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A Bit of History 
Materials like TiO2 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, 

Fe3O4, VO2, manganites etc.. were well studied in the 1950-1970 
time frame. 

 
What rejuvenated this field in the 1980s? 
 

It was a TSUNAMI!! 
 



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 
• 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  
Multicomponent Target in the deposited film 

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 
Composition 

End of 1987: T. Venkatesan, X. D. Wu, A. Inam, J. B. Wachtman, Appl. Phys. Lett. 52, 1193 (1988) 



Key for progress 

- Stoichiometric transfer 
- Easy to control oxygen 
- Easy to vary composition 
- High throughput 50 100 150 200 250

 

In
te

ns
ity

 (a
.u

.)

Time (Second)

Atomic layer growth: 
Pulsed laser deposition with in-situ RHEED 
 

Freedom to design, stacking 
sequence not realized by 
nature in the bulk 

Laser on 

- Layer-by-layer growth 
- Large O2 pressure range 

(10-2-10-6 Torr) 
- T = 750 °C 
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Ca 

Ca 

Sr 

Sr 

Ba 

Ba 

H.N. Lee, H.M. Christen, M.F. Chisholm, D.H. Lowndes 



The Field That Gives!! 
High Tc- 1986- 1994……. 
 
Colossal Magneto Resistance Manganites- 1993- 1998 
 
Diluted Magnetic Semiconducting Oxides- 1997-  “UFOs” 
 
Multiferroics- 1997-………….. 
 
Polar/ Non-Polar Interfaces 
 
Energy Materials 
 
Novel Plasmonic Materials 
 
Novel Bio- Interfaces??? 



1971-1986 (15 years): 
Pion Deuteron scattering Cross section using Glauber’s Eikonal Approximation 
Heitler’s paradox- Narrower than natural linewidth fluorescence from Mg atoms 
Optical Bistability- Road to all optical computing 
Laser Annealing of semiconductors 
Ion beam interaction with organic surfaces 
Bell’s first Ga focused ion beam system and liquid metal ion sources 
GeSe2 as high resolution ion beam resist 
Si induced 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) 
• Oxide Electronics On Silicon-Beyond Moore 

(Electronics, Magnetics, photonics) 
• SINBERISE-Solar Photons to fuel (Energy) 
• Science of Bio-Inorganic Interfaces (Biology 

and health) 



Science of  
Bio-Inorganic Interfaces 



4inch Substrate  

Targets 

High vacuum 

Sequence is repeating  

Preparation of material library 
Conventional PLD Continuous composition spread PLD 



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

Growth of  Human Primary Melanoma 

Differential culture of human cells on inorganic oxide 
surface 

Coating 
(Y2O3) 

Coating 
(ZrO2) 



Surface roughness, wetting angle, charge 





Neuronal Stem Cells on Material Library 
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Cell Type  xc xo 
αZirconia 

αmax 
αYttria 
αmin 

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 

Critical Concentration and Adhesion parameters 



Zirconia region Yttria region 

Cell types: 
Keratinocytes_cell line  - NTERT cell line 
1o Keratinocytes  - from human subject 
1o A_Fibroblasts - from human adult skin 
1o f_Fibroblasts - from human foreskin 
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SPR chips with a stable layer of transition metal oxide for studying interaction 
of biomolecules to surfaces 

Glass 

Chromium 
Gold 

SPR 
Sensor 

Titanium Dioxide ~5 nm 

1. Very sensitive and accurate measurement of adhesion of 
biomolecules to surfaces of interest 
2. Minimum errors/artefacts – will enable better decision 
in choice of material for solid phase extraction and 
engineered cell fate applications 



Protein  ka kd KD 
HSA 2.26E+02 7.23E-05 3.19E-07 
Fibrinogen  2.36E+03 1.84E-05 7.80E-09 
IgG 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 

SPR for studying protein-NP interactions 

EDC/NHS coupling 



Probing effect of PEGylation 

Advantage: We get to know the finer detail 
– PEGylation is not equally effective against 
all proteins. 



Effect of PEG chain length 
(20% human serum) 

Index: 
Black: No PEG 
Brown: PEG 2k 
Blue: PEG 5k 
Green: PEG 10k 
Pink: PEG 20k 
Orange: PEG 30k 



Screening NP based drug formulations 

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. 



Planar columns of transition metal oxide for on target enrichment of lipids 

Schematic Diagram 

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

MALDI plate 

Planar columns of transition metal oxide for on target enrichment of 
multi and mono phosphorylated lipid species prior to analysis with 
Matrix-Assisted Laser Desorption-Ionization Mass Spectrometry 
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The LAO/STO interface 

Metallic 
(2D electron gas) 

Sr
Ti

O
3 

La
A

lO
3 



Polarization catastrophe 

31 

E 

E = σ/2ε0 

V 

-σ/2 

+σ/2 

Nakagawa, Hwang and Muller, Nature Materials 5, 204 
(2006) 

Electronic reconstruction 

E V 

Ohtomo & Hwang, Nature 427, 423 (2004) 



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



Where does the -σ/2 charge come from ? 

-σ/2 

+σ/2 

Eext = σ/2ε0   E = σ/2ε0ε  

2p 

3d 

2p 

σ/2 

33 



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

Critical thickness for the conductivity 

34 
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SrTiO3 

LaAlO3 

Epoxy 

SrTiO3 

Amorphous 
LaAlO3 

Room temperature deposition at 10-6 Torr 

Amorphous LAO/STO Interface 

36 



Electrical transport of amorphous 
LAO/STO 
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Electric field effect 
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Critical thickness 
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Photoluminescence 
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                   Amorphous                                       Crystalline 



After annealing - resistance 
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Crystalline samples - after annealing 
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Argon milling experiment 
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Anisotropic 1D superconductivity? 
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Magnetic Field Imaging of LMO 
Layers 
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Crystal structure of rutile TiO2, anatase and SrTiO3 
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Electrical transport 

Tarapada Sarkar, Scientific Reports 



Before I Forget the Memory Application 

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 



Device Structure   

49 



FTJ performance  

50 



Different Structured FTJs 
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Analysis  

52 



BTO thickness and 
Device size 

53 

Changjian Li, Venkatesan, 
Nano Lett. 15 (4), 2568 
(2015) 



Magnetism 
Electronic Phase Separation at LAO/ 

STO interfaces 
 
Cationic Defect mediated Magnetism 
 
Novel Magnetic Coupling via Polar 

Layers 
 
 



 Atomically Controlled Oxide Heterostructures  

Ariando, Rusydi, 
Venkatesan, Hilgenkamp 



FM via Cationic Vacancies 

Cation 
vacancy 

Local moments coming 
from holes 

Cation 

Anion 

Elfimov et al. Phys. Rev. Lett. 98, 
137202 (2007);  
Zunger et al., Phys. Rev. Lett. 96, 
107203 (2006)  



FM in Anatase 5% Ta-TiO2 

Maximum Saturation Magnetization : 1.1 µB/Ta ion 
Maximum Remnant Magnetization    : 0.14 µB/Ta ion  

A. Rusydi, Philosophical Transaction - Royal Soc. A 370, 4927 (2012) 



SXMCD: FM in 5% Ta-TiO2 

Ti L Edge 

O K Edge Ti L Edge 

O K Edge t2g states at 
both Ti L and 
O K edge play  
the dominant 
role in FM & 
indicates p-d 
hybridizations 

1.42 µB/ Ti defect   
A. Rusydi, Philosophical Transaction - Royal Soc. A 370, 4927 (2012) 



Ti 3+ in 600C and 750C Sample 

A. Rusydi,  
Philosophical Transaction -  
Royal Soc. A 370, 4927 (2012) 



Cationic Vacancies in  
600 and 750C samples 

A. Rusydi,  
Philosophical Transaction -  
Royal Soc. A 370, 4927 (2012) 



Novel Optical Properties 
with potential Energy 
Applications 

High energy exciton in TiO2- 
Evidence of strong correlation 
 
SrNbO3- Correlated Plasmon 
Excitation 



What do we know about TiO2 and TaxTi1-xO2 
films from conventional spectroscopic 

ellipsometry? 

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 Rübhausen,  T. Venkatesan, Andrivo Rusydi, submitted (2015) 



Monte Carlo Espresso Computation including 
electronic Correlation 

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 Rübhausen,  T. Venkatesan, Andrivo Rusydi, submitted (2015) 



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 

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

Water splitting with SrNbO3+δ 



Where is the visible light absorption 
originating from? 

X. Xu, et al, Nature Mater. 11, 595-598 (2012) 

1.8 eV 

3.38 eV 
No ! 

SNO needs to be carefully studied. 

Why is SNO special? 



(a) (c)

(b)

a

c
c

a

Sr

Nb

La

Al

O

LAO was 
selected as the 
substrate 
because we 
need to study 
the film’s 
transport, 
optical and 
transient 
absorption 
properties.  

Epitaxial thin film preparation 
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The optical band gap is 
measured as around 4.1 eV. 
 
The absorption peak located at 
700 nm may correspond to the 
visible light absorption. 

Free electron absorption can 
not be rule out  

Optical absorption 
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τ ~ 200 ps, μ ~ 2 cm2V-1s-1,  L ~ 32 nm 
Particle size dependence of the water 
splitting efficiency of the powder 

Explained 

High mobility? 



SNO

LAO 4 nm

(a)

(b)

(c)

50 nm

Film

Substrate

EPOXY

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 

Epitaxial thin film preparation 



TEM Cross 
section of films as 
a function of 
oxygen excess. 
Over 3 the oxygen 
gets incorporated 
as insulating 
planes  



Resonant and Correlated Plasmon  
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Probe at 700 nm

Transient absorption 



Time for a Break 
 

Mechanism of VO2- Dimer 
driven or Crystal Phase 

driven?  
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