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Fig 3.9: Electronic density of states for two (n,n) zigzag tubes : (a) (10,0) and (b)
(9,0) [27].
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spectrum of SWNT distributed in polymer [30].

ggobobbobbbdooogoboboobbbooooooooboobboogad
gboobobooobobobdrig 31100000 122nm 000000000
0000000000000 0O0000O0000ODO00CoO0O0OD 3jpoooo
gobbuoodgbbuooobboooobbuoodob ooobboooboboo
0000000000000O0O0g (@=0°://00)00000000O0O0O0OO
000 (=90 :000)00000000000000OODOOODODOODOO
goggoobbobobobbbtbdoudooooooooooobbobooougd
gboboboboooooooobooboooboobobobooDobogoobo 0O
000000000 0obO0b0o0obO0oobbOobOdbDcecsdODOODO
O0Fig. 3.11 (b)) 000 O0D00O0O0O0OOODOOOOOOOO

0000000000000 0000 (¢=90°: 000)0000000000O
gooooooooo (Fig. 3.10)oobooobOoUoUUoooooooooo-
goobboobobbooooooobbobbouooogobbobboogd
00000000000O0O0000 [31]0

SWNTODODODOODOODOOoDOOoooboboboboboboboboboooo
O0O00Fig 3.12000000000000SWNTOOOOODOOoOOooDOOO
0000000 00000000000 0000000000 [32]0SWNT
0000000000000000000000 d(nm), 00000 6000

7 —1 1.374
Y 1 x10"em e [605(239)]
157.5 + 1066.9d; d; 272

(3.11)

21



]

7} CIE
- L]
ke PRPETI N |

o

-

o " ¥
- %]
o % 1
= 5, ]
] e
E -
iLk 3 .
& H
@ &
(i | :

MY

08 08 1 12 14 16 18
Diameter (nm|

Fig 3.12: Calculated gap energies between mirror-image spikes in density of states
[28].

goon

1 x 107em™1 [cos(30)]0-886
- 347em 11050 T
VS 751106694, O T 129

(3.12)

0D00o0o0ooo (330

0 (3.11)0(3.12)000SWNTOOO0O00000000000000 4,00
000000000000000000000000000004000000
SWNTOOOOOODOOOOOOOOOFig 31300000000000
[34)0Fig. 3.13000000000SWNTOOO0O0O0O00000000000
00000000000000000000000 1.55umO000000000
000000000000000000000000000000000000
000000000CNTOOO0D000000000000000 SWNTOOOO
0000000000000 00000000000000000000000
0000000000000000000000000000000 1.55 gm0
00000000000000000000 155 wm000000000000
000000000000000000000000000000000000
0000000000000000000000000000SWNTOOOOO
0000000000000000

22



OoooooooooboobDoboOooooo sSsWNTOOODOOoooooOoo
O0000000000D0000 3] B6)00000o00000ogn SWNTOO
gbgoboobobboboboboobooboobo

Absorbance

0.8 ==y T T T T

0o.7p

06F

03855

650

950 1250 1550 1850
Wavelength (nm)

Fig 3.13: Absorption spectra of SWNT[34].

23



40 UOOooodooogtdod

4.1 0OOOO

00000b0o0boobbooboooboooboooooooboooboooboog
0000000000000 00000000O000000 QDO OOO00O 30040 nm
oooobooooo 1kwiooooooobooboobooboobooboo
0000000000000 000QUOO0O0DO 100ns000D00O00DOODOOO
00000ooboooboobooobooobooobo wofsobooboobon
gooooooo19uooooooooooobuiog 15 ppmdoon
0000000000 00oo0o0g (Erbium-Doped Fiber Lasers : EDFLs) O O
goooooooo

gobgboogbobgboooogbogboobouboobobbooboauo
O000000000000000000000 (Nonlinear Optical Loop Mirror :
NOLM [37], Nonlinear Amplifying Loop Mirror : NALM [38))0 0000000
gooobooooooooobooooooboooooooboooooon
guoooooooobobobboooood

gooooooood420b0bbobobobooooooooooooooooooon
gdobobobbdoooo43iobbobbboooouobbbboooo
gogooobbobbobbooooooouoooobobbbbbooooo

4.2 0O0OO0OOOOO

gogobbbbbbooooooobbbbbodooooooobbbbboo
gooobbobobboogoooobbbobbboooooooobobobood
gogbbbuoooobbooodobobbboodobbboooobbboood

Av=c/ Loy (4.1)

000000 B3oooo0bL,000000000000000O00O0D0O00OO
gbooobuooboobooobon

e UUDOOODO Lop =1L

24



e UUDOOODLOOODOO Lopt = 2nL

gbdbonOi0oobOobOobOoLoboooboobobobooboobobobn
0000000000000 (Av=10 MHz)OOOOOOOODODOOOOOO
gogobbbobbouoooooobobobobbouooooobboobboogo
gogboboboogobboboooobobobooon

E(t) = > Epexp(idm — iwpt) (4.2)

obooooooobore, 0, 0 mO0O0O0O0O0O0OO0O0OO0O0ODOODOOO
gbooobooooboooooooooo2M+10b00boobooboboooooon
00000000000000000000000000000000 |E@|)?0
gogoobbobobbooooooobbobbboodoooobobobboogaa
ggboobobooodgn
gogoboboobobodoooooobobobbooooooobboobboogad
Oo0odbeOODOOobDObOOObOOn

gbm - ¢m—1 = ¢ (43)

00000000000000 ¢=mop+¢,00 (43)00000000000
000000000 wp,Owpn=w,+2mrAv000000O00O0O00OOOOCODOO
(42)00000000000DCOOO0O0OODOOD E,0D0D0000DO0DOCODOO
ggboobooggoboogad

sin®[(2M + 1)mAvt + ¢ /2] _,

2 _
E@F = sin?(mAvt + ¢/2) ¢

(4.4)

000000000000 E200000000000000000000000
07 =1/Av0000000000(41)0000000007 00000000
0000000000000000000000000000 0000000
0000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000

0 (44)00000007,=[2M+1)A/ 00000000 (2M +1)AvD0
2M+1000000000000000000000000000 Avl,0000
00000000(Ay)'0000000000000000000000000
000000000000000000000000000 (0000000)0
000000000000000000000000000000000000
0000000000000000000

25



4.3 U0O0O0OOOOOOO

gogobobobobbbodoooogobboobbbooooooobobooboboogad
gogobbbbbobouooooobbbbbuouooooobbobbbougd
gogobobbobbbodgoooobbobbbuooooobobboogd
goggobbbbbbbbouoooooooobboobbobbbbboodagd
gogboobooggn

4.3.1 0O0OO0OOOOO

gbobogbdbdrig4l10bobooboboboobobuobobonbg
goggoobbobobbbtbdoooooogooboboobobbobobboougd
0 (DO000O0O00)0000000000000O0OO0ODODOODOOODOOO (O
000)000000000000O0000O0O0O0O0O0000OOOOOOoO
ggoobobbbbbboubbbboooooooobobbobbboodagd
ggbboooooobobooogn

o [JOOOU
e JOOOOU
e 10U OOO

e JUOOOOOO

gogoboboobboooooooboboobbbodooooobboobboooa
(0000018 wmiO0)00000C000O00OO0ODODOODOOOORDOOOOO
gboboobobooboooboobobboobb1iwmODO00DbO0OnLOO
gobobbobbbooooooobbbobbbouoooubboiblsd pm OO0
gooobbobobooooooooobobbobbbuooooooobobobbooo
gogobbbobbbouooooobobbobbboouooooobbbbbogoo
gogogoobbbobobobbbobtbodoooooboooobobboooad
gogobbbobbbuoooooobobbbbouooooobbobobboboogd
goon

4.3.2 0O0O0OOOOOOOO

gboboobgoidrobobobobobobobobobobbobobobo
gogoobboboboodooooobboobobbooooooobobobboogod
gogobobbobobbobbbbbtbouooooooobbobbbooagd

26



Low Intensity> <High Intensitw>

—e o

Photon Absorb Emission
E——  —— ] E—
— e

Fig 4.1: Principle of saturable absorption.

gogoobobbobobbobbbbbbbodoooooobobbbbbooagd
gobogobooobboobbobbooobboobboobbooooboo
goobobbobbouoooooobbbbbooooooobbobbboogd
O0000000000000O0O0O000O00OO 390

Pout Pout_-Pi
1 ola = 0 4.5
n P + 2 +a (4.5)

0000 0000000000000000000P,0P,0000000
0D00000P000000,0000000000000000000000
0000000 (45)000000000000000000000000000
00000 P,() 00000000 Py()00000000000Figd2000
D0000000000000000000000000

2

t e
P,(t) = Pgexp(—ﬁ) O exp(—ayl,) = 0.001 0 B = 100 (4.6)

o

goooobbobbbbtooooooooooobobbbbuoooooaa
gobobobooooobobooouobobobooooobbobboooooo
goboboooooobbbuoooobbbooooobbbuooooon
gogbobooogobobobuoooouobbob oo uoooooo
00 (Group Velocity Dispersion : GVD) 0000000 (Self Phase Modulation
:SPM) 0000000000000 000000000O0COOO00OO0OOOO
gobobboooobbbuogouoobbbooooobbbuoooooon
ggdubbbooooobbooooobobbooooobbbooooooo
guodoobooooobboobbudooobbooooobbuoooooo
ggoouobooobobbbboooooogdgd

us(7) = N[sec h(pr)]*H (4.7)

27



goooboobooboobuooboob NOpbgob oo 7, 0000
Oo0 00000000 wOOODOOODOOOOOODOO

15
T, = — 4.8
) (4.8)
N2
Ps — S 4.
Bl (49)
Sw tgm;(pT) (4.10)

gogobboobbooooogobbobbbodoooooboboobboodad
gbooobobooboobobooboboboboobobbOdbFig4200
gogobobbobbbouooooooobbbobouooooobbobboogd
ggobbbbbbouoooooobobbbbboboooooobbbbboboadao
goobbbobbbouoooooobbobbbouooooobbobboogo
gogobbbbbodooooooobbbboooooooobbobobboadad
0000000000 (oboo0)000o0o0ooooooooOoOooooooOoO
ggobobbbbbtodoooooobbbouooooooobbobobboadao
go0OoOoO0O0OO0O0O0O0O0O00O0000000 (DOooD)oooooooooo
gbogoobooboobboobuoobbooboobboobuoobbon
goobobobbooooogobbobbbuooooooobbobboogo
gbgobgobobboboobooboobon

gogobbobbbougoooobbbobbboooooobobobboogo
000 8000000000000 000000O00O0O00ODOOODOOOOO
100dgboogobogbbooboogbbbogbbodboobbuoobobo
gbogoobooboobbuooboobbooboobboobuoobbon
goobobbobbobodooooobobobobbooooooobbobboogo
gbogooboobboobbooboobboobboobbooboobobon
gbooooooobbbobobobbbuodooooooobobooobbbooago
gbogbooobodobbooobuoobooboboobbooboobobon
goobobbobbboooooooobbobobbbuoooooobobbobogo
gboobobooboobbooboobbooboobbooboobbon
goobobbobbouooooobbbobboouoooobbobbougo
gogoobboobboooooobbobbbbooooooooboboobobbood
ggbbobuooobbbooooobbbooobbbooooboboood

0000000000000 D00D00000000000000000 ¢Wo1+
("000000000000 000 00000000000

28



Hormalzed Power

Mormalized time

Fig 4.2: Compression Gaussian pulse width by saturable absorber [39].
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Fig 5.1: E-TEK FCPW-2000 Fiber Coupler Production Workstation.
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UNSTRETCHED TAPER TAPER TAPER UNSTRETCHED
FIBRE TRANSITION WAIST TRANSITION FIBRE

Fig 5.2: The structure of a fiber taper, indicationg the terminology used in the
text [8].

Fighr20000000000D0O0O0ODUODbDUOOO0ODbOOOOFigbh200
ggbbbuooobbboooobbod
o r, UOUUOOODLODOUOOOODODO

o [, U00ODOODLOOODOODOO

r, 0000 o0oooooo

z, UOOO4Oooo
e LU OOOODODODOO

0000000000000 7(0)=r, Or(z) =7, 0000
D00Figs20000000000000000PQOOOOOOOOOO0PQ
0000000000000000:0000000000000000 2,00
ooooooo

5.3.1 U000

Fig53000000000000000(a)000¢t0000 ABOOOOOO
000000000000 OO0O¢+t000000000t+a0000 AB'O
gbooobgoboobooboob

gbooobooboobobobooouoboboboboooboobooooobog
gboboboboooobobobobobuobobdb Figh30oouoooo
gboogbooooooboobo

(1 + 0ry,) (L + 6x) = nr2 L (5.1)

33



.,

(b)

Fig 5.3: Schematic diagrams of (a) a cylindrical taper waist at time t, (b) at a
slightly later time t + &t [8].
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Fig 5.4: (a) A fiber at time t = 0 at the start of tapering. (b) The fiber at time t
during tapering [8].
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Table 5.1: Calculated taper waist diameter

Pulled length | Taper waist diameter | Pulled length | Taper waist diameter
z [mm] d [pm)] z [mm] d [pm)]
0 125 10 45.9
1 113.3 12 37.6
3 92.6 14 30.8
5 75.8 16 25.2
7 62.1 18 20.6
9 50.8 20 16.9
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Table 5.2: Diameter of the produced tapered fiber

Pulled length Taper waist diameter average
[mm] [pm)] [pm]
0.0 125 125 125 125 125 125
1.5 93.75  89.17393 93.15434 92.45874 90.15781 || 91.73896
3.0 63.77551 63.61592 63.32187 62.45123 62.39871 || 63.11265
3.5 56.84275 56.84275 55.19384 55.97541 55.78418 || 56.12779
4.0 51.02041 50.79072 51.45123 50.94531 50.9847 | 51.03847
4.5 45.91837 45.38305 45.01784 45.68457 45.84312 || 45.56939
5.0 38.77551 40.55113  39.54873 40.51487 40.14123 || 39.90629
5.5 36.23366  36.23367 35.96345 36.57512 36.57124 || 36.31543
6.0 32.37588 32.37588 32.84785 32.18751 32.48125 || 32.45368
6.5 27.42347 28.92883 27.94573 29.00157 28.75123 | 28.41017
7.0 23.85204 25.84879 24.87631 25.18715 24.58712 || 24.87028
7.5 22.57653 23.09668 22.97754 23.15712 22.89156 || 22.93989
8.0 19.0051  20.63758 20.14787 20.18713 20.14812 | 20.02516
8.5 19.51531  18.4403 19.75434 18.98154 19.14782 | 19.16786
9.0 15.56122 16.47697 15.78421 16.78421 16.75123 || 16.27157
9.5 19.0051  14.72267 18.47453 14.98714 15.98812 | 16.63551
10.0 14.54082 13.15516 14.13875 13.98421 14.85158 || 14.1341
10.5 12.2449  11.75453 12.78459 11.28452 11.59157 || 11.93202
11.0 9.18367 10.50303 9.78452 10.58412 10.65451 || 10.14197
11.5 7.52501  9.38478  8.00187  9.15715  9.48121 8.7101
12.0 6.12245  8.38558  6.97842  6.85454  6.48123 | 6.96444
12.5 6.50501  7.49277  6.75745  6.78142  6.84571 | 6.87649
13.0 6.37755  6.69502  6.48727  6.78157  6.87124 || 6.64253
13.5 5.10204  5.9822  5.64575  5.12454  5.45123 || 5.46115
14.0 3.31633  5.34528  5.08746  4.15743  4.51263 || 4.48383
14.5 3.31633  4.77617  3.57842  3.91245  3.8424 3.88515
15.0 2.67857  4.26765  3.87854  2.87848  3.96654 || 3.53396
15.5 2.55102  3.81328 298754  2.87542  3.02821 || 3.05109
16 3.69898  3.40728  2.84542 27518  3.14812 || 3.17032
16.5 2.16837  3.04451  2.58542  2.18452  2.98423 | 2.59341
17.0 2.04082  2.72036  2.42138 2.81541  2.6515 2.52989
17.5 1.14796  2.43072  1.87453  1.91575  1.54478 | 1.78275
18.0 0.89286  2.17192  1.55185  1.58412  1.02345 | 1.44484
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Fig 5.7: Diameter of the produced tapered fiber (Pulled length from 8 to 18).
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Fig 5.8: Loss of the tapered fiber (diameter = 92, 63, 56 pm).
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Fig 5.9: Loss of the tapered fiber (diameter = 51, 46, 40 um).
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Fig 5.10: Loss of the tapered fiber (diameter = 36, 32, 28 um).
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Table 5.3: Average loss of the tapered fiber

Taper waist diameter | Average loss | Taper waist diameter | Average loss
d [pm] [dB] d [pm] [dB]
92 0.35 19 0.11
63 0.23 16 0.12
56 0.03 17 0.15
51 0.04 14 0.18
46 0.28 12 0.12
40 0.17 10 0.10
36 0.25 8.7 0.15
32 0.10 6.9 0.15
28 0.25 6.8 0.12
25 0.46 6.6 0.38
23 0.13 5.5 0.47
20 0.46 4.5 0.52
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Fig 6.1: Concept of the mode-locker based on the interaction of CNTs and the
evanescent field of propagating light through the tapered fiber.

3s

30+

25 F

[

0

|
P
L

outside poner [%]

TN

ol Lt

- 1

1] 2 i ] ] 10

diameter [pm]

Fig 6.2: Calculation result of the mode broadening effect in a tapered fiber. Y-axis
indicates the percent of power detected at the outside of the tapered fiber.

6.2.1 UJOUO0OOOLOOOOOOOOOOOOOLDOOn

00000000000000000000000000000000000
000000000000000000000000000000000000
0 Fig62000000000000000000000000000000 (0
000 1)0000000000000000000000000(00001)0
000000000000 Fig62000000000000000000000
0ooo 110
000000000000000000000000000000000000
0D00000Fg62000000000000000000000000000
00000000 (7wm00020)00000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000
Fig63000000000000000000000000000000000
000000000000000000000000000000000000

48



S0 =

Beam Interaction
with CHTs

<+ >

strong  weak

i L

Lasz [dBm]

B ol T e

w aist diameter [um]

Fig 6.3: Relationship of the waist diameter of the tapered fiber with the loss of
the CNT mode-locker. Fitting line is added onto the measured data points.
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Fig 6.4: Passively mode-locked laser setup.
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Fig 6.5: Optical spectrum of the pulsed output. Tapered fiber diameter is 6 pm.
The center wavelength is 1557.1 nm and the 3 dB spectral width is of 3.8 nm
indicates the output pulse FWHM of 686 fs when a transform-limited sech? pulse
waveform is assumed.
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Fig 6.6: Optical spectrum of the pulsed output. Tapered fiber diameter is 6.5
pm. The center wavelength is 1567 nm and the 3 dB spectral width is of 1.16 nm
indicates the output pulse FWHM of 2.22 ps when a transform-limited sech? pulse
waveform is assumed.
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Fig 6.7: Optical spectrum of the pulsed output. Tapered fiber diameter is 7.0 pm.
The center wavelength is 1567.3 nm and the 3 dB spectral width is of 0.49 nm
indicates the output pulse FWHM of 5.26 ps when a transform-limited sech? pulse
waveform is assumed.
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Table 6.1: Characteristics of the mode-locked tapered fiber laser

Taper waist diameter | Center wavelength | FWHM | Band width | Pulse width
d [um)] Ao [nm] AX [nm| | Av [GHz| AT [s]
6.0 1557.1 3.8 470 686 f
6.5 1567.0 1.16 142 222 p
7.0 1567.3 0.49 59.8 5.26 p
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Fig 7.1: Concept of the wavelength-shift ring resonator based on the interaction
of CNTs and the evanescent field of propagating light through the tapered fiber.

Fig 7.2: Microgram of the CNT-coated tapered fiber ring resonator (x50).

57



3 Udubbgoobbouoobbuoooboon

Fig73 00000010 0000000000 D0O0O0O0O0O0O 2mm OO
goooddooobodooooboooooboooob b=mmOdooonn
OD0000o000ooodoooboobododd n=1.44500000 A=1553.10
nm 00000

)\2
AN =
nwD

= 0.265 nm (7.7)

gboooboooboobo23nm 00000000000 DO 2.23 mm
gobooogd

ob0obobobooboboobooo0lD6 dBm OO0 0.008 nmO 609 dBm
gogd 0.020nm 000000000 1I09dBm 000 0.028nm 0000000
OOo0oDOoOO00ODOOO00ODASEC0O0ODOOO0ODOOOOOOobOOOoOoDOboOO
gbobogd oscenm DUOO0O0OO0O0DOO0OOUODOO0O0O0O0OOO0O0O0O0OOO0
gogobbbbbboooooobbbbbbooooooobbbbbbodadao
U

050

0rs
oro

0563

Tranzmittance

oe0 - — GdBm
- OdBm

055

as0 1 1 1 1 1 1
15520 15526 15528 1553.0 1:533.2 15534 15536

wawvelength [nm]
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Table 7.1: Characteristics of the mode-locked tapered fiber laser

Wavelength shift Input power change Slope of Agpife
Ashift [nm] dBm mW nm/dBm | nm/mW
0.008 (1-6 dBm) 5.0 2.722 0.0016 0.0029
0.020 (6-9 dBm) 3.0 3.962 0.0067 0.0050
0.366 (27-30.5 dBm) 3.5 620 0.105 0.00059
_ E—n
=10 —m—with CHTs
g —w—without CHTs
E oo
=
*om lp—§ "y v—v

T T T T T T T T T T T
1] 3 10 15 20 25 1]
input power Bm]

Fig 7.4: Slope of wavelength-shift versus input power.
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