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Abstract. The article examines the features of the microstructure of a new type of silicon film, based on a previously un-
studied form of nanosilicon, obtained by magnetron sputtering. Microstructural analysis was carried out using a Jeol JSM-
6490LA scanning electron microscope, a JEM2100 transmission electron microscope, and a Ntegra atomic force microscope
(AFM) Therma. Raman spectroscopic analysis of silicon films was carried out on a Horiba system Jobin — Yvon HR800UV
(France). It has been established that the new form of nanosilicon under the studied conditions for obtaining silicon films is
represented by fibers with a diameter of 10 to 150 nm. From a microstructural point of view, a silicon film, when a significant
proportion of a new type of nanosilicon is formed in the film composition, acquires a porous cellular structure resulting from
the interweaving of silicon nanofibers. The cells have an elongated oval shape with a width and length of about 1 and 3 pm,
respectively. The obtained microphotographs are compared with similar data obtained when creating thin silicon films, which
contain various polymorphic modifications of silicon in order to further classify the visual display of polymorphism and non-
ideality of silicon nanostructures.
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1. Introduction

Traditional monocrystalline manufacturing methods are
showing their limits, as evidenced by the slowing rate of tran-
sistor size reduction and the limited efficiency of crystalline
solar cells [1-3]. To further improve the characteristics of
functional elements, it is necessary to look for new approaches
to creating nanostructures [4-6]. Modern advances in micro-
and nanoelectronics demonstrate that the use of non-
monocrystalline materials can lead to a breakthrough in the
development of unique devices [7-8]. The absence of single
crystallinity and the presence of various defects in the atomic
lattice expand the properties of materials, providing them with
new functions, such as flexibility and uniformity over large
areas. In addition, non-monocrystalline silicon, including
amorphous, micro- and nanocrystalline, opens up ways to
reduce the cost of semiconductor device production [6]. The
use of nanostructured silicon is in demand from the point of
view of creating wide-gap materials, for example, silicon car-
bide, and expanding the spectrum closer to the ultraviolet
range. The use of amorphous silicon increases the band gap
and broadens the absorption spectrum. In addition, the influ-
ence of the energy levels of defect centers and dopant impuri-
ties can significantly improve the spectral dependences, both
in the visible and in the infrared (IR) range, which in total will
significantly increase the absorption band of photovoltaic
structures [3, 12-14].

One of the most important characteristics of semiconductor
structures is their optical spectral dependencies. The study of
these dependencies makes it possible to identify ways to in-
crease the mobility of charge carriers in thin-film transistors,
charge-coupled devices and the efficiency of photoconverting
elements [3, 4, 6]. This largely explains the widespread use of
spectral methods for analyzing thin film structures in produc-
tion conditions to assess the quality of the finished product.
Such methods include Raman spectroscopy, diffractometry, IR
spectroscopy and others. However, spectral methods often do
not always make it possible to consider all the features of the
obtained material. For example, for the technological proper-
ties of thin films, the types of geometric forms of polymorphic
modifications of silicon, the relative position, the degree of
localization of various forms, etc. are often important. There
are many ways to produce thin films. Depending on the chosen
method and deposition conditions, a number of features of the
structure of the film and its constituent elements may differ in
the presence of similar results of spectral analysis. In this re-
gard, there is a need for direct visual study of thin films using
various types of electron and atomic force microscopy, accu-
mulation and classification of the resulting varieties of micro
and nanostructures that arise during the formation of thin
films. In this article, we summarize the experience that has
previously been accumulated with respect to the microscopic
analysis of non-monocrystalline silicon structures, and also
present a new, previously unknown form of a silicon thin film
component that can be identified as a type of nanosilicon.
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One of the options for a visual description of nanosilicon is
the statement that this polymorphic structure has a spherical
shape with a diameter of 3-10 nm [12]. The same data are pro-
vided from other sources regarding the size of silicon nano-
spheres - 3.5-20 nm [13]. However, the authors did not provide
the corresponding microphotographs. This statement is partially
supported by the microphotograph shown in Figure 1, obtained
by transmission microscopy, as well as the microphotograph
shown in Figure 2, obtained by atomic force microscopy.

Figure 1. Micrograph of the atomic structure of single-
crystalline, microcrystalline and amorphous silicon obtained
using high-resolution transmission electron microscopy
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Figure 2. Micrograph of nanosilicon obtained using atomic
force microscopy [15]

The film shown in Figure 1 was obtained by thermocatalyt-
ic chemical deposition (hot-wire chemical vapor deposition -
HWCVD) when using a mixture of silane and hydrogen as
precursors [14]. However, this image is difficult to accept as
an image of nanoparticles. Judging by the scale here, we see
some features of the atomic lattices of silicon, and not individ-
ual nanoparticles that have their own interface, limiting the
collection of a certain set of silicon atoms. Even if we accept
that we are observing nanoparticles, it should be noted that
their sizes, judging from the image scale (about 0.1-0.3 nm),
are much smaller than the sizes mentioned by the authors
mentioned above [12, 13].

The film shown in Figure 2 was also obtained by the
HWCVD method. The authors emphasize that this result was
obtained as a result of strong dilution of silane with hydrogen
(up to 95-98%). In this figure we also see spherical particles,
but their size is much larger (about 100 nm) than the authors
say [12, 13] and much larger than the authors say [14].
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Another type of thin silicon film is amorphous films ob-
tained in argon hydrogen plasma by magnetron sputtering.
Films of amorphous and amorphous hydrogenated silicon (a- Si
and a-Si:H) were obtained on magnetron installations of the type
URM 3.279.014 and URM 3.279.026 (USSR) at a pressure in
the working chamber of 10 -10% Pa, voltage and target current
—500-650 V and 1.5-2 A, respectively [16]. The deposition rate
was 0.1-0.4 pm/min, and the gas discharge current was 40 mA.
The gas mixture in the magnetron chamber included argon and
hydrogen. Films of amorphous and amorphous hydrogenated
silicon were formed at different relative concentrations of hy-
drogen (0-60%), which were defined as the ratio of the partial
pressure of hydrogen to the pressure of a mixture of argon and
hydrogen. As substrates for the films under study, dielectrics
(glass-ceramic substrates based on glass ceramics), semiconduc-
tors (p- and n-type crystalline silicon wafers, in order to create
phase heterostructures - amorphous-crystalline material and
conductors (based on brass, titanium, silver, beryllium bronze,
aluminum foil) were used. Micrographs of this type of film are
presented in Figure 3 [16].
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Figure 3. Defects on a-Si:H films: at a hydrogen content in
plasma of 30% (a) and 50% (b) [16]

It is very difficult to compare previously discussed
nanostructures (Figure 1-2) and amorphous structure (Figure
3). On the one hand, we can say that the amorphous structure
is homogeneous and does not contain any signs of isolated
micro or nano-sized particles with their own interface, with
the exception of individual particles with characteristic signs
of a crystalline nature 1-3 microns in size. However, it is
quite possible that if we enlarge the images in Figure 3 to the
level of Figure 2, we will see the same spherical particles
with sizes of about 100 nm, which are not visible at the cur-
rent magnification. In this regard, it is difficult to consider
the visual difference between the nanocrystalline phase and
the amorphous silicon phase as proven.

There are also microscopic studies of various
polymorphic structures of a non-filmic nature. Powders not
attached to a substrate are easier to study, because there is no
problem with the ability to observe the features of the
structures located inside the film. Nanocrystalline silicon
powder was obtained by high-temperature plasma-chemical
synthesis. Water was used as a coolant and argon as a buffer
gas. The starting material was silicon, crushed into
microcrystalline powder with particle sizes of tens of
micrometers [17, 18].

Figure 4 shows micrographs of the surface structure of
powder nanosilicon (pwSi) obtained in this way. These
photographs allow you to evaluate the shape and size of
microparticles of the powder material. As can be seen from
the figure, the powder is characterized by microcrystals and
tubular structures [1, 7, 18].
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Figure 4. Microparticles (a) and microtubes (b) of powdered
silicon at magnification using an electron microscope [17, 18, 19]

Figure 4 shows that powdered silicon has individual mi-
croparticles, and their complex branched surface relief is
visible. Both individual microtubes and their clusters are
present. Microparticles are also observed near the surface of
tubular structures. However, Figure 4 does not allow nano-
crystallites to be seen. In this regard, high-magnification
electron microscopy was also used, as shown in Figure 5
[19]. The spherical particles shown in Figures 1 and 2 are
also not visible in Figure 5. The authors note that the powder
consists of silicon microparticles with a large number of
nanocrystallites on their surface. Figure 5 (c) shows that the
silicon microparticle has a porous, loose spongy structure;
however, it is quite difficult to talk about the presence of
nanocrystallites at this magnification. And only after an even
greater magnification of the image of the same particle, the
presence of nanocrystallites becomes obvious. With the
magnification shown in Figure 6, we can confidently say that
the material is represented by spherical nanocrystallites with
a diameter of about 100-150 nm, i.e. the result of microscopy
of silicon powder coincided with the result of microscopy of
silicon film, presented here in Figure 2. According to the
authors, the electron diffraction pattern presented in Figure 6
(b) is a set of concentric circles (rings), which proves the
micro-nanocrystalline structure of the substance.

In general, it should be noted that despite the key im-
portance of silicon films in modern science and production in
the fields of electronics, photovoltaics, electrical energy
storage, etc., information about the features of the micro and
nanostructure of these films is very contradictory. Theoreti-
cal studies on this issue often do not agree with practical data
obtained by various microscopy methods. Meanwhile, the
lack of classified data on this matter greatly complicates the
targeted optimization of the technical properties of silicon
films. This article is devoted to this problem.
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Figure 5. The surfaces of particles shown in Figure 4 at a
higher magnification: microparticles (a), microtubes (b), micro-
particles with nanocrystallites on the surface (c) [19]

Figure 6. Nanocrystallites on the surface of powdered silicon
particles, shown in Figure 5 (c) at high magnification (a) and its
electron diffraction pattern (b) [19]
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2. Materials and methods

For microscopic examination, several types of silicon
nanofilms were synthesized under various technological
conditions of magnetron sputtering using the Caroline D12C
system. Silicon crystals grown by the Czochralski method
using commercial high-purity silicon of SoG-Si grade 6-7N
were used as targets for magnetron sputtering. The substrate
was copper foil 0.5 mm thick. The thickness of the silicon
film was 300-400 nm.

Microstructural analysis was carried out using three types
of equipment. By comparing the obtained parallel micro-
graphs, we selected those that most qualitatively demonstrat-
ed the features of the micro and nanostructure of silicon
films. Microscopy equipment used:

1. Electronic transmission microscope JEM 2100. Magni-
fication of the microscope from 50 to 1 500 000 times allows
you to fully study the atomic crystal structure of the material,
including the morphology and characteristics of the crystal
structure, characteristics of the type and distribution of vari-
ous defects in the crystal structure (grain boundaries, stack-
ing faults, dislocations, various combinations of point defects
), as well as carry out a chemical analysis of particles and
various inclusions released in alloys (including gas bubbles,
voids), and study the domain structure;

2. Scanning electron microscope JEOL JSM-6490LA,
used to determine chemical elements, microanalysis to de-
termine the elemental composition of the sample, as well as
to determine the thickness of the resulting silicon films;

3. Atomic force microscope (AFM) Ntegra Therma.
AFM is a modern method for studying surfaces and surface
properties.

The polymorphism of silicon films was clarified using
Raman spectroscopy. Raman spectroscopic analysis was
carried out on a Horiba brand system Jobin-Yvon HR800UV
(France). An argon-cadmium laser with a wavelength of 315
nm was used as the excitation source. The laser power on the
sample was ~25 mW for Ar / Cd. The holographic diffraction
grating had 2200 lines/mm for a 315 nm laser and was fo-
cused onto a CCD detector. The lens was Olympus 412 UV
for Ar /Cd. The measurements were carried out in the range
from 0 to 3200 cm™*. No filter was used to reduce the radia-
tion entering the detector from the samples.

3. Results and discussion

All thin silicon films that were obtained during the study
under various conditions of magnetron sputtering can be
divided into two main types. For each sample, several paral-
lel microscopic observations were carried out at several dif-
ferent points along the entire surface of the film. This test
showed the uniformity of the morphology of the entire sur-
face of each type of film, which indicates the advantage of
magnetron sputtering technology over the CVD method in
terms of ensuring film uniformity. According to the available
literature data, films produced by CVD are extremely hetero-
geneous in terms of polymorphism [12]. Figure 7 shows
micrographs of the first type of silicon film.

A preliminary examination of the microphotographs
shows that the structure of the first type of silicon film is
visually represented by crystalline and amorphous silicon in
approximately comparable proportions with a predominance
of the amorphous component.
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Figure 7. Micrograph of the surface of a silicon film of the
first type (a combination of amorphous and crystalline silicon) at
magnification: (a) x1000; (b) x5000; (c) x30000

Figure 8 shows photographs of the second type of silicon
film at different magnifications. Comparison of photographs in
Figures 7 and 8 shows a fundamental change in the structure
of the silicon film. Visually, one can see the appearance of a
nanosilicon structure that has not previously been found in the
literature. Unlike the spherical particles that we observed pre-
viously, the new nanosilicon structure has the form of inter-
twined fibers with a diameter of 10 to 150 nm. One could
assume that this form has common features with the already
known form of microtubes, presented in Figure 4. However,
unlike new silicon nanofibers, microtubes have a rigid shape,
which does not provide the possibility of interlacing, and their
diameter is much larger - from 5 to 10 pm. From a microstruc-
tural point of view, the new type of silicon film acquires a
porous cellular structure resulting from the interweaving of
silicon nanofibers. The cells have an elongated oval shape with
a width and length of about 1 and 3 pum, respectively.
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Figure 8. Micrograph of the surface of a second type of silicon film (a new type of fibrous nanosilicon) at magnification: (a) x1000;

(b) x5000; (c) x10000; (d) x30000

Comparing the conditions under which silicon films were
obtained, it can be tentatively assumed that the emergence of
a new type of silicon nanofilm is associated with an increase
in pressure during magnetron sputtering, which leads to the
appearance of a nanosilicon phase against the background of
a reduction in the amorphous and, to a greater extent, crystal-
line phases. However, with a simultaneous increase in the
specific power at the target and the pressure in the working
chamber, the proportions of the amorphous and nanocrystal-
line phases of silicon decrease due to an increase in the pro-
portion of the crystalline phase.

In addition, a significant increase in the fraction of nano-
silicon from 45.6 to 64.0% may be associated with an in-
crease in the voltage pulse frequency applied to the target.
Avrbitrary variation of the magnetron sputtering parameters
indicated above leads to ambiguous changes in the ratio of
polymorphic forms of silicon in the film. From this, we can
conclude that there are some optimal values of these parame-
ters and they can be detected basing on mathematical model-
ing of multifactorial dependence. This requires additional
experiments, which will be carried out in the future.
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4. Conclusions

In the process of microscopic examination of magnetron
sputtering products - silicon films, a previously unknown
polymorphic modification - fibrous nanosilicon was identi-
fied, and the result of obtaining crystalline silicon was repro-
duced. The new silicon film obtained under experimental
conditions acquires a porous cellular structure resulting from
the interweaving of silicon nanofibers with a diameter of 10
to 150 nm. The cells have an elongated oval shape with a
width and length of about 1 and 3 pm, respectively. This
form is fundamentally different from the previously de-
scribed form of nanosilicon as spherical particles with a
diameter of about 100 nm. It has been established that the
greatest influence on increasing the proportion of new nano-
silicon in the film composition is exerted by an increase in
the pressure in the working chamber and the frequency of
voltage pulses on the target.

An increase in the specific power at the target leads to a
reduction in the proportion of the amorphous phase and an
increase in the crystalline phase, but this indicator does not
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affect the increase in the proportion of nanocrystalline sili-
con. Increasing the pressure in the working chamber and the
voltage frequency helps to increase the proportion of nanosil-
icon. However, there is probably a limit to these parameters,
beyond which a further increase in their values reduces the
share of nanosilicon.

Additional experiments are needed to identify more accu-
rate optimal values of magnetron sputtering parameters and
to test the resulting silicon films as anodes of lithium-ion
batteries. Parallel microscopic measurements showed the
uniformity of the polymorphic composition of both types of
films, which confirms the advantages of magnetron sputter-
ing technology over the CVD method.
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TaJImbIKTHI HAHO KPEMHHMH 0ap MAarHeTPOHABI IIAIIBIPATHIIFAaH
MOHOKPHCTAJIbI eMeC KPEeMHHUIII KYKa Ka0BIKIIAJAPABIH 3JIeKTPOH/bI
MHUKPOCKOIHUSACHI
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Anaarna. Makanaga MarHeTpOHB! OYpKY apKbUIBI aJIbIHFAaH HAHO KPEeMHHUIAIH OYpBIH 3epTTEIMETEH TYpiHe HeTi3[eNTeH
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YCHIHBUIATBIHBI aHBIKTAIAbl. MHUKPOKYPBUIBIMABIK TYPFBINAH ajfaHAa, KPEMHHH IUICHKAChl HAHO KPEMHHH TaJIBIKTAPBIHBIH
0ip-OipimMeH apanacysl HOTH)KECIH/E Maiia O0OJaThIH KEYEeKTi JKacyIIaiblK KypbUTbIMFa ue Oomaapl. JKacymanapablH eHi MeH
Y3BIHABIFBI ColikeciHIIe 1 jxoHe 3 MKM 00JaThIH Y3apThUIFaH CONAKIIa MilliHi 6ap. ANbIHFaH MUKporpadTap moauMophU3MHIH
BU3yalbl KapTachblH opi Kapal J>KIKTE€y JKoHe KPEeMHHHIIH HAHO KypBUIBIMIApbIHBIH HICAJIBIFBIH €Mec, KypaMbIHJa
KPEeMHHMUAIH opTYpil MoauMop(dThl MOAM(HUKALMsIIapsl 0ap JKYKa KPeMHHUH IUIEHKallapblH jkacay Ke3iHJe ajJblHFaH yKcac
JIEpEKTEpPMEH CaJbICTBIPbUIA/BL. 3epTTey OapbhIChIHIA aJbIHFAaH KEYEKTi KYPbUIBIMBI 0ap HAaHO eJIeMJi KpEeMHUH aHOITapbl
LIB 3apsiatay nponecisie JUTH3alnusFa Te3ipeK YIIbIPaiIbl )koHe IIMKI apKbUIBI a3 bIIIPAUTBIHBI aHBIKTAJI/IbI.

Hezizzi co30ep: manuiblkmel HAHOCUTUKOH, INEKMPOHObLI MUKPOCKONUA, UOEANObIIbIK eMec, MOHOKPUCMANObLIbIK eMec,
MACHEMPOHOBIK WAWBIPAY, AMOPPMbL KpeMHULL, KPUCTHANObl KpeMHUll, KaObiKua.

DJIEKTPOHHASI MHKPOCKOINNS He MOHOKPHCTALINYECKHX TOHKHX
KPEMHHUEBbIX IVIEHOK MATHETPOHHOI'0 HANIBLIICHUS, COXEPKALIUX
BOJIOKHMCTbI HAHOKPEMHUH
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AHHOTanus. B craTbe paccMOTpeHB 0COOCHHOCTH MHKPOCTPYKTYPhI HOBOTO THIIa KDEMHHEBOW TUIEHKH, Ha Oa3e paHee HE
M3y9IEeHHOH (POPMBI HAHO KPEMHUSI, TIOJIydEHHBIX METOJJOM MAarHETPOHHOTO HamblICHUS. MHUKPOCTPYKTYPHBIN aHAIIN3 IIPOBO-
T Ha pacTPOBOM 3IIEKTPOHHOM MHUKpockore Jeol JSM-6490LA, snexTpoHHOM mpocBednBatonieM Mukpockone JEM2100 u
aToMHO-criioBoM Mukpockorme (ACM) Ntegra Therma. PamaHOBCKHI CHEKTPOCKONMUYECKUH aHAN3 KPEMHHEBHIX IDIEHOK
npoBoIics Ha cucteme Mapku Horiba Jobin—Yvon HR800UV (®pantms). YcraHOBICHO, 9TO HOBast opMa HAHO KPESMHHUS B
M3y9ICHHBIX YCIOBHSX IOJIydCHUS] KPEMHHUEBBIX IUIEHOK MpEACTaBIeHa BOJOKHaMHU auameTpoM oT 10 mo 150 mm. C Mukpo-
CTPYKTYPHOM TOUKH 3pEHUS IJIEHKA KPEMHHS IPU (POPMUPOBAHUM 3HAUUTEIBHON J0JIM HAHO KPEMHHSI HOBOTO THIIA B COCTaBE
TUIEHKU NMPHOOPETAET MOPUCTYIO STUCUCTYIO CTPYKTYPY, BO3HUKAIOIIYIO B Pe3yNbTaTe MEepPeIUIeTeHNUsI HAHO BOJIOKOH KPEMHHUS.
Slueiiku UMEIOT BBITSIHYTYIO OBIBHYIO (DOPMY LIMPHHOW M JUIMHO# okoyio 1 1 3 MKM cooTBeTcTBeHHO. [loyueHHbIe MUKpO-
(oTorpadun conocTaBieHs! C AHATOTUIHBIMU JAHHBIMH, ITOJTyY€HHBIMH IIPH CO3/IaHIMHM TOHKUX KPEMHHEBBIX IUIEHOK, KOTOPHIE
MMEIOT B CBOEM COCTaBe pa3jIM4Hble NOIMMOpPQHBIE MOAM(DUKAIINN KPEMHHUS C LEbI0 TanbHelIed KiaccuuKaluy BU3yab-
HOTO OTOOpaXkeHus mosMMop(hu3Ma U He UACAILHOCTH HAHO CTPYKTYp KpeMHus. [IperonokuTenbHO, BBISBICHHBIE B XOJE
MCCIIEZIOBaHNS HAaHO pa3MepHbIe KPEMHHEBBIE aHOABI C IOPUCTOW CTPYKTYpoi OynyT OblcTpee MoaBepraThes IUTHPOBAHUIO B
npouecce 3apsiiku LIB n MeHbIe OyayT pa3pymarscs B pe3yibTaTe HIUKINPOBAHUSL.

Knrouegvle cnosa: 6010KHUCTbIIL HAHO KPEMHUL, INEKMPOHHASL MUKPOCKONUS, He U0ebHOCMb, He MOHOKPUCMALTUYHOCMD,
MazHempOHHOe HanblLIeHue, aMOPQHbIL KPEMHUU, KPUCMALIUYECKUT KPeMHUU, NIEHKA .
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