
HAL Id: tel-02155700
https://theses.hal.science/tel-02155700

Submitted on 13 Jun 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Optical characterisation of non polar nanostructures
quantum wells ZnO/(Zn,Mg) O

Mohammed Jassim Mohammed Ali

To cite this version:
Mohammed Jassim Mohammed Ali. Optical characterisation of non polar nanostructures quan-
tum wells ZnO/(Zn,Mg) O. Physics [physics]. Université Montpellier, 2018. English. �NNT :
2018MONTS096�. �tel-02155700�

https://theses.hal.science/tel-02155700
https://hal.archives-ouvertes.fr


 

 

 
THESE POUR OBTENIR LE GRADE DE DOCTEUR  

DE L’UNIVERSITE DE MONTPELLIER 
 

En Physique 

 

École doctorale I2S 

 

Laboratoire Charles Coulomb L2C-UMR 5221 
 

Présentée par Mohammed Jassim MOHAMMED ALI  
Le 13 juillet 2018 

 

Sous la direction de Thierry BRETAGNON 
 

                                                           Devant le jury composé de 
 

Brahim GUIZAL, Université de Montpellier 

Mathieu GALLART, Université de Strasbourg 

Joël LEYMARIE, Université Clermont Auvergne 

Jean-Michel CHAUVEAU, Université de Nice Sophia Antipolis 

Pierre LEFEBVRE, CNRS-Université de Montpellier 

Thierry BRETAGNON, Université de Montpellier 

 

  

Président 

Rapporteur 

Rapporteur 

Examinateur 

Examinateur 

Directeur de thèse 

 

 

 

 

 

Caractérisation optique de nanostructures à 

base de puits quantiques non polaires  

ZnO/ (Zn, Mg) O 

 



!



 

 

!"#$%&'#()*+,*-+"(.%!!"#$!
!

Author: 

MOHAMMED JASSIM MOHAMMED ALI 
 

 

 

Supervisor: 

Professor Thierry BRETAGNON 

 

 

 

 

A thesis submitted in fulfillment of the requirements for the  

degree of Doctor of Philosophy 

in the 

University of Montpellier 

Laboratoire Charles Coulomb – UMR 5221 CNRS-UM 

Information Structures Systems (I2S) 
 

 

July, 2018 
 

 

Optical  characterisation of ZnO/(Zn, Mg)O  

nanostructures based on non polar quantum wells



!



"

Acknowledgements 

To my father and mother whose kindness knows no bounds. To all my family, my 

three wonderful sisters and my brothers Saif and Ali, to my wife and my beautiful 

daughters (Meyar, Zina) for all their constant support. To my good friends, there are 

too many to be cited, I here want to thank them for the help and support they have 

given since beginning my PhD. 

 

My thanks go to my supervisor Professor Thierry Bretagnon, who always provided a 

critical ear for my ideas throughout this project and who supported me, in every 

endeavour with strong encouragement. 

I thank Jean-Michel Chauveau obviously for the exceptional quality of his samples. 

Special thanks also to Professor Brahim Guizal and Professor Bernard Gil whose 

doors was always open to me. Thanks also go to Professor Pierre Lefebvre, who 

always found time for me and who tirelessly facilitated our work over the years. My 

sincere thanks with a special mention to Pierre VALVIN of the laboratory Charles 

Columb for his technical support. Thanks also to Professor Lucyna Firlej for all the 

help she gave to me. I thank also Joël Leymarie and Mathieu Gallart for having 

accepted to judge my work.  

To all my office colleagues (Phuong, Huong, Maha, Waseem, , ...) and to all the 

members of the team (Christelle Brimont, Thierry Guillet...) of the Charles Coulomb 

laboratory for making my time here so enjoyable. 

 

My acknowledgements also to Physics Department - Faculty of Science - University of 

Al-Mustansiriyah, and for the funding of my PhD by the Ministry of Higher 

Education and Scientific Research of Iraq. 

 

Mohammed 2018 

!  



""

 



! """!

!"#$%&'(&)'*!%*!+&

",-./01234252.67&88888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&9&

!:;12&/<&)/.62.67&888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&999&

$976&/<&<94=>2&888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&?&

$976&/<&6:;12&8888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&@&

!

A.6>/3=,69/.&8888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&B&

)C:D62>&BE&F>/D2>6927&/<&G9.,&/@932&HI.'J&

!"!#$%&'()*+&,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-#

!".##/'01&23#4&'*+&*'5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6#

!"7#82%)#1&'*+&*'5#(9#:%;#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#<#

!"=#>'(?5'&,51#(9#@,%+#(A,)5#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!!#

!"="!#B35+&',+23#?'(?5'&,51#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!!#

!"=".#C,535+&',+#9*%+&,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!!#

!"="7#>D01,+23#?2'2E5&5'1#(9#:%;#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!.#

!"="=#;?&,+23#?'(?5'&,51#2%)#3*E,%51+5%+5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!.#

!"="="!#BA+,&(%1#FGH#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!=#

!"="=".#I',(%#FGJH#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!6#

!"="="7#8,5A+,&(%#FGGH#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!6#

!"-#:%;#233(01#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!K#

!"6#/(%+3*1,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!<#

)C:D62>&KE&'D69,:1&D>/D2>6927&/<&I.'LHI.M&N4J'&O=:.6=5&02117&

."!&$%&'()*+&,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.!#

.".&BA+,&(%1#,%#L*2%&*E#M5331#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#..#

."."!#N*2%&*E#M5331#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#..#

.".".#BA+,&(%1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#..#

."."7#BA+,&(%1#,%#L*2%&*E#M5331#M,&D#,%&5'%23#535+&',+#9,53)#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.7#

."7&O'(M&D#&5+D%,L*51#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.=#

."=&>(32'#:%;PF:%QRSH;#T215)#L*2%&*E#M5331#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.-#

."-&U(%#?(32'#:%;PF:%QRSH;#T215)#L*2%&*E#M5331#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7!#

."6&/(%+3*1,(%1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#77#

)C:D62>&PE&'D69,:1&D>/D2>6927&/<&6C2&HI.M&N4J'&;:>>92>7&

7"!#$%&'()*+&,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7-#

7".#;?&,+23#?'(?5'&,51#(9#&D5#:%;#1*T1&'2&5#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#76#

7"7#;?&,+23#?'(?5'&,51#(9#&D5#F:%Q#RSH;#T2'',5'1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7<#



! "#!

7"7"!#$%&'()*+&,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7<#

7"7".#/V#?D(&(3*E,%51+5%+5#,%W51&,S2&,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=X#

7"7"7#I,E5J'51(3W5)#?D(&(3*E,%51+5%+5#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=7#

7"7"7"!#BA?5',E5%&23#'51*3&1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=7#

7"7"7".#Y(M#&5E?5'2&*'5#)(E2,%#FIZ<X#[H#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=6#

7"7"7"7#\,SD#&5E?5'2&*'5#)(E2,%#FI]!-X#[H#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=^#

7"7"7"=#>Y#,%&5%1,&0#2%)#3,95&,E5#E()53#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-X#

7"=#/(%+3*1,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-.#

)C:D62>&Q&E&%@,96/.&,/5D12@27&9.&I.'LHI.M&N4J'&O=:.6=5&0211&

="!#$%&'()*+&,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#--#

=".#BA+,&(%#+(E?35A51#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-6#

="."!#$%&'()*+&,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-6#

=".".#8,5A+,&(%1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-6#

="."7#I',(%1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-^#

="7#Y(M#)5%1,&0#(9#5A+,&2&,(%#5A?5',E5%&23#'51*3&1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-<#

="7"!#>D(&(3*E,%51+5%+5#2&#3(M#&5E?5'2&*'5#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-<#

="7".#_5935+&,W,&0#W5'1*1#?D(&(3*E,%51+5%+5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6!#

="7"7#>(32',@2&,(%#(9#&D5#?D(&(3*E,%51+5%+5#1?5+&'2#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6.#

="7"=#B995+&#(9#&5E?5'2&*'5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6=#

="="#\,SD&#)5%1,&0#(9#5A+,&2&,(%#'51*3&1#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6^#

="="!##>D(&(3*E,%51+5%+5#2&#3(M#&5E?5'2&*'5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6^#

="=".#B995+&#(9#&5E?5'2&*'5#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#KX#

="-#C,1+*11,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K7#

="6#/(%+3*1,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K7#

)C:D62>&R&E&!952&>27/1?23&76=3S&/<&:&I.'LHI.M&N4J'&O=:.6=5&0211&&

-"!"#$%&'()*+&,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K-#

-"."#BA?5',E5%&23#'51*3&1##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#KK#

-"."!#I,E5#,%&5S'2&5)#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K^#

-"."."#>2'2E5&5'1#,%W(3W5)#,%#&D5#>Y#&,E5#)5+201#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K<#

-"."7"#C5&2,35)#1&*)0#(9#>Y#)5+201#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ X#

-"."="#>Y#3,95&,E5#J#&5E?5'2&*'5#)5?5%)5%+0#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ .#

-"."-"#C,1+*11,(%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ =#

-"7"#/(%+3*1,(%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ 6#

)/.,1=79/.&888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&TU&

&

V2<2>2.,27&88888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&TW&

VX7=5X&2.&<>:.Y:97&8888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888888&WU&

&

&



! #!

$A+!&'(&(AZ[V%&

(94=>2&B8BE&!"#$%&"'%(")*"+*,#-%,.%/,0',1#$%+"23#%.),0%$*..3)3#+%/,410#-%,.%+53%'3)*,$*/%+"6437%8"413-%")3%

')3-3#+3$%.,)%),,0%+30'3)"+1)3%6"#$&"'-7%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-#

(94=>2&B8KE&9/530"+*/%)3')3-3#+"+*,#%,.%+53%/):-+"44*#3%-+)1/+1)3-%,.%;#<%=">%/16*/%/3#+3)3$%."/3-?%=6>%@*#/%,.%

643#$3?% =/>% 53A"&,#"4%BC)+@*+37% D53% 4")&3% "#$% -0"44% -'53)3-% )3')3-3#+% )3-'3/+*(34:% +53% "+,0-% ,.% @*#/% "#$%

,A:&3#7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6&

(94=>2&B8PE&D53%53A"&,#"4%BC)+@*+3%%%/):-+"4%-+)1/+1)3%,.%;#<7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K&

(94=>2&B8QE&E3')3-3#+"+*,#%,.%+53%53A"&,#"4%-+)1/+1)3%BC)+@*+3?%+53%5*&54*&5+*#&%,.%+53%'*43%,.%+:'3%F!F!F!7##"""""""""""""""#̂ &

(94=>2&B8RE&D53%0,-+%'4"#3-%1-3$%*#%BC)+@*+3%-:003+):7%G%'4"#3%*-%"%',4")%'4"#3?%E%'4"#3%*-%"%-30*%',4")7%D53%

H%'4"#3?%%"#$%F%'4"#3%,)+5,&,#"4%+,%+53%G%'4"#3%")3%#,#I',4")%'4"#3-7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ &

(94=>2&B8\E&!"#$%-+)1/+1)3%,.%;#<7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#<&

(94=>2&B8UE&!"#$%-+)1/+1)3%"#$%-343/+*,#%)143-%BC)+@*+3%-:003+):7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!X&

(94=>2&B8TE&9/530"+*/%$*"&)"0%)3')3-3#+*#&%+53%/):-+"4I.*34$%"#$%-'*#I,)6*+%-'4*++*#&%,.%+53%("43#/3%6"#$%,.%

;#<%*#+,%+5)33%-166"#$%-+"+3-%F?%!%"#$%G%"+%J7K%L7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!X&

(94=>2&B8WE&9/530"+*/%$*"&)"0-%+53%6"#$%+)"#-*+*,#%,.%+53%'5,+,410*#3-/3#/37#"""""""""""""""""""""""""""""""""""""""""""""""""""""""#!7&

(94=>2&B8B]E&M#3)&:%&"'%"+%NOO%L%(3)-1-%4"++*/3%/,#-+"#+%.,)%"%.3P%)343("#+%QQI8QI,A*$3%-30*/,#$1/+,)-7##"""""#!^&

(94=>2&B8BBE&<'+*/"4%6"#$&"'-%,.%G$:;#RS:<%"#$%H&A;#RSA<%"44,:-%"-%"%.1#/+*,#%,.%G$%"#$%H&%/,0',-*+*,#%*#%

+53%;#<%4"++*/3%,#%+,%$*..3)3#+%)3')3-3#+"+*,#%43.+%'"#34%)*&5+%'"#347%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!<&

&

(94=>2& K8BE& 9/530"+*/% )3')3-3#+"+*,#%,.% 6"#$% -+)1/+1)3% .,)%#")),P% =">%"#$% =6>%"#$%P*$3% =/>% "#$% =$>%TB%

P*+5,1+%=">%"#$%=/>%"#$%P*+5%=6>%"#$%=$>%*#+3)#"4%343/+)*/%.*34$7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.7&

(94=>2&K8KE&G,#+*#1,1-IP"(3%UV%-'3/+)"%,.%+53%W7R%#0%TB%)3/,)$3$%"+%4,P%+30'3)"+1)3?%.,)%(")*,1-%'10'I

',P3)%$3#-*+*3-7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.6&

(94=>2&K8PE&Q0"&3%,.%+53%DEIUV%,.%+53%W7R%#0%+5*/2%;#<X=;#?%H&><%TB%03"-1)3$%"+%4,P%+30'3)"+1)3%=DYRO%L>7##"""#.K&

(94=>2&K8QE&D*03I*#+3&)"+3$%UV%-'3/+)"%,.%-*#&43%;#<X;#O7WZ%H&O7KK<%TB-7%D53%*#-3)+-%*441-+)"+3%+53%3..3/+%,.%

*#+3)#"4%343/+)*/%.*34$%,#%343/+),#%"#$%5,43%P"(3%.1#/+*,#7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.K&

(94=>2& K8RE& G,0'")*-,#%,.% 3A'3)*03#+"4%UV%'3"2%3#3)&*3-%"#$%UV%$3/":% +*03-% +,% +53% )3-14+%,.% (")*"+*,#"4%

/"4/14"+*,#7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.^&

(94=>2&K8\E&G"4/14"+3$%6*#$*#&%3#3)&:%"#$%'-31$,I!,5)%)"$*1-%(3)-1-%P344%P*$+5?%,6+"*#3$%6:%"--10*#&%"#%

343/+)*/%.*34$%,.%O7[%H8X/07##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.^&

(94=>2&K8UE&\3'3#$3#/3%,.%+53%*#+3)#"4%343/+)*/%.*34$%*#%;#<X=;#?%H&><%P*+5%/,#/3#+)"+*,#%,.%H&%*#%+53%6"))*3)-7##"""#.<&

(94=>2&K8TE&G"4/14"+3$%3#3)&:%-5*.+%,.%+53%3A/*+,#*/%+)"#-*+*,#%.,)%=">%#,%343/+)*/%.*34$?%=6>%"%P*$+5I$3'3#$3#+%

343/+)*/%.*34$%=-5,P#%*#%*#-3)+%.,)%/,#-+"#+%6"))*3)%P*$+5>%=/>%+53%0"A*010%("413%,.%61*4+%*#%343/+)*/%.*34$7##""""#.<&

(94=>2&K8WE&U5,+,410*#3-/3#/3%*#+3#-*+:%#,)0"4*@3$%"-%.1#/+*,#%,.%+30'3)"+1)3%.,)%+P,%TB-7#""""""""""""""""""""""""""#7X&

(94=>2&K8B]E&D30'3)"+1)3I$3'3#$3#+%UV%$3/":%+*03-%.,)%+53%5,0,I%=.144%/*)/43->%"#$%53+3),3'*+"A*"4%9TB%=.144%-]1")3->%

P*+5%"%P344%P*$+5%,.%K7O%#07%D53%/,))3-',#$*#&%#,)0"4*@3$%UV%*#+3#-*+*3-%")3%-5,P#%*#%+53%*#-3+%6:%+53%,'3#%-:06,4-7##"""""""#7X&

(94=>2&K8BBE&MA/*+,#%"#$%6*3A/*+,#%-'3/+)"4%P3*&5+-%"+%"%+30'3)"+1)3%,.%^%L%"-%.1#/+*,#-%,.%3A/*+"+*,#%',P3)%

$3#-*+*3-% .,)% "% ;#<X;#O7WJH&O7K_<%HTB-% -"0'43%P*+5%P344%P*$+5% ,.% R7W^% #07% D53% *#-3+% '4,+-% +53% -'3/+)"44:%

*#+3&)"+3$%*#+3#-*+:%Q``%"-%"%.1#/+*,#%,.%Q`7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7X&

(94=>2& K8BKE&B344IP*$+5%$3'3#$3#/3% ,.% 6*3A/*+,#%6*#$*#&% 3#3)&:% =,'3#% -]1")3->7% !*#$*#&% 3#3)&*3-% ,.% .)33%

3A/*+,#-%=,'3#%/*)/43->?%"#$%+53%MAAXMA%)"+*,-%=.*443$%/*)/43->%"-%"%.1#/+*,#%,.%+53%VP?%")3%"4-,%-5,P#7%B3%'4,++3$%

+53%/,))3-',#$*#&%("413-%,.%6142%;#<%.,)%/,0'")*-,#%"+%+53%)*&5+%'")+%,.%&)"'57##""""""""""""""""""""""""""""""""""""""""""""""""""""""#7X&



! #"!

(94=>2&K8BPE&9,4*$%6413%4*#3-a%UV%"#$%"6-,)6"#/3%$3)*(3$%.),0%+53%03"-1)3$%+)"#-0*--*,#%D%"#$%)3.43/+*(*+:%

E?%P53)3%$%*-%+53%+,+"4%+5*/2#3--%,.%"44%TB-7%D53%*#$*/3-%F%"#$%!%)3.3)%+,%+53%*#/,)',)"+3$%5,43=->%.),0%+53%F%

"#$% !% -16("43#/3% 6"#$?% )3-'3/+*(34:?% *#% +53% 3A/*+,#% =`>?% /5")&3$% 3A/*+,#% =`b>?% "#$% 6*3A/*+,#% =``>7% \"-53$%

=0"&3#+">%4*#3a%UV%-'3/+)10%"+%3A/*+"+*,#%*#+3#-*+:%ROAQO7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7!&

(94=>2&K8BQE&c''3)%64"/2%-,4*$%"#$%$"-53$%/1)(3a%/*)/14")%"6-,)'+*,#%$*..3)3#/3%-'3/+)10%"+%!%Y%N7̂ %D%"#$%D%Y%R7̂ %"#$%

[%L?%)3-'3/+*(34:7%V,P3)%-,4*$%6413%"#$%$"-53$%)3$%/1)(3a%/*)/14")4:%',4")*@3$%UV%-'3/+)"%.,)%de%"#$%db',4")*@"+*,#%+"23#%

"+%!%Y%_%D7%Q#-3+a%\3)*(3$%+)*,#%+)"#-*+*,#%-/5303%*#%0"&#3+*/%.*34$%P*+5%,'+*/"4%-343/+*,#%)143-7##""""""""""""""""""""""""""""""""""""""""""""#7!&

(94=>2&K8BRE&MA/*+,#%3#3)&:%*#%"%-3)*3%,.%TB%&),P+5%,#%F%'4"#3%%=,'3#%-:06,4->%"#$%H%'4"#3%=/4,-3$%-:06,4->7##""""#7.&

(94=>2& K8B\E& =">% V,P% +30'3)"+1)3% ',4")*@3$% =)3$% "#$%&)33#%'4,+->% )3.43/+"#/3% -'3/+)"% ,.% -*#&43% ]1"#+10%

P344%&),P#%,#%"#%HI'4"#3%,)*3#+3$%;#<%-16-+)"+3%-5,P*#&%+53%3A/*+,#*/%-343/+*,#%)143-7% =6>%f,)0"4*@3$%UV%

*#+3#-*+*3-%.,)%"I'4"#3%;#<X;#H&<%HTB-%"-%"%.1#/+*,#%,.%+53%',4")*@3)%"#&43-%"+%4,P%+30'3)"+1)37##""""""""""""""#7.&

(94=>2& K8BUE& M(,41+*,#% ,.% +53% UV% 4*#3-% /,))3-',#$*#&% +,% /,#.*#3$% .)33% "#$% 4,/"4*@3$% 3A/*+,#-% *#% /"-3% ,.% "%

-*#&43%]1"#+10%P344%&),P#%,#%"#%H%'4"#3%,)*3#+3$%;#<%-16-+)"+37##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7.&

(94=>2& K8BTE& =">%M(,41+*,#%,.%+53%QDEUV7%=6>%M(,41+*,#%,.%+53%*#+3#-*+*3-%*#%GBIUV%=QDEUV>%03"-1)303#+%,.%

.)33?% ,'3#% =.144>% -]1")3% "#$% 4,/"4*@3$% ,'3#% =.144>% /*)/43% 3A/*+,#% 6"#$-% +,&3+53)% P*+5% +53% +,+"4%

'5,+,410*#3-/3#/3%*#+3#-*+:%,'3#%=.144>%$*"0,#$%P*+5%+30'3)"+1)37##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7.&

(94=>2& K8BWE&M(,41+*,#%,.%+53%UV%$3/":%+*03-%,.%+53%4,/"4*@3$%=.144%-:06,4>%"#$%.)33%3A/*+,#-%=,'3#%-:06,4>%

(3)-1-%+30'3)"+1)37##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#77&

(94=>2&K8K]E&U5,+,410*#3-/3#/3%-'3/+)"%,.%=">%5,0,3'*+"A*"4%FI'4"#3%TB%%=6>%53+3),3'*+"A*"4%HI'4"#3%TB7##"""""""""#77&

&

(94=>2&P8BE#UV%-'3/+)"%03"-1)3$%"+%4,P%+30'3)"+1)3%*#%+P,%3A/*+"+*,#%/,#$*+*,#-?%P*+5%J7N%38%'5,+,#-%=)3$%

"#$%'1)'43>%"#$%N7Z%38%'5,+,#-%=6413>7%D53%-'3/+)"%")3%#,)0"4*@3$%+,%+53%TB%UV%4*#37##""""""""""""""""""""""""""""""""""""""""""#76#

(94=>2& P8KE#UV%-'3/+)10%03"-1)3$%"+%RO%L%"-%"% .1#/+*,#%,.% +53%"#&43%63+P33#% +53%/I"A*-%,.% +53% -+)1/+1)3?%

/5,-3#%"-%@3),?%"#$%+53%343/+)*/%.*34$%,.%+53%,1+&,*#&%4*&5+7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#76#

(94=>2& P8PE# E3')3-3#+"+*,#% *#% ',4")% /,,)$*#"+3-% ,.% +53% *#+3#-*+:% ,.% '5,+,410*#3-/3#/3%03"-1)3$% "+% RO% L%

"//,)$*#&%+,%+53%"#&43%,.%',4")*@"+*,#%,.%+53%343/+)*/%.*34$%,.%+53%30*++3$%4*&5+7%D53%/I"A*-%,.%+53%-+)1/+1)3%*-%

/5,-3#%"-%@3),7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#76#

(94=>2&P8QE#=">%Q#+3#-*+:%,.%+53%UV%4*#3-%\O`R%"#$%\O`K%"//,)$*#&%+,%+30'3)"+1)3%+53%$"-53$%4*#3-%/,))3-',#$%

+,% .,)014"% N7N7% =6>% M#3)&*3-% ,.% +53% \O`R% "#$% \O`K% UV% 4*#3-7% D53% $"-53$% 4*#3-% /,))3-',#$% +,% +53%0,$34% ,.%

8")-5#*7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#7^#

(94=>2& P8RE# 9/530"+*/% )3')3-3#+"+*,#% ,.% +53% 635"(*,)% ,.% +53% 3A/*+,#-% *#% +53% .41/+1"+*,#% ,.% +53% ',+3#+*"4%

)3-14+*#&%.),0%+53%$*-,)$3)%,.%+53%"44,:7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=X#

(94=>2& P8\E# UV% -'3/+)10% ,.% +53% =;#?% H&><% 6"))*3)-% 03"-1)3$% "+% RO% L7% V*#3-% 6413% /,))3-',#$% +,% +53%

$3/,#(,41+*,#%,.%+53%-*&#"4%*#%g"1--*"#?%+53%)3$%,#3%*-%+53%-10%,.%+5)33%/,#+)*61+*,#-7##"""""""""""""""""""""""""""""""""""""""""""#=!#

(94=>2& P8UE# E3')3-3#+"+*,#% *#% ',4")% /,,)$*#"+3-% ,.% +53% *#+3#-*+:% ,.% '5,+,410*#3-/3#/3%03"-1)3$% "+% RO% L%

"//,)$*#&%+,%+53%"#&43%,.%',4")*@"+*,#%,.%+53%343/+)*/%.*34$%,.%+53%30*++3$%4*&5+7%D53%/I"A*-%,.%+53%-+)1/+1)3%*-%

/5,-3#%"-%@3),7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=!#

(94=>2&P8TE#f,)0"4*@3$%'5,+,410*#3-/3#/3%-'3/+)"%,.%+53%=;#?%H&><%6"))*3)%)3/,)$3$%"+%+30'3)"+1)3-%)"#&3%

.),0%RO%+,%ROO%L7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=.#

(94=>2&P8WE#M#3)&:%,.%+53%+)"#-*+*,#?%.144%P*$+5%"+%5"4.%0"A*010%=hBiH>%"#$%*#+3#-*+:%,.%+53%4*#3%"//,)$*#&%

+,%+30'3)"+1)37##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=.#

(94=>2& P8B]E# =">%f,)0"4*@3$%*#+3&)"+3$%+*03I)3-,4(3$%'5,+,410*#3-/3#/3%-'3/+)"%,.%+53%=;#?%H&><%6"))*3)%

)3/,)$3$% "+% $*..3)3#+% +30'3)"+1)3-7% =6>% \3'3#$3#/3% ,.% +53% *#+3#-*+:% ,.% +53% *#+3&)"+3$% +*03I)3-,4(3$%

'5,+,410*#3-/3#/3% -'3/+)"% ,.% +53% =;#?% H&><% 6"))*3)% P*+5% +53% +30'3)"+1)37% =/>% M#3)&:% ,.% +53% +)"#-*+*,#%

"//,)$*#&%+,%+30'3)"+1)37##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#==#

(94=>2&P8BBE#f,)0"4*@3$%'5,+,410*#3-/3#/3%$3/":-%03"-1)3$%"+%$*..3)3#+%+30'3)"+1)3-7%f,+3%+5"+?%+53%+*03%

-/"43%&,3-%.),0%ROO%#-%+,%^%#-%.),0%43.+%+,%)*&5+7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=-#

(94=>2&P8BKE#MA"0'43%,.%+53%$3/,0',-*+*,#%,.%+53%'5,+,410*#3-/3#/3%$3/":%*#%+P,%3A',#3#+*"4%$3/":-7#"""""""#=6#



! #""!

(94=>2& P8BPE#UV%$3/":% +*03%"//,)$*#&% +,% +53% +30'3)"+1)37% h,)% +30'3)"+1)3% 634,P%[O%L?% +P,%$3/":% +*03-%

/,#-+"#+%")3%)3]1*)3$%+,%.*+%+53%UV%$3/":7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=6#

(94=>2& P8BRE# \3/":% +*03-% "//,)$*#&% +,% +53% +30'3)"+1)3% $3$1/3$% .),0% .)33% .*++*#&% =,'3#% -:06,4->% "#$%

/,#-+)"*#+%.*++*#&%=/4,-3$%-:06,4->7%D53%)3$%$"-5%4*#3%/,))3-',#$-%+,%+53%/"4/14"+3$%("413-%,.%j3..7%D53%6413%"#$%

64"/2%$"-5%4*#3-%*#$*/"+3%+53%("413%,.%)3-'3/+*(34:%jR%"#$%jK7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=K#

(94=>2&P8B\E#G"4/14"+3$%jE%"#$%jfE%4*.3+*03-%P*+5%jR%03"-1)3$%4*.3+*03-7%D53%$"-53$%4*#3-%/,))3-',#$%+,%+53%

/"4/14"+3$%$3'3#$3#/3%P*+5%+53%+30'3)"+1)3%,.%+53%)"$*"+*(3%"#$%#,#I)"$*"+*(3%4*.3+*037##""""""""""""""""""""""""""""""""""""#=<#

(94=>2& P8BUE# G,0'")*-,#% ,.% +53% 3A'3)*03#+"4% $"+"% =*#+3#-*+*3-% "#$% 4*.3+*03->?% P*+5% +53% /"4/14"+3$% ("413-%

=$"-53$%4*#3->7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=<#

(94=>2&P8BTE#9/530"+*/%)3')3-3#+"+*,#%,.%(")*,1-%+"23#%*#+,%"//,1#+%)3/,06*#"+*,#%'53#,03#,#7##"""""""""""""""#-X#

(94=>2&P8K]E#G,0'")*-,#%,.%+53%/"4/14"+3$%UV%4*.3+*03%"#$%UV%*#+3#-*+:%P*+5%+53%03"-1)3-7##"""""""""""""""""""""""""""""""#-.#

(94=>2&P8KBE#D30'3)"+1)3%$3'3#$3#/:%,.%+53%$*..3)3#+%4*.3+*03-%/,#-*$3)3$%*#%+53%0,$347##"""""""""""""""""""""""""""""""""""#-.#

(94=>2& P8KKE#U5,+,410*#3-/3#/3% +*03%$3/":-%,.% +53%6"))*3)% =64"/2%,'3#%/*)/43>%"#$%TB%=)3$%,'3#%-]1")3>%

3A/*+3$%P*+5%'5,+,#%5"(*#&%"#%3#3)&:%,.%J7RN%38%"#$%TB%=6413%,'3#%$*"0,#$>%3A/*+3$%P*+5%'5,+,#%5"(*#&%"#%

3#3)&:%,.%N7W_%387##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-7#

#

(94=>2& Q8B`# =">% 9/530"+*/% )3')3-3#+"+*,#% ,.% +53% -"0'437% =6>%<)*3#+"+*,#% ,.% "I'4"#3% *#% 53A"&,#"4%P1)+@*+3%

-+)1/+1)3?% /):-+"44,&)"'5*/%"A*-% *-% *#$*/"+3$7% Q#%&)33#?%P3% -5,P% +53%"$"'+3$% /,,)$*#"+3% -:-+30% 4*#23$% +,%"I

'4"#3%/,0',-3$%6:%A%,1+I'4"#3%"A*-?%"#$%:%"#$%@%*#I'4"#3-%"A*-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#-6#

(94=>2& Q8K`#G"4/14"+3$%'5,+,410*#3-/3#/3%-'3/+)"%=64"/2%4*#3>%*#%+53%.)"03P,)2%,.%$34,/"4*@3$%+)*,#%0,$34%

"+% +P,%$*..3)3#+% +30'3)"+1)3-7%D53% -'3/+)"%")3%,6+"*#3$%6:% +53% /,#(,41+*,#%,.% 3]1"+*,#%J7N% =)3$% 4*#3>%6:%"%

g"1--*"#%=6413%4*#3>7%D53%/,#(,41+*,#%-5*.+%+53%'3"2%0"A*010%-4*&5+4:%+,%4,P3)%3#3)&:7#"""""""""""""""""""""""""""""""""""""""""#-<#

(94=>2& Q8P`# U5,+,410*#3-/3#/3% -'3/+)"% )3/,)$3$% "+% Z% L7% D53% 410*#3-/3#/3%P"-% 3A/*+3$% "+% J7N% 38% 1-*#&% "%

0,#,/5),0"+,)7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6X#

(94=>2&Q8Q`#UV%-'3/+)"%)3/,)$3$%"+%Z%L%.,)%P3"2%$3#-*+:%,.%3A/*+"+*,#%"#$%*#/,0*#&%'5,+,#-%3#3)&:%,.%N7ZR%387#"""""""#6X#

(94=>2& Q8R`# D)"#-*+*,#% 3#3)&*3-% '4,++3$% (3)-1-% P344% P*$+5% .,)% "% -3)*3% ,.% FI'4"#3% ,)*3#+3$% ;#<X=;#?% H&><%

-*#&43%]1"#+10%P344-7%D53%.144%6413%53A"&,#%-:06,4-%)3')3-3#+%+53%&),1#$%-+"+3%3#3)&*3-%$3+3)0*#3$%6:%UVM%

03"-1)303#+-%"+%K%L7%D53%6413%,'3#%-]1")3%")3%+53%',-*+*,#%,.%+53%0"*#%UV%4*#3%3#3)&*3-7%D53%.144%"#$%,'3#%

)3$% /*)/43-%")3% +53%')3-3#+% )3-14+-7%D53% )3-14+%,.% +53%3..3/+*(3%0"--% 3#(34,'3% .1#/+*,#% /"4/14"+*,#?% *#/41$*#&%

5,43I343/+),#%*#+3)"/+*,#-?%*-%)3')3-3#+3$%6:%)3$%4*#37##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6X#

(94=>2& Q8\`# V,P% +30'3)"+1)3% ',4")*@3$% =)3$% "#$% 6413% '4,+->% )3.43/+"#/3% -'3/+)"% -5,P*#&% +53% 3A/*+,#*/%

-343/+*,#%)143-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6!#

(94=>2& Q8U`#G,0'")*-,#%,.%4,P%+30'3)"+1)3%',4")*@3$%)3.43/+"#/3%=)3$%4*#3>?%UV%=6),P#>%"#$%UVM%=,)"#&3>%

-'3/+)"7%D53%UV%"#$%UVM%-'3/+)"%")3%'4,++3$%,#%"%-30*4,&%-/"437#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6!#

(94=>2&Q8T`#8")*"+*,#%,.%+53%UV%*#+3#-*+:%"-%"%.1#/+*,#%,.%+53%"#&43%63+P33#%+53%kOOORl%"A*-%,.%+53%-+)1/+1)3%

"#$%+53%343/+)*/%.*34$%,.%+53%,1+&,*#&%4*&5+7%D53%*#+3#-*+:%,.%UV%*-%/,$3$%*#%4,&")*+50*/%-/"437#""""""""""""""""""""""""""""""""#6.#

(94=>2& Q8W`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%Z%L%*#%+53%+P,%',4")*@"+*,#7%f,+3%+53%$*..3)3#/3%6:%+P,%

,)$3)% ,.% 0"&#*+1$3% 63+P33#% +53% +P,% -'3/+)"7% D53% 410*#3-/3#/3% P"-% 3A/*+3$% "+% J7N% 38% 1-*#&% "%

0,#,/5),0"+,)7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#67#

(94=>2&Q8B]`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%R^O%L%*#%-"03%/,#$*+*,#-%"-%*#%.*&1)3%J7RR7##""""""""""""""""""""#67#

(94=>2&Q8BB`#U,4")%)3')3-3#+"+*,#%,.%'5,+,410*#3-/3#/3%*#+3#-*+:%03"-1)3$%"+%Z%L7%D53%;%"A*-%*-%'")"4434%+,%

+53%kOOORl%"A*-7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#67#

(94=>2&Q8BK`#U,4")%)3')3-3#+"+*,#%,.%'5,+,410*#3-/3#/3%*#+3#-*+:%03"-1)3$%"+%R^O%L7##""""""""""""""""""""""""""""""""""""""""#67#

(94=>2& Q8BP`# M(,41+*,#% ,.% +53% #,)0"4*@3$% '5,+,410*#3-/3#/3% -'3/+)"% "//,)$*#&% +,% +53% +30'3)"+1)37%

U5,+,410*#3-/3#/3%-'3/+)"%03"-1)3$% *#%=">%',4")*@"+*,#%"?%6%"#$%=6>%',4")*@"+*,#%/7%D53% 410*#3-/3#/3%P"-%

3A/*+3$%"+%J7N%38%1-*#&%"%0,#,/5),0"+,)7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6=#



! #"""!

(94=>2&Q8BQ`#E3-14+-%,.%.*++*#&%'),/3$1)3%1+*4*@3$%+,%&3+%]1"#+*+"+*(3%*#.,)0"+*,#%.),0%+53%3A'3)*03#+-7%D53%-:06,4-%

")3%+53%3A'3)*03#+"4%("413-7%D53%,)"#&3?%6413?%"#$%)3$%/1)(3-%)3')3-3#+%)3-'3/+*(34:%+53%/,#+)*61+*,#%,.%+53%6*3A/*+,#?%

+53% +)*,#%"#$% +53% .)33%3A/*+,#7%D53%/"4/14"+3$% +,+"4%'5,+,410*#3-/3#/3% /1)(3% *-%&)33#7%f,+3% +5"+% +53%0"A*010%,.%

410*#3-/3#/3%$3/)3"-3-%6:%"%."/+,)%,.%"6,1+%_O%P53#%+53%+30'3)"+1)3%&,3-%.),0%RO%L%+,%K^O%L7#"""""""""""""""""""""""""""""""""""""#6-#

(94=>2&Q8BR`#M#3)&:%,.%+53%UV%4*#3-%"-%.1#/+*,#%,.%+30'3)"+1)37%D53%$"-53$%4*#3-%")3%8")-5#*%.1#/+*,#7%D53%.144%/*)/43%

/,))3-',#$%+,%+53%',-*+*,#%*#%3#3)&:%,.%+53%)3.43/+*(*+:%.3"+1)3%,#%+53%4,P%+30'3)"+1)3%-'3/+)107#"""""""""""""""""""""""""""""""""""#66#

(94=>2&Q8B\`#Q#+3#-*+:%,.%+53%UV%4*#3-%"//,)$*#&%+,%+30'3)"+1)37#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#66#

(94=>2& Q8BU`# Q#+3#-*+:%,.%+53%UV%4*#3-%(3)-1-%+30'3)"+1)37%D53%)3$%"#$%6413%$"-53$%4*#3-%/,))3-',#$%+,%+53%

.*++*#&%)3-'3/+*(34:%,.%+53%*#+3#-*+:%,.%+53%+)*,#-%"#$%3A/*+,#%4*#3-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6K#

(94=>2&Q8BT`#D53%6413%"#$%)3$%.144%/*)/43-%/,))3-',#$%+,%+53%)"+*,%)3-'3/+*(34:%,.%+53%*#+3#-*+:%,.%+53%3A/*+,#%

"#$%+)*,#-%4*#3-%"#$%,.%+53%+,+"4%UV%*#+3#-*+:%03"-1)3$%*#%/%"#$%"6%',4")*@"+*,#7%D53%6413%"#$%)3$%$"-53$%4*#3%

/,))3-',#$%+,%+53%.*++*#&%P*+5%)3-'3/+*(34:%+53%.,)014"%J7^%"#$%"%!,4+@0"#%$*-+)*61+*,#7#"""""""""""""""""""""""""""""""""""""""#6K#

(94=>2&Q8BW`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%RO%L7%D53%*#/*$3#+%4*&5+%*#+3#-*+:%,.%"%4"-3)%*-%("):*#&%,#%

.,)%,)$3)%,.%0"&#*+1$37%=U0"AYZ7^%mn>#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6^#

(94=>2& Q8K]`# Q#+3#-*+:% ,.% +53% UV% 4*#3-% "//,)$*#&% +,% +53% *#/*$3#+% 4*&5+% *#+3#-*+:7% f,+3$% +5"+% -/"43-% ")3%

4,&")*+50*/7%=U0"AYZ7^%mn>#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6<#

(94=>2&Q8KB`#Q#+3#-*+:%,.%+53%`?%``%"#$%`I%UV%4*#3-%"//,)$*#&%+,%+53%*#/*$3#+%4*&5+%*#+3#-*+:%*#%4,&")*+50%-/"437%

D53%-"03%$"+"%")3%'4,++3$%*#%4*#3")%-/"43%*#%+53%*#-3)+7%=U0"AYZ7^%mn>#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6<#

(94=>2& Q8KK`#E"+*,%63+P33#%+53%*#+3#-*+:%,.%+53%``%4*#3%"#$%+53%-10%,.%+53%*#+3#-*+*3-%,.%`%"#$%`I% 4*#3-7%D53%

-4,'3%,.%+53%-+)"*&5+%4*#3%=*#%6413>%*-%R7J7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#KX#

(94=>2& Q8KP`# U5,+,410*#3-/3#/3% -'3/+)"% "//,)$*#&% +,% +53% +30'3)"+1)37% D53% *#+3#-*+:% *-% /,$3$% *#% "% /,4,)%

4,&")*+50*/%-/"437%=UYZ7^%mn>#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K!#

(94=>2&Q8KQ`#f,)0"4*@3$%'5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%$*..3)3#+%+30'3)"+1)3-7%=UYZ7^%mn>#"""""""""""""#K!#

(94=>2&Q8KR`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%RO%L7%D53%*#/*$3#+%4*&5+%*#+3#-*+:%,.%"%4"-3)%*-%("):*#&%,#%

.,1)%,)$3)%,.%0"&#*+1$37#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K!#

(94=>2&Q8K\`#Q#+3#-*+:%,.%+53%UV%4*#3-%`?%`I%"#$%``%"//,)$*#&%+30'3)"+1)37#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K!#

(94=>2& Q8KU`#E"$*"+*(3%3..*/*3#/:%,.%+53%]1"#+10%P344%3-+*0"+3$%.),0%+53%+,+"4%UV%*#+3#-*+:7%D53%.144%/*)/43-%

6413%"#$%&)33#%/,))3-',#$%)3-'3/+*(34:%+,%5*&5%$3#-*+:%"#$%4,P%$3#-*+:%,.%3A/*+"+*,#7#"""""""""""""""""""""""""""""""""""""""""""""#K.#

&

(94=>2& R8B`# Q#-3+a% D*03I)3-,4(3$% -'3/+)"% .,)% $*..3)3#+% +30'3)"+1)3-7%H"*#% '"#34a% \3/":% +*03% ,.% +53% `I% UV%

P53#%3A/*+*#&%)3-,#"#+4:%,#%`I%"-%"%.1#/+*,#%,.%+30'3)"+1)37#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K6#

(94=>2& R8K`#G"4/14"+3$% )"$*"+*(3% 4*.3+*03%,.% 3A/*+,#-% =`>?% 343/+),#% +)*,#-% =`I>?%"#$%5,43% +)*,#-% =`e>% .,)%g"F-%

)34"+3$%]1"#+10%P344-7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K6#

(94=>2&R8P`#D*03%*#+3&)"+3$%-'3/+)"%)3/,)$3$%"+%$*..3)3#+%+30'3)"+1)3-%)"#&3$%.),0%RO%L%+,%KK^%L7##"""""""""""""#K^#

(94=>2&R8Q`#Q#+3#-*+:%,.%+53%`I%"#$%`%4*#3-%"//,)$*#&%+,%+53%+30'3)"+1)37##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K^#

(94=>2&R8R`#9/530"+*/%)3')3-3#+"+*,#%,.%+53%$*..3)3#+%)3/,06*#"+*,#%'53#,03#"%+"2*#&%*#+,%"//,1#+7##"""""""""#K<#

(94=>2& R8\`#U5,+,410*#3-/3#/3% -'3/+)"% )3/,)$3$%"+%ROL7%D53% -,4*$% 4*#3-% /,))3-',#$% +,% /,#+)*61+*,#%,.% +53%

3A/*+,#% =)3$>?% +)*,#% =6413>% "#$% 6*3A/*+,#% =&)33#>% )3/,06*#"+*,#-% +,% +53% UV% -'3/+)107% UV% $3/":% +*03-%

"//,)$*#&%+,%+53%3#3)&:7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ X#

(94=>2&R8U`#UV%$3/":%)3/,)$3$%"+%RO%L%.,)%+P,%$*..3)3#+%UV%3#3)&*3-7%D53%-,4*$%4*#3-%/,))3-',#$%+,%+53%0,#,I

3A',#3#+*"4%$3/":%0,$347##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ X#

(94=>2& R8T`#U5,+,410*#3-/3#/3% -'3/+)"% )3/,)$3$%"+%WOL7%D53% -,4*$% 4*#3-% /,))3-',#$% +,% /,#+)*61+*,#%,.% +53%

3A/*+,#%=)3$>%"#$%+)*,#%=6413>%)3/,06*#"+*,#-%+,%+53%UV%-'3/+)107%UV%$3/":%+*03-%"//,)$*#&%+,%+53%3#3)&:7#"#̂ !#

(94=>2&R8W`#UV%$3/":%)3/,)$3$%"+%WO%L%.,)%+5)33%$*..3)3#+%UV%3#3)&*3-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ !#

(94=>2&R8B]`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%KOOL7%D53%-,4*$%4*#3-%/,))3-',#$%+,%/,#+)*61+*,#%,.%+53%

3A/*+,#%=)3$>%"#$%+)*,#%=6413>%)3/,06*#"+*,#%+,%+53%UV%-'3/+)107%UV%$3/":%+*03-%"//,)$*#&%+,%+53%3#3)&:7%#""#̂ !#



! "$!

(94=>2&R8BB`#UV%$3/":%)3/,)$3$%"+%KOO%L%.,)%+5)33%$*..3)3#+%UV%3#3)&*3-7##""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ !#

(94=>2&R8BK`#U5,+,410*#3-/3#/3%-'3/+)"%)3/,)$3$%"+%NOOL7%D53%-,4*$%4*#3-%/,))3-',#$%+,%/,#+)*61+*,#%,.%+53%

3A/*+,#%=)3$>%"#$%+)*,#%=6413>%)3/,06*#"+*,#%+,%+53%UV%-'3/+)107%UV%$3/":%+*03-%"//,)$*#&%+,%+53%3#3)&:7%D53%

6431%"#$%64"/2%$,+-%/,))3-',#$%+,%6*I3A',#3#+*"4%$3/":-?%+53%)3$%,#3%+,%0,#,I3A',#3#+*"4%$3/":-7#""""""""""""""""""#̂ .#

(94=>2&R8BP`#UV%$3/":%)3/,)$3$%"+%NOO%L%.,)%+P,%$*..3)3#+%UV%3#3)&*3-7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ .#

(94=>2&R8BQ`#f,)0"4*@3$%`I%UV%$3/":%)3/,)$3$%"+%$*..3)3#+%+30'3)"+1)3-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ 7#

(94=>2&R8BR`#f,)0"4*@3$%`%UV%$3/":%)3/,)$3$%"+%$*..3)3#+%+30'3)"+1)3-7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ 7#

(94=>2&R8B\`#UV%$3/":%4*.3+*03-%"//,)$*#&%+,%+53%+30'3)"+1)37#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#̂ 7#

(94=>2&R8BU`#E"$*"+*(3%4*.3+*03%"#$%#,#I)"$*"+*(3%)"+3%$3$1/3$%.),0%+53%3A'3)*03#+"4%$"+"7#""""""""""""""""""""""""""""#̂ -#

(94=>2&R8BT`#G,0'")*-,#%63+P33#%+53%/"4/14"+3$%("413%,.%*#+3#-*+:%"#$%UV%$3/":%+*03%P*+5%3A'3)*03#+"4%$"+"7#"""""#̂ -#

&

(94=>2&V8B# `#M#3)&*3%$3%4"%+)"#-*+*,#?%4")&31)%o%0*I5"1+31)%3+%*#+3#-*+p%$3%4"%410*#3-/3#/3%3#%.,#/+*,#%$3%4"%

+30'p)"+1)37#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#<<#

(94=>2&V8K# `#M#3)&*3%$3%4"%+)"#-*+*,#?%4")&31)%o%0*I5"1+31)%3+%*#+3#-*+p%$3%4"%410*#3-/3#/3%3#%.,#/+*,#%$3%4"%

+30'p)"+1)3%,6+3#13%'")%QDEUV"#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#<<#

(94=>2& V8P# `# G,0'")"*-,#% $3-% ("431)-% 3A'p)*03#+"43-% $3% 4q*#+3#-*+p% 3+% $1% +30'-% $3% $p/4*#% $3% 4"%

'5,+,410*#3-/3#/3%3#%.,#/+*,#%$3%4"%+30'p)"+1)3%"(3/%43%0,$r437#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!X.#

(94=>2&V8Q#`#9'3/+)3-%$3%UV%03-1)p-%o%RO%L%',1)%$31A%$3#-*+p-%$q3A/*+"+*,#7 #"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!X7#

(94=>2&V8R#`#9'3/+)3-%$3%'5,+,410*#3-/3#/3%03-1)p-%o%$*..p)3#+3%+30'p)"+1)3%$"#-%43-%',4")*-"+*,#-%="6>%3+%=/>7#"#!X7#

(94=>2&V8\#`#Q#+3#-*+p%$3%'5,+,410*#3-/3#/3%03-1)p3%o%$*..p)3#+3%+30'p)"+1)37#""""""""""""""""""""""""""""""""""""""""""""""""""""#!X=#

(94=>2&V8U#`#Q#+3#-*+p%$1%6*3A/*+,#%3#%.,#/+*,#%$3%/3443%$3%4q3A/*+,#7%#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!X=#

(94=>2&V8T#`#D30'-%$3%$p/4*#%$3%4"%'5,+,410*#3-/3#/3%3#%.,#/+*,#%$3%4"%+30'p)"+1)37%#"""""""""""""""""""""""""""""""""""""""#!X-#

&

$A+!&'(&!"#$%&

!:;12&B8BE&D53%0,-+%'5:-*/"4%'),'3)+*3-%,.%+53%0"+3)*"4%;#<7##"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!.&

!:;12&B8KE&U")"03+3)-%,.%3A/*+,#-%*#%$*..3)3#+%-30*/,#$1/+,)-7%#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!-&

!:;12B8PE&9,03%'),'3)+*3-%,.%+53%6*#"):%QQI8Q%,A*$3-%/,0',1#$-7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#!K&

!:;12&K8BE&V"++*/3-%'")"03+3)-%,.%$*..3)3#+%-16-+)"+3%0"+3)*"4%.,)%;#<7#""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#.-&

!:;12& P8BE# D30'3)"+1)3I$3'3#$3#/:% '")"03+3)-% .,)% +53% )"$*"+*(3% "#$% #,#I)"$*"+*(3% 4*.3+*03-% ,.% +53% .)33%

3A/*+,#-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#=<#

!:;12&Q8BE&\3&)33%,.%',4")*@"+*,#%,.%+53%$*..3)3#+%GBIUV%4*#3-7#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#6=&

!:;12& R8BE&G"4/14"+3$%*#/)3"-3%,.%+53%)"$*"+*(3%4*.3+*03%"//,)$*#&%+,%+30'3)"+1)3%/"4/14"+3$%.,)%F?%!%"#$%G%

3A/*+,#%*#%]1"#+10%P344-%P*+5%P*$+5%,.%R7W%"#$%N7_%#07#"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""#K6&

#



! $!

#



!"

!!"#$%&'"($!!

#$%&"'($)*"+,-*.$,/0" 11231"4*+$2&'%)5&-'.0"6,4",%"*(-*%4$7*".*4*,.&6"6$4-'.8"),-$%9":,&;"-'"-6*"

*,./8":*9$%%$%9"'<"-6*"=>-6"&*%-5.8?"@6$4"$4")5*"-'"$-4",--.,&-$7*"<*,-5.*4"45&6",4")*A'4$-$'%",4","

&.84-,//$%*"+,-*.$,/",-".''+"-*+A*.,-5.*0".*/,-$7*/8"/'B"&'4-"&'+A,.*)"-'"+'4-"'($)*4?"#%C"$4","

B$)*",%)")$.*&-":,%)9,A"11231"4*+$&'%)5&-'."DE9FG?GH"*3",-".''+"-*+A*.,-5.*I?"@6*"A'B)*."'<"

J$%&"'($)*" $4"+'.*'7*."54*)",4" ,))$-$7*" $%" 7*.8"%5+*.'54"A.')5&-40" <'." *(,+A/*0" A/,4-$&" ,.-40"

&*.,+$&0" A,$%-40" A$9+*%-40" &'4+*-$&40" *-&?" @6*" 9.'B-6" '<" -6$%" /,8*.4" ,%)" /'B2)$+*%4$'%,/$-8"

6*-*.'24-.5&-5.*4"DK5,%-5+"B*//40"%,%'2&'/5+%40"*-&?I"B$-6","9'')"&.84-,//$%*"K5,/$-8".*&*%-/8"

.*7$7*)"-6*"*<<'.-"'<".*4*,.&6"'%"#%C0" $%"A,.-$&5/,."B$-6" -6*",$+"'<"':-,$%$%9"*<<*&-$7*")*7$&*4"

<'."'A-'*/*&-.'%$&4"$%"-6*":/5*",%)"-6*"5/-.,7$'/*-",4","&'+A/*+*%-"-'"-6*"%$-.$)*"'<"9,//$5+?"1%"

-6$4" ':L*&-$7*0" -6*"+,$%" ,)7,%-,9*" '<" -6*" #%C" $%" <.'%-" '<" M,N" $4" ," /'B*." &'4-0" ,//'B*)" :8" -6*"

.*/,-$7*",:5%),%&*"'<"J$%&"&'+A,.*)"B$-6"9,//$5+?""

1%"+,-*.$,/4"4&$*%&*0",%'-6*."+,L'.",)7,%-,9*"'<"J$%&"'($)*"$4"$-4"4-.'%9"*(&$-'%":$%)$%9"*%*.980"

B6$&6" ,//'B4" A.*4*.7$%9" -6*" *(&$-'%$&" A.'A*.-$*4" 5A" -'" ,+:$*%-" -*+A*.,-5.*?" @6*" &'6*4$'%"

*%*.98"'<"-6*"*(&$-'%"$4"$%)**)"-B$&*",4"9.*,-"$%"#%C"DO>"+*3I"-6,%"$%"M,N"D=P"+*3I",%)"+'.*"

-6,%" -*%" -$+*4"6$96*." -6,%" $%"M,Q4" DR?S"+*3I?"E(&$-'%$&" -.,%4$-$'%4" ,/4'"6,7*" ," /,.9*" <'.&*"'<"

'4&$//,-'."$%"#%C0"B6$&6"*%6,%&*4"-6*"/$96-2+,--*."$%-*.,&-$'%?"@6*4*"&6,.,&-*.$4-$&4"+,;*"'<"-6*"

J$%&"'($)*",%"*(&*//*%-"+,-*.$,/"<'."-6*"4-5)8"'<"-6*"*<<*&-4".*45/-$%9"<.'+"-6*"&'5A/$%9":*-B**%"

-6*"A6'-'%",%)"*(&$-'%0",4"-6*"&'%)*%4,-$'%"'<"T'4*2E$%4-*$%",%)"A'/,.$-'%4"/,4*.",%)"-6$4"5%-$/"

.''+" -*+A*.,-5.*?" 1%" -6*4*" A*.4A*&-$7*40" -6*" &.84-,//$%*" 9'')" K5,/$-8" .*,/$J,-$'%" '<"

%,%'4-.5&-5.*4" $4" *44*%-$,/?" @6*" <$.4-" 4,+A/*4" '<" K5,%-5+" B*//4" '<" #%CUD#%0" V9IC" B*.*"

)*7*/'A*)" :8" W2VTE" D/,4*." +'/*&5/,." :*,+" *A$-,(8I" $%" =>>>?" @6*" *A$-,(8" :8" +'/*&5/,." L*-"

-*&6%$K5*" K5$&;/8" -5.%*)" '5-" -'" :*" ,%" *(&*//*%-" +*-6')" '<" 9.'B-6" '<" -6*" K5,%-5+" B*//4" '<"

#%CUD#%0"V9IC?" C5." 4-5)8" -,;*4" A/,&*" B$-6$%" -6*" <.,+*B'.;" '<" -6*" &6,.,&-*.$J,-$'%" '<" 45&6"

4-.5&-5.*4":8"-6*"'A-$&,/"B,84?""

C%*"'<"-6*"A*&5/$,.$-$*4"'<"J$%&"'($)*"/$*4"$%"$-4"6*(,9'%,/"&.84-,//$%*"4-.5&-5.*0"&,//*)"B5.-J$-*?"

@6$4" &.84-,//$%*" 4-.5&-5.*" $4" ,-" -6*" '.$9$%" '<" 4*7*.,/" '.$9$%,/" A.'A*.-$*4" '<" 6*-*.'24-.5&-5.*4"

:,4*)"'%"-6$4"+,-*.$,/0"B6$&6"B$//":*"/$4-*)"$%"-6*"<$.4-"&6,A-*."'<"-6$4"+,%54&.$A-?"X*"B$//"4**"$%"



1%-.')5&-$'%"

="

A,.-$&5/,." -6,-" ,.95+*%-4" '<" 48++*-.8" A.*)$&-" -6*" *($4-*%&*" '<" ,%" $%-*.%,/" */*&-.$&" <$*/)" $%"

K5,%-5+"B*//4"'<"#%CUD#%0"V9IC"*/,:'.,-*)",/'%9"-6*"A.$%&$A,/",($4"'<"-6*"#%C0"4,$)",($4"&?"@6*"

A.*4*%&*"'<"-6$4"$%-*.%,/"*/*&-.$&"<$*/)"6,4":**%"':4*.7*)"*(A*.$+*%-,//8"$%"=>>P?"1-"6,4"4*7*.,/"

)*-.$+*%-,/"*<<*&-4"'%"-6*"'A-$&,/"A.'A*.-$*4?"C%*"'<"-6*"+,$%"*<<*&-4"$4"-6*"4A,-$,/"4*A,.,-$'%"'<"

*/*&-.'%4",%)"6'/*4")5*"-'" -6*$."'AA'4$-*"&6,.9*?"X*"B$//"4**" -6,-" -6*".,)$,-$7*" /$<*-$+*"'<" -6*"

*/*&-.'%26'/*"A,$.4" $4"9.*,-/8" $%&.*,4*)"$%"B$)*"K5,%-5+"B*//4?"@6*"*<<*&-$7*" /$<*-$+*".*45/-$%9"

<.'+" -6*" &'+A*-$-$'%" :*-B**%" .,)$,-$7*" ,%)" %'%2.,)$,-$7*" A.'&*44*4" $4" K5$&;/8" )*9.,)*)" $%"

45&6"4,+A/*4?"@6*":$%)$%9"*%*.98"'<"-6*"*(&$-'%"$4",/4'")*&.*,4*)"5%)*."-6*"*<<*&-"'<"-6*"*/*&-.$&"

<$*/)?" @6*8" ,.*" ,&-5,//8" /*44" 4-,:/*0" B6$&6" +*,%4" $4" 6,.+<5/" <'." -6*" ,&6$*7*+*%-" '<" -6*" -B'"

':L*&-$7*4"A.*4*%-*)",:'7*?"

@6*.*",.*" -B'" 4'/5-$'%4" -'" -6$4"A.':/*+?"@6*" <$.4-" $4" -6*"9.'B-6"'<"K5,%-5+"B*//4" ,/'%9"%'%2

A'/,.",(*4?"@6*4*",(*40"A*.A*%)$&5/,."-'"-6*"&",($40",//'B"-'"9*-".$)"'<"-6*"$%-*.%,/"*/*&-.$&"<$*/)?"

@6*" +,$%" ,(*4" 54*)" $%" 9.'B-6" ,.*" -6*" ," ,%)" +" ,(*4?" @6*" <$.4-" K5,%-5+" B*//" 4,+A/*4" '<"

#%CUD#%0"V9IC"%'%2A'/,."A/,%*"Q"B*.*"9.'B%"$%"=>>H"'%"4,AA6$.*"45:4-.,-*4?"Q%'-6*."B,8"'<"

$+A.'7$%9" -6*" .,)$,-$7*" *<<$&$*%&8" '<" -6*4*"6*-*.'24-.5&-5.*4" $4" -'" )*&.*,4*" -6*")*%4$-8" '<" -6*"

&.84-,//$%*" )*<*&-40" .*4A'%4$:/*" <'." %'%2.,)$,-$7*" /'44*4?" V'4-" '<" %'%2.,)$,-$7*" &*%-*.4" ,.*"

)$4/'&,-$'%4"'<"-6*"&.84-,/0"B6$&6",.$4*"<.'+"-6*"/,--$&*"+$4+,-&6"$%6*.*%-"$%"-6*"6*-*.'*A$-,(8"

+*-6')?" Y'+'*A$-,(80" ,%)" -6*.*<'.*" -6*" 54*" '<" :5/;" #%C" 45:4-.,-*0" -6*'.*-$&,//8" A.'+$4*4" ,"

&/*,." $+A.'7*+*%-" $%" -6*" &.84-,//$%*" K5,/$-8?" Q" 4$9%$<$&,%-" $+A.'7*+*%-" B,4" ':4*.7*)" '%/8"

.*&*%-/8?"

@6*" <$.4-" &6,A-*.! $%-.')5&*4" 4'+*"9*%*.,/" $%<'.+,-$'%",:'5-" -6*"A.'A*.-$*4"'<" J$%&"'($)*",%)"

&.84-,/"4-.5&-5.*",%)"/,--$&*"A,.,+*-*.4"'<"B5.-J$-*"11231"4*+$&'%)5&-'.4?"

@6*"%*(-"'%*"A.*4*%-4" -6*"+'4-" 4-,%),.)"9.'B-6" -*&6%$K5*4"54*)" <'." */,:'.,-*)"#%C"6*-*.'2

4-.5&-5.*4?"Q<-*.0"B*".*7$*B"-6*"*(A*.$+*%-,/",%)"-6*'.*-$&,/"B'.;",:'5-"-6*"'A-$&,/"A.'A*.-$*4"

'<"*(&$-'%4"$%"#%CUD#%0"V9IC2:,4*)"ZX4"A5:/$46*)"$%"-6*"A,4-"-B*%-8"8*,.4?"

@6*" -6$.)0" <'5.-6" ,%)" <$<-6" &6,A-*.4" ,.*" )*)$&,-*)" -'" -6*" 4-5)8" '<" -6*" 'A-$&,/" A.'A*.-$*4" '<"

6'+'*A$-,($,/"%'%2A'/,."DQ"A/,%*I"#%CUD#%0"V9IC"K5,%-5+"B*//4"9.'B-6":8"VTE?"Q&&'.)$%9"-'"

-6*" 4-5)$*)"A684$&,/" $%<'.+,-$'%0"B*"54*)" -6.**" -8A*4"'<" *(A*.$+*%-4[" .*</*&-$7$-80" &'%-$%5'54"

B,7*"A6'-'/5+$%*4&*%&*"D\X2]WI",%)"-$+*2.*4'/7*)"A6'-'/5+$%*4&*%&*"D@^]WI?"

X*")*)$&,-*","&6,A-*."-'"-6*"A.*4*%-,-$'%"'<"-6*"'A-$&,/"A.'A*.-$*4"'<"-6*"#%C"45:4-.,-*",%)"-6*"

D#%0"V9IC":,..$*.4?"1%"-6$4"/,4-"&,4*"B*"A.*4*%-",")*-,$/*)"4-5)8"'<"-6*"/$<*-$+*"'<"-6*"*(&$-'%"$%"

-6$4" ,//'8?" Q" +')*/" $4" A.'A'4*)" -'" .*A'.-" *(A*.$+*%-,/" .*45/-4" $%&/5)$%9" -6*" %'%2.,)$,-$7*"

.*&'+:$%,-$'%",%)"-6*"*<<*&-4"'<"/'&,/$J,-$'%?"

@6*" %*(-" '%*! $4" )*7'-*)" -'" -6*" .*45/-4" ':-,$%*)" :8" &'%-$%5'54" B,7*" 'A-$&,/" 4A*&-.'4&'A80"

$%&/5)$%9" -6*" *<<*&-4" ,-" -6*" 4,+*" -$+*" '<" -6*" A'/,.$J,-$'%" ,%)" -6*" -*+A*.,-5.*0" '%" ," 4$%9/*"



1%-.')5&-$'%"

G"

#%CUD#%0"V9IC"K5,%-5+"B*//"9.'B-6":8"VTE"'%"Q2'.$*%-*)"#%C"45:4-.,-*?""@6*"7,.$'54"/$%*4"'<"

A6'-'/5+$%*4&*%&*" ':4*.7*)" ,.*" ,--.$:5-*)" -'" -6*" .,)$,-$7*" .*&'+:$%,-$'%" '<" *(&$-'%$&"

&'+A/*(*4?"

1%" -6*" /,4-" &6,A-*.0" B*" A.*4*%-" -6*" .*45/-4" '<" -$+*2.*4'/7*)" $%7*4-$9,-$'%" '<" -6*" %'%2A'/,."

K5,%-5+"B*//?"@6$4"-*&6%$K5*",//'B4"54"-'"&6,.,&-*.$J*"-6*")8%,+$&"'<"-6*".*&'+:$%,-$'%"'<"-6*"

*(&$-'%" &'+A/*(*4?" @6*" ,%,/84$4" /*,)4" -'" -6*" )*-*.+$%,-$'%" '<" -6*" :*6,7$'." '<" -6*" 'A-$&,/"

A.'A*.-$*4",&&'.)$%9"-'"-6*"-*+A*.,-5.*",+'%9"B6$&6"-6*"*7'/5-$'%4"'<"-6*".,)$,-$7*",%)"%'%2

.,)$,-$7*" &'%-.$:5-$'%4" $%" -6*" A6'-'/5+$%*4&*%&*?" X*" &,%" ,/4'" 9*-" $%<'.+,-$'%" ,:'5-" -6*"

/'&,/$J,-$'%"'<"-6*"*(&$-'%"&'+A/*(*4?"

" "



1%-.')5&-$'%"

R"

"



!"#$%"&'%()#*)+',-)#.'/%)

0

!"#$%&'(!!

!"#$%"&'%()#*)+',-)#.'/%)01,23!

"#" $%&'()*+&,(%!

1',-)#.'/%)23()3,)%.&%,('4%)"%(%3"-2)2'(&#"5)/3&',6)73-8)&#)&2%)%3"95)7%6',,',6)#*)&2%):;&2)-%,<

&="5) /=%) &#) '&() 3&&"3-&'4%) *%3&="%() (=-2) 3() '&() -3$37'9'&5) #*) 6"#>&2) 3() 3) -"5(&399',%)?3&%"'39) 3&)

"##?)&%?$%"3&="%@)"%93&'4%95)9#>)-#(&)-#?$3"%/)&#)?#(&)#.'/%(A)B&)'()3)>'/%)3,/)/'"%-&)73,/63$)

BB<CB)(%?'-#,/=-&#")DE6)FGAGH)%C)3&)"##?)&%?$%"3&="%IA)J#"%#4%"@)'&)23()3)6"%3&)',&%"%(&)',)#$<

&#%9%-&"#,'-)/%4'-%(@)(=-2)3()9'62&)%?'&&',6)/'#/%()#")93(%")/'#/%(@)/=%)&#)3)93"6%)%.-'&#,)7',/',6)

%,%"65)#*)K;)?%CAL?#";MN)O,#&2%")7%,%*'&)#*)1,P)'()&23&)'&()-#?$#,%,&()3"%)%3"&2)37=,/3,&)?3&%<

"'39(@)3()#$$#(%/)&#)6399'=?)#")',/'=?@)?#"%#4%")'&()-#(&)'()9#>)-#?$3"%/)&#)Q3RA)

)

S'6="%)TATU)V3,/63$)43"'3&'#,()#*) -#?$#=,/() &38%,) *"#?)/'**%"%,&)-#9=?,()#*) &2%)$%"'#/'-) &379%A)C39=%()3"%)

$"%(%,&%/)*#")"##?)&%?$%"3&="%)73,/63$AL-2'TTN)

)



!"#$%"&'%()#*)+',-)#.'/%)

K

1,P) '() $3"&) #*) 3) 7"#3/%") *3?'95) #*) (%?'-#,/=-&#") 7',3"5) -#?$#=,/() ',-9=/',6) %9%?%,&() *"#?)

6"#=$)BB)3,/)6"#=$)CB)#*)&2%)$%"'#/'-)&379%A)W2'()6"#=$)',-9=/%()?%&39()(=-2)3()+',-)D1,I@)-3/?'<

=?) DX/I) 3,/) ?%"-="5) DY6I) ',) 7',3"5) -#?$#=,/() >'&2) %9%?%,&() #*) -239-#6%,() DP@) Z@) Z%@) W%IA)

P4%"399@) &2%(%) -#?$#=,/() &%,/) &#) 234%) 9#>%") 73,/) 63$() &23,)?%&39<#.'/%() 3,/) 39839'<239'/%()

3,/)93"6%")73,/)63$()#*)&2%)%9%?%,&3"5)(%?'-#,/=-&#"(@)Z')3,/)Q%AL[=:;T;N)S'6="%)TAT)$"%(%,&()&2%)

73,/)63$)#*)(#?%)>'/%($"%3/)(%?'-#,/=-&#"()$9#&&%/)3()3)*=,-&'#,)#*)&2%'")-2%?'-39)-#?$#('<

&'#,)6#',6) *"#?)%9%?%,&3"5)(%?'-#,/=-&#"() &#)7',3"5)(%?'-#,/=-&#"(A)W2%)73,/)63$)#*)1,P) '()

93"6%")&23,)&2%)#,%)#*)&2%)(%?'-#,/=-&#"()=(=39)DZ'@)Q%@)Q3O(IA)B&()439=%)'()-#?$3"379%)&#)&23&)#*)

&2%)Q3RA)

"#- .'/0&12!3&'*+&*'4!

W2%)#"63,'+3&'#,)#*)3)(#9'/)3()>%99)3()&2%),3&="%)#*)&2%)3&#?()*#"?()&2%)'?$"',&)#*)&2%)?3&%"'39A)B&)

%,(=%()*"#?)&2%(%)%9%?%,&()399)'&()$"#$%"&'%(\)&2%'")8,#>9%/6%)&2=()&38%()#,)3)?3]#")'?$#"&3,-%)

&23&)>%) (=??3"'+%)2%"%A) B,) &2%),3&="39) (&3&%@) &2%) +',-) #.'/%)?%%&() =,/%") &2%) (23$%)#*) 3,) #"%)

7%3"',6)&2%),3?%)#*)+',-'&%)&2%)$"%*%"%,&'39)?#"$2#9#6'%()#*)>2'-2)3"%),%%/9%()#*)2%.36#,39)(%-<

&'#,(AL$39^^N)1,P)-"5(&399'+%()D*'6A)TA:I)3--#"/',6)&#)&2"%%)/'**%"%,&)399#&"#$'-)*#"?()D-=7'-)-%,&%"%/)

*3-%(@)-=7'-)-%,&%"%/)79%,/%@)3,/)2%.36#,39)#*)&5$%)_`"&+'&%IA)W2%)-"5(&399',%)*#"?)/%$%,/()=$<

#,)&2%)&2%"?#/5,3?'-)-#,/'&'#,()#*)&2%)%,4'"#,?%,&AL/%(MaN@)L(8'M:N)

)

D3I)

)

D7I) D-I)

5,6*'4!"#-U)Z-2%?3&'-)"%$"%(%,&3&'#,)#*)&2%)-"5(&399',%)(&"=-&="%()#*)1,P)D3I)-=7'-)-%,&%"%/)*3-%(@)D7I)+',-)#*)

79%,/%@)D-I)2%.36#,39)_`"&+'&%A)W2%)93"6%)3,/)(?399)($2%"%()"%$"%(%,&)"%($%-&'4%95)&2%)3&#?()#*)+',-)3,/)#.5<

6%,A)

1,P)>'&2)?#(&)#*) &2%)6"#=$) BBbCB)7',3"5) -#?$#=,/)(%?'-#,/=-&#"() -"5(&399'+%) ',) %'&2%") -=7'-)

+',-)79%,/%)#")2%.36#,39)_`"&+'&%)D_+I)(&"=-&="%)>2%"%)%3-2)3,'#,)'()(=""#=,/%/)75)*#=")-3&'<

#,() 3&) &2%) -#",%"() #*) 3) &%&"32%/"#,) D*'6A) TAGI@) &2%"%*#"%) -23"3-&%"'+%/) 75) &>#) ',&%"-#,,%-&',6)

(=793&&'-%()#*)1,:c)3,/)P:d@)(=-2)&23&)%3-2)+',-)'#,)'()(=""#=,/%/)75)3)&%&"32%/"39)#*)#.56%,)'#,(@)

3,/) 4'-%) 4%"(3AL?#";MN) S="&2%"?#"%) 1,P) '() 3) BBbCB) -#?$#=,/) (%?'-#,/=-&#")>2#(%) '#,'-'&5) "%<

('/%()3&)&2%)7#"/%"9',%)7%&>%%,)&2%)-#439%,&)3,/)'#,'-)(%?'-#,/=-&#"(A)B,)&2'()(&"=-&="%@)&2'()&%&<

"32%/"39)-##"/',3&'#,)'()&5$'-39)#*)($G)-#439%,&)7#,/',6),3&="%@)7=&)&2%(%)?3&%"'39()39(#)234%)3)



!"#$%"&'%()#*)+',-)#.'/%)

H)

(=7(&3,&'39)'#,'-)-23"3-&%")&23&)&%,/()&#)',-"%3(%)&2%)73,/63$)7%5#,/)&2%)#,%)%.$%-&%/)*"#?)&2%)

-#439%,&)7#,/',6A)W2%)'#,'-'&5)#*)1,P)'()%(&'?3&%/)3&)0T@^)e@)>2'-2)-#,*'"?()&2%)'#,#<-#439%,&)

-23"3-&%")#*)&2%)-#,,%-&'#,)1,<PA)

)

5,6*'4!"#78)W2%)2%.36#,39)_`"&+'&%)))-"5(&39)(&"=-&="%)#*)1,PA)

f="',6)#=")(&=/5@)>%)(2399)7%)',&%"%(&%/)%.-9=('4%95)',)&2%)2%.36#,39)(&"=-&="%)_`"&+'&%)#*)&2%)

+',-)#.'/%)7%-3=(%)'&)'()&2%)(&"=-&="%)&23&)'()&2%)?#(&)&2%"?#/5,3?'-3995)(&379%)=,/%")3?7'%,&)

-#,/'&'#,(AL]3*MGN) X#,(%g=%,&95@) '&) '() &2%) -#??#,95) -"5(&399',%) (&"=-&="%)#7(%"4%/) *#") +',-)#.'/%)

(3?$9%()*37"'-3&%/)=(',6)/'**%"%,&)6"#>',6)&%-2,'g=%(A)

9:'&;,&4!0&'*+&*'4A)W2%)_`"&+'&%)(&"=-&="%)23()7%%,)"%(#94%/)',)TMT^)75)_A)hA)V"366)&2"#=62)

&2%)3,395('()75)i<j35)/'**"3-&'#,AL7"3:;N)W2%)V"343'() 93&&'-%)-#""%($#,/',6) &#) &2'()(&"=-&="%) '()3,)

2%.36#,39) 93&&'-%) #*) ($3-%) 6"#=$)!!!
! ) ',) &2%) Z-2#%,*9'%() ,#&3&'#,) 3,/) !KG?-) ',) &2%) Y%"?3,,b

J3=6=',),#&3&'#,A) B&)/%*',%() '&(%9*)75) &2%)2%.36#,39) (23$%)#*) '&()=,'&) -%99) D!"#$%) 3,/)! ! ! !

!"#! ! ! !"#$I@)3,/)75)&2%) 93&&'-%)-#,(&3,&()D3)3,/)-IA)W2%)439=%()#*) &2%(%)-#,(&3,&()3"%)-9#(%95)

9',8%/)&#)&2%)-2%?'-39),3&="%)#*) &2%)-#,(&'&=%,&)3&#?()#*)&2%) 93&&'-%A)W2%)/'(&3,-%)/)(%$3"3&',6)

&>#)"%&'-=93")$93,()#*)',/%.)D2@)8@)9I)/%/=-&()#*)&2%)"%93&'#,U)

1

d
2
=

4 h
2
+ hk + k

2( )
3 a

2
+

1

c
2
!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$"$%!

W2%) *#99#>',6) "%93&'#,) 6'4%) &2%)!"$3"3?%&%") *#") 3)_`"&+'&%) -"5(&39@)>2'-2) '() 3)?%3(="%) #*) &2%)

3?#=,&)75)>2'-2)%3-2)3&#?)'()/'($93-%/)>'&2)"%($%-&)&#)&2%),%.&)39#,6)&2%)#<3.'(U)

u=
1

3
 
a

2

c
2

 +
1

4
!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$"&%!

J#"%#4%"@)',)3,)'/%39)_`"&+'&%)-"5(&39@)&2%)3.'39)"3&'#)#k$"3,/)&2%)!"$3"3?%&%")3"%)-#""%93&%/)75)

&2%)"%93&'#,(2'$)!"#$% ! !
! !@)>2%"%)!"#$ ! !

! !)3,/)!" ! !)*#")3,)'/%39)-"5(&39A))

B,) &2%)1,P) &2%)439=%()#*) 93&&'-%)-#,(&3,&()3"%U)!"#$%&'()*+,) 3,/)!"#$%&#'()*+A)W2%)439=%)#*)

&2%)"3&'#)#*)! ! ! !!!")'()-9#(%)&#)&2%)#,%)#*)3,)'/%39)_`"&+'&%)(&"=-&="%A)O)(-2%?3&'-)"%$"%(%,&3<

&'#,)#*) &2%)>="&+'&'-)1,P)(&"=-&="%) '()(2#>,) ',) *'6="%)TAGA)W2%)(&"=-&="%)-3,)7%) &2=()/%(-"'7%/)



!"#$%"&'%()#*)+',-)#.'/%)

a

D*'6A)TA^I)3()3)(=--%(('#,)#*)$%"$%,/'-=93")$93,()*"#?)&2%)L;;;TN)/'"%-&'#,)#*)g=#&3&'#,)+)%g=39)',)

;@) Tka@) ^ka@) 0ka@)l) 39&%",3&%95) $#$=93&%/)>'&2) '#,() 1,:c) 3,/) '#,() #.56%,)P:<) D&5$%) OVOVOVm()

$'9%IA

)

5,6*'4!"#<8!j%$"%(%,&3&'#,)#*)&2%)2%.36#,39)(&"=-&="%)_`"&+'&%@)&2%)2'629'62&',6)#*)&2%)$'9%)#*)&5$%)OVOVOVl)

P,%)#*)&2%)*=,/3?%,&39)$#',&()-#,-%",',6)&2%)1,P)_`"&+'&%)'()&23&)'&)/#%(),#&)$#((%(()3)$93,)#*)))

(5??%&"5)$%"$%,/'-=93")&#)&2%)3.'()-A)W>#)3""3,6%?%,&()3"%)&2=()$#(('79%)*#")&2%)3&#?()#*)+',-)

3,/)#.56%,@)/%*',',6)&2%)$#93"'&5)#*)&2%)(&"=-&="%A)Z="*3-%()3"%)%'&2%")#*)$#93"'&5)1,@) '*)&2%)-#,<

,%-&'#,)1,<P)'()/'"%-&%/)&#)&2%)(="*3-%@)#")#*)$#93"'&5)P)(2#=9/)&2%)#$$#('&%)#--="A)

W2%)&%&"32%/"39)-##"/',3&'#,)6'4%()"'(%)&#)$#93")(5??%&"5)39#,6)&2%)2%.36#,39)3.'(A)W2'()$#93"'<

&5)'()"%($#,('79%)*#")3),=?7%")#*)&2%)$"#$%"&'%()#*)1,P@)',-9=/',6)'&()$'%+#%9%-&"'-'&5)3,/)($#,&3<

,%#=()$#93"'+3&'#,@)3,/)'()39(#)3)8%5)*3-&#")',)-"5(&39)6"#>&2@)%&-2',6)3,/)/%*%-&)6%,%"3&'#,AL6"=;KN)

=,224'!,%),+40!1%)!>21%40!,%!9:'&;,&4!0/??4&'/#!W2%)/'**%"%,&)-"5(&39)#"'%,&3&'#,()#*)&2%)=,'&)

-%99)-3,)&2%"%*#"%)7%)',/%.%/)',)&2%)_`"&+'&%)(&"=-&="%)D*'6="%)TA0I@)>'&2)*#=")J'99%")',/'-%()D28'9I)

*#")&2%)*#=")4%-&#"()D3T@)3:@)3GI)3,/)-)($3,,',6)&2%)=,'&)-%99A)W2%)3')4%-&#"()3"%),#&)9',%3"95)',/%<

$%,/%,&)&2=()&2%)439=%)#*)n'o)'()6'4%,)75) !"! !"# A))

)

5,6*'4!"#@8)W2%)?#(&)$93,%()=(%/)',)_`"&+'&%)(5??%&"5A)X)$93,%) !!!" )'()3)$#93")$93,%@)j)$93,%) !!!" )$93,%)

'()3)(%?')$#93"A)W2%)J)$93,%) !!!! )3,/)O)$93,%) !!!! )#"&2#6#,39)&#)&2%)X)$93,%)3"%),#,<$#93")$93,%(A))

!"

!"

!"

!"

!"

#"

#"

#"

#"

 
c-planе (0001) 

Polar 

[0100] 

[0001] 

[1000] 
[0010] 

R-planе (1!"02) 

Sеmi-Polar 

m-planе (1!"00) 

Non-Polar 

a-planе (11#"0) 



!"#$%"&'%()#*)+',-)#.'/%)

M)

W2%)*#=")?#(&)-#??#,)*3-%)&%"?',3&'#,()#*)_`"&+'&%)1,P)D*'6="%)T<0I)3"%U)&2%)$#93")1,)&%"?'<

,3&%/) !!!" ) 3,/) P) &%"?',3&%/) !!!! ) *3-%() DX<$93,%I@) 3,/) &2%) ,#,<$#93") *3-%() !!!! ) DO<

$93,%I) 3,/) !"!! ) DJ<$93,%I) >2'-2) 7#&2) -#,&3',) 3,) %g=39) ,=?7%") #*) +',-) 3,/) #.56%,) 3&<

#?(AL/%(MaN)

Y#>%4%"@)'&) '()'?$#"&3,&)&#),#&%@)7%*#"%)*','(2',6)&2'()$3"36"3$2@)&23&)(%4%"39)*3-&#"()-3,)3**%-&)

&2%)439=%)#*)&2%)93&&'-%)-#,(&3,&(U)

• W2%) -#,-%,&"3&'#,) ',) /%*%-&() 3,/) '?$="'&'%() ',-#"$#"3&%/@) 7%-3=(%) #*) &2%) /'**%"%,-%) #*)

9%,6&2)%.'(&',6)7%&>%%,)&2%'") '#,'-)7%3?)3,/)&23&)#*) &2%)-#,(&'&=%,&)3&#?()#*) &2%) '#,'-)

?3&"'.)#*)1,PA)

• W2%)%.&%",39)-#,(&"3',&()3$$9'%/)&#)&2%)-"5(&39A)

• W2%)&%?$%"3&="%)#*)&2%)?3&%"'39AL"%%H;N)

"#7 A1%)!0&'*+&*'4!(B!C%D!

W2%)#$&'-39)$"#$%"&'%()#*) (%?'<-#,/=-&#"()"%$#"&) &2%'")%9%-&"#,'-)(&"=-&="%)>2'-2)"%(=9&() '&(%9*)

*"#?) &2%) -"5(&399',%) (&"=-&="%) #*) &2%) ?3&%"'39A) W2=() '&) (%%?() %((%,&'39) &#) $#((%(() 3) 6##/)

8,#>9%/6%)#*)&2%)(&"=-&="%)#*)73,/)#*)1,P)&#)',&%"$"%&)&2%)"%(=9&()#*)#$&'-39)($%-&"#(-#$5A)1,P)'()

3)/'"%-&)73,/)63$)(%?'-#,/=-&#"@) '&()2'62%(&)439%,-%)73,/)3,/) 9#>%(&)-#,/=-&'#,)73,/)3"%) 9#<

-3&%/)3&)&2%)p<$#',&)#*)&2%)V"'99#=',)+#,%)D*'6A)TAKIAL?#";MN)

)

5,6*'4!"#E8)V3,/)(&"=-&="%)#*)1,PAL?#";MN)

W2%)-#,/=-&'#,)73,/)'()(<9'8%)3,/)&2%)439%,-%)73,/)'()$<9'8%)#*)1,PA)W2%)439%,-%)73,/)#*)1,P)'()

($9'&)75)&2%)-#?7',%/)3-&'#,)#*)&2%)2%.36#,39)-"5(&39)*'%9/)3,/)&2%)($',<#"7'&)',&%"3-&'#,@)"%(=9&<



!"#$%"&'%()#*)+',-)#.'/%)

T;

',6)',)3)73,/)(&"=-&="%)3()(2#>,)',)&2%)*#99#>',6)/'36"3?)',)DS'6A)TAH)3,/)TAaIA)J#"%)-9%3"95@)',)

7=98)1,P)&2%)439%,-%)73,/)'()($9'&)75)&2%)-"5(&39)*'%9/)3,/)($',<#"7'&)',&%"3-&'#,)',&#)&2"%%)(&3&%(@)

937%9%/ O@)V 3,/)X@)3()/%$'-&%/)',)*'6="%)TAaA)W2%)2'62%(&)%,%"65)O)73,/)23()pM (5??%&"5)>2'(&)

&2%)V)3,/)X)73,/(@)3()>%99)3()&2%)-#,/=-&'#,)73,/,)234%)pH)(5??%&"5AL"%5MMN)S#")%9%-&"'-)*'%9/()$#<

93"'+%/)$%"$%,/'-=93") &#) &2%) -<3.'()#,95) &2%) &2"%%)p0) %.-'&#,() DO@)V)3,/)XI) 3"%)#$&'-3995) 3-&'4%@)

>2%"%3()*#")%9%-&"'-)*'%9/()$#93"'+%/)$3"399%9)&#)&2%)-<3.'()#,95)&2%)&>#)pT)%.-'&#,()DV)3,/)XI)3"%)

#$&'-3995)3-&'4%AL"%5MMN)

)

)

5,6*'4! "#FU) V3,/) (&"=-&="%) 3,/) (%9%-&'#,) "=9%() _`"&+'&%)

(5??%&"5A)

5,6*'4!"#GU)Z-2%?3&'-)/'36"3?)"%$"%<

(%,&',6)&2%)-"5(&39<*'%9/)3,/)($',<#"7'&)

($9'&&',6) #*) &2%) 439%,-%) 73,/) #*) 1,P)

',&#)G)(=773,/)(&3&%()O@)V)3,/)X)3&)^A:)

qAL-#9;KN)

B,)1,P)g=3,&=?)>%99()&23&)3"%)6"#>,)-<3.'()#"'%,&%/@)#,95)&2%)&2"%%)p0)%.-'&#,()3"%)#7(%"4%/)*#")

%?'(('#,)$%"$%,/'-=93")&#)&2%)$93,%)#*)&2%)>%99@)>'&2)&2%)O)%.-'&#,)&5$'-3995)/#?',3&',6)&2%)#$&'<

-39)($%-&"=?A)E.-'&#,()*#"?%/)>'&2)2#9%()',)&2%)O)73,/)-3,)234%)p0)#")pK)(5??%&"5@)>2'-2)3"%)

#$&'-3995)399#>%/)3,/)*#"7'//%,@)"%($%-&'4%95A)E.-'&#,()*#"?%/)>'&2)2#9%()',)&2%)V)#")X)73,/)-3,)

234%)p0@)pT)#")p:)(5??%&"5@)&2%)*'"(&)&>#)#*)>2'-2)3"%)#$&'-3995)399#>%/)3,/)&2%)p:)%.-'&#,)'()#$&'<

-3995)*#"7'//%,AL"%5MMN))

J#"%#4%"@) &2%"%) 23() 7%%,) 3) -#,&"#4%"('39) /'(-=(('#,) 37#=&) &2%) (5??%&"5) #*) &2%) =$$%"?#(&) O)

(=7439%,-%)73,/) DpHL&2#K;N) #") pML$3"KKNI) (',-%) &2%) *'"(&) (&=/'%() #,)7=98)1,PA)W2%) (5??%&"5)#*) &2%)

=$$%"?#(&) O) (=7439%,-%) 73,/@) >2'-2) 3$$%3"() &#) 7%) -=""%,&95) /%&%"?',%/) ',) *34#") #*) &2%) pH)

(5??%&"5@)$"%(%,&%/)75)!=9()%&"$'AL$=9T:N)

W2"%%)=$$%")73,/()#--=")3&)&2%)439%,-%)&#$)73,/@)9%3/',6)&#)&2"%%)-#""%($#,/',6)',&"',('-)%.-'<

&#,)(&3&%()/%,#&%/)*"%%)%.-'&#,)O@)V)3,/)XA!E.-'&#,)(%"'%()%.'(&()*#")399)&2"%%)-#?7',3&'#,()#*)43<

9%,-%)73,/)DCVI)3,/)-#,/=-&'#,)73,/)DXVIA)W2%)7',/',6)%,%"65)#*)&2%)%9%-&"#,)>'&2)&2%)2#9%)'()

-399%/)%.-'&#,'-)7',/',6)%,%"65A)W2'()%,%"65)43"'%()(9'62&95)/%$%,/',6)#,)>2%&2%")&2%)2#9%)',)&2%)

 

Γ1 Γ1 

Γ1 

Γ5 

Γ5 

Γ7 

Γ7 

Γ7 

Γ9 

Conduction 

band 

Valеncе 

band 



!"#$%"&'%()#*)+',-)#.'/%)

00)

%.-'&#,)'()12'3&)*"#4)&5%)673%,-%)17,/)(&7&()89):)#");<)=5%)%.-'&#,)1',/',>)%,%">'%()7"%)&7?%,)&#)

1%)%@273)&#)&5%)(74%)6732%)*#")&5%)&5"%%)%.-'&#,()AB)C)DE)4%F<)

!"# $%&'(%)*(+,&-,.*/0,&1*2(,

!"#"! 34(0)%*054,'%&'(%)*(+,

G,H)I'&5)7)17,/>7$)#*)J<JK)%F)7&)"##4)&%4$%"7&2"%)7-&()7()7,) ',(237&#") ',)71(%,-%)#*) *#"%'>,)

7&#4()#") %3%-&"'-) 7-&'6%)/%*%-&(<)L#I%6%"9) G,H) '()4#(&)#*) &5%) &'4%)7,),M&N$%)47&%"'73<) O&) '() 7&M

&"'12&%/) &#)/%*%-&() ',) &5%)47&%"'73) (2-5)7() ',&%"(&'&'73) +',-)7&#4()#")#.N>%,)67-7,-'%(<)=5%)5NM

/"#>%,)&57&)'()$"%(%,&)',)&5%)47P#"'&N)#*)&5%)>"#I',>)&%-5,'-()-7,)1%)73(#)7&)&5%)#"'>',)#*)&5%),M

&N$%)-#,/2-&'6'&N)#*),'/)G,H)47&%"'73<)=5%)-#,&"#3)#*)&5%)-#,/2-&'6'&N)57()1%%,)(21P%-&)&#)47,N)

',6%(&'>7&'#,(<)Q#")%.74$3%9)#,%)#*)&5%)(&7?%()'()&5%)"%73'+7&'#,)#*)&"7,($7"%,&)%3%-&"#/%()*#")&5%)

$5#&#6#3&7'-)7$$3'-7&'#,(<R-52STU))

=5%)$M&N$%)/#$',>)'()42-5)4#"%)/'**'-23&)&#)1%)#1&7',%/<)O,/%%/9)&5%)%3%4%,&()#*)&5%)-#324,()O8)

7,/) O:) &57&)1N)(21(&'&2&'#,) ',)+',-)7&#4()I#23/)$37N)7--%$&#"(V) "#3%) &%,/)1%-72(%)#*) &5%'") 3#I)

('+%)&#)1%)3#-7&%/)#,)&5%)',&%"(&'&'73)('&%(9)(#),#&)$37N',>)7--%$&#"(V)"#3%)7,N4#"%)12&)&57&)#*)&5%)

/#,#"(<)=5%)$M/#$',>)"%47',)#,%)#*)&5%)4#(&)'4$#"&7,&)'((2%()*#")&5%)/%6%3#$4%,&)#*)%3%-&"#,'-)

/%6'-%()I'&5)G,H)"%37&%/)47&%"'73)

!"#"6 7*(4(0)%*0,-8/0)*&/,

=5%)47-"#(-#$'-) #$&'-73) $"#$%"&'%() #*) 47&%"'73() 7"%) /%(-"'1%/) 1N) &5%) &%,(#") #*) &5%) /'%3%-&"'-)

*2,-&'#,9)3',?',>)&5%)6%-&#")#*)&5%)%3%-&"'-)*32.)/%,('&N)&#)&5%)%3%-&"'-)*'%3/W)

D

!"

= ε
0
 E

!"

 + P

!"

= ε
0
 ε

r
 E

!"

!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$"%&!

O&) '()$#(('13%) &#)/%4#,(&"7&%) &57&) &5%)/'%3%-&"'-) &%,(#") ε
r
) #*) 7) &"7,($7"%,&),#,M47>,%&'-)%,6'M

"#,4%,&)'()(N44%&"'-)"%739)7,/)&52()/'7>#,73'+713%<):N)-5##(',>)7,)7.'()+)$7"733%3)&#)&5%)7.'()-9)

I%)#1&7',)',)&5%)-7(%)#*)7)XY"&+'&%)(&"2-&2"%W)

ε
r
=

ε
r

⊥

0

0

0

ε
r

⊥

0

0

0

ε
r

//

  !""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$"'&!

=52() &5%)#$&'-73)$"#$%"&'%()#*) &5%)G,H)XY"&+'&%)7"%) ',)%((%,-%)7,'(#&"#$%()2,'7.'739) #*)#$&'-73)

7.'()$7"733%3)&#)&5%)-)7.'(<)8--#"/',>)&#)&5'()7.'(9)7)$37,%)I76%)$"#$7>7&%()I'&5)&5%)(74%)6%3#-'&N)

I57&%6%")'()&5%)$#37"'+7&'#,<)Q#")I76%()$"#$7>7&',>)7--#"/',>)&#)7,N)#&5%")/'"%-&'#,9)&5%)6%3#-'M

&N)'()/%$%,/%,&)#,)&5%)$#37"'+7&'#,<):N)2(',>)&5%)%@27&'#,()#*)Z7.I%339)'&)'()$#(('13%)&#)/%4#,M



!"#$%"&'%()#*)+',-)#.'/%)

T:)

(&"3&%)&23&)&2%)4%-&#")"%*"3-&'4%)',/%.)'()-#,,%-&%/)>'&2)&2%)/'%9%-&"'-)&%,(#")4'3)&2%)%g=3&'#,)#*)

S"%(,%9U)

n2
−ε

r

⊥( ) εr

//  n
z

2
+ε

r

⊥ n
x

2
+ n

y

2( )−εr

⊥  ε
r

//( ) = 0 !"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$")%!

V#&2)(#9=&'#,()#*)&2'()%g=3&'#,)*#"?)&>#)(="*3-%()#*)%99'$(#'/(U)

n2 = ε
r

⊥

n
z

2

ε
r

⊥
+
n
x

2
+ n

y

2

ε
r

//
=1
!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$"*%!

W2%)1,P)_`"&+'&%)'()-#,(%g=%,&95)7'"%*"',6%,&U)&>#)&5$%()#*)$93,%)>34%()-3,)$"#$363&%A)B,)&2%)

-3(%)#*)3)$"#$363&'#,)3--#"/',6)&#)&2%)#$&'-39)3.'(@)&2%)-"5(&39)'()-#,('/%"%/)'(#&"#$'-)>'&2)3)"%<

*"3-&'4%)',/%.)!! ! !!
!)D#"/',3"5)',/%.IA)P&2%">'(%@)&2%)"%*"3-&'4%)',/%.)/%$%,/()#,)&2%)3,69%)

7%&>%%,)&2%)/'"%-&'#,)#*)$"#$363&'#,)3,/)&2%)#$&'-39)3.'(A) B&) '()7%&>%%,)!!)3,/)!! ! !
!

!!
) D%.<

&"3#"/',3"5) ',/%.IA)_%) (%%) &23&) ',) &2%) +#,%) #*) &"3,($3"%,-5) #*) &2%) 1,P) &2%) #$&'-39) $"#$%"&'%()

$"%(%,&)3)9'62&)3,'(#&"#$5A)

"#<#7 HL/0,+12!>1'1?4&4'0!(B!C%D!

W2%)?#(&)'?$#"&3,&)-2%?'-39)3,/)$25('-39)$3"3?%&%"()#*)&2%)1,P)3"%)(=??3"'+%/)',)&379%)TATA)

()%*+#$'"$,-".)/0+#$'"1$2$*%&%20" 3$'!%0"

(2/0&$'"4&2!#&!2%" 5%6$78,$'"9"(!:+#"
(8'82" ;)+&%"
<%,0+&/" =>?@?A"7B#*C"
4&$:'%"1)$0%"$&"DAAE" ;F2&G+&%""
H%'&+,7"18+,&" IJ@="K("
L)%2*$'"#8,-!#&+M+&/" IAA"*;B#*>E"$&"DAAE"
H8'%#!'$2"N%+7)&" OIPDO"7>*8'QI"
5$2-,%00" RQ="8,"&)%"H8)"0#$'%"
4&$&+#"-+%'%#&2+#"#8,0&$,&" O>?=?"
S%T2$#&+M%"+,-%6" U>AAO"

V,%27/"7$1" D>D@"%3P"-+2%#&"
V6#&+8,":+,-+,7"%,%27/" ?A"*%3"
V'%#&28,"%TT%#&+M%"*$00" A>UR*K"
V'%#&28,"5$''"*8:+'+&/"$&"DAAE"T82"'8N",Q&/1%"#8,-!#&+M+&/" UAA"#*UB30"
58'%"%TT%#&+M%"*$00" A>=J"
58'%"5$''"*8:+'+&/"$&"DAAE"T82"'8N"1Q&/1%"#8,-!#&+M+&/" =Q=A""#*UB30"

M1N24!"#"U)W2%)?#(&)$25('-39)$"#$%"&'%()#*)&2%)?3&%"'39)1,PAL$%3;0N)

"#<#< D>&,+12!>'(>4'&,40!1%)!2*?,%40+4%+4!

W2%)#$&'-39)$"#$%"&'%()#*)3)?3&%"'39)3"%)"%93&%/)&#)&2%)',&%"3-&'#,)7%&>%%,)&2%)9'62&)D%9%-&"#?36<

,%&'-)>34%I)>'&2)&2%)?3&%"'39)D%9%-&"#,()#*)&2%)?3&%"'39IA)W2%)$2#&#9=?',%(-%,-%)D!hI '()&2%)#$<



!"#$%"&'%()#*)+',-)#.'/%)

TG

&'-39)"3/'3&'#,)*"#?)3)$25('-39)(5(&%?@) '&) '() &2%)"%<%?'(('#,)#*) 9'62&)3*&%")37(#"7',6)3)$2#&#,)#*)

2'62%")%,%"65AL*#.T^N) B,)3) -#?$#=,/)(%?'-#,/=-&#") (5(&%?) 9'8%)1,P@) &2%) &2%"?39)%g='9'7"'=?) '()

7"#8%,)75)&2%)%.&%",39)#$&'-39)%.-'&3&'#,@)*"#?)>2'-2)&2%)%9%-&"#,()3"%)%.-'&%/)*"#?)&2%)439%,-%)

73,/)&#)&2%)-#,/=-&'#,)73,/A)W2%)(5(&%?)&%,/()&#)"%&=",)&#)'&()%g='9'7"'=?)(&3&%)&2"#=62)&2%)"%<

-#?7',3&'#,) #*) %9%-&"#,<2#9%) $3'"(A) W2'() $"#-%(() '() =(=3995) 3-2'%4%/) 75) %'&2%") 73,/<&#<73,/)

&"3,('&'#,(@)#")&"3,('&'#,()&2"#=62)/'(-"%&%)9%4%9()',)&2%)73,/)63$)"%93&%/)&#)/#$3,&()#")/%*%-&(A)

W2%)($%-&"=?)'()&2%,)"%-#"/%/@)3,/)$%38()>'&2)/'**%"%,&)%,%"6'%()3"%)"%93&%/)&#)/'**%"%,&)"%-#?<

7',3&'#,)$"#-%((%(A)W2%)%9%-&"#,'-)73,/)(&"=-&="%)#*)&2%)?3&%"'39)-3,)7%)',4%(&'63&%/)75)3,395+<

',6)'&()!h)($%-&"=?A)f%&%-&()"3/'3&'4%)&"3,('&'#,)*"#?)3,)%.-'&%/)%9%-&"#,'-)(&3&%)&#)3)9#>%")%9%-<

&"#,'-) (&3&%A)O9(#@) '&) 399#>()234',6) ',*#"?3&'#,)37#=&) &2%)$"%(%,-%)#*) -%"&3',) '?$="'&'%() ',) &2%)

-23"3-&%"'+%/)?3&%"'39@)7=&)#,95)'?$="'&'%()&23&)$"#/=-%)"3/'3&'4%)&"3,('&'#,()-3,)7%)/%&%-&%/A)

W2%)(3?$9%)'()%.-'&%/)>'&2)3,)#$&'-39)(#="-%@)&5$'-3995)3)93(%")>'&2)2r)s)E6@)>2'-2)'()*#")3,)%.3?<

$9%@)*#")%.3?$9%)3)Y%X/)93(%")%?'&&',6)3&)3)>34%9%,6&2)#*)G:0),?)',)&2%)-3(%)#*)1,PA)O)$2#&#,)

399#>()3,)%9%-&"#,)$"#?#&'#,)*"#?)3)7#=,/)(&3&%)',)&2%)439%,-%)73,/@)&#)3)*"%%)(&3&%)',)&2%)-#,<

/=-&'#,)73,/@)&2'()$2%,#?%,#,)'(),3?%/)*=,/3?%,&39)37(#"$&'#,@)3()(2#>,)',)*#99#>',6)*'6="%)

TAMAL?#";MN@) L?38;:7N@) L9';GN) W2'() *'6="%) 39(#) '99=(&"3&%() &2%)/'**%"%,&) "%-#?7',3&'#,)$"#-%((%() #*) &2%) %9%-<

&"#,<2#9%)$3'"(A)

)

5,6*'4!"#OU)Z-2%?3&'-)/'36"3?()&2%)73,/)&"3,('&'#,)#*)&2%)$2#&#9=?',%(-%,-%A)

$%&4'PN1%)!&'1%0,&,(%8!B,&"',('-)%?'(('#,)-#""%($#,/',6)',)%,%"65)&#)&2%)73,/)63$A)!

Y'62%") %,%"65) %?'(('#,) ',4#94',6) %,%"6%&'-) #") 2#&) -3""'%"(@) (#?%&'?%() "%93&%/) &#) 34393,-2%)

%?'(('#,A)

 

ExA ExB 

ExC 

Ea 

a 

a 

b 
b c 

d 

Et 
Eg g

Emitted 

Photon 

hν 

Electron 

Hole 

CB 

VB 

Excitation Radiative Transition 

1 2 3 4 



!"#$%"&'%()#*)+',-)#.'/%)

T^)

JI+,&(%,+!&'1%0,&,(%0!)*4!&(!&L4!QR!A!('!.!4I+,&(%#)W2%(%)%?'(('#,)%,%"6'%()3"%)-#""%($#,/',6)

4%"5)-9#(%)',)%,%"65)&#)&2%)73,/)63$A)

M'1%0,&,(%0!,%S(2S,%6!+L4?,+12!,?>*',&,40!('!>L/0,+12!)4B4+&#!X#,/=-&'#,)73,/)&#)3--%$&#"@!

/#,#")&#)439%,-%)73,/@!/#,#")&#)3--%$&#"@)3,/!/%%$)9%4%9A!

$%&'1PN1%)!&'1%0,&,(%0!,%S(2S,%6!L(&!+1'',4'R!0(?4&,?40!+1224)!)4+424'1&,(%!4?,00,(%0#!

B,)$="%)1,P@) &2%)$2#&#9=?',%(-%,-%)3&) 9#>)&%?$%"3&="%) '()=(=3995)/#?',3&%/)75) &2%)%.-'&#,'-)

&"3,('&'#,(A)_2%,)3,)%9%-&"#,<2#9%)$3'")'()-"%3&%/@)-#=9#?7)3&&"3-&'#,)-3,)9%3/)&#)&2%)*#"?3&'#,)

#*)3,)%.-'&%/)(&3&%@)',)>2'-2)3,)%9%-&"#,)3,/)2#9%)"%?3',)7#=,/)&#)%3-2)#&2%"A)W2'()%.-'&%/)(&3&%)

'()"%*%""%/)3()3)*"%%)%.-'&#,@)>'&2)(9'62&95)9%(()%,%"65)&23,)&2%)73,/<63$)%,%"65A)W2%)%.-'&#,)-3,)

7%)7#=,/)&#)3)/#,#")#")3--%$&#")3,/)"%-#?7',%)&#)5'%9/),%=&"39)/#,#")#")3--%$&#")%.-'&#,)&"3,<

('&'#,(A)

!"#"#"! $%&'()*+,-./,

E.-'&#,()3"%)%9%-&"#,<2#9%)$3'"()7#=,/)&#6%&2%")',)(&379%)#"7'&()75)&2%)?=&=39)X#=9#?7)3&&"3-<

&'#,)7%&>%%,)&2%?A)E.-'&#,()3"%)?3',95)'?$#"&3,&)*#")&2%)#$&'-39)$"#$%"&'%()#*)3)?3&%"'39A)t(=39<

95)#$&'-39)"%-#?7',3&'#,)-3=(',6)&2%)%?'(('#,)#*)$2#&#,()*"#?)3)(%?'-#,/=-&#")#--="()7%&>%%,)

*"%%)%9%-&"#,()3,/)2#9%(A)S#")7#&2)&2%"%) '()3)-#,&',==?)#*)$#(('79%)%,%"6'%()3,/)&2%"%*#"%)>'99)

39(#)6%&)3)"3&2%")7"#3/)"3,6%)#*)$2#&#,)%?'(('#,)%,%"6'%(A)B,)3)(%?'-#,/=-&#"@)&2%)37(#"$&'#,)#*)

3)$2#&#,)-"%3&%()3,)%9%-&"#,)',)&2%)-#,/=-&'#,)73,/)3,/)3)2#9%)',)&2%)439%,-%)73,/A)W2%)#$$#<

('&%95)-23"6%/)$3"&'-9%()3"%)-"%3&%/)3&)&2%)(3?%)$#',&)',)($3-%)3,/)-3,)3&&"3-&)%3-2)#&2%")&2"#=62)

X#=9#?7)',&%"3-&'#,A)W2'()3&&"3-&'4%)',&%"3-&'#,)',-"%3(%()&2%)$"#737'9'&5)#*)&2%)*#"?3&'#,)#*)3,)

%9%-&"#,<2#9%)$3'"@)3,/)&2%"%*#"%)',-"%3(%()&2%)#$&'-39)&"3,('&'#,)"3&%A)J#"%#4%"@)'*)&2%)"'62&)-#,<

/'&'#,()3"%)(3&'(*'%/@)3)7#=,/)%9%-&"#,<2#9%)$3'")-3,)7%)*#"?%/A)W2'(),%=&"39)7#=,/)$3'")'()-399%/)

3,)4I+,&(%A)B,)&2%)('?$9%(&)$'-&="%@)&2%)%.-'&#,)?35)7%)-#,-%'4%/)3()3)(?399)25/"#6%,'-)(5(&%?)

('?'93") &#) 3) $#('&"#,'=?) 3&#?)>'&2) &2%) %9%-&"#,) 3,/) 2#9%) ',) 3) (&379%) #"7'&) 3"#=,/) %3-2) #&2<

%"AL*#.T^N)

There are two common forms of excitons that are observed in many crystalline materials. 

• Wannier-Mott excitons, often known as free excitons. 

• Frenkel excitons, also known as tightly bound excitons. 
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"*,,$E'+( #*(&%=$+D+(&)#$-$%$&'(8&#+)$&',(9=+)+( #=+(%&))$+),(9$''(E+(%*/-$/+G(&%%*)G$/4( #*(*/+(*)(

,+D+)&'(G$)+%#$*/,Q(^+)+(9+(=&D+(,#7G$+G(:J(,F,#+8,2(9=+)+(#=+(%&))$+),(&)+( -)++( $/(#9*(G$)+%T

#$*/,(*-( ,"&%+Q( [/( #=+( #=$)G(G$)+%#$*/,( #=+(E&))$+),(%*/-$/+( #=+(%&))$+),Q(S=+(67&/#78(9+'',(&)+(

#=+( ,$8"'+,#( :J( ,F,#+8_( #=+F( %&/(E+(*E#&$/+G(EF( ,7"+)$8"*,$/4( #=+( '&F+),( *-( ,+8$%*/G7%#*),(

9$#=(G$--+)+/#(E&/G4&"Q(^*9+D+)2($/(*)G+)(#*(4+#(&(4**G(%)F,#&''$/+(,#)7%#7)+(#=+('&##$%+,("&)&8T

+#+),(*-(#=+(,+8$%*/G7%#*),(87,#(E+(%'*,+Q([-(#=+(#=$%X/+,,(*-(#=+('&F+)(*-(#=+(,+8$%*/G7%#*)(9$#=(

,8&''+)(E&/G4&"($,(#=$/(+/*74=(1$Q+Q(9+&X($/(-)*/#(*-(#=+(G+(N)*4'$+(9&D+'+/4#=(*-(#=+(%&))$+)5(&(

67&/#$-$%&#$*/(*-(#=+(+/+)4F($,(*E,+)D+GQ([#()+,7'#,($/(&/($/%)+&,+(*-(#=+(+--+%#$D+(E&/G4&"(9=+/(

#=+(9$G#=(*-(#=+(67&/#78(9+'',(G+%)+&,+,Q([/(;?]Y(J$/4'+(!"#$%(>G$/]YA()+"*)#(#=+(-$),#(*E,+)D&#$*/(

*-(#=+(67&/#$-$%&#$*/($/(:JT,F,#+8($/(V&U,01V&2(U'5U,(=+#+)*,#)7%#7)+,Q(

NF(&GG$/4(8&4/+,$78($/(#=+(Z$/%(*P$G+(#=+(E&/G4&"(*-(#=+(&''*F($/%)+&,+,Q(U('$/+&)($/%)+&,+(*-(

#=+(E&/G4&"(=&,(E++/()+"*)#+G(9$#=(&(,'*"+(*-(&)*7/G(:`(8+M(EF("+)%+/#(*-(8&4/+,$78($/(#=+(

&''*F(7/#$'(&(%*8"*,$#$*/(*-(&E*7#(YR(aQ>*=#??EA2( >X*$R`A(b7)#=+)8*)+2(#=+('&##$%+("&)&8+#+),()+8&$/(

%'*,+(+/*74=(-*)(&D*$G$/4($/#+)-&%+(%*/,#)&$/#,Q(S=7,(#=+(./!01./2(345!($,(&(4**G(%&/G$G&#+(-*)(

#=+()+&'$Z&#$*/(*-(cM(G+D$%+,Q(

"#"#"! ./,-')&0!

[/( &(67&/#78(9+''( #=+( %*7'*8E$%( $/#+)&%#$*/(E+#9++/( #=+(=*'+( &/G( #=+(+'+%#)*/(4$D+,(E$)#=( #*(

+P%$#*/,(&,($/(#=+(%&,+(*-(#=+(dJ(8&#+)$&',Q(U,(&(%*/,+67+/%+(*-(#=+(#9*TG$8+/,$*/&'(%=&)&%#+)(*-(

#=+(67&,$("&)#$%'+(#=+(E*7/G$/4(+/+)4F(*-(#=+(+P%$#*/($,(8*)+($8"*)#&/#($/(67&/#78(9+''(#=&/($/(

#=+(E7'X(8&#+)$&'Q([/("7)+(:J(8&#+)$&'2(#=+(+P%$#*/(E*7/G$/4(+/+)4F($,(-*7)(#$8+,(#=+(*/+($/(dJ(

8&#+)$&'Q( [/( ")&%#$%+2( 67&/#78(9+'',( &)+( /*#( "7)+( :J( ,F,#+8,2( =*9+D+)( #=+( +P%$#*/( E*7/G$/4(

+/+)4F( $,( =$4=+)( #=&/( $/( #=+( E7'X(8&#+)$&'Q>G$/]YA( S=+( +P%$#*/,( &)+( %*/,+67+/#'F(8*)+( ,#&E'+( $/(

67&/#78(9+'',(#=&/($/(E7'X(8&#+)$&'2(9=$%=($,(&/(&GD&/#&4+(-*)(*"#*+'+%#)*/$%(G+D$%+,(*"+)&#$/4(

&#()**8(#+8"+)&#7)+Q(S=$,( $,(/*#(&'9&F,(#)7+2( $/("&)#$%7'&)( $/(67&/#78(9+'',(9=+/(&/( $/#+)/&'(

+'+%#)$%(-$+'G($,(")+,+/#Q(
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"#"#8! ./,-')&0!-&!1+2&'+3!45660!4-'9!-&'5(&26!565,'(-,!:-56*!

[/("*'&)(8&#+)$&'(,7%=(&,(V&W(*)(./!(#=+("*'&)$Z&#$*/($,(/+7#)&'$Z+G(EF(#=+(-)++(%&))$+),(&/G(#=+(

,7)-&%+(%=&)4+,2(#=$,( $,(/*#(#=+(%&,+($/(#=+(=+#+)*,#)7%#7)+,Q(S=7,(#=+("*'&)$Z&#$*/(-$+'G(%)+&#+G(

4$D+,(E$)#=(#*(&/($/#+)/&'(+'+%#)$%(-$+'G2(9=$%=($,(")*-*7/G'F(4*$/4(#*(8*G$-F(#=+(*"#$%&'(")*"+)T

#$+,Q(C+(&)+(4*$/4(#*($''7,#)&#+(#=+,+(+--+%#,(EF(%*/,$G+)$/4(&('&F+)(*-(#=$%X/+,,(HC(19+''5(*-("*'&)T

$Z&#$*/(IC(,&/G9$%=+G(E+#9++/(#9*('&F+),(*-(#=$%X/+,,(HN(1E&))$+),5(&/G("*'&)$Z&#$*/(IN(4)*9/(

&%%*)G$/4( #*( #=+( >;RRRA(G$)+%#$*/Q(U,,78$/4( #=+( ,&8+(D&'7+( -*)( #=+(G$+'+%#)$%( %*/,#&/#( -*)( #=+(

9+'',(&/G(#=+(E&))$+),2( $#(%&/(E+(+&,$'F(G+8*/,#)&#+G>'+)??&A( #=&#( #=+(+'+%#)$%( -$+'G()+,7'#$/4( -)*8(

#=+("*'&)$Z&#$*/(,=$-#(1$/(#=+(9+'',(&/G($/(#=+(E&))$+),5($,(4$D+/(EFe(
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S=+(-$),#(*ED$*7,()+8&)X($,(#=&#(#=+(+'+%#)$%(-$+'G($/(#=+(9+''(9$''(E+(*-(*""*,$#+ ,$4/(#*(#=&#(*-(#=+(

E&))$+)Q(b7)#=+)8*)+2(9+(,++(#=&#(#=+(+'+%#)$%(-$+'G($/,$G+(#=+(67&/#78(9+''(G+"+/G,(*/(#=+(4+T

*8+#)F(*-(#=+(,&8"'+Q(S=+(8&P$878(*-(#=+(+'+%#)$%(-$+'G($/(#=+(67&/#78(9+''($,(*E#&$/+G(9=+/(

#=+(9$G#=(*-(#=+(E&))$+),(&)+('&)4+(+/*74=(1HNffHC5Q(

(

;-<+(5!"#$=(<%=+8&#$%()+")+,+/#&#$*/(*-(E&/G(,#)7%#7)+(-*)(/&))*9(1&5(&/G(1E5(&/G(9$G+(1%5(&/G(1G5(BC(9$#=T

*7#(1&5(&/G(1%5(&/G(9$#=(1E5(&/G(1G5($/#+)/&'(+'+%#)$%(-$+'GQ(

S=+( +--+%#( *-( ,7%=( &/( $/#+)/&'( +'+%#)$%&'( -$+'G( $,( X/*9/( &,( #=+( 67&/#78T%*/-$/+G( <#&)X( +--+%#(

1BL<O5Q( [#( =&,( E++/( $/D+,#$4&#+G( $/( G+#&$'( $/( =+#+)*,#)7%#7)+,( E&,+G( */(97)#Z$#+( 4)*7"T[[[( /$T

#)$G+,>'+-R;A( (V&W01V&2U'5WQ(S=+F(&)+(#F"+([(67&/#78(9+''2(9=+)+(E*#=(+'+%#)*/(&/G(=*'+(&)+(%*/T

-$/+G( $/( #=+( ,&8+( '&F+)Q(S=$,( $,( $''7,#)&#+G( $/( -$47)+(:Q;2(9=$%=( ,=*9,( #=+( %&'%7'&#+G( #)&/,$#$*/(

+/+)4$+,(&/G(+'+%#)*/(&/G(=*'+(9&D+(-7/%#$*/,(9$#=*7#(1&(&/G(%5(&/G(9$#=(1E(&/G(G5(+'+%#)$%(-$+'G(

!"!
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-*)( /&))*9( 1&( &/G( E5( &/G( 9$G+( 1%( &/G( G5( 67&/#78(9+'',Q( S=+( 67&/#78T%*/-$/+G( <#&)X( +--+%#(

1BL<O5()+G(,=$-#,(#=+(-7/G&8+/#&'(*"#$%&'(#)&/,$#$*/Q([/(&GG$#$*/2($#($/G7%+,(,"&#$&'(,+"&)&#$*/(*-(

+'+%#)*/(&/G(=*'+Q(U,(&(%*/,+67+/%+2(#=+)+($,(&(G+%)+&,+(*-(#=+(*D+)'&"(E+#9++/(#=+(+'+%#)*/(&/G(

=*'+( 4)*7/G( ,#&#+( 9&D+( -7/%#$*/,Q( S=7,( #=+( *,%$''&#*)( ,#)+/4#=( *-( #=+( -7/G&8+/#&'( #)&/,$#$*/(

)+G7%+,Q(b)*8(#=+(+P"+)$8+/#&'()+,7'#,(*/(4)*7"T[[[(/$#)$G+,(BC(#9*()+4$8+,(%&/(E+(G+-$/+Ge(1&5(

-*)(/&))*9(BC,(#=+(+8$,,$*/(+/+)4F($,(&E*D+(#=+(8&#+)$&'(E&/G4&"(&/G(#=+(+P%$#*/$%('$-+#$8+,(

&)+( $/( #=+( )&/4+( *-( /&/*,+%*/G,2( #=+( 67&/#78( %*/-$/+8+/#( G*8$/&#+,_( 1E5( -*)(9$G+( BC,( #=+(

+8$,,$*/( +/+)4F( $,( E+'*9( E&/G4&"( &/G( G+%)+&,+,( &'8*,#( '$/+&)'F( 9$#=( $/%)+&,$/4( BC( 9$G#=(

1H952(9=+)+&,(#=+(+P%$#*/('$-+#$8+($/%)+&,+,(+P"*/+/#$&''F2(#=+(BL<O(G*8$/&#+,Q(

"#8! >()4'9!'5,9&-1+50!

J$--+)+/#( #F"+(*-(4)*9#=( #+%=/$67+,(=&D+(E++/(7,+G( #*(4)*9#=(./!01./2(345!(67&/#78(9+'',Q(

S=+(#+%=/$67+(#=+(8*,#(7,+G(,*(-&)($,(#=+(I7',+(H&,+)(J+"*,$#$*/Q(

S=+(I7',+G(H&,+)(J+"*,$#$*/(1IHJ5>D$,??A((*)(H&,+)(3*'+%7'&)TN+&8(O"$#&PF(1H3NO5(4&D+(#=+(-$),#(

87'#$T67&/#78(9+'',Q>*=#?@&A([/(#=$,(8+#=*G2(&("*'F%)F,#&''$/+(#&)4+#($,(&E'&#+G(EF(&("7',+('&,+)($/(

&/(7'#)&=$4=(D&%778(%=&8E+)Q(C=+/(#=+('&,+)($,(&E,*)E+G(EF(#=+(#&)4+#(,7)-&%+(&(,#)*/4("'&,8&(

"'78+( $,( 4+/+)&#+G( 9=$%=( #=+/( %*/G+/,+,( */#*( #=+( ,7E,#)&#+( ,7)-&%+Q( S=+( 4)*9#=( ")*%+,,( $,(

8*/$#*)+G( $/(,$#7(EF()+-'+%#$*/(=$4=T+/+)4F(+'+%#)*/(G$--)&%#$*/( 1g^OOJ5Q( [/(*)G+)( #*( -*)8(#=+(

#&)4+#,(=$4=("7)$#F(./!(&/G(34!("*9G+),(&)+(8$P+G2(%&'%$/+G2(&/G(,$/#+)+G($/(&(")+G+#+)8$/+G(

&8*7/#Q(S=+($8"*)#&/#("&)&8+#+),($/(#=+(IHJ(#+%=/$67+(&)+(#=+(G+"*,$#$*/(#+8"+)&#7)+2(E&%XT

4)*7/G(4&,(")+,,7)+2(#&)4+#(#*(,7E,#)&#+(G$,#&/%+2('&,+)(-'7+/%+2(&/G("7',+()+"+#$#$*/()&#+Q(<$/4'+T

"=&,+(#=$/(-$'8(*-(./;TP34P!(%T*)$+/#+G(=&,(E++/(,7%%+,,$D+'F(4)*9#=(9$#=(&(8&4/+,$78(%*/%+/T

#)&#$*/( 7"( #*( PhRQddQ>*=#?@EA( ./!01./2(345!( =+#+)*,#)7%#7)+,( ,7%=( &,( ,7"+)'&##$%+,2>*=#??&A(

3BC>8&XRRA((*)(,$/4'+(BC>8&XR@A((=&D+(E++/(&',*(,7%%+,,-7''F(+'&E*)&#+GQ(

3+#&'*)4&/$%(D&"*7)T"=&,+(+"$#&PF(13!MIO5($,(&(D+)F($8"*)#&/#($/G7,#)$&'(+"$#&PF(,#&/G&)G(&/G(

*--+),(#=+(&GD&/#&4+,(*-(%*/#)*''+G(4)*9#=(&/G('&)4+T,%&'+(")*G7%#$*/Q>4)7RYA2(>Z=&R`A((J$--+)+/#(%*8T

E$/&#$*/,(*-(")+%7),*),(9+)+(%=*,+/(#*(-&E)$%&#+(#=$,(,#)7%#7)+,Q(b*)(+P&8"'+(V)7E+)(!"#$%>4)7RYA((

7,+G(G$+#=F'Z$/%(1JO./52(E$,18+#=F'%F%'*"+/#&G$+/F'58&4/+,$78(13+L":3452(&/G(/$#)*7,(*P$G+(

&)+( 7,+G( &,( #=+( Z$/%2( 8&4/+,$78( &/G( *PF4+/( ")+%7),*),2( )+,"+%#$D+'FQ( W:!2( J3./eSOW( &/G(

13LI5:34( =&D+( E++/( 7,+G( &,( *PF4+/2( Z$/%( &/G( 8&4/+,$78( ")+%7),*)2( )+,"+%#$D+'F( EF( S=$T

&/G*78+(!"#$%&>#=$;RA((

[/(;??\2(&(#+&8(*-(#=+(W*)#=(L&)*'$/&(<#&#+(c/$D+),$#F(=&D+($/D+,#$4&#+G(#=+(4)*9#=(*-(./!(7,$/4(

8*'+%7'&)(E+&8(+"$#&PF(13NO5Q>i*=?\A((S=+(8*G$-$+G(,+#T7"(%&''+G("'&,8&T&,,$,#+G(3NO>8*)R`&A2(>'7R`A(((

*)( )&G$%&'T,*7)%+(3NO>,&GR`A( ( =&,(E++/(,7%%+,,-7''F(7,+G( #*(4)*9#=(=$4=(67&'$#F(67&/#78(9+'',Q(

^+)+(#=+(8+#&',(1./(&/G(345(E+$/4(+D&"*)&#+G(7,$/4(j/7G,+/(%+'',(&/G(&#*8$%(!(E+$/4(&%#$D&#+G(
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$/(&()&G$*T-)+67+/%F("'&,8&(%+''Q(S=+(*PF4+/(4&,(-'*9()&#+($,(%*/#)*''+G(EF(&('+&X(D&'D+Q(U,($/(IHJ(

#=+(4)*9#=(")*%+,,($,(8*/$#*)+G($/(,$#7(EF()+-'+%#$*/(=$4=T+/+)4F(+'+%#)*/(G$--)&%#$*/(1g^OOJ5Q((

b*)(#=+(=+#+)*+"$#&PF(*-(./!(&/G()+'&#+G(&''*F,(#=+(%=*$%+(*-(#=+(,7E,#)&#+($,(%)7%$&'2(=+(87,#(E+(

%=*,+/(,*(&,( #*(8$/$8$Z+( #=+( '&##$%+T8&#%=+GQ(S&E'+(:Q;(,788&)$,+,( #=+( '&##$%+(")*"+)#$+,(&/G(

'&##$%+(8$,8&#%=(*-(,+D+)&'(8&#+)$&',(7,+G(&,(,7E,#)&#+(-*)(#=+(4)*9#=(*-(./!(=+#+)*,#)7%#7)+,Q(

<&""=$)+( ,7E,#)&#+( !!!" ( &)+( )+47'&)'F( 7,+G( -*)( #=+( 4)*9#=( *-( ./!( &%%*)G$/4( !!!" >*=#?@&A2(

>8*)R`&A( ( (*)( !!!! Q(W*/("*'&)(,#)7%#7)+(1UT"'&/+( !!!! (&/G(3T"'&/+( !"!! (./!5(%&/(E+(4)*9(

7,$/4( )T*)$+/#+G>%=&R]A( ( &/G(8T*)$+/#+G>%=&R@A( ( ,&""=$)+( ,7E,#)&#+,( )+,"+%#$D+'FQ( [/( &GG$#$*/2( ./!(

"*'&)(=+#+)*,#)7%#7)+(=&D+(E++/(4)*9/(*/(<LU3(1<%U'34!Y52>8&XRRA(<$(1;;;;52>47R]A(V&W(&/G(<$LQ(

(

Material Crystal structure 
Lattice parameters 

a (Å) 
c (Å) 

Lattice mismatch 
(%) 

 

Orientation 
 
 

ZnO Hexagonal 
3.252 
5.213 

0 c, m, a 

GaN Hexagonal 
3.189 
5.185 

1.8 c 

a-Al2O3 Hexagonal 
4.757 

12.983 

 
(18.4 after 30° in 
plane rotation) 

(0001) c 
(10-12) a 

ScAlMgO4 Hexagonal 
3.246 

25.195 
0.09 c 

6H-SiC Hexagonal 
3.080 

15.117 
3.5 c 

Si Cubic 5.430 40.1 c 

?2@65!"#$e(H&##$%+,("&)&8+#+),(*-(G$--+)+/#(,7E,#)&#+(8&#+)$&'(-*)(./!Q(

"#A! B)62(!C&DEFC&G!H<ID!@205*!1+2&'+3!45660!

[/( ,#)&$/+G( =+#+)*T'&F+),( $/( 97)#Z$#+( ,#)7%#7)+( 4)*9/( &'*/4( #=+( %T&P$,( E*#=( "$+Z*+'+%#)$%( &/G(

,"*/#&/+*7,("*'&)$Z&#$*/(+--+%#,(&)+(+P"+%#+GQ(N7#(+D+/(#=*74=(#=+(./!(")+,+/#,(%*+--$%$+/#,(*-(

,"*/#&/+*7,(&/G("$+Z*+'+%#)$%("*'&)$Z&#$*/,(%*8"&)&E'+(#*(#=*,+(*-(97)#Z$#+([[[KM(/$#)$G+,(*/'F(

-+9( +P"+)$8+/#&'( "&"+),>8&XR:A2( >4)7RYA( ( ,744+,#( #=+( ")+,+/%+( *-( $/#+)/&'( +'+%#)$%( -$+'G,( E+#9++/(

;??@(&/G(:RR`Q(S=+(8&4/$#7G+(*-(#=+(+'+%#)$%(-$+'G(=&,(E++/(&(,7Ei+%#(*-(%*/#)*D+),FQ(b*)(+P&8T

"'+2(9+(%&/()+&G($/(&("&"+)("7E'$,=+G($/(:RR`e(k+,-./0+,-#12#3"456"54!3#78"9#4!%$"8:!%;#%<7#/0#

6<=><38"8<,#'?@A&(*#$,B#"98,#7!%%#78B"9#'C7DEF#G*#9$:!#"9!#,!0%808H%!#8,"!4,$%#I8!%B#!II!6"#B5!#"<#

"9!# 6$,6!%%$"8<,#<I# "9!# 35=#<I#>8!J<!%!6"486#$,B# 3><,"$,!<53#><%$48J$"8<,3#H!"7!!,# "9!#7!%%# $,B#

"9!# H$448!4&l>"&)R`A( [/( #=+( ,&8+( #$8+2( #=+( %&'%7'&#$*/,( *-( +P%$#*/$%( #)&/,$#$*/( $/( 67&/#78( 9+'',(

1BC,5>%*'R;A(2(>,+/RdA((=&D+(/+4'+%#+G(#=+(")+,+/%+(*-(,7%=($/#+)/&'(-$+'GQ(
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b*)(67&/#78(9+''('&)4+(+/*74=2(#=+(")+,+/%+(*-(E7$'#T$/(+'+%#)$%(-$+'G,($/(#=+(BC,(%&/(E+(+D$G+/#(

$/(#=+("78"T"*9+)(G+"+/G+/%+(*-(#=+(+8$,,$*/(+/+)4F>8*)R`EA((&,($''7,#)&#+G($/(b$47)+(:Q:1'+-#5Q([/(

#=$,( -$47)+( &( ,=$-#( *-( #=+( IH( "+&X( #*( =$4=+)( +/+)4F( *-( m@R(8+M( $,( *E,+)D+G( EF( $/%)+&,$/4( #=+(

"78"("*9+)(G+/,$#F(*D+)(,$P(*)G+),(*-(8&4/$#7G+Q(S*(G+8*/,#)&#+(#=+(+--+%#(*-(#=+(%&))$+),(G+/T

,$#F(*/(E*#=(#)&/,$#$*/(+/+)4F(&/G(*D+)'&"(*-(#=+(+'+%#)*/(&/G(=*'+(9&D+(-7/%#$*/(9+("+)-*)8+G(

%&'%7'&#$*/( -*)( &( ]Q;( /8( 9$G+( BC2( ,*'D$/4( #=+( <%=)*G$/4+)( &/G( I*$,,*/( +67&#$*/Q( b$47)+(

:Q:1)$4=#5(,=*9(#=+(%=&/4+($/("*#+/#$&'(")*-$'+(*-(#=+(BC(&/G(9&D+(-7/%#$*/Q(S=+(%*))+,"*/G$/4(

#)&/,$#$*/(+/+)4F(&/G(+'+%#)*/T=*'+(*D+)'&"($/#+4)&'(&)+($/G$%&#+G(*/(#=+(-$47)+Q(S=+(,=$-#(*-(#=+(
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!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

78(

!"#$%&'()(

*$%+,#-($'.$&'%+&/(.0(%"&(1234(567*(8#''+&'/(

)9:(;3%'.<=,%+.3(

91(*):+)(#*(&;*$:(#.+(:$,&,#)*<,(+--+%#,(*-(#.+($1#+)1&'(+'+%#)$%(-$+':($1(#.+(01!=/012(345!(.+#+)*>

,#)<%#<)+( $#( $,( "*,,$6'+( #*( 4)*?( #.+@( &'*14( #.+( 1*1>"*'&)( :$)+%#$*1,2( !"#A2( ?$#.( #.+( "*'&)( %>

:$)+%#$*1(*-(01!('B$14($1(#.+(4)*?#.("'&1+A(01!=/012(345!(6&,+:(CD,(?$#.*<#(CEFG(.&;+(6++1(

,<%%+,,-<''B(4)*?1(*1(#.+(H>"'&1+(/II>JK5(*)(#.+(3>"'&1+(/IK>IK5A(L+-*)+(+M"*,$14(#.+()+,<'#,(*-(

*<)($1;+,#$4&#$*1(*-(#.+(*"#$%&'(")*"+)#$+,(*-(#.+(N<&1#<@(?+''(*1(&1(H>"'&1+2(?+(:+:$%&#+(#.$,(

%.&"#+)(#*(#.+(")+,+1#&#$*1(*-(#.+(*"#$%&'(")*"+)#$+,(*-(#.+(01!(,<6,#)&#+(&1:(#.+(/012(345!(6&)>

)$+),A(

O$4<)+(7AI(")+,+1#,(#?*(,"+%#)&(*-(#.+(,&@"'+(#&P+1(&#('*?(:+1,$#B(*-(+M%$#&#$*1($1(#?*(:$--+)+1#(

%*1:$#$*1,(-*)(#.+(+1+)4B(*-(#.+(+M%$#&#$*1(".*#*1A(D$#.(.$4.>+1+)4B(".*#*1,(/QA7(+R5(#.+(6&))$>

+),(&1:(#.+(N<&1#<@(?+''(&)+(+M%$#+:A(D.+)+&,(?$#.('*?(+1+)4B(".*#*1,(/7AS(+R5(#.+(N<&1#<@(

?+''(&1:(#.+(,<6,#)&#+(&)+(+M%$#+:A(T.+(+1+)4B()&14+(")+,+1#+:(*1(#.+(-$4<)+(%&1(6+(:$;$:+:($1(

#.)++( U*1+,A( T.+( '*?( +1+)4B( "&)#( /7A7Q>7A7V(+R5( %*))+,"*1:,( #*( #.+( ,<6,#)&#+( )+,"*1,+A( T.+(

.$4.>+1+)4B("&)#(/7AW8>7AX(+R5(%*))+,"*1:,(#*(#.+(,$41&'(&)$,$14(-)*@(#.+(6&))$+),A(L+#?++1(#.+>

,+(#?*(,$41&'(?+(-$1:(#.+()+,"*1,+(*-(#.+(N<&1#<@(?+''A((

91(#.+(,+%*1:("&)&4)&".(?+(4&#.+)+:(#.+()+,<'#,(*6#&$1+:(*1(#.+('<@$1+,%+1%+(*-(#.+(,<6,#)&#+(

$1(#.+(;&)$*<,(+M"+)$+1%+,(@&:+(#*(%.&)&%#+)$U+(#.+(N<&1#<@(?+''A(91(#.+(#.$):("&)#2(?+(+M&@$1+(

#.+(*"#$%&'(")*"+)#$+,(*-(/012(345!(6&))$+),(6B(<,$14(ED(&1:(#$@+()+,*';+:(".*#*'<@$1+,%+1%+(

,"+%#)*,%*"$+,A((
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(

>+6='&()9:Y(Z[(,"+%#)&(@+&,<)+:(&#( '*?( #+@"+)&#<)+( $1( #?*(+M%$#&#$*1(%*1:$#$*1,2(?$#.(QA7(+R(".*#*1,( /)+:(

&1:("<)"'+5(&1:(7AS(+R(".*#*1,(/6'<+5A(T.+(,"+%#)&(&)+(1*)@&'$U+:(#*(#.+(CD(Z[('$1+A(

)9?(*$%+,#-($'.$&'%+&/(.0(%"&(23*(/=8/%'#%&(

91(#.+(%&,+(*-(+M%$#&#$*1(?$#.(".*#*1,(&#(+1+)4B(6+'*?(#.+(6&1:4&"(*-(#.+(6&))$+),(/O$4<)+(7AJ5(

#.+(Z[(,"+%#)&(")+,+1#(#.)++('$1+,(&#(7A7WK2(7A7WJ2(&1:(7A7W8(+R(6+'*?A(T.+,+('$1+,(*-(".*#*'<@$>

1+,%+1%+(")+,+1#(&(@&M$@<@(#*(+1+)4$+,( '*?+)( #.&1( #.*,+(&##)$6<#+:( #*( #.+( )+%*@6$1&#$*1(*-(

#.+(-)++(+M%$#*1($1(01!(/7A7VW(+R5A(91(&4)++@+1#(?$#.(3+B+)(#$(%&\@+BKQ](?+(&##)$6<#+(#.+,+("+&P,(

*-( ".*#*'<@$1+,%+1%+( #*( #.+( )+%*@6$1&#$*1( *-( +M%$#*1,( 6*<1:( #*( #.+( :*1*),( $1( #.+( ,<6,#)&#+2(

?.$%.($,(1>#B"+(@&#+)$&'A(

(

(

>+6='&( )9?Y( Z[( ,"+%#)<@( @+&,<)+:( &#( IK(^( &,( &(

-<1%#$*1( *-( #.+( &14'+( 6+#?++1( #.+( %>&M$,( *-( #.+(

,#)<%#<)+2(%.*,+1(&,(U+)*2(&1:(#.+(+'+%#)$%( -$+':(*-(

#.+(*<#4*$14('$4.#A((

>+6='&( )9)Y( _+")+,+1#&#$*1( $1( "*'&)( %**):$1&#+,(

*-( #.+( $1#+1,$#B( *-( ".*#*'<@$1+,%+1%+(@+&,<)+:(

&#( IK(^( &%%*):$14( #*( #.+( &14'+( *-( "*'&)$U&#$*1( *-(

#.+(+'+%#)$%(-$+':(*-(#.+(+@$##+:('$4.#A(T.+(%>&M$,(*-(

#.+(,#)<%#<)+($,(%.*,+1(&,(U+)*A(
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D+( ")+,+1#( /O$4A( 7AJ( &1:( O$4A( 7A75( #.+( +M"+)$@+1#&'(@+&,<)+,( *-( #.+( &1$,*#)*"B( *-( #.+( *"#$%&'(

)+,"*1,+(*-( #.+( ,<6,#)&#+A(T*(:+#+)@$1+( #.+( )&#+(*-( &1$,*#)*"B2(?+(&1&'BU+( #.+(".*#*'<@$1+,>

%+1%+(,"+%#)&(%*''+%#+:($1(#.+("+)"+1:$%<'&)(:$)+%#$*1(#*(#.+(4)*?#.("'&1+A(D+("*'&)$U+('$1+&)'B(

&1:($1(&(,+'+%#$;+(?&B(#.+(+'+%#)$%(-$+':(*-(#.+(+@$,,$*1(*-(".*#*'<@$1+,%+1%+(6B(@+&1,(*-(&("*>

'&)$U+)(%*1,$,#+:(6B(#?*(6$)+-)$14+1#(%)B,#&',A(T.+()+4<'&#$*1(*-(%)B,#&',($,(@&:+(&%%*):$14(#*(&1(

&14'+(&,,*%$&#+:(?$#.(#.+(*)$+1#&#$*1(*-(#.+(+'+%#)$%(-$+':(*-(#.+('$4.#(/"+)"+1:$%<'&)(#*(#.+(&M$,(*-(

")*"&4&#$*15A(T.$,(*)$+1#&#$*1($,(%&''+:(:$)+%#$*1(*-('$1+&)("*'&)$U&#$*1A(H(-$),#(%*1%'<,$*1($,(#.&#(

#.+(?.*'+( ,"+%#)<@( &,,*%$&#+:( #*( #.+( ,<6,#)&#+( ")+,+1#,( #.+( ,&@+( &1$,*#)*"BA( T.+( :+4)++( *-(

"*'&)$U&#$*1(/`!Z5(*-(#.+(,$41&'($,(%&'%<'&#+:(-)*@(#.+(:&#&(<,$14(#.+(-*''*?$14(-*)@<'&Y(

DOP = 
I

90
− I

0

I
90
+ I

0

'"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()"*+'

T.+(:+4)++(*-("*'&)$U&#$*1(-*)(#.)++("+&P,($,(*-(#.+(*):+)(*-(X8(aA(T.+,+()+,<'#,(%*))+,"*1:(#*(

#.+(;&'<+(?&$#+:( -*)(&(1*1>"*'&)(@&#+)$&'( -*)(?.$%.(#.+(%(&M$,(*-( #.+(,#)<%#<)+(?<)#U$#+( $,(%*1>

#&$1+:($1(#.+("'&1(*-(4)*?#.A(

;3%&3/+%@(.0(%"&($".%.-=A+3&/,&3,&9(T.+(+@$,,$*1(*-(".*#*1,($,(:<+(#*(#.+()&:$&#$;+()+%*@6$>

1&#$*1(*-(%&))$+),2($#,()&#+($,($1;+),+'B(")*"*)#$*1&'(#*(τ_2(#.+()&:$&#$;+('$-+#$@+A(L+,$:+,(#.+()&:$&>

#$;+( ")*%+,,+,2( 1*1>)&:$&#$;+( ")*%+,,+,( %&1( $1;*';+( #.+( %&))$+),( ,<%.( &,( ".*1*1,( +@$,,$*1( *)(

H<4+)(")*%+,,A(T.+,+(")*%+,,+,(&--+%#( #.+(%&))$+)( '$-+#$@+(6B(&(%*1#)$6<#$*12(?.$%.( $,( $1;+),+'B(

")*"*)#$*1&'(#*(τb_2(#.+(1*1>)&:$&#$;+('$-+#$@+A(T.+12(<1:+)(*"#$%&'($1c+%#$*1(%*1:$#$*1(#.+(+;*'<>

#$*1(*-(#.+(+M%$#*1("*"<'&#$*1($,(4$;+1(6BY(

dn

dt
=G−

n

τ
R

−
n

τ
NR

'""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()",+'

D.+)+(1($,(#.+(:+1,$#B(*-(+M%$#*1(%*1%+)1+:2(d($,(#.+(4+1+)&#$*1()&#+A(T.+(1*1>)&:$&#$;+()+%*@>

6$1&#$*1( )&#+,( &)+(@*,#'B( #.+)@&''B( &%#$;&#+:(?.+#.+)( #.+B( %*))+,"*1:( #*( #.+( &%#$;&#$*1( *-( &(

1*1>)&:$&#$;+()+%*@6$1&#$*1(%+1#+)(*)(#*('+;+'(:+"*"<'&#$*1A(9#(@&B(6+(?)$##+1($1(#.+(-*''*?$14(

-*)@Y((

τ
NR

T( ) = τNR0
 exp E

A
kT( ) "''""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()")+'

D.+)+(τb_K($,(&(%*1,#&1#(&1:(GH(#.+(&%#$;&#$*1(+1+)4B(*-(#.+(1*1>)&:$&#$;+(")*%+,,A(e1:+)(,#+&:B(

,#&#+(%*1:$#$*12(,<%.(&,($1(ED>Z[(@+&,<)+@+1#2(?+(4+#Y(

dn

dt
= 0 =G− n 

1

τ
R

+
1

τ
NR









=G− n Γ

R
+Γ

NR( ) ⇒ n =
G

Γ
R
+Γ

NR

"""""""""""""""""""""""""""""""'()"-+'

(?.+)+(Γ_(&1:(Γb_(&)+()+,"+%#$;+'B(#.+()&:$&#$;+(&1:(1*1>)&:$&#$;+()&#+A(3*)+*;+)(#.+(Z[($1#+1,$>

#$+,(&)+(")*"*)#$*1&'(#*( n τ
R
= n Γ

R
2(*1+(*6#&$1,(#.+(-*''*?$14(+M")+,,$*1(-*)(Z[($1#+1,$#BY\'+)XX&](
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I T( ) =
G Γ

R

Γ
R
+Γ

NR

=
G 

1+Γ
NR

Γ
R

=
I

0

1+A exp −
E

A

kT











'""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()".+'

?.+)+(A = τ
R
τ
NR0

A(T.+(#+@"+)&#<)+(:+"+1:+1%+(*-(+M%$#*1()&:$&#$;+('$-+#$@+($,(:+#+)@$1+:(6B(

#.+)@&''B($1:<%+:(+M%$#*1()+:$,#)$6<#$*1($1(@*@+1#<@(,"&%+(&1:(:+"+1:,(*1(:$@+1,$*1&'$#B(*-(

#.+($1;+,#$4&#+:(,#)<%#<)+2\-+'SV]2(\&1:XI]2(\%$#XJ&]2(\%$#XJ6]($#(%&1(6+(?)$##+1Y((

τ
R
= τ

R0
 T

n 2 '""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""''()"/+'

?.+)+(1($,(&1($1#+4+)(6+#?++1(K(&1:(72(%*))+,"*1:$14(#*(#.+(:+4)++(*-(-)++:*@(*-(#.+(+M%$#*1,A(

T.+(%*1,#&1#(τ_K(($,(:+"+1:$14(*-(#.+(,#<:$+:(@&#+)$&'A((

[+#(<,(%*1,$:+)(1*?(#.+(:+%)+&,+($1($1#+1,$#B(*-(#.+(`KfI(&1:(`KfJ('$1+,(/O$4A(7AQ>&52($#($,(:<+(1*1>

)&:$&#$;+(")*%+,,A(T.+(:&,.+:('$1+,(&)+('+&,#>,N<&)+(-$#,(#*(#.+$)(;&)$&#$*1,(<,$14(+M")+,,$*1(7A8A(

g+)+2(H($,($1:+"+1:+1#(*-(T(6+%&<,+(?+(:+&'(?$#.('*%&'$U+:(+M%$#*1,(*1(#.+(:*1*),(/1hK5A(H%#$;&>

#$*1(+1+)4B(*-(XA8(@+R(&1:(SA8(@+R(&)+(-*<1:(-*)()+,"+%#$;+'B(`KfI(&1:(`KfJA(T.$,('*?(&%#$;&#$*1(

+1+)4B( N<+1%.$14( $,( :<+( #*( #.+( #.+)@&'( :+#)&""$14( *-( #.+( 6*<1:( +M%$#*1,( #*?&):,( #.+( -)++( H(

+M%$#*1(6&1:($1(01!(,<6,#)&#+A(

(

>+6='&()9BY(/&5(91#+1,$#B(*-(#.+(Z[('$1+,(`KfI(&1:(`KfJ(&%%*):$14(#*(#+@"+)&#<)+(#.+(:&,.+:('$1+,(%*))+,"*1:(

#*(-*)@<'&(7A7A(/65(G1+)4$+,(*-(#.+(`KfI(&1:(`KfJ(Z[('$1+,A(T.+(:&,.+:('$1+,(%*))+,"*1:(#*(#.+(@*:+'(*-(R&),.1$(

/7AQ5A(

C3&'6@(.0(&A+//+.3(.0(%"&($".%.-=A+3&/,&3,&9(T.+(@*:+'(*-(R&),.1$\;&)WV]( $,(&(4**:(&"")*M$>

@&#$*1( #*(@*:+'( #.+( '*?>#+@"+)&#<)+( :+"+1:+1%+( /T( i7KK( ^5( *-( #.+( +1+)4B( *-( &1( +'+%#)*1$%(

6&1:>#*>6&1:(#)&1,$#$*1A(T.+(+M")+,,$*1($,(#.+(-*''*?$14Y(

E
g
= E

0
− α T

2
T+β( ) '""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""''()"0+'
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?.+)+(GK($,(#.+(+1+)4B(*-(#.+(6&1:4&"(&#(K(^A(T.$,(".+1*@+1*'*4$%&'(-*)@<'&(#&P+,($1#*(&%%*<1#(

#?*(@&$1(".B,$%&'(+--+%#,()+,"*1,$6'+( -*)( #.+(;&)$&#$*1(*-( #.+(4&"(*-(&(,+@$%*1:<%#*)(?$#.( #.+(

#+@"+)&#<)+2($A+A(#.+(#+@"+)&#<)+(:+"+1:+1%+(*-(6*#.(#.+(:$'&#$*1(*-(#.+('&##$%+(&1:(#.+(+'+%#)*1(

'&##$%+($1#+)&%#$*1,A(

T*( )+")*:<%+( #.+( ;&)$&#$*1( *-( #.+( #)&1,$#$*1,( +1+)4B( ?$#.( #.+( #+@"+)&#<)+( ?+( <,+( #.+( '*?>

#+@"+)&#<)+(;&'<+(&,("&)&@+#+)(GK($1(#.+(-*)@<'&(*-(R&),.1$A(H(4**:(&4)++@+1#(?$#.(#.+(+M"+)>

$@+1#&'( ;&'<+,( $,( *6#&$1+:( /O$4A( 7AQ>65( <,$14( #.+( "&)&@+#+),( α = 4.7 10−4  (eV / K) ( &1:(

β = 900 (K) #.+,+(;&'<+,(&)+(%'*,+(#*(#.+(*1+,(")*"*,+:(6B(3+B+)(#$'%&A(\@+BKQ](

)9)(*$%+,#-($'.$&'%+&/(.0(%"&(1234(567*(8#''+&'/(

)9)9:( ;3%'.<=,%+.3(

F+;+)&'( ,#<:$+,( .&;+( 6++1( :*1+( *1( #.+( $1%*)"*)&#$*1( *-(@&41+,$<@( $1( 01!A\*.#XS6]2( \@&PKI]2( \*4&K7]2(

\,%.K7]2(\.+$KV]2(\?&,KX]2(\1+<II]2(\'&<I7]2(\P&@IW](T.+(@&$1()+,<'#($,(&1($1%)+&,+(*-(#.+(6&1:4&"(*-(#.+(&''*B(?$#.(

#.+(@&41+,$<@($1%*)"*)&#$*1A(g*?+;+)2( #.+(4)*?#.(*-( #.$,(&''*B(?$#.(&1( $@"*)#&1#(%*1%+1#)&>

#$*1(*-(@&41+,$<@($,(:$--$%<'#(6+%&<,+(#.+(,#&6'+(,#)<%#<)+(*-(#.+(6$1&)B(34!($,(#.+(%<6$%(,#)<%>

#<)+A\*.#XS6]2(\@&PKI](9#(.&,(6++1()+"*)#+:(*1(#.+(4)*?#.(*-(-$'@,(?$#.(&(4**:(%)B,#&''$1+(N<&'$#B(?$#.(

@&41+,$<@(%*1%+1#)&#$*1(<"(#*(7W(aA\*.#XS6]2( \P&@IW](3*)+*;+)2(:<+(#*(#.+(:$--+)+1%+($1(#.+('&##$%+(

"&)&@+#+),(#.+('&B+),(&)+(,#)&$1+:(?.+1(#.+$)(#.$%P1+,,($,('+,,(#.&1(WKK(1@A\P&@IW](T.+(*6,+);+:(

:+"+1:+1%$+,(*-(#.+(".*#*'<@$1+,%+1%+(+1+)4$+,2(@+&,<)+:(&#('*?(#+@"+)&#<)+2(?$#.(@&41+,$>

<@( %*1#+1#( -*''*?( &( '$1+&)( 6+.&;$*)A( T.+( ,'*"+( *-( #.+( '$1+( $,( IS(@+R( 6B( "+)%+1#( *-(@&41+,$>

<@A\.+$KV](

D.,#-+E#%+.3( .0( &F,+%.3/( +3( %"&( #--.@/A( F#<:$+,( *1( #.+( ,*'$:( ,*'<#$*1,( *-( ,+@$%*1:<%#*),( +;$>

:+1%+:( #.+( ".+1*@+1*1( *-( '*%&'$U&#$*1( *-( #.+( +M%$#*1,( &#( '*?>#+@"+)&#<)+A\P$@KK]2( \%.+IK]( 91( #.+(

%&,+(*-(&1(&''*B(#.+(+M%$#*1($,(,+1,$#$;+(#*('*%&'(;&)$&#$*1(*-("*#+1#$&'()+,<'#$14(*1(#.+('*%&'(%*1>

%+1#)&#$*1(&1:=*)(&))&14+@+1#(*-( #.+(,<6,#$#<#$14(+'+@+1#,A(T.$,(+--+%#( $,( '&)4+)( $1(01!(&''*B,(

#.&1( $1( 999>R( ,+@$%*1:<%#*),( :<+( #*( #.+( ,@&''( )&:$<,( *-( #.+( +M%$#*1( /IAS(1@( $1( 01!52( #.+B( &)+(

#.+)+-*)+(@*)+( ,+1,$#$;+( #*( '*%&'( $1.*@*4+1+$#BA( H,( &( %*1,+N<+1%+2( #.+( F#*%P+,( ,.$-#( 6+#?++1(

'<@$1+,%+1%+(&1:(&6,*)"#$*1(+:4+($1%)+&,+,((?$#.(M($1(01I>M34M!(&''*B,A\*.#XS6]2(\?&,KX](T.$,($,(#)&1,>

'&#+:(6B(&(6+.&;$*)($1(F(,.&"+(*-(#.+("*,$#$*1(*-(#.+(@&M$@<@(*-(#.+("+&P(*-(".*#*'<@$1+,%+1%+(

?.+1(#.+(#+@"+)&#<)+($1%)+&,+,A\?&,KX](T.$,(6+.&;$*)($,(,$@"'B(<1:+),#&1:&6'+($1(#+)@(*-('*%&'$>

U&#$*1(*-(+M%$#*1,(*1(#.+(-'<%#<&#$*1,($1("*#+1#$&'(&,($''<,#)&#+:($1(O$4A(7A8A(

H#(;+)B('*?(#+@"+)&#<)+(/PTii∆G52(#.+(+M%$#*1,(&)+(#)&""+:(6B("*#+1#$&'(-'<%#<&#$*1,(/O$4A(7A8>

&5A(T.+,+('*%&'$U+:(+M%$#*1,(:*(1*#(.&;+(+1*<4.(#.+)@&'(+1+)4B(#*(6+(@*6$'+A((T.+B()+%*@6$1+($1(

#.+(@$1$@&(*-("*#+1#$&'(*%%<"$+:A(H(,@&''($1%)+&,+($1(#.+(#+@"+)&#<)+(/PTj∆G5(:)$;+(&(@$4)&#$*1(



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

QK

*-( #.+( +M%$#*1,( #*?&):( #.+(@$1$@&( *-( "*#+1#$&'( /O$4A( 7A8>652( ?.$%.( '+&:,( #*( &( :+%)+&,+( $1( #.+(

+@$,,$*1(+1+)4BA(H(-<)#.+)($1%)+&,+($1(#.+(#+@"+)&#<)+(/PTk∆G5(&''*?,(#.+(+M%$#*1,(#*(@$4)&#+(

#*?&):(*#.+),("*#+1#$&'(@$1$@&($1(#.+(%)B,#&'(/O$4A(7A8>%5A(T.+)+-*)+(&1($1%)+&,+(*-(#.+(+@$,,$*1(

+1+)4B($,(*6,+);+:A(H6*;+(&(%+)#&$1(#+@"+)&#<)+(/PTkk∆G52(#.+(+M%$#*1,(&)+(1*('*14+)('*%&'$U+:(

/O$4A(7A8>:5A(T.+1(#.+(+@$,,$*1(+1+)4B(-*''*?,(#.+(#+@"+)&#<)+(:+"+1:+1%+(*-(#.+(6&1:4&"A(

∆!"

#$%%"%&'()*+,""

#$%%"%&'()*+,""

-./"0122∆!" -3/"014∆!"

-'/"015∆!" -6/"0155∆!"

(

>+6='&()9GY(F%.+@&#$%()+")+,+1#&#$*1(*-(#.+(6+.&;$*)(*-(#.+(+M%$#*1,($1(#.+(-'<%#<&#$*1(*-(#.+("*#+1#$&'()+,<'#>

$14(-)*@(#.+(:$,*):+)(*-(#.+(&''*B(/-*)(#.+(:+#&$',(,++(#+M#(6+'*?5A(

)9)9?( !H($".%.-=A+3&/,&3,&(+3I&/%+6#%+.3(

O$4<)+(7AW(")+,+1#,(&(".*#*'<@$1+,%+1%+(,"+%#)<@(*-(#.+(6&))$+),(@+&,<)+:(&#('*?(#+@"+)&#<)+A(

T.+( '<@$1+,%+1%+(?&,(+M%$#+:(&#(QA7(+R(<,$14(&(@*1*%.)*@&#*)A(T.)++(d&<,,$&1,(*-( #.+(,&@+(

-<''(?$:#.(&#(.&'-(@&M$@<@(/ODg35(&)+(<,+:(#*(-$#(#.+(,$41&'A(T.+(+1+)4B(*-(#.+(@&M$@<@(*-(#.+(

@&$1('$1+(4$;+(&1(+,#$@&#$*1(*-(#.+(@&41+,$<@(%*1#+1#2(?.$%.($,(&6*<#(J8(aA\.+$KV](T.+(#?*(%*@>

"&1$*1,('$1+,2(,+"&)&#+:(6B(VI(@+R2(&)+($:+1#$-$+:(&,(#.+(".*1*1,()+"'$%&,(*-(#.+(@&$1('$1+A(T.+(

,#)+14#.( *-( #.+( ".*1*1( )+"'$%&,( %*1-$)@( #.&#(?+( &)+( :+&'$14(?$#.( '*%&'$U+:( +M%$#*1,A\P*1KS]( T.+(

'&)4+(;&'<+(*-( #.+(ODg3(/W8(@+R5(%*@"&)+:(#*(#.+(*1+(*-( #.+(Z[( '$1+( $1(01!(/7>Q(@+R5( $,(&#>

#)$6<#+:(#*(#.+(&''*B(:$,*):+)A\,%.K7](

J.-#'+E#%+.3(.0(%"&(/+63#-A(T.+(;&)$&#$*1(*-(#.+($1#+1,$#B(*-(#.+(Z[('$1+(&,(&(-<1%#$*1(*-(#.+(*<#>

4*$14('$4.#(+'+%#)$%(-$+':(*)$+1#&#$*1($,(,<@@&)$U+:($1(-$4<)+(7AVA(T.+(U+)*(*-(#.+("*'&)(4)&".(%*)>

)+,"*1:,( #*( '$4.#( +'+%#)$%( -$+':( *)$+1#+:( "&)&''+'( #*( #.+( \KKKI]( &M$,A( T.+(@&M$@<@( $1#+1,$#B( $,(

*6#&$1+:(?.+1(#.+('$4.#(+'+%#)$%(-$+':($,("+)"+1:$%<'&)(#*(#.+(%>&M$,A(T.+(`!Z($,(SS(a2(#.$,(;&'<+($,(

@<%.(,@&''+)( #.&1(#.+(*1+(:+#+)@$1+:(-)*@(#.+( '<@$1+,%+1%+(*-( #.+(,<6,#)&#+A(T.+(:$--+)+1%+(

%*<':(6+(+M"'&$1+:(#&P$14($1(%*1,$:+)&#$*1(#.+(,#)&$1\P&@IW]($1(#.+(6&))$+)2(?.$%.(@$M+,(#.+(:$--+)>

+1#(,#&#+,(*-(#.+(;&'+1%+(6&1:A\4$'KK](



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

QI(

( (

>+6='&()9KY(Z[(,"+%#)<@(*-(#.+(/012(345!(6&))$+),(

@+&,<)+:( &#( IK(^A( [$1+,( 6'<+( %*))+,"*1:( #*( #.+(

:+%*1;*'<#$*1( *-( #.+( ,$41&'( $1( d&<,,$&12( #.+( )+:(

*1+($,(#.+(,<@(*-(#.)++(%*1#)$6<#$*1,A(

>+6='&()9LY( _+")+,+1#&#$*1( $1( "*'&)( %**):$1&#+,(

*-( #.+( $1#+1,$#B( *-( ".*#*'<@$1+,%+1%+(@+&,<)+:(

&#( IK(^( &%%*):$14( #*( #.+( &14'+( *-( "*'&)$U&#$*1(*-(

#.+(+'+%#)$%(-$+':(*-(#.+(+@$##+:('$4.#A(T.+(%>&M$,(*-(

#.+(,#)<%#<)+($,(%.*,+1(&,(U+)*A(

M&A$&'#%='&(+3I&/%+6#%+.3A(T.+(-$4<)+(7AS(4&#.+),(#.+(1*)@&'$U+:(,"+%#)&(@+&,<)+:($1(;&)$*<,(

#+@"+)&#<)+,A(T.+("*,$#$*1(*-(#.+(@&M$@<@(*-('<@$1+,%+1%+(6+4$1,(6B(@*;$14(#*?&):,(#.+(.$4.(

+1+)4$+,(?.+1(#.+(#+@"+)&#<)+($1%)+&,+,A(L+B*1:(VK(^($#,(+1+)4B(:+%)+&,+,(?$#.(#.+(#+@"+)&>

#<)+A(T.$,(6+.&;$*)($,(?&$#+:(-*)(#.+('*%&'$U+:(+M%$#*1,(&,($#(.&,(6++1(:$,%<,,+:(6+-*)+A(T.+(-$4<)+(

7AX(4)*<",(#.+(;&)$&#$*1,(*-(#.+("&)&@+#+),(<,+:($1(*):+)(#*()+"'$%&#+(#.+(6+.&;$*)(?$#.(#+@"+)>

&#<)+(*-(@&$1('$1+(*-(".*#*'<@$1+,%+1%+(*-(#.+(6&))$+)A(

D.+1( #.+( #+@"+)&#<)+( $1%)+&,+,( #.+(+1+)4B(*-( #.+( #)&1,$#$*1(/O$4A(7AX>&5( -$),#( $1%)+&,+,(6+-*)+(

:+%)+&,$14( -*)( #+@"+)&#<)+,( ,<"+)$*)( #*( VK( ^A( T.+( :*##+:( '$1+( %*))+,"*1:,( #*( #.+( -*)@<'&( *-(

R&),.1$A(T.$,(+M")+,,$*1()+")*:<%+,(%*))+%#'B(#.+(.$4.>#+@"+)&#<)+(6+.&;$*)A(T.+(;&'<+,(*-(#.+(

"&)&@+#+),(&)+Y( E
0
= 3.871 eV 2(α = 9.14 10−4  (eV / K) (&1:(β = 560 (K) A(H(:$--+)+1%+(*-(II(@+R($,(

*6#&$1+:($1(IK(^(6+#?++1(#.+(@+&,<)+(&1:(#.+(%<);+(*-(R&),.1$A(91(&(-$),#(+M"'&1&#$*1(#.$,(:$--+)>

+1%+(%&1(6+($1#+)")+#+:(&,(&1(+--+%#(*-('*%&'$U&#$*1(*-(#.+(+M%$#*1,(

T.+)@&'(6)*&:+1$14(*-(#.+(".*#*'<@$1+,%+1%+('$1+($,(4+1+)&''B($1#+)")+#+:(&,(&(%*1,+N<+1%+(*-(

#.+(+M%$#*1l".*1*1($1#+)&%#$*1A(T.+(#+@"+)&#<)+(:+"+1:+1%+(*-(#.+(-<''(?$:#.(&#(.&'-(@&M$@<@(

/ODg35( ")+,+1#+:( $1( -$4<)+( 7AS>6( %&1( 6+( &"")*M$@&#+'B( :+,%)$6+:( 6B( #.+( -*''*?$14( +N<&>

#$*1Y\.+'X7]2(\*1+X7]2(\4)<KX](

FWHM T( ) = Γinh
+ γ

ph
 T+

Γ
LO

exp ℏ ω
LO

k
B

 T( )−1
'"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()"1+'

?.+)+( Γ
inh
(&1:( Γ

LO
(&)+(#.+($1.*@*4+1+*<,('$1+>?$:#.(&#(U+)*(#+@"+)&#<)+(&1:(#.+(,#)+14#.(*-(

#.+(+M%$#*1>[!>".*1*1(%*<"'$142()+,"+%#$;+'BA( ℏ ω
LO
($,(#.+([!>".*1*1(+1+)4B(?+(#&P+($#,(;&'<+(
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QJ(

#*(6+(VI(@+RA( γ
ph
$,(#.+(%*<"'$14(,#)+14#.(*-(#.+(+M%$#*1>&%*<,#$%(".*1*1A(T.+(:&,.+:('$1+()+")+>

,+1#,(#.+(-$##+:()+,<'#(6&,+:(*1(+N<&#$*1(7ASA(T.+(6+,#(-$#($,(*6#&$1+:(-*)(#.+("&)&@+#+)(;&'<+,Y((

Γ
inh
= 64.7 meV, Γ

LO
= 7.16 eV and γ

ph
= 27.5 µeV A(

(

>+6='&()9NY(b*)@&'$U+:(".*#*'<@$1+,%+1%+(,"+%#)&(*-(#.+(/012(345!(6&))$+)()+%*):+:(&#(#+@"+)&#<)+,()&14+(

-)*@(IK(#*(IKK(^A(

(

>+6='&()9OY(G1+)4B(*-(#.+(#)&1,$#$*12(-<''(?$:#.(&#(.&'-(@&M$@<@(/ODg35(&1:($1#+1,$#B(*-(#.+('$1+(&%%*):$14(#*(

#+@"+)&#<)+A(

T.+($1#+1,$#B(*-(#.+(".*#*'<@$1+,%+1%+(,#&B,(1+&)'B(%*1,#&1#(<1#$'(VK(^(/O$4A(7AS>%5A(O*)(#+@"+)>

&#<)+,( &6*;+( #.$,( ;&'<+( $#( :+%)+&,+,( )&"$:'BA( T.+(:+%)+&,+(*-( #.+( $1#+1,$#B( $,( &,,*%$&#+:( #*( #.+(

:$,&""+&)&1%+(*-(#.+(+M%$#*1,2(?.$%.(%&1(6+(:<+(#*($#,(:$,,*%$&#$*1(*)($#,(:$--<,$*1(#*?&):(1*1>

)&:$&#$;+(%+1#+),A(T.+("&)&@+#+),(*-(#.+(+N<&#$*1(7A7(&)+(:+:<%#+:(-)*@(#.+(;&)$&#$*1(*-(#.+($1>

#+1,$#B(?$#.(#.+(#+@"+)&#<)+A(g+)+2(H($,(:+"+1:+1#(*-(#.+(#+@"+)&#<)+(6+%&<,+(?+(:+&'(?$#.(-)++(



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

Q7(

+M%$#*1,($1(6<'P(@&#+)$&'(/A = A
0
 T

3 2 5A(T.+(:&,.+:('$1+,($,(%&'%<'&#+:(-*)(HKhIAI7W(&1:(&1(&%#$>

;&#$*1(+1+)4B(GH(*-(VJ(@+RA(

)9)9)(M+A&P'&/.-I&<($".%.-=A+3&/,&3,&(

T.+(#$@+>)+,*';+:(".*#*'<@$1+,%+1%+(,"+%#)*,%*"B($,(&',*(.+'"(#*(<1:+),#&1:(6+##+)(#.+(6+.&;>

$*)(*-( #.+(+M%$#*1,( $1(@&#+)$&'A( 91( #.$,("&)&4)&".2(?+(")+,+1#( #.+()+,<'#,(*-( #.$,(,#<:B(&1:(")*>

"*,+(&(@*:+'( #*( &%%*<1#( #.+(*6,+);+:(")*"+)#$+,A( O*)( $#2(?+( ,.&''( P++"( $1(@$1:(*1( #.+( )+,<'#,(

*6#&$1+:( 6B( ".*#*'<@$1+,%+1%+( $1( %*1#$1<*<,( ?&;+( +M%$#&#$*1A( 91( "&)#$%<'&)( *1( #.+( -&%#( #.&#(

#.*,+()+,<'#,(:+@*1,#)&#+(#.&#(&#( '*?(#+@"+)&#<)+()+4$@+(?+(.&;+(#*(:+&'(?$#.( '*%&'$U+:(+M%$>

#*1,A(H#(#.+(%*1#)&)B(&#(.$4.(#+@"+)&#<)+()+4$@+(?+(:+&'(?$#.(-)++(+M%$#*1,($1(7`(,B,#+@A(

O*)( #.+( #$@+>)+,*';+:(".*#*'<@$1+,%+1%+(+M"+)$@+1#2( #.+(+M%$#&#$*1(?&,(")*;$:+:(6B(&(@*:+>

'*%P+:( -)+N<+1%B( #)$"'+:( #$#&1$<@>,&"".$)+( '&,+)2(?$#.(&(J(",("<',+(?$:#.(&1:(&(?&;+'+14#.(*-(

JWW(1@A((`<+(#*(#.+(,'*?(".*#*'<@$1+,%+1%+(:+%&B,2(?+(.&;+(&:&"#+:(&('&,+)()+"+#$#$*1()&#+(*-(

SKK(PgU(6B(<,$14(&1(&%*<,#*>*"#$%(@*:<'&#*)A(T.+(".*#*'<@$1+,%+1%+(,$41&'(?&,(:$,"+),+:(6B(

&1($@&4$14(,"+%#)*@+#+)(&1:(#.+1(#+@"*)&''B()+,*';+:(6B(&(,#)+&P(%&@+)&A(

!"!"!"#$%&'()*+(,-./$)(01/-0$

T.+(T_Z[(+M"+)$@+1#,(%&1(4$;+(:$--+)+1#($1-*)@&#$*1A(9-(?+($1#+4)&#+(#+@"*)&)$'B(#.+(,$41&'(*1(

&''(#.+(#$@+>?$1:*?(/9T_Z[5(*1+(%&1(4+#(,$@$'&)($1-*)@&#$*1(&,(ED(".*#*'<@$1+,%+1%+(+M"+)$>

@+1#A(T.+(,"+%#)&'($1#+4)&#$*1(*-(#.+(,$41&'(*1(#.+(?$1:*?(/T_Z[5(4$;+,($1-*)@&#$*1(&6*<#(#.+(

#$@+>:+"+1:+1%+( *-( #.+( :+%'$1+( *-( #.+( $1#+1,$#BA( O)*@( #.+( ,"+%#)&( *1+( 4+#( #.+( Z[( #$@+( :+%&B2(

?.$%.( 4$;+( $1-*)@&#$*1( &6*<#( #.+(:$--+)+1#( ")*%+,,( $1;*';+:( $1( #.+( )+%*@6$1&#$*1(*-( #.+( +M%$>

#*1,A(

;3%&6'#%&<( %+A&P'&/.-I&<( $".%.-=A+3&/,&3,&( 1;MQJD7A( 9T_Z[( ,"+%#)&( &)+( ")+,+1#+:( $1( O$4A(

7AIK>&A(T.+,+(,"+%#)&(&1:(#.+(ED>Z[(,"+%#)&(")+,+1#(&(,$@$'&)(:+"+1:+1%+(*1(#+@"+)&#<)+A(T.+(

+1+)4B(*-( #.+( '$1+(@*;+,(#*?&):(.$4.+)(+1+)4B(?.+1(#.+(#+@"+)&#<)+( $1%)+&,+,A(T.+( $1#+1,$#B(

,#&B,(1+&)'B(%*1,#&1#(<1#$'(XK(^2(#.+1((:+%)+&,+,(@*1*#*1*<,'B(?$#.(#+@"+)&#<)+(/O$4A(7AIK>65A(

T.+( $1:+"+1:+1%+( *-( #.+( $1#+1,$#B(?$#.( #+@"+)&#<)+( &#( '*?( #+@"+)&#<)+( )+4$@+( /TiXK^5( $,( &(

%'+&)( $1:$%&#$*1( #.&#( #.+( +M%$#*1,( )+%*@6$1&#$*1,( &)+( :*@$1&#+:( 6B( )&:$&#$;+( ")*%+,,A( !1( #.+(

*#.+)(.&1:2(&#(.$4.(#+@"+)&#<)+()+4$@+(/TkI8K^5(@*,#(*-(#.+(%&))$+),()+%*@6$1+(#.)*<4.(1*1>

)&:$&#$;+(%.&11+',A( 91(#.+(-*''*?$142(?+(?$''(%*1,$:+)(#.+,+(#?*(#+@"+)&#<)+(:*@&$1,2(#.+1(?+(

?$''(@+)4+(#.+@($1(&(@*:+'A((

T.+(+1+)4B(*-( #.+( #)&1,$#$*1(,.*?,(#.+(,&@+(6+.&;$*)(&#( '*?(#+@"+)&#<)+(&,( #.+(*1+(?+(.&;+(

:$,%<,,+:( $1( #.+(")+;$*<,("&)&4)&".A(g*?+;+)( -*)( #.+( #+@"+)&#<)+,( $1( #.+( )&14+(JKK>7KK(^(&(

1+?(F>,.&"+(&""+&),A(T.$,(6+.&;$*)($,(&##)$6<#+:(#*(#.+(:+'*%&'$U&#$*1(*-(#.+(+M%$#*1,(?$#.(#+@>

"+)&#<)+A((
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QQ(

(

>+6='&( )9:RY( /&5( b*)@&'$U+:( $1#+4)&#+:( #$@+>)+,*';+:( ".*#*'<@$1+,%+1%+( ,"+%#)&( *-( #.+( /012(345!( 6&))$+)(

)+%*):+:(&#(:$--+)+1#(#+@"+)&#<)+,A(187(`+"+1:+1%+(*-(#.+($1#+1,$#B(*-(#.+($1#+4)&#+:(#$@+>)+,*';+:(".*#*'<>

@$1+,%+1%+(,"+%#)&(*-( #.+(/012(345!(6&))$+)(?$#.( #.+( #+@"+)&#<)+A( /%5(G1+)4B(*-( #.+( #)&1,$#$*1(&%%*):$14( #*(

#+@"+)&#<)+A(

O)*@(#.+,+()+,<'#,(?+(%&1(")*"*,+(#.+(-*''*?$14(,%+1&)$*A(H#(;+)B('*?(#+@"+)&#<)+(#.+(+M%$#*1,(

&)+('*%&'$U+:A(D.+1(#.+(#+@"+)&#<)+($1%)+&,+,2(#.+B(%&1(*%%<"B(&(,+%*1:('*%&'$U+:(,#&#+(,+"&)&#>

+:(6B(II(@+R(-)*@(#.+(-<1:&@+1#&'(,#&#+A(T.+(+1+)4B(*-(#.+(#)&1,$#$*1($1%)+&,+,2(&-#+)(?.$%.(#.+(

+1+)4B(:+%)+&,+,(&1:(-*''*?(#.+(%'&,,$%&'(6+.&;$*)(*-(#.+(6&1:4&"(<1#$'(JKK(^A(O*)(.$4.+)(#+@>

"+)&#<)+(#.+(+M%$#*1,(,#&)#( #*(:+'*%&'$U+A(H#()**@(#+@"+)&#<)+(#.+(@&c*)$#B(*-( #.+(+M%$#*1,(&)+(

-)++(+M%$#*1,A(T.+(+1+)4B(*-('*%&'$U&#$*1(%&1(6+(+,#$@&#+:(-)*@(#.+,+(:&#&(#*(6+(WK(@+RA(

JD(<&,#@/A(T.+(".*#*'<@$1+,%+1%+(:+%&B,(&)+(1*1>+M"*1+1#$&'(<1#$'(XK(^(/O$4A(7AII5A(T.+B(6+>

%*@+( @*1*( +M"*1+1#$&'( &#( .$4.+)( #+@"+)&#<)+,A( T.+( '*?>#+@"+)&#<)+( :+%&B,( ,.*?,( #?*( )+>

4$@+,Y(&#(#.+(,.*)#(#$@+(#.+(:+%'$1+($,(-&,#m(*1(#.+(*#.+)(.&1:($#($,(@<%.(,'*?+)(&#(#.+('*14(#$@+A(

T.+(,'*?()+4$@+(&%%+'+)&#+,(?.+1(#.+(#+@"+)&#<)+($1%)+&,+,A(O*)(#+@"+)&#<)+(&6*;+(XK(^(6*#.(

:+%&B,(,++@(#*(:+%)+&,+(?$#.(#.+(,&@+(#$@+(%*1,#&1#A(b*1>+M"*1+1#$&'(".*#*'<@$1+,%+1%+(:+>

%&B,(&#('*?(#+@"+)&#<)+((.&;+(6++1(")+;$*<,'B()+"*)#+:($1(&''*B,(,<%.(&,(/H'2(d&5b\P$@KK]2(\*1<KQ](*)(

/012(345!A\%.+IK](T.+(1*1>+M"*1+1#$&'(6+.&;$*)($,(&##)$6<#+:(#*(#.+(-&%#(#.&#($1(#.$,(%&,+(?+(&)+($1(

#.+(")+,+1%+(*-(&(@$M+:("*"<'&#$*1(*-('*%&'$U+:(&1:(-)++(+M%$#*1,A(
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Q8(

(

>+6='&()9::Y(b*)@&'$U+:(".*#*'<@$1+,%+1%+(:+%&B,(@+&,<)+:(&#(:$--+)+1#(#+@"+)&#<)+,A(b*#+(#.&#2(#.+(#$@+(

,%&'+(4*+,(-)*@(IKK(1,(#*(8(1,(-)*@('+-#(#*()$4.#A(

T.+(Z[(:+%&B( %<);+2( -*)( #+@"+)&#<)+(6+'*?(XK(^2( %&1(6+(?+''( -$##+:(<,$14( &(6$+M"*1+1#$&'( '$1+(

,.&"+Y(

I t( ) = y
0
+ I

a
 exp −t τ

a( )+ I
b
 exp −t τ

b( ) '"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()"2+'

?.+)+(9/#5($,(#.+(Z[($1#+1,$#B(&#(#$@+(#2(BK(#.+(6&%P4)*<1:2(9$(&1:(τ$()+")+,+1#(#.+($1$#$&'($1#+1,$#B(

&1:( #.+(:+%&B(%*1,#&1#(*-( #.+( $#.( %*@"*1+1#A(H1(+M&@"'+(*-( #.+(:+%*@"*,$#$*1(*-( #.+(:+%&B(*-(

".*#*'<@$1+,%+1%+($1(#?*(%*@"*1+1#,($,(")+,+1#+:(*1(#.+(O$4(7AIJA(3*1*+M"*1+1#$&'('$1+(,.&"+(
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%<,(*?&#,B7?,(%&(@$%(%<,(,"*,?$),'%8+(#7?L,-C(U%($-(?,)8?E8A+,(%<8%(%<,(B$--=)),%?=(&@(%<,(%?$&'(

+$',($'#?,8-,-(8##&?B$'4(%&(%,)*,?8%7?,C(

(

B-9<'&()>?)d(m,-7+%-(&@( @$%%$'4(*?&#,B7?,(7%$+$M,B( %&(4,%(678'%$%8%$L,( $'@&?)8%$&'( @?&)( %<,(,"*,?$),'%-C(K<,(

-=)A&+-(8?,(%<,(,"*,?$),'%8+(L8+7,-C(K<,(&?8'4,2(A+7,2(8'B(?,B(#7?L,-(?,*?,-,'%(?,-*,#%$L,+=(%<,(#&'%?$A7%$&'(

&@( %<,(A$,"#$%&'2( %<,( %?$&'(8'B( %<,( @?,,(,"#$%&'C(K<,(#8+#7+8%,B( %&%8+(*<&%&+7)$',-#,'#,(#7?L,( $-(4?,,'C(b&%,(

%<8%(%<,()8"$)7)(&@(+7)$',-#,'#,(B,#?,8-,-(A=(8(@8#%&?(&@(8A&7%(WH(9<,'(%<,(%,)*,?8%7?,(4&,-(@?&)(GH(g(%&(

S:H(gC(

K<,(,L&+7%$&'2(8##&?B$'4(%&(%<,(%,)*,?8%7?,(&@(%<,(,',?4$,-(&@(%<,(%?8'-$%$&'-(8'B(%<,($'%,'-$%=(

&@(%<,(8--&#$8%,B(+$',-(&@(*<&%&+7)$',-#,'#,2($-(?,-*,#%$L,+=(B?89'(&'(@$47?,-(QCG:(8'B(QCGWC(D,(

7-,B( %<,()&B,+(&@(c8?-<'$FL8?WaI( %&(B,-#?$A,( %<,(A,<8L$&?(&@( %<,(,',?4=(&@(,)$--$&'(&@( #&'@$',B(

,"#$%&'-($'(%<,(678'%7)(9,++-(8##&?B$'4(%&(%<,(%,)*,?8%7?,C(K<,(,"*?,--$&'($-(%<,(@&++&9$'4(&',d(

E
g
= E

0
− α T

2
T+β( ) !""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!!#$"/&!

O( 4&&B( 84?,,),'%( 9$%<( %<,( ,"*,?$),'%8+( L8+7,-( $-( &A%8$',B( 7-$'4( %<,( *8?8),%,?-(

α = 4.7 10−4  (eV / K) ( 8'B( β = 900 (K) %<,-,( L8+7,-( 8?,( #+&-,( %&( %<,( &',-( *?&*&-,B( A=(3,=,?( ()!

*+CF),=HQI(U'(8(4,',?8+(98=2(9,('&%$#,(8(?,B(-<$@%(&@(%<,(,',?4$,-(A,%9,,'(^(8'B(RHH(g(%<8%(#&??,>

-*&'B-(%&(%<,(B,#?,8-,(&@(%<,(,',?4=(&@(%<,(@&?A$BB,'(A8'B(&@(.'/C(K<,(48*(A,%9,,'(%<,(+$',(YO2N(

8'B(YZ(18'B(Y>ON(8'B(Y>Z5($-(8A&7%(R^(),cC(K<,(&',(A,%9,,'(%<,(+$',(&@(%<,(,"#$%&'($-(%<,(&',(&@(

%<,(8--&#$8%,B(%?$&'($-(SR(),cC(K<$-(,',?4=(#&??,-*&'B-(%&(%<,(A$'B$'4(,',?4=(&@(%<,(%?$&'C(U'(%<,(
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WW(

#8-,(YON>(8(-)8++($'#?,8-,(&@(%<,(,',?4=(&@(*<&%&+7)$',-#,'#,(&##7?-(@&?(%<,(%,)*,?8%7?,-(+&9,?(

%<8'(:H(g(@&++&9,B(8%(<$4<,?(%,)*,?8%7?,(A=(8(B,#?,8-,(B7,(%&(%<,(?,B7#%$&'(&@(%<,(48*(&@(%<,(

)8%,?$8+C(K<$-(,L&+7%$&'(&@( %<,(,',?4=(&@(*<&%&+7)$',-#,'#,(8##&?B$'4( %&( %<,( ( %,)*,?8%7?,( ( 1X(

-<8*,5($-(&@%,'(&A-,?L,B($'(678'%7)(9,++-C(K<$-(A,<8L$&?(#&??,-*&'B(%&(%<,(@&++&9$'4(*<=-$#8+(

*<,'&),'8d(

o O%(+&9(%,)*,?8%7?,(%<,(,"#$%&'-(1,"#$%&'-(#&)*+,",-5(8?,(+&#8+$M,B2(%<,(+&#8+$M8%$&'(,',?4=(

?,B7#,-(%<,(%?8'-$%$&'(,',?4=C(

o D<,'(%<,(%,)*,?8%7?,($'#?,8-,-2(%<,(%<,?)8+(,',?4=(8++&9-(%<,(B,+&#8+$M8%$&'(&@(%<,(,"#$>

%&'(1,"#$%&'-(#&)*+,",-5(%<,'(%<,(%?8'-$%$&'(,',?4=($'#?,8-,-(9$%<(%,)*,?8%7?,C(

o O%(<$4<(%,)*,?8%7?,2(8++( %<,(,"#$%&'-(1,"#$%&'-(#&)*+,",-5(8?,(B,+&#8+$M,B(8'B(%<,(%?8'-$>

%$&'(,',?4=(B$)$'$-<(8-(%<,()8%,?$8+(A8'B48*(9$%<(%,)*,?8%7?,($'#?,8-,C(

(

(
(

B-9<'&()>?Ld(!',?4=(&@(%<,(i_(+$',-(8-(@7'#%$&'(&@(

%,)*,?8%7?,C(K<,(B8-<,B( +$',-(8?,(c8?-<'$( @7'#>

%$&'C(K<,(@7++(#$?#+,-(#&??,-*&'B(%&(%<,(*&-$%$&'($'(

,',?4=(&@(%<,(?,@+,#%$L$%=(@,8%7?,(&'(%<,(+&9(%,)>

*,?8%7?,(-*,#%?7)C(

B-9<'&()>?Od(U'%,'-$%=(&@(%<,(i_(+$',-(8##&?B$'4(%&((

%,)*,?8%7?,C((

P?&)(%<,(B8%82(9,(#8'(,-%$)8%,(%<,(+&#8+$M8%$&'(,',?4=(&@(%<,(',48%$L,(%?$&'-C(D,(@&7'B(8(L8+7,(

&@( 8A&7%( :(),cC( K<$-( L8+7,( #&??,-*&'B-( %&( 8( 9,++( 9$B%<( @+7#%78%$&'( &@( &',( )&'&+8=,?( $'( %<,(

678'%7)(9,++C(

K<,(?,-7+%-(-<&9(8(B,#?,8-,(&@(%<,($'%,'-$%=(&@(%<,(Y>ON( +$',(1A+7,(@7++(B$8)&'B5(9<,'(%<,(%,)>

*,?8%7?,( $'#?,8-,-2(9<,?,8-( %<,(YON( +$',( 1?,B( @7++( #$?#+,5(<8-(8()&?,(#&)*+,"(A,<8L$&?C(O%( +&9(

%,)*,?8%7?,2( %<,( $'%,'-$%=( $'#?,8-,-(9$%<( %,)*,?8%7?,(7'%$+(GHH(gC( U%( -%8=-(',8?+=( #&'-%8'%( %$++(

G:H(g2(',"%(9<,'(%<,(%,)*,?8%7?,($'#?,8-,-(%<,($'%,'-$%=(B,#?,8-,-C(K<,(YON(+$',(A,#&),-(B&)>

$'8'%($'(%<,(-*,#%?7)(@?&)(SHH(gC(K<,($'%,'-$%$,-(&@(%<,(+$',-(YZ(1?,B(&*,'(-678?,5(8'B(YZ>(1A+7,(

&*,'(-678?,5(8?,(9,8E(#&)*8?,B(%&(%<,(&%<,?(&',-C(K<,(%&%8+(*<&%&+7)$',-#,'#,($'%,'-$%=(B,>

#?,8-,-(&'(&',(&?B,?(&@()84'$%7B,(9<,'(%,)*,?8%7?,($'#?,8-,-(@?&)(GH(g(%&(RHH(gC(K<$-($-(8->
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Wa(

-&#$8%,B( %&( '&'>?8B$8%$L,( *?&#,--2(9<$#<( 8?,( %<,?)8++=( 8#%$L8%,B2(9<,%<,?( %<,=( #&??,-*&'B( %&(

+,L,+(B,*&*7+8%$&'(&?(%&(%<,(8#%$L8%$&'(&@(8('&'>?8B$8%$L,(?,#&)A$'8%$&'(#,'%,?C((

K<,(*<&%&+7)$',-#,'#,($'%,'-$%=(&@(Y>ON( +$',(#8'(A,(@$%%,B(1@$4C(QCGa5(9$%<(%<,(@&++&9$'4(,"*?,->

-$&'(#&'-$B,?$'4(&'+=(&',('&'>?8B$8%$L,(?,#&)A$'8%$&'(#<8'',+d(

I T,A,E
1( ) = I

1
 f T,A,E

1( ) = I
1

1+ A T exp −E
1

/ k T( )( ) !""""""""""""""""""""""""""""""""""""""""""!#$"0& 

9<,?,(!G( $-(%<,(8#%$L8%$&'(,',?4=(&@('&'>?8B$8%$L,(*?&#,--C(U%-(L8+7,($-(GaCG(),c(8-(?,48?B-(%<,(

$'%,'-$%=( &@( %<,( %?$&'2(9<$#<( $-( L,?=( #+&-,( %&( %?$&'( A$'B$'4( ,',?4=C( K<$-( -744,-%-( %<8%( %<,( &'+=(

'&'>?8B$8%$L,(*?&#,--(,"*+8$'$'4(%<,(B$-8**,8?8'#,(&@(%<$-(+$',($-(%<,(%?$&'(B$--&#$8%$&'($'(8(@?,,(

,"#$%&'( 8'B( 8'( ,+,#%?&'C(O--7)$'4( %<8%( %?$&'-( 8?,( %<,( -&7?#,( @&?( @?,,( ,"#$%&'-2( %<,(Y( $'%,'-$%=(

L8?$8%$&'(#8'(A,(8**?&"$)8%,(A=(%<,(@&++&9$'4(,"*?,--$&'d(

I T,B,E
2( ) = I

2
1− f (T,A,E

1
)( )+ I

0( ) 1+ B T exp −E
2

/ k T( )( ) """"""""""""""""""""""""""""""!!#$"1& 

9<,?,(UH(8'B(!S(#&??,-*&'B(?,-*,#%$L,+=(%&(%<,( $'%,'-$%=(8%( +&9(%,)*,?8%7?,(8'B(%&(%<,(8#%$L8>

%$&'(,',?4=(&@('&'>?8B$8%$L,(*?&#,--C(K<,(*8?8),%,?-(O(8'B(!G(8?,( %<,(&',-(B,%,?)$',B( @?&)(

%<,(Y>( +$',(@$%%$'4C(D$%<(8(L8+7,(&@(!Sn^](),c(9,(&A%8$'(8(4&&B(84?,,),'%(A,%9,,'(%<,(,"*,?$>

),'%8+(*&$'%-(8'B(%<$-(,"*?,--$&'C(

(
(

B-9<'&()>?Pd(U'%,'-$%=(&@(%<,(i_(+$',-(L,?-7-(%,)>

*,?8%7?,C( K<,( ?,B( 8'B( A+7,( B8-<,B( +$',-( #&??,>

-*&'B( %&( %<,( @$%%$'4( ?,-*,#%$L,+=( &@( %<,( $'%,'-$%=(

&@(%<,(%?$&'-(8'B(,"#$%&'(+$',-C(

B-9<'&()>?Rd(K<,(A+7,(8'B(?,B( @7++( #$?#+,-( #&??,>

-*&'B(%&(%<,(?8%$&(?,-*,#%$L,+=(&@(%<,($'%,'-$%=(&@(

%<,(,"#$%&'(8'B(%?$&'-(+$',-(8'B(&@(%<,(%&%8+(i_($'>

%,'-$%=( ),8-7?,B( $'( #( 8'B( 8A( *&+8?$M8%$&'C( K<,(

A+7,(8'B(?,B(B8-<,B(+$',(#&??,-*&'B(%&(%<,(@$%%$'4(

9$%<(?,-*,#%$L,+=(%<,(@&?)7+8(QC:(8'B(8(N&+%M)8'(

B$-%?$A7%$&'C((

K<,(?8%$&(A,%9,,'(%<,( $'%,'-$%$,-(&@( %<,( @?,,(,"#$%&'( +$',-(8'B(%<,( %?$&'( +$',-( $-(8+-&(*?,-,'%,B(

1A+7,( @7++( #$?#+,5C(K<,(A+7,(B8-<,B( +$',( #&??,-*&'B-( %&( %<,(,"*?,--$&'(QC:C(P?&)( %<$-( @$%%$'4(9,(

#8'(,-%$)8%,B(%<,(B,'-$%=(&@(,+,#%?&'-($'(%<,(678'%7)(9,++C(K<,(#8+#7+8%$&'(+,8B-(%&(8(L8+7,(@&?(

%<,(,+,#%?&'(B,'-$%=(&@(8A&7%(GHGS(#)>SC(K<,(?,-7+%-(-<&9,B(%<8%(%<,(,"#$%&'-(9$%<(8(#(-=)),%?=(

8?,(*&*7+8%,B(@&?(%,)*,?8%7?,-(<$4<,?(%<8'(G:H(gC((K<,(?8%$&(A,%9,,'(%<,($'%,'-$%$,-(&@(%<,(+$',-(

$'(#(*&+8?$M8%$&'(8'B(8A(*&+8?$M8%$&'($-(*?,-,'%,B($'(@$47?,(QCG^C(D,(8--7),(8(%<,?)8+$M,B((B$->
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W^(

%?$A7%$&'(&@(%<,(,"#$%&'-(8'B(8**?&"$)8%,($%(A=(8(N&+%M)8''(B$-%?$A7%$&'C(K<,(@$%%$'4(&@(%<,(*&$'%-(

4$L,-(8#%$L8%$&'(,',?4=(&@(RWCa(),c2(9<$#<(#&'-$-%,'%(9$%<(%<,(-,*8?8%$&'(A,%9,,'(%<,(%9&(+,L>

,+-(*?,L$&7-+=(B,%,?)$',BC(

)>)(V-9"(A&/2-%I(.J(&+,-%#%-./('&2<1%2(

)>)>?( K".%.1<0-/&2,&/,&(#%(1.=(%&0$&'#%<'&(

K<,(@$47?,(QCG](-<&9-(%<,(,L&+7%$&'(&@(%<,(*<&%&+7)$',-#,'#,(-*,#%?8(8##&?B$'4(%&(%<,($'#$B,'%(

+$4<%($'%,'-$%=(&@(8(+8-,?(/i/(9$%<(8(?,*,%$%$&'(?8%,(&@(GH(;MC(K<,(9$B%<(&@(%<,(*7+-,(A,$'4(:('-(

8'B(%<,(%=*$#8+(+$@,%$),(&@((%<,(,"#$%&'-(A,$'4(A,%9,,'(8A&7%(%,'(8'B(-&),(<7'B?,B-(&@(*$#&-,>

#&'B-(8%( +&9(%,)*,?8%7?,2(9,(#8'(#&'-$B,?(%<,(,"#$%8%$&'(8-(678-$>#&'%$'7,C(K<,(,',?4=(&@( %<,(

*<&%&'-($-(@$",B(%&(R2a:(,c2($C,C(A,+&9(%<,(A8??$,?(A8'B48*2(%&(#?,8%,(,"#$%&'-(B$?,#%+=($'(%<,(9,++C(

K<,(-*,#%?8(8?,(#&++,#%,B($'(*&+8?$M8%$&'(8AC(

(

B-9<'&()>?Sd(i<&%&+7)$',-#,'#,(-*,#%?8(?,#&?B,B(8%(GH(gC(K<,($'#$B,'%(+$4<%($'%,'-$%=(&@(8(+8-,?($-(L8?=$'4(&'(

@&?(&?B,?(&@()84'$%7B,C(1i)8"n^C:(oj5(

U'(%<,(*<&%&+7)$',-#,'#,(-*,#%?82(8'(8BB$%$&'8+(+$',(#+,8?+=(8**,8?-((8%(+&9,?(,',?4=(1RCR^(,c5(

9<,'( %<,(,"#$%8%$&'(*&9,?(B,'-$%=( $'#?,8-,-C(K<,( $'%,'-$%=(&@( %<$-( +$',( $'#?,8-,-()&?,(67$#E+=(

9$%<(%<,($'#?,8-,(&@(*&9,?(9<$#<(%<,(%9&(&%<,?(+$',-(1Y(8'B(Y>5C(K<,(A,<8L$&?(&@(%<$-(',9(+$',($-(

#&)*8%$A+,(9$%<(%<,(A$,"#$%&'-(@&?)8%$&'C(h78'%$%8%$L,($'@&?)8%$&'(@?&)(%<,(-*,#%?8($-(&A%8$',B(

A=(7-$'4(%<,(-8),(@$%%$'4(*?&#,B7?,(7-,B(*?,L$&7-+=C(K<,(+$',-(\HYG(8'B(\HYS(#&??,-*&'B$'4(%&(

%<,(-7A-%?8%,(?,-*&'-,(8?,(8--7),B(%&(A,(`87--$8'C(O(_&?,'%M$8'(@7'#%$&'($-(7-,B(%&(@$%(%<,(A$,">

#$%&'(#&'%?$A7%$&'C((
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W](

K<,(@$47?,(QCSH(*?,-,'%-(%<,(,L&+7%$&'(&@(%<,( $'%,'-$%=(&@(%<,(*<&%&+7)$',-#,'#,(@&?(A&%<(,"#$>

%&'-(+&#8+$M,B(&'(',7%?8+(B&'&?($'(%<,(.'/(-7A-%?8%,C(K<,($'%,'-$%=(&@(%<,-,(+$',-(*?,-,'%-(8(+$',>

8?( A,<8L$&?( 8##&?B$'4( %&( %<,( B,'-$%=( &@( %<,( $'#$B,'%( +$4<%( ( &'( %<$-( 4?8*<( $'( +&48?$%<)$#( -#8+,C(

K<,?,@&?,( %<,( $'%,'-$%=( &@( %<,( i_( +$',-( @&++&9-( 8( *&9,?( +89( 1 I∝ P / Pmax( )
β

5C( U'( %<$-( #8-,(β( $-(

,678+(%&(GC(K<,(B,'-$%=(&@(%<,(+$',-($-(B$?,#%+=(*?&*&?%$&'8+(%&(%<,(B,'-$%=(&@(*<&%&'-(8A-&?A,B($'(

%<,(-7A-%?8%,(8-(,"*,#%,BC(

( (

B-9<'&( )>DTd( U'%,'-$%=( &@( %<,( i_( +$',-( 8##&?B$'4(

%&( %<,( $'#$B,'%( +$4<%( $'%,'-$%=C( b&%,B( %<8%( -#8+,-(

8?,(+&48?$%<)$#C(1i)8"n^C:(oj5(

B-9<'&()>D?d(U'%,'-$%=(&@(%<,(Y2(YY(8'B(Y>(i_(+$',-(

8##&?B$'4( %&( %<,( $'#$B,'%( +$4<%( $'%,'-$%=( $'( +&48>

?$%<)( -#8+,C( K<,( -8),( B8%8( 8?,( *+&%%,B( $'( +$',8?(

-#8+,($'(%<,($'-,?%C(1i)8"n^C:(oj5(

K<,(L8?$8%$&'-(&@(%<,($'%,'-$%$,-(&@(%<,(i_(+$',-(8--&#$8%,B(9$%<(%<,(678'%7)(9,++(8?,()&?,(#&)>

*+$#8%,B(8-(%<,(@$47?,(QCSG(-<&9-($%C(K<,($'-,?%(&@(%<,(@$47?,(QCSG(-<&9-(%<,(-8),(B8%8(B?89'($'(

+$',8?(-#8+,C(/AL$&7-+=( %<,( $'%,'-$%=(&@( %<,(Y>( +$',(<8-(8('&'>+$',8?(A,<8L$&?C(P?&)(%<,(#+8--$#8+(

8**?&"$)8%$&'( @&?( +&'4>+$L,B( ,"#$%&'-2FE$)]QI( %<,( ,"#$%&'( ,"<$A$%-( 8( -7A( +$',8?( $'#?,8-,(9$%<( $'>

#?,8-$'4(,"#$%8%$&'(*&9,?(B,'-$%=2(9<$+,(%<,(A$,"#$%&'($-(#+&-,(%&(A,(+$',8?C(P?&)(%<,-,(?,-7+%-(9,(

#8'(*?&*&-,( %<,( @&++&9$'4(-#,'8?$&C(i<&%&'-(8?,(8A-&?A,B( $'( %<,(678'%7)(9,++( 8'B(4,',?8%,B(

,"#$%&'-C(K<,-,(,"#$%&'-(4&(,$%<,?( @&?)( %?$&'-2(&?(A$,"#$%&'-C(O%(<$4<(*&9,?(B,'-$%$,-( %<,(,"#$>

%&'-(%<8%(8?,('&%($'L&+L,B($'(8(#&)*+,"(4$L,(?8$-,(%&(%<,(+$',(8--&#$8%,B(%&(%<,(@?,,(,"#$%&'(i_C(K&(

4&(8%(%<,(,'B(&@(%<,()&B,+($%($-(',#,--8?=(%&(B?89(%<,(B,'-$%=(&@(A$,"#$%&'-(8##&?B$'4(%&(%<,(B,'>

-$%=(&@(,"#$%&'-(1@$4C(QCSS5C((

U'(&7?(#8-,2(%<,(B,'-$%=(&@(,"#$%&'-(9$++(A,(*?&*&?%$&'8+($'(%<,(-7)(&@(%<,($'%,'-$%$,-(&@(%<,(+$',-(

Y>(8'B(YC(K<,(B,*,'B,'#,(&@(%<,(A$,"#$%&'($'%,'-$%=(&'(%<,(,"#$%&'($'%,'-$%=(@&?(%<,-,(B8%8(4$L,-(

8**?&"$)8%,+=( I
biexc

∝ I
exc

1.4 (9<$#<($-(8(?,B7#%$&'($'(%<,(,"*&','%(@?&)(%<,(L8+7,(β = 2 (,"*,#%,BC(O(

@8#%&?(β( +&9,?( %<8'(S(<8-(A,,'( ?,*&?%,B( $'( +$%,?8%7?,CF*<$]SI2( F=8)]:AI( (K<,(B$@@,?,'#,(A,%9,,'( %<,(

%<,&?,%$#8+( *?,B$#%$&'( 8'B( ,"*,?$),'%8+( &A-,?L8%$&'l-( ?,-7+%-( )8=A,( @?&)( +$)$%8%$&'-( &@( %<,(

)&B,+C(/',(*&-%7+8%,(&@(%<$-()&B,+($-(%<8%(%<,($'%,?#&'L,?-$&'(%$),($-()7#<(-<&?%,?(%<8'(,"#$%&'>
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