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Phase transformations of SiC crystals with grown original defects and thin films have
been presented. The SiC crystals were grown by the Tairov method and the films were
obtained by the “sandwich” and Chemical Vapor Deposition (CVD) methods.

The analysis of absorption spectra, excitation spectra and low-temperature photo-
luminescence spectra testifies to the formation of a new microphase during the growth.

1642019-1


http://dx.doi.org/10.1142/S0217979216420194
mailto:businkaa@mail.ru
mailto:skruchin@i.com.ua
mailto:rodionov@ukr.net

Int. J. Mod. Phys. B Downloaded from www.worldscientific.com
by MCGILL UNIVERSITY on 04/05/16. For personal use only.

S. I. Vlaskina et al.

The complex spectrum can be decomposed into similar structure-constituting spectra
shifted on the energy scale relative to the former. Such spectra are indicators of the
formation of new nanophases.

The joint consideration of photoluminescence spectra, excitement photolumines-
cence spectra and absorption spectra testifies to the uniformity of different spectra and
the autonomy of each of them. Structurally, the total complexity spectra correlate with
the degree of disorder (imperfection) of the crystal and are related to the peculiarities
of a defective performance such as a one-dimensional disorder. Three different types of
spectra have three different principles of construction and behavior.

Keywords: Nanostructures; films; phase transition.

PACS numbers: 73.63.Kv, 85.35.Be

1. Introduction

Correlations between the crystal structure and the optical properties (photo-
luminescence, absorption) are under discussion for polytypic materials. Silicon
carbide polytypes are the best choice for such investigations. The actual atomic
structures, accompanying lattice vibrations and the properties of layered combina-
tions of polytypes can be considered with regard for the optical spectra.

In this work, we report on the phase transformations of SiC crystals and thin
films with in-grown original defects. SiC crystals were grown by the Tairov method
and films were obtained by the “sandwich” methods and by chemical vapor depo-
sition methods.

The analysis of absorption spectra, excitation spectra, and low-temperature
photoluminescence spectra testifies to the formation of new microphases during the
growth. The complex spectra can be decomposed into similar structure-constituting
spectra shifted against one another on the energy scale. Such spectra are indicators
of the formation of new nanophases.

The joint consideration of the photoluminescence spectra, excitement photolu-
minescence spectra, and absorption spectra testifies to the uniformity of different
spectra and the autonomy of each of them. Structurally, the total complexity spec-
tra correlate with the degree of disorder (imperfection) of the crystal and are related
to the peculiarities of the defective performance such as a one-dimensional disorder.
Three different types of spectra have three different principles of construction and
behavior.

Nanostructure-indicator’s spectra are placed on a wide donor—acceptor pair
(DAP) spectrum in crystals and films in the case of higher concentrations of non-
compensated impurities. The spectra of excitation, photoluminescence spectra and
absorption spectra indicate the formation of nanostructures with SiC such as 8H—,
10H—-, and 14H-SiC.

In this paper, the D-layers with in-grown disordering in «a-SiC crystals and
films (mainly 6H-SiC) and zones of the § — « solid phase transformation are
investigated. Low-temperature photoluminescence (LTPL) spectroscopy was used
as an accurate method highly sensitive to the structure changes.!™
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2. Experiment

LTPL spectra were registered by a DFS-12 spectrograph with a photodetector
(FEU-79). In photoluminescence experiments, a nitrogen LGI-21 337-nm (3.68 V)
or helium-cadmium LG-70 441.6-nm (2.807 V) laser, a mercury ultrahigh-pressure
lamp SVDSh-1000 with a UV-2 filter, and a xenon lamp DKSSh-1000 were used.

The group of single crystalline a-SiC crystals grown by using Lely’s (Tairov’s)
method under consideration were divided in three groups:

(1) Nsp samples (colourless): pure crystals with the impurity concentration of
Np —Na ~ (6+7) x 106 em™3, Np ~ (7+8) x 106 ecm™3, Ny < 1 x 1016 em 3.

(2) Npr, samples (doped, light-green): with Np — Ny ~ (2 + 8) x 10*® em™3,
Np ~ (5+8) x 107 cm™3 and Np — Na > 3 x 10'" em ™3, Np > 1 x 10'® cm—3.

(3) Cubic crystals of N? samples of the n-type with Np < 3 x 107 cm ™3 (light
yellow). Undoped SiC single crystals with the impurity concentration of Np— Na ~
(2+8) x 10 em™3, No ~ (2+8) x 107 em™2 and Np — Na ~ (1+-5) x 1017 em ™3,
Np > 1 x 10" ¢cm™3 were investigated.

Films were obtained by the sublimation “sandwich” and CVD methods.

3. Results and Discussion

Figure 1 shows the LTPL spectra depending to the structural imperfection and
the impurity concentration in a-SiC crystals. Structurally perfect 6H-SiC crystals
(or perfect blocks of the crystal, which coherently coalesce with disordering layers)
show a typical spectrum of nitrogen-bound exciton complexes (PRS) together with
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Fig. 1. LTPL spectra according to the structural imperfection and the impurity concentration
in a-SiC crystals.
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Fig. 2. Intensity of the DL; spectra (i = 1) (T" = 77 K) at 2.4---2.5 V versus the impurity
concentration for different samples (of the SF; and DL; series). Shaded area — the SF; spectra
from Ref. 6. (a) Most pure samples with only SF spectra, Np — No ~ (4---9) x 1016 cm ™3,
(1---5) x 10 cm™3, Np < 1 x 1017 cm™3, Na ~ (1---3) x 106 cm ™3 from.% (b) Pure samples
with the SF; and DL; series, Np — No ~ (2---8) x 106 cm=3, Ny ~ (2---8) x 1017 cm~3.
(c) Samples with only DL; spectra, Np — No ~ (2---7) x 1017 em~3, Np < 1 x 108 cm—3.

the linear ABC-spectrum related to the Ti [(§ — 0) — (a)], as well as the emission
spectra of DAPs.

Here, typical are the spectra [(6 — I) — (a)], [(§ — IT) — (a)] of NSF samples,* 6
as well as [(6 — ) — (b)], [(6 — IT) — (b)] of Npr, samples.”®

The peculiarity of the photoluminescence spectra related to the disorder zone
depends to a great extent on the impurity concentration in the matrix as the whole.
In the pure samples Ngp (case (a))i=1,2,3, the SF; spectra are dominant at a low
temperature, whereas the intensity of the DL; spectra is very low. On the contrary,
the DL; spectra are dominant in the doped samples and are located on a broad
emission band of DAPs, while the SF; spectra are practically invisible.

Peculiarities of the Laue patterns of the D-layers in 6H-SiC crystals are the
same as those for 3C-SiC crystals after the phase transformation. The dependence
of the intensity of the DL; spectra on the impurity concentration is shown in Fig. 2.

Absorption spectra of DL samples are shown in Fig. 3. It can be seen that the
absorption is spread far to the lower energy region relative to Egj (exciton band
gap in 6H structure). This can be the evidence of the formation of structures with
a higher percentage of cubic a-SiC than 6H-SiC.

The general pattern of the PL spectra of the samples consists of a certain set of
the SF spectra with different intensities. Sometimes, it is peculiar to the different
parts of the same crystal. It is shown that all SF spectra have the identical character,
which depends on the structure and is independent of the position on the energy
scale.
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Fig. 3. Absorption spectra of DL samples.

The decoding of the SF-spectrum (as an example, the most typical SF; spec-
trum) shows that its total structure can be obtained by the additive summation
of the phonon replica of some zero-phonon parts. In this case, the phonons of the
edge of the extended Brillouin zone of SiC (T — 46 meV, LA — 77 meV, TO —
95 meV, LO — 104 meV) are involved.

While the zero-phonon part itself is not detected, it can be “redesigned” ac-
cording to the structure of the TA replica and transferred as the whole by the TA
phonon energy equal to 46 meV to the high-energy region.

The thin linear structure and its readability in the case of different D-layers are
different. The minimum half-width of this structure is about 1.5 meV. After the
determination of the position of the zero-phonon part of the SF; spectrum on the
energy scale, it appears that the short-wavelength part of the spectrum coincides
with the position of the exciton band gap of 21R polytype at T' = 4.2 K (2.853 V).

The investigation of the photoluminescence excitation spectra (n;) reveals that
each SF; spectrum has its own excitation spectrum.® This may be the evidence of
some kind of autonomy of each of the SF; spectra and their independence of the
special part of the crystal disorder and explains their different contributions to the
total spectra. It is shown that the long-wavelength edge of each n; spectrum coin-
cides with the short-wavelength edge of the zero-phonon part of the corresponding
SF; spectrum. For the given sample, the overall excitation spectrum (> ;) corre-
sponds to a variation of the absorption coefficient of the D-layer.?

Consequently, it is possible, by choosing a suitable photon energy of the exciting
radiation, to eliminate the shorter wavelengths of the DL; spectra from the total
complex panorama of the spectrum completely, i.e., to resolve it into the indepen-
dent components (Fig. 4).
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Fig. 4. DL; spectra at T'= 77 K.

We find that the SF; and SF5 spectra appeared under the excitation with an
ArT laser (hv = 2.54 eV) and are in the higher energy region. It may be due to
the two-photon excitation with the transfer of carriers to the higher energy zones
through the intermediate states. The identical character of the SF; spectra is backed
up by the identical temperature behavior. The peculiarity of this behavior made it
possible to decode the thin structure of the spectra.’

In view of the positions of the short-wave edges of the zero-phonon part of
the SF; spectra (2.853, 2.712, 2.611 and 3.002 eV for SF;, SFy, SF3, SF; and
SF5, respectively), as well as the positions of corresponding excitation spectra, we
place them on the well-known linear dependence of the exciton gap (Egx) on the
percentage of hexagonality in different polytypic structures®® (Fig. 5). This gives us
a hint concerning the percentage of hexagonality of the new metastable structures
appearing in the 6H (33) matrix or in the growth process:

SF; — 14H,(34) — 17.5 A — 28.5% (h),
SFy — 10Hy(55) — 25 A —20%,
SF3 — 14Hy(77) — 35 A —14.3% .

In several cases, the SF5 spectra with the motive to build the quasipolytype
33R (3332) — 37% (h) were observed. The formation of the structures 10Hz(55)
and 14H5(77) (but not 10H; (3223) — 40% and 14H;(4334) (corresponds to (34) in
21R)) with the same periods, but with the higher percentages of hexagonality, is
backed by the fact that exactly these structures are characterized by the percentage
of hexagonality, at which the correspondent values of Eyy are pointed.

The motive of the construction (3223) (40% h) of a structure on the metastable
microlevel corresponds to the motive of the 15R polytype construction, which occurs
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Fig. 5. SF; spectrum allocation with respect to the linear dependence of the exciton gap (Egx) on
the percentage of hexagonality for different polytypic structures. The long-wavelength edges of the

excitation spectra are shown. The edges of excitation spectra coincide with the short-wavelength
edges of SF; spectra at the points corresponding to definite values Fgx.

in a stable state. The motive of (4334) (28.6% h) corresponds to the well-known
stable 21R polytype.

The low-temperature photoluminescence spectra of pure (Al, N) a-SiC crystals
and pure 3-SiC crystals (zones of 8 — « solid phase transformations) are repre-
sented by the same SF; spectra, which are indicators of the intermediate metastable
micro- and nanostructures with the medium intermediate percentage of hexagonal-
ity regarding 6H and 3C phases, namely, 21R(34), 10H5(55), 14Ho(77).

In pure SiC crystals, the SF; spectra are dominant.® In crystals with higher
impurity concentrations, the DL; spectra appear.

The DL;-type spectra are different from the SF; spectra and have other princi-
ples of construction and behavior. They are located on a broad DAP emission band
in crystals with higher concentrations of non-compensated impurities (Fig. 1).

Structurally, the general complexity of the DL; spectra correlates with the de-
gree of disorder of the crystal and is related to the one-dimensional disorder, the
same as in the case of stacking fault (SF;) spectra.

The analysis of the absorption, excitation and low-temperature photolumines-
cence spectra suggest the formation of a new microphase during the growth and the
appearance of the deep-level (DL) spectra, so that the complex spectra of the crys-
tals can be decomposed into the so-called DL; (i = 1,2,3,4) spectra. All spectra
of the DL type demonstrate the identical behavior of the thin structure. If the SF;
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and DL; spectra are reconciled at the long-wavelength part, such combinations of
spectra are along the line of the dependence E, = f (percentage of hexagonality).
Herein, the SF; and DL; spectra exist independently, and they have different ways to
behave themselves. However, they match the same nanostructure transformations
at o« — B and 8 — « transitions.? 14

4. Conclusions

The peculiarity of the photoluminescence spectra related to the zones of disorder to
a great extent depends on the impurity concentration in the matrix as the whole.
In pure samples Ngp (case (a)) ¢ = 1,2,3,..., the SF;, spectra are dominant at a
low temperature, whereas the intensity of the DL; spectra is very low.

On the contrary, the DL; spectra are dominant in the doped samples and are
located on a broad emission band of donor—acceptor pairs, while the SF; spectra
are practically invisible.

In view of the positions of the short-wave edges of the zero-phonon part of the
SF; spectra, as well as the positions of corresponding excitation spectra, we place
them on the well-known linear dependence of the exciton gap (Egx) on the percent-
age of hexagonally in different polytypic structures, which gives a hint concerning
the percentage of hexagonally of the new metastable structures appearing in the
6H (33) matrix or in the growth process. The SF spectra are indicators of the
appearance of such metastable structures.
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