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2.1.1 4% A4t A Xk # S (grazing inci-
dence small-angle X-ray scattering,
GISAXS)
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Fig. 1. Schematic representation of grazing incidence X-ray scattering.
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Fig. 2. Grazing-incidence small-angle X-ray scatter-
ing (GISAXS) detector images for PS-b-PMMA block
copolymer film after annealing at 165 °C for 6 h with
the thickness of ca. 90 nm. Reprinted with permission
from Ref. [16], copyright 2014 Royal Society of Chem-
istry.
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Fig. 3. Grazing-incidence small-angle X-ray scattering (GISAXS) detector images for cylinder-forming block-

0.2 0.4

copolymer thin films: (a)—(f) for a film with hy = 86 nm annealed at 180 °C for 15 h; the intensity ratio of
peaks at Qy = 0.26 nm~! and Qy = 0.23 nm ™! at different grazing-incidence angles is shown in (I); (g), (h)
show a thin film with conventional parallel-cylinder morphology for comparison purposes. The weak peaks
at Qy = 0.26 nm~! in (a)—(f) demonstrate the formation of a distinct surface morphology. Reprinted with

permission from Ref. [13], copyright 2010 American Chemical Society.

2.1.2 A4 A XA # 4t (grazing in-
cidence wide-angle X-ray scattering,
GIWAXS)

GIWAXS 5 GISAXS I J& B AL, A [F] 1 2
GIWAXS 2D A I 5 Y50 5 1 52 KHIUH iy A 1945
S, KR EE /N T GISAXS. GIWAXS /] LA Tt
TR G YR BB o BRI HES . A
J 25 K4 IR HX ) 43 A, GTWAXS B 0] T Ji 467 W 8%
REVERSS LA 3 ) 7, BlaneT 36
TR A YD HENERE S AE T8 A B TR b3 5
1) 2 5 %o SR A 0 2 AT ) 1 g 119201,
GIWAXS 5 GISAXS B F H AR o 1 7] 20 SE I
o ) SR G 4 e WA ot SOV 65 ) RN i 0 46
FRIRERR, 9t 78 SRS VI BE D) 5 A e J 14 s
B0 REEHE T 5250 F B IEFE R GIWAXS HARS
2R T A ALK P B8 I A 2549 0 . Kim
25 21 R F GTWAXS B AR 58 T 5% W Wy 8 155 2% 1F
FEIR JOE R HP R T SR AT R, 487 T 90K R
SPAH AR BS TR SR S A A r A R A AR E T
B9 &, AR FE AR T-ise vk S il & =P g
ML BH Lt 28 1 B A HE B8 3 B . Verduzco

25 (22 1] Ff GIWAXS /GISAXS B¢ i 4 RBFF 58 7 3%
Hu 58 A W b AR v R RS 7 2 (B 4 ) RS BE ik
BOALRIHAR > B JE TR gk g5 (B5).

2.1.3 X-HA& RS (X-ray reflectivity, XRR)

X-5 28 S BOR T TR R R L %
JE£ R P 4 R DA S SR TR B2 4545 8. Reiter (27
0 By X5 00 S S AR R B SRS 2 07 VP 2 A
JR AL RT3, WL T B R ) 5 7 2
A7 9 B AbATT R I 4 AR A T A 1 3
PCHEASIR L TSI T DAL S ) « 29308 DL, Rl
R JBE ) <5 2 U Sl PR T R M, 3K 45 A AE
i T REBL M IS B A R, XA AR N
BIF 5 e 4 R RF 31 0 24 AT 9 B AR i AR
Z—. I Decher %5 P21 i A Bl X5 28 S S BEAR B
T T RAUKBURL /5 73 TR AR R A PP A%
GER, FRoR T Aoy S A R AN ST T P9 AE IR AR
Wt P LA/ XOBIR K R R, X 4R AT B2
JSRH R 8 43 R TR R 2 —, 2 R
FE T E VI JL B B RSP R R LA T AL
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q.: out-of-plane

e |

— g
face-on d edge-on

qy- in-plane

B4 BRI G PSHT #{410 2D GIWAXS [ [22]
Fig. 4. Schematics for face-on and edge-on orientation
of P3HT crystallites and corresponding 2D GIWAXS.
Reprinted with permission from Ref.[22], copyright
2015 American Chemical Society.

; \
'%'u N ‘ﬁp
by TP¥
4 6 8 l‘O 12 14

q,/10% A1

K5 JLEEIRBAL RN GISAXS A [22]
Fig. 5. GISAXS analysis of conjugated block copoly-
mer films. Reprinted with permission from Ref.[22],

copyright 2015 American Chemical Society.

214 FEIRI XA AH (resonant(elastic)
soft X-ray scattering, R-SoXS)

R-SoXS #& X §f £k W Ui 1% (X-ray absorption
spectroscopy, XAS) F1 X 5 £k #4F Bk &ds i 4
AR, XS 2 IR 2R S T, WO T RR E T
RIWHNER T, FENZBE TS RRERIT, H&
RE 20 0 HL 7 BRGE R JE S I, Rk 81 H 5 N5 Xt 28
RE B AH R 1) O6 7, X — LR AR R K 3G 5 1 B
BT RS AT, XS 2RI AT DAGS A3 (] A SR
SERAE IR, T X ZM T LAZE tH U T ) T
ik, 5 SAXSEIARZEAL, R-SoXS & —Ff ik i #i s
FoR, BRI X 42 28 3% B AN R o, 1T LASE HRE P T
Ji i ERERE R, REW BT EER, —&
f¥1 TEM I SAXS 1R ME 73 ¥ th )i 7 P BB K T &,
1M R-SoX S 3@ i WUR A7 1 70 27 AR FL AR e 1 s i
FATTIIBC AR, ORI T AR R, Ak, K

X 5 s Bl ) 2B e 7 59, % 7T A% 100
JR7 2, R E SRS HERE S S5k,
T XI5 RE WM R € 1) oo R A LR,
B SR A BT U B, I, R-SoXS & —AdE
W RS S8 BN BT T A M R AERR,
FERS DN Ak 5 TG 3G 7 45 1) 77 TR 2R B0 LR URR R 1 35
HH T8 XS 2R 2 s AR, R R-SoXS 77 #E7E
S B R IURE . Swaraj 25 PO iZE R
WHIT T A HLKFE R 20 b e B 2 i Ve, 3R A T 2R
2 SRR A R R A SRS A fs 2 2L
Ak Ma 25 7]t R il R-SoXS #f 78 T 45 ML A BH B H
W i 231 S B4 1 23 1 IR R, AT AT 4 SR AR
AR ZARIORL G 1 B0 T ARSI R SR AR D
R CEE. R-SoXSHAR Iz R H T #r B+
ot BERAR A S A5 A% 48 19 TEM B SAXS $2 AR A A
I3 P o TR AR R
2.1.5 i X H&ABAAE (near-edge X-
ray absorption fine structure, NEX-
AFS)

NEXAFS & —Ff X S IOt IS AR, X 426
RS BIRE O R TR N Z T, R E T
B RBHEERES. TP aRMRrE s aasE N
BEHTEARE. »TEAGRUATHEHTESHE
5%, Bk, NEXAFS 7] DU T 3 BA T A 1) 45
G BRI AR FEATRL I, w7 AR T4 R &4
IR AR 2R SR AL 2y T RO A TR B AR
SLHI R AW 4 F BUR  BE 3R T A 4h 2% 21 g 128
2% Lai % ) FIF] NEXAFS WF 90 T B AN /11 5205
HBEBHRBAERN RIS =R, KT
SO 2 FL R RE AL S M T I E R R Gurau
2 PO R Z AR 7T T B A R I
TR MEWy FE oy A T HEA AT 9 DL R s e
HeBI A R 2, 0Tt — B4 m a1k s 1k
MEBEA— TR FE L.

216 74 & HX4H X E M (scan-
ning transmission X-ray microscopy,

STXM)

STXM & — i NEXAFS 4 FE A, & X5
LB HAR, 456 T X6 E AR M R Ag
A, KRN X L5 FE 3T I S, 2
Pl 1 XS £ 0 B 4 B A 7 B 0 s ROk, FF
AITE X SR RIS TR, KORIsD 17 X Sk Xt
B 507, STXM 2 5l & J& it K 1) vl -
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FREE B EERARZ —. Meier 55 U8 F|
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AT T T BUARMESAG 0 25, W7 as Rt
BE— D4R v S IR TR IR AR E 1 L RO L
e A — 8 MR 3L B4k Morin %5 PRI ZH AR
IIMT T R o T TR AR R S R R S 4L A

2.2 PFOFEAR

T HT BRI IR BE 5 X 20 i HoRFE A
— 2, ANFERR T AR R RO R K RE
B FRL W0 AR ARARRE, AR TR
D A R AL RE TS TR DL T A AT B AR
. LG X-GHERRERIR =, X TR T XA
HIAT LR 2 T FE AR T AROK, R A [ S B i
BT TR 5 51k oy T HE R R B, D AN
AR AT R IR AR M EOR. S s RE R ) X 4R
M, i e BRI, REVDHEBRE & T
DL (] 28 Z2 A7 b7 2R, AT WSCERAS RIS TR B (1
UM

BRARTE T 7 R R G W N B 77 1) T R
Wz, P SR 2 R SRR
AT 1 TR BATR RSV Py B 7 g R bk
ARSI T xR BOLTRY) B AR IIRE, N
TF R DU 58 8277 B BORSRABE T 7 1A s
T3 BRIRARE IR A RHE RE RS20 — BV AL
SERURRERE 2 T B B AT B A T R A —,
XEEWE A BT DR m AR SR S PR RE, B
BRI SR L. IRATRIRE ORI, IR B R H
L R BRI I 5 17 X el 58 P9 R K S 7 R AT AR
R L, 2B FE PN B ER BN 1) 2RI
BN, W RN 2 S I BRI B 4
LRI ) J TR RE AL, A YRR N 7 BA R ARAR
FIZIRAERTT, AR RET7 17 R T 1E5%
IR PRI P8 Jo S 85 4, X A B R ) /N R AR
e 7K AN L I [ 2 2 25 A 58 B ) T
PR, XL AL A SR B TRt — 2 s s o ik A
AR I OU LB RN B A 5 A B, M Al P L
i R EE R AR TS AR A R, TT DA A
RE TN R KIS NIRRT, IF R At i
T g5 B A TR AR SR AL TR I BB AN 175 2) AR A2 ER
PRBETT, (e Ak B A A VA A P T 1 3 i
N, 3 B0E 413 40K 254 th KT ) 2 B A AR,
PA TR & 1 I G W ol B S ARV R B
B, B4R 7RG YR 4508 A AR,

24 1 R B R IR R I AR S5 AR, ek
FEL T LR 7 i ORI A AT B it 1 B A 4R 5

AT AL IR ik BOE W B A2 S5 4 ) i e
AR TE T e T REROWAY B AR A, 8 T
H 2H 2 S5 R R A SEBL T = 4 2 2% 9K S5 K 1D )
Fe. M5 B IR 3R S AR K A 2 B Ab
It HAARAT N, SeBl T =R K
FEM A B, KRR T & R 9K
SRR, JF H, W] DA 4R S5 A B R A
P2 A Ak I A i P Rl B T KR BT,
O R RTVRFT il e 00 ol 2 3 A 7 ) B B AR R SR 3t T
B

221 AP F # 4t (small-angle neutron
scattering, SANS)

AT L B TR BERIR, AT R AL

NF R TR S5 X AU SR AR [R], T s
ODANERENE: Rice- % I ST E 73 DIROE T DINEELY AN
FERIEERME S, AT LR 51 RE B R R &
VI ) S5 KRB 3. SANS FERT T SR &
VIR 45 1 T T AT A RR AN AT B AR AL B, B
KK - (1A A TR IR B AL, N TR
SHEAR O N R SWHERE+ rEEN TR
—. TR SRR B R S A R U
JTC I B AN R, AT 7 A AR, SR 8k T 2
KA IR WU BT RS e IR, b TS %
THEAE R, X 52 5 R 5 0 1A AR
RIS, JCHC 58 B 5 R 7 Ok L, TR R U
1) 70 2% B 2R FEAIS, o R 7 e 1) Je 3 1R 40
REJJMIK, T X B4 5 5 7 P EBOR I o &R A BLAE
Kk, FHXBPLMFERR K. 1 58U #
JUHH ELAE RIS, LA B I AN B S 7 5 200 19
A FUEE R IE OR, rh 7 XA o 1) [R5 3R 1 2 F 8
J AT DLIE i A O v A b o) R G R R T
FPEUHARRI TC R, T R B AR, A L IZ T Ak
MR AU AN AT D [ SIS R 2 —, ]
DA -0 98 3R -6 W0 M o 9 oK ROST 5A FR RN L T
AR A B ]

AR, B NP TR AW RE,
BT — R RAE w5 70 T W40 K G5 0 1/ A b
FTHAR. BMF FET AR (ultra-small-angle
neutron scattering, USANS). # /) f # + H i £
A (very-small-angle neutron scattering, VSANS)
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e % TN EUR H R (rotational small angle
neutron scattering, RSANS) #i#H4k 12 A 25 7+
R R . USANS R VSANS # AR i — 25 BRI
TN R TR RO A B, KT /N A RO
ASCRT ARSI FA) BT B o0 RUBE FRYE B, T H il e
I VSANS AR, AUFEAR T /N o 78U HoR 7]
LI PR I 7 B2, G SR T AEAS IR HIUH 1 B USCER AR
ST, BT /N AR T RO R AR I
[ I 3z FH P A 0 e A4 oK B AN [ A 2 ) S o
T, ST A FE RS BRI R &, X Al
/N PP U B AR R R U £ 2 A RS 9 B R K 1
fm. RSANS J& — g B /N A b RO HOR, @
T SRR S AN o BRI A B2 Y 7 9%, SR BIR E
AN EEE AR RE i e NGk AR RE S EIIYETS
515 73 1 W K S5 1) 3D i I, XA IE R
TR AT LRI 72 i 70 15 52 2% 3D 9K 451 11
FT TR BL A R), 38 /] AR 55 #4) T8 i sh 11 %70
FEREAT IR NI T 13233 3 AR F % = 4k gl Kk
SERAE S R AL R SR AE B4 i, R B 4 T
BE H 42 B GIOUATL B AN P B A BT kS o 2 K BB
TEH.

FATZ HZMHHR, FAE TIRBIL R B H
B = HEGOR AR 0 RSE S TEAR BL R, (7] B 56 45
FITE BB 3 25 AT T IR NI TS . X B U
FAR TR T AL 501 F TEM £ AR FRAF G4 K 25 44 [ e
Uiy, AN TR B AR AR, AR RUR, RefE 4
gk a5 R, B v EE 1k oR, Jf B AT LR A7 R R 45
TR 3N ) 20 7. FRATTAEF F v S S 4 AR
RSANS BT 1 5 B8 15 77 AN 3 5%of 0 2K 45 4 ) £
SO Al TN FTHIUR AT o RO ER I B A S
PRI 50 58 5 Wi i 45 4 e FLOW iR 3 7 2 7
A LA

FRATT VR AL A I e e 1N AR B SR T
7 JE 8141 nm B AR PS-b-PMMA (dPS-b-
PMMA) # i1 B B2 450 (K6 FR), Q. =
0.19 nm™" H B 1055 BUR 1R B T 2 BAIR 25
), Qg 9T BT Jie e Al U7 1) b A U 9 B2, T AE
Q. = 0.16 nm ™ AL AN SRACS 18Rk B TPAT IR
ARG K.l G, I 7T DLsE B THE AN R
F) A 5 BT o5 I L], RSANS X R i AR
TUR T AR SR AR S K () TEM £ AR 1 #e i, ]
FEfAT L, RARRUR, 85 R G, I T BAEAL
PRERGEREAT LR, M PRI 78 45 4T i) 3 7

BT TR E R J5E, o] DR iR 8
FE 77 Wl nm B A 36 B e e e h 1O g, B
FUAN N7 B R PR PR BT 5 231 1 IR 1) 45 A R
e, T LK ) P P I S A1 37 4 S B AR i
T, PRI 5 A i 40 T R I L () P 3B
%. Schmidt-Rohr %5 [ FI| ] SNAS # A 5 & 2 #r
T Nafion Jii 32 # i b~ AT HEF1 AR 7K 990K 58
TE W E5 8, T BRI A e i K o T 5 8110
R A, ot R kst R A EE N T R
. Russell #F 7241 B2 ¥ SNAS BAR FF 43 B i 40
THEBEP R R, KRRy TS
MR AT, RN T8 RS SRR T 26
ABL, AT TR I S AR G S AR R A3 W AR AT 9
HEERE . A Muller-Buschbaum 25 P I8 &%
THENG M EU EOR (GISANS), BT T K
BOAL IR AH 73 B9 AT 9 S AR A .

0.1 0.2 0.3

Q,/nm~1!

6 dPS-b-PMMA L e b7/ U (2Bl f
HIRZI IS B (5 1) 321, b 33618 A 147 °C, AbFER
915 h

Fig. 6. Rotational small-angle neutron scattering
(SANS) data (left) and corresponding fit to the data
(right) of a 141 nm flow coated and annealed dPS-
b-PMMA film. The casting solvent (toluene) is not
deuterated in these measurements and the film has
been subject to a long thermal annealing process (15 h)
at 147 °C. Reprinted with permission from Ref.[32],
copyright 2008 American Chemical Society.

222 ¥ F RHFHAK (neutron reflectivity,
NR)

o R R R TR S
(1500 nm) & [ B 51 HOW 45 #49 F0 4% 5T 1) A
J1F Bz —, BTt 50 3 T 0 TR R T
Ve JIEEAE (0 A% A R R VTR B S (R IR Ak 1
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5y 3D F AR L MR . R @ik
1) 7 - 2 S B4 0L G A B ] DL =T R S )
JREE KA Re. BRATER AR NR B AR BT
dPS-b-PMMA #8575 18] LRI A (B 7),
SEREIN, fEMERE M A HE N REWEET
FERRHEF, 101X 2 T B HE R S5 0 R T2 AT
HEFIRIAIRZ K. 7 RIS AR TR R R G
VTR R S RO 5 40, 3 T FH T I AL AN K 45 M e AR
Rz D15 L. BRI, - SRR SRS P
U RIEE X SR TERRIIER, SO R &
W B T By —. Kanaya 2 fil ITnoue 25 [7]
FIFH b 7 IR B AR RS 58 T UIARAE A AL
5 TR SR T 1) 5 2R 7 0 3 e A A A U 5 o e
JEFEASAL R, Tanaka 25 BT R iZE AR M T
R SR A A1), A5 1SR AR Y 4 i
FELFRT P B2 A, IF RS MBI 9T T 5 4 A S 1) %2
Pt fE. Parnell 55 B8R H o7 SO BRI T
A ML BH RE H 28 1 P v 5 T Ak 4 43 ) A s
23 8] oy A, T RE— PR K PH R i MR B
HERRSE L.

100 F 7.0

1072 F

200 400 600 800 1000
z/A

Reflectivity

104 F

I
10-5 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.10 0.12

q/A-!

7 ST EN M, = 77.5 kg/mol K] dPS-b-PMMA
NR & [33]

Fig. 7. Neutron reflectivity measurements on M, =
77.5 kg/mol dPS-b-PMMA films. Reprinted with per-
mission from Ref. [33], copyright 2015 Royal Society of
Chemistry.

2.3 3 &K # & ¥ 3% & K (scanning-
probe microscopy)

PR BB A R 20 A 55 R R
JUEERE il R BT B, BRI T B R
R S, R R O S R W S B
T X AR AR R AT U R A SRR T, S

9 B8 2B (scanning tunneling microscope,
STM) A[EME, IR /)85 (atomic force mi-
croscope, AFM) H:-3EFI H HL 7P 2 20087, T A& F)
RE T 18] 4 fh s J5 7535 Y088 BL - /1B~
PO IR RS SR AT IR R R TR (818). AFM
K — AN E R SRR LSS J0, X 355 AU i)
WO — I [ €, o — I —ARAIET . 43 EE
I, B SR R IR R A, BT A g R T
L RE R T AR R ARG O HE R 0, e &
SAFE it T AR 7 A R FRE e, [ € EE b
PR O B 25 R ot 1 2 T S AR AE 2 T o 3R T 1Y
77 18] B3z )y, — O IR 7E ORI R i, X
SHGHI AL B i S BT AR A R iRk
SRPIRO O' DR AT )R 45 K Al A% R LS T
XFENAG 7 &4 R R A B AR, AT
Gy R, SRARERET [ E AR b, TR T
PUBCR PR ST 5 32 A i IR 7~ TR Ve T g, SRBIL T
XTRUNER T k. AFM ACRT DLl 58 A
T E AR, IR LA AR AN [ PR X &
Ky, AT DL KA TN 5 A S A o R T A K R &5
P fE B S R TR RE FE . A T 7 W AsE, I+ )
BB RAVFZ IR, AT T RS — R
et 2D 4, AFM @ik — R a3k 15 5o 2
[B] f) 3D R 1H1 B, AFM il #1867 5L, TG 75 AR St ik AT
RERAL B, BRI I A PR T S TR A
FAFTHRAE, T AFM R VER B ZORAK, EH KT
HIBAAFRES N #RT ABEAT $51 40, 38 AT DA 42 i il B2
G 23 AFM ARG E, B m g a2
VDI R S LR RE 2R A AFRM 8] LA
T I 0 R 0 i A R A DB O 5 R i TR
Pl PNANY

H A A 1 R - 77 B AR 32 A B s X
(contact mode), JEHZ ALK (non-contact mode)
i (tapping mode) iX 3 g /ERE .

B AR AFM i B B Uz —. £
B AR, R SR R I AR
R B, BT B SRR 1) B HE R AR AE,
RS SR B 21K (107101076 N), W]
RE S IR AE i, X A 0 BRI 5 6 W TS A ol AN
B AR ORI A . JER R, B
HRE i R T AR FF— € FE B (5—10 nm), FF i 5%t
I E) HIAH ELAE R B T AR FL - ), RN
10712 N, AR FE S, SR ST Gy, XFh
R AOE S T FOB AR 2 S B i, 1K
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o8 A A e On P 8 SR A R e, R B R 2%
PR R S, B SR T AR IR KR & R i 5
BHRIAIE 4/ N B AU, FEET 51 il 2R 1R PR FE
S, BN T SR 5 R e A A S . R R
I TPt AN AR e 2 A, B AR R R
ET7 UL AR R, AR S S bt R e A
b R, SRR ORI T 8T IR AR i T 7
AR R 7, OSSR 5 A R e P PO

Setpoint Lrror Pl Gain
- | control

[ Signal L
Processing “\“

N High voltage |
Amplifier |

XYZ
actuator

Deflection/RMS

K8 JsT ) B R R

Fig. 8. Schematic representation of atomic force mi-

croscope.

B 7RSO 5 A M R AL R TR 34, AFM
AT DA UM 1) RHER A -4 i [A] PR 29 A OC 2R it 2k
e 77 2% (lateral force microscopy, LFM) &
FEJR ) WA A R BRI —, H
AR R B S Bl 2 ) WA R, R
I, B GRS R I A BAEH 2 R BEEEE)
(FE B 5 /K7 1), WOCHRN & F SRR 2 57 7]
A &, 25 W58 -E WD B RE i R T TS S,
RSV RE o R T A BRI AN R, RS R AL
WANE, AKFT7 1 ERWBE S S RKAEZN, 3
BEE A G AR L A, EE S
i R ot A T 4% 7 P 8 I i B4, ke ) 2% AR 4R
S HRAE DY A GBI (30 5 B 2 SR o 0 Ak o B P 4L

l Heating

A =2n/q
g e

(a)

79 nm

IR R, SEBL T 1) g BRI E TR R
FVEGTFRE b 2R T A AR oy, TCR R AT ot B 2 7 AR
FEXS R 5)), FEIX AN I AR v ] 58 7 ORI R At b
5 HEI R B A R T, B IR0 S o AR TR AR
FI &2 0, A5 7 4. 3X — R AT LU Rl &
TRET AN IR G W A ot 2 1 (W) AR LA g, R
77 -BE B 56 2 i 2w DUBIE 70 58 & 10 1 B3 0
AR W o 2 TR RE L 3k E R X Ak 2 AN AL
JoT, A B BB 0 A, SR R E 2 T Bl
B iR, 38 w] DA IR 5 43 18] (1) ) BB 1)
SR, N5y - T R R AAR 77 3K 0. KR 5] 704
Kajiyama i@ 20 59 1 Haugstad 25 [0 ] g5 /)
B (FFM) 8L LFM B 705 40 1 39 B 1) Vogel-
Tamman-Fulcher (VTF) K&, &I &0 1 BT
VTF K Z 0 FE 0RO 1 B AR R R 58, ™+
VLI ) R TV AL R ARG, T 25 1Y 1) A
AFM Bt 2300 kWt 2 1 v 4y 1 IR SR 1T A 3))
DI, FE&E S TREN VIF LR LA
A I ALV () 3 B B (time-dependent elastic
modulus).

B 7 LA o # 5 vk LAAL, FRATTAE R 4 ) 3 R
FH AF MRS Il & vy 23 1 B R TR AR AR, IR
BRLASE T o) 1 W AL 52 R GR A R I 2R T B Bl
&, 4 9 o, FIH R HTK 3L (surface cap-
illary wave) #ERT53] 1 &2 1 M 1) B BUZ 3 1)
M EESH (RE), KRG T &1l
N0 P 5 i I JEL R L R FE DA R Ay PR OC R, UEH
TRIIBIRAE 2 AR FEAT G < ERAR R B 187,
WL T 3R H HZ . %7 R AT,
YELF, SR IIHE B BT 2 MR RME R, s
o> T /KR & AR R, 25 m o T AR

10

4 nm B

Height /nm

0

(b)

E9 (a) BAELMEBREERAGNRZEE,; (b) 5 () M MR T/ R RA (51 AR [9])
Fig. 9. (a) The thermal evolution diagram of the surface morphology of polystyrene ultrathin film; (b) the

corresponding atomic force microscope images in Fig. 9 (a). Reprinted with permission from Ref. [9], copy-

right 2010 American Association for the Advancement of Science.
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R FmEma FHEEA R e EER R
. NIRRT YRR & o 1A E 1w BN )
I, o0 R R T 22 T8 R A R S K AR R 1)
Fa % (wrinkle), BFFEN R I1E R F i -
ARG E 1, FESLAMON G5 A A5 ) 22 1 SR B, AT A
b1 s 20 | DS B 31 O = Wve el AR OIM R E /BN
JoT (R ER A, SICEILNT oy AR E TR, A
TIEBX—H B, ATHT T = 1 R 1Y
AL LI AE R e B BATT I8 I S 56 T B A
Fo T WM IER TR @ o AN AR E 3 )
T, N IER T mor 7 AR T R 5 =AY
B, RIRLH., A, AR ESYILRMIE R
(I E 19 A 23 B I AL SRR, FRATTFR 2 N e 15 /S 44 30
% (spinodal wrinkling). £ —Nr B, BRI A
FeoE IR B U, EBE AN AR RS, R H I
IR 25 F I RBEAR /N, FEIX — B Br KA A
A YRR B INE TR HGhn. B A Fh kb BRI R ) E K,
JEE A IR K 7 738 B R T, IR AN RS i R N
B B, BIiE 15 AN Ao i R 1 v B, AN RS E S5
FP I e b, 7228 =B, BUE T A fa e il i
(RIS, JHINE, TR R T AN AR 0 S U B n 22
18, T IE 5% % IR IR S A OR AL, 1K 5 LA i
B N 3R T v AN £ e 11 58 1R ) B AR AAE B2 35
R, R FEEARE SENFEENRD
VIBRAR 5T, TR AR R o T RER A ERAT N
HAREZEWEFZE . JFH, FATHEZ I LI 45
RE A FEIESE B 7 e B R, Se5e W ZE IR
LS RAFE1FIR LT

FLR U A S e 43 T A RE D R A AT T R BT
MR EE RS, BT o RS Ak
ZFEVE, o IR AR R BV - 43 B 2 R
Iy TG SAT N, T o4 T R LR A )
TR J15 e RE, BRI, SRR R & 1 45
TN B T EE RN M E. AR A
AFM T T B0 R SRV -TAH 70 5 5 45 v 8
JIEAHEAE S, R I, -V 7 B AN 4
XM 7 AR [F I R AR, BB R e A 2 5
75 5 1 % Tk Y 2 B OK Hh 2l A8 2 i 3 ) 2% DL o
RTEER. FHA B, & o AR 7 & H P A s is
BN 2 7 AR B B R RIS X R BE B
JE [ AR AT AAE A a8 OB AT IR S5 1), PG
% H HRe, s sz e, X2 — M REam
Sh S MLER (V-T2 B S 4 LB, AEFRATTRE
Ja I BT TAEH R, X — 4G fm B AMUE

TAMARZR, IETT LR 5 & 1 7 L T LA R
LSRR S LS LB R O T IS AT
N, RGBSR O T A SR

2.4 HtSSFERFIERAKR

24.1 #EmIRAHEK (ellipsometry)

AR 1] i IR D' B AR — R D RE SR K OG22 HOR,
30 P SN 2 R ) JE A LR BT (B2 o
B LR, AR BOR I I B S B
At Ol S i AR 5 A SRR SR R T A B,
LT MEPARY PRS2 E AT, BA R
SR AR A (0 £ 05 Keddie 25 PRI AW 5 i 9%
JC RGBT T T e 731 Y I R i i EE AR A, 3R
51 123 1 TR oty 10 350 1 e A i P T )
JE AR R, Keddie %5 B R85 R B, gy
TG H AR R B A B AR (Ty) MR,
FERE R B RIR IR (PS) W, 22 5 B2 /)N
T 50 nm I, H T, 5K T, (100 °C) kA4
s, MRS HAT 20 nm I, 3 T, 160 25 7]
IEFN 20 °C. HEJ I 2 8] B A AR 2 W &
W > TREBLNIZ B RE . B WSIE T IR 2
JES AT AR Y0 AR AE L T ) s 1 9 IR ) 3 3 A P AR
T BT e, T B R AR £ 2 2 P
Oy T BB AL AR . Fryer 55 2451 ) FH v
I8 i $1% 6 B AR T 1 v 73 T M 3 A e AR R 2
5 F T B AN LB FE (% &R, Kawana 55 41 A 5%
T SCHEBE R BORAC R AR . H AT R ARG BOR
L2 I v - R R B2, A BOR B B e B
TR I AR e A T B —

2.4.2 A 2K AHAT (Brillouin light scatter-
ing measurements, BLS)

A FLIH SN A2 06 5 P AL e 21 v A% 3 I AT
G A T A RSO, 38 R B2 A SR O WF
FORE R 75 SRS PE AN ) M. Forrest %5 1
FIAT HLPH OGBSO B0 77 V5 B T SCHE ) TR R 20
S FR) 30 A T AR R R, ST 25 SRR W I SO I 5
R 2 T M T A A i PR AR T RO LI
AABAL R CA S SCHE IR NG T, 3 — oD ik
RO 4y 7 B BOE B 2. Mattsson
5 R B BLS Hi AR i B0 78 7 s 4 1
SR OB AR R, IR T MR T
9r 5 LA SN SE e g T R B AL R AL I 5
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Wi, Cheng 9 F1 Hartschuh 25 1461 £ F] F BLS £K
WEFE T e 70 1 TR A SR R PR RN ) 2 A B

2.4.3 4~ % & & % (dielectric relaxation

spectroscopy)

I FL A 5t 44 A BB TR, 2 FEL AT A RHEE A
WA EH (8088 22) J5, MBERS 2 57 AR AL IR &
KB AR AL S T AR Fukao %5 PIAT Kwak
S VST T A H b ot 1% S AIF 70 SR 0 98 T 1) B
JIZEAT R, ST o 7 2R g R 1T
1%, Anastasiadis 5 [ Fi| F A HL 38 6 72 7 J) BR
T2 nm 73 (8] 4 1 55 43 T R (0 B 3N ) AT R,
48 S B ) Bl J2 T LA KRR ) s 20 - 1Y) oA it
Rajendran 2 PO U FI] B A e FA 5t 1S BFF 70 1 384 58 51
NG F I T B B S I RN, Tress %5 U
Bl B8 S04 FEURA S PR T T AR 4> 7 R R A R
BB A AR AT A

2.4.4 FIER KK (temperature-dependent
fluorescence spectroscopy, TDFS)

A% il 5 ' 3E i 1 SR R Ol ' 1 B IR BE 1 AR
o, T R AE T R i A ) R A TR e A RS ).
Ellison £ Torkelson [ £l F§ TDFS J7 0 78 T &40
T [R)R P AL B A e AR TR . DO HR T
TE V5 B 7 1) b Afbs e, mT A=A T v o T
JEEAS [) J5L B8 Ak B o i e A i e P, DA T o)
TV A [R]85 A F B 3 Ak 3 AR IR . Flier %5 192
K FH R B2 T PG BRI T T R
HNG O IR E I B B R, DL A SRR 4
T 7 o3 e AN ] R R X I B DA R B
IBENRES. BRAh, Kwak 28 VSRR 7T T AR
REWHNE ) 7 AR IRAT .

245 ZTHEHEHRHEAK (differential scan-
ning calorimetry, DSC)

DSC 2 752 F7 2 il 2 T & H AR o A2
VI Th R Z 5 E R R — MR, & F i
SRR ot W A BRI R 2R, AT SE 22 M AR g S A
BN 1SR, B AR OV AR AL
JEQNRL R N T BT =R oL/ R ) AN S RS
& ZORARMEREOR I Z R T A
PR TR 7 TR R B BB A B AR IR, (E AR XA A
M2 w7y 7 RAA R R AR, BEEK
BEIREARIRRE, IR ZOT R T R

DSCHAR. Yung %% ) R FHIZ 25 414 (step-scan)
DSC A, BN 75RO 24 5 ) 26 5 o
BB AR IR E . Efremov %5 P4 I i 48 R
DSC (ultrasensitive differential scanning calorime-
try) BRI T JEFEAE 1—400 nm 36 Bl N R A
P 1) B R A AR IR . Madkour 5 P°1 SR L
#l (specific heat spectroscopy) HiA, W& T A
7 JEJB2 ) 5 2 A7 e Lk W ) B A B AR R B, R
PR 2 L B 9 /N B 7 nm BLR B, BT 3R TH E B
JERIAFAE, 3538 A il JBE 0o 9 I 5 52 A AR it ) R R
e BEAh, Glor 2 POR PEARILATFE T DSC T} Fi
T ] T 731 VR B A AR U FE R S, 45 SRR
B S0 2% -2 R T X B B A 0 P82 1 0

246 ©F LHBHA

2.4.6.1 ZEYH T EMEE (transmission electron

microscope, TEM)

DA R 7~ SR M G 5 32 S R T OB R O
B S PR RO IR, v DO S B 5 WA R
ToiEE BIRRSF/NT 200 nm FIRE AN Z5 14, H &2 0]
PAMLER 5 7454, o 3 0Pk 0.1—0.2 nm, JECK
BECONLT I i, HETEERER TEM H7
RAEHECAT LIk 3 80—100 3 5.

S HBEA WA A g W3 BUR A
A NS E T ECIERT
R AL U A AR BAE B, BB (scattering
cross-section) B J5 1 5 HO G oK. %9
YA, FES BIR T BOR TR BRI U X
T IHICH MR, T H D, BT R I L
s 2 H 5 3 7 e B0 R R S T I, P
RS B e . DRI TEM ) RH 37 5% 46 B R H B
R, BEMEEZE. BT T 5B Rk
YRR, W% 37 DG, A AR S5 (EE N
50—100 nm), TEM /& — PR 4T (1 00 5% 15 731 3 i
S (R AR AR BT JRATE R A TEM HR
WEIE T 9IKRL 7 % ik B L SRV IO 43 B 45 1 11 5%
M (B 10), 45 R BREAA 9 nm AR S # 1 H
[P 1 2 N KR (A [ 7 [ 28 B R

X1 BA RS R, BT IR A KA
AHATAT 77 AT S, SRRSO 2 AT S I A, AT
SR T AR BT EUR NG 1% . ] TEM AMCAT B
BB IREE YN S (R R RGBS 4, I8 7] DL Hh
A A5 K R i 1 31 2 2 1] 1 F A0 S 1
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(a)

(c)

10 ££164 °C FHATE 22 hJEH) PS-b-PMMA TEM &, J i g9k k M B8 150 nm (B4R 200 nm) 57
Fig. 10. TEM images of PS-b-PMMA block copolymer films with 150 nm silica particles after annealing at 164 °C
for 22 h. The scale bar in (a) corresponds to 200 nm and also applies to (b) and (c). Reprinted with permission

from Ref. [57], copyright 2009 American Chemical Society.

Al e BT AN B R B B 7 1R T R R
A, 8 TEM 73 #F 2 A, 1 e i i =& 5
T 8% (energy-filtered transmission electron
microscopy, EFTEM) 1] LA o il T 3 4 U &
B PR PR 10 8, EFTEM @I M a8 (slit)
FE RSP U R, R AR VAR E I T R B
HL I, SRR KRR S 7 TEM B3 #. ik
CINYSGRuR TR o) For M (Bt R € DN (o | R
BT g, A0 VI 2R AR A8 e B I AR SR MR U
Tk, IR DO RS YRR AT u R
IrHT.

5 93 ## TEM (high-resolution transmission
electron microscopy, HRTEM or HREM) & —Ff
Al DOV B 5 RS B RAEROR, HarF R ml LA
IE#)0.05 nm, AR T RE BB SV
BHERER A ) TR, A/ 480 LF TEM £2AR
FEH TR REYHNL 2D P45t ik 5
Z 3D YK S5 HEAT RAE. 1% S B TEM (1) 1B
EHRHiH AR (transmission electron microtomogra-
phy, TEMT), il id 032 # i AN H 7 8] £ 52 )
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Abstract

The nanotechnology has emerged as an effective tool to fabricate next-generation microelectronics, biologically
responsive materials, and structured membranes. The self-assembly of nanoscale phases has extensively been studied in
thin films because of their potential applications in sub-100 nm structures. The control of the ordering of nanaoscale
patterns is critical for various technological applications. A variety of approaches such as topographical and chemical
patterning have resulted in an enhancement in long-range orders of nanoscale patterns. The macroscopically large areas of
nanoscale domains with single-crystal order in polymer thin films can be utilized to fabricate portable ultra-high density
data storages, advanced sensors and ultra-light electronic devices. However, as pattern size decreases below 100 nm,
there appear many new challenges such as the cost of patterning and the precise control of the line edge roughness and
line width roughness. Precisely controlling nanostructure shapes and placements in material is a continuing challenge.
Measurement platform to provide accurate and detailed information about nanostructure orientations and placements is
a key to this challenge. In this review, we examine the recent progress of characterization tools in polymer thin films.
We highlight our efforts to control surface pattern formations of polymer thin films and our use of statistically-useful
scattering techniques and real-space imaging tools to quantify the order of nanoscale patterns. In some technological
applications of biological membranes, such as chemical separations, drug delivery and sensors, the orientation distribution
of nanostructures is often more important. The real-space imaging methods of characterizing the orientation distribution
of nanostructures, such as cross-sectional electron microscopy measurements and depth profiling by alternating etch
and surface imaging steps are readily performed on thin polymer films over large areas. However, these real-space
imaging techniques are destructive measures of nanostructures in polymer thin films. Also it is challenging to in-situ
measure the evolution of orientation of nanoscale patterns during processing by using these destructive real-space imaging
techniques. Rotational small-angle neutron scattering and grazing-incidence small-angle X-ray scattering are effective
and non-destructive measurement tools to measure the evolution of orientation distribution of nanoscale patterns during
processing. In this rotational small angle neutron scattering method, the sample is rotated in the neuron beam. By
accumulating the scattering density at each sample rotation angle, the three-dimensional Fourier space of the internal
ordering in the nanostructured film can be mapped. By using this relatively new rotational small angle neutron scattering
method and established models for nanoscale patterns, the full three-dimensional orientation distribution of nanoscale

patterns can be obtained.

Keywords: polymer thin film, nanoscale, characterization
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