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Recurrent network

Feedforward network

Neuromorphic Computing

The project started ~4 billion years ago

Echo state network



A single-neuron perceptron



ANN Taxonomy ( a physicist’s point of view)
Feedforward neural network (FNN) Recurrent neural network (RNN)

Reservoir Computer (RC)



Optoelectronic Reservoir Computing
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Advances in Oxide Epitaxy



Barium Titanate Pockels Devices

• Modulators

• Switches

• Tuning elements

• Filters

• Optical memories



BaTiO3 Barium Titanate (BTO)
Pockels effect:

𝑛 𝐸 = 𝑛0 −
1

2
𝑟𝑛0

3𝐸

Zero-field refractive index

Pockels coefficient

S. Abel, et al., Journal of Lightwave Technology 34, 8 (2016)

Bulk BTO
• Ferroelectric perovskite

• Large Pockels coefficient

Pockels
• Useful for high-speed optical modulation

• LiNbO3 used in high-speed modulators

• LiNbO3 incompatible with Si photonics
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Linear Electro-optical Effect: 

Landau-Ginzburg theory:

Anharmonic bonding, no center of inversion, and divergence of (1)

Anharmonic
oscillator:



Epitaxial oxide on semiconductors

Model Experiment

SrTiO3 on Si

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)

D. Smith, Arizona State

SrTiO3

Si (001)

5.98 nm

1.72 nm

J. Bruley and  C. Dubourdieu, IBM

SrTiO3

Si (001)

SiO2



a-axis vs c-axis oriented BaTiO3 on Si
• Initially BTO grows oriented c-

axis
• As film thickness increases(≳

50 nm), BTO relaxes and forms 
some a-axis domains

• Is it possible to reorient the c-
axis to a-axis in ≤ 50 nm 
films?

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

P

Si [001]
Si [001]

c-axis a-axis



Measuring Pockels effect in thin films

S. Abel, T. Stöferle, C. Marchiori, C. Rossel, M.D. Rossell, R. Erni, D. Caimi, M. Sousa, A. 
Chelnokov, B.J. Offrein, and J. Fompeyrine, Nat. Commun. 4, 1671 (2013).

𝑃𝐷𝐶 = 𝑃0𝑐𝑜𝑠
2 𝜃𝑎

𝑃𝐷𝐶𝛿 = 𝑃0𝑐𝑜𝑠
2 𝜃𝑎 + 𝛿

𝑃𝐷𝐶 − 𝑃𝐷𝐶𝛿 ≈ 𝑑𝑃 𝑓𝑜𝑟 𝑠𝑚𝑎𝑙𝑙 𝛿

K.J. Kormondy et al., Nanotechnol. 28 (2017)

BTO
STO
Si

Metal



Hybrid BTO-Si Devices

Device Structure

• Si strip waveguide on BTO

• Bonded to SiO2

• Offers better electrical and optical 

isolation than SOI

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

BTO
SiO2

Si



Active Devices: Racetrack Resonators

Device design
• Resonant device

• Well-defined electric field angle

• Resonance wavelength according to:

𝑚 ∗ λ𝑚 = 𝑑 ∗ 𝑛𝑒𝑓𝑓

Order number Optical path length

Resonance wavelength
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Abel et al., Journal of Lightwave Technology



Optical Resonator Basics
Resonators for Pockels Characterization

• Well-defined electric field angle

• Resonance wavelength according to:

𝑚 ∗ λ𝑚 = 𝑑 ∗ 𝑛

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

Order number Optical path length

Resonance wavelength

Recall:

𝑛 𝐸 = 𝑛0 −
1

2
𝑟𝑛0

3𝐸



Pockels Effect in Hybrid BTO-Si Devices

Proof of Pockels Effect

• Tracked index shift through resonance shift

• Electro-optic response shows expected anisotropies

Electro-Optic Response

• Pockels tensor element r51 = 923 pm/V

• Record high response in thin films

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



Hybrid BTO-SiN Devices

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

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

Ortmann, et al., “Ultra-Low Power Tuning in Hybrid Barium Titanate-Silicon 

Nitride Electro-Optic Devices on Silicon”, ACS Photonics(2019)



Multi-Resonator Filters

Tunable Filters

• Can design tunable filter in BTO-based devices

 Compensate fab tolerances

• Multi-resonator allows for potentially very deep 

extinction ratios

Performance

• Can coalesce individual resonances

• Coalesced resonance can be further tuned

Ortmann, et al., “Ultra-Low Power Tuning in Hybrid Barium Titanate-Silicon 

Nitride Electro-Optic Devices on Silicon”, ACS Photonics(2019)



Integrated Ferroelectric Perovskites 
Can be used in Si photonics



Conclusions

Discovery of growth methods that allow for integrating TMOs 

directly on Si, created revolutionary opportunities in silicon 

Photonics.

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 LiNbO3 but is still five times lower the bulk value, the search for super-NL oxides is 

on!



𝐸𝑜𝑝𝑡

Transition Metal Oxide Quantum Wells

• Light sources

• Detectors

• Modulators

• Switches

• Filters



SrTiO3/LaAlO3 as a Quantum Well

Huijben, et al., Nature Materials 5, 556 (2006)

Choi, et al., Appl. Phys. Lett. 106, 192902 (2015)

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

26

Band Alignment

• Huge conduction band offset ~2.34 eV

 GaAs offset ~ 0.5 eV

 Suggests possibility of high-energy intersubband transitions



Quality Independent of Thickness
Surface Quality

• RHEED shows surface quality independent of 

sample thickness

• Consistent lattice constant

• Good surface quality crucial for growth of thick 

heterostructures

Ortmann, et al., JAP 124, 015301 (2018)



Quality Independent of Thickness
Reciprocal Space

• Clear superlattice peaks in out-of-plane direction

• Slight lattice relaxation for wider wells

• Period length constant

Ortmann, et al., JAP 124, 015301 (2018)



STEM of Thick Heterostructures

Quality

• STEM shows clear separation between STO 

wells and LAO barriers

• EELS mapping shows chemical modulation 

along growth direction

• EELS cannot detect 1at% La doping

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

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



Statistical Analysis of Interfaces

Well Sizes

• Binary map generated from A-site intensities

• Bimodal distribution of well widths

• 𝑑 = 4.32 ± 0.63 u. c.
• 𝜎𝑛 = 0.24 ± 0.25 u. c.
• 𝜎𝑝 = 0.34 ± 0.26 u. c.

Recall:

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

Nakagawa, et al., Nature Materials 5, 204 (2006)

σn = 1.9 u.c. σp = 0.8 u.c.



Intersubband Absorption
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

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



Structure

• STEM imaging shows clear STO/LAO separation

• Mosaicity observed

• SiO2 interlayer formed

 Can be minimized

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

Silicon-Integrated STO/LAO QWs



Example: Integrated Modulator

Ortmann, et al., “Designing Terahertz Electro-Optic Devices from the SrTiO3/LaAlO3 Materials 

System”,Optical Materials Express 9, 2982 (2019).

Operation Principle

• Quantum-confined Stark effect

• Shifts intersubband transition energies

• Very fast effect

Example Device Concept

• Hybrid silicon/STO/LAO waveguide structure

• Metal electrodes



Example: Integrated Modulator
Performance Calculations

• Waveguides can support TM mode

• Energy/bit = ¼CV2

• Energy consumption ~ 20 pJ/bit

Ortmann, et al., “Designing Terahertz Electro-Optic Devices from the 

SrTiO3/LaAlO3 Materials System”, Optical Materials Express 9, 2982 (2019).

𝐸𝑜𝑝𝑡
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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



Thank you!


