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Tin oxide thin layers were grown by metal-organic chemical vapor deposition technique on the top-down na-
nostructured silicon nanowires array obtained by metal-assisted wet-chemical technique from single crystalline
silicon wafers. The composition of the formed layers were studied by high-resolution X-ray photoelectron
spectroscopy of tin (Sn 3d) and oxygen (O 1 s) atoms core levels. The ion beam etching was applied to study the
layers depth composition profiles. The composition studies of grown tin oxide layers is shown that the surface of
layers contains tin dioxide, but the deeper part contains intermediate tin dioxide and metallic tin phases.

In the last decades, there has been a growing interest in the research
and development of silicon nanowires (SiNWs) for various applications
in the fields of optoelectronics, photonics, and photovoltaics, as well as
in the sensor field [1-4]. The top-down metal-assisted wet chemical
etching (MAWCE) formation mechanism is a simple and perspective
approach since it is involving only processes under the near ambient
conditions and leading to low-cost processes. The formed SiNWs array
and their developed surfaces prepared under controlled regimes are
promising candidates to be applied as a matrix for subsequent func-
tionalization in a large field of applications [5-8]. At the same time, tin
oxides, and especially, tin dioxide belongs to the functional materials
[9-11] which can be widely used for different electronic applications
and devices such as gas sensing electronic nose [12,13]. In the present
paper, the well-known metal-organic chemical vapor deposition
(MOCVD) technique was applied for the deposition of tin oxide layers
on the nanostructured silicon surfaces. The controlled flexibility of two
material classes, electronic and optical properties under alignment in
certain structure can open up more available forms of functional
composite materials. However, the role of surface composition is a
significant aspect due to the fact that such kind of composite structures
and techniques are sensitive to the surface physico-chemical properties
than can influence their functionality. X-ray photoelectron spectroscopy
(XPS) is an ultra-high vacuum and non-destructive technique that
provides direct experimental information on materials surface's atoms
charge states allowing to explore composition of the materials surface.
Even more, XPS technique in combination with focused ion beam
etching can be applied for the step-by-step study of materials surface
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and matrix depth profiles. The tin-oxygen system has been previously
studied using lab-based XPS technique or synchrotron-based experi-
mental systems [14-18].

Silicon nanowires were prepared by metal-assisted chemical etching
of highly boron doped (doping concentration 10%° cm™3® with
resistivity < 0.005Qcm) (100) single crystalline silicon (Si) wafers
using the similar procedure as published in our previous work [6].
Silver particles were deposited on the silicon surface and than im-
mediately immersed in a mixture of 5M HF and 30% H,0, (volume
ratio 10:1) water solutions. The wafer etching process is based on the
galvanic displacement of Si-surface thereby oxidizing the Si to form
silicon dioxide (SiO») so that the HF component of the solution can
remove the SiO, and in parallel by reducing the silver ions to metallic
silver at the Si surface [6]. The typical 4 um vertically-aligned SiNWs
array was observed. The gas phase pyrolysis of the tin(IV) tert-butoxide
(Sn(0'Bu),) precursor, was studied in a horizontal home-built cold-wall
CVD reactor [19]. Tin precursor vapors were created by heating the
precursor reservoir to 30-35 °C using an auxiliary heater. The precursor
flux was guided to an inductively heated substrate by applying reduced
pressure (10~ *mbar). Tin oxide thin layer were deposited into the
SiNWs matrix at 600 °C with the total growth time of 10min that
guided to the formation of few tens of nanometers thick tin oxide layer
around silicon nanowires.

UHV XPS spectrometer was equipped with high resolution SPECS
Phoibos 150 hemispherical electron energy analyzer with monochro-
matic Al X-ray source (excitation energy was 1486.61 eV) and focused
ion etching source. Energy resolution was found in the range of 0.1 eV
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Fig. 1. High resolution XPS spectra for the surface of the MOCVD tin oxide covered silicon nanowires array. Left: Sn 3ds,, core level with fitting curve. Right: O 1s

core level with fitting curves.
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Fig. 2. High resolution XPS spectra for the ion beam treated part of the tin oxide covered silicon nanowires array. Left: Sn 3ds  core level with fitting curves. Right: O

1s core level with fitting curves.

with the analysis depth estimation of about 3 nm for excited Sn 3d and
O 1 s core levels. The calibration of the spectra was carried out using a
signal of pure gold film and the position of its core 4f level together
with C 1s level of hydrocarbon contaminations residuals on the in-
vestigated sample surfaces reduced to the known value of 285.0 eV
[20]. Stepwise combination of 1 kV (3 times, 15 min each) followed by
1kV (2 times, 1 min each) acceleration voltages for Ar* ions was used
for ion beam surface treatment. The formed etching area was larger in
comparison with area of X-rays photons illumination.

Sn 3ds,, and O 1 s core levels XPS spectra were registered with the
resolution of 0.1 eV for the silicon nanowires arrays covered by MOCVD
formed tin oxide layers as presented in Fig. 1. In present study we used
standard Shirley procedure of background removal and so we can es-
timate components of each registered spectrum by Lorenz and Gauss
peaks fitting. The binding energy value of the Sn 3ds 5 line is 487.0 eV.
This value well correlates to the known binding energy of SnO, given in
previous publications [18,20]. O1s fitting results allowed us to detect
three components. The main component at 530.9 eV is a quite close to
the published binding energy of oxygen in SnO, [18,20]. At the same
time the rest two low intensity and high energy components can be
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attributed to the adsorbates containing oxygen: OH groups (532.2 eV)
or water molecules (533.2¢eV) [15,18,20].

The surface treatment with ion beam results on the removal of about
11 nm of the initial tin oxide layers than allowed us to estimate deeper
the composition in SINWs matrix. The composition of the etched area
i.e. the layer bulk was estimated by Sn 3ds,» and O 1s core levels XPS
spectra as shown in Fig. 2 (registered under the same conditions as
spectra in Fig. 1). As it clearly visible, the Sn 3ds,» core level is trans-
formed into two component lines. The low intensity component at
485.0 eV is specific to the metallic tin phase [18,20]. Sn atoms binding
energy of 486.8eV is characteristic for the intermediate tin oxide
SnO,_, compositions previously discussed in the literature [16-18].
Taking into account that ion beam etching can change oxidation state of
SnO, surface one should note the unexpectedly high intensity of me-
tallic tin component if compared with obviously shifted tin oxide main
feature (Fig. 2). O 1 s component fitting with two observed peaks are in
a good agreement to the achieved results of Sn 3d5/2 core level. Lowest
binding energy value of 530.8eV is observed for oxygen atoms in
SnO,_, [16-18] while another observed peak at 532.6 can be attrib-
uted to surface OH groups residuals and probably to natural SiO,
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covering silicon wires (that is reachable because of the SnO,_,/SiO5
interface non-uniformity).

To summarize, our observations strongly suggest that formed tin
oxide MOCVD layer on a top of silicon nanowires array and in the
SiNWs matrix under applied formation conditions has a complex com-
position containing a tin dioxide as a main phase on a top of layer, but
deeper the presence of intermediate tin dioxide and metallic tin phases
was observed after ion beam etching applied.

Acknowledgements

E.P. (whole work) gratefully acknowledges Russian Science
Foundation (Project 17-72-10287). S.T. and O.C. (results discussion)
gratefully acknowledge Ministry of Education and Science of Russia
(State Tasks for Higher Education Organizations in Science for
2017-2019, project 16.8158.2017/8.9). V.S. gratefully acknowledges
the financial support by the National Science Foundation of Germany
(DFG) under Grant No. SI 1893/18-1 and the Leibniz Institute of
Photonic Technology in the framework of the “Innovation Project-
2018”. Measurements were performed at the unique scientific facility
Kurchatov Synchrotron Radiation Source supported by the Ministry of
Education and Science of the Russian Federation (project code
RFMEFI61917X0007).

References

[1] Hochbaum Al et al. Controlled growth of Si nanowire arrays for device integration.
Nano Lett 2005;5(3):457-60. https://doi.org/10.1021/n1047990x.

Sivakov VA, Voigt F, Bauer G, Christiansen SH. Roughness of silicon nanowire
sidewalls and room temperature photoluminescence. Phys Rev 2010;B:82. https://
doi.org/10.1103/PhysRevB.82.125446.

Li Shaoyuan, et al. Fabrication of p-type porous silicon nanowire with oxidized si-
licon substrate through one-step MACE. J Solid State Chem 2014;213:242-9.
https://doi.org/10.1016/j.jssc.2014.02.037.

Xiao Yu, et al. Top-down fabricated silicon-nanowire-based field-effect transistor
device on a (111) silicon wafer. Small 2013;9(4):525-30. https://doi.org/10.1002/
smll.201201599.

Sivakov V, et al. Silicon nanowire-based solar cells on glass: synthesis, optical
properties, and cell parameters. Nano Lett 2009;9(4):1549-54. https://doi.org/10.

[2]

[3]

[4]

[5

[}

509

[6

=

[7

—

[8

=

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Results in Physics 11 (2018) 507-509

1021/n1803641f.

Sivakov V, Voigt F, Hoffmann B, Gerliz V, Christiansen S. Wet-chemically etched
silicon nanowire architectures: formation and properties, Chapter 3. Nanowires —
Fundamental Research; 2011. p. 45-80.

Turishchev SYu, Parinova EV, Nesterov DN, Koyuda DA, Sivakov V, Schleusener A,
et al. Synchrotron studies of top-down grown silicon nanowires. Results Phys
2018;9:1494-6. https://doi.org/10.1016/].rinp.2018.04.071.

Shanthi E, Dutta V, Banerjee A, Chopra K. Electrical and optical properties of un-
doped and antimony-doped tin oxide films. J Appl Phys 1980;51:6243-51. https://
doi.org/10.1063/1.327610.

Mikhael Bechelany, Elise Berodier, Xavier Maeder, Sebastian Schmitt, Johann
Michler, Laetitia Philippe. New silicon architectures by gold-assisted chemical
etching. ACS Appl Mater Intefaces 2011;3:3866-73. https://doi.org/10.1021/
am200948p.

Batzill M, Diebold U. The surface and materials science of tin oxide. Prog Surf Sci
2005;79:47-154. https://doi.org/10.1016/j.progsurf.2005.09.002.
Domashevskaya EP, Chuvenkova OA, Kashkarov VM, Kushev SB, Ryabtsev SV,
Turishchev SYu, et al. TEM and XANES investigations and optical properties of SnO
nanolayers. Surf Interface Anal 2006;38:514-7. https://doi.org/10.1002/sia.2307.
Stjerna B, Olsson E, Grangvist C. Optical and electrical properties of radio frequency
sputtered tin oxide films doped with oxygen vacancies, F, Sb, or Mo. J Appl Phys
1994;76(6):3797-817. https://doi.org/10.1063/1.357383.

Ryabtsev SV, Shaposhnick AV, Lukin AN, Domashevskaya EP. Application of
semiconductor gas sensors for medical diagnostics. Sens Actuators B-Chem
1999;59(1):26-9. https://doi.org/10.1016/50925-4005(99)00162-8.

Jimenez VM, Mejias JA, Espinos JP, Gonzalez-Elipe AR. Interface effects for metal
oxide thin films deposited on another metal oxide II. SnO, deposited on SiO,. Surf
Sci 1996;366(3):545-55. https://doi.org/10.1016/0039-6028(96)00831-X.

Jerdev Dmitri I, Koel Bruce E. Oxidation of ordered Pt-Sn surface alloys by O,. Surf
Sci 2001;492(1-2):106-14. https://doi.org/10.1016/0039-6028(96)00831-X.
Domashevskaya EP, Chuvenkova OA, Ryabtsev SV, Yurakov YuA, Kashkarov VM,
Shchukarev AV, et al. Electronic structure of undoped and doped SnOx nanolayers.
Thin Solid Films 2013;537:137-44. https://doi.org/10.1016/j.tsf.2013.03.051.
Chuvenkova OA, Domashevskaya EP, Ryabtsev SV, Vysotskii DV, Popov AE,
Yurakov YuA, Vilkov OYu, Ovsyannikov R, Appathurai N, Turishchev SYu.
Synchrotron Studies of SnO2 Whire-like Crystals. J Surf Invest X-ray, Synchrotron
and Neutron Techniques 2014;8(1):111-6. https://doi.org/10.1134/
$102745101401025X.

Chuvenkova OA, Domashevskaya EP, Ryabtsev SV, Yurakov YuA, Popov AE,
Koyuda DA, et al. XANES and XPS investigations of surface defects in wire-like
SnO2 crystals. Phys Solid State 2015;57(1):153-61. https://doi.org/10.1134/
$1063783415010072.

Mathur S, Shen H, Donia N, Rugamer T, Sivakov V, Werner U. One-Step Chemical
Vapor Growth of Ge/SiCN, Nanocables. J Am Chem Soc 2007;31(129):9746-52.
https://doi.org/10.1021/ja071931e.

Crist BV, XPS International, Inc. (1999). V. 1; http://www.xpsdata.com.


https://doi.org/10.1021/nl047990x
https://doi.org/10.1103/PhysRevB.82.125446
https://doi.org/10.1103/PhysRevB.82.125446
https://doi.org/10.1016/j.jssc.2014.02.037
https://doi.org/10.1002/smll.201201599
https://doi.org/10.1002/smll.201201599
https://doi.org/10.1021/nl803641f
https://doi.org/10.1021/nl803641f
http://refhub.elsevier.com/S2211-3797(18)32036-9/h0030
http://refhub.elsevier.com/S2211-3797(18)32036-9/h0030
http://refhub.elsevier.com/S2211-3797(18)32036-9/h0030
https://doi.org/10.1016/j.rinp.2018.04.071
https://doi.org/10.1063/1.327610
https://doi.org/10.1063/1.327610
https://doi.org/10.1021/am200948p
https://doi.org/10.1021/am200948p
https://doi.org/10.1016/j.progsurf.2005.09.002
https://doi.org/10.1002/sia.2307
https://doi.org/10.1063/1.357383
https://doi.org/10.1016/S0925-4005(99)00162-8
https://doi.org/10.1016/0039-6028(96)00831-X
https://doi.org/10.1016/0039-6028(96)00831-X
https://doi.org/10.1016/j.tsf.2013.03.051
https://doi.org/10.1134/S102745101401025X
https://doi.org/10.1134/S102745101401025X
https://doi.org/10.1134/S1063783415010072
https://doi.org/10.1134/S1063783415010072
https://doi.org/10.1021/ja071931e
http://www.xpsdata.com

	XPS investigations of MOCVD tin oxide thin layers on Si nanowires array
	Acknowledgements
	References




