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Scaling Effects in Ferroelectric Films

• Severely diminished 
properties in films

• Traditionally blamed on 
‘size effects’

• Severely diminished 
properties in films

• Traditionally blamed on 
‘size effects’

Bulk Ceramics

Thin Films
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Parker et al., APL (2002)

Frey, PhD Thesis, University of Illinois (1996)

Arlt et. al. JAP (1985)

Waser Int. Ferro. (1997)
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BaTiO3 Processed on Copper

• Films fired to 900°C in a 
reducing atmosphere

• Dielectric Constant

approaching 2000

• > 80 % Dielectric 
Tunability

• tan  consistent with

FE BaTiO3

• Clear evidence of Extrinsic 
Ferroelectric contributions

• This represents a 
breakthrough in 
Ferroelectric Thin Film 
Technology

• Films fired to 900°C in a 
reducing atmosphere

• Dielectric Constant

approaching 2000

• > 80 % Dielectric 
Tunability

• tan  consistent with

FE BaTiO3

• Clear evidence of Extrinsic 
Ferroelectric contributions

• This represents a 
breakthrough in 
Ferroelectric Thin Film 
Technology

*Thomas et al. J. Appl. Phys. (2001)

Typical 
Literature 
BaTiO3

Thin Film*

10 kHz, 0.77 kV/cm Oscillator

J. Ihlefeld et al. J. Electroceram. (2005)
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Grain Size Modification

• Process Temperature 
Modifies Grain Size

• Higher Temperature 
Anneal

• Larger Average Grain 
Size

• Process Temperature 
Modifies Grain Size

• Higher Temperature 
Anneal

• Larger Average Grain 
Size

Grain size determined using 
ASTM standard E 112-96 

(linear intercept)

J.F. Ihlefeld et al. J. Appl. Phys. (2008)
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Processing Temperature Effects on 
Permittivity

• Strong Permittivity 
Dependence on
Processing 
Temperature

• Tc Does Not Change

• Consistent with 
Brick-Wall Model

• Agrees with bulk 
BaTiO3 of similar 
purity*

• Tc shifts for finest 
grained material¶

• Strong Permittivity 
Dependence on
Processing 
Temperature

• Tc Does Not Change

• Consistent with 
Brick-Wall Model

• Agrees with bulk 
BaTiO3 of similar 
purity*

• Tc shifts for finest 
grained material¶

* Frey et al. Ferroelectrics (1998)

138 nm

109 nm

90 nm

76 nm

700°C

J.F. Ihlefeld et al. J. Appl. Phys. (2008)

¶ McCauley et al. J. Amer. Cer. Soc. (1998)

900°C
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Crystallite vs. Grain Size:
Processing Matters!

Grain Size

• AFM and FE-SEM

• 95% confidence interval

Coherent Scattering Size

• CHESS

• Scherrer’s Formula on 
111 reflections

Higher Processing 
Temperature Gives 

Improved Crystalline 
Quality

Grain Size

• AFM and FE-SEM

• 95% confidence interval

Coherent Scattering Size

• CHESS

• Scherrer’s Formula on 
111 reflections

Higher Processing 
Temperature Gives 

Improved Crystalline 
Quality

J.F. Ihlefeld et al. J. Appl. Phys. (2008)
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Processing Effects on K vs d

S. Aygün et al., J. Appl. Phys., 2008

T ≥ 900°C

500°C ≤ T ≤ 700°C

BaTiO3 Film Permittivity
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Issues with Platinized Silicon Substrates

Nam et al., Thin Solid Films (2000)

• Titanium ‘adhesion’ layers by 
far the most common

• Titanium expands upon 
oxidation causing hillocks

• Adhesion layers fail with large 
temperature swings (>700°)

• Titanium ‘adhesion’ layers by 
far the most common

• Titanium expands upon 
oxidation causing hillocks

• Adhesion layers fail with large 
temperature swings (>700°)
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Can we use ZnO as an adhesion layer for Pt?
Cu and Pt both Fm3m metals

Can we use ZnO as an adhesion layer for Pt?
Cu and Pt both Fm3m metals

Metal Wetting and Adhesion

Laughlin, B. Ph.D. Dissertation, NCSU 2006

Molten Cu on ZnO

Molten Cu on Al2O3
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Pt/Si Substrate Preparation

• 100 nm Pt/40 nm buffer/40 nm SiO2/Si

• Ti, TiOx, ZnO, and Pt prepared via RF 
magnetron sputtering

• 30° off-axis geometry

• Ti: Ar atmosphere

• TiOx: Ar sputter, O2 anneal

• ZnO: 1:1 Ar:O2 atmosphere

• Pt: Ar Atmosphere

• 100 nm Pt/40 nm buffer/40 nm SiO2/Si

• Ti, TiOx, ZnO, and Pt prepared via RF 
magnetron sputtering

• 30° off-axis geometry

• Ti: Ar atmosphere

• TiOx: Ar sputter, O2 anneal

• ZnO: 1:1 Ar:O2 atmosphere

• Pt: Ar Atmosphere
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Electrode Temperature Stability

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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Electrode Stability: 900°C
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High Temperature Test Case:
CSD BaTiO3 on Platinized Silicon

Ti(OiPr)4 + 2,4 
pentanedione
1:2 molar ratio

Ba-acetate + propionic
acid

Dissolve salt

Fire 900 ºC

Dilute in 
MeOH
0.15 M

Combine equimolar amounts
Ba and Ti solution

Dry ~ 250 ºC

Spin coat deposition
3000 rpm/30 sec

Sputter Pt electrodes

Repeat 3x

3 layers

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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BaTiO3 Topography and Microstructure

BaTiO3 Microstructures Virtually Identical

Electrode Integrity Dependent on Adhesion Layer

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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BaTiO3 Dielectric Properties:
Pt/ZnO Substrates Superior

Pt/ZnO

Pt/TiOx

Pt/Ti

• Ti- and TiOx-buffered 
films actually survived

• BaTiO3 on Pt/ZnO
substantially 
outperforms other 
substrates

• Microstructure nearly 
identical: Why such a 
disparity?

• What about other 
Ferroelectrics?

• Ti- and TiOx-buffered 
films actually survived

• BaTiO3 on Pt/ZnO
substantially 
outperforms other 
substrates

• Microstructure nearly 
identical: Why such a 
disparity?

• What about other 
Ferroelectrics?

1 kHz, 100 mV

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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SNL IMO PZT CSD Film Preparation

R.A. Assink and R.W. Schwartz; Chem. Mater. (1993) G. Yi and M. Sayer. J. Appl. Phys. (1988)

Si

Pt

Si

Pt

Si

Pt

Si

Pt

h
e
a
ti
n
g

Deposited 
solution

Amorphous 
gel
~100-300 ºC

Intermediate 
fluorite
~400-500 °C

Perovskite
~500-700 °CCrystallization

Pyrolysis

Acetic Acid / Methanol

Chelating agent / Solvent

Zr(Obu)4 · BuOH + Ti(OiPr)4

Blend 5 min

Pb(OAc)4 + La(OAc)3·H2O
Dissolve at ~90°C

Acetic Acid / Methanol

Adjust Molarity

Spin Coat Deposition
4000rpm/30sec multiple

depositions

Sputter Pt electrodes
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Film Phase/Crystallographic Properties

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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PZT Film Microstructure

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)



J.F. Ihlefeld, MS&T 2012,  10 October 2012

Dielectric and Ferroelectric properties

• Measurements conducted at 10 Hz

• All films saturate well

• Low leakage

PZT/Pt/TiOxPZT/Pt/Ti PZT/Pt/ZnO

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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PZT Films Ferroelectric Properties:
Pt/ZnO Substrates Superior

Pmax 
(μC/cm2)

Pr 
(μC/cm2)

Ec
(kV/cm)

K

Pt/Ti 61.5 23.8 47.0 1440

Pt/TiOx
68.2 27.0 44.1 1620

Pt/ZnO 75.3 32.2 43.8 1740

• Both Pr and K increase on 
ZnO-buffered substrates

• Coercive field decreases 
slightly for PZT on ZnO-
buffered substrates

• Both Pr and K increase on 
ZnO-buffered substrates

• Coercive field decreases 
slightly for PZT on ZnO-
buffered substrates

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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PZT Films Ferroelectric Properties:
Pt/ZnO Substrates Superior

Pmax 
(μC/cm2)

Pr 
(μC/cm2)

Ec
(kV/cm)

K

Pt/Ti 61.5 23.8 47.0 1440

Pt/TiOx
68.2 27.0 44.1 1620

Pt/ZnO 75.3 32.2 43.8 1740

• Two film systems

• Performance
improvements identified in 
both on ZnO-buffered 
substrates

• Mechanism?

• Two film systems

• Performance
improvements identified in 
both on ZnO-buffered 
substrates

• Mechanism?

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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PZT Composition Analysis:
No Composition Gradient on Pt/ZnO

Pt/Ti Pt/TiOx Pt/ZnO

Titanium Distribution

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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PZT Composition Analysis:
No Composition Gradient on Pt/ZnO

Substantially improved chemical 
homogeneity in films on Pt/ZnO substrates

Pt/Ti Pt/TiOx Pt/ZnO

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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BaTiO3 Compositional Analysis:
No Composition Gradient on Pt/ZnO

Titanium Distribution

Barium Distribution

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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BaTiO3 Compositional Analysis:
No Composition Gradient on Pt/ZnO

Pt/Ti Pt/TiOx Pt/ZnO

Substantially improved chemical 
homogeneity in films on Pt/ZnO substrates

Mechanism?

C.T. Shelton and J.F. Ihlefeld et. al., Adv. Funct. Mater. 22, 2295-2302 (2012)
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Our Model

Si/SiO2 Substrate Si/SiO2 Substrate Si/SiO2 Substrate
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Test for Gradient Mechanism: PbZrO3

0

1

0.0

0.1
PZ/Pt/Ti PZ/Pt/ZnO

Note Scale Difference
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Mechanism: Ti Diffusion from 
Adhesion Layer: Test with PbZrO3

PbZrO3/Pt/Ti/Si PbZrO3/Pt/ZnO/Si

Less Ti and smaller gradient on Pt/ZnO
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Solution Chemistry Effects?

• This model cannot explain ‘saw-
tooth’ profiles observed by other 
groups*

• What roles do solution chemistry 
and processing conditions play in 
gradient formation?

• More experiments necessary to 
isolate controlling variables

– Substrate: Pt/Ti vs Pt/ZnO

– Chemistry: IMO vs 2-MOE

– Pyrolysis: 300, 350, 400°C
*Amanuma, et al., Appl. Phys. Lett. 65, 3140 (1994)
Calame and Muralt, Appl. Phys. Lett. 90, 062907 (2007)
Bastani and Bassiri-Gharb, Acta. Mater. 60, 1346 (2012)

Open Issues:
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Unfired Chemical Distribution:
2-MOE Films
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Unfired Chemical Distribution:
IMO Films
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Pyrolysis Effects: Texture

IMO on Pt/Ti 2-MOE on Pt/ZnO

*Chen and Chen, JACerS, 81 (1) 97-105 (1998)

*Brennecka, et al., Proc. 14th US-Japan, 136 (2009)

• Pyrolysis temperature effects texture
• No apparent difference with substrate or chemistry
• Consistent with previous work*
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Ferroelectric Properties: IMO Films
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Ferroelectric Properties: 2MOE Films
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Solution Chemistry Effect: IMO films

Titanium
Distribution

300°C300°C 350°C350°C 400°C400°C
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Solution Chemistry Effect: IMO Films
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Solution Chemistry Effect: 2-MOE films
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Solution Chemistry Effect: 2-MOE films

Titanium
Distribution
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Open Questions? Still Open!

• Pyrolysis temperature 
does not seem to effect 
gradient formation

• On substrates devoid of a 
titanium adhesion layer, no 
gradients form – even for 
sol-gel chemistries

• What is the origin of the 
chemical gradient 
observed by other groups?

– Heating rate?

Open Issues:
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Summary

• Work of Adhesion is an effective 
means in selecting adhesion layers

• ZnO is a superior adhesion layer

• BaTiO3 and IMO PZT films prepared 
on Pt/ZnO substrates possess 
improved electronic properties 
compared to traditional substrates

• Even traditional sol-gel PZT films did 
not possess composition gradients: 
heating rate effect?

• Improved electronic properties can be 
correlated with improved chemical 
homogeneity

• Work of Adhesion is an effective 
means in selecting adhesion layers

• ZnO is a superior adhesion layer

• BaTiO3 and IMO PZT films prepared 
on Pt/ZnO substrates possess 
improved electronic properties 
compared to traditional substrates

• Even traditional sol-gel PZT films did 
not possess composition gradients: 
heating rate effect?

• Improved electronic properties can be 
correlated with improved chemical 
homogeneity
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BaTiO3 Scaling Effects

This Work

Films Processed at T<900°C

First known BaTiO3 film with bulk properties on Si
Plot adapted from Aygün et. al. J. Appl. Phys. (2011)
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Solution Chemistry Effect: 2-MOE films
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Solution Chemistry Effect: 2-MOE films
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Solution Chemistry Effect: 2-MOE films

Zirconium
Distribution
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Solution Chemistry Effect: 2-MOE films

Lead
Distribution
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Solution Chemistry Effect: IMO Films
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Solution Chemistry Effect: IMO Films
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Solution Chemistry Effect: IMO Films
P

t/
Z

n
O

P
t/

Z
n

O
P

t/
T

i
P

t/
T

i

300°C300°C 350°C350°C 400°C400°C

Lead
Distribution



J.F. Ihlefeld, MS&T 2012,  10 October 2012



J.F. Ihlefeld, MS&T 2012,  10 October 2012

Solution Chemistry Effect: 2-MOE films
Prior to Crystallization
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Solution Chemistry Effect: 2-MOE films
Prior to crystallization

Lead
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Solution Chemistry Effect: IMO Films
Prior to Crystallization

P
t/

Z
n

O
P

t/
Z

n
O

P
t/

T
i

P
t/

T
i

300°C300°C 350°C350°C 400°C400°C

Lead
Distribution



J.F. Ihlefeld, MS&T 2012,  10 October 2012

Solution Chemistry Effect: IMO Films
Prior to crystallization
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BaTiO3 Scaling Effects

Films Processed at T<900°C

First known BaTiO3 film with bulk properties on Si
Plot adapted from Aygün et. al. J. Appl. Phys. (2011)

This Work
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Test for Gradient Mechanism: PbZrO3

PbZrO3PbZrO3

PtPt

TiTi

PtPt

PtPt

PtPt
Cu

(grid)
Cu

(grid)

TiTi

PbPb

PbPb
PbPb ZrZr

PtPt
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Test for Gradient Mechanism: PbZrO3
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PtPt
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Crystallite vs. Grain Size

Grain Size

• AFM and FE-SEM

• 95% confidence interval

Coherent Scattering Size

• CHESS

• Scherrer’s Formula on 
111 reflections

Sub-grain structure 
dominates dielectric 
response

Grain Size

• AFM and FE-SEM

• 95% confidence interval

Coherent Scattering Size

• CHESS

• Scherrer’s Formula on 
111 reflections

Sub-grain structure 
dominates dielectric 
response

J.F. Ihlefeld et al. J. Appl. Phys. (2008)
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Pt/ZnO as a high temperature 
substrate

 ZnO buffered Pt/Si is robust enough to withstand process temps in excess of 1000 ºC

 Ideal candidate for materials previously best grown on single crystals:

• BaTiO3 

• (Ba,Sr)TiO3
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MLC Scaling History

0603: 1600 µm X 800 µm
Most popular pre-2002 size

0402: 1000 µm X 500 µm
Most widely used size

0201: 600 µm X 300 µm
1 µF in X5R rating

01005: 400 µm X 200 µm
Limited use after 2004

500 µm

to-scale image 
of salt grain

still 102 layers!
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MLC vs. Transistor Scaling
T

ra
n

s
is

to
rs

/C
h

ip
 (x1

0
-7)http://www.physics.udel.edu/wwwusers/watson/scen103/intel.html (Nov. 2005)

Y. Honda, AEI, p. 48, October (2004)
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Physically, what's happening?

~ 1 µm !

• Incredible scaling demonstration

• Fabricated using powder 
processing - mass produced

• Film / lamination process

• Real Nano-technology!

• Incredible scaling demonstration

• Fabricated using powder 
processing - mass produced

• Film / lamination process

• Real Nano-technology!

400+ layers possible

Y. Honda, AEI, p. 48, October (2004)
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