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Outlook: Accelerated materials discovery
through combinatorial thin film libaries
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Simulation - preselection of elements

Empirical rules Density functional theory

Zr [at. %]

Thermodynamical
‘modelling

Mole fraction Zr

600°C
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Deposition - combinatorial thin film libraries

Substrate

Mask

é e ’
e
"  4in wafer with 69 patches
< Thin film
” =  Si3N, interlayer for diffusion barrier, chemical

/ « Si;N, diffusion barrier inertness, electrical isolation

<« Si substrate * Composition gradient: +20at%
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Deposition - novel equipment

Temperature Gradient Stage ALD Exhaust Line

qlll Swiss
Cluster

ALD/CVD B

ALD Bubbler Assembly

= Laboratory cluster system
= combines PVD and ALD
otorized Tt vave” | = Up to 8 magnetrons

Turbomolecular Pump

= Temperature gradient stage (RT to 400°C)
S v Messcrermenter = HIPIMS compatible
' = 4 inch wafer substrates
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PVD possible targets
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Composition mapping
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B ee Gl GI R

10

©
L

o -
L

XRF mapping on each patch:
= Chemical composition
= Coating thickness
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Microstructure mapping

XRD mapping on each patch:

= TIdentification of phases

" (Grain size analysis

= Correlation with composition
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Mechanical property mapping

= High accuracy, low noise for
thin film mechanical property
measurements

Automatic mapping of
mechanical properties on 4in
wafers

= Constant machine compliance

Displacement Microscope -
head

" Guarantees consistent
results over whole wafer

e S o\ SR RN = Nanoindentation for measuring
s Load celland | o ee—e T hardness, modulus, coating

Berkow y ¥ ' W Connection to vacuumy .
= = e Sample stage . pump-%sample moun adhesion
= Scratch testing
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Mechanical property mapping - CuZrAg
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Optical property mapping

camer

BS=Beamsplitter

LN=Lens

FB=Fiber manipulator
TLN —— = Cage optics

OB=Objective

TLN=Tube lens

NS=Nanostructures

BS LCF=Laser cleanup filter
Spectrometer FW=Power filter wheel
NF=Notch filter
LN BS PM=Power meter
BS

6 filter Turret

White ““‘::'0.
Light Q =‘-».=.F=‘—.—‘73=f=
Source i
¥
% Adjustable height F

Motorised
Microscope arm

os 4"inch Wafer

LCF

785 nm

= Reflectivity: 300nm to 1800nm
" Raman spectroscopy (785nm laser)
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Optical property mapping - CuZrTi
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Note: Colour of the thin film changes
significantly with the gradient of the chemical
composition

Heat treatment: 200°C / 10 min
Atmosphere: air
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Combinatorial materials discovery - outline

Applications
Theoreﬁc;\al J | ’ I
Biological approac 4 \ ?l 6‘ | V} } -li ;; T
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Motivation - War ein=echeuneisaimmmmmmm

unknown
hyperspace

Mogliche Kombinationen

_ known 10°

Anzahl Elemente
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Method - combinatorial thin film libaries °

®

omposition (XR = =

| Mechanical
O TlCGI
=9 Elec’rr'lcal

creening
7o Statistics, PCA
"¢ Machine

Learning

- Sclgup
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Metallic Glasses for medical applications

Applications:

Advantages:

Fog1 1C1358is 1

TeoBewsSh | fopCiiPios suc
Tups Ky

28Ty sNroCung s

- High hardness and strength -
i

- High wear resistance

Elasic fmil (WPa)

- High corrosion resistance o5

100
Young's modulus (GPa)

Instruments for minimally Surgical steel blade with
invasive surgeries BMG coating

Design rules:

- At least 3 elements

I

- Highly negative enthalpy of mixing

- Atomic radii >12 % difference “Y— -

AH . <<

mix

T,

Medical instrument Dental laser system

K. Wieczerzak et al.: Unlocking the potential of CuAgZr metallic glasses: A comprehensive exploration with combinatorial synthesis, high-throughput characterization, and machine learning, Adv. Sci. (2023).
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Why CuZrAg?

High glass forming ability

Cu and Ag possess antimicrobial
properties

Portion of the phase diagramm where
glasses are forming is known
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Chemical composition

Thickness (um) Cu (at.%)
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3.34 248
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3.85
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XRF mapping on every patch:

= Chemical composition
® Film thickness

Zr (at. %)
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Microstructure

Intensity (a.u.)
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XRD on each patch:

= Amorphous structure

0
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Defects and oxygen content
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Instrument development: optical properties

camer

BS=Beamsplitter

LN=Lens

FB=Fiber manipulator
TLN —— = Cage optics

OB=0bjective

TLN=Tube lens

NS=Nanostructures

AR BS LCF=Laser cleanup filter
Spectrometer FW=Power filter wheel
NF=Notch filter
LN PM=Power meter
White Light IR BS
Source Q - 6 filter Turret
0.4-2.2um i

$ Adiustable height  Fu op 47 inch Wafer

Motorised
Microscope arm

= Reflectivity: 300nm to 1800nm
= Raman Spectroscopy (785nm laser)
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Instrument development: Nanoindentation °

alemnis)

engineering your ideas

= High accuracy, low noise for
thin film mechanical property
measurements

Automatic mapping of
mechanical properties on 4in
wafers

= Constant machine compliance

Displacement Microscope -
head

" Guarantees consistent
results over whole wafer

e SR o\ SR RN = Nanoindentation for measuring
s Load cell'8Rd; — ——_ hardness, modulus, coating

Berkovﬁ' ' ' ; i
- e S Sample stage ‘pump > sample mount‘ adhesion
= Scratch testing

1
’ b3 s = = -
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Nanomechanical properties

Scanning Indenter

Automatische Messung auf 4 in Wafern

Er (GPa)
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Mapping 9 1

87
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80

Messung von Harte und Modul der 61 Kompositionen
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" H=6.2040.28 GPa
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"l H=4.0640.146Pa "l H=5.11+0.21GPa
= E=82.08£3.22GPa ©f E=107.5123.98GPa

I j? i
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20 00 250

£ 2
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Data analysis using machine learning

database o o o _
(high throughput Identification of Training and validation Prediction of material
experiments) relevant features Of ML models properties
_— Virtual
@ space
database .’ features (p)):
material topological . f(p
theromydanymic
propertles electronic structure MLP, SVR, DT, LGBM, Experimental data
) mechanical 4 AB, XGB, RF, CB, KN 4"
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Data analysis using machine learning °
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Data analysis using machine learning

1.0f— —e— MLP —e— XGB
—— @ —e— SVR RF
DT —o— CB
0.8
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electronic structure =
\ mechanical J E
no4g
@
0.2
0.0 5 10 15 20 25 30 35 40 45_ 50 55 60 65 70 75 80 85 90
Test size (%)
+
+ feature Best set of features RMSE
+ 1 M 0.4524
0.500+ _ZM 0.4270
+ 3 D, N, W 0.4002
®0.475 n . TR AR 04100
00450 @ 5 |®,xAll,n. DGy 0.3851
’ 6 5, @4 xAll,y, n, D.G, p 0.3847
0.425 7 5, D.r, @, @, xAll,y, D.G, p 0.3861
8 S, D.r, ®,, xAll,,, n, 8G, D.G, p 0.3846
0.400+ i - 9 8, D.r, SE/kB, @4, xAll,,,, n, 8G, D.G, u 0.3863
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Data analysis using machine learning

o Experimental data
% Validation data

|
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Summary

Combination of combinatorial material libraries, high throughput experiments, and machine learning can significantly speed up the
material development process

The methods used in this study can be generalized and used for other material systems.
The investigation of the CuAgZr system using our methods allows identifying compositions with high potential for biomedical

applications.

Combinations

>

_——Traditional material development

.——/ High throughput material development

L i Machine learning

>
No. of elements

K. Wieczerzak et al.: Unlocking the potential of CuAgZr metallic glasses: A comprehensive exploration with combinatorial synthesis, high-throughput characterization, and machine learning, Adv. Sci. (2023).
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