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ABSTRACT: We report a novel atomic layer deposition (ALD) Oxidant-free SnO, ALD mechanism
process for SnO, that does not require water or other strong oxidiz-
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ing agents, such as H,0, O, plasma, O, or H,0,. The development . (IV) tert-butoxide, Sn(OtBu), Tin (IV) chioride, SnCl,
of alternative oxidant-free ALD processes is highly attractive because t8u |
it enables a gentler and more controllable chemical environment, O_S(:)r‘_o_mu e O
which is crucial for next-generation nanoscale devices and complex LO-tBu . Z'Bu_o_s.n_o_l_au

material stacks. In this approach, Sn-based complementary metal pre- i
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cursors are employed: Sn(OtBu)4 serves as both the tin and oxygen === &% gl - A Tt
precursor, while SnCl, acts as an additional tin source. For this pre- N [ \, c—sn—c LB
o i : S +BUOH o
cursor combination, an optimal ALD temperature window of 70—

90 °C was established, within which amorphous SnO, films are
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deposited. Post-deposition annealing is subsequently required to
Si Si Si Si Si Si Si Si Si Si

develop the desired crystallinity and to adjust the oxygen-vacancy
concentration and impurity levels, which ultimately determine the electrical and optical properties of the resulting SnO, films and their
potential for various applications. To gain mechanistic insight into this oxidant-free SnO, growth process, we employ density func-
tional theory (DFT) calculations to investigate the surface reactions during sequential exposure of Sn(OtBu), and SnCl, on a SiO,
substrate. The results reveal key atomic-level processes, including ligand-exchange pathways, oxygen transfer, and surface regeneration,
which govern film growth. This combined experimental and theoretical approach provides fundamental understanding of the SnO,
ALD mechanism and offers guidance for post-deposition optimization of the material.

KEYWORDS: tin(IV) oxide, atomic layer de position (ALD), oxidant-free ALD, water-free ALD, low-temperature deposition, thin films,

sensitive substrates, hydrophobic substrates

1. INTRODUCTION implementing this material in practical device architectures.
Owing to its self-limiting surface reactions, ALD enables precise
thickness control, excellent uniformity, and conformal coating
of high-aspect-ratio and complex geometries. These characteris-
tics are essential for interface engineering in photovoltaic
devices,”'%'* and functionalizing nanostructured sensing plat-
forms,'® where maximizing surface-area-to-volume ratio directly
impacts performance.

Tin(IV) oxide (SnO,) is a technologically important wide-
band-gap transparent oxide widely used in optoelectronic and
photonic devices owing to its high transparency in the visible
and near-infrared regions, moderate to high refractive index
(1.9-2.1), and excellent chemical and thermal stability.'™
When doped, SnO, also exhibits appreciable electrical conduc-
tivity, enabling its implementation in solar cells, flat-panel
displays, transparent electrodes, and gas sensors.”'?
IntegratingSnO, into increasingly complex device architectures,
however, requires deposition techniques capable of delivering
conformal, uniform films, with precise thickness control under
substrate-compatible conditions.

SnO, thin films can be deposited using various physical and
chemical techniques.'' Among them, atomic layer deposition
(ALD) stands out as a particularly attractive approach, as it
can overcome many of the challenges associated with
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As a result, considerable research efforts have been devoted
to process development for the ALD growth of SnO, thin films.
However, relatively few studies address the need for less aggres-
sive reaction conditions compatible with sensitive substrates,
such as carbon-based materials, polymeric opal structures or
in multilayers stacks, which are increasingly relevant for
advanced photonic and sensing applications. Conventional
ALD processes relying on strong oxidants can damage or unin-
tentionally modify underlying layers by oxidizing metals, 2D
materials, or organic components. In semiconductor stacks such
as Si, Ge, or III-V materials, this often leads to interface degra-
dation. In contrast, oxidant-free processes help preserve these
delicate surfaces, enabling improved integration with organic
electronics, 2D materials such as graphene and MoS,, as well
as metal contacts without inducing parasitic oxidation.

The ability to deposit high-quality SnO, conformally on del-
icate templates, such as self-assembled polymeric opals, and
within multilayer architectures highlights the broader potential
of oxidant-free deposition processes for fabricating composi-
tionally and structurally versatile materials, which could enable
a wide range of applications, including three-dimensional
photonic crystals with tunable optical band gaps, enhanced
light-matter interactions, and improved performance in optical
sensors' #'° light-harvesting systems,'®'” and photocatalysis.'®

Preceding work on this topic was carried out by Marichy et al.,
who demonstrated the growth of SnO, using Sn(OtBu), and
acetic acid (CH,COOH).""* In other studies, more reactive oxi-
dants such as NO or N,O, have been explored to reduce the
deposition temperature; however, these approaches do not
address the issue of substrate oxidation damage.'*?°

The work presented here adopts a different precursor chem-
istry approach. Our precursor combination was inspired by a
previously developed ALD process for SbO, established within
our group, in which complementary Sb-based metal precursors
were successfully employed.”' Accordingly, two complementary
Sn-based metal precursors were deliberately selected to favor a
ligand-exchange reaction over the conventional oxidation of the
Sn precursor by an oxidizing co-reactant.”*>* Although both
the present work and that of Marichy et al."'® are governed
by ligand-exchange reactions, the use of complementary Sn-
based precursors in the present process enables an optimal
deposition temperature below 100 °C (70-90 °C), whereas
their process operates at 150175 °C. Moreover, our method
achieves a growth per cycle (GPC) of 0.12 nm cycle™' at
80 °C, significantly exceeding the 0.07 nm cycle™! reported in
their study at 150 °C. At a comparable deposition temperature
of 75 °C, their process exhibits a GPC of only 0.03 nm cycle™.
The newly developed water-/oxidant-free SnO,-ALD recipe,
presented here, is tested on delicate substrates to evaluate its
compatibility with temperature-sensitive, hydrophobic, and
readily oxidized materials, such as polymeric opals, as well as
within multilayer semiconductor/oxide stacks.

Another remarkable aspect of this work is the effort to unify
experimental investigations with density functional theory
(DFT) calculations, providing insight into the atomistic mecha-
nisms governing oxidant-free SnO, ALD, which remain largely
unexplored. To address this gap, we combine experiments with
DFT calculations to resolve the elementary surface reactions
that occur during alternating Sn(OtBu), and SnCl, exposure
on a SiO, substrate. These calculations reveal adsorption con-
figurations, ligand-exchange pathways, and surface regeneration
steps. Our results demonstrate that oxygen transfer from

Sn(OtBu), enables oxide formation without external oxidants
and identify the energetically preferred ligand-elimination
sequence. We further identify the rate-limiting steps and com-
peting pathways responsible for residual chlorine incorporation
and oxygen vacancy formation—key factors governing the
films” electrical and optical properties. These studies establish
a mechanistic framework linking precursor chemistry to defect
formation and self-limiting growth in low-temperature SnO,
ALD process.

2. RESULTS AND DISCUSSION
2.1. SnO, ALD Parameters

We report the atomic layer deposition of SnO, thin films using
SnCl, as the tin precursor and Sn(OfBu), as both tin and oxy-
gen source. The specific ligand exchange sequence is further
supported by density functional theory calculations that investi-
gate the reaction pathways in this oxidant-free environment
(see the following section on Computational studies of the
ALD Growth Mechanism).

This approach avoids the use of external oxidizing agents,
which is advantageous for substrates sensitive to strong oxidants
(e.g, O,, O3, H,0,) or water repellent (hydrophobic surfaces),
while also enabling deposition at reduced temperatures.
Figure la shows the growth per cycle (GPC) as a function of
deposition temperature. A well-defined ALD window is
observed between 70 and 90 °C, within which the GPC remains
constant at ~0.10 nm cycle™. At temperatures above 90 °C,
thermal decomposition of Sn(OtBu), becomes significant,"*
leading to a continuous increase in GPC up to the maximum
studied temperature of 120 °C. The observed ALD window lies
below the temperature range commonly reported for SnO,
ALD, for which deposition temperatures above 150 °C are fre-
quently employed.">***=% Although SnO, deposition below
100 °C has been previously reported,® > most of these early
reports do not provide evidence for self-limiting ALD growth
at such low temperatures. In addition, the increase in GPC with
decreasing deposition temperature observed in some of these
studies is inconsistent with a well-defined ALD growth regime,
being an indicator of potential precursor condensation at lower
temperatures.’® Moreover, the stable ALD window reported in
these studies generally begins at 100 °C or higher."***~3!

To investigate the self-limiting nature of the ALD process,
depositions were carried out at 80 °C, and the GPC was evalu-
ated as a function of precursor pulse duration. As shown in
Figure 1b,c, saturation behavior is observed with a 0.15 s pulse
of Sn(OtBu), and a 0.01 s pulse of SnCl,, beyond which the
GPC plateaus. This confirms the self-limiting reaction mecha-
nism characteristic of ALD. Based on these results, the precur-
sor pulse durations were set to 0.15 s for Sn(OtBu), and
0.01 s for SnCl,, resulting in a stable GPC of 0.12 nm cycle .
The lower GPC of ~0.10 nm cycle™ observed in Figure la
reflects the use of non-optimized precursor pulse durations dur-
ing the initial temperature-dependent study. Following process
optimization, a linear relationship between film thickness and
the number of ALD cycles was observed (Figure 1d), further
confirming the self-limiting and layer-by-layer nature of the
ALD process. The standard deviation of the thickness measure-
ments was found to be in the range of 1-2.5 nm (see
Figure Sla,b).
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Figure 1. ALD parameters of SnO, growth process: (a) GPC temperature dependency. (b) GPC as a function of Sn(OtBu), pulse length, while the
SnCl, pulse and purge are set to 0.01 and 10 s, respectively. (c) GPC as a function of SnCl, pulse length, Sn(OtBu), pulse and purge set at 0.15 and
10 s, respectively. (d) Film thickness with the number of applied ALD cycles. Figures (b—d) were obtained fixing the deposition temperature at 80 °C.

2.2. Morphological, Structural, and Compositional
Characterization of SnO, Films

Scanning electron microscopy (SEM) images of as-grown films
(Figure 2a) reveal a smooth surface without discernible features,
characteristic of an amorphous morphology. This observation is
corroborated by in situ X-ray diffraction (XRD) measurements
acquired during heating from 30 to 500 °C in air (Figure S2a,
Supporting Information). No diffraction peaks are observed
up to 350 °C, confirming that the as-grown SnO, ALD films are
amorphous. Crystallization onset occurs at temperatures >350 °
C; therefore, an annealing temperature of 450 °C was selected
for subsequent experiments. Similar to the present work, SnO,
films deposited at low temperatures (<200 °C) are typically
amorphous 22242931

In contrast, films annealed at 450 °C under Ar (Figure 2b),
0, (Figure 2c), and air (Figure 2d) exhibit a granular texture.
The grain size strongly depends on the annealing atmosphere:
annealing in Ar yields larger grains and agglomerates above
10 nm, whereas annealing in O, or air yields significantly
smaller grains, with average sizes below 10 nm.

Figure 2e presents the ex situ XRD patterns of as-grown and
Ar-, O,- and air-annealed films at 450 °C (bottom to top). All
samples exhibit identical diffraction patterns, corresponding to
the tetragonal SnO, phase (space group P42/mnm). The main
reflections are observed at 20 = 26.84° and 34.30°, which are
assigned to the (110) and (101) planes, respectively, along with
a weaker peak at 37.92° corresponding to the (200) plane. The
films are highly polycrystalline, with no evidence of preferred
orientation. Crystallite size (D) analysis using the Scherrer
method indicates average nanocrystallite sizes of 6.9, 3.6, and
3.0 nm for films annealed in Ar, air, and O,, respectively, which
is consistent with the grain sizes observed by SEM. Although
relatively few studies explicitly report crystallite sizes for SnO,
films prepared under comparable conditions, Marichy et al.
reported grain sizes below 10 nm.'™"? Likewise, Chen et al.
observed an increase in grain size from 1.23 to 5.30 nm with
increasing annealing temperature.’ These values are in good
agreement with those obtained in the present study.

SnO, films analyzed by AFM (Figure S3a—d) show that the
as-deposited layers at 80 °C present low roughness values (Sq
~ 0.35 nm). Upon annealing, the surface roughness increases
and follows the same trend as the crystallite size, indicating that
the observed grain growth drives surface roughening (see
Table 3). Ar- and air-annealed films exhibit the highest rough-
ness (Sq ~ 1.82 and 1.76 nm, respectively), while O,-annealed
films remain comparatively smooth (S g~ 049 nm), consistent
with their smaller crystallite size. Such low roughness values are
typically observed in amorphous SnO, films and generally
increase with increasing crystallinity. However, the surface mor-
phology is also influenced by other factors, including deposition
temperature, film thickness, post-deposition treatment, and the
choice of metal precursor (see Table S2).

For example, studies employing SnCl, as a precursor (as in
this work) typically report higher roughness values (Sq = 3-
10 nm), scaling with the film thickness (35-100 nm).*” It
should be noted that these studies generally employ deposition
temperatures above 200 °C, whereas the present process was
carried out at significantly lower temperatures. As a result,
SnO, films obtained in this work exhibit substantially lower sur-
face roughness, even after annealing,

The surface composition and chemical oxidation states of the
elements in SnO, films, as-grown and annealed, were analyzed
using X-ray photoemission spectroscopy (XPS). To probe dee-
per into the film bulk, samples were etched with an Ar beam for
300 s immediately before measurement. High-resolution XPS
spectra of Sn 3d, O 1s, and Cl 2p are shown in Figure 3a—c.
For comparison, samples were initially measured without any
etching, and the corresponding XPS spectra are shown in
Figure S4a—c of the Supporting information.

The Sn 3d spectra (Figure 3a) of the annealed SnO, films—
regardless of the annealing atmosphere—exhibit two distinct
peaks at approximately 486.9 and 495.3 eV, corresponding to
the Sn 3d;,, and Sn 3d, , spin-orbit components, respectively.
These binding energies (BEs) are indicative of Sn** oxidation
state, consistent with the formation of SnO,,**** and align with
XRD results. In addition, the valence band spectra of the films
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Figure 2. (a—d) Top-view SEM images of SnO, thin films: (a) as-deposited and after annealing at 450 °C in (b) Ar, (c) O,, and (d) air. The scale bar
is 100 nm. (e) ex situ XRD diffractograms of SnO, films as-grown (black), and annealed films at 450 °C under Ar (purple), O, atmosphere (green),

and in ambient conditions (blue).
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Figure 3. XPS spectra of (a) Sn 3d, (b) O Is, and (c) Cl 2p orbitals of
SnO, films as as-grown (black) and after annealing at 450 °C in Ar
(purple), O, (green) and in ambient conditions (blue). (d) Valence
band spectra of SnO, films.

(Figure 3d) further confirm the successful growth of SnO,,
since the peaks located at approximately 4.7, 7.4, and 10.5 eV
(1 to 3) are characteristic of SnO,. No features associated with
SnO are observed, which would typically appear at around 3.0,
6.5, and 9.7 eV.%

However, the peaks in the as-grown film are shifted towards
higher binding energies (~487.3 and 495.7 eV). This shift reflects
the distinct chemical environment of this sample, which exhibits
the highest impurity content (H, C, and Cl; see Tables 1 and 2).
These electron-withdrawing species reduce the local electron
density around Sn (and O) atoms, resulting in higher core-level
binding energies. The amorphous nature of the as-grown film
may also play a role, as the lack of long-range order and the asso-
ciated distribution of local coordination environments can lead to
additional binding energy broadening and shifts.>®

The presence of these impurities indicates incomplete ALD
reactions at low deposition temperature, driven by incomplete

surface reactions and steric hindrance associated with the bulky
Sn(OtBu), precursor (see Computational Section), leading to
residual ligand species trapped in the film. Carbon originates
from the Sn(OfBu), precursor (Figure SS), whereas chlorine
(Figure 3c), originating from the SnCl, precursor, is incorpo-
rated into the film primarily at oxygen vacancy sites.*’ >’
Following annealing at 450 °C under any of the tested atmo-
spheres, the carbon signal is drastically reduced (Figure SS),
while chlorine becomes undetectable, indicating effective impu-
rity removal from the films. Only a small CI atomic percentage
(~0.5%) is still detected in the O,-annealed samples by XPS
(Table 1); however, ERDA measurements indicate a signifi-
cantly lower value (~0.12 at%, Table 2). As the Cl XPS signal
for this sample is not well defined (see Figures S6ab in the
Supporting Information), this likely leads to an overestimation
of the chlorine content in the XPS analysis.

The O 1s spectra (Figure 3b) show a broad peak that can be
deconvoluted into two components centered at 530.5 and
531.5 eV for the annealed films. As previously noted, for the
as-grown film, the O 1s signal is also shifted to higher BEs,
appearing at 531 and 532.2 eV. This shift is attributed to the
same factors discussed above. In addition, impurity-related pas-
sivation of oxygen vacancies is reported to further contribute to
this shift.*’

The lower binding energy peak (O;) corresponds to lattice
oxygen (Sn—O bonds), while the higher energy peak (Oy) is
associated with oxygen vacancies.”"** These vacancies can be
occupied by chemisorbed oxygen, hydroxyl groups, or other
impurities such as chlorine. The O; /O, ratio varies after the
annealing step, as detailed in Table 1. The as-grown film exhibits
the highest percentage of oxygen vacancies, ranging from 45—
47%, while after annealing, the percentage of O,, reduces by
nearly half. This suggests that during annealing, impurities such
as C, H, and ClI are removed concomitantly with crystallization
(as indicated by ERDA analysis of light elements, Table 2),
thereby promoting the formation of Sn—O bonds. In fact, the
O/$n ratio increases from 1.6 to 1.8—1.9, approaching the stoi-
chiometric value of 2. Note that, for this calculation, only the lat-
tice oxygen (O, ) contribution was considered.”

Additionally, slight variations in the number of oxygen vacan-
cies were observed depending on the annealing atmosphere
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Table 1. Elemental Composition of the SnO, Films, as Determined by XPS

etching
time Sn (O O, Oy Cl Oy/Ooeat O, /Sn ratio
sample (s) [at%] [at% [at%] [at%] [at%] % [at/at]
as-grown 15.25 46.43 24.71 21.72 3.74 47 1.62
300 s 16.07 47.52 26.25 21.27 3.65 45 1.63
450°C/Ar 25.69 62.64 44.34 18.30 29 1.72
300 s 26.57 63.46 47.77 15.69 25 1.80
450°C/0, 26.68 64.28 49.08 15.20 0.52 24 1.84
300 s 26.76 64.32 47.70 16.62 0.49 26 1.78
450°C/air 26.72 64.86 51.02 13.84 21 191
300 s 27.06 65.07 50.84 14.23 22 1.88
Table 2. Elemental Composition of the SnO, Films Based on ToF-ERDA Measurements
H © N (@) Cl Sn O/Sn ratio
sample [at%] [at%] [at%] [at%] [at%] [at%] [at/at]
as-grown 189 £ 09 1.3+£03 0.6 £ 0.2 443 £ 1.1 122 £ 0.7 22.6 + 0.6 1.60 + 0.02
450°C/Ar 24+ 04 1.6 + 04 <0.3 63.9 +£ 0.5 <0.1 32.1 + 04 1.98 + 0.02
450°C/0, 6.1 +£0.6 2.7+04 05+02 60.0 + 0.6 0.12 + 0.04 30.6 + 0.4 1.98 + 0.02
450°C/air 3.6 0.5 1.0+ 03 <03 629 + 0.5 <0.1 324+ 04 1.99 + 0.02

(Ar, O,, and air). Ar-annealed films show 25-29% Oy, while
those annealed in O, and air exhibit slightly reduced percent-
ages of Oy, ranging from 24-26% and 21-22%, respectively.
This reduction can be attributed to the incorporation of oxygen
from the surrounding environment during annealing.

The ToF-ERDA depth profiles of the as-deposited and
annealed SnO, films (Figure S7a—d) show that the films are pri-
marily composed of tin and oxygen throughout their thickness,
with a rather homogeneous composition profile. However, varying
levels of chlorine, carbon, and hydrogen contamination are also
detected, depending on the specific film and annealing conditions.
For example, in the as-grown SnO, film shown in Figure S7a, the
Cl and H profiles are clearly distinguishable, each exceeding
10 at%. The average composition (in at%) of each film is summa-
rized in Table 2. These values were calculated within the depth
range defined by the vertical lines in the profiles, thereby excluding
both the surface region and the film-substrate interface.

For the as-grown SnO, film, the measured O/Sn ratio is 1.60,
which is significantly lower than the stoichiometric value of
2.00. During ERDA analysis, this sample exhibits pronounced
irradiation-induced damage accompanied by detectable oxygen
loss, which can be attributed to the presence of weakly bonded
oxygen species and high impurity levels. In particular, hydrogen
and chlorine are detected at high concentrations of 18.9 and
12.2 at%, respectively, whereas carbon is relatively low
(1.3 at%). These results indicate incomplete ALD reactions,
leading to defect-rich, impurity-containing films. This interpre-
tation is consistent with the XPS analysis, which shows a high
oxygen-vacancy-related component (OV) that accounts for
approximately 45-47% of the total O Is signal for this sample.
This behavior is commonly attributed to incomplete surface
reactions at low deposition temperatures (<100 °C), which
result in residual organic ligands being incorporated into the
films. Consequently, relatively high carbon and nitrogen impu-
rity concentrations (>10 at%) are often reported.”***>! In
contrast, chlorine and hydrogen are the predominant impurities
in the present films, reflecting the different precursor chemistry
employed, with carbon content remaining low (%1 at%) in the
as-grown films. Impurity levels reported by other low tempera-
ture SnO, processes are also summarized in Table S2.

Annealing significantly improves the Sn—O bonding effi-
ciency, yielding O/Sn ratios of 1.98 + 0.02 for all annealed
films, approaching the stoichiometric value of 2.00. No measur-
able irradiation-induced damage or oxygen loss is observed,
indicating stronger Sn—O bonding and enhanced film stability,
resulting from the effective removal of residual impurities, in
particular hydrogen and chlorine. Carbon levels remain low
(1.0-1.6 at%), except for the SnO, film annealed in O,, which
shows a slightly higher carbon content (2.3 at%).

Ar-annealed films exhibit markedly reduced hydrogen
(24 at%) and the chlorine below the detection limit
(<0.1 at%), whereas ambient-air annealing yields slightly higher
hydrogen (3.6 at%) due to ambient humidity, with chlorine still
<0.1 at%. The O,-annealed film shows higher residual hydro-
gen (6.1 at%) and carbon (2.7 at%), suggesting either increased
contamination during deposition or during O, annealing.

Overall, ERDA and XPS analyses show that annealing effec-
tively removes impurities and improves Sn—O bonding, even
when the chemical reactions occurring during the ALD process
carried out at 70-90 °C are not fully completed.
Complementary SEM and XRD results further indicate that
annealing promotes enhanced crystallinity, as discussed before.
AFM analysis shows that the surface roughness increases fol-
lowing the trend as-grown < O,-annealed < air-annealed <
Ar-annealed, consistent with the observed increase in grain size.

2.3. Computational Study of the ALD Growth Mechanism
of SnO,

To simulate the reported growth of SnO, thin films using SiO,,
as the substrate, SnCl, as the tin precursor, and Sn(OtBu), as
both oxygen and tin source, the first step was to construct
and optimize the structural models for each component. The
SiO, surface was derived from the optimized bulk structure.
As illustrated in Figure S9 of the Supporting Information, the
unit cell was expanded to a 4 X 4 supercell to minimize lateral
interactions between periodically repeated adsorbates and to
enable the modeling of isolated adsorption events. To obtain
a chemically stable and experimentally representative interface,
the undercoordinated surface O atoms were terminated with
hydroxyl (-OH) groups, and the structure was fully relaxed
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before adsorption calculations. A slab was cleaved from the
supercell along the z direction to generate a surface termination,
with a 15 A vacuum region perpendicular to the surface to elim-
inate periodic interactions. This hydroxylated slab provides a
realistic representation of oxide surfaces under typical ALD con-
ditions, and forms the basis for studying precursor adsorption
and surface reactions during SnO, film growth.

To describe the molecular structures of the Sn-based precur-
sors employed in this study, the geometries of tin(IV) chloride
(SnCl,) and tin(IV) tert-butoxide [Sn(OtBu),] were con-
structed and fully optimized (Figure 4).

SnCl, exhibits a tetrahedral coordination geometry, with the
Sn center symmetrically bonded to four chlorine atoms. This
highly symmetric configuration results in a compact molecule
with strong Sn—Cl bonds and no intrinsic oxygen ligands.
Consequently, surface reactions involving SnCl, typically pro-
ceed through ligand-exchange mechanisms with surface oxygen
species, particularly hydroxyl (~OH) groups. In contrast,
Sn(OtBu), features a tetracoordinated Sn center bonded to
four alkoxide ligands via Sn—O bonds. The presence of pre-
formed Sn—O linkages in this precursor serves as an internal
oxygen source in the ALD process investigated here, facilitating
direct oxygen transfer to the growing film during surface
reactions.

The distinct chemical nature of these two precursors (halide
and alkoxide) leads to fundamentally different adsorption
behaviors and reaction pathways during SnO, growth. A
detailed understanding of their molecular structures is therefore
essential to rationalize the energetics, reaction mechanisms, and
growth characteristics observed throughout the ALD cycle.

To probe the adsorption mechanisms, electrostatic potential
maps (EPMs) were employed to analyze the charge distribution
on both the surface and the precursor molecules (Figure S10).
Reactive sites were identified by locating regions of complemen-
tary electrostatic potential: red (electron-rich, negative poten-
tial), blue (electron-deficient, positive potential), and green
(near-neutral). Interactions are favored between regions of
opposite electrostatic character. Based on the identification of
these complementary sites, the proposed ligand-exchange path-
ways were constructed.

The first half-cycle of the ALD process was investigated by
analyzing the reaction pathway of the Sn(OtBu), precursor on
the hydroxylated SiO, surface. Figure Sa presents the optimized
geometries corresponding to the initial state (IS), transition
state (TS), and final state (FS) along the ligand-exchange path-
ways. In the initial state (IS), the precursor interaction is dom-
inated by weak physisorption with a reactive ligand oriented
toward a surface —OH. The transition state (TS) corresponds
to the stage where the surface hydroxyl interacts with the pre-
cursor, initiating ligand dissociation and facilitating Sn—O bond
formation via proton transfer, with the TS configuration at
0.15 eV. In the final state (FS), the precursor becomes chemi-
cally anchored to the surface through the formation of a stable
Sn—O bond, while the eliminated ligand reacts with a surface
hydrogen atom to form tert-butanol (2-methyl-2-propanol,
COH(CH,),) as a byproduct. The system relaxes to 0.11 eV
at the FS, where the adsorbed fragment attains a stable config-
uration. The energetics suggest that the hydroxylated surface
efficiently promotes precursor activation and Sn—O bond for-
mation under oxidant-free conditions.

In the second half-cycle, SnCl, reacts with the surface species
generated in the first half-cycle (Figure Sb). In the initial state

Tin(1V) chloride

Tin(IV) tert-butoxide

Figure 4. Optimized molecular structures of the Sn precursors used in
this study: (a) tin(IV) chloride (SnCl,) and (b) tin(IV) fert-butoxide
[Sn(OtBu),].

1st Cycle @si @0 Qsn@cl LH

L(SIO,-OH + (Sn(OC(CHy))y — (SI0,-0-Sn((OC(CH))s + (COM(CH: )
(a) 1s Ag‘{ 0ev s o:(sev Es o116V,
g P F Ik

- ((SI0,)~0-SN(OC(CHy)s); + SnCl, — (SI0,)~0-Sn(OC(CHy)y),~O-SNCl, +
C(CH,);Cl

(b) 1s ! 0eV TS 0.19 eV FS 0.29 eV

— 14K

2nd Cycle

- (Si0,)~0-Sn(OC(CHy)s),~0-SNCly + (SN(OC(CHy)); —  (SIO,)-0-Sn(OC(CHy)g),=0-
- SnCl,-0-Sn(OC(CHy)g)s + C(CH3);Cl

Figure S. Proposed ligand-exchange pathways for the ALD growth of
Sn species on hydroxylated SiO,, showing the optimized geometries of
the initial (IS), transition-like (TS), and final (FS) configurations for
each elementary step. (a) First half-cycle: adsorption of the Sn alkoxide
precursor on a surface —OH group, followed by proton-transfer-
assisted ligand exchange and formation of an interfacial Sn—O bond.
(b) Reaction of the chlorinated Sn precursor with the surface-bound
species, leading to additional Sn—O bond formation and surface func-
tionalization. (c) Subsequent coordination step illustrating further
growth of the Sn-containing layer through ligand exchange and struc-
tural rearrangement at the interface. Adsorption, Sn—O bond forma-
tion, and ligand elimination through a proton-transfer mechanism.

(IS), SnCl, approaches the surface with one chloride ligand ori-
ented toward the Sn—O bond of the surface-bound tert-butoxide
group. The precursor retains its tetrahedral coordination geom-
etry, and the interaction at this stage is weak. At the transition
state (TS), O—C bond cleavage of the surface-bound fert-butox-
ide begins, a Sn—Cl bond elongates, and a bridging Sn—O-Sn
interaction forms, reflecting concerted bond reorganization
(TS energy 0.19 eV). In the final state (FS), a tert-butoxide
ligand detaches and reacts with chloride to form 2-chloro-2-
methylpropane (C,H,Cl), while a bridging Sn—O-Sn—Cl
surface motif is established (FS energy 0.29 eV).

Next, during the second ALD cycle Sn(OtBu), reacts with the
Cl-terminated surface via ligand exchange (Figure Sc), removing
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chloride through O—C bond cleavage to form 2-chloro-2-methyl-
propane (C,H,Cl) while simultaneously forming new O-Sn—O
bonds that extend the Sn—O network. This pathway, character-
ized by the continuous evolution of the volatile byproduct
C,H,Cl, was experimentally confirmed by 'H NMR analysis of
different Sn(OtBu),/SnCl, mixtures, which showed the corre-
sponding C,H,Cl signal at 1.62 ppm for both a 1:1 precursor
ratio and in the presence of excess SnCl, (Figure S11), support-
ing the proposed sequential ligand-exchange mechanism.
However, it should be noted that these solution-phase experi-
ments do not directly represent the surface chemistry occurring
under actual ALD conditions. The main purpose of these exper-
iments is to provide supporting evidence that the proposed reac-
tion pathway is chemically reasonable.

Energetically, the large size of the resulting adsorbate complex
generates significant steric hindrance, reflected in the much
higher TS energy of 2.11 eV compared to panels (a) and (b).
After structural relaxation, the FS reaches 0.26 eV, corresponding
to a locally stable configuration in which C,HyCl is accommo-
dated more effectively away from the surface-active adsorption
sites. The high TS energy arises because the reaction was mod-
eled assuming a single substitution event without removing other
surface-fragment molecules, resulting in a highly congested con-
figuration. Under realistic conditions, multiple ligand-exchange
reactions across the surface fragments would reduce the overall
energy. Therefore, the calculated TS energy of 2.11 eV should
be regarded as an upper-bound estimate rather than a physical
activation barrier for the ALD process.

Similarly, the positive final-state (FS) energies obtained do
not necessarily indicate that the proposed half-reactions are
thermodynamically unfavorable under ALD conditions. As
noted above, the simulations were limited to the ligand-
exchange step on a saturated surface model, where the reaction
by-product (C,H,Cl) remains near the surface and cannot fully
diffuse away. Consequently, the calculated FS energies reflect
the relaxed configuration immediately after ligand exchange
and before the purge step, rather than the fully equilibrated
state of the complete ALD cycle. In the experimental process,
volatile by-products are removed during purging, further stabi-
lizing the system. However, they were not explicitly included
in the present calculations, which were designed to identify
the elementary ligand-exchange mechanism governing film
growth. The FS energies should be interpreted as describing
the energetics of the elementary ligand-exchange event rather
than the overall thermodynamics of the ALD cycle.

The simplified stepwise reactions describing the interactions
between the precursors, SnCl, and Sn(OfBu), can be general-
ized as follows:

For SnCl:

Si-O-Sn—OtBu + SnCl,—Si-O-Sn—-0-Sn—Cl+ ¢t BuCL (1)
For Sn(OtBu),:

§i—0—Sn—0-Sn—Cl + Sn(OtBu) —Si-O-Sn—O )
—Sn—0-Sn—OtBu + tBuCl

Here, the evolution of the volatile byproduct (tBuCl or
C,H,Cl) demonstrates that ligand exchange between Sn—Cl
and Sn—OtBu groups drives the formation of Sn—O-Sn-O
bonds. This provides direct evidence for the feasibility of

SnO, network growth from these precursors without requiring
an external oxidizing agent.

It should be noted, however, that only a single ligand-exchange
event was considered in each reaction step to reduce computa-
tional cost. The double-exchange pathway is also possible,
although likely sterically hindered, and could in principle occur
in parallel with the single-exchange mechanism. Steric hin-
drance from bulky tert-butoxide ligands (molecular size =~ 9
A) limits chloride removal at certain surface sites, where the
distance between Cl atoms in the surface-bound SnCl, frag-
ment is approximately 3.5S A. This leads to residual chloride,
as well as carbon and hydrogen impurities from partially
unreacted ligands. This also explains the low Sn/O ratio
(~1.6, below the stoichiometric value of 2) observed in the
as-grown films, as ligand-exchange reactions do not proceed
to completion. This mechanism is consistent with experimen-
tal observations and highlights the need for post-deposition
thermal treatment to promote additional Sn—O bond forma-
tion between residual Sn—Cl and Sn—OtBu groups trapped
within the structure, and subsequent removal of Cl, C, and
H impurities.

Our analysis provides atomistic insight into the growth path-
way of SnO, under oxidant-free ALD conditions and rational-
izes the stepwise evolution of the Sn—O framework observed
during film formation, complementing and supporting the
experimental evidence presented in the previous sections.

2.4. Computational Investigation of the Influence of
Annealing Atmosphere on SnO,

To elucidate the role of the annealing atmosphere in the evolu-
tion of residual chlorine and oxygen-related defects, Non-
Covalent Interaction (NCI) analysis was performed between
the Cl-terminated rutile SnO, surface and O,, N,, and Ar mol-
ecules (Figure 6).

20
P 15F
'E
3

. 10F
o]
—
©
=05
[7)

00

-0.03-0.02-0.01 0.00 0.01 0.02 0.03
sign(},)p
"0, Ny Oy Ar O

e S
® 0
e Cl

N,

I Strong repulsion
Van der Waals interactions

Strong attraction
H-bond

Figure 6. Non-Covalent Interaction (NCI) analysis of gas molecules
interacting with the Cl-contaminated rutile SnO, surface during post-
deposition annealing. Top panels: reduced density gradient (RDG)
vs sign(A,)p scatter plots for O,, N,, and Ar atmospheres. Bottom
panels: corresponding real-space NCI isosurfaces.
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The non-covalent interaction (NCI) analysis is a useful tool
for differentiating and visualizing the interactions present in
the studied systems.** The analysis is based on the reduced den-
sity gradient (RDG), which is defined as.

oL I¥e) o

2(372)° p(r)’

where p(r) is the electron density and Vp(r) is the electron
density gradient.

Within this framework, the nature of the interaction is charac-
terized by the second eigenvalue (A,) of the Hessian matrix of
the electron density. The sign of A, distinguishes attractive and
repulsive interactions: A, < 0 corresponds to attractive interac-
tions (e.g, hydrogen bonding or covalent character), whereas
A, > 0 is associated with nonbonding or sterically repulsive inter-
actions. Values of sign(),)p(r) close to zero are characteristic of
weak van der Waals (vdW) interactions. By plotting s(r) as a
function of sign(A,)p(r), non-covalent interactions can be identi-
fied in regions of low reduced density gradient and low electron
density. Moreover, the strength of the interaction increases with
increasing electron density, allowing differentiation between weak
dispersive contacts and stronger attractive interactions.

The RDG vs sign(),)p plots reveal clear differences in interac-
tion strength and character. For O,, the distribution extends into
the negative sign(A,)p region, indicating the presence of attrac-
tive interactions with partial directionality. In contrast, N,
exhibits weaker features near to sign(A,)p & 0, consistent with
weaker stabilization. Ar shows a distribution almost entirely cen-
tered around sign(,)p =~ 0, characteristic of purely dispersive
van der Waals interactions without directional bonding character.

The NCI isosurfaces support this interpretation. The color
scale distinguishes interaction types: blue regions correspond
to strong attractive interactions, green to weak van der Waals
stabilization, and red to repulsive regions. For O,, localized
green-to-light-blue regions appear between the molecule and
undercoordinated surface Sn atoms, evidencing a higher pro-
pensity for surface coordination. N, predominantly displays dif-
fuse green isosurfaces, reflecting weaker, less directional
interactions. In the case of Ar, the isosurfaces are sparse and
uniformly green, confirming its non-reactive, dispersive nature.

These interaction differences provide a framework for inter-
preting the experimental trends in oxygen vacancy concentra-
tion, which follow the order: Air (21-22%) < O, (24-26%)
< Ar (25-29%). Under Ar, the gas acts primarily as a sweep
gas, facilitating the thermal removal of volatile chlorine species
via mass transport, but does not supply a chemically active

species to stabilize the surface afterward. Consequently,
although chlorine is effectively displaced, the absence of reactive
oxygen may limit compensation of oxygen-related defects, lead-
ing to the highest observed vacancy concentration.

In oxygen-containing atmospheres, the situation differs. O,
exhibits stronger, more localized surface interactions, indicating
a greater tendency to engage in surface coordination than Ar.
However, the lowest vacancy concentration is not obtained
under pure O, but under air, which consists predominantly of
N, and O,. This suggests that the most efficient defect minimi-
zation arises from a combined effect: N, contributes to gas-flow
dynamics and transport (similar to a carrier or sweep compo-
nent), while O, provides the reactive species that interact with
exposed surface sites. The synergy between mass transport
and reactive coordination may promote more effective chlorine
displacement while simultaneously enabling better stabilization
of the surface lattice, resulting in the lowest oxygen vacancy
concentration observed for air-treated films.

The ERDA results further support this interpretation.
Although O, provides a reactive environment for surface
stabilization, the O,-annealed films exhibit higher residual H
(6.1 at%), C (2.7 at%), and Cl contents than the Ar- and
air-annealed samples. While the present results do not allow the
origin of these species to be unequivocally identified, their simulta-
neous presence suggests incomplete removal of ligand-derived res-
idues rather than the incorporation of new contaminants during
annealing. This interpretation is consistent with the NCI analysis,
which indicates stronger O,-surface interactions than for Ar or
N,. Such interactions may promote surface stabilization but simul-
taneously reduce the efficiency of desorption of volatile residual
species. Consequently, the lower conductivity observed for the
O,-annealed films, despite their comparable oxygen-vacancy con-
centration, may be associated with the higher concentration of
residual H-, C-, and Cl-containing species, which can act as
charge-trapping or electron-scattering centers. In contrast, the air
atmosphere combines the sweeping effect of N, with the chemical
activity of O,, facilitating both the removal of volatile chlorine-
containing species and the stabilization of the oxide network.
This combined effect provides a plausible explanation for the lower
impurity content and improved electrical performance observed

after air annealing.
2.5. Electrical Properties of SnO, Films

Distinct differences in electrical behavior are observed as a func-
tion of the annealing atmosphere, arising from variations in
grain size and oxygen vacancy concentration induced under dif-
ferent thermal environments. Figure 7a shows the electrical DC
conductivity (opc) as a function of temperature. At low

(a) 80 —e— 450 °C/ Ar/ 30% O/ D ~7 nm (b)33 (0)11
—e—450 °C/ airl 20% O,/ D ~4 nm| &~ M_M/ 10} .
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Figure 7. Four probe resistivity and hall measurements of SnO, films annealed in Ar (purple), in air (blue) and O, (green) measured in the range
from 17-125 °C: (a) electrical conductivity (o), (b) carrier concentration (Ny,;), and (c) electron mobility (pyy,)-
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temperatures, the films exhibit semiconducting behavior, with
Opc increasing moderately with T. Above ~100 °C, however,
Opc begins to decrease, reflecting metal-like transport character-
istics. This crossover does not indicate a true semiconductor-to-
metal phase transition but rather a change in the dominant
charge-transport mechanism, likely driven by reduced mobility
due to enhanced phonon scattering and oxygen-related surface
effects at elevated temperatures.*®

The absolute magnitude of o, is strongly influenced by the
annealing atmosphere. Films annealed in Ar, with the largest
grain sizes (>10 nm) and an average crystallite size (D) of
~7 nm, exhibit the highest conductivity (~S0 S cm™). Films
annealed in air, with grain sizes below 10 nm and crystallite
sizes of ~4 nm, display moderate conductivities (~30 S cm™).
In contrast, O,-annealed films, with the smallest crystallites
(~3 nm) and higher levels of hydrogen and carbon impurities,
show the lowest conductivity (~12 S cm™).

Hall measurements confirm the n-type nature of the films,
with carrier concentration increasing exponentially with tem-
perature (Figure 7b). This behavior is characteristic of ther-
mally activated donor states, primarily oxygen vacancies and
related defect levels. At lower temperatures, partial ionization
limits the number of free electrons in the conduction band,
whereas at elevated temperatures, additional donor states are
ionized, releasing electrons. Grain-boundary potential barriers
also influence this behavior; at low-temperatures carrier trap-
ping reduces the effective carrier density, whereas at higher tem-
peratures, carriers gain sufficient thermal energy to overcome
these barriers. Consequently, the observed temperature depen-
dence reflects both thermally activated donor ionization and
progressive release of carriers from grain-boundary traps.

The carrier concentration, Ny, is moderately influenced by
the oxygen-vacancy content. Ar-annealed films (25-29% Oy,)
exhibit the highest carrier density (2.9 X 10" cm™ at room
temperature) followed by air-annealed films (21-22% O,
Ny = 2.35 X 10" cm™). Despite comparable vacancy levels
(24-26% Oy,), O,-annealed films present a lower carrier density
(1.81 X 10" cm™?), likely due to higher levels of hydrogen and
carbon impurities, as identified by ERDA, which introduce
carrier-trapping or charge-compensation effects.

Carrier mobility (44, in Figure 7c) mirrors the trend in
Opc- At low temperatures, thermal activation and reduced
grain-boundary trapping enhance mobility, whereas above
~100 °C, phonon scattering and thermally induced disorder
dominate, leading to mobility reduction. The highest mobility
is observed in Ar-annealed films (10.5 cm?® V™' s7), followed
by air-annealed (8.7 cm® V™' s7') and O,-annealed (4.3 cm?
V! s7!). Notably, while carrier density varies by less than a fac-
tor of two, mobility varies by more than a factor of two, indicat-
ing that conductivity is primarily governed by scattering and

microstructural connectivity (grain sizes) rather than carrier
generation alone. These findings are further supported by
Drude modeling of the infrared region of the ellipsometry spec-
tra, in which the free-carrier footprint can also be analyzed from
an optical perspective, additional discussion can be found in
Section S.4 of the Supporting Information.

The electrical performance of Ar-, air-, and O,-annealed
SnO, films is consistent with values reported for other SnO,
ALD processes (see Table S2) and with those obtained via
alternative fabrication methods.'*** For the as-grown films,
determination of conductivity is challenging because the films
are highly resistive due to their amorphous nature, exhibiting
conductivity values in the range of 10°~10* S cm™. Similar
conductivity values (~10~* S cm™') have been reported for
SnO, films deposited by low-temperature ALD processes
(<100 °C).2%2%3! Detailed comparison of the optical, morpho-
logical, compositional, and electrical properties of our SnO,
films with those reported in the literature can be found in
Table S2 of the Supporting Information.

2.6. Optical Characterization of SnO, Films

Optical properties were assessed using spectroscopic ellipsome-
try, which measures changes in the polarization of light upon
reflection. Fitting the experimental spectra to an appropriate
optical model representing the sample structure (see
Experimental Section) yielded the complex refractive index
(n + ik) and film thickness (see Table 3). The number of
ALD cycles was adjusted to produce films with thicknesses that
closely matched the expected nominal values. A reduction in
thickness was observed after annealing, accompanied by an
increase in the density of the films (Figure S1b). Similar behav-
ior has been previously reported in the literature'® with increas-
ing deposition temperature. In our case, the post-annealing
treatment leads not only to crystallization but also to an
increase in density and a reduction in thickness, as impurities
are eliminated and new Sn—O bonds are formed.

The calculated transmission spectra (Figure 8a) reveal high
transparency (85-90%) across the visible-to-near-infrared
region (500-2500 nm) for as grown and annealed films. Ar-
annealed films exhibit slightly reduced transparency near the
absorption edge. This behavior is commonly associated with
oxygen vacancies, which introduce donor states below the con-
duction band and enable absorption of lower-energy pho-
tons.*>*® The oxygen-vacancy concentration in these films is
approximately 30%. The as-grown amorphous films also display
a similar behavior, albeit less pronounced, despite having even
higher oxygen-vacancy levels (~45-47%). This observation
suggests the presence of an additional contribution in the Ar-
annealed films, which we attribute to phonon scattering at

Table 3. Summary of Thickness (t), Crystallite Size (D), Surface Roughness (S,,), Oxygen-Vacancy Content, and Direct and
Indirect Optical Band Gaps Determined from Spectroscopic Ellipsometry Measurements”

t Sy D Oy E, directon
sample (nm) (nm) (nm) % (eV)
as-grown 57.2 0.35 47
450°C/Ar 56.1 1.82 ~7 30 4.00
450°C/0, 52.4 0.43 ~3 25 3.97
450°C/air 42.3 1.76 ~4 20 4.04

E, indirecton e, Nivn Hral
(ev) (Sem™) (em™3) (em? Vsl
3.86 10°-107"

3.29 50 2.92:10" 10.5
3.18 10 1.81-10" 425
3.50 30 2.35-10" 8.71

“Together with hall-effect transport properties, including electrical conductivity (65,c), (Nyy,y), and carrier mobility (uyy,y), for the SnO, films inves-

tigated in this work.

https://doi.org/10.1021/acsami.6c07074
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

920z Jequiaydas g} uo jsanb Aq Jpd'Gi7/020-9202-We/01 L E9Y89/¥L0.L009 IWESO./LZ0L 0L /10p/pd-ajoiie dlwee/Bi0 soe sqnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c07074/suppl_file/am6c07074_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c07074/suppl_file/am6c07074_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c07074/suppl_file/am6c07074_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c07074/suppl_file/am6c07074_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c07074

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a 100 b
@ X 0 v 522

L %21

5 80 © 2.0

@ 70 o 19

é 60 [f =450 °C/ air/ 20% O,/ D ~4 nm 218

%) =450 °C/ O,/ 25% O,/D ~3 nm B,

S SO ——u450°c/Av30% 0,/ D~7 nm g7

‘|—_ 40 | == As-grown/ 47% O, ntl:) 1.6

500 1000 1500 2000 2500 15 500 1000 1500 2000 2500

© =, Wavelength (nm) (d) Wavelength (nm)

:,Cj A4.2

S 0.4 %} 4.0

% 03 ES.S —0O— Direct band gap, Egg;

8 ®© —=— Indirect band gap, Eg,,4

D36

02 g

Ke] c

To1 & 34

£ — 32

0.0

500 1000 1500 2000 2500
Wavelength (nm)

As-grown Ar 02 Air

Figure 8. (a) Absorption coefficient, (b) refraction index, n and
(c) extinction coefficient, k of SnO, films as-grown (black), and
annealed SnO, films at 450 °C under Ar (purple), O, atmosphere
(green), and in ambient conditions (blue). (d) Optical band gaps
obtained from Tauc plots, considering both indirect and direct
transitions.

well-defined grain boundaries formed after crystallization, con-
sistent with their larger grain sizes (>10 nm and D ~ 7 nm)."°

The refractive index, n, and extinction coefficient, k, shown
in Figure 8b,c, provide further insight into the optical properties
of the films. Both the as-grown and annealed films exhibit
maximum refractive indices (n ~ 2.0-2.2) in the UV region
(200-400 nm), consistent with values reported for SnO, in
the literature.**” As the wavelength increases, n decreases
rapidly and then more gradually beyond 500 nm, characteristic
of normal dispersion behavior.

At a wavelength of 550 nm, the as-grown SnO, film exhibits a
refractive index of n = 1.70. This relatively low refractive index
is consistent with the reduced effective density of the as-grown
film, arising from its amorphous structure, lower packing effi-
ciency, and higher impurity content, as evidenced by the
XRD/XRR, XPS, and ERDA analyses. Similar low refractive
indices have been reported for SnO, films deposited at temper-
atures below 200 °C, where incomplete precursor reactions
result in lower film density and higher residual impurity concen-
trations.'”**?%*” Following annealing, the refractive index at
550 nm increases to n = 1.80-1.85, reflecting enhanced struc-
tural ordering, film densification, and impurity removal induced
by the thermal treatment.

The extinction coefficient, k, which quantifies optical absorp-
tion losses, exhibits a sharp decrease in the UV region (200
400 nm), reflecting the transition from strong absorption near
the fundamental absorption edge of SnO, (E, ~ 3.6 €V) to a
weakly absorbing regime at longer wavelengths. In the visible
range (400-700 nm), k remains near zero, consistent with the
high optical transparency required for optoelectronic applica-
tions. In the infrared region (>1200 nm), k gradually increases
due to free-carrier absorption, as described by the Drude
model.*® This increase is most pronounced for the Ar-
annealed film, which exhibits the highest carrier concentration,
Ny according to Hall-effect measurements (Figure 7b), but
is observed in all films, including the as-prepared amorphous
samples. The origin of this infrared absorption is discussed

further in relation to the dominant charge-transport mecha-
nisms in SnO, films in Section S.4 of the Supporting
Information.

The optical band gaps, (Eg), including both indirect and
direct transitions, were extracted from Tauc analysis
(Figure S8a—h). The resulting indirect, Egi“d, and direct band
gap, Egd“, values of the as-grown and annealed films are plotted
in Figure 8d. The indirect band gaps range from 3.18 to
3.86 eV, whereas direct Eg values range from 3.97 to 4.21 eV.
Theoretically, SnO, is predicted to exhibit an allowed direct
band gap in the range of 3.68—4.07 eV, depending on the orien-
tation of the polarized light relative to the tetragonal crystallo-
graphic axis. In addition, lower-energy indirect electronic
transitions have also been predicted.*’

For the crystalline (annealed) samples, the fundamental band
gap is direct and remains essentially invariant with respect to
the annealing atmosphere, with a value of approximately
4.0 eV, see Figure S8b—d. The small difference between the
Ar- and O,-annealed samples (~30 meV) is likely due to the
Burstein-Moss effect,’® as supported by electrical measure-
ments. This shift can be described by AEg, = (A%
2m*)(3n*N)?/3, assuming an electron effective mass for SnO,
of ~0.3 m,. Using carrier concentrations of 2.9 X 10" cm™
for the Ar-annealed sample and 1.8 X 10" cm™ for the
O,-annealed sample, the calculated shift is consistent with the
experimentally observed difference in band gap.

The indirect band gap values, shown in Figure S8f-h, do not
represent a true fundamental gap but rather defect-assisted sub-
bandgap absorption, varying from 3.2 eV for O,, 3.3 eV for Ar,
and 3.5 eV for air. This trend reflects differences in the density
of optically active defect states (e.g, oxygen-vacancy-related
states contributing to sub-gap absorption).>*73%*¢ In particu-
lar, the O,-treated sample exhibits the strongest contribution of
such states, leading to the largest apparent reduction in the indi-
rect gap despite its lower electrical conductivity, indicating opti-
cally active but electrically inactive defects.

In contrast, for the as-grown film, crystal momentum conser-
vation is relaxed due to the absence of long-range order, render-
ing the direct/indirect distinction nonrigorous. The (ahv)* plot
does not exhibit a well-defined linear region near the absorption
edge, which is masked by defect-related absorption and appears
shifted toward higher photon energies (~4.21 eV, see
Figure S8a). Therefore, no direct band gap is assigned in the
present work, although similarly high direct band gap values
(>4.0 €V) are commonly reported and assigned to amorphous
SnO, films deposited by other low-temperature ALD processes
(see Table S2); only Mullings et al.** reports an indirect band
gap. According to the above reasoning, the lowest-energy
absorption onset is taken as the fundamental gap (~3.9 eV, in
Figure S8e), which is slightly lower than that of the annealed
samples. This difference (~0.1 eV) lies within the uncertainty
of the extrapolation method and should not be interpreted as
evidence of a significant band-gap shift. Rather, it is likely attrib-
utable to the limitations of the fitting procedure and the broad-
ness of the absorption edge.

2.7. Proof-of-Concept Applications of Water-/Oxidant-Free
ALD SnO, Process

To demonstrate the potential of our water- and oxidant-free
ALD SnO, process, we explored applications in scenarios where
conventional ALD approaches may be limited, such as sensitiv-
ity to moisture, reactive oxidants, high deposition temperatures,
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or incompatibility with hydrophobic substrates. These proof-of-
concept tests highlight the versatility and stability of the hereby
developed SnO, ALD process in practical device architectures.

One particularly promising application is the integration of
amorphous SnO, within multilayer stacks, where it can serve as
a protective buffer layer during the fabrication of electrodes®®
and solar cells.*’ In addition, thin amorphous SnO, interlayers
may act as energy-filtering barriers for low-energy charge carriers
while simultaneously enhancing phonon scattering and reducing
the overall thermal conductivity of the structure. This concept
is analogous to the approach reported by Yang et al.*!

Within this context, we evaluated the compatibility of the
water- and oxidant-free SnO, ALD process with SnSe,, a mate-
rial that we have previously deposited by ALD at similarly low
temperatures.’’ In addition to their compatible thermal bud-
gets, both processes employ SnCl, as the tin precursor, which,
although not essential, simplifies the implementation of multi-
layer growth. More importantly, the absence of an actual oxidiz-
ing agent during the SnO, deposition minimizes the risk of
selenium oxidation and the formation of Se—O species at the
interface, thereby preserving the integrity of the SnSe, layer.

This was confirmed through TEM and XPS analyses of a
Sn0,/SnSe,/Sn0O, sandwich structure consisting of approxi-
mately 7 nm SnO,/21 nm SnSe,/7 nm SnO,. The high-
resolution scanning TEM image of the multilayer shown in
Figure 9a clearly displays a remarkably uniform interface
between the SnSe, and SnO, layers. Moreover, the SnSe, layer
maintains its well-ordered crystalline structure, with the c-axis
oriented normal to the substrate as evidenced by the [001] lat-
tice planes in horizontal direction, consistent with our previous
reports.”’ No observable changes in crystal orientation or indi-
cations of defect formation are detected following either the
SnO, deposition process or the subsequent post-deposition
annealing treatment at 250 °C.

The XRD diffractogram of the same sandwich structure
(Figure S12a) further confirms the preservation of the crystal-
line quality over a much larger sampled area. The diffraction
pattern exhibits a strong and highly oriented (001) reflection
at 16.87° 26, characteristic of c-axis-oriented SnSe,. In addition,
well-defined diffraction fringes are observed around the main
Bragg peak, indicating excellent crystalline coherence, low inter-
face roughness, and high structural quality of the SnSe, layer.
These results demonstrate that the SnO, deposition and subse-
quent thermal treatment do not compromise the structural
integrity of the SnSe, film.

As emphasized throughout this work, a key objective was to
prevent oxidation of the two-dimensional semiconductor at
the interface. Preliminary XPS analysis of the SnO,/SnSe,/
SnO, multilayer did not reveal detectable Se—O species
(Figure 9b), based on the Sn 3d, O 1s, and Se 3d spectra. In
particular, no additional Se 3d components were observed in
the higher binding-energy region (~58-60 eV), where oxidized
selenium species are typically expected. These results suggest
that the interface remained chemically stable throughout both
deposition and thermal processing. The corresponding C 1s
and CI 2p spectra are provided in Figure S12b.

Additional support for this conclusion is provided by Hall
effect measurements, see Figure S12c, which show no signifi-
cant degradation of the electrical transport properties of the
SnSe, layer after incorporation into the multilayer stack. The
absence of interfacial oxidation is expected to be particularly
beneficial for preserving carrier mobility and minimizing
interface-related scattering. Although the present study is based
on a simplified multilayer architecture, the results demonstrate
the feasibility of combining oxidant-free SnO, with SnSe, in
heterostructure based devices. Future work will explore this
material combination in greater detail by systematically varying
the relative SnSe, and SnO, layer thicknesses and by
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Figure 9. (a) Cross-sectional high-resolution scanning transmission electron microscopy image of SnO,/SnSe,/SnO, sandwich stack. Scale bar
10 nm. (b) XPS analysis of Sn 3d, Se 3d, and O 1Is in the multilayer stack. (c—e) AAO membranes with different pore morphologies: circular (c),
square (d), and triangular (e), coated with 250 cycles of SnO,. (f) Polymer opal spheres coated with 300 cycles of SnO,. Scale bar 200 nm (c—f).
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investigating ultrathin SnO, interlayers in the 1-5 nm range,
which may provide additional opportunities for interface engi-
neering and transport-property optimization.

Another aspect investigated was the conformality of the
SnO, coating on nonplanar substrates. To evaluate this, a series
of substrates with different geometries were examined. In partic-
ular, 250 cycles of SnO, were deposited onto porous alumina
substrates featuring distinct pore morphologies (Figure 9c—e).
The resulting coatings were used to assess the ability of the pro-
cess to achieve uniform coverage on complex three-dimensional
architectures. SEM images of the uncoated anodic aluminum
oxide (AAO) membranes are provided in Figure S13a—c.
Corresponding SEM images of the annealed SnO,/AAO sam-
ples are also included, Figure S13d—f, demonstrating that the
coating remains highly conformal after thermal treatment at
450 °C and providing further evidence of the robustness of
the deposition process on complex porous structures.

Finally, we tested our low-temperature, water/oxidant-free
recipe on polymeric opal substrates, as shown in Figure S14a
(uncoated). These self-assembled opals consist of polystyrene
particles, which according to the manufacturer’s specifications,
are thermally stable below 100 °C and exhibit hydrophobic sur-
face properties. Their hydrophobic surface may pose challenges
for the implementation of water-based deposition processes,
while exposure to strong oxidizing agents (e.g, H,O, or O,
plasma) could potentially induce degradation of the polymer
template. As such, they represent a demanding yet relevant plat-
form for assessing the conformality and effectiveness of this
water- and oxidant-free SnO, deposition process on polymer-
based nanostructured substrates. Figure 9g shows successful
coating of the spheres after 300 ALD cycles of SnO,. Cross-
sectional SEM images (Figure Sl4c—e), taken from the top to
the bottom of the structure up to the top surface, reveal com-
plete infiltration and conformal coverage throughout the opal
film, which has a total thickness of approximately 25 pm
(Figure S14b). More important, no degradation of the poly-
meric substrate is observed after deposition. In future work,
the SnO, films could be crystallized via a post-annealing step
that simultaneously removes the polymeric template, thereby
combining template removal and film crystallization into a sin-
gle processing step.

Collectively, these results demonstrate the versatility of the
developed ALD SnO, process across different material systems
and substrate architectures. These experiments serve as proof-
of-concept demonstrations of the potential utility of mild initial
processing conditions, combining water-/oxidant-free chemistry
with low deposition temperatures, for selected material systems,
which can be followed by postdeposition annealing to tailor the
structural and functional properties of the deposited films.

3. CONCLUSIONS

Herein, we report a novel ALD route for the growth of SnO,
thin films under mild, oxidant-free deposition conditions, where
no external oxidizing agents (e.g., H,0, H,0,, O; or O,
plasma) are employed. This approach is particularly beneficial
for deposition on sensitive substrates, such as carbon-based
and polymeric materials, and in multilayer architectures, where
preventing oxidation of the underlying materials is crucial.
The process operates at temperatures below 100 °C, providing
a relatively low thermal budget that allows initial deposition of
SnO, also on temperature-sensitive substrates.

As is typical for SnO, films deposited at low temperatures
(<200 °C), the as-deposited films are predominantly amor-
phous and contain appreciable amounts of H, C, and Cl impu-
rities. Post-deposition treatments at 450 °C under Ar, O,, and
air atmospheres are highly effective in enhancing the crystallin-
ity, reducing impurities, and enhancing the films’ electronic
properties. Drude modeling reveals that the most significant
effect of annealing conditions is the generation of percolative
pathways that facilitate DC conduction in the films. These path-
ways are strongly correlated with the crystallinity and grain size
of the films, which can be controlled by varying the annealing
atmospheres. Consequently, it is possible to selectively enhance
the carrier mobility, carrier density, and conductivity of SnO,
thin films.

The treated films exhibit mobilities in the range of 4-11 cm”
V! 57! conductivities of 12-50 S cm™, and carrier concentra-
tions on the order of 10'* cm™. Combined with wide band gaps
(~4. 0 eV), low optical losses, and high transparency in the UV-
Vis range, these films on their own hold significant promise for
advanced optoelectronic applications, including transparent
electron transport layers and photonic technologies.

Beyond this, the compatibility of the reported process with
stack architectures, organic-based substrates, and complex
geometries was evaluated. The preliminary results provide an
initial indication of the suitability of our process to overcome
some of the limitations of conventional SnO, deposition routes
when applied to non-conventional or sensible substrates, by
enabling initial film deposition under conditions that minimize
thermal and oxidative exposure. While subsequent postdeposi-
tion annealing can be employed when required to achieve the
desired functional properties.

In addition to the experimental findings, the reaction path-
ways during ALD growth were further corroborated by density
functional theory (DFT) calculations. These computational
studies provide critical insights into the underlying mechanisms
of the oxidant-free growth process, linking precursor chemistry
to film quality and defect formation. On the one hand, they
confirm the formation of an extended —Sn—O-Sn—O— network
via ligand-exchange reactions between Sn—ClI and Sn—OtBu spe-
cies. On the other hand, they reveal limitations in ligand-
exchange reactions due to steric hindrance from the bulky
Sn(OtBu), precursor.

Additional computational investigations of the annealing
conditions provide strong evidence that different atmospheres
play distinct roles: argon (Ar) primarily facilitates impurity
removal through mass transport, whereas O, and air can also
chemically interact with the films, enhancing impurity removal
and improving film quality.

This combined experimental-theoretical approach establishes
a robust framework for optimizing SnO, deposition on sensitive
substrates and offers valuable guidance for future developments
in the field of transparent, high-performance materials.

4. METHODS
4.1. Material Synthesis

4.1.1. SnO, on Si and SiO, Substrates. SnO, thin films were
deposited using a thermal ALD system (Veeco Savannah S100) onto
both bare p-type Si substrates and Si substrates coated with a
100 nm thermally grown SiO, layer. Two precursors were used: tin
(IV) chloride (SnCl,, purchased from Strem) and tin(IV) tert-butoxide
(Sn(OtBu),, from Sigma Aldrich-Merck), maintained at room
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temperature and 60 °C, respectively. Ultra-high purity nitrogen served
as the carrier gas at a constant flow rate of 10 sccm. The deposition
temperature was varied between 70 and 120 °C.

Before deposition, substrates were cleaned via sequential ultrasoni-
cation in acetone, isopropanol, ethanol, and deionized water for
S min each. This was followed by a 10-minute treatment in a UV-
ozone cleaner (Ossila, Sheffield, UK). To investigate ALD growth
characteristics, the pulse duration of each precursor was systematically
varied. SnCl, pulses of 0.00S, 0.01, 0.0S, and 0.1 s were tested while
keeping Sn(OtBu), fixed at 0.1S s. Subsequently, Sn(OtBu), pulse
durations of 0.05, 0.10, 0.15, and 0.20 s were evaluated with SnCl, held
constant at 0.01 s. The optimized ALD cycle consisted of a 0.15 s pulse
of Sn(O#Bu), followed by a 10 s N, purge, then a 0.01 s SnCl, pulse
followed by another 10 s N, purge. A total of 800 cycles were per-
formed per deposition.

As-deposited SnO, films were amorphous. Post-deposition annealing
was conducted at 450 °C in a two-zone tubular furnace in a quartz tube
(OTF-1200X, MTI Corporation) under different atmospheres: argon
(Ar), oxygen (O,), and ambient air (with the tube ends left open for air
annealing). Before heating, the furnace was evacuated to a base pressure
of 10°~10 % mbar. Samples were placed at the center of the furnace in
alumina (AL,O,) crucibles. The heating rate was 5 °C min™" until the tar-
get temperature was reached, which was then maintained for 5 h. Samples
were allowed to cool naturally to below 50 °C. For Ar and O, annealing,
the gases were continuously flowed at a pressure of 3 mbar. Air annealing
was conducted at ambient pressure with open tube ends.

4.1.2. Multilayer Sandwich Structure. SnO,/SnSe,/Sn0O,
stacks were fabricated using 100 ALD cycles of SnO, under the opti-
mized conditions described above, followed by 200 ALD cycles of
SnSe, (deposition conditions described elsewhere®'), and capped with
an additional 100 ALD cycles of SnO,. After deposition, the samples
were annealed at 250 °C for 30 min on a hot plate.

4.1.3. SnO, on Non-Planar Substrates. AAO membranes with
circular, square and triangular pore shapes were obtained from our
partners at HZDR*>*® and subsequently coated with 250 ALD cycles
of SnO,. Self-assembled opaline substrates were fabricated as reported
elsewhere'®** and then, coated with 300 ALD cycles of SnO,.

4.2. Characterization and Measurements

The morphology of the as-deposited and annealed films was evaluated by
field-emission scanning electron microscopy (FESEM; Sigma300-ZEISS).
The composition of the SnO, films was studied by X-ray photoemission
spectroscopy (XPS) and time-offlight elastic recoil detection analysis
(ToF-ERDA). XPS measurements were carried out in an ultrahigh vac-
uum chamber (ESCALAB 250Xi by Thermo Scientific, base pressure:
2 x 10" mbar) using an XR6-monochromated Al Ka source (hv =
1486.6 €V) and a pass energy of 20 V. A spot size of 650 pm was utilized
for the analysis. Before analysis, surface cleaning was performed using Ar*
ion etching (4000 eV, mode: cluster) for 300 s. Spectral fitting and back-
ground correction were performed using the Avantage Data System soft-
ware (Thermo Fisher Scientific). Peak calibration was referenced to the
C—C bond at 284.8 eV. ToF-ERD was performed using a 13.6 MeV
3Cu’* beam. Recoiled atoms, emitted from different film depths, were
detected via a time-offlight-energy (ToF-E) telescope, enabling mass
identification and energy calculation from time-of-flight. The angle
between the sample normal and the incoming beam was 70°, while
the scattering angle was 40.6°. The analyzed area was approximately
3 X 3 mm”. The data were analyzed with Potku 2.3.1,>* which iteratively
refines the composition profile based on beam parameters, stopping
powers, and measurement geometry. The resulting concentration depth
profiles are convoluted by system resolution and physical effects such as
energy loss straggling, multiple scattering and surface roughness.

In situ XRD measurements were performed on the as-deposited
SnO, films using a Rigaku SmartLab SE diffractometer with Cu Ko
radiation. Measurements were carried out over different temperature
intervals with the temperature continuously increasing from 30 to
500 °C at a heating rate of 5 °C min". Diffraction patterns were

collected over a 20 range of 5° to 70°, using a step size of 0.02° (20)
and a scan speed of 10.00° min~". Ex situ XRD measurements of films
annealed at 450 °C and 800 °C were conducted over a 20 range of 5°-50°
with a step size of 0.02° (26) to investigate the crystallinity and phase
composition of the SnO, films. X-ray reflectometry (XRR) measure-
ments were performed using a Philips X’Pert MRD PRO system
(Netherlands) equipped with a Cu Ka radiation source, Eulerian cradle,
and a fixed divergence slit (1/32°).

High-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) was carried out using a Talos F200X G2
(S) TEM instrument (ThermoFisher Scientific) operating at 200 kV.
For the HAADF-STEM images, a probe semi-convergence angle of
10.5 mrad was employed and a camera length was set to cover an angular
range with the HAADF detector between 40 mrad and 200 mrad.

AFM images were obtained with a Dimension ICON microscope from
Bruker working in the Peak Force Tapping mode and using a Scanasyst-
Air probe also from Bruker (nominal frequency 70 kHz, spring constant
0.4 N/m, and tip radius 5 nm). AFM scan size was 500 nm X 500 nm
in all cases. Raw AFM images were processed using the open-source soft-
ware Gwyddion to correct for tilt and scan-line artifacts. RMS roughness
values (S, q) were obtained after performing these corrections.

The optical properties of both as-grown SnO, thin films and
annealed at 450 °C deposited on p-type crystalline silicon were inves-
tigated using spectroscopic ellipsometry (SE). UV-Vis-NIR SE mea-
surements were performed to obtain the ellipsometric angles ¥ and
A, as well as the depolarization spectra, over the wavelength range of
2002500 nm (corresponding to photon energies of 6.2-0.39 eV) with
a step size of 10 nm.

The measurements were carried out using a VASE vertical variable-
angle-of-incidence rotating-analyzer ellipsometer (J.A. Woollam),
equipped with a computer-controlled Berek wave-plate retarder
(Automatic Retarder). Data were collected at three angles of inci-
dence: 55° 65° and 75°. Monochromatic light was generated by an
HS-190 double monochromator fitted with three sets of gratings covering
the near-infrared (NIR), visible (VIS), and quartz-ultraviolet (QUV) spec-
tral regions. A 7S W Xe short-arc lamp (Hamamatsu L10873) was used as
the light source, producing a ~1 mm beam spot at normal incidence.

Infrared Spectroscopy Ellipsometry (IRSE) was used to study the
photon energy range 4000-1000 cm™" (2500-10,000 nm) with a step
size of 8 cm*, with incident angles of 55°, 65°, and 75°. IRSE measure-
ments were carried out on a J.A. Woollam IR-VASE Mark II ellips-
ometer, which integrates a Fourier Transform Infrared (FTIR)
interferometer source with a rotating compensator ellipsometer.
During the measurement, the compensator was rotated 360° in a series
of steps and an intensity spectrum related with the sample optical prop-
erties was recorded at each step. The W and A spectra for each sample
were then determined from a combination of the intensity spectra from
each position of the compensator.

For electrical characterization, samples were deposited on Si sub-
strates with 100 nm SiO,. Electrical transport measurements were car-
ried out between 300 and 2 K in a DynaCool cryostat using the
Electrical Transport Option (ETO) in a Van der Pauw geometry,
together with an automated switchbox (ASB102, all from Quantum
Design). Electrical contacts were made manually using freshly cleaned
indium wire (@ = 0.15 mm, 99%, HMW Hauner GmbH & Co. KG),
attached by applying gentle pressure.

"H NMR spectra were measured with 500 MHz Avance II spec-
trometer (Bruker) in CDCI3 (99.9%; Deutero) at 298 K. 'H chemical
shifts are reported as values in ppm referenced to residual solvent
(CHCL,, 8 = 7.24 ppm).

5. COMPUTATIONAL METHODS
5.1. DFT Molecular Simulations

To investigate the two key surface-precursor interactions governing the
atomic layer deposition growth of SnO,, a SiO, surface was used as a
representative substrate in combination with the Sn-based precursors
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(tin(IV) chloride (SnCl,) and tin(IV) tert-butoxide [Sn(OtBu),]).
This framework allows a direct atomistic evaluation of the elementary
reaction steps that define the ALD cycle.

All calculations were performed using first-principles density func-
tional theory (DFT) within the Projector Augmented Wave (PAW)
formalism, as implemented in the Vienna Ab initio Simulation
Package (VASP).>*° The exchange-correlation interactions were
treated using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional® A plane-wave cutoff
energy of S00 eV was employed. Self-consistent field (SCF) calcula-
tions were converged to an energy tolerance of 1076 eV, and all atomic
structures were fully relaxed until the residual forces on each atom were
below 0.01 eV A",

Brillouin zone integrations were carried out using a 3 X 3
X 1 Monkhorst-Pack k-point mesh.®® To eliminate spurious interac-
tions between periodically repeated slabs, a vacuum region of 15 A
was introduced along the direction perpendicular to the surface
plane.®”®® The reaction mechanisms associated with the ALD process
were further investigated using a proposed ligand-exchange pathway
for the two elementary reaction steps.”* Grimme’s DET-D3 dispersion
correction was included in all calculations (IVDW = 11 in VASP) to
account for long-range Van der Waals interactions.®> Additionally, NCI
(non-covalent interaction) analysis was employed to analyze the role of
the annealing atmosphere in the removal of residual chloride species.*

5.2. SE and IRSE Data Modeling

Modeling of experimental SE and IRSE data was performed making
use of the WVASE software package (J.A. Woollam Co., Inc.).
For the determination of the optical constants and thickness of the
SnO, films, an optical model consisting of a SnO, thin film deposited
on a crystalline silicon substrate was employed. A 2 nm thick native
silicon oxide layer was included in the model between the film and
the substrate. The optical constants of both the silicon substrate and
the native oxide layer were taken from the built-in libraries of the
software.

The dielectric function of the SnO, thin film was modeled using a
Drude term accounting for free-carrier intraband absorption in the
NIR, a Tauc-Lorentz oscillator describing the fundamental interband
transition, and Gaussian oscillators representing higher-energy inter-
band transitions. A high-energy Gaussian oscillator was included to
ensure Kramers-Kronig consistency beyond the measured spectral
range.

The transmittance spectra of ALD SnO, thin films were simulated
to confirm their optical transparency within the visible and near-
infrared spectral ranges. In simulations, the non-transparent silicon
substrate in the visible range was replaced by a quartz substrate with
high transparency in the visible and near-infrared regions. The simula-
tions were developed using WVASE software based on an optical
model consisting of a thin film of SnO, and a quartz substrate. The
optical constants of the quartz substrate were obtained from the ellip-
sometry and optical transmission experiments of the clean substrate.
On the other hand, the optical constants and thicknesses of the differ-
ent SnO, thin films were obtained from the spectroscopic ellipsometry
experiments, as previously described, carried out on Si substrates.
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