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Perovskite oxides structure

Perovskite ABO3  
structure

Broad range of physical properties
cristalline quality ó physical 

properties

=> Epitaxial growth required

Heterostructures growth allow to 
couple physical propertiesMature epitaxial growth techniques

MBE PLD
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Growth and structural properties

~300 nm

XRD
AFM

SEM
STEM

PLD
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Perovskite oxides processing

1

Lithography

I. Patterning - etching

II. Open bottom electrode

III. Deposit contact

IV. Deposit top electrode

V. Beam release

Transfer
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Etching down to Si substrate

Etching Time Etching Time

Perovskite oxides processing

A critical step => etching
• Large Young Modulus
• High chemical stability



5/22/24G. Agnus / Oxide thin films processing8

Perovskite oxides MEMS
Exalted amplitude of physical effects

• Magnetisation control
• Magnetism Sensing
• Resonating sensors
• Strain gradient and 

flexoelectricity

Thermal gradient 
due to lower thermal 

dissipation

• Bolometers
• Pressure and flux sensors
• Thermoelectricity

Thermal effects

High and complex 
strain effect due to 

low clamping

Strain effects
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Perovskite oxides MEMS Full oxide approach

2009

Opens for films transfer of perovskites 
(requirement of wafer scale deposition technique !) 

Pros:
• High quality films 
• Low complexity of the freestanding stack

Cons:
• PLD on freestanding (fragile) substrate
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J. W. Reiner et al., Adv. Mater. 2010, 22, 2919

Pe
ro

vs
ki

te
s

Lattice parameter compatible 
Removing native silicate layer

Integration on Si(100) : Material review 

D. K. Fork et al., Appl. Phys. Lett. 1991, 58, 2294 

H. M. Manasevit et al., J. Appl. Phys. 1964, 35, 1349

Mg2Al2O4 (MGA)

H. Fukumoto et al., Jpn. J. Appl. Phys. 1988, 27, L1404

V. Vaithyanathan et al., J. Appl. Phys. 2006, 100, 024108

R. A. McKee and F. J.Walker, U.S. patent 5,830,270 (1998)

R. McKee et al., Phys. Rev. Lett. 1998, 81, 3014

PLD

MBE

Perovskite oxides MEMS

Al2O3

MgO

Y2O3, ZrO2, YSZ, CeO2

SrO / SrTiO3
CaTiO3
BaO / BaTiO3

M.Ihara et al., J. Electrochem, 1982 129, 2569
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Focus on STO/Si

Strategy :

1. Removing the amorphous silicate layer
2. Deposition of a thin poorly crystallized layer of STO that act as oxygen barrier
3. Deposition of SrTiO3 at high temperature/oxygen pressure

1.7% of lattice mismatch with Si  (cell rotation of 45°)

Growth manage by a few groups in the worl:

Critical steps
• preventing the interfacial silicate  layer during the growth at high temperature/ oxygen pressure

• Stichometry difficult to control (Oxygen, Sr/Ti ratio)

R. McKee et al., Phys. Rev. Lett. 1998, 81, 3014

G. Niu et al., Appl. Phys. Lett. 2009, 95, 2009

Etats-Unis:
C.B. Eom (Wisconsin)
D. Schlom (Cornell)
Yale, Texas Univ.
…

Europe:
G. Saint Girons (INL, France)
J. Fompeyrine (IBM Zurich, Suisse)
…

Direct integration of SrTiO3 (STO) by molecular beam epitaxy
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STO/Si: TEM analysis

10 nm

52 cells of SrTiO3

• Coherent relationship between silicon and SrTiO3

• Different contrasts between interfacial SrTiO3 (10’s of cells)) et the top SrTiO3

• Several types of defects with different sizes

Changes induces 
by the PLD growth 

of active films

• Growth of an interfacial SiO2 layer

• Modification of the crystallinity of SrTiO3 ?

• Strain ?

Complex structure 

STEM @ Saragosse

Homogeneity
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Manganites on STO/Si
Epitaxy of manganites: La0.67Sr0.33MnO3

o Interfacial SiO2 layer

o STO relaxed with respect to Si 110 (3,839 Å) 

o Coherent epitaxy between LSMO and STO 

o LSMO under tensile strain => no relaxation

o STO under tensile strain in plane 
=> Stoichiometry

STO LSMO
a // plan 3,925 3,925
c ⊥ plan 3,89 3,84

bulk 3,905 3,866
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Strain in perovskites on Si

High level of stress in 
those epitaxial thin films

Patm

100'kPa 1'MPa 10'MPa 100'MPa 1'GPa 10'GPa 100'GPa 1'TPa

Strain'in'Si'technologies

Strain'in'epitaxial'materials

Modify the shape of MEMS structures 
Reduce the yield of productionModify the physical properties

• Octahedral tilting

• Cation displacement

• Octahedral distortion
(Jahn-Teller)

Patm

100'kPa 1'MPa 10'MPa 100'MPa 1'GPa 10'GPa 100'GPa 1'TPa

Strain'in'Si'technologies

Strain'in'epitaxial'materials

100 kPa        10 MPa               1 GPa 100 GPa
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ouvertures par IBE

Attaque chimique humide sélective du 
PrCaMnO3 avec la solution (HF/HNO3/H2O)

Strain in perovskites on Si

Volonté d’utiliser cette relaxation de contrainte @
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Thermal based devices

Pros : 
High sensitivity (vs metals)
Low noise
Chemical and thermal stability

Matériau TCR (10-3 K-1)
Platine 3,9

Silicium dopé p 9,0
LSMO/STO/Si 13,4
LBMO/STO/Si -10,9

Main idea: 
generate heat and measure it through TCR

𝑇𝐶𝑅 =
1
)𝑅(𝑇

)𝑑𝑅(𝑇
𝑑𝑇

2 families of oxides materials

Pro: 
Very high sensitivity
Con: 
low temperature
(higher than for 
Metals T°superC)

Low temperature Room temperature

Cons : 
Low sensitivity (vs TsuperC) 

Superconductivity 
transition T°

The way you generate/lose heat makes your sensor

Photon => Bolometer Air => 
• Pressure sensor
• Gas flow sensor
• Accelerometer
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Microbolometer sensitivity:

For fast and sensitive bolometer, one need: 

● High TCR material 
Ä Superconductors YBCO close to the supra-métal
Ä Manganites LSMO à la transition métal-isolant

● des membranes pour réduire la conductance thermique G 
et le temps de réponse t = C/G

Thermal 
conductance

S. Liu et al. Microelec. Eng. (2012)
S. Liu, thèse univ. Caen (2013)

Thermal based devices: free-standing bolometer
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Free-standing bolometers La0.7Sr0.3MnO3 (LSMO)

L. Méchin et al. M. Science Eng. B (2007)
P. Perna et al. J. Phys. Condens. Matter (2009)

LSMO/YSZ-based buffered Si par PLD

L. Méchin et al. PSSA (2012)
Coll. D.G. Schlom, Univ. Cornell

LSMO/STO-CTO/Si par MBE puis PLD

Thermal based devices: free-standing bolometer

=> Light sensitivity
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Low pressure:
Low thermal dissipation

Bridge temperature: High

Pressure of sensitivity:
Thermal dissipation

Bridge temperature: depends on P

High pressure:
Maximal thermal dissipation
Lowest bridge temperature

D. Le Bourdais PhDThermal based devices: free-standing pressure gauge
D. Le Bourdais et al., 
J. Appl. Phys. 2015, 118, 124509
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Sensitivity increased 
by a factor of 3

Power consumption 
reduced by 3 orders 

of magnitude

• Manganites chemical stability
• Low intrinsic noise A. Lisauskas et al., Appl. Phys. Lett. 77, 756 (2000)
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D. Le Bourdais et al., 
J. Appl. Phys. 2015, 118, 124509

Thermal based devices: free-standing pressure gauge



22/05/2024G. Agnus / Oxide thin films processing23

Flux sensor

Accelerometer

Thermal based devices: other sensors ?
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Thermoelectricity

=> Superlattices SrTO3/Nb:SrTiO3 for Si integrated thermoelectrcity

Thèse Yann Apertet (2013)

Critical point =>  managing strain relaxation during the release

Thermal based devices: probing other properties
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Strain based devices

Piezolayer

Active layers

DV P

Bottom electrode

substrate

𝑑!!
"## = 𝑑!! −

2𝑑!$(𝑠$!% + .𝜐 𝑌)
𝑠$$% . 𝑠$&% 	

K. Lefki and G.M. Dormans, J. Appl. Phys. 76, 1764 (1994)

Sij are the elastic compliances of the film at constant 
electric field

n : Poisson’s ratio of the substrate
Y : Young’s modulus of the substrate

For perpendicular geometry: ∆𝑙
𝑙 = 𝑑!!

"## . ∆𝑉

𝜐

Main idea: 
Additional degree of freedom thanks to 
substrate realease of piezoelectric films

Freestanding devices => release of substrate clamping 𝒅𝟑𝟑
𝒆𝒇𝒇 = 𝒅𝟑𝟑
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Focus on the link magnetism/strain

Extrinsic Magnetoelectric effect (ME): 
coupled  magnetic and electrical phenomenon via elastic interaction

Some reviews:
C-Wen Nam, JAP (2008)
G. Srinivasan, An. Rev. of Mat. Res. (2010)

Magnetism
H

Polarisation
PMechanical

T

Magnetostriction Direct piezoelectric effect

Villari effect
Inverse piezoelectric effect

Direct magnetoelectric effect

Converse magnetoelectric effect

magnetic
mechanicalx

mechanical
electric

=EME

Hext

DV

V0

M

electric
mechanicalx

mechanical
magnetic

=HME

ME direct and converse are highly non-linear mechanisms
T Tran Nguyen, JAP 2011



22/05/2024G. Agnus / Oxide thin films processing28

Converse effect:Direct effect:
H
P




d
da =

E
M




d
da =

Example of magnetoelectric sensors
Þ passive detection
Þ 50pT sensibility achieved with glued layers

Tunable RF devices

Spin electronic devices
=> Control of the magnetization by electric field

Lou J., APL 2009
Laur, V. IEEE Trans. on Mag 2013 

Piezoelectric layers: PbZrTiO3 (PZT) or PbMgNbO3-PbTiO3 (PMN-PT) (large piezoelectric response )
BaTiO3 (using domain engineering; c to c/a2 multi-domain state S. Geprägs PRB 88 (2013))

Huang Giang D.T., Sensors and Actuators A (2009) 

Linear and high magnetostrictive ferromagnet
Terfenol-D (Tb0.3Dy0.7Fe1.9)
Metglass (Fe40Ni28Mo4B18)

Energy harvesting…

Concerned materials:
=> Strong link between selected materials and desired device application

Remnant state and low saturation field in the 
ferromagnetic layer are needed
CoFeB
FeGaB

M

H

M

H
Lebedev G.A., JAP 2012

Focus on the link magnetism/strain
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Magnetoelectric sensors

Bulk materials Glue => Reduce mech. Coupling Large coupling surface 

Macro-sensors

D.T Giang, SNA, 2012

HDC+HAC

V=
 k

.H
D

C

K = 653.2(mV/Oe) 

PZTMetglas

(Glue)

Reducing: Improving

Sensors for Wearable Electronic & Mobile 
Healthcare, report, Yole Développement (2015) 

Mobile applications :
Expected market 

growth of 30% / year

Micro-sensors

Device:
Freestanding cantilever

Resonance frequency shift 

HDC

Measurement:

N. Nguyen PhD 2018
S. Hem PhD 2023
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Magnetoelectric sensors

Bulk materials Glue => Reduce mech. Coupling Large coupling surface 

Macro-sensors

D.T Giang, SNA, 2012

HDC+HAC
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 k

.H
D
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PZTMetglas

(Glue)

Reducing: Improving

Sensors for Wearable Electronic & Mobile 
Healthcare, report, Yole Développement (2015) 

Mobile applications :
Expected market 

growth of 30% / year

Micro-sensors

Device:
Freestanding cantilever

Resonance frequency shift 

HDC

Measurement:

N. Nguyen PhD 2018
S. Hem PhD 2023
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Ø Structure and ferroelectric properties of cantilevers

No major change in ferroelectric properties of the 

epitaxial PZT thin film polarization 

Before release After release

Magnetoelectric sensors

Epitaxial PZT 
52/48 Zr/Ti ratio

Sputtered TbFeCo

No bonding layer

N. Nguyen PhD 2018
S. Hem PhD 2023
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Ø Dynamic response – Methods of study

Q-factor: 
64 @ Athmosphere
1000 @ 1 mbar

Theory:   1:  6.22   : 17.61
Impedance analyzer:     1:     5.5  :   14.8

A GOOD agreement between theory 
and the experimental methods

847(kHz)

154(kHz)

2280(kHz)

fr: the resonant frequency, fa: the anti-resonant frequency

fa

fr

fp

Vin=
VDC+Vac

Cantilever

Output

Im
pe
da
nc
e

Magnetoelectric sensors

Epitaxial PZT 
52/48 Zr/Ti ratio

Sputtered TbFeCo

No bonding layer

N. Nguyen PhD 2018
S. Hem PhD 2023
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Addition of TbFeCo
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Resonant frequency depends 
on external magnetic field

RF magneton sputtering

More details in Nguyen et al.; 
APL Mater. 9, 041103 (2021)

Magnetoelectric sensors

Epitaxial PZT 
52/48 Zr/Ti ratio

Sputtered TbFeCo

No bonding layer

N. Nguyen PhD 2018
S. Hem PhD 2023
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Optimizing sensitivity => optimize material quality

Higher cristalline quality => Higher quality factor
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Single phase multiferroic EuTiO3

Opens for higher sensitivity

Optimizing sensitivity => optimize material quality
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Other strain based devices

Energy harvesting through flexoelectricity ?
G. Catalan, The emancipation of flexoelectricity
J. Appl. Phys. 131, 020401 (2022) 

Inkjet Pinting
G. Rjinders, Epitaxial PZT films for MEMS printing applications
MRS Bulletin 37 1030 (2012)

https://www.researchgate.net/journal/MRS-Bulletin-1938-1425?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/journal/MRS-Bulletin-1938-1425?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
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Remarques and discussions

Managing strain is crucial for MEMS

Adaptation layers brings complexity

Silicon integration remains a challenge (Interfacial layers and SiOx)

Good material quality is a challenge 
Room for improvement compared to semiconductors

Level of quality depends on the aimed physical properties

Difficult compromise 

Devices need to be thinked from thin film growth


