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Scaling Effects in Ferroelectric Films
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BaTiO, Processed on Copper

. Films fired to 900° Cin a
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Grain Size Modification

 Process Temperature
Modifies Grain Size

* Higher Temperature
Anneal

« Larger Average Grain
Size

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

Permittivity
« Strong Permittivity 2000 - L0.5
Dependence on 138 nm
Processing w” I
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Crystallite vs.

Grain Size:

Processing Matters!

Grain Size
« AFM and FE-SEM
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Processing Effects on Kvs d

S. Aygun et al., J. Appl. Phys.,
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Issues with Platinized Silicon Substrates

(a) hillock

~

SI0,  TiO, 100 nm

« Titanium ‘adhesion’ layers by
V) ey far the most common

« Titanium expands upon
oxidation causing hillocks

: b - « Adhesion layers fail with large
kS‘°= T« 100 nm temperature swings (>700° )

(1) Sandia National Laboratores

Nam et al., Thin Solid Films (2000) : _ _
- J.F. Ihlefeld, MS&T 2012, 10 October 2012



Metal Wetting and Adhesion

Molten Cu on Al,O4
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Pt/Si Substrate Preparation

« 100 nm Pt/40 nm buffer/40 nm SiO,/Si 4

» Ti, TiO,, ZnO, and Pt prepared viaRF " "

magnetron sputtering 6o -
.

« 30° off-axis geometry

Ti: Ar atmosphere

TiO,: Ar sputter, O, anneal
Zn0O: 1:1 Ar:O, atmosphere
Pt: Ar Atmosphere

111! Sandia National Laboratories
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Electrode Stability: 900° C

111! Sandia National Laboratories
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High Temperature Test Case:
CSD BaTiO; on Platinized Silicon

Ti(OiPr), + 2,4 Ba-acetate + propionic
pentanedione acid

1:2 molar ratio Dissolve salt
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Ba and Ti solution = -
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BaTiO, Topography and Microstructure

BaTiO4 Microstructures Virtually Identical
Electrode Integrity Dependent on Adhesion Layer

(1) Sandia National Laboratores
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



BaTiO; Dielectric Properties:
Pt/ZnO Substrates Superior

Ti- and TiO,-buffered ~ 17°0
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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

Zr(Obu), * BUOH + Ti(OiPr),
Blend 5 min
Deposited

solution

Acetic Acid / Methanol

Chelating agent / Solvent .

——
Pb(OAc), + La(OAc);'H,0

Dissolve at ~90°C Spin Deposition

Acetic Acid / Methanol
Adjust Molarity

multiple
depositions

heating
A= = = = = = e e e = e = = = = == ===

Intermediate
fluorite
~400-500 °C

Perovskite
~500-700 °C

R.A. Assink and R.W. Schwartz; Chem. Mater. (1993) G. Yi and M. Sayer. J. Appl. Phys. (1988) (1) Sandia Nationa Laboratore
> R S J.F. Ihlefeld. MS&T 2012. 10 October 2012



Film Phase/Crystallographic Properties

Pt 111 A

PZT 110

PZT 111
PZT 002, Pt 002 |

Zn0O 0002

Pt/Ti

— — — — — 8

©O O O o O =

— W O, ~ (o —
PZT 001

Intensity (arbitrary units)

QRes NP 40 . 68
20 (degrees) (1) Sandia National Laboratories

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



PZT Film Microstructure

@ Sandia National Laboratories
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
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e Measurements conducted at 10 Hz

« All films saturate well

 Low leakage

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
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(1) Sandia National Laboratores
" 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




PZT Films Ferroelectric Properties:
Pt/ZnO Substrates Superior
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e PZT Composition Analysis:
" No Composition Gradient on Pt/ZnO
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PZT Composition Analysis:
No Composition Gradient on Pt/ZnO

Pt/TiO, Pt/ZnO
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homogeneity in films on Pt/ZnO substrates
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BaTiO; Compositional Analysis:
No Composition Gradient on Pt/ZnO

Titanium Distributionﬂ
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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



BaTiO; Compositional Analysis:
No Composition Gradient on Pt/ZnO

Pt/Ti Pt/TiO, Pt/ZnO
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Mechanism?
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Our Model
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Test for Gradient Mechanism: PbZrO,

PZI Pt/Tl PZ/ PtIZnO
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Note Scale Difference

(1) Sandia National Laboratories
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Cation Fraction

0.6

0.1

Mechanism: Ti Diffusion from
Adhesion Layer: Test with PbZrO,

PbZrO,/Pt/Ti/Si PbZrO,/Pt/ZnO/Si
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Solution Chemistry Effects?

Open Issues:
* 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/Zn0O
— 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)
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Pt/ZnO

Cation Fraction

Pt/Ti

Cation Fraction

Unfired Chemical Distribution:
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Pt/ZnO

Cation Fraction

Pt/Ti
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Pyrolysis Effects: Texture

IMO on Pt/Ti 2-MOE on Pt/ZnO
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« Pyrolysis temperature effects texture
No apparent difference with substrate or chemistry

Consistent with previous work*

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

*Brennecka, et al., Proc. 14! US-Japan, 136 (2009) (171) Sandia Natonal Laboratories
J.F. Ihlefeld, MS&T 2012, 10 October 2012



Pt/ZnO

Polarization (p.CIcmz)
o

Pt/Ti

Polarization (p.Clcm")
o

Ferroelectric Properties: IMO Films
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J.F. Ihlefeld, MS&T 2012, 10 October 2012



Pt/ZnO

Polarization (p.CIcmz)
o

Pt/Ti

Polarization (p.Clcm")
o

Ferroelectric Properties: 2MOE Films
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‘Solution Chemistry Effect: IMO films

300°C 350°C 400°C
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“ Solution Chemistry Effect:
300°C
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Solution Chemistry Effect: 2-MOE films
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Solution Chemistry Effect: 2-MOE films
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Open Questions? Still Open!

Open Issues:

« Pyrolysis temperature
does not seem to effect
gradient formation

1 I<<—Surface

* On substrates devoid of a
titanium adhesion layer, no
gradients form — even for

Substrate —

llllllllllllllll

0. :
?OO 150 200 250 300 350
Thickness (nm)
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sol-gel chemistries 05 :

. i S ;

« What is the origin of the g ;
chemical gradient e {
observed by other groups? 5% :

0.1 Surface "

— Heatingrate? ~  [ZUUINMESeames § i

Thickness (nm)
(1) Sandia National Laboratores




Summary

Work of Adhesion is an effective
means in selecting adhesion layers

ZnQ is a superior adhesion layer

BaTiO; 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 EIEEZES
correlated with improved chemical

homogeneity 1) Sandia National Laboratores
J.F. Ihlefeld, MS&T 2012, 10 October 2012




BaTiO; Scaling Effects
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J.E. Ihlefeld. MS&T 2012. 10 October 2012




Solution Chemistry Effect: 2-MOE films

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

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




Solution Chemistry Effect: 2-MOE films

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

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




Solution Chemistry Effect: 2-MOE films
300°C 350°C 400°C
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J.F. Ihlefeld, MS&T 2012, 10 October 2012



Solution Chemistry Effect: 2-MOE films

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

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




~_Solution Chemistry Effect: IMO Films

Map data n Map data n Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm




Pt/ZnO

Pt/Ti

Solution Chemistry Effect: IMO Films

350°C 400°C
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J.F. Ihlefeld, MS&T 2012, 10 October 2012



Solution Chemistry Effect: IMO Films

300°C ~350°C 400°C

Lead }M
Distribution N

0.3

Pt/ZnO

0.2

Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

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

Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Map data
MAG: 80000 x HV: 200.0 kV W
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(1) Sandia National Laboratories
U FE Inlefeld, MS&T 2012, 10 October 2012




Solution Chemistry Effect: 2-MOE films
Prior to Crystallization

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Wap data Wap dala 0o .
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm ratories

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




Solution Chemistry Effect: 2-MOE films

Prior to crystallization
400°C

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Map data Map data Map data
MAG: 80000 x HV: 200.0 kV WD: -1.0 mm MAG: 80000 x HV: 200.0 kV WD: MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

J.F. Ihlefeld, MS&T 2012

10 October 2012



Solutlon Chemistry Effect: IMO Films
Prior to Crystalllzatlon
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Pt/ZnO

Pt/Ti




Solutlon Chemistry Effect: IMO Films

e Prior to crystallization

RAINE bR e oTE S s R e T Lo o
- 10.35
O -
c i Eo2s
N
o
0.6 0.6 0.6
0.5F 0.5} 0.5
c | Pb = c
o i R Sl S o Pb o
= 04F } 504 - = 04
7} 7} 7]
© © ©
L L L]
wo3f Ww 03f w 0.3
c r c r~ c
S 0.2 bt i e -1 2 0.2 2 027‘—
et - -t -t
© - w U , = 0. :
O Ti O Ti O Ti
0.1 [<<—Surface 0.1 [<<—Surface 0.1 j<<—Surface 3
Substrate —> Substrate —> Substrate—| ]
0.0

25 50 75 100125150 175200225 i 25 50 75 100 125 150 175 200 0.0 25 50 75 100 125 150 175 200
Relative Thickness (a.u.) Relative Thickness (a.u.) Relative Thickness (a.u.)
@ Sandia National Laboratories




BaTiO; Scaling Effects
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J.F. Inlefeld. MS&T 2012. 10 October 2012

Plot adapted from Aygun et. al. J. Appl. Phys. (2011)




Test ch>)r Gradient Mechanlsm PbZrO,
t

=8 20
(1) Sandia National Laboratores
. UE Inlefeld, MS&T 2012, 10 October 2012




Test for Gradient Mechanism: PbZrO;,
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J.F. Ihlefeld, MS&T 2012, 10 October 2012




Crystallite vs. Grain Size

Grain Size 150 — . ' , :

« AFM and FE-SEM . * Grain Size
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J.F. Ihlefeld et al. J. Appl. Phys. (2008) (111 Sandia National Laboratores
J.F. Ihlefeld. MS&T 2012. 10 October 2012



Pt/Zn0 as a high temperature
substrate

= ZnO buffered Pt/Si is robust enough to withstand process temps in excess of 1000 °C
m Ideal candidate for materials previously best grown on single crystals:

- BaTiO;

- (Ba,Sr)TiO;

(1) Sandia National Laboratores




MLC Scaling History
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J.F. Inlefeld. MS&T 2012. 10 October 2012
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MLC vs. Transistor Scaling
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Physically, what's happening?

100

Incredible scaling demonstration
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J.F. Ihlefeld, MS&T 2012, 10 October 2012



