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1. Introduction

Top-down produced silicon nanowires 
(SiNWs) are prospective nanostructured 
surfaces that show highly intense vis-
ible (red) light emission at room tem-
perature[1,2] and different vibrational and 
electronic properties.[3–6] In general, 1D 
nanostructures attract substantial research 
attention because they can be used as 
potential carriers of active nanomaterials 
at the intersection with other functional 
materials.[2,7–8] SiNW templates could play 
an important role in the development of 
novel semiconductor devices. The precise 
control of the morphology of semicon-
ducting oxides at the nanometer scale is 
consequently of fundamental importance 
and, given the industrial and commercial 
demands, requires reproducible low-cost 
synthetic methods that can be imple-
mented on an industrial scale. Toward 
this objective, SiNW arrays can be covered 
with functional oxides, such as tin oxide, 
e.g., via metal-organic chemical vapor dep-
osition (MOCVD).

Sn(0) and its oxidation states, typically 
Sn(II) and Sn(IV), are very important functional materials that 
are widely applied in different areas.[9–12] For example, Sn(II) 
oxide is a promising p-type oxide semiconductor due to its high 
hole mobility.[13] It has been explored for use as a catalyst,[14] 
anode material,[15] coating substance,[16] and gas sensor.[17] 
SnO2, which is widely known as a wide bandgap n-type semi-
conductor, can be applied in solar cells,[18] transparent elec-
trodes,[19] and thin-film transistors.[20] To grow SnOx layers 
on various substrates, the most widely used methods include 
spray pyrolysis,[21] sputtering,[22] laser ablation,[23] atomic layer 
deposition,[18] and chemical vapor deposition.[24] Furthermore, 
although Sn and its oxides have been widely studied, the evalu-
ation of low-dimensional tin oxide nanostructures remains to 
be completed, which is important for obtaining specific optical 
and electrical properties for the desired applications.

In addition, tin(IV) tert-butoxide has been preliminarily 
studied, and it has been found to be an excellent precursor 
for the deposition of SnO2 by MOCVD at low temperatures 
(200–400 °C) in the absence of an added oxidant (oxygen-con-
taining agent, such as air or ozone).[25] Approximately 20 years 
ago, the same tin-based metalorganic precursor was employed 
to deposit uniform tin oxide nanowires at 750  °C (and up to 
900  °C) with gold as the catalyst, as reported by Mathur’s 

Tin-containing layers with different degrees of oxidation are uniformly 
distributed along the length of silicon nanowires formed by a top-down 
method by applying metalorganic chemical vapor deposition. The electronic 
and atomic structure of the obtained layers is investigated by applying 
nondestructive surface-sensitive X-ray absorption near edge spectroscopy 
using synchrotron radiation. The results demonstrated, for the first time, 
a distribution effect of the tin-containing phases in the nanostructured 
silicon matrix compared to the results obtained for planar structures at 
the same deposition temperatures. The amount and distribution of tin-
containing phases can be effectively varied and controlled by adjusting 
the geometric parameters (pore diameter and length) of the initial matrix 
of nanostructured silicon. Due to the occurrence of intense interactions 
between precursor molecules and decomposition by-products in the nano-
capillary, as a consequence of random thermal motion of molecules in the 
nanocapillary, which leads to additional kinetic energy and formation of 
reducing agents, resulting in effective reduction of tin-based compounds 
to a metallic tin state for molecules with the highest penetration depth in 
the nanostructured silicon matrix. This effect will enable clear control of the 
phase distributions of functional materials in 3D matrices for a wide range 
of applications.
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group.[24] Furthermore, they found that SnO2 layers deposited 
on Al substrates can have other phases of Sn, such as SnO and 
Sn2O3, by additional (ex situ) short-term plasma treatment.[26] 
However, the deposition of metallic tin phases using tin(IV) 
tert-butoxide as a precursor on planar or nanostructured sil-
icon surfaces over a broad temperature range has still not been 
reported or discussed. From this point of view, the analysis of 
tin-based nanostructure growth dynamics is of high interest for 
further materials engineering applications.

To the best of our knowledge, this paper is the first to report 
the phase-selective deposition of Sn/SnO/SnO2 by employing 
SiNWs as deposition matrices. By controlling the porosity of 
SiNWs and the deposition temperatures, it is possible to vary 
the spatial distributions of different tin oxide phases. The 
main reason for this phenomenon is identified in this paper, 
and detailed morphological and microstructural studies are 
conducted using surface-sensitive and destructive/nondestruc-
tive surface analytical methods. Our discovery opens a poten-
tial new route for selectively depositing different phases of 
functional metal oxides by employing a SiNW matrix and can 
further promote the development of optical-, electronic-, and 
biophotonic-related devices.

2. Results and Discussion

2.1. Surface Morphology and Microstructure

Morphological analysis of the deposits  was  performed 
by electron microscopy. As presented in Figure 1a, when 
SnO2  was  deposited at 600  °C on a planar silicon substrate, 
“rice-seed”-shaped crystals were homogeneously distrib-
uted on the whole surface. This  was  consistent with previous 
reports, suggesting a uniform deposition of crystalline SnO2,[27] 
which  was  further confirmed by XRD studies. Under the 
same deposition conditions, the precursor  was  exposed to the 
top-down formed nanostructured silicon matrix. As shown in 
Figure 1b, the matrix contained SiNWs of ≈100 nm in diameter 
and 10  µm in length. Unlike the planar silicon surface, onto 
which the deposition  was  homogeneous, the surfaces of the 
SiNWs were covered with crystals of different sizes and shapes. 
Magnified SEM images of the same cross-section are shown 
in Figure  1d–f. Three main regions were identified. First, 
the upper region of the SiNWs  was  homogeneously covered 
with a smooth layer containing “rice-seed” shape features (cf. 
Figure  1d). These crystals were similar to what  was  deposited 
on the planar silicon surface. The middle region consisted of 
large crystals with a diameter of ≈300  nm (Figure  1e). Unlike 
the uniform distribution in the upper region, these crystals 
were randomly oriented along the middle region of the SiNWs. 
From the bottom up to ≈2.5 µm, the lower region showed a dif-
ferent morphology. As shown in Figure 1f, small spherical nan-
oparticles (NPs) were found along the SiNWs. These NPs had a 
diameter of ≈50 nm and were distributed quite homogeneously 
along the SiNWs. To identify the crystallographic phases in 
the realized deposits, XRD measurements were performed, as 
shown in Figure 1c. Furthermore, Figure 1c (black line) shows 
the XRD pattern of the as-deposited SnO2 layers on the planar 
surface. The obtained characteristic reflexes were assigned to 

the tetragonal (cassiterite) Sn(IV) oxide phase. These results 
indicated that the precursor decomposed completely on the 
planar silicon surface and that crystalline SnO2 was obtained at 
600  °C. In comparison with planar silicon, more intense dif-
fraction reflexes were obtained for the deposits on nanostruc-
tured surfaces, which were assigned to crystalline cassiterite 
SnO2, tetragonal SnO, and tetragonal metallic β-tin, indicating 
the formation of different phases along the SiNWs.

2.2. Phase Localization

To determine the positions of the individual phases along 
the vertical axes of the SiNWs, which were already partially 
assumed from the cross-sectional SEM images, EBSD inves-
tigations were carried out along the SiNWs. FIB cutting, as 
shown in Figure 2a,  was  performed at 30  keV, followed by a 
5 keV polishing step using gallium ions based on the approach 
presented in the methodology section. Due to the morpholo-
gies of the structures and the geometry required for the EBSD 
measurements, the EBSD investigations on these structures 
were very challenging to interpret. Figure 2b shows the quality 
map of the structures. The bright areas are areas where the 
band detection quality (intensity of the Kikuchi lines or quality 
of the diffraction pattern)  was  higher compared to the other 
areas. The entire length of the structures could not be identi-
fied. As a result of the 70° position, in combination with a high 
acceleration voltage of 30 keV, the primary electrons penetrated 
relatively deeply into the material. Due to their high energy 
and thin structures, the primary electrons migrated through 
the material without a backscattering process. Due to the 70° 
geometry, this transmission mainly occurred in the upper area 
of the structures. Furthermore, the backscattered electrons 
that satisfied the Bragg condition could be reabsorbed due to 
the irregular arrangement of the structures. An absorption or 
shadowing process was probably also responsible for the detec-
tion of no or only very weak signals from the lower areas of 
the gaps. Backscattered electrons that escaped from this area 
may have been reabsorbed by the sidewalls of the structures. 
Nevertheless, as shown in Figure 2c, we found that in the lower 
region, metallic Sn  was  the main detected phase, which is 
presented as a red region, reflecting the round NPs shown in 
Figure 1f. Moreover, the middle part, which is represented as a 
yellow region, was identified as Sn(II) oxide. On the top, due to 
the low EBSD signal, it was difficult to observe the presence of 
SnO2. Therefore, the EBSD results confirm the results from the 
SEM and XRD measurements presented in Figure 1.

The EBSD results are based on sections obtained by focused 
ion etching using an ion energy of 30 keV, which is a destruc-
tive technique, as the ion impact predisposes the samples to 
changes in their initial chemical structures. As a consequence, 
to avoid possible chemical changes in the initial structures of 
the deposited tin-based layers, nondestructive surface-sensitive 
methods were used to study the electronic and atomic struc-
tures of the obtained layers on the surface and in the depth 
of the porous silicon matrix by applying a mechanical surface 
treatment using a previously published protocol.[28]

To compensate for the deficiencies of EBSD and more accu-
rately identify the phase composition, XANES  was  employed. 
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The O K-edge and Sn M4.5-edge XANES spectra from the 
SnO2-x-SiNW surface are shown in Figure 3. The overall inten-
sity and background were possibly affected by the overlap from 
the O K-edge absorption edge and the Sn M4.5-edge. Neverthe-
less, the spectra above 530 eV were assigned to oxygen contribu-
tions. According to the dipole selection rule, the XANES spectra 
of the O K-edge originated from O-1s transitions to O-2p states. 
In general, the presented spectra were divided into two regions. 
As shown in Figure 3a, the two low-energy peaks at ≈532 and 
538  eV (Zones I and II) were assigned to the transitions into 
O-2p hybridized with the Sn-5s and Sn-5p states, respectively. 
For SnO2, the peak at 538 eV was attributed to a further split-
ting process in the SnO6 polyhedra, as reported by Gago et al.[29] 
Another hybridization of O-2p and Sn5d/4f states was reflected 
by a higher energy band (550–670  eV). In the Sn M4,5-edge 
XANES spectra, there are two regions related to the spin-orbit 
splitting of the 3d states into 3d5/2 (M5) and 3d3/2 (M4) bands. 
These states are distributed at different energy ranges of the 
spectra with an energy difference of ≈8.4 eV. According to the 

dipole selection rule, the Sn M4,5-edge XANES spectrum shows 
the transition from the Sn-3d state to the state with p and f 
characteristics, so it mainly maps the contribution to the empty 
Sn-5p conduction band and the Sn-5f orbitals. Therefore, the 
Sn M4,5-edge can provide clear information about the Sn oxida-
tion state because the absorption onset changes to higher ener-
gies with increasing valence number. As a result, Sn, SnO(II), 
and SnO2(IV) will have increasing energy positions on the Sn 
M4,5-edge XANES spectrum.

As shown in Figure  3b, the Sn M4,5-edge XANES spectra 
of pristine SnO2 and the SnO2-SiNW upper surface show the 
same characteristic peaks, which reflects that they have similar 
atomic and electronic structures, in good correlation with the 
detected XANES O K-edge spectra. However, in the SnO2-SiNW 
lower region, shown in Figure 3b, it is clear that the intensity 
of the characteristic SnO2 peaks (Zones IV and V) is reduced. 
Furthermore, two more peaks at lower energies of ≈486.5 and 
487.0  eV are shown (Zone III), which were assigned to lower 
oxidation states, namely, metallic Sn(0) and Sn(II), respectively. 

Small 2023, 2206318

Figure 1. MOCVD-grown tin oxide layers on planar and nanostructured silicon surfaces at 600 °C. a) SEM top view of tin oxide layers grown on a planar 
silicon surface; b) SEM cross-sectional view of tin oxide layers grown on SiNWs; c) XRD patterns of tin oxide deposits on planar and nanostructured 
silicon surfaces; d) detailed SEM cross-sectional (or tilted) views of the upper (I); e) middle (II) and f) lower (III) regions of tin-based layers grown 
on SiNWs at 600 °C.

Figure 2. EBSD study of tin-based deposits on nanostructured silicon surfaces. a) SEM image of an FIB cut; b) quality map image; c) EBSD phase map 
for three tin phases, namely, Si (green), SnO2 (blue), and SnO (yellow), and metallic Sn (red).
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Notably, the Sn(II) feature at ≈487  eV  was  a result of the for-
mation of oxygen vacancies in the electronic structure of SnO2, 
as reported previously.[30,31] The formation of oxygen deficien-
cies in the SnO2 structure changed the local surroundings of 
oxygen to Sn atoms, approaching SnO (through SnO2-x, where 
x  <  2). As a result, the electronic density of states of the Sn 
atoms  was  reconstructed in the same direction, as discussed 
in our previous publication.[32] In summary, in the observed O 
K-edge XANES spectra of all three surfaces under investigation, 
it is clear that the characteristic peak located at 531 eV was sup-
pressed from the upper to the lower region in the deposit on 
the nanostructured surface in comparison to the planar surface, 
suggesting that less oxygen was present as SnO2 on the surface, 
further confirming that the state distribution of tin along the 
SiNWs changed from SnO2 to SnO and to metallic Sn from top 
to bottom along the SiNWs.

2.3. Mechanism of Phase Evolution

The observed distribution of the Sn-based phase along the ver-
tical axes of the SiNWs can be explained by differences in the 
thermal conductivity of the silicon nanowires layer and bulk 
silicon, as well as by the irregular thermal motion of tin-based 
precursor molecules in the nanocapillary (the volume between 
nanowires can be described as nanocapillary) and the presence 
of alkenes (butene in our case) as reducing agent. Previously, 
it  was  reported that when a bulk silicon substrate  was  struc-
tured to SiNWs by applying the same top-down method applied 
in the present work, the thermal conductivity  was  reduced 
dramatically.[33,34] Specifically, Hochbaum et  al.[34] reported 
that bulky silicon wafers showed a thermal conductivity of 
150 W m−1 K−1, but after the wet chemical etching process, the 
obtained SiNWs showed significantly reduced values below 
1 W m−1 K−1. This large difference in the thermal conductivity 
values between bulk Si and the SiNWs may have caused tre-
mendous changes (in temperature distribution) on the surface 
during the MOCVD process. As shown in Figure 4a, when 
the substrate  was  heated in the MOCVD process, due to the 
low thermal conductivity, the heat from the bulk part (wafer) 
could not be efficiently transported through the SiNWs, 
which resulted in a temperature gradient along the SiNWs. It 

increased while the thermal conductivity ratio of the SiNWs 
and bulk Si was reduced. However, this gradient was not strong 
enough to explain the observed effects, according to the theo-
retical calculations presented in Figure  4b. According to these 
simulation results, a maximum temperature gradient of 10  K 
along SiNWs can be achieved in 10 µm matrix SiNWs.

However, irregular and chaotic thermal motion (similar to 
Brownian motion) of molecules in the nanocapillaries and their 
interaction with capillary sidewalls might lead to chemical bond 
destruction in the tin-based layers. The extreme aspect ratio 
of these capillaries resulted in the molecules experiencing a 
greatly increasing number of interactions with the sidewalls of 
the SiNWs with increasing penetration depth. This led to their 
advancing decomposition with respect to depth, as presented in 
Figure 5a. On the other hand, tin(IV) tert-butoxide molecular 
precursor decomposition byproducts are known to be butene 
and butanol, as  was  previously published by Mathur, Sivakov, 
et  al.[35] Additionally, An et  al. presented a theoretical predic-
tion of alkene-based tin dioxide reduction.[36] Alkenes (butene 
in our case as a byproduct of the decomposition of the mole-
cular tin precursor) can generate hydrogen from its decompo-
sition as a function of surface temperature. In our case, this 
means that in a spatially confined nanocapillary, butene, which 
is much deeper penetrated in the silicon nanowires matrix, 
can effectively decompose, releasing hydrogen, which can act 
as a reducing agent for tin oxide reduction, due to the spatially 
confined nature of nanocapillary, so decomposition can occur 
at lower temperatures compared to planar structures requiring 
higher surface temperatures. To confirm this hypothesis, we 
performed depositions on planar silicon substrates at 600 and 
725  °C. SEM studies showed that the surface morphology 
of the deposit at 600  °C is comparable to the morphology of 
the top surface part (cf. Figure  1d) of nanostructured silicon 
coated with a tin-containing coating at 600 °C, as presented in 
Figure 5c. The globular morphology in the deposits on planar 
surfaces at 725  °C, as shown in Figure  5d, corresponded to 
the lower surface part of nanostructured (cf. Figure 1f) silicon 
coated with a tin-containing coating at 600 °C. Figure 5b shows 
XRD patterns of deposits on planar silicon wafers at 600 and 
725  °C. XRD studies show the presence of pure tin dioxide 
phase and a mixture of metallic and tin oxide phases in the 
deposits on the planar surface at 600 and 725 °C, respectively. 

Small 2023, 2206318

Figure 3. XANES spectra of the SnO2-planar silicon and SnO2-SiNW upper and lower regions. a) O K edge; b) Sn M-edge.
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These results show that the morphology that we can achieve 
on nanostructured silicon surfaces at 600 °C (cf. Figure 1b) can 
only be realized on planar silicon surfaces at temperatures of 
at least 125 K above. In addition, Shen et  al.[37] presented that 
the interaction between molecules (precursor and byproducts 
molecules) and the nanochannels can increase the local con-
centration of the reactants and also enhance reaction pres-
sure.[38] On the contrary, when the size (diameter) of nanocap-
illary increases, the interactions between the molecules and 
nanocapillary gradually weaken.[39] By varying the geo metry 
of the initial matrix of nanostructured silicon (short and long 
nanocapillary), it  was  possible to control the presence of one 

or the other phase. In our previous works, we showed the flex-
ibility of the MAWCE method for obtaining nanostructured 
surfaces.[40] Figure 6 shows the results of the deposition of tin-
containing films onto matrices of nanostructured silicon with 
different initial nanocapillary length. This geometry-based 
explanation is supported by the finding that an increased length 
of initial SiNWs enhanced the observed effect. According to 
the results of the XRD analysis and SEM studies, on surfaces 
with a shorter and longer nanocapillary length, a significantly 
increased amount of the metallic tin phase (as shown in 
Figure 6a,c for 10 min etched surface, “long”) was observed in 
comparison with surfaces with a shorter nanocapillary length 

Small 2023, 2206318

Figure 4. Theoretical simulation of thermal radiation losses during tin oxide formation on a nanostructured silicon surface. a) Aerial view; b) cross-
sectional view.

Figure 5. A possible mechanism of the phase separation along the SiNWs length. a) Schematic illustration of the proposed mechanism; b) XRD pat-
terns of deposits on planar silicon surfaces at 600 and 725 °C, respectively; c) SEM image of SnO2 deposited on a planar Si wafer at 600 °C; d) SEM 
image of SnO2 deposited on a planar Si wafer at 725 °C.
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(as shown in Figure 6b,d for 1 min etched surface). This means 
that the geometry of the nanocapillary had the dominant effect 
and significantly influenced the amount of precursor molecule 
collisions and concentration of by-products, which could be 
used to reduce the tin-based molecular precursor down to the 
metallic state.

Our observed results clearly show that the use of a porous sil-
icon matrix enables the realization of low-valence tin structures 
at lower temperatures, which makes it possible to reduce the 
energy consumption in the deposition of thin films. We found 
that even at a maximum temperature of 600 °C, it was possible 
to realize layers comparable to those on planar structures, but 
at 125 K lower temperature. In addition, it was found to be pos-
sible to create reduction gradients equivalent to a temperature 
difference of 125 K on a bulk material with a structure with a 
temperature gradient of 10 K and less along the length of the 
silicon nanowires. Our results additionally prove the hypothesis 
of the distribution of various tin-containing phases in nano-
structured silicon matrices due to precursor and byproducts 
(butene) molecules interactions inside the nanocapillaries as a 
consequence of random thermal motion of the precursor mole-
cules in nanochannel. In summary, the observed effect can be 
explained as an effect of geometry (silicon nanowires length) 
and formation of by-products, which can play a role of reducing 
agent, followed by enhanced movement of precursor molecules 
in the nanocapillary and their interaction inside the nanocapil-
lary (with other molecules, sidewalls, and by-products), which 
leads to a localized reduction of tin oxide. These results open a 
new wide possibility for the application of nanostructured sil-
icon matrices in the nanoengineering of functional materials.

3. Conclusion

In the present paper, we described a novel effect related to the 
phase-controlled deposition of tin-based coatings by employing 

top-down nanostructured silicon surfaces as deposition chan-
nels. We found that the formation of different tin-based phases 
along nanochannel can be explained by the presence of nano-
capillaries in the initial nanostructured silicon surface, so 
that when molecules penetrate the porous silicon matrix, they 
are exposed to random thermal motion (similar to Brownian 
motion) inside the nanocapillaries, which leads to effective 
decomposition of the precursor molecule. In addition, we 
hypothesized that the decomposition byproducts of the mole-
cular precursor, in our case butene, can effectively reduce tin 
oxide to the metallic state in the lower parts of the matrix. The 
upper and lower parts of a SiNW matrix covered with tin-based 
layers were systematically investigated by applying surface-
destructive and surface-sensitive nondestructive analytical 
methods. Atomic and electronic structure studies of observed 
deposits using XANES and synchrotron radiation proved the 
presence of a tin-based phase distribution along the vertical 
axes of the SiNWs. This discovered effect opens a new and easy 
route to the phase-selective deposition of functional materials 
with lower energy consumption and further expands the appli-
cation of top-down nanostructured silicon surfaces in materials 
engineering as an anode with high electronic conductivity for 
high-performance lithium-ion batteries[41] or as UV-SERS active 
surface for biophotonics.[42]

4. Experimental Section
SiNWs Preparation: P-type lowly doped silicon (100) wafers (boron 

doped, resistivity: 1–10   ohm  cm) from Si-Mat GmbH, Germany, were 
used to prepare SiNWs using the metal-assisted wet chemical etching 
(MAWCE) method. Silicon wafers with dimensions of 1  ×  1  cm2 were 
cleaned by ultrasonic rinsing in acetone and isopropanol every 3  min. 
After that, each wafer was  immersed into a 2% HF bath to remove the 
native oxidized layer. Then the wafer  was  cleaned in deionized water 
and dried with insert gas. The formation of SiNWs includes two steps. 
In the first step, silver nanoparticles were deposited on silicon wafers 
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Figure 6. Phase variation by adjusting the initial nanostructured silicon matrix parameters. a) Cross-sectional SEM image of 10 min etched SiNWs 
matrix (long) covered with tin oxides; b) cross-sectional SEM image of 1 min etched SiNWs matrix (short) covered with tin oxides; c) XRD patterns of 
observed SnO2-SiNW deposits on 10 and 1 min etched SiNWs matrices, respectively. All depositions were performed at 600 °C.
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using aqueous solutions initially containing 0.05 m AgNO3 and 5 m HF 
at a 1:1 (v/v) ratio for 30 s. In the second step, silicon wafers covered 
with Ag nanoparticles were immersed in a second etching solution 
containing 5 m HF and 30% H2O2 at a 10:1 (v/v) ratio for 10 min at room 
temperature. Subsequent anisotropic etching occurred in the HF/H2O2 
solution. Afterward, SiNW arrays were rinsed several times in deionized 
water and dried at room temperature. SiNW arrays were treated with a 
concentrated 65% nitric acid solution for 10 min to remove the AgNPs 
from the SiNW surfaces. After that, the samples were immersed into 
a 2% HF solution to remove the oxide layer that was produced during 
the HNO3 and H2O2 treatments. Finally, the samples were washed with 
deionized water and dried with nitrogen at room temperature.

MOCVD Process: The MOCVD process used a volatile organometallic 
compound, tin(IV) tert-butoxide (Sn(OtBu)4), with an initial oxidation 
number of four. Sn(OtBu)4 was synthesized by a chemical process using 
the Schlenk line system based on a procedure reported by Chandler.[43] 
The purity of the synthesized precursor  was  determined by 1H NMR 
analysis.

Tin-tin oxide films were deposited using a horizontal cold wall 
CVD reactor. The synthesized Sn(OtBu)4  was  used as a precursor for 
functional surface formation. Metal oxide films were deposited in a 
nonoxygen atmosphere (dynamic vacuum) due to the high sensitivity of 
the precursor molecules to atmospheric moisture at 10−3 Torr pressure. 
In the beginning, the substrate holder (graphite based)  was  heated to 
500  °C to remove the residual organic compounds and to evaporate 
water from the reaction zone. After this process, the system was cooled 
to room temperature, and the precursor  was  introduced under 
an inert gas atmosphere. Furthermore, each silicon wafer with 
SiNWs was heated to the film growing temperature at 600 °C using an 
induction heating method; additionally, the temperature of the substrate 
surface  was  controlled using an IR thermal detector. The precursor 
flow was transported to the hot substrate surface by vacuum. After the 
deposition process for 10  min, the system  was  cooled and vented to 
obtain samples.

SEM: Electron microscopy studies to elucidate the morphologies 
of SnO2 deposits on the planar and nanostructured silicon surfaces 
were carried out using a Helios NanoLab 600i dual-beam device from 
the company FEI at the Institute of for Solid State Physics at Friedrich 
Schiller University Jena and a field-emission Ultra55 scanning electron 
microscope from the Zeiss company at Ernst Abbe University of Applied 
Sciences in Jena.

XRD: To elucidate the crystal structure and composition, SnO2 layers 
were deposited on planar and nanostructured silicon surfaces using 
an X’Pert Pro X-ray diffractometer from PANalytical B.V. in the Bragg-
Brentano configuration.

EBSD: For a more detailed crystallographic phase investigation, 
EBSD measurements on gallium ion beam-prepared cross-sections 
of the SnO2-coated nanostructured surfaces were performed. The 
investigations were carried out using a field-emission Ultra55 scanning 
electron microscope from the Zeiss company at Ernst Abbe University of 
Applied Sciences in Jena. This microscope was equipped with an EBSD 
detector from Bruker.

FIB Cut Preparation: A cross-section  was  prepared in several steps 
using a 52°-tilted specimen in an FEI dual-beam Helios NanoLab 
600i system. The ion energy remained constant at 30  keV during the 
individual preparation steps. The first cut was made at a high ion current 
of 21 nA. In the subsequent steps, the ion current was gradually reduced 
to 80 pA. The reduction of the ion current was necessary to prevent the 
redeposition of the ablated material as much as possible. Since less 
material  was  removed per unit time at a low ion current (e.g., 80  pA) 
than at a high ion current (e.g., 21 nA), analogous to the reduction of the 
ion current, the length and width of the preparation area were reduced 
(shortening the preparation time). Due to the superposition of several 
collision cascades and the resulting displacement of the sample atoms 
from their original lattice sites, an amorphous layer formed in the area 
of the sample close to the surface. Since the amorphous layer could 
have had a disturbing effect on the subsequent EBSD measurements, 
the entire prepared area was polished at a reduced ion energy in a final 

step. For this purpose, the sample  was  tilted by an additional 3°–55°, 
and the previously prepared area  was  polished with an ion energy of 
5 keV and an ion current of 0.12 nA.

XANES: The samples were fixed onto an aluminum sample plate 
using carbon tape and loaded into end station 2 of B07B,[44] where the 
total electron yield (via the sample drain current)  was  simultaneously 
recorded for the O-K and Sn-M4,5 edges. The photodiode (AXUV 
100G)  was  shielded with a 40  nm thick Al foil to block electrons and 
stray light. The SiNx window separating the end station from the 
beamline  was  removed for all edges, as both the window and the 
sample contained Si. Spectra were recorded using a Au-coated grating 
with 600 lines per mm and exit slits of dimensions 1.5 mm × 0.04 mm 
(nondispersive and dispersive directions, respectively). All 
measurements were obtained at room temperature, under high vacuum 
(mid 10−8  mbar), and with the beam under normal incidence. As a 
reference for the photon flux, I0, the photocurrent emitted from the final 
refocusing mirror  was  collected via an electrode opposing the mirror 
and biased at +36 V.

Temperature Gradient Simulations along SiNWs: A model was created 
using Comsol Multiphysics software,[45] which is a simplified 
representation of the SiNWs based on a homogeneous silicon substrate 
and a 9  ×  9 element array of homogeneous cylinders representing 
the SiNWs. Due to the negligible differences between elements at the 
border and the center of the array, this array can also be used as a 
representative model for the structures of millions of SiNWs on a chip. 
The model  was  intended to describe an extreme case in the sense of 
thermal loss by radiation. This enabled to estimate whether the observed 
effect on the SiNW sidewalls could be attributed to a thermal gradient 
along the SiNWs. Hence, a SiNW geometry was  chosen for the model 
that represents the highest thermal resistance expected: The observed 
maximum length of 10  µm  was  chosen as the SiNW length, while a 
diameter of 50  nm  was  chosen at the lower end of the typical range. 
The distance of the SiNW was again set to rather large value (80 nm). A 
silicon substrate of 525 µm thickness and 150 W m−1 K−1 was assumed, 
while for the SiNWs, a low value of 0.25  W  m−1  K−1  was  chosen. 
The radiative loss  was  assumed to result from the tips of the 
SiNWs with an emissivity of 1. The radiation from the sides of the 
SiNWs  was  considered by creating an effective surface area at each 
tip, which scales up the emissivity by a factor of e  =  Asq/Atip, where 
Atip and Asq correspond to the geometrical areas of the SiNW tip and 
a lateral 2D unit cell containing exactly one SiNW, respectively. Most of 
the radiation was found to be absorbed or reflected by the surrounding 
SiNWs. Thus, in the case of a maximized gradient, 100% absorption 
and radiative losses of an effective area equivalent to the whole plane 
containing the SiNW tips were assumed. The real gradient  was  then 
smaller than the resulting value because emission from the warmer 
parts of the SiNW closer to the substrate as well as the substrate itself 
heated the upper parts of the SiNW. For the extreme case estimation, the 
emission of the substrate was set to zero, as well as the emission from 
the SiNW sidewalls, as these are already compensated by the effective 
area described above. Using these settings, the model yields an upper 
limit of the thermal gradient that can occur along the SiNWs.
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