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PHONON-POLARITON EXCITATIONS
IN MgZnO/6H-SiC STRUCTURES

Specular infrared reflection spectra in the range of “residual rays” of the film and the substrate
and in the case of the E 1 c orientation of the electric field have been simulated for the first time
for thin Mg, Zni—- O films deposited on optically anisotropic 6H-SiC substrates. The simula-
tion was carried out making use of self-consistent parameters obtained earlier for magnesium
oxide, zinc oxide, and silicon carbide single crystals. The film thickness and the Mg content
x in the film are demonstrated to considerably distort the reflection spectra and to change
the reflectivity of the Mgy Zni—, O/6H-SiC structure. Using the Kramers—Kronig relation, the
spectral intervals, where the reflectivity is sensitive to the film thickness and to the doping
levels of the film and the substrate, are determined. The main attention is paid to analyze
results obtained for x = 0.2. The existence of surface polaritons in such structures is theoret-
ically demonstrated for the first time, and the attenuated total reflectance surface I(v)/Io(v)
is plotted as a three-dimensional representation of the structure transmittance dependence on
the radiation frequency and the incidence angle. A possibility to study the resonant interaction
of optical phonons with plasmons in the film and the substrate is demonstrated.

Keywords: surface polaritons, IR spectroscopy, zinc oxide, magnesium oxide, Mg, Zn;_ O,

silicon carbide.

1. Introduction

Owing to their unique properties (high photosensi-
tivity, high photo- and cathodoluminescence yields,
pyro- and piezoeffects, and so forth), Mg,Zn;_,O
films belong to the materials that form a basis for
a wide variety of optoelectronic devices operating on
bulk and surface waves [1-6]. The advantages of those
devices consist in their miniature size, a high effi-
ciency within a wide frequency interval, and the abil-
ity to be integrated with other microelectronic ele-
ments [5-9]. This is so because the devices that are
based on structures containing zinc oxide and magne-
sium oxide have a number of considerable advantages.

As a rule, Mg, Zn;_,O solid solution films are cre-
ated by combining the corresponding oxides — zinc
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oxide (ZnO) and magnesium oxide (MgQO) — taken
in definite concentrations. The both oxides belong to
wide-band semiconductors of the A?BS type.

Zinc oxide is known to have a hexagonal crys-
talline structure belonging to the Cg, (P63mc) group
with the lattice parameters a = 3.2495 A and ¢ =
= 5.2069 A, a bandgap of about 3.36 ¢V, and an ex-
citon binding energy of 60 meV. Zinc oxide is charac-
terized by high radiation, chemical and thermal sta-
bilities. Currently, this semiconductor is already ap-
plied rather widely in acoustics, opto- and nanoelec-
tronics [10-13]. Zinc oxide is particularly suitable for
the manufacture of transparent film electrodes in so-
lar cells [14], creation of detectors and filters in the
ultraviolet range, and laser generation at room tem-
perature [10,11]. Furthermore, ZnO is widely used to
manufacture gas sensors, light-emitting diodes, and
varistors, as well as photocatalysts for the water and
air purifications [14]. It is known that the doping of
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zinc oxide with various elements allows its functional
properties to be to extended [15]. For example, the
elements belonging to the second group and located
higher in the Mendeleev table of elements — e.g., Mg
[16] — should be used in order to increase the ZnO
bandgap energy Fy, and the elements located below —
e.g., Cd [17] - in order to reduce E.

Magnesium oxide is one of the most wide-spread
natural minerals. It crystallizes in the rocky struc-
tures of the Earth under arbitrary pressure and tem-
perature conditions [18]. MgO crystals are transpar-
ent. They are not fire-hazardous and highly explo-
sive. They have a high melting point of 2800 °C and,
therefore, are widely used as a substrate material
for thin-film growing processes in modern microelec-
tronic and optoelectronic devices [18]. MgO is prac-
tically insoluble in water, but can be solved in hy-
drochloric, sulfuric, and acetic acids. MgO belongs to
the Fm3m crystalline group and has a cubic struc-
ture with the cell parameter a = 4.216 A. In com-
parison with ZnO, MgO has a much wider band gap
(from 7.8 to 8.2 €V) and is sometimes considered as
an insulator.

Theoretically, the probability for the Mg,Zn;_,O
solid solutions with various Mg contents to be formed
is high, because no charge compensation is required
when a magnesium atom is incorporated into the zinc
site of the crystal lattice. In this case, as was indi-
cated above, the increase of the MgO content is ac-
companied by an increase of the band gap in com-
parison with the band gap in ZnO. It is a possibil-
ity to change the optical and electrophysical prop-
erties of ternary Mg,Zn;_,O compounds that ex-
tends the limits of their application, since the op-
erating frequencies of lasers, LEDs, and photodetec-
tors can be shifted toward far ultraviolet. This op-
portunity was first described in works by Kawasaki
et al. [16,17]. Those materials are also promising for
the creation of anti-reflection layers in large-area solar
cells [19-26].

Depending on the relative Mg and Zn concen-
trations, the Mg,Zn;_,O compounds can have ei-
ther the hexagonal (the wurtzite type) or cubic crys-
talline structure. For example, our previous studies
of Mg,7Zn;_,O thick layers and ceramic specimens
prepared from a mixture of oxides using the solid-
phase reaction method at high temperatures showed
that a homogeneous solid solution with the hexago-
nal structure can be obtained, if the magnesium ox-
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ide content does not exceed a value of about 20%
(x = 0.2). In this case, the band gap increases to
3.7eV [27,28]. At z > 0.2, the additional formation of
the MgO phase with cubic structure takes place. The-
refore, the study of Mg,Zn;_, O compounds with
0 < z < 0.2 seems to be very attractive, because
those materials preserve their hexagonal crystalline
structure and demonstrate anisotropic optical prop-
erties in the IR spectral interval.

As concerning the application of Mg,Zn;_,O ma-
terials, their films deposited on various substrates
(such as Si, SiOs, AlyO3, 6H-SiC, and others) are
the most promising, because they have a much lower
cost as compared with that of single crystals.

It should be noted that, in some papers [29-31],
it was reported about the fabrication of thin films of
Mg, 7Zn;_,0O solid solutions with =z = 0.24-0.30 and
the hexagonal structure. If x was increased to 0.4,
the cubic MgO phase was also formed. At the same
time, there are no data in the literature concerning
the properties of thin Mg,Zn;_,O films with higher
magnesium contents.

Among various substrates that can be used for the
fabrication of Mg, Zn;_, O films, the special attention
is paid to silicon carbide (SiC) ones. This is the only
binary compound of silicon and carbon that exists in
the solid phase. The chemical binding of silicon and
carbon in the silicon carbide lattice is characterized
by a strong ion-covalent bond, which provides this
compound with uncommon physicochemical proper-
ties [32—34]. Analogously to ZnO single crystals, SiC-
6H ones belong to the Cgy (P63mc) space group, but,
unlike the former, they are characterized by a strong
anisotropy of the properties of their plasmon subsys-
tem [33].

Currently, silicon carbide is a basis for the cre-
ation of a number of semiconductor devices: fluo-
rescent indicators, nuclear radiation meters, photode-
tectors, high-temperature diodes, strain gauges, ther-
mistors, field transistors with p—n junction, and oth-
ers [32, 33]. Such a wide practical application of sili-
con carbide single crystals is associated with a pos-
sibility to vary their electrical, optical, luminescent,
and photoelectric properties, their high stability to
the action of external factors, and a unique combina-
tion of physical and chemical properties such as high
thermal, mechanical, radiation, and chemical resis-
tances. By its hardness, silicon carbide is inferior to
only diamond and boron carbide. At temperatures up
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to 400 °C, it almost does not interact with any other
known etchant for semiconductor materials [32, 33].

Common to the materials concerned — these are
Zn0O, MgO, and SiC-6H — is the range of “residual
rays’ occupying the spectral interval from 400 to
1000 cm ™! and allowing their practical application to
be extended. It should be noted that the properties of
each of indicated single crystals have been thoroughly
studied by us earlier [25, 33, 35].

Recently, ZnO thin films deposited onto various
substrates have been studied both theoretically and
experimentally [36-38]. However, we do not know
publications concerning the study of MgZnO films
with various chemical compositions and electron con-
centrations that are located on 6H-SiC dielectric sub-
strates, which were carried out making use of IR re-
flection spectroscopy and the attenuated total reflec-
tion (ATR) method in the range of “residual rays” of
the film and the substrate, and for the radiation ori-
entation F 1 c. Therefore, the aim of this work was to
model the external IR reflection spectra for various
doping levels of the film and the substrate, and to
determine the frequency intervals in which the exci-
tation of surface phonon and plasmon-phonon polari-
tons in the films of ternary Mg,Zn;_, O compounds
on optically isotropic 6H-SiC substrates is possible.

2. IR Spectroscopy Methods
for the Study of MgZnO/6H-SiC Structures

The external IR reflection and surface polariton (SP)
spectroscopy methods are known to belong to the
group of non-destructive methods for studying the
optical and electrophysical properties of thin semi-
conductor and dielectric oxide films in order to con-
trol their quality and structural perfection [19]. The
both methods provide not only information about the
physical and chemical properties of the film, but also
about the substrate parameters and the quality of the
substrate surface treatment.

A detailed analysis of the technique used for the
research of the optical and electrophysical character-
istics of ZnO films deposited onto semiconductor and
dielectric substrates — Si, SiO9, and others — making
use of external IR reflection spectroscopy and consid-
ering the phonon and plasmon-phonon interactions in
the film and the substrate was done in works [36, 38].

As for the ATR method, its essence consists in
the following [19]. Under the condition of total inter-
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nal reflection, a beam of IR radiation can penetrate
from an optically more dense medium that is trans-
parent in the IR region into a medium that is opti-
cally less dense only to a depth that is comparable
with the incident IR wavelength. If the optically less
dense medium absorbs, then the intensity of light pen-
etrating into this medium becomes weaker, and the
reflection is not total. One should remember that the
investigated medium is characterized by the strong
absorption in the IR range. Under those conditions,
spectral devices will register the ATR spectrum.

When the electromagnetic radiation interacts with
various types of oscillations (phonons, plasmons, and
others), the excitation and propagation of surface
electromagnetic waves, i.e. surface polaritons, occur
in the range of “residual rays” of uniaxial crystals
and structures based on them. Surface polaritons are
surface quasiparticles corresponding to oscillations of
a mixed electromagnetic-mechanical character. The
maximum of their field amplitude takes place at the
surface of a solid, and the field amplitude itself de-
creases exponentially in both directions from the in-
terface. The interaction of surface optical phonons
with surface plasma oscillations of free charge carri-
ers leads to the excitation of mixed surface plasmon-
phonon polaritons (SPPPs), whose oscillation spec-
trum undergoes the maximum reconstruction, if the
plasma frequency v, is close to the longitudinal-
optical-phonon frequency vy. Furthermore, the ana-
lytical capabilities of SP spectroscopy drastically in-
crease, if the frequencies of optical phonons in the
film fall within the frequency interval of SPs in the
substrate. The corresponding resonance gives rise to
the split and the shift of the SP spectrum in the sub-
strate. In this case, the experimental data make it
possible to determine the dielectric constants of the
film and the substrate, find the film thickness, and
characterize the structure itself [39].

3. Theory and Analysis of Spectra
for the MgZnO/6H-SiC Structure

Nowadays, there are a number of scientific works de-
voted to the study of hexagonal single crystals of elec-
tron silicon carbide (the 6H polytype) with the help
of non-destructive IR spectroscopy and surface po-
lariton methods [19, 25, 33, 34, 40-43]. Experimental
reflection spectra from the SiC-6H surface with a high
electron concentration (>10'® cm™3) were studied for
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the first time in our work [25]. In works [19,25,33,40—
43|, we also studied the influence of the crystal lat-
tice and the effective electron mass anisotropy, as well
as the phonon, v, and plasmon, 7,, damping co-
efficients, on the reflection coefficient from the sur-
face of SiC-6H single crystals in the infrared spectral
interval.

In work [44], the optical characteristics of thin films
of ternary Mg,Zn;_,O compounds on Al;O3 dielec-
tric substrates in the range of the film and substrate
“residual rays” were obtained using the method of ex-
ternal reflection IR spectroscopy. It was shown that
the changes in the film thickness and the Mg content
substantially distort the reflection spectrum in the
range of the film and substrate “residual rays” and
reduce the reflectance. The simulation of IR spectra
in the E lc orientation geometry allowed us to deter-
mine the static dielectric constants for Mg,7Zn;_, 0O
compounds with various z-values. It was found that
the Mg,Zn;_,O/Al,O3 structures in the E_lc ori-
entation can be reproduced well, if self-consistent
parameters are used for magnesium oxide, zinc ox-
ide, and leucosapphire single crystals. This result con-
firms the promising potential of non-destructive IR
spectroscopy for finding the optical characteristics of
ternary-compound films and their textural level.

Theoretical researches of IR reflection spectra from
the MgZnO film deposited onto the semiinfinite 6H-
SiC semiconductor substrate in the range of “resid-
ual rays” of zinc oxide, magnesium oxide, and sili-
con carbide (the 6H polytype) were carried out with
the help of mathematical expressions derived in works
[35,35,43]. In the case F Lc, those expressions involve
the interaction of IR radiation with the phonon and
plasmon subsystems in the MgZnO film on the semi-
infinite SiC-6H substrate.

The calculation was carried out in the framework
of the dielectric constant model with the additive
contributions of active optical phonons and plasmons
[19,42,43],

gj(v) = e1;(v) +ieg;(v) =

. Eooj (V%j — V’%j) ngsooj 1
T fooj V2 U2 —juyes iV ) ()
Tj Vi vV i)

where vy, and vp are the frequencies of the longi-
tudinal and transverse optical phonons, respectively;
s is the optical phonon damping coeflicient; -y, and
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Fig. 1. Calculated IR reflectance spectra R(v) for MgO (1),
ZnO (2), and 6H-SiC (3) single crystals at the orientation F_Lc

v, are the damping coefficient and the frequency
of the plasma resonance, respectively. The external
IR reflection spectra were calculated making no al-
lowance for the absorption [19]. The reflection coef-
ficient is considered as R(v,¢) = I(v,¢)/Ilo(v, ),
where Iy(v, @) and I(v, ) are the intensity of incident
and reflected irradiation, respectively. For the simu-
lation of IR spectra, the mathematical editor Math-
CAD was used.

In Fig. 1, we show the IR reflectance spectra of
magnesium oxide (curve 1), zinc oxide (curve 2),
and silicon carbide (curve &) single crystals which
were calculated for the orientation E.lc¢ with the
regard for the results of works [25, 33, 35]. Mathe-
matical expressions obtained in work [19] in the
framework of the one-oscillator model are used to sim-
ulate the IR reflectance spectra. The corresponding
self-consistent oscillator parameters for those single
crystals are listed in Table 1. The ranges of “residual
rays”’ for the examined single crystals are located be-
tween the frequency of transverse optical phonons in
magnesium and zinc oxides (vro1, Vro2) and the fre-

Table 1. Mutually consistent bulk
parameters of ZnO, 6H-SiC, and MgO single
crystals at T = 293 K |25, 33, 35])

Parameter €0 Eoo v, cm— ! vy, cm— 1
ZnO (ELc) 8.1 3.95 412 591
6H-SiC (ELc) 9.66 6.52 797 961
MgO (E.Lc) 2.98 9.39 416 738
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Table 2. Phonon subsystem parameters for Mgp.2Znp.sO and 6H-SiC

Sample oo o I/T07117 AS; ’Yfivl VT07217 ASs ’Yfivl VT07317 AS> ’Yfivl
cm cm cm cm cm cm

Mgo.2Zng.8O 3.51 8.0 414.1 0.69 13.8 551.8 1.8 17.7 605 2.0 70.7
6H-SiC 6.52 9.66 797 3.14 3.0 - - - - - -

-
=
-

R(v) -

/

0.2

0

100 300 vom 1

Fig. 2. Theoretical reflectance spectra R(v) for the
Mg Zni_5;O/6H-SiC structure with z = 0.2 and various
daim = 0.1 (1), 0.25 (2), 0.5 (3), 0.75 (4), and 1.0 pm (5)

quency of longitudinal optical phonons in silicon car-
bide (the 6H polytype) (vros). The reflectance max-
ima equal 0.99 (curve 1), 0.94 (curve 2), and 0.98
(curve 3). Both ZnO and 6H-SiC single crystals have
the wurtzite crystalline structure and belong to the
same spatial group Cgy, (P63mc).

MgO has the crystalline structure of sodium chlo-
ride. A more detailed analysis of the procedure aimed
at obtaining self-consistent parameters of the one-
oscillator model for ZnO and 6H-SiC was done in our
works [19,25,33]. In work [33], we showed that ZnO is
characterized by a significant anisotropy of properties
for the phonon subsystem and a weak anisotropy of
properties for the plasmon one, whereas silicon car-
bide (the 6H polytype) is characterized by a weak
anisotropy of properties for the phonon subsystem
and a strong anisotropy of properties for the plasmon
one [25]. Therefore, those single crystals are good
model objects that are convenient for studying the
anisotropy of optical and electrophysical properties
using the IR reflection and surface polariton spec-
troscopy methods in the presence of coupling between
long-wave optical lattice vibrations and the electron

plasma in semiconductors.
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From Fig. 1, one can see that the range of “residual
rays” for 6H-SiC is located within an interval of 800—
1000 cm~! and does not overlap with the intervals
(vro1,vro1) for ZnO single crystals and (vro2, VrLo2)
for MgO ones. However, the range of “residual rays”
for ZnO is located between the frequencies vrps and
vro2 for MgO, which has to be taken into account
when simulating and analyzing the Mg, Zn;_,O/6H-
SiC heterostructure.

Figure 2 demonstrates how the dependence R(v)
for the undoped Mg,Zn;_,O/6H-SiC structure
changes with the Mg,Zn;_,O film thickness. Cur-
ves 1 to 5 correspond to the thickness values from
0.1 to 1.0 pm. The calculation was carried out us-
ing the parameters of phonon subsystems in the film
and the substrate that are indicated in Table 2. The
plasmon subsystem was given by the constant param-
eter values vrepsic = 3 em™! and v, = Y, =
=1 cm™!. The simulation was carried out using the
Kramers—Kronig relations and the data obtained by
us [45] and presented in Table 2. The value of the
static dielectric permittivity was determined by us us-
ing the Lyddane-Sachs—Teller relation [44]. The pre-
sented results are in good agreement with the data
obtained in works [25, 33, 35].

As one can see from Fig. 2, the growth of the
film thickness from 0.1 to 1 pum leads to a signifi-
cant increase of R(v) in the whole range of “resid-
ual rays” for Mg,Zn;_,O and a reduction of the re-
flectance R(v) in the range of “residual rays” for the
6H-SiC substrate. In a vicinity of the transverse op-
tical phonon frequency (412 cm~1) in ZnO, there is a
maximum corresponding to a frequency of 416 cm™!
(curve 1), which moves toward a lower frequency
of 412 em~! (curve ), when the film thickness in-
creases to 1 pm. At a frequency of 520 cm™!, the
value of R(v) changes from 0.44 at dg), = 0.1 pm to
0.72 at dgy, = 1 pm. At a frequency of 412 cm™!,
R(v) changes from 0.34 at day, = 0.1 pum to 0.56
at dgm = 1 pm. However, in the range of 500—
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550 cm~!, the growth of the film thickness is ac-
companied by a shift of the spectral maximum into
the high-frequency region by 40 cm™!. Substantial
changes in the spectrum take place in the interval
from 600 to 720 cm~!, where R(v) increases by 22%,
which is accompanied by a shift of the maximum
frequency from 615 to 654 cm™!. In the range of
“residual rays” for the 6H-SiC substrate, a reduc-
tion of R(r) by 20% was obtained at a frequency
of 900 cm~!, when the film thickness increased to
1 pm, which was caused by the influence of the
phonon subsystem on the reflectance spectrum of the
Mg, Zn,_,0/6H-SiC structure. The maximum sensi-
tivity of the reflectance R(v) to the film thickness
growth was observed in the low-frequency spectral
interval. In the interval from 400 to 600 cm™!, a re-
flectance increases by 22%.

Figure 3 illustrates the shape dependence of the IR
reflectance spectra on the free charge carrier concen-
tration in Mg,Zn;_,O films 500 nm thick. Curves 1
to 5 were calculated for v, = v, varying from 100
to 1000 cm™!. One can see that the reflectance spec-
tra R(v) undergo the most significant changes in the
intervals of 300-400 cm~! and 900-980 cm~!, where
R(v) decreases from 0.96 to 0.5, and in the inter-
val of 10001100 cm™!, where R(v) increases from
0 to 0.38.

The R(v) maxima are located at frequencies of
413 em~! (R(v) = 0.49), 516 cm™! (R(v) = 0.68),
and 630 cm™! (R(v) = 0.57). However, irrespective
of the film doping level, the external reflection co-
efficient R(v) decreases, as the frequency grows in
the high-frequency section of the spectrum. Curves
1 to 5 for R(v) were calculated for the parameters
of the phonon subsystem in the Mg,Zn;_,O film
and the 6H-SiC substrate that are quoted in Ta-
ble 2. The parameters vyand 7, (v, = 7,) of the
plasmon subsystem in Mg, Zn;_,O were varied from
100 to 1000 cm™', which corresponds to the con-
centration change from 10'¢ to 10'® cm™3, the mo-
bility change from 90 to 200 cm?>V~!'s™!, and the
conductivity change from 100 to 410 Q 'em™!. At
a frequency of 970 cm~2, the R(v) value is constant
(R(v) =~ 0.5) and does not change, when the film and
the substrate undergo a doping.

As one can see from Fig. 3, the presence of free
charge carriers (electrons) with the concentrations
no = 10%+10" ecm™3 in the Mg,Zn;_,O films sub-
stantially deforms the reflectance spectrum in the in-
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Fig. 3. Theoretical reflectance spectra R(v) for the
MggZni_5;O/6H-SiC  structure with dgy, = 500 nm,
YfeH-sic = 3 cm™ !, and various vpeH-SiC = VpeH-SiIC =
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Fig. 4. Reflectance spectra R(v) for the Mg;Zni_,O/6H-
SiC structure with dgj,, = 500 nm. Substrate parameters:
vfen-sic = 12 em™ !, vpgr.gic = 550 cm ™!, and ypen-sic =
620 cm~—!. Mg.Zn;_,O film parameters: vp =7p =100 (1),
250 (2), 500 (3), 750 (4), and 1000 cm~! (5)

tervals 420-480 cm ™! and 800-1000 cm™!. This is a
result of the interaction of the phonon and plasmon
subsystems in the Mg, Zn;_,O film with the phonon
and plasmon subsystems in the 6H-SiC substrate.

In Fig. 4, the R(v) spectra are shown for various
v, (this parameter is related to the free charge car-
rier concentration) in the Mg, Zn;_,O film deposited
onto the optically isotropic doped 6H-SiC substrate,
provided that the parameters of the phonon subsys-
tems in the film and the substrate are constant and
correspond to the values given in Tables 1 and 2. The
simulation was carried out for vyen.sic. = 550 cm ™!
and Ypemsict = 620 cm™!, which corresponds to
the concentration of free charge carriers in the 6H-
SiC substrate ng = 5 x 10'® em™2 and their mo-
bility p = 370 em?V~!s~!. The figure demonstrates
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Fig. 5. Frequency dependences of the real, 1(v), and imag-
inary, e2(v), parts of the dielectric permittivity for MgO (1),
ZnO (2), and 6H-SiC (3) single crystals

that the increase of the plasmon frequency (the free
charge carrier concentration) in the Mg, Zn;_,O film
deposited onto the strongly doped 6H-SiC substrate
in the case where the parameters v, = -, vary
from 100 to 1000 cm™! modifies the R(v) spectrum
in the whole IR range. In its low-frequency section,
which is practically formed by the parameters of the
Mg, Zn;_,0 film, the growth of R(v) by 25% takes
place. At the same time, in the high-frequency sec-
tion, where the spectrum is formed by the substrate
made of an optically anisotropic semiconductor, the
R(v) spectrum decreases by 20% in the range of
“residual rays” and increases by 35% in the inter-
val from 1000 cm~! (curve 1) to 1200 cm~! (curve
5). The change of R(v) is maximum at the frequen-
cies v &~ vy,. This fact testifies to the necessity to ac-
count for the plasmon-phonon interaction in the film
and the substrate, when simulating the IR reflectance
spectra and carrying out the dispersion analysis of the
Mg, Zn;_,0/6H-SiC structure.

While studying the optical and electrophysical
properties of thin doped (non-doped) films on doped
(non-doped) substrates, in addition to the method
of external IR reflection spectroscopy, the method of
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polariton spectroscopy [19] is also applied. It provides
information not only about the physical and chemical
properties of the film, but also the parameters of the
substrate and the quality of its surface treatment.

The data obtained above made it possible to per-
form complex studies concerning the capability of ex-
citing surface polaritons in the Mg, Zn;_,O/6H-SiC
structure. The self-consistent Mg,Zn;_,O and 6H-
SiC parameters (see Tables 1 and 2) were used to cal-
culate the ATR spectra. As for the plasmon damping
coefficients in the Mg,7Zn;_,O films, all correspond-
ing curves were calculated in the case v, = 7,. The
damping parameter vy for the phonon subsystem of
6H-SiC was taken to equal 3 cm~!.

Surface polaritons in polar crystals are excited only
in the so-called surface-active media. The latter have
a negative dielectric constant in a certain frequency
interval of electromagnetic waves [19].

Figure 5 illustrates the real, €1(v), and imaginary,
ea(v), parts of the dielectric permittivity for MgO
(cutve 1), ZnO (curve 2), and 6H-SiC (curve 3) sin-
gle crystals. They were calculated according to the
following mathematical expressions [19]:

2 2

14 71/L1
E1 (V) = €Exo1 + - s 2
) = e (v? = Vi) +ivyn )
V2—V%2

3)

€2 (V) = €co2 + 07—, + g
One can see that there are sections along the abscissa
axis — [vro1,vro1l, [Vros;vroz], and [vros,vLos]
(bold lines) — where the real part of the dielectric
permittivity is non-positive, €1 (v) < 0. According to
work [19], those frequency “windows” testify that sur-
face phonon and plasmon-phonon polaritons can exist
in optically isotropic crystals and the structures fab-
ricated on their basis exactly in those sections. The
limiting values of the indicated frequencies are deter-
mined from the condition [19]

61(1/3) + EQ(Z/S) = 0. (4)

According to Fig. 5, in the case of MgO, ZnO,
and 6H-SiC single crystals, the sections of anoma-
lous dispersion are located in different frequency
ranges. Each medium is surface-active in the cor-
responding section (412-590 cm™! for ZnO, 416-
738 cm™! for MgO, and 797-970 cm~* for 6H-SiC),
whereas the medium on the other side of interface
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(air) is surface-inactive. Therefore, the following or-
der is valid for the frequencies of the transverse and
longitudinal optical phonons in the analyzed system:

(vro1,vro2) < vroi < Vroz2 < Vros < VLO3, (5)

where the subscripts 1, 2, and 3 characterize the film
and the substrate, respectively.

The ATR spectra are calculated using the mathe-
matical editor MathCAD and according to formulas
that account for the interaction of IR radiation with
the phonon and plasmon subsystems in the film and
the “semiinfinite” semiconductor or dielectric sub-
strate in the case Flc:

R(vyp) = (’HUD(V’“")DQ, (6)

1—4P (V,Sﬁ)
where By (v:0)
_ P2y
P(V’<p) B ﬁl (I/,QD) .

B3 (V) A(v,0) + Ba (v,p) tanh (ka2 (v,p0) X 27d)

Ba (v,p) + B3 (v,0) A (v,p) tanh (ka(v,p) x 27d)’

Alvp) = Ba (v,) + B3 (v,p) tanh (k3 (v,p) x 27d)
’ Bs (V) + Ba (v,p) tanh (k3 (v,p) x 27v)’

ﬂi (1/7()0) = k. (EVZ @) (Z = 1a2,374)a

ki (v,p) = Vercos (p),
k; (V,(p) = (k‘m(l/,gp))2 — & (Z = 2,3, 4)7
kz (v,p) = Versin(p).

Here, the subscripts 1 to 4 correspond to the ATR
prism, vacuum gap with thickness dg, semiconduc-
tor (dielectric) film with thickness dgy,, and “semiin-
finite” substrate, respectively. The dielectric permit-
tivity of the film, e3(v), additively accounts for the
contributions of active optical phonons, v, and plas-
mons, v, in thin heavily doped films.

In Fig. 6, the ATR spectra calculated for ZnO
(curves I and 2), MgO (curves 3 and /), and 6H-SiC
(curves 5 and 6) single crystals and the charge car-
rier concentration n ~ 10'® cm 3 in ZnO and 6H-SiC
are depicted. The spectra are obtained by the scan-
ning over the frequency v at fixed incidence angles
a of IR radiation in the ATR prism. In particular,
the scanning was performed at the angles o = 35°
(curves 1, 3, 5) and o = 40° (curves 2, 4, 6) and
various values of the gap d between the ATR prism
and the investigated specimen. In the cases of MgO
and ZnO, dy = 9.5 pm at o = 35°, and dy = 7.5 pm
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at o = 40°. For 6H-SiC single crystals, d, = 4.8 ym
at @ = 5.8°, and the frequencies of the minima in
the ATR spectra were v1_g = 537, 545, 621, 637,
931, and 937 cm ™!, which corresponded to the coef-
ficients R(v1-¢) = 0.82, 0.86, 0.88, 0.91, 0.85, 0.91,
respectively.

The mathematical simulation of ATR spectra
showed that if the gap between the prism and the
specimen decreases, the minimum of the ATR spec-
trum broadens and shifts into the high-frequency re-
gion. In addition, the ATR spectra demonstrate a
reduction of the coefficient I(v)/Io(v), in compari-
son with 100%, at the given surface-polariton fre-
quency. If the gap between the ATR prism and the
crystal is not large enough (within the light wave-
length), a backward transformation of the SP into a
light wave, the so-called radiation decay of the SP,
occurs, which distorts the research results [19]. The-
refore, a gap d, was formed by means of spacers be-
tween the ATR prism and the examined crystal. The
gap was gradually increased, and the reflection signal
I(v)/Io(v) was monitored until the frequency posi-
tion of the minimum was shifted, and the intensity
of absorbed wave did not exceed 20%. This was the
sought gap value. The inequality I(v)/Io(v) > 80%
was selected as a criterion of the absence of a radia-
tion influence on the ATR spectrum.

In Fig. 7, the ATR spectra I(v)/Io(v) calculated for
the Mg, Zn;_,O/6H-SiC structure (n = 10'¢ cm~3)
with the air gap ds = 4 pm and the angles a = 30°
(curve 1) and 33° (curve 2) are shown. The calcula-
tion was carried out according to formulas (5) for the
geometry FE 1c. The air gap between the ATR prism
and the Mg,Zn;_,O/6H-SiC specimen was changed
until there appeared a minimum in the ATR spec-
tra [2].
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Fig. 8. Surface of modified ATR for the Mgz Zn;_,O film on
the optically anisotropic 6H-SiC substrate in the orientation
Elc

There are two interfaces in the Mg,Zn;_,O/6H-
SiC system: air/Mg,Zn;_,O film and Mg,Zn;_, O
film /6H-SiC substrate. Unlike Mg, Zn;_,O, the plas-
mon subsystem in 6H-SiC is characterized by a

170

strong anisotropy of its properties [44], whereas the
Mg,Zn;_,O compounds have the optical anisotropy
of phonons. The Mg,Zn;_,O/6H-SiC structure in-
cludes two surfactants. An analysis showed that there
can be three SPs at the film-air interface and two
more SPs at the interface between the film and the
substrate.

The assumption that it is surface polaritons that
are excited in the Mg, Zn;_,O/6H-SiC system is con-
firmed by the presence of minima in the ATR spectra
for the only p-polarized IR radiation and only in the
frequency interval, where the dielectric permittivity is
negative (this is the interval between the frequencies
of transverse and longitudinal optical phonons). Fur-
thermore, the minimum of the ATR spectrum shifts
toward the high-frequency side, if the angle of light
incidence in the ATR prism increases or the absorp-
tion intensity decreases, provided a fixed gap between
the ATR prism and the Mg,Zn;_,O/6H-SiC system
[40—42]. Another confirmation of the SP existence in
the Mg,Zn;_,0O/6H-SiCMg,Zn;_,O/6H-SiC struc-
ture is the fact that the growth of the incidence angle
gives rise to a shift of the minimum in the ATR spec-
tra toward higher frequencies (Fig. 7) and a reduction
of the spectrum “half-width”.

Of course, more accurate data can be obtained
by constructing the so-called ATR surface. The ATR
surface I(v)/Io(v) is a three-dimensional representa-
tion of the transmittance of the researched system
depending on the radiation frequency and the inci-
dence angle. In the absence of a radiation interaction
with the structure surface, we have I(v)/Io(v) = 1,
so that the ATR surface is flat in this case. But if sur-
face polaritons are excited in the film or the substrate,
there appear a number of “clefts” on the I(v)/Iy(v)
surface (Fig. 8). The depths of the “clefts” depend on
system’s parameters such as the size of the gap be-
tween the ATR semicylinder and the specimen, the
radiation frequency, and so forth. The calculations
showed that if the film thickness varies from 0.001
to 0.05 pm, almost no manifestations are observed
in the ATR spectrum. However, a further increase of
the Mg,7Zn;_,O film thickness at constant parame-
ters of the phonon and plasmon subsystems consid-
erably deforms the ATR spectrum in the range of
“residual rays” of the Mg,Zn;_,O film and the sub-
strate. At dgy, > 0.1 pm, the minima in the exci-
tation range of SPs in the Mg,Zn;_,O film become
closer to each other. The results of a mathematical

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 2



Phonon-Polariton Ezxcitations in MgZnO/6H-SiC Structures

experiment showed that if dg;, = 10 pm, the high-
and low-frequency minima in the ATR spectra coin-
cide both with each other and with the data for zinc
oxide single crystals. In the 300-800-cm ™! interval of
ATR spectra, there is only one minimum for every in-
cidence angle of IR radiation in the ATR prism. The
growth of the electron concentration and mobility in
the Mg,Zn;_,O film leads to a significant deforma-
tion of the ATR spectrum in the range of “residual
rays” of the Mg,Zn;_,O/6H-SiC structure provided
that the film thickness is constant.

Surface oscillations in the film and the substrate
are characterized by the amplitude damping when
removing from the surface, and the energy spectrum
dependence on the dielectric permittivity of the exter-
nal medium. In particular, there appears an interde-
pendence of surface excitations in two media, which
is partially responsible for the emergence of mixed
plasmon-phonon oscillations that damp on the both
sides of the interface (Figs. 7 and 8).

If the film thickness is much larger than the radia-
tion wavelength, surface electromagnetic waves prop-
agate along the both surfaces and do not interact with
each other.

Figure 8, b clearly demonstrates that the frequen-
cies of the minima in the ATR spectra of SPs in the
6H-SiC substrate grow from 956 to 960 cm ™!, when
the incidence angle decreases from 40° to 25°. Then
the frequencies of the spectral minima shift from 980
to 1000 cm™!, as the incidence angle increases to
30°. If the optical phonon damping is taken into ac-
count, there emerges a second “cleft” on the ATR sur-
face R(v) separated from the first one by a “pass” lo-
cated at frequencies that can be experimentally reg-
istered, when recording the ATR spectra of SPs by
scanning over the angles.

4. Conclusions

To summarize, in this work, using the method of ex-
ternal reflection IR spectroscopy, the optical charac-
teristics of thin films of ternary Mg,Zn;_,O com-
pounds on the 6H-SiC semiconductor substrate are
obtained in the range of “residual rays” of the film
and the substrate. It is shown that the variations of
the film thickness and the Mg content substantially
deform the reflection spectrum in the range of “resid-
ual rays” of the film and the substrate and reduce the
reflectance of the structure. The computer simulation
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of the IR spectra allowed us to model the IR reflection
and ATR spectra for the Mg, Zn;_,O/6H-SiC struc-
ture with £ = 0.2 in the case of F_Lc orientation.

It is found that the Mg, Zn;_,O/6H-SiC structures
can be well simulated with the help of self-consistent
parameters obtained for single crystalline magnesium
oxide, zinc oxide, and silicon carbide (the 6H poly-
type) (see Tables 1 and 2) in the case of the E L ¢ ori-
entation. This fact confirms the potential of the non-
destructive IR spectroscopy method for the determi-
nation of optical characteristics in ternary-compound
films, as well as their electrophysical properties.

Thus, the following conclusions can be drawn:

¢ the semiconductor structure Mg,Zn;_,O/6H-
SiC has frequency “windows” in the range of “residual
rays’ of the Mg,Zn;_,O film and the 6H-SiC sub-
strate, where the excitation and propagation of sur-
face polaritons are possible;

e with the help of a mathematical experiment, a
possibility to experimentally study surface polaritons
in the Mg,Zn;_,O/6H-SiC system with fixed film
thicknesses (0.1-1 um) using the ATR method — ei-
ther by scanning over the frequency at fixed incidence
angles or by scanning over the incidence angle at fixed
frequencies — is demonstrated.
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OOHOH-IIOJIAPMTOHHI
3BVIXKEHHA B CTPYKTYPAX MgZnO/6H-SiC

Peszowme

st ToHkux mwriBok Mg,Zng O, HaHeCeHMX Ha OINTUYHO-
aHizoTponHux migkiaagkax 6H-SiC, Buepie 6yno 3momesoBa-
HO CIIEKTPH 30BHIIIHBOIO iHMPaAIEepBOHOrO Bi/iOUBaHHS B 0OJ1a-
cri “3aJIMIIKOBUX MPOMEHIB” IUIIBKU Ta HiJKJIAJIKK 338 Opi€eHTa-
il eJIeKTPUYHOTO 10Jisi 1 ¢ 3 BUKOPUCTAHHSAM B3a€MHO y3IO-
JPKEHUX IIapaMeTpiB, OTPUMAHUX PaHille JJisi MOHOKPHUCTAJIB
OKCHJly MarHilo, OKCHJy IUHKY Ta Kapbimgy kpemsito. [Tokaza-
HO, 10 3MiHW TOBIIMHU IUIiBKU 1 BMicTy Mg cyrreBo aedop-
MYIOTh CHEKTD Bi/IOMBaHHSI Ta 3MEHIIYIOTH BiIOMBAJIBHY 37a-
Taicte R(v). Bukopucrosytoun chissignomenns Kpamepca—
Kponira, Bu3HaueHo crieKTpaJjibHi 06/1acTi, e BiaduBaabHa 3/1a-
THICTB € YyTJIMBOIO JIO0 3MiHM TOBIIWHU IIJIIBKU, CTYIEHH JIETy-
BaHHsI IUIIBKY Ta MiAKIAAKA sl CTPyKTypu Mg, Zni_,O/6H-
SiC. OcuoBHy yBary IpUIiJIEHO aHAJII3y JAHUX JJIsl 3HAUECHHS
z = 0,2. Yuepiie TeOPETUYHO IIPOJIEMOHCTPOBAHO iCHYBaHHH
[IOBEPXHEBUX IOJISIPUTOHIB I TAKUX CTPYKTYP Ta MOOyIoBa-
HO IIOBEPXHIO ITIOPYIIIEHOI'0 IOBHOI'O BHYTPIIIHBOT'O BiJOMBaHHSA
I(v)/Io(v), sika sABjsie COGOI0 TPUBUMIPHE NpEICTABIEHHS KO-
edilienTa NPOIyCKaHHS 3a3HAYeHOI BUIE CTPYKTYPH 1 3aJie-
KUTH BiJ| 9aCTOTM BHUIIPOMiHIOBaHHs i KyTa majinas. IIpose-
MOHCTPOBAHO MOXKJIUBICTh JIOCJI?KEHb PE30HAHCHOI B3a€MO/IIT
ONTUYHUX (POHOHIB Ta IMJIA3MOHIB ILUIIBKU Ta IIKIAIKH.
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