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Abstract

The construction of a novel “hot and cold wall, cross laminar flow multiple substrate
atomic layer deposition reactor” is presented including a LabView based control pro-
gram and an user-optimized graphical user interface. The chamber was successfully
tested by the improvement of three different materials with respect to growth rates
and impurity content by well chosen depositional parameter (AlO,, Pt and Ir). The
synthesis of a new multilayer system is introduced by forming nanolaminates made
with alternating platinum and aluminium oxide ALD. Theses structures were probed
by transient temperature-dependent reflectivity (TTR) and Rydberg atom tagging
(RAT), respectively. The outstanding decrease in heat conductivity as well as the
possibility of the formation of a super thin isolation layer on metals for atom scatter-
ing purposes were proven with these techniques.

Deposition experiments aiming for cobalt or cobalt oxide thin films using a new kind
of precursor design within the elusive ALD procedure are discussed. Thin films are
presented with growth rates comparable to the literature values, being very small.
However, the examination of this procedure revealed a possible decomposition path-
way prohibiting ALD.

Beyond that, an ALD strategy is investigated to generate thin tantalum oxide and the
still unreported sulphide films with outstanding qualities, such as lowest roughness,

unequalled mild deposition temperature and sufficient growth rates.
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1 Introduction

1.1 Atomic Layer Deposition

Atomic Layer Deposition (BLD) is a gas phase deposition technique!! known for
self-limiting, surface invariant growth of nanoscale films of outstanding quality.®?! It
was developed in the 1970s by T. SUNTOLAE! as Atomic Layer Epitaxy (ALE) for
the growth of high-quality polycrystalline zinc sulphide thin films® for electrolumi-
nescent flat panel displays. The same concept arose in the 1960s under the name
“molecular layering” in the Soviet Union.® Decades later, over one hundred reviews
were written®! and more than thousand published articles per year prove [ALD/to be
one of the most important thin film generation techniques. Especially the microelec-
tronic industry® and its demand for down-scaling device dimensions kept pushing
[ALD] forward, including high-k gate dielectrics for transistors, ! diffusion barriers for
metal interconnects, and high aspect-ratio memory devices (see chapter [1.1.4).16°!
Furthermore, electro-catalysts,!% fuel™l and solar cells!? were improved by [ALDI
materials. Today, nearly every element can be used in an[ALDIcycle to form metal-
lic, oxide, nitride and carbide thin films, and also their heavier analogs, displayed in
figure 113 Not only elemental or binary systems, but also more complex struc-
tures like phosphates or polymerst# can be deposited. Still, is deemed as a
novel method, since most of the strategies lack deeper mechanistic insights and still

a variety of materials await their process discovery.
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Figure 1.1: Possibilities of thin film generations with [ALDIfor different materials, namely pure

and binary compounds of O, N, S, F, Te, and Se. Adepted from MIIKKULAINEN et. al. with
changes. 151161
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Figure 1.2: Idealized concept of Atomic Layer Deposition: The organometallic compound
chemisorbes on a substrate without further decomposition. The second precursor subse-
quently reactivates the new surface in the next step. On the left hand side the deposition
of elements like Pt and Ir is shown, as well as binary compounds like Al,O3 or TaS, on the
right hand side.
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1.1.1 Principles of ALD

Unique properties ascertained[ALD|to one of the most important thin film deposition
techniques. These will be discussed using the scheme of an idealized cycle in the
[ALDI procedure, displayed in figure[1.2] Condensing the procedure, the unique idea
of is the sequential pulsing of precursors, separated by a complete removal
of not chemically bound compound by pump/purge procedures resulting in a pure
surface reactivity. !

In more detail, a generalized [ALDI experiment utilizes two or more precursors react-
ing on and with a substrate. This gives rise to a surface reaction only observed in
[ALD: A self-limiting mechanism can be achieved by intelligent precursor choice. Un-
like other thin film preparation procedures, e.g. chemical vapour deposition (CVD),
pulsed laser deposition (PLD) where precursors react in the gas phase, pro-
vides a tighter control due to the reaction only taking place on the surface. As shown
in scheme[1.2)in the first step, also called “half-reaction”, a metal-containing precur-
sor is reacted with the substrate, releasing a ligand. Stable bonding of one or more
remaining ligands with the metal attached to the surface prevents further reaction
due to inhibited interaction between this ligand sphere and gas-phase metal pre-
cursor leading to the effect of monolayer formation with respect to the ligand. This
reaction with the substrate can either be described by an acid-base or as a redox
reaction. The dominating pathway is given by the product forming: deposition of
elements require alteration of the precursors metal oxidation state. However, this
thesis presents a concerted mechanism in chapter protonation followed by
redox decomposition. In both cases, a highly volatile exhaust species is formed and
released from the surface. ¥l

In conclusion, requires precursors, whose ligands can be cleaved via surface
reactions on the one hand and form an inert cover to the gas phase on the other
hand. !

Although is often described as a monolayer growth technique, steric effects of

bulky protecting ligands prevent total surface coverage with respect to the metal.
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Figure 1.3: Cross sectional image of an[ALD! film, showing perfectly surface invariant
deposition: Al,O5 (300 [m) covers the trench structure consummately homogeneous. [20)

Even with very small ligands like methyl (CH3, see a maximum surface site
occupation of 50 % can be reached. Most transition metals require even bulkier
precursors to be stabilized (see e.g. [1.1.4) in the gas phase, reducing the “mono-
layer” to a 10 % active site occupation.

In particular, this self-limiting, protected surface leads to the effect that the depo-
sition is evidently independent of kinetic aspects: while special surface sites like
terrace ends, hills etc. have a higher and holes a far lower probability to be oc-
cupied in other deposition techniques, is surface invariant as shown in picture
Here, the[SEMlimage shows perfectly homogeneous[ALDIcoverage of the comb
structure with aluminium oxide (published by RITALA et al., 1999).1% This effect is
enabled, since there are no competing reactions on different surface sides in the
[ALDl experiment. Despite easier to reach or thermodynamically more active surface
atoms are also occupied first here (e.g. the top of the branch structure in figure[1.3),
this reaction runs into a saturation since they are not reactivated. The occupation of
remaining vacancies therefore is only dependent on precursor’s exposure duration,
diffusion rate and substrate material.

In the second step of the cycle, remaining physisorped precursor and precursors in
the gas phase are purged. The small fraction of precursor used is a notable differ-

ence to other vapour deposition techniques. As the saturation of active surface sites
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is slow due to decreasing amount of reaction partners and the balance of cleavage
and stability of the precursors, uses a fairly high quantity and concentration of
the precursor in the gas phase compared to its actual deposition of molecules on
the substrates. Consider the example of trimethylaluminium (TMA), reacting with
a flat surface of SiO, with an atomic surface density of about 10'° atoms - m~2. &1l
Here, the amount of 0,001 g/[TMA| would be sufficient to cover one square metre
with a perfect Al monolayer. In the presented procedure with an approximate
chamber surface of < 0.1 m? and a use of about 0.003 [m[Jcycle, about 99 % of
the precursor is pumped as exhaust gas in every cycle, especially considering the
surface not to be completely covered. Nevertheless, this is necessary to ensure
that the surface is fully coated. It has to be considered that not every collision with
the surface is followed by chemical binding reaction, especially keeping in mind the
increasing self-limitation.

In the third step, a second precursor re-activates the altered surface. This can be

either oxidative (see chapter(1.1.4/and|1.1.3) or reductive (chapter|1.1.4) or in a lig-

and exchange procedure. In all cases, the terminating ligand monolayer is cleaved
in this reaction. The second precursor additionally covering the surface with a re-
active species to enable reiteration of the cycle. Although the second precursor
(figure blue) is disregarded in many papers, its choice has major influence on
the growth conditions. Impurities with oxygen, for example, arise from too harsh
oxidizing agents, while the growth of the deposited layer may be limited by the low
reaction rates of ligand exchange.

The chemical control of every step in the [ALDFcycle allows for perfect reproducibil-
ity of layer thicknesses in the order of Angstréms, independent of precursor dose,
reaction time, surface shape and temperature. Limits with respect to the precursor

choice will be discussed in the next paragraph.
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1.1.2 ALD-Precursors and Properties

To ensure self-limited deposition,
the precursor has to fulfil different

demands.®?2 The figure [1.4 shows

gpc [Alcycle]

different limitations for growth per

cycle [A/cycle] (@pg) ratio in various

temperatures regimes. The {ALDl
Figure 1.4: Potential growth per cycle observa-

window”, describes a temperature jons in dependence of the substrate temperature.
range |ALD| can be observed (T min

to Tmax).3l Changing substrate temperatures to lower or higher values, two dif-
ferent mechanisms can be described for each limit, reducing and increasing the
[@pctratio (figure [1.4] red boxes). For lower temperatures, T < T, risk of conden-
sation and low reactivity has to be taken into account. While condensation results
from the increased strength of physisorption and therefore the insufficiency to purge
such bound molecules, self limitation is lost: the amount of the precursor or its frag-
ments on the surface exceeds a monolayer. During the second precursor pulse,
the deposited material quantity increases as well as impurity content due to poor
diffusion into the layer. The initial step, forming a saturated surface, is tem-
perature dependent. Even though this reaction is thermodynamically favoured, the
time constants for saturation may decelerate and furthermore surface mobility may
be diminished.

Typical set-ups for work at fine vacuum. Therefore, observed growth rate is
often limited by the reduced chemical reactivity between the surface and precursor
at low temperatures and not a factor of increased amounts of condensation (see
,1241 especially in precursor developing processes.

For high temperatures, T > T.«, reactions with the hot substrate are confined by the
precursor’s stability. For most cases the risk of decomposition dominates. As shown
previously, precursors in between T.;, and T,.x need labile ligands for substrate

bonding and stable ligands for self limitation.
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Figure 1.5: Overview of the five main precursor classification by their ligand. Namely
pure elements, halides, 3-diketonates, amidinates and organometallic compounds with ex-
amples. [

At higher temperatures these resilient ligands decompose and detach, thwarting
self limitation and therefore increasing Often[CVD|precursors are solely used at
low temperatures in mechanisms, the decomposition pathway shows the well
known chemistry. If the compound is thermally stable, it is reflected from the
surface, since bond formation is less favourable than bond cleavage. In other words,
the resting time, limited by desorption is too small for ligand exchange reactions.
Another important aspect of temperature dependency is not reflected by figure
which is a fundamental alteration of reactivity. Mainly observed in metal deposition
studies, there may be a crossover-point at which e.g. the oxide is formed instead of
pure metal. Thermal [BLDI® of platinum is a prominent example using Pt(Acac),,
where a temperature drop of the substrate to 140 °C result in PtO, deposition with
increased @pc; #? In general, an precursor need to exhibit a variety of tailored
properties, namely a compromise of stability, reactivity and volatility. Using common
precursors, reactivity is the challenging part, whereas volatility and stability in
gas phase have been proven by [CVD] experiments. As implied previously, the inter-
action with the substrate surface and the reaction of stable ligands with the second
precursor are the two vital reactions. The change from to behaviour is
mainly obtained by the exchange of ligands or shift in metal oxidation state, retain-
ing volatility and stability. 12!

In literature, precursors are categorized by their ligands in the displayed five

groups (figure ranging from highly symmetric early arrangements, like pure el-
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ements, metal-halides or beta-diketonates to novel true organometallic or nitrogen
containing antisymmetric metal organyls.

Lower evaporation temperatures are achieved by lowering of symmetry and a
heterogeneous ligand sphere, which gives rise to a broader window because

of distinct cleaving behaviour with respect to surface reactivity.
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1.1.3 Oxides, Nitrides and Sulphides Grown by ALD

Since the mechanism of binary compound deposition inhibits surface reactivation
half-cycle by nature, these materials constitutes by far the largest group. In this work,
they will only be described theoretically but can be reviewed in the PSE-figure
or in many overview articles. 2950

Most binary materials show “Frank-van-der-Merwe”-growth B15253l featuring perfect
layer by layer bottom up generation, only limited by the sterical hindrance of precur-
sor ligand size, blocking surface sides. This already results in complete substrate
coverage after very few deposition cycles, very low roughness and minor impurities.
Oxide depositions can generally be run at lower temperatures, since there is no
decomposition step involved.Therefore, the use of smaller precursors is accessible,
increasing the monolayer coverage and [gpcrrates of binary compounds compared
to elemental depositions. Additionally, the [gpcirate is affected by the simple fact,
that two atoms are deposited per surface site and cycle. Furthermore, due to the
evidence of a low annealing process due to low deposition temperatures and open
surface sides on the basis of sterics, binary compounds often are amorphous and
lower in density compared to crystallized compounds (density of e.g. Al,O; films is
3.0 g/cm? using Atomic Layer[CVDI*4 and 3.5 g/cm3 with[ALD], which is lower than
the standard bulk density of 3.96 g/cm?® in sapphire). The deposition of Al,O, %3¢l
often acts as a model system in various reviews and is studied intensively. 155738l
The combination of a well understood system forming layers with interesting prop-
erties for further investigations, fast growth rates with cheap and volatile precursors

renders a perfect candidate for test depositions in the novel set-up described in

chapter[2.1.1]
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1.1.4 Metallic Films Grown by ALD

turned out to be the most promising technique generating conductive films,
which is especially of interest for microelectronic devices®? and their demand for
downscaling components, e.g. for nanocapacitors or metallization diffusion barri-
ers.® Still, as mentioned before, of metals is more challenging due to their
complex surface reactivation. While oxide surfaces are reactivated by means of
their nature, the reaction of a metal precursor and its oxidized gas phase state
undergo a variety of oxidation state changes, where the catalytic property of the
metal plays a vital role e.g. in dissociatively adsorbed oxygen reactions. 2 Metallic
films can be deposited either by “thermal-", “plasma-enhanced (PE)- "#! and “low-
temperature” ALD. Mainly noble metals are deposited via thermal [ALD: HAMALAI-
NEN et al. collected precursor, deposition parameter and much more in a com-
prehensive review,?®l a summery is displayed in figure namely for Ru, 4243144
Rh,H Os, 148 (147481 and Pt.191 An overview of surface chemistry, predictions and

calculations is given by ELLIOT.

. Ru, Os, Ir, Pt, Rh Rh, Ir, Pt, Pd _
Precursor Precursor
oS 0O, O3
§ > 200 °C <200 °C
c
= noble noble
(@] .
5 metal metal oxide
& H O3
2 > 200 °C
noble metal noble
— . o S
oxide (Ru, Ir) metal

Figure 1.6: Flow chart of noble metal procedures in thermal ALD. ¢!

Another unique feature of noble metal deposition is a different initial phase be-

10
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haviour on oxide substrates. Due to the major difference in lattice constants, the
adhesion is expected to be low. Therefore surface mobility is high and single atoms
of the metal merge to larger droplets after reactivation and ligand cleavage during
the oxygen pulse. This is further supported by the high deposition temperatures.
This growth is named “Volmer-Weber-wetting”, P!

although this model only describes the adhesion

-
o
o

difference of substrate and film but no thermo-

dynamic aspects of wetting, it can be applied to

o

thickness / nm
(8)]
(e)

T ]
500 1000
cycles

o

most noble metals. As a result of this growth
behaviour, different rates can be found if one

compares the growth on pure oxides (first cycle) Figure 1.7: Example of a 100 cycle
initiation  phase during cobalt

with the growth on accreted nanoparticles. As a deposition ~ with  bis(1,4-di-lbutyl-
1,3-diazabutadienyl)cobalt and
formic acid, shown by WINTER and
where only binding to nanoparticles is possible, coworkers. =0

consequence of true “Volmer-Weber wetting”, !l

the virtual growth can be delayed by several cy-

cles as depicted in figure In contrast to this, early transition metal’s negative
electrochemical potentials do not allow the use of oxidizing agents due to the im-
mediate formation of oxides instead of dissociative adsorption at/ALDl temperatures
(especially for Fe, Mn, Cr, V and Ti).[2% Therefore, this procedures demand reducing
agents. A few metals that can be used for[ALDlare shown in a scheme in figure[1.8]
while no procedures for vanadium and chromium have been documented yet. Es-
pecially hydrogen gas leads to successful deposition but still most temperatures do
not allow for the use in layered structures necessary for applications: diffusion in
between layers is still a major problem constructing e.g. interconnects in transistors,
seed layers etc. with ALD.”% For various metals GORDON and coworkers could
show the possible use of homoleptic N,N’-dialkylacetamidinato metal compounds
together with H, forming metallic nano-islands but still with negligible [gpctrates of
about 0.2 A.162

Nevertheless, further indirect routes have been published, in which the grown oxide

11
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Figure 1.8: Display of direct third row transition metals [ALDI for various metals. Structural
features have been discussed in figure

For Coppper with Cu(tmhd), (tmhd = 2,2,6,6-tetramethyl-3,5-heptanedionate) at 190-
260°Ck2, Cu(amidinate), (Amidinate = N-N’-di-sec-butylacetamidinate) at 150-
250°CB354  Cuy(hfac), (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate) at 300°CH3,
Cu(dmap), (dmap = 3-dimethylamino-2-butoxide) at 100-120 oC B85 or with 3-step ALD at
100-160 °CI58l and Cu(Pyrim), (Pyrim = N-ethyl-2-pyrrolylaldiminate) at 120-150 °C59.
For Nickel, Ni(Cp), (Cp = cyclopentadienly, CsHs) at 165°C®% Ni(dmap), is used at
200-240 °CI®1! and Ni(amidinate), at 250 °C1€2l.

For Cobalt, Co(amidinate)s is used at 350°C€2l as the only thermal and (CpAMD = cy-
clopentadieny! isopropyl acetamidinato) 3l CpCo(CO), and Co,(CO)s at 125-175°C and
100°C¥4 as plasma enhanced ALD procedures respectively.

For Fe, Mn and Ti, only plasma amplified procedures are known [65166167168169]

12



1. Introduction 1.1. Atomic Layer Deposition

MLy = MeCpPtMegz Ir(Acac)s
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Figure 1.9: The general mechanism of a noble metal deposition with reference to the re-
produced material in this work. 1: Reaction with the surface consisting of different oxygen
sites being protonated or basic releasing Ligand or CO, depending on reaction pathway. 2:
self-limiting ligand protected surface after purge phase. 3: Ligand oxidation and reactivation
of the metal surface. For metallic surfaces dissociative chemisorbtion of oxygen.

is reduced by isopropanol or formalin”! and hydrogen gas!” in case of copper at
much higher temperatures. Furthermore, formic acid can act as a reducing agent
supported by metallic substrates that facilitates the pre-activation to H, and CO*l
which may allow access for elusive metal deposition in future.

In this thesis three metals were deposited, namely platinum and iridium
(2.2.2) using thermal[ALDland cobalt (2.4.1). As displayed in figure[1.9] MeCpPtMe,
and Ir(Acac), were used together with O, as model systems for high temperature
noble metal deposition using a highly and weakly volatile precursor, respectively.
With these materials, it was possible to evaluate the limits of the novel set-up of the
deposition chamber. Especially platinum was subject of many studies and half reac-
tions were investigated comprehensively. Therefore, platinum may act as a model
providing deeper insights in the mechanistic of noble metal and will be dis-
cussed in the next chapter. With a novel route for Co deposition utilizing a highly
moisture sensitive Co(NTMS,),PR3; complex the chamber was tested with respect

to oxygen contribution.
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Platinum

Platinum ALD, as invented @\ ?Fi (|3|O
by AALTONEN et al.l B \\' —Plt\ (F;t—
uses the precur- d B o —A . 2a
sor MeCpPtMe; (2) and sutlstraté §— (IZXHy CI:XHy
oxygen alternately pulsed pulse 1: MeCpPtMes l|3t ||3t
onto a 300°C substrate. B 2b

This procedure is amongst Figure 1.10: Discussed Platinum [ALDI self-limiting mecha-

the most widely applied Nisms using thermal BLDIwith 2 and O I”4 imaging pathway

presented by KESSELS (A) and MACKusS (B). 55761
and studied processes and

can be considered a model

system for noble metal [ALD] based on chemisorped surface oxygen.”’8l Further-
more, it stands for the exclusively completely understood noble metal mecha-
nism.The growth rate is reported to be about 0.5 A per cycle comparable with other
noble metals. Whilst twelve years of intensive usage, the pathway remained unclear
as displayed in figure[T.10}: [A] claims the partial oxidation by surface activated oxy-
gen and is limited by this amount. The finding of a strong dependency of [gpcrrates
on surface temperature lead to this suggestion, because the amount of oxygen on
elemental platinum is temperature dependent. 497571 This finally results in the ob-
servation of no platinum forming for temperatures lower than 200 °C8€%  |n more
detail, KESSELS et al./’® defined a possible pathway, describing the nature of self-

limiting mechanism:
2 2(g) + 3O(ads) — 2MeCpPtMe, (ads) T CH, ) T CoO, g T H20(g) (1.1)

2 2(ads) + 240(g) — 2Pt(s) + 304 (ads) T 14CO, (g) T 13H20(g) (1.2)

where equation[1.1]denotes MeCpPtMe; pulse and equation[1.2/O, dose. This was
derived from the intensity of exhaust gas, most importantly by the release of one

equivalent of carbon atom per MeCpPtMe; as CH, and CO, in a 1:1 ratio while O,

14



1. Introduction 1.1. Atomic Layer Deposition

releases the remaining 87 % by combustion. This was furthermore backed with
quarz crystal microbalance investigations, confirming the majority of mass
loss occurs in the O,-step!®!! although the detected exhaust-gas-ratio is significantly
different.

The second pathway [B] claims the saturation driven by dehydrogenation of
MeCpPtMe; and the formation of partially dehydrogenated carbon saturation layer.
This was derived from previous reactions on platinum: In this description the ad-
sorbed oxygen reacts with MeCpPtMe; as in [A], but then reacts further to form a
growth inhibiting hydrocarbon film.®! The existence of unidentified carbon chains
supporting [B] were detected by BENT et al. with in situ Photoemission Stud-
ies (PES), observing broad bands for the carbon 2 s region. 7482l While sometimes
analytical approaches did contradict each other, [B] remains mostly accepted nowa-
days. !

Nevertheless, the described pathways are futile to delineate initial steps, grow-
ing platinum on oxide substrates. It is observed that nanoparticles are grown by
“Volmer-Weber growth”B!l which can be related to different surface energies or
the simple absence of catalytic metallic platinum may play a role since nanopar-
ticles were observed in plasma enhanced (PEALD) and ABC-type using
2, O; and H, respectively. KESSELS et al. got insights of first step mechanism
recently, using in situ Fourier transform [Rl (ETIR) measurement confirming C,H,
species after the pulse of 2 only on pure Pt, Pt-OH after oxygen exposure and a
Langmuir-Hinshelwood process of CO reacting with Pt-O(H) to CO, forming metal-
lic platinum. 4

As mentioned previously the thermal growth was extended by different platinum
sources (Pt(Acac), 83) with slightly higher growth rate (0.6 Aper cycle) using bulkier
ligands which was assigned to the lower valency of the metall*?. The utilization of
ozone allowed for platinum oxide deposition.® Furthermore, three step utiliz-

ing a reductant and [PEALD offer deposition temperatures below 200 °C. &4
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2009: 50 nm "11: 30 nm '13: 20 nm  '15:15 nm

Figure 1.11:[SEMimage showing the size of a transistor developing in the last years. €%

Cobalt

Metal deposition is more challenging than their corresponding oxide precipitation
and some applications demand for still elusive materials. An example for this turned
out to be a cobalt or nickel layer for microelectronic devices. These layers in tran-
sistors are mainly made with physical vapour deposition (PVD) reaching a limit
for smallest device possible at around 17 mm, as shown in figure [1.11] Following
“Moore’s Law’shrinking feature size to even lower dimensions, keeping the same or
even higher performance is a challenge only [ALDI can address.

In cooperation with BASF (Ludwigshafen am Rhein, Germany) we decided to im-
prove the Co or Ni diffusion barrier in between conducting tungsten and silica in
transistors by means of their thickness. Nowadays, this is still performed by Ni-
sputtering followed by rapid annealing forming the NiSi barrier, although the cover-
age of this high aspect structure formed by the SiO,-mask demand for a surface
invariant technique like Since tests using the Co(Acac), precursor €l
together with hydrogen turned out not to be successful, the expansion of the
toolbox using a novel strategy is essential. Since the start for this project three
years ago, a strategy for Co{ALDI arose. A variety of procedures, showing
very low growth rates in the range of < 0.01 M were reported recently, using Co-
(PrNCMeNPr) and H, or NH 82871881891 Co((Me)("Pr)COCNtBu), and BH3;(NHMe,)
at 180 °C show comparable growth rates®d. Yesteryear, WINTER and cowork-

ers published acceptable growth rates (0.95 and 0.98 A/cycle) using bis(1,4-di-tert-
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1. Introduction 1.1. Atomic Layer Deposition

butyl-1,3-diazabutadienyl)cobalt(ll) and formic acid with optional 1,4-Bis-(trimethyl-
silyl)-1,4-dihydropyrazine as precursors within an [ALDFwindow of 170-180 °C.B991
Our approach was based on well known cobalt hydride properties and the metal’'s
behaviour on coordinating ligands with «- or (3-hydrogen atoms. Investigated as
a decomposition mechanism already twenty years ago, it was found that Co un-
dergoes «- or B-hydrogen elimination,®2 forming a Co-hydride intermediate which
rapidly decomposes to Co nanoparticles. Based on this chemistry, in our approach,
shown in scheme we transformed a stable Co-ligand self-limiting surface (re-
sult from step A) via ligand exchange within the second pulse to an unstable inter-
mediate. This is proposed to primarily form a metal layer and can be reactivated to
interact with next-step gas phase metal-organic compounds (result from step B). Ne-
glecting surface activation chemistry as shown in chapter[1.3.2)this is one of the first

approaches of metal [ALDlincorporating complex reactivity of the utilized molecules.
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1.2. Design of ALD Reactors 1. Introduction

1.2 Design of ALD Reactors

[ALD}reactors are generally classified by their

flow condition. Two limits are defined in litera-

ture by vacuum and flow condition: early re- 9, — \

actors often expose substrates to the [ALDI pre- o <

cursor without carrier gas and pumping. In the

=
first chambers, a revolving sample holder rotates Il

S+
nd CE i I
the substrate through two cells, filled with reac- VACUUM PUMP

tant gas and optimally in-between purge cells® Figure 1.12: First ALD chamber ro-
tating(11) two substrates(12/14) in a

as shown in figure [1.12} but later more simple yacuum chamber(10) exposing them

to precursor gas in separate evapo-

single chamber reactors with alternating pulse-
g gp ration cells(13a+b).

and pump-times were constructed. 939495 Thjg

leads to the benefit of very long exposure and

reaction times of the surface with a high concentration of the precursor in the gas
phase. However, the evacuation time to remove gas phase remainders is found to
be very long since the molecule flight trajectory is merely undirected at low pres-
sure. 24

Therefore, most chambers are run with a carrier gas flow of Ar or N,, shortening cy-
cle times by orders of magnitude.P997%8l Usually, a gas flow of about 100 standard
cubic centimeter per minute (Sccm), generating a background pressure of one Torr,
which results in an approximate interdiffusion value of D=132 cm?-s~2 at 273 K
for O, in N, since diffusion is inversely proportional to the pressure®®. This calcu-
lates the mean squared displacement (MSD) x, using <x?>=6Dt, where t is time, to
x =28 cm in 1@lindicating sufficient removal properties in acceptable time. Although
this approximation comprises vague assumptions, values can act as limits since in-
terdiffusion of disparate molecules is slower.

Since the optimum vacuum parameters are mainly a trade-off between the described

maximized interdiffusion and entrainment, the mean free path (A) has to be consid-
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ered as small as possible. For one Torr this can be calculated to A ~ 50 pm. 1!

However, applying laminar flow condition reduces the need for interdiffusion dras-
tically and allows for higher pressure set-ups. Although macropores e.g. in struc-
tured substrates still need diffusional purging, flat surfaces can be coated faster in
the idealized image of certain flow domains in the scale of the precursor’s pulse
time, carrying precursor molecules without mixing/propagation. Since D ~ p~!in a
cylindrical flow tube, Reynolds number (R.) gives an impression whether flow can

be laminar, being the fraction of inertial and viscous forces!!:

:pUL tlge QDH
18 v-A

R, (1.3)

where p is the density, u (Q) is the velocity (volumetric flow rate), i (v) is the dynamic
(kinematic) viscosity of the fluid and L is a characteristic linear dimension, e.g. the
dimensions of a tube like the hydraulic diameter Dy and its cross section area A.
Low pressure changes the density of the fluid and heating its viscosity. The stream
is considered laminar when R, < 2300, transient when 2300 < R, < 4000 and turbu-
lent when R. > 4000. Applying the ideal gas law the density can be approximately
determined to p ~ 1.3 g-m~—3, Q ~ 100-200 cm3-s~! as described previously and
Dy and A are in the range of cm. Dynamic or absolute viscosity is mainly a func-
tion of temperature (the kinematic viscosity increases with higher temperature) and
pressure increase by orders of magnitude shows a less than 10% effect on viscosity

correction and can be discarded!1%:

T

TRt <T—) | —200 °C to 500 °C (1.4)
0

with m = 0.76 for air and

VT
ur ~ —. (1.5)
T

The increase of temperature, diameter and pressure (density) reduces R, while an

increase of flow rate increases it. The novel ALD reactor, described in chapter

19



1.2. Design of ALD Reactors 1. Introduction
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Figure 1.13: Schematic representation of the three different types of plasma-assisted atomic
layer deposition reactors that can be distinguished: (a) direct plasma, (b) remote plasma,
and (c) radical enhanced. 1%l

with corresponding R. for different experiments, was built and operated, following
the before mentioned motives.

Special chambers, addressing the problem of long residence time, can be found
in literature: novel synchronously modulated flow and draw (SMED)-reactors were
constructed altering the flow direction of the inert gas stream by injecting the carrier
gas before the substrate during purge mode and behind in pulse mode with contin-
uous pumping. This leads to high relative exposure times and low flow speed com-
bined with fast cycle times of less than a second for well understood systems. 1%l
Similar flow condition can be found in inductively coupled plasma (ICP)-chambers
where often a carrier-free plasma pulse is followed by a normal metal-organic [ALDI
half-cycle (e.g. TaCls or TiCl,) with inert gas usage.!®”1% | arge scale commercial
reactors operate with H,, N, O,, SFs, N,O, and NH3 plasma at pressures
of approximately 100 mTorr and various metals nowadays. 1%

As furthermore presented in figure[1.13] the gas flow direction, relative to the sub-
strate surface can act as classification argument: thus “showerhead ”- (guiding the
gas stream perpendicular to the substrate plane, often with the use of a distributor
plate, figure (a+b)) and “cross-flow-chambers” (c) (leading reactants sidewise
onto the substrate surface). “hot-"and “cold-wall’-reactors discriminates between

chamber and substrate heating. 24
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In Situ Methods

An increasing number of chambers features in-situ analysis for different purposes
and beside vacuum, flow and heating this can act as a classification argument. Mea-
suring the film’s thickness increase can be calculated by mass gain with[QCM]106:107]
but also spectroscopically using spectroscopic ellipsometry (SE) %1% X-Ray pho-
toelectron spectroscopy, ultraviolet photoelectron spectroscopy (UPS)HH, X-
Ray fluorescence (XRE)®2M2l or more accurate synchrotron radiation photoemis-
sion spectroscopy (SR-PES) "3l are methods presented in literature. Characteriza-
tion of surface, interface, and thin film structure and morphology can be applied by
low angle electron-electron diffraction (CEED) M4 or X-Ray reflectometry (XBR)H°!
can be used to study layered growth revealing micro-structures whereas grazing
incidence (Gl)-small angle X-ray scattering (SAXS)M6117 js especially sensitive
to the formation of discrete nano-particles, and therefore particularly useful in in-
vestigating nucleation, growth, and coalescence of nano-particles during the early
stages of growth X-ray absorption spectroscopy (XAS)E2118l  Furthermore,
the evidence of film closure afterwards can easily be detected by four-point probes
electronic resistivity investigation'®l. Measurements like X-ray absorption near-
edge spectroscopy (XANES) and X- ray absorption fine structure (XAES) provide
information regarding the oxidation state, ligand influence on orbital environment,
and symmetry of the probed atom!''®l. Surface molecules like ligand fragments
or their reaction products can be additionally detected by [FTIRIZ7106:1191120121i122)
or surface-enhanced Raman spectroscopy (SERS)!I'2¥, gas phase fragments by
mass spectrometry (MS)!24123 resulting from surface reactions, or optical emis-
sion spectroscopy (OES)!2% and can thereby give insight in mechanistical prop-
erties. Thermodynamics of a half cycle reaction have been investigated by calori-
metric heat detection!2l and theory providing insights of reaction pathways and
continuation in precursor improvements.!'2¥l tunable diode laser absorption spec-
troscopy (TDLAS)!2® is used as a mass flow control unit to guaranty for a highly

reproducible precursor inlet.
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N
1.3 Application of ALD Materials SN SFB
1073

1.3.1 Sandwich Layer Tuning Phonon Spectrum

Fundamental understanding of atomic-scale energy transport in different materials
is the key aim of the CRC 1073 “atomic scale control of energy conversion” with
the long term goal to develop control tactics steering energy conversion via tun-
able excitations and interactions. A variety of methods is applied, dichotomously
split into material generation and investigation of their properties. This allows for
the development of novel theoretical and experimental methods to precisely control
for example thermal energy transport, important in multiple research fields, includ-
ing highly efficient thermoelectrics!3%131l nanoelectronics, '3 fuel cells, 13 thermal
barrier coatings, 34 and ultra-low thermal conductivity materials"*> and much more
described by MALDOVAN. 38!

Generally, energy transport in condensed matter is driven by free electrons (only in
metallic structures) and phonons. In an elastic arrangement of atoms (solid sate
and special liquids), a phonon is defined as an excited state of lattice vibration and
can be understood as a bosonic quasi-particle in a wave—particle duality fashion.
Energy transport can furthermore be understood as phonon propagation through
the material and reduction of the thermal conductivity can only be achieved by the
reduction of phonon velocity or its mean free path as a consequence thereof. This
reduction is driven by scattering of phonons which happens by different pathways
(see equation[1.6), reducing the lifetime 7 resulting in a propagation length of about
10-100 mm (at room temperature (tf))."32 Phonon-Phonon interaction in which two
phonons merge to one or one phonon decays in two (conservation of momentum)
cannot explain the finite thermal resistance. Therefore, diffuse boundary scatter-
ing 78, dominating at low T with low frequency phonons, impurity scattering 7;, and

Umklapp scattering 7y at higher temperatures have to be taken into account. The
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overall relaxation time 7 can than be expressed as
—=—+—+ = (1.6)

It has been proven experimentally that 7 and thus phononic thermal conductivity
can be artificially changed, dependent on the materials temperature: doping ma-
terials with impurities!'3® scattering short wavelength phonons, interfaces!**!, and
nanoparticlest? scattering longer wavelength phonons diffusely (incoherent) 4%
as nicely depicted by VINEIS et al. (figure 5 int'39) lead to this effect. Introducing
phonons, it may be stated at this position, that the Debye temperature ©p, for Al,O,4
is 1047 K4 whereas ©p is 240 K for platinum. 1 However, this work will focus
on phonons in nanolaminates in which boundary scattering dominates if the lattice
fulfills parameters discussed in the next paragraph.

In superlattices, thermal transport can be varied by the materials chosen, mainly
the acoustic mismatch (crystallinity, density, mass of elements, roughness...) at the
interface, by the peridicity of the lattice and by the layer spacing dimension. As dis-
played in figure [1.14] surface roughness and periodicity of the multilayered structure
define the pathway of scattering: An interface roughness that fulfills d > R and a
periodicity satisfying Bragg'’s law, leads to constructive interference (é no transmis-
sion due to total energy reflection). Especially for nanolaminates of r, >> P (with
r. = v - T where v is the group velocity and T the phonons lifetime limited from scat-
tering), allowing for multiple secondary wave reflections.*¢ The group of this d is
then defined as the “bandgab”.!'#?l This is naturally broadened, taking aperiodic lat-
tices into account (see figure [2.26).As the second property, the periodicity of the
lattice defines two limits for the heat transport, namely the incoherent diffuse regime
and the coherent ballistic limit. Considering a phonon mean free path r. being much
shorter than the lattice parameter P, scattering occurs both in between and at the

interfaces (As sown in figure B) and phonons should be treated as particles.
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Figure 1.14: [A]: Specular versus diffuse scattering at the interface of two materials (black
line): for d>R thermal vibration maintain its phase, is reflected and transmitted into the
second material. For d<R diffuse scattering dominates. [B]: Phonon mean free path r_ in

a layered material and resulting energy transport displayed as temperature in the diffuse
scattering model. 136l

If r. > P, then ballistic transport is dominating and the phonon has to be treated
as a wave.#l Since temperature and phonon frequency influence the ratio, both
models have to be considered in a real system. 144
Although the scattering in between layers can be derived from bulk properties, the
treatment of interface influence is challenging and intensively discussed in literature:
Considering a phonon wave incidence perpendicular to an interface (surface), the

energy or heat flux (Jq) through this junction, with a boundary conductance G is!H4!:
Jo=G-AT (1.7)

G can be predicted by the acoustic mismatch model (AMM) (perfect interface, no
scatteringt4%) and diffuse mismatch model (DMM) (all phonons scatter!'#el) respec-
tively, both originally only taking phonons into account, ignoring electrical contribu-
tions (e.g. in metals) relying on sound velocity v and density p, 471481490501 which is

also related to Young’s modulus. ! Qverall the phononic density of states on each
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side A and B give the scattering probability proportional to the mismatch, 152!

4.75-7Zp
tA%B:(

where Z is the acoustic impedance. Calculations predict thermal conductivity in
cross plane to be about ten times smaller compared to bulk materialt™>¥ but is lim-
ited as a function of atomic layers per superlattice layer.'> Further experimentally
proven factors are tunnelling!%, mode conservation!'®® or the formation of phonon
minibands, in which phonons transmit across interfaces with high probability but
with reduced group velocity!™®/, that can lead to an increase of conductivity A with
smaller P which was both provent®® and refuted>® on similar materials. This de-
scribes exquisitely how poorly the understanding of energy transport is.

For materials with small heat carrying phonon wavelength, e.g. metallic silicon
(d ~ 1 — 10mmM®), bandgaps become measurable with ten interfaces (e.g. in
Si/Gel®1) defining the bottom line of possible materials. Experimentally intensively
studied, since heat transfer is only driven by phonons, are superlattices mixing two
insulators. Recently, metal-metall'®d interfaces were studied (Pd/Ir interfaces show
linear regression in double logarithmic scaling and the boundary conductance per-

fectly fulfils the DMM1®3), as well as metal-insulator laminates. 164
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Generation of Superlattices and Conductivity Measurement

Since there are a lot of thin film generation techniques, such as [PLD], [CVD] sput-
tering and so on, the following paragraph will focus on the outstanding possibilities,
only provided by [ALD] based on the theory in the previous chapter. As stated here,
thickness, roughness, density and atomic weight mismatch as well as impurities
influence phononic heat conductivity. In this work, the first superlattice with metal-
insulator interfaces by [ALDI both with periodic and aperiodic periodicity is presented.
The generated laminates consist of Al,O5 and platinum, leading to a huge mismatch
in atomic weight. Furthermore, the presented platinum layers show highly ordered
crystallinity parallel to phonon propagation while Al,O, is amorphous. This leads to
a huge mismatch at the boundary site. Due to the deposition mechanism, discussed
in chapter [1.1] the interface is expected to consist of chemical bondings between
both materials, which is an unique feature of Furthermore, the roughness
of [ALDHayers can be very different depending on the chosen material. Especially
metallic interlayers form quite rough surfaces due to the previously described island
growth. However, oxide surfaces often turn out to be atomically flat, where d>R may
always be the case (figure [1.14). Impurity scattering like isotope scattering, due
to three platinum isotopes cannot be excluded as well as boundary scattering at
platinum grain boundaries perpendicular to the metal-insulator interface. Although
reproduces the stoichiometry of oxides far better than most other techniques,
their density is often lower than single crystalline Al,O, leading to layer defects but
also to a larger density mismatch and therefore different phononic density of states
decreasing G.

This effect is measured in a cooperational project within the CRC 1073 with transient
temperaturedependent reflectivity (TIR) by Florian Déring.'5 TTRlis a frequently
applied technique on a variety of structures but this work can present the first exam-
ple of [ALDFdeposited multilayers investigated by [TTRl As depicted in figure [1.15]

a probe laser continuously measures the fraction of 643 [m light absorbance and
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20 ns heating
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Figure 1.15: Set-up of the [TTRl experiment: A multilayer structure is irradiated by an in-
tense laser pulse with 248 mmifor 20 ns while reflectivity is traced by continuous wave laser
analysis by fast oscilloscope. 16!

reflectance R1%61167] |eading to a surface temperature at the position x

J1-R
7= 7R e (1.9)
c-d
with light penetration depth 6 oc A of the laser flux J. The temperature is then
changed by short but intense irradiation with the 248 mm laser and the reflectiv-
ity or the temperature change is followed respectively.1%8 For ALDFsamples due to

low thermoreflectance coefficients C with

AR
& ~C-AT (1.10)

a copper transducer with highest possible C and R had to be added by [PLDI as a
rough 20 layer.

Comparing the changes of thermoreflectance in materials with and without inter-

faces perpendicular to the one-dimensional heat flow enables conclusions for phonon

propagation and boundary scattering which will be discussed in chapter[2.3]
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Hydrogen Scattering on Nanoscale Thin Oxides

Rydberg atom tagging (BAT) is a powerful novel tool in the CRC 1073 to investigate
the energy transfer from an accelerated hydrogen atom to the surface of different
materials. The scattering experiment was done at the novel BATFmachine by Y.
DORENKAMP, generating H-Atoms!1%9 from homogeneous laser-light induced split-
ting of HCI. These collide with the assay (Al,O5-sample) and energy loss is detected
as well as the scattering angle. From previous findings, there is a major difference
in scattering of orientated!™”® two-atomic molecules from metals™”!! which result in
high vibrational energy loss to the junction.4l In contrast to this, insulator scatter-
ing leads to almost no excitational change.®! It was therefore postulated that also
atomic scattering may show this effect with samples, as described previously
for gold and xenont74 as shown in figure[1.17] Since 1979 it is agreed that adsorp-
tion of e.g. hydrogen atoms is influenced by electronic!'”®! and phononic excitation
of the surface material.'”®1 With the presented approach, covalently bound materi-
als in thickness of several monolayers of an insulator on a metal were investigated
for the first time. This very thin layer cannot be populated with phonons and isola-
tor's absence of free electrons made energy transfer unlikely. With this, we aim for
further understanding in adsorption mechanisms, as well as fundamental insights in
energy transport of excited atoms to junctions of different materials. With the pre-
viously intensively investigated single crystalline platinum in the group of WODTKE
and BUNERMANN, we also chose this metal as the underlying material in the
approach for good comparison. Since we know from sandwichlayer generation the
strong adhesion of Al,O; and its perfect [ALD-behaviour (compare chapter [2.2.1]
e.g. figure 2.10]or [2.9) in early experiments, we chose this oxide for investigations.
Additionally to this, Al,O, is also commercially available as crystalline sapphire for
comparison experiments of the bulk scattering. With further investigations of energy
dependent scattering from various surfaces, we aim for a deeper understanding of
adsorption mechanisms playing an important role in e.g. heterogeneous cataly-

sis.'”1 The correlation between work function of the surface, vibrational or kinetic
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Figure 1.16: Schematic image of the [RATlexperiment: A molecular beam of HCl is split
by a laser (blue) and hydrogen atoms (red) are accelerated towards the ALD sample and
scattered. A small fraction dependent on the detector position is measured (green). Taken
from BUNERMANN et. al., 2015, Fig 20741 with small changes.
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Figure 1.17: Energy loss spectrum of scattered Hydrogen atoms from a Gold (open
squares) and Xenon (filled squares) surface showing kinetic energy and conductor or insu-
lator behaviour, derived from [TOF] by Jacobian transformation. The experimental conditions
are E;,=2.76 eV, v;=45°, vs=45°and ¢;=0°, with respect to the [101]-direction. Taken
from BUNERMANN et. al., 2015, with minor amendments. 74
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energies of the substance converted and structural properties such as roughness,
film thickness, and density may once lead to a model predicting perfect combination

of heterogeneous catalysts materials.
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1.3.2 Tantalum Sulfide ALD for CV-Electrode Coating

Transition metal dichalcogenides (TMDs)M attracted Ta(NMey)s 12
considerable attention over the past few years because l tBUSH
of their unique properties as two dimensional materi-
als. 80181 However, the synthesis of thin films using ex- S-Bu
foliation!82183] a5 3 top-down procedures lacks the exis- Me N_T| NMe;
2 a\
tence of a well connected substrate, making property in- é g NMe;
-bu
vestigations challenging. Other approaches, e.g. chemi-
cal decompositiont4 or[CVDIH®! often produces severall l AACVD
non-uniform multilayer, requiring post annealing. In con- _
TaS, film

trast to the predominant amount of accessible oxygen

Figure 1.18: Tantalum
containing materials, less than twenty binary sulphides AACVD shown by PETERS
generated by were published by the time this the- ©! al..t
sis was written. % However, especially MoS, was stud-
ied intensively and a recently presented procedure including surface activa-
tion with a R-SH seed layer and annealing was able to produce very thin films of
acceptable quality.l8! Applications, such as anode coating for lithium-ion batter-
ies8 or improving TiO,-catalysts in e.g. hydrogen evolution reaction (HER) shown
recently 881891901 nhrove the value of transition metal dichalcogenides (TMDs). 1!
Furthermore, low temperature phenomena such as superconductivity and charge
density wave effects have also been observed in TaS,.l%¥ [TMDg| are investi-
gated in the CRC 1073 to study energy conversion after excitation in respect of
the Mott- or charge density wave (CDW)-gap in the TaS,-band structure with time-
resolved photoemission electron microscopy (PEEM) leading to the ratio of electron
to phonon transport in correlated materials (B07, MATHIAS). 193194195 Both | the dis-
cussed chemical and the physical properties of TMDs| motivated us to study the still
elusive deposition strategy of thin film TaS,4ALDL This work will show first steps of
precursor testing and TaO, and TaS, test deposition, which will be continued by J.

GERKENS generating TaS, film based electrodes for electro-catalysis following the
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NMe, T-R
MezN—Ta‘:\NMeZ tBUSH |\/|e2N—Ta;““S'R R = H, 'Bu, Me
| NMe;,  H,S | NMe,
. MeSSMe
I Si0,/TaS, > Si0)TasS, |—
ALD
Step 1
Ta(NMe i decomp.
( 2)s TaS, film - P
12

Figure 1.19: Proposed [ALDcycle forming TaS, thin films. In the second step the utilized
sulfur sources in different experiments are displayed.

presented findings.

[CVDFmethod originated, displayed in figure we chose amide precursors and
various sulfides to form TaS, and also water and oxygen as a coprecursor to de-
posit TaO, respectively. Due to the separated use of Ta- and S-source we aimed for
the reproduction of the homogeneous reaction presented by PETERS et al. on the
substrates surface, followed by the already known decomposition at higher temper-
atures, as presented in figure 78] Self limitation is achieved by the more stable
Ta(NMe,), surface, forming after the substrate reacts with Ta(NMe,)s, 12. This was
shown earlier, e.g. by the work of TOLBERT et al., depositing Ta,Os and TazNs with
the use of water and ammonia.!™®® The reaction with mercaptane and other sulfur
sources is known in solution and the product is shown in figure as well as the
final thermal decomposition at around 300 °CH78l reactivating the surface, changing

SiO, to a TaS, surface.
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1.4 Motivation and Scope of This Work

Several examples for transition metal (TM) procedures were described in the
previous sections. However, defined systems and deposition parameters for some
materials still remain uncharted. Beyond that, elusive substances often feature in-
teresting qualities which have been betokened in the earlier chapters of this work.
Aim of this thesis is the extend of available methods by the application of a
novelistically designed reactor.

In more detail, this work can be structured in four parts, namely the development
of the reactor followed by several testing procedures which define the constraints
of the machine. Here, Al,Og, Pt and Ir were chosen as literature procedures. As a
second section, these materials were combined to high interface density materials
and analysed in the scope of the CRC 1073 with respect to energy exchange. To
turn over a new leaf by veering away from literature, in the third and fourth part,
novel procedures were investigated. These are thin films of Co for transistor
size miniaturisation in cooperation with BASF and secondly we aimed for TaSx de-
position which can be utilized on the one hand in charge density wave investigation
within the CRC 1073 but also act as an interesting candidate for electrode coating
in heterogeneous catalysis on the other. Since the motivation for every entity is

different, they will be discussed separately in the following sections.

Part 1: Construction and Testing Procedures

To apply Occam’s razor, there are two different kinds of deposition chambers. One
handles highly textured structures with long resting times of precursors and sepa-
rated pump and purge times. Albeit the benefits of this settling chamber are interest-
ing, it did not match the planned applications. For the presented experiments, the
second type will be constructed which unites a constant, laminar flow and exhaust
development with the potential to deploy up to six different precursor inlets. This

will be constructed as a compilation of all beneficial properties, presented in recent

33



1.4. Motivation and Scope of This Work 1. Introduction

literature. The chamber can be run as a “hot-"or “cold-wall” chamber with a tem-
perature window ranging from 20 to 450 °C. It is constructed for process pressures
from 0.1 [mbarito 100 [mbar with the corresponding flow rates of 1-500 mL - min—1.

Testing the set up and setting a network for thin film analysis methods in the group
of S. SCHNEIDER, we will apply several well understood procedures. How-
ever, these materials should not only act for chamber examination but also should
be usable building nanolaminates (see part 2). Because of their huge difference
in the Young modulus, their Debye temperature, crystallinity, phononic density of
states and deposition parameter, we will choose Al,O;, platinum and iridium

as first targets.

Part 2: High Interface Density Nanolaminates

Still, fundamental understanding of energy transport in condensed matter is de-
bated. Models describing the effect of structural probabilities still only touch thresh-
old regions only applicable for some simple materials with sufficient compliance.
Therefore, energy dissipation delivered by photons and molecules will be investi-
gated using [ALDFprepared multilayer structures together with [TTRl and atomically
thin isolators on metallic [ALD}substrates with RAT. With optimized procedures of
aluminium oxide and platinum in hand, a strategy will be examined generating us-

able materials.

Part 3: A Synthetic Route for Thin Cobalt Films

Elusive [ALDI strategies for conductive elements in microelectronic industry limits
the trend of downscaleable components following Moore’s law. Other deposition
techniques applied result in layer thicknesses far above the 1 M scale, which is
often published for [ALDI materials. In this thesis, we will try to find a way to shrink
the thickness of a cobalt diffusion interlayer in transistors which hold a diameter of

about 15 [m the time this thesis was written. For this purpose, a variety of precur-
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sors will be synthesized and tested in the reactor with respect to their evaporation,
stability and deposition properties. Generally we will focus the project on cobalt
amides, stabilized by a labile phosphine ligand. These complexes feature the ab-
sence of close to metal hydrogen atoms. We aim for the reconversion of the stable
Co-amide self-limiting structure on the surface during the application of an amide
forming highly unstable Co hydrides after ligand exchange reaction. This is depicted
in scheme 1.4l

Part 4: A Novel Strategy Accessing Tantalum Sulphide Films

Due to their unique electronic (band gaps, heterogeneous catalyst) and structural
(2D material, [CDW) properties transition metal dichalcogenides are studied inten-
sively. Furthermore, considering the quantity of binary metal materials, sulphides lie
far behind oxides and nitrides in this respect. Initially, we will direct our focus on pub-
lished[CVDland[ALDIprecursors, e.g. utilized in TaO, or TaN, depositions. There we
will start with simple systems like TaCls and Ta(NMe,)s with various sulphur sources,

ranging from H,S to thiols and disulfides.

R
R T™MS C| TMS R
HaC, N ;?K HE 2 TMS
NH ‘co-N.
2 T™MS TMS C|0 ™S
. B—H-Eliminierung
NH,CH,R R, HN(TMS), R l
\ H
. N I\/ITMS
0 H-Co~ "™
T™MS
decomp.

Scheme 1.4.1: The general idea of Cobalt deposition based on the decomposition reaction
of close to metal hydrogen atoms, using protected Cobalt-amides and primary amines.
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2 Results and Discussion

2.1 A Novel Reactor Design for Thin Film Deposition

2.1.1 Design and Construction

To establish a thin film generation tech- inert gas
nique in the group of S. SCHNEIDER,

using untextured substrates, a viscous

flow|ALDIreactor was designed. Follow-

ing literature terms, described in chap-

v s

ter this can be classified as a “hot 4§ 4
and cold wall, cross laminar flow multi- Fﬁ
g L
ple substrate reactor”. iIV'g R
Y ALD valve

For the purpose of stacking different lay-

substrate

ers, as presented in chapter up to
P pter 2.3, up Scheme 2.1.1: Schematic drawing of the flow

six different precursors can be sequen- conditions in the presented chamber (ISO
tially pulsed within milliseconds. They 2 o:2012)

are mixed in the laminar flow tube with
the separately heated inert gas. The oxygen-free (Agilent oxygen trap, 20 cmj, fig-
ure Ar stream is then split, thus about 10-20% is directed through the
valves to provide fast transport to the laminar flow tube avoiding contamination and
long diffusion times as depicted in scheme and figure The exact distance

of 12[cmito the first wafer position was chosen because calculations predict the gas
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mixture to form a laminar flow (figure [2.2) after this pathway length after recombina-
tion. The inlet ports 2-6 were attached in minimal additional distance. Bending of
the inert gas tubes and valve construction geometry demand for 6 additional cm per
valve inlet. As displayed in figure (0,/03) gaseous or highly volatile precursors
are attached to port 5 and 6 because a higher amount of precursor gas required a
longer way to become laminar.

Applying theory described in section the corresponding R. for both tubes
(dmix—tube = 10 mm, diybe = 6 mm) can be calculated to be R, = 48 / 139 for Ar
and R, = 21 / 106 for N,, respectively, using dynamic viscosity of 17.1 (N,) and

22.1 uPa - s (Ar),19 as described in the following calculation (pressure assumed to

be 4 [mbar).

3

Ar 4 m m
mix—tube Q ° DH 10 T . 132 ? Ny
Re™=" wmn omr2. 221106 1%, L 50 (2.1)
P wbe  —— == . 271(0.01 m)
m3

Flow conditions are best described as predominantly laminar since values for all re-
actor parts calculate to be smaller than the critical R. =2300. (value at which the
laminar flow could turn turbulent). Nevertheless, R, >1 are always effected by tur-
bulence, which has to be taken into account for the evaluation of diffusion and purge
phases. Decreasing R, are furthermore achieved by consistent use of electropol-
ished steel (smallest roughness, low surface mobility) and dislodged weldseams
with high stability against rapid temperature change and heat.

The reactor has 24 independent heating zones, controlled by a self-written program
using independent and experimentally found PID parameter for every zone (for a
detailed explanation review chapter and equation [2.2). Due to the formation
of corrosive gases in the process the chamber is pumped by a chemical resis-
tant scroll pump (Edwards, nXDS) resulting in a 2-10 [mbar total pressure and about
1 m-s~! flow velocity at the substrate position. The pump speed can be controlled
by either reducing the pump [fpm]speed to 60 %, or cutting off the bellow-type valve,

attached in between pump bypass (with manometer]MS| exhaust, and scroll pump)
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A o5 B
: CF40
K=
2]

laminar
flow tube

wafer

heating rod,
thermocouple

sample holder

Figure 2.1: A: General scheme of the laminar flow reactor. Up to six precursors can be
pulsed, while allowing for in situ analysis with [MS] and Zoom B (transparent intersec-
tion in A) provides a lateral view into the deposition chamber, imaging the wafer against the
laminar flow tube position. A more detailed and true to scale drawing with all part numbers
and sealing information can be reviewed in the “reactor manual”.

and chamber, resulting in a lower C, value (fully opened, it processes C, =0.24).
Flow rates are indexed by the resulting pressure at the substrate and the delay in
between a pulse and its arrival in the Due to diffusional delay owed to the
cannula, these values act as crude assumptions and may serve as limit numbers.
To ensure a maximum of precursor molecules interacting with the surface without
high impact energy, the laminar gas stream is directed side-wise onto the substrate
(compare figure 2.2, where the uncoloured area constitutes the sample holder). In
contrast to other geometries, this may allow for multiple interaction events leading
to binding and higher surface saturation as a consequence thereof. The substrate
is mounted into a heated sample-holder (maximum temperature 450 °C) generating

a flat surface to avoid pockets and thus long pump/purge times. Advantageously, it
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2007 ‘

| Bmesssme
ALD valve m t7

Bubbler
reservoir

inert gas

Figure 2.2: Finite element calculation of Figure 2.3: Flow diagram of the bub-
the laminar flow in the chamber and mix- bler (Precision Fabricators Ltd., PF-
ing tube. The split ratio of the flow above 25CCHBC-G). The connection of the
and below the sample holder amounts to  [ALDlvalve was described previously in

45 10 55 %. figure

allows for top and underside deposition to give rise to the CVDJALDI ratio. As shown
in figure the laminar flow tube’s bottom end is on same hight as the substrate
surface, parallel to the stream direction. Because the exhaust gas is pumped down-
wards, the gas stream’s direction is expected to provide perfect interaction with the
substrate this way. Calculations predict the laminar flow to split into 0.8 : 1 with the
majority can be found under the sample holder. Flow velocities measured using the
pulse time of the valve and the detection time in MS are significantly higher than the
prediction, the calculated split ratio therefore gives a lower limit of actual split ratios
found in practice. Thus, the amount of precursor above the substrate is equal or
larger than the prediction due to preservation of flow trajectory.

The machine is equipped with a quadrupole mass detector (QME 220, m/Z = 1-300)
to allow in situ identification of reaction- and exhaust gas components, enabling us
to illuminate the surface chemistry mechanism. Comparing literature in situ analysis
techniques (chapter[1.2), we decided for a[MS|because of its outstanding possibility
to detect very low concentrations of reaction products, without any change of the
flow parameters (since other techniques need reactor windows, etc.). In more de-
tail, these fragments are normally drawn 15 below the chamber, with a needle

from the center of the gas stream. Furthermore, it is possible to attach a cannula
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to directly siphon on the wafer’s surface. All presented mass studies were done in
the normal mode, giving rise to direct response of surface reactions. With in situ
studies we could ensure an oxygen content in the purge gas, e.g. during re-
action, of 50-200 This is comparable to the absolute oxygen concentration in
the inert gas box, used for precursor preparation and synthesis of air and moisture
sensitive compounds, as implied in chapter [2.4.1 The QUARDERA program was
complemented by about 25 multi current detection (MCD) routines, mainly investi-
gating decomposition products in chapter[2.4.1]

For poorly vaporizable compounds or precursors, whose decomposition tempera-
tures are very close to the sublimation temperatures, the possibility of a bubbler
(Precision Fabricators Ltd., PF-25CCHBC-G) is designated. As shown in figure[2.3]
in this set-up a small constant gas stream is directed through and over the pre-
cursor in the reservoir. A bubbler does not increase the amount of material which
is sublimed (rather reduce it due to increasing pressure), but highly increases the
amount transported through the [ALD}valve, since the flow is now directed owed to
higher pressure in the bubbler and not stochastic as before. The bubbler is filled with
the compound, sealed and an inert gas (again purified by a separate O, trap).The
drawback with bubbler experiments are higher pressure in the reservoir sometimes
leading to a drop of substrate from the holder. The pressure therefore has to be ad-
justed carefully and this is done by three valves with very low Cy values in between
the precursor and the heated inert gas stream.

We are furthermore able to track deposition with a (JCM, SQM-160,
120 °C / 285 °C optimized crystals, 6 [MHZ) as a second in situ technique to de-
tect film evolution down to fractions of monolayer growth. This was shown earlier for
mechanistic studies of Pt-deposition, proving cyclopentadienyl (Cp), methyl (Me)), or
CxHy to be the surface terminating species.

For cleaning purposes and oxide depositions of noble metals, we attached an ozone
generator (BMT, 803N) to the chamber, producing up to 20% O, in O, to clean sur-

faces from carbon reminders. While using O, the exhaust gas is directed through
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a bypass over a O, catalyst (BMT, reduces O, to 1 parts per billion (ppb)) prevent-
ing pump or manometer damage. Since O; decomposes within minutes, we build
a reservoir which is evacuated continuously via bypass geometry. This warrants for
constant concentration and reproducibility.

The purge gas heating is performed in a steel tube coiled around and through a hot
brass block, using a 15 m pathway and several seconds dwell time. The block is
heated with two heating rods, 230 V/125 W each with a thermocouple in the center
determining average temperature. The two gas streams (mix tube and valve purge)
are directed mirror inverted through the heating block and the temperature of both
is expected to be equal.

The exhaust gas is cleaned, additionally to the ozone bypass, by different compo-
nents. Most importantly - to avoid valve, catalyst, and pump damage - a particle filter
(cerlikon, leybold vakuum, 140116T) is installed in between the heated exhaust gas
tube and the bypass valve. The filter blocks particle sizes down to 100 Al Addition-
ally, due to a large surface and low temperatures, unreacted precursor is expected
to condense at the filter block. This reminders are expected to be quenched by
the second pulse, avoiding high concentration and condensation in the pump or
manometer.

Acids, redox active or toxic fragments which may evolve during the procedure
(e.g. HCI from TaCls, H,S, ...) are additionally trapped in gas washing bottles using

solutions of bases or H,O..
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2.1.2 Reactor Control: Software

To control six valves within milliseconds and up to 25 independent heating zones
while avoiding hotspots due to overheating, a program was written with Labora-
tory Virtual Instrument Engineering Workbench (LabVIEW)181%9 ysing National
Instruments hardware and software. This includes a source code called “block di-
agram”and a graphical user interface (GUI) called the “front panel”. A simplified
flow diagram in scheme [2.4] and [2.5] shows its general features. Note that a de-
tailed description of all program parts, sub-programs and hardware compounds and

corresponding wiring are available in the “Reactor Manual” as an appendix.

Code

The code is written with Laboratory Virtual Instrument Engineering Workbench (Lab-
VIEW), a system design platform and development environment for a visual pro-
gramming language from National Instruments. The graphical language from Na-
tional Instruments, called “G”, well suited for data acquisition, instrument control
and industrial automation and is e.g. used in the code of Windows and different
Linux distributions, 198199

All parts of the code are labelled with numbers (1, 2, 3a-f, 4a-i, 5) and color coded
in the block diagram. Every sub program is explicitly explained in the “Reactor Man-
ual”. The program consists of two parts executed consecutively. In the first part, the
user is able to set parameters and prepare the chamber for the following deposition
and pulse sequence. After starting the deposition changes in pulse parameters are
not possible, while temperature settings can be changed throughout every program
stage.

The general features of the main program during deposition are two independent
loops, controlling valve opening and heating as shown in figure [2.4] A heating cycle
is executed in about 200 and consists of a measurement step, using a NI 9213

module to digitalize the voltage of the type-K thermocouples to calculate the temper-
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ature, followed by a comparison step of the temperature using a PID sub-program as
a control loop feedback mechanism. With individual parameters for P (proportional,
Kp), | (integral, K,) and D (derivative, Kp) experimentally found for each heating
zone, this program outputs a percentage H(t) reflecting the need for heating to the
set point (Tsp). Whenever this value increases to 50 % heating is applied for the next
200ms. In the following equation, the basic function of the controller is shown, with

T(t) being the actual temperature, and t1 -t2 the approximated heating delay time.

t2

H(t) = Ke(T(t)) — Tsp) + K, / T(t)dt | +Kp (dZit)) (2.2)

tl

A unique heating condition is expressed as a sequence of binary digits, where
each position in the sequence corresponds to a valve or heating part. This number
is generated by a sum of 10" where n is an increasing natural number, reflecting the
corresponding heating zone, depicted in scheme [2.4] The digit at a given position
in the sequence denotes heating (1) or no heating (0). After interpretation of this
sequence as a binary number and conversion to a hexadecimal base, the number
is communicated to the NINI9403, switching current on or off for the next iteration
of temperature comparison (in 200 mMs). NI19375 is addressing pilot valves to open
the [ALDI valves by applying pressure with switching, in a similar manner.

During deposition, the pressure is measured five times per second and plotted to
the graphical user interface as direct data and an average of ten data points. This
information is also copied to the deposition report, consisting of all temperatures
and pulse parameters followed by the pressure as a function of time given as a x/y
data table, which is printed after termination of the deposition process.
A surveillance program monitors inner pressure and shuts down the machine if a
pressure limit of 70 millibar (mbar) is exceeded. To avoid heating damage to any
part of the machine, every heating zone is assigned a threshold temperature, above
which every set-point is instantly set to zero and warning is displayed to the user.

This temperature check is performed with a frequency of 5 Hz as a part of the
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Figure 2.4: Simplified flow diagram of the execution sequence during deposition. Starting
in the very top of the image, defining parameters for the projected deposition. The main
program starts with the loop on the left side, executed in 200 Here, the temperature
is measured and compared with the parameters defined in the very beginning for every
heating zone n, using a PID with experimentally optimized constants for | and D. When n
= Nmax Occurs, a number is given to NI 9403. This number can be understood as a binary
integer sequence of ny,.x characters, defining heating on (1) or off (0). In the real program,
this is translated to a less demonstrative hexadecimal code which is not displayed here.
Reaching the final temperature, pulsing can be switched on with the definition of the amount
of cycles Cqer. This sequence is displayed in the right loop, where yellow boxes stand for
waiting times. Note, that at this position, the amount of C, #C equals Cq.s both loops are
stopped and an output file is written.
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heating loop.

46



2. Results and Discussion 2.1. A Novel Reactor Design for Thin Film Deposition

Graphical User Interface

Figure illustrates the entry procedure

in a simplified manner. Although a va- Pr—

riety of prompts will turn up by clicking e —

the displayed buttons, the general five-

Define Parameter

step-procedure can easily be learned by m

everyone without any programming skills.

. . . Start heating
Boolean controls, showing turning green if .

All parts at least 5 min on des. Temp.?

the input was correct provide a sense of

. . . Start Deposition
security during the execution. In more de- _

i Define cycle amount

tail, the graphical user interface (GUI) dis- ~ . Depsition finished, heating swiched off '

plays deposition parameters and progress Stop Deposition

Safe output file

on three pages of a notebook, selectable by

choosing one of the three riders on the left _ ) )
Figure 2.5: Schematic flow diagram of a

side of the starting page. The first tab ap- general control sequence for a deposition
showing buttons to press on the left and

pears by launching the program, and is dis- type or control events on the right side.

played in figure as a screen shot. It re-

veals a simplified picture of the reactor design and is made to guide the user through
the parameter entry. In the bottom left box, one is able to launch a prompt to type all
deposition parameters such as temperatures for all heating zones (“valve, reactor
temperature”) and designation string, pulse and purge parameters for the precursor
(“define precursor”). Before the deposition process is started, the user is directed
to a review page displaying all parameters and values to ensure no mistakes were
made (“check all values”). Due to the possibility of ultrafast pulsing, the input has
to be made in millisecond units and degrees Celsius because of a temperature
variance of 3-5 K, respectively. After defining the precursor in a prompt, these in-
formations are displayed in the top left table and directly at the valve number in the
simplified scheme in the screen’s center. Additionally, LED-symbols depict the state

of both heating zones (red LED, lit for active heating: g - ') and valves (green
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LED, lit for opened valve: - - D ). Finally the user is able to run the pulse-purge
sequence, defined previously, selecting the amount of cycles to run as a last param-
eter (“Start Deposition”) in the top right. This is blocked by a control unit (“Temp _
reach?”) comparing the set and actual temperature to secure no precursor is pulsed
in a cold or too hot chamber. Deposition progress is indicated by displaying the cy-

cle number and an estimated time of completion.

B Valve 5.  Valve 3: Valve 1:

TalNELZ)3NBU
2 Jnotused not used not used Ta(NE2)3NBu START Deposition STOP Deposition Joo000

00:00:00
3t |notused

P T 9

5:  |notused

Temp_reach?  Count Cycles

Jo ot Jo

not used

active: [l |active: [l

Gas_heating

Valve 6: Valve 4: Valve 2:
not used tBuSH not used —l
|| messure pressure

— opoombar D
I
b MS

ot p(Process)
MS-Data: p(QP) =

active: [l

Typing parameter

) reactor temperature ‘
valve temperature ' check all values! ‘ ]
=

B staibeating | p(Bypass)

| Programmers | Display precursor Parameter | Display temperature parameters | Display deposition progress

Figure 2.6: Screenshot of the first GUI page (“Display Deposition Process”). In the lower
left the user is able to set pulse parameters and temperatures. In the upper left corner the
currently used precursors can be read. The center of the screen shows a reactor scheme
with red control lamp showning the heating zone is currently addressed and green controll
lamps showing the valve to be open or closed.

To control heating zones and pressure, the second index tab (“Display Temper-
ature Parameter”) is used. There, after starting the heating on the first tab, the

given temperatures are displayed in the upper part and can be compared with the
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displayed, measured temperatures within milliseconds. Temperatures of all heat-
ing zones are plotted with unique colours in the lower left corner graph. Figure
shows the initial heating of reactor parts as a linear increase in temperature. The
subsequent control phase is visible as a plateau of nearly constant temperature. An
appropriate choice of parameters yields a smooth transition between linear heating

and control without ringing.
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Figure 2.7: Screenshot of the second page (“Display temperature parameter”) comparing
set and actual temperature parameter in the top and showing their developement in the
bottom left graph. On the right side the pressure in the chamber is displayed (Imported from
a TaS deposition, using Ta(NEt;)3NtBu and TMS;S).

Due to different mass, heat capacities and surface of heated elements the slope
for their heating differs. While the valves reach their temperature within minutes,
the block for gas heating requires up to an hour because of purge gas cooling.
A third box in the upper part displays precursor bottle heating (“Precursor”). Two
precursor-containers can be heated in a single experiment. These temperatures can

be changed during a deposition, e.g. to measure concentration using an unknown
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precursor or if a precursor-bottle runs empty. As an example for ideal concentration
the pressure for a TaS,-deposition using Ta(NEt,)3sN'Bu and TMS,S in hight flow
rate is inserted in the bottom right. If the pulse increases the pressure by a minimal,
still being visible amount confirms the bottle still being filled while using appropriate
amount of material (note, that pulsing would be forbidden at this stage due to the
still pending heating procedure). The code for valve switching (here 100010, so ad-
dressing first and fifth port) and heating (here 14COF = 000010100110000001111,
so heating zone 1-4, 10-11, 14 and 16 are live) is displayed in the upper right corner
(for details, see scheme [2.4).

The third page (figure in the appendix ??) shows the values for the final printout of
the deposition. Finally several help buttons can be found in the GUI (ﬂ). These give

general and detailed help explaining common mistakes and provide hints.
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2.2 Chamber Testing and Improvement of

Depositions

2.2.1 Aluminum Oxide

To test our system, a simple material / element was chosen for which the deposition
is well established and described in literature. The oxide composite should be feasi-
ble to use, not only as a testing material for the chamber but also as an interlayer in
phonon blocking structures and super thin isolator materials for scattering purposes.
We focused on Al,O,, due to its convenient properties: low roughness, amorphism,
comparable to single crystal stoichiometry, density, vapour pressure of the precur-
sors and their commercial availability. Although the precursor handling turned out to
be challenging, the reactivity of trimethylaluminium precursor with oxygen and water
in the chamber was best to evaluate the leakage influence on deposition observa-
tions. Furthermore, recent literature shows the possibility of Al,O, deposition on
noble metals such as Ir2% or Pti291202] \ith good adhesion.

Following literature procedures [TMAl and water were chosen as unheated pre-
cursors to react on a warm (75-100 °C) SiO, substrate (for details see 5.3.1). As
a first experiment we investigated the suitability of the reactor for [ALD] with
respect to the [CVD]to [ALDI ratio, which can be extracted from the data presented in
figure 2.9] Film thickness as a function of pulse length, approximately proportional
to the precursor amount of each cycle, is displayed. In this experiment we varied

the pulse duration of TMA]in several increasing steps from 5 ms] which is the min-

Figure 2.8: Correlation of wafer color after successful deposition indicative for film thickness.
Film dimensions ranging from 20 to 140 [ml corresponding to 50-600 cycles.
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Figure 2.9: Correlation of pulse length TMA and film thickness of Al,O; measured with
profillometry giving rise to [ALDI/[CVD] ratio in the novel set-up proportional to the slope of

linear regression. Error bars correspond to the standard deviation of numerously measured
data points and time error to manufacturer’s data of the [ALD] valves.
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Figure 2.10: Correlation of film thickness as a function of ALD cycles with linear regression.

Data points measured with[TEM, error bars correspond to measuring and interpretation (the
error is similar to the size of data points).
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imum opening time for the [ALD}valve, to 1000 msl This corresponded to a barely
measurable pressure increase in the chamber to a 6 peak maximum above
the constant 2.5[mbarlinert gas stream, using 1000 Mmslinstead. The entity of cycles
(sequentially water and TMA) was kept constant to 200. Substrates were previously
prepared with Capton tape perpendicular to the gas flow direction as sown in fig-
ure

Film thickness was measured with DEKTAK profillometry in both directions in line
with the gas stream direction, perpendicular to the taped area displayed in figure [2.8]
three times each. The average values of these 4-6 data points were plotted with er-
ror bars, which corresponds to the standard deviation. Within error bars, there was
no significant correlation of film thickness and [TMA| concentration, even with a raise
of the quantity of material by orders of magnitude. In addition to that, no signifi-
cant difference in both stream directions could be observed since the deviation from
mean value was not associated with the measuring position. Both these findings
guarantee for a minimal stake in the novelistically designed chamber.
Additionally, the average value of the data in figure perfectly fulfilled the esti-
mated thickness given by the linear regression in figure This plot shows the
correlation of film thickness to the amount of deposition cycles, applied in the exper-
iment, proving reproducibility and initial phase behaviour. As they are the most ac-
curate, HR-tranistion electron microscopy (TEM) images were evaluated and fitted
here, but also profillometry, ellipsometry data (shown in figure as an average
of three reagion of interest (RQI), investigating film thicknesses in different areas
marked as green oblongs and fitted with model data of the corresponding software)
and[SEM values were in perfect agreement with the applied linear regression.
Figure [2.10] proved reproducibility and the possibility of very thin film deposition: the
bottom left shows a correlation of 1.5 [mi film thickness to five deposition cycles.
From this plot a [gpctrate of 1.94 [+ 0.06] A - cycle! could be calculated which was
found to be slightly higher than most of the reported Al,O, thermal deposition proce-

dures®®, although deposition rates in the literature differ between 0.8 A - cycle 1 R%
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—60.3nm

0.0 nm

Figure 2.11: Atomic force microscopy analysis of a 50 mml Al,O5 film showing a height
profile and large and small scale maximum roughness. The retral image show a top view
on a 10- 10 u m? sector showing a few dust particles in the size of 50 mmL The overlayed
image shows the roughnes of the uncontaminated deposited material in a 3-D view of a 0.5
- 0.5 um? area.
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Figure 2.12: Ellipsometry A and WV plots, comparing measured data (red dots) and fit (black
line) for 30.5 + 0.3 [@m of Al,O5 (150 Cycles) on 200 @M SiO, (calculated thickness refer to
all[RQls, shown in microscope image). Not shown: reference data for the empty wafer show
d(SiOz) =204 + 2mmt
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and 2.4 A-cycle 1R% showing a strong correlation on the reactor design. Ad-
ditionally, the separation of hexagonally close-packed planes of oxygen in sapphire
is 2.17 A, P8 setting a limit for the maximum deposition rate (no contribution)
surmounting found gpc}
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Figure 2.13:[EDXl spectrum of a single crystalline (red) and a 50 mmilALDI assay. Displayed
energies correspond to (left to right) K, (C)[0.27], K4(0)[0.52], K (AN[1.49], K«(Si)[1.75].
Note, that the underlying SiO, substrate is also effecting the O-signal in the black graph. 122!

Furthermore, films were found to exhibit suitable properties, such as very low
carbon content and minimal roughness, perfect for forming multilayer materials. Im-
purities were measured using electron energy loss spectroscopy (EELS) and
AUGER spectroscopy, the latter before and after oxygen cleaning procedure in ulta
high vacuum (UHV) with high temperatures applied From figure and also later
in this text in figures and ??, the impurities calculate to values shown in ta-

ble (C<1 %) which is slightly higher than the best literature values showing
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0.2 % carbon impurities.® In figure m a carbon free single crystal of sapphire
(red) is compared with a 50 mMMI/ALDI sample (black). Since no carbon is embodied
in single crystal Al,O,, the observed signal purely represents transport contamina-
tion. This explicates the origin of carbon impurities, giving rise to the fraction of
internal contamination and surface impurities due to transport. Integration of the
signals at 0.27 [keV| lead to a ratio of 1:2 proving at least half of the measured con-
tamination being transport based.

The density of Al,O, could be obtained using (e.g. figure together with
the formula The density was calculated to 3.05+ 0.3 g-cm~3 which is in good
agreement to the best literature value of 3.5 g-cm=3.5

Alumina films featured a minimum roughness, independent on the film thickness on
SiO,-substrates. In the small scale, free of dust impurities, the roughness was often
measured to range in between 0.3 and 0.5 M In figure [2.11]the maximum rough-
ness is displayed, which corresponds to the difference of lowest and highest data
point in a certain area. It was shown, that in areas below the micrometer length-
scale rarely irregularities were detectable although larger dimensions showed ex-
istence of dust particles pegged into the film. Due to the large area of about 10 -
10 um? scanned in figure the amount of dust particles on the whole wafer can
be estimated to several million irregularities covering a surface of 50 - 50 MY - 5 -
10% = 1.25 - 102 mm?, which is in other words a fraction of 1.25 - 10~* % of the
overall wafer surface. Although this is only a rough estimation Al,O4 can be utilized
in scattering experiments since the influence of grains of dust is negligible.

The stoichiometry was determined by [EDX| using a single sapphire crystal as a ref-
erence which is depicted in figure[2.13] By integration of the corresponding Al (1.49)
and O (0.52) signals, we observed a minor increase of the oxygen content, leading
to a sum formula of Al,O3 5 (figure [2.13] black) instead of Al,O; (figure red).
According to the ellipsometry fitting aluminium oxide is suggested to be in normal
stoichiometry form, precisely because of the well applicable fit function (figure[2.12).

The alumina layer on top of a metal showed high resistivity and no crystallinity which
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was verified by X-ray diffraction (XBD): showing no signal in all applied measure-
ments including laser irradiation recordings, where an annealing effect was
expected. In addition, TEM experiments, e.g. high resulution transition electron mi-
croscopy (HB-TEM) images in this work showed that no order was observable and
furthermore [TEM| electron diffraction leading to no diffraction pattern which proves
the disordered structure. All these promising results led to the use of alumina as a

part of the composite material described in chapter 2.3
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Catalyst Improvement with Aluminum Oxide

Figure 2.14: Bimetallic ruthenium based water oxidation catalyst anchored by [ALDFAI,O4
(gray atoms) on a SiO, wafer (black atoms).

Within the scope of a cooperation, Al,O, was used to increase the anchoring strength
of a catalyst molecule on a surface employed in a water oxidation reaction. Previ-
ous to this experiment, J. ODROBINA anchored a dinuclear ruthenium water oxidiz-
ing catalyst (shown in figure with a phosphate group on glass but found that
catalyst activity dropped due to hoist of the molecule to solution. Following liter-
ature procedures, low temperature depositable oxides are usually used to fasten
molecules to the surface such as TiO, 2% or Al,0,%%7 also allowing for larger pH
spans in queued up experiments. In the [ALD] experiment, a rotating disc electrode
with catalyst load was glued to the sample holder and covered with about 1 - 1.50m
Al,O; using five deposition cycles at 60 °C, minding catalyst decomposition. An
inconspicuous color change of the electrode (compare to chapter[2.3) indicated de-
position success. Further catalysis experiments did not exhibit longer lifetime or

higher turnover numbers and frequencies.
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Figure 2.15: The mechanism of Iridium deposition with oxygen at high substrate temper-
atures. 1: Reaction with the surface holding different oxygen sites (protonated or basic),
releasing ligand or CO,, depending on reaction pathway, substituting a ligand 2: self-limiting
ligand protected surface after purge phase. 3: Ligand oxidation and reactivation of the
metallic surface.

2.2.2 Iridium

One of the most prominent example of high temperature deposition - for both evapo-
ration of the precursor and the substrate - was a first generation 2,4-pentanedionato
based Iridium precursor.2%l We chose this to evaluate the limits of the chamber,
[ALDI valves, and heating of the precursor bottles. Ir(Acac), (3) is highly symmet-
ric and features a fairly high molecular mass. Therefore, it is difficult to evaporate.
Although it was stable in ambient conditions for minutes, it can react in the gas
phase!209210 (CVD) or on a hot substrate?%®! with oxygen to form thin iridium metal
films in an fashion. Iridium thin films may also serve as metallic interlayers
for phonon blocking, because of moderate inert behaviour to oxygen and water, the
very high melting point of 2443 °C[2%lhigh density, and crystallinity on oxide mate-
rials.2%l Furthermore, it defined the borders of physical parameters possible in the
novel set-up.

The deposition was tracked via[MS|to evaluate and reproduce the literature proce-
dures. Taken after some initiation cycles (the first cycles often showed higher pre-
cursor concentration, due to long initial heating and are thus not representative.),

the shows very nicely the exhaust of CO, during the pulse of oxygen indicates
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Figure 2.16: investigations on Iridium depositions using 3 and O, tracking CO,
(black) generation (m/Z = 44). Additionally ligand fragment desorption was tracked: Acac
(m/Z =100, blue) and its main EI-MS fragment C3HsO (m/Z = 56, green). Below plotted the
schematic [ALDI cycles with respect to pressure increase. p = 5[mbar indicating continuous
purge flow of N». After 450 @ the [MS|was closed.

surface coverage with carbon species like ligand(s), which allow for the [ALDI mecha-
nism. This is furthermore supported by the release of ligand fragments (figure [2.16],
green) in the third oxygen pulse. However, this signal turned out to be quite small
and not detectable in every cycle. Furthermore, it was proven that no complete lig-
and was cleaved with the track of acetylacetylen (Acac) (blue) showing no increase
during the oxygen pulse.

The resulting layers were metallic in appearance and conductive which was checked
with a multimeter. Further investigation show a minor small scale maximum rough-
ness of < 7 Mm which was an improvement to literature values reported previously

> 7 mmL ¥ However, the average roughness was comparably low (table . It was
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73.6 nm
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Figure 2.17: [AEM analysis of a 30 mm iridium film showing large (30-30 u m?) and small
scale (1-1 pm?) maximum roughness in a height image.

Figure 2.18:[SEM/image of 30 mm metallic iridium (layer C) on substrate SiO, on Si (D and
E) covered with electron-beam deposited platinum (A and B).
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calculated to 1.3 mm, including the dust particles. Large scan areas revealed a low
dust particle concentration displayed in figure[2.17 This roughness was furthermore
confirmed by cross section [SEM, proving iridium to be metallic and dense by com-
parison of the brightness of layer C and B in figure 2.18] showing a strong contrast
of electron beam deposited Pt and [ALDHr. Although the layer is conductive, holes
are visible in this picture. Figure shows the film content for a 10 iridium
film as determined by X-Ray photoelectron spectroscopy (XPS). Signals for carbon
and oxygen could be observed, whereas the oxygen contamination impurified the
sample much more. Although some of the oxygen signal (at 550[eV) may arise from
SiO,, since underlying substrate is visible in the range of 150-225[eV] oxygen in the

iridium film was present.

20000 -
Ir 4f
15000 | Ir 4f,,
O 1s
[72]
E
8 10000_ Ir 4d5/2 |I’ 4d3/2 Ir 4p3/2
5000
JCu | Ag s
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binding energy / eV

Figure 2.19: spectrum of a metallic iridium layer of about 15 M Signals visible in
addition to the [ALDHilm are substrate signal (Si and O), the glue from wafer fixation (Ag) on
the sample holder (Cu).

Beneficially, only a very minor carbon impurity fraction could be observed. Com-
paring these results with the best literature values, which can be found in a three-

step synthesis of iridium films utilizing additional hydrogen gas after the oxygen
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pulse for cleaning purposes, oxygen impurities are more pronounced than carbon
impurities in comparable dimensions of amounts and ratios, respectively. 48!

Both findings concerning impurities proved the presented films to be more flawless
in comparison to literature, especially considering the lack of the cleaning properties
of H,, utilized by LESKELA et al..1*®l

Therefore, this experiments proved a theoretical [ALD/window coverage of the cham-
ber of 25-350 °C which is expected to be sufficient for the investigation of novel
deposition strategies.

With the measured disadvantage of holes, high evaporation temperatures and no
significant decrease of the surface roughness, iridium was discounted for the gen-

eration of multilayer structures.

Table 2.1: Comparison of prepared and literature iridium material pivotal properties. Data
of prepared films originates from [AEM] and In literature, the growth rate was
highly dependent on the substrate temperature which is shown by the displayed numbers.
However, the number in parentheses refers to the same parameters as the prepared sample.

Feature Thesis samples Literature Citation
Roughness [nm] 1.3 0.5-1.6 208]
Impurities (C) 0.75 % <1% 48]
Impurities (O) 4.2 % 4-7 % 148]
Growth rate [gpc] 0.5+ 0.1 0.2-0.6 (0.45) [208]
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Figure 2.20: SEM images of a SiO, wafer exposed to 25 [A], 50 [B] and 100 [C] cycles of Pt
deposition using MeCpPtMe,; and Oxygen. [D] depicts a SEM image with a [CBS| detector
being applied to a 50 nm Pt specimen made by 300 Cycles showing single crystal domains
orientation.

2.2.3 Platinum

Platinum metallic layers could be successfully prepared using thermal platinum-{ALD]
literature procedures®® applying alternating MeCpPtMe; (2) and oxygen to a SiO,
surface. As described in literature, ™ platinum was found to form typical island
growth on insulator substrates. A substrate change from SiO, to MgO resulted in
islands of larger diameter, as determined via [AEMl This initial phase during the
growth is depicted in figure [A-C]. The experiment showed correlation of ap-
plied deposition cycles and surface coverage in the initiation phase of Pt deposition,
detected by [SEM. [A] shows the first step of platinum deposition, forming a regular

surface coverage with small islands ranging from 3-10 mmiin diameter and a surface
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coverage of about 50 %. With an increase of the number of deposition cycles, we
could show their development in image [B]. It was proven that small hot droplets
of platinum accumulate to larger islands if above a critical size or below a critical
distance to each other. In Figure [B] domains are visible already within the in-plane
length scale of 20 to 50 mm with additional small particles forming droplets in be-
tween new bigger islands proving prior migration. With additional cycles the film
closes with domains of 20-100 nm size depicted by [C] and [D]. Thickness dimen-
sions can be achieved from perpendicular view using [TEM in section showing

flattened droplets with 8-10 nm in maximum height.

Figure [2.21] and [2.22] demonstrate

the maximum roughness of plat-

inum on a SiO, substrate with
unblemished homogeneity over a
large scan area. Both [AEM,

especially the zoomed 3D-Image,

and scanning tunnelling microscopy

(STM) showed the verified island Figure 2.21: Scanning tunnelling microscope im-

growth heritage: although the layer 2ag9¢ of a conductive platinum film on SiO, made
with 200[ALD] cycles showing a height profile.
was closed, conductive and of

& 0.0 nm

metallic appearance, the roughness

remained higher than found for isolators in chapter [2.2.1] Despite the increased
roughness, one advantage was given by the absence of dust particles, since the
surfaces remained clear of larger irregularities.

As shown in figure platinum was perfectly ordered, showing typical [11 1]
orientation in the 2 ©-XRD-scan. In disparity of this observation, the orientation of
described islands parallel to the substrate surface was highly disordered as shown
in figure [2.20][D] using a CBS detector to visualize the domain structure of Pt. The

observation of high crystallinity was later reproduced by TEM diffraction in multilayer

65



2.2. Chamber Testing and Improvement of Depositions 2. Results and Discussion

12.8 nm

0.0 nm

Figure 2.22: Atomic force microscopy analysis of a 50 [ml platinum film showing large (plan
view, 8-10 1 m?) and small (3D view, 1-1 um?) scale maximum roughness shown in a
height profile.
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Figure 2.23: 2 ©-scan of an about 15mmithick platinum film on 200 AmM SiO, on Si substrate.
Smaller impurities (a-d) are shown in inlet and correspond to the sample holder.
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structures. In-situ [LEED| measurements were performed, but the domain disorder

of the structure and also the roughness inhibited measurement success.
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Figure 2.24: of a 15 mmi platinum film. Indexed orbitals contribute to the calculation of
impurity content. Very small signals at 385[eV] are silver glue.

As a crucial limitation for many experiments using samples, the amount of
impurities in and/or on the deposited material has to be evaluated inevitably. These
could be estimated by integration of XPS|signals although carbon and oxygen impu-
rities were expected larger than real values due to contamination during transport.
The calculated data are listed and compared in table showing small deviation
of both values: slightly higher values result from non-use of sputtering procedures
after transport. Condensing the presented findings, it was shown that impurities
calculated to lower values, compared to literature. B97IZA78II9210] This was shown
previously in chapter[2.2.2)and this recurrence proved again the outstanding possi-
bilities of the presented set-up.

Moreover, table 2.2 shows a very interesting aspect of highly increased growth rate
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of the presented platinum deposition. It cannot be finally excluded, that this finding
originates from the oxygen background, but experiments with higher concentrations
(figure [2.27] for example) shows different depositional behaviour, like roughness in-
crease by orders of magnitude in this particular case. Here, this was not the case,
SO one can addresses the outstanding rate to the set-up geometry, the fact of
mild collision and the feature of multiple interactions with the substrate surface, es-
pecially with respect to the stable precursor.

In conclusion, platinum thin films displayed in this chapter showed not only improved
film properties due to well chosen parameters and the novel reactor design com-
pared to recent literature, but furthermore represent a perfect source for metallic
interlayers in special structures shown in the next chapter. Especially the very low
impurity contribution and the highly ordered and conductive structure lead to the

decision for application.

Table 2.2: Comparison of prepared and literature Pt material pivotal properties. Literature
values refer to depositions with the same or very similar deposition parameters.

Feature Thesis samples Literature Citation
Roughness [nm] 0.98 (10) 4.0;0.7 £0.3 49211
Impurities (C) 2.39 (20) % <5.0% 11
Impurities (O) 2.41 (20) % <5.0% 211]
Domain size diameter [nm] 25-50 ca. 20 [771179)
Growth rate [gpc] 0.75 £ 0.1 0.45 + 0.05 [aI75178]
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2.3 Materials for Phonon Spectrum Tuning

2.3.1 Application for ALD Thin Films: Nanolaminates

As a cooperation project in the CRC 1073 subgroup A, a novel tailored material was
synthesized. To address the general idea of understanding energy transport (as de-
scribed previously in chapter[1.3.1), a deposition strategy was evaluated of following
deposition procedures to build high interface density materials. Two materials were
chosen from the reactor testing phase, namely Al,O; and platinum. The fact that
both materials can be deposited onto each other221202l  strong difference in struc-
tural parameters, heat capacity, and Young’s modulus, additionally to their availability
renders them perfect candidates for sandwich structures (see [1.3.7). As depicted
in figure platinum growth rates did not change with underlying oxide material.
Here, 300 ALD cycles were conducted for both metal and oxide source forming three
layers on SiO,, showing on the one hand good reproducibility of platinum thickness
(the layer’s thickness on SiO, is 19-26 mm and 18-23 mmi on Al,O,, respectively)
and - on the other hand - slightly higher growth rates on SiO,-substrates than on
Al,O4. This can be explained by higher ordering and increased lattice mismatch on
silica, as it was shown for MgO previously. Furthermore, we aimed for the thinnest
interlayer possible of both platinum and Al,O;. Figure shows a structure of
increasing platinum thickness forming interlayers between consummately constant

Al,O,. The number of [ALDIcycles was increased by 50 for each Pt-layer, increasing

} AlLO,

PUNEEG . TR IS | P

Figure 2.25: TEM image of a sandwich structure showing reproducibility of Pt on SiO,
(bottom Oxide) and Al,O4 (interlayer Oxide). All Layers were deposited using 300 cycles
showing the difference in growth rates.
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Figure 2.26: TEM image of a sandwich structure on SiO, substrate with increasing Pt thick-
ness and constant Al,O5 showing eleven interfaces. (Prepared with 100 cycles Al,O5 and
50, 100, 150, 200, 250 iterations for Pt.)

the thickness linearly by about 5 mm each, as anticipated. 100 cycles of TMAl and
water were used repetitively generating Al,O,, forming 17 £ 0.3 [ oxide layer ad-
vantageously exhibited minimum variation.

Nevertheless, both of these pictures showed first examples of these multilayer com-
positions and were therefore of great interest to study energy transport perpendic-
ular to the boundaries. Through the collaboration within the CRC 1073, tailored
structures were generated by the author and structural properties in respect of en-
ergy intake were investigated in two experiments. In addition to the depicted struc-
tures, two more nanolaminates were synthesized, increasing the interface density
much further: 600 mmi of Al,O; was deposited, symmetrically intermittent by 10 [
of platinum, forming ten (assay ALD 3) and twenty (assay ALD 4) interfaces in this
600 by five and ten platinum interlayer. Furthermore, copper was deposited on
top as a light absorber using but MTRFnvestigation was still pending by the time
this thesis was written.

Since the reproducibility of the interlayer deposition strategy was proven previously,

a further characterization by TEM was omitted, as this would have been invasive.
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Figure 2.27: Schematic view on the [TRl experiment 183 with TEMimage of the investigated
structure, assay ALD 2, green in figure @
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Thermal Conductivity of Atomic Layer Deposited Thin Films of Platinum and

Aluminium Oxide

[TTRIwas used by F. DORING to investigate the heat transport into a material and the
theory was described in chapter [1.3.1] As displayed in figure 50 [mmi of copper
was deposited with on two samples and single crystalline [0001]-
Al, O, (4.3) acting as a light absorber strongly increasing the surface roughness. Two
lasers are used in this experiment: while the first one is continuously reflected from
the surface (red in figure [2.27) with permanent detection of the amount of photons,
a second laser (orange in figure excites at t=0, resulting in a very fast temper-
ature increase which dissipates into the material within microsecond fractions. The
measured change in reflected light intensity can be expressed in terms of a tempera-
ture change. The normalized surface temperature is depicted in figure [2.28|showing
the laser incidence at t=0 and deexciteation/dissipation afterwards for three sam-
ples. Pure Al,O, with light absorber are shown in black (“Al,O,”, single crystal) and

red (for the amorphous|ALDIsample with no platinum). Nanolaminate sample ALD 2
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Figure 2.28: Transient temperature-dependent reflectivity measurement of three different
samples ([0001]-single crystal Al,O4 (black), about 400 mmIALDHdeposited Al,O4 (red) and
Al, O with interlaying Pt (green, [2.27)) showing the effect of interlayers on energy dissipation
by normalized surface temperature change. The highlighted section on the right-hand side
displays the separation of the graphs. 214l
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Figure 2.29: Transient temperature-dependent reflectivity measurement of three different
samples ([0001]-single crystal Al,O4 (blue), about 400 nMIALDI-deposited Al,O4 (green) and
Al, O with interlaying Pt (black, [2.27)) showing the effect of interlayers on energy dissipation
by normalized surface temperature change without rescaling to the highest heat signal. Red
lines fit the experimental data are used to determine the final heat capacity. The highlighted
section on the right-hand side displays the separation of the graphs and the strong difference
in maximum temperature reached in single crystal compared to amorphous ALD assays. [#1!
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(green curve) reflects the averaged data of HR-TEM image sample in figure
where 200 nm Al,O, is divided by platinum interlayers of about 8 I thickness.
The bottom platinum interlayer of 90 4+ 17 mm was very rough due to high oxygen
concentration in the background/purge gas of the chamber during the deposition.
Indicating the strong disorder in amorphous [ALDFsamples, temperature decrease in
[0001]-Al,O, turns out to be much faster compared to the[ALDlassays. Furthermore,
the initial temperature increase of the crystalline sample was lower at t=0 which is
depicted and highlighted in figure [2.29 Since the spread of energy is driven by
phonon excitation, this is expected: lattice vibrations are hindered by defects or
lattice mismatches. A highly ordered structure therefore leads to a much faster en-
ergy equilibrium and conducts thermal energy efficiently. Conductivities measured
by TTRI amount to about 46 W/mK for the [0001]-Al,O, reference material, which
almost equals the literature value of 42.5 W/mK!2™! within error bars. 16!
The thermal conductivity of the [ALD|1- sample was found to be much lower. Derived
from the[TTRIresult, one can approximate the thermal conductivity of the amorphous
Al,O; to a value around 6 W/mK. Although the underlying SiO,-layer’s distance to
the surface is about 450 mm, an influence of its very low thermal conductivity of
about 1.3 W/mK cannot be excluded.

As a second outcome, the ALD 2 sample shows an even slower energy dissipation
which can now be attributed to the influence of the interlayers. F. DORING calculated
a thermal conductivity of 1.6 WImKI| Although platinum has been added, which has
a significantly higher thermal conductivity of 72 W/mKI21®l and one could expect a
faster transport, this is a further reduction by the factor of four. Even more inter-
esting, the contribution of silica to the overall conductivity is smaller, since the layer
system is thicker than expected.

The effect of interlayers on heat transport by thermal boundary resistances was
discussed in chapter [1.3.1] and can be described in the presented structure by
the dominating factor of different density of phonon states at the two sides of the

boundary, to adduce the diffuse mismatch model due to moderate roughness. The
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Figure 2.30: Phononic density of states (calculated) in utilized materials of the presented
nanolaminates. Taken with small changes from KORSHUNOV et. al. (1980) (left, platinum)
and WANG et. al. (2010)(right, Al,O;)

calculated [DOS] for phonon excitation is shown in figure [2.30] for comparison. Here,
platinum shows two maxima at 2.7 and 5.5 [THZ and no phonons above 6 [THZ. k17
The highest density for Al,O, can be found at 23.0 [THZ with population just up to
27[THZ. 18 One can therefore state that the very small overlap thwarts the propaga-
tion of phonons efficiently both from Al,O; to platinum and vice versa. Furthermore,
it is possible that island growth and the existence of platinum domains with defined
boundaries parallel to the heat flow may lower the thermal conductivity of the plat-
inum in addition to its very thin layer size compared to the bulk property. With a
boundary resistance of about 10~° m?K/W our system shows good agreement with
comparable literature values.!2™® Furthermore, the effect of a single interlayer is not
visible in most cases and shows the potential of the investigated assays. It
has to be proven with further experiments, that e.g. for thicker/thinner layers, values
for interlayer-free [ALDIsamples can be reproduced proving the influence of SiO, to
be negligible. Furthermore, already prepared multi-interlayer samples, holding ten
and twenty interfaces, need to be investigated, proving the boundary conductance

to be the dominating effect reducing heat transport. In addition, this materials can
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also show the effect of high roughness in ALD 1, since interfaces are expected to be

much smoother in these assays.
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Rydberg Atom Tagging with Thin Aluminum Oxide on Platinum

A|203 } 1.5nm A|203 }05 ML
[0001]- bulk Al;O3 50 nm
Al,O3 Pt } 50 nm Pt } 50 nm
SiO, SiO, SiO,
[100]-Si [100]-Si [100]-Si
I I 1 v

Figure 2.31: Schematic drawing of samples utilized in[BAT}experiments.

In another experiment in cooperation with the BUNERMANN group (A04, CRC 1073)
we investigated Al,Og/platinum samples, displayed in figure [2.31] Using thinner ox-
ide layers on metals than have been shown in literature before, we tried to answer
the question, how thin a layer needs to be, to hide underlying materials properties.
For this purpose several structures were synthesized with Al,O5 on Platinum in dif-
ferent thicknesses. The [TEM image in figure (a) shows shows one of these
materials: A 50 thick platinum layer acting as bulk support was capped with a
very thin layer of Al,O, and later compared with 50 mm of [ALDI deposited Al,O,.
For the metallic underlying layer we decided to choose platinum because scattering
properties were available from bulk experiments with hydrogen atoms from previous
testing procedures. Finally, these were compared with single crystalline [0001]-Al,O,
and [111]-platinum. The layers were grown with[ALD|using 1, 5 and 300 cycles TMA
1 and water, platinum layers were grown using 500 cycles of MeCpPtMe; 2 and
oxygen. The thickness of Al,O; in sample lll and IV was difficult to measure to
the small number of cycles run. As shown in figure (b and c), utilizing
mapping in HR-TEM measurements gave rise to an approximate value which was
in perfect agreement with the previous [gpc, findings in section With five
cycles we were able to fully cover the surface with an oxide layer of about 1.0 to
1.5 thickness, corresponding to 4-5 monolayers. Although measurement was

not possible over the whole range of the lamella, due to platinum roughness over-
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lay in picture’s depth, aluminium content was detectable uniformly throughout the
surface, proving complete homogeneous coverage. This is furthermore backed by
Auger spectroscopy measurements of both samples displayed in figure Here,
platinum signals arise at 42 and 63[eV], which are overlayed by the aluminium signal
at 50 and 66 [eV], which can be nicely seen by the green plot showing both platinum
and aluminium generating a shoulder in the second signal, vanishing for the pure
Pt, shown in cyan. Isolated weaker signals of platinum arise at 148, 156, 165 and

233, 248, 262 eVl Very minor signals at 353 and 386 are almost not visible. 220!

Further elements can be g =38 =45
identified: intense oxygen s ]
E, =099eV
signals at 470, 488, 510 i @ 1nmAlO,/Pt N
. . [ @ Monolayer Al,O,/Pt

are isolated while 78 and - ) .

3 Pt(111)
91 cannot be detected in i ]

, 3
every spectrum.  Signal = [ . a
= . _
for carbon had been antic- % £ _=192eV
ipated at 273 and 242 eVl T o lmAD/R ]
@ Monolayer AIZOJ/Pt

The absence can be ex- Pt(111) .
plained by the previous ]
finding of very low car-
bon content in the film and 05 1.0 1.5 2.0 2.5
furthermore by a success- Evol &V

ful cleaning procedure re- Figure 2.32: Hydrogen flux scattered from different inter-

_ ~ faces with two different acceleration energies (oneleVlin the
moving transport contami- ypper spectrum and two €Vl in the lower graph), compar-
ing one and five cycle experiments with bulk [111]-Pt

nation. Integration of sig-
9 9 sample. 221l

nals gave the surface cov-
erage for the ML-AI,O,-
sample, since one can easily see the intensity of oxygen in IV (cyan) is larger than
pure platinum, exposed to oxygen (blue) calculating to Al,O5-oxygen. Different mea-

surements lead to a value of 40-70 % which is far higher compared to literature
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Figure 2.33: Auger spectum of different samples in [RAT| experiment: from top to bottom
these are [0001]-Al,O4 (pacific), 50 mm Al,O5 (moss), 1 mm Al,O4 (green), 1 ML Al,O4
(cyan), maximum chemisorped oxygen (blue) on clean Pt [111] single crystal (dark blue),

corresponding to 25 % coverage, derived from [LEEDI data. 22!l
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Figure 2.34: Energy loss spectrum of hydrogen (filled dots) and deuterium (half filled dots)
atoms with about one (red) and two[eV] (blue) energy and incidence angle of 45 °, scattering

from I, 11, Il and IV. 1221
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values of 30 % discussed by PUURUNEN et. al., 2005 and citations therein!™ thus
is in good agreement with found growth rates being higher, too. The absence of
the platinum signal for the 5-cycle [ALD sample Il (green) showed complete surface
coverage. This homogeneity was supplementary proven by both cross section high
resolution (HR)YTEM shown in figure and in figure showing no ag-
glomeration of Al,O;.
Experiments of hydrogen scattering and in situ Auger analysis were performed by
Y. DORENKAMP. In figure [2.34] the energy loss of deuterium and hydrogen atoms,
scattering with incidence energies of 1 and 2 [V for the four samples is displayed.
Comparing the data with the generally expected isolator-metal discrepancy (com-
pare figure [1.17), it can be stated that all graphs show the main contribution of
typical oxide scattering. Thereby it was proven, that the structure of the underlying
material do not play a major role, comparing highly crystalline and amorphous Al,O,
in different thickness. The only difference was found in the ML-Al,O, image. Here,
the 2 [eVl graph showed platinum contribution. For better comparison this is over-
laid in figure [2.38] with previous data of bulk [111]-platinum. It could be concluded,
that the measured data for the ML-Al, O, sum up of both platinum and oxygen scat-
tering due to the 50 % surface coverage: we addressed this mixture effect to the
heterogeneous surface on which small hydrogen atoms can either hit metal or oxide
areas/atoms. However, it seems therefore, that a single monolayer of oxide material
would sufficiently overlay the metallic scattering character.
As an other finding the angular distribution of scattered atoms differed, as shown in

figure [2.37| and [2.36] Here, the broadening was found to be inverse to the rough-

ness, taken as a first explanational approach. Therefore, another structural parame-
ter may governs peak widths. Since the scattering energy loss is always effected by
electron or phonon excitation in the material, we searched for mismatches, namely
in stoichiometry and impurities and density. Experimental findings are listed in ta-
ble Measurements using [EDX| show slightly increased oxygen (0.52 [eV)), even

after correcting the integrals by the amount of substrate-SiO,, visible at 1.75 [eV]
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This was verified using at various position of the 1 sample, resulting in
a similar value for the Al to O ratio (compare figure ??). This may finally lead to
an explanation, why the scattering of insulator was found to be dominant: With an
increase of oxygen, the scattering from this atoms may be more likely than from the

metallic surface.

Figure 2.35: TEM image of a 55 mml Pt sample on SiO,, (a) and[EELSImapping of its surface
region showing the thickness of five cycles deposited Al,O5 (b + ).

Carbon impurities were found to be slightly increased for the [ALDFsamples, but
it cannot be excluded that this is merely the effect of dual transport contamination,
once before the deposition experiment and later on deposited material. This would
lead to increased [EDX}signals by a factor of two and explain the missing C-signal in
Auger measurements.

With the presented investigation of super-thin insulator layers on metallic substrate

it could be proven, that scattering is evidently independent of roughness, stoichiom-
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etry and thickness unless a few monolayers (3-5) are reached. It could be proven,
that elastic or inelastic scattering is only based on the specific atom hit on the sur-
face. A mixture of surface atoms, as presented in the unsaturated monolayer assay
therefore lead to never before observed mixing of two different hydrogen collision

behaviours, undergoing an energy loss or maintaining its speed.

Table 2.3: Assays and properties. Roughness measured with [AEM] (4.2.4), stoichiometry
with [EELS] (4.2.2) and [EDX| (4.2.5). Carbon impurity with [EDX] XPS (4.2.1) and Auger.

assay Al to O ratio Roughness Carbon impurity
substrate SiO, - 0.20 1.38 %

1 ML ALO, IV n.d. 4.47 N n.d.

1 mm ALO; Al,O35+02 1.82m ~ 0%

50 nm AL,O4 AlLbO3 7101 0.661 MMl 2.61 %
[0001] ALO, 1 AlLLO, 0.164 M 1.19 %

E=192eV, §=45°

s O 15

=1 nm ALO_/Pt
=== 50 nm ALO_/Pt

Figure 2.36: [BAT] experiment angular distribution of scattering hydrogen from bulk (blue)
and thin Al,O4 (black) with about 2 [eV] energy and incidence angle of 45 °. Both samples
were deposited with [ALD] 221!
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Figure 2.37: Hydrogen scattering with 2 [eV] from [ML}Hraction on Pt with different detector
adjustment v compared with bulk Pt.l2=1l
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Figure 2.38: Energy loss spectrum of H-atoms of different energies impacting the surfaces
of lll, IV and Pt for comparison. 1221l
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2.3.2 Silicon Oxide Deposition

Within the framework of cooperation of CRC 1073 SH
and CRC803 amorphous SiO, layers were de-

posited for the purpose of vesicle spreading. For this /gi\,’ " 13
0]
intent we used the literature known precursor 13 in [ (ID I|Et
Et
figure with water, tracking gas phase compo- Et

sition with shown in figure [2.40, The track of Figure 2.39: Structure of the

applied silicon containing pre-
ethanol fragment displays the possibility of mecha- cursor Si(C,H4SH)(OEt)s, (13)

nistical investigations during deposition: the smaller for SiO; deposition.
signal arises during the water pulse and originates
from surface reaction

SiOEt(ads) + H20(g) — SiOH(ads) + EtOH(g) (2.3)

only, illustrating the possibilities of in situ nicely. This experiment show the re-
markable possibilities of the chosen method. The evidence of faster vesicle spread-

ing can be reviewed in J. SCHUMACHER’s dissertation which is to be published.

10" 4

ion signal of [EtOH]" / A

10-12 ]

]

T T T T T T T T T 1
1000 1500 2000 2500 3000 3500
experiment time / s

Figure 2.40:[MS]track of evolving [EtOH]™ in the deposition experiment. Small signals arise
reacting water with the covered surface, bigger peaks show the inlet pulse of 13.
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2.4 Precursor Development and Testing

2.4.1 Cobalt
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Figure 2.41: Employed Cobalt containing precursors for metallic Cobalt and CoO, deposi-
tion.

As a joint project of precursor synthesis and deposi-
tion experiment within an industry cooperation founded
by BASF, J. GERKENS synthesized several cobalt pre-
cursors displayed in figure 2.41] As described previ-
ously (1.1.4), all precursors feature the absence of «-

Figure 2.42: About 1 cm3
or 3-hydrogen atoms to enable the discussed reaction hollow screw setup for sta-

cycle in scheme As part of a bachelor thesis222 Eirlggut?:;i of Co containing
volatility, stability, and properties of these novel

structures were investigated. Determination of stability parameters were performed
in undermined screws, heated to different temperatures over night as shown in fig-
ure[2.42] We could show stability of this compound class up to 150 °C, although the

pressure in the screw cavity raised to two bar over the corresponding [ALDI chamber
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experiment, which hinders a precise comparison. Therefore, we applied line vac-
uum and 70 °C to a Schlenk tube over 24 |hto a pestled 6 in a second experiment
and found crystalline material at different positions in the tube afterwards, proving

successful (re-)sublimation.

mass / % DTG /(%/min)
100 4 — B ——— -1 | 'y |
90
F-2
wi A
F-4
70 4
60 Massenanderung: -84.66 % -6
50 4 F-8
40 4
-10
304
-12
20 1 Massena‘mj_g;ung' -168 % Massendnderung: -0.32 %
10, + B4
100 200 300 400 500
temperature / °C
mass/ % DTG /(%/min)
100 { =+ — S )
-2
80
| F-4
|
60 1 Massenanderung: -93.21 %
— L6
40 L-8
-10
20
MESST@F?_WHQ -342% Massenanderung: -0.61 % F-12
0l }
100 200 300 400 500

temperature / °C

Figure 2.43:[TGAlof 6 (A) (observed similary for 6 and 8 (B) showing influece of symmetry
break on the remaining mass (a drop from 14 % to about 2 % reminder) and the evaporation
temperature, starting sublimation was observed (A T ~ 25 K).

In contrast to this, ambient pressure [TGA| experiments at BASF mainly result in a

remaining residue, whose mass was perfectly in agreement with the mass fraction
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Figure 2.44: MS spectrum of Co(NTMS,)>(P!BuPr,) (8) sublimed at 85 °C after 6 h of
deposition.

of cobalt in the compound (5, 6 and 7) indicating decomposition and ligand release.
Several compounds were tested in the chamber to elucidate sublimation behaviour
in the[ALDl experimental set-up using During manifold tests combiningTGAland
reactor results it turned out that the break of symmetry had a major influence on sub-
limation properties. Comparing signal intensities of e.g. [TMS]* in a[MS| experiment
with alike chamber parameters (pulse time, flow rate, temperature, MS pressure, ...)
enabled relation of sublimation temperature. Condensing a variety of experiments,
8 turned out to be stable in TGAl experiments (figure and had the lowest sub-
limation temperature in the precursor flask: while symmetrical compounds (4,5,6)
fulfil acceptable concentrations in the range of 100 to 120 °C, the [MS}signal of 8 is
comparable in the range of 65 to 85 °C. This is displayed in figure [2.44}, referring to
the El-fragmentation of the gas phase composition in the chamber during the pulse
of 8 heated to 85 °C. High intensity of the N(TMS),-Ligand together with other frag-
ments could be observed. Sadly the m/Z overlay of [Co|* and [DMS]™ made final
interpretation in respect of Co concentration difficult. Nevertheless, two features
were measured uniquely using 8: The drop of signal observed by [MS], correspond-
ing to gas phase concentration, turned out to be negligible, as shown in figure [2.46]

Even during deposition experiments, where the concentration of 5, 6 and 7 dropped
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Figure 2.45: spectra, taken at various pressures: 8 (green), 2 (red) and
0.5 (blue), indicating a strong dependence of the sublimation or decomposition of
Co(NTMS)>(PBu'Pr,) (8) on the pressure. Sum formulas drawn in the spectrum are al-
ways meant as [X]"*, where X is the fragment and n=1 or 2. PR,R = PBu'Pr,.

by 90 % in the second pulse compared to the very first one, 8 mass fragments were
detectable in time-invariant constant intensity. Secondly, phosphine signal was ob-
served for the first time, and was furthermore strongly dependent on the chamber
pressure, as depicted in figure In figure fragments of 8 are visible in
the water pulse, originating from surface reactions. With time =190 s, fragments
with the mass m/Z = 92 ([SiO4]* or [O=P*Bu'Pr,]**) and 134 ([H,SiNMe,NMe;]* or
[H,SiOH(NMe,),]* or [O=P'Pr,]*) showed high concentrations, to prove a reaction
between 8 and the oxidizing precursor has taken place on the substrate, since oth-
erwise the signal would be constant and not exclusively rising during valve opening.
However, they are also observed during the pulse of 8, so this may also point to
the evidence of precursor decomposition before sublimation and reaction with the
oxygen background, since this presumably the best explanational approach explain-
ing two ligand showing different evaporation properties and oxidized fragments are

observed, respectively.
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Figure 2.46: 3D mass spekirum tracking the deposition of 8 with H,O (m/Z=18) using a
bubbler. Corresponding fragments to the signals are drawn in figure@

With the prove of ligand oxidation during the H,O pulse, first deposition were per-
formed, using H,, H,O, O, and Air, aiming for metallic cobalt first with H, and, after
unsatisfying results, the focus was relocated to the easier cobalt-oxide model system
(with coprecursor H,O and O,). Anyway, CoO-deposition remained dissatisfying in
amount/thickness and growth speed as shown in figure 2.47} although the pulse-
microstructure is visible with no significant thickness increase was measured.
Even after these thousand cycles CoO amount was hardly detectable on the
substrate by colour change and barely measurable on the SiO,/Si-substrate using
(figure [2.47] B). Also minor ligand residues were detected indicating no pure
deposition. Following Nuclear magnetic resonance (NMRB) spectroscopic investi-

gations of the residues in precursor steel containers proved partial decomposition
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taking place, as presented in figure [2.49] and [2.50, where several paramagnetic

species wree forming which could not be interpreted with respect to their structure.
However, the decomposition of compound 8 is much slower, as presented in the
[NMRI spectrum in figure 2.51] Here, only smaller side product signals raised over
the[ALD]experiment proving 8 to be the most stable compound tested. Further struc-
tural investigations, using single crystal only revealed the structure shown in
figure 2.41]

To investigate and avoid decomposition of the material prior to reaching the sub-
strate various attempts were made, such as pestling substances (resulting in the
chance of lower sublimation temperature), pre-evaporation and resublimation to the
valve vestibule to shorten the travelling distance to the sample holder. Fur-
thermore, increasing purge flow speed, changing the chamber pressure, or using a
bubbler precursor reservoir were tested as approaches. None could increase gpc-
rates significantly. To illuminate the pathway of decomposition, [MStinvestigation
were performed, comparing possible decomposition products with the pattern in fig-
ure[2.44] (for an overlay, see figure [2.48). As already mentioned, [DMS]* and [Co]*-
fragment are similar in mass. The isotope purity of >**Co further impedes differentia-
tion. Chances therefore are that TMS; as a side reaction product plays a major role
in the decomposition pathway since overlaid MStdata showing identical masses and
very similar signal shape (broadening, intensity, ...). Nevertheless, no oxygen con-
taining fragment could be detected in [MS}studies refuting O,-background of about
300 influences deposition experiments. Applied elemental analysis (EA) (ta-
ble indicates an increase of the Co-fraction in the precursor compared to the
pure compound (variation of pure compound and expected values is a result of
[EAFpreparation in air), thus indicating decomposition supportingly. The low vapour
pressure of forming oxide species, especially in the case of the phosphane signal,
may explain their absense. Furthermore, the ionisation yield in the experiment

may be limiting for the phosphine signal.
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Table 2.4: Elemental analysis before (B) and after (A) the ALD-experiment with 8 (4500
applied cycles of 158 of 8 at 85 °C).

assay % P % Co
Probe A (ALD) 2,60 (1) 13,45 (1)
Probe B (pure) 5,22 11,41
expected 5,61 10,68

The origin of the experiment’s failure could not be proven conclusively. It could be
shown that decomposition already takes place in heated steel precursor containers
but not in a glass-based sublimation apparatus. Breaking of symmetry and sterical
demand of ligand in 8 could improve stability to deposit monolayer fractions of Co
with very small gpcrrates (0.01 +0.001 A -cycle ) and poor impurity content. A
possible decomposition pathway was identified by being TMS-group transfer

based.
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Figure 2.47: A: QCM track of a Co deposition experiment with Co(NTMS;),PEt3 (PR,R’)
and Water with 1000 cycles indicating very low deposition progress. The superimposed
image show five cycles. Strong signals ariase of the interaction with water, reducing the
amount on the surface and small signals correspond to precursor 8 increasing the thickness
sustainably. B: spectrum of the experiment showing Co (3,7 £ 0,7 %) on the surface
as wellas P (0,8 £ 0,3 %) and C (9,8 + 1,1 %).
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30 s pulse of (TMS);N at 75°C precursor temperature overlay with JEG-11-48
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Figure 2.48: MS spectrum of Co(NTMS,)»(P*Bu'Pr) with 85 °C after 6h of deposition over-
layerd by a spectrum of similary pulsed NTMSs.
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Figure 2.50: NMR spectra of Co(NTMS;)>(TMEDA) as synthesized compound and after a
few hundret deposition cycles with the reservoir kept at 70 °C.
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Figure 2.51: NMR spectra of Co(NTMS;)»((P*Bu'Pr)) as synthesized compound and after
a few hundret deposition cycles with the reservoir kept at 70 °C.
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2.4.2 Tantalum Sulphide

n 'Bu NMe
. "8u0, T Ihl/ MeN,_| N2M
a Ta—QO" a—NMe
5 ”BuO'T|a O"Bu Taung, Me,N™", 2
O"Bu Etz2N ‘NEtZ NMe,
9 10 11 12

Figure 2.52: Employed Tantalum containing precursors for TaS, deposition.

Three different precursors were applied in this project, Pentachlorotantalum (9),

(tert-butylimino)tris(diethylamino)tantalum (11), pentakis(dimethylamino)tantalum (12)

and penta-n-butoxytantalum (10), depicted in figure[2.52] In addition to the depicted
data, a more detailed summery of this project can be reviwed in the Bachelor theses
of T. MUNCH. 223!

Setting up first deposition experiments, 11 and 12 and 10 were reacted with H,S
in tetrahydrofuran (THE) while 11 and 12 were found to immediately form a brown
precipitate at room temperature. In contrast to this, 10 did not react, proving Ta to be
merely oxophilic and 10 was discarded. Attaching the precursors to the chamber,
first experiments aimed for the investigation of the evaporation properties of com-
pound 9, 11 and 12 and were performed using the normal reactor geometry. For this
purpose, the[MS|was attached and the corresponding mass was tracked using small
inlet pulses of the compound during a constant temperature increase of the reser-
voir. In our setup, 9 turned out to be vaporizable above 110 °C, 12 at about 85 °C
and 11 exceeding 65 °C. The discrepancy between 12 and 11 can be explained by
the reduced mass and, more importantly, by the break of symmetry. For first deposi-
tions using ‘BuSH the evaporation temperature was kept 15 °C over the investigated
minimal evaporation temperature. Experiments with 11 were performed holding the
lowest evaporation temperature and therefore allowed for the most broadened
window, did not result in film formation, although experiments at various substrate

temperature, ranging from 66 to 300 °C were performed. We assigned this finding
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to the higher stability and poor chemisorption on the substrate and relocated our fo-
cus towards 12, since 9 was discarded because of its high evaporation temperature
and the drawback of possible HCI evolution during deposition, damaging chamber,
pump and With 12 we were able to generate TaO, films, using water as a
co-precursor, following TOLBERTS procedure.!'®® Films formed both at the special
position (compare in the experimental section, figure[5.1) and on the wafer, although
film thickness on the special position was found to be slightly larger. Nevertheless,
optimization of the procedure allowed us to broaden the published [ALD] window to
significant lower temperatures. Deposition described by TOLBERT and coworkers
necessitate temperatures above 250-300 °C. 1%l A substrate temperature of 130 °C
and a special position temperature of 110 °C resulted in a TaO, films, lower tem-
peratures were not examined extensively. The roughness of these low temperature
deposited materials was outstandingly small with R, = 0.35 for very thin films, prov-

ing “Franck-van-der-Merwe-growth”B18253l 10 be the dominating mechanism.
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Figure 2.53: EDX spectrum of a TaSx film on Al,O3/SiO»/Si substrate. The indicated sig-
nal energies correspond to C (0.27 keV), N (0.39 keV), O (0.52 keV), Ta (1.33 keV), Al

(1.49keV), Ta and Si (1.72[keVl and 1.74 keV), S (1.96 keV), S (2.31 keV), S (2.46 keV).
The overlay of the Ta and Si signal is highlighted.
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Figure 2.54:[HRRBS]|spectra of three layers, generated with different deposition parameters
(black) with the corresponding fit (red), leading to layer composition (right hand side). A:
special position wafer with 110 °C substance temperature. B: connected bubbler with 90 °C
and Al,O, seed layer. C: sublimation out of the bubbler with 110 °C. Substrate temperature
was 130 °C in all cases. A detailed explanation of the method is given in chapter
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The growth rate was approximated, corresponding to profillometry data to about
0.6 + 0.2 A-cycle™!. Generating films with 12 and H,S also resulted in deposition
at the special position, although these films were much thinner and also mainly com-
posed of tantalum and oxygen, instead of sulphur as intended. This was verified by
Rutherford backscattering spectroscopy (BBS). In figure (top spectrum) the fit
was not able to include sulphur share in the film, though there is a signal significantly
different from noise depicted in the highlighted area, to prove a sulphur source was
applied, albeit not contributing appreciable to the film.

Furthermore, this deposition was not reproducible in constant film thickness, and
therefore a bubbler was attached to increase the amount of 12 and the author was
able to generate films on the special position and the normal sample holder, re-
spectively. Film thicknesses on both positions, albeit separated by > 15 were
measured to be of similar size, according to profillometry data. Furthermore, the
special position substrate and wafer on the sample holder were deposited with the
same amount of material from both top and underside, proving [ALD|to be the domi-
nating mechanism.

Sulphur (2.31 keV) content was assured, according to the spectrum in fig-
ure [2.53 showing no nitrogen (0.39 keV) and only small carbon (0.27 keV) impurity.
However, the oxygen contamination was still very high, which was extracted from
applied experiments to verify the stoichiometry parameters. In figure
the middle and bottom graphs reflect tantalum containing layers generated using a
bubbler. In both experiments the investigated layers result of 600 deposition cycles,
only the amount of 12 was changed by an increase of the reservoir temperature
by 15Kl In the two films the oxygen content was fitted with 60 and 40 %, respec-
tively. In a control experiment, where only 12 was pulsed onto the substrate while
preserving all other deposition parameters, no films could be observed. The origin
of the oxygen in the film was therefore assigned to be contaminated H,S, and later
experiments verified a O, concentration of 1-5 % according to [MS] data. It was fur-

thermore observed, that the ratio of tantalum to sulphur drastically changed with the
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amount of 12: already with 15 K higher temperature increase of the reservoir, the
author was able to achieve an equal tantalum to sulphur content, which is more than
a doubling of S, even though oxygen was still dominating. The critical shortage of
compound 12 at lower temperatures here leads to an unsaturated surface, which
afterwards reacts in a concurrent way with either O, or H,S. Since the reaction with
oxygen is expected to be thermodynamically favoured, films were anticipated to form
oxides first. This is additionally proven by the investigation of layer thickness, which
was found to be doubled in the case of higher bubbler temperatures indicating a

fragmentary surface saturation (Which is best described by alALDI mechanism).
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Figure 2.55: Profillometry spectra of 900 [ALDI cycles of TaS on 130 °C SiO, substrate A
shows the height difference directly behind the capton tape proven by the signal at 375 um
m being capton glue. B: shows the height profile of two holes, resulting from detaching film

areas.
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Figure 2.56: Atomic force microscopy analysis of a 30 TaSxOx film showing a height
profile and large and small scale maximum roughness. The retral image show a top view on
a 2-2 um? sector showing no few dust particles contamination. The left image shows the
roughness of the deposited material in a 3-D view of a smaller, 0.2- 0.2 um? area.
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Moreover, the deposition was hardly homogeneous over large wafer areas if uti-
lizing a copton tape as a flow barrier, indicated by profillometry measurements, de-
picted in figure (low reservoir temperature of 90 °C). Film thickness was found
to be far lower near the tape, but raised to a constant level within several hundreds
of um.

Although indicating saturation being inchoate, again contribution becomes
more unlikely, since the opposite would be expected in this case. Nevertheless,
films were found to be homogeneous both in Ta and S stoichiometry, with respect to
the depth profile, as depicted in highlighted areas of figure

Film roughness was again outstandingly low according to [AEM| investigations and
calculated to R,=0.45 on SiO, with an additionally minor maximum roughness
of about 5 mmy, as depicted in figure on the left side. Using a seed layer of
Al,Q,, the average roughness was found to be equal, evidently independent on the
roughness of the substrate. Here it calculated to R,=0.42 amL. This is comparable
to the well established Al,O, procedure. Superior to the previous findings, also no
larger hills could be detect in various measurements, as depicted in figure on
the right hand side. This can be asserted only by “Frank-van-der-Merwe”-growth
conditions 122331 which is again a lead for [ALDL However, the final prove can only
be given by the independency of growth rate on the amount of the tantalum source
12.

Precursor stability was verified Table 2.5: Elemental analysis of the precursor bottle

by [EA investigations shown in (bubbler) reminders.

table 2.5l Here the values al- assay % C % H % C

most fit the calculated and ex- deposition 27.2+1.2 6.8+04 15.6+0.8
pected atom contribution. Two calculated 29.9 7.5 17.5
measurements were performed,

whereby it was conspicuous that values of the second measurement decreased by

another percent for each element. The low values was assigned to originate from the
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Figure 2.57: SEM image of 900 cycles of 12 and H,S sequentially pulsed to a 130 °C SiO,
surface. The centred image shows films prepared in the third and the small overlays in the
first position of the sample holder. The small images show a completely detached and furled
layer. The hole on the left and the layer on the right side were separated by several hundreds
of um.

[EAl experimental setup. The hypothesis was proven by NMR] investigations, show-
ing >90 % of the precursor was compound 12 after several hundreds of deposition
cycles.

However, the films already showed characteristic and expected properties. In fig-
ure [2.57] typical exfoliation (as described for [TMDs] earlier in this text) could be
observed with an increase of the films thickness to 60 [ or above. In the left su-
perposition image in figure [2.57|the hole is displayed, resulting from the completely
detached layer, which was found furled on the surface close to the hole and depicted
in the image on the right hand side. The centred image shows beginning exfoliation
of different sizes of the layer. Still, areas observed ranged in sizes of several um and
can therefore be addressed to be quite homogeneous in diameter. It was proven,
that film detaching affects the whole deposited material, using [EDX| and profillome-
try. The depth of holes can be reviewed in figure [2.55, where in the right spectrum
two holes were screened. In these measurements, the films thickness and hole

depth were measured to be the same. Furthermore, [EDXlinvestigations on the hole
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areas could not identify any tantalum or sulphur content. Changing the substrate to
a prior to this experiment deposited seed layer of 30 mml Al,O, did not increase the
binding strength to the substrate or reduce exfoliation.

With pentakis(dimethylamino)tantalum (12) films could be generated with outstand-
ing roughness, typical TMDs| behaviour, and an equal tantalum to sulphur content.
The precursor could be proven to be stable in deposition experiments and its con-
centration could be sufficiently improved by a bubbler precursor reservoir. The origin
of film contaminating oxygen could be identified and should be easily reducible, us-

ing a pure sulphur source.
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3 Summary

With the presented novel laminar flow reactor design the deposition of three dif-
ferent materials could be reproduced. With Al,O, we could prove that there is no
contribution to the found mechanism, since the film thickness was per-
fectly independent of the amount of TMAl and linearly dependent of the number of
cycles. With the successful deposition of iridium it was possible to show that even
the highest evaporation temperatures connote no obstacles. Furthermore, in-
vestigations illuminated reactions and gave mechanistic insights on the surface by
gas phase analytics. Thin films of platinum were investigated in terms of noble
metal initial phase behavior and turned out to be a perfect candidate for interlayerd
tailored materials. With thoroughly sampled parameters it was possible to improve
the described film’s literature properties ever so slightly in respect of growth rates,
found to be increased in the platinum and the Al,O, case and roughness, which was
lower in almost every material tested. Most importantly, carbon impurities could be
reduced as well as the oxygen content in metallic iridium and platinum layers. This
is attributed to the low oxygen background in the chamber and the flight path of a

precursor in relation to the substrate.

Two of these compound were combined to form nanolaminate materials. With this it
was possible to synthesize the first based combination of Al,O5 and platinum
as super-lattices and materials with different or increasing interlayer thicknesses.
Furthermore, it is one of the first[ALD| nanolaminate composites of alternating isola-
tor and metal contribution. These materials were investigated with respect to their

energy dissipation by photon energy intake using [TTR|as a common technique and
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Figure 3.1: Room temperature heat capacities of samples synthesized in this thesis (red),
compared with representative literature values (black). 224l

very strong differences between single crystalline and deposited oxides were
found. The influence of interlayers, although being metallic and highly conductive
was outstandingly large. With two interlayers we were able to reduce the heat ca-
pacity by a factor of 4, whereas single interlayers in other materials did not show a
appreciable change in this property. The calculated data is compared with represen-
tative literature values of compounds and multilayers in figure [3.1] The conductivity

of sample ALD 2 almost equals the conductivity of 170 periods of W/ZrQO,.H!

Two samples of atomically thin layers of Al,O,, produced with one and five cycles,
were deposited on a bulky [ALDFmade platinum surface. We directed accelerated
hydrogen and deuterium atom beams onto the surface and measured energy dissi-
pation to the material due to the collisions. By this [RAT] technique we could prove

that in the first cycle a surface coverage of about 60 % aluminium is reached, ho-
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mogeneously spread over the substrate. It was furthermore shown, that this incom-
plete monolayer shows an overlay of insulator and metal scattering, meaning no
and a large energy loss to the surface. A layer of 1 [ml thickness, corresponding to
4-5 monolayers only showed insulator scattering. The observed angular distribution

was independent on stoichiometry, roughness and density.

Within the cooperation with BASF precursors for cobalt deposition were tested. Al-
though a satisfying film growth remained elusive (best gpc = 0.01 A~cycle—1), the
compound class Co(NTMS;),(PR3) was intensively characterized in respect to sta-
bility and evaporation parameters as a function of structural differences. It was pos-
sible to achieve highest thermal stability and volatility with compound Co(NTMS;),(P'Pr,'Bu).

Furthermore a mechanism is suggested to interpret these results.

Tantalum chalcogenide containing films were successfully synthesized using the
[CVDIprecursor Ta(NMe,)s (12) with H,O at very mild deposition temperatures, broad-
ening the [ALDHwindow, to form thin films of tantalum oxide with an outstanding
roughnesses smaller than described for Al,O;.

On the other hand a strategy for TaS, film generation is presented, using H,S as a
coprecursor and a bubbler reservoir for 12. Albeit the low roughness,[ALD/based de-
position mechanisms and suitable growth rates were very promising, the films were
contaminated with oxygen, which was proven to originate from H,S impurities. How-
ever, the presented structures prove a novel procedure for Tantalum sulphide

containing layers.
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4 Experimental Methods

4.1 In Situ Analysis: EI-MS and QCM

For the purpose of mechanistical insights to novel procedures, in situ elec-
tron ionisation mass spectrometry (EI-MS) was used. The attached PfeifferVakuum
PrismaPlus™ engine (QME 220 F3 Prisma Plus) extracts a fraction of the exhaust
gas continuously and is able to analyse mass fragments from 1 up to 300 m/Z using
a quadrupole field generated by four 16 cm tungsten magnet rods for ion separation
(figure [4.1], 4). The analysed gas is generally extracted from the middle of the gas
stream in the exhaust gas tube with a total distance to the substrate of 15cm. As
a second possibility, it may be extracted directly at the wafer surface position, with
the disadvantage of long cannula pathway resulting in staggered detection (shown
in figure in red superposition). The can detect fragments in concentrations
lower than 4- 1012 [aPain the residual gas. lonisation is performed by a cage like
electron impact cavity (4.1}, 3) with two filaments in open geometry. The ion detection
can either be done with a Faraday or upstream electron multiplier (SEM) detector
with 1013 V. With the program QUADERA it is possible to program highly accurate
measuring strategies ranging from ionisation yield corrected oxygen quantification
to multi ion detection (SEMIMID) to track predefined gas fragments (4.1}, 6). The
[MSlis evacuated by a turbomolecular pump (TM) with 90.000 [fpm]using the process
scroll pump as the backing pump shown in figure (S).
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[mbar]
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Depos. mass

Figure 4.1: displays the arrangement of the [MS|and QCM and pressure detection as a side
view of the chamber I. Displayed numbers at the referring to the different decection
methodes (normal: 1A, wafer position 1B, red, dashed), the neddle inlet valve (2), electron
impact ionisaton cage (3) under high voltage, quadrupole tungsten rods and magnetic field
and ion distraction (4) and single-channel electron multiplier with 1013 V (5) showing the
cascade of secondary electrons resulting from the initial, primary radiation event. Signal
analysis is done by QUADERA program (6). Under the we attached the The
crystal is centered in the exhaust gas stream. Note, that the position of the process pump S
ist not exact, since bypass and exhaust purification are omitted for clarity.

For the annexe of the QCM (JCM, SQM-160, 120 °C / 285 °C optimized crystals,
6 [MHZ), a dagger-like steel welding was constructed. With a window on the left
and an opening for the oscillating crystal holder on the other side, it was attached
in between the exhaust tube and the connection, as depicted in figure 4.1} The
welding was planned to centre the crystal in the middle of the gas stream, exactly
under the inlet. It furthermore allowed for a continuous inert gas purge, using
the special throughput on the right side. Additionally, we aimed for the possibility
of active heating, which is not possible in normal mode (the instrument was previ-

ously used with inductive heating). In the presented set-up, a heating coil can be
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connected via a lead through at the position of the window (left side). The increase
in mass of the crystal, the corresponding reduction in frequency, and the calculation
of film thickness were performed by a Inficon display (SQM-100 “rate and thickness
monitor”) on the one hand and by the corresponding computer program (SQM-160-
COMM) on the other. For the generation of oszillation we used the oszillator remote
sensor (OSC-100).
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4.2 External Methods

In this thesis, a variety of methods were used to characterize film properties with
respect of roughness, crystallinity, composition or impurities, and other parameters.
The following paragraph will briefly describe the utilized instruments, applied param-
eters and present the possibilities of each method shortly. The general theory of the
technique will not be discussed, but can be found in several reviews, which are cited
in the paragraphs. Furthermore, this script will not comment on the procedure oper-
ation. This can be located in the "Reactor Manual" which gives a two-page step by

step guidance (English) to run every instrument.
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Figure 4.2: Characterisation methods utilized in this thesis, listed with respect to the inves-
tigated film characteristics.
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4.2.1 X-Ray photo-electron spectroscopy (XPS)

spectra were obtained using the Ceasar spectrometer with a DAR 400 source
(Mg «-radiation) and a EA 125 hemispherical Energy Analyser (Omicron Nano Tech-
nology) with an emission current of 10.4 kilo Volt (kV). The displayed spectra are
summarized data from three sweeps. Generally, the resolution was chosen to be
0.20r0.1eVl

The content of films were evaluated using database average matrix relative sensi-
tivity factors (AMRSFg) 222281 S for Mg-radiation using Gaussian signal model with
integration areas A determined using Origin. The fraction X of each element n in the

investigated film can be calculated by:

X, = —>n (4.1)

Since the correction values originate from calculations, X,, should furthermore be

corrected by the instruments factor which was set to one here.

4.2.2 Transition Electron Microscopy (TEM)

Images made with a transition electron microscope [TEM were record by the author
instructed by Dr. F. DORING and Dr. V. RHODDATIS (CRC-Project B08). The TEM
lamellas were cut at the Nova Nano SEM 650 using a Ga-ion beam with an approx-
imate diameter of < 100mmL The lamellas were glued on a[TEM-grid and transferred
into the instrument. In this thesis several instruments were utilized, namely a CM12
(Phillips) and a Titan 80 300 (FEI) using a monochromator and CS correction for the
purpose of ultra high resolution images.

Using[TEM enables for detailed information, especially investigating multilayer struc-
tures, of interlayer thickness, crystallinity, density, roughness (2D), and mixing. As
a disadvantage, this method is invasive and the preparation and measurement is as

well expensive as time consuming.
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4.2.3 Elemental Analysis (EA)

Elemental analysis was performed by the [EAHab in the department of inorganic
chemistry, using standard methods for H, C, N, O and photometry (Perkin Elmer) for

phosphor and atom-absorption-spectroscopy (Jena Analytik) for cobalt content.

4.2.4 Atomic Force Microscopy (AFM)

Two [AEM| instruments were used in this thesis, both used in the same modus with
similar forces. Namely, these were the JPK nanowizard 3 (group of JAHNSHOFF,
instruction by T.T. KLIESCH) and the Asylum Research MFP-3D (group of STEINEM,
instruction by I. MEY and O. GRAB). The author measured all images by himself
using tapping AC-Air mode, which was best for hard, flat solids deposited in this
thesis (“flat” is used differently here, meaning R, <100 mm). A type K cantilever
with a needle diameter of 4 um, a length of 125 um, without coating was used,
since thinner and more expensive models often show fast water adherence (within
minutes), resulting in contact loose to the surface. The general measuring time
scales varied in between a few quarters of an hour for a site of interest (SQI) area
of 1000 x 1000 mm with a scanning rate of 0.1-0.5 Hzl and a resolution between
0.2-0.5 (set point = 900 mV] dive amplitude = 200-500 [mV], integral gain = 10).
Purely the roughness can be calculated, using [AEML. For data interpretation and
delineation of the surfaces, the program Gwyddion 2.34 was used, applying water

shed and tilt correction, if necessary.

4.2.5 Secondary Electron Microscopy with Energy Dispersive
X-Ray Spectroscopy and Fast lon Bombardment (SEM with
EDX and SEM with FIB)

Surface images was recorded at two different[SEM/machines, both of them equipped

with additional analysis techniques. Before vacuum was applied to start the electron
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beam, the wafers were mounted on[SEMFsample holder, glued with special conduc-
tive tape. For insulating material, this tape was furthermore folded to connect the top
of the wafer too, avoiding charge effects. In general, the electron energy was kept at
5 or 10 keV| because radiation damage at > 20 keVl changed the surface very fast.
In this work, the Nova NanoSEM 650 (FEI) and the Nova 600 NanoLab (FEI) were
used. With the user is able to visualize surface artefacts with [m resolution
such as hills or dust impurities giving rise to the homogeneity of the deposition. Fur-
thermore, the amount of backscattered electrons allows to draw conclusions about
metallicity of the surface and density.

The first named instrument carried a liquid Ga-ion source for TEMHamella gener-
ation.’?2l The author prepared these lamellas instructed by V. RADISCH using a
coverage of 2-originated, electron beam deposited, amorphous platinum. The sam-
ple was tilted by 52 ° and lamella sourrounding material was sputtered with fast ion
bombardment. The lamella was connected with a micromanipulator and transfered
to a[TEM grid, using furthermore electron-deposited platinum as glue.

The second instrument provides further analysis for energy distribution of backscat-
tered electrons. In this work, [EDX|?%! was used intensively with different electron
energies (5, 10, 15, 20 kV) translating to different penetration depth. With this, one
can calculate the film’s composition quantitatively for third and higher row elements
and give a good approximation of stoichiometry of the film using correction factors
for second row elements. Furthermore, this instrument can utilize up to five differ-
ent detectors, e.g. for insights in angular distribution of backscattered electrons.
This can highlight domain structures, resulting from preliminary island growth in the
With [EDX the film thickness (R,), or if the composition is known, also the films

density (p) can be approximated using KANAYA’s and OKAYAMAN’s formulal228l:

R =(0,0276 - M - Eg®) / (2°%° - o) (4.2)
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(R is the electron range, Eq the beam energy, M the atomic mass and Z the atomic

number, respectively.)

4.2.6 Ellipsometry

The thicknesses of the thin transparent oxide films were measured by spectroscopic
ellipsometer Nanofilm EP4 (Accurion). Measurements were performed over a wave-
length range of 360 to 800 nm at an angle of incidence of 50°. The film thicknesses
of Al,O, on SiO, were determined by fitting the optical properties of the oxide layer

with the Cauchy model. 22

4.2.7 Profillometry

For post depositional profillometry use, prior to the deposition a thin Kapton-tape
was glued on the wafer. After removal of the tape, the underlying surface remains
unexposed, as depicted in figure [2.8] All measurements were performed at the Dek-
tak 150 (Veeco) with a needle diameter of 12 um an an approximate maximal reso-
lution of 1 [ with respect to the film thickness dimension (this is reduced by tape
glue reminders at the step and dust particles on needle and surface). Scan rates
were varied but ranged in the area of 10 um-s~! with scan distances of 1-3 [mm,
resulting in a spectrum measuring time of about five minutes. With profillometry, the
user is able to investigate film thickness with moderate accuracy very fast. Investi-
gating [ALDlsamples, the tape may also act as a flow barrier and the films thickness

in front of and behind this barrier give rise to the [CVD]rate.

4.2.8 Scanning tunneling Microscopy (STM)

Data was acquired using a Bruker Standard scanning tunneling microscope (STM)
with a constant current of 1 WAl The instrument is equipped with a NanoScope

IV (Digital Instruments, Vecco Metrology Group) detector. For highly conductive
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films the voltage was set to 10 and a pulled to tear tungsten wire is used with
very thin needle ending. The data points were interpreted using the NanoScope
Software 6.12 and images were taken for this thesis using the above described

Gwyddion 2.34 program in a similar way [AEM samples were treated.

4.2.9 Resistivity

The resistivity/conductivity of a film was estimated using a hand multimeter on at
least ten different position of the wafer with a two-point measurement. Since mea-
sured data differed widely due to the internal error in measurement of the instru-
ment, making quantitative interpretations unreliable, this method was used to derive

the property, whether the film is conductive or insulating, on a qualitative level.

4.2.10 High Resolution Rutherford Back Scattering (HR-RBS)

[HRRBSlwas performed under the guidance of Prof. Hans Hofséss, using the 500 keV
He?* accelerator (ll. physics) generating 450 keV He?* particles, impacting the in-
vestigated surface. With a resolution of 1 keV], we were able to achieve structural
informations in the range of about 1 mm 3% With the user gets access to a
non invasive depth profile of the sample with several hundreds of mm beam pen-
etration. 23! |t furthermore resolves the relative atomic concentrations in different
depth and can therefore be very powerful to evaluate e.g. variation in deposition

mechanism in[ALDFinitiation phases or nucleation reactions.

Excursion: Interpretation of HR-RBS Spectral?32!

The energy E; of the scattered projectile is reduced by a factor of k from the initial
energy Eq by an elastic, hard-sphere collision of the small particle (projectile) on or

in the sample (target). This energy loss is displayed in the spectrum (channel).

E:=k-Eo (4.3)
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The kinematical factor k is proportional to the scattering angle (0 =180°) and the

unknown ratio of the masses of the projectile (m;) and the target atom (m,).

cos(8) + \/[ma/mi]? — sin?(0) |
1+ my/my

(4.4)

With this equation, the user is able to determine the mass of the corresponding
surface atom. Furthermore, the probability w of a scattering event is given by the
differential cross-section from which the estimated signal intensity arises. This is
proportional to the atomic number of the target nuclei (Z,): the heavier the atom hit,

the better the signal is resolved:

7,2, ¢ 1
:[128 (4.5)

2

4 } (sin(6/2))*
However, Eq is furthermore reduced not only by nuclei scattering but also by inter-
action with electrons of the material. The resulting energy decrease is proportional
to % and the depth, so basically to the amount of electrons passed. With this as-
sumption the signal broadening is therefore proportional to the films thickness and
furthermore the shift of a elemental signal with respect to its surface signal position
indicates the depth of the nuclei hit. However, for binary compounds in particular
and special amorphous elements, Z, is given as a mixture of both nuclei or in other
words, the nuclei density differs. This is normally given in Atoms/cm? which on the
one hand translates to the density, the binary phase stoichiometry or the films thick-
ness. It is therefore useful, to determine the films thickness earlier by SEM, TEM
or Profillometry, otherwise literature values are taken into account, which may not fit
the actual order of the sample.
Since normally both values, density and thickness, are unknown, the spectrum has
to be fitted by both values alternating in an allotted frame.
Presented data in this thesis were best fitted with an underlying 200 mm of amor-

phous SiO, (33% Si) on bulk Si, allowing for interpretation of light atom (C, N, O)
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contribution to the top layer although for Z; ~ Z,, signals overlapped.

4.2.11 Auger Spectroscopy

Auger Spectroscopy 223l was performed in the scattering chamber in situ, described
in chapter which was performed by Y. DORENKAMP. All data were collected
using a CMA 100 cylindrical mirror analyser (Omicron NanoTechnology) in the range
of 20 to 3267.8 [eV] with a resolution of 0.5 %.12*4 Signal shift were corrected with

respect to the zero signal and indexed by comparison with literature. 220

4.2.12 X-ray Powder Diffractometry and Reflectometry (XRD and
XRR)

The use of non-invasive methods for film investigations is preferable and X-ray anal-
ysis, namely and [XBR| are important tools. X-ray data was measured on a
D8 Discover (Bruker AXS) instrument, using Cu-Kx-radiation with the wavelength of
1.504 A and a 1D-Goebelmirror using 1 mm slits to focus the beam on the sample.
All spectra were taken using the detector in 1-D mode. The spectra were indexed
with the instrument’s Leptos 7.7 (Bruker AXS) software, also used for beam cen-
tering and intensity optimization in respect of the sample geometry on the sample
holder.

For data, a 2-O©-scan was applied in the range of 5° to 140° preliminary, in-
vestigating film composition with five to ten minutes measuring time. For better
resolution and increasing intensity, the parameter for the final spectra was set to
0.5 8 per 0.01° increment, resulting in a 60 [minl time per spectrum. With [XBD] the
user is able to determine film composition, crystallinity and orientation of domains,
lattice plane dimensions and pair distribution function based calculations on bond
distance in amorphous materials (resulting in a very broad signal).

Data for XBR| was taken with similar parameters using a 2-©-scan in the range of

1° to 10° with slightly longer scan times and larger opening of the automatic slit al-
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lowing for evaluable intensity. Spectra of [XRRI give rise to lattice dimensions in the
range of A for flat interfaces up to interface thicknesses of 150 im. Furthermore, the
electron density profile perpendicular to the surface can be evaluated as well as the
interface roughness in the material. Finally, the position of the total reflection edge
signal lead to the average assay density.

At this point, it can be mentioned, that during the thesis, based on the instrumental
experience with other instruments, over one hundred single crystal service experi-
ments were performed at 100 K on a Bruker D8 three-circle diffractometer, equipped
with a PHOTON 100 CMOS detector and an INCOATEC microfocus source with
Quazar mirror optics (Mo-Ka-radiation, A= 0.71073 A). The data obtained were in-
tegrated with SAINT and a semi-empirical absorption correction from equivalents
with SADABS was applied. The structure was solved and refined using the Bruker

SHELX 2014 software package. &

4.2.13 Schlenk Technique and Inert Gas Box

Sensitivity to oxygen and moisture of all utilized compounds made the handling un-
der inert condition essential. Packing of steel containers, preparation of stability
test, storage, cooling and preperation of NMRlsamples were performed in a MBraun
argon filled inert gas box. During prepertaion, the box atmosphere contained a
concentration of < 1 parts per million (ppm) for O, and H,O, respectively. Sublima-
tion tests were performed using a Schlenk line with argon, pumped by a membrane

pump (PfeifferVakuum, DUO line, PK D58 112C).

4.2.14 Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on a Bruker Avance Il 300 and were calibrated to
the residual proton resonance of the solvent (C¢Dg: OH = 7.16 ppm; d8-THF: oH
= 3.58 ppm) atlifl Signal multiplicities are abbreviated as: s (singlet), d (dublet), t
(triplet), m (multiplet), br (broad).
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4.2.15 Thermogravimetric Analysis (TGA)

Stability tests of cobalt containing precursors were performed at BASF using a NET-
ZSCH TG 209F1 Libra TGA209F1D-0106-L by L. HORING. The analysis was per-
formed in nitrogen inert gas atmosphere and mass loss was detected in the range

of 25 °C to 550 °C with a heating rate of 5 K- min~! in Al,O5-containers.
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4.3 Chemicals

Table 4.1: Chemicals in this work with distributor.

chemical distributor CAS
MeCpPt(Me)s (99 %) ABCR 94442-25-5
AlMe; (98 %) ABCR 75-25-1
Ir(Acac); (99 %) ABCR 15635-87-7
Co(NTMS;),(PMes) Synth. Gerkens -
Co(NTMS;),(PEts) Synth. Gerkens -
Co(NTMS;),(P'BU'Pr,)) Synth. Gerkens -
(Co(NTMS;),)2(TMEDA) Synth. Gerkens -
TaCls (99.99 %) Alpha Aesar 7721-01-9
Ta(NMe,)s ABCR 19824-59-0
Ta(NMe,)3N"Bu (99.99 %) ABCR 169896-41-7
TaO'Bu;(99.99 %) ABCR 51094-78-1
N(TMS)3 (98 %) Sigma Aldrich 1586-73-8
Me,S (99 %) Alfa Aesar 642-92-0
MeSSMe (99 %) ABCR 624-92-0
‘BUSH (99 %) purified in group of 75-66-1
Ackermann
N (99.999 %) Linde 7727-37-9
0, (99.999 %) Linde 7782-44-7
Ar (99.999 %) Linde 7440-37-1
H,S in Ar (5/95 %) Linde 7783-06-4
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5.1 General Preface

All precursors used in this work were attached to the reactor in Swagelok steel con-
tainers. Theses were filled in an argon glove box (MBraun), closed by a transport
valve, which is a bellow-type valve (Swagelok, SS-4H-VCR, Cy, = 0.28) or a ball valve
(Swagelok, SS-62TVCR4, Cy =1.2) and connected with VCR sealing (Swagelok,
SS-4-VCR-2) to the chamber. Liquid and very volatile precursors were cooled to
about -30 °C using small intervals of liquid nitrogen application to avoid distortion.
The cavity in between the[ALD|and closing valve was heated and evacuated at least
twenty times (after about ten evacuations no water and oxygen could be detected by
the [MS). To remove fractions of the remaining box atmosphere in the container the
gas was let to the cavity in between[ALDland transport valve. Importantly, the trans-
port valve is closed during valve is open but subsequently opened in between
the pulses for about fifteen to sixty cycles, depending on the container’s volume. If
no pressure increase was detectable both valves were opened simultaneously three
times. The heating coil was attached with isolating aluminium foil wrapped around
the container. The temperature was measured at two positions of different masses,
to ensure a homogeneous temperature: on the outside of the container, at the filling
level of the precursor in between container and coil and above the closing valve,
in between the precursor and [ALDFValve heating zone. Heating is continued for a
minimum of 10 [min] before start of deposition to allow for a uniform heat distribution

throughout the unstirred substance in the reservoir.
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Unless otherwise stated, during deposition, for purging or gassing N, (5.0 Linde)
or Ar (5.0 Linde) were used as a carrier gas with an average flow rate of 100-
200 [mO-[min* resulting in an overall pressure of about 5-6 in the chamber
and 0.6 in the pump bypass. The chamber was generally heated, evacuated,
and purged at least for two hours. As described in chapter 2.1] this was necessary

since especially water was detected for hours during purge cycles without heating.

44
i

Figure 5.1: Scheme of the deposition reactor utlized in the following experiments. In red
superposition: The special position wafer, fixed at a steel wire and positioned in the mix
tube, with its flat surface pointing to the front of the outled of precursorbottle 1.

Wafer Pretreatment

Si/ SiO, wafers were obtained from Si-Mat, Silicon Materials as round substrate with
d = 10cmwith a height of 1.5mmL. The substrates were cut with a water based wafer
saw into sixty 10 - 10 mm? wafers which were stored with the deposition side glued
on a plastic foil to avoid contamination. For the final experiment, the wafer is
cleaned in an ultrasonic bath in 'PrOH, rinsed with 'PrOH and MeOH twice and dried
under a plastic canopy, avoiding dust soiling of the sample. For the final placement
in the sample holder, the use of gloves and surgical mask is recommended.

Other substrates used in this work were magnesia oxide (MgO), sapphire (Al,O,),

and silicon (Si), ordered at Crystal GmbH.

120



5. Experimental Section 5.2. Metals

5.2 Metals

5.2.1 Platinum Deposition

~ 300 °C
PV 130, —_ == Pt + 9CO; + BH;0
L “CH 0,
HaC Chg™
2

Pt(MeCp)Mes 2 (500[mg, 1.5Immol) was used as the platinum source. 0.5-1.0mg]
of the precursor were evaporated per deposition cycle (dependent on the pulse
length). Pt(MeCp)Me; is heated above its melting temperature to 75(+5) °C and
the pulse-time was set to 3000-5000 As a second precursor, O, (P 5.0, Linde)
was applied, to reactivate the surface as described in detail in chapter Oxy-
gen was used directly from the gas container, without further purification, with a total
pressure applied at the [ALDlvalve of 1050 [mbar, so pulse-time kept at 5(+5) M3,
increasing the pressure in the chamber by about 5 Since therefore the con-
centration of O, was quite high, purge-times were set to 120 g which was 3-4 times
the value O, was still detectable by [MSL For every 500 layers generated, a fresh
filling of precursor 2 was attached, avoiding the precursor bottle to run empty. The

following strategy parameter were used, if not otherwise stated:

ta = 5000 ms, t,urge 1 = 120000 ms, to, =5 ms, t,urge 2 = 120000 ms

Ta =75°C, Tchamber = 250 °C, Tsample holder = 325 °C, Tvaper—6 = 125 °C
Tmixtube = 120 °C, Tgas = 120 °C, Tgghaust = 120 °C,  Tgasdistributor = 120 °C
Qn, = 100 (Mix Tube) + 30 (Valves) =t (variable area flowmeter)

PSample holder = 3 mbar, PPump bypass = 0.5 mbar
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In another experiment, several platinum depositions were run at the commercial

ALD| chamber (6-port GemStar, ARRadiance) in the group of J. BACHMANN. Al-

though metallic platinum film were obtained using the precursor Pt(Acac), 14

(800 Mg, 2.0[mmol) together with O, (5.0 Linde) these were not investigated further,

because of the finding of very high evaporation temperatures for 14 to the benefit of

2.

XPSI

EDXE

S E

Table 5.1: Thin film characterization

(set point = 500 MV, drive amplitude = 300 [mV] int. gain = 10,
Type “K” cantilever): R, = 0.98 mm, R,., = 8.6 M.

(anode voltage= 8 kV| emission current = 20 [mA), Pt =
85.6[eVl (4f;,,), 91.2[eVl (4f5,,), 117[eVl (br, 5s), 327.2V]
= 287.4[eVl(1s), O = 542.8leVi(1s)

(10 kV), E = 9.4[eV|(L,), 2.0[eVI (M)

(10 kV), Grain sizes = 25- 50 nmL

(Cu-Kax=1.504 A) Pt[111] = 39.6 °
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5.2.2 Iridium Deposition

2 YY + 40.50 300°C 2Ir + 30CO, + 21H,0
o) . 2 Sio 2 2

O iO5
N

3

Ir(Acac), (3) (1.00 g, 2.0 [mmol) and O, (P 5.0, Linde) was utilized in this exper-
iment forming metallic iridium layers. Pulse times for 3 are 5000 and 5 for
oxygen, respectively. O, was used without further purification, with an overpressure
of about 1050 at the [ALD}valve. The precursor 3 had to be heated above
170 °C, allowing sublimation, whereby the [ALD}valve faced its temperature limit of
200 - 220 °C. The reactor temperatures were set to 200 °C, but some reactor parts
maintained a maximum temperature of 180 °C during deposition, namely the inert
gas distributor and the connection between gas heating and viscose flow tube. The
substrate was heated to 325 °C. Different experiments were made, changing the

cycle amount from 300 to 800 cycles.

ts = 5000 ms, tyurge 1 = 120000 ms, to, =5 ms, tyurge 2 = 120000 ms
Ta=175°C, Tchamber = 250 °C, Tsample holder = 325 °C, Tvaper—6 = 185 °C
Tmixtube = 200 °C, Tgas = 200 °C, Texhaust = 150 °C,  Tgasdistributor = 150 °C
Qn, = 100 (Mix Tube) 4 30 (Valves) =t (variable area flowmeter)

PSample holder = 3 mbar, PPump bypass = 0.2 mbar
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Table 5.2: Thin film characterization.

[AEM: (set point = 500 [mV], drive amplitude = 300 int. gain = 10,
Type “K’cantilever): R, = 1.30nm, R...x = 7.0 AL

XPSI (anode voltage= 8 KV, emission current = 20 [mA), Ir = 75.1[eV|
(4f;/5), 78.16Y (4f5/0), 308.6Y (4dss), 324.6EVI (4ds),),
506.1[€Y] (4ps)»), 6146V (br, 4p; ), 695V (4s) C = 2971V
(1s), O = 543.1[eVI(1s).

SEMITEM: (10 kV), Gpc = 0.5 A/cycle.
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5.2.3 Cobalt Deposition

(TMS)ZN\CO/N(TMS)z 80-350 °C
| + Hy - Co + 2HN(TMS), + PEt;
PEt =102
6

Co(NTMS,),(PEt;) (300 [mg, 0.60 [mmol) 6 and H, was used in this deposition
experiment. Pulse times for 6 were 1000 M3l in the first and 3000 M3l in later exper-
iments. H, was used without further purification with a special manometer (Linde,
HiQ, C200HV/2-2) and a total pressure applied at the [ALDl-valve of 150 SO
pulse-time kept at 5(+5) M3, increasing the pressure in the chamber by about 1-
2 In all experiments, 1000 deposition cycles were applied to a 200 °C SiO,
surface. During this depositions, the construction was changed by adding the

to the setup.

1.) t4 = 1000 ms, tpurge 1 = 30000 ms, th, =5 ms, turge 2 = 125000 ms

Ta4 =105°C, Tchamber = 200 °C, Tsample holder = 200 °C, Tyajer—6 = 185 °C
Tmixtube = 200 °C, Tgas = 75 °C, Texhaust = 95 °C,  Tgasdistributor = 120 °C
Qn, = 60 (Mix Tube) + 20 (Valves) 2t (variable area flowmeter)

PSample holder = 2 Mbar, Ppump bypass = 0.2 mbar

2.) t4 = 3000 ms, tpuge 1 = 40000 ms, ty, =5 ms, tpuge 2 = 60000 ms

Ta =105°C, Tchamber = 200 °C, Tsample holder = 200 °C, Tyajer—6 = 185 °C
Tmixtube = 125 °C, Tgas = 75 °C, Texhaust = 95 °C,  Tgasdistributor = 150 °C
Qn, = 100 (Mix Tube) + 30 (Valves) t (variable area flowmeter)

PSample holder = 2 mbar, PPump bypass = 0.2 mbar

Table 5.3: Thin film characterization

XPSk (anode voltage= 8 V| emission current = 20 mA), Co
793.0EVl (2ps/2), C = 296.06V] (1), O = 542.4V (1s).
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5.3 Oxides and Sulfides

5.3.1 Aluminum Oxide Deposition

Me\AI,Me 75 °C
2 | + 3 Hzo : A|203 + 6 CH4
Me 2
1

Trimethylaluminium 15 is pyrophory, explosive and had to be handled with special
care. Additionally to the described procedure above, [TMAI was taken from a half
frozen liquid with a cooled syringe, transfered to the chilled precursor bottle. After
bringing out [TMA| from the inert gas box, it was stored in a fume hood for at least
an hour, and controlled for temperature increase due to leakage and subsequent
reaction. Because of the high vapor pressure it was again cooled before removing
the box atmosphere carefully. Thus 15 was not heated, temperature was taken at
the outside of the steel container during deposition to ensure continuous room tem-
perature.

In 10 steel containers, 5.0 [mLI[TMAI (4.05 [g, 56 [mmol) 15 and 5 H,O were
attached to the reactor, lasting for about 3000 deposition cycles for both materials.
Pulse times for both, TMA| and water, taken as the second precursor and oxygen
source, were set to 150[M3lin general procedures, increasing the chamber pressure
by 0.2-0.5[mbarl Both precursors did not need to be heated above room tempera-
ture while the substrate was heated to 75 °C and all other parts of the chamber to
65 °C, avoiding water condensation and long purge times as a consequence thereof.
For the plot[2.9] the pulse time for TMAl was changed from 5mslto 1000 keep-
ing all other parameters constant. Increasing the pulse length, the times were 5,
50, 100, 225, 500, and 1000 msl The amount of deposition cycles differed with
experiments: Thin films on Pt (chapter were generated using 1 and 5 cycles.
Experiments aiming for increased anchoring strength of Ru-based water oxidizing

catalysts used 5 and 10 cycles. Reactor tests (chapter [2.2.1) employed 50 to 500
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cycles in about fifty different experiments. Interlayers of Al,O,, utilized in thermal
conductivity measurements (chapter[2.3), were build using 300 cycles and 2000 cy-
cles for reference material avoiding SiO, influence. Acting as a seed layer for TaS,

deposition, Al,O; was used with 100 cycles.

trma = 150 MS, tourge 1 = 120000 ms, ty,0 = 150 Ms, touge 2 = 120000 ms
Ttma = Th,0 = RT, Tehamber = 65 °C, Tsample holder = 75 °C
Tvaner—6 = 65 °C. Tuctube = 65 °C, Toas = 65 °C, Teahause = 65 °C
T Gasdistributor = 65 °C
Qn, = 100 (Mix Tube) + 30 (Valves) .:_.IB (variable area flowmeter)

PSample holder = 2 mbar, PPump bypass = 0.2 mbar

Table 5.4: Thin film characterization.

[AEM: (set point = 500 [mV], drive amplitude = 300 mV], int. gain = 10,
Type “K’cantilever): R, = 0.66nm, R,., = 3.7 MM

EDX: (5kV), Eo = 0.52BY(K,), Eal = 1.49BVI(K,), p = 3.05 + 0.3 &5

TEM, [SE! Gpc = 1.94 A/cycle.
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5.3.2 Cobalt Oxide Deposition

(TMS);2N.__ _N(TMS); 120-325 °C
Co + H, : CoOy + oxidized ligands
PR3 SI02
5/6

ALDIwith Co(NTMS,),(PMes):
Co(NTMS,),(PEtsz) 6 (200[mg, 0.40mmol) and H,O (5[mL). The pulse time for water

was 150ms. Previous findings using [MS| (can be found in detail in L. KOCHANNEK,

20151222 identified the evaporation temperature to be > 85 °C. For testing purposes
with different parameters listed in the following table, the cycle amount was kept in
between 100 and 1000.

In one experiment the substance was sublimed into the connection part, directly in
front of the [ALDlvalve. Here, the precursor bottle was evacuated, heated to > 85 °C

and the valve was opened to the cold area above.

Parameter changed:

tx = 200, 1000, 3000, 5000 ms

tpurge 172 = 15, 30, 40's

Tx = 85, 95, 105 °C

Tsample holder = 140, 200, 325 °C

Constant parameter:

Tchamber = 120 °C, Tvawei—e = 120 °C

Twixtube = 120 °C, Tgas = 75 °C, Texhaust = 95 °C, Tgasdistributor = 100 °C
Qn, = 100 (Mix Tube) + 30 (Valves) =t (variable area flowmeter)

PSample holder = 1.5-2.0 mbar7 PPump bypass = 0.2 mbar
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Table 5.5: Thin film characterization

XPSI (anode voltage= 8 kV, emission current = 20[mA)), Co = 73.2[eV]
(3p1/2), 76.6[eV] (3ps/2), 782[eVl (2p1/2), 792.0Vl (2p3/2), P =
145.8 (2s), 203.0 (2s), C = 295.8[6VI (1s), O = 542.4[6V| (1s).

129



5.3. Oxides and Sulfides 5. Experimental Section

(TMS)ZN\ /N(TMS)z 120_325 OC
C|° + H,0 : CoOy + oxidized ligands
5/6

LD with Co(NTMS,),(PMes):
200 of Co(NTMS,),(PMes) 5 (0.40 mmol) and H,O (5 [mL). The pulse time

for water was 150 Previous findings using (can be found in detail in L.

KOCHANNEK, 2015[%23) identified the evaporation temperature to be > 85 °C. For
testing purposes with different parameters listed in the following table, the cycle
amount was kept in between 100 and 1000.

In one experiment the substance was sublimed into the connection part, directly in
front of the [ALD}valve. Here, the precursor bottle was evacuated, heated to > 85 °C

and the valve was opened to the cold area above.

Parameter changed:

ts = 200, 1000, 3000, 5000 ms

tourge 172 = 15, 30, 40's

Ts =85, 95, 105 °C

Tsample holder = 140, 200, 325 °C

Constant parameter:

Tehamber = 120 °C, Tvae1—6 = 120 °C

Tmixtube = 120 °C, Tgas = 75 °C, Texhaust = 95 °C,  Tgasdistributor = 100 °C
Qn, = 100 (Mix Tube) + 30 (Valves) &t (variable area flowmeter)

PSample holder = 1.5-2.0 mbar, PPump bypass = 0.2 mbar

Table 5.6: Thin film characterization

XPSt (anode voltage= 8[kV], emission current = 20[mA), Co = 73.2[eV]
(3P1/2), 76.6[eV] (3P3/2), 782eV (2P1/2), 792.0[eVI (2P3/2), P=
145.8 (2s), 203.0 (2s), C = 295.8@V] (1s), O = 542.4V] (1s).
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Wlth CO(NTM52)2<PEt3):
Co(NTMS,),(PEts) 6 (200 g, 0.40 Amal) is heated to 85 and 95 °C in two different

experiments and sublimed onto a hot SiO, surface. Pulse times of 60 | were ap-

plied with purge times of 10 § without using a second precursor. All reactor parts
remained at temperatures described in previous experiments with 6 but the sub-

strate was heated to 325 °C.

Table 5.7: Thin film characterization

XPSt (anode voltage= 8[kV], emission current = 20[mA), Co = 65.8[eV]
(2p1/2), 792.0€Vl (2ps2), P = 140.0 (2s), 203.0 (2s), C =
298.8[eV] (1s), O = 542.4[gV] (1s).

131



5.3. Oxides and Sulfides 5. Experimental Section

NTMS), g &

S
N

(T|\/|S)2N/Co\‘.N/\/'\I\Co/'\l(ﬂv's)2 + H0

S
N

125-325 °C CoOy +
SiO, oxidized ligands

I{I(TMS)Z

(Co(NTMS,)2)o(TMEDA) 7 (200 mg, 0.23 [mmol) and H,O (5 [mL) were seper-
ately pulsed to the substrate SiO, in three experiments. The pulse time for water
was 150ms. Previous findings using [MS| (can be found in detail in L. KOCHANNEK,
2015222l jdentified the evaporation temperature to be > 50 °C. For testing pur-
poses with different parameters listed in the following table, the cycle amounts used
were 230, 270 and 400.

Elevated numbers refer to the experiment:

t7 = 1500 ms, tpurge 1 = 15000300003 ms, tu,0 = 100 Ms, tpuge 2 = 60000 ms
T7 = 500,60, 753) °C. Tepamber = 65 °C, Tsample holder = 2501, 125() 325(3) °C,
Tvanel 6 = 125 °C, Tmixtube = 125 °C, Teas = 125 °C, Teenaust = 125 °C

T Gasdistributor = 125 °C

Qn, = 60 (Mix Tube) -+ 20 (Valves) Bt (variable area flowmeter)

PSample holder = 2 mbar; PPump bypass = 0.2 mbar

No films could be obtained.

132



5. Experimental Section 5.3. Oxides and Sulfides

(TMS)2N-  N(MS)2 50,350 oC oxidized
| + H20 — €00« * jigand
PIPr,'Bu SI02 9
8

500 mg| of Co(NTMS,)»(P'Bu'Pr,) 8 in a normal steel container was attached to
the chamber and the reservoir was evacuated. The compound was heated to 75 °C
and sequentially pulsed to a SiO, surface, using water as the second precursor.
10 [mLof H,O was demineralized and boiled with a slow purge flow of Ar is led
through the hot liquid for purification. the pulse time of water was 150 ms, increas-
ing the chamber pressure by about 0.3 mbar. In addition to the changed parameter,
the construction was changed: firstly, the closing valve (SS-4-VCR) was exchanged
by a ball valve (Swagelok, SS-62TVCR4), increasing the Cy value by a factor of ten.
In several experiments, the flow was varied resulting in a chamber pressure of 1, 3
and 10 mbar.

In another experiment, a bubbler (Precision Fabricators Ltd., PF-25CCHBC-G) was
connected to a secondary nitrogen inert gas steam, evacuated and pulse times was
chosen to be 200 Here, 5[g]of of Co(NTMS;),(P'BuiPr,)) 8 was attached to the
chamber and pulsed to a SiO, surface. The compound was heated to 75 °C and
sequentially pulsed to a SiO, surface, using water as the second precursor. 10[mLbf
H,O was demineralized and boiled with a slow purge flow of Ar is led through the hot
liquid for purification. The pulse time of water was 150 S}, increasing the chamber

pressure by about 0.3 mbar.

Tg =75°C, Tchamber = 65 — 200 °C, Tsample holder = 50 — 300 °C, Tvapei—6 = 90 °C

TMixTube =85 oC’ TGas =85 OC7 TExhaust =85 OC7 TGasdistributor =85°C
Qn, = 10 — 500 (Mix Tube) + 3 — 500 (Valves) Bt (variable area flowmeter)
pSampIe holder — 1, 3, 10 mbar, pPump bypass — 0208, 2.1 mbar

No films could be obtained.
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5.3.3 Tantalum Oxide Deposition

NMe,
MesN.,. | 120-325 °C
2 s1a"NMe, + 5H,0 2TaOy + 10HNMe,
Me,N™ | SiO,
NMe,
12

2.0 g of Ta(NMe,)s 16(5 [mmoal) were attached to the chamber, evacuated and re-
acted with water on a SiO, substrate, heated to various temperatures in between
120 and 300 °C. The flow was changed to result in different chamber pressures of
0.5, 3, 5 and 10 mbar.

tyz = 5000 MS, tpurge1 = 60 — 120's, tp,0 = 150 Ms, tpuge2 = 120's

T12 =60 — 130 °C, Tchamber = 65 — 200 °C, Tsample holder = 80 — 325 °C,

Tmixtube = 85 °C, Tgas = 85 °C, Texhaust = 85 °C, Tgasdistributor = 85 °C

Tvavei—6 = 90 °C, Tpecialposition = 110 °C

Qn, = 100 (Mix Tube) + 30 (Valves) &t (variable area flowmeter)

PSample holder = 17 8 mbar, PPump bypass = O2a 1.3 mbar

Table 5.8: Thin film characterization (special position):

EDX: (10 KeV), Ta: 1.33KeVl 1.72 kel (K, 1.96 keVI O: 0.52 eV
(Ka), C: 0.27 keVl (Kwx)

[AEM: (set point = 500 MV, drive amplitude = 300 int. gain = 10,
Type “K” cantilever): R, = 0.45 nmL

RBSE (450 keV), Ta=19 %, O =41 %, C =10 %, N =30 %
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5.3.4 Tantalum Sulfide Deposition

Thin films could be obtained using a bubbler with the following parameters. Sublima-
tion temperature and stability properties were obtained using normal steel bottles in
previous experiments. Furthermore, different sulphur sources were tested with re-
spect to concentration to pulse length dependency. However, the parameters shall
not been explained in more detail, because films only could be observed using H,S.
The experimental can be reviewed in the electronic lab journal of the reactor and
additionally in T. MUNCH, 201723l In conclusion, precursor 9, 11 and 12 were ex-
posed to ‘BuSH, MeSMe and MeSSMe on a SiO, surface at different temperatures

each.
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NMe,
MeoN,,_| 120-325 °C
2 s1aNMe, + 5H,S 2TaSy, + 10HNMe,
MeZN | A|203/Si02
NMe,

A bubbler (Precision Fabricators Ltd., PF-25CCHBC-Q), filled with 5.0 g of Ta(NMe;)s
12 (12.5[mmol) was attached to the chamber. The in-between space of [ALD}valve
and bubbler was heated and evacuated. Reminders of box atmosphere were re-
moved and the bubbler was connected to the secondary N, stream. This was evac-
uated several times using an additional membrane pump (Pfeiffer, Duo0004B). The
overall pressure increase of a pulse into the reactor, after two minutes of continuous
inlet was tested, applying minimal pressure to the bubbler, reducing the secondary
nitrogen flow by three valves with very small C,, values. Reaching a pressure in-
crease of about 3[mbar, the deposition was started, using 200 pulse time for 12
and 5 msl for H,S, respectively. H,S was used without further purification, applying
a total pressure of 1.10 bar to the [ALD}valve. The pulse of H,S in Ar increased the
pressure of the chamber by 5

t12,bubbler = 200 Ms, toyrge 1 = 120s, th,s = 5 ms, tpurge 2 = 120s

Ti2 = 95,110 °C, Tchamber = 100 — 200 °C, Tsample holder = 120 — 325 °C,
Tvavei—6 = 110 °C, Tmixtube = 110 °C, Tgas = 110 °C, Tghaust = 125 °C
T Gasdistributor = 110 °C, Tspecialposition = 110 °C,

Qn, = 60 (Mix Tube) -+ 20 (Valves) Bt (variable area flowmeter)

PSample holder = 2 mbar7 PPump bypass = 0.2 mbar
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EDXE

[RBS!

Table 5.9: Thin film characterization:

(5 and 10 keV), Ta: 1.33keVl, 1.95keVISi, Ta: 1.74 keVl (K«x),
S: 2.31 eVl (Kw), O: 0.52 keVl (Kwv), C: 0.27 keVl (K)

(set point = 500 MV, drive amplitude = 300 [mV, int. gain = 10,
Type “K” cantilever): R,%92 = 0.45mm, R,429 = 0.42 pm

(450 keV), Sample 95 °C: Ta=25%, S =11 %, 0 =64 %, C =
0 %, N =0 %; Sample 110 °C: Ta =23 %, S = 18 %, O = 49 %,
C=0%,N=0%
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6 Appendix

6.1 Abbreviations

Acac acetylacetylen ... .. ... i e

AFM atomic force microscopy

ALD Atomic Layer Deposition . ... ...uueiie e
AMM acoustic mismatchmodel ..............o i 24l
AMRSFs average matrix relative sensitivity factors............ .. ... oL 109

CBS circular backscatter
CDW charge density Wave . ... ... e

cm centimetre

Cp cyclopentadienyl. ....... ...
CVD chemical vapour deposition ........ ..ot
DMM diffuse mismatch model........ .. ..o 241
DOS density of states . ...
EA elementalanalysis..............ooiiiiiii i B9

EDX energy dispersive X-ray spectroscopy (X-ray spectroscopy)
EELS electron energy 10SS SPECIrOSCOPY . ..« v vvveineiii i
EI-MS electron ionisation mass spectrometry

eV electronvolt
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FTIR Fourier transformBl....... ...
g gram

Gl Qrazing iNCIABNCE . . . ...ttt e
gpc growth percycle [A/Cycle] ...... .o 6l
GUI graphical userinterface ............cooo i
h hour

HER hydrogen evolutionreaction......... ... [31]

hPa hectopascal

HR-TEM high resulution transition electron microscopy ...........c.cooevvnn.... 57
HR highresolution....... ... ..o [79
HRRBS high resolution Rutherford back scattering

Hz  Heriz

ICP inductively coupled plasma. ....... ...
IR infra-red spectroscopy

K Kelvin

keV kilo electron Volt

KV KO VO, . 109
LEED low angle electron-electron diffraction................. ... ... .

mA  milliampere

Mmbar MilliDar . . ...
MCD multi current detection ...
Me methyl.. ... (4]

mg milligram

MHz megahertz
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min minutes

mK  millikelvin

mL  milliliter

ML monolayer

mm  millimetre

mmol millimol

MS  mass Spectrometry . ...
ms  miliseconds

MSD mean squared displacement . ... ... i
mV  millivolt

nA  nanoampere

nm nanomeitre

NMR Nuclear magnetic reSoNancCe. ..........ouuriiiiii i aaaens 88
OES optical emission SPeCIrOSCOPY . ... v ettt ae e
PE plasma-enhanced............. ... i [10]
PEALD plasma enhanced[ALDI.............coooiiiiiiiiiiii i [15
PEEM photoemission electron miCroSCOPY .. .......vuuiieiiiiiii e,
PES Photoemission Studies. ....... ...
PLD pulsed laser deposition. .. .....uueuiuei i K]
ppb partsperbillion .. ... ...
ppm parts per million . ... .o e [116]
QCM quarz crystal microbalance. ...........ooiuiiii e
RAT Rydberg atom tagging ... ....ooeini e
RBS Rutherford backscattering spectroscopy........ ..ot
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ROI  reagion of interest ... ...

rpm rounds per minute

rt FOOM tEMPEratUIe . ... ottt [22]
s seconds

SAXS small angle X-ray scattering ....... ..o
sccm standard cubic centimeter perminute........... ...l [18]
SE  spectroscopic ellipsometry ... ...
SEM electron multiplier. . ... e 105

SEM scanning electron microscopy or microscope

SERS surface-enhanced Raman spectroScopy .........coovieviiiiiiiinnnnnn.
SMFD synchronously modulated flow anddraw ...................ccoiin....
SOl site of interest ... ..o
SR-PES synchrotron radiation photoemission spectroscopy ....................
STM scanning tunnelling MiCrOSCOPY . ..« v v e i
TDLAS tunable diode laser absorption spectroscopy ..........ooovieveinenan...
TEM tranistion electron MiCrOSCOPY . . ..o vv et e

TGA thermogravimetrc analysis
THF tetrahydrofuran ........ ... e

THz teraheriz

TM  transitionmetal ............. 33}
TMA trimethylaluminium...... ... .
TMDs transition metal dichalcogenides...............................aaL. [31]

TOF time of flight

TTR transient temperaturedependent reflectivity................ ... oot
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UHV ultahighvacuum...... ... ... 55|
UPS ultraviolet photoelectron spectroscopy.........covveiriiiiiiiiiiiinnn..
w Watt

XAFS X- ray absorption fine structure . ...
XANES X-ray absorption near-edge spectroscopy............cooviiiiiiien....
XAS X-ray absorption SPECIrOSCOPY - . .o v vttt e
XPS X-Ray photoelectron spectroSCOpY ......ouveieiiiiiii i
XRD X-ray diffraction .. ... ... e
XRF X-Ray fluorescence . ...... ... e
XRR X-Ray reflectometry. ... ...
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Table 6.1: Sum formula and corresponding reference number of applied chemicals in this

document.
formula textlabel
AlMe; 1
Pt(MeCp)(Me)s 2
Ir(Acac), 3
Co(NTMS;)(C4Hg0O) 4
Co(NTMS;)(PMes) 5
Co(NTMS;)(PEt3) 6
Co(NTMS,)(P'Pr'Bu) 8
(Co(NTMS,),)2(TMEDA) 7
TaCls 9
Ta(O"Bu)s 10
Ta(NEt,)3(N'Bu) 11
Ta(NMey)s 12
Si(OEt)3((CH3)2SH) 13
Pt(Acac), 14
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