrast, among the films
annealed at 473 K, the highest Rq values were observed in Te-rich compositions. For Sn-rich
and pure Sn films, grain coarsening and surface roughening became more pronounced
as the annealing temperature increased from 298 K to 873 K, an effect attributed to the
thermal-driven agglomeration of Sn nanoparticles [45]. Meanwhile, in Te-rich thin films,
surface roughness initially increased between 298 K and 473 K. However, beyond this range,
as the temperature rose to 873 K, a decline in Rq was observed, likely due to the melting of
Te and subsequent surface smoothening. Interestingly, pure Te films exhibited a distinct
trend: Ry increased from 298 K to 673 K, consistent with melting and coalescence of Te into
larger grains. Upon annealing at 873 K, however, the roughness decreased, presumably
due to the partial or complete evaporation of Te under high-temperature conditions.

3 Roughness (R,)

673 1

[nm]
- 0
- 10
- 20
- 30
- 40
. 50
60
70
80
- 90

0 10 20 40 70 80 100
Te composition [%]

Annealing temperature [K]

Figure 1. The contour plot displaying the surface roughness of the SnTe/Sn-Te-O thin films at
various annealing temperatures. (The direction of arrow indicates the direction of increasing value).

The observed morphological evolution can also be partially attributed to strain and
stress relaxation processes occurring during annealing. Thin films of Sn—Te-O experience
differential thermal expansion relative to the SiO,/Si substrate, resulting in interfacial
strain and stress accumulation during heating. These stresses promote grain boundary
migration and coalescence, consistent with the increased grain size and surface rough-
ness observed in Figures 1 and 2. At moderate annealing temperatures (~473 K), such
strain relaxation aids in recrystallization and the formation of the cubic SnTe phase, as
supported by the XRD patterns. However, at higher temperatures, excess strain energy
may be relieved through Te volatilization and oxidation, producing voids or stress-induced
delamination that contribute to the observed roughness decline above 673 K. Similar strain-
driven morphological transitions have been reported in other IV-VI chalcogenide thin
films, where lattice mismatch and thermal expansion gradients govern film texture and
stability [46-48]. These considerations suggest that the interplay between thermal strain
relaxation, compositional redistribution, and interfacial stress significantly influences the
structural and electronic evolution of the XSTY thin films during annealing.

SEM micrographs of the 873ST70 and 873ST80 thin films revealed distinct contrast
variations: bright and dark regions suggestive of compositional inhomogeneity. EDX
analyses of these regions, presented in Figure 3, confirmed that the brighter areas were
rich in Sn, while the darker areas were predominantly composed of Si. These findings
underscore Sn’s strong propensity to aggregate under elevated annealing conditions.
To further probe the chemical states of the constituent elements, high-resolution XPS
was conducted. The resulting spectra for Sn 3ds5/;, Te 3ds,;, and O 1s are shown in
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(a) 298STO ¢ }

b) 298ST20

Figure 4a—e, 4f-j, and 4k-o, respectively. Notably, the large spin—orbit splitting values of
5n 3d (8.50 eV) and Te 3d (10.34 eV) [49,50] necessitated deconvolution focusing solely on
their 3ds,, components to simplify peak assignment. The binding energy peak positions
and oxidation states derived from this analysis are summarized in Table 3.

(c) 298ST40

(d) 298ST80

(e) 298ST100

473ST100

(i) 4735780 3

rad

(o) 673ST100_-

(r) 873ST40

1m

Figure 2. SEM micrographs (x150 k) of XSTY thin films: (a—e) for 298 STY [44] and (f—j) for 473 STY.
AFM micrographs of XSTY thin films: (k-o) for 673 STY and (p-t) for 873 STY. 298 K data are used as
a reference [51].

Figure 2 presents the surface morphologies of STY thin films subjected to various
annealing temperatures. Notably, films deposited at 298 K displayed an increase in grain
size with higher Sn content, suggesting that Sn significantly influences grain formation
more so than Te [51]. SEM micrographs show that film morphology remains compact up
to 673 K but becomes non-uniform and partially discontinuous at 873 K, consistent with
enhanced oxidation and island formation. AFM micrographs were analyzed using the
manufacturer’s tip (checked before and after use).

For Sn 3ds,,, three chemical states were resolved: Sn** at 487.1 + 0.3 eV, Sn?* at
486.2 + 0.3 eV, and metallic Sn° at 485.1 + 0.3 eV [52,53]. A clear thermal evolution was
observed: Sn in the XSTY thin films transitioned from primarily Sn** (SnO) at lower
temperatures to predominantly Sn** (SnO,) upon annealing at 873 K. Interestingly, metallic
Sn¥ species vanished at 673 K in Sn-rich films, while in Te-rich compositions, this transition
occurred earlier, disappearing by 473 K. This accelerated oxidation behavior in Te-rich
films may stem from the higher electronegativity of Te (2.1) compared to Sn (1.96), which
facilitates oxidation of Sn in such environments. Similarly, deconvolution of the Te 3ds,,
spectra revealed four distinct species: Te®* at 577.3 + 0.2 eV, Te** at 576.4 + 0.2 eV, elemental
Te? at 573.5 + 0.2 eV, and Te?™ at 572.5 4+ 0.2 eV [54,55]. Between 298 K and 473 K, Te
exhibited divergent behaviors depending on the film composition. In Sn-rich samples, the
dominant Te species was Te?~, consistent with its bonding to Sn in the formation of SnTe
domains within the oxidized matrix.
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Figure 3. EDX spot profile of SnTe/Sn-Te-O thin films; (a) 8735T70 and (b) 873ST80.

In contrast, Te-rich thin films predominantly featured neutral Te (Te") and /or oxidized
Te** species, with no detectable Te?~ present in pure Te samples due to the absence of Sn
for compound formation. As annealing progressed, the Te 3ds5,, peak intensity in the ST100
films declined, indicative of Te volatilization at elevated temperatures. Interestingly, the
Te signal in Sn-Te binary films annealed at 873 K remained stronger than in pure Te films.
This observation suggests that the presence of Sn might have mitigated Te loss through
a stabilizing reaction with TeO,, potentially forming a ternary oxide compound such as
SnTe;0g via the reaction: SnO, + 3TeO, — SnTezOg [32]. O 1s spectra further support
this hypothesis, showing a progressive increase in the O-Sn** signal as the annealing
temperature rose from 298 K to 873 K, confirming the thermal oxidation of Sn. This
trend aligns well with the Sn 3d spectral analysis in Figure 4. For the ST100 films, the
O 1s spectrum (Figure 40) revealed peaks associated with O-Si bonding that appeared only
in samples annealed at 673 K and above. These signals point to the underlying substrate
becoming more exposed as Te evaporated at higher temperatures.

At elevated annealing temperatures (>773 K), the Sn—Te-O films exhibit partial discon-
tinuity, allowing localized detection of the Si substrate. To ensure accurate compositional
accounting, Si was explicitly included in both EDX and XPS analyses. In the O 1s spectra,
deconvolution was performed into lattice oxygen (O-Sn/O-Te), interfacial oxygen (O-5i),
and minor adsorbed species (O=C, H,O). The emergence of the O-5i component in the
873 K sample (ST100) indicates partial film thinning and SiOx formation at the interface. To
support the O 1s deconvolution where O-C, O-5n, and O-Te components overlap within
the instrumental FWHM (~2.3 eV), assignments were cross-checked against the thermal
evolution of Sn and Te core-level states and valence-band trends; the O-Te component was
retained only when consistent with co-evolving Te oxidation and VB spectral shape.

Figure 5 presents the relative atomic concentrations of Sn, Te, and O in XSTY thin
films, as determined through XPS analysis. As a surface-sensitive technique, XPS is widely
employed to probe the chemical composition of thin film surfaces [56]. The distribution
of elements varied significantly with annealing temperature, highlighting changes in
surface chemistry across different film compositions. In the case of pure Sn thin films,
higher annealing temperatures led to a pronounced increase in both Sn and O content
at the surface, suggesting progressive surface oxidation and the formation of a Sn oxide-
rich layer. For Sn—Te binary films, the behavior was more dynamic: between 298 K and



Surfaces 2025, 8, 83

9 of 20

473 K, a noticeable reduction in surface Te was observed, attributed to Te diffusion into the
bulk. However, upon further annealing up to 873 K, Te re-emerged at the surface, likely
due to outward diffusion, accompanied by an increased oxygen signal indicative of various
oxide formation processes. In contrast, pure Te thin films showed a different trajectory. As
the annealing temperature increased, Te gradually evaporated from the surface, leading to
greater exposure of the underlying Si substrate and a corresponding decline in Te signal.
This redistribution and volatilization of elements are expected to influence not only the
electrical characteristics but also the overall physicochemical behavior of the XSTY thin
films. Figure 6 illustrates the evolution of XRD patterns in Sn—Te-O thin films under
varying annealing temperatures. Figure S6 shows XRD patterns of Sn—Te-O thin films
recorded over the full 20 range (10-90°). The Si substrate peaks are labeled, and the region
above 60° is indicated as the Si fingerprint zone, where film reflections may overlap with
substrate features. To enhance data clarity, the main figure focuses on the lower-angle
region (10-60°), where the principal film reflections are observed with minimal substrate
interference. The p-type Si(100) substrate has a diamond cubic structure and does not
undergo any temperature-driven phase transitions within our annealing range; therefore,
the strong Si(220) and Si(311) reflections near ~48° and 56-58° 26 originate solely from
the substrate and provide no film-related structural information. Because these intense
substrate peaks compress the dynamic range of the thinner Sn—Te-O reflections, they were
excluded from the main-text XRD plots for improved visibility; however, full unedited
scans (10-90° 20) for all samples are provided in the Supporting Information. The major
diffraction peaks correspond to SnO, (rutile) and SnO (tetragonal), with weaker signals
attributable to TeO, or residual Te” at lower annealing temperatures. Minor reflections
appearing at higher temperatures are marked as tentative because they originate from
isolated weak peaks or overlap with substrate signals.

At room temperature (298 K), pure Sn and Sn-rich films exclusively exhibited tetrag-
onal Sn phases, with diffraction peaks at 30.65°, 32.02°, 43.87°, 44.91°, and 55.35°, corre-
sponding to Sn(200), Sn(101), Sn(220), Sn(211), and Sn(301), respectively, in agreement with
JCPDS no. 86-2265. Meanwhile, pure Te films displayed peaks at 22.97°, 27.55°, 40.33°,
46.91°, and 49.56°, characteristic of a hexagonal structure (JCPDS no. 78-2312), including
Te(100), Te(101), Te(200), and Te(021) reflections. Interestingly, as-deposited Sn—Te films
lacked any discernible SnTe crystalline peaks. This observation aligns with previous find-
ings by K.A. Campbell et al., who noted that IV-VI metal chalcogenides typically crystallize
only above 473 K [57]. Upon annealing beyond this threshold, distinct SnTe reflections
emerged, confirming the onset of crystallization, as evident in Figure 6b,c.

The XRD patterns of the films are shown in Figure 6. Upon annealing the STY thin
films at 473 K, the XRD patterns began to reveal distinct SnTe crystalline phases with a cubic
structure, complementing those seen at room temperature (298 K). These SnTe-specific
reflections emerged exclusively in the mixed-composition samples, with characteristic
diffraction peaks at 28.27°, 40.45°, and 50.10°, corresponding to the (200), (220), and (222)
planes of cubic SnTe (JCPDS no. 08-0487). As the annealing temperature increased to 673 K,
signs of SnTe oxidation became prominent [32]. This transition was in agreement with the
earlier EDX results, which had indicated the formation of various oxide phases beginning
at this temperature. Consequently, new peaks appeared in the XRD spectra, consistent
with the formation of both SnO and SnO;. Specifically, SnO phases were identified by their
reflections at 18.35°, 29.94°, and 50.79°, corresponding to the (001), (101), and (112) planes
(JCPDS no. 85-0712). SnO, phases were similarly evident at 26.56°, 33.89°, and 51.75°,
indexing to the (110), (101), and (211) planes (JCPDS no. 88-0287).
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Figure 4. Deconvoluted XPS spectra: (a—e) for Sn 3ds 5, (f-j) for Te 3d5,, and (k-o) for O 1s region of
the SnTe/Sn-Te-O thin films. 298 K data are used as a reference [51] (ten. stands for tentative). The
dots represent the raw data, color filled peaks represent deconvoluted peaks with the same binding

energy, and the red line represents the sum of the deconvoluted peaks.

Table 3. The relative atomic percentages of Sn, Te, and O in the XSTY thin films that were obtained

by XPS.
Relative Atomic Percentage [%]
Sn Te (0]
Sample Sn% Te% - - 0%
P Sn® Sn2* Sn*t U Te Ted Te Tt o o-sn2 O, .9 o=C ’
Sn Te
298 21 54 25 39 64 31 NA 5 61
STO 473 5 52 43 40 48 45 NA 7 60
673 NA 24 76 34 36 58 NA 6 66
873 NA 21 79 34 35 59 NA 6 66
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Table 3. Cont.

Relative Atomic Percentage [%]

Sn Te o
Sample Sn% Te% - - 0%
P S0 Sn2* sntt " Te- Ted Te TSt o o-sn2 O, .9 o=C
Sn Te
O- O- O-
Sn2+ /Te4+ Sn4+ Teé+ 0=C
298 35 44 21 43 100 NA NA NA 7 34 54 NA 12 50
ST10 473 13 60 27 38 100 NA NA NA 1 62 29 NA 9 61
673 NA 47 53 35 NA NA NA NA 0 63 29 6 2 65
873 NA 13 87 31 NA NA 50 50 5 51 39 10 NA 64
298 32 54 14 50 100 NA NA NA 10 13 65 NA 22 40
ST20 473 10 46 44 37 100 NA NA NA 2 51 38 NA 11 61
673 NA 43 57 35 NA NA NA NA NA 52 37 7 4 65
873 NA 23 77 31 NA NA 50 50 6 35 55 10 NA 63
298 28 57 15 33 100 NA NA NA 15 42 46 NA 12 52
ST40 473 17 38 45 37 1000 NA NA NA 6 47 40 NA 13 57
673 NA 38 62 31 NA NA 55 45 6 49 46 3 2 63
873 NA 25 75 28 NA NA 29 71 7 22 66 9 3 65
298 27 57 16 19 41 5 NA NA 39 45 50 NA 5 42
ST70 473 NA 33 67 21 18 32 45 5 22 53 31 12 4 57
673 NA 31 79 26 NA NA 55 45 11 41 47 10 2 63
873 NA 25 75 31 NA 16 52 32 6 40 52 8 NA 63
298 25 58 17 12 36 62 2 NA 42 17 68 NA 15 46
STS0 473 NA 42 58 26 31 31 31 7 13 45 39 11 5 61
673 NA 25 75 12 NA NA 59 41 27 54 42 4 NA 61
873 NA 13 87 31 NA NA 83 17 6 32 57 9 2 63
O-Te* OC OSi 0=C HO-Si H,0
298 NA 88 12 NA 65 NA 91 NA 9 NA NA 35
ST100 473 NA 39 55 6 49 88 4 NA 8 NA NA 51
673 NA NA 67 33 6 NA 5 64 NA 31 NA 94
873 NA NA NA NA NA NA NA 35 NA 59 6 100
(NA stands for not available).
£ [(a) STO (b) ST10 (c) ST20 (d) ST40
2
293 473 6 3 573 298 473 6 3 873 298 473 6 3 573 293 473 6 3 373
Annealing temperature [K] Annealing temperature [K] Annealing temperature [K] Annealing temperature [K]
§ (e) ST70 (f) ST80 (g) ST100
.E
E = Si
= = O
E —Te
2 c— Sn
298 473 873 298 473 873 298 473 673 873
Annealing temperature [K] Annealing temperature K] Annealing temperature [K]

Figure 5. The relative atomic concentration of Sn, Te, and O on SnTe/Sn-Te-O thin films was obtained
by XPS: (a) STO, (b) ST10, (c) ST20, (d) ST40, (e) ST70, (f) ST80 and (g) ST100 thin films.
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Figure 6. The XRD patterns of XSTY thin films: (a) 298 STY, (b) 473 STY, (c) 673 STY, and (d) 873 STY
thin films. 298 K data are used as a reference [51].

The oxidation of SnTe under elevated thermal conditions is known to proceed via the
reaction SnTe + 20; — SnO; + TeO; [32]. In our XPS analysis at 673 K (Figure 4, Table 3), the
dominant chemical species were consistent with Sn** and Te**, corroborating the oxidation
products observed in the XRD. Notably, in Te-rich films, a unique oxide phase, SnTe;Og, was
detected. Its cubic structure yielded a diffraction peak at 46.05°, assignable to the (440) plane
(JCPDS no. 70-2440). This compound likely forms through a secondary reaction between
5SnO; and TeO,: SnO, + 3TeO, — SnTe;0g [32]. JCPDS reference patterns corresponding
to Si (41-1111), Sn (86-2265), Te (78-2312), SnO (85-0712), SnO, (88-0287), SnTe (08-0487),
SnTe3Og (70-2440), and TeO, (84-1777) have been overlaid onto the XRD plots provided in
the Supporting Information (Figure S7). The 1:3 stoichiometric requirement of this reaction
aligns with the excess TeO, found in Te-rich films, offering a plausible explanation for
the observed phase. At the highest annealing temperature of 873 K, the XRD patterns
were dominated by Sn oxide peaks alone, as volatile Te species had evaporated from the
surface [31]. Overall, the trend across increasing temperatures indicated a gradual decline
in the intensity of elemental Sn, Te, and SnTe peaks, while various oxide phases became
increasingly prominent.

Figure 7 presents the measured contact angles of deionized water (DW) and ethylene
glycol (EG) droplets placed on the XSTY thin film surfaces, alongside the corresponding
surface roughness data obtained from atomic force microscopy (AFM). From these contact
angle measurements, the surface free energy (SFE) of each thin film was subsequently
derived. Static water contact angles were measured at four distinct positions per sample,
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yielding an average standard deviation of +2.43°, indicating high reproducibility. The
calculation of SFE followed the approach proposed by Owens and Wendt, which refines
Young's equation to account for both polar and dispersive interactions at the solid-liquid
interface [58]:

— d~,d P, P
YL(1+cos0) = 2\/V5VL +24/v5VL 1)
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Figure 7. The correlation between contact angle and root mean square value of roughness along with
the SFE of XSTY thin films: (a) 298 STY, (b) 473 STY, (c) 673 STY, (d) 873 STY thin films. 298 K data are
used as a reference [51].

The surface tension of the liquid is denoted as vy, and the contact angle between the
liquid and the surface of the solid thin film is expressed as 0. yg and yg are the dispersive
SFE and polar SFE on the surface of the solid thin film. v{! and y} are the dispersive SFE and
polar SFE of the used liquid, respectively. Total SFE (yg) was calculated by adding yg and
yg. At all four annealing temperatures studied, the Te composition showed a consistent
trend with contact angle for both DW and EG. Additionally, contact angle variations
appeared to correlate with changes in surface roughness across the films. However, these
relationships differed between the as-deposited and annealed samples. For the STY thin
films fabricated at 298 K, the polar component of SFE increased with rising Te content.
Interestingly, the dominant contributor to the total SFE varied with composition: in the
pure Sn thin film, the dispersive component prevailed, whereas in the pure Te thin film, the
polar component was more significant. This shift aligns with the higher intrinsic polarity
of Te compared to Sn and explains the observed decrease in contact angle with increasing
Te concentration [51].
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In contrast, the annealed films, processed at 473, 673, and 873 K, were governed
predominantly by dispersive SFE. Notably, roughness emerged as a critical factor. It has
been previously reported that nanoscale roughness can significantly increase contact angle
values [59]. This suggests that in these thermally treated films, surface roughness had a
stronger influence on wettability than compositional polarity. Indeed, as shown in Figure 2,
annealing induced substantial morphological changes. Aggregates became prominent,
particularly in the ST70 and ST80 samples, which also exhibited the highest Rq values. The
resulting large contact angles can be attributed to a transition in wetting behavior: from the
Wenzel regime, characterized by full contact between the liquid and surface, to the Cassie
regime, where trapped air pockets reduce liquid-solid contact. This transition is known to
occur on roughened surfaces and weakens surface adhesion [60,61].

Figure 8§ illustrates how annealing temperature influences the work function of XSTY
thin films, as determined by KP measurements, alongside the log-scale electrical conduc-
tivity data obtained via a four-point probe method. Each dataset includes the Kelvin
probe calibration using a metallic Au reference, confirming measurement consistency
within £0.1 eV. The relatively high ¢ values observed for the oxidized films (~6.0 eV) can
be attributed to the formation of SnO;-rich surface layers, consistent with reported values
as high as 5.9 eV for stoichiometric SnO, [62]. In contrast, Te-rich films exhibit markedly
lower work functions of ~5.0-5.5 eV, in agreement with our Kelvin probe measurements
and the lower electron affinity of elemental Te. At elevated annealing temperatures, partial
Te volatilization and surface inhomogeneity further reduce ® by exposing regions of the
underlying Si substrate (¢ Si ~ 4.66 eV). These competing effects reconcile the observed
differences: SnO,-dominated surfaces drive the ¢ upward toward ~6.0 eV, whereas Te-rich
or partially Te-depleted surfaces pull ¢ downward into the 5.0-5.5 eV range. This composi-
tional sensitivity explains the non-monotonic work-function evolution observed across the
annealing temperatures. XPS analysis (Figure 4k-o) verified that adventitious carbon was
minimal following annealing, thus excluding C-related surface charging as a major factor.
The slightly higher apparent ¢ values may also reflect upward band bending caused by
oxygen-rich surface termination, as has been observed in other oxide—semiconductor sys-
tems. Since the Sn—Te-O films were deposited on p-type Si (100) substrates, the measured
conductivity reflects a composite film + substrate system, particularly at higher annealing
temperatures (>673 K) where partial discontinuity or oxidation reduces film coverage. The
influence of the substrate has therefore been explicitly acknowledged in the interpreta-
tion, and resistivity values reported here are normalized to the measured film thickness
with corresponding error bars (Table S3). The reported work function values primarily
reflect the composite film/substrate system. The observed trend, an initial decrease in
resistance up to 473 K followed by an increase at higher temperatures, is consistent with the
oxidation-induced loss of metallic Te and increased film nonuniformity (Figures 8 and S4).

A notable divergence in behavior emerged between pure-element films (Sn or Te)
and alloyed Sn-Te compositions. For the STO film (pure Sn), the work function increased
progressively with annealing. This enhancement likely stemmed from the growing presence
of Sn oxides on the surface, as evidenced in Figures 4a and 5, and Table 3 [61]. In contrast,
the work function of the ST100 film (pure Te) diminished as annealing temperature rose.
This trend is plausibly attributed to thermal evaporation of Te at elevated temperatures,
leading to exposure of the underlying Si substrate, which has a lower work function
(Te: 4.95 eV, Si: 4.66 eV) [63,64]. For the intermediate ST10-ST80 compositions, the work
function exhibited a two-phase response to annealing. From 298 K to 473 K, the work
function declined, likely because Te atoms migrated into the bulk, enriching the surface in
Sn. As the temperature increased further from 473 K to 873 K, the work function reversed
course and rose. This upward trend is attributed to Te re-emerging at the surface and
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concurrent oxidation processes, reflected in the rising relative concentrations of Te and O,
as shown in Figure 5.

Annealing temperature [K]
298 473 673 873

6.4 {(a) KP

Work function [eV]

-{}- STO
ST10
ST20
—@— ST40
—@— ST70
—@— ST80
-<7#- ST100

log(Sheet Resistance) [Q/o ]

298 473 673 873
Annealing temperature [K]

Figure 8. Work functions were measured by (a) KP, and electrical conductivity in the log scale
was determined by (b) 4-point probe. Electrical conductivity values correspond to composite
film + substrate behavior measured by the four-point probe method on p-5i, as no insulating-substrate
control was employed. 298 K data are used as a reference [51].

Importantly, the variations in work function captured by KP were in good agreement
with changes in electrical conductivity (log scale) measured using the 4-point probe, as
shown in Figure 8b. This parallelism underscores the significant role of surface composition
in governing the electronic properties of XSTY thin films. The observed conductivity behav-
ior across the annealing series can be further understood by considering how stoichiometry,
oxidation, and phase evolution influence carrier transport. At moderate annealing temper-
atures (=473 K), improved crystallinity and the emergence of cubic SnTe domains within
the Sn—Te-O matrix enhance charge percolation pathways and reduce defect scattering,
leading to temporarily higher conductivity. However, at higher annealing temperatures
(>673 K), significant Te volatilization induces Sn-rich regions and facilitates oxidation of
5Sn to SnO;, as evidenced by the XPS and XRD analyses (Figures 4—6). The formation of
5nO, and related oxide phases introduces deep trap states and widens the local valence
band maximum (VBM) position, thereby reducing free carrier density and overall mobility.
In addition, phase segregation observed in SEM micrographs and compositional inhomo-
geneity (Figure 3) create interfacial barriers between SnTe, SnO,, and residual Sn domains,
further hindering charge transport.

Consequently, the non-monotonic conductivity trend observed with increasing anneal-
ing temperature arises from the interplay between structural improvement and oxidative
degradation. While moderate annealing promotes grain coarsening and defect healing,
excessive thermal exposure leads to carrier depletion and enhanced scattering at oxide
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interfaces. This interpretation is consistent with the simultaneous shifts observed in the
work function (Figure 8) and band structure evolution (Figure 9), collectively indicating
that carrier concentration and mobility in XSTY thin films are highly sensitive to both Te
stoichiometry and the progressive formation of oxide phases.

(a) Valence Band Maximum (b) log(Conductivity [S/cm])

g 873

673 ¢

473 <

Annealing temperature [K]
Annealing temperature [K]

W E

pONaO
BONaOL Y

298 SN X — 298 == . —
0 10 20 40 70 80 100 0 10 20 40 70 80 10
Te composition [%] Te composition [%]

M THTTT

Figure 9. The contour plot of (a) VBM position energy obtained from XPS and (b) log scale value of
conductivity measured by the 4—point probe. Electrical conductivity values correspond to composite
film + substrate behavior measured by the four-point probe method on p-Si, as no insulating-substrate
control was employed. x marks show the film condition of the data obtained.

Figure 9a presents the energy band diagram of XSTY thin films, constructed using
VBM values derived from high-resolution XPS measurements of the valence-band region.
All spectra were energy-referenced to the adventitious carbon C 1s peak at 284.6 eV to
ensure consistency across all samples. The VBM was determined by linearly extrapolating
the leading edge of the valence-band density of states to the background baseline, following
the methodology established in earlier works [41]. Representative valence-band spectra
and corresponding fitting regions are provided in Figure S4, illustrating the extraction
procedure and baseline range. All samples were internally referenced via the C 1s peak,
and no additional cross-sample correction was required. The VB region exhibits two main
features: a broad band centered near 7-8 eV attributed primarily to O 2p and Te 5p hybrid
states, and a distinct shoulder at 3-5 eV arising from Sn 5s/5p-O 2p hybridization. The
3-5 eV Sn 5s/5p-O 2p shoulder becomes more pronounced as the Sn** fraction increases,
consistent with reports that higher-valent Sn—O bonding enhances this feature in the VB
region [65]. The relative intensity and broadening of this shoulder increase with annealing
temperature, consistent with a higher proportion of Sn** species, in agreement with the
XPS core-level analysis. Although the STO and other low-temperature samples exhibit a
comparatively stronger 3-5 eV VB shoulder, this arises from the combination of (i) surface
sensitivity of XPS, where thin native oxides dominate the VB signal at low T, and
(ii) increased spectral broadening and reduced film continuity at high T (673-873 K),
which suppress the apparent shoulder even as the Sn** fraction increases in the core levels.
These effects explain the non-monotonic VB shoulder intensity without contradicting the
Sn?* /Sn** evolution extracted from the high-resolution Sn 3d spectra. This correlation
between VB shape and Sn oxidation states aligns with previous reports [46]. In parallel,
Figure 9b displays the logarithmic electrical conductivity of the same set of thin films, as
measured by the four-point probe technique. These conductivity trends closely mirrored
the behavior observed in the work-function data obtained via Kelvin probe (Figure 8)
and provided a complementary perspective to the XPS-derived VBM analysis. Together,
the band-structure information and conductivity data reinforce the relationship between
surface electronic structure and charge transport in the XSTY system.
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4. Conclusions

In conclusion, this study employed complementary surface and structural characteriza-
tion techniques to examine the influence of annealing temperature on the physicochemical
properties of Sn—Te-O thin films. Across the dataset, reproducible temperature-dependent
trends were observed. SEM and AFM analyses revealed that Te-rich films exhibited the
greatest surface roughness near 473 K, suggesting enhanced morphological evolution under
moderate thermal treatment. XPS measurements indicated a progressive oxidation of Sn
species (from SnO to SnO;) with increasing annealing temperature (298-873 K), consistent
with a thermally driven oxidation sequence. Wettability tests showed that increasing Te
content in as-deposited films (298 K) led to lower contact angles, reflecting composition-
dependent changes in surface energy. Work-function measurements obtained by the Kelvin
probe displayed consistent variation with annealing temperature, likely associated with the
changing oxidation state and surface composition. Overall, these observations illustrate
how air annealing influences oxidation, morphology, and electronic surface characteristics
of Sn—Te-O thin films. Further in-depth analyses, such as angle-resolved XPS and mea-
surements on insulating substrates, would help refine the mechanistic understanding of
these transformations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/surfaces8040083/s1, Figure S1: XPS survey spectra of the different
STX thin films; Figure S2: XPS narrow spectra of C1s before peak position correction; Figure S3: XPS
narrow spectra of Cls after peak position correction; Figure S4: High-resolution valence-band spectra
for all representative films, with the linear extrapolation fits used to determine VBM positions. The
dominant O 2p/Te 5p manifold (~7-8 eV) and the Sn 5s/5p-O 2p hybridized shoulder (3-5 eV) are
explicitly labeled. These assignments highlight how VB feature evolution correlates with changes in
Sn oxidation states across the annealing series.; Figure S5: Sheet Resistance (log scale) vs. Annealing
Temperature. The error bar represents the standard deviation; Figure S6: Full, unedited XRD scans
(10-90° 20) for all XSTY thin films; Figure S7: Full, unedited XRD scans (10-90° 20) for all XSTY
thin films. All substrate-derived Si reflections are labeled according to the ICDD/ICSD reference
card (JCPDS 41-1111).; Table S1: Table outlining the FWHM values and standard deviation for each
elemental state. SD values in Table S1 represent the fitting standard error for each peak component.;
Table S2: Table outlining the SOS and RSF values; Table S3: Table outlining thickness-normalized
resistivity values with error bars for the STY thin films. SD values in Table S3 represent the standard
deviation obtained from 10 independent four-point probe measurements for each sample.
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