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GENERAL CHARACTERISTIC OF THE WORK

Relevance and importance of the subject of the Thesis is determined by a huge interest from both

scientific and engineering community toward the nanoscale structures and materials with
enhanced electron and phonon properties. The investigation of electron and phonon processes in
nanostructures, as well as the search for novel nanoscale geometries and materials with properly
engineered electron and phonon properties represents one of the most important problems of
modern nanoscience. The technological progress in dimensional scaling of different material
structures in the past few decades determined numerous advancements in various areas:
electronics, phononics, thermal management, thermoelectricity, photovoltaics, energy storage,
etc. Further development of these fields requires a thorough understanding of the electron and
phonon processes at nanoscale.

Electrons and phonons manifest themselves in all properties of materials: mechanical,
optical, thermal, etc. Spatial confinement of electrons and phonons in nanostructures strongly
affects their energy spectra, density of states and electron-phonon interaction. Thus,
nanostructures offer a new way of controlling electron and phonon processes together with
electron-phonon interaction via tuning electron and phonon dispersion relations, i.e. electron and
phonon engineering. One of the areas where phonon engineering is playing an extremely
important role is heat management at nanoscale, since phonons are the main heat carriers in
many nanostructures such as semiconductor and carbon nanostructures. Aggressive
miniaturization of electronic devices and increasing their operation speed makes the problem of
heat removal from the electronic circuits particularly important. Therefore the scientific search of
materials with high thermal conductivity becomes extremely crucial for the future development
of nanoelectronics. Another area where electron and phonon engineering has given a significant
performance boost is thermoelectricity. Thermoelectricity provides unique opportunity since it
can be used as a generator deriving power out of waste heat from different sources: integrated
chips, cars, buildings, etc. This opens up the exciting area of waste heat recovery. One- and two-
dimensional nanostructures are one of the most promising thermoelectric materials that allow
separate engineering of electron and thermal properties. The ability to manipulate material
properties at the atomic scale using nanostructures such as nanowires, nanolayers and
superlattices plays a key role in enhancing the thermoelectric efficiency.

The goal of this Thesis is the investigation of phonon processes in graphene and silicon-based

nanostructures, as well as determination of novel nanostructures for effective electron and
phonon engineering.

In order to achieve this goal, the following objectives are formulated:
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1.

Determination of novel one-dimensional and two-dimensional nanostructures with specific
geometrical and material parameters, as perspective candidates for electron and phonon
engineering.

Development of theoretical models to describe phonon and electron states in novel one-
dimensional and two-dimensional nanostructures.

Investigation of electron, phonon and thermal properties of novel as well as generic one-

dimensional and two-dimensional nanostructured materials.

The following theoretical methods and models are used to accomplish the objectives:

1.

Lattice dynamics theory for theoretical modeling the phonon states in novel one-dimensional
and two-dimensional nanostructures.

Extension and application of the effective mass approach in order to investigate electron
states in novel nanostructures.

Extension and application of the Boltzmann transport equation approach for modeling the

thermal properties of novel one-dimensional and two-dimensional nanoscale structures.

Theoretical importance and scientific novelty of the results consists in the following:

1.

A Born - von Karman lattice dynamics model for cross-section modulated nanowires and
multilayer graphene with different atomic stacking was developed.

The influence of cross-section modulation on phonon and electron processes in Si-based
nanowires was studied for the first time.

A theoretical approach for calculation of scattering time of phonons on interfaces of Si/Ge
superlattices was developed and the influence of Si/Ge interface quality on phonon and
thermal properties of these superlattices was analyzed.

The influence of different atomic stacking on phonon and thermal processes in multilayer
graphene was elucidated for the first time.

An important scientific problem was solved in the Thesis namely it was demonstrated and

investigated theoretically the possibility to control the phonon processes in two-layer graphene

by rotation of graphene layers one against another around the axis perpendicular to the graphene

plane.

Main items to be defended:

1. An up to 5 times drop of the phonon heat flux at room temperature is predicted in Si cross-

section modulated nanowires in comparison with generic uniform Si nanowires.

It was demonstrated theoretically that in Si/Ge core/shell cross-section modulated nanowires
the combination of cross-section modulation and acoustic mismatch between Si and Ge
materials can lead to a three orders of magnitude drop of room temperature phonon thermal

conductivity as compared to bulk Si.



3. A new type of hybrid folded rotationally-dependent phonon modes in twisted bilayer
graphene were predicted.

4. It was theoretically demonstrated that in single-layer, bilayer and twisted bilayer graphene
the phonon specific heat at temperatures less than 15 K varies as T", where n = 1 for
graphene, n = 1.6 for bilayer graphene and n = 1.3 for twisted bilayer graphene.

Practical significance of the Thesis consists in the following recommendations proposed on the

basis of the obtained theoretical results:

1. Planar Si/Ge superlattices with atomic intermixing at interfaces are perspective for phonon
filtering aplications.

2. The Si-based modulated nanowires with Ge or SiO, covering shell are perspective for
thermoisolant and thermoelectric applications owing to drastically reduced thermal transport.

3. Twisted bilayer graphene with different angles of rotation can be recommended for
controllable heat removal applications from electronic devices due to enhanced thermal

properties and rotaion angle-dependent specific heat.

Approbation of the results: the results obtained in the Thesis were presented at following

international scientific conferences: International Conference of Young Researchers ,,ICYR”
(Chisinau, Moldova, editions 2009-2012); oth European Conference on Thermoelectrics ,,ECT-
2011” (Thessaloniki, Greece, 2011); DPG Spring Meeting — 2012 (Berlin, Germany, 2012);
International Conference on Modern Information and Electronic Technologies ,,MIET” (Odessa,
Ukraine, editions 2012-2014); I-st All-Russian Congress of Young Scientists (Saint-Petersburg,
Russia, 2012); International Scientific Conference for Undergraduate and Postgraduate Students
and Young Scientists ,,Lomonosov” (Moscow, Russia, editions 2012-2013); CECAM-Workshop:
Nanophononics (Bremen, Germany, 2013); DPG Spring Meeting — 2014 (Dresden, Germany,
2014).

Publications: based on the results presented in the Thesis 33 scientific works were published,
including 6 articles in ISI journals and 15 abstracts in proceedings of international conferences. 2

articles and 2 abstracts were published without coauthors.

Structure of the Thesis: the Thesis consists of Introduction, 4 Chapters and Conclusions. The

Thesis contains 200 references, 140 pages, 66 figures and 7 tables.

Key-words: phonons, electrons, nanolayer, superlattice, nanowire, graphene, lattice dynamics,
modulation, thermal properties.



CONTENTS OF THE THESIS

In the Introduction the relevance, scientific importance and novelty of the results presented

in the Thesis are outlined.

In Chapter 1 is presented a detailed review of recent theoretical and experimental
investigations of electron and phonon processes in one-dimensional and two-dimensional

nanostructures.

In Chapter 2 a Born-von Karman (BvK) model of lattice dynamics for nanolayers and
planar superlattices with diamond crystal lattice is developed. The schematic view of the

considered structures is shown in Figure 1.

(a) (b)

Fig. 1. Schematic view of a freestanding homogeneous layer (a) and planar superlattice (b).

In the framework of BvK lattice dynamics theory for nanolayers and planar superlattices, the
system of equations of motion for atoms from monolayer s can be represented, in a harmonic

approximation, as:

mwU(s,0)= >, > D;(ss.qM;(s"a) i=xy.z, M)

j=x,y,z s'=1
where s, s' — numerate monolayers and take values between 1 and N, m, — mass of the atom
from monolayer s, @ — phonon frequency, g — phonon wavevector, U,(s) — i-th component of
the atomic displacement amplitude vector of the s-th monolayer, D; — dynamic matrix element,

given by expression:
D, (5.5.) = X @; (n,.n) exp (i (F(n}) =7 (n,))). @

where 1(n,) — radius-vector of the atom n, and ®(n,,n,) — matrix of the force constants
describing interaction between a pair of atoms (n,,n.). It is taken into account the interaction

within two nearest neighbor coordination spheres, therefore the summation in Equation (2) is
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performed over all atoms n’ from two nearest spheres of atom n. The index n here denotes atom

lying in the center of the coordination sphere for which the equations of motion are written. The

lattice dynamics is described by two force constant matrices:
O{(ns, s) ﬂ(ns' s) ﬂ(ns’ s)
®(ny,n,)=—| g(n,n;) a(ng,n,) pLng,n.) for the nearest sphere and
ﬂ(ns! s) ﬂ(ns’ s) a(ns' S)
y(ns1 s’ ) ]/(ns, s’ ) 0
®d(ng,n.)=—| y(n,n.) y(n,n.) 0| forthe second nearest sphere.
0 0 0

In order to obtain the phonon energy spectra the system of equations of motion (1) with
dynamic matrix (2) was solved numerically. In Figure 2 are shown phonon energy spectra in
[100] crystallographic direction in bulk silicon (panel (a)) and silicon nanolayer with 10 nm

thickness (panel (b)).
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Fig. 2. Phonon energy spectra of bulk Si (a) and Si nanolayer with 10 nm thickness (b). Squares

denote experimental points from Ref. [1].

It is seen from Figure 2(a) that the developed three-parameter BvK model reproduces

reasonably well all the features of the bulk silicon phonon spectra, except for the overestimation
of TA and TO phonon energies for q>0.5-q,,,, Where g, =11.57 nm™. This overestimation

is explained by the fact that the short-range interatomic interactions are only considered in this
model. The behavior of phonon dispersion curves in the [110] and [111] directions is analogous.
In Figure 2(b) we present the phonon energy spectra for a Si nanolayer with d =10 nm in the
[100] crystallographic direction. The strong dimensional confinement along the Z-axis results in
a quantification of the phonon energy spectra, i.e. the appearance of a large number of size-

quantized energy branches. Analogously to the bulk silicon phonon spectrum in nanolayer’s



spectrum one can distinguish three bunches of phonon branches: TA-like, LA-like and TO(LO)-
like branches. However, unlike in the bulk case, where all atomic vibrations are exactly
distinguished on transversal/longitudinal and acoustic/optic, in nanolayers appear essentially new
transverse-longitudinal acousto-optical mixed vibrations. As a result, a numerous phonon modes
in the nanolayers possess low phonon group velocity.

In Figure 3 the phonon energy spectra in Si(23ML)/Ge(5ML) planar superlattice are shown
for two different directions in the Brillouin zone (BZ).
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Fig. 3. Phonon energy spectra of Si(23ML)/Ge(5ML) planar superlattice in (0,0,0) — (0,0,q"™)

direction (a) and (0,q,™,0) —(0,q,™, g;") direction (b).

One can see from Figure 3 that phonon energy spectra in Si/Ge planar superlattices is
strongly modified compared to bulk silicon or silicon nanolayers (see Figure 2). Due to the
superlattice nature of the considered planar Si/Ge nanostructure i.e. the existence of a set of
consecutive Si/Ge interfaces and due to the acoustic mismatch between Si and Ge materials,
there appear a large number of phonons trapped (localized) in different segments of the
superlattice: Si layers, Ge layers or Si/Ge boundary. A clear manifestation of the trapping effect
one can found considering the high-energy phonons from Figure 3(a). The maximal phonon
energy in germanium is ~ 40 meV, therefore all phonon modes in a Si/Ge superlattice with
energy more than this value should be localized in Si segments. It is clearly seen from Figure
3(a) that phonons with energy more than 40 meV are dispersionless i.e. they posses group
velocity close to zero and therefore they are localized in silicon segments of Si/Ge superlattice.
Moreover, one can see from Figure 3(b) that in directions close to BZ edge the short-wavelength

phonons are also dispersionless and posses a very low group velocity.



In nanolayers it was taken into account two basic mechanisms of phonon scattering:
Umklapp phonon-phonon scattering and phonon-boundary scattering. Total scattering time of a

phonon with wavevector ¢ from s-th energy level was calculated according to Matthiessen’s

rule: ¢

totYs(q):(rjs(q)+rb‘yls(q))_l, where 7, ((q) and 7, ,(q) are phonon lifetimes in Umklapp
and boundary scattering process, respectively. In order to evaluate the scattering time of the

phonons in three-particle U-processes the following model formula from Ref. [2] was used:

7%(9) = B(,(q)) Texp(-C/T), 3)
According to [2] this form of the Umklapp scattering rate ensures an adequate temperature
dependence of the thermal conductivity both at high as well as low temperatures. Parameters B
and C are fitted to reproduce the experimental thermal conductivity of bulk silicon.
For calculation of the phonon-boundary scattering time a phenomenological formula first
introduced by Ziman [3] was used:
1-p() [v. (@) @)
1+p(a) d
In this approach the p-th part of the phonons is reflected specularly from the boundary, while

7,.(0) =

all the other phonons are scattered diffusively, i.e. uniformly in all directions independently on
the initial direction of the phonon wave before impact with the boundary. In this context, the
parameter p characterizes the degree of boundary roughness, namely, the values of p close to 0
correspond to a very smooth boundary, while p close to 1 correspond to a very rough boundary.
According to authors of Refs. [3] the parameter p can be determined from the following

expression: p(q)=exp(—27rq2§2), where 6 — average height of the surface roughness. This

form of the parameter p takes into account that when the average height of the surface roughness
is much higher than the wavelength of the incident phonon, then the scattering is very strong and
phonon “feels” even the smallest surface imperfections. In this case the parameter p is close to 0.
In the case when phonon wavelength is much larger than & then surface details are hardly
distinguishable for such waves and the scattering will take place almost specularly with p close
to 1.

To model the phonon scattering processes in real planar Si/Ge superlattices it was taken into
account three basic mechanisms of phonon scattering: Umklapp phonon-phonon scattering,
scattering on external boundaries (on the bottom and top segments) and scattering on Si/Ge

interface. Total scattering time of a phonon with wavevector G from s-th energy branch was

calculated according to Matthiessen’s rule: 7., () = (rjs (@ +z5 (@) +7,5 (q))_l, where 7, ((q),



75,(q) and 7, (q) are phonon lifetimes in Umklapp, boundary and interface scattering

processes, respectively. The perturbation theory and second quantization formalism were used in
order to model the scattering of phonons on Si/Ge interfaces due to mass mixing, and the
equation for phonon lifetime in interface scattering was obtained.

The Boltzmann transport equation approach was used for the investigation of the phonon and
thermal processes in Si nanolayers and Si/Ge planar superlattices. An analytical expression for
phonon thermal conductivity coefficient for nanolayers and planar superlattices is obtained from

Boltzmann transport equation in relaxation time approximation:

. exp( a)(Q))
o= i 2 | M@ @@ 7@ hwiq; adg. ©
(exp(— ) -1’
in case of nanolayers, and:
L} I ")
Kph 2 2 (ha)s(q))z(Uz,s(q))zftot,s(q) qldqi dqz’ (6)
2] (exp(" 21D (q)) -1y

B
in case if superlattices.
In Figure 4 is plotted the temperature dependence of the phonon thermal conductivity in

silicon nanolayers with d = 5, 10, 20 and 30 nm.
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Fig. 2.4. Calculated temperature dependence of the phonon thermal conductivity of silicon
nanolayers with d = 5, 10, 20 and 30 nm for average roughness height 6 =0.23 nm. The

experimental data points from Ref. [4] are also shown for comparison.
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One should note a sharp drop of thermal conductivity in comparison with bulk case, which is
explained by quantification of phonon energy spectrum, decrease of the phonon group velocity
and additional scattering of phonons on nanolayer’s external boundaries. A drop by a factor of 5
— 20 is found at the room temperature (RT) depending on nanolayer thickness. The experimental
data points for nanolayers with d = 20 and 30 nm from Ref. [4] are also shown in Figure 4 for
comparison. A good agreement is achieved for the average roughness height 6 = 0.23 nm. As
one can see from the figure, the maximum thermal conductivity shifts to higher temperatures
with decrease of d, from T ~ 130 K for 30-nm-thick layer to T ~ 320 K for 5-nm-thick layer. This
behavior can be explained as follows: the position of the thermal conductivity maximum
separates the low-temperature region, where phonon scattering is mainly due to the boundary,
from the high-temperature region, where Umklapp scattering is dominant. In a thinner nanolayer
the boundary scattering is stronger in a comparison with a thicker one and dominates up to
higher temperatures, therefore the position of the thermal conductivity maximum on the
temperature dependence curves shifts to the right.

In Figure 5 is presented the calculated phonon thermal conductivity of planar
Si(35ML)/Ge(9ML) superlattice as a function of temperature.
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Fig. 5. Temperature dependence of the phonon thermal conductivity in Si(35ML)/Ge(9ML)

planar superlattice. Gray triangles denote experimental points from Ref. [5].

The black dashed and solid lines correspond to calculations for 1 ML and 2 ML interface
mixing without taking into account Umklapp scattering, while solid gray line represents
calculation with 2 ML mixing and all three basic mechanisms of phonon scattering. A good
agreement between theoretical and experimental data was obtained only in the case when

Umklapp scattering was not accounted in calculations, indicating that in a real
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Si(35ML)/Ge(9ML) planar superlattice from Ref. [5] the interface mass-mixing scattering is the
dominant mechanism of phonon scattering. Indeed, if Umklapp scattering was dominating over
interface scattering, then one should find a slow decrease of thermal conductivity at high

temperatures, since Umklapp scattering time scales with temperature as 7, [1 T™*, which is

clearly seen from the solid gray curve. However, the experimental data demonstrated no such
behavior (follow gray triangles on the figure) and thermal conductivity remained almost
independent on temperature. Another important conclusion can be made if one compares black
solid and dashed curves i.e. calculations with different number of mixed monolayers at interface.
The thermal conductivity of planar Si(35ML)/Ge(9ML) superlattice with 1 ML interface mixing
is almost 2 times larger than with 2 ML mixing for a wide range of temperatures, which
demonstrates the strongest influence of interface mass-mixing phonon scattering on thermal
conductivity of planar Si/Ge superlattices.

The results of the investigation of the thermal properties of silicon nanolayers presented in
the Thesis were published in the research article [1] from the List of published articles on the

subject of the thesis.

In Chapter 3 the effective mass approximation is extended and applied for calculation and
investigation of electron energy spectra and electron wave functions in core/shell Si/SiO,
nanowires with constant (denoted as NW) and periodically modulated cross-section (denoted as
MNW). In Figure 6 is shown the schematic view of considered core/shell nanowires. Nanowires

consist of two periodically repeated Si segments with dimensions d; xd; xI; and d; xd; xI?

covered by SiO, shell.
2L d

d;

(a) (b)

1
dx dx
Fig. 6. Schematics of a Si nanowire with constant cross section (a) and periodically cross-section

modulated Si nanowire (b). Both wires are covered with a SiO; shell.
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Electron states in these structures were described with time-independent Schrodinger

equation, which was solved numerically using finite-difference technique. In Figure 7 are shown

ten lowest electron energy branches in Si NW with constant cross-section d, xd, = 9x9 nm? and

Si MNW d} xd} x1;=5x5x1 nm®; d? xd? x12=9x9x1 nm®. Both wires are covered with SiO;

shell in such a way that total cross-sectional dimensions are equal to 15x15 nm?.
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Fig. 7. Electron energy dispersion in Si nanowire with constant (a) and periodically modulated

(b) cross-section, covered with SiO, shell.

Due to the nanometric cross-sectional dimensions of the considered wires, electron motion in
XY plane is quantified and its energy can have only discrete values. In case of Si NW with
constant cross-section the electron motion along the NW axis remains free and is described by a
parabolic energy dispersion (see panel (a) in Figure 7). In case of a Si NW with modulated cross-
section (panel (b) in Figure 7) there is a significant deviation from parabolic law, which indicates
that electron motion along the Z axis is not free and a part of electron wave function being
localized in wide segments of the modulated wire. One can observe also that lowest energy
levels in MNW possess higher energy compared to generic NW, suggesting that electron
confinement in nanowires with modulation manifests itself more strongly. Analyzing the
electron wave functions an inhomogeneity in the ground state wave function distribution along
the wire’s axis was found.

The lattice dynamics Born — von Karman model and the Boltzmann transport equation were
applied for the investigation of phonon and thermal processes in Si nanowires, Si cross-section
modulated nanowires and novel Si/Ge core/shell cross-section modulated nanowires. The
phonon energy spectra of Si NW with cross-section 14 ML x 14 ML and Si MNW with
dimensions 14 ML x 14 ML x 6 ML — 22 ML x 22 ML x 6 ML are shown in Figure 8(a) and (b),

correspondingly. In the figure, were shown 20 lowest branches 7, (d,) (s=1,2,...,20) in both

13



structures as well as several higher branches with s=20,25,30,35,..., 285,290,294 for the NW and
with $=35,50,65,80,...,1515,1530 for the MNW.

______
_________
-
- -
.

Energy (meV)

1 0 I 1
0.6 0.8 1.0 0.2 0.4

06 08 10
(a) 9( A (b) 9 Q)

0.2 0.4

Fig. 8. Phonon energies as a function of the phonon wave vector g (a) in Si NW (the phonon
branches with s=1 to 20, 25, 30, 35...290, 294 are shown) and (b) in Si MNW (the phonon
branches with s=1 to 20, 35, 50, 65, ..., 1515, 1530 are depicted).

The NW cross section is chosen the same as the cross section of narrow segments of the
MNW. The volume of a translational period in the MNW is larger than that in the NW, therefore
the number of quantized phonon branches in the MNW is substantially larger as compared to the
NW. In the MNW, there are 1530 branches, while only 294 branches exist in the NW. As
follows from Figure 8, a great number of phonon modes in the MNW with energy 7o > 5 meV
are dispersionless and possess group velocities close to zero due to the trapping into the MNW
segments.

The thermal properties of Si MNWs and Si/Ge core/shell MNWSs were investigated in the
framework of Boltzmann transport equation. The phonon flux per unit temperature gradient in
the Si NWs and the Si MNWs was modeled by equation:

ha,(q,)

1 0z, max ) exp(k_l_]
- 27Z'kBT2 S_lz: J- (hws (qZ)UZvS (qZ)) Ttot,s (qz) 8

L3N D [eXp(haEB(qu)]—lT

The dependence of the ratio 7 =©(Si NW)/®(Si MNW) of the thermal fluxes in Si NW 14

da, . ()

ML x 14 ML and Si MNW 14 ML x 14 ML x N, ML — 22 ML x 22 ML x N; on N; for the
temperatures T =100 K, T=200 K, T=300 Kand T =400 K and p = 0.85 is presented in Figure
9. The calculated points for N, = 2,4,6,...,18 are joined by the smooth curves as guides for an

eye.

14
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Fig. 9. Ratio of thermal fluxes in Si NW and Si MNWs as a function of N,. The results are shown
for different temperatures T = 100 K, 200 K, 300 K and 400 K.

The overall trend of these curves is determined by the interplay of two effects: (i) the phonon
modes trapping, which suppresses the heat flux and (ii) augmentation of the MNW average
cross-section, which enhances the heat flux due to the emergence of additional phonon modes for
heat propagation and attenuation of the phonon-boundary scattering. In Si MNW with the ultra-
narrow segments N, = 2 ML, the trapping of phonon modes is weak and the thermal flux is larger

than that in Si NW (7 <1) due to the weakening of the phonon-boundary scattering in MNW in

comparison with NWs. The rise of N, enhances the trapping, and for all temperatures under
consideration the flux ratios rapidly increase with N; rising up to the values 8 ML to 12 ML, and
reach their maximum values at around N, = 16 ML to 18 ML. It is expected that a subsequent

rise of N, should decrease 7 due to augmentation of the MNW average cross-section. Thus, the

possibility of a significant suppression of the phonon heat flux in Si cross-section modulated
nanowires in comparison with the generic uniform cross-section Si nanowires was theoretically
demonstrated. A strong decrease of the average phonon group velocities together with a
corresponding suppression of the phonon thermal flux was found and the mechanisms behind
this suppression were elucidated.

For Si/Ge core/shell cross-section modulated nanowires it was found theoretically that a
combination of cross-section modulation and acoustic mismatch between Si and Ge materials
can lead to an even more drastic reduction of the thermal conductivity. The performed
calculations indicate that the RT thermal conductivity of Si/Ge core/shell cross-section
modulated nanowires is almost three orders of magnitude lower than that of bulk Si. Thermal

flux in the modulated nanowires is suppressed by an order of magnitude in comparison with
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generic Si nanowires. The effect is explained by modification of the phonon spectra in
modulated nanowires leading to decrease of the phonon group velocities and localization of
certain phonon modes in narrow or wide nanowire segments.

The analytical expression for the electron-phonon scattering rate with emission and
absorption of a phonon in Si/SiO, core/shell modulated nanowires was derived in the
deformation potential approach. It was shown that cross-section modulation of the Si core results
in a substantial modification of the RT electron-phonon scattering rate with phonon absorption.

The obtained theoretical results demonstrate that geometry modulation is an efficient
instrument in engineering electrons and phonons in Si-based nanowires, which proved to be
excellent candidates for thermoelectric and thermal insulator applications due to extremely low
values of thermal conductivity.

The results of the investigation of the phonon processes in modulated nanowires presented
in the Thesis were published in the research articles [2, 3] from the List of published articles on

the subject of the thesis.

The Chapter 4 is devoted to the investigation of phonon and thermal properties of single-,
two- and three-layer graphene as well as of twisted bilayer graphene structure with different
angles of rotation between the graphene planes. The schematic view of the single-layer, AB two-
layer, ABA (Bernal) three-layer and ABC (rhombohedral) three-layer graphene is shown in

Figure 10.
single-layer graphene ABA three-layer graphene ABC three-layer graphene

>4 he

AB two-layer graphene

Fig. 10. Schematics of single-, two- and three-layer graphene.

A Born — von Karman model of lattice dynamics for these structures was developed. In
Figure 11 is presented the phonon energy spectrum for single-layer graphene, obtained within

BvK model. As can be seen from the figure, our calculated results are in a good agreement with
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experimental data from Refs. [6, 7] for all phonon branches: in-plane acoustic branches (LA and

TA), in-plane optic branches (LO and TO), out-of-plane acoustic (ZA) and optic (ZO) branches.
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Fig. 11. Vibrational spectrum of the monolayer graphene. Symbols I, K and M denote

Phonon frequency (cm

high symmetry points of the first BZ. Experimental data points (gray triangles) for graphite from
Refs. [6, 7] are also shown for comparison

An interesting behavior demonstrates out-of-plane acoustic ZA branch, in contrast to the
linear dispersion near the I' point for the in-plane TA and LA branches, it shows a q°
dispersion, which is a characteristic feature for layered crystals [8].

When two graphene layers are placed on top of each other they can form a Moiré pattern [9].
In this case, one layer is rotated relative to another layer by a specific angle (“twisting”).
Although twisting only weakly affects the interlayer interaction, it breaks symmetry of the
Bernal stacking resulting in an intriguing dependence of the electronic and phonon properties on
the rotation angle 8. The rotation scheme for obtaining the twisted bilayer graphene (T-BLG) is

shown in Figure 12(a).
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Fig. 12. (a) Rotational scheme. R denotes rotation axis. (b) BZ of T-BLG with §=21.8°. T" and
K denote two high-symmetry points of T-BLG BZ.

Commensurate structures, i.e. structures with translation symmetry, exist for a certain rotational

angles only, determined by the following condition:
cos8(p,n) =(3p®+3pn+n?/2)/(3p® +3pn+n?), where p and n are coprime positive integer
numbers. The number of atoms in the commensurate cell is equal to
N :4(( p+n)2 + p(2p+n)). The unit cells of T-BLG with larger indices (p,n) contain larger
number of carbon atoms. For instance, the unit cell of T-BLG with 6(1,1) =21.8° contains the
smallest possible number of atoms N = 28, while a rotation by £(2,1) =13.2° increases this
number to N = 76. In order to construct the BZ of the T-BLG with the angle of rotation &(p,n)
one should determine the corresponding reciprocal space. The reciprocal vectors of T-BLG {;

and @, are given by relations:

(@J_ 1 X( 2p+n p+nj51 @®)
d, _(p+n)2+p(2p+n) —(p+n)  p Jb,)

where b =(27/3a,—27/\3a) and b,=(27/3a,27//3a) are the basis vectors of the

reciprocal lattice of the single layer graphene. The BZ of the T-BLG with 6(1,1) =21.8° is

shown in Figure 12(b) as a dark hexagon.
The phonon dispersions in T-BLG with the rotation angles =21.8° and 6=13.2° are
shown in Figure 13(a-b) along 7-K direction in BZ. The phonon frequencies were calculated for

each phonon wave number g from the interval 0O to q,,(0), where

Umex () = 20, (6 =0)sin (0/2) =87sin(6/ 2) /(33).
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T-BLG with ©=21.8 T-BLG with ©=13.2°

Fig. 13. Phonon dispersions in twisted bilayer graphene with 8 =21.8° (a) and € =13.2° (b).

The directions in BZ of T-BLG depend strongly on the rotational angle and do not coincide with
the directions in BZ of bilayer graphene without a twist. As shown in Figure 12(b), the 7-K
direction in BZ of T-BLG is rotated relative to that in BZ of BLG. Therefore, the phonon curves
in Figure 13(a-b) are shown for different directions in BZ of BLG. However, the I'- and K-points
in BZ of T-BLG correspond to those in BZ of BLG and the change of the phonon modes in these
points is a direct effect of the twisting. The number of atoms in the unit cell of T-BLG with
0=21.8° (6=13.2°) increases by a factor of 7 (19) as compared with BLG. The number of
phonon branches increases to 84 for T-BLG with ¢=21.8° and to 228 for T-BLG with
6=13.2°. The number of phonon modes at /- and K-points in BZ of T-BLG increases
correspondingly. In addition to the degenerate TO/LO phonon modes of BLG at /™-point with the
frequency o ~ 1589.5 cm™, the new in-plane phonon modes appear in T-BLG. The frequencies
of these modes depend strongly on the rotational angle and their number increases with
decreasing 6.

The frequencies of the shear (LA,, TA,) and flexural (ZA;) phonons are affected stronger by
the twisting. The specific properties of these modes in T-BLG with € =21.8° (red curves) and
T-BLG with €=13.2° (blue curves) as well as in AA-BLG (black curves) are presented in
Figure 14.
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Fig. 14. Zone-center phonon dispersions of the out-of-plane (a) and in-plane (b) acoustic modes
in AA-BLG (black curves), T-BLG with 8 =21.8° (red curves) and T-BLG with 8=13.2° (blue
curves). The region where anti-crossing of LA; and TA; hybrid folded phonon branches occurs

are shown by dashed circle.

At I" — point, the twisting increases the frequency of the shear modes by 1 — 2 cm™ and
decreases the frequency of ZA, modes by ~ 5 — 5.5 cm™ depending on & (see Figure 14(a)). In
AA-BLG, the phonon branches LA; and TA; intersect at g ~ 0.7 nm™. Twisting changes the
interaction between these phonons in T-BLG and leads to anti-crossing of LA; and TA; hybrid
folded phonon branches (see Figure 14(b)).

Specific heat, C, is one of the key parameters that characterize the phonon and thermal

properties of materials. It is defined asC = 5Q/ ST , where 5Q is the change in energy density of

a material when temperature changes by 6T [3]. For calculation of the phonon specific heat in

T-BLG was used the following formula [3]:

3N, ¥ kT

! (ho)’ f(0)do, ©
T 0 foxp( %) -1

o (T)=

where @ is the phonon frequency, @__ is the maximum phonon frequency, f is the 2D

max

normalized phonon DOS, T is the temperature, N4 is the Avogadro constant, kg is the Boltzmann
constant and # is the Planck constant. The normalized phonon DOS is given by

Dmax

f(w) =g(w) J'g(a))da), where g(w) is the 2D phonon DOS given by the relation
0

dw(q,, 9y, )

-1
3 dg,. Here s numerates phonon branches. In order to
q

g)=] > >

8 5(@.,) 6, (5.0.0,)

y

calculate g(w) a 200x200 2D grid was applied to a 1/4™ part of BZ of T-BLG (shown as a dark
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segment in Figure 12(b)), and then phonon frequencies for every (gx,qy) point was calculated in
this grid.

In Figure 15 is plotted the difference between the specific heat in AB-BLG and T-BLG as a
function of temperature: Ac,(6)=c,(AB)—c,(0) for 6=21.8°, §=13.2° and §=9.4°.
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Fig. 15. Dependence of the deviation Ac, (&) of the specific heat in T-BLG from that in AB-
BLG on the temperature. The inset shows the relative deviation r between AB-BLG and T-BLG

specific heats as a function of temperature.

The change in the specific heat due to twisting is relatively weak in a wide temperature range
20 K - 2000 K. It attains its maximum value ~ 0.028 J K* mol™at T ~ 250 K. At the same time,

at low temperatures the relative difference between specific heat in AB-BLG and T-BLG

n=@1-c,(@)/c,(AB))x100% constitutes substantial 10-15% at T=1Kand ~3-6% at T =5 K

in dependence on & (see blue, red and green curves from the inset to Figure 15). The low
temperatures specific heat depends stronger on the twist angle because twisting affects the low-
frequency ZA phonon modes the most. The temperature dependence of low-temperature specific

heat in T-BLG with @ =21.8° differs from single-layer or bilayer graphene: ¢, ~T** for T < 10

K and ~T*® for 10 K < T < 100 K. One should expect that twisting can produce stronger
effects on the specific heat of the T-FLG with the larger number of the atomic planes rotated
with respect to each other as well as in van der Waals materials with stronger interlayer coupling.
The results suggest a possibility of phonon engineering of phonon and thermal properties of
layered materials by twisting the atomic planes.

The results of the investigation of the phonon processes in single-layer and twisted bilayer
graphene presented in the Thesis were published in the research articles [4-7] from the List of
published articles on the subject of the thesis.

21



GENERAL CONCLUSIONS AND RECOMMENDATIONS

Below the summary of the results obtained in the Thesis is given.

1. A three-parameter Born-von Karman type model of lattice dynamics for nanolayers and
planar superlattices with diamond crystal lattice was developed. The Boltzmann transport
equation approach was used for investigation of the phonon and thermal processes in Si
nanolayers and Si/Ge planar superlattices. For nanometer-wide silicon nanolayers was obtained a
good agreement between theoretical calculations and the experimental data for 20-nm-thick and
30-nm-thick silicon nanolayers. It was demonstrated that optical phonons contribution to the
thermal conductivity of silicon nanolayers under consideration constitutes only a few percent.

2. The perturbation theory and second quantization formalism were used in order to model
the scattering of phonons on interfaces in Si/Ge planar superlattices. It was concluded that
interface mass-mixing scattering of phonons plays an extremely important role in limiting the
total phonon lifetime in Si/Ge planar superlattices and can lead to a peculiar behavior of phonon
thermal conductivity of these structures owing to the non-trivial dependence of interface
scattering rate on the amplitudes of the atomic displacements. For a wide temperature range from
50 K to 400 K a good agreement between theoretical and experimental phonon thermal
conductivity was obtained for Si(35ML)/Ge(9ML) planar superlattice when phonon-phonon
scattering was not taken into account, indicating that the interface mass-mixing scattering can be
the dominant mechanism of phonon scattering in real Si/Ge planar superlattices.

3. The effective mass approximation was applied for investigation of electron energy
spectra and electron wave functions in core/shell Si/SiO, nanowires with constant and
periodically modulated cross-section. It was shown, that cross-section modulation strongly
influences the electron energy spectra and electron wave functions in Si nanowires. For ground
state there appear an inhomogeneity in the wave function distribution along the wire’s axis,
namely, the main part of the wave function modulus being localized in the wide segments of the
modulated wire.

4. The lattice dynamics Born — von Karman model and the Boltzmann transport equation
were applied for investigation of phonon and thermal processes in Si nanowires, Si cross-section
modulated nanowires and Si/Ge core/shell cross-section modulated nanowires. For Si cross-
section modulated nanowires it was theoretically demonstrated that phonon heat flux can be
significantly suppressed in comparison with the generic uniform cross-section Si nanowires.
Redistribution of the phonon energy spectra in the cross-section modulated nanowires leads to a
strong decrease of the average phonon group velocities and a corresponding suppression of the

phonon thermal flux. An up to 5 times drop of the phonon heat flux at room temperature is
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predicted for Si cross-section modulated nanowires in comparison with uniform Si nanowires.
For Si/Ge core/shell cross-section modulated nanowires it was found theoretically that a
combination of cross-section modulation and acoustic mismatch between Si and Ge materials
can lead to an even more drastic reduction of the thermal conductivity. The performed
calculations indicate that the room temperature thermal conductivity of Si/Ge core/shell cross-
section modulated nanowires is almost three orders of magnitude lower than that of bulk Si.

5. The analytical expression for the electron-phonon scattering rate with emission and
absorption of a phonon in Si/SiO, core/shell modulated nanowires was derived in the
deformation potential approach. It was shown that cross-section modulation of the Si core results
in a substantial modification of the room temperature electron-phonon scattering rate with
phonon absorption.

6. A Born — von Karman model of lattice dynamics for single-, two-layer and three-layer
graphene as well as for twisted bilayer graphene with different angles of rotation was developed.
Phonon energy spectra of these structures in all high-symmetry crystallographic directions were
calculated. The obtained results for phonon frequencies of single-layer and non-rotated few-layer
graphene are in a very good agreement with experimental data of bulk graphite. It was found
that, since many of the zone-center acoustic and optical vibrational modes of non-rotated few-
layer graphene are Raman or infrared active, they can provide important information on layer
number and stacking configuration of graphene multilayers. It was found that middle- and high-
frequency phonons in twisted bilayer graphene are practically independent on the twisting angle,

while the low-frequency phonons strongly depend on it. Thus, an important scientific problem

was solved in the Thesis namely it was demonstrated the possibility to control the phonon
processes in two-layer graphene by rotation of graphene layers one against another around the
axis perpendicular to the graphene plane.

7. A new type of hybrid folded rotationally-dependent phonon modes appear in the twisted
bilayer graphene due to reduction of the BZ size and changes in the interaction between
graphene layers. These modes can manifest themselves in Raman or infrared measurements and,
thus, can be used for the non-contact characterization of twisted bilayer graphene. The phonon
specific heat in single-layer, bilayer and twisted bilayer graphene was studied. It was found that
at temperature T<15 K, specific heat varies with temperature as T", where n = 1 for graphene, n =
1.6 for bilayer graphene and n = 1.3 for the twisted bilayer graphene.

Based on the conclusions presented above, the following recommendations can be made:
1. The Si/Ge planar superlattices with atomic intermixing at interfaces are perspective

candidates for phonon filtering applications.
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2. The acoustically-mismatched Si-based core/shell modulated nanowires with suppressed
phonon heat transport are perspective for thermoelectric and thermal insulator
applications.

3. The twisted bilayer graphene with different angles of rotation can be recommended for
heat spreading and heat management applications owing to their unusual angle-dependent
phonon processes.

The obtained theoretical results contribute to a better understanding the phonon and electron

processes in graphene and silicon-based nanostructures and are important for the design and
practical realization of novel nanomaterials with optimized and properly engineered electron and

phonon properties.
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SUMMARY

Cocemasov Alexandr, ,,Phonon processes in graphene and silicon-based nanostructures”, doctor
thesis in physics, Chisinau, 2015. Introduction, 4 Chapters, General conclusions and
recommendations, 200 References, 140 Pages, 66 Figures, 7 Tables. The results presented in the
thesis are published in 33 scientific works.

Key words: phonons, electrons, nanolayer, superlattice, nanowire, graphene, lattice dynamics,
modulation, thermal properties.

Domain of study: physics of nanosystems.

Goal and objectives: investigation of phonon processes in graphene (single-, two-, three-layer
graphene and twisted graphene) and silicon-based nanostructures (Si nanolayers, Si/Ge
superlattices and Si-based modulated nanowires), and search of the methods for targeted control
of their phonon properties.

Scientific novelty and originality: a Born — von Karman lattice dynamics model for nanolayers,
planar superlattices, cross-section modulated nanowires and multilayer graphene with different
atomic stacking was developed; the influence of shell material and cross-section modulation on
phonon and electron processes in Si-based nanowires was studied; a theoretical approach for
calculation of scattering time of phonons on interfaces of Si/Ge superlattices was developed and
the influence of Si/Ge interface quality on phonon and thermal properties of these superlattices
was investigated; the influence of different atomic stacking on phonon and thermal processes in
multilayer graphene was studied.

Important scientific problem solved: it was demonstrated and investigated theoretically the
possibility to control the phonon processes in two-layer graphene by rotation of graphene layers
one against another around the axis perpendicular to the graphene plane. Theoretical model of
lattice dynamics in rotated (“twisted”) two-layer graphene was developed.

Theoretical importance: were developed theoretical approaches for targeted control of phonon
processes in graphene and silicon-based nanostructures.

Practical significance: the practical implementation of the obtained theoretical results can lead
to fabrication of new classes of nanostructures with specifically desired phonon properties.
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ADNOTARE

Cocemasov Alexandr, ,,Procesele fononice in grafen si nanostructuri pe baza de siliciu”, teza de
doctor in stiinte fizice, Chisinau, 2015. Introducere, 4 Capitole, Concluzii generale si
recomandari, 200 Titluri bibliografice, 140 Pagini, 66 Figuri, 7 Tabele. Rezultatele prezentate in
teza sunt publicate 1n 33 de lucrari stiintifice.

Cuvintele-cheie: fononi, electroni, nanostrat, supraretea, nanofir, grafen, dinamica retelei,
modulatie, proprietati termice.

Domeniul de studiu: fizica nanosistemelor.

Scopul si obiectivele: investigarea proceselor fononice in grafen (cu un singur, doud, trei straturi
si grafen “twisted”) si nanostructuri pe baza de siliciu (nanostraturi din Si, supraretele Si/Ge si
nanofire modulated pe baza de Si), si cautarea metodelor de control preconditionat a
proprietatilor lor fononice.

Noutatea si originalitatea stiintifica: a fost dezvoltat modelul Born — von Karman a dinamicii
retelei cristaline pentru nanostraturi, supraretele planare, nanofire cu sectiunea transversala
modulata si grafen multistrat cu aranjarea cristalind diferitd; a fost studiata influenta materialului
de 1nvelis si modulatiei sectiunii transversale asupra proceselor fononice si electronice in
nanofirele pe baza de Si; a fost dezvoltatda o metoda teoreticd pentru calcularea timpului de
relaxare in procesele de imprastiere a fononilor pe interfetele supraretelelor Si/Ge si a fost
studiata influenta calitatii interfetelor Si/Ge asupra proprietatilor fononice si termice al acestor
supraretele; a fost studiata influenta aranjarii cristaline asupra proceselor fononice si termice in
grafenul multistrat.

Problema stiintificA importanta solutionata: a fost demonstratd si investigatd teoretic
posibilitatea de control a proceselor fononice in grafenul bistrat prin rotatia straturilor de grafen
unul impotriva altuia in jurul axei perpendiculare cdtre planul straturilor. A fost dezvoltat
modelul teoretic a dinamicii retelei cristaline in grafenul bistrat cu rotatia dintre straturi
("twisted”).

Semnificatia teoreticd: au fost dezvoltate metode teoretice de control preconditionat a
proceselor fononice in grafen si nanostructuri pe baza de siliciu.

Valoarea aplicativa: implementarea practicd a rezultatelor teoretice obtinute poate contribui la

fabricarea a nanostructurilor cu proprietati fononice preconditionate.
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AHHOTANUA

KouemacoB Amnekcanap, ,,OoHOHHBIE mpomecchl B rpadeHe M HaHOCTPYKTypax Ha 0aze
KpEeMHUS’, TUCCepTalis Ha COMCKAHUE YYCHOU CTENeHHU JOKTopa ¢pu3ndeckux Hayk, KummHes,
2015. Beenenue, 4 I'maBbl, OOume BoIBOABI M pexomeHaanuu, 200 Cepuiok, 140 Crpanwui, 66
PucynkoB, 7 Tabnuu. Pe3ynpTaTsl, IpencTaBiICHHbIE B JAUCCEpPTALMM, ONYyOJIMKOBaHBl B 33
HAYYHBIX paboTax.

Kntouegvie cnosa: QOHOHBI, 3JEKTPOHBL, HAHOCIOH, CBEpXpelleTKa, HAaHOHWTH, TrpadeH,
JUHAMUKA PELIETKH, MOIYJISIIHS, TeIJIOBbIE CBOWCTBA.

O0JacTh uccieoBaHmii: PU3MKa HAHOCHCTEM.

Hesas 1 3agaun: uccienoBanre GOHOHHBIX MPOIECCOB B rpadeHe (0AHO-, IBYX-, TPEX-CIOUHOM
u  “twisted” rpadeHe) u HaHOCTPYKTypax Ha 0Oase kpemuus (Si HaHocmosx, Si/Ge
CBEpXpEIIETKAaX, MOJIYJIUPOBAHHBIX HAHOHUTAX Ha ©Oaze Si), ©W TMOUCK METOJOB
LIEJICHAIIPaBJIEHHOT O YIIPaBJIEHUs X (POHOHHBIMU CBOWCTBAMHU.

Hay4yHasi HOBM3HA M OPUIMHAJILHOCTB: Pa3BUTa MOJENb JTWHAMHUKH pemeTrkun bopHa — ¢on
Kapmana s HaHOCTIOEB, IUIOCKUX CBEPXPELIETOK, HAHOHUTEH ¢ MOIYyJNSALUEH MONepeyHOro
CEYEHHUs U MHOTOCIOMHOTO rpadeHa ¢ pa3indHOil ymakoBKoOM rpad)eHOBBIX CIOEB; HCCIEAOBAHO
BIMSHUE MaTepuana OOKJIAaJKU U MOAYJSIMM IONEPEYHOro CEeYeHUs Ha (POHOHHBIE U
AJICKTPOHHBIC MPOIECCHl B HAHOHUTAX Ha 0Oa3e Si; pa3BUT TEOPETUUCCKHUI MOIXOJ JUIS pacueTa
BpeMeHHU paccestHusi (OHOHOB Ha mHTepdeiicax Si/Ge CBepXpeIIeTOK U UCCISIOBAHO BIHSHUC
kauectBa Si/Ge unTepdeiica Ha HOHOHHBIC U TEIUIOBBIE CBOMCTBA 3THX CBEPXPEILICTOK; U3yYCHO
BIIMSIHUE CMOco0a YMakoBKH TpadeHOBHIX CIIOEB Ha (POHOHHBIE W TEIUJIOBBIE IPOIECCH B
MHOTOCJIOMHOM TpadeHe.

Pemiennasi Ba:kHasi Hay4YHasi 3aJa4a: TEOPETHUECKU MPOAEMOHCTPUPOBAHA U HCCIENOBaHA
BO3MOXKHOCTh yIpaBiieHUs] (POHOHHBIMH IPOILIECCaMH B JIBYXCIIOMHOM rpadeHe myTeM MOBOpOTa
rpa)eHOBBIX CJIOEB Pyl OTHOCUTENBHO JApYyra BOKPYI OCH MEPHEHAMKYISPHON K IUIOCKOCTU
cinoeB. Pa3Bura Teopernueckas MoOJeNb JUHAMHKU PEUIETKH B JBYXCIOWHOM rpadeHe c
noBopotoM (“twisted”).

Teopernueckasi 3HAYUMOCTb: pPa3pabOTaHbl TEOPETHUECKUE TOAXOMbl JUIs YHpaBJICHUS
(OHOHHBIMHU TTpoLIecCaMU B rpa)eHe U HAaHOCTPYKTYpax Ha 0a3e KpeMHUS.

IIpuknagHas HeHHOCTH: NMPAKTUYECKas pean3alusl NOJyYEeHHBIX TEOPETUUECKUX PE3yJIbTaTOB
MOYET CIIOCOOCTBOBATH MOSBIEHUIO HOBBIX KJIACCOB HAHOCTPYKTYP C OIpPEJEIEHHO 3aJaHHBIMU

(OHOHHBIMU CBOMCTBAMH.
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