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A Bit of History

Materials like T1O2 have been around for centuries

Oxide research in ferroelectrics, magnetics, superconductors,
photonics etc...dates back to the 1950s or even earlier

Ferroelectrics like titanates (PZT), optical materials like LINbO3,
Fe304, VO2, manganites etc.. were well studied in the 1950-1970

time frame.
What rejuvenated this field in the 1980s?

It was a TSUNAMI!!
D



The High Tc TSUNAMI!!
1986 was a year of SUPERS

1. Super Super Nova Explosion
2. Super Wall Street Crash
3. Super Superconductors (High Tc)




Invention of the PLD Process =

e The process reproduced the composition of a target of
a multi-component material in the form of a smooth
thin film

 The process enabled the rapid prototyping of
virtually any oxide material one could synthesize in
the Laboratory in the form of a pellet with size > 1 cm

 There has been a global adaptation of this technology
with oxide researchers leading the pack

D. Dijkkamp, T. Venkatesan, APL, Applied Physics Letters 51 (8), 619(1987)
T. Venkatesan et al, APL, Applied physics letters 52 (14), 1193 (1988)



Composition Preservation of a NUS
Multicomponent Target in the deposited film
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April 30, 1987 at Bellcore Labs at Rutgers University

D. Dijkkamp, T. Venkatesan, X. D. Wu, S. A. Shaheen, N. Jisrawi, Y. H. Min-Lee, W. L. McLean, M. Croft, Appl. Phys. Lett. 51, 619 (1987)




Angle and energy density Dependence of NUS
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N
Key for progress

Atomic layer growth: Laser on

Pulsed laser deposition with in-situ RHEED !

- Stoichiometric transfer

- Easy to control oxygen

- Easy to vary composition
- High throughput

Intensity (a.u.)

50 100 150 200 250
Time (Second)
- Layer-by-layer growth
- Large O, pressure range
(10-2-10° Torr)
- T=750"°C

Freedom to design, stacking
sequence not realized by
nature in the bulk
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The Field That Gives!! NU

of Singapore

High Tc- 1986- 1994.......

Colossal Magneto Resistance Manganites- 1993- 1998
Diluted Magnetic Semiconducting Oxides- 1997- “UFQOs”
Multiferroics- 1997-..............

Polar/ Non-Polar Interfaces

Energy Materials

Novel Plasmonic Materials

Novel Bio- Interfaces???
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1971-1986 (15 years): 39 tonalor
Pion Deuteron scattering Cross section using Glauber’s Eikonal ApprOX|mat|on
Heitler’s paradox- Narrower than natural linewidth fluorescence from Mg atoms
Optical Bistability- Road to all optical computing

Laser Annealing of semiconductors

lon beam interaction with organic surfaces

Bell’s first Ga focused ion beam system and liguid metal ion sources

GeSe?2 as high resolution ion beam resist

Si Iinduced enhanced diffusion in GaAs/GaAlAs heterostructures

High power semiconductor lasers based on curved resonators

1987- Now (29 years):
Oxides

High Tc superconductors
CMR Manganites
DMSO

Oxide Interfaces

Bio- Inorganic Interfaces



Major Research Programs

 In-situ study of quantum interfaces (Electronics)
* Low Energy Field Effect Memories (Memory)

e Oxide Electronics On Silicon-Beyond Moore
(Electronics, Magnetics, photonics)

 SINBERISE-Solar Photons to fuel (Energy)

» Science of Bio-Inorganic Interfaces (Biology
and health)
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Sclence of
Bio-Inorganic Interfaces
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Preparation of material library ggnus
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Differential culture of human cells on inorganic oxide %@ NUS
surface

of Singapore
Growth of Human Primary Fibroblasts Growth of Human Primary Melanoma Differentiation of Human Neural Crest
Stem Cells into Sensory Neurons

Coating
(Y205)

Coating
(ZrOy,)
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Surface roughness, wetting angle, charge =R\ US

National University
a) R L ) b) of Singapore
Percentage of Zirconia in the film Surface roughness
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Critical Concentration and Adhesion parameters

Cell Type Xc Xo (Zirconia Gvitria
Olmax Oimin

NSCs 0.099 0.046 0.995 -0.109

FBs 0.486 0.035 1.163 -1.099

KCs 0.008 0.281 1.043 -0.008




Yttria region Zirconia region

100% | Keratinocytes celll
2 Cell types:
s Keratinocytes_cell line - NTERT cell line
3 1° Keratinocytes - from human subject
S 1°A_Fibroblasts - from human adult skin
1°f Fibroblasts - from human foreskin

1°f Fibroblast

l

0% | - - - - - -
1° Keratinocytes 1° A_Fibroblast




Biofilm formation
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SPR chips with a stable layer of transition metal oxide for studying
of biomolecules to surfaces

A

: : - 5000
Titanium Dioxide ~5 nm 2500
Gold ., 4000
Chromium = :ggg
SPR #2500
Sensor Glass 3 2000
= 1000
o — —
Pl PIp PIP2 PIP3
Lipid Species
. 1. Very sensitive and accurate measurement of adhesion of
§ o | ‘ biomolecules to surfaces of interest
- | ‘ o pae 2. Minimum errors/artefacts — will enable better decision
o o in choice of material for solid phase extraction and
40000 ~650 RU Phospholipids bind to the titania surface . . . .
causing change of 650 RU WA A englneered Ce” fate appllcatIOI’IS
S —— et
———t—
30500 = T T A T T T & T . T T A T
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SPR for studying protein-NP interactions

Protein k. lk Ko

2.26E+02 7.23E-05 3.19E-07
Flbrlnogen 2.36E+03 1.84E-05 7.80E-09

19G 9.09E+01 8.24E-06 9.06E-08
Kd is very accurate in this chart
Ka requires model fitting and theory support for the model used
¢ @ Q
. o
RS

L5 - 29 Analyte-4
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® L5A5 - HSA 65uM
© L5A6 - HSA 32.5
200

-400 0 400 800 1200 1600 2000
AU Time (s)

PEG

Response (RU)

COCH

f

EDC/NHS coupling
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Probing effect of PEGylation
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Advantage: We get to know the finer detail
— PEGylation is not equally effective against
all proteins.
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Screening NP based drug formulations

Streptavidin

0.03+ 0.034

0.02+

0.02+

0.014 0.014

Normalized SPR Response
Normalized SPR Response

0.00- 0.00-
Biotin  Hybrid PEG Bare Aunp Biotin Hybrid Bare Aunp

B C

Formation of corona Ability to bind specific target

In the future, biologists can screen NP based formulations quickly for key parameters and choose to
proceed to cell studies with candidates that clear the screening process. Huge cut in downtime.
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Schematic Diagram

Results

MALDI plate o |

Sealed Enclosure S | aBy

Vapour of salvent

I ®D | e

Organic Solvent

2
#3“ Metal Oxide Surface
" H

1. Migration of 3 cm observed
2. Different metal oxides can be used to enhance separation distance

Planar columns of transition metal oxide for on target enrichment of
multi and mono phosphorylated lipid species prior to analysis with




Y SZ for Percutaneous Implant

Implant — skin interface

Implant — bone interface

Ti

Fold difference

Figure 1.
(a) Solid (tanivm abutment penetrating the residuom  skin.
(b) Surrounding skin. (¢) Layer of pus between skin and abutment.

Fold difference

ﬁ National University
of Singapore

Osteoblasts proliferation
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The LAO/STO interface ERANUS
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A high-mobility electron gas at
the LaAl0,/SrTi0; heterointerface

A. Ohtomo'?* & H. Y. Hwang'>+

'Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, USA
ansr.imre_fbr Materials Research, Tohoku University, Sendai, 980-8577, Japan
3Iapan Science and Technology Agency, Kawaguchi, 332-0012, Japan
*Department of Advanced Materials Science, University of Tokyo, Kashiwa,
Chiba, 277-8651, Japan

LaA]O

Ti*+0,4 (2D electron gas) 107 :
en i
| Sre+02- 10°} y
- 4+ 4- =
UL') Ti 02 § 1n5g J
| | srror 2 | :
@ 10F —
o i
10° E/LaD-TiDz E
102* ; ! . ! . 1 . 1 . f . ]
0 50 100 150 200 250 300

Temperature [K]



Polarization catastrophe %@ NUS

Electronic reconstruction

V V
+0/2 E E
-o/2 \
E =0/2¢,
the internal field
57 V/nm

Ohtomo & Hwang, Nature 427, 423 (2004)

Nakagawa, Hwang and Muller, Nature Materials 5, 204

31 i2006i



“Irresponsible Physicist Deposits Excess NUS
Polar layers on top of Non-polar substrates”




Where does the -6/2 charge come from ? RN US

National University
of Singapore

+0/2

E...= o/2¢, E = 0/2¢,¢

-6/2

The internal field is reduced by a factor ¢ from 57 x 10° V. m1to 2.4V nm-!
or 0.9 V per unit cell.

Charge transfer at the interface needed to avert the polar
. catastrophe is 0.5 e/uc or 3.3 x 10* electrons cm-2



Critical thickness for the conductivity NU

Thiel et al., Science 313, 1942 (2006)

Oz
1x107 3 341 T=300K 73

O 2 4 6 8 10 12 14 16




APS =z Jounals = Phys. Rev. X » Volume 3 » Issue 2

Phys. Rev. X 3, 021010 (2013) [9 pages]

Origin of the Two-Dimensional Electron Gas at LaAlO3/SrTiO; Interfaces: The Role of
Oxygen Vacancies and Electronic Reconstruction

= Previous Aricle | Mext Ardicle =

Popular Summary: Insulating polar oxides, consisting of charged layers [e.g., (100) LaAlOz (LAQ) as layers of LaO*! and Al0z 1], have generated

a great deal of excitement in the last decade. At the interface of the polar LAC with a nonpolar insulating oxide SrTiCs: (STO), a two-dimensional
glectron g... Read Full Popular Summary

Abstract References Mo Citing Articles Supplemental Material

Download: FDF (1,131 kB) Export: BibTeX or EndMote (RIS)

Z.Q L™ CoJ L%, wo M. LaY, X H. Huang*, Z. Huang', 5. W. Zeng'2, X. P. Qiu*, L. S. Huang®, A Annadi'2, J. 5. Chen?®, J. M. D. Coey'®, T. Venkatesan'23# and Ariando?21
INUSNNI-Nanocore, National University of Singapore, 117411 Singapore

2Department of Physics, National University of Singapore, 117542 Singapore

3pational University of Singapore Graduate School for Infegrative Sciences and Engineering (NG S), National University of Singapore, 117456 Singapore
‘Department of Electnical and Computer Engineering. National University of Singapore, 117576 Singapore

IDepartment of Matenal Science and Engineering, Mational University of Singapore, 117576 Singapore

EDepartment of Pure and Applied Physics, Trnity College, Dublin 2, Ireland

35



National University

of Singapore

| -
O
_I
©
o
—
)
M
-
O
k%)
@)
Q.
D
©
D
S
-
)
©
| -
()]
o
-
D
]
&
o
@)
nd

Amorphous LAO/STO Interface




Electrical transport of amorphous NUS
LAO/STO
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£ BANUS
Electric field effect e
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Critical thickness

dCritical (nm)

39

ﬁ National University
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Photoluminescence s

Amorphous Crystalline
10 10 .
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After annealing - resistance ™

Amorphous 10 Crystalline
Measurement limit 9 [ 10 uc LAO-STO 103 Torr
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Crystalline samples - after annealing

Activation energy E = 4.2 meV

9
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Activation energy E = 0.5 meV
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Argon milling experiment NUS

-2

Crystalline LAO/STO
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NISOtropic

superconductivity’:

2N

AFM written 7 nm

wide conducting

line on the 3.50uc
LAO/STO(110)
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Magnetic Field Imaging of LMO NUS
Layers
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Rutile TiO, Anatase TiO, Perovskite SrTiO;
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Electrical transport ERNUS
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. 3NUS
Before | Forget the Memory Application ¥z

2 unit cells of BTO appear to be ferroelectric

Theoretically below 3 uc BTO should not be
ferroelectric

Ferroelectric tunnel Junctions can be prepared
on silicon
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FTJ performance
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BTO thickness and
Device size
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(2015)
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Magnetism
Electronic Phase Separation at LAO/
STO Interfaces

Cationic Defect mediated Magnetism

Novel Magnetic Coupling via Polar

Layers
I



Atomically Controlled Oxide Heterostructures
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news & views o

OXIDE INTERFACES

Moment of magnetism

Electrons at an interface between two insulating oxides are now shown to exhibi
electronic state not seen in the bulk of either individual oxide.

Andrew J. Millis

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION |

Ariando, Rusydi,
Venkatesan, Hilgenkamp

roughly one unit cell of the interface.
Earlier this year, Ariando ef al.'* showed
by direct magnetization measurements
that magnetism occurs in interfaces grown
at high oxygen partial pressure, with
evidence of ordering persisting up to room
temperature. As the oxygen partial pressure
during growth is reduced, the size of the
moment is found to decrease, and becomes
very small at the growth pressures that
other workers have found optimized the

superconducting properties.
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Cationic Vacancies
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Possible Path to a New Class of Ferromagnetic and Half-Metallic Ferromagnetic Materials

LS. Elfimov,' S. Yunoki,! and G. A. Suwalzky"2

'Solid State Physics Laboratory, Materials Science Center, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

*Department of Physics and Astronomy, University of British Columbia,

6224 Agricultural Road, Vancouver, British Columbia, Canada VoT 121
(Received 24 May 2002; published 4 November 2002)

Elfimov et al. Phys. Rev. Lett. 98,

‘We introduce a path to a possibly new class of magnetic materials whose properties are determined 137202 (2007) :
entirely by the presence of a low concentration of specific point defects. Using model Hamiltonian and !
ab initio band structure methods we demonstrate that even large band gap nonmagnetic materials as
simple as CaO with a small concentration of Ca vacancies can exhibit extraordinary properties. We show Z u n g er Et al " P hys ' Rev LEtt 9 6 !
that such defects will initially bind the introduced charge carriers at neighboring sites and depending on
the internal symmetry of the clusters so formed, will exhibit “local” magnetic moments which for 107203 (2006)
concentrations as low as 3% transform this nonmagnetic insulator into a half-metallic ferromagnet.
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Cation
vacancy
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Local moments coming
from holes



FM in Anatase 5% Ta-TiO,g3NUS

T T T

P 104 (5) | ' Deposition Temperature: '600"'0—5
4 —>—Fure TIO, : ; Deposition P(O,): 1x10° torr
| 5% Ta doped TiO, C) :
—~ o —0—600°C E 4
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-4t R R b ; ]
I 1 2 3 4 5 6 7 8 9 10
3 -2 -1 0 1 2 3 5% Ta:TiO, ferromagnetic thin film
H (k Oe)

Maximum Saturation Magnetization : 1.1 pg/Ta ion
Maximum Remnant Magnetization : 0.14 pyg/Ta ion

A. Rusydi, Philosophical Transaction - Royal Soc. A 370, 4927 (2012)
D
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SXMCD: FM In 5% Ta-TIOZNUS
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Ti13*in 600C and 750C Sample e

Ti4+ T_3+ - -3+
1 -o | L] T l: ] L] :I ] L] T 1-:! 1 -I-:II T L]

i : : : : a) -
0.8 |-pure TiO, (600 °C) : : ( ) -
- O Exp. Data: : :
0.6 }-Fitting :

Intensity (a.u.)

—
i 4+
I : : : -
b
g . .
.3+ : D .
4 Ti . f L . —_
T D . f L .
. = . y . -
e 1, N . e . .
= . e N . 2 A .
0.2 i : . . -
- e . = . - LN '
i il - e .
- e

[ 5% Ta-TiO, (600 °C) : : : (b) i
0-8 [ . o - =
o Exp. Data : :

Flttlng
i

= . .

T.3+ . . .

. . 4 .

0.4 : : : . \ :
- . . . —

Wt - 7 .

R : e b\ .

0.6

e 4
o . . . g/ .
e : N - o :
P : e : S -
P : e : e X . -
o = : Rz N
q

. . 2 .

Q 8 1 N 1 . 1 PR | M 1 e l 1 L
- - - 5 -

= 1 T ¥ - v o i v
4 .

0.8 | 5% Ta-Tio, (750°c) ! § - (c)
o Exp. Data 5 :
| Fitting

0.6
0.4 ' A 5

Intensity (a.u.) Intensity (a.u.)

T : "4 x
B . Y o 3
L L= . A .
0 2 = . _— , e 4 b .
- o . e g 5 . —
o . e T g \
e = i Ty

A- Rusydi, 0.0 1 . L ; 5 . . ) | 5 . - r.\‘,.:_:.'«f-::':':ffr_;;,--
Philosophical Transaction - 468 466 464 462 460 458 456 454

Roial Soc. A370| 4927 izolzi Binding Energy (eV)




e
Cationic VVacancies In

600 and 750C samples
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Novel Optical Propertiesggnus

with potential Energy
Applications

High energy exciton in TIO2-
Evidence of strong correlation

SrNbO3- Correlated Plasmon

Excitation
D



What do we know about T1O,and Ta,T1,_.0O,

- - . INUS
films from conventional spectroscopic 9% i
ellipsometry?

of Singapore
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30 35
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Yong Zhihua, Paolo E. Trevisanutto, Iman Santoso, Arkajit R. Barman, Teguh Citra Asmara, Sankar Dhar, L. Chiodo, A.
Terentjevs, F. Della Sala, V. Olevano, Michael Ribhausen, T.Venkatesan, Andrivo Rusydi, submitted (2015)
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Yong Zhihua, Paolo E. Trevisanutto, Iman Santoso, Arkajit R. Barman, Teguh Citra Asmara, Sankar Dhar, L. Chiodo,
A. Terentjevs, F. Della Sala, V. Olevano, Michael Rubhausen, T. Venkatesan, Andrivo Rusydi, submitted (2015)
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Water splitting with SrNbO,_ s NUS

Semiconductors can be used in photocatalytic water splitting, how about metal or metallic oxide, nitrite,
etc.?

First response: No, missing of internal field, low diffusion length...
Reality: Yes

a
a0+ D/O
i [ O
0.6 i o
3l 30+
05 Br _ 0
= [ E
i g
. L Z 20t
3 | E | ™
; 0.4 g0 T
- I
= [}3 PR T SN T T NN T N O ' 10 — I:l
8 15 20 25 30 35 40 4550 e /D" (0 SrygNbO,
5 Energy (2V) ; EID —0-5r, ;NbO,
3 02 StagNbO; oj?8— T
R e 0 5 10 15 20
Tngs 3 Time (h)
01F Sty sNDO, .
55x10° -
ok 5.0x10°% W)
1 I 1 I 1 I 1 I 1 I 1 I 1 "
200 300 400 500 600 700 800 900 g 450’ R =R[1+a(t 1)
d t t t
Wavelength (nm) S 40x10° @, =2.047x 10K
Figure 1| Ultraviolet-visible absorbance spectra (converted from diffuse 350 -
reflectance spectra) for Sr;_,NbO5 (x =0.1, 0.15 and 0.2). Kubelka-Munk 3.0x10° 1
transformation of the absorption curves is shown in the top inset. Typical o0 130 1m0 20 2e0 20 3o
sintered pellets (Srp gNbQ3) are shown in the bottom inset. TIK

* Xu, X.X., et al., A red metallic oxide photocatalyst. Nature Materials, 2012. 11(7): p. 595-598.




Why is SNO special? 95 LU
High mobility induced high diffusion length?
L=vDt,D= (— 1y

Where is the visible light absorption
originating from?

NO !

SNO needs to be carefully studied.

Figure 2 | Schematic of band structure for a metallic conductor. Bands
below and above the conduction band (CB) are labelled as B_; and B;.

Fossible transitions associated with photon absorption are marked
X. Xu, et al, Nature Mater. 11, 595-598 (2012) by arrows
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Optical absorption NUS
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High mobility? 95 U
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Epitaxial thin film preparation NUS
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Epitaxial SNO film (with tetragonal perovskite structure) can be prepared under
very high vacuum level (below 5E-6 Torr). Composition Sr:Nb:O=1:1:3



Diffuse/overlapping supper lattice peaks from irregularly spaced defect planes. The
intensity, and nominally the defect density, increases from 1e-6 to 3e-5 to 1e-4 samples.
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Resonant and Correlated Plasmon NUS
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Transient absorption FANUS
Energy (eV) ey

26 24 2.2 2 1.8 1.6
0.30 p—r—r—T—aT—"7T— . ' T ' T
0.5k Delay time at 2ps ]
0.20 [ —a— Excitation 350 nm
—e— Excitation 532 nm |
0.15 —— Excitation 800 nm ]

-0.15
450 500 550 600 650 700 750 800
Wavelength (nm)
12 T T T T T T T T T T ] o[ T T T T T T T T ]
! Probe at 600 nm . i Probe at 700 nm
o 10f X 10fF
E o8} % os|
© [ o) X
0.6}
! | R o
< 04 —— Excitation 350 nm (Lifetime 280 ps + 10 ns) ® g4 i o ) ‘ SR
§ 0.2 | —— Excitation 532 nm (Lifetime 276 ps + 10 ns) | g ! - Exc?tatfon 350 nm (Lffetfme 225 ps +10ns) ]
S t | Excitation 800 nm (Lifetime 63 ps + 3 ns) S o2f ~— Bxcitation 532 nm (Lifetime 225 ps +10ns)
0.0} . - ~ Excitation 800 nm (Lifetime 40 ps + 3 ns)
. 0.0F -
02F - - -
1 . 1 . 1 . 1 . 1 . 0.2 1 . 1 . 1 . 1 . 1 .
0 200 400 600 800 1000 0 200 400 600 800 1000

Delay Time (ps) Delay Time (ps)




National University
of Singapore

Time for a Break

Mechanism of VO2- Dimer
driven or Crystal Phase
driven?
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