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Ever-increasing computing needs of deep Al models
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Need of energy-efficient Al hardware
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Al Can Do Great Things—if It Doesn't Burn
the Planet

The computing power required for Al landmarks, such as recognizing
images and defeating humans at Go, increased 300,000-fold from 2012 to
2018.

Compute Energy in J/year

1.E+22

1.E+20

0.0

1.E+18

World's enefgy production

1,000 ZIPS max

P an an an e e e o e e

2040 2050

The Decadal Plan, SRC 2021

Energy demands for compute now approaching
total global energy production
* Specialized energy-efficient Al hardware in need



Analog hardware for deep learning
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Desired device characteristics
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Programmable resistor based on ferroelectric effect

Ferroelectric Hf,Zr, O (HZO):
e stores polarization charge due to unique crystal structure

e CMOS compatibility

Charge density (LC/cm?)
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Multi-domain structure: partial polarization switching = analog behavior



Our approach: non-volatile thin-film ferroelectric MOSFET

Critical requirement: Back-End CMQOS compatibility
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Enabling component #1: high-quality FE HZO with T <400 °C

Annealing at 400 °C
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* Remnant polarization (P,) ~ 18 uC/cm? with +3.5 V sweep range



Enabling component #2: ITO thin-film transistor

Source

~10 nm ITO
30 nm Al,O,

Ni/Au Ni/Au

3027 nm

Global back gate

Si
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ITO thin film: Lch
e Sputtering at room temperature
* No thermal annealing

* Global back gate transistors with scaled channel length



Enabling component #2: ITO thin-film transistor
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Ferroelectric thin-film transistor: a first look
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Process details: orbe .
* |TO thickness ~10 nm -4 -2 0 2 4
* Highest process temperature = 400 °C Vgs (V)

* FeTFT with a scaled L, and
a large memory window

11



Ferroelectric thin-film transistor: two-level switching
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e Relatively fast switching, considering the switching of all FE domains
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Summary of progress and future work

* Progress:
» Well-behaved ferroelectric HZO and channel material ITO with CMOS compatibility
» Demonstration of high-performance ferroelectric thin-film transistor (FeTFT)

* Future work:
» Detailed study of synaptic behavior in FeTFT
» Detailed study of gradual domain switching in FeTFT
» Simulation and modelling of HZO multi-ferroelectric-domain dynamics
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