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OUTLINE

• Atomic Layer Deposition (ALD)

• Why ALD/PVD

• Swiss Cluster Equipment 

• ALD /PVD multilayers
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Thermal-ALD

Thermal ALD

- Self-Limiting
- Conformal on AR
- “Pinhole-free”

H2O

Precursor A-Pulse

Precursor A-Purge

Precursor B-Pulse

Precursor B-Purge

1 cycle Al2O3

TMA Pulse : Al-OH(ads) + Al(CH3)3(𝑔) → Al-O-Al-CH3 (ads) + 2CH4(𝑔)

H2O Pulse : Al-O-Al-CH3 (ads) + H2O(𝑔) → Al-O-Al-OH (ads) + CH4(𝑔)

TMA

Al(CH3)3

CH4

TMA

Al(CH3)3

CH4

H2O

2nd Precursors

- H2O
- O2
- O3
- H2
- NH3
- H2S
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PE-ALD

TMA

Al(CH3)3

Precursor A-Pulse

Precursor A-Purge

Precursor B-Pulse

Precursor B-Purge

1 cycle Al2O3

O2 Plasma

CH4

TMA

Al(CH3)3

CH4

H2O

CO2

2nd Precursor-Plasma

- O2
- N2
- H2
- H2O
- NH3
- SF6

TMA Pulse : Al-OH(ads) + Al(CH3)3(𝑔) → Al-O-Al-CH3 (ads) + 2CH4(𝑔)

O2 Plasma Pulse : Al-O-Al-CH3 (ads) + 4O(𝑔) → Al-O-Al-OH (ads) + CO2(𝑔) + H2O(𝑔) 

Al-O-Al-CH3 (ads) + H2O(𝑔) → Al-O-Al-OH (ads) + CH4(𝑔)

Plasma Enhanced-ALD

- ~Self-Limiting
- Conformal on 2D
- > “Pinhole-free”
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ALD PERIODIC TABLE
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ALD PERIODIC TABLE

Courtesy of K. Arts, M.A. Verheijen, W.M.M. Kessels and H.C.M Knoops (CC BY 4.0 license), ACS Appl. Mater. Interfaces 2014, 6, 13, 10534–10541
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ALD PROCESS
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Precursor A-Purge

Precursor B-Pulse Precursor B-Purge
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ALD PROCESS

H2O

Precursor A-Pulse
Precursor A-Purge

Precursor B-Pulse Precursor B-Purge

1 cycle Al2O3

TMA

Al(CH3)3
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Saturation 10 ms

10 ms
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ALD PROCESS

H2O

Precursor A-Pulse
Precursor A-Purge

Precursor B-Pulse Precursor B-Purge

1 cycle Al2O3

TMA
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ALD PROCESS

Pulse of TMA (Al(CH3)3) –in excess- and ligand exchange reaction with OH surface 
groups
Methane as by-product

Pulse of H2O–in excess- and ligand exchange reaction with CH3 surface 
groups
Methane as by-product

TMA –Al(CH3)3
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ALD PROCESS

Pulse of TMA (Al(CH3)3) –in excess- and ligand exchange reaction with OH surface 
groups
Methane as by-product

Pulse of H2O–in excess- and ligand exchange reaction with CH3 surface 
groups
Methane as by-product

TMA –Al(CH3)3

Groner et al. Chem. Mater. 2004, 16, 4, 639–645
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1st Monolayer 2nd Monolayer 

ALD PROCESS

Guerra et al. Chem. Mater. 2017, 29, 20, 8690–8703

80 °C
120 °C

220 °C

H
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ALD PROCESS

H2O

Precursor A-Pulse
Precursor A-Purge

Precursor B-Pulse Precursor B-Purge

1 cycle Al2O3

TMA

Al(CH3)3
CH4
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Al(CH3)3
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ALD Window

100 400

Typical GPCs

0.01 – 0.2 nm/ cycle

GPC Depends on……….
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ALD PROCESS

-Chemistry of the 1st and 2nd precursor

- Equipment (volume, Pump, pulsing position)

= Gas distribution and residence times

- Homogeneity of the process

- Process parameters (pressure, temperature)

- (With Plasma + n variables)

- Characterization method

Janne-Petteri Niemelä et al 2017 Semicond. Sci. Technol. 32 093005

There is no perfect ALD process… 

but we can try!

TiO2
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ALD PERIODIC TABLE
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THIN FILM DEPOSITION TECHNIQUES

PVD CVD ALD PE- ALD
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ALD APPLICATIONS
Medical 
Equipment

Decorative Parts

Energy Generation and 
Storage

Semiconductor

Optics

R & D

Consumer Electronics

Automotive and 
Aerospace

Barrier/protection
Passivation
Adhesion
Sacrificial
Anti-reflection

- corrosion
…

TCO
Interference colors
Bio-compatible
……



20SWISS CLUSTER AG

ALD APPLICATIONS

Semiconductor
PE-ALD SiN on 3D NAND

Harm C. M. Knoops, et al. Journal of Vacuum Science & Technology A 37, 030902 (2019)

Lam Research

Inficon
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ALD APPLICATIONS

Medical 
Equipment

Positive Coating

Decorative Parts

Energy Generation and 
Storage

Atomic Limits

Positive Coating
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WHY ALD AND PVD
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ALD / PVD FOR MICROFABRICATION   

Zhang, J., Li, Y., Cao, K. et al. Advances in Atomic Layer 
Deposition. Nanomanuf Metrol 5,

Semiconductor
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ALD / PVD FOR MICROFABRICATION   

Zhang, J., Li, Y., Cao, K. et al. Advances in Atomic Layer 
Deposition. Nanomanuf Metrol 5,

Semiconductor
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ALD / PVD FOR THIN FILM ENGINEERING  

Sousa et al. Metals 2021, 11(2), 260;

Harder and Stronger Coatings

Holleck, Lahres and Woll. Surface and Coatings Technology,1990

Reflective X-ray Optics
Aharon Inspektor, Paul A. Salvador, urface and Coatings Technology, Volume 257,2014

Tailored Optical Properties
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HOW TO COMBINE ALD WITH PVD



27SWISS CLUSTER AG



28SWISS CLUSTER AG



29SWISS CLUSTER AG



30SWISS CLUSTER AG

ALD-PVD COATINGS

RT

1 um

320℃

1 um

460℃

1 um 2 um

520℃

2 um

600℃

300MPa
RT

600MPa

Al – Al2O3 ML

10x (PVD Al 250 nm – ALD Al2O3 1 nm)

Pure Al: 300 – 400 MPa

Al alloys: ~600- 700 MPa
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SWISS CLUSTER EQUIPMENT

(PE)-ALD

PVD

The SC-1
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SWISS CLUSTER EQUIPMENT

(PE)-ALD

PVD

The SC-1

ALD Process
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SWISS CLUSTER EQUIPMENT

(PE)-ALD

PVD

The SC-1
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PVD-ALD RESULTS

2 um

100x (PVD Al 20 nm / ALD Al2O3 1 nm)
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PVD-ALD RESULTS100x (PVD Al 20 nm / ALD Al2O3 1 nm)

500 nm
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PVD-ALD RESULTS100x (PVD Al 20 nm / ALD Al2O3 1 nm)100x (PVD Al 20 nm / ALD Al2O3 1 nm)

100 nm
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PVD-ALD RESULTS
100x (PVD Al 20 nm – ALD Al2O3 1 nm)

3.6 Gpa in Hardness
~1.2 Gpa in Yield strength

Improving hardness and yield strength
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THE SC-1
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R & D EQUIPMENT & COMPONENTS 
Customized stage holders (4 – 8 in.)

In-situ metrology

-In-situ stress wafer measurements
- OES
- TOF MS (pga TOF)
- QCM
- In-situ ellipsometer
- Langmuir Probe

- Temperature gradient stage (450°C – 30 °C) 
- High Temperature
- Rotational and z-stage

MW Plasma sources
- PE-ALD and MARS

HiPIMS Compatible

Electronics and Software

Modular and flexible to add new hardware 

ALD

PVD
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ALD-TGS

300 °C

ZrO2

100 °C 320 °C

150 °C
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(PE)ALD-TGS

Al2O3

50 °C 300 °C

Thickness [nm]

106

105

104

103

102

101

100

99

98

97

96
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PVD-ALD RESULTS

400 °C
Coarse grains 

RT
Fine grains

200 °C
Intermediate 

grain size

400 °C -RT Graded Microstructure

EDX and RBS data 
show no oxidation or 
contamination of the 
metal film due to the 
combination with an 
ALD process
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PVD-ALD
Cu-Al alloy (150nm) + 5 nm Al2O3

As deposited
Annealed 400 °C
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OUTLOOK

- ALD and its importance in different markets

- ALD and its combination with PVD will play a major role in tailoring new coating 
materials for new and existing technologies in different sectors = Better Together

- Relatively new lines of research, combinatorial studies and applications of 
multinanolayers→ High throughput R&D

- Scaling up processes and equipment
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