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2006 © Betzig 1y 6 y#Kk F<0,- 2 2FJ, 9—ynPKES5 8 , ... PALM °_, )E4675
"Nada2£6EG @y 9. <O 211y Y+X ... Z9—y6€ yOEOW , .1 STORM °_, !6

1) http://www.nobelprize.org/nobel_prizes/chemistry /laureates/2014/.
2) Method of the Year 2008. Nat Methods, 2009, 6: 1.
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F, P4aD ° FleV@Y482£y€—" FO ... ,>M'1ly/é€1j°_ "Cgii6
€°9—y "1ylj s= (114] '6<~ X %H Z4&2£5 'LSLE, >M’ly/é € f P&é  (surface plamonic
hotspots) F Ole6 '1j@,®:s= 115 FEa° WW Q T...6€E3#{, 80 [116]

2.2 D46204Y26 U s 0e>7M™ 6#e e

iz*3z,f ..D4i. (ITRS), ykj, 4ii- }*pb q482£F@! A q 432£ OF , %
Caykj yy-3+5,CuQ 21 O,” 8#{MO0"r , -FN!Fy—ce (%.DO!j "1)a | E4a2¢ (nm)
+J8#,b2£ (pm) Gya4xy —>"M 8#{° _ , k?+ > -a&jc-A \ ABY-

c-Q2i08#, >7j Carl Zeiss 0 (. | k?2G++X Y+X02L$F -(}HGY ° Direct 100
Fizeau ¢#' . f} Zeiss ce (0a.Df/ Direct 100 ¢# G++X 15 WH{Gy° _ , M '#{Gy210"
Ei° RMS0.1nm, |@I+X% EUV y—-s&fFP&# [M718 \Q21 O 8#{, >j Nikon ce

(,G++X,” _&é>}4¢#t . 8#2009 @, \ Nikon ce ("*00T03v7, EUV # y &#{3+5

6[Da ?Ay Y EUV GE#K 135nm ,3+5# y o#{ . 8#2010 ©, \ Nikon ce(Df
Q210 ¢#t "4YET "MZ*3M'M’’ 8#{ 0.1 nm RMS y, 8#{210 ,.Df EUV Aj(™KEYy-
3+5,# }y EI 0.4 nm RMS [119~121] 53, .Q 21 O &#{,” >| ZYGO ce (A6% - Lawrence
Berkeley - @ IP¥ O ¥ Lawrence Livermore - @ IPY Oly. Lawrence Berkeley - & 1PY4 O X 2002 ©
"Naf  0.25nm RMS ,#{Gy21 O [122.123] 9014 o, ZYGO oe (> SEMATECH ce (8 E.Df
NAO5, P y § (MET5), ##{Gy21 OET" {1  0.16 nm [124125],

)

A-"Q2108#° XA y3+5.DINO-, BB >(¥E; ,F>|1=AUE¥%O3R , "4y
CYT0E9?2y/Lla@]I . miN2" | A-XCuQ 210 8#{,” *.p.DO! AA+X.DO! Al » gj¥sC
+XAT7.DfFEMYNCQq6;a , vp.Df, ¢# [ Med3#21 040 | 5 nm Gy4x >-Lu xF "d
£F "XE3W D

2.3 ?5*0°L* ¥20.8 D20u0G#Te

95$ f (3D printing) M#C8$A¥19 FAU[,5%- , !X 20 FAUs & C .. %@ .3D
f (0 TEfFP (additive manufacturing)) _ FO @ ' ° _,” O/y , 3 10Q»-&j*p , F
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SU+X % fFP Q », )JA'F@QS@+X % x i, -$ O fFP, (©[_0EQ 'l A+X (" 2PU£82F(%U , FO
EO jM&G &) /M&G & 3D f ~+...=r’(ee,AIANw FJE+ 3D f jha , Mojabp
FQS§, p6<+W'5Y. IxA+Ox~0 , Q 1+Oxx)- .3D f §98240 € E A~7-$A#,6G AP
0. U D =r'(elyHi . X ¥ JA-E- /5870287 Y AE » Ak+Cly G J A+XNT . T
I X2T 6M& & A=r'(eM& & (18 +a'(eM& &, fFP % EE W |, i6@jZ+fFPJ,  GJ0+.d°
_{o
3D f EjOlyan, P fFP°_"4y @ j-a>67fFPO —>° Nf ,"Gy&é }"i.DO0! é
A \W5% El-ae A \%]-1y“XfE .. YOO 3D f °_-e&eH+e¥s ..?20B . 2004 @,
IW-00]* 3D f Kajo — IW#b3D f °_£ (The European Additive Manufacturing
Technology Platform — AM Platform) 126/ | k?+17-_ E 3D f ...,/1t+e>MO0"r 6 A.DO! ,
jlW- — Joltu.D ANB, fE E 06312 . AM Platform ¥ 2012~2014 & 3fJ(XE 3D
f H+.DOAPO;EOz , juzW- 3D f ,/° Fle¥ux] ... Ef7,va , '\pEQ O
3D f @j0Z K O@QB'\WHbAy#H~ ..., EKr°

2012 ©5%- @O0OLE Z-afFPJKal6 — -xl€fFPKa]6 (National Additive Manu-
facturing Innovation Institute—NAMII), )-x X - M : @ O 3D f °_YaxJ  FO ... (127,
B ]6+aMZUYW | -a&-LbfFP>D ]06NT, , JZ-&GL AW -AfFP J1J¥%MZ:U Y46
4+ 0>.2013 & NAMII $=] “56%-fFP (America Makes)”, 3D f j7&€& ,3+5 W3p f

FfFP , B .FJE+ Y55 °_>P5 fFP J-(A$GF? Ap! O=1: 8 , DaGy _fFP J,” - & H+e

\olX 2014 wAe 40 i s |, +ady#~xJ-1464+=1i « 3D f jho, fFPM™ -AN
B’ 126, BANBG6jTZKNE ,!] “a0 1J4x 3D f j°_O » KNEH Z€E 3D f
jj)B , )+e €« Y%dy « T/Y7-Gy$A 82F >|.DO! , 04g,- 0 FOQ2i0OH Z 3D f
i, £ 2018 a[Daf FOOQ 10 =,210 Q 5 =, E1X 2020 s A«T+X . 6<“Cu2i6 3D
@»3+5°_ 0 ” kNE 2Q€E 3D f jj)B -, _haFo~@\2Q 3D f ,FJE+
Q @»FOO%OW@»j(s wrOxXx)- , <&L}~>857,"'l ,L}~K(QfFP@)\ , 04 w.2Q
3D f 1tE

2015 &, ]- J¥% YFG A-&& ...%iM™ ~“JACROG!"? 3E-al€fFP xJ
... OF AN B(2015~2016 @) E p-aeH+Q O * 3D f, ...éAYs+ 7 [126] B AN B 6J,)
3D f xJK.J4EKMNRB22EEA8MI7YT76], ho° +&NF>|3p ,Da°_Yixi
;) FO ... . <&,BANBF 6FJE-MO"r(¥E>KaPj@-(58 ,3D f °_ %P5 fFP° _-(5
8lyé? , *@F ]- 3D f xJe¢9¢

X™*3p9, 3D f .. H+?0B] , 95$02L$ VY2i.729¢ >210 #{&# Yu° __ 3D f
° P 216=rM&& hé*p Li°_ {0 -} JF24X¥BD f J-(£O#H{é# Yu° 2
Cu » D2 Ad#{° 44IANICjrAd#{° _ M291 A5 "y 3D >y° A'4éAi#{Gy° _
1y 1301 ~X 8#{ 77 ... 0 Ad#{)B* LE AH{GY21 O ~ , Q2?2 z2=7-i0%=%81y5&é . +a
YuF2+X ¥8D f [-(EO#{ é# Ya° _.DO-()% > , D5je-(E3#{706%20693 , C 3D f
FJhG++XB Kl# (trial-and-error method), FJE+ i1€fFPE+0; 0 y =B P¥% 9¢c C pMO0, D
CXGyB é#Ci&R10~D@\Q ,LT F2AQ210 3D f °_Zs ..MO' [131~133]
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++8,” +O> ... Y™ >|f, -(AE+X A6 €D E -E=0;1ly . Q&¥+ yBad#{°_j+O-0 —
G..6€D0! Ef0Z,- {1 [134~137] ) | 6€,.D0) {=P5#Gy] WGy 6EFP @,
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€482£~ &, b?0 FP %5 DNA #{ ¢ X, Q BE@+O(™MBE@ Y, G-§9+!Gy?+,0 -2y Y
+X'l  .2014 o/B*CMDF -1, fCU6E@9—ynb° . BNO° _FJE+ +X9—y6€, E°
fATP5 y—nbKE,>}4+LELEFT | 6y—nPKEV+T482£530 139, . 6€6#{.D0!)B'k
?2+5 +O(™ W 6 € AQ 6€A3442£1N MA2£2A €Y, E6€ly . Q ...6€yBad#{, &¥+00-$
BNY UE/ -7 | f}-uF, .DO'K?£LE]X)...6 €M 1jjf, .DO! A)Q 02L$ 6ED)-
..6€"M'1TjyBal @ y,*6Aé Q ¥41P¥4.DO! [138,140,141]

2.4.2 Q206U «Bg#H

L¢-pF ae IT xJ¥z, ffFPA tFJ NY ,EG6FO; 6 ... , y+te€ YEE| >/
7 r€E(© + 0OGY#{GYC® Gy?+ . 2W?0 QL6 @+eD +0O x 82], 4/y;715 ~ , +a ¥%+eD Lo @0; O
=Y Q ,;7IEO, +..pb?s ,-$O0AELO @+eD, W7-HO . I"F |, 71€E, E-W7-A
F?yW7-AAW7-A )- A"M5 "1y «G->E 0 9-p67,6,3+ .6<Q 210, y-d#EE 20
0D Y+O xE+0;],Q210CXGy xf | I | Das$; A$216,” ;71 E O#{Gy 0-$ _.DO|," &é

yBa]6e # "O9#{Gy;71021.2, é# {0 ,7-#GY 7 7TIE (1 nm) 142 #{Gy21 OQ,
F2+X %Cu; 71 NHaMZ 0@ #{Gy;"F ,F7-#{Gyy—-h UGU€EDb5 "’ , "8 L}y 1
Ya2i.zyBa]6+ #{GYy, £K* _1aQ 21 O,” yBa#{Gy [143] f6< ,+a% f}yBa]*° _ho~
&{0,yBa Y X#GyVi=0Ar“yLi Af UK O EOcEW =C&, 'L NE ,LEfIB N©
° F Ol

2.4.3 ,H+U L(YC" *Bg 6#e

), GY+0O F(™CX, Q &¥ « 3#{ > 6 A X+O(™ k —AG Y AR 3- #{ AW"DF+ O AD f"6%?N A— A6
&B(M™M#HGY1ly] 89 #,” A+XMO'r . yBa°_ &% «0Q AyAFOO AVZO@ A ™ A Fe#{
JH&E, U-pGy?+, A+X'l . jT18#{'Df]1 ,Gy4d0 @ A#af],  PGyrCX GO ], PGy
S3P, - }-uF ZF}G++X, yBa® _k?+5 Fourier '40FyBa°_ M[F 6hfyBa°_A
F4OF%dyhfyBa°_ A—yyBa° MAR6dyB!,+0 yBa° A7, Tj />9'yBaAy yBa° _
1y [144.145]  A_"9JaQ Q>0.DL'px>0...B2«°_.DO! , v>-FxF"d£F 90E D
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Q»>é# ;(4) $'8yBa*6Aé>yBab@ ; (5) yBa.y 62« >- 7AQ |

3 <CA 6

CUQ GE@ AQ &¥ sy —o#{° _, kK fC»i_ ... $Q02L$ 6ED)- ASQ o#{&¥ + O A$Q &L$
6ED)- (1&0#{ ) %$Q yBa6ED)., Xjo#{a° _GJ° Lo @ Aa 74*6é# A5 Gy
7E°_ . UMA=rJgA+X,/Q a7-F ~ . 4ZD0'éA §f ..C»iY ..3p2;
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j#k f u+O -E+0;], 6 €» &D0! E+a pb?0 " ¢?0,” JjO.DO! {!&

(2) QFOF jY% Ca)%gA(©[_+O(™#k f g iQ 21 O T&?0#{, M0?+ , X ARQ 0°L$ 6EQD
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jAIBG ~, " Y4345 ,DayE8 OF (8 PQ6A BuLl>@E18P%ly )A 21&4*6Un
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EQ) y-nP@y>| 9—y@Yy°_ (2i6SV@YyAJyeE@yly ) {L$,6,+X ;-(A ~ 26
AY=58£ . HXCtU9KeNTQ &€&, H+e W J'iNY ,5 V=LE¥ : CuQ 6E@y-@ V>

MZ9—yy-@y°_ (MZ7Aay-@YyAy @Yyly ),6,#X; CuQ 6EQy-@y>| MZy-
@y°_ (2T€EnPKEAre EnbKELy ), 6,+X;-(A" 26AY%=%8E

C»Q <EP)%2ecetafe+U(Y qoeiM’2J0- . HXCtUM AF-C!F+|NTx,N] ,5 v
=L€ ¥ .DOICUQ 6ED)-y—nb° _X+O(™8R(w A6 €+O(™ — A0 —1yNY ,” A+X , 9¢ 467 Mo

1146



]0- : YOo- 1\ 468§ 1\ 8O

4++J8# Q2 @(™,"CuQ 6ED5 “Wui7- ¥ |, p=<@ O+)+0-#k FE:0;F>|@F1 @Yy . HxCtU
9 K oNT fQ &&,” H+e W }"iNT , 5 V=L€¥% : .DOICUQ B6E@)-y—nb°_ X+O(™ k—*pL
NE éM’,” A+X; 0 X+O(™ Y —Aé +0-1yNY ,” A+X

Cx)dlcece -°Y+U=0pAB9Y . HXCtUM AF-C!F+NTx,N]T , 5 v=L€%
QO@2WAQ&¥+09—yT7AAY9—y O é# : Q&¥+OMZ7AAy-@V° _ ; JBE»&, <loy
—>"+° 1y . HxXCtU9K N fQ &€&,~ H+e W }'INY , 5 v=LE¥ : 6=nR3], +O(™
YEeFjy— #{Gy(™*6 Y, a»é# c*3%,a16,9—y@Vy°_  ; a»MZ7Aay-@y°_ ;+0
-#k @ Y,D r'Q7Aav.i£6,° Ay— ''F jB3x AljuF jPFB )

dge -@HeCi# =OKd 7, A315 . HXCtUM AF-C'F+|NTx,N]T , 5 v=L€¥%
E+O(™ g fi(5 467 Mo4+ AQ?2@(™ ), 953CUQ BEDY - @ y é# ; HXCtU 9 KN fQ &¢&,
H+eW}'INT .5 v=L€% :.DO'bay— 'O# *6A& Y, é# ,0tdy-@YV,” “6EQ@)-” Y4
“@y$ O LET; .DTQ &¥+Q 6EQ WNA O#{"~; .DO! a»(©°yj,” x+O AWCX 0 A+X1y *.p0
—-LNEGA+X° _LNE , XI"*p:*00-(A, y—-"&AIAN é#

M GjAB 4°PW 7+ F i# Afe . HxCtUM AF-C! F+|NTx,N] , 5 v=L£
Y& $5 dO°AGY ¥4"é+C IMO, Gy W+i+8 OAGY A216{_,8Z A{_+C x-#{>A06 1y )
INpJQ1@y° v3+5 AJQ1puod @y é# >° Aa»y 6€0J, A6i, TAd4x Y |EESH
+E° 1y ; HXCtU9K NTfQ &&," H+e W }"iNT .5 Vv=LEYs : ..M AdCPAQY, a»
JQ?2y-@Vyé# A°_ Y345

#H+U(YF !'oo*<=A>=0%?0LAS§4a . HXCtUM AF-C!F+|Nfx,Nf ., 5 v=
LEY ..+O(M™M @V 2, FO4*6 A%8Y ?26F°_ ;. ...1&'V°_vu@1.y,0°_ 1
awWjo, @y ; .8 @A6[ly.y4*6° . HxCtU9KNTfQ &&,~ H+e W }"iNT , 5
v=LE¥: “*JI$A iy Y=%8>ANIC £ , XJQL6E|y@Y*6AEYs —Q», *p: ,.D
0! JWF6 ALNEGy*é# ; ..D £ IN*6wujUéx , @ a#8Gy+O(™ @y 2, PEAA GA;UY
26 F1yL NE .

4.2 D4é204Y20 U+ ce>zM™ 6#e e

*¥-0 ... YA-)A9xIMO'r , MO0?x)NacuQ 210y —>"M M’ d,” j W %Gy WO —L
NEF >|.D0! ¥4 O3R 6y —>"M’ 8#{21 O p)a 9, 5 482£4x w " E482£4% , +18# $Q 21 O. E4E2F
4x20 0y —>"M 8#{° _, Gy W0 —L NE > H xCtUNY k5 2;

DAE20AYM"™ ~ 6#e ae*<Ad =ee i#t . .DO! E4A&2£4xM'’ 8#{° |, O3R1)a E482£4xM’ " 8#{,
A*6AE Vs a é# .

315 OWDNL. .D0!3+5 *Q>HF , 1)a3+5 0 EGyyF B 2i.7 6G} ,0+.dNaEsa
2£4x 3#H{21 0, ° _+&N, : FJE+)Q»F>|3+5 FywD6 A , )a3+5B 2i.ZA0Y

C»Q20U>2MB% $ i# . FJIE+)*%02 Y& /#H{Gy 2,=%8%JQ?20ud#a
CuQ 21 0>"M'B

5 /#H e . .DO/CuQ 2105 WGy1C# , 0+.d.e & 06376, Nay-M'B 21.z>"El ;
0 ... EM A3M’ AVIZ*3M’5 Gy A+X ° _Y4=.7 EAS " é#,”.DO|

1147



PM Lly: CUQ 6ED AQ &¥ ey — 3#{ é# >° _

4.3 ?5*0°L* ¥26.m D206uU0O# Te

-} MAQ21O=rM&& 3D f NT , =Aép-0 ... H++?06 B A6A&é (1 é# .DO! A ~
AT7.DfU7Q G-(£706G-4%02-(e 1 , UMO@ &,"Gy WO —L NE % H xCt UNY 2;pF

?5*0°L* ¥20.09i D20 i o#i# Afe . .DO!CUQ 6E@D)- AQ &¥ « O(™ f>"M'’ U uG (©
+0 (2 ...(AjOAD 210 As O1y ) FOO5% «o#{é# Ya° 3+ ..D0'J 7= 8 A
JQ?J0 o#{5, 89¢ 95%02L$ Y A*3421.795%02L$ Y, 3D ?26F°_G CAD *QA
X4i21 6 d#{ é# Yu© 1y

?5*0°L* ¥ o#e 7e315 OW Q20UB% $  i# . .D0!'95$02L$ Y 6#{° 3+5 Q» A
B 6G}UPFB ,FJE+-HF Q»0)a3+5 8#{B ,21.2A06"

?5*0°L* ¥ 6#e e =W O6#2099 . .D0'95$0%L$ Y &#HQ MeWAQ2107Q°

@ #7607 Q20693 .
44 Q&«...U204i0+BgO,0#i# Dfe

f1Q &¥eyBad#{° _A+XNT #&- M ~A°_jy2«4qJ!D ...E6)K , 67\.DOléA-pE
DO! A+X ¥ -"A4Y#~Yain 3 ... AZNY [ (W ° _Yaé# ,6S'V!], iW¥%GYWO -LNE | 0
X-0 OONY ,aA+X . Q&¥+02146yBal&d#{é# >° "Gy WO —L NE > H xCt UNY
kb 2;

C»Q &« ... <<T+Bgd#e . .DOICUQ &¥+..6€yBad#{aé# wua°_ ;.DO!...6€yBa
Tjjfvaé# , Q ...6€yBad#H&¥+0O ;0..6€'d£: MZ7Aa «f.DO 0. .. 6E€Y
Bad#{°_ X+0-0 — A+O(™(™*6 F — ¥,482£ € E -1y -0 NY ],” A+X.DO!

Q26 U264ii-BgD =. .D0IQ 2102146 yBaE 71*6 Aé# >° ., @ af}yBaE7210=
O AK 00c EW =C&,’L NE; .D0!Q 21 O yBa E 73+5)R3F2AWLNE , QQ21OyBaE 73+5)R
3F2 AW, .DO!Q 21 02146 yBaE 7 X Y - A™*6 &#{],” A+X é#

@A H+ULKYC O ,*Bgo#s . .DO'a», Gy'DfyBal&d#{é# >° , k?+5 Q &¥
eyBaod#{aé# a°_ ; I5$3AIjOAIOGYy yBadH{e# >° : J466 ¢ yBaod#{, a
é# Ysa° _ 0JA06#{GY] Q yBaF9 W, aé# >a°_ :.DO!+1 ' &;, Gy+O F(™CXy
Bal&d#{é#t >° . .DOla»%dyy$A~&>£Kr° | Da), Gy+O F(™MCX, Q &¥ + AQ 6ET A
1&#GY .

#q%o» <tAlaCO,=b76# . .DOIGE;Y, EKNé# Yu° :.DOMK fu6E€;y
J,  AD A4*6 , U*QA/I-OY%6A ;.DO'=<"EF404+#kf u6€iVy, & /2@ 1.2
0 >++08,-(EW

P5*Q <EP*BgF . .D0}J5$Q 6EQyBa @ y O#{é# U=8PO°_=%8é# , .DOJ*
%=8P0,J5% Yo¢ A 'TjAIS$O Y=%8, é# Yu° _ , @ aJ5%Q 6E@ Y <!s9¢
LINE ; .DO#8GYy J5$ VY, "D APEAA;jU Y, 20 F é# : 0...J5%$Q 6E@ yBa @ y A+X.DO}
5 5A0

CUQ BE@ AQ &¥ ey —o#{&# >°_=6_9¢ (MCXb?0 VY, Gy?+{a , <&+ Q210y
-b AQ2i6 3D f lyxF fFP°_, *p , VKf ...C»i_$Q0°L$ 6EQD)- A$SQ SH&KY e

1148



]0- : YOo- 1\ 468§ 1\ 8O

OA$Q &L$6ED)- (1&d# ) ¥$Q yBabED)- GJ° L6 @ Aa 724*6é# /K WGy TE

° UM A=rJgA+X,Q a7-F ~ .Fuae | A-Q Q¥%.DO!...}J,)CuQ 6ED AQ &¥+y
—O#{é# >° | 0..93+5%!.°.D0! , CT0OGY?+ .DO@I . vk'B$e , >-FxF°
(", A-XCuQ GE@ViQ &¥y— @ Vy°_AE482£4x21 Oy —>"M' 3#{° _A95%02L$ VY21

Z S2000#{° _ , UQ &¥+02146yBal& d#{° _1y éM'F “XE*W D , F 7M0?+ XF
E° NY TPh4yCivseEA- ,#GYCUQ GED AQ &¥ sy —d#{° ], *p0 —-LNE ¥ ° _#L€
LNE PWKaDOEO, Xa*6 Aaé# Aa°_lyéM’ @0z+.d , @8 kho°_ Y Abxs

'D xJFFO, ,D A-p “fFPW-” A “fFPj- ” Ece

8*BX b¥%" @ lEyOAcif¥,cO f]oeTuel =c30 cel™ ++k Te€.J0-v=y0 =j
C23NN=,AF°dR ,(188*BX.

269 Y2)d
1 Huang B, Bates M, Zhuang X. Super-resolution fluorescence microscopy. Annu Rev Biochem, 2009, 78: 993-1016
2 Sousa A A, Kruhlak M J. Nanoimaging: Methods and Protocols. Heidelberg: Humana Press, 2013
3 Weissleder R, Pittet M J. Imaging in the era of molecular oncology. Nature, 2008, 452: 580-589
4 Conway J R W, Carragher N O, Timpson P. Developments in preclinical cancer imaging: innovating the discovery

of therapeutics. Nat Rev Cancer, 2014, 14: 314-328
5 Huang B, Babcock H, Zhuang X. Breaking the diffraction barrier: super-resolution imaging of cells. Cell, 2010, 143:
1047-1058
Lakadamyali M. Super-resolution microscopy: going live and going fast. Chem Phys Chem, 2014, 15: 630-636
Fernandez D C, Bhargavam R, Hewitt S M, et al. Infrared spectroscopic imaging for histopathologic recognition.
Nat Biotech, 2005, 23: 469-474
8 Werle P, Slemr F, Maurer K, et al. Near-and mid-infrared laser-optical sensors for gas analysis. Opt Lasers Eng,
2002, 37: 101-114
9 Hu J. Ultra-sensitive chemical vapor detection using micro-cavity photothermal spectroscopy. Opt Express, 2010, 18:
2217422186
10 Cremer C, Masters B R. Resolution enhancement techniques in microscopy. Euro Phys J H, 2013, 38: 281-344
11  Weisenburger S, Sandoghdar V. Light microscopy: an ongoing contemporary revolution. Contemp Phys, 2015, 56:
123-143
12 Eggeling C, Willig K I, Sahl S J, et al. Lens-based fluorescence nanoscopy. Quarterly Rev Biophys, 2015, 48: 178-243
13 Cox G C. Optical Imaging Techniques in Cell Biology. 2nd ed. Boca Raton: CRC Press, 2012
14 Rossy J, Pageon S V, Davis D M, et al. Super-resolution microscopy of the immunological synapse. Curr Opin
Immunol, 2013, 25: 307-312
15 Maglione M, Sigrist S J. Seeing the forest tree by tree: super-resolution light microscopy meets the neurosciences.
Nat Neurosci, 2013, 16: 790-797
16 Hell S W, Wichmann J. Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-
depletion fluorescence microscopy. Opt Lett, 1994, 19: 780-782
17 Chi K R. Super-resolution microscopy: breaking the limits. Nat Methods, 2009, 6: 15-18
18 Klar T A, Jakobs S, Dyba M, et al. Fluorescence microscopy with diffraction resolution barrier broken by stimulated
emission. Proc Natl Acad Sci USA, 2000, 97: 8206—-8210
19 Westphal V, Rizzoli S O, Lauterbach M A, et al. Video-rate far-field optical nanoscopy dissects synaptic vesicle
movement. Science, 2008, 320: 246-249
20 Berning S, Willig K I, Steffens H, et al. Nanoscopy in a living mouse brain. Science, 2012, 335: 551
21 Chen W, Xiao F, Liu L, et al. Model design and parameter optimization of stimulated emission depletion fluorescence
microscopy. Acta Opt Sin, 2006, 26: 720-725

1149



PM L1ly: CuQ 6EQD AQ &¥ ey — dH#{ é# >° _

22 Hao X, Kuang C, Gu Z, et al. Optical super-resolution by subtraction of time-gated images. Opt Lett, 2013, 38:
1001-1003

23 Liu Y, Ding Y, Alonas E, et al. Achieving lambda/10 resolution CW STED nanoscopy with a Ti: sapphire oscillator.
PLoS One, 2012, 7: 40003

24  Gustafsson M G L. Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy.
J Microsc-Oxford, 2000, 198: 82-87

25 Gustafsson M G L. Nonlinear structured-illumination microscopy: wide-field fluorescence imaging with theoretically
unlimited resolution. Proc Natl Acad Sci USA, 2005, 102: 13081-13086

26 Li D, Shao L, Chen B C, et al. Extended-resolution structured illumination imaging of endocytic and cytoskeletal
dynamics. Science, 2015, 349: aab3500

27 Dan D, Lei M, Yao B L, et al. DMD-based LED-illumination super-resolution and optical sectioning microscopy. Sci
Rep, 2013, 3: 1116

28 Betzig E, Patterson G H, Sougrat R, et al. Imaging intracellular fluorescent proteins at nanometer resolution. Science,
2006, 313: 1642-1645

29 Rust M J, Bates M, Zhuang X W. Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy
(STORM). Nat Methods, 2006, 3: 793-795

30 Heilemann M, van de Linde S, Schuttpelz M, et al. Subdiffraction-resolution fluorescence imaging with conventional
fluorescent probes. Angew Chem Int Ed Engl, 2008, 47: 6172-6176

31 Small A, Stahlheber S. Fluorophore localization algorithms for super-resolution microscopy. Nat Methods, 2014, 11:
267-279

32 Shtengel G, Galbraith J A, Galbraith C G, et al. Interferometric fluorescent super-resolution microscopy resolves 3D
cellular ultrastructure. Proc Natl Acad Sci USA, 2009, 106: 3125-3130

33 Huang B, Wang W, Bates M, et al. Three-dimensional super-resolution imaging by stochastic optical reconstruction
microscopy. Science, 2008, 319: 810-813

34 Shroff H, Galbraith C G, Galbraith J A, et al. Dual-color superresolution imaging of genetically expressed probes
within individual adhesion complexes. Proc Natl Acad Sci USA, 2007, 104: 20308-20313

35 Bates M, Huang B, Dempsey G T, et al. Multicolor super-resolution imaging with photo-switchable fluorescent
probes. Science, 2007, 317: 1749-1753

36 Shroff H, Galbraith C G, Galbraith J A, et al. Live-cell photoactivated localization microscopy of nanoscale adhesion
dynamics. Nat Methods, 2008, 5: 417-423

37 Zhang M, Chang H, Zhang Y, et al. Rational design of true monomeric and bright photoactivatable fluorescent
proteins. Nat Methods, 2012, 9: 727-729

38 Chang H, Zhang M, Ji W, et al. A unique series of reversibly switchable fluorescent proteins with beneficial properties
for various applications. Proc Natl Acad Sci USA, 2012, 109: 4455-4460

39 Huang Z L, Zhu H, Long F, et al. Localization-based super-resolution microscopy with an sCMOS camera. Opt
Express, 2011, 19: 19156-19168

40 Long F, Zeng S, Huang Z L. Localization-based super-resolution microscopy with an sCMOS camera part II: experi-
mental methodology for comparing sCMOS with EMCCD cameras. Opt Express, 2012, 20: 17741-17759

41 Quan T, Li P, Long F, et al. Ultra-fast, high-precision image analysis for localization-based super resolution mi-
croscopy. Opt Express, 2010, 18: 11867-11876

42 Wang Y, Quan T, Zeng S, et al. PALMER: a method capable of parallel localization of multiple emitters for high-
density localization microscopy. Opt Express, 2012, 20: 16039-16049

43 Li C, Yan H, Zhao L X, et al. A trident dithienylethene-perylenemonoimide dyad with super fluorescence switching
speed and ratio. Nat Commun, 2014, 5: 5709

44 Pan D, Hu Z, Qiu F, et al. A general strategy for developing cell-permeable photo-modulatable organic fluorescent
probes for live-cell super-resolution imaging. Nat Commun, 2014, 5: 5573

45 Li H, Chen D, Xu G, et al. Three dimensional multi-molecule tracking in thick samples with extended depth-of-field.
Opt Express, 2015, 23: 787-794

46 Yu B, Chen D, Qu J, et al. Fast Fourier domain localization algorithm of a single molecule with nanometer precision.

1150

Opt Lett, 2011, 36: 43174319



]0- : YOo- 1\ 468§ 1\ 8O

47

48

49

50

51

52

53
54

55

56

57

58

59

60

61

62

63

64

65

66
67

68

69

70

71

72

Chen D, Yu B, Qu J, et al. Background suppression by axially selective activation in single-molecule localization
microscopy. Opt Lett, 2010, 35: 886-888

Kanchanawong P, Shtengel G, Pasapera A M, et al. Nanoscale architecture of integrin-based cell adhesions. Nature,
2010, 468: 580-584

Dani A, Huang B, Bergan J, et al. Superresolution imaging of chemical synapses in the brain. Neuron, 2010, 68:
843-856

Xu K, Zhong G, Zhuang X. Actin, spectrin, and associated proteins form a periodic cytoskeletal structure in axons.
Science, 2013, 339: 452-456

Durisic N, Cuervo L L, Lakadamyali M. Quantitative super-resolution microscopy: pitfalls and strategies for image
analysis. Curr Opin Chem Biol, 2014, 20: 22-28

Deschout H, Shivanandan A, Annibale P, et al. Progress in quantitative single-molecule localization microscopy.
Histochem Cell Biol, 2014, 142: 5-17

Stelzer E H K. Light-sheet fluorescence microscopy for quantitative biology. Nat Methods, 2015, 12: 23-26
Reynaud E G, Peychl J, Huisken J, et al. Guide to light-sheet microscopy for adventurous biologists. Nat Methods,
2015, 12: 30-34

Huisken J, Swoger J, Del Bene F, et al. Optical sectioning deep inside live embryos by selective plane illumination
microscopy. Science, 2004, 305: 1007-1009

Keller P J, Ahrens M B. Visualizing whole-brain activity and development at the single-cell level using light-sheet
microscopy. Neuron, 2015, 85: 462-483

Planchon T A, Gao L, Milkie D E, et al. Rapid three-dimensional isotropic imaging of living cells using Bessel beam
plane illumination. Nat Methods, 2011, 8: 417-423

Vettenburg T, Dalgarno H I C, Nylk J, et al. Light-sheet microscopy using an Airy beam. Nat Methods, 2014, 11:
541-544

Kumar A, Wu Y, Christensen R, et al. Dual-view plane illumination microscopy for rapid and spatially isotropic
imaging. Nat Protocols, 2014, 9: 2555-2573

Tomer R, Khairy K, Amat F, et al. Quantitative high-speed imaging of entire developing embryos with simultaneous
multiview light-sheet microscopy. Nat Methods, 2012, 9: 755-763

Chen B C, Legant W R, Wang K, et al. Lattice light-sheet microscopy: Imaging molecules to embryos at high
spatiotemporal resolution. Science, 2014, 346: 1257998

Zong W, Zhao J, Chen X, et al. Large-field high-resolution two-photon digital scanned light-sheet microscopy. Cell
Res, 2015, 25: 254-257

Yang Z, Mei L, Xia F, et al. Dual-slit confocal light sheet microscopy for in vivo whole-brain imaging of zebrafish.
Biomed Opt Express, 2015, 6: 1797-1811

Wang L H V, Hu S. Photoacoustic tomography: In vivo imaging from organelles to organs. Science, 2012, 335:
1458-1462

Wang L H V, Gao L. Photoacoustic microscopy and computed tomography: from bench to bedside. Annu Rev
Biomed Eng, 2014, 16: 155-185

Meng J, Song L. Biomedical photoacoustics in China. Photoacoustics, 2013, 1: 43-48

Yao Y, Xing D, Ueda K, et al. Technique for measurement of photoacoustic waves in situ with ultrasound probe
beam. J Appl Phys, 2003, 94: 1278-1281

Yuan Y, Yang S, Xing D. Optical-resolution photoacoustic microscopy based on two-dimensional scanning galvanome-
ter. Appl Phys Lett, 2012, 100: 023702

Zeng Y G, Xing D, Wang Y, et al. Photoacoustic and ultrasonic coimage with a linear transducer array. Opt Lett,
2004, 29: 1760-1762

Li Y, Gong X, Liu C, et al. High-speed intravascular spectroscopic photoacoustic imaging at 1000 A-lines per second
with a 0.9-mm diameter catheter. J Biomed Opt, 2015, 20: 065006

Yang Z, Chen J, Yao J, et al. Multi-parametric quantitative microvascular imaging with optical-resolution photoa-
coustic microscopy in vivo. Opt Express, 2014, 22: 1500-1511

Yang X, Liu Y, Zhu D, et al. Dynamic monitoring of optical clearing of skin using photoacoustic microscopy and
ultrasonography. Opt Express, 2014, 22: 1094-1104

1151



PM L1ly: CuQ 6EQD AQ &¥ ey — dH#{ é# >° _
73 Liu Y, Yang X, Zhu D, et al. Optical clearing agents improve photoacoustic imaging in the optical diffusive regime.
Opt Lett, 2013, 38: 4236-4239
74 Deng Z, Yang X, Gong H, et al. Adaptive synthetic-aperture focusing technique for microvasculature imaging using
photoacoustic microscopy. Opt Express, 2012, 20: 75557563
75 Jiang B, Yang X, Liu Y, et al. Multiscale photoacoustic microscopy with continuously tunable resolution. Opt Lett,
2014, 39: 3939-3941
76 Denk W, Strickler J H, Webb W W. 2-Photon laser scanning fluorescence microscopy. Science, 1990, 248: 73-76
77 Konig K. Multiphoton microscopy in life sciences. J Microsc, 2000, 200: 83—104
78 Svoboda K, Yasuda R. Principles of two-photon excitation microscopy and its applications to neuroscience. Neuron,
2006, 50: 823-839
79 Xu C, Wise F W. Recent advances in fibre lasers for nonlinear microscopy. Nat Photonics, 2013, 7: 875-882
80 Horton N G, Wang K, Kobat D, et al. In vivo three-photon microscopy of subcortical structures within an intact
mouse brain. Nat Photonics, 2013, 7: 205-209
81 Sinefeld D, Paudel H P, Ouzounov D G, et al. Adaptive optics in multiphoton microscopy: comparison of two, three
and four photon fluorescence. Opt Express, 2015, 23: 31472-31483
82 Ducourthial G, Leclerc P, Mansuryan T, et al. Development of a real-time flexible multiphoton microendoscope for
label-free imaging in a live animal. Sci Rep, 2015, 5: 18303
83 Rivera D R, Brown C M, Ouzounov D G, et al. Compact and flexible raster scanning multiphoton endoscope capable
of imaging unstained tissue. Proc Natl Acad Sci USA, 2011, 108: 17598-17603
84 Jiang R, Zhou Z, Lv X, et al. Wide-band acousto-optic deflectors for large field of view two-photon microscope. Rev
Sci Instru, 2012, 83: 043709
85 LiD, Zeng S, Luo Q, et al. Propagation dependence of chirp in Gaussian pulses and beams due to angular dispersion.
Opt Lett, 2009, 34: 962-964
86 Zeng S Q, Lv X, Zhan C, et al. Simultaneous compensation for spatial and temporal dispersion of acousto-optical
deflectors for two-dimensional scanning with a single prism. Opt Lett, 2006, 31: 1091-1093
87 NieY T, WuY, FuF M, et al. Differentiating the two main histologic categories of fibroadenoma tissue from normal
breast tissue by using multiphoton microscopy. J Microsc, 2015, 258: 79-85
88 Wu X, Chen G, Lu J, et al. Label-free detection of breast masses using multiphoton microscopy. PloS One, 2013, 8:
65933
89 Baker M. Laser tricks without labels. Nat Methods, 2010, 7: 261-266
90 Cheng J X, Xie X S. Vibrational spectroscopic imaging of living systems: an emerging platform for biology and
medicine. Science, 2015, 350: aaa8870
91 Yue S, Slipchenko M N, Cheng J X. Multimodal nonlinear optical microscopy. Laser Photonics Rev, 2011, 5: 496-512
92 Peterka D S, Takahashi H, Yuste R. Imaging voltage in neurons. Neuron, 2011, 69: 9-21
93 Evans C L, Xie X S. Coherent anti-stokes Raman scattering microscopy: chemical imaging for biology and medicine.
Annu Rev Anal Chem, 2008, 1: 883-909
94 Zumbusch A, Holtom G R, Xie X S. Three-dimensional vibrational imaging by coherent anti-Stokes Raman scattering.
Phys Rev Lett, 1999, 82: 4142-4145
95 Wang P, Liu B, Zhang D, et al. Imaging lipid metabolism in live Caenorhabditis elegans using fingerprint vibrations.
Angew Chem Int Ed Engl, 2014, 53: 11787-11792
96 Freudiger C W, Min W, Saar B G, et al. Label-free biomedical imaging with high sensitivity by stimulated Raman
scattering microscopy. Science, 2008, 322: 1857—-1861
97 Hong S, Chen T, Zhu Y, et al. Live-cell stimulated Raman scattering imaging of alkyne-tagged biomolecules. Angew
Chem Int Ed Engl , 2014, 53: 5827-5831
98 Smith B, Naji M, Murugkar S, et al. Portable, miniaturized, fibre delivered, multimodal CARS exoscope. Opt
Express, 2013, 21: 17161-17175
99 Zhang Y'Y, Akins M L, Murari K, et al. A compact fiber-optic SHG scanning endomicroscope and its application to
visualize cervical remodeling during pregnancy. Proc Natl Acad Sci USA , 2012, 109: 12878-12883
100 Weinigel M, Breunig H G, Uchugonova A, et al. Multipurpose nonlinear optical imaging system for in vivo and ex

1152

vivo multimodal histology. J Med Imaging, 2015, 2: 016003



]0- : YOo- 1\ 468§ 1\ 8O

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121
122

123

124

125

126

127
128

129

Andreana M, Stolow A. Multimodal nonlinear optical microscopy: from biophotonics to geophotonics. Opt Photonics
News, 2014, 25: 42-49

Chen H, Wang H, Slipchenko M N, et al. A multimodal platform for nonlinear optical microscopy and microspec-
troscopy. Opt Express, 2009, 17: 1282-1290

Eliceiri K W, Berthold M R, Goldberg I G, et al. Biological imaging software tools. Nat Methods, 2012, 9: 697-710
Myers G. Why bioimage informatics matters. Nat Methods, 2012, 9: 659-660

Moerner W E, Kador L. Optical detection and spectroscopy of single molecules in a solid. Phys Rev Lett, 1989, 62:
2535-2538

Lord S J, Lee H L D, Moerner W E. Single-molecule spectroscopy and imaging of biomolecules in living cells. Anal
Chem, 2010, 82: 2192-2203

Joo C, Balci H, Ishitsuka Y, et al. Advances in single-molecule fluorescence methods for molecular biology. Annu
Rev Biochem, 2008, 77: 51-76

Zheng Q, Juette M F, Jockusch S, et al. Ultra-stable organic fluorophores for single-molecule research. Chem Soc
Rev, 2014, 43: 1044-1056

Walt D R. Optical methods for single molecule detection and analysis. Anal Chem, 2013, 85: 1258-1263

Tinnefeld P. Breaking the concentration barrier. Nat Nanotech, 2013, 8: 480-482

Liu Z, Lavis L D, Betzig E. Imaging live-cell dynamics and structure at the single-molecule level. Mol Cell, 2015, 58:
644-659

Skinner S O, Sepulveda L A; Xu H, et al. Measuring mRNA copy number in individual Escherichia coli cells using
single-molecule fluorescent in situ hybridization. Nat Protocols, 2013, 8: 1100-1113

Baier C, Stimming U. Imaging single enzyme molecules under in situ conditions. Angew Chem Int Ed Engl, 2009,
48: 5542-5544

Schluecker S. Surface-enhanced Raman spectroscopy: concepts and chemical applications. Angew Chem Int Ed Engl,
2014, 53: 4756-4795

Halas N J, Lal S, Chang W S, et al. Plasmons in strongly coupled metallic nanostructures. Chem Rev, 2011, 111:
3913-3961

Acuna G, Grohmann D, Tinnefeld P. Enhancing single-molecule fluorescence with nanophotonics. FEBS Lett, 2014,
588: 3547-3552

Doerband B, Seitz G. Interferometric testing of optical surfaces at its current limit. Optik, 2001, 112: 392-398
Kechel M L. Advanced interferometry at Carl Zeiss. Proc SPIE, 1992, 1720: 452-455

Sugisaki K, Hasegawa M, Okada M, et al. EUVA’s challenges toward 0.lnm accuracy in EUV at-wavelength Inter-
ferometry. In: Fringe 2005. Berlin: Springer, 2006. 252-266

Sugisaki K, Okada M, Zhu Y. Comparisons between EUV at-wavelength metrological methods. Proc SPIE, 2005,
5921: 59210D1

Miura T, Murakami K, Suzuki K. Nikon EUVL development progress summary. Proc SPIE, 2010, 7636: 76361G1
Medecki H, Tejnil E, Goldberg K A. et al. Phase-shifting point diffraction interferometer. Opt Lett, 1996, 21:
1526-1528

Takeuchi S, Kakuchi O, Yamazoe K, et al. Point diffraction interferometer for testing EUVL projection optics. Proc
SPIE 6151, Emerging Lithographic Technologies X, 61510E, 2006, doi:10.1117/12.656275

Glatzel H, Ashworth D, Bajuk D. Projection optics for EUVL micro-field exposure tools with 0.5 NA. Proc SPIE,
2014, 9048: 90481K

Cummings K, Ashworth D, Bremer M. Update on the SEMATECH 0.5 NA extreme ultraviolet lithography (EUVL)
microfield exposure tool (MET). Proc SPIE, 2014, 9048: 90481 M

Yu H. Developing strategies for 3D printing in European Union and Asia: an overview. Adv Mater Industry, 2015,
5: 25-30

Yu H. Developing strategies for 3D printing in USA: an overview. Adv Mate Industry, 2015, 4: 27-35

Slotwinski J A, Blessing G V. Ultrasonic NDE of sprayed ceramic coatings. Rev Prog Quant Nondestruct Eval, 1996,
15: 1613-1620

Boas F E, Fleischmann D. Computed tomography artifacts: causes and reduction techniques. Imaging Med, 2012, 4:
229-240

1153



PM Lly: CUQ 6ED AQ &¥ ey — 3#{ é# >° _

130 Craeghs T, Clijsters S, Kruth J P, et al. Detection of process failures in layerwise laser melting with optical process
monitoring. Phys Procedia, 2021, 39: 753-759

131 Energetics Inc. for National Institute of Standards and Technology. Measurement science roadmap for metal-based
additive manufacturing. http://www.nist.gov/el/isd/upload/NISTAdd_-Mfg_Report_FINAL-2.pdf.

132 Slotwinski J A, Garboczi E J, Hebenstreit K M. Porosity measurements and analysis for metal additive manufacturing
process control. J Res Nat Inst Stand Tech, 2014, 119: 494-528

133 Mani M, Feng S, Lane B, et al. Measurement science needs for real-time control of additive manufacturing powder.
Bed Fusion Processes, U.S. Department of Commerce. http://dx.doi.org/10.6028/NIST.IR.8036. 2015

134 Tinnefeld P, Sauer M. Branching out of single-molecule fluorescence spectroscopy: challenges for chemistry and
influence on biology. Angew Chem Int Ed Engl , 2005, 44: 2642-2671

135 Hughes J, Izake E L, Lott W B, et al. Ultra sensitive label free surface enhanced Raman spectroscopy method for
the detection of biomolecules. Talanta, 2014, 130: 20-25

136 Ru E C L, Etchegoin P G. Principles of Surface-Enhanced Raman Spectroscopy and Related Plasmonic Effects.
Amsterdam: Elsevier, 2009

137 Adato R, Altug H. In-situ ultra-sensitive infrared absorption spectroscopy of biomolecule interactions in real time
with plasmonic nanoantennas. Nat Commun, 2013, 4: 2154

138 Zhang R, Zhang Y, Dong Z C, et al. Chemical mapping of a single molecule by plasmon enhanced Raman scattering.
Nature, 2013, 498: 82-86

139 Chen B C, Legant W R, Wang K, et al. Lattice light-sheet microscopy: imaging molecules to embryos at high
spatiotemporal resolution. Science, 2014, 346: 1257998

140 Zhang Y. Theoretical simulations of tip-plasmon enhanced single-molecule spectroscopy. Dissertation for Ph.D.
Degree. Hefei: University of Science and Technology of China, 2014

141 Xiao L. Functional nanomaterial optical imaging research based on single molecule spectroscopy. Dissertation for
Ph.D. Degree. Changsha: Hunan University, 2011

142 Tompkins H G, McGahan W A. Spectroscopic Ellipsometry and Reflectometry: a User’s Guide. New York: Wiley,
1999

143 Deng Y, Li X, Geng Y, et al. Influence of nonpolarizing beam splitters on measurement accuracy in interferometric
ellipsometers. Opt Precision Eng, 2012, 20: 2373-2379

144 Demtroder W. Laser Spectroscopy. 3rd ed. Berlin: Springer-Verlag, 2003

145 Rosencwaig A. Photoacoustics and Photoacoustic Spectroscopy. New York: John Wiley & Sons, 1980

Ultrahigh-resolution and high-sensitive optical detection meth-
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Abstract Ultrahigh-resolution and high-sensitive optical detection methods and technologies not only allow us
to obtain information about the microscopic composition of materials, but also provide a foundation for high-
precision optical fabrication and high-precision 3D printing. This paper presents a brief introduction and analysis
of the history, current status, and future trends for several important optical detection methods and technolo-
gies, including ultrahigh-resolution and high-sensitive optical imaging technology, optical surface detection with
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sub-nanometer precision, precise 3D spatial information extraction and precision measurement technology, and

ultra-sensitive high-precision optical spectroscopy. After considering China’s future strategic needs, we give advice
and our perspectives on several ultrahigh-resolution and high-sensitive optical detection methods and technologies
to which particular intense attention should be directed during China’s 13th Five-Year Plan period.

Keywords optical detection, optical imaging, optical surface detection, 3D printing, high-precision spectroscopy,

diffraction limit, ultrahigh resolution, high sensitivity
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