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Metal oxides, nitrides, …

O CO2
H2O

(Plasma) co-reactant

2

What is Atomic Layer Deposition?
Depositing materials, atomic layer by atomic layer

Ability to cover 3D structures
High conformality

At the Ångstrom-level
Thickness control

Al(CH3)
CH4

• To precursors and (plasma) co-reactants
• Self-limiting surface reactions

Cyclic exposures

Precursor

Many materials
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Basics of Atomic Layer Deposition
Typical research lab reactors

Erwin Kessels, ALD from an application perspective, AtomicLimits (2022)

Thermal ALD reactor Plasma ALD reactor
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Basics of Atomic Layer Deposition
Let’s first look at CVD and PVD

CVD and PVD:
• Gas-phase species collide with surface
• Certain sticking probability s
• Film thickness [nm] ∝ flux [at. nm-2s-1] ∙ s [-] ∙ time [s] / density [at. nm-3] 

substrate
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low flux

high flux

flux Γ = 1
4
𝑛𝑛𝑔𝑔𝑣̅𝑣 𝑣̅𝑣 =

8𝑘𝑘𝑘𝑘
𝜋𝜋𝜋𝜋

Known from kinetic gas theory 
for given gas density 𝑛𝑛𝑔𝑔, mass 𝑚𝑚

and temperature 𝑇𝑇

Random flux of species to surface
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Basics of Atomic Layer Deposition
Why ALD is different from CVD and PVD

ALD:
• Self-limiting surface reactions
• Film thickness ∝ 1 − exp(− 𝑡𝑡

τ) (τ scales with flux and s)

low flux

substrate substrate substrate substrate

Precursor Co-reactant PurgePurge
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Basics of Atomic Layer Deposition
A real-world example: ALD Al2O3 from TMA and H2O

Precursor: metal-center with ligands
trimethylaluminum Al(CH3)

Co-reactant: typically, oxidizing agent
H2O, O2, O3, …

H2O

ligands (CH3)

metal center (Al)
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Basics of Atomic Layer Deposition
A real-world example: ALD Al2O3 from TMA and H2O

Al(CH3)

Starting surface
OH-groups

H2OCH4

Reaction product

Starting surface
CH3-groups

CH4

Precursor dose Reactant dose

Reaction product
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Basics of Atomic Layer Deposition
A real-world example: ALD Al2O3 from TMA and H2O

Vandalon and Kessels, J. Vac. Sci. Technol. A 35, 05C313 (2017) 

Surface species from surface 
infrared spectroscopy
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Basics of Atomic Layer Deposition
A real-world example: ALD Al2O3 from TMA and H2O

Vandalon and Kessels, J. Vac. Sci. Technol. A 35, 05C313 (2017) 

Gas phase (reaction) species from 
mass spectrometry
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Basics of Atomic Layer Deposition
Growth-per-cycle (GPC) Film thickness is ruled by the 

number of cycles chosen.

The growth-per-cycle (GPC) is the 
thickness increase per ALD cycle.

Typically 0.01 – 0.2 nm/cycle
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ALD Cycles

GPC depends on material,  precursors 
& co-reactant, substrate temperature

Potts et al., J. Electrochem. Soc. 157, P66 ( 2010)
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Basics of Atomic Layer Deposition
The ALD window

• Temperature range over which you find well-behaved ALD
• ALD temperature window not always flat, since equilibrium density of reactive 

surface sites (e.g., OH), depends on temperature.

Knoops et al., Handbook of Crystal Growth, 2nd edition, p. 1101 (2015)
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves

low flux
How much precursor or co-reactant do you need to dose?

substrate
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high flux

𝑛𝑛0′
𝑑𝑑𝜃𝜃
𝑑𝑑𝑡𝑡

= Γ 𝑠𝑠0 (1 − 𝜃𝜃)

𝜏𝜏 =
𝑛𝑛0′

𝑠𝑠0 Γ

Fractional coverage of precursor

Sticking probability

Flux

Surface site density

Solution:  𝜃𝜃 𝑡𝑡 = 1 − exp − 𝑠𝑠0 𝛤𝛤
𝑛𝑛0′
𝑡𝑡

Change in surface coverage  precursors that stick to empty sites
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves

Depends on precursor, 
temperature, … 

Typical range: 10-5 - 10-3

Sticking probability 𝑠𝑠

Calculate from pressure, 
temperature, … 

Flux Γ

𝝉𝝉 =
𝒏𝒏𝟎𝟎′

𝒔𝒔𝟎𝟎 𝚪𝚪

Depends on material, 
typical ~1015 cm-2

Site density 𝒏𝒏𝟎𝟎′
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves

Why do we need to purge after the precursor and
co-reactant steps?

substrate substrate substrate substrate

Precursor Co-reactant PurgePurge
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves

purge time

GP
C

ALDRequired purging time determined by gas residence 
time (chamber volume/pumping speed), but also by 

“stickiness” of species, so surface residence time

Purge

ALD
+CVD

substrate substrate substrate substrate

Precursor Co-reactant
“parasitic CVD”

PurgeToo short purge
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves
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Basics of Atomic Layer Deposition
Reaction kinetics and saturation curves
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Spectroscopic ellipsometry during deposition (in-situ) is key technique
• Optical technique to measure film thickness
• Vary dose/purge time measure thickness increase  construct saturation curves
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Basics of Atomic Layer Deposition
Plasma-enhanced ALD

Plasma as co-reactant
• More reactive radicals (e.g. O)
• Ions can provide additional energy
• Can enable lower temperatures, new materials, …

substrate substrate substrate substrate

Precursor PurgePurge

+ + Sheath

Co-reactant

ions

radicals
electrons Plasma
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Basics of Atomic Layer Deposition
Plasma-enhanced ALD: Al2O3 from TMA and O2 plasma

Al(CH3)

Starting surface
OH-groups

OCH4

Reaction product

Starting surface
CH3-groups

CO2

Precursor dose O2 plasma dose

Reaction products
H2O

What do you think will be the reaction product(s)?



Department of Applied Physics and Science Education21

Basics of Atomic Layer Deposition
Plasma-enhanced ALD: Al2O3 from TMA and O2 plasma

Erwin Kessels, Company Course on Plasma Physics – Teaching Elementary Plasma 
Physics to Companies in the Eindhoven Brainport Region (2025)

Plasma species from optical emission 
spectroscopy

Optical emission spectroscopy
(OES)

O* after TMA

Pure O* plasma
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Common misconceptions about ALD
“You always grow one monolayer”

Monolayer ~3 Å
Al2O3 1.1 Å
ZnO 1.6 Å
MoS2 0.4 Å
Pt 0.5 Å

You typically grow (much) less than a monolayer per cycle!

Various factors, often limited by how densely precursors 
can chemisorb on the surface (steric hindrance)
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Common misconceptions about ALD
“You always grow a perfect crystal”

substrate

Simplistic drawing
versus reality: 

polycrystalline ZnO, amorphous Al2O3

c-Si

ALD ZnO:Al

ALD Al2O3

It depends on the material and temperature!
• ZnO (almost) always grows polycrystalline
• Al2O3 (almost) always grows amorphous
• In2O3 grows polycrystalline above ~100 oC
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Basics of Atomic Layer Deposition
The online ALD Database at AtomicLimits.com

With direct
links to 

publications 

https://doi.org/10.6100/alddatabase
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• Thickness control at the subnanometer level
• Uniformity of the films on large substrates
• Conformality for complex surface features

25

Basics of Atomic Layer Deposition
Conformality and uniformity
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Basics of Atomic Layer Deposition
Flux-controlled vs surface-controlled

substrate

CVD and PVD are “flux-controlled”
Thickness ∝ flux ∙ time ∙ stick. coeff.

substrate
Higher flux  faster deposition Higher flux  faster saturation

‘Analog’ thickness control
by deposition time & flux

‘Digital’ thickness control
by integer number of cycles

ALD is “surface-controlled”
Growth-per-cycle ∝ 1 − exp(− 𝑡𝑡

τ)
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Basics of Atomic Layer Deposition
Flux-controlled vs surface-controlled

CVD and PVD are “flux-controlled”
Thickness ∝ flux ∙ time ∙ stick. coeff.

ALD is “surface-controlled”
Growth-per-cycle ∝ 1 − exp(− 𝑡𝑡

τ)

Uniformity is sensitive 
to local changes in flux 

of species

Uniformity is in 
principle insensitive to 
local changes in flux of 
species as long as the 

whole surface is in 
saturation
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Basics of Atomic Layer Deposition
Flux-controlled vs surface-controlled

(PE)CVD: Showerheads to
uniformly supply gases

ALD: Possible to get good uniformity 
even with lateral inlet.

PVD: Often the substrate is 
moved/rotated to average out 

non-uniformity in fluxes
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Basics of Atomic Layer Deposition
Conformality and uniformity

Conformality is the ability to deposit 
the same film thickness over a 3D 
structure, e.g. a trench in a wafer

Much like for uniformity, conformality is 
determined by the local exposure (in Langmuirs) 

that can vary along the trench.
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Basics of Atomic Layer Deposition
Conformality and uniformity: Further reading

Mike
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Basics of Atomic Layer Deposition
Doping and alloying

x, t

P B PPP PB
C
A

C
A

C
A

C
A

B P BA P P C PA P A PB P

supercycles
(AB)n(CB)m

co-dosing
 AxCyB

Th
ic

kn
es

s
Number of cycles

AB

CB

(AB)n(CB)m

AxCyBB P P

c)

[1] B. Macco et al., ALD of conductive and semiconductive oxides. 
Appl. Phys. Rev. 9, 041313 (2022).

Note: many effects can occur 
when combining ALD processes.

For an overview, see [1]
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How to scale up ALD to many wafers or large area?
Upscaling by batch ALD: Increase throughput by parallel processing

Kessels and Putkonen, MRS Bulletin 36, 907 (2011)

Batch: ~30 s | single wafer ~10 s
• Diffusion between wafers
• Large chamber volume
• Surface residence time 

(sticky H2O)

Longer ALD cycles in batch?

Precursors A and B will have 
different reactivity, diffusivity

non-uniformity!

Is co-dosing a good idea?
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PV magazine, June 2019 edition
See blog about ALD for solar cells on www.AtomicLimits.com 

Huge furnaces that can load
>10,000 wafers and coat them
with ALD Al2O3 within an hour!

Billions of wafers per year 
are coated this way for 

silicon solar cells!

How to scale up ALD to many wafers or large area?
Upscaling by batch ALD: Increase throughput by parallel processing
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How to scale up ALD to many wafers or large area?
Upscaling by spatial ALD: Increase throughput by serial processing

Poodt et al., J. Vac. Sci. Technol. A 31(1), 2013

• Wafers move through precursor zones

• Zones are separated by 𝑵𝑵𝟐𝟐 and exhausts

• Typically, at atmospheric pressure
to allow gas separation

• Small gap height (~50-200 µm) keeps laminar flow and little intermixing

• Dosing and purging times are set by the substrate velocity and zone widths!
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How to scale up ALD to many wafers or large area?
A crude comparison table between batch and spatial ALD

Deposition on walls

Thermal budget

Co-dosing

Supercycles

Tool complexity

Plasma ALD

Batch ALD Spatial ALD

Yes No

High (all wafers long in chamber) Low (wafer heated for seconds)

No (non-uniformity) Easy

Inherently easy Requires dedicated head design

Low (“oven” + pumps) High (moving parts, …)

Possible, not straightforward Easy (dielectric barrier discharge)
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10 steps to develop an ALD process
www.AtomicLimits.com

See blog about ALD process development (with pdf to download)

www.AtomicLimits.com
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Recent review paper
Nature Reviews Methods Primer

W.M.M. Kessels,. Nature Reviews Methods Primers, 5(1), 66, 2025
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