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Introduction

Ferroelectricity

permanent dipole
- polar phase

double-well potential

can be switched by
electric field

Classic Ferroelectrics
PZT: Pb(Zr,Ti)O;
BTO: BaTiO;
BFO: BiFeO,
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Introduction

Relevant Phases in HfO,

orthorhombic
(Pca2,)

FE orth. phase

monoclinic
(P21/C)

“doping” with
e.g. Si

perovskite phase (tetra.)

@ O©

@ Pb

O Ti/zr
tetragonal cubic
(P4,/nmc) (Fm3m)

high T phases, higher k (> 30)
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Introduction

What determines the macroscopically effective Polarization?

trr (e
(N reeere

volume density of dipoles:

- phase composition




Introduction

What determines the macroscopically effective Polarization?

volume density of dipoles:

- phase composition

length of the dipoles:
- doping/stress
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Introduction

What determines the macroscopically effective Polarization?

volume density of dipoles:

- phase composition

~

intrinsic

Ieng%&(the dipoles:

- doping/stress

\

extrinsic

orientation of the/{poles:

- texture
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Introduction
Si:HfO, vs. La:HfO, > “Original vs. Rockstar”
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Si Doped Hafnium Oxide—A “Fragile” Ferroelectric System Lanthanum-Doped Hafnium Oxide: A_Robust Ferroelectric Material

- . . Uwe Schroeder,*® Claudia Richter,” Min Hyuk Park,"® Tony Schenk,"® Mllan Pesic,”
Claudia Rlcht'er, Tony Schenk, Min Hyuk Park, Franziska A. chhamtke, Michael Hoffmann,’ @ Franz P. G. Fengler, Darius Pohl Bernd Relhnghaus, Chuanzhen Zhou,
Everett D. Grimley, James M. LeBeau, Chuanzhen Zhou, Chris M. Fancher,

Ching-Chang Chung," Jacob L. Jones," and Thomas Mikolajick"®
Jacob L. Jones, Thomas Mikolajick, and Uwe Schroeder*

U. Schroeder et al., Jpn. J. Appl. Phys. 2014, DOI: 10.7567/3JJAP.53.08LE02
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Basic Experimental Data & Theory

Electrical Measurements

Polarization (pC/cm?2)

P, = 25...30 pC/cm?2
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wide range of ferroelectricity

GIXRD: Rietveld Refinement
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high fraction of FE phase

high remanent polarization P, - but similar values have been
shown for other dopants

U. Schroeder et al. Inorg. Chem. 2018, DOI: 10.1021/acs.inorgchem.7b03149
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Basic Experimental Data & Theory

Density Functional Theory

La is a very suitable stabilizer of the FE phase (bulk stability possible?)
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R. Materlik et al. 3. Appl. Phys., DOI: 10.1063/1.5021746
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So, what about the induced
spontaneous polarization?

P, in uC/cm?
U U1 O
a 0 o
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T. Schenk et al. (in review)
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Stress/ Texture from XRD

XRD in Bragg-Brentano geometry b) powder
Textu re scattering vector @
B

e
@ i
BTt

reference for perfect
random orientation

exiting beam incident beam

preferential
orientation

o
N
&
S\
N

e) single crystal d) (100)-textured film c) non-textured film

HEHH

Z only (200) peak oy more prominent £Z| same relative peak intensi-
% visible § ’\ (200) peak % ties as powder diffractogram
L =4 - L
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increasing degree of texture
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Stress/Texture from XRD

Texture - Peak Intensity Strain - Peak Position

number of correctly oriented grains Bragg equation: p [l =2d [{in (9)
toward scattering vector

Role of Texture Role of Strain

tensile compressive
£ z| ~—|—
7] (7]
c c
(] (V]
et L
£ £
20 20
-€ -€
lattice plane distance

lattice plane distance
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Stress/Texture from XRD

Standard Lab XRD with Eulerian Cradle

scattering vector

exiting beam X0, incident beam

defines
Bragg
condition

= 0/w
sample surface .-

family of lattice planes
in correct orientation for
constructive interference

T. Schenk, PhD thesis, TU Dresden

Tony Schenk - EuroCVD/BalticALD, Luxembourg 2018-06-24 nal N

a tu dresden company



Stress/Texture from XRD

2Theta 20/ theta 6 / omega w
define conditions for constructive interference in Bragg equation

- occurence of peaks .
scatterlng vector

exiting beam X0 incident beam

defines
Bragg
condition

sample surface .- ’

family of lattice planes
in correct orientation for
constructive interference

T. Schenk, PhD thesis, TU Dresden
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Stress/Texture from XRD

2Theta 20/ theta 6 / omega w
define conditions for constructive interference in Bragg equation

- occurence of peaks :
scattering vector

Phi ® exiting beam X0

rotation around film plane vector

- no change of angle defines
between scattering vector Bragg
and film plane vector condition

N O/w
sample surface .-

family of lattice planes
in correct orientation for
constructive interference

incident beam

A e /R/
T. Schenk, PhD thesis, TU Dresden
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Stress/Texture from XRD

2Theta 20/ theta 6 / omega w
define conditions for constructive interference in Bragg equation

- occurence of peaks :
scattering vector

exiting beam X0, incident beam

Phi @

rotation around film plane vector

- no change of angle defines
between scattering vector Bragg
and film plane vector condition

o N i O/w
- sample surrace ,-°
Psi @ :

tati di | acti family of lattice planes
Fotation around in-plane projection in correct orientation for

of X-ray beam constructive interference

- angle between plane vector o
and scattering vector € /R/

T. Schenk, PhD thesis, TU Dresden
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Stress/Texture from XRD

Basic Formula for sin2(¥)-Method

d,.,—d
_ Yoy 0 _ 2 .2 . .2 -2 )
Sour = = 6,08 (@)sin” (¥ )+ s, sin(2@)sin” (¥)+ &, sin” (P )sin” (¥)
0
) . . .
— &, 8in° (W) + &5 + &5 cos (@) sin (2% ) + &,, sin (@) sin (27).
The following assumptions allow simplification:

> no shear components €12 =€13=€x3=0

- symmetric in-plane strain €11 = €22,

(Check for rotation-invariant XRD patterns!)

I. C. Noyan et al., Crit. Rev. Solid State Mater. Sci. 1995, DOI: 10.1080/10408439508243733
J. C. Nino et al., Thin Solid Films, DOI: 0.1016/j.tsf.2008.12.01
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Stress/Texture from XRD

Simplified Formula for sin?(¥)-Method

_ d?f _do
d

0

Ey =|&, — &5 [sin’® () + &5,

> gy Vs. sin?2(W) plot allows extraction of in-plane €;; and out-of-plane €55 strain

Problem: Knowledge of d, is essential!
- not the case for novel ferroelectrics such as HfO,/ZrO,.

- generally, an issue for thin films compared to bulk materials

Solution: Analysis via knowledge of elastic properties (or sufficient estimates)

I. C. Noyan et al., Crit. Rev. Solid State Mater. Sci. 1995, DOI: 10.1080/10408439508243733
J. C. Nino et al., Thin Solid Films, DOI: 0.1016/j.tsf.2008.12.01
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dy

Stress/Texture from XRD =-=;

dy = [811 — 6'33]Si1’12 (SV) +&5,

Simplified Formula for sin?2(¥)-Method f /
2v
Equibiaxial stress links €;; and €55 via Poisson ratio: &33 = _E'gu
y-intercept m
l+v : 2v
> d,=——¢,-d, -smz(Y/)J{l——-g”]do

Solutions for €,; and d, are:

(l —V) m
e = (1+V)n+2-v-m
11 d. =
(1+V)n+2-v-m 0
1+v
Stress can be calculated as:
Y
O, =0, = K3 oc,=Y-e,+2-v-o, =0
—V
T. Schenk et al. (in review)
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b)

Intensity in arb. unit

Stress/Texture from XRD

20 nm La:HfO,

a)

wVarled cD 23° @ varied, ¥ = 20°
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T. Schenk et al. (in review) sin?(W)
23 Tony Schenk - EuroCVD/BalticALD, Luxembourg 2018-06-24 na' N

exiting hbeam
(detector)

incident beam
(x-ray tube)
surface normal et

@ rotation C_ >

>

a tu dresden company



Stress/Texture from XRD

Calculated Stress and Strain

literature values from diff. phases for
uncertainty assessment

stress still depends directly on Y
strain only weakly dependent on v

- self-consistent, more reliable approach
compared to calc. based on ref. LPs
(LP accuracy of less than 0.1 % required)

tensile in-plane and compressive
plane-normal strain = £0.5 %

tensile in-plane stress of = 2 GPa

- extrinsic parameters; rather large values

- similar to HfO, with other dopants

T. Schenk et al. (in review)

Tony Schenk - EuroCVD/BalticALD, Luxembourg

Y = 284 GPa

values for mono. phase:

v =0.3

. Dole et al., J. Am. Cer. Soc. 1977,
DOI: 10.1111/j.1151-
2916.1977.tb14088.;

l

Yin GPa 284 | 250 | 350 | 250 | 350
v 030 | 0.25 | 0.25 | 0.35 | 0.35
11 Peak (2€ = 30.3°)
dy in pm 295.3 295.12 295.51
enn=g2in% | 0.60 0.67 0.54
£32in % -0.51 -0.45 -0.58
on=c2inGPa| 243 | 223 | 3.12 | 2.06 | 2.89
033 in GPa 0 0 0 0 0
020/002 Peak (26 = 35.3°)
do in pm 2539 253.73 254.1
enn=g2in% | 0.63 0.70 0.56
£33 in % -0.54 -0.47 -0.61
on=02n2inGPa| 256 | 235 | 3.29 | 2.17 | 3.04
o3z in GPa 0 0 0 0 0
2018-06-24 nam
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Stress/Texture from XRD

Preferential Orientation

longest axis favorably in-plane a) 002Pole  p) Radial Cross Section
Figure 002
polar axis tends to favor the plane- 4 :
: . polar axis,

w

out-of-plane |

b) Y varied, @ = 23° 180°

|||||||||||||||||||||||
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Probability in MRD
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270°

£ c) Radial Cross Section d) Radial Cross Section

£ 200 020

>

€ longest axis, shortest axis,

£ 3+  preferentially 3t in- and
in-plane out-of-plane

s

Probability in MRD

Probability in MRD
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20in° T. Schenk et al. (in review)
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Stress/Texture from XRD

Relation of Texture and P,
Already in GIXRD, La:HfO, is indeed a bit special.

111 200

Intensity (arb. unit)
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NS
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020
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80 b) ] 1 1 I ] 1 30
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= 111 £
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Z40F g 8 @ = N
W .
5 2 3
‘ ° intensity ratio of PDF reference d 10 ?'.-
e~ = random distribution =
® 20 F -
a o) o o 5
E

Q

[

0 1 1 1 L 1 1 0
Si Al Zr Gd La Sr
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- Watch our for such features!

random orientation

integrated pole figure

- max. P,

- max. P,

50 % of P,
58 0/0 Of PS

Tony Schenk - EuroCVD/BalticALD, Luxembourg

2018-06-24

T. Schenk et al. (in review)

Nam

a tu dresden company



Outline

rIntrod uction

'Basic Experimental Data & Theory

rStress/Texture from XRD

LSTS



“Original vs. Rockstar”

Summary and Outlook

‘g 43% FE-HIO, ;;:I:ll'f():l g' '-
% 401 SiHIO, suitable dopants AL,
w . .% 50-\':}1:7()!"7—_ 'r:[[l‘; Lz [: ]
Rockstar” La:HfO, : =2 =5 _
RIS BE B8 B ATV OSSS namy NE. a0

reports on large P, and wide dopant conc. window
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“Original vs. Rockstar”

0dnezro, | oo Ga:Hio, |-
1 A7 | FEHO, ,.a?
40 ] ‘Mi‘nm! suitable dopants ﬁ A0, ]

504y:1r0, SETT

== =

Summary and Outlook
“"Rockstar” La:HfO,

reports on large P, and wide dopant conc. window

N\
[\

Polarization (uC/em’)

{
W

Intrinsic Factors from DFT ;_: 5
La is a strong stabilizer of the polar phase z 52,35
Eﬁ —50 | o

La leads to 62 yC/cm?, others: 50 - 60 yC/cm?2 ——s s

% doping conc.

Nam
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“Original vs. Rockstar”

Summary and Outlook

g 4:::;|m.“,'f‘fl'l FE-HfUz :“!:I;i;#-
“;‘__4“_' -M”“,,: suitable dopants ‘j'::”m__
::: 504y, im0,
“Rockstar” La:HfO, - =
] ] MM B B B/AS/ ARG
reports on large P, and wide dopant conc. window
M v P-O2 OA e T A P-O1
- - 5 150-: Ila (e)
Intrinsic Factors from DFT g o
. . : s v
La is a strong stabilizer of the polar phase ¥ e b s
=0 v
5 -9} 0
La leads to 62 yC/cm?, others: 50 - 60 yC/cm?2 ——s s
% doping conc.
.. intro of an approach based 4 sty
Extrinsic Factors from XRD g on el azf_ prop. e
S

in-plane tensile stress (= 2 GPa) leads to strains of £0.5 %

- due to thermal strain; similar for other dopants!

Nam
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“Original vs. Rockstar”

Summary and Outlook

§ 4:::ur/.|>f_ FE-HIO, 1.1!:||2 é n

2 4] #ﬂ\i‘“,,,: suitable dopants ‘j'::”m
W ” E 50 4v:iio, =TI
Rockstar” La:HfO, § M

reports on large P, and wide dopant conc. window

Intrinsic Factors from DFT ~;— 5
. . t sl v

La is a strong stabilizer of the polar phase ¥ e b s

| o

La leads to 62 uC/cmz2, others: 50 - 60 pC/cm?2 T

% doping conc.

Extrinsic Factors from XRD mtro O;: 2,:25_ r;f:: pased 'M ey "“
in-plane tensile stress (= 2 GPa) leads to strains of £0.5 % 9/ //
- due to thermal strain; similar for other dopants! | IRy
stronger 002 texture (polar) compared to other dopants
> correlation of texture and P,! z i —
31 Tony Schenk - EuroCVD/BalticALD, Luxembourg 2018-06-24 nam
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“Original vs. Rockstar”

Summary and Outlook FITED) e, P

0] = o | suitable dopants | =23

5(].\‘Ilﬂlr_ ISr:HIO,
0d A7 Vs

= -50

m’)

rization (uC/

1\
»

“"Rockstar” La:HfO,

reports on large P, and wide dopant conc. window

AM YPO2 $O0A T a POl
Intrinsic Factors from DFT g 102. .o

La is a strong stabilizer of the polar phase ‘E’ 52 I N >

La leads to 62 yC/cm?2, others: 50 - 60 uC/cm?2 L st :

% doping conc.

"
Extrinsic Factors from XRD
in-plane tensile stress (= 2 GPa) leads to strains of £0.5 % - N
- due to thermal strain; similar for other dopants! | o ey

stronger 002 texture (polar) compared to other dopants

> correlation of texture and P,!

270

0: o0& 08 1 0 05 1 15 2 25 3 35
sin*(w) Probability in MRD

Future work: Why does texture develop differently in La:HfO,?

- Interplay of large FE phase fraction and stress?; Kinetic effect during anneal?
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Intensity in arb. unit

Introduction teragonal phase | orthorhombic | sin(u)
refined phase refined approach
ain A 3.5914(3) 5.207(1) 5.20
Rietveld Refinement binA 3.5914(3) 5.073(1) 5.07
cin A 5.2038(11) 5.086(1) 5.08
o11 = 622 in GPa 2.24(4) 2.17(4) 2.43/2.56
low-index peaks (100, 110 and so on) distinguish orth. from tetra. phase
"""""""""""""""""" Q)T ) g
data (4 @ averaged) - L L
—— fitted diffractogram
——— unqergruund fit
—— residuals ‘_I::: i s ‘g I 'é_:-: |
. 200 B 4 . |
tetra. phase -E i Tl ortho. phase | -",;_, | tetra. phase -g ortho. phase
refined < 1m refined < refined u r refined
w=0° z| w=0° Z w=40° Z| w=40°

e Yv v h v B ol ~ v r' vy - W e = v",‘\r Y- o’ e
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2@0in° 20in° 2@in°® 2@in°®
' f) d)[” T h) ‘
&= = =
<l c [ EF
= 3 =
tetra. phase | ortho. phase 2 tetra. phase 2 ortho. phase

refined ol refined e refined el refined

w=20° 2l w=20° Z w=60° 2z w=60°
(7] w w
eff i 1 c 1
2< £ mt ] [g : \\@J
£ = x 1 E} ‘ x !

= J B P A Py i e o ok sl iamaathsy .A-. Acard
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