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Formation of intermixing zones, their structure and phase composition in C/Si multi-
layers in as-deposited state and after annealing are studied. During deposition intermixing
zones of ~0.6 m thick are formed at both silicon/carbon and carbon/silicon interfaces. The
zone formed at C-on-Si interlayer is denser than adjacent zone due to amorphous SiC
nucleation. Both the thickness and the densities of intermixing zones increase with anneal-
ing temperature up to 800°C. Silicon carbide is revealed in Si-on-C zone at 700°C. Struc-
ture of the zones is still amorphous at 950°C.

HcenemoBaHbl 0COGEHHOCTH (POPMUPOBAHUA, CTPYKTYpa M (PA30OBLIM COCTAB IepeMellaH-
HBLIX 30H B MHOIoCJOHHON miaeHouHol cucremMe C/Si B MCXOQHOM COCTOSHUU U NIPU OTIKUIE.
TIpu ocaskaeHUM KOMIIOHEHTOB HA I'PAHUIAX Pasfesa KPeMHUI/yriiepoj U yriiepon/KpeMHuri
GopMuUpYIOTCA IepeMellaHuble 30HLI Toamuuoil ~0.6 um. IIpu sToM 30HA, KoTOopasd c)OPMHU-
poBanace npu ocaxkgenun C ma Si Gosee mioTHas 6Giarozapda TOMY, YTO B HEM €CTh aMOpQ-
meiii SiC. IIpn temneparype orexura 800°C pasmep M ILIOTHOCTBH IIEPEMENIAHHBIX 30H YBEJIU-
uymuBatotesa. Ilpu 700°C mabarogaercss (opMupoBanve Kapbujga kpemuus B 3ome Si ma C.
AmMopdHada CTPYKTypa 30H coxpaHsercda BILIOTH o 950°C.

Oco6aunBocti dopmyBaHHd i eBoaomia mepemimanux 30H y OaraTomaposiii cucremi
C/Si mpu marpiBauni. 1.0./Kypasens, €.A.Byzaes, O.B.Ilenvros, €.M.3y6apes, B.A.Cesprorosa,
B.B.Kondpamenxo.

Hocaimxeno ocobnuBocti opMyBaHHA, CTPYKTYPY Ta as30BUil CKJIAJ epeMilllaHUX 30H Y
Gararomaposiil mwiaiskosiit cucremi C/Si y Buxigmomy crami Ta mpu Bigmami. Ilpu ocamxenni
KOMIIOHEHTIiB HA MerKaXxX NOJLIy KpeMHiil/ByrJenb Ta ByIJelb/KpeMHI (oOpMYIOThCA Iepe-
minrani sorm saprosmku ~0.6 EM. IIpn nromy 30HA, o chopmysanaca npu ocamxenni C Ha
Si mae 6iapmy ryctury, ockinpxkm Bmimye amopdrunit SiC. Ilpu Temnepatypi siznaay 800°C
posmip Ta rTycTmHa mepeMmimanux 30H pocTyTh. IIpm 700°C cmoctepiraethes dopmyBamus
Kapbiny rpemuiro y somi Si ma C. AmopdHa cTpyKTypa 30H 36epiraetbca ax go 950°C.
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1. Introduction

Multilayer films with layer thicknesses of
nanometer scale are widely utilized as strength-
ening, antifriction, optical, magnetic and corro-
sion-inhibiting coatings in different scientific

and industrial areas [1-4]. Their properties are
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consid erably dependent on structure of their
layers and interfaces.

It is well-known that during deposition
of silicon-based multilayers interlayers, pre-
senting themselves intermixing zones, can
form [5, 6]. In most cases appearance of the
extra layers has an influence on the proper-
ties of the multilayer coating, especially,
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when the thickness of the main layers is
comparable with the thickness of the inter-
mixing =zones. Nanoscale thickness and
amorphous state of the intermixing layers
make study of their composition and their
structural and phase transformations under
different kinds of influence more difficult.
Thereupon periodical multilayers are con-
venient objects of the interlayer study be-
cause such multilayers form low-angle X-ray
diffraction pattern [2].

Structure and composition of the inter-
mixing zones in metal/silicon multilayers
have been thoroughly investigated in con-
nection with developing of X-ray optical
coatings for 1-4 nm [7], 12-20 nm [5] and
38-50 nm [6] wavelength ranges. In present
work the structure and composition of the
intermixing zones in C/Si system were in-
vestigated. This pare of materials is a pro-
spective alternative to Mo/Si one utilizing
for development of X-ray mirrors in 22—
35 nm wavelength range. C/Si multilayer is
also interesting as a wear-resistant antifric-
tion coating [8] and a precursor for nano-
granulated silicon carbide [9] being a pro-
spective material for radiation sensors and
high-capacity electronic devices. In addi-
tion, the investigation of interaction proc-
esses between carbon and silicon under ele-
vated temperatures is of a great interest in
connection with the development of new
silicon- and graphene-based types of het-
erostructures [10].

2. Method of specimen
preparation and attestation

C/Si periodical multilayers were depos-
ited by means of DC magnetron sputtering
in argon environment onto polished fused
silica and monocrystalline (100) silicon sub-
strates. Graphite (99.99 %) and silicon
(99.999 %) disecs of 100 mm in diameter
were used as the targets. Vacuum chamber
was preliminary baked up and pumped out
to 1073 Pa pressure, argon pressure during
deposition was kept at about 0.27 Pa. Layer
thickness was controlled by means of prop-
erly setting the transportation velocity of
the substrate holder over the targets with
deposition rates of 0.08 and 0.1 nm/sec for
C and Si, respectively. Before deposition the
substrate was cleaned by argon ion beam
(U=1000 V, I =7 mA, ¢t=10 min). The
temperature was not higher than 50°C dur-
ing the deposition process. It was two types
of specimens — bilayers and multilayers.
Bilayers were investigated by X-ray photo-
electron spectroscopy (XPS) method. Multi-
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Fig. 1. Scheme of investigated specimens —
Si/C and C/Si amorphous bilayers.

layers were investigated by means of low-
angle X-ray diffraction (LAXRD) and cross-
section transmission electron microscopy
(TEM). Scheme of the specimens for XPS
study is presented in Fig. 1. The thickness
of top silicon layer in specimen B was se-
lected noting that silicon reacts with oxygen
on the air and about 1.6 nm of Si is con-
sumed for SiO, formation.

XPS spectra were obtained using alpha
(Thermo VG, U.K.) spectrometer equipped
by Al Ka (kv = 1486.6 eV) monochromatic
X-ray source. Vacuum in working chamber
was maintained at 7.6-1077 Pa.

The XPS spectra were registered in the
energy ranges of 275-295 eV (C1s) and 93—
113 eV (Si2p). The example of the spectra
of specimens A and B in as-deposited state
is shown in Fig. 2.

The curves were analyzed by means of
commercially available mathematical soft-
ware. The individual peaks were separated

Table 1. Observed XPS spectra energy lines
of Si/C and C/Si bilayers in as-deposited

state

Line Values, eV Bond

Cls 283.0 Si-C
284.4 C—C (sp2)
284.9 C—C (sp2)
286.5 c-C
288.5 Cc=0

S2p 99.3 Si-Si
99.7 Si-Si
101.0 Si-C
102.8 Si-O
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Fig. 2. XPS spectra of different specimens in as-deposited state, type A (a, ¢) and type B (b,d) in

C1s (a, b) and Si2p (c,d) spectral ranges.

by the approximating Voigt function after
background subtraction utilizing the Shirley
method. Observed lines and corresponding
chemical bonds are given in Table 1.

LAXRD spectra were obtained by means of
general purpose X-ray diffractometer in 6/260
geometry at Cu—Kal (0.15406 nm) wavelength.
Incidence radiation divergence of 0.1 mrad
was provided by an asymmetrically cut Si
(110) crystal monochromator. The experimen-
tal curves were fitted using X-ray Calc
software. Calculation of the fitting curves was
based on the recurrence relations [12, 18]
using the Fresnel equations [14].

TEM images and selected area electron
diffraction patterns were obtained utilizing
transmission electron microscope PEM-U at
accelerating voltage of 100 kV.

The specimens were annealed in vacuum
furnace equipped by six 600 W Qhalogen bulbs
at ~710% Pa in 300-950°C temperature
range. The time of each annealing was 2 hours.

3. Results and discussion

As it was demonstrated previously [15]
during deposition of C/Si multilayers the
process of intermixing zone formation oc-
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curs at the interfaces (Fig. 3, a). Zone
thickness is =0.6 nm for both C on Si and Si
on C interfaces. At the same time fitting of
low-angle X-ray diffraction curves shows
that the zones have different densities. C
on Si zone has a density of =2.75 g/cm3 and
the density of Si on C zone is =2.4 g/cm3. It
should be noted that the density of each
zone is higher then the density of carbon

Fig. 8. Cross-sectional TEM images of C/Si
multilayer in as-deposited state (a) and after
annealing at 700°C (b).
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Fig. 4. TEM image of C/Si multilayer speci-
men composed of two stacks —
C(7.5 nm)/Si(7.5 nm) and C(0.1 nm)/Si(10 nm).

and silicon layers in the multilayer. Amount
of layer components that was consumed dur-
ing deposition was calculated, and on that
basis we can make estimation to the average
composition of the both zones. It is around
Co.625i0.38 [15]-

Two specimen sets were deposited to as-
certain the formation features of intermix-
ing zones in C/Si multilayer. In the first set
the thickness of silicon layers was constant
and amounted to = 10 nm and the thickness
of the carbon layers changed from the speci-
men to specimen
= 0.4 nm with the interval of 0.1 nm. In
the second set the carbon layers thickness
that also amounted to =10 nm was con-
stant and the silicon layers thickness varied
=0.1

from =0.1 nm to

from the specimen to specimen from
to =1.2 nm.

TEM study revealed that the C/Si speci-
mens with carbon thickness of =0.1 nm
represent periodical multilayers “intermix-
ing zone/silicon” (Fig. 4), i.e. the whole de-
posited carbon is totally intermixed with
silicon. The thickness of the intermixing

zone is =0.6 nm. Low-angle diffraction
Number Layer Thickness, p,g/cm g, nm
1l 4 of layers material nm
0},
4 ] Si+C 0.6 2.70 0.75
10 4 4 Si 0.92 2.27 0.30
4 25 Si+C 0.6 2.56 0.40
104
107 N
10*]
10°°]
10%] .
experimental curve
107 fitting curve
0 1 2 3 4 20, deg

a)

curve of such specimen can be well-fitted
utilizing two-layer model. According to fit-
ting results the density of the intermixing
zone is not more than =2.56 g/cm3
(Fig. 5, a). The intermixing zone thickness
remains almost unchanged with increase of
the thickness of deposited carbon. Accord-
ing to data of X-ray spectra fitting the in-
termixing zone density increases. When the
carbon layer has thickness of 0.4 nm and
higher, transition from two-layer "intermix-
ing zone/silicon” to four-layer "intermixing
zone/carbon/intermixing zone/silicon™ oc-
curs. Experimental LAXRD spectra can be
satisfactorily fitted only by means of using
the four-layer model of multilayer (Fig. 5, b).
At that the density of intermixing zone C
on Si amounts to =2.75 g/cm3. Change in
the intermixing layer contrast confirms an
increase of the intermixing zone density
(compare 1 and 2 in Fig. 4).

Formation of Si on C intermixing zone,
as LAXRD spectra fitting shows, occurs in
a manner similar to formation of the inter-
mixing layer of C on Si. At the very begin-
ning, during deposition of = 0.1 nm silicon
on carbon, the intermixing zone of
~ 0.6 nm thickness and = 2.27 g/cm3 den-
sity forms. When the silicon thickness in-
creases, the thickness of the intermixing
zone doesn’t change and its density in-
creases up to 2.4 g/cm3. Transition from
the two-layer model to the four-layer (with
two intermixing zones) one occurs when the
thickness of silicon reaches a value of 0.6-
1.2 nm.

Thus thickness of the intermixing zones,
that were formed at "C on Si” or "Si on C”
interfaces at the earliest stages, stay almost
constant with following increase of the top

Number Layer Thickness, p,g/cm g, nm
of layers material nm
Vg N 1 c 0,45 2120 065
ST SiC 0.73 2.750 0.35
10 Si 8.60 2270 038
~ p SiC 0.58 2.400 0.55
104 A\ |25 (¢} 0.19 2.130 0.85
\‘_.‘. 1
10° 5 R
%, |
4 U, |
10 4 Wi ! )
10° 4 P? 1
5 ] N bl b 2 18b i f
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107 fitting curve 7 !
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Fig. 5. Experimental and fitted LAXRD curves of C/Si multilayers with carbon thickness of 0.1 nm

(a) and 0.4 nm (b).
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Table 2. Types of chemical bonds in C/Si and Si/C bilayers

Specimen Energy range, eV Values, eV Chemical bond
C on Si (A) 275-295 (C1s) 283.1 Si-C
As-deposited state 284.6 c-C
286.5 c-0
288.5 c=0
C on Si (A) 93-113 (S2p) 99.31 Si-Si
As-deposited state 99.8 Si-Si
101.0 Si-C
C on Si (A) 275-295 (C1s) 283.1 Si-C
Ty = 700°C 284.4 C-C (sp2)
287.0 Cc-0O
C on Si (A) 93-113 (S2p) 99.38 Si-Si
Ty = 700°C 99.78 Si-Si
101.6 Si-C
Si on C (B) 275-295 (Cls) 284.4 C—C (sp2)
As-deposited state 248.9 C-C (sp3)
Si on C (B) 93-113 (S2p) 99.23 Si-Si
As-deposited state 99.68 Si-Si
102.8 Si-O
Si on C (B) 275-295 (C1s) 283.0 Si-C
T ynn = 700°C 284.4 C-C (sp2)
285.0 C-C (sp3)
Si on C (B) 93-113 (S2p) 99.7 Si-Si
Tann = 700°C 100.6 Si—-C
103.4 Si-O

layer thickness. At the same time density of
the both zones increases with thickness of
the top growing layer within the range of
several tenth of nanometre.

The XPS results can be explained due to
difference in the density of the intermixing
zones at respective interfaces. Analysis of
the data obtained on specimen A (corre-
sponding to "C on Si” intermixing zone)
shows that some amount of deposited carb-
on interacts with silicon, and silicon carbide
is formed as a result of this interaction.
This is proved by presence of corresponding
maxima at 283.1 and 101 eV in the both
energy ranges (Table 2). Pure carbon
(284.6 eV) is also present. Thus it can be
suggested that the "C on Si” intermixing
zone represents a mixture of silicon, carbon
and silicon carbide. If these intermixing
zones are assumed to half consist of silicon
carbide with the density of =38 g/ecm3 and
half of the mixture of silicon and carbon
with the atomic composition evaluated as
1:1, then it would have a density of
=~ 2.75 g/em3. This density value is in a
good agreement with the LAXRD data.

Specimen B can be associated with the
intermixing zone "Si on C". There are no
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any maxima corresponding to silicon carbide
formation on specimen B spectra in any of
the energy ranges. Consequently, intermix-
ing zone consists of mechanical mixture of
silicon and carbon atoms. Thus the density
of "C on Si" intermixing zone is higher
then the density of "Si on C” one due to the
presence of amorphous silicon carbide. The
fact that density of the "Si on C" zone
(2.4 g/cm3) is higher than the density of
the both components (2.27 and 2.12 g/cm3
for carbon and silicon, accordingly) seems
nontrivial if it is assumed that this zone is
a mechanical mixture of the components.
We can suppose that carbon composition in
the intermixing zone differs from its com-
position in the carbon layer. This requires
further study.

Heating is attended by change of the
both — thickness of the intermixing zones
and their density (Fig. 6). Increase of the
thickness is observed for the both zones. As
it has already been shown this fact is asso-
ciated first of all with silicon diffusion.
This assertion is supported by the silicon
layer thickness decrease [15]. At the heat-
ing temperature 700°C thickness of each
zone is about 1.2-1.3 nm. At the same time
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the the zones density increases. According
with the LAXRD fitting results the density
of the "C on Si" zone is =2.85 g/cm3 and
the thickness of the "Si on C" one is
=~ 2.55 g/cm3 after annealing at 700°C. The
X-ray photoelectron spectroscopy results
show that after heating up to 700°C silicon
carbide presents either in the "C on Si" in-
termixing zone or in the "Si on C” one. It
should be noted that after heating up to
300°C presence of silicon carbide was con-
firmed only for the "C on Si" zone.

As it was demonstrated previously [16]
significant structural transformations take
place in the C/Si multilayers at 950°C carb-
on reacts with silicon, that was crystallized
before; nanocrystalline 3C-SiC and voids
form in silicon layer. At the same time the
intermixing zones are not involved in this
process and keep amorphous in the entire
temperature range.

4. Conclusion

Formation of the intermixing zones with
thickness of = 0.6 is observed on the inter-
faces in C/Si multilayer during deposition
by DC magnetron sputtering. Such zone
thickness is set after deposition of the first
= 0.1-0.15 nm of alter layer. The zones
have different density. The density of "C on
Si” zone is higher due to amorphous silicon
carbide formation, which density is in turn
higher than one of silicon and carbon.

During heating up to 700°C the thickness
of the both zones increases from 0.6 to 1.2—
1.8 nm. Simultaneously the density of the
zones increases. Silicon carbide formation is
observed in the "Si on C" zone.

It should be noted that evolution of the
zones occurring during heating is not ac-
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Change of thickness (a) and density (b) of intermixing zones in C/Si multilayer during

companied by inecrease of interlayer rough-
ness. The zones are still amorphous up to
950°C. Obtained results are significant for
developing the multilayer-based thermally
stable X-ray optics.
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