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112 BBELTHEREE

BVEAWHST, BEENOBEEZRY HES5E—> 7 (Seebeck) Zh& . FBEND
REAZ RN T VT = (Peltier) ZWRITHTHND, ~NTF = RITEERDE 2 -
WHFETE L TRHHATE, avr 7Ly —72 EOBREAE §5 - /MUITH D Z LR
ICHBRGET A Z R NN EORERH Y | ERAMBRESCEFICES VA T —
REAFEMICHISH SN TS, L LA TIIA~AVF = R IR0 2 20bidtE—
Xy 7 R E W BB R EICOW TR S,

L1 B RE R R 2 U Tz BV S 532 -(Thermoelectric generator: TEG)DAE X
R, BIRDMMEAZ RO n AL p BOERMEI ARSI S 4L, ki & FEAZHEIZER
BLAR CEANTE Y, MR CHENT —XOENME T OIRN D g TV 2 — )L LI
EN D, FEEM BRI, BUSRT X 9 Rl E AT N5 2 V2356 MOERT O @il H>
SR> TEES v U THREOARNAE L, TOMBEEEDME & FTICRE
NHBET D, THITE—_y 7N RIC L DEGLET) Vi & PEEI, BEOKE S IIHERB D
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FZWFNCD B> TG, BURTFERERTF v 7NTY MU v 7 ZRICESIT 52 &
T, F v FOMEE S 6 OIRE AT ey 1 HEFN R RSN EH 2] BT L8 T& 5, =
ZT BER TR O 0ICE T I v 7 AMEE RN TRy =V SR TR RNy r—
TR DEMRPTIT L o TEVEMEHA 3 DI ZAT & EVERER T2 D IRE 2 AT pey
OICITRER D 5.,

BAEREBIIEARZFHNTENOEEERICET 52 LN TE, ATEIEAR2NI LD
BERER CIC X BMBI OB R EHEGTHDL L EZ DN, £EHFO/NULNES TH
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OMEREFREEIZ DWW TR B,

Fig. 1.1 Schematic picture of thermoelectric generator (TEG) composed of n- and p-type
semiconductor materials. The n- and p-type materials are connected by metal wires to form p-shape
connection so that the device can generate electricity from temperature difference ATpgy induced

between top and bottom ceramic packages.
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BB BB DIENRGIA[WEY A 7 VDI ) —5hR L BVEMEIOMIEIC K -
TREDMEROBEOILT, 12D XS IZRKRSND[10],
Thot = Tcola V1+7ZT -1
= Thot . VI+ZT + Teora/ Thot
ZZTH 2 HOMEINROXUTEB W T, ZT 1ZEVEZE O R ST REFE 2 (Figure of merit) &
FEEAL. Bt OB =~y 783 S, EREEFR o (Sm!), BURERe (WmIK) & EfRRE T
KWZ Lo TRAD LV ITEREND,

S0
=21 (1.3)

(1.2)

1.2 OFENRIL ZT OHFEMEAE TH 0 . BEMBIOMRER LI ZT om RIZiE S
. By 7R L ERUER P &<, BYRERORWM B MEN T BVEMEL L 72 5,

ZZTHTD Fo(Wm'K?)E/NT —7 7 7 # —(Power factor: PF) & FEEAL, #EIOE KT
PZaRTD, B—_Ny VIR EBRUBERITF v U TREICH L THK T 2 ERL, £
DIZOMEDETHH/NNT—T 7 7 Z—0DF ¥ U TREKRFHEZIE—272F5, v V7
BEEE 10" ~ 1020 em OYEERGURICB N TRAR L2 5[10], 7o, BYRER LI FIRENIC
X 5T 5 -Katice £ BT ¥ U TICLDH G Kkelee DF1E LTERSND,

K = Kiattice T Kelec (1.4)
= Z Trelec 1T 1.5 12779 Wiedemann-Franz IiZ X > TEREERcEFBRFITHNTED |
FREL L 13— L o e R, Ketee 23 KB & 72 D @ BIZ B WV TIIBMRE R & B nER
DIEZRTETHY, K16 DI HITKRIND,

Kelec
o

=LT (1.5)

L= %2(%‘3)2 =2.45x1078 (WS~1K™2) (1.6)
ZD XD, BEMEIOVERRIEE ZT T 2 B — Xy 7R BRI, BVRERIT
FHEIZBEHE L H > TE Y, M —2OYMEEZb S/ 5 2 & 03 L s, 2VEM IO
FIZBWTHRETH -T2,

F 7. VEREFREL ZT 13 DR FERAFIEICIE - €, BHEREE TICRFE L CEbT 5720,
FEIRAFT 5 1000 CLLEO SR E TIRWHEPHOISH 25 2 256, £ ZNOMREEIC
BWTH R RBEMEI ORI RO b, mOMERBRRE A~ T B LT, |IRMHE T
B A< AT )V V(BITe) &4 08 7 /L /V(PbTe), B A~ AT T 7 )L/V(BiSbTe) 72 & D H 4
PEERIZBW T ZT > 1 UL Eo@muwEiERe S ds S, 8Bk SnvTun a1, [12], 2
O OMEHIEFEENE L TV DR E | FEmNIC DROBEEZFSH, b7 v 7 Sh7i
FIZRDT Y P IR, TFEMEEDOF Y VT THDL7 4/ a2 8ELL. ~1 Wm'K
VR DRV EMRER 2R3 W BVEM B & L TR ToH 5H[13], [14].
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LrL, 20X D B PERA R %2 W - BVER EIZ B CIRENTH Y | £
EICB O TEWEREREZ FF oM EHZ W T h, LD X 2 23N H 0 K< BT DI
ITE STV,

@ bt AVA, TN, TUFELRENTRLAED T X MRE,
® T UTFEANEWMITIIHEERH D LD B L,
® DR FNEMAELINTWNDA, HAEEIMEVO[12], (~100 pWem™2)
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ATIRS WL TWAY Y arzHnsZ LT, koA M TC=a7 L R —RFE 1%
ERTE 5 B2 6N50, VU 2 EERML CIEBVMAEER R & <. (L7 i
pa > U 2 2 ~130 Wm'KY) PEBEFREL723~0.001 FRJE LRV Z L FRETH o7, LorL, B
FrEFOYERER] EOEEEIZINT 1995 AT Slack 5 23428 L 7= PGEC (Phonon glass, electron
crysta) bWV D) A BT RNOF, T4 ) U EETOBEAT— L OENERHA LT, 74/ v
DI RHNTHELT 2 T/ WSR2 O TR B O BB R O B 2 AR 2 3l A3 v
Ja fZBWTHREAIHIFES LTV D, 2008 4EIZ Y 7 4 /L =7 K50 Hochbaum 53
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FIH LT a Bt O BE AP REFR SR 7 B 2 BF2E 0 i AT T Il Tun 5 [16], [17].
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BERR Y P =7 BV TEHEOE oY —2ENT 572010, BRETOTRLF =05
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114 F/@E&ES) aVRETHRMH
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Fig. 2.1 (a) Macroscopic picture of heat flux along a temperature gradient d7/dx. (b) Microscopic
picture of heat flux, which is described by transport of phonon particles.
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Fig. 2.2 Phonon dispersion relation in bulk silicon from reference[32].
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Fig. 2.3 Schematic pictures of (a) normal scattering process and (b) Umklapp scattering process.
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Fig. 3.1 Optical microscope photos of bridge shape samples during VHF process.
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1. SOl wafer cleaning 2. Resist spin-coat 3. Lithography
and development

4. Metal deposition 5. Resist removal 6. Lithography
and metal lift-off and development
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7. Plasma etching of Si 8. Resist removal 9. SiO, etching
with HF
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Fig. 3.2 Fabrication process of sample for TDTR measurement.
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Fig. 3.3 (a) Photo and (b) schematic picture of whole optical system of TDTR measurement.
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Fig. 3.4 Finite element method simulation for thermal conductivity measurement.
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Fig. 4.1 SEM photos of samples for (a) TDTR measurement and (b) four probes measurement.
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Square lattice
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Fig. 4.2 (a-c) SEM photos of PnC nano structures with different lattice type.
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Fig. 4.3 Measured Seebeck coefficient and electrical conductivity for (a) p-type and (b) n-type poly-

Si membrane as a function of implantation dose. (c) Calculated power factor of TE material.
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Fig. 4.4 Measured (a) thermal conductivity and (b) carrier concentration of poly-Si membrane for

different implantation and anneal conditions.
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Fig. 4.5 Surface TEM photos of crystal grains in poly-Si samples.
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Fig. 4.6 Measured temperature variation in TDTR measurement for different PnC lattice types and

hole radius.
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Fig. 4.7 Summary of measured thermal decay time and thermal conductivity as a function of PnC

hole radius and porosity for different doping, anneal condition and PnC lattice types.
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Fig. 4.8 Summary of measured electrical resistance and electrical conductivity as a function of PnC

hole radius and porosity for different doping, anneal condition and PnC lattice types.
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Fig. 4.9 Measured thermoelectric figure of merit ZT for p-type and n-type poly-Si PnCs.
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(a) Etching holes
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Fig. 5.1 Schematic picture of a planar-type uni-leg TEG. (a) Two units of TEG with PnC
nanostructures. (b) Cross-section view of a unit of TEG. Si membrane is suspended with SiO»
supporting pillars so that more temperature difference is induced from the temperature difference

in vertical direction. Each unit is connected by Au wires and Ti interfacial layers.

Table 5.1 Structural dimensions of TEG

Lo 6 or 9 um
Wenc 12 pm
Lot _sige 12 pm
L corq_side 4.5 pm
Wyire 300 nm
Ayi 2.35 um
Oetching ~1.5 um
PnC period 300 nm
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Cross-section view Top view Trimetric projection

1. Growth of polycrystalline SOI and n-type doping

= -

2. Deposition of Au/Ti wires with EB lithography and evaporation

wire width 300 nm
— -

ca 50 um ¥ 17T
3. Etching of Si with EB lithography and plasma RIE

P — -\
PnC nanostructures

period = 300 nm, hole radius = 130 nm PnC length =6 or 9 um

4. Etching of SiO, with vapor HF acid

Isotropic etching through holes and slits

J - suspended structuré

Fig. 5.2 Fabrication process for the planar-type uni-leg TEG. For each step, the left picture shows

cross-section view of a unit device, the middle one shows top view, and right one shows trimetric
projection of two units. Fabrication steps can be divided into four steps including two e-beam

lithography steps.
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Fig. 5.3 Optical microscope photos of fabricated device. (a) Each device is composed of 40 units of
device in 170 mm X 200 mm area and connected 4 pairs of electrodes. (b) In close view of device,

each unit is connected in different direction from next column alternately.

Hole radius = 74 nm
Period = 300 nm

(c)

Fig. 5.4 SEM photos of fabricated device. (a) Tilted view of suspended devices and (b) closed view

of nanostructured membrane with length of 6 um and width of 12 um. (c) Top view of fabricated
300-nm-period PnC nanostructures with different hole radius. Neck size of PnC nanostructure is

defined as the distance between holes.
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Thot = 285 ~ 335 K

Fig. 5.5 (a) A photo of four probes measurement of TEG resistance. The total resistances of 10, 20,
and 40 units of TEG are measured with different pairs of electrodes. (b) Schematic picture of the
measurement configuration for thermoelectric voltage. The TEG is put on the heating stage and

temperature difference DTDEV is applied by changing Thot.
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Fig. 5.6 (a) Schematic picture of electrical connection in TEG and (b) equivalent circuit for a unit
device. The electrical resistance of TEG is composed of the resistance of PnC membranes, the

resistance of Au wires, and the contact resistance between Si and Au interfaces.
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Fig. 5.7 Measured resistance of TEG with different number of units connected in series. Red spheres

are for the resistance of TEG with PnC nanostructure and black spheres are for the device without
PnCs.
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Fig. 5.8 Measured electrical resistance of unit device as a function of (a) PnC membrane length and
(b) PnC hole radius. In figure (a), extrapolations of length dependence to the y-axis give the

estimation of contact resistance between Au and Si.

532 REEHDORIE

BTN ORET, BB EZEWIRHA T — U OWRE Z 2 2 TR O E ST IR E 2
ATpey % -10~+H40 K OFPATH 2, Y —AA TV ¥y —2= /%%ﬁwfﬂ%ﬁﬁ@%mﬁ
ELTHIEEIT -T2, X 5.9 @QUICATpey (KT DBMELEO 7' v v b &R d, EEIRREZE
B, ay MEOHEEICERT D &, VU a @i o) G bic k> TEED 4
EREHEML TS Z ERNDND, ZHUTHE L 5 ONTREZEATpe I LT, #E T
N OURFEZEAT e 3T/ BB (LE FICB W TIEIm L CW b B2 bnb, WESHE-E
£ Voc 1%

Voc = Vrg X Nseries = Sp X ATrg X Nyeries (5.3)
LRINDTED, v aBEOL—y JIRH S, L FEFOESIHED D, mHNICAET T
HIREEAT ZHEETHZENTE S, T TERMAERFICBW T, EFICHMS
NIREZEE . FEWNICE CDIREZD AT/ ATpey WEETH YD . AEIOFR T80
T, T/ HEE LR TICBNT022%, T /7 HEERRNE D T0.06 % Tholz, ZDHE
ERELTHZEBLHEDO—DOTH D,

42



—_
QO
~—
—_
O
~—

500 +———

T T T T T T T T T T T T T T T T T T T T T T T y T
O PnC device, 20 units «QG‘,"_ 18- o PnC device, 20 units t] 7
— 400 L B PnC device, 40 units A\>' ' ] —~14 [ W PnCdevice, 40 units
> O wlo PnC, 20 units 3 & [ O w/oPnC, 20 units . ]
= [ ® wioPnC,40units Q,c.” P g 12 ® woPnC,40units ! m |
® 300} ; - = |
IS i : b ] S 10t o -
P : - 2.0
5 5 - o AT g o - ]
o I u N AT oEY (] L J i
£ 100} w0 22V ] ° 6r
c A mOge-% o o 4L o ]
o ok P o 8 © i % o™
o | Eﬁ o o 2k ™ O -7 4
P R PnC length = 9 pm - . n Qf"ﬁ"’. 1
-100 C 1 ”, I IHOIeI radll;ls= 133 nlrn_ 0 i I“"'I"_’-.helie 1 1 1 1 ]
20 -10 0 10 20 30 40 50 20 -10 0 10 20 30 40 50
ATDEV (K) ATDEV (K)

Fig. 5.9 Measured (a) open-circuit voltage and (b) power density of TEGs as a function of AT pgy.
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Fig. 5.10 Schematic picture and equivalent thermal circuit model for planar-type TEG between hot

side and cold side heat sink.

Table 5.2 Parameters used in thermal resistance circuit model.

Thermal conductivity | Length | Cross section | Porosity | Thermal resistance
K (WmTK™) L (um) A (pm?) ¢ 0 (KW™) = LI(xA(1-¢))
SiPnC, r= 133 nm 10 9 3.6 0.475 477 %105
SiPnC,r=92nm 14 9 3.6 0.227 2.31x10°
SiPnC,r=74nm 16 9 3.6 0.147 1.83x10°
Siw/o PnC 26 9 3.6 - 0.96 x 10°
SiO2 pillar 1.38 25 81 - 22400
Si substrate 130 525 425 - 9500

Heat transfer coefficient Effective area Thermal resistance

h (Wm=2K-1) A (um?) 6 (KW-) = 1/(hA)
Air convection ~5 for natural convection 425 4.71x108
Emissivity Effective area Thermal resistance

gfor A~10 um A (um?) 6 (KW) = ATpeyl 08A(Thor*- Teord)
Radiation from Si 0.55 56.7 524 x10°
Radiation from Au 0.03 27 2.02x 10"

0=5.67 X 10 Wm2K*
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Fig. 5.11 (left axis) Measured temperature difference ratio between one in the device and one
applied outside of the device plotted as a function of hole radius. (right axis) calculated thermal

resistance ratio between the resistance of Si membrane and the resistance of air convection.
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Fig. 6.1 (a) Conceptual picture of the cap bonding on the planar-type TEG with resist spacer to
improve temperature difference induced in the device membrane. (b) Cross-section of the device

after cap wafer is attached showing central thick resist help heat with dissipate into cold cap.
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T4 c —9 7.
SiO, : AL HS:'Ioz gAiri leak
I
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N
Thot T

Fig. 6.2 Equivalent thermal circuit model for planar-type TEG with cap structure.

Table 6.1 Parameters used in thermal resistance circuit model.

Thermal conductivity | Length | Cross section Thermal resistance
K (Wm KT L (pm) A (um?) 8 (KW= LI(xA)
Simembrane with PnC 11 12 8.1* 138000
Simembranew/o PnC 26 12 1.7 39500
Sio2 pillar 1.38 25 406 4500
SU8 spacer (cold side) 0.38 3 438 18000
SU8 spacer (hot side) 0.38 3 32 246700
Air leak 0.03 25 438 190300
Si substrate and cap 130 525 2941 1400
Total with PnC - 1056 2941 68000

*considering the reduction of volume by PnCs
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Unit device Whole chip

1. SOI growth and n-type doping
2. Si RIE for PnCs and etching holes

with EB lithography o
les: period 300 nm _pol .Si 30
oles:

pnCh

3. Wire deposition with laser lithography
Al 300 nm / TiN 30 nm / Ti 10 nm
4. Si RIE for isolation with laser lithography

5. Expose SU8 spacer with laser lithography
6. SiO, etching with vapor HF

~3 pm

gu8 spacer

7. Capping with Si wafer

\\~ .

Cap i wafer 5254

Fig. 6.3 Fabrication process for the planar-type TEG with cap structure. Left column shows the
picture of unit devices while right pictures show the global view of whole chip. The number of EB

lithography used in the process is reduced to only once.
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3 parallel X 24 series

Fig. 6.4 (a) A photo of 14-mm-square chip composed of (1) TEGs, (2) test structures for resistance
measurement, (3) Van Der Pauw sample for Hall measurement, and (4) SUS8 spacers. (b) A

microscope image of one of the TEG, in which 72 units are integrated.
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Closed photo of honeycomb lattice PnC. (d) A photo taken from tilted angle shows hot side of the

Fig. 6.5 SEM photos of fabricated TEGs (a) with PnC nanostructures and (b) without Pn

bridge structure in unit device.
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Fig. 6.6 (a, b) Microscope images of test structure for resistance measurement. (c) Schematic picture
of the test structure in cross section, where red allows show the flow of electric current

corresponding with each factor of resistance.
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Fig. 6.7 Measurement results for the test structures. (a) Resistances of unit device with different
length of wire give the electrical conductivity of Al wire. (b) Resistance of unit device as a function
of length of Si part with different width of Si part. The slope and y-intercept of linear fitting give
the conductivity of Si and contact resistance between Si and Al respectively. (c) Y-intercept and

slope of plots in Figure (b) as a function of the inverse of Si width. (d) Measured conductivities
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Fig. 6.8 Measurement of device total resistance with different number of series connections. (a)
Microscope images of measured device with 4 and 12 series connections. (b) Measured resistance
as a function of number of series connections. The small y-intercept of linear fitting for the plot
shows small enough resistance from interconnect wires. The open circles with right axis show the
resistance of same sample as filled circle after VHF process, and indicate the increase of resistance

by the VHF treatment of samples.
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Fig. 6.9 Measured resistances of unit device with different width of Si part as functions of (a) inverse
of width and (b) width. (c) A microscope image of unit device with definitions of dimensions and

resistances. (d) Estimated power assuming 0.1 K ATz in the bridge.
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Fig. 6.10 (a) Measured device resistance before and after VHF process as a function of length of
PnC Si membrane. (b) Measured open-circuit voltage as a function of applied AT pgy for the set of
samples with different PnC length. (¢) Thermopower of device extracted from slope of open-circuit

voltage. (d) Measured power density depending on the PnC length shows a peak in the length.
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Fig. 6.11 (a-c) Photos of TEG measured in different conditions. (d) Measured open-circuit voltage
as a function of the temperature of hot-plate which heats up the bottom substrate of TEGs.
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Fig. 6.12 Five intermittent measurements of TE voltage as a function of time while varying or

keeping set temperature for the hot-plate. In each panel voltage is measured for 110 seconds.
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Fig. 6.13 (a) A photo of measurement setup for TEGs with cap structure and (b) schematic picture
of setup. (c) Measured voltages of TEG with cap structure as a function of hot-plate temperature
with different wind speed conditions. (d) Temperature of Al fin attached on cap structure measured

with Pt thermometer as a function of hot-plate temperature.
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Fig. 6.16 (a) Schematic picture of device cross section while temperature difference is applied
between bottom of substrate and top of cap. (b) An equivalent thermal resistance model for the

device. Temperature difference in the bridge is defined with 7; and 7.

Table 6.2 Thermal resistance used in the model

Thermal conductivity | Length | Cross section Thermal resistance
K (WmTK?) L (um) A (um?) 6 (KW1) = LI(kA)
Si membrane with PnC 1 12 7.9 138200
SiO, pillar 1.38 25 406 4500
Air (cold side) 0.03 30 546 1832000
Air (hot side) 0.03 30 936 1068000
Air (leak under T>) 0.03 25 546 153000
Si substrate and cap 130 525 2941 1400
Total - 1083 2941 687000
R | Rl
tC):ambined resistance air teak (Opnc + Osi02) + 0., 25000
etween T, and Ty Oir teak + Opnc + Osi02
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Fig. 6.19 (a, b) SEM photos of fabricated PnC nanostructures taken (a) before VHF process and (b)

after VHF. (c) Measurement results of hole radius for three different samples.
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Fig. 6.20 Measured resistance of (a) device and (b) a unit as a function of PnC hole radius. Black

broken line shows porosity of PnC depending on the hole radius.
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Fig. 6.21 (a) Measured thermoelectric voltage as a function of temperature difference ATpgy in
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Fig. 6.23 Schematic picture of the sensor system composed of TEG power supply and IC board for
power management and wireless communication. All power consumption in sensing, data storage,

and sending data are covered by output of TEG.
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Table 6.3 Comparison of TEGs fabricated for harvester application reported in this decade.

. Thermal AT
TE material (Wm’t‘ K1) cfg;) < Module Process -L:Ez(: dF;'\:/iZL conductance 7!
at type type 2 ) per area AT pev
at 300 K (cm?) (LWem2K2) (Wm2K) %)
Tokyo | gipng
2020 _ 11| 0.022(n) | planar | Lithography 0.14 56x102 500 46
(this work) | 51 =300 nm
Singapore | o\ o 0.006 (n)
- i 5
[225013(;] s, = 700 nm 31 0.011 (p) planar | Lithography 0.6 7.5x10 14000 3.8
Lille olv-Si
2017 poly- 31 0.004 | planar | Lithography | 0.342 4.6%x105 660 6.1
[66.67] ts; =900 nm
Barcelona ) 6.5x103
2019 gf"\‘l‘\’/'ve of (bun d|2e5) planar kl'\‘,’\‘/"gr;avs:‘hy 0.02 (14%10% - 28
[26,64,69] 9 w/o heatsink)
California | Vertical .
2012 Si NW array 15 vertical kl'\t,'\‘fgrfvsthhy N 120155 1300 2000000
[70] By =750 nm g
Freiburg .
BiTe 0.9 (n) ) .
2007 vertical | Lithograph 0.25 113 16700
(2] | Pes=20um 12 (p) grapny
Hangzhou . 59x103
2018 E'Te_ 5 mm 1.1 ?‘? E”; vertical | Bulk 12 (natural 500
[73] leg AP convection)
Tsukuba .
FeAlSi 6(n) | 0.020(n) .
Z[gi]() Plog = 4 MM 55(p) | 0.030 (p) vertical | Bulk 7 04 1500

75




68 AREDELY

T REE R ER U P = L I BVERER IZOWNT,

BT H T X EREE R @I OT AV IBRRICE > T n BEHER T Y 32 & D
DarZ 7 MEHLZ 100 Qum? BLF IR L. FEFOWNEEHTA 50~75 %IR8 L 72,

7 B K DAL O v F 2 ZHICESIRFIO MBI S h, RER A L, fiF
RTLHMERD D,

FFOFFHTOW T, Bl & BVEMBHE S OIRPLO NS | BERIENRE S D Z &
% R K OEATHIIC I BNz Lz,

FTORFHIOWT, BEE O & BKIRFLOMD N L— RA 706 MERS
DE IOV THRIELTE 5 2 & ZEZ BRI LM L,
varvaanizfnick vy THIEEZEAT S LT, B FNEIOREZE K OB
AN 20 fiFLA kAl B LT,

HEBRE L L CHAIMBIREEZE 15°C b BETH D 1 uWem? & % L 7=,

ML LT, ¥y vy IHELRFOMICX Yy v IR H D 2 LB ST,

Bl =y F2 2400 EF LR T 2ERL, BRIV E2R-T-EERERLZHNTE
LT xR,

76



ETE R
71 BEODELY

Bl ETIE, N UA e RicB 2 ACREARREY Y —3y MU — ViR
DFTFEDOHINAENENE LW 2 W BRER BT ~OWR R E £ > TV D Z L 2R~
BERBRTOREL L THME A FRENWI ERREBEENDRNWZ EEHLC LT,
AAFGED BAEIZ DWW TR U a2 e LSRR T L Ak 7 1 & 2 TIEREATHE
REVERBERTEBREL, VY a BT G AR D 2 L CEVELHIERE A ) L
L, FBFOREELKIBIZH T2 2B LIMETHLZ L E2RLT,

H2ETIE, T A=W BIT BEET OBYREIC SN T, Z ORFEA 2RI 2 R
L. BVEEBIEEED M BIcHE BT/ #EIc >V T, REMNRITIIEEZ £ L DT,

FIETIE, v~ A 71 F ) 27—V OPERFFERICHVWe DY) Y 7T 7 4 =X
DY TINTERAERKH~A 7 0~ = THEIFIZOW TR, RGO B 5 == E
WCHWONLD I —F Y 7 Lo X Rk EEEFRER T OFMFIEIC OV TR,

FABETIE, T /EERER L7z a @l I OW T, A7 =— V& & T sk
TR Z CEVEAEBEREIR S ORI 21T\ PR 2 e K b T 2 il 2 SR 2 B S nic L
Tmo TS AERIS % 2 & T, BHIEEUEHI T 2 (L Lo PEREFEBE) Ak LT,

%05 O, FUMEAER L) a U EEA RO CORRR L = L S EVERER &
ERLL . WERESIP L BV B ORIl 21T\, T/ #EE I X - T 10 FREE o R E RN L
AR LTc, — T E LT, BTWEICAE L DIEEZDN/ NI NI EBDNY | T DEL
R ETRTHMNERHD Z L MR LT,

%6 B TIX, ATE T OIS LA R T2 K E LT, BT v v 7HEE AT
HFEFTEHFL, YIalb—rar EERIZK > TEOEDMEERGE L IZFERIZ OV TR
Nz, B EHICTV a7 I — o EREERBHIOWTIE RO
iAATVN, FFPERICAE U DR 20 5L BN L T\ Z L 28U L, BRI
T L ADET 580 FLL EOFRBEBRERIMA R LT, F/o, BEEAHEC LEToOERICH
O #Z~, 2400 =y FOERIC K 5 BELEH LT,

77



72 AHROFLH

R ~OIS RIS, T/ R AW 2T U 2 RO BEM R 2 B
LT, T/ G R U 7o R O BB RIZ O W CEHIC R 35 2 & T A%
72T RERLE ., KOSHEZB LT L,

F o REERERIL- V) oLy MR WV L S BEREE A ER L, F S
IZED 1050 ERA EE2EELE, VY7977 0 2AVWT by A TERIEH
LT F ) =y KGR S E RO EREEON LIZHR T TS 5,

EERE R BRIV TIINEIRIIC S 5 a0 2 7 MEFIOEIE 2 KT 5 =
EVREETHY, TV EEATH o EHWZEBRIZEBWN T, EHEIUSED 5EE RN
20 %L FIZ72 5 & TRk & Ak L7,

W F OBVEMERR IOV TIRPR S 2 KT 2 A =X L ZH 5T L,
2= N7 E R A 5T,

PHAAERBR B CEEFENCECREENEETHY, YV aryx
NEHWZ B v o TS E VD Z & T, 20 5L EoBGEE I EEER L, T
A a3 o FF OB E U TR m AR EL R LT,
20CLA N DIRFEZED D | pWem? L EOFREEN S LI, = F Y — —_Z MNEHICE
J 5 o —BRENC LB e PERB IS K & BV,

73 SEROERE

vy THEEICOWT, BTV TANIEE L TWRWNWZ LRI TE Y | BUK
P ET VOMPTIC LD L, Frv vy THELZEAET D2 L TRAENICAEL DIRE
ZEWIMTE LB 6NLT2D, EEICEDF ¥ v THEOIFERZ1T ),
BVEMEHR S OBAUCHONW T, T AFOER L EERETE IRMAH Y, T
T AFECHEOR S 22 Bl TIRF 1T 5,

AAFIENI1T DM HE 1L, OMEHZ B EHFRETH Y , ) a i~ =v Ls
SIEHRM O E ZT % RO B2 - 7o T+ O ERIZ1T 9,

TS T == MEANZANT T, AERREOMRE E G hE TR FORFFEITO 2
EVNEETHY, BNERTIZE T AERIBEORREEIT O,

TF V= =2 MERIZEBNT, BER ORI T 2 DB = 2 &
ANEETHY | BVERTORGE B DT HEREE DRI BT I,

78



(1]

(2]

(3]

[4]

(5]

[6]

[7]

(8]

[0l

[10]

[11]

[12]

[13]

SEXBY R

S. V Garimella, L. Yeh, and T. Persoons, “Thermal Management Challenges in
Telecommunication Systems and Data Centers,” IEEE Trans. Components, Packag. Manuf.
Technol., vol. 2, no. 8, pp. 1307-1316, Aug. 2012, doi: 10.1109/TCPMT.2012.2185797.

S. V. Garimella, T. Persoons, J. A. Weibel, and V. Gektin, “Electronics Thermal Management in
Information and Communications Technologies: Challenges and Future Directions,” IEEE Trans.
Components, Packag. Manuf. Technol., vol. 7, no. 8, pp. 1191-1205, Aug. 2017, doi:
10.1109/TCPMT.2016.2603600.

A. L. Moore and L. Shi, “Emerging challenges and materials for thermal management of
electronics,” Mater. Today, vol. 17, no. 4, pp. 163-174, 2014, doi: 10.1016/j.mattod.2014.04.003.
D. G. Cahill et al., “Nanoscale thermal transport,” J. Appl. Phys., vol. 93, no. 2, pp. 793-818, Jan.
2003, doi: 10.1063/1.1524305.

D. G. Cahill et al., “Nanoscale thermal transport. 11. 2003—2012,” Appl. Phys. Rev., vol. 1, no. 1,
p. 011305, Mar. 2014, doi: 10.1063/1.4832615.

T. Luo and G. Chen, “Nanoscale heat transfer — from computation to experiment,” Phys. Chem.
Chem. Phys., vol. 15, no. 10, p. 3389, 2013, doi: 10.1039/c2cp43771f.

C. J. Vineis, A. Shakouri, A. Majumdar, and M. G. Kanatzidis, “Nanostructured Thermoelectrics:
Big Efficiency Gains from Small Features,” Adv. Mater., vol. 22, no. 36, pp. 3970-3980, Sep.
2010, doi: 10.1002/adma.201000839.

Z.Tian, S. Lee, and G. Chen, “Heat Transfer in Thermoelectric Materials and Devices,” J. Heat
Transfer, vol. 135, no. 6, p. 061605, Jun. 2013, doi: 10.1115/1.4023585.

J. P. Heremans, M. S. Dresselhaus, L. E. Bell, and D. T. Morelli, “When thermoelectrics reached
the nanoscale,” Nat. Nanotechnol., vol. 8, no. July, pp. 471-473, 2013, doi:
10.1038/nnano.2013.129.

F. D. Rosi, “Thermoelectricity and thermoelectric power generation,” Solid. State. Electron., vol.
11, no. 9, pp. 833-868, Sep. 1968, doi: 10.1016/0038-1101(68)90104-4.

H. Kaibe et al., “Development of thermoelectric generating stacked modules aiming for 15% of
conversion efficiency,” in ICT 2005. 24th International Conference on Thermoelectrics, 2005.,
2005, pp. 242247, doi: 10.1109/ICT.2005.1519929.

H. Bottner, J. Nurnus, A. Schubert, and F. Volkert, “New high density micro structured
thermogenerators for stand alone sensor systems,” in 2007 26th International Conference on
Thermoelectrics, Jun. 2007, pp. 306-309, doi: 10.1109/1CT.2007.4569484.

G. J. Snyder and E. S. Toberer, “Complex thermoelectric materials,” Nat. Mater., vol. 7, no. 2,

pp. 105-114, Feb. 2008, doi: 10.1038/nmat2090.

79



[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

K. Biswas et al., “High-performance bulk thermoelectrics with all-scale hierarchical
architectures,” Nature, vol. 489, no. 7416, pp. 414-418, 2012, doi: 10.1038/nature11439.

D. M. Rowe, “Applications of nuclear-powered thermoelectric generators in space,” Appl.
Energy, vol. 40, no. 4, pp. 241-271, Jan. 1991, doi: 10.1016/0306-2619(91)90020-X.

A. I. Hochbaum et al., “Enhanced thermoelectric performance of rough silicon nanowires,”
Nature, vol. 451, no. 7175, pp. 163-167, Jan. 2008, doi: 10.1038/nature06381.

G. Gadea, M. Pacios, A. Morata, and A. Tarancon, “Silicon-based nanostructures for integrated
thermoelectric generators,” J. Phys. D. Appl. Phys., vol. 51, no. 42, 2018, doi: 10.1088/1361-
6463/aad683.

H. Akinaga, H. Fujita, M. Mizuguchi, and T. Mori, “Focus on advanced materials for energy
harvesting: prospects and approaches of energy harvesting technologies,” Sci. Technol. Adv.
Mater., vol. 19, no. 1, pp. 543-544, Dec. 2018, doi: 10.1080/14686996.2018.1491165.

M. Haras and T. Skotnicki, “Thermoelectricity for 10T — A review,” Nano Energy, vol. 54, no.
October, pp. 461-476, Dec. 2018, doi: 10.1016/j.nanoen.2018.10.013.

A. |. Boukai, Y. Bunimovich, J. Tahir-Kheli, J.-K. Yu, W. A. Goddard I1l, and J. R. Heath,
“Silicon nanowires as efficient thermoelectric materials,” Nature, vol. 451, no. 7175, pp. 168—
171, Jan. 2008, doi: 10.1038/nature06458.

G. Joshi et al., “Enhanced Thermoelectric Figure-of-Merit in Nanostructured p-type Silicon
Germanium Bulk Alloys,” Nano Lett., vol. 8, no. 12, pp. 4670-4674, Dec. 2008, doi:
10.1021/n18026795.

X. W. Wang et al., “Enhanced thermoelectric figure of merit in nanostructured n-type silicon
germanium bulk alloy,” Appl. Phys. Lett., vol. 93, no. 19, p. 193121, Nov. 2008, doi:
10.1063/1.3027060.

J. Tang et al., “Holey Silicon as an Efficient Thermoelectric Material,” Nano Lett., vol. 10, no.
10, pp. 4279-4283, Oct. 2010, doi: 10.1021/n1102931z.

E. K. Lee et al., “Large thermoelectric figure-of-merits from SiGe nanowires by simultaneously
measuring electrical and thermal transport properties,” Nano Lett., vol. 12, no. 6, pp. 2918-2923,
2012, doi: 10.1021/n1300587u.

J. Xie, C. Lee, M.-F. Wang, Y. Liu, and H. Feng, “Characterization of heavily doped polysilicon
films for CMOS-MEMS thermoelectric power generators,” J. Micromechanics Microengineering,
vol. 19, no. 12, p. 125029, Dec. 2009, doi: 10.1088/0960-1317/19/12/125029.

D. Davila et al., “Monolithically integrated thermoelectric energy harvester based on silicon
nanowire arrays for powering micro/nanodevices,” Nano Energy, vol. 1, no. 6, pp. 812-819,
2012, doi: 10.1016/j.nanoen.2012.06.006.

G. Gadea Diez et al., “Enhanced thermoelectric figure of merit of individual Si nanowires with

ultralow contact resistances,” Nano Energy, vol. 67, no. July 2019, 2020, doi:

80



[28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

10.1016/j.nanoen.2019.104191.

M. Nomura, Y. Kage, D. Mdller, D. Moser, and O. Paul, “Electrical and thermal properties of
polycrystalline Si thin films with phononic crystal nanopatterning for thermoelectric
applications,” Appl. Phys. Lett., vol. 106, no. 22, p. 223106, 2015, doi: 10.1063/1.4922198.

J. Yan, X. Liao, D. Yan, and Y. Chen, “Review of Micro Thermoelectric Generator,” J.
Microelectromechanical Syst., vol. 27, no. 1, pp. 1-18, Feb. 2018, doi:
10.1109/JMEMS.2017.2782748.

K. Xie and M. C. Gupta, “High-temperature thermoelectric energy conversion devices using Si-
Ge thick films prepared by laser sintering of nano/micro particles,” IEEE Trans. Electron
Devices, vol. 67, no. 5, pp. 2113-2119, 2020, doi: 10.1109/TED.2020.2977832.

J. Xie, C. Lee, and H. Feng, “Design, Fabrication, and Characterization of CMOS MEMS-Based
Thermoelectric Power Generators,” J. Microelectromechanical Syst., vol. 19, no. 2, pp. 317-324,
Apr. 2010, doi: 10.1109/JMEMS.2010.2041035.

C. de Tomas, A. Cantarero, a. F. Lopeandia, and F. X. Alvarez, “Thermal conductivity of
group-1V semiconductors from a kinetic-collective model,” Proc. R. Soc. A Math. Phys. Eng. Sci.,
vol. 470, no. 2169, p. 20140371, Sep. 2014, doi: 10.1098/rspa.2014.0371.

J. Callaway, “Model for Lattice Thermal Conductivity at Low Temperatures,” Phys. Rev., vol.
113, no. 4, pp. 1046-1051, Feb. 1959, doi: 10.1103/PhysRev.113.1046.

M. G. Holland, “Analysis of Lattice Thermal Conductivity,” Phys. Rev., vol. 132, no. 6, pp.
2461-2471, Dec. 1963, doi: 10.1103/PhysRev.132.2461.

C. Gang, Nanoscale Energy Transport and Conversion. OXFORD, 2005.

C. J. Glassbrenner and G. a. Slack, “Thermal Conductivity of Silicon and Germanium from 3°K
to the Melting Point,” Phys. Rev., vol. 134, no. 4A, pp. A1058-A1069, May 1964, doi:
10.1103/PhysRev.134.A1058.

S.VOLZ, J. SHIOMI, M. NOMURA, and K. MI'YAZAKI, “Heat conduction in nanostructured
materials,” J. Therm. Sci. Technol., vol. 11, no. 1, pp. JTST0001-JTST0001, 2016, doi:
10.1299/jtst.2016jtst0001.

M. Asheghi, Y. K. Leung, S. S. Wong, and K. E. Goodson, “Phonon-boundary scattering in thin
silicon layers,” Appl. Phys. Lett., vol. 71, no. 13, pp. 1798-1800, 1997, doi: 10.1063/1.119402.
Y. S.Juand K. E. Goodson, “Phonon scattering in silicon films with thickness of order 100 nm,”
Appl. Phys. Lett., vol. 74, no. 20, pp. 3005-3007, May 1999, doi: 10.1063/1.123994.

D. Li, Y. Wu, P. Kim, L. Shi, P. Yang, and A. Majumdar, “Thermal conductivity of individual
silicon nanowires,” Appl. Phys. Lett., vol. 83, no. 14, pp. 2934-2936, Oct. 2003, doi:
10.1063/1.1616981.

P. Martin, Z. Aksamija, E. Pop, and U. Ravaioli, “Impact of phonon-surface roughness scattering

on thermal conductivity of thin Si nanowires,” Phys. Rev. Lett., vol. 102, no. 12, pp. 1-4, 2009,

81



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

doi: 10.1103/PhysRevLett.102.125503.

J. P. Feser et al., “Thermal conductivity of silicon nanowire arrays with controlled roughness,” J.
Appl. Phys., vol. 112, no. 11, 2012, doi: 10.1063/1.4767456.

J. Lim, K. Hippalgaonkar, S. C. Andrews, A. Majumdar, and P. Yang, “Quantifying Surface
Roughness Effects on Phonon Transport in Silicon Nanowires,” Nano Lett., vol. 12, no. 5, pp.
2475-2482, May 2012, doi: 10.1021/nI3005868.

A. D. McConnell, S. Uma, and K. E. Goodson, “Thermal conductivity of doped polysilicon
layers,” J. Microelectromechanical Syst., vol. 10, no. 3, pp. 360-369, 2001, doi:
10.1109/84.946782.

Z. Wang, J. E. Alaniz, W. Jang, J. E. Garay, and C. Dames, “Thermal Conductivity of
Nanocrystalline Silicon: Importance of Grain Size and Frequency-Dependent Mean Free Paths,”
Nano Lett., vol. 11, no. 6, pp. 2206-2213, Jun. 2011, doi: 10.1021/nl11045395.

T. Oyake, L. Feng, T. Shiga, M. Isogawa, Y. Nakamura, and J. Shiomi, “Ultimate Confinement of
Phonon Propagation in Silicon Nanocrystalline Structure,” Phys. Rev. Lett., vol. 120, no. 4, p.
45901, 2018, doi: 10.1103/PhysRevLett.120.045901.

M. Nomura, J. Shiomi, T. Shiga, and R. Anufriev, “Thermal phonon engineering by tailored
nanostructures,” Jpn. J. Appl. Phys., vol. 57, no. 8, p. 080101, Aug. 2018, doi:
10.7567/JJAP.57.080101.

G. Chen, C. L. Tien, X. Wu, and J. S. Smith, “Thermal Diffusivity Measurement of
GaAs/AlGaAs Thin-Film Structures,” J. Heat Transfer, vol. 116, no. 2, pp. 325-331, May 1994,
doi: 10.1115/1.2911404.

S.-M. Lee, D. G. Cahill, and R. Venkatasubramanian, “Thermal conductivity of Si-Ge
superlattices,” Appl. Phys. Lett., vol. 70, no. 22, p. 2957, 1997, doi: 10.1063/1.118755.

J.-K. Yu, S. Mitrovic, D. Tham, J. Varghese, and J. R. Heath, “Reduction of thermal conductivity
in phononic nanomesh structures,” Nat. Nanotechnol., vol. 5, no. 10, pp. 718-721, Oct. 2010, doi:
10.1038/nnano.2010.149.

P. E. Hopkins et al., “Reduction in the thermal conductivity of single crystalline silicon by
phononic crystal patterning,” Nano Lett., vol. 11, no. 1, pp. 107-112, 2011, doi:
10.1021/n1102918g.

R. Anufriev and M. Nomura, “Phonon and heat transport control using pillar-based phononic
crystals,” Sci. Technol. Adv. Mater., vol. 19, no. 1, pp. 863-870, Dec. 2018, doi:
10.1080/14686996.2018.1542524.

M. N. Luckyanova et al., “Coherent Phonon Heat Conduction in Superlattices,” Science (80-. ).,
vol. 338, no. 6109, pp. 936939, Nov. 2012, doi: 10.1126/science.1225549.

E. Dechaumphai and R. Chen, “Thermal transport in phononic crystals: The role of zone folding

effect,” J. Appl. Phys., vol. 111, no. 7, p. 073508, 2012, doi: 10.1063/1.3699056.

82



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

N. Zen, T. a Puurtinen, T. J. Isotalo, S. Chaudhuri, and I. J. Maasilta, “Engineering thermal
conductance using a two-dimensional phononic crystal,” Nat. Commun., vol. 5, p. 3435, Mar.
2014, doi: 10.1038/ncomms4435.

J. Maire, R. Anufriev, R. Yanagisawa, A. Ramiere, S. Volz, and M. Nomura, “Heat conduction
tuning by wave nature of phonons,” Sci. Adv., vol. 3, no. 8, p. e1700027, Aug. 2017, doi:
10.1126/sciadv.1700027.

D. Song and G. Chen, “Thermal conductivity of periodic microporous silicon films,” Appl. Phys.
Lett., vol. 84, no. 5, pp. 687-689, Feb. 2004, doi: 10.1063/1.1642753.

J. Nakagawa, Y. Kage, T. Hori, J. Shiomi, and M. Nomura, “Crystal structure dependent thermal
conductivity in two-dimensional phononic crystal nanostructures,” Appl. Phys. Lett., vol. 107, no.
2, p. 023104, 2015, doi: 10.1063/1.4926653.

R. Rosei and D. W. Lynch, “Thermomodulation Spectra of Al, Au, and Cu,” Phys. Rev. B, vol. 5,
no. 10, pp. 3883-3894, May 1972, doi: 10.1103/PhysRevB.5.3883.

R. Anufriev, J. Maire, and M. Nomura, “Reduction of thermal conductivity by surface scattering
of phonons in periodic silicon nanostructures,” Phys. Rev. B, vol. 93, no. 4, p. 045411, 2016, doi:
10.1103/PhysRevB.93.045411.

M. Strasser, R. Aigner, M. Franosch, and G. Wachutka, “Miniaturized thermoelectric generators
based on poly-Si and poly-SiGe surface micromachining,” Sensors Actuators A Phys., vol. 97-98,
pp. 535-542, Apr. 2002, doi: 10.1016/S0924-4247(01)00815-9.

M. Strasser, R. Aigner, C. Lauterbach, T. F. Sturm, M. Franosh, and G. Wachutka,
“Micromachined CMOS thermoelectric generators as on-chip power supply,” in
TRANSDUCERS '03. 12th International Conference on Solid-State Sensors, Actuators and
Microsystems. Digest of Technical Papers (Cat. No.03TH8664), 2003, vol. 1, pp. 45-48, doi:
10.1109/SENSOR.2003.1215249.

M. Nomura, R. Yanagisawa, P. Zimmermann, P. Ruther, and O. Paul, “Design of Planar Si
Thermoelectric Generators with Phononic Crystal Patterning,” Sensors Mater., vol. 31, no. 9, p.
2803, Sep. 2019, doi: 10.18494/SAM.2019.2297.

I. Donmez Noyan et al., “All-silicon thermoelectric micro/nanogenerator including a heat
exchanger for harvesting applications,” J. Power Sources, vol. 413, no. December 2018, pp. 125-
133, Feb. 2019, doi: 10.1016/j.jpowsour.2018.12.029.

A. Jacguot, W. L. Liu, G. Chen, J.-P. Fleurial, A. Dauscher, and B. Lenoir, “Figure-of-merit and
emissivity measurement of fine-grained polycrystalline silicon thin films,” in Twenty-First
International Conference on Thermoelectrics, 2002. Proceedings ICT ‘02., 2002, vol. 2002-
Janua, pp. 118-121, doi: 10.1109/ICT.2002.1190279.

K. Ziouche, Z. Yuan, P. Lejeune, T. Lasri, D. Leclercg, and Z. Bougrioua, “Silicon-Based

Monolithic Planar Micro Thermoelectric Generator Using Bonding Technology,” J.

83



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Microelectromechanical Syst., vol. 26, no. 1, pp. 45-47, Feb. 2017, doi:
10.1109/JMEMS.2016.2633442.

Z. Yuan, K. Ziouche, Z. Bougrioua, P. Lejeune, T. Lasri, and D. Leclercq, “A planar micro
thermoelectric generator with high thermal resistance,” Sensors Actuators A Phys., vol. 221, pp.
67-76, Jan. 2015, doi: 10.1016/j.sna.2014.10.026.

K. Ziouche, 1. Bel-Hadj, and Z. Bougrioua, “Thermoelectric properties of nanostructured porous-
polysilicon thin films,” Nano Energy, vol. 80, no. July 2020, p. 105553, Feb. 2021, doi:
10.1016/j.nanoen.2020.105553.

I. Donmez Noyan et al., “SiGe nanowire arrays based thermoelectric microgenerator,” Nano
Energy, vol. 57, no. November 2018, pp. 492-499, Mar. 2019, doi:
10.1016/j.nanoen.2018.12.050.

B. M. Curtin, E. W. Fang, and J. E. Bowers, “Highly ordered vertical silicon nanowire array
composite thin films for thermoelectric devices,” J. Electron. Mater., vol. 41, no. 5, pp. 887-894,
2012, doi: 10.1007/s11664-012-1904-1.

S. K. Yee, S. LeBlanc, K. E. Goodson, and C. Dames, “$ per W metrics for thermoelectric power
generation: beyond ZT,” Energy Environ. Sci., vol. 6, no. 9, pp. 2561-2571, Jun. 2013, doi:
10.1039/C3EE41504..

S. LeBlanc, S. K. Yee, M. L. Scullin, C. Dames, and K. E. Goodson, “Material and
manufacturing cost considerations for thermoelectrics,” Renew. Sustain. Energy Rev., vol. 32, pp.
313-327, Apr. 2014, doi: 10.1016/j.rser.2013.12.030.

Y. Wang, Y. Shi, D. Mei, and Z. Chen, “Wearable thermoelectric generator to harvest body heat
for powering a miniaturized accelerometer,” Appl. Energy, vol. 215, no. October 2017, pp. 690—
698, 2018, doi: 10.1016/j.apenergy.2018.02.062.

Y. Takagiwa, T. Ikeda, and H. Kojima, “Earth-Abundant Fe—Al-Si Thermoelectric (FAST)
Materials: from Fundamental Materials Research to Module Development,” ACS Appl. Mater.
Interfaces, vol. 12, no. 43, pp. 48804-48810, Oct. 2020, doi: 10.1021/acsami.0c15063.

84



AURICEET SR KR

FHRT R 3T

1. R. Yanagisawa, N. Tsujii, T. Mori, P. Ruther, O. Paul, and M. Nomura, "Nanostructured planar-
type uni-leg Si thermoelectric generators," Appl. Phys. Express 13, 095001 (2020).

2. M. Nomura, R. Yanagisawa, P. Zimmermann, P. Ruther, and O. Paul, "Design of Planar-type Si
Thermoelectric Generators with Phononic Crystal Patterning, " Sensors and Materials 31, 2803-
2810 (2019).

3. A.George, R. Yanagisawa, R. Anufriev, J. He, N. Yoshie, N. Tsujii, Q. Guo, T. Mori, S. Volz, and
M. Nomura, "Thermoelectric enhancement of silicon membranes by ultrathin amorphous films,"
ACS Appl. Mater. Interfaces 11, 12027 (2019).

4, S. Gluchko, R. Anufriev, R. Yanagisawa, S. Volz, and M. Nomura, "On the reduction and
rectification of thermal conduction using phononic crystals with pacman-shaped holes," App!.
Phys. Lett. 114, 023102 (2019).

5. J. Maire, R. Anufriev, A. Ramiere, R. Yanagisawa, S. Volz, and M. Nomura, “Heat conduction
tuning by wave nature of phonons,” Science Advances 3, e1700027 (2017).

6. R. Anufriev, R. Yanagisawa, and M. Nomura, “Aluminium nanopillars reduce thermal
conductivity of silicon nanobeams,” Nanoscale 9, 15083 (2017).

7. R. Yanagisawa, J. Maire, A. Ramiere, R. Anufriev, and M. Nomura, “Impact of limiting
dimension on thermal conductivity of one-dimensional silicon phononic crystals,” Appl. Phys.
Lett. 110, 133108 (2017).

8. Y. Kage, H. Hagino, R. Yanagisawa, J. Maire, K. Miyazaki, and M. Nomura, “Thermal phonon

transport in Si thin film with dog-leg shaped asymmetric nanostructures,” Jpn. J. Appl. Phys. 55,
085201 (2016).

85



ERE

1.

10.

(OR. Yanagisawa, Patrick Ruther, Oliver Paul, and M. Nomura, "Development of planar-type
silicon thermoelectric energy harvester with phononic crystal nanostructures by nanoimprint
lithography," PowerMEMS2019, P3-3, Krakow, Poland (2019).

M. Nomura and (OR. Yanagisawa (Invited), “Thermoelectric Si thin film with nanostructures,”
Asian Advanced Materials Congress, Singapore (2019).

(O M. Nomura and R. Yanagisawa (Invited), “Power enhancement of planar-type Si
thermoelectric devices by nanostructuring,” The 13th Pacific Rim Conference of Ceramic
Societies (PACRIM13), Okinawa, Japan (2019).

(OR. Yanagisawa, and M. Nomura, “Power enhancement of silicon membrane-based
thermoelectric energy harvester with tailored holey nanostructures” PowerMEMS2018, W2A-
01, Daytona, USA, Dec. (2018).

(OR. Yanagisawa, and M. Nomura, “Enhancement of uni-leg Si thermoelectric generator
performance by phononic crystal nanostructures,” 50th International Conference on Solid State
Devices and Materials, Tokyo, Japan, Sep. (2018).

A. George, OR. Yanagisawa, and M. Nomura, “Power Enhancement of Si Membrane-based
Thermoelectric Generator by Aluminium Ultrathin Layer Deposition,” 37th International and
European Conference on Thermoelectrics, Tu-1145, Caen, France (2018).

(OR. Yanagisawa, N. Tsujii, O. Paul, T. Mori, and M. Nomura, “Importance of grain size for
nanostructured poly-Si thermoelectric material,” The 17th International Conference on Micro
and Nanotechnology for Power Generation and Energy Conversion Application, Kanazawa,
Japan, Nov. (2017).

(OR. Yanagisawa, N. Tsujii, T. Mori, and M. Nomura, “Si phononic crystal membrane with ZT =
0.1 at 295 K,” 2017 International Conference on Thermoelectrics, Pasadena, USA, July (2017).
(OM. Nomura, J. Maire, R. Yanagisawa, A. Ramiere, and R. Anuftiev, “Heat conduction control
by phonon band engineering,” EDISON20, Th03-2, Buffalo, USA, July (2017).

P. Zimmermann, (OR. Yanagisawa, and M. Nomura, “Improved thermoelectric harvester design
by using nano-structuring,” International Symposium on Micro-Nano Science and Technology

2016, SuP-19, Tokyo, Japan, Dec. (2016).

86



ERFEL - VU ARI T A

10.

11.

12.

W% SN, TR Bz, “FIACTI MR D T =y s L) a
AET A 2AOmE i Mk,” D211, AR By ar 7y Lo X 2019, 4 E

I%jﬁ% (2019).

Wi SR, WA B, T )=y iEEY ) o VEEEET N A A OBGKE

YIialb—var” D213, HAEWY S ALY a 77 L X 2019, Al R TR

= (2019).

M S, BA B, B LYY v T ) = Z R T D RIE AR BR

ERCROBIM,”  18p-E214-7, 5 80 [MIS AWHLFE K EFLINHEH S, il K+

(2019).

o e, BA BOR, 74+ FLUAR t°§%%ﬂﬂu\f:7°va+ﬁ”%ﬂﬂ?%§ =T A

2D e — F o VEEERICIT T2 E|RRE Y I 2 b—3 3 )7 20a-PB4-6, 55 80

S A SR 2, AbifEE KT (2019).

RS BeZz, M se A, Paul Oliver (JEfFRE) "7 4/ oo P=T7 V72852

o LV EEEVESRE T A AR, 66 GRS E RIS, 11a-W242-4,

FOR TR, HAL(2019).

HWiE 5E A, Ruther Patrick, Paul Oliver, #f4f B2, "F /A 7V Mok by ) a v

JEENEE N — A & OERLE PEREREAM," 25 66 Bt L2 BRI 2, 11p-W242-

4, FULTEERT, HA(2019).

MliE 72 A, Ruther Patrick, Paul Oliver, Y B2, ")/ #iE bIc K 2 2 ) =2 oD ZT

HEER &L BUENE T N A AR, B 66 (Al B BRI S, 10p-W351-5,

HOR TR, H(2019).

OMIE sEN, WAt BeZZ, “7+ /7 =y Zfbds T/ S X 5@ ) o U BVERE

FRA ZAOH DA E, HAKBMPEASE T a7 7 Ly X, D125, Bk, &l

(2018).

O®E sz A, B 15173 CEBRIT ) a VEVERET N ADT A ) = JiEEmT

HEEIC K D m B 5 79 BUS B e 2K A2, 20p-234B-3, 44 = EER

kY, B (2018).

O*ﬁﬂﬁé s N\, i BN, Paul Oliver, £ ZEHE, B4 B2, ” ZiEdhs ) 2 i~ +
=) HEEIC v‘é’eiwajééf?@?"wbﬁﬁ‘ﬁﬁkﬁ 75 65 [EL B

%:évhéﬁ@éi, 18p-P15-5, HAEH K%, BT (2018).

O*JI]?%%]\ Zimmermann Peter, 3+J1E A, Paul Oliver, AxZFMfk, BrffEezz, “J /(b
LR DLMERY ) a L EIREEAE T OB bomE, 64 FIS AR
FRrPANT TS, 14p-F206-9, /X3 7 ¢ ki (2017).

O, BBz, “BEEHUSHIZHT Rt 7 + /7 = v 7 KEfks 7 OmEt,”

55 77 Bl B PSRRI 2, 15p-A35-16, #i (2016).

87



13. OMlEZE A, Maire Jeremie, BATEZZ, “VV ar—WRT7 4/ = v 7 fERICB T 28U
RO, 53 I BAREEY VR Y T L, K224, KIR (2016).

14. OMIEZE A, Anufriev Roman, Maire Jeremie, BPAJ 72, “T7 4 / = v 7 FERICBIT 2% >
7R XD BMEE RO, 5 63 [l AL F RIS, 20p-W323-6, L
TR (2016).

15. OMNESEA, Anufriev Roman, BFFECZ:,  “KRIEHMEEGERIC L D — R 7+ / = v 7 fidh
DB, 5 76 [HIS L PSR4, 15p-2C-20, 44 dE (2015).

KT

1 W PANTECZE, WNBST M, HIERE S 2019-099309, FEI DA 1« BAFEASHAIEE
R K OBVE A AL E O RS 1L, A - 2019 425 H 28 H.

2. W . WPRECZ, Roman Anufriev, #17%52 A, Anthony George, A5 : FFlE 2017-
154070, FE DT « BAEAHM Bl L OZ 0RE 1L, HIFEH 201748 H 9 H.

=E

L B3RET7 4/ v P=T VTR =TS, EFIERE . )1 (2019)

88



Z DM DI FEER

FHRT R 3T

1. S.Koike, R. Yanagisawa, M. Kurosawa, and M. Nomura, "Design of a Planar-type Uni-leg SiGe
Thermoelectric Generator," Jpn. J. Appl. Phys. 59 074003 (2020).

2. X.Huang, D. Ohori, R. Yanagisawa, R. Anufriev, S. Samukawa, and M. Nomura, "Coherent and
incoherent impacts of nanopillars on the thermal conductivity in silicon nanomembranes," ACS
Appl. Mater. Interfaces 12, 25478 (2020).

3. N. Okamoto, R. Yanagisawa, R. Anufriev, Md. M. Alam, K. Sawano, M. Kurosawa, and M.

Nomura, “Semiballistic thermal conduction in polycrystalline SiGe nanowires,” Appl. Phys. Lett.

115, 253101 (2019).

ERE

1.

(OX. Huang, R. Yanagisawa, D. Ohori, S. Samugawa, and M. Nomura, “Effective thermal
conductivity tuning in Si thin film by nanopillars,” The 2nd Pacific Rim Thermal Engineering
Conference, PRTEC-24210, Hawaii, USA (2019).

(OM. Nomura, X. Huang, A. George, R. Yanagisawa, S. Gluchko, R. Anufriev, and S. Volz,
“Enhancement of thermoelectric performance of Si films by surface nanostructuring,” XXVIII
International Materials Research Congress, SD7-0034, Mexico (2019).

N. Okamoto, R. Yanagisawa, M. M. Alam, K. Sawano, M. Kurosawa, and (OM. Nomura, *“Semi-
ballistic thermal transport in SiGe nanowires,” TuA1-5, CSW2019, Nara, Japan (2019).

OS. Gluchko, R. Anufriev, R. Yanagisawa, S. Volz, and M. Nomura, “Phonon transport in silicon
phononic crystals with pacman holes,” Nanoscale and Microscale Heat Transfer VI, 112, Levi,
Finland (2018).

(OY. Wu, R. Anufriev, S. Gluchko, R. Yanagisawa, M. Nomura, and S. Volz, “Proving surface
phonon polaritons contribution to thermal conductivity in SiN submicron thin films,” Nanoscale
and Microscale Heat Transfer VI, 228, Levi, Finland (2018).

(OS. Gluchko, R. Anufriev, R. Yanagisawa, S. Volz, and M Nomura “Heat Conduction by Long-
range Electromagnetic Surface Waves in Submicron Dielectric Films”, PIERS 2018, 4A 16,
Toyama, Japan (2018).

(OS. Nakagawa, S. Nishimura, R. Yanagisawa, M. Nomura, and N. Yoshie, “Effects of
crosslinking on the edge morphology of patterned polymer brushes,” 24th Polymer Networks and
Gels, O-33, Prague, Czech Republic (2018).

OR. Anufriev (Invited), R. Yanagisawa, and M. Nomura, “Surface engineering of nanobeams

and nanomembranes for silicon-based thermoelectrics,” Collaboratie Conference on Materials

89



10.

11.

12.

13.

14.

15.

Research, 312, Seoul, Korea (2018).

(OM. Nomura, A. George, R. Yanagisawa, and S. Volz, “Enhancement of Thermoelectric

Performance of Si Membrane by Al Silicide Nanodots,” CSW2018, We2A2.7, Boston, USA
(2018).

(OM. Nomura, R. Anufriev, A. Ramiere, J. Maire, and R. Yanagisawa, “Heat flux engineering in

Si membrane by phononic nanostructures, International Symposium on Hybrid Quantum
Systems 2017, TU-A1-2, Sendai Japan (2017).

M. Nomura, J. Nakagawa, K. Sawano, (OR. Yanagisawa, and S. Volz ~ “Probing thermal phonon
mean free path using phononic crystal nanostructures,” The 17th International Conference on
Micro and Nanotechnology for Power Generation and Energy Conversion Application,

Kanazawa, Japan, Nov. (2017)

OR. Anufriev, A. Ramiere, R. Yanagisawa, J. Maire, and M. Nomura, “Creating and focusing
directional heat fluxes using phononic nanostructures,” EDISON20, Th03-3, Buffalo, USA, July
(2017).

(OJ. Maire, R. Anuftiev, R. Yanagisawa, A. Ramiere, S. Volz, and M. Nomura, “Heat Conduction
Tuning Based on the Wave Nature of Phonons,” 2017 MRS Spring Meeting & Exhibit, NM2.4.02,
Phoenix, USA, April (2017).

(OM. Nomura (Invited, Best Paper Award), J. Maire, R. Anufriev, A. Ramiere, and R. Yanagisawa,
“Phonon engineering by phononic crystal nanostructures,” The 28th Symposium on Phase
Change Oriented Science, 9, Atami, Japan (2016).

(OM. Nomura, R. Yanagisawa, J. Maire, R. Anuftiev, and S. Volz, “Coherent thermal conduction
tuning by phononic crystals,” Eurotherm 108 Nanoscale and Microscale Heat Transfer V,

Santorini, Greece (2016).

ERNES - VRV UL

At CHOK, B SmA, BIE B, BB, “SiGe WEIREAVERET A A H O
RAEME”  BABMYS BT a7 7 Lo A 2020, C131, 4 T A B (2020).
AN CHOR, Bl ST, BIE B, BA BOZE, “ZR5ah SiGe wlE A F o F iAo =
L BT NA ZAD%EE” 81 S MBS FKEEEINGRE S, 8p-209-14, 4> T
A B (2020).

FH O, W KRS, R EIZR, PR EEZ, MR EA, AH EC, BA B
Tz, AR, B M, SRR SIN TS AMERO D0 T A F =y F o TN
FetEORGET” 52 0 |l L— Y =S U i gEes EXFS G - &7 3 AEf
WEgEss, HRT: (2020).

AN CHOR, BN ST A, R B, B BUE, “Sfhdh SiGe IR A o BVEZ L
TNA ZDFE” 67 [HS B PR E T FINGRIS, 14p-A405-13, EFKF(2020).

90



10.

11.

12.

13.

14.

15.

16.

17.

HE Ed, LaurentJalabert, #3# #Z A, RomanAnufriev, Bk BZ, “7 4 /) = 714
oA DHEMRE Y 3 RO BIRT ARICEET 2 EREIIIE,” 67 IS A
FPARFLNGHEIHE, 14a-A405-6, _EFKT2(2020).

FH R, FiH gz, Al Bk, BN ST A, D L, B BOR, = s, Y
TI/n I —RETOY 7 0 A7 —/VEME 1L AR5 75 FERKRE,
17aPS 119, 441t EKF(2020).

X. Huang, R. Yanagisawa, D. Ohori, S. Samukawa, and M. Nomura, “Thermal conductivity of
Si thin film with nanopillars,”  18p-E214-9, % 80 [Flit: A= K EF S, biE
K5 (2019).

WA By, BlE e\, ~ /7 —X 7T 4, BB OEKRR, B B, BN BUR, RE
ERANARAET D Sil-xGex T/ U A ¥ PO YEHLEFIERE," 5 66 RIS AMEL R
RPN, 9p-W371-3, HUR L2ERY:, HAL(2019).

FHEiZ, AR, SRS, BN, BFRBCR, =liEE, ‘v 7 eI —REoilE
g, BAYEFAE 74 [FIFER K, 15pK204-8, JUN RS (2019).

JER KRR, ACH LS, Oliver B. Wright, fRdEA T, MAHEL, PR A, BAECZE, "AOD
JEST A Z T GHz BEEA X~ 7 U 7L ORFS," HARYE 22018 kR4S, 9pC215-
2, [FAEHERS:, 5UES (2018).

R fEOKER, M K15, Wright Oliver, 2 PR, Bl sz A, BPFS BUZ, "RKERRFRMED
Wiz —IRTTHEEA Z~T U T MK D GHz T OEEEHIE" 5 79 B
DTS, 20a-234B-2, 44 R ERRSEY, ER0 (2018).

ORIA &, BE TN, 775 v /7 —X, {88 FRES, A B, “REICkIT 5
SiGe 7/ UA Y= OBEGEICET 552, 79 BUSHWE R FIREHS,
20p-234B-6, 4 BERRSEY, B0 (2018).

(OS. Gluchko, R. Anufriev, R. Yanagisawa, S. Volz, M. Nomura, “Thermal properties of silicon
phononic crystals with pacman holes, 20p-234B-2, 4 i E[EESES, &5 (2018).

O AR, &M FAZ. WrightOliver, fAH R, #NE s A, ¥R Bz, “Rskt
FRIEDRE AL ZIRTTHEEEA Z~ 7 V) 7 W K D GHz B OEFEHIE,” 55 79 [ H
MBS KR AT TR 2, 20a-234B-2, 4 BERS S, = (2018).

O MRS, K HHAF, Oliver B. Wright, fBtEAIr, MAMEL, Ml A, BABZ, “A
DIEHTEE T GHz BEA X~ 7 V7 VO, HAMET2 2018 FRFRE,
9pC215-2, [RIFEMKT:, FHS (2018).

OR. Anufriev, R. Yanagisawa, and M. Nomura, “Aluminium nanopillars reduce thermal
conductivity of silicon nanobeams,” %5 65 [Flit BT B2 I <3, 20p-C304-6, -
Fil R, AL (2018).

OR. Anufriev, R. Yanagisawa, and M. Nomura, “Aluminium nanopillars reduce thermal
conductivity of silicon nanobeams,” &5 65 [Bl& P2 S /T FINGRT Z, 20p-C304-6, -

91



18.

19.

20.

21.

22.

Fig R, HOL (2018).

ORA B, Ml si N, 77 5 v /7 —X, {85 FNKES, B B0z, 7 SiGe 7/ U

A ¥ —IlZB T 2HENEELE,”  F 65 [t W RS BT AR, 20p-C304-8, H

Fig R, HOL (2018).

(OM. Nomura (&), J. Maire, R. Anufriev, A. Ramiere, R. Yanagisawa, and S. Volz,
“Thermal conduction control in Si membrane by phonon engineering,” Phase Change Oriented

Science (PCOS) 2017, 17-1, ZifE (2017).

(OA. George, R. Yanagisawa, and M. Nomura, “Enhancement of Thermoelectric Performance

of Si Film by Al Ultrathin Layer Deposition,” &5 78 [Bl)& M HL 22k Z 21T 81 23, 6p-

C22-5, falhd[E =Y (2017).

(OA. Ramiere, R. Yanagisawa, and M. Nomura, “Phonon mean free path analysis in Si 1D

phononic crystals,” 55 76 [Elii PR PSR FANGE T2, 14p-B12-5, #1l5 (2016).

(OlJeremie Maire, Roman Anufriev, Ryoto Yanagisawa, Sebastian Volz, Masahiro Nomura,

“Thermal conduction control by thermal phononics and its mechanism,” %5 63 [Fli5 )8
FREFANGEIE, 20p-W323-7, T K (2016).

92



