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Device under test: TIN/ HZO / AlIOx / TIN stack

Tested Ferroelectric-Tunneling-Junction (FTJ) is hereafter described, and its default parameters listed
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Parameter Value used

Geometry

Al,O5 Thickness 0.8 nm
HZO Thickness 7 nm
Width x Length 40nm x 40nm

TiN Properties
Work Function 4.75 eV

AI203 Properties

Permittivity 9.3
Affinity 1.45 eV
Bandgap 8.8 eV

HZO Properties

Permittivity 25
Affinity 3eV
Bandgap 5.6 eV

PGL Ferroelectric Parameters

a -5.6 X108 m/F
B 3.1 x10° m>/(FC?)
v 0
P 4 kQm

Defect properties

Al,O, defects

Thermal loniz. Energy, Eth
Empty state charge
Density

HZO defects

Thermal loniz. Energy, Eth
Empty state charge
Density

2.65 eV
Oe

5 x101° cm-3

2.2eV
Oe

1 x10° cm3
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2D Simulation setup

Virtual experiment setup and main physical settings are hereafter reported.
DoE on TiN work functions is run: WF = [4.65, 4.75, 4.85] eV

Input signal sequence:

1. FTJis depressed with a pulsed scheme at negative voltages
2. FTJ’s current is then read (transient voltage sweep)

3. FTJis potentiated with a pulsed scheme at positive voltages
4. FTJ’s current is read again

Physical and Simulation settings:

3V

\ f=1MHz

Tot time = 50us

Read

-3V

Pot.

f=1MHz
Tot time = 20us

-

* In band transport (Conduction Band)
« Discrete defect description in dielectrics
* Full Poisson coupling (defects, ferroelectric polarization)

« Full dielectric transport (Tunneling, Fowler—Nordheim, Trap-Assisted-Tunneling, Trap-to-Trap)

« Landau-Ginzburg ferroelectric model (isotropic)
« Constant temperature: 300K
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Potentiation

Depression

Output results

Ferroelectric behavior during depression and potentiation are reported. Resulting IVs reads are compared.
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* Evident dependance on electrode’s WF
* Domains are not all switched at end of

potentiation process

» Defects are dynamically interacting with
ferroelectric domains and impacting current

@

APPLIED
MATERIALS




FTJ simulation: HOW TO

with Ginestra® tool
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1. FTJ: Device creation

&

File Edit View Tools Window Help

PH® V@ B -~ x0ONB & &

Ginestra 5.0 - 0 X

& Workspace $a®c . 0O 7 ||[& simulation Designer
# & Ferro
& Ferr o
| Q New Device from Template...
1 @ New Device from File...

Q New Device from Custom Geometry...

E Open Project Folder...

&  Rename Project F2

&  Copy Project to Workspace

&  Hide Project

&  Delete Project... Delete

@ mport Device...

6 mport es 53] Hew Device from Template x

Export Prg
oy = Name: |Device: 1] | 2
6 Export Prd
& _Projct ! | Wetal Insuiator-Metal I
Al nSUIEtor Semiconaucion
P-H-Junction
20 Asymmetric Metal-nsulator-Metal
2D ic Metal-insulator wcluicts
30 Asymmetric Metal-Insulator-WMetal
3D A tric Metal-Insulator wluct
WMOSFET
o2 Si Monitor| B Planar Muttiple Gates

Planar Muttiple Capacitors
Cylindrical Capacitor
Eliptical Capactor
Cylindrical Multiple Gates
Cylindrical Transi istor
Cylindrical Transi istor SO1
Metal-Insulator-Metal VWith
Flanar Multi-Grain 2D
Planar Multi-Grain 30
FinFET

Spacer

Metal-Insulator-Metal

| 0K | | cancel
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1.1 Device Template

To create a simple double layer FTJ
using Ginestra templates:

= (1) right-click on the project name and
select New Device From Template

= (2) this will open the New Device
panel, from which it is possible to
select “Metal-Insulator-Metal”

= Note: electrodes can be switched
between metallic, semiconductor or
ideal.

@l RERER.



1. FTJ: Device creation

E Simulation Designer [Workspace\Temp\TestcaseF TJ_mfim_HZO_AlOx\Sequence_Dep_Read_Pot_Read (standard)]

RO rRB@E S

¥ = Species
v ¥iwvo 2
i Distribution’l
¥ & Interfaces
& Layer 1 (HZO) - Layer 2 (AI203_de
B Defects Summary

3 Material Selector b
TYRE Dielectri select Al [
B name & Description Calor @
¥ Default materials E
> * AI203 (ALD) | Modified: 20210806 - v110 thermal conductivity and specifc heat from 2018Scott_APM; | | 0,0, 255 hd
v * Al203_default || Default Aluminium Oxide i 0,255 0 -
¥ Species
4 % Vo || Default Neutral Oxygen vacancies 25500 v
I - . - : ¥ Generation mechanisms
{ D Simulation Designer | 3 ginestra-user-guide.pdt J *’ — nre_akmq
> * AlGaN (0p07-0p43-0p50) | ABC parameters from 2015Mandurrino_PSSA [ | 0, 153, 255 v
» * AlGaN (0p12-0p38-0p50) | Aluminum Gallium Nitride - 0, 153, 255 -
> M AIGaN (0p13-0p37-0p50) | M0 153 255 -
> ¢ AIGaN (0p17-0p33-0p50) L Mo 153 255 -
> M AIGaN (0p21-0p29-0p50) | M0 153 255 -
> ¢ AIGaN (0p34-0p16-0p50) L Mo 153 255 -
> A eranr Aluminum Nitride Ml 0 153 255 v -
QK Cancel

ﬂ Faye—— Geometry - Template: 1D planar 3 Defects 176 EOT  nm 1427

W

2 ¥ & Electrodes X length (W):  nm 40 | structure | Band Diagram

o & Bottam (TiN_default) 1

[=] — -
@ o| Top (TIN_default) Ve () 40 AEL e 28 &x [z @ [SAhzES
. ¥ = Regions LeyEm

= ¥ M Layer 2 (AI203_default)

aj ¥ [ species Thickness ®

= vatvo Layer 2 (AI203_default),  nm 08 B A v @

a 2 Distribution

¥ e Layer 1 (HZ0) Layer 1 (HZO): nm TE A v &)
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1.2 Stack Composition
The new device can now be modified.

(1) The area of the capacitor through
(X-length and Y-length parameter).

» We set X-length=40nm, Y-length=40nm

(2) thickness, stack composition and
order is defined in the “Layers” area.

» We set 2 layers: Al203 and HZO
» We set thicknesses at 0.8nm and 7nm

Material properties of each layer can
be loaded from Material Library by
clicking the book icon (&)

» We here chose “AlI203_default” and “HZO”
respectively

(3) Device composition is updated

Qll ARERER.
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1. FTJ: Device creation

Electrode definition:

= (4) select each of the electrodes, (5) set the
type and the (6) material

» We set Electrodes to “Metals”>“TiN_default”

= Set then the properties, depending on the
type (e.g. for metallic: work functions; for
semiconductor: doping)

» We set Work Function to 4.75eV

Reqion Properties definition:

. Electrode "Bottom (TiN_default)"

u Yr Geometry - (TIN_ )
a
; ¥ & Electrodes [ Electrical contact  [] Thermal Contact
E o-| Bottom (TiN_default)

Top (TiN_default -
® 2 R ) O Metal | Semiconductor (_ Ideal contact () Insulator |:)
"=l ¥ & Regions 3
= v M Layer 2 (AI203_default) _ _ s
@ v B species Material:  TiN_default ®
E v *ivo
a i Distribution? Transport boundary conditions: | Tunneling/thermionic emission
¥ M Layer 1 (HZO)

L v :
& species Wark function (@): eV 475
v 2w =
State density (N, ) -
i# Distribution’! Y (N MR
¥ [ Interfaces Effective mass (m_ o9 M, 0.9
& Layer 1 (HZO) - Layer 2 (AI203_dt
B Defects Summary
ﬂ - Region "Layer 2 (Al203_default)"
[ o
2 ¥ & Electrodes ) Dielectric ) Metal & Resistive Materials
af o Bottom (TiN_default)
(@) o Top (TiN_defauilt) 7 Material: AI203_default BE Qe
Il ¥ & Regions
o ) _ = - il .
s ¥ 2 Layer 2 (AI203_default) General | E Mobilty | H' Mobily | Phase |
m ¥ = species Banc Gap
= v 2w
e i# Distribution1  €—— Electron affinity (x): eV 1.45
v & Layer 1 (HZO) Band gap () | ey 8.8
— ¥ = species
v tvo Permittivity Model
i Distribution! <€——
¥ = Interfaces ® 6
2 Layer 1 (HZO) - Layer 2 (AI203_d¢ o
[ Defects Summary o Model:  Constant b
Relative dielectric permittivity ( £): 9.3
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= (7) select each region and assign properties
and enable/disable models

= |t is possible to assign defect distributions
with species properties and densities

» We used default parameters for materials
» We set Distribution density of VO of Al203: 1e19 cm3
» We set Distribution density of VO of HZO: 5e19 cm-3

Qll ARERER.



1. FTJ: Assign ferroelectric properties

] s ceamey e bk . 1.3 PGL Parameters
E ¥ & Electrodes O Dielectric . Metal & Resistive Materials . ] ]
2 :Boﬂom (TiN_defaut) = = The last step in the creation of the device
Top (TiN_default) aterial: & . .
2 S e 2 T“ is the definition of the GL parameters.
= v Jp Layer 2 (AI203_default) = Mobility | Phasq | Poisson Ginzburg Landau (Ferro) % |4 * > » ’
o v B cpocis —— " (1) selectthe Layer 1 ("HZO’) layer from the
E v 3o e Device explorer tree.
3 i Distribution1 - . i .
@ S rART soETIEETE (A L oaenet = (2) select the Poisson Ginzburg Landau (ferro)
L4 _ 1st arder coefficient T derivative (aT): mi(F-K) 0 - .
¥ & species tab (if not present pick the tab from ( ) )

v % Vo Curie temperature (TC): [ 450
# Distribution S 3 12 132 = (3) Set a, ap, B, yand p PGL parameters
¥ [ interfaces S crelent (v | oo o8 i . .
& Layer 1 (HZO) - Layer 2 (AI203_di rd order coefficient (v): m™/(F-C") » We set parameters as In picture
B8 Defects Summary Viscosity (o) | &-m 4000 3
0 The 1st order coefficient varies linearly with the temperature (T): = (4) ISOtrOpy Of domain Coupling or prefel‘entia|
oT) =+ ar - (T -Tg) component of the field to be used for
_Domain wall coupling tensor . CompUtation can be Set-
Tensar symmetry _Isotropic V_

= Similarly, the Preisach model can be enabled
and set for ferroelectric description (just enable
A the respective tab, as explained above)

Domain wall coupling constant (g} m°/F 0

(D Field Preferential Direction
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2. FTJ: Simulation setup

i JSimuIation | Statistics | Design Of Experiment | Sequence | l 21 SI m UIatlon Setup
il @ e m = (2) We defined here a Sequence
®| o [reas ol reanie) | 2 of tests that will be run
é RATEC sequentially:
o= | Il VS - 3 Depression>Read>Potentiation>
g E| Inputs | Global Options | Test Outputs | Mesh | Local Options ¥ | Microscope Outputs % | Stopping Conditions % Read.
E — ; } ; . =L Electrical Circuit | Thermal Circuit . .
Total Simulation Time (f,7: s 2e-5 },Jﬁ . . I—I_ - Sequence |S enabled |n (1).
~ _Time stepping options o e e State will be saved at the end of
Minimum fme 1P (s < o8 i each sequence’s step.
Maximum time step ({g .., ) s le-4 4 VTo .
MinimUm voltage step (V) | v o1 = (3) Test has to be a transient
Maximu vottage step (Vg ) v 5 test for PGL model (it is time
[7] Adaptive step reduction bUT dependent)
¥ Voltage: Electrode "Top" . -
— e e e " (4) set Stepping Options
ignal: = Trapezoidal h . . .
| ' 5 votsgetne e [+ depending on the simulation
altage 1: alLIES h -U. Vol ine edge: 14 — ; - =
el @ = = g [+ 2mwores 6 " = (5-6) set input signal type for
“oltage 2: | Values b W -3 . .
o 190 EER PO Mo uS each of electrodes, with their
oltage frequency: _Values A Hz 1e6 U ro ertles and Ste S
Voltage duty cycle: | Values . 05 — 1 p p p ’
~ Voltage phase offset | Values >| | 0 > [ | » We use “Trapezoidal” for
> -2 Depression and Potentiation
P i e » We use “Ramp” for Read tests
OE0  5E-6  1E-5 15E-5 2E-5
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2. FTJ: Simulation setup

Simulation | Statistics | Design

Of Experiment Seqguence

@0 B 00 Ml

JD|read | P | read(3)

2

MName: D

Simulajfon Type: | Transient

M 9

= | Inputs | Global Options | T,

b5t Output4[ Mesh | Microscope Outputs % |

=

Solution Dimensianalty
Electron/Hale Transport
Poisson's Equation (Potential Calct

{ Ginzb
»

€ Enabied

8

Erjtian
Charge Continuity Equation
Degradation

Discrete Species Transpart

Defect Density Approach
Mumerical Options
Other Optians
| Simulation | Statistic§ | Design Of Experiment |=Sequer1ce

Materials

Device Parameters

Test Parameters |

1 Geometry
¥ = Electrodes

B R P TR

A=l
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RO rBE°

D Save state

Mumber of cycles: n_l
10

_Custom Activation Cycles
Test"D": OD
@
Test'P (D
@

Test "read":

Test "read (3)"

D Simulation Designer [Workspace\Temp\TestcaseFTJ_mfim_HZO AlC\Seq

| Simulation | Statistics | Design Of Experiment | Sequence

= (7) In Global Options all physical and
numerical options can be set and
models enabled

= (8) to enable GL computation in the
stack, select Ginzburg-Landau
(Ferroelectric) entry and enable the
model with the switch.

= (9) Select the desired Test outputs and
Microscope outputs (internal physical
guantities) to be shown as results

Sequence setting:

a@LIWE

SlmlJa4n| Statistics | Design Of Experiment Sequence

(10) Enable “Save state” in the
Sequence tab to allow correct
concatenation of tests, as listed in (11).

= Sequence tests can be managed with
buttons (12)

Design of experiments setting:

@O 8 @O0 m

rJD|read|P| read (3) |

t | @ Device '

=

(13) To enable DoE and set its entries

(14) Run Simulation
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3. FTJ: Output analyses

19 JD | read | P | read(3) | Microscope | d
@@L OF 20 0 ¥ 90 ma 0,2 | g o MO
@ JSeries | External Series |
E [ show Al
@ 3E-5
- Electrade "Bottom" -= Wark
§. @ Symbol Name o H
% NE 2.5E-5 —t— .0: mean(T 4.5 &
I B —=— & mean(T 475

(&) .
1 B # mean(T 485

2E-5 ]

= .

O 1 5E 5 @ Electrade "Bottom" - Warlk function

= - eV

© M 455

E’I a7s

© 1E-5 M 485

&

5E-6 4

OEO

1e-9

1e-8

1e-5
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3.1 Output management

(1) Outputs are accessible
through their tab at the end of
the simulation

= (2) Test Output are produced
for each of the sequence’s
tests + Microscope (providing
internal physical outputs)

= (3) it is possible to choose x-
and y-axes quantities (time,
voltage, charges, etc.)

(4) available list of curves

Qll ARERER.
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