
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/335311446

Influences on the nonlinearity of ferroelectric synapses for

neuromorphic computing

Conference Paper · August 2019

CITATIONS

0
READS

137

5 authors, including:

Some of the authors of this publication are also working on these related projects:

Pyroelectric effect in ferroelectric hafnium oxide View project

WAKeMeUP - Wafers for Automotive and other Key applications using Memories, embedded in Ulsi Processors View project

Maximilian Lederer

Fraunhofer Institute for Photonic Microsystems IPMS

29 PUBLICATIONS   30 CITATIONS   

SEE PROFILE

Thomas Kämpfe

Fraunhofer Institute for Photonic Microsystems IPMS

111 PUBLICATIONS   383 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Thomas Kämpfe on 09 July 2020.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/335311446_Influences_on_the_nonlinearity_of_ferroelectric_synapses_for_neuromorphic_computing?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/335311446_Influences_on_the_nonlinearity_of_ferroelectric_synapses_for_neuromorphic_computing?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Pyroelectric-effect-in-ferroelectric-hafnium-oxide?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/WAKeMeUP-Wafers-for-Automotive-and-other-Key-applications-using-Memories-embedded-in-Ulsi-Processors?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maximilian-Lederer?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maximilian-Lederer?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Fraunhofer-Institute-for-Photonic-Microsystems-IPMS?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maximilian-Lederer?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thomas-Kaempfe?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thomas-Kaempfe?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Fraunhofer-Institute-for-Photonic-Microsystems-IPMS?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thomas-Kaempfe?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thomas-Kaempfe?enrichId=rgreq-d721c14242a97a9dcb1cae744321beb2-XXX&enrichSource=Y292ZXJQYWdlOzMzNTMxMTQ0NjtBUzo5MTE0NjU2NzQ0NDA3MDRAMTU5NDMyMTc1OTAxNg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


© Fraunhofer IPMS M. Lederer I 13.08.2019  I   slide 1

Influences on the nonlinearity of 
HfO2 based ferroelectric synapses 
(FeFETs) for neuromorphic 
computing
13.08.2019

M. Lederer, T. Kämpfe, T. Ali, Y. Gao, K. Seidel



© Fraunhofer IPMS M. Lederer I 13.08.2019  I   slide 2

Ferroelectric Fieldeffect Transistor (FeFET)
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FeFET Gate Stack

28nm Proof of Concept

J. Müller et al., VLSI (2012)
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Neuromorphic Computing

 Conductance of crossbar array represent weight matrix

 Level-based representation

 Most efficient for fully connected layers
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Ip,d = B 1 − exp
P − D

A
+ C

2. Nonlinearity Coefficient:

P := Pulse Number
D := Start Pulse Number

1. Nonlinearity Fit:

Potentation
(LTP):

Seq. 3: 150ns
W: 50 µm, L: 25 µm
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Influence of the Gate Voltage

Depression:Potentation:

Seq. 3

 Nonlinearity is strongly dependent on gate voltage
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Influence of the Gate Voltage
Seq. 3

 Variance strongly dependent on gate voltage

 Relative and absolute variance show maximum at different gate voltages
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Sequence 1 – 3: Nonlinearity

 Sequence 3 shows lowest nonlinearity
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Sequence 1 – 3: Variance (Ion/Ioff)

 Seq. 2 & 3 less asymmetric 

 Higher variance for Seq. 2 & 3

 Variance can be improved by using more pulses  
(Seq. 3)
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Sequence 1 – 3: Area Scaling

 Seq. 1 shows a very rapid increase in nonlinearity with area scaling

 Seq. 2 and 3 show slower increase, could be used for smaller devices

 Origin lies in domain structure and nucleation limited switching
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Sequence 1 – 3: Possible Adjustments for Area Scaling

 Adjusting signal shape for smaller devices improves nonlinearity
Seq. 1 Seq. 3Seq. 2

100 1000
0.0

0.1

0.2

0.3

0.4

0.5

0.6  3/-3.5 LTD
 3.5/-4 LTD

N
on

lin
ea

rit
y 

C
oe

ffi
ci

en
t

Area [µm²]
100 1000

0

2

4

6

8

10

12
3.5/-4.5 V

 50ns LTD
 100ns LTD
 150ns LTD

3/-4 V
 100ns LTD

N
on

lin
ea

rit
y 

C
oe

ffi
ci

en
t

Area [µm²]
100 1000

0.00

0.05

0.10

0.15

0.20

0.25

0.30
 50ns Dep.
 100ns Dep.
 150ns Dep.

N
on

lin
ea

rit
y 

C
oe

ffi
ci

en
t

Area [µm²]



© Fraunhofer IPMS M. Lederer I 13.08.2019  I   slide 11

FeFET SiO2 vs SiON

 SiON: Lower voltages necessary to switch fully Increase in nonlinearity
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FeFET HSO vs HZO

 Lower Variance due to larger MW (FeFET Comparison) not reaching saturation current

 More Subloop Behaviour Lower nonlinearity coefficient
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FeFET thickness influence

 Thinner film results in an increased electrical field Compressed / steeper behaviour with VG
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Conclusion & Outlook

 Nonlinearity and variance can be tuned by signal shape and gate 
voltage

 Trade-off between variance and nonlinearity

 Scaling of area without strong increase in nonlinearity possible for 
sequence 2 and 3
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Sequence 1: Pulse Amplitude

Amplitude reduction:

 Decrease of nonlinearity in potentation

 Reduced assymetry of the variance

 Decrease in absolute variance
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Sequence 1: Pulse Width

 Strong effect on depression

 Moving to lower VG

 Converging at ~0.5

 No clear/strong influence on potentation
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Sequence 2: Pulse Amplitude

 Trade-off between nonlinearity and variance

Seq. 2
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Sequence 3: Pulse Width

 Longer pulses increase slope of nonlinearity

 Absolute variance reaches maximum for 100ns

 Variance improvements with higher number
of pulses

Seq. 3
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