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Learning outcomes (modified)
After the course the students are able to:

1. give the definition of catalysis and describe concepts related to 

heterogeneous and homogeneous catalysts 

2. explain steps and methods in catalyst preparation 

3. describe and apply selected catalyst characterization methods 

4. explain why and how catalysts deactivate and how catalyst 

deactivation can be postponed or prevented

5. give examples of where catalysts are applied 

6. recognize challenges potentially solvable by catalytic reactions

Note, Prof. Puurunen, 7.1.2019: These learning outcomes have not yet been 

accepted for the course. Students are welcome to comment on these proposed 

learning outcomes. We will in practice follow these in the course in 2018-2019



Todayôslearning outcomes:
After this lecture, you shouldé
Å Be able to describe the principles of atomic layer deposition 

(ALD)

ÅPrinciples same for catalyst and thin film preparation

Å Be aware of the (changing views on the) history of ALD

Å Know five ways to control the loading of supported metal 

catalysts by ALD

Å Be able to name some benefits and limitations of ALD for 

catalyst preparation
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Letôsgo to Presemo

Go to: 

http://presemo.aalto.fi/cheme1130lect5

http://presemo.aalto.fi/cheme1130lect5/screen
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http://presemo.aalto.fi/cheme1130lect5/screen


Introduction to ALD



ALD: chemical vapor deposition (CVD) 
method for (inorganic) thin films
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ñALD can be 

defined as a film 

deposition 

technique that is 

based on the 

sequential use of 

self-terminating 

gasïsolid 

reactionsò*

*R. L. Puurunen, òSurface chemistry of atomic layer deposition: a case study for the trimethylaluminum/water 

processò, J. Appl. Phys. 97 (2005) 121301 1-52.  http://dx.doi.org/10.1063/1.1940727

Open Access: http://www.vtt.fi/inf/julkaisut/muut/2010/Puurunen.pdf

http://dx.doi.org/10.1063/1.1940727
http://www.vtt.fi/inf/julkaisut/muut/2010/Puurunen.pdf


Gas-solid reactions in ALD ideally 

self-terminating: saturating, irreversible*

desorptionnon- saturation unsaturation

amount adsorbed saturates

amount adsorbed stays

NO:

pulse purge

Puurunen, Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727 *chemisorption

https://doi.org/10.1063/1.1940727


Chemisorption
Åchemically specific

Åchanges in electronic state

Å reversible/irreversible

Åchemisorption energy as for a 
chemical reaction 
(exothermic/endothermic)

Åmay involve an activation energy

Åfor ñlargeò activation energies 
(ñactivated adsorptionò), true 
equilibrium may be achieved slowly

Åmonolayer adsorption

Physisorption
Ånon-specific

Åminimal electronic interaction

Å reversible

Åadsorption energy exothermic 
and (higher or) similar to the 
energy of condensation 

Ånon-activated

Åequilibrium established 

Åchemical nature of the adsorbate
& adsorbent ~not altered

Åmultilayers may form

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html
Summary slide wording slightly updatedin 2019/Puurunen

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html


Film grows ~linearily with cycles
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Å Puurunen, òA Short History of Atomic Layer Deposition: Tuomo Suntola's Atomic Layer Epitaxyò, Chem. 

Vap. Deposition 20 (2014) 332-344. http://dx.doi.org/10.1002/cvde.201402012 (open access)

Å Puurunen, J. Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727

Growth Per Cycle can vary

in the beginning

FinALD40 exhibition

http://dx.doi.org/10.1002/cvde.201402012
https://doi.org/10.1063/1.1940727
http://www.aldcoe.fi/events/finald40.pdf
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Tuomo Suntola in 1974 (except that the Periodic Table is from 2019)
R. L. Puurunen, òA Short History of Atomic Layer Deposition: Tuomo Suntola's Atomic Layer Epitaxyò, Chem. Vap. Deposition 20 (2014) 332-

344. http://dx.doi.org/10.1002/cvde.201402012 (open access)

Source: https://iupac.org/what-we-do/periodic-table-of-elements/ , 

accessed 12.1.2019

http://dx.doi.org/10.1002/cvde.201402012
https://iupac.org/what-we-do/periodic-table-of-elements/


Overview of the different 
reactant/precursor classes

12
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Puurunen, Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727

Miikkulainen, Leskelä, Ritala, Puurunen, J. Appl. Phys. 113 (2013) 021301. http://dx.doi.org/10.1063/1.4757907. 

O3

é

https://doi.org/10.1063/1.1940727
http://dx.doi.org/10.1063/1.4757907


Examples of ALD processes

Zn (g)     +     S (g) Ą ZnS (s)

2 Me3Al (g) + 3 H2O (g) Ą Al2O3 (s) + 6 CH4 (g) *

3 TiCl4 (g) + 4 NH3 (g) Ą 3 TiN (s) +12 HCl (g) + 0.5 N2 (g) (?)

2 Me3Pt(CpMe) (g) + 26 O2 (g) Ą 2 Pt (s) + 18 CO2 (g) (?)
+ 16 H2O (g)

13

Metal Non-metal Product By-product

reactant reactant

* òprototypical ALD processò Ą R. L. Puurunen, òSurface chemistry of atomic layer deposition: a case study for 

the trimethylaluminum/water processò J. Appl. Phys. 97 (2005) 121301. Ą

http://dx.doi.org/10.1063/1.4757907 open access pdf Ą S. M. George, Chem. Rev. 2010 

http://dx.doi.org/10.1021/cr900056b https://www.slideshare.net/RiikkaPuurunen/presentation-at-ald-2016-by-

puurunen-comparison-of-al2o3-chemistry-interpretations-final-20160723

MTP 2018

Suntola 1974 Ą

http://dx.doi.org/10.1063/1.4757907
http://www.vtt.fi/inf/julkaisut/muut/2010/Puurunen.pdf
http://dx.doi.org/10.1021/cr900056b


CVD, chemical vapor deposition

Image: Pedersen, H. & Elliott, S.D. Theor Chem Acc 133 (2014) 1476. https://doi.org/10.1007/s00214-014-1476-7

x
in ALD: gas phase reactions excluded,

(ideally) irreversible reactions

CVD: continuous flow

ALD: separate pulsing 

of reactant vapors

(     )

Expected metal distribution

a) homogeneous, ALD

c) egg-shell, CVD
https://dx.doi.org/10.1021/cr500486u

https://doi.org/10.1007/s00214-014-1476-7
https://dx.doi.org/10.1021/cr500486u


Any shape can in principle be coatedé
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Tobacco mosaic virusĄ
double- walled 
nanotubes by ALD
Knez et al., Nano Lett. 6 
(2006) 1172

Biological macromoleculesPlanar wafers

High- area catalyst supports

photo: BASF

Macroscopic 3D objects

photo: Picosun

etc.

Dedicated test structures

Puurunen et al., ALD 2017, 

Denver, oral presentation.

Photo: VTT / Laamanen & Puurunen

Photo: Puurunen

http://pillarhall.com/


é as long as the surface has
suitable reactive sites
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Typical for ligand exchange:

-OH  -NH  -SH

AlsoïOïand sometimes other groups

Puurunen, Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727

https://doi.org/10.1063/1.1940727


Growth per cycle (GPC) in ALD typically 

small fraction of a monolayer (ML)

Å By definition (IUPAC, adsorption), a 

chemisorbed monolayer forms in an 

ALD reaction 

Å This converts to less than a 

monolayer of the material to be 

deposited, typically ~5-50% of ML

Å Many ways to estimate a monolayer 

thickness (e.g. density)

chemisorbed monolayer

fraction of monolayer of the 

material to be deposited

Puurunen, J. Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727

https://doi.org/10.1063/1.1940727


Note: evolving nomenclature!
GPC (growth per cycle) vs growth rate

Å Both terms can be encountered in 

scientific literature, >50% GPC

Å More on the topic:

Å http://aldhistory.blogspot.fi/2016/10/term-
growth-per-cycle-gpc-gaining-use.html

Å https://www.atomiclimits.com/2019/02/12/ato
mic-layer-deposition-process-development-
10-steps-to-successfully-develop-optimize-

and-characterize-ald-recipes/
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GPC
growth rate

http://aldhistory.blogspot.fi/2016/10/term-growth-per-cycle-gpc-gaining-use.html
https://www.atomiclimits.com/2019/02/12/atomic-layer-deposition-process-development-10-steps-to-successfully-develop-optimize-and-characterize-ald-recipes/


No growth/island growth if no/little
reactive sites
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Puurunen et al., J. Appl. Phys. 96 (2004) 4878. http://dx.doi.org/10.1063/1.1787624

Ą Possibility for area-selective ALD

http://dx.doi.org/10.1063/1.1787624


Area-selective ALD: 
a growing field

Å https://www.asd2019-

workshop.org/

http://www.blog.baldengineering.com/2018/11/4th-area-selective-deposition-asd.html


Status of two-reactant ALD 
process research (end 2010)
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Miikkulainen, Leskelä, Ritala, Puurunen (review), J. Appl. Phys. 113 (2013) 021301.

http://dx.doi.org/10.1063/1.4757907. open access pdf. >2000 references

>700 processes


