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Optical transmission, absorption and reflection spectra of silicon carbide thin films
deposited on sapphire substrate from the carbon and silicon ionic flows have been investi-
gated. The films have been obtained at various deposition parameters, i.e., under variation
of ion energy and substrate temperature. The behavior of optical characteristics of silicon-
carbide films depending on influence of changes in technological parameters. It has been
shown that direct ion deposition method provides a control of film optical parameters
within a wide range.

WccnemoBaHbl CHEKTPBI OINTHYECKOTO MPOIYCKAHUS, IIOMJIOMIEHUS U OTPAKEHUS TOHKHUX
IUIEHOK KapOujaa KPeMHMsS, OCAKIEHHBIX M3 IIOTOKA MOHOB yrJjepoja M KPeMHUsS Ha carmdu-
poBbIe MOMIOKKM. IIIEHKM MMOJyYeHBbl IPHU PA3JIUYHBIX TEXHOJOIMMUYECKHMX IIapaMeTpax OCaK-
IeHUs: Ipu (GUKCUPOBAHHON 9HEPIMH MOHOB M TEMIIEPATYD IOAJIOKeK. V3yueHo moBemeHme
ONTUYECKNX XAPAKTEPUCTHUK ILIEHOK KapOuaa KPeMHHUS B 3aBUCHMOCTH OT M3MEHEHWs TeXHO-
JormyecKux mapamerposB. IIoKasaHo, YTO MeTOJ MHPSMOr0O MOHHOIO OCAMKIEHHUS II03BOJISET
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YIPaBJATh ONTUYECKUMU IIapaMeTPaMu IIJIEHOK B IIMPOKHUX IIPeaesax.

It is known that silicon carbide (SiC)
films obtained under various technological
conditions differ substantially in the struec-
ture, phase composition and hence in the
optical features. Application of modern
spectroscopy methods makes it possible to
measure the important optical parameters
that provide qualitative characterization of
the material manufactured using a specific
technology. This work presents the results
of studies for transmission and reflection
spectra of SiC-films obtained by direct depo-
sition on sapphire substrates at different
technological parameters. This work is
aimed at the study of optical absorption
characteristics (i.e., extinction coefficients),
as well as at the consideration of fundamen-
tal absorption edge of SiC films depending
on varying deposition conditions.

To produce silicon carbide films on sap-
phire substrates, a unique setup (developed
at the Institute for Single Crystals) in-
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tended for direct ion deposition using
plasma source with a SiC cathode was used
for the first time. Application of the plasma
source generating a mixed flow of carbon
and silicon ions to deposit these ions (of pre-
set energies) onto a substrate made it possible
to obtain, at relatively low temperatures of
substrates (<1000°C), SiC films having a high
content of nanocrystal silicon carbide phase
[1]. This method has demonstrated its techno-
logical versatility, since it provides a wide
independent variation range of both substrate
temperature (30°C to 1000°C), and energy
(30 to 2000 eV) of ions being deposited. The
possibility to vary these important parame-
ters as well as reliability of their control
provides the obtaining of reproducible films
with structures varying from merely amor-
phous to polycrystalline [2]. In this experi-
ment, the films were deposited at different
temperatures of dielectric substrate, and at
preset optimized values of ion energy. The

631



A.V.Lopin et al. /| Optical properties of silicon ...

substrate temperature was preset by means
of a resistive heater and controlled by of an
optical pyrometer. The substrate tempera-
ture was T = 800°C for series III test sam-
ples, T = 700°C for series Il ones and T =
600°C for series Ne7092 ones.

The transmission coefficients (optical
density) and reflection ones were measured
by a Perkin-Elmer Lambda-35 (USA) and
SF-56 type (Russia) spectrophotometers,
within 190 to 1100 nm wavelength range.
The film thickness for samples with reflec-
tion spectra representing interference pro-
file was measured by spectral-extreme
method. Authors have also measured spectral
dependences of reflection coefficients under
forward [R = f(1\)] and reverse [R' = f(\)] illu-
mination of the film-substrate system. To
calculate the film thickness, we determined
the order of interference extreme using a
formula for R' = f()) [3]:

m = hpi1/ (o = Mps1)s (1)

where A, and A, ,; are wavelengths of two
neighboring extremes.

The absolute value of reflection for a
given maximum was determined from R = f(\)
curve. The spectral dependences of reflec-
tion coefficients at forward and reverse il-
lumination of the film/substrate system for
a film from series II are presented in Fig. 1.
The SiC layer thickness was calculated from
the formula [4] :

d = QA ./ 47N, (2)

max

where ¢ is phase of A, wave; d, the SiC

film thickness; n, refractive index at A,
wavelength; and A,,,,., the wavelength of in-
terference maximum for reflection coeffi-
cient R, ,,. The thickness and refractive
index were calculated for the visible spec-
tral region, where the extinction coefficient
K << 1 for most films. Therefore, the appli-
cation of formula (2) is justified. The thick-
ness values calculated using formula (2)
agreed well with measurement for reference
films using a MII-11 microinterferometer.
The refractive index of SiC film was calcu-
lated using an equation following from ratio
of reflection and transmission coefficients
within the air-film-substrate system [4]:

n? — 2(n R, )V 2n — ngy=0. 3

Here, Ry, is the value of
R(A,,..)/T(A function at wavelength

max max)
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Fig. 1. Spectral dependences of reflection co-
efficients at direct R = f(A) (curve 1) and re-

verse R' = f(A) (2) illumination of the film-
substrate system.

Mmaxs Mg the refractive index of sapphire
substrate which, in its turn, can be deter-
mined using an equation which includes the
sapphire substrate transmission coefficient
T, [4].

When calculating the extinction coeffi-
cient ¥ of films deposited on substrates hav-
ing a refractive index different from those
of the film being studied and of air, the
reflection from the film/substrate and sub-
strate/air interfaces should be taken into
account. In this case, the extinction coeffi-
cient was determined as [5]:

K =A/4nd - In(B/T), 4

where B is a pre-exponent taking into ac-
count optical properties of the substrate
material as well as reflection from inter-
faces; in the case of strong absorption in
SiC film and low absorption in sapphire sub-
strate, this parameter may be expressed as
B=[(1-Ry)(1—-Ry) (1 - Ry5). Here, Ry,
R,, Ry, are reflection coefficients from
film/air, substrate/air and SiC film/sub-
strate interfaces, respectively; d, the SiC
film thickness; T, experimental dependence
of transmission coefficient on wavelength.
Application of spectral dependence of ex-
tinction coefficient k¥ = k(A) is necessary for
identification of strong and weak peaks
within absorption spectrum structure. It
has been found experimentally that curves
of reflection and extinction spectral depend-
ences K = k(\) are similar to spectra of
imaginary dielectric permeability compo-
nent, which describe well the features of
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Fig. 2. Dependences of SiC film transmission
on wavelength for samples from series
Ne7092 (1), Ne7091 (2) and Ne7049 (3). Plots

are normalized to a unified scale.

excited state in amorphous and ecrystal
semiconductors [6].

When studying the excited states above
the absorption band edge in amorphous
semiconductors, the Penna model [7] is
often used there to describe the band gap;
the model makes it possible to determine
major features of state density distribution
within valence band. This model is very
suitable to consider the optical properties of
amorphous semiconductors. It is known that
in the Penna band gap, the kv, value coin-
cides at a good accuracy with the spectral
maximum £&(kv) [8]. Therefore, measure-
ment of extinction-coefficient dependences
(x = x(hv) provides the determination of
band gap width.

Optical transmission spectra for SiC
films deposited onto sapphire substrates are
shown in Fig. 2. In all the series, the SiC
films were about 1 pum thick. To facilitate
comparison of transmission indices T = T(}),
the relevant graphs were normalized and
converted to a common scale. These graphs
demonstrate obviously a shift of spectral de-
pendences towards shorter wavelengths as
the substrate temperature rises (600°C,
700°C and 800°C for the samples of series I,
IT and III, respectively). The shift of trans-
mission curve edge at increase of sapphire
substrate temperature from 600°C to 700°C
was about 146 nm (the energy of deposited
ions being unchanged). A further tempera-
ture rise by another 100°C resulted in an-
other 203 nm shift, whereby the total shift
value made 349 nm (the transmission coef-
ficient was measured at 50 % of maximum
transmission value).
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Fig. 8. SiC-film absorption spectra o = a(E)
for samples from series I (1), II (2) and III (3).
Using test-sample III, demonstrated is an ap-
proximation of fundamental absorption edge by
curves (a) and (b), according to Urbach and
Tautz laws, respectively.

In our opinion, that the increasing film
transparence at the substrate temperature
elevation is relevant to ordering and possi-
ble crystallization of SiC amorphous phase.

To analyze the fundamental absorption
edge, we have measured optical density and
calculated the absorption coefficient of the
film samples. Fig. 3 represents the absorp-
tion spectra o = o(E), with values of SiC
film reflection spectra being taken into ac-
count. As is seen in Fig. 3, the absorption
edge has a complex shape. At low energy of
photons, the spectral dependence shows a
tail, which is presumably an evidence of ab-
sorption on defect states of disordered
structure. The subsequent phase of the
curve shows that the absorption index de-
pends on photon energy exponentially and
later on, it changes according to a power
law according to Urbach and Tautz laws [6].
Such sort of curve is typical of films that
contain amorphous phase, whereas the film
structure has no long-range order peri-
odicity. In other words, the SiC films pos-
sess the state density tails situated within
the semiconductor band gap. Fig. 3 exempli-
fies an approximation of a complex curve of
absorption coefficient o = o(E) by Urbach
functions (curve a) o = agexp(hv/E,), and
Tautz functions a(hv) = D (hv — Eg)q (curve
b), for a sample from III series. In the Ur-
bach formula, parameter E, is Urbach en-
ergy, and o is pre-exponential multiplier.
In the Tautz formula describing the inter-
band absorption, ¢ =1/2 and ¢ = 2 corre-
spond to direct and indirect transitions, re-
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spectively. The multiplier D is defined by
combined density of states associated with
direct and indirect transitions through opti-
cal gaps E,.

The plots in Fig. 8 demonstrate optical
absorption shifts along the energy axis,
evolution of complex fundamental absorp-
tion edge structure, as well as variation of
parameters E, and oy (the Urbach energy
E, characterizes the measure of static dis-
order within erystal lattice caused by accu-
mulation of various defects). The parame-
ters E, and o (defined by concentration of
localized states and by overlap extent
thereof in various experimental samples)
are different, thus evidencing the different
disorder degree in crystal lattice of materi-
als under study. Existence of photon energy
intervals A(hv) where lna ~ Av (evidenced by
compliance with the Urbach law) demon-
strates exponential character of energy-de-
pended density distribution for states local-
ized in the band gap.

The deposition temperature lowering at
constant ion energy (within 70 to 90 eV
range) results in a significant reduction of
optical gap E,. To characterize optical tran-
sitions, spectral dependence of SiC film ex-
tinction coefficients is of major importance.
Fig. 4 shows the spectral dependences of ex-
tinction for samples from I, II and III se-
ries. Authors attribute the main absorption
band near 2.30 eV to excitation of indirect
transitions inside cubic silicon carbide
(refer to E; = 2.32 eV for I series sample,
curve 1). The transition energy for II series
sample is Eq = 3.45 eV. The sample from
III series has a plateau near 5.0 eV area in
the extinction spectrum. The experimental
extinction spectrum has been expanded into
elementary components (i.e., Gaussians),
with the aim to characterize interband tran-
sitions occurring at absorption within the
IIT series film. After a relevant approxima-
tion, we can suggest that, as to the above-
mentioned sample, two direct transitions
occur in the plateau area with interband
distances of 5.03 and 5.23 eV (curve 3). It
is seen from these plots that these transi-
tions possess a maximum oscillator force,
which is a measure of integral intensity of
the whole absorption band. The transition
with energy E; = 2.32 eV corresponds to in-
direct transition X3, —T'y5, in the 3C-SiC
polytype (i.e., a cubic modification). That
with energy E, = 3.45 eV corresponds to in-
direct transition M4 T5y with interband dis-

tance of 3.48 eV, in 4H-SiC polytype. The transition
E5=5.086 eV approximates direct transi-
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Fig. 4. Spectral dependences of SiC-film ex-
tinction for samples from series I (1), II (2)
and IIT (3).

tion I'y, —TI'y5, (5.08 eV), whereas E, =
5.26 eV corresponds to transition Xg.—Xj,
in 3C-SiC which makes 5.23 eV [9].

These transitions are involved immedi-
ately in formation of SiC-film absorption
band edge. The states localized due to accu-
mulation of defects, as well as the interac-
tion of those states, result presumably in
formation of subbands within the band gap.
Absorption is formed up under involvement
of direct and indirect allowed transitions
between states of the allowed band and sub-
band. Thus, in samples from II and I series,
the band edge is formed under involvement
of indirect transitions E; = 2.32 eV and E,
= 3.45 eV and direct transitions Ej=
5.08 eV (series III). It should be noted that
in spectra of films deposited at T, = 600°C
(I series), along with the main absorption
band (Eq{ = 2.32 eV), shoulders are seen
near 3.0 eV and 5.0 eV, whereas in spectra
of films deposited at T, = 700°C (Il series),
a band at 5.0 eV is present. In other words,
the absorption bands near 2.30 eV, 3.00 eV,
3.40 eV, and 5.20 eV are present in every
sample, though having significantly differ-
ent intensity values.

Results of fundamental absorption edge
approximation demonstrate the existence of
not only exponential area of absorption, but
as well of that meeting the power law. In
fact, in (ahv)/2 — bv coordinates, within
1.64 to 2.09 eV, 2.56 to 3.28 eV and 4.0 to
4.82 eV ranges for I, II and III series, respec-
tively, the curves tend to be linear (Fig. 5).
Therefore, with account for [5], the long-
wave increase of parameter o at such the
energy values can be attributed to indirect
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transitions. Extrapolation of dependences
(ahv)/2 5 0 allows to determine E,. As a
result, optical gaps make up 1.13 eV,
1.31 eV, and 2.08 eV for the three cases,
respectively. For convenience, the optical
absorption characteristics and the electron
structure parameters of SiC films depending
on the preparation conditions are summa-
rized in Table.

Knowing the extinction coefficient de-
pendence k = k(hv), the limiting band gap
width can be determined typical of strongly
structurized films. The presence of various
defects in films results in a gently drop of
long-wave absorption edge. The observed E
variation can presumably be explained by
formation of a certain amount of homogene-
ously tied molecules and clusters of C-C
and Si-Si, which emerge at low-temperature
(<1000°C) synthesis of silicon carbide films.
Moreover, a considerable contribution to E
variation is due to deep levels of radiation-
induced defects (such as vacancies, inter-
stice atoms and complexes thereof) being
caused by ion bombardment of film being
synthesized. This is, the composition disor-
der grows up and optical gap reduces, fol-
lowed by increase of optical constants.
Evaluation of refractive index for deposited
SiC films shows that its value exceeds con-
siderably that for single crystals within the
spectral region in study. For example, at
A = 750 nm, the refractive index may vary
from 2.98 to 4.2, depending on deposition
regime. Optical properties of such a mate-
rial can be described within the frame of
effective environment theory. This assumes
a necessity to use the diffuse reflection
method for film samples, which would fa-
cilitate an accurate measurement of SiC
film absorption characteristics.
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Fig. 5. Dependences (0.E)!/2~hio of SiC-films
for samples from series I (1), II (2) and II (3).

Thus, in the work, silicon carbide films
with reproducible optical characteristics
have been obtained by direct ion deposition.
A relatively simple control method for opti-
cal characteristics by changing important
technological regime parameters (such as
substrate temperature and ion energy) has
been demonstrated. It was shown that spec-
tral methods provide not only determination
of optical mobility gap, but show its vari-
ation as well. The spectral absorption
curves and intrinsic absorption edge of SiC
films are shown to be well describable by
exponential and power laws. The variation
range of the band gap (1.13 to 2.08 eV) and
of intrinsic absorption coefficient is deter-
mined (104 to 105 em™1). At sapphire sub-
strate temperature change from T, = 600°C
to T, = 800°C, intensities of optical transi-
tions that correspond to various modifications
(i-e., polytypes) of silicon carbide vary. These
facts define widening or narrowing of optical
gap, thus changing greatly the possibilities of
the film application.

Table. Experimental values of energies of electronic transitions and their interpretation

Series Temperature | Transition Interpretation of experimental results Parameter E
of substrate, energy, Transition type SiC polytype (optical gaps)g,

T, °C E, eV (modification) eV

I 600 2.32 indirect 3C-SiC 1.13
X35y

11 700 3.45 indirect 4H-SiC 1.31
M4c_r5v

III 800 5.03 direct 3C-SiC 2.08
I sy

5.26 direct 3C-SiC

X3C_X5V
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OnTuuyHi BJAaCTHMBOCTI ILIIBOK KapOiny KpeMmHilo,
OJlepsKaHUX METOJOM IIPAMOI0 iOHHOTO OCA/KeHHS

O.B.JIonin, O.B.Cemenos, B.M.Ilysixoe, O.I''T pywkroécovkuil

HocaigKeHo CIeKTPU OITUYHOI'O NPONYCKAHHS, IOIJIMHAHHA Ta BigOUTTS TOHKUX ILIiBOK
Kap0igy KpemHilo, ocajKeHuX 3 IIOTOKY iOHIiB ByrJeiio Ta KpemMHiio Ha cam@ipoBi migkiay-
Ku. IlmiBKu ogep:KaHO HpU PiSHMX TEXHOJOTIUHHMX HapaMeTpax OCAIKeHHs: mpu Bapiarii
eHepriii ioHiB 1 Temmeparyp migkJgamoK. BuBuUeHO MMOBEmiHKY OITHYHMX XapPaKTEPUCTUK
ILIIBOK B 3aJIeXKHOCTI Bij BIauBY 3MiHM TexHoJsoriuumx mnapamerpisB. IlokasaHo, 1o MeTon
IIPSIMOT'0 10HHOTO OCAKEHHS JO3BOJIAE€ KePYyBATH OINTUUHNMU IIapaMeTPaMH ILJIiIBOK y IIHPO-

KHX MeXax.
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