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CNT)

2.1 &2y FB (Carbon nanotube
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* zigzag : (n, [1)]

39 2.2 Flol 2ol FE St

SESEANE LR

Zigzag, Armchair,

== dlEAA

REE

¥ FxoH,

IR 2.3°04 8 el

a°l o3 2@},

9 4% n=m,

2 He]
g mHe] Pako] AAHM, Zigzag TE2| 7
z Chiral F%9 A$el:e

i&";ﬁ{"‘;\"fﬁ"}:‘i
hmat SRR
%%% %9551
\_t\. t"‘x—"!‘ ”},_1‘»'};,1\:3‘ = |
* Armchair : (n, )

(n, m) : chirality

2d e, F 7ol
Chiral & E&FH3, Zze] Fzd w =4
AAE AT Yk Ao
zZt=th. Chiral ®&YyxefFi:
o] A7kAl FEE JlolZ
d 5

SR

2o

L=
_'.'_H

& B

€2

o Gg T2

ZA] (Chirality)ell

w2}

e Alme 7=

zigzag® Armchair7}
WE] (Chiral Vector)Z

Cp Row, 29uE

Ch=na; +ma, (nm=AAF

7ol

s

(1)

w}a}

39 m=0, Armchair

Nz o

[]
n,m <=

92

. 1_” j]r T]ll



(n.0)) zigzag

Cy, = nay + ma,

(1) armchair

19 2.3 @2y Jlo]2AE AR HEH A&
B2urfrl o AY|AE, AR EAXE R 9on,



Conductivity ~ 10°S/cm
Electrical Mobility 1x10°cm?/V-s
Property
Max current
) 10° A/cm?
density
Young’ s modulus ~1 TPa
Max tensile
Mechanical ~100 GPa
strength
Property
Thermal
o ~1800 — 6000 W/mK
conductivity
£ 1. gauxfre A74, 742 24



2.2 B2YXxFH AE (Carbon nanotube sheet, CNT
ek,

sheet)
AEE= B9 F2F 7AW, A EE FASE 71959l

2R3 AEE

HE 84
7

Tor

B

JrgEAER o FolA

=
=

free-standing®°] 7}%

U ES =3
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CER
A E =

dlelw 65 kQ/sq o WA

A

|8 AR T4 S
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Aol e},
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2.2.1 &2 UxFE AES B4

Density 1.5 mg/cm3
Areal density 1~3 ng/cm?
Thickness 20 pm
Sheet resistance 65 kQ/sq
Elastic Modulus 11.52 MPa
Strength 205.8 kPa
Specific Strength 137.2 MPa/(g/cm3)

#;rx_'! _CI_“,I_ 1—l| -_.fj]_ T_Ill_



2.3 AA7] (Static electricity)

T

AFNAE AHAE o g3te] oluix]

SR A% d7%
2gstgch. AAZD Ayt AR AYE Qo] Aste Rz}
AAew wstshA gt A% shel, shael o 2AEd.
AA7NE AR BAe mde A%

ot FA e JuE EA3.

Triboelectric series

Materials Polarity
Acetate
Glass *
Nylon
Lead
Aluminum
Paper
Polyurethane
Cotton
Steel
Hard Rubber
Acetate Fiber
Epoxy Glass
Nickel, Copper, Silver
UV Resist
Stainless Steel
Synthetic Rubber
Acrylic
Polystyrene Foam
Polyurethane Foam
Polyester
Polyethylene
Polypropylene
PVC(Vinyl)
TEFLON

a9 2.5 229 dAd <A



AA7E ERHor BAXN)7 8 dAD (Triboelectric
series) & Apg£3le] B Ao AL ERS AYsigid. 19

2.5 4, vpZo] dojd A HIFE(Teflon)o] 7HE SAsE & u=
A4S Fd & 5 gk g¥A] & AFeAE HEE WS
FAsts: 2 ue EAG wAANRoEHd SASNE HIE xdd
HA A F e}

A AAAE Fbhel AR GRAst e ¥
A" Edel FASH: Aste dulEE YA 2: wd A}
Yo A TeeA Mz, dAAG W P gy W ge
o2 Qa WelvA A 29 26904 EAHe] %o,
= $ A% AAst 2e AH A% dA BA WelA
A4 olFe] AssAw, FEAle A ArYe dgem

432} (Dipole) 7} AEH e},

+ -
+ )
+ -
o O
+ o )
+ Nty -
o + )
2% 2.6 S22 WAD BAY HIel 9% A W st o F
10



ol Hsd ARz 27
Stk AR/ vavdeFRe W gs Aols 2EP o
Zgog Qs Wio] BAsA Hul, BdaUrfFH XES F$ A=
20l ojs) A= Aol AolAW BYol: AT VAL 4 U
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2.4 JrBiABE L8 duix 54 24

T ZE8F oA £F A dF dFE
gauxirael Jedo] AR o]F AFHo=R FIYsHojey )
AUz 3 &A=, gF CURAPL2RY UrE I oF
A7 A= HEsts AT 2 g evA], € evA, 9
vz, ZIAF vzl = AF dUALLE °]§F UkdiA®
719ke] ey z] R &AL RiEojed glow, g AA, dAA,
FAEA Sol I qEH ool

A4 At $uka =2 oyx] FA-e wla, o =L AAL SR
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298

]
voltmeter) & AH&3ste] A2sasict. AP APAe =W A
ARt NZE DA AgYst 2on 2 W, -8.3 WE HAH AL
gelstgon RE APe Aoz qdd AL ol A

SRETE

3
rhu
3
=
B
9]
lo
o)
X,
oft
flo
o,
2
X,

[«
X
]
(@]
(@)
=S
(@]
2
=1
&

3.1 82UxE8 XNE 7|4t ouz] 3 &2 A3}

grdeRn swe oux 43 &% wwd AFAde
L =

FAA AEHES AT T FAE 2 dadufE A

3}3t7]A=2(Chemical Vapor Deposition, CVD) ¥H &
o] &3l BAYXEFERE FAsAT. AIAZ delFyE e
2838k, RF sputtering & &3l 20nm 749 &¢FuF des 53

% E-beam evaporation & %3 & 5nm FAZE 33519},
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Substrate (Si) /

CNT forest

B E (Quartz
et
(CHy) 7}
680 °C °lA
373 Rt

Gl (9)

A

Sputtering

/

E-gun
evaporation

0% 0o 00% 0°
.........
0 00, 0000

%)
boat) & o] &3t ¥ AF EH7E 2T ok=2Z(Ar)

& (Hy) 7F2E AMFo](carrier) 7F2E A§3st3, olxLl

£ neeld ETHFoEA ARH AR SryrFEs

10252 580sccm 9 oFMEd 7l2 FEFLEH

» e
P o N
\ o \
p » N H () >
o 7
» o -

- s a a aaaf'l

I

¥ 3.2 3 HES B9 SRR 4% 37
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2% 3.28 o], AL Fh2sh FE o] FelEe] ZLolA
A FAo] oy Bas £ FHD AP Sxt it
Ru ooz WEHR, /% flo F28 do] TV o] Faa
ol A E dem BAWG. AAD vael o] ZRl o
@avt Az:sadel ol=A Hw A S wzez JEaA Do
a9 2.9% Aze] Ayl @k A Fuleld SauFrsl YRae
$4& Ag oz ekl 1geld.

&=

a 2ns b 25ns ¢ 35ns d 5ns e 6ns f 10ns

a9 3.3 A7l wE daxyeire A7 A

ojlgdA IFAHE wFHAU:xRH IWA= F& Fwel v[AFA
73 (Transmission Electron
Microscope, TEM) o]u]x] oA e }xEHeo] Fwo EFESo

FYE BrdeFRL 8~97

15

et e



JxEHe TEM o]u]x|
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3.1.2 g2 UxRFH AE AF

E g Fox = wAo| 7153 82U xR H (spinnable Carbon
nanotube)E A ALIFgeon, o= BVEAYXRFHE AHE
33 A&Aow A4" 7 ZEH(string)< IAEE 5 ).

-
FMo% 929 1499 2 AdSe] el 2399 W FHT 4

gJou], o]Ao] BAUYXxFE A E(Carbon nanotube sheet) ©]t}.
giUrimr ANEE  FE|AFEAYEer  $AHE O HEYUrRFH
FIY2EZRE Dry spinning processs E3 AZ3Ac}. Dry

spinning process= 47l2% ¥ & o]&3lo] B UrfFH EHXLES
3RS Eo2UIW, 93de #AEYEFHEO] d&EHoe=R
dEFoEy ANEE IAI}=

spinning process % ®©2YkxFEREo] AdFHE A =3
Uetd  Idlelth. gAY kfFH eyt dAZEe glo] d&H o

A= ol s,

19 3.5 8A2UrxFH X EQ Dry spinning process M3 E

17
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a9 3.69 4= FAHA A ] 7 (Scanning Electron
Microscope, SEM)S 53 82UrFH FIHLEZRE B2 EH
7tgEe] dEH] ves ASE Fdsgdew, 19 3.7

1 23
god Agold. olF Fi UF PLD
K2

>
xS
e
o
Jo
i
4
N
)
|o
feu

CNT forest

d
=i}
w
(@)
rO

29 S9a}eFE A ES] SEM o]u|x]
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3.1.3 A 3 22 AF

Dry spinning process® &3 53 BL:UY:iH ANES
T2 glolojell Hf AR ZH AT AZsIGh. £ AFoNA A4
gaUrFE AEE Zol7l 6cm, Fo| 1cm o, ?& AHFT WS
M AEF Y ANES AFFE 5 AUk E AFCNA AFZE R 3
A= 71EY AFEeA FAEHUD gl vE W 3D

Poz ovx P24 AT 5 AE ol 540l

= " =

7% 3.8 BAYREH AE 7|u oux] 3 24 A2 FA AYE

dagefr AE: Frls s WES HE ARE,
HEge] gAoMA TAGE wide I

R
EAE = AL 2] 93 wind shieldE AH&3}

mlo
;8. b

20



Teflon

-- Wind shield

»
>

CNT sheet Electrode

a9 3.9 YA F#HE AT 23 A" A=

HEZ gl EAEE obEAA dAAFeq, ddd" F2
AA AL (Trek model 542, electrostatic voltmeter) S o] £&-3}¢]

W Aol Qo) Ashe HSE o AL,

21



4, A3 2 =9

4qNA = ARTE dEYeRE AE 7 oYz FRH A

s ke, I 2t di& =23 Flejd).

4.1 AR 43 &4 34

BARAZNE o4 Pd2YUrRE AE 7 odux] £FH XA

= Hrtar] 8, fFEEE A ARE SANIL, ol F
AYS Adsd. "x"d "Hevlg  (Keithley model 2000
multimeter) & AF&3le] AL AFE =4 3spgon, 73Zv]E
(Keithley model 6485 picoammeter)S AF&3le] AFZ
SAsG. £33 FEHE AYe] AAVIE M FEHE AIA

gdat7] fiate] oJelsbA WEE Aeste] e 45 Frssc.

4l
T

£4:4

4.1.1 = AY

a9 41994, dAR BSE e FA AE(0~2.5%) A

wA gl EAT o (2.5~ Az}
AR Zx7F AR Aol AL AFo Wit glo
L1 E

A9 (Induced Voltage)o] A %3, S2JefFH A



e A" AL o] T W FEAGe] AR A B F
T =AY olFSEC wet fFEAte] wlHEl FURcE
AfdgH ez sy, dd=E HEE g dEUeFHE AE
Abole]l AZ+E= 0.1cm °]9 ¢ 98mm/s (67rpm) 2 FEZE o
W (2.72~10%), A= FEFSS 90pv ©]3, 30 mm/s (20 rpm
EE o]FZ 9 (14~29F)e TAs}= FEALGS 30pv
8 HHE ¥ 236 IAANA RHE

o},

x2

oft M >
(L e

vru‘,’.."

o
b

o)
k=
43

fu =f“l°

g3 4 gl H o]
ZIAAL FAYE BHAA, A¢ AE7F Al (sine)I BRI o
H3tA
100
50 -} “ ‘ M'
S
& 4
>
g T
© ]
>
= I |
-100 , . : | : . . T :
0 5 10 15 20 25 30
Time (s)

3% 4.1 BAE BAG FAPel BE A £ 2o A A

23



4.1.1.1 Al & 9

A}E /A= F A Aol FEs= L F39
2 (Coulomb’s law)el] wat 21 (2)9} 23, A (r)e AsF(q),

ks
T2 & ()9 Folr.

F = (q1q;)/4mer? (2)
4.1.1.1% A gdE&vxeiE ANES dAd HEE Ao]d

bt
2
11
o
ne
¥2
j—J
X
A
N
N
U1
(@]
8
oA
U

=2 %u

Holx & w 95.14pv o FEAY
dolA & W 28.04pv o FEAGS dol, FEALl A9
AZ(r2) o wn)dste] 23S Felstgdc).

gul
P~
L
b
n
(z
>
(m
o
=
[

A B Aole] Azt FAAG e
I, F BA Aolel A& o] Fashe],
2 st g$Aol: Bl ) oFs: BaGuFEE A=
4 A% A SBAS] Fd Poz ZoIAAA A, ol
o] A% A LRAS o Fo] HHA

3x
AR YOR TRAL wEt Tt A Ast LBR

Jo
bt
rN
T2
L
o
b
L)
r

o
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Induced Voltage (V)

80

70

60

50

40

30

20

0 I 5 I 10 I 15 J 20 . 25
Distance (mm)
a9 4.2 A g FEAY 1d9=

25



4.1.1.2 A Fe]| w2 JF

A@2)elH, HAD F BA Aold] AgAE Y Astel

Mgt A % 4 oo HITE g wEAA: YEE

_%
A AAL AR} Teflon EH7A Y A7} 2n <
q, SAES e 2EAd. 4 AfelM ¥ 9 davd:RH
AEg HEE Aol ARE 0.1lcmE AA}AZ, HISE w9
& i

=
5= 97 mm/s (67 rpm) & F93 ZAS A&319 ).

-|-’

a9 4.3°4 EAFHe] g)%e], -1.3 kV, -2.6 kV, -3.8 kV,
-4.2 kV, -5 kV, -6 kV, -7.7 kV, -8.5 kVE "jA= HEE I &
Agstelch BAFE -1.3 kVE 922 HFES A8 W 9w
o) FEALT PP, -8.5 kVE WAL HTEL 4eRPT o

rlo

|

83 w 9 FEALE L9, I 4394 = dAZ] AYzte
xF02, FEAGS vHFLE AAS =AY, dAZe] Adgke]

ARLFE fFrAge] APHez ndEse Fristes RS AFAY 4

7 (@el meste] ZFHe]
Frhstnz, dAge] Adgel FARST SavdeFE A= e
A% A% SWA © Y Yo TePARA Dok ol we}

s
gadefe AE m5de A A Lwxe] oFe FrhRmz 2
A



Induced Voltage (pV)

20

80

70

60-
50-
40-
30-
20-
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[ R R S BRI

1 " |

i 2 3 4 5 6

& 8

9

Absolute Value of Negative Surface Charge (kV)

a% 4.3 WAFE) LAl AT K=

27
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4.1.1.3 d2UxFE AES HFo v

.Z—O

I3 4.4904

% Qe

o] A%, "AZe] 65k0/

3}
=

x4

of

Wl

o

fe]
1%
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Hl

CECERRRE

ESTRNE )

S

% Qe

mr

o
ZO

i
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Number of CNT sheet layers
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1ES A83te 3717

1o] A EX= #3}o] 10.69kQ, 5.38kOQ, 1.1kQ

H A
S2UERE ANEg HEE Aol Az

39 Banf

0.1cm=

T
T

B
=

N3

(70 rpm=

100 mm/s

—-8.3kV =

o] 533l o.n]
27 5ol A

1739 NEE <k 100V

b3 gieh.

)3

A

L =
—a

o

300V, 107e] AES A5 10uv ©]3}e

ok
b |

120

(Ar) abejjoa paonpuj

10 layers

2 layers
AE BFe v F=d TH=

1 layer

29



AFRA ANES HErt Skl we, A7|A =271 Fhsk

As kA7) o] T8 £ ' =2 FUhsE ARE S, o]
2= AH Ast A} o]FF F &=
2 (scattering)2 &§F =3 AAA =}

u2bx A A3 &kAEe] Tl (gradient)7 EFH o2 dojux]
3 =3, ole 5 A¢Y FLE=E olojZt. wEhx HFH A ES

H
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Abstract

A various researches about energy harvesting system have been conducted
due to the global energy crisis. Above all, researches on energy harvesting using

nano materials for self-powered nano/microsystems are being actively carried out.

In the present study, we have developed a simple energy harvesting system
by utilizing super aligned carbon nanotube(CNT) sheet. A layer of CNT sheet is
suspended by a pair of metal wire electrodes. We used Teflon rod which has greatest
tendency of gathering electrons on its surface. When the Teflon rubbed by wool
which is one of the materials that have tendency of gathering holes, then Teflon
becomes negatively charged. When the negatively charged object sweeps over the
surface of CNT sheet, electrostatic force fluctuates Coulombic field of CNT sheet.
So, free charge carriers in CNTs are attracted by electrostatic force. This mechanical

movement makes current flow, therefore CNT sheet acts as current source.

The induced voltage proportionately increases depending on the rotary
speed of rod, and inversely proportional to the distance between charged object and
CNT sheet. By observing this experimental results, we confirmed that CNT sheet is
a current source, and driving force of this system is electrostatic force. This
phenomenon appears only in CNT sheet, not in heterogeneous materials like metals.

Interesting and valuable facts of CNT sheet is revealed by this research.

This system shows that the mechanical movement of charged objects can
be effectively converted into electrical energy. In this paper, we suggest new
concept energy harvesting device using electrostatic force, and it has significance in
new possibility of CNT sheet for energy harvesting research areas.
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