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Learning outcomes

After the course the students are able to:

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

2. 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
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T o d a le@arsing outcomes:
After this lecture, you shouldé

A Be able to describe the principles of atomic layer deposition
(ALD)
A Principles same for catalyst and thin film preparation

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

To I

Know five ways to control the loading of supported metal
catalysts by ALD

A Be able to name some benefits and limitations of ALD for
catalyst preparation
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ALD: chemical vapor deposition (CVD)
method for (inorganic) thin films
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Gas-solid reactions in ALD ideally
self-terminating: saturating, irreversible*
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Chemisorption

A chemically specific
A changes in electronic state
A reversible/irreversible

A chemisorption energy as for a
chemical reaction
(exothermic/endothermic)

A may involve an activation energy

Afor @Al argeo act.
(hacti vated adso
equilibrium may be achieved slowly

A monolayer adsorption
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Film grows ~linearily with cycles

Growth Per Cycle can vary
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Figure 15: Dependency of the GPC on the number of reaction cy-
0 10 20 30 minutes

cles in different types of ALD processes:>*’ (a) linear growth. (b)
substrate-enhanced growth, (¢) substrate-inhibited growth of Type 1.
and (d) substrate-inhibited growth of Type 2.
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Tuomo Suntolain 1974 (except that the Periodic Table is from 2019)

R. L. P u A 8hornHistory of Atomic Layer Deposition: Tuomo Suntola's Atomic Layer Epitaxyd Chem. Vap. Deposition 20 (2014) 332-
344. http://dx.doi.org/10.1002/cvde.201402012 (open access)
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Overview of the different
reactant/precursor classes
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Energy-enhanced ALD
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Puurunen, Appl. Phys. 97 (2005) 121301. https://doi.org/10.1063/1.1940727

Miikkulainen, Leskeld, Ritala, Puurunen, J. Appl. Phys. 113 (2013) 021301. http://dx.doi.org/10.1063/1.4757907.
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Examples of ALD processes

Metal Non-metal Product By-product
reactant reactant

1
y
{

Zn(g) + S(g A ZnS(s) Suntolal974 A

“d
vV
| y

A

.\’,.‘\\?

2 MesAl(g) +3H,0(g) A Al,O3(s) +6CH,(9) " N
MTP 2018

3TiCl, () + 4 NH, (g) A 3TiN (s) +12 HCI (g) + 0.5 N, (g) (?)

2 Me;Pt(CpMe) (g) +26 O,(g) A 2Pt(s) +18C0O,(g) (?)
+ 16 H,O (9)

* oprototypical ALD processo A R. L. P u Surface ehaemistryoof atomic layer deposition: a case study for

9 Aalto University the trimethylaluminum/water processd Appl. Phys. 97 (2005) 121301. A
A School of Chemical http://dx.doi.org/10.1063/1.4757907 open access pdf A S. M. George, Chem. Rev. 2010

B Engineering http://dx.doi.org/10.1021/cr900056b https://www.slideshare.net/RiikkaPuurunen/presentation-at-ald-2016-by-
puurunen-comparison-of-al203-chemistry-interpretations-final-20160723
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CVD, chemical vapor deposition

Expected metal distribution

a) <)
_ a) homogeneous, ALD
CVD: continuous flow c) egg-shell, CVD
\ https://dx.doi.org/10.1021/cr500486u

Fig. 1 Schematic summary of \ mangasfiov 1IN ALD: gasphase reactionsxcluded,

the most important chemical

resctions imvolved ia. thin flm > (ideally) irreversible reactions
synthesis by CVD, afier [41]. It O
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High area catalyst supports

Puurunen et al., ALD 2017,
Denver, oral presentation.
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Typical for ligand exchange:
-OH -NH -SH
Also 1 O and sometimes other groups
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Growth per cycle (GPC) in ALD typically
small fraction of a monolayer (ML)

A By definition (IUPAC, adsorption), a chemisorbed monolayer
chemisorbed monolayer forms in an
ALD reaction

A This converts to less than a
monolayer of the material to be

deposited, typically ~5-50% of ML m

A I\/Igny ways to estlmqte a monolayer fraction of monolayer of the
thickness (e.g. density) material to be deposited

Aalto U it o
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Note: evolving nomenclature!
GPC (growth per cycle) vs growth rate

A Both terms can be encountered in
scientific literature, >50% GPC

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

GPC

N
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No growth/island growth if no/little
reactive sites

Si Re-grown interfacial oxide ZrO, islands Glue
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FIG. 8 Cross-sectional TEM image for Zy(y deposited in 60 ZrCly /H,0 eycles at 300 °C on hydrogen-ternunated silicon pretreated with H,O at 300 °C for
5 min Reoxidation of the silicon substrate has taken place due to exposure to ambient air

A Possiblility for area-selective ALD
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Area-selective ALD:
a growing field
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Status of two-reactant ALD
process research (end 2010)

>700 processes

9 Aalto University Miikkulainen, Leskeld, Ritala, Puurunen (review), J. Appl. Phys. 113 (2013) 021301.
4 gz;;’n‘z:rfir%hem'ca' http:/dx.doi.org/10.1063/1.4757907. open access pdf. >2000 references



