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Fig. 1.1 Phonons behavior in various length regimes. (a) When typical length of structure L is
larger than phonon mean free path A, the dominant phenomena is phonon-phonon scattering
and L is not important. (b) If A is larger than L, phonon-boundary scattering is dominant
phenomenon rather than phonon-phonon scattering. (c) On the other hand, confinement effect

appears when L is comparable with wave length of phonons 4.
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High Temperature

Fig. 1.2. A schimatic diagram of thermoelectric device. Electric power is generated by imposing
temperature gradient. N-type and P-type semiconductors are combined, and electrons and

phonons are delivered by temperature gradient as driving force.
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Fig. 2.1 Flow chart for calculating phonon transport properties and lattice thermal
conductivityof nanostructured materials. Calculations are composed by first principle of
interatomic force constants, lattice dynamics and anharmonic lattice dynamics of phonon

transport properties, and Monte Carlo of thermal conductivity.



13

23.FEVTAHILAE
23.1. Ry UEEAEXDOREE

PV DBYRERIT 21 H TR LI L) ISRy < Vil F R A TS 7 4 ) vl
Bt 2T 5 2 & CRMEERNGOLND. F/, @K CT0) ) U P8 Loz
B E OB AR LY ~ Uk RN AR Z LISk WV BMEEREZRD D Z LR
FRECTH 5. — 7 CHHMEEE X FE O RO E LIS U RS 2308 LT
725670, £ 5 LGB RITHI 2 iR IZIR b 72 A 2R R LA D GEI5 2 Z &1
TRV, BIEMARTFIENRVLEL 2%, 22T, —BRIUICHRLY = Uk iR of
EE LT, ZEMICA vy aZ2X)o TS A4 7= b0 &, R4 22 EH) S
VTS T 7T 0V 272 b DRSNS, BT IHRTRIR R % & D LBEH 72 < fif
PHFHID T, BFITEMARBERFEOMOPNRELS TH D &0 ) Rz Ffio.
AL TIZEICT /HEEICB T L7 4/ VIEEZ RO D 12, BEOREATH D,
—RIZE T Ivuik TN D HikE V.

232, EVTHANLOEOHE

BT HNRBEIC K TRAVY < UEE T REAZ R Rkl < o mdsigkics
WS SN TN P TFEIZRY 74 7 I LTHMA S D L H 12> TE T
L. T & DRV = LRI A R & L CUT Peterson” 12 X D b D AN A)
Tholeh, 74/ U BBEAREREICERMLE#RRRZCHo/T. —FHT
Mazumdar” 530 HBIRAMEMN O BET 52 8 LV BENRY I 2L —va vk
1Ty, 74 UPHEZRICZANVT —ZRF L WRER b 7. 2Tl
Lacroix & *IZ ko TH bRy Z7HIZ RO CHES Nz, E72 Hao b PIXAEMS
Val—ralillo RO L VBENR T + /) Uk LV, S DIZEE
BB E AW BEREMEEZEATHRY, Y alb—ra v HilizmE L. i,
Peraud & ™ T X D IEMR G DI AR D FIEOBRIC K o TE VT I mikOHE
BRI B L7, BUETIET 2R OIALSE R, T/ A= A EEDZL
KDFRTYIalb—vaMrbnTng P s, £r7hinikickd 74 /v
DR < gk TR OMEIZ OV TIL Peraud HIZL A L E 2 —IZFELL BB
Tnn ™.



14
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ot or T,
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B EDSE s DF— RIZBWT, B o~otAo OISV SOWRREENH D i TR
T R AR BB L D E 3% T Aw 13K/ N T d 5 23, Bl LR TIXA RO % F5o.
728, IRREFEIXZ ORMSHEAARE LS 720 O AHEORICAR S X 5 IcHikd 5. A
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RE, —MIC I RREEFE R RO Z LITEET D.

BT ANRETEM 2217 T LY I ab—ra MMl &+ ) L
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1‘ 7 Phgnon

Fig. 2.2 Schematic diagrams of Monte Carlo simulations for phonon transport. Drifting and
scattering of phonons are iteratively simulated in the simulation domain. Heat flux is imposed

in the domain by boundary conditions.

D, ho
E=Zha) S“"”ljzexp o k1)1 o, (2.14)

CHETEXD T 22T Ve IV T EADOKIETH S, KQIHF O i 12 L BRIV T
TARIZBT 2T RXRTOT 4/ »OffaRT. 20X 512 L TEMFORFT R IRE
YT EBANO TR F — LMD RN F—2 kT 52 & THRLND. £,
BMRERZ R D 2 5 A1 3% IB ORI BT 5 BB O EIE Ul @I NEE Ty & KR
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Q.15% V5.
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DY I 2 L—v g CEAVOERBE KON OBEICHE LSS IZ 0TI L [H
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X e D et a1

ws
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LR IRTFEENRNE VI REERD. ZOHE, TXAX—DOR X EEbE5 X
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8k B IZFE T
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ST REERIIK 22 1R T X9 Ry I ab—va L AKOERE, U3
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(b)
Nz Ao

diffuse specular

p=0 p=1
Fig. 2.3 Phonon reflection at boundaries. a) diffuse reflection and b) specular reflection. While
phonons lost their incident angles and emitted random direction in case of diffuse scattering,

they completely remember the angles when the reflection is specular.
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P

after
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1 1 1
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WNHIANZIT D7 + /) CEEIZIBN T, Awy ZF7727F Matthiesen’s rule 235K YD SL72 720
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EH(236) LY Ag=Avgy £ DT
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Arbitrary structure

Fig. 2.4 Diagram of the system considered in Landauer formulation. Phonons transport through
the structure and experience scattering at the boundaries or with phonons themselves. Phonon

transmission probability 7, depends on the structure and intrinsic mean free path.
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BOMERERGD . REICEMU-BIIE 7 4/ U 2T 5 X 2135, 2 2Ot
OFEEYE, JEBIECOWTI 23 HOE L T N EORE ERIRICRET 5. 1225
s B2 9 A ITIERRE L ERICIEVW R 2 Z8 H 2 WIS T2 L9125, &
DEIZ, TF CREEEIIKITT 581G p LR EEFZET DRt 2T X TORME
WCRETD. F2, 74/ FRmEUMIS 7+ B OBELC X o THAHE
ApudogR) Z L IHEITHMEE 2D, ZZTRIZOMNE 1 & HEEEERT. Hil-rik
ITHIMNLT o F LITRE SN DT, 23 HiOE T AN kDR & RRICT 5. 72k,
K SCTUE O RGEEZ 1S D 12O AFA L 0~n/2 OR% 90 HEIL T, ThEThoMfE



25

(D& 9042 T HLIAL:, FHRHER 1, 2D ETH 1 77 L. vk, 20
BRZ o 13T o A DRI L2, T RTOYIab—2a R ET10 7o 7 LDEk
BEATVEY) LR 4 R DT,

LA RL—y U ZHEIC R THE LT 0 Z2QBITKRATHZET, 74/ DE
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Fig. 3.1 A conventional unit cell of silicon crystal. The primitive cell is face-centered cubic

system, and it contains two silicon atoms.
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Fig. 3.2 Frequency-dependent phonon transport properties of a silicon crystal obtained by lattice

dynamics and anharmonic lattice dynamics calculations with first-principles based force

constants. (a) density of state, (b) group velocity, and (c¢) relaxation time.
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Fig. 3.3 A crystal structure of lead telluride crystal. The primitive cell is face-centered cubic

system, and it contains Pb and Te atoms.
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Fig. 3.4 Frequency-dependent phonon transport proeperties of lead telluride crystal obtained by

lattice dynamics and anharmonic lattice dynamics calculations with first-principles based force

constants. (a) density of state, (b) group velocity, and (c) relaxation time.
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O Simulation
— Eq. (3.1)
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Fig. 3.5 System-size L dependence on effective mean free path A.g in the cross plane direction
of thin films. The A& was calculated from ray tracing simulation and Matthiesen’s rule [Eq.

(3.1)], and normalized by bulk mean free path Apy.
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Fig. 3.6 System-size L dependence on Aygy in squared nanowire with side length Dyire. The Apgy
was calculated from ray tracing simulation and analytical solution [Eq. (3.2)], and normalized

by DWire-
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Fig. 3.7 Diagram of super lattice structure and phonon transports through it. Ng-1 interfaces are

arranged at every Dy . Each interface has boundary transmission probability 7.
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Fig. 3.8 System-size L dependence on mean free path associated with boundary scattering Apqy
of super lattice structures. The Apqy is calculated from ray tracing simulation normalized by the

distance between interfaces in super lattice, Dy.
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' —Eq. (3.3)
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Fig. 3.9 Mean free path associated with boundary scattering Ayq, of super lattice structures. The

Apay 15 calculated from ray tracing simulation normalized by the distance between interfaces in

super lattice, Dy The line indicates analytical solutions obtained from Eq. (3.3).
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Fig. 3.10 Calculated bulk thermal conductivity of a silicon crystal during Monte Carlo

simulation.
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Fig. 3.11 Frequency-dependent thermal conductivity of bulk silicon. Analytical solution is

calculated from the Eq. (2.42).
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Table 3.1 Thermal conductivity of each branch of bulk silicon. The units are Wm™ K"

Monte Carlo Analytical solution
TA1 40 41
TA2 48 48
LA 38 39
LO 5 5
Total 132 133
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Fig. 3.12 Temperature profile of bulk silicon obtained by Monte Carlo simulation. Temperature

in each coordinate was calculated by energy density of phonons.
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Fig. 3.13 Thickness L dependence on thermal conductivity of thin film silicon obtained using

Monte Carlo simulation and analytical solution of Boltzmann transport equation [Eq. (2.41)]

with Aegr of thin films [Eq. (3.1)].
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Fig. 3.14 Side length dependence on thermal conductivity of squared nanowire obtained with

using Monte Carlo simulation and analytical solution of Boltzmann transport equation [Eq.

(2.41)] with Apgy of square nanowires [Eq. (3.2)].
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Backward

Fig. 3.15 A schematic of nanostructured thermal diode. Heat flow of forward direction is larger
than that of backward direction due to the temperature-dependence of phonon-phonon scattering

rate, and phonon-boundary scattering rate which is unrelated with temperature.



41

3.6.KENDELESD

T UA VB IR EOBMATERICBWTERICHE SN TWAHE LT IR
B, BEIOLA FL— 0 ZEERAVTY R 2 b= 3 VAT, TRENEGRE O
—HEWFE L. ZOZENOWMY I Al —3a rORYMEEHRLEZ. &b, TV
TANaEE VA N U TVEOMTREDER ZELL L, IOV Cigim L 7.
FLETANBIEIBWNWCA Ty MR A= LTHhER Y ar LT L
D7 ) Rk 2 E I LT



42

4.Fishbone > )2+ /4 Y%

41. 8= EBH

U I FBEAEM B LTI B E IR RO 0B M TH Y, o fE
PERZ2WVMELCTH D &V ) BT o, £/, PEEEE TR ONIZ&EWIN TR S &
DI, Hka G EED Z ENAEETH D, —H CEVWEMRER A RO, ERIC
BT ZTA30.01 B, MR TH 0.2 AKfii ™ & h D BB ZEHATEHT L2 OPEREITR .
Z DD EEORBEBMEI CTHEH L DOV~ = A ERSE AT H &
THREREZ FF 52 FENHLN TS 2oz nETyarFil~v=r A,
BARITEMRERNT OxI G & U TR IR ST E 72 D402 — T4z 72 v J8
L7cEIIC R0, Hfx2BeoT / #ET 52 & TY U a r oEBRE/IZEI L,
ZIUC X 0 OBELEEELE U COMREOUENRE ST g 1618905 5 ) ikl
ORI & LTHBEN DR LicR s TEEER TV~ =7 A HEFIC T mnz
Fonsd, Fhiomz, EEZoX Vv~ L EDRAELT /HEED 1 S>ThDT /) Sk
IR EEG S, SOICAVEERLZ I LBV EZ RS L D IL R Z Lt ST
Y- Randl

vVarvF vz bmoF &) a1 oTHY, VU I IlkEE T
I EEAC B Lo TRIWES LD . T/ TA YOER GBI RISy 7 X T v BIW
R LT v 7HRbOICKIESND Y. EREhDF ) U A Y NEELBMEIE LTS
IETERISINTWDD, FRIZAR M AT v TR FIEIZ K o TER SN b DD E O
REZ RO, Bl I8k R DU G 7 U A ¥ T, Aqueous electroless etching {2 C
1% 300 K (23T Z7=0.6"%, Super lattice nanowire pattern transfer ¥ CTl% 200 K (23T
ZT=1"PESNTWE. ZH L7V arvF /) UALYD ZT 1TV 7 DY Y a2 OfE
EREL EFEloTWS, Fiz, YV arF /) VA YORGEME &L BYREROMMASE, 2
DEMBERFEIC B D HAFFTIEE L < E ST g 1%

O L7, 4112 T K 5 72 Fishbone BID > Y avF ) U A Y &EVED Z &3 AlHE
Lo TS, 7B, Z ORI Silicon on Insulator(SONJEMK LI U Y 7T 7 ¢ —Hidf



43

EFRHVWCEBSEEcARESND Y =V T L7 X REEROCEEICLD
L, 2O LTEDV Y a2 UA Y, FARORSERFOT ) UL VICHRTEDL
IRV BMRER A RO Z EAME SN TV D 1% ek, ZoOMEIEMEE S5
LTI/ =y IR LTI U HBIR BIC AN R Y v T&ED, TR L
STEMRERL XTSI EEMFBINTLOTHD. KL, ST LR D T
J UOHBIR AR D NN BRI R IR A KT T 7D O AT D TR
AR en s, EBRTESEEO EHIMEIL 300 m3ETHY, Zhid7+ /v~
STEBEAR EOWRETRT &Y — VEROEESD 1/50 BB TH D720, SRk L
TIEEANEREEGZINEEZD. FT, VA VTOREBREDES A —/LH 5 10nm
F—=F—=ThHDHTOK 1.1(e) TERT L 5 RIEBOREZNR bR, Ry~ ki
KOG THL 7+ /7 VHELDODFIZ L0 BURERDOEBEN R OFHAR AR TH D &
BExbhb.

ZZTEST AN LD Ry < ik il & fif < 2 & T Fishbone MoV
AT TARICET HBMEERAFE L, #iE SN BB R ORI 22 B AT 217
5. BT, TOBMERIKMEEL BR UREEEZRS T2 L TE LRI
BRIE~OHEBRZ BT 5.

N\

—

\

\

\

\

—
\—<
’h
Fig. 4.1 Fishbone shape silicon nanowire fabricated from an SOI substrate by lithographic

technology.
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Fig. 4.2 The simulation domain of fishbone shape silicon nanowire. With using periodic

distortion boundary condition, periodic structures are arrayed in x direction.
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Fig. 4.3 An example of the calculation of heat transfer in a fishbone type nanowire by finite

element method, COMSOL Multiphysics.
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Fig. 4.4 Specularity p effect on the thermal conductivity of fishbone shape silicon nanowire and

square nanowire calculated by Monte Carlo simulations.
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Fig. 4.5 Thermal conductivity of the fishbone shape nanowires calculated by Monte Carlo
simulations. The results are compared with the experimental data'®. In the experiments, the
structures were fabricated by lithography technique and their thermal conductivity was majored by

thermos reflectance method.
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Fig. 4.6 Length-scale dependence on the heat flow of the fishbone shape nanowires. (a) Xy, and

(b) Yeq.
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Fig. 4.7 Length-scale dependence on the thermal conductivity of the fishbone shape nanowires.
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Fig. 5.1 Schematic Diagram of the simulation cell for calculation of thermal conductivity of
PbTe/SrTe. Nano inclusions are embedded in PbTe matrix. Heat flux is imposed in the

simulation cell by boundary condition to calculate thermal conductivity.
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Fig. 5.2 The randomness distribution and simulation domain size effect on thermal conductivity

of PbTe/SrTe.
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Fig. 5.3 Nano inclusion volume-fraction dependence of thermal conductivity of PbTe/SrTe. The
length of the nanoinclusion a is set to 1 or 2 nm. The simulation results are compared with the

experiments'”.
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Fig. 5.4 . Frequency dependence of the thermal conductivity of PbTe nanocomposite at 300 K.
The legends “Na” and “PbSe indicate the simulation including impurity scattering with B=7

Ms® and B=60 Ms’, respectively.
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Fig. 5.5 Nano inclusion volume-fraction dependence of thermal conductivity of PbTe/SrTe and

PbSe impurity. The simulation results are compared with the experiments'’.
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Fig. 6.1 Schematic illustration of the phonon-boundary scattering in a polycrystalline
nanostructured material. When mean free path of phonons are shorter than grain size, phonon

transports are blocked by interfaces.
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Fig. 6.2 Diagrams of a simple cubic structure, (a) composed of 1000 grains, and (b) simplified

model of it modeled for ray tracing simulations.
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Fig. 6.3 System-size Ngrin dependence on Aygy 0f super lattice structure. The Ay is calculated

by ray tracing simulation and is normalized by the grain size, Dgrin.
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Fig. 6.4 Avqy in simple cubic polycrystalline structures calculated by ray tracing simulations.
Apay 1s normalized by D,,.. Boundary transmission probability ¢ and specularity p is changed

fromOto 1.

0 Simulation
—Eq. (6.1)

OIIIIO:SIIIII
4

Fig. 6.5A.4, in simple cubic polycrystalline structures with specularity p =0.0 calculated by ray

tracing simulations and theoretical solution shown in Eq. (6.1).
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Fig. 6.6 Grain-size distribution of Voronoi diagram from randomly distributed center points and

log normal distribution with a1, =0.15, 0.25, 0.35.
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Fig. 6.7 Morphology of Voronoi diagram from (a) randomly distributed center points and
modified distributed center points to log normal distribution with (b) ¢1,=0.15, (¢) 61,=0.25, (d)

01,=0.35, by genetic algorism.
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Fig. 6.8 Grain-size distribution of Voronoi diagram. The diagrams are constructed from
modified distributed seed points to fit log normal distribution with (a) oy, =0.15, (b) a1, =0.25,

(¢) o1, =0.35. The log normal distributions [Eq. 6.2] are also shown.
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Fig. 6.9 The ratio of the mean free path in simple cubic structures with the length Ny,ix=200

(Acnv) and converged Ng,in=20 (Ay). The ratio is also fitted by linear function and it results in

Eq. (6.4).

1.2
o 0=0.15

-0 0=0.25

¢ 0=0.35
Voronoi

- 4 Simple Cubic

S
%

Abdy/ D ave

N

Fig. 6.10 Boundary-transmission probability dependence on mean free path with various

grain-size distribution structures.



70

Apgy lFREZLS RO TNE, Apgy 1F 1.2~13 FEREIZ R o7, ZOEBITLLF O & 912
BMARETH DH. £T, RREDMANIENDH T LIZXY, LV REREENBEND XD IT
5. ) LT REREMBITIHAERENRRELS 74/ VBHERNICL Y BRHET 5.
ZORER, REBRFHEBICBONTULT A+ / VB HELT 2 Rl O b ipnicw, SEE A H
ITRPEL 2 5.

6.4. B ZEHBRITIEDFE

FRD LD IZERESIE ICI T D Apgy DRIEDNFTRE L 72 o 72y, — 7 TEMREROFE
i D72 HITIE A 72T HIE 72 S 2. Ay 1T Matthiesen’s rule 12 & 5 T
At =Apu FAbay ERD DDA, —FHTRQANZL I LA FL—T 2 7EIZLY
AIRD Apux ZANTTT 5 Z & THE A 2152 Z EDFRETH 5. AIE IIREBRIC R 5
BELBE 2 A O TV D —FH T, %EF 137/ MEN T XL 0 B IS miBELEB R 2 T
ANTWD. 72720, BAIFANE LT A TR L T 2720 Aeg Z1F D T2 Apuic
DIEZBFEREZ CHRELZTER ST, fiE L BER BT 50 THITHEIC LD
TFENHSTHHI-DEITHD.

0.2t O Direct simulation |
-1 —1,-1 |
o | — [Apuik +‘Abdy ]
0.01 0.1 1 10 100
Abulk/ D ave

Fig. 6.11 A in a polycrystalline structure with 6=0.35 and ¢ =0.5 calculated by ray tracing

simulations and Matthiessen’s rule, Aeff 1=Apuk +Abay L.
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Fig. 6.12 The proposed frequency-dependence boundary transmission probability for phonons,
expressed in Eq. (6.5). For thermal boundary conductance K=1000 and 100 MWm?K™", y is 2.4

and 26.8, respectively.
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Fig. 6.13 Frequency dependence of mean free path A4, with the simple and complex structures
with various grain-size distributions. Thermal boundary conductance KX is set to be (a) 100

MWm?K" and (b) 1000 MWm?K™".
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Fig. 6.14 Average Grainsize-dependence on mean free path with various grain-size distribution

structures with thermal boundary conductance (a) 100 MWm™K™" and (b) 1000 MWm™K ™.
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Fig. 6.15 The ratio of the thermal conductivity between in case of simple cubic and ¢=0.35,

10 100

calculated with the data shown in Fig. 6.14.
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BRLinwhosThheEXT. — Ty asfEmOBMERE LA ML—v 7k
ICE D RDIEEHBMITRAZRICLUCHE L L 2 A, 2N O OFEHE RITROZENE
(GERANEZ BEBIIRE L RipoTo. ZORY, SiEEHREICB T 5 BRERO Bk
H Y DOBIZIE, KV iSRS T H D BRRS A E NI E LTAZITH D &) 2
L LT,

'72fﬁﬁﬂb%nﬂﬂ

BEAFDE T N B K DRy < Sk T RRAOMREIS, BB RISV
=T & ) UEEREE A Ty RE LTHWE. ZhUC Lo T, ERORERIN 7 +
VAR E WV L DI ARV ER I 2L — v VERBLE. £ ET
fronie o tzF J EECBVEMEIND 7 4+ /) Bk 2 il AT U, s o foi (b BmiE
RO RBRERE L. £, VA FL—3 U ZEEAWTT  HIEN O I8
PR AT 2 3R 2 i feSE LT, 2 OFEIIARR ST TSR o 28 1
L7es, EEOMEICR L TEHAETH 5.

R OEATR e TR A2 EB LT 2 LI K MELORGHESE & R DR 2 157, B
RENIZIE, 7/ gL S N7 VBB BN 36 1T 2 BMRE RO Pl & FolfbIlZ ik L7z,
Fbk, /77 0P —%pn L LT ERTORRIZE Y, BELHOSE TH L0
DT, Bkx 2R BROT VEERT NS RAEH SN TWE, 74/ v Ok
MBEOIRRO T O N ME L 2 DN BEND EZEXBND. DT — R R
O T 7 VEERE AR A E LRy I 2 b—3a VEEBLEZ L, BRI,
LSBT EERTOT 4 ) VEETRDLEMED Y I 2 L— g VHEA
FL2Z 2T, ABROT A ZADORFHIMITTHH TS 5.
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LD LT, TH v OEMBEE R T & T RSB BRI B G & R AT
T 5 FIEITSH O SERMEHS KOWEEICR L CHEHA SN D Z &R SN D23, KV
JE DO AP D @ W MBS SR EH R A F2 BT 2 72D T3k 4 ZREVED TR > T D, il 2
(TRIFMEDARNIEHZ DWW IR 2B DS T 2 b 22 T TR B 7Tz, FHE AR
MREL 2D, ZORE, BUEOE —JFBEREEZ LI Lo HIETT 4/ ikt z K
DHZEFIRETH LD, LVBSHRFHEFEORERLEL SND. 2, 74
J v OREBEHERIIA B RMETER Z N E TRES N TV ARV, I FEIC X
% Efe e i E R F OB N FIENEEN D, FRIC, FEEEIEESRG R EICEY
B2 IZRIR DT, HERBRMANKEL RS, o, X ) aiiB o8 U H
RV VHFELWST R—=N NI R TT /v OEEREN & D X 5128 T 2%
INETEHEICIIRO BTN, X0 EERBMBERHEOERO-DIZIT D
NHDOHBELEIRFSND.
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18 A WFENFEEFRTNEFEHNFE

LIFIC 7 % 7 kRt 2 8 3 2 BRI W 5 FikTdh 5 ks 1 B /) (Lattice
Dynamic, LD){% & FEFAFn#% 18 /1 %2(Anharmonic Lattice Dynamic, ALD)5(Z-2\ T gt
15 % WMAHEELBRTORTEART vy ML > TEENDIEIIT— R 2@+
LFIET, BiFIIFET 2IRET— N2, %HIIIRET— FHOBBHELZE Z &R
TE2. IN6DOFETUTORADND KD RIFFRIART v zeT 47 —RELE
HONKEELIRD.

2/ZZ®“ﬁu“uﬁ+ ZZ‘P“ﬁ’u“uﬂuZ (A.1)

v ap 3157 ahy
ZIT, LjIFRFEEEL, apfylEx,y,z0AEET. £72, w I FOENT,
O L YiTERERFFR R ERE, 3ROIERIEFHNIERTHS.

FROKAND I L, LDETIE2ROMEDOHREZEETDHZLITLD, "X AHK
ELTHRWEB TR A REET 5. O WEHEZ EET 5 & 1 DOFEARB RN
DIFEF-DHZx R E L THEBGRAZHMET LTI+ THD. TS XD, HhdhoEE
FEXIILLTOX(A2)D X ) IZEAMEMEICIRET 5.

we=D-e. (A2)
RADFTODIZFAFI BN~ w7 A, elHRANY b ThHD. XA FIHL~
U w7 ALGEBFRRUC K VRET D720, FTroOEE, RO ER Mmoo

TIRIFT 5. RA)OEAEMEZE 2 LT, EAHETHLAEEE o &EA
N7 PATHLREANT bvezROOND. ZHICKY, BEEJABRBEOBERTHL
Tx ) U HBMRREOND.

—J7, ALD {ETIET7 =V OFEEHEE AW TE— FREOBBHERZ RO 5 Z L T,
BB O REAARETH 5. O DITIE LD IEIC X o TR 7= AR AR 7
My, BRO3ROIFGRFEFHERELEE TS, ZUT KD &, Mk 13t
— R kso DMULOE— R Kisio & Kosro, (ZIBBT D RO L - TRD b, F(A3)
DEITRD.
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h v, (ks, ks, K5, )|

16Nk ks kys, 'Va)ksa)kls1 a)k232

ks - £, 0,800, + o, —o,, ) -0(0, -0, +o, )]

T_l (ks,a)) [{1 + fo (kISI) + fo (k252 )}5(0)1“ - a)klxl - wkm )

(A3)

exp(i(k, -r, +k, -r )e’e’ e’
pUrth, - Kyt s Lk 4k — G, (A4)

V. = apy .

’ rm;hlz mzﬂ;7 T \/MUMU.M'Iz
ThHbH. RAQDBIVAINFD NIFFE—T VLT Y —NOETOHREF R OE,
SOZR—=AT A a0, MITRFOER, rl3EE, GITiFt& 7+~ hLT
5.
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ﬁ'ﬁiB 24/ D TT?':TI'"JU)J&EJ':TJE

TH )T F ) CBEB LT & - FERELOR, T4 ) v OET T2
LOWEDL. BiEOEE, #EATHMIILTETCT VX ARETDH. £-%ED
S T ORI BB 22 5 G IS A 2 508 U TR AT H AR E T 2 23, LR

BRERIET A NETRD . Fle, Tl T7 4 UBBERN L ST INAGED, 7+
J 2 -FEHGELOBE & FERIZE OHATH AL T v 7 DZIRET D, ZIbD7 4/ O
EITHBD x, y, 25 P, P, PIEX B RTEREERICBITS 2 20FMA 0L ¢
ERWCERELND. T74bb, Bl T hmix

P =sinfcosp, (B.1)
P’ =sinfsing, (B.2)
P =cosb, (B.3)

L. FRLO 2 FIHOBELDERIZ 0 & 9o D2 DOMFEITT ¥ LMITEIRSNDHNE T
HoHN, TNETNHENMIEELBET D EBROMERICELNDEL D, —RICEE x D a
5 b DRI x* % B AC)DWMERTE DHAITONT, 0005 1 OB E e itR%
EDEHMREZHNT Y NEIRAEETH S, Z 0 L & u#iHAEBE LI bic LD
KOXBAHIZ L > TxiEEIND.

[F Gy =R[ f (e, (B.4)
XNBAHEHNDLZ LT, 2 DOREDIRENFREL 2D, T4 /) -7+ /) HELOER
DFTZI2EIT I Plheey Plicer Phiee (IBFNTTERIZT VX LMIPESND. MBI KL
D NI sindd0de & 72578, @ [ZIZEANRW—T7T 0 1% sind ODESLTHRET
5.0t oDEDHBIIZNZENOND L 005 2 THDHTZWD, 0005 1 O ZH%E
IS T L DELEL Ry, R, ZH\ND &, O=arccos(1-2Ry), ¢=27R, L72%. LLED 6 & ¢
ZENETNABDPEBINMRAT DL, Phes Plhee Pheeld

P =y1-(2R,~1)’ cosQmR,), (B.5)
B =\1-(2R,~1)’sinQ7R ), (B.6)
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P =2R,—1, (B.7)

£, T4/ -REHILB I QENS DT+ ) o OEEHOEA OHEITIT T Padgaton
Plragintions Pradiation (X7 A/ V-7 J VBELENXREFIER R/ D, 0 & & BALTREIL
Lambert @ 2% A HNZ XY sinfcosOdbdp & 72572, 0 1% sinfcosh) D EHRTHRIET 5.
0L o DEDFAITZNZTIL 0005 12 & 005 21 THDHZ L e, X(BAHLY
O=arcsin(R,'"?), p=2zR, £ 72%. LA LD 0 & ¢ ZZNETNXB.NHBIINACAT D L,
Pradiations P radiations P radiation 15

Pr:diation = V RH COS( 27[R¢) H (B.8)
Pr:(’:liation = V RH Sin( 27ZR¢) s (B.9)

Pz

radiation COS( V 1 - R& ) s (B.lO)

LD,

Fig. B.1 Spherical Polar Coordinates system. In rectangular coordinate system, x= sinfcosgp, y=

sinfsing, z= cos6.
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