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Control of thermal transport by advanced spectral phonon engineering
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First, we developed theoretical and numerical methods to evaluate the wave
property of phonons from the atomic level, and showed that the resonance of phonon waves can be
induced and phonon transport can be interrupted by installing nanowire junctions and imbedding heavy

nanoparticles in a matrix. Next, it was shown that the sign of temperature dependence of thermal
conductivity can be reversed by phonon spectrum control. We also measured and analyzed the thermal
conductivity of nanocrystals with a particle size of several nanometers, and showed that the phonon
mean free paths were ultimately reduced. Furthermore, based on these findings, we developed a
thermoelectric material that hierarchically controls the entire heat conduction spectrum. In
addition, we _clarified the using polycrystalline materials the size dependence of
phonon-drag-induced Seebeck coefficient and thermal conductivity.



B X C—19, F-19—-1, Z—19, CK—19 (3#)

1. HWFZERRMEL IO 5

BT 3L X — Al U) e R & ZERIC R RN, HEEVRIH, BRBERE, BTOET A A
w3 — A "N EICBWCEETHD. VAT AEMEBOBRR KL ist-7 Fu—TF
MUE L 72 BT, BT 3L X —ias, FE, THRUEELZHTHIMEORENREE TH
L. ERPOKTE (T4 7 2) BEMRETR D BEELRBUEED 1 OTH Y, B X —h
EEHE LY, BEUCKT D HE - HARESC, AEAKICRIT AIEEAR (v U 7 OBRE)
1) BRET D, BBZEIEOIEEOREI 0D, FlIENEREECH D & INTEERN, TED
BTS20 ClE, 7/ Ay — UAEEO AR, B2, WO EE =TT, TOE
BIXUHHEMERB EL TS, FFETREIL, ZHONEICREBAICERI SN0 TIER<L,
BoRBIC S E DL AT Ay — V7 & J UEERENTE (BT EV 1R, T ERE, B
FHNAREERER) 0T A —VBIEIEIC L > THE LN T 4/ st (74 7 VR
W, REFNERR, SERE TR E) I SV REHERHC Lo TERIEN TV A EICH D.
FRlZ, 74/ T — NICKIE LB tt, SMEED 7 ¢ ) Ul feit, s i b
ik OBIRICBI T A EANBI R TR H 0, MR 72 FELF RN N U TR 1 BS 3 % il 1)
TEIETH )2 V=T VT ORE~OEEREEH->TE TS, —FT, 75 /T
DTN TR L VEHINCA R DB D TRIIRESE DO, 7+ v OkEhE
DFFIED, L0 &EREEFEERZ R Lz 227 MVElEAZ S &1, X0 Al o &
HREFERTILERDD.

2. WMEOBEM

AWFFETIE, LT O 3 >OFREICE Y (.
1) 7 7 v OEEIRHEOERE & 2RI U7 Bl ki

INFEFTOREDOLLL T T4/ &KL L TIRZ, 74/ VRIE0 [HGERSEME] (258
L72bDOTHLN, BTIREITHD 7+ / VIIARKETH D120, T2 Lg%
H4%5. 74/ &L LUTIRATBEEOSIENL, 74 b=y 7ML 07 7 v o —Tiin
SNTHREED, 74/ v OFENEOYEICET 2MANRE L TWDLORBIRTHD. £ 2T,
AT, R LG 7 4 v OWEWEZ 5N 2 Bilih - BB Tk 2 B os U C L
MR EMMEZ B ST 5 & &I, FRICH ESWTEEFLIW L o007/ #Ed&Eios L
T3/ =T ) IR AT 5.
(@) EEIMEEOBYZEMMEDEBL DT DD 7 4 ) o AT RV

HFEDOFEIZ L - T, BEROBEEZBYRER LW H—DfE TR, 74/ 0 DF— K
WIRTFE LT TBMBE AT fL] TEZOLND K)o TE 7. FED R EEIR D A~
ML ZEISIT 2 Z E N TENE, BEEROREERTFEOR 5 KiE7e £, K0 AIMIE D &
e A EA T 2 ENTE D, —RICHESM BRI OBVAE R T =R L, B W TR OREKALF
PEIRTA, SIS K > UXIEOEEERFEENLE E LWIBAENEZ W (B 21E, EERIMaE I
D 7= OIZBMRE RN L, EFEERIIPEBD 72 DICBMRE R NS W T B W e &) L ARIFSE
T, BB AT b VOKER B 2 8RS IEl 45 = & ¢, FiRFHLE CORERFMED
e R TE DI EaEIETH. £, FEMARAMREROERZ &I, RN —Hr
A— MV DT ) ZHERIBOBIRE R OFAN & fifT 21T 9. I HIZ, ZThH THLILALE D
LT, BMRE R NV RAREREERCHIE T A ENEM B A BR L, EOMREEFHIT 5.
Q) 7+ /2 FT7 v ZIZER LIZEFE L& Ozl

TN —FHCEBELRDIETRELON TV TBIXOBT o0 7V o FIZEY AT,
AEABICBWTIE, BREEEZIETTICAMRERZ T2 2 EREETHY, HiEED
IXINET, 74/ ORISR S, FBEORERESE 7+ CEHHBITRERLY B
INEL, BTFOFNLIVBRELTHZLT, 74/ UEVREZFEITIKET 5 Z LIS L
T&E7z. AWFETIE, SbIl, 74/ RI v Z7ICHG L TE— Ry VR EHBEKIEDL 7 +
S UDANRY MVERBNNITDHIET, TNOEAEDP LD LEREICHFES T 74/ V%
T AR ML e 2o P=T U O E R

3. WHEO Sk

WFFE R & R T B 72018, T OHIETHEET o7z, dbizekteie LT, b %ffize
MED 12> THEY U a2 (S) BLOEEOLAMETRY H-o7z. SildL4e7s BICHR RN
BETHY, BUEDSI 727 /ny—La v R"T 4 TARIEDNIREET DEEO T v 7
a2 EBELS MR BN,

(1) 74 /) > OWBRIRNEDBR & 20 % FI L 7= B s i

JRFTIR T/ EIC L5 T, RFTIR 7 4 ) L OMBERT Z LA TEIUE, FEREIIL
B, MBIOERBIMER AV I MA~DRBENES L%, 22T, 7% /) v ORI 72 3L15%)
BERBFET D702 (A) Si T/ 94—y v a a3 5%, BELY (B) Si f4F
PUZ AN =0 BF R DIAATE R (” 1) O250RICONT, HFEINFE, HK
W, BT/ BISE A E I LT, RIBORESED T 4 ) U EBEOMEE~DF
B S L7z

(2) EAIMERE OB D B DT DD T 4 ) A7 R VAl

F P, BAVBEROBERFIEOH S 2 AP S EICKIESES 2 24 —7 v L LT, S,



VA=A R, EAYEL REFIZEY,
F 7 SAERAIC & o TERMREROIEFE RN @ |

L

EWMENHMRE, BRI b ESRIR W R 1

KAE e RV < Ut e T VB OV TE sy ‘ d, “silicon B

EAYICRIf L7z, Lb__ Ge nanoparticles
WIZ, RiEDS 3nm~40nm O Si F / ik EhIA

HRRZOWT, IFEE—E ) 7Ly 2 X (b)
W T, BVRE SR O R A 2 E L7-. 1
F7-, WEHEEER LR T2 Y — Bk
ICE > CTRETDT /BB AFSIL, 08l
ENEFRNVY 2 VEEET VAN THZ LI
L oT, BREROEERENES KT
Bz, Si T RR, J IR, B RO 0.6
LR T ) R AR %Y A RoA CIEAET B
AMEERL, BEENR T + ) AT R LD 04
HIAENC & 0 MR =RAMEI S 7= BAEEM R 2 E :
L UPEREREAM L 7=, ~d=4.3nm
R 74/ RTIv KR LEEFMIEL D 0.2 02 +¢=2.2nm
B 57 A - Tainm
TH ) RTGy THREERIALTCE =y s o 0. Tz s
BRI LT 5 2 ERA L. Z20knic, T8 2 ey B0
BEART (L L (T4 )V KTy TARY FEAF O 7 B A E LT L
FL) DB D, foRas oy WSRO TIEBERT T
e A R ‘ T I KA D F DA (b) M
BAEEED S| SREMIRAER L, WEVEER S ommn
(50 K-300 K) TOEMRER LB —v 7 {55
ERE L. &5, RAYUBRIC, ESSETFAEZRAVARRD, B—_y 77~ 7
F )Ny I OEEEERLE.

a ()

4. WFZERE

(1) 7% /> OWEEIRHEOERfE & 232 FIFH U 7= Bl 26 18

T ) ORIFHIESEEOORRIIINZ T, 74/ COWEMEICER L, FECEITIC L -
TEMRER IR T DG 2R L. B2 %813 5121, FUT R ae—1L >
FCHD WM —EDOBRNRH D) MERSHDH. £ T, FRLLNANE T4+ /) 2 O EE
%R 5 BREm - BUEMAT k2 B%E L C, B#fEER EO 7+ 2 OB A ST
L7, BARRCIE, DFEhFREE A NTTH ) Ay — g ED FRITCEIE L= 7 % / o DMGHE
SNABOMEBEMEZHET LI ZLICLoT 7/ vDa—Lr bR ((ifEEME) Z3HE
L7z, #HEIZ T+ 2 - 74 7 VHEELOR I 7 4/ U BEL 7 E O FERER 22 BGELIE R © & T T
WV, T4 ORI A BB LSO IEDO R S A — VR RIE LTz,

£72, LEFEDOA)EB)DRIZHOWT, 7/ L OT - HIBHEIZOWTHENT L7-. (A)D Si
FIUAXY =T 7 aRIIIBWCE, Vvl alBIA20o00F UL Y—DF
— ROIRRIC L - T, W7 ¢/ RN A T, IR 2 BYsERN 0.2W/mK % FE[5 Z
ERInoTe. EBIT, BT ANBIECEY T ) SR ORNY < UE LI TITO 2
& T, WENZR R LR TR R ORI 2 A Ry N ORHME BT o7z, FORER, IREIY
R FLB O FE &R - 7 BEL O RN B E R RIF T G L TCWD 2 Enboo T
—75, (B)D S ICEAEE nm D7 )L~ =7 hF ) R F A DA ARSI LT T+ /) VB
WEHEEI TSR, CNETOF /EETIEHENRETH 72 1 7 7~V Y BEOER K
EETOBEET &+ ) OB ENFENCHET LI ENTELZERbhoTe, KLITRT X
2, B LY DR DNEWGAICEBWT, FFEOEKE CHBNEY, 74+ /) VEEEI3E
SERICEN T . Ak, RFMRRETHL Z b, BUNREELZLEL LN en
KERFETHD. BT, KrNES LEBORIZOWTHEEMIZH L N L.

IMZ T, [FARROPEMEZIEN LIz a 7 b Tl GO RERG 7 EbiTo 2. Z DR,
B E M 70 IR A B0 A, FEEMIM e BB E S S5O TR E{(L 21T 72

(2) BAIUEEDBMZEMMED EBLD =D D 7 4 ) 2 AT kU

T, Si XA YEY RET ) ZHEE LB OBMRE RO ERFAMEZ X 2 (8T, RR
WX o T, FHEBITENEEREEEO 7 + 2 URELS N, @SEREO 7 + 7 BB
IZRBHZET, BIOROEENKREIIRS. 20 LT, BYEE R N L OR)E Ik fEk %
HERAICHHIT 5 2 & T, BIRAHE CAVRE RO ERENEOSG B2 s x5 2 L AR L=,
WIZ, RPN EWIEEORME 7 + / o BELOFMR 2 HEZ, R 3nm O Si Z5G
EE IR DBMRE RS X OV ORERIFIEDOFH 217 > 72 F5 58, 50-300K DJAWEIFH CTT E/L 7 7 A
Si DBRER LY L EMITNSNWZ ERnbhotz (K3). 22T, F+7 U —rBikick -
TREDT + /) VIBBASLT MVEREL, Thia AN E Lzt /) SRR OBMRE R % 3 H
L7fER, BEREOR BMRER~OFENRRKE V) FET 5 7 OFEEH BITENERE O



(a) (b)

1 T T
G=100 MWm K" G=500 MWm K"
= = Dye=50 NM == D,,,=50 nm ]

200 T T T T

50
= = Duye=100 nm === D,,,=100 nm
= = Daye=250 nm = D;,,=250 nm

40 = = Dyyg=500 nm == Dyy,=500 nm |

30

K (wWm 'K
x (Wm K"

_______
-
-
______

_____________________
-

T(K)

TK)

7T SREEL LTZBROBMRERORERFNE. @2 ) 2>, BLUO0)F A YES

P L0 EL R, MR T 4+ VEEOMEHNER TETWD ZERHLMNI - T
FNFETOWRTHL NI LSO EEZ G LE T, Si 2l LZBREBAAE LUK
a A MABtO R GTIERERRER (ZT) Zm T 5L, SRR, 7/ Ky b, 7/, &8
FORIT I DT I EEERT LT SIEAMERE L. AZALT VA My FUTICLY
ER LR =T R Si 7/ VA Y —% 77 A~ BEREIC L - TEBEL LR HEMET  f#idl
THILT, MaT ) EEEREEN RS A= L TEVIALE. SO ENIIER K
WEAMBERZ R LN O Y, @MW T—T 7 7 Z—5#iRE L, 1ZIESIi OHEHWTMEE LT
IZIEFICEVVE TH 5 ZT=03@R{FZFHT 5 Z LT Lz

1 -
s *
g. /ﬁ’ x ¥ *§
> 7 x X *§ ------ S
: z K4 XAl
Si(001) substrate 10 nm 2 1l 4 |
(b) Pump beam ) T */,
. . B — % ‘
Utrathin : Eg:s ‘ g L ?
morphous 5 @ /§
502 s 77 4 a-Si0,
P Vi .
Si Nanodots - 4§ min : g(:]nmr;léc
/
i g © 3nmNC
Nanowindow ' ) SINC nm
Si substrate ate 0'10 60 80100 200 400
Temperature [K]

4 3 (@) V) art LiaEsbik. ORRHERY—E ) 7 L7 2 o 2ERHL OFMREROR
FEMRAFNE. ~— 0 — S SEBRAE R TR EHRLRE SR

Q) 7+ /2 FT7 v 7ICER LIZEFE L& Ozl

TA ) RTy TR O TIEAE R 2 P OICHf ST E < o b b h, —ikic, ¥
Y UT « 74 UMEEANRKE OMEHIBRER L KE W=, FERMICIE ZT 2K sE
HZEIZE BN NS VL RhH ol RBFFETIE, 7+ /) VAT RVHEIENZ Lo T,
ZOVVUwEMETAIEEEZ. OFY, Tx ) AT MVEEBTDHE, TH
RTG530 7470k, BMRERIZTFET D74 7 2 ClE, - BB - i3 2
b EEZLND. EERIEN 50 um O Si T R FRERE IR 2 /ERL L T, BVRERE L —
v TARE DR BRI 2 RIE Uiz, fERL L 7= Si /R FBERS R O BRER B L O — X w 7 1%
Hx, HiES Si OZFNEHA_ATRELIETFTLE (K 4). Ay~ r@mkicEk 3 BmeT v
FHEEZAWTENT LIZRSR, By 7R HOEEIX T + /> T v 78RO YA XELFE
X6 THDZ ENbhote. £, T/ NI IRICEET DT+ DY HH



—
Q

N

—
O

T T T T T T T T T T T T T T T T T T T T T

@ expenment @ experiment

- model - model

[EEN
o

Single crystal Single crystal

/ 50pm

A/Grain size: 50pum

O o0

o / 1
Grain size : 1pm

[EEN
o
N

Seebeck coefficient [uVK '] =~

Thermal conductivity [Wm 'K ']

A 2l
50 100 150 200 250 300 1050 100 150 200 250 300
Temperature [K] Temperature [K]

4 Y arF ) ZREROBYRE R OIRERANE. ~ — I — 23 FBRE R C, MG R

ITRIIBYREICEFE ST FNICHRTENWI ENbhoTz. 26 XY, BEEE nm OF 7 #F
HiEE 72 o @t ESEHYE BRITR) O 7 4/ v 2 @IRICHELT 55072 )/ g o
ANTHZLET, 74/ RT7 v TR EEN LN SBYRERZCRT 5 = L2k BVvEMRE
N ETE S AREE AR LTz,

5. E7pdEFKimE

et ) (G 19 1)

1. Dengke Ma, Anuj Arora, Shichen Deng, Junichiro Shiomi, Nuo Yang, Quantifying phonon particle
and wave transport in nanostructures--The unexpectedly strong particle effect in silicon
nanophononic metamaterial with cross junction, Materials Today Physics, 8, 56-61 (2019).
doi.org/10.1016/j.mtphys.2019.01.002

2. Takuma Hori, Junichiro Shiomi, Tuning phonon transport spectrum for better thermoelectric
materials, Science and Technology of Advanced Materials, 20, 10-25 (2018).
doi.org/10.1080/14686996.2018.1548884

3. Yuxuan Liao, Takuma Shiga, Makoto Kashiwagi, Junichiro Shiomi, Akhiezer mechanism limits
coherent heat conduction in phononic crystals, Physical Review B, 98, 134307 (2018).
doi.org/10.1103/PhysRevB.98.134307

4. Shenghong Ju, Takuma Shiga, Lei Feng, Junichiro Shiomi, “Revisiting PbTe to identify how
thermal conductivity is really limited”, Physical Review B, 97, 184305 (2018).
doi.org/10.1103/PhysRevB.97.184305

5. Makoto Kashiwagi, Yuta Sudo, Takuma Shiga, Junichiro Shiomi, Modelling heat conduction in
nanoporous silicon with geometry distributions, Physical Review Applied, 10, 044018 (2018).
doi.org/10.1103/PhysRevApplied.10.044018

6. Masaki Yamawaki, Masato Ohnishi, Shenghong Ju, Junichiro Shiomi, Multifunctional structural
design of graphene thermoelectrics by Bayesian optimization, Science Advances, 4, eaar4192 (2018).
(Open access)
doi.org/10.1126/sciadv.aar4192

7. Takafumi Oyake, Lei Feng, Takuma Shiga, Masayuki Isogawa, Yoshiaki Nakamura, Junichiro
Shiomi, Ultimate confinement of phonon propagation in silicon nano-crystalline structure, Physical
Review Letters, 120, 045901 (2018).
doi.org/10.1103/PhysRevLett.120.045901

8. Lei Feng, Takuma Shiga, Haoxue Han, Shenghong Ju, Yuriy A. Kosevich, Junichiro Shiomi,
Phonon-interference resonance effects by nanoparticles embedded in a matrix, Physical Review B,
96, 220301(R) (2017).
doi.org /10.1103/PhysRevB.96.220301

9. Anuj Arora, Takuma Hori, Takuma Shiga, Junichiro Shiomi, Thermal rectification in restructured
graphene with locally modulated temperature dependence of thermal conductivity, Physical Review
B, 96, 165419 (2017).
doi.org /10.1103/PhysRevB.96.165419

10. Takashi Kodama, Masato Ohnishi,Woosung Park, Takuma Shiga, Joonsuk Park, Takashi Shimada,
Hisanori Shinohara, Junichiro Shiomi, Kenneth E. Goodson, Modulation of thermal and
thermoelectric transport in individual carbon nanotubes by fullerene encapsulation, Nature
Materials, 16, 892-897 (2017).



https://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat4946.html

11. Asuka Miura, Takashi Kikkawa, Ryo Iguchi, Ken-ichi Uchida, Eiji Saitoh, Junichiro Shiomi,
Probing length-scale separation of thermal and spin currents by nanostructuring YIG, Physical
Review Materials, 1, 014601 (2017).
doi.org/10.1103/PhysRevMaterials.1.014601

12. Shenghong Ju, Takuma Shiga, Lei Feng, Zhufeng Hou, Koji Tsuda, Junichiro Shiomi, “Designing
nanostructures for phonon transport via Bayesian optimization”, Physical Review X, 7, 021024
(2017) [Open Access].
doi.org /10.1103/PhysRevX.7.021024

13. Dengke Ma, Hongru Ding, Han Meng, Lei Feng, Yue Wu, Junichiro Shiomi, and Nuo Yang,
“Nano-cross-junction effect on phonon transport in silicon nanowire cages”, Physical Review B, 94,
165434 (2016).
doi.org/10.1103/PhysRevB.94.165434

14. Takuma Shiga, Daisuke Aketo, Lei Feng, Junichiro Shiomi, “Harmonic phonon theory for
calculating thermal conductivity spectrum from first-principles dispersion relations”, Applied
Physics Letters, 108, 201903 (2016).
doi.org/10.1063/1.4950851

(Fa¥R] (G 16 14)

. Junichiro Shiomi, Designability of nanostructure interfaces of phonon and electron transport,
Interfaces in Energy Materials, AIP Publishing Horizons Conference (fAfFiiH) (EHEE%E)
2018.

2. Junichiro Shiomi, Controllability and designability in phonon engineering”, NANO KOREA (A1

i) (ERRTR)
3. Junichiro Shiomi, Designability of nanostructures for thermal transport, 9th US-Japan Joint Seminar
on Nanoscale Transport Phenomena (FAffikiE)  (ERSF2) | 2017 4
4. Junichiro Shiomi, Controllability and designability of nanoscale thermal transport, China-Japan
Heat Transfer Symposium 2018 (¥AffikiE) (EESFS) 2017 4F

1

(KE) G 14
WRIE—ER -, , 73 /02 P=T VT ~< A« F ) Rr—LOREAEGIE
i~] =X «F 44—+ A, 280 ~2—3(2018)

(& D]
R D=V
http://www.phonon.t.u-tokyo.ac.jp/

6. HWFIEAHEE

(1) WFge s i

e K4 - PN HfRE—

o —<FK4 : Kenichi UCHIDA
FTEIF e R4 - W - BEORMIF TR A

R4 B« AV ha =7 ARPEMIFFELAR
Wk - IN—T Y —H—

s E 5 (8 41) : 50633541

VAU arie<
FFeyHE K4 - EEmE

o —~ K4 : Takuma SHIGA
Fr@ i seakBa4 « BT
R4 - KRt Lo R se st
W4 3T

Fse &&= (847) : 10730088

KB & D0P5E1E, BIEEOBR L BEICBWTERT 2 b DT, ZO7D, BIEDOEMCHIER D RFTHFIC
SV, HOERFEFICES b O TR TOMEBRICHET 2 RMRLEMEE, FREHACRESET,



