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Motivation

FE-HfO, - Material Innovation for FRAM

centrosymmetric polymorphism 2>

monoclinic tetragonal cubic
(P24c) &~20 {Pdynme) & ~ 35 (Fm3m) & ~ 28

\t;

Polakewski etal.,
E IWCM2 2015

orthorhombic

(Pbc2,) g ~ 25
Orthorhombic is ferroelectric phase
Advantages Disadvantages

= Scalable to ~5nm = Low P, (10-20 uC/cm?)
= Fab compatible High E_ (2-3MV/cm)
= ALD for * polymorphic — only up to
conformal layers ~40% ferroelectric
(3D structures) Phase change with cycling
= Single polarization axis
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Waurtzite Nitrides

Can we achieve ferroelectricity in
other materials at device scale?

v v

a-b plane

Single phase

High P,

High E,

Single polarization axis
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Executive Summary

= Full CAPA flow demonstrated in Al,_Sc,N
* Higher leakage and lower ferroelectric response than Pt-dots
* Mo andTiN interfaces lower E_ than Pt
= Growth kinetics manipulation explored
= Releases strain
" Increases E_ but reduces leakage
= Top electrode stack tuning
= Mo/Ru/TiN better than Mo only
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Wurtzites — Al Sc N (Pt-dots; coupons)

Al,_,Sc,N - 50nm

| E. too high at 18.6% for full saturation I

*  PUND used to minimise leakage effects
*  Leakage impacts measurement particularly at low Sc% and 10kHz
= Not fully switching at low Sc% > E, too high
= Full switching at | 0kHz for 34.4% Sc
18.6% Sc

Large Pt-dot capacitors: Frequency (k4]
RC time constant effects T —_— Wite Pulse Amplitude (V]
seen at higher frequencies —_ —

oore oor.cc oor.c oo7.cc

P [uC/cm2]

J[A/em2)

20-10 0 10 20 -20-10 0 10 20 -20-10 0 10 20 -20-10 0 10 20

34.4% Sc

Frequency [kHe]

Optimal ferroelectric loops at 34.4% Sc

ac
Ll PTW202010 Z101 - Clim

20-10 0 10 20 -20-10 0 10 20 -20-10 0 10 20

| PTW202104_R112 - McMitchell

Vp IV

URTZTTEATN '

Pam = Puiron
High switching barrier Wy=~270 meV/fu
* Possible to decrease W, with strain or doping - o —

-20-10 0 10 20

Strain released Al|_,Sc,N

“umec...

techni
week

* ScAlnitl [ETE™ |_'\:Il|.w 145 L5

* FE switching crosses a centrosymmetric
hexagonal structure

o
0300 'lr' r"j"

hexagonal

? Peny 11] Tasnadi, FRL 104, 137601 (2010)
= 0.150
L
- 0100
wurtzite = wurtzite
] 0,050
(=4
- 0,000
+BA88 150 100 .50 i 50 100
‘mmec - Polarisation [uC/em2] . | o
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Al Sc, N - full CAPA flow

TiN
50nm

Top electrode
(TE)

Al _Sc,N
50nm

Pt 5nm

TiN 50nm

Si
Substrate

= Top electrode: Pt, Ru, Mo
= CAPA flow

“mmec - All-ScN grown by PVD co-sputtering
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AL106725 (Location: center) + Pp [uC/em2)
Wafer Name * Jp(Aem2)
D02
Pund Amplitude [V]
28

Pp [uC/cm2]
o . w R 6

Ip [A/em2]
Lo v B

20 0 o 0 2

PUND measurements

PUND waveform
Write waveform: trapezoid (| ps width)
Write & read pulse amplitude:
= 24V,26V, 28V, & 30V
Rise + fall time: 5us + Spus
=  Single pulse frequency = 100kHz A
=  Full wave frequency = 50kHz

Delay between (write & read) pulses: | ys
Device filtering criteria:

OuC/cm?< 2P, < 400uC/cm?
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Al Sc, N - full CAPA flow compared to Pt-dots

Full flow yields lower 2P,

' e and higher leakage
* TE:5 nm Pt/ 5nm Ru / 50nm TiN = 4 g
. Tc /| d
= Reduced 2P, and high leakage > P
strain and strain gradients o
50nm
o o o m Pund Amplitude [V]
Slightly larger non-switching 28
H nm nm Wafer Name
current peaks in current lot o — :
Pt/RulTiN Pt-dots
Pulse Si Si C -
Pund Amplitude o Substrate Substrate
e . 50
Pt/RulTiN Pt/RulTiN Pt-dots g
50 :_ =25
I~ [a W
§ : -50-]
: | < Y R > gl N [ 1_;0:
100~
1? A T =
= 50 ‘S\ O—H
g ) L o
-~ 50 -100-
i~ N M
B . S 30 0 0 10 2 030 10 8 10 B . T
-30-20 110 0 10 20 -30-20 -10 O VIV -30 -10 10 -30 -10 10
LIS Y e A Vp [V]
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Al,_,Sc,N - Sc-content

= TE: 5 nm Pt/ 5nm Ru / 50nm TiN

"= Leakage increases with Sc%

" Increase in leakage = increase in apparent 2P

40+
204

P [uC/cm2]

20

J [A/em2]

40

-60 -

20
-40 |
-60 |
-80

-20-

33.7%

PV | 26V

34.4% | 35.8%

38%

C

T T T
-20-10 0 10 20
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-20-10 0 10 20 -20-10 0 10 20
V[V]

T T T
-20-10 0 10 20

r

Pulse

Y
cwzo

Leakage increases with Sc% 2>
increase in apparent 2P,

Pp [uC/cm2]

Jp [A/em2]

20
154
104

w
|

L .
(e

| PUND | 26V

-25-

D02 D03 D04 DOS D06

100

J_leak+ [A/cm2]

[A/cm2]

J_leak-

gl e Ll ¢t Lolkmaee Lol el e L s

afer Nal

T T T
-20-10 0 10 20

T T T T T
-20-10 0 10 20 -20-10 O 10 20
Vp V]

T T T
-20-10 0 10 20
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Al,_Sc N - electrode

* Pt-dots show most pronounced

switching peak in |-V

* TiN interface lower E_ than Pt-dots
but broader ferroelectric response

- strain transfer

* Mo interface has lower E_ than TiN

interface = strain state

effects

100

50

Pp [uC/cm2]
o

-50

-100

Pund Amplitude [V]

28

Location

c

Wafer Name

S5nm Pt/5nm Ru/50nm TiN

50nmTiN (ex-situ)

20nm Mo (in-situ)/5nm Ru/50nm TiN

250
200
150
100

50

-50
-100
-150
-200
-250

Jp [A/cm2]
(=]

-10

0 10
Vp V]

20

Pt-dots

“umec....

Strain state imposed by top electrode and interface structure at
ferroelectric boundary strongly determines ferroelectric properties
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Al Sc, N - electrode effects

S5nm Pt/5nm Ru/50nm TiN

Pt-dots

20nm Mo (ex-situ)/5Snm Ru/50nm TiN

20nm Mo (in-situ)/5nm Ru/50nm TiN

Pund Amplitude [V]
Mo 28
‘Wafer Name

S5nm Pt/5nm Ru/50nm TiN

Pt-dots

* |n-situ TE deposition important
for properties
= In-situ Mo yields best PV -

5nm Ru / 50nm TiN (RIE + IBE)

interface structure important

(oxidation)

20nm Ru/ 50nm TiN (RIE + IBE)

= Apparent drop in 2P, for Ru =

5nm Ru / 50nm TiN (RIE only)

reduction of leakage

Do3 D10 D16 D17
Location Location Location Location
c c c c
100~
o i
£ 50
L
§ C—> ——
=2
&-_- -50-
-100-
150~
— 100
T s0- ’)
~ = =
E 0 o o
a 507
~-100-
-150-
-200 L e e e B B T T
-30 -10 10 -30 -10 10 -30 10 10 30 -10 10
Vp V]
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Jp [A/cm2]

Pp [uC/cm2]

Pund Amplitude [V]
Ru 28
Wafer Name
D03 D10 D12 D13 D18
Location Location Location Location Location

100

50

1 e . 2 7 aEE—
-50 . Py
In-situ deposition

100

10
0
-10
=20

-30 1
1

- -

30 10 10
Vp V]

-40- -
-30 <10 10 -30 -10 10 -30 -10 10 -30 -10 10

10

of TE to avoid
air-break has
huge impact on
properties
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Full flow CAPA towards optimisation

Full CAPA flow does not match Pt-dot results Japanese Journal of Applied Physics 60, 030907 (2021)
= High leakage https //d0i.0r/10.35848/1347-4065/abe644

= Switching mechanism generating N-vacancies = step down in
bandgap at interfaces

= Damage from patterning in full flow

*  Broadened ferroelectric response and high E,
=  Strain gradients from microstructure, doping, interfaces = broaden ferroelectric

Strain released Al_,Sc,N

response
= Strain from varied electrode stack = shifts E,
Routes to improvement 55 DF-STEM
Growth kinetics engineering
=  Use growth rate and kinetics to modify microstructure and strain state S— e

2 | 5nm PSnm RulSonmTiN |

Structural engineering
10 | 50nmTiN (ex-situ) |

* Interfacial buffer layers of AIN - 7 B S rmmrstrr——r—
= Non-switching so no N-vacancies generated by cycling g o Pt-dots
= Same structure as Al, ,Sc,N .
* Can easily feed N into vacancies created at interface during

ferroelectric switching reducing bandgap step-down

Stack engineering
=  Electrode selection

Ip (A/cm2)
8888oc

=  Replace TiN on BE to change strain without removing Pt-template Yo
Integration . '
. SeS% Etch conditions, etc. 2 reduce structural damage There are still knobs to turn!

technical il . .
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Interval deposition and deposition power Modifying growth kinetics

= Interval deposition is used to force 2D growth mode in mismatched systems (typically
with pulsed laser deposition) = modifies growth mode and strain state

= High growth rate to increase supersaturation on growth surface = increases island growth
nucleation event probability

= Intervals of no deposition to allow crystal to arrange

= Try in PVD for modification of the critical thickness for strain and texture relaxation by growth
mode transition (Stranski-Krastinov)
* |0 intervals of 30s at 1200WV (and 600WV for comparison)

= Power density on target affects supersaturation, defect formation, microstructure

30s

deposition

‘unec ..
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Al,_Sc N - growth kinetics manipulation

= Data shown for 34.4% Sc Strain relaxation with modification of growth kinetics
= Strongest c-axis texture at 600VV standard

= Lower degree of crystallinity from 600VV in interval mode
= c-axis texture relaxed when modifying growth kinetics away from standard growth conditions (600VV standard)
= c-axis texture relaxation => strain relaxation

2000 (E—

— 2000

T ——200W Stand=rd T T ‘\\' T T [——200W Standard
20 -\N ——e00W Standard ] —~ [\ ——G00W Standard ]
’) i\ L 1200 Standerd 001 L 12000 Standard
1500 00 [ 1200W Interval L 1500 b 1200W Interval |
W — 00w Interval F——600W Interval
1000 — 1000
S 500 = 5 500
© W o ‘-g I
= ol v 1 1 I = 0
] 7]
5 1020 | S 1020 F | Pt
2 = | TIiN
o | AIN
680 - 680 .
| Si
340 | 340 - .
of T ‘ | ’!‘l NN
| | | | | M 1 L 1 M 1 M 1 M 1 L 1 1 A 1 M
75

20 25 30 35 40 45 50 55 60 65 70 80

" 20 25 30 35 40 45
umec... 26 ©) g 26 (%)
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Al,_Sc, N - growth kinetics manipulation

Data shown for 34.4% Sc

Grain structure more pronounced with 600W and 1200WV in standard deposition mode
High degree of strain fringes seen at 600WV in standard mode

Low power and interval deposition relax grain structure

Strain fringes are not observed with interval mode

Interval

Strain relaxation with modification of growth kinetics

technical 14 . .
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Mo top electrodes

Pund Amplitude [V] D
Wafer Name ‘Wafer Name P
D03 D04 Dos D03 D04 DoS v
=
400
300
& 200- |
5nm Pt 5 100
50nm TiN s O'Ci { ; Ca
a -100
p<Si> -200 \
-300
Bl 24% Sc ll 35.8% Sc [ 38% Sc -
400~
Switching peak most o
pronounced at 35.8% § i |
< 0
= -100
.200
-300 |
-20 0 20.720 0 ;"_0 720. 0 20 -20 0 20 726 0 20. -20 0 20
Vv]
= Standard (600VV) deposition
* Increase in leakage with Sc%
= Optimal switching for this thickness and stack at 35.8% Sc (different
to with Pt)
| |

Measured 2P, inflated due leakage contribution

Optimal ferroelectricity at 35.8% Sc
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J_leak+ [A/cma]| | TwoPr [uC/em2)

Pund Amplitude [V]
26 28
‘Wafer Name
D03 D04 D05 D03 D04 Do0S

200

0030 )]

el

-20 0 20 -20 0 20 -20 O 20 -20 O 20
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-20 0 20 -20 0 20

Vp V]
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o o o
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—
150 /
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Layer modification
Al Sc,N
= Data shown for 35.8% Sc 1-x3Cx
= Interfacial buffer layers: 5 nm AIN = total ferroelectric sandwich thickness 50 nm
= 002 peak shift in 6-20 indicates relaxation of strain with interval and AIN buffer layers
= c-axis texture strongest with standard deposition = most relaxed with interfacial

AIN TiN
L L P LA L G’XRD v Iil LI IStldlrdl T
- ——Standa -
002}AIN torval 0021AIN ntorvel Si
1 140 Interfacial buffer] = 1 140 Interfacial buffer

I
I o
760 """‘"‘“’L/\\‘ﬂ 1 780

~ 380 | 42 380
s {5 :
> 0 1. J> 0
21020 | 2 1020 |- -
= N | £ |
= 680 L - 680 | | | Strain relaxation = texture
: i relaxation
340 | . 340 |- 4
of L ‘ of L
Lot 1 50 10, L 01 o1 11l

.20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65

mmec.... 26 (°) 20 (°)
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Layer modification

Structural tuning possible = strain from Mo
interfaces enhance ferroelectric switching

Pund Amplitude [V]

26
‘Wafer Name
D11

Leakage (green)
highest with standard
deposition = lowest

with AIN buffer

Switching peak most
pronounced with
standard deposition

20 0 20 -20 0 20 -20 O 20

-20 0

Pulse

28
‘Wafer Name
D11

cozZOo

D14

pro

20 -20 0 20 -20 0 20

viv)
= Standard deposition shows most pronounced ferroelectricity

* Lower E_ due to higher strain and texture

* Interval deposition yields lower leakage and less ferroelectricity
= Relaxed texture/strain = better microstructure = fewer leakage paths

* Higher E, due to relaxed strain

= AIN buffer layers kill leakage but increases effective E,
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50nm TiN

Top electrode stack s fu
20nm Mo 50nm Mo
= Sharp diffraction peak with the Mo/Ru/TiN electrode = rigid 50nm AISGN 50nm AISGN
ceramic TiN pinning strain to inhibit strain relaxation - Mo/Ru too 5nm Pt 5nm Pt
thin to fully relax strain 50nm TiN 50nm TiN
= Broadened 002 peak with full Mo electrodes indicates strain pri<si> pri<S>
gradients = strain allowed to relax due to malleable electrode Mo/Ru/TiN Full Mo
material
L :VI '/RI/T'N R LA LR L L | T II\A '/RI/T'N
L O/RU/ 11N 4 - 1 O/IRU/ TTIN |4
1140 —— Mo only 1140 H GIXRD | Ix\“\ —— Mo only
I ] o0} ]
70 " 700 M%*.:
~ 380 3 3 380 Mo A =
3 3 ! A . .
8 I 18 [ : Wetumnywerw | Strain relaxation
> 0 1 | | T > 0 | I R T I T | I
B 1020 L I Ptld B 4000k | _pt || | dependent on electrode
2 I I TN [ & I I TiN material, thickness, and
= AIN = AIN ors
680 - | si ] 680 - | si ] malleability
340 | l - 340 l -
0_.I.I.I.‘ | l.l|.|l‘_| 0_-|-I.I.‘ | l.l|.|l‘|_|
“mec 20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
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Top electrode stack

26
Wafer Name

Leakage (green)
similar = same
interface

P [uC/cm2]
[=]

-200

-400

i TE: Mo/Ru/TiN

Switching peak most

Electrode strain can
be used to tune E_

Pund Amplitude [V] D
28 =N

Wafer Name .p

u

Pund Amplitude [V]
26 28
Wafer Name Wafer Name
D03

100
50+

-50

-100

- TE: Mo/Ru/TiN @ TE: 50nm Mo

H |(IFJVM

10 -30 -10 10 -30 -10 10

Jp [A/cm2]

U@f
)
&}

: vp V]
pronounced with —
Mo/RulTiN 50 i A (e tston
0 @ @ «© o«
P 3% . [==
-150 3% 3 - ;
-200- ~ g% ) i
3 -0 10 -30 -10 10 -30 -10 10 -30 -10 10 Slwol ™™ B9 g
, , L vm -
E. higher with Mo only electrode = strain released g -
i 2|200
. . e . s
E. lower with Mo/Ru/TiN = rigid TiN pinning strain to F i i il
shift E. and enhance switching g - :
1]
Switching with 50 nm Mo only probably broader in voltage g
. . <100 von _
due to strain gradients P = -
Processing issue at etch strip could - ﬂ TS aall =TT B
. also cause effective E_increase R ” L D06 003 006 D03 006 003 D06
mec.... with 50nm Mo only » Waler.Nams
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Conclusions

= Full CAPA flow shows increased leakage and lower ferroelectricity than Pt-dots
= Strain state
" Processing
= Intrinsic leakage from switching mechanism
= Mo and TiN interfaces show best results with lower E.
= |In-situ deposition of top electrodes has big impact on ferroelectricity = no oxidation of
wurtzite
= Growth kinetics manipulation releases strain and decreases c-axis texture
= With new BKS (TE: 20nm Mo / 5nm Ru / 50nm TiN) at 50nm thickness 35.8% Sc shows
optimal ferroelectricity

= Texture and strain from substrates needed to lower E_ = strain gradients broaden
ferroelectric response = releasing strain inhibits switching
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Outlook

= Stack optimisation focusing on bottom electrodes

= Growth kinetics tuning closer to standard conditions (600VV) for increased
strain/texture

“umec...
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