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Abstract The research status of dispersion, alignment and assembly of carbon nanotubes (CNTs)/polymer composite
material is reviewed. In addition, the assembly and alignment in the arbitrary 3D space of multi-wall CNTs (MWNTs) are
realized via the laser direct writing technique based on two-photon polymerization (TPP). The addition of thiol molecules
makes the dispersion and doping concentration of CNTs in MWCNTs /polymer composites improved, and the optical and
mechanical performances enhanced, and the fabrication of 3D CNTs functional devices realized. The research results indicate
that, under the combination of TPP laser direct writing technique and thermal annealing process, the precise control of the
orientation and placement of CNTs clusters can be achieved.
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Fig. 1 Variation of volume conductivity of SWNTs-CP2 composite materials with volume fraction of SWNTs!"
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F 1 SWNTs-CP2 & & bk 5 i ol 24 Ak 2 v i 7
Table 1  Optical and thermal properties of SWNTs-CP2 composite films-'™

SWNTs volume fraction in CP2 /% Transmissivity at 500 nm /% Temperature when mass fraction loss is 5% /°C
0.85 85 444
0.1 68 461
0.2 62 474
0.5 54 481
1.0 32 479

2003 4, A5G SE R B A% BE A% R (DNAD Bl B VA S8 T CNTs Y /5 288040 iB0OR 4 25 . BIKE A1 3R 1Y)
SWNTs %t T & A 55 DNA(ssDNA) 3 F 197K 78 A il BR 4 R S SWNTs 40 H, J #3802 A1 H
W ssDNA 2r TI2 92878 SWNTs B0 . DNA 43 75 SWNTs [a] ()45 4 68 AH 4B SWNT AH 1 HE
S TSP T 3 SWNTs B0 8, I E 2 iR,

CNT
sugar-phosphate backbone
poly(T) sequence

CNT “ A
sugar-phosphate backbone
poly(T) sequence

Kl 2 CNTs #RAEWTFH LGN RERE., (a) DNA 58495 N2 ——F FIR eSS ;
(b) DNA 28%%7E CNTs 2 i {3 H 5% 28 sk i P A A
Fig. 2 Schematic diagram of CNTs enwound by poly (T) sequence. (a) Right-handed helical structure, one of DNA enwinding

and bundling schemes; (b) DNA enwinding at the surface of CNTs which making it convert into water-soluble individuals®"

2006 4F , Coleman S 73 1IN T FIJEUAE 28 45 125 VA VROV VI Rl vk = 05 ik 1 4 19 CNTs/ 4K & 5 41
BHE D22 R . SCIR A R R AR A W 45 19 CNTs 90K 5 G bORE R I fe b 19 01 7 i vk L R I 2 %
TP R T CNTs fEQOKR AR Y 20 Bk . R BOE H % 19 CNTs 0K S MR E B R
A B o B

VAL 52 F 7 3R P 8 o 235 5 7 202 0 BIOYE R R A A6 W 8 5 | A Sl 2 i 40 5% o 5 ) 0 ik RE S A5 3K
MO AE ) P Ay B ONT 437 SE 3 20 BURE L i B CNTs/ R G W a Rkl & . AR eie 2 R AL R &
VIR IGE SORKE R L 5 9 CNTs/ G YR G PORHERXE LUE T = 2 Bl 25 0 (9 il 5 o i) an s i
F RV T B B T AL B A S AR S S B R AR R AR ORI A R . A L AR G R 9 Dk TGk 5
e 23 (] 73 B AR 0 = 4R A e f il i . A RO BS R TPP OB ZIH R BB =45 i 55 il
i BE 1, I FLRERE S W% GE 0~ BT B B B L 25 (8] 3 B T/ T 100 nm, TPP Sl 20 S 40 il i 4 R 225 T K
FEROEBOE T WM CTPA) SR ]I 535 [ ik 0 s A8 7 RS BRIT R B . AN TAL g3 T 508
T TR AARE 2B AR (SLAD S RO 7 W WCOUN AL S A e BP0 £ Al BHRHUTE £ 5B 3 A /1 DX s
KA ROET R A s MHIDC 20 AR ' 3R B (EL RN » 0 3 0 ) S 5 B 1) 1 408 R R ) 01 = 1T S A BIR » — Mt
AIRE] 100 nm PUT o i 2 R HOE MR A R = 4l A] B 4 i B AT S B R AR RN A5
MO ES WA, TPPOEZIHORIEZ#iZ B FE A, FIH] TPP R X CNTs/ R & ¥ & & # kAT = 4 =5 1)
JE [0 4 A WA T — 2 R

3 T TPP HARM CNTs =4k 1] 4 20 5%

2012 4F , Guo 270 53 IR i 306 T R BOG T 584 100 7 10 R X SWNTs/ 38 4 1 408 K 42 2 b 25 g
HEAT T A1 AR 2 TR, SRR, FA 7E B W B R A B 1) R L SWNTs/ 5 & 1 5 & MR A 30
Y B O S P M L T A B ] K L SWNT's 7 54 40 o 1 40 B0 A L 250 O 10 pm JE 1Y
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TS g 25 AN 3 s . AT, BT ARAE 2 v B O 8 43481 0.01 20) B 6 A RHE & 1 T ah 45 4 2k 1w
JEH G W I BT B AR B O A AR B03.020) B A b RE A 1 25 K 2 T T o R R L TR RE BE B T AT R Y
SWNTs EZ/MAELMNER. Fi, T RRETFRASRAEE TPP i, MiB4RER SWNTs 7R
B v i R B 352 I A S o v I A R AR DA T R T O B i AR B A S A R A TR AR L NI
iDL B

# 2 FIRT AR SWNTSs 45 44k B (19 526 b4 B I5 e 28 8 75 ik b 3 S 1 v, 3
(105" min FRMMZLEL T 10 pm B MOE™T)
Table 2 Conductivities of composite films with different SWNTs mass fractions at room temperature

(105" min means the films are polished after a removal layer with a thickness of 10 pm)™"

Sonication Conductivity with 2.0% mass Conductivity with 5.0% mass Conductivity with 3.0% mass
time /min fraction of SWNTs /(10 * S/m) fraction of SWNTs /(10 7 S/m) fraction of SWNTs /(10 " S/m)
60 - - 2.35
90 - — 8.96
75 - - 4.15
105 - - 1.29
105" 3.81 2.53 9.70
300 3.57 9.05 3.03

100 pm 100 pm

Dot 284 3 ’ e . . e 2 3
i Mege ama e - WOS Bem  Peiets s 1h  Sge SMA

K3 28T RAEM TR SWNTs B30 (00,01 % M1 (b) 3.0 % 952 & 4 45 44 42 18 B % (SEMD [ 2
Fig. 3 SEM images of composite structures with SWNTs mass fractions of (a) 0.01% and

(b) 3.0% via single photon polymerization™"

2013 4 Ushiba %™ RIEEF H TPP g0 il i B R K824 SWNTs B R & YR G620 il il £ Fh =
HETRANEEA 055 8 pom KA T AR ) DL R R QR 2 R 4L AN 4 TR

B 4 FTF SWNTs/BEWE AW R0 =43 450 SEM K., () 5 (W IR 5 (o) UM 5 () (o) (D B Gh 2k 4y =)
Fig. 4 SEM images of 3D micro-nanostructures fabricated by SWNTs/polymer composite materials.

(a) Micro bull; (b) micro tea pod; (c¢) micro lizard; (d)(e) () cantilever structures™’

Ushiba F FI OGBS i 57 A il 1l 20 25 ¥y 2 11 7™ A2 80, ABESE SWNTs 76 5 5 bR b 9 230 A3 15 20, 0
5Ca) 7R o LA S 78 W AN B8 57 5 AR 1] (19 500 nm 58 (4 299 K &8 22 S 4], 45 B K O 780 nm., 5B E R
45 GW/em® 1Y CEP K vh 06 2R M2 8] SWNTs/ 85 ¥ 5 & bR I, AT DL 6 £ 1 3 25 B 5% & W 6 1A i
SWNTs 55 & Yy A L B AT 0w 19 IAFE0E M L TS 25 59 80 DD R BOL Be il AR . SWNT's 7088 745
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Fig. 5 (a) Schematic diagram of laser ablation experiment; (b) SEM image of cracks produced by laser

ablation; (c¢) Raman spectra of a 460 nm-wide-nanowire taken at different incident polarization angles;

(d) variation of G-band intensity versus polarization angle of exciting light
2014 4F, Ushiba % #E— 25 %F SWNTs/REWEZ G M ETE TPP 0L H'S i 2 B HE S ML EAT T 3%
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(d) perspective view of cubic microstructures; (e) variation of G-band relative intensity with incident angle @ of polarized light
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A T ) A T RO L B 6 (o) 22 IR AT B WO O TR o Bl AT IR A B O T iy E v Sl
8 o G 0 Al R 7 B G LIRS T A5 R R P SWNTs [ HES Jy 1] 5 3064 1 07 ) — 20, E— 2B UL T R 90 KA
4 5 1) HE B 5 ) 23 32 BOE S H 07 1) 5

DL EWFEBAE Tl ad TPP #OC H S H AR BEME ST CNTs A9 17 4135  (H % HF 58 A RE AR 4 o e e &2 45
SEZI AT RE T CNTs B4 B RS, Ushiba 256 & 1 SWNTs/ R AW E G M ROCZIIE . S WAL HE 3 h
JEEL PG R A B A T AE 3 h WHEAT I T, Guo ZE2 ) 1l 46 Y A Rl 48 4 e SWNTs B9 2 & 1k
PEAT TN T A . S2ge 2B, A 24 SWNTs Ab TR B 2 R E 58 /0508 0.01 %) BF L% &2 4 41 k) &5
P A ELA V- W 3R 1 2 A T 5 48 2 VR B BT i 40 850 5 20 B, TR 19 SWNT's X ol 110 2 1 W i ™ o 5%
W1 TPP T A (B, DT TGV 52 B0 e it 0 = 2 SR 25 40 1 il 4% . DRLUE OGP ORI TPP Ok BS BiR 4 %
CNTs MBFFE A7 AE LLR PSP — 2 78 20 I 0 R 48 24 e B CONTs D 20 I i il 4 » —J& CNT's A X
WO Y L W,

4 =4EEE R CNTs 45 41 255 1 T g iz

CNTs A LL432l SWNTs il MWNTSs, H 32 X 7E TR & a5 b A B2 0% H . SWNTs /] LLE
VEZH — A2 00 A & B PO B, T MWNTs 0] LUB 1R 24 SRR POR B RO S B R . 90K
E5H I E T CNTs 2 A SRR 2 A LR, SWNTs i DU SR % 48 v, & 2 ik
T HF LM ERAE LA B AR KN, KA =00 2 — 9 SWNTs HA 2 SR, AT H T 95 K2k SR 25 12 a0
YsOn R AE (FET) B 45 WA =43 2 — 1 SWNTs A4 B, 1 MWNTs — R 4@, b,
SWNTs H T il & it 2 5 2% VEOR W2, Rt~ S I 0 i 53 5. 1 MWINTs /] 38 3o b 2% SR TR % (CVD)
feg A AR Tz, AT R AR IR AR F ) S, AR AA R &R W
MWNTs #l# T MWNTs/RAEWE AL, o T MWNTs 7856 215 10 43 H50H: 22 F15 220 B2 AIK9 17)
M, ARG R TPP UG EECZIHARX MWNTs/REWE G CZIIEHEAT T = 4EGN 251 19 &, JF X5 41
BUF IR E A MR D RE SR 0 FL 2% D2 B S PR AR IR AT TN
4.1 MWNTs/BEYE &R 5 #iExd bk L1

CN'T's HA7 2 T 5 /K P F0 = R T8 RE . A B0 i T2 280 0] O &2 30 7 BRI 7 222k 3% CNTs 1Y
Sy UM LABE e FLR BB . 4T CNTs 1940 807 i 28 B i vk A e s ik . 2L Bk CNTs
SEFI LG WA CNTs T8 BB 00 Ak 2 8 8 B 51 A8 i 56 A1, 7 CNTs B i PR RE . # 58 CN'Ts 19 i F Y
B2 DR S A B AR RN ERAE AR 1 CNTs FE . ARSI TEHl#¢ MWNTs/ R AW A 21 i it 2
oL B2 MWNTs 1Y 620 B0 v HD 22 BE e 0 K A8/ P M R (VLA I3 YR Hh A A Tt - R ) B T 22 B i
YR/ EE/ TR (MTA) &4 R X Aot 7 vk 8 T ek . IR B EE 7 168 56 20 i 5% B A]
5 CNTs JE AR SL o 58 1 M, 4 8 T 350% iR 5 454, %) CNTs 64T T D RB Ak A& i , AT Bl 38 1 e 40 ok
Yo HCE ., fl & R A 7 ()BTRS IR A AL I AN [R] T MWNTs B A A3 B §i i93&E H T TPP %
G B PR TR A BE T INOACRR B ) DL SE B MTA &4 0B 6 20 B2 10 ) 45 . Ntim 250200 %6 32 38 1t
MWNTs 1945 7% i B e 7 MWNTs BB S0 F0 R/ BF 58 & B MWINTs A K MWNTs 23 5 3 3/

7 ()B4~ MTA SERE S ER (b 46T B MA Rl MTA & 453 i i %t L 0
Fig. 7 (a) Photos of two MTA resins; (b) comparison between cured MA and MTA resins™?
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FA kL P 3R B 52 EL A T 1) 43 WO R R O i 48 2 VR B L TS T TPP gl il i . o5 — O I, A6 38 SR = 4 1
B A R MWINTs 48 229 B 1 [A] iF L 38 75 %5 R B 454 MWINT's 78 H A Bl 19 5 e, J0 2% rh e I% 1 el S50

el & MTA &AW 562 B B F 2% 06 DU BE DY (3-3i 3 5 R (PETMP) F1 X = %5 F 3 73 B DU T4 I TR
fis (Di-TMPTTA) /) 5 18 A P R4y F 43 SCE5 KA R T T B B8 2 B 1 I 28 254, (R e B e TTVE W R G W
FEfR, 2-F HE-2- T R AL 1- (- R D) T R (BDMP) BA & 19 51 & 80K, 7E 300~400 nm I B 70 BBl 4
BABREEW R il T TPP e ZI 8 AR il #5651 & 7).

J T WIS BR Ay FAE R CNTs sr it f vh i B VB T, 647 7 4 R X s al, se g 25 R w7
e MW 7B ATLLE L IA T HRESS 19 MWNTs 765 4 WG o i 48 SOt B, 48 RS R 8 R A — A
EHOASHE B MHRRSE, AR ENREM ., RBIMEEE ST MWNTs 762 & # 15 §l % 56 iUS
(9 LA /INEE P s 2 A VR BT 1, DT 38 8 52 5 B i MW T s 1) 9 o KRR IR . 12 552 360 205 1L 3% ) i 1
Gy FAEBE CNTs 1 43 10 RS M 1 i 3 3 B4R

@

cover glass

‘ﬂ

\\\)\av\\a

el ‘~
SHM 1145 mm x 2000 LM 145 1 1500, AL

Bl 8 T MTA ZAR G TPP G2 =4 etk . () MTA AW NG H 4S8 AR K s (b) TPP il & 5256 %5 5 7 5
(o) JIF TPP i3 B9 77 25 il 38 % 2K = W1 R & MR (PET) 5 () ~ (h) £ = 48 4 D e 45 1 1 B9 SEML |14 0%
Fig. 8 3D micro-nanofabrication based on MTA composite resins by TPP lithography. (a) Experimental

flowchart of fabrication of MTA composite resins; (b) experimental setup of TPP fabrication; (c) bendable polyethylene

terephthalate (PET) for TPP fabrication; (d)-(h) SEM images of various functional micro-nanostructure devices*?

4.2 =4 MWNTs {40 If 6t 45 #4 0 25 14 19 1 &

TEH A I 2 A B MTA ZAWBE 5 . B TPP 62145 R ¥ KA Ol B A2 5] MTA S i L I
HAE BG4 i = AR U S5 A B AL AT = 4 S SR A . MTA &6 4 I8 76 ' o 45 1 £ s 40 181 Ak JE 12
SHESER . Zad TPP GG A A R R w4, B AT 7E 4 IS 75 3] MWNTs =2 gl D RE 4544

VL& TPP g il i oo 2 0 57 T4 S, PRI 0 B T DAAE 28 P ek G [ An SR % 28 — W iR & — iR (PED) M k%
17 ]t T DATE WA S (R 48 — SR A R/ . — SR 1k ok R B8 38 45 b B 3 T B AT TPP = 4 il b il i . A
MTA A 16 20 e i 4 H B — 28 = 4E Sl 25 04 19 5200 an 1 8 s A 435 ok 4 5 95 45 ) L ol Fl 25 R 971 L ik
ofL 3 P R B BRIER O R AR RO G A . SIS A5 R R WLl k. TPP 6 2B R AT L5 (58 1l i i 45 A
=2 MWNTs f{ 41 DIRES5 14
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4.3 MWNTs BRI BB S M RE L L S M R A0 0 S 1 BB i

HAET WA 5 pm X5 pm X 75 pm B9 MTA & -G IR T7 1 5508 838 , 7% 122 9 % 4 A, 0 i S i
GERANE 9 PR . 33X WA TE A A R LTI AR (E7E L 25 0 i 20 3o A v SR B TSP AT 4 R A e
AR BB 7 2L A 9 ) B . B9 (b) S HL - R (T-V) etk i 4k, b Al LUE Al F AT 4 48
21 3 Y A6 G A R R R B T R R 1000 245, XANE RS CNTs 20 7748 5 SR 1 & 14
SR SN i — RS T A R AW N B MWNTs J2 005 306 H 7 I w1 HES . B 9o h
MTA Z 5B E AR MWNTs 8 22 W BT A H %, Al UG A MWNTs 5 4550\ 0 48 1k 5]
0.2% . .MTA B4 WISHI B SR 2 BN, MkAE MWNTs RIS, A T FR&4508 0.2% 5 MWNTs
JE NI R B A L S 88 5 T 11 DNEGE . B A B 8 0.15 %0 F10.2 %0 MWNTs [ MTA &
ARG 7 24 3R A0 R 7.54 S/m M 46.8 S/m. F3 4, 1% HL TR 1 I A (E LY S AT HGE R A CNTs/ 3R
EUMEAME K FRREAEY S TPPOLZISAE M SR E DB — N ER, - ALK b CNTs $#
4R BE LSRG Ushiba 5507 R 5T 9 Je im) CNTs #8244 Wk BE IR 2 — DB 9, $m MWNTs (9 ik i Al
BEA B T4 MWNTs/REWEAME R FHR, Eid MTA & & 6Z00, 0T LUl B i SR
MWNTs =4 A sh e si by . M5 TPP = 4EMai il i T2 MR T H 2 Ihfe.
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Fig. 9 Electrical and optical properties of MTA composite resins. (a) SEM images of rectangular conductive channels;
(b) I-V characteristic curves of rectangular conductive channels; variations of (c¢) electrical conductivity of MTA

composite resins and (d) transmissivity of MTA composite thin films at a wavelength of 550 nm"?
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Fig. 10 Characterization of mechanical property of MTA composite resins. (a) SEM images of woodpile structure
fabricated by MTA composite resins; (b) variation of volumetric shrinkage of woodpile structures with MWNTs
mass fraction; SEM images of nano-cantilever structures fabricated by

(¢) pure acrylic resin or (d) MTA resin (mass fraction of MWNTs is 0.1% )"
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Fig. 11 (a) SEM image of micro-cubic structure fabricated by MTA resin (mass fraction of MWNTs is 0.1%);

(b) measurement results of micro-cubic structure in nano-indentation experiment*
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Fig. 12 Optical images of (a) capacitor array and (b) zigzag resistor array; (¢) SEM image of parallel lines of MWNTSs
assembled on a SiO,/Si substrate after thermal annealing; (d) hysteresis loop of capacitors (scanning {requency is
0.025 Hz); (e) frequency response of transmission lines made of MTA composite resin or copper; (f) I-V
curves of MTA composite resin nano-wires before and after thermal annealing™”
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