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TIE Fin
1.1, #3E

RERRT ) I—RoMETH D, 7T 7 = (X 1.1(a) & H—R > F ) F =—7 (Carbon
nanotube: CNT) (X 1.1(b)) 1%, EIRICBWTHX A YEL RERBEDOBRER (~5T
W/(mK)) #H2Z ERMEINTEY([19], Bz, BERAEELOERET /1 AIZ
B DARBEOMRIA~DIGHNE 2 b DH[10-12]. LHL, 777 2R CNT TiE, €0
HEE IR NV ETHIFET 2B Y VT ThL7 4/ UREELE L, YR
BERMET T 5[8,13-19]. £/, 7/ MEIOBYRERIE, TOMBOREIIZE->TH 7+
J D HBTRENHIRE SN D 72D 23 57, 15, 17, 20-24]. #EE M AFT D BV % 1F
MR T 2 2 L1k, T3 ZANEH T DB Ol 72 BGR G O T2 DI BRI R ThH D, L
ML, %8 CNT (Multi-walled carbon nanotube: MWCNT) <0k %7+ / fffi#f(Carbon nanofiber:
CNF)Z X U DOZ VM BT, B ZAMi72 720 TEMICHEETH DL IZH 000 5
T, ISR T D EMREIZRET 2 5EIE A e,

X5\, 777z HALFERICERiT D 2 & TERMIRHER25-32]01E AU [33-36] % il 4
T LOMEPITOITND—FHT, ZTOBROEWMIEICET 2 ZBRA 2 XT e A EF(EL
R ZHETIS, TR UMBOEE ST DL LT 4/ IS K D EMAE A
L, BEREAT[37, 38 CEVE S HA AN [39] ~ DI FIZ 7228 5 EBRI 72 B ZE134T b T &
7o, AL RERMEZFIAT 5 2 & T, BEEERO S S s mEAMEES LS. LL,
LB S LTz T ) I — R MBI OBMAE BT 281781, KR & L CEERRIM 72 R
NDRELFATLTWDONREIRTH D

T T — R UM ORI AR AT T D BMREIC BT 5 BRI TRIC & o CRREE 225 0
W, F A= )V THEIORE B L S, S DICBGHIZT O &) EBREROAINTH
b, FIZT, £ A4 —2A (Focusedionbeam: FIB) T X 2 RATHIZ2 N THAT<° XeF, &
AN K DB L, SRR I X A BGRIEIN A A G hbED 2L T, S - R
UMBIOMEIE R LS, Z OB A HIHT 2R A D T X 7

RETIE, T/ =R MBI OMIEIRET 2 BV5E & 2 ORI MEETFE, 2 o3
FUZDOWTIR S, AFFETHWSD FIB OREAIZOWTEH L7212, AF7E0 B & Aia
O AR T .



(b)

Figure 1.1 Schematic illustrations of (a)graphene and (b)CNT [40].

1.2. 7/ 1—R U MEHZ BT 5 EURE

lijima 512 &> T, 1991 £ MWCNT[41]72%, 1993 A2 (L HJE CNT (Single-walled carbon
nanotube: SWCNT) [42]23F FL S U7-7%, 2001 AR —D H D & L TIEHIH TD MWCNT O
B ERFH2Y Kim 512 X » TfThiiz[1]. Fujii HIZ XL D8 2 R CTIRERDO K& SR
95 Z & B THE S NZ[2]. [1,2] T, BUNEREEM T AT A (Micro electro mechanical
systems: MEMS) 2L - TYERL L 7= Pt 0 6 pk D B — & —3RHNEIPUA EIZ MWCNT %
B L, BGHHZIT-o TS, ZO% G E—0O CNT OBMBER IR O TRl S, ED
BE VTSN S D D IR T E WV EMREREZ O 2 L NG STV H[1-3, 18,43-48]. il
Z HEE LTHFZEICIE, 7 4 7 —#M & L CRBMsEEEM 2 BRFE T 2415849, 5015, WiIC
BATHZ&T, BRHIROMEREM EIC2720 5 AlHBE O & R[S T b s.

757 = B LTI, 2004 512 Novoselov & Geim 5237 T 7 = o DR FIBEIZ 5k Th
L7-[52]#%, 2008 24D CHiJE 77 7 = > (Single layer graphene: SLG) DEMzE 5
F23 Balandin 512 & » THE Sz (F|IE TOBMSERITH 5300 W/(m-K)) [4]. = Z T,
Si0/Si Hilt B2 SLG OBEEHEEAERL, 7~ AT MLD G B—7 ¥ 7 N OIREKTT
P2 AW TEGHNZ T o7, Z0% S ZIRTIMETHLZ L BT A ZDORET vt X
WZHLAIAZRT N & B AHE © T, SLG OEMREREGHA O 1 3HeV V2[4, 5,7, 8, 38, 53-57).
HIHNIE, SREMERIDN IR S 72 T ~ L3 GBI K HFHAI4, 5, 53, 54103 %o ey, &
JE I & VT2 ERANT, 8,38,55-57] b 1T s L 91l TWa. £z, T/ AD
FEENER & BN E 7T 7 TR T DRFTE[S8]R, 7 4 T —Hh & L CEREMERE~ DS &
HEETHIIE[59-611bITPON TN S.

CNT & 7T 7 = U NEmWBMRERZ AT 55K & LT, BWRER 235580772 sp?
IRAREVEIZ X > TS L7 S BERD RTS8 (T7b b s o7 7 =2 0) 2R
gL LCWD Z ENEIT HND[3,9,62,63].



1.3. F 7 I—R UM EHI BT 5 BVRE O K ek Fik

T T =R BN RN ER O TR IS RO AR IR AT D720, i
WX TEWMER ED LI ICEDLD D EHE L TR LENDH D, —RIC, KKaoA Mty
WETICHEET S (K12@) &, By VT THH 74+ UREELS L, ZOFH A BT
BAELL 2 5 7o DICBVAERITR T 5. FUEFHREIZ X > T, SWONT (ZZ2FLRFEAY 0.625%
ﬁ“a‘é EBMRB RPN T 0%IK T35 2 L1710, 1.1%DZELKEEHT 5 SLG DEL
{RERIT KN ENOHA L R TH 95%(K\0 2 £ [19]% 13 U, SWCNT X° SLG I2H T 5
DEORMNPEYRERE KE LT SED Z ENHEIN TV DH[64-66]. F£7=, SLG IZF
J B KD ESONLE A i kT 5 2 & T, BVESREORN LA BIETHRE BTl TV 5[67].
FBRIZ KL - TiE, SLG IZEFMREBRHTHZ L TRBEEAL, ZOXRMDEER T~
DICETRMET 5 2 & T, ,’rsz\";éf$kkﬁ(é@%‘f;@%%#kfﬂﬂfb\é[13] (¥ 12(0b). =
TTCIEERERE, FREUWAT L UTONEEEEEBRS L~ L THY, #20x10°
fem? DRBEPIFAET D & BMAERITH 18%IL T L CW\Wb. F£7z, FIB S TSLGIZF /7
A RDORENED Z & TEYRERE 42%1&Téﬁf:%ﬂﬁﬂfﬁk%%%&iéhfwé[éﬂ X5,
FEMIZ SRS 72 SLG 12 FIB ZFRET L, ZEfLEEK 4.91%I12 L72HA 121, BMEERITH
80%{K F L T\ 5 [68].

—J7 T, MWCNT @ XL 9 RJFEFE DL VM EHT, FHE a2 R E W T2 O ICBEFHE Tlddk
b TE LT, ERAZRHFZEICIE S5 . MWCNT %% 187 %5 - BH#4 %5 (Transmission electron
microscope: TEM) TH#IET 5 & KIEQAEAIH, KBORITERLTETWRNLEDD,
B a7 B AN 9% K T T HEHARE RSSO TWAH[18]. £/, B b+ 5L T
MWCNT DOAVME 2 RS 72 0 2.8%IMHIT 5 &, BWR{k L TV 720 MWCNT &l TEYRE
LN T4%IK T LIRS ST 5[16]. & 512, FIB TRATHIIZ MWCNT % 7 E/L 7
7 AMET DT E TR Z T Z AR A% T LIZFHIFE R bl STV A[15]. Ll
72035, FIB % W 72HF7E LIS Tl i@ WZRMaZ BN L, BGHZ1T 5 7261238 <, MWCNT
X CNF Z 3 U DA DL WEHT 31T 5 BURE O R MK AFMEI LT 72 5 F2BRAVAFFE S A 2L
Thd.



(a) zé 2400
- %; 2000
A
pstitv (0} 2
o ~ ’ S S 1600 -
° - =
S 2 i =
\ﬂa\e g '§ 12004
6\006/’ %2'_ > "i‘ 9 800 -
T
2% o 5 o]
. _ X _
ies gc{\o“a“la\ £ ”
nc! ru
\]aca 0 T T T T T

0 5 I 1I0 ‘ 1I5 I 20 25
Density of Defects (x10' cm™)

Figure 1.2 (a)Schematic illustration of SLG with different types of defect [6] and (b)Dependence

of thermal conductivity of SLG irradiated with electron beam on density of defects (the plots are

experimental results.) [13].
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Figure 1.3 Experimentally measured length dependent thermal conductivities of (a)SWCNT [24]
and (b) SLG [7].
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Figure 1.4 Schematic illustrations of the experiments in which length dependence of thermal
conductivity of MWCNT was studied. In (a), trimethyl methylcyclopentadienyl platinum was
used to control the characteristic length [75]. In (b), FIB was used to control the characteristic

length [15].
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Figure 1.5 Experimental results of [14]. (a) Raman spectra of oxygen plasma treated graphene
with different absorbed laser power. (b) Thermal conductivities of oxygen plasma treated
graphene with different defect concentration. The inset is the G peak frequency shift as a

function of the absorbed laser power.
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Figure 1.6 Schematic illustration of FIB beam moving.

Table 1.1 Conditions of FIB irradiation.

Accelerating Dose Beam Irradiation | Irradiation Area
voltage [kKV] | [pC/pm?] current[pA] Time|[sec] (Rectangle)
10.00 15.9 100 nm X 20 pm

30
Beam diameter|nm] | Dwell time[ps] | Overlap X, Y[%)]

7.1 1.000 50
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Figure 1.7 Experimental results of [89]. (a) Raman mapping of Ip/Ic from graphene carved by
FIB irradiation. The carved area is a rectangle-like area on the upper right of the image. (b)
Ip/Ic plots as a function of distance from the carved area, which is indicated by two dashed white

arrows in (a).
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Figure 2.1 Schematic illustration of fabrication process of a suspended Pt thin-film sensor.
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Figure 2.2 Schematic illustration of measurement in the SEM chamber.
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Figure 2.3 SEM image of a Pt thin-film sensor.
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Figure 2.4 Schematic illustration of sensor calibration.
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25. "y N7 4 L DEETLE FIB O MRS St

FERICH WA Yy b7 4V AOFETEE FIB B EFEEZ 2 En&E 2.1 LR 2217 T. 2
B OZEMET 100 nm*20 um D EH O RKERE R v 87 4V ATEDT, HHWTES
\F, FIB USROS » b7 4 L AOBSIRITESCEMRE RO AT o 72, RELIETE
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Table 2.1 Dimensions of Pt hot films and FIB irradiation conditions.

Pt hot | Length | Width | Thickness | Irradiation
film [pm] [nm] [nm] condition

9.81 Condition A
H2 9.75 458 40 Condition B
H3 9.70 451 40 Condition C
H4 9.65 549 40 Condition A
H5 9.45 536 40 Condition B
H6 9.55 577 40 Condition C
H7 9.67 539 40 Condition A

Table 2.2 FIB irradiation conditions.

Accelerating | Irradiation Dwell | Overlap X, Y | Irradiation area
Voltage 1:14%| time [s] time [ps] [%] (Rectangle)

159 100 nm X 20 pm
L T P
[pA] diameter [nm]
Condition A 10.00
Condition B 77.04 10.0 13

Condition C 229.84 30.0 17
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Figure 2.6 Schematic illustration of FIB irradiated area approaching a Pt hot film.



Pt hot film

Si -

FIB irradiated area
(100 nm X 20 um)

Figure 2.7 SEM image of a sensor and FIB irradiation traces.

2.8 12, Hl OFHIT—% Th R E L ESEIIOKEZRT. Z0LE D — My
Y7 OIREX 300K THD. 77 70HIZH D NENIRH OIEE & 20 R HEIKO & v b
7 4 VB D DR d [pm] 2R K28 OF Y, 7005 300K TOESETLA EXIK
P& U CHiElG, d 2Rl 7 a Yy R LB ORI 2.9 ThDH. H2 & H3 OF —F LA
WCERLTWD., 77 704HMCH D AHNIE, Ky b7 4 v LA0FFE FIB BREGMEE2E
BRLTWD. AT X070, BERIE d= 5 100um, d = £ 500 um OF — X (FEWE L,
29121 d<50um OFT — X OHEHFHE TN 5.

X 2.9 C, BEHEENSHA v b7 4 VAT S < AZON TEKIETLEEDI R A I L TnD
1%%73»% AFEBREMTO FIB BE, FREHLED S 25 um B2 > b7 4 )L AT

Behz T Zehond. RHICEELZ 5 X DK E LT, FIBBLOH Y ARAMD
JRNWHEEFIZ X D B D[89], T L THEZEF v U NR—NDOFEE T AL A A 3 EE LEELT 5 2
LIZE DD HEINTND.

2.10 1%, K(Q2-9)TERE SN D BRI O E 4p [Qm] % HiEfhiZ, FIB BEHGEE D
By R 7 ANV AETOEMZBMIC ey NLEbDTHD.

Ap = Ap; — Api—q (2-9)
Ap; [Qm)iT i & H @ FIB H % OBLIRIUE, po[Qm]iL FIB BUINAIOEXIEIHETH L. =
NERD &, FEARICIE, R—=XENRKEWTE, FRFENA Y b7 4 L MTIEWIE
E, Ap MRENWZ EWNOND. 12720, dpldd= K5 pum DOALETE—27 %260, KER
THWE=E L, Ay b 74’/I/A75*%EE%E1"J Sum OLEIZPtE— h 7 B3HD, B—
corZ7ERy b7 4V AORITERSH I um EFTCTSiFEBAE= v F 7L, £iiix 0,77



A< THILSEIE L > T0D (M2.7). ZOZ &G, IfFETFB 2B L&D
By BT 4NV AOESIEIROZEAITIE, HRIHATH 55, £ U TEROM B BER L
TWBHZ Enbnsd. BRE2EIAE UL SiFE D b PUEFDIEZ I MRE W=D,
Ga A 4> & OFEMHEED RE <20, ERTHELL7ZHIZH Y b7 0 L AIZEIET D Ga
AT NELRDEVNIZENEZLND.

BEROFENDE LN ERE, AR THIEREEGDOED L, Ga A A 2 03 R Ik
DIMEBE 52 DIRNE LT, RO 3ONPFEET D, B Z X 2.11 1[ZRT.

O FIB b DA T A5H OJEVHEREFIZ L 5 1 D[89]

Q@ HEZEFx U N—NOERET AL GaA AU DEELIELT 52 LIk 5 D[88]

@ WRHETOEEILIZL S D

288
o0t
2T . o . ° 16th 4 15t(492.6 pum)
— R . . ° 2nd(95.2 pum)
Goss | : ‘ 3rd(45.7 um)
3 2 ° 4th(25.9 um)
Q ]
g 5 * 5th(15.8 um)
S282 r %]
& o © 6th(10.9 pm)
& . . : N <% * 7th(10.1 um)
— 280 | . . * 8th(9.3 um)
< ° ° ° o °
g . ° . . : . : N . : * 9th(8.4 um)
B 278 | : . ° : . : . : . * 10th(7.5 um)
[8a)] . . : ° : . : H g ¢} Oth ® 11th(6.6 pum)
L] L] 1] O
. . . : : 8 ¢ 12th(5.6 um)
216 . : g 8 13th(4.8 um)
. 14th(3.7 pm)
274 ‘ : : : ‘ 15th(2.9 pm)
0 1 2 3 4 5 6 e 16th(2.0 um)

Heating power [uW]

Figure 2.8 Measured relationship between electrical resistances and heating power of the hot

film H1 after each FIB irradiation.
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Figure 2.9 Measured electrical resistivities of Pt hot films after FIB irradiations at different

distances from the hot films when the irradiation areas were approached to the hot films. Data

for the hot film H1 under condition A (circles), hot film H2 under condition B (squares), and hot

film H3 under condition C (triangles) are shown.
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Figure 2.10 Increase of electrical resistivity caused by FIB irradiations at each distance when

the FIB irradiation area approached the hot films.



Beam | | @ 0 Qd
profile v~ 1 | | | |
v O0Tey :
:? %: | © O | |
1 \ I I I I
A k I I I I
6 N\ 'O, 99 :/O
rayal I . : I

irradiated

area substrate

Figure 2.11 Schematic illustration of possible causes of broad lateral influences of FIB
irradiation. @ Wide skirts of FIB, @ scattering by residual gas, and @ scattering at

substrate.



2.7. FIB HBEMFEI ARy 7 4 L A ST 5 EER

WIZ, FIB FBEHEIZ R Y b7 4 VA B ST 2 HENCBEI S8 (K2.12). Ay b7
AV E BEEI OB ORI R btV E ZATH Lum, i biEVE Z A TK 500 um TH
5. BEYIOT- NS « 20K L., ZZ2Tlddy h7 4/0 L HE (F2.1) AL
7.

Pt heat sink
and
Electrode

d T,

FIB-SEM

Figure 2.12 Schematic illustration of FIB irradiated area leaving from Pt hot film.
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Figure 2.13 Comparison between the measured electrical resistivities when the FIB irradiation

area approached (open circle, square, and triangle) and left from (solid diamond) the hot films.
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Figure 2.14 Comparison between the increase of electrical resistivities when the FIB irradiation

area approached (open circle, square, and triangle) and left from (solid diamond) the hot films.
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Figure 2.15 Schematic illustration of FIB irradiation at the position 1 pm away from a hot film.
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Figure 2.16 Measured electrical resistivity of the Pt hot film H4, HS and H6 after FIB
irradiations under condition A, B and C, respectively. The intrinsic electrical resistivities of these

hot films are also plotted.
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Figure 2.19 Measured electrical resistivities of the Pt hot film H1 under condition A (open circles),
and H4 under condition A (solid diamonds). The dotted lines were estimated using eq. (2-12).

The dashed-dotted line shows X modified to match with the experimental results of H1.
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Figure 2.20 Thermal conductivity of the Pt hot film H7 when FIB was irradiated in the vicinity
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Figure 3.1 TEM image of a pristine CNF (x20000).



Figure 3.2 TEM image of a pristine CNF (x300000).



Graphitic fiber } Graphene layers

Figure 3.3 Schematic illustration of the CNF based on the TEM observation. The CNF is made
of many individual graphitic fibers intertwining each other. The two anisotropies: the gaps

between each graphitic fiber and interlayers between the graphitic layers become thermal

resistances.

ilted by 56°

wu ¢el

wu 01T

FIB irradiation area
(100 nm X 20 pm)

Figure 3.4 (a) Schematic illustration of a CNF on a TEM grid and FIB irradiation area. (b) TEM
image of a FIB irradiated CNF (tilted by 56°) (x80000). The original structure of the CNF based
on the graphitic structure was collapsed by the FIB irradiation. The dashed line represents the
approximate boundary between the crystalline and amorphized part. The white rectangle in (b)

is the approximate area of the boundary between the crystalline and amorphized part shown in
Fig. 3.5.



Figure 3.5 TEM image of the approximate boundary region between the crystalline and
amorphized parts of the CNF (x300000). The insets on the upper right and lower right are the
schematic illustrations of the crystalline and amorphized structures respectively. There are
many graphitic structures on the crystalline part side (e.g. the area covered with red). Although
the image is blurred, the difference between the crystalline and amorphized parts was clearer in
the microscope. In the crystalline part, the structures of multi-layer graphene are still visible.
However, almost no such crystalline structures are visible in the amorphized part. The
crystalline part is observed to have some amorphized parts compared to the image of the pristine
CNF (Fig. 3.2) because there are the amorphized parts over the crystalline parts as illustrated
in Fig. 3.6.
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Figure 3.6 Schematic illustrations of the way to estimate the cross-sectional area of amorphized

part (a) before tilted and (b) after tilted by 56°.
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Figure 3.7 Raman spectrum of the CNF.
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Figure 3.8 Schematic illustration of measurement in the SEM chamber.
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Figure 3.9 Schematic illustration of T-type method.
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Figure 3.10 Schematic illustrations of relationships (a) electrical resistance vs. heating power

and (b)electrical resistance vs. temperature.
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Figure 3.11 Measured electrical resistance vs. heating power.
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Figure 3.12 Electrical resistance vs. temperature.
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Figure 3.13 Temperature coefficient of electrical resistance vs. temperature.
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Figure 3.14 Thermal conductivity vs. temperature.
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Figure 3.15 SEM image of the CNF handled with a tungsten probe
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Figure 3.16 SEM image of the CNF on a Pt hot film.

8
T r 0
6 L o
o
gs without CNF O o’
S4 T ° e
S5 L 0 °
O o ® withCNF
2+ O e
T S~
5
0 @ ! ] !
0 2 4 6 8
Heating power [uW]

Figure 3.17 Temperature increase of the hot film estimated using measured electrical resistances

vs. heating power of the hot film with CNF (solid circle) and without CNF (open circle).
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Figure 3.18 Schematic of the in-situ thermal measurement of the CNF defected by FIB.
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correction of the effect of FIB irradiation in the vicinity of the hot film.
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Figure 3.20 Schematic illustration of the thermal-circuit model of the CNF. (a) Before FIB
irradiation, the total thermal resistance of the CNF was Rom. (b) After the first FIB irradiation,
the CNF was divided into three different-lengths parts Li, L4, and L4. The total thermal
resistance of the CNF can be expressed as Ry« = R + Ra + R4. (¢) Similarly, after the nth FIB

irradiation, the total thermal resistance of the CNF can be expressed as R,m = n(R1 + Ra) + Rs.,..
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Figure 3.21 Thermal conductivities of CNF obtained under assumption (i) (solid blue squares)
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transport as a function of characteristic length. The dashed lines were drawn to guide the eyes.
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Figure 4.1 Schematic illustration of the fabrication process (D~@®) of a Au thin-film sensor and

FSLG.
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Figure 4.2 Schematic illustration of the fabrication process (0 ~Q0) of a Au thin-film sensor and
FSLG.

& Suspended Au hot film "

Figure 4.3 SEM image of a suspended Au hot film sensor and partially suspended SLG.



Figure 4.4 SEM image of a suspended Au hot film and completely suspended SLG.
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Au hot film

Auheat sink 2 ym

Figure 4.5 SEM image of FSLG1 bridged between a Au hot film and heat sink.

Au hot film

Figure 4.6 SEM image of FSLG2 bridged between a Au hot film and heat sink.
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Figure 4.7 Raman spectrum of a pristine SLG.

1000 1500 2000 2500 3000

Wave number [cm]

Figure 4.8 Raman spectra of FSLG1 and FSLG2.
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Figure 4.9 (a) Photo of the experimental apparatus in the SEM chamber. The white rectangle

shows a substrate on which Au thin-film sensors are. (b) Schematic illustration of the substrate.

The red triangle corresponds to (¢). (¢c) Schematic illustration of a Au thin-film sensor and FSLG.

The two Au electrodes were connected to the electrical measurement equipment via the two Au

thin-film island and two Au wires as illustrated in Figure 4.11.
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Figure 4.10 SEM image of the two Au wires connected to the two Au electrodes respectively.
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Figure 4.11 Schematic illustration of the experiment.



Figure 4.12 SEM image of FSLG and a Au hot film.



4.5. FHHIJFEE

45.1. FSLG OV R
AR TREETH Y, EARMICEE I RLF L THD. K413 IR THIIENE 55
R A2 G 9% . 97, FSLG 28A 548 (X1 4.13(a)) TA > b7 1 /L A& d@ENE
T5. 5L, Ky b7 4vbhbe— 72 FSLG Zil L TAWMeb 5. VT,
FSLG % FIB WS CUIM+ 5. &y 7 4L h-b— h o7 [BIZ FSLG S EEVVREET, [A)
UMEE TRy N7 4 VLA BmEMEAT 5 & (K 4.13(b), FSLG B3A L8556 L HA_TEH Y
N7 4V ADOFEENRE PR EIIRELS 2D, Ay T 4V AOFERRE EH-EOZEIT FSLG
DOEIEHU IS LTI Y, HEMERE1 % FR< 2 & T FSLG OBYRLERENEHTE 5. 7272
L, FSLG IZ KMk TH D78, FIED L 512 1 Wt OBMAE X2 L TR
ERAEH T A 2 BTIZEMNE S, £ 2T, FHHISERR & MSC/Marc Mentat % W 7= AR
BEFRVEIC & B BB 2 R L7z, FSLG OERESREH £ TORAIUILL T O TH 5.

O FSLG A DIRRETHR v N7 4 VA& @EMET 2 (X 4.13(a)).
@ FSLG DNEVVRRETAHR v b7 4 L A% @EMET 5 (X 4.13(b)).
@ RUMBAEOLEED 1 &2 DRy 7 4V AOBEBXEIIOEE, BREUREREIC X
> COEARE FR-BEOEICERT S.
@ AIREREIC L DBYREMIT 2, FSLG OBYERZ A E LTITY, ERTELER
v N7 4 )V AONERRE EREOEEZEBLT 5 X 512 FSLG OBMREREZRET 5.
XEREFEIC L 2B P EME R Y N7 4 NV LOBEBNIEN 21T 2 & T, EFHAILI-EE
fill 7 & BRI I HEIERE F 22 L5I<.
XAy b7 4NV AOBYREROEIL, @DERT — & & AIRIEHRIEIC K 2 BUREMHT % O
A+2sZETRDD.

(a) T(x) (b) T(x), *
Without FSLG
With FSLG With FSLG
Au hot film —_ X Au hot film X
= — FSLG P
oo | I S—
Ty Iy T, Ty Ty Ty N
Heat sink and : Heat sink and Heat sink and : Heat sink an
Electrode (Au) Heat sink (Au) Electrode (Au) Electrode (Au) LG dC)) Electrode (Au)

Figure 4.13 Schematic illustrations of the T-type method. The profiles of the Au hot film show
their temperature distributions (a) with FSLG and (b) without FSLG. The average temperature
change in the hot film was measured by detecting its electrical resistance change. Then, the heat
flux through the FSLG can be calculated based on the three-dimensional thermal conduction

analysis.
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Figure 4.14 Measured electrical resistance vs. heating power when the temperature of the stage
is 300 K. The open black circles are for the case without FSLG1, and the solid black circles are
for the case with FSLGI1.

Figure 4.15 SEM image after cutting the FSLG by a FIB irradiation.
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Figure 4.16 (a) Optical microscope image of a Au thin-film sensor on which the Au wires were
wirebonded. (b) The two-dimensional model for the electrical potential analysis, which
corresponds to the area surrounded by the white lines in (a). (c) Schematic illustration of the

relationship between electrical resistance and heating power.
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Figure 4.17 Electrical resistance of the hot film vs. heating power when the temperature of the
stage is 300 K. The open black circles are for the case without FSLG1, and the solid black circles
are for the case with FSLGI1.

Table 4.2 AR andAT for FSLGI.
Temperature of the heat sink [K] AR [Q] AT [K]
300 0.00234 0.292
310 0.00227 0.278
320 0.00155 0.189
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Figure 4.18 SEM image of the Au thin-film sensor and FSLG. The Au thin film was supported

on the SiO,/Si substrate in the regions covered by the white diagonal lines.
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Figure 4.19 Distribution of non-dimensional temperature increase of the Au thin film sensor
calculated by the thermal conduction analysis. The inset shows the lines from which the average

temperature increase of the hot film was calculated.
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Figure 4.20 Thermal conductivities of the Au hot films for FSLG1 (solid blue circle) and FSLG2
(solid red circle) when the temperatures of the heat sinks were 300 K, 310 K and 320 K,

respectively.
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Table 4.3 Calculation condition for FSLGI1.

Temperature of heat sink [K] 300 310 320
Thermal conductivity of Au hot film [W/(m-K)] 260.3 260.7 263.0
Thermal conductivity of FSLG1 [W/(m-K)] 100-130 100~130 100-130
Volumetric heat flux in the hot film [W/m?3] 3.55x10% 3.64x10% 3.72x10%




Figure 4.21 Temperature distribution maps of the Au thin-film sensor (a) with FSLG1 and (b)
without FSLGI1.
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Figure 4.22 Difference of average temperature of the hot film between with FSLG1 and
without FSLGI1.
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Figure 4.23 Schematic illustrations of a contact part of a hot film and FSLG to obtain thermal
contact resistance based on fin model. (a) Cross section of the hot film and FSLG. (b)
Temperature distribution of the hot film and FSLG in x direction. (¢) Control volume in FSLG.
(d) Cross section of the hot film and FSLG to show the heat flow from the bottom surface of hot
film to FSLG (x=L).
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Figure 4.24 Temperature dependence of thermal conductivities of FSLG1 (solid blue circle) and
FSLG2 (solid red circle). The thermal conductivities of the suspended SLG [5] (open yellow
triangle) measured by Raman thermometry and suspended SLG [8] (open green circle)

measured by the same T-type method are shown together.
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