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IDENTIFICATION AND QUANTIFICATION OF SILICON POLYMORPHISM
IN MAGNETRON SPUTTERED THIN FILMS

KYKA MATHETPOH/bI BYPIKKIII IIVTEHKAJIAPJIAT'BI
KPEMHU MOJIMMOP®U3MIH UJIEHTUOUKAIIUAIAY )KOHE CAHJBIK AHBIKTAY

NJAEHTUOUKALINA 1 KOJIMYECTBEHHAS OHEHKA ITOJIMMOP®U3MA KPEMHUS
B TOHKUX IIJIEHKAX MATHETPOHHOTI' O HAITBIJIEHUA

Abstract. The article raises the problem of disagreements between different approaches to studying
silicon polymorphism in silicon nanofilms using Raman spectroscopy. Here, the polymorphism assessment
was carried out using a Horiba brand device Jobin — Yvon HR 800 UV (France). An argon-cadmium laser
with a wavelength of 315 nm was used as the excitation source. The measurements were carried out in
the range from 0 to 3200 cm™. Two different types of film were studied. Parallel measurements of Raman
spectra revealed the homogeneity of the polymorphic composition of films of both types, which indicates
the advantage of magnetron sputtering technology over the CVD method in this part. The analysis
revealed: a split peak with a maximum in the region of 120 cm interpreted as a manifestation of
amorphous silicon, a peak in the region of 210 cm* attributed to the crystalline form of silicon. Peaks were
found in the region of 408 and 520 cm, which can be assessed as signs of nanosilicon. Also, in the
spectrogram there are peaks in the range of 600-660 cm (presumably copper silicide, an intermediate
layer between the substrate and the film), as well as peaks at 900-1000 cm™ and 1500-1660 cm-?,
identified as manifestations of copper. It was found that in the case of silicon film with an amorphous and
crystalline structure, a laser wavelength of 315 nm is sufficient for the beam to penetrate the substrate and
intermediate layers and record their spectrum. In this case, the copper of the substrate is identified by a
peak in the region of 1500-1660 cm. The nanocrystalline structure is less permeable and the identification
peak of copper in this case is in the region of 900-1000 cm. To the greatest extent, the results obtained
correlate with the results obtained by Levitsky V.S. It is recommended to use his approaches to the
identification of silicon films, as they most adequately describe the relationship between the results of
Raman spectrometry and the polymorphism of silicon films.

Keywords: SoG - Silicon, magnetron sputtering, Caroline D12C, nano silicon, amorphous silicon,
crystalline silicon, film, Raman spectrum, polymorphism.

AHOamna. Makanada PamaH CrieKmpOCKONUSICbl apKbifibl KDEMHUU HaHO rnneHKanapbiHOarbl KpeMHUl
nonumopchusmiH 3epmmeydiH epmypni macindepiHiH Kenicrneywiniei maceneci kemepinedi. MyHda
nonumopcpusmdi baranay Horiba Jobin—Yvon hr800uv (®paHuyusi) mMapkarbi KypbinFbiHbIH KOMeziMeH
Xypeizindi. 315 HM mornkbiH y3biHObIFbI 6ap apeoH-kaOMul nasepi Ko3y kesi pemiHOe natidanaHbiniobl.
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Onwey 0-0eH 3200 cm-1 apanbirbiHOa Xypeisindi. KabbikwaHbiH  eki mypi 3epmmendi. PamaH
criekmpnepiH napannens enuwey bapbicbiHOa eki munmeai nneHKanapObiH MoaUMOpPMbl KypambIHbIH
b6ipmekminiaiH aHbikmadbl, 6yn MagHempoHObl 6ypKy mexHonoausicbiHbIH ocbi 6enikmeai CVD sdiciHeH
apmbIKWhbInbiFbl mypanbl atimaodel. Tanday ke3iHOe MbiHanap aHblkmandbl: amopghmel KpemHULlidiH
KepiHici peminde myciHdipinzeH makcumymbi 120 cm™ 6onambiH 6eniH2eH WbiH, KpeMHUlidiH Kpucmandbi
mypiHe xamkeidbiiFaH 210 cm wbiHbl. 408 xoHe 520 cm™ aliMarbiHOa HaHO KpemHuldiH Genazinepi
peminde baranayra 6onamsiH wkiH0ap mabbindsl. CoHdali-aK, crnekmpoepammada 600-660 cm? (Mbic
cunuyudi, cybcmpam rneH rneHka apackiHOarbl apanbiK Kkabam), coHOal-aK MbiCmbiH KepiHici pemiHOe
aHbikmanfaH 900-1000 cm?! xeHe 1500-1660 cm' wbiHOapbl 6Gap. AMOpMbI XeHe Kpucmanbi
KypbinbivMbl 6ap KpeMHul rneHKkacbl xardalbiHOa 315 HM nasepOiH MmOnKbIH Y3biHObIFbI COYNEHIH
cybcmpamka xeHe aparnblk kabammapra eHin, onapOblH CEKMpiH mipKeyi ywiH xXemkinikmi exkeHoiai
aHbiKmandbl. byn xardatida cybcmpammsbiq MbicbiH 1500-1660 cM™ weiHbl aHbikMaliosbl. HaHo kpuc-
marndbl KypbiribIMbl a3 ©MKi32ill XaHe MbiCMbIH UOEHMUGUKAUUSIIBIK WbiHbl 6y xardatida 900-1000 cmt
alimarbiHOa. AnbiHFaH Homuxenep Jlesuukuli B.C. — MeH eH Kern KoppensayusinaHadbl. PamaH
CrieKmpomMempusiCbl MeH KpeMHUU [reHKanapblHblH MonumMopguami  HemuxenepiHiH 6alinaHbICbiH
b6apbiHwa 6apabap cunammalmbiH KpeMHUU MieHKanapbiH aHbIKmay maecindepiH KondaHy ycbiHblnaohbi.

Tytin ce3dep: SoG-Silicon, mazHempoHOb!I bypky, Caroline D12C, HaHO KpeMHul, amopghmbi
KpeMmHul, kpucmandb! KpeMHUU, nieHKa, pamaH Criekmpi, nonumMopgu3m.

AHHOMauus. B cmamebe nodHumaemcsi npobnema pasHoznaculi pasfiu4HbiXx no0xo008 K U3y4eHUto
rnonumopghusMa KpeMHUSI 8 KPeMHUE8bIX HaHO MiéHKkax memoOdoM pamaHO8CKOU criekmpockonuu. 3dech
oueHka nonumopguama mnposodunack € nomMowbko npubopa mapku Horiba Jobin—-Yvon HR800UV
(®paHyusi). B kayecmee ucmoyHuka 8030y0eHuUsl UCrosb308asicsi apaoH-kadmueshbili naszep ¢ OnuHou
80/1HbI 315 HM. U3mepeHust nposodunuck e duanazoHe om 0 0o 3200 cm. U3ydeHbl 08a pasuyHbIX
muna nnéHku. [MapannenbHble 3amepbl criekmpos PamaHa 6bisieusiu 0OHOPOOHOCMb MOIUMOPGHHO20
cocmasa nnéHoK oboux muros, 4mo 2080puUmM O MPEUMyWEecmee MexHoI02uu MagHEeEMPOHHO20 Harlbl-
neHusi neped memodom CVD e amol yacmu. [lpu aHanu3de ycmaHO8/IeHbl: pacliernneHHbIl MUK ¢
Mmakcumymom 8 padoHe 120 cm™, uHmepnpemuposaHHbIli Kak MposiefieHue aMopghHO20 KPeMHUS, MUK &
patioHe 210 cM™, omHecEHHBbIL K Kpucmarnu4eckol ¢hopme kpemHusi. B patioHe 408 u 520 cm™ HalideHb!
MUKU, KOMOPbIe MOXHO OUeHUBamb KaK MPU3HaKU HaHO KPeMHUs. Takxe Ha criekmpospamme UMeromcs
nuku e duanasoHe 600-660 cm! (mpednonoxumensHo cunuyud medu, MPOMEXymOoYHbIl croli Mexdy
nodnoxkol u nnéHkol), a makxe nuku 900-1000 cmt u 1500-1660 cm?, udeHmugbuyUpPOBaHHbIE Kak
nposieneHus mMedu. YcmaHo8reHo, Ymo 8 criydae KpeMHUesol MnnéHKU ¢ aMopghHoU u Kpucmarnnu4eckol
cmpykmypol OnuHbl 8011HbI 1azepa 315 HM docmamoy4Ho, Ymobbi Ny4 NPOHUKHYI K N0O/I0XKe U rpome-
JKYMOYHbIM CII0SIM U 3apeaucmpuposarn ux criekmp. [pu amom meOb nodnoxku udeHmucbuyupyemcs
nukom e patioHe 1500-1660 cm. HaHO Kpucmannu4eckasi cmpykmypa MeHee npoHuyaema u uéeHmu-
buKayUoHHbIU nuk medu 8 amom cryqae 8 patioHe 900-1000 cmt. B Haubosbweli cmemneHu rnosy4eHHbIe
pe3ynbmambl Koppenupyom ¢ pe3ynsmamamu, nosayvyeHHbimMu Jlesuukum B.C. PekomeHOyemcsi ucrorsnb-
308amb €20 Modxo0bl K udeHmMughuKkauyuu KpeMHUEesbIX MNEHOK, Kak Hauboree adekeamHO orucklgaroujue
€853b pe3ynibmamos pamaHO8CKOU CreKmpoMempuu U rnoiuMopgu3mMa KpeMHUEBLIX MIEHOK.

Knrouyeebie cnoea: SoG-Silicon, masHempoHHoe HanbineHue, Caroline D12C, HaHO KpeMHul,
amopgbHbIl KpeMHUU, Kpucmarniaudyeckull KpeMHul, rnéHka, pamMaHO8CKUL criekmp, noumMopgusm.

Introduction. Silicon, in its physicochemical properties, is the closest analogue of carbon,
and has been of interest as a material for micro- and optoelectronics for more than 50 years
(Daliev K.S., 2005; Abdurakhmanov K.P., 1998). The most promising direction of silicon
technologies is the growth of thin films obtained by deposition of amorphous, crystalline and
nanocrystalline silicon on substrates. Silicon-based thin films are fabricated using chemical
vapor deposition (CVD), magnetron sputtering and vacuum evaporation (Catchpole K.R.;
Yoshihiro H.; Bergmann R.B., 2002).

Diagnostics of silicon films is an important element in the technological chain of production
of high-quality solar cells based on amorphous hydrogenated silicon (a-Si:H) and
microcrystalline silicon (pc-Si). Raman spectroscopy is an effective local non-destructive
method for structural analysis. Using this technique, it is possible to determine the size of
crystallites, changes in the short- and medium-range orders of the structure, the presence of
stresses in the structure, as well as the ratio of the shares of crystalline and amorphous
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components in thin films containing nanocrystalline inclusions (Levitsky V.S., 2001). However,
the interpretation of Raman spectra of thin silicon films still does not have a unified approach.
Different researchers use equipment with different wavelengths and laser powers, samples
prepared in different ways, and different Raman shift limits in spectroscopy. Therefore, the
results of studying these objects differ significantly.

In the work of Geisler S.V. et al. a study of thin silicon films obtained by gas-jet electron-
beam plasma-chemical gas-phase deposition was conducted (GJEB P.E. CVD). Equipment
Triplemate SPEX was used for Raman spectroscopy of films based on an argon laser with a
wavelength of 488 nm and a power of 5 mW. According to the authors, this laser wavelength
was chosen in order to reduce the beam penetration depth and prevent recording of the substrate
spectrum. The power was chosen to avoid crystallization (the polymorphic transformation of
amorphous and nanocrystalline silicon into crystalline silicon) under the action of a laser beam
(Gaisler S. V., 2004). In this case, the spectra presented in Figure 1 were obtained.
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Figure 1. Raman spectra obtained at different points of the silicon film
Note — compiled by the author based on (Gaisler, 2004)

The authors identified the resulting spectrogram as follows. The peak with a maximum at
475 cm indicates the presence of an amorphous state of silicon. The peak with a maximum in
the region of 514-518 cm! indicates the presence of nanoparticles. The authors also note a peak
at 495 cm™ which they could not identify (Gaisler S. V., 2004). Given these assumptions, it
should be noted that the method GJEB PE CVD results in a film that is uneven in terms of
silicon polymorphism. One sample contains both areas consisting entirely of nanosilicon and
areas containing only amorphous silicon. Such heterogeneity will lead to instability of the
technological properties of the film and can also lead to an erroneous assessment of the film
morphology. At the same time, there is no mention of the possibility of the presence of areas
with crystalline silicon, although it is not at all excluded. The Raman shift range is only from
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300 to 700 cm™ which may not provide enough data to evaluate film polymorphism. Finally,
the authors did not present electron microscopy results in the paper to support the analysis of the
Raman spectroscopy data. Although there is an indication here that nanocrystalline silicon has a
spherical shape with a diameter of 3-10 nm. Data from other sources regarding sizes of 3.5-20
nm are also provided (Kamei T., 1999).

Similar studies were carried out by Utemuradova Sh. B. et al. In their work, they used
Raman spectroscopy to study crystalline n-type silicon grown using the Czochralski method,
i.e. a material that obviously does not contain either amorphous or nanocrystalline silicon.
Here the authors provide photographs of crystalline silicon obtained using a scanning electron
microscope. The Raman spectrum and micrograph are shown in Figure 2 (Utemuradova S.B.,
2002).
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Figure 2. Raman spectrum and micrograph of a sample
of single-crystalline silicon grown using the Czochralski method
Note — compiled by the author based on (Utemuradova, 2002)

Raman spectroscopy was carried out on a CARS Raman instrument Spectrometer. No further
details are provided. The microphotograph data in Figure 2 contradicts the data of Geisler S.V.,
because in the presence of a dominant peak at 522 cm™, the micrograph does not show spherical
silicon particles with a size of 3-10 nm, which are mentioned in the article by Geisler S.V.
Meanwhile, in her work, Utemuradova Sh. B. indicates the presence of nanoparticles in the
sample, although it is obvious from the micrograph that there are no nano-sized particles in the
structure of the sample. Moreover, the magnification x3000 (3.00 k) indicated in the photo
cannot reveal nano-sized objects.

It is also indicated that the Raman spectrum has peaks at 301 and 935-985 cm™. The
presence of these peaks is explained as follows. As a result of the long-range translational
symmetry of crystalline Si, additional peaks in the range of 1000-1100 cm™ may appear in the
Raman spectra, which are much less intense than the first-order peak (Temple P. A.,1973). The
vibration at 301 cm® in many works is attributed to the LA (longitudinal acoustic) mode
(Wellner A., 2004; Zhigunov D. M.,2018; Raczykowski B.,2017). It is assumed that this peak is
due to the overtones TA (2TA(X)) at the critical point X as a result of the occurrence of a
superposition of transverse and longitudinal acoustic modes. The intensity of the peak at 522
cmis 17 times greater than the second-order peak at 301 cm* (Utemuradova S. B., 2002). The
peak at 935-985 cm? (Utemuradova S. B., 2002) was identified by analogy with the works
(Temple P. A.1973; Raczykowski B.,2017; Sachat E., 2017) as a manifestation of
nanocrystalline silicon, caused by the scattering of several transverse optical phonons (2TO) and
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their overtone state. Thus, from the work of Utemuradova Sh. B. we can conclude that in the
studied samples there is only nanocrystalline silicon and no crystalline or amorphous silicon.

A different interpretation of Raman spectra is given in his work by V.S. Levitsky. He gives
his vision of the Raman spectra of amorphous (a-Si), crystalline (cryst. Si) and microcrystalline
silicon (nc-Si) Figure 3.

Under microcrystalline silicon Levitsky V.S. understands a certain superposition of
amorphous silicon and nano-sized inclusions of crystalline silicon. Moreover, he claims that the
spectrum of microcrystalline silicon consists of a peak with a maximum near 480 cm®
associated with the amorphous phase, and a much narrower peak near 520 cm associated with
the nanocrystalline phase (Levitsky V. S., 2001). At the same time, the author also does not
provide photographs obtained as a result of electron microscopy, which would confirm these
data.

Raman intensity, arb. units

Raman shift, cm!

Figure 3. Raman spectra of amorphous, crystalline and microcrystalline silicon
Note — compiled by the author based on (Levitsky, 2001)

As can be seen when considering the existing attempts to identify the polymorphism of
silicon structures, there are many internal and external contradictions in this issue that require
resolution. The proposed solutions are not complete enough; additional research is needed to
give a more accurate and reasonable interpretation of the Raman spectra of thin silicon films.

Materials and methods of research. Silicon nanofilms were obtained by 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 .

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
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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 focused 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 radiation entering the detector from the
samples.

The essence of the method is that when a laser beam with a wavelength of 315 nm (wave
number about 31000 cm™) passes through the silicon film under study, the wave energy is
absorbed and, accordingly, the wavelength increases (the wave number decreases by about 2-
5%). The detector estimates the energy of all scattered particles reflected from the film based on
the wave number. The device data processing program performs deconvolution according to the
method described in the literature (Kemmer G.,2010; Mysen B.,1982; Ferraro J. R., 2003), i.e.
subtracts the wave numbers of scattered particles from the original wavenumber, estimates the
statistical distribution of this difference, and calculates the fractional content of each
polymorphic silicon phase in the film identified by the peak in the spectrogram, proportional to
the area of the peak relative to the base line of the spectrogram. Baseline correction was
previously performed on the original spectra before data normalization. Data normalization
helps to compare small deviations in spectra. The formula for data normalization is described in
the literature (Mysen B.,1982).

Results and Discussions. During the research, two types of silicon films were studied,
obtained under different conditions of magnetron sputtering. For each type of film, several
parallel measurements of Raman spectra were carried out at several different points along the
entire surface of the film. This test showed the uniformity of the Raman spectra over the entire
surface of each film, which indicates the advantage of magnetron sputtering technology over the
CVD method in terms of ensuring film uniformity.

Figure 4 shows the Raman spectrogram of the first type of silicon film.
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Figure 4. Raman spectrogram of silicon film of the first type
Note — compiled by the author

We will interpret the spectrum based on the data in Figure 3. We will consider the split peak
with a maximum in the region of 120 cm™ as a manifestation of amorphous silicon. The peak
with a maximum around 210 cm is interpreted as a crystalline form of silicon. In the region of
408 and 520 cm* there are minor peaks of the second order, which can be assessed as trace
amounts of nanosilicon. The spectrogram also has peaks in the range 600-660 cm™ and 1500-
1660 cm™. According to the literature, the second peak corresponds to copper (Lopes C. S.
D.,2018) and copper can also give a peak in the region of 900-1000 cm, which casts doubt on
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the reasoning given by Sh.B. Utemuradova regarding the belonging of this peak to crystalline
silicon. This means that the laser wavelength of 315 nm was sufficient for the beam to penetrate
the substrate and record its spectrum. It is possible that if the studies discussed here (Levitsky V.
S., 2001; Gaisler S. V., 2004; Utemuradova S. B., 2009) had examined the Raman spectrum
over a wider range, they might also have captured the substrate material. As for the peak at 600-
660 cm?, it can be assumed that it refers to transitional copper silicides between the substrate
and the silicon film, which could arise during the deposition of the first portions of silicon on
the copper substrate. Data on the formation of thin films of copper silicides a-Si (50 nm)/ Cu
(200 nm)/a-Si (50 nm) are available in the literature (Buchin E. Yu.,2019). However, it is not
possible to compare the results, because the authors studied copper silicide films using
diffractometry rather than Raman spectroscopy.

The software package integrated into the spectroscopy equipment provides automated
deconvolution, but for additional verification, the spectrum obtained from the analysis of the
first type of film was subjected to manual deconvolution. The normalized Raman spectrum
curves for deconvolution are presented in Figure 5.

Integrating the fit function of the normalized Raman spectra in the peak range over the
baseline allows one to find the area under the curve. We sum up the areas of two peaks
(amorphous and crystalline phases) and take them as 100%. Accordingly, we calculate the share
of each phase in proportion to the area under the peak of this phase. For amorphous silicon this
would be 77.7% and for crystalline silicon 22.3%, which is close to the values obtained from
automated deconvolution of 76.1 and 23.9%, respectively. As can be seen in the normalized
spectrogram, the peak probably related to nanosilicon (520 cm™) was practically leveled to the
noise level. In this regard, we do not take this component into account in the calculation and
take the fraction of the nanosilicon phase equal to zero.
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Figure 5. Normalized curves of the Raman spectrum, silicon films of the first type
Note — compiled by the author

Figure 6 shows the Raman spectrogram of the second type of silicon film. The height of the
peaks of amorphous silicon in the region of 120 cm™?, as well as of crystalline silicon in the
region of 210 cm™, decreased sharply. At the same time, their splitting was preserved. The peak
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at 408 cm™ completely disappeared, and the nanosilicon peak with a maximum at 519 cm?
increased significantly. However, at high altitudes, the peak width is relatively small. At the
same time, the peak in the range of 600-660 cm ! remained, but its height decreased. The peak
corresponding to copper at 1500-1660 cm* disappeared completely, but was preserved to a
limited extent in the region of 900-1000 cm,
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Figure 6. Raman spectrogram of a second type silicon film
Note — compiled by the author

Raman intensity, arb.units

Considering that the wavelength and laser power of Raman spectroscopy were the same
when studying both films and the thickness of the films was the same, we can conclude that the
nature of the film itself has fundamentally changed. The second type of film is less transparent
to the laser beam and does not allow identification of the copper substrate, but still makes it
possible to assess the presence of an intermediate layer of copper silicide located between the
substrate and the silicon film.

Figures 7 (nano-silicon peak) and 8 (amorphous and crystalline silicon peaks) present the
normalized Raman spectrum curves of the second type film used for deconvolution and
determination of the ratio of various polymorphic states. The results of manual deconvolution
calculations are confirmed by the data of automatic calculations. As can be seen from the
calculation results, the film of the second type is represented mainly by the nanosilicon phase
against the background of a reduction in the amorphous and, to a greater extent, crystalline
phases.
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of a second type silicon film
Note — compiled by the author
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Figure 8. Normalized curves of the Raman spectrum, silicon films of the second type (peaks of
amorphous and crystalline silicon)
Note — compiled by the author

Conclusions. Two different types of films were investigated. Parallel measurements of
Raman spectra showed the homogeneity of the polymorphic composition of both types of films,
which confirms the advantages of magnetron sputtering technology over the CVD method. The
analysis revealed a split peak at about 120 cm™, interpreted as amorphous silicon, and a peak at
about 210 cm corresponding to crystalline silicon. Peaks around 408 and 520 cm™ may indicate
nanosilicon. The spectrogram also contains peaks in the range of 600-660 cm™ , presumably
copper silicide, and peaks at 900-1000 cm™ and 1500-1660 cm™ identified as copper. For silicon
films with an amorphous and crystalline structure, a laser wavelength of 315 nm is sufficient to
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penetrate the substrate and record its spectrum, while copper is identified by peaks in the region
of 1500-1660 cm™. The nanocrystalline structure is less transparent, and copper in this case is
identified by peaks around 900-1000 cm™. The results obtained are most consistent with the
data obtained by V.S. Levitsky. [6], whose methods for identifying Raman spectra of silicon
films are recommended to be used as the most accurate in comparison with other studies
(Gaisler S. V., 2004; KameiT., 1999; Utemuradova S. B.,2022) describing the relationship
between Raman spectroscopy and polymorphism of silicon films.
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