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The optical absorption edge of nanocrystalline films of cubic silicon carbide polytype
(nc-SiC) obtained by direct ion deposition have been studied using optical spectroscopy.
Within the 1.12-6.5 eV, three optical absorption regions have been found with different
(exponential, power, and oscillating) dependences of the film absorption coefficient on the
photon energy. Basing on the proposed structure model, the spectral dependence of absorp-
tion coefficient has been related to the defect states of nc-SiC, to direct and indirect
optical interband transitions, and with dimensional quantization effects.

MeToLOM OITHUECKON CIHEeKTPOCKOINY M3yUeH KPail ONTUYECKOTO IOTJIOMIeHNsI HAHOKPIUC-
TAJNINYECKNX ILIEHOK KyOmueckoro mouurtuina Kapbuga kpemausa (Nc-SiC), mosyuyeHHBIX Me-
TOZLOM MPSAMOI'0 HMOHHOI'O OcaKAeHusi. B mumamasome 1,12—6,5 5B BuigeneHsl Tpu 00gacTHU
ONTUYECKOIO IIOIJIOIIEHUS C PABJIMYHON 3aBUCHUMOCTHIO KOd(PDUIIMEHTa MOIJIOIIEHNs IIJI€HOK
OT sHepruu (PoToHA: PKCIOHEHI[MAJLHOI, CTeIIeHHON u ocruiaupyomeii. Ha ocHoBe mpemso-
JKeHHOU CTPYKTYPHOII MOJeN! IJIEHOK CIHeKTPaJbHAas 3aBHUCHUMOCTL KOd(MPUIIMEHTA IIOTJIOIIe-
HUS CBABLIBAETCA ¢ Je(PeKTHBIMU COCTOAHUAMU NC-SiC, ¢ ONTHMYECKMMU NPAMBIMUA U HEIPH-
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MBIMU ME)K30HHBIMHU IlepexomaMu u dddeKTamMmu pasMepHOr0 KBAHTOBAHUS.

Silicon carbide (SiC) is a semiconductor
with a wide band gap, this fact provides its
applications in high-temperature and super-
power electronics [1]. The existence of
polytypes and an extra resistance against
hard radiation are the SiC properties of
great importance. Therefore, it is possible
to use SIC films in sensors being operated
in hard conditions or in UV range. For ap-
plied purposes, it is just the low-tempera-
ture SiC deposition techniques (<1400°C)
that are of a special good promise, because
that way provides a widened range of sup-
ports in technical use and an integration
with silicon technology. It has been shown
before [2] that at low temperatures, the SiC
films on supports can be formed as amor-
phous phases, polycrystals, and single crys-
tals. The SiC films deposited in some low-
temperature conditions show a complex
phase composition and are nanocrystalline
[3]. The structural variety causes some dif-
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ficulties in studies of the structure and
properties of such films. The study of the
fundamental absorption edge makes it possi-
ble to investigate the electron transitions in
the silicon carbide films and to obtain infor-
mation on electron levels related to short-
range and intermediate-range atomic order
in the SiC films and thus to characterize
the absorption peculiarities in those nanos-
tructured films. That is why the purpose of
this work is to study the optical absorption
of the nanocrystalline SiC films in the re-
gion of the fundamental absorption band
followed by the study of the structure prop-
erties thereof.

For the study, selected were nanocrys-
talline SiC films of predominant cubic
polytype 3C-SiC structure used widely in
electrooptics. The silicon carbide films were
deposited onto Al,O; (0001) dielectric sub-
strates using the direct ion deposition tech-
nique [4]. To obtain the films of predomi-
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nant 3C-SiC structure, the conditions deter-
mined before [5] were used: the ion energy
E ~ 100 eV at the substrate temperature
T, ~ 1000°C. The absorption and reflection
spectra within the 190 to 1100 nm range
were measured using a Perkin-Elmer
Lambda 85 spectrophotometer according to
known procedures [6]. The structure of de-
posited SiC films was examined by X-ray
diffraction (XRD) method using a diffrac-
tometer with copper anode (CuK,: A=
1.54176 A) in 6 — 20 geometry. The mor-
phology of the films was studied by atomic
force microscopy (AFM).

The photoelectron spectroscopy (PES)
spectra [5] have shown that the atomic con-
centration ratio of Si and C in the SiC films
is about 0.9. The silicon carbide content is
60 % as calculated basing on the peak
areas. Besides of the SiC phase, the homo-
bound Si and C phases as well as small
amounts of SiO, and CO, compounds are
revealed in PES spectra.

Fig. 1 shows a typical X-ray diffraction
spectrum for a structure selected from the
series of films deposited on Al,O5 (0001)
substrates. In the spectrum, lines related to
crystalline silicon, Si (111), Si (220), Si
(311) are clearly identified at 20 = 28.3°%
42.8°; 56.01°, respectively. The crystalline
silicon is like to be formed from silicon un-
reacted with carbon. The free carbon is also
capable of a carbon phase formation, but no
diffraction reflections from carbon phases

Table 1. Structure parameters.
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Fig. 1. XRD spectrum of a nc-SiC film depos-
ited at substrate temperature 1000°C and ion
energy 100 eV. Inset: approximation exam-
ple of a compound diffraction peak (peak a).

are observable. Perhaps this is connected
with a low atomic factor of carbon. The
consideration of reflection maxima corre-
sponding to silicon carbine phases (20 =
35.7°; 42.09°; 59.87°; and 71.49°) has
shown that the main polytype in the studied
SiC film is cubiec 3C-SiC, rhombohedral
polytypes 21R-SiC and 15R-SiC being pre-
sent, too. The analysis results and structure
parameters calculations are summarized in
Table 1.

The size of silicon carbide and silicon
crystallites (or the coherent scattering re-
gions) was determined using the Scherrer

42.09|47.23|56.01 |59.8767.11|71.49|76.32|88.52
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Fig. 2. Absorption coefficient of a nc-SiC
film as a function of the photon energy.
Curve 1 — experimental, curves 2, 3, 4 —
calculated. Curve 2 is calculated according to
the Urbach formula: o = 1225.6 exp[(hv —
1.7)/0.42]. Curves 3 and 4 are calculated ac-
cording to the Tauc formula. Curve 3 —
(avh)'/2 = A(hv — E,), A = 4766.7 cm 1/2.eV1/2,
E,=1.09 eV; Curve 4 — (avh)® = B(hv - E,),
B =18097 cm %eV?, E, = 1.7 eV.

formula [7]. The SiC film can be presented
as a set of cubic 83C-SiC polytype nanocrys-
tals of about 7.0 nm size, some amount of
rhombohedral 21R-SiC and 15R-SiC polytype
nanocrystals of about 4.0 nm to 10.0 nm
size, and silicon nanocrystals with inter-
boundary region containing disordered
phases of silicon carbide and oxides (SiO,,
CO,). The structure peculiarities of the SiC
films define the spectral characteristics
thereof. Fig. 2 presents the spectral depend-
ence of absorption coefficient o on the pho-
ton energy Av for a silicon carbide film. The

o values for SiC films deposited onto a
transparent dielectric substrate were calcu-
lated taking into account the reflection co-
efficient as described in [6]. Three regions
of optical absorption can be distinguished
basing on behavior of the fundamental ab-
sorption edge. The first region correspond-
ing to the photon energy range of 1.124-
1.88 eV demonstrates an exponential de-
pendence and is due to optical transitions
including directly the defect states [8]. It
has been shown [9] that account for the
scattering on impurities results in a change
in the state density functions at the gap
edges that correspond to formation of the
final state density "tails” decreasing expo-
nentially into depth of the band gap. The
optical transitions between the parabolic
part of a band and the tail of another one
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result in a shift of the fundamental absorp-
tion edge towards longer wavelengths where
the absorption corresponds to the following
empirical rule [9]:

o = ogexpl(hv — Ep)/E,]. (1)

Here o is a constant; E,, the logarith-
mic slope of the absorption coefficient that
characterizes the Uhrbach tail width and
means that the absorption below the direct
band is contributed by both static structure
disorders and dynamic thermal ones. It has
been shown [10] that at room temperature,
the structure disorder due to grain bounda-
ries and other defects provides the dominat-
ing contribution to the Uhrbach tail. The
approximation results of the a(hv) curve are
presented in Fig. 2. The exponential absorp-
tion region is described well as o = 1225.64
exp [(Av—-1.72)/0.42]. As is seen, for the
films described in this work are charac-
terized by rather high E, values (about
0.42 eV) that evidence the presence of dis-
ordered regions in the sample studied.

The second absorption region (1.72 to
2.09 eV) is described by a power function
that is due usually to direct and indirect
interband transitions. The absorption coeffi-
cient dependence on the photon energy for
interband optical transitions has the form

oE = A(E - Ep™, (2)

where A is a constant connected with the
band structure features; Eg, the optical
band gap width; m = 1/2 corresponds to di-
rect interband transitions and m = 2, to in-
direct ones. Having constructed the depend-
ences of (ahv)!/™ on hv, we have determined
E, by extrapolating the straight line to in-
tersection with the E axis for two cases,
namely, direct and indirect transitions (Fig. 3).
In the case m = 2, the curve is seen to in-
clude a linear section crossing the E axis at
Eig = 0.7 eV. The obtained wvalue E'ig =
1.1 eV corresponds to indirect transitions in
the studied SiC film. For direct interband
transitions (m = 1/2), there are three linear
sections. The Edg values for those three
straightened sections (a, b, and ¢) of the
absorption curve (ahv)2 are 1.7 eV; 2.34 eV,
and 2.96 eV, respectively. The existence of
direct optical band having the value of
1.7 eV cannot be explained by the depend-
ence of the optical band width on the
nanocrystal size [12], because the average
nanocrystal size for silicon (according to
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Fig. 3. Approximation of the absorption spectrum of a nc-SiC film by functions (ahv)? (Curve 1)

and (ahv)l/2 (Curve 2).

Scherrer) is 19 nm and exceeds considerably
the Bohr radius for electrons and holes
(about 3.1 nm). However, it has been shown
[13] that when a SiO, (0 < x < 2) interface
layer is present in silicon nanocrystals, the
band gap width is defined by the transition
at the Si/SiO, interface, depends only
slightly on the crystallite size, and has the
value E, = 1.7 eV. The next two E, values
are close to those for band gap of cubic
3C-SiC and 21R-SiC polytypes, respectively
[14, 15].

In third region (>2.09 eV), the absorp-
tion coefficient oscillates. Four maxima are
observed in the absorption curve. To iden-
tify the maxima, the absorption coefficient
curve was approximated by Gaussians (Fig. 4).
The 15* maximum (E, 007 = 2.834 eV) has a
rather large halfwidth (AE = 0.88 eV). The
expansion in Gaussians favors identification
of next maxima (E,,,,=2.96 eV, E 3=
3.6 eV, and E, ., = 4.45 eV). The four
maxima are nearly equidistant with the av-
erage spacing AE;, , ~ 0.62 eV. Such a large
AE;,; cannot be ascribed to electron-phonon
interaction having usually constants not ex-
ceeding 0.2 to 0.3 eV [16]. In our opinion,
those oscillations are due to quantum-di-
mensional quantization of the electron-hole
pair energy [17]. To study the absorption coef-
ficient curves in more detail, the derivatives
da/d) were plotted. In the case of dimensional
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Fig. 4. Approximation of absorption coeffi-
cient curve for a nc-SiC film by Gaussians.

quantization, as it is shown in [18], the
following relationship should be met:

n = E,(do/d)),/ E(da/d)),. 3)

Here n is an integer; (da/d}),, the de-
rivative value at each threshold energy of
optical transition, E, = Av. Substituting the
derivative and transition energy values, n
values were obtained to be 2.08 and 3.14
for n =2 and 3, respectively. This can be
considered as a confirmation for dimen-
sional quantization. The insignificant dis-
crepancy between the substitution results
and integer n values as well as the blurring
of absorption peaks is to be explained by the
dispersion of SIC nanocrystallite sizes [17].
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The dispersion in the nanocrystalls size re-

su

Its in smoothed absorption curve in the

high-energy region [20].
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Kpaii morinHAHHS HAHOKPHCTAJIYHMX ILIiBOK
KyOiuHOTO KapOiny KpeMHiio

O.B.JIonin, O.B.Cemenoé, B.M.Ily3ixo6, C.H.Cxopuk

MeTogom onTHYHOI CIEKTPOCKOIil MOCHigKeHO Kpail OINTUYHOrO IIOTJIMHAHHS HAHOKPIC-
TadiuyHUX IIiBOK KyOGiuHoro moairumy xapbixzy kpemuito (nc-SiC), omeps:xaHux MeTOZOM IIPH-
MOr'o i0HHOro ocajsKeHHsA. ¥ miamasoui 1,12—-6,5 eB BuaiseHo Tpu o6acTi OITUYHOIO IIOTJIM-
HAHHS 3 Pi3HOMI0 3ajeKHicTIO Koe(iljieHTa MmorJMHAHHSA ILIIBOK Bijg emeprii ¢oToHa: excmo-

HEHI[iaJbHOIO, CTEeIIeHeBOI0 Ta ocruiAniiiHo. Ha ocHoOBI 3ampormoxnoBaHOil

CTPYKTYPHOIL

MOJeJi MIiBOK CIEeKTpaJbHa 3aJeKHicTh KoedilieHTa IIOTIMHAHHSA II0B A3YEThCA 3 Ae(eKT-
HuMH cTraHaMu NC-SiC, 3 ONTUUYHMMHU NPAMUMU Ta HEIPAMHMU MidK30HHUMM IE€PEeXOJaMH Ta

3 epeKTaMU PO3MipHOTO KBaHTYBAHHA.
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