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Amorphization of silicon nanowires upon irradiation with argon ions

© A.V. Kononina', Yu.V. Balakshin'?, K.A. Gonchar', I.V. Bozhev':3, A.A. Shemukhin'2, V.S. Chernysh'-?

' Moscow State University, Moscow, Russia

2 Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia
3 Quantum Technologies Centre, M. V. Lomonosov Moscow State University, Moscow, Russia

E-mail: anastasiia.kozhemyako@mail.ru

Received August 10, 2021
Revised September 27, 2021
Accepted September 28, 2021

The irradiation of silicon nanowires with Ar" ions with the energy of 250 keV and fluences of 10'® to 10! cm™

2

was carried out. The dependence of the destruction of the structure under ion irradiation on the fluence was
investigated by Raman spectroscopy. It was shown that the amorphization of porous silicon occurs at higher values

of displacement per atom than in thin silicon films.
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At present, silicon—based nanostructures are intensely
studied in many fields of nanoelectronics [1,2]. Among
silicon nanostructures, silicon nanowires has recently begun
attracting a great interest. Sensitive elements fabricated
based on them may be used to detect various respiratory
viruses [3], silicon nanowires are used in producing highly
sensitive biosensors, photoelectric devices, energy storage
and conversion devices [4,5].

The effect of ion irradiation on the silicon nanowire
properties and structure is so far poorly studied. However,
the efficiency of this modification technique is obvious.
Paper [6] has shown that irradiation with boron ions
at different beam incidence angles enables controlling
conductivity of a substrate made from silicon nanowires.
Paper [7] demonstrates the possibility of controlling the
silicon nanowire wettability by acting upon the target with a
proton beam. Using ion implantation, it is possible to create
in arrays of silicon nanowires p—n-junctions based on which
functional devices will be constructed [8].

In analyzing the ion irradiation influence on the structures
properties, it is necessary to consider not only the implanted
impurities but also radiation—induced defects. Their effect
on the semiconductors characteristics is quite significant.
The defect concentration defines thermal conductivity [9),
electron—hole current and electrical rupture conditions [10],
concentration of paramagnetic centers [11], optical emission
and absorption spectra in semiconductor structures [12].

In this work, dynamics of silicon nanowire amorphization
under argon ion irradiation has been studied. The obtained
results have been compared with data obtained on amor-
phization of porous and solid silicon.

The array of silicon nanowires (SNWs) was irradiated
with 250keV Ar" ions at fluences ranging from 10'3
to 10'® cm~2. The process of defect formation was studied
by Raman spectroscopy (RS).

SNWs were obtained by metal—stimulated chemical etch-
ing (the EE method) of p—type c-Si plates with the (100)
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crystallographic orientation and resistivity of 10—20 <2 - cm.
As the metal catalyst, gold was used which was removed
with the ,,aqua regia“ solution (HCI:HNO3).

Structural properties were studied by using scanning
electron microscope (SEM) Carl Zeiss SUPRA 40 FE-
SEM. SEM images of the obtained SNWs is presented in
Fig. 1. As the figure shows, the SNW layer thickness was
4.5 uym, nanowire diameter was 10—50 nm, and the distance
between nanowires was 100—200nm.  Nanostructures
obtained by etching consist of a crystalline skeleton coated
with an oxide layer. This was confirmed in a number of
investigations [13,14].

Irradiation was performed at the accelerator facility
HVEE-500 [15]. The experimental process line comprised
an ion beam focusing system and target scanning system,
as well as a neutral particle trap and a system for
suppressing secondary electrons to control the radiation
fluence. Irradiation was performed at room temperature,
operating pressure in the chamber did not exceed 107> Pa,

Figure 1. FEM image of the lateral cross—section of an SNW
sample obtained by the MSCE method.
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Figure 2. Intensities of the Raman spectra measured on the array
of silicon nanowires prior to and after irradiation with Ar" ions
250keV in energy.

the beam current density was as low as 0.5 uA/cm? which
excluded the sample heating during irradiation.

Raman spectra were obtained at room temperature at the
setup ,,Probing Nanolaboratory INTEGRASpectra®“ using a
4729 nm laser; during measurements, the laser power was
42 mW/cm?2.

Fig. 2 presents the Raman spectra measured on the
array of silicon nanowires prior to and after irradiation
with Ar" ions 250keV in energy. The Raman spectra
of a non-irradiated sample and samples irradiated with
low fluences contain intense peaks at 520cm™' related
to the silicon crystalline phase [16]. Raman spectra of
samples irradiated at higher ion fluences contain broad
peaks with maxima at about 460—480 cm~! and also less
intense peaks at 300 and 380cm™!. The last two peaks
relate to amorphous silicon [17]. The broad peak located
at about 460—480 cm~! may be a superposition of several
peaks related to amorphous silicon (470—480 cm™1!) [17,18]
and amorphous silicon dioxide (446 and 492cm~!) [19].
Intensity of the peak related to the crystalline phase
decreases with increasing ion fluence. The peak related
to the phases of amorphous silicon and silicon dioxide
manifests itself first as a shoulder of the intense peak at
520 cm~!; as the fluence increases, the total intensity of this
group of peaks increases. This indicates the crystal structure
disordering under the ion beam action. The spectrum
measured on the sample irradiated with the maximal fluence
is absolutely free of the peak at 520cm™~! and consists of
a broad peak with the maximum at about 460—480 cm™!,
which evidences complete amorphization of the structure.

To compare the results obtained for SNWs with data
on other silicon structures, the implantation parameters
were converted into universal units dpa [20] (see the
table). Taking into account specific features of the nanowire

Fluence in ion/cm? and dpa

Fluence
ion/cm? dpa
10 18
10% 1.8
5.10% 0.9
10 0.18
101 0.02

array structure and experiment geometry, parameter dpa
(displacements per atom) was calculated according to the
algorithm corresponding to bulk silicon [21].

Notice that at two minimal fluences (0.02 and 0.18 dpa)
the maximum of the peak related to the silicon crystalline
phase retains its position at 520cm~!. When fluence is
5-10"cm~2 (0.9 dpa), this peak is shifted towards lower
wave numbers by Aw = 8cm™!, and its maximum gets
location at 512cm~!.  Further increase in the fluence
is followed with further increase in displacement Aw;
when fluence is 10'> cm~2, the maximum of this peak is
located at 509 cm~!, which corresponds to displacement of
Aw = 11em™! (Fig. 3).

Possibly, the displacement of the peak related to the signal
from the silicon crystalline phase indicates manifestation of
the quantum-scale effect, for instance, onset of spatial re-
striction of phonons in nanostructured materials because of
the presence of nanoparticles less than 10 nm in size, while
the displacement increase with increasing radiation fluence
can evidence a decrease in the size of these particles [22,23].
The obtained results comply with those of [21] where a
model has been considered which implies accumulation of
simplest defects in the silicon crystal at fluences below
0.5 dpa, after which coalescence of destructed regions takes
place. As the fluence increases, this results in formation of
defect-free crystal clusters surrounded by amorphous silicon.

At the fluence of 1.8 dpa, the spectrum contains, along
with the peak related to the amorphous phase, a pronounced
peak related to the crystalline phase. However, this peak is
almost absolutely absent in the monocrystal silicon films at
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Figure 3. Displacement of the Raman peak related to the silicon
crystalline phase versus the ion fluence.
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the almost the same fluence of 1.7dpa [22]. Therewith,
this Raman spectrum measured on porous silicon with
porosity of 50% irradiated at 2dpa exhibits also a peak
at 520cm~! [11]. As Fig. 2 shows, Raman spectroscopy
makes evident total destruction of the crystal structure at
18 dpa.

In conclusion, notice that Raman spectroscopy demon-
strates the nanowire structure destruction at higher dpa
parameters than in the case of thin silicon films. At the
same time, nanowires and porous silicon (with porosity of
50%) get amorphized at dpa values close to each other.
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