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SUMMARY

Semchuk S.S. Features of phonon transport in stressed Si and Ge-based

nanowires. – Qualifying scientific work on manuscript rights.

Semchuk S.S. Features of phonon transport in stressed Si and Ge-based

nanowires. – Qualifying scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in the

field of study 10 Natural sciences in the specialty 104 Physics and Astronomy. Taras

Shevchenko National University of Kyiv, Kyiv, 2024.

The dissertation presents a study of thermal transport in silicon- and

germanium-based nanowires of various morphologies and the peculiarities of the

strain impact on the thermal conductivity of SiGe nanowires.

The dissertation consists of an introduction, four original chapters, general

conclusions, a list of references, and an appendix.

The introduction substantiates the relevance of the chosen research topic and

formulates  the  aim  of  the  dissertation,  which  is  to  establish  the  mechanisms  of

thermal transport in strained semiconductor nanowires based on silicon and

germanium of various morphologies. The object of the study is the processes of

phonon transport in one-dimensional nanostructures of silicon and germanium with

structural inhomogeneities and/or fields of mechanical stresses. The subject of the

study is silicon and germanium nanowires of different component compositions and

morphologies.

The first chapter presents an overview of the current state of research on

thermal transport processes in solid-state structures of various morphologies and

dimensions. The practical significance of studying the thermal properties of

nanostructures is considered, particularly for enhancing energy conversion

efficiency in thermoelectric modules or thermal management in modern electronics

and optoelectronics. The mechanisms of thermal transport in dielectrics and

conductors at different temperatures are analyzed. The main results of studies on the

thermal properties of semiconductor nanowires are presented, based on their

geometric parameters (length, diameter, crystallographic orientation), chemical
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composition, and morphology (solid nanowires, hollow nanowires, core-shell

structures, etc.). A review of the current state of research related to the strain effects

on the properties of nanostructures of various dimensions, particularly their

thermophysical characteristics, is provided.

The second chapter describes the research methodology. In particular, it

presents the types of nanowires studied and the features of creating the modeled

structures. It outlines the basics of non-equilibrium and equilibrium molecular

dynamics methods for calculating the thermal conductivity coefficient of nanowires,

as well as methods for calculating other thermophysical parameters, including the

density of vibrational states in the studied nanowires, phonon lifetime, and

participation ratio. The chapter also describes the empirical interatomic interaction

potentials used in the studies, along with the numerical values of the potential

coefficients for silicon and germanium.

The third chapter presents  the results  of  studies on the thermal properties of

silicon and germanium nanowires containing structural inhomogeneities. In

particular,  the  impact  of  an  amorphous  SiO2 shell on the thermal conductivity

coefficient of silicon nanowires is investigated. It is shown that for nanowires with

a fixed radius of the crystalline silicon core, the thermal conductivity coefficient

monotonically decreases with an increase in the thickness of the SiO2 oxide layer.

For nanowires with a constant thickness of the amorphous SiO2 layer, the thermal

conductivity coefficient nonlinearly increases with an increase in the radius of the

crystalline core. These results are explained based on the two-channel heat transfer

model.

For the first time in this work, the influence of germanium clustering processes

on the thermal properties of silicon-germanium solid solution nanowires has been

modeled. It has been demonstrated that the formation of nanoclusters affects both

the magnitude of the thermal conductivity coefficient of the nanowires and the

overall shape of its temperature dependence. It has been established that with the

increasing size of the germanium nanoclusters, the thermal conductivity coefficient

of SiGe nanowires increases across the entire investigated temperature range. It has
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been proven that in nanowires with germanium clusters, the temperature dependence

of the thermal conductivity coefficient is determined by two competing mechanisms

of phonon scattering: scattering due to the difference in atomic masses of silicon and

germanium in the solid solution and scattering on the surface of the formed

nanoclusters.

Based on the analysis of the density of vibrational states and the phonon

participation ratio,  it  has been shown that  the formation of  germanium clusters  in

SiGe nanowires leads to phonon mode delocalization. As a result, there is an increase

in the thermal conductivity coefficient.

For the first time, molecular dynamics simulation has been conducted to study

thermal transport processes in hollow silicon nanowires. It has been demonstrated

that increasing the size of the cylindrical cavity results in a decrease in the thermal

conductivity coefficient of the nanowire, accompanied by a transformation of its

temperature dependence. In the study, it has been demonstrated that the appearance

of cavities in silicon nanowires is accompanied by their structural transformation,

leading to the formation of amorphized surface regions. The volume fraction of these

regions increases with the radius of the cavity. This phenomenon results in the

emergence of localized vibrational modes in the hollow nanowires, which

corresponds to a change in their thermal conductivity coefficient.

In the fourth chapter,  the  results  of  research  on  the  strain  effects  on  the

mechanical response and thermal properties of SiGe nanowires are described.

Specifically, the process of uniaxial strain of SiGe nanowires with varying cavity

size, component content, and temperature has been modeled. It has been shown that

increasing the size of the cavities in nanowires leads to a transition from brittle to

ductile fracture, accompanied by a decrease in the Young's modulus of the material.

It has been established that the main factor driving this evolution of mechanical

properties in nanowires is structural defects in the surface regions caused by the

presence of cavities.

It has been found that changing the ratio of components in SiGe nanowires does

not affect the mechanism of their brittle fracture but only alters the Young's modulus
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of the structure and the fracture stress. Meanwhile, it has been demonstrated that

increasing the temperature has almost no effect on the Young's modulus but leads to

a decrease in the fracture stress of the nanowires and the appearance of plastic strain

areas at high temperatures.

It has been shown that uniaxial tensile strain causes a decrease in the thermal

conductivity coefficient of silicon and silicon-germanium solid solution nanowires

over a wide range of temperatures, whereas compression strain exhibits a reverse

effect. It has been found that the relative change in the thermal conductivity

coefficient induced by uniaxial strain is higher for silicon nanowires compared to

silicon-germanium nanowires. It has been proven that the main reasons for the

strain-induced change in the thermal conductivity coefficient of silicon-germanium

nanowires are the alteration of the longitudinal acoustic phonon velocity, phonon

lifetime, and stiffness of the interatomic bonds in the material.

The impact of internal strain fields on the thermal conductivity of «core-shell»

nanowires has been analyzed. It has been demonstrated that accounting for internal

stresses caused by lattice mismatch between the core and shell results in an increase

in the thermal conductivity coefficient of the structure, regardless of its type:

whether it is «Si-core - Ge-shell» or «Ge-core - Si-shell».

Keywords: silicon, germanium, nanowires, nanostructures, nanocrystals, thermal

conductivity, thermal properties, deformation, mechanical stress, molecular

dynamics, amorphization.
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�D5:B82=0 B5?;>?@>2V4=VABL 2 =0=>=8B:0E T DC=:FVTN =5 ;8H5 D>=>=-

D>=>==>3> @>7AVN20==O, O: 2 >19T<=8E <0B5@V0;0E, 0;5 9 70;568BL 2V4

@>7AVN20==O =0 3@0=8FOE [31–35]. �>:@5<0, <0;0 ?;>I0 ?>?5@5G=>3> ?5@5@V7C

=0=>=8B>: ?@872>48BL 4> 1V;LH>3> 2V4=>H5==O ?;>IV ?>25@E=V 4> >19T<C
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:@5<=VN 1C;> 28O2;5=> 0=><0;L=V 70;56=>ABV B5?;>?@>2V4=>ABV 2V4 4V0<5B@C

[40-41], I> ?>;O30;8 2 7@>AB0==V :>5DVFVT=B0 B5?;>?@>2V4=>ABV ?@8 7<5=H5==V

4V0<5B@C AB@C:BC@8 (@8A.1.5). *5 ?>OA=NTBLAO 4VTN 42>E :>=:C@CNG8E

<5E0=V7<V2: 3V4@>48=0<VG=>3> ?>B>:C D>=>=V2, O:89 28=8:0T 2 C;LB@0B>=:8E

=0=>=8B:0E 2=0A;V4>: 4><V=C20==O =>@<0;L=8E N-?@>F5AV2 D>=>==>3>

@>7AVN20==O 7 >4=>3> 1>:C, B0 @>7AVN20==O =0 3@0=8FOE, O:5 28=8:0T ?@8 ?>O2V

U-?@>F5AV2 – 7 V=H>3>.  V=V<0;L=>N B5?;>?@>2V4=VABN 2>;>4VNBL =0=>=8B:8

7 4V0<5B@>< 1;87L:> 2 =< [41].
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>@VT=B0FVW, 45<>=AB@CNG8 ACBBT2C 0=V7>B@>?VN. �:A?5@8<5=B0;L=> A8=B57>20=V

Si =0=>=8B:8 70728G09 <0NBL >@VT=B0FVN 2 =0?@O<:0E <100>, <110>, <111> 01>

<112> [42]. �3V4=> 0B><VAB8G=8E @>7@0EC=:V2, Si =0=>=8B:8 >@VT=B>20=V 274>26

=0?@O<:C <110> E0@0:B5@87CNBLAO B5?;>?@>2V4=VABN, I> =0 50%–70% 28I0,

=V6 C =0=>=8B>: 7 >@VT=B0FVTN <100> V <111> [43]. #@8G8=0 FL>3> ?>;O30T 2

B><C, I> G5@57 0=V7>B@>?=VABL B5?;>?5@5=5A5==O 2 Si =0=>=8B:0E D>=>=8 2

=0=>=8BFV 7 =0?@O<:>< <110> <0NBL 28IC 3@C?>2C H284:VABL =V6 2 V=H8E

=0?@O<:0E [43].

$8A. 1.5. $>7@0E>20=0 <5B>4>< @V2=>206=>W <>;5:C;O@=>W 48=0<V:8

70;56=VABL B5?;>?@>2V4=>ABV C;LB@0B>=:8E Si =0=>=8B>: 2V4 WE 4V0<5B@C

(040?B>20=> 7 @>1>B8 [41]).
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F5=B@V =0=>=8B:8 [45]. �9OAC20;>AO, I> 22545==O B0:>W ?>@>6=8=8 ?;>I5N 1%
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=0 35%. *59 5D5:B ?>OA=NTBLAO 1V;LH>N ;>:0;V70FVTN :>;820;L=8E <>4 =0
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?>25@E=V =0=>=8B>: B0 V=B5@D59A0E <V6 Si B0 Ge H0@0<8, 7=0G5==O

B5?;>?@>2V4=>ABV 2 Si/Ge =043@0B:>28E =0=>=8B:0E =0 ?>@O4>: (<0965 =0 92%)

T =86G8<, =V6 2 <>=>:@8AB0;VG=8E Si =0=>=8B:0E. #>40;LH5 7<5=H5==O

B5?;>?@>2V4=>ABV B0:8E AB@C:BC@ 1C;> 4>AO3=CB> 20@V0FVTN ?5@V>4V2 =043@0B>:

B0 AB2>@5==O< VT@0@EVG=>W AB@C:BC@8 [51].

$8A. 1.6. �0;56=VABL B5?;>?@>2V4=>ABV =0=>=8B>: Si1-xGex 2V4 2<VABC

35@<0=VN (T=300 K) (040?B>20=> 7 @>1>B8 [48]).

"4=8< 7 ?@>3@5A82=8E <5B>4V2 :5@C20==O B5?;>?@>2V4=VABN =0=>=8B>: T

20@V0FVO B8?C AB@C:BC@8 <0B5@V0;C. %B@C:BC@=V 7<V=8 7C<>2;NNBL 4>40B:>25

@>7AVN20==O D>=>=V2 =0 3@0=8FOE, @>7AVN20==O =0 45D5:B0E, B0 ;>:0;V70FVN



34

D>=>=V2, I> 2 A2>N G5@3C 7<V=NT >A>1;82>ABV B5?;>?5@5=5A5==O 2 =0=>=8B:0E.

�>:@5<0, 7=0G=89 =0C:>289 V=B5@5A ?@825@B0NBL <5E0=V7<8 B5?;>?5@5=5A5==O

2 =0=>=8B:0E V7 35B5@>AB@C:BC@>N B8?C «O4@>->1>;>=:0», I> ?>OA=NTBLAO

C=V:0;L=8<8 2;0AB82>ABO<8 @>7AVN20==O B5?;0, O:V <>6CBL 3@0B8 7=0G=C @>;L

4;O B5@<>5;5:B@8G=8E 70AB>AC20=L [52-54]. &5>@5B8G=> 1C;> ?>:070=> [55], I>

>A0465==O B>=:>3> H0@C Ge =0 :@8AB0;VG=V9 Si =0=>=8BFV <>65 ?@8725AB8 4>

7<5=H5==O B5?;>?@>2V4=>ABV ?@8 :V<=0B=V9 B5<?5@0BC@V =0 75%. �8O2;5=89

5D5:B A?@8G8=5=89 70B@8<:>N B0 ;>:0;V70FVTN 4>23>E28;L>28E D>=>==8E <>4

=0 <56V ?>4V;C Si–Ge B0 =0 28A>:>G0AB>B=8E =5@>7?>2AN46C20=8E 48DC7V9=8E

<>40E. ":@V< FL>3>, Chen B0 V=. [56] 28O28;8 FV:02C >AF8;OFV9=C ?>254V=:C 2

02B>:>@5;OFV9=V9 DC=:FVW B5?;>2>3> ?>B>:C 4;O =0=>=8B>: B8?C «O4@>-

>1>;>=:0», O:0 2V4ACB=O C 728G09=8E Si =0=>=8B:0E. *O >AF8;OFVO ?>29O70=0

5D5:B>< :>35@5=B=>3> @57>=0=AC, I>, 2 A2>N G5@3C, ?@872>48BL 4> ;>:0;V70FVW

4>23>E28;L>28E <>4 V 7<5=H5==O B5?;>?@>2V4=>ABV. � V=HV9 @>1>BV [57] 1C;>

B0:>6 28O2;5=> 7<5=H5==O =0 25% B5?;>?@>2V4=>ABV =0=>=8B>: B8?C «O4@>-

>1>;>=:0», ?@8 FL><C ?>:070=>, I> VA=CT :@8B8G=0 B>2I8=0 >1>;>=:8 ?@8 O:V9

B5?;>?@>2V4=VABL AO30T <V=V<C<C. "B@8<0=V 40=V ?V4B25@48;8AO ?V7=VH5

5:A?5@8<5=B0;L=8<8 @57C;LB0B0<8 [58].

�0A;C3>2CNBL B0:>6 =0 C203C 4>A;V4=8:V2 ?>@8ABV AB@C:BC@8, A5@54 O:8E

?>@8ABV ?;V2:8 B0 <>=>:@8AB0;VG=V =0=>=8B:8, I> 265 1C;8 70?@>?>=>20=V 4;O

28:>@8AB0==O 2 1030BL>E ?@8;040E ?>G8=0NG8 2V4 ;VBV9-V>==8E 0:C<C;OB>@V2 V

70:V=GCNG8 A>=OG=8<8 5;5<5=B0<8. #>@8ABVABL AB@C:BC@8 <>65 7C<>2;N20B8

A?04 B5?;>?@>2V4=>ABV 7024O:8 ACBBT2><C 7<5=H5==N 3@C?>2>W H284:>ABV

D>=>=V2 O:5, 2 A2>N G5@3C, A?@8G8=5=5 D>=>==8<8 :>35@5=B=8<8 5D5:B0<8

[59] B0 A8;L=>N ;>:0;V70FVTN D>=>=V2 [60]. Weisse B0 V=. [61] 4>25;8, I> 2 Si

=0=>=8B:0E 7 4V0<5B@>< 1V;LH8<, =V6 4>268=0 2V;L=>3> ?@>1V3C D>=>=0,

?>@8ABVABL ACBBT2> ?@83=VGCT B5?;>?@>2V4=VABL, 7>:@5<0, C 28A>:>?>@8AB8E Si

=0=>=8B:0E B5?;>?@>2V4=VABL <>65 AO30B8 7=0G5==O 1 �B/(<×�). *5

?>OA=NTBLAO B8<, I> =0O2=VABL ?>@ 70B@8<CT D>=>=8 7 25;8:>N 4>268=>N

2V;L=>3> ?@>1V3C [62].



35

1.6. �9HBD@4JV=A<= 6C?<6 A4 HBABAA<= FD4AECBDF 6 A4CV6CDB6V8A<>4I

F4 A4ABEFDG>FGD4I

"4=8< 7 5D5:B82=8E V=AB@C<5=BV2 4;O :>=B@>;L>20=>3> 2?;82C =0

2;0AB82>ABV B25@48E BV;, 7>:@5<0, WE B5?;>?@>2V4=VABL, T 45D>@<0FVO. � B>G:8

7>@C DC=40<5=B0;L=>3> <0B5@V0;>7=02AB20, 45D>@<0FVTN B25@48E BV;

22060TBLAO 1C4L-O:5 7<VI5==O WE G0AB8=>: 7 >4=VTW :>=DV3C@0FVW 2 V=HC.

�5D>@<0FVW <>6CBL 28=8:0B8 O: 2=0A;V4>: <5E0=VG=>W 4VW 7>2=VH=VE A8;, B0: V

2=CB@VH=L> ?@8 A8=B57V <0B5@V0;C. "4=0: 2=CB@VH=V 45D>@<0FVW 70728G09

<0NBL =5ACBBT289 2?;82 =0 2;0AB82>ABV <0B5@V0;C, B>4V O: 7>2=VH=V 45D>@<0FVW

?@>O2;ONBL ?><VB=V 5D5:B8 =0 5;5:B@>B@0=A?>@B=V, B5?;>B@0=A?>@B=V, >?B8G=V

01> EV<VG=V ?@>F5A8 2 B25@4><C BV;V [63-67].

!0 AL>3>4=V AD>@<C202AO >:@5<89 =0?@O<>: 4>A;V465=L ?V4 =072>N

«AB@59=B@>=V:0» (2V4 0=3;. «straintronics»), O:89 D>:CACTBLAO =0 28:>@8AB0==V

DV78G=8E O28I 2 B25@48E BV;0E ?V4 2?;82>< 45D>@<0FV9 4;O @>7@>1:8 B0

AB2>@5==O ?@8AB@>W2 =0ABC?=>3> ?>:>;V==O 4;O 715@565==O V=D>@<0FVW,

A5=A>@V2, B0 B5E=>;>3V9 5=5@3>715@565==O [68-70]. &><C <5B>48

<0=V?C;N20==O 2;0AB82>ABO<8 <0B5@V0;V2 70 4>?><>3>N 45D>@<0FVW T

=04728G09=> ?5@A?5:B82=8<8 4;O 4>A;V465==O V ?@8:;04=8E 70AB>AC20=L

B25@4>BV;L=8E AB@C:BC@ 2 ACG0A=8E ?@8;040E.

�5D>@<0FVO <0B5@V0;C ?V4 2?;82>< 7>2=VH=VE A8; ?>4V;OTBLAO =0 420

B8?8: ?@C6=0 B0 ?;0AB8G=0. (C=:FV>=0;L=>, ?;0AB8G=V 45D>@<0FVW =5 T

:>@8A=8<8 4;O 70AB>AC20=L 2 ?@8;040E, >A:V;L:8 <0B5@V0; 2 FL><C 28?04:C

?V4;O30T =572>@>B=V< 7<V=0<, B>4V O: ?@8 ?@C6=V9 45D>@<0FVW :>=DV3C@0FVO

G0AB8=>: 702648 ?>25@B0TBLAO 4> ?>G0B:>2>3> AB0=C. �;O 7<V=8 2;0AB82>AB59

=0=>AB@C:BC@ 28:>@8AB>2CNBL ?>74>26=V  45D>@<0FVW, 45D>@<0FVW :@CG5==O,

B0 738=C. "4=8< 7 =091V;LH 282G5=8E T 45D>@<0FV9=89 2?;82 =0

5;5:B@>?@>2V4=VABL =0=><0B5@V0;V2 [71-75].  0965 C 2AVE =0=><0B5@V0;0E

A?>AB5@V30TBLAO 7=0G=89 7AC2 5=5@3VW 4=0 7>=8 ?@>2V4=>ABV =02VBL ?@8



36

=525;8:8E 7=0G5==OE <5E0=VG=8E =0?@C65=L. &5 6 A0<5 AB>ACTBLAO 7<V= 2

5;5:B@8G=><C >?>@V =0=><0B5@V0;V2. *V 5D5:B8 <>6CBL 1CB8 28:>@8AB0=V 4;O

@V7=><0=VB=8E 70AB>AC20=L, 7>:@5<0, 4;O <0=V?C;OFVW 5=5@3VTN 7>=8

?@>2V4=>ABV, ;075@=>W 35=5@0FVW, DC=:FV>=C20==O B@0=78AB>@V2 B0 ?>;V?H5==O

?@>4C:B82=>ABV ?@8AB@>W2 C 3=CG:8E >?B>5;5:B@>==8E A8AB5<0E [76-77].

#>:8 <0=V?C;N20==O 2;0AB82>ABO<8 =0=><0B5@V0;V2 70 4>?><>3>N

45D>@<0FVW 45<>=AB@CT 25;8G57=89 ?>B5=FV0; 4;O ACG0A=8E ?@8AB@>W2, B0:>6

206;82> @>7H8@8B8 >3;O4 2?;82C 45D>@<0FVW =0 >19T<=V <0B5@V0;8. �82G5==O

2?;82C 45D>@<0FVW =040T CO2;5==O ?@> <0:@>A:>?VG=C ?>254V=:C 2;0AB82>AB59

<0B5@V0;C V 2V4:@820T <>6;82>ABV >?B8<V70FVW WE 2;0AB82>AB59 2 @V7=8E

70AB>AC20==OE. � >4=><C 7 B0:8E 4>A;V465=L 1C;> 282G5=> 2?;82 42>2VA=>3>

@>7BO3C =0 B5?;>?@>2V4=VABL >19T<=>3> InAs [78], 45 =0 7@07>: =0:;040;0AO A8;0

2 42>E ?5@?5=48:C;O@=8E >48= 2V4=>A=> >4=>3> =0?@O<:0E. � FV9 @>1>BV 1C;>

2AB0=>2;5=>, I> B5?;>?@>2V4=VABL InAs <>65 7=878B8AO ?@81;87=> =0 20%

274>26 =0?@O<:C ?;>I8=8 45D>@<0FVW 70 @0EC=>:  :><1V=0FVW 42>E D0:B>@V2:

@>7AVN20==O D>=>=V2 =0 45D>@<>20=8E ?;>I8=0E B0 7<5=H5==O 7030;L=>W

H284:>ABV 0:CAB8G=8E V ?>274>26=VE D>=>=V2. � V=HV9 @>1>BV [79]

4>A;V46C202AO 2?;82 42>2VA=>3> AB8A:0==O =0 7@07>: InSb B0 1C;> >B@8<0=>

B5?;>?@>2V4=VABL =0 30% =86GC, =V6 B5?;>?@>2V4=VABL =545D>@<>20=>3>

7@07:0. �@>AB0==O B5<?V2 @>7AVN20==O ?>74>26=VE D>=>=V2 ?>OA=5=> 7AC2><

G0AB>B 0:CAB8G=8E D>=>=V2 4> =86G8E 7=0G5=L. *59 7AC2 71V;LHCT D07>289

?@>ABV@ 4;O @>7AVN20==O B0 :V;L:VABL 5;5<5=BV2 B@L>ED>=>==>3> 729O7:C, I>

15@CBL CG0ABL C @>7AVN20==V ?>74>26=VE D>=>=V2 2A5@548=V 7>=8 �@V;;N5=0.

#V428I5==O @>7AVN20==O 0:CAB8G=8E D>=>=V2 28=8:0T 70 @0EC=>: 71V;LH5==O

G0AB>B8 ?>74>26=VE V >?B8G=8E D>=>=V2, I>, 2 A2>N G5@3C, AB2>@NT 4>40B:>2V

<5E0=V7<8 4;O ?>3;8=0==O B0 @>7AVN20==O 0:CAB8G=8E D>=>=V2. &0:V

@57C;LB0B8 2:07CNBL =0 B5, I> <0=V?C;NNG8 AB@C:BC@>N @5HVB:8 70

4>?><>3>N 45D>@<0FV9 @>7BO3C, <>6=0 4>AO3B8 ?>:@0I5==O

B5@<>5;5:B@8G=>W 4>1@>B=>ABV @V7=8E =0?V2?@>2V4=8:>28E <0B5@V0;V2, I>

?V428ICT WE=N ?@840B=VABL 4;O ?@0:B8G=8E 70AB>AC20=L.



37

%?>AB5@V30NG8 2?;82 45D>@<0FV9 =0 =0=>@>7<V@=8E <0AHB010E <>6=0

28O28B8 C=V:0;L=V 7<V=8 2 ?>254V=FV 2;0AB82>AB59 =0=>:><?>78BV2 B0

=043@0B>:, O:V =5 ?@>O2;ONBLAO 2 >19T<=8E <0B5@V0;0E. �>:@5<0, V. Samvedi V

V. Tomar [80] 4>A;V48;8 7<V=8 B5?;>?@>2V4=>ABV C =0=>:><?>78B0E B0

=04�@0B:0E Si/Ge ?V4 2?;82>< 45D>@<0FV9 @>7BO3C B0 AB8A=5==O, 0 B0:>6

70;56=VABL 2V4 B>2I8=8, @>7<V@C =0=>G0AB8=>: Ge, 7AC2C 2 C?>@O4:C20==V

=0=>G0AB8=>: B0 >@VT=B0FVW <0B@8FV. "4=8<8 7 :;NG>28E A?>AB5@565=L 1C;8

25;8:V @>71V6=>ABV 2 B5?;>?@>2V4=>ABV =0=>:><?>78BV2 V =04�@0B>: ?@8

=C;L>2V9 45D>@<0FVW B0 ?V4 2?;82>< 45D>@<0FVW @>7BO3C V AB8A=5==O. &0:8<

@57C;LB0B0< A?@8O2 :>=B@0AB C D>=>==><C A?5:B@V B0 AB@C:BC@8 �@0B:8. '

=0=>:><?>78B0E 7<V=0 B5?;>?@>2V4=>ABV ?>29O70=0 7 1V;LH>N G0AB:>N 0B><V2

@>7B0H>20=8E =0 3@0=8FOE ?>4V;C. �0=5 4>A;V465==O 40T CO2;5==O ?@> <5B>48

5D5:B82=>3> :>=B@>;N B5?;>?@>2V4=>ABV 2 =0=><0B5@V0;0E.

"4=8<8 7 =09?>?C;O@=VH8E >19T:BV2 4;O 4>A;V465==O 2?;82C 45D>@<0FVW

=0 2;0AB82>ABV =0=><0B5@V0;V2 T =0=>?;V2:8 B0 3@0D5=>?>4V1=V <0B5@V0;8. 2D-

<0B5@V0;8, 2:;NG0NG8 3@0D5= 01> V=HV =0=>?;V2:8, <0NBL =04728G09=V

<5E0=VG=V 2;0AB82>ABV, 2:;NG0NG8 28A>:C <VF=VABL B0 3=CG:VABL, 7 G8< V

?>29O70=0 WE=O ?>?C;O@=VABL 2 4>A;V465==OE 2?;82C 45D>@<0FVW =0 DV78G=V

2;0AB82>ABV [81- 82]. W.-L. Tao B0 V=. [83] 28:>@8AB>2CNG8 @>7@0EC=:8 ?5@H8E

?@8=F8?V2 A8AB5<0B8G=> 4>A;V48;8 2?;82 45D>@<0FVW =0 @V7=V 2;0AB82>ABV

<>=>H0@C MgI2, 7>:@5<0, B5@<>48=0<VG=C ABV9:VABL, :>5DVFVT=B �5T15:0,

:>5DVFVT=B ?>BC6=>ABV, B5?;>?@>2V4=VABL B0 B5@<>5;5:B@8G=C 4>1@>B=VABL.

�3V4=> WE=VE @57C;LB0BV2 <>6=0 7@>18B8 =0ABC?=V 28A=>2:8: 1)  71V;LH5==O

<5E0=VG=>3> =0?@C65==O 01> 45D>@<0FVW <>=>H0@C MgI2 ?@872>48BL 4>

?>ABC?>2>3> 7<5=H5==O <0:A8<0;L=>W G0AB>B8 D>=>=V2; 2) 2=0A;V4>:

45D>@<0FVW @>7BO3C :>5DVFVT=B �5T15:0 <>=>H0@C MgI2 71V;LHCTBLAO 2V4 140,86

¼�/� 157 45D>@<0FVW 4> 231,58 ¼�/� ?@8 4% 45D>@<0FVW @>7BO3C; 3) :>5DVFVT=B

?>BC6=>ABV <>=>H0@C MgI2 4>AO30T ?V:C ?@8 4% 45D>@<0FVW @>7BO3C, I>

A2V4G8BL ?@> >?B8<0;L=C B5@<>5;5:B@8G=C 5D5:B82=VABL C F8E C<>20E; 4)

B5?;>?@>2V4=VABL 3@0B:8 <>=>H0@C MgI2 ?>ABC?>2> 7<5=HCTBLAO 7V
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71V;LH5==O< 45D>@<0FVW @>7BO3C; 5) 7=0G5==O B5@<>5;5:B@8G=>W 4>1@>B=>ABV

ZT ?>ABC?>2> 7@>AB0T 7V 71V;LH5==O< 45D>@<0FVW, 4>AO30NG8 <0:A8<C<C 1,39

?@8 300 � ?V4 9% 45D>@<0FVW @>7BO3C. Y. Hu B0 V=. [84] A?@O<C20;8 A2>T

4>A;V465==O =0 282G5==O 48DC7V9=>W B5?;>?@>2V4=>ABV 1030B>H0@>2>3>

3@0D5=C ?>4V1=>3> 4> 0;<07C H;OE>< ?>T4=0==O >1G8A;5=L 7 ?5@H8E

?@8=F8?V2 V B@0=A?>@B=>3> @V2=O==O �>;LF<0=0 4;O D>=>=V2. � WE=VE

@57C;LB0B0E ?>2V4><;OTBLAO ?@> 70;56=VABL, ?@8 O:V9 B5?;>?@>2V4=VABL

7<5=HCTBLAO 7V 71V;LH5==O< 45D>@<0FVW. !0?@8:;04, ?@8 5% 45D>@<0FVW

@>7BO3C B5?;>?@>2V4=VABL ?@8 :V<=0B=V9 B5<?5@0BC@V AB0=>28BL ;8H5

?@81;87=> 50% 2V4 7=0G5==O 4;O 7@07:0 157 45D>@<0FVW, 0 ?@8 20% 45D>@<0FVW

2>=0 7<5=HCTBLAO 4> 1;87L:> 11%. �@V< B>3>, =0?@C65==O @>7BO3C 2?;820NBL

=0 3V4@>48=0<VG=VABL. !0?@8:;04, ?@8 5% =0?@C7V =54>>FV=:0 70 G0A><

@5;0:A0FVW B5?;>?@>2V4=>ABV 7<5=HCTBLAO 4> 20%.

� B>9 G0A O: 2?;82 45D>@<0FV9 =0 2;0AB82>ABV 2D-<0B5@V0;V2 1C2 H8@>:>

4>A;V465=89, 7 V=H>3> 1>:C 7<V=0 2;0AB82>AB59 1D-<0B5@V0;V2 ?V4 2?;82><

45D>@<0FVW 4>AV T 2V4:@8B>N B5<>N 4;O 4>A;V465=L. 1D-<0B5@V0;8, B0:V O:

=0=>=8B:8 B0 =0=>B@C1:8, ?@>O2;ONBL C=V:0;L=V 5;5:B@>==V, B5@<VG=V B0

<5E0=VG=V 2;0AB82>ABV 70 @0EC=>: WE=L>W >1<565=>W @>7<V@=>ABV [85-89].

$>7C<V==O 7<V= 2 B5?;>B@0=A?>@B=8E 2;0AB82>ABOE F8E <0B5@V0;V2 ?V4 2?;82><

45D>@<0FVW 40T 7<>3C AB2>@N20B8 B0 >?B8<V7C20B8 <0B5@V0;8 4;O @V7=8E

70AB>AC20=L, 2:;NG0NG8 B5@<>5;5:B@8G=V ?@8AB@>W B0 A8AB5<8 B5@<>@53C;OFVW

2 =0=>@>7<V@=8E <0AHB010E. �;O :@0I>3> @>7C<V==O 45D>@<0FV9=>W 7<V=8

2;0AB82>AB59 =0=>B@C1>: B0 =0=>=8B>: 70AB>A>2CNBLAO <5B>48 @V2=>206=>W B0

=5@V2=>206=>W <>;5:C;O@=>W 48=0<V:8. �>:@5<0, Xiaobo Li B0 V=. [90] 70

4>?><>3>N <>45;N20==O <5B>4>< @V2=>206=>W <>;5:C;O@=>W 48=0<V:8

4>A;V48;8 2?;82 <5E0=VG=8E =0?@C65=L =0 B5?;>?@>2V4=VABL @V7=8E

=87L:>@>7<V@=8E <0B5@V0;V2, 2:;NG0NG8 :0@1>=>2V =0=>=8B:8, >4=>ABV==V

:0@1>=>2V =0=>B@C1:8. �2B>@8 ?>:070;8, I> B5?;>?@>2V4=VABL :0@1>=>28E

=0=>=8B>: 7<5=HCTBLAO <>=>B>==> :>;8 45D>@<0FVO 7<V=NTBLAO V7 AB8A=5==O

4> @>7BO3C (@8A. 1.7). #@>B5, 4;O  =0=>B@C1>: 7=0G5==O B5?;>?@>2V4=>ABV <0T
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<0:A8<C< ?@8 ?52=><C 7=0G5==V 45D>@<0FVW.  >=>B>==0 ?>254V=:0

B5?;>?@>2V4=>ABV 2 =0=>=8B:0E ?>OA=NTBLAO <>=>B>==8< 7<5=H5==O<

3@C?>2>W H284:>ABV D>=>=V2 ?52=8E :>;820;L=8E <>4 B0 7<5=H5==O< ?8B><>W

B5?;>T<=>ABV :>6=>W <>48. � B>9 65 G0A, ?@8 45D>@<0FVW AB8A=5==O 2

=0=>B@C1:0E 28=8:0T <5E0=VG=0 =5AB01V;L=VABL, O:0 AB2>@NT ?@>38=0==O, I>

A?@8G8=OT 71V;LH5==O D>=>=-D>=>==>3> @>7AVN20==O.

$8A. 1.7. �5D>@<0FV9=89 2?;82 =0 B5?;>?@>2V4=VABL :0@1>=>28E =0=>B@C1>:

B0 =0=>=8B>: (040?B>20=> 7 @>1>B8 [90])
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$"����  II.  �&"����  �"%�����!,

2.1. �9FB8<>4 79A9D4JVW @B89?LB64A<I A4ABA<FB>

� 40=V9 @>1>BV 4>A;V46C20;8AO :@5<=V9-35@<0=VT2V =0=>=8B:8 45:V;L:>E

@V7=8E :>=DV3C@0FV9, I> ?>:070=V =0 @8A. 2.1.  >45;L>20=8<8 AB@C:BC@0<8

1C;8: ACFV;L=V =0=>=8B:8 F8;V=4@8G=>W D>@<8 7 4>268=>N LNW V @04VCA>< RNW

(@8A.2.1, 4); ?>@>6=8ABV =0=>=8B:8, O:V 2 F5=B@V <VAB8;8 F8;V=4@8G=C

?>@>6=8=C @04VCA>< Rcore (@8A.2.1, b); =0=>=8B:8 =0 >A=>2V B25@4>3> @>7G8=C

Si1-xGex 7 4>268=>N LNW V @04VCA>< RNW (@8A.2.1, c); =0=>=8B:8 B8?C «O4@>-

>1>;>=:0», O:V A:;040;8AL V7 F8;V=4@8G=>3> O4@0 7 >4=>3> <0B5@V0;C (Si 01>

Ge), >B>G5=>3> >1>;>=:>N 7 V=H>3> <0B5@V0;C (Ge 01> Si) (@8A.2.1, d).

$8A. 2.1.  >45;V 4>A;V46C20=8E =0=>=8B>:: a) ACFV;L=0 F8;V=4@8G=0 Si

=0=>=8B:0; b) ?>@>6=8AB0 Si =0=>=8B:0; c) Si1-xGex =0=>=8B:0; d) =0=>=8B:0

B8?C «O4@>/>1>;>=:0».
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�;O 35=5@0FVW =0=>=8B>: 28:>@8AB>2C202AO 21C4>20=89 <>4C;L

?@>3@0<=>3> ?0:5BC <>;5:C;O@=>W 48=0<V:8 LAMMPS [91]. ' 28?04:C

ACFV;L=8E =0=>=8B>: AB2>@N20;0AO F8;V=4@8G=0 >1;0ABL, O:0 70?>2=N20;0AO

0B><0<8 :@5<=VN (35@<0=VN), @>7<VI5=8<8 C 2C7;0E :@8AB0;VG=>W @5HVB:8

B8?C 0;<07 7 ?5@V>4>< @5HVB:8 a=5,432 Å 4;O Si. $04VCA =0=>=8B>: 4>@V2=N202

RNW=5·aj27 Å, 0 4>268=0 LNW 2 @V7=8E :><?9NB5@=8E 5:A?5@8<5=B0E

20@VN20;0AO 2 <560E 2V4 50·a 4> 120·a (2V4 j272 Å 4> j652 Å). �V4?>2V4=>,

:V;L:VABL 0B><V2 2 AB@C:BC@0E AB0=>28;0 1;87L:> 2×104-7×104. �VAL

4>A;V46C20=8E =0=>=8B>: A?V2?040;0 7 :@8AB0;>3@0DVG=8< =0?@O<:>< [001].

�;O 35=5@0FVW ?>@>6=8AB8E =0=>=8B>: 2 ACFV;L=V9 AB@C:BC@V

AB2>@N20;0AO :>0:AV0;L=0 F8;V=4@8G=0 >1;0ABL 7 @04VCA>< Rcore. �0;V 2AV 0B><8,

I> ;560BL C 2:070=V9 >1;0ABV 2840;O;8AO, CB2>@NNG8 ?>@>6=8=C. $04VCA

?>@>6=8=8 Rcore 20@VN202AO 2V4 0 (ACFV;L=0 =0=>=8B:0) 4> RNW 2 a, B>1B>

<V=V<0;L=0 B>2I8=0 ABV=:8 B0:>W =0=>=8B:8 AB0=>28;0 >48= ?5@V>4 @5HVB:8.

�;O AB2>@5==O =0=>=8B>: =0 >A=>2V B25@4>3> @>7G8=C Si1-xGex ?>G0B:>2>

35=5@C20;0AO ACFV;L=0 :@5<=VT20 =0=>=8B:0. !0 =0ABC?=><C :@>FV ?52=0

G0AB:0 E 0B><V2 :@5<=VN C 2C7;0E :@8AB0;VG=>W @5HVB:8 28?04:>28< G8=><

70<V=O;8AO =0 0B><8 35@<0=VN. �5><5B@8G=V ?0@0<5B@8 F8E AB@C:BC@ 1C;8

B0:8<8 6, O: V 4;O ACFV;L=8E =0=>=8B>:.

!0=>=8B:8 B8?C «O4@>->1>;>=:0» 35=5@C20;8AO 0=0;>3VG=> 4>

?>@>6=8AB8E AB@C:BC@. "4=0:, 2 F8;V=4@8G=V9 >1;0ABV 7 @04VCA>< 7 @04VCA><

Rcore 0B><8 =5 2840;O;8AO, 0 7<V=N202AO WE=V9 B8?, B>1B> 0B><8 :@5<=VN

70<V=N20;8AO =0 0B><8 35@<0=VN G8 =02?0:8. #@8 FL><C =0 ?>G0B:>2><C 5B0?V

?0@0<5B@ :@8AB0;VG=>W @5HVB:8 2 O4@V B0 >1>;>=FV 1C2 >4=0:>28< V 4>@V2=N202

?0@0<5B@C @5HVB:8 :@5<=VN. $5;0:A0FVO =0?@C65=L, I> 28=8:0NBL ?@8 B0:><C

?V4E>4V 4> AB2>@5==O AB@C:BC@8, 74V9A=N20;0AO 2 ?>40;LH><C ?@8 WW 28B@8<FV

70 ?>ABV9=8E B8A:C V B5<?5@0BC@8. &0:8< G8=>< CB2>@N20;8AO =0=>=8B:8 7
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@V7=8< B8?>< 0B><V2 2 O4@V =0=>=8B:8 B0 WW >1>;>=FV. �0@VNNG8 @04VCA O4@0

7<V=N20;>AO A?V22V4=>H5==O <V6 >19T<0<8 O4@0 B0 >1>;>=:8 0B><V2.

2.2. �9FB8<>4 DB;D4IGA>G @9I4AVKA<I 6?4EF<6BEF9= A4ABA<FB>

�>A;V465==O ABV9:>ABV :@5<=V9-35@<0=VT28E =0=>=8B>: 4> 7>2=VH=L>3>

<5E0=VG=>3> =020=B065==O 2 @>1>BV 74V9A=N20;8AO 70 4>?><>3>N <5B>4C

<>;5:C;O@=>W 48=0<V:8 H;OE>< >4=>2VA=>3> @>7BO3C =0=>AB@C:BC@. !0

?5@H><C 5B0?V 28:>=C20;0AO <V=V<V70FVO 5=5@3VW 735=5@>20=>W =0=>=8B:8

<5B>4>< A?@O65=>3> 3@04VT=BC. #VA;O FL>3> AB@C:BC@0 2@V2=>206C20;0AO 2

C<>20E NVT-0=A0<1;N (?>ABV9=V :V;L:VABL G0AB8=>: N, >19T< A8AB5<8 V V

B5<?5@0BC@0 T) 70 4>?><>3>N B5@<>AB0BC Nosé-Hoover 2?@>4>26 ?5@V>4C 5·105

G0A>28E :@>:V2, 45 :>6=89 :@>: @>74V;5=89 V=B5@20;>< 1 DA. �;O V=B53@0FVW

@V2=O=L @CEC 70AB>A>2C202AO 0;3>@8B< �5@;5. �0;V A8AB5<0 ?5@52>48;0AO 2

C<>28 NPT-0=A0<1;N (?>ABV9=V :V;L:VABL G0AB8=>: N, B8A: P V B5<?5@0BC@0 T) V

28B@8<C20;0AO 2?@>4>26 I5 5·105 G0A>28E :@>:V2 4;O @5;0:A0FVW 70;8H:>28E

=0?@C65=L 2 AB@C:BC@0E V 4>AO3=5==O @V2=>2038. !0 @8A. 2.2 ?>:070=> 7<V=C

5=5@3VW A8AB5<8 (2 @>7@0EC=:C =0 >48= 0B><) 2V4 G0AC @5;0:A0FVW 4;O 45:V;L:>E

4>A;V46C20=8E =0=>=8B>:. /:I> 7 @>AB>< G0AC 5=5@3VO A8AB5<8 ?5@5AB0T

ACBBT2> 7<V=N20B8AO, B0:C AB@C:BC@C 22060;8 2V4@5;0:A>20=>N V ?@>F5A

2@V2=>2065==O 7025@HC202AO.

#VA;O 4>AO3=5==O @V2=>2038 2 A8AB5<V, 4;O <>45;N20==O <5E0=VG=>W

?>254V=:8 74V9A=N20;0AL 45D>@<0FVO =0=>=8B:8 7 45O:>N ?>ABV9=>N

H284:VABN d·/dt. � @>1>BV 1C;> 28:>@8AB0=> 7=0G5==O d·/dt=108-109 A-1,  I> T

B8?>28< 4;O <>;5:C;O@=>-48=0<VG=8E 4>A;V465=L. �5D>@<0FVO AB@C:BC@8

@50;V7C20;0AL H;OE>< ?>ABV9=>W 7<V=8 @>7<V@C <>45;L>20=>W :><V@:8 V

?5@5=07=0G5==O< :>>@48=0B 2AVE 0B><V2 =0 :>6=><C G0A>2><C :@>FV. �V4=>A=0

45D>@<0FVO · =0=>=8B:8 @>7@0E>2C20;0AO 70 A?V22V4=>H5==O<:
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( )
NW

NW

L L

L

-
e = , (2.1)

45 LNW V L – F5 4>268=0 =0=>=8B:8 4> V ?VA;O @>7BO3C, 2V4?>2V4=>. �030;L=5

=0?@C65==O Ã 2 A8AB5<V @>7@0E>2C20;>AO 7 28:>@8AB0==O< B5>@5<8 2V@V0;0 70

D>@<C;>N:

( )
1

1 1
2

N N
i j

ij

x x
U r

V r= ¹

æ öD D
= ç ÷ç ÷

è ø
åå

ab ab
ab

ab
a b a

s , (2.2)

45 N – 7030;L=0 :V;L:VABL 0B><V2 2 AB@C:BC@V, r³³ – 2V4AB0=L <V6 0B><0<8 ³ V ³,

U – ?>B5=FV0;L=0 5=5@3VO WE 270T<>4VW, V – >19T< =0=>=8B:8.

$8A. 2.2. #@8:;04 7<V=8 5=5@3VW 2 @>7@0EC=:C =0 >48= 0B>< ?@8

@5;0:A0FVW =0=>=8B>: @V7=>W :>=DV3C@0FVW
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�AV @>7@0EC=:8 <5B>4>< <>;5:C;O@=>W 48=0<V:8 2 @>1>BV ?@>2>48;8AO 70

4>?><>3>N ?@>3@0<=>3> ?0:5BC LAMMPS [91]. �V7C0;V70FVO 0B><=8E

:>=DV3C@0FV9 B0 G0AB:>289 0=0;V7 >B@8<0=8E @57C;LB0BV2 74V9A=N202AO 7

28:>@8AB0==O< A5@54>28I0  OVITO [92].

#@8 28:>=0==V <>;5:C;O@=>-48=0<VG=8E <>45;N20=L <5E0=VG=>W

?>254V=:8 =0=>=8B>:, 4;O >?8AC 270T<>4VW <V6 0B><0<8 :@5<=VN V/01>

35@<0=VN 28:>@8AB>2C202AO ?>B5=FV0; MEAM (Modified Embedded Atom

Method). *59 ?>B5=FV0; 1C2 28?@>1C20=89 ?@8 4>A;V465==V ?@>F5AV2

@C9=C20==O [93-95], >4=>2VA=>3> @>7BO3C [96], @>7@0EC=:C ?@C6=8E B0

?;0AB8G=8E 45D>@<0FV9 2 >19T<=><C Si B0 :@5<=VT28E =0=>=8B:0E [97], V

?>:0702 =09:@0I5 C73>465==O 7 5:A?5@8<5=B0<8. �030;L=0 5=5@3VO A8AB5<8 2

D>@<0;V7<V ?>B5=FV0;C MEAM 287=0G0TBLAO O::

( ) ( )1
2i i ij ij

i i j

U F r
¹

ì ü
= r + jí ý

î þ
å å , (2.3)

45 F – 5=5@3VO 70=C@5==O, Ã – 5;5:B@>==0 3CAB8=0, Ç – ?>B5=FV0; ?0@=>W

270T<>4VW, rij – 2V4AB0=L <V6 0B><0<8 7 =><5@0<8 i B0 j. �:070=V 25;8G8=8

287=0G0NBLAO =0ABC?=8<8 A?V22V4=>H5==O<8:

0 0( ) ( / ) ln( / )i c i i i iF AEr = r r r r , (2.4)

(0) ( )i i Gr = r G , (2.5)

2( )3
( )

(0)
1

2
( ) ,

1

k
k i

i

k i

G t
e
-G

=

æ ör
G = G = ç ÷+ rè ø

å , (2.6)

2

(0) 2 (0)( ) a

i j

j i¹

é ù
r = rê ú

ë û
å , (2.7)
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2

(1) 2 (1)( ) ij a

i j

j i ij

r

r

a

a ¹

é ù
r = rê ú

ê úë û
å å , (2.8)

2 2

(2) 2 (2) (2)
2

,

1
( )

3
ij

ij ij a a

i j j

j i j i

r r

r

a b

a b ¹ ¹

é ù é ù
r = r - rê ú ê ú

ê ú ë ûë û
å å å , (2.9)

2 2

(3) 2 (3) (3)
3

, ,

3
( )

5
ij

ij ij ij ija a

i j j

j i j i ij

r r r r

r r

a b g a

a b g ¹ a ¹

é ù é ù
r = r - rê ú ê ú

ê úê ú ë ûë û
å å å å , (2.10)

( ) ( / 1)( ) ( )
k

i ij er ra k

i ij
r e

-b -r = , (2.11)

* * 3( ) (1 ( ) )u

cE r E a d a= - + + , (2.12)

* ( / 1)ea r r= a - , (2.13)

9 /
c

B Ea = W . (2.14))

�V4?>2V4=V ?0@0<5B@8 ?>B5=FV0;C MEAM 4;O :@5<=VN ?@54AB02;5=V 2

B01;8FV 2.1. �=0;>3VG=V ?0@0<5B@8 4;O Ge =02545=> 2 B01;8FV 2.2.

&01;8FO 2.1. #0@0<5B@8 ?>B5=FV0;C MEAM 4;O Si [98].

A 0.58 B(dyne/cm2) 0.99 ; 1012

re(Å) 2.35 Ec(eV) 4.63

³(0) 3.55 t(0) 1.0

³(1) 2.57 t(1) 1.8

³(2) 0.0 t(2) 5.25

³(3) 7.5 t(3) -2.61

Cmax 2.8 Cmin 1.41
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&01;8FO 2.2. #0@0<5B@8 ?>B5=FV0;C MEAM 4;O Ge [99].

A 0.58 B(dyne/cm2) 0.99 ; 1012

re(Å) 2.35 Ec(eV) 4.63

³(0) 3.55 t(0) 1.0

³(1) 2.57 t(1) 1.8

³(2) 0.0 t(2) 5.25

³(3) 7.5 t(3) -2.61

Cmax 2.8 Cmin 1.41

2.3. �9FB8<>4 DB;D4IGA>G >B9HVJVTAF4 F9C?BCDB6V8ABEFV A4ABA<FB>

@9FB8B@ A9DV6AB64:ABW @B?9>G?ODABW 8<A4@V><

$>7@0EC=:8 B5?;>DV78G=8E 2;0AB82>AB59 4>A;V46C20=8E =0=>=8B>:

@V7=8E :>=DV3C@0FV9 28:>=C20;8AO 2 @>1>BV ?5@5206=> 7 28:>@8AB0==O<

<5B>4C =5@V2=>206=>W <>;5:C;O@=>W 48=0<V:8. � B0:8E 4>A;V465==OE

735=5@>20=0 =0=>=8B:0 @>7<VIC20;0AO 2 <>45;L>20=V9 :><V@FV 2 D>@<V

?@O<>:CB=>3> ?0@0;5;5?V?540, @>7<V@8 O:>3> 2 ?>?5@5G=><C =0?@O<:C

AB0=>28;8 Lx=Lx=20·RNW, 0 ?>74>26=V9 @>7<V@ 4>@V2=N202 4>268=V =0=>=8B:8:

Lz=LNW. !0 2AVE 3@0=OE :><V@:8 ?@8 <>45;N20==V =0:;040;8AO ?5@V>48G=V

3@0=8G=V C<>28. &0:8< G8=>< @50;V7C20;0AO A8BC0FVO V7>;L>20=>W =0=>=8B:8.

!0 ?>G0B:>2><C 5B0?V, :>6=0 4>A;V46C20=0 =0=>=8B:0 ?@>E>48;0 AB04VN

@5;0:A0FVW, I> 2:;NG0;0 <V=V<V70FVN 5=5@3VW <5B>4>< A?@O65=>3> 3@04VT=B0, B0

?>A;V4>2=C 28B@8<:C 2 C<>20E NVT- B0 NPT-0=A0<1;N 4;O CAC=5==O

70;8H:>28E =0?@C65=L V 45D>@<0FV9, I> 28=8:0NBL 2 AB@C:BC@V G5@57 ?>O2C

25;8:>W :V;L:>ABV ?>25@E=528E 0B><V2, O:V <0NBL V=H5 >B>G5==O B0 5=5@3VN C

?>@V2=O==V 7 0B><0<8 2 >19T<V =0=>=8B:8. +0A 28B@8<:8 2 NVT- B0 NPT-

0=A0<1;OE 1C2 @V7=8< 4;O =0=>=8B>: @V7=8E :>=DV3C@0FV9 V 20@VN202AO 2 <560E

2V4 500 ?A 4> 1,5 =A.
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�0;V ?@>2>482AO @>7@0EC=>: :>5DVFVT=B0 B5?;>?@>2V4=>ABV k =0=>=8B:8

274>26 WW >AV 7 28:>@8AB0==O< 0;3>@8B<C  N;;5@-#;0B0 [100]. � @0<:0E FL>3>

?V4E>4C, :>5DVFVT=B B5?;>?@>2V4=>ABV 287=0G0TBLAO 70 70:>=>< (C@9T:

( )
z

q
k

dT
dz

= - , (2.15)

45 qz – 3CAB8=0 B5?;>2>3> ?>B>:C 274>26 >AV z =0=>=8B:8, dT/dz – 3@04VT=B

B5<?5@0BC@8 2 FL><C 6 =0?@O<:C.

%B2>@5==O B5?;>2>3> ?>B>:C 2 0;3>@8B<V  N;;5@-#;0B0 @50;V7CTBLAO

=0ABC?=8< G8=><. %?>G0B:C 74V9A=NTBLAO @>718BBO 4>A;V46C20=>W =0=>=8B:8

274>26 >AV z =0 B>=:V H0@8, ?5@?5=48:C;O@=V 4> FVTW >AV. *5=B@0;L=89 H0@

=07820NBL «30@OG8<», 0 >48= 7 :@09=VE (;V289 G8 ?@0289) – «E>;>4=8<»

(@8A. 2.3). � ?@>F5Ai 48=0<V:8 ?5@V>48G=>, G5@57 ?52=C :V;L:VABL G0A>28E

:@>:V2, 287=0G0TBLAO 0B>< 2 «30@OG><C» H0@V, I> <0T <V=V<0;L=C H284:VABL (V,

2V4?>2V4=>, :V=5B8G=C 5=5@3VN) ߭/. �=0;>3VG=> 287=0G0TBLAO =><5@ 0B><0 7
«E>;>4=>3>» H0@C, O:89 E0@0:B5@87CTBLAO <0:A8<0;L=>N H284:VABN

(:V=5B8G=>N 5=5@3VTN) ߭ܿ. �0;V <V6 287=0G5=8<8 0B><0<8 2V41C20TBLAO
HBCG=89 >1<V= WE=V<8 H284:>ABO<8 (5=5@3VO<8).

#5@V>48G=5 ?>2B>@5==O >?8A0=8E ?@>F5AV2 ?@82>48BL 4> B>3>, I> 2

«30@OG><C» H0@V A5@54=O :V=5B8G=0 5=5@3VO 0B><V2 1C45 28I>N, 0 2

«E>;>4=><C» H0@V – =86G>N, =V6 2 V=H8E G0AB8=0E AB@C:BC@8. *5

5:2V20;5=B=> ?>O2V 2 AB@C:BC@V B5?;>2>3> ?>B>:C qz 25;8G8=>N

( )2 21 1
2 2

transfers

z c h

N

q m
St

= u - uå , (2.16)

45 t – G0A, 2?@>4>26 O:>3> 2V41C20NBLAO >1<V=8 H284:>ABO<8 <V6 0B><0<8, S –

?;>I0 ?>?5@5G=>3> ?5@5@V7C 7@07:0, m – <0A0 0B><0. �>5DVFVT=B «2» 2
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7=0<5==8:C A?V22V4=>H5==O (2.16) 28=8:0T C 729O7:C 7 B8<, I> B5?;>289 ?>BV:

35=5@CTBLAO 274>26 >AV =0=>=8B:8 C 42>E =0?@O<:0E 2V4 F5=B@0;L=>3>

«30@OG>3>» H0@C. � @>7@0EC=:0E 40=>W @>1>B8 >1<V= H284:>ABO<8 <V6

0B><0<8 74V9A=N202AO >48= @07 =0 400-500 G0A>28E :@>:V2 (2 70;56=>ABV 2V4

:>=DV3C@0FVW 4>A;V46C20=>W =0=>=8B:8). �;O >1<V=C :>6=>3> @07C >18@0;0AO

>4=0 ?0@0 0B><V2.

$8A. 2.3. %E5<0 @50;i70FiW 0;3>@8B<C  N;;5@-#;0B0 4;O 287=0G5==O

:>5DVFVT=B0 B5?;>?@>2i4=>ABi =0=>=8B:8. � 25@E=V9 G0AB8=i ?C=:B8@><

?>:070=> F5=B@0;L=89 i 420 :@09=V H0@8. %B@V;:0<8 ?>7=0G5=> =0?@O<>:

B5?;>2>3> ?>B>:C qz 2 =0=>=8BFV. � =86=i9 G0AB8=i AE5<0B8G=> 7>1@065=>

@>7?>4i; B5<?5@0BC@8 274>26 =0=>=8B:8. !0 70;56=>ABi T(z) 284i;5=> ;V=V9=V

4i;O=:8, 7 O:8E 287=0G0TBLAO 3@04iT=B B5<?5@0BC@8

� @57C;LB0Bi >?8A0=8E 1030B>:@0B=8E >1<i=i2 H284:>ABO<8, A5@54=O

:i=5B8G=0 5=5@3iO 0B><i2, 0, >B65, i B5<?5@0BC@0 «30@OG>3>» H0@C 1C45 28I>N,
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=i6 A5@54=O B5<?5@0BC@0 7@07:0. �V4?>2V4=>, B5<?5@0BC@0 «E>;>4=>3>» H0@C

28O28BLAO =86G>N, =i6 WW A5@54=T 7=0G5==O ?> 7@07:C. "A:V;L:8 <V6 0B><0<8 7

ACAV4=VE H0@V2 VA=CT 270T<>4VO, B> 2 V=H8E H0@0E =0=>=8B:8 B5<?5@0BC@0

<0B8<5 45O:V ?@><V6=V 7=0G5==O. &5<?5@0BC@C &V :>6=>3> V-3> H0@C <>6=0

>1G8A;8B8 70 A?V22V4=>H5==O<:

2

1

1 1
3

iN

i i B j j

t jav

T N k M
t =

æ ö
= uç ÷

è ø
å å , (2.17)

45 Ni –  :V;L:VABL 0B><V2 2 i-<C H0@i, kB – ?>ABV9=0 �>;LF<0=0, tav –  G0A

CA5@54=5==O ?@8 @>7@0EC=:C B5<?5@0BC@8.

$>7@0EC=>: B5?;>?@>2i4=>ABi 70 0;3>@8B<><  N;;5@3#;0B0 ?5@5410G0T

2AB0=>2;5==O 2 AB@C:BC@i 45O:>3> AB0FV>=0@=>3> B5?;>2>3> ?>B>:C. �

@>7@0EC=:0E 40=>W @>1>B8 4;O 287=0G5==O 25;8G8=8 B5?;>2>3> ?>B>:C

0=0;i7C20;0AO G0A>20 7<V=0 ?>2=>W 5=5@3iW A8AB5<8 E(t), ;i=i9=0 70;56=VABL O:>W

<0T 2:07C20B8 =0 ?>O2C AB0Fi>=0@=8E C<>2. !0 @8A. 2.4 ?>:070=> B8?>2C

70;56=VABL E(t), >B@8<0=C ?@8 <>45;N20==V B5?;>?@>2V4=>ABV :@5<=VT2>W

ACFV;L=>W =0=>=8B:8 ?@8 B5<?5@0BC@V 300 �. �CB>289 :>5DVFVT=B FVTW

70;56=>ABV, @>74V;5=89 =0 2S, 4>@V2=N20B8<5 B5?;>2><C ?>B>:C qz 2 AB@C:BC@V.

#iA;O 2AB0=>2;5==O AB0FV>=0@=>3> @568<C, 2 AB@C:BC@i 79O28BLAO 3@04iT=B

B5<?5@0BC@8 dT/dz, 4;O @>7@0EC=:C O:>3> =0 70;56=>ABi T(z) (@8A. 2.3)

2818@0NBLAO ;i=i9=i 4i;O=:8 7 <5B>N CAC=5==O 2?;82C 3@0=8FL 7@07:0. /:

?@8:;04, =0 @8A. 2.5 ?>:070=> B8?>289 283;O4 70;56=>ABV T(z), >B@8<0=89 2

@>1>BV 4;O ACFV;L=>W Si =0=>=8B:8 ?@8 B5<?5@0BC@V 300 �. �0 2i4><8<8

B5?;>28< ?>B>:>< qz B0 B5<?5@0BC@=8< 3@04VT=B>< dT/dz 2 @>1>BV @>7@0E>2C2AO

:>5DiFiT=B B5?;>?@>2V4=>ABV =0=>=8B:8 2i4?>2i4=> 4> A?i22i4=>H5==O (2.15).
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$8A. 2.4. $>7@0E>20=0 2 @0<:0E 0;3>@8B<C  N;;5@-#;0B0 G0A>20

70;56=VABL 5=5@3VW E(t), I> ?5@540TBLAO <V6 «30@OG8<» B0 «E>;>4=8<»

H0@0<8 ?V4 G0A >1<V=C H284:>ABO<8 <V6 0B><0<8.

�0@B> 4>40B:>2> 70C2068B8, I> :>5DVFVT=B B5?;>?@>2V4=>ABV,

@>7@0E>20=89 70 <5B>4><  N;;5@-#;0B0, T GCB;828< 4> @>7<V@C AB@C:BC@8,

7>:@5<0, 4>268=8 =0=>=8B:8 [10]:

0

1 1

ck k L

a
= + , (2.18)

45 k0 –@>7@0E>20=89 :>5DiFiT=B B5?;>?@>2i4=>ABi 4;O AB@C:BC@8 7 @>7<i@>< Lc,

k – 5:AB@0?>;L>20=5 7=0G5==O :>5DiFiT=B0 B5?;>?@>2i4=>ABi 4;O 7@07:0

=5A:V=G5==>W 4>268=8 (Lc ³ >), 5DiFiT=B ?@>?>@Fi9=>ABi, I> =5<: – ߙ

70;568BL 2i4 @>7<V@C Lc. &><C 4;O >45@60==O B5?;>?@>2i4=>ABi 4>A;V46C20=8E

<0B5@V0;V2 1C4CNBLAO 70;56=>ABi >15@=5=>W 25;8G8=8 1/ k0 2i4 >15@=5=>W

4>268=8 1/Lc,  O:i  40;V 5:AB@0?>;NNBLAO 4;O Lc ³ >. "4=0:, ?@8 282G5==V

2?;82C >:@5<8E DV78G=8E D0:B>@V2, 2:;NG0NG8 <5E0=VG=V 45D>@<0FVW, =0
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B5?;>B@0=A?>@B=V 2;0AB82>ABV AB@C:BC@ G0AB> >1<56CNBLAO ;8H5 ?>@V2=O==O<

7=0G5=L B5?;>?@>2V4=>ABV k0, >B@8<0=8E 4> B0 ?VA;O 2?;82C =0 <0B5@V0;.

#>4V1=89 ?V4EV4 1C2 704VO=89 V 2 1V;LH>ABV 4>A;V465=L 40=>W @>1>B8.

$8A. 2.5. $>7@0E>20=89 @>7?>4V; B5<?5@0BC@8 T(z) 274>26 >AV :@5<=VT2>W

ACFV;L=>W =0=>=8B:8. %5@54=O B5<?5@0BC@0 7@07:0 4>@V2=NT 300 �

(?C=:B8@=0 ;V=VO).

#@8 <>45;N20==V B5?;>B@0=A?>@B=8E 2;0AB82>AB59 :@5<=V9-35@<0=VT28E

=0=>=8B>: 4;O >?8AC <V60B><=>W 270T<>4VW 28:>@8AB>2C202AO ?>B5=FV0;

Tersoff [101]. � ?i4E>4i Tersoff ?>B5=FV0;L=0 5=5@3VO <i60B><=>W 270T<>4iW 2

A8A8B5<V 287=0G0TBLAO A?i22i4=>H5==O<:

( )1

2
ij ij ij ijr r

c ij ij ij ij
i j

E f r A e b B e
l m- -

¹

é ù= -ë ûå . (2.19)
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#5@H89 B0 4@C389 4>40=:8 2 :204@0B=8E 4C6:0E 28@07C (2.19) >?8ACNBL

2V4?>2V4=> 5=5@3VN 2V4HB>2EC20==O B0 ?@8BO30==O, 0 DC=:FVO fc(rij) 2V4?>2V40T

70 >1@82 ?>B5=FV0;C =0 25;8:8E 2V4AB0=OE 2V4 >1@0=>3> 0B><0 B0

@>7@0E>2CTBLAO 2 =0ABC?=89 A?>AV1:

( ) ( )
1,

1 1
cos , ,

2 2

0,

ij ij

ij ij

c ij ij ij ij

ij ij

ij ij

r R

r R
f r R r S

S R

r S

p

<ì
ï

é ù-ïï ê ú= + < <í -ê úï ë û
ï >ïî

(2.20)

� @i2=O==OE (2.19) – (2.20) G5@57 rij ?>7=0G5=> 2V4AB0=L <V6 0B><0<8 7 =><5@0<8

i B0 j, 0 2Ai :>=AB0=B8 35B5@>?>;O@=8E 270T<>4i9 Si-Ge >1G8A;NNBLAO 70

?@028;0<8 7<iHC20==O: Aij=(Ai·Aj)1/2, Bij=(Bi·Bj)1/2, Rij=(Ri·Rj)1/2, Sij=(Si·Sj)1/2,

¼ij=(¼i·¼j)1/2, »ij=(»i·»j)1/2.

�>40=>:, I> >?8ACT ?@8BO30==O <V6 0B><0<8 2 D>@<C;V (2.19)

<>4C;NTBLAO DC=:FVTN 283;O4C:

( ) 1/2
1

i
i i

n
n n

ij ij i ijb c b z
-

= + . (2.21)

�024O:8 FL><C A8;0 270T<>4iW :>6=>W ?0@8 0B><i2 AB0T 70;56=>N 2i4

;>:0;L=>3> >B>G5==O. (C=:FiO ·ij 2@0E>2CT :CB>2C 70;56=iABL A8;8 270T<>4iW,

I> <0T <VAF5 2 :@8AB0;0E 7 :>20;5=B=8<8 729O7:0<8:

( ) ( )
,

ij c ik ik ijk
k i j

f r gz w q
¹

= å , (2.22)

45

( )
2 2

2 2 21
( cos )

i i
ijk

i i i ijk

c c
g

d d h
q

q
= + -

+ -
. (2.23)
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#0@0<5B@ Çij E0@0:B5@87CT <iF=iABL 35B5@>?>;O@=8E 729O7:i2.

+8A;>2V 7=0G5==O :>5DVFVT=BV2 ?>B5=Fi0;C Tersoff 4;O Si B0 Ge, I>

28:>@8AB>2C20;8AO 2 @>7@0EC=:0E 40=>W @>1>B8, =02545=> 2 B01;. 2.3.

&01;8FO 2.3. �=0G5==O ?0@0<5B@V2 :>5DVFVT=BV2 ?>B5=FV0;C Tersoff 4;O A8AB5<8

Si–Ge [102]

#0@0<5B@
 0B5@V0;

Si Ge

A, eB 1830.8 1769

B, eB 471.18 218.787

», Å-1 2.4799 2.4451

¼, Å-1 1.7322 1.7047

³ 1.1·10-6 9.0166·10-7

n 0.78734 0.75627

c 1.0039·105 6.46921·104

d 16.217 15.652

h -0.59825 -0.43884

R, Å-1 2.7 2.8

S, Å-1 3.0 3.1

2.4. �9FB8 DV6AB64:ABW @B?9>G?ODABW 8<A4@V>< 8?O  DB;D4IGA>G

F9C?BCDB6V8ABEFV A4ABA<FB>

":@5<V @>7@0EC=:8 B5?;>?@>2V4=>ABV 4>A;V46C20=8E =0=>=8B>: 2 @>1>BV

1C;8 ?@>2545=V 7 28:>@8AB0==O< <5B>4C @V2=>206=>W <>;5:C;O@=>W 48=0<V:8.

 5B>4 3@C=BCTBLAO =0 D>@<0;V7<V �@V=0-�C1> [103], 2 @0<:0E O:>3>

B5?;>?@>2V4=VABL 287=0G0TBLAO 70 A?V22V4=>H5==O<:
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2
0

1
(0) ( )ij i j

B

k J J t dt
Vk T

¥
= ×ò , (2.24)

45 V – >19T< A8AB5<8, kB – ?>ABV9=0 �>;LF<0=0, & – 01A>;NB=0 B5<?5@0BC@0, 0

(0) ( )i jJ J t×  – F5 02B>:>@5;OFV9=0 DC=:FVO B5?;>2>3> ?>B>:C, O:89 4>@V2=NT:

( )2

1 1 1 1 1,

1 1 1
( )

2

NN N N

j j j ij ij ij
j j j j

j i

J t E h r F
V V

a

a a
= a= = = =

¹

é ù
é ù ê ú= u - u + u ×ê ú ê úë û ê úë û

å å å å å
r rr r rr

. (2.25)

&CB ju
r
 B0 �j – H284:VABL B0 5=5@3VO j->W G0AB8=:8, ijr

r
, ijF

r
 – 2V4AB0=L B0 A8;0

270T<>4VW <V6 V->N  B0 j->N G0AB8=:0<8, N –  7030;L=0 :V;L:VABL G0AB8=>: 2

A8AB5<V, N³ – :V;L:VABL G0AB8=>: A>@BC ³, h³ – A5@54=O ?0@FV0;L=0 5=B0;L?VO

:><?>=5=B0 ³.

!0 ?@0:B8FV, 25@E=O <560 V=B53@C20==O 4>@V2=N20;0 45O:><C 7=0G5==N tE,

0 :@>: V=B53@C20==O 4>@V2=N202 G0AC ts, 2?@>4>26 O:>3> 0:C<C;N20;8AO

7=0G5==O 02B>:>@5;OFV9=>W DC=:FVW. � @>7@0EC=:0E A8AB5<0 A?>G0B:C

2@V2=>206C20;0AO 0=0;>3VG=> 4> B>3>, O: F5 >?8A0=> 2 <5B>4V =5@V2=>206=>W

48=0<V:8, 0 @>7@0EC=>: B5?;>?@>2V4=>ABV 28:>=C202AO 2 C<>20E NVE-

0=A0<1;N. #@8 <>45;N20==V 28:>@8AB>2C20;8AO 7=0G5==O tE=50–100 =A, ts=10-

20 ?A.

%B0B8AB8G=0 >1@>1:0 @57C;LB0BV2 @>7@0EC=:C :>5DVFVT=B0

B5?;>?@>2V4=>ABV k <5B>40<8 =5@V2=>206=>W B0 @V2=>206=>W <>;5:C;O@=>W

48=0<V:8 2 @>1>BV 28:>=C20;0AO 2 =0ABC?=89 A?>AV1. �;O >4=VTW 9 BVTW 6

AB@C:BC@8 ?@8 7040=V9 B5<?5@0BC@V ?@>2>48;>AO 3-5 =570;56=8E A8<C;OFVW 7

@V7=8<8 @>7?>4V;0<8 ?>G0B:>28E H284:>AB59. �0;V 25;8G8=0

B5?;>?@>2V4=>ABV =0=>=8B:8 287=0G0;0AO O: A5@54=L>0@8D<5B8G=5 7=0G5==O 7

>B@8<0=8E 2 :>6=V9 A8<C;OFVW :>5DVFVT=BV2 k. � :>6=><C 28?04:C ?@>2>482AO

@>7@0EC=>: A5@54=L>:204@0B8G=>W ?>E81:8, O:0 2V4>1@060;0AO =0 3@0DVG=8E
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70;56=>ABOE :>5DVFVT=B0 B5?;>?@>2V4=>ABV. ' 28=OB:>28E 28?04:0E, :>;8

B@820;VABL @>7@0EC=:C 1C;0 ACBBT2>N V =5 4>72>;O;0 =0:>?8G8B8 4>AB0B=N

:V;L:VABL 7=0G5=L k 4;O WE AB0B8AB8G=>W >1@>1:8, =0 3@0DV:8 =0=>A8;8AO B>G:8,

I> 2V4?>2V40NBL >48=8G=8< A8<C;OFVO<.

2.5. �9FB8<>4 DB;D4IGA>G 7GEF<A< >B?<64?LA<I EF4AV6 F4

>B9HVJVTAFV6 GK4EFV HBABAV6 8?O 4A4?V;G CDBJ9EV6 F9C?BC9D9A9E9AAO 6

A4ABA<F>4I

�;O ?@>2545==O 0=0;V7C >B@8<0=8E 70;56=>AB59 :>5DVFVT=B0

B5?;>?@>2V4=>ABV =0=>=8B>: @V7=>W :>=DV3C@0FVW, 2 @>1>BV 4>40B:>2>

@>7@0E>2C20;8AO >:@5<V D>=>==V E0@0:B5@8AB8:8, 7>:@5<0, 3CAB8=0

:>;820;L=8E AB0=V2 g(Ë),  I> 287=0G0TBLAO O: :V;L:VABL :>;820;L=8E <>4 2

>48=8G=><C V=B5@20;V G0AB>B. $>7@0EC=>: 70;56=>ABV g(Ë) 74V9A=N202AO

H;OE>< (C@9T-?5@5B2>@5==O 02B>:>@5;OFV9=>W DC=:FVW H284:>AB59 [104]:

0

( ) (0)
( )

(0) (0)
j ji t

j j

t
g e dt

¥
w u u

w =
u u

ò , (2.26)

45 uj(t) – :><?>=5=B8 25:B>@0 H284:>ABV 0B><0 2 <><5=B G0AC t. �;O >B@8<0==O

02B>:>@5;OFV9=>W DC=:FVW H284:>AB59 2 ?@>F5AV <>;5:C;O@=>W 48=0<V:8

?@>2>482AO 70?8A H284:>AB59 :>6=>3> 0B><0 G5@57 ?52=V ?@><V6:8 G0AC. �0

F8<8 40=8<8 2 ?0:5BV LAMMPS 28:>=C20;8AO @>7@0EC=:8 70;56=>ABV g(Ë)

73V4=> 7V A?V22V4=>H5==O< (2.26).

�=H8< ?0@0<5B@><, I> 4>72>;OT ?@>0=0;V7C20B8 ?>254V=:C :>;820;L=8E

<>4 2 AB@C:BC@V T :>5DVFVT=B CG0ABV D>=>=V2 PRl (phonon participation ratio), I>

287=0G0TBLAO O:  [105]
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2
1 *

, , ,i i
i

PR N-
l a l a l

a

æ ö= e eç ÷
è ø

å å (2.27)

45 N –  7030;L=0 :V;L:VABL 0B><V2,  ·ia,l - :><?>=5=B0 2;0A=>3> 25:B>@0, I>

2V4?>2V40T :>;820;L=V9 <>4V 7 =><5@>< l, 70 V=45:A>< i 2V41C20TBLAO

?V4AC<>2C20==O ?> 2AVE 0B><0E, a V=45:A a 2V4?>2V40T 45:0@B>28< :>>@48=0B0<

E, G, z. �>5DVFVT=B CG0ABV PRl ?>:07CT G0AB:C 0B><V2, I> 15@CBL CG0ABL C

7040=><C :>;820==V l, 0 9>3> 7=0G5==O ;568BL 2 V=B5@20;V <V6 1 V 1/N; B>1B>

PRl=1, O:I> 2AV 0B><8 :>;820NBLAO 7 >4=0:>28<8 0<?;VBC40<8 =0 40=V9

:>;820;L=V9 <>4V, B>4V O: PRl=1/N 4;O <>48, 2 O:V9 704VO=89 ;8H5 >48= 0B><.

#@89=OB> 22060B8, I> :>;820;L=V <>48 7 PRl g 0,5-0,6 T 45;>:0;V7>20=8<8,

B>1B> B0:8<8, I> ?>H8@NNBLAO G5@57 AB@C:BC@C V <0NBL =5=C;L>289 2=5A>: 2

D>=>==C B5?;>?@>2V4=VABL <0B5@V0;C. � V=H>3> 1>:C, :>;820;L=V <>48 V7

7=0G5==O< PRl f 0,5 @>73;O40NBLAO O: ;>:0;V7>20=V.

2.6. �9FB8<>4 DB;D4IGA>G K4EG D9?4>E4JVW HBABAV6 6 A4ABA<F>4I

$>7@0EC=>: G0AC @5;0:A0FVW D>=>=V2 28:>=C202AO 70 <5B>48:>N,

70?@>?>=>20=>N 2 @>1>BV [106] 7 28:>@8AB0==O< ?@>3@0<=>3> ?0:5BC Jazz.

#5@H89 5B0? @>7@0EC=:C ?5@5410G0T 0=0;V7 =>@<0;L=8E <>4, B0: O:

@>7@0EC=:8 ?@>2>4OBLAO 4;O 2AVE :>;820;L=8E <>4. #@8 =87L:8E

B5<?5@0BC@0E, =>@<0;L=V <>48 287=0G0NBLAO 48=0<VG=>N <0B@8F5N, I>

>B@8<CTBLAO 7 <0B@8FV �5AAV0=C ?>B5=FV0;L=>W 5=5@3VW H;OE>< G8A5;L=>3>

48D5@5=FVN20==O A8;.

!5E09 ui³ – F5 7<VH5==O 0B><0 i (7 <0A>Nmi) 7 ?>;>65==O @V2=>2038 274>26

=0?@O<:C ³. &>4V 48=0<VG=0 <0B@8FO [107] 287=0G0TBLAO A?V22V4=>H5==O<:
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2

,

1
i j

i ji j

V
D

u um m
a b

a b

¶
=

¶ ¶
(2.28)

�;0A=V 25:B>@8 D <0B@8FV 2V4?>2V40NBL =>@<0;L=8< <>40< 7 G0AB>B>N Ëk

2 ( ) ( )
,

k k

k i i j j

j

Da a b b
b

w h = hå (2.29)

 0B@8FO Y, O:0 AD>@<>20=0 7 2;0A=8E 25:B>@V2

( )
,

1 k

i k i

i

Y
m

a ah= , (2.30)

?5@5B2>@NTBLAO 7 0<?;VBC4 =>@<0;L=8E <>4 4> 0B><0@=8E 7<VI5=L:

,
( )

i i k k

k osc

u Y Aa a= å , (2.31)

45 Ak - =01V@ 0<?;VBC4 V >AF8;OFV9, V ui³ - =01V@ 0B><0@=8E 7<VI5=L.  &CB AC<0

>1<565=0 :V;L:VABN >AF8;OB>@V2 (>:@V< 2V;L=8E <>4). &0: A0<>, ?@8A:>@5==O

0B><0 2 :>6=V9 :>;820;L=V9 <>4V <>6=0 >B@8<0B8 7 0B><0@=8E A8; O:

,
i

k i k

i i

F
A Y

m

a
a

a

=å&& . (2.32)

#@8 28:>@8AB0==V ?0:5BC Jazz, CA5@54=5==O ?> 0=A0<1;N 2AVE 0B><V2

2V41C20TBLAO 73V4=> :0=>=VG=>W DC=:FVW @>7?>4V;C exp(-U/T), 45

U – ?>B5=FV0;L=0 5=5@3VO A8AB5<8, 0 T – WW B5<?5@0BC@0. *5=B@ <0A8 A8AB5<8

70;8H0TBLAO =57<V==8<, B><C >:@V< :0=>=VG=>3> 0=A0<1;N 2AB0=>2;NTBLAO

4>40B:>25 >1<565==O. *5 >1<565==O 4>72>;OT A?@>AB8B8 CA5@54=5==O, B0: O:

VA=CNBL 2V;L=V <>48.

!0ABC?=8< 5B0?>< @>7@0EC=:V2 T 28?04:>20 35=5@0FVO  >=B5-�0@;> 2

?V4?@>AB>@V 0<?;VBC4 =>@<0;L=8E <>4, 157 2@0EC20==O 2V;L=8E <>4. #>BV<
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7<VI5==O, 7=0945=V 70 D>@<C;>N (2.31), 4>40NBLAO 4> ?>;>65=L @V2=>2038 V

?5@540NBLAO 2 LAMMPS, 45 ?@>E>48BL @>7@0EC=>: 5=5@3VW V A8; 7<V=5=>W

:>=DV3C@0FVW. �;O :>6=>W <>48 @>7@0E>2CNBLAO CA5@54=5=V 7=0G5==O:

2
1,

2,

2
3,

k k

k k k

k k

S A

S A A

S A

=

=

=

&&

&&

, (2.33)

72V4:8 >1G8A;NNBLAO <><5=B8 4;O :>6=>W :>;820;L=>W <>48:

2,
2,

1,

3,
4,

1,

3, 1,
4, 2

2,( )

k

k

k

k

k

k

k k

k

k

S

S

S

S

S S

S

m

m

g

=

=

=

(2.34)

"B@8<0B8 25;8G8=C S2 <>6=0 2 O2=><C 283;O4V 70 4>?><>3>N B5>@5<8

2V@V0;0 O: 25;8G8=C ?@>?>@FV9=C 4> T. #@>B5, 25;8G8=0 ´ 71V30TBLAO 7 G0A><

CA5@54=5==O H284H5, O:I> 28:>@8AB0B8 >4=0:>2C 35=5@0FVN 4;O 2AVE B@L>E

AC< 2 @V2=O==V (2.33), =0 2V4<V=C 2V4 28:>@8AB0==O >4=0:>2>W 25;8G8=8 4;O

>4=VTW AC<8, 0 CA5@54=5=V 7=0G5==O 4;O V=H8E 42>E. �>:@5<0, O:I> >1G8A;8B8

2AV B@8 25;8G8=8 S >4=0:>28< A?>A>1><, B> ´4 g 1 =02VBL ?@8 =87L:8E

B5<?5@0BC@0E 45 ´4 =01;860TBLAO 4> 1. &>4V :V=F520 D>@<C;0 4;O G0AC 68BBO

<>4 >B@8<CTBLAO 7V A?V22V4=>H5==O (2.29)

2, 4,

1.41

( 1)
k

k k

t
m g

=
-

(2.35)
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$"����  III.   �#��� %&$'�&'$!�) !�"�!"$��!"%&�� !�

&�#�"#$"���!�%&, Si-Ge !�!"!�&"� � $��!� �
�" �!'.+� �  �)�!�� � � ("!"!!"�" $"�%�.��!!/

3.1. &9C?B6<= FD4AECBDF 6 >D9@AVT6<I A4ABA<F>4I ; 4@BDHABN

B5B?BA>BN B><E?G SiO2

�024O:8 AC<VA=>ABV <5B>4V2 A8=B57C 7 VA=CNG>N :@5<=VT2>N B5E=>;>3VTN

7 >4=>3> 1>:C, B0 C=V:0;L=8< DV78G=8< 2;0AB82>ABO< – 7 V=H>3>, Si =0=>=8B:8

=5?5@5@2=> V=B53@CNBLAO 2 5;5<5=B8 ACG0A=>W 5;5:B@>=V:8, A5=A>@=>W B0

>?B>5;5:B@>==>W B5E=V:8. &0:V >4=>28<V@=V AB@C:BC@8 265 A;C3CNBL >A=>2>N

4;O =>2VB=VE ?>;L>28E B@0=78AB>@V2 [14], 70AB>A>2CNBLAO 4;O 24>A:>=0;5==O

A>=OG=8E 5;5<5=BV2 [108], C;LB@0GCB;828E 5;5:B@><5E0=VG=8E B0 1V>;>3VG=8E

A5=A>@V2 [109]. �@V< B>3>, :@5<=VT2V =0=>=8B:8 <0NBL ?>B5=FV0; 4;O

?>:@0I5==O DC=:FV>=0;L=8E ?0@0<5B@V2 A2iB;>28?@><i=NNG8E ?@8AB@>W2

[110], Li-Ion 0:C<C;OB>@V2 [111] B0 B5@<>5;5:B@8G=8E <>4C;V2 [112, 25].

"4=8< 7 206;828E ?0@0<5B@V2 4;O ?@0:B8G=>3> 28:>@8AB0==O =0=>=8B>:

Si T 25;8G8=0 :>5DVFVT=B0 B5?;>?@>2V4=>ABV, B><C :>=B@>;L B5?;>2>3>

B@0=A?>@BC <0T ?@8=F8?>25 7=0G5==O 4;O DC=:FV>=C20==O ?@8AB@>W2 =0 WE

>A=>2V. %5@54 1030BL>E A?>A>1V2 2?;82C =0 B5?;>B@0=A?>@B=V 2;0AB82>ABV

=0=>=8B>:, I> 1C;8 @>73;O=CBV 2 $>74V;V I, 284V;ONBLAO <5B>48, O:V

�@C=BCNBLAO =0 7<V=V 35><5B@8G=8E ?0@0<5B@V2 AB@C:BC@8, 7>:@5<0,

28:>@8AB0==O AB@C:BC@ B8?C «O4@>->1>;>=:0» [113]. �>2545=>, I> AB2>@5==O

=0 ?>25@E=V :@5<=VT2>W =0=>=8B:8 B>=:>W Ge >1>;>=:8 ?@82>48BL 4> 7=865==O

:>5DVFVT=B0 B5?;>?@>2V4=>ABV <0965 =0 75% [55]. #@8 70<V=V :@8AB0;VG=>W

>1>;>=:8 =0 0<>@D=C H;OE>< 0<>@Di70FiW ?@8?>25@E=52>3> Si H0@C 5D5:B

7<5=H5==O B5?;>?@>2V4=>ABV ?>A8;NTBLAO 4> 80% [114]. %B2>@5==O >1>;>=:8

=0 ?>25@E=V =0=>=8B:8 7C<>2;NT ?>O2C 4>40B:>2>3> <5E0=V7<C @>7AVN20==O

D>=>=V2 =0 <56V ?>4V;C O4@>->1>;>=:0. "4=0:, DV78G=V <5E0=V7<8 ?>4V1=>3>
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7<5=H5==O B5?;>?@>2V4=>ABV 2 =0=>=8B:0E, 7>:@5<0, 7 0<>@D=8<8 >1>;>=:0<8

282G5=V 40;5:> =5 ?>2=VABN.

� V=H>3> 1>:C, ?>O20 0<>@D=>W >1>;>=:8 2 =0=>=8B:0E :@5<=VN 2V4=>A=>

;53:> <>65 1CB8 @50;V7>20=0 2 ?@>F5AV WE A8=B57C G5@57 CB2>@5==O H0@C

?@8@>4=>3> >:8A;C SiO2 7 >4=>G0A=>N <>6;82VABN :>=B@>;L>20=>W 20@V0FVW

9>3> B>2I8=8. � 40=><C ?V4@>74V;V ?@54AB02;5=V @57C;LB0B8 4>A;V465=L

B5?;>28E 2;0AB82>AB59 :@5<=VT28E =0=>=8B>: 7 0<>@D=>N >1>;>=:>N SiO2.

�>:@5<0, 2?;82 B>2I8=8 >1>;>=:8 SiO2 =0 25;8G8=C :>5DVFVT=B0

B5?;>?@>2V4=>ABV =0=>=8B>: B0 9>3> B5<?5@0BC@=V 70;56=>ABV.

$>73;O40;8AO F8;V=4@8G=V =0=>=8B:8, I> <VAB8;8 :@8AB0;VG=5 :@5<=VT25

O4@> @04VCA>< Rcore, 7>2=V >B>G5=5 0<>@D=>N >1>;>=:>N 0<>@D=>3> SiO2

B>2I8=>N d (@8A. 3.1). !0 ?5@H><C 5B0?V ?>1C4>28 <>45;L>20=>W AB@C:BC@8

35=5@C20;0AL =0=>=8B:0 7 0<>@D=>3> 4V>:A84C :@5<=VN. �;O FL>3>

28:>@8AB>2C20;0AL AB@C:BC@0 :@8AB0;VG=>3> :20@FC a-SiO2 B@83>=0;L=>W

A8=3>=VW 7 ?0@0<5B@0<8 @5HVB:8 4 = 4,19 Å, b=5,40 Å.

$8A. 3.1. %E5<0 4>A;V46C20=>W =0=>=8B:8 Si/SiO2 B8?C «O4@>-

>1>;>=:0». �B><8 Si B0 O 7>1@065=> A2VB;8<8 i B5<=8<8 :@C65G:0<8,

2V4?>2V4=>.

#>G0B:>2> 74V9A=N20;0AO WW 0<>@Di70FiO H;OE>< 28B@8<:8 A8AB5<8 ?@8

B5<?5@0BC@i &=3000 K 7 ?>40;LH8< @V7:8< >E>;>465==O< (H284:VABL
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>E>;>465==O – 1011 �/A) 4> :V<=0B=>W B5<?5@0BC@8 & = 300 K 2 C<>20E

B5@<>AB0BC �0=6525=0. #VA;O >E>;>465==O 2A5@548=V 0<>@D=>W =0=>=8B:8

2840;O;8AL 2AV 0B><8 Si B0 O 4;O CB2>@5==O F8;V=4@8G=>W ?>@>6=8=8 @04VCA><

Rcore, ?VA;O G>3> ?>@>6=8=0 70?>2=N20;0AO 0B><0<8 Si, @>7<VI5=8<8 2 2C7;0E

:@8AB0;VG=>W @5HVB:8. �70T<>4VO <V6 0B><0<8 Si B0 " 2 =0=>=8B:0E

>?8AC20;0AL 70 4>?><>3>N 5<?V@8G=>3> ?>B5=FV0;C Tersoff. $>7@0EC=>:

B5?;>?@>2V4=>ABV 28:>=C202AO 70 0;3>@8B<><  N;;5@-#;0B0 2V4?>2V4=> 4>

<5B>48:8, >?8A0=>W 2 $>74V;V II.

!0 ?5@HV9 AB04VW 4>A;V465=L 1C;> @>7@0E>20=> B5<?5@0BC@=V 70;56=>ABV

:>5DVFVT=B0 B5?;>?@>2V4=>ABV k 4;O =0=>=8B>: Si 7 0<>@D=>N >1>;>=:>N SiO2.

!0 @8A. 3.2 ?@54AB02;5=> >B@8<0=> 70;56=>ABV k(&) 4;O B@L>E =0=>=8B>:

>4=0:>2>3> @04VCAC R=3,5 =<: 4) :@8AB0;VG=>W Si-=0=>=8B:8 157 0<>@D=>W

>1>;>=:8; 5) :@5<=VT2>W =0=>=8B:8 7 SiO2->1>;>=:>N B>2I8=>N d=0,5 =< B0

2) ?>2=VABN 0<>@D=>W SiO2-=0=>=8B:8 157 :@8AB0;VG=>3> Si O4@0. �84=>, I> 2

CAL><C 4>A;V46C20=><C V=B5@20;V B5<?5@0BC@ 300-800 K :@8AB0;VG=0 Si

=0=>=8B:0 E0@0:B5@87CTBLAO =091V;LH>N B5?;>?@>2V4=VABN, 0<>@D=0

=0=>=8B:0 SiO2 <0T <V=V<0;L=5 7=0G5==O k, B>4V O: 4;O =0=>=8B:8 B8?C «O4@>-

>1>;>=:0» ?@8B0<0==8<8 T ?@><V6=V 7=0G5==O :>5DVFVT=B0 B5?;>?@>2V4=>ABV.

�V 7@>AB0==O< B5<?5@0BC@8 A?>AB5@V30TBLAO <>=>B>==5 7<5=H5==O :>5DVFVT=B0

k 4;O =0=>=8B>: Si B0 Si/SiO2, 0 4;O 0<>@D=>W =0=>=8B:8 SiO2 9>3> 25;8G8=0

70;8H0TBLAO <0965 =57<V==>N 7 @>AB>< B5<?5@0BC@8 i AB0=>28BL

k=1,3 �B/(<·K), I> T =01;865=8< 4> B5?;>?@>2V4=>ABV >19T<=>3> 4V>:A84C

:@5<=VN SiO2 [115].

�?@>:A8<0FVO >B@8<0=8E 70;56=>AB59 k(T) DC=:FVTN k=A×Tb  ?>:07CT, I>

k > T-0.4 4;O Si =0=>=8B:8, k > T-0.2 4;O =0=>=8B:8 Si 7 0<>@D=>N >1>;>=:>N

SiO2 B0 k > T0 4;O 0<>@D=>W SiO2-=0=>=8B:8. �;O ?>OA=5==O B0:8E

>A>1;82>AB59 2@0ECT<>, I> D>=>==C B5?;>?@>2V4=VABL <>6=0 >FV=8B8 70

A?V22V4=>H5==O<:
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3
ph ph ph

c
k

× u × l
= , (3.1)

45 cph, lph, uph – D>=>==0 ?8B><0 B5?;>T<=VABL, H284:VABL V A5@54=O 4>268=0

2V;L=>3> ?@>1V3C D>=>=V2, 2V4?>2V4=>. #@8 4>AB0B=L> 28A>:8E B5<?5@0BC@0E,

I> <0T <VAF5 2 4>A;V465==OE @>1>B8, B5?;>T<=VABL cph B25@48E BV; B0 H284:VABL

D>=>=V2 <>6=0 22060B8 :>=AB0=B0<8. &><C 70;56=VABL k (T) 2 4>A;V46C20=><C

4V0?07>=V B5<?5@0BC@ 287=0G0B8<5BLAO B5<?5@0BC@=>N 70;56=VABN A5@54=L>W

4>268=8 2V;L=>3> ?@>1V3C D>=>=V2. � :@8AB0;VG=8E =0=>=8B:0E 4><V=CNG8<

<5E0=V7<><, I> >1<56CT D>=>==89 B@0=A?>@B ?@8 7@>AB0==V B5<?5@0BC@8, T

?@>F5A8 D>=>=-D>=>==>3> @>7AVN20==O, 0 A5@54=O 4>268=0 2V;L=>3> ?@>1V3C

lph D>=>=V2 ?@8 FL><C 1C45 >15@=5=> ?@>?>@FV9=>N 4> WE :>=F5=B@0FVW nph. �

V=H>3> 1>:C, >A:V;L:8 ?@8 28A>:8E B5<?5@0BC@0E :>=F5=B@0FVO 7<V=NTBLAO O:

nph>&, B> 4;O <>=>:@8AB0;VG=>3> Si 28:>=C20B8<5BLAO 70;56=VABL k>&21, I>

?V4B25@46CTBLAO 5:A?5@8<5=B0;L=> [116].

$8A. 3.2. &5<?5@0BC@=V 70;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV k 4;O

Si (:@820 1), Si/SiO2 (:@820 2) B0 SiO2 (:@820 3) =0=>=8B>:.
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�V 7<5=H5==O< E0@0:B5@=>3> @>7<V@C A8AB5<8 ?@8 ?5@5E>4V 2V4

=5A:V=G5==>3> <>=>:@8AB0;C 4> >4=>28<V@=>W =0=>=8B:8, ?>G=5 ?@>O2;OB8AO

4VO V=H>3> <5E0=V7<C >1<565==O D>=>==>3> @CEC – @>7AVN20==O =0 3@0=8FOE

AB@C:BC@8. /:I> E0@0:B5@=89 @>7<V@ AB@C:BC@8 L AB0T ?>@V2=O=8< V7

A5@54=L>N 4>268=>N 2V;L=>3> ?@>1V3C D>=>=V2, >B@8<0T<> ?@>?>@FV9=VABL

lph>L = const, B><C k > T0. #>4V1=0 A8BC0FVO @50;V7CTBLAO, 7>:@5<0, 2 0<>@D=i9

=0=>=8BFi, 45 B5?;>2V :>;820==O >1<56CNBLAO :V;L:><0 <V60B><=8<8

2V4AB0=O<8 2=0A;V4>: 28A>:>3> ABC?5=O =52?>@O4:>20=>ABV AB@C:BC@8.

� =02545=8E <V@:C20=L 28?;820T, I> >B@8<0=0 70;56=VABL k > T-0.4 4;O

:@5<=VT2>W =0=>=8B:8 T @57C;LB0B>< >4=>G0A=>W 4VW 42>E :>=:C@CNG8E

<5E0=V7<V2 @>7AVN20==O: 4) D>=>=-D>=>==>3> <5E0=V7<C V7 70;56=VABN k > T-1

B0 5) @>7AVN20==O =0 ?>25@E=V =0=>=8B:8, 4;O O:>3> 28:>=CTBLAO 70;56=VABL

k > T-0. #>2V;L=VH5 7<5=H5==O :>5DVFVT=B0 B5?;>?@>2V4=>ABV 7V 71V;LH5==O< T

2 =0=>=8BFi Si/SiO2 7 0<>@D=>N >1>;>=:>N <>6=0 ?>OA=8B8 B0:8<8

>1AB028=0<8. #>-?5@H5, =0=>=8B:0 Si/SiO2 E0@0:B5@87CTBLAO <5=H8<

@04VCA>< :@8AB0;VG=>3> O4@0 ?>@V2=O=> 7 =0=>=8B:>N Si, 0, 2V4?>2V4=>, <0T

<5=H89 >19T< B5?;>?@>2V4=>3> <0B5@V0;C i 1V;LHC ?8B><C ?>25@E=N, I>

A?@8G8=NT 28I89 B5<? D>=>==>3> @>7AVN20==O 7 >4=>G0A=8< 7<5=H5==O<

B5?;>?@>2V4=>ABV AB@C:BC@8. #>-4@C35, O: 2AB0=>2;5=> 2 @>1>BV [117], C

D>=>==><C A?5:B@V 35B5@>AB@C:BC@ Si/SiO2 <VABOBLAO =>2V =87L:>G0AB>B=V

A<C38 ;>:0;V7>20=8E :>;820=L 7 G0AB>B0<8 f < 4 &�F, O:V ?>29O70=V 7 0B><0<8

=0 <56V ?>4V;C Si/SiO2. �8?04:>289 @>7?>4V; 707=0G5=8E :>;820;L=8E AB0=V2

=0 35B5@><56i 4>A;V46C20=>W 2 @>1>BV =0=>=8B:8 A?@8G8=NT 4>40B:>25

@>7AVN20==O B5?;>28E :>;820=L 7 2V4?>2V4=8< 7<5=H5==O< WE :>5DVFVT=B0

B5?;>?@>2V4=>ABV.

� <5B>N 282G5==O 2?;82C B>2I8=8 d >:A84=>W >1>;>=:8 SiO2 =0 25;8G8=C

:>5DVFVT=B0 B5?;>?@>2V4=>ABV, 2 @>1>BV @>7@0E>2C20;8AO 70;56=>ABV k(d/Rcore)

=0=>=8B>: Si/SiO2 7 DV:A>20=8< @04VCA>< Rcore :@8AB0;VG=>3> Si O4@0. !0

@8A. 3.3 ?>:070=> >B@8<0=V @57C;LB0B8 4;O 42>E =0=>=8B>: V7 Rcore = 1,5 =< B0

Rcore = 3 =< ?@8 & = 300 K. �;O =0=>=8B:8 7 1V;LH8< @04VCA>< :@8AB0;VG=>3>
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O4@0 E0@0:B5@=8<8 T 28IV 7=0G5==O :>5DVFVT=B0 B5?;>?@>2V4=>ABV k C 2AL><C

V=B5@20;V 7=0G5=L d/Rcore.  *59 @57C;LB0B 7@>7C<V;89 7 >3;O4C =0 B5,  I>

=0=>=8B:0 7 <5=H8< @04VCA>< O4@0 2>;>4VT 1V;LH>N ?8B><>N ?>25@E=5N,

=0A;V4:>< G>3> T 28I89 B5<? D>=>==>3> @>7AVN20==O =0 35B5@><56i Si/SiO2. �

@>AB>< B>2I8=8 d 0<>@D=>W >1>;>=:8 SiO2 (2V4?>2V4=>, 9 7@>AB0==O

A?V22V4=>H5==O d/Rcore) A?>AB5@V30TBLAO <>=>B>==5 7<5=H5==O :>5DVFVT=B0

B5?;>?@>2V4=>ABV k 4>A;V46C20=8E =0=>=8B>:. �@>AB0==O A?V22V4=>H5==O

d/Rcore 2 <560E 0,1–0,7 7C<>2;NT 7=865==O B5?;>?@>2V4=>ABV 4;O >1>E

=0=>=8B>: <0965 2 1,5 @078.

$8A. 3.3. �0;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV =0=>=8B>: Si/SiO2 7

@04VCA0<8 :@8AB0;VG=>3> O4@0 Rcore = 1,5 =< (:@820 1) B0 Rcore = 3 =< (:@820 2)

2i4 A?V22V4=>H5==O d/Rcore, @>7@0E>20=V 4;O B5<?5@0BC@8 &=300 K.

#@8 ?>OA=5==i B0:>W ?>254V=:8 :>5DVFVT=B0 B5?;>?@>2V4=>ABV A;V4

2@0EC20B8, I> 2 Si/SiO2 =0=>=8B:0E ?@>F5A B5?;>?5@5=5A5==O @50;V7CTBLAO

42><0 =570;56=8<8 :0=0;0<8 – :@8AB0;VG=8< O4@>< B0 0<>@D=>N >1>;>=:>N.

$57C;LBCNG0 B5?;>?@>2V4=VABL AB@C:BC@8 287=0G0TBLAO >19T<=>N G0AB:>N
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:>6=>3> :0=0;C B0 25;8G8=>N 9>3> 2;0A=>W B5?;>?@>2V4=>ABV V <>65 1CB8

>?8A0=0 70 4>?><>3>N ?@>AB>3> A?V22V4=>H5==O [118]:

( )
( )
( )

2 2
2

2 2

shell core core
core core

core core

k R d Rk R
k

R d R d

é ù× + -× ë û= +
+ +

, (3.2)

45 ?5@H89 i 4@C389 4>40=:8 >?8ACNBL 2V4?>2V4=> B5?;>?@>2V4=VABL O4@0 B0

>1>;>=:8, 72065=C =0 WE=N >19T<=C G0AB:C 2 AB@C:BC@V. � =02545=>3> 28@07C

(3.2) 28?;820T, I> 7@>AB0==O B>2I8=8 d 0<>@D=>W >1>;>=:8 ?@8 ?>ABV9=><C

@04VCAV Rcore :@8AB0;VG=>3> O4@0, 71V;LHC20B8<5 >19T<=C G0AB:C <0B5@V0;C 7

=87L:>N B5?;>?@>2V4=VABN, I> 2 ?V4AC<:C 9 ?@82>48BL 4> 7<5=H5==O

AC<0@=>W B5?;>?@>2V4=>ABV =0=>=8B:8.

$8A. 3.4. �0;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV Si/SiO2 =0=>=8B>: 2V4

@04VCAC Rcore :@8AB0;VG=>3> Si O4@0 7 DV:A>20=>N B>2I8=>N 0<>@D=>W

>1>;>=:8 SiO2 d = 0,5 =< (:@820 1) B0 d = 1,0 =< (:@820 2), @>7@0E>20=V 4;O

B5<?5@0BC@8 &=300 K.
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&0:>6 0=0;V7 28@07C (3.2) 2 @0<:0E 42>:0=0;L=>W <>45;V B5?;>?5@5=5A5==O

2:07CT =0 B5, I> 4;O DV:A>20=>W B>2I8=8 d 0<>@D=>W SiO2->1>;>=:8,

@57C;LBCNG89 :>5DVFVT=B B5?;>?@>2V4=>ABV Si/SiO2 =0=>=8B:8 7@>AB0B8<5 7i

71V;LH5==O< @04VCAC :@8AB0;VG=>3> O4@0. *59 28A=>2>: ?V4B25@46CTBLAO

@57C;LB0B0<8 ?@>2545=8E @>7@0EC=:V2, I> ?>:070=V =0 @8A. 3.4 4;O 42>E

=0=>=8B>: 7 DV:A>20=8<8 B>2I8=0<8 SiO2->1>;>=:8: d = 0,5 =< B0 d = 1 =<.

�>5DVFVT=B B5?;>?@>2V4=>ABV 0<>@D=>W =0=>=8B:8 SiO2 (Rcore=0) ?@81;87=>

AB0=>28BL 1,3 �B/(<·K) i AB@V<:> 71V;LHCTBLAO ?@8 7@>AB0==V G0AB:8

:@8AB0;VG=>3> O4@0. �>:@5<0, ?@8 71V;LH5==V Rcore 4> 4 =<, 25;8G8=0 k @V7:>

7@>AB0T 4> <0965 5 �B/(<·K) i 4 �B/(<·K) 2 =0=>=8B:0E i7 d = 0,5 =< B0 d = 1 =<,

2V4?>2V4=>. "B@8<0=V @57C;LB0B8 45<>=AB@CNBL <>6;82>ABV :>=B@>;L>20=>W

7<V=8 :>5DVFVT=B0 B5?;>?@>2V4=>ABV =0=>=8B>: =0 >A=>2V :@5<=VN H;OE><

20@V0FVW B>2I8=8 >:A84=>W >1>;>=:8, I> <>65 ;53:> @50;V7C20B8AO ?V4 G0A

B5E=>;>3VG=>3> ?@>F5AC 28@>IC20==O 707=0G5=8E AB@C:BC@.

3.2.  B?L CDBJ9EV6 >?4EF9D<;4JVW A4 F9C?B6<= FD4AECBDF 6

A4ABA<F>4I A4 BEAB6V F69D8B7B DB;K<AG Si1-xGex

!0=>=8B:8 =0 >A=>2V B25@4>3> @>7G8=C Si1-xGex, 45 x – 0B><=0 G0AB:0

35@<0=VN (x=0 2 1), T 206;828< AB@C:BC@=8< 5;5<5=B>< 4;O =0=><0AHB01=>W

5;5:B@>=V:8 B0 D>B>==8E A8AB5<. �>:@5<0, B0:V AB@C:BC@8 <0NBL ?5@A?5:B828

28:>@8AB0==O ?@8 @>7@>1FV D>B>45B5:B>@V2 [119], ?@8AB@>W2 4;O 715@V30==O

5=5@3VW [120], 28A>:>5D5:B82=8E A>=OG=8E 10B0@59 [121]. "A>1;82C FV==VABL

=0=>=8B:8 Si1-xGex <0NBL 4;O B5@<>5;5:B@8G=8E 70AB>AC20=L [122], 0465

?>@V2=O=> 7 =0=>=8B:0<8 G8AB>3> Si, 2 5:A?5@8<5=B0E [123,124] V A8<C;OFVOE

[48] 28O2;5=> @048:0;L=5 7=865==O WE B5?;>?@>2V4=>ABV, I> T ?5@54C<>2>N

7@>AB0==O B5@<>5;5:B@8G=>W 4>1@>B=>ABV. Wang B0 V=. [125] ?@>45<>=AB@C20;8

70;56=VABL B5?;>?@>2V4=>ABV =0=>=8B>: Si1-xGex 2V4 4V0<5B@C, :>=F5=B@0FVW
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:><?>=5=B B0 B5<?5@0BC@8. � @>1>BV [126] ?>2V4><;O;>AO, I> 2?;82 35><5B@VW

?>?5@5G=>3> ?5@5@V7C =0 B5?;>?@>2V4=VABL =0=>=8B>: Si1-xGex T A;01H8<, =V6

C G8AB8E =0=>=8B>: Si. �0AB>A>2CNG8 ?V4EV4 7 @V2=O==O �>;LF<0=0, Li B0 Mingo

[49] 28O28;8 ACBBT2C 70;56=VABL B5?;>?@>2V4=>ABV 2V4 :@8AB0;>3@0DVG=>3>

=0?@O<:C C =0=>=8B:0E Si1-xGex.

)>G0 A8AB5<0 Si–Ge 2 B5@<>48=0<VG=V9 @V2=>207V CB2>@NT =5?5@5@2=C

A5@VN B25@48E @>7G8=V2 70<VI5==O Si1-xGex, =0 AL>3>4=V VA=CNBL <>6;82>ABV

28@>IC20==O =0=>=8B>: SiGe C 283;O4V :><?;5:A=8E AB@C:BC@, I> <0NBL

=5>4=>@V4=89 @>7?>4V; A:;04C. �C;> 70?@>?>=>20=> @O4 <5B>4V2 4;O A8=B57C

F8E =0=>=8B>:, 2:;NG0NG8 EV<VG=5 >A0465==O 7 307>2>W D078 [127], <5B0;-

:0B0;V7>20=89 <5B>4 7@>AB0==O [128], :><1V=>20=C ;075@=C 01;OFVN 7 B5?;>28<

28?0@>2C20==O< [129]. ' 28?04:C =0=>=8B>: B25@4>3> @>7G8=C Si1-xGex, 1C;>

?@>45<>=AB@>20=>, I> =5>4=>@V4=89 @>7?>4V; A:;04C <>65 1CB8 >B@8<0=89

?V4 G0A B5@<VG=>3> >:8A;5==O [130]. ' FL><C ?@>F5AV 0B><8 Ge 48DC=4CNBL V

03;><5@CNBLAO C 283;O4V G0AB8=>: =0=><5B@>2>3> @>7<V@C. %5@54 2AVE

DV78G=8E 2;0AB82>AB59, B5?;>?@>2V4=VABL B0:8E =0=>=8B>: 7 =5>4=>@V4=8<

@>7?>4V;>< A:;04C T :@8B8G=>N 4;O WE=L>3> 70AB>AC20==O 2 5;5:B@>=VFV B0

B5@<>5;5:B@8G=8E ?@8AB@>OE. !572060NG8 =0 B5, I> >AB0==V< G0A>< 1C;>

>?C1;V:>20=> :V;L:0 @57C;LB0BV2 4>A;V465=L B5?;>28E 2;0AB82>AB59 AB@C:BC@

A8AB5<8 Si1-xGex [131–133], 2:;NG0NG8 =0=>=8B:8 [134,135], DV78G=V

<5E0=V7<8 2?;82C =5>4=>@V4=>AB59 A:;04C =0 B5?;>?5@5=5A5==O C B0:8E

=0=>=8B:0E 70;8H0NBLAO =5287=0G5=8<8. ' FV9 G0AB8=V @>1>BV ?@575=B>20=>

@57C;LB0B8 4>A;V465==O B5?;>?@>2V4=>ABV =0=>=8B>: Si1-xGex 7 =5>4=>@V4=8<

@>7?>4V;>< A:;04C. "A>1;82C C203C ?@84V;5=> 282G5==N 2?;82C :;0AB5@870FVW

Ge =0 B5?;>?@>2V4=VABL AB@C:BC@.

�;O >FV=:8 B5?;>28E 2;0AB82>AB59 =0=>=8B>: Si1-xGex 7 :;0AB5@0<8 Ge

@>73;O40;8AO <>45;L=V AB@C:BC@8, ?>:070=V =0 @8A. 3.5. !0 ?>G0B:C

AB2>@N20;0AO F8;V=4@8G=0 =0=>=8B:0 Si 7 @04VCA>< R=2,7 =< B0 4>268=>N

L=49 =<. �0;V 0B><8 Si 1C;8 28?04:>28< G8=>< 70<V=5=V 0B><0<8 Ge C @V2=8E

A?V22V4=>H5==OE 4;O 35=5@0FVW =0=>=8B:8 A:;04C Si0,5Ge0,5. !0@5HBV,
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=0=>=8B:8 Si0,5Ge0,5 7 =5>4=>@V4=8< @>7?>4V;>< A:;04C 1C;8 AB2>@5=V H;OE><

?5@53@C?C20==O 0B><V2 Ge C =0=>:;0AB5@8 70 4>?><>3>N A?5FV0;L=>3>

?@>3@0<=>3> :>4C. &0:V =0=>=8B:8 <0NBL 2 @>1>BV ?>7=0G5==O Si+Gen, 45 n - F5

:V;L:VABL 0B><V2 Ge C =0=>:;0AB5@0E. �;O 2AVE AB@C:BC@ SiGe A?V22V4=>H5==O

0B><V2 Si V Ge 715@V30;>AO AB0;8<. �82G0;8AO =0=>=8B:8 7 :V;L:VABN n 0B><V2

Ge C =0=>:;0AB5@0E 2V4 10 4> 500, O: ?>:070=> =0 @8A. 3.5.  V60B><=0 270T<>4VO

2 A8AB5<V Si-Ge >?8AC20;0AO 70 4>?><>3>N ?>B5=FV0;C Tersoff, 0 @>7@0EC=:8

B5?;>?@>2V4=>ABV 28:>=C20;8AO <5B>4>< =5@V2=>206=>W <>;5:C;O@=>W

48=0<V:8, I> >?8A0=89 2 @>74V;V II.

$8A. 3.5. �B><=V :>=DV3C@0FVW 4>A;V46C20=8E =0=>=8B>: SiGe:

=0=>=8B:0 7 B25@4>3> @>7G8=C Si0,5Ge0,5 (0); =0=>=8B:0 Si+Gen 7 :V;L:VABN

0B><V2 Ge 2 =0=>:;0AB5@0E n, 45 n=50 (b) V n=500 (c).

&>G=VABL ?>B5=FV0;C Tersoff 4;O ?@>3=>7C20==O B5?;>28E 2;0AB82>AB59

=0=>=8B>: =0 >A=>2V B25@4>3> @>7G8=C Si0,5Ge0,5 ?5@52V@O;0AO H;OE><

?>@V2=O==O @>7@0E>20=>W B5?;>?@>2V4=>ABV =0=>=8B>: Si0,5Ge0,5 ?@8 :V<=0B=V9
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B5<?5@0BC@V 7 5:A?5@8<5=B0;L=8<8 40=8<8. !0 >A=>2V @57C;LB0BV2

=5@V2=>206=>W <>;5:C;O@=>W 48=0<V:8 1C;> 2AB0=>2;5=>, I> B5?;>?@>2V4=VABL

=0=>=8B:8 Si0,5Ge0,5 ?@8 T=300 � AB0=>28BL 2,2 �B/<;� V 4>1@5 C73>46CTBLAO 7

5:A?5@8<5=B0;L=8<8 7=0G5==O<8 2 – 4 �B/<;�, >B@8<0=8<8 @V7=8<8

<5B>40<8 [29, 48, 122].

�0;V 2 @>1>BV >FV=N20;0AO B5?;>?@>2V4=VABL k =0=>=8B>: Si+Gen 7

=0=>:;0AB5@0<8 Ge ?@8 @V7=8E B5<?5@0BC@0E. !0 @8A. 3.6 ?>:070=0

B5<?5@0BC@=0 70;56=VABL B5?;>?@>2V4=>ABV <>45;L>20=8E =0=>=8B>: 7 @V7=>N

:V;L:VABN n 0B><V2 Ge C =0=>:;0AB5@0E. �;O ?>@V2=O==O ?>:070=V B0:>6

70;56=>ABV k(T) G8AB8E Si, Ge B0 Si0,5Ge0,5 =0=>=8B>:.

$8A. 3.6. &5<?5@0BC@=V 70;56=>ABV B5?;>?@>2V4=>ABV =0=>=8B>: Si+Gen 7

:V;L:VABN 0B><V2 Ge 2 =0=>:;0AB5@0E n = 10, n = 100 V n = 500 C ?>@V2=O==V 7

=0=>=8B:0<8 7 B25@4>3> @>7G8=C Si0,5Ge0,5 V <>=>:@8AB0;VG=8<8 =0=>=8B:0<8

Si B0 Ge.
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�84=>, I> B5?;>?@>2V4=VABL Si B0 Ge =0=>=8B>: <>=>B>==> 7<5=HCTBLAO

7 B5<?5@0BC@>N. �>:@5<0, ?@8 7<V=V B5<?5@0BC@8 2V4 300 � 4> 1000 �,

B5?;>?@>2V4=VABL Si =0=>=8B>: 7<5=HCTBLAO ?@81;87=> =0 45%, 2V4

22,4 �B/<;� 4> 12,3 �B/<;�. #>4V1=5 7<5=H5==O B5?;>?@>2V4=>ABV

A?>AB5@V30;>AO V 2 ?>?5@54=VE 4>A;V465==OE 4;O Si =0=>=8B>: [50]. � V=H>3>

1>:C, B5?;>?@>2V4=VABL =0=>=8B>: Si0,5Ge0,5 T 7=0G=> <5=H>N V 70;8H0TBLAO

AB0;>N =0 @V2=V ?@81;87=> 2,2 �B/<;� C 2AL><C 4V0?07>=V B5<?5@0BC@,

0=0;>3VG=> 4> 9>3> >19T<=>3> 0=0;>3C [131]. �?@>:A8<0FVO 70;56=>ABV k(T)

AB5?5=52>N DC=:FVTN k =AT-b 40T b j 0,5 (0,4) 4;O Si (Ge) =0=>=8B>: B0 bj0 4;O

=0=>=8B>: Si0,5Ge0,5. *V @57C;LB0B8 2V4>1@060NBL @V7=V E0@0:B5@8 4><V=CNG8E

<5E0=V7<V2 @>7AVN20==O. ' :>=B5:ABV G8AB8E Si B0 Ge =0=>=8B>:, 3>;>2=>N

?@8G8=>N 7<5=H5==O B5?;>?@>2V4=>ABV T A?V2VA=C20==O 2=5A:V2 D>=>=3D>=>=

B0 ?>25@E=52>3> @>7AVN20==O, O: >?8A0=> @0=VH5 [50]. ' 28?04:C =0=>=8B>:

Si0,5Ge0,5, 22060TBLAO, I> =570;56=VABL B5?;>?@>2V4=>ABV 2V4 B5<?5@0BC@8

?>E>48BL 2V4 ;>:0;V7>20=8E (B0:8E, I> =5 @>7?>2AN46CNBLAO 2 AB@C:BC@V =0

25;8:V 2V4AB0=V) :>;820;L=8E <>4 G5@57 ;>:0;V70FVN 1V;LH>ABV

28A>:>G0AB>B=8E D>=>=V2 =02:>;> =5>4=>@V4=>AB59, ?>29O70=8E 7 =0O2=VABN

0B><V2 V=H>3> A>@BC [48]. !0@5HBV, B5?;>?@>2V4=VABL Si+Gen =0=>=8B>:

?>2V;L=> 7<5=HCTBLAO 7 B5<?5@0BC@>N 4;O =525;8:>W :V;L:>ABV n 0B><V2 Ge 2

=0=>:;0AB5@0E, B>4V O: FO 70;56=VABL AB0T H284H>N ?@8 7@>AB0==V n. �>:@5<0,

0?@>:A8<0FVO 70;56=>ABV k(T) AB5?5=52>N DC=:FVTN k =AT-b 40T bj0,05, bj0,06,

B0 bj0,09 4;O Si+Gen =0=>=8B>: 7 n 0B><V2 Ge C =0=>:;0AB5@0E, 45 n=10, n=100

B0 n=500, 2V4?>2V4=>. *V @57C;LB0B8 45<>=AB@CNBL, I> B5?;>?@>2V4=VABL SiGe

=0=>=8B>: <>65 1CB8 GCB;82>N 4> ;>:0;L=>W :;0AB5@870FVW 0B><V2 Ge, V I>

:;0AB5@870FVO Ge ?@872>48BL 4> 7<V=8 4><V=CNG>3> <5E0=V7<C @>7AVN20==O

D>=>=V2.

�@V< B>3>, :;0AB5@870FVO =5 ;8H5 O:VA=> 7<V=NT 70;56=VABL k(T),  0;5 V

71V;LHCT 01A>;NB=V 7=0G5==O B5?;>?@>2V4=>ABV =0=>=8B:8 Si+Gen ?@8 7040=V9

B5<?5@0BC@V (@8A. 3.7). !0?@8:;04, B5?;>?@>2V4=VABL ?@8 &=300 �
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71V;LHCTBLAO 7 ?@81;87=> 2,2 �B/(<;�) 4;O Si0,5Ge0,5 =0=>=8B:8 4> ?@81;87=>

4,1 �B/(<;�) 4;O =0=>=8B:8 Si+Ge500.

�V4?>2V4=> 4> ?@>2545=>3> 28I5 0=0;V7C, 71V;LH5==O @>7<V@C

=0=>:;0AB5@C Ge 2 AB@C:BC@0E Si+Gen <0T 42>O:V =0A;V4:8 4;O @>7AVN20==O

D>=>=V2. � >4=>3> 1>:C, :;0AB5@8 Ge ?@872>4OBL 4> ?>O28 4>40B:>2>3>

<5E0=V7<C @>7AVN20==O D>=>=V2 =0 <56V =0=>=8B:0/=0=>:;0AB5@, @57C;LB0B><

G>3> T 7<5=H5==O B5?;>?@>2V4=>ABV. � V=H>3> 1>:C, :;0AB5@870FVO Ge 7<5=HCT

:V;L:VABL B>G:>28E F5=B@V2 @>7AVN20==O, AB2>@NNG8 <5E0=V7< 71V;LH5==O

B5?;>?@>2V4=>ABV ?>@V2=O=> 7 28?04:>< @V2=><V@=>3> @>7?>4V;C 0B><V2 Ge 2

<0B@8FV Si. $57C;LB0B8, ?@54AB02;5=V =0 @8A. 3.7, 70A2V4GCNBL, I> >AB0==V9

5D5:B T ?5@52060NG8<.

$8A. 3.7. �0;56=>ABV B5?;>?@>2V4=>ABV =0=>=8B>: Si+Gen 2V4 :V;L:>ABV 0B><V2

Ge 2 =0=>:;0AB5@0E 4;O B@L>E 7=0G5=L B5<?5@0BC@8: &=300�, &=600� B0

&=900�.
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�;O ?>40;LH>3> 0=0;V7C 5D5:BC :;0AB5@870FVW 1C;> @>7@0E>20=> 3CAB8=C

g(Ë) :>;820;L=8E AB0=V2 =0=>=8B>:. /: <>6=0 ?>10G8B8 7 @8A. 3.8, 7030;L=0

D>@<0 :@82>W g(Ë) 4;O G8AB8E Si B0 Ge =0=>=8B>: C73>46CTBLAO 7 ?>?5@54=V<8

B5>@5B8G=8<8 4>A;V465==O<8 B0 AB0T AE>6>N =0 3CAB8=C :>;820;L=8E AB0=V2

>19T<=>3> <0B5@V0;C [136,137]. ' 28?04:C Si (Ge) =0=>=8B>:, :>;820;L=V <>48

<V6 5 &�F B0 10,5 &�F (3,5 &�F B0 6,5 &�F) <>6=0 2V4=5AB8 4> ?>?5@5G=8E B0

?>274>26=VE 0:CAB8G=8E <>4, B>4V O: >?B8G=V <>48 7=0E>4OBLAO ?@81;87=> 2V4

12 &�F (7 &�F) 4> 15 &�F (9 &�F). �;O =0=>=8B:8 Si0,5Ge0,5, 3CAB8=0 g(Ë)

<VAB8BL B@8 <0:A8<C<8: A<C38 >?B8G=8E D>=>=V2 >19T<=>3> Ge ?>1;87C 9 &�F,

>?B8G=8E D>=>=V2 >19T<=>3> Si ?>1;87C 15 &�F, B0 ?@><V6=89 <0:A8<C< 7

G0AB>B>N ?@81;87=> 12,5 &�F, ?>29O70=89 7 :>;820==O<8 729O7:V2 Si–Ge. �@V<

B>3>, <>6=0 10G8B8 H8@>:C A<C3C ?>?5@5G=8E 0:CAB8G=8E :>;820=L 7

G0AB>B0<8 2–6 &�F.

$8A. 3.8. #>@V2=O==O 3CAB8=8 g(Ë) :>;820;L=8E AB0=V2 4;O =0=>=8B>: Si, Ge,

Si0,5Ge0,5 B0  Si+Ge500. !0 2AB02FV ?>:070=> 70;56=VABL g(Ë)  2 >1;0ABV =87L:8E

G0AB>B C =0=>=8B:0E Si0,5Ge0,5 B0  Si+Ge500.
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�3V4=> 7 @8A. 3.8, :;0AB5@870FVO Ge ?@872>48BL 4> 7=0G=>3> ?@83=VG5==O

A<C38 :>;820=L Si–Ge V 3CAB8=0 :>;820;L=8E AB0=V2 =0=>=8B>: Si+Gen <VAB8BL

;8H5 A<C38 >?B8G=8E :>;820=L, I> 2V4?>2V40NBL 729O7:0< Si–Si B0 Ge–Ge.

�@V< B>3>, @8A. 3.8 ?>:07CT 28IC V=B5=A82=VABL 0:CAB8G=>W A<C38 28I5 5,0 &�F

?>@V2=O=> 7 =0=>=8B:0<8 Si0,5Ge0,5 (2AB02:0 =0 @8A. 3.8). "A:V;L:8

=87L:>G0AB>B=V 0:CAB8G=V :>;820==O ?5@5=>AOBL B5?;> 1V;LH 5D5:B82=>, F59

5D5:B <>65 A;C3C20B8 ?@8G8=>N 71V;LH5==O B5?;>?@>2V4=>ABV AB@C:BC@8

?VA;O :;0AB5@870FVW Ge.

�>40B:>2> 1C;> ?@>2545=> 0=0;V7 2;0A=8E :>;820;L=8E <>4 @V7=8E SiGe

=0=>=8B>: 4> B0 ?VA;O :;0AB5@870FVW 7 28:>@8AB0==O< ?0:5BC kALDo.

�>:0;V70FVO :>;820=L >FV=N20;0AL 4>?><>3>N :>5DVFVT=B0 CG0ABV D>=>=V2 P»

(482. $>74V; II). �=0G5==O P» 4;O :>6=>W :>;820;L=>W <>48 2 G8AB8E Si

=0=>=8B:0E B0 =0=>=8B:0E Si0,5Ge0,5 ?>@V2=NNBLAO =0 @8A. 3.9.

$8A. 3.9. �>5DVFVT=B CG0ABV D>=>=V2 4;O =0=>=8B>: Si B0 Si0,5Ge0,5.

#><VB=>, I> 4;O =0=>=8B>: Si 7=0G5==O P» 4;O 1V;LH>ABV :>;820;L=8E <>4

;568BL 2 <560E 2V4 j0,4  4> j0,7,  2:07CNG8 =0 45;>:0;V70FVN B0:8E <>4.  *V
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@57C;LB0B8 C73>46CNBLAO 7 @>7@0EC=:0<8 V=H8E 02B>@V2 [138]. "4=0:, <8

<>65<> A?>AB5@V30B8 2V4<V==V @8A8 ?@83=VG5==O B5?;>?5@5=>A5==O 2

=0=>=8B:0E Si0,5Ge0,5, ?>@V2=O=> 7 Si 0=0;>30<8, A?@8G8=5=V ;>:0;V70FVTN

:>;820;L=8E <>4 ?@8 @>7AVN20==V =0 0B><0E V=H>3> A>@BC. � @8A. 3.9 28?;820T,

I> 4;O =0=>=8B>: Si0,5Ge0,5 <>48 >?B8G=8E :>;820=L Ge–Ge, Si–Ge B0 Si–Si 2V4

10 &�F 4> 15 &�F <0NBL B5=45=FVN 4> ;>:0;V70FVW. &0:>6 28O2;5=>, I>

7=0G5==O P» 4;O 0:CAB8G=8E :>;820=L ?>1;87C 3–7 &�F 2 Si0,5Ge0,5 =0=>=8B:0E

ACBBT2> 7<5=HCTBLAO ?>@V2=O=> 7 Si AB@C:BC@0<8. � >19T<=8E :@8AB0;0E

2=5A>: >?B8G=8E D>=>=V2 C B5?;>?@>2V4=VABL T 4C65 <0;8<, B><C 2>=8

70728G09 V3=>@CNBLAO. "4=0: 2AB0=>2;5=>, I> 4;O =0=>AB@C:BC@ >?B8G=V

D>=>=8 <>6CBL 4020B8 ?>=04 20% B5?;>?@>2V4=>ABV ?@8 :V<=0B=V9

B5<?5@0BC@V [139]. &0:8< G8=><, CB2>@5==O B25@4>3> @>7G8=C 2 SiGe

=0=>=8B:0E ?@872>48BL 4> ?><VB=>3> ;>:0;V70FV9=>3> 5D5:BC 4;O 0:CAB8G=8E

B0 >?B8G=8E D>=>=V2, I> 9 7C<>2;NT 7<5=H5==O WE B5?;>?@>2V4=>ABV.

� =0=>=8B:0E Si0,5Ge0,5 7 28?04:>28< @>7?>4V;>< 0B><V2 Ge 1V;LHVABL

7=0G5=L P» =5 ?5@528ICNBL 0,5, I> A2V4G8BL ?@> ;>:0;V70FVN F8E :>;820;L=8E

<>4. #VA;O :;0AB5@870FVW Ge 2 =0=>=8B:0E Si+Gen A?>AB5@V30TBLAO 71V;LH5==O

:>5DVFVT=BC CG0ABV O: 4;O 0:CAB8G=8E, B0: V 4;O >?B8G=8E :>;820=L (@8A. 3.10).

�V;LH5 B>3>, 7=0G5==O P» 4;O 0:CAB8G=8E :>;820=L C =0=>=8B:0E Si+Gen 7

:;0AB5@0<8 Ge ?5@528ICNBL 0,5, 2:07CNG8 =0 45;>:0;V70FVN <>4. &0:>6

A?>AB5@V30TBLAO 9 71V;LH5==O :>5DVFVT=BV2 CG0ABV ?@8 7<V=V :V;L:>ABV 0B><V2 Ge

C =0=>:;0AB5@0E 2V4 n = 50 4> n = 500. &>1B>, @57C;LB0B>< 7@>AB0==O @>7<V@V2

35@<0=VT28E :;0AB5@V2 2 =0=>=8B:0E T 28I89 ABC?V=L 45;>:0;V70FVW D>=>=V2.

!0 @8A. 3.11 ?>:070=> A5@54=T 7=0G5==O :>5DVFVT=BV2 CG0ABV 2AVE

:>;820;L=8E <>4 2 70;56=>ABV 2V4 :V;L:>ABV 0B><V2 Ge C =0=>:;0AB5@0E. �V

71V;LH5==O< :;0AB5@870FVW Ge, A5@54=V9 :>5DVFVT=B CG0ABV <>=>B>==> 7@>AB0T,

I> A2V4G8BL ?@> 45;>:0;V70FVN <>4 G5@57 7<5=H5==O 28?04:>2>3> @>7AVN20==O

=0 B>G:>28E 465@5;0E (0B><0E V=H>3> A>@BC) V 2V4?>2V40T 1V;LHV9

B5?;>?@>2V4=>ABV.
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$8A. 3.10. �>5DVFVT=B CG0ABV D>=>=V2 4;O =0=>=8B>: Si0,5Ge0,5 B0 =0=>=8B>: 7

Ge :;0AB5@0<8 @V7=>3> @>7<V@C.

$8A. 3.11. %5@54=V9 :>5DVFVT=B CG0ABV D>=>=V2 4;O Si+Gen =0=>=8B>: O:

DC=:FVO :V;L:>ABV 0B><V2 Ge 2 =0=>:;0AB5@0E.
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"B65, =02545=V 2 40=><C @>74V;V @57C;LB0B8 ?>:07CNBL, I> 71V;LH5==O

:;0AB5@870FVW Ge ?@872>48BL 4> 1V;LH 28@065=>W 45;>:0;V70FVW D>=>=V2 C

=0=>=8B:0E Si+Gen, =0A;V4:>< G>3> T 7@>AB0==O B5?;>?@>2V4=>ABV AB@C:BC@8.

�83;O4 70;56=>ABV A5@54=L>3> :>5DVFVT=BC CG0ABV 2V4 :V;L:>ABV 0B><V2 Ge C

=0=>:;0AB5@0E 7030;>< 2V4?>2V40T 7<V=0< C B5?;>?@>2V4=>ABV =0=>=8B>:,

?>:070=8< =0 @8A 3.7. &0:8< G8=><, B5?;>?@>2V4=VABL =0=>=8B>: SiGe <>6=0

@53C;N20B8, 7<V=NNG8 ABC?V=L WE :;0AB5@870FVW.

3.3. &9C?BCDB6V8AVEFL CBDB:A<EF<I A4ABA<FB> A4 BEAB6V >D9@AVN F4

79D@4AVN

"4=8< 7 =5I>402=> 287=0=8E A?>A>1V2 =0;0HBC20==O DV78G=8E

2;0AB82>AB59 =0=>=8B>:, 2:;NG0NG8 B5?;>?@>2V4=VABL, T ?>@>6=8AB0

<>@D>;>3VO [140]. �>:@5<0 ?>:070=>, I> 22545==O F8;V=4@8G=>W ?>@>6=8=8 7

@V7=8<8 4V0<5B@0<8 ?@872>48BL 4> 1V;LH>3> 2V4=>H5==O ?>25@E=V 4> >19T<C

B0, O: =0A;V4>:, A8;L=>3> @>7AVN20==O D>=>=V2 =0 ?>25@E=V =0=>=8B:8 [141].

#>@>6=8ABV =0=>=8B:8 @>73;O40NBLAO O: ?5@A?5:B82=V AB@C:BC@8 4;O

AB2>@5==O =0=>:>=45=A0B>@V2 [142], <>;5:C;O@=8E <>B>@V2 [143], EV<VG=8E

A5=A>@V2 [144] B0 715@V30==O 2>4=N [145].

#>@>6=8ABV Si =0=>=8B:8 7=0G=> <5=H5 4>A;V465=V, =V6 <>=>:@8AB0;VG=V

0=0;>38 G5@57 1V;LH A:;04=89 ?@>F5A 283>B>2;5==O.  >6;82VABL VA=C20==O

?>@>6=8AB8E =0=>=8B>: :@5<=VN 1C;0 70?@>?>=>20=0 O: B5>@5B8G=> [146], B0:

V 5:A?5@8<5=B0;L=> [147]. %8=B57 B0:8E AB@C:BC@ 2A5 I5 T B5E=>;>3VG=>

A:;04=8<, 0;5 >AB0==V ?>2V4><;5==O ?@> 283>B>2;5==O ?>@>6=8AB8E

=0=>=8B>: :@5<=VN 70 45:V;L:><0 <5B>40<8 ?>:07CNBL, I> >4=>28<V@=V

=0=>AB@C:BC@8 7 ?>@>6=8AB>N <>@D>;>3VTN T 4>AO6=8<8 [147–150].

�2060NG8 =0 B5, I> ?>@>6=8ABV =0=>=8B:8 2V4:@820NBL <>6;82>ABV 4;O

71V;LH5==O ?8B><>W ?>25@E=V, :>B@0 <>65 A;C3C20B8 465@5;>< 4>40B:>2>3>

@>7AVN20==O D>=>=V2, B0:V AB@C:BC@8 ?>B@51CNBL 4>A;V465==O WE
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B5?;>B@0=A?>@B=8E E0@0:B5@8AB8: 7 >3;O4C =0 <>6;82V 70AB>AC20==O

B5@<>5;5:B@8G=8E 5;5<5=B0E G8 A8AB5<0E B5?;>2>3> <5=546<5=BC. !0

AL>3>4=V B5>@5B8G=5 @>7C<V==O B0 5:A?5@8<5=B0;L=0 1070 @57C;LB0BV2 I>4>

B>3>, O: F8;V=4@8G=0 ?>@>6=8=0 2?;820T =0 AB01V;L=VABL V B5?;>2V 2;0AB82>ABV

?>@>6=8AB8E =0=>=8B>: T =54>AB0B=V<8. &><C 4;O G0AB:>2>3> 70?>2=5==O

VA=CNG>3> ?@>1V;C, 2 40=><C @>74V;V ?@54AB02;5=> @57C;LB0B8 4>A;V465=L

B5?;>2>3> B@0=A?>@BC 2 ?>@>6=8AB8E Si =0=>=8B:0E.

 >45;N20;8AO ?>@>6=8ABV =0=>=8B:8 :@C3;>3> ?>?5@5G=>3> ?5@5@V7C,

0B><=C :>=DV3C@0FVN O:8E ?>:070=> =0 @8A. 3.12. $04VCA R =0=>=8B>: AB0=>282

R=5a (a – ?0@0<5B@ @5HVB:8 :@5<=VN), 4>268=0 L=904, 0 @04VCA ?>@>6=8=8 RC

20@VN202AO 2 <560E 2V4 RC=0 (ACFV;L=0 =0=>=8B:0) 4> RC=44. � >AB0==L><C

28?04:C AB@C:BC@0 O2;O;0 A>1>N ?> ACBV =0=>B@C1:C 7 B>2I8=>N ABV=:8 2 >48=

?5@V>4 @5HVB:8. "19T<=0 G0AB:0 h ?>@>6=8=8 7V 7<V=>N RC 287=0G0;0AO O::

2

2
C C

NW

V R

V R
h = = , (3.3)

45 VC, VNW – >19T<8 ?>@>6=8=8 B0 =0=>=8B:8, 2V4?>2V4=>.

$8A. 3.12. �B><=0 :>=DV3C@0FVO 4>A;V46C20=8E ?>@>6=8AB8E =0=>=8B>:.
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� @>1>BV @>73;O40;8AO 420 B8?8 ?>@>6=8AB8E =0=>=8B>:: 0) :@5<=VT2V; 1)

AB@C:BC@8 =0 >A=>2V B25@4>3> @>7G8=C Si0.5Ge0.5. $>7@0EC=:8 B5?;>28E

2;0AB82>AB59 ?>@>6=8AB8E =0=>=8B>: 28:>=C20;8AO <5B>4>< =5@V2=>206=>W

<>;5:C;O@=>W 48=0<V:8 2 ?@>3@0<=><C ?0:5BV LAMMPS; 0=0;V7 >:@5<8E

E0@0:B5@8AB8: 74V9A=N202AO V7 70;CG5==O< ?0:5BV2 Jazz B0 OVITO.

!0 @8A. 3.13 ?@54AB02;5=> @57C;LB0B8 @>7@0EC=:V2 70;56=>AB59 k(T) 4;O Si

=0=>=8B>: 7 @V7=>N >19T<=>N G0AB:>N h ?>@>6=8=8. ' 28?04:C ACFV;L=>W

=0=>=8B:8 (¸=0%) B5?;>?@>2V4=VABL <>=>B>==> 7<5=HCTBLAO V7 7@>AB0==O<

B5<?5@0BC@8 T 2 CAL><C V=B5@20;V 300÷1000 �. �?@>:A8<0FVO 70;56=>ABV k(T)

AB5?5=52>N DC=:FVTN 283;O4C k=A·T-b 40T 7=0G5==O b= 0,41, I> 2:07CT =0

VA=C20==O 42>E 4><V=CNG8E <5E0=V7<V2 @>7AVN20==O B5?;>28E :>;820=L:

D>=>=-D>=>==>3> V7 70;56=VABN k~T-1 B0 @>7AVN20==O =0 ?>25@E=V =0=>=8B:8,

4;O O:>3> k~T0.

$8A. 3.13. &5<?5@0BC@=V 70;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV

?>@>6=8AB8E :@5<=VT28E =0=>=8B>: 7 @V7=8<8 >19T<=8<8 G0AB:0<8

?>@>6=8=8 ¸.
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#@8 CB2>@5==V F8;V=4@8G=>W ?>@>6=8=8 7 =525;8:>N >19T<=>N G0AB:>N,

70;56=VABL k(T) 715@V30T B5=45=FVN 4> 7<5=H5==O B5?;>?@>2V4=>ABV 7

B5<?5@0BC@>N. �>:@5<0, 0?@>:A8<0FVO :@828E k(T) AB5?5=52>N DC=:FVTN

k=A·T-b 40T 7=0G5==O :>5DVFVT=B0 b=  0,15 4;O =0=>=8B:8 7 ¸=30%, I> <>6=0

?>OA=8B8 71V;LH5==O< B5<?V2 D>=>==>3> @>7AVN20==O 2=0A;V4>: 7@>AB0==O

?;>IV ?>25@E=V =0=>=8B:8  ?@8 ?>O2V ?>@>6=8=8.

� =0=>=8B:0E 7 25;8:8<8 @>7<V@0<8 ?>@>6=8=8 (¸ ?>=04 50%)

A?>AB5@V30;0AO V=H0 ?>254V=:0 B5<?5@0BC@=>W 70;56=>ABV :>5DVFVT=B0

B5?;>?@>2V4=>ABV. !0A0<?5@54 ?><VB=8< T B>9 D0:B, I> 4;O =0=>=8B:8 7

G0AB:>N ?>@>6=8=8 ¸=60% 7@>AB0==O B5<?5@0BC@8 2 V=B5@20;V 300-1000 �

<0965 =5 2?;820T =0 25;8G8=C k, O:C <>6=0 22060B8 :>=AB0=B>N ?@8 40=8E

C<>20E. #>4V1=0 70;56=VABL k(T) T E0@0:B5@=>N 4;O 0<>@D=8E B25@48E BV; V

?@>O2 WW C 28?04:C ?>@>6=8AB>W =0=>=8B:8 7 25;8:>N ?>@>6=8=>N <>65

A2V4G8B8 ?@> AB@C:BC@=V 7<V=8 2 <0B5@V0;V.

�V 71V;LH5==O< @>7<V@V2 ?>@>6=8=8 B5?;>?@>2V4=VABL =0=>=8B>: ?@8

>4=V9 V BV9 65 B5<?5@0BC@V 7<5=HCTBLAO (@8A. 3.14). !0?@8:;04, ?@8 :V<=0B=V9

B5<?5@0BC@V B5?;>?@>2V4=VABL Si =0=>=8B:8 A?040T <0965 2 5 @07V2 ?@8 7<V=V
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70;56=VABL E=f(¸), >B@8<0=C =0 >A=>2V >?8A0=8E @>7@0EC=:V2.

�84=>, I> 4;O ACFV;L=>W Si =0=>=8B:8 25;8G8=0 <>4C;O .=30 AB0=>28BL

1;87L:> 80 �#0, I> C73>46CTBLAO 7 @57C;LB0B0<8 @>7@0EC=:V2 V=H8E 02B>@V2

[95-96] V T =86G8<, =V6 4;O >19T<=>3> :@5<=VN, 4;O O:>3> E j 130 �#0 [94].

'B2>@5==O ?>@>6=8=8 A?@8G8=NT B5=45=FVN 4> 7<5=H5==O <>4C;O .=30 7V

7@>AB0==O< WW >19T<C. !0?@8:;04, 4;O =0=>=8B>: 7 >19T<>< ?>@>6=8=8 ¸=40%

<>4C;L .=30 T <0965 242VGV =86G8<,  =V6 4;O ACFV;L=>W AB@C:BC@8.  #@8

4>AO3=5==V G0AB:8 ?>@>6=8=8 ?@81;87=> 80%, <>4C;L .=30 B0:>W =0=>=8B:8

7<5=HCTBLAO <0965 2 10 @07V2 ?> 2V4=>H5==N 4> 0=0;>3VG=>3> ?0@0<5B@C

ACFV;L=>W =0=>=8B:8. &>1B>, =02545=V =0 @8A. 4.2. @57C;LB0B8 A2V4G0BL ?@>

«?><9O:H5==O» <0B5@V0;C 2=0A;V4>: 71V;LH5==O >19T<C ?>@>6=8=8 2

=0=>=8BFV Si.
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!0ABC?=8< 5B0?>< @>1>B8 1C2 0=0;V7 <5E0=V7<V2 @C9=C20==O :@5<=VT28E

?>@>6=8AB8E =0=>=8B>:, I> <0NBL ACBBT2> @V7=V 70;56=>ABV Ã(·). �;O FL>3>

28:>=C20;0AL 2V7C0;V70FVO 0B><=8E :>=DV3C@0FV9 =0=>=8B>: 2 ?@>F5AV WE

>4=>2VA=>W 45D>@<0FVW. �V4?>2V4=V @57C;LB0B8, >B@8<0=V 70 4>?><>3>N

?@>3@0<8 OVITO, ?>:070=> =0 @8A. (@8A. 4.3 B0 @8A. 4.4). #@>F5A @C9=C20==O

ACFV;L=>W =0=>=8B:8 (@8A. 4.3, 4-b) 2V41C20TBLAO 70 :@8E:8< <5E0=V7<><, B>1B>

?@8 4>AO3=5==V 45O:>3> :@8B8G=>3> =0?@C65==O, 2 =0=>=8BFV 28=8:0T B@VI8=0,

O:0 H284:> ?>H8@NTBLAO 2 AB@C:BC@V V 2V41C20TBLAO @>7@82 =0=>=8B:8 157

?><VB=>W ?;0AB8G=>W 45D>@<0FVW. �=0;>3VG=0 ?>254V=:0 1C;0 28O2;5=0 V 4;O

?>@>6=8AB8E =0=>=8B>: :@5<=VN 7 =525;8:>N >19T<=>N G0AB:>N ?>@>6=8=8

(@8A.4.3, E).

$8A. 4.2. �0;56=VABL <>4C;O .=30 ?>@>6=8AB8E :@5<=VT28E =0=>=8B>:

2V4 >19T<=>W G0AB:8 ?>@>6=8=8.

!0 @8A. 4.4 7>1@065=> 0B><=V :>=DV3C@0FVW Si =0=>=8B>: 7 28A>:>N

>19T<=>N G0AB:>N ?>@>6=8=8 ?@8 WE >4=>2VA=><C @>7BO7V. � FL><C 28?04:C
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45D>@<0FVO V ?>40;LH5 @C9=C20==O B0:8E =0=>=8B>: 2V41C20TBLAO 70 V=H8<

<5E0=V7<><, ?>@V2=O=> 7 =0=>=8B:0<8, 45 >19T< ?>@>6=8=8 =525;8:89.

�>:@5<0, =0 @0==VE AB04VOE @>7BO3C 2 ?52=V9 G0AB8=V =0=>=8B:8 28=8:0T 4V;O=:0

7V 7<5=H5=>N ?;>I5N ?5@5@V7C, B>1B> CB2>@NTBLAO H89:0 (@8A. 4.4, b).  �

@>AB>< 45D>@<0FVW @>7BO3C 2>=0 AB>=HCTBLAO (@8A.4.4, c). !0@5HBV, ?VA;O

4>AO3=5==O :@8B8G=>3> 7=0G5==O 45D>@<0FVW 4V0<5B@ H89:8 AB0T =0ABV;L:8

<0;8<, I> ?@82>48BL 4> @>7@82C =0=>=8B:8 (@8A.4.4, d). #>4V1=0 :0@B8=0

45D>@<0FVW AB@C:BC@8 2V4?>2V40T WW 29O7:><C @C9=C20==N.

$8A. 4.3. �B><=V :>=DV3C@0FVW =0=>=8B>: 7 >1’T<=>N G0AB:>N ?>@>6=8=8 4>

50% ?V4 G0A >4=>2VA=>3> @>7BO3C ?@8 @V7=8E 45D>@<0FVOE: (a) – ·=0%, (b) –

·=14%, ACFV;L=0 =0=>=8B:0, (c) – ·=12%, =0=>=8B:0 7 >19T<=>N G0AB:>N

?>@>6=8=8 ¸=40%.

�04;O 79OAC20==O ?@8G8= ?5@5E>4C 2V4 :@8E:>3> 4> 29O7:>3> @C9=C20==O

?>@>6=8AB8E =0=>=8B>:, 2 @>1>BV 0=0;V7C20;0AO 52>;NFVO WE AB@C:BC@8 ?@8

7<V=V >19T<=>W G0AB:8 ?>@>6=8=8. �8:>@8AB>2C202AO A?5FV0;L=89 <>4C;L

?0:5BC OVITO, I> 4>72>;O2 287=0G0B8 ;>:0;L=5 >B>G5==O :>6=>3> 0B><0 V

2AB0=>2;N20B8 B8? :@8AB0;VG=>W AB@C:BC@8 2 >1@0=8E 4V;O=:0E =0=>=8B:8.

$57C;LB0B8 B0:>3> 0=0;V7C ?@54AB02;5=> =0 @8A. 4.5.
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$8A. 4.4. �B><=V :>=DV3C@0FVW =0=>=8B>: 7 >1’T<=>N G0AB:>N

?>@>6=8=8 ¸=60% ?V4 G0A >4=>2VA=>3> @>7BO3C ?@8 @V7=8E 45D>@<0FVOE: (a)

– ·=0%, (b) – ·=5%, (c) – ·=10%, (d) – ·=20%.

/: 284=> 7 @8A. 4.5, 4, ACFV;L=0 Si =0=>=8B:0 E0@0:B5@87CTBLAO 28A>:8<

(?>=04 75%) ABC?5=5< :@8AB0;VG=>ABV (>1;0ABL =0=>=8B:8 7 :@8AB0;VG=>N

AB@C:BC@>N B8?C 0;<07 ?>:070=0 A8=V< :>;L>@><). #@8 FL><C 25% 0B><V2, I>

@>7<VI5=V 2 ?@8?>25@E=52V9 >1;0ABV D>@<CNBL =52?>@O4:>20=C AB@C:BC@C

(AV@89 :>;V@ 0B><V2), ?>O20 O:>W 7C<>2;5=0 ?>25@E=52>N @5;0:A0FVTN. #@8

CB2>@5==V ?>@>6=8=8 2 =0=>=8B:0E 28=8:0T 4>40B:>20 2=CB@VH=O ?>25@E=O,

@5;0:A0FVO 0B><V2 =0 O:V9 A?@8G8=NT ?>O2C 4>40B:>2>W =52?>@O4:>20=>W

>1;0ABV. �V4?>2V4=> G0AB:0 :@8AB0;VG=>W >1;0ABV 2 B0:V9 AB@C:BC@V 7<5=HCTBLAO

(@8A. 4.5, b,c). !0@5HBV, ?@8 ?>40;LH><C 7@>AB0==V >19T<=>W G0AB:8 ?>@>6=8=8

2V41C20TBLAO ?>2=0 0<>@DV70FVO =0=>=8B:8, B>1B> 2AO A8AB5<0

E0@0:B5@87CTBLAO =52?>@O4:>20=8< @>7<VI5==O< 0B><V2 (@8A.4.5, d).
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$8A. 4.5. $57C;LB0B8 0=0;V7C ;>:0;L=>W AB@C:BC@8 ?>@>6=8AB8E Si

=0=>=8B>: 7 @V7=>N >19T<=>N G0AB:>N ?>@>6=8=8: ¸=0% (a); ¸=20% (b);

¸=40% (c); ¸=60% (d). �B><8 ?>7=0G5=V A8=V< :>;L>@>< D>@<CNBL AB@C:BC@C

B8?C 0;<07; 0B><8 ?>7=0G5=V AV@8< :>;L>@>< – =52?>@O4:>20=C AB@C:BC@C.

�8O2;5=V 28I5 AB@C:BC@=V 7<V=8 2 ?>@>6=8AB8E Si =0=>=8B:0E

4>72>;ONBL ?>OA=8B8 >A>1;82>ABV :@828E =0?@C65==O-45D>@<0FVO (@8A. 4.1)

B0 @C9=C20==O =0=>=8B>: (@8A. 4.3, 4.4) ?V4 G0A >4=>2VA=>3> @>7BO3C. �>:@5<0,

?@8 =0O2=>ABV ?>@>6=8=8 =525;8:>3> >19T<C, 2 =0=>=8B:0E <VAB8BLAO

:@8AB0;VG=0 >1;0ABL V7 A8;L=8< :>20;5=B=8< 729O7:>< <V6 0B><0<8 2 =V9. &><C

?@>F5A @C9=C20==O B0:8E Si =0=>=8B>: ?@>BV:0T 70 :@8E:8< <5E0=V7<><,

?@8B0<0==8< 4;O =0?V2?@>2V4=8:>28E <0B5@V0;V2. � V=H>3> 1>:C, ?@8 25;8:8E

@>7<V@0E ?>@>6=8=8 ?5@51C4>20 0B><V2 2 ?@8?>25@E=52V9 4V;O=FV ?@82>48BL

4> 0<>@DV70FVW =0=>=8B>:, 2=0A;V4>: G>3> 729O7>: <V6 0B><0<8 >A;01;NTBLAO,

0 <0B5@V0; AB0T B5:CG8< V 2V41C20TBLAO ?5@5EV4 4> @C9=C20==O 70 29O7:8<

<5E0=V7<><.
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4.2. �9I4AVKAV 6?4EF<6BEFV A4ABA<FB> SiGe ; DV;A<@ ECV66V8ABL9AAO@

>B@CBA9AF

�=H8< D0:B>@><, I> 2?;820T =0 2;0AB82>ABV :@5<=V9-35@<0=VT28E

=0=>=8B>:, T 2<VAB :><?>=5=B (Si G8 Ge) 2 AB@C:BC@V. &><C V=H5 70240==O

@>1>B8 ?>;O30;> C 4>A;V465==V 2?;82C 2<VABC 35@<0=VN =0 <5E0=VG=V

2;0AB82>ABV SiGe =0=>=8B>: 2 ?@>F5AV >4=>2VA=>W 45D>@<0FVW. !0 @8A. 4.6

?>:070=> @>7@0E>20=V <5B>4>< <>;5:C;O@=>W 48=0<V:8 :@82V Ã(·) 4;O

>4=>2VA=>3> @>7BO3C ?>@>6=8AB8E =0=>=8B>: Si1-xGex 7 2<VAB>< 35@<0=VN x=0,

x=0.5 B0 x=1 V @04VCA>< ?>@>6=8=8 Rc=2a ?@8 B5<?5@0BC@V &=300 �.

$8A. 4.6. $>7@0E>20=V :@82V =0?@C65==O-45D>@<0FVO 4;O >4=>2VA=>3>

@>7BO3C =0=>=8B>: Si1-xGex 7 2<VAB>< 35@<0=VN x=0  (  :@820 1  ), x =  0,5

(:@820 2), x=1 ( :@820 3 ) ?@8 T =300 K. $04VCA ?>@>6=8=8 =0=>=8B>: Rc=2a.

�V47=0G0T<>, I> 20@V0FVO G0AB:8 0B><V2 35@<0=VN =5 2?;820T =0 E0@0:B5@

@C9=C20==O: 4;O 2AVE 7=0G5=L x 2 V=B5@20;V 2V4 0  4> 1  A?>AB5@V30TBLAO :@8E:5
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@C9=C20==O =0=>=8B>: ?@8 4>AO3=5==V <0:A8<0;L=>3> <5E0=VG=>3>

=0?@C65==O. #@8 FL><C 25;8G8=0 =0?@C65==O @C9=C20==O 7<V=NTBLAO 2V4

15 �#0 4;O =0=>=8B>: 7 x=0 (:@5<=VT20 =0=>=8B:0) 4> <0965 17,5 �#0 4;O

=0=>=8B>: 7 x=1. �@V< B>3>, 7 @8A. 4.6 28?;820T, I> 7V 71V;LH5==O< 2<VABC Ge

:CB =0E8;C 4V;O=:8 ?@C6=>W 45D>@<0FVW AB0T <5=H8<, I> A2V4G8BL ?@>

7<5=H5==O <>4C;O .=30 AB@C:BC@8.

!0 @8A. 4.7 =02545=> @>7@0E>20=C 7 :@828E Ã(·)  70;56=VABL <>4C;O .=30

2V4 2<VABC 35@<0=VN 4;O =0=>=8B>: 7 @04VCA0<8 ?>@>6=8=8 Rc=0, Rc=2a, Rc=4a.

"GV:C20=>, I> 7=0G5==O E 7<5=HCTBLAO ?@8 7@>AB0==V x, >A:V;L:8 <>4C;L .=30

287=0G0TBLAO A8;>N (5=5@3VTN) <V60B><=8E 729O7:V2. � B>9 65 G0A 2V4><>, I>

5=5@3VO <V60B><=8E 729O7:V2 4;O Si T 28I>N, =V6 4;O Ge, B><C 7V 71V;LH5==O<

G0AB:8 0B><V2 35@<0=VN 2 AB@C:BC@V A5@54=O 5=5@3VO <V60B><=8E 729O7:V2

7<5=HCTBLAO 7 >4=>G0A=8< 7<5=H5==O< <>4C;O .=30.

$8A. 4.7. �0;56=>ABV <>4C;O .=30 2V4 2<VABC 35@<0=VN x C =0=>=8B:0E

Si1-xGex 7 @04VCA>< ?>@>6=8=8 Rc = 0 ( :@820 1), Rc = 2a ( :@820 2), Rc = 4a

(:@820 3), 45 4 – ?0@0<5B@ @5HVB:8 :@5<=VN. &5<?5@0BC@0 T = 300 K.



96

�7 @>7@0E>20=>W 70;56=>ABV Ãmax(x) (@8A. 4.8) 284=>, I> 20@V0FVO 2<VABC

35@<0=VN =5 ACBBT2> 7<V=NT 25;8G8=C =0?@C65==O @C9=C20==O =0=>=8B>:. �

C@0EC20==O< ?>E81>: <>;5:C;O@=>-48=0<VG=8E @>7@0EC=:V2, 2:070=89

<5E0=VG=89 ?0@0<5B@ <>6=0 ?@0:B8G=> 22060B8 :>=AB0=B>N 4;O AB@C:BC@ 7

DV:A>20=8< 7=0G5==O< @04VCAC ?>@>6=8=8 ?@8 7<V=V G0AB:8 35@<0=VN 2 CAL><C

V=B5@20;V 2V4 x=0 4> x =1.

$8A. 4.8. $>7@0E>20=V 70;56=>ABV =0?@C65==O @C9=C20==O 2V4 G0AB:8 Ge C

=0=>=8B:0E Si1-xGex 7 @04VCA>< ?>@>6=8=8 Rc = 0 ( :@820 1), Rc = 2a ( :@820 2),

Rc = 4a (:@820 3), 45 4 – ?0@0<5B@ @5HVB:8 :@5<=VN. &5<?5@0BC@0 T = 300 K.

4.3. &9@C9D4FGDAV ;4?9:ABEFV @9I4AVKA<I 6?4EF<6BEF9= >D9@AV=-

79D@4AVT6<I A4ABA<FB>

�>A;V465==O B5<?5@0BC@=>3> 2?;82C =0 ?@>F5A >4=>2VA=>W 45D>@<0FVW

:@5<=V9-35@<0=VT28E =0=>=8B>: 74V9A=N202AO 4;O V=B5@20;C B5<?5@0BC@ 2V4
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&=300 4> &=1000 �. !0 @8A. 4.9 ?>:070=> @>7@0E>20=V :@82V =0?@C65==O-

45D>@<0FVO 4;O >4=>2VA=>3> @>7BO3C =0=>=8B>: Si0.5Ge0.5 7 @04VCA><

?>@>6=8=8 R=2a ?@8 B@L>E 7=0G5==OE B5<?5@0BC@8 7 >1@0=>3> V=B5@20;C.

�84=>, I> B5<?5@0BC@=V 7<V=8 ?@>O2;ONBLAO 2 7<5=H5==V :CB0 =0E8;C 4V;O=:8

?@C6=>W 45D>@<0FVW, B>1B> 7<5=H5==V <>4C;O .=30 AB@C:BC@8, 7<5=H5==V

=0?@C65==O @C9=C20==O =0=>=8B:8 B0 ?>O2V 4V;O=:8 ?;0AB8G=>W 45D>@<0FVW,

?@>BO6=VABL O:>W =0@>AB0T 7V 71V;LH5==O< B5<?5@0BC@8.

$8A. 4.9. $>7@0E>20=V :@82V =0?@C65==O-45D>@<0FVO 4;O >4=>2VA=>3> @>7BO3C

=0=>=8B>: Si0.5Ge0.5 ?@8 B5<?5@0BC@0E T= 300K (:@820 1), T= 600K ( :@820 2),

T= 900K ( :@820 3). $04VCA ?>@>6=8=8 =0=>=8B>: Rc=2a, 45 4 – ?0@0<5B@

@5HVB:8 :@5<=VN.

!0 @8A. 4.10 ?>:070=> @>7@0E>20=V 7 :@828E Ã(·) B5<?5@0BC@=V 70;56=>ABV

<>4C;O .=30 � 4;O =0=>=8B>: Si0,5Ge0,5 7 @04VCA0<8 ?>@>6=8=8 Rc=0, Rc=2a B0

Rc=4a. !091V;LH GCB;828< 4> B5<?5@0BC@=8E 7<V= T <>4C;L .=30 2 ACFV;L=8E
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=0=>=8B:0E. #@8 ?>O2V ?>@>6=8=8 B5<?5@0BC@=89 5D5:B A;01H0T.  �>4=>G0A,

2?;82 B5<?5@0BC@8 =0 25;8G8=C =0?@C65==O @C9=C20==O T 1V;LH 28@065=8<

(@8A. 4.11). #@8 2AVE 7=0G5==OE @04VCAC ?>@>6=8=8, 7@>AB0==O B5<?5@0BC@8

7C<>2;NT 1;87L:5 4> ;V=V9=>3> 7<5=H5==O =0?@C65==O @C9=C20==O

=0=>=8B>:. �>:@5<0, 4;O ACFV;L=>W Si0,5Ge0,5 =0=>=8B:8 7=0G5==O Ãmax A?040T

2V4 <0965 18 �#0 4> ?@81;87=> 11 �#0 ?@8 =0@>AB0==V B5<?5@0BC@8 2V4

&=300 � 4> &=1000�. �@V< B>3>, ?><VB=>, I> ?@8 7@>AB0==V @04VCAC ?>@>6=8=8

2 =0=>=8BFV, 7<V=NTBLAO 9 :CB =0E8;C 70;56=>ABV Ãmax(&):  4;O AB@C:BC@ 7

25;8:8<8 Rc ?>EV4=0 dÃmax/d& AB0T <5=H>N, B>1B> B5<?5@0BC@=89 5D5:B

A;01H0T.

$8A. 4.10. &5<?5@0BC@=V 70;56=>ABV <>4C;O .=30 4;O =0=>=8B>: Si0.5Ge0.5

7 @04VCA0<8 ?>@>6=8=8 Rc = 0 ( :@820 1), Rc = 2a ( :@820 2), Rc = 4a ( :@820 3),

45 4 – ?0@0<5B@ @5HVB:8 :@5<=VN.
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$8A.  4.11. $>7@0E>20=V B5<?5@0BC@=V 70;56=>ABV <0:A8<0;L=>3>

=0?@C65==O 4;O =0=>=8B>: Si0.5Ge0.5 7 @04VCA0<8 ?>@>6=8=8 Rc = 0 (:@820 1),

Rc = 2a (:@820 2), Rc = 4a (:@820 3), 45 4 – ?0@0<5B@ @5HVB:8 :@5<=VN.

�8O2;5=V B5<?5@0BC@=V 7<V=8 <5E0=VG=8E ?0@0<5B@V2 ?>@>6=8AB8E

=0=>=8B>: B0 7<V=8 :@828E =0?@C65==O-45D>@<0FVO 2 C<>20E >4=>2VA=>3>

@>7BO3C <>6=0 ?>OA=8B8 >19T<=8< B5?;>28< @>7H8@5==O< 4>A;V46C20=8E

AB@C:BC@ ?@8 WE =03@V20==V. *59 ?@>F5A AC?@>2>46CTBLAO 71V;LH5==O<

<V60B><=8E 2V4AB0=59 2 =0=>=8BFV, 2 @57C;LB0BV G>3> ?>A;01;NNBLAO A8;8

270T<>4VW <V6 G0AB8=:0<8. $57C;LB0B>< 707=0G5=8E ?@>F5AV2 AB0T 7<5=H5==O

<0:A8<0;L=>3> =0?@C65==O, O:5 28=8:0T 2 =0=>=8BFV 157?>A5@54=L> ?5@54 WW

@C9=C20==O<.



100

4.4. �9HBD@4JV=AV ;@VA< >B9HVJVTAF4 F9C?BCDB6V8ABEFV >D9@AV=-

79D@4AVT6<I A4ABA<FB>

� C@0EC20==O< ?>AB02;5=8E 7040G, 40;V 2 @>1>BV 282G0;8AO 7<V=8 B5?;>28E

2;0AB82>AB59 SiGe =0=>=8B>: ?V4 2?;82>< 45D>@<0FV9. �;O FL>3> <>45;L>20=V

AB@C:BC@8 ?V44020;8AO ?>?5@54=V9 >4=>2VA=V9 45D>@<0FVW, ?VA;O G>3>

28:>=C202AO @>7@0EC=>: :>5DVFVT=B0 B5?;>?@>2V4=>ABV <0B5@V0;C. � >B@8<0=8E

28I5 @57C;LB0BV2 I>4> 45D>@<0FV9=>W ?>254V=:8 28?;820T, I> ?VA;O

4>AO3=5==O ?52=8E :@8B8G=8E 7=0G5=L 45D>@<0FVW 2 =0=>=8B:0E 70@>46CNBLAO
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45D>@<0FV9, ?@8G8=>N O:8E T =52V4?>2V4=VABL :@8AB0;VG=8E @5HVB>:.

#@8:;04>< 707=0G5=8E =0=>=8B>: T Si/Ge AB@C:BC@8 B8?C «O4@>->1>;>=:0», 2

O:8E =0 ?>25@E=N =0=>=8B:8 (O4@>) 7 >4=>3> <0B5@V0;C =0@>I5=> H0@

(>1>;>=:C) 7 V=H>3> <0B5@V0;C [52-56]. �V4><>, I> ?0@0<5B@ @5HVB:8 35@<0=VN

T ?@81;87=> =0 4% 1V;LH8<, =V6 4;O :@5<=VN, B><C ?@8 A8=B57V B0:8E

=0=>=8B>: <>6=0 >GV:C20B8 ?>O2C 45D>@<0FV9 AB8A=5==O 2 Ge >1;0ABV V,

=02?0:8, 45D>@<0FV9 @>7BO3C 2 Si >1;0ABV. "G5284=>, I> 2=CB@VH=V 45D>@<0FVW

O: 4>40B:>25 465@5;> @>7AVN20==O D>=>=V2 2?;820B8<CBL =0 ?@>F5A8

B5?;>2>3> B@0=A?>@BC 2 =0=>=8B:0E «O4@>->1>;>=:0», 0 4>A;V465==O

<5E0=V7<V2 FL>3> 2?;82C <0NBL ?@8:;04=5 7=0G5==O, 7>:@5<0, 4;O

?@>5:BC20==O B5@<>5;5:B@8G=8E <>4C;V2 G8 B5?;>?@>2V4=8E 5;5<5=BV2

B5@<>2>;LB0W:8 B0 5;5:B@>==>W B5E=V:8.

� 40=V9 G0AB8=V @>1>B8 1C;> ?>AB02;5=> 70 <5BC 2AB0=>28B8 2?;82 ?>;V2

2=CB@VH=VE 45D>@<0FV9 =0 ?@>F5A8 D>=>==>3> @>7AVN20==O 4;O :@5<=V9-

35@<0=VT28E =0=>=8B>: B8?C «O4@>->1>;>=:0». �;O 28@VH5==O 7040GV A?>G0B:C

@>7@0E>2C20;8AO 25;8G8=0 V ?@>AB>@>2V @>7?>4V;8 2=CB@VH=VE 45D>@<0FV9 2

AB@C:BC@0E. %B2>@N20;8AO =0=>=8B:8 42>E B8?V2: «Si-O4@> / Ge->1>;>=:0» B0

«Ge-O4@> / Si->1>;>=:0». #>G0B:>2>, 0B><8 :@5<=VN B0 35@<0=VN

@>7<VIC20;8AO C 2C7;0E :@8AB0;VG=>W @5HVB:8 B8?C 0;<07 7 ?0@0<5B@><

@5HVB:8 4=5.432 Å, I> 2V4?>2V40T <>=>:@8AB0;VG=><C Si. �0;V 28:>=C20;0AO

?@>F54C@0 <V=V<V70FVW 5=5@3VW AB@C:BC@8 <5B>4>< A?@O65=>3> 3@04VT=BC 4;O

287=0G5==O @V2=>206=8E ?>;>65=L 0B><V2 V ?>;V2 2=CB@VH=VE 45D>@<0FV9.

$>7@0EC=>: ?>;V2 45D>@<0FV9 @50;V7>2C202AO 2 ?0:5BV OVITO =0 >A=>2V

?>G0B:>2>W B0 :V=F52>W :>=DV3C@0FVW 0B><V2 2 AB@C:BC@0E. �V4?>2V4=V @57C;LB0B8
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<>;5:C;O@=>-48=0<VG=8E @>7@0EC=:V2 ?>:070=> =0 @8A. 4.19 4;O =0=>=8B>: 7V

AB@C:BC@>N «Si-O4@> / Ge->1>;>=:0» B0 =0 @8A. 4.20 4;O =0=>=8B>: «Ge-O4@> /

Si->1>;>=:0».

a)  b)

$8A. 4.19. $>7@0E>20=V ?@>AB>@>2V @>7?>4V;8 2=CB@VH=VE 45D>@<0FV9

@>7BO3C/AB8A=5==O (4) B0 7AC2C (b) 4;O =0=>=8B>: «Si-O4@> / Ge->1>;>=:0»

a)  b)

$8A. 4.20. $>7@0E>20=V ?@>AB>@>2V @>7?>4V;8 2=CB@VH=VE 45D>@<0FV9

@>7BO3C/AB8A=5==O (4) B0 7AC2C (b) 4;O =0=>=8B>: «Ge-O4@> / Si->1>;>=:0»

"1;0ABL :@5<=VT2>3> O4@0 2 =0=>=8B:0E B8?C «Si-O4@> / Ge->1>;>=:0»

707=0T 45D>@<0FV9 AB8A=5==O (@8A. 4.19, 4) 7 <0:A8<0;L=8< 7=0G5==O<

?@81;87=> 1,7%. � B>9 65 G0A, 35@<0=VT20 >1>;>=:0 ?5@51C20T ?V4 4VTN

45D>@<0FV9 @>7BO3C 7 <0:A8<0;L=>N 25;8G8=>N 0,7%. �@V< B>3>, =0



111

35B5@><56V Si/Ge ?><VB=8<8 T 45D>@<0FVW 7AC2C (@8A. 4.20, b) 7 <0:A8<0;L=8<

7=0G5==O< 4> 2,1%.

� =0=>=8B:0E 7V AB@C:BC@>N «Ge-O4@> / Si->1>;>=:0» >1;0ABL

35@<0=VT2>3> O4@0 ?5@51C20T ?V4 4VTN 45D>@<0FV9 @>7BO3C 25;8G8=>N ~ 1,4%

(@8A. 4.20, 4), B>4V O: :@5<=VT20 >1>;>=:0 707=0T 45D>@<0FV9 AB8A=5==O 7

<0:A8<0;L=8< 7=0G5==O< 1;87L:> 2,1%. �AC2=V 45D>@<0FVW 2 B0:8E =0=>=8B:0E

AB0=>2;OBL 4> 3,5% 2 ?@8?>25@E=528E 4V;O=:0E (@8A. 4.20, b).

�=5A>: >?8A0=8E ?>;V2 2=CB@VH=VE 45D>@<0FV9 2 7030;L=C

B5?;>?@>2V4=VABL =0=>=8B>: B8?C «O4@>->1>;>=:0» 2 @>1>BV 287=0G02AO 70

=0ABC?=8< >@83V=0;L=8< ?V4E>4><. �V4><>, I> >A=>2=8<8 <5E0=V7<0<8

@>7AVN20==O D>=>=V2 2 B0:8E =0=>=8B:0E T (4) D>=>=-D>=>==5 @>7AVN20==O,

B5<?8 O:>3> 7@>AB0NBL 7V 71V;LH5==O< B5<?5@0BC@8; (5) @>7AVN20==O =0

?>25@E=V AB@C:BC@8 B0 35B5@><56V «O4@>->1>;>=:0»; (6) @>7AVN20==O =0

=5>4=>@V4=8E 45D>@<0FV9=8E ?>;OE [53, 55, 56, 58]. �;O 2V4>:@5<;5==O

>AB0==L>3> <5E0=V7<C, 1C;> AB2>@5=> 42V <>45;V =0=>=8B>:: 1) !0=>=8B:8 7

=0O2=8<8 2=CB@VH=V<8 45D>@<0FVO<8 – B>1B> AB@C:BC@8 «Si-O4@> / Ge-

>1>;>=:0» G8 «Ge-O4@> / Si->1>;>=:0», 2 O:8E 704VO=V 2AV ?5@5;VG5=V <5E0=V7<8

D>=>==>3> @>7AVN20==O; 2) !0=>=8B:8 157 2=CB@VH=VE 45D>@<0FV9, 45 4;O

0B><V2 Ge 1C;> 28:>@8AB0=> ?>B5=FV0; 270T<>4VW 7 :>5DVFVT=B0<8 :@5<=VN 7

>4=>G0A=8< ?@8?8AC20=O< W< <0A8 0B><V2 35@<0=VN. � 735=5@>20=8E B0:8<

A?>A>1>< =0=>=8B:0E 715@V30NBLAO <5E0=V7<8 D>=>=-D>=>==>3> B0 D>=>=-

3@0=8G=>3> @>7AVN20==O, B>4V O: 45D>@<0FV9=89 <5E0=V7< 28:;NG0TBLAO

2=0A;V4>: =0O2=>ABV ;8H5 >4=VTW :@8AB0;VG=>W @5HVB:8 :@5<=VN.

�0;V <5B>4>< =5@V2=>206=>W <>;5:C;O@=>W 48=0<V:8 1C;> @>7@0E>20=>

B5<?5@0BC@=V 70;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV 4;O >1>E B8?V2

<>45;L>20=8E =0=>=8B>:. $57C;LB0B8 @>7@0EC=:V2 ?@54AB02;5=> =0 @8A. 4.21.

�84=>, I> 4;O =0=>=8B>: 7 45D>@<0FVO<8 :>5DVFVT=B B5?;>?@>2V4=>ABV

28O2;OTBLAO 28I8< C 2AL><C 4>A;V46C20=><C V=B5@20;V B5<?5@0BC@. $V7=8FO

<V6 7=0G5==O< B5?;>?@>2V4=>ABV =0=>=8B>: 42>E B8?V2 A:;040T 2V4 5% 4> 12%.

"B@8<0=89 @57C;LB0B <>6=0 ?>OA=8B8 �@C=BCNG8AL 7 =0ABC?=8E <V@:C20==OE.
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#@8 7040=V9 B5<?5@0BC@V :@5<=V9 2>;>4VT 1V;LH>N B5?;>?@>2V4=VABN, =V6

35@<0=V9, B><C :>5DVFVT=B B5?;>?@>2V4=>ABV AB@C:BC@8 «Si-O4@> / Ge-

>1>;>=:0» 1C45 287=0G0B8AO 7451V;LH>3> A0<5 D>=>==8< B@0=A?>@B>< 2

:@5<=VT2><C H0@V. �8E>4OG8 7 @>7@0E>20=>3> @>7?>4V;C 2=CB@VH=VE

=0?@C65=L 2 B0:V9 AB@C:BC@V (@8A. 4.19), :@5<=VT25 O4@> 707=0T 45D>@<0FV9

AB8A=5==O. &><C A?8@0NG8AL =0 ?@>2545=89 2 ?>?5@54=VE ?V4@>74V;0E 0=0;V7

45D>@<0FV9=>3> 2?;82C =0 70;56=>ABV Ç(Ë), Ç(Ë), g(Ë) <>6=0 7@>18B8

28A=>2>:, I> 2=0A;V4>: 45D>@<0FV9 AB8A=5==O 7@>AB0B8<5 H284:VABL

?>H8@5==O D>=>=V2, I> 2 @57C;LB0BV V ?@82>48BL 4> ?V428I5==O 7030;L=>W

B5?;>?@>2V4=>ABV AB@C:BC@8.

$8A. 4.21. &5<?5@0BC@=V 70;56=>ABV :>5DVFVT=B0 B5?;>?@>2V4=>ABV

=0=>=8B:8 SiGe B8?C «O4@>->1>;>=:0» 7  ?>;O<8 2=CB@VH=VE 45D>@<0FV9 (Si-

Ge B0 Ge-Si) B0 157 2=CB@VH=VE 45D>@<0FV9 (Si-Si).

&5?;>?@>2V4=VABL =0=>=8B>: «Ge-O4@> / Si->1>;>=:0» B0:>6 ?@>O2;OT

28IV 7=0G5==O 2 CAL><C V=B5@20;V B5<?5@0BC@ ?>@V2=O=> 7 =0=>=8B:0<8 157
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45D>@<0FV9. �@V< B>3>, 25;8G8=0 B5?;>?@>2V4=>ABV 4;O B0:8E AB@C:BC@

28O2;OTBLAO 28I>N C ?>@V2=O==V 7 =0=>=8B:0<8  «Si-O4@> / Ge->1>;>=:0».

&0:89 5D5:B <>65 1CB8 7C<>2;5=89 B8<, I> :@5<=VT20 >1>;>=:0 2 =0=>=8B:0E

«Ge-O4@> / Si->1>;>=:0» 707=0T 1V;LH8E 45D>@<0FV9 AB8A=5==O (·@4E=2,1%)

?>@V2=O=> 7V AB@C:BC@0<8  «Si-O4@> / Ge->1>;>=:0» (·@4E=1,7%).

&0:8< G8=><, >B@8<0=V @57C;LB0B8 I>4> 45D>@<0FV9=>3> 2?;82C =0

B5?;>B@0=A?>@B=V E0@0:B5@8AB8:8 :@5<=V9-35@<0=VT28E =0=>=8B>:

4>72>;ONBL @>73;O40B8 ?@C6=V 45D>@<0FVW O: >48= 7 5D5:B82=8E V=AB@C<5=BV2

4;O :5@C20==O B5?;>28<8 2;0AB82>ABO<8 =0=>AB@C:BC@=8E >19T:BV2,

?5@A?5:B82=8E 4;O ?@8:;04=8E 70AB>AC20=L 2 5=5@3>?5@5B2>@5==V B0

B5?;>2><C <5=546<5=BV.
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1) �AB0=>2;5=>, I> :>5DVFVT=B B5?;>?@>2V4=>ABV :@5<=VT28E =0=>=8B>:

7<5=HCTBLAO ?@8 CB2>@5==V =0 WE ?>25@E=V >1>;>=:8 7 0<>@D=>3> >:8A;C

SiO2. #>:070=>, I> 4;O =0=>=8B>: Si DV:A>20=>3> @04VCAC,

B5?;>?@>2V4=VABL AB@C:BC@ <>=>B>==> 7<5=HCTBLAO ?@8 71V;LH5==V

B>2I8=8 H0@C SiO2 2 H8@>:><C V=B5@20;V B5<?5@0BC@. "B@8<0=V

@57C;LB0B8 <>6CBL 1CB8 ?>OA=5=V 2 @0<:0E <>45;V 42>E:0=0;L=>3>

B5?;>2>3> B@0=A?>@BC 2 =0=>=8B:0E B8?C «O4@>->1>;>=:0».

2) �?5@H5 <5B>4>< <>;5:C;O@=>W 48=0<V:8 4>A;V465=> 2?;82

:;0AB5@870FVW 35@<0=VN =0 B5?;>?@>2V4=VABL k =0=>=8B>: B25@4>3>

@>7G8=C Si1-xGex. �8O2;5=>, I> 71V;LH5==O @>7<V@V2 =0=>:;0AB5@V2

35@<0=VN 2545 4> 7@>AB0==O B5?;>?@>2V4=>ABV k =0=>=8B>: C ?>@V2=O==V

7V AB@C:BC@0<8 =52?>@O4:>20=>3> @>7G8=C Si1-xGex 7 >4=>G0A=>N

B@0=AD>@<0FVTN B5<?5@0BC@=>W 70;56=>ABV k(T). �>2545=>, I> >A=>2=8<

D0:B>@>< 7<V=8 B5?;>?@>2V4=>ABV =0=>=8B>: ?@8 :;0AB5@870FVW 35@<0=VN

T 45;>:0;V70FVO :>;820;L=8E <>4.

3) �?5@H5 ?@>2545=> <>;5:C;O@=>-48=0<VG=V @>7@0EC=:8 :>5DVFVT=B0

B5?;>?@>2V4=>ABV ?>@>6=8AB8E =0=>=8B>: =0 >A=>2V :@5<=VN. �8O2;5=>,

I> 7@>AB0==O @04VCAC F8;V=4@8G=>W ?>@>6=8=8 ?@>O2;OTBLAO 2

7<5=H5==V :>5DVFVT=BC B5?;>?@>2V4=>ABV =0=>=8B>: B0 9>3> A;01:V9

70;56=>ABV 2V4 B5<?5@0BC@8. #>:070=>, I> ?@8 ?>O2V ?>@>6=8=8 2 Si

=0=>=8B:0E CB2>@NNBLAO 0<>@DV7>20=V ?@8?>25@E=52V >1;0ABV, >19T<=0

G0AB:0 O:8E 7@>AB0T 7V 71V;LH5==O< @04VCAC ?>@>6=8=8. *8< 7C<>2;5=0

?>O20 ;>:0;V7>20=8E :>;820;L=8E <>4 2 ?>@>6=8AB8E =0=>=8B:0E B0

2V4?>2V4=0 7<V=0 :>5DVFVT=B0 WE B5?;>?@>2V4=>ABV.

4) �<>45;L>20=> <5E0=VG=C ?>254V=:C =0=>=8B>: SiGe 7 @V7=8<8 @>7<V@0<8

?>@>6=8=8, A?V22V4=>H5==O< :><?>=5=B V B5<?5@0BC@>N. �8O2;5=>, I>

2 =0=>=8B:0E 7 28A>:>N G0AB:>N ?>@>6=8=8 2V41C20TBLAO ?5@5EV4 2V4

:@8E:>3> 4> 29O7:>3> @C9=C20==O 7 >4=>G0A=8< 7<5=H5==O< <>4C;O
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.=30 <0B5@V0;C. #>:070=>, I> 3>;>2=8< G8==8:>< 7<V=8 <5E0=VG=8E

2;0AB82>AB59 =0=>=8B>: T AB@C:BC@=V ?>@CH5==O 2 ?@8?>25@E=528E

4V;O=:0E, 7C<>2;5=V ?>O2>N ?>@>6=8=8.

5) �8O2;5=>, I> 7<V=0 A?V22V4=>H5==O :@5<=VN B0 35@<0=VN 2 =0=>=8B:0E

SiGe =5 2?;820T =0 <5E0=V7< WE :@8E:>3> @C9=C20==O ?V4 G0A >4=>2VA=>W

45D>@<0FVW, 7C<>2;NNG8 ;8H5 7<V=C <>4C;O .=30 AB@C:BC@8 B0

=0?@C65==O @C9=C20==O. #@8 FL><C 71V;LH5==O B5<?5@0BC@8  2

V=B5@20;V 300 �-1000 � <0965 =5 2?;820T =0 25;8G8=C <>4C;O .=30 V

?@82>48BL 4> 7<5=H5==O =0?@C65==O @C9=C20==O =0=>=8B>: B0 ?>O28

4V;O=:8 ?;0AB8G=>W 45D>@<0FVW ?@8 28A>:8E B5<?5@0BC@0E.

6) �AB0=>2;5=>, I> :>5DVFVT=B B5?;>?@>2V4=>ABV =0=>=8B>: =0 >A=>2V

:@5<=VN B0 B25@4>3> @>7G8=C :@5<=V9-35@<0=V9 7<5=HCTBLAO ?V4 4VTN

>4=>2VA=>W 45D>@<0FVW @>7BO3C, 0 ?@8 45D>@<0FVW AB8A=5==O <0T <VAF5

72>@>B=89 5D5:B. #>:070=>, I> 2V4=>A=0 7<V=0 :>5DVFVT=B0

B5?;>?@>2V4=>ABV ?V4 2?;82>< >4=>2VA=>W 45D>@<0FVW T 28I>N 4;O

=0=>=8B>: Si, =V6 4;O AB@C:BC@ SiGe. �>2545=>, I> 45D>@<0FV9=V 7<V=8

:>5DVFVT=B0 B5?;>?@>2V4=>ABV :@5<=VT28E =0=>=8B>: 287=0G0NBLAO

7<V=0<8 H284:>ABV ?>74>26=VE 0:CAB8G=8E :>;820=L, G0AC 68BBO

0:CAB8G=8E :>;820=L B0 7<V=0<8 6>@AB:>ABV <V60B><=8E 729O7:V2 2

<0B5@V0;V.

7) #@>0=0;V7>20=> 2?;82 ?>;V2 2=CB@VH=VE 45D>@<0FV9 =52V4?>2V4=>ABV  =0

B5?;>?@>2V4=VABL =0=>=8B>: B8?C «Si-O4@> – Ge >1>;>=:0» B0 «Ge-O4@>

– Si >1>;>=:0». #>:070=>, I> 2@0EC20==O 2=CB@VH=VE =0?@C65=L,

?@>O2;OTBLAO 2 7@>AB0==V :>5DVFVT=B0 B5?;>?@>2V4=>ABV AB@C:BC@8

=570;56=> 2V4 WW B8?C.
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