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Traditional Computing
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A single-neuron perceptron
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ANN Taxonomy ( a physicist’s point of view)

Feedforward neural network (FNN) Recurrent neural network (RNN)
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Perovskite oxides ABO;

Gustav Rose
1798-1893

CaTiO,, BaTiO,, SrHfO,,... High spin Low spin

Octahedral symmetry (O,): Z Z Fes* (d°)

Energy

Ligand field theory
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Advances in Oxide Epitaxy
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Superlattices by design
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Barium Titanate Pockels Devices
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BaTiO, Barium Titanate (BTO)

Pockels effect:
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Linear Electro-optical Effect:

Anharmonic
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Friedrich Pockels (1865-1913) was first to
describe the linear electro-optic effect in 1893.

Landau-Ginzburg theory:
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Epitaxial oxide on semiconductors

R. McKee, F. Walker, J. Conner, et al., Appl. Phys. Lett. 59, 782 (1991)

R. McKee, F. Walker, M. Chisholm, Phys. Rev. Lett. 81 3014 (1998)

R. McKee, F. Walker, M. Chisholm, Science 293, 468 (2001)

K. Eisenbeiser, J. Finder, Z. Yu, et al., Appl. Phys. Lett. 76, 1324 (2000)

C. Dubourdieu, J. Bruley, T. M. Arruda, et al., Nature Nanotechnology 8, 748 (2013).

A. A. Demkov and A. B. Posadas, Integration of Functional Oxides with Semiconductors, (Springer, 2014)
L. Mazet, et al., Sci. Technol. Adv. Mater. 16 036005 (2015)

) ‘; ‘{“%}E‘!‘:S“”g""”,‘ g‘_

\,;-,\Lf“&‘:'

SrTiO,

SrTiO; on Si
Model Experiment

- { . ’
r""ﬂv %’ l
ok :'

\\%ﬁ ‘\\\\\&\\\\ N | «si (001)
SrTiO,
1172 nm :isui;}i;wif;%:@m@;w R A \

5.98 nm

SiO,

<—— Si (001)

Si[110]

.. J. Bruley and C. Dubourdieu, IBM




a-axis vs c-axis oriented BaTiO; on Si

a domains

1,

* Initially BTO grows oriented c-
axis

* As film thickness increases(=
50 nm), BTO relaxes and forms
some a-axis domains

* Isit possible to reorient the c-
a.X|s to a-axis in < 50 nm StTiO,
films?

a domains

t

S5i0,/silicate

Dubourdieu et. al, Nature Nanotechnology
8.10 748 (2013)

Si [001]




Measuring Pockels effect in thin films

BTO [100)/[010
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Hybrid BTO-Si Devices
|

2nm

Height

ALO,
Device Structure
« Si strip waveguide on BTO
« Bonded to SiO,
« Offers better electrical and optical BTO

isolation than SOI

Abel, Eltes, Ortmann, et al., Nature Mat. 18, 42 (2019)



Active Devices: Racetrack Resonators

Device design

« Resonant device
« Well-defined electric field angle
« Resonance wavelength according to:
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Optical Resonator Basics

Resonators for Pockels Characterization
« Well-defined electric field angle
« Resonance wavelength according to:

mx*xA, =d*n
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Pockels Effect in Hybrid BTO-Si Devices

Angular dependence
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Abel, Eltes, Ortmann, et al., Nature Mat. 18, 42 (2019)



Hybrid BTO-SIN Devices

Intensity [cps]

Device Structure

* Replace with insulating silicon nitride
Photonics

« Devices support single TE mode

« Fabricated resonant structures

Ortmann, et al., “Ultra-Low Power Tuning in Hybrid Barium Titanate-
Silicon Nitride Electro-Optic Devices on Silicon”, ACS Photonics (2019)



Device Tuning
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Resonances

« Sharp resonances

» Tuned with electric field

* No extinction ratio change even at high bias

» Ferroelectric hysteresis

Power Consumption

 Very low leakage leads to very small power
consumption

-80-60-40-20 0 20 40 60 80

Electric Field [kV/cm]

Ortmann, et al., “Ultra-Low Power Tuning in Hybrid Barium Titanate-Silicon
Nitride Electro-Optic Devices on Silicon”, ACS Photonics(2019)

Table 1: Power consumption comparison between electro-optic devices compatible with standard PIC
integration routes, exploiting different tuning mechanisms

funing mechanism reference power consumption (WW/FSR)
Thermo-optic Atabaki er al. ¥ 24500
Thermo-optic Dong et al # 21000
Thermo-optic Dong et al.*® 2400
Plasma dispersion in Si° Timurdogan et al.*” =500
Pockels effect Abel et al ! 4
Pockels effect This work 0.106

“Power consumption extrapolated from tuning data presented in Timurdogan et al.




Multi-Resonator Filters
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Nitride Electro-Optic Devices on Silicon”, ACS Photonics(2019)
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Integrated Ferroelectric Perovskites
Can be used in Si photonics
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Microstructure and ferroelectricity of BaTiO3;
thin films on Si for integrated photonics
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Conclusions

Discovery of growth methods that allow for integrating TMOs
directly on Si, created revolutionary opportunities in silicon
Photonics. e g BB e Mg

Such integration of highly electro-optically active films with silicon chips
paves the way towards power-efficient, ultra-compact integrated devices,
such as interconnects, modulators, tuning elements and bi-stable switches,
all of which have defense applications.

The effective EO coefficient of BTO films is twenty five times that of the current industry
standard LINbO, but is still five times lower the bulk value, the search for super-NL oxides is
on!

[ tasers |

="

st =2




Transition Metal Oxide Quantum Wells
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SrTiO,/LaAlO, as a Quantum Well

Band Alignment

/ * Huge conduction band offset ~2.34 eV
- ! o = GaAs offset ~ 0.5 eV
3 5 3= = Suggests possibility of high-energy intersubband transitions
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Huijben, et al., Nature Materials 5, 556 (2006)
Choi, et al., Appl. Phys. Lett. 106, 192902 (2015) 26
Ortmann, et al.,, ACS Nano 12, 7682 (2018)



Quality Independent of Thickness

Surface Quality

LAO Barrier  RHEED shows surface quality independent of
x : sample thickness

P « Consistent lattice constant

LA Barrior « Good surface quality crucial for growth of thick
LAO Barrier heterostructures

LAO Barrier

LAO Substrate

Increasing Thickness

Substrate 10 Periods 20 Periods 30 Periods 40 Periods
(d) d=(38%£00)A ;
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Ortmann, et al., JAP 124, 015301 (2018)



Quallty Independent of Thickness

- "y @ B Reciprocal Space
: '(:ggnzg) » Clear superlattice peaks in out-of-plane direction
RalR ko (103) o 20 - Slight lattice relaxation for wider wells
< o078 N 3.0 « Period length constant
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Ortmann, et al., JAP 124, 015301 (2018)



STEM of Thick Heterostructures

ADF Ti La Ti+la Quality

STEM shows clear separation between STO
:;:ia:sm wells and LAO barriers | |
LAG  EELS mapping shows chemical modulation
1%La:STO along growth direction
LAO « EELS cannot detect 1at% La doping
1%La:STO
LAO
1%La:STO
LAO
: Substrate

Ortmann, et al., ACS Nano 12, 7682 (2018)




Statistical Analysis of Interfaces

Interfacial Roughness

* Previous reports had high interfacial roughness

 Use STEM to characterize interfaces

Method

* Image sample with STEM

« Make map of A-site intensities

« Fit intensity to define threshold between STO
and LAO unit cells

300 +

intensity

200+ threshold
1

A column count

100 -

0.05 0.10 0.15 0.20
A column intensity, a.u.
Ortmann, et al., ACS Nano 12, 7682 (2018)



Statistical Analysis of Interfaces

Well Sizes
8001 * Binary map generated from A-site intensities
« Bimodal distribution of well widths

3 4 5
QW width, unit cells

6004 785

SRR ¢ « d=432 +0.63u.c
e —— g 400 546 « o0,=0.24 +0.25u.c.
] 3 + 0,=1034 +026u.c
|
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Ortmann, et al., ACS Nano 12, 7682 (2018)
Nakagawa, et al., Nature Materials 5, 204 (2006)



Intersubband Absorption

2500 ————————
Experiment g
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Ortmann, et al., ACS Nano 12, 7682 (2018)

Absorption Experiments

« Spectra collected twice: once with TE and once
with TM linear polarization

* Normalization suggests intersubband transitions

« Absorption energy scales appropriately

Theory

« TB calculations

« Peak position agrees well with experiment

« Peak amplitude agrees well with experiment
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Silicon-Integrated STO/LAO QWSs

Structure

« STEM imaging shows clear STO/LAO separation
* Mosaicity observed

« SiO, interlayer formed

i = Can be minimized
TMOs — (&8

y o
xxxxxxxx

Silicon —

O Silicon

Ortmann, et al., JAP 125, 155302 (2019)



Example: Integrated Modulator
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Ortmann, et al., “Designing Terahertz Electro-Optic Devices from the SrTiO,/LaAlO; Materials
System”,Optical Materials Express 9, 2982 (2019).



Example: Integrated Modulator

d Performance Calculations
—1—\ « Waveguides can support TM mode
I « Energy/bit = ¥4CV?

| Metal
* Energy consumption ~ 20 pJ/bit
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Ortmann, et al., “Designing Terahertz Electro-Optic Devices from the
SrTiO4/LaAlO; Materials System”, Optical Materials Express 9, 2982 (2019).
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Optical properties of transition metal oxide quantum wells
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Summary

BTO-Based Electro-Optic Devices

* Provided unambiguous proof that BTO retains Pockels response in integrated

devices
« Measured record-high Pockels coefficient in integrated BTO devices
« Achieved ultra-low power index tuning in BTO-SIN electro-optic devices
« Measure high-speed response in BTO-SIN devices

STO/LAO Quantum Wells

« Successfully grew high-quality, arbitrarily thick heterostructures

« Demonstrated intersubband absorption in STO/LAO QWs for first time

« Monolithically integrated STO/LAO QWs on silicon via direct deposition

« Designed and simulated STO/LAO-based integrated electro-optic devices
Next step: Fabricate and measure integrated devices
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Thank you!
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