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Ceramic Si;N, samples with Mo and Al admixtures have been investigated by spectroel-
lipsometry. The influence of admixtures on the ceramics optical properties have been
studied. The local defects of Si;N, crystal structure are responsible for the band gap
reduction. The silicone oxynitride amount in the studied samples has been estimated
numerically by Bruggeman effective medium approximation.

MeTo0M CIIEKTPORJIIMIICOMETPUH HCCIeOBaHbl KepaMuuecKkue obpasusl SisN, ¢ mob6aBKa-
mu Mo u Al. syueHo BiausHHe HO0ABOK HA OINTHYECKHE CBOMCTBA KEePAMHKM. 3a CysKeHue
3alIpeleHHoil 30HbI OTBETCTBEHHBI JOKATbHEIE Ne(eKTh KPUCTANLINYECKOi CTPYRTYPBI SigN,.
KosnuecTBO OKCHHMUTPHIA KPEMHHS B HCCIEIOBAHHBIX O0pPAas3laX UYMCJIEHHO OIEHEHO C IIPH-
MeHeHneM npubiamxeHus a(pdeKTuBHOI cpeabl 10 Bpiorremany.

Silicone nitride (Si3N,) is a structural ce-
ramics of importance in numerous modern
applications. SizN, is used in automotive en-
gine parts, cutting tools, machine compo-
nents, etc. Silicone nitride and silicone
oxynitride play an increasingly important
part in electronic industry [1] and in op-
toelectronics [2, 8]. SigN, is usually pre-
pared by high-temperature reaction binding
or hot-pressing sintering process and there-
fore it is always in polycrystalline form
with many defects and imperfections.
Often, various sintering admixtures of met-
als and oxides are often added to the initial
SizN, powder. Those admixtures are neces-
sary to provide stable intergranular joining
in the course of sintering. Those may give
rise to additional intergranular phase or
solid solution of the admixture in the SigN,
phase [4]. Silicone nitride films prepared by
chemical vapor deposition are likely to be
amorphous. The polycrystalline SizN, exists
in two forms, o and B, with B-SigN, to be
thermodynamically more stable in the latter
[6]. Both the o and  phases have the same
basic structural units with a tetrahedral
binding for Si (Si-N4) and a binding for N
(N=Si3). The unit cell of the a-Si3N, is twice
as large as that of the PB-phase, and the
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phases differ in the stacking sequence of
layer subunits along the ¢ axis. The Si,N,O
crystal can be considered as an intermediate
phase between SiO, and SizN, [6]. Silicone
oxynitride may appear as a secondary phase
in the interfacial grain boundary of B-SizN,,
and as a result of oxygen substitution for
nitrogen during sintering process. This
phase influences heavily the overall per-
formance of silicone nitride-based struc-
tural ceramics.

The ceramic samples of B-SizN, were pre-
pared by hot pressing at 1750-1880°C and
25 MPa. Al and Mo were used as the sinter-
ing additives. The Mo amount was the same
for all samples (about 8 %), the Al one was
varied (from 0.5 % to 3.5 %). The phase
structure was studied by X-ray diffrac-
tometry. All samples, except for SizN, +
0.5 % Al, were identical in the phase struc-
ture consisting of B-SizN, and molybdenum
disilicide MoSi,. The aluminum did not pro-
duce a separate phase, but formed an inter-
stitial solid solution in silicone nitride. In
the sample with 0.5 % Al, the third phase
of silicone oxynitride is present, too. The
optical constants of B-SizN, ceramics in vis-
ible and ultraviolet region were measured
by ellipsometry (Beatty method) [7] in
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Fig. 1. Refractive index of S3N,.

wavelength range of 0.26 um to 1.2 pum
(1 to 5 eV). The measurements were carried
near the main angle of incidence about 60°.
The polarization azimuth was y, = 80°, in-
stead of 45°, because of weak reflection of
the p-component. The reflected light inten-
sity was measured at three fixed positions
of the polarizer: 0°, 45°, and 90°. Using the
received light intensity Iy, I45, I9g, the am-
plitude ratio and phase difference between
p- and s-polarized reflected light were cal-
culated. Optical constants, refractive index
n and extinction coefficient £ were calcu-
lated using metallographic formulas [7].
Then, using the correlation among the real
and imaginary parts of dielectric function,
the refractive index n and extinction coeffi-
cient k, the dielectric function was deter-
mined.

The experimental spectra of refractive
index, real parts of dielectric function and
optical conductivity are presented in Figs.
1, 2, 8. As is seen from Fig. 1 and Fig. 2,
the dependences n(hv) and g'(hv) are rather
similar to each other and increase with pho-
ton energy. In the IR region, &' > 0, and the
low value of optical conductivity evidences
that Mo and Al free electrons in the ceram-
ics influence only slightly the optical prop-
erties. Mo and Al admixtures provide low
free electron concentration in the condue-
tive band. A maximum at 1.2-1.3 eV is pre-
sent in n(hv) and ¢'(hv) diagrams (Fig. 1,
Fig. 3). In this region, the hexagonal mo-
lybdenum disilicide shows a maximum [8]
and we can assume that this is the cause of
the above-mentioned maximum. In the spec-
tra of samples SizN, +1 % Al, SigN, +
1.5 % Al, and SizN, + 8.5 % Al, the bands
at 1.9 eV and 3.8 eV are observed. Those
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Fig. 8. Optical conductivity of SzN, ceramic
samples.

are related to hexagonal MoSi, too. Those
bands are absent in the spectra of other
samples. This can be explained by formation
of a disilicide modification with defect crys-
tal structure (almost amorphous) during
sintering. Such modifications show no ex-
plicit maxima. Aluminum exhibits a maxi-
mum at 1.5 eV which is only observed in
the spectra of samples SizN, + 8.5 % Al and
S|3N4 + 2.5 0/0 AI.

The spectral dependence of extinction coef-
ficient can be fitted by empirical formula [9]:

Ank
%hv (hv - E ), (1)

where A is wavelength; E,, band gap; k var-
ies from 1 to 3 depending on the sample
material. For silicone nitride, 2 was ac-
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cepted to be 2 [10]. Using the correlation
(1), the band gap values for silicone nitride
ceramics have been determined.

The band gap width for SigNg + 0.5 %
Al, SigNy + 1 % Al, SigNg + 1.5 % Al SigN,
+2 % Al, SisNg+ 2.5 % Al, and SigNy +
3 % Al samples is the same within the cal-
culation error and amounts 3.9 eV. The
SizNg + 3.5 % Al sample has a narrowed
band gap, E,= 3.7 eV. The estimated band
gap width is smaller than theoretical value
calculated for pure PB-SizN, single crystal.
The minimum band gap value is 4.96 eV,
which corresponds to indirect transitions
from the valence band top A to the conduc-
tion band bottom I', the direct transition
I' > T energy being 5.25 eV. The experi-
mental E, value for B-SizgN, single crystal
obtained by X-ray spectroscopy is 4.4 eV
[11]. Our estimations of E, are in good
agreement with the results in [10, 12]
where the band gap values were determined
for ceramic and silicone nitride powders.
Investigating of amorphous and «-SigNy
films shows that the optical band gap in-
creases smoothly from 1.75 eV to 5.5 eV
depending on the stoichiometry of Si;_yNy
[13, 14]. The band gap reduction is caused
by the presence of broken Si-N and wrong
Si-Si and N-N bonds. Both Si and N defect
bonds introduce localized states into the
gap. As the ceramics was sintered at high
temperature and pressure, the broken crys-
talline structure of silicone nitride was ob-
tained [1].

As is seen from Fig. 1, the refraction
index of ceramic samples increases from
1.57 up to 2.1. The presence of admixtures
has a little influence on the n(hv) depend-
ence shape. The refractive index value is
lower than that of pure (-SizN4. The pres-
ence of oxygen influences strongly the re-
fractive index [15]. The substitution of oxy-
gen for nitrogen in silicone nitride occurs
during the sintering process, so silicone
oxynitride is formed. We used Bruggeman
effective medium approximation [16] to es-
timate the silicone oxynitride amount. The
effective dielectric constant ¢ of the physi-
cal mixture is described by the equation

g — ¢ €~ g9 @)

=C >
g +2e  gq9+2¢

1-9

where ¢ is the concentration of the admix-
tures with complex dielectric constant g, in
the matrix with complex dielectric con-
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Fig. 4. The dependence of silicone nitride re-
fractive index on silicone oxynitride concen-
tration.

stant g;. The refractive index of pure p-SigN,
at A =632.8 nm is 1.97 while for Si;N,O,
n=1.55 [6]. Using the equation (4), we
have calculated the dependence of refractive
index on oxynitride concentration. The result
is presented as the n(c) diagram in Fig. 4.

The refractive index at A = 632.8 nm
was within limits of 1.7-1.8 for all ceramic
samples, except for SisNgy + 0.5 % Al, n =
1.59 and for SisNy +1 % Al, n =1.92. The
lowered value in the former case is con-
nected with as large amount of oxygen (the
silicone oxynitride concentration was 0.88).
It was confirmed by X-ray diffractometry:
oxynitride phase was detected. The elevated
value in the second case can be explained by
low concentration of oxygen (¢ = 0.13). The
other ceramic samples contain Si,N,O con-
centrations within limits of 0.45-0.6. Using
ellipsometry and effective medium approxi-
mation, we can estimate the oxygen amount
in the ceramics.

Thus, ellipsometric investigation of sili-
cone nitride ceramics and band gap calcula-
tion enable us to conclude that the gap de-
crease is connected with broken crystalline
structure of B-SizN, and formation of wrong
interatomic bonds. Analyzing the experi-
mental data on dielectric function and re-
fractive index, we have concluded the for-
mation of a crystalline modification of mo-
lybdenum disilicide during the sintering.
The silicone oxynitride amount present in ce-
ramic samples has been estimated by Brugge-
man effective medium approximation.
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Enincomerpuune mocrxigxkeHHa xKepamikmu [-SizN,
3 nomimmkamu Mo ta Al

B.M.Ilpoxoneys, I.A.Illatiixesuu, JI.B.Pobyp

Meromom cnexrpoerincomerpii gocmimxeno xepamiumi spasku SizN, 8 momimkamu Mo i
Al. BuBueHO BIJINB AOMIIIIOK HA OITUYHI BJIACTHBOCTI KepaMmiKu. 3a 3BY»XeHHs 3a00pPOHEHOI
30HH BiAmoBizaloTh JMOKanbHI mederTn Kpucramiuxoi crpykrypu SizN,. Kinrekicts okcumiT-
PULY KPEeMHiI0 y ZOCIiIKeHUX 3pasKaX OI[iHeHO 3 3aCTOCYBAHHAM HaONMKeHHS e(eKTUBHOTO

cepegoBUIIla 3a BpIOI‘I‘eMaHOM .
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