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3aMeTHOe MeCTO CpenM OMNy6JIMKOBAHHHX pPaGOT 3aHUMAaKT HCCIenoBa-—
HHA KOPPO3HHM METAaJUIOB IPH BO3NEHCTBHH BHCOKOTEMNEpaTYpPHOH OKHCIIH-
TEJbHOA Cpens, a Takke BONHOM KOPPO3MM. BaxHOE 3HAYeHHEe 3THX Npo6-
Jl1eM OOyCJIOBJIEHO CO3NaHHEeM aNnapaToB HOBOM TEeXHUKH.

B psAne LUMTHPYEMHX PatoT CYMMHPYKWTCH HEKOTOPHE DPe3yJbTaTH Ipo—
MEIUIEHHOT'O NPHMEHEeHHsI HOHHOW MMIUTaHTAUMH IUIA YJIYYMEeHHUS MeXaHuYe-—
CKHX CBOMCTB MEeTaJUIOB.

MpemnaraeMuan 6ubGnuorpaduveckunt CNpaBOYHHUK IO HMMILJIAHTALHHU
MOHOB B METAJUIHl CBHIOETEJIbCTBYET O HEeNpepHBHOM Iporpecce Hammx
3HAHUA O6 OCOOGEHHOCTAX M TEeXHOJIOTHYECKHUX BO3MOXHOCTAX MeToHna.

C. HOHHAS HUMIUIAHTALMSI B MNOJIVIPOBOOHUKHU

MeTonuKa HOHHON HMMIUIAHTALKH B NOJIYIPOBOOHUKH

IpononmxaeTcsi pasBUTHE YCKODHTEJIBHOM TEeXHUKH MO TPEM HOBHM JIH-
HHUAM:

a) MCrnosNb30BaHHE HOHOB OYEHb BHCOKHX 3Hepruit (Gosiee 1 MaB) mn
DEeweHHs CrNeuHaNbHHX 3anad, CBA3AHHHX C CO3OaHUeM "CKpHTHX" CJoeB,
OCoGeHHO B GaAs ¥ BEepPOATHHM Da3BHTHEM MPDUMEHEHHS TPEeXMEepHHX HHTer-
PansHEX CXeM;

6) pas He YCIJHOBOK C 3AaTOPMOXEHHEMH HOHHEIMH Ny4Yykamu (OYeHb
THHA o]

e

= thtgff- HaCKOJIBKO M3BEeCTHO, NoKa eCTh JMWb OOHa yCTaHOBKAa
B HOB3 AH KasCCP;

B) OCTPOQOKYCHHE HMIUIAHTALMOHHHE YCKOPHUTENH. [0 HEKOTODHM HaH
HEHM, OCOGCEHHO 3HAYMUTEJNIBHHX YCNexXoB nocTturna éupma "Extrion" B CUA.
MHOTO M ycCnemHO paboTawT SANOHCKHE HCCIemoBaTenu (nadoparopusi HaubGa
B Ocaxke, ¢upma XuTaTu). 3HAUHUTE/ILHH TaKXe YCMNEeXH B MCMNOJIb30BaAHHH
OCTPOCQOKYCHPOBAHHHX 3JIEKTPOHHHX NMYy4YKOB IUIA DEWeHHa 3amad MUKDPO—

3JIEKTPOHUKH .
BH3HBaeT CEpbe3HHR HHTEepPeC HOBHH MEeTON KJIACTEePHHX HMOHOB, KOTO
DHH, CTPOTrO rOBOpPs, He BKJWYaeT B Ce6d 3JeMeHTa "uUMIIaHTauuu", T.e

BHENPEeHHs HOHOB B yXe€ IOTOBYK MNOIUIOXKY. 3TOT MeTOX, MNO3BOJAKWHUA B
WMPOKHX Inpenejyiax MeHATHb CPEenHKK 3HEepPruw B3auMoOnenCcTBUS YacTHL, HU3
KOTOPHX pacTeT IUIeHKa, 3acJIyxXxHBaeT CamMor'o BHHMATEJIBHOI'O H3y4YeHusn
H CKOpeHmero 3KCINepPHMEeHTAaJIbBHOTO OCymecCTBJIeHHa B CCCP.

CoBEepweHHO OYeBHIOHO, YTO BOCMIPOM3BOOUMHE PEe3YNBTATH B HCCIIe—
OOBaTEeJIBCKHUX, a TaKXe M B NPHKJIANHHX patoTax MOXHO MOJIYYATB TOJNBKO
B YyCTaHOBKAaX C OOCTATOYHO COBEPUWEHHOW CHCTEMOW OTKauykKu (6esamacis-—
HH BakKyyMm) .

BTOpu4YHHE 30PEeKTH, CONpOBOXIOAKMHE HMIUIAHTALHIO HOHOB
B MONYNPOBOOHHKH M HEe ONHCHBaeMue KOJIMYEeCTBEeHHO
HMEeMHMHCH TEeOPeTHYECKHMH MOIeJIssMH

Ha nocnenHen MexnyHaponHOW KOH®epeHuuM B BynanemTe cepbesHoOe
BHUMaHHE OHUIO YIEJIeHO HEeOONHOKPAaTHO HaGJIOOABWIMMCH B TaKHX MaTepHa-—
JlaxX, KakKk KPEeMHH#, ajMas, apCeHuI TFaJUlMA U T.O. ABJISHHAM aHOMAaJIbHO
TyGOKOTO NMPOHMKHOBEHHUsS TNPUMEcCed, BHEOPEeHHHX B KauYeCTBe YCKODPEeHHHX
MOHOB, HE ONMUCHBAEMHX OOCMENPUHATHMH MOOEJIAMH, a TaKXe aHOMAaJIHH,
OOYCJIOBJIEHHHX DanHaUHOHHEMHM NedeKTaMu, "MUTPUPYIMMMH" HEOOGHYHHMH
nyTsamu. CONOCTAaBleHHEe NOCTATOYHO MHOTIOYMCJIEHHHX NyGJHKAUMA, BKIIO-
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In the book “Ion-beam modification of materials” (Moscow, 1987), on the problems of d_eveloping
installations with inhibited ion beams (very low energies), it is said that “In the USSR, as far as is known,
there is so far only one installation at the Institute of High Energy Physics of the Academy Sciences of the

Republic of Kazakhstan.

This accelerator is transferred to low energies by Professor Kair Nusupov.
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Laboratory of
Alternative Energy
and Nanotechnology

 Activities of the laboratory

* Elaboration of a safe technology
for the production of silicon solar £S5 : N . S
cells : | Naw)

* Development of small-sized wind
turbines

* Development and modernization
of the heavy ion accelerator

» Synthesis and study of thin
nanolayers (1 - 100 nm)
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SAVE THE PLANET FOR FUTURE GENERATIONS

Wind Energy

In January in Central Kazakhstan the average monthly
wind speed is 4 - 6 m/s, and in South Kazakhstan it
drops to 4 - 2 m/s. In summer, the wind speed
decreases. The average monthly wind speed in July in
the north is 2-3 m/s, in the south - 1-2 m/s.

The wind generator starts to produce current when the
wind is 3 m/s and turns off when the wind is more than
25 m/s. The maximum power is achieved with a wind of
15 m/s.
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Solar
Energy

_I i i i i i i i i I_ The Laboratory of Alternative Energy and
. . Nanotechnology is working on the creation of a safe

10
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3rd step POCI, Diffusion process
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Quartz Diffusion Tube H
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To date, silicon solar cells occupy a major share of the market. o

However, their production involves several steps using toxic gases. LTI
KBTU




Quartz Diffusion Tube

Wafers on carrier®
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Spin coating of SOD on Si




4t step Surface passivation by PECVD of SiN:H
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Generally, less than 10% and as little a 3% of the silane that flows through a plasma
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Safe technology for the
production of c-Si solar cells

Magnetron sputtering is a deposition technology involving a gaseous plasma which is
generated and confined to a space containing the material to be deposited — the ‘target’. The
surface of the target is eroded by high-energy ions within the plasma, and the liberated atoms
travel through the vacuum environment and deposit onto a substrate to form a thin film.
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10
Inventor, professor Kair Nussupov (the head of laboratory): “In the near future,

we will able to gradually establish this technology in Kazakhstan at a higher level
using a low-energy high-current accelerator of heavy ions separated by mass.

£

-

Figure 3 — Modernization of a unique accelerator of light and heavy ions, designed to
create a p-n-junctions and growing of thick films by ion-beam deposition of low-energy
ions. Entered into a preproduction of solar panels.
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* An official letter from Moscow (Russia) regarding the absence of failures of nuclear
radiation detectors aboard spacecraft during 20,000 hours.

 US patent on modernization of heavy ion accelerator.

* Copyright certificate on detectors’ manufacture.
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Figure 5 - Rometer instrument for
measuring of electrical resistance and the
device taumeter 2M to measure the lifetime
of the minority carriers of silicon wafers.

Figure 6 - Upgraded the TM-200-01
MAGNA installation for deposition of
nanostructures and diffusion barriers on
silicon  wafers individually by
magnetron sputtering
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High temperature treatment

Figure 7 — Furnaces "Annealing TM-4M" (Russia) for prolonged heat
treatment and the passivation of the silicon surface, AS-One 150
(Annealsys, France) for rapid heat treatment of the films and formation
of necessary structures and characteristics.
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Figure 8 — The clean zone in the photolithography rooms. Automatic installation
EM-5006A for two-side contact photolithography for the 150 mm silicon wafers.
Installations for deposition, drying and manifestations of photoresist, installation
for exposure and alignment in photolithography to form a pattern on the surface
of the silicon wafer and to formation of a contact grid.
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Figure 9 — Units for liquid chemical treatment in dimethylformamide and Caro mix
In clean air with bath for remove of photoresist and DION-AQQ03 for the production
of pure water (18 MOm) in photolithographic technology
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Figure 11 — Installation Pulsed Solar Simulator System (Berger
Lichttechnik, Germany) for testing the solar modules.



Figure 12 — Installation "Sun 3000" (USA) Solar Simulator
for testing the solar cells
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Figure 24 - Gas system and cylinders placed in specially
designed cabinets on the territory of Kazakh-British Technical
University and the extensive system of delivery of all types of
gas in the "clean room"
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Figure 20 - Luminous
spectrometer Lumina to
determine the fluorescent
properties of the films in
the ultraviolet, visible and
near infrared ranges.

Figure 21 - Infrared FTIR
spectrometer of the latest
model Nicolet iS50 FT-IR
with Raman prefix to
determine the chemical
composition, structure and
optical properties of the films

25

Figure 22 - Spectrophotometer
Evolution-300 to measure
transparency, reflection and
absorption of the films in the
ultraviolet, visible and near
infrared ranges.



Figure 18 - Modern X-ray reflectometer Complexray
C6 to determine the thickness, density and roughness
of the films entered into a preproduction of solar cells

24



Promising application of thin-film technology is the synthesis of SiC, possessing 2
such valuable properties as high hardness (33400 Mn/m?2), chemical resistance, high
melting point (2830°C), wide bandgap (2.3-3.3 eV), etc.

Doped with different impurities, silicon carbide is used in semiconductor
technology. Field-effect transistors, diodes and other electronic devices based on SiC
have several advantages compared to similar silicon devices. Among them, the
opportunity to work at temperatures up to 600°C, high speed and high radiation
resistance.

Unfortunately, since it is still difficult to grow SiC material of crystalline quality
to meet requirements for a large scale industrial application, small-size and high-cost
SiC wafers severely limit their applications at present.

Of particular interest is the synthesis of SiC layers in silicon by ion implantation
due to the possibilities to obtain the films of a given thickness and composition,
nanolayers of chemical compounds and multilayer structures.

It is of considerable interest to study the effect of the concentration component,
nanoclusters, the phase composition of SiC films and their heat or plasma treatment
on the crystallization processes and clustering, the size of nanocrystals and,
consequently, the physical properties of the films.



The composition and structure of homogeneous SiCi4, SiCo.gs, 2
SiCo7, SiCo.4, SI1Cp.12 and SiCy o3 layers, received by multiple high-dose
Implantation of carbon ions with energies of 40, 20, 10, 5 and 3 keV
are investigated. The influence of decay of carbon- and carbon-silicon
clusters during thermal annealing or hydrogen glow discharge plasma
processing on the formation of tetrahedral Si—C-bonds and
crystallization processes in silicon layers with high and low
concentrations of carbon, is studied.

Single-crystal (100) silicon wafers of sizes 7x12x0.4 mm?3 with an
electrical resistivity 4-5 Q-cm were implanted by 2C* ions with
energies of 40, 20, 10, 5, and 3 keV at room temperature in vacuum
reached by fully oil-free pumping. To prevent sample heating, the ion
current density was kept below 4 pA/cm?,

The glow discharge hydrogen plasma was generated at a pressure of
6.5 Pa with a capacitive coupled radio frequency (r.f.) power (27.12
MHZz) of about 12.5 W. The temperature of processing - 100°C (5 min).



2. Experimental
The SIC, films structure was investigated by:
- X-ray diffraction using a narrow collimated (0.05x1.5 mm?)
monochromatic (CuK,) X-ray beam directed at an angle of 5° to the
sample surface. The average crystallite size was estimated from the
width of X-rays lines by Jones method.
- atomic force microscopy (JSPM 5200, Jeol, Japan) using AFM AC
technique;
- transmission electron microscopy (JSPM 5200, Jeol, Japan) using
AFM AC technique.
- the IR transmission spectra were recorded in differential regime on
double-beam infrared spectrometer UR-20 (400-5000 cm™).
- Auger electron spectroscopy. The parameters were as follows:
Incident electron beam of diameter 1 um, energy 10 keV, angle of
Incidence 45°, diameter of scanning region 300 mm, vacuum 1.33
x108 Pa, angle of Ar* beam incidence 45°.



Table 1. Values of energy, E, dose, D, projected range, Rp(E), and
straggling, ARp(E), for '2C* ions in Si, used for constructing a
rectangular distribution profile
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W Ry®),m 1204 600 303 161 DK

GCUICULOVAS EIMNEES I AR (E), nm 46,0 28,3 16,9 10,2 7,2
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Kair Kh. Nussupov and Nurzhan B. Beisenkhanov. The Formation of Silicon Carbide in the SiC, Layers
(x = 0.03-1.4) Formed by Multiple Implantation of C lons in Si. // In book: Silicon Carbide - Materials,
Processing and Applications in Electronic Devices. Moumita Mukherjee (Ed.). 2011. Chapter 4. InTech.
PP. 69-114.
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Fig. 1. 2C distribution profiles in $
produced by ion implantation (table 1)
(@) SICy 4; (b) SICqgs. (C) SICy 7.

Nc(Burenkov) and Nq(Gibbons) are
the profiles calculated according to
Burenkov et al. (1985) and Gibbons et
al.  (1975), respectively, where
Nc(Gibbons) = N:(40 keV) + N.(20
keV) + Nc(10 keV) + N (5 keV) +
Nc(3 keV).  N(20°C), N(1250°C)
and N (1250°C) are the Auger profiles
of carbon and oxygen, respectively, in
a layer after high-dose implantation
and annealing at T = 1250°C, 30 min.

SiC + 0, = Si0, + CO/CO,

3 Nussupov K.Kh., Sigle V.O. and
Bejsenkhanov N.B. Investigation of the
formation of Si and SiC crystalline phases
in room temperature C implanted Si //

= Nucl. Instrum. and Meth. in Phys.Res. —

B82. —1993. — P.69—-79.
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Table 2. Average values of carbon concentration x = N-/Ng; in the SiC, layers calculated according Burenkov
et al. (1985) and Gibbons et al. (1975) and experimentally obtained by Auger electron spectroscopy
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Figure 1b shows that the average concentrations of carbon and oxygen were: No/Ng; = 0.95 in the depth of
the layer from 20 to 110 nm and N,/Ng; = 2.33 at the surface of the layer to a depth of almost 20 nm. In this
case, penetration of oxygen atoms up to 80 nm deep into the layer is observed. For the SiCo g5 layer, after
annealing at 1250°C for 30 minutes, almost 30% of the carbon atoms were desorbed from the film. The “SiC
film — Si substrate” boundary in the experiment also turned out to be sharper than the calculated one.

The deformation of the rectangular Auger profile of the distribution of C atoms in Si compared to the
calculated profile, manifested in a thinning of the “film-substrate” transition region, an increase in the carbon
concentration at the surface and in areas near the maxima of the carbon distribution for individual ion
energies, is due to the effects of surface sputtering and changes in composition layer during high-dose
implantation of carbon into silicon.
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12C distribution profiles in Si: N-(Burenkov) and N-(Gibbons) are the calculated profiles, where
Nc(Gibbons) = N (40 keV) + N(20 keV) + N-(10 keV) + N(5 keV) + N.(3 keV).
N(20°C), N-(1250°C) and N,(1250°C) are the Auger profiles of carbon and oxygen (1250°C, 30 min).



IR transmission spectra of homogeneous SiC, films subjected to many hours of isothermal 8
annealing

After annealing at a temperature of 1200°C for 30 minutes, an intense SiC peak at 800 cm, corresponding to
TO phonons, as well as a SiC peak at 960 cm, corresponding to LO phonons, is observed in the IR
transmission spectra. During long-term high-temperature annealing (1200°C), a gradual decrease in the
amplitude of the TO and LO phonon peaks of IR transmission indicates the decomposition of the SiC film
structure, i.e. about the instability of these films at high temperatures.

2100 f °) The nature of SiC films formed on
90 [ substrates with different
S crystallographic directions is different.
J 80 . It can be seen that the transmission
70 f ° spectra of the vibrational modes (TO-
= = and LO-) of SiC on the Si substrate
=< 60 ¢ < with the <111> direction are more
2ok S diffuse and the level of the
I = transmission spectra of two modes
© 40 ¢ '~ superimposed on each other does not
= o0k = allow reaching the initial zero level in
= : = the region of the wave number equal to
20 ¢ 915 cm?, in contrast to SiC films on a
10 f T Si substrate with the <100> direction.
- s This is due to the half-width of these
O — 0 B peaks.
700 800 900 1000 700 800 900 1000

BOJIHOBOE YUMCJIO, cv™* BOJIHOBOE YHCJIO, cm ™

Dependence of the IR transmission spectra of silicon implanted with *C1? ions on the annealing
duration at T = 1200°C: a) n-Si, KEF-4.5, orientation (100); b) p-Si, KDB-10, orientation (111).



Electron diffraction of the SiC, layer 6
The layers SiC, 4, SiC, 4z and SiC, ; are solid, homogeneous, fine polycrystalline films (Figs. 4a-c, 5a, b and
6a, b, light areas, respectively). Some electron diffraction patterns contain superimposed point (c-Si) and ring
(SiC) electron diffraction patterns (Fig.4b,c, 5b and 6b). These patterns were recorded from areas 3 where the
objects were presented together with single- and polycrystalline structures (for example Si+SiC, ,). In Figs.
4b, 5b and 6b the microstructure of sections 1 (light area), 2 (intermediate region) and 3 (dark area) are
shown.

Fig. 3. Schematic cross section of

_ S . ' o the sample under study: (1) SiC,
Fig. 4. Electron diffraction patterns and microstructure (x50000) regions, (2) regions of an

of the SiC, , layer after annealing at temperature 1200°C for 30 intermediate Si— SiC layer, (3)
min: rings — SIC, point reflections — Si, bright regions — SiC, , double-diffraction reaions (4)a
layer, dark regions — c-Si. a) SiC, , region; b) SiC, , regions + through hole, and (5) the area to be

Intermediate Si— SiC, , layer + ¢-Si: (1) SiC, , regions, (2) analyzed by transmission electron
regions of an intermediate Si— SiC, , layer, (3) double- microscopy.

diffraction regions.
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Fig. 5. Elect

SiC, o5 layer (1200°C, 30 min): rings — SiC, point reflections — Si, bright
regions — SiC, o layer, dark regions — c-Si. a) SiC, 4 region; b) SiC, 4
regions + intermediate Si-SiC, 4 layer + c-Si, ¢) SiC crystallites in dark-
field image regime: (1) SiC, 45 regions, (2) regions of an intermediate Si—
SiC, g5 layer, (3) double-diffraction regions, (4) SiC crystallites.

The SiCy layer is a continuous, ©
homogeneous, finely dispersed
nanocrystalline film of SiC (a, b,
light areas). Transition layer with
a lower concentration of carbon
between the Si substrate and
SiC, ; is not uniform. It can be
assumed that excess silicon atoms
that are between the large SiC
grains, in the process of
recrystallization are combined
with the substrate, forming a
sawtooth SiC-Si structure (Fig.
6Db).

Figure 6 — Electron diffraction
patterns and microstructure (x50000)
of the SiC,, layer (1200°C, 30 min):
rings — SiC, point reflections — Si,
bright regions — SiC, ; layer, dark
regions — c-Si. a) SiC,, region;

b) SiC,, regions + intermediate Si—
SiC, ; layer + c-Si, c) SiC crystallites
in dark-field image regime:

(1) SiC,; regions, (2) regions of an
intermediate Si-SiC, ; layer,

(3) double-diffraction regions.



Investigation of the SiCy structure by X-ray diffraction 7
After annealing of the SiCi4 layer in vacuum 10 Pa at temperatures 1200 and 1400°C in the X-ray
diffraction patterns the intensive lines of polycrystalline silicon carbide are observed (Fig. 7a, b). There are
also 2 weak lines of polycrystalline silicon, apparently, from the transition layer “Si-SiCy4”, where
presents excess silicon, forming in the annealing process the Si crystallites. The intensity of SiC lines after
annealing at 1400°C was significantly lower than after annealing at 1200°C, may be due to evaporation of
silicon at high temperatures (Semenov et al., 2009). The processing by glow discharge hydrogen plasma
(27.12 MHz, 12.5 W, 6.5 Pa, 100°C) for 5 min led to the complete disintegration of silicon crystallites.
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Fig. 7. X-ray diffraction patterns of the SiCy 4 layer annealed for 30 min at (a) 1200°C, (b) 1400°C, (c)
after annealing at 1400°C and processing by glow discharge hydrogen plasma for 5 min.
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After annealing of the SIC, 4 layer af
1100°C and below (Fig. 8a) not seen any
lines of polycrystalline phases. A weak
line of (-SiC(111) becomes more
pronounced after annealing at 1250°C
(Fig. 8b).

The diffraction pattern of the SiC, , layer
(Fig. 8c) demonstrates the presence of -
SiC(111) line and weak Si(111) line after
annealing at 1000°C for 30 min due to
the decrease of the concentration of
stable carbon clusters. Annealing at
1100°C led to an increase in the intensity
of the B-SiC(111) and Si(111) lines (Fig.
8d) and to an appearance of 3-SiC(200),
B-SiC(220), pB-SiC(311) and Si(220)
lines, which indicates an improvement in
the crystallite structure and a preferred
content of polycrystalline 3-SiC phase in
comparison with the poly-Si content,
which is caused by a relatively high
concentration of carbon.

Fig. 8. X-ray diffraction patterns of the SiC, o layer annealed at (a) 1100°C, (b) 1250°C and of
the SiC, , layer annealed at (c) 1000°C, (d) 1100°C , for 30 min obtained using X-ray chambers
RKD (a, b) and RKU-114M1 (c, d). Intensity curves correspond to X-ray patterns (b, d).



In the layer SiC, , the presence of polycrystalline phases of SiC and Si after implantation and/
annealing at 1000, 1100 and 1250°C are revealed. High intensity peaks of SiC after annealing
at 1100°C (Fig. 9a) indicates on intensive process of crystallization of 3-SiC due to lower
content of stable clusters in comparison with the layers SiC,,, SiC,q4 and SiC,,. High
amplitude of B-SiC peaks after annealing at 1250°C confirms this assertion.
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Fig. 9. X-ray diffraction patterns of the SiC, , layer annealed for 30 min at
(a) 1100°C and (b) 1250°C.



In diffraction pattern of SiC,,, layer after implantation a broad diffuse line of amorphous silicon 7
Si(111) (6 = 14.3°) is observed (Fig.10a). After annealing at 800°C a narrowing of this line, at 900°C
- a sharp narrowing of the line Si(111) and the appearance of Si(220) and Si(311) lines of
polycrystalline Si phase, as well as two weak lines of 3-SIC, at 1250°C - a decrease of the integrated

intensity of Si lines, are observed.
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Fig. 10. X-ray diffraction patterns of the SiC, ,, layer (a) before and after annealing
for 30 min at (b) 1100°C and (c) 1250°C.



The implantation of carbon causes the formation of weakly ordered set of randomly oriented Si/
regions of size ~1.5 nm. Temperature dependence of the average crystallite size Si (Fig. 11a, curve 1)
and SiC (curve 2) in plane (111) shows that at low temperatures the curve 1 is characterized by slow
growth in the size of weakly ordered Si nanocrystals. Their transformation into well ordered Si
crystallites at 800°C is taken place. Average size of Si crystallites is 47 nm after annealing at 1250°C.
The formation of B-SiC crystallites prevent a complete recrystallization of layer at this temperature.
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Fig. 11. Average sizes (a) of Si and SiC crystallites in the (111) plane and (b) the integrated
intensities of the Si(111) and SiC(111) lines after implantation of carbon ions in silicon and
annealing. 1 — Si (for layer SiC, 3), 2 — Si (for layer SiCy 4,), 3 — SiC (for layer SiCy 45).



The integrated intensity curve of Si(111) line, which is proportional to the
phase volume, has three sections in the temperature ranges of 20—800°C,
800—900°C and 900—1250°C (Fig. 11b).

In the range of 20-800°C I, decreases, indicating a decrease in the total
volume of nanocrystals Si, although their sizes increase up to 2.2 nm. The
growth of weak ordered Si crystallites is accompanied by the displacement of
carbon atoms in the surrounding space, which no longer contribute to the
Intensity of the Si(111) line due to increased concentration of carbon.

In addition, there is recrystallization of silicon near the substrate. It is
assumed that, after annealing at 800°C (Figs. 11b and 12) approximately Kg,
~ [l;(800°C)/I.,,(20°C)]x100% = 72% of silicon atoms in the layer Is
Incorporated into crystallites of Si. The remaining atoms of Si (28%) are in an
amorphous mixture of Si and C atoms, or reunited with the substrate.
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Figure 6 — Electron diffraction patterns and
microstructure (x50000) of the SiC,, layer
(1200°C, 30 min): rings — SiC, point reflections
— Si, bright regions — SiC, , layer, dark regions —
c-Si
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Fig. 12. Crystallization of the SiC,;, layer: (a) the phase volumes at various annealing
temperatures and (b) the formation of crystalline Si and SiC crystallites in the
temperature range 900-1000°C.



Fig. 12 schematically shows the variation of the structure of the layer, its phasd
composition and phase volume, as well as the average grain size as a function of
annealing temperature (a) and scheme of Si and SiC crystallite formation in this layer
(b). The diagram is based on the curves in Fig. 11a, b for SiC,,.

"amorphous Si-C mixture” + "c-5i" =100% — (“poly-SiC” + “poly-Si"+"amorphous -5i").

In the range of 800—900°C the increase in both size crystallites Si (from 2.2 to 4.7 nm)
and the volume of polycrystalline phase of Si (Fig. 11a and 12) is observed. This is due
to the formation of SiC crystallites at 900°C in the regions of carbon accumulation and
the joining of excess silicon atoms to Si crystallites. So, k is increased: kyyy= 82%. This
leads to a decrease in Si—C-mixture volume (Fig. 12).

After annealing at 1000°C and 1250°C, an increase in the phase volume and crystallite
sizes of B-SiC as well as a decrease in k due to recrystallization of regions near the Si
substrate, are taken place: k;joo = 73% and ki,5, = 46%. Si crystallite sizes increased
almost 10 times (up to 47 nm).

Probably, there is destruction of defective silicon crystallites and the uniting of their
atoms into crystallites with a perfect structure or with the substrate. As can be seen
from the diagram, after annealing at 1200°C in the layer SiC,;, ~50% of silicon atoms
are incorporated into Si crystallites with an average size of 25 nm, 25% of Si atoms is
included into B-SiC crystallite with size of 5 nm and 25% is joined with Si substrate.
Since the unit cell volume for Si is twice more than the cell volume for SiC, the volume
of the surface layer of Si after implantation and annealing of carbon should not change
appreciably, and the above relations can be regarded as a volume ratio of phases.



During annealing at 1400°C there is the destruction of most of the silicon crystallites
and connection of their atoms to the substrate. The intensity of the lines Si was
significantly lower than the intensities of B-SiC lines (Fig. 13). It is assumed that
recrystallized Si layer with ingrained in him crystallites of 3-SiC and Si on a silicon
substrate was obtained.

The X-ray diffraction results are in accordance with the data of Auger electron spectroscopy, whereby the
concentration of carbon atoms in a layer is No/Ng; = 0.12/1 (Fig. 2). Then the maximum possible ratio of
atoms, forming part of SiC and Si, will be: Ng;-/Ng; = 0.24/0.88 = 0.27. As seen in Figure 11b, the
maximum quantity of poly-SiC, obtained at 1250°C, was I,.,(SiC) = 0.040, and poly-Si was I;,(Si) = 0.131
at 900°C, i.e., I;(SiC)/l;(Si) = 0.040/0.131 = 0.30, which is comparable with the data of Auger electron
spectroscopy. 0.75
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Fig. 14. X-ray diffraction of 7
SiC, o3 layer after implantation of
carbon ions in Si (a) and
annealing at 1100°C (b) and 1200

°C (c) for 30 min,

In SiC, o5 layer, immediately after the
implantation the same broad diffuse
line of amorphous silicon Si(111) at 6
= 14.3%is observed (Fig. 14).

Increase of annealing temperature
above 800°C causes narrowing of this
line, increasing the number and
amplitude of the line intensity which
reaches it’s maximum at 1100°C.

In SiC,,; layer no lines of
polycrystalline silicon carbide in the
whole temperature range are observed
due to insufficient concentration of
the carbon atoms.

Annealing at temperatures above
1100° C reduces the intensity of Si
lines and results their disappearance
after annealing at 1250°C due to
recrystallization of the layer.



In SiC, s layer, immediately after the implantation the same broad diffuse line of amorphous silicon 7
Si(111) at © = 14.3° is observed (Fig. 14).

Polycrystalline silicon - increase of annealing temperature above 800°C causes narrowing of this line,
increasing the number and amplitude of the line intensity which reaches it’s maximum at 1100°C.

In SiC, o3 layer no lines of polycrystalline silicon carbide in the whole temperature range are observed due
to insufficient concentration of the carbon atoms.

Annealing at temperatures above 1100°C reduces the intensity of Si lines and results their disappearance
after annealing at 1250°C due to recrystallization of the layer.
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Fig. 14. X-ray diffraction of SiC, y; layer after implantation of carbon ions in Si (a) and annealing at 1100°C
(b) and 1200 °C (c) for 30 min.



IR transmission spectra of the SiC_ layers
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Fig. 18. IR transmission spectra of the SiC, ;
layer recorded (a) under normal incidence of IR
radiation on the sample and (b) at an angle of
73° to the normal to the sample surface.
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Fig. 19. IR transmission spectra of the SiC, , layer
recorded (a) under normal incidence of IR radiation
on the sample and (b) at an angle of 73° to the normal
to the sample surface.
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The infrared inactive clusters, chains and a flat net

200

Fig. 24. Possible variants of both the infrared inactive clusters (a-h), chains of them (b) and
a flat net of clusters (a) with various types of bonds between the atoms of Si (great circles)
and C (small circles).
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The IR transmittance amplitude at various wavenumbers
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Fig. 25. Effect of the annealing temperature on the IR transmittance amplitude at
wavenumbers of (1-a) 700 cm, (2-A) 750 cm, (3-0) 800 cm, (4- A) 850 cm, and (5-m)
900 cmt under normal incidence of IR radiation on the sample surface:

a) SICy4; b) SIC g5; €) SICy 7, d) SICy 4, €) SIC; 35; T) SIC g3.



The area under the IR transmittance SiC-peak 0
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Fig. 26. Effect of the annealing temperature and concentration of carbon on the area under the IR
transmittance SiC-peak for TO phonons under normal incidence of IR radiation on the sample
surface: a) SIC, , (1), SiC, o (2), SIiC,; (3), SIC, 4, (4), SiC, 1, (5) u SIC, o5 (6); 6) 27°C (1), 400°C
(2), 800°C (3), 1000°C (4), 1200°C (5), 1300°C (6), 1400°C (7).
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Processing by glow discharge hydrogen plasma
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Fig. 28. IR transmission spectra for SiC, : layer after annealing at the temperature 900°C for
30 min (a) and after processing by glow discharge hydrogen plasma for 5 min and annealing
at the temperature 900°C for 30 min (b).



AFM images of the surface of thin SiCx film

Fig. 29. AFM images from the surface of thin (~130 nm) SiC, o; film (a)
after multiple implantation and annealing at (b) 800°C and (c) 1400°C.
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SiC1.4 SiC0.95 SiCo_7 SiCo.4

Fig. 30. Atomic force microscopy of the surface of SiC, layers with various
carbon concentration before and after high temperature annealing
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Fig. 31. Atomic force microscopy of SiC, , layers after annealing at the temperature
of 1400°C (a) and subsequent processing by glow discharge hydrogen plasma for 5
min (b, c).
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Fig. 32 Atomic force microscopy of SiC, 5 layer: (a, b) after synthesis and annealing
at the temperature of 900°C for 30 min; (c, d) atter synthesis, processing by glow
discharge hydrogen plasma for 5 min and annealing at 900°C for 30 min.



Conclusion 13

1 For SiC, layers, formed by multiple ion implantation in Si of *C*2 ions with energies 40, 20, 10, 5 and 3
keV, the regularities of influence of the decay of clusters and optically active bonds on the formation of
tetrahedral oriented Si—C-bonds, characteristic of crystalline silicon carbide, were revealed.

2 After annealing at 1200°C of homogeneous SiC, layers, largest sizes of spherical, needle- and plate-type
SiC grains up to 400 nm and the largest number of tetrahedral oriented Si—C-bonds are observed for the
SiC,, layer, which is due to a low carbon content in the SiC,,;, SiC,,, and SiC,, layers, and a high
concentration of strong clusters in the SiC, o and SiC, , layers. In the range of 800— 900°C the most number
of tetrahedral Si—C-bonds is characteristic for SiC, , layers.

3. A structural model of SiC,,, layer, which shows the changes in phase composition, phase volume and
average crystallite size of SiC and Si in the temperature range 20-1250°C, is proposed. After annealing at
1200°C, about 50% of its volume, free from Si—C-clusters, is consisted of Si crystallites with average size
~25 nm, 25% of the volume — B-SiC crystallite with size of ~5 nm and 25% — the c-Si recrystallized near
the transition “film — substrate”.

4. At 800-1400°C the surface layers are deformed with the formation of grains with sizes of ~30-100 nm,
consisting of crystallites, and the recrystallized at 1250°C smooth surface of SiC, 4, layer contains evenly
distributed Si:C inclusions in the form of point protrusions with a diameter of ~20 nm.

5. The differences of the SiC,,;, SiC,,, and SiC,, layers with low carbon concentration from the SiC,,,
SiC, o and SiC,, layers with high carbon concentration are manifested in the absence of LO-phonon peak
of SiC in the IR transmission spectra and in a shift at 1000°C of minimum SiC-peak for TO phonons in the
region of wave numbers higher than 800 cm characteristic for the tetrahedral bonds of crystalline SiC,
which is caused by small sizes of SiC crystallites (< 3 nm).

6. Processing by hydrogen glow discharge plasma (27.12MHz, 12.5W, 6.5Pa, 100°C, 5 min) of
polycrystalline SiC, , layer leads to partial disintegration of 3-SiC crystallites in layer and complete decay
of Si crystallites in the transition layer “film—substrate" ("SiC—Si"). Processing by plasma and annealing at
900°C of SiC, o layer has led to the formation of B-SiC crystalline layer, which superior in structure quality
the untreated by plasma layer subjected to isochronous annealing in the range 200—1400°C. Phenomenon of
plasma-induced crystallization is a consequence of the decay of clusters during pre-treatment by glow
discharge hydrogen plasma.
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Mechanism of synthesis of silicon carbide films \2

Methods for the formation of heterostructures by epitaxial growth
lead to satisfactory practical results only if the lattice constants of
the substrate and the film material does not differ by more than
5%. The difference in the lattice parameters of silicon carbide
(SiC) and single crystalline silicon (Si) is ~19%. Therefore, the
growing of highly oriented epitaxial SiC layers on Si substrate is a
complex task.

SiO

Silicon [ Silicon carbide

The method of growth of high quality thin SiC films on Si
consists of replacing of part of the silicon atoms of the matrix on

the carbon atoms to form molecules of silicon carbide. Schematic representation of
The process of silicon atoms replacement on the carbon atoms ~ SiC film formation process by
can be realized by using following chemical reaction: reaction between the
2Si g + CO, = SiC, ;4 + SIO crystalline silicon and carbon

soli v soli %

Pores with a size of 1-5 microns at a film thickness of 20-150  Monoxide gas
nm provide relaxation of the elastic stress.




/ Introduction

(a) (b) 5 cells

4 cells

In the reviews [2,3], the fundamentals of the new method of synthesis of
epitaxial SIC thin films on Si, were described [4-6]. It is based on the idea of
replacing of some silicon atoms on carbon atoms within the silicon substrate.
To implement this approach, preliminarily a carbon atom is introduced in the
Interstitial position of silicon lattice and, neighboring silicon atom is
removed, creating a silicon vacancy (Fig. 1 (a)). An ensemble of dilatation
dipoles is formed, which are stable complexes consisting of dilatation centers
(C-Vg;) — carbon atom in the interstitial position and silicon vacancy. These
two centers of dilatation elastically interact with each other in a crystal of

wbic symmetry. /




5 cells

Synthesis of elastic dipoles is carried out by means of a chemical reaction (1):
2Sisolid T COV - Sicsolid T Siova (1)
If the carbon atoms are displaced from interstitial positions into positions occupied
by vacancies (Fig. 1 (b)), a layer of silicon carbide is formed in the upper part of the
silicon. Since the lattice parameters (0.43596 nm) in SiC are much smaller than in
S1(0.54307 nm), part of the volume occupied by the silicon lattice should be freed
and a pore of pyramidal shape i1s formed below the SiC layer, bounded by (111),
(131) and (311) planes (Fig. 1 (c)). For the same reason, contraction pores also
form on the surface (Fig. 1 (b) — (d)). The distance between Si atoms along the
(111) plane in the projection onto the (112) plane is 3.84 A, and between Si atoms
in SiC is 3.08 A. The distance between the planes of five cells in SiC = 15.4 A
@()St coincides with the distance between the planes of four cells in Si= 15.4 y




Experimental Details

Preparing of Si samples

Ne 1 grinding and polishing HF:HNO,=1:10 KOH
Ne 2 grinding and polishing - KOH
Ne 3 grinding and polishing HF:HNO;=1:10 KOH
Ne 4 grinding and polishing HF:HNO;=1:10 KOH
Growth conditions of the silicon carbide film

Ne Temperature, °C Pressure, Pa Growth time, min

1 1250 264 15

2 1250 264 15

3 1330 395 7

4 1330 395 7

Two batches of n-type single crystalline (111) oriented Si samples with a resistivity in range of
1987-3165 Ohm-cm, with a diameter of 20 mm and 1300 um thick, for the synthesis of single
crystalline SiC films, were used. Samples were subjected to plane-parallel double-sided grinding and

polishing till gaining the high gloss and the thickness of 1100 um.

Then samples Nos. 1, 3 and 4 (except sample No. 2) were etched in acid mixture HF: HNO, (in
a ratio of 1:10) up to a thickness of 870 um. Further, all samples Nos. 1-4 were etched in an alkaline
KOH solution. Thereafter, all samples were covered with a layer of hydrogen (were hydrogenated) in
order to prevent the silicon oxide formation.

Synthesis of SiC films was carried out in the special installation [3,6], in gas mixture of CO and
SiH,. The SiC films synthesis was carried out on the samples Nos. 1 and 2 for 15 min at the
temperature of 1250°C and the pressure of the main gas CO 264 Pa, and on the samples Nos. 3 and 4
— for 7 min, 1330°C and 395 Pa. CO gas consumption during the synthesis of all films was 12 sccm,
and SiH,— 0.25 sccm.




. 8
/ Studies of Raman spectra \
In Raman spectra of films Nos. 1 — 4 (Fig.2 (a) — (d)), in addition to modes of crystalline Si

substrate (~303, 519.7 and 960 cm! [16, 17]), broad peaks appear at 730-860 cm! with the
center in TO mode of 3C-SiC at ~796 cm! [18,19], consisting of two components at 792.6 +
0.3cmtand 822.7 + 1.1 cmL. Location of maximum at 792.6 + 0.3 cm! suggests an overlay
of TO modes of 3C-SiC (~796 cm1) and 6H-SiC (~788 cm1) [18]. At the foot of this peak,
the overlay of small TO peaks of 4H-SiC (~764 cm™1) or 6H-SiC (~766 cm™1) is observed.
The peak at 822.7 cmt indicates the presence of a phase, for analysis of which additional
studies are required.

10000 ¢ 10000 ¢ 10000 10000 ¢
Fig. 2. The Raman : s ; g
spectra of crystalline ~ 8000 ¢ 8000 ¢ 8000 8000 F
SiC films on silicon £ oo = : 0 3 :
6 : ; - 6000 6000 F
substrates, K 6000 R 000 ¢
. E_,. F £
synth_eS|z_ed py atoms< 0o 1000 | 1000 4000
substitution in the : : : :
crystal lattice of 2000 © 2000 F 2000 F 2000 F
silicon. Samples (a) : : g :
No.1, (b) No.2, (c) 0 " 0 i 05 0 Pusmsmssim
No. 3 and (d) No.4. 100 400 700 1000 100 400 700 1000 100 400 700 1000 100 400 700 1000
Faman shift, cm! Raman shift, cm! Raman shift, cm! Raman shift, cm!

The area S of the double SiC peak for samples No. 1, 2, 3 and 4 are equal to the values
of 26591, 34275, 39776 and 33858 a.u. and CCD amplitude — 680, 1160, 1400 and

\\960 cts, respectively. The highest content of crystalline SiC phases is assumed in films/

No.2 and No.3.




3.2 Studies by atomic force microscopy and profilometry ¥
AFM studies of surface microstructure of the film No.1 on areas 1 x 1 um (Fig. 4 (a)) more clearly
shows that the film surface has a pyramidal structure and is composed of high-quality crystals of sizes
~100 x 100 nm, having a clear fragmentation with height fluctuations up to 26 nm, formed for 15
minutes of synthesis at adding of SiH, into CO gas. Surface of the film No. 2 (Fig. 4 (b)) has a step-like
structure with the height fluctuations up to 38 nm and more distinct fragmentation of high-quality
crystals of sizes ~200 x 150 nm. SiC films Nos. 3 (Fig. 4 (c)) and 4 (Fig. 4 (d)) have indistinct grain
fragmentation with smaller height variations up to 21-22 nm. Higher pressure of gases (395 Pa) and
temperature of process (1330°C) allow to assume supersaturation by carbon atoms of films and their
nonequilibrium fast growth with a formation of needle crystals or whiskers (Fig. 4 (d)). It may promote
the formation of strong carbon clusters that prevent the formation of crystals with clear fragmentation
[11,13,14,20].

Fig. 4. Topography
of the surfaces of
the SiC films of
Nos. 1 -4,
synthesized by
atoms substitution
In the silicon
lattice. Samples (a)
No.1, (b) No.2, (c)

No. 3 and (d) NW




/3.2 Studies by atomic force microscopy and profilometry \10

Average roughness R, of films Nos. 1 — 4 on the microregions 200 x 200 nm were: R ;= 1.58 nm;
R, =6.19 nm; R,; =2.95 nm; R,, = 1.77 nm. Lower roughness of films Nos. 1, 3 and 4 is due to
the fact that the initial surface of these samples is not only polished, like the surface of sample No.
2, but also etched into HF: HNO,. However, as shown the studies on profilometer NewView 6000,
on macroregions of SiC surface with area 701 x 526 um (Fig. 5 (a)) or 350 x 263 um (Fig. 5 (b)),
the treatment of sample No. 1 in acid mixture lead to an increase of the average surface roughness
from R, = 5.684 nm (Fig. 5 (b)) up to R, =34.918 nm (Fig. 5 (a)) due to the formation of etch pits.
These data do not contradict with the data of AFM for the surface microregions, since the surface
curve of sample No.2 on small regions is less smooth (Fig. 5 (b)).

Fig. 5. The surface
profile and roughness
of (a) SiC sample No.
1 (region 701 x 526
—— - um) after polishing
., T LR S 3 and chemical etching
” . in acid mixture HF :
HNO, (in proportion
1 :10) for 15 minutes
and (b) SiC sample
o e R No. 2 (region 350 x

50 100
Distance (um) Distance (um)

Ra 34.918 n S s c cac - 263 Hm) without
Profile Stats s 6. 914 - Profile Stats chemical EtChing/

+100.00

+50.00

Height (nmj

-100.00




3.2 Studies by atomic force microscopy and profilometry
As shown by AFM data (Fig. 3), on the surface of samples No. 1, 3, 4 and on the lateral faces in

the lower part of protrusions on the surface of sample No. 2, a "visualization" of planes (110) is
observed along which, according to [2], lie dilatation dipoles. Substitution of part of silicon atoms
by carbon atoms leads to parallel discontinuities on the surface and the formation of contraction
pores in form of nano-cracks. The supply of SiH, gas leads to partial healing of nano-cracks and the

R.=158nm, R;=2.06nm, Ry=114nm formation of "scars" on the surface.
Re=14.0nm, S=45288.0UM", Sro=1.13 - | "Stacks" of layers perpendicular to the
surface, like stacks of playing cards or
ribbons exposed on their edges, are
formed. This layered structure

R,=6.19nm, R =7.46 nm, R,;=33.4nm 1
R36.4nm, SS267431. U Sy 07 partially comes onto the surface.

100[%]
a0 K |

W Fig. 3. Topography and surface rough-
Ziiim . | ness of SiC films (a) No.1, (b) No.2, (c)

No. 3, (d) No.4: R,— average

R.:=2.95nm, R;=3.82nm, R;=21.3nm

R,=26.2nm, §=49503.3 u?, §,,1.24 roughness; R,jis — average roughness of
10 points; R, — difference between the
- ||||||||!!“!uu| maximum and minimum height; R, —

' i 8. .. | square root of arithmetic mean

roughness squares, S — net surface area,

Ri=152nm, S251441.9 i, S.,,,=129 | Sqaio — ratio of S to flat surface Sy; right

e shows histograms of height distribution
- (axis of abscissa — height in nm, axis of
v ﬁlﬂlﬂnﬁc ordinate — k-frequency of height VW

repetition).

R,=1.77 nm, R =2.17nm, R,;=12.7 nm




3.2 Studies by atomic force microscopy and profilometry
The SiC layers of various polytypes may be present in "stacks" of layers, as show the Raman

spectroscopy data. The higher the synthesis temperature and the larger was etched the original Si
surface, the better these planes are visualized [2]. Indeed, after prolonged etching and removal of
the damaged layer, the silicon surface becomes uniform and continuous, in which, in the process
of substitution of atoms, the elastic forces at accumulation forms long cracks, as knife in the

R.=1.58 nm, R;=2.06 nm, R;;=11.4nm
R,=14.0 nm, S=45288.0 um?, S,,;;,=1.13
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watermelon crust. The planes (110)
more clearly appeared on the surface
of etched samples Nos. 1, 3, 4, as
compared with sample No. 2 (Fig. 3).

Fig. 3. Topography and surface rough-
ness of SiC films (a) No.1, (b) No.2, (c)
No. 3, (d) No.4: R,— average
roughness; R;;— average roughness of
10 points; R, — difference between the
maximum and minimum height; Ry~
square root of arithmetic mean
roughness squares, S — net surface area,
S,.i0 — ratio of S to flat surface S;; right
shows histograms of height distribution
(axis of abscissa — height in nm, axis of
ordinate — k-frequency of height VW

repetition).
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3.3 Studies by electron diffraction \

Fig. 6 shows the electron diffraction patterns of the SiC films Nos. 1 — 4
obtained in two azimuth directions: [110] and [112]. Point reflections testify that
the (111) oriented 3C-SiC layer lies on the surface of Si samples Nos. 1 — 4, and the
direction [111] of this layer is perpendicular to the substrate surface. SiC films are
epitaxial and do not contain twins on the surface. No rings corresponding to
polycrystalline phases of silicon carbide are observed in the patterns.

The surface of samples Nos. 1 and 2 has a reconstruction 3x3 along the [112]
direction [21,22]. Strands, corresponding to the reconstructed surface, are indicated
by the arrows.

Fig. 6. SIC films electron diffraction patterns from samples No. 1, taken in the azimuth (a)
[110] and (b) [112]; No. 2, taken in the azimuth (c) [110] and (d) [112]; No. 3, taken in
azimuths (e) [110] and (f) [112]; No. 4, taken in the azimuth (g) [110] and (h) [112].




3.4 Studies by photographlc X- ray diffraction \13

Fig. 7 shows that X-ray
diffraction patterns of SiC films
contain almost all known lines of
B-SIC due to a high perfection
degree of SiC nanocrystals
structure.  X-ray  diffraction
technique analyses the surface
layers with thickness of more than
1 wm. In contrast, electron
diffraction analyses the layers of
~15 nm thick. This implies that
SIC surface layer has a single
crystalline structure (section 3.3),
and SiC nanocrystals can be
arranged both on the interface
"SIC film - Si substrate” [3], and
Inside Si substrate, covering the
inner surface of pores.
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Fig. 7. The X-ray diffraction patterns of thin
silicon carbide films and the X-ray reflection

intensity 7(26) for samples (a) No. 1, (b) Noy

(c) No. 3, (d) No. 4.
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The overlay of individual reflexes of Photographlc X-ray dlffractlon
large SiC crystals on some lines of S | mwme o
nanocrystalline B-SiC phase is observed.

Using the Clark and Zimmer method, the Bl : -

sizes of P-SiC large crystals were o5 =z 2RPRC 2 :.'2";‘“}.‘;'(:5“
determined. According to this method, ., =288 2332 é‘;?:‘;’?}}% ’,
changes in the reflexes sizes on the %, f7 77/ Af77, i) 277 ﬂ’f’{f’;;‘
diffraction patterns from 0.20 to 1.20 mm 4 AWWM‘M W : ; WM”WW’“M

correspond to a linear change in grain o1 bl
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sizes from 10 to 85 um.
The SiC large crystal sizes were equal for

20, grade
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um in (331) plane; ! ::ll;)ll:o p:;.::. & . A:::.— 2284
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In diffraction patterns of samples Ne3 and Ne4, a reflex in plane (333) or (220),
comparable in size to Si substrate reflex or the beam size, is observed. These reflexes

Qdicate the presence of B-SiC single-crystal layer. Sample Ne2 has a highest perfectiy

degree and volume of the nanocrystalline 3-SiC phase.




Photographic X-ray diffraction \15
Average sizes of B-SIC nanocrystals were determined with Jones
method by using Scherrer formula:

RA
E =
[ -cosé

where ¢ is the average size (nm); R = 2.86 cm Is the camera radius; A
= 0.1540 nm is the CuK, -radiation wavelength. X-ray line
broadening £ is defined by expression g = ./, 3, Where . =B -,
B, —B2-p?, B is a half-width of X-ray line adjusted for doublet
CuK_ line, b is an instrumental component of B.

The average sizes of SiC nanocrystals in the (111), (220) and (311)
planes were equal for samples: Nel — 3-7 nm; Ne2 — 3-4.5 nm; Ne3 —
2.6-3.7 nm; Ned — 4.4-6.2 nm, respectively. These SIC nanocrystals
can become nuclei for the formation of large SiC crystals.

\_ %




Photographic X-ray diffraction \16
the

The sum of the integrated intensities of three (111), (220) and (311) lines for
samples Nel-4 was 0.76, 1.84, 1.34 and 0.71, respectively, which indicates the
intensive formation of SiC nanocrystals in samples Ne 2 and 3. The intensity of (311)
line for samples Nel, 3 and 4 is approximately half the intensity of (111) line. In
contrast, a high value of integrated intensity of (311) line is characteristic for sample
Ne2, indicating a 2-fold increase in the quantity of SiC nanocrystals oriented to
reflection by (311) plane system. It presupposes the presence in the structure of sample
Ne2 of a specific feature that is absent in other samples.

The substrate of sample Ne2 was not
processed in an acid mixture HF:
HNO,; = 1 : 10 and retained many
scratches and microcracks in the
subsurface layer. Microcracks
promote to the penetration of CO gas
into the interior of the single crystal
and the formation of SIC
nanocrystals with a preferential
orientation in the (311) direction.

\_

Integrated Intensity

1.0
0.8
0.6 , .
04 &7, “
0.2 }
?/(.;Ij{;)
0.0 ! :
1 2 3 4
No. of sample

The integrated intensity of the (111), (220)
and (311) lines for samples Ne 1 — 4. /
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/ 3.5 Studies by ellipsometry \
Fig. 9 (a) — (d) show the dependences of the real €, and imaginary ¢, parts of the dielectric

permittivity of SiC films for samples Nos. 1-4. According to the ellipsometric spectra, the
SiC layer thicknesses are approximately equal to 95 nm for samples Nos. 1 and 2, 110 nm for
sample No. 3, and 117 nm for sample No. 4. Using ellipsometric model was calculated [27]
that the sample No. 1 contains about 8% Si vacancies, the sample No. 2 — only 5%, No. 3 and
4 — about 6.5%. In Si volume, sample Ne4 contains ~50% pores from the whole film volume.

16 9 21 12
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6
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Fig. 9. Dependences of real e, and imaginary e, parts of the dielectric permittivity of SiC/Si
(111) films from the photon energy for samples (a) No. 1, (b) No. 2, (c) No. 3 and (d) NW




/ 3.6 Studies by IR spectroscopy \18
IR absorption spectra of SiC films were received. SiC peak was decomposed into

components (Fig. 10), their area and position in the spectrum were determined.
Intense peaks at 795.7 cm, 795.5 cm, 795.7 cm?, 796.0 cmt are observed in the
IR spectra of samples Nos. 1, 2, 3 and 4, attributed to the single crystalline 3C-SiC
phase.

The theoretical values of the

LA

Infrared absorption peaks for

the cubic, hexagonal and ortho- ~
rhombic modifications are as =4
follows: 795.9 cm' for B-SiC =
(3C-SiC), 799.5 cm'L for 2H-SiC, &3
797.6 cmt for 4H-SiC, O
797.0 cmr! for 6H-SiC, =
797.5 cm! for 15R-SiC [28]. |

850 900 350 S00 750
Wavenumber. cm!

Fig.10. Mathematical decomposition of IR absorption spectrum of SiC films (a) No. 1 and (b)
No.2 synthesized at the temperature of 1250 °C and the pressure of 264 Pa; SiC films (c) No. 3
and (d) No. 4 synthesized at 1330 °C and 395 Pa (S — area of components)
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/So, It can be affirmed that single crystalline cubic polytype 3C-SIC as
the main crystalline phase of silicon carbide in the samples Nos. 1-4 is
presented. The peaks corresponding to values 799.1 cm* (sample No. 1),
799.5 cm (No. 2), 799.7 cmt
(No. 3) and 799.4 cm (No. 4)
Indicate the presence of a rare
hexagonal phase 2H-SIC. It

should be noted that the peaks
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and (d) No. 4 synthesized at 1330 °C and 395 Pa (S — area of components)




IR spectroscopy

In spectra of samples Ne 1-4, components with maxima
at 790.1 cmt, 789.6 cm1, 789.0 cmtand 788.8 cm™,
respectively, were attributed to Si—C-bonds in defective
nanocrystals. Indeed, at the study of amorphous ion
synthesized layers of SiC, the position of the SiC-peak
was within 700-760 cm-. After annealing (900 °C), the
peak is shifted to ~795-800 cm-1, narrows and increases
its amplitude, indicating the prevalence of the
tetrahedral oriented Si-C-bonds of polycrystalline SiC.

The sample Nel has a series of narrow peaks with
frequencies 803.4 cm?, 807.3 cm, 811.0 cm, 814.9
cm1, 818.7 cmL, which could appear due to the
absorption by small nanocrystals. Indeed, H. Mutschke
et.al note that a broad peak in the region 11.3 um
(~885 cm1) was interpreted by various authors as the
emission of small SiC particles between the
frequencies of transverse (~795 cmt) and longitudinal
(~960 cm-?) optical phonons. So, sharp peaks in the
range 803-819 cm! may indicate the presence of
groups of small SiC nanocrystals that differ in size.

19
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IR spectroscopy

There is also a Gaussian peak with a maximum at
frequency of 815.8 cm1, which can be attributed to Si—
C-bonds on the surface of very small SiC nanocrystals
of wide range sizes with the prevalence of nanocrystals
absorbing at 815.8 cm . These nanocrystals can be
arranged on the both interface "SiC film—substrate"
and inside the silicon substrate, covering the inner
surface of the pores. Sample Ne2 shows a similar
structure with small shift of component maxima.

For films Ne3 and Ne4 grown at 1330°C and 395 Pa of CO
gas, some of the components, which maxima exceeds 803
cm1, became broader and have large areas, and,
conversely, a broad peak at ~818 cm! has a smaller area.
This indicates an influence of synthesis condition on the
formation of groups of the SiC nanocrystals of different
sizes. Range 818-959 cm! can be attributed to a shorter
Si-C-bonds between atoms in SiC nanocrystals and
nanoclusters.
The peak with maximum in range 957.5 cm — 959.0 cm'! e S
Is presented in spectra of all samples, and corresponds to 350 000 850 800 750
the mechanical bond of the elastic dilatation dipole Wavenumber. ¢l
oscillation energy (C-Vg).
\\Mathematical decomposition of IR absorption spectrum of SiC films (c) Ne3 and (d) NgAf/

d
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850 900 850 300 750

e

(d

-2

Abgorption, a.u.

[a—

synthesized at 1330 °C and 395 Pa (S — area of components)




IR spectroscopy. The S areas of thirteen SiC peak components at wave numbe

for the IR spectra of SiC Nel-4 films subjected to mathematical decomposition.

21
rsN

No SIC Nel SIC Ne2 SIC Ne3 SIC Ne4
T,°C| 1250°C, 264 I1a 1250°C, 264 Ila 1330°C, 395 I1a 1330°C, 395 I1a
Para-l w, | g 8% | W, | sau |sw| Y |sau|sw| ¥, |sauls %
meter| cm cm cm cm

957.5 1.74) 1.29| 957.6 2.30] 1.33|958.8] 2.44| 1.68(959.0f 3.02| 2.12

o 931.6 2.16] 1.60] 931.5 4401 2.54|931.0f 4.20] 2.89|931.1] 4.88| 3.42

£ [859.8] 14.42| 10.67| 860.2] 20.59| 11.85|858.0] 25.92| 17.81]858.2] 24.99|17.51

L (8187 0.66[ 0.49| 819.0 1.02| 0.59] - - - - - -

S [815.8] 67.65| 50.05| 816.9 85.49| 49.25|818.4| 46.68| 32.07|817.6] 45.06/31.58

g 814.9 1.23| 0.91f 814.9 1.27] 0.73| - - - - - -

; 811.0 1.71f 1.27{ 811.1 3.01] 1.73|812.2] 4.77] 3.28[811.8] 4.00{ 2.80

s 807.3 1.83] 1.35| 807.3 3.38| 1.95|807.0f 6.72| 4.62|807.2] 5.09| 3.57

o (8034 3.07 2.27| 803.1 6.55| 3.77|803.4] 7.09] 4.87|802.9] 8.63| 6.05

O [799.1 7.79] 5.76| 799.5 8.41] 4.85|799.7) 7.30] 5.02(799.4 5.77| 4.04

2 795.7 6.48| 4.79| 795.5| 11.17| 6.44{795.7| 6.47] 4.45/796.0, 8.07| 5.66

IE 792.7 3.42| 2.53| 7924 4.63] 2.67|792.2| 4.04) 2.78[792.1] 3.08] 2.16

790.1| 23.01] 17.02| 789.6] 21.35| 12.30(789.0] 29.92| 20.56(788.8| 30.10({21.09
xS | 135.17( 100.0 XS | 173.57| 100.0] XS |145.55|100.0f XS |142.69|100.0

The SiC peak of sample No. 2 has maximum area S = 173 a.u. The substrate of sample

N
and microcracks in the subsurface layer. Microcracks promote to the penetration of CO gas
into the interior of the single crystal and the formation of SiC nanocrystals.

02 was not processed in an acid mixture HF: HNO,; = 1 : 10 and retained many scratches/




IR spectroscopy
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Basing on the areas of the SiC peak components for films Nel—4, the volumes (%) of
SiC crystalline phase and cluster structures were determined.

Nos. Types of bonds SIC Nel | SIC Ne2 | SiC Ne3 | SiC Ne4
A Close to th(_e tetrahedral Si-C-bond of 13.09 13.95 1224 11.86
the crystalline phase,%
B Shortened Si-C-bond on the surface of 5634 5803 44.84 44.00
nanocrystals, %
C Extended Si-C bond in small defective 1702 1230 20 56 2109
nanocrystals, %
D '_Shortened Si-C- bonds between atoms 1355 1572 99 37 9305
in nanoclusters, %
A+B | Crystalline phase,% 69.42 |71.98 57.07 55.86
C+D Clusters and small defective 3058 |28.02 4293 44.14
nanocrystals,%
Total, % 100.0 |100.0 100.0 100.0

The proportion of the crystalline phase of silicon carbide, reflecting the degree of
crystallinity of the film, was in the range of 55 — 72 %.

It has been established that the highest content of crystalline phases of SiC and the
Wst perfect structure are characteristic of film Ne 2. /




X-ray

reflectometry
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All of samples Nos. 1 — 4 by X-ray reflectometry was measured (Fig. 11). Because of the

Si, then the substance is pure silicon.

blurred interface "film-substrate”, maxima had low amplitude, making it difficult to analyze
the SiC layers. For all samples, except sample Ne 2, the intensity oscillations attributed to the
interference of X-ray reflections in SiC, layer, where x = N-/Ng; is the ratio of concentrations
of carbon and silicon atoms [14], were found. If x =1, i.e. SiC, = SiC, it is a stoichiometric
silicon carbide. If x =0, i.e. SIC, = SIC, =

(0.139 nm) for SIyC film of samples Ne 1
\i(a) logarithmic and (b) natural scales

Table 5 - Determination of the _ L1 /2 20, 0., 0., D

density of the SiC, layer of sample Film Z‘f‘f ”‘Zﬁ gra&e gr:;de mrcad g/c;n?’

Ne 1 according to Henke program SiC, |72926| 36463 | 0511 | 0,2555 | 4,459 | 3,069

For reﬂeCtogram Of Sample Ne 1’ the 100000 80000

main reflection peak with intensity I, i — CuK,

= 72926 pulses is observed at angle 10000 | _ CuKg

20 = 0.458°. Angle of total external R 60000 1

reflection was determined as an angle 1000 |

where intensity of reflection is equal 2 F 2t o

to half of the main peak | = 1,/2 = - o o 0000 | 21

36463 pulses, i.e. 20, = 0.511° (Fig. 100

11 (b)), or 6, = 0.2555° = 4.459 mrad, ot 20000 |

which corresponds to p=3.069 g/cm3. 10 _

Fig.11a,b. X-ray reflectometry using two L ‘?)I L | 0 b)

spectral lines CuK,, (0.154 nm) and CuK; 0.0 02 0.4 0.6 0.8 1.0 1.2 04 05 06
20, grade 20, grade
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X-ray reflectometry .
At reflectogram of sample Ne 2, the intensity oscillations (Fig. 11 (c)) are absent. The

600000
500000 ©

400000 |

300000

200000 ©

100000 |

0

0.0 04 0.8 1.2 1.6

Increase of main peak intensity by 8 times (I, = 581448 pulses) caused by decrease in average
roughness on large areas of irradiated surface, as was shown in section 3.2. The angle of total
external reflection corresponding to 1,/2 = 290724 pulses is equal to 26, = 0.519° (Fig. 11
(d)), or 6, = 0.25965° = 4.532 mrad. In reflectogram of samples Ne3 and 4, the intensity
oscillations again revealed (Fig. 11 (e), (9)). The main reflection peak has intensity I; =
147030 pulses. Angle of total external reflection was 20, = 0.525° (Fig. 11 (f)), or 0, =
0.2625° = 4.581 mrad. Main reflection peak for sample No. 4 (Fig. 11 (g)) has intensity I, =
97629 pulses; 20, = 0.529° (Fig. 11 (h)), or 6, = 0.2647° = 4.620 mrad.

0.3 0.4 0.5 0.6 spectral lines CuK, (0.154 nm) and CuK

20, grade

Henke program [33] allows
determining the density of the film
from value of the critical angle 6.. For
SIC, film on sample No. 1 was found,
that the value 6, = 4.459 mrad
corresponds to the density value 3.069
g/cm3. The density of SiC, layer on
the sample Ne 2 was 3.17 g/cm3, on
the sample Ne 3 — 3.233 g/cm?, on the
sample N 4 - 329 g/cmd,

r%@?ﬂ'é{&'&-ray reflectometry using two

(0.139 nm) for Sin film of samples Ne 2,
in (c) logarithmic and (d) natural scales.
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X-ray reflectometry
Basing on these data, the composition of SiC, layer is defined. The process of Si atoms

substitution onto C atoms in the silicon substrate takes place in several stages, during which
the intermediate phases are formed containing silicon vacancy and carbon atom in the Si
Interstitial space. These phases have less dense crystal lattice than the SiC. In this regard, the
composition determination of layers by the density measurement can lead to ambiguous or
even incorrect results. Therefore, ellipsometry method is attracted for determination of the
SiC layers composition. Thickness of the SiC layers approximately is: Ne 1 —95.0 nm, Ne 2 —
95.0 nm, Ne 3 —110 nm, Ne 4 — 117 nm. Samples Nos. 1 — 4 contain 5 - 8% of Si vacancies.
These data allow suggesting that the low value of the density of the sample No.1 is associated

to a high concentration of silicon 1000000

vacancies. At their excessively high
concentration, carbon may be present
as the second phase. Thus, in the case
of SiC film, containing Si vacancies,
should instead of formula SiC, be
write formula Si,C (y = Ng/Nc¢), In
which the variable value is the content
of silicon.

Fig. 11e,f. X-ray reflectometry using two
spectral lines CuK, (0.154 nm) and CuK,

(0.139 nm) for Sin film of samples Ne 2,
in (c) logarithmic and (d) natural scales.
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X-ray reflectometry
The composition of Si,C layers can be approximately determined from the proportion (3):

Y =V1 _Y2—N (3)

Py —P1 P2 — P1
where p, = 3.21 g/cm? is the density of stoichiometric SiC layer, y; = 0, y, = 1, p, = 3.069
g/cm’, and p, = 2.23 glcm® is the graphite density. Hence y = y; + (y,-y1)(p,-p1)/(p2-py) =
0.856, i.e. on 100 carbon atoms accounted 86 silicon atoms and Si,C = Sl g5¢C. The formula
Siyg5sC Can be rewrite through percentage ratios between Si and C atoms — Si,C, ..
Coefficients y and z are interrelated by expression Si,C, = Si; ,C,. Hence y/1=(1-2)/z —
1-z=yz, — 1=2(1+y) — z=1/(1+y). Then Si,C = Si_,C, = Si; 344y C1/14y) @N:

100000 ¢ X 100000 ¢ . :
E c SlyC — Sly/(1+y)C1/(1+y) ' (4)

Hence we have, Sijg:cC = Sij 46Co 54
i.e. content of Si and C atoms in the

10000 — 80000 F

1000 ¢ '..\\ S | 60000 sample Ne 1 is 46% and 549%,
z_: g RN 3 respectively. For film Si,.C of sample
— 100 ¢ o) Slcx"“n}\ 40000 £ Ne 2 with density p,= 3.17 g/cm?3, we
E o S obtain the composition Si;oC =
10 £ —Cuka T 50000 - Sig49Cos1, Which is very close to
- — CuK AN : T "
- B stoichiometric composition.

1 ‘1 0 Bodie Fig. 11g,h. X-ray reflectometry using two
0.0 0.3 0.6 0.9 04 05 0.6 spectral lines CuK, (0.154 nm) and CuK,

B T (0.139 nm) for Si,C film of samples Ne 2,
20, grade 20, grade in (¢) logarithmic and (d) natural scales.




/ X-ray reflectometry ﬁ

Density values of the films Nos. 3 and 4 are greater than density of stoichiometric SiC
(3.21 g/cm?3) and suggest the presence of more dense structures, such as carbon in a diamond
condition (3.51 g/cm3) or in strong carbon clusters, containing multiple bonds and having a
high density [11,35].

The layer composition is wrote in the form Si,C, where Si,C corresponds to
stoichiometric silicon carbide, and Si,C = C — to diamond. From proportion similar to (3),
wherey, =1,y,=0, p, = 3.51 g/cm?, p, = 3.21 g/lcm3, p, = 3.233 g/cm3, for sample No. 3 was
obtained the value of y =y, + (y,-y;)(py pl)/(p2 p,) = 0.923 and the composition of the film
Si,C = S|0923C Since the density of the layer is high (3.233 g/cm3), then the concentration of
silicon vacancies in the upper part of the film is low. On average, 8 excess carbon atoms
account for 92 SiC molecules.

Accordingly (4), composition of layer No. 3 can be written: Si; 4,3C = Si 430Co 520-
Similar formula for sample No. 4 will look Si ;35C = Si; 4,3C, 577 The presence of carbon
nanoclusters can be also expected in this sample.

To evaluate the thickness of Si,C film Ne 1, we used the formula 2d-sinf = 4, where 4 is
the wavelength of the CuK,, (0.154 nm) and CuK (0.139 nm) radiation, and 26 = (0.998 —
0.644)/4 = 0.0885° = 1. 545 mrad is the average CF stance between the peak minima (Fig. 11).
For small 6 angles, sin6 = 0, so d = 4/26 nm. The Si,C layer thickness of the sample Ne 1 was
~99.8 nm, and by two peaks of CuKg-radiation ~ 98 5 nm. Thickness of the film on the
sample Ne 2 was not determined due to the absence of oscillations (Fig. 11 (c)). The SIyC
layer thickness of sample Ne 3 was equal to 122.7 nm (CuK) and 124.6 nm (CuK,), i.e. ~124

\riThlckness of Si,C layer of sample Ne 4 was evaluated ~115 nm. /




X-ray reflectometry N

Mathematical simulation and analysis of the microscopic structure of film layers was carried
out by using the Release program [10]. This made it possible to obtain model theoretical
curves (Fig. 12) and compare them with the experimental X-ray reflectometry curves.

The results of the SiC layers structure simulation are shown in Fig. 13. The curves coincide if
SiC films Nos. 1 — 4 consist of five layers of different thickness, density and composition.

1 /T 1 1 1 1 [ 1
_ 0.1 & V‘ ‘/I
- 0.1 - = 0.1 2 0.1 E 2
4 E W - w E w =
= c =9 - =5 - = C
= © 0.01 : < -
x — 001 ¢ = f =
0.01 - : 0.01 L 0.01 |
0.001 . 5
o i - i A o B
0.001 ; ) 0.0001 0.001 g (©) \ 0.001 ; (d) \
U.UUUI L1 [ B U.UUUUI _l T Y Y U.“UUI L L L 1 U.l".".'_l. L [ IR
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2 0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9
20, grade 20, grade 20, grade 20, grade

Fig. 12. Simulation of the X-ray reflectometry data by the Release program
\\of the multilayer system Si,C for samples (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4: /

1 — experimental curve, 2 — theoretical curve.
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The thin SiIC layer 1 in aII samiples, except sample No. 2, has a low density and is may

and 2.

be enriched by carbon and silicon vacancies, through which the X-ray passes under grazing
angle. The low average density of this layer may be due to the etch pits. The surface of
sample Ne2, which was not pre-treated with etching acids, is the closest in composition to
SIC. Layer 2 has the highest density and is closest in composition to SiC. Carbon content
decreases in the layers 3 and 4. The density of these layers also decreases, being values below
3.21 g/cm?3, so the composition of layers is determined in the same way as for the films Ne 1

layer 1: SiC+Si,,.(1.58 nm, 7.0 nm, 0.5 g/cm?3)

layer 1: SiC+Si,,.(6.19 nm, 3.0 nm, 2.91 g/cm3)

layer 2: SiygC(1.05nm, 25 nm, 3.07 g/cm?3)

layer 2: SiyosC(0 nm, 25 nm, 3.17 g/cm3)

layer 3: Siy 7C(2.0 nm, 30 nm, 2.98 g/cm3)

layer 3: Sig 5,C(4.0 nm, 30 nm, 2.91 g/cm3)

laver 4: Si, -,C(2.0 nm, 7.5 nm, 2.95 g/cm?3)

laver 4: Si, .C(4.0 nm, 10.0 nm, 2.87 a/cm?3)

layer 5: Si + voids (9.0 nm, 14 nm, 2.1 g/cm?)

layer 5: Si + voids (9.0 nm, 15 nm, 2.0 g/cm?)

(@) substrate: Si (1.5 nm, 0, 2.33 g/cm®)

(b)  substrate: Si (4.0 nm, o, 2.33 g/cm?)

layer 1: SiC+Si,..(2.95 nm, 9.4 nm, 0.6 g/cm?)

layer 1: SiC+Si,,.(1.77 nm, 7.3 nm, 0.4 g/cm?3)

layer 2: Siy 4,C (1.0 nm, 34 nm, 3.23 g/cm?3)

layer 2: Si, ,5C (1.17 nm, 30 nm, 3.29 g/cm?d)

layer 3: Si, g,C(5.0 nm, 27 nm, 3.01 g/cm?)

layer 3: Siy ,C(4.0 nm, 37 nm, 3.05 g/cm?3)

layer 4: Si, ,,C(4.0 nm, 6.0 nm, 2.91 g/cm?)

layer 4: Siy ;,C(4.0 nm, 10.0 nm, 2.85 g/cm?®)
layer 5: Si + voids (9.5 nm, 15 nm, 2.0 g/cm?)

layer 5: Si + voids(9.0 nm, 14 nm, 2.11 g/cmd)

(c)  substrate: Si (1.6 nm, o, 2.33 g/cm?®)

(d) substrate: Si (1.4 nm, o, 2.33 g/cm®)

Fig. 13. Model of multilayer structure of samples (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4
calculated on basis of experimental data using the Release program [10]; the values of th
layer surface roughness (nm), thickness (nm) and density (g/cm3) are given in parentheses

s/
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/ X-ray reflectometry \
The fifth layer of low density is porous silicon covered with the SiC film [2].

As synthesis temperature increases, the thickness and density of the layer 2 + layer
3 zone (films Nos. 3 and 4) increases. In sample No. 4, intensive carburizing
processes led to a decrease the proportion of silicon atoms and an intensive release
of carbon into nanoclusters of increased density in layer 2. This caused an
Intensive formation of SiC in the layer adjacent to substrate. This can be

accompanied by intensive pore formation, as evidenced by ellipsometry data.

layer 1: SiC+Si,,.(1.58 nm, 7.0 nm, 0.5 g/cm?)

layer 1: SiC+Si,,.(6.19 nm, 3.0 nm, 2.91 g/cm?)

layer 2: Sij gsC(1.05nm, 25 nm, 3.07 g/cm3)

layer 2: Si, sC(0 Nnm, 25 nm, 3.17 g/cm?)

layer 3: Siy 7C(2.0 nm, 30 nm, 2.98 g/cm3)

layer 3: Siy sC(4.0 nm, 30 nm, 2.91 g/cm?)

laver 4: Siy-,C(2.0 nm, 7.5 nm, 2.95 g/cm?3)

laver 4: Si, ..C(4.0 nm, 10.0 nm, 2.87 a/cm?3)

layer 5: Si + voids (9.0 nm, 14 nm, 2.1 g/cm?)

layer 5: Si + voids (9.0 nm, 15 nm, 2.0 g/cm?)

(@) substrate: Si (1.5 nm, o, 2.33 g/cm?®)

(b) substrate: Si (4.0 nm, o, 2.33 g/cm?)

layer 1: SiC+Si,..(2.95 nm, 9.4 nm, 0.6 g/cm?)

layer 1: SiC+Si,,.(1.77 nm, 7.3 nm, 0.4 g/cm?3)

layer 2: Siy 4,C (1.0 nm, 34 nm, 3.23 g/cm?3)

layer 2: Si, -5C (1.17 nm, 30 nm, 3.29 g/cm?3)

layer 3: Siy5,C(5.0 nm, 27 nm, 3.01 g/cm3)

layer 3: Siyg,C(4.0 nm, 37 nm, 3.05 g/cm3)

layer 4: Siy ;,C(4.0 nm, 10.0 nm, 2.85 g/cm?®)

layer 4: Si, ,,C(4.0 nm, 6.0 nm, 2.91 g/cm3)

layer 5: Si + voids (9.5 nm, 15 nm, 2.0 g/cmd)

layer 5: Si + voids(9.0 nm, 14 nm, 2.11 g/cmd)

\3 substrate: Si (1.6 nm, o, 2.33 g/cm?®)

(d) substrate: Si (1.4 nm, », 2.33 g/cm®) /




X-ray reflectometry

4 N
The theoretical and experimental curves coincide (Fig. 12), if the
average roughnesses of the surface of the grown SiC films Nos. 1-4
coincide with the atomic force microscopy data for the average roughness
of the areas with sizes of 200 x 200 nm. Film No. 2 has the most perfect
structure and composition closest to the stoichiometric Si g5;0C= Sl 44Cg 53

layer 1: SiC+Si,,.(1.58 nm, 7.0 nm, 0.5 g/cm3)

layer 1: SiC+Si,,.(6.19 nm, 3.0 nm, 2.91 g/cm?)

layer 2: Siy gC(1.05nm, 25 nm, 3.07 g/cm?3)

layer 2: Siy 4sC(0 nm, 25 nm, 3.17 g/cm3)

layer 3: Siy7C(2.0 nm, 30 nm, 2.98 g/cm?q)

layer 3: Siy5,C(4.0 nm, 30 nm, 2.91 g/cmd)

laver 4: Si,-,C(2.0 nm, 7.5 nm, 2.95 g/cm?3)

laver 4: Si, ..C(4.0 nm, 10.0 nm, 2.87 a/cm?3)

layer 5: Si + voids (9.0 nm, 14 nm, 2.1 g/cm?)

layer 5: Si + voids (9.0 nm, 15 nm, 2.0 g/cm?)

(@) substrate: Si (1.5 nm, o, 2.33 g/cm®)

(b) substrate: Si (4.0 nm, o, 2.33 g/cm?)

layer 1: SiC+Si,..(2.95 nm, 9.4 nm, 0.6 g/cm?)

layer 1: SiC+Si,,.(1.77 nm, 7.3 nm, 0.4 g/cm?3)

layer 2: Si; o,C (1.0 nm, 34 nm, 3.23 g/cm3)

layer 2: Siy ,5C (1.17 nm, 30 nm, 3.29 g/cm?)

layer 3: Si; g,C(5.0 nm, 27 nm, 3.01 g/cm?)

layer 3: Si, ¢,C(4.0 nm, 37 nm, 3.05 g/cm?3)

layer 4: Si, ,,C(4.0 nm, 10.0 nm, 2.85 g/cm?)

layer 5: Si + voids (9.5 nm, 15 nm, 2.0 g/cm?)

O

layer 5: Si + v0|ds(9 0 nm 14 nm 2.11 g/cm?3)

\3 substrate: Si (1.6 nm, oo, 2.33 g/cm?®)

(d) substrate: Si (1.4 nm, o, 2.33 g/cm®) /
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To synthesize epitaxial SiC films, we used polished single-crystal silicon wafers of the (100)

orientation, 7—7-0.3 mm in size and with a resistivity of 4-5 Ohm-cm [7, 10]. The synthesis of
SIC films was carried out in a special electric furnace [11] at a temperature of 1250 °C and
1350°C for 20 minutes in a CO gas flow at a pressure of 0.8 Pa.
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Fig. 3. X-ray diffraction pattern of SiC
film synthesized by the method of atom
substitution in a silicon lattice at a
Ktemperature of 1250°C for 20 min at a

CO gas pressure of 0.8 Pa.

35
/Synthems of SiC films by the atom substitution method \
W 1 The synthesis of SIiC films by the

method of atom substitution, recently
carried out in a new facility developed
by prof. Nussupov K.Kh. [26] (1250°C,
20 min, CO 0.8 Pa).

Fig. 3 shows that the X-ray patterns of
SiC films contain almost all known f-
SiC lines. This indicates a high degree of
perfection of the structure of SiC
nanocrystals formed at a temperature of
1250°C. The X-ray lines have a uniform
intensity, except for the (220) line, which
has a reflection of the increased intensity
of the single crystal.
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The decomposition of IR-spectrum shows a very small content of amorphous SiC
(components at 785 and 788 cm), the presence of B-SiC layer (components at 795 cm1), SiC
crystallites of various sizes ( a number of peaks between 800-900 cm1) and dilatation dipoles

(component at 957 cmt). The components in the spectrum with maxima at 785.5 cm* and
788.0 cm-! were assigned to Si-C bonds in highly defective deformed nanocrystals.
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The IR spectrum contains a number of narrow peaks with wavenumbers 803.4 cm-13°
807.3 cm, 811.3 cm, 814.6 cm, 819.0 cm, 825.9 cm?, 834.5 cm, 838.0 cm™,
841.8 cm, which could appear due to absorption by small nanocrystals of different
sizes.

Indeed, H. Mutschke et.al [12], analyzing the studies on the emission of small SiC
particles with a diameter of 0.3-3 um In space objects, note that a broad peak in the
11.3 pm region (~ 885 cmt) was interpreted by various authors as the emission of
small SiC particles between the frequencies of transverse (~ 795 cm) and
longitudinal (~ 960 cm™t) optical phonons.

In addition, there are also broad Gaussian peaks with maxima at wave numbers 853.0
cmt and 890.8 cm! (39%), which can be attributed to Si-C bonds on the surface of
nuclei of very small SiC nanocrystals of a wide range of sizes with the domination of
nanocrystals absorbing at 853 cm [7, 10, 12].

Silicon carbide nanocrystals and their nuclei can be located both at the “SiC film - Si
substrate” interface, and inside the silicon substrate, covering the inner surface of the
pores [9, 13]. In general, the crystalline phase of silicon carbide, including the nuclei
of small nanocrystals, is estimated to combine carbon and silicon atoms, forming
80.3% of the Si-C bonds of the silicon carbide film.

The peak with a maximum at 933.1 cm (8.8%) can be attributed to shortened Si — C
bonds in silicon carbide clusters. The peak with a maximum in the region of 960 cm -
1 (1.6%), observed earlier in [9, 13, 17], corresponds to a special mechanical
connection between the vibration energy of an elastic dilatation dipole (C — Vg;).



It was found that an increase in the synthesis temperature by the method of atomic substituti®®
from 1250°C to 1350°C leads to an increase in IR absorption and an expansion of the interval of
the appearance of narrow peaks of various intensities up to 730 - 960 cmt, and this is due to an
increase in the amount of optically active Si—C-bonds, an increase in the total volume of silicon
carbide, as well as the formation of structural elements in the form of spatially limited
amorphous structures (730-790 cm1), nano- and microcrystallites of silicon carbide of various
sizes and polytypess_ (795-902 cm™Y).
SiC 1350C 20' CO 0.0063tom N2-250419 edge 1
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Figure 5 - Decomposition of the IR absorption spectrum of a SiC film synthesized in CO gas at a
temperature of 1350°C and a pressure of 0.8 Pa for 20 min by the method of atomic substitution
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Debyegram and intensity of X-ray reflections 1(20) of a thin

silicon carbide film synthesized at a temperature of 1350°C and a
pressure of 0.8 Pa for 20 minutes by the atomic substitution method
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Silicon Carbide Synthesized by rf Magnetron Sputtering in the
Composition of a Double Layer Antireflection Coating SiIC/MgF,

K.Kh. Nussupov, N.B. Beisenkhanov*, S. Keiinbay, A.T. Sultanov

In  Kazakh-British Technical University (Almaty, Kazakhstan) the
technology of solar cells is developed using the methods of magnetron
sputtering, electron beam evaporation and photolithography process.
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Stages of the technological route for the creation of a solar cell
contact system using photolithography technology
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Silicon carbide as passivating and antireflection coating
Solar energy has the highest potential for development.

The top priorities - the increase the efficiency and reduce the cost of solar
cells.

The most effective way: optimization of antireflection and passivation
coatings.

The most effective are double layer coatings ZnS/MgF, and TiO,/SIO,.
These gradient structures show excellent results in reducing reflection.

Disadvantages of antireflection coatings: ZnS/MgF, deposition requires
heating silicon substrates for proper film adhesion.

Universal coatings can perform both passivating and antireflection functions.
Silicon carbide can be used as a passivation layer for silicon solar cells.
Silicon carbide films can reduce the reflection up to 3%.

SIC films formed by the CVVD method using poisonous gas monosilane and
high temperatures of the substrate, negatively affects the lifetime of minority
carriers.

In this work, an antireflection double layer SIC/MgF, are synthesized by RF
magnetron sputtering.



Material and methods 5
MAGNA TM-200-1 device - RF 13.56 MHz magnetron sputtering, Ar 0.4 Pa, SiC target.
Substrates: c-Si (p-type, (100) orientation, ~400 um of thickness) and sapphire.

The first group of SiC films: the power of 100, 150, 200, 250 W, for 1800 seconds.

X-ray reflectometry in the 6-26 mode: to determine the thickness of the SiC films.
GenX software: theoretical curve was fitted to the measured curves to determine density,
thickness and roughness. Then, the deposition rate of the films was calculated.

SCOUT software: refractive index and extinction coefficient were calculated by fitting
theoretical and experimental reflection and transmission curves of films on the sapphire.

Lumerical FTDT and SCOUT software: by simulation the most effective combination of
antireflection coating SiC/MgF, was calculated.
, " N

"8\ ([ Ypgraded the _ Modern X-ray
By TM-200-01 1 reflectometer
i MAGNA | Complexray C6
& installation for & to determine the
deposition of . thickness,
nanostructures density and
by magnetron ] roughness of
sputtering the films



The second group of SiC films - 50 nm thickness.

The powers - 100, 150, 200, 250 W, but the time varied to achieve of 50 nm thickness.
Nicolet iS50 (400-4000 cm?) - for IR spectroscopy studies of SiC films.

Evolution 300 UV-VIS spectrophotometer (300-1100 nm) — to measure the transmission
and reflection spectra.

ELU TM-5 — for deposition of MgF, films on SiC surface by e-beam evaporation of pure
MgF, grains simultaneously on SiC films and c-Si substrate.

\oltage between the electron gun and the crucible - 6 kV,

the current through the filament - 6 mA, the deposition time - 280 seconds,

the substrate rotation - 5 rad/s; the deposition rate increased from 0.25 to 0.8 nm/s.

Infrared FTIR spectrometer Spectrophotometer Evolution- Electron-beam unit "ELU TM-5"
Nicolet iS50 FT-IR with 300 to measure transparency,  for deposition of antireflective
Raman prefix reflection and absorption coatings on silicon solar cells



Theory

Anti-reflective coating is required to reduce optical loss caused by the reflection of
light from the surface of solar cells. Since silicon has a high refractive index n = 3.9,
about 35% of the incident light 1s reflected from its surface. The reflection reduction
strategy is based on an 1dea proposed by Lord Rayleigh in 1879 [27]. The essence of
this method 1s the use of gradient structures with a decreasing refractive index from
the substrate (ng,,) to the medium (n,;,).

The choice of materials for antireflection coatings is based on the principles of
quarter-wave films and the determination of the optimal values of the refractive index
n of the gradient structure. In quarter-wave antireflection coatings of thickness d,
satisfying the condition nd = A/4, the intensity of the reflected rays is canceled out at

normal incidence.

Using the expression n?

= Ngr * Ngyp for a single layer coating, as well as the
expressions n% = nq * Ngyp and n% = Ny - Ny for a double layer system

substrate/layer2/layer1/air, it 1s easy to obtain the optimal refractive indices:

3 3
ng = Jnéir X Ngyp and ny= Jnair X ngub. Ifng, = 1 and ng,, = 3.9, then the

upper layer should have a refractive index n;=1.57, which, in the range of 300-1100
nm, approximately corresponds to MgF, (n = 1.42-1.44) [30]. The lower layer should
have a refractive index n,~ 2.47, which 1s comparable to the refractive indices of
S1C (n=2.60-2.73) [30].

5
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Figure 1 — Dependence of characteristics on the power of the magnetron: a) Deposition rate of SiC films;
b) Refractive index and extinction coefficient of SiC films over a wavelength.

With an increase in the magnetron power, the deposition rate grows almost linearly, from 6.7 to 27.8
A/min in the power range of 100 - 250 W.

In order to calculate the optical constants of SiC films, we used the transmission and reflection spectra
of films on a sapphire substrate. The values of the refractive index and extinction coefficient of SiC films
in the wavelength range of 300-1100 nm were calculated using the SCOUT software by curve fitting (Fig.
1 (b)). A decrease in the magnetron power and an increase in the wavelength leads to a decrease in the
refractive index from 3.25 to 2.43 and the extinction coefficient from 0.7 to 0.

The SiC films deposited at a magnetron power of 250 W have the highest refractive index and extinction
coefficient. The refractive index of these films is gradually decreased from 3.25 to 2.80 in the wavelength
range 300 - 800 nm, while the extinction index sharply decreases from 0.7 to O in the range 300 - 600 nm.
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Figure 1 — Dependence of characteristics on the power of the magnetron: a)
Deposition rate of SiC films; b) Refractive index and extinction coefficient of SiC
films over a wavelength.

Films deposited at a power of 100 W have much lower optical constants. The
refractive index of such films gradually decreases from 2.71 to 2.47 in the range
300 - 800 nm. The extinction coefficient has a similar tendency to decrease in the
same range of 300 - 600 nm, but still has lower values - less than 0.3. This suggests
that silicon carbide films deposited at a magnetron power of 100 W are more
transparent in the range 300 - 600 nm.




Antireflection coatings simulation

To simulate the structure and obtain results as close to reality as possible, we used the optical constants

5

of films directly deposited on our own MAGNA TM-200-1 installation at certain parameters. The
simulations were primarily done using the Lumerical FTDT software. Antireflection coating consisting of
the SiC and MgF, layers was deposited on polished silicon 2 microns thick. The low thickness of substrate
does not affect the final reflection result, but significantly reduces the calculation time.

The thickness of the SiC films varied from 40 to 70 nm with a step of 10 nm, while for MgF, it
remained unchanged - 130 nm. A "plane wave" with wavelengths in the range of 300-1100 nm was used as
a light source. The simulation was performed in 3D mode. Despite the high reflection in the 350-550 nm
wavelength range, all silicon carbide films are characterized by a decrease in reflection to values below
10% in the 550-1100 nm wavelength range and below 5% at least in the 680 - 940 nm range. For a 100
W/50 nm curve, the reflection is below 5% in the widest wavelength range 425-1100 nm.
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Figure 2 — Calculated
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reflection for SiC films
40—70 nm thick in a
Si/SIC/MgF, system
deposited at a magnetron
power: a) 100 W; b) 150
W; ¢) 200 W; d) 250 W



Antireflection coatings simulation

To confirm obtained results, an
identical structure was modeled using the
SCOUT and OPAL software. For SCOUT
it was taken into account that the Evolution
300 UV-VIS spectrophotometer measures
at incidence angle of 12.5°. In this regard,
the results are slightly different. However,
for a 50 nm thick silicon carbide layer, the
reflection curves simulated in SCOUT are
generally comparable to the Lumerical
FDTD results (Fig. 3 (a)). Films deposited
at a magnetron power of 100 W also have
the lowest reflection in the wavelength
range 300-520 nm and 780-1100 nm.
OPAL software was used to determine
photon current. This allowed us to show
the amount of reflected light, absorbed
light in the substrate and in the
antireflection layer. The simulation was
performed for the same structures. The
thickness of the silicon carbide layer
varied within 40-70 nm, while the MgF,
thickness remained unchanged at 130 nm,
surface morphology was planar. The
magnitude of the incident light was 44
mA/cm?,
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Figure 3 — a) Calculated reflection according to SCOUT
software for SiC layers 50 nm thick in the Si/SiC/MgF,
system, deposited at a magnetron power of 100, 150, 200,
250 W; b) The amount of reflected photon -current
(mA/cm?), absorbed photon current in the substrate and in
the antireflection layer calculated by OPAL
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Antireflection coatings simulation

An evaluation of the data obtained from
the OPAL software (Fig. 3 (b)) shows that
at a low magnetron power of 100 W, the
photocurrent absorption in the substrate
increases. Due to the increased extinction
coefficient for films deposited at higher
power the amount of photocurrent
absorbed in the antireflection layer
increases. Moreover, a thickness of 50 nm
is optimal for photoelectric enhancement
at a magnetron power in the range of 150—
250 W. For a magnetron power of 100 W, a
film 60 nm thick has the best properties.

Theoretically best antireflection effect
is achieved by films with a thickness of
50-60 nm deposited at 100 W. This may be
due to the presence of a more suitable
refractive index of these films, which is
closer to the theoretically optimal value n
= 2.47 (Fig. 1 (b)).

+« SiC 100W
—SiC 150W
—SiC 200W
— SiC 250W

Reflectance

-------------
||||||||||||||||||||||||||||||||||||||||

900 1000 1100

Wavelength, nm

b)

B Absorbed in substrate = Reflected ®m Absorbed in antireflection layer

) '---llllllll-lll

20 19 16 13
III 29 22 29 o6 29 23 24 30 25 14
SiC  SiC SiC SiC SiCc Sic siCc Sic SiCc o SiC o Sic Sic Sic o Ssic o sic o sic

100W 100W 100W100W 150W 150W 150W 1 50W200W200W200W200W250W250W250W250W
40nm 50nm 60nm 70nm 40nm 50nm 60nm 70nm 40nm 50nm 60nm 70nm 40nm 50nm 60nm 70nm

Figure 3 — a) Calculated reflection according to SCOUT
software for SiC layers 50 nm thick in the Si/SiC/MgF,
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Pairs of experimental and theoretical curves obtained from SiC films deposited at powers of 100-250 W
are shown in Fig. 4. It was possible to achieve a high agreement between the experimental (broad black
line) and theoretical (the narrow blue line) curves.

Fig. 4 (a) shows the results of SiC films deposited at a magnetron power of 100 W. Visual analysis
shows a decrease in the amplitude of the curve oscillations at angles of 20 ~ 0.8°-1.6°, which is caused by
the presence of a less dense oxide SiO, film 0.9 nm thick and density pgo, = 2.17 g/cm?> between the
silicon substrate and the silicon carbide film. In this case, the density of the SiC film p = 2.92 g/cm?,
turned out to be lower than the reference value pgic = 3.21 g/cm3. A decrease in the density of the film
can be due to the presence of nanopores or a violation of stoichiometry caused by a decrease in the

concentration of carbon in the chamber due to the 2) b)
formation and removal of CO, molecules, and
appearance of SiO, molecules inside SiC layer. The
thickness of the SiC film was found to be 54.3 nm,
and its roughness was ¢ = 0.8 nm. Thus, it was
possible to obtain a silicon carbide film with a
thickness close to the desired one, deposited at a oo o5 10 15 20 00 05 w015 20
magnetron power of 100 W. 2t # fherall

An increase in the magnetron power to 150 W led ) d)
to form SiC layer (Fig. 4 (b): p = 3.05 g/cm?, d =
54.9 nm, ¢ = 0.84 nm. SiO, layer: p = 2.18 g/cm?3, d
= 0.6 nm.

For the SiC film grown at 200 W (Fig. 4 (¢)): p =
3.1 g/lem®, 6=1.4nm, d =51.5 nm. SiO, layer: , , , | | |
p = 213 g/cmg, d=09nm. 0.0 0.5 2Th1e.3a . 1.5 2.0 0.0 0.5 zTh;]ta[u] 1.5 20

For the SiC film grown at 250 W (Fig. 4 (d)): p = Figure 4 — X-ray reflectometry of SiC films deposited
3.05 g/cm’, d = 51.6 nm, = 1.03 nm. SiO, layer: by RF magnetron sputtering on silicon under different
p = 2.18 g/cm’, d = 0.2 nm due to increasing the  magnetron power: a) 100 W — 4500 s; b) 150 W —
duration of ionic cleaning from 2 to 3 minutes. 2520 s; ¢) 200 W — 1500 s; d) 250 W — 1080 s
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From the equation x = x; + (p, —p1) " (x2 — x1)/(p3 — p1), where p; =2.33 g/cm?, p, =3.21 g/cm?, 5
P <Py <Py x;=0,x,=1,x; <x<Xx,, and p, = 2.92 g/cm?, 3.05 g/cm?, 3.10 g/cm?, 3.05 g/cm? of the

studied layers obtained at a magnetron power of 100, 150, 200, 250 W, respectively, the composition of
films was determined: SiC/100W=SiC, ¢-; SIC/150W=8i1C, g,; S1IC/200W=S1C, g5; S1C/250W=8Si1C, g,.

It follows that, in the absence of pores, the SiC/100W film should have the maximum deviation from
stoichiometry and an excess of silicon, i.e. the maximum refractive index, since ng; > n¢ (see paragraph
4.1). However, calculations show (Fig. 1) that the refractive index in the case of SIC/100W has the lowest
values in the entire wavelength range of 300—1100 nm. For other films, the refractive index increases with
increasing magnetron power.

We can conclude that the values of the film density 2 b)
and refractive index are influenced to a greater extent
not by the stoichiometry of the film composition, but
by its porosity. Since the pore refractive index is close
to 1, this can cause a decrease in the refractive index
value with increasing the pore concentration and | | | | | |
volume. When sputtering a silicon carbide target, ** " = " 0 e
along with silicon and carbon atoms, nanoparticles
can come off. With a decrease in the power of the
magnetron, the concentration of nanoparticles in the =
film can increase, between which there may be pores. |
In this case, reducing the power to 100 W will cause a
noticeable decrease in the refractive index.
Nevertheless, an increase in extinction with an . o 0 = 2 o o 10 s
increase in the power of the magnetron indicates a 2 Thetta [°] 2 Thetta [°
slight increase in the silicon concentration and itsFigure 4 — X-ray reflectometry of SiC films deposited

negative effect on the optical properties of the film. by RF magnetron sputtering on silicon under different
magnetron power: a) 100 W — 4500 s; b) 150 W —

2520 's; ¢) 200 W — 1500 s; d) 250 W — 1080 s

Intensity [a.u.]
Intensity [a.u.]

c) d)

Intensity [a.u.]
Intensity [a.u.]




IR Spectroscopy 5

To establish a more reliable picture of the layer structure, an IR study of the films was carried out. The
FWHM was 262 cm? (100 W), 238 cm? (150 W), 262 cm? (200 W), 253 cm? (250 W), and this
corresponds to the parameters of amorphous silicon carbide (200-300 cm™).

The IR spectrum (Fig. 5 (a)) obtained from the SiC/100W film shows the presence of broad absorption
bands with maxima at 808 cm and 1015 cm. The maximum at 808 cm! may be due to the prevalence of
shortened Si—C bonds characteristic of small particles, for example, nanoclusters and nanocrystal nuclei.

An increase in the magnetron power, the maximum shifts from 808 cm* (100 W) to 797 cm (150 W),
794 cm® (200 W), and 785 cm™ (250 W). The shift of the maximum of the SiC peak to the region below
795 cm indicates a lower ordering of the structure corresponding to the vibrations of Si—C bonds of the
stretching modes in amorphous silicon carbide. This mai/ be due to the more intense sputlt) ring of the target.

In the region between 795 and d
800 cm, there are usually peaks
characteristic of Si—C bonds of
tetrahedral orientation.

The bands associated with
longitudinal stretching vibrations
of the Si—O bond, which are
caused by the motions of bridging
oxygen atoms in the SiOSi; (1145 i
cmt) and SiO,Si, (1205 cm't) 1300 1200 1100 1000 900 800 700 600

complexes, can contribute to the _ e L o .
amplitude of the spectrum. Figure 5 — a) IR absorption spectra of SiC films deposited by RF

magnetron sputtering prepared under magnetron powers 100W, 150W,
200W, 250W. b) The process of sputtering SiC target and the
interaction of Si and C atoms with residual oxygen, which leads to the
formation of massive SiO, and lightweight CO, molecules

RF ~
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IR Spectroscopy 5

* The hypothesis about the possibility of detachment of small silicon carbide nanoparticles at a lower
sputtering power of 100 W requires verification. In this case, one should expect a larger number of
tetrahedrally oriented Si-C bonds, absorbing in the region of 795-800 cm-1. The small size of nanoparticles
increases in the contribution to the spectrum of their surface containing shortened Si—C bonds, which leads
to a shift in the maximum of IR absorption from 795 to 808 cm. The deposition of nanoparticles instead of
individual atoms implies a less dense packing and the presence of a large number of nanopores and voids in
the film, leading to a significant decrease in the density of the film. Indeed, in Fig. 5 (a), it can be seen (see
solid vertical lines) that the amplitude of the absorption intensity of the SiC peak reduces with decreasing
power from 0.038 (250 W) to 0.037 (200 W), 0.037 (150 W), and 0.030 (100 W). A significant decrease in
the amplitude (A) and area (~AxFWHM) of the SiC peak of film deposited at 100 W indicates a significant
decrease in the total number of Si—C bonds.

Thus, a decrease in the density
(2.92 g/cm3) and the total number of
Si-C bonds while maintaining the
film thickness clearly indicates the
presence of nanopores formed
between SiC nanoparticles.

The decrease in refractive index of
SiC films at a magnetron power of
100 W is explained by a decrease in H
the concentration of silicon atoms t0 @ 5001300 7700 To00 oo0 50 00 oo
composition close to stoichiometric
SiC and the presence of nanopores Figure 5 — a) IR absorption spectra of SiC films deposited by RF
and voids (with n~1) due to the magnetron sputtering prepared under magnetron powers 100W,
detachment of nanoparticles from the 150\, 200W, 250W. b) The process of sputtering SiC target and
SIC target and their deposition on the the interaction of Si and C atoms with residual oxygen, which leads
silicon surface. to the formation of massive SiO, and lightweight CO, molecules

Optical density (arb. units)

Wavenumber (cm™)




Reflection 5

After the deposition of amorphous silicon carbide film on the silicon surface, the second
layer of the antireflection coating (MgF, of 130 nm thick) was synthesized. To determine
the efficiency of double layer antireflection coating SIC/MgF, the reflection spectrum was
measured. Simultaneously, the experimentally obtained reflection values were compared
with the simulated values provided by the Lumerical FTDT and SCOUT software. In
addition, the experimentally obtained reflection spectrum from polished silicon was shown.
To approximate the real and simulated conditions as much as possible, the thickness of the
films for each deposition mode, as well as the presence of an oxide film, were taken into
account (Fig. 6)..

Figure 6 — Model of
antireflection structure
of samples:

a) SiC 100W + MgF;
b) SiC 150W + MgF,;
c) SiC 200W + MgF;
d) SiC 250W + MgF,




Reflection

The theoretical and experimental curves obtained from SiC films deposited at a power of 100, 150, 200
and 250 W are very close (Fig. 7 (a-d)). In the case of actually synthesized coatings, it was possible to
approach to the minimum reflection values of 0.2-3.0% (100 W, 475-1020 nm), 0.55-3.0% (150 W, 535-
1005 nm), 0.66—3.0% (200 W, 530-947 nm), 0.57-3% (250 W, 537-938 nm), achieved during optimization
using Lumerical FTDT and SCOUT. In case of 100 W and 150 W, the Lumerical FTDT gives a reflection
spectrum closer to the experimental values. In case of 200 W, the reflectance curve obtained using SCOUT
software is in better agreement with the experimental curve, especially in the range of 300-360 nm and
470-650 nm. For 250 W, the fit with the experimental curve is better for the SCOUT curve everywhere

except in the 650-950 nm region.
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Conclusion 5

The best antireflection effect was achieved by using SIC/MgF, coatings containing
silicon carbide film deposited at a magnetron power of 100 W. This is due to the
optimal refractive index for creating a gradient structure with a decreasing refractive
index from the substrate (n,,) to the medium (n;,).

Simulations has showed that optimal parameters for the synthesis of antireflection
SiC layers in the SiC/MgF, coating are 100 W/50 nm, at these parameters the
reflection is below 3% in the widest wavelength range of 475-1020 nm.
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Figure 7 — Reflection spectra
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The optimal thickness of SIC film for an antireflection coating was 5
determined by computer simulations using Lumerical FTDT and SCOUT
software. The simulation was carried out for the SIC/MgF, system, where
silicon carbide films were deposited at a magnetron power of 100, 150, 200,
250 W, while the thickness of the magnesium fluoride films remained
unchanged and amounted to 130 nm. The simulation results showed that the
optimal parameters for the synthesis of SIC antireflection layer are
100W/50nm. With these parameters, the reflection is less than 3% in the
widest wavelength range of 475-1020 nm. The dependence of the physical
properties of the synthesized films on the power of the magnetron is
Investigated. Using reflection and transmission spectroscopy it was
experimentally revealed that a decrease in the magnetron power from 250 to
100 W leads to a decrease in the refractive index. According to our results the
best antireflection effect can be achieved with SiC/MgF, coatings when SiC
films are deposited at 100 W magnetron power. The reflectance spectra are
consistent with the simulation spectra, especially in the 475-1020 nm range,
where the surface reflects only 0.2-3.0% of the incident light. The obtained
results are explained by the correlation between the structural properties,
composition of amorphous silicon carbide films and antireflection properties.

(“Optical Materials”, 2022. IF3.75)



