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1.1 FJRT—IVENEX

1.1.1 Fourier O%A]

WWEIIREZEDE U2 BRI, MR OBE) 2 tEb 3 IS @R o BRI~ x 1 —
SHRNR S LD BIR A BVRE & S [1]-[3]. BMEBIZITIW CHRALEFE - BALRF & 72
IR SN D ER, TRDLEAGH ¢[Wm x5 & T AMEDOREARV T & it

BIBRTH D Z EMHMBITND. ZOFfR% Fourier OVERI & FEYY, H(1.1)TEZH
5.

q=—xVT (1.1)
I TCHIBMRERWM 'K THY, Db IR S 2RI YMEHETH 5.

TR AN H TR Y PEEDIER 4 3 2 T & 7= Fourier DIERITH DAY, %
O BRRULRERAITH 5 - o AFHICIZER 2 bR e b v, 2R T
Fourier DERINEM TE DR S A — /WO A 7 —/VIZ EDRRERDTIEAS 9 . %
LT, 22 bIREARNERETERVEAITIIBE®EL ED L5 ICEANITRVOE
A R A UE L, BEREAX BICIRE ABAT BFEET 2R OBGR g =
~K(AT/ A& B R THD. ZOFRIZAT ZEE L TAX R4 2D S8, ZORINS
J AT =B S TG RICBER ¢ 13 ED XS EZ R T DAL HHWPHLES A
27— VIZ BT Fourier DIERINK D D ERET D E Ax—0 IZBWTEIER ¢
=—kK(AT/ A)ITHEBLTLE S . LU OFE A ITEGTRD IR RIZ /2 5700 &5y
IZHI> TWAD Tz, RADNEZLTHFET 2 L PRTEL. ZORMICEZ D701
IXRRBRAIZ 5 A % — | L7z Fourier DIERIZMHANCE 2T, LD K 9 2Bl g B
THFNAF—ZEEL TVDD, BYRERN LD LI ITERSINDINICONWTEZRITH
X722 B 720,

E AR B OBURE B R A M E 2 D &, e RV ¥ — (X EICH BB T &8RS
X o THITN TS, RO Fourier DERNIZ D OB v U 7 23K X Sz



BTN L, BMRERITZ OILEIRIKICHFT 5. 2% 0, B+ U 7 O H BT
2 A (pmenm A —F IR L TRORER S AN WEE, ¥ v U 7 O ¢
(ns~ps A —4% —) X U HEDME D BHIFH] A 7r— /L 3/ S WA 21T Fourier D ERINIEAKANE
L7gw. 6o T, 2D XD & T CIREBEN TR S RER SO A 77—
Jis UTe TR 23650 L 72 < IR DRV 4]-[8]. T DA — /L) U WEisl
BOEZ SIS B T HIFFICEE CH 5. fl 2 X AES 2 K0 HBICH R DT
Ex e 2 b= 2AHFBRRIBIRILBTBEATH 5720, HEREDO L S ICRD s X—&

VBB RKEWIEAICITRIVIE T A Z ENRHK W, D X D BRIEAICTHIKOES)
FIEMICHETH=0IE, e 2 h—7 ZFBRA TR Ay < ki
Ze WD ILEDN 8 H[9].

GEMEIOEF X ) TIZRICE B HoTEY, TOBMRERIIRBRNIC =LTo T
BERHE S &1 B ATV D (Wiedemann-Franz H)[10]. 7235 o [Q 'm I ERURE R, [=24.4
MWOK 2 [iZr— L oV Th Y T [KIIMEHEE Th 5. — 7 THEERHEZ A Tk
B 3 X — X R FRENC Lo Tk S D, Z O FHRENC KX D = RL % —fiik
i BRI, BT FNREZ ARG AR o 2R oEEE—RE 1 S0
R & BT EHER RV, ZOWERFE2 T+ ) L ED, 74 /) U 1 DIZHOETRIL
X—ho 28>, RBAENRY)IBE T T 7 EHTHY, hiZ7 778K THS.
ZDEBZIESWTEMBREB LA E 2 5 L, BHIT S IR O IRIR SRR~ 2% S
DIEWRD T 4 ) VRICE S TERIND. 74 / O DWW TR BRI ERE O R
EAE S TIELV[10], [11].

1.1.2 JA)>KETIV

Z DETITRMAES TEEGRAE 2 KN T T 4/ VMRS S 5 RO B RE
FKhERTREZEL, IO, TRENDO 7 + /7 VT FE A BT A,

A=rm=Vr (1.2)

PR, 74 UMD T ) L ERE LTI OB R —DRL YR 2179 &
RETD. BvIiIT7+ /) OBERE, 13RO 7 + /) NZE 254 5 £ TORE, 472
bbb 7+ OB TH L. ZORED T TEIRES THAT H> HARIRER T ~D < %)L



X—WEN 7 4 ) COERIZL > THTh b B2 5. x FIITHE Con ZFF2> 7 A+ /
VINHEEE v CTRAF—% CuAT FPIHEZ D720, EREH S RIR L~ EE OB
g IXHENEFEH T2

q=-Vv,C AT (1.3)

x~ph

EETD. ARTBEENTALEOREZE AT I TREAR dTVdx & A DFETRE L7290, B
T

q=-v,C L ~(v?)C

d d
x~“ph dX X T l< 2>Cph T

2 = - 14
M x 3 Tax (14

LRED. T LRES T EBmICH > TV ) =(v)=(v)=(v)/3 & LTt 14k

y

Fourier O{ERIDIHE LV, NASHITRIND 7 4 / VEEICE DWW EBMRE R « NE
RTX5.

1 1

K=§CphVZT=§C VA (1.5)

ph

KASNZTBWTHER T RE UL, BVRERIZ T 4+ / OV HBITENE TN D 8T
b5, FOREEEIN T+ 7 FHHBITRL Y b REVHAICE, =xLF—1
7 % 7 VR OBELC K o TS S5 720, BURER T A ZKFMEZ R 2720,
LINLBRR S, T UA Y1210 13]0 L 9 ICROREFE SN L RDICONT,
B4 1-1 127 E 4L 2 BRIl O TEREAMIL Bl 7> & MERLE iR 12 b L, Z4LE CIRER
TETHEIC L D HELSBS I B LIX U H[4],[5]. T ORER, Eome 7+ /) v
A BTN S < 72 0, HEER O FATIN 22 BRSOV 7 MO BT 5.
WE-T, 11 BiCHBHREZIT - MR — MBI 2B RO HIE, RORER
SIS LR DI ONTEITHRBMABER BT 5720, #Hina 00 B I 20 d7
SYAdAN

CIVE TITHEIR AT o T I HELIS K 2 FATI R BMR SR O 2 i I A 2
12O, FATHIR 7 + / P AT A @ EAT D, 74/ 374 ) Y ONEIA
HATHE A Ot L 74 / CFELOHREIC L D EEL S, MERORERS L O
PR e & EIC Lo THEL SN D SIRGET 2. 7 4 / » OBGEBEEE T B TR
DOIENZ BT 5 728, Matthiessen HI[10]% AW TENZENORGELHEE 22 LADE D
L, FEATHIR T A AT Aa=(AT+L ) T E AL D LN TE L. o T, HEIT



H) 72 B8 =R

1 1 1
&ﬂ=§CWW¥ﬁ=§CWVKI:EI (1.6)

ERED. K16)LY, ROREFREINT + / L ERHHBITR L FREIC > 8HEIC
B S 2 FATI R BMRE RO 2 EWEMICRBLC& 2. 72720, LAIERIT/NIEL
oA T + /7 VAL OBELY BRI TR < 72 B 78, ZAVE TOEam D AL
L7eWZ EIZHER LS T b0, SHIZRORBE I WIS L 2D & EBWmED
AL, SUEIC L2 7 4 / UBELD R Chd 2 HIERIE IR D, ZOBEKRICR D
&7 BFETED L 9 ITHEL S LD BRI 2 IRTES T 5.

INETIEH O HBITREZFF O 7 4+ / I K DEEIEIZ DOV TIR 7223, KRR
DT x ) ANTGTBBIRITHE > TRV K« AN 0 28572, BYRERITT N
TO74+ /) vERELAEDER

K=7% ZJ (N (@), (0)do (1.7)

ERIND[14). B, slET7+ /DL, C@) = haDy(w)ofse/oT 137 4 / HER,
D)X 7 # /) v DIRFEFIE, for(w, TNIR—RA « TA v a2 A 0B THD. 1258,
BUREROFEEZIT I BRI, ol FRVRERFEEZFD, R0 KM L > T
RELS BT DHZEITHEETIVNERDD.

E A O BURE RO B A iR T D720 T A v ad A4 VETILRT NA T
NWIRBRINT, 74/ OFHBEROET LR I TE[10],[11]. T b0
72 ET WV TIER LN R TOLB L FEE T 2@ E T oEmITERE L
o 7o, VT FEMEBGEL EBRCFH R OF R K o TEEMEIO EfEZR 7 + ) v
SHERAEOND L DI > TETWA[LS]. —HFTT7# / OEMRERIL, £ DR
[l A — NV D/NE S D EBRIZRIENHEF IR TH Y, it & 2 WIEIMTEE D
£ O RBMREREFFODONITHOWTIEI AR RGN LTz, LI LB BIRHEIZR - T,
TA T AT NRT AL =K BRWE—FEEEIZ L > T % /) o OFEM7R %
FrEDRF DN D K 91272 -> TETEY, MBI OBMRERITE T 5 BENRE D >
H 5[16], [17].
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Figure 1-1: Schematic images of diffusive, quasi-ballistic, and ballistic transport based on
phonon-gas picture. Here, L is the characteristic length of the system. Open circles and the
arrow length represent phonons and phonon mean free path, respectively. As the system size L
decreases, transition of transport regime can be observed. At the diffusive transport, phonon-
phonon scattering is dominant. On the other hand, phonons are mainly scattered by the

boundaries at the ballistic regime.

B 1.1 TN s T RRORBEIN T+ /) VOBEE LV /NS ot AT
T4 ) DRAMETIE R T4 ) o OWEEMEEZE LR TRR SR WIGHAFET
%. HEC, RIS > TERACER SN TS 7 4/ > OTHIE[18], [19]1% Ik L 7= 24
REREZET L2HE1E, FEBEEZIR L7 1 7 ViR E 7 4/ VRUIKET IV
WD Z &R0, MEDRHIMEZ BB LB R AT O R EDLRPMLEITRD.

1.1.3 Landauer O

AIETIE T + /) VR ET MCEDSW TR EREZER L, ROREKR SN 7+ /&~
DL EHITRE D /NS Ro G A, BYREENY A XREFFOZ & & E MR
([CRgRm L7, TIE, RORBRE SN I HIT/NS <72 0 kB RE D SE 2B RIE 2 72
AT E D LS IZBG R G R 2 Z Z TR WEA 9 . REHTILE - OHIE
kT HERIC L < AWV S5 5 Landauer DR[20][21NCEESWT, 74/ AN HHE
W SNTBROBGR K g LB v v &7 Z 0 A GIZB L Tk 5[14],[22]. = L CIKIRH

& EIREBOHERE L 23 L—0 OFM TIZE T, EEEICITRE R A BB TICHBROM %
Bz ZE&xmrRd.
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Figure 1-2: Schematic system of the Landauer formulation of ballistic phonon transport
between “Point 17 to “Point 2”” based on transmission probability of phonons between the two

points.

IZUDIZK 12 IR TRIZBWT, A1 0 5A 2 ~T R/ F— 03 EIC G S D
WiEEZ D, B 1 NE M2 D) TR —DHEE ¢ ld z FFa~EFE v, THh)
DT F ) Ko THEEIND =R LF—DffE LT L. 1 SOETREO T £/
YOTANF =L hofse THDHD, BiEIN5ZRLF—OREITETOREIREE
R LAabE

1 k max kmax kmax

q1-222\7|: Z Z szlha)fBE(a)’Tl) t, (1.8)
1

S kx=—k max ky=—k max kz=0

EERED. ZITIVIERE, KIER 12 IR END T4/ VOB, TR 1B R 2
~DT x ) CBRERTHD. F LT haa [ IH 1T VT )= DR E TOWRET
HY, KAYIFE 1 7 IVLT o= ThNETHDL 74+ /) OREERT 5.
(LT LT 1-3 ITREND T % /v DIRBEBE D(w)ZEA LT k 22/ CIAR
R EATS . 74 VB SME2 UE L k Z2M O 821 Z &2 1 DO R
WHEZE-SZ L 2EETH L, RAINRAYICEZHZ DL ENTED,

Dmax D1 (a))

Z I _[ Vzlha’fBE @, T) 12

S Q27

do [dQ (1.9)
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Figure 1-3: Densitiy of states D(w) and solid angle Q in k space. Here, V, E, A,, € and ¢

represent volume of the system, energy, differential area perpendicular to the k direction, polar
angle and azimuthal angle, respectively.

ZIZTC omx [T KARBEETHY QIINAKATHSD. REEICH 2 DDA 1 ~AND T

ANF =@ IFRDO XKL TE 5.

Z I |:wTaXVz2thBE(w T ) tZlLda):|dQ (1.10)

S 2z O

E%@iﬂ{)lhﬁi h%@% %H&Oﬁ_q qi12— qz.fC“EE)Z). ?&ﬁ@ﬂzﬁ’JfZleTzzTe

DB ITWE SN HBENERIZR D20

@max D
Zs:Q jz { | vahaty(0,T,) t, 4:)da)}d9
j { Txvzzha)fBE (@,T.) t, Di(w)da)}dg (1.11)
052 T

EEITD. RRAEEIHT D & vatnDi(0) = vatn Dy(w) DEIFRADNE D, kS b ik

BROEE g I T

Dl(w)}dg (1.12)

q= z I I:wTaXVzlhw BE(a)T) fBE(a)’TZ)} L,

S O>27

CEIEED. ZZTREZE AT=T -1 BN TH D572 61E fis(o, Th) — fir(o, D)L



(Ofse/ONAT L FH 5. ZTIUTINZ T g=GAT DBMRZ WD &1 05 i 2 ~E ik
INDEDOEa Xy B ARG

1 e of D, (@)
G-t ho e ¢ D@y .
4;:23“92{”{ ! V@ he = } (1.13)

ERED. FEHMEMEZAGE LTziz), {(1.13)i%

G =%ZI[ T@lcl(a)) t,,(@, 1) da)}u‘d,ul (1.14)

S 0] O

DEHIHHEICRT Z LN TE D, 28 Ci(o) = haDi(0)dfse/0T TH Y u=cosh & L7-.
XL THEEHTAREAN 2 Abb. | REIFRAa X7 2 ARZOES LITKD
FTIZ XS TRESND R TH D, THULT 4+ / > OFEERIE I FE O TR %
wam L2l TH Y, MEERDO 7 + /7 ViGBRHEENBRR AR E ST 572D Th D, 2
MBZ =l OFIFIZB N THE I U X7 X U ARFEEE L2V A TH 5. Z T Landauer
ORAZH W CTEBOIREELFERGEMFE LTURELZZOTHY, A1 LR2 2%
SHEIE R IR OBHEH A 2 WA (o=DICB W T H BRI CIREENFET 5. 2O
BEHUIBNE &R L T 2WROBAREITH 0, MR B RO A 525512122
NETY RS LE RN H 5. 1.1.1 THTIE Fourier LR Z AW TEGR K 25 2 72BRIZ, iR
FEFAE—E DR T TRkl AR O B4 D1 2 & B RS EBT 2 R % 45
i L7223, AIET Landauer DR A& H W CRURHIIFBE TICHROMEZFFoZ & 235
HCE 7. 2120, ZRETO#MmIT T 4/ VRN ERICHERE T 255452 T,
REEEED 7 + /) CWEIIIEEE TH D, 16> T, REAEDO 7 + 7 v OIREZEE
5 ENEE LW =8, Landauer OO IZITERE L2 < TEZe 5720 [14].

CHNETICHRARIZL DI T + / U PEERIE SN HBRITIE, 7+ /)  OFBHER 1,
(TS 2 R E ST A IEFICHERERTHS. RAD 7 + /) ViBREREED 72D
Acoustic Mismatch Model (AMM)=° Diffuse Mismatch Model (DMM)72 £ D& 7 /L B35 S
T &2 [23]0RRIE 72 ERFE DS T UL ERE AT - S o7z, IFEICR - T,
Hifli 72 1 T H AT Atomistic Green’s Function #:[24]<° phonon wave packet 7£[25]12 & -
TT7 4 ) VEBBREREPELND X 912> TE TR Y LR R ~DIE 2 IR S
nTnsg.



Heat flux, g

Ballistic Quasi-ballistic Diffusive
L<<A L~A L>>A
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Figure 1-4: Transition of heat flux as a function of distance, L under constant temperature
difference A7. When L is comparable to mean free path (A), quasi-ballistic transport is
observed as explained in subsection 1.1.2. At fully ballistic transport regeme (L <<A), heat flux

is constant as explained in subsection 1.1.3.

INETOEMDE L DOEK 14177, BEE—EDORMFETIZBNTHED R r—
NIRT 7 v OFH A BATRICGEM K &, 1.1.2 HTHH L X 5 12T 2BV E R
PO T 5. ZORIZ I - TEGRHIT Fourier DIEAITFHISNAMEE D /S L 72
L. SHLIZAT—IVPNESL el &7+ ) OREIFRENHIEREIC/2 Y, 1.1.3 JHT
deam 72 K O ITBRRD ERREI K O T —EI2 72 5. 2O X 5 IR A LT < kR
FZFEMNCHERT - 0IE 7 4/ COFEHHBTREREICBT S 7+ VDR S
B (7 4/ OBEBERL R mOBIE M) ET 2 ANMERAIRTHS.

1.2 FIRT—) 2R DEZE T

1.2.1 7)77/0>5-0OFE

Richard P. Feynman 7% 1959 4F 0D K[E B2 T “There's Plenty of Room at the Bottom”
&V FEE[26]1 21T - T b o tAL UL EAE E 7=, Feynman |3 Z OFEE T TJR745@ &
Wo e ) A= VHERTCIE~ 7 n i L 3R B OMWEPRENDTZA D L TPE
Lo, BESNTZREETIE, /77 /P —0REE2 B ZOFHENRITE<ER
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ENTWRDSTZA, 1980 RO REICKE LT2r 7 A —OWF 7 & EBER o3
JV %8 1% %% (Scanning Tunneling Microscope, STM) <° i - [ /7 % 1% %% (Atomic Force
Microscope, AFM)DFEIFIZ X » CTF ) A — VOMELOMWE %+ ) 2 r— O3 fREET
MR BIEETE D X 51272 D, Feynman OFEFEA IS D & & bICRHITT /77
/u Y=L 2 LT, A ABIEEIR OB - RIS TINTET S
SHICHE L. 2 X > TREERFEFORBILNATREIC /2 5 72721 T2 < MEMS
(Micro Electro Mechanical Systems) + NEMS (Nano Electro Mechanical Systems)[27], [28]% X

DN N2 BB FR I L o TR S D B/ NI U — DRSSP, A X~ T U T 1[29]
D EIICHARFUAFET 2WHE L 13 R 2MEE 2" T AN LSRN ER TE 5 &
2Tz,

BROAEFEICBNTFT /T 27 7 nP—RJEEZZTR2WAEH 5724 9. Fox DHIT
IZHLHBCONTERZTHD L, NV arRAY— R 7420 CPU RAE U ITRE
SNDHERFR T, WA T 4 A7 LA BB OHEAEE 2 Stk 2z T o
Byl o THRIESNENEL T D, "2 TRh{tiisns—rv 281k, filx
A 2 =%y FNalgd LT 5BEHEINCE, —E AOMERFICEERE 7P L EICH
WHNTWS. 6o TC, mECHERLENBRTIZT /77 7 v o—o B EICfitivg
IZATET D Z EIEAFEETH L EERD. A — T4+ DO K, NTHBEDIEE
[30], B v 7T —H[B31DIEHLET ) DA > % —% v & (Internet of Things, IoT) [32]D
HEEIZ Lo T, Bl 9 7 ¥V H UIEROR B KT 5 BURVETR ISR O TR #HE 7 139E
WICEEREE 2 R LT 5[33].

HERFEECA v F — 2y DOFEIT - TR R R — BB AREIC 2 -
TEEDIEEEI>ETHLRVWEA Y. FIZIE, HEFENFRNLE T A —/VIZES D
ST, WEOBE ELEL LV a o= —va VRERITEXOZ R LEF—0
g b THEIROTHINC b 72> TV D, ZOMIZH, FIZIZTIHNICEE S hicfkx 72
Y=L 0BONLIHERE FERBZ T CUET 5 Z & TEEY 1 X5l S 1
THZFINAX AR EREIN TS, £ LTIoT DERICE Y, ALLEICE I BIE®R
DEOLND LIRS T, FTET R ALX—OFBFHAMEESNDTEAS. Ll
BNVHLEATFNVEF—UUICEBRL TN A U F—Fy bROPEREFETFAR L= R L X —
EHET D2 L2 EN TR DRV, ERF T L > TR ZRE =1L F— (b %
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BENTWDHA, PEERFETHEROT LT —WHEITEETERNEERE[33], £
BRI HEER R F R = XN X —HE L) RFEB L2 BN L T2 2 L THaakox
FILF—IHERITEI R L TV 5[34)].

B PERRIFALTVDA v H—Fy ETHILIN, O —EAEHEFFT D701
FHIN TN R LF—mIIERKTH 5. Google £1:72% 2011 H(2AFK LT-E11HE &
2L D LT — 2 X —TILER 2600 MW OBEHPHE SN TREY, ZOBRENIC

RER 72BN HEE STV A[35]. [RIRELZ, {572 < > T % Google iZE % 1 [A11T

I TIK DTFAF=RBHEE SN 7¢ D CO,BPEHENTVS &Ll ST
%[36]. Natural Resource Defence Council D12 L % & 2013 AEDKEICB T 5T —#
X —OWEEEINIF 9 TWh TH Y, ZiUL 500 MW 7 T 2D KIJRERT 34 T

IZHYS T 5. T— 2 —DOEEESIE 2020 121 140 TWh IZHINT 5 & PRl S
NTEY[BT39], ZHIXKEDOF =L Z—DHRT 2014 D ARDRIEEE S
1036 TWh[34]D 13%IZHHS T 2B NP HESND Z L2 BH®T 5. 2T, 7—2t
VA —DMERFOT-OICHBE SNDENIEDO LS B THN LN TWDDIEA S .
ZONFRIZ @)V — S —BHIRDOEHEE 40%, OWHEIFEH 45%, (c)RIHBHCELEZ
fill 15% & 72> TI W [40], LE(E B RDOTHEE 121 Tl < HIRBHHE OMERF b IR 2=
NE—ZMELE LTS, (o TTF—Z v ¥ —DEENMEEBRT D010, &%
RPOFERD DIV EEURR T ORENEETH Y, THE2EHTLOITIX1LLET

WRARTF ) A — VT H T D Bk & B L 722 < TR B 7RV,

1.2.2 FEAREKFEF AT )V EMENE

AR E CEERSE T, LY b CPU OEtkRE(L & BB MUITERILIC L > Tirbh
T& 7z, ZHVUTERBE CHALARTES 720 O N T o DA X BN KL, FREN M BT
510 Thd. 0L, HRELICE-T T PR X BOMEMREL 72570, BN
BB D EEHEDN LS 22 0 SO ENERIE S EBLTE S, 2D OFH O HERE 1O
KT U VAL EIT L —T OERIBICHE > CREICH 2, NEMEEITAMIT/hE < 2o
T&E7e. Lol, miLilZe > T2 OEMIC X 2 ®mMHERIEDS AL L o> TETWD
[33].
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CPU THEINLENOZRAF—FEHEITHB LZ 100 Wem? TH Y, —fkiy7ek v
F 7L — hDZFLF—FEEN0 Wemd) L VD & —H K& 2 VX —FE %35 5[33].
Z D7, CPUWNTHAET HET R/LF —DHHA CPU DL EEMELIT O L TIHFIC
HEIRD. LLens, RFOEBEICHE ) FFRERIOWDICL - TEXH -
BRI L TRY, IO AR T OMERER EOIITIZ /R T\ 5[33].
BRFTOERBELZRT | SOFELE L CHEERIELZ BT 5 7 0t 2 L— LV R%F
HND. TLFEDOFEERFFIIONTIRRD &, 2016 I Intel #E3%3E L7 Kaby
Lake[42]i% 14nm #iE 7 02 L—/LCTH Y, ZOREEHRIE TR FEHET 5T OFE 4
Thb. ZOLD RN EEICHERT S Y — 7 BRI BE A XL,
BRRFOHBE N AR SE, BEREEEN ESE2EECRS>TWD. 2RI
2 TR SN IER T, 27 & T OWOEPERAS S L 7 bR & Bk
L TERWAMRERZIR L, ZRIHEST 2R EOBEI & B OBRAHE T L. =
DX D7) — 7 WL O E T EARF I THEhR y ARy M4 EE
L TR RO T2, #lEREs LR SE5. Toikd, 7/ 27— ZisnT
BURIEN E D X D ITATOR TV ERT 5 2 & 1%, mPERE D DR ME M A R E
RFF2RES S BTl Tk,

1.2.3 BETRERF LT AT —)VEAENX

TN ETIZHRATZ L 91T CPU 7 EDOHHERR T TIX L ORI A 7 — /L 3BV %
WIFCNBR, —FHTZDF ) A — BT DR H SR R L CREEE T O
A ZRPERE) L322 SIU TN 5 [43]. VAR T L I3 —~ v 7 R 2RI L T
TRV —ZERTRNX —~EEERT 551 CTh 2. ITEORERES T 1L ¥ —
DHNER L Vo T BLEN D, PR BER T RV — ~EEEEH T 2 BELHRFE T ~D
HIFFIIRE V. L LD, FEFROKE LAk 0 & S DS ENEA MR 75 K O
2725 TW5 . BVETHE T OVEREIZ H L ) —3h3R L R TTHEREFE L ZT=S* 0TIk (S: £
=Ry JRH, o BRURER, T MHRE, o BYRER)OBEOREICL > TRIN,
RN LT DT ZT 2RO R F OB P LETH 5. EkE TOHR 7%
TIEE@ LA 1T > T PbTe X° BixTes 78 441K S D K O ITHTERIIC ZT 3@ O R Kk
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ZRWTEVEEWRE 1O R LRI TE7z. LL, 2o OMEHIA V&R
BHEA RO R LT LD, a X MPRELZAMOH CRIBENH 5. — kI 72 8K
B CH D Si OMFHERENE RN —AT271% THDHDIZK LT, fib&ETH D Te IE
0.005 ppm & FEF D72\ [45]. Z OHEE X Pt @ 0.003 ppm <> Au @ 0.0011 ppm & [7]
CA—F—DOHEETHY Te IIHFEFICTHEERTHETHDLLVRD. U LOBEBEND,
BVEAHE T OICHEIT 2 A & EALCE D FHEER E DR k72 HIR[46]IZIR 5
Tz,

1990 AR E CTEELHLFE T OVERBIX ZT~1 IT/AET DR ERBEZ 2 5 2 Lk
FUITHIE N TH o 72238, 1993 41T Hicks & Dresselhaus (2 & » THRE S Uiz 5% 1 DKk
TeAb[47)% LU0 0 |\ ZEVEE S HA SR 1 A B Y & < BREEAVBIIZZ L L 7=, Hicks & Dresselhaus
ITBVEZE B BN Ul 100/ U A Pie EORKoe b 2 i &, IRIEE E 021k
IZE 2=y 75 E oM LSBT CIAD RIS 7 =L IS RGO
2k, FAREE IS5 2 LI 28RS DRI L 5 T BeyTes D ZT 533
v 7 BPERE Pl LT 13 5 B3 2 BERI 2R AFSERE R A2 W L2, £ D1% Poudel 5 [44]
XSO X 5 ITRUE DO BRI 2 E Tle < & b, T R BERE IR O R i ¢ 7
+ /L R S TR SRR A AR L, BiSbTe O ZT 233V 7 #4kF & bl L C
1.4 £ B9 5 2R R A LTV D,

F R BERE IR A T ZT &0 L &85 7 7 1 —F 1% SiGe[48]X° PbTe[49] % hhash &
T DR T D ZT Z TR E ST 5047553, ZNETICHAINTI 2o
T2 W EMRIE R 2 B R 2 VB R IR 2 87 7l & o LTz, £ OfRGERY
RBIDY Si AW EVERZR T TH 0, BREBAMN & < 22l 72 BV 1 DB
DEFENTND. Bux H[50lFZ 07 7 a—F% SilZcH L, A—/b I Ko Tt
STz Si T R EBERE L C ZT= 0.2(Hf5 i) 26 ZT=0.7 £ TH L35 Z &Ik L
TWD. ZThoDF /s SN BVELIE 72 HICEmRIESEL720i2iE, F/
A — AT BT 5 BEBLS & IEME B 2 BN H 5. FrICE TR 2480
TF OV ABITRE, REICB TS 74+ ) CHBELA D = XA LNZET A AL/
RS SN B OBYRER 23T DRI EART R TH 5.
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1.3 B#Y

ARBFFETILT Wik & T 5% 7 OFai7e BGREHe, /7 S ik & F o 7 Bkl
A4 LB T D720, FEFfERY—€ ) 7 L7 X o REZHWTT ) A r—IicBid %
Bk 23l 2. £ LT, BONERER L 7+ ) U RIEET IS W TR &
i, 74 T EERONTTED X O It S D AT 5. BRI
AT v T TR E O T RBMRE R B O 7 4 ) O E H BEATRRESS, X X
YL Si T HEERE B X X v L Si/Ge T/ Ky MEEROBMEE R A =X
LD ZE LT 4/ I EHEBITERESRmICB TS 7+ ) CORDLENZH 50
T 5. 2LT, O R 2Z VTR 2R 5 BVRE R 1T 727/ #E ORkEHiE
FrERRT D L ARG OMIERINE T 5.

1.4 AsmXDIERYL

R SIARTEEZED T B THK SN TN D, IXUDICHE | BTN R RO
2, BROHMIZOWTIE~D. iV TH 2 5 TIEARMIZE T 1A 9~ 2 Bk 1 E vk
Th LY —F ) 7 L7 Z o 2EEFOICT ) 27— VEBMREHEICHOVWT A
REICRI L, 55 3 B CIIRERIfE - —E Y 7 L7 ¥ U ZIETHR LN BGERIEE ) &
B E G LBRICHWDIEET AT 4 v T 4 VT FEICOWTIHR RS, 4 BT
RpfEI Y —E ) 7Ly X U REE & ) T AT REMIEN DT ki & VW TE
U774 /7 ESHBITRIEEC OO THRET S, B SETIES /) A— g X
D Sipr 1 & FERLIE TR SN D = B4 ¥ v )L Si T/ SR OREVRER L 7 4
J CBELD A T = X LIZHONWTIRAR, 5 6 B TEDORIEIRIZ Ge 7/ Ry FHLDIAE
NIz EZ X %L SiGe T/ Ry MEEIZBIT D7 4+ / v OIRDEEIZ OV Tk
119, WZIZE TETIND ORIEEIT
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B2E
BFRIsRiERY —EVUIL V9> A&

2.1 7RIV BRI EDERIRIE

WL - T U A e EOBMRESRS, WIRE Lok E BIZR AT D R EEERHTIC R
REINDT I AT —NBIVET, DA —NV KXV EC L8O X A LA — O
S EBMRPIO/NE SPRER E A2 oC, JEDIEFICEE L. 65T, L7 MEtOBR
HRAEICHS DDAV L= —T7 T v U alEREFIEX, ZOFEETITT /X
= )VEIPE OB EIZITE A TE 2, 2072, (ERTIEE TR > 2R 72 ET
BERWDRERD D, ZHFIEOHRTH, RECHBEo B E AV b bR
KR FIEL LT, BXRAHETH D 30 1E[13], [SIHS3]1 & FHRETH L5 —F Y
7 VL7 K A4, [5], [54], [SSIIR T B b.

3 {EIFREL LIC A —= 0 7 ST B E MR A R 0 OFEE A FN L Cfl#k 2
Ta— VB, ZOMIREE DG D AR 3o OEEREZ AV CREIOEVAE
FERODDHMMELETH D, 30 EITRBIREICRBMBRA Y —= 0 7 S 2 HREEK
mm A OKE SORE» LEVRERZHETE, ABOREHINH HBEREVGEA
THHEFRETH 2728, WIS/ SV 7 MR OBYRE R DORIEITIRIA < Vb TnD.
ZIVE TIZ 30l Z W T UL 7 ARH56]01 [ 13],  SiGe A& T-[57), [58]° K — A >
J T 2 — 7 EERFMB59])78 E O A MBI OBRERAEN RSN TE T, £0—F
T 3lEIFEXMETH D20, W s RMROMERNPLHATHY, EEKE TONE
DBEEL W E W T2 HIE EORIKIZFFD. 8 Hz 7 B4 kHz O ERETRIE S 115 3o
OB BER ST pm ~ mm A —F —Th 572, RELER OB L0 b R OB
WRICx L CHIERESKE V. ZAUTNZ T, JIEM SN EEEMECH D551
& JE AR & BB 2 Mt 2 IR B D T2, ifkakIE O EHRHTIC K o TR AT
OBYREROWPEREN/ NS 2o TLE D, LLEOHBEND, RHECHIED & 5 129k

[CEMEHIA N EWRETET D72 01T, #ikaE 2 B &SI m WO IIE B 2 =
Bld 2B ENEE L.
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P—F Y T L7 F U REF =P HOREETH Y, JRERAIC IR
WIZHEDFIRE T do 2. i JEE >0 i ORI 23 fifRE C DBV E 23 FTRE C db 5 0 HIE 1
FBHR T DB 2 R THRIE CTE D70, -/ A7 — ARt O BHIE 5 L 72 T
EChHD. —F U 7 L7 ¥ AEICEIT LBIEOREEIIIRE <43F T, 3B
2 JE B U CIREIRE & R RS 5 Fik L, Riixk A v 7OV ANE L CIREIG
BAWEHRI T 2 FED 2 FENFET D, AiE ZEMnEr— ) 7 v 7 & v Rk
(Frequency domain thermoreflectance, FDTR) [60]-[65] & FFOY, 144 % e fdk - —€ VU
7 L % A (Time domain thermoreflectance, TDTR) [54], [66], [67] & FF5S. Zh b
FDTR & TDTR OFEEIZL - T, ZE TITHIENREE T > - BRHLO /N X 7
S OBREN FTRRIZ /R 0, BRx ZRBFERUR BT b T E . B 2 BT
TDTR ICE AR, TOEAFHTHLIR LT« T —THEEY—F ) T LT X R
UL O BARN) 2ROV Tk R 5.

2.1.1 ZEHRCT-TO-T3K

L—W—% W RE R JEIEICITE 4 & 203, ROSDIEFITEN KR ARES D
BRUIIAR T - e —TER RS HWLOND . KT - T a—T7 k2 - RER 225
Ze#llZ Ahmed Hassan Zewail O 7 = 5 MMEF[68] T 5. Zewail [THE/ /LA L—H
—ERUT T u—=TEEHNT, 72 b MPORM TERERISE BT 5 7 = A D
EFETV B E, 1999 FFIZ ) — b FEEZZE Lz, ZOMIZHE R 7 - Fe—7k

, BF-T7 4 Ay ) 7 OBIER69], BRI O —L s b T OB
[701-[72]%°, T T~ NmFIH Lz & o237 <2 DNA OIEEEHI[73]72 L, 7 =4 k
oo vapht—2—O@mORERGRENLETHLPEIC L HNLATND., Z0
£ e BIRIIMEIRE RN R AT D720, 1 EIOISERZ BT 25 Z LR L V. 20
7o, POLA L —P—E R e T — T ITHEI L, R TRIC X o TR
EENTeA NN E " T a—T S TRET 5.

W7 e T u—EI(O)EICE bR TR T, QWEOE AR DT 1
— 7Y, QYR THE T O —THBREHNCEET DX A IV T EBERDT 4 LA AT
—VD3ODHEENLRER I ND. R70ER 2-1 1ITREND KO, BEHIRL T
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BN A VSV RSB EFRAESED. 2 LT, BE LA VOV RISE DR ORERH
BT HEEEZ T 0 —THTMET DFERNR T - T u—TETHL. Tr—TK
IR 7L FRRICHBEL LA L —H—ThH 572, 7 a—7 N3l bHI B L& A
RV OEAEEDOHEANBRRATI—T DL IIBETH LN TED. o T, A
THE T o —THBNRENCEET DX A I T EEET DI LT, £ VSV RIRE O
7R ENFIREIC 72 D, D728, R T HIT L D BACICHHMEN 2 WA AR e 28
b, Bl ZITREE RN D OSOEBAIIIR 7 - Fo—TiET#EA TE RV,

W7 Tu—T7 G O RIS E O 2 X 22 [TRT. (T Ui, 2L A
L—P— I =227 v XL TR TN E T u—THicnESNnND. 0% 70
— 7 LR TH)DONKRIZT A VA AT =V THEESN, b9 —FHoLr—%
—ITk U THEE OREFEND 5 2 HivD. B 3.0<108m/s O L—H—31% 0.3 mm DO
BEZ 1 ps OB 20T CERT 5720, ZOX ) REREETIIT 4 LA AT —V%
Y7 mm BES DDA TE 2t — & —D @O RENE O NS, =2t —L > b
T ) RT T G RITE T O IRERIRRE 2SR D 6 2 A%, WA C RO A
BT D107 4 A AT =V ORENIIEE T ERLEETITRW. L LR, KEH
Y —F Y 7 L7 X RETIRT ) A — 2 — OIREELRIE L RB S 5729121
m L EONREEEMPLETHD. 2O LI BREEITIE, MERERICES L—Y—T
FA AL FOTRR L —F BB NERAEE BTl ), EEEE 2 5T BRI
B L2 T s,
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Pulsed Laser
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_ V4
V

Figure 2-1: Schematic image of data collection in the pump probe technique. Pump pulses
cause sequential impulse responses at a sample surface. These responses are discretely
detected by probe pulses which has different arrival timing compared with pump pulses. Probe

pulses work like a stroboscope to capture sequential impulse responses.

Mirror

Pulsed Laser H Sample Detector

Splitter
JL Probe Beam
Variable Delay \ “ Pump Beam

Figure 2-2: Schematic image of a pump probe technique. A pulsed laser is spirit into a pump
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beam and a probe beam. After that, optical path of the probe beam is extended by a variable
delay stage in order to vary the arrival time difference between the pump pulses and the probe

pulses.
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2.1.2 Y—EUILIH>A

—fRIZ, =Y T L F 2 RIEEIRO R EANREIC L o TA LT A2 —F Y 7
L7 H AL DB E O CRUBIR I OIREZL A 5T 2 FETH L. WikD
REZEDE K LFORMUINEL TH 570 BIX, —BI72e)E O A RITIRE BT
L CHIERRZ R T, Drude E7 AV E2AWVWTEBOKNER 2525 L, RIZEROL
HER e (=e+ie)& HWNT

2

Je-1
R = 2.1)
Je+1
2 a)Za)ZTZ
=g +ig,=1- —i— (2.2)

p
PEETEI Py

ERED. BB, wp, v, FETNENEHE O T A~ AEWE, E1-7 4/ 8L
AR O BT OBFREFRTH 5. RQ2ITBWT, MU/NREZ(LIZ X D50k
T OBIRBNEAGICHE ST 0w, WELTHZETH—FE I 7 LI X U ARRAET L. MR
DIREZEAL AT PN ETH D72 B, WIKORESRE AR 13 AT & HBIEL B &= M
WCTLLTDEIICTHKIHTE 5.

AR = AT (2.3)
CITRIEY—FV TV XA THD. 2OV —F Y 7 LT XA TTRTO4E
BICHRAT BRRTHHN, N L—F —DWE LIREICE >TRORE SHRRDT
O, Y=tV T L7 2 AMEEAT O BEORBEROBEIITEEPLETH D, —fix
AT —F ) 7 L7 2 U 28 B A8 107°~107* [KT'] & vy Al (RESERER: 785 nm)<0
Au (UIEYCIR 532 nm) 23 allh i O SO i & L TR EM S5 (74], [75]. bl L7e
Y=Y 7 L7 ¥ 2% AW TEMRERRTE 21T 5 BEORFT & AT A L NIZFIZET 5.

KT
IR CRENFRETH . L— =3B REIT Y 720 & 23 HUTEE 23 7]
RE7e7= 8, BEERIE[76) MBS [T BT DBV ERE L RS ICEITX 5.
L—WF—D ARy N A ZFREDEWZER G RRE (~ um) 23MF 5L 5[78].

BRHE & ey 2 EAELICHR S, KR TORENEHIA S TH 5.
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BREREZVELE LW, IZATFOFSIREL ECTORIENTRETH 5.
B A2 SRR CTHRET 2O TRIENATRETH V HIE SR & BRI & ik
THMER RN, REHEENEECTH S

T
L—W—DRTREZ AW TRIEZIT O 720, B RE HE CThH O LERNH D.
FR IR D IRERIZEALIRINE Cdo 5 7o O IR O FHU 23 FIRE R BEAMIE K 0 B 15
FEPEIZ R T 5.
— A L — =B ZIEE HIE TH 0, BILHED b ARG 2K 2 JE
T D70, IPUED B DD E R O ORGSR HHEHET 576
SUE £ 0 B RNEDRHED S DK EZVN[T79].
HIEFRHTEE S L — =TI S T8 K B BRI 5720, SR TOHE
IET DOEE L.

& DEANELNE L L TRl Th 5.

2.1.3 BREInEEY —EUILIY> kK

Paddock & Eesley[80]i%, R 7« 7u—T{EE Y —F ) 7 L7 ¥ o AElBEDE
72 TDTR ZBA%E L, WEDOEGEMZ © a b O SfEie THIE L. £0%, #50F
£ Cahill 1 X > THEBCR L WBLE 7 /L O 5 08835 S 4L, RO BURESROR B D
K= &7 &2 o AREICHEISS RIS ND L 51272 ->72[5], [54]. AT Cahill &
IX TDTR ORI E T a—T7 a4 71y N SH 2 beam-offset TDTR #4245 L,
B2V 7 AR O T 7 A BMA B E A FTREIC LTV 5 [67],[81]. 2415 00 TDTR (HA0#A
SLEE SAE— T Cd 5 03, Baba H[5511C L - TBA%E & 417- FR(Front Heating, Rear
Detection) ST L—H—T7 T v o ayED X 5 ITNEE & JIEmR N RR L FIETH Y,
ZOFiEEZHNWVTHEEDESWBILBERAEN EB SN TN D
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2.2 REEREME

2.2.1 REEREDIBK

AR FE CENGIE DR E (V2 TDTR & OME A [ 2-3 (2, FBREERE D /MBLZ [ 2-
412, BB AL - I E F @ Ti:Sapphire L — " —{Z|% Coherent £1:0> Chameleon Ultra
I % HAWiz. ZOREARMEREIZFLEER 800 nm TL—H— 30U —4 W, /UL AIE 140 fs,
7OV A0 IR LJER 2L 80 MHz TH 5.

Ti:Sapphire 1 H \
Optical M2 plate ':_IZ' Pump Beam o
Isolator PBS hd
Telescope X
T Ae—— : } S
1
' ) Probe beam | Q
E VaDr|?bIe | BIBO SZ
| o 1y » | ¢ : Crystal A\
. i ,
1
"""""""""""""""" ' Filter —
Lock-in Detector Compressor
’_ Amplifier ND—=
O
. Ring Light
Filter Obj. Lens W
PC o —
) RV, Y —
—T—1 Movable Half  cold Mirror |
Mirror Mirror Sample

Figure 2-3: Schematic diagram of the time domain thermoreflectance setup at The University
of Tokyo. A Ti:Sapphire laser emits 140 fs pulses with wavelength of 800 nm at a rate of 80
MHz. The laser is split into pump and probe beams using A/2 waveplate and polarizing beam
splitter. The optical path of probe beam is modified by a variable delay stage for changing the
timing of pulses to achieve the sample surface. The pump is modulated by an electro-optic
modulator (EOM), and then its frequency is doubled from wavelength of 800 nm to 400 nm
through a BIBO crystal. Temperature signals induced by the pump beam are detected by
thermoreflectance signals on probe beams. The reflected probe light is send to a fast photo

detector, and then that signals are collected by a lock-in amplier.
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Figure 2-4: Picture of the time domain thermoreflectance setup at The University of Tokyo.
The delay stage is covered by a windshield in order to prevent the fluctuations of laser

alignment by the air currents due to ventilating fans.

L—HP—IEFE DL RIE SN 7 = & M L —H—1Z, 13 U DI Optical Isolator (Electro-
optics Technology ft;, BB8-5)Z i 9 %. Z DR FITFEHCL X7 ENE DR Y i
VP —2EBICHRAT L L EE, L—Y—0ORE LIERRICEKT 5. i\ Tl
—F—II M2 EERE R =LA T Y v X TR T T =TIy T ons. o
DS, L—F =X M2 EERIC L > THEZ SRR > TEEOFIGOR Y 7 &
Tua—7RIIHF NS,

KT HITRIEE — L AT Y v 7 THESTZ1IT Electro-Optic Modulator (EOM)IZ
Ko THBEE fo(=11.05 MHz) TE SN 5. EziT o B, Te—7XIcaEnsd
MR E R b @VBE CTRIET 2720 TH Y, TOFEMIL 222 HTHRRS. 20
#% 7R > 7 1% BIBO (Bismuth Triborate) 3E#REAL L 28 D, J% K 800 nm 7> 5 400 nm -~
REWEIND. ZHUIR T Ta—T N D RMEITH T2 TH Y, ARIEETIIR S
THOWREBRENFET 4 LV EEAOCTEWEETEND DORBEREB SN TN D, i
#BIZAR 7 6E Cold Mirror THRATSH, kL o XA THEIE SN RICY VK%
ES 2.
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=R v 2 THEISNT-Fa—THIET 1 LA AT — (Aerotech 1
ATS115-600)I1Z L > THEENEF i, T r—7 W IV RAIR 7 Ov 2 zxt LT
EEORRIENZFFD. ARIEETHEH LT 1 LA A7 — Y O A[ENRIE 0-600 mm T&H
D, Ta—TRIET 4 LA ATV ET2HEIN TV DD, KR ITEK 2400 mm
ERIND. ZORBREERFECHRRET 58K 8ns THY, T4 LA AT —
DNEZ ORFEFFH N O BRI E A FTREIZ T 5. TDTR O K 9 IZITEREZAA R E W
e ik, B REABICIE D L—F =R E T T A4 A v MEENE B EZ KT
T BEOFEW TDTR JWEEFEBRT 70T 4 LA AT =V R EDMEIZH o7z
ELTH, e =7 HITRABERE O R — 08T 2 kD b - B TR LT s
. THEFEBRT L0, FEETIET « LA AT — V2l s 5N L— 9 —%
AR LU CTHBEREEEIC LD L— BB ZE, )V ke 7L 22T L—%
=T TA A FRENR/NMNIED LIRS TV,

BOEHIZAR 7 e T a— T YRR — Ot 2@ Y, L X (5%,10¢) THEIE S
THREIERmZWNT 5. 20%, e —7XOMELILT7 + NT 7 2 % (Thorlabs
1, DET10A/M) CHtH & 41, Lock-in Amplifier (Stanford Research Systems £1: SR844)(Z X
VIR X315 . Lock-in Amplifier & 1 ZFIEF /NS WG 2D HTFr— S0 R
AT AN THY, TNEMND T & TEMRM IR 7T K DB DB OHliH
MAREIZ/2 D . ZHUCOWTIKRIETREL < AT 5.

2.2.2 ROTHDOZHA

TDTR OIREZCHIE L, YIRS &R EZ L3 e FIBfRE R TH—F Y 7L
B AERWTTbD. TOHEIRETH LI —F Y 7 Lo & o 25 H50E, HigrfE
MREVWEIETH 10°~10* K BREDETH v [74],[75], ZAUFIRmEIREZ 1 KI5
U CRUBR I TR SN2 7 e — 7 HOFREDS 0.01 ~ 0.001%FRE LA LRnZ &
EEWRT L. ZOBEE, MRELEBICHERT L7 74 Ay FoThROL—F—DH
NEE 2 EORa RBERNBIETD ) A XLV /RSN EFREND 2D, HIED SN
tezm EEE 2 TRPVETHD. 2Oz ik U THUNR 2B 2 IET 57
DIZ, TDTR TIHAR T HOERBEHA SN TN D, Bz R 7 Hic k- T, &
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Bt OREZ b ZRERECERT 5. £ LT, fB&RE TR L7 a—7 %o
SR D AR O DAL T 22 LT, y—F U 7 L7 X U RTHRT
DIEBORBELND.

2-5 12 Electro-Optic Modulator (EOM)(Z & 578 > 7 AT O & 79, ARLEE
@ EOM |Z(1% Conoptics £1:0 Model 350-160 % FV>, Z OBRENEIFIZIZIFFED Model 25D
A L2, EBRICHEA L2 EOM XL —V — &R CEMT 52, 22 TIEfiHo
ToDIZIERE AT E L ClEma D D, 2O X TR T HEEPE o TERSES =
ETH2-6 IR END KO ITRERED fo TEET LEEE D R, 72720, KMf
DR THAT IV A TR D 120 DJEAEETER SN TR Y, HEZE(LD DC miE
BHEHINTVD., ZOXIICRCTHELFT T2 LIk T, ABREm TSN
7a— 7 TR E RS L R U R A Sy & R (X 2-7).

Reference frequency f

Function /\/\/\
Generator
Pulsed laser ﬂ Modulated laser with f,
H‘H ‘ ‘ “H“ Electro Optic Hih ||H‘h |IH‘
Modulator

Figure 2-5: Schematic diagram of a modulation process by Electro-Optic Modulator (EOM).

The pulsed laser is modulated with a reference frequency f, after passing through the EOM.

2.5
— Surface temperature
2 9 Pump pulses
.‘é‘
215
£
5,
ERRl
2
wn
0.5
0 m
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Figure 2-6: Temperature responses induced by modulated pump pulses. For the sake of

simplicity, steady state heating is neglected in this figure.
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2.5
— Surface temperature
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Figure 2-7: Example of signal detection by probe beam. Probe pulses are reflected with the

time difference 7. Frequency fo component of reflected signals contain thermal signals.
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Figure 2-8: Calculated transmittance of 20 nm thick Al, Au, Pt and Cu thin films. The
transmittance calculation considers only internal absorption at the thin film with literature

values of refractive index.
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Figure 2-9: Calculated reflectivity of Al, Au, Pt and Cu at typical wavelength for TDTR and

FDTR. The reflectivity is calculated by Fresnel equation with literature value of refractive

index.
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IOABIRENCAT G L CRIE~NEEL 52 DIRENH 5720, AR TIZZ U A ZHn
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RERF LT, RABORES BERELF—IZRDETHELE.

Figure 2-10: Picture of Cryostat (Oxford Instruments, MicrostatHe2) for the TDTR system.

The cryostat chamber is cooled by liquid helium.
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x Top
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Figure 3-1: Schematic image of one dimensional thermal transport in z direction. Boundary
conditions of the system are temperature ®; and heat flux ¢ at the top surface, ® and gy at the

bottom surface.

Thin film n =
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Figure: 3-2: Schematic illustration of one dimensional heat transfer model on multi-layer
structure. Each interface has temperature jump due to Kapitza resistance as shown in the

inset.
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Figure 3-3: Schematic image of cylindrical thermal transport. Boundary conditions of the

system are temperature ®; and heat flux ¢, at top surface, and ®; and g at bottom surface.
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(3.34) % AT — i 7o E R OEGR AN E A 31 L7=. Si, Sapphire, SiO, #AK EIZ Al
HENE(100 nm) 28 A S 72 BB O BS B E 221X 3-4 (RS, Y Z=X+iY 13485
BTH DOk~ 72kl HIER S 20, 2 ZTIEER AW SIS Amplitude(=X2+ Y?) &
Ratio(=-X/Y)D 2 FEHIDIEEEIZ DWW TE X =, 7235, WEET VOFREZ T HERICIT Al
MM ORI 20 2 A 150 MWm 2K ERGE L, £ 3-1 1R S D Wl
W, K 3-4@IREND K 91T Amplitude Z AW TEGEfIZZE T 5L, SiDX
INZEMEBER DS E VR ORE S BRI TH 5. FRRIC-XY &AWz gHaicisn
T HBYEBEROE W B O 2 H S, —X/Y O IZ BB RN B O EHE P k& <,
BILHCEMEONEHE S/ S <72 D

Table 3-1 Thermal properties of Al, Si, Sapphire and SiO; for the calculations shown in Fig. 3-4.

Al Si Sapphire SiO»
Thermal conductivity [Wm 'K ™] 238 140 36 1.4
Volumetric heat Capacity [10°T m> K] 2.42 1.60 3.08 1.60
(a) (b)
15 T T T T T T T 10 T T T T T T T
E 1f 2
) ]
& = g
g %
= !
g 0.5
<
oF 4 .
o T2 T4 e o 2z 4 6
Time [ns] Time [ns]

Figure 3-4: Calculated (a) amplitude and (b) ratio signal for Si (black line), Sapphire (blue line)
and SiO; (red line) substrate coated by Al (100 nm). Amplitude signals are normalized by the
value at 200 ps. Thermal boundary conductance between Al and each substrate is 150

MWm 2K ™! in this calculation.
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3.2 J1vF14>7

3.2.1 JvT1IEER

TDTR T, MEEE EMBETNDT 4 T 4 2 71T K0 @O BRGS0 5 #A
ALE T B AIREDRINT A—=Z =056 5. —fKIZ, Lock-in Amplifier 7> 545
55 HIES RIESLIZ ) 5 RZEH DL Vin (= X), EHHIEE Vout (=), &
JEHENE R (R? = Vin? + Vout?), ZMRIERLIEICKIT 2024024 ¢ (9 = tan !(Vout/Vin)), Vin
& Vout DL TH % Ratio(—Vin/Vout)23& 2 H L5, Vin X° R (FilEHR il OIR A xt
JST D728, EREANZEE LST0. L LD, b——ORINE « ROV —
BV T VLT B AREE ERECH D 2 ENRETH D780, BRI OMxHE 4 €7
VAR CHELT D Z LI3EEICEE L. 20, EREEDEET L ERALPOT
ETHBET2MERN DD, I<KHWSOID FER, FEORRIEN fhp TORES
Vout(ter)° R(trer) CHIZ M & AL B 21X ROR(teD]T D TFETHD. T D terllT E
DL D Il EHOCIUZBWDTEA 9 .

TDTR (IZBWT, 74 v T 4 ' ZITHWLWELET /VIE Fourier DVERNT DWW T4
REGEXEEFEAE LTS, 20700, L—Y—RNE&RO B BE 2k LT
FIRE~T RN X —2Z TP L, HHETOIRE LR TFORENRR — & 7225 [T EE
CELETIE T A v T AV T HRTHRETHD. ZOLIRBGENKT L TR
DIRFTECEENCE T 2 BB L2 O Z B S 272012 @35)ITREnD 2 IREET
JL[84],[85]1% 5 % 5.

C, the' - (T, -T,)
o (3.35)
C —2= _F(Tph _Tel)

Pt

272U, Co, Cu IZTNENENRFE D 720 OFEA DB TF OB, T, T 1TEFO
RELHTFOIRETHS. ZLT, TFLEFORENES -7+ /0y 7V 7K
T T ICLoTRHEUMNIT LN TS, ZOXTETFOTRAX DK FIRE A~ 1 S
NDEEES 1, 1 X FReOXGBI36)IC L > THREL BND.

ot =T(Ct+C) (3.36)
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A DB Cyl 1X10*Im K OA—F—ThH 0, #&FDEN C,p D 1/100 £ DfE[69]
THDHTED 1., TR T & CalZlfld 5. Al O T =2.45x10"7 Wm K '[86]% :Xi(3.36)(Z
AL THREERZRD D & 1, lX ps DA =X —Th 5. —ENRERBICBVN TR S
T A DAE RS R X —H T IET RN I E ps 22Dt ps TH D Llii SN T
BV [86][87], TNLUETHIITE B EBEOIRE XM H L EE2D. /- T,
BURALZAT D W] ter & e £ 0 TR REREICTIVEE NIRRT BMRE F2AE
127 4T A TMARETHDLEEAD. TNODELEE S AN T Vin R = H
WTCTT 4T 42T BT DB ter= 100 ps THASLEIT T2,

T 2 E TITIR AR B S LB 2 FEBRE T o 5 R, Vin, Vout & 1X572 0, (il ¢ &E
L EEH DO TH D-Vin/Vout (T —PF—FRESLY —F Y 7 L7 2 0 ZLEBUTKAF L 72
V. Z07, RBIDICE T 2B 0MHE 2 3 & T, B bZ T 20BN a0,
Z OIS Cahill 5iF—Vin/Vout %, Schmidt 51X ¢ ZHWTT7 4 v T 4 T %4772 5
TW5. —Vin/Vout & ¢ [THMLELE L LRWTZD T 0 v T 4 U 7\HET 50, R
FISHORTIE Vout /NS 720 A RICEBEINT L 2D, 2070, Rz
STT AT 4T EBITOWERIT R TUTR S0,

3.2.2 RERRN

FEBRE L MHETNDT 4 v T 4 T ERATOBRS, 74 v T 4 71K o TREINT
A—=H—=PEENDL0E D EHIETT 57 DIIREF RN G2 TH 5H. TDTR OP#
ETIUVICHT HEE S X Schmidt 5[66]<° Gundrum 5 [88]IZ L - Ciim LTk v,
EREERGOREST 4 v T 4 VT EAT IR EZRET DEICE L THR TN D.
JREE SO &FNTA—F—EPRHR LT DB (OB A D EEERNIIRLEZLD
THo, REINDEIICEESND.

3(§)=aganf£§) (3.37)

R(3.36)DEMZ EMERNCFHI T 5 &, Bl IXTERDOBYRE R o DN 5 2 & T
JE—Vin/Vout 28 Z3L LT &% ko DAL R TR L7AAEDS S(kan) TH D . 1> T S(rcaun)
DRERHE D K Z T FUE-Vin/Vout 1 xew PR L THUE TH Y, [N ETHDL 7
BIE s DGR & [ 70112 —Vin/Vout 2SS 5 = & 2 =T 5.



JEEFHE O & LCX 3-4 TEE L7 3 FOREID Ratio (—Vin/Vout)lZ %9~ 2 Jde &
#3510 Zb 3HEBEOMEBORER R BT 5L LT, F1EHD AL
I DOBMRE R joa 1T T DIERIEF NN SN ERET oD, ZIUTEREORE
DN E AN E AW DENT A DA — L T—HRIZR DO TH Y, Ka 13BN
R B E 52 e Wi CE 5. 2 LT, JEE2 100nm O Al HEEOERE
XA DRI K > TV T B DRV & PRI DD, BEHR ORI RO 2
PEICHB LWL S22 5. £z, EHERRE LT A EEOBIE by ORENIEFITK
SRENPETOND. Zhid TDTR 726455605 BMEMIE S &E i E 2 bl
B R = DN L TSGR TH D720, SREHEOMEER HALRED -
D DEL pe ENEIE d OFR)DEGERIZIREDT AT THDH. WE-T, 74T 47
(IR EOR WS B EEOBEE N LETH S,

3-5() BEETE D KL 51T, AUSIO FEHI R 2 K L Al RO R i#v = o &
7 B ADRBEEIIMEE & bl U CIERIT/NE V. AR OE O EMRE RS Al #
JEDIREERRFNDR SV 712> TEY, FimgEha 27 & o AOBGERNZ G 2 D5
BEN/ NSO THS.
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Figure 3-5: Sensitivity calculation for ratio (—Vin/Vout) signal of (a) Si, (b) Sapphire and (c)

Si0; substrates coated by 100 nm-thick Al film. Here, thermal properties of materials are taken

from Table 3-1 and thermal boundary conductance, G between Al and each substrate is 150

MWm K.

3.2.3 RERRZOERILE

T4 v T 4 71T Amplitude & HW DG EITIET — F OBABIILTEIR NS, FEH
Vin PHE#E Vout, —Vin/Vout PN ARIEIL ¢ 2 AWT 7 4 v T 4 U 7 AT O BRITIE, FEBrik
TEDONFRZE px EERET NV EBDOHDMENRH DH. ZHUX, Lock-in Amplifier & 0 #55
N5 HAINBIRIE ST 571 THY, Lock-in Amplifier D% &, BNC 77— 7 /L%
KRR L2 L > THEL LB RIESOMMAAEICL Y, FBREIEOMARZENYEET L O
ZNERRDTDOTHD. MEET NV LVELND TDTR EIBICAAHZEN DS &
3-6(QITRIND L DI, WA 0 T TRELS VY 75, WERZDOL TR
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HEHE, KHPICERTREND 0 BRI THESICELT 5 Vout iorcx LT, ¥
EREHRT 2 2 & TVinflaBE LEDLINDT2DThHD. E-T, 15 HITEREY
? Vin, Vout {2k} U CEERTTHZ 22T & HoH T Vout 23 0 FAHETY ¥ o7 LARANE H I
(LB DA LS 720F [RllE S TRUE L. Z OFEEZ EBRIEI )T LT T 751 & X 3-
6(DINTRT . Z DX I ICEBRE A EER S, FERER & WEE T LV ONEEEZ DY
HTETT 4T 4 TNARRIZD. 12720, ERE VELNDMMHEN ¢ 1TEEE
TIVONFBENEZICK L TEE 9o & LADELETERE L2, EiROfEEL2
FICHHUICAARZEZ RO RS ZENFRETH .

T T
= =
c C
=} 35
o] o] Raw data
S, S,
+— +—
3 3
> >
| After correction
1 1 1 1 1 1 1 1 1 1
0 400 800 0 400 800
Delay time [ps] Delay time [ps]

Figure 3-6: Data correction for TDTR signal. (a) Effect of phase shift on out-of-phase signal.
Phase shift causes Vout signal (black line) to “jump”. (b) TDTR data after correction (blue line)

from raw data (black line).
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3.3 &EEBIROIREAIE

322 HTHER/2 L 51T, TDTR IR EWMEET VDT 4 v T 4 7 %47 95 BRICIiT4
BIEDIRENIEF IR E V. 207, WEET VAT LIS BEBREOE S PNED
ENOTREET D& 7 4T 4 7 XVHELNDRENT A —H —DOREBRENIEF
REL 2D, o CTRBHEORE A2 EfICHAS 52 &1%, BEDO RV TDTR JIlE 4
FHT D ETHREAMRTH LS. LLEZEE X TREITIE TDTR HIE %27 2 BRIz —i%
HHZ N B 3 D IREREEIZ DWW TR 5.

3.3.1 [RFMENIEMERICL DARZRIE

F A — bV OREETHREIERE N ATRE R FIED 1 D& U TR M B SE (Atomic
Force Microscope, AFM)/3 %617 B 5. AFM ITRREI R I o F L A—=Z2T31), £
S ORIAER T 2 IR FHIIZ K > CTREOMMEE 2 HET 52ETHD. AFM DOF
S MSFREIZ 0.1 A LR L IERITEm W0, HEOEWIRE 2 ZK 7% TDTR & OFf
PRIZIEFICE V. L L7 b —f&M 7 AFM O J5 6 E i pm 4 — % —T®H
Hich, WETDBEEZRITEENEHTH D, i, ~ A7 &2 RO HER D
Ty F U IR ERE IR NS — RS 5 2 L ORI D, 22 L,
AFM T LN 72 BEIE TDTR OBGHIE S OBE L X872 5720, RERORE DL —
PEICIEBETD2HERH S, X 3-712 AFM % W TR S L= EERTE O 61 % 77

AFM &L U7 R B AR m L SE AT O 5. 26 Bt o el 4 506k
RENHEMISETEREL, REPREZEHENET2EETHD. £OWUER %K 3-8 12
R Z OB OE S HASREEIRRE L Z 1om, Vi AEEFRS cm A — 4 —Th
%7-% TDTR O@EEOEEREICHH TH DA, HIEOBRIZITZE OfihEt o Sebi 08
N 10pum BRE Th 5 Z LICHERE L < TER S0 IO K im (SRl 72 M5 A RS
DAL AR EH S AT nm), AR O SEIIRERIRIEET 5 Z &N T
FTIEEA BRI L CLE S, 207w, toBESEE O L CHIE O 4% % M6k
TOMENDD.
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Figure 3-7: AFM (atomic force microscope) image and cross section of patterned Al thin film

deposited on a Si substrate. The measured thickness of Al film is 76 nm.
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Figure 3-8: Cross section of patterned Al on Si substrate measured by Dektak XT surface

profiler. The measured thickness of Al film is 75 nm.
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3.3.2 Acoustic echo signal (CLBIREEITE

AFM RCEAR I S F O X D12 h o F LS —Z D TR FANCER O S 2 1)
ET D FEE TR 572715 T, Acoustic echo signal[82], [83]% FH 7= IEE I &5 3 56
T B3 5. Acoustic echo signal & 13/ UL & L—H—THRL SN D A FRE T &
, WERmICBWTEMNRES L LTBRISN B4 THSH. TDTR THRERICH
YT L o TURT) IV ARFAEL, Al IR E B O L TIc ) SV AR KRS ST
A5 503 ET D, ZORFIEET e -7 THRSH, K39ITREnb LI
TDTR DOEEFEIE & [FRFICHIE S LD . EIEOFE d 1% Acoustic echo signal )& H]
Techo & 4B BN D F I viouna &2 IV T

d=it v (3.38)

echo " sound
2

LFRINDH., LT, X39O TDIR FEHROE EX(B.38)% HWT, AlFEE 71 nm 23
BoND. 7277 L Al OF I veuwa (1 21E 6420 /s & FHVN/=. 2 D Acoustic echo signal 134>
B L FTHIMEIOBEEA VB —F U A I ATy FRRENIT ERE M55 RE DTS
5, Bz 01X Al 2 W358 TH I Sapphire & DFLAESHE TEHI L9, £ 72,
HNR EI X » TREOIRENTEUME L Acoustic echo signal 7388 < ITEIZ 2 %2 M (F
T BB & THIMEIOFE A v — 2 AT WA 21T echo 35 H AV 28,
AFM Z WD WEEA = o APRR LR 2 BT 27 EOLRPMET
b5, ek, FRERE THMEOEEASA L E—F  ZADKR/NMNIE->THLND
Acoustic echo signal DIEANZEH D728, echo DIEE A TR NGA I ITIRENE B 215 5 B
ICHERE L TE b, £z, JEMNOGRED Al OJFE X 1T BRI A R\ 7ok
BEThHH0, BEODLWREZELT-DIITEABIVIFEE S E LEDbEIVLERDD.
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Figure 3-9: Acoustic echo signals of TDTR measurement from Al thin film on Sapphire

substrate.

3.3.3 X #RRGIRAIE

X MRAT =YL (X-ray reflectivity, XRR) X R IR U CHUN e C X # 4 NSt
S, ZOARAEITKT D X SO RE ) SRR IO &R (BEE, &, Rk
RAMOMS) ZRDDLFIETH S, XRR 1T 10mmx10mm F2E L Y KE 2B Thh
XRE == Te EORIR R A B L BT R EEEE 2 E TE S, T OWE
B4 [x] 3-10 (ZFEY. —M%IZ XRR TIXREIOJEH], IRIEHE, 5421 2 IRE O
BNPOENENRE, BE, REFTIIREOMIEZRDLENTELS.

XRR 1T X #EHANTHETH D720 T 7 A— A — — Ol 72 12 % LT
EVEEOHIEN R THDH. LL, MEERDOKRE INRE LRI EMEREL T
DY, —fRIZZDOREL > VIZY T ~vA 7 v A— MREREETE LS TN5S. FRZ,
& JBENER I O S PR EWIGEITIE AR S THonm F2E) XRR 5 5 OREN
WL, REEORERENHEETH 5. 72, XRRIZIGRHEIO T & 3 Tk
ThoHlc, GREBEOBENYE—TRWEEHIR LT c&E 20,
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X-ray reflectivity profile
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Figure 3-10: X-ray reflectivity measurement for Al thin film on a Si substrate. Measured

thickness and densitiy are 91.6 nm and 2660 kgm >, respectively.

3.3.4 TDTR ZRVZRREAITE

ZNETIZIRARTE 72 XL 512, TDTR BIEIZB W TEEBE T BRI K & a5
Brb52%. 20O, TDTR WENOEREROKEEZRET HZ L bAETH D.
HIE RS & kD& B TEIE 2 AT 2 S REE O A BMRE RN Th 2 2 bIE, K
ISR EROBERE - RmAa L X7 2 AR THD. BIZIEXTENLT 7 A SiO,
D & IZBMRE R ORI B A SIREEHC VD &, 322 THTIRA7Z K 912 Al BEE O
JRERIEFIZRE < AUSIO REDEN = &7 &2 0 ZJERBEI/ NS W, RIEE R
ERCHET D ZENAREICRD. 2O, Rmha 27 7 0 ZTEIS B % K Z
727 100 MWm 2K O K 9 1T Y el 2 A3 AT L. Schmidt & [60]13 [FIAE
Z FDTR % W CAJE IO BERIE 21TV, 5O BEERS AFM I X 2 HIE/E & —
BT 2E@HELTWD. ERICZNS OMENNHRE DWMEMITAF R (@EEEDE
S LHNAEHEH 0 OO TH 5720, BIENBEM TH 5 7 O IXER O & 4 K
DDHZEHLARRTHD. 72721, ZORE THRIEZ KD 57 OICITREE L MEE N
TDTR (6 L <X FDTR) BMETH 5. Z D7, WELEZEAT 5 BEIZIZAHRED AFM
R XRR EGFH LA SHIED G P2 R L7 < TIR B 7220,

AFHILTIEFEIZZ O TDTR & AW FiEE Acoustic echo 2 FH U T4 & TS o R

ExITo7-.
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3.4 ERERADRE LR

TDTR (ZHBT DIRE EHICE, OF VAL 2BEMREE ES &, @QL—3—n

B E B R ST 5 2 S IC R A EFNRIEE EHO 28 BWEET D BEOR

W TDTR JIEZAT 5 7o ®1iE, L—F—IC L 2B REOIRE FA138 K LF34F %
. ARHEITIZZ 0 2FEOIRE A HOWTERT 5.

3.4.1 JULAN(C LB FREOBMPEE R

TDTR HIEIZEBW T, B E I RIE ST E A d D4R TEFIL 1/ 188 wy, DR
TN K o THBREIICME SN D . (T UDICR Y 74 R L EIRE L C(— %
7248 8 Tl nm 2> S8+ nm)EF 2 b 5. EF PSRN = XX —%2 50T
FEFT DOIZLEERIFE R EL ps MOt ps TH D729, il SN2 E I3k FHiRENc =%
IV — Z ST PRI R N CTHEB T 2 [89]. B D BTG T DBV & Lk L C
1/100 FREDETH 5728, BFOBPEHERIZIFFICRE V. £ LT, @R Ll
DOREITY a3 v M —FERERIAAET D720, il A7 E IR CHE# L 72112
@B DORE I T~ AN X — 22 TETLEZEZAOND. U EDERZ L LITRT
T K o THBED PR CEEE wyp, S BRSNS CRET D L, TD
BRI BA AT FREAi TR END.

AT, =L2 (3.39)
o, 00 s

ZIZT A FEBEERICRININD 1 SV AHTE) DR LF— (L—F =T —20
mW, #0E LEWNE 80 MHz O L —F—0D4, 1 7L ABHT-D O R /L¥—(F 0.25
n)), p, GIEIZTNENEREROEE LB THD. L—PF—F%% 8§ um EHEL,
Z OV ANEE 100 nm D Al JEEE (RS 90 %) TINS5 56 OIRE EA 25K
B3NITE>THEHTHE AL=05K LRKFED. EEITIE, L—PF—DO= R X —FE

IZZTESH, BFORBO/NS SITHR L TINBVER OB HREITEE K BEL
FERITEIRITIE D, LU D, 74 vT 4 v 7 &AT D R GuEH L4 8w < /T
BN R STk Th 5700 FRROBELETRER V. T 2 CME LZIRE B ATT 1
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KU T EFHDIT/AENTD, —F Y 7 L7 & 2GR0 B © OBWE I ES &
BT ILENRTEXD. 5F0, FROLOMEIT SNV AL—F =2 Lo CHI X XN AR
BT B 720,

3.4.2 L—Y-BEICII3TEEE LR

TDTR AIES 1, REEREN L —F—I12 L o> TERBNTINEN X LA 7= D IE RSk AT
DOIREITFR LV b EL D, ZORE FHIIR 7 E2 L 2 L—Y—Tid7 < [FEE
DL —HF—RT—5FSCW L—HF—FLIRETAHELELNS.

Ry 7Y L ARBIFEROBE FRIT312B TR LI TR L EOND.

. _ _k2 2
o= kJo(kr)[%J%exp{%Jdk (3.40)
C

TDTR TE 2 A XX EHHIREE LRI, 7o —7 % THIE SN A HEBOERETH
5720, WEEROIEE LR ATOIXGB39)E T o —T N e BRABFEY L VKT S.

AT, (a))—A’ 2 ( jexp( kz(W'Z’B“W'Z”)]dk (3.41)

ZHUTTDTR DA > 7V AIREEET V7 LTz Ho) L EliTH 5. LD 0—0 O
Low Frequency Limit %% 2. 5 & Zf ZL TV CW L—H—TIE I N 7=545 Dl
FEEAZBIITE 2. £, WEMNRPZEMHIE TR < E—RICERERMEN 72 & ARE
T5&

Mp _ -1

M. 7 tanh(nd)
Tholw, BE B

20,2
AT, = AO j 1 exp(_k Wo Jdk (3.43)
o gptanh(nd) 4

(3.42)

EETD. B, MHEOLDICBMRERORTMEEZEE L(c=Kr=x), N7 LT
— 7 HD 1/ L—F —PENE 7B W =W =w) & B 272, T2 T w02 d>
0% LRSS D & n=k L2570, BHRIRIRE LA ATIIXQG44)TERIND.
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27K

2..,2
AT, = 2o [ exp[“ﬂTW"jdk (3.44)

INERDT D EIRE EAEZ R DB H 72 G450 KRES.

A
AT. = 3.45
N Wy K ( )

ZONTRERIC L > THRE SN B—EROEE LA 2 RBR<HFHT5. 22T Al
HIE2Y 100 nm IR S 72 Si FEAR(140 Wm 'K Y DIEE EFICHOWTEZTH L H. Al
ME DR FHRA 90 %, L —H— 3T —20 mW (WXL S5 L—H—,30 —4, =2 mW),
1/ 48 8 ym ZRET 5D EIRE EA AT 334550 05 KFREZ ERED. Al K
T3 < BAROBMEHT & i U T T X 5720, (344 DEVRERITITIER D
il & AV CRIEEZ R V.

T TCHERT A& AL, WEERORE ERPBYRER L b — PRI D A
ThD. [FEMT Si0 Hf(1.4 Wm'K)® TDTR BIE %47 9 &, HIENROBYER
1L Si D 1/100 ThAH72D, BE EFIF 100 15 (AT ~50K)IZ/e 5. FEERSFEMA-OHBHT &
STHERRDN, FIZBIT HMEDIE EFIT 10 KLUFRGFE L. o T, KEUR
BAMELORE ZAT O BRICIE, R HBEZ /NS TOIRERSH L. £L T, Te—7
b B E WIS 2720, R 7N ERRKIC L — Y — U — 2550 221 7uid 72
SYAdAN

IKEVREAELOBE CTIE, BEMREAEL & el U TR ) Vout WKE W aw, 59
W L= T — T H-Vin/Vout X ¢ [FHHRHY 7 A XIS U<, LinL, R
THhEFHDIZZ LK DBEELOWPA &, T =T HERENRFHEL LI DT 4T
7 AWM OB LT, BENRIESREIIRDT 5. £, SBMSEEMEHI B
TH MBI AMEBVAE R 2 R REIR Tl L — W —IC X B @RI 7RI 5 33U
(2% LTI C & 2eu. > THRYKIRICHS 1T 5 TDTR JEILFERICEE L <, MEHZ L D
23 30K BL EOIRETORENLEE L.

ZHTER Y == X 5 IZBYRERPMERVEER (] 21X PMMA T 0.2 Wm 'K F2)
TIHXATBKREL 22D T ECTTIDTR JENHRZRNWDTIEA S H. R v —DERER A
0.14 Wm 'K LRE L, K(3.45)%HWTRISGH TOWRE FA-Z2 /S 5 & 500 K 1272
DI — BT 5 LHERAEICEZD. LnL, B ~—NEE»OBYRE SR m I
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D AT STV D 5E TR, B~ DEHERIZ L > T AT 23/ E <72 ) TDTR #
ENTTREIC 2D, ZHUZ L —H— B L > TR S WD EH IR IR E S NI IR &
<, BRR—RITBRENEI IN TV LR HITERR BRI VERRKTH LD THD.
FEEITIT L — =1 wo O L—F— TS L7 58I & BB A b BIEE T 5 72
W, BUSHERSITERKICIER SR, L, L= RO —F —(~um) L Y HIE
BT XN F—NEBRA~NZET D, 1o TR Y ~— MBSO AT T L F =23
BT D720 AT VNS 725, DRI, ZEEEORE FFIITE—M o’
EEAZRITAGAHTEHATE T, ZEHEEBE LG40 HWT AT 2R 7
DRI ECACR AN

R T HOEFDFNC KT D IFEH BICE OB HIRE 6 15 6= (a/fmed) > TR I
D. ZIZT o [ TBEHCE, fou (TETERE THD. KU ~—0D X5 ITBPEHERN/NE
IRPPEHZ X LT 10 MHz @ X 9 18& AR T TDTR fIEEZ T 5 &, BURAEIRSIT 6 <
100 nm (272 %. 2D, A 7V ZINENS L 2 BGEFITEROEBWIEIC L > TEA
SHL, EROBWMEITRE I U V. 6o T, RBMRER O TDTR MIE %17 5 5%
BITIE, WERNRZ @S OWBMREREFT 5 RO RICHIE L, EROBYURERCHE O
REFHRAZZ R L e S HERRORE 2R ETIUER .
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BA4E
72 ) B RTEDRIEFEDHEIL

4.1 B=EBH

4.1.1 JA)>FEHBEBRTEAEDEE S

PEET 0 AN ETETHHET 2BURICIBNT, 7/ 27— i T 2 2k &
BT 5 2 SRR T O BRI T COERICEE TH H[4],[5]. FAUTINZ,
F ) WL SN ME OBV E R OFEMIE, T/ R RICRE S D T/ s & R
M U7 BB R T OMEREM RICE#RT 5[43]. 2 b 2 EBT 572 DITBRER O
TA XRE 7 7 O HBITEMEP)ZET 2 M AN MERAI K TH Y, FEhs
AR O 5 B REANTHFIE STV B[5]. BVRERO VA XZhFITHA IR
ENTHBOBMERAENS AL 5 Z L BNAHETH 50, T O A XA 1 T%
EERORMBIIIN G END. T2, REHEEIC X > THIE S5 EBVRE RN
fELTLED. ENITMA T, ZOFELZHNTEMRERDOY A X RELRET D720
(21X, FEROFERE Th Y 2203 BIFE N 72 5 30 2 EHUE Y L 72 < Tl b ez
DIEMERIECTH D, UL EOBmN S Rm O R 28] 0 B L 72 BUsE RO A X5 R M|
FENBILLE STV, RIS > TERAE EBT 5 FIENRE S, ERNAEUS

AR A XNFRRNENS 7 + /) MFP JIEDFIREIZ /R > TE TV 5.

4.1.2 BMRBROYA INRAIE

BMREROY A X R AR E O UICET 2720120, K4-11R73nd LD
(Z B R 2 T 5 I 2 PR UE L. EER ISR LY < ik iR a2 g T
HIBR S A7 fEI b OERFN 2 3mm L 72 T AUE R 7203, 2 2 Tl 4-1()irs S 4
RO 7ME L, IBE T &8 Ry R b EBICEDTERT 5 5% 2 v CllE B 2 il B
IZFT 5. 1ZUIZ, ERERSREMAE R E W TN R S5 RO E HE N2 IR E
DAIEBZD. R R(=LR2)DILEDIREN T, BREIREN T8 WO BERSFMO T T
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Figure 4-1: Schematic images of (a) penetration depth J of thermal energy from a metal-dot

heater with width of L, and (b) ballistic transport of phonons.

RENR T=T, (FIZIX = (T~ To)le) \ZRDNLEEZ R EEET DL, HHES(=R—R)
ITINBGEIR L IC L > C—RBICEED. o T, MEGEK L 2/h &< LT EERMIC
BNRET HIRES § /NS TE, BYRERRAENT O D FATHIREIREHIRT 2 =
EMTED., ZLTERBIES 0 M7 4+ /2 MFP X0 /NE<7ed &, BB DL
FRRAOME & 13Tl LT 4-1(b)ITR 45 K 95 7o HEHGE IS B S D . ke
DAIPEERE D D MERLEI A~ LT 5 2 Lo TE&E Ry F b R 5 B
WA U, B B OB SRS A XL RRE D FTREIZ 72 5.

Siemens 5[90]1F A LIZ 7+ /> MFP £ 0 /N X0z 4 —=>7L, X
e O CHE SN T8 B MRROEEEF - 5 Sapphire ZEH & 7 /L7 7 A Si0, D UERH
EEMEEEZRE L. £ LT/ Y — 2 ORUE & BVEFN T £ fi## L T Sapphire K47
ETENT 7 A SIO HARD 7 + /7 MFP 23 40E 40 120 nm, 2 nm 72 & #HE L TN 5.
Minnich 5[91]i% TDTR % W72 AKIRHAEIZ IV T Si OBYRE RN L7 X0 /NS 7
AT ZERFERLL, WEICHWL—F—DERN 7 4+ /2 MFP LD H/hS 0z
(CHIE S D BMRERNY A X R & m$ & A L7z, Johnson H[92]idL—H—%F
WEECRBIRE 2 BRI NEN L, Z OEEZ A E 5 Transient Grating 7% % U
TSI AT LV OBRERY A XHREZHEL TV D.

INHDFENOHRONBMRERY A XN G T 4/ MFP Z REES 5 Fikb
B2 72 > CTHESL SV 72. Minnich[93)VE 88 — R BRE R TR b /- RFEEEMRER[94] &,
b HMERICE T HEBIRERO Y A XK ZFEOD1F 5 Suppression function ZHE5E L
72 X UDICERICHV 2 R OBYRERY A RER%E 7 ) VEEE L RV~ Ui
B E WX, RREBMRER LA X R HEOD1T % Suppression function %
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T¥RKDH 5. Suppression function [THIEREZRET H & —BICEE D=0, FEBER L
Suppression function % FHVTHIEXT G O BEERE R NG LN D.

CIVE TR A= FED K 5 I ZEMBIC BRGSO R E fEIk & HIR T 2 51k & 1358
720, BRI HPE A HIRR T2 FE L BRI TS, Koh H[9511% TDTR TEUR
EARMEZET D, KE 2 BRERPEPE I U TRAFEZ R OB 2 R L 7=,
ZAVFEFR I froa (L D TERIBIRS 6 N7 4 /> MFP LW /NS Ip o272,
HE SNDBMRERNWA LTz L EZ BTN D. Regner H[64[IXZ DFEZISH L,
B KT 200 MHz % T & A TEYRESRAE 2 A[HE72 Broadband Frequency-domain
Thermoreflectance (BBFDTR){%E % Bl % L CEVRE RV A X RRE L AIREIC L=, L
L7as &, REIAIC I E IR & HIBR -2 FIEN G 7 4 / R B TR Z A S HBRIC
TRONEERDR DD, 1R HITIERBE S L BNRBRS ORERTH 5. INEERE f
IZXT DENRBIR S o 13 0= (a/f )2 1272 D720, BIEBERD KR E WAEHIRI LT o
T ) AT =T D OIITEEER TRIE L < TER bW, 2 s BIEmER T
HE 24T > T2 BRI HARM B OB H R O R ERLE MRV R TH S, BBFDTR & TDTR
ERRRICERBIR I BB RS LI TH Y, &K CRIE 21T o 75 A1 34 B K
DEVRE R & &R & RO REE = o F 7 B 2 2D P ERRIE IR DBVRE R |
it UTCIHERICKRELS 2D, 207, @SEEIEICSRAPFET 2. 3 B IRNER
WORRNIEER THDHI2D, A ZNRINE T+ /) MFP 2R 5 Z L NEMETH
LR T 5. Vermeersch H[7], [8]idm VR E B HCCEVAIE 217 © & #ikEREDY Lévy
YEHUZ 72 2 72 DBMBE RN DT 2 L WE L TR Y, BURERS &Y H BITROBK
TV E R LTV, &#%IZ, BBFDTR TZJE&/EIK% transducer & L CHW D5
BlE, SBBEMROE -7+ Ly ) 7L SR EE R OB X o TRIE
LOBLERPY A AR EFFOLOICAZXGE6RH L Z LITIER LR TIR D
72UN[67][84].



57

4.1.3 HHFROER

BT CIR AT AFIEIE K> THEERMEIO 7 4 7 VBE 3 5 2MI e > TE 72, mEk
{REFEM B O RN T + 7 MFP ORIEICBET 2 MERETH Y, KBYRE R
BEOBRE R Y f X BITIT AR RSN E. ZIFBVEEROFE LS pm 5
100nm FRETHY, M om A —F—Th D & FTHRINDIEBMZBEME O 7 + 7 > MFP
IR L TREWEZDTH D, (o T, LIV EIOBRSEHESRZH LT D7
DHIZIE 100 nm X 0/ S e fE kA FBL L 72 < TR B 720, & 2 CARMSE TIEZEM
HNC B B ERANE R 2 RS2 FiE 2 RE S, R b LT v FWFIE TR+ 250k
RENCARF == 755 2 L THRFIETERBARAETH 28 t+F /) A— FuAt
— X — OBRERREERZ EHT 5. £ LT, kOB E i L TEoh 53k
BB OBRE RN A XD, (RBMREMEI DO 7 + 7 MFP #6082 T 5 2 &
ERFFEEINE Uiz, BARIICITER OB EIC A< b Ttnd TDTR &4
J 74 Z  F(Gold nanoisland, GNI) % W\ T# 7/ A — FLO#iH TEH KR % 5
FUMEA L, ZiHMEIOEREBMRE 2 1E Lz, IESRITITEY v U 7 O MFP 23
R TH & FARE D Fused Quartz (7 /L7 7 A SiOy) MM &, 120 nm FRJE 72 & s
STV 5 [90]Sapphire b, EILHDHFEED 7 4 /> MFP ZFio L THEIND
Crystal Quartz ZEHRDIE ZIRE L7z, & LT, TIENDOIERONEGEIRIZ %3 5 BUR
BRY A AR E RNV ~ VLT RRATHT L, RO 7+ 7 MFP Z# RS > 7.
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4.2 AEEAHERE O

4.2.1 &F /715 ROER

&F )7 AT RGND &L, &% nm K5 LI2%ICT =— VU E1T 5 2 L TF
BALD EIROET KT H[96],[97]. HERIA @ FE CHEAMR EICHEEL S e
IR ERBHINEHTE D720, GNLIZT 7 XE= vy 7RI E < AVLRTWS. £
ORLF W IIE 4-2 IR END X ITEHAEERE LTRY, 7=—/MREILL>TE
OFLA NPT 5. ABFIE CILEPF R L1220 GNI Z [ L, TDTR % VT GNI
OME - JIREIT 72, GNI E&aa A ROEWKELITH &, B bicaisni=) /i
FAIIHAMR & DFEE DN LN TH 2R RN EEL TLE S RMEEZZ T
W5, £ LT, 7 /RTFOEEZAT O HE I3 H AL TEE(SAM) 2 F VL CLE

AT 2 EN I TH DD, SAM AL & R OB L 21T 2 82 h b 5.
ZNHDORMBEITINA T, F k7 TIE MR & OEMERELZ ERT 5 2 L RRERTZDAR
R BIFIZIEIE S 720, —J5C GNIIE SAM 12 & 2 KRG 2 L8 &85, Hk & 5%
+F 7 A= M OBMEZ RO, 7+ R RITRIEICRECHL EE A D.

AWFFETIE, 13 U ®IZ Fused Quartz S5#R, Crystal Quartz S5#i & Sapphire S5t 112 5,7
9 nm JED Au @A A L7, £ DT 500°C, 700°C, 900°C T 2 K7 =— L AL
%1772 - C GNI O 22k & d7=. ZDO—fl& LT Sapphire &M _EIZ/ER S 7z
GNI DAMELZ [ 4-3 (27T, GNLIZZE DS ERIZIRICH KT 2 7T X8 Ik v —
JEFOILD, MERETHAHCH2PbLTHEAZHOR TS, £ =—/LREIC
F o TREI OGN D Z LD, KA TIRO I > TR E — 27 DFERA 7k
LTSI ENMAZS.

4.2.2 IRINZART MV AW T ) 745> RO ERIE

TERL L 7= GNI DTRIRZWE T S 72012, SRS AR 0 L R 2 IV T Si0,
W ED®T 7T AT ROWEtERREZRE L. £z, WERR L T.Ox2 RED
57292 K 4-4 12777 Gupta B 2N L7z SiO &t E04xF 7 74 7 > ROH L [96]
&7 TR VRINE — 7 OBIRE V. 7 nm JED Au HIEIZX%F LT 500°C, 700°C,
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900°CCT =— VALFR & 1T > T H 7 GNI O AT %[ 4-5 17T, KR
SINDHEY, T=—VRENEL 2DICONTT T XE VRIE — 7 [ 3EEE~ 7
FI%. ZOBEEDOTT ME GNI O A ZIEAFHEL D & O3 2 A7 58
[96]. ZNZENDWH AT ML E— 7 LEND GNI O A% BFEL 5 &, 500°C,
700°CH £ TN 900°CCTT = — VAL A 1T 5 7= GNI TZILEH 91°,96° 112°ThH 5.

< -

Figure 4-2: Schematic illustration of GNIs. By annealing GNIs, central angle is getting larger,

T (R (9

Substrate
Anneallng temperature . H|gh

resulting contact diameter is getting smaller.

Figure 4-3: Photo of GNIs on Sapphire substrate annealed at 500°C (left), 700°C (center),

900°C (right). Samples show blue color due to plasmonic absorption.
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Figure 4-4: Peak wavelength of optical absorption due to surface plasmon resonance as a

function of island shape angle, taken from ref[96].
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Figure 4-5: Transmittance of GNIs on SiO; as a function of wavelength. Island shape angles of

sampled annealed at 500°C, 700°C, and 900°C are 91°, 96°, and 112°, respectively.

4.2.3 RFENIEMERCL DA F=HIAE

ERLL 72 GNI ORI & hont &R FEUEE Now % Ji - [H /1 5885E (Atomic Force
Microscopy, AFM)% FHVNCHIlE L7, £ @—ffil & LT Sapphire Fi Eo&F /7 A 7
RO AFM B %X 4-6(a)lZ, HFONTIRIFmSDE X 7T L% 4-6(b)I27R"T. AFM
% X0 SHAt nm 2>k FEAEL T nm O GNI BSEBE TIER STV D L0 5.
72721, AFM O 2% T GNI & RO BT B 2152 2 L IFTIERFICEE L V. 2t
725X, AFM OZERIGFREIT 7 v — 7 et FREITIRATE L, £ OSeimIE—MIZ 4% 10 nm
BREOMELZEFS> TN THD. - T, VG MO 10 nm (77 —7
RRETHY, I FMOSMREL IR L TH S, TIZNAT, SIRTT =—/LALEE
#4757 GNI OFERIE 4-2 1R T K IS A23 90°C L D K& W72, AFM %
WCHSHE ER OFHIAEE L. 207, A TILAFM KB ohnchirms &
RLFHE, RIE TN 7 XEORINE —2, B Au DZEEEE AW TRED
IZ GNI & FEAR OB B A R D 7.
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Figure 4-6: Gold nanoislands synthesized by 9 nm gold thin film annealed at 900°C on a
Sapphire substrate. (a) AFM image and (b) histogram of particle height distribution. An average

height and standard deviation are 43.2 nm and 10.6 nm, respectively.

4.2.4 IFEHBEEOHTE

KW CTIIaeT ) 7T AT ROBIREIBDEREARE L, ORI DERE Do % LA
TO2Y OIFIENGRDT-.

@O AFM (2 X o THIE SNSRI T & S hont & 77 REVIRINE — 27 2B 155115
L 0 & IV THEE.

@ AFM I X o THIE SRR & how & BALTFE Y 72 0 ORI TS N, &
ZEHRPIAR G L TR S N7 Au DR & 14, % IV CTHERE.

FEOTIHLLTO L DI U THE I ERD KR E 5. K OB ER Doy 1 EH 0 0
ERLF DA r DD

Den =2rsin @ (4.1)
ToHd. KAmES hovl

hen = F(L—cosd) (4.2)
EETD. EELO> a2 THD. fEo THEMEER Don (F@4.3)THREIND

sin @
=2h. —
GNI GNI 1_0030

FIEQTIRLL T O X S ICHMmEREDS RO Hivd. FE r FOHA ODE 3 ER ORI

D 4.3)
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K@ L -THESND.
(A =7ﬁ3(g~—00804~100539j (4.4)
3 3
F72, AuBROE S L EROEREDO RN G
Vani *Neni =1ty (4.5)

Ths. N@aHEX@SHZVEBEROTLA 0 BRFEY, FiE 1 LRG3
Doni 733K E S, Tnm O Au R L 0 /ERE 72 GNI O R & S « B 32 3R 4-1 12
AL, ZNLOEEZHWCTHRES o T FEMMEER LK 4-7 (-7, ZO/REND,
7nm O AuER L 0 ERLS 72 GNI & SR ORE-ATE AT BB L% 30~50nm TH Y,
T == VIR K o THMIEERN AR Th L LR C& . £z, 7T=—/LWiRkE
% 500°C7> 5 700°C~LEF SETHHEMEELNHE VB LRV EAVRSNTZIZD,
AWFFE T 500°C & 900°CH T =— MREDHEFRAT5H. Z LT, WL —27 & Hn
7= FIEQO &K RIRE) 7 OFAMBIE 2 W FEQO 2 8 Y TR - A 2 R
—H L7, ZOBREY, SEROICEMEERENZYR/METHLLEZD. ZHLHD
fEATIZ &> C GNI O ERNHEE TE H L I o72728, AuEE(S, 7, 9 nm),
Fi#(Fused Quartz, Crystal Quartz, Sapphire), 7 =—/LIRJE(500, 900°C) D&t %25 2 T
GNI ZER L, ZOHEMEEROFIZIT 7. T OREELM 4-8 IZ-7. KM O
Bl dods LRI AR D 2 50 5 3 5N Tl 0, MERLEIRX OHE R AIRETH D &
= 2 5[98].

Table 4-1: Average particle height and number density of GNIs on Fused Quartz and Sapphire

substrates with different annealing temperature.

Substrate SiO, Sapphire

Annealing temperature [°C] 500 700 900 500 700 900

Average particle hegiht [nm] 26.2 26.4 314 359 359 43.1

Number density [pm 2] 299 298 254 140 133 117
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Figure 4-7: Diameter of GNI contact-area casted by 7-nm-thick Au film on Sapphire and Fused

Quartz substrate as a function of annealing temperature.
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Figure 4-8: Contact diameter of GNI as a function of the thickness of gold thin film and
annealing temperature. Red, black and blue symbols represent contact diameter of GNI on
Fused Quartz, Crystal Quartz and Sapphire, respectively. Open and closed circles represent

annealing temperature at 500 and 900°C.
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4.3 BENXEETET I

4.3.1 T4vT4JETI

ARIATIE GNI OEGEFN D IR DOBMRER 2RO DB N D7 4 v T 4V TET
JNZDWTCRIIAT 5. R TT 4 v T 4 ZIZHWTZEEE T VOB % K 4-9 12
AT KR END XD IZHEMN LD GNLIZEW p THANE LK WSS S A, 1w OES
KTho APl LZ. 22 TEwiX 424 IH TR/ GNI OBEHIHER THY, By F
p 1L GNI OEBE L VR, GNI O S b IXE T EOERIE L GNI OSBRI RFE AN A2
2272 X HICHRE LTz, BRI OF A FIEIL Minnich O J7{E[99]& S8 [THEEE L, S
RDOBAREHR ke 3 L O T /R L IR OB = 2 7 2 X Gansww &2 7 4
T TEEE L.

Thermal boundary conductance, Ggy/sup

Thermal conductivity, xg,

Figure 4-9: (a) Schematic illustration of the heat transfer model for fitting process. Each GNI
is modeled as a rectangular dot which has d wide and 4 high. All GNIs are aligned with the

pitch p. Fitting parameters are Gonissubs and Ksup.

(2 COIZ 3IRITDE AR RBMRE SRR 2B 2 5. x, y Vil O 7 M EMRERD ky,

G OBMRERN o, 1235 L, TOBMRELERATNE.TRSIND.
2 2 2
pcaT(t,x, Y, z) —x, 0 T(t,xz, Y, Z) i, 0 T(t,xz, Y, Z) ,x, 0 T(t,xz, Y, Z)
ot OX oy oz
ZZTCTIHRE, pc lTHAAEEHT-D OBEETHDH. N@.6)% KM ¢, x FBEEL y i
fEEIZBI L C Fourier 24 L, 28w, kv, ky2) TE X 5 L AWK CE 2 2IRE 0 1%
, 0°0(@,k,. k,,2)
oz’

(4.6)

O(w,k,,k,,2)=n 4.7)
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EREND. LRGN Ty ZUTOLIIZER L.

Ko \KZ+K2 )+ pio
772 — Y( Ky) (48)

z

WIZ, X 49 \TRENDER EDOEFTERT LA DO OBEMEE X 5. R 7ol

BIEFETELY bl RE L, BEHEEZ RIS 2 LRET D, ZORMFETTIE
B RO TR OWRESATL R TH D120, &R Ry SO MEVRER k, (T
RZLETD. (o T, BEITEND OBGEMITIE S h,ky=0 OFEIIIIT L TEE Ky
NOMELET DALE DB JSFTINEN T 5 2 & THELESND. By F p TEFISLZIE w O
EGRES DHE MBS DR T I L > THEX BN DB g, 1%

szxnm5 -n& P(E-m&,) (4.9)
ERIND. 1220 &H=24dp THY SIFRAEEOEIMNELRT T A—F—TH 5.

F72, x HE y FroxFEEEE L7-. ULEoRXICE L 5o R &2 & E
T 5 L EREISE Ho)lZLL T L Sz SnD.

:ZZ|Xnm|{_,\;ADJ (4.10)
n m C n,m
=72 L
d?/ p® n=m=0
L Ph-ep(-img)]  n=0m#0
X = . 4.11
nm gﬂm[l exp(—ing,)] n=0,m=0 1
— [1_ EXp (_ 'mfo )][1_ exp(— inézo )]
472nm n0,m=0

THD.
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4.3.2 NIVYNENRE S FETZ AU LR ARAT

HT, B Elo ¥ —= 7 &= Ky b TS il o, e x
VX —NED X DT D0 EBRE R L ALY < Uk RIS Ko TR, 2
REROI A A FEEHT 5. 4.1 BICHRAZE 91, BMREROT A XHENS 7
F /W BATRE A SR8 5 BRICIE Suppression function & W5 FIENEE TH 5.
570 O 72 3% T HIUEIENTAYIZ Suppression function %452 Z & NAJFETH 5 2
[100], AHFIEDRIL 3 KICICEANEGRT D72 DRETHH. > T, HHELVAED
NIz 7+ 7 R RWTARLY < Uik R EZ R LERH D, FHHEa X MR KX
W[101]. 2 LT, RBFECIER MBI OB 72 37 L7 7 AMELORIE AT 5 720
FEATARFE[90] & [FIERIZ 7 + / D MFP IZH—Th % &l L TEBRE A T T 5.
TDTR (ZFEFDIEE H A2 BSE I G BWINEZ R D 2 FIETIEH 50, ZORNEEIZE
WK Bt s: LSBT 5. 728 21F Si ko TDTR JIETIE, 71 >
T4 T EAT O WEREIPH A 0.1 ns ~4ns £TE L, ZFHEREA 10 MHz & S JERKIC L
T2RFZB W T H 207 ST OBVRESR(140 Wm 'K )R E 5[95]. - C, JRATINEL
Z{To7- TDTR XV REDLBMREROY A WKL, R0 70 JE S o il R 23 2
KCThod. T, ZITEEFREON A ZNROBLEEZ D, NI —= TSN
7oA Ky M, K 4-10@)ISR 40D £ D ISR r ORI b HR 2 FERR I ER S
HERETDH. ZOFROYRFGFROIRESAAIE, K 4-10b)ITR S35 48 r, RinE
Ty DF R FPEDIAENTROIRE S EEMTHD. LLEDOBLELY, RETILE
REHRA L Ry~ Uk T RRAE VT, F 2 B 238D IA F 7o R O Bl 5 4 5%
i L, MBGEEANBMAERIZE 2 5 REBETD.

(a) (b)

r, T(r) r, T(r)

—00, T00 r—o0, T00

Figure 4-10: Schematic images of (a) temperature profile formed by a metal-dot heater on a

substrate and (b) by a nanoparticle emmbedded in a sample.
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XU OICBVRE A Z AW T 4-11 1RSI ND X9 288 ORI S r HANZ
NG O WEORT D ROBIRKR S IRES A A dEm T D, X 4-11 [R SN D ROEFIRE
DIRE A TIEFREG IR SN L BRE H RN HRO BN 5.

(xljz(réT(Lerzo (4.12)
ror or

CIZTal3BEHERTH Y, TS EMRE Lz, BERSM, T(n) =T, Tr—w)=T, %
WTr & TEENENERTAL X =, @={T-T}/{T.—T}) T5LKA1)MNE5
ns.

kai(ngg}zo (4.13)
X oX oX
X413 %ML &, EROTRE 0 LERKREOBYEHR ¢ 1L FRELDO X D IcREND.
1
O=1-— 4.14
™ (4.14)
x(T, =T
%:_QrJQ (4.15)
1

R(4.14) L 0 BYE H R B R E D IR GCIRE 0 1XEIRITTEN. X DHADEHRTH Y,
W72 D r AR L CHOMEIRIRE S 2T e o0Dd. £ LTR@IS)ITREND LD
I 7 = 1 OERFHEOBGEAHNL rm AR HFIT D, 28D OIS PENE R IT Fourier @
FEANZE SN TR BN LD TH D720, n 74 /2 MFP LV H/h&L ot
BOVA R RERBTE 20,

Host
Medium

Figure 4-11: Schematic of thermal transport model based on heat diffusion equation. Thermal

diffusion occurs from sphere with 7 in radius and 7 at the surface.
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Host
Medium

Figure 4-12: Schematic of thermal transport model based on the Boltzmann transport equation.

Phonons with mean free path A are emmited from a sphere which has r; in radius.

FEWNT, X 4-11 EFEEDRDEGEHR % Chen DFRHT[102]% BB RN ~ gk )T
BAZHANTELS. 41217315 X018, R rn OFEEN O FHEBEITRA O
+ / UBBH SN TRESMBIEREND EERD.

IXUOIZ, 74/ COBHBRE HILLTO X 5 IZEFR I 5H[102].

1
I = . ;ivs foehoD(w)do .

ZITsIET A DGR, v ITHEEREE, fop (TR — R - T A 2 B A U, D(o)iE
EE, o 174/ ORI THH. X@16)TERINTZ T+

(4.16)

Tx ) DAk
DFEGRE [ Z W TEREAF MO RN —RFEEZDH LRGP EIND. 1272

URATHESR Ori3X(4.18) T, JAPHA b AT 2 I Qw13 (4.19) TE S h, Q %57
KA, u=cosOk L, I & BIKHGERE L LTz,

L9 (20 )= L (g
;za;@'ny—A(4ﬂ% Q) (4.17)
Qi (0= [1(r =2z I(r,u)my (4.18)

(4.19)

Qu( = [1(r.dQ=2z[ 1(r, m)du

Q=4r
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KEH R TH DR Y < sl HRRRITR O &M FTX@.2000 L 5 1cET 5.
PRFNRFRRIUT L 24T 9
RO, 74 /) VTH—OFHEBITE A 2R B EEBIKAED 220 &
. (BIERRICT LT 7 AR B 7o Ok LT T VTHIT 21T 9 )
X(4.21), @2 ENDILHIE AL ZAET D, 4 1 ONLIE O KGR EE
I & MRS O R IR LAX A TR B 70,

2 —
gz al 1=l (4.20)

or r ou A
1(r,, £=0) =1, (4.21)

I(r > o0, u)=1_ (4.22)

ZIVE TITRD TR T 10 D = 0 F — {7 AF(4.17) & R < s R (4.20) D
250X EY, KMA2)TRINHFES HREADGHIL5H[103].

1 o

(<) =k K(¢, 2)p(z)dz (4.23)
=L

o) =t (4.24)

K(C,2) = {El(jg”— Z)- El{ 2-c?)" (2 -¢?) ”2} } z (4.25)

E,(X) = L ) e: dz (4.26)

E LT ek, ((ErAZERE T 4 2 MFP THUS L L2 Bk e ch 0, (=r/A
Th 5. kL% Viskanta & Crosbie[103] & FIERICHES &, Fif-ZKm (r=r)0> 6 JEFH~
B S D EGRH g 1F(4.27) TR I N D.

2(1,-1,)Q()
0, = (4.27)
b+ U e-1)Q(S)
72720, e 74 /) OBEER, LIFERRMOFEITHR 7 + ) AR T2 5 R

B, 0O%
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°Q¢ (¢) 4.28)

ThD. 2B Fi, FATZTNLI r = r1, rooD(LEOH K (radiosity) Tdh 5. :(4.27)1F bk
BCLREEE y 2 N TR@29D LS ITRBITE 5.

0, = (3\2/(Te ~T.)Q(5)/4 4.29)
¢ +(Ue-1)Q(5)

FITHIRBYRER g A BAT D L, RV~ Uk TR L VRESD r=rn OB

g & ke DBEFRITLLT O L S IZRSND.

Gy = e e (Tﬁ -T.) (4.30)
1
Fourier D{EHI L VU SKRE D r=r OB gn & BYRE R 1 OEARITHMA31)TERE .
x(T.-T.) Cv(T.-T
qf1: f( e oo): ( e oo) (431)
r 37,
Ri(4.30) £ K432 WV TEURE R rep/ 1 2 T &, Ve<<1 DEFAITIE
&:%z:sQ(gl) 432)
Ke Oy 4¢,
%

N — 433
Q>3- (4.33)
Ko 36214 (4.34)

ko 3¢, 14+1

T& 5. Fourier DIEHITHE 2 725G 121%, BMERITRIA-HY A ZA/3TF A—Z —0(=r/A)
12kt LTS TH S0, RME34)D L) ITAR LY < Uk FRRE W TEZS &,
4-13 IREND LI ITBRERIL I Lo TELT 5. INETOERICLY, 7
/¥ MFP X 0 /NS 7afEisg 2 el « JIE L 72 BEO A B EVRE SR ke DWW DIFH T X 7.
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o  Fourier limit

1072 10° 10°
Particle size parameter ; = r,/A

Figure 4-13: Relation between thermal conductivity ratio and particle size parameter. Thermal
conductivity basd on Fourier’s low (dashed red line) is independent on particle size. On the
other hand, thermal conducitivty based on the Bolzmann transport equation (solid line) is

suppressed with dicreasing particle size parameter {;.

4.4 FEREER

4.4.1 AITEFSRET DT

XL ®IZ, TDTR % AT GNI DA A NNEY - R L, & ORLF- DB 7> b Bt DB
{RERERD T2, TDTRIZ K » THE LIERIMEIE & 7 4 v T 1 & THER Ol % X 4-
14123 T. 749747 X057 GNI & Fused Quartz, Crystal Quartz 72 & ONT
Sapphire [ DO MEEN T 7 7 B AT ZENZEI 82 £ 14 MWm2K'!, 93 £ 17 MWm 2K},
110£26 MWm 2K TH 5. £ 5 DED GNI DA RpEHE BAIZK S 7202 &
5, BARDIWETT =— L EIT>TH GNI &HERBFEROBNESRLEZ LT D LB X
s, AEBRTHIES L EROBURERZ NV 7 HEOBURER (kquar = 1.5
Wm K™, &crysa = 9.5 Wm ™K™', ksap = 36 Wm ™ 'K™) THIASL L7 ME &, GNI O f2 i E £
DR ZK 4-15 1TRT. KIIREND K 91T, EMmERESFHEHBITRLY /S
2o LGB ICEMBE RO A BB S, HERLEBMAEORIE IR L.
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'} o 7 nm gold (900 °C)
1F A 7 nm gold (500 °C) |
O 5 nm gold (500 °C)

— Best fit

Normalized amplitude [arb. unit]

1
Delay time [ns]

Figure 4-14: Amplitude signals of the TDTR measurement and fitted curves for GNIs on
Sapphire substrates formed by Au films (5 or 7 nm) annealed at 500 and 900°C. Amplitude
signals are averaged over three different measurements and normalized by the amplitude signal

at 100 ps.

=
T

.-~ A Fused quartz

m Crystal quartz
0 @ Sapphire —

Normalized thermal conductivity [-]
o
a1

100 K

10" 10° 10°

Characteristic length L [nm]

Figure 4-15: Normalized thermal conductivity of Fused Quartz (triangle), Crystal Quartz
(square), and Sapphire (circle) as a function of contact diameter between GNIs and substrates.
The dashed lines represent the best-fit solution of BTE. Open triangles and open circles are the
values reported by Regner[64] et al. and Minnich[91], respectively. Double triangle and double
circles are the normalized thermal conductivity reconstructed by using {; values reported by

Siemens[90] et al. through Chen’s model.
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X 4-15 IR SN D BMRERY A XGRS 7+ 7 MFP 2R T 572912, (4.34)
DRLAH A ANG A =L = DR EERE UTERBL 7 0 v T 4 T HRAT T2, fhdh
KOT 4 7 AEEEBHATRITE— FTEIZRR DM, SENXT ELT 7 AMEIOBMRE
RY A ZHBRLEB L TVAHEOE—DOFEHBITRO 7+ /) OB EEE LI-ET
NERNTND. ZORERZX 4-15 IR CRT. K LEMiETX 5 X 912, Sapphire
DBMBE R A X F LRy < Uik FRRABTEN K 2N R < —& L TWD
ZENbnD. F£72, BTE OfFENTHEFILA B FEEBFE RO A7 53 Minnich[99]X°
Siemens[90]DFEERML L L EL —FH L TWb. £LTT 4 v T 1 7 )5 Fused Quartz,
Crystal Quartz 33 X O Sapphire ® 7 + / ¥ H BATRIZZ U E 4 3.5 nm, 9.4 nm, 84 nm
ERE T RRE X Y KE - 7= Sapphire D12 H H1THEIL Siemens & W HIE 21T 72
7 % /> MFP(120nm[90]) &£ B\ —E & /R L T\ 5 Z &b, ARBFFETER%E L 7= MFP
EFENZEYRFHETH D EERD.

& BITHIE ZHFET D 7212 100 K 1281 5 Sapphire D ¥ H HITREIE 21T > 7.
Z OfER, Sapphire DEVAESRITEE & K L TRV A AR EFL, 2OV HH
FTFEIT 320nm Th - 72, BMRERI R T OEEERGEEZ RS2 &5, 100K TO
7 % /) 2 MFP IZRIED 3 EFEE (Asap.~ 250 mm)IZ 72 5 & PAREIND . EBRIZE » THD
AUT-AE 320 nm (XFIR D 4 f5FREE CTH 5 7%, Sapphire D\ T 23 A I (1040 K) 2 & T4R
SNLEEMICH D THA ) BMBEROE— 7 iE L&, RIRICK T 2 BB 25 2
HEHMRMEIELEERD.

ABFFETHA%E L 72 Fi % FW T Fused Quartz OBRYRE R A XU R OME D FIREIC 72
D, BLZE350m &9 E MFP 23HIE S 4172, Siemens H[90]DHIE TIEHIE D= Z
—R=BRENZ LITHZ TEMSEROPE LA 65 nm FLEE T dh - 7= 7= O W72 4
A ZHFIXR SN2 oo, ZHUE Regner S[64]DHIE L FEETH 0, 445 O f/ MNlE
FEIIE 60 nm F2E T & 5 72 8 Fused Quartz DY A AR BITHIE S o7, KRAFZET
TN S OREFEE Y b IS/ S RAEFEE (~ 27 nm)2SEH S TE Y, Fused
Quartz DERE R Y A RBHROWE D FIREIZ 72 572, Z D Fused Quartz DEMRF Y 1
RPN DN T H 32 & f0E Crystal Quartz <° Sapphire & 5720, BTE OERE R
A RBHFEL D L EREOY A RHERENETHD. 22 TIFo7- BTE fTITHE—O
T4 /)2 MFP 2RE LT, 74/ OF— NI LICRR D HBITRE RS
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AL0 YA RN RKE . UL, ABFSECTRIE S 4172 Fused Quartz DA AZh R
VX, EHIEEAED 80 nm FRJE TII L7 OBRERFEE TH Y 30 nm F2E TEYRER
DARIEIZID L7e L 512, BTE OfENTAE XL U &9 XK 2R LT

4.4.2 PN I7 AP OBRE RS IR

Allen & Feldman OBUEMFHT[104]-[106]I12 L > TT ENLT 7 AMEHZ bR ZHET D
AR ORENT— RBGFEL TV D EH O R o T2, DI PRI B A =18
% IEENE— K% propagon, #EEEED 7 v X LT 4 — 72 Ko TR R LXF—Z k4 5
RE)E— F% diffison & 4T, TEANT 7 AMEIOBURESRE xr & ZNZ O
Kar=tproptrair CIEFELT-. £ LT, TENAT 7 2K propagon DECELIC & - TEVRE
KOV A ZGREFRODLMONTEY, EREFFEOW TN LER I TV 5H[64],
[107]. Larkin SH[10711X7 €/ 7 7 A Si & TE/LT 7 A Si0, DB R Y A ZhFRIZH
WTEMEFE AT > T, ZNENOIREE— RO TREMFFHDL o 2 (o: BEET— KD
AR BOICHE S B — RV A R RA G & 3 L E L CEBRE & ik 217 5 72
ZOFRER, TENLT 7 A Si OBMBERN A XWRAEFEOZ LI TE 2, TE
VT 7 AMEOIRWEBVEE R Y A IEAFHICOWDTEBIHTE TRV, 2RI T,
TENT 7 A ST OFERIFIEIC Ko TEMRER O EAKAFIET plateau 23BLI S 2 56
R4< platean BRWVEZAEDRBRE SN TND, R TEZENEZ HSICHATE TR
V108][109]. ZAUTFEFRO R FHEE ZFHE R THEAE TE TWanedZ & Bbivs.
Larkin 5[107]DHFFETIE, 7 EI/L7 7 A Si0, (28T 5 propagon D EVRER~D %5
W ONFEETH D EMESNTREY, SiO, OBMRER TV A RKFEE R 7o\ & iR
fFFonTND, Lo LAaRs, TELT 7 R S0 DEMREE LT E/LT 7 A Si L[
FRICERLGVEIZ L > TRV, ZO8ERIT void 12 X D2 EEOWRD DA TIEFB T& 7
W EHRE SN TV S([110]. BUEDEMEFHAE TIX Z ORRMBTHA TE Wi, 7ELT
7 A B O ST & IERE I PR U CRMROE R AT 2 L ER S H B BILD. T
DEIRTENT 7 AMBOBMLEB L OMICANETHES N7 ELT 7 A
SiOy A ABIRNEIRT D Z L 2L TV 5.
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4.5 4 EEDFLD

AR TIRBMRER B D 7 o P H AT ORE & FTREIC T 572012, RefHlfE
W —F ) T Lo X REEET )T AT REROWTHEROFE L /NS e fEikic
B OBMEEROY A ZWROPELZRATZ. XIUDIZ, &F/TA T RETENLT
7 ASi0,, Bt EESi0, & Sapphire i EIZE L, &D7EEE L 7T =— VIRE 245
ZETRT ) TA T REEROBERRERD B L £25~100 nm & T Hil4# 7T 5B
ThbHERLIE. TLTC, MRER EOET ) 74 7 RICK L CRIMfEIR Y —TE Y 7
LI Z o AEREH LT, RV b/ S REIZ T 2 BT RO YA A RRE %
KB LT-. B, Ay < s RIS X0 - BmiE s Xeh &4 v C
FBRAE 2 AT L, 7 L7 7 ASi0,, HifhEHSi0,35 L USapphire® 7 + / 1 A HATRE
INZINZEN3S5,94,84nmTh D LR Lz, ZORENDRERTIEL Y b/ S el
R RRPNEMNFREIZ 22 0, ARBMZEAM IO A BITRINENEBR SN2 52 5. F
7=, AWFEOREIZE > TTENLT 7 A SIODOBYRERE Y A R FRE2 R L, ALY
~ HE TR KD MENTRE L D SRV A R E FF O Z E R NI o 72, T
OREFRERITT BN T 7 AMBIOBMREB G 2 MR 5 L CEERMATH Y, HiEs!
BaEHWER R TN LEND.
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E58
IEAFIVIV Si FIBEDIA ) xR

1 Bx¢EN

H 1 E TR LIS, 2T —OFHFANZ T T2 B ORI 247 5 L TEEZR
BT ~OHIFFIR X [43], [49], [111]. £ LT, ZOERMALITITE FIEEE R T8
TEMERBFEE ZT O ESZETH Y, ZOTDIITE—_y 7155 - BRBERP KX
SBBERDNV NS ODMEINZEE LW, ZOMWEEZFEBLT 572018, ERITIETERIICENE
PRI DM 2 FFO BibTes[112]5%° PbTe[113]72 EOAENFEIZTH BN TE 7.
Lo L, 2059 i EHIm b &R Sm 2 FEOME Ch 5720, a X MR AHE O
TR CEVEAWSE T OB ONTZHBROAIHES>TND. ZRHOHEBND Si O
E T LMD W ER BB & FF oM B 2 W 7o m R RE BV R R - OB N E &
TV, 77 STIEEWEYRESR (140 Wm 'K ) & R0 72 O BVGE A HU 2 3E L 7= 448t
Tl ot

T & CEVEEWSE FOMRRIIRII WIS o 72y, FFRRBICT /77 2 ao—N0I6H
SNEEDTZ 1990 42 A D OPEREFREN 28 B Lz[1141-[117]. = OPERER |

2T S RIC X D BMEEROERIC L > TEBE S TRBY, 7/ UA ¥ - F /K
—T AT ) Ay aREOF 2 AR TEWEEMRE Z R~ TSR RE ST
WA[50], [118], [119]. 24U 6 O FHEIIBEAFMELOMERER B &2 AIREIC L7 A 72 577, Si
D LD ITmBMaER A b OB OBVEZEB~OR M 2 /eI Lz, 72 Si F /Ko
BERG AR IImPERED D/ SV 7R T8 2 T2 D UL I S LTV 5[43]. Bux H[50]iF Si
U EH nm £ TRV VTR L7 RBICEERS T 5 2 & TEMRE RO KA E
BL, »NLIZREO ZT=02 725 ZT=10.7 (1000°C)F ClA] E &85 Z LZlkHh Lz, &
LT, Miura H[120[iFAR =V I v Z W BER A L D /NSRS R 2 FBLS 5720
IZ, 7T X~ CVD THR ST EEIRIRE 6 nm O Si F /R FV CHERS A 2 /ERLL,
ZT=0.6 (800°C)E TiH> T\ 5.
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ZAVE TITHI L7 RBRICBERS R 133 7 (R OAFRUCTE T 2 FiETh 2703, S 6725
HEM 2 LT 5 72 O3B 7' e B X THRAT DAL O R DOIRA, i
R OHIE 2 ISR DD . 2 D128, FEERRLO T A A0S IS & EMECHIE LT
BYRERZ I OIS T2 FEPLEE SITWe., 20 OMEE R 572012
Nakamura S[12111%F /3 A XD Si ki 1-&, TNEEIMEDOTE/LT 7 A Si0x 1T &
STHERINDITEZ XU v )L Si T/ ZiEREEGSINO AT L, Si OBRERZ N
VYRR & B L C /150 L IR CTE 5 S LT D, LnLaendh, 6
23BH%E L72 SINC (1 Wm 'K A F) R ETE/LT 7 A Si (=2 Wm 'K )L 0 b IKEYRE
RKEHFTDHONTOWTUIRIAZR RN E. Fil21E, SINC ZHKT 5 Si T/ ki1 & i
MBI 7 + 7 OFWE[122] 25 SR Z L, BYRERAMER S 41TV 2 FTREMED
5. ZLTC, TFEOBMEHEICL > THigh - 7ENT 7 AEEHEENEMR T 'L T
7 AMEIE LY BIERWERER A Fo L ijE S TR D [123], SINC b RO IR TR
ERMEPE N TNDELEZLND.

ULEZRESE 2T, RFETII=E X X2 v /b Si T/ WSRO BRE 5 2 el ik v
—FY 7L XU AETHE L, Atomistic Green’s Function 1% & 55— JFERFHRIZ FS 0

7274 /) VRIRET VA T SINC OBVMRERIKE O A 7 = X LfifHZ B L7-.

5.2 sRHER

AL CHIE L 7= SINC OFEMZ2/ERL 9413 Nakamura 5 [121712 & » THE ST
L1, T2 TIEZE O OA AT T 5. (X UHIT Si(110) 7 = ~E b3 L7
AR — ZJEH7 1x1078 Pa ® Molecular Beam Epitaxy (MBE)F ¥ > /S —PN THHEH] 7 = — /L 4L
BR(500°C) L degas #1795 . =Dk, 500°C, eyt 2x107* Pa, 10 3OS T Si %
WL ZBRL ST, Si ORMITHRERIIKZTENRT 5. [A—OFRMHFET Si 7= ki
TRk & 7= M e b i oD J& X 13 Reflectance Difference Spectroscopy <> X-ray Photoelectron
Spectroscopy CHIE SN TV, &6 5 OWETHMERRLEE S 13X 0.3 nm F2E7Z &
HEENTWDH[124], [125]. - T, SINC OMEHBLIEDOE X H 03 nm ZETHDH L%
ZOND. VT, ERESN MR B2 Si &2 i 5. sUEO P E ML Si
& B LT MRIERR LR D — R DNVRARIZ 72 V) (Si02+Si—28i01), iz S CEAL 1nm LA F
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DF T4 RUMENEE (~102ecm?®) TR SND. 0%, /U4 RUEE
ELTSiEMMND SiNnT X Ty Lk L, THIO Si bk & [RAR ORGS0 % Ffo
mEE Si T RF R END. b OMERILIEOIER, @7/ 74 RUDE
%, @Si T /R OEEODO~Q7rr AZMYIKLITH Z & T SINC BEREND.

AWFZECHRIE LT SINC[121]DfE ) & 2 5-1 12”9, MIE %17 - 72 SINC 1% Si 7/ k2
F-OIGRMERIR Th 0 EAEA 3 nm, 5 nm OFELE, kTR F— 208k (8 40 nm, ¢
13mm)DORETH 5. 5-1 {2 5 nmNC (Ki£¢ 5 nm @ SiNC)D 7% @R & 7 BA M
(Transmission Electron Microscope, TEM) &L ¥ 1§ b7 Wim Xz <3, PO LIRS
NDEERGEN S DEY, Si K EIC SINC IS TE Y SINC A EERIEE 5
nm @ Si 7/ R TRER SN TVD LHEGETE 5. 2 LT, MERBLIEO EM52% TEM
GO ALIC BT D IEMIZS B TR 121]ICFE S LTV 5.

Table 5-1: Grain size, thickness and stacking number of SiNC.. Sinanodots are formed 13 times
or 24 times in order to fabricate SINC structure. Average grain size and film thickness are

obtained by scanning tunneling microscopy and transmission electron microscopy.

Sample name Grain size [nm] Thickness [nm] Stacking number
3 nmNC 3 (sphere) 20£2.2 13
5nmNC 5 (sphere) 58 +£2.3 24
40 nmNC Dome shape 109 £6.8 13

Width: 40, Height: 13

Si(001) substrate 10 nm

Figure 5-1: Cross-sectional view of 5 nm NC sample observed with high resolution transmit-

ssion electron microscope. The inset is an enlarged image of solid rectangular mark region.
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5.3 PMnEZHTE

AHiTIE TDTR % HW 72 SINC O BMA S =R IE O RE S F0FIE, HIERE RIS HOWT
WEZ1TH . X522 TDTR JEOHEE A 77, SINC (X Al HETEDI, £DORED
BRI XLV SINC OBVRERNHEIND.

5.3.1 AEAHIORESTE

1 L IZ SINC OBMREZRAE N FTREDNE 9 2HIWr T 5 7291, 3.2.2 BRI L F
BaiTolz. WEN—FRETH D & TREINDRED 3 nm O SiNC 12k L TIT- 72
B R R A 5-3 1R T, ARBRHREICIER 52 IR SN AW EE AT,

B 5-312REND K 9IZ Al DIRIE da ZFr< & SINC DBMRER kgine DIRFED e b K
TN, ksine @ TDTR JIEILFTRETH DH. L L b, KHITKATREND Al
& SINC ORI T B A Gaysine DIRE DA TEX VKT ITHY, DR
FEWTE DTARD ksine EFALL TWD T, 7 4 v T 4 U ZHVEZEIZEB VT Garsine & Ksine
ZYID 3T TRODDZEMTER. 2D, Gavsine DIEZE & 59> U O IEREIZH D Vo
ERH 5. AW TIETRE & LT AVERERLIYST HAo TDTR HEE1T-C
AISINC REIOEN = &7 2 o 2% gD o7z,

uuu

Pump Beam
ul . . . Probe
trathin . . beam
Amorphous
SiO,
Si Nanodots
Si
Nanowindow INC
D

Figure 5-2: Schematic image of epitaxial Si nanocrystal (SINC) and TDTR measurement. Si
nanodots are epitaxially grown from Si substrate with identical crystal orientation through
ultrasmall nanowindow. Si nanodots are separated by ultrathin amorphous SiO> shell. The SINC

thin film is covered by Al film (~ 100 nm thick) transducer for TDTR measurement.
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Figure 5-3: Sensitivity calculation of SiNC with 3 nm nanocrystal. Calculation conditions are
shown in Table 5-2. x, G, d and R represent thermal conductivity, thermal boundary

conductance, thickness of thin film and radius of the laser, respectively.

Table 5-2: Calculation conditions for sensitivity of SINC with 3 nm nanocrystals, as shown in Fig.
5-3. The radius of pump and probe is 10 um. Thermal boundary conductance between Al and Si

is 150 MWm 2K ! in this calculation.

Sample name Al SiNC Si
Thermal conductivity, x [Wm 'K™!] 200 1.0 140
Volumetric heat capacity, pc [MIm™]  2.42 1.602 1.602

Thickness of film, d [nm] 100 20 Inf.
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Landauer D& HWCHRIIE D L X0 X o 2 B2 D L, RETEOHRD T 4 / i
BN L X7 BRI D, T ) v ORI B BITRIEE S L7
V. ZDT2, F 7 I D RER S ORI L o TREHZBMRE ROV 1 XEN
BN/ LTYH, MIESNAHmEa L F 7 X RTIFTHEEN 2N EEZEZ BN,
GRS C TDTR HEZTT &, MELV—V =N 7+ / U EHABRITR LY /0
SWEDIZBMRBER DY A A RPBU SN D0, Righa 27 2 o A T—E D%
RI[67], [91]1Z b b EIROFERA R L ThHDH L 5% 5. LT, SINC ORI
/T3 nm ENTIEH 508, o=y hELEIDFHRICREVWZDH T+ /)
DHBIRIZ NV Si LRSS THDH LB LS. INZ T SINC ORI AR T
B TWATI), FEDHRBILSN TS Si ke Al ORER = 27 & 2%
GAISINC ZHET 5 L THRIETHS. LLEDBLL Y, Al/ARIBLIE/SINC fim & Al
ARSI R OB v 77 2 v ZFRRETH D L PRI,

5.3.2 BMREEAITFERER

A TII TDTR LV GO 7S REBORIER R L, SINC OEMRERIZ OV TERE
ZAT9. X UDIT, ¥ 5-4)i Al & BARBLEEIZE DV Si O a o x 7 &
2 Gaysi D%, X 5-4b)IZ Si OEMERZ IR, AVBRERUIE/SE S o= 577
B A Gasi ITRIETEEB L Z 150MWm 2K TH YD, BESROME[126] & —EK L7z, £7-,
T AR FE AN TERLIEZBRELTZSi & AlOBAa L Z 7 2 2 350 MWm 2K L Y
RVMEZ R 23[91], 7+ / CHEGEDICHRT DIREKRFETIR D —HE R LTV 5.
Z LT, H5-4bRENDEMZER T ALY Si LY HIEVWEEZ /R L=, ZHuE TDTR
HIE DOREM I K OZERIO X 7 — A NFRTH Y, @ ER AT BT 28T S O
H& St DTk 7 SCEHRBITRERL VNS R L —Y =R, WEINDEBYRERD Y A
AR AEGEEZ L TWD.
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Figure 5-4: Results of TDTR measurement from Al/Si reference sample. (a) Thermal boundary
conductance G between Al and Si with native oxide and (b) thermal conductivity of Si coverd
by native oxide (black) as a function of temperature. Open squares and dashed line represent

thermal conductivity of Si measured by TDTR[91] and bulk Si[127], respectively.

eV T, SINC OFEIRIZEIT D TDTR I &, TiHIE TRE 72 Gavsi # HWTT -
74T AT OREREZK 551, KLY 3nm, 5nm F LTV 40nm @ SiINC D
B TIZBWTERE L ETAVHARRS — B LT 005, ZhHOHIE LY H
BTz SINC OBMAE A X 5-6 12777, KL EAE S nm, 3 nm O SiNC DOEMRE )R 4
REBRIZBWTTELT 7 A Si LD BIEWVEYREREZRL TS, S HITKI £ 3 nm
O SINC DEMRZERILT E/L 7 7 A Si0 £ U HEYREENME . ZAUTER FTfTbh
TBEMORFFERER & —B L, ARIOHEE CRIREFIRKIZHE VL TH SINC RN BYRE
SARBUCIEF 1A HTZ L DM/ 5 72[128]. F£72, SiNC OEVRE RO R 72 1 &
LT, TRTOREIOBEEERFENF —ThH 2 ANET 6D, ZOFRELY, SINC D
BRI RN IR A RITHK B, SINC DIRBMRE R & 2 O R AFNE
MR EIRIC K > TIRESIT b TWD & TIREND. £, IRERFMEIRIITIKLE
LRI EmD, ITHFEBAMCGER SN TWD 74/ OTHE12213 8 S h T
WEFE XD, €T, THHMEIL SINGC DIRWEYRERZ FELT L5 EK TRV E RS
7.
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temperature. Circles and lines represent experimental data and best fit curves, respectively.
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Figure 5-6: Thermal conductivity of 3 nmNC (black), 5 nmNC (blue) and 40 nmNC (red) as a

function of temperature. a-Si (amorphous Si)[51], [108] and a-SiO, (amorphous SiO)[129]

values are ploted for comparison.
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Figure 5-7: (a) Relaxation time for phonon calculated by first principle calculation. (b) Thermal
conductivity based on phonon gas model with phonon transport properties calculated by first

principle calculation. Calculated values agree with Slack’s experimental value[130] of bulk Si

(solid line).
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5.4.2 {EHEALRRDOIA ) > DB 1SR

ELPE Dye DF / RLF- CHERK S 4L 5 ZhE iR O FUEELIZIE, BUELBEE & topay ' = V/Dne
LF< Casimir limit VB < AVSRB[131]. UL, BEOHRNBNRT A—Z—Th%
VD (X, K TR D REEGH &2 ZE L TV ani=), ERORERDERER 2 FH
Ligw. Eiz, BMREROEEIKGNE 23R 2BICIIRE D 7 + / @m0 A K
BARAFAE N IS & 53 0v > C & 72 23[56], Casimir limit CTIXHELBEE O 7 4/ » JEH 5k
RAENEZBE L TR0,

VIEZEEZ T, AFFETIE SINC OBRERZ IEMICHERT 572010 Atomistic
Green’s Function (AGF){% % FlVW THGERRLIE D 7 + / o iBiaiEsR 255 L, T / #Eik
DR KT D EELSEE 1000, ' 25RO 72, AGF IEDO NI S E SCHR[24][132] TR 5
ALTWDA, fHICEHT % & AGF & & ITFRFE 22> mpaaftl s niz ) — Ko 7
V=V BsEAWTY — RICEREN T A A OBREEZ EFNCKRD 5 FIETH
%. AGF IEIFEIR a2 RAVNEL 74 7 OB E X< HELT 5720, SmoEk
BEREMIC L < AW B, — T, FEFREEZZE L T RWe AT 5 Rk L
THEENPKLETHD.

AGF iEZWT 7 # / U iBiaieR 2558 L2 5R1E, K 5-8@IlmSius 2.172X2.172
nm OWiEFEZ H -2 Si ® VU — RiZHkENTZ 0.716 nm B LT 0.358 nm @ SiO, #ETH
%. SINC HEERORRERAVEIL, A EFHA L 72306 OB b2 Tld 0.3 nm FREE & A
HHIVTWVDA[121], D=2 0.7 nm F2EDED OBRLIED 7 + /7 L b
Kb, TENLT 7 A SiO) HIEIE, (X U DIT B-cristobalite #id & Fi-> SiO, i E A 5
TAERL L 728412 300°CO T =— VAL CHEEREfI S L CBons. #HHEELD xy
FIICITAMBER SR 5 TR Y, SiBLV 0 ORT > ¥ v /LiZiE Munetoh S
[133]VZ & » TH#RA &7z Si/O Tersoff potential 2 ANz, £7=, 74/ ViziiEROH
BIIIE1 7 INNT =2 % h=10,k=10)D A v > 2 THEIL TSRO N7 4/
SR A Ve,

PO T CTEHAE SN T + / VBBEE ()% X 5-8(b)IZ~T . AGF % HW T
FHAR SR 036 nm, 0.72 nm O 7 4 / VEMERIZIEE T 5 &, SO DEE X7 +
J v OFBBMERICEEL 5 2 TV, 20T Sio, BEEOBIRITL Y b Si0, & Si DRt
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(@) oo i1 (5.2)

2B, 0lX7 4 ) COABRWEE, o7 A+ ORKABKRETHY yI1Z7 40 v T 4
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RIGA=B =L LTI 4T 4T E{Tolm. TOREREK 5-8bICERTRT. K
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|2 8 THz LA FOAXJE P CIXET VRS AGF O 7 # /) ViBiafERE LS HH L TWD.
L2>L, 10 THz 3 TIHEE(5.2) 2308 B 223 2 DIxt LT AGF OFimfERILy v
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Figure 5-8: (a) Schematic illustration of simulation cell (red: S atoms, blue: O atoms) for AGF

calculation and (b) phonon transmittance of SiO, thin film.
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Figure 5-9: Spectral conductance of ultrathin SiO, calculated by AGF simulation. Green dots

are calculated by Eq. (5.2) with y = 7.45.
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&Lz, ZoXREMWNTRERILIEORmA = o 27 2 o 22 0Rb 5 L, AGF TR
D OHNTZT ) iGmEERE W TEHAIZIE 330MWm KT TH D, T L (y=7.45)
DT /) FBERTIL345SMWm K Th 5. SBlZilk~7z K 5 I2E 7 A Tldm fE
D74 /) NG T D72, AGF OfR L L T a7 2 2@, Ll
ARBFIE CTHRALHNC G T 5 AT O H OB Tl e < T/ #EEROBMRER TH
L7, ZORBIIRENTSHS. UL EOIH N LBERIVED 7 + 7 ViFiRRIL y =
745 OGNS & L Tigma D 5.

5.4.3 Z&ERAOIAFEBBEITIE

Wang 5 [56]1%7 / ZhEnk %X 5-10 IR SNDHSHIROERIKRE R/ LT, FITH
722 H HATER Avay (= Vs Tobay) & RU(5.6)D K D IZRBLL 7.

)
Ay, =(.12D,)" +%[1f—tt va (5.6)
728, Dy ITREARUCKT L CRER T OT KA X, D, (XREAE & [F—0F
BOF JRAHAXTHY, RiETT 4+ /) UM S D 2 &2 60E L. (5.6
XEEE Dy DT U A Y OIENTE Anw &, FEOEWAY D, TRIEO 7 + / » diffg=R
8ty DFEKET OIRHTIE AsL Z Matthiessen HI TR LEDELZ LD THL. 22T, £
Z oS EELE Matthiessen HIIZIESW TR LEDETRWVONE WS ZEERINE T
%. Hori H[134]23T 572 ray tracing fi#HTIC L % &, Rif-H A X3 —THIUZK 5-10
IR SN DHEER O HBHITRRIL Anw & Ast DR LADELD /NS R250, ki
BOGWEZRT D LR(5.6) L FERDFE A BHITRAZ RO L WA STV 5. RIFET
HITE L7z SINC 1 f &R/ S H O T 3.140.6 nm DRI -3 4 & Ff o TV D72, K
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ICRH &5 E S STV A[56][134]. SEmMEEZRT/NT A —H —py, 1ITET VA pyp
=exp[—(16 T Rrms?)/A2] THE EN TV B[135]. ped 1 THNIZEREHTHY, 0 Thh
TS TH 5. 72720, Rews IZAEO RMS LS, 11374/ v OHETHS. R
HOFRMHEEN 1 nm BETEH, 74/ L OERENEFICEVSALUMIE, p OEIT
PR O/ D, MZ T, R(5.6) TRURE R A PRE T 5 A 72 FER LS 11
EDT7 ) CEELTH Y, REDOT + /) i BBER tn THDH. - T, SO
INPMRERA G2 2 8B RN T2, RAFZETIE T + /) TR E TR sh o &
LTH Y, K(5.6)& AGF LV RED tin 2 FHVT SINC OBMERZ HAES - 7-.

Figure 5-10: Schematic image of polycrystalline nanostructure with grain size D (=D,= D;) in

Eq. (5.6). Polycrystalline nanostructure is assumed to be simple cubic interefaces.
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Figure 5-11: Thermal conductivity of 3 nm (black), 5 nm (blue) and 40 nm (red) SiNC as a
function of temperature. Dashed lines represent calculated thermal conductivity based on

phonon gas model with transmissivity of ultrathin SiO,.
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5.4.5 Cahill-Pohl D&/NMBESR

SINC DIRBMRE R & 55w 5 72 1Z, Cahill & Pohl (2 & » TER S N7 KBV R
& (Minimum thermal conductivity, xmin) [108], [129], [136] %38 A L T HEERfE & e 5.
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VIRRETH D, DE D, B v U 7 O BATRIZR FHERE O} TH D, Ll
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PMNLIREN - & U TCIRD 8 O R IR b BV ERDEVRETH L L ERDH. vk
FET L7201, 74/ CEHABITRIZT £/ COEREOYESITRY, Tx ) D
AT GC DR EIND L DT+ /) VA O3 5.

Tmin(a)): g (57)

INEEMEME L, 74/ VRIEETNMICE SO THRNMEER ki 5 25 ELLT
PE-WIAY =15V s
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ZITDIIT 4 VORBEETH D, HN T ERRUCT A A EH AT &

— afBE d
i (5.9)
Z I s sound ar

RELNG. =721, T B opld

3
W = Vs,sound(67z.2n)]/ ’ (5.10)

LRIND. B, n 1 IFEFOEBEETHY, v THERTHS. FROERITBWNT
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F ) DMSTIRE) 1 & U CIE DB D RIENETHICHBE SN TWAH72DE e Ex bh
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SINC L L7 T BT 7 A Si T, EBERFHEETHDIZH 0000 TEE R
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R DBYLE R ke DFNITHE LT, TEAT 7 A Si ClIREMLZGHET 2EST— R
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FoREE C & B/ NBMEE R koin KLV BOVEMBEE L D, ZOFEBRIEIT kmin D 2 (HRETH
%[106]. —J5 T SINC TRV ELS H BHATRZ RO 7 + /  0SRE AR FUT K o TR
HENTT7 4/ U DMEELRVIRIETH 5720, TELT 7 AMEO diffuson HH D
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ERIBH nm D Si T/ KL TR SN D 2RI OBYRERAFHR L, £ OBYRER
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Figure 5-12: Thermal conductivity of amorphous Si (experiment and calculation) and 3 nm

SiNC as a function of temperature. xar (red line) and xairr (dashed line) of Si are taken from

Ref.[104].The a-Si (asterisk and cross) and a-SiO; (triangle) represent experimental value of

amorphous Si taken from Refs[51], [108] and amorphous SiO, taken from Ref.[129],

respectively. kmin (blue line) shows the minimum thermal conductivity calculated by Eq. (5.9)

with literature value of Si properties.
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Figure 5-13: Relaxation time of phonons of 3 nmNC (red dots) and bulk Si (black dots) at (a)

300 K and (b) 50 K.
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Figure 5-14: Mode thermal conductivity of bulk Si (black dots) and 3 nm SiNC (red dots )at

300 K.
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AT D 12T, RIS IE DO HIE 21T o> TIRBMRE R A2 EB L2 TE R B0,
LU, T/ K 2 BERE RS 5 FETIBERE 7' 1 & APISHE R R 32 2 & oA
YOI, P OIS A FTHE & W MR B o 7.
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TREAEE DR I S - BT A— hLo SiF /7 ki Tl S b e 4
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ZD—757T SINC DEKFFEICIIARI 2GR Z V. 5 ETH LT L X 912 SiNC
OARBRE R IR LI L o> CEE SN TV DA, BRARHEZ EE LI 5HAI12
FEAVIE D5 FE IR ME D D3 L.

IHNOREEESE %2, Yamasaka 5[137]1% SiNC #1ERI1Z Ge 7/ K v FAMEDIAE
7T B XX v/l Si/Ge T}/ K MEE(SI/GeNDs) % % L7-. Si/GeNDs 1%, # DOk
R ORRERREECIZ T, BERHom O Ge 7/ Ry MZXoT74 /2 UHAHBELE
DI DIRWBMRERZ 5. BERMICERS &, B Snm @ Ge 7/ Ky 3w
AENTEERTIE, Ge GAEN 12 %RETHDIT 01D LTERERIT 12
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Wm KRR & IERITARV[137]. 2 OfEIXFFRE D Ge A RED /L7 SiGe 0/
#AE SiGe AT HME Y bIRWEBYRELTH Y, BEEHRE F~DISHRIHIES T
W5, ZOF, Yamasaka & I/ER L 72 Si/GeNDs 1Zxf L THfk R—E > 7 % i L TEXR
MPEREZ 1) B S5 Z LTk LTV 4 [138].

Si/GeNDs 1% Fif D L 9 ITMRWBMZE R AR50, £ OEMRERIKIHD 2 = X AT
IIARARENZ . 2O, RETEHFEREEY—€Y 717 &2 2EEHNT
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T OERIANES2ITH) ZEZHE LTV,

6.2 FAEMER

Si/GeNDs # 15 R DVERISAE O FERINE SRS SCHR[137], [138)CFE L < BN TV D 720,
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ROFR LTS TGeF/ Ry ERZEXF VXY VEETDH. Ge T/ Ky MIv
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YR ET D720, Ge T/ Ry M EROZED IO Si Jg & [ UAbas Lz F5o.

hHONL@DTuE AEMYIKT I LT, TEXF Uy LS L Ge T/ Ry b



98

DOREBREENRIEEINS. TDTR ZHWCHIE L7zl Ht it 7o 24 § MV IK L
b ThD. KRB THIE LT Si/GeNDs fi i AR DRI [X & Wi TEM 144 X 6-2 12,
T OVERISME 23 6-1 IR,

(a)
Epitaxial E
Si layer
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Ge Nanodots == &= & = ©
SiO, thinfilm —= &% & S8

Si substrate

Nanowindow

Si(001)

Figure 6-2: (a) Schematic illustration of epitaxial Si/Ge nanodots (Si/GeNDs) structure. Ge
nanodots are epitaxially grown from Si with identical crystal orientation through a nanowindow
(< 1 nm in diameter). (b) Cross-sectional bright-field scanning transmission electron
microscopy image of 13-nm Ge nanodots/Si samples. The inset in (b) is an enlarged image of
solid rectangular mark region in (b). Dark and bright contrasts correspond to Ge and Si,

respectively. In the inset, scale bars correspond to 3 nm.

Table 6-1: Experimental conditions for sample preparations in this study. Ge and Si are formed

alternately 8 times in order to obtain Si/GeNDs structure.

Sample RE 1EHEY 1EHZY RNy b GeNDs HEE
name [nm] ® Ge[ML] @ Si[ML] P A X [nm] [10' cm™2]

5 nmNDs 62.5 7 50 5 138

40 nmNDs 208 66 123 40 3.2

13 nmNDs 353 20 303 13 242
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Figure 6-3: Schematic image of sample structure and TDTR measurement. The Si/GeNDs

structure is covered by Al thin film as a transducer for TDTR.
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6-2 IZFLEN DK /NT A —2 —% W TEHR L7z 5 nmNDs 38 O B MRMT 5 SR 4 (X 6-4
IZRT. 7o, BT AREEITOBRIC Si & Si/GeNDs IR O R EE 2 > 7 7 2 v A1
Si/GeNDs DEMRESRIZHAAIAA TS, T AT Si ZotRK EORRLIE Y Si/GeNDs Z k3%
HRTHLHDOTHD. K64 NHHFETEL L DT, 5 FTHIE L SINC 3k & 5
720 Si/GeNDs EHIELIIHIE N2, K5 & T~ 2 EIEO PR E RO R IEF T &0,
DD, REVIT A—2—ThbH Al & Si/GeNDs MO R = > 7 7 & o A THE
(ZR % RIT &7\, 7z, Si/GeNDs it D Ll Si I CTH Y, TORMEILHR
AL Lo CEDON TV D, ZO720H S ECHEEZIT 72 AUSI RO = > 57
% A% Al & Si/GeNDs HIEARD BN 77 5 L ZIZHWD Z EIRA[RETH 5.
LIEDHH 25 Si/GeNDs &R DBYRIER N HERTRETH D LW L, TDTR ME %

1To7-.
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Figure 6-4: Sensitivity calculation for 5 nmNDs at room temperature. The calculation is
performed with conditions shown in Table 6-2. k, G1, d and R represent thermal conductivity,
thermal boundary conductance between Al and Si/GeNDs, thickness of thin film and radius of

the laser, respectively.

Table 6-2: Conditions for sensitivity calculation of Si/GeNDs structure with 5 nm Ge nanodots,
as shown in Fig. 6-4. The radius of pump and probe is 10 um. Thermal boundary conductance

between Al and Si is assumed to be 150 MWm2K™! in the calculation.

Sample name Al Si/GeNDs Si
Thermal conductivity, x [Wm 'K ™!] 200 1.2 140
Volumetric heat capacity [MIm™] 242 1.656 1.602
Thickness of film, d [nm] 80 62.5 Inf.

6.3.2 EBMRESHITFELESE

6-512300 K, 50 K (2875 TDTRIKIEE 7 4 v T 4 V7R A2 73, KL FEB
W T VBN RW—HEZRLTWD oD, LT, K6-61250K 75 300K
DEIPHIZI T % Si/GeNDs HEIE AR DBUREROBER K2R T. THUMA T, Lee H[58]
(2 &K > T A28 3nm LY 15 nm @ Si/Ge BT & 7317 SiGe DEMAEHE S L
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OO 6-5127 7y kLT, AR CHIE SN2 RIRBICE T 5 BMRERIT 20 14
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FITMEVME(1.2 Wm 'K )& /R L7z, fhod SiGe Bkl & Hifid % & Si/GeNDs #E1E{A 1%
Ge BH BNV H 00 LT ELL D EBYREZERAMEV. Joshi H[106]D Si/Ge
T B BERER (Ge BAH = 20%,2.5Wm 'K ) & ik Z LThH, Ge 7/ Ky FOREN
5 nm @ Si/GeNDs & ARIT Ge & A HED 13% &KV 3 Joshi & O3 FRE OERE L %
Fio. 2L C, @K TOEM2 3nm, 15nm @ SiGe 8% 1- £ 0 L ABFIETHIEZ1T > 7=
Si/GeNDs D FVRE R HMEN Z L VR E7=. & 512 5SnmNDs | Stranski-Krastanov (SK)
REICL > TEBNT Si/Ge 7/ F v MNGe AR 20%)8k& 1 & FIFLE OBRER %
RLTWA[139]. BLEX D Si/GeNDs ##i& 134 72\ Ge & A 3R Thie b BRI BB =R
PR ESED 2 ENTREREES L S 45, £, ZOMEICBWTERTRE AT
TP Si/GeNDs #1&E DBURERIR EARFMER LI L TW DR TH D, ENENORE
X572 5 Si BOMEZRFO), 2T O Si/GeNDs /A D BURE SR R A I T TIE R
—Thd. &V, 74/ 0% SiEEEP CHIERIZEE S TEH Y, Si/GeNDs Hiik
DEMGE R THEIRILIER Ge 7/ Ky MC X > TIREMIT SR TS LS MR-
7. ZOfERIL Yamasaka H[137]DE L L —ET 5.
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Figure 6-5: TDTR signals and best fit curves at (a) 300 K and (b) 50 K. The fittigs are performed

with only one parameter, thermal conductivity of Si/GeNDs thin film.
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Figure 6-6: Thermal conductivity of Si/GeNDs as a function of temperature. Black triangles,
blue squares and read circles represent thermal conductivity of 13nmNDs, 40nmNDs and
SnmNDs, respectively. Thermal conductivity values of SigsGeis, 3 nm SL and 15 nm SL are

taken from Ref. [58].

6.4 F/BERICL DM BRI DT

6.4.1 JA)>KUAET I

Si/GeNDs ## it O BVRE KK 2 EEINCEHMET 2 72012, B FHEHE RO L
-7 % ) UEERE L 7 ) RIRTET LA VT Si/GeNDs DBV 2R A S L7~

T F ) VURIEET UL
=—ZCS i, (6.1)

ERBEIND. T TVIIHRHE, siZ7 4/ DOk, k 1 TEE~T MV, Cld7 +/
VB v T ) CORBEETH Y X7 4/ L OREFIREE T H. ZZTHESEL
R T 4 2 A7 4 /7 OFEFRME L T/ EEROREIZ L > THEL SN D &5 %
L. ZNENOBELDMNL 72 5572 LE L, Matthiessen Q2325 &, 74/ > @
TR, 7 4/ v OFEFIFIZD R Bk T DAEFNERH] ¢, & T/ fEE I Bk 2 6%
FOIRER] 7ons AT
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-1 4 -1
s = Ts,a + z-s,NS ’ (6.2)

ERIND. ZIT g TFEFHEHENOEONMEEZ VY, T/ ERICHRT 2
FEANIRE I IE AR O FATHI R EH B AT Z Ans(0) EEFRT D &, (ns) ' = VANs(0)D

FOICEKED.

6.4.2 F/EEAROERITHNRFIERITIE
ARIETIEF  HEEROFEITHR T + /) P H BT Ans()IZDOW Tk %

T3 Matthiessen HI| & F N TRe RN & FERFNEGEL & 7 7 fE&E RIS K D EGELIZ 20 BfE L 7=

1o T, Ans(@)ZRDDLBIIZT + /  OEEEZZBTIUIR . 74 ) U inEa

. R

ICHIETE S ND EINET D &, TSRO 7+ ) = R DB X 2 A

G, 13 (6.3 R &N 5D KL 9 I Landauer DA AW THH T 5[134].
G, =x,/L= %Cvs J‘;/Ztlz(e)cosesin Ao (6.3)
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WTE— NI L ORI RERERZERT D L

K, =%CVSANS, (6.4)
DEHICREND. 20DRE AsITOVTHEL &, F/ MRk T B iR
(6.5)

Aps = g L_[Oﬁ/ztlz(e)cos Osin 4o,

NERED., R(6)EHET DRI, BERO T + / VFBBHER tn ZED LD
DFEFICEETH D, 1 RO DFEICITHL HHD, WHETHMARRIZEIT 5T
H72 8 B ATRRICO W TR R 7412, 6.4.3 HTHEMEIDREERO 7 + /) VB BHEE 1,

1%

ZEtE T 5 15 TH % Monte Carlo ray tracing 12OV TikR %,
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Figure 6-7: Schematic image of Si/GeNDs structure for calculating effective mean free path.
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Si/GeNDs i & O FRERL LIRS HAE T-0 L 5 ([ Fm o H>HAIE LS F1ET 5 L {RE
T DL, TOMILIEBEIZE D7+ 7 S H BT As 132(6.7) % W TREHTEOIZ
FHE T X 5[140].

3 tin
ASL = Z(ﬁ} LSL (6.7)

BB, twXRED T 4/ VEBBRHEERTHY, Lo (THETOEYTH D, MERLED
B £ (XBEIZEE 5 D AGF FHHE CRO LN TV D720, RO NEIRSICFHATE
. P TR BRI 2 FF D720, Asu b 7 4/ ¥ DRSS

T BRI LD HBITRR A, & 7 4/ UBGEL & R EELO 7 e U — D
FEMTHINZ SR 8 H AL CTE Y [48], [135], [141],

Ay =lo+o7t) (6.8)
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o, =27R’ (6.9)
o, = g RE(Ap/ pf(aR/V) (6.10)
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G LR A TR DM EHEAF I DWW Clin T 2.
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Figure 6-9: (a) Simulation cell of AGF calculation for Ge (blue dots) hemisphere with 3-nm-
diameter embedded in Si (red dots) crystal. (b) Phonon transmittance of Ge nanodots embedded
in Si crystal, shown in (a). Black and red line represent transmissivity of Ge nanodots and voids

in the z direction, respectively.
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Figure 6-10: Phonon transmittance of Ge thin film (thickness, 0.543 nm) sandwiched between

Si. Cross section of the simulation system is 3.258 X 3.258 nm?
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Figure 6-11: Schematic illustration of the simulation geometry on the ray tracing calculation
on this study. Ge NDs are treated rectangular dots which aligned with pitch p. Simulation cell

has 100 layers of GeNDs array and Si thin film layer with thickness Ls;..
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Table 6-2: Parameters for the ray tracing simulation for Si/GeNDs structure.

5 nmNDs 40 nmNDs 13 nmNDs
Ge ND diameter D [nm] 5 40 13
Ge ND pitch p [nm] 8.51 55.9 20.3
Si superlattice period L, [nm] 7.81 26 44.1
200

Lumm 2

E Ay = d n

=1

©

S 400 °
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Figure 6-12: Effective mean free path (MFP) of nanodots embedded in a crystalline solid with
constant number density as a function of length of a side of dot, L. All nanoparticles are aligned
with pitch p = 10 nm (or number density is 10** m). Red circles represent MFP of cubic void
calculated by the ray tracing calculation with 1000 nm simulation cell in the z direction. Solid

line represents analytical solution of spherical voids which have equivalent cross section with

cubic void (7d?/4 = L?). In this solution, Reighley scattering is neglected {see Eq. (6.8)}.
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FETERV. B2 St OXSICT7 4 /7 OFHFRITEAIFEFICREOMEITCIX, 7+
J AT EE R CBERE SN D, 6o T, T/ IEIEIC L D R HGEL S BYRE SR O
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Figure 6-13: Thermal conductivity calculated by phonos gas model in comparison with
experimental values as a function of temperature. Solid lines, which agree well with
experiments, represent thermal conductivity calculated by the phonon gas model with Axs
obtained by the ray tracing simulation. Dashed lines, which underestimate the thermal
conductivity reduction, represent thermal conductivity calculated with Age+s. obtained by

Matthiessen’s rule.

6.5.2 FEaELL T RFRELOHEEEH

AT Cigim L 72 il sl & T/ B HGELOAR BAVEH 2 Bi# -5 72912, ray tracing 5
ZHOWTH 6-14) R TSRO FEI T/ EE HBITRAZ RO, R &3 25R1T 7R
I DB FEZRD bty Td D SiO, EMEO I 1-(EH L = 10 nm 23 100 J@)IZ, —iZ2% 5 nm
DR void A B F p =10 nm TEMIFBITHOAENTZ2E 1 um OEKRTH 5.
void & A72 L7z Ge 7/ R & SiO SN FATHI 2 B ATIRIC B 2 D 5 B 4 3
i g 2721, Matthiessen HIJ 8V sKRE 5 FE B HATHE AcessL & raytracing VE LV RE D
R HBHITRO R 21T > 7. FEOAHOFEH BHITEE Asu 1ZZ(6.7) DT L U, Ge
F 7 Ry b OBHOYE A HITFE Ace 1T ray tracing 1 TR, £ % Matthiessen HIJ(C
KON TRLHDOET Acust ZHRH L72. ZOREEK 6-14b)IRT. F72, Ge T/

R hONLE (Si0: 5t B b L < VX)X Si0; S O S G F (IR 28w B &
ZEH L, ray tracing V5% TN DARIEIROSEE B TR A RO THE/ER &2 310 L
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2. ZORER LG HETH 6-13(b)ITRT.

Ge 7/ Ky MZXAHELIZR(6.8)IZTREIND Ay =1/QnrPn) L0 AFES 5 Z &3 FTHE
ThHo. 2L, riZhirOYETHY n TR TOBEE(=pHTHD. Z0oXLY,
—iA7% 5 nm ONLGIR & [F— OB WS 2 R o BRIRKL 10O SEE B FIATRE Ay 1320 nm
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RSN, ETz, SO FHE ST D 4T CHRIAOFEEHEFRED 1 DHEITE Ace
onint() & Ace =T DD, Aceon il Ace LV /NS ZAUL, EBEHOSRMTIE Y
F / URFER LTS AEICS T+ ) DMENEDLTDTHY, TOHRETGe T/ K
v ML DHESEN EHT 5720 ThHDH. 542 HITREND AGFIEEZAWTRD B
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Figure 6-14: Ray tracing simulation for 5-nm cubic Ge dots (number density n = 10** m?, pitch
pce = 10 nm) embedded in Si superlattice (interval Lg; = 10 nm, 100 layers) as a function of
transmissivity of superlattice interfaces, #n. (a) Cross sections taken in parallel to the z-x plane
(equivalent to y-z plane) of simulation system with periodic boundary conditions in x and y
directions. Phonons are diffusely scattered by Ge dots and transmitted or reflected by diffuse
or specular SiO; interfaces according to phonon transmissivity f. Effective mean free path of
the system is calculated by transmission probability of phonons through the system in z
direction. (b) Effective mean free path of the simulation system as shown in (a) as a function
of transmissivity of interfaces. Age, As. and Ace+st represent effective mean free path of Ge
dots, SiO; interfaces, and summation of Age and Ast, respectively. Age onint. and Age b in.. are
effective mean free path shown in (a), calculated by ray tracing. Ace on inc(s) 1S calculated with

supecular SiO; interfaces.
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6.5.3 Ge /My MNERELOFHLE

ATECIE Si0x REHGELE Ge 7/ Ry MC X 2BELMNL TIE R <HEEHRT L 2
L CEMRERNHRANAREATRE TH D R Lz, ZOEE RS 572012 6-15
(RSN DEHIRET V& VT Ge BELBE ITHIIEHAE AT 5. X 6-15 DET /L X
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RICET LT D, 2O L9 MEERFTIE T 4+ /7 0% Si0, i L - THRELS T
SiO, R ZATERT D, ZOT7 4/ UIMTERTHEINZIL>TGe T/ Fy MIX
DEELS N DMEEN R E D720, BAEHEIEOBELSFE S Matthiessen HID 2 L &b &
DHERELMRDEBRT. ZOMRIZEIDEEBED LR ZRMD7-0120E, 74/~
23 Si0, J i 2 Zi ¥ 5 £ TITTE Ge 7/ Ny Nzl 20 W HELZH L, 20
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Figure 6-15: Scattering model for Si/GeNDs structure. A phonon (orange dot) is transmitted at

the interface with transmission probability ¢ at the interfaces.
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FATIN 222 B TR AcessL 23RO D &

_ _ 1
Asl,ee'+5|_ = Asl,5|_ + E As%Ge (6.13)

EETDH. ZOMESNIEH B BTREE AV CEVRERZFHE L2 R 2K 6-16 12
— SEHBR TR Y. 7233, 40nmNDs (2B L TIE Ge EHHEN 35% & K& \W\Wew, Z Z Tk
BA L. MIORESNDEY, Ge T/ Fy MEELZMIET % Z & T Matthiessen Hi| O Fl
Z W2 BMEE )N G ray tracing JEOFERICKIBIZIT S\, £ LT, ERTRIND
ray tracing % &, WELZMIE L7 O OBYZEROZEITHELFHIEEZ1T Y BRI Ge /7 K
v MZED 74 7 VBELE L, Ge 7/ Ky b OB M OBELO H A Al 1E Lz 7z
DHIZEBbiLs. FEEITE, Ge 7/ Fy MIED 74+ / VHELTF TN #BE TH D
e, 7 ) AAFER L Rl —H MDA T < BRICEER FRICHBELSND . £
A(6.13) & 1T, Ge 7/ Ry M Lo THELS VTR EIRIZ X 2 BELMEE S L5 %)
RHLHFET D, ray racing IETIEZ O LD RIRBZBEE N TN Do, K0 EBREIZ
TN EEZEZBND.
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Figure 6-16: Thermal conductivity calculated with Age+int (chain lines) obtained by Eq. (6-13).
Solid lines and dashed lines represent calculated thermal conductivity with Ans obtaind by ray

tracing simulation andAge+s. obtained by Matthiessen’s rule, respectively.
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6.5.4 F/BEWeHHEDRINRIRITA) > ELEL
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Figure 6-17: Ray tracing simulation for thin Ge dots (number density n = 10?* m®, pitch pg. =
10 nm) embedded in Si superlattice (interval Ls; = 10 nm, 100 layers). (a) Simulation system
which is equivalent to the system as shown in Fig. 6-12(a) except for Ge thickness (= 0 nm) in
the z direction. (b) Normalized effective mean free path of the simulation system shown in (a)

as a function of transmissivity of intereface, fin. Age+sL (red line) is calculated by Eq. (6.13).
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Figure 6-18: Normalized Effective mean free path (MFP) by superlattice interval, Ls;. The MFP

data are taken from Fig. 6-12. Ace+ine is calculated by Eq. (6-13) with Age and Ast.
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Figure 6-19: Effective mean free path of polycrystalline nanostructure with cubic interfaces.
(a) Schematics of the structure. (b) Effective mean free path of the structure shown in (a). Axw
and Agt represent effective mean free path of nanowire (Anw =1.12 Lgz) and superlattice (see
Eq. (6.7) in subsection 6.4.3). Anwsst is calculatated by Matthiessen’s rule withAxw and Asi.
Blue dots represent effective mean free path obtained by ray tracing simulation reported by

Hori et al.[134]
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Figure 6-20: Ratio of difference between effective mean free paths estimated by Matthiessen’s
rule (Am) and obtained by ray tracing simulation (Ar). Red dots are calculated with Age+st and
Age onint taken from Fig. 6-18. Blue squares are calculated with Axw+s. and Ar taken from Fig.

6-19. Green triangles and line are calculated with Ar and Age+s. shown in Fig. 6-17.
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6.6 6 EOFLD

W6 ETITEROTFIE LTI L > T E# X2 %L Si/Ge 7/ K v +(SI/GeNDs)H¥
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