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[BAREEMR]
(D HAEDI 5 LY ETRFEEAR R OZERAKR

OHEDHS LY

BEREBRLIL, B, e, R E O X D ke R EA L TR Y, R
DFREREMEART S, AL o TN B HMETHY . T OO Z EB-TEMT 2729
ZiX, MELOBER OB -G, FEEEOI I DWW CO LN B N LETH D, AR
WFFERRE CIE, R A 77— VOB O~T aiEEICE R 2 H T, FiifekiE, Blovur
ZRRE TSNV EZ AR T2 Z L2 B & Lz, Rl COFEN 2B RE&MT:
EIRA LUV THIEIT 5 2 & T, 5 LWOSREMEZ AT 25 U2 Al L, SERRZR L O
TA ZEROF LT v T 4 T ERWTWS Z &2 HIELT,

QHMP DT R

(1) DBARERE TOF 2 —=2 7/ TE 5 () (8 R

A fgE o iR MR S R O S (S AR U7 . D Ok (LaAl0s/SrTi0s) DRI E SRR
EPEREAEC D Z LR L2 &, ARFEREDOIREITER D 572, LaV0s/SrTi0s £
v MR/ S RiigiA~T v RER &2 i, fx O FHR T2 0BG 2 Ret Lz,
(001)= n-T VO0,/La0/Ti0, AMEFE/HRCTiE, LaVOs BEARIFNE, &8/ M AER B L O
IR CTORFE 2R — VB R b7z, BN SrV0s b L <L Sr0 DREAFHAT HZ & T
TES 472 (001) p-type VO/Sr0/Ti0, SHIIAfRIA L 72 572, (110) ~7 v S b4
AT &G RAEE & ERUSEME O BIRITIAME T < | MR OREIZIKFEL T D
Z g,

—J5, LaAl0s/SrTi0; RifIE, BIEEZRT I ENMONTNDS, Ny 77— Mgz H
WC, R T AT BEXORTT 4 75— A T ATHEEBEEZAHTHEEENT VA
2 ER LT, FRIC4EZ E — R THERIREE~O ZIREB N A 61, HEE— N CTa@EikEg~
DGR BTz, 7 — MEEORKHEERNE T, BEIENR S — ¥ U 7IRED 5 I
L2 EERRH LY, F— h T, BRBEEOTLNIZE FEOND 2D, Ty U 7B
ERKIFIIRL 72 5,

ZOZ LR, SR EEN, ¥—T 4 — U Iy FTHIRESN TS Z L 2R d, ZO%

% A.Ohtomo and H. Y. Hwang, “A high mobility electron gas at the LaAlOs/SrTiOs
heterointerface” , Nature, 2004, 427, 423-426. Nakagawa N., Hwang H.Y., Muller D.A. “Why some
interfaces cannot be sharp” , Nature Materials, 2006, 5(3), 204-209.

% Reyrenl N., Thiel S.,Caviglial A.D., Kourkoutis L.F.,Hammer G., Richter C.,Schneider
C.W.,Kopp T.,Riietschil A.-S., Jaccardl D.,Gabay M., Muller D.A., Trisconel J.-M. Mannhart J.
“Superconducting Interfaces Between Insulating Oxides” , Science, 2007, 317, 1196-1199.

108



JEZRRT DT, ﬁﬁﬂ%ﬁﬂlBB@%TﬁSﬂm37w§F 7 RAT a8
4k'<2&ii%%@%rf+ BWBBELZRL, 7 —2 U Iy hTOATLHR
gﬁxﬁﬁﬁﬂmwf%%%_ﬂ%T%é_&ﬁmU@%%%bk%:h%®ﬁ%ﬂ
TNH R—=T"K SrTi0s X, BEE L EHOE O L, MAERZEET ET LR
272 BEERT,

“Sl L 1 L)
o 50° |
/ SrTiO, cap [y .
* ¥ g / Nb:STiO; channel o TSN |
> SrTi0,, buffer -
4 ‘A . s osr\
/ SrTiO, substrate < \/ SR
v
i 90* v

008 0.10 0.12 0.14 0.16
HoH (T) Vu i (T)

3-53  (/£) b.5nm OFYREF v o RV ZED delta—doped ~T v ##iE O X
() TER L OPATH RO T A AEBLOBSGETE. B XL OEFIES) (5KE)
CH) BE S A OBZIZBIT 5B TIREBOIERK., —IRTO1IEIREEZ R,

(i) R—IL F—t

PLE TR TOFIIRE TOEBFOAIHICOWTOIFRETHD, RETOR—/ILF
X U 7 & RERICAE D FIEIC W TR Lz,

MK CTd 5 LaAlOs F1IT LaV0s E v MEFIAZEE LIo~T e & EFHFNIC, 110
THmEFMA LA =V = 7524757, iR Li-Km s, IEMEEkrsE s -5
BT, WEO R oM U= FEEGiE N g L b, &1 H TR oIz R—7 F—
ANEL D, ZOBSE, BB FOEEICL > THERLER, ZofEicky\T, BiE
PEAR T A S R— 0 7% ZERMICHET = & T REOBEL. FHEAMEZ RS+ 2 L 8T
X5, EBIT, ZORREE, BOBLIREED Y AT A TORL~T a8V T, A—b
R—E U T ERETE D RN FEZRILCE 5 2 L 2RB LTV D,

(iii) >3 v b F—EOHE

kD> 2 v b —HEOFE B LOEMIZ OV TOREIL, OISR LT A
A DRI BT TR — v b 72 D, ZOF B TORMD AT » 7 & LT, 5EkEE4)E Mn
BER—=AL LTA =0T 2ATA MNERBBEE AT 2~7 e GO %2, Ny 7 b
Ny vay bR ERAWERYy b L7 bRy R T U URAZ—IZHWT, BEEL
72 (X 3-54), ZDOT A ZADOFEBEOT=HDOHEE 72 D5, o OIEEAR R E O T 1L
VORI CTHY , ZHUCK > THARAS T REFEO > Fa— LR RHEE 72D, RO
N7 U DRAE RO b — L Z21TH 2L THY, ZRETOR—2RmaxfaT

® Higuchi T., Hotta Y., Susaki T., Fujimori A., Hwang H. Y. “Modulation doping of a Mott
quantum well by a proximate polar discontinuity” , Physical Review B, 2009, 79, 075415.

109



HTFNAZATRLULIEE 9T, BRWIEERY gy Fr—[ERES I 2HHTs 2 L TELN
HEEZD, VL DORERIT, ~T aBEOBIEMO~NVT T 77 v a I 3T A
ASORAR 228 LW HAMEIEZ S DO TH D,

Emitter  Base Collector
SrTi0, (La,Sr)MnO; Nb:SrTiO,

\ v/

-0.5 0.0 0.5
Ve (V)

X 3-54 (fB)fb~T atEEory b7 bar b TP R X —DEEK
() |IR T O — 2 ERH S

QOWEARICEE LR/ X + (3 L)

[1] Bell C., Harashima S., Kozuka Y., Kim M., Kim B.G., Hikita Y., Hwang H.Y.
“Dominant mobility modulation by the electric field effect at the 1aAl0s/SrTiOs
interface” , Physical Review Letters, 2009, 103(22), 226802.

[2] Kozuka Y., Kim M., Bell C., Kim B.G., Hikita Y., Hwang H.Y. “Two—dimensional
normal-state quantum oscillations in a superconducting heterostructure” , Nature,
2009, 462(7272), 487-490.

[3] Takizawa M., Hotta Y., Susaki T., Ishida Y., Wadati H., Takata Y., Horiba K.,
Matsunami M., Shin S., Yabashi M., Tamasaku K., Nishino Y., Ishikawa T., Fujimori
A., Hwang H.Y. “Spectroscopic evidence for competing reconstructions in polar

multilayers LaAlOs/LaV0s/LaAlOs” , Physical Review Letters, 2009, 102, 236401.
Q) AERT ZDMBGE EREIRRT
O EDHrfE & FRRIKR
Hwang 1%, WFZE#& T2, BHFERAIZE B) TRk ~7T a REIZB T 57 ¥ 2 3R o

fifZBH | (2009 4EFE~2011 4EFE) %52 5F L7=1% (X 3-55) . >K[H Stanford University National
Accelerator Laboratory(SLAC) Professor IZgbfFTL 7=,

110



2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
H%ﬁﬁ¢ BIEE TR
>
SEAF (REDHEEEHIEH)
HEIRLX—OXRMEF AL AT REEORI R
EBHE(B)
Wt%«rnﬁﬁr:alswéa&ll/ \HRDHEH

3-55  BhRAIESIR I

KETOERFREIT L LT, () KERBKIEHLA R T HIREOBNER, (b) FREos
YR =T U7 () mWMREMENDIROREE OBER B, (d) =1L X —FPEHRIRK,
(e) Bt T A A, ()T ) AT —NF ¥ —V~v=tal—ralZinby, LT, &l

DWFREN S, EDORRDO—bi% R~T,

(1) Bt Bt se B) TR b ~7 m RC 61T 2 7 & 2 7SRO figH ) =

AT O REIC R TEEB ST AZAELIEDHEDTE D, 2o@ﬁ%¢me@5
LaAl0s/SrTi0s (22T, LaAlOs R HEE I N Emm A FIINEEIC K > THIET 5 2 &
WAk L7257 (4 3-56),, n M SrTi0; & #afz i SrTi0, @F‘a‘ﬁa:@%/w‘:‘%/v& N — 7 Tl
TRTCEEENCN A, RIRIC T R TERASEA 2 B L7 (K 3-57) %,

g © f

e &0

L 60

S 40

R an

§ 20

o

o 0 ]
Tme (s)

[ 3-56 (a)-(d) LaAlOs/SrTiO; ~7 =i d APM A7 AR, (o) i &EE NN O R ififxE g
BER KO £ ORIER A

% https://web. stanford. edu/group/hyhwang/Research. html

6 BHA L RARIE B) [E b ~T n REICBT D 7 v 2 g ROMY] ) AR HES (X 1-4, X 1-5)

° Xie Y., Bell C., Hikita Y., Hwang H.Y. “Tuning the electron gas at an oxide heterointerface
via free surface charges” , Advanced Materials, 2011, 23(15), 1744-1747.

% Kozuka Y., Hikita Y., Bell C., Hwang H.Y. “Dramatic mobility enhancements in doped SrTiOs
thin films by defect management” , Applied Physics Letters, 2010, 97(1), 12107.

111



T T T
X 4 N d
'-U) 10 I. 9‘ 2_K . [} - ———
> 10°F ¥ e 1°
=10 a o
- ”~ - 20k L) L Ll Ll L -
E.xl e v
= T od I N s o
* ot etet—ad e 2T £ 1
10" 102 g E - 0N~
(a) : (b) 3ol | v
Ny (CM ) £ § o
G J..-.... )
10F o2 - - 05k B
_ S j
3 5 3 ~
T 0s5pk o T (e) 00 a & i, = é
‘)Pl ' A 3
0o 1.0 20
pH
(c) (d)

3-57  (a) A : MEAR L7= n B SrTi0s ¥ D 2K (2d51F 2 RBENEE . JR. ik : 2L 27 i,
FNHE R—TREECB TS D) aF=a7 « K n—23EH. (c)200nK |28 1T % BEEiEg
DOIESHRAENE ., (d) BASE G S OIRFERIEN:. (o) BE RS DRSS BT, »

(ii ) FR b ~7 a J i 235 A0 H 3 B sE O 8L

Z 2T, BB EO TEWL E a—Ch D Xk 1T, 2012 BRI~ T ik
DJREF LIV DOERROEARL, ZORE O LVIREZBIAET D720 DOt 2 IR T — 4
AL L2 (K 3-58), T/ A— hVAZ—)LTOER, AV SUEREOFH#ERIC X -
TALTREBTIIRONBRWBRZ R T ELRT 22 LN L R oTz, T DR
MR B ORVERY, AR R ORERF & L Cix, RmEiBfmE (X 3-59), ~7 o iEiEie
IEVOBR-BR N v 7V v 7 B AR—IAHRENET LD,

% Kozuka Y., Kim M.,Bell C, Hikita Y., Hwang H.Y. “Two—dimensional normal-state quantum
oscillations in a superconducting heterostructure” , Nature, 2009, 462, 487-490

112



15

0.4t EDLT|

a= r LAO/STO
"=02
< :
o1 & &-doped
il
0‘%.0 02 04 06 08 1
Temperature (K)

Nb: SrTi0,

6-doped

Py (k2507

LAO/STO

0 100 200 300

Temperature (K)
3-59  TRITTEBIRE DLV HILD TN A
(a) SrTi0s DFEARMNZ 7 — N B % D1 72 LaAl0s/SrTi0O; ~7 2 i, (b) MOSFET BT /3o & |
(c)EDLT HEf, (d) SrTi0; & V=T o =7 RRFIET (RAOBIE “KEl T H A %75
1), (BT A AD > — MEFLOIRE R

(iii) LaAl0s/SrTi0; fifl CoOsffat, HmE O B PR

LaAl0; 3 L T8 SrTi0s 32N Ehilikxik Th 5 & R TH D, LinL, £
o OREEEVE RGN, 2~6K TILBRE, BRAGES R/ MEEEE, B8/
RIS 2 3 2 ZHEREN 72 “IRTB 7V AT L E R T, Bl BbROr—h A A=
Y7 ERMWT, MREEE, R, BREOEEA A — Y VBIETT o7 (11 3-60), #)—
7R REMED T e D FUCHRBEE DY 7 2 7 B D= Y T & R LRI T, R 250K

113



Wt OB M2~ T, ZORRIE Rmot 730 RIS HEml TREICE ST/
A — VG BE DR R BT 5, WRMEICEMEOIRE, K& SO, fm ToE
DOIEENRPES N TEY | SmEZEICET G L TWRWT & 2T, WEICxT 2588705
FRIAHTINZ T BERRE Gt ORI DR % 5 L C O RIS DFFERS LU
77T ROMBMED T R A —71%, FRNBIEB RO REN 2 7192

a - = b
2 £ T 2 :
v, .
0 ’ 0
=2 m2
g -4 - . g -4
E & > £
-6 -6
=0 &
20 um 20 pm
-10 e -10 ]
c 0 d

-0.1

<
g -0.2 e
=3
e f
0 (0] R RSP R Sy & "
% £ .
e -01 &
g >
2 =
- 2
é‘ -0.2 ‘:} A‘ -
<3 o= ot ---@-en e
-03 Saadpaastt
24 -03f
0 50 100 150 0 100 200 300
Temperature (mK) Temperature (mK)

3-60 LaAlOs/SrTi0s B LT /&% R—7 K SrTi0; FOBTFTHE 4O ik
LaAl0s/SrTi0s DaRMEM: A — 2 — Dg 1114 (a) . Wb (¢) . BLRDOIREERIENE (e) .
TIH K=" K SrTi0; DG (b) . BiAbE% (d) . BHLROIBEMRFENME (),

(iv) B3R R4 (Oxygen Evolution Reaction:OER) it & U C DR 4 BEA LY fil ™
PREVEMSCER L Vo Im A FTRE = XL X —HATIC BT, BEOBXLFHITEE
IR EN & RT3, OER DARVEEEDS, 2D K9 2T A AD /T 4 —~= o 2P AL A il R
LCW5%, Srir0; HEOEEH LRI L St Lo TELND 1r0,/Srlr0; fillix
10mA/cm? (OFR DFEIRIL, fMBEOREFE T/ —~ T4 X3 D) O, BRIEEMEOT TO
30 K DR T 270-290mV DIRBEL LNAE L7\ & W) BEVERE R R~ d, % BA%EE
et (X 3-61) 1%, Sr ORHIC L 5T Ir0; & L X7 & —EH 1r0, OEEHEZH T
HERMOAIMZRET 5, 1r0,/Srlv0s i, BIEEME TV — X 7 V7 iEME & R oM

114



— DR Td D RuO, DYEREZ B2 2 2 L &2 R L7z,

A 18 = - ——— B Srr0; (001 C rOrAnatase/ [ AnataselrO, [E WOz sheets/ [ IrO3/SrirO;

SHrO; (2ML) (001) SrirO, (2ML) (2ML)
& 0. i | | g 1rO4/SrirO5 Rutile IrO, Rutile IrQ,
4 1 | G o L T
13 14 15 16 17 §

AGp —AGoy (eV)

X 3-61 M54 SO O PR I AEHT

(v) IRV RISORICORE 2 /T 58 Y ‘/%Hﬂu\f:frﬂ~l~“/<yh“i‘ﬁ“4?7&—
JRWARZ RVEIF CONAE RIS 26801, BLEONT LY e =27 ZDJSHIZHB N
THEHETH LN, +‘&ﬁﬁ@ﬁ%%0%7477& IFFEALENTWRY, 207D
400nm 7% 3, 750nm O EFIPFA CRABE O H 5, FE SN BRY v EHWz7r— RA
YRNT 4T AR LT, BY U K362 [RT KO bk aEE ko R
ﬂﬁﬁ%ﬁbfwé R IX, ASkOWE OV TONRREFENLAL DY =7 — /il
WMRYE aMEICEINT D, 20 R T UV AX =D T, 7 —T 4 > 7 & o TEE S
ZVFE%M‘:EE M, T v ARV LT BT & A — 2 ZE M 5B L Zh RIS
MAEWEEKE L, V=7 —Ft Atz b2, BY CORGEOD L E
(% 3-63) ZARICICE LT 4 THBETHND 2 L1E, LW, k=L r fe=2
AT NA A NS RNCH LR RE 2 45 1)

~08 -06 -04 -02 00 02 04 06
K, (A k(A
X 3-62 U @RI O
(a), (b)A5autEIE, (o) N RifiE

115



200000000
B0
oRERNYEREQRSS

o

1.
3.
X
13
2!

s

20

Photoresponsivity (mA W)

20 30 40 50 60 400 600 800 1000 1200 1400 1600
Lateral scale (um) Wavelength (nm)

X 3-63 fRIAEEZFHESBRY AW =T e — Ry REF 4T 7 2 —
@BV T 4T 72 —0NFMB, (b) LT 2HERBMEE B, (o) READENI X DI
FAC LB

QHFERMDES~DEM

JRF A=/ LV THIl S e U 2 B 2 BB & RIRL~7 n i 2 /ER L, R
M KT SR ORI, TR E &V O LWL ZRET 5 Z Lok o T i o# L
WARREZ BB 5 72D O L WA Ol 2 $2 ik U7, BARBZ2 B8, BIREI 22 RO
xpIL LTiE, REBEE, ~7 uER(EWOMR-ERD v 7Y 7 B R—AR
FENRTOND LT, T D ORI E SIS 5 H A 2T A A B RREFERE LT,

Q% - BE~NDERDE

SRAEBAE & WV O FTLWBERIC X 28T LW B X %, FUmick 2 X 0 iROEiEZ 1525 =
&T, MAEFRRT RVX —HAT, BBl tRIE . A Y hr =g A EA~ORREN
REHFEESND,

@LFE. MELEBRRREZTIARARICEE L -EHRER/I) X + (@G F|UA)

[1] Hwang H.Y., Iwasa Y., Kawasaki M., Keimer B., Nagaosa N., Tokura Y. “Emergent

phenomena at oxide interfaces” , Nature Materials, 2012, 11(2), 103-113.

[2] Bert J.A., Kalisky B., Bell C., Kim M., Hikita Y., Hwang H.Y., Moler K. A.
“Direct imaging of the coexistence of ferromagnetism and superconductivity at the

LaAl0s/SrTiOs interface” , Nature Physics, 2011, 7(10), 767-771

[3] Seitz L.C., Dickens C.F., Nishio K., Hikita Y., Montoya J., Doyle A., Kirk C.,

Vojvodic A., Hwang H.Y., Norskov J.K., Jaramillo T.F. “A highly active and stable

Ir0,/SrlrOscatalyst for the Oxygen evolution reaction” , Science, 2016, 353(6303),
1011-1014.

[4] Yuan H., Liu X., Afshinmanesh F., Li W., Xu G., Sun J., Lian B., Curto A.G.,

Ye G., Hikita Y., Shen Z., Zhang S.-C., Chen X., Brongersma M., Hwang H.Y., Cui

Y. “Polarization—sensitive broadband photodetector using a black phosphorus

116



vertical p—n junction” , Nature Nanotechnology, 2015, 10(8), 707-713.

®F Dith

Harold Y. Hwang [%. 2008 4EJE HA IBM BB %2, VA Y U EF2D 2013 4 Ho—Am
Prize Z%H, £72 2014 FRITIE, MM R EIZAE C DEFHAICET 258 R & —@Eouf
Z212%F L. EPS Condensed Matter Division Europhysics Prize 3% 5 I3 TV 5,

117



3.1.9. Creation and Control of Artificial Interface Phases Induced by Tunable Electrostatic
Divergences (Harold Y. Hwang) [English Version ]

(1) The target and the result of the project

(D The target of the research

Transition metal oxides are fascinating systems in the research for solid state devices
having high functionality such as superconductivity, magnetism, and ferroelectricity. To
progress towards such integrated devices with these materials, a fundamental understanding of
electronic and atomic structure of interface, barrier formation, and the control of them must be
developed. Thus research activities were centered on atomic scale oxide heterostructures to create
novel states and physical properties unobtainable in bulk materials. The creation of the novel
functional interface states, which open a new frontier in interface science and device technology was

targeted by atomic engineering of the electrostatic boundary conditions at interfaces.

@ The result from the research

( 1) Tunable (super-)conducting interfaces at polar discontinuities

The unexpected finding of a conducting interface between two band insulators, LaAlO3 and SrTiOs,
which is a result of the sign of the polar discontinuity formed between them led to this proposal®.
Based on these results, further exploration was made on the generality of this principle in other systems,
in particular the LaVOs3/SrTiO; Mott insulator/band insulator heterointerface for various atomic
configurations. In the (001)-oriented n-type VO»/LaO/TiO, polar discontinuity, LaVOs thickness-
dependence metal-insulator transition and low temperature anomalous Hall effect were exhibited. The
(001) p-type VO/SrO/TiO; interface, formed by inserting a single layer of bulk metallic SrVO3; or
SrO, drives the insulating interface. The (110) heterointerface is also insulating, indicating interface

conduction arising from electronic reconstructions.

On the other hand, the LaAlO3/SrTiO3 interface was found to be superconducting by Triscone and
Mannhart collaboration group®’. Using the back-gate geometry, it was found that a superconducting

transistor which suppressed superconductivity at both positive and negative gate bias could be formed.

60 A, Ohtomo and H. Y. Hwang, “A high mobility electron gas at the LaAlO3/SrTiOs heterointerface” , Nature,
2004, 427, 423-426.

Nakagawa N., Hwang H.Y., Muller D.A. “Why some interfaces cannot be sharp” , Nature Materials, 2006, 5(3),
204-209.

61 Reyrenl N., Thiel S., Caviglial A.D., Kourkoutis L.F., Hammer G., Richter C., Schneider C.W., Kopp T.,
Ruetschil A.-S., Jaccardl D.,Gabay M., Muller D.A., Trisconel J.-M., Mannhart J. “Superconducting Interfaces
Between Insulating Oxides” , Science, 2007, 317, 1196-1199.
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Specifically, a 2D transition to an insulating state was found in depletion mode, and a transition to a
metallic state in accumulation one. Using magnetotransport studies on a gated structure, the mobility
variation is almost 5 times that of the sheet carrier densityl'l. Gate depletion strongly reduced the
carrier mobility, as the electrons are pressed against the disorder of the interface barrier, dictating that
2D superconductivity was confined to the dirty limit.

To overcome this, SrTiO3; & -doped heterostructures were developed. The 2D superconductivity (Fig.
1-1)2! with sufficiently high mobility to show 2D quantum oscillations in the normal state, giving the
first experimental access to artificial 2D superconductors in the clean limit. These results suggest that
§ -doped SrTiOs provides a model system to explore the quantum transport of both superconducting

and normal electrons, and their interplay.
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Fig.1-1 Left: A sketch of the delta-doped heterostructure with a 5.5nm superconducting channel. Center:
Magnetic field dependence of the resistance of the device in perpendicular and parallel orientations,
showing first a transition out of the superconducting state, and at high fields (arrows), quantum
oscillations. Right: Scaling of the quantum oscillations with the perpendicular magnetic field,
demonstrating two-dimensional one-electron states.

(i ) Modulation of hole doping

All of the examples described above only created electrons at interfaces. The search for a method to
similarly create hole gas at interfaces has been a long standing and finaly the first experimental
example of polar hole doping in a quantum well using the Mott insulator LaVO3 embedded in LaAlOs,
and a heterostructure that is initially completely insulating was realized®?[31. Although there are no
internal polar discontinuities at the interfaces, when the polar surface is brought in close proximity to
the active region, we are able to have “modulation dope” holes in the quantum well, analogous to
offset doping in GaAs high electron mobility transistors. This effect has been demonstrated in a series
of experiments using transport, thermopower, and photoemission spectroscopy. This structure spatially
separates the source of doping from the electrically active interface, providing a way to greatly reduce
interface scattering and disorder.

Furthermore, these results suggest a general method for tunable hole doping in oxide heterostructures

in systems with accessible higher oxidation states.

62 Higuchi T., Hotta Y., Susaki T., Fujimori A., Hwang H. Y.“Modulation doping of a Mott quantum well by a
proximate polar discontinuity”, Physical Review B, 2009, 79, 075415.
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(iii) Engineering of Schottky junctions

The understanding on the above stated oxide Schottky junctions gives us the basic tools needed to
create more sophisticated devices. As a first step in this direction, an all-perovskite heterostructure
with a ferromagnetic metallic manganite was investigated using a hot electron transistor using back-
to-back Schottky junctions (Fig.1-2). A key feature to successfully realize this device was the atomic
engineering of the two active interfaces, which enabled the control of reverse bias leakage.

A next goal is to incorporate magnetic field control of transistor function, which should be enabled
by engineering magnetically active Schottky barrier heights, as previously shown for single interface
devices. These results suggest that this geometry provides a fundamentally new approach to

multifunctional 3-terminal devices in oxide heterostructures.
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Fig.1-2. Left: Schematic oxide heterostructure hot electron transistor.
Right: Commnon base output characteristics at room temperature.

(® List of articles relating the Research (within 3 articles)
[1] Bell C., Harashima S., Kozuka Y., Kim M., Kim B.G., Hikita Y., Hwang H.Y. “Dominant
mobility modulation by the electric field effect at the LaAlO3/SrTiO;3
interface”, Physical Review Letters, 2009, 103(22), 226802.
[2] Kozuka Y., Kim M., Bell C., Kim B.G., Hikita Y., Hwang H.Y. “Two-dimensional normal-state
quantum oscillations in a superconducting heterostructure”, Nature, 2009, 462(7272), 487-490.
[3] Takizawa M., Hotta Y., Susaki T., Ishida Y., Wadati H., Takata Y., Horiba
K.,Matsunami M., Shin S., Yabashi M., Tamasaku K., Nishino Y., Ishikawa T.,
Fujimori A., Hwang H.Y. “Spectroscopic evidence for competing reconstructions in

polar multilayers LaAlO3/LaVOs/LaAlO;”, Physical Review Letters, 2009, 102, 236401.

(2) The continuation of the research after PRESTO program

@D The continuation and the development of the research
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Creation and Control of Artificial Interface Phases Induced by Tunable Electrostatic Divergences

Basic Research (B)
Study of the Rashba effect at oxide heterointerfaces

Fig.1-3 Outline of Program (Program outside of Japan is not included)

The main research activities are seen in following field®3
(a) Ultrathin colossal magnetoresisitive magnetites, (b) Interface band engineering
(c) High mobility,low density superconductivity, (d) Engineered energy materials
(e) All-oxide devices, (f) Nanoscale charge manipulation

Following is the part of fruits from recent studies.

(i) “Study of the Rashba effect at oxide heterointerfaces” program®

Rashba effect is spin-orbit interaction in two-dimensional electron systems and widely noticed from
the view point of the possibility to control that interaction by external electric field. The controlling of
the conductivity of the metallic interface between two insulators LaAlO3/SrTiO3; was successfully
conducted by external

voltage or adsorption of polar molecules as shown®® in Fig.1-4.

-50° — -
- v Ground
- B0F -
. = N 4
~ i
" € SOF 4% o 3
= 40F | !
O $ 3 ]
2 200 ¢ 3
=
S .
O 500
Tme (s)

Fig. 1-4 (a)-(d) AFM image of LaAlOs/SrTiOs heterostructure, (e) Conductance (f) Schematic Image.

In the case of an ultrathin n-type SrTiO3 confined between insulating SrTiOs, two-dimensional
quantum oscillations and two-dimensional superconductivity are observed shown in Fig.1-5. In Fig.1-
5(a), it is shown that bulk-quality n-type SrTiOs thin films fabricated by pulsed laser deposition, with
electron mobility as high as 6600 cm?/Vs at 2 K and carrier density as low as 2.0 X 10'8/ cm? (~0.02
at.%) , far exceeding previous pulsed laser deposition films. This result stems from precise strontium

and oxygen vacancy defect chemistry management, providing a general approach for defect control in

83 https://web.stanford.edu/group/nyhwang/Research.html

64 Grant-in-Aid for Scientific Research [KAKENHI ](B) “Study of the Rashba effect at oxide heterointerface” Report
8 XieY., Bell C., Hikita Y., Hwang H.Y. “Tuning the electron gas at an oxide heterointerface via free surface
charges”, Advanced Materials, 2011, 23(15), 1744-1747.
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complex oxide heteroepitaxy®.
In addition, the results in Fig.1-5(b)-(e) suggest that delta-doped SrTiO3 provides a model system in

which to explore the quantum transport and interplay of both superconducting and normal electrons.
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Fig.1-5 (a) conductivity, blue dot:n-type SrTiO; thin layer at 2K, red and green dot: bulk value. & -doped
structure, (b) Shubnikov de Hass oscilation, (c) magnetic field dependence of superconductivity

transition at 200mK, (d) temperature dependence of superconducting Hc, (e) magnetic anisotropy of Hc

oxide heterostructures can maintain electron coherence on the macroscopic scales probed by transport.5’

(i ) Emergent phenomena at oxide interfaces
This review!!l was cited by over 1000 scientists and reviewed technical advances in the atomic-scale
synthesis of oxide heterostructures which provided a fertile new ground for creating novel states at

their interfaces (Fig.1-6).
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Fig.1-6 Schematic diagram showing the symmetries and degrees of freedom of correlated electrons that
can be engineered at oxide interfaces!!.

A characteristic feature which is shown as the reconstruction of the charge, spin and orbital states at

6 Kozuka Y., Hikita Y., Bell C, Hwang H.Y. “Dramatic Mobility Enhancements in Doped SrTiOs thin Films by
Defect Management”, Applied Physics Letters, 2010, 97, 012107.

67 Kozuka Y., Kim M.,Bell C, Hikita Y., Hwang H.Y. “ Two-dimensional normal-state quantum oscillations in a

superconducting heterostructure” , Nature, 2009, 462, 487-490.
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interfaces on the nanometer scale, can exhibit phenomena not found in the bulk constituents.
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Fig.1-7 Various device structures used to produce 2D or interface superconductivity.
a. LaAlOs/SrTiO; heterostructures with a gate electrode attached on the substrate side of
SrTiO;. b. MOSFET type device. ¢. EDLT configuration. d. & -doped quantum well
using SrTi0;. The 2DEG is indicated in purple. e. Comparison of the temperature
dependence of the sheet resistance and interface superconductivity of SrTiO3; emerging at
the LaAlO3/SrTiO; interface (blue), EDLT at V=3.5V(red), and & -doped quantum

well(black). Inset: magnification of the low temperature region, 6 -doped quantum well.

Examples such as interface superconductivity (Fig.1-7), magneto-electric coupling, and the
quantum Hall effect in oxide heterostructures are representative of the scientific and technological

opportunities in this rapidly emerging field!!.

(iii) Direct imaging of the coexistence of ferromagnetism and superconductivity at the LaAlO3/SrTiOs3
interface

The interface between LaAlO; and SrTiOs exhibits a two-dimensional electron system with high
electron mobility, superconductivity at low temperatures and electric-field-tuned metal-insulator and
superconductor-insulator phase transitions, eventhough these materials are insulating, non-magnetic
oxides.

Results from bulk magnetization and magnetoresistance measurements indicate some preparation
conditions dependence and a tendency towards nanoscale electronic phase separation. Thus local
imaging of the magnetization and magnetic susceptibility is shown to directly observe a landscape of
ferromagnetism, paramagnetism and superconductivity (Fig.1-8). Submicrometer patches of
ferromagnetism in a uniform background of paramagnetism, with a non-uniform, weak diamagnetic
superconducting susceptibility at low temperature were found. These results demonstrate the existence
of nanoscale phase separation as indicated by theoretical predictions based on nearly degenerate
interface sub-bands associated with the Ti orbitals. The magnitude and temperature dependence of the
paramagnetic response indicate that the vast majority of the electrons at the interface are localized,
and do not contribute to transport measurements. In addition to the implications for magnetism, the

existence of a two-dimensional superconductor at an interface with highly broken inversion symmetry
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and a ferromagnetic landscape in the background indicates the potential for exotic superconducting

phenomenal?.
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Fig.1-8 Comparison of superconducting quantum interference device (SQUID) images on LAO/STO and
0 -doped STO samples. a. LAO/STO magnetometry image mapping the ferromagnetic order inset: Scale
image of the SQUID pick-up loop used to sense magnetic flux. b. § -doped STO magnetometry image
showing no ferromagnetic order. c. LAO/STO susceptometry image mapping the superfluid density at
40mK. Inset:Scale image of the SQUID pick-up loop and field coil. d. § -doped STO susceptometry
image mapping the superfluid density at 82mK. e. The temperature dependence of the susceptibility taken
at the two positions indicated in c. f. The temperature dependence of the susceptibility taken at the two
positions indicated in e. The arrow on each scan shows the scan fast axis and the SQUID orientation.

(iv) Application of transition-metal oxide catalyst for the oxygen evolution reaction.[*]
Electrochemistry related to oxygen plays a key role in renewable energy technologies such as fuel
cells and electrolyzers, but because of the slow kinetics of the oxygen evolution reaction (OER),
improvement of the performance is essential for commercialization of such devices. The catalyst thin
films made of SrIrOs has demonstrated specific activity at 10 mA/cm? of oxide catalyst (OER current
normalized to catalyst surface area), with only 270 to 290 mV of overpotential for 30 hours of
continuous testing in acidic electrolyte. Density functional theory calculations suggest the formation

of highly active surface layers during strontium leaching with IrO3 or anatase IrO, motifs (Fig.1-9).

124



The IrOx/SrlrOs catalyst outperforms known IrOx and ruthenium oxide (RuOx) systems, the only other

OER catalysts that have reasonable activity in acidic electrolytel].
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Fig. 1-9. Oxygen evolution reaction (OER) theoretical analysis. (A) Theoretical overpotential (n)volcano
plot with O* and OH" binding energies as descriptors, using the scaling relationship between OH and OOH
shown in fig,S2B. (B to I) Visual representation of IrOx and SrIrOs surfaces used for the DFT calculations,
corresponding to the labeled points in (A)(strontium, green; indium, blue; oxygen, red). (J) OH* and OOH*
binding energies (black circles) overlaid on the universal scaling relationship (gray line with shaded
uncertainty) that has been found for many transition metals and transition metal oxides (I0), G, Gibbs free
energy, ML, monolayers.

(V) Polarization-sensitive broadband photodetector using a black phosphorus vertical p-n junction
The ability to detect light over a broad spectral range is central to practical optoelectronic applications.

However, polarization sensitivity within such a photodetector remains elusive. Here, a broadband

photodetector using a layered black phosphorus (Fig.1-10) transistor that is polarization-sensitive over

a bandwidth from 400nm to 3,750nm is demonstrated.
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Fig.1-10 Layered structure of black phosphorus (BP)#!
(a), (b) crystal structure, (c) band structure

The polarization sensitivity is due to the strong intrinsic linear dichroism, which arises from the in-

plane optical anisotropy of this material.
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In this transistor geometry, a perpendicular built-in electric field induced by gating can spatially
separate the photogenerated electrons and holes in the channel, effectively reducing their
recombination rate and thus enhancing the performance for linear dichroism photodetection. The use
of anisotropic layered black phosphorus in polarization-sensitive photodetection might provide new

functionalities in novel optical and optoelectronic device applications (Fig.1-11) ],

R e e e e e,
1 ol

e -
4 0.04 g
Moo7 ?
0% % 0 % £
88 Zoali | A
‘38556 g L ¢ V~ \\
684 & L 5 5
3 = | B 5 ‘
15 02+ b © 4 Y
& % :
BN -
g l L =«
2 01y i & %0
o &y, s
ot SRR
. T - : 0.0 -4

120 30 40 S0
Lateral scale (um) Wavelength (nm)

400 600 800 1,000 1200 1400 1600

Fig.1-11.Black phosphorus (BP) photodetector with broadband response and polarization sensitivity. a.
Optical image of a BP photodetector with a ring-shaped photocurrent collector. Areas indicating by yellow
lines are Ti/Au electrodes and the area enclosed by a white line is the BP flake. In contrast to a straight-
edge metal electrode, the isotropic round photocurrent collector can avoid the linear polarization that might
arise from a straight metal edge. b. Corresponding photocurrent microscopy image of the device shown in
a, with illumination at 1,500nm and polarization along the x direction (white arrow). Further detailed
investigations on the photocurrent generation focus on the BP inside the inner ring. c. Polarization
dependence pf photoresponsivity with illumination from 400 to 1,700nm, where the polarization angle of
0°corresponds to the x crystal axis and 90°corresponds to the y crystal axis.

@ Contribution to the Progress of science and technology

By creating the heterostructure of the transition metal oxide having the interface with controlled at
an atom scale level and the two-dimensional electron systems, Hwang proposed a new concept of
“strongly correlated heterostructure” and provide a new fertile base for the new stage of interface
development. The masterpieces of the results from his research include interface superconducting,
magnetic and electric coupling of heterostructure oxide, quantum Hall effect. Hwang proposed and

proved new devices which control the unique physical properties.

3 Ripple effect to society and economy
New concept of “strongly correlated heterointerface” is expected to lead to more deep understanding
of hetro-interface and resultant development in the field of renewable energy technology, new

spectroscopy technolog, spintronics and so on.
@ Article list (within 4 ariticles)
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® Others

H.Y. Hwang was awarded with the 22nd Japan IBM science prize (2008) in Physics and won 2013
Ho-Am Prize from Samsung and TEPCO Foundation Award (2007), and was awarded the 2014 EPS
Condensed Matter Division Europhysics Prize for his role in the discovery and investigation of

electron liquids at oxide interfaces.
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F—REHEH NP LIABE - RS FEOBEIRE TEHBE- MZBEORN
HBHE(B)
RF— 7o T4—RREEFEEBIEDI R AV NDFTH — [REREAT
| KRR 3D ESRET T — 2 BIs
EAREG) IRLX—OBHELAIL, TH-FE. FRAOIRLBRETOME
|#8wE ()
a#ﬁmg;'&ﬁﬁ&mlwmgfalsﬁg-%Tﬁ:@g-?ﬁau:/\lﬁffﬁ—ﬁtﬁ_%&;‘aﬁ%

3-168 BhE &SR

BHAE AR TR B) [ R — « 77 v 7 7 —BREE T BEEREOa A LA kD
F T8 BRI ) (2011 4EE~2013 4EJ) ClE, filflf - BHROEEAABRBETH D B
F =T I 72— EBENERRE (K 3-169) DFE - « i A7 —/ L TOE BN % %
B3 572012, MRIRRE & KORBER KB FTREZR THHA S+ — 4 ) 28 A U5 LB S
(WD%§$%®%%'%JZWDﬁ#\vﬂﬁQW%%%ﬁbﬁwwmﬂﬁﬁﬁﬁD&%)
B, 70 WM EESER S BT, SRR O3 1DV T, ﬁLMﬁ%@W){i

. ARG A LD DT, %ﬁ%#4aw&&ﬁaAb&t ELES I O (ks
ﬁmﬁmixw%~@ﬁﬁ&%@ﬁbh(xSﬂm)mo DI flfde - ﬁmﬁW@IMﬁ
1 D ML WA - B R~ Dw &2 FT LT, Kﬁ%f“%%ﬁéﬂfﬁr AR LD im
B BENERICE T 2 MANERR S K E AL, oMl - B RN OGO FAR
B HESL LT2 2 S K o C, @R il 72558t K 0 BRI 72 5 2 L 3 ifs S
5o

9 Jono R., Sumita M., Tateyama Y., Yamashita K. “Redox reaction mechanisms with non—triiodide
mediators in dye—sensitized solar cells by redox potential calculations” , Journal of Physical
Chemistry Letters, 2012, 3(23), 3581-3583
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X 3-169 SitiEE - BEhEE O AKX
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* §‘
! Voc ;
. Yy |[s
CB §
" il
5l
@ = =
dye % e ® | -
gl -
[ Y
TiO, dye lodide mediator Pt

% 3-170 ZEAS)FY A 7 LEEE POM Bl Z AV /- DFT 3802 XL 5 @ E RN B i TRl A1z
HAWwoinad 7t = b U VERKBTHO I UHRGORRGIETEN

BEHRCKGEMIZ OV TIL, 7' b= MY ARIRICRIE SN Ti0, 74 —E8
(101) FiAlZ %5 L7= Ru N749 dye (black dye (BD)) DZEEAE, bRt 4 st L
oo WY F 2 BLD AR5y F B AT D T8 FE BB AR (DFT-MD) 12 & » T iRt
IV DEEN LOWE T2 ERE LT, BD O Ti0 ~DOWERRE L L TiX, carboxylate two
anchors (d2). one protonated carboxyl anchor (pl)ZENnH 5, 2 D7 a bl kb
BD WL, R TR bZETH LD L, pliTd2 LV D LEnE = — a2k
(¥ 3-171), REJ—7pEmmoAi & 7 & b= N U IERIZIEEE S 407 anchor 22878 d2 @
HEVEZEZ LIz EB R D, FHR SIS RRBEE LRI AT Rt d2 kg
I T ~DBEFEANKES LB BN D, —J5800nm LU @R TO, BD HEANC &
DIEWIT, pl IREEDOFE L EZ BN D, fam & LT, BD ARG EM O &V WERE
I, d2 & pl OIEBIEK L\ o I Hkl A TEIiE T E B 1,
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X 3-171 H@ETo d2 & pl fREE

B BBRIIZE (C) T ERRI R m RS A OB MR g - BR _HE - Bz < b
ZATEH TR TIEAES ) (2015 AEFE~2017 4E%) TiE, #EAET LV EOMAR DT
X 2 BN O ZE B g & BRI AR X < FUiR rTEE 75— R R IR A
L., EEME DEEAER IREAECBT2X Y U T - A AV BEISGE M I D3z
REEAT O Z & Rt Lz,

— 5T, A - EREFHR T —~ CIXEMAE A ST D 7 e b U E - AE ORI
2T, Li A A EMOBEM—EBEEOA A BN OV THET Lz, TOMER, Bt
R IR T 57 1 U BEIO A = XA B BEEEREREICBT S A RZ
JBRREA =R L, SBICHREA GV RT Vv VOIFGEE W o BT I R A 157,

BlZIE, Li A A EBHRORWVEL, BLORWREREOTOIZ, 28 CHIEN R E
FREDOBRBENEENTNDLH T, 7& b= b U EKIZ, ZOEWEEZENE, B
PE. EDA T AREEN SR IR EN TS, Lo, BTICHT DRV EMEN K X
AR E 20 | CHETTWD, —h, A= "—@RE7® b= MY AR (04 mol
dm®) Tix, K 3-172 D L H 12, BULEMENLB SND, T a0 o B — R ELE I
LoT, ZOERECTOBELLEWIL, WKET =B LithFA4 2 R RY ~—x
v NI —U R EEDEVWS | BETr T 4 THEREICL 2O THLZ L2 LN
Iz L=,

one week

Wonianmons @ Svsema-s
-y

1.0M 42M

X 3-172 A— S—ERET ¥ b=tV WRK E Li @B OIGHE

10M 4.2
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F7o. LiZEKEmIL, R OERELZFIMA L, &8 Li O 2L1 + 0, ¢ Li0, X
Jis (K] 3-173) CEMET 5, @pm XERN =2 —T" bdm < HEOFIHZE S &
WA, BUEIICIEZ < OMEMERI N H D . KB RVIRICH D, EOHF T, Fehlie
BTS2 AR . BT A BIRE D A —/8—FFH A RO Dy ha— A RmEHEZED
TW5, DFT-MD & DFT &2 2 b=y a ko TLi'b LS Eb o s RERDF AL TH
% tetrabutylammonium (TBAY)AFAE FTO 3FEDOIET 1 b L REETO 0, FE S HEEE. BXKAY
Bl 7=, WIS U CIE, dimethoxyethane (DME). dimethyl sulfoxide (DMSO) .
propylene carbonate (PC) ™D 3 fEIZDOWT, EHEDOFHEROEEE 2 EHL . TBAIZR
% 0 DRBOREEIC X DENEH LT Uiz, FEROEE 2 2 —/LiX, TBA & B2 7= B
STRMBIORBELE LR L, T2 7640+ 2LThb, NSRYVAADI TAL—FT
DT HD DFT OFFREFERIL, EEAICDFT-MD Y2 ab—va vt —&T5, 2Dl
IZ. DFT-MD ¥R =2 L— g LNIfD2 a3 X MIRORWS T AZ =7 7 a—F 3 fko
F 0% OEIFIDOEZBEOFMIEND & EZ D,

ELECTROLYTE

[ on = @ =g 0F
IT= L 1Txu" 1T U

X 3-173 FET v N MR D Li:0, & 0, DG

£, T2 —ER Ti0,(001) & 1EJ7§% CHNH:PbT5(110) (MAPbI;(110)) D ST oD
B OENEE R L OZEZ RGO RMEZ 35— JRBEEHRIC K o TRET L7z (K 3-174),
MAPbT; D i HIRWIE S A FHuE & Ti0, DERWEEROROD v 7V 7~ KU v 7 A
TLAY MRERTEDIFENSNZ ENShotz, ZOZ &k, KRz rLX—fhdikie
~OEFEARMPBO TRWZ L2 ERT 5, —F., Ti0, OFmUVRERITR I > 7Y
YL TWD, TOZEMBEFIEANLIT = b MO Ay — L TRZ5 L THEE

%o X DHIT, MAPDI; 8 DZEZ KIfalZ MAPbL; DX ¥ v ZITH =72 RREEED e —TJ7, Bt
D Pb DZEZRIME (VPb) 1X, MAPbIZEH D FIC= R X — L~ L &BED, /L7 D
VPb Kt L U HIERNWTZ RV F—HENTHDL Z BT, TOZ LI, Ti0,Fm & D
HAERIC L 5 e Sz,
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L L) . ]
Hﬁ;;hv MAPbI,

X 3-174 TiOy/MAPbL; REH DT RNV F—H AT 7T A

QR EHMDES~DEHB

DFT 3HEFIEOBZE - MESTICER Y A, ~/LF QI/M, # 7L QWM EA R &, S
SICHRRA Ot EBE L TFIEOBELED TS, —F, WNERPA XD T A
—EF /LD DFT OFEFE R, DFT-MD 2 2 L — g3 VIicfib b a2 2 MhRO B W
JIAE—=T Tu—F RN,

Ot - BE~NDREHE

MR LTt E AL, ARG S, FEmRECEM L, Ao ZEE)I S
WTHHZRMRZRETND, 202 &id, Fife e B AET L X —HIF ORI T 57
HH0EMFFEND,

@LiE. MG REBRRETIARRRICEE L -EGERR/IY X b @G HLURN)

[1] Tateyama Y., Sumita M., Ootani Y., Aikawa K., Jono R., Han L., Sodeyama K.
“Acetonitrile solution effect on Ru N749 dye adsorption and excitation at TiO.

anatase interface” , Journal of Physical Chemistry C, 2014, 118(30), 16863—
16871.

[2] Yamada Y., Furukawa K., Sodeyama K., Kikuchi K., Yaegashi M., Tateyama Y.,

Yamada A. “Unusual stability of acetonitrile-based superconcentrated

electrolytes for fast—charging lithium—ion batteries” , Journal of the American

Chemical Society, 2014, 136(13), 5039-5046.

[3] Scheers J., Lidberg D., Sodeyama K., Futera Z., Tateyama Y. “Life of

B0, WK, NIMS =ZF [T LAY U—R, “KEHET” @EEEMIKZ - fxhoBk LaanWEH
O FEBL~ ~https://www. nims. go. jp/news/press/2017/11/201711280. html

Wang J., Yamada Y., Sodeyama K., Watanabe E., Takada K., Tateyama Y., Yamada A. “Fire—
extinguishing organic electrolytes for safe batteries” , Nature Energy, 2018, 3(1), 22-29.
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superoxide in aprotic Li—02 battery electrolytes: Simulated solvent and counter-—
ion effects” , Physical Chemistry Chemical Physics, 2016, 18(15), 9961-9968.

[4] Haruyama J., Sodeyama K., Hamada I., Han L., Tateyama Y. “First-Principles
Study of Electron Injection and Defects at the Ti0,/CHsNHsPbIs Interface of
Perovskite Solar Cells” , Journal of Physical Chemistry Letters, 2017, 8(23),
5840-5847.

®F Dt

fEINT, 2015 4EJEIC RA Y « f J_—= gy « TU—RKhb, 233 O Eh R RIS
K0 VF U LA A ERERE S OGO PR (LT, Ay h T U — R T
THINVEECYVT 4 - ~T VTN e TATHAT U R« TRAX—L A T ARY —D5y
BB DI BB O E G E L, 45 UL F OB FHREE RS SND) 2ZEH LT
W5,

223



3.2.8 }-RE-WEEZBREES/ 0v FORIE FHEZR)
(D BTN S L EFERIAR F DERIRR

OHEDHS LY

AWFZETIE, &7/ 1y R fERertEiE TR DB, JtdH 2 VWIS BRI DSBS D
A Gm) #FIAT 5 Z &, ARlEAe, Ek, Eoar ha—L ) Y=o
ToAEMEI R RE R . WERIGET CROME R X A LV 7 TRE L, 3512, B OMiEL VBTG
U CTHNICHIR S E L AT LOBELHBE LT,

QHMT DT R

(1) FARAEIREF IS 2% S O RESE

EF/my RO7 4 =< R OLa I LHENT 2205 12X 0 A DNA % figf
H, AR DNA ZBEHC L D M ESED 2 ENTELOTEHRV N ESFELE, £2
T, HOLERI L7 DNA 8524/ vy RIER L (X 3-1754) . &7/ 7 v RORKBINHE
F& =BT RN tE USRS Lo, ZTOfHR, &7 1y RRH THLE L izt
WS ERIT 5 Z LI LV EET 2R8I TE T, 612, ZHITRE DR
CREHDNA BRI LTc A, MBES IS K ool 2 b T/ my ROT7 4 Mh—~<
NWRHRBRENILDOBHEDOE SoMTF Lo TND Z EIURENTZ, ZOHGII~ T AENT
HEITIENTEDZ L afd Lz,

A B
rescent dye
PEG chain

0,

4 'j /
/ xR 0
Y
I\fDNA duplex
a s
‘ 1

Gold nanorod

X 3-175 74 M —<AhRIC LV FEET 2 Y =1

~ A X NEELE 7 T UH RO G Diels-Alder FUSH) IFEUZ LV w1 A 3
NEE 7T BT T 5, & 2T, PEG 82 k5 L 723 Diels-Alder )USHKA®T /v v
RIZER L (X 3-175B) . TAROMEZ RS L7, ZOfER, T/ 7y ROERIMEIL A~
7 MAPKELEL, &F/vmy RBEET L ENbro, Zhud, 74 bh—=

P TR ORI LI BRI SRS - REAE T — Rk 22 AREERE TR ZERE —
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VIR L0 Wi Diels—Alder SUSHEE Z W | PEG $H23& R 2> GBI, KR IZ4T /1
v RRREICHBTE R ozl Th D,

(i) FAREPNERBEITIGE T 5 St DS

DAFFENICERB L T 7 a7 7 —EBDREXTTF Ne ) v —L& LT PEGESfidH
BV AMERTIUE, DAFRGERIREIC ST/ oy FEERTE S LS hD, v X
F=BT TR ) =T I FR—Z—WPN)ICHEH L, ZOEELFF F&Jr LT PEG
BHAERT L7- (X 3-176A), Z D& /vy RIZ wPA ZEASED L, &7/ vy NiTEEE
U723, ZHUTERT 5 PECBHOBEICRE IKFEL, T T T —BOREXTF F~D7
JRREET /) ay ROGHZEMITHEK T2 2 ERbhote, £z, i~ U A TG L
TRER, B AHBREDBHEELZ L O&T /vy RIZBW T, BRI~ DOERMRRD &
=i,

A
o PEG chain
_~Protease
//
P
£ Peptide ,
substrate
S S
M | |
Gold nanorod
B Drug
PEG chain

0
N

Peptide
substrate

S
| |

X 3-176 FuF7—PEHEIC L0 sns U v h—0) &, RREB LT ar 7 —PiEk
\ZISE T % SR REME I S A

W Diels-Alder USHEZ AT L7z PEG ${E . FMEREE SELEETF Fe2eT) / ny
RicEfifidauE (K 3-176B) . SElH & B AMBEAN 7 07 7 —8 L5 W& - 7= 40T
DRHIEKNDBH T 2 > AT AR MIFEES N5, £ 2T, 8t a (B L 7= ZHREMER iS4
Fay REERL, MEVLEERi#%OXT T RO T v T 7 —8IZ X 2 UIEh= 4 58l L

PE TR OIS &I WFERTR SRS - AP — Pk 22 SEEEHE THFERRE —
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Too Z ORGSR, BRI X 0 PEG 423BRDND & e LAXRT T NG Sz < <72
5LV FERNE LN T, ZIUTMBVILEC X 5 RAHEMITEE O 50D ZE b, & 5 W,
PEG $HDSRE SN Z LITE D T F FheRkm LB HEFEHAL, 7o 77 —ER7 7 &
ATERLS poT2Z e ENEZBND,

PLED X512l x DYoo 5 VNTBREEIINE T D mEIZ OV T, BRI 255 2
EWNT&E, 5%, BHORmEMAE DY, 22D S ETORBIIR-T2 L5
25,

QOMRAMRICEE L= HRER/X) X + G F|HLUA)

[1] Kawano T., Niidome Y., Mori T., Katayama Y., Niidome T. “PNIPAM gel-coated gold
nanorods for targeted delivery responding to a near—infrared laser” , Bioconjugate
Chemistry, 2009, 20(2), 209-212.

[2] Akiyama Y., Mori T., Katayama Y., Niidome T. “The effects of PEG grafting level

and injection dose on gold nanorod biodistribution in the tumor-bearing mice” ,

Journal of Controlled Release, 2009, 139(1), 81-84.

[3] Niidome T., Ohga A., Akiyama Y., Watanabe K., Niidome Y., Mori T., Katayama Y.
“Controlled release of PEG chain from gold nanorods: targeted delivery to tumor” ,

Bioorganic and Medicinal Chemistry, 2010, 18(12), 4453-4458.

(2) AR T R DML & BRI

ORR Dk & ERKR

HRRIIIGERE T 15, BHFERRIIZE(B) 74 b —~ AR K DL Y 7 F 8581
B9 5 A58 (2010 AEHE~2012 4FFE) | BHpFE BRpise B) [/ ka7 m—7 L LTH
W% Imaging—mass AT A7 LOMEEE] (2013 FE~2015 FE) FIZ L - T . &F /vy R
WM A~DIEH, 58T AT LAOIEH Z kD T 5,

IO OMREOBEZ X 3-177 ITRT, £ 20D OBAEZE WO R % DL

TR
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
BRH FEF h A Tl #®

> € >

IEDT (REDELE L)

K-RE-BERZERAEST/0VFORIR
HAHE (B)
THM—TIVHRIZE SR E T IFAREICE T HH R
HBHRE (B)

&1 /HFETO—TEL TR BImaging-mass TS AT L DIEE

3-177  BhELAESRIL
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(i1)&F/my FOISH

B B 7E B) [ 7 4 M —~ L BRIC K D8 U 7 F L BRI BE 2 898 ) (2010 4F
JE~2012 ) Tlix, ¥ o3V BEORREHITBNT, &7/ 1y ROFEEGHE TRrARDON
VT L mEEOEREEA N EXED 2 L ERAT, &7/ vy REIAEHERT S E
BE LRI THLETTNT I DIREWZEEZOE, ERtERT 5L 771
T U DENBATONREANRD S B S5, SV A L—YF—Z2FHT5 2L
T, RS EMES D Z L LICH UV EREENICBAT LT, 2K T 7 F v
AT LEAEFS D ECEERIR L o7, HWHRICREIET D OV L—F—L 2 L—1F
— TOMBE— ROEWEK 3-178 |27,

w =

O
Gold nanorod CW-laser Pulsed-laser

_—— @E ] Stratum Corneum

]Epidermis

¥asKexx ¥ KoK |oems
~oARases N, Tes

HSP70

3-178 CW L —HF— & L 2 L—F—TCONEE — K&

7o, B EIVEIE B) T4 kit 7 e —7 L L THWD Inaging-mass 0Hr & A7
LORES] (2013 4EFE~2015 4EJE) TlX, &7 ki a2 # 5 Lz~ 7 ADORFEOMFR %
fER% L., imaging—mass AT &1 T o7, ZOFER, 20um DIEZDEI/F TH->THeA 4O
RBEAFTRE T 2 Z & s~ U A DIEFEMLICEFE T 28T / K+ OIFE(ERH 582 T
x5 2 & EBEMAR T OMEAFIET DT 2R TR RTET 5 2 & e ERikiz, =
DD, &F /R BRAERNTEET Y e —7 L U CTHEIET 5 2 L 23R L7120 P
— AT VUMD LEET D eA AU RO CTEBEICRIETE 200, F 2 k103
HEIREEKT D A A AP REEIC W End, N HET /vy RBMENTZ~ AT
m—7 L UTHRET D Z &3 doie,

DT, DT 4+ M—< VR REFIH LT, & THE LI2RoT / EROHTE OIS
HAT o721, S THIE LT8R T ) HRIZ SV A L —Y—% BE5 5 Z & T, X 3-179 |1TR
T LT EROIROZL N A BN 5,

153 Pissuwan D., Nose K., Kurihara R., Kaneko K., Tahara Y., Kamiya N., Goto M., Katayama Y.
Niidome
T. “A solid-in-oil dispersion of gold nanorods can enhance transdermal protein delivery and
skin
vaccination” , Small, 2011, 7(2), 215-220.
5 BB B EE [T N VR K DRE T 7 F U RIZ B3 20858 AFZERk s =
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X 3-179 & THWEL-HDF ) 7L A FO TEM G D, L2 L—HF—RREHT L 528k
(a) BRI, (b) FRETTZ

Z DGR DZEAGITHE, T KA DEROBNT T 2 FIE M 22/1 05 4.5/1 28k L,
PR SND Z L3 ghrote, ZOREER, 7V AL—HP—RENZ L - T, & THE LZHO
T EROPUENED M B L7z 2 L SN BT,

QHZHEMDES~DEH

SF/my R dT 274 M —< AR BN L, £7o, /7 KA KB
BHERE TR T D & A AP EIZ W ERbho Tz, IMNLo#4eT / ay RMER
fTexv AT r—7L LCHET 52 L2 bMNIT LT,

B - BE~DEREHE
T /vy RORKRT 7 F UV AT L~OHH, &3 —7 4 7 COMBEIEHAT AT A
FEFHFN KT DI EP IR TE D,

@LE. #ELEERBKRETIARBRRICEEL-ELRER/IY X @G HUR)

[1] Sakamura Y., Yoshiura M., Tang H., Mori T., Katayama Y., Niidome T. “Thermal
enhancement of gene transfection in tumor cells mediated by the photothermal effect
of gold nanorods” Chemistry Letters, 2013, 42(7), 767-768.

[2] Niidome T., Fujii M., Nakashima N., Katayama Y., Niidome Y. “Imaging mass
spectrometry of gold nanorods distributed in tumor tissues” , Chemistry Letters,
2015, 44(7), 931-933.

[3] Niidome Y., Haine A.T., Niidome T. “Anisotropic gold-based nanoparticles:
Preparation, properties, and applications” , Chemistry Letters, 2016, 45(5), 488-
489.

[4] Kyaw K., Ichimaru H., Kawagoe T., Terakawa M., Miyazawa Y., Mizoguchi D.,
Tsushida M., Niidome T. “Effects of pulsed laser irradiation on gold—coated silver

nanoplates and their antibacterial activity” , Nanoscale, 2017, 9(41), 16101-16105
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FHrR I KE Journal of Controlled Release EEIZEUNT, 2011 421X BFEZH S Top
Cited Articles 2006-2011 & 72V F7= 2014 #1121 Outstanding Reviewer |ZiEH X1
TW5,
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3.2.9 SFRE b URILVHIRBEMEIC K DE—DFRITEDRR (FAEFER)

(D BTN S L EFERIAR F DERIRR

OHFED L L

AMFFERETIR, BT 2R E R B & /0 F L -~L TRl AR R
DFREERFET D, =R T ) Fa—T7kl kxR BHREE AT MRS O 71
T4 THUEE UL L, REORETICE T DT OMERHE A FRE L 35, Fiz.
X 7 ALBE WS OSNLIRMEFE AL T 5 2 Ll k0 BREMES T VR E oI % B i
T, IHIT, BB FMOEAMBELFHNT 2 FELZRET L2 L B
THEZ DT,

QHMT DT R

(1) FHIz BT 2 a7 Bk R o BIEY

REZB T D0 1OX 7 V7 4 —ikhl & whE & 92 RO ilplik 2 T 572912,
X TNV T R REHC A S S B BB b o ROVEEREE (ST OfkEte, TOF T L
DFOEREIToT2 (K3-180), F 7/ orFHEHE VT, Au(111) Rifi EIALFWRAE LTz
VAT A O HCAHMEE S IR (SAN) OBIEA T ST, BRIV AT A OWAER
T, (ERDOE R L DR E L TE Y., 70 THREDIER & RO 22/ 43 i
REZ AT 57T, BB T HREHE O b U R VERRE STMBRIZEIT D TES)) 2, v
AT A T ORMERICE S TRES B D LB ooz (K 3-180), Tk, 71
TRELIN Y AT A » D—JF OB EVERIT KT LTI AT 2 SRR 20 b BRI IR
THLDOEEZONTZ, £, VATA DT B IRA SMEBE L, VAT A OWERE
BICRBWTIE, FFEOXZ VT 4 AT 20 FHIOMEEANEERERZRZLTWD
ZEERRM U, RFEICEY | REGRHME e & BEEErES 7 VS OFEfR I K & < Bk
TELHEHFIND,

Height [nm]

gold
tip

S

- o
n—Pr’N * HJLDNP

3-180  (/2) ¥ T A4y FHREF ORI,
)L D~ AT A ATKT B b o RABHME, (netal) &IREERF, (S) (S)-F T 145 THEEF,
(R) (R)-3¢ T /L4y F-REH

05 TR ORI LI BFZEREI SRS - REAE T — Rk 22 AREERE T AT ZERE —
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(i) h—ARrF 7 F a2 —T A RGO AR HED

H—RrF ) Fa—7 (INI) OJFEFRIMECK L, Au K FIZHE CNT (SWNT) 4 [# 1t
L. STMIZ L W BIER LTz, fERDEEEEE 2 AV TZBRITIX, SWINT OXFaIFBE S e otz
(X 3-181(a)) DIkt L, BTG TH D 4-aminothiophenol (4AT) #EEFZ H W ZERIC
X, R RAESER T E DR B R RMaANERIRANICH 2 WA & LTl she
(X 3-181(b)), F7z. BALALBRIZ X 0 FERL L7 SWNT DKM AL HT 21TV, st
RE VR < 72 DIZHEV SINT IZE D Z < ORI AELT D Z &, E72EOXRMaIE SINT FKi#EIZ
RE—IFETDHZEZWLNC LT, 2O LT LT, B EEHI IV, ONT
J AR 3 2410 TORBbE EZBIR T 5 2 LITE Lo, RFHEICE D | KHas
BI5-9% CNT OO IERERERR, B L O NEFIH L72FH ONT BT 31 AOFIFLAN
AIREIC 72 D EHIFEE LD,

(@) (b)

1nm 1 nm

3-181 SWCNT @ STM 4, (a) & B#Est. (b) 4AT &3 F#E8t, A 7 AEFE 0. 75V, FrFRL
&Vt (a) 0. 25nA,  (b) 0. 45nA

(iii) . —53 1 — H— 5 T OE =8 O FHAE™

H— 0 T ORERHEOFHATE T T2 <. DR 1 & T AU Lo OB REM: 5
T L O TRICART 2B HEEOHMNEZRI Lz, FA—VEEREICHT 20 T4
Bt Au FEREREICWAE Lz, FUL FA—VEEZ R O0 oS E, #Hiksy
HE, VANT 4 REEEDOERITHED —WF7za s 20 2 v AP B S iz, Bt £
ToIZEMR LD FOT NI NVEHEZE ST, FEROBIEETT O & ARSI OZIT D,
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[1] Sasaki A., Nonaka S., Kunihashi Y., Kohda M., Bauernfeind T., Dollinger T.,
Richter K., Nitta J. “Direct determination of spin—orbit interaction

coefficients and realization of the persistent spin helix symmetry” ,Nature
anotechnology, 2014, 9(9), 703-709.

[2] Altmann P., Kohda M., Reichl C., Wegscheider W., Salis G. “Transition of a two-
dimensional spin mode to a helical state by lateral confinement” ,Physical Review

B, 2015, 92, 235304.
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optical evaluation of spin—orbit interaction based on diffusive spin motion in a

two—dimensional electron gas” , Applied Physics Letters , 2015, 107, 172402

[4] Kunihashi Y., Sanada H., Gotoh H., Onomitsu K., Kohda M., Nitta J., Sogawa T.
“Drift transport of helical spin coherence with tailored spin-orbit interactions”,

Nature Communications, 2016, 7, 10722
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[1] Kitta M., Tanaka H., Kawai T. “Rapid fabrication of Teflon micropores for
artificial lipid bilayer formation” , Biosensors and Bioelectronics, 2009, 25,
931-934.

(2] BT, “BERZEEE TR 7 Y N7+ —20lF 20K, Kmk
%2, 2011, 32(7), 445-450.

[3] Kitta M., Ide T., Hirano M., Tanaka H., Yanagida T., Kawai T. “Direct
Manipulation of a Single Potassium Channel Gate with an Atomic Force Microscope

Probe” , Small, 2011, 7(16), 2379-2283.
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[1]Tanaka H., Taniguchi M. “Single-crystalline epitaxial platinum film on yttrium—
stabilized zirconia (111) prepared by sputtering deposition” , Japanese Journal of
Applied Physics, 2016, 55(12), 120304.

[2] Tanaka H., Taniguchi M. “Atomically flat nickel film grown on synthetic mica” ,
Japanese Journal of Applied Physics, 2016, 55(7), 78003

[3] Tanaka H., Taniguchi M. “Atomically flat platinum films grown on synthetic
mica” , Japanese Journal of Applied Physics, 2018, 57(4), 48001.

[4] Tanaka H., Taniguchi M. “Sequencing of adenine in DNA by scanning tunneling

microscopy’ , Japanese Journal of Applied Physics, 2017, 56(8), 0SLB02.
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[1] Akasaka S., Nakahara K., Yuji H., Tsukazaki A., Ohtomo A., Kawasaki M.
“Preparation of an epitaxy-ready surface of a Zn0(0001) substrate” , Applied
Physics Express, 2011, 4(3), 35701.

[2] Akasaka S., Tsukazaki A., Nakahara K., Ohtomo A., Kawasaki M. “Improvement of
electron mobility above 100,000 cm?V'!s! in Mg:Zn;<0/Zn0 heterostructures” ,
Japanese Journal of Applied Physics, 2011, 50, 080215.

[3] Tsukazaki A., Akasaka S., Nakahara K., Ohno Y., Ohno H., Maryenko D., Ohtomo
A., Kawasaki M. “Observation of the fractional quantum Hall effect in an oxide” ,

Nature Materials, 2010, 9(11), 889-893.
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YT Falson J., Kozuka Y., Smet J.H., Arima T., Tsukazaki A., Kawasaki M. “Electron scattering
times in Zn0 based polar heterostructures” , Applied Physics Letters, 2015, 107, 082102.

198 Kasahara Y., Oshima Y., Falson J., Kozuka Y., Tsukazaki A., Kawasaki M., Iwasa Y.
“Correlation—enhanced effective mass of two—dimensional electrons in Mg,Zn;0/Zn0
heterostructure” , Physical Review Letters, 2012, 109(24), 246401.
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driven
Mg concentration profile reconstruction in MgZn0/Zn0 heterostructures” , Applied Physics

Letters, 2014, 104(24), 4884383
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(a) Bilayer (b) MgZnO/ZnO (c)MgZnO/ZnO
35/15 (nm) 15/ 35 (nm)
S Gate D Gate Gate

Superlattices

ZnO

(d) 3.0 e
MgZ(nO/)ZnO
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i 35/15
8 L . Bilayer
" 20 i S
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o
= 1.0} :
= “15/35
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0. % 4 Le s 1 1
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Ve (V)

3-237 (@) kD 2 EHEEME, (b) . (o) IEXMHREEE 7L, (DIKIZBITFA R T PR
A ENERED?, FRVMVEIAS MgZn0 B TH D . Mg WINETHRSWBENHI#E STV 5D, Zno
2T MgZn0 D EFESRMN KX W=D, [0001] HAr CORBREIZ A S CRT IR ICET
HANERIIND,

3237 (D2, FuA VEBROY — MEEERFEZRT, 2 @HER (Bilayer) TiX, 37
LERDBENFIEERRLV N THDLZ EnbND, ZOBEEEARREEE LT 5
&L ¥ 3-237 (b) 127”7 MgZn0 J& DJEV VS FAEIE TIINL D Es O LN~ A T AN
FLTWBZ ENRDMND, Fio, MgZn0 8 DOi#EWX] 3-237 (c) DFEETIZ, 77 AMAllcv 7
FLTWDHZ EbbhD, KRR F181E (26/25) 13 2 EBREEME LY 77 A Lle> T
Do ZORERING | FERITFRID AR TG A G - Sl 2 2 & T, F ¥ XVEBRNICEY
ERREEDLZENFARTHL &N, BRIRMENTZ VA2 L LTOSLS BBV EED
7 RELTRIE SN, ZOEMIL, GaN R/ST—F A ZAONLE B3 BIEHIENC S A
i Bz b,

(b)FEHLA A — R

ERWINB I EALDOTEVALA IR S 2 B TS A8 L. B & ELAE2ENIC
HASEDZEDOEF T v VEEEANLZREEET (K 3- 238)72{’E§<L71F5'%
390nm ZFEK AL E T BN R COBIREARILBBR S =, ZofEE»5 . Zn0 %
FENFE RO UCE I HE TREEN AR TH D L HIfF SN D,

2 JST HEMKAVANEMTIEHEE 3 S &80T fﬁéﬁ%%’fﬂ%&n SHRIE ) GRS S5 HERTZEA6E) OMFFERRE TR
SYRBAE R 2 B & 9 5 WV ELIR SR L BERERRTE | TSRS
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(a)

Superlattice

ZnO:N
Blocking layer
Quantum well
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Zn-polar [0001]

40 15T : T
(b) (c) EBL 20nm

30 (15/35) @
e E Vin =8V 5}
B 5115 e
. ) >
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m
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Wavelength (nm)
X 3-238 (a)pn EAFKNFFOWE#ES, (b) BEV-B/LRME, (15/35) 1% 150m D MgZn0 &
35nm @ Zn0, (35/15) 1% 35nm @ MgZnO & 15nm @ Zn0 OIExIFMEE . (c) IR TOEFEIINZE G
A F— R RERH20%,

QHZFHIMTDES~DERR

WERF BT 2 MEEEECHE FOME ST & LT, FEAKAED W E
HOROFF R 2 “RICRIEMAHRETH D Z & 2 FERANTR L, £ ORI K ER LIz
RELSHBRUZ, o nBET A —/VIREBIZ, 1R BAFTE S TE I LG -8RI
e U7 BB BERRE % MgZn0/Zn0 —WRICE TR TR L2721 T < Bl 2B 1AL
TR 2 R U CREPRI 2R B FRHR O T v VM & 72 0 O 2 BB S I L7,
T D OERE < SETEREAT O L% WERE O SR W E & RIRRROIE I L 72T
T BAFE A RIEAIICHED 5 LI S D,

Ot - BE~NDREHE

Zn0 & Mg #IN Zn0 (MgZn0) IZWNTET 5 B R ot & v O MR & 8RB & . 22
AVEROFZ L L TEHTE 9 2 REMZ /R L7z, S 61, FmblElc L - T, BEFo}-E
REAMC b fIE L L CORRTIEH T e R\ FR AT v JARLERDR T 0
AL B AF— RICHEH TE D REEZH 622 Lz,

@LE., BEEERBRAETIMERRICEEL-EHARERIY X ~ G EHLURA)
[1] Shiogai J., Nishihara K., Sato K., Tsukazaki A. “Improvement of electron

mobility in La:BaSn0O; thin films by insertion of an atomically flat insulating

0 JST BEMERUAIEM ZEHEE 2 S & 00T DI ER T & ouRng | (RIS 75 HERF JERedS) ORF e [H
FETIRAS T 2 Wl & 3 D W IRSR L BRAERASE ) WFFEE
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(Sr, Ba) Sn0; buffer layer” , AIP Advances, 2016, 6(6), 65305.

[2] Falson J., Maryenko D., Friess B., Zhang D., Kozuka Y., Tsukazaki A., Smet
J.H., Kawasaki M., “Even—denominator fractional quantum Hall physics in Zn0” ,
Nature Physics, 2015, 11(4), 347-351.

[3] Kozuka Y., Tsukazaki A., Kawasaki M., “Challenges and opportunities of ZnO-
related single crystalline heterostructures” , Applied Physics Reviews, 2014, 1(1),
11303.

[4] Tsukazaki A., Ohtomo A., Kawasaki M., “Surface and interface engineering of
Zn0 based heterostructures fabricated by pulsed-laser deposition” , Journal of

Physics D, 2014, 47(3), 34003.

B®F Dfth

BIFIE, 2008 A, [7n0/MgZn0 SN & 2 B A — A EOBH OREIZLY
WRE AARZ Gl 5 48 R HIFESER E 2525 L, 2009 FE121E [Zn0 ~7T riEE D%
M- SRS L B R LT AT D AARER RS RnAEaREEE M 2 4
LR EL E 7o 2012 EEICIRERE R AR T SN TS B EE ASE T 5 72 I
AR STz Beia 2B FE G 71D 2 EH L TW\WD,
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3.3.7 SRBEHHICKEDESR /Ny EHERR) KRV — LOEE (FFE—L)
() #AZR D1 5 Ly & B D ZERGK R

OHEDHS LY

s X R, IRE A AA ENTRRE CHEREZ R BLT 2 0+ CTh Y | FEIZ L > TH
a3 5T R CTOEMICARENCEETH S, AIEOY —7 > N & LT, ElomsRetN
A FFE DT SA ARk UTHRAMEREIR CTX 5, AFERE T, BEERICE XS
R ENTEL R EPERE A LT 7200 5] & LTo A THIEE S Lo E R
AL U MBI @ s ORI IE S S X 2 /7 B D JRTE < BERELIC D\ C O H /L & 15,
BERE(LAIIE T LV ORETIEZ LT A2 L2 HIE LT,

QHMT DT R

(1) HHURIE S R BER Y R Y — L ORI & BEREFH

X F T (Cx) F, MR LA MIAE R O/ E T DT v RV E BT DI S
NIBETHD, Ml A4 XV RY —ARETO Cx HHlaEGkIZL D, UAR Y — AL ERM
i & ORI EFRETF ¥ 22 TR L, /N O FER (B Ax R BN 2 Bz, M2 )G T 2
ZENTREL o2 (M 3-239), & 51T, [EAE 100-300nm D/NR Y AR Y — KTk LTk
D Cx A HEMAA R L7z ais, BRI A S Z v "7 ORI 23 ) —12hdm 5 2
& E M bIEE -V CRERR L 72,

BEF (Connexin) RBYKY—L m:inﬂﬁ)

GapJunction Channel
1.8kDa U Fo /o3 FE:BE

%] 3-239 X VB axx v OBMIAG R &EHEFAICL D VR Y — L E~DFEA L
A T & O E B E %5 E R O A

KRB DIES X ENORFTEMLE 2 —7 > b & L=t B X Db o FE L L,
HISEETa NIRRT THDNES X TE X T U A r 7Y 2 (bR) 2 B AR L.

0 THUR ORE &) DFTERRE BB - REMIERE E — AR 28 IR TR ZERRE —
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ZDETY R Y — LB AT Z EITRED L7220, 7 RGO E R 2TEHO—>2 &
LC, EBME DR EEAFEE (Thermococcus  kodakaraensis) o MEHERu i H#R L 0 FH5Y
L7 & U X EERREEIRE AV, VAR Y — ABREECO MM & o 37 B ARk & BRE b o
BREATV, 26 CTIRIEAT L2 D X A RRBOEAS 45°CTHEITS % & 5 Bl 2 AT
Ne1E 7L OREET R L L 72>,

(i ) MR A XU AR Y — DMEEETIE & Gl R Ot
URY —L00E - FRA O~ A 7 vtk T A ADBRREAT > 12, 47 - FERZh =R DG
o, EE3un BLEOERY R Y — A Z i EPICHIE U, FEMEERY 28I K 2 e ifE
WARETH B Z & %o L= (1K 3-240)
Analyzing device: microfluidics

Selection and collection device for giant liposomes -
BUo D K

Biotinylated liposomes
(Trapped) were stained
by Streptoavidin-dye
containing flow.

2.6%

Trapped” Multi-piller section
Giant Liposomes

1
Driving force: peristaltic pump (0.8-1.6 pl/min) |

X 3-240 YA XV R Y — LASEEER I~ A 7 a AT A

BREOH - By T EMERKEBDRIC R Y —2NICEATHZ L AR T DT
B (ARE) L LT, R LT TE 2 U AR Y — A58 % 3 kot DS AL
BFEHE TITV, GFP FEBLY R Y — L ZfERIED T FOMFETHL Z LIl Lz, Ao
B L7 Cx DFBL - FRICBWT Y L3 FoshR ERANE ST,

QOMEREICEHEL-FHRERLY X+ Q@ HLUA)
[1] Kaneda M., Nomura S.-i.M., Ichinose S., Kondo S., Nakahama K.-i., Akiyoshi

25 Ohtsuka T., Neki S., Kanai T., Akiyoshi K., Nomura S.-I.M., Ohtsuki T. “Synthesis and in
situ insertion of a site—specific fluorescently labeled membrane protein into cell-sized
liposomes” , Analytical Biochemistry, 2011, 418, 97.

26 Yamaji K., Kanai T., Nomura S.-I.M., Akiyoshi K., Negishi M., Chen Y., Atomi H., Yoshikawa
K., Imanaka T. “Protein synthesis in giant liposomes using the in vitro translation system of
thermococcus kodakaraensis” , IEEE Transactions on Nanobioscience, 2009, 8(4), 325.
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K., Morita I. “Direct formation of proteo—liposomes by in vitro synthesis and
cellular cytosolic delivery with connexin—expressing liposomes” , Biomaterials,
2009, 30, 3, 971-3977.

[2] Moritani Y., Nomura S.-I.M., Morita 1., Akiyoshi K. “Direct integration of
cell-free—synthesized connexin—-43 into liposomes and hemichannel formation”
FEBS Journal, 2010, 277, 3343-3352.

[3] Nomura S.-I.M., Liu L., Chen Y., Maruyama H., Arai F. “Giant liposome
sorting/collection device: For individual analysis of artificial cell-models” ,
20th Anniversary MHS 2009 and Micro—Nano Global COE — 2009 International Symposium

on Micro—NanoMechatronics and Human Science, 2009, 620-622.

(2) TR TR T R DM & REKR

O R DS & FERIKR

BRI IERE T 7 FHFEBREA B 2R 0 [ NS ORLASA T X D N AR AR 0
MEEL) (2013 4FE~2014 ) . FHFE VR B) [ AL 17 A AEAIC L D8 AR
N L) (2015 AFBE~2017 4REE) & N TR O FE 2 flkfe L T 5,

IO OMEOREAK 3-241 \RT, E72 IO OBAEE WO R 2 DL

TR T,
2008 2009| 2010 2011 2012 2013 2014| 2015 2016 2017 2018 2019
mwarala th MRETHE
! —>€
SEDT (REDEE EHIH)
ERAEEHIECRDIER BRI R —LDOEE
PRERAIEASF 2R
RN E DA AATED N THAER DS

HAHE (B)
AIHFFAARIBRICEDH A TR

3-241  BhERAIESIRIN

FHF B HRERID B 2EAFSE THIR NGB DR A T 1 D N TR 5L (2013 4R
~2014 ) T, MY A XU AR Y —24 (GUV) NICHIIIN/NRE 28 AT 5 FikE L
T, 3FESFhe~A 7 a4 ZOWE ZMRNEICEATE 2 GUV-IRE SRS 15 2 fENL
L7z, BARIIIZIZ, GUV &4 & 417z HeLa Ml 2 EARRICIE S L O ICQWHICEH L, &
BICHEFE SV AEENT 5 Z & T, BREGEZ1To7- (K 3-242) YV, BEXWREA %, Ml
TEFE EEDLTHIE L, BASAELE— XL, MilsRIic ko Ttk 2 &
. ESEEMEE, Tu—P A P A YN o THER LTZ, 2O Z EiE, GUV IO

W T7m—Y A b A MY — (flow cytometry) &IFPHIZRRIFZFAPICHBSE, TOMELZMITL
T, % ORLF 2 FANC T T 2 EFIEDZ ETH D
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B O(EA lum FTORNRE—X, R —X. 75 A K, DNA AU HI0REY) NE
O TERIRICHINIGEAN SN D FENESLSIT- &5 25 (K 3-243)

Artificial-objects
(Fluorescent microbeads,

Plasmid DNA, DNA origami)
s Artificial-objects introduced Cell

\)o,’
o
y 19050
27 AU‘O \

Live Cell (detached) ~ Giant Unilamellar Vesicle
TWash &cell culture

= =

¥~

DC
pulse

€D

(J
Cell-GUV alignment Cell-GUV fusion
("pearl-chain” like form)

X 3-242 BRENEIEO K

P .

20 ym

3-243 I b RYTHAY R —LDOFS

FHFE HARDETE (B) T ALy 77 /34 ZEMNC L D8 AN i) (2015 42 ~2017 4F
) Tix, U o —L LT, URY —LEHWIZABEENIN DO OEGERT S A R 5L L
T URY—=LNEISEA L, &7 o7 BRy - — 4 —Z5EIC D R Y — LEENRNZ Y >
735 2 Ll BT R, B AR TIEALSL Z N TE L, I, KUY I —Dikk
% ON/OFF 95433 A7 L% DNAIC Ko TR B EERICEI 2 & %2R L, 2hb
BAREH D53 17 S A R % —15 L CHIFINERIZE A FTRE & 75 GUVH R A1k o B JS 2 HE
7o

Flo. KUY~ —O/NRIKZAE 5 WE OEREIZ DWW TORE 617572, poly (ethylene
glycol)-block—poly (3—dimethyl (methacryloyloxyethyl) ammonium propane sulfonate)

(PEG-b-PDMAPS) @ H CLEEERIC K~ THMHE SAL72/NERIRIZ, PEG-b-PDMAPS D L (RIS SRR
IREE (UCST) BAF Cld, o/ NERIR & BR300, IBEERIR S 23, /NERIR OB BAEH %
2972012, 3 -TAMRA-labeled single-stranded DNA oligomer (ssDNA) & PEG-b-
PDVMAPS [Z BV E T 72 /UL LTz, /NERIRR] D ssDNA D Z8H#aid, PEG-b-PDMAPS /NER{A

W8 RTINS T/ N OMLZRAZAT KD N THIRSBI OREL ) AFFER R 5
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\ZHh Tl ST R A 7R 5 -BHQ-2-1abeled ssDNA & 0 2 EHIEAIC L B2 7 = F
VT O# NG 3L X —BE) (FRET) THEB S 7z (1X13-244) P, ssDNA DASHLH
iF, AU~ —HEOWEIC L > Tar b — LW ETHL, HFOEMICEL2BEIL, ~
A a )T E— LU —TF A REIEDN D TR S B,

2 ssDNA encapsulated
¥* - ¢ microspheres
~%  Cool ‘ or’ #

"{ —- — A1 " oy
Q { Self:assembly _L%)’ Mix at r.t. A »
% < ¢ Encapsulation ot ot 5/3\* S
’ i Contact .1 e
&X ‘ ;‘/:iL. Trading .f el
¥ =

\

i e ' .
S ﬁ o o' joo Double strand formation
3-TAMRA modified ssDNA .\Aj“ by contact-dependent transfer

5'-BHQ-2 madified complementary ssDNA
N

Xl 3-244 A 7EAb, X7 MEFEDE, PEG-b-PDMAPS /INERIAIZ 1 72 LAk S #u7= ssDNA
D 2 B RO K

—J5. DNA F J HEEIZ O W T ORFE b D TN S, D —o& LT, [EEDNA 4 U #H 2
TNA ZEAERR L, 4 DDORIgSTZDNAHY 7 FADE Y MZE>T v A I EORED
HEBEAT % = &M Lz (R 3-245) ), ZoZ L1, #@HOY 7T Tk LCH
B9 7285 DNA 2 1E S HIEC R A2 52126 DTH S,

Free Locked at 0"

s.ama‘)

P

Hoiding strands  * & ©
y' et

== /’\
T-anchor X >
Tanchor Y
B-anchor A '
. \—/
2 Releasng strands
Ao LQSA‘! ‘, v Yy
e~ el EA
~§lx 2 Foy
Strand-displacement
State Locked at 0" Locked at +90° Locked a1 180° Locked at -30°
Anchors X-A.Y-C X-B.,Y-D X-CY-A X-D.Y-B
Holding strands xae , ycf xbg . ydh xCi, yaj xdk , ybl

Releasing strands EAX, FCY GBX , HDY ICX , JAY KDX, LBY

,Eﬁrq%’if nh*‘“fﬁm’g 

o
'!"r, Ty 2 oy
b

*t N
'tE, ! ({7577,
NE ',vr‘ r,‘,b Z

X 3-245 DNAAV HIDAELa L ha—LT 50D T7 o h—1 v 7Kk
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E 5T, DNA F /) HEEEBER OGS TIED Z L IcoW T st 2t TV b, T-EF—
7 EMHIN D BT — T D A D DNA F ) M A BRI TR Lo TR L TZ
(X13-246) ", Z D X 5 22 Fiki%, BERIIIGE RWT AT =7 ¢ —IZ& AT DNA T/
EEIED DI bbb LB 2 5,

CACGG |AATT. &45\ TTAT TGCA—G [AATT-CGCTA
91990-11 —YVIY ¥00L090-11VV1 900V

T-junction

i @ polymerase

4 E restnction enzyme
i (EcoRl)

X 3-246 DNA F / #E&EER 7 22 2 W (A) - (C) U H—F¥ % & B2 RCA 7> 7 L— M &k
MRCAIWZED T-EF—7 7V h—Hh—DEk,. E)HIBRERICZLD T-EF—7008. (7T
==V kBT EEOHEER,. BT Vv 7y ay

TNHDOMTITINZ T, DA HAEbE (7T A= FHSFaRy M) O LITH
NTWD, ZHUZDNA BT L &2 o ESTE—X D SMEED ON/OFF HI# %2175 %
DT, TA=NOX AT HIGENRE L FFIREE L BNUI D X 5D DO ThHh 529,

QR ZHMTDES~DF#

GUV- R BB G VE A fENL T 25 2 & T, Ml OFREC 2SO a O 2HERE FHAE R E 7 L O
RESICEHBRT D Z &N TE -, £72, DNA T/ #EOBENNNE, XT2T 4 —ICF
72 DNA F /W& ZAED DICIR b b £ &% 5,

Q% - BENDEKHR
ML E 7L OREEEFIEIL, A O ESE 2 NGRS L, ERM O AR 2 0F
%ﬂ%:b HHNA 7 Y —= 2 IR TREZRZBART LA LB DDS D4 A3 U/EY)
FELFOSE~EHIRT 2 LS5,

W HAKRFET LAY U —R [ EiAGbE [T A= ST aRy b 2B ~GBE5o 723
Wk LA TE A 2 T 2 RO N Ly AT A~ 2017.3. 2.

https://www. tohoku. ac. jp/japanese/2017/03/press20170228-02. html

20 Sato Y., Hiratsuka Y., Kawamata I. Murata S., Nomura S—i M. “Micrometer—sized molecular
robot changes its shape in response to signal molecules” , Science Robotics, 2017, 2(4),
eaal3735.
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@LEE. BEEEBKRERIARBEECEEL-EHHERNY X b @G FHRURN)
[1] Saito A.C., Ogura T., Fujiwara K., Murata S., Nomura S.I.M. “Introducing
micrometer—sized artificial objects into live cells: A method for cell-giant
unilamellar vesicle electrofusion” , PLoS ONE, 2014, 9(9), e106853

[2] Morimoto N., Muramatsu K., Nomura S.I.M., Suzuki M. “Trading polymeric
microspheres: Exchanging DNA molecules via microsphere interaction” , Colloids
and Surfaces B: Biointerfaces, 2015, 128, 94-99.

[3] Tomaru T., Suzuki Y., Kawamata I., Nomura S.-I.M., Murata S. “Stepping

operation of a rotary DNA origami device” , Chemical Communications, 2017,
53(55), T716-7719.

[4] Kageyama R., Kawamata 1., Tanabe K., Suzuki Y., Nomura S.-I.M., Murata S.
“Construction of T-Motif-Based DNA Nanostructures through Enzymatic

Reactions” , ChemBioChem, 2018, 19(8), 873-876
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3.3.8 F/HBEREEEREEZAV-MEFEOHEIC & BT v TORIR (HMEETF)
(D BTN S L EFERIAR F DERIRR

OHEDHS LY

WA iPS MO & 0 A EROBEN IR STV DE S, FAEERO LA
T ARSI COME D =Tk & AR O BERE D FEBUZ SV TIE, SEE e d
T ASHENL STV, AR X, AR & 7R fE O M & Mifast~ R Y > 7 AREAL LT
SWITHEEE AT D 2 & TRk E L CORREZ RBLL T A 0T, Mile L Mifast~ R U >
7 A ZIRTTANCHERAL L CRER 2 2 BN TE UL, AR O & BERE D8 HL
WEBTED EHfFFIND, Lo, @K, B ilam LIXBEE S MICITHE LRz,
AR OFBACIZIREECTH > 7o, AFERETIL, Mo FEEED FEERE Lo /@ X
DA ORE~OBEE e E2HHE L, AR CEDOr AT T VEBET L2 L2
H& L,

QM DT AR

2008 LD O [ XX H0F ) WFFE L A% LT, NEDO /3 BPRET I A TR FE B Ffe s 7 v
b 17 —F — A — N =ROCE SRR O ERIMESL A FTRE & 3 2 MIafE B (LB i O B %8
(2006 - HE~2009 1) | BHFE EARAFSE (B) [ A% v 7 4 — /L R & e ORI SE R AL
R =WRoT N TARRRIC X 2B dE B (2007 FEE~2009 ) T, = IRTHRIA DOAESE % it
DTHEY, ZORRE UTER - BN 282 RAEREMET L E LTHIR SRS
3 WRITHI S B ALk G 538 % » b CellFeuille 3T3 (/L7 4 —= 3T3)) B LAY
CFVHIEREE Y — L GlilafgEEsEE s~ | CellFeuille Self(&/L7 4 —= &ILT))D
FERLICET 22, b2 XN — R TR T, ROBRBIE LT,

(1) MfafsEIEIc K 2 BMILAE AR S 7z ZWooklik o g

[ 3-247 | Z A2 T (AR ef L CRUFIMED HW ) fibronectin—gelatin (FN-G) 7/ i 2
JERL L C =Rtk &2 TR 2 A X — 2%~ d, H 60U N-G THIfRmIC KT o8
PEZATE LT D70, ZIRTHIZRMIERE N A U, 2 ORERZ B S bz,

@ ¢ .FNY) : Gelatin

Layer-by-layer Cell-
assembly ,-p’—t-.\ accumulation
fis] s { ® > .
e
Single cell FN-G coated cell

3D-multilayered tissue
3-247 FN-G F / Wi % 72 Z R TR AS LT E

2ULNEDO HEAiT BRSNS SRk 18 FRBEPEEHAINIISTBIFE LR Y U — 1P
http://www. nedo. go. jp/news/press/AA5_0134A. html
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F7o. NG F /7 @dilFiE, OB ERIZ A T O AR EN D & b0
Sfz, —J, MEOYEH OB T ELZ LD & IN-G MEZ FF- 72 W IGEITIE, 2R A
U720, ffanbLEN TS LT Z DD L, FN-GC #EfEZ oA 121, 1B 72
FaOFERBA TN TND Z LR’ yind, LovL, PN-G F/ #EEEZ R L T =Rl 2
KT 5 FIETHRESOMGOREN S, Mg s LTE 8 BREENRETHLZ L by
Mmool

%)@ DI 2 B RS EET D 7 OIIE, MRS KT 2 R BOMMBBLAETH 5,
Z D 7= 3l e [ PN Bz A e e Hﬁ%?é Z L CEMME ZERTE D0 E KRG LT (X
3-248), X (a)1d, Bleo -z fE T 2N 2R L TW5, (b)I1X, BMmMENAT
TWAZwrd, OB THs, BHMEIZL > CREBMHGNAEEL 20, =Kot
FRAR DRI EE DR D, Z OFRERIT, ZWOTHIRZ LT 2 L CTHHRA VX7 R Lo
77

(a) (c)

tubular

structure

3-248 RBAo7-MEFEET 5 Z &2 LB BME DR

(i) A7 Vxy N7 > MEERIZ & D = RoeiEE L O BR 3

ek OMIRAEE 7k, ARSI EZ R T 2720, BLEOHEZ Ffo ok a ks
HZENHELoT, DD, ATy N7 MEREISH LT, Mg ETE o
BANCIERCT 2 FIEZBI%E L2 (K 3-249), 20 & 5 ISR ORI E 2 K8 12l L TR
D Z R TR AT D A FIE 2 S LT, Z ORI B ERLAISE S I I R X 72
A 7 M a2 FERMEBEIRFS TR Y . MBI A TEWN 9 £, S E 4 o %
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T EINHERD 5 B 7T RS LTV 5,

Cell 2

Ceu 1
59 [‘ o
?-g ] \i I
o)
Activity screeningl
o] 4 assays
- v .“ .“M""O,.,..‘....
Call printng for FN-G nwoﬁxm pr.pamtm Cau printing for 3D mcro-tissue
firstiayer by atemating priating second layer chips
) -
b4 2l ¢ [ RhFN |

FITCG] i {::

Fluorescence ntensity (au.)

Thickness (nm)

Pl i 34
:F-:.
Hig
AEBE

C1234s c?uao Concentrat LYy
Layer number T

X 3-249 A 7P xv MUY MEIRIC & B ST A
(@ %, BHAF—LTHD, D)X, 1EPH 6 BEAE LEtBTH D, (o), 40tk LUBE
13 % (Rhodamine (Rh-FN), fluorescein isothiocyanate (FITC-G)), (d) iddytoREE & fffEd s DB
&, ()T, (D%, ARy MROE I &R T,

(i) —E&fb2EH# (NO) & B E IRt 2 o — B

b MIAENEMEE b SRR DD b5 BOMEET LOARBIC, MmE DI
JEIR NICEEREE A2 R - LT b —BbZEHE (NO) 2 FE IRt T 58—k & fH
HAID Z LT, NO 3 F D = IRITTHEIR D & |l gt L7z, ABFEORERIL. A LA
ERI S N2 M/ & T L 0SB FEBR & RIS OFE R 2R LIZ R THID TORETH D,
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