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Display Institute, National Chiao Tung University
Abstract

Since silicon is widely used in the integrated circuit (IC) industry, the ability to tailor the
thermoelectric properties of bulk silicon using its nanostructures can enable a variety of exciting
applications, such as efficient thermo-photovoltaic devices, and monolithically- integrated electronic
and optoelectronic device cooling. In late 2007, scientists have reported that a single silicon nanowire
(Si NW) with a diameter less than 52nm exhibits a low thermal conductivity ~1.6 Wm™k™ and ZT ~1 at
room temperature, suggesting the potential of using Si NWs for efficient thermoelectric energy
conversion. In order to realize a practical thermoelectric device based on Si NWs, it is essential to
fabricate large-area and highly-oriented Si NW arrays on silicon substrates. In this paper, we
demonstrate the preparation of vertically-aligned Si NWs with diameters of tens of nanometers, heights
ranging from tens of micrometers to over 100 um, and most importantly, an area over 5x5 cm?®.
Characterizations using a hot-disk slab-module system show the thermal conductivity reduced for the
fabricated Si NW samples, compared to that of bulk silicon. Two-dimensional microscale heat-transfer
analyses of Si NWs based on the equation of phonon radiative transfer are presented.

The high-aspect-ratio and vertically-aligned Si NW arrays were fabricated using a silver-induced
wet deposition and wet chemical etching method. The surface morphology and the etching length
depend on the concentration of both AgNO3; and HF solution, the etching temperature, and etching
time. The concentration of AgQNO; affects the structure of the nanowire arrays because the porosity is
determined by the density of deposited Ag particles. A Hot Disk 2500 slab-module system was then
employed to measure the thermal conductivity of the fabricated NWs. During the measurement, the
sensor was sandwiched between two samples, while the other side of samples was insulated by a
material with a low thermal conductivity in order to reduce the heat losses to the surroundings. The
thermal conductivities obtained from Si NW samples were lower than bare Si substrates for all six
individual experiments. Then we use equation of phonon radiative transfer to simulate our structure.
Compare to thermal resistance model, the equation of phonon radiative transfer consider size effect
when the boundary is comparable to phonon mean free path.

In summary, we have successfully fabricated large-area, high-aspect-ratio Si NW arrays, and
measured their thermal properties using a Hot Disk system. The Si NW samples exhibit a reduced
thermal conductivity, compared to that of bulk Si, showing great potential for next-generation

thermoelectric devices.
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(HehH) AL+ ol 2 eSS WY it tin G~ 5 2 8) snicde -
Bt St oot B0 B onTiop d BB S T R § R 4o
st o g S BB 3L Focfk(size effect) - W18 5 ¢ 4227 &
Bl §HoR e o p T amp o B o R g R PP o

PRHELGREE SnA e S AAE B LA FREE T SR £
EIAE SR AR o fd T ELALPRPST A AL EME s pd TSk
PHER o ARPRET LR AT IHTIOfIREE ] SR mo AL EELF
TR MBS EE ) REE T FMHE 6 L ERE S TIE Sk 6 S i
i\'-—":- o

A EEE R R S R B P
Bl @ ¥ g A foi A d 5 (phonon) 7 A # st o IR e B LA i AT
Hot PG RSB TS PR RS | R R R R R BT
PR &2 AR amE SR R RS R - AT RT A
BoMHEERATL TTELR AR HT S PR - SR
g A R IR b s

d 20 ek I B 2 7 22 CMOS -~ Solar cells % 3 428 & » #r AT & o B

-

R ER R AT AR E A A AR HF 2N SRR R -



] 1-1.Seebeck coefficient = &% 2 E = £ A 3 T B L -

Heat applied

Voltage generated

B 1-2. Seebeck effect 7+ % B °
8



Heat absorbed

Heat rejected

Voltage applied

B 1-3.Peltier effect 7 % B -

Heatrejected Heat rejected Heatrejected

t*r 1+ 1

Hole

flow

Electron
flow

Heat absorbed Heat absorbed Heat absorbed Heat absorbed

Multi-couple thermoelectric cooler
WA RTIEF TRAPR RARE



g] 1_5'%1!31'@%%&#3?:%% .

=

1 018 1019 1 020 1021
Doping concentration (cm’a)

BJ1-6. 300K™ SisoGGzoﬁ%fﬁ%@?ﬁ"“—ﬁ Sk Bk (R[4] -
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2.0

Nan_!,st,meTe22
Nano-BiSbTe \ bTe/PbS

' 9y a—"P595 02 T€ i
N
.§
= -~ Nano n-SiGe
% 10pF==rn = f e ffe = s Sy COOCE T
(]
5 BiSbTe
2 n-SiGe
e Nano p-SiGe

0.5' ——_--__..

-
0.0 L -

0 200 400 600 800 1000
Temperature (C)

BI1-T. 0 % & T 4 2T G 4R & e

BRZHEMNIT FREP BRI NIT E[4] -

Bulk

Nanowire

AN

Bl 1-8. ¢ 4l LW -

11



S F WEL P AR
2-1 1% ApeLR E AR THESY R

it - 62002 & & hm T 4EE % 2 2 (electroless etching) k48 % # & ¥
[17]eptiz B * 5 P BRB-E BT am fo P s BibH > X324 - F Vo BFR
pedd ] ® 1 & S RBARA Y] BB SRF A IIF 2N S T ¥
& F4cAg Pt Au-~ E%[18] -

FILEATBFPTRIREAF B 223308 - BROTEZIG M 37
B2 FHF g S EET S HF o § A (oxidant) s - B LEET S ke
g7 g g o B RA(reductant) R 5 - fEafhp P22 T3 R EFE AR R D
PR AP FAL LB TREFI I BT A 455 220 B
SR RRIed WF L BRORREEL S AT EZ P L sy i T HE A
HLe RIEREZEAFECD A I ERIM #1551 atn> FRMZEL 25
RTEBIEZSFFwi bt 8 258 B ART 5 0V BRI 2200V 4

FEETF AR A BRT OV AT EET S ] N o
Bl BT ST S R Rl AREEF RT B E R K Baok

FOABRE A BT AR B R o d MR R T = (Ag'/Ag, +0.8V) )
v & PtY/PE, +1.19V) 2 2 § & (AU’/Ad, +1.50V)[19][20] » Ape™ § @ B P 7]
PATEEALS B2 B2l AR ORFETI AP T AARRT gt 1R -

O ETESY D E N RA S T E K A o — 42 VLS(vapor-liquid-solid

—

EREREMEFAFH IR ASF o EFFARINL AL T oA BT
BRI EALF & TR 3R B AR NE R TR g s o &
#* 4§ WiTERpy ST

PR ERA (AgNOs) 2 3 4 pk (HF) MER BUP HEFPL AP HEFR -
VLA T AR R AR AR RITFEE S AR R AN R RT D
F J&(galvanic displacement reaction) » &# fa ¥ 2% F FREF 423 fAF Ko - B 5

& BAREB R e E g(cathodic reaction) » ¥ — B 2 # R34 % L crlf g
12



A=

F Jk(anodic reaction) & + Aaf £ & ##- A 42 4 4 BB SRk Y HAg /Ag
R EE TR i T B R B RS M R e B s §
ARBART SRR SRR REFELAR AR L cBRF BAF AR RS (2]
A) s T LT R RIS P AR B(2-258) 0 F PR T & BA

21(2-3:%) c HP peng Lo 82 LR F TG o

Si(s) + 2H,0 — Si0, + 4H* + 4ey; (2-1)
Ag* +eyz > Ag(s) (2-2)

FRe— BA4epso @ fo @ 20 iTeis ¢ Ap DR T FFRIF > L2 uRE

F R A A

=H

CCR LRk M SRS RY | W S B JRY SE S
Fae il W F B £ 5 Ut 1% f T (electronegative) @ € 5 7531 @ chg + 0 i@
BRI IR DR ARS R RILE P nF o N1 [ F s T AUE (R

T LR o TR AT 0 B T AR R AR § > A Rk o R RE S 4T

—

BT op R S RS REAGER O R A AT AW AR F LR e R

P

=

. >
DDA Z

FEAE & Ay q sk

Rl
5

P AR 3TV B o iR N DAL R
AIUF R LT A AR Ry o B 2-2 5 LB e

PR DFF e FHRArd A ROERE N2 FRER -BUMFEFES
AR AL R AR S > PIAH S R R engAR F o ST AR S it B R AR > A AR
AR PPERARS > Bk K XL FRRR § R RDZ KBS Rt
PV RAPEZARZ AR MR S e F T AR AT B B PSR PeAs g B A
FAUFRF R RARR AR BARY- RER Y g SRt I pe e A
BEAXE AR BYPFTAELR 2 AT FBHARE L RIGF] R ArER

Flexts o R3BEEEES 7§ e [21][22)[23](24] -

2-2 F % f Sl iFiE AR

A ]ﬁ/"fq’fri i, ]ﬁ/f‘ﬁl ®F 2 z ‘} ‘551‘3’ ‘}'55? e /F /’JE‘HBB PR H ’F%L-LE‘RCACIGBH °
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RCA i 2% :

DI water rinse, 5 min.

H:S0: : He0:= 3:1, (10 min, 75~85°C) 2N ERIE NS

DI water rinse, 5 min.

HF : H:0=1:100 (RT) # "z chemical oxide
DI water rinse, 5 min.

NHOH : He0: : H0 = 1:4:20 (SC1), (%10 min, 75~85C) ——————- 3 ] R
DI water rinse, 5 min.

HC1 : H:0: : H:0 = 1:1:6 (SC2), (#10min, 75~85C) ——————- S A

DI water rinse, 5 min.

HF : H0 = 1:100 (RT) 4 "z chemical oxide
DI water rinse.

H:0: 28 [f1% & 2 = chemical oxide (¥ i* i¥* ) F PENH4OH ¢ 73 fRoxide o d ¢
proe S+ Ho @R A st Sl & m 0SCL 3 1t el %] eni®® > ¢ 2 B Ak F 2 silicon
oo SRR R ILA K IRP 0 A A RE CEI A o RRHDRT § TR 3 R B
Yt oo B RF A

A Hog peskm e agp-types &5 0 FEEH10-100Q 0 2 e 5 (100) 0 B A
600 um> BLE R F L] o TAFRFAEREAE L L RER > PAEARIE R F RS T E
WIS & fe R A o MRS TR 1S A B P AT R R 0 MR R R AU D

ENE LLEE?BBBITLQF‘& 3 » Z_ lbﬁgi‘f"ﬂng—ﬁrﬁ»*ﬁﬁz :,‘ ’%iﬁ_ﬁiﬁ%&°ﬁ@&f’17—i

B a1 B B BRI R 0 AR R T 4 BRI T R 1R 0 B ts
PR waterdFik o BF F FHRIC e 3 ELS PG ] > AR 3

WA AT R R Gl ke » I MK I T T R A WA Ao FI2-3 -
e 'FE i * J—,‘B /%)i j\?\ T /%&’—3— /&&mﬁi ,?-/F, ?ﬁrﬁj‘—:ﬂgﬂcf ll//\‘];zrr)4 —Jﬁ'{o
R ERRETAEEPAFER o APR Y DI HEALANZ EE T AFER

A9%ing &K e A WA R TR RIER
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I—] /X%&(M) /p 'F'(r—ﬁ- ﬁi//{:} A N ﬁ'i (2‘4)

FAg=FE/ 3+ E (2-5)
EEPAFERE=CH T 2 Bx100%)/7% % o # (2-6)

2-3 R R %
BAAFERY lem x lem 8 & 7 0 kAR DM 0 4 e 0. 02M chml fe g o 4 %)

PR A W) 5 30 #5260 40 Fixh #4030 30 450 SEM B L B 24~ B 25 60 #) ¢
SEM 15 B 2-6 ~2-T > ¥ 05 1 30 fy 4+ « B RAT @ A b > H3p 2 5
100nm - &35 B¥ 5 I 2 G+ ¢ mor 7 24 5 100nm - @ 4 %] 60 § 18 - EA 45
B e SEM B 7 12 DIAE (8 38 cngUle 5 0 oAk B R ag b A5 A4 sk (dendrite) o
A2 BL TR T aslE R 30 fEF 5 o

BEFAPERFAUMBE 2 BA AL kBB LT SRR ILF o
e * kR OMeng & a2 0.02M el g > 8% 24 ) P% - B 2-8~ B 2-9 5 &% % % >
FONF RTINS 3F S A @ RRAET § AU T o R T UG E R e A
¥ FRR| g A o

Aqpg h kR SM eng & prgr 0. 02M chal fedl > %] 2L PpF o RELBRH B f

c B 2-10 % "4 45 & SEM Bl - B 2-11 &R 2-12 8gr B 2 K SRE TR PRI
%% 50-300nm 2 BB 2-13 5 Hfliglers 2w g MBS IdF I 2 A REE A & o

RS SRR R AUR R R 425 0 BB E BHEeW2-14 0 KM T 5 S m2-1
g AR GUE R IE R TR S 0 AL PR A B F RS R AR
EMFLEFTEED §RE - A

g HBERRPE R AP Wt G SR EFORERRIEREE
f£d13cm x 3cm~Hem x Hem!d E ow Az - dnoed B 8 s 4eB]2-1527 B2-160 H £ ¢
¢ AFIE A K BT F S > s AR RERL BT E

Afpde A B REERR 0 I AN G Y WITEIFRDE A S - BI2-17 - FI2-18

S5Mend 4 e 0. 02M e f 4248 %12, 5 B L1 2 ch30 um2 o 4% - F12-19 - FI2-20 %
15



6. Mehd & per 0. 027TMeml e g4 %]24 ) PRLIT I 80 umA F 4 - BI2-21 ~ BI2-22%

SMera 4 pe£20. 03Meml e 4248 %] 18] PR 17 41 e140 um 7 o 5 B12-23~ B12-24 % 6. 5M
g & L0, 028Mermd fe 44 %124 ] PRLIE D e220 umz oF 80 4 B F o 2 8 B iF

B- %o X E650umss #ih= A2 — o B]2-25 B12-26 5 5. 5Mehd & peer (. 028M s it
FU 5|24 ) PERLTE N e300 umE F AR GBS B ER G A2~ o
PR N E e e (100) 5w & P A Sk g 20007 %
hz b s e A d (111)Fw & 8 o 4o r S R enfEg K0, 4DT » 4 ¢ &8%<100>3 % >
eRI2-27 0 2 e & AR A 940K 0 BHEE £ <100 ~ <TLI>#7 & bR & 4piT o
FEk e Rl WA (F2-28) 2 L (H2-29) > s IEdpf o o BV 4o i § 2%

PEFREN Y AT R AR AT R 0 DED G aY -
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- 0.0

> )

S

-Té i Cu?*/Cu

= P

&; -

a 0.51
T &
—{~=—Pt4*/Pt

F63+/F62+ i Ag*/Ag

Audt/Au

Bl 2-1 2 P BT ar BB s p g s
B i T4 5% o ¥ 24 8 5 AuCli/Au ~ PtCL* /Pt »

Ag'/Ag ~ Cu”/Cu - Fe’'/Fe ted & faiz i ™ 3 =[19] -

Ag dendrites
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2.0mm

WD 1

Tum

X20,000

>
<
4
<

10

0.02M 2

e
¢

i
WAL 45 & SEM Bl -

EEY

JE B DM e

¥l 2-4.

;1

1
']

AR #L > &%) 30 £
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SEI 10.0kV X60,000 100nm WD 12.8mm
B 2-5. kR BMena 4 e (. 02M 0

A 4% 30 45305 SEM Al -

SEI 10.0kv¥ X10,000 Tum WD 11.5mm

B 2-6. Dk 5M chi & a2 0. 02M &

AL A% 60 FyeniE A 45 & SEM B -
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SEI 10.0kY X60,000 100nm WD 124mm

Bl 2-T. DE& 5N end & pegr 0. 02M &

A &% 60 45305 SEM Al -

SEI 100k¥ X850 10pm WD 12.7mm

B 2-8. L SM i & pgr 0. 02M chad a4 -

%) 24 ] PE SEM Bl o TR IR 5 AR T AR 4 o
20



SEI 100KV X37,000 100nm WD 11.8mm

Bl 2-9. kA M ihd & g 0. 02M «ml fad

4.%) 24 /| pEHSEM ] - ARG AT s o

SEI 10.0k¥  X1,000 10pm WD 13.1mm

B 2-10. SER SMchi 4 Fegz 0. 02M crmb a4 »
&3] 2 pEeniEAL 45 B SEM B -
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SEI 10.0kv X18,000 Tpm WD 12.6mm

Bl 2-11. kA& BMhd 4 peer 0. 02M sl 4

% 2 ] SEME - 2 2 K& E 2% 50-300nm -

SEl  10.0kV X40,000 100nm WD 13.7mm

B 2-12. B SM i & e 0. 02M cpl i 42 -

4% 2 i SEM Bl - 2 2 & E 2% 50-300nm
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SEI 10.0kv  X1,000 10um WD 12.3mm
Bl 2-13. EAROMd £ peer 0. 02M Rl fed » 4% 2] PFei

SEM B] » #3152 @ 5 1V B 3V F B HEd 2 o S o

SEI 10.0kv¥ X1,000 10pm WD 12.0mm

B 2-14. BB SM i & e 0. 04M sl i 42 -

4% 2 /] pFe SEM B -
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y|||||||||||||||||||;|||||||||{||||\|T'|I'\"|T’H [T

I ‘\ | am |ook|ng forward to mee!

B 2-15. & T h3cm x 3cm S o

L TR

ﬂz 16. Wiedw &2 — e wd iy B Y
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t

SEI 100kY X2,300 10um WD 13.2mm

Bl 2-17.30 um # o et 45 & SEM B -

SEI 10.0kV  X1,700 10pm WD 12.7mm

Bl 2-18.30 um % st e |G SEM @] -

25



Bl 2-19.80 um # o St 45 & SEM B -

SEI  10.0kV X500 10um WD 12.6mm

Bl 2-20.80 um % 5t &3] G SEM @] -
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SEl  10.0kV X500 10pm WD 13.0mm

Bl 2-21. 140 um % o Senrg A 45 & SEM B -

SEI 10.0kV X300 10pm_ WD 13.1mm

Bl 2-22. 140 um % 5t &3 s SEM B -

27



ol SN
SEI 100kvY X400 10pum WD 14.5mm

Bl 2-23.220 um % o Senrg A 45 B SEM B -

SEI 10.0kV X65

Bl 2-24.220 um % 5t &3 s SEM B -
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100pm WD 14.1mm

| & SEM @ -

X170

==
]
=
o
b=

SEI

>
v

B 2-25.310 um z 3 A<

100pm WD 13.6mm

X37

=
=
—
95)
rE
m
> IS
- .
=g <
2 RS
=
3
o
T—
(ap]
Ny
R
[aN]
=

SEI
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SEI 10.0kY  X2,500 10um WD 10.6mm

B 2-27. # * p-type (111)ehds 5 #14 %)

Menti A2 A > Bl 3% SEM -

—~~

SEI 10.0kV X70 100pm WD 13.3mm

B 2-28. 28 5 * A RLNTE 3 E4h8% -
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SEI 100kV X250 100pm WD 122mm
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=% Hot-disk #Rl# @ %
3-1 Hot-disk &R 1 & R

LB A Bl BREE D SRS 2 RS TREL
EERRBRRTE P ERE RS R ANLIBER O N2 FRARG R
s BRI A B F W Arefeap B8 K e B AR 2 0 B 2 (transient
method) = BIE g - BRE ARG A2 80 > FPRAEEAFHFEOERE > 7 &
CEPER N RE R DA R Rk o

Bt ik 2 ¥ A 5 #82 (hot wire) ~# 4 % (hot strip)frpgs it T & £k (transient
plane source) o £ 2 S ¥4 BRI H AR BRE S TRE- TN AL SR E

RSBl ks e Sl P EFREERAGE GV EFABE G LR T

FEenfi g > 2 R A R A REY > FIHT U E S ERE B ESRE £ T 2R
WE AR A TR O RBEMF TR BN P HREA G RERER T

odm P H TG - GRS Y - 6 RPC Awehh R st MR ATIE[25]

A
<

3 5P %k (laser flash)+ £ 8 * pefiis g A 47 R E - £ % 4o 3-1 -
BF SR F s o E s A, A BRET R RRRER LS 2

2500 & o A F B L ¢ > 41 * neodymium/glass & 4% - BAK AR T Ok G o

3

AP AR AR R EEE R E AR RN R K
Bott o FIE £ BRIGVIFSH 0 R FES LG SRR AL F SR ATH ) g A
R R

A% * hotdisk grii T o £k o d BL 5 R Gustafsson B4 » v F £F
d R E R 10un iwés £ 5 m ¢ % 25 um e % & (kapton mica)#7e = >
R E B o deB 3-2[26] c HFERFFRIAFBAZERRRE o Pl EPFEIFE LA
B B B R g A 2R cRIEFR S BTN 0 R
Bgt AT R3A PR dd FEOT eI R T EEE I AT
%—I“g’(‘ ;y% I“-ﬁ;tllﬁ LL}% °

Hot disk # 4 47 k$ 3% 5 chif s 8234 5 e k BBl & 64 70 GlociR B i «
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W R S e T KEREE LA B A BT EYEE
#18 4  F14.0. 005 W/mK ] 500 W/nK - Hot Disk e il A d &0k henfist 5 0 % £
BIR S AR o

Hot disk Z A # @B HR 5 NRE > BB BN L Bl 3 b 2Tk o
Pl B RS SRy BBl o - Bds BERADEARSER RN > £

14 F g @ % (heat conduction) i A * #23% 5 [27][28]
o°T o°T a T 10T

oo xat (3-1)
B¢ T(X,v,2,t) 5 Rt B(Xy,2) a0 R °
K = X (3-2)
pc

K & i a8 (thermal diffusivity) ~K % # @ % 2 #(thermal conductivity)
0 e %R ~c et #(specific heat) e pcf s 7 vt # (volumetric specific
heat)(Jn’K") » > B e R RV B > BR ofec i R &M -

it d IR e & ehhot disk £ EE 0 BEAR LD Bl ES > &
SFlOF R EIE PIHFRET A 223 AT RADET K a i 5t DRHE o B4 ft

MBS E R
n a
- Z 2nl = = (m + Dna (3-3)
- m

BRARLEF o ¥ A O0FRE 44 o B
N ’ 1 ’ ’
Q= Q> 8(r - f)exz u(t") (3-4)
1=1
Ao QL H eMfas 3 E0n’s) > Qi E E R RRERDRE o Bl At
SOR PR T o HRER AT ey B G
t -
= [ ], Q& thdvidt
*© = ’ la ’ ! ! 2n !
- QO; 3(r' - ~8(z)rdr [ do (3-5)
= Q,(m + Drat = LQ,t

33



Pl H hot disk m%] GhP SR S
P, = Q,(m + Dra (3-6)

m hot dlSk*ﬁi“F‘ ""I'lg’%\'mm_)iiﬂ s ¥ & T ;

21, J-t dt’ rla

Al 2, 1) = pc Y0 [4mc(t — t) P2 * IO(ZmK(t - t')>

XZ la 7<r +(12a2 /n2)+22)/ 4x(t—-t")

=1 M (3-T)

_ Py J't dt’ 1( rla )
pen(m + 1) %0 4ln(t — t) P2 ° 2mk(t - t)

l 2 2.2 2 2 ’
XZ lef(r +(12a%/m?)+2%)/ 4x(t—t")
1=1

thot disk & |2 ¥ > AR o N 3RITHREE ik G E R BT AR 200

Hoheor - AR H

ot < KEZ D (3-8)
a
=0 oc=+kt/a> Et=tF o0 pt@EITATH
P 0 —do
AT(r, t) = < -
@ 27> *m(m + Dpc HVxt/a ko’a
XZ lef((r /a2)+(12/m?))/ 4> I ( rl )
1=1 a(S
(3-9)
P, = do
2n3/2am(1n + DK Yo o2
1 —((r?/a®)+(1%/m?))/ 40> I
XIZ; © (Zmacs )

PR LB =0 hT G TR - BehE A o H Y

- 1)

# i # P bl (characteristic time ratio) o & hot disk £ » 2 5 4y
BRUES A &g B > 1A P AT $HEF & Bk BT 5 3
= 1 (2= N k
Aﬂﬂziﬂ;Aanzﬁ&——ﬁk% (3-11)
k=1 m

#-3-3588 39N x 31158 s T E
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= 1 P rdo & ka
AT = 0 2ON A4
® (m + Dra 27°%am(m + DK IO o’ = m
—((K?/m®)+(12 /w o? kl
X; le (K% /m®)+(12/n?))/ 4 I ( mzcz )27[ (3_12>
P,
= 23K D(t)

2 Do) A&l i

1 T d o I (12112 2 2 k]_
D - - k 1 ((k“+1°)/m")/ 4o’ I _aL _1
) = = [ = o7 k2 le lo(Ga)  (313)

% %% hot disk ZRIEFN > - BRILNT N t=0 PR EEHFF > RieR B

&)

BrR RHPR R o TR RRT B FFOEHT A
R = Ry[1+ aAT(1)] (3-14)

REAFFtEFPTE RAAt=0FHTIE o LRILEER R hikdk
(temperature coefficient of resistivity) » s4 i i¢ * 848 & a9 0.0047(K") >
Bt AT R R DR HP R O (e

& hot disk (hE P » APERFEF AL ERG <o AR ABERIFF P 5 2
PR R GHFI R A VR PER BRGEERFFRBFI VAL S
< § 7 > F e T hot disk B % slab e 248 ) 2 R 48 A slab fite @ >
WROREREAZT L a fRER e o RREPERMET TR ORSEE S o R
i * slab i > BAFEE A P EAR G ho Apiueig 2@ o A R e FR R
BBy @872 004 > a AR PP FEe B BRANE - HG6)PEER

#k(image sources) @ Rk fERF Sfend > 4oB 3-3 0 Bk A T A

Qz%iiﬁﬁ—%ﬂfﬂmMﬂ (3-15)

n=—oo [=1

H¥ 7z =+42h, +4h. .. A r P ERRSHRETARL E S * on=0 T i RicER

Hischn Pl & pEEER o B2 & 3-9 547 7,
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2naQ ¢ dt
Al(r,z, t) = 0 j
o 4m)?2 Jo — N3/2
pcm(4mi) t-1t) | 16
S @ (2 ARt o N ] 0% /0 At rla
n;: ; 0 2K<t — t’)m

31655 DOBF P Er El- BB Aa AP R £irlz=0 L 5 g & -

FAer 365N 7

1 P
AT y t) = 0
(r,t) 4(7_[]()3/2 m(m + 1)pC
.[ (t - )3/2 1+ ZZ e t)) (3-17)
(12401252 /m2 4 la
X le (r*+1%*/m))/4x(t-t") r—
; O 2m(t — t'))

B 3-174 > A
(z — 20h)°
4¢(t - t)
21.2
3 n’h
=1+2) exp(- ——)
nzzl 2 k(t = t)
Fher 387310 VEND FERAS FELEFALIEREN o
PO
27> %am(m + DK

J. (1 + 22 —(n/c)z(h/a)z) (3_19>

lin 2, ew(- )

(3-18)

AT(r,t) =

— 2
XZ le ((r /a )+ /II] ))/40 I (

= 20

ﬁ‘:fﬁ’fkifa%/ﬂ)i%‘k“%‘f‘# 5.%#3 )i[ﬂl}’??lgfll

>)

- P
AT = 57 3-20
(T> 7'53/2 K ( )

1
m’(m + 1)? Jo

xz k21 —((K?+1%)/m?)/ 4c° I ( . 2)
k=1 1=1 2

nhffe(? & 3 n=0) > F&7 REBRDT R L ho REBRDTRT

DS(T> = J. do (1 + 22 e—(n/c)z(h/a)z)

(3-21)

Lk od MAREFNR L o Hexp B THE AL A R L E SR
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B
n3/2aK

BEDRMEGE- A EF A (Tteration) st 4 0 RV F 3] K(H 8 3E %) -

7&% Sigst | BRI ‘J’D (DNiFRfs - LFF - e M>HAZS

’

3-2 Hot disk & :p|erik i+

thotdisk 27 B & ZEE~ > @ slabire? » FIBEXRFT 57 VER

i{ﬂ

zExyTm i R&ES cFE O REATRFEF P > FEOxyER 2 §REIH D

%E“J? jz’-;'#?}ﬁ-»?i» -,@E‘%J‘ ° /\“ﬂw?* #zw?]m&&p[%]

Ap > 4kt (3-22)

FWRIFROR L ZHFFRGIET ER e 2 il cn i i E I 5

Mo Ty e GFFER IR T EROEIFRIFR R AL RIFF P - F 78

F#Z EHBMBEZ SR A PPENRETRLABZ S L TLREF I REFES
P ER o

& Hot Disk eh® ipliE42Y » MEFVEFER TF T e IHFR & LrpFa

Ba AEFIE G IERF BER AR T AL PR E FREE G5 ORG

TR ER S R Sk s FIP SRR S D IE te0 B
AT(r) = —10 (3-22)
C 7_c3/2aK c
;c_! d
.= Jk(t-t)/a (3-23)

O3 E MR B o 3§ te 5 50-100ms °
£/ T = (contact resistance) > v ¥ k&% wm 2K EE 0 o e (thermal
resistance) ° & hot disk £#|® > ¢ ®h4Fef 0% % & (kapton ~ mica) € +F kg *F erdk

FETE o 2Xa > BT IEHER Y kPR EY @—Wﬁﬁw’g%*—%#ﬁAT
AT(t) = AT + —2— &Q D(r ) (3-24)

o mPERAAGL=6/ k0 B 0 R RERDER > kLR S DRI
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B R $D(x,) R E

¥+ 25 um ehkapton ko A1 F & eopE S H0ms o Ao A A #
B E RpF o £ 2 “f’a‘w 50ms P ehfciE o
fi® * slab #lepF s ",/TT TR R AR RIFER g b > B R R R0, 03125 <h/a<

0.79836 - # ¥ a ZFFLE - h s @Y ER -

3-3 Hot-disk &Rl e % %
AP RM-L AT e RR ARE R & & ok (1:100) > i F RAF R 0 2 1

SRR B EHEACR] 3-4 o #-hot disk FFE A B F Sl theh

i# * hot disk ,x 3t
iR E > B R F RS- B G PR A PR T - G M EERS (ES R
End > Ty ﬁi*@?f«"lﬁfﬁr#ﬁfﬁﬁéﬁ PR LA o 4o 35 e

43220 FEANFFELIESEE T AL R SR RBR L2 R

PWich#c0.9cem’/s 0 > T Ap=2cme 3P B 4922 crdFEg 0 B X2 5 1,461
cme ¥ EH F L LW ERIFERFL 1.2 § o
2315 2RS% d ZRIBETUEFLEFFRIIZ60un P2 L B4 #18

E g 1T 350 220 um 07 A B dE o AV G0E 0 20% 0 TR R 310

pm e F S R s 0 43%
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Bl 3-5. Hot disk slab#-% - 2 5t Bip 6 + £ 5 >
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215 98
320 79

% 3-1.Hot disk £ Bl% %

41



Frd B3R
4-1 2 44

Majumdar >t1993 #i B g k3 > gk w g @@?ﬁ AN AH O REIESG
Bt f?;ﬁi%l‘% #2;% (equation of phonon radiative transfer, EPRT)[30] o A X i g8es 4
HALT > ABEL R m}ﬁr‘ B mlﬁ?ﬁiaa e A g) S T e ARRE S W AR (i S S )
& = #2.;% (phonon Boltzmann transport equation)® 4& > & % & = 238 ¥ 4% Rtk
B s k3 R FUOBE T kS RES AT L § IR AW S e
;5 [31]:

%+V~Vf+a-Vf=(§—i)S (4-1)

HY {5 AR tpFans v Sfic(distribution equation) > v B+ @& & o 4 g B+

A ’Ffrt’ WEEITEE 0 L0k bR ( ) LSRR ACHIE 0 AN BE K E B

eRt5 P 1 (relaxation time) & @ it [32] o

5. f —f
s 7 4-2
(St)s - (4-2)
fod T g i T A # S TR S ARA D 5
1o, gp-1ht (4-3)
v ot vV o1

#- % & (phonon intensity) ¥ €& s B+ i £ G E o ff HpFFTYg
BT B R - BEIRA A AEERT  BFRA
10,4.%, ¥, ) = o= ¥ Vo) (4-1)
e gatmitd o @i imd o ik SdeRl4-1 - 4-45% 7 > B R L AN
FwfEs o Ra o BREFRAREHEIEMN 0 Do) L 8 K =% & (density of
state) » 7 % & ¥ 5 ¥ #&(Planck constant) > v % - #:# & (group velocity) o #-
4-3 ;% %k} vioD(w) I & * 4-4 ;N o ¥ B A 4258 [33]-137] -

101 o[TCx, YT - 1

— + VI =
v Ot T

11
- (4-5)
\'%
He [ THRRE T BT 50 R o 7 HEB 24 & BT,
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1 [dQ -1

1 61 VI 1 4T|: 4r (4-6)
v at \Y T

APBEXELIRLE 7l B3R EFINE IR c BRE VAL ¥ Sf

4nl,(x,y) (4-T)

AR AN SN T AT
dldx  dldy dI dz (4-8)

VI = —
dx ds dy ds dzds
e 'Fa'yﬁ@ o rB DL
dy _ sin 0 cos ¢ (4-9)
ds
& = cos 0 (4-10)
S

d BRI LGP T S AT S 2

L [dQ -1

coseﬂ+sin€)cos¢ﬂ = An o (4-11)
ox oy VT

HY Mo PP iR s Topd 50 A(nean free path) @ 2 #F SiE 5 g

2 BT A PRERE T 0 E o Ml Tap d BT d B ROHR G E G o
1
k=30 (4-12)

HP K 3B E AR CLE CMBIRER v s BT HER o AParr sl

y)

dispersion model » C=0. 93x10°(J/m’K) ~ v=1804(m/s) ~ A=260 (nm) ° %

. 4
wT Ry

ok

zu -

# acoustic phonon 7 zone boundary *ifAtgEE o BF HEF R B LS 0@
optical phonon Fjpk = #84 st #ie d WHITS R R AT NG OIS R R

“‘34’\?’

Gl o T BRAF T e d RSB HEHE R S 2 IR » (transverse) &
(longitudinal )¢ acoustic phonon ¢ %t * sine function f#§ i » # i-# optical phonon
Wit F P Bk Y Tiop d B2 [38] o
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4-2 HiE > E

B st A28 5 - fides AR > A @ % 3t A2 (discrete ordinate
method) & £ Sv Method * f§ * B+ e A HZ R 2 e ff A - R FR 2 ML DHET {3
Btag B A on A E R R EE SBicw(quadrature weights)ip4e o 8 &€ Slicd & &

WERZHAE:

AR
RN

, 40 =4n = 3w,
= (4-13)
fEL IRE S e EFRE ST
[ sd@=0=>ws (4-14)
i=1

& >3 e N4 3w ARz (direction cosine)diEs # oo = AT g5 425l
4117 f i+ &

ol 4TI:ZWI -1

coseﬂ +sinBcos ¢ — = (4-15)
1).4 oy A

A RATENER e BRI BRE R FPERE ARV BRI RAVER

o Ax e £ q:

q, = [, 1dQ = > wl, (4-16)
i=1
FARERBETD x 2 e T AT R RE o ABEL
k- SO0 (4-17)
Th - Tc

f&= 423 4-15 ;8 * $lendE 5 T~ %% (finite elements method) » Z4 < » dp it

(iteration)éherror % = 5 Ix107> # &L ig 2 gzt ¢ ok o

4-3 WS %

4-3-1 = miEwe

TE-MEN R SRR AR RERY A o
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Rl ae B2 o BEIEES BUBFRE L A o TR * 57 w2 E S
dod 4-1[39] c ez AP > EWS RIx 2 e F R EREE > KRS BAR
X=0, I=I(T0) (4-18)
X=L, I=I1(0) (4-19)
HY T0=1> ey > wan@hifit » A * & F 5 (specular reflection) % ke
oG P ERBPETE - EFLERGIFHAIEEF T R R DD G F P
F St v o b g Rk AT o deB 4-2 ¢
¥ ehe fdic Kn (Knudsen number) €& 5 A/L> 5 350 o BEf SR
ApBKn=10~1~0.1 RFH- BFaf @ > RS FF4cB 4-3-4-4~4-5- 3
X=0pF > T0=1° § e fdici 0.1 F > BF MBI A BH - FRTRG 3 BEF &
HEG 1M RGEETE S VEATERE A ok o § b Als 10 B T35
B B ER R 10 B 0 B @Ak Wi 3l (ballistic) > - 5 & R it 5
ol o BRGEE R R 10% e BB ocH BE Al B H A DY Gl Bt
B ivH > 4B 4-6 -

4-3-2 = K IVF B

A MR KEIVF S R AR REERBREA S DR 57 R
FReg A K S AR AR Sok A B2 - SiAp ML Sl S
ARSI L 4282 BTG 12 B2 e AL Sz B o BB E B 2 e w & BlicF
4-7> 29 x> e g2k 4-18-4-1954 > T0=3 y > p @ R B2 HI R % ¢ *
G F bt o NI A R e A B 0. 1110 223k ~ - d=0. 16L ~d=0. 35L £ d=0. 55L -
B R AT 4oB 4-84-9~4-10 ¢ ##-7 I Kn ¥ 2cf @ ¥ S o £ 8 8 Gl
OB A P TR R 411 o T o I FAR S R E B AR

4-3-3 - az A ®RER

FeF AR B 455 4850 k0 Hot-Disk “TEplend F AT 8 B0 # % 4
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FeREE SO ER S EETABACR 4122 X2 e S RN o d 2 KM 2y
e B X=0PE AR S T0=1>X=650umPFE R 5 0V 3wt TR &3 8 R R
W42 A (adiabatic) » @ * 478t kA2 s Lg 3 2 K ®enF A Lh Rl 33V F B B > §
B S 2P WIS A0% o Lw FIFERSZARDER > F Lw 5 0 R
BT FE B &Y o AP B~ Lw=0~ 3550~ 100 ~ 130 ~ 180 ~ 215~ 320 e m © B >+
BER R Ba F SR ESTHASE > A 44 Ziman[40]#% 410 interface specularity
parameter p°

167°8°
7\(2

He §E %o ek (interface roughness) » A ¥ %+ ¢4 £ (dominant phonon

p = exp(~ ) (4-20)
wavelength) ep=1 2 T % 2 4G F 3t p=0 2 T R 2erdgst e 8T > B3 4 £ )
=hv/keT 9% Inm>h 5 W ¥ ki dind ¥ic-viB@domnid* @282

N AR EREANS b ¥H SHcom AT pARITE O FBRKER

8‘\?

$c¥t(totally diffuse)[4l] -
"$ T B3t 2N oh s A R vh g % e BB B4 (series thermal

resistance) % #HEAR I B HE S 0 0 B P B
dt dl d2 K
= + -

keffAt klAl szz (W) (4‘20)

A2 8HarE R kS HOE A S Baf od MDA RAEREEG o oo

MRS EYPERSEG > APEFREFTF R bulk hRGE Al d B 5 A

% L
ﬁka

‘11

P
(4«}

=K
JENTY

PIEBSEOE o B B Gl ke o % AP BHC DA B R
GECE N R P F R E S T A KRR G EGEER* bulk e o 2 AR
PLPEE T ON A AT KB B TR

B 4-13 S e e - d N EBEREIARBTERRE I B> REh3
MPFTEBREARM S TR FGAEF o dok A T RE Y A YRR L RE T § g

- A ARBREARE R PR RRM FIREBREERA R R

) R
R R AR

f

BEF RS 50%-T0% 0 F vgREAp o T LR g A Mp o TR
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B2 KRBT F b5 3:2 k0 TE KT 60%kHiH 0 % Lg:Lh 3 3:2 - KAHEE

ARE > H S or R B GHARK o AR K AR E BT

4o
|
~ml
=
=i
0
A
bl
W

BRLZZFADEE FAESMR N3 A REp Aol a ffirk o B HH O &2
FEORRAL 0 R T R FORF B R A KA AP T Bk B g
Gl e R BB E Rt o H BRI RN AT ROR R S T LA SRR R R

PR RimenE KR YR BVER F F MBARNYTA RS L E SR KA AT
BOEEF T B SR e Ko e R 3 f RenE SR P dumo
B8 AR B §HTHH TR B dum nE A E s SR E g R
Bom B9 45 £ RAE 0 um (R G ERIREPE IR TR 4-13 #3545

W feN g% 0 B2 AT 30 um PEAL S B > 2 1 AL S RBBr R ] o

47



Free Electron

Phonon

Photon

Generation Ionization or Lattice Vibration | Atomic, Molecule
Excitation Transition
Propagation Media | Vacuum or Media Media only Vacuum or Media
Statistics Fermion Boson Boson
Frequency Zero-Infinity Debye cut-off Zero-Infinity
Dispersion E=hqg?/2m E=E(q) v=c/ A
Velocity ~10° m/s ~10° m/s ~10° m/s
A1 B S A AR
Y An =sinfcosg
//
/
// Direction of
______ Phonon Transport
l
| X
\ it = cos@
00
| 7~
/
I/
| 7/
Y o e

B A-1. 8 @R s
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Order of Ordinates Weights
Approximation £ n U W
S: symmetric 0.5773503 0.5773503 0.5773503 1.5707963
S: nonsymmetric| 0.5000000 0.7071068 0.5000000 1.5707963
S 0. 2958759 0. 2958759 0.9082483 0. 5235987
0. 2958759 0.9082483 0. 2958759 0. 5235987
0. 9082483 0. 2958759 0. 2958759 0. 5235987
% 4-2. € Sl 2 o ARG o
£ "’
X
T=TO =0
I4><
13 2 \ /"
L

Bl4-2. - @@+ > T LB -
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Nanowire

Temperature

Temperature

T - ;

0 02 04 06 08 1

XL

Bl 4-4.Kn=1 = @@ B A F o

Temperature

0.540
0.535
0.530
0.525

B 4-5.Kn=10 = a&sg B 2 % o
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1.0

-
0.8 |
0.6 |
S
-
2 0.4-
0.2
-
0.0+ —— et A —
0.1 1 10

Kn(MFP/L)
g] 4-6. = ‘/a;,*é,‘ag‘;a); ;;3;%11 @ %_ f,/‘f‘lgt
B E ol AT E o

T=T0

| L |

Bl4-T. @z K3 FEF > o7 LB -
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Temperature

SBBEEEEEEENEEEEEEEEE0EE

0.60

Temperature

F Temperatre

(c)

Bl4-8. -z K FEARAH

Kn=0.1 - (a)d=0. 16L(b)d=0. 35L(c)d=0. 55L



Temperature
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(a)

Temperature
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Temperature

ERRBRIRS2SEERBRAIR]I2ZEERIALRZ[|2

ez FIVFERASTF

%

Bl 4-9.
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F Temperatre

F Temperature
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(¢c)
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Thermal conductivity (W/mK)

—e&— Thermal resistance
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