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What Gives the Morpho Butterfly Its 
Magnificent Blue?

https://www.youtube.com/watch?v=29Ts7CsJDpg
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https://www.youtube.com/watch?v=29Ts7CsJDpg


Morpho wing scales

!" #$% &%'$()!"& *+ ,$!'$ #$% "#-))!). !/!0%"'%)# *1-%"
()0 2!31%#"4 '$(/('#%/!"#!' 35 #$!" 3/0%/4 (/% 6/30-'%0
78)0%/"3) 9 :!'$(/0" ;<=>?@ A3&% "6%'!%" ,!#$!) 3#$%/
3/0%/" $(2% "!&!1(/ "#/-'#-/%" #3 #$3"% !) !"#$%" *-# ,!#$
0!&%)"!3)" #$(# "-663/# "#/3). /%B%'#!3) #$/3-.$ &-1#!C
1(+%/ !)#%/5%/%)'% (# -1#/(2!31%# 7DE? ,(2%1%).#$"
7F$!/(0%11( &' ()@ ;<G>?@

H% "#-0!%0 #,3 "6%'!%" 35 !/!0%"'%)# *1-% *-##%/B!%"I
!"#$%" #%&'&*"# ()0 !+ ,-,-./@ !+ #%&'&*"# $(" 3)% 1(+%/ 35
$!.$1+ !/!0%"'%)# J./3-)0 "'(1%"K 7F$!/(0%11( ;<<=? 3) !#"
03/"(1 ,!). "-/5('% 7L.-/% ;(?4 ,$%/%(" !+ ,-,-./ 63""%""%"
*3#$ ( $!.$1+ !/!0%"'%)# ./3-)0 "'(1%4 1+!). !) ( 1(+%/
)%M# #3 #$% ,!). "-*"#/(#%4 ()0 ( "%'3)0 1(+%/ 35 )%(/C
#/()"6(/%)# J.1("" "'(1%"K 7F$!/(0%11( ;<<=? %M$!*!#!).
/%1(#!2%1+ 13, !/!0%"'%)'% 7L.-/% ;0?@

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

8 "!).1% ./3-)0 "'(1% ,(" /%&32%0 5/3& () !+ #%&'&*"#
$!)0,!). ()0 ( ./3-)0 "'(1% ()0 ( .1("" "'(1% ,%/% /%&32%0
5/3& ( $!)0,!). 35 !+ ,-,-./@ N('$ "'(1% ,(" &3-)#%0 *+ !#"
*("(1 %)0 3)#3 ( ./3-)0C03,) )%%01% #!6 ()0 #$%) %M(&!)%0
,!#$ () 36#!'(1 &!'/3"'36%@

A'())!). %1%'#/3) &!'/3"'36% 7ANO? !&(.%" ,%/% #(P%)
-"!). ( Q!#('$! ACR>SST %1%'#/3) &!'/3"'36%@ U/()"&!""!3)
%1%'#/3) &!'/3"'36% 7UNO? !&(.%" ,%/% #(P%) (5#%/ LM!).

"(&61%" !) RV .1-#(/(10%$+0% (# >;!W 53/ > $4 53113,%0 *+
/!)"!). !) "30!-& '('30+1(#% *-X%/@ A(&61%" ,%/% #$%) LM%0 !)
;V 3"&!' ('!0 !) *-X%/ 53/ ;$4 53113,%0 *+ *13'P"#(!)!). !)
>V (Y-%3-" -/()+1 ('%#(#% 53/ ;$4 0%$+0/(#!3) #$/3-.$ ()
('%#3)% "%/!%" %)0!). ,!#$ ;SSV ('%#3)%4 ()0 %&*%00!). !)
A6-// /%"!)@ Z3"#C&!'/3#3&%0 "(&61% "%'#!3)" ,%/% "#(!)%0 ,!#$
1%(0 '!#/(#% ()0 %M(&!)%0 -"!). ( [N\] ;SSA UNO@ H% #$%)
'3)0-'#%0 0%#(!1%0 &%("-/%&%)#" 3) #$% 36#!'(1 /%"63)"% 5-)'C
#!3)" 35 () !0%)#!'(1 "%# 35 "'(1%"@

8 "!).1% "'(1%4 &3-)#%0 2%/#!'(11+ 3) !#" )%%01%4 ,("
63"!#!3)%0 (# #$% '%)#/% 35 ( N-1%/ W/(01%4 #$!" '%)#/% *%!).
'3!)'!0%)# ,!#$ #$% 6(#$ 35 ( 1("%/ *%(&@ ^) #$!" ,(+4 36#!'(1
/%B%'#!3) ()0 #/()"&!""!3) 0(#( '3-10 *% #(P%) 3) ( "!).1% "'(1%
(# ()+ '$3"%) ().1%@ 8) ('$/3&(#!' 1%)" ,(" -"%0 #3 53'-" #$%
!)'!0%)# *%(& (# )3/&(1 !)'!0%)'% #3 #$% "'(1%K" -66%/ "-/5('%4
.!2!). ( 0!X/('#!3)C1!&!#%0 &!)!&-& *%(& ,(!"# 35 1(@ RS"&
0!(&%#%/ (# #$% "'(1%@ 8 &!'/3&()!6-1(#3/ ,(" %&613+%0 #3
%)"-/% #$!" "&(11 *%(& "63# ,(" '3)"!"#%)#1+ !)'!0%)# !) #$%
'%)#/% 35 %('$ "'(1%@

8 0%#%'#3/ ,(" (//().%0 #3 "'() R_S! !) #$% $3/!`3)#(1 61()%
(/3-)0 #$% '%)#/(11+ &3-)#%0 "'(1%4 #3 &%("-/% *3#$ !#" /%B%'C
#!2!#+ ()0 #/()"&!""!2!#+@ 8) 8/a 1("%/4 #$/%% Q%bT% 1("%/" ()0
( 631(/!`%/ .(2% ( '$3!'% 35 !)'!0%)# ,(2%1%).#$" ()0 631(/!`(C
#!3)"@ N('$ *%(& ,(" (##%)-(#%0 #3 (23!0 0(&(.!). #$% "'(1%@

8 1%)" ,!#$ ( '311%'#!3) ().1% 35 ! >S! ,(" 61('%0 !) 5/3)# 35
#$% 0%#%'#3/ #3 '311%'# #$% &(c3/!#+ 35 #$% 2%/#!'(11+ "6/%(0
/%B%'#%0 1!.$#@ 8 2%/#!'(1 "1!#C(6%/#-/% !) 5/3)# 35 #$!" 1%)" .(2%
$3/!`3)#(1 ().1% /%"31-#!3)@ A!.)(1" /%'3/0%0 !) /%B%'#!3) ()0
#/()"&!""!3) 5/3& #$% "'(1% (# %('$ ,(2%1%).#$ ,%/% !)#%./(#%0
()0 '3&6(/%0 ,!#$ #$% !)#%./(#%0 "!.)(1 /%'3/0%0 ,!#$3-# #$%
"'(1% 6/%"%)#@ ^) #$!" ,(+ (*"31-#% /%B%'#()'% ()0 #/()"&!##()'%
,%/% '(1'-1(#%0@ U$!" &%#$30 ,(" 2%/!L%0 *+ /%61('!). #$%
*-##%/B+ "'(1% ,!#$ ( "&(11 .1("" 61(#% #3 '$%'P#$(# #$% /%B%'C
#!3) '3%d'!%)# 35 #$% .1("" ,(" %Y-(1 #3 #$(# '(1'-1(#%0 5/3& !#"
/%5/('#!2% !)0%M@

8##%&6#" #3 L# #$%3/%#!'(1 &30%1" #3 %M6%/!&%)#(1 /%B%'#!2!#+
0(#( .%)%/(11+ "-X%/ 5/3& -)'%/#(!)#!%" !) #$% 2(1-% 35 #$%
'3&61%M /%5/('#!2% !)0%M 35 '-#!'1% &(#%/!(1 #$(# "$3-10 *% -"%0@
U3 (00/%"" #$!" -)'%/#(!)#+4 (*"31-#% /%B%'#!3) ()0 #/()"&!""!3)
%M6%/!&%)#" ,!#$ #$% !+ #%&'&*"# "'(1% !) (!/ ,%/% /%6%(#%0 ,!#$
#$% "'(1% !&&%/"%0 !) !"36/36+1 (1'3$31 7^Z8?@ U$% "'(1% ,("
#$%) /%&32%0 ()0 0/!%0 ()0 #$% &%("-/%&%)#" /%6%(#%0 ,!#$
#$% "'(1% !&&%/"%0 !) */3&353/&@ e3#$ 1!Y-!0"4 35 /%5/('#!2%
!)0!'%" *";@Rf53/ ^Z8 ()0 ;@gf53/ */3&353/&4 L11%0 #$% "6('%"
*%#,%%) #$% '-#!'1% &-1#!1(+%/!).4 #$-" '$().!). #$% !)#%/5%/C
%)'% '3)0!#!3)" #$(# 6/30-'% "#/3). /%B%'#()'% (# "6%'!L' ,(2%C
1%).#$"@ U$% (00!#!3)(1 "%# 35 36#!'(1 6(/(&%#%/" 6/32!0%0 *+
#$%"% !&&%/"!3) %M6%/!&%)#" 6%/&!##%0 %"#(*1!"$&%)# 35 ()
(''-/(#% #$%3/%#!'(1 &30%1@

U3 Y-()#!5+ #$% ,(2%1%).#$C0%6%)0%)# /%B%'#!2!#+ (""3'!(#%0
,!#$ %('$ *-##%/B+ 32%/ ( ,!0%/ /().% #$() #$(# ,$!'$ 3-/ 1("%/"
'3-10 (''3&&30(#%4 ( /%B%'#()'% "6%'#/3&%#%/ ,(" %&613+%0
7Z%/P!) N1&%/ ](&*0( <SSDEhE!"hT^: ,!#$;gS&& 0!(&%#%/
!)#%./(#!). "6$%/%?@ 81#$3-.$ "!).1%C"'(1% ()(1+"!" ,(" )3#
63""!*1% 0-% #3 #$% "6%'#/3&%#%/K" 0%"!.)4 1(/.% ,!).C(/%(
()(1+"%" '32%/%0 #$% )%(/CDE4 ( ,(2%1%).#$ *()0 !) ,$!'$ #$%
2!"!3) 35 "3&% ]%6!036#%/( ()0 #$%!/ 6/%0(#3/" "$3," "#/3).
"%)"!#!2!#+ 7]-#`;<>=i A!1*%/.1!%0;<G<i e%))%## 9 W-#$!11;<<=?@

/" '&*0)%*

j!.-/% > "$3," 36#!'(1 !&(.%" 35 !)0!2!0-(1 "'(1%"4
"$3,!). #36 "-/5('%" *3#$ !) /%B%'#!3) ()0 #/()"&!""!3)@

;=S= Z@E-P-"!' ()0 3#$%/" 2$'-1() 1%(#(1'&#-3('-"* "4 /-*5)& 0.''&#67 /1()&/

8#"1+ 9+ :"1+ ;"*,+ e 7;<<<?

j!.-/% ;@ \6#!'(1 !&(.%" 35 7(? ( &(.)!L%0 /%.!3) 35
!+ #%&'&*"# ,!). "$3,!). #$% 3/0%/%0 (//().%&%)# 35 !#" "!).1%
1(+%/ 35 5 #".*, "'(1%" ()0 70? ( &(.)!L%0 /%.!3) 35 !+ ,-,-./
,!). "$3,!). #$% #,3 0!"#!)'# #+6%" 35 "'(1%"4 5 )(// "'(1%"
32%/1+!). 5 #".*, "'(1%"@ A'(1% *(/ !) 7(? 53/ 7(40?4 ;SS"&@

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 M

ar
ch

 2
02

1 

100 µm
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+-1 &"#$&% '"1& *3 "# +%& 52".. ')+,&'4 H+I @ 7JK ".+2& *3 #$&
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+-1 #$ +,+,-. H1&#&%."-&1 8: "-#&2%+#"-2 +-1 -*%.+,"P"-2

5 <OW ?4X0E0'") +-1 *#$&%' 01(,!"2 !&"%"!('%,3"(,*) *4 .,)52' /-(('%67 .!"2'.

8%*!$ 9$ :*!$ ;*)+$ Y H5RRRI

(a)

(b)

(c)

(d)

;"20%& N4 ZJK +-1 7JK ".+2&' *3 #$%&& #:(&' *3 #*%1&*
80##&%9: '"-2,& ')+,&'4 H"I @ ,*!=.+2-"C)+#"*- ZJK ".+2& *3
#$ %&'(')*% ')+,&'4 H/I @ $"2$=.+2-"C)+#"*- 7JK ".+2& *3 +
)%*''='&)#"*- #$%*02$ +- #$ %&'(')*% "%"1&')&-# 2%*0-1 ')+,&4
H!I @- ZJK ".+2& *3 #$%&& #$ +,+,-. ')+,&' *- + (%&(+%&1
%&2"*- *3 !"-24 7$& )&-#%+, ')+,& "' +- "%"1&')&-# 5%*-)+ ')+,&
+-1 &"#$&% '"1& *3 "# +%& 52".. ')+,&'4 H+I @ 7JK ".+2& *3 #$&
)%*''='&)#"*- #$%*02$ +- #$ +,+,-. "%"1&')&-# ')+,& +%%+-2&.&-#
'$*!"-2 + %&2"*- *3 52".. ')+,&' %&'#"-2 +8*B& #$&"% 0-1&%,:"-2
5%*-)+ ')+,&' +' (*'"#"*-&1 *- #$& !"-24 Y*#$ ".+2&' ),&+%,:
'$*! #$& .0,#",+:&% +%%+-2&.&-# !"#$"- 1"'#"-)# '#%0)#0%+,
(&%"*1")"#"&'4 Z)+,& 8+%'[ H"I 5 SO ".\ H/I N".\ H!I NO ".\
H+ I S ".4
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120 µm 3 µm

!"#$ %&'(&)# #* #$& ')+,& -*%.+,/ +%*0-1 +- +-2,& *3 !"4
5 6! *- *-& *% *#$&% '"1& *3 -*%.+,4 7$"' +((&+%' #*
'0((*%# #$& "1&+ #$+# #$& ,*8"-2 +-1 8%*+1 +-2,& *3
%&9&)#&1 "-#&-'"#: "' )+0'&1 8: .0,#",+:&% '0%3+)& #",#4

;"20%& <" +,'* '$*!' #$& +-2,&=1&(&-1&-# %&9&)#"*-
+-1 #%+-'."''"*- 3%*. #$& #$ %&'(')*% 2%*0-1 ')+,&
"..&%'&1 "- >?@ 3*% <66 -. "-)"1&-# ,"2$#4 A*# *-,: "'
#$& %&9&)#"*- 3%*. #$& ')+,& "- >?@ %&,+#"B&,: ,&'' "-#&-'&/
!"#$ C%'#=*%1&% 1"D%+)#"*- (&+E' B"'"8,& "- #%+-'."''"*-/
80# #$& %&9&)#&1 ,*8&' $+B& '&(+%+#&1 30%#$&% "- +-2,&4
7$"' "' &-#"%&,: &F(&)#&1 '"-)& #$& -&! *(#")+, )*-1"#"*-'
*3 #$& >?@G)0#"),& ':'#&. *-,: '0((*%# 8,0& %&9&)#"B&
"-#&%3&%&-)& +# ,+%2&% +-2,&' *3 "-)"1&-)& #$+- 3*% #$& +"%G
)0#"),& ':'#&.4 ;+% 3&!&% .0,#",+:&%' +%& #",#&1 &-*02$ #*
'0((*%# #$"' '#%*-2 8,0& "-#&%3&%&-)&/ #$&%&3*%& #$& %&9&)=
#"*- "' !&+E&%4

>- )*-#%+'# #* #$& 1*08,& ,*8"-2 *3 %&9&)#"*- 3%*. #$&
#$ %&'(')*% 2%*0-1 ')+,&/ #$& #$ +,+,-. 2%*0-1 ')+,&
1"'(,+:' + '"-2,& 8%*+1 '(+- *3 %&9&)#&1 "-#&-'"#: HC20%&
</I4 7JK ".+2&' %&B&+, #$+# #$& #",#' *3 .0,#",+:&%
'0%3+)&'/ !"#$ %&'(&)# #* #$& ')+,& -*%.+,/ +%& 1"'#%"80#&1
+%*0-1 #$& -*%.+, "#'&,3 +-1 -*#/ +' "- #$& #$ %&'(')*%
')+,&/ +%*0-1 + 2"B&- +-2,& &"#$&% '"1& *3 -*%.+,4 L&%&
#**/ #$& 8%*+1 +-2,&='(%&+1 "- %&9&)#"*- +((&+%' #* %&'0,#
3%*. #$& #",#"-2 *3 ,+:&% '0%3+)&'4

;0%#$&%.*%&/ !&+E 1"D%+)#"*- "' *8'&%B&1 "- #%+-'."'=
'"*- #$%*02$ #$& #$ +,+,-. 2%*0-1 ')+,&4 M"D%+)#&1 *%1&%'
+((&+% +# N646! O4N! &"#$&% '"1& *3 #$& P&%* *%1&% 3*%
<QQ -. "-)"1&-# ,"2$#4 7$"' 1"D%+)#"*- -&)&''+%",: *%"2"=
-+#&' 3%*. + (&%"*1") '#%0)#0%&/ !$*'& (&%"*1")"#: "'
)+,)0,+#&1 3%*. #$& +-2,& +-1 !+B&,&-2#$ #* 8&
O4Q<! O4O5 ". HL0#,&: 5RQSI4 7JK ".+2& .&+'0%&.&-#
*3 #$ +,+,-. 2%*0-1 ')+,&' :"&,1' + %&20,+% %"12& '(+)"-2
*3 O4QN! O4ON"./ )*-C%."-2 #$& (&%"*1")"#: *3 #$& %"12&'
+' #$& '*0%)& *3 #$& 1"D%+)#"*-4 M"D%+)#"*- "- %&9&)#"*-
3%*. #$& 2%*0-1 ')+,& !+' -*# 1"')&%-&14

L"2$ ,&B&,' *3 #%+-'."##&1 1"D%+)#"*- +((&+% !"#$ #$&
#$ +,+,-. 2,+'' ')+,&4 K*%& #$+- TOU *3 "-)"1&-# ,"2$# *3
+,, .&+'0%&1 !+B&,&-2#$' "' #%+-'."##&1 H"- 8*#$ 1"%&)=
#"*-'I/ !"#$ '#%*-2 1"D%+)#"*- &V)"&-)"&' HC20%& </ '$*!'
#$"' 1"D%+)#"*- 3*% <QQ -. "-)"1&-# ,"2$#I4 7$& +-20,+%
(*'"#"*-' *3 #$& 1"D%+)#"*- *%1&%' )*%%&'(*-1 #* + (&%"=
*1") '(+)"-2 *3 5 4T5 ! O4ON".4 @2+"-/ #$"' )*.(+%&'
&F#%&.&,: !&,, !"#$ #$& +''*)"+#&1 %"12& '(+)"-2 *3
5 4TO! O4O6 "./ 3*0-1 3%*.7JK ".+2&' *3 #$ +,+,-. 2,+''
')+,&'4

7$& !+B&,&-2#$=1&(&-1&-# +8'*,0#& %&9&)#"B"#"&' +-1
#%+-'."''"B"#"&' "- +"% *3 '"-2,& 2%*0-1 ')+,&' *3 #$ %&'(')*%
+-1 #$ +,+,-. H1&#&%."-&1 8: "-#&2%+#"-2 +-1 -*%.+,"P"-2

5 <OW ?4X0E0'") +-1 *#$&%' 01(,!"2 !&"%"!('%,3"(,*) *4 .,)52' /-(('%67 .!"2'.

8%*!$ 9$ :*!$ ;*)+$ Y H5RRRI

(a)

(b)

(c)

(d)

;"20%& N4 ZJK +-1 7JK ".+2&' *3 #$%&& #:(&' *3 #*%1&*
80##&%9: '"-2,& ')+,&'4 H"I @ ,*!=.+2-"C)+#"*- ZJK ".+2& *3
#$ %&'(')*% ')+,&'4 H/I @ $"2$=.+2-"C)+#"*- 7JK ".+2& *3 +
)%*''='&)#"*- #$%*02$ +- #$ %&'(')*% "%"1&')&-# 2%*0-1 ')+,&4
H!I @- ZJK ".+2& *3 #$%&& #$ +,+,-. ')+,&' *- + (%&(+%&1
%&2"*- *3 !"-24 7$& )&-#%+, ')+,& "' +- "%"1&')&-# 5%*-)+ ')+,&
+-1 &"#$&% '"1& *3 "# +%& 52".. ')+,&'4 H+I @ 7JK ".+2& *3 #$&
)%*''='&)#"*- #$%*02$ +- #$ +,+,-. "%"1&')&-# ')+,& +%%+-2&.&-#
'$*!"-2 + %&2"*- *3 52".. ')+,&' %&'#"-2 +8*B& #$&"% 0-1&%,:"-2
5%*-)+ ')+,&' +' (*'"#"*-&1 *- #$& !"-24 Y*#$ ".+2&' ),&+%,:
'$*! #$& .0,#",+:&% +%%+-2&.&-# !"#$"- 1"'#"-)# '#%0)#0%+,
(&%"*1")"#"&'4 Z)+,& 8+%'[ H"I 5 SO ".\ H/I N".\ H!I NO ".\
H+ I S ".4

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 M

ar
ch

 2
02

1 

!"#$ %&'(&)# #* #$& ')+,& -*%.+,/ +%*0-1 +- +-2,& *3 !"4
5 6! *- *-& *% *#$&% '"1& *3 -*%.+,4 7$"' +((&+%' #*
'0((*%# #$& "1&+ #$+# #$& ,*8"-2 +-1 8%*+1 +-2,& *3
%&9&)#&1 "-#&-'"#: "' )+0'&1 8: .0,#",+:&% '0%3+)& #",#4

;"20%& <" +,'* '$*!' #$& +-2,&=1&(&-1&-# %&9&)#"*-
+-1 #%+-'."''"*- 3%*. #$& #$ %&'(')*% 2%*0-1 ')+,&
"..&%'&1 "- >?@ 3*% <66 -. "-)"1&-# ,"2$#4 A*# *-,: "'
#$& %&9&)#"*- 3%*. #$& ')+,& "- >?@ %&,+#"B&,: ,&'' "-#&-'&/
!"#$ C%'#=*%1&% 1"D%+)#"*- (&+E' B"'"8,& "- #%+-'."''"*-/
80# #$& %&9&)#&1 ,*8&' $+B& '&(+%+#&1 30%#$&% "- +-2,&4
7$"' "' &-#"%&,: &F(&)#&1 '"-)& #$& -&! *(#")+, )*-1"#"*-'
*3 #$& >?@G)0#"),& ':'#&. *-,: '0((*%# 8,0& %&9&)#"B&
"-#&%3&%&-)& +# ,+%2&% +-2,&' *3 "-)"1&-)& #$+- 3*% #$& +"%G
)0#"),& ':'#&.4 ;+% 3&!&% .0,#",+:&%' +%& #",#&1 &-*02$ #*
'0((*%# #$"' '#%*-2 8,0& "-#&%3&%&-)&/ #$&%&3*%& #$& %&9&)=
#"*- "' !&+E&%4

>- )*-#%+'# #* #$& 1*08,& ,*8"-2 *3 %&9&)#"*- 3%*. #$&
#$ %&'(')*% 2%*0-1 ')+,&/ #$& #$ +,+,-. 2%*0-1 ')+,&
1"'(,+:' + '"-2,& 8%*+1 '(+- *3 %&9&)#&1 "-#&-'"#: HC20%&
</I4 7JK ".+2&' %&B&+, #$+# #$& #",#' *3 .0,#",+:&%
'0%3+)&'/ !"#$ %&'(&)# #* #$& ')+,& -*%.+,/ +%& 1"'#%"80#&1
+%*0-1 #$& -*%.+, "#'&,3 +-1 -*#/ +' "- #$& #$ %&'(')*%
')+,&/ +%*0-1 + 2"B&- +-2,& &"#$&% '"1& *3 -*%.+,4 L&%&
#**/ #$& 8%*+1 +-2,&='(%&+1 "- %&9&)#"*- +((&+%' #* %&'0,#
3%*. #$& #",#"-2 *3 ,+:&% '0%3+)&'4

;0%#$&%.*%&/ !&+E 1"D%+)#"*- "' *8'&%B&1 "- #%+-'."'=
'"*- #$%*02$ #$& #$ +,+,-. 2%*0-1 ')+,&4 M"D%+)#&1 *%1&%'
+((&+% +# N646! O4N! &"#$&% '"1& *3 #$& P&%* *%1&% 3*%
<QQ -. "-)"1&-# ,"2$#4 7$"' 1"D%+)#"*- -&)&''+%",: *%"2"=
-+#&' 3%*. + (&%"*1") '#%0)#0%&/ !$*'& (&%"*1")"#: "'
)+,)0,+#&1 3%*. #$& +-2,& +-1 !+B&,&-2#$ #* 8&
O4Q<! O4O5 ". HL0#,&: 5RQSI4 7JK ".+2& .&+'0%&.&-#
*3 #$ +,+,-. 2%*0-1 ')+,&' :"&,1' + %&20,+% %"12& '(+)"-2
*3 O4QN! O4ON"./ )*-C%."-2 #$& (&%"*1")"#: *3 #$& %"12&'
+' #$& '*0%)& *3 #$& 1"D%+)#"*-4 M"D%+)#"*- "- %&9&)#"*-
3%*. #$& 2%*0-1 ')+,& !+' -*# 1"')&%-&14

L"2$ ,&B&,' *3 #%+-'."##&1 1"D%+)#"*- +((&+% !"#$ #$&
#$ +,+,-. 2,+'' ')+,&4 K*%& #$+- TOU *3 "-)"1&-# ,"2$# *3
+,, .&+'0%&1 !+B&,&-2#$' "' #%+-'."##&1 H"- 8*#$ 1"%&)=
#"*-'I/ !"#$ '#%*-2 1"D%+)#"*- &V)"&-)"&' HC20%& </ '$*!'
#$"' 1"D%+)#"*- 3*% <QQ -. "-)"1&-# ,"2$#I4 7$& +-20,+%
(*'"#"*-' *3 #$& 1"D%+)#"*- *%1&%' )*%%&'(*-1 #* + (&%"=
*1") '(+)"-2 *3 5 4T5 ! O4ON".4 @2+"-/ #$"' )*.(+%&'
&F#%&.&,: !&,, !"#$ #$& +''*)"+#&1 %"12& '(+)"-2 *3
5 4TO! O4O6 "./ 3*0-1 3%*.7JK ".+2&' *3 #$ +,+,-. 2,+''
')+,&'4

7$& !+B&,&-2#$=1&(&-1&-# +8'*,0#& %&9&)#"B"#"&' +-1
#%+-'."''"B"#"&' "- +"% *3 '"-2,& 2%*0-1 ')+,&' *3 #$ %&'(')*%
+-1 #$ +,+,-. H1&#&%."-&1 8: "-#&2%+#"-2 +-1 -*%.+,"P"-2

5 <OW ?4X0E0'") +-1 *#$&%' 01(,!"2 !&"%"!('%,3"(,*) *4 .,)52' /-(('%67 .!"2'.

8%*!$ 9$ :*!$ ;*)+$ Y H5RRRI

(a)

(b)

(c)

(d)

;"20%& N4 ZJK +-1 7JK ".+2&' *3 #$%&& #:(&' *3 #*%1&*
80##&%9: '"-2,& ')+,&'4 H"I @ ,*!=.+2-"C)+#"*- ZJK ".+2& *3
#$ %&'(')*% ')+,&'4 H/I @ $"2$=.+2-"C)+#"*- 7JK ".+2& *3 +
)%*''='&)#"*- #$%*02$ +- #$ %&'(')*% "%"1&')&-# 2%*0-1 ')+,&4
H!I @- ZJK ".+2& *3 #$%&& #$ +,+,-. ')+,&' *- + (%&(+%&1
%&2"*- *3 !"-24 7$& )&-#%+, ')+,& "' +- "%"1&')&-# 5%*-)+ ')+,&
+-1 &"#$&% '"1& *3 "# +%& 52".. ')+,&'4 H+I @ 7JK ".+2& *3 #$&
)%*''='&)#"*- #$%*02$ +- #$ +,+,-. "%"1&')&-# ')+,& +%%+-2&.&-#
'$*!"-2 + %&2"*- *3 52".. ')+,&' %&'#"-2 +8*B& #$&"% 0-1&%,:"-2
5%*-)+ ')+,&' +' (*'"#"*-&1 *- #$& !"-24 Y*#$ ".+2&' ),&+%,:
'$*! #$& .0,#",+:&% +%%+-2&.&-# !"#$"- 1"'#"-)# '#%0)#0%+,
(&%"*1")"#"&'4 Z)+,& 8+%'[ H"I 5 SO ".\ H/I N".\ H!I NO ".\
H+ I S ".4
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30 µm

2 µm

M. rhetenor 

M. didius Vucusic, P., et al. 1999, Proc. R. Soc. Lond. B.2661403–1411.
!3



The Challenge: Can we reproduce the 
effect using simulations?

Electromagnetic 
(EM) simulations
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www.nature.com/scientificreports/

6Scientific RepoRts | 5:16637 | DOI: 10.1038/srep16637

angle of light was fixed at either 0° or 30°, and the reflected spectra were collected by a 100×  objective 
lens (NA =  0.8) at the angle between − 40° and 40° to the normal.

Figure 8a presents the 2-D map of spectra taken at the angles from − 40° to 40° with normal incidence 
of illumination on Green_3. The reflection peaks are mainly around 523 nm (green color). The intensity 
of reflections decreases to nearly half for the viewing angle increases from the normal to ± 16°. This 
indicates that the fabricated scale is able to hold green color in the viewing angle range of 30°. When 

Figure 5. Optical microscope images for structural colors from patterned areas as artificial wing scales. 
(a) The image from the scale of a real Morpho didius butterfly wing. (b) The color image from an 11-layer 
lamellae structure on Si, showing the complementary color of blue and green. (c) The image from the 
same pattern as in (b) but on quartz substrate with slightly thinner layer thicknesses than designed values, 
showing purer blue. (d) The image of patterned area with the same layer structure as above and corrected 
thicknesses, showing the blue closer to the real one in (a). (e,f) The images from patterned areas for green 
color with 11 layers and 15 layers, respectively. (g) The image showing dark red color from the patterned 
area with 1.5-µ m pitched ridge gratings without PMMA/Air branches. The scaling bar in all the images is 
100 µ m.

Figure 6. The measured and the simulated reflectance spectra. (a) The reflectivity from the naturel, 
the fabricated and the simulated wing scales with blue color. The displayed colors in the inset are from 
microscope images. (b) The reflectivity from the fabricated scales with green color. The sample names and 
their corresponding colors are shown in the inset. The red line with low reflectivity was taken from a ridge 
grating without PMMA/Air branches. Its color is dark red at 620 nm. For detailed explanations, see the text.



Understanding light waves 
The electromagnetic spectrum

http://hyperphysics.phy-astr.gsu.edu/hbase/ems3.html
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Understanding light waves

https://micro.magnet.fsu.edu/primer/java/electromagnetic/index.html
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Light behavior at interfaces 

http://www.differencebetween.net/science/difference-between-reflection-and-refraction/

𝑛2

𝑛1

𝑛3

Constructive and 
destructive interference

DiffractionReflection and 
refraction

!7

http://www.differencebetween.net/science/difference-between-reflection-and-refraction/


EM Simulation
Do I have to solve Maxwell’s equations?! Yes and No!
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EM Simulation

• With a solver you can!


• Define your structure’s 
dimensions and involved 
materials.


• Define your incident wave 
parameters.


• Use an EM simulation tool to 
solve Maxwell’s equations in 
your structure. Define all 
simulation parameters.

Do I have to solve Maxwell’s equations?! Yes and No!
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EM Simulation

• With a solver you can!


• Define your structure’s 
dimensions and involved 
materials.


• Define your incident wave 
parameters.


• Use an EM simulation tool to 
solve Maxwell’s equations in 
your structure. Define all 
simulation parameters.

Do I have to solve Maxwell’s equations?! Yes and No!
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 9

  F/m𝜀0 =
10−9

36𝜋

  H/m𝜇0 = 4𝜋 × 10−7

EM optics: Maxwell’s equations
∇⋅D = ρ

∇⋅B = 0

∇×E = − ∂B
∂t

∇×H = J+ ∂D
∂t

D=εE

B=µH

D=ε0E

B=µ0H

Free-space electric 
permitvitty

Free-space magnetic 
permeability

(Divergence)

(Curl)

1. Diverging E-fields relate to charges   
 (bound and free) 
      D: Electric displacement vector 
      E: Electric field vector 
 

ρ



2.  Diverging B (magnetic flux density) 
 doesn’t exist
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3.  Rotating E-fields are related to  
 changing ‘magnetic fields’
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The Wave Equation

 10

 𝛁 × 𝐄 = − 𝜇
𝜕𝐇
𝜕𝑡

 𝛁 × 𝐇 = 𝜀
𝜕𝐄
𝜕𝑡

∇2E = µε ∂
2E
∂2 t

Ellingson, Steven. Electromagnetics Volume 1. Virginia Tech Libraries, 2018



The Wave Equation

 10

In a source free medium: Combining 
Equations (III) and (IV), playing around 
with some vector calculus and 
substituting by Equation (I) 

�  ρ  and J = 0( )

 𝛁 × 𝐄 = − 𝜇
𝜕𝐇
𝜕𝑡

 𝛁 × 𝐇 = 𝜀
𝜕𝐄
𝜕𝑡

Laplacian operator∇2E = µε ∂
2E
∂2 t

Ellingson, Steven. Electromagnetics Volume 1. Virginia Tech Libraries, 2018
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In a source free medium: Combining 
Equations (III) and (IV), playing around 
with some vector calculus and 
substituting by Equation (I) 

�  ρ  and J = 0( )

 𝛁 × 𝐄 = − 𝜇
𝜕𝐇
𝜕𝑡

 𝛁 × 𝐇 = 𝜀
𝜕𝐄
𝜕𝑡

Position
Time harmonic 
dependence

SOLUTION:  
Waves propagating with a 
(phase) velocity �  𝜈 =

1
𝜇𝜀

𝐄(𝒓, 𝑡) = Re{𝐄𝟎(𝒓)exp( − 𝑗𝜔𝑡)}

Laplacian operator∇2E = µε ∂
2E
∂2 t

Ellingson, Steven. Electromagnetics Volume 1. Virginia Tech Libraries, 2018
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In a source free medium: Combining 
Equations (III) and (IV), playing around 
with some vector calculus and 
substituting by Equation (I) 
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𝜕𝐇
𝜕𝑡

 𝛁 × 𝐇 = 𝜀
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Phasor representation

Position
Time harmonic 
dependence

SOLUTION:  
Waves propagating with a 
(phase) velocity �  𝜈 =

1
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2E
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Ellingson, Steven. Electromagnetics Volume 1. Virginia Tech Libraries, 2018



Uniform plane waves
𝛻2𝐄𝟎(𝒓) +

𝜔2

𝜈2
𝐄𝟎(𝒓) = 0Homogeneous vector Helmholtz equation

 11

Propagation 
constant

𝐄𝟎(𝒓)=𝐄+
𝟎 𝑒−𝑗𝒌⋅𝒓 + 𝐄−

𝟎 𝑒𝑗𝒌⋅𝒓

Forward wave Backward wave

𝑘 =
𝜔
𝜈

= 𝜔 𝜇𝜀 =
𝜔
𝑐

𝑛Constant vectors

Refractive 
index

  m/s3 × 108

n = c
v



Uniform plane waves

Eo, Ho and k form a right-hand triplet and

oooo
o

o /k̂
n

εµ=η×
η

= EH

Intrinsic impedance

𝛻2𝐄𝟎(𝒓) +
𝜔2

𝜈2
𝐄𝟎(𝒓) = 0Homogeneous vector Helmholtz equation
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Ho

Eo

Wave propagation direction

Eo

Ho

k

Propagation 
constant

𝐄𝟎(𝒓)=𝐄+
𝟎 𝑒−𝑗𝒌⋅𝒓 + 𝐄−

𝟎 𝑒𝑗𝒌⋅𝒓

Forward wave Backward wave

𝑘 =
𝜔
𝜈

= 𝜔 𝜇𝜀 =
𝜔
𝑐

𝑛Constant vectors

Refractive 
index

  m/s3 × 108

n = c
v
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Medium 1 Medium 2
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Simple problem:  
Normal incidence at a dielectric interface

n1 n2

Solving boundary conditions at the interface

Ei

Hi
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Medium 1 Medium 2

 12

Simple problem:  
Normal incidence at a dielectric interface

n1 n2

Solving boundary conditions at the interface

Incident wave

Hi = y
! Ei0
η1
e jk1z

Ei = x
!Ei0e

jk1z

Ei

Hi
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Simple problem:  
Normal incidence at a dielectric interface

n1 n2

Solving boundary conditions at the interface

Reflected wave

Hr = − y!
Er0
η1
e jk1z

Er = x
!Er0e

jk1z

Incident wave

Hi = y
! Ei0
η1
e jk1z

Ei = x
!Ei0e

jk1z

Ei

Hi

Er
Hr
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Simple problem:  
Normal incidence at a dielectric interface

n1 n2

Solving boundary conditions at the interface

Reflected wave

Hr = − y!
Er0
η1
e jk1z

Er = x
!Er0e

jk1z

Incident wave

Hi = y
! Ei0
η1
e jk1z

Ei = x
!Ei0e

jk1z
Transmitted wave

Ht = y
! Et0
η2
e jk2z

Et = x
!Et0e

jk2z

Et

Ht

Ei

Hi

Er
Hr
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Simple problem:  
Normal incidence at a dielectric interface

n1 n2

Solving boundary conditions at the interface

Reflected wave

Hr = − y!
Er0
η1
e jk1z

Er = x
!Er0e

jk1z

Incident wave

Hi = y
! Ei0
η1
e jk1z

Ei = x
!Ei0e

jk1z
Transmitted wave

Ht = y
! Et0
η2
e jk2z

Et = x
!Et0e

jk2z

Et

Ht

Ei

Hi

Er
Hr

Define reflection and transmission 
coefficients (Quantities solved for in S4)  

     


r =
Er0
Ei0

2

t = 1− r

r =
n1 − n2
n1 + n2

⎛

⎝⎜
⎞

⎠⎟

2

t =
4n1n2
n1 + n2( )2

For normal incidence



Stanford Stratified Structure Solver (S4)

• A frequency domain code to solve the 
linear Maxwell’s equations in layered 
periodic structures.


• Implemented using Lua frontend scripting


• Computes transmission, reflection, or 
absorption spectra of structures 
composed of periodic, patterned, planar 
layers.


• We will follow up by a tutorial.

 13

Liu, V., and Fan, S., Computer Physics Communications 183, 2233-2244 (2012)

http://www.lua.org/


The challenge: Reproducing the blue 
morpho butterfly optical effect

Â Zhang, S., Chen, Y. Nanofabrication and coloration study of artificial Morpho butterfly wings with aligned lamellae layers. Sci Rep 5, 16637 (2015). 
!14
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simple multilayer structure to represent the 
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Bioinspired micro grating
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contribution to green color apart from a very weak peak at 630 nm, which is consistent to the optical 
image in Fig. 5g.

Angle-resolved spectra. To demonstrate angle relevant coloration of the fabricated wing scales, 
reflectance spectra were scanned from various viewing angles by an angle-resolved microspectroscope 
(ARM-51M; Ideaoptics Instruments Co. Ltd., China). As schematically shown in Fig.  7, the incident 

Figure 3. The FDTD simulations of spatial distributions of the electric field, E2 for the three 
wavelengths in Figure 3b. (a,b) correspond to the wavelengths at 493 and 524 nm, respectively, in Green_3. 
The strongest travelling mode seen in the PMMA/LOR pillar in (a) is responsible for the reflection dip at 
493 nm in the spectra (both the red and the blue line) in figure 3b. The relatively weak E2 in the multilayer 
in (b) (524 nm) and (c) (532 nm) explains the high reflection in the spectra. The dash lines highlight the 
lamellae structures.

Figure 4. The micrographs of scanning electron microscope (SEM) for fabricated wing scales with 
aligned lamellae multilayers. (a) An overview of the mimicked scale with low magnification. (b) A 
close-up view of the cross-section of the 11-layer lamellae structure. (c) The cross-sectional view of the 15 
layers structure. The top PMMA layer was bent up in the cleaving of the sample. (d) The ridge grating as 
highlighted by dash-lines.

www.nature.com/scientificreports/
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angle of light was fixed at either 0° or 30°, and the reflected spectra were collected by a 100×  objective 
lens (NA =  0.8) at the angle between − 40° and 40° to the normal.

Figure 8a presents the 2-D map of spectra taken at the angles from − 40° to 40° with normal incidence 
of illumination on Green_3. The reflection peaks are mainly around 523 nm (green color). The intensity 
of reflections decreases to nearly half for the viewing angle increases from the normal to ± 16°. This 
indicates that the fabricated scale is able to hold green color in the viewing angle range of 30°. When 

Figure 5. Optical microscope images for structural colors from patterned areas as artificial wing scales. 
(a) The image from the scale of a real Morpho didius butterfly wing. (b) The color image from an 11-layer 
lamellae structure on Si, showing the complementary color of blue and green. (c) The image from the 
same pattern as in (b) but on quartz substrate with slightly thinner layer thicknesses than designed values, 
showing purer blue. (d) The image of patterned area with the same layer structure as above and corrected 
thicknesses, showing the blue closer to the real one in (a). (e,f) The images from patterned areas for green 
color with 11 layers and 15 layers, respectively. (g) The image showing dark red color from the patterned 
area with 1.5-µ m pitched ridge gratings without PMMA/Air branches. The scaling bar in all the images is 
100 µ m.

Figure 6. The measured and the simulated reflectance spectra. (a) The reflectivity from the naturel, 
the fabricated and the simulated wing scales with blue color. The displayed colors in the inset are from 
microscope images. (b) The reflectivity from the fabricated scales with green color. The sample names and 
their corresponding colors are shown in the inset. The red line with low reflectivity was taken from a ridge 
grating without PMMA/Air branches. Its color is dark red at 620 nm. For detailed explanations, see the text.
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Conclusion
• The morpho butterfly is an example of structural coloring.


• The wing scale of the morpho butterfly inspired artificial 
structure with added tunability and selectivity.


• Electromagnetic simulation is a powerful technique to 
understand, analyze and tune many optical effects in 
nanostructures. 
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