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')  = n+ iκ0 κ '& '/").'5"/ ,& !"#$%"&'$( )$*+)'*(&0
9 8(%" 3(88() 2(%8 (2 :*)0 ;0< '& .!" &( 3,--"/ ="-8!(-.> "*+,.'()?

∆ !"# = k2$!"#2E(r) @;0AB

C).'- )(7 .!" 7!(-" 2(%8,-'&8 '& 4,&"/ () .!" ,&&+8$.'() .!,. ,-- "-"3.%()& ,%" "*+,--D

4(+)/ .( '.& )+3-"'6 4+. ') %",-'.D .!'& '& )(. .!" 3,&"0 :-"3.%()& ') /'E"%"). &!"--& (% ,.(8&

!,F" /'E"%"). 4()/ &.%")G!.&0  !"%"2(%" .!"D !,F" ,-&( /'E"%"). %"&(),)3" 2%"*+")3'"&

,)/ /,8$')G 2,3.(%&@γiB0 H"G,%/')G ,-- .!'&6 .!" %"2%,3.'() ')/"# '& "#$%"&&"/ ,&?

n(r)2 = 1 +
Ne2

meε0

N
∑

j=1

fj
ω2
j − ω2 − iγjω

@;0IB

fj ,%" 3,--"/ (&3'--,.'() &.%")G.! ,)/ ,%" ') G")"%,- 3(8$-"# )+84"%& fj = f0
j + f ′j(E) +

if ′′j (E)0 f ′j(E) ,)/ f ′′j (E) ,%" /'&$"%&'() ,)/ ,4&(%$.'() 3(%%"3.'()&6 JAK0

LM%,D !,F" , F"%D !'G! 2%"*+")3D6 .!,. 8",)& ω >> ωj 0 N"3,+&" (2 .!'& %"-,.'() .!" ω
2

') .!" /")(8'),.(% 4"3(8"& F"%D &.%()G ,G,')&. ω2
j ,)/ .!"%"2(%" .!" %"2%,3.'() ')/"#

4"3(8"& n < 10 O'.! .!" ,&&+8$.'() 2(% LM%,D& .!" 2(--(7')G "*+,.'() 2(% .!" %"2%,3.'()
')/"# '& G,')"/?

n(r) = 1− δ(r) + iβ(r) @;0PB

O!"%"

δ(r) =
2πreρe(r)

k2
@;0QB

,)/

β(r) =
µ(r)

2k
@;0RB

ρe(r) '& .!" "-"3.%() /")&'.D6 µ(r) .!" ,..")+,.'() 3("S3'"). ') , 3"%.,') F(-+8" "6 re .!"
,-$.#$( #)!&&*%'(/ 0*(/&-@2.815 · 10−15 m) ,)/ k '& .!" 7,F" F"3.(% (2 .!" LM%,D0 T(% ,
8(%" /".,'-"/ /"%'F,.'() (2 δ(r) ,)/ β(r) 2%(8 :*)0 ;0I6 '. '& %"2"%%"/ .( J<K6 JUK6 JAK0

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

 ,V')G :*)0 ;0P ,)/ W+&. %"G,%/')G .!" "E"3. (2 δ(r) () .!" %"2%,3.'() ')/"# 4"3(8"&
n(r) < 16 4"3,+&" δ(r) '& ') .!" %,)G" (2 ≈ 10−6 2(% LM%,D&0  !" ,4&(%$.'() β(r) '&
+&+,--D ()" (% .7( 8,G)'.+/"& &8,--"% ,)/ 3(+-/ 4" ') .!" 8(&. 3,&"& )"G-"3."/6 JUK0

C&')G 1(*002# 34!5 (2 /'E%,3.'() , 3(%%"-,.'() 4".7"") δ(r) ,)/ .!" ,)G-" 2(% .(.,- %"M
X"3.'() 3,) 4" 2(+)/?

cos(αi) = n cos(αt) @;0YB

αi '& .!" ')3'/"). ,)G-" (2 .!" 4",86 αt .!" ,)G-" (2 .%,)&8'.."/ 4",8 ,)/ n(r) .!"
%"2%,3.'() ')/"#0  !" αc 3%'.'3,- ,)G-" 3,) 4" /"%'F"/6 '2 αt '& &". αt = 0 2(% .(.,-
%"X"3.'()0 O'.! .!" +&" (2 n(r) ≈ 1− δ(r)?

cos(αc) = 1−
α2
c

2
= 1− δ(r)

P
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 !"#$ %&' ()!"" #*+#$,*- !*.",(/ 01, +'#-#+!" !*.", αc %&' ! )!-,'#!" #(2

αc =
√

2δ(r) =
1

k

√

2πreρe(r)

01!- ),!*( %&' #*+#$,*- !*.",( ()!"",' -1!* αc -1, 34'!5 +!* *&- 6,*,-'!-, -1, )!-,'#!"

#- .,-( -&-!" ',7,+-,$/

δ(r) #( +&'',"!-,$ -& -1, ,",+-'&* $,*(#-58 (,, 9:*/ ;/</ =* 0!>/ ;/;/? @!"A,( %&' $#B,',*-
)!-,'#!"( !', "#(-,$/

0!>", ;/;2 C#B,',*- #*&'.!*#+ )!-,'#!"( !*$ 6&"5(-',*, D#-1 -1, +&'',(6&*$#*. +'#-#+!"

@!"A,( %&' CuKα = 1.54 Å/ ρ/[g/cm−3] )!(( $,*(#-58 ρe/[Å
−3] ,",+-'&* $,*4

(#-58 αc/[
◦] +'#-#+!" !*.", !*$ qc/[Å

−1] +'#-#+!" (+!--,'#*. @,+-&'8 E?F

G&)6&A*$ ρ/[g/cm−3] ρe/[Å
−3] αc/[

◦] qc/[Å
−1]

SiO2 2.20 0.662 0.216 0.031
Si 2.33 0.712 0.225 0.032

Nb2O5 4.47 1.236 0.294 0.042
ZnO 5.61 1.576 0.326 0.046
C 2.26 0.680 0.217 0.031
Au 19.32 4.666 0.570 0.081
W 19.30 4.678 0.569 0.081

polystrene 1.00 0.325 0.112 0.016

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

=* 34'!5 ',7,+-#@#-5 -1, (6,+A"!' +&*$#-#&* #( A(,$ -& !*!"5(, -1#* H")( &* $,H*,$ (A>4

(-'!-,(/ I6,+A"!' +&*$#-#&* #( .#@,*8 #% αi = αf 8 D1,', αf #( -1, !*.",( &% -1, $#B'!+-,$

(#$,8 (,, J#./ ;/;

J#.A', ;/;2 I6,+A"!' +&*$#-#&* #* -1, ',+#6'&+!" (6!+,/ k0 #( -1, #*+#$,*- D!@, !*$ k -1,
$#B'!+-,$8 EKF/

J&' !* 3LL4(+!* αi !*$ αf 1!@, -& >, +1!*., (#)A"-!*,&A("5 -& )!#*-!#* -1, (6,+A"!'

+&*$#-#&*/ =* J#./ ;/; -1, $#B'!+-#&* @,+-&' qz #( $,6#+-,$/ =* .,*,'!" -1, ',+#6'&+!"

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

q = k− k0

k = 2π
λ - .*%$/+* &0* +1*%/2$# %'( !&!'( !+ /+* q +!312!4*+ &' qz5

qz =
4π

λ
sin(αi) 675789

:0* $ )$(&$;*+ !+ $ <$)* 2*(;&0 !( *1*( *(&  *1!%&!'( '= &0* >??@+%$(- <0!%0 3$A*+

$ %'31$#!+'( *$+!*#5

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

B#!(;*+ '%%/# <0*( $ +!(;2* 2$C*# '# 3/2&!2$C*# $#* $($2C+* ')*# $ %*#&$!( q@#$(;*- +**
B!;5 75D5 :0* 10C+!%+ !+ +!3!2$# &' )!+!.2* 2!;0& !(&*#=*#*(%* '( &0!( $( 12$!( 3* !/3+5

:0* >@#$C .*$3 ;*&+ #*E*%&* $( &#$(+3!&&* $& &0* )$%//3F3* !/3 !(&*#=$%* $( 

$;$!( #*E*%&* $( &#$(+3!&&* $& &0* 3* !/3F+/.+&#$&* !(&*#=$%*- +** B!;5 75G5 :0*

&<' #*E*%&* .*$3+ 0$)* $ 1$&0  !"*#*(%*- <0!%0 )$#C  /#!(; $ +%$(5 :0* 1$&0  !"*#*(%*

%'/2 .* %$2%/2$&* '/& '= ;*'3*&#!%$2 $++/31&!'(+5

∆ = 2t sin(αt) ≈ 2t
√

α2
i − α2

c

∆ #*1#*+*(&+ &0* 1$&0  !"*#*(%*- t &0* &0!%A(*++ '= &0* 2$C*# $( αt &0* $(;2* '= &0*

&#$(+3!&&* .*$3- +** B!;5 75D5 :0* $11#'H!3$&!'( ='# αt !+ ;!)*( .C  !"##$%& '()-

<0*#* α2
t ≈ α2

i − α2
c ='# +3$22 $(;2*+5

I$H!3/3 '= !(&*(+!&C !+ #*$%0* *)*#C &!3* <0*( &0* 1$&0  !"*#*(%* !+ +'3* 3/2&!12* '=

λ- 2!A* ∆ = mλ5

2αm+1 − 2αm ≈
λ

t

J0*( &0* K!*++!; =#!(;*+ $#* )*#C  *4(* - 2!A* !( B!;5 75D- &0* *+&!3$&!'( '= &0* &0!( 423

&0!%A(*++ L/+& )$#!*+ $ )!*< 1*#%*(&5 :' '.&$!( ;'' =#!(;*+ &0* 3$H!3/3 423 &0!%A(*++

='# %'()*(&!'($2 >@#$C +'/#%* !+ $.'/& ≈ 200 nm ='# '#;$(!% 3$&*#!$2+- MGN5

O
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 !"#$% &'() * +%,-#$%. /012 3,4%$ 56 758 59 6,7!:% Si; <=%$% 7=% >!%--!" 9$!6"%- ?,6
@% -%%6'

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

2=% +%,-#$%. !67%6-!74 ,7 7=% .%7%?75$ !- ?566%?7%. <!7= 7=% ,@-5$87!56 59 7=% +,7%$!,3;

$5#"=6%-- ,7 !67%$9,?%- ,6. %3%?7$56 .%6-!74' 15< 7=% 9$!6"%- 355A !6 , -!6"3% 5$ +#37!B

3,4%$ -4-7%+ .%8%6.- 56 7=% $%C%?7!56 ?5%D?!%67 59 %:%$4 !67%$9,?%'

E%C%?7!56 ,6. 7$,6-+!--!56 ?5%D?!%67- +#-7 @% ?,3?#3,7%. 5#7 59 7=% ,+83!7#.% $%C%?B

7!:!74 r ,6. 7$,6-!7!:!74 t' 25 .5 7=!- 7=%  !"#$"% &'()*+,$ ,$% #-%.' 2=%4 ,$% @,-%.

56 7=% ?567!6#!74 59 7=% 7,6"%67!,3 ,+83!7#.% 59 7=% !6?!.%67; $%C%?7%. ,6. 7$,6-+!77%.

<,:%' F!7= 7=!- @5#6.,$4 ?56.!7!56 7=%  !"#$"% &'()*+,$# ,$%)

r =
αi − αt

αi + αt

t =
2αi

αi + αt

-$"%%.# /)0; GH6' &'I !6-7%,. "!:%- 7=% $%3,7!56-=!8 @%7<%%6 αi ,6. αt)

αi =
√

α2
t + α2

c − 2iβ

 5$ -!+83!J?,7!56 K#-7 7=% $%C%?7!56 9$5+ , -#@-7$,7% !- $%",$.%. <!7= ,6 !6J6!7% 7=!?AB

6%--' 25 "%7 7=% $%H#!$%. !67%6-!7!%- !6 7=!- ?,-%; 7$,6-+!77!:!74 ?,6 @% 6%"3%?7%. ,6. K#-7

$%C%?7!56 !- 6%%.%.' L%?,#-% r !- 7=% ,+83!7#.% $%C%?7!:!74 7=% ,@-53#7% -H#,$% =,:% 75
@% #-%. 95$ "%77!6" 7=% $%C%?7!56 ?5%D?!%67'

R =
IR
I0

= |
αi −

√

α2
i − α2

c − 2iβ

αi +
√

α2
i − α2

c − 2iβ
|2

I



 ! ! "#$%& $'()'*+,-,+&."$$/ *0%1+'$  ! ,2+$345*+,32

I0  ! "#$  %&'( %)  %"$%! "* +,'( "#$ "-.$ /%0 IR  ! "#$ ,$1$&"$0  %"$%! "* ($/!-,$0 /"

"#$ 0$"$&"',2 3 "# 45%2 6267 "#$  %"$%! "* IR /&&',0 %) "'  "! q 0$8$%0$%&$  ! 9

R(q) =
IR(q)

I0
= |

qz −
√

q2z − q2c −
32π2

λ2 iβ

qz +
√

q2z − q2c −
32π2

λ2 iβ
|2

R(q) #/! 0 :$,$%" ,$) '%; !#'<%  % = )2 62>2 ?% ('!" &/!$ β &/% .$ %$)@$&"$02

 qz > qc "#$ R(q) 0$&/*! @ A$ ( qc
2qz

)42 B# ! &'%! 0$,/" '%  ! C/@ 0 +', / 8$,+$&" 8@/ %

!-,+/&$ < "#'-" ,'-)#%$!!2 DEEF!&/%! < "# ,$/@  %"$,+/&$! #/C$ / !"$$8$, 0$&/* '+

IR(q)2

 qz ≈ qc  % "# ! ,$) '% /% $C/%$!&$%" </C$ '&&-,,$! '% "#$ !-,+/&$ '+ "#$ (/"$, /@; "# !

,$) '%  ! -!$0 .* "#$ G,/& %) ?%& 0$%" DF,/* H :,/&" '%2 B#$ </C$ &/% 8$%$",/"$2

 qz < qc  "  ! "#$ "'"/@ ,$1$&" '% ,$) '%; <#$,$ 5-/! %'"# %) '+ "#$ DF,/* .$/(

 ! 8$%$",/" %) "#$ (/"$, /@; "#$,$+',$ "#$ ,$1$&" '% &'$I& $%"  ! %$/,@* &'%!"/%"2

B#$ 8@/"$/- .$@'< qc; !$$ = )2 62>;  ! 0$"$,( %$0 "#,'-)# "#$ ! J$ '+ "#$ !-.!",/"$;

!(/@@$, !-.!",/"$! ) C$ / !(/@@$, 8@/"$/-2 B# ! &/% .$ 0$, C$0 "#,'-)# ! (8@$

)$'($", &/@ ('0$@; &'%! 0$, %) "#$ .$/( # )#" '+ "#$ DF,/* .$/(2

= )-,$ 62>9 K#'<%  ! / ! (-@/" '% '+ ,$1$&" C "* '% / !-.!",/"$ < "# %' ,'-)#%$!!2 qc  !

"#$ &, " &/@ !&/""$, %) C$&"',2

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

?+ "#$  %& 0$%" /%)@$  ! . ))$, "#/% αc; "#$ DF,/*! < @@ .$ /@!' ",/%!( ""$0 /" "#$  %"$,+/&$2

L'< / ! %)@$ @/*$,; @ A$  % = )2 62M; < "# / N% "$ "# &A%$!!  ! ,$)/,0$02 B#$  %"$%! "* /"

"#$ 0$"$&"', 0$8$%0! '%9

67



 !"#$%& '( )*$&+,- $)+* '('( ./&"0 &%12% $)3)$04.&&5

  !"!#$%&' ($ )(#**+,+!-%*+ %'$!./(#! r01

 0 1(.$ &/ $2! 3!(+ %4 5&!4 %'$& $2! +!-%*+ t01 ('- 2%$4 $2! %'$!./(#! &/ +!-%*+,4*34$.($!
r126 72! 3!(+ %'4%-! $2! +!-%*+ %4 .!"!#$!- 3(#8 $& $2! +!-%*+,)(#**+ %'$!./(#!9
:2!.! %$ #(' ;!()! $2! +($!.%(; :%$2 t106 <!#(*4! $2%4 =>.(?4 +&)!- %' ( +!-%*+9
( 1($2 -%@!.!'#! 3!$:!!' r01 ('- $.('4+%$$!- ('- .!"!#$!-At01t10r12 3!(+ 2()! $&

3! %'#;*-!-6 72! 12(4! /(#$&. %4 p2 = eiq∆B6

 C*;$%1;! .!"!#$%&' #(' &##*.6 72! 3!(+ %4 .!"!#$!- (5(%' ($ $2! +!-%*+,)(#**+

%'$!./(#! r10 ('- $2!' .!"!#$!- (5(%' ($ r126

72! $&$(; (+1;%$*-! .!"!#$%)%$? %49 DEFG

rSingle = r01 + t01t10r12p
2 + t01t10r10r

2
12p

4.... AH6HHB

I2!.! t01t10r
n−1
10 rn12p

2n
%4 $2! $!.+ /&. +*;$%1;! .!"!#$%&'49 /&. n ≥ 26 JK'6 H6HH $*.'

&*$ $& 3! 5!&+!$.%# 4!.%!49 :2%#2 #(' 3! 4%+1;%L!- :%$2 $2!  !"#$"% &'()*+,$# ('- $2!

(44*+1$%&' r01 = r10 $&G

rSingle =
r01 + r12p

2

1 + r01r12p2
AH6HEB

M%5*.! H6NG 0 4#2!+($%# -!4#.%1$%&' &/ $2! .!"!#$!- ('- $.('4+%$$!- 3!(+9 DOF

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

M&. 4%+1;%L#($%&' '&: +*;$%1;! .!"!#$%&' !)!'$4 (.! '!5;!#$!- ('- P*4$ 4%'5;! .!"!#$%&'

#&*'$4 /&. $2! .!"!#$%)%$? (+1;%$*-! r6 7& &3$(%' r $2! L.4$ 4$!1 %4 $& 4$(.$ ($ $2!
+!-%*+,4*34$.($! %'$!./(#!9 :2!.! $2!  !"#$"% &'()*+,$# 5%)!G

r′N,substrate =
kN − ksubstrate
kN + ksubstrate

Q%+%;(. $2! $& 4%'5;! ;(?!.4 $2! '!R$ ;(?!. %4 #&'4%-!.!-

rN−1,N =
r′N−1,N + r′N,substratep

2
N

1 + r′N−1,Nr′N,substratep
2
N

7& #(;#*;($! $2! .!"!#$%)%$? (+1;%$*-! r /&. $2! :2&;! +*;$%;(?!. 4?4$!+9 $2%4 +!$2&-
+*4$ 3! .!#*.4%)!;? #&'$%'*!- /&. (;; ;(?!.46 M&. +&.! -!$(%;!- -!.%)($%)!9 DEF %4 .!#&+>

+!'-!-6

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

 !"#$%&'(" )$!"*(+'(,- .,* '#$ $/$"'! ,. *,01#-$!! (! !#,2- (- 3(14 5464 7#$ *,01#

!0*.&"$! &-) (-'$*.&"$! "&- "&0!$ ,/8!+$"09&* !"&''$*(-1: '#(! 9$&) ', & 9,!! ,. (-'$-!('; &'

'#$ )$'$"',* !()$4 7#*,01# '#&' '#$ Rrough(q) < RFresnel(q) &-) '#$ <==8!"&-! )$"&;
!'$$+$* '#&- (- '#$ ()$&9 3*$!-$98+("'0*$>R(q) ≈ q−4?4 3,* !%&99 q @,'# "0*A$! &*$ -$&*9;
'#$ !&%$: @0' .,* #(1#$* q '#$ *,01#-$!! "&0!$! & @(1 )(A$*1$-"$: !$$ BC-4 545D4

3(10*$ 546E  <==8!"&- 2&! +*$.,*%$) ,- -&'(A$ Si>@90$ "0*A$?&-) ",%+&*$) 2('# &
!(%09&'(,- 2('#,0' *,01#-$!!>*$) "0*A$?4

F,2 '#$  !"#$#%&!'( )$*++,+#)&!*% (! ",-!()$*$)4  ! (' (! !#,2- (- '#$ &++$-)(G (- HIJ:

'#$  !"#$#%&!'( )$*++,+#)&!*% (! +*,+,*'(,-&9 ', '#$ !"&''$*$) (-'$-!('; Isc ≈ ( dσdΩ)4 7#$
%&'#$%&'("! (!E

dσ

dΩ
=

reρe
qz

2 A0

sin(αi)

∫

e−q
2
z〈[h(0,0)−h(x,y)]

2〉/2ei(qxx+qyy)dxdy >545K?

A0

sin(αi)
(! '#$ (990%(-&'$) !0*.&"$ &*$&: re #$*$ '#$ -.*/+*% +)'&&#$!%0 (#%0&. ,. &- $9$"8

'*,-4 7#$ 〈eiqz [h(0,0)−h(x,y)]〉 = e−q
2
z〈[h(0,0)−h(x,y)]

2〉/2
(! L-,2 &! '#$ 1'2#$,3'4+ *$" -.#,

*$#/: HIJ: 2#("# "&- M0!' @$ &++9($) (. '#$ #$(1'# )(!'*0@0'(,- (! &!!0%$) &! & 5'4++!'%,

 !+&$!64&!*%4 7#$ 0!$ ,. '#$ 5'4++!'%, !+&$!64&!*% (%+9($! '#&' A$*; "9,!$ &*$&! >A(x, y)
&-) A(x′, y′)? &*$ -,' ",**$9&'$) 2('# $&"# ,'#$*: HIJ4  9'#,01# & 5'4++!'%, !+&$!64&!*%

%,)$9 .,* '#$ #$(1#' )(!'*(@0'(,- (! A$*; 0-+#;!("&9: '#(! !(%+9$ %,)$9 )(!+9&; 1,,) $!8

'(%&'(,- ,. '#$ *,01#-$!!4 N- 3(14 54O &- $G&%+9$ ,. &- 0-",**$9&'$) !0*.&"$ (! 1(A$-4

7#$ #$(1#' ,. '#$ !0*.&"$ (! ,@&(-'$) .*,% '#$ &A$*&1$ A&90$ ,. '#$ 5'4++!'%, !+&$!64&!*%4

7#$ *,01#-$!! (! $!'(%&'$) '#*,01# σrms '#$ *,,' %$&- !C0&*$ )$A(&'(,- &-) 1(A$! &

#(-' #,2 !'*,-19; '#$ #$(1#' A&*($! &*,0-) '#$ &A$*&1$ #$(1#' ,. '#$ !0*.&"$4

5I
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 !"#

(
dσ

dΩ
)Fresnel =

reρe
qz

2 A0

sin(αi)

∫

ei(qxx+qyy)dxdy

$%&

〈[h(0, 0)− h(x, y)]2〉 = 2〈h2〉 − 2〈h(0, 0)〉〈h(x, y)〉 = 2〈h2〉

'()$"!*% +,+- ./0*1/23

(
dσ

dΩ
) = (

dσ

dΩ
)Fresnel e

−q2zσ
2
rms

4+,+56

σrms =
√

〈h2〉 !2 )2/&, 7#/ 0*%2!&/8$"!*% *9 8*):#%/22 ;/$&2 "* 9*;;*<!%: 0*%0;)2!*%3

 =*):#%/22 ;/$&2 $;<$>2 "* $ ;*</8 !%"/%2!">, 7#/ ?8/2%/; 8/@/0"!A!"> ( dσdΩ)Fresnel !2
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 E,%3 αi < αc /1/.; $%F%+/!13 1++#$: ./ /,% :#$2.+%> $%"!-% 12 +13:/.3/ $%F%+/!13'

G %<.3%:+%3/ =.<% !: +$%./%4 13 /,% :#$2.+%> =!/, . 0%3%/$./!13 4%0/, 12 .H1#/

≈ 5 − 10 nm> ?IA' C3 /,!: $%"!13 BC5D !: :#$2.+% :%3:!/!<% .34 +.3 -.!3/.!3 /,%
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√
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√
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"'/ +",,9

B1-#-', 01&!1 +$$#, "' "#-+ !"' 7'/$%(- #1$ .-55-0&'( $6$'#,< HIJK
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%#&"'+( & ( ,# -'$#&"01 & 0&20 "#- +2" +! b3 4567
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= %& ""#$'() #*#(" +(  %>.#$'& 0 %1??#"$'& %& ""#$#$3 ".# "+" 0 %& ""#$#- '("#(%'"1 '%
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σscat,tot =

∫ ∫

|b( )|2dΩ

A#& 2%#  %>.#$'& 0 %1??#"$'& %& ""#$#$ '% $#) $-#- ".# %& ""#$'() 0#()". '% &+(%" (" +*#$

".# %2$! &#  $# b( ) = b3 '" !+00+@%

σscat,tot = 4πb2

B+ &+(%'-#$ ".# @.+0# '("#$ &"'+( @'".  ?#-'2?  ,%+$>"'+( . *# "+ ,# '(&02-#- σabs:
B+" 0 &$+%%C%#&"'+( +!  %>.#$'& 0 %1??#"$'& %& ""#$#$ '%7

σtot = σabs + σscat
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B.'% '%  *#$1 )#(#$ 0 ?+-#0  (- '% +2" +! 4E6  (- 456  (-  $#  0%+ * 0'- !+$ FC$ 1%: B.#

%& ""#$'() 0#()". !+$ (#2"$+(% '% +!"#( (+" %>.#$'& 0 %1??#"#$'&3 @. " ?# (% ". " b -#C

>#(-% +( ".# +,%#$* "'+( -'$#&"'+( u  (- '% (+" 2('!+$?01 -'%"$',2"#-  (1?+$# +*#$ ".#

@.+0# %+0'-  ()#0#: G#(#$ 001 ".# %& ""#$'() 0#()". !+$ (#2"$+(% '% b(u) !+$  %>#&'H&

+,%#$* '+( -'$#&"'+(  3 456  (- . *# "+ ,# & 0&20 "#- 0'I# '( JK(: 9:9;: L#2"$+(%  $#

'(M2#(&#- ,1 ".# '("#$ &"'+( +! ".#'$ %>'(% @'". ".# %>'( +! ".# &+$#  (- ? )(#"'& ?+C

?#("%: A2"  (+".#$ '?>+$" (" > $ ?#"#$ +! ".# b(u) '% ".# %& ""#$'() +( (+" %>#$#'& 0

%1??#"$'& &+$#%3 @.'&. +&&2$#% #%>#&' 001 !+$ .').#$ ? %% (2?,#$%:
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+! FC$ 1% @'". ? ""#$3 ,2" '" '% (#*#$".#0#%%  $+2).  %%2?>"'+(: = %"#> !2$".#$ '% "+

'(&02-# ".#  "+?'& %"$2&"2$# ! &"+$ '( ".'% &+(%'-#$ "'+(: B.# %& ""#$#- '("#(%'"1 +!  (

A$ ))C># I '% -#"#$?'(#- ,1 ".#  "+?'& %"$2&"2$# ! &"+$8f(q)<3 4N63  (- '%

f(q) =

∫
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I0  ! "#$  %&'( %)  %"$%! "* +%, ISC !&+""$-$, '%$. /0" '1 "# ! -$2+" '%3 "#$ !&+""$- %)

2$%)"# 1'- 45-+*! 1'- +% +"'(  !6

b(q) = ref(q)

re  ! "#$  !"#$"% $&'(()*+%, -)%,(! +)+ %3 q  ! "#$ -$& 7-'&+2 !&+""$- %) 8$&"'-3 9# &#

+2!' ) 8$ "#$ ':!$-8+" '% , -$&" '%. ;#$ 7'2+- !+" '% 1+&"'-  ! %$)2$&"$,. ;# ! $<7-$!! '%

 ! &+22$,  !"#$"% $&'(()*+%,. =1 "#$  %& ,$%" :$+( #+! +% $%$-)* "' &'($  % -$!'%+%&$

9 "# "#$ $2$&"-'%!  % "#$ - '-: "+2!. ;#$% "#$ +"'( !"-0&"0-$ 1+&"'- (0!" :$ &'--$&"$,3 >?@

'- >A@ 1'- 10-"#$-  %1'-(+" '%.

B )0-$ C.CD6 E"'( & 1-'( 1+&"'- '1 , F$-$%" $2$($%"! +%, "#$ - ,$7$%,$%&$ '% "#$ 9+8$

2$%)"# '1 + 45-+* :$+( +%,  %& ,$%" +%)2$3 >G@

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

;' ,$"$-( %$ "#$ !&+""$- %) 2$%)"# 1'- %$0"-'%!  ! 1+- ('-$ , H&02" "#+%  "  ! 1'- 45-+*!.

;#$ -$+!'%  ! "#+" +%  !'"'7 & !&+""$- %) 2$%)"#  ! %'" 8+2 , +%* ('-$3 b ,$7$%,!  %

+% 0%!*(($"- & 9+* '% "#$  %"$-+&" '% 9 "# "#$ %0&2$0!3 >?@. I$&+0!$ '1 "#$ (+)%$" &

('($%"JµmK +%, !7 %3 %$0"-'%! +-$ +2!' !$%! " 8$ 1'- "#$ (+)%$" & ('($%" '1 "#$ %0&2$0!

+%, !7 %. ;#$-$1'-$ b ,$7$%,! '% "#$ , -$&" '% '1 "#$ %0&2$+- !7 %3 >?@. E2!' "#$ !&+""$- %)

&-'!! !$&" '% !72 "! 07  %"' "9' &'(7'%$%"!6

σscat = σcoherent + σincoherent

/%2* σcoherent #+8$  %1'-(+" '% +:'0" "#$ !"-0&"0-$. ;#$  %&'#$-$%&$ σincoherent  ! &+0!$,

:$ + ( !! %) 7#+!$ -$2+" '% :$"9$$% "#$  %&'( %) +%, !&+""$-$, :$+( +%,  "  ! &'--$2+"$,

"' "#$ , !'-,$- '1 "#$ $%!$(:2$3 >A@. ;' ! (72 1* "# ! &+!$ + $%!$(:2$ '1 N  ,$%" &+2

7+-" &$2!  ! -$)+-,$,3 >?@6

dσ

dΩ
(q) =

N
∑

j,k=1

〈bjbke
iqrjk〉

CA
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 !" #$% &'(&)%* $+,% #! -% )!'*&(%.%(/ 0$% ,+12%* bj +'( bk (%3%'( !' #$% 4&,%' &*!#!3%
+'( *3&' *#+#%5 678/  ! &'#%.9%.%')% &* 4+&'%( "$%' j = k5 #$+# :%+'* #$% *2: &* *31&##%(

23 &'#! #"! 3+.#*5 "$%.% j 6= k +'( j = k/ 〈bjbk〉 -%)!:%*;

j = k : 〈bjbk〉 = 〈b
2
j 〉 = 〈b

2〉

j 6= k : 〈bjbk〉 = 〈bj〉〈bk〉 = 〈b〉
2

0$% (&<%.%'#&+1 ).!** *%)#&!' &* '!";

dσ

dΩ
( ) = 〈b〉2

N
∑

j,k=1

ei !jk +N(〈b2〉 − 〈b〉2)

0$% *2-*#&#2#&!' !9 N〈b〉2 &* '%)%**+.=5 -%)+2*% #$% *2:
∑N

j,k=1 e
i !jk

*#&11 .2'* !,%.

+11 &'(&)%*5 "$&)$ &')12(%* +1*! j = k/ 0$% >.*# #%.: )!'*&(%.* #$% &'#%.9%.%')% +'( &*

)+11%( #$% )!$%.%'# ).!** *%)#&!'/ 0$% *%)!'( #%.: &* ?2*# (&<2*&,% *)+##%.&'4 +'( '+:%(

&')!$%.%'# ).!** *%)#&!'/

0$% *)+##%.&'4 1%'4#$ &* +,%.+4%( !,%. +1 &*!#!3%* &' #$% %'*%:-1%/ @' #$&* (%.&,+#&!' #$%

*3&' *#+#% &* &'(%3%'(%'# !9 #$% 3!*&#&!' !9 #$% *)+##%.%.5 678/

A! #$% )!$%.%'# #%.: 1!!B* 1&B%;

σcoherent = 4π〈b〉2

+'( #$% &')!$%.%'# #%.: &*;

σincoherent = 4π(〈b2〉 − 〈b〉2)

@' #+-1%5 0+-/C/D #$% *)+##%.&'4 1%'4#$* +.% 1&*#%( 9!. (&<%.%'# %1%:%'#* +'( &*!#!3%*/

0+-/ C/E *$!"* #$% )!$%.%'# +'( &')!$%.%'# ).!** *%)#&!' !9 *!:% &:3!.#+'# %1%:%'#*/

0$%= +.% !-#+&'%( !2# !9 %F3%.&:%'#*;

0+-1% C/D; A)+##%.&'4 1%'4#$GbH 9!. 1&4$# %1%:%'#*5 678/

6I8 A)+##%.&'4 1%'4#$

1H 2H 12C 16O

b(10−14m) −0.38 0.66 0.66 0, 58

0+-1% C/E; J.!**K*%)#&!' !9 (&<%.%'# 1&4$# %1%:%'#*/ σcoh(10
−28m2) &* #$% )!$%.%'# ).!**

*%)#&!'5 &# )+..&%* +11 &'9!.:+#&!' +'( σincoh(10
−28m2) &* #$% &')!$%.%'# ).!**

*%)#&!'5 &# &* )!'*&(%.%( +* -+)B .!2'( +'( (!'L# $+,% +'= &'9!.:+#&!' +-!2#

*#.2)#2.% !9 #$% &',%*#&4+#%( :+#%.&+15 678/

6I8 @*!#!3%  2)1%+. A3&' σcoh(10
−28m2) σincoh(10

−28m2)
1H 1/2 1.8 79.7
2H 1 5.6 2.0
12C 0 5.6 K

14N 1 11.6 0.3
16O 0 4.2 K

DM



 !"#$%& '( )*$&+,- $)+* '(.( *%-$&+* &%/0% $)1)$23*&4

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

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

1"%&)2&( ,3,+". 4&5/ ,""  $46 7686 9).1$%"2 0&+! :;%$3,/ &+ &, ,) 1),,&4-" +) $'$-3,"

.$+"%&$-, 0&+! $ #"%3 ,&.&-$% "-"(+%)' 2"',&+36  !$+ &, $ 4&5 $2#$'+$5",/ 0!"'

.<-+&-$3"% ,$.1-", .<,+ 4" $'$-3,"26 =&+! :;%$3, &+ ()<-2 !$11"'/ +!$+ -$3"%,

$%" +)) ,&.&-$% &' ,($++"%&'5 -"'5+! 2"',&+3 $'2 ()<-2 +!"%"*)%" ')+ 4" %",)-#"26 >)

'"<+%)' %"?"(+&#&+3 5&#", $ #"%3 5))2 $-+"%'$+&#" *)% %",)-#&'5 1)-3."% -$3"%, )'

2"@'"2 ,<4,+%$+",6

A22&+&)'$--3 +!" 4&5 2&B"%"'(" )* ,($++"%&'5 -"'5+! 2"',&+3 *%). C $'2 N &, $'

&'#&+$+&)' +) 1%)4" 1%)+"&', $'2 )+!"% ().1-"C 4&)-)5&($- ,+%<(+<%", 0&+! '"<+%)',6

  $46 76D ."'+&)', +!" ,($++"%&'5 -"'5+! *)% H1 $'2 D26  ) &'(%"$," +!" ,"',&+&#&+3

)* '"<+%)', *)% $ ("%+$&' .$+"%&$- )% ,+%<(+<%" &+ &, 1),,&4-" +) ,<4,+&+<+" D2 &',+"$2

)* H1 +) &'(%"$," +!" ,($++"%&'5 -"'5+! 2"',&+36  !&, +"(!'&E<" &, 0&2"-3 <,"2 &'

>)*+ F$++"% G!3,&(, $'2 $ -)+ )* &.1)%+$'+ 4%"$H+!%)<5!, 0"%" .$2" +!&, 0$3 &'

<'2"%,+$'2&'5 +!" ()'*)%.$+&)' )* 1)-3."%, &' +!" ."-+ )% $.)%1!)<, ,)-&2,/ IJK6

  !"&% ,1&' $'2 .$5'"+&( .)."'+ .$H", +!". ,"',&+&#" *)% +!" .$5'"+&( ,+%<(+<%"

)* .$+"%&$-, $'2 "'$4-", &'#",+&5$+&)',6

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

L'" 4&5 2&,$2#$'+$5", )* '"<+%)' "C1"%&."'+, &, +!$+ +!"3 $%" #"%3 "C1"',&#" !"'("

+!"%" $%" M<,+ $ *"0 *$(&-&+&", &' +!" 0)%-2/ 0!"%" ,<(! "C1"%&."'+, ()<-2 1"%*)%."26

A22&+&)'$--3 +!" ?<C )* +!" &'().&'5 4"$. &, 4"+0""' 1014 − 1017 neutron
cm2·second

/ I7NK 2";

1"'2&'5 )' +!" ,)<%("/ ,) $ "C1"%&."'+ ()<-2 +$H" ,"#"%$- !)<%,6  !&, &, $-,) +!" +%<"

*)% OP;"C1"%&."'+,6 9).1$%"2 0&+! +!" ,3'(!%)+%)'/ 0!"%" +!" ?<C &, $4)<+ 1016 −
1022 photons

cm2·mr2·second·(0.1%bandwidth)
/ '"<+%)' "C1"%&."'+,/ $%" +&.";()',<.&'56 Q<+ '"#"%;

+!"-",, +!"%" $%" ,)." 0)%H $%)<'2,6 R+ &, E<&"+ ()..)'/ ",1"(&$--3 &' OP;"C1"%&."'+,

+) 2"<+"%$"2 +!" 1)-3."%, +) &'(%"$,"

dσ
dΩ(q) ')+ )'-3 *)% +!" ()'+%$,+/ 4<+ $-,) +) ,!)%+"'

+!" ."$,<%&'5 +&."6

=)%-20&2" +!" '"<+%)' *$(&-&+&", )* +!" '"C+ 5"'"%$+&)' +"'2 +) $ !&5!"% $'2 !&5!"% '"<;

+%)' ?<C/ +!" S;GAP9 &, )'" )* +!".6 R' T&56 7677 $-- ,(&"'+&@( %"$(+)%, *)% '"<+%)'

,($++"%&'5 $%" -&,+"26

D7



 !"! #$%&'(# '$)*$+&,-,&./#'0 +123&$'  ! ,#&'(4%+&,(#

 !"#$% &'&&( )*$+, -./ *0 .++ 12% $%3%.$42 5%#1$*5 0.4!+!1!%3 !5 12% 6*$+,' 7*$% *8%$ 20
%9!313: ;&<=

<<



 !"#$%& '( )*$&+,- $)+* '(.( *%-$&+* &%/0% $)1)$23*&4

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

 !"#" $"#"%$&! $"%&'($# !%)" % *%$ +(,"$ "-"$./ 0$(12&'3(- '!%- &(-)"-'3(-%+ -2&+"%$

0(,"$ 0+%-'#4 5# "6%70+" '!" $"#"%$&! $"&'($ 3- 8%$&!3-.9 :;< == 3# 7"-'3(-"14 :;<

== !%# % 0(,"$ (* 20 MW 9 >?@A4 =- '!" :;< == *2"+ &"++# %$" 2#"19 1"03&'"1 3- :3.4 ?4?B

'!" 0$3-&30%+ &(-&"0' 3# #!(,-4

:3.2$" ?4?BC 5 *2"+ &"++ *$(7 :;<D==4  !" ")(+2'"1 *2"+ 0+%'"# .2%$%-'"" % !(7(."-"(2#

E(, (* &((+3-. ,%'"$4 ;3.!' 3# '!" $"%&'($ (* :;< ==9 >?@A4

 !3# *2"+ &"++# %$" "-$3&!"1 ,3'! Uranium235F 20%G '!" ")(+2'" #!%0" (* '!" *2"+ 0+%'"#
(0'373H" '!" &((+3-. ,3'! +3.!' ,%'"$ H2O9 >?@A4  !" $"%&'3(- 3# *(++(,3-.C

 I+(, -"2'$(- %$" %J#($J"1 J/ '!" U2354 U236 3# J/ *%$ +"## #'%J+" %-1 '!" -2&+"2#

&$%&K# 3-'( 0%$'#4

 :3##3(- (* '!" U236 0$(12&"# !3.! #0""1 -"2'$(-9 ,!3&! +"%)" '!" *2"+ &"++9 J2'

."' $"E"&'"1F 30%G9 >?@A J/ '!" !"%)/ ,%'"$ D2O 3- '!" 7(1"$%'($ '%-K9 ,!3&!

#2$$(2-1 '!" *2"+ &"++4

  !" %1)%-'%." (* '!" !"%)/ ,%'"$ 3# '!" +(, %J#($0'3(- &("L&3"-' *($ -"2'$(-#4 I(

'!" 2-$"E"&'"1 -"2'$(-# '$%)"++3-. '!$(2.! '!" !"%)/ ,%'"$ %-1 +(##"# '!"3$ "-"$./4

I"" :3.4 ?4?@ *($ '!" E26 (* '!"$73&%+ -"2'$(-#4

 =-'( '!" 7(1"$%'($ '%-K 13M"$"-' N"' '2J"# +"%1 '!" -"2'$(- '( '!" J"%7 +3-"#4

:3.4 ?4?@ #!(,# '!" 13#'$3J2'3(- (* '!" '!"$73&%+ -"2'$(-# 3- '!" 7(1"$%'($ %$(2-1 '!"

*2"+ &"++4  !" N"' '2J" %$" +(&%'"1 3- %$(2-1 '!" *2"+ &"++ %-1 .231" '!" -"2'$(-# '( '!"

B@



 !"! #$%&'(# '$)*$+&,-,&./#'0 +123&$'  ! ,#&'(4%+&,(#

 !"# $%&!'( )!'%*! +,! +,!-#%."$ &!/+-0&'1 "$'0 /$-" .00$!* 0- ,0+ &!/+-0&' "-! %& +,!

#0*!-"+0-1 2,%., ,"3! " 4/5 #"5%#/# "+ " *%6!-!&+ *%'+"&.!( 7!+ +/ ! ."&  ! 8$".!*

"+ +,! 4/5 #"5%#/# 09 " .!-+"%& &!/+-0&' !&'!# $!1 +0 :/%*! +,0'! +0 +,! !58!-%#!&+(

;%:/-! <(<=> ?!/-0& '8!.+-" 09 ;@A BB 0& +,! $!9+ "&* +,! C!+ +/ !' 09 ;@A BB 0& +,!

-%:+,1 D<EF

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

G&0+,!- 80''% %$%+H %' +0 /'! +,! 8,!&0#!&" 09 '8"$$"+%0& +0 8-0*/.! &!/+-0&'( I!-!

.,"-:!* 8"-+%.$!'J8-0+0&'K "-! "..!$!-"+!* +0 " 3!-H ,%:, !&!-:H1 /'/"$$H *0&! %& " $%&!"-

"..!$!-"+0- L-'+ "&* '!.0&*$H %& "..!$!-"+%0& -%&:( M,!& +,! 8-0+0& ,"' !&0/:, !&!-:H

+0 03!-.0#! +,! N0/$0#  "--%!- 09 +,! &/.$!/'1 +,! 8-0+0& 8!&!+-"+!' +,! .0-!( O,!

.0-! %+'!$9 %' 3!-H .$0'!* 8".P!* 2%+, 8-0+0&' "&* &!/+-0&'( O,-0/:, %&!$"'+%. '."++!-%&:

"&* N0/$0# %&+!-".+%0& +,! 8!&!+-"+%&: 8-0+0& ."& +-"&'9!- %+' !&!-:H +0 +,! &/.$!/'

"&* !5.%+! %+ %&+0 " ,%:,!- '+"+!( B+ %' "$'0 '"%* %& 8"-+%.$! 8,H'%.' +,"+ +,! &/.$!/' %'

,!"+!* /81 '!! ;%:( <(<E(

O0 :!+ -%* 09 +,! !5+-" !&!-:H1 +,! &/.$!/' !3"80-"+!' 8"-+%.$!' $%P! &!/+-0&'( M,!&

" ,!"3H +"-:!+ %' /'!* +,! &/.$!/' !3"80-"+! 20 − 30 &!/+-0&'1 D<QF( G' ,!"3H +"-:!+'

#!-./-H1 $!"* "&* +"&+"$/# "-! /'!*(

RE



 !"#$%& '( )*$&+,- $)+* '(.( *%-$&+* &%/0% $)1)$23*&4

 !"#$% &'&() *+,--,.!/0 /1 , 2%,34 5/$%6 7&89'

:2% !05/;!0" +$/./0 <%,; 2,= =/ ;#52 %0%$"4 .2,. .2% .,$"%.6 -!>% ;%$5#$4 !0 ?@

ABCD 2,= ./ $#0 !0 5!$5-%= ./ +$%3%0. .2% $%,5./$ 1$/; 2%,.!0" #+' :2% $%,5./$ !.=%-1 !=

=2/E0 !0  !"' &'&8' F. != ;,G% 3%$4 ;,==!3%6 =/ .2% ;%$5#$4 !0@ ,0G /#.-%. 2,3% ,</#.

10 cm !0 G!,;%.%$6 .2% E2/-% $%,5./$ #0!. !.=%-1 != =2/E0 !0  !"' &'&86 $!"2.'

 !"#$% &'&8) C%,5./$ /1 ?@ABCD' :2% ;%$5#$4 ;#=. <% 5!$5#-,.%G !0 , 5//-!0" 5!$5-%6

<%5,#=% /1 .2% 2!"2 %0%$"4 /1 .2% !05/;!0" +$/./0 <%,;6 7&H9'

 !"# $% &'!()*

I=+%5!,--4 !0 0%#.$/0 =5,..%$!0" , >0/E-%G"% /1 .2% %0%$"4 != !0G!=+%0=,<-%' :2%$% ,$%

.E/ ;%.2/G= ./ G%.%$;!0% .2% %0%$"4 /1 0%#.$/0=)

 B0,-4=%$=J5$4=.,-=K6 -!>% 1/$ L@$,4=

 :!;% /1 M!"2. ;%.2/G

:2% =+,--,.!/0 =/#$5% !0 ?,+,0 A,$.!5-% C%=%,$52 D%0.%$J?@ABCDK 1/$ %N,;+-% != +#-=%G

<4 25 Hz6 7&H9' I3%$4 4 ms , <#052 /1 0%#.$/0= E!.2 , G!=+%$=!3% %0%$"4 2!.= .2% =,;+-%

O8



 !"! #$%&'(# '$)*$+&,-,&./#'0 +123&$'  ! ,#&'(4%+&,(#

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

%+$ %).$ "$1 4 5$%6$$! *!$ .$ &3()!# 7*)!% 5$/*($ %+$ & .71$  !" 6+$! %+$ !$3%(*!

+)%& %+$ % (#$%, 83% */ %+)& %).$ "$1 4 %+$ '*(($&7*!")!# q9:$'%*(& ' ! 5$ "$%$(.)!$"2

&$$ ;)#, <,<=,

;)#3($ <,<=> -).$ */ 0)#+% .$%+*" /*( !$3%(*!&2 ?<@A

-+$ .$ &3()!# .$%+*" )! B9CDEF /*( GE )& :$(4 ")H$($!% /(*. %+ % /*( IEE, J4

IEE '*+$($!% I9( 4&  ($ 3&$"  !" %+$ ($')7(*' 1 &' %%$()!# :$'%*(KqzL )& '+ !#$" :) 

'+ !#)!# %+$ θ/2θ9 !#1$ /*( &' !!)!#  '$(% )! ( !#$, M)%+  ! $!$(#4 ")&7$(&):$ &*3('$

$:$(4 53!'+ */ !$3%(*!& )%&$1/ + &  q9( !#$2 5$' 3&$ */ %+$)( ")H$($!% :$1*')%)$&, ;*(

&' !!)!#  '$(% )! q9( !#$ %+$ )!')"$!%  !#1$KαiL + & %* 5$ '+ !#$" N3&%  /$6 %).$&2  !

$O .71$ )& #):$! )! ;)#,<,<@,

;)#3($ <,<@> G$3%(*! ($0$'%):)%4 &' ! */ CPQ- *! ! %):$9Si,

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

R% )&  ($1 %):$ !$6 / ')1)%4 )! B 7 !, -+$ 7(*%*!& /*( &7 11 %)*!  ($ S(&%  ''$1$( %$" )!  

1)!$ (  ''$1$( %*(  !" %+$! 1$" )!  &. 11 &4!'+(*%(*! */ 3 GeV 2 &$$ ;)#, <,<T, B9CDEF

' ! 7(*:)"$ !$3%(*!&  !" .3*!& /*( %+$ . %$() 1  !" 1)/$ &')$!'$ / ')1)%4 6)%+ %+$ &. 11

&4!'+(*%(*! */ 3 GeV  !" !$3%()!*&  !" U *!& 6)%+ %+$ . )! ()!# 50 GeV /*( $1$.$!% (4

7 (%)'1$ 7+4&)'& $O7$().$!%&,

J$' 3&$ %+$ $1$'%(*! "$!&)%4 */ %+$ 3&$" 7*14.$(& CPQ-9 C*14KP9+$O41%+)*7+$!9V2W9")41L

V=



 !"#$%& '( )*$&+,- $)+* '(.( *%-$&+* &%/0% $)1)$23*&4

 !" #$%&'()*+,-./.'"0'!')12+*34)56!+*'7/8'"0+*9' *2'-:6!;),7/</=>2?0 "0 ;)*'@/$'"0+*9> A)5

2?6 )5B !01 C)* 5 16** D C 2) C0E0* 5F G2 D C !)2 H)CC0:*6 2) C6H 5 26 :)2? H)*+E65 * +65C

C4I106!2*+ D02? JKK 0! )45 * :/ :42 2? 2 D C !616CC 5+ 2) B62 C)E6 56*0 :*6 0!A)5E 20)!

 :)42 2?6 5)4B?!6CC  2 2?6 0!265A 16F G2 D C H)CC0:*6 2) C66  26!"6!1+ )A  ! 0!156 C6 0!

0!265A 16 5)4B?!6CC/ :42 02 D C  H456 L4 *02 20M6*+ 1)!1*4C0)!/ C66 N61F =F7F

&?6 )!*+  *265! 20M6 D C OK  2 P'(QKRF &?6 6SH650E6!2C D656 H65A)5E6"  2 2?6 :6 E

*0!6 NT#GQ-N)A2 G!265A 16 Q! *+C659F &?6  "M !2 B6C D C 2? 2 P'(QKR ? C  L4062 ?0B?

34S )A !6425)!C  !" 2?6 :6 E *0!6 ? C  2D'C10!20** 2)5  C "62612)5F U0 2?0C 2D'"62612)5

0C D C H)CC0:*6 2) E6 C456 OK  !" )V'CH614* 5 " 2  2 )!16F &?6 1)EH*6S )A P'(QKR

0C "6H0126" 0! #0BF <F<$/ ,<W>

T2?65 1? 5 12650C201 " 2 )A NT#GQ 0C *0C26" :6*)D/ ,<W>/

 &?6 0!10"6!2 !6425)! D M6*6!B2? 0C  :)42X 0.2nm < λneutron < 0.88nm

 &?6 E S0E4E 5 !B6 0C 2θ = 6◦

 T:C65M :*6 5636120M02+ 0C  :)42X R = 10−7

 Y45 20)! 20E6X

 Y64265 26" H)*+E65 (Q < 1nm−1, R < 10−4) : 5min

 Y64265 26" H)*+E65 (Q < 2nm−1, R < 10−6) : 20min

 Y64265 26" H)*+E65 (Q < 4nm−1, R < 10−7) : 1h

 Z+"5 26" H)*+E65 (Q < 2nm−1, R < 10−7) : 2h

78



 !"! #$%&'(# '$)*$+&,-,&./#'0 +123&$'  ! ,#&'(4%+&,(#

 !"#$% &'&() *+,-% $%.%/$0+ /$%/ ,1 2345678 9&:;

<(



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

 !" #$%&'($)*

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

!'-! "3,'%*. -"."&$%'*.2 -**4 #*0'('%5 $.4 )%$0'('%56 7*.89-$%"4 1*(5#"&) $&" *." 0'-

+$#'(5 *+ %!*)"6  !"5 /"&" 4'),*:"&"4 '. %!" ;<=>?)2 @;AB6 7*.89-$%"4 #"$.) +*& $

,!"#')%2 %!$% %!" 1C*&0'%$( ') 4"(*,$(')"4 *:"& %!" /!*(" #*(",9(" $.4 $. "(",%&*. '. )9,!

$ *&0'%$( ,$. #*:" /'%! $. !'-! #*0'('%52 @;AB6 D )'#1(" "3$#1(" ') %!" 0".E"." &'.-2

/!"&" %!" )'3 pzC *&0'%$() +*&# $ πC*&0'%$( $0*:" $.4 9.4"& %!" σ 0*9.42 )"" F'-6 ;6;<6
 !" *%!"& 0'- -&*91 $&" )#$(( #*(",9(")2 ('G" +9(("&"."HC60I2 *('-*#"&" *& 45" #*(",9(")6

J5" #*(",9(") !$:" *1%',$( 1&*1"&%'")2 /!',! ,$. 0" %9."4 05 $44'.- *%!"& #*(",9(") $%

%!"'& ".4) *& &"1($,'.- %!" '.*&-$.', "("#".% %!&*9-! $.*%!"&6  !&*9-! %!$% %!" 0$.4

-$1 ,*9(4 0" '.K9".,"42 /!$% #"$.) %!$% %!" $0)*&1%'*. #$3'#9# ,$. 0" )!'+%"4 '. %!"

#*&" &"4 &"-'*. *& #*&" 0(9" &"-'*.6

F'-9&" ;6;<L  !" pz *&0'%$() *+ %!" ,$&0*. $%*#) '. %!" 0".E"." &'.- +*&# πC*&0'%$()
$0*:" $.4 0"(*/ %!" &'.-2 @;<B

 !"! #$%&'()*+, -$./0+12

D) %!" .$#" '#1('") 1*(5#"&) ,*.)')%'.- *+ $ 0$)', 9.'% %!" #*.*#"&2 )"" F'-6;6M>2 /!',!

') )5.%!")'E"4 /'%! %!" )$#" #*.*#"& $-$'. %* (*.- ,!$'.)2 %!" 1*(5#"&)6

F'-9&" ;6M>L N*.*#"& 9.'% *+ 1*(51&*15C

("."2 @M>B6

F*& %!" ,!"#',$(2 *1%',$( $.4 "(",%&',$(

1&*1"&%'") %!" ,!"#',$( )%&9,%9&" *+ %!"

#*.*#"& ') *+ '#1*&%$.,"6  !" #"C

,!$.',$(2 %!"&#*45.$#', $.4 )%&9,%9&$(

1&*1"&%'") 4"1".4 #*&" *. %!" #*(",9($&

/"'-!%H,!$'. (".-%!I $.4 %!" $&&$.-"#".%

*+ !"$4) $.4 %$'()6

 !" 1&*1"&%'") *+ 1*(5#"&) $&" .*% )*

"$)5 %* ,*&&"($%" %* (".-%! *& %!" ,!"#'C

,$( )%&9,%9&"6 F*& "3$#1("2 %!" #*0'('%5 ')

$()* "O",%"4 05 %!" ,!$'. (".-%! $.4 %!"

%!"&#*45.$#', 1&*1"&%'") $()* 4"1".4 *. %!" (".-%! *+ %!" $(G5( )'4" ,!$'.2 @M;B6 P%

)!*9(4 0" #".%'*."4 %!" %!') ') 89)% &*9-! '.%&*49,%'*. '. 1*(5#"&) $.4 %!"&" .* ,($'#

M<



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

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

+,& -..-(/&#&('  ! ,&-0 -(0 '-1%) &2&"') ',& )'.3"'3.-%  .0&. )'. (/%4* +,&.&! .& 1' 1)

(&"&))-.4 ' 01)'1(/31),5 , 6 ',& # ( #&.) -.& )&' ' /&',&.*

  !"#$ % 1) ',& )10&  ! ',& # ( #&.5 6,&.& ',& ",&#1"-% .&)'789 1)5 )&& :1/* ;*<;

 &"'($&% 1) " ()&=3&('%4  ( ',&  ',&. )10&

+,& 012&.&(' -..-(/&#&(') -.& ), 6( 1( :1/* ;*<;5 >&"-3)&  ! ',&1. ,1/, &2&"'  (  .0&.1(/

',& $ %4#&.) -.& 01?10&0 1( .&/1 .&/3%-.7889 -(0 .&/1 1...&/3%-.788-9*

:1/3.& ;*<;@ A ))1>%& -..-(/&#&(')  ! ,&-0 -(0 '-1% 1( $ %4',1 $,&(&)* +,& ,&-0 1) ',&.&

6&.& ',& # %&"3%-. .&)'789 )1')5 B<<C*

 !"! #$% &'"! () *($+,-#./% 0(123/45

D(  ./-(1") ',& EFGF 1) )'-(0 ! .  !"#$%& '(()*!$+ ,-.$()./0 '01!&/. -(0 ',& HIGF

! . 2-3$%& 45-(()*!$+ ,-.$()./0 '01!&/.*

*6#4-/ "(7818.29µ:

: . ',& &J"1&("4  ! -(  ./-(1" ) %-. "&%% ',& ",-./& # >1%1'4 1) ?&.4 1#$ .'-('* +,& µ
 ! , %&) µh -(0 &%&"'. () µe ), 3%0 >& 1( ',& )-#& .-(/& ' /3-.-('&& - /  0 ",-./&

'.-()$ .' -(0 ",-./& )&$-.-'1 ( -' ',& 1('&.!-"&* E&.&  (%4 ',& )1#$%&)' # 0&% ! . ",-./&

# >1%1'4 61%% >& 01)"3))&0@

ve/h = µe/hE

ve/h 1) ',& ?&% "1'4  ! , %&)  . &%&"'. () -(0 E 1) ',& &%&"'.1" K&%0* +,& # 0&%) ! . µe/h

61', .&/-.01(/ ',& ELK&%0L  . T L0&$&(0&("& -.& ( ' $1"  ! ',1) 01)"3))1 (*

"/#5,4/3/$. () µ

: . - )-'1)!41(/ 0&)".1$'1 (  !  ./-(1" ) %-. "&%%) ',& >3%M # >1%1'1&)  ! ',& ",-./&) -.&

(&&0&0* +1#&  ! :%1/,'7+F:9 1) - #&,' 05 6,1", "-( $.&?&(' )3", 1(! .#-('1 (5 -) % (/

',& # >1%1'1&) -.& % 65 B<NC* +,& $.1("1$%& 1) ',& ! %% 61(/@ O ), .' $3%)&  ! %1/,' ".&-')

&P"1' ()  (  (& )10&  ! ',& )-#$%&5 )&& :1/* ;*<< )1#3%'-(& 3)%4 - ? %'-/& 1) -$$%1&0 !. #

 (& &(0  ! ',& &%&"'. 0& ' ',&  ',&.5 6,1", )&$-.-'&) ',& ",-./&)* F(& ",-./& )$&"1&)

NQ



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

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

.()'/!% 3'+*(!'"4 5&* #!(*%+", #!$%&'()*# %&'()*$ %'2$* ' #!$6"'%*3*/+ %2((*/+0  &!%&

%'/ 7* #*+*%+*#4 8&*/ +&* %&'()*$ !/ +&* .()'/!% 3'+*(!'" (*'%& +&* .+&*( *"*%+(.#* +&*

#!$6"'%*3*/+ %2((*/+ #(.6$ +. 9*(. '/# +&* +!3* #*"',:τt; !$ #*+*(3!/*#0 <=>?4

τ =
L

µE
=

L2

µV

L !$ +&* #!$+'/%* 7*+ **/ +&* *"*%+(.#*$ '/# V !$ +&* '66"!*# 1."+')*4

@!)2(* A4==B C*'$2(*3*/+ $*+26 -.( %&'()* 3.7!"!+,0 <=D?4

 !"#"$%&'()*)+)(+) ,%-(#%& ./+')(+01 2,.3

E&.+."23!/*$%*/%* !$ ' (*$2"+ .- +&* (*%.37!/'+!./ .- %'((!*($4 8&*/ "!)&+ &!+$ ' 6&.F

+.'%+!1* 6.",3*($ !+ !$ '7$.(7*# '/# )*/*('+*$ ' *"*%+(./F&."* 6'!(:*G%!+./;0  &!%& !$

/.(3'"", ".%'+*# '+ +&* 7'%H 7./* .- +&* %&'!/4 I*(* +&* *"*%+(./ !$ *G%!+*# !/ +&*

JKCL '/# ' &."* !$ )*/*('+*# !/ ILCL4 MG%!+./$ '(* *"*%+(!%'"", /*2+('"0 &'1* ' %*(F

+'!/ "!-* +!3* '/# 3.1* $+'+!$+!%'"", '(.2/# ./ +&* 6.",3*(4 5&*, %'/ (*%.37!/* ')'!/

!/ ' ('#!'+!1*  ',4

5&*(* '(* '"$. /./F('#!'+!1*  ',$4 N.26"!/) 7*+ **/ %&'!/$0 %'/ $*6'('+* +&* *G%!+./0

$. +&'+ +&* /*)'+!1* '/# 6.$!+!1* %&'()*$ '(* ".%'+*# ./ #!O*(*/+ 6.",3*( %&'!/$4 5&!$

%&'()* +('/$-*( +. +&* .+&*( %&'!/ 7(*'H$ +&* *G%!+./ '/# +&* %&'()*$ '(* /.+ /*2+('"

'/, 3.(*4 5&(.2)& +&'+ ' #!$+.(+!./ .%%2($ !/ +&* 6.",3*($ '/# 6."'(./$ '(* -.(3*#4

P27$*Q2*/+", +&*$* 6."'(./$ '(* +('/$-.(3*# !/+. %&'()*# 7!6."'(./ '/# %'/ #*%', !/ '

/./F('#!'+!1*  ',0 <=>?4

L2+ .- +&* %.37!/'+!./ .- '7$.(6+!./ '/# EJRM #'+' !+ %'/ 7* #*+*(3!/*# &. *O*%+!1*

+&* 3'+*(!'" 6(.#2%*$ *G%!+./ 6'!($4

4)-*%5)&)(# "6  !"#"$%&'()*)+)(+) ,%-(#%& ./+')(+0

5&* *G%!+./ !$ %'2$*# 7, "'$*( "!)&+0  &!%& &!+$ +&* $'36"*  !+& 1*(, $&.(+ 62"$*$:ns;4
S*%.37!/*# *G%!+./$ *3!+ "!)&+ ('/#.3",4 @.( ' EJRM +&* *3!++*# "!)&+ &'1* +. 7*

>A



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

 !""# $#%& '()$*+ ,(- $(# +)./"# 0+ /") #% 01 ) +/(#2#3 ,(#2# $(# 011#2 +425) # ()+ )

6#2- (07( 2#8# $0!1  !#9 0#1$ 5!2 "07($& '(# 2#8# $#% "07($ !5 $(# +/(#2# 0+ $(#1 5! 4+#%

01$! ) %#$# $!2&

'(#+# .#)+42#.#1$ 0+ :40#$ +!/(0+$0 )$#% )1%  )1 +4//"- .4 ( .!2# 015!2.)$0!1 );!4$

$(# .)$#20)" $()1 0$ 0+ .#1$0!1#% );!6#3 5!2 #<)./"# 60;2!10 +$)$#+  !4"% ;# 0%#1$0=#%

!2 %0>#2#1$ %0+$!2$0!1+3 ;4$ $(# #</")1)$0!1 ,!4"% (#2# "#)% $! 5)2& ?! !1"- ) + (#.)$0 

60#, !6#2 $(# .#)+42017 +#$4/ 0+ 706#1&

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

'(# 7")++ $2)1+0$0!1 .)2@+ ) $2)1+0$0!1 +$)$# ;#$,##1 $(# "0:40% )1% $(# +!"0% /()+#& A1

$(# 7")++ /()+# $(# .)$#20)" ()+ +!.# +(!2$ 2)17# !2%#2 "0@# 01 ) "0:40%3 ;4$ 0$+ 60+ !+0$- 0+

(07(#2 $()1 01 $(# "0:40% /()+#& '()$ .#)1+3 $(# .)$#20)" 0+ +!"0%3 ;4$ (07("- ).!2/(!4+3

"0@# 7")++&

B$ Tg $(# .!6#.#1$ !5 $(# .!"# 4"#+ )2# #1()1 #+ )1% $(#2#5!2# $(# .)$#20)"+ )2# #")+$0 &

'(# #1()1 #% .!6#.#1$  !./)2#% $! ) +!"0% )2# %#+ 20;#% ;- $(#  !1 #/$ !5  !!"#$%&

'()('*3 CDEF&

G</#20.#1$)""- Tg  !4"% ;# !;+#26#% ;-  !!"017 $(# +)./"# )1%  !1+$)1$"- .#)+42017

$(# +/# 0= (#)$  )/) 0$0-HcpI !2 $(# $(#2.)" #</)1+060$-& A5 $(# .)$#20)" 0+  !!"#% 52!.

$(# "0:40% /()+# ,0$( )  !1+$)1$ 2)$# $(# 7")++ $2)1+0$0!1  )1 ;# +##13 J07& K&DL3 ;4$

05 $(#  !!"017 2)$# 0+  ()17# $(# Tg  )1 ;# +(05$#%& '()$ .#)1+ $(# 7")++ $2)1+0$0!1 0+

1!$ )$ ) =< $#./#2)$42# "0@# $(#  2-+$)""0+$0!1 $#./#2)$42#HTmI& Tg %#/#1%+ +$2!17"- !1

$(#  !!"017 2)$# )1% $(# +)./"# (0+$!2- )1% $(#2#5!2# $(# 7")++ $2)1+0$0!1 0+ 1!$ ) 2#)"

$(#2.!%-1).0 )" /()+# $2)1+$0!1 )$ )""& A$ 0+ ) @01#.)$0 )" $2)1+0$0!13 ,(#2# $(# +)./"#

0+ 7!017 $(2!47( ) "!$ !5 "! )" #1#27- .010.4.+ %42017 $(#  !!"017&

J0742# K&DLM '(# 7")++ $2)1+0$0!1 .#)+42#% $(2!47( $(# 6!"4.# #</)1+0!1& Tm  2-+$)"0+N

$0!1 $#./#2)$42#3 Tg1 0+ 5!2 +"!, )1% Tg2 5)+$  !!"0173 CDOF&

LD



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

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

 !"#$#%&!'( )*'%%!%+ *'(,$!-#&#$. /01 -#')2$# &3# 3#'& 4,5 62$!%+ *,,(!%+ '%6 3#'&!%+

' )'-7(# 278 93# *3'%+# ,: &3# 3#'& 4,5 -'$;) ' 73')# &$'%)!&!,%8 <=7#$!-#%&'((> !&

!) $#'(!)#6 ?> ,?)#$@!%+ *,)%&'%&(> &3# &#-7#$'&2$# ,: &5, )'-7(# 3,(6#$)8 A%# 3,(6#$

!) #-7&> &3# ,&3#$ ,%# !) B((#6 5!&3 &3# -'&#$!'(8 C,&3 3,(6#$) '$# ;#7& '& &3# )'-#

&#-7#$'&2$# 62$!%+ 3#'&!%+ ,$ *,,(!%+8 93# 3,(6#$ 5!&3 &3# )'-7(# 5!(( %##6 ' 3!+3#$

3#'& 4,5D #)7#*!'((> '& 73')# &$'%)!&!,%) ,$ &$'%)!&!,%) !% +#%#$'(8 93# !%*$#')# ,: 3#'&

4,5 !) ,?)#$@#6 ') ' ?2-7 !% &3# cp  !"#$%

 !"!# $%&' ( $)*+,%(-./+*0-1)2-.3(#45(61+*7

&'()*C10H14S1+ ,- . /,0$12 !-$0 3.4$",.1 ,5 6"7.5, $1$ 4"65, - .50 ,5 6"7.5, -61."  $11-

,4 ,- !-$0 .- .5 $1$ 4"65 0656"*58)29$+% :4;- 36563$" !5,4 ,- 0$9, 4$0 ,5 <,7% =%>?% :4;-

-61#.@1$ ,5 4A$ 36-4  63365 -61#$54- 1,B$C  A16"6D6"3C  A16"@$5E$5$C 461!$5$ .50 F21$5$%

&'() ,- B56/5 46 D6"3 6"7.5,E$0 1.3$11." -4"! 4!"$-C /,4A . G".7789$.B D6" CuKα .4

2θ = 5.4◦C /A, A ,-  6""$-9650,57 46 .5 ,54$"361$ !1." -9. ,57 6D d = 16.36 Å .50 .

9$.B .4 2θ ≈ 28◦C /A, A  63$- D"63 4A$ 91.5 9.".11$1 0,-4.5 $ @$4/$$5 4A$ 96124A,69A$5$

",57-*d = 3.7− 3.8 Å+C H>'IC 4A$ 1.3$11." -4"! 4!"$ ,- -A6/5 ,5 <,7%=%>?C ",7A4%

<,7!"$ =%>?J KA$3, .1 -4"! 4!"$ 6D &'()% :5 4A$ 3,001$ 4A$ $5$"72 1$#$1- 6D 4A$ (LML

.50 NOML ."$ -A6/5C H'PI% Q,7A4 ,- 4A$ 1.3$11." -4"! 4!"$ 6D &'() 0$9, 4$0

a = 16 Å .50 b = 3.8 ÅC H>RIC H>SI%

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

:4 ,- B56/5 4A.4 1657 96123$"  A.,5- ."$ 36"$ 9"65$ 46 $54.571$3$54C HT>I% )A$"$D6" 4A$

36@,1,42 0$ "$.-$- /,4A .5 ,5 "$.-$ 6D  A.,5 1$574AC H'UI% )A$ ,5V!$5 $ 65 A61$836@,1,42

D6" 0,W$"$54 361$ !1." /$,7A4  .5 @$ -$$5 ,5 <,7% =%>T% )A$ &'()8>X*5!3@$" ,50, .4$-

4A$ 361$ !1." /$,7A4*Mw++ A.- µh = 2 ·10−4 cm2V −1s−1 4A.4 D6" &'()8=TXC &'()8>>=

.50 &'()8??P ,- /,4A 2 · 10−5 cm2V −1s−1 65$ 3.75,4!0$ 16/$"C H'UI%

''



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

 !"#$% &'()* +,-% .,/!-!01 ,2 34+5 2,$ 6!7%$%80Mw !8 6%9%86%8:% ,2 0;% %-%:0$!:<- =%-6'

>!";0 ;<86 ?!6% 0;% ;%<@!%?0 A!0; 34+5BCCD <86 0;% -!";0%?0 A!0; 34+5B(E

<$% ?;,A8F G4HI

J88%<-!8" %K9%$!.%80? ,2 9$!?0!8% 34+5 ?;,A%6 L#?0 < A%<M !.9<:0 ,8 0;% :;<$"%

.,/!-!01' 3$!?0!8% 34+5 A!0; Mw = 52 kg/mol <0 $,,. 0%.9%$<0#$% <86 <0 453 K A<?

!8@%?0!"<0%6' 5;% !8:$%<?% A<? .,6%?0 0;% #8<88%<-%6 =-. A<? µh = 1.7·10−4cm2V −1s−1

<86 2,$ 0;% <88%<-%6 ,8% <0 453KF µh = 3 · 10−4cm2V −1s−1F G4&I'  ,$ <-- .%<?#$%.%80?
0;% 0!.% ,2 N!";0 .%0;,6 A<? #?%6'

 !"#"$%&'()*+)(+) ,%-(#%& ./+')(+0 "1  234

5;% $%?#-0? <$% ,#0 ,2 G4(IF 0;% 9$!?0!8% 34+5 A<? .%<?#$%6 <0 6!7%$%80 0%.9%$<0#$%?F 0;%

.,-%:#-<$ A%!";0 A<? 8,0 .%80!,8%6 !8 0;!? 9<9%$' 5;% 3OPQ !? "!@%8 !8  !"'&'(E' R,0;

.%<?#$%.%80? A%$% 6,8% 0;% ?<.% A<1* ;%<0!8" #9 2$,. −10◦C 0, 140◦C !8 !80%$@<-? ,2

10◦C' 5;% 3OPQ ?;,A < /-#% ?;!20 /$,<6%8!8"' 5;% </?,$90!,8 ?9%:0$< ?;,A? < .,$%

6%=8%6 ?;,#-6%$ <86 < $%6 ?;!20 2,$ -,A%$ 0%.9%$<0#$%?' J 6%:$%<?% ,2 3OPQ A<? ,/?%$@%6

#80!- 80◦C 2,$ ;!";%$ 0%.9%$<0#$%? 0;% 3OPQ !8:$%<?%6F G4(I' S !" #"$%&' (&# )!" *'+#"$%"

$) !*,!"# )"-."#$)/#"% *% $% %""' *' )!" $0%&#.)*&' 1$)$23*,4546789 :;< 0"+&-"% -&#"

&#1"#"1 =!"' !"$)"19 $'1 )!*% #"1/+"% 1"("+)% $'1 '&'>#$1*$)*?" #"+&-0*'$)*&'SF G4(I'

4C



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

 !"#$% &'()* +%,- !. -/% 0+123.4%5-$6 7, 089: 6;< $!"/- -/% 6=.7$4-!7; .4%5-$6> ?8(@'

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

A- !. ;7- %6.B -7 .6B .7C%-/!;" 57$$%5- 6=7#- -/% Tg 7, 089:> =%56#.% -/% <6-6 !; -/%

D!-%$6-#$% !. E#!-% 57;-$6<!5-7$B' :/% F!<% $6;"% 7, Tg 6;< -/% C%D-!;" -%C4%$6-#$% Tm

6$% D!.-%< !; :6='&'G'

:6=D% &'G* HDD "!I%; I6D#%. ,7$ -/% -$6;.!-!7; -%C4%$6-#$%. 7, 089: 6$% C%6.#$%< F!-/

J!K%$%;-!6D L56;;!;" M6D7$!C%-$BNJLMO' Tg/[
◦C] "D6.. -$6;.!-!7;> Tm/[◦C]

5$B.-6DD!.6-!7; -%C4%$6-#$% 6;< Mw/[kg/mol] C7D%5#D6$ F%!"/-

064%$. Tg/[
◦C] Tm/[◦C] Mw/[kg/mol]

?88@ 9.8 233.7 65.5
?8G@ 12 178 3

?(&@ 142 3 55

A- ./7#D< =% C%;-!7;%< -/6- -/% -$6;.!-!7; -%C4%$6-#$% 57#D< =% ./!,-%< F!-/ 6 /!"/%$

7$ D7F%$ /%6-!;" $6-%> =#- -/% %K%5-. 6$% ;7- .7 .-$7;" -7 %P4D6!; -/% /!"/ <!I%$"%;5% !;

:6=' &'G' :/% D6.- $7F 7, :6='&'G> F!-/ -/% <6-6 ,$7C ?(&@> !. C6B=% -/% C7.- $%D!6=D%

7;%> =%56#.% -/% <6-6 7, -/% Tg ,$7C -/% JLM !. !; 6557$<6;5% F!-/ -/% <6-6 7#- 7, 6

JB;6C!5 Q%5/6;!56D H;6DB.!.NJQHO' JQH F6. 4%$,7$C%< 7; -/% .6C% =6-5/ 7, 089:

6. -/% JLM'

 !"!# $%&' ( )*+,-./0/(12(3(*45,+67*893,+(:0;(12,+<(=+5(

.>93?*-:0 0#@5A2=12=?*+("0%(12,+<@

 RS:NC34H42N2S1O !. 6 ;7- .7 57CC7; 47DBC%$ !; 7$"6;!5 .7D6$ 5%DD.> =#- !- !. #.%< 6. 6;

%D%5-$7; 655%4-7$'  RS: !. 6 T#7$%;% 5747DBC%$ F!-/ 6 =!4/%;BD 6;< 6 =%;U7-/!6!6U7D%

#;!-. !; !-. 5747DBC%$!5 .%"C%;-> 6;< /6. =%%; #.%< !; /!"/DB %V5!%;- D!"/-3%CC!--!;"

<!7<.> ?8W@' A-. 5/%C!56D .-#5-#$% 6;< -/% 9XQX 6;< +YQX !. ./7F; !;  !"'&'(Z' :/%

.-$#5-#$% 7, -/% 5$B.-6DD7"$64/!5 465[!;" !. 6D.7 "!I%; !;  !"'&'(Z'  7$ Cuα $6<!6-!7; -/%
57$$%.47;<!;" D6--!5% 57;.-6;-. 6$% > ?8)@*

8W



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

 a = 5.3 Å  !"# $ %&$' $" 2θ = 16.7◦

 b = 16.7 Å  !"# $ %&$' $" 2θ = 5.28◦

 c = 14.65 Å  !"# $ %&$' $" 2θ = 6.02◦

 d = 4.18 Å  !"# $ %&$' $" 2θ = 10.61◦

()*+ !, $ -&./ %.01!,!23 1$"&.!$45 !" #$, #!3# 6#$.3& 6$..!&. 107!4!"/ $28 $ -&./ #!3#

9:;<5 7=" !" !, ,&2,!74& >0. O2 ? +.$%, $28 "#&.&>0.& =2,"$74&@

(!3=.& A@BCD E#&1!6$4 ,".=6"=.& =2!" 0> ()*+@ F2 "#& .!3#" ,!8& "#& &2&.3/ 4&-&4, 0> "#&

GFHF $28 :IHF $.& ,#0 25 8$"$ !, 0=" 0>5 JKCL@ *&40 "#& 6./,"$440?

3.$%#!6 %$6'!23 !, ,# 025 JMAL

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

()*+ !, $2 &4&6".02 $66&%"0.@ +#&.&>0.& "#& &4&6".02 107!4!"/ !, 0> #!3# !2"&.&,"@ +#& µe

0> ()*+ $.& 8&%!6"&8 !2 (!3@ A@B)@ G&.& "#& 107!4!"/ !26.&$,&,  !"# $ !26.&$,& 0> 104&6=?

4$.  &!3#" $28 8&6.&$,&,  !"# $22&$4!23@ +#& -$4=&, .$23& >.01 µe = 6 ·10−4cm2V −1s−1

"0 µe = 4.8 · 10−3cm2V −1s−15 ,&& (!3@A@B)@
+#& #!3#&. 104&6=4$.  &!3#" !28=6&, $ 20" ,0 >$-0.$74& 0.8&.!23 0> ()*+ 6#$!2 "0 02&

$20"#&.@ N0.1$44/ "#& ()*+  !"# "#& 40 104&6=4$.  &!3#" 0.3$2!O&, 4!'& !2 (!3@ A@B)

P*Q5 7&6$=,& 2&!3#70=.!23 *+ =2!", .&%&4 &$6# 0"#&.@ +#.0=3# "#$" "#& !2"&.,%$6& 8!,?

"$26& 7&" &&2 "#0,& *+ =2!", !, #!3#&.5 "#$2 >0. ()*+  !"# #!3# 104&6=4$.  &!3#"@ R2

#&$-/ ()*+ "#& 4023 6#$!2, ,=%%.&,, ,=6# $2 $..$231&2" $28 "#&.&>0.& "#& ,%$6!23 !2

7&" &&2 "#& *+?*+ =2!" !, ,#0."&.5 ,&& (!3@ A@B) PSQ5 JKML@

*&6$=,& ()  0.', 4!'& $, 7$..!&.  !"#!2 "#& 6#$!25 "#& 6#$26& 0> #0%%!23 7&" &&2 *+?*+

=2!", !, #!3#&. >0. ()*+  !"# #!3# 104&6=4$.  &!3#"5 ,&& (!3@A@B) 4&>" $28 602,&T=&2"4/

"#& 107!4"!/ !, !26.&$,&8@ S 8&6.&$,& !2 &4&6".02 107!4!"/ 60=48 $4,0 7& 07,&.-&8 >0.

$22&$4!23 "#& ()*+ $" "#& Tg 0. #!3#&.@ G&.& "#& #!3#&. "&1%&.$"=.& &2$74&, "#& ()*+

KM



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

 ! "#$""$%&#  '"!(&' )!"# *#+,-,., / $%0 1'$%&#  '# !"0#",%& !2  '# 1'$,%3 2"!) 456 78

496: 3## ;,&< =<>?<

;,&("# =<>?@ A!-,., / !2 #.#1 "!%3 ,% ;?9B ,% 0#C#%0#%1# !%  '# $%%#$.,%& $  '#

&.$33  "$%3, 3,!%  #)C#"$ ("#4Tg6: )#. ,%&  #)C#"$ ("#4Tm6 $%0 )!.1#1(7

.$" D#,&' 4Mw6: .#2 < 5""$%&#)#% !2 ;?9B: 456 2!" ',&' Mw $%0 496 2!"

.!D Mw !" $%%#$.,%&: EFGH

 !"#"$%&'()*+)(+) ,%-(#%& ./+')(+0 "1 2345

;?9B '$3 $ I#"/ ',&' JKLM 1!)C$"#0  ! ! '#" C!./)#"3 .,N# JFOB< ;!" $%%#$.,%& $ 

Tg $ -.(# 3',2 1!(.0 -# )#$3("#0: EFGH< P% ;,&< =<>Q  '# "#3(. 3 $"# &,I#% 2!" ;?9B

D, ' 0,R#"#% Mw $%0 $%%#$.,%&  #)C#"$ ("#3< ;!" ;?9B D, ' .!D !" ',&' )!.#1(.$"

D#,&'  '# C",3 ,%# 3$)C.#3 '$I#  '# .!D#3 JKLM< S, ' $%%#$.,%& $ Tg  '# JKLM

-#1!)# -#  #"< 5 ',&'#" )!.#1(.$" D#,&'  '# 1!!.,%& "$ # '$3 $ 3 "!%&#" ,%*(#%1# !%

 '# JKLM< 5%%#$.,%& $ Tm '$I# $.3! C!3, ,I# #R#1 3 !% JKLM: -(  '# ,)C"!I#)#% 3

$"# $ -, .!D#"  '$% 2!" $%%#$.,%& $ Tg< B'# "#3(. 3 $"# ,% &!!0 $11!"0$%1# D, ' ! '#"

)#$3("#)#% 3<

B$-< =<T '$3 $ 1!)C$" )#% !2 C",3 ,%# JFOB $%0 C",3 ,%# ;?9B:  '!(&'  '# ',&'

$-3!"C ,!% !2 .,&' 2"!) JFOB  '# ;?9B '$3 $ 12  ,)#3 -#  #" JKLM  '#% JFOB<

FU



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

 !"#$% &'()* +,-. !/ 0%1%/0%/2% 3/ 45% 637%2#78$ 9%!"45:Mw; 8/0 8//%87!/" 84 "78<<

4$8/<!4!3/ 4%61%$84#$%:Tg; 3$ 6%74!/" 4%61%$84#$%:Tm;= >?@A'

B8C7% &'D* +,-. !/ 0%1%/0%/2% 3E 45% 9%!"54 $84!3/ 3E  FGB*+?HB !/ C7%/0<' B5%

%I%24 3E +?HB !< 4$%6%/03#<= J#<4 20% 7%4 45% +,.- 0$31 43 3/% 45!$0 3E 45%

1$!<4!/%  FGB= >?KA'

 FGB*+?HB:9%!"54 $84!3; +,-.:%; +, 7!E%4!6%:ps;

100 : 0 50.8 836
80 : 20 17.7 349
40 : 60 0.52 222
0 : 100 4.0 297

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

B5% 0848 95!25 !< 1$%<%/4%0 !/ B8C' &'@ 98< "8!/%0 L!8 MNO 6%8<#$%6%/4<'

?F



 !"#$%& '( )*$&+,- $)+* '(.( +&/"*) 0+1"&  %1102+0 3

 !"#$ %&'( )#!** +,!-*.+./- +$01$,!+2,$ 3/, 456 7.+8 9.:$,$-+Mw& Tg/[
◦C] ;#!** +,!-<

*.+./- +$01$,!+2,$= Tm/[◦C] >,?*+!##.*!+./- +$01$,!+2,$ !-9 Mw/[kg/mol]
0/#$>2#!, 7$.;8+&

@!1$, Tg/[
◦C] Tm/[◦C] Mw/[kg/mol]

ABCD 112 220 618
AB5D 125 258 101
AB5D 133 277 220
AB5D 135 283 417

E2, .-F$*+.;!+./- /3 456 <+8.- G#0* /- SiO2 !-9 ,$*2#+* 3,/0 ! /+8$, *+29? /-

45 6 = 78.>8 .* F$,? *.0.#!, ;.F$ 8.-+* +8!+ +8$ Tg *8/2#9 "$ !,/2-9 Tg = 133◦C=
AH%D= AB%D= 78.>8 7!* 2*$9 .- +8.* 7/,I&

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

E-$ /3 +8$ 0!.- 9.:$,$->$* +/ .-/,;!-.> */#!, >$##* .* +8$ #/7 0/".#.+? .- /,;!-.> 9$F.>$*&

J >/-F$-+./-!# K.<"!*$9 */#!, >$## 8!* ! 0/".#.+? 3/, 8/#$* /3 µh = 450 cm2V −1s−1 !-9 3/,
$#$>+,/-* µe = 1400 cm2V −1s−1= ABLD& M/01!,$9 +/ /,;!-.> 9$F.>$* +8$? !,$ F$,? 8.;8&
N- /,;!-.> *$0.>/-92>+/,* 0/".#.+.$* 7$,$ ,$!>8$9 .- +8$ ,!-;$ /3 µh = 15 cm2V −1s−1

3/, 8/#$* .- ! *0!## *.-;#$ >,?*+!#= "2+ *+.## .+ .* 0/,$ +8!- ! 0!;-.+29$ #/7$,= ABLD&  8$

0/".#.+.$* /3 @BO *!.9 +/ "$ .- +8$ ,!-;$ /3 µh ≈ 10−4 cm2V −1s−1 !-9 3/, $#$>+,/-*
.- 456 µe ≈ 10−3 cm2V −1s−1= */ +8$? !,$ .- 3!>+ *$F$,!# 0!;-.+29$* #/7$,= +8!- +8$
.-/,;!-.> /-$*&

4.;2,$ %&BP( @2"#.>!+./- 7/,#9 7.9$ /3 EKM=

AQPD

O/7$F$,= +8$,$ !,$ !#*/ */0$ !9F!-+!;$*

/3 EKM&  8$., #.;8+ 8!,F$*+.-; .* 3!, "$+<

+$, +8!- +8$ .-/,;!-.> */#!, >$##*& R*2!##?

+8$ !"*/,1+./- *1$>+,! /3 EKM .* *0!##$,

+8!- +8$ .-/,;!-.>*= "2+ +8$ !"*/,1+./- .*

02>8 "$++$,&  8$,$3/,$ +8$ !>+.F$ #!?$, /3

+8$ 0!+$,.!# >!- "$ ,$92>$9 +/ 100 nm=
AQ%D !-9 0/*+ /3 +8$ .->/0.-; 18/+/- 7.##

"$ !"*/,"$9& S$F$,+8$#$** ! /,;!-.> */<

#!, >$## 7.+8 ! #/7$, "!-9 ;!" 7/2#9 "$

"$++$, 3/, 0!T.0.U.-; +8$ 1/7$, /2+12+&

J "!-9 ;!" /3 1.1 eV V1100 nmW >!- !"<
*/," 77% /3 +8$ */#!, ,!9.!+./- >/0.-; +/

+8$ $!,+8V5% RX= 43% F.*."#$= 52% NYW&

S/7 /,;!-.> */#!, >$##* 8!F$ ! "!-9 ;!"

/3 !"/2+ 2 eV V650 nmW= 78.>8 #.0.+* +8$
1/**."#$ 2*$ /3 .->.9$-+ *2- #.;8+ +/ 30%= AQ%D& J#*/ ,/2;8 $*+.0!+./-* *!? +8!+ Z2*+ 10%
/3 +8$ >,$!+$9 $T>.+/-* 78$,$ +,!-*3/,0$9 +/ 3,$$ >8!,;$ >!,,.$*& K/ +8$,$ .* *+.## ! #/+ /3

BL



 !"! #$%&'() *#+&$ ),++*-#*). )/&01,$  ! ('1$#23)1(#'

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

1#/ %"# "(%/ -!!*  ,!/ #."/ "(# .!22#,.%&' %$"#,#/" %/ /"%'' &'2!/" 3#,!4 56" %$ "(# &.&7

*#2%. 8!,'* %" %/ & /"#&*%'9 -,!8%$- )#'*4 :%-0 ;0<=0

 !"! #$%&'()%(*$) +, -$./0'% 1+2/$ 3)224

>$ :%-0 ;0<; "(# "8! 2!/" .!22!$ /#"6 / &,# *# %."#*0 ?(# ),/" @AB 8#,# /%$-'# '&9#,

/9/"#2/ 8%"( & C#,9 '!8 #D.%#$.9 !+ &5!6" 0.0005% "(&" 8&/ %$ "(# ;EF=/4 GHIJ4 56" "(#9

8#,# ,& %*'9 ,# '&.#* 59 !"(#, /9/"#2/0

:%-6,# ;0<;K L#+" /%*# & /.(#2&"%. 5%'&9#, .#''0 M%-(" /%*# & 56'N (#"#,!O6$."%!$ .#''4 G<EJ0

P 5%'&9#, (#"#,!O6$."%!$ @AB4 :%-0 ;0<; '#+" (&$* /%*#4 (&/ "(# &*C&$"&-#/ !+ & Q*#7

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

&,# $! !,"(!-!$&' /!'C#$"/ +!, "(# "8!  !'92#,/ "(# +&5,%.&"%!$ !+ "(# 5%'&9#, /9/"#2 .&$

5#.!2# *%D.6'"0 P 8!,N &,!6$* (&C# "! 5# +!6$*4 '%N# S!&"%$- "(# /#.!$* '&9#, !$ "! 

!+ "(#  !'92#, !$ "(# /65/",&"#0

T'#$*/4 :%-0 ;0<; ,%-(" (&$* /%*#4 &,# $!,2&''9 26.( #&/%#, "! 56%'*0 U#,# 5!"(  !'92#,/

!,  !'92#,V+6''#,#$# 2%W"6,# &,# /!'C#* "!-#"(#, %$ & .!22!$ /!'C#$" &$* &,# / %$7.!&"#*

!$ "(# >?@X>$*%62 ?%$ @W%*#Y !, >?@VZ[1@?KZAAX !'9X<4H7#"(9'#$#*%!W9"(%! (#$#Y

 !'9X/"9,#$#/6'+!$&"#YY0 Z(&/# /# &,&"%!$ (&  #$/4 5#.&6/# 2!/" !+ "(#  !'92#,/ *!$Q"

2%W 8%"( #&.( !"(#,0 ?(#,#+!,# & '!" !+ %$"#,+&.# &,#& %/ .,#&"#*0 >" .&$ 5# %$ 5'#$*/

"(&" "(#,# %/ &  &"( !+ !$#  !'92#, +,!2 !$# #'#.",!*# "! "(# !"(#,4 8(#$ "(%/ (&  #$/

"(# .#'' %/ /(!," .%,.6%" &$* 8!$Q"  ,!*6.# &$9"(%$-0 P'/! "(#  (9/%.&'  ,! #,"%#/ &,#

*%\#,#$" %$ 5'#$*/ +,!2 "(#%, /%$-'# !$#/0 :!, #W&2 '#4 5'#$*/ 2&*# 8%"( Z<U?KZBT]

.&$ %$.,#&/# "(#%, #D.%#$.9 "(,!6-( &$$#&'%$- 59 2!,# "(&$ & 2&-$%"6*#4 O6/" 5#.&6/#

"(# Z<U? %/ %$ "(#  ,%/"%$# Z<U?KZBT] '&9#, #W",#2#'9 *%/!,*#, &$* "#$*/ "! !,*#,

&+"#, /!2# &$$#&'%$-  ,!.#//XTann < TgY4 /## :%-0 ;0<I4 /! "(# 2!5%'%"9 %/ %$.,#&/#*0

?(&" 8&/ $#C#, !5/#,C#* +!, /%$-'# '&9#,/ !+ Z<U?4 GH<J0 A&2# 8&/ !5/#,C#* %$ 5'#$*/ !+

Z<U?K:^T?4 G<FJ0

P$!"(#, #W&2 '# %/ "(# ZL_[ +!, 5'#$*/ !+ :^T?KZ<U? %$ "(# /"6*9 !+ GHHJ4 /## ?&50

;0`0 U#,# "(#  (9/%.&'  ,! #,"%#/ !+ "(#  !'92#,/ .(&$-# *,&2&"%.&''9 59 .(&$-%$- "(#

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

/&012* 3.456 7)* #2&$%&'* +,*'-89: ;9$ 9''*9,*- 9% 75◦C (!2 $*<*29, "&'1%*$= >?4@ 9'- 9

+&0  )9'0* !( %)* $%21 %129, !2-*2 !( A4B7  !1,- +* !+$*2*- ;&%) CDE= >F4@

D*,9%&<*,G '*; 92* %9'-*" $!,92  *,,$= $** /&0. 3.44. 7! +2!9-*'&'0 %)* 9+$!2#%&!'

$#* %29 %;! -&H*2*'% 9 %&<* ,9G*2$ 92*  !"+&'*- 9'- $*#929%*- ;&%) 9  !'-1 %&<* &'%*2I

"*-&9%* ,9G*2. J %&<* ,9G*2$  !1,- +* P3HT : PCBM 9'- ZnPc : C60= >F?@. K"#2!<*-

*L &*' G  !1,- +* -*"!'$%29%*-= ;)& ) &$ 9 2*$1,% !( 9' )&0)*2 VOC 9'- ISC . M*;

-&L 1,%&*$ 9,$! 92&$* ;&%) %)&$ %G#* !( $*%1#. N)920*$ !( %)* $1+ *,,$  9' 2* !"+&'* 9%

%)* &'%*2"*-&9%* ,9G*2= $!  122*'% "9% )&'0 "1$% +*  !'$&-*2*-. O%)*2;&$* !'*  )920*

;&,, 9  1"1,9%* 9% %)* &'%*2,9G*2 9'- -* 2*9$* *L &*' G= >F?@. O' %)* !%)*2 )9'- %)*

&'%*2"*-&9%* ,9G*2  !'$&$% !( 9 %)&' "*%9, ,9G*2= ;)& ) 2*-1 *$ %)* %29'$"&%%*- ,&0)% (!2

%)* $* !'- $1+ *,,. /!2 *P9"#,* 9 ,9G*2 !( K' 100 nm %)& Q R1$% %29'$"&% !',G 1− 2% !(

%)* &' &-*'% ,&0)% &' %)* <&$&+,* 2*0&!'= >F5@.

K' S9'192G 5T34 9 U*2"9'  !"#9'G $*% 9 '*; ;!2,- 2* !2- ;&%) %9'-*" OVN. 7)*G

2*9 )*- 9' *L &*' G !( η = 12%. /!2 %)* (9+2& 9%&!' !,&0!"*2$ ;*2* 1$*-. W&%) <9 11"

-*#!$&%&!' &% ;9$ #!$$&+,* %! "9Q* $%9 Q$ !( 1,%29 %)&' ,9G*2$= ;)& ) ;*2* )&0),G !2-*2.

J  !2-&'0 %! B*,&9%*Q= %)*G +1&,% 9,$! %9'-*"  *,,$ ;&%) %)2** 9 %&<* ,9G*2 9'- !+%9&'*-

9 OVN ;&%) 9 <*2G ;&-* 9+$!2#%&!' $#* %29 &' %)* <&$&+,* 2*0&!'= >FX@.

F3



 !"! #$%&'() *#+&$ ),++*-#*). )/&01,$  ! ('1$#23)1(#'

 !"#$% &'(() *%+, - ./0%1-,!/ 2!/,#$% 3+ - ,-45%1 .36-$ /%66' 7!4%5 ,0% !4,%$1%5!-,%

6-8%$ -45 ,0% ,93 .#:/%66.' ;!"0, - 2!/,#$% 3+ ,0% 93$65 $%/3$5 <=> +$31

?%6!-,%@A BCDE'

 !"!# $%& '%() *+ %,-*+./ )%*0, /(00 &%,12

F+ - 203,34 !. -:.3$:%5 :8 - /34G#"-,%5 23681%$ !, /-4 6!+, 34% %6%/,$34 +$31 ,0%

?<7<H?!"0%., <//#2!%5 736%/#6-$ <$:!,-6I !4,3 ,0% *J7<H*39%., J43//#2!%5 736%/K

#6-$ <$:!,-6I' L0-, /$%-,%. -4 %6%/,$34 !4 ,0% *J7< -45 - 036% !4 ,0% ?<7<' L0!.

%6%/,$3K036% 2-!$ !. /-66%5 %M/!,34' L0% %M/!,34 !. %6%/,$34!/-668 4%#,$-6 -45 13N%. 13.,68

-634" ,0% 23681%$ :-/@:34%' L0%!$ .03$, 6!+%,!1% 6!1!,. ,0% 63/-6 13N%1%4, ,3 G#.,

≈ 10 nm 4-431%,%$.' O%/-#.% 3+ ,0%!$ %6%/,$34 4%#,$-6!,8 ,0%8 5!P#.% -$3#45 !4 ,0%

-/,!N% 6-8%$' L0!. 2$3/%.. !. .,-,!.,!/-6A ./0%1-,!/ 5%2!/,%5 !4  !"' &'(C'

L3 "%, -4 %6%/,$!/-6 /#$$%4, 3#, 3+ ,0% <=> ,0% %M/!,34 0-N% ,3 .%2-$-,% -45 ,0!. /-4 G#.,

0-22%4 -, 23681%$ 20-.% !4,%$+-/%.' ?%$% ,0% $!"0, -$$-4"%1%4, 3+ ?<7< -45 *J7<

3+ :3,0 23681%$. /31% !4,3' Q6%/,$34. /-4 G#., :% ,$-4.+%$$%5 ,3 639%$ 6-8!4" 6%N%6. -45

036%. /-4 G#., 13N% !4,3 0!"0%$ 6-8!4" :-45.'

CR
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 !"#$% &'()* +,% -!.#/!01 02 31 %45!601 !1 3 7#89 ,%6%$0:#156!01 ;!6, 5,3$"% /%<3$36!01

36 6,% <08=>%$ !16%$235%? @(AB'

+0 0<6!>!C% 6,!/ 6$31/2%$ <$05%// 6,% %1%$"= "37 7%6;%%1 HOMOdon 31- HOMOacc

31- LUMOdon 31- LUMOacc $%/<%56!D%8= /,0#8- 7= />388? 60 >!1!>!C% 73$$!%$/ 20$ 3

"00- 6$31/2%$ /636!/6!5? @(AB? @)&B? @)EB'

 0$ 3 "00- 5,3$"% /%<3$36!01 36 6,% !16%$235% 6,% -!.%$%15% 7%6;%%1 6,% !01/36!01 <06%1F

6!38 02 6,% -010$ 31- 6,% %8%56$01 3G1!6= 02 6,% 355%<60$ >#/6 7% 83$"%$ 6,31 6,% 7!1-!1"

%1%$"= 02 6,% %45!601? @(AB' H2 6,!/ !/ 6,% 53/% 6,% %8%56$01 531 2388 !1 6,% LUMOacc 31-

6,% ,08% !1 6,% 355%<60$ 531 7% 6$31/2%$$%- !160 HOMOdon' +,36 !/ 38/0 ;,= 6,% <F6=<%

>36%$!38 !/ 7= IJK 5388%- -010$? 7%53#/% !6 "!D% 6,% %8%56$01 60 6,% 1F6=<% >36%$!38?

-%/<!6% !6 !/ 3 ,08% 501-#560$'

 !"' &'(E "!D%/ 3 /5,%>36!5 D!%; 0D%$ 6,% 5,3$"% /%<3$36!01 8%26 ,31- /!-% 31- 31 %45!601

6$31/2%$ $!",6 ,31- /!-%' H2 6,% LIMI/ 31- NOMI/ 3$% 3$$31"%- 8!9% !1 6,% 8%26 /!-%

5,3$"% /%<3$36!01 !/ <0//!78%'

 !"#$% &'(E* J5,%>36!5 D!%; 0D%$ 6;0 <0//!87% <$05%// 02 31 %45!601 36 3 <08=>%$ !16%$F

235%' ∆φ !/ 6,% -!.%$%15% 7%6;%%1 6,% NOMI 02 6,% 355%<60$ 31- -010$? @(AB

P106,%$ !><0$6316 6,!1" !/ 6,% 5,0!5% 02 %8%56$0-%/? ;,!5, 5088%56 6,% 5,3$"%/ 326%$

/%<3$36!01' P/ 310-% >36%$!38/ #/#388= >%638/ ;!6, 3 ,!", ;0$9 2#156!01 3$% #/%- 60

)(



 !"! #$%&'() *#+&$ ),++*-#*). )/&01,$  ! ('1$#23)1(#'

 !"#"$% &'()*+$, -$ %." -$(/"0-))" %(! +$%"!1-)"2 3." 4(!* 15$)%+($ 6.(5'/ 7-%). %."

HOMOacc2 8(! %." )-%.(/" 6+/" '(4 4(!* 15$)%+($ 7-%"!+-'6 -!" 56"/9 4.+). 7-%). %."

LUMOdon2

:"1(!" %." 1!"" ).-!,"6 )-$ &" )(''")%"/ %."; 756% )(7" %( %."+! )(!!"6 ($/+$, "'")%!(/"2

3.+6 +6 /($" &; %." &5+'% +$  (%"$%+-'9 4.+). +6  !(/5)"/ 1!(7 %." 4(* 15$)%+($ /+<"!"$)"

(1 %." "'")%!(/"62 Vbuilt−in = Wcathode − Wanode2 =#"$ - '+%%'" /+<"!"$)" )-56" &; -

%.+)*$"66 (1 100 nm - '()-''; #"!; .+,. "'")%!+) >"'/2 3( +$)!"-6" "?)+"$); %.!(5,.

"$.-$)"/ ).-!," )(''")%+($ - .+,. 4(!* 15$)%+($ /+<"!"$)" +6 $")"66-!;9 @ABC9 @DEC -$/ @DFC2

 !"#$%"&

G% /" "$/6 ($ - '(% (1 /+<"!"$%  -!-7"%"!62 8(! -$ (#"!'((* %." 7(6% +7 (!%-$% ($"6 -!"

6577"/ 5 H

 I&6(! %+($ (1 '+,.%

 J"$"!-%+($ (1 "K)+%($6

 L+1" %+7" (1 "K)+%($6

 3!-$6 (!% %( %." +$%"!1-)"

 M.-6" +$%"!1-)" -!"- 1(! ).-!," 6" -!-%+($

 N.-!," 6" -!-%+($

 :5+'% +$  (%"$%+-'

 N.-!," 7(&+'+%; (1 %."  (';7"!6

 N.-!," )(''")%+($ (1 %." "'")%!(/"6

 VOC

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

J-+$+$, 7(!" "?)+"$); +6 %." 7-O(! %-6* +$ %." >"'/ PQN2 R+<"!"$% 7-%"!+-'6 4"!" "7S

 '(;"/ %( !"/5)" 7+$(! )5!!"$%6 -$/ &'()*+$, &-!!+"!62 3." -'7(6% 1-7(56 M=RP3HMQQT (';TA9DS

"%.;'"$"/+(K;%.+( ."$"U  (';T6%;!"$"65'1($-%"UU +6 7(6%'; 6 +$S)(-%"/ ($%( %." G3P %(

-#(+/ 65). &'()*+$, &-!!+"!6 -$/ %(  '-$-!+V" +%2 :5% +%6 +$.(7(,"$"+%; '+7+%6 %." -&+'+%;

(1 "'")%!($ &'()*+$,9 @DWC2 P%."! 7-%"!+-'6 -!" &"%%"! +$ %.+6 )($)"!$6 '+*"9 %!-$6+%+($ (KS

+/"6 65). -6 #-$-/+57 (K+/"TV2O5U9 7(';&/"$57 (K+/"TMoO3U9 $+)*"' (K+/"TNiOU -$/
%5$,6%"$ (K+/"TWO3U9 %."; +7 !(#" %." +$%"!1-)+-'  !( "!%+"6 -$/ -!" .('"S%!-$6 (!%+$,

"'")%!($ &'()*+$,9 @DWC2 3." )-%.(/" 6+/" $""/ 7-%"!+-'6 -6 +% 4-6 7"$%+($"/ -&(#" 4+%.

- '(4 4(!* 15$)%+($2 Q5,,"6%+($ -!" '+%.+57 X(!+/ L+80I' (! )-')+57 N-0I'2 3."6"

7-%"!+-'6 -!" "'")%!($ 6"'")%+#" -$/ )-$  !"#"$% %." )-%.(/" 1!(7 (K+/-%+($9 @DWC2

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

 !" #$% &$'"'&#%"()'#(!* !+ '* ,-. #$% +!/" 0'1!" 2/'*#(#(%3 '"% 4(3#%56

  !"# $%&'(%) *+,)-."/VOC0 5%7%*53 !* #$% !8 3%# 9%#:%%* #$% %*%";< 9'*53 !+

'&&%7#!" '*5 5!*!"=

VOC = LUMOacc −HOMOdon − 0.4V

>3/'44< #$%"% (3 ' 4!33 '# %'&$ %4%&#"!5% !+ '9!/# 0.2eV =

 12+&) $%&'(%) $(&&"#)/ISC0 (3 #$% 0'?(0/0 &/""%*# #$% ,-. &'* 7"!@(5%=

 3%,, 3-')+&/330 (3 &'4&/4'#%5 4(A%6

FF =
VMPP IMPP

VOCISC

B$%"% VMPP '*5 IMPP '"% 5%#%"0(*%5 #$"!/;$ #$% 7!(*# !+ 0'?(0/0 7!:%"C0'?(0/0

7!:%" 7!(*#DE (3 5%7(&#%5 (*  (;= F=GH= I$% J44 +'&#!" ;(@%3 ' $(*# $!: ;!!5 ' 3!4'"

&%44 :!"A3E 4!:   &'* 0%'* ' :%'A &$'";% &!44%&#(!* !" 3%7'"'#(!*=

 4+5"& $+#6"&7%+# 89'%"#':/4$80 (3 1/3# #$% %K&(%*&< !+ #$% ,-.= I$% 7%"L

+!"0'*&% '# #$% M'?(/0/0 N!(*# !+ N!:%"CMNND (3 5(@(5%5 9< #$% (*&!0(*; 4(;$#

+"!0 #$% 3!4'" 3(0/4'#!"=

η =
VMPP IMPP

Pin

Pin (3 #$% 7!:%" !+ #$% (*&(5%*# 4(;$#=

 !"!2 3%-)-4-5)&+( 6*&78'*9*.)

 !" #$% &$'"'&#%"(3'#(!* !+ '* !";'*(& 3!4'" &%44 #$% I(V ) $'@% #! 9% #'A%* /*5%" 4(;$#=
I$% -!/"&% M%'3/"(*; >*(#C-M>D (3 *%%5%5 #! !9#'(* #$(3 I(V ) &/"@%3E (*  (;= F=GH=

 (;/"% F=GH6 O #<7(&'4 PLQ 0%'3/"%0%*# (3 3$!:* !* #$% 4%+# 3(5%= R(;$# 3(5% 3$!:3 +!/"

5(8%"%*# 3#';% !+ #$% %*%";< 4%@%43 +"!0 #$% %4%&#"!5%3 '*5 '&#(@% 4'<%"E SGTU

VW



 !"! #$%&'() *#+&$ ),++*-#*). )/&01,$  ! ('1$#23)1(#'

 !" I(V ) #$%&" #'( )" *+&+*"* +(,- ,!%"" ."#,+-( /!"%" #!'%0" #-11"#,+-( !'22"(.
V < 03 2!-,- '#,+&" ."#,+-( 0 ≤ V ≤ VOC '(* ,!" *+-*" 4-*" VOC < V 5  !" 6-$%
2-+(,. '%" 6-11-/+(07

85 9"%" ,!" :;< +. +( ="%->)+'.5 ?, ,!+. 2-+(, ,!" #!'%0" #-11"#,+-( 6%-4 ,!" .-1'% #"11

+. +( +,. 4'@+4$4 '(* #'11"* ISC 6-% .!-%, #+%#$+, #$%%"(,5  !" #$%%"(, #-(.+.,. -6
' *%+6, #$%%"(, '(* ' *+A$.+-( #$%%"(,5  !" *%+6, #$%%"(, +. #'$."* )B ,!" +(,"%('1

C"1* -6 ,!" D:E '(* ,!" #!'%0" /+11 4-&" '1-(0 ,!" 0%'*+"(,5  !" *+A$.+-( #$%%"(,

#-4". 6%-4 !+0! #!'%0" #-(#"(,%',+-(. ', ,!" 2!'." +(,"%6'#" '(* ,!" #!'%0" /+11

4-&" 1-(0 ,!" #-(#"(,%',+-( 0%'*+"(,3 FGHI5

J"#'$." ,!" "1"#,%-*". '%" +( ' "K$+1+)%+$4 .,'," ,!" )'(*. +( ,!" '#,+&" 1'B"%

!'&" ,- +(#1+("5  !" +(#1+(',+-( -6 ,!" )'(* 9D;D '(* L<;D3 #'$.". ,!', ,!"

"1"#,%-( '(* !-1". #'( .,+11 4-&" ,- ,!"+% #-%%".2-(*+(0 "1"#,%-*"5 M( -,!"% /-%*.3

', ISC ,!" +(,"%('1 "1"#,%+# C"1* +. 4'@+4$4 '(* #!'%0" ."2'%',+-( '(* #-11"#,+-(

'%" ,!"%"6-%" ', ,!"+% 2-..+)1" 4'@+4$4 ,--5  !" .!+6, -6 ,!" )'(* *"2"(*. -( ,!"

)$+1, +( 2-,"(,+'13 /!+#! +. (-,!+(0 4-%" ,!'( ,!" /-%N 6$(#,+-( *+A"%"(#" -6 ,!"

'(-*" '(* #',!-*"5

M( ,!" %"0+-( 0 < V < VOC ,!" :;< '221+". ' &-1,'0"3 /!+#! %"*$#". ,!"

+(,"%('1 "1"#,%+#'1 C"1* +(.+*" ,!" '#,+&" 1'B"% -6 ,!" -%0'(+# .-1'% #"115  !"%"6-%"

,!" #-11"#,"* 2!-,-#$%%"(, +. %"*$#"*5

O5 ?, ,!+. 2-+(, ,!" :;< 2%-&+*". ,!" .'4" &-1,'0" '. ,!" .-1'% #"115 P- #$%%"(,

6-11-/.3 ,!" )'(*. -6 ,!" 2-1B4"%. '%" Q', '(* ,!"%" +. (- +(,"%('1 C"1* ', '11 +( ,!"

'#,+&" 1'B"%5  !" 2-+(, +. #'11"* VOC 6-% -2"( #+%#$+, &-1,'0" '(* +, +. ,!" 4'@+4$4

&-1,'0"3 /!+#! ,!" .-1'% #"11 #'( 0+&"5

R5 L'., 4-*" +. /!"( V < 03 !"%" ,!" :;< +(#%"'.". ,!" "1"#,%+# C"1* +( ,!" '#,+&"

1'B"% -6 ,!" .-1'% #"115  !" !+0!"% C"1* 1"'*. ,- ' )",,"% #!'%0" #-11"#,+-( '(*

."2'%',+-(5 P-%4'11B ,!"%" '%" ' 1-, -6 ,%'2. '(* *+.-%*"%. +( ,!" 2-1B4"%.3 /!+#!

%"*$#". ,!" 4-)+1+,B -6 ,!" #!'%0".5 S+,! '( !+0!"% C"1* #!'%0". '%" 2%"&"(,"* 6%-4

.,+#N+(0 +( ' ,%'2 '(* ,!"%"6-%" ,!" #$%%"(, +. !"%" !+0!"% ,!'( +( ="%- )+'.TISCU5

G5 M6 ,!" &-1,'0" +. +(#%"'."* -&"% VOC #!'%0" +(V"#,+-( ,'N". 21'#"5 W1"#,%-(. '%"

+(V"#,"* 6%-4 ,!" .+*" -6 ,!" #',!-*" +(,- ,!" L<;D -6 ,!" '##"2,-% '(* !-1".

6%-4 ,!" '(-*"3 %".2"#,+&"1B5 9"%" 2!-,-(. '%" 2%-*$#"* ', ,!" +(,"%6'#" ,!%-$0!

!-1">"1"#,%-( '((+!+1',+-(5

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

 !+. ,-2+# )"#'4" +( ,!" 1'., B"'%. 4-%" '(* 4-%" ',,"(,+-( 6%-4 ,!" .#+"(,+C# #-44$>

(+,B5  !" %"'.-( +. 21'+(3 +(-%0'(+# .-1'% #"11. '%" $(,+1 (-/ ,!" *"&+#". -6 #!-+#" 6-% #-4>

4"%#+'11B 2%-*$#,+-( '(* *+.,%+)$,+-(3 ,!-$0! ,- ,!"B '%" K$+", "@2'(.+&"3 ,!"+% 0--* 2"%>

6-%4'(#" -6 ')-$, 6-% "@'421" η = 15%3 FGXI3 6-% ' :+1+#-( )'."* 2!-,-&-1,'+# *"&+#" '(* '
%',!"% 1-(0 -2"%',+-('1 1+6",+4"5 :- ,!" 2"%6"#, -%0'(+# .-1'% #"11 .!-$1* )" .,')1" +( ',4->

.2!"%"3 "'.B ,- 2%-#"..". '(* "Y#+"(,3 ."" Z+05 85R[3 -,!"%/+." ,!" +(*$.,%B /+11 (-, !'&"

'(B +(,"%"., +( ,!"." 2%-*$#,.5

G\
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 !"#$% &'()* +$,-.%/0 .!1% 023-!.!245 %67

8!%984 39: 8;%3< <$,:#82!,9

;3=% 2, -% 0,.=%:5 >?@A

B#2 02!.. !2 !0 3 4,#9" C%.:5 D;%$%

/34 ,9.4 8$%32!=!24 .!/!20 2;% <,00!-!.7

!2!%0' +,.4/%$0 D!2; 3 ",,: <$,0<%82

3$% +(EFG<,.4G(783$-,H42;!,<;%9%78,72;!,<;%9%II5

!2 !0 =%$4 023-.% #9:%$ .!";2 39: 9,$7

/3. 8,9:!2!,90 D!2; !2 .!J%2!/% ,J 3-,#2

10 000 h 3$% !9 $%38;5 >?@A'
F;%$%J,$% 023-!.!24 "%20 /,$% !9 2;% J,8#0

,J $%0%3$8;%$0' K,D 0,/% .,9" 2%$/ 02#:7

!%0 3$% 3=3!.3-.%5 -#2 02!.. 2;% 8,//#9!24

.3810 ,J 0239:3$:!0%: /%2;,:0 2;32 3 8,/7

<3$!0,9 -%2D%%9 %38; 02#:4 -%8,/%0 %304

,$ %=%9 <,00!-.%' F;% <$,-.%/ !05 2;32 :%7

=!8%0 <;40!80 !0 3 C%.:5 D;%$% 3 .,2 ,J <37

$3/%2%$0G2%/<%$32#$%5 .!";25 <,.4/%$05 !97

2%$J38%05'''I <.34 3 $,.. 39: 3 ",,: 0239:3$:!032!,9 !0 ;3$: 2, :%C9%' F;% L#%02!,9 !0 3.0,5

D;!8; <3$3/%2%$ 0;,#.: L#392!J4 2;% :%"$3:32!,95 ,J 83#0% ISC 39: PCE 3$% ",,: 8397

:!:32%0'

F;% .!J% 2!/% 23-.% !9  !"' &'(M ++NG+,.4G<7<;%94.%97=!94.%9II !0 ,9.4 023-.% J,$ 3 J%D

;,#$05 -%83#0% ,J <;,2, ,H!:32!,9' +(OF ;30 3 .,9"%$ .!J%2!/% ,J 3 J%D :345 9%=%$2;%.%00

!2 !0 :%"$3:32!9" =%$4 J302' P,,: <$,0<%820 "!=%0 /32%$!3.0 .!1% +(EF5 D;!8; !0 0#0<%82%:

2, ;3=% 3 .!J%2!/% ,J 3-,#2 10 000 ;,#$0'

 !"#$% &'(M* Q!J%2!/% 23-.% ,J 2;% /,02 J3/,#0 <,.4/%$05 >?@A

R)



 !"! #$%&'() *#+&$ ),++*-#*). )/&01,$  ! ('1$#23)1(#'

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

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

"#.,2 #% 2,#). ($! 1 .4 .4, #). 5, 6(%&",20 789:; <4, (/&+,$ )#$ )(", .42(*+4 .4,

"#$*'#).*2, 62(),!!  $.( .4, 6(%&",20 =*. #%!( .4, ,/6(!*2, (' .4, 3,5 ), .( #."(!64,2,

%,#3! .( #$ 3 -*! ($ (' (/&+,$ #$3 1#.,2  $.( .4, #). 5, %#&,2 #$3 )($!,>*,$.%& .( #

3,)#& (' ,?) ,$)&;

@!  . 1#! !.*3 ,3  $ .4, 1(2A0 78B: (/&+,$ %,3  $ CDE< .( # 3,)2,#!, (' "(= % .&0 =,)#*!,

(' .4, 4 +4 #?$ .& (' O2 '(2 ,%,).2($!0 .4,& 1,2, #=%, .(  $)2,#!, .4, "(= % .& (' CDE<

1 .4 FGHI3,",.4&%)(=#%.(),$,J # $K.&6 3($(2;

L4(.()4," !.2& #$3 64(.(K(/ 3#. ($ (' 6(%&",2!  ! #$(.4,2 .(6 ) (' 3,+2#3#. ($ #$3 .4,

6(%&",2! (' .4, '*.*2, 4#5, .( =, !.#=%, *$3,2 MNK% +4.; @ '#"(*! ,/#"6%, '(2 64(.(K

(/ 3#. ($  ! LLNIL(%&I6K64,$&%,$K5 $&%,$J0  .  ! 5,2& *$!.#=%,0 !,, C +; B;OP; Q,2,

.4, ! $+%, (/&+,$  ! =,% ,5,3 .( 2,#). 1 .4 .4, 5 $&%,$, +2(*6!  $ LLN! #$3 =2,#A! .4,

)4# $0 789:;

C +*2, B;OPR <4, (/&+,$  ! )(*6% $+ 1 .4 5 $&%,$, =($3 #$3 '(2" $+ #$  $.,2",3 #.,

3 (/,.#$, =& )*.. $+ .4, )4# $; <4, #%3,4&3, 62(3*).! )#$ 2,#). '*2.4,2

1 .4 (/&+,$0 789:;

@%!( .4, LSFT<RLUU %#&,20 14 )4  ! *!*#%%& ($ .(6 (' .4, V<TI $3 *" . $ (/ 3J )#$

%,#3 .( .4, 3 -*! ($ (' 1#.,2; V.  ! *!,3 .( 62,5,$. =%()A $+ =#22 ,2! ($ .4, #$(3,; U(

.4, LSFT<RLUU  ! !6 $K)(#.,3 3 2,).%& ($ .(6 (' .4, V<T; <4, 4&+2(!)(6 ) $#.*2, ('

LSFT<RLUU 1#! 2,6(2.,3 .( #..2#). 1#.,2 '2(" .4, #."(!64,2,0 789:;

W#.,2 #)),%,2#.,! .4, ,.)4 $+ (' V<TK,%,).2(3,; <4,$ .4,  $3 *"IInJ 3 -*!,! .42(*+4

.4, #). 5, %#&,2 .( .4, )(*$.,2 ,%,).2(3,0 4(1 In 2,#).!  $ .4, #). 5, %#&,2  ! !. %% *$A$(1$;

W#.,2 #$3 (/&+,$ )#$ 3 -*!,  $ .4,  $.,2'#), (' 6(%&",2 #$3 ,%,).2(3, #$3 2,3*), .4,

)($.#). 32#"#. )#%%&; V.  ! A$(1$ .4#. (/&+,$ 2,#).! 1 .4 .4, #%*" $ *" )#.4(3, #$3

'(2"! #%*" $ *" (/ 3,! #. .4,  $.,2'#),0 14 )4 #).! % A, # =%()A $+ %#&,20 789:; @%%

3,!)2 =,3 62(),!!,! #2, !4(1$  $ C +; B;X9;

XD
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 !"#$% &'()* +,-%.% /0 1-% ./21 !.3/$1451 6%"$4641!/5 3$/,%22%27 89):'

 !"#$%&' ()*+&(&,$-. !2 ,/5,%$5%6 ;!1- 1-% 21$#,1#$4< 456 ./$3-/</"!,4< ,-45"%2

/0 1-% 4,1!=% <4>%$' ?1 ,/#<6 @% 1-41 1-% -!"-%21 %A,!%5,!%2 4$% /@14!5%6 0$/. 4 5/1

1-%$./6>54.!,4<<> 214@<% 2141%7 21!<< 3->2!,4< 6%"$4641!/5 !2 4 2.4<< B%<6'

(C



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

 !"# $!%&'() *"+(# %, -+()+"(. -/ '!( 0('!-1# %,1 (23"&0(,'4 .!"$! .()( 3#(1 '- &)(&%)(

'!( #%0&5(#6 755 '!( #%0&5(# .()( &)(&%)(1 ", '!( 5%8 -/ '!(  9:;)%<4 =,#'"'3'( -/ >-5"1

>'%'( ?!@#"$#6

 !( 3#(1 &-5@0()# .()( ?AB ."'! % Mw = 70 kg/mol %# 1-,-) %,1 CDE ."'!

% Mw = 150 kg/mol %# %, %$$(&'-) '!( 0(%, &)-&()'"(# -/ '!-#( 0%'()"%5# 5"#'(1 ",
>($6FG6H6

 - 0%I( '!", J50# ."'! -)*%,"$ &-5@0()# % +()@ *--1 #')%"*!' /-).%)1 0('!-1 "# '-

#&",:$-%' '!( &-5@0()# -,'- % #38#')%'(6 C-) % )(%#-,%85( KLL:",+(#'"*%'"-, 1(J,(1

#38#')%'(#4 5"I( SiO2 -) ,%'"+( Si %)( '!( J)#' $!-"$(6  !(@ !%+( % 0-)( 5(## 1(J,(1
#3)/%$( )-3*!,(##4 .!"$! "# ", 8('.((, 0.30 nm < σrough < 0.50 nm6
E-'! '@&(# -/ #"5"$-, #38#')%'(# %)( /)-0 % Si:.%/() ."'! 150 mm ", 1"%0('() ."'! %

-)"(,'%'"-, -/ {100} %' '!( #3)/%$( %,1 $3' ",'- &"($(# ."'! '!( #"<( -/ 20 × 20 mm6
 !( SiO2 !%# % '!()0%55@ *)-., SiO2 5%@() ."'! % '!"$I,(## -/ 150 nm6  !( ,%'"+(
Si "# $3' '!( #%0( .%@4 83' '!()( "# ,- '!()0%55@ *)-., SiO2 5%@()6  !( SiO2 5%@()

", ,%'"+( Si "# %8-3' 1.6 nm '!"$I %,1 $-0(# -/ '!( 1"M3#"-, -/ O2 ",'- '!( Si #3)/%$(
5%@()6 E($%3#( '!( N>O !%+( = N %# #38#')%'( '!( J)#' "1(% .%# '- ",+(#'"*%'( '!( '!",

J50# -, '!-#(4 83' "' '3),(1 -3' '!%' = N "# /%) '- )-3*! '- *(' %,@ ",/-)0%'"-, -3'

-/ '!( &-5@0()4 .!"$! "# #&",:$-%'(1 %# % '!", J50 -, '-&6 75#- '!()( .%# ,(+() %,

",'()(#' ", '!( ",'()/%$( 8('.((, '!( &-5@0()(P#38#')%'(4 '!()(/-)( %55 '!( #%0&5(# /-)

'!( )(Q($'"+"'@ 0(%#3)(0(,'# .()( &)(&%)(1 -, SiO2 -) ,%'"+( Si %,1 ,-' 3,&%''()(,1
= N6  !( /-$3# #'"55 5%@# -, '!( ",'()/%$"%5 0-)&!-5-*@ -/ ?AB PCDE 4 #- '!()( .%# ,-

5-## -/ ",/-)0%'"-, 8@ 83"51",* '!( #%0&5(# /-) '!( )(Q($'"+"'@ 0(%#3)(0(,'# -, #"5"$-,

#38#')%'(#6 =,Q3(,$(# -/ '!( 1"M()(,' #3)/%$( (,()*@ -/ '!( #38#')%'(# -, '!( &-5@0()

",'()/%$( .()( *(,()%55@ ,(*5($'(14 8($%3#( '!( '!", J50# .()( 03$! '!"$I() '!%, #-0(

0-,-5%@()#6

 !" #$%&'( )*(&$*$+,-. /-* 0(1(2+,3,+4

 - -8'%", *--1 '!", J50# ."'! #&",:$-%'",* '!( )"*!' #-5+(,'4 )-'%'"-, #&((1 %,1 '(0&():

%'3)( -/ '!( #-53'"-, 03#' 8( /-3,16 E($%3#( -/ '!( 23"(' 5-,* &-5@0() $!%",# "' '3),(1

-3' '!%' 5-. 8-"5",* &-",' #-53'"-,# 5"I( $!5-)-/-)0RTboil = 61.3 ◦CS %)( ,-' #3"' %85(
/-) #&",:$-%'",* ?AB -) CDE 6 O!5-)-/-)0 (+%&-)%'(# /%) '- /%#' %,1 #- 5-' -/ &-5@0()

$53#'()# %)( /-)0(14 .!"$! $%, 8( #((, ."'! (@(6  !()(/-)( '!( J50# .()( '- )-3*! %,1

,- /)",*(# .()( #((, ", KLL (T&()"0(,'#6

7 .-)I %)-3,1 .-351 8( '- )(13$( '!( $-,$(,')%'"-, -/ '!( &-5@0()# ", $!5-)-/-)04 83'

'!%, J50# ."'! % '!"$I,(## -/ U3#' 20 nm %)( *%",(16 V(T' &-##"8"5"'@ .()( 1"M()(,' #-5:

+(,'# 5"I( $!5-)8(,<(,(RTboil = 132 ◦CS4 T@5(,(RTboil = 140◦CS -) '-53(,(RTboil = 111◦CS6

WX



 !"#$%& '( %)#%&*+%,$"-'(.( /"+#-% #&%#"&"$*0, 10& &%1-% $*2*$3

 !! "#$%& #'(& ' )'* #+,#&* -$+!+., /$+." "#'. 0#!$*$)$*12 3#!$*-&.4&.& %#$5&6 "#& -&%"

'.6 )'%"&%" 6+%%$!(+., 0#'*'0"&*+%"+0% )$* 789: '.6 ;<=: '.6 #'6 '!%$ ' #+,# -$+!+.,

/$+."> %$ )$* '!! %'1/!&% 5#+0# 5&*& 1&'%?*&6 5+"# @AA 0#!$*-&.4&.& 5'% ?%&62

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

:#& "#+0B.&%% '.6 %?*)'0& *$?,#.&%% $) "#& "#+. C!1 '*& 6&"&*1+.&6 "#*$?,# 0$.0&.D

"*'"+$. $) "#& %$!?"+$.> "E/& $) %$!(&."> "&1/&*'"?*& $) "#& %$!?"+$. '.6 *$"'"+$. %/&&62

F" .&&6% ' -+"& $) &G/&*+&.0& "$ /*$6?0& *&/*$6?0"+(& *&%?!"%2  !%$ "#& *+,#" '1$?." $)

%$!?"+$. +% +1/$*"'." "$ ,&" $/"+0'! .+0& #$1$,&.&$?% C!1% $(&* "#& 5#$!& %?-%"*'"&2

:#& /$!E1&* C!1% $. .'"+(& Si '.6 SiO2 5&*& !'"&* $. '!5'E% /*$6?0&6 "#& %'1& 5'E>

"#& /'*'1&"&*> '*& !+%"&6 +. :'-2 H2I )$* 789: '.6 )$* ;<=: +. :'-2 H2H2

:'-!& H2IJ :#& 789: 5'% 6+%$!(&6 +. 0#!$*-&.4&.&2 A$"'"+$. "+1& +% "#& 6?*'"+$. $) "#&

%/+.D0$'"+., /*$0&%%2 :#& %$!?"+$. 5'% $. "#& #&'"&* )$* ' /&*+$6 $) 20 min
'" ' "&1/&*'"?*& $) 100◦C '.6 5'% +11&6+'"!E %/+.D0$'"&62

%?-%"*'"& 3$.0&."*'"+$.K[g/l] *$"'"+$. K [rpm] *$"'"+$. "+1& K[s]

.DSi 8.5 1000 60
SiO2 9.1 1000 60

%$!?"+$. "&1/2 K[◦C] "+1& K[min] '1$?." K [µl] "#+0B.&%%K[nm]

100 20 160 39
100 20 160 51

:'-!& H2HJ :#& ;<=: 5'% 6+%$!(&6 +. 0#!$*-&.4&.&2 A$"'"+$. "+1& +% "#& 6?*'"+$. $) "#&

%/+.D0$'"+., /*$0&%%2 :#& %$!?"+$. 5'% $. "#& #&'"&* )$* ' /&*+$6 $) 20 min
'" ' "&1/&*'"?*& $) 100◦C '.6 5'% +11&6+'"!E %/+.D0$'"&62

%?-%"*'"& 3$.0&."*'"+$.K[g/l] *$"'"+$. K [rpm] *$"'"$. "+1& K[s]

.DSi 7.8 1000 60
SiO2 8.3 1000 60
SiO2 12 1000 60

%$!?"+$. "&1/2 K[◦C] "+1& K[min] '1$?." K [µl] "#+0B.&%%K[nm]

100 90 160 59
100 90 160 70
100 90 160 120

LI



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

 ! "#$ % &#'' (#)*#( +,-+$.%$# +,./%0# % 0'#%*1*" 2.!0#++ 1+ *#0#++%.34  5# &5!'#

2.!0#(,.# &%+ $5# /!''!&1*"6

 7,-+$.%$#+ &#.# 0'#%*#( /.!8 2%.$10'#+ '19# (,+$ &1$5 CO2

  5#* 2,$ 1*$! ).+$ %0#$!*# %*( +#0!*( 1+!2.!2%*!' /!. #%05 10 min 1* ,'$.% +!*10
-%$5

 :/$#. $5# ,'$.% +!*10 -%$5 SiO2 &%+ 2'%+8% #$05#( /!. 10 min; -,$ $5# *%$1<# Si
*#<#.

  5# +!',$1!* &%+ 5#%$#( ,2 %$ % *!.8%' 5#%$1*" 2'%$# %$ 100◦C %*( 9#2$ $5#.#

/!. 20 min /!. =>? 4 @AB &%+ 9#2$ %'+! %$ 100◦C -,$ /!. 90 min; -#0%,+# 1$ 1+
(1++!'<1*" 8,05 +'!&#. $5%* =>? 4

 7,-+$.%$#+ 5%<# $! -# $.1#( /.!8 1+!2.!2%*!' $!$%''3; !$5#.&1+# $5# )'8 -#0!8#+ 1*

5!8!"#*#!,+ $51+ &%+ (!*# 1* <%0,,8 05%8-#. /!. %-!,$ 2 min %$ % 2.#++,.# !/
10−2 mbar4

  5#* $5# +!',$1!* &%+ 2!.#( !* $5# +,-+$.%$# %*( $5# +21*C0!%$#. +$%.$#(; @1"4 D4E4

@1",.# D4E6 721*C0!%$1*"

 !"! #$%&'()*

@!. F!%$1*"; $5# 2!'38#. 1+ +21*C0!%$#( !* $!2 !/ % "'%++ +,-+$.%$#; 2%.%8#$#.+ %.# '1+$#(

1*  %-4 D4D4  5# "'%++ &%+ 0'#%*#( '19# $5# +1'10!* +,-+$.%$#+4  5# F!%$1*" &%+ ,+#( $!

(#2!+1$ $5# @AB !* $!2 !/ $5# =>? $! -,1'( $5# -1'%3#. +%82'#+4 @'!%$1*" &%+ 8!.#

'#++ % *#0#++%.3 &!.9 %.!,*(; -#0%,+# $5#.# &%+ *! 9*!&'#("# !/ %* !.$5!"!*%' +!'<#*$

/!. +21*C0!%$1*" $5# +#0!*( '%3#. !* $!2 !/ =>? 4

: 21$3 &%+ $5%$ $5# "'%++ &%+ $! .!,"5 $! )*( !,$ $5# $5109*#++ !/ $5# @AB !* "'%++;

-,$ $5# %++,82$1!* &%+ $5%$ $5# $5109*#++ +5!,'( *!$ (1G#. $! 8,05 /.!8 $5# $5109*#++

!/ $5# *%$1<# Si4
 5# @AB )'8 &%+ +0.%$05#( &1$5 % .%H!. %'!*" $5# #("#+ !/ $5# "'%++ +,-+$.%$#4  5.!,"5

$5%$ +0.%$05#+ $5# (1+$1''#( &%$#. 0%* 0.##2 1*$! $5# 2!'38#.#I+,-+$.%$# 1*$#./%0# %*( '1/$

$5# )'8 /.!8 $5# "'%++; @1"4 D4D4  5# )'8 (.1/$+ $5#* !* $5# &%$#. +,./%0# %*( 0%* -#

(1.#0$#( #%+1'3 !<#. $5# +,-+$.%$# !. $5# =>? /!. (#2!+1$1*"4  5# )'8+ 5%<# $! -# 9#2$

!<#. $5# =>? &51'# $5# &%$#. '#<#' (#0.#%+#+4

JD



 !"#$%& '( %)#%&*+%,$"-'(.( /"+#-% #&%#"&"$*0, 10& &%1-% $*2*$3

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

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

.*/%,!/%0 1+,%$ 2$*3)%,0 +$% %-4)*0%2 !- ,5% !-,%$6+4%7 8#, ,5% #0#+))9 2!0+33%+$ :%$9

6+0, ,5$*#"5 ,5%  ;<= )+9%$7 0%% +33%-2!> ?'&' =5% 1+,%$ $%0!2#+) 0,$%45%0 ,5%  ;<=

+-2 !-2#4%0 + )*4+) /*$35*)*"!4+) 45+-"%'

@ :%$9 ,5!- 1+,%$ A)/ 8%,1%%- ,5*0% )+9%$0 0%%/0 ,* 8% *8:!*#07 -%:%$,5%)%00 !, 1+0

-%:%$ 2%,%4,%2 !- ,5% BCC *$ DC7 8#, *-% 5+:% ,* /%-,!*- ,5+, ,5% 04+,,%$!-" )%-",5

2%-0!,9 *6 1+,%$ !0 0!/!)+$ ,* ,5+, *6 EFG= 6*$ BH$+90' =5% *-)9 4+-2!2+,% )%6, !0 ,5%

35*,*:*),+!4 /%+0#$%/%-,07 8#, +)0* 5%$% +- !-,%$3$%,+,!*- !0 5+$2 +-2 #-4*-:!-4!-"'

I-% *3,!*- 1*#)2 8% ,* A-2 +- *$,5*"*-+) 0*):%-, +-2 4*/3+$% ,5% %J4!%-4!%0 +-2 KHLH

45+$+4,%$!0,!40 *6 ,5% M*+,%2 +-2 03!-H4*+,%2 8!)+9%$ I.N'

 !"#$% &'F( =5% 1+,%$ )!6,0 ,5%  ;<= 6$*/ ,5% ")+007 )%6,' C!"5,  ;<= !0 2%3*0!,%2 *-

,5% EFG=7 1+,%$ $%0!2#+)0 4+- 8% 0%%-'

E%$0*-+))9 K ,5!-O ,5%$% !0 0*/% 1+,%$ !- ,5% !-,%$6+4% +-2 $%2#4% ,5% 35+0% !-,%$6+4%

+$%+7 8#, !,0 %P%4,0 +$% -*, 0* 0,$*-"7 ,5+, ,5% 2+,+ 15!45 1+0 *8,+!- ,5$*#"5 BCC7 DC

*$ IELH/%+0#$%/%-,0 !0 5!"5)9 %P%4,%2' <%4+#0% +0 )*-" +0 ,5% I.N 3$*2#4% +- %)%4H

QF



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

 !"#$% #&!!'( )  *'!' *$+'  , -'  *' .,%/0'!1 "( #,( $# ) , *'!2"1'  *' '3#"'(#/ 2,&%4

-' (, 1, *"5*6

 ! "#$%&#&'()*+ ), -#.&*(/ 0)1&# 2$11+

789 2'!' -&"% $ -" 4":'!'( %/  *$(  *' (,!0$% ,('16 ;, 5' !"4 ,< $(, *'! .$!$0' '!

=>?7;@=88 2$1 4"1#%$"0'46 ;, .!'+'( $ *,%' -%,#A"(5 -$!!"'! $  *' $(,4' 1"4')  *'

B;7 2$1 .%$10$ ' #*'46 B 2$1 1*,2(  *$ .%$10$ ' #*"(5 2" * O2 %,2'!1  *' 2,!A

<&(# ",( <,! B;76 B< B;7 "1 C&1 #%'$('4 "( $#' ,(' $(4 "1,.,!.$(,%  *' 2,!A <&(# ",( "1

$-,& 4.5 ± 0.1 eV $(4 $< '! .%$10$ ' #*"(5 " "1 %,2'!'4  , 4.70 − 4.89 eV 4'.'(4"(5

,(  *' 0' *,4 ,< .%$10$ ' #*"(5) DEFG6

;*' #%'$("(5 .!,#'4&!' <,! B;7 2$1  *' <,%%,2"(5@

 ;, 5'  *' !'1 ,<  *' .*, , !'1" ,<  *' B;71 2'!' !&--'4 +'!/ #$!'<&%%/ 2" * "(

0' *$(,% 4&0.'4 #,  ,( -&416

 9%'$("(5 2" * CO2

 9%'$("(5 2" * 0' *$(,%) $#' ,(' $(4 "1,.!,.$(,% <,! '$#* 10 min6 H< '! '+'!/

#%'$("(5 1 '.  *'/ 2'!' 2$1*'4 2" *  *' ('I #,0"(5 1,%+'( 6

 =%$10$ ' #*'4 <,! 10 min &(4'! $ J,2 ,< 8

 K,2  *' B;7 1&-1 !$ '1 2'!' !'$4/ <,! 1."(L#,$ "(56

8."(L#,$ "(5 $(4 J,$ "(5 2$1  *' 1$0' $1 <,!  *' 1"%"#,( 1&-1 !$ '16 ;*' A'/ <,! 5,,4

789 "1  "0"(5 $(4  , 2,!A +'!/ #%'$(6 M*'(  *' B;7 $!' .%$10$ ' #*'4)  *'/ *$+'  ,

-' 1."(L#,$ '4 "00'4"$ '%/ , *'!2"1'  *' 2,!A <&(# ",( %'+'% 5,'1 -$#A  , " 1 ,!"5"($%

+$%&'6

 !"#$ %"&

;*' $4+$( $5'1 ,< $ 5%,+' -,I $!' $ 4'N('4 $(4 %,2 ,I/5'( $(4 2$ '! $ 0,1.*'!' "(

 *' 2,!A"(5 $!'$6 ;*' 5%,+' -,I #$( 5&$!$( '' $ !'.!,4&#"-"%" / #,(#'!("(5 '1.'#"$%%/

,!5$("# 4'+"#'16

7(' .!,-%'0 2$1  *$ $< '! J,$ "(5  *' 1$0.%'1 2'!' 2' 6 O,! 4!/"(5  *'/ 2'!' 1 ,!'4

"(  *' %&-!"#$ ,! ,<  *' #*'0"#$% 5%,+' -,I ,+'! ("5* &(4'! +$#&&0P10−3 mbarQ6 ;,

!'4&#' 4'5!$4$ ",(  *' %&-!"#$( 2$1 N%%'4 2" * Ar $(4 '+$#&$ '4  *!''  "0'16

K'I 1 '. 2$1  , '+$.,!$ '  *' #$ *,4' ,(  ,. ,<  *' ORS;6 O,!  *"1  *' 1$0.%'1 2'!'

.& "( , $ 0$1A) O"56 F6T $(4  *'( "( ,  *' '+$.,!$ ,!6 M" * $ !, $!/ +$(' .&0. "(

#,0-"($ ",( 2" *  &!-, 0,%'#&%$! .&0.6 ;*' .!'11&!' 2$1 !'4&#'4  , 9 · 10−6mbar)
 *$  ,,A "( $+'!$5' 1 h6
;*'(  *' #$ *,4' 2$1 '+$.,!$ '4 1%,2%/ ,(  *' ORS;6 ;*'  *"#A('11 2$1 #,( !,%%'4

2" * $ ,1#"%%$ "(5 #!/1 $% #,(1 $( %/6 H< '! !'$#*"(5 100 nm ,< #$ *,4' 0$ '!"$%  *'

'+$.,!$ ",( 2$1 1 ,..'46

EF



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

 ! "#$%&'( )#$(*+#, Ag -#! .!('/ $%( -&*0 1.2"$+&2 +! #*&.2' 4.14 eV /4.22 eV #2'

4.46 eV -+$% $%( &*+(2$#$+&2! (110)/ (100) #2' (111)/ *(!3("$+4(,5/ 67789 :& +$ !%&.,' ,+(
+2 #4(*#;( #*&.2' ≈ 4.20 eV 9
 ,.)+2+.) -#! 2&$ .!(' <("#.!( !&)( "&,,(#;.(! %#' $*&.<,(! -+$% &=+'#$+&2 &1 $%(

(4#3&*#$(' Al9  !"%()#$+" 3+"$.*( &1 $%( (2(*;5 ,(4(,! &1 $%+! <+,#5(* >:? +! ;+4(2 +2
@+;9 A9B9

@+;.*( A9BC D2(*;5 ,(4(,! &1 $%( <.+,$ >:?

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

E%( FE> +! 3#$$(*2(' ,+0( +2 @+;9 A979 E%( #"$+4( #*(# +! #<&.$ 6 mm2
1&* (4(*5 '(4+"(/

6 '(4+"(! #*( &2 (#"% FE> !.<!$*#$(9 @&* "&2$#"$+2; $%() +2'+4+'.#,,5 ,(;!/ ,+0( @+;9

A979 %#4( $& <( G=(' &2 $%()9 E%+! -#! '&2( +2 $%( "%()+"#, ;,&4( <&=9  1$(* $%#$ $%(

"#$%&'( !+'( -#! !(#,(' -+$% # ;,#!! 3,#$(/ -%+"% -#! !+)3,5 ;,.(' &2 +$9

@+;.*( A97C H(1$ $%( 3#$$(*2(' FE>/ $%( #"$+4( #*(# +! )#*0('9 I+;%$ G2+!%(' >:? -+$%

,(;! $%#$ "&2$#"$ (#"% '(4+"( +2'+4+'.#,,5/ 67J8

45#.(!#/%($ 1#,6 0(! /7+ *#/7(8+

K+$%+2 $%+! -&*0 $%( &,' (4#3&*#$+&2 )#!0 -#! *(3,#"(' <5 # 2(- &2( -+$% # <($$(*

#"".*#"5 &1 $%( "#$%&'( '(3&!+$+&2 #2' )&*( !,&$! 1&* FE>!9 E%( &,' )#!0 %#' # -(#0,5

77



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

 !"#$%!  #"&'%(! )*'&! +!&,!!% &-! ('&-. ! /'"0 '% &-! 123 "*.&"4 ". #& ,'" *#0!*5

&-'& &-! +#*'5!6 $.& "./! "(6'&(-!"4 ,-#*! )7&&#%$ &-!/ #%&. &-! "*.&" '% &-#" "(6'&(-!"

('7"!" %.6/'**5 ' "-.6& (#6(7#&8 2-!6!9.6! #& ,'" -'6 &. $!& ,#&- &-! .* /'"0 /.6!

&-'% 60% .9 ,.60#%$  !:#(!8

2. +! /.6! 6!)6. 7(#+*! ' %!, /'"0 ,'"  !"#$%! 4 ,-#(- "-.7* (./)!%"'&! &-! )6.+;

*!/" .9 &-! .* .%!8 2-! %!, .%! -'" ' +!&&!6  #"&'%(! )*'&!4 ,-#(- "&#** &.. &-#(0<0.3mm=

". !:').6'&! ('&-. ! "!!/" &. +! ' +#&! ,'"-! .7& '& &-! ! $!"8 >#? "*.&" '% &-!

'((76'(5 #" +!&&!6 &-'% ,#&- &-! .* .%!8 2-! /'"0 ,'" 9'+6#('&! '&  !"# $%!&' (!&')

#"*+ $(, :#' ,'&!6@!& (7&&#%$8 2-!  6',#%$ '6! #% &-! '))!% #?4 A#$8 B8C8

2-#" /'"0 -'" '*". &,. :!65 '((76'&! -.*!" #% !:!65 )*'&!4 #% ,-#(- (5*#% 6#('* ' @7"&

)#%!" ('% )*7$$! &. !%"76! &-! '((76'(5 9.6 &-! '(&#:! '6!'8

 !" #$$%&'($)

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

2-! +#*'5!6" .% %'&#:! Si ,!6! '%%!'*! #% &-! D%&.% E''6 FG> HII 7% !6 #%!6& (.%;

 #&#.%"8 2-! "'/)*! #" (.:!6! ,#&- '% )*'"&#( .6 $6')-#&!  ../ '% &-#" !%'+*!" FG>

HII &. /!'"76! &-! '%%!'*! "'/)*!" #%;"#&78 2-! FG> HII ,'" 9.6 .%! '%%!'*#%$ "!6#!"

/.7%&! #% &-! EDJ'*5&#('* K/)56!'%8 1% .%! "!6#!" &-! "'/)*! ,'" %!:!6 /.:! .6

&.7(-! 8 1& ,'" @7"& %!(!""'65 &. '*#$% &-! "'/)*! '9&!6 !:!65 '%%!'*#%$ "&!) 9.6 &-!

LMM8

 !"! 0&1'2., 345'& 6*557

2-! '%%!'*#%$ .9 &-! 3>N ,'"  .%! #% &-! .:!% .9 &-! ".*# "&'&! )-5"#(" *'+8 2-! /'@.6

)6.+*!/ ,'" &. $7'6'%&!! ' (.%"&'%& &!/)!6'&76!  76#%$ ' '%%!'*#%$ )!6#. 8 2. !%"76!

&-#" ' (./+#%'&#.% ,6!%(- "#O! 20 ,'" 7"! 8 1& #" P7#!& -!':5 '% "!6:!" '" ' -!'&#%$

+'&-8 2-! 3>N ,!6! )7& ,#&- &-! ('&-. ! "# !  .,% .%&. &-! (./+#%'&#.% ,6!%(- '9&!6

#& ,'" 9.6 2 h #% &-! .:!% &. $7'6'%&!! ' /.6! *!"" (.%"&'%& &!/)!6'&76!8

 !"!" 8*'79&:*2-7 4; 0&1'2., 345'& 6*557

A.6 &-#" &-! *!$" .9 &-! 3>N '6! )7& #%&. &-! (.%&'(&" .9 ' ")!(#'* /!'"76#%$ +.'6 8 K'(-

)#?!* (.7* +! ",#&(- .9 #% #:# 7'**5 '% &-! ('&-. ! #" "!& '" $6.7% 8 D ('*#+6'&! *#$-&

".76(! "#/7*'&!" &-! ")!(&6' .9 &-! "7% .% !'6&- DQ R8ST<'#6 /'"" R8S $*.+'*= ,#&- '

100 mW/cm2
8

SU



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

 !"#$% &'() *%+,#$!-" ./+0!- 12 3,,!/+' 4!05 05% .!-, %6%$7 8%6!9% 91#/8 :% ,4!059%8

!-8!6!8#+//7; <=(>'

=?



 !"#"

 !! "#$ %&'(!$ ()$(&)&"*+,% #&(($,$- *, "#$ !&. +/ "#$ 0+!*- 0"&"$ 1#2%*3% 4,%"*"5"$

+/ 67 8)&9: .5" %+'$ '$&%5)$'$,"% ;$)$ -+,$ &" +"#$) *,%"*"5"*+,%: !*<$ "#$ ,$5")+,

$=($)*'$,"% +/ 3&5%$: "#$ &"+'*3 /+)3$ '*3)+%3+($ (*3"5)$% ;$)$ -+,$ .2 >)? @$""*,&

A)*$-$! *, B&'.)*-C$: D,C!&,- &,- "#$ %3&,,*,C $!$3")+, '*3)+%3+($ (*3"5)$ ;$)$ %#++"

"+C$"#$) ;*"# 0&,E& 0*'*3: >)? @$""*,& A)*$-$! &" "#$ 4,%"*"5"$ /+) F*3)+%3+(2 &,-

G&,+"$3#,+!+C2?

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

A*)%" .+"# (+!2'$)% ;$)$ *,H$%"*C&"$- &% %*,C!$ !&2$)% +,"+( +/ ,&"*H$ Si: SiO2 &,-

5,(&""$)$,- 46I "+ C&*, $!$3")+, -$,%*"2: )+5C#,$%% &,- "#*3<,$%%? 6#$ JKK /+) "#$

46I &)$ ()$%$,"$- *, "#$ &(($,-*=: A*C? L?M? 6#+%$ %5.%")&"$% ;$)$ "++ )+5C# &,- %+

"#$ -&"& +5" +/ JKK ;&% ,+" H$)2 5%$/5!?

 !"!" #$%&' ()*)+,-.-,' /0 1 23

6#$ N"% +/ -*O$)$," 1PQ6 N!'% !$- "+ "#$ 3+,3!5%*+,: "#&" +, ,&"*H$ Si "#$ 1PQ6 "$,-%
"+ #&H$ & #*C#$) '&%% -$,%*"2 &,- "#$)$/+)$ & #*C#$) $!$3")+, -$,%*"2 "#&, +, SiO2?

K$C&)-*,C "#$ *,R5$,3$ +/ "#$ %5.%")&"$: &!%+ "#$ "#*3<,$%% *% -*O$)$," /+) "#$ %&'$

%+!5"*+,? SiO2 #&% "#*,,$) N!'% "#&, ,&"*H$ Si?  )$&%+,&.!$ $=(!&,&"*+, *%: "#&" SiO2

;$)$ &!;&2% (!&%'& $"3#$- /+) 10 min? 4" *% <,+;, "#&" (!&%'& $"3#*,C !&*- "+ & 3#&,C$
+/ "#$ %5)/&3$ $,$)C2 +/ "#$ %5.%")&"$ : "#$ H&!5$% &)$ %#+;, *, 6&.?P?S?

6&.!$ P?ST >*O$)$," "#*3<,$%% ;&% +."&*,$- ,&"*H$ Si &,- SiO2: ;#$, &!! +"#$) (&)&'$U

"$)% ;$)$ 3+,%"&,"? 6#$ )$%5!"% .$!+; &)$ /+) & 3+,3$,")&"*+, +/ 9.5 g
l ?

05.%")&"$ 6#*3<,$%% V[nm]

,&"*H$ Si WX

SiO2 WS

F&,2 JKKU'$&%5)$'$,"% ;$)$ -+,$ +, "#*,UN!'% +/ 1PQ6 -5)*,C "#*% "#$%*%: %$"5(

+/ "#$ 1 G&2!"*3&! *% *, "#$ &(($,-*=: 0$3? L?S? Q$)$ &)$ %#+;, E5%" "#)$$ )$()$%$,"&"*H$

JKKU%3&,% ;*"# N"%?  % *" ;&% -*%35%%$- *, 0$3? S?S?Y: N"% +/ JKKU-&"& &)$ ,+" 5,*Z5$!2?

6#$ %&'$ '+-$! *% 5%$- "+ -$%3)*.$ "#$ $!$3")+, -$,%*"2 +/ "#$ N!' &,- )+5C#,$%%: %+

"#$)$ ;*!! .$ &!;&2% '+)$ "#&, +,$ N" /+) "#$ %&'$ JKKU%3&,? 6#+5C# "#$)$ *% ,+

(+%%*.*!*"2 "+ $=")&3" $=&3" -&"& /+) ρe &,- σrms: +,$ 3&, C$" & )+5C# *-$& +5" "#$ )&,C$

+/ "#$ H&!5$% &,- +5" +/ "#$ %#&($ +/ "#$ JKK & Z5&!*"&"*H$!2 (*3"5)$ 3&, .$ +."&*,: */

W[



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

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

.$ /#,- 0-1 #) 2234056 *$ SiO2 7#$8  !" 9"%: !#,! '((+%'(: *&  !"  !#(;$")) ") #7' #*$<

#&  !" &%#$,") '%" 8"=$"8  !" 7#) ';" >"))  !'$ 2%- 6!" ?%',,3@"'; ' αi = 2.7◦ &%*7

 !" >'7">>'% @'(;#$, #) 9#)#A>"- B"')+%"7"$ @'%'7" "%) C"%"D %'$,"D 2θ = 0− 6◦< ) "@

)#E"D0.005◦< #$ - #7"D 2 s-

/#,+%" 0-1D 6!" F2238' ' #) @>*  "8 #$ A>+" '$8  !" = #$ %"8- 6!" %")+> ) *&  !" = '%"

'A*9"-

.$ /#,- 0-G 2234056 #) *$  *@ *& $' #9" Si- /# *$ $' #9" Si '%" "')#"%  * 8*<

A"('+)"  !" SiO2 >':"% 8*$H !'9"  * A" %",'%8"8 #$  !" 7*8"> '$8  !#) 7'8"  !" = '

A# 7*%" '((+%' "- I αi = 2.7◦  !" ?%',,34"'; *& 4056 '$8  !" )#7+>' #*$ C# !*+ '

(*$)#8"%' #*$ *&  !" >'7">>'% ) %+( +%" '%" )!*C$- B"')+%"7"$ @'%'7" "%) C"%"D %'$,"D

2θ = 0− 6◦< ) "@ )#E"D0.002◦< #$ - #7"D 1 s-

JK



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

 !"#$% &'() *+% ,--./010 !2 34511%/ !6 74#% 06/ 1+% 81 !6 $%/' *+% $%2#412 59 1+% 81 0$%

075:%'

 !"' &'& 2+5;2 --0.<&=* 56 153 59 SiO2' *+% --0.<&=* 20>34% !2 0>5$3+%#2?

@5>30$%/ 15  !"' &'( 06/  !"' &'A 1+%$% !2 65 <&=*.3%0B 01 αi = 2.7◦' C%02#$%>%61
30$0>%1%$2 ;%$%) $06"%) 2θ = 0− 8◦? 21%3 2!D%)0.005◦? !61'1!>%) 2 s

 !"#$% &'&) *+% ,--./010 !2 34511%/ !6 74#% 06/ 1+% 81 !6 $%/' *+% $%2#412 59 1+% 81 0$%

075:%'

*+% 7!" /!E%$%6@% 7%1;%%6 1+% $%"!5$%"#40$F--0G. 06/ $%"!5$06/5>F--G.<&=* 0$%?

1+% 40@B 59 59 1+% H$0"".3%0B 01 αi = 2.7◦' *+% /!25$/%$ 59 1+% +%0/ 06/ 10!4 "$5#32
!6 --0.<&=* 2#33$%22 1+% 40>%440$ 5$/%$!6"? ;+!@+ @06 7% 572%$:%/ !6?  !"' &'A 06/

IJ



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

 !"# $#$ %&' ()**+,%-+' -) -.+ '!/-%&(+ )0 -.+ 1),23+* 4%(5 4)&+# 67- %,/) .+*+ -.+

6*%""81+%5 !/ 9+%5 )* 4+--+* %3)*1.)7/: -.!/ !/ 4+(%7/+ )0 -.+ .!". Mw = 70 kg/mol#
;.+ +,+(-*)& '+&/!-2 )0 -.+ <$=; (%& 4+ (%,(7,%-+' )7- )0 -.+ 3%// '+&/!-2# ;) '+-+*8

3!&+ ρe -.+ .)3+1%"+: >?@A 9%/ 7/+': -.+ 9%2 9%/ -.+ 0),,)9!&"B

ρm(polymer) − > δ and β − > ρe

;.+ )4-%!& ρe %*+ "!C+& !& ;%4# $#D 4+,)9 %&' 9+*+ (%,(7,%-+' )7- )0 -.+ δ %&' β 9!-.

% 1*)"*%3: 1*)C!'+' 0*)3 E# F)C%5: GHI : J*+&)4,+:  *%&(+: DKKL#

;%4# $#D ,!/- 3+%/7*+3+&-/ )0 !&'!C!'7%, /%31,+/# ;.+ )4-%!&+' '%-% )0 -.+ &%-!C+ Si
/(%&/ '!C+*"+: 47- -.+ %C+*%"+ C%,7+ 0)* -.+ 3%// '+&/!-2 0)* <$=; 9%/ ρm = 1.06 ±
0.04g/cm3

#

;%4,+ $#DB ;.+ 3+%/7*3+-&/ 9+*+ ')&+ )& !&'!C!'7%, /%31,+/# M!-. -.+ NII O- )0

<$=; /!&",+ ,%2+* -.+ 3%// '+&/!-2PρmQ 9%/ (%,(7,%-+'# >?@A (%& 1*)C!'+ δ
%&' β !0 -.+ (.+3!(%, /-*7(-7*+ %&' ρm !/ 5&)9&# ;.+ +,+(-*)& '+&/!-2 %&'

/(%--+*!&" ,+&"-. '+&/!-2PρQ 9%/ (%,(7,%-+'#

<),23+* ρm R [g/cm3] ρeR[1/Å
3] ρR[1010cm−2]

<$=;PSiO2Q 1.045 0.343 9.66
<$=;P&8SiQ 1.059 0.347 9.79
<$=;P&8SiQ 1.086 0.356 10.00

;.+ /7*0%(+ *)7".&+//P*))- 3+%& /S7%*+PITHQQ 9%/ &+%*,2 42 %,, -.!& O,3/ )0 II8

<$=; %*)7&' 0.80 nm < RMS < 1.05 nm# ;.+ '!C+*"+&(+ ()3+/ 0*)3 -.+ O-/: 47-

%,/) -.+ /%31,+/ -.+3/+,0 C%*2 % 4!-# ;.+ *)7".&+// 9%/ (*)// (.+(5+' 42 U*# 6+--!&%

 *!+'+, C!% V T !& W%34*!'"+: G&",%&'# ;.+ /%31,+/ 9+*+ 3%'+ 9!-. % ()&(+&-*%-!)&

)0 8.5 g/l )0 <$=; !& (.,)*4+&X+&+ )& SiO2 9!-. -.+ /-%&'%*' 1%*%3+-+*/#

;.+ *)7".&+// C%,7+/ )7- )0 V T %*+ %4)7- 0.75 nm < RMS < 0.90 nm# ;.!/ &!(+
%(()*'%&(+ '+1!(- -.+ 1)-+&-!%, )0 -.+ NII# Y- ()7,' 4+ -.%- -.+ ITH )7- )0 -.+ NII

1*)C!'+/ % 4+--+* +/-!3%-!)&: 4+(%7/+ -.+ 4!""+* %*+% !/ *+"*%'+' 9!-. -.+ N8*%2 4+%3

-.%& !& V T#

Z[



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

 !"#$% &'() * + , -!./#$% 01 2 3&45 678' RMS = 0.80 nm'

 !"!# $%&'( )*+*,-./.-( 01 2345

 9:5 ;2< 12$ 7%<< $%-0$/< != 7!/%$2/#$% /;2= 3&45' >?-%$!8%=/< @%$% 82A% /0 6=A 2

<#!/2B7% <07C%=/ 10$  9:5' D/ /#$=%A 0#/ /;2/ /;% .;70$!=% B2<%A <07C%=/< @%$% B%//%$

/;2= /;% 2$082/!. ;EA$0.2$B0= 0=%<F 7!G% HE7%=%' 50 ;2C% <!8!72$ <07C%=/< 10$ B0/;

-07E8%$<F .;70$0B%=I%=% @2< .;0<%= 10$  9:5 /0'

5;% 0B/2!=%A ρm  !"#$%& '() #% !"*(+, ρm = 1.12 g/cm3
-*" .*%) *- )/$ )#.$0 1/$ 2)%

*- 3451 %6!+% 6!+7) ,#%68*%$ )/$ )"($ +!)("$ *- #+)$"-!6$% (+#9($8:& ;<=0

>#)/*() )/$ !,,#)#*+!8 #+-*".!)#*+ *- )/$ ?3@& #) A*(8, '$ /!", )* ,$)$".#+$ )/$

#+)$"-!6$ "*(B/+$%% !+, .!%% ,$+%#):0 C- )/$ 2) *- 3#B0 D0E #% 6*.F!"$, A#)/ )/$ 3#B0 G0H

!FF$+,#I& #) #% /!, )* ,$6#,$& A/#6/ 2) #% )/$ "#B/) *+$0

5() ?3@ F#6)("$% %(BB$%) )/!) )/$ %("-!6$ "*(B/+$%% *- )/$ 3451 %/*(8, '$ !"*(+,

RMS = 0.34 nm& %$$ 3#B0 D0G0 5$6!(%$ )/$ %("-!6$ "*(B/+$%% *- ?3@ !+, JKKL 3#B0

D0E& 3#B0 D0MN .(%) 2)& )/$ 2)% 8#O$ 3#B0 G0H A$"$ +$B8$6)$, !+, '$ 6*+%#,$"$, !% A"*+B0

C+)$"$%)#+B #% !8%*& )/!) !88 JKKP2)% A#)/ )/$ "#B/) %("-!6$ "*(B/+$%%& /! $ )A#6$ )#.$

'#BB$" #+)$"-!6$ "*(B/+$%% )/!+ #) #% -*" QDR1& #) #% S(%) ! %(%F#6#*+& '() )/#% 6*(8, '$

6*""$8!)$, )* )/$ /#B/ Mw F8BT = 150 kg/mol0
3#B0 D0E %/*A% 3451 *+ )*F *- SiO20 1/$ 6*+6$+)"!)#*+ *- )/$ %*8()#*+ A!% 8.3 g/l0
R$"$ )/$ F!"!.$)$"% O$F) -"$$ !+, )/$ %("-!6$ "*(B/+$%% #% 6*.#+B #+ )/$ "#B/) *",$"

*- )/$ ?3@ .$!%("$.$+)%& !8%* )/$ 6(" $ 2)% '$))$" )/!+ #+ 3#B0 G0H0 @$!%("$.$+)

F!"!.$)$"% A$"$T "!+B$T 2θ = 0− 8◦& %)$F %#U$T0.005◦& #+)0)#.$T 2 s0

M<



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

 !"#$% &'() *+% ,--./010 !2 34511%/ 64#% 07/ 1+% 81 $%/' *+% 2907 :02 3%$;5$<%/ 57

 =>* 57 SiO2'

?7  !"' &'@  =>* !2 23!7.9501%/ 57 153 5; 701!A% Si :!1+ 0 9579%71$01!57 5; 7.8 g/l'
B425 +%$% 1+% 2#$;09% $5#"+7%22 !2 !7 "55/ 0995$/079% :!1+ 1+% B C' C%02#$%<%71

30$0<%1%$2 :%$%) $07"%) 2θ = 0− 6.5◦D 21%3 2!E%)0.01◦D !71'1!<%) 5 s'

 !"#$% &'@) *+% ,--./010 !2 34511%/ 64#% 07/ 1+% 81 !2 $%/' *+% 2907 :02 3%$;5$<%/ 57

 =>* 57 7.Si'

*+% ρe :%$% 9049#401%/ 1+% 20<% :0F 4!G% ;5$ H&I*' *+% A04#%2 0$% 2#<<%/ #3 !7'
*06' &'&'

@&



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

 !"#$ %&%' ()*+ *+$ ,-- .* /0 123 4)56#$ #!7$8 *+$ 9!44 :$54)*7;ρm< =!4 >!#>?#!*$:&
@ABC >!5 D8/E):$ δ !5: β )0 *+$ >+$9)>!# 4*8?>*?8$ !5: ρm )4 F5/=5&  +$

$#$>*8/5 :$54)*7 !5: 4>!**$8)56 #$56*+ :$54)*7;ρ< =!4 >!#>?#!*$:&

G/#79$8 ρm H [g/cm3] ρeH[1/Å
3] ρH[1010cm−2]

123 ;SiO2< 1.128 0.368 10.37
123 ;5ISi< 1.138 0.371 10.47

 +$ 4>!**$8)56 #$56*+ :$54)*)$4 /0 123 !5: G%J )4 E$87 4)9)#!8 0/8 CuKα
!5: +!E$

K?4* 0/8 *+$ "$4* >!4$ ! :)L$8$5>$ /0 ≈ 10%& M0 G%J /5 5!*)E$ISi )4 8$6!8:$: *+$
:)L$8$5>$ :$>8$!4$ */ ≈ 6%&
 / N5>#/4$ *+)4 4$>*)/5'  +$ ρm P3HT = 1.060± 0.040 g/cm3

!5: 0/8 123 #!74 !8/?5:

ρm F8BT = 1.12 ± 0.050 g/cm3
;0/8 "/*+ D/#79$84 *+$4$ E!#?$4 :$D$5: 4*8/56#7 /5 *+$

4?"4*8!*$< 5/ 9!**$8 +/= /0*$5 ,--I4>!54 !8$ D$80/89$: !5: !5!#74$: *+$ E!#?$4 =)##

"$ 9/4* /0 *+$ *)9$ "$*=$$5 *+$4$ "/8:$84&  +$ 9!O)9?9 >/5*8!4* /0 *+$ :$*$89)5$:

ρm /0 123 !5: G%J )4 !"/?* ≈ 13% )5 *$894 /0 4>!**$8)56 #$56*+ :$54)*)$4;ρ<&
 +$ !E$8!6$ E!#?$ /0 >/5*8!4* )4 #$44 *+!5 ≈ 5% )5 *$894 /0 4>!**$8)56 #$56*+ :$54)*7& P/=

*+$ Q?$4*)/5 !8)4$4R )0 4?>+ #/= E!#?$4 /0 >/5*8!4* !8$ $5/?6+ */ 4$D!8!*$ "/*+ D/#79$84

#!7$8 )5 ! ")#!7$8 4*!>F =)*+ ,I8!74S

1)6?8$ %&B' T1U I D)>*?8$ /0 ! 123 .#9& RMS = 0.35 nm&

VW



 !"#$%& '( )"$" '(*( +,-".%& /0 #'!$102+$

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

 !" #$$ %&'()*"+"% , &-."+"'.&-/ 0"!,*&)1+ )2 .!" +"3"(.&*&.4 (1+*"5 6)+7,884 &-

718.&8,4"+ '.,(9 , ') (,88"% :;(!<"01-/: &' "=>"(."%? 01. 2)+ .!" @AB CDEF 8,4"+'

.<) %&G"+"-. )'(&88,.&)-' )((1++"%? '"" 2)+ .!&' D&/5 A5E5  !" 2+&-/"' ,. 8)< &-(&%"-.

,-/8"'Hαi = 2θ/2I %&'>8,4' .!" .!&(9-"'' )2 0).! 8,4"+' .)/".!"+ ,-% 2)+ !&/!"+ ,-/8"'
%&G"+"-. J&"''&/K2+&-/"' '!)<"% 1>5 L,+&,.&)- )2 .!" .!&(9-"'' )2 .!" @AB K8,4"+? %&'K

>8,4"% .!,. .!)'" J&"''&/K2+&-/"' 2)+ !&/!"+ ,-/8"' 0"8)-/ .) @AB 5

M1'. +"/,+%&-/ .!" +"3"(.&*&.4 ()"N(&"-.'? 8&9" &- ;"(5 O5OP? 7",-' .!,. 2)+ !&/!"+ ,-/8"'

3◦ ≤ 2θ ≤ 6◦ .!" +"3"(."% &-."-'&.&"' 2+)7 .!" @AB ,+" %)7&-,-.5  !,. 7",-' .!"

@AB 2+&-/"' &- .!" 0&8,4"+ ,+" , Q1,8&.,.&*" !&-. 2)+ .!" 7)+>!)8)/4 )2 .!" &-."+2,("?

0"(,1'" .<) +"3"(.&)-' )+ &-."-'&.&"' ,+" -""%"% .) '"" .!&' 8,4"+5  !" R+'. 71'. ()7"

2+)7 .!" @AB CDEF &-."+2,(" ,-% .!" '"()-% 2+)7 '10'.+,."C@AB &-."+2,(" ).!"+<&'"

-) 2+&-/"' <)18% )((1+ &- .!" #$$5

 !" +"3"(.&*&.4 (1+*" &- D&/5 A5E '!)<' .!,. 0).! )'(&88,.&)- ,+" '.+)-/ >+)-)1-("%5 D)+

8)< ,-/8"' .!" #$$ (,- -). %&'.&-/1&'! .!" .<) >)847"+' ,-% .!" 2+&-/"' ,+" ()++"8,."%

.) .!" ()88"(.&*" .!&(9-"''5 D)+ !&/!"+ ,-/8"' .!)'" 2+&-/"' %&',>>",+ ,-% .!" @AB K

2+&-/"' 0"()7" '.+)-/"+5  !" 7",'1+"7"-. >,+,7"."+' <"+"S +,-/"S 2θ = 0 − 6◦? '.">
'&T"S0.002◦? &-.5.&7"S 1 s5

D&/1+" A5ES  4>&(,8 #$$K(1+*" 2+)7 , 0&8,4"+5

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

F"(,1'" )2 .!" F+,//K>",9 2+)7 @AB ,. 2θ = 5.4◦ &. &' -). ",'4 .) R. .!" %,.,? 01.
'.&88 ')7" 9-)<8"%/" <,' /,&-"%5

U%%&.&)-,884 .) R. .!" @AB K2+&-/"' , *"+4 8)< &-."+2,(" +)1/!-"''? ()7>,+"% .) .!"

'1+2,(" +)1/!-"'' &' -""%"% .) 7)%"8 .!" %,.,5  !&' 8,4' 7,40" )- .!" <",9 ()-.+,'.

,7)-/ .!" >)847"+'? <!&(! (,- 8",% .) ,- "8"(.+)- %"-'&.4 >+)R8" 8&9" &. &' '!)<- &- D&/5

A5V? +&/!. !,-% '&%"5

WX



 ! ! "#$%&'( )#*&#) +, -&.$/#* 0&%" 12*$/ *#,.#3%&4&%/3"$5%#*  ! 6$%$

 !"#$% &'() *+,%-./!+ 0!+/#$% 12 /,% !3/%$2.+% $1#",3%44 .35 /,% %6%+/$13 5%34!/7 0$186%

12 /,% 0167-%$4'

 !"' &'( 4,194 :1/, 0167-%$4 .35 . 5%/.!6%5 611; ./ /,% !3/%$2.+% ,19 !/ -.7 611;

6!;%' <,%  =>< ,.4 . 4#$2.+% $1#",3%44 12 .:1#/ 0.3 nm .35 $1#",3%44 ./ /,% 0167?

-%$@4#:4/$./% !3/%$42.+% 12 0.7 nm .++1$5!3" /1 /,% ABB?8/ !3  !" '&'C' D,%3 /,%

 =>< +1-%4 12 /,% "6.44 4#:4/$./% !3 /,% E1./!3" 0$1+%44F /,%$% 9!66 :% . +%$/.!3 .-1#3/

12 $1#",3%44 13 /,% :1//1- 4!5% 12 /,% 0167-%$F 9,!+, 4,1#65 :% !3 /,% $.3"% 12 /,%

$1#",3%44 12 /,% 0167-%$@4#:4/$./% !3/%$2.+% 2$1- /,% 0%$G!1#467 -%3/!13%5 ABB?8/'

>7 /,% 5%014!/!13 12  =>< /,% 0167-%$ !4 6.!5 412/67 13 /,% H&I<F 9,./ 21$-4 .3 !3?

/%$2.+% 9,!+, -!",/ 611;4 6!;% /,% 0!+/#$% !3  !"' &'( :%619' <,%$% .$% .$%.4 9,%$% :1/,

0167-%$4 !3 +13/.+/ .35 $%"!134 9!/,1#/F .55!/!13.667 /,% 0167-%$ !3/%$2.+%4 9!66 -%4,

!3/1 13% .31/,%$' <,!4 +1#65 6%5 /1 . 4-11/,%$ %6%+/$13 5%34!/7 "$.5!%3/ ./ /,% !3/%$2.+%F

9,!+, +.#4%4 /,% 6.+; 12 J*+,9%:#3"J !3 /,% ABB'

 1$ . 4/%%0%$ !3+!5%3/ .3"6% /,% "$.5!%3/ :%+1-%4 6%44 5!K#4% ./ /,% +13/.+/ .$%. 12 :1/,

0167-%$4F 9,!+, +1#65 +.#4% ,!",%$ $%E%+/!G!/7 +1%L+!%3/4 .35 /,%3 /,% H&I<?2$!3"%4

.00%.$4'

 ! "#$%&'( )#*&#+ ,- .&/$0#* 1&%2 34*$0 5#6#7%&8&%0

M66 .33%.6!3" %N0%$!-%3/4 9%$% 513% 9!/, /,% M3/13 H..$ OI* (PP !3?4!/# #35%$ !3%$/

+135!/!134QN2R' O!K%$%3/ /%-0%$./#$%4 9%$% /$!%5) 80◦CF 85◦CF 90◦CF 95◦CF 100◦CF
110◦CF 130◦CF 140◦C .35 160◦C'  1$ /,% ,%./!3" 4%$!%4 . /%-0%$./#$% 9!/, 31/ 41 $.0!5

CC



 !"#$%& '( )"$"'('( !%"$*+, -%&*%- ./ 0*1"2%& 3*$! 45&"2 &%/1% $*6*$2

 !"#$% &"' #%%() *+ 130◦C "#( 140◦C +!% ,-.#$%' (% -%"'%( ,"- +/ ,"'+0 +!% +.1% ' "2%

&"' 34'+ +%#+!' /, 1.#4+%' "#( 2/&%- +%15%-"+4-%0 2.6% 80◦C "#( 85◦C '!/&%( 34'+ ",+%-

!/4-' " '2.$!+ (% -%"'% /, +!% 789:;,-.#$%') 90◦C0 100◦C "#( 110◦C &%-%  !/'%# ,/-

,4-+!%- .#<%'+.$"+./#)

=2"'' +-"#'.+./#' /, >/+! 5/2?1%-' &%-% !.$!%- +!"# +!/'% +%15%-"+4-%'0 >4+ '+.22 "

 !"#$% /, +!% >.2"?%- &"' (%+% +%() @/& A4%'+./#' -.'%'0 ., +!.'  !"#$% .'  /##% +%( +/

%<"5/-"+./# ,-/1 &"+%- "+ +!% .#+%-," %B * $//( 5/.#+ ,/- +!.' "-$41%#+"+./# .' +!"+ +!%

4'%( +%15%-"+4-%' "-% <%-?  2/'% +/ +!% >/.2.#$ 5/.#+ /, &"+%-)

C/- &"+%- +!% %2% +-/# (%#'.+? .' ρe = 0.3362 1/Å3
"#( ' "++%-.#$ 2%#$+! (%#'.+? .'

ρ = 9.47 · 1010 1/cm2
0 DEFG "#( "-% <%-?  2/'% +/ 789:) :!%-%,/-% .+ &/42( >% !"-( ,/-

+!% HII +/ (.'+.#$4.'! >%+&%%# +!% 5/2?1%- "#( " +!.# &"+%- 2"?%- /# +/5) J4+ ., +!%

+!% &"+%- 2"?%- &/42( !"<% " +!. 6#%'' /, '%<%-"2 #"#/1%+%-'0 &!? +!% '/2"-  %22' "-% +!%#

&/-6.#$B J% "4'% " +!. 6 .#+%-1%(."+% 2"?%- '!/42( -%(4 % <%-? %K% +.<%2? +!%  /#+" +

>%+&%%# 5/2?1%-' "#( " +!. 6#%'' /, +!%'% '.L% '!/42( >% '/1% !/& '%%# .# +!% HII0

>4+ +!%-% .' #/ '.$# /, "# "((.+./#"2 2"?%- "+ "22)

M!%# +!%-% .' &"+%- .# +!% .#'.(% +!% >.2"?%-0 .+ .' (%N#.+%2? #/+ 1/-% +!"# '/1% 2"?%-'

/- 1"?>% 34'+ " 1/#/2"?%- /, H2O "#( ,/- '4 ! " +!.# 2"?%- +!% HII .' #/+ '/ '%#'.>2%0

+!"+ '4 ! '+-/#$ %K% +'  /42( >% '%%#0 "2'/ +!% &%"6  /#+-"'+ +/ +!% 789: '455/-+' +!.'

 /11%#()

*#/+!%- 5/''.>.2.+?  /42( >% +!"+ +!% &"+%- "#( 789: ,-/1' " 2"?%- +/$%+!%- +!/4$!

+!% 2" 6 /,  /#+-"'+) O# C.$) 8)PQ HII;1%"'4-%1%#+' /, " >.2"?%- "+ 100◦C ,/- (.K%-%#+

"##%"2.#$ +.1%' .' '!/&#0 &!. ! "-% 52/++%( "' -%R% +.<.+? /, 2θ0 1"-6%( .' +!% -%2"S"+./#)

T4>52/+ >%2/&U Iq4 /<%- qz) -"#$%U 2θ = 0− 6.5◦0 '+%5 '.L%U0.01◦0 .#+)+.1%U 5 s

C.$4-% 8)PQU HII;' "#' /, +!% 100◦C '%-.%')

O, +!% H;-"? &/42( >% (%+% + +!% +!% H2O "#( 789: "' "  /11/# 2"?%-0 "  /#'+"#+

VF



 ! ! "#$%&'( )#*&#) +, -&.$/#* 0&%" 12*$/ *#,.#3%&4&%/3"$5%#*  ! 6$%$

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

()*"+,!%% %($4% "&,%($,( '&# /&,1!# $,,!$/*,1 (*5!%2 %!! 6*17 879:7

;)! ")$,1! &' '#*,1!% '#&5 ,&( $,,!$/! (& ()! <#%( $,,!$/*,1 *% "&,,!"(! (& $ #!/$=$(*&,

&' ()! >&/45!#7 ;)#&.1) %>*,?"&$(*,1 ()! >&/45!#% $#! *, $ ,&, !@.*/*0#*.5 %($(! $, 

$ #*%! *, (!5>!#$(.#! 5$+! ()! >&/45!# ")$*,% 5&#! A!=*0/! (& <, $ 5&#! %($0/! %($(!7

B( $// (!5>!#$(.#!% #!/$=$(*&,% -!#! &0%!#C! 7 ;)! D8E;?'#*,1!% &' ()! ,&(?$,,!$/! 

0*/$4!# 0!"&5! %5$//!# -*() $,,!$/*,17 ;)! ")$,1! -$% ,&#5$//4 &' $0&.( 0.5 nm $, 

0!"&5! '$%(!# -*() )*1)!# (!5>!#$(.#!%7 ;)*% >)!,&5!,$ -$% $/%& &0%!#C! $( 80◦C7
B/%& 0&() >&/45!#% $#! )*1)/4 )4 #&>)&0*"2 -)*") '&# %.#! #! ."!% ()! -$(!# (& $ 5*,*?

5.5 $( ()! *,(!#'$"!7

 ! !" #$%%$&' () *+,-. /0102%$3$%. ),(4 50460,-%7,0 %,0-%08 9$:-.0,;

F( (.#,! &.( ()$( ()! $,,!$/*,1 $( 90◦2 100◦ &# 110◦ '&# $ "!#($*, (*5! #! ."!% ()!

#!A!"(! *,(!,%*(4 '#&5 ()! *,(!#'$"!2 -)*") $>>!$#% $%  !"#!$%*,1 D8E;?'#*,1!%7 B

#! ."(*&, &' *,(!,%*(4 *% 5&%(/4 "&,,!"(! -*() $, *,"#!$%! &' #&.1),!%%2 %& ()! )!$(*,1

%!#*!% *, ()! '&//&-*,1 %!"(*&,%2 %)&-% $ "&,%($,(  !"#!$%! &' ()! D8E;?'#*,1!% -*()

$,,!$/*,1 (*5!2 %!! G!"7 7

;)! <((*,1 &' $ 0*/$4!# $( '&.#  *H!#!,( $,,!$/*,1 %($1!% *%  !>*"(! *, 6*17 8799 ? $I

,&( $,,!$/! 2 0I $,,!$/! '&# 2.5 min $( 100◦C2 "I $,,!$/! '&# 8 min $( 100◦C $, 

 I $,,!$/! '&# 40 min $( 100◦C7 ;)! <((*,1 -$%  &,! -*() ()! DBJ$/4(*"$/ K?>!#(

%&'(-$#!7 L!"$.%! &' ()! L#$11?>!$+ &' D8E; $( αi = 2.7◦ $, ()$( ()! D8E;?'#*,1!%

$#! C!#4 ,&*%4 $, )$C! @.*!( /&- *,(!,%*(4 ()! <((*,1 -$% )$# /4 >&%%*/0!7 6*17 8799

%)&-% $ %*5./$(*&,M#! ".#C!I &' ()! 0*/$4!#7 J!C!#()!/!%% ()! %*5./$(*&,% #!C!$/ $,

*,(!#!%(*,1 #!%./(7 ;)! D8E;?'#*,1!% $#! 3.%( #!>#& ."*0/! -*() $ C!#4 /&- *,(!#'$"!

#&.1),!%%2 %!! 6*17 8799 M$I7

N.#*,1 ()! $,,!$/*,1 >#&"!%% ()! '#*,1!%  *%$>>!$#2 -)*") "&./ 0! %*5./$(! -*() $,

*,"#!$%! &' #&.1),!%% 0!(-!!, D8E; $, 6OL;2 %!! ()!#!'&#! 6*17 8799 M0I2 M"I $, 

M I7 ;)! &# !# &' *,(!#'$"! #&.1),!%%  !>!, % &, ()! $,!$/*,1 (*5! $, #$,1!% '#&5 ,&

#&.1),!%% $( $// (& $ ,$,&5!(!# $""&# *,1 (& ()! %*5./$(*&,%7

P!$%.#*,1 >$#$5!(!#% -)!#! '&# $// %"$,% *, 6*17 8799 ()! %$5!Q #$,1!Q 2θ = 0 − 6.5◦2
%(!> %*R!Q0.01◦2 *,(7(*5!Q 5 s

SO



 !"#$%& '( )"$"'('( !%"$*+, -%&*%- ./ 0*1"2%& 3*$! 45&"2 &%/1% $*6*$2

 !"#$% &'(() *+% ,--./012/ 1$% 34566%7 !2 84#% 127 6+% /!9#416!52/ 1$% /+5:2 !2 $%7'

1; +1/ 1 $5#"+2%// 5< RMS = 0 nm= 256 122%14%7= 8; RMS = 0.25 nm
122%14%7 <5$ 2.5 min 16 100◦C= 0; RMS = 0.5 nm 122%14%7 <5$ 8 min 16

100◦C 127 7; RMS = 0.6 nm 122%14%7 <5$ 40 min 16 100◦C'

>?



 ! ! "#$%&'( )#*&#) +, -&.$/#* 0&%" 12*$/ *#,.#3%&4&%/3"$5%#*  ! 6$%$

 ! !" #$%&' ()*)+,-.-,' /0 1-2&')% &33)&2)4 &, 90
◦
C

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

4353 6*( '$#- ,'.0'($,/(' *%' 7+!$8'( "$.0!' &$" 0('0$(') $%) $%%'$!') 9*( )+:'('%,

,+.' "#$!'"3 6+13 ;35< "-*&" ,-' =>>?"#$% *9 ,-' 90◦C "'(+'" *@'( ,-' &-*!' ($%1'3

A-' )+:'('%, "#$%" &'(' $!! )+@+)') 78 ,-'+( .$B+./. ('C'#,+*% $, αc $%) $(' 0!*,,')

"'.+?!*1$(+,-.+#$!!8 *@'( αi3  , 90
◦C ,-' D+'""+1?9(+%1'" *9 E;FA #-$%1' -$()!83 G/",

9*( @'(8 !*%1 $%%'$!+%1 ,+.'" 9(+%1'" 7'1+% ,* )+"$00'$(3

 !  !" #! #!" $! $!" %! 
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6+1/(' ;35<H F'$,+%1 "'(+'" *9 90◦C +% $ &$,'(9$!! 0!*,3

6+13 ;35; 1+@'" $ .*(' )',$+!') !**I $, ,-' E;FA?9(+%1'"3 F'(' +, +" #!'$(!8 ,* "'' ,-$,

,-' 9(+%1'" -$()!8 #-$%1'" &+,- $%%'$!+%1 ,+.'3 J'$"/('.'%, 0$($.','(" &'('H ($%1'H

2θ = 3− 6.5◦K ",'0 "+L'H0.01◦K +%,3,+.'H 25 s3

MN



 !"#$%& '( )"$"'('( !%"$*+, -%&*%- ./ 0*1"2%& 3*$! 45&"2 &%/1% $*6*$2

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

&#!'%
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 !"#$% &'(&) *++,-./0 12 34% 5&67,2$!0"%- 8!34 / 4!"4%$ !03%"$/3!10 3!9%'

74% Iq4,:;13- 12 34% 90◦C -%$!%- !- :;133%< !0  !"' &'(=' 6%$% 34% $%>%.3!!3? .#$@% !-

9#;3!:;!%< 8!34 34% q4 34/3 A#-3 34% <%./? 2$19 34% $1#"40%-- !- <!-:;/?%<' 74% -3%%:%$

34!- :;13 !- 34% $1#"4%$ !- 34% -/9:;%'

 ! " # $

%$&$!

%#&'"

%#&$#

%"&'$

%"&$(

"( )*+
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(
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/
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 !"#$% &'(=) B Iq4 1@%$ q :;13 12 34% :$%@!1#- -./0'

C(



 ! ! "#$%&'( )#*&#) +, -&.$/#* 0&%" 12*$/ *#,.#3%&4&%/3"$5%#*  ! 6$%$

 ! ! "#$%& '()(*+,-,+& ./ 0,1%&($ %22(%1(3 %+ 100
◦
C

 !" #"$%& '(# )*"+$),(- ')$! $!" 90◦C #".)"#/ 01()+ ( #,(+ 23". $!" '!2-" ."1)2+ )#

#!2'+4 )$ )# ,-"(.-5 $2 #"" )+ 6)1/ 7/89 $!($ $!" :7; *",(5 <(#$". ($ 100◦C/ ="(#%.">"+$
&(.(>"$".# '"."? .(+1"? 2θ = 0− 6.5◦4 #$"& #)@"?0.01◦4 )+$/$)>"? 5 s

 !  !" #! #!" $! $!" %! 
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6)1%." 7/89? ;"($)+1 #".)"# 2< 100◦C/

A-2#". -22B 2+ $!" :7; C<.)+1"# ')$! ( !)1!". )+$".1.($)2+ $)>"/ D+ 6)1/7/89 $!"

:7; '"." +"(.-5 12+"4 ')$! ( !)1!". )+$"1.($)2+ $)>" $!"5 (&&"(. +),"-5/  !" ,!(+1"

)# #$.2+1"./ ="(#%.">"+$ &(.(>"$".# '"."? .(+1"? 2θ = 3−6.5◦4 #$"& #)@"?0.01◦4 )+$/$)>"?
25s/

EF



 !"#$%& '( )"$"'('( !%"$*+, -%&*%- ./ 0*1"2%& 3*$! 45&"2 &%/1% $*6*$2

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

&#!'(

&#!##

&#!)*

&$!*)

&$!$$
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 !"#$% &'()* + ,!",%$ !-.%"$/.!0- .!1% !2 /334!%5 60$ / 10$% 5%./!4%5 27/-'

8,% Iq49340.2 06 .,% 100◦C 2%$!%2 !2 340..%5 !-  !"' &'(:' +420 ,%$% .,% 5%7/; 06 .,%

6$!-"%2 !2 74%/$4; .0 2%%'

 ! " # $

%$&$ 

%#&'(

%#&# 

%"&)(

%"&" 

"( *+,
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 !"#$% &'(:* + Iq4 0<%$ q 340. 06 .,% 3$%<!0#2 27/-=  !"'&'(>= !2 5%3!7.%5'

 ! !" #$%&' ()*)+,-.-,' /0 1-2&')% &33)&2)4 &, 110
◦
C

110◦C ?/2 .,% ,!",%2. .%13%$/.#$% /. ?,!7, /- /--%/4!-" 2%$!% ?/2 50-%' 8,% $%2#4.2 /$%

2,0? !-  !"' &'(@' +. .,!2 .%13%$/.#$% .,% 6$!-"%2 5!2/33%/$%5 20 A#!7B4; .,/. .,% .!1%

:&



 ! ! "#$%&'( )#*&#) +, -&.$/#* 0&%" 12*$/ *#,.#3%&4&%/3"$5%#*  ! 6$%$

 !"#$ %" !&"'($)* +&$ $,$!- ./ "''$"#0'( %$1$ /.1 110◦C -&$  -1.'($ -* 2$" 310'(

4"1"5$-$1 %$1$6 1"'($6 2θ = 0− 6.5◦7  -$4  08$60.01◦7 0'-*-05$6 5 s*

 !  !" #! #!" $! $!" %! 
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90(31$ :*;<6 =$"-0'(  $10$ ./ 110◦C*

=$1$ "# . -&$ !&"'($ /.1 #.'($1 0'-$(1"-0.' -05$ "1$ >$1?  -1.'(7  $$ 90(* :*;@* +&$

"''$"#0'( -05$ %$1$ !&"'($7 $>$' %0-& " &0(&$1 0'-$(1"-0.' -05$ -&$ /10'($ "1$ '$"1#?

(.'$ /.1 160 min* 2$" 310'( 4"1"5$-$1 %$1$6 1"'($6 2θ = 3 − 6.5◦7  -$4  08$60.01◦7
0'-*-05$6 25 s*

 !"  !# $!" $!# #!" #!# %!"
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90(31$ :*;@6 A &0(&$1 0'-$(1"-0.' -05$ 0 "44#0$) /.1 " 5.1$ )$-"0#$)  !"'*

+&$ Iq4B4#.- ./ -&$ 110◦C  $10$ 0 4#.--$) 0' 90(* :*CD* =$1$ -&$ 1$E$!-0-? !31>$ 0 

FG



 !"#$%& '( )"$"'('( !%"$*+, -%&*%- ./ 0*1"2%& 3*$! 45&"2 &%/1% $*6*$2

 !"#$%"$&' ($#) #)& q4 #)*# +!,# #)& '&-*. /01 #)& 01!2)3&,, $, '$,%"*.&'4 5)& ,#&&%&0
#)$, %"1# $, #)& 01!2)&0 $, #)& ,* %"&4

 ! " # $

%$&'

%$& 
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6$2!0& 7489: ; Iq4 1<&0 q %"1# 1/ #)& %0&<$1!, ,-*34

 ! !" #$%&'()*+ ,-*+./(/ 01 23& 4 5678'(-9&/

5)& %0120* (10=, *, /1""1(,: 6$0,# #)&  $3$ *, 1!# 1/ #)& >??@,-*3 /10 )$2)&0 *32"&,

*0& ,&*0-)&'4 51 '1 #)$, #)& '*#* (*, -!# $3#1 &A!*" $3#&0<*", /10 1%#$ $,*#$134 5)&

1B#*$3&' %1,$#$13, 1/ #)&  $3$ *, (&0& !,&' #1 C3' #)& &A!*" 13&, $3 #)& Iq4 @ '*#*4
5)& Iq4@'*#* $, &*,$&0 #1 C#D B&-*!,& #)& q−4z '&-*. $, -100&-#&'4 E1( * C# (*,  *'& /10

&<&0. /0$32& ($#) * ,$ %"& ,$3!,  1'&":

modelfringe = c1 + c2sin(c3qz)

c1 *3' c2  !,# B& $3-"!'&' #1 -13,$'&0 #)& B*-= 01!3' *3' #)& '&-*. 1/ 01!2)3&,,4 c3 $,
-100&"*#&' #1 #)& (*<& "&32#) *3' #)& #)$-=3&,,4 5)&  *#"*B /!3-#$13  !" #$ 1%#$ $F&'

*"" #)0&& -13,#*3#,4 G*#&0 * $3#&20*#$13 ($#) #)& )&"% 1/ modelfringe (*, '13&4 5)$, (*,
'13& /10 &<&0. /0$32& $3'$<$'!*"". 1<&0 *"" *33&*"$32 ,#&%,4 5)&3 #)& *0&*, (&0& -1 %*0&'

*3' *",1 C##&' #1 -1 %*0& #)& '&-*.4 5)&  *#)& *#$-*"  1'&" $,:

modelarea = c1 + c2 · e
c3

c4+t

c1D c2D c3D c4 *0& -13,#*3#, *3' t $, #)& *33&*"$32 #$ &4 H1 &#$ &, #)& '*#* (*, * )*0' '1
C# B&"1( * qz = 3.5 Å−1D B&-*!,& 1/ 31$,&4 H#$"" * #)& 0&,!"#, 1/ #)& >?? (&0& 0&%01'!-$B"&
*",1 3! &0$-*"". 4 5)& -13-"!,$13 (*, #)*# -)*32&, 1/ #)& I7J5 /0$32&, B&-1 & ,#0132&0

($#) )$2)&0 *33&*"$32 #$ &,4 6$24 748K '$,%"*., 13& &L* %"& 1/ #)& /0$32&, '&-*. /10 &<&0.

#& %&0*#!0&D 90◦C *MD 100◦C BM *3' 110◦C -M4 610 #)& -*"-!"*#$13 #)& *0&* '&<&"1% &3#
B&"1( &*-) (*, 0&2*0'&' /0$32& '!0$32 #)& *33&*"$32 %01-&,,4

NO



 !"! #$%&'(% )#*+ ,$&(#*, #$)'$-(./.(0 -123($#  ! 42(2

 !"#$% &'()* +%,-. /0 0$!1"%2 -3 90◦C -45 100◦C 64 -17 110◦C ,4'

 !" #$%&'(% )*+, -$&(*+. #$/$0(121(3

8-9,#9-3!/12 /0 3:% 2,-33%$!1" 9%1"3: 7%12!3. 0/$ 1%#3$/12 2:/;%7 - "//7 ,/13$-23 /0

≈ 50% 3:%/$%3!,-99. -17 -2 ;%99 ≈ 50% !1 3:% %<=%$!>%135 2%% ?-6' &'@' ?:% A-9#%2 -$%

,-9,#9-3%7 ;!3:5 BCDE'

?-69% &'@* ?:% 2,-33%$!1" 9%1"3: 7%12!3.Fρ4 ;%$% /63-!1%7 ;!3: - ,-9,#9-3/$5 =$/A!7%7

6. BCDE' ρm !2 3:% >-22 7%12!3.5 3:% 7-3- !2 0$/> 3:% GHHIJ32 -17 ρexp !2 3:%
2,-33%$!1" 9%1"3: 7%12!3. 0$/> 3:% %<=%$!>%13'

K-3%$!-9 ρm L [g/cm3] ρ L [1010cm−2] ρexp L [1010cm−2]

M&N? 1.06 0.651 0.62
 DO? 1.12 1.253 1.02
P-3%$ 1.00 0.560 I

Q!9!,/1 R<!7 2.21 3.490 3.47

Q->=9% =$%=-$-3!/1 ;-2 7!S%$%139. 0$/> GHH' ?:% 2#623$-3% !32%90 ;-2 -92/ 1-3!A% Si
;!3: 50 mm !1 7!->%3%$ -17 - :!":3 /0 5 mm' N%$% 0/$ %A%$. -11%-9!1" 3!>% - 2!1"9%
2->=9% ;-2 >-7%' ?:-3T2 ;:. 3:% 3:!,U1%22 A-$.!1" - 6!3 0$/> >%-2#$%>%13 3/ >%-I

2#$%>%13' V3 ;-2 -92/ W#23 =/22!69% 3/ %<->!1% /1% 3%>=%$-3#$% 2%$!%2F100◦84'
?:% 6!" -7A-13-"% /0 1%#3$/1 $%X%,3!A!3. ;-2 3:% :!": ,/13$-23 6%3;%%1 3:% M&N? -17

 DO?' Q%% ?-6' &'@' ?:% J32 /0 3:% 1%#3$/1 7-3- ;-2 7/1% ;!3: 3:% 0$%% 2/03;-$% !"!#"'

Y%#3$/1 $%X%,3!A!3. 7-3- 2:/;%7 3:% 0/99/;!1"*

Z[



 !"#$%& '( )"$" '(*( &%+,-$+ .&/0 1%,$&/1 &%.-% $232$4

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

 23*- 43,.0$%( '35,! 6$ ($4)%)*$! "& 78 39 *-$ 6",).$%1

 :-$ (5%9)'$ $#$'*( *-$ ;%(* 4)%* 39 *-$ (4$'*%501

 <5%9)'$ %35+-&$(( 39 *-$ ("&+,$ ,).$%( ;* /"*- *-$ %$(5,*( 39 *-$ =881

 :-$ (5%9)'$ %35+-&$(( 39 *-$ 6",).$% ()04,$( "( 05'- -"+-$% *-)& "& *-$ =881

 :-$ "&*$%9)'$ %35+-&$(( -)%!,. '-)&+$( 3>$% *-$ /-3,$ )&&$),"&+ 4$%"3!$ )* 100◦C1

:)61 ?1@ '3&*)"& *-$ ;* %$(5,*( 39 *-$ ("&+,$ ,).$%( )&! ($>$%), )&&$),"&+ (*$4( )* 100◦C
39 *-$ 6",).$% ()04,$(1 :-$ !)*) 39 *-$ ("&+,$ ,).$% ;* )%$ "& >$%. +33! )''3%!)&'$ *3 *-$

=A%). %$B$'*">"*. !)*)C %$+)%!"&+ *-$ (5%9)'$ )&! "&*$%9)'$ %35+-&$((1 7$>$%*-$,$(( *-$

!)*) 39 *-$ 6",).$% ()04,$( )%$ >$%. !"#$%$&* 9%30 *-$ =A%). %$B$'*">"*. !)*)1 :-$ (5%9)'$

%35+-&$(( 39 *-$ 6",).$% "( 05'- -"+-$% *-)& "* (-35,! 6$ )&! *-$ "&*$%9)'$ %35+-&$(( 39

*-$ 43,.0$%( !3&D* '-)&+$ /"*- )&&$),"&+ *"0$1

:-"( "( '3&*%)!"'*3%. *3 *-$ =A%). !)*)C 6$')5($ *-$%$ ) '3&(*)&* '-)&+$ /)( 36($%>$!C

<$'1 ?1?1E1 F* ($$0( *-)* 93% *-"( -"+- !">$%+$&'$ '30$( 9%30 *-$ B3)*"&+ 4%3'$((1 G-$&

*-$ HI2: 6$+"&( *3 ,). !3/& 3& *-$ J?K: *-$ B3)*$! ;,0 ')& &3* 4%$($%>$ $&35+-

*$&("3& *3 45(- *-$ /)*$% 35* 9%30 *-$ "&*$%9)'$1 :-$%$93%$ 6"+ /)*$% %$("!5),( /$%$

'3003& !5%"&+ *-$ 4%$4)%)*"3&1 :-"( /)*$% %$("!5),( (*%$'- *-$ HI2: )&! "&!5'$ )

,3'), 03%4-3,3+"'), '-)&+$1 :-$ +$30$*%. 39 *-$ &$5*%3& 6$)0 ),,3/( *3 ",,50"&)*$ )

6"++$% ()04,$ )%$) *-)& "& =A%). %$B$'*">"*.1 :-"( ,$)!( *3 ) ($&("6","*. 93% *-$ *%)'$( 39

*-$ /)*$% %$("!5),(C /-"'- "&'%$)($( *-$ $#$'*">$ (5%9)'$ %35+-&$((1

 !!"*"3&),,. ) -"+-$% (5%9)'$ %35+-&$(( %$!5'$( *-$ $#$'*( 39 *-$ "&*$%9)'$ )&! ,$)! *3 )

9)(*$% 9%"&+$ !$'%$)($ "& *-$ &$5*%3& %$B$'*">"*. (4$'*%)1 :-$ '3&($L5&$'$ 39 *-3($ $#$'*(

"( ) 6)! !)*) 9%30 *-$ "&*$%9)'$C /-"'- %$(5,*( "& ) &$)%,. '3&(*)&* "&*$%9)'$ %35+-&$((1

:-$ %$(5,*( 39 *-$ ;*( )%$ (500$! 54 "& :)61?1@M

NN



 !"! #$%&'(% )#*+ ,$&(#*, #$)'$-(./.(0 -123($#  ! 42(2

 !"#$ %&'( σ )* +,$ -./0,1$** !12 +,$ /13$-+!)1+4 )* !"./+ ∆σ = ±0.3 nm !12 ρ +,$
*3!++$-)10 #$10+, 2$1*)+4&  ,$ 5++)10 *.6+7!-$ 7!* 8-.9)2$2 6-.: +,$ ;!,1<

=$)+1$- >1*+)+/+$? @$-#)1 !12 )* 3!##$2 A!--!+%B&

=!+$-)!#  ,)3C1$**D[nm] σD[nm] ρD[1010cm−2]

E)10#$ F!4$-

A%; GH&% I&% H&J'

1!+)9$ E)#)3.1 I&B H&' %&GH

KL@ JL&% I&J I&HB

1!+)9$ E)#)3.1 I&M H&' %&GH

@)#!4$- 1.+ !11$!#+$2

KL@ JB&J G&H I&H'

A%; %M&L I&G H&JB

1!+)9$ E)#)3.1 I&I H&% %&GB

@)#!4$- !11$!#$2 6.- 2 min

KL@ J%&% %&B I&HL

A%; GB&G I&' H&JH

1!+)9$ E)#)3.1 I&N H&B %&GM

@)#!4$- !11$!#$2 6.- 8 min

KL@ JI&N G&N I&IH

A%; GB&N I&J H&JB

1!+)9$ E)#)3.1 I&N H&N %&'H

@)#!4$- !11$!#$2 6.- 40 min

KL@ J%&% %&N I&HG

A%; G%&B I&G H&JB

1!+)9$ E)#)3.1 I&J H&' %&GB

@)#!4$- !11$!#$2 6.- 130 min

KL@ JG&G G&' I&HN

A%; GB&H B&' H&JB

1!+)9$ E)#)3.1 I&% H&B %&GB

@)#!4$- !11$!#$2 6.- 250 min

KL@ J%&J G&L I&IJ

A%; G%&B B&I H&JB

1!+)9$ E)#)3.1 I&N H&G %&GB

=!+$-)!#  ,)3C1$**D[nm] σD[nm] ρD[1010cm−2]

 !"!# $%&'()* +%,%-'./.'0 12'2 /3! 45(20 +%,%-'./.'0 12'2

@$*)2$ +,$ OP<:$!*/-$:$1+* !#*. QPP<*3!1* 7$-$ 8$-6.-:$2 .1 +,$ *!:$ *!:8#$* +.

2$8)3+$ +,$ 2)R$-$13$ "$+7$$1 ".+, :$+,.2*&

NL



 !"#$%& '( )"$" '(*( &%+,-$+ .&/0 1%,$&/1 &%.-% $232$4

 !"#$% &'(() *+,-./. 01 /2% 3,45+6 7!8.9%$ :.;<8%: ./ 100◦C' =2$0#"2 .88 :.;<8%: /2%
1$!>"%: .$% ?!:!78% .>- "!?% . "00- 0<<0$/#>!/9 /0 07/.!> "00- !>10$;./!0>

0#/ 01 @/:'

AB



 !"! #$%&'(% )#*+ ,$&(#*, #$)'$-(./.(0 -123($#  ! 42(2

 !"#$% &'(&) *++,-./. 01 /2% 3,45+6 7!8.9%$ :.;<8%: ./ 100◦C' =%$% /2% 4&=> 2.$-89

.<<%.$:' ?@ "%@%$.8 /2% 1$!@"%: .$% A#:/ B%.C <$0@0#@D%-E /2%$%10$% . F/ 01

/2% -./. B.: @0/ <%$1%D/'

GH



 !"#$%& '( )"$"'(*( +&" ,-+ ,- ,)%-$ ./&"0 ),11&" $,2- / 3%"45&%3%-$4

 !" #$%&'() *(&'+,(- ./$%0 1'2$%&-'3( / 4,%56$,7,(-5

 !" #$%& '()"*+',-+'.(* /"0" 1.(" .( +!" 2034"0 &'*5.)"06 &7 -(1 +!" *"+38 /-*9

 $(5'1"(+ :'1"9

 &')"0,"(5" :;'+9 0.1 mm

 <0'=-06 :.;;"0 :;'+9 2.5◦

 &'>0-5+"1 :'1"9

 :"5.(1-06 :.;;"0 :;'+9 2.5◦

 ?(+'@:5-++"0 :;'+9 0.35 mm

A"-*30"="(+* /"0" 1.(" /'+! +!" B@<?CD *-=8;" +. ,-'( -11'+'.(-; 1-+- .)"0 +!" ;-+"0-;

5.00";-+'.(* .E +!" F';-6"0 -(1 '+* 5!-(,"* .)"0 -(("-;'(, +'="G C"*3;+* -0" '( H',G IGJK

1"=.(*+0-+"1G  !" <IL 20-,,@8"-4 5.3;1 F" '1"(+'M"1 -+ 2θ = 5.4◦ .0 q = 0.38 Å−1N
+!" &"F6"@:5!"00"0 0'(, '(1'5-+"* 8.;6506*+-;;'('+6 .E <IL N -11'+'.(-;;6 +!" 8"-4 .E

<IL '* ("-0 +!" *8"53;-0 5.(1'+'.(G A.*+ .E +!" 506*+-;;'+" <IL !-* - '(@8;-(" .01"0N

/"0" +!" !"O6; ,0.38* -0" 1.54"1 +. +!" *3F*+0-+"N *"" H',G IGJKG

H72 !-* - 8"-4 -+ -F.3+ q = 0.43 Å−1G $(+"0"*+'(, '* +!-+ +!" H72 *!./* 38 ("-0

+!" *8"53;-0 0",'.(N F"5-3*" 130'(, -;; %CC@*5-(* - *8"53;-0 8"-4 .E H72 /-* (")"0

.F*"0)"1N F";./ - +"=8"0-+30" .E 130◦CG  !" 0.1N /!'5! '* =-04"1 -+ - qx = 1.7Å−−1N
5.="* E0.= +!" 8;-(-0 8-0-;;"; 1'*+-(5" F"+/""( +!" +!'.8!"(" 0'(,*N /!'5! '* -F.3+ 3.7 Å
.0 q = 1.7 Å−1N *"" H',G IGJKG  !" 1'*+-(5" .E +!" <IL F-54F.("* '* '( -55.01-(5"

/'+! +!'* 0"*3;+G  !" M0*+ ;..4 .( +!" #$%&@=-8* *!./ (. F', 5!-(," '( +!" 506*+-;;'('+6

.E F.+! 8.;6="0* .)"0 +!" /!.;" +"=8"0-+30" +0"-+="(+G ? E30+!"0 ;..4 .( +!" P.("1-

0",'.( '* ("5"**-06N =-04"1 '( H',G IGJK 5.0("0 -F.)" ;"E+ *'1"G

H',G IGJQ 1"8'5+ - /"-4 '( 8;-(" .01"0 .E H72 R8"-4 5.3 Å−1 -(1 4.4 Å−1SN F3+ F.+!
8"-4* -0" )"06 /"-4G  !'* 5-( F" 5.00";-+"1 +. +!" Mw = 150 kg/mol .E H72 N +!-+
5-3*"* - /"-4;6 506*+-;;'(" H72 ;-6"0G  !" .(;6 5;"-0 8"-4 '* -+ 3.7 Å−1 E0.= +!"

8.;6+!'.8!"(" F-54 F.(" .E <IL -(1 '+ 5!-(,"* .)"0 +!" -(("-;'(, +'="G H.0 2 min
+!" 8"-4 1"50"-*" *',('M5-(+;6N =-6F" '+ '* +!" *-=" 0";-O-+'.( -* '+ /-* .F*"0)"1 '( +!"

%CCG A-6F" +!" 8.;6+!'.8!"(" F-54 F.(" 8"-4 '* - !'(+N +!-+ -;*. +"=8"0-+30"* ;'4"

Tann < Tg "(!-(5" =.)"="(+ .E <IL G

?;; '( -;; +!" #$%& *!./* (. '=80.)" .E 506*+-;;'('+6 .E H72 G

7T



 !"! #$%&'(# '(&')*(+ ,-$%. )'//$%&+'0( - 1*%23$*1*(+2&4%5+*$  ! )%+%

 !"#$% &'()* +%,!-$.,/0 1-/,% 2/-1 .3 45% 6789+: ;!0/<%$71/2-0%1 -$%-/$%= .> >/4!?%

1!0!,.>'

@(



 !"#$%& '( )"$"'(*( +&" ,-+ ,- ,)%-$ ./&"0 ),11&" $,2- / 3%"45&%3%-$4

 !"#$% &'()* +,-%"$.-!/, /0 "$.1!," !,2!3%,- 45$.6 3!7$.2-!/, 8.-9 .:/," -9% ;/,%3.58%.<

/=%$ qx'

>&



 !"! #$%&%'%(&)*+,-.)/01.-.2&/ +$)#&.1  ! 3)&)

 !" #$%&%'%(&)*+,-.)/01.2.3&/

 !" #$%%$&'( )##"*+", %$,"' $- ./0 1)(1 +!)+ +!" *!)1" 2&+"3-)#" )3") 21 4"3( 2%*$35

+)&+ -$3 +!" "6#2"&#( $- +!" #"''7 8- +!" 2&+"3-)#" 3$9:!&"11 321"1; 2+ <$9', )'1$ %")& +!)+

+!" 2&+"3-)#" )3") 2&#3")1"1 )&, +!"3"-$3" )& 2&#3")1" 2& "6#2"&#( 1!$9', =" $=1"34",7

 !" :$)' $- +!" *!$+$4$'+)2# %")193"%"&+1 <)1 +$ >&, )&( #$33"')+2$& $- "6#2"&#( )&,

3$9:!&"117

 !"!# $%&'&(&)'*+, -.*/01.2.3'/ 4&1 90
◦
C

 !" ?2:7 @7AB 2''91+3)+"1 ) +(*2#)' *!$+$4$'+)2#5#934" $- +<$ ,"42#" -$3 ,2C"3"&+ )&&")'2&:

+2%"17  !" &$+ )&&")'", #934" 21 D92"+ E)+ )&, !)4" ) 4"3( '$< >'' -)#+$37 ?$3 1$%"

,"42#"1 ) #!)&:" $- 1!)*" $- +!" *!$+$4$'+)2#5#934" +!3$9:! +"%*"3)+93" +3")+%"&+ <)1

$=1"34",7  !" *!$+$4$'+)2# #934" #!)&:" -3$% #$&#)4" )+ '$< 2&+"3&)' >"', +$ #$&4"F )+

!2:!"3 2&+"3&)' >"',1; <!2#! '"), +$ ) 2&#3")1" $- *!$+$#933"&+ 9&+2' ISC ; ?2:7 @7AB )G7
 !" $+!"31 !), )'1$ )& 2&#3")1" 2& *!$+$#933"&+; =9+ +!"23 1!)*" <)1 %$3" '"11 #$&1"34",

$4"3 +!" <!$'" "F*"32%"&+; ?2:7 @7AB =G7 H"&"3)''( +!" #933"&+ -3$% +!" 1$')3 #"'' ="#)%"

!2:!"3 -$3 "4"3( *)3+ $- +!" )#+24" 3":2%"; +!21 <)1 $=1"34", -$3 )'' ,"42#"17

 !" >'' -)#+$3 <)1 2& )4"3):" )=$9+ FF = 0.15%7  !" "6#2"&#( 321", -$3 &")3'( )''
,"42#"1 9&+2' )& )&&")'2&: +2%" $- )=$9+ 40 min7 ?$3 '$&:"3 )&&")'2&: +2%"1 +!" *!$5
+$#933"&+ ,3$*1 ):)2&; =9+ +!" 1!)*" $- +!" #934" <)1 #$&1"34",7

8& ?2:7 @7AB )G; +!" 2&E"#+2$& *$2&+ 21 %)3I", -$3 ) +(*2#)' ,"42#"; <"3" )&&")'2&: '", +$ )

!2:! 2&#3")1" $- *!$+$#933"&+7 ?$3 ,"42#"1 '2I" 2& ?2:7 @7AB =G +!" *!$+$4$'+)2#5#934" 1+)(

#$&#)4"; =9+ +!" 2&#'2&)+2$& ="#$%"1 !2:!"37 J,,2+2$&)''( +!" #934" 21 1!2-+", *)3)''"' +$

!2:!"3 *!$+$#933"&+17 K$+! "C"#+1 2&#3")1", +!" ISC 7

?2:93" @7ABL  (*2#)' *!$+$4$'+)2#5#934"1 -$3 +!" 90◦C  !"#! $ ISC # %&!  &'"% (#"()#%

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

!3(#!*(45PCE6$

7' 0!% / 8!%%!" '-!"-#!2+ %&! (&/*0! '9 ISC + VOC /*1 PCE 2/ /-!"/0!1 9'" /.. %#:!

 %!, /*1 12 1!-#(! %'  !! %&! 1!-!.',:!*% '9 %&' ! ,/"/:!%!" $ ;'" %&# %&! ISC + VOC

<=



 !"#$%& '( )"$" '(*( #!+$+,+-$". /0%"12&%0%3$1

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

 !!' ('" #!'  !" %&' +& !1' *- "'2*+%'" 2'3+'!% (4

5*163' 7489: ;# +#<2 3' %&' 3'-6(%- #$  (( "')*+'-  % 90◦C %&' 2 3 <'%'3- ISC 0 VOC  !"

PCE ,'3' "*)*"'" ./ %&' *!*%* ( ) (6'- #$ %&' !#%  !!' ('" #!'-4 ='3' >6-%

%&' 3'( %*)' +& !1' #$ %&#-' 2 3 <'%'3- *- "'2*+%'"4

5*14 7489 -&#,-  ! *!+3' -' #$ ISC 6!%*( 40 min %&'! %&' +633'!% "'+ /- -(#,(/  1 *!0

.6% $#3 250 min *- -%*(( &*1&'3 %& ! %&' ISC #$ %&' !#%  !!' ('" "')*+'-4 ;&' VOC 3*-'-

$#3 -&#3% %*<'-0 .6% "'+ /*!1 +#!-% !%(/  $%'3 20 min %#  ) (6' ,&*+& *- .'(#, %&' !#%

 !!' ('" "')*+'4 ;&' +& !1' #$ %&' VOC *- $ 3 ('-- %& ! $#3 %&' ISC 0 %&'3'$#3' %&' PCE *-

&*1&(/ *!?6'!+'" ./ %&' *!+3' -' #$ 2&#%#+633'!%  !" & - *%- < @*<6<  (-#  % 40 min4
A$%'3 %&' ,&#('  !!' (*!1 2'3*#" %&' PCE *- <#-%(/ -%*(( &*1&'3 %& ! *% , - $#3 %&'

23*-%*!' "')*+'-4

;&' B(( $ +%#3 "'+3' -'" 1'!'3 ((/ ,*%& *!+3' -*!1 PCE0 ,&*+& *- + 6-'" ./ %&' -& 2' #$

2&#%#)#(% *+C+63)'4

 !"!# $%&'&(&)'*+, -.*/01.2.3'/ 4&1 100
◦
C

;&*- 2&#%#)#(% *+C-'3*'- -&#,'"  -*<*( 3 .'& )*#63 (*D' %&' 90◦C -'3*'-0 .6% 'E'+%- ,'3'

,' D'34 ;&' 3' -#! *- < /.'  *!  )'3 1' ,' D'3 'F+*'!+/ %& ! *! %&' 90◦C -'3*'-0 .6%

$#3 80% #$ "')*+'-  +& !1' #$ -& 2' $3#< %&' 2&#%#)#(% *+C+63)' , - #.-'3)'"4 5*14 748G

('$%0 -&#,- %&' -%3#!1'-% 'E'+%-0 .6%  (<#-%  (( +63)'- (##D'" (*D' 5*14 748G 3*1&%4 A(-#

&'3' %&' !#%  !!' ('" "')*+'- & )'  . " B(( $ +%#3  !" ,*%&  !!' (*!1 %&' 2&#%#+633'!%

*!+3' -'-  !" %&'3'$#3' %&' ISC 4
;&' 2&#%#)#(% *+ +63)' ,*%&  !!' (*!1 *- !' 3 %&' VOC +#!+ )'  !" %63!- *!  +#!)'@

+63)' *! %&' <*""(' #$ %&'  +%*)' 3'1*<'  !" %&' 2&#%#+633'!% *!+3' -'- 6!%*( ISC 4 ;& %
*-  &*!% $#3  .'%%'3 +& 31' +#(('+%*#!  !" -'2 3 %*#!  % &*1&'3 *!%'3! ( '('+%3*+ B'(" *!

%&' HIJ4

GK



 !"! #$%&%'%(&)*+,-.)/01.-.2&/ +$)#&.1  ! 3)&)

 !"#$% &'()* +,-!./0 -12324203/!.5.#$4% 62$ 31% 100◦C 7%$!%7' +1% !89%:!28 -2!83 !7

;/$<%=' ISC !7 31% 712$3 .!$.#!3 .#$$%83> VOC !7 31% 2-%8 .!$.#!3 4203/"%

/8= nu !7 31% -2?%$ .284%$7!28 %@.!%8.,APCEB'

C 7#;;%$, 26 $%7#037 62$ 31% 100◦C !7 "!4%8 !8  !"' &'(D' C7 ?%00 /7 62$ 31% 90◦C57%$!%7
31% 100◦C57%$!%7 =!7-0/,7 /8 !8.$%/7% !8 31% ISC !7 0%77 /8= 71!63%= / E!3 32 712$3%$ 3!;%

73%-7 /$2#8= 40 min' ISC =%./,7 ;2$% $/-!= /8= $%/.1%7 62$ 250 min 31% ISC 26 31% 823

/88%/0%= 7/;-0%7' +1% VOC =%.$%/7%7 6/73%$ 322'

+1% PCE !7 /"/!8 .288%.3%= ?!31 !8.$%/7% 26 -1232.#$$%83 /8= 1/7 !37 ;/:!;#; /3 31%

7/;% 3!;% ?%$% 31% -1232.#$$%83 1/7 !37 -%/<' C63%$ 250 min 26 /88%/0!8" 31% PCE
=$2--%= E%02? 31% 823 /88%/0%= =%4!.%7> ?1!.1 ./8 E% .288%.3%= 32 31% 1!"1 =%.$%/7% 26

VOC 62$ 028"%$ 3!;%7'

 !"#$% &'(D* +2 .2;-/$% 31% $%7#037 26 /00 =%4!.%7 /3 100◦C 31% -/$/;%3%$7 ISC > VOC /8=

PCE ?%$% =!4!=%= E, 31% !8!3!/0 4/0#%7 26 31% 823 /88%/0%= 28%7' F%$% G#73

31% $%0/3!4% .1/8"% 26 3127% -/$/;%3%$7 !7 =%-!.3%='

)H



 !"#$%& '( )"$" '(*( #!+$+,+-$". /0%"12&%0%3$1

 !"! #$%&%'%(&)*+ ,-)./0-1-2&. 3%0 110
◦
C

 !" #$%&"$'" ($ )!" *!()(+(,)-#'.'&/+" 0-1 )!" 1)/($2"1) 3(/ )!" 110◦C.1"/#"14 5$)"/"1).
#$2 #1 )!" 1!-*" (3 )!" '&/+" $() '!-$2"1 3/(6 '($'-+" )( '($+"7 #$ )!" -')#+" /"2#6"

-$8 6(/" 3(/ 6(1) (3 )!" 18 9"+#'"14  !" #$%"')#($ *(#$) #1 1!#3)"9 #$)( )!" /"+"/"1 :#-1
/"2#6" 3(/ 3&/)!"/ -$$"-,#$2 ;#24 <4<=4

 !" >,, 3-')(/ #1 1)#,, :-9 -$9 !-1 - -+"/-2" (3 -:(&) 15%4 ?!()('&//"$) #6*/(+"1 -3)"/
)!" >/1) !"-) )/"-)6"$)@ -,1( 3(/ - ,(0 #$)"/$-, >",9 #$ )!" -')#+" ,-8"/@ :&) 3(/ ,($2"/

-$$"-,#$2 )#6"1 )!" #$)"/$-, >",9 !-+" )( :" 1)/($2"/ )( *"/3(/6 )!" 1-6" *!()('&//"$)

-1 )!" */#1)#$" ABC4

;#2&/" <4<=D  8*#'-, A?E.'&/+" 3(/ )!" 110◦C 1"/#"14  !" #$%"7#($ *(#$) #1 6-/F"94 ISC
#1 )!" 1!(/) '#/'&#) '&//"$)@ VOC #1 )!" (*"$ '#/'&#) +(,)-2" -$9 nu #1 )!"
*(0"/ '($+"/1#($ "G'#"$'8HPCEI4

J) 110◦C )!" 6-7#6&6 *"-F (3 )!" ISC #1 1!#3)"9 )( 1!(/)"/ -$$"-,#$2 )#6"1 -/(&$9

8 min4 ;(/ 250 min )!" ISC #1 1)#,, !#2!"/ )!-$ )!" #$#)#-, ($"14  !-) #1 - :#) #$ '($)/(.
+"/18 )( )!" 100◦C.1"/#"1@ :&) 3(/ 100◦C -,1( )!" #6*/(+" (3 ISC 0-1 ,(0"/@ 1"" ;#24 <4KL4
 !" 9"'-8 (3 VOC 2("1 9(0$ )( 60% 3/(6 )!" */#1)#$" 9"+#'"1 -$9 !-1 1( )!" 1)/($2"1)

9"'-8 3(/ -,, )"6*"/-)&/"14 5$'/"-1" #$ PCE #1 -2-#$ */(*(/)#($-, )( ISC -$9 !-1 #)1

6-7#6&6 -) 8 min@ 3(,,(0"9 :8 - '($1)-$) 9"'/"-1"@ 0!#'! #1 '($$"')"9 )( VOC -$9 )!"

/"9&')#($ (3 )!" ISC 4

MN



 !"! #$%&%'%(&)*+,-.)/01.-.2&/ +$)#&.1  ! 3)&)

 !"#$% &'&() *+ ,+-./$% 01% $%2#302 +4 /33 5%6!,%2 /0 110◦C 01% ./$/-%0%$2 ISC 7 VOC /85

PCE 9%$% 5!6!5%5 :; 01% !8!0!/3 6/3#%2 +4 01% 8+0 /88%/3%5 +8%2' <%$% =#20

01% $%3/0!6% ,1/8"% +4 01+2% ./$/-%0%$2 !2 5%.!,0%5'

*+ "%0 / :%00%$ +6%$6!%9 +4 01% $%#302 4$+- 01% .1+0+6+30/!, -%/2#$%-%802 4+$ 01$%%

0%-.%$/0#$%2 01% %>,!%8,!%2 /$% 5%.!,0%5 0+"%10%$ !8  !"' &'&?' @0 !2 ,3%/$3; 0+ 2%% 01/0

01% -/A!-#- +4 01% %>,!%8,; 21!402 0+ 21+$0%$ 0!-%2 9!01 1!"1%$ 0%-.%$/0#$%2 /85 /32+

01% 5%,/; !2 %81/8,%5'

 !"#$% &'&?) B>,!%8,; +4 01% 90◦CC7 100◦CC /85 110◦CC 2%$!%2 !2 5%.!,0%5'

DD



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

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

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