
MECHANOSYNTHESIS OF THREE-DIMENSIONAL REPLICATED 

NANOSTRUCTURES BY NANOLITHOGRAPHY-BASED  

MOLECULAR MANIPULATION 
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ABSTRACT 

 
B"',%K#K;-%-;K=-D,%#%$#$=,7=K'7%A;7"#$=,@$D";,',%=>%

D"-;;L3'A;$,'=$#8% MN1O% $#$=,D-(7D(-;,% F@%

$#$=8'D"=.-#K"@LF#,;3% A=8;7(8#-% A#$'K(8#D'=$%

M+99O% =>% D#-.;D% A=8;7(8;,% >=-% D";% #KK8'7#D'=$,%

-;P('-'$.% F=D"% K"@,'7#8% #$3% 7";A'7#8% #$',=D-=K';,5%

B";%-;K=-D;3%A=8;7(8#-%A#$'K(8#D=-,%Q'D"%$#$=A;D;-L

,'R;3% K#DD;-$,% #$3% #$',=D-=K'7% ,(->#7;% >($7D'=$#8'D';,%

#-;% >#F-'7#D;3% F@% ;CK8='D'$.% D";% "@F-'3% $#$=A;D;-L

,7#8;% +99% K-=7;,,5% B";@% #-;% D";$% (D'8'R;3% >=-%

K=,'D'=$#8% $#$=#,,;AF8@% =>% A=8;7(8;,% >=88=Q;3% F@%

A;7"#$=,@$D";,',% K-=3(7'$.% N1% $#$=-;K8'7#,5% B"',%

#KK-=#7"%=>>;-,%SD=KL3=Q$T%3;,'.$%#$3%>#F-'7#D'=$%=>%

A=-K"=8=.'7#8% >;#D(-;,%=>%$#$=K#-D'78;,% M+?,O5%B"-;;%

D@K;,% =>% -;K8'7#D;3% ,(FL)U$A% K=8@,D@-;$;% M?<O%

$#$=,D-(7D(-;,% "#2;% F;;$% ,(77;,,>(88@% 3;A=$,D-#D;3%

'$% D"',% Q=-/*% $#A;8@*% S$#$=A(,"-==A,T*%

S$#$=,K'/;,T*%#$3%"'."L#,K;7DL-#D'=%S$#$=>'F;-,T5%

 

INTRODUCTION 
 

9=8;7(8#-% $#$=D;7"$=8=.@% ',% ;A;-.'$.% #,% #% /;@%

;$#F8;-% >=-% >#F-'7#D'=$% =>% A=8;7(8#-L,7#8;% >($7D'=$#8%

,D-(7D(-;,*% 3;2'7;,*% F'=A'A;D'7,*% #$3% $#$=;8;7D-=L

A;7"#$'7#8% ,@,D;A,% M+G9<O5% V)L0W% E=-% #% $(AF;-% =>%

K-=K=,;3% #KK8'7#D'=$,*% ,(7"% #,% #-D'>'7'#8% A=8;7(8#-%

A#$'K(8#D=-,X-;#7D=-,% >=-% .('3'$.% K=,'D'=$#88@L

7=$D-=88;3% A;7"#$=7";A',D-@*% 'D% ',% 'AK=-D#$D% D=%

-;#8'R;% D";% >($7D'=$#8'R;3% A;7"#$'7#8% ,D-(7D(-;,% #$3%

3;2'7;,% #D% D";% $#$=% ,7#8;% '$% =-3;-% D=% #KK-=K-'#D;8@%

#33-;,,% A=8;7(8#-% -;.',D-#D'=$% #$3% A#$'K(8#D'=$% '$%

9G9<X+G9<5% B"',% ,D-#D;.@% ;$#F8;,% SD=KL3=Q$T%

3;,'.$% #$3% $#$=,7=K'7% >#F-'7#D'=$% =>% #$',=D-=K'7% N1%

$#$=,D-(7D(-;,*%#$3%;$2',#.;,%#%2#-';D@%=>%#KK8'7#D'=$,%

F#,;3% =$% ,(7"% K-=.-#AA;3% N1% +?,*% '$78(3'$.%

;$"#$7;3%D";-#K;(D'7%#$3%'A#.'$.%7=$D-#,D%#.;$D,%VNL

YW*% #,% Q;88% #,% F'=A'A'7,% =>% "';-#-7"'7#8% #,,;AF8';,%

#$3%A(8D'K8;%78#,,;,%=>%;$R@A;,%Q'3;8@%;C',D;$D%'$%D";%

F'=7";A'7#8%Q=-83%VZW5%

%

+?,%"=83%,'.$'>'7#$D%K-=A',;%#,%D";-#K;(D'7%#.;$D,%'$%

F'=A;3'7#8% #KK8'7#D'=$,5% 6@% (D'8'R'$.% '$D-'$,'7% N1%

+?,*% '$,D;#3% =>% ,'AK8;% 7=$,D-(7D,% ;5.5% U1% ,K";-'7#8%

#$3% )1% D(F(8#-% +?,*% D";% ;$"#$7;3% >($7D'=$#8'D@% =>%

D";,;% D";-#K;(D'7%#.;$D,%A#@%F;%#7"';2;35%J=AK#-;3%

D=%U1%#$3%)1%+?,*% D";% >=-7;,% #7D'$.%=$%N1%+?,%#-;%

3;K;$3;$D% =$% D";'-% =-';$D#D'=$*% ,(->#7;% K-=K;-D@*% #$3%

,(--=($3'$.% ;$2'-=$A;$D5% B"',% 7=(83% -;,(8D% '$% #$%

;$"#$7;3% K;->=-A#$7;% =>% N1% +?,*% ;5.5% in situ%

"';-#-7"'7#8% #,,;AF8';,% Q'D"% #3#KD#F8;% ,7#8;,*%

7";A'7#88@XK"@,'7#88@% D($#F8;%K-=K;-D';,%#77=-3'$.% D=%

in vivo%"@3-=3@$#A'7%#$3%F'=8=.'7#8%;$2'-=$A;$D,*%#,%

Q;88% #,% 'AK-=2;3%A#-.'$#D'=$% #$3% #3";,'2;% ,D-;$.D"%

D=%D";%D#-.;D,%Q'D"%#%3;,'-#F8;%D";-#K;(D'7%#$3%'A#.'$.%

;>>'7#7@% VNW5% [F8#D;% K#-D'78;,% #-;% 3;A=$,D-#D;3% D=%

#3";-;% A=-;% ;>>;7D'2;8@% D=% D";% F'=8=.'7#8% ,(F,D-#D;%

D"#$% U1% ,K";-'7#8% K#-D'78;,*% ,"=Q'$.% 'AK-=2;3%

A;3'7#8%;>>'7';$7@5%VYW%B";-;>=-;*%N1%+?,%"#2;%F;;$%

K-=K=,;3% #,% 'AK-=2;3% D";-#K;(D'7% #.;$D,% '$%

F'=A;3'7#8%#KK8'7#D'=$,*%#8D"=(."%#32#$7;3%,@$D";,',%

D;7"$'P(;,%-;A#'$%8#-.;8@%($;CK8=-;3%'$%D"',%#-;#5%
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B-#3'D'=$#8% SF=DD=AL(KT% ,D-#D;.';,% ,;;A% #% $#D(-#8%

#KK-=#7"% >=-% D";% >#F-'7#D'=$% =>%+?,5%\=Q;2;-*% ,'$7;%

=(-% /$=Q8;3.;% =>% ,K;7'>'7%A#$'K(8#D'=$% =>% SF=DD=AL

(KT% K-=7;,,;,% ',% 8'A'D;3*% 'D% ',% 7"#88;$.'$.% D=% '3;#88@%

7=$D-=8%D";%>#F-'7#D'=$%K-=7;,,*%#$3%K-=3(7;%3;,'-#F8;%

$#$=,D-(7D(-;,5%H$%D"',%Q=-/*%Q;%"#2;%3;A=$,D-#D;3%#%

>;#,'F8;% #KK-=#7"% =>% SD=KL3=Q$T% 3;,'.$% #$3%

A;7"#$=,@$D";,',%=>%N1%+?,%Q'D"%F=D"%7";A'7#8%#$3%

K"@,'7#8% #$',=D-=K';,% F@% ;CK8='D'$.% D";% "@F-'3%

$#$=A;D;-L,7#8;%+99%K-=7;,,%V]W5%%1'>>;-;$D%D@K;,%=>%

N1% +?,% Q'D"% ,(FL)U$A% >;#D(-;% ,'R;% "#2;% F;;$%

,(77;,,>(88@%#7"';2;3%(D'8'R'$.%D";%>#F-'7#D;3%#-D'>'7'#8%

A=8;7(8#-%A#$'K(8#D=-,*%'$78(3'$.%S$#$=A(,"-==A,T*%

S$#$=,K'/;,T*% #$3% S$#$=>'F;-,T5% :8D"=(."%

=KD'A'R#D'=$% =>% SD=KL3=Q$T% 3;,'.$% #$3% >#F-'7#D'=$%

K-=7;,,% ',% $;7;,,#-@% D=% K=,,'F8@% 7=AK;$,#D;% >=-% D";%

8=Q;-% P(#$D'D';,% =>% A#D;-'#8,% K-=3(7;3% F@% ,(->#7;%

>#F-'7#D'=$% D;7"$'P(;,% 7=AK#-;3% D=% D";% 2=8(A;D-'7%

,K";-;% ,@$D";,',*% '$7-;#,;3% K=D;$7@% #$3% ,K;7'>'7'D@%

A#@%7=AK;$,#D;%>=-%>;Q;-%D=D#8%$(AF;-,%=>%#2#'8#F8;%

K#-D'78;,5%%

 

EXPERIMENTAL 

 
Materials and Reagents 
J#-F=C@8'7% #7'3% >($7D'=$#8'R;3%?<% ,K";-'7#8% K#-D'78;,%

0U!)U%$A%'$%3'#A;D;-%#-;%K(-7"#,;3%>-=A%9=8;7(8#-%

?-=F;,% H$75*%I<:5%:88%=D";-%7";A'7#8,%#-;%K(-7"#,;3%

'$% :5J5<5% .-#3;% >-=A% <'.A#L:83-'7"% J";A'7#8%

J=AK#$@*%I<:5%%
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Figure 1: Schematic illustration of NMM fabrication 

process of molecular manipulators. (a) EBL followed 
by RIE, (b) RIE, (c) thermal oxidation, (d) SIP. 

%
Figure 2: Schematic illustration of mechanosynthesis 
of 3D NPs utilizing molecular manipulators. 

Fabrication 
B";%>#F-'7#D'=$%K-=7;,,%=>%D";%A=8;7(8#-%A#$'K(8#D=-,%

',% #3=KD;3% >-=A% D";% "@F-'3% +99% K-=7;,,% V]W% #,%

=(D8'$;3% '$% E'.(-;% )5% HD% F;.'$,% Q'D"% SD=KL3=Q$T% ;L

F;#A%8'D"=.-#K"@%MG6&O5%:%,'8'7=$%,(F,D-#D;%F;#-'$.%#%

D"'$% <'N+^% >'8A% MZU$A*% 3;K=,'D;3% F@% 8=QLK-;,,(-;%

7";A'7#8% 2#K=-% 3;K=,'D'=$O% ',% K#DD;-$;3% F@% G6&%

M_G[&% _6`LaNUUE<% G6&% ,@,D;A*% )UU% /bO% >=88=Q;3%

F@% DQ=L,D;K% -;#7D'2;% '=$% ;D7"'$.% McHGO% D=% 7-;#D;% #%

,;-';,% =>% $#$="=8;,% M)UU$A% #$3% 0UU$A% '$% 3'#A;D;-%

-;,K;7D'2;8@O*% #,% Q;88% #,% $#$=D-;$7";,% M)UU$A% '$%

Q'3D"O%Q'D"%#$%#,K;7D%-#D'=%=>%#KK-=C'A#D;8@%)d)%ME'.5%

)FO5%:% D";-A#8% =C'3#D'=$% M))UU%!O% ',% 7#--';3% =(D% D=%

-;3(7;% D";% K#DD;-$% >;#D(-;% ,'R;*% ,'A(8D#$;=(,8@%

7-;#D'$.% N1% <'[0X<'N+^% $#$=,D-(7D(-;,% ME'.5% )7O5%

S6=DD=AL(KT%,(->#7;%'$'D'#D;3%K=8@A;-'R#D'=$%M<H?O%',%

D";$% (,;3% D=% >($7D'=$#8'R;% N1% $#$=,D-(7D(-;,*%

,;8;7D'2;8@% .-#>D'$.% #% F#,'7% K=8@;8;7D-=8@D;% 8#@;-%

MK=8@M2'$@8%K@-'3'$;O*%?b?O%=$D=%D";%<'[0% %,(->#7;%'$%

=-3;-% D=% >(-D";-% -;3(7;% >;#D(-;% ,'R;% ME'.5% )3O5% B";%

-;,(8D#$D%$#$=,D-(7D(-;,%#-;%(,;3%#,%$#$=A#$'K(8#D=-,%

>=-% A=8;7(8#-% #,,;AF8@% #$3% A;7"#$=7";A'7#8%

,@$D";,',%ME'.5%0O5%
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E'.(-;% 0% ,7";A#D'7#88@% '88(,D-#D;,% D";% $#$=,7=K'7%

A;7"#$=,@$D";,',% =>% N1% +?,% (D'8'R'$.% >#F-'7#D;3%

$#$=A#$'K(8#D=-,5% B";% D#-.;D% A=8;7(8;,% #-;% U1%

,K";-'7#8%?<%+?,%M#2;-#.;8@%0U$A%'$%3'#A;D;-O%Q"'7"%

#-;% ,(->#7;% >($7D'=$#8'R;3% F@% 7#-F=C@8'7% #7'3% .-=(K,%

MLJ[[\O% #$3% ,(,K;$3;3% '$% #P(;=(,% ,=8(D'=$% '$% #%

7=$7;$D-#D'=$% =>% Y")U))% D=% Y")U)^% A8L)5% B";%

A#$'K(8#D=-% ',% >'-,D8@% 'AA;-,;3% '$% +?,% ,(,K;$,'=$*%

#$3% (8D-#,=$'7#D'=$% ',% K;->=-A;3% MNUA'$O% >=-%

3;.#,,'$.% D";%;$D'-;% ,@,D;A5%:%3'KL7=#D'$.% D;7"$'P(;%

',%D";$%(,;3%D=%($'>=-A8@%'$D-=3(7;%#--#@;3%+?,%=$D=%

D";%A#$'K(8#D=-% ,(->#7;% '$% #% 8#-.;% #-;#% VeW% ME'.5% 0FO5%

B";% ,(F,D-#D;% M)UAAf)UAAO% ',% >'-,D% 2;-D'7#88@%

'AA;-,;3% '$D=% D";% +?,% ,(,K;$,'=$*% #$3% D";$% K(88;3%

(KQ#-3% #D% #% 7=$,D#$D% -#D;% =>% YUgAXA'$5% B";%

A#$'K(8#D=-%',%,(F,;P(;$D8@%'AA;-,;3%'$D=%#$%#8/#8'$;%

F#D"% MK\h)NL)^O*% ;5.5% ,=3'(A% "@3-=C'3;% M+#[\O% =-%

#AA=$'(A% "@3-=C'3;% M+\N\0[O*% >=88=Q;3% F@% #$%

(8D-#,=$'7#D'=$% M)UL)YA'$O% D=% -;8;#,;% D";% #3,=-F;3%

+?,% F@% K"@,'7#8X,D#D'7% '$D;-#7D'=$% ME'.5% 0% '$,;-DO5%

9;#$Q"'8;% D";% (8D-#,=$'7#D'=$% '$'D'#D;,% D";%

A;7"#$=,@$D";,',*% Q"'7"% A;7"#$'7#88@% -(F,% D";%

-;A#'$'$.% +?,% #.#'$,D% ;#7"% =D";-*% 7-;#D'$.% >-'7D'=$%

#$3%";#D5%B";%.;$;-#D;3%";#D%#88=Q,%+?,% D=%A;8D%#$3%

-;K8'7#D;% D";% A#$'K(8#D=-,i% N1% $#$=,D-(7D(-;,% ME'.5%

07O5%:$%#33'D'=$#8%#$$;#8'$.%,D;K%',%#KK8';3%M)UU!*%)%

"=(-O% D=% >#7'8'D#D;% D";% #77=AK8',"A;$D% =>% 7=$>=-A#8%

-;K8'7#D'=$5% E'$#88@*% D";% -;,(8D#$D% N1% -;K8'7#,% #-;%

-;8;#,;3% F@% D";% F#,'7% ,=8(D'=$% M+#[\% =-% +\N\0[*%

K\h)NL)^*% ej)U% "=(-,O% Q'D"% #$% (8D-#,=$'7#D'=$% =>%

YA'$%ME'.5%03O5%

 

RESULTS AND DISCUSSION 

 
Fabrication of Si-based Nanomanipulators  
E'.(-;%N%,"=Q,%<G9%M!;',,%<G9%I8D-#ZUO%'A#.;,%=>%

#% ,;-';,% =>% -;,(8D#$D% $#$=,D-(7D(-;,% '$% <'LF#,;3%

A#$'K(8#D=-,% F;>=-;% ME'.5% )FO% #$3% #>D;-% D";-A#8%

=C'3#D'=$%ME'.5%)7O5%HD%',%#KK#-;$D8@%=F,;-2;3%ME'.,5%N#%

#$3% NFO% D"#D% D";% >;#D(-;% ,'R;% =>% $#$=,D-(7D(-;,%

K#DD;-$;3% F@% G6&XcHG% ',% -;3(7;3% >-=A% 0UU$A% D=%

eU$A%M'$,;-D,%'$%E'.,5%N#%#$3%NFO*%#$3%D";%,D-(7D(-;%',%

#8,=% ,'A(8D#$;=(,8@%3;2;8=K;3% D=%N1%$#$=A(,"-==A%

A=-K"=8=.@5%B";%A=-K"=8=.@%;2=8(D'=$%',%3(;%D=% D";%

#$',=D-=K'7% D";-A#8% =C'3#D'=$% '$% <'% 7-@,D#8% #$3% D";%

(,#.;%=>%#%<'N+^% 8#@;-%MZU$AO%#,%#% D";-A#8%=C'3#D'=$%

A#,/% 8#@;-5% <'A'8#-8@*% D";% >;#D(-;% ,'R;,% =>% )UU$A%

$#$="=8;,% #$3% )UU$A% $#$=D-;$7";,% #-;%A'$'#D(-'R;3%

D=%,(FL)U$A%M'$,;-D,%=>%E'.5%N3O*%#$3%D";'-%K-=>'8;,%#-;%

3;2;8=K;3% D=% N1% S$#$=,K'/;,T% #$3% S$#$=>'F;-,T%

-;,K;7D'2;8@%ME'.,5%N7%#$3%N3O5%

%

B";% -;,(8D#$D%<'LF#,;3%A#$'K(8#D=-,%K=,,;,,%$=D%=$8@%

N1% K"@,'7#8% $#$=,D-(7D(-;,% F(D% #8,=% #$',=D-=K'7%

,(->#7;% >($7D'=$#8'D';,% D"-=(."% D";% .-#>D;3% ?b?%

K=8@A;-,% F@% <H?% ME'.5% )3O5% `L-#@% K"=D=;8;7D-=$%

,K;7D-=,7=K@%M<<`L)UU*%:8%kL!% -#3'#D'=$*%)^eZ5Z;bO%
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Figure 5: SEM images of nanomanipulators with 

200nm hole design (a) after dip-coating in PS NPs 

suspension, (b) after cleaning by base solution, and 
released 3D “nanomushroom” particles (c) and their 

self-assemblies. Inserts are magnified SEM images of 

individual structures. 

%

Figure 4: Wide-scan XPS spectra of SiO2 and Si3N4 
control samples after SIP. 

Table 1: Elemental Compositions 

Atomic Weight % Sample 

C N O Si 

<'N+^% ^)5U)% a5e]% N^5^]% )^5ZY%

<'[0% ^Y5]U% ]5]N% N05aZ% )N5Z)%

Figure 3: SEM images of 200nm nanoholes (a) 

before and (b) after thermal oxidation, (c) 100nm 
nanoholes after thermal oxidation, and (d) 100nm 

nanotrenches after thermal oxidation. Inserts are 
corresponding lateral views in a higher 

magnification. 

',% (,;3% D=% 7"#-#7D;-'R;% #$3% 7=AK#-;% D";% ,(->#7;%

;8;A;$D#8% 7=AK=,'D'=$% =>% <'[0% #$3% <'N+^% 7=$D-=8%

,#AK8;,%#>D;-%<H?5%B";%#$#8@,',%-;,(8D%ME'.5%^O%-;2;#8,%

D"#D% D";% $'D-=.;$% K;#/% M+),*% ^UU;bO% >-=A% D";% <'[0%

7=$D-=8% ,#AK8;% #>D;-% <H?% 7=--;,K=$3,% D=% =-.#$'7%

$'D-=.;$%>-=A%D";%.-#>D;3%?b?%K=8@A;-%8#@;-*%#$3%D";%

$'D-=.;$% K;#/% M+),*% NaY;bO% >-=A% D";% <'N+^% ,#AK8;%

7=--;8#D;,%D=%D";%'$=-.#$'7%$'D-'3;*%VaW%Q"'7"%'$3'7#D;,%

D"#D%D";%<'[0%,#AK8;%,(->#7;%',%,(77;,,>(88@%.-#>D;3%F@%

#%?b?%8#@;-*%Q"'8;%D";%<'N+^%,#AK8;%,(->#7;%-;A#'$;,%

D";% ,#A;5% J=AK=,'D'=$% #$#8@,',% MB#F8;% )O% '$3'7#D;,%

D"#D%D";%A=8#-%-#D'=%=>%J%D=%+%>-=A%D";%<'[0%,#AK8;%',%

Z5a%Q"'7"%',%2;-@%78=,;%D=%D";%,D='7"'=A;D-'7%-#D'=%=>%J%

D=%+%'$%K(-;%?b?%M]O*%Q"'8;%D";%-#D'=%=>%<'%D=%+%>-=A%
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Figure 6: SEM images of artificial “nanospikes” (a 
, b), and “nanofibers” (c, d). Inserts are amplified 

images. 
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