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Abstract: Raman spectroscopy has proven its effectiveness as a highly informative and sensitive
method for the nondestructive analysis of layered nanostructures and their interfaces. However, there
is a lack of information concerning the characteristic phonon modes and their activity in Si/SiO,
nanostructures. In order to overcome this problem, the phonon states and Raman spectra of several
Si/SiO; superlattices (SL) with layer thicknesses varied within 0.5-2 nm are studied using DFT-based
computer modeling. Two types of structures with different interfaces between crystalline silicon and
SiO; cristobalite were studied. A relationship between the phonon states of heterosystems and the
phonon modes of the initial crystals was established. Estimates of the parameters of deformation
potentials are obtained, with the help of which the shifts of phonon frequencies caused by elastic
strains in the materials of the SL layers are interpreted. The dependence of intense Raman lines
on the SL structure has been studied. Several ways have been proposed to use this information,
both for identifying the type of interface and for estimating the structural parameters. The obtained
information will be useful for the spectroscopic characterization of the silicon/oxide interfaces.

Keywords: silicon; cristobalite; interface; superlattice; Raman spectra; DFT modelling

1. Introduction

The structure and electronic properties of the oxide-semiconductor interfaces were widely
investigated because the efficiency of many electronic devices depends on them. Silicon diox-
ide (SiO,) is predominantly used for the fabrication of the oxide layers in silicon-based
electronics. Special interest is given to the fabrication of light-emitting and photoresponse
multilayer and superlattice Si/SiO, structures, including Si nanocrystals (see, e.g., [1-5]). It
needs the investigation of interface quality as well as defect formation, especially oxygen
vacancies [6], which can strongly affect the optical properties, e.g., luminescence proper-
ties [1]. A lot of studies were devoted to elucidating the structure and properties of the
5i/5i0;, interfaces [7-13]. Many of them used computer simulation approaches based on
rigorous quantum mechanical calculations [13-29]. The objects of such studies were either
free-standing 2D periodic slabs [13-19] or 3D periodic superlattices [20-29]. The first approach
is conceptually simpler but is inevitably associated with the problem of modeling external
surfaces with dangling bonds. The second approach is free from this complication but requires
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more time-consuming calculations. An additional advantage of the second approach is that
the considered superlattices can actually be synthesized and used in various optoelectronic
devices [10-12].

A serious problem in the theoretical study of heterostructures is the choice of a spatial
model. As a rule, the initial configuration is chosen based on the crystal structure of
the initial materials. In this case, these are crystalline silicon and one of the crystalline
modifications of silica. The final structure is found through geometry optimization. As
applied to heterostructures, the result of such modeling depends on the choice of one or
another polymorphic modification of SiO;. To choose the most adequate one, it is necessary
to go through all possible variants and compare their energies of formation.

Such assessments were made in relation to several interface Si with different polymorphs
of SiOy: cristobalite [14,15,18,21-24,28,29], quartz [13,15,17,23,26], and tridymite [15,18,19,23,25].
However, in any case, a structure obtained during the optimization process must be stable. To
check the stability, it is necessary to count the phonon spectrum and make sure that there are
no phonons with imaginary frequencies in the entire Brillouin zone (BZ). In none of the papers
known to us, such a check has been carried out. This study aims to fill this gap.

We intend to test various structural models of the Si/SiO, interface to calculate the
phonon spectrum for each of them and evaluate its stability against atomic displacements.
In addition, it is planned to carry out modeling of the Raman spectrum of the studied
systems, which will make it possible to reveal their characteristic spectroscopic features.
Raman spectroscopy, as a method based on the inelastic scattering of light by atomic
vibrations, provides information on the frequencies and polarization properties of phonons,
on the basis of which it is possible to draw conclusions about the details of the spatial and
electronic structure of crystals. This research technique has proven its effectiveness as a
highly informative and sensitive method for non-destructive analysis of not only crystals
but also heterostructures such as superlattices. It has been shown in a number of works
that the analysis of Raman spectra can be used to estimate the layer thicknesses, the quality
of the interfaces, and the tensions in the layer materials with high accuracy (see [30] and
references therein). As applied to Si/SiO; SLs, the use of Raman spectroscopy [31-36]
made it possible to obtain valuable information about the layer structure and the annealing
temperature and to estimate the crystallite size and the stress magnitudes. In the study [35],
it was possible to use information on the frequency position of the spectral lines to estimate
the layer thicknesses. However, no one has yet analyzed the obtained Raman spectra by
applying rigorous quantum mechanical calculations. This article presents the results of
a theoretical study of the vibrational spectra of two possible types of Si/SiO, SLs, which
can be considered the first step towards a comprehensive study of the structure-spectrum
relationship for these heterostructures, which are important for practical applications.

As applied to Si/SiO; SLs, the use of Raman spectroscopy [31-37] made it possible
to obtain valuable information about the layer structure and the annealing temperature
and to estimate the crystallite size and the stress magnitudes. In [38], only one of the
simplest representatives of the SL family was considered. In [39], the results for several SLs
with different layer thicknesses were presented. Two interface structures were considered.
The interface type I1 is based on the direct splicing of two cubic lattices of silicon and
B-cristobalite in the [001] direction. The interface type I2 implies the rotation of one of
the lattices by 45° around the SL axis. It is found that in both cases, the silicon lattice
conserves its quasi-cubic structure, whereas the oxide lattice is markedly deformed by
rotations of the SiO, tetrahedra around the SL axis. Such tetrahedron rotations transform
cubic B-cristobalite into the tetragonal B-cristobalite. This transformation ensures the
flexibility of the cristobalite lattice and allows it to form smooth interfaces with the silicon
lattice despite the large lattice mismatch. The structures of I1 and I2 SL are shown in
Figures 1a and 1b, respectively.
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Figure 1. Unit cells of optimized SL structures of I1 type (a) and I2 type (b) viewed in two projections.
The SiOy tetrahedra are shown by polyhedrons. The Si atoms within the silicon layer are shown by
blue circles, and the O, atoms within the interface layer are shown by red circles.

In the studied heterostructures, there are Si atoms in different oxidation states. The
Si** state is inherent to the atoms within the oxide material (upper part of Figure 1), and the
Si¥ state occurs inside the silicon material (bottom part of Figure 1). One can see that the
main difference concerns the thickness of the interface layer. It consists of one monolayer
of the Si** moieties in the I1 structure and two monolayers of Si** and Si'* moieties in the
12 structure. Thus, the presence of the Si'* atoms and the Si'*-O},-Si'* bridges is the most
obvious structural peculiarity of the I2 SL.

We considered several SLs of both types with different layer thicknesses, denoting
them by the double indices m x 1, where m is the number of Si monolayers in the silicon
layer and 7 is the number of SiO; bilayers in the oxide layer. The structures and energies of
the SLs were discussed in [38,39]. This article presents the results on the phonon states and
Raman spectra of these SLs.

2. Computational Details

The ab initio calculations using the plane-wave pseudopotential method were carried
out within the framework of density functional theory in the generalized gradient approxi-
mation (GGA) approximation using the PBEsol functional [40] as realized in the ABINIT
software package [41-43]. The norm-conserving pseudopotentials were constructed accord-
ing to the scheme described in [44]. For Si and O atoms, the 3s3p and 2s2p electrons were
treated as the valence ones, respectively. The plane-wave basis size was controlled by the
cutoff energy Ecyt = 45 Ha. The BZ sampling according to the Monkhorst-Pack scheme [45]
was chosen as 6 x 6 x 2. The full geometry optimization was performed by varying
both the lattice parameters and atomic positions. The convergence tolerance for geometry
optimization was selected within 10> Ha/Bohr and 0.01 GPa in the maximal force and
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stress tensor, respectively. Each self-consistent step was controlled by energy convergence
lower than 108 Ha. The phonon eigenvectors, frequencies, and Raman tensor components
were calculated at the I'-point of the BZ within the density functional perturbation theory
(DFPT) [46,47]. The Raman spectra were simulated using Lorentzian line shape functions
with full width at a maximum of 8 cm~!.
3. Results and Discussion
3.1. Bulk Crystals

Before proceeding to the analysis of the phonon spectra of SL, it is worth discussing
the spectra of the constituent bulk materials. By the way, this will allow estimating the
performance of the selected calculation scheme. Calculated phonon dispersion relations of
the Si and B-cristobalite crystals are shown in Figure 2.
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Figure 2. Calculated phonon dispersion of Si (a) and B-cristobalite (c) crystals. Corresponding
phonon DOS functions are shown in the middle panel (b).

The phonon spectrum of Si crystal was thoroughly studied. Frequency values were
determined theoretically [48] and experimentally [49] for the zone-center and zone-edge
phonons as well. They are compared with our computational results in Table 1. One can
see that the agreement is quite satisfactory.

Table 1. Phonon wavenumbers (in cm 1) for Si crystal (Fd3m).

Irreducible Theory Theory Experiment
Representation DFT Calculations DEFT Calculations P[ 49]
Symmetry (This Work) [48]
Tq 502 517 521
X5 141 146 150
X3 396 414 410
Xy 444 466 463

The B-cristobalite crystal is less studied. The point is that, under normal conditions,
the cristobalite SiO; crystallizes in the a-cristobalite modification, while B-cristobalite exists
at high temperatures and is inevitably in a disordered state [50,51]. As a consequence, the
lines in the infrared absorbance spectrum and Raman spectrum of B-cristobalite are wide
and weak. Therefore, the experimentally determined phonon frequencies given in Table 2
were only presumably estimated. And even more so, there is no experimental information
about zone-edge phonons.
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Table 2. Phonon wavenumbers (in cm™1) for B—cristobalite crystal (142d).

T"-Point M-Point
Tll;eF?rry Theory ) Theory Theory
IR* Calculations DFT Experiment IR* DFT DFT
Symmetry Calculations [51] Symmetry Calculations Calculations
TO (LO) [50] This Work 1501
This Work
Ay 1106 1097 1144 Ms 1177 1162
E 1073 (1212) 1047 1100 M3My 1071 1045
B> 1063 (1216) 1038 1076 MiM, 798 780
E 765 (796) 748 794 M5 595 586
B 752 737 785 M5 376 372
E 443 (482) 444 480 MzMy 335 336
B, 422(497) 425 426 MM, 317 316
By 408 406 Ms 279 281
A; 354 357 380 MsMy 28 35
Aq 309 289 300
E 130 (133) 126

*IR—irreducible representation.

In the systems under study, the axis perpendicular to the interface plane, hereafter
referred to as the SL axis, corresponds to the I'-X direction in the BZ of the silicon crystals
and to the I'-M direction in the BZ of the silicon oxide crystals. Hence, the zone-center
phonon spectra of the SLs include the phonons of the constituent Si and SiO, crystals,
which belong to the I'-X and I'-M directions, respectively. In particular, the zone-center
phonon spectra of the SL Siy /(SiO,)4, which contains two unit cells in each layer, consist
only of the zone-center and zone-edge phonon modes. That is why we have included
information about the X-phonons in the Si crystal and the M-phonons in the -cristobalite
crystal in Tables 1 and 2, respectively.

The data given in Tables 1 and 2 allow one to evaluate the accuracy of the chosen
computational method. It can be seen that the values of the calculated phonon frequencies
for a silicon crystal are in good agreement with the results of previous calculations [48]
and experiments [49]. With regard to B-cristobalite, the frequencies of I'-point stretching
vibrations predicted by our calculation are significantly (by 50-80 cm~!) higher than those
published earlier [50]. Note that our estimates of frequencies in the E-By triplet (~760 cm ™)
agree better with the data of the Raman experiment [51], in which the frequency of this
triplet (merging into one triply degenerate Ty, mode in the cubic B-cristobalite) is determined
as ~780 cm 1.

3.2. Phononsin 4 x 411 SL

A detailed analysis of the phonon spectrum of the simplest SL structure is presented
in this section. This is the 4 x 4 SL of the I1 type. The system contains 16 atoms per unit
cell (see Figure 1a) and corresponds to the P4 space symmetry group. As a consequence,
the symmetry distribution of zone-center phonons takes the following form:

48T = 9A + 11B (z) + 14E (xy) 1)

In the preceding paper, we have shown that both layers in such SL are twice as large as
the unit cells of the constituent crystals. The Si layer is doubled in the X direction, and the
B-cristobalite layer is doubled in the M direction. Thus, the I'-phonons of the SL are related
to the zone-center and zone-edge phonons of constituent crystals: to the I' and X-phonons
of a silicon crystal and to the I' and M-phonons of B-cristobalite crystal. The phonon states
in the Si lattice (Fd3m, #227) are distributed by symmetry as follows:

61" = Toq (3) + T1, (3) 6X=X1(2)+X3(2) +X4(2) ()
And those in the B-cristobalite crystal (142d, #122) are distributed like this:

18T = A; + 2A, + 2By +3B, + 5E (2) 18M = 2My (2)+ 3Ma4 (2) + 4M5 (2)  (3)
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Here, numbers in parentheses indicate the dimension of the degenerate irreducible
representations (IR). When a heterostructure is formed, the symmetry of the initial crystals
decreases. Using the group-subgroup correlations of IRs, one can relate the phonon states
in SL with those in constituent crystals, as shown in Table 3.

Table 3. Correlations of phonon states of different symmetry types for the SL and the constituent
crystals. The number in brackets indicates the number of components for degenerate species.

SL (Space Group #81) B-SiO; (Space Group #122) Si (Space Group #227)
9A A1 + 2A2 + 4M5 (1) Xl(l)
11B 2B1 +3B; + 4M5 (1) X1 () +Tg (1) +Tu (1)
14E (2) 5E (2) + 2M13 (2) + 3M34 (2) Ty (2) + Ty (2) +X53 (2) + X4 (2)

At first glance, there is a discrepancy between the numbers of modes in the first
two lines of this table: only 8 modes of the constituent crystals correspond to 9 A-modes
of SL, and only 11 B-modes of SL correspond to 12 modes of the constituent crystals.
This discrepancy can be explained by the specific boundary conditions in the SL. First, the
antiphase combination is excluded for the acoustic phonons corresponding to translations of
the layers along the SL axis. This reduces the number of B-phonons by one. Secondly, there
exists a phonon mode, which consists of antiphase expansion-compression deformations of
the layers. Such a “breathing” mode belongs to the A-species and cannot be represented
as a combination of the zone-center modes of the layers. Note that the homogeneous
expansion-compression strains are not phonons. Using this correlation scheme, we can
confront the calculated frequencies of the zone-center phonon modes as shown in Table 4.

Table 4. The calculated frequencies of phonon modes of the 4 x 4 I1 SL in comparison with the
frequencies of, I', X, and M-phonons in the constituent crystals. Corresponding symmetry types of
phonons in bulk crystal are shown in italic.

Sig/(SiO,)4 B-SiO, Si
Assignment
I'(A) T'(B) L(E) r M r X
1106 Ay
. 1157 1114 999 1177 Ms
0(Si-0/0) 1073 E
1028 1029 957 1063 B, 1071 May
e 791 811 765 E 798 My,
v(5-0/8i) 696 608 720 752 By 595 Ms
453
s 458 gz; 443 E
5(5i0,) 161 449 33 422 B, 376 Ms
=2 427 408 By 335 May 444 X,
+ 0(Si-Si) 423 256 502 Tq
Lattice 393 417 193 354 A 317 M1 0T 396 X
odes 31 318 123 309 Ay 279 Ms u 141 X5
202 130 E 28 My
180 0 9% 0B
58 2
0

The data in Table 4 also support the correctness of the above symmetry correlation
scheme. When discussing the frequency distribution of phonons in SLs, it should be noted
first of all that phonon frequencies in the Si crystal are almost uniformly distributed in
the low-frequency range below 520 cm !, whereas the frequency range of the phonons in
SiO, material stretches for more than 1000 cm~!. This leads to the important conclusion
that the high-frequency phonon states (above 550 cm™~!) in a mixed Si/SiO, system are
localized in the oxide layers. Consequently, the high-frequency part of the phonon spectra
of the considered SLs should exhibit all spectral features inherent in the crystalline SiO;.
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One of these features is the possibility of distributing the phonon states depending on the
frequency into two groups located within 1000-1200 cm ™! and 700-800 cm ! intervals (see
Figure 2 and [52]). The O and Si atoms predominantly oscillate in the modes of the first
and second groups, respectively [53,54]. All these peculiarities are well reproduced in our
calculations. Indeed, analysis of calculated eigenvectors showed that the high-frequency
phonon modes are almost totally localized in the oxide layers. The phonons of lower
frequency have mixed characteristics due to strong coupling between the lattice modes of
Si layers and the deformation vibrations 6(SiOy) of the oxide material.

When comparing the frequencies of phonon modes in the SL with the frequencies
of analogous modes in the constituent crystals, it is important to take into account the
influence of elastic strains. The strain values were estimated in our previous paper (see
Table 2 in [38]). It was shown that the silicon material in the I1 type SLs is axially stretched
in the xy plane (U = Uy, > 0) and compressed in the z direction (U, < 0). Contrariwise,
the oxide material is stretched in the z direction and axially compressed in the xy plane.
As a rule, the dependence of phonon shifts Aw on the elastic strains U,; and Uy, = Uy, is
assumed to be linear. One expresses the dependence by using the deformation potential
parameters C,; and Cyy. As a rule, lattice expansion (a positive strain) lowers the phonon
frequencies, while lattice compression raises them. Thus, the C,, and Cy values must
be negative. This is the case for the Si crystal, but for the p-cristobalite crystal, these
parameters vary greatly from mode to mode and can be either positive or negative (see
Supporting information).

Using the deformation potential parameters of the Si crystal Cyy = =733 cm™" and
C,z = —337 cm™ ! [55,56] and the elastic strain values Uy, = + 9.4% and Uy, = —6% calculated
in [39], we estimate the frequency shift for the Raman-active Tg-mode of the Si material as
—49 cm~ 1. Thus, the frequency must decrease from 502 cm ! (in a free bulk crystal) down
to 453 cm~! (in the 4 x 4 SL). This estimate agrees well with the calculated frequencies of
449 cm~! and 453 cm ! for the A and E-modes, whose eigenvectors are directly related to
the components of the triply degenerate Tg-mode.

1

The situation is more complicated for the p-cristobalite because of strong multimode
mixing. Similar estimations with the deformation potential parameters given in supporting
information and as elastic strain values from [39] predict a frequency shift of around
—110 cm~! for the highest Ay-mode with a frequency of 1106 cm ™! in a free crystal. In
the calculated spectrum of the 4 x 4 SL, a mode that is most similar to this Ay-mode is the
A-mode with a frequency of 1028 cm ™. Similar estimations for E-mode (with a frequency
of 1073 cm ™~ ! in free crystal) predict a frequency shift of around —90 cm ™. In the calculated
SL spectrum, this mode has a frequency of 999 cm~!. Thus, one can see that the predictions
based on the deformation potentials overestimate the frequency shifts. However, they
correctly predicted the sign and order of the shifts. Let us emphasize that the sign of the
frequency shift caused by elastic strains for the modes considered here looks like a large
anomaly: the frequencies of these modes decrease with the contraction of the -cristobalite
lattice. And this phenomenon is perfectly reproduced in the calculated SL spectra.

Above, we discussed the phonon spectrum of a superlattice with relatively thin layers.
In order to bring our objects closer to real samples, we need to study the changes in the
properties of the SL with a gradual thickening of the layers. Note that a progressive
increase in the layer thickness is equivalent to the enlargement of the unit cell of the
superstructure in the [001] direction for the silicon and E—cristobalite materials. This will
lead to the appearance of additional phonons in the SL spectrum. These phonons can be
associated with phonon states from the internal points of the BZ of the constituent crystals:
at the thickening of the Si layer, these will be phonons from the I'-X direction, and at the
thickening of the SiO; layer, these will be phonons from the I'-M direction. The phonon
dispersion relations shown in Figure 2, corrected for the elastic strain effect, will help us
interpret the spectra of such systems.
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3.3. Phonons in I1 SLs of Different Sizes

Information about the dependence of the phonon spectra of SLs on the layer thickness
is very important since, along the way, one can use the spectroscopic information for
quantitative characterization of the SL’s structure. To study this issue, we have calculated
phonon spectra for several SLs with layer thicknessesm x n=4 x 4,8 x 4,4 x 8,8 x 8.
Detailed structural information on these systems is presented in [39]. Here we will discuss
phonons with special attention to the Raman spectra. Calculated Raman spectra of several
SLs of the I1 and I2 types are shown in Figure 3. Frequency positions and symmetry
assignments of the phonon modes are shown in the bottom part of the figures.

468"/ 1031

Raman intensity (arb. un.)

I
200 300 400 600 800 1000 1200 200 300400500600 800 1000 1200

1 II'II,'

Wavenumber (cm™) Wavenumber (cm™)

Figure 3. Calculated Raman spectra of SLs: 8 x 411 (a), 4 x 411 (b), 4 x 811 (c), 8 x 412 (d),
4 x412 (e), 4 x 812 (f). The frequency positions of A-modes, B-modes, and E-modes are shown by
red, blue, and green bars, respectively. The spectra in the high-frequency region are multiplied by 10.

In this section, we discuss the phonon spectra of the I1 SLs. As was already noted,
only modes localized in the oxide layers are present in the spectral range above 500 cm 1.
The spectra in Figure 3a,b correspond to SLs with the same thickness of the oxide layer.
Therefore, the number of lines and the number of peaks in this range are the same in both
spectra. Their distributions over frequency and symmetry species are also similar. This
result indicates the persistency of the spectrum above 500 cm~! at a constant thickness
of the oxide layer. The spectrum in Figure 3¢ corresponds to the SLs with twice larger
oxide layers. The number of modes above 500 cm ™! in this spectrum is twice as large. The
general pattern of the Raman spectra also slightly differs from those shown in Figure 3a,b.
Nevertheless, the doubling of the oxide layer does not change the main feature of all these
spectra: they retain the division into two spectral regions, from 500 to 800 cm~! and above
1000 ecm™ 1.

We proceed to a detailed discussion of phonon states moving from high frequencies to
low ones. In order to understand the genesis of vibrational modes in the high-frequency
part of the phonon spectrum of SL, one must turn to the vibrational states of B-cristobalite.
Regarding the latter, it was found that they include two types of vibrations: the anti-
phase v pulsations of neighboring SiO4 tetrahedra and the in-phase v3 vibrations of the
tetrahedra [53,54]. In the Raman spectrum of B-cristobalite, the former gives rise to the
Aj-mode and the latter to the By and E-modes with frequencies 1106, 1063, and 1073 cm~ L,
respectively (see Table 2). Of these, the By-mode has the highest Raman intensity. It
dominates the Raman spectrum of B-cristobalite (see Figure 4a).
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Figure 4. High-frequency parts of the Raman spectra of ,E—Cristobalite crystal (a) and I1 SLs: 4 x 4 (b),
4 x 8(c), 8 x 8(d). The positions of silent modes are shown by arrows in (a).

Raman lines corresponding to the three A, B, and E modes are also present in the
SL spectra, but at shifted positions. Elastic strains affect these modes differently: they
strongly lower the frequencies of the A and E modes and shift the B line much less (see
Figure S1 in Supporting information). In addition, when an oxide layer of finite thickness
larger than one monolayer is formed, new phonon modes appear. These are confined
vibrations localized in the oxide layers. If the oxide layer thickness is equal to two unit
cells of E—cristobalite, then the number of modes is doubled (see Figure 4b). If the thickness
of the oxide layer is equal to 4 unit cells of B-cristobalite, then the number of modes is
quadrupled (see Figure 4c,d). The E-modes do not mix with others. They have lower
frequencies and very low Raman intensity. Therefore, we will not discuss them here.

The mixing of A and B modes plays an important role in the formation of high-
frequency, confined phonon states. Such mixing leads to the appearance in the Raman
spectra of a sequence of lines with a regular “strong/weak” and A-type/B-type alternation
(see Figure 4c,d). Such a “comb” is observed most clearly in the spectrum of 4 x 8 SL. To un-
derstand the microscopic pattern of these modes, in Figure 5, we depict the z-displacements
of oxygen atoms in different planes taken from the calculated eigenvectors of these modes.
Between neighboring planes of O atoms, there is a plane of Si atoms, with which these
O atoms are bonded by valence bonds, thus forming SiO4 tetrahedra. The antiphase dis-
placements of O atoms in neighboring planes correspond to pulsating v; vibrations of the
tetrahedra. The in-phase displacements of the O atoms of neighboring planes correspond
to the polar v; vibrations of the tetrahedra. It can be seen that all these modes can be
represented as sequences of the v; and v3 oscillations of the tetrahedra. By counting the
number of lines in the spectroscopic “comb,” one can estimate the number of monolayers,
or, in other words, the thickness of the oxide layer, similarly to how it was done for the
nitride-based SLs [30].
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Figure 5. Relative z-displacements of O atoms for the high-frequency A and B modes. Mode labels in
panels (a-h) correspond to the peak notations in Figure 4c. Frequency values are indicated nearby.
The locations of O planes in the 4 x 8 I1 SL are indicated in the bottom panel.

We go down the frequency scale. In the spectrum of E—cristobalite near 750 cm ™!

there are modes also having the v(S5i-O) bond-stretching character, in which, unlike those
considered above, the Si atoms and not the O atoms oscillate predominantly. At the I'-point,
these are the E 765 cm~! and B; 752 cm ™! modes. Figure 2 shows that the twice degenerate
phonon branch emerging from E 765 cm ™! along I'-M direction at the M point turns into the
Mz mode (798 cm~1!). The phonon branch coming out of By 752 cm ™! drops in frequency
and couples with the branch coming from B;-LO 497 cm~!. At the M point, these branches
merge into the Ms mode (595 cm™~!). Thus, in the spectra of an SL, we can expect the
appearance of confined modes originating from the folding of these I'-M branches. As a
result, the SL spectrum should contain several E-lines in a narrow range of 700-800 cm ™!
and sequences of the A and B lines in a wide range of 500-750 cm~!. The number of both
depends on the thickness of the oxide layer. Recall that the frequency position of these
spectral lines will be shifted due to the elastic strain effect. This region of the calculated
Raman spectra of several SLs is shown in Figure 6.
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Figure 6. Calculated Raman spectra of several I1 SLs: 8 x 4 (a), 4 x 4 (b), 4 x 8 (c), and 8 x 8 (d). The
frequency positions of A, B, and E-modes are shown by red, blue, and green bars, respectively.

It can be seen that the line related to the E-modes dominates in the vicinity of 720 cm 1.

The position of the peak is almost insensitive to the layer thickness variation. This E-mode
consists of the v vibrations localized in the Si**~O-Si?* chains in the vicinity of the interface
plane (see Figure 7). Other similar E-modes localized in other chains located within the
interior of the oxide layers have higher frequencies (>800 cm~!) and very low Raman
activity. The difference between these modes is related to the different structures of the
Si-O-Si bridges. In the Si**~O-Si?* bridges located near the interface, the Si** atom is from
the oxide layer, and the Si%* is from the silicon layer. In the Si**-O-Si** bridges within
the thickness of the oxide layer, both Si** atoms belong to the oxide lattice, i.e., they are
equivalent. Such bridges are symmetrical. Therefore, those modes are not Raman-active
due to selection rules. The Si**~O-Si?* bridges near the interface are highly asymmetric.
Therefore, the mode depicted in Figure 7a is active in the Raman spectrum. Besides, it has
a lower frequency because the Si>*~O bonds are much longer than the Si**~O bonds. The
presence of the E-line near 720 cm~! in the Raman spectrum of a Si/SiO, heterostructure
can be considered an indication that there are asymmetric Si-O-S5i bridges in the interface
of the structure under study.

At lower frequencies, there is a series of A and B modes, in which the A-line near
550 cm~! dominates. This line has a relatively high Raman intensity and does not overlap
with other lines. In the mode corresponding to it (see Figure 7b), the Si** atoms of the
interface layer oscillate in the antiphase in the z-direction. According to the calculated
eigenvector, this mode can be referred to as “layer breathing” in which one layer expands
and another contracts. For the spectroscopic characterization of SL structure, these modes
are of greatest interest since they give a noticeable Raman peak in the region where there
are no other intense lines. In addition, the frequency of this mode strongly depends on
the oxide layer thickness (see Figure 6). In search of an explanation for this effect, it is
worth turning to the analysis of elastic strains. According to the data presented in [38]
(see Table 2), the oxide material in SL is stretched in the z direction and compressed in



Photonics 2023, 10, 902

12 0f 18

the xy plane. Moreover, both deformations noticeably decrease in absolute value in the
8 x 4,4 x 4,4 x 8 series, that is, as the relative thickness of the oxide layer increases.
According to a general rule, lattice expansion lowers the phonon frequencies, while lattice
compression raises them. Therefore, the strains Uy, and U, affect the frequencies of these
phonons in the opposite direction. If the determining factor is the U, strain, then the
frequencies should decrease. Contrariwise, if the crucial factor is Uy, then they should
increase. Our calculations show that the frequency of these modes decreases: 572, 547, and
506 cm ! for the 8 x 4,4 x 4, and 4 x 8 SLs, respectively. This result indicates that the
deformation potential parameter Cyy for these modes is larger than C,,. Note that a similar
relation is valid for the majority of the zone-center phonon modes of the B-cristobalite
crystal (see Table S1 in Supporting information).

(@)

aQ

Si : Sio : si

2

Figure 7. Atomic displacement pattern for the E-720 (a) and A-572 (b) modes in 8 x 4 I1 SL. Si
and O atoms are shown by open and bold circles, respectively. The interface planes are shown by
dotted lines.

Comparison of the variations of phonon frequencies and structural changes under
elastic strains of the cristobalite lattice made it possible to reveal that the main factor
affecting the frequencies of the v,s (SiOSi) mode is the Si-O-Si angle (see Table S2 in
Supporting information). The low-frequency parts of the Raman spectra presented in
Figure 3 include several lines between 350 and 500 cm~!. The spectra in Figure 3a,c
correspond to SLs with the same thickness as the silicon layer. It is seen that the number
of intense Raman peaks and their overall arrangement are similar in both spectra. The
spectrum in Figure 3b is more complicated and exhibits a group of rather intense lines
in the vicinity of 460 cm~ L. At the same time, in all three spectra, there is one common
trend. At the lower boundary of the low-frequency group of lines, a strong peak is clearly
distinguishable, the position of which changes noticeably from structure to structure. It
is located at 316,349 and 371 cm ! in the 8 x 4,4 x 4, and 4 x 8 SLs, respectively. An
analysis of the calculated eigenvectors showed that in all structures the peaks are associated
with similar modes, namely, with the zone-edge longitudinal phonon Xj. It can be shown
that the position of this peak in different structures is determined by elastic strains in the
silicon layer. The strain values were determined in [39] (see Table 2). If one takes these
values and uses the deformation potential parameters from [55,56] (Cyyx = —733 ecm~ ! and
C,, = =337 cm’l) one obtains frequency shifts equal to —28, —49, and —77 cm~! for the



Photonics 2023, 10, 902

13 0f 18

8 x 4,4 x 4and 4 x 8 SLs, respectively. If one takes into account that the frequency of
the X; mode in the bulk crystal is 396 cm™!, then, using these estimates of the frequency
shifts, one obtains frequencies very close to those calculated. It is important to note that
the established trend makes it possible to estimate the elastic strains in the silicon material
from the position of the Raman peak observed at about 350 cm ™!, corresponding to the
X1 mode.

The region 400-500 cm~! is borderline; it includes modes that have a mixed nature,
including both the contributions of silicon lattice vibrations and deformation vibrations of
atoms in the oxide lattice. The Raman peaks in this range do not show a regular dependence
on the structure since the frequencies of vibrations involved in these modes strongly depend
on the ratio of the layer thicknesses. In particular, in the 4 x 8 SL with a thin silicon layer,
the mixing of vibrations in neighboring layers is insignificant, and therefore there are no
strong Raman peaks in the region of 400-500 cm !, while in the 8 x 4 SL with a thin oxide
layer, such mixing is strong and a powerful Raman peak of 468 cm~! appears.

3.4. Phonons and Raman Spectra of the I2 Type SLs

Let us turn to the analysis of the Raman spectra of the SL of the I2 type. Recall that
this structural type is formed when the lattices of silicon and p-cristobalite are spliced with
a rotation of 45° and with the replacement of Si atoms with dangling bonds by O atoms,
thus forming additional Si-O-5i bridges. It was shown that the resulting I2 interfaces
are mechanically stable and have formation energies comparable to those of the I1 type
interfaces [39]. In this section, we compare the spectra of SLs of the I1 and I2 types in order
to find distinctive spectral features. Figure 2 shows the calculated spectra of the I2 SLs in
comparison with the spectra of analogous I1 SLs.

On comparing Figure 3a,b and Figure 2c with Figure 2d—f correspondingly, one can
see that the high-frequency parts of the spectra are quite similar both in the number of lines
and in their frequency distribution. This is not surprising because this part of the phonon
spectra is due to the vibrations localized in the oxide layers, which are quite similar in both
types of SLs.

At the same time, the low-frequency parts of these spectra are noticeably different. First
of all, it should be emphasized that the number of modes involved in the low-frequency
spectra of the I2 SL is twice as large. This is due to the structural peculiarities of the
compared systems: the surface density of Si atoms at the I2 interface is twice as large.
Then, it should be noted that the group of intense lines in the spectrum of I2 SL is shifted
towards higher frequencies. For example, the line 349 cm ™! is shifted to 426 cm~'. Analysis
of calculated eigenvectors confirms that these lines originate from similar modes closely
related to the X; mode of the silicon lattice. This mode involves longitudinal anti-phase
oscillations of Si atoms separated by one plane. In a free Si crystal, the frequency of this
mode is 396 cm ™. In the I1 SL, the frequency decreases by 50 cm ! due to lattice expansion,
and in the I2 SL, the frequency increases by 30 cm~! due to lattice compression. Thus,
one can conclude that the shift of the Raman lines is due to the elastic strain effect: the Si
material is stretched in I1 type structures and compressed in I2-type structures. This is an
important distinction between the Raman spectra of the I1 and I2 types of SLs.

It remains a very intriguing question concerning the spectroscopic manifestations of
the structural distinctions between two interface types. There are Si'*-Op,-Si'* bridges
within the I2 type interfaces, whereas such bridges are absent in the I1 type interfaces.
In searching for the spectral features characteristic of these two structural fragments, we
analyzed the calculated eigenvectors and identified several modes in which the atoms
forming these bridges have significant amplitudes. Atomic displacement patterns of such
modes in the 8 x 4 I2 SL are shown in Figure 8.
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Figure 8. Eigenvectors of E-776 (a), B-581 (b) and A-574 (c) modes involving oscillations localized within
the Si'*-0,-Si!* bridges in the 8 x 412 SL. Si and O atoms are shown by open and bold circles, respectively.

Similar to any symmetrical bridge, the Si'*~0,-Si!* unit has two characteristic bond-
stretching vibrations: vs and v,s, with noticeably different frequencies. The v,s oscillation
consists of bridging oxygen oscillations along the Si-Si direction. This is a high-frequency
oscillation with low Raman activity. In the spectrum of the 8 x 4 I2 SL, such an oscillation
corresponds to the doubly degenerate mode E-776 (Figure 8a). Indeed, this mode is
practically inactive in the Raman spectrum. The vs oscillation consists of oscillations
of bridging atoms along the bisector of the Si-O-Si angle. In the I2 SL, there are two
interfaces per unit cell, hence two such bridges. Consequently, there are two modes in the
vibrational spectrum, including in-phase and anti-phase combinations of v, vibrations. In
the calculated phonon spectrum, a pair of such modes is present in the region of 600 cm 1.
The anti-phase combination gives rise to a polar B-581 mode (Figure 8b). The in-phase
component corresponds to the non-polar A-574 mode (Figure 8c). Similar A /B doublets
related to the v, vibrations of the Si'*~Op-Si!* bridges are present in the phonon spectra
of all SLs of I2 type. In all cases, their frequencies are close to 600 cm™~!; in all cases, the B
component has a higher Raman intensity. The frequencies of these modes depend on the
layer thicknesses, i.e., on the elastic strains. For example, in the spectrum of the 4 x 4 12 SL,
the frequencies of such E, B, and A-modes are 827, 603, and 590 cm 1, respectively.

The B-mode giving a rather intense Raman peak near 600 cm ™! can be useful as a
spectroscopic fingerprint of the Si'*~Op-Si'* bridges. The origin of the high Raman activity
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in this mode is unclear. As a rule, the A-modes associated with in-phase vibrations of
equivalent structural fragments (in this instance, the S5i-O-5i bridges) are more Raman-
active, while the B-modes associated with anti-phase vibrations are highly active in infrared
absorption but not in Raman scattering. In our case, the situation is reversed. It is noticeable
that the high Raman intensity of the B-mode is associated with a large value of the off-
diagonal xy component of the Raman tensor.

4. Conclusions

The phonon states in two types of superlattices with silicon-cristobalite interfaces are
considered. The Raman spectra of these systems are calculated. The modes giving the most
intense Raman lines are compared with similar modes in bulk crystals. Their dependence
on the thickness of the SL layers is studied.

It is confirmed that in all studied systems, modes with a frequency above 500 cm™
are localized in the oxide layer. In this spectral region, the general form of the phonon
spectrum weakly depends on the thickness of the silicon layer. However, the frequency
and position of the lines depend on elastic strains. The influence of this factor can be taken
into account using the deformation potential parameters obtained in this work. Spectral
lines are established, the frequencies of which can be used to estimate the magnitude of the
elastic strains in the materials of the layers of the heterostructure.

It has been found that, as the layers thicken, confinement phonon modes appear in the
phonon spectrum, which become Raman-active due to the folding of phonon branches. As
a result, a series of spectral lines appear, the number of which can be used to estimate the
thickness of the oxide layer.

Particular attention is paid to the search for modes with a significant contribution
from interface atoms. Thus, an intense Raman line was found at the lower boundary of the
high-frequency interval (~500-550 cm~!). It is shown that this line is associated with the
so-called “layer breathing” mode, in which one layer expands and another contracts. For
the spectroscopic characterization of SL, such a mode is of greatest interest since it gives a
noticeable Raman peak in the region where there are no other intense lines. In addition, the
frequency of this mode strongly depends on the oxide layer thickness.

Special attention is paid to finding distinctive spectral features that allow discriminat-
ing between SLs with different interfaces. On comparing the Raman spectra of SLs of I1
and I2, it was shown that such a characteristic feature can be the frequency position of a
group of intense Raman lines in the region of silicon phonon frequencies. It is shown that
in the spectrum of I2 SL, this spectral group is shifted towards higher frequencies by about
70-80 cm ™.

It was suggested that the presence of spectral features related to vibrations of the
Sil*-0,,-Si!* bridges in the spectra of I2-type SLs can also be used as an additional indi-
cation of this type of interface. It is shown that the presence of a strong Raman line near
600 cm~ 1, related to the B-mode localized in the SilJ'—Ob—Sil+ bridges, can be considered
as such a spectral feature.
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