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Executive Summary

The understanding and control of thermal properties in nano space and very short time
scale are becoming more and more indispensable for solution of the information explosion,
as well as for highly efficient utilization of energy which are required in the future society,
since the innovation of devices for information processing and storage, and for
thermoelectric conversion are confronting a limit due to heat problems. The present
proposal relates to the establishment of a new academic field concerning the nanoscale heat
management based on the concepts of phonons and the promotion of R&D activities toward
the innovation of devices in terms of phonon engineering.

It is well recognized that the convenience of our lives has been greatly improved by higher
performance of devices in the recent information-intensive/network society. On the other
hand, however, the amount of newly generated information has been increasing
dramatically, and is forecasted to reach 40 zettabytes (102!) by 2020, about ten times the
present amount. To deal with the information explosion, continued technical innovation in
information processing and the achievement of substantially higher performance and power
saving by data storage devices are strongly required for the future. However, in a
semiconductor integrated circuits, the problem of heat generation and dissipation by
miniaturized devices on a nanoscale constitutes the limiting factor against advanced
performances. In addition, the hard disk storage devices are also confronting a capacity
expansion limit due to the thermal fluctuation of magnetized area in nanoscale. To resolve
such problems, the development of nanoscale heat control methods and devices featuring a
new operating principle which proactively utilizes the heat generation on a nanoscale is
strongly expected. Under such circumstances, understanding the nanoscale behaviors of
heat transport, and controlling and using the characteristics thereof will become strongly
important.

In the nanoscale, the heat transport in a material should be treated in terms of the
transport of phonons, which are quanta of lattice vibrations. The concept of phonons is
rather old one since it is discovered around the beginning of the 20th century. Nevertheless,
the understanding and the control technologies of heat based on phonons were much
delayed compared to electronic properties and optical properties, since deep understanding
and control have rarely been necessary for device development to date. Now that the
miniaturization of electronic devices, optical devices, and magnetic devices proceeds to the
nanoscale level, less than the mean free path of phonons, the correct understanding of
device operations and designing is impossible unless electrons, photons, spins, and phonons
are handled in a unified manner. Therefore, in the present proposal, the purpose is set out to
ensure the establishment of a new academic field and the innovation of materials and
devices by deepening the understanding of heat in the nanoscale region from the perspective
of nanoscience, thereby establishing heat control and utilization technologies. Here, the new
academic discipline to manipulate the transport of phonons and control the transport of
heat by handling the transport of heat with the concept of phonons and using artificial
structures will be referred to as “phonon engineering.” Proposals will be made regarding the
subjects of R&D and the promotion system thereof that will be required for this purpose.

The research issues include heat measurement, theory/simulation of phonon transport,
and phonon transport control by manufacturing materials and structures, and it is
necessary to establish a new academic field that should be referred to as the thermal
nano-science and the thermal nano-engineering. Furthermore, it is also important to create
revolutionary technologies for materials and devices by understanding the quantum
systems, including phonons, electrons, photons, and spins, in a unified manner and
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controlling the nanoscale physical phenomena where the quantum systems are intricately
intertwined. More specifically, it is necessary to execute the following research and
development activities.

Correct understanding of the phenomena regarding thermal properties at the nano-level
requires a development of new methods and equipment capable of measuring the actual
temperatures and heat conduction on a nanoscale with a high level of accuracy. It is
necessary to 1mprove the measurement accuracy 1in the conventional optical
thermo-reflectance method that have been used for evaluation of heat conduction for a long
time; expand the measurable range in time, space, structure, etc.; and develop new
evaluation methods and equipment, including the scanning thermal probe microscope that
1s capable of measuring the nanoscale local structure with a high level of accuracy. In
addition, it is also necessary to develop an evaluation method that will enable to obtain not
only the steady state but also the transient state information of heat.

Establishment of the theory of heat conduction on the nanoscale taking into account the
aspects of surfaces, interfaces, impurities, structural defects, etc., as well as development of
the simulation algorithms are required. Here, it is also necessary to handle the heat
transport on a nanoscale not only in terms of solely the size, but also taking account the
scattering of phonons on the structure/material of low-dimensional systems, ie., ultra-thin
films or ultra-fine wires, surfaces of materials, and interfaces of dissimilar materials. For
the simulation, it is necessary to establish the art of computation that can easily calculate
the parameters of basic thermal properties of materials in a theoretical manner by
expanding the scale, increasing the accuracy, and improving the operability of the programs
that calculate the behaviors at the atomic and molecular levels from the fundamental
principles of physics. Furthermore, it is also necessary to develop the simulation algorithms
for phonon transport in the actual materials and device structures by skillfully executing
theoretical computation methods using the parameters of thermal properties, in particular,
the multi-scale simulation that makes simulation algorithms at different scales to work
interactively.

It 1s important to investigate the control methods based on the understanding on the
nanoscale heat transport, according to the phonon transport concept, thereby systematizing
the methods as an integrated technology. More specifically, the materials and the device
structures should be manufactured by introducing the interfaces, impurities, structural
defects, dissimilar materials, microstructures, periodic structures, etc., thinner films and
lower dimensions, thereby understanding the effects thereof on heat transport in an
experimental manner. In addition, the comprehensive research and development activities
to confirm the effects theoretically and through simulations and incorporate the knowledge
obtained in the processes in the material design and device design are required.
Furthermore, it is also important to work on new control methods through the formulation
of artificial structures, such as a phononic crystal structure that controls the diffusion of
phonons by utilizing the properties of wave motions of phonons. For such control approaches
of heat transport at nanoscale, the knowledge on the manufacturing technologies of
artificial structures to control electrons and photons which are established in the electronic
devices and optical devices for a long period of time are expected to be utilized proactively.

Research studies where the scenes to apply the heat control technologies through the
nanoscale phonon transport and the operations thereof to actual application fields are
assumed are also important. Here, it is necessary to give simultaneous consideration also to
the control of phonons and other quanta including photons, electrons, and spins. Along with
the development of the simulation method that is capable of handling such quantum
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systems in an integrated manner, it is important to proceed with modelling for easy
handling and proceed with R&D work on the material/device design methods where the
models are utilized. Through such arrangements, it is expected that the characteristics of
the semiconductor integrated circuits, power semiconductors, next-generation hard disk
drives, thermoelectric conversion elements, etc., where the nanoscale heat transport is a
bottleneck in terms of performance and function, can be improved. Furthermore, the
technologies can be developed for use with the new devices, such as memory devices and
sensors where nanoscale heat control is utilized

The most important thing concerning the promotion method of R&D work is that
researchers and engineers involved on nanoscale heat conduction should make efforts while
sharing the goals of R&D work, extending the boundaries of academic fields and application
fields. The nanoscale heat control that has been overlooked so far is a tough proposition, and
achievement will be unlikely unless the goals are shared between scientists, engineers, and
researchers among industry, academia, and government.

In addition, for the promotion of R&D work, the formation and development of community
will be very important. The reason is that the nanoscale heat control cannot be handled with
the expert knowledge and the technical territory region of a single field, and the
opportunities where researchers and engineers get together, across the boundaries between
different academic fields or between application fields, to make discussions and the network
environment enabling close information exchange at any time will be required. At the same
time, participants from different fields will have to assume the role of cooperating and
executing joint research, develop apparatuses, and cultivate human resources. In this
regard, it is necessary that, for example, the researchers of materials and devices, and the
researchers involved in thermal property measurement and heat conduction
theory/simulation will execute research work under one roof.

Furthermore, for the present research and development, it is recommended to establish
and operate a knowledge base on heat properties that can be shared widely by researchers
involved in R&D work. Regarding the thermal properties of materials and devices in
nanoscale, there has been no systematically organized knowledge base to date, and such
heat properties have not been established as an academic field, which constitutes the
barrier for researchers to enter the area anew. It is important to build a detailed database
concerning the nanoscale heat properties and establish and organize an environment for
usage and tools to which related researchers can access freely for use.

From a global perspective, although the United States is in the most advanced position
concerning individual research and conceptual representation, intensive approaches that
include programming work according to the policy have not been implemented yet in any
country. Therefore, now is the right time to design and implement a policy.
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A v ROFEBHEYPFF Chandrasekhar Raman 1%, #WEIZHANZ Y TR, #ELDEFIZA
LD LRR SRR OP O TNEENLHE (T~ ) VERR L, 192843
H 16 A, mA » FRFAHRIZENT

"T propose this evening to speak to you on a new kind of radiation or light emission from
atoms and molecules."
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(&3 3Ciik]

1) C. V. Raman and K. S. Krishnan, “A new type of secondary radiation”, Nature 121, 501
(1928).

2) American Chemical Society ed., “The Raman Effect”, International Historic Chemical
Landmark Program, (Jadavpur, Calcutta, 1998).

3) I. Tamm, "Uber die Quantentheorie der molekularen Lichtzerstreuung in festen
Kérpern”, Z. Phys. 60, 345 (1930).

4) J. Frenkel, "Wave Mechanics Elementary Theory", 1st edition (Oxford, 1932) p. 265.
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<~ Ak B, BT VR MRS (Heat-Assisted Magnetic Recording : HAMR) <°E v
hoXZ— R« X5 ¢ Thddk (Bit Patterned Media Recording : BPMR) 72 & O£k &2 %I 5
% Z & T, HDDOmREEEIX, 1A U FH7200.86TE v k&5 BUUEDKAENS | 2025
BITIFVEAA U FH72010TE Yy FETEE D, 87 VX MéKGisx (HAMR) 13X, &~y
NEEETLHEMTHD, —FH, v hF—2 K 270758k (BPMR) (%, XA T 4
TEERTOHHEM THLH, 207D, ZHOFMTOMEHO%IZIZ, HAMR & BPMRIZ/LIS
L. HDMR (Heated Dot Magnetic Recording) & 9 BrikffisgitA L, 20254F121%3.51 > F
HDDOREEAEN100T/ N1 MIZET 2 REMEN S 5 LHIfF ST 512,

Roadmap

ASTC Technology

T e — : B Waghelic Recorling
= ] (EPMR+HAMR"]
B PMR* = PMR with Two ¢ ! !
: Dimensional Magnetic BPMR* = Bit
.:-U_' He(ornlmg.ilnM R} i Patterned Magnetic
@ and/or Shingled : Recording (BPMR)
= SAanetic Recoriting ! HAMR'. Heat Assisted swtth Shogt i
- (SMR) : Magnetic Recording YDA
1 . ﬂ,ﬂ:’ with TDMR andfor SME
= 1 : H

s et e e

___ PMR = Perpendicular

I O O b st 8wk S by e
2013 2015 207 2019 2021 2023 2025

Year

N=RT 4 ZAZICET D e — N~ v 7

WL EREL AT I B 3 2 R KRB DO [E RS [Joint MMM/Intermag 2013 (23T,
KGELEED FY L ~DRE (2T A3BM) 22T 572D OEERBRN LI N TNDH,
Western Digitalid, Fie&éfktE LT Lk« 7 v AH4 (CoCrPt) A4 %~ T, 1Tbit/
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W5,
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28R (Ag) ZfEV, GBEIOME X i3 5729012, BYnEZRKoln—ib~ 25> (Mg0) J&
ZIBIL TS, ZOFFEAERIL, HDDOFHEANZIHB W TS, 74 /=P =T U 7 (7 F
=T R) ELTOB~R T A NEROBEENEZRETHHDOTH D,
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7 4/ (phonon, &%)

BB E AR 2 D IR E O &1 1R CH D R0 Z &, fEfICBIT 21 (K1)

i%L¢é<ﬁﬁbf%@\%@%QEE?MLK%@%PDO7?//i%tﬂ%ﬁ?@i
INCIRDHES Z bR T O—fE Shd, BRICBIT 7+ 7 i, EE T+ v

7%//@20 WZKBIEND, MEFE T+ /) UMb TEBEIL TN ZEE, 74/ Vs

WMEIT T4 ) Ul E VNS  BE LTINS T 4 S U, BEET AR L H o -0 ke

DRI IR LIS CEFNHELT 2 Z &2, 74/ UEELE W S, FESE ORI CTIXES D

JAEAPEDRNELINLD DT, RERT7 4 ) VEENEZ D, 74/ OEFIZHOWVWT, KXHD a7
VRIS 3 H

T IRE)

FEEL B L TV DR 1. A 4D, HAI B IREE D Z & 2 S aaks 1 & FESAS
DGR BT HIREID Z &, B FIRENIMA SN EZ I & L Tab 5203, %@B@J%E%{tb
HON RO Tx ) o ThD,

7 #+ b (photon, Y7)

t@ﬁ%@ o 6 (FBREED 13, WELTOMWELE, KT & LTOMEEAEDLER> TS
D, EORFHEDILE 72 D TR D &, T DX D 7RFBRAITT T, WERTFOMEEZ H

bt o Tnb,

5y IR @)

DFORFDOZ LT, B HIEEKE LTEICEHL WD, TOILERDIDIDFE2EKRT 5
A LR ORI O S  OIREN TH 5 ALFEAREE IR DO LI IOV HEATZY LT
5o

AE

BFNFOABD X O MW E T, BT /FHRMEEO —>, AV OREBIZIZ EME & FHE
D ZODIRIENFET D, £ DOERJAN, B+ O HEES) & L“Cnﬁﬁﬂf%ét&’) AR LT
N5, BT DAL NIHADWBOREIRTHLH 5, 2006% AATHER SN AL
=R ZRHTLE METORAE L OfRNZERUCKEET D5 ENTE S,

= in
xﬁymﬁh EMERAECOESETHME AL OE LD EWIZHE T AN S & B D
ML S NERN B L2508, AL T, FREAEURENLAICHNLD Z

&&Lm%zt/ﬁE#%E_mhé LLEMTH DD, % DAL PRI D H U,
BT 2MTOAE L RNIRND Z &b, ZOX I ICERELETITICAEY DAL ESE
DOWMNEFAE U HEEV D,

WA AR — )L B
A P& BTN EEN AT DB,

7 E)L 7 7 A (amorphous)
G 2 R e W OIRIED Z & T, SRR L CIERE SV ), FESR O K O A K IREERR
PR 7200,
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JEDWR LD b/ S W BRL T2 IS L7ZBRe, LDl E LD &/ S RO B2
ET, FABNCE DY S KO IHAET DRk, WEOREEITHEL, EIZ
TER ST NS RZEMITEEZACIAD D Z LN TE D, TG0 L MUNMEOWE & OFFE.
TERZFRH LT, RO 21T 2N TE 5, £, mEH OV F—B#%
{EH LT RBTRIMEN, Bl 2 T2 SIS s 5,

RIS 7 AE
BT OHHEBEFNERICIREI L2 D2 7T X<iRk#h & W )0, e REmDOEF N
WL CHEREIT I AVIE#S 2B L LI bONRKRE ST AT ThHhDH, Kl 7 XEINL,
WD —F T, BHICABREAZGbED ZENTE, SEIERICH~DIER B &S
NTW5D,

B JREE A

A L0 ) A — L LI BT 2 BBV T, B 1% CGE—FE) ISV TR
T2 NS T A—=5 L L, IERBRAC RS ORI T I 24T 5 SR TFE, ER
T —HRRIRNT A= B DR NT WEFOE O &) FHEE 2R T 5 2 LT o
V=AML Z LI Ko T UMERBLOES L 2 2 ME OE IR Z BRI < Jiik
THD, WENR PO SN TS Z EZRH LT, R ofE & i 25T LTt
BT, WEOBRNREABERL ML Z LN TE LT TR, R ET LB REY
AETSHZ LT, RORMAELEES LB TED,

B )15 (molecular dynamics method, MD %)
AEEY I 2L —va0—fT, WHEHOBEEEFRLBIHEbND FiEO—>2T, 3
Va— X CHA - DFOEBZHE T LI, WERERLE L ToME 2 Es 4 3#HETF
5, JRof—D2— DDA EER) A Newton OIEE) X ZME Z L TRD L, WHOM SIOK
. W= Rm X =72 O~ 7 a2WEIX, K1« o FOREOHS - E#hofth e no7z 2
7 aRBBIC Lo TRED,

T hNalE

SPHRRREIZ 8 2 R OB OB EIZEE T AHGHEHZ RO DT D T o X Nie a7 #
FHEA IR 7R E T A, IR OR 2 B OO EME OB EICHV LN D, A L& 5
EEVFEAE T L aiEE, KIS RRED Y I aL—Ya R Iz b b Ti Y, Big
DOERFUREIZHE L CTWD, ZOLENTTF2ZH D H Y/ OB (Monte Carlo) I[ZHIKEL T
W5,

VY~ R R
= Ny BB = N 1872 ARITIB N T IE A SRR O TE ) RO — 0, BVRE
Yri e E oA B i o A FIEERR O EA L R D TR TH D,

NT —HHEK

B (B ORE-CHbRZ I 2 o 8RO Z &, RROERZEIICTHZ &0, EEL
ZASETE—FEWH LD Ny TV —2fRE LV T 5, BE - B - JHERERE L -
HEd 572 EOENHEAICRKELIND Z LT, BGPa s Ea—2 EXEHBE, %
BYAT DR ERIKS VWS NS, i « KREG - w8z O D BRI O -84k
FT ORI NT =T 205, BRI CHET 272010, BRARPRKE WV, M}
BIENAREZ U, BB D7 < BV BT —F N, ZOBIRMBEIfGE STV 5,
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AL v F
WU INEI T OB D On/Off il 225 2 A v F,

B
BE 1 B OB RIEX 5 T L NTE 5734 %,

witfk A€ (PCM. MRAM. ReRAM. CRAM)
BATO 77 v 2 AE YR DRAM OO & L THBEINTVDOAEY TSESEF A
TINBREINTWD, K7aR—PLTlk, #HE{LAEY (PCM: Phase Change Random
Access Memory) . A BV E AR A A€ Y (STT-MRAM: Spin Transfer Torque
Magnetoresistive Random Access Memory), #tHiZ{t# A €Y (Resistive Random Access
Memory), 71— >+ /) F =2—7 A% Y (CRAM: Carbon-nanotube Random Access Memory)
7R EERHR LTI AT Y LR L TV D,

BT o R MR ELE: (HAMR: Heat Assisted Magnetic Recording)
L—HF—7p PO R F—%FIH LT, "— RF 1 22 (HDD) OGEE % 1T 2 5k,

t—bv7
WD Z L B - MEAE BN E LT, BT 27 A 2 - B OGO — I IA T,
Ba BTSRRI T 52 FIC Lo THREE T2,

=y 73R
SO HE R T O R CIREZEZ DT S & IREARITIS U TEIRAN AL M BT (7B
fir78) NAECLHE, BEEMRE DR D 2MOWE 2446 LI FR T2 BVEX L0, K
IRREF R E L LTURSFIH SN TV D, AT DEEITREZEITHHI L, £ DOHAERD Z
LB —_y 7R LN,

7 — ) = OfFNTEY PR
Yo 7 — U iz X B, BEIRT OBMRE 2 RT3 2 Bin, BB HEVGE T IREZE (R AED)
B L, ZOWEOBMRERIIKFET D LS D,
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