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*)6./!27.!01*0.-25)<!/.#"0.!)!a,-,%*#$.%\%!?2!27)2!2"6.Y!27.!6.61(D!/.#"0.!7)/!*12!D.2!=..*!

),,10")2./!21!S75)\,!6.6(",21(!0"(05"2!]$J^%!

'D! .*2.("*8! 27.! *.@!6"<<.**"56Y! 27.! 2@1+2.(6"*)<! /.#"0.,! 7)/! =..*! (./()@"*8! )22.*2"1*,!

=.0)5,.!1L! "2,! 0)-)="<"2".,!1L! ,21("*8! "*L1(6)2"1*! <"X.!)! 016-52.(!6.61(D%!b*<"X.! 2()/"2"1*)<!

K?;!5,./!1*!27.!-.(,1*)<!016-52.(,Y!27.,.!*1#.<!6.61(D!/.#"0.,!/"/!*12!(.M5"(.!.C2()!-1@.(!

21!6)"*2)"*!27.!/)2)!.C",2.*0.!)*/!/)2)!L"/.<"2D!T*1*+#1<)2"<"2DV%!'.,"/.,Y!27.D!)<,1!-.(L1(6!6507!

L),2.(!27)*!127.(!*1*#1<)2"<.!6.61(".,!,507!),!L<),7!6.61(D%!H7.!6.2)<+1C"/.+6.2)<!,2(5025(.!",!

)<,1!,"6-<.!.*1587!21!,0)<.!/1@*!L1(!27.!7"87.(!0"(05"2!"*2.8()2"1*%!G1Y!27.!/.#"0.!@),!01*,"/.(./!

)!0)*/"/)2.!1L!(.-<)0"*8!27.!2()/"2"1*)<!K?;!)*/!,507!/.#"0.!@),!)00.-2./!),!)!a,-,.%/\Y!)*/!

=.0)5,.!1L! 27.!-1,,"=<.!)--<"0)2"1*Y! a0-0!1\!1(! aKK?;\!T,71(2! L1(! (.,",2"#.! ()*/16+)00.,,!

6.61(DV!@),!1L2.*!5,./!]$>+&E^%!P"85(.!$+:!,71@,!)*!.C)6-<.!1L!0(1,,=)(!6.61(".,%!!



! E!

!

!"#$%&'(),*!A&.--/)&!0%0.&1!3%B#,%-!$)/&#,)(%3!/1!C%&)/%!5DEEF:;!

Q)2.(Y!G2(5X1#!T&AAJV!)*/!7",!01<<.)85.,!-(1#"/./!)!61/.<!1L!27.!2@1+2.(6"*)<!/.#"0.!27)2!

7),! -.(L.02! 6.6(",2"#.! =.7)#"1(%! H7.! ,"6"<)(! =.7)#"1(,! 7)/! =..*! /",01#.(./! "*! 127.(! *)*1+

,2(5025(./!2@1+2.(6"*)<!/.#"0.!0)*!=.!01*,"/.(./!6.6(",2"#.!=.7)#"1(,!]&3^%!

!

!"#$%&'()-*!C+%!(G.H(%&0#')=!,#&,>#(!%=%0%'(!3#)*&)0!-+.G'!#'!4(&>I.B!5DEEJ:;!



! 3!

1.2.!Entering the era of neuromorphic computing 

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

H7.!-5(,5"2!21!27.!)(2"L"0")<!"*2.<<"8.*0.!T?OV!7),!*.#.(!=..*!,21--./!=D!756)*%!G2)(2"*8!@"27!

27.!)5216)2"1*!27)2!"*0(.),.,!27.!.LL"0".*0DY!756)*+<"X.!<.)(*"*8!0)-)="<"2".,!)(.!=."*8!-.(L.02./!

1*!016-52.(,!(.0.*2<D%!Q"X.!27.!2.07*1<18".,!6"6"0X"*8!="1+,D,2.6,Y!,507!),!-<)*.,!1(!0)6.(),Y!

(.,.)(07.(,!)(.!)<,1!2(D"*8!21!/()@!"*,-"()2"1*,!L(16!27.!<"#"*8!0(.)25(.,!]&9^%!G2)(2"*8!L(16!27.!

,"6-<.,2!*.5()<!,D,2.6,!1L!()*+,+-./0*T"2!7),!:A&!*.5(1*,VY!"2!@),!L5<<D!5*/.(,211/!27)2!71@!27.D!

(.)02!21!27.!.C2.(*)<!@1(</!]&R^%!41@)/)D,!61(.!016-<.C!6)66)<!=()"*,!T)!756)*!0)*!7)#.!

$AA! ="<<"1*! *.5(1*,V! )(.! =."*8! ,25/"./! 5,"*8! 61/.(*! 2.07*1<18".,! ]&J+:&^%! H7.! ,D*)-,.!

01*,2)*2<D! 07)*8.,Y! =.0)5,.! 1L! 27.! "*L1(6)2"1*! =()"*! )=,1(=,Y! 21! )0016-<",7! 2),X,! ,507! ),!

,5(#"#"*8!27.!*)25(.%!

[.==")*!27.1(D!1LL.(./!)!-1,,"=<.!.C-<)*)2"1*!27)2!71@!27.!,D*)-,.!-<),2"0"2D!(.<)2.,!21!27.!

<.)(*"*8!0)-)="<"2D!]::+:3^%!G"8*)<,!2()*,L.((./!=.2@..*!2@1!*.5(1*,!=D!-),,"*8!*.5(12()*,6"22.(!

@"27!,D*)-,.!]:9^%!H7.!.LL"0".*0D!1L!27.!,"8*)<!2()*,6",,"1*!",!/5.!21!27.!,2)2.!1L!,D*)-,.%!G"8*)<!

-),,.,!.LL"0".*2<D!"L!27.!,D*)-,.!"*2.*,"2D!",!7"87!)*/!#"0.!#.(,)%!H1!8"#.!)!/.L"*"2"#.!/.,0("-2"1*!

1L!27",!-7.*16.*1*Y!,-"X.+2"6"*8+/.-.*/.*2!-<),2"0"2D!@),!-(1-1,./!27)2!27.!2"6.!/.<)D!=.2@..*!

27.!2@1!*.5(1*,!L"("*8!@"<<!07)*8.!27.!,D*)-,.!"*2.*,"2D%!;)*D!.C-.("6.*2,!@.(.!01*/502./!21!

01*L"(6!27.!#)<"/"2D!]:R+EA^%!H7.!(.<)2"1*!=.2@..*!c#!)*/!27.!1!",!,71@*!"*!L"85(.!$+3Y!@7"07!",!

27.!-.(0.*2)8.!1L!27.!6)C"656!,D*)-2"0!01*/502)*0.!]:R^%!



! 9!

!

!"#$%&'().*!C+%!4C"K!0.3#$#,)(#.'! $>',(#.'L!G+%&%!M(! #-! (+%! (#0%!3%=)1!.$!2&%H!)'3!2.-(H-1')2-%!

'%>&.'-;!41')2(#,!,.'3>,()',%!#-!*#B%'!/1!!!"#"5M#:L!G+%&%!!!"#$#-!(+%!0)N#0>0!-1')2(#,!,.'3>,()',%;!

!"#"#"!2,3%040%+5'/./04+31'(6..

?/#)*0"*8!*.5(1,0".*0.!8)#.!(.,.)(07.(,!)!*.@!)--(1)07!1L!(.)<"W"*8!?O!27)2!",!21!01*,2(502!

)!6)07"*.+-.(L1(6)=<.!)(2"L"0")<!*.5()<!*.2@1(X!T?44V!]E$+EE^%!?*)<1815,!21!="1<18"0)<!*.5()<!

*.2@1(X,Y!?44!)<,1!7),!*.5(1*,!)*/!,D*)-,.,!=52!"*!)=,2()02!,.*,.,%!Q"X.!="1<18"0)<!*.5(1*,Y!

)(2"L"0")<!*.5(1*,!L"(.!)001(/"*8!21!27.!)02"#)2"1*!L5*02"1*,!)*/!27.!*.5(1*!,2)2.!07)*8.,!=.0)5,.!

1L!27.!"*-52,%!B*!27.!127.(!7)*/Y!01*2(1<<)=<.!@."872,!)(.!5,./!21!01**.02!27.!*.5(1*,!L5*02"1*"*8!

),! )(2"L"0")<! ,D*)-,.,%! ?,! ,71@*! "*! L"85(.! $+9Y! )! (.0.*2! *.2@1(X! 1L2.*! 7),! 61(.! <)D.(,! 27)*!

2()/"2"1*)<! -.(0.-2(1*+=),./! ,"8*)<! <)D.(./! *.2@1(X%! ;5<2"+<)D.(./! *.2@1(X,! 8"#.! 27.! ,D,2.6!

61(.!0)-)="<"2D!21!L"2!61(.!016-<"0)2./!7"//.*!65<2"/"6.*,"1*)<!L5*02"1*,%!!



! R!

!
!"#$%&' ()/*! 4,+%0)(#,! #==>-(&)(#.'! .$! )! 0>=(#H=)1%&%3! 2%&,%2(&.'H/)-%3! '%(G.&I;! C+%! '>0/%&! .$!

G%#*+(-!#-!0>,+!=)&*%&!(+)'!2%&,%2(&.';!

?<81("276,!<"X.!=)0X-(1-)8)2"1*!)*/!8()/".*2!/.,0.*2!5,./!"*!?44!0)*!=.!6)27.6)2"0)<<D!

,1<#./! ,"*0.! 27.! 0)<05<)2"1*! ",! 6)"*<D! 6)2("C! 1-.()2"1*%! H7.! 0)<05<)2"1*,! @.(.! -(.#"15,<D!

-.(L1(6./!=D!27.!0.*2()<!-(10.,,"*8!5*"2,!TSFb,V!,"*0.!27."(!811/!5*"#.(,)<"2D%!H1!"*0(.),.!27.!

0)<05<)2"1*!.LL"0".*0D!)*/!"*0(.),.!27.!,0)<.!1L!27.!*.2@1(XY!8()-7"0!-(10.,,"*8!5*"2,!TdFb,V!)(.!

=."*8!@"</<D!5,./!21!2()"*!61/.<,!*1@)/)D,%!

Z.<<! 01*L"85(./! *.2@1(X! 0)*! ,1<#.! ,"6-<.! )*/! 016-<.C! -(1=<.6,! <"X.! 0<),,"L"0)2"1*! 1(!

-(./"02"1*%!!H7.!?44!@"27!/..-!*.2@1(X,!"*0(.),./!27.!L.)25(.,!27)2!27.!*.2@1(X,!0)*!7)*/<.!

),"/.!L(16!,"6-<.!<"*.)(!0<),,"L"0)2"1*!-(1=<.6,%!41@Y!2()"*./!*.2@1(X,!0)*!L"2!)*D!016-<"0)2./!

L5*02"1*,!)*/!-(./"02"1*,!7)#.!7"87!01*L"/.*0.!.#.*!0)-)=<.!21!)!0166.(0")<!<.#.<%!H7.!(.0.*2<D!

(.-1(2./!)0016-<",76.*2,!L(../!756)*!L(16!8(15*/!(.-.)2./!@1(X,!@"27!<.,,!756)*!.((1(!,507!

),!6./"0)<!/")8*1,",Y!,.<L+/("#"*8!1(!L"*)*0"*8%!?!@.<<+2()"*./!*.2@1(X!0)*!.#.*!=.)2!756)*!1*!

)*!"*2.<<.025)<!8)6.!]EE^%!

H7.!/.6)*/!1L!016-52"*8!"*0(.),.,!()-"/<D!L(16!27.!D.)(!1L!&A$&Y!)*/!)001(/"*8!21!23456!Y!

27.!/.6)*/!/15=<.,!.#.(D!:%3!61*27,!]E3^%!H7.!"*0(.),"*8!<)D.(,!)<,1!"*0(.),.!27.!*56=.(!1L!

*.5(1*,!-(1-1(2"1*)<<D!)*/!,D*)-,.,!M5)/()2"0)<<D%!41@)/)D,Y!27.!L)=("0)2"1*!1L!,.6"01*/5021(!

7),!=..*!(.)07"*8!27.!<"6"2!1L!27.!;11(.e,!<)@%!G1!127.(!)--(1)07.,!)(.!*.././!L1(!27.!L5(27.(!

"6-(1#.6.*2!1L!27.!?44%!B*.!)--(1)07!",!27)2!"*,2.)/!1L!2()/"2"1*)<!#1*!4.56)**!)(07"2.025(.Y!

@.!5,.!)!*.@!016-52.(!)(07"2.025(.!27)2!1#.(016.,!27.!-(10.,,1(+6.61(D!=122<.*.0X%!G"6"<)(!



! J!

21!27.!="1<18"0)<!=()"*,Y!6.61(".,!T,D*)-,.,V!)(.!01**.02./!21!27.!-(10.,,1(,!T*.5(1*V!/"(.02<D%!

N#.(D!-(10.,,1(!0)*!(.)07!(.,-.02"#.!6.61(".,!/"(.02<D%!O*!L)02Y!27.!6.07)*",6!1L!-.(0.-2(1*!"*!

*.5()<!*.2@1(X,!",!)!<"*.)(!65<2"-<"0)2"1*!1L!27.!@."87!T)!,0)<)(V!)*/!27.!,2)2.,!1L!-.(0.-2(1*!T)!

#.021(V%!H7.!a"*+6.61(D\!016-52"*8!L"2,!27.!(.M5"(.6.*2!1L!?44!-.(L.02<D%!?-)(2!L(16!5,"*8!)!

0<5,2.(!1L!IK?;,!21!(.-(.,.*2!)!@."872Y!.#.(D!,"*8<.!"*2.(,.02"1*!015</!=.!L5<<D!L5*02"1*)<%!H7.!

#.(D+,6)<<! )(.)! 2)X.*! =D! .)07! 6.61(D! "*0(.),.,! 27.! "*2.8()2"1*! 1L! 27.! 07"-Y! )*/! 61(.!

L5*02"1*)<"2".,!015</!=.!"*2.8()2./!1*!)!,"*8<.!07"-%!!

I.,-"2.!27.!61/.<!1L!?44!",!,2"<<!=."*8!/",05,,./!L1(!27.!L525(.!"6-<.6.*2)2"1*Y!27.!-7D,"0)<!

-(1-.(2".,!1L!(.,",2"#.!6.61(D!"*/"0)2./!"2,!-(1L15*/!-1,,"="<"2D!1L!L5<L"<<"*8!)<<!27.!(.M5"(.6.*2,%!

'127!="1<18"0)<!)*/!6)27.6)2"0)<!)--(1)07.,!1L!*.5()<!*.2@1(X!,71@./!27.!*)25()<!07)()02.(",2"0!

1L! )*)<18!=.7)#"1(,%!'"1<18"0)<! *.5(1*! L"(.,! ,"8*)<! 21! 27.!*.C2!*.5(1*!0(1,,"*8! 27.!=("/8.!1L!

,D*)-,.Y!)*/!27.!.LL"0".*0D!1L!27.!"*L1(6)2"1*!2()*,6",,"1*,!",!,2(1*8<D!/.-.*/./!1*!27.!,D*)-,.!

"*2.*,"2D%!;)27.6)2"0)<!-.(0.-2(1*!07)*8.,!"2,!,2)2.,!=.0)5,.!1L!27.!65<2"-<"0)2"1*!21!27.!@."872!

T01*2"*515,!#)<5.,!=.2@..*!+$!)*/!$!"*!/..-!<.)(*"*8V%!O*,2.)/!1L!27.!)=,1<52.!="*)(D!#)<5.,!1L!

f$g!)*/!fAgY!27.!"*L1(6)2"1*!-(10.,,"*8!"*!27.!?44!,715</!=.!-.(L1(6./!)*)<1815,<D%!?*)<18!

,"8*)<,! )*/! #)<5.,! )(.! /"LL"05<2! 21! -(.,.*2! "*! 27.! /"8"2)<! 016-52.(,! =.0)5,.! 1L! "2,! ="*)(D!

L5*/)6.*2)<%!H1!(.)<"W.!1*.!*.5(1*!1(!6.61(D!0.<<Y!5,5)<<D!75*/(./,!1L!2()*,",21(,!)(.!*.././%!

B*! 27.! 127.(! 7)*/Y! (.,",2"#.! 6.61(D! 7),! 8(.)2! ,0)<)="<"2D! =.0)5,.! 1L! "2,! ,"6-<.! 0)-)0"2"#.!

,2(5025(.%! O*! L)02Y! F%! h)1! T&A&AV! )*/! 7",! 01<<.)85.,! ,500.,,L5<<D! "*2.8()2./! &AEJ! ,D*)-,.! ),!

6.61(D!)(()D,!)*/!27.!-(1212D-.!7)/!(.0."#./!811/!-.(L1(6)*0.!]E9^%!

;1/.<,!,507!),!/..-!<.)(*"*8!5,.!6)"*<D!6)27.6)2"0,Y!)*/!<.,,!="1+6"6"0X"*8!),-.02,!)(.!

)--<"./%! K.0.*2! @1(X,! @"27! 61(.! ="1<18"0)<! 01*0.-2,! "*2.8()2./! )<,1! ,71@,! -(1L15*/!

)0016-<",76.*2,!]E9+3$^%!G-"X"*8!*.5()<!*.2@1(X!TG44V!"*!1*.!1L!27.!-"1*..(!61/.<,%!O*,2.)/!

1L!=)0X-(1-)8)2"*8!1*! .)07!0D0<.Y! )(2"L"0")<! *.5(1*,!1*<D! L"(.,! )2! 27.!616.*2! 27)2! 27.! "*-52,!

,)2",LD! 27.! "*2.(*)<! )02"#)2"1*! L5*02"1*%! H7.! L"("*8! ,"8*)<! 07)*8.,! 27.! ,2)2.,! 1L! ,D*)-,.! 27)2!

"*L<5.*0.,!127.(!*.5(1*,%!H7.!01*0.-2!1L!GHIF!0)*!=.!"*2.8()2./!21!27.!61/.<%!'D!27.!/"LL.(.*2!

)615*2!1L!2"6.!<)8,!L(16!-(.+!)*/!-1,2+*.5(1*Y!27.!"*2.*,"2D!1L!27.!,D*)-,.!07)*8.,!)*)<1815,<D%!

?<271587!27.!"*01*,2)*2!=.7)#"1(!1L!G44!",!,"6"<)(!21!27.!="1<18"0)<!=()"*Y!"2!01*,56.,!61(.!1*!



! >!

)!2()/"2"1*)<!016-52.(!=.0)5,.!1L!27.!61(.!016-<.C!6.07)*",6%!H1!(.)<"W.!27.!61/.<!.LL"0".*2<DY!

)(2"L"0")<+*.5(1*+=),./!7)(/@)(.!",!*.././%!

1.3.!Recent resistive memory studies 

K.,",2"#.!6.61(D!7),!=..*!@"/.<D!)00.-2./!21!=.!27.!,2(1*8.,2!-1,,"=<D!21!(.)<"W.!27.!)(2"L"0")<!

,D*)-,.!"*!?44%![1@.#.(Y!27.(.!,2"<<!)(.!5*0<.)(!),-.02,!27)2!*.././!21!=.!,25/"./%!O*!27",!,.02"1*Y!

27.!"6-1(2)*2!),-.02,!(.8()/"*8!21!27.!L".</!@"<<!=.!(.#".@./!)*/!/",05,,./%!

!"7"!"!8&1,%'&9.*,9,/1'0(*.&(-.+0**':9,.40-,9*.

U)("15,!2()*,"2"1*!6.2)<!1C"/.!L"<6,!@.(.!5,./!),!"*,5<)21(,Y!)*/!27.!01((.,-1*/"*8!,@"207"*8!

=.7)#"1(,! 7)#.! =..*! .C2.*,"#.<D! .C-<1(./Y! ,507! ),! ?<B(Y! H"B(Y! H)B(Y! 4"B(Y! .20%! ]3&Y! 3:^%!

?<271587! 27.! ,@"207"*8! 0)-)="<"2D! 0)*! =.! .),"<D! (.)<"W./Y! 27.! 07)()02.(",2"0,! @"27! /"LL.(.*2!

6)2.(")<!016="*)2"1*,!)(.!/",2"*85",7)=<.%!H7.!01*2(1<!1L! 27.! (.,",2)*0.! (.6)"*,!)! ,"8*"L"0)*2!

07)<<.*8.!21!=("*8!27.!2.07*1<18D!21!7"87.(!-()02"0)<!<.#.<%!Z7"<.!6)*D!016="*)2"1*,!7)#.!=..*!

2("./!1*!127.(!,25/".,Y!"2!7),!=..*!)00.-2./!27)2!27.!(.,",2)*0.!07)*8.,!)(.!27.!01*,.M5.*0.!1L!27.!

L1(6)2"1*!)*/!(5-25(.!1L!01*/502"#.!L"<)6.*2,!"*!27.!"*,5<)21(!<)D.(!]3E+39^%*O*!27.!(.0.*2!(.-1(2,Y!

2@1!61/.<,!7)#.!=..*!-(1-1,./Y!#)<.*0.!07)*8.!6.61(D!TUS;V!)*/!.<.02(107.6"0)<!6.61(D!

TNS;VY! 0)2.81("W./! =D! 27.! /"LL.(.*2! 2D-.! 1L! 01*/502"#.! L"<)6.*2,%! US;! ",! =),./! 1*! 27.!

61#.6.*2,!)*/!),,.6=<D!1L!1CD8.*!#)0)*0".,! 21! L1(6! 27.!6.2)<<"0!01*/502"#.! L"<)6.*2Y! )*/!

,0)#.*8"*8!6.2)<,!)(.!5,5)<<D!5,./!),!.<.02(1/.,! 21!0(.)2.!/"LL.(.*2!.*#"(1*6.*2,!01*0.(*"*8!

1CD8.*!#)0)*0".,%!NS;!5,.,!)02"#.!6.2)<!.<.02(1/.Y!,507!),!01--.(!TS5V!1(!,"<#.(!T?8VY!)*/!27.!

01*/502"#.! L"<)6.*2,! @.(.! L1(6./! =D! 27.! 6.2)<! "1*! 61#.6.*2! L(16! 27.! )02"#.! .<.02(1/.%!

G500.,,L5<!1=,.(#)2"1*,!1L!01*/502"#.!L"<)6.*2,!7)#.!=..*!(.-1(2./!L1(!=127!61/.<,!]3R+9:^%*



! $A!

!"7"#"!;(&906.*<'1/5'(6.

!

!"#$%&'()0*!C+%!-,+%0)(#,!#==>-(&)(#.'-!.$!/#')&1!-G#(,+#'*!)'3!)')=.*!-G#(,+#'*;!

?,!(.#".@./!"*!G.0%!$%&Y!,D*)-2"0!)*)<18!=.7)#"1(!",!01*,"/.(./!.,,.*2")<!21!(.)<"W.!27.!?44!
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@7ZF9!5DE67:;!

OFEP! R)'*L!k;!0#+)*7!X%#'$.&,%0%'(!=%)&'#'*!G#(+!)')=.*>%!0%0&#-(.&!)&&)1-;!E)#+<*06#'%(!+L!66FZ6D@!

5DE67:;!

OF6P! A)#L!U;!0#+)*7!?!$>==1!#'(%*&)(%3!&%2&.*&)00)/=%!0%0&#-(.&ZAdY4!-1-(%0!$.&!%$$#,#%'(!0>=(#2=1Z

),,>0>=)(%!.2%&)(#.'-;!E)#+<*06#'%(!+L!D7EZD77!5DE67:;!

OFDP! \>.L!l;!]!X./%&(-.'L![;!d)(%&#)=-!-%=%,(#.'!$.&!.N#3%H/)-%3!&%-#-(#B%!&)'3.0!),,%--!0%0.&#%-;!

-..*7+23457+:0##7!(1.L!DD_F68!5DE6@:;!

OF_P! k+>L!S;L!k+.>L![;L!\>.L!k;!]!4>'L!k;!?'!.B%&B#%G!.$!0)(%&#)=-!#-->%-!#'!&%-#-(#B%!&)'3.0!),,%--!

0%0.&1;!$%&'()*+%,+G)#0'/%@/65!(L!DJFZD7F!5DE6F:;!

OF@P! l)'*L![;![;L!4(&>I.BL!";!b;!]!4(%G)&(L!";!X;!d%0&#-(#B%!3%B#,%-!$.&!,.02>(#'*;!E)#&'0+E)(%#063!2L!

6_ZD@!5DE6_:;!

OFFP! a>g>0L!";L!l>L!4;!]!K+#=#2!R.'*L!Q;H4;!41')2(#,!%=%,(&.'#,-m!0)(%&#)=-L!3%B#,%-!)'3!)22=#,)(#.'-;!

E)(%#063(%*%!4!+-L!_JDEE6!5DE6_:;!

OF8P! C.&&%-HA.-()L!^;L!dqI#=qL!<;L!\&)'&.(+L!4;L!a>IIL!<;!]!4)=.'%'L![;!41')2(#,!)'3!U)-(!4G#(,+#'*!

d%0&#-()',%!#'!K.&.>-!4#=#,.'Hb)-%3!4(&>,(>&%-;!E)(%@)#0'/)*5!3L!JDF!5DE67:;!

OF9P! d;!?&#()L!?;!C->&>0)I#HU>I>,+#L!l;!C)I)+)-+#L!4;!d>&).I)L!4;!`(.L!4;!l.'%3)L!K&.,;!DE67!`<<<!

66(+!`'(%&')(#.')=!d%0.&1!R.&I-+.2L!668Z667!5DE67:;!

OFJP! d;!?&#()L!?;!C->&>0)I#HU>I>,+#L!l;!C)I)+)-+#L!k;!R%#L!4;!d>&).I)L!4;!`(.L!4;!l.'%3)L!K&.,;!DE6J!

`<<<!6E(+!`'(%&')(#.')=!d%0.&1!R.&I-+.2L!6E8Z6E7!5DE6J:;!

OF7P! U>i#G)&)L!a;L!W%0.(.L!C;L!X.g%'/%&*L!d;![;L!W)I)0>&)L!l;!]!C)I)*#L!Q;!X%-#-()',%!4G#(,+#'*!)'3!

U.&0)(#.'!.$!)!A.'3>,(#B%!b&#3*%!#'!d%()=hb#')&1!YN#3%hd%()=!4(&>,(>&%!$.&!d%0.&1!"%B#,%-;!

$.(7+$7+-..*7+23457!-0L!8D88Z8D96!5DEEJ:;!



! $3!

O8EP! l)'*L!l;!0#+)*7!Y/-%&B)(#.'!.$!,.'3>,(#'*!$#=)0%'(!*&.G(+!#'!')'.-,)=%!&%-#-(#B%!0%0.&#%-;!E)#+

D%@@&(!,L!9_D!5DE6D:;!

O86P! C)I)+)-+#L!l;L!a>3.L!d;!]!?&#()L!d;!5`'B#(%3:!^#->)=#gr)(#.'!.$!A.'3>,(#B%!U#=)0%'(!.$!X%X?d!

3>&#'*!X%-#-(#B%!4G#(,+#'*!/1!#'H-#(>!C<d;!<D9+?')(5)6#/%(5!/3L!D77Z_E7!5DE6F:;!

O8DP! ?&#()L!d;!0#+)*7!4G#(,+#'*!.2%&)(#.'!)'3!3%*&)3)(#.'!.$!&%-#-(#B%!&)'3.0!),,%--!0%0.&1!,.02.-%3!

.$!(>'*-(%'!.N#3%!)'3!,.22%&!#'B%-(#*)(%3!>-#'*!#'H-#(>!C<d;!96/+80.!.L!696E_!5DE6F:;!

O8_P! a>0)&L!4;!0#+)*7!"#&%,(!Y/-%&B)(#.'!.$!S.,)=#g%3!X)3#)=!YN1*%'!d#*&)(#.'!#'!U>',(#.'#'*!

C)'()=>0!YN#3%!d%0&#-(.&-;!-1F7+G)#0'7!+2L!D99DZD998!5DE68:;!

O8@P! A%=)'.L!c;!0#+)*7!"#&%,(!K&./#'*!.$!(+%!"#%=%,(&#,!4,)B%'*#'*HS)1%&!`'(%&$),%!#'!YN#3%!U#=)0%'()&1H

b)-%3!^)=%',%!A+)'*%!d%0.&1;!-D9+-..*7+G)#0'7+C(#0',)605!3L!6EJDEZ6EJD@!5DE69:;!

O8FP! C->&>0)I#HU>I>,+#L!?;L!W)I)*)G)L!X;L!?&#()L!d;!]!C)I)+)-+#L!l;!40..(+!`'(%&$),#)=!4,)B%'*#'*!

$.&!X%-#-(#B%!4G#(,+#'*!YN#3%!B#)!(+%!U.&0)(#.'!.$!Q#*+=1!c'#$.&0!S)1%&-!.$!?0.&2+.>-!C)Y!;!

-D9+-..*7+G)#0'7+C(#0',)605!(1L!F8E7ZF869!5DE6J:;!

O88P! S;!\.>NL!?;!U)'(#'#L!?;!X%3.=$#L!A;!l;!A+%'L!U;!4+#L!X;!"%*&)%B%L!l;!l;!A+%'L!C;!R#((%&-L!\;!

\&.%-%'%I%'L!d;![>&,g)IL!DE6@!4102.-#>0!.'!^S4`!C%,+'.=.*1m!"#*%-(!.$!C%,+'#,)=!K)2%&-L!6ZD!

5DE6@:;!

O89P! S%%L!d;H[;!0#+)*7!?!$)-(L!+#*+H%'3>&)',%!)'3!-,)=)/=%!'.'HB.=)(#=%!0%0.&1!3%B#,%!0)3%!$&.0!

)-100%(&#,!C)DYFsNhC)YDsN!/#=)1%&!-(&>,(>&%-;!E)#&'0+G)#0'!(1L!8DFZ8_E!5DE66:;!

O8JP! C->&>.I)L!C;L!Q)-%*)G)L!C;L!C%&)/%L!a;!]!?.'.L!d;!A.'3>,()',%!V>)'(#g)(#.'!)'3!-1')2(#,!/%+)B#.&!

#'!)!C)%Y&!H/)-%3!)(.0#,!-G#(,+;!E)(%#063(%*%!4!+,L!@_F9EF!5DE6D:;!

O87P! e>%L!R;!0#+)*7!A.'(&.==)/=%!)'3!4()/=%!j>)'(#g%3!A.'3>,()',%!4()(%-!#'!)!K(hQ$Y!+h`CY!d%0&#-(.&;!

-1F7+<*06#'%(7+G)#0'7!/L!67E6EFF!5DEDE:;!

O9EP! 4%.L!a;!0#+)*7!?')=.*!0%0.&1!)'3!-2#I%H(#0#'*H3%2%'3%'(!2=)-(#,#(1!,+)&),(%&#-(#,-!.$!)!')'.-,)=%!

(#()'#>0!.N#3%!/#=)1%&!&%-#-(#B%!-G#(,+#'*!3%B#,%;!E)(%#063(%*%!4!++L!DF@ED_!5DE66:;!

O96P! R..L![;!]!l>L!4;!X%-#-(#B%!d%0.&1Hb)-%3!?')=.*!41')2-%m!C+%!K>&->#(!$.&!S#'%)&!)'3!4100%(&#,!

R%#*+(!c23)(%;!C<<<+E)(%#063(%*%!4+G)!7!(+L!_8Z@@!5DE6J:;!

O9DP! e#)L!j;!]!l)'*L![;![;!d%0&#-(#B%!,&.--/)&!)&&)1-!$.&!/&)#'H#'-2#&%3!,.02>(#'*;!E)#7+G)#0'7!(2L!_E7Z

_D_!5DE67:;!

O9_P! U.>3)L!d;!<;L!a>&3)+#L! U;L! <=()G#=L!?;!]!W%$(,#L! <;! 42#I#'*!W%>&)=! W%(G.&I-! $.&! `'$%&%',%! )'3!

S%)&'#'*m!?!d%0&#-(.&H/)-%3!"%-#*'!K%&-2%,(#B%;!)'N/F>OPQP7QORRO+S65T!5DE67:;!

O9@P! C#(#&-+)L! C;! 0#+ )*7! <'3>&)',%H?G)&%! d)22#'*! .$! 42#I#'*! W%>&)=! W%(G.&I-! (.! W%>&.0.&2+#,!

Q)&3G)&%;!C<<<+?')(57+2)')**0*+=/5#'/I7+945#7!6Z6!5DED6:;!

!

!

!

!

!

!



! $9!

)*&+$,%(4!50$.2&$.06(&67('06$,6$#(0/($*.#(80%9(

2.1.!Motivation and significance 

?,!"*!27.!<"2.()25(.!(.#".@Y!(.,",2"#.!6.61(".,!0)*!=.!.),"<D!L)=("0)2./!)*/!2.,2./%!?<271587!

6)*D! 016="*)2"1*,! 1L! 6.2)<! 1C"/.! )*/! 6.2)<! .<.02(1/.! 7)/! =..*! (.-1(2./! L1(! 27."(! <"6"2./!

#)<"/"2".,Y!)!,D,2.6)2"0!,25/D!1L!27.!01((.<)2"1*!=.2@..*!27.!,.<.02./!6)2.(")<,!)*/!27.!,@"207"*8!

07)()02.(",2"0,!",!,2"<<!<)0X"*8%!H)*2)<56!1C"/.!@),!,.<.02./!"*!27",!,25/DY!),!27.!"*,5<)21(!<)D.(Y!

=.0)5,.!1L!"2,!0)-)="<"2".,!1L!,2)=<.!,@"207"*8!(.<)2"*8!21!27.!.C",2.*0.,!1L!1CD8.*!#)0)*0D!"*!27.!

"*,5<)21(%!G.#.()<!X"*/,!1L!21-!.<.02(1/.!@.(.!)<,1!,.<.02./!21!,..!27.!/"LL.(.*0.,%!?*!.C2(.6.<D!

"6-1(2)*2!/.#"0.!,2)8.Y!27.!"*"2")<!,2)2.,Y!@),!"*2(1/50./!"*21!27.!#".@%!H7.!/",2"*85",7)=<.!"*"2")<!

,2)2.,!@.(.!,500.,,L5<<D!)07".#./!=D!27.!01*2(1<<./!L)=("0)2"1*!01*/"2"1*,Y!)*/!27.D!"*L<5.*0./!

27.!,@"207"*8!07)()02.(",2"0,!"*!6)*D!@)D,%!H7.!07)()02.(",2"0,!"*!6.),5(.6.*2,!)*/!6"0(1,01-.!

1=,.(#)2"1*,!@.(.!(.#.)<./!TS7)-2.(!EV%!H7.D!015</!/.0"/.!"L!27.!/.#"0.!0)*!,@"207!)2!)<<!TS7)-2.(!

3V%!H7.D!015</!07)*8.!71@!8.*2<.!",!27.!,@"207"*8!21!)07".#.!)*)<18!=.7)#"1(,!TS7)-2.(!9V%!

H1!8"#.!)!016-<.2.!,21(D!L(16!27.!5*/.(<D"*8!.<.02(1/.m"*,5<)21(!,0)#.*8"*8!6.07)*",6!21!

27.! =()"*+<"X.! GHIFY! @.! L"(,2! L105,./! 1*! 27.! "*"2")<! ,2)2.,! 27)2! "*L<5.*0.! 27.! 5-016"*8!

07)()02.(",2"0,%! Z"27! 27.! /.2)"<./! "*#.,2"8)2"1*! 1L! ,"C! /"LL.(.*2! .<.02(1/.,Y! @.! 01*2"*5.! @"27!

/..-.(!,25/D!1*!27.!)*)<18!,@"207"*8!=.7)#"1(!@"27!-7121<"2718()-7D+-)22.(*./!/.#"0.,Y!@7.(.!

,6)<<!,"W.,!)(.!7.<-L5<!21!27.!,2)="<"2D%!P"*)<<DY!@"27!27.!8(15*/@1(X!/1*.Y!@.!61#.!15(!)22.*2"1*!

21!27.!1-2"6"W)2"1*,!1L!)*)<18!,@"207"*8%!H7.!,.(".,!1L!,25/D!(.#.)<./!71@!/1.,!27.!"*"2")<!,2)2.,!

)LL.02!27.!)*)<18!,@"207"*8Y!)*/!@7.27.(!27.!,@"207"*8!015</!=.!1-2"6"W./%!!

2.2.!Storyline 

H7(..!6)i1(!,.2,!1L!"*#.,2"8)2"1*!@.(.!-.(L1(6./!"*!27",!,25/D%!?,!,71@*!"*!L"85(.!&+$Y!"*"2")<!

,2)2.,!)(.!L"(,2<D!,25/"./!),!)!-(.<"6"*)(D!=),.!/)2)%!H7.*Y!@"27!0)(.L5<<D!-)22.(*./!/.#"0.Y!27.!

(.<)2"1*,7"-!=.2@..*!27.!"*"2")<!,2)2.!)*/!)*)<18!,@"207"*8!0)*!=.!(.#.)<./%!P"*)<<DY!@"27!/.2)"<./!

"*L1(6)2"1*! -(.,.*2./Y! 27.! )*)<18! =.7)#"1(! 21! )! -()02"0)<! 5,.! 0)*! =.! 1-2"6"W./%! 4.C2! =(".L!

,566)(".,!1L!.)07!-)(2!@"<<!=.!-(.,.*2./%!



! $R!

!
!"#$%&'+)(*!4,+%0)(#,!-(&>,(>&%!.$!(+%!3%B#,%;!

!"#$%&%'23&4$-%(5()!H7.!,25/D!)=152!27.!"*"2")<!,2)2.,!1L!,"C!.<.02(1/.,!@"<<!=.!-(.,.*2./%![.(.!

6.2)<! 6),X,! @.(.! 5,./! 21! -)22.(*! 27.! /.#"0.,%! G-.0"L"0)<<DY! H"4Y! H"Y! H)Y! ?<! .<.02(1/.,! @.(.!

016="*./!@"27!2@1!/"LL.(.*2!-(",2"*.!1CD8.*!01*0.*2()2"1*!01*/"2"1*,!@7"07!-(1#"/.!/"LL.(.*2!

"*"2")<! 1CD8.*+#)0)*0D! 01*0.*2()2"1*%! H7.! "*"2")<! (.,",2)*0.,!@.(.! L"(,2<D!6.),5(./%! H7.*! 27.!

"*"2")<"W)2"1*!-(10.,,.,!@.(.!0)(("./! 21!.)07!/.#"0.! 21!1=2)"*!,2)2",2"0)<! (.,5<2,!1L! 27.! L1(6"*8!

#1<2)8.%!P"*)<<DY!27.!,)6-<.,!@.(.!"*#.,2"8)2./!=D!GHN;!)*/!NIG!21!27.!0(1,,+,.02"1*!21!0<)("LD!

27.!6.2)<+1C"/.!"*2.(L)0.!(.)02"1*!)*/m1(!1CD8.*!,0)#.*8"*8!.LL.02,%!

!"#$%*%'23&4$-%(6()!H7.!-(.<"6"*)(D!(.,5<2,!)=152!27.!"*"2")<!,2)2.,!@.(.!0)(("./!21!27.!*.C2!

-)(2%! P15(! .<.02(1/.,! TH)Y! S5Y! H"Y! ?<V! @.(.! ,.<.02./Y! )*/! /.#"0.,! @.(.! -)22.(*./! 5,"*8!

-7121<"2718()-7D%! Z"27! @.<<! -)22.(*./! /.#"0.,Y! ,@"207"*8! =.7)#"1(,! @.(.! "*#.,2"8)2./! =D!

L105,"*8!1*!27.!,0)#.*8"*8!.LL.02,!1L!6.2)<+H)!1C"/.!"*2.(L)0.!)*/!US;!)*/!NS;!6.07)*",6,%!

H7.! 01**.02"1*,! =.2@..*! .)07! "*"2")<! ,2)2.! )*/! )*)<18! ,@"207"*8! @.(.! "*#.,2"8)2./%!

I",2"*85",7)=<.!"*"2")<!,2)2.,!/.2.(6"*./!27.!"*"2")<"W)2"1*!0)-)="<"2".,%!?*/!27.!"*"2")<"W./!/.#"0.,!

,71@./!)!-(./"02"#.!)*)<18!0)-)="<"2D!L1(!27.!H)!)*/!S5!.<.02(1/.,%!

!"#$%+%'23&4$-%(7()![.(.Y!27.!H)+/.#"0.,!@.(.!,.<.02./!L1(!L5(27.(!2.,2Y!=.0)5,.!1L!"2,!,2)=<.!

)*)<18!1-.()2"1*!),!,25/"./!"*!F)(2!&%!H1!8)"*!7"87.(!01*2(1<<)="<"2D!@"27!H)mH)!B"!,D,2.6Y!@.!

)(85./!27)2!27.!,@"207"*8!05((.*2!T)*/!27.!8.*.()2./!n15<.!7.)2V!",!)(85./!21!=.!)!-(1=)=<.!6)i1(!

",,5.!L1(!=.22.(!-.(L1(6)*0.%!H75,Y!)!27"*!G"B!!L"<6!@),!"*,.(2./!=.2@..*!27.!"*,5<)21(!)*/!27.!

=12216!.<.02(1/.!),!)!05((.*2!<"6"2.(%!Z"27!05((.*2!<"6"2)2"1*Y!L"<)6.*2!L1(6)2"1*!/"/!*12!1005(!

,.#.(.<D!<"X.!27.!/.#"0.!"*!F)(2!&Y!)*/!,500.,,L5<!,2)=<.!)*)<18!,@"207"*8!0)-)="<"2D!@),!(.)<"W./!

1*! =127! ,.2! )*/! (.,.2! -(10.,,%!Z.! )<,1! 211X! )! ,2.-! L5(27.(! )*/!@.! L15*/! 27)2!@"27! -(.0",.<D!

01*2(1<<./!#1<2)8.!27(.,71</Y!27.!-5<,.!0)*!=.!)!811/!@)D!L1(!,@"207"*8%!P"*)<<DY!=()"*+<"X.!GHIF!

@),!(.)<"W./!21!/.61*,2()2.!27.!/.#"0.!-.(L1(6)*0.!#")!27",!1-.()2"1*!01*2(1<%!



! $J!

)*&+$,%(:!;<+,%.3,6$(7,#.=6(&67(3,$*07#(

3.1.!Device fabrications and methods 

7"!"!"!E,@'/,.*1%3/13%,*.&(-.+%0/,**,*.

H7.!f,)*/@"07g!,2(5025(.!1L!(.,",2"#.!6.61(D!=.*.L"2,!27.!/.#"0.!"6-<.6.*2)2"1*%!H7.(.!)(.!

2@1!X"*/,!1L!/.#"0.!,2(5025(.!27)2!@.(.!=."*8!5,./!"*!27",!,25/D%!H7.!-(10.,,.,!@"<<!=.!L"(,2<D!

/",05,,./!"*!27",!,.02"1*%!H7.*!,16.!"6-1(2)*2!-(10.,,.,!@.(.!/.,0("=./!"*!/.2)"<!=.0)5,.!27.D!

)(.!.C2(.6.<D!"*L<5.*0"*8!27.!(.,5<2,!1L!27.!07)()02.(",2"0%!

•! ,"-#./"$.01%&2234%567./68%9"$$6#065%:8.01%$;6%46$"<%4"8=8%%

;.2)<!6),X,!)(.!811/!L1(!-)22.(*"*8! 27.!/.#"0.,!)2!)! <.#.<!1L!$AAo6!=.0)5,.! 27.D!0)*!=.!

/"(.02<D!)22)07./!)2!27.!,5(L)0.!1L!,5=,2()2.,!/5("*8!,-522.("*8%!H7.!-(1/502"1*!0D0<.,!@.(.!6507!

,71(2.(!27)*!27.!-7121<"2718()-7D+=),./!-)22.(*"*8%!B*!)*!)"6!1L!"*#.,2"8)2"1*!1L!27.!"*"2")<!,2)2.,Y!

27.!6.2)<+6),X!-)22.(*"*8!@),!52"<"W./!=.0)5,.!27.!-)22.(*"*8!@"<<!6"*"6"W.!27.!L<5025)2"1*!1*!

27.!L)=("0)2"1*!-(10.,,.,%!G507!/.#"0.,!27)2!5,./!6.2)<+6),X!T;;V!-)22.(*"*8!@"<<!=.!(.L.(!),!)*!

;;+/.#"0.!"*!27.!L1<<1@"*8!07)-2.(,%!

O*! L"85(.!:+$Y! 27.! L)=("0)2"1*!-(10.,,! ",! "<<5,2()2./%!Z7"<.! 27.!-(10.,,+:! "*! L"85(.!:+$! T"%.%Y!

,.22"*8!1L!;;V!@),!/1*.!"*!)"(Y!27",!-(10.,,!@),!/1*.!),!M5"0X!),!-1,,"=<.!T2D-"0)<<D!&!6"*V!21!

-(.#.*2!L5(27.(!1C"/)2"1*!T"*L<5.*0.!=D!61",25(.V!1L!27.!H)!B"!1-.()2"1*!<)D.(%!

!
!"#$%&',)(*!C+%!$)/&#,)(#.'!2&.,%--!.$!(+%!ddH3%B#,%-;!



! $>!

•! ,"-#./"$.01%>?@>34%8/"<65%567./68%-A%9;B$B<.$;B1#"9;A%9"$$6#0.01%

P1(!811/!,0)<"*8!1L!27.!/.#"0.,Y!-7121<"2718()-7D!@),!5,./!21!)--(1)07!-()02"0)<!5,.,!),!*.)(!

),! -1,,"=<.%! B*<D! 27.! 152<"*.! 1L! 27",! -(10./5(.! ",! .C-<)"*./! 7.(.! @7"<.! /.2)"<,! 01*0.(*"*8!
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H7.!,)6-<.,!)2!/"LL.(.*2!L)=("0)2"1*!,2)8.,!@.(.!*.././!21!2()*,L.(!21!127.(!=5"</"*8,!/5("*8!

27.!.C-.("6.*2,%!HD-"0)<<DY!27.!,)6-<.,!01#.(./!@"27!5*.C-1,./!-7121(.,",2,!@.(.!X.-2!"*!)!=<)0X!

=1C!21!)#1"/!*)25(.!bU!<"872!"<<56"*)2"1*%!?*/!21!)#1"/!5*@)*2./!@),2.!,2"0X"*8!21!27.!,)6-<.Y!

27.!=1C!0)*!=.!1*<D!1-.*./!"*!)!0<.)*!(116%!

H7.!61",25(.!)<,1!015</!"*L<5.*0.!27.!07)()02.(",2"0,!1L!27.!/.#"0.Y!,1!27.!L)=("0)2./!,)6-<.,!

@.(.!,21(./!"*!/.756"/"L"./!=1C.,%!?*/!27.!1*81"*8!,)6-<.,!@.(.!X.-2!"*!)!#)0556!07)6=.(%!

3.2.!Device parameters and measurement methods 

7"#"!"!E,@'/,.*1&1,*.&(-.+&%&4,1,%*.

•! K0.$."<%8$"$68%

H7.!,2)2.!("872!)L2.(!27.!L"*)<!<"L2+1LL!@),!0)<<./!"*"2")<!,2)2.!T1(!27.!-(",2"*.!,2)2.V!=.0)5,.!"2!

7),!*12!=..*!)--<"./!)*D!.C2.(*)<!"*L<5.*0.,%!H7.!"*"2")<!(.,",2)*0.!T7./.V!@),!L"(,2<D!6.),5(./!)2!

$AA!6U!L1(!.)07!/.#"0.Y!@7.(.!27.!<"*.)(!07)()02.(",2"0,!/"/!*12!,71@!)*D!(.,",2)*0.!07)*8.%!

H7.*!27.!8/8#8.,89.#8:/!-(10.,,!@),!)--<"./!21!27.!/.#"0.!=D!)--<D"*8!7"87.(!#1<2)8.%!?!2D-"0)<!

<18+<18! fL1(6"*8g! ,@..-!05(#.! L1(! 27.!US;!/.#"0.! ",! ,71@*! "*! L"85(.!:+J%!H7.!/),7./+<"*.!

)((1@,! "*/"0)2.! 27.! #1<2)8.! ,@..-! /"(.02"1*%!H7.! 05(#.!@),! )<61,2! <"*.)(! "*! 27.! <1@+#1<2)8.!

(.8"1*!T"%.%Y!)(15*/!27.!(.8"1*!6)(X./!a7./.\V%!H7.!01*/502)*0.!"*0(.),./!@"27!#1<2)8.Y!)*/!27.!

05((.*2!(.)07./!27.!016-<")*0.!05((.*2!)2!)!0.(2)"*!#1<2)8.!T!#$%&V%!H7.,.!L1(6"*8!1-.()2"1*,!@.(.!



! &R!

5,./!L1(!/.#"0.!"*"2")<"W)2"1*Y!)*/Y!275,Y!$0$1%! ",!0)<<./!27.!L1(6"*8!#1<2)8.%!Z7.*!27.!05((.*2!

()-"/<D!"*0(.),./Y!27.!(.,",2)*0.!=.0)6.!<1@!T7234V%!!

!
!"#$%&',)2*!C12#,)=!C;U+$.&0#'*!,>&B%!5=.*H=.*!$.&0)(!.$!(+%!C#WHFEt!ddH3%B#,%:;!C+%!3)-+H=#'%!

)&&.G-!#'3#,)(%!(+%!3#&%,(#.'!.$!(+%!B.=()*%!-G%%2;!C+%!#'#(#)=!&%-#-()',%!8'('!3%,&%)-%-!(.!8)*+!B#)!$.&0#'*!

)(!U,-.!;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

•! P.1;%#68.8$"0/6%8$"$6%'PQL(%"05%<BI%#68.8$"0/6%8$"$6%'OQL(%

H7.! "*"2")<"W)2"1*! 07)()02.(",2"0,! )(.! 8.*.()<<D! /"LL.(.*2! L(16! 27.! L5*02"1*"*8! ,@"207"*8!

07)()02.(",2"0,%!P1(!.C)6-<.Y! L1(! 27.!US;+/.#"0.,Y! 27.! ,@"207"*8!@"*/1@,!@.(.!6507! <1@.(!

27)*!27.!7./.%!O*!27.!L5*02"1*)<!,@"207"*8Y!27.!(.,",2)*0.!,2)2.,!0)*!=.!/.,0("=./!"*!)!="*)(D!,.*,.!

),!7"87!(.,",2)*0.!,2)2.,!T[KGV!)*/!<1@!(.,",2)*0.!,2)2.,!TQKGV%!?!,.2!-(10.,,!@"27!)!#1<2)8.!

@..-!-1,"2"#.<D!="),"*8!27.!21-!.<.02(1/.!"*/50./!(.<)2"#.<D!<1@!(.,",2)*0.!0)<<./!QKG%!?!(.,.2!

-(10.,,!@"27!*.8)2"#.!#1<2)8.!,@..-!"*/50./!(.<)2"#.<D!7"87!(.,",2)*0.!0)<<./![KG%!

O*!)*)<18!,@"207"*8Y!27.!01*0.-2!1L![KG!",!@.)X.(!=.0)5,.!27.(.!)(.!,.#.()<!(.,",2)*0.!,2)2.,!

=.2@..*!27.![KG!)*/!QKG%!G1Y!27.!@1(/![KG!"*!27",!,25/D!@"<<!(.L.(!21!27.!7"87.,2!(.,",2)*0.!

27)2!015</!=.!)07".#./!=D!(.,.2!"*!27.!(.,-.02"#.!/.#"0.%!QKG!@"<<!(.L.(!21!27.!<1@.,2!(.,",2)*0.!

015</! =.! )07".#./! =D! ,.2%! ?*/! 6./")*! )*)<1815,! (.,",2"#.! ,2)2.,! @"<<! =.! 6)(X./! ),! 6"//<.!

(.,",2"#.!,2)2.,!T;KGV%!



! &J!

•! R"<H:0/$.B0"<%8$"$68%

4)25()<! 016="*)2"1*,! 1L! 27.!6)2.(")<! 015</! "*/50.! ,@"207"*8! L)"<5(.%!I.8()/)2"1*,! =D! 27.!

6.),5(.6.*2!)<,1!015</!0)5,.!27.!/.#"0.!L)"<5(.%!41(6)<<DY!27.!/.#"0.!=.016.,!QKG+<"X.!,2)2.,Y!

27)2!015</!*12!=.!,@"207./!"*!)*D!L1(6,%!!

7"#"#"!.8,&*3%'(6.15,.-,@'/,.+&%&4,1,%*.

H7.!.<.02("0)<!-(1-.(2".,!@.(.!.#)<5)2./!5,"*8!)!,.6"01*/5021(!-)()6.2.(!)*)<DW.(!?8"<.*2!

'$3AA?!)*/!?8"<.*2!E$39S!27)2!0)*!6.),5(.!27.!05((.*2!)2!27.!-?!<.#.<%!H7.!6.),5(.6.*2,!@.(.!

-.(L1(6./!)2!(116!2.6-.()25(.!"*!)"(!=D!="),"*8!27.!21-!.<.02(1/.!THNV!@7"<.!27.!=12216!.<.02(1/.!

T'NV!@),!8(15*/./%!!

•! S:##60$C7B<$"16%'89:(%8I669%46"8:#6460$8%

S5((.*2+#1<2)8.!,@..-!6.),5(.6.*2!-.(L1(6,!8()/5)<!#1<2)8.!"*0(.),.!21!27.!,.2!#1<2)8.!)*/Y!

=D! 1-2"1*)<Y! 27.! (.#.(,.! /"(.02"1*)<! ,@..-%! H7.! 6.271/! @),! 5,./! "*! 27.! 7./.! 6.),5(.6.*2,Y!

"*"2")<"W)2"1*Y!)*)<18!6.),5(.6.*2!)*/!.*/5()*0.!01*,.052"#.!2.,2,%!H7.!#1<2)8.!,@..-!()2.!@),!

2D-"0)<<D!&AA!6Um,%!H7.!.C)6-<.!1L!,@..-!6.),5(.6.*2!@),!,71@*!"*!L"85(.!:+J%!

•! T.46C/:##60$%46"8:#6460$8%

O*,2.)/!1L!,@..-"*8!#1<2)8.Y!2"6.+05((.*2!6.),5(.6.*2,!@.(.!0)(("./!152!5,"*8!L"C./!#1<2)8.!

21!"*#.,2"8)2.! 27.!2"6.!/.-.*/.*0.!1*!27.!#1<2)8.%!O2! ",!)!@)D!21!8.2!7"*2,!1L!L"<)6.*2!07)*8.!

=.0)5,.! 1L! 27.! 01*2"*515,! 07)*8.! 1L! 05((.*2%! H7",! 6.271/! @),! )<,1! 5,./! ),! )! -(.<"6"*)(D!

"*#.,2"8)2"1*!1L!27.!-5<,.!.C-.("6.*2,%!'.0)5,.!27.!,"6"<)(!L1(6!0)*!=.!5,./!21!(.L.(!21!27.!-5<,.!

-)()6.2.(,!,507!),!-5<,.!*56=.(%!?*!.C)6-<.!",!),!,71@*!"*!L"85(.!:+>%!

•! !:<86%46"8:#6460$8%

F5<,.!8.*.()21(,!T1-2"1*)<!L5*02"1*!1L!?8"<.*2!'$3AA?V!)(.!"*2(1/50./!21!27.!6.),5(.6.*2!

-(10./5(.! "L! 27.! ,@..-! -.(L1(6,! @.<<! 1(! 1*! 27.! 0"(056,2)*0.! 27)2! ,@..-! L)"<,! )*/! )*127.(!

)--(1)07!@),!*.././%!?,!,71@*!"*!L"85(.!:+$AT)VY!)!-5<,.!01*2)"*,!2@1!,5=+-5<,.,Y!,@"207"*8!

-5<,.,!27)2!7)#.!(.<)2"#.<D!7"87!#1<2)8.!)*/!(.)/!-5<,.,!27)2!@.(.!2D-"0)<<D!&A!6U%!P"85(.!:+$AT=V!

,71@,!)*!.C)6-<.!1L!27.!07)*8./!(.,",2)*0.!=D!)--<D"*8!&AA!0D0<.,!1L!27.!-5<,.!@7.(.!27.!,2.-+

<"X.!01*2(),2!"*!27.!8()-7!",!0)5,./!=D!61"(u!1005(("*8!"*!-("*2"*8%!



! &>!

!
!"#$%&',)3*!C12#,)=!,>&&%'(H(#0%!-)02=#'*;!R#(+!(+&%%!#',&%)-%!B.=()*%L!(+%!3%B#,%!$.&0-!)-!(+%!%'3;!

%
!"#$%&',)(1*!K>=-%!)22=#,)(#.'!%N)02=%;!5):!C+%!,.02.-#(#.'-!.$!)!2>=-%;!5/:!R#(+!#',&%)-%3!'>0/%&!

.$!2>=-%-L!(+%!&%-#-()',%!#',&%)-%-!/%,)>-%!.$!(+%!&%-%(!2>=-%;!

7"#"7"!DJ8.0:*,%@&1'0(*.

P1(! 6"0(1,2(5025()<! )*)<D,.,! 5,"*8! 2()*,6",,"1*! .<.02(1*! 6"0(1,01-D! THN;VY! 27.! ,)6-<.,!

@.(.!-(10.,,./!21!27"*!07"-,!#")!L105,./!"1*!=.)6!6"<<"*8!TPO'Y!PNO!v5)*2)!:I!&AA"V!L1<<1@./!

=D!?(!"1*!27"**"*8!Td)2)*!FOFGOO!;+9>3V%!H7.D!@.(.!27.*!1=,.(#./!5,"*8!)!GHN;!TnNBQ!?K;+

&AASP!1-.()2./!)2!&AA!XUV!.M5"--./!@"27!)*!)*)<DW.(!L1(!.*.(8D!/",-.(,"#.!w+()D!,-.02(1,01-D!

TNIGV%!H7.!.<.02(1*!=.)6!05((.*2!5,./!L1(!NIG!6)--"*8!@),!_$JA!-?Y!@7"07!@),!6507!<)(8.(!

27)*! 27.!05((.*2! L1(!01*#.*2"1*)<!GHN;!1=,.(#)2"1*,! T_$9!-?V%!H7.! (.,1<52"1*!@),! 2D-"0)<<D!

&AEJ!C!&AEJ!-"C.<,!"*!27.!1=,.(#./!)(.)%!



! :A!

)*&+$,%(>!)06$%0??,7(.6.$.&?(#$&$,("1(0<1=,6(2&'&6'1(

4.1.!Introduction 

?<271587!27.!(.,",2"#.!,@"207"*8!0)*!=.!)07".#./!=D!#)("15,!X"*/,!1L!6.2)<!.<.02(1/.Y!,507!),!

5,"*8!H)!),!)!#)<.*0.!07)*8.!6.61(D!1(!5,"*8!S5!),!)!01*/502"#.!=("/8.!6.61(DY!,0)#.*8"*8!

.<.02(1/.!=),./!US;!7),!,71@*!"2,!-(1L15*/!-(1=)="<"2".,!"*!(.)<"W"*8!27.!)*)<18!,@"207"*8!"*!)!

,2)=<.! ,.*,.%!US;! ,@"207"*8! 1-.()2"1*! ",! =),./! 1*! 27.! L1(6)2"1*! )*/! (5-25(.! 1L! 01*/502"#.!

1CD8.*! #)0)*0D! L"<)6.*2T,V%! H7.(.L1(.Y! 61/5<)2"1*! 1L! 27.! 1CD8.*! #)0)*0D! "*21! 27.! H)!B"!

,@"207"*8! <)D.(! ",! )! X.D! L)021(! L1(! (.)<"W"*8! ,2)=<.! ,@"207"*8! 1-.()2"1*%! [.(.)L2.(Y! H)!B"!

01*2)"*"*8!0.(2)"*!)615*2,!1L!1CD8.*!#)0)*0D!@"<<!=.!/.,0("=./!),!H)!B",!*@7.(.!;!,715</!=.!

,6)<<!)*/!"2,!#)<5.!/.-.*/,!1*!27.!,"25)2"1*!]$Y!&^%!

?,!@.!/.,0("=./!.)(<".(Y!27.!,-522.("*8!-(10.,,.,!@.(.!0)(.L5<<D!6)*"-5<)2./!L1(!61/5<)2"*8!

27.!1CD8.*!#)0)*0D!01*0.*2()2"1*!"*!27.!"*"2")<!,2)2.%!'D!)--<D"*8!,0)#.*8"*8!.<.02(1/.,!"*!27",!

@1(XY! 27.!.<.02(1/.+.LL.02!65,2!=.! 2)X.*!"*21!01*,"/.()2"1*%!'.L1(.! 27.!/.-1,"2"1*,!1L! 27.! 21-!

.<.02(1/.Y!27.!/.-1,"2./!H)!B"!"*,5<)21(!L"<6,!@.(.!01*,"/.(./!)2!27.!1("8"*)<!,2)2.,!=.0)5,.!27.!

.LL.02,!1L!,0)#.*8"*8!.<.02(1/.!7)#.!*12!=..*!)--<"./%!O*!27",!,2)8.Y!6)*"-5<)2"*8!27.!/.-1,"2"1*!

01*/"2"1*,! ",! )!@)D! 21!01*2(1<! 27.!)615*2!1L! "*2("*,"0!1CD8.*!#)0)*0D!01*0.*2()2"1*! TOBUSV!

"*0<5/./!"*!27.!H)!B",!*<)D.(!]:+9^%!P1(!.C)6-<.Y!"*!27.!0),.!1L!/.#"0.,!-(.-)(./!#")!,-522.("*8!"*!

)*!?(!r!B!!)261,-7.(.Y!27.!7./.Y!27.!$0$1%Y!)*/!,5=,.M5.*2!,@"207"*8!-(1-.(2".,!0)*!=.!61/"L"./!

=D!07)*8"*8! 27.!1CD8.*! ()2"1! "*! 27.!)6=".*2!8),! ]$^%!?<271587! 27.!/"LL.(.*0.,! "*! 27.!1CD8.*!

01*2.*2! "*! H)!B",!* ",! 5*/.2.02)=<D! ,6)<<! L1(! 01*#.*2"1*)<! )*)<D,",! T.%8%Y! w+()D! -7121.<.02(1*!

,-.02(1,01-Dx!wFGVY!27.!07)()02.(",2"0!/",2"*85",7)="<"2D!@),!L15*/!]&^%!H7",!1("8"*)<!"*,5<)21(!

0)*!=.!61/"L"./!)L2.(!27.!/.-1,"2"1*!=D!/.-1,"2"*8!)*!1C"/)2"#.!6.2)<!),!27.!.<.02(1/.,!]$Y!R+>^%!

?2!27",!,2)8.Y!,0)#.*8"*8!.<.02(1/.,!0)*!=.!01*,"/.(./!,-1*2)*.15,<D!)=,1(=!1CD8.*!)216,!L(16!

H)!B",!Y!8.*.()2"*8!.C2("*,"0!1CD8.*!#)0)*0".,!27)2!,.(#"*8!),!)*!1CD8.*!#)0)*0D!,15(0.!]$A^%!

'.0)5,.!1L!27",!,0)#.*8"*8!.LL.02Y!27.!07)()02.(",2"0,!0)*!=.!.C-.02./!21!=.!)/i5,2./!#")!,.<.02"1*!

1L! 27.! .<.02(1/.! 6)2.(")<,%! ?,! (.#".@./! )=1#.Y! 27.! 01*/502"#.! 1CD8.*! #)0)*0D! L"<)6.*2!

01*2("=52.,! 21! 27.! US;! 1-.()2"1*%! H7.(.L1(.Y! =127! "*2("*,"0! )*/! .C2("*,"0! 1CD8.*! #)0)*0".,!

,715</! "*L<5.*0.! 27.!6.61(D!-(1-.(2".,!-(1L15*/<D%!H75,Y! 27.! 016="*)2"1*!1L! 27.!/.-1,"2"1*!



! :$!

01*/"2"1*! )*/! ,.<.02"1*! 1L! 27.! .<.02(1/.! 6)2.(")<! ,715</! )<2.(! 27.! .<.02("0)<! -(1-.(2".,! 1L! 27.!

/.#"0.%![1@.#.(Y!)!,D,2.6)2"0!,25/D!1L!27.,.!),-.02,!",!,2"<<!<)0X"*8%!

O*!27",!-)(2!1L!,25/DY!@.!2.,2./!L15(!2D-"0)<!,0)#.*8"*8!.<.02(1/.!6)2.(")<,!TH"4Y!H"Y!H)Y!)*/!

?<V!21!61/"LD!27.!.C2("*,"0!1CD8.*!#)0)*0".,!5,"*8!2@1!X"*/,!1L!H)!B",!""*,5<)21(%!H7.!.<.02("0)<!

07)()02.(",2"0,! @.(.! L"(,2<D! "*#.,2"8)2./%! G"*0.! 27.! @("2.m.(),.! 1-.()2"1*,! )(.! )<,1! ,2(1*8<D!

"*L<5.*0./!=D! 27.!6.),5(.6.*2!-)()6.2.(,Y! ,507!),! 27.!6)C"656!#1<2)8.Y!05((.*2! <"6"2! T8)+)Y!

!#$%&VY!6.),5(.6.*2!6.271/,Y!)*/!6.61(D!#.("L"0)2"1*Y!@.!1*<D!L105,./!1*!27.!"*"2")<!(.,",2)*0.!

T7./.V! )*/! 27.! L1(6"*8! 1-.()2"1*Y! @7"07! )(.! X.D! ),-.02,! L1(! /.#"0.! L5*02"1*)<"2D%! H7.! (.,5<2,!

/.61*,2()2./!27.!-1,,"="<"2D!27)2!27.!"*"2")<!(.,",2)*0.!)*/!27.!L1(6"*8!-(1-.(2".,!)(.!"*L<5.*0./!

=127!=D!27.!"*2("*,"0!)*/!.C2("*,"0!1CD8.*!#)0)*0D!01*0.*2()2"1*%!H1!8"#.!/.2)"<./!"*L1(6)2"1*!

)=152! 27.! 6.2)<+"*,5<)21(! "*2.(L)0.Y! @.! -.(L1(6./! .C2()! .C-.("6.*2! 5,"*8! )*127.(! ,.2! 1L! L<)2!

/.#"0.,%!H7.!HN;!1=,.(#)2"1*,!)*/!NIG!)*)<D,.,!@.(.!-.(L1(6./!L1(!27.!."872!/.#"0.,%!

4.2.!Device fabrications and measurement 

!
!"#$%&'-)(*!4(&>,(>&%!.$!(+%!3%B#,%;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

H7.!/.#"0.!,2(5025(.!5,./!"*!27",!-)(2!1L!,25/D!",!,07.6)2"0)<<D!,71@*!"*!L"85(.!E+$%!?<<!27"*!

L"<6,!@.(.!/.-1,"2./!#")!KP!6)8*.2(1*!,-522.("*8!),!-(.#"15,<D!/.,0("=./%!H7.!,"<"01*!&A!66!

,M5)(.!,5=,2()2.,!@.(.!,.2!2D-"0)<<D!JA!66!)=1#.!27.!,-522.("*8!2)(8.2,%!P"(,2<DY!27.!H"!T3!*6VmF2!

T$AA!*6VmH"!T3!*6V!<)D.(,!)*/!H"4+'N!T$AA!*6Y!=12216!.<.02(1/.V!@.(.!/.-1,"2./%!H"! <)D.(,!

@.(.! )--<"./! L1(! 811/! )/7.,"1*%! H7.! H"4! <)D.(! @),! /.-1,"2./! 5*/.(! )*! ?(r4!! 6"C25(.!

)261,-7.(.Y!@7"<.!27.!127.(!<)D.(,!@.(.!/.-1,"2./!"*!)*!?(!)261,-7.(.%!4.C2Y!27.!2)*2)<56!1C"/.!

<)D.(!@),!L1(6./!5,"*8!)!H)!B"!2)(8.2!"*!)*!?(rB!!)261,-7.(.%!O*!27",!@1(XY!2@1!01*/"2"1*,!@"27!



! :&!

/"LL.(.*2!B!!01*0.*2()2"1*,!@.(.!5,./Y!),!,71@*!"*!H)=<.!OY!@7.(.!<56&$!`!<7!*m!T<81*r<7!V!",!/.L"*./!

21!.C-(.,,! 27.!?(mB!! ()2"1!/5("*8!/.-1,"2"1*! ]$^%! ! <81!)*/! <7!!)(.! 27.! L<1@!()2.,!1L!?(!)*/!B!Y!

(.,-.02"#.<D%!H7",!)<<1@,!L1(!61/"L"0)2"1*!1L!27.!)615*2!1L!OBUS!01*2)"*./!"*!27.!H)!B",!*27"*!

L"<6!=.2@..*!f7"87g!1(!f<1@g%!H7.!L"<6!27"0X*.,,!@),!L"C./!)2!_&A!*6%!P"*)<<DY!21-!.<.02(1/.,!

THNV!01#.(./!=D!F2!-(12.02"#.!<)D.(,!T$AA!C!$AA!o6!V!@.(.!L1(6./!5,"*8!)!6.2)<!6),X!"*!)*!?(!

)261,-7.(.%!H7.!2D-"0)<!27"0X*.,,.,!1L!27.!HN!)*/!F2!<)D.(,!@.(.!$A!*6!)*/!$AA!*6Y!(.,-.02"#.<D%!

H7.!2.,2./!HN!6)2.(")<,!L1(!27.!US;!@.(.!H"Y!H)Y!)*/!?<%!O*!)//"2"1*Y!H"4!@),!,.<.02./!),!)!

(.L.(.*0.!HN!=.0)5,.!"2!,715</!7)#.!)<61,2!*1!(.)02"1*!@"27!27.!H)!B",!*27"*!L"<6!]$$^%!?61*8!

27.6Y! 27.! ?<! /.#"0.! 7)/! *1! F2! -(12.02"#.! <)D.(! =.0)5,.! -1,,"=<.! )<<1D"*8! 1L! ?<! )*/! F2! 6)D!

8.*.()2.!5*.C-.02./!7"87!(.,",2)*0.!)LL.02"*8!27.!(.,5<2,!]$&Y!$:^%!O*!27",!0),.Y!27.!?<!27"0X*.,,!

@),!$AA!*6%!NC)6-<.,!1L!0(1,,+,.02"1*)<!"6)8.,!1=,.(#./!#")!GHN;!)(.!,71@*!"*!L"85(.!E+&%!

41*.27.<.,,Y!0<.)(!<)D.(!,2)0X"*8!015</!=.!"/.*2"L"./Y!@7"<.!27.!<)D.(!"*2.(L)0.!@),!@)#D!/5.!21!

,5(L)0.!(1587*.,,!1L! 27.!H"4!=12216!.<.02(1/.%!?! <",2!1L! L)=("0)2./!/.#"0.,! ",!,566)("W./! "*!

2)=<.!O%!I.#"0.,!@.(.!L)=("0)2./!5*/.(!27.,.!."872!016="*)2"1*,!L1(!27.!016-)(",1*%!H7.!/.#"0.,!

@"27!<56&$!`!At!)*/!<56&$!`!3At!)(.!(.L.((./!21!),!27.!At+/.#"0.!T1(!7"87!OBUSV!)*/!3At+/.#"0.!

T1(!<1@!OBUSVY!(.,-.02"#.<D%!

!
!"#$%&' -)+*! A&.--H-%,(#.')=! /&#*+(H$#%=3! 4C<d! #0)*%-! $.&! 5):! C#WHEtL! 5/:! C)HEt! )'3! 5,:! ?=HEt!

3%B#,%-;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!



! ::!

!
'.0)5,.! 27.! -5(-1,.! 1L! 27",! -)(2! 1L! (.,.)(07! ",! *12! 27.! "*#.,2"8)2"1*! 1L! 27.! L5*02"1*)<!

@("2.m.(),.!1-.()2"1*,Y!1*<D! 05((.*2+#1<2)8.! T!"$V! "*"2")<"W)2"1*! ,@..-,!@.(.!-.(L1(6./! 21! 27.!

-(",2"*.!/.#"0.,!@7.(.!-1,"2"#.!#1<2)8.!@),!)--<"./!21!27.!HN%!H7.!05((.*2!<"6"2!T!#$%&V!@),!,.2!21!

&A!6?!27(1587152!27",!@1(X!21!(.#.)<!27.!L5<<!L1(6"*8!-(10.,,.,!L1(!)<<!/.#"0.,!.#.*!271587!7)(/!

=(.)X/1@*!6)D!1005(%!Z7"<.!6)*D!1L!27",!-(10.,,!"*/50./!6)<L5*02"1*)<!,2)2.,Y!27.!(.,5<2"*8!

,2)2.! @"<<! =.! 0)<<./! 27.! <1@! (.,",2"#.! ,2)2.! TQKGV! "*! 27",! (.-1(2%! ;1(.! 27)*! &A! /.#"0.,! @.(.!

6.),5(./!L1(!.)07!1L!27.!J!L)=("0)2"1*!01*/"2"1*,!21!.*,5(.!/)2)!L"/.<"2D%!

P1(!27.!0<.)(.(!HN;!1=,.(#)2"1*Y!,"6-<.!L<)2!HNm"*,5<)21(!/.#"0.,!@.(.!)<,1!L)=("0)2./Y!@7"07!

@"<<!=.!/",05,,./!<)2.(%!

4.3.!The initial states 

A"7"!"!K('1'&9.%,*'*1&(/,.

7./.*(.,5<2,!L1(!27.!/.#"0.!"*!27.!-(",2"*.!,2)2.,!-(.-)(./!5*/.(!J!01*/"2"1*,!)(.!,566)("W./!),!

)!0565<)2"#.!8()-7!"*!L"85(.!E+:T)V%!?<<!27.!01*/"2"1*,!/",-<)D./!)!*)((1@!/",2("=52"1*Y!)*/!275,Y!

27.!/.#"0.,!@.(.!@.<<!L)=("0)2./!)*/!07)()02.("W./%!H7.!7./.*#)<5.,!1L!27.!At+/.#"0.,!@.(.!6507!

<1@.(!27)*!271,.!1L!27.!3At+/.#"0.,%!H7.!(.,5<2,!,588.,2./!27)2!1CD8.*!"*!H)!B",!"@),!/.L"0".*2!

1*!(./50"*8!27.!1CD8.*!L()02"1*!"*!27.!,-522.("*8!8),%!O*!L"85(.!E+:T=VY! 27.!6./")*!#)<5.,!)(.!

-<122./! 21! 016-)(.! 27.! L)=("0)2"1*! 01*/"2"1*,%! H7.! 3At+/.#"0.! @"27! 27.! H"4+HN! ,71@./! )*!

.C2(.6.<D!7"87!(.,",2)*0.!7./.*_$AA!dy%!H7",!,715</!=.!)*!"*2("*,"0!-(1-.(2D!1L!H)!B",!"@"27!<1@!

OBUS!=.0)5,.!27.!1CD8.*!,0)#.*8"*8!.LL.02!=D!H"4!@15</!=.!#.(D!@.)X%!H7.!127.(!HN!6)2.(")<,!

TH"Y!H)Y!)*/!?<V!,71@./!<1@.(!7./.Y!@7"07!015</!=.!)22("=52./!21!27.!.C-.02./!1CD8.*!,0)#.*8"*8%!

[1@.#.(Y!27.!(./502"1*!"*!(.,",2)*0.!@),!,6)<<%!H7",!,588.,2,!27)2!1CD8.*!#)0)*0".,!"*2(1/50./!



! :E!

=D!27.!.<.02(1/.!@.(.!<10)<"W./!6)"*<D!"*!27.!21-!-)(2!1L!H)!B",!")*/!/"/!*12!)LL.02!27.!1#.()<<!7./.!

,"8*"L"0)*2<D%!O*!01*2(),2Y!27.!At+/.#"0.,!(.#.)<./!)!0<.)(!/"LL.(.*0.!=.2@..*!27.!.<.02(1/.,%![.(.Y!

27.!H"4!/.#"0.,!)8)"*!7)/!27.!7"87.,2!7./.!"*!27",!8(15-Y!@7.(.!27.!(.,",2)*0.!(./502"1*!L(16!27.!

H"4+3At!/.#"0.!@),!)=152!2@1!1(/.(,!1L!6)8*"25/.%!H7",!(./502"1*!65,2!=.!0)5,./!=D!"*0(.),.!

1L!27.!OBUS!"*!27.!At+/.#"0.Y!=.0)5,.!27.!,0)#.*8"*8!.LL.02!1L!H"4!,715</!=.!@.)X%!K.,",2)*0.!

/(1-,!L1(!27.!127.(!HN!/.#"0.,!1005((./!@"27!#)("15,!/.8(..,%!P(16!L"85(.!E+:T=VY!"2!0)*!=.!0<.)(<D!

,..*!27)2!27.!At+/.#"0.,!@"27!H"Y!H)Y!)*/!?<!.<.02(1/.,!,71@./!(.,",2)*0.!/(1-,!1L!)2!<.),2!L15(!

1(/.(,!1L!6)8*"25/.!016-)(./!@"27!271,.!1L!3At!/.#"0.,!T2@1!1(/.(,!61(.!27)*!H"4V%!H7.!0<.)(!

/"LL.(.*0.!=.2@..*! 27.!At+! )*/!3At+/.#"0.,! L1(! 27.,.! .<.02(1/.,! "*/"0)2.,! 27)2! 27.! .C2("*,"0!

1CD8.*!#)0)*0".,!8.*.()2./!*.)(!27.!6.2)<+"*,5<)21(!"*2.(L)0.,!/"LL5,./!"*21!27.!/..-.(!(.8"1*,!

1L!27.!&A+*6+27"0X!7"87!OBUSY!@7"07!(.,5<2./!"*!27.!(./502"1*,!1L!27.!1#.()<<!(.,",2)*0.%!!

[.(.Y!6.2)<+"*,5<)21(! "*2.(L)0.!",! "<<5,2()2./!),!,71@*!"*!L"85(.!E+:T0V%!H7.!2)*2)<56!1C"/.!

<)D.(!01*2)"*,!"*2("*,"0!1CD8.*!#)0)*0".,!T"*2("*,"0!B9Y!1-.*!0"(0<.,!"*!L"85(.!E+:T0VV!27)2!@),!

"*2.*2"1*)<<D!)//./!=D!61/5<)2"*8!<56&$*-)()6.2.(%!?L2.(!/.-1,"2"1*!1L!27.!21-!.<.02(1/.Y!)!0.(2)"*!

)615*2!1L!1CD8.*!@),!,0)#.*8./!21!8.*.()2.!.C2("*,"0!B9!T/122./!0"(0<.,V%!?,!)!(.,5<2Y!)*!B9+

("07!)(.)!",!L1(6./!)2!27.!21-!1L!H)!B",!%!H7.!=12216!1L!27.!.<.02(1/.!@),!)<,1!61/"L"./!=D!2)X"*8!

1CD8.*! )216,! TL5<<! 0"(0<.,V%! B*! 21-! 1L! 27.! .<.02(1/.Y! 27.(.! ",! )*! "*2("*,"0! )(.)! 27)2! (.6)"*./!

01*/502"#.!=.0)5,.!"2!/"/!*12!-)(2"0"-)2.!"*!,0)#.*8"*8%!H7.!7./.!/.0(.),.,!1L!27.!H"Y!H)Y!)*/!?<!

/.#"0.,!@.(.!0)5,./!=D!27.!,0)#.*8"*8!<)D.(!T27.!1CD8.*+.C07)*8"*8!(.8"1*VY!1(!.LL.02"#.<D!=D!

27.!(./50./!"*,5<)21(!1*!27.!21-!1L!27.!1("8"*)<!H)!B",!"<)D.(%!F.(.#)<1#.2!.2!)<%!(.-1(2./!27)2!27.!

(.,",2)*0.!1L!H)!B",!"/.0(.),./!.C-1*.*2")<<D!)*/!2.*/./!21!,)25()2.!@"27!"*0(.),"*8!OBUS!]&^Y!

)*/!275,!.#.*!,6)<<!1CD8.*!/.L"0".*0D!6)D!01*2("=52.!21!7./.!(./502"1*%!?,!)!(.,5<2Y!"2!@),!2715872!

27)2!27.!27"0X*.,,!1L!27.!1CD8.*!/.L"0".*2!(.8"1*!"*!27.!7"87+OBUS!/.#"0.,!@"27!27.!H"Y!H)Y!)*/!

?<!.<.02(1/.,!@),!27"0X.(!27)*!27)2!1L!27.!<1@+OBUS!/.#"0.,%!



! :3!

!
!"#$%&'-),*!5):!A>0>=)(#B%!*&)2+!.$!8'('!.$!0.&%!(+)'!DE!3%B#,%-!.'!(+%!-)0%!,+#2;!5/:!C+%!0%3#)'!

&%->=(-!.$!(+%!8'('!)&%!2=.((%3m!-.=#3!/=.,I-!$.&!=.G!`Y^A!)'3!-V>)&%-!$.&!+#*+!`Y^A;!5,:!?!2.--#/=%!#'#(#)=!

&%-#-()',%!0.3%=!$.&!(+%!$)/&#,)(%3!3%B#,%-;!b%,)>-%!.$!(+%!%=%,(&.3%!-,)B%'*#'*L!.N1*%'!)(.0-!0.B%!(.!

(+%!(.2!%=%,(&.3%;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

H7.!(.,5<2,!,588.,2./!27)2!27.!/"LL5,"1*!01*,2)*2!1L!1CD8.*!)216,!"*0(.),./!),!27.!1CD8.*!

#)0)*0D!01*0.*2()2"1*!"*0(.),./%!H7.!/"LL5,"1*!01*,2)*2!1L!1CD8.*!6)D!/.-.*/!1*!27.!/.*,"2D!

1L!27.!1C"/.Y!),!-(.#"15,<D!-(1-1,./!]$E^%!H7.!,0)#.*8"*8!.LL.02!1L!27.!.<.02(1/.!@),!/",05,,./!

5,"*8!27.!1C"/.!L1(6)2"1*!.*.(8D!]3Y!9^%!H7.!7./.!L1(!27.!27(..!6.2)<!.<.02(1/.,!@.(.!H)!z!H"!z!?<!

)*/!=),"0)<<D!L1<<1@./!21!27",!/",05,,"1*%!O2!@),!-1"*2./!152!27)2!27.!,0)#.*8"*8!.LL.02!,715</!=.!

"*L<5.*0./!)<,1!=D!1CD8.*!61#.6.*2!"*!27.!HN!T.%8%Y!)<1*8!27.!8()"*!=15*/)(".,V!)*/!"2,!1C"/"W./!

(.8"1*!)2!27.!"*2.(L)0.!]$3^%!O*!27",!@1(XY!71@.#.(Y!27",!@),!*12!0<.)(<D!"/.*2"L"./!=.7"*/!27.!.LL.02!

1L!27.!1C"/.!L1(6)2"1*!.*.(8D%!



! :9!

A"7"#"!L0%4'(6.@091&6,.

H7.!"*"2")<"W)2"1*!-(10.,,Y!(.L.((./!21!),!L1(6"*8Y!",!)*!"6-1(2)*2!2(.)26.*2!27)2!0)*!"*L<5.*0.!

-()02"0)<!,@"207"*8!=.7)#"1(,!"*!=127!811/!)*/!=)/!@)D,%!b,5)<<DY!27.!016-<")*0.!05((.*2!L1(!

L1(6"*8!",!,.2!),!<1@!),!-1,,"=<.!21!)#1"/!/.#"0.!/.,2(502"1*%![1@.#.(Y!@7.*!27.!05((.*2!=.L1(.!

L1(6"*8!",!*12!,5LL"0".*2<D!,6)<<Y!27.!L1(6"*8!-(10.,,!0)**12!=.!(.)<"W./%!H7.(.L1(.Y!"*!27",!@1(XY!

)!016-<")*0.!05((.*2!1L!&A!6?!@),!5,./!.#.*!"L!"2!@15</!0)5,.!6)<L5*02"1*)<!,2)2.,%!I.2)"<./!

"*L1(6)2"1*!1*!27.!-(1-.(2".,!(.<)2./!21!1CD8.*!#)0)*0".,!@"<<!=.!-(1#"/./!L1(!)<<!-(",2"*.!/.#"0.,%!

HD-"0)<!L1(6"*8!05(#.,!)(.!,566)("W./!"*!L"85(.!E+EY!@7.(.!1*<D!27.!L1(@)(/!,@..-,!L(16!A!21!

9!U!)(.!-(.,.*2./%!H7.,.!8()-7,!)(.!07)()02.(",2"0!21!6.61(D!"*"2")<"W)2"1*!@7.(.!)=(5-2!05((.*2!

i56-!1005(,!)2!27.!0.(2)"*!#1<2)8.%!!H7",!)=(5-2!07)*8.!",!0)<<./!<:=>8/-!@7.(.!27.!01*/502"#.!

L"<)6.*2!5,./!"*!27.!6.61(D!1-.()2"1*!",!L1(6./%!H7.!05(#.!07)()02.(",2"0,!/"LL.(./!L(16!.)07!

127.(!L1(!T)V!7"87!)*/!T=V!<1@!OBUS%!O*!27.!L1<<1@"*8!/",05,,"1*Y!@.!@"<<!L105,!1*!27.!L1(6"*8!

#1<2)8.!T$0$1%V!)*/!27.!(.,",2)*0.!)L2.(!L1(6"*8!T7234V%!

!
!"#$%&'-)-;!C12#,)=!$.&0#'*!,>&B%-!.$!5):!+#*+!)'3!5/:!=.G!`Y^A!3%B#,%-;!C+%!0%)'#'*!.$!(+%!,.=.&!

#'!5):!)'3!5/:!#-!(+%!-)0%!%),+!.(+%&;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

?,!"/.*2"L"./!"*!27.!2@1!8()-7,!1L!L"85(.!E+EY!27.!$0$1%!#)<5.,!L1(!27.,.!2@1!OBUS!01*/"2"1*,!

0<.)(<D!/"LL.(!L(16!.)07!127.(%!Q11X"*8!)2!L"85(.!E+ET)V!L1(!At+/.#"0.,!T7"87!OBUSVY!27.!05((.*2!

8()/5)<<D!"*0(.),./!@"27!#1<2)8.%!H7.!05((.*2!#)<5.,!=.L1(.!L1(6"*8!@.<<!01((.,-1*/./!21!27.!

,.M5.*0.!1L!7./.%!O*!L"85(.!E+ET=V!L1(!3At+/.#"0.,!T<1@!OBUSVY!"2!@),!6507!,6)<<.(!),!.C-.02./!

L(16!7"87!7./.!#)<5.%!S16-)("*8!27.,.!8()-7,Y!$0$1%!@),!7"87.(!"*!<1@!OBUS!/.#"0.,%!O*!L"85(.!

E+3T)VY! 27.! (.,5<2"*8! $0$1%! #)<5.,! )(.! ,566)("W./! 5,"*8! )<<! 6.),5(./! /.#"0.,! ),! 0565<)2"#.!



! :R!

8()-7,%!Z7"<.!$0$1%!,71@./!<)(8.!#)(")="<"2DY!/"LL.(.*0.!=.2@..*!27.!7"87!)*/!<1@!OBUS!/.#"0.,!

@.(.!0<.)(<D!,..*%!P(16!L"85(.!E+3T=V!,566)("W"*8!27.!6./")*!(.,5<2,Y!"2!",!(.018*"W./!27)2!$0$1%!

1L!27.!<1@!OBUS!@),!)=152!$%3!U!7"87.(!27)*!27.!#)<5.!1L!27.!7"87!OBUS%!!

Z7"<.! 27.! 01*/502"#.!-)27!@),! L1(6./!=D!8)27.("*8!1CD8.*!#)0)*0".,! ]$9^Y! "2,! L1(6)2"1*!

.*.(8D!,..6,!7"87!5*/.(!27.!<1@!OBUS!01*/"2"1*!),!.C-.02./!L(16!L"8%!E+3%!I.#"0.,!@"27!H"!)*/!

H)! 7)/! (.<)2"#.<D! <1@! $0$1%Y! )*/! ,-.0"L"0)<<DY! H"! *.././! 27.! <.),2! )615*2! 1L! .*.(8D! "*! 27.!

L1(6)2"1*%!412)=<DY!/.,-"2.!27.!5*0<.)(!/"LL.(.*0.,!"*!7./.Y!)<<!27.!/.#"0.,!7)/!0<.)(!/"LL.(.*0.,!

L1(!$0$1%Y!@7"07!,588.,2,!27)2!27.!,0)#.*8"*8!<)D.(!@),!61(.!(.<)2./!21!27.!(.,-.02"#.!L1(6"*8!

-(10.,,.,%!H7.!(.,5<2,!"*/"0)2./!27)2!27.!,0)#.*8"*8!<)D.(,!L1(6./!/"LL.(.*2<D!=.0)5,.!1CD8.*!

@),!,0)#.*8./!=D!27.!.<.02(1/.!1#.(!/"LL.(.*2!()*8.,%!H7.!1C"/.!L1(6)2"1*!.*.(8D!1L!HN!.<.6.*2!

7),!=..*!/",05,,./! 21!.C-<)"*!/"LL.(.*2!$0$1%*(.,5<2,Y! )*/! 27.! <1@! L1(6)2"1*!.*.(8D!-(1#"/"*8!

6)*D!1CD8.*!#)0)*0".,!"*!H)!B"!7),!=..*!(.-1(2./!21!,71@!<1@!$0$1%!]9^%!H7.!-(.,.*2!(.,5<2,!L1(!

H"4Y!H"!)*/!H)!L1<<1@./!27",!2.*/.*0D%!H7.!*.2!1CD8.*!#)0)*0D!01*0.*2()2"1*!"*0(.),./!#")!27.!

,0)#.*8"*8!.LL.02!/.-.*/"*8!1*!27.!HN!6)2.(")<%!H7.!8.*.()2./!.C2("*,"0!1CD8.*!#)0)*0".,!*.)(!

27.!HNmH)!B",!""*2.(L)0.!/("L2./!21@)(/,!27.!'N!/5("*8!27.!L1(6"*8!-(10.,,!)*/!6)/.!L"<)6.*2!

L1(6)2"1*!.),D%![1@.#.(Y! 27.!?<!@),!)*!.C0.-2"1*%!H7.!/.#"0.!@"27!?<! ,71@./!)!7"87!$0$1%!

,"6"<)(<D!21!27.!H"4!/.#"0.,!L1(!=127!OBUS,Y!@7"<.!"2,!7./.!@),!6507!<1@.(!27)*!271,.!1L!H"4!

/.#"0.,%!'.0)5,.!?<!",!2715872!21!8.*.()<<D!L1(6!)!,21"07"16.2("0!?<!B)!"*,5<)21(Y!@.!,-.05<)2.!

27)2!27.!=12216!1L!27.!21-!.<.02(1/.!01*,",2./!1L!)!27"*!?<!B)+<"X.!"*,5<)21(!L"<6Y!)*/!"2!,715</!

01*2("=52.!21!7"87!$0$1%%!H7",!",,5.!@"<<!=.!/",05,,./!<)2.(!5,"*8!GHN;!)*/!NIG!(.,5<2,%!

!
!"#$%&'-).*!5):!A>0>=)(#B%!*&)2+!.$!0%)->&%3!U,-.!!.$!0.&%!(+)'!DE!3%B#,%-!.'!(+%!-)0%!,+#2!)'3!5/:!

(+%!0%3#)'!B)=>%-;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!



! :J!

A"7"7"!M0<.%,*'*1'@,.*1&1,.

H7.!01*/"2"1*!1L!27.!L1(6"*8!-(10.,,!)LL.02,!7234!),!@.<<%!H7.!0565<)2"#.!8()-7,!1L!7234!)(.!

,71@*!"*!L"85(.!E+9T)V!)*/!27.!(.,-.02"#.!6./")*!(.,5<2,!)(.!,71@*!"*!L"85(.!E+9T=V%![.(.Y!27.!

016-<")*0.!05((.*2!1L!&A!6?!@),!,.2!=D!)!,.6"01*/5021(!-)()6.2.(!)*)<DW.(Y!)*/!275,Y!05((.*2!

1#.(,7112!/5("*8!)=(5-2!(.,",2)*0.!/(1-!)2!L1(6"*8!0)**12!*12!=.!.<"6"*)2./!.LL.02"#.<D%!b*/.(!

27",!6.),5(.6.*2!01*/"2"1*Y!,2(1*8!L"<)6.*2,!T1(!7)(/!=(.)X/1@*V!)(.!.C-.02./!L1(!7"87!$0$1%%!

'.0)5,.!1L!27.!7"87!$0$1%!1L!27.!H"4!)*/!?<!/.#"0.,Y!27.!7234!1L!27.,.!/.#"0.,!@),!_$AA!yY!@7"07!

",!2D-"0)<!1L!6.2)<<"0!L"<)6.*2,!]$R+$J^%![1@.#.(Y!27.!H"!)*/!H)!/.#"0.,!7)/!7"87.(!7234%!H7.(.!

)(.!6)*D!(.-1(2,!1*!)*)<18!T65<2"+<.#.<V!,@"207"*8!5,"*8!27.!HN,!]>Y!$>^%!'.0)5,.!1L!27.!.C2()!

1CD8.*!#)0)*0".,!"*!27.!)=,.*0.!1L!27.!,2(1*8!1C"/.!1L!27.!.<.02(1/.!6.2)<Y!<.,,!-1@.(!@15</!=.!

*.././!21!L1(6!27.!1CD8.*+#)0)*0D!L"<)6.*2%!H7",!6"</!L1(6"*8!1L!27.!01*/502"#.!L"<)6.*2!",!

.C-.02./!21!-(1#"/.!)!7"87.(!7234!)*/!",!)22("=52./!),!27.!(.),1*!L1(!,507!1=,.(#)2"1*,!"*!127.(!

(.-1(2,%!H)! ,71@./! 27.!7"87.,2!7234! )61*8! 27.! L15(!.<.02(1/.!6)2.(")<,Y! )*/! "2!@),! 27.!61,2!

)/.M5)2.!)61*8!27.!L15(!HN!6)2.(")<,!L1(!27.!(.)<"W)2"1*!1L!27.!,1L2!,@"207"*8!5,./!"*!)*)<18!

,@"207"*8!1-.()2"1*%!

!
!"#$%&'-)/*!5):!A>0>=)(#B%!*&)2+!.$!0%)->&%3!8)*++.$!0.&%!(+)'!6F!3%B#,%-!.'!(+%!-)0%!,+#2!)'3!5/:!

(+%!0%3#)'!B)=>%-!#'!5):;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!



! :>!

4.4.!The TEM and EDX analyses 

O*! )//"2"1*! 21! 27.! "*2(1/502"1*! 1L! 1CD8.*! #)0)*0".,! "*! 27.! H)!B",!! ,@"207"*8! <)D.(Y! 27.!

1C"/)2"1*!1L! 27.!HN!6.2)<,! ",!)<,1!)*!"6-1(2)*2!L)021(!L1(!/.#"0.!-.(L1(6)*0.%!O*!27",!(.8)(/Y!

GHN;+NIG! )*)<D,.,! @.(.! -.(L1(6./! 21! "*#.,2"8)2.! 27.! 6.2)<+"*,5<)21(! -(",2"*.! ,2)2.,%! S<.)(!

"*2.(6"C"*8!=.2@..*!HN!6.2)<,!)*/!H)!B",!!@),!*12!,..*Y!@7"07!6)D!)<,1!"*L<5.*0.!7./.!)*/!$0$1%%!

NC)6-<.,!1L!27.!.<.6.*2!6)-,!)(.!,71@*!"*!L"85(.!E+R!L1(!27.!H"4Y!H)Y!)*/!?<+At!/.#"0.,%!O*!

27.!6)-,Y!1*<D!2)*2)<56!T(./V!)*/!1CD8.*!T8(..*V!)(.!,5-.(-1,./!21!(./50.!016-<.C"2D%!O*!27.!

H"4!/.#"0.Y!27.(.!@),!*1!0<.)(!"*2.(<)D.(Y!),!.C-.02./%!O*!27.!H)!/.#"0.Y!0<.)(!61/5<)2"1*!)2!27.!

"*2.(L)0.!015</!*12!=.!1=,.(#./!),!@.<<Y!@7"07!/1.,!*12! "*/"0)2.!)! <)0X!1L!,0)#.*8"*8!.LL.02%!

'.0)5,.!27.!6.2)<!.<.6.*2,!1L!27.!.<.02(1/.!)*/!27.!1C"/.!)(.!27.!,)6.!"*!27",!0),.Y!6)X"*8!)!

/",2"*02"1*!=.2@..*!27.!1C"/"W./!H)!HN!)*/!27.!(./50./!H)!1C"/.!",!M5"2.!/"LL"05<2%!Z7"<.!)!0<.)(!

"*/"0)2"1*!015</!*12!=.!1=,.(#./!"*!27",!NIG!6)-Y!27.!,0)#.*8"*8!.LL.02!65,2!1005(Y!),!.C-.02./!

L(16!27.!.<.02("0)<!6.),5(.6.*2,%![1@.#.(Y!"*!27.!?<!/.#"0.Y!)!8(..*!<)D.(!1L!1CD8.*!@"27152!

H)!015</!=.!1=,.(#./Y!)*/!27.!<)D.(!@),!_:!*6!27"0X%!O*!27",!(.8"1*Y!27.!?<!,"8*)<,!@.(.!0<.)(<D!

"/.*2"L"./!)*/!27.!L1(6)2"1*!1L!)<56"*56!1C"/.!)2!27.!"*2.(L)0.!@),!01*L"(6./Y!@7"07!,5--1(2,!

27.!.)(<".(!.C-.02%!;1/5<)2"1*!1L!27.!1CD8.*!01*2.*2!"*!H)!B",!!@),!*12!0<.)(<D!/.2.02./!"*!)<<!

0),.,%!H7",!6.)*,!27)2!27.!(./502"1*!1L!1CD8.*!L(16!H)!B",!!@),!,6)<<%!

!
!"#$%&'-)0;!<"4!0)22#'*!&%->=(-!$.&!5):!C#WHEtL!5/:!C)HEt!)'3!5,:!?=HEt!3%B#,%-;!YN1*%'!#-!,.=.&%3!

*&%%'L!()'()=>0!#-!,.=.&%3!&%3;!?'!.N1*%'H&#,+!)&%)!%N#-(%3!)(!(+%!#'(%&$),%!#'!5,:!$.&!?=HC<!G+#=%!(+%&%!#-!

->,+!)'!)&%)!#'!5):!$.&!C#WHC<;!u!A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

!

!



! EA!

[.(.Y!O!=(".L<D!/",05,,!)=152!27.!7"87!$0$1%!1L!27.!?<!/.#"0.,%!H7.!=("872+L".</!GHN;!"6)8.,!

1L!27.!?<mH)!B",!!"*2.(L)0.!=.L1(.!1(!)L2.(!NIG!6)--"*8!)(.!016-)(./!"*!L"85(.!E+J%!H7.!,)6-<.!

@),!F2m?<mH)!B",!!/.-1,"2./!/"(.02<D!1*!G"B!mG"!@"27152!27.!H"4!'N!21!L1(6!)!L<)2!"*2.(L)0.%!?,!

/",05,,./!)=1#.Y!27.(.!@),!)!27"*!?<!B)!<)D.(!)2!27.!"*2.(L)0.!"*!27.!-(",2"*.!,)6-<.!"*!L"85(.!E+

JT)V%!P"85(.!E+JT=V!",!27.!GHN;!"6)8.!)L2.(!NIG!6)--"*8!T$AA!p!$AA!*6!V!L1(!)=152!$3!6"*52.,%!

H7.!?<!B)!<)D.(!=.0)6.!27"0X%!?L2.(@)(/,Y!)//"2"1*)<!NIG!6)--"*8!L1(!)=152!$3!6"*52.,!@),!

-.(L1(6./!"*!27.!(.8"1*!1L!L"85(.!E+JT=V!T&A!p!&A!*6!VY!)*/!27.!"*2.(L)0")<!(.8"1*!@),!1=,.(#./!

5*/.(!)!<1@!6)8*"L"0)2"1*!),!,71@*!"*!L"85(.!E+JT0V%!H7.!01((.,-1*/"*8!-)(2!1L!27.!?<!B)!<)D.(!

T0.*2.(V!,@.<<./!@7"<.!"2!@),!X.-2!27"*!"*!27.!127.(!(.8"1*%!I5("*8!27",!-(10.,,Y!27.!,)6-<.!@),!

01*2"*515,<D! "(()/")2./!=D! 27.!.<.02(1*!=.)6Y!)*/! 27.!6"0(1,2(5025(.!1L! 27.! "*2.(L)0")<! (.8"1*!

07)*8./%!Z7"<.!27.!"*L<5.*0.!=D!27.!.<.02(1*!=.)6!,715</!01*2)"*!6)*D!L)021(,!<"X.!.i.02"1*!1L!

1CD8.*!L(16!H)!B",!Y!2.6-.()25(.!"*0(.),.!",!1*.!1L!27.!6)i1(!L)021(,!@7"07!65,2!.*7)*0.!27.!

,0)#.*8"*8!.LL.02!=D!?<!),!@.<<!),!1CD8.*!#)0)*0D!/"LL5,"1*! "*!?<!B)%!H7.!?<!HN!015</!8.2!

L5(27.(! 1CD8.*! L(16!H)!B",!Y! )*/! 27.!?<!B)! <)D.(! =.0)6.! 27"0X%!'),./! 1*! 27",! -7.*16.*1*Y!

)*127.(!-1,,"=<.!(.),1*!1L!7"87!$0$1%!L1(!?<+/.#"0.!0)*!=.!/",05,,./%!'D!27.!8()/5)<!"*0(.),.!1L!

05((.*2!=.L1(.! L1(6"*8Y! 27.! n15<.!7.)2! ",!8.*.()2./! "*! 27.! <10)<! (.8"1*!1L! 27.!/.#"0.Y! )*/! 27.!

2.6-.()25(.!)(.!<10)<<D!"*0(.),./%!H7",!.*7)*0.,!27.!,0)#.*8"*8!.LL.02!1L!?<Y!)*/!275,!27.!?<!B)!

,@.<<,%!H7",!",!)!-1,,"=<.!,0.*)("1!8"#"*8!27.!7"87!$0$1%!L1(!?<!/.#"0.,%!H7.!L1(6"*8!-1@.(!@),!

,1! ,2(1*8! 27)2! )! 758.! -"2! @),! .#.*! =.! 0(.)2./! =D! 27.! L1(6"*8! ),! ,71@*! "*! L"85(.! E+>%! H7",!

-7.*16.*1*!0)5,./!=D!<10)<!n15<.!7.)2!6)D!6)X.!"2!016-<"0)2.!21!016-1,.!27.!L"(,2!,2)8.!1L!

6.61(D!,2(5025(.Y!@7"07!-<)D,!)*!"6-1(2)*2!(1<.!"*!L1<<1@"*8!,@"207"*8!07)()02.(",2"0,%!

!

!

!



! E$!

!
!"#$%&'-)2;!C+%!?=%Y/!=)1%&!$.&0%3!)(!(+%!#'(%&$),%;!C+%!-)02=%!G)-!K(h?=hC)%Y&0"$3%2.-#(%3!3#&%,(=1!

.'!)!4#Y%h4#!(.!$.&0!)!$=)(!#'(%&$),%L!G+%&%!(+%!'>0/%&!#'!2)&%'(+%-%-!)&%!(+#,I'%--!#'!'0;!C+%!C)%Y&0"$

G)-!2&%2)&%3!#'!FEt!,123-;!b&#*+(H$#%=3!4C<d!#0)*%-!.$!5):!(+%!)-H3%2.-#(%3!-)02=%L!)'3!)$(%&!5/:!(+%!6-(!

)'3! 5,:!)$(%&! (+%!D'3!<"4!0)22#'*;!C+%!3)&I! =#'%! 5)&&.G:! #'! 5):!G%&%!\)!-%*&%*)(#.'!)(! (+%!?=h?=%Y/!

#'(%&$),%!#'i%,(%3!/1!\)H#.'!/%)0!$.&!(+%!U`b!2&.,%--#'*L!G+#,+!,.>=3!/%!>-%3!)-!(+%!0)&I%&!(.!#3%'(#$1!

(+%! ?=h?=%Y/! #'(%&$),%;! b1! %=%,(&.'! /%)0! #&&)3#)(#.'! $.&! <"4! 0)22#'*L! (+%! ?=%Y/! =)1%&! -G%==%3;! u!

A.21&#*+(!5DED6:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

!
!"#$%&'-)3*'?'!%N)02=%!.$!(+%!2#(!&)'3.0=1!)22%)&#'*!.'!(+%!->&$),%!.$!(+%!?=!3%B#,%-;!C+%!/&#*+(!3.(!

#'! (+%!0#33=%!.$! (+%!2#(!,)'!/%!,.'-#3%&%3!)-! (+%!0)#'!$#=)0%'(;!C+%!->/-()',%-!.'! (+%!/.((.0H=%$(!)&%!

)=>0#'>0!/>&-(!3>&#'*!(+%!+#*+H2.G%&!$.&0#'*;!<B%&1!0%)->&%3!?=!3%B#,%!+)3!-#0#=)&!2#(!)(!(+%!->&$),%;!

P1(! 61(.! 0)(.L5<! GHN;! 1=,.(#)2"1*,Y! 27.! L<)2! "*2.(L)0.,! @.(.! -(.-)(./! =D! /.-1,"2"1*! 1L!

HNmH)!B",!!/"(.02<D!1*!G"B!mG"!,5=,2()2.,%!H7"0X*.,,!1L!27.,.!<)D.(,!@.(.!JA!{!$&A!*6%!P"85(.!E+

$A!,71@,!)*!.C)6-<.!1L!,507!/.#"0.%!Z"27152!"*,.(2"1*!1L!27.!H"4!=12216!.<.02(1/.!7)#"*8!)!

(1587!,5(L)0.Y!)!L<)2!"*2.(L)0.!=.2@..*!?<!)*/!H)!B",!*",!0<.)(<D!"/.*2"L"./%!

!"



! E&!

! !
!"#$%&'-)(1*!A&.--H-%,(#.')=!/&#*+(H$#%=3!4C<d!#0)*%!.$!?=HEt!-)02=%;!!

H7.!NIG!<"*.!-(1L"<.,!L(16!HN,!21!27.!G"B!!,5=,2()2.!)(.!,566)("W./!"*!L"85(.!E+$$!L1(!At+

/.#"0.,! @"27! T)V! H"4Y! T=V! H"Y! T0V! H)! )*/! T/V! ?<! <)D.(,%! H7.! "*2.*,"2D! ",! *1(6)<"W./! "*! .)07!

016-1*.*2!@7.(.!27.!6)C"656!#)<5.!",!,.2!21!=.!$AA%!H)!)*/!B!,"8*)<,!)(.!/()@*!@"27!=<)0X!

)*/!(./!05(#.,Y!(.,-.02"#.<D%!B27.(!6.2)<!.<.6.*2,!TH"!)*/!?<V!)(.!/()@*!@"27!8(.D!05(#.,!@7"<.!

4!",!8(..*%![.(.Y!@.!,715</!=.!0)(.L5<!27)2!27.!,-"X.+<"X.!?<!,"8*)<!"*!L"85(.!E+$$T/V!",!)*!)(2"L)02!

=D! d)! "1*! "(()/")2"1*! "*! 27.! PO'! -(10.,,! L1(! GHN;! ,)6-<.! -(.-)()2"1*! ]&A^Y! @7.(.! d)! @),!

"*i.02./! "*! 27.!6.2)<!?<! <)D.(! T=52!*12! "*! 27.!?<!1C"/.! <)D.(V!)*/! 27.!?<! ,"8*)<!@),! (./50./%!

S16-)("*8!27.,.!8()-7,Y!2@1!07)()02.(",2"0!L.)25(.,!0)*!=.!"/.*2"L"./%!

H7.!L"(,2!1*.!",!27.!L1(6)2"1*!1L!1C"/.!<)D.(!)2!27.!"*2.(L)0.%!P105,"*8!1*!L"85(.!E+$$T/V!L1(!

?<Y!1CD8.*!,"8*)<!"*2(5/./!"*21!27.!?<!<)D.(!L(16!H)!B",!*@7"<.!27.(.!@),!*1!,507!"*/"0)2"1*!"*!

L"85(.,!E+$$T)V! )*/! T=V! L1(!H"4!)*/!H"%!H7",! (.,5<2! 5,"*8!#.(D! L<)2! "*2.(L)0.! ,5--1(2!@.<<! 27.!

/",05,,"1*!5,"*8!L"85(.!E+R%!H7.!,.01*/!-1"*2!",!27.!8()/".*2!1L!1CD8.*!01*2.*2!"*!27.!H)!B",!*

,..*!"*!L"85(.!E+$$T0V!L1(!H)%!O*!127.(!0),.,Y!27",!-7.*16.*1*!",!*12!0<.)(%!O*!27.!0),.!1L!?<Y!27.!

?<!.<.02(1/.!0)**12!=.!1C"/"W./!L5(27.(!@7.*!27.!?<!B)!27"*!<)D.(!",!L1(6./!)2!27.!"*2.(L)0.%!O*!

27.!0),.!1L!H)Y!1*!27.!127.(!7)*/Y!27.!1C"/.!<)D.(!L1(6./!)2!27.!"*2.(L)0.!",!H)!B",!Y!)*/!1CD8.*!

0)*!-.*.2()2.!27(1587!27",!<)D.(!@"27152!/"6"*",7"*8!27.!,0)#.*8"*8!.LL.02!=D!H)%!H7",!65,2!=.!

27.!1("8"*!1L!27",!1CD8.*!8()/".*2!"*/50"*8!8()/5)<!07)*8.!"*!(.,",2"#"2D!1L!H)!B",!*)*/!(.)<"W"*8!

27.!,1L2!L1(6"*8%!



! E:!

!
!"#$%&'-)((*!S#'%!2&.$#=%-!.$!(+%!<"4!&%->=(-!.$!$.>&!Et!$=)(!3%B#,%-;!

4.5.!Conclusions 

O*! 27",! -)(2Y! 27.! .<.02("0)<! 07)()02.(",2"0,! 1L! 27.! -(",2"*.! H)!B",!" (.,",2"#.! 6.61(D! @),!

"*#.,2"8)2./! 016-)("*8! L15(! .<.02(1/.! 6.2)<,! /.-1,"2./! 1*! 2@1! 2D-.,! H)!B",!" <)D.(,! 7)#"*8!

/"LL.(.*2!OBUS%!H7.!7./.!1L!<1@!OBUS!,)6-<.,!@),!<)(8.(!27)*!27)2!1L!7"87!OBUS,!),!.C-.02./%!

P1(!=127!2D-.,!H)!B",!"<)D.(,Y!"2,!,.M5.*0.!@),!H"4!z!H)!z!H"!z!?<%!H7",!(.,5<2!#")!27.!,0)#.*8"*8!

.LL.02! 1L! 6.2)<! .<.02(1/.,! 0)*! =.! .C-<)"*./! =),./! 1*! 27."(! 1C"/)2"1*! .*.(8".,! ),! -(.#"15,<D!

-(1-1,./%![1@.#.(Y!7./.!(./502"1*!@),!6507!<)(8.(!"*!7"87!OBUS!,)6-<.,!27)*!27.!<1@!OBUS,%!

H7",!6)D!"*/"0)2.!27)2!27.!/"LL5,"1*!()2.!1L!1CD8.*!#)0)*0".,!"*!27.!H)!B",!"<)D.(!7)#"*8!7"87!

OBUS!",!<)(8.!)*/!27)2!27.!,0)#.*8./!(.8"1*!,-(.)/!@"/.<D%!S16="*)2"1*,!1L!27.!"*2("*,"0!)*/!

.C2("*,"0! 1CD8.*! #)0)*0".,! ",! )*! "6-1(2)*2! L)021(! "*L<5.*0"*8! 27.! -(",2"*.! ,2)2.! T)*/! 275,! 27.!

6.61(D!1-.()2"1*V%!H7.!7"87!OBUS!,)6-<.!7)/!<)(8.(!$0$1%! 27)*!27.!<1@!OBUS,!),!.C-.02./!

L(16!7./.!/"LL.(.*0.%![1@.#.(Y!27.!.<.02(1/.!/.-.*/.*0.!1L!$0$1%!,71@./!/"LL.(.*2!2.*/.*0D!L(16!

7./.x!H"4!_!?<!z!H)!z!H"%!Z7"<.!27.!,.M5.*0.!1L!H"4!z!H)!z!H"!0)*!=.!.C-<)"*./!=),./!1*!27.!

,2(.*827!1L!27.!,0)#.*8"*8!.LL.02!.C-.02./!L(16!27.!1C"/)2"1*!.*.(8DY!27.!7"87!$0$1%!#)<5.!1L!?<!



! EE!

0)**12!=.!.C-<)"*./!1*<D!=D!27.!M5)<"2D!1L!H)!B",!%!S<.)(!L1(6)2"1*!1L!)*!?<!1C"/.!<)D.(!T-(1=)=<D!

?<!B)V!)2!27.!.<.02(1/.mH)!B",!!"*2.(L)0.!@),!/.2.02./!"*!GHN;+NIG!)*)<D,.,Y!)*/!27",!0)*!=.!)!

(.),1*!1L!7"87!$0$1%%!O*!)//"2"1*Y!-1,,"=<.!8(1@27!1L!27",!"*,5<)2"*8!<)D.(!@"27!27.!7.<-!1L!n15<.!

7.)2!"*!27.!L1(6"*8!-(10.,,!0)*!=.!)*127.(!1("8"*!1L!7"87!$0$1%!/.,-"2.!1L!"2,!<1@!7./.%!["87!$0$1%!

"*/50.,! 7"87! -1@.(! L1(6"*8!@7"07! 8.*.()2.,! 27"0X! L"<)6.*2,! 8"#"*8! <1@! 7234%![1@.#.(Y! 27.!

,.M5.*0.!1L!7234!@),!H)!z!H"!z!?<!z!H"4%!?61*8!27.6Y!H)+/.#"0.!7)/!.C0.-2"1*)<<D!<)(8.!7234%!

H7.!,2(5025(.!)(15*/!27.!.<.02(1/.mH)!B",!*"*2.(L)0.!6)D!01*2("=52.!)<,1!21!27",!-7.*16.*1*%!H)!

.<.02(1/.!*.)(!27.!"*2.(L)0.!",!1C"/"W./!=D!8.22"*8!1CD8.*!L(16!H)!B",!!)*/!8.*.()2.!)!(.8"1*!

@"27!8()/5)<!07)*8.!"*!(.,",2"#"2D%!H7",!.C-.02)2"1*!"*/50.,!"*71618.*.15,!.<.02("0!L".</Y!)*/!

275,!L1(6"*8!1005(,!8()/5)<<D!-<)0.!=D!-<)0.!@"27152!)=(5-2!-1@.(!"*i.02"1*%!H7",!8"#.,!)!,1L2!

L1(6"*8!(.,5<2"*8!"*!<)(8.!7234%!!

4.6.!Relating to the next part… 

?,!/.,0("=./!)=1#.Y!,.<.02"1*!1L!.<.02(1/.!6.2)<,!016="*./!@"27!"*2("*,"0!M5)<"2D!1L!H)!B",!!

",!)!X.D!L)021(!21!01*2(1<!27.!-(",2"*.!07)()02.(",2"0,%!?61*8!27.!E!6.2)<,!2.,2./!"*!27",!@1(XY!H)+!

/.#"0.,!,71@./!)!8()/5)<!,0)#.*8"*8!=.7)#"1(!27)2!L1(6./!)!8()/".*2!1L!1CD8.*!#)0)*0D%!H7",!

5*"M5.!-(1-.(2D!1L!H)+H)!B"!,D,2.6!,715</!8"#.!27.!/.#"0.,!/",2"*85",7)=<.!,@"207"*8!=.7)#"1(!

27)*! 127.(! ,D,2.6,%! O*! 27.! *.C2! -)(2! 1L! ,25/D! TS7)-2.(! 3VY! 5,"*8! 6"*")25("W./! /.#"0.,! =D!

<"2718()-7D!)*/!(.)02"#.!"1*!.207"*8!TKONV!-(10.,,.,Y!27.!6.61(D!1-.()2"1*!T.,-.0")<<D!)*)<18!

1-.()2"1*V!1L!27.!H)+/.#"0.!TUS;V!@"<<!=.!/",05,,./Y!016-)("*8!@"27!27.!S5+/.#"0.!TNS;V%!P1(!

L5(27.(!/",05,,"1*Y!27.!US;!/.#"0.,!@"27!H"!)*/!?<!.<.02(1/.,!@"<<!=.!=(".L<D!/",05,,./%!

4.7.!References 

O6P! S#L!l;L!C->&>0)I#HU>I>,+#L!?;L!?&#()L!d;L!d.&#%L!C;!]!C)I)+)-+#L!l;!`'#(#)=!-()(%-!)'3!)')=.*!

-G#(,+#'*!/%+)B#.&-!.$!(G.!0)i.&!()'()=>0!.N#3%!&%-#-(#B%!0%0.&#%-;!$.(7+$7+-..*7+23457!.3L!

E@@EE@!5DEDE:;!

ODP! K%&%B)=.BL!C;!^;!0#+)*7!<=%,(&.'#,!-(&>,(>&%!)'3!,+)&*%!(&)'-2.&(!#'!'.'-(.#,+#.0%(&#,!()'()=>0!

.N#3%;!E)(%#063(%*%!4!+3L!D8@EE6!5DE6J:;!

O_P! S#L!e;!0#+)*7!<=%,(&.3%H#'3>,%3!3#*#()=H(.H)')=.*!&%-#-(#B%!-G#(,+#'*!#'!C)Y!$H/)-%3!XX?d!3%B#,%-;!

E)(%#063(%*%!4!+0L!_EFDE6!5DE68:;!

O@P! \>.L!l;!]!X./%&(-.'L![;!d)(%&#)=-!-%=%,(#.'!$.&!.N#3%H/)-%3!&%-#-(#B%!&)'3.0!),,%--!0%0.&#%-;!

-..*7+23457+:0##7!(1.L!DD_F68!5DE6@:;!



! E3!

OFP! S#L!l;L!C->&>0)I#HU>I>,+#L!?;L!?&#()L!d;L!d.&#%L!C;!]!C)I)+)-+#L!l;!4G#(,+#'*!A>&&%'(!.$!C)%Y&H
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DE67:;!
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O6_P! ?=(>'#'L!X;!X;L!d.#-%%'I.L!<;!C;!]!k+)&I.BL!4;!d;!4(&>,(>&)=!K+)-%!C&)'-$.&0)(#.'-!#'!?=hK(!

b#=)1%&!C+#'!U#=0-!3>&#'*!(+%!4.=#3H4()(%!X%),(#.';!23457+9%*/1+9#)#0!/1L!6@6_Z6@6J!5DE6J:;!

O6@P! 4(%G)&(L!";!?;!"#$$>-#.'!.$!.N1*%'!#'!)0.&2+.>-!()'()=>0!.N#3%;!23457+80F7+G)#0'/)*5!,L!EFF8EF!
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d%0&#-(.&-;!9@)**!(,L!68E_668!5DE69:;!
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?Scd`W`cd!CQ`W!UY`S4;!$%&'()*+%,+G/6'%56%.4!+-1L!DD9ZD_J!5DE6E:;!

!



!E9!
!

)*&+$,%(@!A6.$.&?(#$&$,#(&67(#8.$'*.6=('&+&".?.$.,#(

5.1.!Introduction 

O*!S7)-2.(!EY!27.!-(",2"*.!,2)2.!)*/!/.#"0.!"*"2")<"W)2"1*!T"%.%!L1(6"*8V!@.(.!"*#.,2"8)2./!5,"*8!

(.<)2"#.<D!27"0X!H)!B"+!%!O*!27.!.C-.("6.*2,!27.(.Y!)!7"87!05((.*2!016-<")*0.!1L!&A!6?!@),!5,./!

21! )07".#.! L1(6"*8! L1(! )<<! /.#"0.,Y! )*/! 27.! L1(6"*8! -(10.,,! L(.M5.*2<D! "*/50./! .2.(*)<! 7)(/!

=(.)X/1@*!@"27152!L5(27.(!,@"207"*8!1-.()2"1*%!O*!27",!07)-2.(Y!,5=,.M5.*2!6.61(D!1-.()2"1*!

)L2.(! L1(6"*8!@"27!)/.M5)2.!05((.*2! 016-<")*0.!@"<<!=.!/",05,,./!5,"*8!6"*")25("W./!/.#"0.,!

L)=("0)2./!=D!-7121<"2718()-7D!)*/!KON!T(.)02"#.!"1*!.207"*8V!-(10.,,.,%!H7.!H)+/.#"0.,!TUS;V!

@"27!/"LL.(.*2! "*,5<)21("27"0X*.,,.,!)*/!)6=".*2!01*/"2"1*,!)(.!016-)(./!@"27!127.(!.<.02(1/.!

6.2)<,!016="*./!@"27!27.!H)!B"+!!"*,5<)21(%!!

?,!/.,0("=./!"*!,.02"1*!$%:Y!27.!(.,",2)*0.!07)*8.,!)(.!27.!01*,.M5.*0.!1L!27.!L1(6)2"1*!)*/!

(5-25(.! 1L! 01*/502"#.! L"<)6.*2,! "*! 27.! "*,5<)21(! <)D.(! ]$+E^%! O*! 2@1!6)i1(! (.,",2"#.! ,@"207"*8!

61/.,!0)<<./!US;!)*/!NS;Y!27.!01*/502"#.!L"<)6.*2,!)(.!L1(6./!@"27!1CD8.*!#)0)*0".,!)*/!

T.<.02(107.6"0)<<D!)02"#.V!.<.02(1/.!6.2)<!<"X.!S5Y!(.,-.02"#.<D%!'.0)5,.!1L!27",!/"LL.(.*0.Y!US;!

)*/! NS;! 6)D! 7)#.! /"LL.(.*2! ,@"207"*8! 07)()02.(",2"0,! @7"07! )(.! "6-1(2)*2! "*L1(6)2"1*! L1(!

L5(27.(!/.#.<1-6.*2!1L! 27.!6.61(D!)--<"0)2"1*,%! O*! 27",!07)-2.(Y!H)+/.#"0.,! TUS;V!)*/!S5+

/.#"0.,!TNS;V!)(.!L"(,2<D!016-)(./!@"27!27.!),-.02!1L!27.!-(",2"*.!,2)2.!),!/",05,,./!"*!07)-2.(!

E%!?L2.(@)(/,Y!27."(!6.61(D!1-.()2"1*,Y!.,-.0")<<D!27.!)*)<18!,@"207"*8!07)()02.(",2"0,Y!@"<<!=.!

/",05,,./!"*!/.2)"<%!?2!27.!.*/!1L!27",!07)-2.(Y!,@"207"*8!07)()02.(",2"0,!1L!127.(!US;!/.#"0.,!

@"27!H"!1(!?<!.<.02(1/.,!@"<<!=.!=(".L<D!/",05,,./%!!!

5.2.!Device fabrications and measurement 

I"#"!"!L&:%'/&1'0(*.

?,! ,71@*! "*! L"85(.! 3+$T)VY! H)mH)!B"+!mH"4! )*/! S5mH)!B"+!mH"4! ,)6-<.,! @.(.! L1(6./!

#.(2"0)<<D! "*! UO?! 71<.,! T%* `! J! o6V! 1*! G"B!mG"! ,5=,2()2.,Y! @7"07! @.(.! -)22.(*./! =D!

-7121<"2718()-7D!)*/!KON%!B*.!.C)6-<.!1L!27.!/.#"0.!",!,71@*!"*!L"85(.!3+$T=VY!)*/!27.!0(1,,+

,.02"1*)<!,7)-.,!0)*!=.!"/.*2"L"./!@"27!L"85(.!:+ET)V%!I.-1,"2"1*!01*/"2"1*,!1L!27.!27"*!L"<6,!@.(.!

X.-2!27.!,)6.!),!"*!07)-2.(!E%!



! ER!

%%%%%% %%%%% %
!!!!!!!!!!!!!!!!!!!T)V!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!T=V!

!"#$%&'.)(*!5):!4,+%0)(#,!,&.--H-%,(#.')=!#0)*%!.$!$)/&#,)(%3!3%B#,%-;!5/:!4<d!#0)*%!.$!.'%!.$!(+%!

-)02=%-!./-%&B%3!$&.0!(+%!>2-#3%;!C+%!,&.--H-%,(#.')=!#0)*%!,)'!/%!-%%'!#'!$#*>&%!_H@;!u!A.21&#*+(!5DEDE:!

C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

H7.!L1(6)2"1*!01*/"2"1*,!1L!27.!H)!B"+!*"*,5<)21(!@.(.!61/"L"./!),!,71@*!"*!H)=<.!O%![.(.Y!

27(..!,.2,!1L!/.#"0.,!@"27!/"LL.(.*2!"*,5<)21(!27"0X*.,,.,!T#$(V!1L!RY!$AY!)*/!&A!*6!=D!61/5<)2"*8!

27.! /5()2"1*! 1L! /.-1,"2"1*%! H7"**.(! L"<6! 01*/"2"1*,! @.(.! )//./! )-)(2! L(16! 07)-2.(! E! L1(! 27.!

/.2)"<./!016-)(",1*%!N)07!,.2!@.(.!-(.-)(./!5*/.(!27(..!/"LL.(.*2!1CD8.*!8),!L<1@!()2"1Y!<56&$!`!

<7!mT<81*r!<7!VY!1L!<56&$!`!AY!A%&Y!)*/!A%3!21!61/5<)2.!27.!"*2("*,"0!1CD8.*!#)0)*0D!01*0.*2()2"1*!

TOBUSV!"*!27.!"*,5<)21(!21!7"87Y!6./"56!)*/!<1@!<.#.<,Y!(.,-.02"#.<D%![.(.Y!<81!)*/!<7!!)(.!27.!

L<1@!()2.,!1L!?(!)*/!B!!8),,.,!/5("*8! 27.!,-522.(!/.-1,"2"1*%! O*! 27",!-)(2!1L!.C-.("6.*2,Y! 27.!

6./"56!<.#.<!1L!OBUS!@),!)//./!=.0)5,.!27.!01*/"2"1*!0)*!-(1#"/.!.C2()!"*L1(6)2"1*!1*!27.!

BU!"*L<5.*0.,!)*/!/.#"0.!M5)<"2".,!),!@.<<%!H7.!/5()2"1*!1L!/.-1,"2"1*!@),!07)*8./!21!61/5<)2.!

27.!"*,5<)21(!27"0X*.,,!T#$(V!21!RY!$AY!)*/!&A!*6%!H7"**.(!L"<6!01*/"2"1*,!@.(.!)//./!)-)(2!L(16!

07)-2.(!E!L1(!27.!/.2)"<./!016-)(",1*%!H7.!016="*)2"1*!1L!152016"*8!01*/"2"1*!61/"L"0)2"1*,!1L!

<56&$!)*/!#$(!0)*!=.!01*,"/.(./!),!"*,5<)21(!L1(6)2"1*!6)2("C!01*2)"*"*8!a(:>?)*!\!21!a(:>?)*!@\%!

'127!X"*/,!1L! 21-!.<.02(1/.!@.(.!016="*./!@"27! 27.!,)6.!"*,5<)21(!6)2("CY!)*/! 27.(.L1(.Y!$J!

01*/"2"1*./!/.#"0.,!@.(.!L)=("0)2./!L1(!27.!US;!)*/!NS;!016-)(",1*%!H"!)*/!?<!.<.02(1/.,!

@.(.!016="*./!1*<D!21!$A+*6!"*,5<)21(,!)*/!D".</!9!/"LL.(.*2!01*/"2"1*,!T#$(!`!$A*6V%!H1!(.#.)<!

0(./"=<.!"*"2")<!,2)2.Y!27.!"*,5<)21(!)*/!21-!.<.02(1/.!@.(.!01*,.052"#.<D!/.-1,"2./%!

!

!

!



! EJ!

T"-<6%KE!O*,5<)21(!L)=("0)2"1*!6)2("C!

' ' 45"6"78'9:;#&5)<7=75=;'=95=&56%76"95'>`Y^A?'

' ' !!"#$%@'1'
!"#$ %

!!"#$%@'1*+'
&'(")* %

!!"#$%@'1*.'
+,- %

AB"=C5&DD'>5E?'

9! D%@I7+C! D%@I7+CC! D%@I7+CCC!

6E! D%@I7+CU! D%@I7+U! D%@I7+UC!

DE! D%@I7+UCC! D%@I7+UCCC! D%@I7+CN!
!

?//"2"1*)<<DY!27.!-(",2"*.!"*,5<)21(!.*#"(1*6.*2,!@.(.!i5/8./!=D!5,"*8!,D66.2("0)<!/15=<.!

"*.(2!.<.02(1/.,j!H"4!T3A!*6VmH)!B"+!"T$A!*6VmH"4!T3A!*6V!,2(5025(.,! "*! 27.!,)6.!J+o6!UO?!

71<.,Y!@7.(.!2@1!01*/"2"1*,!1L!<56&$*`!A!)*/!A%&!01*/"2"1*,!@.(.!5,./!21!L)=("0)2.!27.!"*,5<)21(,%!

I"#"#"!8,&*3%,4,(1*.

•! U"8./%/;"#"/$6#.8$./8%

?<<!6.),5(.6.*2,!@.(.!-.(L1(6./!=D!!"$!,@..-,!)*/!61(.!27)*!$A!/.#"0.,!@.(.!6.),5(./!

L1(! .)07! L)=("0)2"1*! 01*/"2"1*%! [.(.Y! 27.! 21-! .<.02(1/.! @),! ="),./! @7"<.! 27.! H"4! =12216!

.<.02(1/.! @),! 8(15*/./%! H7.! "*"2")<! (.,",2)*0.! T7./.V! @),! .#)<5)2./! )2! |&A! 6U! i5,2! )L2.(! 27.!

L)=("0)2"1*Y!@7"07!@),!01*,"/.(./!27.!-(",2"*.!,2)2.%!?L2.(@)(/,Y!"*"2")<"W)2"1*,!@.(.!-.(L1(6./!

L1<<1@"*8!27.!L<1@07)(2!,71@*!"*!L"85(.!3+&T)V%!?001(/"*8!21!K"*"Y!2@1!=()*07.,!1L!-(10.,,.,!

@.(.!-.(L1(6./!21!"*"2")<"W.!27.!/.#"0.,%!H7.!L1(6"*8+(.,.2!1-.()2"1*!-(10.,,!@),!)--<"./!21!27.!

/.#"0.,!@"27!7./.!z!$!XyY!@7"07!@),!01*,"/.(./!),![KG+,2)(2Y!)*/!27.!(.,5<2!0)*!=.!0)2.81("W./!

),!fG@"207"*8g!1(!fK.,.2!L)"<5(.g!)001(/"*8!21!27.!0)-)="<"2D!1L!(.,.2%!!



! E>!

!
!"#$%&'.)+*!5):!U=.G!,+)&(!.$!#'#(#)=#g)(#.'m!#'#(#)=HU.&0#'*!.&!#'#(#)=H&%-%(!G%&%!2%&$.&0%3!),,.&3#'*!

(.!(+%!#'#(#)=!&%-#-()',%;!C+%!-G#(,+#'*!,)2)/#=#(#%-!G%&%!,)(%*.&#g%3!)-!v4G#(,+!$)#=>&%wL!vX%-%(!$)#=>&%wL!

.&!v4G#(,+#'*w;!5/:!4>,,%--$>=!#'#(#)=#g)(#.'!.'!)'!QX4H-()&(!3%B#,%!G#(+!)!U.&0#'*HX%-%(!.2%&)(#.';!5,:!

4>,,%--$>=!#'#(#)=#g)(#.'!.'!)'!SX4H-()&(!3%B#,%!G#(+!)'!#'#(#)=HX%-%(!.2%&)(#.';!u!A.21&#*+(!5DEDE:!C+%!

[)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

P1(!.C)6-<.Y!L"85(.!3+&T=V!,71@,!)*!.C)6-<.!1L!)!,500.,,L5<!L1(6"*8+(.,.2!"*"2")<"W)2"1*!1L!

)*![KG+,2)(2!/.#"0.! 27)2!0)*!=.!0)2.81("W./!),!fG@"207"*8g%![.(.Y! L1(6"*8!1-.()2"1*,! L1(!)<<!

/.#"0.,!"*!27",!0)2.81(D!@.(.!-.(L1(6./!5,"*8!27.!,)6.!016-<")*0.!05((.*2!1L!$!6?!21!5*"LD!27.!

01*/"2"1*!=.L1(.!(.,.2!1-.()2"1*,%!B*!27.!127.(!7)*/Y!"*"2")<+(.,.2!@),!-.(L1(6./!1*!)*!QKG+,2)(2!

/.#"0.!"L!7./.!@),!<.,,!27)*!$!XyY!@7"07!@),!)<,1!0)2.81("W./!),!fG@"207"*8g!1(!fG@"207!L)"<5(.g!

)001(/"*8! 21! 27.! 0)-)="<"2D! 1L! (.,.2%! P"85(.! 3+&T0V! -(.,.*2,! )! ,500.,,L5<! (.,.2! "*"2")<"W)2"1*!

0)2.81("W./!),!fG@"207"*8g%!O*!=127!L1(6"*8+(.,.2!)*/!"*"2")<+(.,.2!0),.,Y!27.![KG!(.,",2)*0.!)L2.(!

(.,.2! T7:34V! ,715</! =.! 7"87.(! 27)*! $! Xy! 21! =.! 0)2.81("W./! ),! fG@"207"*8g! "*! 27",!@1(X%!H7.!

/.#"0.,! ,)2",LD"*8! 27",! 01*/"2"1*! @),! 0<),,"L"./! ),! L5*02"1*)<! /.#"0.,! ,5(#"#"*8! "*! 27.!

"*"2")<"W)2"1*%!H7.!)*)<18!,@"207"*8!=.7)#"1(,!@.(.!.#)<5)2./!1*<D!@"27!27.,.!/.#"0.,!27)2!@.(.!

0)2.81("W./! 21! fG@"207"*8g%! H7.! )*)<18! 1-.()2"1*,! @.(.! -.(L1(6./! 1*! 27.! *.8)2"#.! ,"/.! 1L!

,@"207"*8!T(.,.2V!)L2.(!,@"207"*8!27.!/.#"0.!21!QKG!T,.2VY!5,"*8!65<2"-<.!(.,.2!,@..-,!27)2!7)/!

8()/5)<<D!"*0(.),./!6)C"656!#)<5.,!T)*)<18+(.,.2V%!



! 3A!

•! T;6%"0"<B1%8I.$/;.01%B96#"$.B08%

?,!(.#".@./!"*!07)-2.(!$Y!)*)<18!,@"207"*8!1-.()2"1*,!=(1X.!5-!27.!,@"207"*8!=.7)#"1(,!)*/!

,.#.()<!(.,",2)*0.!,2)2.,!(.#.)<./%!H7.!6.),5(.6.*2!5,./!"*!27",!07)-2.(!6)"*<D!@),!!"$!,@..-%!

H7.!)*)<18!=.7)#"1(,!@.(.!(.)<"W./!1*!27.!K.,.2!,"/.%!P5(27.(!)*)<18!,@"207"*8!1*!27.!G.2!,"/.!

@"<<!=.!/",05,,./!"*!07)-2.(!9%!H7.!6.),5(.6.*2!6.271/!",!,07.6)2"0)<<D!"<<5,2()2./!"*!L"85(.!3+

:%!G.2!-(10.,,!@),!)--<"./!1*!27.!/.#"0.!21!,@"207!L(16!27.![KG!21!27.!QKG!@"27!,2..-!(.,",2)*0.!

07)*8.%!B*!27.!127.(!7)*/Y!=.0)5,.!1L!27.!8()/5)<!05((.*2!07)*8.Y!27.!(.,",2)*0.!07)*8.!"*!K.,.2!

0)*!=.!/"#"/./!"*21!,.#.()<!,2.-,%!H7.!(.,",2)*0.!,2)2.,!=.2@..*!27.!QKG!)*/![KG!)(.!(.L.((./!),!

27.!;KG!"*!27",!@1(X%!H7.!6.),5(.6.*2!@),!2715872!,"6"<)(!21!27.!6.271/!-(1-1,./!=D!K.L%!$+

&!]G"661*,!T$>9RV^Y!),!,71@*!"*!L"85(.!$+$%!G-.0"L"0)<<DY!27.!;KG!0)*!=.!)07".#./!=D!27.!!"$*

,@..-,!@"27!8()/5)<<D! "*0(.),./!6)C"656!*.8)2"#.!#1<2)8.! T+$%'(V%!?,! ,71@*! "*! L"85(.!3+:Y!

L"(,2<D!,@..-!@"27!+$%'(!`!+$16;6<=!)--<"./!21!27.!/.#"0.!8"#.,!27.!7>34=%!H7(1587!,5=,.M5.*2!O+U!

,@..-,!@"27! 27.! +$%'(! L(16! +$16;6<!*21! +$16;6<"Y!65<2"-<.! (.,",2)*0.! ,2)2.,! 0)*!=.! )07".#./%!H7",!

L5*02"1*)<!,@"207"*8!0)-)="<"2".,!7)/!=..*!2.,2./!)L2.(!27.!)L1(.6.*2"1*./!=),"0!07)()02.("W)2"1*%!

!
!"#$%&'.),*'4,+%0)(#,!2&.,%--!.$!(+%!)')=.*!0)'#2>=)(#.'!>-%3!#'!(+#-!2)&(!.$!-(>31;!



! 3$!

5.3.!Brief confirmation of analog operation 

F("1(!21!/.2)"<./!/",05,,"1*!1L!/.#"0.!-(1-.(2".,Y!27.!)*)<18!1-.()2"1*!1=,.(#./!"*!H)!)*/!S5+!

/.#"0.,!)(.!=(".L<D!/.61*,2()2./%!HD-"0)<!1-.()2"1*,!)(.!,566)("W./!"*!L"85(.!3+E%!H7.!(.,5<2,!

1L!)!H)+/.#"0.!-(.-)(./!@"27!<56&$!`!A%3!)*/!#$(!`!$A!*6!)(.!,71@*!"*!L"85(.,!3+E!T)V+T0V!@7"<.!

271,.!1L!)!S5+/.#"0.!@"27!<56&$!`!A!)*/!#$(!`!R!*6!)(.!"*!L"85(.,!3+E!T/V+TLV%!?,!0<.)(<D!1=,.(#./!

"*!27.!!"*$*,@..-,!1L!27.!/.#"0.,Y!L"85(.,!3+E!T)V!)*/!T/VY!=127!/.#"0.,!,71@./!,2..-!,.2!=.7)#"1(,!

)*/! 8.*2<.! (.,.2! =.7)#"1(,%! H7.(.L1(.Y! 27.! (.,.2! -(10.,,! 015</! =.! ,.-)()2./! =D! 27.! ,2.-@",.!

)*)<18+(.,.2!/.,0("=./!)=1#.!),!,71@*!"*!L"85(.,!3+E!T=V!)*/!T.VY!)*/!8()/5)<!"*0(.),.!1L!7>34*

015</!=.!)07".#./!),!"/.*2"L"./!"*!L"85(.,!3+E!T0V!)*/!TLV%!Z7"<.!27.!)*)<18!1-.()2"1*!015</!=.!

)07".#./!"*!=127!0),.,Y! 27."(!01*2(1<<)="<"2D!,..6,!/"LL.(.*2!L(16!.)07!127.(%! O*! 27.!L1<<1@"*8!

,.02"1*,Y!,D,2.6)2"0)<<D!L)=("0)2./!/.#"0.,!@"<<!=.!/",05,,./!@"27!27.!),-.02!1L!27.!"*"2")<!,2)2.!

)*/!,@"207"*8!0)-)="<"2D%!?L2.(@)(/,Y!)*)<18!0)-)="<"2D!)*/!.#1<52"1*!=.2@..*!,2.-@",.!7>34*

,2)8.,!@"<<!=.!/",05,,./%!

!
!"#$%&'.)-*!5):H5,:!b)-#,!-G#(,+#'*!/%+)B#.&-!)'3!)')=.*!-G#(,+#'*!/%+)B#.&-!.$!.'%!C)!3%B#,%;!53:H5$:!

b)-#,!-G#(,+#'*!/%+)B#.&-!)'3!)')=.*!-G#(,+#'*!/%+)B#.&-!.$!.'%!A>!3%B#,%;!



! 3&!

5.4.!Initial states of Ta and Cu devices 

I"A"!"!K('1'&9.%,*'*1&(/,.

H7.! "*"2")<! (.,",2)*0.,! T7./.V! =.L1(.! )*D! ,@"207"*8! 1-.()2"1*,! )(.! "6-1(2)*2! "*/"0)21(,!

)001(/"*8!21!27.!*)*16)2.(")<,!"*0<5/"*8!27.!,0)#.*8"*8!)*/!/"LL5,"*8!=.7)#"1(,!),!/",05,,./!"*!

07)-2.(!E%!?2!L"(,2!,2.-!1L!27.!(.,.)(07!5,"*8!6"*")25("W./!/.#"0.,Y!27.!"*"2")<!(.,",2)*0.!7"*"!)(.!

/",05,,./!21!016-)(.!07)()02.(",2"0,!1L!US;!)*/!NS;%!H7.!7./.!(.,5<2,!6.),5(./!L1(!H)!)*/!S5!

/.#"0.,!)(.!,71@*!"*!L"85(.!3+3T)V!)*/!L"85(.!3+3T=V%!#$(!)*/!<56&$!0<.)(<D!)LL.02./!27.!7./.*1L!27.!

2@1!2D-.,!1L!/.#"0.,!"*!/"LL.(.*2!@)D,%!H7.!H)!/.#"0.,!,71@./!()-"/!"*0(.),.,!1L!7./.!@"27!7"87.(!

#$(!)*/!<56&$%!O2!@),!-(./"02)=<.!27)2!27.!"*0(.),.!1L!27.!-)(2")<!-(.,,5(.!1L!1CD8.*!"*!27.!,-522.("*8!

)6=".*2!/5("*8!27.!"*,5<)21(!L1(6)2"1*!(./50./!27.!1CD8.*+#)0)*0D!01*0.*2()2"1*!)*/!"*0(.),./!

27.!"*"2")<!(.,",2)*0.!1L!27.!"*,5<)21(,!27)2!<"X.!07)-2.(!E%!?//"2"1*)<<DY!27"0X.(!"*,5<)21(!D".</./!

27.! L5<<! ,0)#.*8"*8! -7.*16.*)%! NC2()! 1CD8.*! #)0)*0".,! -1,,"=<D! L1(6./! )2! 27.! 21-! 1L! 27.!

"*,5<)21(!=.0)5,.!QKG+,2)(2!/"/!*12!)--.)(!"*!27.!27"0X!"*,5<)21(!/.#"0.,%!'D!016-)("*8!27.!27(..!

8(15-,!1L!/.#"0.,!@"27!<56&$!̀ !AY!A%&Y!A%3Y!27.!7./.!"*0(.),./!L1(!/"LL.(.*2!1(/.(,!=D!#$(!27)2!,588.,2./!

27.!,0)#.*8"*8!@),!8(.)2.(!@"27!7"87.(!OBUS%!O*!27.!127.(!@1(/,Y!016-)("*8!27.!/.#"0.,!@"27!

7"87!OBUS!)*/!<1@!OBUSY!7./.!"*0(.),./!L(16!)=152!$AAy!21!)=152!3AA;y!L1(!7"87!OBUS%!P1(!

27.!/.#"0.,!@"27!<56&$!`!A%3Y!7./.!1*<D!"*0(.),./!L1(!&%3!1(/.(,!=D!"*0(.),"*8!27.!,)6.!)615*2!1L!

27"0X*.,,%!H7.!(.,5<2,!"*!L"85(.!3+3T)V!)<,1!,588.,2./!27)2!27.!,0)#.*8"*8!()*8.!)*/!,715</!=.!

)--(1C"6)2.<D!$A!*6!=.0)5,.!2@1!R+*6!/.#"0.,!7)/!.C2(.6.<D!<1@!7./.!(.,5<2,!TQKG+,2)(2VY!)*/!

=D!i5,2!"*0(.),"*8!27.!#$(!L1(!:!*6Y!a(:>?)*!$\!"*0(.),./!L1(!61(.!27)*!:!1(/.(,!T[KG+,2)(2V%!B*!

27.!127.(!7)*/Y!61(.!016-<"0)2./!2.*/.*0".,!)--.)(./!"*!27.!NS;!/.#"0.,Y!),!,566)("W./!"*!

L"85(.!3+3T=V%!H7.!OBUS!)LL.02./!27.!/"LL5,"1*!01.LL"0".*2!*1*+61*121*15,<D%!H7.!<1@.,2!7./.!

.C",2./!)2!27.!6./"56!OBUSY!,588.,2"*8!27)2!27.!S5+"1*!/"LL5,"1*!)2!27)2!01*/"2"1*!@),!.*7)*0./%!

H7.! L)02! 27)2!7./.! "*0(.),./!)2!=127! ,"/.,!1L! 27.! <1@!)*/!7"87! OBUS!(.8"1*! "*/"0)2.,! 27)2! 27.!

)--(1-(")2.!OBUS!)<,1!.*7)*0./!27.!/"LL5,"1*!=52!27)2!211!6507!OBUS!0<.)(<D!,5--(.,,./!"2%!H7.!

1#.()<<!<1@.(!7./.!1L!NS;!/.#"0.,!27)*!27)2!1L!US;!/.#"0.,!"6-<".,!27)2!27.!/"LL5,"1*!01*,2)*2,!

)*/m1(!01*0.*2()2"1*!1L!/"LL5,./!S5!"1*,!@.(.!7"87.(!27)*!271,.!1L!1CD8.*!#)0)*0".,%!!



! 3:!

?,!H"4!"*.(2!.<.02(1/.!7)/!7"87.,2!7./.!),!/",05,,./!"*!07)-2.(!E%!GD66.2("0!H"4!,2(5025(.!",!

<"X.!21!=.!)!811/!(.L.(.*0.!21!H)!)*/!S5%!H7.!H"4!,)6-<.,!,71@./!,"6"<)(!"*0(.6.*2!@"27!7"87.(!

<56&$*<"X.!US;!/.#"0.,Y! ,71@*! "*! L"85(.!3+3T0VY!@7"07! )8)"*! 01*L"(6./! 27)2! <56&$!61/5<)2"1*,!

)<2.(./!27.!<10)<!1CD8.*+#)0)*0D!01*0.*2()2"1*%!'127!H)!)*/!S5!/.#"0.,!,71@./!6507!<1@.(!7./.!

27)*!H"4!,)6-<.,!-(1=)=<D!=.0)5,.!1L!27.!,0)#.*8"*8!)*/!/"LL5,"*8!=.7)#"1(,%!O2!",!"*2.(.,2"*8!

27)2!=127!61/.<,!)(.!<"X.<D!21!7)#.!*12)=<.!"*2.()02"1*,!)2!27.!6.2)<m"*,5<)21(!"*2.(L)0.,!27)2!6)D!

0)5,.! /",,"6"<)("2".,! L(16! 27.! "*2.*/./! L)=("0)2"1*Y! @7"07! ",! )*! 5**.8<.02)=<.! ),-.02! 21! 27.!

"*/"#"/5)<!,@"207"*8!=.7)#"1(%!

!
!"#$%&'.).*!8'('!3%2%'3%',%!.'!,123-!$.&!5):!^Ad!5C)!(.2!%=%,(&.3%:!)'3!5/:!<Ad!5A>!(.2!%=%,(&.3%:;!

5,:! CG.! 6EH'0! 3%B#,%-! .$! 3.>/=%! C#WH%=%,(&.3%! G#(+! ,123-! x! E! )'3! E;DL! (+%! -)0%! 8'('! )(! (+%! -)0%! #-#!

,.'3#(#.'-!.$!^Ad!)'3!<Ad!G%&%!3&)G'!)-!=#*+(!.&)'*%!$.&!3#&%,(!,.02)&#-.'-;!C+%!-.=#3!/=.,I-!)&%!(+%!

)B%&)*%! B)=>%-L! )'3! (+%! %&&.&! /)&-! &%2&%-%'(! (+%! 3#-(&#/>(#.'-! .$! (+%! &%->=(-! .$! 0>=(#2=%! 3%B#,%-;!

?33#(#.')==1L!y6EE\z!&%->=(-!G%&%!-+.G'!G#(+!-100%(&#,!C#WH(.2H%=%,(&.3%!3%B#,%!$)/&#,)(%3!G#(+!(+%!

,.'3#(#.'-!.$!6E'0HFEt;!?=(+.>*+!(+%!&%->=(-!)&%!'.(!-+.G'!/%,)>-%!.$!(+%!=#0#()(#.'-!.$!(+%!0%)->&%0%'(!

%V>#20%'(L!(+%!#',&%)-%!.$!8'('!,)'!/%!,.'-#3%&%3!)'!)*&%%0%'(!(.!(+%!3#-,>--#.';!u!A.21&#*+(!5DEDE:!C+%!

[)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

I"A"#"!C<'1/5'(6./&+&:'9'1',*.&(-./0(-3/1'0(.4,/5&('*4.

O*"2")<"W)2"1*,! @.(.! -.(L1(6./! 21! 0)2.81("W.! 27.! ,@"207"*8! 0)-)="<"2DY! )*/! 27.! (.,5<2,! )(.!

,566)("W./!"*!H)=<.!OO!)*/!H)=<.!OOOY!(.,-.02"#.<D%!O2!@),!0<)("L"./!27)2!fG@"207"*8gY!fG@"207!

L)"<5(.gY!)*/!fK.,.2!L)"<5(.g!@.(.!/",2("=52./!/"LL.(.*2<D!L1(!US;!)*/!NS;!/.#"0.,%!

H@1!2D-.,!1L!L)"<5(.!@.(.!01*L"(6./!"*!27.!H)!/.#"0.,%*a(:>?)*!\!)*/!a(:>?)*!!\!"*!27.!27"*!

"*,5<)21(!(.8"1*,!/"/!*12!,71@!)*D!,@"207"*8!=.7)#"1(,!TfG@"207!L)"<5(.g!"*!H)=<.!OOVY!)*/!27.!

/.#"0.,!(.6)"*./!"*!27.!QKG!-1,,"=<D!=.0)5,.!1L!27.!L"<)6.*2+<"X.!,5=,2)*0.!L1(6./!=D!27.!7"87!



! 3E!

/.8(..!,0)#.*8"*8!1L!1CD8.*!27)2!015</!*12!=.!(.2()02./%!K.,.2!1-.()2"1*,!1*!a(:>?)*$!!!\!)*/!

a(:>?)*!@\!/.#"0.,!L)"<./!)L2.(!P1(6"*8!,@..-,!TfK.,.2!L)"<5(.g!"*!H)=<.!OOV%!H7.,.!(.,5<2,!)(.!

01*,"/.(./!7)(/!=(.)X/1@*,%!P"85(.!3+9T)V!-(.,.*2,!27.!(.-(.,.*2)2"#.!"*"2")<"W)2"1*!(.,5<2,!1L!$A+

*6!H)! /.#"0.,Y! )*/! 27.! L1(6"*8! #1<2)8.,! "*0(.),./!@"27! 7"87.(!7./.! )*/! <1@.(! OBUS%!H7.,.!

(.,5<2,!01*L"(6!27)2!27.!7"87.(!7./.!"*/50./!=D!27.!016="*)2"1*,!1L!OBUS!1(!#$(!"*#1<#.,!7"87.(!

L1(6)2"1*!#1<2)8.!]:YE^%!?--(1-(")2.!7./.!01*/"2"1*,!)(.!*.././!L1(!L1(6)2"1*,!)*/!(5-25(.,!1L!

01*/502"#.!L"<)6.*2,%!Z.<<+61/"L"./!#$(!)*/!<56&$!0)*!)#1"/!5*(.01#.()=<.!"*"2")<!,0)#.*8"*8!1L!

27.!1CD8.*!)*/!7)(/!=(.)X/1@*,%!?//"2"1*)<<DY!$!;y{$!dy!",!<"X.<D!27.!)--(1-(")2.!()*8.!L1(!

27.!)--.)()*0.!1L!US;!,@"207"*8!0)-)="<"2D%!B*!27.!127.(!7)*/Y!"*"2")<"W)2"1*,!@.(.!,500.,,L5<<D!

-.(L1(6./! 1*!61,2! 1L! 27.!NS;!/.#"0.,%! a(:>?)* !!\! 015</! *12! =.! ,@"207./! 21![KG!-1,,"=<D!

=.0)5,.!1L!27.!.C2(.6.<D!<1@!7./.!"*/50./!=D!1#.(+.*7)*0./!"*"2")<!S5+"1*!/"LL5,"1*%![1@.#.(Y!

)*!"*"2")<+K.,.2!@),!,500.,,L5<<D!)--<"./!21!a(:>?)*!\!/.#"0.Y!)*/!"2!(.01#.(./!21![KG%!I.,-"2.!

27.!27"0X.(!"*,5<)21(!<)D.(,!5,./!"*!a(:>?)*$!!!\!)*/!a(:>?)*!@\Y!27.D!=127!.C7"="2./!,500.,,L5<!

,@"207"*8!0)-)="<"2".,!)-)(2!L(16!US;!/.#"0.,Y!@7"07!,588.,2,!27)2!@.)X.*./!"*,5<)2"1*!1(!<1@!

7./.!"*/50./!=D!27.!"*"2")<!S5+"1*!/"LL5,"1*!-(.#.*2!7)(/!=(.)X/1@*,%!

A7F8&'44*!X%-#-(#B%!-G#(,+#'*!,)(%*.&#%-!$.&!^Ad!3%B#,%-!

% % K0.$."<%BNA160C7"/"0/A%/B0/60$#"$.B0%'KMVS(%

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

%%T;./=0688%'04(%

R! AB8#CD*<.8,E=+=?!! AB8#CD*<.8,E=+=?!! ;<*$'3*=>!

$A! ;<*$'3*=>! ;<*$'3*=>! ;<*$'3*=>!

&A! ;<*$'3*=>! 7+0+#*<.8,E=+!! 7+0+#*<.8,E=+!!

A7F8&'444*!X%-#-(#B%!-G#(,+#'*!,)(%*.&#%-!$.&!<Ad!3%B#,%-!

% % K0.$."<%BNA160C7"/"0/A%/B0/60$#"$.B0%'KMVS(%

% % P.1;% R65.:4% OBI%

T;./=0688%'04(%

R! ;<*$'3*=>=! AB8#CD*<.8,E=+=! ;<*$'3*=>!

$A! ;<*$'3*=>! ;<*$'3*=>! ;<*$'3*=>!

&A! ;<*$'3*=>! ;<*$'3*=>! ;<*$'3*=>!

=!H7.!5*/.(<"*"*8!"*!2)=<.,!&!)*/!:!"*/"0)2.,!/.#"0.,!@"27!QKG+,2)(2%!
!*G..!27.!2@1!2D-.,!1L!L)"<5(.,!"*!,5--<.6.*2)(D!6)2.(")<,!L"85(.!?+E%!



! 33!

!
!"#$%&'.)/*!5):!U.&0#'*HX%-%(!&%->=(-!$.&!{D%@I7+CU|!(.!{D%@I7+UC|!.$!C)!3%B#,%-;!5/:Z53:!`Z^!,>&B%-!

.$!#'#(#)=H$.&0#'*!.$!C)!)'3!A>!3%B#,%-!-+.G'!#'!=.*Z=.*!2=.(!$.&!5/:!{D%@I7+UCC|L!5,:!{D%@I7+UCCC|L!)'3!

53:!{D%@I7+CN|;!C+%!/=),I!=#'%-!)&%!(+%!&%$%&%',%-!.$!-=.2%!6!.$!(+%!.+0#,!,.'3>,(#.';!u!A.21&#*+(!5DEDE:!

C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

H1!"*#.,2"8)2.!27.!"*"2")<!,2)2.,!.#.*!L5(27.(Y!27.!"*"2")<!01*/502"1*,!"*!27.!<1@+#1<2)8.!(.8"1*,!

1L! 27.! "*"2")<+P1(6"*8! 05(#.,! T27.! !"$! 05(#.! -)(2"2"1*! =.L1(.! 27.! )=(5-2! 05((.*2! i56-,V! @.(.!

016-)(./!5,"*8!27.!-)(2"2"1*!=D!<18{<18!8()-7,!]3Y9^%!'.0)5,.!1L!27.!8(.)2.(!/"LL5,"1*,!1L!27.!S5!

/.#"0.Y!&A+*6!H)!)*/!S5!/.#"0.,!@.(.!,.<.02./!L1(!(.<")=<.!/",05,,"1*%!H7.!L1(6"*8!-(10.,,.,!

1L!a(:>?)*$!!\Y!a(:>?)*$!!!\Y!)*/!a(:>?)*!@\!)(.!,71@*!"*!L"85(.,!3+9T=VY!3+9T0V!)*/!3+9T/VY!

(.,-.02"#.<DY!@7.(.!27.!"*"2")<!01*/502"1*,!1L!27.!H)!)*/!S5!)(.!016-)(./%!?,!1=,.(#./!"*!L"85(.!

3+9T=VY!27.!"*"2")<!01*/502"1*,!1L!27.!a(:>?)*$!!\!/.#"0.,!@.(.!)<61,2!27.!,)6.Y!@7"07!6)D!"6-<D!

27)2!27.!"*"2")<!,0)#.*8"*8!1L!1CD8.*!1L!27.!H)!.<.02(1/.!)*/!27.!S5+"1*!/"LL5,"1*!)(.!,"6"<)(!L1(!

7"87!OBUS!01*/"2"1*,Y!=.0)5,.!27.D!=127!7)/!758.!7./.!/(1-,!L(16!27.!H"4!(.,5<2,%!7./.!)*/!27.!

"*"2")<! 01*/502"1*,! =."*8! )<61,2! 27.! ,)6.! 6)D! =.! )! 01"*0"/.*0.x! 71@.#.(Y! "2! @),! ,2"<<! )*!

5*.C-.02./!(.,5<2!27)2!27.!,0)#.*8"*8!/.-27!)*/!/"LL5,"1*!/.-27!@.(.!,"6"<)(!5*/.(!27",!01*/"2"1*%!

H7.!/.0(.),.!1L!OBUS!)<,1!"*/50./!/"LL.(.*2!!F$!07)()02.(",2"0,!=.2@..*!27.!H)!)*/!S5!/.#"0.,%!

H7.!176"0!01*/502"1*!(.8"1*,!,7(5*X!"*!27.!H)!/.#"0.!-1,,"=<D!=.0)5,.!1L!27.!8()/5)<!L1(6)2"1*!



! 39!

1L!1CD8.*!#)0)*0D!L"<)6.*2Y!@7.(.),!176"0!01*/502"1*!/16"*)2./!61,2!1L!27.!L1(6"*8!-(10.,,.,!

"*!27.!S5!/.#"0.,%!H7.!176"0!01*/502"1*!1L!27.!S5!/.#"0.,!L1(!<1@.(!OBUS!0)*!=.!01*,"/.(./!

),!27.!(.,5<2!1L!"*"2")<!,-1*2)*.15,!S5+"1*!/"LL5,"1*!/5("*8!)*/!)L2.(!27.!21-+.<.02(1/.!/.-1,"2"1*,%!

H7.!8.*.()<!7"87.(!$0$1%!,71@*!"*!27.!H)!/.#"0.,!@),!6507!<1@.(!27)*!27.!$0$1%!,2)2",2"0,!

1=2)"*./!"*!07)-2.(!E%!H7.!-1,,"=<.!./8.!1L!27.!#")!71<.,!6)D!0)5,.!27.!27"0X*.,,!1L!27.!"*,5<)21(!

21!,7("*X!<10)<<D!),!,71@*!"*!L"85(.!:+ET=V%!!

I"A"7"!80-,9*.0G.'('1'&9.*1&1,*.

[.(.Y!,07.6)2"0!"<<5,2()2"1*,!1L!27.!,0)#.*8"*8!=.7)#"1(,!)(.!,71@*!"*!L"85(.!3+RY!,-.0"L"0)<<D!

L1(!27.!H)!)*/!S5!/.#"0.,%!H7.!"*"2")<!,0)#.*8"*8!1L!1CD8.*!)2!H)mH)!B"+!!"*2.(L)0.,!)*/!/"LL5,"1*!

1L!S5!"1*,!)2!S5mH)!B"+!!"*2.(L)0.,!-<)D./!"6-1(2)*2!(1<.,!"*!/.2.(6"*"*8!27.!"*"2")<!(.,",2)*0.,!

)*/!,@"207"*8!0)-)="<"2".,%!?,!/.,0("=./!)=1#.Y!7./.!1L!27.!H)!/.#"0.!0<.)(<D!"*/"0)2./!27)2!27.!

.C2()!1CD8.*!#)0)*0".,!@.(.!L1(6./!)2!27.!21-!,"/.!1L!H)!B"+!!<)D.(,!)*/!27)2!27.D!)00.<.()2./!

27.! (.,",2)*0.! (./502"1*%! ?,! )*127.(! "6-1(2)*2! -7.*16.*1*Y! "2! @),! 0<)("L"./! 27)2! 27.! L),2.(!

8.*.()2"1*!1L!1CD8.*!#)0)*0".,!)2!27.!"*2.(L)0.!)*/!8(.)2.(!,0)#.*8"*8!1005(,!),!OBUS!"*0(.),./%!

!
!"#$%&'.)0*!4,+%0)(#,!#'#(#)=!0.3%=-!.$!C)!)'3!A>!3%B#,%-;!U&.0!=%$(!(.!&#*+(m!,123-!x!EL!E;DL!E;F;!5):Z

5,:!X%3.N!&%),(#.'-!'%)&!(+%!0%()=H#'->=)(.&!#'(%&$),%!G#(+!3#$$%&%'(!3%*&%%-;!53:Z5$:!"#$$>-#.'!/%+)B#.&-!

.$!A>! #.'-!G#(+! 3#$$%&%'(! `Y^A;!YN1*%'! )(.0-! )&%! %N,=>3%3! $.&! -#02=#$#,)(#.'!.$! (+%!<Ad!3#$$>-#.'!

0.3%=-!/%,)>-%!'.!%B#3%',%!.$!-,)B%'*#'*!/%+)B#.&-!G)-!3%(%,(%3!#'!(+%!2&%B#.>-!3#-,>--#.';!u!A.21&#*+(!

5DEDE:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!



! 3R!

P"85(.,! 3+RT)V{T0V! -(.,.*2! ,07.6)2"0! "<<5,2()2"1*,! 1L! 27.! "*"2")<! /",2("=52"1*! 1L! 1CD8.*!

#)0)*0".,!)2!,2)=<.!,2)2.,!L1(!27.!US;!/.#"0.%!H7.!(.8"1*,!01*2)"*"*8!6507!1CD8.*!#)0)*0".,!

=.0)6.!27"0X.(!L1(!7"87.(!OBUS%!O2!,715</!=.!*12./!27)2!27.!,0)#.*8"*8!/.-27!",!*12!27)2!<)(8.!

T)--(1C"6)2.<D!$A!*6VY!@7"07!6)D!.C-<)"*!@7D!27.!27"*!1C"/.!<)D.(,!)(.!8.*.()<<D!)--<"0)=<.!

L1(!US;+2D-.!(.,",2"#.!,@"207"*8!6.61(".,!]R+>^%!H7.!S5+"1*!/"LL5,"1*!/.-27! ",!8(.)2.(! 27)*!

271,.!1L!1CD8.*!#)0)*0".,!L1(! 27.!H)!/.#"0.,Y!@7"07!(.,5<2./!"*! 27.!(.<)2"#.<D! <1@.(!7./.%!H7.!

61,2! "*2.(.,2"*8! (.,5<2! @),! 27)2! 27.! S5+"1*! /"LL5,"1*! 01*,2)*2,! ,..6<D! /.-.*/./! 1*! OBUS*

=.0)5,.! 1L! 27.! *1*+61*121*"0! /.-.*/.*0D! 1*! <56&$%! G07.6)2"0! "<<5,2()2"1*,! 1L! 27.! "*"2")<!

/",2("=52"1*!1L!S5!"1*,!)*/!1CD8.*!#)0)*0".,!1L!27.!S5!/.#"0.,!)(.!-(.,.*2./!"*!L"85(.,!3+RT/V{

TLV%!S5! "1*,!@.(.! /..-<D! "*2(1/50./! "*!H)!B"+!! <)D.(,! L1(!6./"56! OBUSY! (.,5<2"*8! L(16! 27.!

.*7)*0.6.*2!1L!/"LL5,"1*%![1@.#.(Y!211!6507!OBUS!,5--(.,,.,!S5!/"LL5,"1*!),!@.<<%!

5.5.!Analog behaviors of four sets of devices 

I"I"!"!D&.10+.,9,/1%0-,.

H7.!)*)<18!0)-)="<"2".,!@.(.!01*L"(6./!=D!5,"*8!,500.,,L5<<D!"*"2")<"W./!H)!/.#"0.,!)*/!@.(.!

6.),5(./!=D!,@..-"*8!27.!#1<2)8.!L(16!A!U!21!27.!-1,"2"#.!/"(.02"1*!TG.2!,@..-,V!)*/!27.*!21!

27.!*.8)2"#.!#1<2)8.!/"(.02"1*!T,2.-@",.!(.,.2!,@..-!0D0<.,x!})*)<18+(.,.2}!1-.()2"1*!0)<<./!"*!

27",!(.-1(2V%!P"85(.!3+JT)V!",!)!2D-"0)<!.C)6-<.!1L!)*)<18!,@"207"*8!5,"*8!)!H)+/.#"0.!"*!a(:>?)*

$\%!Z7"<.!)!,7)(-!(.,",2)*0.!07)*8.!@),!1=,.(#./!L(16![KG!21!QKG!"*!27.!,.2!,@..-Y!8()/5)<!

(.,",2)*0.!6)*"-5<)2"1*!@),!)07".#./!=D!"*0(.),"*8!*.8)2"#.!,21-!#1<2)8.,!@"27!27.!)*)<18+(.,.2!

1-.()2"1*%!412)=<DY!27.!H)!/.#"0.,!,71@./!,"6"<)(!07)()02.(",2"0,!(.8)(/<.,,!1L!27.!L)=("0)2"1*!

01*/"2"1*,%! H7",! 0)*! =.! "/.*2"L"./! "*! L"85(.! 3+JT=V! @7.(.! ,.2! 05(#.,! )(.! ,5-.(-1,./! L1(! L"#.!

/.#"0.,!-(.-)(./!5*/.(! a(:>?)* !!!\! 21! a(:>?)*$!!\! T27.!016-<.2.!6)2("C!1L!)*)<18! ,@"207"*8!

(.,5<2,!",!,566)("W./!"*!)--.*/"CV%!H7.!,.2!#1<2)8.,!@.(.!)<<!)--(1C"6)2.<D!r!A%3!UY!@7"07!@.(.!

6507! <1@.(! 27)*! 27.! L1(6"*8!#1<2)8.! ,71@*! "*! L"85(.!3+9T)V%!I.,-"2.! ,16.!#)(")2"1*,!1L! 27.!

)*)<18+(.,.2! 05(#.,Y! 27.! ,@"207"*8! ,7)-.,! )<61,2! 1#.(<)--./! @"27! .)07! 127.(%! ;1(.1#.(Y! 27.!

(.,",2)*0.,!)L2.(!.)07!(.,.2!1-.()2"1*!),!)!L5*02"1*!1L!27.!)=,1<52.!*.8)2"#.!,21-!#1<2)8.!L(16!~!

A%&!21!~!$%A!U!)(.!-(.,.*2./!"*!L"85(.!3+JT0VY!@7.(.!27.!(.,",2)*0.!07)*8.,!)(.!/",2("=52./!1#.(!)!

,6)<<!()*8.%!H7.!8()/5)<!(.,",2)*0.!07)*8.,!)2!,21-!#1<2)8.!,@..-,!<1@.(!27)*!~!A%E!U!0<.)(<D!



! 3J!

"*/"0)2.,! ,500.,,L5<! )*)<18! =.7)#"1(,Y! @7.(.! )! (.,",2)*0.! 07)*8.! 1L! 61(.! 27)*! 1*.! 1(/.(! 1L!

6)8*"25/.!0)*!=.!)07".#./%!H7.!6)C"656!)*)<18!(.,",2)*0.!)L2.(!(.,.2!@),!)--(1C"6)2.<D!$A!

XyY!@7"07!",!)!,5=,2)*2")<!/(1-!L(16!7./.!1L!)2!<.),2!2@1!1(/.(,%!d11/!(.-(1/50"="<"2D!@),!)<,1!

)07".#./!"*!(.-.2"2"#.!,.2+(.,.2!1-.()2"1*,!T,..!)--.*/"CV%!

!
!"#$%&'.)2*!5):!?'!%N)02=%!.$!,.02=%(%!)')=.*H&%-%(!-G#(,+#'*!/%+)B#.&!),+#%B%3!/1!#',&%)-#'*!(+%!

'%*)(#B%!-(.2!B.=()*%-!$&.0!Z!E;D!(.!Z!6;E!^!>-#'*!{D%@I7+U|;!5/:!?')=.*!-G#(,+#'*!/%+)B#.&-!.$!^Ad!

>-#'*!$#B%!->,,%--$>==1!#'#(#)=#g%3!3%B#,%-!.$!{D%@I7+CCC;UCC|;!U.&!-#02=#,#(1L!.'=1!(+%!,>&B%-!$.&!4%(-!)'3!

X%-%(! ,>&B%-!G#(+! '%*)(#B%! -(.2! B.=()*%-! .$! sE;8L! sE;JL! )'3!s6;E!^! )&%! -+.G';! 5,:!?')=.*! &%-#-()',%!

,+)'*%-!.$!(+%!$#B%!3%B#,%-;!C+%!)/-.=>(%!B)=>%-!G%&%!>-%3!$.&!(+%!NH)N#-!#'!5,:;!u!A.21&#*+(!5DEDE:!C+%!

[)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!

H7.! ,"6"<)("2".,! 1L! 27.! )*)<18! ,@"207"*8! =.7)#"1(,! 0)*! =.! .C-<)"*./! =.0)5,.! 1L! 27.!

"*"2")<"W)2"1*!-(10.,,.,%!G"6"<)(!01*/502"1*!-)27,!@"27!)!05((.*2!=122<.*.0X!T!#$%&!`!$!6?V!@.(.!

L1(6./!=D!27.!L1(6"*8!-(10.,,!(.8)(/<.,,!1L!27.!"*"2")<!01*/"2"1*!,71@*!"*!27.!-(.#"15,!,.02"1*%!

H7.!05((.*2!<"6"2,!@.(.!<1@.(./!L(16!&A!6?!"*!27.!<),2!07)-2.(!21!$!6?Y!@7.(.!27.!<1@.(!#)<5.!

",!01*,"/.(./!811/!L1(! 27.!L"<)6.*2!L1(6)2"1*%!'.0)5,.!27.!1CD8.*+#)0)*0D!L"<)6.*2,!L1(6./!

/5("*8! 27.! L1(6"*8! 1-.()2"1*,! @.(.! 211! (1=5,2! 21! =.! (.2()02./! 016-<.2.<DY! (.,2("02"1*,! 1*!

"*0(.),"*8!7:34!)(.!2715872!21!.C",2!L1(!27.!L1<<1@"*8!(.,.2!1-.()2"1*,%!?,!)!(.,5<2Y!,"6"<)(!)*)<18!

(.,",2)*0.!0)*!=.!)07".#./!=.0)5,.!1L!27.!)<61,2!,)6.!05((.*2!<"6"2"*8!-)27!,7)-.!.#.*!271587!

27.!212)<!L"<)6.*2!,7)-.,!6"872!7)#.!#)(")2"1*,%!H7",!-7.*16.*1*!6)D!,"6-<"LD!=127!L)=("0)2"1*!

-(10.,,.,!)*/!)*)<18!1-.()2"1*,!L1(!L525(.!H)!/.#"0.,%!

I"I"#"!N3.10+.,9,/1%0-,.

?*)<18! ,@"207"*8! 0)-)="<"2".,! @.(.! )<,1! 01*L"(6./! L1(! )<<! 27.! ,500.,,L5<<D! "*"2")<"W./! S5!

/.#"0.,Y!),!,71@*!"*!L"85(.%!3+>%!?-)(2!L(16!27.!H)!/.#"0.,Y!,@"207"*8!=.7)#"1(!#)(")2"1*,!@.(.!

1=,.(#./Y!@7"07!0)*!=.!01*,"/.(./!21!(.,5<2!L(16!27.!/"LL.(.*2!#$(!)*/!<56&$!01*/"2"1*%!S1*,.052"#.!



! 3>!

0D0<"*8!2.,2,!@.(.!)<,1!-.(L1(6./!L1(!&A+*6!/.#"0.,!T,..!)--.*/"CVY!@"27!27.!,)6.!L"*/"*8!27)2!

8(.)2.(!#)(")2"1*,!6)D!7)#.!(.,5<2./!L(16!27.!H)!B"+!!L1(6)2"1*!01*/"2"1*,%!G-.0"L"0)<<DY!27"0X.(!

"*,5<)21(!<)D.(,!T&A!*6V!"*/50./!/",2"*85",7)=<.!,@"207"*8!-)22.(*,!)-)(2!L(16!27.!R+*6!)*/!$A+

*6!/.#"0.,%!K)-"/!)*/!@"/.!()*8.!(.,",2)*0.!07)*8.,!)--.)(./!"*!27.!&A+*6!/.#"0.,Y!)*/!27.!

L"*)<!(.,",2)*0.,!@.(.!)--(1C"6)2.<D!27(..!1(/.(,!1L!6)8*"25/.!7"87.(!27)*!271,.!1L!27.!$A+*6!

/.#"0.,%! H7.! R+*6! )*/! $A+*6! /.#"0.,! 2.*/! 21! ,71@! US;+<"X.! ,@"207"*8! =.7)#"1(,Y! @7"07!

,588.,2./!27)2!1CD8.*+#)0)*0D!6)D!2)X.!.LL.02,!)2!,507!27"*!"*,5<)21(%!O*!8.*.()<Y!S5!/.#"0.,!

7)/!)!@"/.(!()*8.!1L!)*)<18!,@"207"*8!27)*!H)!/.#"0.,%!H7.,.!"*/"#"/5)<"2".,!)8)"*!01*L"(6!27)2!

1CD8.*!#)0)*0".,!"*!27.!NS;!61/.<!*12!1*<D!)LL.02./!27.!"*"2")<!S5+"1*!/"LL5,"1*!=52!)<,1Y!),!*1!

*.@<D! L1(6./!1CD8.*!#)0)*0".,!@.(.!01*L"(6./Y! 27.! "*"2")<! "*,5<)21(!01*/"2"1*,!@.(.!)=<.! 21!

6)"*2)"*!27.!1("8"*)<!/.<"=.()2.!61/5<)2"1*,!L1(!27.!L1(6)2"1*,!)*/!(5-25(.,!1L!S5+"1*!L"<)6.*2,Y!

@7"07!6)D!=.!)!,"8*"L"0)*2!L.)25(.!21!(.)<"W.!-(./"02)=<.!,2)=<.!,@"207"*8%!

Z"27!*12)=<D!/"LL.(.*2!07)()02.(",2"0,!1L!27.!S5!/.#"0.,Y!8()/5)<!)*)<18!(.,",2)*0.!07)*8.,!1L!

27.!27(..!&A+*6!/.#"0.,!)(.!-<122./!),!)!L5*02"1*!1L!*.8)2"#.!,21-!#1<2)8.!"*!L"85(.!3+$A%!H7.!

/.#"0.,!@"27!6./"56!OBUS!.C7"="2./!27.!<1@.,2!L"*)<!(.,",2)*0.Y!@7.(.),!271,.!@"27!7"87!)*/!

<1@!OBUS!-(1#"/./!016-)()=<D!7"87!L"*)<!(.,",2)*0.%!H7",!/",,"6"<)("2D!6"872!)<,1!=.!0)5,./!=D!

27.! "*"2")<!S5+"1*!/"LL5,"1*%!P1(! 27.!6./"56! OBUS!/.#"0.,Y!S5! "1*,!/"LL5,./!/..-<D! "*21! 27.!

"*,5<)21(!<)D.(Y!@7"07!6)/.!"2!/"LL"05<2!21!016-<.2.<D!(.2()02!27.!/"LL5,./!"1*,!21!)07".#.!7"87.(!

[KG%!4.#.(27.<.,,Y!27.!(.,",2)*0.,!1=2)"*./!)2!27.!*.8)2"#.!,21-!#1<2)8.!1L!~$!U!@.(.!,2"<<!7"87.(!

27)*!7./.Y!@7"07!6)D!=.!(.)<"W./!=D!27.!(.2()02"1*,!1L!S5!"1*,!=D!27.!*.8)2"#.!.<.02("0!L".</!=.0)5,.!

1L!27.!7"87!/"LL5,"#"2D!1L!S5!"1*,%!?<271587!27.!/.#"0.,!@"27!<1@!)*/!7"87!OBUS!)07".#./!7"87.(!

[KG!<)(8.(!27)*!$!;yY!27.!(.,",2)*0.,!@.(.!6507!<1@.(!27)*!7./.Y!61,2!<"X.<D!=.0)5,.!1L!27.!

<1@.(!S5+"1*!/"LL5,"#"2D!"*!27.!"*,5<)21(,!016-)(./!@"27!27)2!L1(!27.!6./"56!OBUS%!!

I.,-"2.!27.!6507!7"87.(!7./.!1L!US;!/.#"0.,Y!27.!1#.()<<!6)C"656![KG!@),!)--(1C"6)2.<D!

$A!Xy!),!/",05,,./!-(.#"15,<Dx!27.!2@1!S5!/.#"0.,!,2"<<!.C7"="2./!6507!7"87.(![KG!27)*!27.!S5!

/.#"0.,!@"27!27.!,)6.!#1<2)8.!)--<"./Y!@7"07!,588.,2,!"*2.*,"#.!P1(6"*8!-(10.,,.,!1L!H)!/.#"0.!

/"/!*12!<"X.<D!1005(!"*!S5!/.#"0.,Y!,1!27)2!S5!L"<)6.*2!(5-25(.!(.<)2"#.<D!.),"<D!)*/!016-<.2.<D!

27)*!27.!H)!/.#"0.!"*!)*)<18!,@"207"*8%!H71587!6)C"656!#$(!@),!,.2!21!&A!*6!21!016-)(.!27.!

US;!)*/!NS;!61/.<,!"*!27",!,25/DY!6507!27"0X.(!H)!B"+!!L"<6,!0)*!)07".#.!@"/.(!)*/!7"87.(!
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[KG!(.,",2)*0.,!L1(!NS;%!H7.!#)(")="<"2".,!1L!27.!S5!/.#"0.,!)*)<18!,@"207"*8!=.7)#"1(,!,588.,2!

27)2!27.!61/.<!"*#1<#.,!)!61(.!016-<"0)2./!6.07)*",6Y!)*/!27)2!-(1/502"1*!6)D!=.!,2("02.(!21!

1=2)"*!/.,"(./!-.(L1(6)*0.Y!),!7"87.(!(.,",2)*0.!1-.()2"1*,!7)#.!-(1L15*/!-1,,"="<"2".,!21!(.)<"W.!

<1@!07"-!-1@.(!01*,56-2"1*!=D!(./50"*8!27.!1-.()2"*8!05((.*2%!;1(.!)005()2.!05((.*2!01*2(1<,Y!

,507!),!27.!"*2.8()2"1*!@"27!)!2()*,",21(Y!)*/m1(!"*2(1/502"1*!1L!65<2"+"*,5<)21(+<)D.(!,2(5025(.,!

6)D!=.!*.././!21!6"*"6"W.!27.!5*0.(2)"*2D!1L!S5!/.#"0.,%!

!
!"#$%&'.)3*!?')=.*!-G#(,+#'*!&%->=(-!.$!->,,%--$>==1!#'#(#)=#g%3!A>!3%B#,%-;!?')=.*HX%-%(!G)-!)22=#%3!

/1!#',&%)-#'*!(+%!'%*)(#B%!-(.2!B.=()*%!(.!s6!^!G#(+!)'!#'(%&B)=!.$!sE;6!^;!u!A.21&#*+(!5DEDE:!C+%![)2)'!

4.,#%(1!.$!?22=#%3!K+1-#,-!

!
!"#$%&'.)(1*!?')=.*!-G#(,+#'*!&%-#-()',%!.$!(+&%%!A>!3%B#,%-!)-!)!$>',(#.'!.$!'%*)(#B%!-(.2!B.=()*%-!

5-+.G'!)-!)/-.=>(%!B)=>%-:!$.&!+#*+L!0%3#>0L!)'3!=.G!=%B%=-!.$!.N1*%'!B),)',1!)(!#-#!x!DE!'0;!u!A.21&#*+(!

5DEDE:!C+%![)2)'!4.,#%(1!.$!?22=#%3!K+1-#,-!
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I"I"7"!D'.10+.,9,/1%0-,.

O*!27.!L1<<1@"*8!,5=,.02"1*,Y!127.(!,.2,!1L!US;!/.#"0.,!@"27!H"!T,.02"1*!3%3%:V!1(!?<!T,.02"1*!

3%3%EV!.<.02(1/.,!)(.!=(".L<D!/.61*,2()2./!016-)("*8!@"27!27.!H)+/.#"0.%!H7.!/.#"0.,!7)#"*8!$A+

*6+! 27"0X! H)!B"+!! @.(.! -(.-)(./! )<,1! #")! -7121<"2718()-7D! -)22.(*"*8%! ?*)<18! ,@"207"*8!

0)-)="<"2".,!@.(.!01*L"(6./!1*!27.!27(..!/.#"0.,!@7"<.!*12)=<.!<1*8+2.(6!07)()02.(",2"0!07)*8.,!

@.(.!L15*/%!

•! T;6%"0"<B1%/"9"-.<.$.68%

?,!)!,0)#.*8"*8!.<.02(1/.Y!H"!/.#"0.,!)<,1!,71@./!,500.,,L5<!)*)<18!,@"207"*8!=.7)#"1(,!),!

,71@*! "*! L"85(.,! 3+$$T)VY! T=VY! )*/! T0V! L1(! <56&$! 1L! AtY! &At! )*/! 3AtY! (.,-.02"#.<D%! H7.!

6.),5(.6.*2,!@.(.!/1*.!)L2.(!&!715(,!L(16!27.!/.-1,"2"1*!1L!27.!H"!.<.02(1/.Y!0<.)(!65<2"+<.#.<!

(.,",2)*0.!,2)2.,!0)*!=.!1=,.(#./%!P"85(.,!3+$$!T=VY!T0V!,71@,!/",2"*85",7)=<.!)*)<18!=.7)#"1(,!

27)2! @.(.! /"LL.(.*2! L(16! 27.! H)! )*/! S5! /.#"0.,%! B*<D! <1@.(! #1<2)8.! @),! *.././! 21! )07".#.!

(.<)2"#.<D!7"87![KG!L1(!27.!01*/"2"1*,%!?*/!27.!$0$1%!@),!)<,1!7"87.(!27)*!H)%!H7",!6)D!,588.,2!

27.!1CD8.*!#)0)*0D!(.)02"1*,!@.(.!.),".(!27)*!H)mH)!B"!,D,2.6,%!B*!27.!127.(!7)*/Y!At!/.#"0.!

1*<D!,71@./!)!,@"207"*8!=.7)#"1(! 27)2!7)/!)!,6)<<!@"*/1@%!?<271587!27.!H"! ",!)!,0)#.*8"*8!

.<.02(1/.! <"X.! H)Y! 27.! /",2"*85",7)=<.! 07)()02.(",2"0,! @.(.! 2715872! 21! /5.! 21! 27.! /"LL.(.*2!

61#.6.*2,!1L!1CD8.*!#)0)*0".,%!

!
!"#$%&'.)((*!C+%!)')=.*!/%+)B#.&!.$!(+%!(+&%%!C#!3%B#,%-!$)/&#,)(%3!G#(+!(+%!-)0%!,.'3#(#.'-!(.!(+%!C)!

)'3!A>!3%B#,%-;!C+%!#-#$G)-!$#N%3!(.!6E'0!)'3!,123-!G)-!,+)'*%3!$&.0!Et!5):L!DEt!5/:!)'3!FEt!5,:;!A=%)&!

)')=.*!/%+)B#.&-!G%&%!./-%&B%3!#'!(+%!(+&%%!3%B#,%-!G#(+!-#*'#$#,)'(!3#$$%&%',%-!(.!(+%!C)!)'3!A>!3%B#,%-;!!

•! T;6%<B01C$6#4%/;"#"/$6#.8$./8%

b*<"X.!27.!H)!,0)#.*8"*8!.<.02(1/.Y!H"!,71@./!)!0<.)(!2"6.!/.-.*/.*0D!1*!27.!07)()02.(",2"0,%!

?,!,71@*!"*!L"85(.!3+$&Y!27.!"*"2")<!(.,",2)*0.!@),!6.),5(./!L1(!)!0.(2)"*!2"6.!1L!/5()2"1*%!O*!27.!

"*2.(#)<,Y!27.!/.#"0.,!@.(.!X.-2!"*!)!/.756"/"L"./!0),.!)2!KH%!H7.!7./.!@),!,<"872<D!07)*8./!L1(!
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27.!At!)*/!&At!/.#"0.,%!S<.)(! 2(.*/!1L!/.0(.),"*8!7./.!@),! L15*/! "*!3At!/.#"0.%!H7",!6)D!

,588.,2!27.!.<.02(1/.!1C"/)2"1*!@),!6507!,2(1*8.(!"*!,507!1CD8.*+("07!.*#"(1*6.*2%!

?<271587!27.!7./.*1L!27.!At!)*/!&At!/"/!*12!07)*8.!,"8*"L"0)*2<DY!27.!,@"207"*8!=.7)#"1(,!

0<.)(<D!/.8()/./!@"27!2"6.%!?,!,71@*!"*!L"85(.!3+$:Y!)<271587!27.!/.#"0.,!@.(.!)=<.!21!,71@!

7"87!7./.!)L2.(!@..X,!1L!L)=("0)2"1*Y!27.!,@"207"*8!=.7)#"1(,!@.(.!6507!/"LL.(.*2%!O*!L"85(.!3+

$:T)V+T0VY!)L2.(!@..X,!1L!L)=("0)2"1*Y!27.!)*)<18!,@"207"*8!@"*/1@,!@.(.!,6)<<.(!/.,-"2.!27.D!

,2"<<! ,71@! 27.! ,@"207"*8! 0)-)="<"2".,%! O*! L"85(.! 3+$:T/V+TLVY! )L2.(! :! 61*27,! 1L! L)=("0)2"1*Y! )<<!

/.#"0.,!@.(.!*12!)=<.!21!,@"207!)2!)<<%!Z.!,-.05<)2.!27.!,0)#.*8"*8!.LL.02!=.7)#"*8!,2(1*8<D!"*!

27.!H"mH)!B"!,D,2.6%!!

!
!"#$%&'.)(+*!C+%!=.'*H(%&0!#'$=>%',%!.'!(+%!8'('$.$!$)/&#,)(%3!3%B#,%;!42%,#$#,!3%B#,%-!G%&%!%N,=>3%3!

$&.0!)')=.*!/%+)B#.&!0%)->&%0%'(-!)'3!.'=1!>-%3!$.&!(+%!8'('$0%)->&%0%'(-;!

!
!"#$%&'.)(,*!C+%!=.'*H(%&0!#'$=>%',%!.'!(+%!)')=.*!/%+)B#.&-!.$!$)/&#,)(%3!C#!3%B#,%;!5):H5,:!-+.G-!

(+%!,+)&),(%&#-(#,-!G%%I-!)$(%&!(+%!$)/&#,)(#.';!53:H5$:!-+.G!(+%!,+)&),(%&#-(#,-!_!0.'(+-!)$(%&!(+%!$)/&#,)(#.';!



! 9:!

I"I"A"!;9.10+.,9,/1%0-,.

?<!21-!.<.02(1/.!@),!)<,1!2.,2./!L1(!27.!)*)<18!0)-)="<"2".,%!?,!,71@*!"*!L"85(.!3+$E!T)V+T0VY!

27(..! 01*/"2"1*./! <56&$! /.#"0.,! ,71@./! )*)<18+<"X.! =.7)#"1(,! 1*! 27.! (.,.2! ,"/.%! [1@.#.(Y! 27.!

,@"207"*8!@"*/1@,!@.(.! ,6)<<Y! )*/! 27.!05((.*2!07)*8.,!@.(.!5*,2)=<.%!?<271587!)*)<18+<"X.!

(.,.2!=.7)#"1(!1005((./!"*!27.!&At!/.#"0.Y!27.!,2..-!05(#.!015</!*12!=.!)--<"./!L1(!27.!L5*02"1*)<!

)*)<18!=.7)#"1(%!?,!@.!/",05,,./!"*!27.!<),2!-)(2!1L!07)-2.(!EY!27.!27"0X*.,,!1L!27.!?<!B)!"*2.(<)D.(!

6"872!=.!)<2.(./!=D!27.!n15<.!7.)2!0)5,./!=D!27.!,@"207"*8!05((.*2%!H7.!07)()02.(",2"0,!,71@*!

7.(.! 0)*! =.! 01*,"/.(./! /5.! 21! 27.! (.),1*%! H7.! 5*,2)=<.! 27"0X*.,,! 07)*8.! 0)5,./! 27.! 05((.*2!

07)*8.,!@.(.!"*!5*,2)=<.!,2)2.,%!B*!27.!127.(!7)*/Y!<1*8+2.(6!07)()02.(",2"0,!/"/!*12!07)*8.!6507!

L1(!27.!?<!/.#"0.!),!,71@*!"*!L"85(.!3+$ET/V+TLV%!

!
!"#$%&'.)(-*!C+%!=.'*H(%&0!#'$=>%',%!.'!(+%!)')=.*!/%+)B#.&-!.$!$)/&#,)(%3!?=!3%B#,%;!5):H5,:!-+.G-!

(+%!,+)&),(%&#-(#,-!&#*+(!)$(%&!(+%!$)/&#,)(#.';!53:H5$:!-+.G-!(+%!,+)&),(%&#-(#,-!6!0.'(+!)$(%&!(+%!$)/&#,)(#.';!

5.6.!Discussion 

I"O"!"!K(1%'(*'/.0>?6,(.@&/&(/?./0(/,(1%&1'0(.PK=QNR.

'D!5,"*8!,1-7",2"0)2./<D!L)=("0)2./!/.#"0.!)2!*)*16.2.(!,0)<.,Y!@.!0)*!L"(,2!/",05,,!27.!OBUS!

27)2!7)/!=..*!61/"L"./!"*!07)-2.(!E!)*/!07)-2.(!3!M5)*2"2)2"#.<D%!H)!B"+!!<)D.(,!T3A!*6V!@.(.!

L)=("0)2./! ,.-)()2.<D! 1*! ,"<"01*! @)L.(,! @"27! 27.! 27(..! /"LL.(.*2! OBUS! 5,./! "*! 27",! @1(X! )*/!

.#)<5)2./! =D! w+()D! -7121.<.02(1*! ,-.02(1,01-D! TwFGV%! H7.! (.,5<2,! @.(.! *12! /",2"*85",7)=<.!
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)61*8! 27.! /"LL.(.*2! 01*/"2"1*,%! ?,! ,71@*! "*! L"85(.! 3+3T=VY! ,D66.2("0! H"4mH)!B"+!mH"4!

,2(5025(.,!,71@./!()-"/!(.,",2)*0.!"*0(.6.*2!),!27.!/.0(.),.!1L!OBUS%!O*!L)02Y!<"2.()25(.,!7)#.!

(.-1(2./!27)2!27.!2)*2)<56!,5=1C"/.!(.,",2"#"2D!7),!*1*+<"*.)(!01((.<)2"1*!@"27!1CD8.*!-(1-1(2"1*!

]$AY!$$^%!K.,5<2,!"*!(.L%!$$!0)*!,588.,2!01*#.(2"*8!27.!"*"2")<!(.,",2)*0.,!,71@*!"*!L"85(.!3+3T0V%!

H7.!-(",2"*.!OBUS!"*!27.!,D66.2("0!,2(5025(.!0)*!=.!(1587<D!.,2"6)2./!21!=.!1*!27.!1(/.(,!1L!

$A!@!06,)x!�!:%A!p!$A!@*06,)!L1(!7"87!OBUS!)*/!�!$%&!p!$A!@!06,)*L1(!6./"56!OBUSY!(.,-.02"#.<D%!

H7.,.!.,2"6)2"1*,!"6-<D!27)2!27.!,21"07"16.2("0!*56=.(!(.)<"W./!"*!27",!@1(X!,715</!"*!)!()*8.!

1L!A!�!;!�!A%AE!"*!H)!B",!%!H7.!(.,5<2,!"*/"0)2.!27)2!27.!OBUS!61/5<)2"1*,!/5("*8!,-522.("*8!7)/!

1*<D!/1*.!/.<"0)2.!07)*8.,!21!27.!"*,5<)21(,Y!@7"07!6)D!*12!21!=.!"/.*2"L"./!=D!15(!wFG!)*)<D,",Y!

71@.#.(Y!*12)=<D!)<2.(./!7./.!(.,5<2,!@.(.!)=<.!21!/",-<)D!27.!/.<"0)2.!L"<6!61/5<)2"1*,%!

I"O"#"!D5,.&%1'G'/'&9.*?(&+*,.%,&9'S&:'9'1?...

[.(.Y! 27.! )(2"L"0")<! ,D*)-,.! (.)<"W)="<"2".,! 1L! 27.! L)=("0)2./! /.#"0.! @.(.! =(".L<D! /",05,,./%!

'5<<.2!<)D152!@"<<!=.!5,./!L1(!)!0<.)(.(!#".@%!

! ! )#!*+,!-&-.*/+0-!
(!?+&=$&>-#@(
! ! 41!/.8()/)2"1*,!/5("*8!"*"2")<"W)2"1*%!
! ! ["87!(.)<"W)="<"2D!1*!27.!)*)<18!=.7)#"1(%!
! ! K.<)2"#.<D!7"87![KG%!

A*#&?+&=$&>-#@(
! ! H7.!07)()02.(",2"0,!@.(.!5*,2)=<.%!
! ! G.*,"2"#.!21!27.!L)=("0)2"1*!01*/"2"1*,%!

! ! 1'!*+,!-&-.*/+0-!
!?+&=$&>-#@(
! ! K.)<"W"*8!27.!)*)<18!=.7)#"1(!@"27!(.<)2"#.<D!7"87![KG%!

A*#&?+&=$&>-#@(
! ! Q1*8+2.(6!/.8()/)2"1*%!

! ! 2&!*+,!-&-.*/+0-!
!?+&=$&>-#@(
! ! K.)<"W"*8!27.!)*)<18!=.7)#"1(!"*!<"6"2./!01*/"2"1*%!

A*#&?+&=$&>-#@(
! ! H7.!05((.*2!07)*8.!@),!*12!,2)=<.%!

! ! 1$!*+,!-&-.*/+0-!
!?+&=$&>-#@(
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! ! K.<)2"#.<D!7"87!(.)<"W)="<"2D!1*!27.!)*)<18!=.7)#"1(%!
! ! '.7)#"1(!,"6"<)("2".,!=D!27.!"*"2")<"W)2"1*,%!
! ! ["87!01*2(1<<)="<"2D%!

A*#&?+&=$&>-#@(
! ! K.<)2"#.<D!<1@![KG%!

?,!<",2./!)=1#.Y!.#.(D!.<.02(1/.!7),!/",2"*85",7)=<.!07)()02.(",2"0,!)*/!7),!"2,!1@*!/"LL.(.*2!

)/#)*2)8.,!)*/!/",)/#)*2)8.,%!?*)<18!=.7)#"1(!@),!(.)<"W./!"*!)<<!,.<.02./!6)2.(")<,!)*/!L1(!27.!

-()02"0)<!)--<"0)2"1*,Y!1*.!,715</!,.<.02!27.!6)2.(")<!016="*)2"1*!0)(.L5<<D%!O*!27.!*.C2!-)(2!1L!

,25/DY!@.!,.<.02./!H)!=.0)5,.!"2,!7"87!01*2(1<<)="<"2D%!H7.!(.<)2"#.<D!<1@![KG!@),!)<,1!.C-.02./!

21!=.!,1<#./!=D!/"LL.(.*2!L"<6!016-1,"2"1*%!

5.7.!Conclusions 

O*!27",!07)-2.(Y!27.!)*)<18!=.7)#"1(,!5,"*8!27.!,)6.!,0)#.*8"*8!.<.02(1/.!6)2.(")<,!"*!27.!<),2!

07)-2.(!@.(.!"*#.,2"8)2./%!H1!8"#.!)!016-)(",1*!21!2D-"0)<!US;!61/.<Y!S5!),!)*!NS;!61/.<!

@),!)<,1!2.,2./%!H7.!(.,-.02"#.!"*"2")<!,2)2.,!"*L<5.*0./!27.!,5=,.M5.*2!)*)<18!=.7)#"1(,%!P1(!H)+

=),./!US;Y!)*)<18!07)()02.(",2"0,!0)*!=.!1*<D!(.)<"W./!1*<D!@"27!0.(2)"*!016="*)2"1*,!1L!#$(!)*/!

<56&$%!H7.!"*"2")<"W)2"1*!5*"L"./!27.!L5*02"1*)<!/.#"0.,!"*21!)!,"6"<)(!,@"207"*8!@"*/1@%!P1(!S5+

=),./! NS;Y! )*)<18! 07)()02.(",2"0,! @.(.! )<61,2! (.)<"W./! @"27! .*2"(.! 6)2("C! 1L! /.#"0.%! H7.!

"*"2")<"W)2"1*!@),!*12!61/"LD"*8!27.!L1<<1@"*8!,@"207"*8!=.7)#"1(,!)*/!/.#"0.,!,71@./!5*,2)=<.!

,@"207"*8! 05((.*2! /.,-"2.! 1L! 27.! 7"87.(! [KG%! P1(! H"+=),./! US;Y! )*)<18! =.7)#"1(,! @.(.!

,500.,,L5<<D! L5<L"<<./! <"X.! @.! -(./"02./%! [1@.#.(Y! 27.! <1*8+2.(6! 07)()02.("W)2"1*! ,71@./!

,-1*2)*.15,! /.8()/)2"1*,! 21! 27.! /.#"0.,%! P1(! ?<+=),./! US;Y! )*)<18+<"X.! =.7)#"1(,! @.(.!

-(.,.*2./%! H7.! 5*,2)=<.! 05((.*2! 07)*8.! @),! *12! 01*,"/.(./! 21! L5<L"<<! 27.! (.M5"(.6.*2! 1L! )*!

)(2"L"0")<!,D*)-,.%!

5.8.!Relating to the next part… 

O*! 07)-2.(! E! )*/! 07)-2.(! 3Y! )! 8(15*/@1(X! L1(! -(./"02"*8! 27.! ,@"207"*8! 0)-)="<"2".,! @),!

.,2)=<",7./%!H7(..!US;!,0)#.*8"*8!.<.02(1/.,!)*/!1*.!NS;!)02"#.!.<.02(1/.!@"27!2@1!X"*/,!1L!

-)22.(*"*8!6.271/,!@.(.!,25/"./%!N#.(D!.<.02(1/.!7)/!5*"M5.!)/#)*2)8.,!)*/!/",)/#)*2)8.,!"*!

27.!,@"207"*8!=.7)#"1(,%!N"27.(!5*,2)=<.!05((.*2!1(!1=#"15,!/.8()/)2"1*!@.(.!L15*/!H"Y!?<!)*/!

S5!.<.02(1/.,Y!@7"07!2715872!21!=.!7)(/!21!1#.(016.!@"27!27.!05((.*2!/.#"0.!-<)2L1(6%!F(.0",.!
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05((.*2!01*2(1<!=D!27.!2()*,",21(,!6)D!=.!*.././!L1(!27.!811/!07)()02.(",2"0,%!B*!27.!127.(!7)*/Y!

H)! ,71@./! L)=("0)2"1*! "*/.-.*/.*0D! 1*! 27.! )*)<18! =.7)#"1(%! O*! 127.(! @1(/,Y! =."*8! *12! 211!

,.*,"2"#.!21!27.!L)=("0)2"1*!01*/"2"1*,Y!),!<1*8!),!27.!L)=("0)2"1*!01*/"2"1*,!@.(.!,.2!"*!27.!("872!

()*8.,Y!27.!)*)<18!=.7)#"1(,!015</!=.!(.)<"W./%!H7",!-)(2"05<)(!-(1-.(2D!",!-.(L.02<D!)/.M5)2.!21!

27.!05((.*2!?44!,D,2.6%!O2!015</!=.!#.(D!7)(/!L1(!1*.!21!5*"LD!27.!M5)<"2".,!1L!6"<<"1*,!1L!6.61(D!

/.#"0.! 1*! 1*.! 07"-%! H)mH)!B"! 6.61(".,! 0)*! 61/"LD! 27.6,.<#.,! 21! )! ,"6"<)(! ,2)2.! .#.*! 27.!

L)=("0)2"1*!M5)<"2D!7)/!,6)<<!L<5025)2"1*,%!O*!27.!*.C2!07)-2.(Y!1-.()2"1*!1-2"6"W)2"1*!5,"*8!27.!

H)mH)!B"!,D,2.6!@"<<!=.!/",05,,./!21!)07".#.!7"87.(!,@"207"*8!-.(L1(6)*0.!21!(.)<"W.!27.!=()"*+

<"X.!GHIF!07)()02.(",2"0,%!

5.9.!References 

O6P! a>g>0L!";L!l>L!4;!]!K+#=#2!R.'*L!Q;H4;!41')2(#,!%=%,(&.'#,-m!0)(%&#)=-L!3%B#,%-!)'3!)22=#,)(#.'-;!

E)(%#063(%*%!4!+-L!_JDEE6!5DE6_:;!

ODP! l)'*L! [;! [;L! 4(&>I.BL! ";! b;! ]! 4(%G)&(L! ";! X;! d%0&#-(#B%! 3%B#,%-! $.&! ,.02>(#'*;! E)#&'0+

E)(%#063!2L!6_ZD@!5DE6_:;!

O_P! 4#00.'-L![;!\;!]!^%&3%&/%&L!X;!X;!W%G!,.'3>,(#.'!)'3!&%B%&-#/=%!0%0.&1!2+%'.0%')!#'!(+#'!

#'->=)(#'*!$#=0-;!2'%67+87+9%67+:%(17+-!,1(L!99Z6ED!56789:;!

O@P! a)(->0>&)L!X;!0#+)*;!<B)=>)(#.'!.$!0>=(#=%B%=!)'3!)')=.*!0%0.&1!$>',(#.'!.$!&%-#-(#B%!&)'3.0!

),,%--!0%0.&1!>-#'*!C)hC)%Y&L!-I5#7+RR#3+-&#&@(+G00#7+$).(7+9%67+-..*7+23457+}D62HQ666H

@!5DE68:L!#'![)2)'%-%;!!

OFP! a#0L!R;!0#+)*7!S.G%&#'*!$.&0#'*!B.=()*%!)'3!$.&0#'*H$&%%!/%+)B#.&!.$!C)DYF!X%X?d!3%B#,%-;!

#'!VQOY+ZY#3+<&'%.0)(+9%*/1;9#)#0+=0F/60+8050)'63+D%(,0'0(60+A<99=<8DB!68@Z689!5DE68:;!

O8P! 4#'*+L!b;L!d%+()L!b;!X;L!^)&)'3)'#L!";L!^%&.'#,)!4)B>L!?;!]!b&>**%&L![;!A?Ud!#'B%-(#*)(#.'-!

.$! $#=)0%'()&1! ,.'3>,(#.'! #'! A>! %! Y! X%X?d! 3%B#,%-! $)/&#,)(%3! >-#'*! -(%',#=! =#(+.*&)2+1!

(%,+'#V>%;!E)(%#063(%*%!4!+,L!@7F9E9!5DE6D:;!

O9P! k+)'*L!4;!0#+)*7!X%-#-(#B%!-G#(,+#'*!,+)&),(%&#-(#,-!.$!d'Y!!$H/)-%3!X%X?d;!$7+23457+=>+-..*7+

23457!-+L!EFF66D!5DEE7:;!

OJP! Y+'.L!C;!]!4)0>I)G)L!4;!X%-#-(#B%!-G#(,+#'*!#'!)!$%G!')'.0%(%&-!(+#,I!()'()=>0!.N#3%!$#=0!

$.&0%3!/1!)!0%()=!.N#3)(#.';!-..*7+23457+:0##7!(1/L!69_66E!5DE6F:;!

O7P! ?//)-L!l;!0#+)*7!A.02=#)',%HU&%%L!"#*#()=!4<C!)'3!?')=.*!X<4<C!41')2(#,!A+)&),(%&#-(#,-!.$!

4>/HC)'()=>0!YN#3%!b)-%3!W%>&.0.&2+#,!"%B#,%;!96/+80.!2L!6DDJ!5DE6J:;!

O6EP! b.'3#L!X;![;L!"%-i)&=)#-L!d;!K;L!C+.02-.'L!?;!K;L!b&%''%,I)L!\;!S;!]!d)&#'%==)L!d;![;!<=%,(&#,)=!

,.'3>,(#B#(1! #'! .N1*%'H3%$#,#%'(! 2+)-%-! .$! ()'()=>0! 2%'(.N#3%! $&.0! $#&-(H2&#',#2=%-!

,)=,>=)(#.'-;!$%&'()*+%,+-..*/01+2345/65!((-L!DE_9E6!5DE6_:;!

O66P! K%&%B)=.BL!C;!^;!0#+)*7!<=%,(&.'#,!-(&>,(>&%!)'3!,+)&*%!(&)'-2.&(!#'!'.'-(.#,+#.0%(&#,!()'()=>0!

.N#3%;!E)(%#063(%*%!4!+3L!D8@EE6!5DE6J:;!
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)*&+$,%(B!!6&?0=(#8.$'*.6=(",*&2.0%(0+$.3.C&$.06#(

6.1.!Introduction 

P5*02"1*)<!)*)<18!=.7)#"1(,!/1!*12!*../!7)(/!L1(6"*8!)*/!27.!,.2!-(10.,,!@"27!7"87+-1@.(!

]$+:^%!?,!/",05,,./!"*!S7)-2.(!3Y!6"</!)*/!)/.M5)2.!-1@.(!"*i.02"1*!@"<<!0)5,.!27.!L5*02"1*)<!)*/!

,2)=<.!/.#"0.,!1-.()2"1*%!O*!27",!07)-2.(Y!27.!H)+/.#"0.!TUS;V!,71@"*8!,1L2!L1(6"*8!",!5,./!),!

)*!.C)6-<.Y!)*/!6.271/,!21!1-2"6"W.!27.!-1@.(!"*i.02"1*!",!/",05,,./!21!(.)<"W.!27.!,2)=<.!)*)<18!

1-.()2"1*%!B*.!1L!27.6!",!"*,.(2"1*!1L!27.!05((.*2!<"6"2.(!<)D.(!"*!27.!/.#"0.%![.(.Y!)!27"*!G"B!!

@),!"*#.,2"8)2./Y!)*/!27.!)*)<18!=.7)#"1(!@),!(.)<"W./!1*!=127!27.!,.2!)*/!(.,.2!,"/.!"*!27.!!"$!

,@"207"*8!0D0<.,%!O*!)//"2"1*Y!"6-1(2)*0.!1L!27.!,.2!05((.*2!)*/!27.!(.,.2!#1<2)8.!@),!"*#.,2"8)2./%!

GD,2.6)2"0)<!)/i5,26.*2!1L!27.,.!2@1!,@"207"*8!-)()6.2.(,!)07".#./!=.22.(!/.#"0.!/5()="<"2D%!'D!

(.L.(.*0"*8! 27.!1-2"6"W./! !"$! 07)()02.(",2"0,Y! )*)<18!=.7)#"1(,!5,"*8!#1<2)8.!-5<,.,!015</!=.!

6)*)8./Y!)*/!27.!GHIF!07)()02.(",2"0,!015</!=.!,500.,,L5<<D!/.61*,2()2./!5,"*8!-(.+!)*/!-1,2+

,D*)-,.!-5<,.!,"8*)<,!21!27.!/.#"0.%!

6.2.!Device fabrications and measurement 

H7.!/.#"0.!L)=("0)2"1*!-(10./5(.,!@.(.!=),"0)<<D!27.!,)6.!),!27.!6.271/!,71@./!"*!07)-2.(!

3%!?L2.(! 27.!KON!)*/!=.L1(.! 27.!/.-1,"2"1*!1L! 27.!H)!B"! L"<6Y!)!G"B!! 27"*! L"<6!T_$%&*6V!@),!

/.-1,"2./!1*! 27.!H"4!=12216!.<.02(1/.%![.(.Y! 27.!/.-1,"2"1*!1L! 27.!G"B!! L"<6!@),!-.(L1(6./!

5,"*8!@.<<!01*2(1<<./!/.-1,"2"1*!()2.!TA%$!*6m,V!.#)<5)2./!#")!Ä+,2.-!6.),5(.6.*2,!1L!,.-)()2.<D!

-(.-)(./!27"0X!G"B!!L"<6,!T/.-1,"2"1*!2"6.j!:A!6"*52.,V%!P1(!5*"L1(6"2D!1L!27.!L"<6Y!27.!,5=,2()2.,!

@.(.!(12)2./!T2D-"0)<<D!3!(-6V!/5("*8!/.-1,"2"1*%!

?,!/.,0("=./!.)(<".(Y!27.!H)mH)!B"!,2(5025(.!@),!071,.*!=.0)5,.!1L!27.!-12.*2")<!(.)<"W)="<"2D!

1L!27.!)(2"L"0")<!,D*)-,.%!H7.!01*/"2"1*!1L!27.!H)!B"!/.-1,"2"1*!@),!#$(!`!$A!*6!)*/!<56&$!`!3At!

=.0)5,.!"2!,71@./!(.<)2"#.<D!,2)=<.!,@"207"*8!07)()02.(",2"0,!)*/!7"87![KG!"*!07)-2.(!3%!

6.3.!Basic characteristics 

O*!27",!,.02"1*Y!,16.!=),"0!07)()02.(",2"0,!)(.!016-)(./!=.2@..*!27.!/.#"0.,!@"27!1(!@"27152!

27.!27"*!G"B!!<)D.(!T6)(X./!),!@m!1(!@m1!G"B!*"*!27.!L1<<1@"*8!/",05,,"1*V!21!,25/D!27.!.LL.02!1L!

27.!05((.*2!<"6"2.(!<)D.(%!
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O"7"!"!D5,.'('1'&9.*1&1,*.

O*! L"85(.! 9+$T)VY! 27.! "*"2")<! (.,",2)*0.! 7./.! 1L! 27.! J! o6! /.#"0.,! 1L! @m! )*/! @m1! G"B!! @.(.!

016-)(./%!?<271587!=127!,71@./!5*.#.**.,,!1*! 27.!#)<5.Y! 27.!6./")*!(.,",2)*0.!1L!@m!G"B!!

/.#"0.!",!)=152!E!2"6.,!7"87.(!27)*!27)2!1L!@m1!G"B!!/.#"0.%!H7",!,588.,2./!27.!"*,.(2"1*!1L!G"B!!

L"<6!,500.,,L5<<D!L5*02"1*./!),!)!,.(")<!(.,",21(!"*!27.!0"(05"2%!H7.!,@"207"*8!05((.*2!,715</!=.!

<"6"2./!=D!27.!L"<6%!H7.!L1(6"*8!!"$!05(#.,!)(.!016-)(./!"*!L"85(.!9+$T=V%!Z7"<.!27.,.!2@1!X"*/,!

1L!/.#"0.!T@m!)*/!@m1V!/"/!*12!,71@!/",2"*85",7)=<.!/"LL.(.*0.,Y! 27.!$A$1%!1L!@m!G"B!!/.#"0.,!

@.(.!,<"872<D!7"87.(!27)*!27)2!1L!27.!@m1!/.#"0.%!?L2.(!27.!L1(6"*8!1-.()2"1*Y!27.!7234!(.,5<2,!

@.(.!,566)("W./!"*!L"85(.!9+$T0V%!G"6"<)(!21!27.!7./.!(.,5<2,!"*!L"85(.!9+$T)VY!27.!-(1=)="<"2D!21!

)07".#.!<)(8.(!7234!@),!7"87.(!"*!@m!G"B!!/.#"0.,!271587!27.!5*.#.**.,,!@),!"*0(.),./%!H7.!

7"87+-1@.(! L1(6"*8! 65,2! =.! L5(27.(! )#1"/./! =D! 05((.*2! <"6"2)2"1*! /5.! 21! 27"*! G"B!%! ?,!

/.61*,2()2./! 7.(.Y! "*,.(2"1*! 1L! 27"*! G"B!! <)D.(! ",! .LL.02"#.! 21! )07".#.! ,1L2+L1(6"*8! ,71@"*8!

,5=,.M5.*2!)*)<18!1-.()2"1*%!

!
!"#$%&'/)(*!C+%!%=%,(&#,)=!2&.2%&(#%-!,.02)&%3!/%(G%%'!(+%!Gh!)'3!Gh.!4#Y%!3%B#,%-!5$!J!00:!.$!G+#,+!

(+%!3)()!)&%!3&)G'!G#(+!*&%%'!)'3!.&)'*%!,.=.&-L!&%-2%,(#B%=1;!5):!8'('!/%,)0%!-=#*+(=1!+#*+%&!/1!#'-%&(#.'!

.$!(+%!4#Y%!=)1%&;!5/:!C+%!$.&0#'*!,>&B%-!.$!(+&%%!Gh!4#Y%!3%B#,%-!)'3!.'%!Gh.!4#Y%!3%B#,%;!G+%&%!(+%!

$.&0%&!3%B#,%-!-+.G%3!-=#*+(=1!+#*+%&! $.&0#'*!B.=()*%!U4-.!;! 5,:!8)*+!)$(%&! #'#(#)=#g)(#.';!C+%!Gh!4#YD!

3%B#,%-!*)B%!=)&*%&!8)*+!#'-(%)3!.$!+#*+%&!U4-.!;!

O"7"#"!D5,.&(&906.*<'1/5'(6.:,5&@'0%*.

?L2.(!27.!L1(6"*8!1-.()2"1*Y!0D0<"0!!"$!,.2+(.,.2!1-.()2"1*,!@.(.!-.(L1(6./!21!"*#.,2"8)2.!27.!

,@"207"*8!=.7)#"1(,%!?,!)<(.)/D!,71@*!"*!07)-2.(!3Y!27.!@m1!G"B!!/.#"0.,!,71@./!)=(5-2!,.2!)*/!

8()/5)<!(.,.2%!B*!27.!127.(!7)*/Y!27.!@m!G"B!!/.#"0.,!2.*/./!21!,71@!27.!8()/5)<!05((.*2!07)*8.!

,2)(2"*8!)L2.(!)!,6)<<!)=(5-2!,.2!T)*!)((1@!"*!L"85(.!9+&T)VV%!H71587!6)*D!1L!27.!$;<!(.,.2!,71@./!
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)=(5-2!i56-,Y!,5=,.M5.*2!1-.()2"1*,!2.*/./!21!=.!8()/5)<!),!"*!27.!@m1!G"B!!/.#"0.%!!'D!"*,.(2"1*!

1L!27.!G"B!!<)D.(Y!8()/5)<!(.,",2)*0.!,@"207"*8!015</!=.!)07".#./!"*!=127!,.2!)*/!(.,.2!1-.()2"1*,%!

'.0)5,.!1L!27",!-7.*16.*1*Y!27.!)*)<18!,.2!)*/!27.!)*)<18!(.,.2!@),!-1,,"=<.!),!,71@*!"*!L"85(.!

9+&T=V%!O*!27",!8()-7Y!9!/"LL.(.*2!(.,",2)*0.!,2)2.,!)(.!/.61*,2()2./!"*!27.!,.2!1-.()2"1*%!O*!L"85(.!

9+:Y!27.!(.,",2)*0.!,2)2.,!@.(.!-<122./!),!)!L5*02"1*!1L!27.!,21-!#1<2)8.!"*!.)07!0D0<.Y!@7.(.!.((1(!

=)(,!/.*12.!27.!,2)*/)(/!/.#")2"1*!1L!)=152!$A!"*/"#"/5)<!/.#"0.,%!?,!.C-.02./!L(16!L"85(.!9+

&T=VY!8()/5)<! (.,",2)*0.! ,2)2.,!)(.!0<.)(<D! ,..*! "*!=127! ,.2! )*/! (.,.2!-(10.,,.,!1L! 27.!@m!G"B!!

/.#"0.,%!H7.!)--.)()*0.!1L!27.!8()/5)<!,.2!,2)2.,!65,2!=.!0)5,./!=D!27.!,1L2+,.2!1005((./!"*!27.!

@m!G"B!!/.#"0.,Y!@7"07!015</!*12!=.!)07".#./!"*!27.!@m1!G"B!!/.#"0.,%!P5(27.(!1-2"6"W)2"1*!1L!

27.!,@"207"*8!#1<2)8.!)*/!05((.*2!,715</!=.!-.(L1(6./!21!61(.!-(.0",.!01*2(1<!1L!27.!65<2"+<.#.<!

(.,",2)*0.!,2)2.!T1(!)*)<18!1-.()2"1*V%!

!
!"#$%&'/)+*!5):!DE!(#0%-!,.'-%,>(#B%!C;U!-G%%2!,1,=%-!)'3!5/:!(+%!)')=.*!/%+)B#.&-!.'!(+%!-%(!.$!(+%!

3%B#,%-!G#(+!4#Y%!#'-%&(%3;!

!
!"#$%&'/),*!C+%!)')=.*!&%-#-()',%!-()(%-!,.02)&#'*!(+%!3%B#,%-!G#(+!4#Y%!)'3!G#(+.>(!4#Y%;!
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H7.! L.)25(.,! 1L! 27.! 2@1! /.#"0.,! )(.! 016-)(./! "*! 2)=<.! 9+$%! O*,.(2./! G"B!! @.)X.*./! 27.!

L"<)6.*2!L1(6)2"1*!8"#"*8!61(.!01*L"85()=<.!L"<)6.*2!@"27!8()/5)<!05((.*2!07)*8.%!Z"27152!27",!

05((.*2! <"6"2.(! G"B!Y! 27.! 01*L"85()=<.! (.,",2)*0.! ,2)2.,! )(.! =.016.! L.@.(! =.0)5,.! 27.!

07)()02.(",2"0,!)<@)D,!01*2)"*!()-"/!05((.*2!i56-,!/5("*8!,.2!,@..-,%!

[.(.Y!27.!"*"2")<!,2)2.,!)*/!27.!L1<<1@"*8!(.,.2!07)()02.(",2"0,!)(.!=(".L<D!/",05,,./!5,"*8!61/.<!

"<<5,2()2"1*,! "*! L"85(.! 9+E%! P"(,2<DY! 27.! L"<)6.*2! )<2.()2"1*,!1L![KG! )*/!QKG! )(.! 016-)(./! "*!

L"85(.,!9+E!T)Y!=V!)*/!T0Y!/V%!'.0)5,.!27.![KG!(.,",2)*0.,!@.(.!6507!<1@.(!27)*!7./.Y!"2!0)*!=.!

0.(2)"*<D!,5--1,./!27)2!27.!,500../"*8!(.,",2"#.!,@"207"*8!=.7)#"1(,!1005((./!1*!27.!-<)2L1(6!1L!

27.! "*"2")<! L"<)6.*2! ,2(1*8<D! L1(6./! 27(1587! 27.! "*,5<)21(! /5("*8! 27.! L1(6"*8! -(10.,,%! H7.!

/"LL.(.*0.!=.2@..*!@m!)*/!@m1!G"B!!/.#"0.,!65,2!=.!0)5,./!=D!27.!,2(.*827!1L!27.!L"<)6.*2!),!

,71@*!"*!L"85(.,!9+E!T)V!)*/!T0V%!H7.!"*"2")<<D!8(1@*!L"<)6.*2!",!2715872!21!=.!27"**.(!"*!27.!@m!

G"B!!/.#"0.!27)*!27)2!"*!27.!@m1!G"B!!/.#"0.!=.0)5,.!1L!05((.*2!<"6"2)2"1*!=D!27.!G"B!!<)D.(%!O*!

L"85(.!9+E! T=V+T/VY! 27.! L"<)6.*2! ,2)2.,!1L![KG!)(.! "<<5,2()2./! 21! ,71@! 27.!-1,,"=<.! /.,2(502"1*!

01*/"2"1*,!)L2.(!(.,.2!-(10.,,.,%!H7.!/.2)"<./!L"<)6.*2!,2)2.,!/5("*8!27.!)*)<18!,@"207"*8!@"<<!=.!

/",05,,./!<)2.(!"*!27",!07)-2.(%!

T"-<6%@C&!H7.!016-)(",1*,!1L!27.!L"<)6.*2!L1(6)2"1*!L1(!2@1!X"*/,!1L!/.#"0.%!

!



! R$!

!
!"#$%&' /)-*! `==>-(&)(%3! 0.3%=-! $.&! (+%! (G.! I#'3-! .$! 3%B#,%! ,.'-#3%&#'*! (+%! $.&0#'*! 2.G%&;! C+%!

0.B%0%'(-!.$!.N1*%'!)(.0-!G%&%!.0#((%3L!G+#,+!G%&%!,.'-#3%&%3!)-!(+%!-)0%!-+.G'!#'!$#*>&%!@H_;!

O"7"7"!K)1.*&4+9'(6.,>+,%'4,(1.

?,! 27.! 27"(/! =),"0! 07)()02.(",2"0Y! !"#! ,)6-<"*8! .C-.("6.*2,! T2"6.+/.-.*/.*2! (.,",2)*0.!

.#1<52"1*!5*/.(!01*,2)*2!#1<2)8.!)--<"0)2"1*V!@.(.!-.(L1(6./!21!1=2)"*!,16.!"*L1(6)2"1*!)=152!

27.!01*/"2"1*!L1(!27.!-5<,.!1-.()2"1*,%!'127!27.!L1(6"*8!T"*"2")<"W)2"1*V!)*/!27.!,.2!-(10.,,.,!@.(.!

"*#.,2"8)2./%!!

P"85(.!9+3T)V!",!)*!.C)6-<.!1L!27.!L1(6"*8!-(10.,,%!O2!(.M5"(./!27.!#1<2)8.!7"87.(!27)*!r&%9!

U! 21! 0)5,.! 27.! (.,",2)*0.! 07)*8.%! d()/5)<! 01*/502)*0.! 07)*8.! @),! "/.*2"L"./! =D! )--<D"*8!

01*,2)*2!#1<2)8.!1L!r&%9!UY!@7.(.!(.,",2)*0.!07)*8.!@),!L(16!$!dy!21!&!;y%!H7.!(.,",2)*0.!

@),!,)25()2./Y!)*/!*1!()-"/!05((.*2!i56-!"*/"0)2"*8!L"<)6.*2!L1(6)2"1*!27(1587!27.!"*,5<)21(!<)D.(!

015</! *12! )--.)(./! @"27"*! )! (.),1*)=<.! /5()2"1*%! 'D! "*0(.),"*8! 27.! #1<2)8.! 21! r&%R! UY! 27.!

(.,",2)*0.!=.0)6.!$!;y%!?L2.(!"*0(.),"*8!27.!#1<2)8.!21!r&%J!UY!27.!/.#"0.!,71@./!()-"/!"*0(.),.!

"*!(.,",2)*0.!@7.*!$A3A!,!7),!-),,./%!B*!27.!127.(!7)*/Y!/.#"0.,!"*"2")<"W./!@"27!!"$!,@..-,!0)*!

=.!.),"<D!,@"207./!=D!27.!!"#!,)6-<"*8!),!,71@*!"*!L"85(.!9+3T=V%!'D!)--<D"*8!01*,2)*2!rA%JU!



! R&!

="),!21!27.!/.#"0.Y!27.!/.#"0.!,@"207./!)2!>!,.01*/,Y!27)2!@),!6507!M5"0X.(!27)*!27)2!1L!L1(6"*8%!

H7.!8()/5)<!05((.*2!07)*8.!@),!)<,1!(.#.)<./!"*!27.!6.),5(.6.*2%!!

H7.!(.,5<2,!,71@*!7.(.Y!r&%J!U!T$0$1%V!)*/!rA%J!U!T$;6<VY!@.(.!2D-"0)<<D!)8(..!@"27!27.!!"$!

,@..-! -)()6.2.(,%! Z7"<.! (.,",2)*0.! /.0(.),.! /5.! 21! L"<)6.*2! 8(1@27! 1005((./! @"27! <1@.(!

#1<2)8.,!27)*!27.,.!#)<5.,Y!"2!100),"1*)<<D!,71@./!,)25()2"1*%!!H7.(.!65,2!=.!)!27(.,71</!#1<2)8.!

21!(.)<"W.!.LL.02"#.!L"<)6.*2!8(1@27!-.*.2()2"*8!27.!"*,5<)21(!@"27"*!)!(.),1*)=<.!-.("1/%!H7.,.!

#1<2)8.,!7.(.!6)D!L"2!21!27.!/.#"0.,!L)=("0)2./!"*!27",!@1(XY!)*/!L5(27.(!-5<,.!1-.()2"1*,!@.(.!

-.(L1(6./!5,"*8!#1<2)8.!)(15*/!27.,.!#)<5.,%!!

!
!"#$%&'/).*!C+%!(G.!%N)02=%-!.$!$.&0#'*!)'3!-%(!.2%&)(#.'-!(+)(!>-%3!`H(!-)02=#'*!>-#'*!(+%!Gh!4#Y%!

3%B#,%;!5):C+%!$.&0#'*!/%+)B#.&!/1!(+%!C;#!-)02=#'*;!?$(%&!(+%!$.&0#'*L!(+%!3%B#,%!G)-!#'!(+%!/&.I%'!-()(%;!

5/:?!-%(!.2%&)(#.'!/1!(+%!C;#!-)02=#'*!)$(%&!)!-G%%2H/)-%3!-%(H&%-%(!.2%&)(#.'-;!

O"7"A"!B39*,.&++9'/&1'0(*.

?,!/",05,,./!.)(<".(Y!27.!1*.+2"6.!)*)<18!,@"207"*8!0)-)="<"2".,!@.(.!-(1#./!=D!27.!01*,2)*2!

#1<2)8.!)--<"0)2"1*,%!H1!01*2(1<!27.!(.,",2)*0.!-(.0",.<D!)*/!21!8)"*!.,,.*2")<!/5()="<"2DY!-5<,.,!

@.(.!*.././!21!,.-)()2.!27.!!"#*07)()02.(",2"0,!"*21!/"LL.(.*2!(.,",2)*0.!,2)2.,%!?*/!=D!27.!"*2.(*)<!

05((.*2!<"6"2.(!"*!27.!6.),5(.6.*2!)--)()25,Y!27.!/.8()/)2"1*!0)*!=.!)<,1!)#1"/./%!

O*!27.!L1(6.(!,.02"1*,Y! "2!@),!,588.,2./!27)2! 27.!01*2(1<<)="<"2D!1L!)*)<18!1-.()2"1*!0)*!=.!

=.22.(!=D!"*,.(2"1*!1L!27"*!G"B!!<)D.(%!O*!27",!,.02"1*Y!27.!-5<,.!1-.()2"1*!",!/.61*,2()2./!5,"*8!

27.!@m!G"B!!/.#"0.,%!H7.!6.271/,!1L!-5<,.!)--<"0)2"1*!0)*!=.!L15*/!"*!L"85(.!:+$&%!H7.!5,./!

1-.()2"1*!-)()6.2.(,!)(.!),!L1<<1@,j!,2)(2+5-!2"6.!1L!$!6,Y!#1<2)8.!,5,2)"*!2"6.!1L!$!6,Y!,752+

/1@*!2"6.!1L!$!6,Y!)*/!"/<"*8!2"6.!1L!$!6,%!P1(!.#.(D!,.2!1(!(.,.2!-(10.,,Y!&AA!-5<,.,!@.(.!5,./%!



! R:!

H7.!(.)/!-5<,.!@),!L"C./!21!=.!<1@!TrA%A&UV!21!X..-!27.!6.61("W./!(.,",2)*0.%!H7.!#1<2)8.!1L!

L5*02"1*)<!-5<,.!",!6)(X./!"*!.)07!8()-7!1L!L"85(.!9+9%!

H7.! 9! 01*,.052"#.! -5<,.! =),./! )*)<18! =.7)#"1(,! @.(.! ,566)("W./! "*! L"85(.! 9+9%! H7.!

"*"2")<"W)2"1*!@),!-.(L1(6./!@"27!!"$!,@..-,%!'D!)--<D"*8!0)(.L5<<D!071,.*!#1<2)8.!-)()6.2.(,Y!

)*)<18!=.7)#"1(,!@.(.!)07".#./%!H7.!(.,",2)*0.,!)L2.(!.)07!-5<,.!)(.!,566)("W./!"*!L"85(.!9+R%!

!
!"#$%&'/)/*!C+%!*&)3>)=!,>&&%'(!,+)'*%!/1!-%(!2>=-%-!)'3!&%-%(!2>=-%-;!C+%!$>',(#.')=!2>=-%!,>&&%'(!

)22%)&-!(.!/%!,.'-()'(!/%,)>-%!.$!(+%!=#0#()(#.'!.$!(+%!)22)&)(>-!5.>(!.$!(+%!=#0#()(#.'!.$!,>&&%'(!-%'-#(#B#(1:;!

C+%!,>&&%'(!,.'(#'>%3!(.!,+)'*%!/1!=..I#'*!(.!(+%!&%)3!,>&&%'(;!C+%!,>&&%'(!=#0#(!G)-!$#N%3!(.!6E!0?;!

S<.)(<DY!8()/5)<!(.,",2)*0.!07)*8.,!@.(.!(.)<"W./!"*!15(!/.#"0.,%!I.,-"2.!1L!27.!5*.#.**.,,!

)61*8!.)07!)--<"0)2"1*Y!,@"207"*8!0)-)="<"2".,!27)2!61(.!27)*!$AAA!-5<,.,!@.(.!L5<L"<<./%![.(.Y!

27.! 5*.#.**.,,! )--.)(./! "*! 27.! 01*,.052"#.! 6.),5(.6.*2! ",! =(".L<D! /",05,,./%! ?,! 1=#"15,<D!

)--.)(./!"*!L"85(.!9+RY!27.!L"(,2!A%9!U!,.2!)*/!27.!,.01*/!A%9!U!,.2!-(1/50./!016-<.2.<D!/"LL.(.*2!

(.,",2)*0.!@"*/1@,%![.(.Y!27.!1-.()2"1*!@"*/1@!)*/!27.!-1,,"=<.!(.,",2)*0.!,2)2.,!65,2!07)*8.!

01*2"*515,<D!0)5,./!=D!27.!-(.#"15,!1-.()2"1*!-(10.,,%!H1!8)"*!,2)=<.!,@"207"*8!=.7)#"1(,Y!61(.!

-(.0",.!01*2(1<!1*!27.!1-.()2"1*!-)()6.2.(,!@15</!=.!*.0.,,)(D!),!-(./"02./!.)(<".(!"*!27",!27.,",%!



! RE!

!
!"#$%&'/)0*!C+%!&%)3#'*!&%-#-()',%!,+)'*%!/1!(+%!2>=-%!'>0/%&!$&.0!$#*>&%!8H8;!C+%!,.'3>,()',%!G)-!

,+)'*#'*!)')=.*.>-=1!G#(+!>'%B%''%--!/%(G%%'!%),+!)22=#,)(#.';!

6.4.!Systematic studying the parameters 

?,!,71@*!"*!,.02"1*!9%:Y!"*,.(2"1*!1L!27.!G"B!!05((.*2!<"6"2.(!<)D.(!(./50.,!27.!L1(6"*8!-1@.(!

)*/!8"#.,!811/!"*L<5.*0.!21!61/"LD!27.!,@"207"*8!=.7)#"1(,!(.)<"W"*8!)*)<18!1-.()2"1*!)<,1!"*!

27.!,.2!-(10.,,%!O*!27",!,.02"1*Y!21!2)X.!L5<<!)/#)*2)8.!1L!27.!7"87!01*2(1<<)="<"2D!8)"*./!=D!G"B!!

"*,.(2"1*Y!.LL1(2,!21!1-2"6"W.!27.!1-.()2"1*!-)()6.2.(,!)(.!.C-<)"*./!1*!27.!),-.02!1L!,.2!05((.*2!

T!#$%&j! 27.!016-<")*0.!05((.*2V!)*/! (.,.2!#1<2)8.! T+$%'(j!6)C"656!(.,.2!#1<2)8.V!),! ,71@*! "*!

L"85(.!9+J%!!

!
!"#$%&'/)2*!C+%! (G.!0.-(!%$$%,(#B%!2)&)0%(%&-! $.&! (+%!-%(!)'3! &%-%(!.2%&)(#.'-;! C5-!3! #-! (+%!,>&&%'(!

=#0#()(#.'!.'!(+%!-%(-!)'3!(+%!HU!"#!#-!(+%!0)N#0>0!B.=()*%!.'!(+%!&%-%(-;!



! R3!

O*!27.!2()/"2"1*)<!!"$!,@..-!6.),5(.6.*2,Y!27.!01*L"85()=<.!-)()6.2.(,!@.(.!<"6"2./!21!.)07!

1-.()2"1*%! P1(! 27.! ,.2! 1-.()2"1*,Y! 27.! 01*2(1<<)=<.! -)()6.2.(! ",! !#$%&! "*2(1/50./! =D! 27.!

6.),5(.6.*2!)--)()25,!T1(!,.(")<<D!01**.02./!2()*,",21(V!,"*0.!"2!",!7)(/!21!-(./"02!27.!2"6"*8!1L!

27.!05((.*2!i56-,%!?<271587!,16.!,25/".,!,71@./!27.!05((.*2!<"6"2!",!*12!.LL.02"#.!=.0)5,.!1L!27.!

1#.(,7112!-7.*16.*1*Y! 27",! <"6"2)2"1*!",!,2"<<!.LL.02"#.! 21!01*2(1<! 27.!,.2!-1@.(%!B*!27.!127.(!

7)*/Y!27.!)--<"0)=<.!-)()6.2.(!L1(!(.,.2!",!+$%'(!,"*0.!27.!05((.*2!<"6"2,!)(.!5,5)<<D!(.61#./%!O*!

27",! @1(XY! 27.! ,@..-! ()2.,! @.(.! L"C./! T&AA! 6Um,V! L1(! )<<! 1-.()2"1*,%! ?L2.(! 27.! "*"2")<"W)2"1*!

-(10.,,.,Y!27.,.!2@1!-)()6.2.(,!@.(.!,25/"./!,D,2.6)2"0)<<D%!

O"A"!"!D5,./3%%,(1.9'4'1.PK!"#$ R.

?,!/",05,,./!"*!-(.#"15,!07)-2.(,Y!27.!1-.()2"1*!05((.*2!,715</!<)(8.<D!07)*8.!27.!L"<)6.*2!

L1(6)2"1*%! 'D! <"6"2"*8! 27.! 05((.*2! /5("*8! 27.! ,.2! 1-.()2"1*,Y! 27.! L"<)6.*2! L1(6,! "*! /"LL.(.*2!

/.8(..,%!O*!L"85(.!9+>T)V+TLVY!01*2"*515,!,.2+(.,.2!0D0<.,Y!.)07!1L!@7"07!01*2)"*,!2.*!!"$!0D0<.,Y!

@.(.!-.(L1(6./!@"27!"*0(.),.!1L!!#$%&!L(16!&AA!o?!21!$%&!6?!L1(!01*,2)*2!+$%'(!`!$%A!U%!G.2!)*/!

(.,.2!07)()02.(",2"0,!07)*8./!=D!"*0(.),"*8!!#$%&%!P"(,2Y!1*<D!()-"/!05((.*2!i56-,!)--.)(./!"*!27.!

,.2!-(10.,,!L1(!!#$%&!`!&AA!)*/!EAA!o?!TL"85(.!9+>T)V!)*/!T=VV%!d()/5)<!,.2!,2)(2./!21!)--.)(!"*!27.!

9AA!o?!)*/!27.!JAA!o?!TL"85(.!9+>T0V!)*/!T/VV%!O*!27.!0D0<.,!1L!$%A!)*/!$%&*6?!TL"85(.!9+>T.V!

)*/! TLVVY! ,2)=<.!8()/5)<! ,.2!=.7)#"1(,!0)*!=.!0<.)(<D!1=,.(#./!)L2.(! ,6)<<! 05((.*2! i56-,%!H7",!

8()/5)<! /.#.<1-"*8! ,.2! 07)()02.(",2"0,! 6)D! "6-<D! )! 2@1+,2.-! 61/.<! 8.*.()2"*8! 27.! 6.2)<<"0!

01*2)02!)*/!27.!L"<)6.*2!8(1@27Y!@7"07!@"<<!=.!/",05,,./!<)2.(%!G.01*/<DY! 27.!(.,.2!6)C"656!

05((.*2! "*0(.),./! ,"8*"L"0)*2<D!=D! "*0(.),"*8! !#$%&%!H7",! 07)*8.!)<,1! ,588.,2! 27)2! 27.! L"<)6.*2!

L1(6)2"1*!1L!.)07!,.2!=.0)6.!61(.!"*2.*,"#.!27)2!@),!)=<.!21!0)((D!7"87.(!05((.*2%!



! R9!

!
!"#$%&'/)3*!A.'-%,>(#B%!C;U!-G%%2!,1,=%!,+)&),(%&#-(#,-!G#(+!C5-!3!2)&)0%(%&!*&)3>)==1!#',&%)-%3;!

H1!.C0<5/.!27.!-1,,"="<"2D!27)2!27.!07)()02.(",2"0!07)*8.!"*!L"85(.!9+>!@),!0)5,./!=D!/.#"0.!

/.8()/)2"1*Y!,5=,.M5.*2!1-.()2"1*,!@.(.!-.(L1(6./!("872!)L2.(!27.!9<B!0D0<.,!@"27!!#$%&!`!$%&!6?%!

'D!(./50"*8!27.!016-<")*0.!05((.*2!21!=.!!#$%&!`!3AA!6?!TL"85(.!9+$AT)VVY!27.!,@"207"*8!05(#.!

(.01#.(./!21!27)2!1L!L"85(.!9+>T=V!1-.()2./!@"27!!#$%&!`!EAA!6?%!Z7"<.!7"87!!#$%&!@),!5,./!-("1(!

21!27",!6.),5(.6.*2Y!27.!/.#"0.!,2"<<!,71@./!(.01#.()=<.!07)()02.(",2"0,%!H7",!=.7)#"1(!/"(.02<D!

.C0<5/./!27.!/.8()/)2"1*!-1,,"="<"2".,%!

!
!"#$%&'/)(1*!Y2%&)(#.'!,1,=%-!)$(%&!$#*>&%!8H6E!/1!&%3>,#'*!HU!"#$)'3!#',&%)-#'*!C5-!3;!C+%!'>0/%&!

G#(+!)!,#&,=%!3%'.(%-!(+%!.2%&)(#.'!-%V>%',%!$.==.G#'*!(+%!,1,=%-!-+.G'!#'!$#*>&%!8H6E;!



! RR!

H7.!,.2!-(10.,,!1L!27",!8()-7!T"%.%Y!L"85(.!9+$AT)VV!,71@./!)=(5-2!,@"207"*8!)8)"*Y!271587!"2!

@),!8()/5)<!"*!27.!-(.#"15,!0D0<.,!T"%.%Y!L"85(.!9+>TLVV%!H7",!65,2!=.!/5.!21!016-<.2.!/.,2(502"1*!

1L!27.!L"<)6.*2!,71@"*8!8()/5)<!,@"207"*8!=D!<)(8.!+$%'(!T275,!<)(8.!05((.*2!L<1@V!5,./!"*!27.!

(.,.2!-(10.,,%!H1! (.)<"W.!8()/5)<! ,.2Y! +$%'(*@),! (./50./! 21!=.! +A%J!U! "*! ,5=,.M5.*2! 0D0<.,! ),!

,71@*!"*!L"85(.,!9+$AT=V+T0V%!O*!L"85(.!9+$AT=V!@"27!X..-"*8!!#$%&!̀ !3AA!o?Y!27.!,.2+(.,.2!=.7)#"1(!

07)*8./!6507%!H7.!(.,",2)*0.!/.0(.),.!)(15*/!rA%9!U!=.0)6.!,16.71@!8()/5)<%!O*!)//"2"1*Y!

27.!!"$!,@"207"*8!05(#.!=.0)6.!61(.!,2)=<.!@7"<.!27.!7:34!@),!<1@%!O*!L"85(.!9+$AT0V!@"27!!#$%&!

`!$%A!6?Y!27",!2.*/.*0D!0)*!=.!,..*!0<.)(<D%!'D!"*0(.),.!1L!!#$%&Y!7234!=.0)6.!<1@!@7"<.!7:34!

@),!6)"*2)"*./%!H7",!8)#.!)!(.),1*)=<.!6.61(D!@"*/1@%!O*!,507!1-2"6"W./!(.,.2!01*/"2"1*Y!@.!

0)*!(.-(1/50"=<D!01*2(1<!27.!L"<)6.*2!"*2.*,"2D!8"#"*8!/"LL.(.*2!(.,",2)*0.!,2)2.%!!

?*127.(!"*2.(.,2"*8!-7.*16.*1*!",!,..*!"*!L"85(.!9+$AT/V!@"27!<)(8.(!!#$%&%!H7.!05(#.!,7)-.!

@),!016-<.2.<D!/"LL.(.*2!L(16!27.!1(/"*)<!,@"207"*8%!?!0<.)(.(!05(#.!",!-(.,.*2./!"*!?--.*/"C!)2!

27.!.*/!1L!27.!27.,",!TL"85(.!?+$AV%!H7.!,@"207"*8!07)()02.(",2"0,!1L![KG!Å!QKG!)*/!QKG!Å!

[KG!"*!27.!,.2!1(!(.,.2!-(10.,,.,!@),!,)6.!),!27.!016-<.6.*2)(D!,@"207"*8!),!(.-1(2./!"*!6)*D!

(.-1(2,%!H7.!L"<)6.*2!)2!27.!,.2!,@"207"*8!,..6,!21!=.!/.,2(502./!#")!L5(27.(!<)(8.!05((.*2!L<1@%!

O"A"#"!D5,.%,*,1.@091&6,.P)Q#%&R.

?,!/.,0("=./! "*! ,5=+,.02"1*!9%E%$Y! 27.! (.,.2!#1<2)8.!-<)D,! )*! "6-1(2)*2! (1<.! 21! 01*2(1<! 27.!

L"<)6.*2!8(1@"*8!"*!27.!*.C2!,.2%!O*!27",!,5=+,.02"1*Y!,D,2.6)2"0!/",05,,"1*!)=152!27",!",,5.!@"<<!

=.!-(.,.*2./%!O*!L"85(.!9+$$Y!27.!.#1<52"1*!1L!27.!,@"207"*8!05(#.,!",!/.61*,2()2./Y!@7"07!@.(.!

6.),5(./!=D!"*0(.),"*8!+$%'(!@"27!01*,2)*2!!#$%&*1L!&%A!6?%!Z"27!<1@!#1<2)8.!+$%'(!`!A%33UY!27.!

,@"207"*8!=.7)#"1(!@),!=)(.<D!1=,.(#./!TL"85(.!9+$$T)VV%!'D!"*0(.),"*8!+$%'(!8()/5)<<DY!@.)X!

(.,.2! ,2)(2./! 21!1005(Y!)*/! 27.! (.,",2)*0.!@"*/1@!,2)(2./! 21!1-.*!TL"85(.!9+$$T=V+T/VV%!P5(27.(!

"*0(.),.! 1L! $%'(! "*/50./! 0<.)(! 8()/5)<! ,.2! 1-.()2"1*,! TL"85(.! 9+$$T.V+T7VV%! O*2.(.,2"*8<DY! 27.!

6)C"656!(.,.2!05((.*2!8.*.()<<D!.M5)<,!21!!#$%&!`!&!6?%!P"*)<<DY!"*!27.!0),.!1L!$%'(!`!+A%>3UY!

,2(1*8!(.,.2,!,2)(2./!21!)--.)(!),,10")2"*8!27.!@"/.!@"*/1@Y!71@.#.(!05((.*2!07)*8.!L<5025)2./!

6507%!H7.!(.,",2)*0.!07)*8.!"*!27.,.!0D0<.,!)(.!-<122./!"*!L"85(.!9+$&%*7:34*8()/5)<<D!"*0(.),./!

@"27!$%'(!7"87.(!27)*!A%93!U!@7"<.!7234!@),!)<61,2!01*,2)*2!=.0)5,.!1L!27.!,)6.!!#$%&%!!

H7",!,.(".,!1L!(.,5<2!.6-7),"W./!27.!L5*02"1*)<"2".,!1L!(.,.2%!'D!L1(6"*8!27.!L"<)6.*2!,"6"<)(<D!

=D! 27.!L"C./!!#$%&Y! 27.!L"<)6.*2!/.,2(502"1*!/.8(..!T)0016-)*D"*8! 27.![KG!(.,",2)*0.V!0)*!=.!
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01*2(1<<./!=D!27.!(.,-.02"#.!(.,.2!#1<2)8.%!?*/!27",!"*L<5.*0.,!27.!M5)<"2D!1L!27.!,.2!1-.()2"1*!),!

@.<<%!H7.!(.,5<2,!015</!=.!1=,.(#./!"*!27.!/.#"0.!@"27!27.!27"*!G"B!!=52!*12!"*!27.!/.#"0.!27.!

@"27152!G"B!*T27.!6)C"656!(.,.2!05((.*2!@),!.C2(.6.<D!7"87V%!G500.,,L5<!-(.#.*2"1*!1L!"*2.*,"#.!

L"<)6.*2!L1(6)2"1*!",!"6-1(2)*2!21!)07".#.!7"87!01*2(1<<)="<"2D%!

!
!"#$%&'/)((*!!C;U!-G%%2!,1,=%!,+)&),(%&#-(#,-!G#(+!*&)3>)==1!#',&%)-#'*!HU!"#!5C5-!3!x!6!0?!$.&!-%(:;!

!
!"#$%&' /)(+*! C+%! 3%B#,%! &%-#-()',%! #'!QX4! )'3!SX4;!C+%!0%3#)'! &%->=(-! .$! $#*>&%! 8H6D5):H5#:! )&%!

2=.((%3;!
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6.5.!Set-reset competition in the analog switching 

I.,"(./!)*)<1815,!(.,",2"#.!,2)2.,!)(.!01*2)"*./!"*!27.!1-.()2"1*!@"*/1@!/.6)(0)2./!=D!27.!

-(.,.*2+,2)2.,!1L![KG!)*/!QKG%!?,!/",05,,./!"*!27.!,.02"1*!9%EY!27.!(.,",2)*0.,!1L![KG!)*/!QKG!

)(.! =),"0)<<D! /.0"/./! =D! +$%'(! )*/! !#$%&Y! (.,-.02"#.<DY! @7"07! 016-.2.! .)07! 127.(! 21! 8"#.! 27.!

)/.M5)2.!,@"207"*8!@"*/1@%!Q"6"2"*8!27.!/",05,,"1*!@"27"*!01*/"2"1*,!8"#"*8!)*)<18!1-.()2"1*,Y!

27.!(.<)2"1*,7"-!"*!27.!,2)=<.!)*)<18!1-.()2"1*!()*8.!",!,07.6)2"0)<<D!"<<5,2()2./!"*!L"85(.!9+$:!21!

.C-(.,,!27",!016-.2"2"1*!=.2@..*!+$%'(!)*/!!#$%&%!'D!"*0(.),.!1L!+$%'(!T/)(X!=(1@*VY! 27.!QKG!

=.016.,!<1@!)*/!1#.()<<!(.,",2)*0.!/5("*8!1-.()2"1*!",!<1@%!B*!27.!127.(!7)*/Y!=D!"*0(.),.!1L!

!#$%&Y!"2!=.016.,!7"87!T/)(X!=<5.V%!H7.,.!)(.!5*=)<)*0./!,"25)2"1*,Y!)*/!"2,!/.8(..!1L!5*=)<)*0.!

0)*!=.!/()@*!5,"*8!8()/".*2!01<1(,%!O/.)<",2"0)<<DY!27.!,.2!)*/!(.,.2!1-.()2"1*!,715</!=.!=)<)*0./!

T@7"2.!,M5)(.!"*!27.!L"85(.V%!Z7"<.!27.!@"*/1@!L1(!)*)<18!1-.()2"1*,!",!*12!,1!<)(8.!)2!27.!5--.(+

<.L2!01*/"2"1*Y!"2!"*0(.),.,!@7.*!27.!-1@.(!T+$%'(!)*/!!#$%&V!=.016.,!21@)(/,!27.!("872+=12216!

01*/"2"1*%! [1@.#.(Y! @7.*! 27.! -1@.(! ",! 211! 6507Y! )=(5-2! ,@"207"*8! @"27! ="*)(D! 1(!

016-<.6.*2)<<D!1-.()2"1*!@"<<!1005(!T152!1L!27.!(.8"1*!,71@*!"*!L"85(.!9+$:V%!O*!)//"2"1*!21!27.!

-1@.(! =)<)*0.! =.2@..*! 27.! ,.2! )*/! 27.! (.,.2! 1-.()2"1*Y! 27.! 1-.()2"1*! -1@.(! "2,.<L! ,715</! =.!

0)(.L5<<D!1-2"6"W./!21!(.)<"W.!,2)=<.!)*)<18!1-.()2"1*,%!

!
!"#$%&'/)(,*!C+%!,.02%(#'*!&%=)(#.'-+#2!.$!(+%!HU!"#!)'3!C5-!3;!
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6.6.!Optimizing analog behaviors and STDP realization 

O"O"!"!B39*,.0+1'4'S&1'0(.

'.,"/.,!27.!,@"207"*8!=.7)#"1(,!=),./!1*!27.!!"$*,@..-Y!27.!-5<,.!-)()6.2.(,!21!L5<L"<<!27.!

)*)<18!=.7)#"1(,!@.(.!,25/"./%!G"*0.!27.!-)()6.2.(,!1L!27.!-5<,.!1-.()2"1*!@.(.!6507!/"LL.(.*2!

L(16!271,.!1L!27.!!"$!,@..-,Y!@.!0)*!5,.!#1<2)8.!-5<,.,j!27.!,.2!-5<,.!#1<2)8.!$;6<*"*L<5.*0"*8!27.!

,.2!05((.*2!<"X.!!#$%&Y!)*/!$16;6<%!O*!L"85(.!9+$EY!2@1!,500.,,L5<!-5<,.!1-.()2"1*,!)(.!/.61*,2()2./%!

P"85(.!9+$ET)V!,71@,!27.!75*/(./!,.2+(.,.2!0D0<.,!T$AA!-5<,.,!.)07!)*/!275,!212)<<D!$A-!-5<,.,V%!

H7.!1-.()2"1*!#1<2)8.,!@.(.!$;6<!`!A%RU!)*/!$16;6<*`!+A%>U!@7"07!@.(.!)=152!27.!,.2!#1<2)8.!)*/!

+$%'(!"*!27.!!"$!,@"207"*8!05(#.,!"*!L"85(.,!9+>Y!9+$A!)*/!9+$$%!S<.)(!,@"207"*8!(.-.2"2"1*!@),!

(.)<"W./!)<271587!27.!1#.()<<!(.,",2)*0.!8()/5)<<D!"*0(.),./%!Q11X"*8!)2!27.!.*<)(8./!8()-7!T"*,.2!

1L!L"85(.!9+$ET)VVY!61(.!1(!<.,,!)*)<18!1-.()2"1*!",!"/.*2"L"./%!O*!L"85(.!9+$E!T=V!1-.()2./!5*/.(!

27.!01*/"2"1*!@"27!,<"872<D!,2(1*8!(.,.2!1-.()2"1*!T$;6<!̀ !A%3!U!)*/!$16;6<*̀ !+$%A!UVY!27.!-5<,.!0D0<.,!

)(.!)<,1!(.)<"W./%![1@.#.(Y!27.!,@"207"*8!@),!<.,,!)*)<1815,!7)#"*8!)=(5-2!(.,",2)*0.!07)*8.%!

'D!5,"*8!7"87.(!$16;6<Y!27.![KG!(.,",2)*0.!T7:34V!=.0)6.!<)(8.Y!=52!,@"207"*8!=.0)6.!)=(5-2!),!

,..*!"*!L"85(.!9+$$T"V%!H75,Y!)*)<18!0)-)="<"2D!"*!27",!0),.!@),!-11(%!H7.!,.2!)*/!(.,.2!#1<2)8.,!

8"#"*8!)*)<18!!"$!0D0<.,!)(.!X.D!L)021(,!21!(.)<"W.!)*)<18!1-.()2"1*!=D!5,"*8!-5<,.!"*-52,%!S)(.L5<!

1-2"6"W)2"1*! ",! (.M5"(./! 21!(.)<"W.!,2)=<.!)*)<18!1-.()2"1*,%! O*!)//"2"1*Y!127.(!-)()6.2.(,! <"X.!

,2)(2+5-!1(!,752+/1@*!2"6.!6)D!)<,1!=.!"6-1(2)*2!21!=.!1-2"6"W./!@7"07!@.(.!*12!,25/"./!"*!27",!

@1(X%!

!
!"#$%&'/)(-*!CG.!.2(#0#g%3!2>=-%!,+)&),(%&#-(#,-!/1!)3i>-(#'*!(+%!B.=()*%!>-#'*!(G.!#'3#B#3>)=!3%B#,%-~!

5):!U627!x!E;9!^!)'3!U.2627$x!HE;7!^L!5/:!U627!x!E;F!^!)'3!U.2627$x!H6;E!^;!
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O"O"#"!CDEB.%,&9'S&1'0(.:?.40-39&1,-.+39*,*.
B*!27.!=),",!1L! 27.! (.,5<2!1L! 27.!-5<,.!1-.()2"1*Y! 27.!,D*)-2"0+<"X.!,-"X.+2"6"*8+/.-.*/.*2!

-<),2"0"2D!TGHIFV!=.7)#"1(!T+)-)!L"85(.!$+3V!",!=(".L<D!/.61*,2()2./!"*!27",!,5=+,.02"1*%!G"*0.!27.!

="1<18"0)<!,"8*)<,!8.*.()2./!=D!*.5(1*,!@.(.!.C2(.6.<D!016-<"0)2./Y!,"6-<.!-5<,.!,"8*)<,!@.(.!

5,./!),!,71@*!"*!L"85(.!9+$9T)V%![.(.Y!2@1!-5<,.,!T-(.+,-"X.!)*/!-1,2+,-"X.V!@.(.!)(()*8./!21!

7)#.!,<"872<D!<1@!#1<2)8.,!21!-(.#.*2!)=(5-2!,@"207"*8!TL"85(.!9+$3T)VV%!!H7.,.!2@1!-5<,.,!@.(.!

016-1,./!@"27!8()/5)<<D!07)*8./!2"6.!/"LL.(.*0.,!c#%!G16.!.C)6-<.,!1L!27.!"*-52!,"8*)<,!21!27.!

/.#"0.!)(.!,71@*!"*!L"85(.,!9+$3T=V+T/V%!?!,566)(D!1L!27.!(.,5<2,!",!/.61*,2()2./!"*!L"85(.!9+

$9%!?!2D-"0)<!GHIF!07)()02.(",2"0,!@.(.!(.)<"W./%!Z"27!(./502"1*!1L!27.!1-.()2"1*!-1@.(!5,"*8!

"*,.(2"1*!1L!27"*!"*,5<)21(!<"6"2.(!T+)-)!G"B!V!)*/!"*-52!#1<2)8.Y!,507!)!L5*/)6.*2)<!-(1-.(2D!5,./!

L1(!?O!L5*02"1*)<"2".,!015</!=.!(.)<"W./%!F1@.(!01*2(1<!",!)!M5"2.!"6-1(2)*2!L)021(%!

!
!"#$%&'/)(.*!C+%!>-%3!2>=-%-!.$!4"CK;!5):!C+%!2>=-%!-+)2%-!.$!2&%H-2#I%!)'3!2.-(H-2#I%!-#*')=-;!5/:H

53:!C+%&%!%N)02=%-!.$!#'2>(!2>=-%-!B#)!,.02.-#(#.'!.$!2&%H!)'3!2.-(H-2#I%!2>=-%-!G#(+!3#$$%&%'(!M#;!
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!
!"#$%&'/)(/*!4C"K!&%)=#g)(#.'-!>-#'*!.2(#0#g%3!,+)&),(%&#-(#,-;!!

6.7.!Discussions of model during switching 

O*!27",!,.02"1*Y!27.!(.,",2)*0.!,2)2.,!8"#"*8!)!0.(2)"*!,@"207"*8!@"*/1@!",!=(".L<D!/",05,,./!

=),./! 1*! L"<)6.*2! ,2)2.,! .C-.02./! "*! 27.! H)mH)!B"mG"B!! ,2(5025(.%! H7.! "6-1(2)*2! .<.02("0)<!

-(1-.(2".,!)0M5"(./!"*!.)07!-)(2!1L!1-.()2"1*!)(.!),!L1<<1@,j!

&E! .0.$."<%8$"$6%"05%.0.$."<.J"$.B0j! T)V!I"LL.(.*2!.<.02(1/.!7)/!/",2"*85",7)=<.!7./.%! ! T=V! O*!

8.*.()<!0),.,Y!7:34!)L2.(!L1(6"*8!",!6507!<1@.(!27)*!7./.%%

*E! "0"<B1%8I.$/;.01%8$"$68j!T)V!;5<2"-<.!(.,",2)*0.!,2)2.,!0)*!=.!)07".#./!"*!,.2!)*/!(.,.2!"*!

@m!G"B!!/.#"0.,%!T=V!b*,2)=<.!(.,",2)*0.!@"*/1@!,7"L2,!@.(.!1=,.(#./%!%

O*!L"85(.!9+$RT)VY!)!,07.6)2"0!"<<5,2()2"1*!/.,0("="*8!27.!(.,",2)*0.!,2)2.,!",!-(.,.*2./%!H7.!

01<1(+8()/".*2! =)(! "*! 27.! 5--.(! <"*.! (.-(.,.*2,! 27.! 1#.()<<! (.,",2"#.! ,2)2.,! L(16! 27.! "*"2")<! T1(!

-(",2"*.V! ,2)2.! 21! 27.! 6)<L5*02"1*)<! ,2)2.! )L2.(! /.#"0.! /.,2(502"1*%! P1(! 27.! US;! /.#"0.,Y!

"*"2")<"W)2"1*!0)5,./!6507! (.,",2)*0.!/.0(.),.! L(16!7./.%!'D!/"LL.(.*2! )--<"0)2"1*,!1L! .C2.(*)<!

#1<2)8.Y! /"LL.(.*2! [KG! )*/! QKG! 0)*! =.! (.)<"W./%! H7.! (.,",2)*0.! ()*8.! 8"#"*8! L5*02"1*)<!

1-.()2"1*,!T0)<<./!27.!},@"207"*8!@"*/1@}!"*!27",!(.-1(2V!",!)!,5=,.2!1L!27.,.!,2)2.,!),!,71@*!"*!

27.! =12216! <"*.%! H7.! ,@"207"*8! @"*/1@! 01*2)"*,! )<<! )07".#)=<.! )*)<18! (.,",2"#.! ,2)2.,! =D!

,D,2.6)2"0)<<D!01*2(1<<./!,.2+(.,.2!,@..-,!1(!27.!.<.02("0)<!-5<,.,%!H7.![KG!)*/!QKG!#)<5.,!)(.!

*12!*.0.,,)("<D!27.!,)6.!/5("*8!27.!,@"207"*8!1-.()2"1*,Y!27.D!)(.!/D*)6"0)<<D!)<2.(*)2"*8!/5("*8!
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27.! ,@"207"*8! 1-.()2"1*,%! 'D! /.,2(502"#.! 1-.()2"1*,Y! ,507! ),! 7"87+-1@.(! L1(6"*8! 1(! /.#"0.!

/.8()/)2"1*Y!27.!/.#"0.!@"<<!=.!,@"207./!21!27.!6)<L5*02"1*!,2)2.!T5,5)<<D!.C2(.6.<D!<1@!QKGV%!

B*!27.!127.(!7)*/Y!27.!"6-1(2)*2!",,5.,!01*0.(*"*8!27.!5*/.(<D"*8!6.07)*",6!)(.!),!L1<<1@j!

&E! .0.$."<%8$"$6%"05%.0.$."<.J"$.B0j!G-1*2)*.15,!1CD8.*!,0)#.*8"*8!=.7)#"1(,!1005((./!)2!

.<.02(1/.m"*,5<)21(!"*2.(L)0.,%!%

*E! "0"<B1%8I.$/;.01%8$"$68j!T)V!P"<)6.*2!@),!/.,2(502./!=D!(.,.2!=52!*12!016-<.2.<D!,"*0.!

7:34! @),! 6507! <1@.(! 27)*! 7./.%! T=V! P"<)6.*2! 01*2(1<! 8)"*./! .C2()! 01*2(1<<)="<"2D! =D!

"*,.(2"1*!1L!27.!G"B!!05((.*2!<"6"2.(%!

S1*0.(*"*8!27.,.!6)22.(,Y!27.!1CD8.*!#)0)*0D!/",2("=52"1*,!1L!27.!"*"2")<!)*/!27.!6)<L5*02"1*!

,2)2.,!)(.!,07.6)2"0)<<D!/()@*!"*!L"85(.!9+$RT=V!)*/!T8VY!(.,-.02"#.<D%!G2)2.,!@"27!*1!L"<)6.*2!1(!

7)#"*8!.C2(.6.<D!27"0X!01*/502"#.!(.8"1*!=("/8"*8!2@1!.<.02(1/.,!)(.!"<<5,2()2./%!H7.!,2)2.!8"#"*8!

27.![KG!,71@*!"*!L"85(.!9+$RT0VY!@7.(.!27.!L"<)6.*2!/.,2(502"1*!65,2!=.!"*016-<.2.!=.0)5,.!27.!

(.,",2)*0.! @),! 6507! ,6)<<.(! 27)*! 7./.%! B*! 27.! 127.(! 7)*/Y! 27.! QKG! 7),! )! L"<)6.*2! @"27! )!

(.),1*)=<.!27"0X*.,,!TL"85(.!9+$RTLVV%!K.,",2)*0.!,@"207!=.2@..*!27.,.!2@1!,2)2.,!8"#.,!)!="*)(D!

1-.()2"1*!@"27!)!0.(2)"*!6.61(D!@"*/1@%!?*)<18!=.7)#"1(,!0)*!=.!(.)<"W./!@"27"*!27",!@"*/1@!

=D!-1,,"=<D!07)*8"*8! 27.! L"<)6.*2! 27"0X*.,,!),! ,71@*! "*! L"85(.,!9+$RT/V!)*/! T.V%!H7.(.!@.(.!

,.#.()<!7"*2,! ,588.,2"*8!71@! 27.! L"<)6.*2!=.7)#./!/5("*8! 27.!)*)<18! ,@"207"*8%!H7.(.!@),!)!

,6)<<!05((.*2!i56-!/5("*8!,.2!.#.*!L1(!27.!@m!G"B!!/.#"0.!T,..!L"85(.!9+JY!L1(!.C)6-<.V%!H7",!6)D!

,588.,2! L1(6)2"1*! 1L! L"<)6.*2! -".0.,! )2! 27.! =.8"**"*8! 1L! .)07! ,.2! -(10.,,! TL"85(.! 9+$RT/VV%!!

?L2.(@)(/,Y!27.!27"*!L"<)6.*2!8(1@,!"*!27.!71("W1*2)<!/"(.02"1*!21!"*0(.),.!27.!/")6.2.(!TL"85(.!9+

$RT.VV!@"27!27.!7.<-!1L!n15<.!7.)2!8.*.()2./!=D!27.!05((.*2!L<1@!]E+9^%!!

H7",!2@1+,2.-!L1(6)2"1*!-(10.,,!",!)!-1,,"=<.!,0.*)("1!21!.C-<)"*!27.!8()/5)<!(.,",2)*0.!07)*8.!

(.#.)<./!"*!27",!,25/D%!H@1+,2)8.!,.2!1-.()2"1*!1=,.(#./!"*!27.!/.#"0.!@"27!G"B!!05((.*2!<"6"2.(!

,5--1(2,! 27",!61/.<%! O*!L"85(.!9+&T)VY! 27.!,.2!=.7)#"1(,!01*2)"*./!)!()-"/!05((.*2! i56-!)2! <1@!

#1<2)8.!TL1(6)2"1*!1L!27.!L"<)6.*2)(D!L()86.*2,V!)*/!27.*!27.!01*/502)*0.!0)*!8()/5)<<D!"*0(.),.!

TL"<)6.*2!8(1@,!=.0)5,.!1L!n15<.!7.)2V%!?*127.(!-1,,"=<.!,0.*)("1!",!27.!65<2"+L"<)6.*2!1-.()2"1*%!

H7.! "*/"#"/5)<! L"<)6.*2! /.,2(502"1*! "*! (.,.2! "*0(.),.,! 27.! /.#"0.! (.,",2)*0.! 1*<D! =D! )! ,6)<<!

)615*2!)*/!8"#.,! 27.!)*)<18!=.7)#"1(%!H7.!8()/5)<!,.2!0)*!)<,1!=.!)07".#./! "*! 27",!,0.*)("1%!

Z7"07.#.(! 27.! 6)i1(! 1("8"*! ",Y! 27.! -1@.(! <"6"2)2"1*! =D! 27.! G"B!! 05((.*2! <"6"2.(! <)D.(! ",! 27.!
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"6-1(2)*2!L)021(!L1(!/.#"0.!/.,"8*%!O*!27",!@1(XY!*1!)*)<18!,.2!@),!)07".#./!L1(!27.!@m1!G"B!!

/.#"0.,%!O*!27",!0),.Y!27.!6)C"656!05((.*2!"*!27.!,5=,.M5.*2!(.,.2!@),!6507!7"87.(!27)*!27)2!1L!

27.!@m!G"B!!/.#"0.,%!H7",!/"LL.(.*0.!,588.,2./! 27.!L"<)6.*2! "*2.*,"2D!@),!6507!/"LL.(.*2j! 211!

,2(1*8!T1(!27"0XV!L"<)6.*2!"*!@m1!G"B!!/.#"0.,!)*/!6"</!L"<)6.*2!"*!@m!G"B!!/.#"0.,%!B*<D!"*!27.!

<)22.(!0),.Y!01*2(1<!21!L1(6!27"*!L"<)6.*2!,71@*!"*!L"85(.!9+$R!1(!65<2"+L"<)6.*2!,2)2.!0)*!.),"<D!

=.!/1*.%!Z"27152!27.!05((.*2!<"6"2.(Y!61(.!)005()2.!)*/!016-<"0)2./!1-2"6"W)2"1*!-(10.,,!,..6,!

21!=.!(.M5"(./%
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!
!"#$%&'( )*+,!"#$%&'!(')#*+,-.&+/!0'*1''-!*&'!,2'(#))!('.+.*#-3'!.*#*'.!"4/.+5'$!#-5!6#-+/4)#*+2'!('.+.*+2'!.*#*'.!"5,1-.+5'$7! %&'!89:-!,(!;9:-!.*#-5!<,(!*&'!5+<<'('-*!

('.+.*+2'!.*#*'.!*&#*!3#-!0'!#3&+'2'5!0=!5+<<'('-*!,/'(#*+,-.!,<!.'*!,(!('.'*7 !"0$>"?$!@,..+0)'!<+)#6'-*!.*#*'.!<(,6!*&'!+-+*+#)!.*#*'!*,!*&'!6#)<4-3*+,-#)!.*#*'7!:/'3+<+3#))=A!

"5$>"'$!.&,1.!*&'!<+)#6'-*!3,-5+*+,-.!54(+-?!*&'!#-#),?!.1+*3&+-?!#-5!*&'!('.+.*#-3'!3&#-?'.!3#-!0'!*&,4?&*!3#4.'5!0=!*&'!6'*#))+3!3,-*#3*!,(!*&'!*&+3B-'..! ,<!*&'!

<+)#6'-*7!C,5').!,<!DE!3'(*#+-!89:F!#-5!DE!3'(*#+-!;9:F!+-!"3$!#-5!"<$!1'('!+))4.*(#*'5!+-!/,..+0)'!<+)#6'-*!3,-5+*+,-.!,<!89:! !#-5!;9: ! 7!%&'!<+)#6'-*!3,-5+*+,-.!1'('!

-,*!#0.,)4*'!#-5!3#-!0'!3,-.+5'('5!5=-#6+3!"0'*1''-!#)) !/,..+0)'!('.+.*+2'!.*#*'.$!54'!*,!*&'!.'*!#-5!('.'*!,/'(#*+,-.7 !



!"#!
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6.8.!Conclusions  

$%!&'()!*+,&-!&'.!/+0/+! 1 " !,.)()&(2.!3.34,5! 6+)!7'4).! +%8!&'.!(3*,42 .3.%&!49!&'.!:.'+2(4,)!

:5!(%).,&(%;!&'.!<(1! !7=,,.%&!>(3(&.,!6+)!*.,94,3.8 ?!$%!&'.!(%(&(+>(@+&(4%)-!&'.!8.2(7.!'+8!+>,.+85!

)'46.8! &'.! 8()&(%;=()'+:>.! 8(99.,.%7.)! &'+&! )=;;.)&.8! &'.! 94,3(%;! :.'+2(4,)! 477=,)! 6.+A.,?!

B.7+=).!49!&'.! (%&.,%+>!7=,,.%&!>(3(&+&(4%-!&'.!9(>+3.%&!94,3.8! ;+(%.8! .C&,+!74%&,4>>+:(>(&5! (%!

,.+>(@(%;!&'.!+%+>4;!:.'+2(4,!4%!&'.!).&!4*.,+&(4%)?!/4!&+A.!9=>>!+82+%&+;.)!49!&'.!7'+,+7&.,()&(7!

(3*, 42.3.%&! :,4=;'&! :5! &'.! 7=,,.%&! >(3(&.,-! 6.! )&=8(.8! &64! 3+(%! *+,+3.&.,)! 8=,(%;! &'.!

)6(&7'(%;?!D .!+>)4!&,(.8!&4!4*&(3(@.!&'.!*=>).!+**>(7+&(4%)!+%8!&'.!)5%+*&(7!</EF!6+)!,.+>(@.8?!

G,43! &'.! ,.)=>&)-! &'.! =%8.,>5(%;! 9(>+3.%&! 94,3+&(4%! +%8! 8.)&,=7&(4%! 3.7'+%()3)! 8=,(%;!

)6(&7'(%;!6.,.!*,4*4).8 ?!!
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!"#$%&'() !*+,,#'-(#./(0 1.02+341.3(

/'.! ,.K=(,.3.%&! &4! :=(>8! '(;'! *.,94,3+%7.! LMM! 4%! 7'(*! ,.K=.)&)!%.6! &5*.! 49! 3.34,5!

8.2(7.)!>(A.!&'.!,.)()&(2.!3.34,5 ?!D(&'!)74*(%;!&'()!*.,)*.7&(2.-!2+,(.&5!49!3+&.,(+>)!'+2.!:..%!

&.)&.8!&4!,.+>(@.!&'.!3.34,5!&'+&!'+2(%;!;448!74%&,4>>+:(>(&5?!N46.2.,-!&'.!)5)&.3+&(7!)&=85!4%!

&'.!,.>+&(4%!:.&6..%!3+&.,(+>!).>.7&(4%!O)6(&7'(%;!4C(8.)!+%8!.>.7&,48.!3.&+>)P!+%8!&'.!8.2(7.!

7'+,+7&.,()&(7)!O*,()&(%.!)&+&.!+%8!)=:).K=.%&!3.34,5!4*.,+&(4%P!()!)&(>>!>+7A(%;?!$%!&'()!)&=85-!+!

).,(.)!49!)&=85!947=).8!4%!/+ ! 1 "# ! !:+).8!,.)()&(2.!3.34,(.) !'+2(%;!8(99.,.%&!4C5;.%!8.9(7(.%7(.)!

+%8!8(99.,.%&!3.&+>!.>.7&,48.)!6.,.!*.,94,3.8-!6(&'!(%2.)&(;+&(%;!&'.!=%8.,>5(%;!3.7'+%()3!49!

&'.!)6(&7'(%;!:.'+2(4,)?!/'.!(%(&(+>!)&+&.!+%8!&'.!(%(&(+>(@+&(4%!*,4*.,&5!49!&'.!8.2(7.!6.,.!7>.+,>5!

(%9>=.%7.8!:5!(%&,(%)(7!+%8!.C&,(%)(7!4C5;.%!2+7+%7(.)?!N46.2.,-!4&'.,!9+7&4,)!)=7'!+)!2+7+%75!

8()&,(:=&(4%! >(A.! 94,3+&(4%! 49! (%&.,9+7(+>! 4C(8.! 6.,.! +>)4! 7>+,(9(.8! &4! )&,4%;>5! (%9>=.%7.! &'.!

*,4*.,&(.)?!L9&.,6+,8)-!8.&+(>.8!74,,.>+&(4%)!:.&6..%!(%(&(+>!)&+&.)!+%8!+%+>4;!4*.,+&(4%)!49!:4&'!

QRS!+%8!TRS!6.,.!.)&+:>()'.8-!+%8!&'.(,!(%8(2(8=+>!+%+>4;!)6(&7'(%;!7+*+:(>(&5!6.,.!7>+,(9(.8?!

G(%+>>5-!=)(%;!/+U8.2(7.)!+)!+%!.C+3*>.-!8.)(;%!+%8!4*.,+&(4%!4*&(3(@+&(4%!6+)!(%2.)&(;+&.8!&4!

74%&,4>!&'.!(%V.7&.8!*46.,-!.)*.7(+>>5!7=,,.%&!94,!<.&!+%8!24>&+;.!94,!W.).&-!+%8!*=>).!4*.,+&(4%)!

6 .,.!8.34%)&,+&.8?!/'.!,.)=>&)!)=33+,(@.8!:.>46!)'4=>8!;(2.!+!9=%8+3.%&+>!;=(8.>(%.!&4!,.+>(@.!

)&+:>.!+%+>4;!4*.,+&(4%!&'4=;'!8.&+(>)!)'4=>8!:.!4*&(3(@.8!8.*.%8(%;!4%!3+&.,(+>)!=).8!94,!&'.!

,.)()&(2.!3.34,5 ?!

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

/ '.!.>.7&,(7+>!7'+,+7&.,()&(7)!+%8!&'.!(%&.,9+7.!4:).,2+&(4%)!49!/+! 1 " $!",.)()&(2.!3.34,5!6+)!

*.,94,3.8!4%!"!A(%8)!49!8.2(7.!&'+&!'+2.!8(99.,.%&!&4*U.>.7&,48.!3+&.,(+>)!+%8!8(99.,.%&!X?!/'.!

(%(&(+>!,.)()&+%7.)!6.,.!+99.7&.8!:5!&'.!(%&,(%)(7!+%8!.C&,(%)(7!4C5;.%!2+7+%75!74%7.%&,+&(4%?!/'.!

(%&,(%)(7!4C5;.%!2+7+%7(.)!8.&.,3(%.8!:5!X!7+%!+99.7&)!&4!&'.!8(99.,.%7.!(%!.C&,(%)(7!)7+2.%;(%;!

.99.7&)!7+=).8!:5!&4*!.>.7&,48.)?!$%!4&'.,!64,8)-!&'.!(%(&(+>!)&+&.)!6.,.!%4&!3+(%>5!+99.7&.8!:5!+!

)(%;>.!*+,+3.&.,!>(A.!&'.!Y(::)!9,..!.%.,;5-! :.7+=). !&'.! 74%8(&(4%)!(%8=7.8!:5!&'.!743:(%+&(4%!

49!&'.!(%&,(%)(7!+%8!.C&,(%)(7!4C5;.%!2+7+%7(.)!+,.!&'.!34,.!(3*4,&+%&!+)*.7&!(%!+!*,+7&(7+>!>.2.>?!

/TS UTE<!+%+>5).)! )'46.8!&'+&!&'.! )7+2.%;(%;! .99.7&)!477=,,.8!8(99.,.%&>5!+&!&'.!.>.7&,48.U

(%)=>+&4,! (%&.,9+7.)!&'+&! )'4=>8! :.! 74%)(8.,.8! +)! (3*4,&+%&! 9+7&4,)! (%9>=.%7(%;! &'.! 94,3(%;!

*,4*.,&(.)?!!
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12#$34#"5'3%0%6#&#$#)('+,'(3%&)7'7)8#3)('

<+3.!)7+2.%;(%;!.>.7&,48.!3+&.,(+>)!6.,.!=).8!&4!+7'(.2.!&'.!+%+>4;!)6(&7'(%;!7+*+:(>(&5!

+%8! &4! (%2.)&(;+&.! &'.! ,.>+&(4%)'(*! :.&6..%! &'.! (%(&(+>! )&+&.)! +%8! )6(&7'(%;! )&+&.)?! /4! ;(2.! +!

743*+,()4%!&4!&5*(7+>!QRS!348.>-!R=!+)!+%!TRS!348.>!6+)!+>)4!(%&,48=7.8?!/'.!(%(&(+>!)&+&.)!

6.,.! 3=7'! 8(99.,.%&!(%! QRS! +%8!TRS ! 8.2(7.) -! +%8! &'.5! (%9>=.%7.8! &'.!,.)*.7&(2. ! +%+>4;!

:.'+2(4,)?! /+ U.>.7&,48.! :+).8! QRS! 8.2(7.)! )'46.8! &'+&! &'.! +%+>4;! :.'+2(4,! 6+)! ,.>+&(2.>5!

)&+:>.!+%8!(8.%&(7+>!&4!.+7'!4&'.,!6'(>.!&'.!(%(&(+>(@+&(4%!7'+,+7&.,()&(7)!)'46.8!8.*.%8.%7(.)!&4!

&'.!(%(&(+>!,.)()&+%7.)?!1%!&'.!4&'.,!'+%8-!R=U.>.7&,48.!:+).8!TRS!8.2(7.)!)'46.8!2+,(4=)!94,3)!

49!7'+,+7&.,()&(7)?!<*.7(9(7+>>5-!Z[U%3!TRS!8.2(7.!)'46.8!'(;'!NW<)!&'+&!6.,.!&'.!*4))(:(>(&(.)!

&'+&!,.+>(@(%;!&'.!>46U74%)=3*&(4%!)6(&7'(%;?!/(!+%8!L>!.>.7&,48.)!6.,.!+>)4!(%2.)&(;+&.8!94,!

&'.(,!+%+>4;!7+*+:(>(&(.)!+%8!8()&(%;=()'+:>.!7'+,+7&.,()&(7)!6.,.!,.2.+>.8!94,!.+7'?!!

9"%&+5'6)4%8#+:'+0$#-#;%$#+"('+,'6#&%*):'7)8#3)'

B+).8!4%!&'.!,.)=>&)-!/+0/+! 1 " !743*4)(&(4%!&4!&'.!34,.!8.&+(>.8!7'+,+7&.,(@+&(4%)!6+)!7'4).?!

$%!+88(&(4%-!4*&(3(@+&(4%)!49!&'.!:.'+2(4,!:5!(%).,&(%;!&'.!<(1! !7=,,.%&!>(3(&.,!&4!&'.!/+0/+! 1 " !

8.2(7.!6.,.! *.,94,3.8 ?! /'.!8.2(7.! '+8! )'46.8!&'.!8(99.,.%&! (%(&(+>! )&+&.)!&'+&! )=;;.)&.8!&'.!

94,3(%;!:.'+2(4,)!6.,.!+>&.,%+&.8!:5!&'.!%.6!>+5.,?!B.7+=).!49!&'.!(%&.,%+>!7=,,.%&!>(3(&+&(4%-!

&'.! 9(>+3.%&! 94,3.8! ;+(%.8! .C&,+! 74%&,4>>+:(>(&5! (%! ,.+>(@(%;! &'.! +%+>4;! :.'+2(4,! 4%! &'.! ).&!

4*.,+&(4%)?! /4!&+A.!9=>>!+82+%&+;.)!49!&'.!7'+,+7&.,()&(7!(3*, 42.3.%&!:,4=;'&! :5!&'.!7=,,.%&!

>(3(&.,-!&64!3+(%!*+,+3.&.,)!8=,(%;!&'.!)6(&7'(%;!6.,.!)&=8(.8?!B+).8!4%!&'.!*+,+3.&.,!)&=85-!

4*&(3(@+&(4%)!49!&'.!*=>).!+**>(7+&(4%)!&'+&!.%+:>.!&'.!8.2(7.!&4!8.34%)&,+&.!&'.!)5%+*&(7!</EF?!

/ '.! 9(>+3.%&! :.'+2(4,! 8=,(%;! &'.! ,.)()&(2.! )6(&7'(%;! 6+)! +>)4! 8()7=)).8!&4! 743*>.&.! 4=,!

)6(&7'(%;!348.>)!9,43!&'.!(%(&(+>!)&+&.)?!/ '.!9(>+3.%&!8.)&,=7&(4%!+%8!94,3+&(4%!6.,.!7>4).>5!

,.>+&(2.! &4! &'.! )&+:>.! +%+>4;! )6(&7'(%;! :.'+2(4,)-! +%8! &'.! *46.,! (%*=&! 8=,(%;! ).&! +%8! ,.).&!

*,47.)).)!+,.!.C&,.3.>5! (3*4,&+%&!&4!&'.!7'+,+7&.,()&(7)?!!!!
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5$$&./46 (

I.! The initial resistance  of TiN, Ti, Mo devices  

!
'()*+,- . /!0)̂ :3)1-10176)=3&1&07-/3)=3&%60&)'5)JK).321/3&)5'=)37/:)/'-.101'-)'5)^1>()^1)7-.)B')363/0='.3&)

@<)0:3).321/3)&1U3)%&3.)1-)12345,+-6+)A60:'%;:)0:3)=3&%60).1.)-'0)&:'9)/637=).3W3-.7-/3)'-)0:3)8703=176)

0:70) %&3.() 0:3) .1&/%&&1'-&) 0:70) '-6<) %&3.) "KKe8) .321/3&) &%//3&&5%66<) =323763.) 0:3) &/723-;1-;) 3553/0)

.1553=3-/3&)78'-;).1553=3-0)363/0='.3&+)̂ :3)B')363/0='.3)97&)&363/03.)0')@3)7)03&03=)'5)0:3)BB4&0=%/0%=3+)

!

!

!

!

!

!



! \[ !

II.! The forming behaviors of TiN, Ti, Ta, Al devices  

!
'()*+,- . /$0),'8W6303)5'=81-;)@3:721'=&)'5)70)637&0)JK).321/3&)5'=)37/:)/'-.101'-)%&3.)1-)12345,+-6+)

!

!



! \] !

III.! The initial states of MM -devices  

!
'()*+,- . /&0)IV0=7)1-5'=8701'-)7@'%0)0:3)1-10176)&0703&)'5)0:3).321/3&)1-)12345,+-6+),%)7-.)B')93=3)

76&')%&3.):'9323=)0:3)=3&%60&)93=3)-'0)/'-/6%&123+)G7L)0:3)/%8%670123)>"#"$51;%=3)'5)837&%=3.).321/3&+)G@L)

0:3)/%8%670123)>%&')'5)837&%=3.) .321/3&+)^:3)=3&%60&)93=3)0:'%;:0)0:70)1-.1/701-;)0:3)516783-0)&070%&3&)

@35'=3)0:3)8307661/)/'-07/0)'5)516783-0+)G/L)0:3)/%8%670123)?()*+ )'5)837&%=3.).321/3&+)G.L)0:3)/%8%670123)

>,-. )'5)837&%=3.).321/3&+))

)



! \Z !

IV.! Area dependent initial resistance  

!
'()*+,- . /60)^:=33)3V78W63)&30&) '5)0:3)1-10176)=3&1&07-/3) .1&0=1@%01'-&) '5)Kf4"K-8()JKf 4"K-8)7-.)

DKf 4"K-8) .321/3&)' 5)^7)363/0='.3)%&3.)1-)12345,+-#()9:3=3)1-)0:3) /:7W03=() '-6<)F)e8 ).321/3&)93=3)

.1&/%&&3.+),637=6<)0:3).1&0=1@%01'-&)&:'93.)/637=)7=37).3W3-.3-/<+)

V.! Analog switching and s witching failures  

!
'()*+,- . /#0-A-76';) &910/:1-;) @3:721'=&) 7-.-09') a1-.&) '5) 1-101761U701'-) 5716%=3&)'5) ^7) .321/3&)1-)

12345,+-#+-



! \^ !

VI.! XPS analyses  

!

'()*+,- . /70-G7() @L)$3&%60&) 5'=) ^74Z5) 7-.) ?4"&) g`X) =3&%60&() =3&W3/01236<+) G/L) ,'-23=03.) *@?)

/:7=7/03=1&01/&)5'=)^1>d^7/ ? 01"d^1>).321/3&+)]'003.)61-3&)7=3)&:'91-;)0:3)*@?#/:7=7/03=1&01/&)'5)^7?/234$

7-.)^7? /235$W='21.3.)@<)=35+)"")1-)12345,+-#+-

VII.! Consecutive Set -Reset operations of VCM and ECM  

!
'()*+,- . /80-"K) /'-&3/%0123) X304$3&30) &910/:1-;) /</63&) %&1-;) '-3) $3&30) 830:'.) '-) &%//3&&5%66<)

1-101761U3.)̂7).321/3&)1-)12345,+-#+)h7=1701'-&) '5)0:3)&910/:1-;)2'607;3)G7WW='V187036<)K+D)hL) /7-)@3)

'@&3=23.+-
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! \_ !

!
'()*+,- . /%0-,'-&3/%0123)X304$3&30)&910/:1-;)/</63&)%&1-;)'-3)$3&30)830:'.)'-)JK4-8) ,%).321/3&)1-)

12345,+-#+)h7=1701'-&)'5)0:3)&910/:1-;)2'607;3)Gi"+")hL)/7-)@3)'@&3=23.+)S7=;3)27=1701'-&)'5)0:3)X30)2'607;3)

93=3)'@&3=23.+)

VIII.! Behavior variation and complementary switching  

!
'()*+,-. /9+),:7=7/03=1&01/)/'-0='6)@<)-'0)7WW6<1-;)*6)+7 ()'-6<)/:7-;1-;)0:3) 4?+8! +))



! \` !

!
'()*+,- . /!" +)̂ :1&)&30)'5)51;%=3)&:'9&)/'-&3/%0123)*@?)&933W)/</63&)7503=)0:3)51=&0)1-101761U701'-)%&1-;)

0:3).321/3)1-)12345,+-7+)P<)=3637&1-;)0:3)/%==3-0)61810()/'8W6383-07=<)&910/:1-;)W7003=-)=323763.)1-)G@L+)
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