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F O R E W O R D

In this PhD thesis a study on the atomic layer deposition of platinum and
gold is presented. The research was started in September 2015 and in-
cludes results up to December 2019. Most of the research was performed
within the CoCooN research group of the Department of Solid State Sci-
ences at Ghent University.

The thesis is paper based and contains four original research articles,
which are published or submitted to international journals. This work con-
sists of an introduction chapter, to provide some context to the reader, an
experimental chapter in which the working principles of the experimen-
tal techniques are briefly explained. Followed by the four research arti-
cles, which are formatted to fit this thesis and are included as stand-alone
chapters. Conclusions and a perspective on possible further research are
provided in the final chapter.

After more than four years of research in the fascinating field of ALD, I
hope that I have managed to present my findings in a clear way for both
the expert and the layman.

Michiel Van Daele
Antwerpen, October 2020
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N E D E R L A N D S TA L I G E S A M E N VAT T I N G - S U M M A RY
I N D U T C H

inleiding

In dit doctoraatsproefschrift worden atoomlaagdepositie (ALD) en plasma-
versterkte atoomlaagdepositie (PE-ALD) processen van platina en goud
onderzocht. Dit onderzochten we om beter te begrijpen hoe de reactieme-
chanismen tijdens de nucleatiefase en lineare groeifase van deze processen
plaatsvinden.

Atoomlaagdepositie is een variant op chemische dampdepositie (CVD),
het is een dunnefilm depositietechniek die gebruik maakt van opeenvol-
gende chemische gas-oppervlak reacties. Bij CVD vindt continue deposi-
tie plaats omdat de gebruikte chemicaliën gelijktijdig in de reactiekamer
worden binnengebracht. ALD verloopt anders, bij deze techniek is het
noodzakelijk dat de chemicaliën afwisselend worden toegelaten in de re-
actiekamer, waardoor het gewenste materiaal op een stapsgewijze en ge-
controleerde manier kan worden afgezet. Om vermenging van de chemi-
caliën in de reactiekamer te vermijden worden evacuatie-/spoelstappen
gebruikt tussen de blootstellingen door. Als deze stappen overgeslagen
worden kunnen ongecontroleerde reacties plaatsvinden tussen de chemi-
caliën in de gasfase en op het substraat. Een belangrijke voorwaarde voor
een ALD proces is dat de oppervlakreacties, die plaats vinden tijdens elke
blootstelling van het oppervlak aan de chemicaliën, zelf-limitered zijn. Dit
betekent dat de chemische reacties tussen de gebruikte chemicaliën en het
oppervlak enkel plaats kunnen vinden met bepaalde functionele groepen.
Elke reactie verbruikt minstens één functionele groep, wanneer deze zijn
opgebruikt wordt dit process stopgezet en treedt er zelfsaturatie op. Dit
zelf-limiterend/saturerend gedrag zorgt ervoor dat er een (sub)monolaag
van materiaal wordt toegevoegd aan het oppervlak bij elke blootstelling
aan de precursor. De reactanten worden daarna gebruikt om de (organi-
sche) precusor liganden van het oppervlak te verwijderen. Hierdoor kan
er tijdens de volgende blootstelling opnieuw depositie plaatsvinden op
het oppervlak.

ALD heeft in vergelijking met andere depositietechnieken een aantal
interessante voordelen. Zo is het mogelijk om een brede waaier aan dekla-
gen af te zetten, zoals oxides, nitrides, sulfides, fosfaten, en (edel)metalen.
De zelf-limiterende/saturerende reacties en cyclische natuur van ALD zor-
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gen voor een heel precieze controle over de filmdikte. De groei per cyclus
van een specifiek proces is gekend en constant (in het lineair groei regime)
waardoor het aantal uitgevoerde cycli de filmdikte bepaalt. De zelfsature-
rende reacties zorgen voor een extreem uniforme filmdikte over een groot
substraatoppervlak. Door het substraat voldoende bloot te stellen aan de
precursor en de reactanten is het mogelijk een een laag met een uniforme
dikte op heel complexe structuren af te zetten.

Uiteraard zijn er ook nadelen verbonden aan deze depositietechniek. De
groeisnelheid van ALD processen is heel laag. Dit is het gecombineerde
resultaat van een lage groei per cyclus en de relatief lange duur van één
cyclus. De groei per cyclus nadert voor de meeste ALD processen de ato-
maire lengteschaal van ∼0.1 nm. Afhankelijk van de tijdsduur die nodig is
voor evacuatie- of spoelstappen kan een enkele ALD cyclus variëren van
seconden tot enkele minuten. Het is mogelijk om de cyclustijd drastisch te
verkorten door gebruik te maken van "ruimtelijke"ALD, waarbij de precur-
sor en reactanten door fysieke bufferzones van elkaar worden gescheiden.
Met deze techniek is het mogelijk om groeisnelheden van ∼1 nm/s, of om-
gerekend ∼3.6 µm per uur, te bereiken. Om dit groeitempo in perspectief
te plaatsen nemen we de stelregel dat menselijk haar ongeveer 1 cm per
maand in lengte groeit, of ∼14 µm per uur, waardoor gezegd kan worden
dat ALD films trager groeien dan menselijk haar.

platinum

Naast het gebruik in siervoorwerpen wordt platina ook gebruikt in tech-
nologische toepassingen. Hiervan is het gebruik van platina in de kataly-
satoren van wagens waarschijnlijk het meest gekende voorbeeld. Platina
in de vorm van nanodeeltjes trekt veel belangstelling voor heterogene en
elektrokatalyse toepassingen. De prestatie van een katalysator wordt sterk
bepaald door het actieve oppervlak van de nanodeeltjes. Hierbij speelt de
vorm en de grootte van de platina nanodeeltjes ook een grote rol voor
de katalytische activiteit en selectiviteit. ALD is door zijn eigenschappen
een aantrekkelijke depositietechniek om platina nanodeeltjes en dunne-
films af te zetten, vooral omdat het nauwgezette controle geeft over de
hoeveelheid metaal dat wordt afgezet op het oppervlak en het mogelijk
maakt om conformele depositie op complexe 3D substraten uit te voe-
ren. Om ALD platinalagen te gebruiken in technologische toepassingen
en de eigenschappen van deze films te bepalen is het noodzakelijk om
een goed inzicht te verwerven in de nucleatie en lineaire groeifases van
deze processen. Daarom gaat het eerste deel van dit werk over de lineaire
groeifase van het thermische platina ALD proces (MeCpPtMe

3
- O2 gas),
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het plasma-versterkte platina ALD proces (MeCpPtMe
3

- O2 plasma), en
de nucleatiefase van het thermische platina proces.

artikel i : groeimechanisme van platinum ald

Dit manuscript bouwt verder op de bestaande literatuur over de reactie-
mechanismes in het thermische platina ALD proces. Het thermische en
plasma-versterkt platina ALD proces, dat gebruik maakt van MeCpPtMe

3

als precursor en O2 gas of plasma als reactant, wordt op verschillende
substraattemperaturen bestudeerd met in situ reflectie absorptie infrarood
spectroscopie (RAIRS). De functionele groepen, die tijdens het ALD pro-
cess gevormd worden, kunnen met deze techniek geïdentificeerd worden.
De oorsprong van het temperatuursafhankelijk groeitempo voor het ther-
mische process wordt in dit werk ook onderzocht. Bij lage substraattem-
peraturen (<150

◦C) wordt er na blootstelling aan de precursor CH en
C=C oppervlaktegroepen gedetecteerd. Deze oppervlaktegroepen zorgen
voor een passivatie van het oppervlak tijdens het thermische ALD pro-
cess, waardoor er geen depositie meer kan plaatsvinden. Door O2 plasma
te gebruiken kunnen deze oppervlaktegroepen wel verwijderd worden,
dit zorgt ervoor dat PE-ALD wel gebruikt kan worden bij oppervlakte-
temperaturen die lager zijn dan 150

◦C. Boven een substraattemperatuur
van 150

◦C worden geen CH vibraties gedetecteerd en verminderen de
C=C vibraties, wijzende op dehydrogenatie reacties en reorganisatie van
de liganden. Bovendien onthullen de Fourier transform infrarood spectro-
scopie (FTIR) metingen dat na de precursor blootstelling er extra verbran-
dingsproducten gevormd worden tijdens het PE-ALD process. Voor beide
processen worden de oppervlaktegroepen verwijderd tijdens de blootstel-
ling aan het reactant. Hierbij worden hydroxyl (OH) groepen gevormd op
het oppervlak, dit gebeurt zowel bij hoge en lage oppervlaktetemperatu-
ren. We besluiten dat de temperatuursafhankelijke vermindering in het
groeitempo voor het thermisch process gebeurt omdat het platinaopper-
vlak de precursor liganden niet kan dehydrogeneren en herstructureren,
waardoor het oppervlak tijdens het process gepassiveerd wordt.

artikel ii : nucleatie tijdens platinum ald

Het begrijpen van het nucleatiegedrag van metaal ALD processen is van
groot belang voor verscheidene toepassingen. Daarom wordt de nucleatie-
fase van het thermische platina ALD proces bestudeerd op een vlak SiO2

substraat op 300
◦C door middel van in situ X-stralen fluorescentie (XRF)

en scherende-inval kleine-hoek X-stralen verstrooiing (GISAXS). De evolu-
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tie van de belangrijkste verstrooiingspieken geeft inzicht in de groei van
de platinadeeltjes, beginnend bij kleine geïsoleerde kernen tot coalescentie
van de deeltjes in wormachtige structuren. Een analyse strategie wordt ge-
ïntroduceerd om snel informatie over de grootte, vorm, en spatiëring van
de platinadeeltjes te verkrijgen uit de GISAXS data. De resultaten wijzen
op een nucleatiefase die gevolgd wordt door een regime waarin diffusie-
gedreven deeltjesgroei plaatsvind. In het tweede groeiregime neemt de
gemiddelde deeltjesdichtheid af en worden lateraal uitgerokken deeltjes
gevormd. De groei van de platina nanodeeltjes wordt dus niet enkel be-
paald door de adsorptie van platina precursor moleculen en de daaropvol-
gende verbranding van de liganden, maar is voornamelijk bepaald door
de dynamische uitwisseling van migrerende platina atomen en clusters op
het oppervlak tussen naburige platina nanodeeltjes en diffusiegedreven
deeltjescoalescentie. Daarnaast werd de invloed van de precursordosis op
de nucleatie en groei van de platinadeeltjes onderzocht. Hieruit blijkt dat
de nucleatiesnelheid sterk beïnvloed wordt door de precursordosis. Ver-
rasend genoeg wordt de morfologie van de platinadeeltjes bepaald door
de hoeveelheid platina dat afgezet wordt op het oppervlak en heeft de ge-
bruikte precursordosis tijdens het thermisch process geen invloed op de
morfologie. Deze resultaten tonen aan dat het gecombineerd gebruik van
in situ GISAXS en XRF metingen een uitstekende experimentele strategie
is om fundamentele inzichten te verkrijgen over de rol van de depositie-
parameters op de morfologie van de platinadeeltjes.

goud

Omdat goud quasi niet reactief is wordt het vooral gebruikt om juwe-
len, munten, en andere decoratieve stukken te vervaardigen. Goud in de
vorm van nanodeeltjes heeft echter een aantal heel interessante optische
en katalytische eigenschappen. Hierdoor is er de laatste jaren enorm veel
onderzoek uitgevoerd naar het gebruik van gouden nanodeeltjes in toe-
passingen voor heterogene katalyse. Gouden nanodeeltjes worden vaak
voor hun inherente optische eigenschappen gebruikt in suspensies, bij-
voorbeeld in het vervaardigen van robijnglas. Deze optische eigenschap-
pen zijn afkomstig van resonanties van gelokaliseerde oppervlak plas-
monen die aanwezig zijn op het metaaloppervlak. Met behulp van deze
plasmomen kunnen elektromagnetische hotspots gecreëerd worden tus-
sen metalen structuren waardoor het Ramansignaal enorm versterkt kan
worden. Typisch zijn hiervoor heel goed geordende nanostructuren nodig
om dergelijke oppervlak-versterkte Ramanspectroscopie (SERS) substra-
ten te maken. Door de eigenschappen van deze nanostructuren op het
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SERS substraat is het zelfs mogelijk om één enkele molecule te detecte-
ren. Om ALD goudlagen te incorporeren in praktische toepassingen is het
noodzakelijk om een aantal werkende ALD processen te hebben. Verder
dient men te beschikken over een uitstekend begrip van de nucleatie- en
lineaire groeifase van deze processen. Daarom gaat het tweede deel van
deze thesis over de ALD eigenschappen van een nieuw goud PE-ALD
proces dat ontwikkeld is tijdens dit proefschrift en het lineaire groei reac-
tiemechanisme van dit nieuwe proces.

artikel iii : een nieuw goud ald proces

In dit manuscript werd een nieuw goud PE-ALD proces ontwikkeld en
werden de ALD eigenschappen bepaald. Het proces maakt gebruik van
Me3Au(PMe

3
) als de precursor en H2 plasma als reactant. Dit proces

kan gebruikt worden op lage substraattemperaturen en heeft een breed
temperatuursvenster van 50

◦C to 120
◦C. Het heeft een groeitempo van

0.030±0.002 nm per cyclus op een goud zaadlaag en zowel precursor als
reactant vertonen zelfsaturerend gedrag. Uiterst zuivere goud films kun-
nen worden afgezet met dit proces; <1 atomaire % koolstof en zuurstof,
en <0.1 atomaire % fosfor als onzuiverheden, zoals bepaald met X-stralen
fotonelectron spectroscopie (XPS). Op oxide oppervlakken worden er gou-
den nanodeeltjes afgezet. Tijdens de depositie coalesceren deze deeltjes
in wormachtige nanostrucutren. Omdat de goudfilm afgezet wordt in de
vorm van nanodeeltjes is dit geschikt om een Ramansignaal te versterken.
Hiermee is het mogelijk om een Ramansignaal te versterken dat slechts
één orde lager is in grootte dan de allernieuwste SERS technieken. Dit
wordt bereikt zonder de eigenschappen van de goudfilm te optimalise-
ren. Door de katalystische eigenschappen van gouden nanodeeltjes is het
mogelijk om ALD goud te gebruiken in heterogene katalyse toepassingen.

artikel iv : groeimechanisme van goud ald

In dit manuscript worden in situ RAIRS en in vacuo XPS metingen ge-
bruikt om te bepalen welke oppervlaktegroepen er aanwezig zijn tijdens
het goud ALD process. Hieruit blijkt dat CH3 en PMe3 liganden op het
goudoppervlak blijven na chemisorptie van de precursor. Deze oppervlak-
tegroepen zorgen voor het zelfsaturerend gedrag tijdens de precursordo-
sis. De oppervlaktegroepen worden verwijderd door het H2 plasma en
omgezet naar CH4 en waarschijnlijk naar PHxMey groepen (x,y: 0-3). Hier-
door kan tijdens de volgende precursordosis opnieuw chemisorptie van
de precursor plaatsvinden. Het decompositie gedrag van de precursor op
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een goudoppervlak wordt onderzocht en hieruit blijkt dat de decomposi-
tie van de precursor stijgt met de temperatuur boven een substraattempe-
ratuur van 100

◦C. Op een substraattemperatuur van 120
◦C wordt de de-

compositiecomponent groter dan de groei per cyclus van het ALD process,
waardoor het ALD process zich begint te gedragen zoals een CVD process.
Aangezien deze liganden verantwoordelijk zijn voor het zelflimiterend ge-
drag tijdens het ALD process, kan dit decompositiegedrag verklaard wor-
den door de stabiliteit van de precursor liganden op een goudoppervlak.
De CH3 liganden desorberen tijdens de evacuatiestap naar hoog vacuüm
en dit vindt plaats op elke substraattemperatuur van het ALD tempera-
tuursvenster. Maar dit proces verloopt sneller bij een hogere temperatuur.
Bij deze hogere temperaturen worden de PMe3 liganden minder stabiel op
het goudoppervlak en dit vertaalt zich in een toename van de precursor-
decompositie op het goudoppervlak. Dit toont aan dat het zelfsaturerend
gedrag van de precursoradsorptie bepaald wordt door de temperatuursaf-
hankelijke stabiliteit van de precursorliganden op het goudoppervlak. Ver-
rassend genoeg vindt de precursordecompositie niet plaats op een SiO2

oppervlak en in situ transmissie absorptie infrarood metingen wijzen erop
dat de nucleatie op een SiO2 oppervlak plaatsvindt op Si-OH oppervlak-
tegroepen. Het gebruik van andere reactanten (O2 plasma en H2O) werd
onderzocht in een pomp-type ALD systeem en dit werd vergeleken met
een goudfilm die afkomstig is van een spoel-type reactor. Door een O2

plasma te gebruiken als reactant wordt er een amorfe goud-fosfaat film
afgezet in plaats van een metallische goudfilm. Wanneer H2O wordt ver-
vangen door H2 plasma als reactant is het mogelijk om metallische goud
films te verkrijgen, echter dit is niet voldoende om de fosfaat onzuiverhe-
den te verwijderen van het oppervlak.
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S U M M A RY

introduction

In this thesis atomic layer deposition (ALD) and plasma-enhanced atomic
layer deposition (PE-ALD) processes of platinum and gold are investi-
gated. The aim is to obtain a better understanding of the reaction mecha-
nisms that govern the steady growth and nucleation of these processes.

ALD is a variant of chemical vapour deposition (CVD) and can be de-
fined as a thin-film deposition technique that is based on the sequential
use of self-terminating gas-solid reactions. While for CVD the used chemi-
cals are introduced simultaneously in the reaction chamber, allowing con-
tinuous deposition, ALD uses alternating exposures of vapour/gas phase
chemicals (precursor and co-reactants) to deposit the desired material on
a substrate in a step wise and controlled manner. The precursor and co-
reactant exposures are separated by pump or purge steps to avoid mix-
ing of the chemicals, which can lead to uncontrolled reactions in the gas-
phase or on the substrate. An important requirement for an ALD process
is that the surface reactions, occurring during every exposure, are self-
terminating. This means that the used chemical is only able to react with
certain sites on the substrate and during the reaction these reactive sites
are consumed. Because of this self-limiting reaction behaviour, the precur-
sor, that carries the metal atom of the desired material, usually adds a
(sub)monolayer of material to the surface during every exposure step. The
purpose of the co-reactants is to remove the precursor ligands from the
surface and make it possible for the following precursor exposure to react
with the surface, which allows the deposition process to continue.

ALD as a deposition method has some interesting properties and ad-
vantages compared to other deposition methods. It is possible to deposit
a wide variety of coating materials, including oxides, nitrides, sulphides,
phosphates, and (noble) metals. The combination of the self-saturating be-
haviour and cyclical nature gives ALD precise control over the film thick-
ness. The growth per cycle (GPC) for a process is known and constant (in
the linear growth regime) and the film thickness can be selected by adjust-
ing the number of ALD cycles. The self-saturating behaviour also results
in excellent uniformity of the film thickness over large substrates and ex-
cellent conformality on complex structures. This can be achieved by using
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sufficient exposures of the used precursors and co-reactants, which given
enough exposure will eventually fully coat very complex 3D substrates.

These advantages inevitably come at a cost, which is a slow deposition
speed for most ALD processes, due to the combination of a low GPC and
the relatively long duration of a single cycle. The GPC for most processes
lies close to the atomic length scale of ∼0.1 nm/cycle. For time separated
purge steps the total time for a single ALD cycle can vary between a
few seconds to several minutes, depending on the used exposure and
purge times. It is possible to reduce the time for a single cycle significantly
when using spatial ALD, for which the precursor and co-reactants are
not separated in time but in space and growth speeds up to ∼1 nm/s,
or ∼3.6 µm per hour can be achieved. To put this number in perspective,
assuming the rule of thumb that human hair grows at roughly 1 cm per
month or ∼14 µm per hour it can be said that ALD films grow slower than
human hair.

platinum

Apart from the use in ornamental pieces, platinum finds its use in tech-
nological applications. Probably the most known example is the use of Pt
as a catalyst in the catalytic converter of automotive vehicles. Platinum
in the form of nanoparticles and nanoclusters on a support is of major
interest for heterogeneous catalysis and electrocatalysis applications. For
catalytic applications the particle shape and size is closely linked to their
catalytic activity and selectivity, while the performance of a supported cat-
alyst also depends on the nanoparticle coverage and active surface area.
This makes ALD an attractive deposition technique to deposit platinum
nanoparticles and ultrathin layers as it offers sub-monolayer control over
the metal loading/layer thickness and enables conformal deposition on
complex 3D substrates. In order to incorporate ALD deposited platinum
in practical applications and influence the properties of the deposited
films it is necessary to have a good understanding of the nucleation and
steady growth behaviour of these processes. Therefore, the first part of
this thesis will cover the steady growth mechanism of the thermal Pt ALD
process (MeCpPtMe

3
- O2 gas) and plasma enhanced Pt ALD process

(MeCpPtMe
3

- O2 plasma) and the nucleation behaviour of the thermal
Pt ALD process.
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article i : steady growth mechanism of platinum ald

This paper builds upon the body of existing literature concerning the reac-
tion mechanisms that are involved for the thermal platinum ALD process.
The thermal ALD and PE-ALD of platinum, using MeCpPtMe

3
as precur-

sor and O2 gas or O2 plasma as reactant, are studied with in-situ reflec-
tion absorbance infrared spectroscopy (RAIRS) at different substrate tem-
peratures. This is done to identify the functional groups that are present
during platinum ALD and investigate the origin of the temperature de-
pendent growth rate of the thermal process. Evidence is given that CH
and C=C containing species are present on the surface after precursor
exposure at low substrate temperatures (<150

◦C), poisoning the surface
during thermal ALD. Both species are removed by O2 plasma enabling
PE-ALD below 150

◦C through combustion reactions. Above 150
◦C, no

CH stretching modes were detected and the C=C vibration diminished,
indicating dehydrogenation reactions and ligand restructuring. In addi-
tion, the PE-ALD Fourier transform infrared spectroscopy (FTIR) spectra
revealed the presence of combustion reaction products on the surface af-
ter precursor exposure. These were removed during the reactant exposure
and during this exposure the formation of surface OH groups was found
for both high and low substrate temperatures. We conclude that the de-
crease in growth rate for the thermal process is caused by the inability
of the surface to properly dehydrogenate and restructure the poisoning
precursor ligands.

article ii : nucleation of platinum ald

Understanding the nucleation behaviour of metal ALD processes is of
significant importance for several applications. Therefore, in situ investi-
gations of thermal platinum ALD at 300

◦C on planar SiO2 substrates by
means of X-ray fluorescence (XRF) and grazing-incidence small-angle X-
ray scattering (GISAXS) are presented. The evolution in key scattering fea-
tures provides insights into the growth kinetics of platinum deposits from
small nuclei to isolated islands and coalesced worm-like structures. An
analysis approach is introduced and verified that it is a valid method to
extract dynamic information on the average real space parameters, such as
Pt cluster shape, size, and spacing. The results indicate a nucleation stage,
followed by a diffusion-mediated particle growth regime which is marked
by a decreasing average areal density and formation of laterally elongated
Pt clusters. Growth of the Pt nanoparticles is thus not only governed by
the adsorption of Pt precursor molecules from the gas-phase and subse-
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quent combustion of the ligands, but is largely determined by the dynamic
exchange of migrating Pt species on the surface between neighbouring Pt
nanoparticles and diffusion-driven particle coalescence. Moreover, the in-
fluence of the Pt precursor dose on the particle nucleation and growth
is investigated. It is found that the precursor dose has a large influence
on the nucleation speed, while the evolution of particle morphology as a
function of Pt coverage is in fact not influenced at all by the used precur-
sor dose for oxygen based co-reactants. These results show that combining
in situ GISAXS and XRF measurements provides an excellent experimen-
tal strategy to obtain new fundamental insights of the role of deposition
parameters on the morphology of Pt ALD depositions.

gold

Gold has found widespread use in jewellery, coinage, and decorative pieces
due to its unreactive nature. Moreover, gold in the form of nanoparticles
has some very interesting optical and catalytic properties. The catalytic
properties of nanoparticulate gold has attracted significant interest for het-
erogeneous catalysis. Suspended gold nanoparticles (or colloidal gold) are
often used for their inherent optical properties (e.g., colloidal gold in ruby
glass). The optical properties arise due to the localised surface plasmon
resonances (LSPR) that develop at the metal surface. The LSPR can create
electromagnetic hotspots between metallic structures and these hotspots
can cause enormous enhancement of a Raman signal. In general, highly or-
dered nanostructures are required for solid state surface enhanced Raman
spectroscopy (SERS) substrates. By tuning the properties of the nanostruc-
tures on the SERS substrate, it is possible to achieve single molecule detec-
tion. In order to incorporate ALD deposited gold layers/films in practical
applications it is beneficial to have a decent selection of ALD processes
and have a good understanding of their nucleation and steady growth
behaviour. Therefore, second part of this thesis will report the ALD prop-
erties of a new gold PE-ALD process and investigate its steady growth
reaction mechanism.

article iii : a new gold ald process

A new PE-ALD process for gold deposition was developed and its ALD
characteristics were determined. The process utilizes Me3Au(PMe

3
) as

the precursor and H2 plasma as the co-reactant. The process can be em-
ployed at low substrate temperatures and over a broad temperature win-
dow: 50

◦C to 120
◦C. A growth rate of 0.030±0.002 nm per cycle on gold
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seed layers is achieved and both precursor and co-reactant exposures ex-
hibit saturating behaviour. The process deposits very pure gold films (<1

atomic % carbon and oxygen impurities, and <0.1 atomic % phospho-
rous obtained from X-ray photoelectron spectroscopy (XPS)). The process
forms gold nanoparticles on oxide surfaces, which coalesce into worm-
like nanostructures during deposition. The particular nanostructure of
as-deposited films offers stable free-space Raman enhancement, slightly
more than one order of magnitude lower than state-of-the-art solid-state
substrates, but with room for further optimization. Beyond the use in
surface-enhanced Raman spectroscopy (SERS), nanoparticulate gold has
very interesting and useful catalytic properties, making the reported gold
nanoparticle ALD process also highly relevant towards heterogeneous
catalysis applications.

article iv : steady growth mechanism of gold ald

In situ RAIRS and in vacuo XPS measurements confirm that CH3 and PMe3

ligands remain on the gold surface after chemisorption of the precursor,
causing self-limiting adsorption. Remaining surface groups are removed
by the H2 plasma in the form of CH4 and likely as PHxMey groups (x,y:
0-3), allowing chemisorption of new precursor molecules during the next
exposure. The decomposition behaviour is investigated and it is found
that above 100

◦C the amount of precursor decomposition increases with
substrate temperature and at 120

◦C the decomposition becomes larger
than the GPC of the ALD process, leading to chemical vapour deposi-
tion (CVD) growth behaviour. This decomposition behaviour is linked to
the stability of the precursor ligands that govern the self-limiting growth
during ALD. Desorption of the CH3 ligands occurs at all substrate tem-
peratures during evacuation to high vacuum, occurring faster at higher
temperatures. The PMe3 ligand is found to be less stable on a gold sur-
face at higher substrate temperatures and is accompanied by an increase
in precusor decomposition on a gold surface, indicating that the tempera-
ture dependent stability of the precursor ligands is an important factor to
ensure self-limiting precursor adsorption during ALD. Remarkably, pre-
cursor decomposition does not occur on a SiO2 surface, in-situ transmis-
sion absorption infrared experiments indicate that nucleation on a SiO2

surface occurs on Si-OH groups. The use of O2 plasma and H2O as co-
reactants in a pump-type ALD system is compared to the gold films that
are obtained in a flow-type reactor. Instead of a metallic gold film, amor-
phous gold-containing phosphate films were obtained. Changing the H2O
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exposure to H2 plasma leads to the formation of metallic films, although
it is not sufficient to remove the phosphate impurities.
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Part I

I N T R O D U C T I O N

"I’m going on an adventure"
— J.R.R. Tolkien, The Hobbit





1
I N T R O D U C T I O N

The research topic of this thesis lies in the field of atomic layer deposi-
tion (ALD), in particular the sub-field of metal ALD. This chapter aims to
familiarize the reader with this field and to provide some context to the
research results that will be presented in the following chapters.

1.1 atomic layer deposition

ALD is a variant of chemical vapour deposition (CVD) and can be de-
fined as a film deposition technique that is based on the sequential use of
self-terminating gas–solid reactions.[1] While for CVD the used chemicals
are introduced simultaneously in the reaction chamber, allowing contin-
uous deposition, ALD uses alternating exposures of vapour/gas phase
chemicals (precursor and co-reactants) to deposit the desired material on
a substrate in a step wise and controlled manner. The precursor and co-
reactant exposures are separated by pump or purge steps to avoid mix-
ing of the chemicals, which can lead to uncontrolled reactions in the gas-
phase or on the substrate. An important requirement for an ALD process
is that the surface reactions, occurring during every exposure, are self-
terminating. This means that the used chemical is only able to react with
certain sites on the substrate and during the reaction these reactive sites
are consumed. Self-limiting also requires that the gas-solid reactions do
not create additional reactive sites and thus the amount of available reac-
tive sites decreases with every gas-solid reaction that occurs. Because of
this self-limiting reaction behaviour, the precursor, that carries the metal
atom of the desired material, usually adds a (sub)monolayer of material to
the surface during every exposure step. The purpose of the co-reactants
is to remove the precursor ligands from the surface and make it possi-
ble for the following precursor exposure to react with the surface, which
allows the deposition process to continue. Thus ALD processes are cycli-
cal and with every cycle a fixed amount of material is deposited. Due to
the self-limiting nature it is possible to deposit materials on very complex
substrates.

ALD as a deposition method has some interesting properties and ad-
vantages compared to other deposition methods. It is possible to deposit
a wide variety of coating materials, including oxides, nitrides, sulphides,
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phosphates, and (noble) metals. The substrate temperature for most ALD
processes lies below 400

◦C, which makes these processes back end of
line compatible and allows their use in the production of integrated cir-
cuits. For some processes it is possible to use substrate temperatures be-
low 100

◦C and even room temperature, which is ideal for applications
that require temperature sensitive substrates. The combination of the self-
saturating behaviour and cyclical nature gives ALD precise control over
the film thickness. The growth per cycle (GPC) for a process is known
and constant (in the linear growth regime) and the film thickness can
be selected by adjusting the number of ALD cycles. The self-saturating
behaviour also results in excellent uniformity of the film thickness over
large substrates and excellent conformality on complex structures. This
can be achieved by using sufficient exposures of the used precursors and
co-reactants, which given enough exposure will eventually fully coat very
complex 3D substrates. This is not easy to achieve for a pure line-of-sight
technique such as physical vapour deposition, or for CVD for which the
deposition rate depends on the flux of precursor, which tends to vary with
penetration depth for high-aspect ratio structures.

These advantages inevitably come at a cost, which is a slow deposition
speed for most ALD processes, due to the combination of a low GPC and
the relatively long duration of a single cycle. The GPC for most processes
lies close to the atomic length scale of ∼0.1 nm/cycle. Although, depend-
ing on the ALD process the GPC may vary over one or two orders of mag-
nitude. For time separated purge steps the total time for a single ALD
cycle can vary between a few seconds to several minutes, depending on
the used exposure and purge times. It is possible to reduce the time for a
single cycle significantly when using spatial ALD, for which the precursor
and co-reactants are not separated in time but in space. For example, in
the case of the thermal Al2O3 ALD process growth speeds up to ∼1 nm/s,
or ∼3.6 µm per hour, can be achieved in spatial ALD systems.[2] To put
this number in perspective, assuming the rule of thumb that human hair
grows at roughly 1 cm per month or ∼14 µm per hour it can be said that
ALD films grow slower than human hair. Of course time is money,1 mak-
ing ALD a rather expensive technique due to these low deposition speeds
and on the other hand it requires some very specific equipment and (pre-
cursor) chemicals and generally these are not cheap.

1 With an estimated word count of 60 000 and an average reading speed of 200-250 words per
minute, this manuscript consists of roughly 4-5 hours of reading fun.
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1.1.1 An example ALD process

This section will explain the steps that are required to bring one ALD cy-
cle to completion. For this purpose, the thermal aluminium oxide ALD
process, using trimethylaluminium (TMA) and water (H2O), will be ex-
plained as it is generally considered to be a standard and well understood
ALD process.[1] The sequence of steps to perform a single ALD cycle is
displayed in Figure 1.1;

a) tma exposure TMA vapour is brought into the ALD reaction
chamber and will react with reactive sites that are present on the sub-
strate surface, in this case hydroxyl groups (-OH) (Figure 1.1a). The
methyl (CH3) ligands of the TMA molecule react with the hydroxyl
groups, forming methane (CH4) as a by-product and creating a bond
between the oxygen atom and aluminium atom as given by:

−OH(s) + Al(CH3)3(g) −→ −Al(CH3)2(s) + CH4(g)
with (s) and (g) denoting surface and gas-phase species, respectively.
The reaction between the TMA molecules and the surface stops
when the accessible hydroxyl groups are consumed, resulting in self-
limiting behaviour of the TMA exposure.

b) pump/purge step The formed CH4 and excess TMA
molecules are removed from the reaction chamber (Figure 1.1b). De-
pending on the type of ALD reactor this is either done by evacuating
the chamber to its base pressure or purging it by using a flow of inert
gas.

c) H2 o exposure After the TMA and reaction by-products are
removed from the chamber the surface is exposed to H2O vapour
(Figure 1.1c). The water molecules will react with the surface CH3

groups (Figure 1.1d), producing surface -OH groups and CH4 as a
by-product, given by:

−Al(CH3)2(s) + 2H2O(g) −→ −Al(OH)2(s) + 2CH4(g)

d) second pump/purge step The formed CH4 groups and
excess H2O molecules are removed from the reaction chamber
(Figure 1.1d). This is either done by evacuating the chamber or
purging it by using a flow of inert gas. After this step, the surface
has gained a (sub)monolayer of Al2O3, terminated with reactive
-OH groups. The surface can then be exposed to TMA molecules to
continue the ALD process.

This discussion of the thermal TMA/H2O ALD process is an idealised and
simplified version of this process, serving as an illustration of the ALD
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Figure 1.1: Schematic representation of an aluminium oxide ALD process, using
TMA and H2O as precursor and co-reactant, respectively. a) TMA expo-
sure, b) purge of excess precursor and by-products, c) H2O exposure,
d) purge of excess H2O vapour and by-products.

technique. It does not account for the inclusion of H and C impurities in
the film due to incomplete reactions and steric hindrance.

1.1.2 ALD growth characteristics

saturation One requirement of an ALD process is that each expo-
sure step needs to exhibit self-limiting chemical reactions. This is achieved
when chemisorbing molecules reduce the total number of reactive chem-
ical sites on the substrate. When all reactive sites have been consumed
the chemisorption process stops and saturation of the surface is achieved,
as shown in the saturation curves in Figure 1.2a. The shown curves rise
quickly at the beginning and then flatten out once saturation is achieved.
For very reactive precursors and surface groups (solid grey line) the point
of saturation, marked by the grey arrow, is achieved very quickly, while
for less reactive species (dashed black line) more exposure is required to
reach this point, marked by the black arrow. If the molecules decompose
on the surface the "apparent" GPC will increase linearly with the used ex-
posure (indicated by the solid red line). This type of behaviour is referred
to as CVD-type growth and is undesired in an ALD process as it leads to
uncontrolled deposition. While an ideal ALD precursor does not exhibit
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any decomposition, reality is often less ideal and some precursors will
have a small decomposition fraction on the surface. This will add a slope
to the flat section of the saturation curve, as shown by the dashed red line
in Figure 1.2a.

temperature dependence Chemical reactions determine the growth
mechanism of ALD and usually temperature has a large influence on the
reaction rate. Because of this it can be expected that the substrate temper-
ature is an important parameter in any ALD process. While the influence
of the temperature depends on the specific process there are some typical
effects the temperature has on the GPC, as depicted in Figure 1.2b.

For a low substrate temperature chemical reactions may be hindered
because of a lack of thermal activation energy, leading to a decrease in the
GPC. On the other hand, a low temperature may cause condensation of the
precursor on the surface. This will lead to the unsaturated physisorption
of precursor on the surface and an increase in the GPC.

For a high substrate temperature the thermal stability of the precursor
plays a key role. Thermal decomposition of the precursor on the surface
will lead to unsaturated growth behaviour as there is no limit to how
much of the precursor can adsorb during each exposure. As a result, the
GPC will increase due to the CVD-type growth. Another possibility is that
chemically active surface groups are removed from the surface, deactivat-
ing the surface and leading to a decrease in the GPC.

Between this high and low temperature regions the ALD process ex-
hibits a region of saturated behaviour, which is typically called the ALD
temperature window. The GPC in this window does not have to be con-
stant, as the main requirement is the saturating behaviour of the surface
reactions and with varying temperature the concentration of functional
groups or steric hindrance can have an influence on the obtained GPC.

linearity The saturation property, that is expected for an ALD pro-
cess, leads to a predictable film thickness. The GPC determines how much
material is added by each cycle and the film thickness can be expressed
as:

Thickness = GPC x (Number of cycles) (1.1)

This results in linear growth behaviour as is depicted in Figure 1.2c. In
the ideal case there is no delay of deposition on a surface, due to nucle-
ation (marked by the grey line). (Un)fortunately, a lot of ALD processes
are not ideal and the linear growth is preceded by a nucleation region
(marked by the black line). This is especially the case for the deposition of
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Figure 1.2: Simplified graphs depicting typical ALD growth properties. a) Satura-
tion behaviour, b) GPC temperature dependence, c) growth behaviour.
Figure adapted from [3, 4]

(noble) metals, for which discontinuous films are generally deposited on
oxide surfaces, unless special pretreatments are used on the substrate to
enhance the nucleation and formation of a closed film.

1.2 ald of metals

Depositing elemental metallic films is rather difficult using ALD. A first
reason is due to the typical precursors that are used during ALD which
generally consist of a metal cation as the central atom, surrounded by
ligands. To deposit oxides and nitrides ligand exchange can occur to de-
posit the desired material in thermal processes, during which no change
in oxidation state occurs for the metal cation. While in processes that use
plasma as the co-reactant the cation is often oxidised further. This is fine
for depositing oxides and nitrides, however, in order to deposit metallic
films it is necessary to use an additional reduction step. Another reason
is that most metals are easily oxidised when they come in contact with
oxygen. This means that only extremely low background concentrations
of oxygen can be tolerated in the ALD chamber, or the deposited film will
oxidise during deposition. In addition, the use of oxidising co-reactants
needs to be avoided for elements that form strong bonds with oxygen, be-
cause it is often not straightforward to reduce the metal oxide once it is
formed. An exception is the class of noble metals, which are elements that
are known for their resistance to corrosion and oxidation.

Although it is difficult to deposit elemental films of transition metals
this has not stopped researchers from developing ALD processes for them,
see Figure 1.3 and the bottom section of Table 1.1. Surprisingly it is possi-
ble to deposit noble metals using oxidising co-reactants, due to the relative
ease to reduce them to their metallic state. Since this discovery a lot of re-
search has been performed to investigate the reaction mechanism of these
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Element First process Publications by 2010 Publications by 2020

Al 2002[6] 2 3

Ti 2000[7] 2 4

Cr 2013[8] 0 1

Fe 2003[9] 1 2

Co 2003[9] 22 32

Ni 2000[10] 9 19

Cu 1997[11] 29 40

Mo 2011[12] 0 1

Ru 2003[13] 51 74

Rh 2005[14] 2 2

Pd 2003[15] 11 17

Ag 2007[16] 2 10

Sn 2018[17] 0 1

Ta 2000[7] 6 6

W 2000[18] 33 41

Re 2018[19] 0 1

Os 2012[20] 0 1

Ir 2004[21] 16 20

Pt 2003[5] 37 43

Au 2015[22] 0 3

Table 1.1: Reference counts are obtained from the atomic limits website.[23]

noble metal processes and the thermal platinum ALD process, introduced
by Aaltonen et al. in 2003,[5] has become a model system for noble metal
ALD.

Metal films have a broad range of potential applications in the fields of
microelectronics, catalysis, (surface enhanced) Raman spectroscopy... De-
pending on the application the deposited film needs to be a continuous
layer or can be made up of individual particles, for which the particle size,
shape, and inter-particle distance will be important parameters to tune
the properties of the particles (catalytic, optical, ...). Most metal ALD pro-
cesses tend to have a long nucleation period and particle growth mode
before forming fully closed layers. The nucleation and particle growth
mode behaviour can be influenced in several ways, for example by using
different substrates, performing additional pre-treatment steps, or using
different ALD process parameters (precursor/co-reactant exposure, sub-
strate temperature). This gives some control over the type of film that is
deposited, closed layers or composed of particles, by carefully choosing
the appropriate parameters.
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Of course in order to properly control the properties of the deposited
films it is important to have a good understanding of the reaction mech-
anisms during the steady growth of metal-on-metal, as well as the mech-
anisms that control and can therefore be used to tailor the nucleation be-
haviour of the metal on different substrates. The following section will
sketch the current understanding of the reaction mechanisms that govern
metal ALD processes. A literature overview on ALD of platinum and gold
is given in the last section of this chapter.

1.2.1 Reaction mechanisms during metal ALD

The organometallic precursors that are used for metal ALD typically con-
sist of a cation metal center surrounded by anionic organic ligands. The
metal center needs to be reduced to a neutral oxidation state in order to
deposit metallic films and to avoid gas phase side-reactions this redox
reaction needs to take place on the surface of the substrate. The precur-
sor needs to chemisorb in a self-limiting manner on the substrate during
steady growth conditions. The chemisorption step can be dissociative for
which the precursor ligands are transferred to the surface. Under steady
growth conditions, the surface will be metallic and hence have electrons
in the conduction band that can be used during surface reactions. Density
functional theory calculations indicate that during adsorption the elec-
tronic charge is delocalised between the surface and precursor.[24] This
means that the metallic center is partially reduced and the surface atoms
are partially oxidised and the precursor ligands may be transferred to
the surface atoms (dissociative chemisorption). Saturation occurs when
no more precursor molecules can adsorb due to steric hindrance by the
precursor ligands or because the surface is no longer metallic in nature,
preventing redox reactions between the surface and additional precursor
molecules.

After saturation, the surface is covered with precursor ligands and par-
tially oxidised (see step 1b in Figure 1.4 and Figure 1.5). To continue the
ALD process the surface needs to be reduced and the ligands need to be
removed or replaced with other functional groups. The metal ALD pro-
cesses can be divided in two main classes, depending on the source of
electrons that are required for the reduction step. Both classes are used in
this thesis and are discussed in the following sections.2

2 The explained mechanisms are based on the paper by Elliot et al.[24]
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1.2.1.1 Reducing with the co-reactant

After saturation with the precursor the metal atoms of the surface are
partially oxidised (Mn+) and covered with precursor ligands (X). A reduc-
ing co-reactant (Y + e−) can be used as the electron source for the reduc-
tion step. There are several types of co-reactants that can be, and have
been, used in ALD processes, such as: H2, hydrides, amines, hydrazines,
organometallic compounds, and organic molecules. An electron of the co-
reactant is donated to the surface atoms and the co-reactant will react with
the precursor ligands and form a volatile molecule (XY) that is removed
from the surface. This continues until the entire surface is reduced to its
metallic state, and the precursor ligands are removed from the surface
(step 2a).

The co-reactant is then able to further reduce the surface (step 2b) and
is able to form surface groups on the surface. The following step is to
expose the surface to the precursor (Mn+Xn in step 1a), which will oxidise
the surface to a neutral state, remove the surface groups that are formed
during step 2b, and add metal atoms to the surface. It is possible that
the adsorbed surface groups are not formed at all or that they are so
unstable that only negligible amounts will be present during the following
precursor exposure. In this case a so-called "abbreviated cycle" will take
place and the addition of metal atoms will only occur in step 1b. This
means that processes with an abbreviated cycle tend to have a lower GPC
than processes with a complete cycle.

1.2.1.2 Reducing with the precursor-ligands

Instead of using an external electron source for reduction, it is also possi-
ble to use the metal precursor itself as the reducing agent. Because sponta-
neous reduction would lead to CVD reactions, the precursor needs to be
metastable against intermolecular reduction, which allows for controlled
saturating behaviour.[24] The reduction step needs to be triggered by the
interaction between the co-reactant and the precursor ligands. For these
reactions an oxidizing co-reactant is used, such as oxygen gas, oxygen
plasma, or ozone.

After the surface is exposed to and saturated by the precursor (Fig-
ure 1.5 step 1b) the surface is exposed to the oxidizing agent. The co-
reagant will combust the hydrocarbon precursor ligands (Cx Hz) and cre-
ate CO2, H2O, and Cx Hz+1 as the combustion by-products (step 2a). This
reaction continues until the precursor ligands are removed, leaving the
surface in a partially metallic (M0) and partially oxidized state (Mn+O).
This is followed by further oxidation of the metallic surface (step 2b). For
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Figure 1.4: The schematic mechanistic cycle for a co-reactant as the reducing agent.
MXn is the metal precursor (pulse 1) and (Y + e−) symbolizes a reduc-
ing co-reactant (pulse 2); for example, if Y = H+, then H = (Y + e−)
is a hydrogen radical or half of a H2 molecule. "s" refers to the surface
and "(g)" to the gas phase. The dashed arrows indicate uncertainty in
steps 2b and 1a and a cycle without these steps is termed "abbreviated".
Reprinted from [24], with permission from AIP publishing.
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Figure 1.5: Cyclic mechanism of metal ALD when a hydrocarbon-based ligand of
the metal precursor acts as a reducing agent while the co-reactant is an
oxidizing agent (such as O-plasma). Reprinted from [24], with permis-
sion from AIP publishing.
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metals that are resistant to oxidation, the oxide layer will remain limited
to the top layer, while for easily oxidized metals it is possible that sub-
surface oxide layers are formed. If a sub-surface oxide layer is formed it is
difficult to completely remove the oxide from the film during the follow-
ing precursor exposure. This indicates that for most metals this reaction
scheme will not work and a reducing co-reactant needs to be used. After
the top layer is oxidised it can be reduced during the precursor exposure
(step 1a). During this step the oxygen atoms from the MOx surface layer
will combust the precursor ligands, again forming CO2, H2O, and Cx Hz+1
as the combustion by-products. Once the oxygen atoms are consumed, the
surface will be metallic in nature and adsorption of additional precursor
molecules can occur (step 1b).

1.2.2 ALD of Platinum

Apart from the use in ornamental pieces, platinum finds its use in tech-
nological applications. Probably the best known example is the use of Pt
as a catalyst in the catalytic converter of automotive vehicles. Because of
the electrical, electrochemical, and catalytic properties of platinum there
is a lot of interest to use it as an electrode material for fuel cells, elec-
trolyzers and as a catalyst in chemical production.[25–33] Platinum in the
form of nanoparticles and nanoclusters on a support is of major interest
for heterogeneous catalysis and electrocatalysis applications. For exam-
ple, for CO/NOx oxidation in catalytic converters, hydrogen reforming,
production of nitric acid, the oxygen reduction reaction in fuel cells, and
the hydrogen evolution reaction in water electrolysis.[34–38] For catalytic
applications there are several factors that influence the behaviour and
performance. For instance, the particle shape and size is closely linked
to their catalytic activity and selectivity, while the performance of a sup-
ported catalyst also depends on the nanoparticle coverage and active sur-
face area.[39,40]

Therefore, to deposit platinum nanoparticles and ultrathin layers ALD
is an attractive deposition technique as it offers sub-monolayer control
over the metal loading/layer thickness and enables conformal deposition
on complex 3D substrates.[49] In order to incorporate ALD deposited plat-
inum in a practical application it is advantageous to have a decent selec-
tion of available ALD processes and a good understanding of their nu-
cleation and steady growth behaviour. The reported platinum ALD pro-
cesses are summarized in Table 1.2 and the used precursors are shown
in Figure 1.6. The most successful platinum precursor is the MeCpPtMe

3

molecule and its thermal process, at 300
◦C using O2 gas as the co-reactant,
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Precursor Reactant Tsub(in ◦C) GPC(Å/cycle) Author (et al.)/Year

Pt(acac)2 H2 Utriainen/2000 [10]

O3 140-200 0.55-0.75 Hämäläinen/2008 [41]

MeCpPtMe
3

O2 150-300 0.45 Aaltonen/2003 [5]

O∗2 200-300 0.45 Knoops/2009 [42]

H2 170 Hoover/2009 [43]

O∗2 /H∗2 21-300 0,4 Mackus/2013 [44]

O3 100-300 0.45 Dendooven/2013 [45]

N∗2 250-300 0.3 Longrie/2012 [46]

NH∗3 250-300 0.4 Longrie/2012 [46]

Pt(DDAP) O2 100-340 0.6-0.85 Lee WJ./2019 [47]

PtMe2-hexadiene O2 80-300 0.2-0.9 Lee J./2016 [48]

Table 1.2: Reported platinum ALD processes, with their ALD temperature window
and GPC. (*) denotes the use of plasma as co-reactant.

Figure 1.6: Platinum precursors that have been used for ALD.

is the most widely adopted platinum ALD process. This process was
introduced in 2003 by Aaltonen et al. and was rapidly followed by a
large amount of publications, that investigate the reaction mechanism
of the process.[5] The following sections will discuss the literature con-
cerning the steady growth regime reaction mechanism and the nucleation
behaviour for the standard thermal Pt process and the MeCpPtMe

3
/O2

plasma process. The steady growth mechanism of the thermal Pt ALD
process (MeCpPtMe

3
- O2 gas) and plasma enhanced Pt ALD process

(MeCpPtMe
3

- O2 plasma) are discussed in Chapter 3, and the nucleation
behaviour of the thermal Pt ALD process is discussed in Chapter 4.

1.2.2.1 Steady growth regime and its reactions

Aaltonen et al. proposed a combustion reaction mechanism in which molec-
ular O2 is dissociated on the Pt surface, yielding atomic O that can com-
bust the ligands of the MeCpPtMe

3
molecules. After the O2 gas exposure,

the surface is covered with a layer of adsorbed O. During the subsequent
precursor exposure, the O atoms that are present on the surface can re-
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act with incoming precursor molecules and partially combust the ligands,
leaving reaction products on the surface, see Figure 1.7a.

The proposed combustion chemistry during both the MeCpPtMe
3

pre-
cursor exposure and the O2 reactant exposure were corroborated by in
situ quadrupole mass spectrometry (QMS) measurements, revealing the
production of CO2 and H2O during both ALD half-cycles.[13] Later, the for-
mation of CH4 during the precursor exposure was detected by Kessels et
al. using gas phase Fourier transform infrared spectroscopy (FTIR).[53] The
formation of CH4 was explained by hydrogenation of the methyl groups
in the MeCpPtMe

3
precursor, occurring through ligand exchange between

the methyl ligands and surface hydroxyl (OH) groups. The formation of
CH4 during the precursor exposure was also reported by Christensen et
al. using QMS.[51] They found that 79 % of the precursor carbon is re-
leased during the O2 exposure and the other 21 % is released during the
MeCpPtMe

3
exposure as CO2 (3 %) and CH4 (18 %), see Figure 1.7b. The

CH4 signal was broad compared to that of CO2 indicating that the hy-
drogenation reactions are slower than the combustion of the precursor
ligands with available surface oxygen.

Hydrogenation of methyl groups is possible through two reaction mech-
anisms. The first mechanism, which was proposed by Elliot, involves hy-
drogenation by transient hydroxyl groups as each combustion reaction can
form one hydroxyl group.[54] The formed hydroxyl species can recombine
with other hydroxyl groups to form water or hydrogenate a methyl ligand
to form methane. Mackus et al. proposed a second mechanism,[50] where
the hydrogenation of methyl groups occurs through hydrogen species that
are present on the surface. These species can originate from dehydrogena-
tion reactions of the precursor ligands. This idea is based on surface sci-
ence literature that shows the dehydrogenation of cyclopentadienyl (Cp)
ligands on a platinum surface at substrate temperatures above 207

◦C.[55]

The thermal ALD process is usually applied at 250-300
◦C because the

growth rate significantly decreases for lower temperatures and complete
growth inhibition occurs below 150

◦C, see Figure 1.7c.[42,50,56] To achieve
growth below 150

◦C other reactants than O2 gas can be used, for example
O2 plasma or ozone. A thermal process able to deposit metallic Pt down
to a substrate temperature of 100

◦C using ozone as the reactant was re-
ported by Dendooven et al.[45] Bosch et al. were able to grow metallic Pt at
room temperature using a three step process that included O2 plasma and
H2 plasma.[57] The temperature dependence of the growth rate of the ther-
mal process was investigated using a time-resolved QMS analysis of the
formation of CH4 (by hydrogenation) and CO2 (by combustion) during
both ALD half-cycles at different temperatures by Erkens et al.[56] They
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Figure 1.7: Composite figure of literature data. a) Surface groups that are present
after both half-cycles for the MeCpPtMe

3
- O2 ALD process. Reprinted

with permission from [50]. Copyright 2012 American Chemical Society.
b) QCM data and QMS data for CH3

+ and O2

+ reaction by-products
during the MeCpPtMe

3
- O2 ALD process. Reprinted with permission

from [51] Copyright 2009 American Chemical Society. c) Growth curves
of MeCpPtMe

3
- O2 (plasma) as a function of substrate temperature. d)

Photoemission data showing the presence of a carbonaceous layer af-
ter the MeCpPtMe

3
exposure in the MeCpPtMe

3
- O2 ALD process.

Reprinted with permission from [52]. Copyright 2013 American Chem-
ical Society.
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showed that there is a correlation between the temperature dependence of
the combustion rate and the Pt growth rate. Below 100

◦C no combustion
is able to take place. Between 100 and 250

◦C combustion occurs but at a
slower rate when compared to the third region above 250

◦C. For this third
region the combustion happens almost instantaneously. The temperature
dependence of the combustion rate was furthermore linked to the state of
the surface following the precursor pulse based on knowledge from sur-
face science studies. The deposition temperature is suggested to influence
the nature of the carbonaceous or hydrocarbon layer on the surface which
inhibits the oxidation reactions and may prevent hydrogenation reactions
of methyl to methane. However, experimental evidence for the nature of
the surface species during Pt ALD is still lacking.

Only a limited number of surface studies have been performed to di-
rectly identify the surface species during Pt ALD. Synchrotron radiation
has been used in a vacuo photo emission study by Geyer et al., see Fig-
ure 1.7d.[52] They found that a carbonaceous layer is formed during pre-
cursor exposure and gets removed after the reactant exposure. Recently,
Vandalon et al. reported a broadband sum-frequency generation spec-
troscopy study of the thermal Pt ALD process at different temperatures
in the range 80-300

◦C. They detected CH3 groups and C=C bonds on
the surface following the Pt precursor pulse. The coverage of CH3 groups
decreased with temperature, while the C=C contribution was found to be
relatively constant over the whole temperature range.[58] Performing FTIR
spectroscopy during the steady state growth regime of Pt ALD has proven
challenging because free carriers in Pt absorb infrared radiation.[59,60] This
limits transmission FTIR studies to either gas phase measurements or nu-
cleation studies.[53,57] By using a reflection geometry for the FTIR mea-
surements it is possible to circumvent the experimental limitation that is
encountered in a transmission geometry. In this thesis in situ reflection
absorbance infrared spectroscopy (RAIRS) experiments were used to iden-
tify the surface species that are present during the thermal and plasma-
enhanced platinum ALD processes and the obtained insights will be dis-
cussed in Chapter 3.

1.2.2.2 Nucleation

Although ALD is traditionally perceived as a layer-by-layer technique,
ALD processes for noble metals are often characterized by a nucleation-
controlled growth on oxide surfaces. Due to a lack of sufficient chemisorp-
tion sites for the precursor and dissociation sites for the co-reactant (which
aids in the removal of the precursor ligands) on the substrate, and the
need for metals to form a crystal structure. After a certain incubation pe-

19



riod, growth is initiated in localized islands spread across the surface. This
Volmer-Weber type island growth can be used advantageously for the de-
position of noble metal particles, e.g. for applications in catalysis.[61–64]

Despite numerous reports on noble metal nanoparticle deposition by
ALD and tuning of the particle size by the number of ALD cycles,[49,62,65–68]

the mechanisms that govern the very initial stages of growth are still
not fully understood. Surface processes such as diffusion of deposited
atoms,[49,62,69–73] adsorption of precursor ligands on the substrate,[50,62,73–76]

thermal decomposition of the metal precursor,[73,77,78] and reactions cat-
alyzed by the deposited nanoparticles[62,73] are suggested to play a role.
The kinetics of these processes are expected to vary with the noble metal
loading and morphology and will therefore likely evolve during the ALD
process.[62] Moreover, the nucleation and island growth mechanisms and
kinetics are influenced by the choice of ALD process conditions, e.g. pre-
cursor/reactant type, exposure and deposition temperature, resulting in
different incubation times and nanoparticles morphologies. Although some
efforts have been made,[49,62,70,73,74,76,77,79,80] it is essential to further im-
prove our understanding of the role of the different deposition parameters
in order to enhance the control over the ALD technique for the tailored
deposition of noble metal nanoparticles.

Most experimental studies concerning the nucleation of noble metal
ALD are limited by the fact that they rely on the ex situ study of static mor-
phologies alone, without providing detailed insights into how the struc-
ture evolves during the ALD process. The effect of a certain deposition
parameter is, for example, typically studied by transmission electron mi-
croscopy (TEM) and a comparison of the nanoparticle size (distribution)
is made for a specific number of ALD cycles. However, dynamic knowl-
edge about how the nucleation and particle growth evolve during ALD
for different process conditions is crucial to deepen our understanding of
the underlying mechanisms and this can only be achieved by applying in
situ probing techniques.

Grazing incidence small angle X-ray scattering (GISAXS) is a measure-
ment technique typically performed at a synchrotron, that can yield infor-
mation about the size, morphology and distribution of nanoscale objects
at surfaces, which is averaged over the macroscopic surface area of the
sample due to the large footprint of the beam.[81,82] Because no special
sample preparation is required, GISAXS is ideally suited for a variety
of in situ experiments, including the characterization of deposition pro-
cesses in high vacuum.[83–87] As an illustration, the technique has been
used for real-time monitoring of noble metal growth by evaporation[88–90]

and sputtering.[91–94] In ALD-related research, in situ GISAXS has been
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used to study the initial growth of oxides, nitrides, and metals[49,95–100]

and has been used to study the conformal coating of nanoporous thin
films[101] and layers of quantum dots.[102] Besides monitoring the thin
film growth, it is also possible to monitor the behaviour of a deposited
film under several conditions, for example, sintering of Pt nanoparticles
during annealing in different oxidizing atmospheres,[103] or the formation
of bimetallic nanoparticles by annealing ALD deposited layers.[104]

A few reports presented ex situ[69,76,105–107] or in situ[49] GISAXS mea-
surements during Pt ALD. In 2009, Christensen et al. investigated the
morphology of Pt nanoparticles grown by 10, 20, 30 and 40 ALD cycles on
SrTiO3 surfaces.[69] The GISAXS patterns revealed an increase in center-to-
center particle distance with increasing number of ALD cycles, suggesting
that surface diffusion of Pt species influences the nanoparticle formation.
In 2014, Geyer et al. recorded GISAXS patterns for a series of ALD-grown
Pt nanoparticles on native SiO2 surfaces.[106] Assuming a model in which
the total island nucleation rate is kept constant, a lateral particle growth
rate of 1 Å/cycle was extracted.

Earlier work in the CoCooN research group utilized in situ GISAXS and
X-ray fluorescence (XRF) measurements during Pt ALD, revealing that
the particle size and coverage can be tuned by either utilizing O2 or N2

plasma as the co-reactant.[49] This work demonstrated that using O2 gas
as the co-reactant leads to an increase in mobility of Pt on the surface,
translating into a decrease of Pt nanoparticle coverage on the surface with
an increase in Pt loading. In contrast, using N2 plasma as the co-reactant
leads to a constant coverage of Pt nanoparticles on the surface as a func-
tion of Pt loading. These observations formed the basis for developing a
method to tune the coverage and size of Pt nanoparticles on the surface.
By starting with O2 as the co-reactant it is possible to aim for a particular
Pt nanoparticle coverage, and once a desired coverage is reached the O2

gas can be swapped with N2 plasma as the reactant and the particle size
can be changed without changing the coverage.

In this thesis in situ GISAXS and X-ray fluorescence (XRF) experiments
were performed during the thermal Pt ALD process using O2 gas, but
instead of focusing on the tuning opportunities of ALD, the focus was on
the characterization of in situ GISAXS to study surface mobility during
noble metal ALD processes. An analysis method to treat the obtained
dynamic scattering data and obtained insights into the effect of the Pt
precursor dose on the nucleation behaviour of the thermal platinum ALD
process will be discussed in Chapter 4.
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Precursor Reactant Tsub GPC (nm/cycle) Author (et al.)/Year

Me3Au(PMe
3
) O∗2 /H2O 120

◦C 0.05 Griffiths/2015 [22]

Me2Au(S2CNEt2) O3 120-250
◦C 0.09 Mäkelä/2017 [120]

Me3Au(PMe3) H2
∗ 50-120 ◦C 0.03 2019 [121]

Table 1.3: Existing gold ALD processes, with reported ALD temperature window
and GPC. The bold entry is presented in this thesis. (*) denotes the use
of plasma as co-reactant.

1.2.3 ALD of Gold

Gold has found widespread use in jewellery, coinage, and decorative pieces
due to its unreactive nature. Moreover, gold in the form of nanoparti-
cles has some very interesting optical and catalytic properties. The cat-
alytic properties of nanoparticulate gold have attracted significant inter-
est for heterogeneous catalysis.[108–110] Suspended gold nanoparticles (or
colloidal gold) are often used for their inherent optical properties (e.g.,
colloidal gold in ruby glass).[111] The optical properties arise due to the
localised surface plasmon resonances (LSPR) that develop at the metal
surface. The LSPR can create electromagnetic hotspots between metallic
structures and these hotspots can cause enormous enhancement of a Ra-
man signal.[112,113] The most used materials for surface enhanced Raman
spectroscopy (SERS) are silver and gold, due to their surface plasmon
properties. A drawback of using silver in SERS substrates is that it easily
tarnishes, while this is not the case for gold. In general, highly ordered
nanostructures are required for solid-state SERS substrates. By tuning the
properties of the nanostructures on the SERS substrate, it is possible to
achieve single molecule detection.

As can be seen in Table 1.1, gold is the last noble metal for which an
ALD process has been developed. This indicates that gold is a challenging
element to deposit by ALD. While there exist many CVD precursors to de-
posit gold,[114–118] finding precursors that are suitable for ALD has proven
to be quite difficult, because they need to be thermally stable, volatile,
have decent surface-limited reactions, and saturation behaviour.[119] Cur-
rently, only two gold compounds have been successfully used for ALD
(Me3Au(PMe

3
) and Me2Au(S2CNEt2)), resulting in three ALD processes

as listed in Table 1.3.
The first gold ALD process was reported by Griffiths et al. and consists

of three exposure steps.[22] The surface is first exposed to trimethylphos-
phinotrimethylgold(III) (Me3Au(PMe

3
)), followed by an oxygen plasma

exposure and finally a water vapour exposure. Deposition of metallic gold
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Figure 1.8: Gold precursors that have been used for ALD.

was reported at a deposition temperature of 120
◦C with a growth rate of

0.05 nm per cycle. The deposited films had some impurities, 6.7 atomic %
carbon and 1.8 atomic % oxygen.

The second gold ALD process was reported by Mäkelä et al.[120] This
process uses another gold precursor (Me2Au(S2CNEt2)) and ozone as the
co-reactant. Deposition between 120

◦C and 180
◦C was reported, with self-

limiting growth at a substrate temperature of 180
◦C. A relatively high

growth rate of 0.09 nm per cycle was achieved. These films showed low
resistivity (4.6-16 µΩ cm) with some impurities: 2.9 atomic % oxygen, 0.9
atomic % hydrogen, 0.2 atomic % carbon, and 0.2 atomic % nitrogen.

The third process utilizes the Me3Au(PMe
3
) compound with H2 plasma

as the co-reactant and will be presented in Chapter 5. The reaction mech-
anism of this process was investigated during this thesis and will be pre-
sented in Chapter 6.

1.2.3.1 Steady growth regime and its reactions

For the Me3Au(PMe
3
) - O2 plasma - H2O process a combustion type reac-

tion was proposed as the reaction mechanism:

Me3P−AuMe3 + O∗ −−→ Au2O3 + P2O5 + 6 CO2 + 9 H2O (1.2)

with O* the oxygen radicals formed in the plasma. The gold oxide is then
slowly reduced to metallic gold:

Au2O3 −−→ 2 Au0 +
3
2

O2 (1.3)

Without the H2O exposure the films contained a lot of phosphorous im-
purities and a mixture of Au oxidation states. Adding the H2O exposure
results in the removal of the phosphorous impurities and a neutral oxida-
tion state for the gold. It was proposed that the addition of water leads
to the formation of phosphoric acid which is removed during the purge
step:
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P2O5 + 3 H2O −−→ 2 H3PO4 (1.4)

The removal of the phosphate layer seems to aid the reduction of the gold
oxide to metallic gold.

Experimental evidence to support the steady growth reaction mecha-
nisms for the Me3Au(PMe

3
) based processes is lacking. This is not that sur-

prising given that these processes were only recently introduced. The ex-
isting literature (CVD, surface science, decomposition studies) concerning
the use of the Me3Au(PMe

3
) precursor provides a starting point to iden-

tify the reaction mechanism that occurs during the Me3Au(PMe
3
) based

ALD processes. Understanding possible decomposition pathways of the
used precursor can provide valuable information about how the chemi-
cal reactions can occur on a substrate. The existing decomposition inves-
tigations of Au(I) and Au(III) compounds, similar to the Me3Au(PMe

3
)

molecule, are limited to the study of the liquid phase, which nonethe-
less provide important insights in the chemistry of these gold compounds.
Gold compounds of the form RAuPR’3 and R3AuPR’3 (with R = methyl,
ethyl; R’ = methyl, ethyl, phenyl) generally decompose into coupled R-R
species, elemental gold, and the phosphine ligand.[122–125] The decompo-
sition pathway usually starts with the elimination of two neighbouring
alkyl groups, resulting in the formation of R-R and RAuPR’3 species. It
was found that adding the phosphine ligand to the liquid results in retar-
dation of the decomposition, indicating that for liquids the rate-limiting
step in the decomposition of RAuPR’3 molecules is the loss of the phos-
phine ligand. Davidson et al. reported laser induced CVD of gold tracks
using MeAuPMe3, MeAuPEt3, and EtAuPEt3 using an argon ion laser at
257 nm.[126] The elemental composition and inclusion of precursor ligands
on the surface was studied using laser ionization microprobe analysis.
They observed the presence of chemisorbed PMe3 species on the gold
surface, which remained present on the surface for prolonged periods of
time under high vacuum conditions. They inferred that the Au-Me sur-
face species were less stable compared to the Au-PMe3 surface species.
In addition they found indications for the non-dissociative adsorption of
MeAuPMe3 on the gold surface. These observations are interesting for elu-
cidating the reaction mechanism of Me3Au(PMe

3
) during gold deposition.

In this thesis the obtained insights concerning the reaction mechanism for
the Me3Au(PMe

3
) - H2 plasma ALD process will be discussed in Chap-

ter 6.
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1.3 goals and outline of this thesis

The experimental work in this thesis investigates platinum and gold ALD
processes, aiming to provide a better understanding of the reaction mech-
anisms that occur during these ALD processes. This work has led to four
original research papers that are contained in Chapters 3-6; as such, this
thesis is paper based. The significance and advancements of each paper
can be summarized as follows:

Paper I: "Surface species during ALD of platinum observed with
in situ reflection IR spectroscopy"[127]

This paper builds upon the body of existing literature concerning
the reaction mechanisms that are involved for the thermal platinum
ALD process (MeCpPtMe

3
- O2). In situ (RAIRS) measurements

were performed to identify the surface groups that are present dur-
ing the ALD process. These groups were studied at different sub-
strate temperatures to investigate the temperature dependent GPC
of the thermal process and the role of dehydrogenation reactions.
The results of the thermal platinum ALD process were systemati-
cally compared to the PE-ALD Pt process, which uses O2-plasma as
the co-reactant instead of O2 gas.

Paper II: "Surface mobility and impact of precursor dosing during
atomic layer deposition of platinum: in situ monitoring of nucle-
ation and island growth"[128]

This paper investigates the nucleation behaviour of the thermal plat-
inum ALD process using synchrotron based GISAXS and XRF exper-
iments that were performed during deposition. A simple geometri-
cal model was developed to analyse the GISAXS data and its validity
was verified by performing full simulations of several 2D GISAXS
patterns. The influence of high versus low precursor exposure on
the nucleation and its effect on the obtained particle morphology
were investigated.

Paper III: "Plasma-enhanced atomic layer deposition of nanostruc-
tured gold near room temperature"[121]

This paper reports a PE-ALD process to deposit metallic gold, us-
ing the previously reported Me3Au(PMe

3
) precursor in combina-

tion with H2 plasma as the reactant. The typical ALD characteristics
of this process are demonstrated. Compared to other existing gold
ALD processes, it can be used across a broad temperature window
and at low temperatures (50

◦C to 120
◦C). This is demonstrated by

coating a piece of tissue paper using this process at 50
◦C. As for
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most noble metal ALD processes, deposition on oxide surfaces leads
to the formation of gold particles instead of closed layers. Because
the deposition leads to closely spaced particles, the potential use of
these particulate Au ALD coatings as SERS substrates was investi-
gated.

Paper IV: "Reaction mechanism of the Me3Au(PMe3) - H2 plasma-
enhanced ALD process"[129]

This paper continues on the work that was presented in paper III.
The reaction mechanism of this new Me3Au(PMe

3
) - H2 plasma pro-

cess is investigated via in situ (RAIRS and XPS) studies. In addi-
tion, the use of the Me3Au(PMe

3
) precursor in combination with O2

plasma and H2O/H2 as the co-reactants is investigated in a pump-
type ALD reactor and compared to the result that is obtained in a
flow-type reactor.

A broad array of experimental characterization methods were used to ob-
tain the research results in this thesis. Chapter 2 provides a short introduc-
tion to the theory (and the practical use) of each technique, as some of
the used methods might be unfamiliar to the reader. Chapter 7 provides
general conclusions that can be drawn from this work and a perspective
on possible follow-up studies.
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2
E X P E R I M E N TA L M E T H O D S

The use of a range of characterization techniques is required by the very
nature of experimental research. This chapter will briefly explain the work-
ing principles behind the characterization techniques that were used for
the research reported in this thesis.

2.1 x-ray thin film characterization

2.1.1 X-ray reflectivity

X-ray reflectivity (XRR) is a surface sensitive technique that can be used to
determine the layer thickness, density, and interface roughness of a thin
film or a stack of thin films. Typically, a thickness between 1-100 nm can
be measured with this method. The technique is based on the specular
reflection of grazing-incidence X-rays.

An XRR setup consists of a monochromatic X-ray source and a detector,
placed on opposite sides of the sample at a grazing angle θ (Figure 2.1a).
A measurement is performed by scanning over a small θ range (usually
0-3°) and recording the intensity of the reflected X-ray beam as a function
of the incident angle. Total external reflection will occur for angles below
the critical angle θc of the measured material, as the refractive index of
materials is slightly lower than 1 for X-rays. The refractive index can be
expressed as n = 1− δ + iβ, with δ (∼10

-5) and β, respectively, describing
the dispersion and absorption of the X-rays in the material. For incident
angles above the critical angle, a portion of the X-rays is reflected while
the remaining fraction can penetrate the layer and reflect on the underly-
ing interface, causing interference between X-rays that are reflected from
different interfaces. For a single thin layer the intensity pattern will show
periodic oscillations as a function of the observed reflection angle, known
as Kiessig fringes. The spacing between the fringes ∆θ is directly deter-
mined by the layer thickness d and is given by

∆θ ≈ λ

2d
(2.1)

with λ the wavelength of the X-rays. The fringes will be spaced closer
together when the layer thickness increases. Not only the thickness has a

37



Figure 2.1: Principle of XRR. a) X-ray beam reflection from a single layer substrate.
b) Simulated XRR patterns showing the effect of the layer thickness on
the pattern. c) Simulated XRR patterns showing the effect of surface
roughness on the Kiessig fringes. The curves were given an offset for
clarity.

large influence on the pattern but also the roughness of the surface and in-
terfaces will play a key role. Increasing the roughness will result in a faster
decay of the signal and reduced fringe amplitudes at higher θ angles. Fig-
ure 2.1(b, c) shows simulated XRR patterns which demonstrate the effect
of film thickness (b) and surface roughness (c) on the interference pattern.
The interested reader can find more information regarding the theory and
practical aspects of XRR in Daillant’s excellent book.[1]

2.1.2 X-ray fluorescence

X-ray fluorescence (XRF) relies on the excitation of a material by high-
energy (monochromatic) X-rays and the detection of characteristic (or fluo-
rescent) X-rays, which are emitted by the material. When an atom absorbs
an X-ray, it can eject an (secondary) electron from a core shell, leaving be-
hind a hole in that shell (Figure 2.2). As a result, the atom will be in an
excited state and try to go back to the lower energy state by filling the
hole with an electron from a higher shell. When the electron "falls" from
the higher energy state to the lower energy state it can emit a photon. The
energy of the emitted photon is equal to the energy difference between
the electron states. The emitted X-rays are characteristic to the specific ele-
ment, because the energy levels of the shells are determined by the atom,
and as such, each atom will produce a fluorescence fingerprint that can
be used to determine which elements are present in a given sample.

The X-ray signal is strongly attenuated by air, and of course also by
the studied material. This poses a problem for the use of XRF as a re-
placement for XRR to perform thickness measurements. Luckily, for suf-
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Figure 2.2: Basic working principle of XRF. a) Excitation of a core electron in the
atom by a high energy photon. The excited electron receives enough
energy to be ejected, leaving a hole in the core level. b) An electron from
a higher energy level fills the core level hole. The energy difference is
emitted as a fluorescent photon.

ficiently thin films the XRF signal scales linearly (in first approximation)
with the amount of material that is present on the surface. For a 100 nm
Au or Pt layer a beam of its characteristic Lα X-rays will have a loss in
intensity of roughly 2.4% or 2.8%.1 A 100 nm is thicker than any layer
that was studied during this thesis. This means that XRF can be used for
quantitative thickness measurements of a film. However, detecting light
elements with XRF in atmosphere is rather difficult as their fluorescent
X-rays are low in energy and will be heavily absorbed. In addition, for
low Z-elements the Auger yield tends to be much larger than the fluores-
cence yield. This means that it is difficult to detect impurities in the films
grown with atomic layer deposition (ALD), originating from the precursor
ligands and the used co-reactants, which are typically constituted by light
elements (e.g. C, N, O, P). These impurities are usually only present in
the films in small concentrations, making it even more difficult to detect
them. One way to address this issue is to perform XRF in a He atmosphere.
However, this does not remove absorption from the Be windows on the
detector. Another option is to perform everything in vacuum, without Be
windows. This means that regular lab-based XRF is not very well suited to
perform accurate compositional studies when light elements are involved.

2.1.2.1 Determine the film thickness

Most of the films prepared during the work of this thesis were very rough
and as a result, XRR was not the best technique to determine the film
thickness on those samples. Instead, XRF was used as an alternative, as

1 Losses calculated with the Lambert-Beer law and mass extinction coefficients obtained from
the NIST database[2]
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Figure 2.3: The integrated Au Lα (9.713 keV) XRF signal of sputtered Au films on
silicon (with native oxide) as a function of the Au layer thickness. The
layer thickness was determined by XRR measurements.

its signal is proportional to the amount of material that is present on the
surface.

The XRF signal needs to be calibrated as a function of the film thick-
ness and of course it needs to be verified that the XRF signal does scale
linearly with film thickness. Both can be verified by measuring a sequence
of samples with varying film thicknesses. Figure 2.3 shows the integrated
XRF intensity for the Au Lα line (9.713 keV) as a function of Au film thick-
ness. The films were deposited using physical vapour deposition and their
thickness was determined by XRR measurements. A linear relation exists
between the XRF signal intensity and the Au film thickness. In addition, it
is possible to determine the expected XRF counts for a film that is ’x’ nm
thick. While this shows that a calibration is possible, it does not account
for variations in the X-ray intensity for the X-ray source. This means that
if there is any variation in the source brightness over time then our cali-
bration will no longer be valid. To solve this issue it is useful to measure
a reference sample, with a Au layer of known thickness, right before or
after measuring an ALD sample for which the film thickness needs to be
determined. Due to the linear relation between XRF intensity and film
thickness (see Figure 2.3), the unknown film thickness of the ALD sample
can then be determined using the following relation:

Tsample = Tre f erence
XRFsample

XRFre f erence
(2.2)

with Tsample and Tre f erence the layer thickness of the ALD sample and
reference sample respectively, and XRFsample, XRFre f erence the integrated
XRF signal for a certain emission line of the ALD sample and reference
sample.
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Figure 2.4: Basic working principle of XPS, depicting the energy levels of the gen-
erated and detected photoelectrons originating from a metallic sample.
a) Excitation and emission of a core electron in the sample atom by
a high energy photon. b) The emitted photoelectron is filtered in the
electron analyser, based on its kinetic energy, and is then detected by
the spectrometer. Figure adapted from [3]

As such, XRF can be used to measure the amount of material that is
present/deposited on a substrate. As mentioned before, XRF performed
in atmosphere is not well suited to determine the presence of light ele-
ments and therefore it is difficult to determine elemental compositions
of samples containing most precursor ligands. Because of this a different
technique is typically used in the CoCooN laboratory to perform compo-
sitional analysis, namely X-ray photoelectron spectroscopy.

2.1.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique
that can provide information about elemental composition and binding
energy in the top 5-10 nm of a sample.

The technique uses a monochromatic X-ray source to excite the material
(typically Al Kα, Eγ=1468.7 eV). When an atom absorbs an X-ray a core
electron can be ejected through a process called photo-ionization (Fig-
ure 2.4a). Before the electron can be detected it needs to overcome the
workfunction of the material and leave the sample. The electrons that are
emitted from the sample are then filtered in the electron energy analyzer,
based on their kinetic energy Ekin. The electrons that pass through the
analyser can be detected by the spectrometer and their binding energy
Ebin can be calculated as:
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Figure 2.5: Schematic depiction of the in-vacuo ALD-XPS setup. On the left side
the ALD reactor is depicted and on the right side the XPS chamber,
the vacuum feed through allows the transfer of samples from the ALD
reactor to the XPS chamber to occur without breaking vacuum. Figure
made by Sofie Vandenbroucke.

Ebin = Eγ − Ekin,spec − eφspec (2.3)

with Ekin,spec the measured kinetic energy of the electron in the spectrom-
eter and φspec the spectrometer work function (a calibration constant).

Each element has characteristic binding energies, which means that XPS
can be used to identify elements in a sample. Quantitative information
about the composition is given by counting the number of detected elec-
trons for each binding energy. The binding energy is slightly influenced
by how the element is chemically bonded in the material, because of this
XPS yields information about the chemical environment of each element.

Because electrons are strongly absorbed in atmosphere XPS measure-
ments are typically performed in ultra-high vacuum (UHV) to prevent
the absorption of electrons that are emitted from the sample. The infor-
mation depth of XPS is limited by the inelastic mean free path (IMFP) of
the electrons in the sample, which is the distance over which an electron
travels on average through a solid before losing kinetic energy. For a ki-
netic energy equal to the X-ray energy (1486.7 eV), this IMFP is roughly
2.1 nm.2 This limits the escape depth to a maximum of 10 nm, although

2 Calculated using equation 5 in [4] to calculate the IMFP in elements
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this is material dependent. As an electron loses kinetic energy it will no
longer represent its original binding energy, as given in Eq. 2.3, and such
an electron will contribute to the background signal in the spectrum.

Generally, XPS measurements are used ex situ to determine the composi-
tion of the film. However, the transfer through air results in contamination
of the surface and unwanted side reactions with air, which means that in-
formation about surface species gets lost during transfer. The CoCooN re-
search group has a dedicated in-vacuo ALD-XPS setup (Figure 2.5). Which
allows for fast transfer (< 60 s) of a sample from the ALD chamber to the
XPS analyzing chamber without exposing the sample to atmosphere. This
makes it possible to answer some fundamental questions about the surface
reactions that occur during metal ALD growth (e.g. oxidation state, the
role of surface species, incorporation of impurities, poisoning of reactive
surface sites). The interested reader can find more information regarding
the theory and practical aspects of XPS in Hofmann’s excellent book.[5]

2.2 x-ray scattering methods

Figure 2.6: X-ray scattering, scattering angles for XRD and GISAXS.

X-ray scattering techniques detect the intensity of scattered X-rays, after
they are able to interact with a sample, as a function of the incident and
exit angles. The most common method in this class is X-ray diffraction
(XRD), which yields information about the crystalline nature of the sam-
ple. XRD was used during this thesis to study the crystallinity of ALD
grown Au and Pt films. As depicted in Figure 2.6, the incidence and exit
angles (αi and α f , respectively) are varied over a large range during a scan
and length scales of the atomic lattice are probed. For small angles the
probed length scale increases and provides information about the superlat-
tice, typically length scales up to 100 nm can be investigated. For specular
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scattering, these low angles result in XRR measurements (see section 2.1.1),
extending this to the detection of off-specular scattering leads to a more
advanced X-ray scattering method called grazing-incidence small-angle
X-ray scattering (GISAXS). Generally, this method uses a fixed incidence
angle and measures the scattered intensity as a function of the exit angle,
over a small 2D section. The working principle behind XRD and GISAXS
will be discussed in the following sections.

2.2.1 X-ray diffraction

In XRD the periodic structure of a material is studied, i.e. it reveals how
the atoms that make up the material are ordered. Highly ordered materials
are called crystalline and poorly ordered materials are called amorphous
or "glassy". XRD can be used to measure unknown crystalline structures
of materials and construct a model for their crystal structure, or in reverse
perform phase identification of a material by comparing the measured
diffraction patterns to known crystal patterns.

Electromagnetic waves propagating through a material can undergo
elastic scattering when they interact with the electrons in the material
(Thomson scattering). The electron density in an amorphous material will
have no inherent periodic structure and this will mainly cause destructive
interference of the scattered waves, resulting in no measurable diffraction
peaks. In crystalline materials, the atoms are arranged in a periodic struc-
ture and as a consequence so is the electron density. For these materials
it is possible that constructive interference of the scattered waves occurs
for certain conditions of the incoming and diffracted waves, leading to
measurable diffraction peaks.

Figure 2.7: XRD and Bragg’s law.

An intuitive way to understand XRD is to approach it as the reflection of
X-rays on crystal planes in the material. Figure 2.7 describes the reflections
on the crystal planes. For constructive interference to occur the difference
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in pathlength between the X-rays (marked by the red lines) needs to be
a multiple of the wavelength. This leads to Bragg’s law (a special case of
Laue diffraction):

2d sin(θ) = nλ (2.4)

with θ the incident angle with respect to the crystal plane, d the distance
between the crystal planes, and λ the wavelength of the incident X-rays.
Bragg’s law states that each crystal plane diffracts X-rays in a mirror-like
fashion. However, this only occurs for a specific angle θ which is related to
the interplanar distance d. Simultaneously scanning over θ and 2θ makes it
possible to identify the reflections for planes parallel to the sample surface.
Each crystal has a diffraction fingerprint, allowing the identification of the
crystal phases that are present in the sample.

2.2.2 Grazing-Incidence Small-Angle X-ray scattering

GISAXS is a special case of X-ray scattering, for which all considered
angles are small, typically less than 5°. Because the reciprocal space is
being probed with GISAXS, the small scattering angles correlate to in-
formation about the long range order on the sample. Depending on the
used energy of the photons and the sample-to-detector distance (SDD) the
probed length scales can be changed, for example at BM26 of the ESRF
synchrotron facility it is possible to reach length scales up to 400 nm or
more. On these length scales the X-rays are not scattered by the periodic
electron density of the atomic lattice, instead scattering is caused by varia-
tions of the electronic density of the studied material and the surrounding
matrix on the nanometer scale. This means that the scattered signal will
heavily depend on the topography and morphology of the probed sample,
causing off-specular scattering. Figure 2.8 displays the involved angles of
the GISAXS geometry and the resulting 2D GISAXS pattern that is caused
by scattered X-rays from a particle layer on a sample. It also shows the
incident (αi) and exit angles (α f and θ f ) of the X-rays. The scattering in-
tensity is detected on a 2D detector, the (x,y,z) coordinates of its pixels are
converted to reciprocal space coordinates, i.e. q-space, according to the
following formulas:

qx = k0[cos(2θ f )cos(α f )− cos(αi)] ≈ 0 (2.5)

qy = k0[sin(2θ f )cos(α f )] (2.6)

qz = k0[sin(α f ) + sin(αi)] (2.7)
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Figure 2.8: GISAXS geometry showing the incident and exit angles and the scat-
tering pattern obtained from a layer of particles on a substrate.

The considered angles for GISAXS are small, which allows the cosine and
sine functions to be expanded in a Taylor/Maclaurin series and for very
small angles the second and higher order terms can be neglected. For the
qx contribution both terms cancel out, as cos(x) ≈ 1, and the qx contri-
bution is negligible, which means that the qy component is a good and
acceptable approximation for the qxy component. Synchrotron radiation
is typically used to perform GISAXS experiments, because a synchrotron
provides several conditions that are difficult to achieve simultaneously in
a lab environment. For example:

high brilliance to investigate very low amounts of materials
and to investigate dynamic processes. The studied layers can have
a thickness of a monolayer with very low signal intensities, which
requires high brilliance to obtain a good signal on a manageable
time scale (order of minutes).

high collimation to provide low beam divergence over large
distances, as changing the sample-to-detector distance (SDD) deter-
mines the angular resolution and correspondingly the q-space and
feature size that can be investigated. The SDD typically lies between
1-4 meter for most GISAXS setups, although setups with SDD of
more than 10 meter exist to investigate feature sizes larger than a
micron.
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Figure 2.9: Scattering contributions for the DWBA. Term 1 is the scattering contri-
bution for the Born approximation, the other terms are the additional
terms that include reflections on the surface.

tunable energy to combine GISAXS with XRF measurements
and to modify the observable q-space.

The measured scattering intensity, I(q), is divided into two components
and can be described as

I(q) = |F(q)|2S(q) (2.8)

with q the momentum transfer (a vector in reciprocal space), the form
factor of the particle (F), and the interference function (S). The informa-
tion of a particle’s shape and size is described by the form factor. For an
isolated particle it is the Fourier transform of the particle shape function,
resulting in the simple Born approximation.[6,7] When the particle is lo-
cated on a surface additional reflection and refraction effects need to be
included, leading to the distorted wave Born approximation (DWBA) (see
Figure 2.9).[8,9] The scattering contributions of every individual particle
will interfere with each other. How these contributions interfere depends
on the particle distribution on the sample. The particle distribution is de-
scribed by the interference function, which is the Fourier transform of the
particle correlation function.

After a GISAXS pattern is recorded it is possible to extract information
about the particles from the scattering features. Some basic properties can
be determined such as the average particle height, radius, center-to-center
distance, and the average electron density on the surface. To verify that
the obtained values from such a "simple" analysis of the scattering pat-
terns reflect reality it is often necessary to use simulations of the GISAXS
data and to compare this analysis of the reciprocal data with data obtained
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from real space imaging techniques, such as scanning electron microscopy.
Although real space microscopy is difficult to implement in a way to ob-
tain real time in situ information (scanning electron microscopy will be
discussed in the next section). While a whole sequence of samples can
be made and the final result can analysed with ex situ real space imag-
ing techniques, this is very cumbersome and time consuming to perform.
Therefore, using simulations to reproduce the obtained scattering patterns
is practically the only way to obtain information about the particles dur-
ing their deposition. In this thesis, the simulation software IsGISAXS was
used to simulate scattering patterns.[10] Obviously, the real particle distri-
bution is not known beforehand and some assumptions need to be made
to provide a starting point for the simulations. Upon this starting point ad-
ditional details can be included and simulated. However, including more
and more detail will lead to more investment into simulations for dimin-
ishing returns and an increasing correlation between the growing number
of fitting parameters, which means that a trade off needs to be made be-
tween the complexity of the used models and the time that can be invested
in every simulation.

As the use of simulations for GISAXS is quite important, the rest of
this section will describe a case for platinum particles on a silicon sub-
strate to give the reader a better understanding on how the form factor
and the structure factor affect the scattering pattern. A layer of platinum
spheres on a silicon substrate was simulated with the IsGISAXS software.
The obtained form factors, interference functions, and 2D GISAXS images
are displayed in Figure 2.10. Figure 2.10(I) shows the square modulus of
the form factor |F(q)|2 for a particle radius of 1, 2, and 3 nm. The first
row shows the 1D form factor along the qy direction and the second row
shows the 2D form factor for a Pt particle on a Si surface. It can be seen
that increasing the particle radius results in a shift of the secondary min-
ima and maxima towards lower q values, bringing additional lobes of the
form factor into the measured region. The 2D form factor is not isotropic,
which is unexpected as the particle shape is isotropic. The reason is that
the particle is located on a surface and additional reflection and refraction
effects need to be included to properly describe the scattering behaviour,
which causes interference effects along qz. For large exit angles these addi-
tional effects contribute very little to the overall scattering signal. However,
signal enhancement occurs for exit angles close to the critical angle of the
sample, producing a bright band of scattered intensity at the critical angle.
This band is often called the Yoneda (or Vineyard) peak, marked by Y in
Figure 2.10(I).
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Figure 2.10: GISAXS simulations of platinum spheres on a silicon surface, per-
formed with the IsGISAXS software. (I) The square modulus of the
form factors |F(qy)|2 for Pt spheres with radius R: 1 nm, 2 nm, and
3 nm. The top panels show the 1D cut taken at qz position Y and the
bottom panel shows the 2D form factor. (II) Interference function for
a one dimensional paracrystal with interparticle distance D = 3, 6,
and 9 nm and a disorder ratio (w/D) of 0,3 for the black lines and no
disorder (w/D=0) for the grey lines. (III) Simulated 2D GISAXS pat-
terns. The qz position for which a maximum in scattering intensity is
observed, called the Yoneda peak, is marked by Y in (I, and III).
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A one-dimensional paracrystal was used as the particle distribution,
which is a regular lattice with loss of long range order. The interference
function for an interparticle distance of 3, 6, and 9 nm is displayed in Fig-
ure 2.10(II). For every particle distance two functions are plotted, the grey
lines are obtained for a perfectly ordered crystal with no disorder w=0 nm
and for the black lines a disordered paracrystal was used (w/D = 0,3) this
induces a loss of order for particles that are located further away from the
origin. For a perfectly periodic structure (w=0 nm) the peaks of the inter-
ference function are sharp, while inducing disorder results in broadening
of the peaks in the interference function and with sufficient disorder the
secondary peaks are smoothed out completely. It can be seen that larger
interparticle distances result in smaller q-values for the first peak. Which
is to be expected as q-values are inversely related to real space values via
the approximation q = 2π/d, meaning that small q-values correspond to
large real space distances and vice versa. The first peak in the interference
function has a large impact on the obtained 2D GISAXS pattern, and the
mean interparticle distance can be extracted from the position of the main
scattering peak in the GISAXS pattern.

The GISAXS pattern is obtained by multiplying the form factor with the
interference function, see Figure 2.10(III) where the simulated 2D scatter-
ing patterns are shown. It can be seen that the interference function has a
large influence on the overall scattering pattern and that the form factor
results in a modulation of the peaks that are present in the interference
function. The form factor usually induces a shift of the main scattering
peak to lower qy values.

These simulations show the GISAXS patterns that originate from a layer
of particles without size distribution. In reality the particles will have a
size distribution and potentially have multiple particle shapes, which are
a priori not known. This increases the complexity of the model and sev-
eral assumptions need to be made to reduce the complexity of the model
to something that can actually be used to simulate the experimental pat-
terns and iterate over the input parameters. An approximation that is of-
ten employed is the use of the local monodisperse approximation (LMA)
formalism, which is commonly used for polydispersed systems. The LMA
approximation assumes that over a coherent X-ray domain all particles
are, approximately, of the same size-shape. The total scattering intensity
can be thought of as being built up from a collection of monodisperse sub-
systems, each weighted by the probability that this size-shape is present
on the surface. The interested reader can find more information regarding
the theory and practical aspects of GISAXS in Daillant’s excellent book[1]

and the review paper by Renaud et al.[9]
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Figure 2.11: Schematic drawing of scanning electron microscopy. a) a simplified
diagram of an SEM instrument and b) the interaction of the incident
electron beam with a sample (E is the energy of incident electrons, Z
is the atomic number of the sample atoms). Figure adapted from [11]

2.3 scanning electron microscopy

Real-space morphological information and a resolution at the nanoscale
can be obtained in scanning electron microscopy (SEM). An SEM instru-
ment typically consists of an electron column, sample stage, several detec-
tors and operates under vacuum. A simplified drawing of the instrument
is displayed in Figure 2.11a.

The electron column consists of several parts that are operating together
to create a focused electron beam. At the top of the column a cathode
filament emits electrons, which are then accelerated towards the anode
by applying a voltage difference (typically several kV) between cathode
and anode. The accelerated electrons are focused to a small spot (∼1 nm
diameter) on the sample by one or more magnetic lenses. The electron
beam is deflected by scanning coils or deflector plates before leaving the
electron column. The beam is scanned across a rectangular area of the
sample by adjusting the deflection in the xy-plane.

Secondary electrons are created when a loosely bound electron is ejected
from a specimen atom due to an inelastic collision with a primary electron
from the incident beam. These secondary electrons have a short mean
free path ∼1 nm due to their low kinetic energy (∼1 eV).[4] As a con-
sequence, the secondary electrons have an escape depth of only a few
nanometers, resulting in high resolution topographic information of the
sample with a large depth of view. The secondary electrons are attracted
by a positively charged grid and further accelerated towards a scintillator-
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photomultiplier system for detection, usually an Everhart-Thornley detec-
tor.

Elastic collisions of a primary electron with a specimen atom can result
in backwards scattering of the electron. They have large kinetic energies
(up to the beam energy) and due to the increased path length can origi-
nate from a much larger volume than the secondary electrons, resulting
in a worse resolution than secondary electrons. However, backscattered
electrons can be used to detect areas with different chemical compositions
as the efficiency of backscattering increases with atomic number resulting
in a brighter image.

Often energy dispersive X-ray spectroscopy (EDX) is implemented on
SEM instruments. When a secondary electron is created from a core elec-
tron the hole in the electron shell can be filled by a higher energetic elec-
tron. This event causes the emission of a characteristic X-ray (similar mech-
anism as XRF), which can be used to identify the elements that are present
in the sample. A large benefit of EDX compared to XRF is that X-ray gener-
ation and detection occurs in vacuum, which allows the detection of light
elements. Composition maps of the sample can be made with a lateral
resolution of a few microns (due to the size of the interaction volume).
The interested reader can find more information regarding the theory and
practical aspects of SEM in the excellent book by Reimer.[12]

2.4 fourier transform infrared spectroscopy

Infrared spectroscopy is an analytical technique that studies the charac-
teristic rotational and vibrational energies of molecules. Probing a sample
with infrared light results in transitions between vibrational and rotational
energy states, leading to absorption of the incident light. The loss in inten-
sity as a function of photon energy (or wavelength) contains "fingerprints"
of the chemical functional groups that are present in the sample and by
using a correlation table it is possible to quickly identify the general func-
tional groups that are present in the sample. The energy required to excite
most molecular vibrations lies in the mid-infrared region, spanning the
wavelength region of 2.5 - 25 µm, or equivalent in wavenumbers (ν = 1/λ)
corresponding to the range of 4000 - 400 cm-1.

2.4.1 Molecular vibrations

The atoms in every molecule are in motion relative to each other, lead-
ing to molecular vibrations. In a first approximation, it is possible to treat
these vibrations as classical springs (simple harmonic oscillators). Based
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on Hooke’s law and Newton’s second law of motion the following expres-
sion for the vibration frequency (ν) can be derived:

ν =
1

2π

√
k
µ
=

1
2π

√
k(m1 + m2)

m1m2
(2.9)

with k the force constant of the molecular bond and µ the reduced mass
of the atoms on both sides of the bond. While for a classical spring ev-
ery energy state is allowed, this is not the case for molecular vibrations
and instead discrete energy states exist which are separated by a fixed en-
ergy difference (in the harmonic approximation), depicted in Figure 2.12a.
These energy states are given by the following equation:
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(2.10)

with h being Planck’s constant and n the energy level, starting from the
ground state (E0).

A photon with the correct energy (Eγ = hν) can be absorbed by the
molecule and cause a transition from one vibrational state to another.
There are two transitions possible in a harmonic oscillator, the fundamen-
tal and hot-band transitions. The fundamental transition, from the ground
level to the first excited state (E0 −−→ E1), is the main vibration mode
that is observed in an infrared spectrum. This results in an absorption

Figure 2.12: Energy levels for a harmonic and anharmonic oscillation, depending
on the initial and final energy state the transitions can be fundamental,
overtones, or hot bands. a) Harmonic vibrations, with equally spaced
energy levels. b) Anharmonic vibrations, for which the energy differ-
ence decreases for the higher levels.
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of the infrared spectrum at the frequency (ν) that corresponds to the en-
ergy difference between both levels. It is possible that transitions between
neighbouring energy states above the ground state occur (En+1 −−→ En+2),
giving rise to the hot band transitions. The intensity of these transitions
is usually low as it is unlikely for energy levels above the ground state to
be heavily populated. Because of selection rules overtones are not allowed
for harmonic oscillators, which are transitions between the ground state
and the second, third,... state.

In reality, molecular vibrations are anharmonic in nature, which has two
effects. The first is that the energy levels are no longer equally spaced, but
the energy difference between consecutive energy levels decreases (Fig-
ure 2.12b). This means that the hot bands will have less energy than the
fundamental transition. The second effect is that overtones are allowed for
anharmonic oscillators and the first overtone (E0 −−→ E2) has a frequency
that is slightly less than twice that of the fundamental transition.

2.4.1.1 Dipole moment

There is an additional requirement for a vibration mode to be infrared
(IR) active, which is that when a photon is absorbed the transition needs
to be accompanied by a change in the dipole moment of the molecule. The
intensity of an IR absorption peak is related to the number of oscillators
that can be excited in the material, but also related to how large the change
in dipole moment is. A larger change in dipole moment usually results in
a stronger absorption of IR light.

Figure 2.13: Vibrational modes of CO2. The symmetric C=O stretching mode is IR
inactive, as it has not changing dipole moment. While the asymmetric
stretching and two bending modes have a changing dipole moment
and are IR active.

This means that vibrations that have no changing dipole moment will
not be visible in infrared spectroscopy while the modes with a changing
dipole moment can be detected in a sample. As an example the vibra-
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tions of a linear CO2 molecule are displayed in Figure 2.13. Being a linear
molecule with three atoms, it has four vibration modes (3N - 5, N = num-
ber of atoms): symmetric C=O stretch, asymmetric C=O stretch, and two
bending modes along two different axes. Of these four modes, the sym-
metric C=O stretch does not have a change in the dipole moment during
its vibration and is, therefore, IR inactive. While the other three vibrations
result in a change in dipole moment and are therefore able to absorb IR
radiation with the correct wavelength.

2.4.1.2 Using isotopes

Changing an atom with one of its isotopes can have a large effect on
the absorption frequency of its molecular vibrations. While isotopes of
an atom have no influence on its chemical properties, it does change the
mass of the atom and this influences the vibration frequencies of the
molecules (Eq. 2.9). The use of different isotopes can help with identify-
ing the presence of the functional group, as the peaks that are caused by
the altered functional group will appear at different positions. A nice ex-
ample of such a shift in vibration frequency is the use of deuterium (D)
instead of hydrogen (H) for a hydroxyl (OH) group as changing the H
atom by its first isotope D doubles the mass of this atom. The reduced
masses of an OH and OD group are µOH = (16 ∗ 1)/(16 + 1) ' 0.94
and µOD = (16 ∗ 2)/(16 + 2) ' 1.78, respectively. This means that the
vibration frequency of the O-H stretching mode is shifted to a lower vi-
bration frequency by a factor of

√
µOD/µOH ' 1.376 when the hydro-

gen atom is swapped with a deuterium atom, which is also observed
experimentally.[13]

2.4.2 FTIR setup

Matter is able to interact with infrared light, which results in an absorption
fingerprint for each functional group. In infrared absorption spectroscopy
a sample is exposed to an infrared beam and absorption by the sample
can be measured as a function of the wavelength or frequency. In tradi-
tional infrared spectroscopy each wavelength is measured separately, usu-
ally by rotating a prism or a diffraction grating. A major downside is that
this leads to very long measurement times for a single infrared spectrum
across the wavelength region of interest.

An alternative method is Fourier transform infrared spectroscopy (FTIR),
which uses an interferometer to encode the incident IR signal and then de-
tect it after it interacts with the sample (Figure 2.14). The interferometer
consists of a beam splitter that reflects half of the beam and allows the
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Figure 2.14: Schematic depiction of the FTIR technique, showing the IR beam
paths inside the interferometer, the possible sample geometry, the in-
terferogram, and the resulting spectrum. Figure adapted from [11]

other half to pass through. Both beams are reflected back to the beam-
splitter and interfere before leaving the interferometer section. By moving
one of the mirrors back and forth over a small distance (∆x) a difference
in pathlength is induced between both arms, resulting in constructive and
destructive interference of the IR light. An interferogram is obtained when
the signal intensity is measured as a function of ∆x. Performing a Fourier
transform on the interferogram yields the IR spectrum. By comparing this
spectrum to a reference it is possible to discern IR absorption by the sam-
ple.

The IR light can either pass through the sample (transmission geometry)
or be reflected from it (reflection geometry). For a transmission geometry
the sample needs to be transparent for IR light, which is the case for Si
substrates. A downside becomes apparent when IR opaque layers need to
be studied, for example metals. These films will heavily absorb IR light,
limiting the study of these films to the nucleation stage. This issue can
be avoided when a reflection geometry is used, where the infrared beam
is reflected from the top side of the sample. It might be necessary to use
an additional reflecting layer on the sample, to avoid interference effects
between the front and backside of the sample. Regardless of the used
geometry it is possible to study the surface species during an ALD process.
The interested reader can find more information regarding the theory and
practical aspects of infrared spectroscopy in Tasumi’s excellent book.[14]

2.4.3 Raman spectroscopy

Raman spectroscopy (named after C. V. Raman) is a spectroscopic tech-
nique that can be used to determine the vibrational modes of molecules.
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Figure 2.15: Energy diagram showing elastic (Rayleigh) and inelastic (Raman) scat-
tering of a pump photon (hνp). The molecule is excited to a virtual
state (Evir) and relaxes to a vibrational level in the electronic ground
state of the molecule.

This method relies on the inelastic scattering of incident photons, known
as Raman scattering. Typically, a laser beam is used to excite the molecule
to a virtual energy state instead of a real vibrational state (Figure 5.9). The
molecule relaxes from this virtual energy state to a real vibrational state of
the electronic ground state. During relaxation photons are emitted, their
energy depending on the vibrational energy levels of the molecule. The
probability for a transition to a virtual state to occur is very low, making
the signal generated from Raman scattering very weak. While weak sig-
nals are generated by Raman scattering it provides important complemen-
tary information to IR spectroscopy on the vibrational modes of molecules.
In IR spectroscopy a change in dipole moment is required for a vibrational
mode to be IR active, which is not the case for a Raman mode. Instead a Ra-
man active mode needs to have a change in polarizability. The result of this
is that a strong IR mode is typically a weak Raman scatterer and vice versa.
While Raman scattering is a very weak effect, it is possible to increase
the signal strength when molecules are adsorbed and measured on rough
metal surfaces or on nanostructures that exhibit plasmonic effects. This
is called surface-enhanced Raman spectroscopy (SERS) and an increase
of the signal strength up to 10-11 orders of magnitude can be achieved,
which allows the detection of single molecules. The interested reader can
find more information regarding Raman spectroscopy in Long’s excellent
book[15] and concerning the topic of SERS in the excellent book by Le Ru
and Etchegoin.[16]
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2.5 gas phase analysis

Separation and detection of gas phase molecules based on their mass
can be done using quadrupole mass spectrometry (QMS). The incoming
molecules are ionized, then they are filtered based on their mass-to-charge
(m/q) ratio, and finally detected. These three steps are schematically de-
picted in Figure 2.16.

The ionization element consists of a heated filament that will thermion-
ically emit electrons. They are then accelerated over a potential difference.
The incoming molecules collide with the electrons, invoking ionization
and producing a molecular ion M+. In many cases further fragmenta-
tion of the molecule occurs due to secondary reactions. After ionization,
the molecular ions need to be filtered according to their mass-to-charge
ratio (m/q). In a QMS the filtering occurs with a quadrupole mass filter,
consisting of four conductive rods arranged as shown in the middle of Fig-
ure 2.16. Opposing rods are connected and a potential difference is applied
between both pairs. Because of the arrangement an electric quadrupole
moment can be generated. The mass-to-charge ratios are filtered by apply-
ing a radio frequency component to the potential difference between the
rods. This allows ions with a certain m/q value to pass while the others
form unstable trajectories and do not pass through the filter. The m/q
value that is allowed to pass can be selected by tuning the applied volt-
ages and/or frequency. Finally, the filtered ions collide with a metal cup,
generating a small current in the cup proportional to the collection rate of
the ions. The interested reader can find more information regarding the
theory and practical aspects of QMS in Dawson’s excellent book.[17]

Figure 2.16: Schematic drawing of a quadrupole mass spectrometer (Hiden HPR-
30). The dotted line shows the path of molecules as they are first ion-
ized, filtered, and finally detected.
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2.6 atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy
that is used to determine the topography of a surface on the nanoscale
and is able to achieve height resolution on the level of an Å. An AFM
device scans the surface with a sharp tip, mounted on a cantilever, in the
xy direction and monitors the deflection of the cantilever in the z direc-
tion to obtain topographic information of the sample’s surface. Due to
contact forces between the tip and the surface the cantilever deflects ac-
cording to Hooke’s law. Usually, the deflection is measured by reflecting
a laser beam off the back of the cantilever and measure the laser beam
by a position-sensitive detector, which consists of a pair of closely spaced
photodetectors. The AFM can be operated in contact, tapping, or non-
contact mode. Tapping mode is the most frequently used measurement
mode on most AFM devices. The interested reader can find more informa-
tion regarding the theory and practical aspects of AFM in Voigtländer’s
excellent book.[18]

Figure 2.17: a) Schematic drawing of an atomic force microscope using beam de-
flection detection (image adapted from [19]) b) Lennard-Jones poten-
tial depicting the attraction and repulsion between the AFM tip and
the sample surface.
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Part II

Platino : little silver

"Poco a poco se va lejos"
"Little by little one goes a long way"

- Spanish saying,
sometimes wrongfully attributed to J.R.R. Tolkien





3
PA P E R I : S U R FA C E S P E C I E S D U R I N G T H E R M A L A N D
P E - A L D O F P L AT I N U M

Due to the electrical, electrochemical and cat-
alytic properties of platinum, there is a lot
of interest to use it as an electrode material
for fuel cells, electrolyzers, and as a catalyst
in chemical production.[1–9] However, Pt is an
expensive noble metal and therefore synthe-
sis methods are required that allow optimiza-
tion of the performance and reduce the Pt con-
tent. In this context, atomic layer deposition
(ALD) of Pt nanoparticles and ultrathin layers
is attractive because this technique offers sub-
monolayer control over the metal loading and
layer thickness and enables conformal deposi-
tion on complex 3D substrates.[10] The most
adopted ALD process for Pt, introduced by Aal-
tonen et al., is the thermal process at 300

◦C us-
ing MeCpPtMe

3
as the precursor and O2 gas

as the reactant.[11] While a significant amount of research has been per-
formed to unravel the reaction mechanism, only a limited number of sur-
face studies have been performed to directly identify the surface species
during Pt ALD. In this chapter, thermal ALD and plasma-enhanced ALD
(PE-ALD) of Pt, using MeCpPtMe

3
as precursor and O2 gas or O2 plasma

as reactant, are studied with in situ reflection Fourier Transform Infrared
spectroscopy (FTIR) at different substrate temperatures. This is done to
identify the functional groups present during Pt ALD and investigate the
origin of the temperature dependent growth rate of the thermal process.
An in depth description of the existing literature concerning the growth

This chapter was published as a research article in the journal: Physical Chemistry Chemical
Physics, titled "Surface species during ALD of platinum observed with in situ reflection IR
spectroscopy".[1] The image on this page is a reworked version of the original TOC-graphic,
submitted with the published article. Author contributions: M.V.D. designed the experi-
ments, performed the ALD depositions and FTIR measurements, analyzed and interpreted
the results; J.D. and C.D. assisted in designing the experiments and interpreting the results;
M.V.D. prepared the manuscript; J.D. and C.D. contributed to revising the manuscript.
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mechanism of Pt ALD is given in the introduction chapter of this thesis,
see section 1.2.2.1.

3.1 experimental

3.1.1 Experimental setup

All ALD experiments are carried out in a home-built pump type ALD reac-
tor, with a base pressure of 2×10−6 mbar.[12] A Vertex 70v from Bruker is
attached to this reactor with a medium band mercury cadmium telluride
(MCT) detector cooled with liquid nitrogen. A schematic representation
of this reactor is shown in Figure 3.1. The FTIR setup can be used in trans-
mission as well as reflection geometry. In transmission mode the infrared
(IR) beam passes through the substrate, while in reflection mode, the IR
beam impinges on the substrate under a low angle (∼6°) and is reflected
from the substrate. The system has two optic compartments that contain
a set of mirrors to direct the incident beam through the chamber in the
desired geometry and to refocus the transmitted or reflected beam on the
MCT detector. These compartments are separated from the ALD chamber
by KBr windows and protecting gate valves that can be closed during the
exposure of the ALD precursors to avoid coating of the windows. In this
work, a reference spectrum of the MeCpPtMe

3
precursor is acquired in

transmission mode, while the reflection geometry is employed for moni-
toring the surface chemistry of Pt ALD in the steady growth regime.

The MeCpPtMe
3

(99 % Strem Chemicals) precursor is kept in a glass
container and argon is used as a carrier gas during the exposures. The
argon flow is adjusted by means of a needle valve so that the pressure in
the chamber during a precursor pulse reaches 6×10−3 mbar. The container
is heated to 40

◦C and the temperature of the delivery line is set to 45
◦C.

Oxygen (99,9999 %), introduced at a chamber pressure of 6×10−3 mbar,
is used as reactant for both the thermal and the plasma-enhanced ALD
processes. The plasma is generated in a remotely placed RF inductively
coupled plasma source powered by a CESAR 136 RF power generator
operating at 13.56 MHz. For all PE-ALD experiments a plasma power of
200 W is used. A 10 s exposure time is used for both the precursor and
the reactant and each of these exposures is followed by a 30 s pumping
step. FTIR measurements are carried out following each ALD half-cycle,
after completion of the pumping step. The spectra are acquired with a
resolution of 4 cm-1 and are generated by averaging over 200 scans, which
corresponds to an acquisition time of ∼80 s. This implies that in an ALD
process where FTIR is performed the effective evacuation time is 110 s.
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This prolonged evacuation was verified to have no impact on the growth
rate of the Pt ALD process.

3.1.2 Substrates

The depositions are performed on platinum seed layers grown by sputter
deposition on Si substrates to eliminate nucleation problems during the
ALD processes. A seed layer thickness of 80 nm was selected to prevent
interaction between the IR beam and the Pt/Si interface. Prior to the in
situ FTIR monitoring, the substrates are pretreated in order to ensure the
same starting surface for all experiments. The substrates are first heated to
300

◦C, after which they are exposed to O2 gas during three pulses of 10 s,
followed by 20 cycles of the thermal Pt ALD process. Next, when charac-
terizing the Pt ALD processes below 300

◦C, the sample is brought to the
desired temperature without breaking the vacuum, this means that long
cooling times are required (> 30 minutes). Surface oxygen on a platinum
substrate is unstable when long pumping times are used, as is the case
for this cooling procedure.[13,14] Therefore, after stabilization of the sam-
ple at the required temperature, an additional 10 s O2 pulse is included in
the pretreatment procedure, leaving the platinum surface terminated with
oxygen atoms.[15] After this pretreatment, the experiment is immediately
started.

Figure 3.1: Schematic representation of the ALD chamber with FTIR system, show-
ing the IR source and MCT detector.
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3.1.3 In situ FTIR characterization

Following the pretreatment, ten cycles of the studied process (thermal or
plasma-enhanced ALD) are performed without FTIR measurements to en-
sure that a steady growth regime is reached. During the following ten
ALD cycles, FTIR measurements are performed after each precursor and
reactant exposure. The spectra recorded after sequential exposures are
subtracted from each other resulting in a difference spectrum for each
exposure. Finally, the difference spectra obtained for the ten subsequent
ALD half-cycles are averaged to improve the signal-to-noise ratio with-
out resorting to very long measurement times and as a result long pump
times. This can be done because the IR spectra are measured under steady
growth conditions and as a result the obtained difference spectra vary lit-
tle between ALD cycles. As such each experiment results in two difference
spectra, one for the precursor pulse and one for the reactant pulse.

In addition, a reference spectrum of the MeCpPtMe
3

is measured with
FTIR in transmission mode. To this end, the chamber is sealed off by clos-
ing the gate valve to the turbo pump, after which the precursor is pulsed
into the chamber until a pressure of ∼1 mbar is reached. The temperature
of the chamber is set to 50

◦C to minimize reactions between the chamber
walls and the precursor when it is inserted into the chamber.[16] The ref-
erence spectrum is acquired by averaging over 200 scans, equivalent to a
measurement time of ∼80 s.

The same procedure is used for a series of FTIR measurements of the
MeCpPtMe

3
molecule in reflection mode. This is performed on a substrate

with an 80 nm thick Pt seed layer. The series of measurements are done
at different substrate temperatures of 50, 100, 200, and 300

◦C, while the
chamber walls are kept at 50

◦C.

3.2 results

3.2.1 Temperature dependence of the growth per cycle

First, the temperature dependence of the growth rate of the MeCpPtMe
3

/ O2 gas and MeCpPtMe
3

/ O2 plasma processes is evaluated in the ALD
setup with in situ FTIR capability. To this end, 100 cycle depositions are
performed on thin platinum seed layers. The growth per cycle (GPC) is
then calculated from thickness measurements performed by X-ray reflec-
tivity (XRR) before and after the deposition. At 300

◦C, a similar GPC of
0.50± 0.05 Å/cycle is obtained for both the thermal and plasma-enhanced
ALD process (Figure 3.2), which is close to the value of 0.45 Å/cycle typi-
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Figure 3.2: The growth per cycle as a function of the substrate temperature for the
MeCpPtMe

3
/O2 gas process (thermal ALD) and the MeCpPtMe

3
/O2

plasma process (PE-ALD). At 100
◦C and 150

◦C, no growth is observed
for the thermal process, while the PE-ALD process yields a Pt film with
an oxide component (Pt:O). At 200

◦C and 300
◦C, both the thermal and

PE-ALD process result in the deposition of pure Pt.

cally reported for these processes.[11,17] For the thermal process, the GPC
significantly decreases at 200

◦C and no growth is found for tempera-
tures below 150

◦C, in agreement with earlier reports.[16,17] For the plasma-
enhanced ALD process, the growth rate at 200

◦C remains at 0.50± 0.05 Å/
cycle. At 100

◦C and 150
◦C, a layer with a PtO component is deposited in-

stead of a pure Pt film, as revealed by density fitting results from the
XRR analysis as well as compositional analysis via X-ray photoelectron
spectroscopy (XPS, see Supporting Information). Considering the applied
plasma conditions, the formation of a Pt film with an oxide component
(Pt:O) at these temperatures is in line with earlier work by Erkens et al.[18]

A GPC of 0.72± 0.05 Å/cycle is obtained for the Pt:O depositions, which
is slightly higher than the reported value of ca. 0.60 Å/cycle at 100

◦C.[17]

Overall, the earlier reported trends concerning the temperature depen-
dence of the GPC and the formation of Pt:O vs. Pt are successfully re-
produced, allowing us to continue with a systematic study of the surface
chemistry of these processes by means of in situ FTIR.

3.2.2 Reference spectrum of the MeCpPtMe3 precursor

A reference infrared (IR) spectrum of the gas phase MeCpPtMe3 molecule
is shown in Figure 3.3. This spectrum is obtained in transmission mode,
using a static precursor pulse at 1 mbar pressure. The IR spectrum of the
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Observed

wavenumber
Vibration mode

790 cm-1 CH deformation[19]

832 cm-1 CH bending[19,20]

859 cm-1 Ring distortion[19,20]

925 cm-1 CH bending[19,20]

1020 cm-1 Ring breathing[19]

1020 cm-1 CH bending[20]

1040 cm-1 CH3 wagging[19,20]

1222 cm-1 C-CH3 stretch[19,20]

1262 cm-1 CH3 deformation[21]

1375 cm-1 C=C stretch[19,20]

1375 cm-1 HCH deformation[19]

1435 cm-1 C=C stretch[19]

1459 cm-1 HCH bend[19,20]

1483 cm-1 HCH deformation[19]

1483 cm-1 C=C stretch[20]

1570 cm-1 C=C stretch[19]

1612 cm-1 C=C stretch[19]

Table 3.1: Peak assignment of the MeCpPtMe
3

absorption peaks, based on

reported vibrations for dimethylferrocene[19], tricarbonyl-methyl-π-
cyclopentadienyl manganese[20]

precursor molecule shows a clear signal of CH stretching modes, marked
by the grey region on the left. These originate from the methyl groups
attached to the Pt atom and to the aromatic ring. Furthermore, the CH
groups present in the aromatic ring contribute to adsorption in this region.
The grey region on the right contains vibrations from the Cp ring and
from the methyl groups in the molecule. The C=C stretching vibrations
and the ring distortion and breathing modes are indicated in Figure 3.3
and are assigned based on reported spectra of dimethylferrocene[19] and
tricarbonyl-methyl-π-cyclopentadienyl manganese[20] (Table 3.1). The two
strong peaks around 1250 cm-1 can be attributed to the methyl-ring stretch-
ing vibration (the right peak at 1222 cm-1)[19,20] and to methyl deforma-
tions of the methyl groups attached to the platinum atom (the left peak at
1262 cm-1).[21]

In addition to measuring the transmission precursor spectrum another
set of measurements was performed using the reflection geometry. For
this a pulse of MeCpPtMe

3
gas, with the valve to the turbo pump closed,

was used (1 mbar pressure) and a Pt seed layer served as the substrate.
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Figure 3.3: Transmission FTIR spectrum of the MeCpPtMe3 molecule. The regions
for the CH stretching modes and vibrations from the aromatic MeCp
ring are marked by the left and right grey regions, respectively. The
total pathlength of the IR beam through the ALD chamber is 45 cm.

The platinum seed layer was exposed to O2 gas before exposing to the
MeCpPtMe

3
precursor. Exposure at four different substrate temperatures

was performed (50, 100, 200, and 300
◦C). The obtained spectra can be

seen in Figure 3.4. At 50
◦C the spectrum in reflection resembles the spec-

trum in transmission, while at higher temperatures the spectrum changes.
The clearest difference is in the CH-stretch region, marked by the grey
region on the left side. The absorption in this region decreases with in-
creasing substrate temperature. An explanation for this change is that the
MeCpPtMe

3
molecules are able to collide and interact with the substrate

and the substrate holder during the long measurement time. For a higher
substrate temperature it is more likely that enough energy is transferred
to the molecules to cause restructuring over time. The two spectra mea-
sured with a substrate temperature of 200 and 300

◦C show a dip in their
background between 1050 and 800 cm-1, marked by the grey region on the
right. This dip could be due to a change in the background and not a fea-
ture caused by the removal of functional groups on the surface.

3.2.3 In situ FTIR characterization

The thermal MeCpPtMe
3

/ O2 process and PE-ALD process using O2

plasma are studied with in situ FTIR measurements in reflection geome-
try. The used substrates and pretreatments to achieve a well-defined start-
ing surface for each experiment are described in the substrates section of
the experimental section. This is done for substrate temperatures of 100,
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Figure 3.4: FTIR spectra taken in reflection geometry during a static precursor
pulse (at 1 mbar pressure) for substrate temperatures of 50, 100, 200,
and 300

◦C on a Pt seed layer, pre-exposed to O2 gas. A reference spec-
trum was taken before each introduction of the precursor into the cham-
ber. The grey region on the left indicates the CH stretch region and the
grey box on the right indicates a ’dip’ in the spectrum at higher sub-
strate temperatures. The spectra were given an offset for clarity.

200, and 300
◦C to gain insight in the temperature dependence of the sur-

face reaction chemistry. As explained in the experimental section, for each
process, two difference spectra are acquired, one for the precursor expo-
sure (or the first half-cycle) and one for the reactant exposure (or the sec-
ond half-cycle). Negative features in these difference spectra are related to
species that have been removed during the studied exposure, while posi-
tive features are related to species that have been added. As such, insights
can be obtained in the functional groups that are being formed and re-
moved during the precursor and reactant steps of the investigated ALD
processes.

3.2.4 Thermal MeCpPtMe3/O2 process

The difference spectra for the thermal ALD process at 100, 200, and 300
◦C

are displayed in Figure 3.5a. From the temperature dependence of the
growth rate (Figure 3.2) it is expected that no growth is possible for the
thermal process below 150

◦C. The difference spectra obtained for 100
◦C

are indeed flat, featureless lines, indicating that no reactions are taking
place during either of the half-cycles. It needs to be noted that the dis-
played spectra are taken under the steady growth regime and due to this
the initial adsorption of the MeCpPtMe

3
molecule cannot be seen in these
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Observed

wavenumber

Functional

group

Temperature

(in ◦C)

3740 cm-1 OH stretching[23]
300, 200

2333 cm-1 antisymmetric CO2

[24]
300, 200

2050 cm-1 Pt-CO (linear)[25]
300, 200

1850 cm-1 Pt-CO (bridged)[25]
300, 200

1430 cm-1 C=C[19]
300, 200

1430 cm-1 CH3 deformation[26]
300, 200

Table 3.2: List of the most important vibration modes that are observed in the
difference spectra of the thermal processes at 200 and 300

◦C

spectra. At 200 and 300
◦C, the most pronounced spectral features are

bands due to the Pt-OH stretching vibration, CO that is either linearly or
bridge bonded to the Pt surface, and adsorbed CO2 (see Table 3.2). One
expects a bending mode for OH to be present near 1020 cm-1,[22] but this
vibration is difficult to discern in the spectra.

At a substrate temperature of 200 and 300
◦C the OH stretching band,

which is not hydrogen bonded, is negative after the precursor pulse and
positive after the reactant pulse, indicating that OH groups are removed
during the precursor exposure and added during the reactant pulse. In
contrast, linearly and bridge bonded CO is added during the precursor
pulse and is removed upon exposure to the reactant. At 200

◦C, an ex-
tra peak can be observed at a wavenumber that is lower than the single-
ton wavenumber of linearly bonded CO. Primet et al. and Barshad et al.
have shown that electron donating species on the surface can lower the
wavenumber of the CO absorption below the singleton value.[27,28] The
extra peak below the singleton wavenumber is an indication that electron
donating species are present.

Figure 3.5b shows a zoom of the CH stretching region. No CH stretches
are observed in the difference spectra during the thermal processes. This
suggests that the detectable CH groups from the precursor molecule are
not present on the surface after the precursor exposure or that the number
of them remains below the detection limit.

Figure 3.5c displays a zoom of the lower wavenumber half of the spec-
trum where vibrations from the Cp-ring are expected. At 200 and 300

◦C
there is a band visible at 1430 cm-1 which is positive after the precursor
exposure and negative after the reactant exposure. This band can orig-
inate from two sources, either from C=C vibrations as assigned in Ta-
ble 3.1 for the MeCpPtMe

3
precursor in gas phase or it can be due to a

CH3 deformation mode. The latter comes from surface science literature,
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Figure 3.5: The FTIR difference spectra of the thermal process on a Pt seed layer,
pre-exposed to O2 gas followed by 10 ALD cycles to ensure steady
growth conditions, deposited at 300

◦C, 200
◦C, and 100

◦C. The dis-
played spectra are an average of 10 measurements and are given an
offset for clarity. a) The full spectrum, b) zoom of the CH stretching
region, c) zoom of the region where vibrations from the MeCp ligand
are located.
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in which they study the adsorption of ethylene on a Pt surface and its
transformation to ethylidyne.[26] As previously noted, there is no clear
presence of CH stretching modes, which would be expected when CH3

species are adsorbed on the surface. However, these modes probably fall
in the noise level as they are expected to be about five times less intense
than the CH3 deformation mode, which is already quite small. Both peak
assignments, either C=C vibrations or CH3 deformation modes, are in
agreement with recent findings by Vandalon et al. who detected both
C=C and adsorbed species over a broad temperature range during the
thermal ALD process by means of broadband sum-frequency generation
studies.[29] None of the other CH related features that are present in the
MeCpPtMe

3
gas phase spectrum are present in the thermal ALD spectra.

The lack of these features in combination with the lack of any clear CH
stretching modes indicates that at least part of the hydrogen atoms are
removed from the precursor ligands, resulting in unsaturated carbon frag-
ments on the surface. The pronounced negative (positive) feature between
1050 and 800 cm-1 in the precursor (reactant) difference spectrum may be
attributed to a temperature induced dip (peak) in the spectral baseline,
as mentioned before. The origin of the second broad pronounced feature
between 1300 and 1050 cm-1 remains unclear.

The background of the difference spectra has a(n) downward (upward)
slope for the reactant (precursor) exposure when going to lower wavenum-
bers. This is due to changes in the free carrier absorption of the platinum
layer.[30,31] The O2 gas exposure creates an oxidised platinum layer on the
top which means that less free carriers are available resulting in the down-
ward slope, while the opposite is the case for the MeCpPtMe

3
precursor

exposure.

3.2.5 Plasma-enhanced MeCpPtMe3/O2 plasma process

Figure 3.6 shows the difference spectra obtained for the PE-ALD process
at 100, 200, and 300

◦C. At 300
◦C, the spectra show similar features as ob-

served earlier for the thermal process at 300
◦C, originating from isolated

OH groups, linearly and bridge bonded CO groups, and adsorbed CO2

(see Table 3.3). There is an additional OH stretching band present between
3600 and 3400 cm-1 for the process carried out at 200

◦C. The additional
band at lower wavelengths originates from OH groups that are hydrogen
bonded,[23,32] while the band at 3740 cm-1 is due to stretching vibrations
of non-hydrogen bonded OH groups.[23] When the substrate temperature
is further decreased to 100

◦C, the isolated OH feature (at 3740 cm-1) is no
longer present and the vibrations due to hydrogen bonded OH groups
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Observed

Wavenumber

Functional

group

Temperature

(in ◦C)

3740 cm-1 OH stretch.[23]
300, 200

3600-3400 cm-1 OH (H bonded).[23,32]
200, 100

3100-2700 cm-1 CH stretches[33]
100

2333 cm-1 antisymmetric CO2

[24]
300, 200

2050 cm-1 Pt-COLinear
[25]

300, 200, 100

1850 cm-1 Pt-COBridged
[25]

300, 200

1430 cm-1 C=C[19]
300, 200, 100

1430 cm-1 CH3 deformation[26]
300, 200, 100

1375 cm-1 C=C[19,20]
100

1375 cm-1 CH deform.[19]
100

1270 cm-1 CH3 deform.[21]
100

1230 cm-1 C-Me stretch[19]
100

1060 cm-1 Pt-OH bend.[22]
100

Table 3.3: List of the most important vibration modes that are observed for the PE-
ALD process at 100, 200, and 300

◦C. The vibration modes that are also
present for the thermal process are indicated in grey.

become more pronounced. In addition an OH bending mode can be ob-
served at ∼1060 cm-1.[22] The OH features are positive after the reactant
pulse and negative after the precursor pulse for all temperatures, as for
the thermal process at 200 and 300

◦C.
Bands due to vibrations of linearly and bridge bonded CO are present

in the difference spectra measured at 200 and 300
◦C. These features are

more intense for a substrate temperature of 200
◦C. At 100

◦C, only the
vibration associated with linearly bonded CO is present at 2080 cm-1.[25] It
seems that the CO groups are attached to non-oxidised Pt atoms and are
grouped in islands, because the peak position of CO attached to oxidised
Pt is expected at 2120 cm-1,[27] and CO groups that interact with each other
cause a peak shift to higher wavenumbers away from the value for the
isolated or singleton value of linearly bonded CO (∼2060 cm-1).[34] The
CO groups are added during the precursor pulse and removed during
the reactant pulse. This happens at all studied temperatures for the PE-
ALD process. At 2333 cm-1 a vibration due to adsorbed CO2 can be seen
in the difference spectra obtained for a substrate temperature of 200 and
300

◦C.[24]

There are two pronounced bands present at lower wavenumbers in the
difference spectra obtained for the process at 300

◦C, which are very broad.
One at 1210 cm-1 and the other at 1087 cm-1, which appear as peaks af-
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Figure 3.6: In situ FTIR difference spectra for the PE-ALD Pt process on a Pt seed
layer, pre-exposed to O2 gas followed by 10 ALD cycles, deposited at
300

◦C, 200
◦C, and 100

◦C. The displayed spectra are an average of ten
measurements and are given an offset for clarity. a) The full spectrum,
b) zoom of the CH stretching region, c) zoom of the region where vi-
brations from the MeCp ligand are located.
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Wavenumber (in cm-1) Vibration Molecule type

1270-1230 C-O-C asymm. aryl ethers

1310-1210 C-O-C asymm. aryl alkyl ethers

1120-1020 C-O-C symm.

1150-1060 C-O-C asymm. saturated ethers

1225-1200 C-O-C asymm. vinyl ethers

Table 3.4: Expected C-O vibration modes for several ether types[21]

ter the precursor exposure and as valleys after the reactant exposure. At
200

◦C, these two IR bands are shifted to 1220 and 1075 cm-1, respectively.
These two bands can be assigned to C-O vibrations, likely from ether type
groups. In Table 3.4 the expected regions for the C-O vibration of several
ether types are given. A first possible candidate is an aryl alkyl ether,
as this would have two vibration modes close to the observed peaks at
300

◦C and 200
◦C. This would imply that a decent amount of Cp rings

are still intact on the surface. However, there are no breathing or defor-
mation modes present which would prove that there are Cp rings on the
surface. Lacking clear evidence for their presence, it is less likely that the
C-O-C vibrations are caused by ethers containing a Cp ring. Another pos-
sibility is that of vinyl ethers. These have a C=C bond present close to
the C-O bond. The expected vibration, for a symmetric molecule, is be-
tween 1225-1200 cm-1 which can explain one peak that is observed. If the
ether-type molecules do not have a C=C bond then the vibration would
fall between 1150-1060 cm-1; depending on the interaction with the surface
the peak position might shift close to the observed value of 1080 cm-1. It
is also possible that the carbon atoms linked to the O atom are bonded
differently to other carbon atoms, this would result in two C-O vibrations
and might also explain the presence of these two peaks.

Figure 3.6b shows a zoom of the CH stretching region. Clear stretching
modes can only be observed in the difference spectra obtained at 100

◦C.
At this temperature CH groups are clearly present on the surface after the
precursor exposure and are removed by the O2 plasma. As for the thermal
processes at 200 and 300

◦C there are no CH stretching vibrations visible
for the PE-ALD processes at these temperatures.

The zoom of the MeCp region in Figure 3.6c reveals that the C=C/CH3

feature at 1430 cm-1 is present for all deposition temperatures and is posi-
tive after the precursor exposure and negative after the reactant pulse.[19,26]

This is the only IR band that can be assigned to the precursor ligands at
200

◦C and 300
◦C, while at 100

◦C several additional vibrations are vis-
ible. These can be linked to the reference spectrum of the MeCpPtMe

3
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precursor, as will be discussed in the next section. At 200
◦C there is a new

broad feature present at 1687 cm-1 and at 100
◦C this feature is shifted to

1715 cm-1. This band falls in the region for the carbonyl group (C=O).[21]

Depending on its chemical surrounding and interaction with the surface,
the C=O vibration can experience such a shift. From the work of Lavoie
et al. it is known that when acetone gets adsorbed on a platinum sur-
face the C=O vibration is observed at 1642 cm-1.[35] This C=O vibration is
blueshifted to 1720 cm-1 when acetone is co-adsorbed with benzene. As
will be explained in the next section, our IR data at 100

◦C indicates that
the MeCp ligands are more intact, compared to higher temperatures. At
200

◦C our data suggests that the MeCp ligand is more fragmented, which
could be the reason for the smaller shift of the C=O peak. It is possible
that unsaturated linear fragments also have an effect on the exact position
of the C=O peak and that ring structures are not necessary. Note that our
IR data does not contain a clear proof of the presence of Cp rings on the
surface.

As noted before, the feature present between 1050 and 800 cm-1 in the
difference spectra obtained at 200 and 300

◦C may be a temperature in-
duced artefact of the spectrum’s baseline. The slope of the background
has the same origin as for the thermal process.

3.2.6 Comparison of the thermal and plasma-enhanced processes

In Figure 3.7 the lower wavenumber half of the precursor difference spec-
tra is given for both the thermal and the PE-ALD process at 100 (c), 200 (b),
and 300

◦C (a). The reference spectrum of the MeCpPtMe
3

is reproduced
in the top panel of the figure to serve as a comparison.

The difference spectra of both processes at 300
◦C (Figure 3.7a) show

only one peak that matches the reference spectrum, which is the peak at
1430 cm-1. This peak corresponds to C=C stretching of the ligands or to a
CH3 deformation.[19,26] No other peaks from the precursor can be assigned
in these two spectra. The same conclusion can be made for the spectra of
both processes obtained at 200

◦C. In the difference spectrum for the PE-
ALD process at 100

◦C an extra C=C peak is present at 1375 cm-1,[19,20]

as well as two peaks at 1230 and 1270 cm-1, that are caused by C-CH3

stretching[19] and CH3 deformations[21] respectively. These extra peaks
give an indication that the original MeCp ligands are more intact at lower
temperatures. However, none of the spectra show deformation or breath-
ing modes from the Cp-ring.

A large difference between the thermal and PE-ALD process is the pres-
ence of C-O-C (300

◦C and 200
◦C) and C=O vibrations (200

◦C and 100
◦C)
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Figure 3.7: Zoom of the ’aromatic’ and fingerprint region of the difference spectra
after the precursor pulse obtained for the thermal and PE-ALD pro-
cesses at 300

◦C a), 200
◦C b), and 100

◦C c). The same zoom both for
the difference spectra after the reactant pulse for the thermal and PE-
ALD processes at 300

◦C d), 200
◦C e), and 100

◦C f). The top panel
shows the corresponding region of the precursor reference spectrum.

for the PE-ALD process. As discussed in the previous section, these possi-
bly originate from a combination of vinyl ethers, having C=C bonds, and
saturated ethers, without C=C bonds. It is remarkable that these are so
prominent in the PE-ALD spectra but are totally lacking for the thermal
process. A possible reason why there is such a big difference is that more
oxygen is expected to be present on the surface when using an O2 plasma
as the reactant compared to O2 gas. The coverage difference of surface oxy-
gen can vary between 0.25 monolayers (ML) for O2 gas and 2.9 ML when
using atomic oxygen.[36] Due to this it is possible that more combustion
reactions occur in the PE-ALD process and lead to different combustion
products that are left on the surface.

In the difference spectra of the thermal ALD process at 200 and 300
◦C,

there is a broad valley present in the region where the corresponding PE-
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ALD process show C-O-C related IR bands, i.e. between 1250 and 800 cm-1.
The exact origin of this valley is not clear. When comparing the left slope
of the valleys obtained for the thermal processes at 200 and 300

◦C, a hid-
den positive feature at around 1200 cm-1 may be discerned in the spectrum
at 200

◦C. It is possible that this feature originates from C-O-C groups on
the surface, though it goes without saying that this could as well be an
over interpretation of the data.

3.2.7 First exposures during thermal ALD at 100 ◦C

In the previous sections all data represents the steady growth regime. In
this regime no growth occurs for the thermal process at 100

◦C, while in
all other presented cases full growth inhibition does not occur, as shown
in Figure 3.2. The surface reactions for the thermal process at 100

◦C are
therefore limited to the first few cycles. In Figure 3.8, the infrared differ-
ence spectra are given for some of the first five ALD cycles during the
thermal process at 100

◦C. The first precursor exposure leads to vibration
modes that can be linked to the MeCpPtMe

3
gas phase reference spectrum

(Figure 3.3) and are assigned using Table 3.1. The added ligands during the
precursor exposure are not removed by the following O2 gas exposure,
as evidenced by the lack of negative features in the difference spectrum.
However, some Pt-CO groups are formed during the O2 gas exposure. The
only feature that changes after completion of the first ALD cycle is the Pt-
CO peak: with each O2 gas exposure a small, diminishing portion of CO
species are added. After five cycles the addition of CO species stops and
the difference spectra of the following exposures are flat lines, as shown
in Figure 3.5 by the difference spectra for the steady growth conditions of
the thermal process at 100

◦C.
The poisoning ligands clearly do not undergo a lot of dehydrogena-

tion reactions. This can be seen by the CH stretching modes that are
present and that of CH and CH3 deformation/bending modes. Several
C=C groups are also present and a peak that can be assigned to C=O is
also visible, as is the case for the PE-ALD process at 100

◦C. The pres-
ence of a possible Cp ring breathing mode (1020 cm-1) in combination
with the high wavenumber position of the C=O peak (1720 cm-1) indicates
that intact Cp rings may be present on the surface at low temperatures.
Though, care needs to be taken to readily assign the peak at 1020 cm-1 to
a ring vibration mode as it overlaps with a CH bending mode and the
expected ring deformation mode is not present. Nevertheless, this peak is
not present for the steady PE-ALD growth at 100

◦C, pointing to a clear
difference between the initial precursor adsorption during thermal ALD
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Figure 3.8: The first, second, and fifth ALD cycle of the thermal Pt process at
100

◦C, deposited on a sputtered platinum seed layer pre-exposed to
O2 gas. During the first MeCpPtMe

3
precursor exposure several lig-

ands are adsorbed on the surface. These ligands can be related to the
MeCpPtMe

3
precursor gas phase reference spectrum and are assigned

using Table 3.1. The following vibrations are observed: C=C stretch (1,
2, 3, 5); HCH deformation (3); HCH bending (4); CH3 deformation
(6); C-CH3 stretch (7); CH3 wagging (8); Ring breathing or CH bend-
ing (9). Other features that are visible are a broad OH stretching band,
CH stretches from the ligands and combustion products in the form
of C=O species around 1720 cm-1. The first O2 gas exposure results in
the formation of some Pt-CO and does not remove any of the features
added during the first precursor exposure. Following exposures lead
to no significant changes on the surface.

and the steady precursor adsorption during PE-ALD. If the substrate tem-
perature would be the only factor that plays a role this mode should also
be present for the PE-ALD case. The most likely explanation is that by
using an O2 plasma a higher concentration of oxygen surface species is
present, inducing more ring opening reactions.

3.3 discussion

The current understanding of the reaction mechanism of the Pt ALD pro-
cess based on the MeCpPtMe

3
precursor and O2 gas or plasma as reactant

comprises two competing reactions during the precursor half-cycle. Firstly,
the available surface oxygen is used to combust precursor ligands on the
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surface and generate CO2 (∼ 3% of carbon emission products during a
full thermal Pt ALD cycle at 300

◦C) and H2O.[16,37] Secondly, dehydro-
genation and hydrogenation reactions play an important role. The hydro-
carbon ligands can donate hydrogen atoms to the surface. The released hy-
drogen atoms can subsequently hydrogenate CH3 groups to form volatile
CH4 (∼ 18%) reaction products.[16,37–40] Saturation of the first half-cycle
is then determined by the formation of a carbonaceous layer which pre-
vents further ligand decomposition and precursor adsorption, because a
single monolayer of carbon suffices to deactivate the decomposition of hy-
drocarbons on noble metals.[41] Our experiments give insights in the type
of carbonaceous species that are present at the end of the precursor re-
action at various substrate temperatures. In line with the aforementioned
mechanism, the presented IR data provide evidence for dehydrogenation
reactions and reveal the presence of combustion reaction products remain-
ing on the surface.

Table 3.5 lists the groups that are present on the surface after the precur-
sor exposure during Pt ALD, as revealed by our in situ FTIR experiments.
We distinguish ligand fragments and combustion reaction products. In ad-
dition, we define a low temperature region for temperatures below 150

◦C
and a high temperature region above 150

◦C. The dividing line is put at
150

◦C because above this value both thermal and PE-ALD result in metal-
lic Pt and the observed species are similar (apart from the carbonyl and
C-O-C groups), while below 150

◦C, growth with the thermal ALD pro-
cess is completely inhibited and PE-ALD results in the deposition of a
Pt layer with an oxide component. These results enable us to refine the
understanding of the reaction mechanism for Pt ALD. Above 150

◦C, the
precursor exposure results in a surface covered with linearly and bridge
bonded CO, CH3 species for both processes and possibly atomic hydro-
gen from dehydrogenation reactions. Other CxHy groups than CH3 might
also be present but are below the FTIR detection limit. For the PE-ALD
process ethers and carbonyl groups are also formed. During the reactant
step, irrespective of the use of O2 gas or plasma, the carbon groups are
fully combusted and removed from the surface. The Pt surface is oxidised
and hydroxyl groups are formed on the surface. Our results thus confirm
that OH-groups, which are free and/or hydrogen bonded depending on
the substrate temperature, can contribute to the formation of CH4 as a gas
phase reaction product during the precursor exposure, as was suggested
before in literature.[33,38]

In the low temperature region, dehydrogenation and fragmentation re-
actions are less efficient and a considerable amount of CxHy groups and
CH3 species remain on the surface after the precursor exposure. For the
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PE-ALD process a higher concentration of surface oxygen species is ex-
pected to result in more reactions with the MeCp ligands and eventually
ring-opening, while for the thermal process the relatively low concentra-
tion of surface oxygen is expected to induce less ring-opening reactions.
From surface science literature it is clear that pre-adsorption of benzene
on a Pt surface inhibits oxidation reactions from O2 gas at a substrate
temperature of 100

◦C.[42] This suggests that a covering layer of hydrocar-
bon groups prevents the adsorption of molecular O2 on the Pt surface
and its catalytic dissociation into atomic oxygen. Because molecular O2 is
not able to combust the poisoning hydrocarbons, the growth is prevented
due to the presence of these poisoning ligand fragments. Growth is pos-
sible when using O2 plasma or O3, because reactive oxygen radicals are
present which can directly participate in the combustion reactions without
the need for dissociation on the surface. This leaves an oxidised platinum
surface and hydrogen bonded hydroxyl groups on the surface, allowing
the reaction to continue.

Precursor ligand dehydrogenation. As briefly mentioned before, the hy-
drogenation of methyl surface groups is possible through two reaction
pathways. The first was proposed by Elliot, involving the formation of
transient hydroxyl groups on the Pt surface by combustion reactions.[38]

Each combustion reaction of a hydrocarbon can yield one surface hydroxyl
group and these hydroxyl groups can recombine with other hydroxyl
groups to form water or hydrogenate a methyl ligand to form methane.
The formed water during both the O2 gas exposure and the MeCpPtMe

3

precursor exposure can readsorb and dissociate on the Pt surface. This
results in extra hydroxyl groups that can hydrogenate methyl groups to
methane. Mackus et al. proposed the second reaction pathway. This re-
action requires surface hydrogen to hydrogenate methyl groups to form
methane.[39] This idea was based on surface science literature in which
the Pt surface exposed to various hydrocarbons and oxidising conditions
has been extensively studied. For example the Cp ligands are expected to
be stable on a Pt surface up to 207

◦C, above this temperature they start
to dehydrogenate.[43] As the thermal Pt ALD process is usually carried
out between 250 and 300

◦C, this indeed suggests the occurrence of dehy-
drogenation reactions and the presence of surface hydrogen during the
MeCpPtMe

3
exposure.

The precursor IR spectrum has several characteristic absorption peaks
due to CH stretching vibrations originating from the CH3 groups in the
ligands and the CH groups in the aromatic ring (Figure 3.3). However,
the precursor difference spectra acquired during Pt ALD only show CH
stretching modes for the PE-ALD process at 100

◦C. For the thermal and
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plasma-enhanced ALD processes at 200 and 300
◦C there are no CH stretch-

ing vibrations present in the difference spectra. There is a small peak
present that could be related to CH3 deformation modes at all temper-
atures, which indicates that some CH3 species possibly remain on the
surface. Based on QMS studies it is known that 79% of the carbon from
the precursor ligands remains on the surface after the precursor pulse at
300

◦C (3 % combusted to CO2, 18 % removed as CH4).[16,37] The absence
of CH stretching or deformation modes, while a considerable amount of
carbon is expected to be present on the surface, indicates that a decent
amount of the hydrogen atoms are removed from the precursor Cp ligands
when depositing at 200

◦C and higher temperatures. This is consistent
with dehydrogenation of hydrocarbon species on a Pt surface at elevated
temperatures.[40,43–45] The hydrogen atoms can hydrogenate available CH3

groups, releasing CH4, or can recombine on the surface and form H2.[46]

It could be possible for atomic hydrogen to remain on the surface for a
significant time period. The Pt-H stretching vibration is expected around
2090 cm-1, but this vibration is not detected in any of the FTIR spectra
during ALD.[47] However, the presence of OH stretches on the Pt surface
after the oxygen reactant pulse indicates that there is a source of hydro-
gen. To exclude that residual H2O vapour in the ALD reactor contributes
to the formation of these OH groups on the Pt surface, an extra experi-
ment was conducted on an O2 plasma treated platinum substrate. This
surface was intentionally exposed to H2O vapour at 6×10−3 mbar. The
added isolated OH peak near 3740 cm-1 after this exposure was negligible
when compared to the peak formed during an ALD process. Therefore, it
is concluded that the most likely sources of hydrogen are the remaining
CH3 species on the surface and atomic hydrogen present on the surface
after precursor exposure. Finally, the presence of the CH stretching vibra-
tions and additional two methyl related peaks in the precursor difference
spectrum of the PE-ALD process at 100

◦C shows that precursor ligand
dehydrogenation reactions are less efficient at lower temperatures. This
is also confirmed in the spectrum for the first precursor exposure in the
thermal process at 100

◦C.

Precursor ligand combustion. Combustion reactions of precursor ligands
occur during the precursor exposure as long as there is available surface
oxygen. Our data show that not all combustion products leave the surface
as CO2 and H2O, but that part of the combustion products remain on the
surface. A clear linearly bonded Pt-CO stretching mode is visible for all
experiments, except at 100

◦C for the thermal process. At 200 and 300
◦C,

a small broad peak related to bridged CO is present for both the ther-
mal and plasma-enhanced ALD process. The highest surface density of
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CO groups is found at 200
◦C, as concluded from the high peak intensity

for the PE-ALD case. In addition to CO species, the precursor difference
spectra recorded for PE-ALD at 200 and 300

◦C show strong peaks that
are likely due to carbonyl groups and ethers. This is a clear indication
that reaction products of the combustion reactions remain on the surface.
As mentioned before, it is expected that the oxygen coverage after reac-
tant exposure is a lot higher during the plasma enhanced process than for
the thermal process. This can explain why carbonyl and ether like groups
are present on the surface after precursor exposure during the plasma
enhanced process, while this is not the case for the thermal process. Fi-
nally, the CO2 feature which is present in all difference spectra recorded
at 200 and 300

◦C also marks the presence of CO2 on the surface after the
precursor exposure.

Cp ring reconstruction. Depending on the sample temperature the Cp
ring of the precursor might undergo structural changes due to the cat-
alytic nature of the Pt surface. The surface science study conducted by
Avery shows that the Cp ring is stable up to 207

◦C and above this tem-
perature it can undergo fragmentation into CH and C2H2 species on the
surface.[43] Between 277-477

◦C these species can undergo extra dehydro-
genation steps, until full dehydrogenation occurs above 477

◦C. From this
it is expected that the remaining species on the surface after the precursor
half-cycle range from a carbon ring to a carbon chain of varying length.
The presented IR data provide proof that C=C species are present on the
surface, at all temperatures, after exposure to the precursor. In case of in-
tact Cp rings present on the surface, ring deformation and ring breathing
vibrations are expected in the difference spectra. The only suggestion that
a ring breathing mode is present is after the first precursor exposure for
the thermal process at 100

◦C, in none of the other spectra is there any
presence of this peak. This could mean that the ring is not intact and that
these absorption modes are not active. Another possibility is that these
absorption peaks are very weak and therefore masked by other features
in the spectra (the peaks related to ethers, the Pt-OH bending mode, and
the spectral baseline artefact all fall in the same wavelength range as these
ring absorption peaks). Only one C=C stretching mode is present in the
difference spectra recorded at 200 and 300

◦C. However, for the PE-ALD
spectrum at 100

◦C there is an extra C=C stretching mode that matches
the precursor reference spectrum and after the first precursor exposure
during the thermal process four of the five C=C stretching modes are
present. This shows that the Cp ring is less fragmented at 100

◦C than
at higher temperatures. While the Cp ring is expected to be stable on a
platinum surface at this temperature there is no confirmation that it is
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Figure 3.9: Schematic representation of a Pt ALD cycle using MeCpPtMe
3

as pre-
cursor and O2 gas or O2 plasma as reactant at 300 and 100

◦C. a) The
surface after exposure to the reactant, b) the surface upon initial adsorp-
tion of the precursor molecules, c) the surface after dehydrogenation
and restructuring reactions, and d) exposure to the reactant. For each
case, a cross-section view is given with representative surface groups,
together with a top view that is colored according to the expected pres-
ence of oxygen species (blue), precursor ligands (gray) and carbonyl
groups (black).

completely intact because the observed breathing mode can be assigned
to a CH bending mode and no ring deformation mode is present. Nonethe-
less, the presence of the additional peaks for the first precursor exposure
for the thermal process indicate that the Pt surface does not induce large
structural changes to the precursor ligands at 100

◦C and for a low surface
oxygen concentration. These more intact ligands will block the surface
more efficiently for the dissociative adsorption of oxygen on the Pt sur-
face. And this causes the inhibited growth for the thermal ALD process at
100

◦C.

Surface poisoning. From QMS data it is clear that a lot of carbon is present
on the surface after the precursor exposure.[16,37,48] These carbon groups
form a carbonaceous layer causing deactivation of the surface and satu-
ration of the MeCpPtMe

3
adsorption. The reason is that a single mono-

layer of carbon suffices to deactivate the decomposition of hydrocarbons
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on noble metals.[41] Surface science studies furthermore showed that pre-
adsorbed benzene on a Pt surface inhibits oxidation reactions during expo-
sure to O2 gas at 100

◦C.[39,42] Only for temperatures above 180
◦C it is pos-

sible to fully combust the surface carbon. Therefore, surface poisoning by
a carbonaceous layer during the precursor step, causing inhibition of com-
bustion reactions during the reactant step, was postulated to be responsi-
ble for the significant decrease in growth rate of the MeCpPtMe

3
/O2 gas

process at temperatures below 200
◦C.

In Figure 3.9 a representation of the Pt surface during an ALD cycle is
shown for the thermal and PE-ALD process at a high and a low substrate
temperature.

Figure 3.9a If the starting surface is a clean Pt surface exposed to O2

gas or O2 plasma it will be oxidised. The density of surface oxygen is
expected to be higher when the surface is exposed to the more aggressive
O2 plasma, compared to O2 gas.[36,49]

Figure 3.9b The following step in the process is to expose the oxidized Pt
surface to the MeCpPtMe

3
precursor. There will be an initial combustion

reaction that chemically binds the MeCpPtMe
3

molecules to the surface
upon adsorption. Surface oxygen and hydroxyl groups will be consumed
during the initial combustion reactions to form CO2 and H2O, leaving a
surface covered with partially combusted precursor ligands that play a
role in the next step. The result of these initial reactions is a poisoning
’ligand layer’ that consists of hydrocarbons for both the thermal and the
PE-ALD process. This initial stage is expected to look different depend-
ing on the process, due to the difference in the concentration of surface
oxygen species between both processes. For a high concentration of sur-
face oxygen a lot of combustion reactions are able to occur and open the
Cp rings that adsorb on the surface, while for a low concentration less of
these reactions occur and the adsorbed Cp rings are expected to remain
more intact.

Figure 3.9c After the initial combustion, all reaction sites are taken up
by precursor ligands and temperature dependent dehydrogenation and
restructuring reactions of the ligands are occurring for both processes. For
low substrate temperatures these reactions are less likely to occur and
therefore the ligands are expected to retain their original form. When
the substrate temperature is high enough, the dehydrogenation reactions
result in the conversion of the hydrocarbon ligands to a partially dehy-
drogenated carbonaceous layer (full dehydrogenation >477

◦C), produc-
ing CH4.[16] A decent fraction of CH3 groups will still be present and
broken up Cp fragments are likely to be transformed into ethylidyne or
methylidyne.[43] The effect of this is that a significant amount of the lig-
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and layer gets removed (18% of the carbon atoms). If before the ligand
layer can be thought of as completely covering the surface, it is likely
that it now has become thinner and exposes parts of the underlying Pt
surface. Regions that are large enough for a MeCpPtMe

3
molecule to ad-

sorb onto will probably get filled by fresh precursor molecules, increasing
the amount of Pt atoms that can be deposited per ALD cycle. It can be
expected that the area that can be exposed to new precursor molecules
is proportional to the amount of CH4 formed. The FTIR data suggests
that the composition of the remaining ligand layer differs for both pro-
cesses. The ligand layer of the thermal process now consists of partially
dehydrogenated carbon groups and CH3 groups, while the ligand layer of
the PE-ALD process also has carbonyl/ether groups. The origin of these
extra groups in the PE-ALD process likely originate from reactions with
remaining surface oxygen that do not result in the formation of CO2.

Figure 3.9d The final step to complete the ALD cycle is to expose the
surface to the reactant, O2 gas or O2 plasma. O2 gas needs a site on the Pt
surface where it can adsorb and dissociate into molecular oxygen and then
combust the ligand layer, as is the case for high substrate temperatures.
For low substrate temperatures the ligand layer fully covers the surface
and these sites are not available, poisoning the surface. The O2 plasma
has no need of these adsorption sites because the oxygen species created
by the plasma are reactive enough. Hydroxyl groups are formed during
this step when the O2 can combust the ligand layer.

3.4 conclusion

Using in situ reflection FTIR measurements, this work aimed at revealing
the surface species during thermal and PE-ALD of Pt at different substrate
temperatures. Our data provide experimental evidence for the occurrence
of temperature dependent dehydrogenation reactions during the precur-
sor exposure step. Detailed comparison of the MeCpPtMe

3
precursor FTIR

spectra with difference spectra acquired for the first half-cycle during ther-
mal and PE-ALD revealed that the precursor ligands undergo less restruc-
turing and dehydrogenation for temperatures below 150

◦C than above
this temperature. The presence/absence of intact Cp rings in the low tem-
perature region could, however, not be conclusively confirmed from the
FTIR difference spectra. Ring breathing and deformation modes from the
Cp ring were not detected at high temperatures, but the expected peaks
may also be masked by other features. Overall, it can be concluded that
in the high temperature region (T > 150

◦C) the ligands undergo dehydro-
genation during the precursor half-cycle and a carbonaceous layer remains
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on the surface, while for the low temperature region (T < 150
◦C) the lig-

ands are not dehydrogenated and a hydrocarbon layer remains. For the
thermal process this hydrocarbon layer prevents the absorption and disso-
ciation of molecular oxygen, meaning that the combustion reaction cannot
occur during the O2 gas exposure. However, the radicals in the O2 plasma
during PE-ALD can directly combust the hydrocarbon layer on the surface.
Therefore, this work provides evidence that poisoning of the Pt surface by
a hydrocarbon layer is the cause for growth inhibition during thermal
ALD below 150

◦C.
In addition, our in situ data revealed that products from combustion

reactions remain on the surface following the precursor exposure. CO
groups are detected for both thermal and PE-ALD, which are removed
during the reactant exposure. The spectra for the PEALD process show
additional carbonyl groups at 100

◦C and 200
◦C and an indication that

ethers are present for temperatures above 150
◦C. These groups are not

present for the thermal ALD case, possibly related to a lower density of
oxygen atoms left on the surface following the reactant step.

Finally, the in situ FTIR spectra reveal the formation of hydroxyl groups
on the surface during the reactant exposure and consumption of these
groups during the precursor exposure at all deposition temperatures. This
confirms that OH-groups can be involved in the hydrogenation of CH3

groups present in the precursor ligands yielding CH4 as a gas phase reac-
tion product. As such, our in situ FTIR study suggests that both proposed
reaction pathways for the formation of CH4 during the precursor step, i.e.
via OH-groups and via atomic hydrogen released through dehydrogena-
tion of the ligands, are occurring during Pt ALD.
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3.5 supporting information

xrr measurements of films grown by a Pt PE-ALD process, using
MeCpPtMe

3
as precursor and O2 plasma as the reactant, for a substrate

temperature of 100 and 200
◦C are shown in Fig.3.10. To obtain these sam-

ples a Pt seed layer of 6.9 nm was sputtered on a silicon substrate. The
substrate was pretreated inside the ALD chamber before deposition using
an O2 plasma to remove contaminants from the surface. An ALD process
of 50 Pt PE-ALD cycles was performed on a plasma pretreated sample for
a substrate temperature of 100

◦C or 200
◦C.
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Figure 3.10: XRR measurements of the Pt layers after 50 cycles of the Pt PE-ALD
process for a substrate temperature of 100 and 200

◦C. The thickness
of the Pt seed layer before deposition was 6.9 nm for both samples. (a)
Data and fit for a substrate temperature of 100

◦C, from the fit after
deposition a Pt thickness of 6.3 nm and a Pt:O thickness of 4.2 nm is
obtained. (b) Data and fit for a substrate temperature of 200

◦C, the fit
after deposition gives a platinum thickness of 9.4 nm.

The XRR fit for the deposition performed at 200
◦C gives a Pt thickness

of 9.4 nm after deposition (Fig. 3.10b), resulting in a growth of 0.05 nm
per cycle. For a substrate temperature of 100

◦C, the fit for the XRR data
gives a platinum thickness of 6.3 nm and an extra Pt:O layer of 4.2 nm
(Fig. 3.10a). This extra Pt:O layer is necessary to get a decent fit of the data.
The decrease in thickness of the seed layer, by 0.6 nm, might be due to oxi-
dation of the platinum top layer by the plasma pretreatment. This yields a
Pt:O growth of 0.72 nm/cycle for a substrate temperature of 100

◦C, when
correcting for the oxidation of 0.6 nm.

xps measurements : At low substrate temperatures (< 150
◦C) the use of

O2 plasma as the reactant in the Pt PE-ALD process results in the growth
of Pt:O instead of pure Pt. To confirm this, an XPS depth profile was taken
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Figure 3.11: C1s, O1s, and Pt4f regions for a PE-ALD grown Pt film at 100
◦C on a

Pt seed layer.

C (at. %) O (at. %) Pt (at. %)

Surface 15.76 20.15 64.09

Bulk 0 10.4 89.6

Seed 0 0 100

Table 3.6: Atomic percentage of C, O and Pt in PE-ALD grown Pt films at 100
◦C.

Oxygen is present in the bulk of the grown film and not only on the
surface.

of a Pt PE-ALD film grown at 100
◦C on a Pt seed layer to determine if oxy-

gen was present in the deposited film. A Thermoscientific XPS was used
equipped with a thetaprobe and an aluminium anode. The XPS measure-
ments were performed with a pass energy of 20 eV, the achieved FWHM
of the instrument is 0.63 eV. In Figure 3.11 the XPS regions for the C1s,
O1s, and Pt4f peaks are shown for three levels of the depth profile of the
sample: the surface, the Pt:O layer, and the Pt seed layer. Carbon is only
present on the surface and can be sputtered away. Oxygen is present on
the surface and throughout the deposited film, the sputtered Pt seed layer
has no oxygen and the binding energy of the Pt 4f peaks match to metallic
Pt. The surface of the Pt film is in an oxidised state. The deposited film
itself has an oxidised component and a metallic component for the Pt 4f
peaks. The atomic concentrations can be found in Table 3.6.
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4
PA P E R I I : M O N I T O R I N G O F N U C L E AT I O N A N D
I S L A N D G R O W T H M O D E D U R I N G A L D O F P L AT I N U M

Although ALD is tradition-
ally perceived as a layer-by-
layer technique, ALD pro-
cesses for noble metals are of-
ten characterized by a nucle-
ation controlled growth on ox-
ide surfaces. Despite numer-
ous reports on noble metal
nanoparticle deposition by
ALD and tuning of the par-
ticle size by the number of ALD cycles,[1–6] the mechanisms that gov-
ern the very initial stages of growth are still not fully understood. Sur-
face processes such as diffusion of deposited atoms,[1,6–11] adsorption
of precursor ligands on the substrate,[1,11–15] thermal decomposition of
the metal precursor,[11,16,17] and reactions catalyzed by the deposited
nanoparticles[1,11] are suggested to play a role. The kinetics of these pro-
cesses are expected to vary with the noble metal loading and morphology
and will therefore likely evolve during the ALD process.[1] Moreover, the
nucleation and island growth mechanisms and kinetics are influenced by
the choice of ALD process conditions, e.g. precursor/reactant type, expo-
sure and deposition temperature, resulting in different incubation times
and nanoparticles morphologies.

Most experimental studies concerning the nucleation of noble metal
ALD are limited by the fact that they rely on the ex situ study of static mor-
phologies alone, without providing detailed insights into how the struc-
ture evolves during the ALD process. The effect of a certain deposition
parameter is, for example, typically studied by transmission electron mi-

This chapter is submitted as a research article to the journal: Physical Chemistry Chemical
Physics, titled "Surface mobility and impact of precursor dosing during atomic layer deposi-
tion of platinum: in situ monitoring of nucleation and island growth". The image on this page
is the original TOC-graphic, submitted with the article. Author contributions: J.D. designed
the experiments, performed SEM, XRF and GISAXS measurements and analyzed the results;
E.S., A.R., R.K.R., M.M.M, A.V., G.P. and C.D. assisted in performing XRF and GISAXS mea-
surements; M.V.D. and E.S. assisted in analyzing and interpreting the results; C.D. assisted
in designing the experiments and interpreting the results; M.V.D. prepared the manuscript;
All the authors contributed to revising the manuscript.
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croscopy (TEM) and a comparison of the nanoparticle size (distribution)
is made for a specific number of ALD cycles. However, dynamic knowl-
edge about how the nucleation and particle growth evolve during ALD
for different process conditions is crucial to deepen our understanding of
the underlying mechanisms, and this can only be achieved by applying in
situ probing techniques. In this chapter, we present findings from the com-
bined use of GISAXS and XRF to monitor in situ Pt ALD growth. Results
are shown for the Pt ALD process using MeCpPtMe

3
and O2 gas at 300

◦C,
which is considered a model system for the O2-based noble metal ALD
processes.[18] An analysis strategy is introduced to correlate the amount
of deposited material with the evolution of structural parameters such as
Pt cluster shape, average size, and areal density. As a proof of concept the
influence of the MeCpPtMe

3
precursor pressure on the morphology of the

deposited Pt particles is investigated. A broader description of the known
nucleation behaviour of Pt ALD processes is given in the introduction
chapter, see section 1.2.2.2.

4.1 experimental section

4.1.1 Transportable setup for in situ investigation of ALD with synchrotron
radiation

A drawing and picture of the custom-built synchrotron-compatible ALD
setup, used in this work, are shown in Figure 4.1.[19] The setup consists of a
stainless steel chamber equipped with a turbo pump and rotary vane back-
ing pump, enabling a base pressure of 10

-6 mbar. The main ALD compo-
nents include a flange with heated sample stage, computer-controlled gas
inlet valves and a remote RF plasma source. The setup can be transported
and installed at synchrotron beamlines, in particular on the MED diffrac-
tometer with hexapod of the SixS beamline at the SOLEIL synchrotron
facility and on the Huber goniometer of the DUBBLE BM26B beamline
at the ESRF synchrotron facility. The chamber is equipped with three Be
windows, allowing exposure of the sample to an intense monochromatic
X-ray beam and detection of the scattered and fluorescent radiation from
the sample. For in situ GISAXS studies, the setup is expanded with mo-
torized anti-scattering slits that can be positioned close to the path of the
X-ray beam to eliminate unwanted scattered X-rays. This is obtained by
placing tungsten slits and a knife edge inside the vacuum, right after the
entrance Be window. Right before the exit Be window a tungsten rod-like
beamstop is placed in-vacuum to largely block the intense direct and spec-
ular reflected X-ray beams, thus suppressing background scattering from
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the exit window. Precise alignment and rotation of the sample relative to
the incoming X-ray beam is enabled by the aforementioned positioning de-
vices that are available at the SixS (SOLEIL) and DUBBLE BM26B (ESRF)
beamlines.

4.1.2 Substrate preparation and ALD of Pt

Si wafers with native SiO2 are used as substrates. Prior to ALD growth,
the substrate and support are heated to 300

◦C and exposed to a remote
O2 plasma (10 s, 1.2×10−3 mbar, at 200 W) to clean the sample surface and
improve reproducibility between the different experiments. ALD of Pt is
conducted at 300

◦C using MeCpPtMe
3

(Strem Chemicals, 99 %) and O2

gas. The Pt precursor is kept in a stainless steel container heated to 30
◦C

and Ar is used as a carrier gas. Unless stated otherwise, a static expo-
sure mode is applied, meaning that the valves to the pumping system
are closed during exposure of the sample to the Pt precursor or to O2

gas. The other precursor exposure mode that is used is a pump exposure
mode, during which the valves to the pumping system are kept open dur-
ing the exposure. For both static and pump exposure modes the precursor
exposure time is 15 s, the precursor pumping time is 30 s, the O2 exposure
time is 10 s, and the O2 pumping time is 15 s. The pressure in the chamber
during the static precursor exposure reaches ∼1 mbar, during the pump
precursor exposure it is ∼6×10−3 mbar, and ∼1 mbar during the O2 expo-
sure.

4.1.3 GISAXS geometry

A schematic representation of the GISAXS experiment is shown in Fig-
ure 4.2. The X-ray beam hits the sample under a grazing angle (αi) and
is scattered by the ensemble of Pt nanoparticles on the surface. The scat-
tered intensity as a function of the exit angles α f and 2θ f is recorded
by a 2D area detector. The angular coordinates of the detector are re-
lated to the wavevector transfer (q = kf - ki) and the detector plane is
converted to reciprocal q-space coordinates using the equations: qy =
(2π/λ)sin(2θ f )cos(α f ) and qz = (2π/λ)(sin(αi) + sin(α f )) with qy and
qz the scattering vector components parallel and perpendicular to the
sample surface, respectively. The qx = (2π/λ)(cos(2θ f )cos(α f )− cos(αi))
scattering vector component has a very low value due to the low incident
and exit angles that are used in GISAXS and can be neglected. The scat-
tered intensity I(q) is modulated by the form factor F(q) and the structure
factor S(q), describing the scattering contribution from the particle shape
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Figure 4.1: (a) Drawing of the transportable synchrotron-compatible high-vacuum
ALD setup, dedicated for in situ XRF and GISAXS measurements dur-
ing ALD. (b) Picture of the setup, installed at the SixS beamline of the
SOLEIL synchrotron facility.
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Figure 4.2: Schematic representation of the GISAXS geometry. A monochromatic
X-ray beam hits the sample at an incidence angle αi. The exit angles of
the scattered beam are denoted by α f and 2θ f . The position of the direct
beam D (at α f = −αi) marks the origin for the qy and qz components
of the scattering vector. The specular reflected beam S (at α f = αi)
is masked by a rod-shaped beamstop, placed in vacuum between the
sample and exit Be window. The Yoneda peak (Y) is observed at the
critical angle of the sample (α f = αc).

and organization of the nanoparticles, respectively. The key features that
are observed in the scattering pattern are directly linked to the real-space
morphology of the nanoparticles ensemble. Intensity modulations along
the qz direction contain information about dimensions perpendicular to
the sample surface, such as the particle height. Modulations along the
qy direction contain information about average lateral dimensions, such
as the particle width and center-to-center distance between neighbouring
nanoparticles. Another scattering feature is the Yoneda (or Vineyard) peak,
i.e. an enhancement of the scattered intensity for the exit angle α f that is
equal to the critical angle of the sample αc. Therefore, the dependence of
the Yoneda peak on the optical surface properties provides information
about the surface composition.
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4.1.4 In situ XRF and GISAXS measurements

In situ XRF and GISAXS measurements during ALD were performed at
the SixS (SOLEIL) and DUBBLE BM26B (ESRF) beamlines. To avoid de-
composition of the Pt precursor by the X-rays, the sample is only illumi-
nated after the reactor is pumped to base pressure. Samples were exposed
to the X-rays after every second ALD cycle and a fluorescence spectrum
and scattering pattern are recorded. To enable excitation of the Pt Lα emis-
sion lines for XRF, the X-ray energy is set to 12 keV, which is slightly
above the L3 absorption edge of Pt at 11.56 keV. An incidence angle of
1.2° was used for XRF measurements, each spectrum was acquired in
30 s with an energy-dispersive silicon drift detector (Röntek and Vortex
at SixS (SOLEIL) and DUBBLE BM26B (ESRF), respectively). GISAXS pat-
terns were recorded at an incidence angle of 0.5°, which is well above the
critical angle of Pt (αc = 0.38°, at 12 keV). Firstly, this ensures full pene-
tration of the Pt layer and, secondly, clear separation of the Pt Yoneda
peak and the specular peak in the scattering pattern. The sample-detector
distance was calibrated with a silver behenate sample.

At the SixS (SOLEIL) beamline, the X-ray beam at the sample position
was 0.3 mm× 0.4 mm (horizontal and vertical, respectively) and the 2D
GISAXS patterns were acquired with a MarCCD detector (2048×2048 pix-
els, each pixel has a size of 80×80 µm2) using a counting time of 20 s dur-
ing the pumping step. The detector was positioned roughly 1.7 m from the
sample. The in-vacuum flight tube was used to reduce background scat-
tering and absorption from air. In addition to the in-vacuum beamstop, a
lead strip was placed after the window to completely shield the detector
from the intense direct beam and the scattered radiation from the exit Be
window.

At the DUBBLE (ESRF) beamline, the X-ray beam was focused at the
detector position, which results in a beam size of 1.0 mm× 0.4 mm (hori-
zontal and vertical, respectively) at the sample position. The GISAXS pat-
terns were acquired with a Dectris Pilatus 1M detector (981×1043 pixels
H×V, each pixel having a size of 172×172 µm2) using a counting time of
30 s during the pumping step and a sample-detector distance of 4.4 m was
used. The pathway between the exit Be window of the ALD chamber and
the detector was mostly evacuated by using a pumped flight tube with
entrance and exit Kapton windows. A second beamstop was installed in
front of the detector at the position of the direct and specular beam to
prevent detector saturation and damage.
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4.1.5 GISAXS data analysis

In this work, we introduce an analysis approach, based on a geometrical
model, to extract average real space parameters such as the Pt nanoparti-
cle shape, size, and areal density from the q-space scattering data. To val-
idate the proposed strategy, the measured GISAXS data were compared
to simulated 2D GISAXS patterns that were calculated with the IsGISAXS
software,[20] using the extracted morphological parameters as input for
the simulation. The best agreement between simulation and data was ob-
tained when two particle shapes in a 1:1 ratio were taken into account,
being full spheroids and hemispheroids. Both particle geometries were
described by the same particle height and radius. A lognormal distribu-
tion function was selected for the particle radius, and the distribution
width was described by the geometric standard deviation σ. A joint distri-
bution for the particle height was implemented in IsGISAXS assuming
a Gaussian distribution for the particle aspect ratio height/radius, the
distribution width being described by 0.05 times the central particle as-
pect ratio value. The distorted-wave Born approximation (DWBA) was
used to calculate the form factor, the model of the graded interface was
used to describe the perturbations caused by densely packed particles
on a surface.[21] The calculations furthermore use the local monodisperse
approximation (LMA) formalism, which is commonly used for polydis-
persed systems. A 1D paracrystal model was used to calculate the struc-
ture factor, which is a regular 1D lattice with loss of long-range order. A
Gaussian function with disorder parameter ω, calculated as ω = 0.4×D
described the distribution of the center-to-center distance D. Supplemen-
tary Figure 1 shows the most relevant parameters in the input file for the
IsGISAXS software.

4.1.6 Complementary SEM and XRR measurements

The GISAXS data analysis approach is corroborated by ex situ X-ray reflec-
tivity (XRR) and scanning electron microscopy (SEM) measurements. XRR
is performed in a Bruker D8 system, equipped with a Cu Kα source and
a point detector. SEM is performed in a FEI Quanta 200F instrument.
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4.2 results

4.2.1 In situ XRF: growth curve

XRF and GISAXS data was acquired after every two ALD cycles during Pt
deposition. The integrated Pt Lα emission line was calibrated using Ruther-
ford backscattering spectrometry (RBS).[6] This allows the determination
of the Pt surface density as a function of the intensity of the Pt Lα signal,
depicted as a function of the number of ALD cycles in Figure 4.3a. During
the first ALD cycles (0 to 12) a slow growth regime was observed and a
theoretical monolayer (TML) of Pt was obtained after 10 ALD cycles, in-
dicating that the XRF setup is sensitive enough to detect a sub-monolayer
surface coverage of Pt atoms. After the first slow growth a constant growth
regime is quickly obtained (∼26 ALD cycles) and after roughly 80 cycles
the growth per cycle decreases to a lower value. The growth curve has an
elongated S-shape, indicative of Pt nucleation followed by particle growth
and coalescence.[22,23]

Additional samples with selected Pt surface densities (marked points
1-4) were prepared and measured by ex situ SEM. The obtained SEM mi-
crographs (Figure 4.3b) provide snapshots of the particle morphology and
distribution at different Pt surface densities (i.e. different ALD cycles). The
SEM micrograph of the low Pt surface density (∼160 atoms/nm2, Fig-
ure 4.3b(1)) indicates that the Pt nucleates, and forms particles, on the
SiO2 surface. The other SEM micrographs indicate that after the particles
are formed they increase in size and start to coalesce (2), forming larger
and more irregular particle shapes. They continue growing and merging,
resulting into even larger worm-like structures (3) and finally start to form
a percolating Pt layer across the substrate when the Pt loading is high
enough (4). For even higher Pt surface densities the slope of the growth
curve decreases, indicating that the available surface area for precursor
absorption starts to decrease after percolation.

4.2.2 In situ GISAXS: particle nucleation

The Pt nucleation stage on native SiO2 was investigated using in situ
2D GISAXS measurements. The GISAXS scattering patterns that were
recorded during the first 12 ALD cycles are displayed in Figure 4.4a. Af-
ter the first ALD cycles there is an increase of the background scattering
intensity in the pattern (qy 6= 0 nm-1). Additional ALD cycles cause the
scattering intensity to increase further and make it clear that a single scat-
tering peak is present in the pattern. This indicates that there are corre-
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Figure 4.3: (a) RBS-calibrated in situ XRF data: surface density of Pt atoms as a
function of the number of ALD cycles. The inset shows a detail of the
nucleation stage during the first 12 ALD cycles. (b) SEM images for
selected Pt loadings: (1) ∼ 160, (2) ∼ 280, (3) ∼ 470, (4) ∼ 660 Pt atoms
per nm2. Each SEM image is 500 nm in width and height.

lated Pt clusters distributed on the surface during the nucleation stage.
To study the evolution of the scattering peak along the qy direction, hor-
izontal cuts were taken at the qz position of maximum intensity (Yoneda
peak) and are depicted in Figure 4.4b. Fits with Lorentzian functions were
performed for all but the first cut (0 ALD cycles) and are displayed as the
black lines, overlapping the data. From these cuts it is clear that an off-
specular scattering signal is already present after 2 ALD cycles, with the
maximum scattering intensity observed at qy = 0.59 nm-1, indicating that
Pt clusters were already present on the surface. Additional ALD cycles
result in an increase in intensity and shifts in the qy position of maximum
intensity of the scattering peak.

The qy maximum of the scattering peak (qy,max) can be approximated to
the mean center-to-center distance (D) between scattering centra by using:
D = 2π/qy,max.[24] Therefore, lower qy,max values are related to larger mean
center-to-center distances and vice versa. The qy,max value for each horizon-
tal cut is obtained from a fit through the data and these are plotted (with a
95 % confidence interval) as a function of the number of ALD cycles and Pt
surface density in Figure 4.4c. The inset shows the qy,max values converted
from q-space to real space values (D). The qy,max position shows a consid-
erable shift towards higher values during the first 6 ALD cycles, which in-
dicates a decrease for the mean particle distance and a rise in the number
of deposited nuclei on the surface. New nuclei are deposited between the
existing clusters until a critical or saturated coverage is reached, giving an
estimated saturated particle density of N∼1.8×1012 nuclei/cm2 (N∼D-2)
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after 6 ALD cycles. This value for the particle density corresponds with
particle densities that can be expected for metal particles on an oxide sur-
face (10

12-10
13 nuclei/cm2) in literature.[1,25] Additional ALD cycles result

in a gradual shift of the qy,max position towards lower qy values, show-
ing an increase in the particle center-to-center distance and indicates a
reduction in the number of scattering nuclei due to coalescence. Surface
diffusion will rather result in the growth of existing islands instead of the
formation of a new stable nucleus.

4.2.3 In situ GISAXS: particle growth and coalescence

After the nucleation stage the Pt ALD process exhibits enhanced growth
behaviour until layer closure starts to occur, see the in situ XRF curve (Fig-
ure 4.3a). This intermediate stage was also investigated during the ALD

Figure 4.4: (a) In situ GISAXS patterns measured during the nucleation stage. The
dashed white line marks the position of the Si Yoneda. (b) Horizontal
line profiles are taken at the qz position of maximum intensity, which
correspond to the Si Yoneda position. The black lines are fits to the
data points. (c) The peak position, qy,max of the horizontal cuts as a
function of the number of ALD cycles (top x-axis) and the surface den-
sity of Pt atoms (bottom x-axis). The peak positions were obtained from
the fits shown in (b). The inset shows the values which correspond to:
2π/qy,max. The error bars represent the 95 % confidence intervals for
the fitted qy,max values
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Figure 4.5: In situ GISAXS patterns measured during the growth and coalescence
stage of the Pt ALD process. The selected patterns correspond to (1) 32,
(2) 46, (3) 66, (4) 88 ALD cycles and a Pt surface density of (1) 160, (2)
280, (3) 470, (4) 660 atoms per nm2. The Si and Pt Yoneda positions
are indicated by the dashed white lines.

process. Figure 4.5 displays selected in situ 2D GISAXS patterns with Pt
surface densities (Pt loading) that correspond to the marked points on the
in situ XRF curve and the ex situ SEM micrographs, shown in Figure 4.3.
The GISAXS patterns show that the main scattering peak increases in in-
tensity as a function of the Pt loading and that the position of the max-
imum shifts to lower qy values and higher qz values. The shift in qy to
lower values indicates an increase in the mean center-to-center particle
distance with higher Pt loadings due to nanoparticle coalescence. The qz
position of maximum scattering intensity (Yoneda peak) depends on the
critical angle of the scattering surface and is therefore dependent on the
material density of the scattering volume. The dashed white lines in Fig-
ure 4.5 mark the expected Yoneda positions for a Si and Pt surface. It is
clear that the Yoneda peak in the pattern starts at the position for a Si
surface, as expected by the low Pt loading on the surface. Increasing the
Pt loading results in a shift of the Yoneda peak position towards the ex-
pected value of Pt, due to the fact that the average density of the scattering
volume increases with Pt loading. Both shifts in the position of the main
scattering peak are consistent with the growth and coalescence behaviour
of the Pt particles, as seen in the ex situ SEM micrographs (Figure 4.3b).
In addition to the shift of the main scattering peak, secondary scatter-
ing maxima and minima appear above the main peak with increasing Pt
loading and shift towards lower qz values. This indicates that the mean
particle height increases as a function of the Pt loading. Finally, the arc-
like features that can be observed in the out-of-plane scattering recorded
at ALD cycles 32 and 46 (respectively, patterns 1 and 2 in Figure 4.5) can
be associated with a spheroidal particle shape.[6,26]

Figure 4.5 shows the 2D scattering patterns for selected Pt loadings,
which allows for a quick qualitative assessment of the surface morphol-
ogy. However, further analysis is required to obtain quantitative informa-
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tion about the evolution of the scattering features as a function of the Pt
surface density. As a first step towards quantitative analysis, horizontal
and vertical cuts were taken and plotted in a 2D colour map as a function
of the Pt surface density.

The horizontal cuts were taken at the qz position of maximum inten-
sity of the main scattering peak and are shown in Figure 4.6a. The solid
black line indicates the evolution of the first maximum and its data points
are displayed in Figure 4.6b. As detailed in Figure 4.4c, the qy,max position
starts around 0.6 nm-1, increases during the first 6 ALD cycles to 0.85 nm-1,
and then smoothly shifts to lower values. The qy,max position is related to
the mean center-to-center distance between the Pt particles and the corre-
sponding real space value is shown in the insert of Figure 4.6b. This again
shows that after an initial decrease of the inter-particle distance it gradu-
ally increases, indicating that after nucleation and reaching the saturated
particle coverage the scattering centra are spaced further apart with every
consecutive ALD cycle, due to coalescence of the Pt particles.

A second scattering feature appears after roughly 22 cycles (∼80 Pt
atoms/nm2) and upon its appearance gradually shifts to lower qy val-
ues. This behaviour is also present for the minimum position between
both maxima, as can be seen in Figure 4.6c and by the dashed line in Fig-
ure 4.6a. This minimum is a feature of the form factor of the particles. As
the horizontal scattering features give information about the in-plane di-
mensions, the change in the position of this minimum is related to the
size of the particles and can be used to deduce an approximate value for
the mean particle radius. Simulations of the form factor of full spheroids
and hemi-spheroids with a range of relevant particle widths and heights
were performed to obtain a relation between the qy,min value and the par-
ticle radius, which gave the following relation: radius = 4.4/qy,min (see
Supporting Information). The estimated values for the particle radius are
displayed in the insert of Figure 4.6c. This shows that the mean radius of
the particles keeps increasing as a function of the Pt loading, which is to
be expected from the ex situ SEM images. The coloured numbers and ar-
rows correspond to Pt loadings that are marked on the XRF curve and the
SEM micrographs in Figure 4.3.

The vertical cuts were taken at the qy position of maximum intensity
for the main scattering peak and are shown in Figure 4.7a; the Si and Pt
Yoneda positions are marked. The evolution in qz position of the main
scattering peak is displayed in Figure 4.7b. It is clear that the maximum
intensity in qz starts at the position for the Si Yoneda and by increasing
the Pt loading it shifts towards the position that is expected for a bulk
Pt surface, showing an abrupt transition around a surface density of 250
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Pt atoms per nm2. Comparing the ex situ SEM micrographs (Figure 4.3b)
before (1) and after (2) this transition show a large difference in morphol-
ogy for the Pt particles. Before the transition (Figure 4.3b-1) the particles
can still be considered isolated and isotropic in shape. After the transition
(Figure 4.3b-2) the particles are merging and form elongated, worm-like
structures. The abrupt shift in the qz,max position seems to coincide with
a change in the morphology of the Pt particles. For high Pt loadings, the
SEM micrographs reveal a morphology that can be considered as a Pt thin
film with gap-like voids.

After a few ALD cycles secondary vertical scattering maxima appear,
marked in Figure 4.7a by the solid black lines. The minima between two
adjacent maxima are marked by the dashed black lines. These maxima
gradually shift towards lower qz positions with increasing Pt surface den-
sity, indicating that the deposited Pt particles are increasing in height. The
average distance between two adjacent maxima or minima is taken and
plotted in Figure 4.7c. By using the approximation H = 2π/ < ∆qz > it
is possible to estimate the mean height (H) of the deposited film, the cor-
responding values are shown in the inset of Figure 4.7c. Based on these
results the obtained final thickness of the Pt layer was ∼13 nm.

After 100 ALD cycles the deposition was stopped and the sample was
characterized using X-ray reflectivity (XRR) and SEM, see Figure 4.8. The
SEM image shows the worm-like structure of the deposited Pt layer. A
thickness of 12.1 nm and roughness of 1.2 nm was obtained from the XRR
fit, matching closely with the calculated final thickness from the GISAXS
measurements (Figure 4.7c).

4.2.4 Strategy for analysing the GISAXS patterns

4.2.4.1 Geometrical model for "fast analysis" of GISAXS patterns

As outlined in the previous section, estimations for the mean particle
height and width, and mean inter-particle distance can be deduced by
evaluating the minima and maxima in the horizontal and vertical line pro-
files taken at the maximum intensity of the 2D GISAXS patterns. This ap-
proach is considered a “rapid” or “fast” data analysis.[24] Inspired by the
work of Schwartzkopf et al.[26], we use this “fast” analysis as a basis for a
simplified geometrical model that captures the essential parameters of the
particle morphology on the sample, such as the average particle height,
radius, and center-to-center distance, and is accurate enough to quickly
determine changes in the morphology of the Pt particles during the initial
stages of the ALD process, i.e. before agglomeration leads to wormlike fea-
tures. In this model, the particles are modelled as full spheroids, without
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Figure 4.8: Ex situ characterization after 100 cycles of Pt ALD. X-ray reflectivity
pattern with fit to the data, the fitted thickness is equal to 12.1 nm. The
SEM image has a width of 500 nm.

size distribution, on a regular 2D lattice. The average particle dimensions
are derived from the above mentioned “fast” data analysis, i.e. the aver-
age particle height (H = 2π/∆qz) and radius (R = 4.4/qy,min), but takes
into account a deviation for the inter-particle spacing based on the in situ
recorded XRF data. Indeed, while a common approach to estimate the
center-to-center distance D is to use the approximation D = 2π/qy,max, of-
ten large discrepancies are observed with values obtained from real space
TEM imaging, because the GISAXS intensity is governed by the interplay
between the interference function and the form factor. Due to the latter,
the observed qy,max peak position does not exactly correspond to the max-
imum of the interference function. The limitations of the approximation D
= 2π/qy,max in our data become clear in Figure 4.9b, where the Pt surface
density is calculated based on the estimated values for the average particle
height, radius, and center-to-center distance. The mismatch between the
measured Pt surface density by XRF (black squares) and the calculated Pt
surface density with the geometrical model (open circles) can be attributed
to a deviation in the estimated value of the center-to-center distance from
its real value. Therefore, an alternative approach was developed, for which
the XRF Pt surface density is used as the input for calculating the value
of the center-to-center distance. In this approach the H, and R values (Fig-
ure 4.9c, black triangles) are determined from the GISAXS pattern using
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Figure 4.9: (a) Schematic representation of the particle geometry and distribution,
as assumed in the geometrical model for "fast analysis". (b) Pt surface
density versus ALD cycles, measured by XRF (black squares), calcu-
lated from extracted H, R, and D values from "fast" GISAXS line pro-
file analysis (circles), and extracted from "full" GISAXS simulations
(open red squares). (c) Average particle height H (upward triangles)
and width 2R (downward triangles) as a function of ALD cycles (top x-
axis) and Pt surface density (bottom x-axis). The full black symbols are
extracted from the line profile analysis and the open red symbols origi-
nate from simulations. (d) Average particle center-to-center distance D
as a function of ALD cycles and Pt surface density, calculated from the
proposed geometrical model (black circles) and extracted from GISAXS
simulations (open red circles). The 2π/qy,max values extracted from
GISAXS line profiles are plotted as open black circles. The input and
output values for the GISAXS simulations are displayed in Table 4.1.
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the “fast” data analysis and the following relation is used to determine
the center-to-center distance D:

D =

√
2
3

πR2H
66.24 atoms / nm3

SPt
(4.1)

with SPt the Pt surface density and 66.24 being the number of Pt atoms
that are present in a cubic nm of bulk Pt. As will be discussed in the
next section, simulation results (open red symbols in Figure 4.9) confirm
that this approach is more reliable than the common approach of using
the approximation D = 2π/qy,max to estimate the center-to-center distance.
Note that Figure 4.9c suggests that the initial nuclei have an aspect ratio
close to 1:1, marked by a similar mean particle width and height. With
increasing Pt loading, the mean particle width increases faster than the
mean particle height, pointing towards lateral growth of the nanoparticles,
giving rise to laterally elongated particles.

4.2.4.2 Simulation of GISAXS patterns

The purpose of the simple geometrical model is to quickly extract param-
eters for the average particle height, radius, and inter-particle distance
from the quasi real time feedback of the particle morphology during the
experiments. However, validation of this model is required by simulat-
ing full 2D GISAXS patterns and demonstrating that good agreement is
achieved with the experimental patterns. In the next paragraphs we de-
scribe a step-by-step approach that we applied to model the nanoparticle
shape, dimensions, and spacing and obtain reasonable agreement between
data and simulation (see Supporting Information for a schematic repre-
sentation of the analysis approach). The parameters extracted from the
simplified geometrical model (full black symbols in Figure 4.9b-d, with
values for D determined by Eq. 4.1) served as initial input parameters for
the simulations, which required only slight optimization during the sim-
ulation procedure, yielding the data depicted by the open red symbols
in Figure 4.9b-d as the simulation output. The optimized H and R values
only differ slightly from the initial input parameters, and the optimized
average center-to-center distance D does not differ much from its initial in-
put value. This provides a good indication that the proposed geometrical
model is a physically relevant model that yields valuable information on
the evolution of the average particle height, radius and center-to-center
distance during the ALD process, without the complexity of a full 2D
GISAXS simulation.
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Figure 4.10: Experimental (black data points) and calculated (red curves) horizon-
tal (top) and vertical (bottom) line profiles of the GISAXS patterns
obtained after 22 (a), 32 (b), and 42 (c) ALD cycles. The dashed red
curves used the H, R, and D values extracted from the geometrical
model as input for the calculations. The full red curves used opti-
mized values for H, R, and D. The line profiles for 12 ALD cycles are
displayed in the Supporting Information. All input parameters for the
simulations are listed in Table 4.1.

ALD XRF Geometrical model Optimized values (simulations)

cycle at./nm2 Hi 2Ri Di ωi Ho 2Ro Do ωo at./nm2

22 83.14 4.50 5.89 8.06 3.22 4.9 5.6 8.06 3.22 82.04

32 159.42 5.62 8.60 9.51 3.80 6.3 7.6 9.51 3.80 139.55

42 245.86 6.82 11.36 11.15 4.46 7.8 10 11.4 4.56 208.16

Table 4.1: Morphological parameters used for the line profile simulations in Fig-
ure 4.10. Hi, 2Ri and Di (in nm) were extracted from the geometrical
model. The simulations used a model consisting of spheroid particles
without size distribution on a regular 1D lattice with loss of long-range
order described by the disorder parameter ω = 0.4 D. Ho, 2Ro and Do
are the optimized parameters.
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The optimization of the initial input values is illustrated in Figure 4.10.
It shows the experimental (black data points) and simulated (red curves)
line profiles of the GISAXS patterns recorded at 22, 32, and 42 ALD cy-
cles. The line profiles for 12 ALD cycles can be found in the Supporting
Information. The form factor was calculated for full spheroids without
size distributions. The interference function was described by the mean
correlation length D and a Gaussian distribution function with disorder
parameter ω. The shape of the main scattering peak in the horizontal line
profiles was found to be well reproduced for an ω value equal to 0.4 D.
Simulations with the initial average H, R and D values extracted from the
geometrical model yielded the dashed red curves as output. The obtained
curves are able to decently reproduce the maxima and minima of the hor-
izontal line profiles (top panels), although their qy positions are slightly
underestimated. For the vertical line profiles (bottom panels), it is only
possible to reproduce the first profile (a), for the other profiles the num-
ber of minima and maxima is reproduced but their position is shifted to
higher qz values, indicating that the input underestimates the height of
the particles. Better agreement can be obtained after optimizing the ini-
tial H, R, and D values (solid red curves). It is clear that the used input
parameters already yield a decent simulation of the line profiles and that
optimizing the input values does not lead to significant changes in the
relevant parameters H, R and D (Table 4.1).

After optimizing the main parameters (H, R, D, ω) based on 1D line
profiles, the next step concerns the simulation of the entire 2D GISAXS
images. During this task, it became clear that the inclusion of two par-
ticle shapes in the average form factor is needed to obtain a good re-
production of the intensity distribution of the scattering features in the
2D GISAXS patterns. For illustration, Figure 4.11 shows the experimental
GISAXS image of ALD cycle 32 (a) together with three simulated patterns,
assuming different particle shapes (b-d). The experimental pattern shows
a main scattering maximum with several secondary scattering features
along the qz and qy directions. In addition, there is an incomplete semi-
circle present that is connecting the first secondary maxima and a diffuse
background for higher qy and qz values. Full spheroids and half spheroids
were mainly considered as possible particle shapes to describe the Pt par-
ticles, cylindrical shapes and rectangular cuboids were excluded based on
the overall shape of the measured GISAXS patterns (see Supporting infor-
mation). The first semi-circular shape is reproduced when full spheroids
are used (Figure 4.11b). However, the dip in scattering intensity around
qy = 1.0 nm-1, qz = 1.5 nm-1 is not simulated and the higher order semi-
circle is too distinctly present in the simulated pattern. While the dip in
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scattering intensity is reproduced when half spheroids are used as the
particle shape (Figure 4.11d), it does not reproduce the diffuse arc-like
background scattering. The best correspondence to the particular scatter-
ing features is obtained when combining both particle shapes in a 1 to 1

ratio, see Figure 4.11c. Both particle types are assumed to have the same
average particle height and width. Therefore, both particle shapes yield
the same volume per particle and this means that the previous manner to
calculate D (Eq. 4.1) can be used to ensure that the simulated surface has
the same amount of Pt as is experimentally determined from XRF.

While the main features of the GISAXS pattern are now reproduced
and the introduction of two particle shapes already smooths out the line
profiles, the intensity of the minima in the simulated line profiles does

Figure 4.11: Experimental (a) and simulated (b-d) 2D GISAXS patterns, obtained
at 32 ALD cycles. The assumed particle shapes for the calculations
are schematically represented in the top right corner of the images.
Horizontal (e) and vertical (f) line profiles of the experimental (black
data points) and calculated (red curves) GISAXS patterns. The profiles
were given an offset for clarity. The morphological parameters used
for the simulations were extracted from the optimized line profile sim-
ulations in Figure 4.10: H0 = 6.30 nm, 2R0 = 7.60 nm, D0 = 9.51 nm, ωo
= 3.80. No size distributions are taken into account.
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not fully coincide with the experimental data points, see Figure 4.11e-f,
due to the fact that no size distribution was assumed for the Pt particles.
Therefore, the complexity of the particle model is further increased by im-
posing size distributions on the particles to improve agreement between
simulation and experiment. Good agreement is obtained by assuming a
Gaussian distribution with relative width 0.05 for the particle aspect ratio
H/R and a lognormal distribution for the particle radius R. The same
size distributions are used for both particle shapes in the model (full
spheroids and half spheroids). Simulations with variation in the radius
distribution width, parameterized by the geometric standard deviation
σ, are displayed in Figure 4.12 for the GISAXS pattern obtained after 32

ALD cycles. Figure 4.12a shows the experimental GISAXS pattern while

Figure 4.12: Experimental (a) and calculated (b-d) 2D GISAXS patterns, obtained
at 32 ALD cycles. The particle radius distributions are varied for the
simulated patterns and are represented in the top right corner of the
images. Horizontal (e) and vertical (f) line profiles of the experimental
(black data points) and calculated (red curves) GISAXS patterns. The
profiles were given an offset for clarity. The morphological parame-
ters used for the simulations were extracted from the optimized line
profile simulations in Figure 4.10: H0 = 6.30 nm, 2R0 = 7.60 nm, D0 =
9.51 nm, ωo = 3.80.
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(b-d) represent the simulated patterns with different radius distributions,
which are depicted in the inserts. Figure 4.12e-f show the simulated hori-
zontal and vertical line profiles (red curves) compared to the experimental
line profiles (black data points). It is clear that using a size distribution re-
sults in further smoothing of the 1D line profiles. Based on the simulated
line profiles (Figure 4.12e-f) the radius distribution with σ = 1.05 yields
the worst fit to the experimental data and σ = 1.15 the best fit to the ex-
perimental line profiles. It is instructive to compare these particle radius
distributions with the one extracted from the SEM image (Figure 4.3a), see
Supporting Information. This comparison supports the mean R value that
is obtained from the GISAXS analysis, but indicates that the distribution
with a σ value of 1.30 (Figure 4.12d) corresponds best to the real size distri-
bution, while its simulated line profiles do not fit as well as the simulation
result using σ = 1.15 (Figure 4.12c). The reason for this mismatch is that
there are some limitations when simulating GISAXS patterns, such as the
assumption of the particle shapes and ratios between the particle shapes.
In this case a one to one ratio of full and half spheroids is assumed while
the real sample may have a different ratio. Nonetheless, good agreement
between experiment and simulation can be achieved, without requiring
large changes to the initial input parameters. This indicates that the pro-
posed geometrical model can be used for a quantitative assessment of the
2D GISAXS images that are obtained during the Pt ALD process.

4.2.5 Effect of precursor dose on the Pt nucleation

The previous sections provided insights into how in situ recorded XRF
signals and scattering patterns, in particular the q positions of the minima
and maxima in the patterns and line profiles, can provide information on
the morphological parameters during the ALD process. In this part of the
chapter, the in situ XRF and GISAXS methodology is used to study the
influence of the precursor dosing on the Pt nucleation and island growth
mode. Generally, in the steady growth regime of ALD processes the sur-
face reactions are in saturation, provided that a sufficiently large precursor
dose is applied, which is determined from saturation experiments. Using
a precursor exposure that is larger than the saturation exposure has no
effect on the growth, instead it results in waste of the excess precursor.
However, surface reactions of a different nature are taking place during
the nucleation and island growth regime, and the precursor dose obtained
from typical steady growth saturation experiments may not lead to satura-
tion of these initial surface reactions. As a result, increasing the precursor
exposure beyond the point of saturation for steady growth can have an in-
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Figure 4.13: (a) Pt surface density as a function of ALD cycles for three experi-
ments using different Pt precursor dose modes. RBS was used to cal-
ibrate the in situ XRF data. (b) Detail of the nucleation stage. The
dotted horizontal lines correspond to the Pt loadings for which the in
situ GISAXS patterns are shown in Figure 4.14

fluence on the growth and deposition rate (number of Pt atoms deposited
per cycle),[1] motivating the study presented below.

Two experiments were performed, using either a pump mode or static
mode precursor exposure. During pump mode the ALD chamber is ac-
tively pumped during the precursor exposure and the pressure (precursor
and argon) in the chamber reaches 6×10−3 mbar. To perform an exposure
in static mode, the valve between the ALD chamber and turbomolecular
pump needs to be closed. This is followed by precursor injection, until the
pressure (precursor and argon) in the chamber reaches 1 mbar. It should
be noted that both these precursor doses yield saturated growth in the
steady regime, as verified by saturation experiments on sputtered Pt thin
films.[27,28] The Pt surface density as a function of the number of ALD
cycles for these experiments is displayed in Figure 4.13a. As seen in the
zoom of the first 25 ALD cycles (Figure 4.13b) the static mode results in
a higher deposition rate (number of Pt atoms per cycle) during the nucle-
ation regime than the use of pump mode exposures. For larger Pt loadings,
the XRF curves follow the same trend, so the deposition rate becomes sim-
ilar. To investigate whether the precursor dosing mode only has an effect
on the amount of Pt that is deposited per cycle during the formation of
the initial nuclei or also during the coalescence and growth stage, a mixed
experiment (green triangles) was performed during which the first 4 ALD
cycles used static mode precursor exposures and the following cycles used
pump mode precursor exposures. In this combination experiment the nu-
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cleation occurs faster due to the first 4 ALD cycles that use static exposures
modes. However, after these initial cycles the amount of Pt atoms that is
deposited per cycle is lower than for the purely static mode experiment.
Thus the effect of the used precursor exposure on the Pt deposition per
cycle extends further than these first 4 ALD cycles.

The difference in nucleation behaviour between static and pump mode
might also induce a difference in morphology of the Pt particles on the
surface. As the GISAXS patterns reflect the specific morphology on the
surface, comparing them for the different exposure experiments will high-
light the differences in morphology of the Pt particles. Comparing the dif-

Figure 4.14: In situ measured 2D GISAXS patterns for Pt surface densities of ∼15,
∼45, ∼120, ∼185, ∼225 Pt atoms per nm2 during three experiments,
using different Pt precursor dose modes: (a) static mode, (b) pump
mode, and (c) static mode during the first 4 ALD cycles, followed
by pump mode. The number of performed ALD cycles to obtain the
GISAXS pattern is labelled in every pattern. Horizontal and vertical
cuts of these patterns are compared in the Supporting Information.
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ferent experiments as a function of ALD cycles leads to different GISAXS
patterns for all experiments (see Supporting Information), which is to be
expected since the same number of ALD cycles will not lead to similar
Pt loadings for the different experiments. Therefore, it is more relevant to
compare the GISAXS patterns of the three experiments for similar Pt sur-
face densities, see Figure 4.14. Each row represents a different experiment
and the columns show patterns that represent similar Pt surface densities
on the surface for the three experiments. The vertical and horizontal line
profiles of these GISAXS patterns can be found in the Supporting Infor-
mation. From these GISAXS patterns and line profiles it is clear that a
similar Pt loading leads to a similar scattering pattern, regardless of the
used exposure mode. This is a clear indication that the surface morphol-
ogy is not significantly influenced by the deposition rate and the exposure
mode that is used during the process. This observation can be linked to
the effect of surface mobility that plays an important role on the mor-
phology of the Pt particles that are formed on the surface. As highlighted
before, the GISAXS pattern sequence clearly shows a continuous shift of
the main scattering peak towards lower qy values during the Pt deposi-
tions. This shift can only be explained by a continuous diffusion-driven
coalescence.[26,29] Remarkably, it seems that during the deposition at a
substrate temperature of 300

◦C and for an O2-based reactant the parti-
cle morphology is dominated by surface diffusion and completely deter-
mined by the loading. Further tuning of the morphology is possible by
post-deposition annealing,[30] which causes sintering of the particles, or
using another co-reactant during the deposition.[6]

4.3 discussion

4.3.1 Particle nucleation

Information about the behaviour of the Pt particles during the nucleation
stage can be obtained by analysing the evolution of the main scattering
peak during the initial ALD cycles. A theoretical monolayer of Pt is only
obtained after 10 ALD cycles. During these initial ALD cycles the resulting
GISAXS pattern does not exhibit secondary maxima and minima for the
observable reciprocal q-space, which makes it very difficult to accurately
obtain a value for the average particle height and radius. While the center-
to-center distance estimated from the relation D = 2π/qy,max overestimates
the distance, though only slightly for low Pt loadings (see simulation for
12 ALD cycles in Figure 4.9), the evolution of the main scattering lobe can
still provide information about the particles that are deposited. After the
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main scattering peak appears it shifts to higher qy values during the first
6 ALD cycles, indicating a decrease of the mean particle distance and an
increase in the number of deposited nuclei on the surface. This is followed
by a shift to lower qy values after the 6

th ALD cycle, indicating that there is
a critical or saturated particle coverage that cannot be exceeded. The data
gives an estimated saturated particle density of N∼1.8×1012 nuclei/cm2

after 6 ALD cycles, which is followed by an increase in the center-to-center
distance indicating a reduction in the number of scattering nuclei due to
coalescence. After the saturated coverage is achieved small clusters will
rather fuse with existing islands instead of forming new stable nuclei. At
the end of the nucleation stage, at ca. 12 ALD cycles, the analysis yields
Pt clusters of a size of ca. 3 nm with an aspect ratio of 1:1 and a center-to-
center spacing of ca. 7 nm.

4.3.2 Particle growth and coalescence

After reaching the saturated particle coverage the main scattering peak
keeps shifting towards lower qy and higher qz values with every GISAXS
measurement and secondary maxima and minima start to appear, which
can be used to estimate the particle radius and particle height. The ap-
pearance of secondary maxima and minima on the main scattering peak
and their shift to lower qz values correlates to an increase of the parti-
cle height with every ALD cycle. The shift in qy of the main lobe indicates
that the center-to-center distance increases with every ALD cycle, which is
also obtained from the geometrical model (Figure 4.9d). The evolution of
the horizontal secondary maxima and minima indicates that the radius of
the particles increases with every ALD cycle and it seems that the particle
width increases faster than the particle height. All this is consistent with
the growth and coalescence of the Pt nanoparticles. Generally, one can
distinguish two main coalescence mechanisms, a static and a dynamic co-
alescence mechanism.[24,31–33] A static coalescence mechanism means that
the formed nuclei grow until neighbouring islands start to touch, which
leads to merging of the islands into a larger particle geometry. On the
other hand, dynamic coalescence involves the diffusion and adsorption
of adatom clusters or small particles, and can result in a laterally elon-
gated particle geometry when the supply of material from the gas phase
is smaller than the supply via migrating surface species and clusters.[26]

The in situ GISAXS data indicate that the Pt ALD process using O2 as
a co-reactant is governed by a dynamic growth and coalescence mecha-
nism. The end of the nucleation stage – where the model yields ca. 3 nm
wide Pt islands at a center-to-center spacing of ca. 7 nm, leaving a gap
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of ca. 4 nm between neighboring particles – is immediately followed by a
continuous increase in center-to-center distance and hence a decrease in
particle areal density. This can only be explained by diffusion-driven par-
ticle coalescence. Hence, our in situ GISAXS and XRF method provides a
powerful way to probe surface mobility during the nucleation and island
growth stages of ALD processes and distinguish between static and dy-
namic particle growth and coalescence. Finally, as more Pt is added to the
surface the qz position of maximum scattering intensity shifts to larger val-
ues, towards the expected value of a Pt surface, due to the increase of the
average density of the scattering volume. This shift in qz exhibits a rapid
increase around a surface density of 250 Pt atoms per nm2 and based on
the ex situ SEM micrographs (Figure 4.3b) it coincides with a change in
the morphology of the Pt particles, transitioning from spherical shapes
to more worm-like particle shapes. Once these worm-like features appear
the Pt particles can no longer be approximated by spherical shapes and
the geometrical model is no longer used as more complex particle shapes
need to be assumed.

4.3.3 Influence of precursor dose

The standard precursor exposure mode in this work made use of a high-
exposure static pulse, which reached a pressure of 1 mbar during the ex-
posure. The influence of a low exposure mode, in pump mode with a pres-
sure of 6×10−3 mbar, was also investigated to study its influence on the
nucleation and island growth behaviour of the ALD process. The higher
exposure leads to faster nucleation of the Pt nanoparticles, which is seen
by the need of 20 ALD cycles to reach a theoretical monolayer of Pt with
the low exposure mode compared to 10 ALD cycles for the high exposure
mode. However, once the nucleation stage has ended both high and low
exposure modes lead to a similar growth curve, indicating that the differ-
ence for both exposure modes is mainly related to the nucleation process.
The combined exposure mode experiment shows that this nucleation stage
extends beyond the first 4 ALD cycles, because the growth curve after the
initial 4 cycles in this experiment starts to deviate from the purely high
exposure mode experiment. Next to its effect on the nucleation speed, the
use of different exposure modes might also influence the final morphol-
ogy of the deposited Pt particles. However, matching the GISAXS patterns
with similar Pt loadings from the different experiments shows that a simi-
lar Pt loading results in a similar scattering pattern and therefore a similar
particle morphology on the surface. The surface mobility of the Pt atoms
seems to drive the particles to a certain morphology, which depends on
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the Pt surface density. Therefore, at a substrate temperature of 300
◦C and

using oxygen as the co-reactant an important parameter to tune the mor-
phology of the Pt particles is the loading.

4.4 conclusion

We investigated the nucleation and growth behaviour of Pt ALD on planar
SiO2 substrates by combining in situ XRF and GISAXS measurements. A
simple geometrical model and fast analysis approach of the 2D GISAXS
patterns was used and its validity was verified by simulating the model
with the IsGISAXS software and comparing the results to the experimen-
tally obtained scattering patterns. This showed that the geometrical model
and initial input parameters obtained from the fast analysis provide a
good description of the Pt nanoparticles during the ALD process, before
they start coalescing in irregular shapes.

Analysis of the 2D GISAXS patterns during the nucleation stage indi-
cates that in the initial stage new nuclei are formed until a critical cover-
age is reached after 6 ALD cycles, estimated to be N∼1.8×1012 nuclei/cm2

which is in agreement with expected values from literature. Additional
ALD cycles lead to an increase in the center-to-center distance of the par-
ticles, indicating a reduction in the number of scattering nuclei due to
diffusion-driven coalescence. After this point the center-to-center distance
keeps increasing, as does the particle radius and height. For a coverage
above 250 Pt atoms per nm2 the ex situ SEM micrographs reveal that the
Pt particles coalesce into irregular shapes, which coincides with an abrupt
increase of the qz position of the scattering maximum in the 2D GISAXS
pattern towards the expected qz position of a pure Pt surface.

Finally, the effect of a lower precursor exposure during the ALD pro-
cess is investigated. Using a lower precursor exposure results in a remark-
ably slower nucleation process. However, once the nucleation process is
finished both precursor exposures lead to similar slopes in the growth
curves. It was found that while using a larger precursor exposure leads
to remarkably faster nucleation it does not influence the particle morphol-
ogy, instead the morphology is determined by the Pt surface density that
is reached when oxygen is used as the co-reactant. These results prove that
combining in situ GISAXS and XRF measurements provides an excellent
experimental strategy to obtain new fundamental insights into the role of
deposition parameters on the morphology of Pt ALD depositions.
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4.5 supporting information

Figure 4.15: Input parameters used for the IsGISAXS simulations.

4.5.1 Geometrical model for fast analysis

In order to quickly analyse the 2D GISAXS patterns, a simplified ge-
ometrical model was developed to determine changes in the morphol-
ogy of the Pt particles that are deposited during the ALD process. The
model assumes that the Pt particles consist of full spheroids without a
size distribution and are placed on a regular 2D lattice. The average par-
ticle height and radius are obtained from a fast analysis of line profiles
taken from the in situ 2D GISAXS patterns, respectively, using the rela-
tions H = 2π/ < ∆qz > and R = 4.4/qy,min. The most common approach
to estimate the center-to-center distance is by using the approximation D
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Figure 4.16: The three steps involved in the GISAXS analysis approach to obtain
a full simulation of the measured GISAXS patterns, starting from a
simplified geometrical model.

= 2π/qy,max.[29] However, using this approach leads to a significant un-
derestimation of the Pt loading on the surface, as measured by in situ
XRF. The reason is that the GISAXS intensity is governed by the interplay
between the interference function and form factor of the particles that are
present on the sample. While the center-to-center distance can be obtained
from the interference function, in a GISAXS pattern the peak position orig-
inating from the interference function is shifted from its actual value by
the influence of the particle form factor and as a result estimating the
distance from the peak position of the first scattering lobe can lead to sig-
nificant deviations from the actual center-to-center distance.[29] Therefore,
we propose another approach, in which the GISAXS measurements are
combined with in situ XRF measurements to estimate the center-to-center
distance by using Equation 4.1. The Pt loading, obtained from the addi-
tional XRF data, can be used as an input value for the model to obtain a
value for the center-to-center distance. The validity of this approach is ver-
ified by using the input values to perform full-scale, detailed, simulations
of selected patterns using the IsGISAXS software. A first optimization of
the H, R, and D values does not cause significant change to the initial
input values, illustrating that the fast analysis method combined with the
XRF data can be used to obtain reliable values for the average particle
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properties. Further optimization by including other particle shapes, and
particle size distributions leads to an even better fit to the experimentally
obtained 2D GISAXS patterns. However, typically fully simulating such
patterns requires some computational time and it is generally not feasi-
ble to perform such calculations fast enough to provide accurate feedback
during the ALD process. The important aspect is that the simulation-free
geometrical model combined with the fast analysis approach provides suf-
ficiently accurate information about the properties of the particles without
resorting to time consuming full-scale 2D simulations of the experimen-
tally obtained GISAXS patterns.
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Figure 4.17: Form factor contribution for hemi-ellipsoids and full ellipsoids with H
and R values between 2-5 nm. The scattering contribution is expressed
as a function of qyR. The position of the first minimum lies close to the
qyR value of 4.4 for every line profile, which means that the particle
radius can be estimated by determining the qy position of the first
minimum along the qy direction in the GISAXS pattern and applying
the formula: R = 4.4/qy.
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Figure 4.18: Experimental (a) and calculated (b) 2D GISAXS pattern obtained at
12 ALD cycles. (c) Experimental (black data points) and calculated
(red curves) horizontal (top) and vertical (bottom) line profiles of the
GISAXS patterns obtained at 12 ALD cycles.

Figure 4.19: Experimental (a) and calculated (b,c) 2D GISAXS patterns obtained at
32 ALD cycles. The particle shapes assumed for the calculations are
schematically represented in the top right corner of the images.
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Figure 4.20: Particle size distributions, for the particle radius, obtained from the
sample of a sample with 32 Pt ALD cycles and simulated particle
size distribution with varying widths (σ = 1.05/1.15/1.30) of the log-
normal size distribution. The best match between the size distribution
from SEM and simulation is obtained for σ = 1.30.
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Figure 4.21: Experimental 2D GISAXS patterns obtained at 10, 20, 30, 40, 60 and
80 ALD cycles as measured in situ during three experiments using
different Pt precursor dose modes: (a) static mode, (b) pump mode,
and (c) static mode during 4 ALD cycles followed by pump mode.

Figure 4.22: Experimental horizontal (left) and vertical (right) line profiles of the
GISAXS patterns in Figure 14 obtained at surface densities of ∼15,
∼45, ∼120, ∼185 and ∼225 Pt atoms per nm2 as measured in situ dur-
ing three experiments using different Pt precursor dose modes: static
mode (black curves), pump mode (green curves), and static mode dur-
ing 4 ALD cycles followed by pump mode (orange).
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Part III

Aurum : shining dawn

"Yet dawn is ever the hope of men."
- J.R.R. Tolkien, The Two Towers





5
PA P E R I I I : P E - A L D O F G O L D

Gold as a bulk material
has found a widespread
use in jewellery, coinage,
and decorative pieces due
to its unreactive nature.
However, nanoparticulate
gold has very interesting
and useful catalytic and
optical properties. Certain
applications will require
the deposition of gold layers on complex 3D substrates, making atomic
layer deposition (ALD) an extremely useful method to deposit gold layers
on such demanding substrates. Therefore, over the past decades, there has
been a large drive to develop ALD processes to deposit metallic gold lay-
ers. However, metallic gold is extremely challenging to deposit by ALD:
only three gold ALD processes have been reported to this date,[1–3] al-
though many chemical vapour deposition (CVD) precursors exist to de-
posit gold.[4–8] This chapter will cover the third reported Au ALD process.
It is a plasma-enhanced atomic layer deposition (PE-ALD) process using
Me3Au(PMe

3
) in combination with H2 plasma. Gold films deposited with

this process have a high purity, low resistivity, a nanoparticulate morphol-
ogy, and are polycrystalline in nature. The process enables deposition of
ALD gold at a low temperature of 50

◦C, making it interesting for applica-
tions on temperature sensitive substrates, such as flexible electronics.[9–11]

The deposited films have an intrinsic nanoparticle structure, interesting
for heterogeneous catalysis[12–14] and plasmonic[15,16] applications.

This chapter was published as a research article in the journal: ACS Applied Materials and In-
terfaces, titled "Plasma-enhanced atomic layer deposition of nanostructured gold near room
temperature".[2] The image on this page is the original TOC-graphic, submitted with the pub-
lished article. Author contributions: M.V.D. designed the experiments, performed the ALD
depositions and thin film characterizations, analyzed and interpreted the results; M.B.E.G.
produced the precursors; A.R. performed free space Raman measurements and assisted in
analyzing the data; M.M.M. performed XPS measurements and assisted in analyzing the
data; E.S., J.F., R.K.R, and J.D. assisted in performing GISAXS measurements and J.D. as-
sisted in analyzing the data; S.C. and R.B. assisted in interpreting the Raman results; S.T.B.,
C.D. and J.D. assisted in designing the experiments and interpreting the results; M.V.D. pre-
pared the manuscript; All the authors contributed to revising the manuscript.
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5.1 experimental section

All atomic layer depositions were carried out in a home-built pump type
ALD reactor with a base pressure of 2×10−6 mbar.[17] Computer-controlled
pneumatic valves and manually adjustable needle valves were used to con-
trol the dose of precursor vapour and reactant gas. The Me3Au(PMe

3
) pre-

cursor (≥95 % purity) was synthesised using the method described in the
Supporting Information of the paper by Griffiths, Pallister, Mandia, and
Barry.[1] The precursor was kept in a glass container which was heated
to 50

◦C during deposition processes, and the delivery line was heated
to 55

◦C. Argon was used as the carrier gas during all deposition pro-
cesses. The flow of the carrier gas was adjusted to reach 6×10−3 mbar in
the chamber when pulsing. The precursor exposure during the ALD pro-
cesses were carried out by injecting the Me3Au(PMe

3
) vapour after closing

the gate valve between the turbomolecular pump and the reactor chamber.
By varying the injection time, the pressure during the pulse varied be-
tween 6×10−3 mbar and 5 mbar. After injection the precursor vapour was
kept in the ALD chamber for an additional 5 seconds before evacuating
the chamber. H2 plasma (20 % H2 in argon) was used as the reactant for
all depositions. Previously, some of the authors reported that using H2

gas or H2 plasma as the reactant in combination with the Me3Au(PMe
3
)

precursor does not lead to gold deposition. However, they used a low
concentration of H2 gas in comparison to the 20 % that was used in this
work, possibly explaining this different result. The H2 gas was introduced
through the plasma column mounted on top of the chamber and the flow
of H2 gas was limited by a needle valve to obtain a chamber pressure
of 6×10−3 mbar during all depositions. A 13.56 MHz RF generator (Ad-
vanced Energy, Model CESAR 136) and a matching network were used
to generate an inductively coupled plasma in the plasma column. For
all experiments a plasma power of 200 W was used and the impedance
matching parameters were adjusted to minimise the reflected power. A
H2 plasma exposure of 10 seconds was used before each deposition. The
used substrates were pieces of p-type silicon (100) with native or thermal
silicon oxide, or 10 nm sputtered gold films on p-type silicon (100). The
samples were mounted directly on a heated copper block. The tempera-
ture of the copper block was adjusted with a PID controller. The chamber
walls were heated to 100

◦C for all experiments, except for the experiments
to determine the temperature window, for those experiments the chamber
walls were heated to 50

◦C. This was necessary to allow the copper block
to be heated at temperatures below 80

◦C since it was not possible to use
active cooling of the copper block.
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Several ex situ measurement techniques were used to determine the
physical properties of the deposited Au films. X-ray diffraction (XRD) pat-
terns were acquired to determine the crystallinity of the deposited films.
XRD measurements were done on a diffractometer (Bruker D8) equipped
with a linear detector (Vantec) and a copper X-ray source (Cu Kα radia-
tion). Thickness determination via X-ray reflectivity (XRR) measurements
was done on a diffractometer (Bruker D8) equipped with a copper X-ray
source (Cu Kα radiation) and a scintillator point detector. However, be-
cause the gold ALD films were generally too rough for accurate thickness
determination with XRR, X-ray fluorescence (XRF) measurements were
used to determine an equivalent film thickness based on a calibration line
of sputtered gold films. The obtained standard deviation of the data points
from the obtained calibration line was multiplied by three and used as an
estimated error for each XRF measurement. The XRF measurements were
performed using a Mo X-ray source and an XFlash 5010 silicon drift de-
tector, respectively, placed at an angle of 45° and 52° with the sample
surface. An integration time of 200 s was used to acquire the fluorescence
spectra. X-ray photoelectron spectroscopy (XPS) was used to determine
the chemical composition and binding energy of the deposited films. The
XPS measurements were carried out on a Thermo Scientific Theta Probe
XPS instrument. The X-rays were generated using a monochromatic Al
source (Al Kα). To etch the surface of the deposited films an Ar+ ion gun
was used at an acceleration voltage of 3 keV and a current of 2 µA. An
FEI Quanta 200F instrument was used to perform scanning electron mi-
croscopy (SEM) using secondary electrons and energy-dispersive X-ray
spectroscopy (EDX) on the deposited films. Four point probe measure-
ments were performed to determine the resistivity of the deposited gold
films. Atomic force microscopy (AFM) measurements were performed on
a Bruker Dimension Edge system to determine the surface roughness of
the films. The AFM was operated in tapping mode in air.

To study the morphology of the gold nanostructures, ex situ Grazing-
Incidence Small-Angle X-ray Scattering (GISAXS) measurements were per-
formed at the DUBBLE BM26B beamline of the European Synchrotron Ra-
diation Facility.[18,19] The used energy for the X-ray beam was 12 keV, with
an incidence angle of 0.5°. The GISAXS patterns were recorded with a Dec-
tris Pilatus3S 1M detector, which consisted of a pixel array of 1043×981

(V×H) with a pixel size of 0,172×0,172 µm2 and a sample-detector dis-
tance of 4.4 m was used. The samples were measured in a vacuum cham-
ber, that had primary slits and a beamstop inside the chamber to reduce
scattering. For each GISAXS scattering pattern an acquisition time of 60 s
was used. Standard corrections for primary beam intensity fluctuations,
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solid angle, polarization, and detector efficiency were applied to the col-
lected images. The IsGISAXS software was used to perform the data anal-
ysis of the GISAXS scattering patterns, a distorted-wave Born approxima-
tion was used and graded interfaces were assumed for the perturbated
state caused by the gold particles. A spheroid particle shape was assumed
with a Gaussian distribution for the particle size. The particle arrangement
on the surface was modelled using a 1D paracrystal model, i.e. a 1D reg-
ular lattice with loss of long-range order. Initial input parameters for the
simulation were obtained from the 2D scattering data, by taking horizon-
tal (qy) and vertical (qz) line profiles at the position of the main scattering
peak. The maximum in the horizontal line profile gave information about
the mean center-to-center particle distance, while information about the
particle height was obtained from the minima and maxima observed in
the vertical line profile. The input parameters for the simulation were re-
fined until a decent agreement between experiment and simulation was
obtained.

In order to determine the surface enhancement of the deposited gold
films free space surface enhanced Raman spectroscopy (SERS) was per-
formed on several samples. A monolayer of 4-nitrothiophenol (pNTP, ob-
tained from Sigma-Aldrich) was used as an analyte that selectively binds
to the gold surface using a Au-thiol bond. The SERS samples were thor-
oughly rinsed with acetone, isopropanol, and dionised water and dried
using a N2 gun. This was followed by a short O2 plasma exposure, using a
PVA-TEPLA GIGAbatch, to remove remaining contaminants and enhance
the binding. The SERS samples were then immersed in a 1 mM pNTP so-
lution for three hours. Finally the samples were extensively rinsed using
ethanol and water to remove unbound pNTP molecules. The number of
adsorbed pNTP molecules on the different samples was estimated based
on Au surface area calculations and the reported pNTP density value on
Au (see Supplementary Information). A commercial confocal Raman mi-
croscope (WITEC Alpha300R+) was used to perform the Raman measure-
ments. A 785 nm excitation diode laser (Toptica XTRA II) was used as the
free space pump source. The laser was operated at a low pump power
of 0.2 mW to avoid burning or photo-reduction of the pNTP molecules.
High NA objectives (100x/0.9 EC Epiplan NEOFLUAR; ∞/0) were used
to excite the sample and collect the Raman signal. A 100 µm multimode
fiber was used as a pinhole connected to a spectrometer equipped with a
600-lpmm grating and a CCD camera cooled to -70

◦C (ANDOR iDus 401

BR-DD). All Raman spectra were acquired after optimising the 1339 cm-1

peak using a 1 second integration time.
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5.2 results and discussion

5.2.1 ALD properties

The reaction of the Me3Au(PMe
3
) precursor with H2 plasma was previ-

ously reported to not occur.[1] By using a higher vacuum and higher H2

concentration, this surface reaction was found to proceed in a self-limiting
manner. One of the properties of an ALD process is that both reactions
show self-limiting behaviour. The saturation behaviour of Me3Au(PMe

3
)

and H2 plasma exposures was investigated by determining the equivalent
growth per cycle (eqGPC, obtained by dividing the equivalent thickness
by the number of ALD cycles) on gold seed layers as a function of the
respective exposure time (Figure 5.1). The injection time for the precursor
was varied between 1 and 20 seconds, while the reactant exposure was
kept fixed at 20 seconds. Likewise, the exposure time of the reactant was
varied between 1 and 20 seconds, while the precursor injection time was
kept fixed at 20 seconds. The depositions were performed at a substrate
temperature of 100

◦C on silicon substrates coated with a thin sputtered

Figure 5.1: Equivalent growth per cycle as a function of the injection time and ex-
posure time for the Me3Au(PMe

3
) precursor (◦) and H2 plasma (2),

respectively, in the steady growth regime. Depositions were performed
on a gold seed layer at a substrate temperature of 100

◦C. 100 ALD cy-
cles were performed during each deposition to determine the eqGPC
value. The exposure time of the reactant was kept at 20 seconds during
the saturation experiments of the precursor. The injection time of the
precursor was 20 seconds during the saturation experiments of the re-
actant. The precursor exposure consisted of an injection time, that was
varied, followed by a fixed dwell time of 5 seconds.
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gold seed layer (10 nm). The gate valve between the reaction chamber and
the turbomolecular pump was closed during the precursor exposures. As
mentioned in the experimental section, the exposure time consisted of a
variable injection time, followed by a fixed dwell time of 5 seconds. As
a result of the varying injection time, the pressure during the precursor
exposure varied between 6×10−3 mbar and 5 mbar. As can be seen in Fig-
ure 5.1, saturation was achieved for Me3Au(PMe

3
) after an injection time

of 10 s and after an exposure time of 10 s for the H2 plasma, yielding an
eqGPC of 0.030±0.002 nm per cycle in the steady growth regime.

Pulsing the precursor on a gold substrate without any co-reactant re-
sulted in an eqGPC of 0.005 nm per cycle, implying a minor CVD com-
ponent for this ALD process. The monolayer of adsorbed precursor was
most likely not perfectly stable and underwent a very slow decomposition
to Au(0), forming additional adsorption sites for new precursor molecules.
Importantly, there was no deposition when exposing a silicon substrate to
only the precursor.

Test depositions under thermal conditions were performed using high
pressure H2 gas (20% H2 in argon at 25 mbar) instead of H2 plasma as the

Figure 5.2: The equivalent GPC as a function of the substrate temperature for two
Me3Au(PMe

3
) precursor injection times, 10 seconds and 20 seconds

with a dwell time of 5 seconds for both. An exposure time of 15 s was
used for the H2 plasma. Depositions were performed on a gold seed
layer. 100 ALD cycles were performed during each deposition to deter-
mine the eqGPC value. The error bars for the 10 s Au injection times
were omitted for clarity. Decomposition of the precursor occurs above
120

◦C.
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reactant. An injection time of 15 seconds and a dwell time of 5 seconds
were used for the Me3Au(PMe

3
) exposure (i.e. saturating conditions for

the PE-ALD process). On silicon substrates, these thermal test depositions
did not yield gold deposition in our ALD reactor. However, on gold seed
layers some deposition was achieved with an eqGPC equal to 0.005 nm
per cycle, likely originating from the above-mentioned CVD component
rather than a chemical reaction with the H2 gas.

The temperature dependence of the eqGPC for the PE-ALD process with
H2 plasma is shown in Figure 5.2. The eqGPC was determined for two pre-
cursor injection times, 10 seconds and 20 seconds, combined with a 15 s
H2 plasma exposure. Decomposition of the precursor occurred for sub-
strate temperatures above 120

◦C, as can be concluded from the increase
in eqGPC at 130

◦C and 140
◦C. While the decomposition remained lim-

ited for the lower injection time of 10 seconds, especially at 130
◦C, it was

severely increased for the 20 s injection time. On the other side of the tem-
perature curve, the growth rate remained constant when lowering the sub-
strate temperature. Moreover, over the whole 50

◦C to 120
◦C temperature

range, the eqGPC achieved with a 10 s precursor injection time was equal
to the eqGPC achieved for the 20 s precursor injection time. This confirms
saturation behaviour in this temperature range, implying that there is an
ALD temperature window from 50

◦C to 120
◦C. The lower temperature

limit of 50
◦C is equal to the temperature of the precursor bottle. Lowering

Figure 5.3: a) EDX spectrum taken of a gold coated piece of tissue paper. The
deposition was performed at a substrate temperature of 50

◦C. b) A
picture of the measured piece of paper, and c) a SEM image of the
sample (the image has a width and height of 1.1 µm.
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Figure 5.4: a) Equivalent thickness of gold as a function of the number of ALD
cycles performed on a silicon substrate (native oxide) for a substrate
temperature of 50

◦C and 120
◦C. Saturating conditions where used for

all depositions (i.e. a 15 s exposure time for both Me3Au(PMe
3
) and

H2 plasma). b) Top SEM micrographs for PE-ALD films deposited at
120

◦C. c) Top SEM micrographs for PE-ALD films deposited at 50
◦C.

the substrate temperature below the precursor bottle temperature may in-
duce condensation, leading to uncontrolled deposition conditions. On the
other hand, decreasing the precursor bottle temperature below 50

◦C gave
unreliable results in our setup, likely related to limited volatility of the
precursor at those temperatures. The 50

◦C lower limit of the temperature
window makes it possible to deposit gold on temperature sensitive materi-
als, such as textiles and paper; significantly extending the potential of Au
ALD compared to the previously reported processes.[1,2] This was verified
by depositing a PE-ALD gold film on a piece of tissue paper, at a sub-
strate temperature of 50

◦C. EDX measurements were performed on the
substrate and showed the presence of gold, as can be seen in Figure 5.3.
This shows that the reported process can be used to deposit gold films
on temperature sensitive substrates, which have potential applications for
flexible and wearable electronic devices.[9,10]

The growth of the process on silicon substrates, with native oxide and
thermal oxide, was investigated up to an equivalent thickness of 65.6 nm.
The PE-ALD depositions were carried out at a substrate temperature of
120

◦C, using saturating exposure times. The thickness of the depositions
as a function of the number of ALD cycles and the eqGPC as a function
of the number of ALD cycles are shown in the Supporting Information
(respectively, Figure 5.11a and Figure 5.11b). This latter plot reveals a con-
stant eqGPC when 400 cycles or more are applied. A similar value of
0.029±0.003 nm per cycle was obtained on both the native and the ther-
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mal SiO2 surface, which is in agreement with the eqGPC on gold seed
layers. The deviation of the eqGPC below 400 cycles is indicative of a nu-
cleation controlled growth mechanism on a silicon oxide surface. This is
not that surprising since metal ALD processes are often characterized by
the deposition of particles on oxide surfaces.[1,19,20] These particles coa-
lesce and ultimately form a closed layer when the amount of deposited
metal is sufficient. The equivalent thickness as a function of the number
of ALD cycles is displayed up to 800 cycles in Figure 5.4a for depositions
carried out at 120

◦C and 50
◦C. Ex situ SEM images of Au films deposited

at 120
◦C confirmed that this H2 plasma process is governed by an island

growth mode (Figure 5.4b). The ex situ SEM images of films deposited at
50
◦C also revealed that island growth occurs at this temperature. At both

substrate temperatures the mean particle size clearly increased with the
equivalent Au thickness and the general shape of the particles changed as
well. Initially, the particle shapes were mainly circular but with increasing
film thickness the particle shape became more irregular, attributed to the
coalescence of particles with progressing deposition. When the thickness
of the film was further increased worm-like structures were observed for
both cases which finally resulted in percolating films when sufficient ma-
terial was deposited. Here the threshold to form a percolating path on
the surface and obtain measurable in-plane electronic conductivity was
found to be different for both deposition temperatures. At 50

◦C percolat-
ing films were obtained at a thickness of 12.9 nm (a resisitivity value of
16.5±0.8 µΩ cm could be measured), while at 120

◦C even at a thickness
of 21.7 nm a percolating path was not yet obtained. As will be detailed in
the following section, even thicker layers were necessary to form a perco-
lating path on the surface. This shows that the temperature can have an
impact on the surface mechanisms dictating the nucleation behaviour for
this process.

A final characteristic that was evaluated for the developed Au ALD
process was the conformality of deposition on arrays of silicon micropil-
lars. The silicon micropillars had a length of 50 µm, a width of 2 µm, and a
center-to-center spacing of 4 µm, yielding an equivalent aspect ratio (EAR)
of 10. The EAR is derived from Monte Carlo simulations and is defined as
the aspect ratio of a hypothetical cylindrical hole that would require the
same reactant exposure to achieve a conformal coating.[21] A 15 second ex-
posure time was used for Me3Au(PMe

3
) and 10 seconds for the H2 plasma

exposures during the depositions, performed at a substrate temperature of
120

◦C. Using SEM and EDX measurements, the surface morphology and
Au loading were investigated along the length of the pillars (Figure 5.5).
The SEM images (Figure 5.5a) clearly show that Au was deposited on the
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Figure 5.5: SEM images and EDX signal of gold films, deposited on silicon pil-
lar structures (EAR = 10) at a substrate temperature of 120

◦C. a) SEM
images for three film thicknesses (as measured on a planar silicon sur-
face): 22.1 nm (800 cycles), 43.0 nm (1600 cycles), 68.5 nm (2400 cycles).
b) EDX signal ratio of the Au peak to the Si peak as a function of dis-
tance from the top of the pillar structure.
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entire substrate, also between the pillars on the bottom surface of the struc-
ture. Increasing the thickness of the deposited film resulted in larger parti-
cles and more irregular shapes, as expected from the SEM images on pla-
nar substrates in Figure 5.4b-c. The morphology of the gold layer changed
from being worm-like at the top of the pillar to smaller rounded parti-
cles near the bottom, suggesting that the amount of deposited gold on the
side walls decreased when going from the top of the pillar to the bottom.
To evaluate the Au loading, EDX line scans were taken at the height at
which the SEM images were taken and the ratio of the Au signal to the Si
signal is displayed in Figure 5.5b as a function of depth in the structure.
The data confirms that less gold was present on the side walls deeper in
the structure, in agreement with the SEM images. The most likely reason
for the non-ideal conformality is a too low H2 plasma exposure. Plasma
radicals are known to recombine due to surface collisions, thus limiting
the conformality,[22,23] in particular during metal ALD due to the larger
recombination rates on metallic surfaces.[24] Note that the SEM images vi-
sualising the bottom of the structure, between the pillars, revealed worm-
like features. This points to a higher Au loading on the area between the
pillars than on the bottom region of the pillars’ side walls. This can be
explained by the fact that the bottom of the structure was in direct line-of-
sight to the plasma, meaning that those surfaces received a larger direct
flux of H radicals than the adjacent walls. Though this ’bottom effect’ is of-
ten predicted by simulation models,[21] the results presented here provide
one of the few experimental examples. Overall, these initial depositions
show that it is possible to deposit gold films on 3D structures.

5.2.2 Physical properties and film composition

XRD measurements were performed on the deposited Au films to confirm
their metallic nature. The obtained XRD patterns for films deposited at
120

◦C and 50
◦C are respectively displayed in Figure 5.6a and Figure 5.6b.

The patterns showed that the films were polycrystalline, due to the pres-
ence of diffraction peaks from the Au(111) and Au(200) planes of the cu-
bic gold crystals. These diffraction patterns hint that the as-deposited Au
films are polycrystalline for all deposited thicknesses and for the full range
of the ALD temperature window.

The composition of the deposited gold films was investigated using XPS
measurements. Figure 5.7 shows the Au 4f, C 1s, O 1s, and P 2p spectra.
The sample was a silicon substrate on which 800 ALD cycles were per-
formed at 120

◦C, yielding an equivalent gold thickness of 21.7 nm. This
deposition temperature, at the higher limit of the temperature window,
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Figure 5.6: XRD patterns for deposited gold films with an equivalent thickness
between 1.6 and 21.7 nm. For all thicknesses the Au(111) and Au(200)
peaks are visible at 38.5° and 44.6°, respectively. The patterns were
given an offset for clarity. a) Films deposited at 120

◦C, b) films de-
posited at 50

◦C.

was purposefully selected for comparison with the previously reported
gold ALD processes.[1,2] XPS spectra were measured on the as-deposited
film (contaminated by air exposure) and after removing the contaminating
top layer by Ar sputtering in the XPS chamber. The surface composition
for both cases is given in Table 5.1. This shows that the grown films are
pure gold films with <1 atomic % carbon and oxygen impurities and no
phosphorous (below the detection limit, <0.1 atomic %) present in the
film, values that are clearly lower than obtained with the previous pro-
cesses (Griffiths, Pallister, Mandia, and Barry reported 6.7 atomic % car-
bon and 1.8 atomic % oxygen impurities in their films deposited at 120

◦C
and Mäkelä, Hatanpää, Mizohata, Räisänen, Ritala, and Leskelä reported
2.9 atomic % oxygen, 0.9 atomic % hydrogen, 0.2 atomic % carbon, and 0.2
atomic % nitrogen impurities in their films deposited at 180

◦C).[1,2] The
lack of phosphorous is a good indication that the P(CH3)

3
ligands are ef-

fectively removed during the ALD surface reactions. After removal of the
top layer of the film by argon sputtering an O1s peak remained with a
binding energy of 832.8 eV, which corresponded to SiO2. Therefore, the
likely origin of the O1s signal was the SiO2 layer of the substrate. Alterna-
tively, it is possible that minor oxygen contamination in the gold film orig-
inated from the glass tube of the plasma column, which may have been
slightly etched during the H2 plasma.[25] The SEM image of the 21.7 nm
thick gold film (Figure 5.4b) indicates that the film is not a closed layer
and therefore a silicon peak (99.4 eV) was expected, but a clear silicon 2p
peak is missing. Because the information depth of XPS is limited to 5 -
10 nm, the gold film was most likely blocking the silicon substrate from
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Figure 5.7: XPS spectra for a PE-ALD grown Au film deposited at 120
◦C with

an equivalent thickness of 21.7 nm. The signals are given for the as-
deposited film and after removing surface contamination by Ar sput-
tering. The Si 2p peak (99.4 eV) is not visible.

the detector’s line of sight. The Au 4f
7/2

peak is located at 84.1 eV, close to
the expected value of 84.0 eV indicating gold in the metallic state. Further-
more, the Au 4f region had spin-orbit peaks that were separated in energy
by the expected value of 3.7 eV.

While the deposited films had very few impurities and were crystalline,
films grown at 120

◦C are not fully closed films at a thickness of 21.7 nm,
as indicated by the SEM image in Figure 5.4b. The series of SEM images
reveals the evolution from isolated circular Au nanoparticles to larger co-
alesced worm-like structures. However, the latter do not form a conduc-
tive path on the surface. In order to measure the resistivity of the de-
posited gold films, a thicker film with an equivalent thickness of 65.6 nm
was deposited at 120

◦C on a silicon substrate and four point probe resis-
tance measurements were performed. For this film, a resistivity value of
5.9±0.3 µΩ cm was obtained. This value is a factor of 2.4 larger than the
bulk value of gold (2.44 µΩ cm) and comparable to the resistivity value re-
cently obtained for gold films grown by ALD using the Me2Au(S2CNEt2)
precursor (4.6 - 16 µΩ cm).[2] From the top SEM image of the gold film
(Figure 5.8a) it is clear that a percolating film was grown but there seem
to be voids present in the film. Figure 5.8b shows a cross section SEM im-
age on a cleaved edge of the Si substrate, allowing for a visual estimation
of the film thickness. The physical thickness varied between 62.0 nm and
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Au 4f C 1s O 1s P 2p

(atomic %) (atomic %) (atomic %) (atomic %)

Surface 95.5 3.4 1.1 <0.1

Sputtered 99.4 0.3 0.3 <0.1

Table 5.1: XPS concentrations of Au, C, O, and P of a PE-ALD grown Au film de-
posited at 120

◦C with an equivalent thickness of 21.7 nm. The atomic
concentration is given for the surface of the (air-exposed) as-deposited
film on the first row. On the second row the atomic concentration is
given after removing surface contamination from the sample by Ar sput-
tering in the XPS chamber.

78.1 nm, which is in reasonable agreement with the equivalent thickness
of 65.6 nm (obtained from XRF). Both images show that the deposited
films were very rough, with an RMS roughness value of 6.5 nm obtained
from AFM measurements (see Figure 5.12 in the Supporting Information
section). The reason for the higher resistivity, compared to the bulk value
of gold, is probably the very rough surface morphology and the presence
of holes in the film, lengthening the electrical path.

Figure 5.8: SEM images of a gold film (2400 cycles) deposited at 120
◦C on a Si

substrate with native oxide. The measured equivalent thickness via XRF
is 65.6 nm. a) A top SEM image showing a percolating film with the
presence of voids, b) Cross-section SEM image on a cleaved edge of the
Si substrate.
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5.2.3 Surface morphology and Raman

Due to the rough, void-filled nature of the gold films, we speculated that
these would be effective SERS substrates. Localized surface plasmon reso-
nances (LSPR) are needed for a substrate to exhibit SERS properties, and
creating very narrow (nanometer sized) gaps between regular nanostruc-
tures made out of Au or Ag is a common approach to create LSPR hotspots
on a substrate. The enhancement factor (EF) of the SERS signal scales with
the inverse of the squared gap-size (dg): EF ∼1/d2

g.[26] The gaps between
the PE-ALD deposited gold nanoparticles are of nanometer size, indicat-
ing that these can act as LSPR hotspots. To verify this, free space Raman
spectroscopy measurements were performed on a series of four PE-ALD
samples deposited at 120

◦C, with different gold loadings (Figure 5.4b).
The obtained Raman spectra and the calculated pump to Stokes conver-
sion efficiencies (Ps/Pp) are shown in Figure 5.9. The pump to Stokes con-
version efficiencies were based on the 1339 cm-1 Raman mode, using the
method described by Peyskens, Wuytens, Raza, Van Dorpe, and Baets.[27]

The thinnest sample (1.6 nm) did not show a decent Raman spectrum of
the pNTP molecule, while the other samples clearly did.[28] A stronger
Raman signal was observed with increasing equivalent thickness of the
PE-ALD gold film. This can also be seen by the trend for the Ps/Pp conver-
sion efficiencies, with the largest increase (x56) between the two thinnest
samples (1.6 nm and 4.2 nm).

To understand why a stronger Raman signal is measured for the higher
gold loadings it is necessary to determine the surface morphology of the
measured samples. Top view SEM images can provide information about
the mean particle diameter, gap-size, and coverage. SEM images were ac-
quired after the Raman measurement for each sample (Figure 5.10I) and
compared to the SEM images of the as-deposited samples (Figure 5.4b and
inserts in Figure 5.10I). This was done to see if the deposited gold nanopar-
ticles remained stable under the processing steps that were needed to bind
the pNTP molecules to the surface as well as the actual Raman measure-
ments. It is easy to see that the two thinnest samples (a and b) did not re-
tain their morphology. Instead, the gold nanoparticles agglomerated into
irregular clusters, leaving large gaps between the formed clusters. The
other two samples seemed to be stable, since no agglomerates of particles
appeared. The final SEM images were used to determine the mean parti-
cle diameter and gap-size. This was done by manually analysing a small
section of the SEM images (300 x 300 nm). The obtained values are tabu-
lated with their standard deviation in Table 5.2. These values indicate that
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the mean particle diameter increased with increasing gold loading and a
moderate increase was seen for the gap-size.

The SEM images give a top down view of the surface and do not con-
tain information about the height of the particles. Ex situ GISAXS mea-
surements were performed on the samples to determine the mean particle
height. The obtained 2D scattering patterns can be seen in the Support-
ing Information (Figure 5.13). Modulations on the main scattering peak,
along the qz direction, contain information about the mean particle height.
A line profile through the maximum of the scattering peak and along
the qz direction was extracted from each 2D pattern. The resulting pro-
files, together with their corresponding simulated line profiles, are dis-
played in Figure 5.10 II. The expected qz position of the scattering maxi-
mum (Yoneda peak) depends on the composition of the measured surface
and is marked on the line profiles for a silicon and a gold surface.[29–31]

The observed Yoneda peak started close to the expected value for a sil-
icon surface with low gold loading (on sample a) and progressed with
increasing gold loading towards the expected value for a pure gold sur-
face. The particle height can be estimated using the relation Hp = 2π∆q−1

z
where ∆qz is the distance between adjacent maxima or minima on the

Figure 5.9: a) Free space Raman spectroscopy measurements on gold films for dif-
ferent equivalent thicknesses, deposited at 120

◦C. The observed SERS
spectra originate from pNTP molecules bound to the surface. The spec-
tra were given an offset for clarity. b) The calculated pump to Stokes
conversion efficiency (Ps/Pp), based on the 1339 cm-1 Raman mode of
pNTP, as a function of the equivalent thickness of the gold film. Note
that the data points were not corrected for the number of adsorbed
pNTP molecules because the estimated amount was found to be simi-
lar for all samples (see Supporting Information).
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Sample (teq) dg (in nm) dp (in nm) Hp (in nm) Ps/Pp

a) 1.6 nm 9.6±4.6 13.2±2.9 11.02 9×10−12

b) 4.2 nm 9.2±4.1 19.9±4.2 17.51 5×10−10

c) 10.8 nm 10.4±4.1 36.8±9.2 23.49 2.5×10−9

d) 21.7 nm 12.7±4.5 54.4±17 (26.22) 8.7×10−9

Table 5.2: The equivalent thickness (teq), mean particle diameter (dp), gap-size (dg),
particle height (Hp), and pump to Stokes conversion efficiency (Ps/Pp)
for each sample. The standard deviation for the mean particle diameter
and gap-size are reported next to the tabulated values.

line profile. The distance between the maxima/minima of the line pro-
file decreased with increasing gold loading, which indicates an increase
in particle height for the samples with a higher gold loading. The line
profile of sample d) shows that the deposited gold layer was very rough,
since only one maximum can be clearly distinguished in the line profile.
For samples a), b), and c) the particle height was determined from the fi-
nal input parameters used for the simulation (Table 5.2). The shape of the
gold nanoparticles can be expected to resemble oblate spheroids, since the
height of the particles is smaller than the particle diameter. The GISAXS
pattern of sample d) was not simulated, due to the worm-like shapes of
the gold nanoparticles. An estimation for the particle height for sample d)
was obtained, by analysing the difference in the maxima’s position for the
line profiles of sample c) and d).

Figure 5.10III depicts the mean gap between particles (and particle en-
sembles) for each sample. The particle gaps on sample a) exhibited two
length scales, the distance between particle clusters and the distance be-
tween individual particles in those clusters. While the individual particles
had very small gaps between them it does not seem to benefit the Ra-
man signal. The gaps are either too small or the particles are merged at
their boundaries and do not contribute to the Raman signal. This leaves
interactions between the clusters which is clearly not sufficient to obtain a
decent enhancement. For sample b) the mean gap-size decreases slightly.
However, this cannot explain the large increase (x56) for the Raman signal,
compared to sample a). The average particle is larger, which can be one
factor that plays a role for the larger efficiency, as a size dependent effect
of the gold nanoparticles cannot be excluded.[32] This could mean that the
gold nanoparticles on sample a) are too small to exhibit a decent SERS
signal. However, the different morphologies of both samples most likely
play a larger role. For sample a) the particles have agglomerated and most
likely the particles in the clusters are merged, losing the very small particle
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Figure 5.10: (I) SEM images of the samples after the Raman measurements, the in-
serts represent the sample before binding pNTP to the Au surface. (II)
Vertical cut taken through the scattering maximum of the 2D GISAXS
pattern and the simulation result of the cut. (III) Schematic depiction
of the side view and top view of the mean particle gap on each sam-
ple.
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gap. The nanoparticles on sample b) have also agglomerated. However, in
this case the boundaries between particles are better defined. This means
that on this sample the small gaps between the particles are accessible for
the pNTP molecules and thus can contribute to the SERS signal.

Another possible cause for the difference in the obtained SERS signal
could be a difference in the number of adsorbed, and thus measured,
pNTP molecules on each sample. To investigate this we estimated the
number of measured pNTP molecules on each sample based on an esti-
mate of the accessible gold surface area and the reported adsorption den-
sity for pNTP on gold (see Supporting Information).[33] We found no sig-
nificant difference in the estimated number of adsorbed pNTP molecules
when comparing the 4 ALD samples. This suggests that a difference in the
number of measured pNTP molecules cannot solely explain the observed
differences in the SERS signal intensity.

For the two samples with the highest gold loadings, the mean gap-size
increased but the conversion efficiency also increased, while the increase
in gap-size is expected to decrease the SERS signal. However, for these
samples the coalescence of particles during the PE-ALD process starts to
have a visible effect on the shape of the gold nanoparticles. The parti-
cle shape starts to change from spheroids to more irregular shapes (e.g.
triangular, elongated spheroids, rods). On sample c), this results in the
formation of particles that have straight edges on them. The gaps between
particles start to have a structure that resembles a channel. Due to this,
the LSPR hotspots do not originate from the interaction of neighbouring
rounded particles but between the straight edges of the formed channels.
The straight edges of the channel will cause a more stable gap-size, along
the length of the formed channel, compared to the gap between round
particles. This increases the interaction volume where the LSPR hotspots
occur, which counteracts the increase in the gap-size. The largest gold
loading is present on sample d) and for this sample the gold nanoparti-
cles have coalesced even more than on sample c). The resulting nanopar-
ticles form very irregular, worm-like shapes. As a result, it is possible for
a channel to surround large portions of a particle. This starts to resem-
ble the formation of ’racetracks’ on the surface, which can exhibit strong
SERS enhancements due to their particular morphology. Such types of
nanostructures fall in the class of ’spoof plasmonics’ in which the pres-
ence of gaps in a metal can cause LSPR hotspots.[34] Prokes, Glembocki,
Cleveland, Caldwell, Foos, Niinistö, and Ritala demonstrated that this phe-
nomenon can occur in PE-ALD deposited silver thin films, due to the
formation of ’racetrack’ structures in the silver thin film.[35] Here, this par-
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ticular morphology seems to cause a further increase in the Raman signal,
despite the increase of the mean gap-size compared to sample c).

While the optimal point of the PE-ALD deposited gold films for SERS
enhancement has not been determined, we believe this point must lie
somewhere between the surface of sample d) and a fully closed gold layer.
Based on a reported study for sputtered silver films, the best Raman sig-
nal is expected at the percolation threshold of the film.[36] This could also
be the case for the PE-ALD deposited gold films.

To conclude, the strongest Raman signal is obtained for the sample with
an equivalent thickness of 21.7 nm (sample d). Previously, a Stokes to
pump conversion efficiency of 6×10−8 was reported for state of the art
gold nanodome substrates.[37] Correcting for a roughly 3 times higher ac-
cessible gold surface area for the ALD samples (meaning a 3 times higher
pNTP concentration), we can conclude that our best sample has a slightly
more than one order of magnitude weaker conversion efficiency (factor
21). This is promising given that there is still room for optimization of the
Au ALD films. While ALD layers have already been used to form protec-
tive coatings on SERS substrates, and to design the gap of the slot on SiN
waveguides for on-chip SERS applications,[38,39] this work shows that it is
possible to create an effective SERS substrate using the reported PE-ALD
process, without the need for lithography or a sequence of processing
steps.

5.3 conclusion

Growth of pure, metallic gold films at the lowest reported temperature to
date has been demonstrated with a plasma-enhanced ALD process, using
Me3Au(PMe

3
) and H2 plasma as the precursor and reactant, respectively.

The process exhibits saturation of the precursor and reactant halfcycles
on gold seed layers with a steady growth rate of 0.030±0.002 nm per cy-
cle. A similar steady growth rate is obtained on bare SiO2 surfaces, after
a sufficient number of cycles. Initially, the growth rate is lower due to
nucleation, leading to island-like growth and high film roughness, but
percolating films are obtained when the films are sufficiently thick. A re-
sistivity value of 5.9±0.3 µΩ cm is obtained for the thickest films, close
to the bulk resistivity value of gold (2.44 µΩ cm). The deposited films are
pure gold with <1 atomic % carbon and oxygen impurities in the film. The
particular nanostructure of as-deposited films offers stable free-space Ra-
man enhancement, slightly more than one order of magnitude lower than
state-of-the-art solid-state substrates, but with room for further optimiza-
tion. The SERS-active Au ALD substrates can be fabricated with relative
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ease without the need for complex processing or lithography steps. Be-
yond SERS, nanoparticulate gold has very interesting and useful catalytic
properties,[12–14] making the reported gold nanoparticle ALD process also
highly relevant towards heterogeneous catalysis applications.
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5.4 supporting information

Figure 5.11: Equivalent thickness and GPC for PE-ALD deposited gold layers as a
function of the number of used ALD cycles, deposited on three differ-
ent types of substrates: on a sputtered Au seed layer (black diamonds),
on silicon (100) with native silicon oxide (red squares), on silicon with
a thick thermally grown silicon oxide layer (green circles). a) Equiva-
lent thickness as a function of number of ALD cycles, the plotted line
is the best fit through the data points obtained for 400 ALD cycles and
more, to exclude the initial nucleation behaviour. The fit gives a slope
of 0.029±0.003 nm per cycle and an intercept of -1.11 nm. b) eqGPC as
a function of the number of ALD cycles. The plotted line is the best
fit through the data points, excluding the deviating eqGPC points of
the Au depositions on silicon (native oxide), as these are located in
the nucleation regime of the growth on silicon. The fit gives a slope of
2.87×10−7 and an intercept of 0.028±0.003 nm per cycle.

Figure 5.12: AFM image of a 65.6 nm thick gold film on top of a silicon substrate.
a) 2D image of the sample, b) 3D image of the sample.
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Figure 5.13: (a-d) Ex situ 2D GISAXS scattering patterns of the samples that were
measured with Raman spectroscopy (Figure 5.9). The dotted lines in-
dicate the horizontal and vertical q-position at the maximum of the
main scattering peak.

measured amount of pntp molecules : To compare Raman mea-
surements it is necessary to determine how many pNTP molecules are
measured on each sample. To do this the total Au surface area needs to
be estimated on each sample. This total Au surface area is obtained by
analysing the SEM images of the samples and combining this information
with the mean particle height of the gold particles, obtained from ex situ
GISAXS measurements.

The particles are treated as extruded polygons for all samples. To start
a top-down SEM image is taken (Figure 5.14a) and a mask is put over the
visible particles (Figure 5.14b). The area of each mask is determined and
is taken as the area of the top-surface for each particle. The length of the
boundary line for each particle is multiplied by the mean particle height
to obtain the area of each particle’s side wall (Figure 5.14c). Both areas are
added to obtain the surface area for a single particle. By doing this for
every particle in the SEM image the total Au surface area of the sample
is obtained. This value is then multiplied by the expected surface density

163



for pNTP to get a final estimate for how many molecules were measured
on each sample.[33]

Figure 5.14: a) cropped SEM image of an ALD Au sample. b) Masks placed over
the individual gold particles. c) The border of the individual masks,
the length of each border is used to calculate the surface area of the
side wall of each particle.

This analysis was performed on all samples that were measured with
the Raman microscope. The estimated number of pNTP molecules that
were measured during the Raman measurements on each sample can be
seen in Table S1. These values indicate that the amount of pNTP molecules
that contribute to the measured Raman signal are comparable for the mea-
sured samples.

Sample Au surface area (in µm2) Amount of pNTP molecules

a) 3.2 1.4×107

b) 4.2 1.9×107

c) 3.7 1.6×107

d) 3.4 1.5×107

Table 5.3: Estimated Au surface area and number of adsorbed pNTP molecules on
the samples that were measured using Raman microscopy.
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6PA P E R I V: R E A C T I O N M E C H A N I S M O F G O L D P E - A L D

The Me3Au(PMe
3
)/H2 plasma

gold ALD process has several
potential applications. However,
the reaction mechanism for
Me3Au(PMe

3
) based gold ALD

processes and how this precur-
sor and its ligands behave dur-
ing an ALD process is poorly
understood.

The existing CVD and sur-
face science literature provide a
good starting point to unravel
the reaction mechanism of the
Me3Au(PMe

3
)/H2 plasma ALD

process. Understanding possible decomposition pathways of the used pre-
cursor can provide valuable information about how the chemical reactions
can occur on a substrate. The existing decomposition investigations of
Au(I) and Au(III) compounds, similar to the Me3Au(PMe

3
) molecule, are

limited to the study of the liquid phase, which nonetheless provide impor-
tant insights in the chemistry of these gold compounds. Gold compounds
of the form RAuPR’3 and R3AuPR’3 (with R = methyl, ethyl; R’ = methyl,
ethyl, phenyl) generally decompose into coupled R-R species, elemental
gold, and the phosphine ligand.[1–4] The decomposition pathway usually
starts with the elimination of two neighbouring alkyl groups, resulting
in the formation of R-R and RAuPR’3 species. It was found that adding
the phosphine ligand to the liquid results in retardation of the decompo-
sition, indicating that for liquids the rate-limiting step in the decompo-
sition of RAuPR’3 molecules is the loss of the phosphine ligand. David-

This chapter was published as a research article in the journal: Physical Chemistry Chem-
ical Physics, titled "Reaction mechanism of the Me3Au(PMe

3
) - H2 plasma-enhanced ALD

process".[3] The image on this page is the original TOC-graphic, submitted with the pub-
lished article. Author contributions: M.V.D. designed the experiments, performed the ALD
depositions and FTIR, XPS and QMS measurements, analyzed and interpreted the results;
M.B.E.G. produced the precursors and measured their NRM spectra; M.M.M. performed XPS
measurements and assisted in analyzing the data; M.B.E.G., S.T.B., C.D. and J.D. assisted in
designing the experiments and interpreting the results; M.V.D. prepared the manuscript; All
the authors contributed to revising the manuscript.
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son et al. reported laser induced CVD of gold tracks using MeAuPMe3,
MeAuPEt3, and EtAuPEt3 using an argon ion laser at 257 nm.[5] The el-
emental composition and inclusion of precursor ligands on the surface
was studied using laser ionization microprobe analysis. They observed
the presence of chemisorbed PMe3 species on the gold surface, which re-
mained present on the surface for prolonged periods under high vacuum
conditions. They inferred that the Au-Me surface species were less stable
compared to the Au-PMe3 surface species. In addition, they found indica-
tions for the non-dissociative adsorption of MeAuPMe3 on the gold sur-
face. These observations are interesting for elucidating the reaction mech-
anism of Me3Au(PMe

3
) and MeAuPMe3 based processes on gold surfaces

during gold deposition.
This chapter will cover several topics regarding the gold ALD processes

that use the Me3Au(PMe
3
) molecules as the precursor. These include the

reaction mechanism of the Me3Au(PMe
3
) - H2 plasma gold ALD process,

the temperature dependent decomposition behaviour of the molecule, the
use of different co-reactants, and reactive sites used by the precursor
molecule for chemisorption on SiO2.

6.1 experimental section

A home-built pump type ALD reactor, able to reach a base pressure of
2×10−6 mbar, is used to carry out all atomic layer depositions, unless
stated otherwise.[6] The Me3Au(PMe

3
) precursor (≥95% purity) is synthe-

sised via the method used by Griffiths et al.[7] The (CD3)
3
Au(PMe

3
) pre-

cursor (≥95% purity, and >99% deuteration) is synthesised as described
in the paper of Shaw and Tobias.[8] The purity of the precursor liquids is
verified by NMR measurements (see Supporting Information). The precur-
sor liquids are kept in glass containers, heated to 50

◦C and the delivery
lines are heated to 55

◦C. Argon is used as a carrier gas for the precursors
during all depositions. The flow of the carrier gas is adjusted to reach a
pressure of 6×10−3 mbar, when pulsing the precursor in the chamber. The
precursor exposures during the atomic layer depositions are carried out
by injecting the Me3Au(PMe

3
) vapour after closing the gate valve between

the turbomolecular pump and the reactor chamber. By varying the injec-
tion time, the pressure during the pulse varied between 6×10−3 mbar and
5 mbar. H2 plasma (20% H2 in argon) is used as the reactant for all de-
positions. The H2 gas is introduced through the plasma column mounted
on top of the chamber and the flow of H2 gas is limited by a needle
valve to obtain a chamber pressure of 6×10−3 mbar for all depositions.
A 13.56 MHz RF generator (Advanced Energy, Model CESAR 136) and a
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matching network are used to generate an inductively coupled plasma in
the plasma column. For all experiments a plasma power of 200 W is used
and the impedance matching parameters are adjusted to minimise the re-
flected power. The substrates used are pieces of p-type silicon (100) with
native silicon oxide or 10 nm sputtered Au films on p-type silicon (100).
The samples are mounted directly on a heated copper block. The temper-
ature of the copper block is adjusted with a PID controller. The chamber
walls are heated to 90

◦C for all experiments unless stated otherwise.
In this work films deposited using a home-built pump type reactor are

compared to films deposited using a commercial flow-type reactor. The
major differences between both reactor-types are the used operating pres-
sures and how the purge step between precursor and co-reactant expo-
sures is implemented. Typical operation pressures of a flow-type reactor
are of the order of 1 mbar. While a pump-type reactor can reach these pres-
sures during an exposure it usually needs to have a base pressure on the
order of 10

-6 mbar to avoid CVD side reactions. In pump-type reactors the
purge step is achieved by lowering the pressure in the chamber to the base
pressure which removes the gas-phase molecules in the reactor chamber,
while a flow-type reactor uses an inert gas to flush/purge the gas-phase
molecules from the reactor chamber.

To study the ALD reaction mechanism, in situ infrared spectroscopy,
in-vacuo X-ray photoelectron spectroscopy (XPS), mass spectrometry. The
infrared measurements are carried out with a Vertex 70V from Bruker and
a medium band mercury cadmium telluride (MCT) detector cooled with
liquid nitrogen. The infrared measurements can be performed in two dif-
ferent geometries, either in reflection or in transmission. For the Reflection
Absorption Infra-Red Spectroscopy mode (RAIRS), a thick gold seed layer
of 60 nm is used to avoid nucleation effects and to ensure proper reflec-
tion of the IR beam.[9] In-vacuo XPS measurements were performed with a
Thermo Scientific Theta Probe XPS instrument on an ALD-XPS cluster.[10]

Using this cluster it is possible to perform through-vacuum transfer of
samples from the ALD chamber (10

-7 mbar) to the XPS analysis chamber
(10

-10 mbar) in less than 60 seconds. In situ mass spectrometry experiments
are carried out using a Hiden HPR-30 mass spectrometer, 70 eV electron
impact ionisation and a quadrupole mass filter combined with a Faraday
detector. The reactor is loaded with ∼2 grams of alumina powder with a
diameter of 1µm, providing an estimated surface area of 3m2. The tube
between the ALD chamber has a length of 1 m and a width of 4 cm and
is heated to 90

◦C to avoid cold spots. The connection between the ALD
chamber and fine valve has a diameter of 10 cm (the fine valve is located
between the chamber and the turbomolecular pump). The pressure in the
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QMS chamber during the experiments was ∼10
-7 mbar. The reactor and

powder are pretreated with 100 Au ALD cycles before performing the
QMS measurements.

Several ex situ measurement techniques are used to determine the physi-
cal properties of the deposited Au films. Thickness determination via X-ray
reflectivity (XRR) measurements is done on a diffractometer (Bruker D8)
equipped with a copper source (Cu Kα radiation) and a scintillator point
detector. However, because the Au ALD films are generally too rough
for accurate thickness determination with XRR, X-ray fluorescence (XRF)
measurements are used to determine an equivalent film thickness based
on a calibration curve of sputtered gold films. XRF measurements are per-
formed using a Mo X-ray source and an XFlash 5010 silicon drift detector,
respectively placed at an angle of 45° and 52° with the sample surface. An
integration time of 200 s is used to acquire the fluorescence spectra. Ex
situ XPS is used to determine the chemical composition and binding en-
ergy of the deposited films. The XPS measurements are carried out in the
same tool that is used for in-vacuo XPS. The X-rays are generated using
a monochromatic Al source (Al Kα). To etch the surface of the deposited
films an Ar+ ion gun is used at an acceleration voltage of 3 keV and a
current of 2 µA.

6.2 results and discussion

6.2.1 Precursor saturation and decomposition

The saturation behaviour of the Me3Au(PMe
3
) - H2 plasma ALD process

was demonstrated in the previous work.[6] It is important to consider the
precursor supply during the saturation experiments as the precursor dose
in the chamber will be dependent on the vapour content in the precur-
sor container, which is carried to the ALD reactor in a flow of Argon.
The amount of vapour in the container and thus the partial pressure of
the precursor during the exposure depends on the container temperature,
the exact pulse and purge sequence and the amount of liquid precursor
in the container. As long as the precursor dose is sufficient to achieve
saturation in the ALD process, these variations will not have impact on
the ALD growth per cycle. On the other hand, a too limited buildup of
vapour in the container may also invoke an apparent saturated growth
behaviour. To rule out the latter, additional ALD saturation experiments
were performed at different substrate temperatures for which two precur-
sor containers were used simultaneously during the precursor exposures.
The obtained GPC’s of these experiments (red diamonds) and the previ-
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ously reported GPC of the ALD process (black squares) are shown in Fig-
ure,6.1 as a function of substrate temperature. At 50

◦C and 90
◦C the GPC

showed no increase with respect to the expected GPC of the ALD process,
verifying the previously reported saturating behaviour of the ALD process.
However, at 120

◦C the GPC was doubled when two precursor containers
were used, indicating that at this substrate temperature the ALD process
is dominated by decomposition and that its growth is governed by the
precursor supply.

The observed saturating behaviour of the ALD process requires that the
surface will get covered by the precursor ligands during the Me3Au(PMe

3
)

exposure, preventing further precursor adsorption. However, as we re-
ported previously, this process exhibits a minor decomposition compo-
nent on gold substrates, which we attributed to slow decomposition of
the surface ligands.[6] The double precursor container experiments indi-
cate that between a substrate temperature of 90

◦C and 120
◦C this minor

decomposition component increases in magnitude and heavily influences
the growth behaviour at 120

◦C. Additional experiments were performed
to investigate the onset temperature and evolution of this precursor be-
haviour. This was done by exposing gold seed layers to the Me3Au(PMe

3
)

vapour only (without co-reactant) at temperatures spanning the entire
ALD temperature window (50

◦C-120
◦C). While these experiments are not

Figure 6.1: Decomposition of the Me3Au(PMe
3
) molecule (black dots) as a func-

tion of substrate temperature and the reported GPC for the gold
PEALD process using 1 precursor container (black squares) and 2 pre-
cursor containers simultaneously (red diamonds). The decomposition
experiments were performed on gold seed layers, using 20 second pre-
cursor exposures.
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real ALD processes, the observed increase in gold thickness was divided
by the number of used precursor exposures and expressed as GPC as a
function of substrate temperature in Figure 6.1 (black dots). The decompo-
sition curve shows that there are two regions with a threshold substrate
temperature at 100

◦C. Below the threshold the decomposition is limited to
the previously reported value of 0.005 nm per cycle and above a substrate
temperature of 100

◦C the decomposition component increases with the
substrate temperature. At 120

◦C the decomposition component becomes
larger than the expected GPC of the ALD process with a large spread on
the obtained GPC, most likely due to differences in precursor supply. The
observed Au decomposition curve indicates that the previously reported
upper limit of the ALD temperature window needs to be lowered from
120

◦C to 100
◦C.

No precursor decomposition is observed on SiO2 substrates for temper-
atures below 120

◦C. This suggests that the observed decomposition on
a gold substrate is not due to thermal decomposition of the precursor it-
self, but depends on how the precursor and its ligands interact with the
gold surface. Therefore, the surface species need to be identified and their
stability on the surface investigated.

6.2.2 Surface species

Using in situ Reflection Absorption Infrared Spectroscopy (RAIRS) it is
possible to determine which surface groups are present after each precur-
sor or reactant exposure. To this end, we employed in situ RAIRS mea-
surements on a sputtered gold seed layer (60 nm), at a substrate temper-
ature of 90

◦C. In addition to the use of the regular precursor molecule
(Me3Au(PMe

3
)) we also performed experiments using a partially deuter-

ated molecule in which the methyl groups attached to the gold atom were
replaced by deuterated methyl groups ((CD3)

3
Au(PMe

3
)), where the PMe3

ligand remained unaltered. The spectra measured after each exposure in
the ALD cycle were subtracted from each other to obtain differences in
absorption that are related to the addition/removal of surface species af-
ter each exposure and the average of 10 spectra was taken to improve the
signal to noise ratio. The obtained difference spectra for both precursor
variants are displayed in Figure 6.2. After the precursor exposure, peaks
appear for the vibration modes of methyl and trimethylphosphine (TMP,
PMe3) surface groups, originating from the precursor ligands. Zooms of
the CH-stretching, CD-stretching, and fingerprint regions after a precur-
sor exposure are displayed in Figure 6.2 a-c, assignment of the peaks can
be found in Table 6.1. The C-H stretching region (Figure 6.2a) has the
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same four peaks (1-4) for both gold precursor variants. For the deuter-
ated precursor ((CD3)

3
Au(PMe

3
)) it is expected that these peaks origi-

nate exclusively from the TMP ligand, while for the regular precursor
(Me3Au(PMe

3
)) contributions from both the TMP and methyl ligands are

expected. The similarity between both spectra indicates that these peaks
mainly originate from the TMP ligand. It is hence difficult to uniquely
distinguish between the C-H stretching modes of the TMP ligand and
the methyl groups, in turn motivating the use of the partially deuterated
molecule. The C-D stretching region (Figure 6.2b) shows a clear contribu-
tion from C-D species (5 and 6) for the deuterated precursor, indicating
that Au-CD3 species are present on the gold surface after the precursor
exposure. The zoom of the fingerprint region is shown in Figure 6.2c. The
methyl deformation and rocking modes (7, 8, 10) originate from the TMP
ligand and in combination with the PC3 stretching mode (11) give a good
indication that the TMP ligands remain intact. Remarkable is the lack of
vibration modes between 1250 cm-1 and 1150 cm-1 where methyl deforma-
tion modes of Au-(CH3)

3
species are expected. On the other hand, there

is a feature present in the spectrum of the regular precursor at 1100 cm-1

(9), which might originate from single methyl species bound to a gold
atom.[11] This feature disappears for the deuterated precursor and a new
feature appears at a lower position (9’) most likely from deuterated methyl
species bound to the gold surface.

The symmetrical difference spectra for the precursor and reactant ex-
posure indicate that the H2 plasma exposure is able to remove all of the
surface groups that are added during the precursor exposures. It is pos-
sible that Au-H surface species are formed during the H2 plasma expo-
sure, for which vibration modes are expected around 2230-2170 cm-1 and
1642 cm-1.[13] However, no absorption is visible in those regions after a H2

plasma exposure, indicating that any formed Au-H species remain below
the detection limit of our setup. Furthermore, it is unlikely that a signif-
icant amount of Au-H species would be stable for prolonged periods of
time on a large gold surface and at temperatures above -148

◦C.[14,15]

To verify that the H2 plasma is able to remove the CH3 and PMe3 groups
from the surface an in-vacuo XPS experiment was performed on a gold
seed layer. The used sample was a silicon oxide substrate, on which a
thick gold layer was sputtered. Before performing the in-vacuo experiment
the sample was coated with 300 gold ALD cycles at a substrate temper-
ature of 90

◦C. This was done to eliminate the measurement of an XPS
signal from the underlying sputtered gold layer. After the ALD deposi-
tion was finished, ending with a H2 plasma, the sample was transferred
within 1 minute from the ALD chamber to the XPS analysis chamber with-
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Peak Position (in cm-1) Vibration mode

1 2968 νas(CH3)-[P]

2 2958 νas(CH3)-[P/Au]

3 2901 νs(CH3)-[P/Au]

4 2887 νs(CH3)-[P/Au]

5 2218 νas(CD3)-Au

6 2110 and 2086 νs(CD3)-Au

7 1422 δas(CH3)-[P]

8 1285 and 1301 δs(CH3)-[P]

9 1100 δas(CH3)-[Au]

9’ 778 δas(CD3)-[Au]

10 954 ρ(PCH3)

11 667 νs(PC3)

Table 6.1: Position and assigned vibration modes of the observed features in
the FTIR difference spectra displayed in Figure 6.2. The assignment of
these peaks is based on a reference IR spectrum for the Me3Au(PMe

3
)

molecule and for the PMe3 ligand.[8,11,12] (ν stretching, δ deformation, ρ

rocking, as = asymmetric, s = symmetric)

out breaking vacuum. The measured P2p, C1s, and Au4f peaks are shown
in Figure 6.3. The Au4f peaks show that the gold is present in one oxida-
tion state. The Au4f 5/2 peak was set to 84.0 eV and used to calibrate the
spectra. It is clear that no P2p or C1s signals were detected on the sam-

Figure 6.3: P2p, C1s, Au4f peaks measured by XPS on a gold seed layer after per-
forming a gold ALD process ending with a H2 plasma exposure. The
deposition was performed at a substrate temperature of 90

◦C. After
ending the ALD process the sample was transferred within 1 minute
from the ALD chamber to the XPS analysis chamber without breaking
vacuum.
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Figure 6.4: P2p, C1s, Au4f peaks measured by XPS on a gold seed layer after per-
forming a gold ALD process ending with a precursor exposure. De-
positions were performed at a substrate temperature of 50

◦C, 90
◦C,

120
◦C, and 140

◦C. After ending the ALD process the samples were
transferred as quickly as possible from the ALD chamber to the XPS
analysis chamber without breaking vacuum.

ple after the H2 plasma pulse, indicating that the CH3 and PMe3 groups
are removed from the surface by the H2 plasma, corroborating the RAIRS
measurements.

In-vacuo XPS measurements were also performed after the precursor
exposure and this was done at four substrate temperatures: 50

◦C, 90
◦C,

120
◦C, and 140

◦C. The obtained Au4f, P2p, and C1s peaks of these exper-
iments are displayed in Figure 6.4. It is clear that in all cases the Au sur-
face remains in a metallic state and that there is carbon and phosphorous
present from the CH3 and TMP precursor ligands. The atomic concentra-
tions and C/P ratios of these samples and of samples that were transferred
after an 18 hour waiting period are displayed in Table 6.2a and Table 6.2b,
respectively. The latter samples remained on the heated copper block for
the entire waiting period. The C/P ratio yields information about the ratio
of CH3 to TMP species that are present on the surface. For the samples
that were transferred immediately there is an increase in the atomic con-
centration of the Au4f peak with increasing temperature, which indicates
that the amount of C and P on the surface is lower at higher temperatures.
A C/P ratio of 6 would indicate that all of the precursor ligands remain
on the surface, while lower values indicate the partial removal of the [Au]-
CH3 species from the surface with a value of 3 indicating that only the
TMP ligand remains on the surface. The C/P ratios fluctuate between 2.5
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Substrate Au4f C1s P2p C/P

Temp. (atom %) (atom %) (atom %)

a) 50
◦C 86± 1 10± 1 4± 1 2.5

90
◦C 88± 1 9± 1 3± 1 3

120
◦C 87± 1 10± 1 3± 1 3.3

120
◦C 89± 1 8± 1 3± 1 2.7

140
◦C 91± 1 7± 1 2± 1 3.5

b) 50
◦C 84± 1 12± 1 4± 1 3

90
◦C 83± 1 14± 1 3± 1 4.7

120
◦C 85± 1 12± 1 3± 1 4.3

140
◦C 84± 1 13± 1 3± 1 4.3

Table 6.2: XPS determined atomic concentrations of Au, C, P, and the C/P ratio of
Me3Au(PMe

3
) exposures on a gold seed layer at different temperatures.

The samples were transferred from the ALD chamber to the XPS analysis
chamber without breaking vacuum. a) Samples transferred immediately
after the final precursor exposure. b) Samples transferred 18 hours after
the final precursor exposure.

and 3.5 which is in agreement with the presence of TMP groups on the sur-
face and only a minority component of CH3 species, which are contributed
by the gold centre. The amount of phosphorous present on the surface is
the largest at 50

◦C and at the other temperatures there is roughly a quarter
to a half less phosphorous present. The amount of phosphorous is directly
linked to the amount of TMP on the surface and this result suggests that
TMP is less stable on the gold surface with increasing substrate tempera-
ture, which is supported by surface science literature, based on tempera-
ture programmed desorption (TPD) experiments of dimethylphenylphos-
phine from Au(111) surfaces.[16] The TPD experiments indicated the on-
set of desorption of chemisorbed dimethylphenylphosphine at a substrate
temperature of 60

◦C with the peak of desorption above a substrate tem-
perature of 170

◦C. For the samples that were transferred after an 18 hour
waiting period (Table 6.2b), no significant change in the P2p atomic con-
centration is observed, but an increase in the carbon signal is present for
all of them. The phosphorous signal indicates that at least a fraction of the
TMP ligands remains on the surface. Adventitious carbon contaminating
the surface can explain the increase in the carbon signal.

6.2.2.1 Stability of surface species

Reports in literature indicate that phosphorous based molecules can form
strong bonds with a gold surface,[16–21] in line with the in situ RAIRS
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and in-vacuo XPS measurements, confirming the presence of TMP groups
on the gold surface after the precursor exposure. The in situ RAIRS data
also revealed the presence of CH3 groups on the gold surface. However,
the C/P ratios determined from the in-vacuo XPS measurements indicate
that the CH3 species are removed from the surface and over time mainly
the TMP ligands remain. It needs to be noted that the measurement time
of both methods differs significantly. Each IR measurement is completed
within 2 minutes after the precursor exposure, while each in-vacuo XPS
experiment lasted for several hours. To bridge this gap, we performed
several RAIRS measurements over the course of an hour after a precursor
exposure. This was done at a substrate temperature of 90

◦C and 120
◦C.

The obtained results can be seen in Figure 6.5. The normalized intensity
of the main TMP rocking mode (954 cm-1) is plotted as a function of time
after precursor exposure in Figure 6.5a. The intensity decays over time for
both temperatures and this decay occurs faster at 120

◦C than at 90
◦C,

suggesting that these groups are less stable at higher substrate tempera-
tures. Figure 6.5b shows the 1250-900 cm-1 region of the first two spectra
that were obtained during these experiments at 90

◦C and 120
◦C. A first

thing to note is that the initial spectrum obtained at 90
◦C shows the [Au]-

Me mode at 1100 cm-1, while the spectrum obtained at 120
◦C does not,

indicating that the [Au]-Me groups are less stable at higher substrate tem-

Figure 6.5: RAIRS data for a precursor exposure on a thick sputtered gold layer
at a substrate temperature of 90

◦C and 120
◦C. a) Normalized inten-

sity of the main TMP rocking mode at 954 cm-1 as a function of the
elapsed time after a precursor exposure. The dotted line represents the
normalized intensity at 120

◦C after 2 hours and 30 minutes. b) finger-
print region, covering the δas(CH3)-[Au] deformation mode (grey box,
1100 cm-1) and the main TMP rocking mode. The shown spectra are
recorded 30 seconds after the precursor exposure and 6 minutes and
30 seconds after the precursor exposure.
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peratures. The second spectrum obtained at 90
◦C shows that the [Au]-Me

vibration mode has decreased to the noise level, indicating that the CH3

groups quickly desorb from the surface, which is in agreement with the
observed in-vacuo XPS results.

6.2.3 Reaction by-products

While the in situ RAIRS and in-vacuo XPS data yield information about the
surface groups that are present after each exposure, they do not provide
information about the reaction by-products that are being formed during
the process. In order to study the formed by-products we used in situ
quadrupole mass-spectrometry (QMS) during the ALD process. Mass-to-
charge ratios for methyl, methane, ethane, PHx, PMex, and HyPMex (x, y =
1-3) were followed. This was done during five ALD cycles, each exposure
lasted for 15 seconds with a 15 seconds pump steps between exposures.
Three precursor exposures were given before performing the ALD cycles
to saturate the surface and after the ALD cycles three H2 plasma exposures
were given. The obtained data for mass to charge ratios 15 (CH3) and 16

(CH4) as a function of time is displayed in Figure 6.6. The signal for the
other mass to charge ratios did not exceed the noise level.

The signal for mass 15 is part of the cracking pattern for a pure methane
gas. In this case the signals of masses 15 and 16 coincide with the expected
ratio for a methane cracking pattern. This indicates that CH4 groups are
formed during the H2 plasma exposures. While this accounts for the re-
moval of the methyl groups from the surface, it does not reveal how the
phosphorous of the PMe3 ligands is removed from the surface as the sig-
nals for the phosphine and (tri,di)methylphosphine related masses did not
exceed the noise level during the exposure. It is possible that they reacted
with the side walls of the flexible tube that connects the chamber to the
QMS detector and did not reach the QMS detector.

The QMS data also reveal that a minor fraction of CH4 is formed during
the precursor exposure and the ratio of the signals for masses 15 and 16

coincides with the expected ratio for a pure CH4 gas. This indicates that
the observed signal originates from CH4 groups instead of CH3 radicals.
Otherwise, the signal for mass 15 can be expected to be much larger than
the signal for mass 16. There are a few possible explanations for the forma-
tion of CH4: CH3 ligands on the surface are able to react with hydrogen,
either present on the surface or impinging on the surface from residual
molecular hydrogen in the chamber. Another possibility is that CH3 radi-
cals desorb from the surface and pick up a hydrogen atom when colliding
with the walls/inlet of the chamber/QMS inlet or residual hydrogen in
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the chamber. The latter case is less likely as it can be expected that this
would lead to a larger signal for CH3 species, compared to that of CH4. A
final possibility is that CH3 ligands abstract a hydrogen atom from neigh-
bouring CH3 ligands, as is the case in the thermal MeCpPtMe

3
- O2 ALD

process.[22] It has been observed that Au+ and Au+
2 cations are able to

dehydrogenate methane to CH2 and for the Au+
2 cations the adsorption

of multiple methane molecules leads to the formation of ethylene.[23–27]

However, larger gold particles are not able to cleave more than one C-H
bond of methane and for particles that contain more than 15 Au atoms
even the adsorption of methane is not observed.[28]

Interestingly, there is no ethane detected during the precursor exposure,
while its formation is to be expected from the decomposition literature of
similar liquid gold compounds. The first step in the reduction of Au(III)
compounds to Au(0) occurs by alkyl-coupling, causing the removal of two

Figure 6.6: Mass spectrometry measurements for mass to charge ratios 15 (CH3)
and 16 (CH4) during a Me3Au(PMe

3
) - H2 plasma process. The data

shows 3 precursor pulses, followed by 5 ALD cycles and ending with
an additional 3 H2 plasma pulses. The deposition was carried out using
a substrate temperature of 90

◦C.
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of the CH3 groups, forming ethane, and reducing the gold atom from a
+3 to a +1 oxidation state.[2–4] This is also seen when adsorbing alkyl-
halide molecules on gold surfaces with the onset of ethane desorption at
-33
◦C from Au(111) planes and at 27

◦C from Au(100) planes.[29,30] How-
ever, when co-adsorbing CH3-I with trimethylphosphine on a Au(100) sur-
face the formation of ethane does not occur and instead the CH3 species
desorb as CH3-radicals above a substrate temperature of 100

◦C.[30] The re-
moval of CH3 groups from Au(111) planes can thus occur below 0

◦C,[29,30]

which in our case would mean that the CH3 groups that are adsorbed
during the precursor exposure will quickly be removed from the gold
surface. And, as no ethane is detected in the QMS, it is likely that the co-
adsorption of trimethylphosphine on Au(111) planes has a similar effect
as the co-adsorption on Au(100) planes, preventing the coupling of the
alkyl groups on the surface.

6.2.4 Reaction scheme

Based on the in situ RAIRS, in-vacuo XPS, and in situ QMS data it is pos-
sible to propose a reaction mechanism for the Me3Au(PMe

3
) - H2 plasma

ALD process under steady growth conditions. This reaction scheme is de-
picted in Figure 6.7 for three different temperature regimes: T < 100

◦C,
100

◦C < T < 120
◦C, and T > 120

◦C with the main reaction scheme given
by the first temperature regime, the other temperature regimes extend on
it to include additional effects that cause the precursor decomposition on
a gold surface (see Figure 6.1).

The first step in the ALD process will be to expose this surface to the
Me3Au(PMe

3
) molecules, which will physisorb on the surface (step a). Af-

ter physisorption, the precursor molecules can undergo reactions with the
surface and chemisorb. Based on how similar gold molecules behave in a
liquid the most likely pathway for chemisorption on the gold surface is
by breaking the Au-P bond (step b).[3,4] The in situ RAIRS measurements
(Figure 6.2) show that both CH3 and PMe3 ligands remain on the gold
surface after chemisorption. The surface coverage with CH3 and PMe3

ligands will prevent further adsorption of Me3Au(PMe
3
) molecules and

cause self-limiting behaviour during the Me3Au(PMe
3
) exposure. During

the chemisorption step the CH3 species start to desorb from the surface,
most likely in the form of CH4, as evidenced by the QMS data (step c).
Most likely the CH3 ligands react with residual hydrogen in the cham-
ber or atomic hydrogen that is present on the surface to form CH4. It is
also possible that the CH3 groups abstract a hydrogen atom from a neigh-
bouring CH3 group to form CH4 and leave a CH2 group on the surface.
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However, it is expected that this effect only occurs for very small gold
particles (less than 15 Au atoms).[28]

The C/P ratio obtained from the in-vacuo XPS data shows that this des-
orption of CH3 groups occurs at all substrate temperatures. Based on the
results from Paul and Bent this is expected for Au(111) planes at the used
substrate temperatures, while on Au(100) planes this should only occur
above a substrate temperature of 100

◦C.[30] The in situ RAIRS experiments
(Figure 6.5b) indicate that at 90

◦C there are still CH3 groups present after
several minutes, while they are undetectable at 120

◦C, showing that the
removal of CH3 species occurs faster at higher temperatures.

The RAIRS and XPS data show that the TMP ligand is rather stable
on the gold surface. There are reports of the behaviour of the TMP lig-
and on a gold surface in literature. Jewell et al. reported that annealing
one monolayer of adsorbed TMP on a Au(111) surface to 77

◦C results in
a coverage of 88 % of a monolayer.[20] Temperature programmed desorp-
tion experiments of dimethylphenylphosphine on Au(111) indicate an on-
set of desorption around 77

◦C, although the maximum of the desorption
peak is located above 177

◦C.[16] In addition, it is expected that in the class
of alkylphosphine molecules swapping the phenyl groups with a CH3

group results in a stronger Au-P bond,[19] which would indicate a higher
desorption temperature for TMP compared to dimethylphenylphosphine,
meaning that the TMP groups remain stable for a longer period of time
at substrate temperatures below 100

◦C. This is also corroborated by the
in situ RAIRS experiments (Figure 6.5a), showing that while at 90

◦C the
TMP groups are being removed from the surface they remain stable for a
rather long time period.

As mentioned in step b of the ALD cycle, it is likely that the chemisorp-
tion step involves breaking the Au-P bond, leaving TMP and CH3 groups
on the surface. The stability of these groups has an influence on the ob-
served precursor decomposition behaviour (see Figure 6.1). If these sur-
face species are unstable on the gold surface they will desorb over time
and in doing so create additional physisorption sites for the precursor
molecules, leading to precursor decomposition. Based on the decomposi-
tion curve of Figure 6.1 there are three regions that can be distinguished:
T = 50 - 100

◦C, T = 100 - 120
◦C, and T > 120

◦C, the stability of the surface
species for each temperature region is depicted in step c.

Below 100
◦C only a minor decomposition component is observed and

based on the discussion of the RAIRS and XPS data it seems likely that the
main desorption component originates from the CH3 ligands (most likely
in the form of CH4), or at least on the timescale of a single ALD cycle. In
addition the coverage of TMP on a gold surface can be expected to be not
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Figure 6.7: Schematic drawing of the Me3Au(PMe
3
) - H2 plasma ALD process for

different substrate temperatures. (TMP = PMe3, each dangling bar (-)
represents a CH3 group) a) Physisorption of the precursor on a clean
gold surface. b) Initial chemisorption on the surface. c) Desorption of
CH4 and TMP species. d) Final surface state after pumping. e) Removal
of remaining surface groups by H2 plasma.
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more than 88 % of a monolayer, which can already account for the most
part of the observed decomposition component at this temperature.

For substrate temperatures between 100
◦C and 120

◦C the decomposi-
tion increases with temperature, surpassing the expected GPC of the ALD
process at 120

◦C. Based on the above discussion, this increase in decompo-
sition as a function of substrate temperature indicates that both CH3 and
TMP are able to desorb in reasonable amounts from the surface within
the timescale used for ALD, providing additional adsorption sites for the
precursor during the next exposure.

The large and uncontrolled decomposition at substrates temperature
above 120

◦C indicates that the desorption of CH3 and TMP is able to oc-
cur fast enough during the precursor exposure in such a way that during
ALD the GPC exceeds the value of 0.03 nm per cycle, which is obtained for
saturated reactions below 100

◦C. The result is that during exposure addi-
tional adsorption sites are created for the precursor, which leads to ad-
ditional deposition of gold on the surface and uncontrolled growth rates
at high temperatures. In addition, above 120

◦C thermal decomposition is
expected to occur.[7]

Based on the C/P ratio of 3 determined from the XPS experiments all
CH3 groups will be removed from the surface after the precursor exposure
when sufficient time is given and the surface will be covered by a vary-
ing amount of TMP molecules, dependent on the substrate temperature
(step d). This coverage will determine the amount of adsorption sites for
precursor molecules when the surface is again exposed to the precursor,
which can explain the observed precursor decomposition curve.

After the precursor exposure the surface is exposed to a H2 plasma
(step e). The plasma removes the contaminating PMe3 and remaining CH3

groups from the surface, evidenced by the RAIRS and XPS measurements.
Insufficiently long plasma exposures result in the incomplete removal of
the precursor ligands, indicated by ex situ XPS measurements on gold
films deposited with short plasma exposures, see Supporting Information.
This means that after a too short plasma exposure a part of the precursor
adsorption sites are blocked by remaining precursor ligands, which re-
sults in a lower GPC for the ALD process. Based on the QMS data the CH3

species are liberated and converted to CH4. It is unclear in exactly what
form the phosphorous is removed from the surface, as no phosphorous
containing species were detected in the QMS measurements. However,
it is likely that it is removed as methylphosphine or phosphine species
(PHxMey, x,y=0-3). The end result is expected to be a clean gold surface,
because there was no direct evidence of atomic hydrogen on the gold sur-
face. Although it cannot be excluded that a small concentration of atomic
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hydrogen remains on the surface, aiding with the removal of the CH3

species as CH4 in step c of the reaction. After the plasma exposure the
ALD cycle can start over on this clean gold surface.

6.2.5 Nucleation on SiO2

Precursor decomposition happens on a gold surface; however, it does not
on a silicon oxide surface. Using a co-reactant it is possible to deposit
gold on an oxide surface, indicating that the precursor is present on the
surface after an exposure. This raises the question whether the precursor
is physisorbed or chemisorbed on the surface and what are the possi-
ble nucleation sites on the surface. The adsorption of Me3Au(PMe

3
) on

high surface area silica at 100
◦C was studied previously by Pallister and

Barry using solid-state NMR spectroscopy measurements.[31] They found
that after the Me3Au(PMe

3
) exposure several surface species were present,

including AuPMe3, reduced gold phosphine, methylated phosphoxides,
and graphitic carbon. The precursor preferentially reacts with lone silanol
groups and an overall precursor coverage of 10% of the surface is observed.
Here, we will discuss in situ transmission FTIR experiments to provide ad-
ditional data of the nucleation sites of the Me3Au(PMe

3
) precursor on a

silicon oxide surface.
To study the nucleation stage of the Me3Au(PMe

3
) - H2 plasma ALD

process, we performed in situ transmission absorption infrared measure-
ments on double polished silicon substrates, with native oxide. IR mea-
surements were performed during the first 40 ALD cycles of the process.
An oxygen plasma pre-treatment was used to remove carbon contamina-
tion from the substrate and a substrate temperature of 90

◦C was used
during the deposition.

When the sample was mounted with the surface normal parallel to the
incident IR beam there was no visible difference in absorption that can
be attributed to the ALD process, see Supporting Information. However,
mounting the sample with the surface normal at an angle of 75° with
respect to the incident IR beam resulted in noticeable absorption modes
from the precursor ligands. This angle lies close to the Brewster angle for
silicon in the wavelength region of 2.5 µm to 25 µm, i.e. 73.8° assuming a
refractive index of 3.44. The transmitted IR beam will therefore be partially
P-polarized, indicating that the vibration modes of the precursor ligands
are preferentially oriented out of plane. The difference spectra for the first
four ALD cycles are displayed in Figure 6.8.

After the first precursor exposure, there is absorption at 960 cm-1, origi-
nating from the PMe3 ligand of the precursor. This indicates that chemisorp-
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tion of the precursor occurs during the first exposure. In addition, isolated
Si-OH groups (at 3745 cm-1) are consumed during the precursor exposure
of the first three ALD cycles.[32]

After the first H2 plasma there is a shift in absorption from 3745 cm-1

to 3680 cm-1. The vibration mode at 3680 cm-1 can be linked to hydrogen
bonded Si-OH groups.[32] In addition, two broad absorption features ap-
pear in the region of 2400 cm-1 to 1950 cm-1. Absorption due to the stretch-
ing mode of metal-hydrogen bonds is expected to occur in this region.
These two features most likely originate from Si-H species that are formed
during the H2 plasma exposure.[33] This suggests that the first H2 expo-
sure is able to break some of the surface Si-O-Si bonds and forms Si-OH
and Si-H species.[34] The following gold exposures also consume a fraction
of the Si-OH groups that are present, but this effect stops after the fourth

Figure 6.8: Transmission difference spectra of the ALD process on a silicon (native
oxide) substrate. The substrate temperature was 90

◦C during this ex-
periment. The angle between the surface normal of the substrate and
the incident beam was 75°. A schematic representation of the geome-
try is drawn above the image. The grey box on the left marks the OH
stretching region, which is multiplied by a factor of 4. The middle box
marks the Si-H stretching region and the box on the right marks the
main PMe3 deformation mode (at 960 cm-1).

188



ALD cycle. This indicates that these groups are mainly consumed during
the initial nucleation stage. After several cycles the obtained difference
spectra start to resemble the steady growth spectra that were recorded in
RAIRS mode on a gold seed layer (Figure 6.2 and see Supporting Informa-
tion). These results are in agreement with the results obtained by Pallister
and Barry, as they also observed that the Me3Au(PMe

3
) has a preference

for lone silanol groups as reactive sites on the surface.[31]

6.2.6 Comparison of Me3Au(PMe3)-based PE-ALD processes with different co-
reactants

Two Me3Au(PMe
3
)-based gold ALD processes have been reported.[6,7] Up

till now we have only presented results for the H2 plasma process, neglect-
ing the existing Me3Au(PMe

3
) - O2 plasma - H2O ALD process reported

by Griffiths et al.[7] However, it is noteworthy that applying the 3-step pro-
cess with O2 plasma and H2O in our pump-type reactor did not result in
the reproducible formation of metallic gold, but rather in the growth of
an amorphous gold containing film.

By swapping the H2O exposure in the three-step process by a H2 plasma
(Me3Au(PMe

3
) - O2* - H2*) it was possible to deposit metallic gold films.

XRD patterns for the above mentioned deposition processes (H2*, O2* -
H2O, O2* - H2* in pump-type) are shown in Figure 6.9, together with a
reference of a sample grown by the O2* - H2O process in a flow-type
reactor. The patterns indicate that the only process that does not yield
crystalline gold films is the Me3Au(PMe

3
) - O2 plasma - H2O process

performed in a pump-type reactor, in contrast to the same process applied
in a flow-type reactor. The other films show diffraction peaks for Au(111)
and Au(200) planes, proving their crystalline nature.

XPS measurements were also performed on these samples, the mea-
sured O1s, C1s, P2p, and Au4f peaks on the air-exposed surface and after
100 seconds of argon sputtering are displayed in Figure 6.10. For all sam-
ples there is adventitious carbon present on the surface, but no carbon is
present in the film itself. The Au4f peaks are not in a pure metallic state
for the Me3Au(PMe

3
) - O2 plasma - H2O process in a pump-type reac-

tor showing gold in a Au(0) and Au(+1) oxidation state. After sputtering
the Au4f peaks are of a metallic nature, however it is most likely that the
Au(+1) species are reduced to Au(0) as a consequence of the sputtering
process and as such this cannot be taken as an indication that the under-
lying gold is in a metallic state, which would otherwise conflict with the
observed XRD pattern of this film (Figure 6.9). The gold in the other three
samples is in a metallic state, as deposited and after sputtering, which is
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in agreement with the measured XRD patterns (Figure 6.9). On all sam-
ples there is a O1s peak visible, which for the Me3Au(PMe

3
) - O2 plasma

- H2O flow-type process and for the Me3Au(PMe
3
) - H2 plasma process

has a binding energy around 532.9 eV and most likely originates from the
silicon oxide of the substrate. For these two samples, there is also no phos-
phorous present on the surface or after sputtering, showing that these
films consist of pure gold. For the other two samples, there is a clear pres-
ence of phosphorous, both on the surface and after sputtering. The P2p
peaks have a binding energy between 133.5 eV and 134.6 eV, which is con-
sistent with P-O and P=O bonds, originating from phosphate groups.[35,36]

These results show that pure gold films can be deposited in a flow-type
reactor using O2 plasma and H2O as co-reactants and in a pump-type re-
actor when using H2 plasma. In a pump-type reactor, the use of an O2

plasma results in the formation of a gold containing phosphate layer, and
reducing the deposited layer to metallic gold is not possible using H2O but
can be achieved when using H2 plasma as the second co-reactant. How-

Figure 6.9: XRD patterns of four ALD deposited gold films on silicon (native
oxide), all depositions were performed at a substrate temperature of
120

◦C. The Au(111) and Au(200) peaks are respectively marked at 38.3°
and 44.5°. 1) Me3Au(PMe

3
) - H2 plasma process, performed in a pump-

type reactor (equivalent to 21 nm of sputtered gold). 2) Me3Au(PMe
3
)

- O2 plasma - H2 plasma process, performed in a pump-type reactor
(equivalent to 6 nm of sputtered gold). 3) a Me3Au(PMe

3
) - O2 plasma

- H2O process, performed in a flow-type reactor (equivalent to 9 nm of
sputtered gold). 4) a Me3Au(PMe

3
) - O2 plasma - H2O process, per-

formed in a pump-type reactor (equivalent to 10 nm of sputtered gold).
The displayed patterns were given an offset.
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ever, even the use of H2 plasma is not able to easily remove the phosphate
layer that is formed during the O2 plasma exposure. It is possible that a
difference in pressure for the used H2O exposure between both reactor
types leads to the incomplete removal of the phosphate layer, with a max-
imum H2O partial pressure of 0.17 mbar in the flow-type reactor. For this
reason, the used pressure during the H2O exposure was varied between
6×10−3 mbar and 5 mbar; however, there was no difference in the gold-
phosphate films that were formed in these experiments. It is possible that
hydrogenating the phosphate layer to from phosphoric acid is followed
by dehydrogenation in a pump-type reactor, instead of removing it from
the surface. Another, more likely, possibility is that differences in the O2

plasma properties that are used during the process lead to significantly
different phosphate layers, making it more difficult to remove from the
surface with a water exposure in a pump-type system.

Depositions using the Me3Au(PMe
3
) - O2 plasma - H2O process in

our pump-type reactors always yielded amorphous gold containing phos-
phate films, which is a clear difference compared to the results obtained
for this process in a flow-type reactor.

6.3 conclusion

The reaction mechanism and ligand stability of the Me3Au(PMe
3
) - H2

plasma process in the steady growth regime has been investigated in a
pump-type reactor. During the main reaction mechanism, the PMe3 and
CH3 ligands of the precursor remain on the gold surface after chemisorp-
tion of the Me3Au(PMe

3
) molecules, causing self-saturating behaviour

during the precursor exposure. The precursor ligands are removed by the
H2 plasma exposure, resulting in the formation of CH4 and possibly (tri-,
di-)methylphosphine / phosphine groups.

A minor fraction of precursor decomposition occurs due to the desorp-
tion of the ligands from the surface, as this effect creates additional adsorp-
tion sites for the next precursor exposure in a decomposition experiment.
For substrate temperatures above 100

◦C the amount of precursor decom-
position increases with substrate temperature and at 120

◦C the decom-
position becomes larger than the GPC of the ALD process. At this tem-
perature the deposition occurs through CVD as there is no self-limiting
behaviour of the surface during the precursor exposure. At all substrate
temperatures the CH3 groups get removed from the surface over time,
most likely in the form of CH4. This occurs faster at higher substrate tem-
peratures. The desorption of the PMe3 groups from the surface, which
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increases with temperature, seems to be the main factor that determines
the precursor decomposition behaviour.

Importantly, precursor decomposition does not occur on a SiO2 surface,
hence another reaction mechanism must be responsible for the nucleation
of Au PE-ALD on this surface. Transmission IR measurements on SiO2

substrates indicate that Si-OH surface groups are consumed during the
initial Me3Au(PMe

3
) exposures, which makes them the most likely candi-

dates to act as nucleation sites for the Me3Au(PMe
3
) - H2 plasma process.

This observation is in agreement with the results of Pallister and Barry of
the adsorption of Me3Au(PMe

3
) on high surface area silica powder.[31]

Finally, we used O2 plasma and H2O as co-reactants in our pump-type
ALD systems and compared the obtained film to a metallic and chemically
pure gold film that was deposited in a commercial flow-type reactor, us-
ing the Me3Au(PMe

3
) - O2 plasma - H2O gold ALD process.[7] Instead of

a metallic gold film we obtained amorphous gold-containing phosphate
films, as verified by XPS and XRD measurements. Swapping the H2O ex-
posure step with a H2 plasma resulted in the formation of metallic gold
films, showing that a stronger reducing co-reactant is required in pump-
type systems. However, the use of a H2 plasma in the process was not
sufficient to completely remove the phosphate layer that is formed dur-
ing the O2 plasma step. This indicates that, once formed, it is difficult
to remove the phosphate layer in a pump-type ALD system, where the
Me3Au(PMe

3
) - H2 plasma two step process is the preferred process for

obtaining high quality gold films.
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6.4 supporting information

nmr measurements were performed on both types of precursor that
were used for the ALD experiments. Results for the Me3Au(PMe

3
) liquid

are shown in Figure 6.11a, the spectrum confirms that the Me3Au(PMe
3
)

liquid has a purity of 95%, with < 5% of MeAuPMe3. The NMR results
for the (CD3)

3
Au(PMe

3
) liquid (Figure 6.11b) show that the used precursor

liquid has a purity of at least 95% and a deuteration of more than 99%.

Figure 6.11: NMR spectra of the used precursor liquids. a) spectrum of
Me3Au(PMe

3
), indicating that the liquid has only a minor component

of MeAuPMe3 (<5%). b) spectrum showing a pure (CD3)
3
Au(PMe

3
)

(< 5%, CD3AuPMe3), with at least >99% deuteration.
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varying the plasma exposure : In situ RAIRS experiments show that
the CH3 groups and PMe3 groups are removed from the surface by the
H2 plasma exposures. This was verified by in vacuo XPS measurements,
showing that a H2 plasma exposure of 10 seconds is sufficient to remove
the contaminating surface groups. Beside this, we also performed ex situ
XPS measurements on three ALD gold samples, deposited using different
plasma exposure lengths. These samples were deposited on silicon oxide
substrates at a substrate temperature of 90

◦C, with saturating precursor
exposures. The C1s and P2p peaks for these samples are displayed in
Figure 6.12. The samples were measured after air-exposure (top panel) and
after removing the surface contamination by argon sputtering (bottom
panel).

On the air-exposed samples, there is a clear P2p peak present for the
sample with a plasma exposure of 2 seconds, while for the longer expo-
sures this peak is not clearly present and remains below the detection

Figure 6.12: Ex situ XPS spectra for the C1s and P2p peaks of three ALD de-
posited gold samples using different plasma exposures. The deposi-
tions were carried out on silicon oxide substrates at 90

◦C, using sat-
urating Me3Au(PMe

3
) exposures. Air-exposed samples are displayed

in the top panel, while the bottom panel show the same samples after
100 s of argon sputtering.
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limit. After removing the top-layer by argon sputtering there is no clear
presence of phosphorous for the longer plasma exposures and there is
a small remnant visible of the P2p peak, around 130 eV, for the shortest
plasma exposure. For the carbon peak (C1s) there is also a clear difference
on the air-exposed surface for the shortest plasma exposure and the other
two samples. The 5 s and 20 s plasma exposed samples have a comparable
C1s peak, which can be attributed to adventitious carbon from exposure
to the atmosphere. For the 2 s plasma exposed sample the C1s peak is sig-
nificantly larger compared to the other samples. While there will be a con-
tribution of adventitious carbon for all three samples, the air-exposure for
all three samples was similar. The most likely origin of this additional car-
bon is from the CH3 groups of the PMe3 ligand. A lower GPC is observed
for shorter plasma exposures, indicating that something is prohibiting the
chemisorption of additional precursor molecules during the precursor ex-
posure, causing the lower GPC. From the ex situ XPS measurements it is
to be expected that there are still PMe3 ligands present on the surface
for shorter plasma exposures, which occupy possible chemisorption sites,
reducing the amount of gold atoms that can be deposited during each
Me3Au(PMe

3
) exposure.

nucleation data : In situ transmission FTIR measurements were used
to study the nucleation stage of the Me3Au(PMe

3
) - H2 plasma ALD pro-

cess. For this a silicon substrate (with native oxide) was used and was
heated to 90

◦C during the ALD deposition. The sample could be mounted
on the substrate holder with different incidence angles of the IR beam,
with respect to the surface normal of the sample. Experiments were per-
formed in which the IR beam had an incidence angle of 0° and 75° with
respect to the surface normal. Difference spectra for ALD cycle 1; 20, and
40 of both experiments are displayed in Figure 6.13. At an incidence an-
gle of 0° (Figure 6.13a) it is not possible to identify any of the expected
absorption peaks from the precursor, while at an incidence angle of 75°
(Figure 6.13b) there are clearly changes in absorption present after the first
precursor exposure. And after 20 ALD cycles the difference spectra start
to resemble the steady state case of the process. The displayed spectra of
Figure 6.13b are scaled down to compensate for the increase in measured
surface area due to the larger incidence angle.
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Figure 6.13: Transmission infrared difference spectra for the precursor and co-
reactant exposures for ALD cycles 1, 20, and 40. The spectra were mea-
sured after each exposure during the gold ALD deposition and was
performed at a substrate temperature of 90

◦C. The grey box marks
the OH stretching region. a) Sample mounted with its surface normal
parallel to the incident IR beam. b) Sample mounted with the sur-
face normal angled at 75° with respect to the incident IR beam. The
spectra were scaled down by a factor of 3,86 to correct for increase in
measured surface area. The geometry of the incident IR beam and the
substrate is drawn above the figure for both cases. The dash black line
represents the surface normal of the sample.
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Part IV

C O N C L U S I O N S A N D O U T L O O K

"Go back?" he thought. "No good at all! Go sideways?
Impossible! Go forward? Only thing to do! On we go!"

- J.R.R. Tolkien, The Hobbit





7
S U M M A RY A N D F U T U R E O U T L O O K

In this thesis, the steady growth and nucleation behaviour of the standard
thermal platinum atomic layer deposition (ALD) process was investigated
and a new gold plasma-enhanced atomic layer deposition (PE-ALD) pro-
cess was developed and investigated. The main results and insights from
this research are summarized below.

reaction mechanism of platinum ald Thermal ALD and PE-
ALD of platinum, using MeCpPtMe

3
as precursor and O2 gas or O2 plasma

as reactant, are studied with in situ reflection absorbance infrared spec-
troscopy (RAIRS) at different substrate temperatures. This is done to iden-
tify the functional groups that are present during platinum ALD and in-
vestigate the origin of the temperature dependent growth rate of the ther-
mal process.

Figure 7.1: Schematic representation of in situ RAIRS results of the thermal Pt ALD
cycle at 300

◦C and 100
◦C. Oxygen species (blue), precursor ligands

(gray) and carbonyl groups (black).
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Evidence is given that CH and C=C containing species are present on the
surface after precursor exposure at low substrate temperatures (<150

◦C),
poisoning the surface during thermal ALD. Both species are removed by
O2 plasma enabling PE-ALD below 150

◦C through combustion reactions.
Above 150

◦C, no CH stretching modes were detected and the C=C vibra-
tion diminished, indicating dehydrogenation reactions and ligand restruc-
turing. In addition, the PE-ALD Fourier transform infrared spectroscopy
(FTIR) spectra revealed the presence of combustion reaction products on
the surface after precursor exposure. These were removed during the re-
actant exposure and during this exposure the formation of surface OH
groups was found for both high and low substrate temperatures. We con-
clude that the decrease in growth rate for the thermal process is caused
by the inability of the surface to properly dehydrogenate and restructure
the poisoning precursor ligands.

nucleation of thermal platinum ald Understanding the nu-
cleation behaviour of metal ALD processes is of significant importance for
several applications. Therefore, in situ investigations of thermal platinum
ALD at 300

◦C on planar SiO2 substrates by means of X-ray fluorescence
(XRF) and grazing-incidence small-angle X-ray scattering (GISAXS) are
presented. The evolution in key scattering features provides insights in the
growth kinetics of platinum deposits from small nuclei to isolated islands
and coalesced worm-like structures. An analysis approach is introduced
and validated to extract dynamic information on the average real space
parameters, such as Pt cluster shape, size, and spacing. The results indi-
cate a nucleation stage, followed by a diffusion-mediated particle growth
regime which is marked by a decreasing average areal density and forma-
tion of laterally elongated Pt clusters. Growth of the Pt nanoparticles is
thus not only governed by the adsorption of Pt precursor molecules from
the gas-phase and subsequent combustion of the ligands, but is largely
determined by the dynamic exchange of migrating Pt species on the sur-
face between neighbouring Pt nanoparticles and diffusion-driven particle
coalescence.

Moreover, the influence of the Pt precursor dose on the particle nucle-
ation and growth is investigated. It is found that the precursor dose has
a large influence on the nucleation speed, while the evolution of particle
morphology as a function of Pt loading is in fact not influenced at all by
the used precursor dose for oxygen based co-reactants. These results show
that combining in situ GISAXS and XRF measurements provides an excel-
lent experimental strategy to obtain new fundamental insights into the
role of deposition parameters on the morphology of Pt ALD depositions.
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Figure 7.2: In situ measured 2D GISAXS patterns, obtained during three experi-
ments, using different Pt precursor dose modes: (a) static mode, (b)
pump mode, and (c) static mode during the first 4 ALD cycles, followed
by pump mode. Independent of the used precursor mode, samples
with the same Pt loading (columns) exhibit the same Pt nanoparticle
morphology.

gold ald A new PE-ALD process for gold deposition was developed.
The process utilizes Me3Au(PMe

3
) as the precursor and H2 plasma as

the co-reactant. A growth rate of 0.030±0.002 nm per cycle on gold seed
layers is achieved and both precursor and co-reactant exposures exhibit
saturating behaviour across a broad temperature window: 50

◦C to 100
◦C.

The deposited gold films are very pure with <1 atomic % carbon and
oxygen impurities, and <0.1 atomic % phosphorous, as obtained from
X-ray photoelectron spectroscopy (XPS). The gold film is deposited as
nanoparticles on oxide surfaces, which coalesce into worm-like nanos-
tructures during deposition. The particular nanostructure of as-deposited
films offers stable free-space Raman enhancement, slightly more than
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one order of magnitude lower than state-of-the-art solid-state substrates,
but with room for further optimization. Beyond surface-enhanced Raman
spectroscopy (SERS), nanoparticulate gold has very interesting and useful
catalytic properties, making the reported gold nanoparticle ALD process
also highly relevant towards heterogeneous catalysis applications.

Figure 7.3: a) Equivalent thickness of gold as a function of the number of ALD
cycles performed on a silicon substrate (native oxide) for a substrate
temperature of 50

◦C and 120
◦C. b) SEM micrographs of Au films de-

posited at 120
◦C. c) SEM micrographs of Au films deposited at 50

◦C.

understanding the new gold ald process In situ RAIRS and
in vacuo XPS measurements confirm that CH3 and PMe3 ligands remain
on the gold surface after chemisorption of the precursor, causing self-
limiting adsorption. Remaining surface groups are removed by the H2

plasma in the form of CH4 and likely as PHxMey groups (x,y: 0-3), allow-
ing chemisorption of new precursor molecules during the next exposure.
The decomposition behaviour is investigated and it is found that above
100

◦C the amount of precursor decomposition increases with substrate
temperature and at 120

◦C the decomposition becomes larger than the
GPC of the ALD process, leading to chemical vapour deposition (CVD)
growth behaviour. This decomposition behaviour is linked to the stability
of the precursor ligands that govern the self-limiting growth during ALD.
Desorption of the CH3 ligands occurs at all substrate temperatures during
evacuation to high vacuum, occurring faster at higher temperatures. The
PMe3 ligand is found to be less stable on a gold surface at higher sub-
strate temperatures and its desorption is accompanied by an increase in
precusor decomposition on a gold surface, indicating that the temperature
dependent stability of the precursor ligands is an important factor to en-
sure self-limiting precursor adsorption during ALD. Remarkably, precur-
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Figure 7.4: XPS spectra of four gold films on silicon (native oxide) substrates for
the air-exposed samples (top panels) and after removal of the top sur-
face by argon sputtering (bottom panels). The processes that produce
pure gold films are the Me3Au(PMe

3
) - H2 plasma process and the

Me3Au(PMe
3
) - O2 plasma - H2O process in a flow type reactor. Using

O2 plasma and H2O in a pump type system leads to the formation of
amorphous gold-containing phosphate films. Swapping the H2O expo-
sure with H2 plasma leads to metallic gold films, however, the phos-
phate impurities are not completely removed.

sor decomposition does not occur on a SiO2 surface, in situ transmission
absorption infrared experiments indicate that nucleation on a SiO2 surface
occurs on Si-OH groups. The use of O2 plasma and H2O as co-reactants in
a pump-type ALD system is compared to the gold films that are obtained
in a flow-type reactor. Instead of a metallic gold film, amorphous gold-
containing phosphate films were obtained. Changing the H2O exposure
to H2 plasma leads to the formation of metallic films, although it is not
sufficient to remove the phosphate impurities.

7.1 investigate an ald process , start to finish

It is possible to investigate and characterize any ALD process by using the
experimental techniques presented in this thesis. This section will present
a general strategy to investigate an ALD process from start to finish. In a
pump type ALD reactor, every ALD process requires a volatile precursor
that can be introduced into the reaction chamber and some co-reactant(s)
that can react with the precursor to deposit material on the substrate.
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The first thing to verify is whether a decent precursor exposure can be
delivered to the surface of a sample. This can be done by monitoring the
pressure in the chamber and an increase should be observed when the pre-
cursor is introduced in the chamber. However, when a carrier gas is used
for the precursor this is not a valid approach, as the pressure in the cham-
ber will reflect the pressure of the carrier gas. Luckily there exist other
methods to determine if the precursor can enter the chamber. For exam-
ple, by using QMS measurements to detect fragmentation products that
can be linked to the precursor molecule, by monitoring the mass gain of a
sample with quartz crystal microbalance measurements, or by heating the
substrate above the decomposition temperature of the precursor to inten-
tionally cause precursor decomposition and deposition on the substrate.
These deposits can then be measured ex situ with, for example, XRF.

With the precursor reaching the substrate it is possible to determine the
ALD characteristics of the process. This entails determination of saturating
behaviour for both the precursor and co-reactant, determine the tempera-
ture window for which saturating behaviour occurs, and the growth per
cycle of the process (which might vary with deposition temperature).

For materials that are not metallic it is possible to use in situ spectro-
scopic ellipsometry (SE) to determine the saturation behaviour of the pre-
cursor and co-reactant. Changes in film thickness can be monitored with
in situ SE during the ALD process. Based on the change in film thickness
after a few ALD cycles it is possible to determine the GPC for the used
deposition parameters. This makes it possible to investigate a broad range
of deposition parameters and determine the influence on the GPC with
only a few depositions.

The use of in situ SE works great on materials that do not heavily absorb
in the used wavelength region used by SE, which is the case for metallic
films. As a result it is not possible to use in situ SE to characterize an entire
set of deposition parameters during a single ALD deposition. Instead, a
new experiment needs to be performed to investigate a change to the
deposition parameters and the deposited layer needs to be analysed after
the experiment. Typically, a few 100 ALD cycles are required to get a
sufficiently thick layer that can be analysed with XRR (for smooth layers)
or XRF (for rough layers).

When the saturating behaviour of a precursor is determined it is impor-
tant to verify that the saturation is real and not caused by supply limi-
tations of the precursor. To verify this it is possible to use conditions for
which intentional over exposure occurs. This can be done by connecting
an additional precursor source in parallel and utilizing both sources simul-
taneously during the ALD process. Then it is possible to verify that the
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process behaves linearly with respect to the number ALD cycles, which is
the expected behaviour for ALD processes.

After saturating behaviour is proven and supply limitations are proven
to lead to fake saturating behaviour, it is important to investigate if there
are any combinations of substrate types and substrate temperatures that
can lead to interesting behaviour during the precursor exposure. As seen
in Chapter 6 during this thesis for Au ALD, for which the precursor ex-
posure leads to deposition on Au layers without the use of a co-reactant
above a substrate temperature of 100

◦C. Of course additional experiments
are required to determine if such behaviour occurs for certain combina-
tions of substrate type and substrate temperature.

At this stage it is possible to reliably deposit films with the investigated
ALD process. However, the composition, crystallinity, morphology of the
deposited films are unknown. These properties can be determined with
several ex situ measurements. The composition and purity of the deposited
films can be obtained from XPS measurements, as carbon and oxygen im-
purities are harder to detect with XRF or EDX measurements. In addition,
information about the oxidation state of the material can be obtained from
XPS measurements. XRD can be used to determine the presence of crys-
talline phases in the deposited films. And the morphology of the films can
be investigated with SEM/TEM measurements.

With the process characterized and the properties of the deposited films
known, all that is left is to determine the reaction mechanism of the pro-
cess and determine its nucleation behaviour. Both can be very challenging
to investigate and require a lot of carefully planned experiments, this is
clearly reflected by the amount of publications that are solely dedicated
to the reaction mechanism and nucleation behaviour of the ’standard’ Pt
ALD process.

Investigating the reaction mechanism of the process requires several
separate experiments, each uncovering a part of the puzzle. A good way
to start is by investigating which by-products are produced during the
precursor and co-reactant exposures, these by-products can be identified
with in situ QMS measurements. Of course, these by-products originate
from chemical reactions on the surface of the substrate and therefore it
is important to investigate which surface groups are present during the
ALD process. One way to investigate the surface species is by using in
situ FTIR measurements. This method can be used during both the nu-
cleation of the deposited material and during the steady growth regime.
If the deposited material is not transparent for IR radiation then it will
not be possible to investigate the steady growth regime in transmission
mode. Instead it will be necessary to perform FTIR measurements in re-
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flection mode. It might be necessary to obtain an absorption spectrum of
the precursor in the gas phase, this can act as a reference for the FTIR
measurements and in addition help with identifying the chemical groups
that might be present on the surface. A downside to using FTIR measure-
ments is that it is difficult to correlate the signal intensity of the surface
groups to their actual concentration. It is possible that a small fraction of
surface groups lead to a very large absorption signal in the spectrum, this
makes it necessary to obtain a library of well calibrated spectra for every
type of surface group. An easier method to determine the concentration
of surface groups is by using in-vacuo XPS measurements. This provides
the atomic concentration of the elements that are present on the surface
of the sample, which provides complementary information to the FTIR
measurements. In addition, the binding energy of the obtained XPS signal
contains information about the oxidation state and binding environment
of the atoms that are present on the surface. By using both measurement
techniques it is possible to determine the surface groups that are present
on the surface and their relative concentrations. Of course there might be
other measurement techniques required to get a complete picture of the
reaction mechanism, but using in situ QMS, in situ FTIR and in-vacuo XPS
will reveal a lot of information about the reaction mechanism.

To properly investigate the nucleation behaviour it is necessary to have
a good understanding of how the process behaves under certain condi-
tions. The nucleation behaviour can be investigated by performing a lot of
depositions, under different deposition conditions and for different num-
bers of ALD cycles. After every deposition it is possible to measure the
ALD films with SEM/TEM measurements, which provide direct informa-
tion about the properties of the imaged particles. The number of required
depositions can be severely reduced and semi real-time information can
be obtained when in situ GISAXS measurements are used during the ALD
process, although it might require the use of a synchrotron X-ray source
and evidently a compatible ALD chamber. The advantage of using in situ
GISAXS is that one experiment provides a lot of information on how the
particles evolve during the deposition. In principle it is possible to obtain
a scattering pattern after every ALD cycle, which makes it possible to ob-
tain very nice insights into how the morphology of the particles evolves
during the deposition process. It should be noted that analysing the physi-
cal characteristics of the nanoparticles and their evolution during the ALD
process, by SEM/TEM/ GISAXS measurements, does not directly reveal
why the morphology changes during the process. To answer this ques-
tion it will be necessary to link the chemistry of the ALD process to the
evolution of the nanoparticles. Therefore, the insights that FTIR, XPS mea-
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surements and other investigations provide into the reaction mechanism
of the ALD process are crucial to explain why a process nucleates and its
morphology changes the way it does.

7.2 suggestions for future work

platinum The two presented studies about platinum ALD expand on
the knowledge of the steady state growth reaction mechanism and the nu-
cleation process for the thermal and plasma-enhanced MeCpPtMe

3
- O2

ALD processes. The investigation of the surface groups with in situ RAIRS
measurements can be complemented by the use of in-vacuo XPS experi-
ments at several substrate temperatures. In addition, this complementary
method of in situ RAIRS and in vacuo XPS investigations can also be em-
ployed to investigate the reaction mechanism when other co-reactants are
used, for example ozone, N2 plasma, and NH3 plasma. Concerning the
nucleation aspect of the thermal platinum ALD process, the effect of other
parameters than the precursor exposure can be investigated using the in
situ XRF/GISAXS combination and the developed analysis method, such
as substrate temperature, type of substrate, the influence of co-reactant
exposure...

gold The existing gold ALD processes use a plasma or ozone as the
co-reactant and therefore a true thermal gold ALD process has still not
been developed. In that regard, the search for a true thermal process con-
tinues and probably requires some very specific chemistries that employ
a highly oxidising or reducing chemical that does not decompose when
it comes in contact with the substrate material or lead to the incorpora-
tion of impurities in the deposited film. There is very little known about
the nucleation behaviour of the reported gold ALD processes, apart from
the indication that lower substrate temperatures lead to less mobility and
therefore a faster layer closure. In that regard, investigating the gold ALD
processes with the combination of in situ XRF/GISAXS can yield a better
understanding of how these processes nucleate. For some applications it
can be interesting to deposit closed gold layers as quickly as possible and
therefore research into enhancing the nucleation and adhesion to oxide
substrates would be interesting. Investigating methods to limit the mobil-
ity of the gold atoms on the surface can lead to interesting pathways to
obtain fast layer closure. One option would be to enhance the adhesion of
the atoms to the surface by using substrates/pretreatments creating func-
tional groups that strongly bind to gold, such as sulphur based groups.
Another option can be the exposure of the substrate to other molecules
which physically reduce the mobility of the atoms on the surface.
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