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Summary 

 

The ever-increasing demand for functionality and speed for semiconductor 
applications requires enhanced performance, which is obtained by the continuous 
miniaturization of CMOS dimensions. Because of this miniaturization, several 
parameters, such as the dielectric thickness, come within reach of their physical limit. 
As the required oxide thickness approaches the sub-1 nm range, SiO2 has become 
unsuitable as a gate dielectric because its limited physical thickness results in 
excessive leakage throughout the gate stack, affecting the long-term reliability of the 
device. This leakage issue is solved in the 45 nm technology node by the integration 
of Hf-based gate dielectrics, as their higher κ-value allows a physically thicker layer 
while targeting the same capacitance and Equivalent Oxide Thickness (EOT). 
Moreover, Intel announced that Atomic Layer Deposition (ALD) will be applied to 
grow these materials on the Si substrate [1]. ALD is based on the sequential use of 
self-limiting surface reactions of a metallic and oxidizing precursor. This self-limiting 
feature allows control of material growth and properties at the atomic level, which 
makes ALD well-suited for the deposition of highly uniform and conformal layers in 
CMOS devices, even if these have challenging 3D topologies with high aspect-ratios. 

During this PhD, we gained fundamental knowledge on the ALD growth 
behavior of Hf-based materials and focused on three main topics: the initial nucleation 
of HfO2 on various starting surfaces (Chapter 3), the impact of precursor chemistry 
and process conditions on the bulk growth behavior (Chapter 4) and, finally, the ALD 
growth characteristics of Hf-based ternary oxides (Chapter 5). The latter is of crucial 
importance as more and more emphasis shifts towards the use of more complex 
material systems for the various semiconductor applications. 

 

[1] M. T. Bohr, R. S Chau, T. Ghani, and K. Mistry, IEEE Spectrum 44, 29 (2007). 
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In Chapter 3, we evaluate the impact of Si surface pretreatment on Hf 
precursor chemisorption from the first ALD cycle on until bulk growth is obtained. 
This is done for the ALD of both HfCl4/H2O and TEMAH/H2O. By comparing the Hf 
atom density after the first HfCl4 chemisorption reaction on Si-H, Si-O-Si and Si-OH 
surface sites, we learn that HfCl4 shows the highest affinity towards OH surfaces sites. 
Moreover, chemisorption on these sites does not depend on how these are generated, 
on which atom these are grafted or on the crystallographic orientation of the 
underlying Si substrate. The latter observation is of importance in FinFET 
applications as both (100) and (110) Si surfaces are exposed to the ALD process. We 
also find that HfCl4 reacts through ligand exchange with OH surface sites on a one-to-
one basis. For surfaces with OH densities above 2.9 OH/nm2 however, steric 
hindrance of the free Cl ligands starts to limit HfCl4 chemisorption. We expect that 
steric hindrance becomes even more important when Hf precursors with larger ligands 
are applied, like Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino Hafnium, TEMAH). 
However, the obtained Hf atom densities during the first reaction cycle are higher 
than expected based on the ligand size, suggesting that these ligands decompose once 
TEMAH has chemisorbed on the surface. Both HfCl4 and TEMAH show linear 
growth on OH surface sites, resulting in the most two-dimensional HfO2 growth and 
better layer properties compared to those where growth is initially inhibited. 
Pronounced inhibition with island growth is observed for the ALD of HfCl4/H2O on 
Si-H surface sites. On the other hand, inhibition for TEMAH/H2O is limited because 
of its higher affinity towards Si-H surface sites as well as its higher bulk Growth-Per-
Cycle (GPC). Nevertheless, the most scaling potential for CMOS applications is 
obtained with HfO2 layers, grown by the ALD of HfCl4/H2O. 

In Chapter 4, we address the bulk growth behavior and layer properties of 
HfO2 dielectrics, grown by the ALD of HfCl4/H2O, HfCl4/O3 and TEMAH/H2O. By 
combining these three precursor chemistries, we are able to evaluate the impact of 
both oxidizing and metallic precursor. For saturated H2O pulses in the HfCl4/H2O 
process at 300°C, a limited GPC of 1.6 Hf/nm2 is obtained while the same process 
deposits up to 3.9 Hf/nm2 during the first reaction cycle. We determined that this low 
GPC results from a lack of reactive Hf-OH surface sites. This lack is strongly related 
to the temperature-induced dehydroxylation of these surface sites. An enhanced GPC 
of 3.7 Hf/nm2 is feasible when O3 is used in combination with HfCl4. We propose 
some possible reaction intermediates during the ALD of HfCl4/O3, and we claim that 
the high GPC is related to the reactivity and/or availability of these intermediates. 
Despite the higher GPC, regrowth of the SiO2-like interfacial layer limits the 
scalability of O3-based HfO2 layers in gate stack applications. The ALD of 
TEMAH/H2O deposits HfO2 with a higher GPC (2.1 Hf/nm2) than the HfCl4/H2O 
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Summary 

process. Decomposition and parasitic growth on the other hand are responsible for the 
limited integration of metalorganic HfO2 layers. Such parasitic growth occurs when 
gaseous TEMAH molecules react with decomposed surface sites. This results in low-
density layers that are characterized by a high C content. The contribution of this 
unwanted growth can be minimized by controlling both the TEMAH pulse length and 
deposition temperature, although better intrinsic growth is still obtained when HfO2 is 
grown by the HfCl4/H2O process. 

In Chapter 5, we implement the HfCl4/H2O reaction in the ALD of ternary 
compounds, where we mainly investigate the impact of the subcycle ratio on the GPC 
and composition of the ternary oxide. In hafnium zirconates, the addition of 
ZrCl4/H2O subcycles in the (HfCl4/H2O)a(ZrCl4/H2O)b ALD has no impact on the 
growth behavior of the HfCl4/H2O process. In hafnium aluminates on the other hand, 
more HfCl4 and less Al(CH3)3 chemisorbs during the ALD of 
(HfCl4/H2O)a(Al(CH3)3/H2O)b than during growth of the binary oxides. Enhanced 
HfCl4 chemisorption results from a higher amount of OH sites on the Al-containing 
ternary oxide surface. According to DFT simulations, this is due to the more efficient 
hydrolysis of the Al-C than the Hf-Cl bond. Moreover, we believe that surface 
dehydroxylation is less pronounced in the ternary compound compared to pure HfO2. 
Finally, we briefly compare the ALD growth behavior of hafnium zirconates and 
aluminates to that of hafnium silicates and titanates. Similar as for hafnium 
aluminates, the presence of TiCl4/H2O subcycles results in enhanced HfCl4 
chemisorption while no significant impact is observed when the HfCl4/H2O process is 
combined with SiCl4/H2O subcycles in a (HfCl4/H2O)a(SiCl4/H2O)b supercycle. 
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Samenvatting 

 

De vraag naar toenemende functionaliteit en snelheid voor 
halfgeleidertoepassingen vereist een voortdurende verbetering van de performantie. 
Dit wordt gerealiseerd door het continu schalen van de CMOS dimensies. Tengevolge 
hiervan bereiken verschillende parameters, waaronder de diëlectrische dikte, hun 
fysische limiet. Wanneer de vereiste oxide dikte de sub-1 nm range benadert, wordt 
SiO2 langzaamaan ongeschikt als diëlectricum doordat de beperkte fysische dikte 
resulteert in een te hoge lekstroom. Deze lekstroom is een knelpunt aangezien het de 
duurzaamheid van CMOS toepassingen op lange termijn beïnvloedt. Dit probleem 
wordt in de 45 nm technologie opgelost door SiO2 te vervangen door Hf-gebaseerde 
diëlectrica. Door hun hogere κ-waarde is het mogelijk om met een fysisch dikkere 
laag dezelfde capaciteit te bekomen terwijl de equivalente oxide dikte (EOT) 
behouden blijft. Bovendien kondigde Intel aan dat zulke diëlectrica met behulp van 
Atomic Layer Deposition (ALD) zullen gegroeid worden op het Si substraat [1]. ALD 
is gebaseerd op het beurtelings toepassen van zelflimiterende oppervlakte reacties van 
een metallische en oxiderende precursor. Het gebruik van zelflimiterende reacties laat 
bovendien toe om de groei en eigenschappen van het gewenste materiaal op 
atoomschaal te controleren. Dit kenmerk maakt ALD uiterst geschikt voor de 
depositie van uniforme en conforme lagen in CMOS structuren, zelfs wanneer deze 
over een uitdagende 3D topologie beschikken. 

Tijdens dit doctoraatsonderzoek werd fundamenteel onderzoek verricht naar 
het ALD groeigedrag van Hf-gebaseerde materialen en spitsten we ons toe op drie 
hoofdonderdelen: de initiële nucleatie van HfO2 op verscheidene startoppervlakken 
(Hoofdstuk 3), de invloed van precursor combinatie en proces parameters op het bulk 
groeigedrag van deze lagen (Hoofdstuk 4), en tenslotte het ALD groeigedrag van Hf-
gebaseerde ternaire oxides (Hoofdstuk 5). Dit laatste is van cruciaal belang omdat de 

 

[1] M. T. Bohr, R. S Chau, T. Ghani, and K. Mistry, IEEE Spectrum 44, 29 (2007). 
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verscheidene halfgeleidertoepassingen geleidelijk aan meer complexe 
materiaalstructuren zullen vereisen. 

In Hoofdstuk 3 evalueren we in welke mate de voorbehandeling van het Si 
substraat de chemisorptie van de Hf precursor beïnvloedt, zowel tijdens de eerste 
ALD cyclus als tijdens de verdere groei. Dit werd onderzocht voor het HfCl4/H2O en 
het TEMAH/H2O proces. Door de HfCl4 chemisorptie op Si-H, Si-O-Si en Si-OH 
oppervlakte bindingen te vergelijken, leren we dat HfCl4 de meeste affiniteit ten 
opzichte van OH bindingen vertoont. Bovendien wordt chemisorptie niet beïnvloed 
door de manier waarop deze bindingen verkregen worden, door het atoom waaraan ze 
verbonden zijn alsook niet door de kristaloriëntatie van het onderliggende Si 
substraat. Dit laatste is van belang voor FinFET toepassingen omdat hier zowel (100)- 
als (110)-georiënteerde Si oppervlakken blootgesteld worden aan de ALD groei. 
Verder vinden we dat elk HfCl4 molecule stoichiometrisch reageert met OH 
oppervlakte bindingen via liganduitwisseling. Op oppervlakken met een OH densiteit 
hoger dan 2.9 OH/nm2 begint sterische hinder van de vrije Cl liganden de HfCl4 
chemisorptie echter te beperken. Verwacht wordt dat sterische hinder in belang 
toeneemt naarmate de omtrek van het precursor ligand groter wordt, zoals voor 
Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino Hafnium, TEMAH). Niettemin zijn de 
Hf atoom densiteiten die tijdens de eerste reactiecyclus bekomen worden groter dan 
verwacht op basis van de ligand grootte. Dit suggereert dat de liganden decompositie 
ondergaan zodra TEMAH gechemisorbeerd is op het oppervlak. Zowel HfCl4 als 
TEMAH vertonen lineair groeigedrag wanneer ze, in combinatie met H2O, toegepast 
worden op een oppervlak met OH bindingen. Deze lineaire groei resulteert bovendien 
in de meest tweedimensionale groei en in HfO2 lagen met een betere kwaliteit ten 
opzichte van deze waarvan de groei initieel inhibitie vertoont. Zeer uitgesproken 
inhibitie en eilandgroei wordt geobserveerd wanneer het HfCl4/H2O proces toegepast 
wordt op H-getermineerde Si oppervlakken. Het TEMAH/H2O proces daarentegen 
heeft veel minder nucleatie problemen omwille van de hogere affiniteit van TEMAH 
ten opzichte van Si-H alsook door de hogere groei-per-cyclus (GPC) van dit ALD 
proces. Desondanks vertoont het HfCl4/H2O proces het meeste potentieel voor CMOS 
toepassingen. 

In Hoofdstuk 4 bespreken we het bulk groeigedrag en de laageigenschappen 
van HfO2 diëlectrica die gegroeid werden door middel van het HfCl4/H2O, HfCl4/O3 
en TEMAH/H2O proces. Door deze drie processen met elkaar te vergelijken kunnen 
we de invloed van het type oxidans en Hf precursor beter inschatten. Voor verzadigde 
H2O pulsen in het HfCl4/H2O proces bekomen we op 300°C een GPC van 1.6 Hf/nm2, 
wat veel lager is dan wat bekomen wordt voor hetzelfde proces in de eerste 
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reactiecyclus (3.9 Hf/nm2). We stelden vast dat deze beperkte GPC het gevolg is van 
een gebrek aan reactieve Hf-OH oppervlakte bindingen. Het aantal blijkt sterk 
beïnvloed te worden door de temperatuursgeïnduceerde dehydroxylatie van deze 
bindingen. Een veel hogere GPC (3.7 Hf/nm2) kan tijdens de HfO2 bulk groei behaald 
worden wanneer HfCl4 gecombineerd wordt met O3 als oxidans. Voor dit proces 
stellen we een aantal mogelijke intermediaire reactiecomplexen voor en nemen we 
aan dat de hoge GPC gerelateerd kan worden aan de reactiviteit en/of beschikbaarheid 
van deze complexen. Echter, de blootstelling aan O3 resulteert in een aangroei van de 
SiO2 interfase laag wat de schaalbaarheid van dit proces beperkt. Het TEMAH/H2O 
proces heeft, in vergelijking met HfCl4/H2O, een hoge GPC aangezien het 2.1 Hf/nm2 
deponeert per cyclus. Niettemin veroorzaken precursor decompositie en parasitaire 
groei de beperkte schaalbaarheid van TEMAH-gebaseerde HfO2 lagen. Parasitaire 
groei ontstaat wanneer gasvormige TEMAH moleculen reageren met ontbonden 
oppervlakte bindingen. Dit levert lagen op met een lage densiteit en een hoge koolstof 
inhoud. Minimalisatie van zulke ongewenste reacties is mogelijk door zowel de 
TEMAH pulslengte als de depositietemperatuur goed te controleren, maar de 
intrinsieke kwaliteit van HfCl4-gebaseerde lagen blijft beter. 

In Hoofdstuk 5 implementeren we de HfCl4/H2O reactie in de ALD van 
ternaire oxides, en bekijken we hoofdzakelijk in welke mate de GPC en compositie 
van het ternaire oxide beïnvloed wordt door de verhouding van het aantal subcycli. In 
hafnium zirconaten lijkt de toevoeging van ZrCl4/H2O subcycli in de 
(HfCl4/H2O)a(ZrCl4/H2O)b supercyclus geen invloed te hebben op het groeigedrag van 
het HfCl4/H2O proces. In hafnium aluminaten daarentegen observeren we meer HfCl4 
en minder Al(CH3)3 chemisorptie tijdens de ALD van (HfCl4/H2O)a(Al(CH3)3/H2O)b 
dan tijdens de groei van de binaire oxides. Voor HfCl4 is dit het gevolg van een hoger 
aanbod aan OH bindingen op het Al-bevattende oppervlak, en dit is volgens DFT 
simulaties te wijten is aan een meer efficiënte hydrolyse van de Al-C dan van de Hf-
Cl binding. Bovendien geloven we dat oppervlakte dehydroxylatie meer beperkt is in 
het ternaire oxide dan in het pure HfO2. Tenslotte vermelden we nog kort hoe het 
ALD groeigedrag van hafnium zirconaten en aluminaten zich verhoudt ten opzichte 
van dat van hafnium silicaten en titanaten. Net zoals voor hafnium aluminaten zorgt 
de aanwezigheid van TiCl4/H2O subcycli voor een verhoogde HfCl4 chemisorptie 
terwijl een verwaarloosbare invloed geobserveerd wordt wanneer het HfCl4/H2O 
proces gecombineerd wordt met SiCl4/H2O subcycli in een (HfCl4/H2O)a(SiCl4/H2O)b 
supercyclus. 
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Chapter 1  

Introduction 

1.1 Scaling trends in microelectronic industry 

1.1.1 Scaling of integrated circuits 

Jack Kilby’s invention of the integrated circuit (IC) in 1958 [1] is considered 
as a major breakthrough in semiconductor industry as it allows the integration of 
several electronic components onto a single chip device. Such ICs are indispensable in 
modern society as they are applied in nearly all current consumer products such as 
mobile phones, microprocessors in personal computers and MP3 players. The main 
component of an IC structure is the metal-oxide-semiconductor field-effect transistor 
(MOSFET), of which hundreds of millions can be integrated. Two different types of 
MOSFET devices (Figure 1.1) are distinguished: a n-type channel MOSFET and a p-
type channel MOSFET, called NMOS and PMOS, respectively. Both structures 
consist of a gate electrode (M), a gate dielectric (O) and a semiconductor Si substrate 
(S). For a NMOS (PMOS) transistor, the Si substrate is p-type (n-type) with two 
highly doped n+ (p+) regions which are identified as the source and the drain. Between 
them and underneath the dielectric lies the transistor channel, which is responsible for 
current conduction in the device. For NMOS, this current is created when a positive 
voltage, applied to the gate electrode (VG), exceeds the threshold voltage VT. The 
resulting electric field polarizes the dielectric layer so that holes are repelled and 
electrons are attracted in the channel region. These electrons move towards the drain 
when a positive voltage is applied (VD) and, hence, current flows. PMOS transistors 
operate in an opposite manner as a negative VG forms a hole-conducting channel 
between the source and drain while a positive gate voltage cuts current off [2]. 
However, when many of these MOSFETs are integrated onto a Si chip, power 
dissipation becomes a critical issue. This dissipation is minimized in complementary 
MOS (CMOS) devices, where NMOS and PMOS are arranged to act complementary 
so that power is only consumed when the transistors are switched on and off by VG. 
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The performance and hence the speed of the CMOS device is limited by the time 
needed to alternately charge and discharge the MOS transistors while the amount of 
integrated MOSFETs determines the chip’s functionality. 

 

Figure 1.1 Schematic representation of a planar transistor. 

Semiconductor industry demands for continuously improved performance at 
reduced fabrication costs. Since the invention of the IC, this progress has been 
realized by scaling all dimensions of the MOS transistor on wafer substrates with 
increasing size. While higher speed results from the smaller areas that need to be 
charged and discharged, an increase in transistor density enhances the functionality of 
the IC. Scaling therefore satisfies also the economic aspect as it reduces both the cost 
per speed and per function. Gordon Moore formulated this scaling trend as Moore’s 
law, which is the empirical observation that transistor density doubles every year [3] 
and, later on, every two years [4]. From the 1990s on, Moore’s law is reflected in the 
International Technology Roadmap for Semiconductors (ITRS) [5], which was 
developed by industry and academic institutions to ensure the continuous 
development of faster and more compact electronic devices with higher functionality.  

1.1.2 The importance of gate dielectrics 

The optimal properties of the gate dielectric have been one of the reasons for 
the successful downscaling of CMOS devices [6]. Up to the 90 nm technology node, 
SiO2 has been used as the dielectric material in combination with a doped, 
polycrystalline Si gate. One of the main advantages of SiO2 is that it forms a stable, 
high-quality interface with both the Si substrate and the poly-Si gate electrode. A low 
defect density at the dielectric-substrate interface is preferred as it affects the quality 
of the transistor channel and, hence, the performance of the electronic device. 
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Furthermore, SiO2 is well-suited to electrically isolate the gate electrode from the 
transistor channel, as indicated by its large band gap of 9 eV. Moreover, it can easily 
be grown by thermal oxidation of the Si substrate which simplifies integration of this 
process step in the transistor flow. Finally, the as-grown SiO2 layer is amorphous with 
good thermal stability against the applied thermal budgets in transistor fabrication. 
However, the continuous decrease in dielectric thickness with each technology node 
limits the use of SiO2. Theoretically, SiO2 can be applied in transistor devices until it 
is scaled down to 0.7 nm [7-8]. At this thickness, the oxide layer still consists of three 
SiO2 monolayers, which would ensure sufficient isolation. In reality however, issues 
arise for even thicker layers. When SiO2 is scaled down below 1.0-1.2 nm, it loses its 
dielectric properties as current starts to leak from the gate electrode towards the 
transistor channel [6]. This leakage arises from quantum mechanical tunneling and 
increases exponentially with decreasing thickness. Too thin layers can therefore not 
be applied in transistor applications as the resulting leakage affects the long-term 
reliability of the device. More concrete, leakage reduces the battery lifetime for low 
power applications such as mobile phones and portable computers, while the 
dissipation of current results in more heat development in high performance devices.  

Leakage current is solved in the 45 nm technology generation, introduced in 
2007, by the implementation of Hf-based materials as gate dielectrics (Figure 1.2, 
Figure 1.3) [9]. HfO2 is a high-κ material, which means that it is characterized by a 
high dielectric constant κ and, hence, that it can easily be polarized when a voltage VG 
is applied. While the κ-value of SiO2 is limited to 3.9, dielectric constants between 16 
and 30 are reported for HfO2 [6,10-15]. As the capacitance C of the gate stack 
resembles that of a parallel plate condensator, Eq. (1 – 1) is applicable with ε0 being 
the permittivity of vacuum, A the area of the capacitor and thigh-κ the physical 
thickness of the gate dielectric. 

κ−

εκ
=

high

0
t

A
C  (1 – 1) 

Reduction of thigh-κ improves IC performance as it enhances the MOS capacitance and, 
implicitly, the amount of current that flows between the source and the drain, defined 
as the drive current Id. The maximum drive current Id,sat, obtained at device saturation, 
is given by Eq. (1 – 2), where W, L and μ are the transistor channel’s width, length 
and carrier mobility, respectively.  

2
)VV(
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Figure 1.2 High-performance technology requirements (continuous line) 
concerning the EOT (closed symbols) and leakage current JG (open symbols), 
according to the ITRS from 2007 [5]. The simulated leakage current for SiON gate 
dielectrics (dashed line) is shown for comparison. 

 

Figure 1.3 Adjustments to MOS structure in the 45 nm technology generation. 

Moreover, both equations imply that the required drive current Id,sat can be provided at 
a larger oxide thickness and, hence, with lower leakage current when the conventional 
SiO2 is replaced by high-κ dielectrics. For HfO2 layers with a mean κ-value of 20, up 
to five times thicker layers can be integrated in transistor devices for the same 
capacitance. Therefore, scaling up performance is feasible through capacitance scaling 
of the gate stack, without sacrificing the physical thickness of the dielectric. To allow 
comparison with SiO2, the thickness of the high-κ dielectric is typically expressed as 
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the Equivalent Oxide Thickness (EOT) (Eq. (1 – 3)), which describes the theoretical 
SiO2 thickness that would be required to achieve the same capacitance as with the 
high-κ material.  

2SiO
high

hight
EOT κ×

κ
=

κ−

κ−  (1 – 3) 

The required evolution of the EOT and leakage current JG of high-performance 
devices, as defined in the ITRS from 2007, is shown in Figure 1.2 [5]. For such 
devices, the EOT has to be scaled down with almost 0.5 nm without any significant 
increase in leakage current. The need for high-κ dielectrics is clear when the 
maximum sustainable leakage is compared to that simulated for SiON gate dielectrics. 
Oxynitrides have a much lower dielectric constant than HfO2 as their κ-values range 
between ~3.9 for pure SiO2 and ~7 for pure Si3N4 [6]. Because of this lower κ-value, 
the physical thickness of SiON has to decrease much faster than that of any high-κ 
material to obtain the same reduction in EOT, resulting in a much larger increase in 
leakage current. The comparison in EOT/leakage behavior is shown for SiON because 
this material replaced SiO2 as a gate dielectric between the 90 and 45 nm technology 
node because of its slightly higher κ-value [6,9]. 

High-κ materials should address several requirements before they can be 
introduced in transistor devices [6,15]. First of all, their κ-value should be high 
enough to overcome the leakage issues that occur with too thin SiO2 or SiON 
dielectrics (Eq. (1 – 1)). On the other hand, dielectric layers should act as an insulator 
and therefore have a sufficiently high band gap. Experimentally, however, it has been 
observed that the dielectric constant is inversely proportional to the band gap [10,16]. 
Hence, both characteristics can not be considered as independent and a trade-off has 
to be made. HfO2 shows to be well-balanced as band gaps between 5.7 [6] and 5.8 eV 
[15] are reported. Also, dielectric materials are preferably amorphous, as the grain 
boundaries in polycrystalline films could serve as leakage paths. However, although 
HfO2 crystallizes into different phases under the applied thermal budgets in transistor 
fabrication [17-26], leakage current is minimal and mainly determined by the 
dielectric thickness. Moreover, thermodynamic stability on Si and the formation of a 
high-quality interface are key requirements in the search for high-κ materials. When 
implemented in CMOS devices, HfO2 typically forms a stable interfacial layer, being 
SiOx or HfSiOx [12,21,23,25-32]. Such an interfacial layer however is unfavorable as 
it adds to the EOT of the gate stack and, hence, limits the scalability of the dielectric 
layer. On the other hand, the presence of such a layer might enhance the quality of the 
dielectric-substrate interface, which is beneficial for the mobility of the transistor 
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channel. The chosen dielectric should not only be compatible with the Si substrate, 
but also with the gate electrode. With SiO2 as the gate dielectric, doped poly-Si is the 
preferred material. However, because of gate depletion and possible instability issues 
with high-κ materials, other gate electrodes such as metal gates (Pt, TiN, TaN…) will 
replace poly-Si on the condition that they have the appropriate work function 
[6,10,33]. The combination of these metal gates with Hf-based materials seems very 
effective, as leakage is more than 10 times reduced compared to the previous 
technology generation [9]. 

 

Figure 1.4 Schematic representation of a FinFET device. The arrow points 
towards the cross-section of the Si substrate and indicates the different 
crystallographic orientations of the transistor channel. 

The implementation of high-κ gate dielectrics and metal gates proves that 
transistor scaling alone is not sufficient to achieve the desired increase in device 
performance. On a longer term, ITRS requires the introduction of high-mobility 
substrates such as Ge/III-V materials, carbon nanotubes and graphene to replace the 
well-known Si [5]. Of these, Ge/III-V looks most mature as these materials can easily 
be integrated into standard CMOS processing [34]. Next to new materials, the need 
for continuous miniaturization demands the development of new device architectures 
to succeed the planar Si MOSFET (Figure 1.1). Double-gate transistors are considered 
as an attractive alternative in terms of performance, control of short-channel effects 
and manufacturability [35-39]. The FinFET, which has emerged as a promising 
double-gate device structure, consists of a vertical Si fin which is typically formed by 
patterning and etching of Si substrates with the standard (100) crystallographic 
orientation. As the gate stack is wrapped around the fin, a transistor channel forms in 
both the (100)- and (110)-oriented Si, located at the top and sides of the fin 
respectively (Figure 1.4). Better carrier mobility and, hence, higher transistor 
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performance have been reported for (110)-orientated substrates in PMOS devices 
[36,38,40]. 

1.2 Atomic layer deposition (ALD) 

The integration of high-κ dielectrics into a CMOS process flow is not 
straightforward. While SiO2 could be grown by thermal oxidation of the Si substrate, 
new techniques need to be developed to deposit the Hf-based material while 
maintaining a high-quality interface. Moreover, the strict EOT requirements demand a 
deposition technique with excellent thickness and uniformity control at the nm-level 
[5]. Even more challenging is the deposition on complicated 3D structures such as 
FinFET devices, where a conformal deposition of the gate dielectric is required on Si 
with both a (100) and (110) crystallographic orientation. 

Atomic Layer Deposition (ALD) has emerged as the leading candidate for the 
deposition of Hf-based dielectrics in the 45 nm technology node [9]. This technique 
has its roots in the 1960s in the former USSR, where it was known as Molecular 
Layering (ML) [41]. Independent of this invention, a Finnish group lead by Suntola 
develops Atomic Layer Epitaxy (ALE) in the 1970s to meet the needs of improved 
ZnS:Mn crystals and dielectric layers for thin film electroluminescent (TFEL) flat 
panel displays [42]. While these devices have been commercially available since the 
early 1980s, new interest arises a few years later to apply ALE for the epitaxial 
growth of III-V and II-VI semiconductor compounds [43]. Since the mid 1990s, the 
Si-based IC industry starts to pay attention at this novel deposition technique [44-45] 
to comply with their ever-shrinking dimensions. This eventually results in the 
aforementioned integration of Hf-based high-κ dielectrics in CMOS technology. 
Because ALE is not anymore restricted to the deposition of epitaxial layers, 
alternative names such as ALD arise. Nowadays, many ALD processes exist for the 
deposition of thin layers of pure elements, metal oxides and nitrides [41,43-45], and 
even organic and hybrid organic-inorganic films [46-47]. This large variety in 
processes is reflected in many ALD applications [44-45], ranging from solar cells, 
optical coatings to even an improvement of the mechanical properties of spider silk 
[48].  
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1.2.1 ALD fundamentals 

1.2.1.1 Principle of ALD 

ALD is based on the sequential use of self-limiting saturative surface reactions 
(Figure 1.5). We explain this concept for the ALD of HfO2 by means of the 
HfCl4/H2O process. This process starts by introducing volatile HfCl4 precursor 
molecules into the heated reaction chamber where they can react with the available 
surface sites. During the thermally-driven reaction with the OH-terminated surface, a 
chemical bond between the precursor and the substrate is established while HCl is 
simultaneously released as the reaction by-product. As ALD works in overdosing 
conditions, this reaction continues until the surface is saturated with chemisorbed 
precursor molecules. Moreover, as HfCl4 is not reactive towards the formed Cl-
terminated surface, the reaction is self-limiting and stops when all initial surface sites 
have reacted. This is when – maximally – one monolayer of material has chemisorbed 
on the surface. After the HfCl4 pulse, a N2 purge is applied to remove the volatile HCl 
by-products and the excess of precursor molecules. The latter is of importance to 
ensure that film growth proceeds only by surface reactions because insufficient HfCl4 
removal will result in gas-phase reactions with the upcoming second precursor. 
During this second precursor reaction, H2O transforms the Cl-terminated surface into 
reactive OH surface sites, which are again susceptible for precursor chemisorption 
during the subsequent HfCl4 pulse. This set of reactions, with intermediate purges, 
forms the ALD reaction cycle. Furthermore, the use of overdosing conditions makes it 
irrelevant to describe the ALD process in terms of growth rates as time has no 
physical meaning when saturative pulses are applied. Hence, ALD is typically 
characterized by the amount of material that is deposited during each reaction cycle, 
defined as the Growth-Per-Cycle (GPC). This GPC is mainly dependent on the used 
precursor combination, the reactor temperature and the type of substrate material. 

 The self-limiting nature of ALD allows control of material growth and 
properties at the atomic level [44]. As growth is established by repetition of the ALD 
reaction cycle, the thickness can simply and accurately be monitored by adjusting the 
number of cycles. Moreover, the self-limiting feature ensures film growth with 
excellent thickness uniformity and conformality, even on large surface areas and 
challenging 3D topologies with high aspect-ratios. For the same reason, ALD is an 
attractive technique to create multilayer structures such as nanolaminates and mixed 
ternary oxides because the material composition can easily be controlled. Finally, the 
separate reactant dosing allows the use of very reactive precursors, resulting in the 
deposition of high-quality films at low reactor temperatures. The latter is interesting 
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from a scaling point of view as too high temperatures might increase the thickness of 
the interfacial layer and therefore contribute to an increase in EOT. 

Figure 1.5 Schematic representation of the ALD of HfO2 by means of the 
HfCl4/H2O process. The ALD reaction cycle consists of four steps: (a) exposure to the 
metallic HfCl4 precursor; (b) N2 purge; (c) exposure to the oxidizing H2O precursor; 
and (d) N2 purge. 

1.2.1.2 Reaction mechanisms in ALD 

Three main reaction mechanisms have been distinguished to occur during the 
ALD of metal oxide layers: ligand exchange, dissociation and association [41,44,49] 
(Figure 1.6). During oxide growth, the surface consists of OH sites, oxygen bridging 
sites and sites formed after chemisorption of the metallic precursor. The composition 
of surface sites before chemisorption depends on the reactor temperature, as 
dehydroxylation sets an equilibrium between the amount of OH and oxygen bridging 
sites [50-53]. On an OH-terminated surface, the precursor can react through ligand 
exchange with the present surface sites. During this reaction, one of the precursor 
ligands combines with the H-atom of the OH site, resulting in a volatile compound 
that subsequently desorbs from the surface. Moreover, ligand exchange can occur 
simultaneously with multiple surface sites. On oxygen bridging sites on the other 
hand, the metallic precursor can chemisorb either through dissociation or association. 
During dissociation, the precursor splits the oxygen bridge into two surface sites that 
are terminated with the precursor ligand. When the precursor molecule is associated 
with the surface, it remains intact and forms a coordinative bond with the surface. 
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This type of reaction might also occur on an OH-terminated surface, possibly in 
combination with ligand exchange. The ligand exchange reaction has been generally 
accepted to be the main mechanism in the ALD of HfCl4/H2O [54-60], while reaction 
with oxygen bridging sites has neither been verified or excluded [61]. In contrast, 
ligand exchange as well as dissociation have been reported for the Al2O3 deposition 
from Al(CH3)3/H2O, both during the Al(CH3)3 and H2O reaction [41]. 

Figure 1.6 Overview of the different chemisorption mechanisms during the HfCl4 
pulse in the ALD of HfO2: (a) ligand exchange; (b) dissociation and (c) association. 

1.2.2 The GPC in ALD 

In general, the GPC of any ALD process is function of three parameters: the 
used precursor combination, the reactor temperature and the substrate material. The 
precursors should be chosen with care, as very reactive precursors result in efficient 
material utilization and guarantee the most complete surface reactions. Also, both 
should be stable at the processing temperature as thermal decomposition might affect 
the GPC and degrade the film quality. The reactor temperature not only affects the 
GPC through precursor decomposition, also the amount and type of surface sites as 
well as the reaction mechanisms might be temperature-dependent. Finally, the chosen 
starting substrate can play an important role in ALD as it has different surface 
characteristics than the growing ALD layer. As a result, the GPC often varies for very 
thin layers because the surface gradually changes from the substrate to the ALD 
grown material. The impact of precursor, temperature and substrate on the GPC are 
discussed in more detail in the following sections. 

Although the self-limiting ALD process implies the deposition of one 
monolayer of material per reaction cycle, the GPC is typically only a fraction of a 
monolayer (Figure 1.7). For a given precursor combination and reactor temperature, 
two factors have been identified to saturate the surface even before monolayer 
coverage is obtained [41,44,62]. First, the ligands of the chemisorbed precursor 
molecule could shield part of the surface and, hence, make it inaccessible for other 
incoming reactants. Several theoretical models have been developed to estimate the 
impact of ligand size on the GPC, as reviewed in [41], and conclude that monolayer 
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deposition is even impossible for precursors with small halide ligands such as HfCl4 
[63-64]. Second, the GPC could already be limited even before steric hindrance 
obstructs further chemisorption. A low number of reactive surface sites results in a 
low GPC because, although space remains available on the surface, no further 
deposition occurs. 

Figure 1.7 Schematic representation of the two factors that typically limit the 
GPC to less than a monolayer: (a) steric hindrance of the chemisorbed precursor and 
(b) a limited number of reactive surface sites. 

1.2.2.1 Impact of precursor choice 

In order to be selected as a suitable ALD reactant, several requirements should 
be fulfilled [44]. First of all, the precursors should be sufficiently volatile to ensure 
efficient transportation in the gas phase. However, the saturative and self-limiting 
nature of ALD implies that even solid sources can be applied as ALD reactants 
because small variations in the precursor flux will have no impact on the GPC. 
Second, the precursors should be highly reactive towards each other or at least 
towards the chemisorbed part in order to achieve fast and complete saturation. This 
affects - besides the GPC - also the purity of the deposited film. Third, both precursor 
and surface sites have to be thermally stable as gas phase decomposition destroys the 
self-limiting growth mechanism and results in increased GPC values. This precursor 
decomposition might also incorporate contaminants in the growing films, which can 
be detrimental for device performance [65-70]. Also, the chosen precursor 
combination may not etch the substrate or the growing film. The same requirement is 
valid for the reaction by-products, which should be unreactive and sufficiently volatile 
to allow easy removal from the reaction chamber. Finally, the precursors are 
preferably non toxic, easy to synthesize and handle while being inexpensive with 
sufficient purity. Obviously, it is almost impossible to fulfill all requirements 
simultaneously. 

During the ALD of metal oxides, an oxidizing precursor is combined with a 
metallic precursor, of which the latter can be divided into an inorganic and a 
metalorganic type [41]. Of the inorganic precursors, halides such as HfCl4 have been 
the most studied class with the first experiments originating from the 1960s. Their 
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thermal stability and high reactivity together with their small ligand size make them 
suited for ALD. On the other hand, many halides are solids which could result in 
particle incorporation in the growing layer. Also, the formed reaction by-products 
might be corrosive and etch the oxide film. This is avoided when metalorganic 
precursors such as alkoxides and alkylamides are applied as the Hf source. 
Alkylamides such as Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino Hafnium, 
TEMAH) are interesting for ALD as these are liquids with much higher vapor 
pressures than the halides, but they have the disadvantage to decompose at relatively 
low reactor temperatures (~120°C) [71-72]. As an oxidizing precursor, mostly H2O, 
O2 or O3 is used. An overview of precursor combinations for the thermal ALD of 
HfO2 is provided in Table 1.1 [41,73].  

Table 1.1 Overview of studied thermal ALD HfO2 processes, based on [41] and 
[73]. Cp stands for cyclopentadienyl. 

Metallic precursor Oxidizing precursor 

HfCl4 H2O, O2, O3 

HfI4 H2O, H2O2, O2 

HfCl2(N(Si(CH3)3)2)2 H2O 

Hf(OC(CH3)3)4 O2, O3 

Hf(OC(CH3)3)2(OC(CH3)2CH2OCH3)2 H2O 

Hf(OC(CH3)2CH2OCH3)4 H2O 

Hf(ON(C2H5)2)4 H2O 

Hf(N(C2H5)2)4 H2O, O2 

Hf(N(CH3)2)4 H2O, O3 

Hf(NCH3C2H5)4 H2O, O3 

Hf(OC(CH3)3)(NCH3C2H5)3 O3 

Hf(Cp2C(CH3)2)((CH3)2 O3 

Hf(Cp2C(CH3)2)((CH3)(OCH3) O3 

HfCl2(Cp)2 H2O, O3 
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Table 1.1 continued   

Metallic precursor Oxidizing precursor 

Hf(CH3)2(Cp)2 H2O, O3 

Hf(CpCH3)2(CH3)(OCH(CH3)2) H2O 

Hf(CpCH3)2(CH3)( OC(CH3)2CH2OCH3) H2O 

Hf(OC(CH3)(C2H5)2)4 H2O 

Hf(CpCH3)2(CH3)2 H2O, O3 

Hf(CpCH3)2(CH3)(OCH3) H2O, O3 

Hf(CpCH3)2(OCH3)2 O3 

Hf(Cp)2(OCH3)2 O3 

1.2.2.2 Impact of reactor temperature 

The reactor temperature affects the ALD GPC in many ways and should 
therefore be chosen with care (Figure 1.8) [41,43-44]. At too low temperatures, a 
decrease in GPC with temperature is typically observed when the reactants or formed 
by-products condense on the growing ALD layer. Surface reactions that require 
sufficient energy to succeed their energy barriers on the other hand show the opposite 
behavior. Similar enhancement of the GPC might also be observed at too high 
temperatures. This trend can be expected when the precursor or chemisorbed complex 
decomposes at the applied reactor temperatures, resulting in increased GPCs. At the 
high temperature side, the GPC may also decrease with increasing temperature, which 
is mostly induced by desorption of the chemisorbed layer. In between these two 
temperature limits, the ALD process should be saturative, self-limiting and preferably 
deliver a GPC which is close to a monolayer of the grown material. As stated before, 
the GPC is often only a fraction of a monolayer in this ALD temperature window 
because of steric hindrance of the adsorbed precursor or a limited number of reactive 
surface sites. While the GPC is thought to stay constant when steric hindrance causes 
saturation, it typically decreases with increasing temperature when the amount of 
surface sites plays a crucial role. Finally, we should mention that, for some precursor 
combinations, thermal energy is not sufficient to force the reaction towards the 
desired ALD material. In plasma-enhanced (PE) ALD, a plasma provides additional 
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energy to the thermal process by the creation of more reactive oxidizing species, 
mostly radicals. This type of ALD has been shown to be very promising, as improved 
material properties and lower processing temperatures have been reported [74-75]. 

 

Figure 1.8 Variation of the GPC with the ALD reactor temperature. At the low 
(L) and high (H) temperature side, the GPC may decrease (a) or increase (b) with 
increasing temperature. In the ALD window, constant and decreasing GPCs have 
been reported. 

1.2.2.3 Impact of substrate material 

The GPC is not necessarily constant throughout the ALD process as the 
exposed surface gradually changes from the initial substrate material to the growing 
oxide layer (Figure 1.9). Especially the amount and type of surface sites will differ for 
the first ALD cycles and bulk growth. In general, the effect of the starting surface on 
the GPC is mainly visualized in three ways [41,46]. In linear growth, similar amounts 
of material are deposited during each reaction cycle and, thus, the GPC is independent 
of the number of cycles. This behavior is observed, for instance, when similar 
amounts of reactive surface sites are present on both the starting surface and the ALD 
grown layer. When the starting surface exhibits more reactive sites than the growing 
film, the GPC is higher in the beginning of the ALD process. This dependency is 
referred to as substrate-enhanced growth. During substrate-inhibited growth, the 
opposite trend is observed and the amount of deposited material per cycle increases 
with the number of cycles until the bulk GPC is obtained. This growth behavior has 
been observed for the HfO2 ALD from HfCl4/H2O on H-terminated Si, while 
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enhanced HfCl4 chemisorption occurs on surfaces with reactive Si-OH sites [24,76-
81]. The metalorganic TEMAH on the other hand behaves similarly on both types of 
starting surfaces [82-87]. 
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Figure 1.9 Variation of the amount of deposited material with the number of ALD 
reaction cycles. We distinguish linear growth (L), substrate-inhibited (S-I) and 
substrate-enhanced (S-E) growth. 

The amount and type of surface sites also affects how the deposited material is 
arranged on the surface during ALD growth, defined as the growth mode (Figure 
1.10). The growth mode is an important characteristic in ALD as it influences several 
material characteristics such as layer closure, density and roughness. As for the effect 
of the starting surface on the GPC, three general classes of growth modes can be 
distinguished [41,88]. In two-dimensional growth, the precursors chemisorb 
preferentially in the lowest unfilled material layer. As a result, one monolayer of the 
ALD-grown oxide covers the original substrate completely while further growth 
proceeds monolayer by monolayer. As the GPC is typically less than a monolayer, 
this growth mode is not evident in ALD. When the precursors chemisorb 
preferentially on the ALD-grown material instead of on the starting surface, growth is 
established through microscopic islands. With island growth, the ALD precursors are 
unreactive towards the starting surface and growth is initiated at reactive defects on 
the substrate. Further growth proceeds symmetrically around these defects until the 
islands are large enough and they coalesce into a closed layer [89-90]. The third 
growth mode, random deposition, is a statistical growth mode, where material 
deposits with equal probability on both the starting surface and the ALD layer. A first 
indication of the type of growth mode is given by the starting surface dependence of 
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the growth curve as the highest GPC typically implies the most efficient substrate 
coverage. Strong inhibition during the first ALD cycles, as is observed for HfCl4/H2O 
ALD on H-terminated Si, has been associated with island growth [61,89] while linear 
and substrate-enhanced growth results in the most two-dimensional surface coverage. 
For HfO2 growth from HfCl4 and H2O, island growth has been reported to result in the 
roughest films and poorest electrical performance [24,76-78 ,80]. Better growth and 
material characteristics are obtained when reactive Si-OH sites are introduced on the 
surface, but these sites imply the presence of an interfacial SiO2 layer which adds to 
the EOT of the gate stack.  

Figure 1.10 Schematic representation of the different growth modes in ALD: (a) 
two-dimensional growth, (b) island growth and (c) random deposition. The arrow 
indicates the increasing number of ALD cycles.  

The discussed effects on GPC and growth mode are not strictly related to the 
type of substrate material, but to any system where the amount and type of available 
surface sites is not constant during ALD growth. Hence, variations in GPC and 
deviations from two-dimensional growth are also possible during the ALD of ternary 
oxides, as their composition determines the type and amount of sites on the exposed 
surface.  

1.3 Objectives and outline of the thesis 

The main objective of this work is to study the initial nucleation and bulk 
growth behavior of Hf-based materials on Si surfaces. Although no process details are 
provided, Intel’s announcement to integrate Hf-based gate dielectrics, grown by ALD, 
in the 45 nm technology node [9] reflects the importance of this research. In this 
thesis, we focus on the impact of the type of precursor combination, the reactor 
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temperature and the Si substrate on the growth behavior and quality of the ALD-
grown layers.  

We investigate the ALD of HfO2 by means of the HfCl4/H2O, HfCl4/O3 and 
TEMAH/H2O process. By combining these three precursor combinations, we are able 
to evaluate the impact of both oxidizing and metallic precursor. The first parameter is 
important as it determines how efficiently adsorbed Cl ligands are replaced by 
reactive surface sites that are susceptible for the subsequent HfCl4 pulse.  Comparison 
of the HfCl4/H2O to the TEMAH/H2O process on the other hand delivers valuable 
information on the importance of steric hindrance, as the ligands of the metalorganic 
precursor are up to three times larger than those of HfCl4. Also the influence of the 
reactor temperature on the GPC is examined for these three chemistries, because all of 
them show a very distinct temperature-dependent feature. While the amount of 
reactive OH surface sites in HfCl4/H2O ALD is function of temperature due to 
dehydroxylation, both O3 and TEMAH are known to have limited thermal stability. 
The effect of surface pretreatment of the Si substrate is evaluated from the first ALD 
cycle on until bulk growth is obtained. Hence, we are able to balance the impact of 
reactive surface sites and steric hindrance for both metallic precursors. For HfCl4, we 
also investigate if chemisorption depends on the substrate’s crystallographic 
orientation, as this is of importance in FinFET applications, and if chemisorption on 
OH surface sites depends on the atom – Si or Al – on which the OH site is grafted. 
Finally, we employ the HfCl4/H2O process for the deposition of ternary oxides like 
hafnium zirconates and aluminates. By combining this process with another binary 
process, valuable information about the HfCl4/H2O surface chemistry can be obtained. 
This surface chemistry is also simulated with Density Functional Theory (DFT). 

Besides Chapter 1, which provides the basis aspects of ALD growth, this 
thesis consists of five chapters: 

In Chapter 2, we discuss the experimental background of the results obtained 
during this PhD. We start by describing the different surface pretreatments that are 
performed on Si substrates, ranging from a H-terminated surface to a thermally grown 
SiO2 layer. As OH surface sites play a crucial role in HfCl4 chemisorption, various 
methods are applied to create these sites on both SiO2 and Al2O3 layers. Next, we 
discuss the basics of the ALD reactors in which depositions are carried out. We also 
provide an overview of the different techniques that are used to analyze the growth 
behavior of the various ALD processes and the quality of the resulting film. The latter 
is evaluated in terms of physical properties like density and roughness, and their 
EOT/JG characteristics. Finally, we describe the most important features of our DFT 
simulations. 
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In Chapter 3, we focus on the initial HfO2 nucleation by means of HfCl4/H2O 
and TEMAH/H2O ALD. For both precursors, we evaluate the importance of surface 
pretreatment of the Si substrate and steric hindrance during precursor chemisorption 
in the first ALD cycle. As HfCl4 is assumed to react solely with OH surface sites 
through ligand exchange, theoretical models are developed to characterize the OH 
surface coverage of SiO2 layers and to analyze the stoichiometry of the HfCl4 
chemisorption reaction. Furthermore, as the impact of surface pretreatment is not 
limited to the first ALD cycle, we show how surface sites affect the further HfCl4/H2O 
and TEMAH/H2O growth behavior and the resulting layer properties. 

In Chapter 4, we address the bulk growth behavior and layer properties of 
HfO2 dielectrics, grown by means of HfCl4/H2O, HfCl4/O3 and TEMAH/H2O ALD. 
For the first precursor combination, DFT simulations are combined with experimental 
results to investigate the origin of its low GPC. Higher values are feasible when O3 is 
used as the oxidizing precursor and we propose a reaction mechanism which explains 
the observed enhancement. For TEMAH/H2O, evaluation of the potential reaction 
mechanism(s) seems not straightforward because of precursor decomposition and 
parasitic growth with decomposed surface sites at the ALD reactor temperature. 
However, at minimized decomposition, we compare the intrinsic ALD and layer 
characteristics to those obtained with the HfCl4/H2O process. 

In Chapter 5, we implement the HfCl4/H2O reaction in the ALD of ternary 
compounds, where we mainly investigate the impact of the subcycle ratio (i.e. the 
ratio of the binary processes in the ALD supercycle) on the GPC and composition of 
the ternary oxide. We describe the obtained results for hafnium zirconates and 
hafnium aluminates. For the latter, we also combine the experimental results with 
DFT simulations. Finally, we briefly compare the ALD growth behavior of both 
ternary systems to that of hafnium silicates and titanates, which are described in more 
detail in [91-93] and [94], respectively. 

In Chapter 6, we formulate the most important conclusions of this PhD 
research and provide some suggestions for future work. 
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Chapter 2  

Materials and Methods 

2.1 Introduction 

In this Chapter, we provide an overview of all materials and methods that have 
been used during this PhD. As indicated in Chapter 1, the type of substrate material 
strongly affects the initial ALD nucleation. Therefore, we profoundly describe the 
different surface pretreatments that are applied to the Si substrate prior to the ALD 
process. These pretreatments result in several Si-based surface sites, going from Si-H 
to Si-OH and Si-O-Si. OH surface sites are also generated on ALD Al2O3 surfaces. 
Next, we illustrate the most important features of the ALD process. These include the 
design of the ALD reactor, the used precursor combination as well as the precursor 
delivery system. In order to characterize the ALD-grown layers and Si surfaces, 
various analytical techniques have been applied. Hence, in the third section, we 
briefly discuss both the basic principles and the most relevant experimental details of 
these techniques. Finally, we provide information on Density Functional Theory 
(DFT) simulations that have been applied to support experimental data. 

2.2 Surface preparation of the Si substrate 

Surface pretreatments are performed on 200 mm p-type Si substrates with a 
(100) crystallographic orientation, unless mentioned otherwise. We distinguish Si-H, 
Si-O-Si and OH surface sites, with the latter comprising of Si-OH and Al-OH surface 
sites. 

2.2.1 Si-H surface sites 

H-terminated Si is obtained by dipping the IMEC clean (section 2.2.3) 
substrate for 3 min in a recirculating 0.5 % HF/H2O solution. Afterwards, the wafers 
are rinsed for 5 min in overflowing deionized water and dried in a Marangoni dryer. 
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The resulting surface is not only used as a starting surface in ALD, but we also apply 
it to generate other surface sites, as is discussed in the following sections.  

2.2.2 Si-O-Si surface sites 

Dry thermal oxides are produced by Rapid Thermal Oxidation (RTO) of H-
terminated Si substrates for 5 min in an O2 ambient (partial pressure of O2 = 33 Torr) 
at 1000°C, resulting in SiO2 layers of ~4 nm. Oxidations are performed in an ASM 
Epsilon® Nitride reactor, attached to a Polygon® 8200 platform as schematically 
indicated in Figure 2.1. 

 

Figure 2.1 Schematic representation of the ASM Polygon® 8200 platform. We 
distinguish the HF vapor clean module, the Pulsar® 2000 reactor, and the Epsilon® 
poly Si and nitride reactor. All modules are, together with two load locks, connected 
to the transport module. 

While a dry thermal oxide exhibits – by definition – solely Si-O-Si surface 
sites, a combination of Si-O-Si and Si-OH is feasible when SiO2 is grown by wet 
thermal oxidation. With In Situ Steam Generation (ISSG), a thermal oxide is grown 
by flowing pure O2 and H2 over a heated substrate. At 850°C, we are able to create 
high-quality ISSG oxides of ~2 nm in a Centura® RTP system from Applied 
Materials. The higher hydrophilicity of these oxides compared to RTO is confirmed 
by contact angle measurements, which are described in section 2.4.1. 
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2.2.3 OH surface sites 

2.2.3.1 Si-OH surface sites 

Si-OH surface sites have been reported to be crucial in the initial HfCl4 
nucleation [1-6]. Such sites are generated by oxidation of the H-terminated Si surface 
in aqueous solutions – we call these wet oxides – or by exposing thermal oxides to a 
wet treatment (Figure 2.2). 

Figure 2.2 Schematic representation of the generation of Si-OH surface sites. 
These sites can be created by (a) oxidation of H-terminated Si in aqueous solutions or 
by (b) wetting (etching) a thermal oxide. 

Wet oxide surfaces are prepared in aqueous O3 solutions, where O3 is bubbled 
into the recirculating H2O by a diffuser. The thickness of the wet oxide can easily be 
tuned by controlling the dip time, the temperature and the O3 concentration, although 
control of the latter is preferred as this seems to yield better wafer uniformity [7-8]. 
Hence, we immerse the H-terminated Si for 1 min in an O3/H2O solution at room 
temperature, while the dissolved O3 concentration is varied between 1 and 20 ppm. As 
such, wet oxides with ellipsometric thicknesses between 0.2 and 1.1 nm are prepared. 
An electrochemical O3 cell from Orbisphere, Model 31330.15, monitors the O3 
concentration when induced by a Sorbios SEMOZON 90.2 HP O3 generator. After 
oxide growth, the surface is rinsed for 10 min and dried in a Marangoni dryer. As 
oxidation in aqueous solutions often proceeds by nucleation of small SiO2 clusters [9-
12], the wet oxide surface consists of H-terminated Si with oxide islands, of which the 
size and Si-OH density is determined by the O3 concentration. Hence, this island 
growth implies that the oxide thickness gives already a first indication of the OH 
surface coverage, as discussed in section 2.4.1. A more detailed view on the impact of 
O3 concentration on oxide thickness and surface hydrophilicity is provided in section 
3.4.1.  
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A special type of wet oxide is the IMEC clean [13-14]. This oxide is 
considered as fully hydroxylated and is generated at O3 concentrations of 20 ppm 
according to the procedure described above. Typically, this surface pretreatment is 
performed in an automated wet bench, being the STEAG AWP and the DNS SU-3000 
for 200 and 300 mm Si substrates, respectively. However, various differences are 
detected between both tools, such as HF concentration, temperature, flow rate and dip 
times. The most important difference is probably the type of processing, as the DNS 
SU-3000 is a single wafer tool compared to batch processing in the STEAG AWP.  
Nevertheless, despite these differences, both tools deliver a fully hydroxylated wet 
oxide with an ellipsometric thickness of ~1.1 nm. 

For this thesis, we distinguish two methods of creating Si-OH surface sites 
from thermal oxides in a controlled manner. A first type consists of gradually etching 
an ISSG oxide by slowly immersing it into a diluted HF solution (0.34 %) at a 
constant speed. This procedure is performed on a STEAG Poseidon STT and results 
in a large thickness range across the wafer. For ellipsometric oxide thicknesses 
between 0.2 and 0.9 nm, contact angle measurements show that the surface consists of 
both Si-OH and Si-H surface sites. Hence, the measured thickness indicates the 
relative amount of OH surface sites, as was also the case for wet oxides. Moreover, as 
this thickness series is created on a single wafer, all differences due to process 
variations of e.g. the HfO2 deposition are taken into account. A second sample set 
contains hydroxylated RTO oxides with controlled amounts of OH surface sites. 
Hydroxylation of the thermally grown oxide is performed in a recirculating diluted 
Standard Cleaning 1 (SC1) solution [15] at room temperature for 15 min. The 
concentration of the SC1 solution is low (volume ratio: 1 NH4OH / 1 H2O2 / 20 H2O) 
to obtain a high degree of hydroxylation while etching of the oxide is limited and a 
uniform thickness across the wafer is maintained. The fully hydroxylated surface is 
then annealed in a N2 ambient at high temperature to induce dehydroxylation of the 
surface. During dehydroxylation, neighboring OH sites react with each other and form 
oxygen bridging sites (Si-O-Si) while H2O desorbs from the surface (Eq. (2 – 1)).  

2 Si-OH(s)  →  Si-O-Si(s)  +  H2O(g) (2 – 1) 

After the equilibrium is set, this reaction results in a stable Si-OH surface density, of 
which the exact amount depends on the annealing temperature. The decrease in OH 
surface density, due to dehydroxylation, with increasing temperature is well known 
and reported in literature (Figure 2.3) [16-19]. In our experiments, anneals are carried 
out between 300 and 850°C for 5 or 30 min in an ASM Epsilon® Nitride reactor 
(Figure 2.1), while the resulting OH surface density is estimated from that available in 
literature [16-19].  
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Figure 2.3 Relation between the OH surface density and the annealing 
temperature as determined in literature [16-19]. 

2.2.3.2 Al-OH surface sites 

The amount of Al-OH surface sites is varied by dehydroxylation of the Al2O3 
surface. Al2O3 is grown by performing 50 ALD cycles of Al(CH3)3/H2O at 300°C in 
an ASM Pulsar® 2000 or 3000 reactor. As both processes have a Growth-Per-Cycle 
(GPC) of ~0.9 nm, 50 cycles results in Al2O3 layers of ~4.5 nm, characterized by an 
OH surface density of ~7.3 OH/nm2 [20]. As for Si-OH surface sites, the Al-OH 
surface density can be altered by performing high temperature treatments [20] and, 
hence, induce dehydroxylation of the surface. Dehydroxylation of Al2O3 layers, 
grown on 200 mm Si substrates in an ASM Pulsar® 2000 reactor, is achieved by a 5 
min N2 anneal between 300 and 850°C in an ASM Epsilon® Nitride reactor. Al2O3 
can also be grown on 300 mm Si wafers in an ASM Pulsar® 3000 reactor. These 
surfaces will not be annealed and are used to make a comparison between Si-OH and 
Al-OH surface sites regarding the growth characteristics of HfO2 layers, grown by the 
ALD of HfCl4/H2O.  

 

 31



Chapter 2 

2.3 ALD of Hf-based dielectrics 

Hf-based dielectrics are deposited in an ASM Pulsar® 2000 and 3000 reactor, 
attached to a Polygon® 8200 (Figure 2.1) and 8300 platform, respectively. Both 
reactors are hot-wall reactors with a cross-flow design (Figure 2.4). While the first 
feature permits the application of thermal ALD, the cross-flow design is based on the 
‘travelling wave’ principle [21-23]. According to this principle, the flow of precursor 
molecules is introduced parallel to the substrate which is located on the susceptor, 
resulting in many collisions between these molecules and the exposed surface. The 
enhanced probability of finding an adsorption site results in fast saturation and very 
uniform layers. Moreover, because the amount of gaseous precursor molecules 
decreases in the direction of the flow due to surface reactions, this reactor design 
allows precise process tuning as the exact precursor dosage for complete wafer 
coverage can be easily determined. Furthermore, inspection of the thickness profile of 
the deposited film permits a first investigation of the ALD reaction mechanism as its 
steepness indicates the affinity of the precursor towards the exposed surface. Of 
course, this is only possible when the applied pulses length does not result in 
sufficient precursor dosing to obtain saturation. We have applied this principle when 
investigating the impact of oxidizing precursor on the HfO2 GPC (Chapter 4).  

 

Figure 2.4 Schematic representation of a cross-flow reactor. The arrows indicate 
the precursor flow. 

Different Hf-based ALD processes are feasible in both Pulsar® reactors (Table 
2.1). All metallic precursors are provided by Air Products, with exception of Al(CH3)3 
which is delivered by Rohm and Haas. Both H2O and O3 are produced on-site, with 
the latter being generated from a 2.5 slm O2/0.5 slm N2 mixture (~167 ‰ N2) through 
an electrical discharge in an AX8403 Ozone Generator from ASTeX, yielding O3 
concentrations of ~236 g/m3 in the gas phase. The solid precursors HfCl4 and ZrCl4 as 
well as the highly viscous TEMAH are stored in a heated cross-flow style cabinet to 
achieve sufficient vapor pressure, while a N2 flow transports the precursor towards the 

 32



Materials and Methods 

reaction chamber. The other precursors, which are all liquids with high vapor 
pressure, are delivered from a cross-flow style vessel kept at 18°C. Depositions are 
performed at a reactor pressure of 3-5 Torr while the temperature is kept constant. 
This temperature is mostly fixed at 300°C except for the TEMAH/H2O and hafnium 
silicate process, which are performed at 285 and 350°C, respectively. A detailed 
overview of the applied deposition temperatures and precursor pulse lengths is 
available in the experimental section of each chapter. Furthermore, we should mention 
that both 200 and 300 mm wafers can be loaded in the Pulsar® 3000 reactor, while the 
Pulsar® 2000 reactor is limited to the use of 200 mm wafers only. 

Table 2.1 Overview of the different ALD processes in the Pulsar® 2000 and 
Pulsar® 3000 reactor to deposit various Hf-based materials. 

Material Process in Pulsar® 2000 reactor Process in Pulsar® 3000 reactor 

HfO2 HfCl4/H2O HfCl4/H2O 

HfCl4/O3 

TEMAH/H2O 

HfxZryOz n.a. HfCl4/H2O + ZrCl4/H2O 

HfxSiyOz
 n.a. HfCl4/H2O + SiCl4/H2O 

HfxTiyOz HfCl4/H2O + TiCl4/H2O n.a. 

HfxAlyOz n.a. HfCl4/H2O + Al(CH3)3/H2O 

The amount of HfCl4 that is delivered to the reaction chamber differs for both 
Pulsar® reactors because of a different principle to build up HfCl4 vapor pressure in 
the source cabinet (Figure 2.5). Both systems use the ‘inert gas valving’ principle 
[21,23-25] to block the HfCl4 supply to the reaction chamber during the subsequent 
purges and oxidizing pulse. The principle is based on a virtual valving mechanism 
with an inert gas such as N2. This N2 flow has a twofold function as it not only purges 
the reactor to remove the excess of HfCl4, it also forms a laminar flow barrier against 
HfCl4 diffusion towards the reaction chamber. As a result, the HfCl4 precursor flow is 
forced towards the exhaust in the Pulsar® 2000 reactor. More efficient precursor 
blocking however is obtained for the Pulsar® 3000 reactor, where inert gas valving is 
combined with a mechanical valve. On the other hand, this mechanical valve results in 
more pronounced building up of HfCl4 vapor pressure in the source cabinet in 
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between successive precursor pulses. Therefore, in order to study the impact of HfCl4 
pulse length in the Pulsar® 3000 reactor correctly, the total purge and oxidizing pulse 
length should be kept constant to achieve similar throughput. 

 

Figure 2.5 Schematic representation of the inert gas valving system in the 
precursor delivery line of the Pulsar® 2000 (a) and 3000 (b) reactor. The arrows 
indicate the different flows while the blue region illustrates the diffusion barrier.  

Experimental reliability is ensured by performing a Statistical Process Control 
(SPC) test before each set of experiments. This SPC test consists of a thickness and 
particle check and is in particular of crucial importance for precursors with low vapor 
pressure. When not enough vapor pressure is obtained for a fixed pulse length at a 
fixed source temperature, thickness non-uniformity is observed along the precursor 
flow direction. This non-uniformity can be solved by elongating the precursor pulse or 
by enlarging the source temperature. In our experiments, we increase the temperature 
in steps of 2°C to achieve the SPC requested thickness and uniformity level. 

2.4 Analysis of SiO2 layers and Hf-based dielectrics 

2.4.1 SiO2 layers 

The thickness of SiO2-based starting surfaces is determined by Spectroscopic 
Ellipsometry (SE) [26-27], as this technique is fast, easy accessible and non-
destructive. With SE, the sample surface is irradiated by a beam of polarized light and 
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the change in intensity and polarization state upon reflection is monitored. These 
changes are induced by interactions with the sample surface and depend on material 
properties like thickness and refractive index. By fitting the obtained experimental 
data to an optical model, the thickness of the SiO2 layer can be deduced. In our 
experiments, we characterize the pretreated Si surface by an ASET F5 from KLA-
Tencor. However, limitations arise when such thin layers have to be measured due to 
e.g. the validity of the optical parameters that are derived for thick (> 10 nm) layers. 
Therefore, more accurate results are obtained when SE is combined with other 
methods such as X-ray Photoelectron Spectroscopy (XPS). 

When highly-energetic X-rays hit the Si substrate, electrons are ejected from 
the core of surface atoms. Simultaneous detection of the number and kinetic energy of 
these so-called photoelectrons results in XPS spectra [28-29]. Because their kinetic 
energy is determined by the energy of the incident beam and their binding energy, 
XPS allows identification of the various elements within the sample as each binding 
energy is characteristic for the atom from which the electrons are emitted. Moreover, 
this binding energy might be shifted as it depends on the chemical state of the atom. 
The number of generated photoelectrons on the other hand provides the relative 
atomic concentrations and can be converted into layer thickness by assuming its 
material density. Our measurements are performed on a Theta 300 XPS system from 
ThermoFisher by using monochromatic Al Kα radiation (1486.6 eV) in an angle-
resolved mode. The energy resolution [full width at half maximum (fwhm)] is 
approximately 0.8 eV and the SiO2 thickness is determined by a two-layer model 
(SiO2/Si) which neglects partial coverage effects. As a result, XPS typically 
underestimates the thickness of sub-1 nm oxides while an overestimation is observed 
with SE. Because it is more accessible, we apply SE as a standard technique to qualify 
the oxide coverage and thus the amount of reactive surface of O3/H2O wet oxides. As 
these oxides tend to grow in island-like structures [9-12], a larger thickness implies 
more coverage of the surface by oxide and, hence, more reactive OH surface sites 
available to participate in the chemisorption reaction (Figure 2.6). However, this 
relation eventually becomes saturated. Once the islands have coalesced into a closed 
layer, the oxide thickness can still increase while the OH surface density remains 
constant. 
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Figure 2.6 Schematic representation of the increase in wet oxide surface coverage 
with increasing thickness.  

A more accurate determination of the relative degree of hydrophilicity is 
obtained by performing dynamic Contact Angle (CA) measurements on wet oxide 
surfaces. These measurements monitor the behavior of a droplet of water on a flat 
surface as its shape is determined by interactions across the three interfaces. On very 
hydrophilic surfaces, water is strongly attracted to the present OH surface sites and 
the droplet spreads out completely, resulting in contact angles close to 0. No 
interaction is observed on hydrophobic surfaces as the droplet rests on the surface 
without any extensive wetting. With the OCAH 230 L Contact Angle System, we 
observe contact angles up to 70° for a H-terminated Si surface while values below 5° 
have been obtained for the IMEC clean. 

2.4.2 Hf-based dielectrics 

2.4.2.1 Analysis of the GPC 

The GPC of ALD processes can be expressed in terms of thickness (nm) or 
atom density (atoms/nm2). We apply the GPC to indicate how much material is 
deposited per ALD reaction cycle under certain process conditions. SE is typically 
used to define the GPC in terms of thickness increment. As mentioned before, we 
apply an ASET F5 instrument from KLA-Tencor to determine the thickness of ALD-
grown layers on 200 mm substrates. For 300 mm Si wafers, layer thickness is 
monitored by a SpectraCDTM 100 tool from the same company. One drawback of the 
used SE model however is the simultaneous measurement of the thin interfacial layer 
and the high-κ dielectric, which is of increasing importance with decreasing film 
thickness. Hence, we need to account for the SiO2-based layer thickness to obtain a 
representative idea of the GPC. This issue is avoided when the GPC is determined by 
X-Ray Reflectivity (XRR) [30] as we can easily distinguish between these two layers. 
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XRR is a surface-sensitive technique which measures the intensity of X-rays upon 
specular reflection from the surface and interfaces within the sample material. As 
these reflected waves interfere, fringes appear in the XRR spectrum. By fitting these 
fringes to a theoretical model, they provide information on the film thickness, density 
and roughness. We perform XRR measurements on a Jordan Valley Inc. 
BedeMetrixTM-L tool with Cu Kα radiation while spectra are evaluated with 
Reflectivity and Fluorescence Software (REFS). However, because of its higher 
accessibility, we mostly use SE to extract the GPC from layer thickness while XRR is 
applied to characterize physical properties of the ALD-grown layer.  

Both Total-reflection X-Ray Fluorescence (TXRF) and Rutherford 
Backscattering (RBS) are able to determine the amount of Hf - expressed as the Hf 
atom density (Hf/nm2) - that is deposited per ALD reaction cycle. With TXRF, the 
sample surface is bombarded with highly energetic X-rays at a very low incident 
angle, resulting in total reflection of the incident beam and ionization of the surface 
atoms. After ionization, electrons from higher orbitals are able to fill the generated 
electron vacancy and simultaneously release photons with energies equal to the 
energy difference between both orbitals. Hence, the energy of this radiation 
characterizes the present surface atoms, while its intensity allows their quantification. 
We perform TXRF measurements in the W Lβ excitation mode at 70 % of the critical 
angle (2.3 mrad) in a CAMECA (formerly Atomika) 8300 W system. However, as 
TXRF is a surface sensitive technique, it applicability is limited to the first ALD 
cycles. In addition, for atom densities above 15 Hf/nm2, the Hf signal saturates the 
detector and other techniques like RBS have to be used [31]. RBS [32] measures the 
amount and energy of backscattered high-energy particles that impinged on the 
sample material. Their energy is mainly determined by the degree of elastic scattering 
with the present atoms, which depends on the atom mass and atomic number. 
Moreover, as the amount of backscattered particles is directly proportional to an 
amount of atoms, RBS is able to quantify each element within the sample. Data are 
collected by applying a 1 MeV He+ beam (rotating random mode) in a RBS400 
Endstation from Charles Evans and Associates, which is installed around a 2 MV 
Pelletron (SDH2-1; National Electrostatics Corporation). Unlike TXRF, RBS is not 
limited by saturation effects in the studied Hf range and can therefore be used to 
investigate both the initial and bulk growth behavior of Hf-based dielectrics. 
Moreover, for Hf atom densities below 15 Hf/nm2, a good correlation is found 
between both techniques, with TXRF showing slightly higher values (Figure 2.7). 
Hence, in order to perform a direct comparison between bulk GPCs and those 
obtained during the first ALD cycles, Hf atom densities as measured by TXRF are 
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calibrated to RBS values. Anyhow, with SE, TXRF or RBS, the experimental error on 
our GPC values is determined to be maximally 2 %. 
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Figure 2.7 Illustration of the correlation between Hf atom densities as measured 
by TXRF and RBS.  

2.4.2.2 Analysis of the growth mode 

The growth mode of HfO2 dielectrics on various Si-based starting surfaces can 
be monitored with Time of Flight Secondary Ion Mass Spectrometry (TOFSIMS) as its 
surface sensitivity allows determination of the chemical composition of the first 
monolayers [33-34]. During a TOFSIMS measurement, the surface is bombarded by 
an energetic beam of primary ions, resulting in the emission of secondary ions which 
are collected and analyzed by a mass spectrometer. In this type of mass spectrometer, 
the secondary ions are accelerated and separated from each other based on their ‘time 
of flight’ towards the detector, as heavy particles have less momentum and, hence, 
need more time to reach the detector than lighter ones. Information on the growth 
mode of ALD layers is provided by comparing the measured intensity of the Si 
substrate as a function of Hf atom density to that when perfect two-dimensional 
growth is achieved. When this growth mode prevails, the relative Si intensity decays 
exponentially according to Eq. (2 – 2), where t indicates the layer thickness and λ 
specifies the escape depth of the secondary ions.  

λ
−

=
t

0
e

I
I  (2 – 2) 
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For HfO2 growth on a fully hydroxylated Si surface, two-dimensional growth is 
assumed and λ has been determined to be 0.24 nm [35]. Hence, any starting surface 
that results in a slower decay of the Si intensity indicates deviation from the ideal two-
dimensional growth behavior and points towards island growth. We have analyzed the 
growth mode in an IONTOF IV instrument with a Ga+ beam of 15 keV. 

2.4.2.3 Analysis of layer properties 

Inefficient removal of precursor ligands can be visualized by measuring the 
contamination level in the ALD-grown layers. The ability to detect all secondary ions 
simultaneously makes TOFSIMS well-suited for surface contamination control. 
Moreover, depth profiling is feasible with TOFSIMS when operating in the dynamic 
mode [36]. This mode is based on a dual-beam set up where an intense primary ion 
beam erodes the sample while a second beam analyzes the formed crater surface. In 
the IONTOF IV, the sample surface is sputtered by a Xe+ beam of 500 eV, followed 
by a beam of 15 keV Ga+ ions. 

The composition of ternary oxides like hafnium zirconates and hafnium 
titanates is monitored by RBS as this technique both qualifies and quantifies each 
element in the sample matrix. However, limitations arise when light elements like Al 
have to be detected in combination with heavy ones like Hf. Therefore, as layer 
composition is only determined by relative atomic concentrations, we apply XPS to 
investigate the effect of the subcycle ratio on the composition of hafnium aluminates 
and hafnium silicates.  

To understand the surface reactions in hafnium aluminate compounds, we 
compare the Al surface density on SiO2 and HfO2 layers. On SiO2, this density can be 
determined by means of Inductively-Coupled Plasma Mass Spectrometry (ICP-MS). 
With this technique, the sample of interest is nebulised and ionised during exposure to 
a high-temperature plasma. In our experiments, samples are prepared for ICP-MS by 
the Vapor Phase Decomposition – Droplet Collection (VPD-DC) preconcentration 
method in an automated WSPS system from GeMeTec. During the VPD process, HF 
vapor etches the SiO2 and Al2O3 layer, and the resulting products are fine water 
droplets that quantitatively contain Al and all other elements. All these water droplets 
are eventually collected by scanning the hydrophobic wafer surface with a micro 
volume of a HF/H2O2/H2O solution. The different elements in this sample solution are 
ionised by an Ar/H2 plasma, generated at 1500 W, in an Agilent 7500cs ICP-MS 
system. The resulting ions are then separated based on their mass-to-charge ratio in a 
quadrupole mass spectrometer with a resolution of one amu, and the detected ion 
signals are converted to surface densities through calibration with multi-elemental 
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standards. The amount of Al on HfO2 surfaces on the other hand is determined by 
sputtering the surface with a 15 keV Ga+ beam during a TOFSIMS measurement. 
Quantification is possible by comparing the Al intensities to those obtained on a 
reference sample. This reference sample consists of one ALD Al(CH3)3/H2O reaction 
cycle on SiO2, and allows conversion of the Al intensity into an Al surface density 
based on published Relative Sensitivity Factors (RSF). The Al surface density on 
HfO2 layers is then determined according to the absolute Al intensity ratio with the 
reference sample. These calculated surface densities are finally recalibrated using the 
value obtained for the reference sample by ICP-MS. 

As mentioned before, the density of Hf-based materials can be analyzed by 
performing XRR on the sample. Alternatively, layer density can be obtained by 
combining thickness with mass measurements. We determine the mass of ALD-grown 
layers with a Mentor SF3 balance instrument from Metryx. Combined with SE 
thickness data, we acquire the average layer density over the complete wafer surface. 
However, this might be problematic when films with poor thickness uniformity are 
deposited. Hence, for such films, we apply XRR to extract their density. 

XRR is also a valuable technique to qualitatively compare surface roughness. 
We have used both XRR and Atomic Force Microscopy (AFM) to investigate the 
impact of precursor combination and starting surface on the roughness of the 
deposited films. With AFM [37], the surface is scanned by a mechanical probe with a 
sharp tip while sensing the forces that rise between both when the tip is brought into 
proximity of the surface. AFM tend to maintain a constant force by adjusting the 
distance between the sample surface and the probe tip. In combination with lateral 
movements, this results in visualisation of the topography of the layer. We use a 
Nanoscope IV Dimension 3100 system from VEECO, where measurements are 
performed in tapping mode with a RTESPA tip. The root-mean-square (rms) 
roughness that we report is determined for scan sizes of 2 by 2 μm. 

The electrical quality of HfO2 dielectrics is evaluated based on their EOT/JG 
behavior. The EOT is extracted from a Capacitance-Voltage (C-V) measurement 
where the capacitance is determined as function of the applied gate voltage. A C-V 
curve can generally be divided into an accumulation, depletion and inversion region. 
The accumulation region is formed when, for a NMOS capacitor, a positive gate 
voltage is applied as this attracts the substrate electrons towards the gate. The 
resulting capacitance is essentially constant and, hence, the EOT of the gate stack can 
be calculated. During a Current-Voltage (I-V) measurement on the other hand, the 
increase in leakage current throughout the gate stack is monitored as a function of the 
applied gate voltage. We record C-V and I-V curves with a Keithley Model 4200 
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Semiconductor Characterization System, although the impact of substrate orientation 
is evaluated with an Agilent 4284A LCR meter. Several capacitors are measured to 
obtain reproducible results, with areas ranging from 1x1 to 50x50 μm2. The EOT is 
obtained by fitting the C-V curve with the CVC tool [38], while the leakage current is 
typically estimated at a gate voltage of -1 V. More details on the gate stack and 
applied thermal budget are available in the experimental section of each chapter. 

2.5 DFT simulations 

DFT simulations are performed to support some of the observed experimental 
results. We compare the reaction affinity of HfCl4 towards Si-OH and Hf-OH surface 
sites as well as the hydrolysis efficiency of the Hf-Cl and Hf-NCH3C2H5 bond in 
Chapter 4. In Chapter 5, we employ DFT to gain insight in the various reactions that 
occur during the ALD of hafnium aluminates. All simulations are performed on small 
clusters such as M(OH)3-OH (M=Hf, Si) and M(OH)2-OH (M=Al) to study precursor 
chemisorption as they have shown to be a good model to describe the active surface 
sites [39-43]. The coordination number of Hf is assumed to be fixed at 4. The hybrid 
B3LYP method is employed, which corresponds to Becke’s three-parameter exchange 
functional [44-45] combined with the Lee-Yang-Parr gradient-corrected functional 
(LYP) [46]. The Hf and Cl atoms are described by the Los Alamos LANL2 effective 
core potential and a double-ξ basis set [47-49], while a full 6-311G** basis set is 
applied to treat all the other atoms. We optimize the various cluster geometries to 
locate the stationary points and calculate the vibrational frequencies to verify their 
nature on the potential energy surface (PES), including reactants, products, 
intermediates and transition states. Based on these frequencies, we are also able to 
construct the associated partition functions from which zero-point energy (ZPE) 
corrections are determined. All calculations are performed with the PCGAMESS code 
[50-51], and all enthalpies and entropies are computed at standard conditions. Finally, 
we should mention that the calculated free Gibbs energy is sensitive to the quality of 
the used basis set. For instance, values ranging from ~38.9 [39] to ~64.2 kJ/mol [40] 
are reported for the chemisorption of HfCl4 on OH-terminated Si while we compute 
~52.9 kJ/mol for the same reaction. Because of this discrepancy, we only compare the 
relative energy differences between the various reaction intermediates to those 
available in literature. 
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2.6 Summary 

In this Chapter, we provide an overview of all materials and methods that have 
been used to perform this PhD research. The effect of surface preparation, resulting in 
Si-H, Si-OH, Al-OH or Si-O-Si surface sites, on the initial HfCl4 and TEMAH 
nucleation is investigated in Chapter 3. For a fixed pretreatment, we are able to 
compare the impact of oxidizing and metallic precursor on the ALD HfO2 growth 
characteristics and layer properties. Hence, in Chapter 4, we study the HfCl4/H2O, 
HfCl4/O3 and TEMAH/H2O process on an IMEC clean surface. Moreover, we 
evaluate the HfCl4 chemisorption on Si-OH and Hf-OH surface sites as well as the 
hydrolysis efficiency of the Hf-Cl and Hf-NCH3C2H5 bond with DFT simulations. In 
Chapter 5, DFT is applied to explore all chemisorption and hydrolysis reactions that 
occur in the ALD of hafnium aluminate compounds. Finally, several analysis 
techniques are used to examine the growth behavior of these ternary oxides, and 
compare it to that of hafnium zirconates, titanates and silicates. An overview of the 
applied techniques is available in Table 2.2. 

Table 2.2 Overview of the different analysis techniques that are applied to 
investigate ALD growth characteristics and properties of the deposited films. The 
techniques indicated by * are performed by IMEC’s analysis group. 

Characteristic Analysis 

Layer thickness (GPC) SE, XRR 

Hf atom density (GPC) TXRF*, RBS* 

ALD growth mode TOFSIMS* 

Contamination TOFSIMS* 

Layer composition RBS*, XPS* 

Layer density XRR, MB/SE 

Surface roughness XRR, AFM* 

EOT C-V* 

Leakage current I-V* 
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Nucleation of HfO2 
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3.1 Introduction 

The self-limiting nature of ALD implies the deposition of maximal one 
monolayer of HfO2 per ALD reaction cycle [1]. In reality, the Growth-Per-Cycle 
(GPC) is less as two events tend to saturate surface reactions even before one 
monolayer is deposited. First, large ligands of the adsorbed precursor compound can 
sterically hinder chemisorption and hence limit the GPC. Second, chemisorption of 
the metallic precursor can be restricted by a low number of reactive sites on the 
exposed surface, being the Si substrate and the ALD-grown HfO2 layer during initial 
and bulk growth, respectively. While the chosen precursor combination and 
deposition conditions influence the type and amount of surface sites during bulk 
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growth (Chapter 4), pretreatment of the Si substrate as well as the ALD reactor 
temperature affect these during the initial HfO2 nucleation. The Si pretreatment 
should be selected with care as inappropriate conditions could result in island growth 
and hence degrade the quality of nm-thin HfO2 layers. When HfO2 is deposited by the 
ALD of HfCl4/H2O, the most optimal growth characteristics and layer properties are 
obtained on Si-OH surface sites [2-7]. On the other hand, less impact of surface 
pretreatment is observed when Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino 
Hafnium, TEMAH) is used as the metallic precursor [8-13]. 

In this Chapter, we investigate to what extent the availability of reactive 
surface sites and the size of the Hf precursor affect precursor chemisorption during the 
first and subsequent ALD cycles. First, we demonstrate that the HfCl4 chemisorption 
during the first ALD cycle depends strongly on the surface preparation of the Si 
substrate, as is consistent with literature [2-7]. As HfCl4 reacts almost selectively with 
OH surface sites through ligand exchange, theoretical models are developed which 
allow characterization of the starting surface as well as investigation of the HfCl4 
chemisorption stoichiometry. We also illustrate that the crystallographic orientation of 
the Si substrate does not influence the HfCl4 chemisorption mechanism, but that the 
observed differences are induced by different amounts of Si-OH surface sites. Second, 
we evaluate the impact of ligand size by comparing the nucleation of HfCl4 and 
TEMAH during the first reaction cycle. We first confirm the lower sensitivity of this 
metal alkylamide precursor towards the type of surface sites. We also observe that the 
importance of steric hindrance is not straightforward to illustrate for this precursor as 
its limited thermal stability [14-15] results in precursor decomposition. This 
decomposition potentially decreases ligand size and, as such, enhances precursor 
chemisorption and therefore the GPC. Third, we show to what extent the initial 
surface pretreatment affects HfO2 growth beyond the first reaction cycle and, as a 
result, HfO2 layer quality during the ALD of HfCl4/H2O and TEMAH/H2O. 

3.2 Experimental details 

The surface dependence of HfCl4 is investigated by depositing one HfCl4/H2O 
ALD cycle at 300°C on 200 mm wafers in an ASM Pulsar® 2000 reactor. The amount 
and type of surface sites on these wafers is altered by performing various surface 
pretreatments of the Si substrate (Table 3.1, Chapter 2). HfCl4 chemisorption is also 
tested on Al2O3 surfaces, which contain Al-OH surface sites and are grown by 50 
ALD cycles of Al(CH3)3/H2O at 300°C (Chapter 2). The same Si surface 
pretreatments are tested for the metalorganic TEMAH precursor. TEMAH depositions 
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are also performed on 200 mm wafers but in an ASM Pulsar® 3000 reactor at 285°C. 
While TEMAH pulse lengths are restricted to 1 s to limit precursor decomposition 
(section 3.4.2), saturated HfCl4 pulses of 0.1 and 1 s are applied in the Pulsar® 2000 
and 3000 reactor, respectively. For both precursors, the impact of surface preparation 
on the further nucleation behavior of HfO2 (> 1 cycle) is explored on 300 mm HF 
dipped and IMEC clean wafers in an ASM Pulsar® 3000 reactor. In order to evaluate 
the electrical properties of these layers, the gate stack is completed with an evaporated 
Pt gate and exposed for 20 min to a thermal budget of 520°C in a N2/H2 ambient 
(Forming Gas Anneal, FGA). A more profound illustration of the effect of Si-OH 
surface sites on the Equivalent Oxide Thickness (EOT) and leakage current is given 
for the HfCl4/H2O process. Here, capacitors consist of a wet oxide of varying 
thickness or a gradually etched In-Situ Steam Generation (ISSG) oxide, 40 cycles 
HfO2 and a PVD (Physical Vapor Deposition) TaN gate. The highest thermal budget 
for these structures is a 20 min 520°C FGA. The importance of substrate orientation is 
shown for transistors of which the gate stack consists of a 1 ppm O3/H2O wet oxide, 
40 cycles HfO2 and an ALD TiN gate, exposed to a 1 s anneal at 1000°C. 

Table 3.1 Overview of the applied surface pretreatments of 200 mm Si 
substrates, together with the resulting surface sites. HF dip and IMEC clean are also 
applicable to 300 mm wafers. More details on all surface pretreatments are available 
in Chapter 2. 

SiO2 type Si surface pretreatment Surface sites 

n.a. HF dip Si-H 

Scaled wet oxide < 20 ppm O3/H2O Si-H + Si-OH 

IMEC clean 20 ppm O3/H2O Si-OH 

Thermal oxide Rapid Thermal Oxidation 
(RTO) at 1000 °C 

Si-O-Si 

Hydroxylated thermal oxide RTO + SC1 dip (+ T) Si-O-Si + Si-OH 

ISSG oxide ISSG at 850 °C Si-O-Si + Si-OH 

Etched ISSG oxide ISSG + HF dip Si-O-Si + Si-OH + Si-H 
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SiO2-like layers are described in terms of their thickness and hydrophilicity, 
determined by Spectroscopic Ellipsometry (SE) or X-ray Photoelectron Spectroscopy 
(XPS) and Contact Angle (CA) measurements, respectively. While HfCl4 and 
TEMAH chemisorption in the first ALD cycle is measured by Rutherford 
Backscattering (RBS), both RBS and SE are applied to investigate the GPC during 
further HfO2 growth. With either technique, experimental errors of maximally 2 % are 
observed which is typically within the size of the data markers used in the figures. 
The type of surface pretreatment not only affects the GPC but also the growth mode, 
as is indicated by Time-of-Flight Secondary Ion Mass Spectrometry (TOFSIMS). The 
impact on layer density and roughness is visualized by X-Ray Reflectivity (XRR). 
The EOT of all gate stacks is obtained by fitting the Capacitance-Voltage (C-V) curve 
[16], while the leakage current is extracted at a gate voltage of -1 V. 

3.3 Theoretical models for precursor chemisorption 

Two theoretical models are developed to describe the chemisorption of a 
metallic Hf-precursor, generally indicated as HfR4 (Figure 3.1, Figure 3.2). Both 
models assume that chemisorption occurs solely through ligand exchange with Si-OH 
surface sites (Eq. (3 – 1)) and that all these sites are eventually consumed during the 
first ALD cycle. Hence, based on the mass balance of this equation, the number of 
reacted Si-OH surface sites equals the number of HR molecules that are released 
during precursor chemisorption (x in Eq. (3 – 1), Eq. (3 – 2)). 

)g()s()x4(x)g(4)s(x HRxHfROSiHfR)OH(Si +−−→+− −  (3 – 1) 

# Si-OH = # HR(g) (3 – 2) 

Based on this relation, the Si-OH surface density can be estimated from the Hf atom 
density after one HfR4 chemisorption reaction. This estimation is established by using 
the developed theoretical models 1 and 2, of which their applicability depends on the 
OH surface density. In literature, SiO2 layers with up to 6 OH/nm2 have been reported 
[17]. 

 50



Nucleation of HfO2 

Figure 3.1 Schematic representation of model 1 and 2. Model 1 can be divided 
into three sub-models: reaction of the HfR4 precursor with one (a), two (b) or three (c) 
Si-OH surface sites.  
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Figure 3.2 Relation between the Hf atom density after the first chemisorption 
reaction and the Si-OH surface density. OH densities up to 6 OH/nm2 have been 
reported [17]. The dashed and continuous lines correspond to model 1 and 2, 
respectively. Model 2 is calculated for chemisorption with HfCl4 (section 3.4.1.2). 

3.3.1 Model 1 

The first model describes the direct relation between the Hf atom density and 
the OH density of the Si surface (Figure 3.1, Figure 3.2). Depending on this density, 
we suppose that HfR4 reacts with one, two or even three Si-OH surface sites. In 
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general, a low amount of Si-OH sites, isolated from each other on the surface, results 
in relatively large distances between the different surface sites so that one precursor 
molecule can react with only one Si-OH surface site. In that case, the Si-OH surface 
density equals the Hf atom density after the first HfR4 chemisorption (Eq. (3 – 3)). 
The reaction with only one surface site is referred to as sub-model a. 

# Si-OH = # Hf (3 – 3) 

When the distance between the different Si-OH surface sites is smaller, one HfR4 
molecule can react with two or even three OH surface sites, as described by sub-
model b (Eq. (3 – 4)) and c (Eq. (3 – 5)), respectively. Such a shorter distance is 
obtained when more OH sites are present on the surface or when all Si-OH surface 
sites are clustered together.  

# Si-OH = 2 × # Hf (3 – 4) 

# Si-OH = 3 × # Hf (3 – 5) 

3.3.2 Model 2 

The second model is based on steric hindrance of the ligands (R) at the surface 
[18] and is applicable to substrates with a high OH surface density, so that this density 
can not limit precursor chemisorption (Figure 3.1, Figure 3.2). In general, the mass 
balance equation of HfR4 chemisorption defines the amount of released HR molecules 
as the difference between the number of R ligands associated with HfR4 (4 × # Hf) 
and the amount of R that remains at the surface (# Rsurf) (Eq. (3 – 6)).  

# HR(g) = 4 × # Hf – # Rsurf   (3 – 6) 

Steric hindrance however sets a maximum value to the latter, depending on how the 
ligands are packed at the surface (# Rmax). If we assume that HfR4 reacts with all Si-
OH surface sites while a maximum packing of R ligands is maintained, we can 
determine how much HR is released during chemisorption and, hence, calculate the 
amount of reacted Si-OH surface sites (Eq. (3 – 7)).  

# Si-OH = 4 × # Hf – # Rmax   (3 – 7) 

As a result, the steric hindrance model predicts the number of surface sites that react 
with HfR4, independent of ligand exchange reaction with one, two or three Si-OH 
surface sites. However, due to some uncertainty on the value of # Rmax and the 
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assumption of a packing mode, we expect that this model might underestimate the OH 
surface density and hence permits only qualitative comparisons. 

3.4 Impact of surface sites during the first ALD cycle 

3.4.1 Surface dependence of the HfCl4 precursor 

The amount of Hf adsorbed on the surface after the first HfCl4 chemisorption 
reaction strongly depends on the chemical nature of the Si surface. An overview of all 
studied conditions is provided in Table 3.2. We can already conclude that reaction 
with Si-OH surface sites is preferred over that with Si-H and Si-O-Si. The Hf atom 
density after one HfCl4 reaction on a H-terminated Si surface is as low as 0.3 - 0.4 
Hf/nm2, while a fully hydroxylated wet oxide, generated in a 20 ppm O3/H2O 
solution, yields up to 3.9 Hf/nm2 during the first ALD cycle. Also, chemisorption on a 
thermal oxide, grown by RTO at 1000 °C, results in Hf atom densities similar to those 
obtained on a H-terminated Si surface. As the presence of Si-OH surface sites 
determines the amount of Hf on the surface [2-7], the ligand exchange reaction of 
HfCl4 with these sites has been proposed as the main mechanism of HfO2 nucleation 
[19] (Eq. (3 – 8)). During ligand exchange, one HfCl4 molecule can react with x (1 ≤ 
x ≤ 3) OH surface sites and simultaneously release x HCl molecules into the gas 
phase. 

)g()s()x4(x)g(4)s(x HClxHfClOSiHfCl)OH(Si +−−→+− −  (3 – 8) 

In section 3.4.1.1, we evaluate the importance of Si-OH surface sites during 
the initial HfCl4 chemisorption. We first do this for wet oxides, grown in different O3-
concentrated solutions (Table 3.2 b). Afterwards, we analyze the HfCl4 chemisorption 
on thermal oxides that are as-grown or immersed in a SC1 solution and subsequently 
annealed at various temperatures (Table 3.2 c,d). In section 3.4.1.2, we apply the 
theoretical models to determine the OH surface coverage of wet oxides and to 
investigate the HfCl4 chemisorption stoichiometry with OH surface sites for 
hydroxylated thermal oxides. 
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Table 3.2 Hf atom density on Si surfaces after the first HfCl4 reaction at 300°C. 
With exception of the hydroxylated thermal oxides (d), all SiO2 surfaces were 
stabilized for 30 min before introducing HfCl4 into the Pulsar® 2000 reactor.  

 Si pretreatment Hf atom density (Hf/nm2) 

(a) H-terminated Si HF dip 0.3 – 0.4 

(b) Wet oxide 20 ppm O3/H2O 3.7 – 3.9 

 5 ppm O3/H2O 3.3 

 3 ppm O3/H2O 1.5 

 1 ppm O3/H2O 0.7 

(c) Thermal oxide RTO (1000 °C) 0.3 – 0.4 

(d) Hydroxylated thermal oxide RTO + SC1 3.2 

 RTO + SC1 + 300°C 3.2 

 RTO + SC1 + 400°C 2.9 

 RTO + SC1 + 500°C 2.6 

 RTO + SC1 + 550°C 2.4 

 RTO + SC1 + 600°C 2.3 

 RTO + SC1 + 650°C 1.9 

 RTO + SC1 + 700°C 1.8 

 RTO + SC1 + 750°C 1.5 

 RTO + SC1 + 850°C 1.3 
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3.4.1.1 Importance of Si-OH surface sites in HfCl4 chemisorption 

3.4.1.1.1 HfCl4 chemisorption on wet oxide surfaces 

Island growth of wet oxides 

The Hf atom density on wet oxide surfaces increases with increasing O3 
concentration (Table 3.2 b, Figure 3.3). This is because wet oxides tend to grow in 
island-like formations on the Si substrate. Upon island growth, small SiO2-like 
clusters nucleate on the H-terminated Si surface and grow laterally until eventually a 
closed oxide layer is formed [20-23]. For our wet oxides, an increase in O3 
concentration - for fixed exposure times - results in larger islands, implying that a 
larger fraction of the surface is covered by oxide and hence that a higher OH surface 
density is obtained [24]. An oxide grown in 20 ppm O3/H2O, which corresponds to an 
IMEC clean surface, is fully hydroxylated and yields typically 3.7 – 3.9 Hf/nm2 
(Table 3.2 b, Figure 3.3). No Si-OH sites are expected to be present on a H-terminated 
surface, resulting in Hf atom densities as low as 0.3 – 0.4 Hf/nm2 (Table 3.2 a, Figure 
3.3). On SiO2 surfaces, grown in lower O3-concentrated solutions, Hf atom densities 
fall within these two extreme values, indicating partially hydroxylated surfaces (Table 
3.2 b, Figure 3.3). This partial hydroxylation is affirmed by CA measurements, where 
a decreasing angle points towards increasing surface hydrophilicity (Figure 3.3). 
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Figure 3.3 CA values (closed symbols) and Hf atom density (open symbols) after 
HfCl4 chemisorption on wet oxides after 30 min stabilization in the ALD reactor at 
300°C. The H-terminated Si is indicated by an O3 concentration equal to zero. 
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Wet oxides on (100) and (110) Si substrates 

The surface atom density of the substrate influences both the Si oxidation rate 
and the structure of the Si/SiO2 interface [25]. Because this density depends on the 
substrate’s crystallographic orientation, different oxidation behavior is expected for 
(100)- and (110)-orientated Si. The difference in oxidation rate can be qualitatively 
visualized by monitoring the thickness of the resulting wet oxide. Moreover, for thin 
oxides, the oxide thickness is directly related to the OH surface density. As wet oxides 
tend to grow in island-like structures, a larger thickness implies more coverage of the 
surface by oxide and, hence, more OH surface sites available to participate in the 
HfCl4 chemisorption reaction (Eq. (3 – 8)). From a certain thickness on, the islands 
have coalesced into a closed layer, implying that the oxide thickness might still 
increase while the OH surface density remains constant.  
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Figure 3.4 Relation between the wet oxide thickness and the applied O3 
concentration for both (100)- and (110)-orientated Si substrates. 

For fixed exposure times of 1 min, the applied O3 concentration in O3/H2O 
solutions determines the thickness of the resulting wet oxide (Figure 3.4). For both 
substrate orientations, the oxide thickness first increases with increasing 
concentration. This behavior is expected as the O3 concentration is directly involved 
in the generation of oxidizing species such as OH- and O- [26]. Because the oxidation 
of Si occurs at the Si/SiO2 interface, these species need to diffuse through the growing 
oxide layer in order to further oxidize the substrate. As the oxide gets thicker, the 
oxide growth levels off as diffusion towards the Si/SiO2 interface is limited [27]. 
From approximately 10 ppm on, the oxide thickness no longer depends on the O3 
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concentration and saturates to about 1.1 nm. For the conditions studied, this thickness 
corresponds to the diffusion-limited thickness. 

Besides O3 concentration, the crystallographic orientation of the Si substrate 
affects the wet oxide thickness (Figure 3.4). At low O3 concentrations, the (110)-
orientated Si oxide grows thicker than the (100) Si. This difference in oxide thickness 
can be related to the difference in interface structure for both substrate orientations. 
While the (100) Si is characterized by a surface atom density of 6.8 Si/nm2, up to 9.6 
Si/nm2 are present on the (110)-orientated substrate [28]. This higher density for the 
(110) Si implies that more surface sites are susceptible for oxidation at the Si/SiO2 
interface and, hence, that more oxide can be grown under similar experimental 
conditions. With increasing O3 concentration, this difference in oxidation behavior 
between both crystallographic orientations diminishes and finally disappears once the 
oxide thickness reaches approximately 1.1 nm. This trend results from the decreasing 
diffusion efficiency of oxidizing species throughout the SiO2 layer when this oxide 
gets thicker until diffusion is completely inhibited. 
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Figure 3.5 Hf atom density after one HfCl4 chemisorption reaction as a function 
of the applied O3 concentration for both (100)- and (110)-orientated Si substrates. The 
values are obtained at 300°C after 30 s stabilization time in the ALD reactor. 
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Figure 3.6 Hf atom density after one HfCl4 chemisorption reaction as a function 
of SiO2 thickness for both (100)- and (110)-orientated Si substrates. The values are 
obtained at 300°C after 30 s stabilization time in the ALD reactor. The Hf atom 
density after 30 min stabilization on (100) Si is shown for comparison. 

The applied O3 concentration in the preparation of wet oxides determines the 
SiO2 island coverage and therefore also the Hf atom density in the first HfCl4 
chemisorption (Figure 3.5). A higher O3 dose is shown to result in thicker oxide, 
corresponding to larger islands and, hence, a higher density of OH surface sites 
(Figure 3.4). Compared to the (100) substrate, the higher Si density of the (110) Si 
substrate results in more OH surface sites and, hence, more HfCl4 chemisorption for 
the same O3/H2O treatment, at least for O3 concentrations below 5 ppm. Moreover, for 
this (110) orientation, similar amounts of Hf are deposited when the wet oxide is 
prepared in a 5 ppm or 20 ppm O3/H2O solution although the SiO2 thickness still 
increases from ~0.8 to ~1.1 nm (Figure 3.4). When the dependence of the Hf atom 
density on the SiO2 thickness is compared for the (100) and (110) Si, no impact of 
substrate orientation can be seen (Figure 3.6). This observation affirms that the 
observed differences in HfCl4 chemisorption are induced by different amounts of Si-
OH surface sites. Moreover, for both substrate orientations, the Hf atom density levels 
off to ~4.7 Hf/nm2. This plateau can be induced by either steric hindrance of the 
adsorbed precursor molecules or by maximum OH coverage of the substrate. When 
the islands coalesce into a closed layer, the surface is completely covered by oxide 
and the number of reactive OH surface sites is at a maximum regardless of the 
thickness of the oxide. However, the HfCl4 chemisorption could also be limited by 
steric hindrance even before this maximal OH coverage of the substrate is achieved. 
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In section 3.4.1.2.2, we investigate the origin of this saturation into more detail. We 
have to mention that the Hf atom density obtained at saturation depends on the time 
that the wet oxide is stabilized in the ALD reactor, as it reduces from ~4.7 Hf/nm2 to 
~3.9 Hf/nm2 when the stabilization time is enlarged from 30 s to 30 min (Figure 3.6). 
The shown Hf atom densities for stabilization times of 30 min are extracted from 
Table 3.2 b. The impact of stabilization on HfCl4 chemisorption is further discussed in 
the next section. 

Stabilization of wet oxides in ALD reactor 

The time, during which wet oxides are stabilized to the ALD reaction 
temperature before HfCl4 chemisorption, affects their OH surface density (Figure 3.7). 
As wet oxides are prepared in aqueous solutions (Chapter 2), the surface can contain 
physically adsorbed water. This physisorbed water quickly desorbs when the 
hydroxylated SiO2 surface is brought in the ALD reactor at 300ºC. Once this H2O has 
desorbed, the OH surface sites start to condense [29]. During condensation, 
neighboring OH sites react with each other resulting in the formation of oxygen 
bridges (Si-O-Si) and desorption of H2O from the surface (Eq. (2 – 1)). This 
dehydroxylation reaction eventually comes to equilibrium and results in a stable OH 
surface density, depending on the ALD reactor temperature (Figure 2.3). As long as 
dehydroxylation is not complete and the desorbed H2O is not purged out of the 
reactor, HfCl4 could react with this desorbing H2O in the gas phase, introducing a 
Chemical Vapor Deposition (CVD) component in the system. Moreover, this H2O 
could hydrolyze one or more Hf-Cl bonds of the chemisorbed HfClx species, resulting 
in additional chemisorption sites and super-monolayer growth. Therefore, the Hf atom 
density after HfCl4 chemisorption can depend on the stabilization time in the ALD 
reactor when too short times are used. 

 

Figure 3.7 Time- and temperature-dependent variation in the OH surface density 
of wet oxides. After desorption of physisorbed water, dehydroxylation of the surface 
occurs. 
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Wet oxides with varying hydrophilicity show a decrease in Hf atom density as 
function of the stabilization time in the ALD reactor (Figure 3.8). When the 
stabilization time increases from 30 s to 5 min, the amount of Hf deposited during the 
first ALD cycle reduces fast. The smallest variation in Hf atom density as a function 
of stabilization time is expected when OH surface sites are located relatively far from 
each other, as dehydroxylation (Eq. (2 – 1)) will be more difficult. Indeed, the slowest 
decrease in Hf atom density is observed for the 1 ppm O3/H2O wet oxide, as this 
surface consists of the smallest islands and hence has the highest fraction of isolated 
OH surface sites. For all wet oxides, elongation of the stabilization time up to 30 min 
eventually results in a constant Hf atom density, indicating that dehydroxylation of the 
surface is complete and the desorbing H2O is purged out of the reactor. These results 
also imply that, in Figure 3.6, CVD reactions possible contribute to the saturation 
value of ~4.7 Hf/nm2 because the 20 ppm O3/H2O wet oxide has only been stabilized 
for 30 s. In order to avoid such contribution, hydrophilic surfaces have to be stabilized 
sufficiently long before introducing HfCl4 in the ALD reactor so that only surface 
controlled reactions can occur. In most of our investigations of the first reaction cycle, 
we have limited the CVD component by using stabilization times of 30 min so that 
our theoretical models remain applicable. 
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Figure 3.8 Hf atom density on wet oxides after HfCl4 chemisorption as a function 
of the stabilization time of the wafer in the reactor at 300°C. 

3.4.1.1.2 HfCl4 chemisorption on hydroxylated thermal oxide surfaces 

Thermal oxides, grown by RTO at 1000 °C, are no ideal starting surface for 
HfCl4/H2O ALD because HfCl4 shows low affinity towards Si-O-Si bridging sites, 
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resulting in Hf atom densities as low as 0.3-0.4 Hf/nm2 after one HfCl4 chemisorption 
reaction (Table 3.2 c). When ISSG is used to grow the thermal oxide, the surface 
exhibits more OH sites as is indicated by its enhanced Hf atom density of 1.9 Hf/nm2. 
Nevertheless, HfCl4 chemisorption on an ISSG oxide is lower than that on a fully 
hydroxylated wet oxide, grown in a 20 ppm O3/H2O solution (Table 3.2 b), implying 
that a fraction of the surface still consists of Si-O-Si bridging sites. In order to 
enhance the amount of OH surface sites, thermal oxides are exposed to several 
wetting treatments.  

Wetting of thermal oxides 

Wetting of thermal oxides is thought to break the upper Si-O-Si bonds and 
cover the surface completely by Si-OH sites while a high-quality interface is 
maintained. Here, we apply two different wetting treatments to thermal oxides in 
order to increase their OH surface density. First, a gradually etched ISSG oxide is 
prepared by exposing the ISSG oxide to a diluted HF mixture, which not only creates 
more OH sites on the surface but also decreases the oxide thickness to the sub-1 nm 
range (Table 3.1, Chapter 2). Second, a high degree of hydroxylation with limited 
etching is obtained by applying a low-concentrated Standard Cleaning 1 (SC1) 
solution [30] to RTO oxides of ~4.5 nm (Table 3.1, Chapter 2). 

As for wet oxides, the thickness and hence OH surface density of sub-1 nm 
etched ISSG oxides determines the HfCl4 chemisorption in the first reaction cycle 
(Figure 3.9). The Hf atom density increases linearly with increasing oxide thickness 
and eventually saturates to ~4.7 Hf/nm2 once the oxide thickness reaches ~0.8 nm. 
The same saturation value has been observed for HfCl4 chemisorption on wet oxides, 
grown on Si substrates with a (110) crystallographic orientation (Figure 3.6). 
Saturation to ~3.9 Hf/nm2 is obtained when the stabilization time is enlarged from 30 
s to 30 min (Figure 3.6, Figure 3.9, Table 3.2 b). As indicated before, this saturation is 
induced by either a maximal amount of OH surface sites or by steric hindrance of the 
adsorbed HfClx species. The linear increase in Hf atom density on the other hand is 
attributed to an increase in Si-OH surface density. While island growth explains this 
trend for the wet oxides, pitting of the SiO2 layer causes this linear regime for etched 
ISSG oxides. Due to their higher dip time, the thinnest oxides could have suffered 
from pitting, leading to holes in the oxide layer. Hence, the exposed surface resembles 
that of wet oxides, as it consists of a hydrophobic Si substrate, covered by OH-
terminated oxide islands. This observation stresses again the importance of OH 
surface sites in the chemisorption of HfCl4 and the triviality of how these sites are 
generated. 
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Figure 3.9 Hf atom density after one HfCl4 chemisorption reaction as a function 
of the SiO2 thickness of wet (closed symbols) and etched ISSG (open symbols) 
oxides. The values are obtained at 300°C after 30 s stabilization time in the ALD 
reactor. The Hf atom density after 30 min stabilization of wet oxides is shown for 
comparison. 

Performing a wet SC1 treatment on a high-quality RTO oxide improves HfCl4 
chemisorption as it increases the amount of OH surface sites (Table 3.2 c, d). This 
hydroxylated thermal oxide, stabilized for 30 min in the ALD reactor at 300°C, shows 
a Hf atom density of 3.2 Hf/nm2, which is slightly lower than the 3.7 - 3.9 Hf/nm2 that 
we obtain on a fully hydroxylated wet oxide (Table 3.2 b, d). One possible 
explanation is that the RTO oxides are not completely hydroxylated after the SC1 dip. 
Another possible explanation is that the higher Hf atom density on the wet oxide is 
related to the lower quality of this oxide. As wet oxides are prepared at room 
temperature, they can have a higher roughness and contain more surface defects than 
the treated RTO oxide. Surface defects, such as dangling bonds, are known to have a 
high reactivity towards H2O, resulting in up to 30% higher OH surface densities [31]. 
These phenomena could explain the higher Hf atom density on the wet oxide surface. 
Moreover, the absence of pitting because of the mild SC1 chemistry and the reported 
temperature-dependence of their OH density (Chapter 2) make wetted RTO oxides 
well-suited to study the stoichiometry of the ligand exchange reaction (Eq. (3 – 8)). 
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Temperature-induced dehydroxylation of hydroxylated thermal oxides 

The OH surface density of the hydroxylated “RTO + SC1” oxide decreases 
when these oxides are exposed to high temperatures, resulting in lower Hf atom 
densities (Table 3.2 d, Figure 3.10). Dehydroxylation (Eq. (2 – 1)) progressively 
decreases the Si-OH surface density with annealing temperature, both on high surface 
area (powders) and on planar SiO2 surfaces [29,34-36]. As a consequence, the Hf 
atom density after one HfCl4/H2O reaction cycle also decreases with increasing 
temperature, confirming the lower reactivity of HfCl4 towards oxygen bridging sites 
than towards OH surface sites [2,32]. While 3.2 Hf/nm2 were deposited during the 
HfCl4 chemisorption on a 300ºC treated SiO2 surface, the Hf atom density decreases 
to 1.3 Hf/nm2 when the hydroxylated thermal oxide is annealed at 850°C. In order to 
check the possible impact of wafer transport at atmospheric pressure on the OH 
density of the oxide surface when going from the annealing chamber to the ALD 
reactor, we compare the Hf atom density on SiO2 layers annealed at 300°C and on 
those stabilized for 30 min in the ALD reactor. As no difference is observed (Table 
3.2 d), we can conclude that the wafer transport has no influence on the obtained 
results.  
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Figure 3.10 Hf atom density after 30 s stabilization time in the ALD reactor at 
300°C as a function of the annealing temperature of fully hydroxylated SiO2 (“RTO + 
SC1”). 
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3.4.1.2 Application of theoretical models in HfCl4 chemisorption 

The ligand exchange reaction of HfCl4 with Si-OH surface sites (Eq. (3 – 8)) 
allows the use of our theoretical models, as described in section 3.3. Model 1 is 
simplified to model 1 – a, as we assume that HfCl4 reacts with only one Si-OH surface 
site (Eq. (3 – 3)). This assumption seems justified as will be discussed in section 
3.4.1.2.2. For model 2 on the other hand, we need to assume a certain packing of 
ligands at the surface. With a hexagonal close packing and the ionic radius of the Cl 
atom [18,33], the maximum number of Cl ligands on a flat substrate is calculated as 
8.8 Cl/nm2 (# Rmax). Because this value is calculated based on a specific packing 
mode and ligand radius, model 2 provides only qualitative information.  

When HfCl4 precursor molecules react with every available Si-OH surface site 
during the first ALD cycle, steric hindrance of the adsorbed -HfCl3 species will limit 
the Hf deposition to 2.9 Hf/nm2 (= 8.8/3). This value immediately sets the lower limit 
for steric hindrance to occur during the chemisorption of HfCl4. Indeed, if all 
incoming HfCl4 precursor molecules would react with two OH surface sites each, 
steric hindrance would limit Hf deposition from 4.4 Hf/nm2 (= 8.8/2) on. Therefore, 
the steric hindrance model can only be applied to investigate Hf atom densities above 
2.9 Hf/nm2. For lower densities, the first model (model 1 – a) is used. In the next 
sections, we show that, based on these models, we can characterize the OH surface 
density of wet oxides. This density increases with increasing O3 dose because of 
island growth, as indicated by the enhanced HfCl4 chemisorption (Table 3.2 b). 
Furthermore, as the OH surface density of hydroxylated thermal oxides is determined 
by the annealing temperature (Chapter 2, Table 3.2 d), we can use the theoretical 
models to analyze the stoichiometry of the HfCl4 chemisorption reaction with Si-OH 
surface sites (x in Eq. (3 – 8)).  

3.4.1.2.1 OH surface density of wet oxides 

As wet oxides grow in an island-like structure, they show large variations in 
OH density over the surface [20-24]. The fraction of the Si surface that is still 
hydroxylated after 30 min stabilization in the ALD reactor at 300ºC is estimated by 
using the theoretical models and CA measurements. Which theoretical model is used 
depends on the Hf atom density. For densities below 2.9 Hf/nm2, model 1 (Eq. (3 – 
3)) is used to calculate the OH surface density. The steric hindrance model (Eq. (3 – 
7)) is applied when higher Hf atom densities are obtained. When we assume that the 
fully hydroxylated oxide, which results in 3.7 – 3.9 Hf/nm2 after HfCl4 chemisorption 
(Table 3.2 b), corresponds to an OH surface density of 100 %, the relative OH surface 
density of each wet oxide can be acquired by dividing its calculated density by that of 
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the fully hydroxylated oxide. The same assumption is made when densities are 
estimated from CA values.  

Both calculations show that a reduction of the O3 concentration from 20 to 5 
ppm results in a decrease of the OH surface density to 65% of that of the fully 
hydroxylated wet oxide (Figure 3.11). When the O3 concentration is reduced below 5 
ppm, the relative OH surface density decreases fast. For wet oxides prepared in a 1 
ppm O3/H2O solution, less than 10% of the surface is hydroxylated. As a fully 
hydroxylated surface, stabilized at 300ºC, contains approximately 4 OH/nm2 [34-36], 
the 1 ppm O3/H2O wet oxide would have even less than 0.4 OH/nm2 left on the 
surface. Moreover, the relation between CA and OH surface densities available in 
literature [34-36] affirms an OH density of less than 1 OH/nm2 for this surface. This 
small degree of surface hydroxylation is already sufficient to allow initiation of HfO2 
growth with good dielectric quality below 2 nm, as will be shown in section 3.5.1. 
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Figure 3.11 Relative OH surface density of wet oxides, estimated using the HfCl4 
chemisorption reaction as well as CA measurements after 30 min stabilization in the 
ALD reactor at 300°C. 

3.4.1.2.2 Stoichiometry of HfCl4 chemisorption 

The theoretical models show the possible relations between the Hf atom 
density and the OH density of the SiO2 surface. Based on the first model, HfCl4 is 
able to react with one (a), two (b) or even three (c) OH surface sites, as schematically 
indicated by the dashed lines in Figure 3.12. On the other hand, steric hindrance of the 
adsorbed Cl ligands, as described by model 2, might limit further HfCl4 chemisorption 
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once 2.9 Hf/nm2 are deposited. By comparing the experimental results to both models, 
we can gain insight in the stoichiometry of the HfCl4 chemisorption reaction. The OH 
surface density of hydroxylated SiO2 surfaces (Table 3.2 d) can be estimated from 
literature data ([34-36], Chapter 2). In our work, a quantitative assessment is difficult 
because the available analysis techniques are insufficiently sensitive to determine the 
OH surface density. The relation between hydrophilicity and annealing temperature 
however is confirmed by CA measurements. A further simplification consists of the 
assumption that all OH surface sites show similar reactivity. We acknowledge that 
hereby the role of H-bonding, which becomes more important with increasing OH 
surface density, is neglected [17].  

For SiO2 surfaces with OH densities up to 2.2 OH/nm2, good agreement of the 
experimental data with model 1 – a is observed as indicated by their similar slope 
(Figure 3.12). Therefore, we suggest that, up to Si-OH surface densities of 2.2 
OH/nm2, each HfCl4 molecule reacts with a single OH surface site. Our data however 
show slightly higher Hf atom densities compared to model 1 - a. This slightly higher 
Hf atom density might be due to a deviation of the reported Si-OH surface densities. 
These have been extracted from several publications [34-36] and, therefore, the 
average Si-OH surface densities have error margins up to 50 %. Also, the remaining 
part of the surface is occupied by Si-O-Si sites and, despite the low reactivity of HfCl4 
towards Si-O-Si bridging sites, a small amount of HfCl4 could still react with these 
sites. Anyway, from 2.9 OH/nm2 on, the Hf atom density starts to level off and 
follows the steric hindrance model. In addition, from this OH density on, the Hf atom 
density exceeds the steric hindrance limit for singly adsorbed -HfCl3 species (2.9 
Hf/nm2). First of all, the agreement with the steric hindrance model indicates that we 
made a good estimation of the maximum allowable number of Cl ligands on the 
surface (# Rmax) before steric hindrance prevails. Second, this observation implies that 
the higher Si-OH density allows HfCl4 to react with more than one OH surface site 
while a maximal packing of Cl ligands is maintained. As a result, between Hf atom 
densities of 2.9 and 3.9 Hf/nm2, HfCl4 has bonded with both one and two Si-OH 
surface sites through ligand exchange. This observation relates to the occurrence of 
steric hindrance during HfCl4 chemisorption in the first reaction cycle. Hence, we 
suggest that steric hindrance is also responsible for the earlier observed saturation in 
HfCl4 chemisorption to ~4.7 and ~3.9 Hf/nm2 for ~0.8 nm wet oxides with 
stabilization times of 30 s and 30 min, respectively (Figure 3.6, Figure 3.9). 

The HfCl4 chemisorption reaction with OH surface sites is independent of the 
atom on which the OH site is grafted (Figure 3.12). As for Si-OH surface sites, the Hf 
atom density increases linearly with increasing amount of Al-OH surface sites, at least 
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for OH surface densities below 2.8 OH/nm2. As this linear correlation corresponds 
well to model 1 – a, our data indicate that HfCl4 reacts with a single OH surface site, 
irrespective of the oxide surface on which the OH site is located. Also on Al2O3, too 
high OH surface densities result in steric hindrance of the chemisorbed -HfCl3 
compound. Although we do not have many data for this surface, the Hf atom density 
seems to follow the steric hindrance model from 2.8 OH/nm2 on. At ~6 OH/nm2, the 
Hf atom density levels off to 3.2 Hf/nm2 which can only be understood if each HfCl4 
molecule has reacted with almost 2 Al-OH surface sites while a maximal packing of 
Cl ligands is maintained. Finally, we should mention that the Hf atom densities on 
Al2O3 seem somewhat shifted towards higher OH surface densities compared to those 
obtained on Si-OH surface sites. This is probably due to the accuracy of Al-OH 
surface densities in literature. While the Si-OH surface densities are extracted from 
several publications [34-36], only one is available for the Al-OH surface density [37]. 
Moreover, the latter uses 1H NMR, which has been shown to result in high surface 
density values for Si-OH [34-35] when compared to those measured by other 
techniques [36]. 
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Figure 3.12 Relation between the Hf atom density at 300°C after the first HfCl4 
chemisorption reaction and the OH density on SiO2 [34-36] and Al2O3 [37] surfaces. 
Si-OH surface densities up to 6 OH/nm2 have been reported [29], while more than 8 
OH/nm2 can be present on the Al2O3 surface [37]. The dashed and continuous lines 
correspond to model 1 and 2, respectively. 
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3.4.2 Surface dependence of the TEMAH precursor 

Despite its limited thermal stability [14-15] and the detrimental impact of C-
contamination on leakage current [38-43], the metalorganic TEMAH shows some 
attractive properties which makes it an interesting precursor for the ALD of HfO2 
dielectrics. First of all, as TEMAH is a liquid, its high vapor pressure allows adequate 
deposition rates at source temperatures lower than those required for HfCl4 [14-15]. 
Second, in the ALD of HfCl4/H2O, the corrosive by-product HCl might affect the 
quality of the growing film [44]. This is not the case for TEMAH as HfO2 deposition 
results in the formation of non-corrosive by-products such as HNCH3C2H5 [14-15,45-
46]. Third, based on the energy of the metal-ligand bond, both precursors should show 
sufficient reactivity towards any hydroxylated surface [47]. However, because the Hf-
N bond is almost 100 kJ/mol less stable than the Hf-Cl bond [48], higher reactivity is 
expected for the metal alkylamide precursor. Chemisorption with Si-OH surface sites 
is, as with HfCl4, thought to occur through ligand exchange (Eq. (3 – 9)), during 
which one precursor molecule is able to react with x (1 ≤ x ≤ 3) OH surface sites and 
simultaneously create x volatile dialkylamide complexes [45-46].  

→+− )g(4523)s(x )HCNCH(Hf)OH(Si

4(523x )HCNCH(HfOSi )g(523)s()x HCHNCHx+−− −  (3 – 9) 

Finally, efficient chemisorption of the metalorganic TEMAH has been reported on 
both thermal oxides [49] and H-terminated Si [8-13]. The less pronounced surface 
dependence of TEMAH implies easier integration of this ALD process in gate stack 
applications, as HfCl4 requires the presence of Si-OH sites and, hence, an oxide layer 
which contributes to the EOT of the gate stack. 

In the following sections, we evaluate the importance of Si surface 
pretreatment on the TEMAH chemisorption during the first reaction cycle. Its larger 
ligands however are thought to sterically hinder precursor chemisorption and, hence, 
decrease the Hf atom density compared to HfCl4. On the other hand, interpretation of 
the importance of steric hindrance is complicated by TEMAH’s limited thermal 
stability [14-15] as decomposition decreases ligand size and, therefore, could enhance 
chemisorption again. 
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3.4.2.1 Steric effects and thermal stability of TEMAH 

3.4.2.1.1 Application of theoretical models in TEMAH chemisorption 

While the applicability of model 1 is independent of the type of metallic 
precursor, its ligand size affects the onset for steric hindrance in model 2. For HfCl4, 
the maximum number of Cl ligands on a flat surface is estimated to be 8.8 Cl/nm2, 
assuming that the ligands exhibit a hexagonal close packing. As a result, steric 
hindrance starts to restrict HfCl4 chemisorption from 2.9 Hf/nm2 on (section 3.4.1.2). 
Although -NCH3C2H5 ligands are not spherical, we still assume that a hexagonal close 
packing is the most efficient for these ligands. The ligand radius is estimated from the 
distance between the N atom and the H atom which is most distant from the surface, 
as indicated by the arrow in Figure 3.13, and their Van der Waals radii. Based on a 
ligand radius of 3.1 Å, we calculate that steric hindrance limits the maximum amount 
of ligands on the surface to 3.0 per nm2 [18]. As a result, we obtain a steric hindrance 
limit for singly adsorbed -Hf(NCH3C2H5)3 species of ~1 Hf/nm2. This implies that, on 
a fully hydroxylated oxide, up to three times less Hf will be deposited with TEMAH 
than with HfCl4. On the other hand, the assumption of spherical ligands with a 
hexagonal close packing probably underestimates this value for the metalorganic 
precursor. 

Figure 3.13 Schematic overview of the HfCl4 (left) and TEMAH (right) precursor. 
For each precursor, one ligand is shown while the other three are indicated by R.  

3.4.2.1.2 Steric hindrance in TEMAH chemisorption 

Steric hindrance of adsorbed -NCH3C2H5 ligands does not limit TEMAH 
chemisorption to the theoretical assumed value of ~1 Hf/nm2 because atom densities 
of ~3.7 Hf/nm2 can be obtained when TEMAH pulse lengths of 10 s are applied 
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(Figure 3.14). This high density is achieved on a fully hydroxylated wet oxide after 60 
s stabilization time in a Pulsar® 3000 reactor at 285 °C. Although different deposition 
conditions prevent a direct comparison to Hf atom densities acquired with HfCl4 (30 
min stabilization time in a Pulsar® 2000 reactor at 300 °C; Table 3.2), the difference 
between both is never as large as predicted by the steric hindrance model, as will be 
confirmed in section 3.4.2.2. One possible explanation is that we hugely 
overestimated the radius of the -NCH3C2H5 ligand. However, as TEMAH 
chemisorption results in more than three times higher Hf atom densities than 
calculated, overestimation alone can not explain the observed difference. Therefore, 
we suggest that the ligands of the chemisorbed TEMAH decompose during exposure 
to the ALD reactor temperature and, hence, make more surface area susceptible for 
further TEMAH chemisorption. An overview of possible decomposition paths is 
provided in the next section, where we distinguish between decomposition in the gas 
phase and decomposition when chemisorbed on the surface. 
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Figure 3.14 Hf atom density after TEMAH chemisorption on a fully hydroxylated 
wet oxide as a function of the position on the wafer: near the precursor entrance 
(inlet), in the center of the wafer (center), and towards the exhaust (outlet). 
Depositions are performed for TEMAH pulse lengths of 0.1, 1 and 10 s at 285°C after 
60 s stabilization in the Pulsar® 3000 reactor.  

For HfCl4, we have shown that steric hindrance eventually limits 
chemisorption on surfaces with plenty Si-OH surface sites (> 2.9 OH/nm2) and that up 
to 3.9 Hf/nm2 can be deposited on a fully hydroxylated wet oxide. Similar Hf atom 
densities can be obtained for both precursors when the volume of the remaining -
NCH3C2H5 ligands approaches that of the Cl atom, on the condition that both 
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precursors show similar reactivity towards the exposed Si-OH surface sites. Based on 
this suggestion, ligand decomposition could have a positive impact on the ALD of 
HfO2 as more precursor chemisorption and, hence, faster layer closure can be 
obtained. An indication that ALD, or at least controlled growth, is still occurring after 
10 s TEMAH is provided by the uniformity of the HfO2 monolayer, as differences 
between the Hf atom density at the inlet, center and outlet of the cross-flow reactor 
are within the experimental error of 2 % (Figure 3.14). Enhanced precursor 
chemisorption because of ligand decomposition can be limited when shorter pulse 
lengths are applied. For a TEMAH pulse of 1 s, a uniform layer can be grown at a 
reduced Hf atom density of ~3.3 Hf/nm2. Shorter pulse lengths however result in 
insufficient precursor dosing at the studied source temperature, as no Hf is deposited 
near the precursor outlet when TEMAH pulses of 0.1 s are applied.  

3.4.2.1.3 Thermal stability of TEMAH 

In general, several reactions are possible when TEMAH is exposed to the 
ALD reactor temperature (Figure 3.15). Before ligand exchange (Eq. (3 – 9)) is 
established between TEMAH and the present surface sites, gaseous TEMAH (g) 
physisorbs (p) on the surface (s). As physisorption only results in a weak interaction, 
the adsorbed TEMAH can still desorb from the surface. This adsorption and 
desorption process is schematically indicated by the rate constants kads,1 and kdes,1, 
respectively. Once chemisorption (c, kchem,1) is complete, the TEMAH compound can 
decompose on the surface with a certain rate constant kdec,2. This decomposition 
results from TEMAH’s limited thermal stability [14-15] and can include partial 
decomposition of the -NCH3C2H5 ligands up to complete ligand removal. Partial 
ligand decomposition has been proven to occur as both CH4 and C2H6 [14,50] have 
been detected in the gas phase. Complete ligand removal on the other hand can be 
obtained by, for instance, homolytic bond cleavage [14,50] and β-H elimination 
[15,51] as both reduce the precursor size to Hf(NCH3C2H5)(4-x)-y and Hf(NCH3C2H5)(4-

x)-yHy (0 ≤ x, y ≤ 3), respectively. Nevertheless, both types of decomposition decrease 
precursor size and make more surface area susceptible for chemisorption. Enhanced 
chemisorption is indeed observed when the chemisorbed precursor is exposed for 
more than 1 s to the ALD reactor temperature, as the Hf atom density has increased by 
~0.4 Hf/nm2 after 10 s of TEMAH (Figure 3.14). Moreover, gaseous TEMAH could 
be reactive towards the decomposed surface sites, which results in uncontrolled 
growth without maintaining the self-limiting growth principle of ALD. This parasitic 
growth can be characterized by a certain adsorption and desorption rate constant, 
indicated by kads,3 and kdes,3. Parasitic growth has been shown to result in non-uniform 
layers and is function of both the deposition temperature and the precursor pulse 
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length, as is explained into more detail in Chapter 4. The impact of surface 
pretreatment on TEMAH chemisorption, as discussed in the next sections, is therefore 
investigated for precursor pulse lengths of only 1 s, as they result in uniform Hf 
coverage (Figure 3.14) with limited contribution of surface decomposition and 
parasitic growth. 

Figure 3.15 Schematic representation of the possible reactions during the TEMAH 
pulse. The indices s and g stand for surface and gas phase species, while p and c 
indicate physisorption and chemisorption, respectively. The different processes that 
occur are chemisorption (chem), decomposition (dec), adsorption (ads) and desorption 
(des). Arched and solid symbols indicate TEMAH that has or has not decomposed, 
respectively. 

TEMAH’s limited thermal stability [14-15] could also induce precursor 
decomposition in the gas phase (kdec,1 in Figure 3.15). Here, we also distinguish 
between complete removal and partial decomposition of the attached ligands. If gas 
phase decomposition would result in the formation of less volatile species, these 
species are expected to condense on the exposed surface, especially near the precursor 
entrance. This uncontrolled, CVD-like growth would then result in a thickness 
gradient over the wafer, with the highest deposition at the inlet. We can exclude 
condensation during the ALD of TEMAH/H2O at 285°C, as TEMAH pulse lengths of 
1 s result in very uniform HfO2 layers with standard deviations below 1 % (Chapter 
4). Moreover, because of the cross-flow design of the ALD reactor, the residence time 
of TEMAH molecules is constant, irrespective of their pulse length. As a result, 
condensation will also be absent during TEMAH/H2O ALD with TEMAH pulse 
lengths above 1 s. On the other hand, this observation only excludes condensation due 
to gas phase decomposition, not gas phase decomposition in general. The decomposed 
precursor molecules could retain their volatility and react with the surface in a 
controlled manner (kads,2, kdes,2 and kchem,2). Therefore, next to the standard ligand 
exchange reaction between TEMAH and Si-OH surface sites (Eq. (3 – 9)), we propose 
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that chemisorption can also be established when decomposed precursor molecules 
react with these surface sites through ligand exchange, as is shown in Eq. (3 – 10).  

→+− − )g()y4(523)s(x )HCNCH(Hf)OH(Si

()xy4(523x )HCNCH(HfOSi )g(523)s HCHNCHx+−− −−  (3 – 10)

According to this reaction, the smaller size of the incoming molecules is beneficial 
during chemisorption from a steric point of view. For instance, when TEMAH loses 
one ligand due to homolytic bond cleavage, the lower limit for steric hindrance 
increases from ~1 up to ~1.5 Hf/nm2. Anyway, as we can not distinguish between Eq. 
(3 – 10) and Eq. (3 – 9), we assume that decomposed precursor molecules show 
similar reactivity as TEMAH towards the different Si-based surface sites that are 
investigated during the next sections. 

3.4.2.2 Importance of surface sites in TEMAH chemisorption 

Compared to HfCl4, TEMAH shows lower sensitivity towards the type of 
surface site. Table 3.3 summarizes the Hf atom densities obtained after HfCl4 and 
TEMAH chemisorption on various starting surfaces when processed with similar 
conditions (Pulsar® 3000 reactor at 300°C with 30 min stabilization). On H-terminated 
Si, TEMAH deposits up to 8 times more Hf compared to HfCl4, which indicates the 
higher affinity of TEMAH towards these Si-H surface sites. Also, because Hf atom 
densities of 0.8 Hf/nm2 are feasible on such a surface, other reactions than the ligand 
exchange (Eq. (3 – 9)) have to occur. On a wet oxide, grown in a 1 ppm O3/H2O 
solution, HfCl4 chemisorption results in 0.3 Hf/nm2 while 1.1 Hf/nm2 is obtained with 
TEMAH. The higher atom density for TEMAH is in agreement with the enhanced 
deposition on H-terminated Si as this wet oxide consists mainly of Si-H surface sites 
(Figure 3.11). Less Si-H and more Si-OH surface sites are susceptible for precursor 
chemisorption when the O3 concentration is increased. With increasing O3 
concentration, the chemisorption difference between both precursors diminishes and, 
eventually, HfCl4 chemisorption exceeds that of TEMAH when the Si surface is 
prepared in a 20 ppm O3/H2O solution (Table 3.3 b). The lower Hf atom density on a 
fully hydroxylated wet oxide does not imply that TEMAH shows lower affinity than 
HfCl4 towards Si-OH surface sites. On the contrary, TEMAH reacts well with Si-OH 
surface sites as a Hf atom density of 2.7 Hf/nm2 is already up to three times higher 
than what we expect based on our calculations (section 3.4.2.1.2) and we know that 
this amount can still increase when longer TEMAH pulse lengths are applied (Figure 
3.14). 
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Table 3.3 Hf atom density (Hf/nm2) on Si surfaces after the first HfCl4 and 
TEMAH reaction. With exception of the hydroxylated thermal oxides (RTO + SC1), 
all surfaces were stabilized for 30 min at 300°C before introducing HfCl4 and TEMAH 
into the Pulsar® 3000 reactor.  

 Si surface pretreatment HfCl4 TEMAH 

(a) H-terminated Si HF dip 0.1 0.8 

(b) Wet oxides 20 ppm O3/H2O 3.1 2.7 

 1 ppm O3/H2O 0.3 1.1 

(c) Hydroxylated thermal oxide RTO + SC1 3.2 2.9 

 RTO + SC1 + 300°C 3.2 2.8 

 RTO + SC1 + 550°C 2.4 2.5 

 RTO + SC1 + 650°C 1.9 2.1 

 RTO + SC1 + 750°C 1.5 1.9 

 RTO + SC1 + 850°C 1.3 1.9 

TEMAH shows better affinity towards Si-O-Si bridging sites as indicated by 
its less pronounced dependence on the annealing temperature and, hence, OH surface 
density of the hydroxylated thermal oxide (Table 3.3 c, Figure 3.16). On a 
hydroxylated thermal oxide that is equilibrated at 850°C, the Hf atom density 
increases from 1.3 to 1.9 Hf/nm2 when HfCl4 is replaced by TEMAH. Because this 
surface contains the lowest amount of Si-OH surface sites (~0.8 OH/nm2) and 
therefore the highest fraction of Si-O-Si bridging sites, the higher atom density of 
TEMAH indicates its higher affinity towards such sites. This higher affinity is also 
observed when we compare the dependence of the Hf atom density on the 
stabilization time in the ALD reactor for both precursors. When the stabilization time 
is enlarged from 60 s to 30 min before TEMAH chemisorption, the Hf atom density 
decreases by 0.6 Hf/nm2 on a fully hydroxylated wet oxide. For the same surface and 
deposition conditions, the low reactivity of HfCl4 towards Si-O-Si bridging sites 
results in a decrease of more than 0.8 Hf/nm2. Because of TEMAH’s higher affinity, 
we are not able to determine the stoichiometry of ligand exchange with Si-OH surface 
sites, as was done for HfCl4 in section 3.4.1.2.2. We can conclude however that, 
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despite reaction with Si-O-Si bridging sites, the Hf atom density increases weakly 
with increasing OH surface density. For all surfaces, this density is higher than 
predicted by the steric hindrance model. As suggested before, decomposition of 
chemisorbed TEMAH molecules allows more deposition as it lifts the steric hindrance 
limit up. 
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Figure 3.16 Relation between the Hf atom density after the first HfCl4 and 
TEMAH chemisorption reaction and the OH surface density on SiO2 surfaces as 
determined in literature [34-36]. While HfCl4 chemisorption is established at 300°C in 
the Pulsar® 2000 reactor, TEMAH is grown at 285°C in the Pulsar® 3000 reactor. The 
dashed and continuous lines correspond to model 1 and 2, respectively. 

3.5 Impact of surface sites beyond the first ALD cycle 

3.5.1 The HfCl4/H2O process 

The impact of Si surface pretreatment on the HfCl4 chemisorption is not 
limited to the first reaction cycle. In case of poor reactivity towards the initial surface 
sites, the GPC is low because of the inhibited growth. Upon further growth, the 
difference in reactivity between the starting surface and the sites on the growing ALD 
film causes the layer to grow in islands, resulting in slow layer closure and hence poor 
film morphology and electrical performance. This behavior has been observed for the 
ALD of HfCl4/H2O on H-terminated Si [2,4,6-7,52-53]. Higher quality films are 
obtained on wet oxides as they contain larger amounts of reactive Si-OH surface sites 

 75



Chapter 3 

[2,4,6-7]. However, because of EOT restrictions, the thickness of these oxides can not 
simply be optimized in order to maximize their OH density and, hence, HfCl4 
chemisorption. Therefore, although unrealistic, the ideal surface pretreatment 
generates Si-OH sites without any Si-O back bonding. In the next sections, we 
investigate to what extent the initial surface sites influence the growth characteristics 
and quality of ALD HfO2 layers. 

3.5.1.1 Impact on growth characteristics 

The presence of reactive OH surface sites results in linear ALD growth 
(Figure 3.17). On a fully hydroxylated wet oxide, good reactivity of HfCl4 towards the 
initial Si-OH surface sites results in the deposition of 3.9 Hf/nm2 during the first ALD 
cycle (Table 3.2 b). From the 2nd cycle on, linear growth is obtained as each 
HfCl4/H2O reaction cycle deposits a similar amount of Hf. Also on an Al2O3 surface, 
covered by Al-OH sites, the Hf atom density increases linearly with increasing 
number of ALD cycles. Because of this linearity, the slope of the HfCl4/H2O growth 
curve provides the GPC of this process. We observe that the HfCl4 chemisorption 
during bulk growth is limited compared to that during the first cycle on both surfaces 
as the GPC has lowered to 1.6 Hf/nm2. As explained before, a limited GPC is induced 
by a low number of reactive surface sites or by steric hindrance of the adsorbed 
precursor molecules. As steric hindrance only affects the HfCl4 chemisorption from 
2.9 Hf/nm2 on (Figure 3.12), a limited number of reactive sites on the ALD grown 
HfO2 layer has to be the cause of the restricted GPC during bulk growth. This is 
investigated into more detail in Chapter 4. 

The low affinity of HfCl4 towards Si-H surface sites inhibits the Hf 
incorporation during the initial stage of HfCl4/H2O ALD (Figure 3.17). After an 
inhibition period of 30 cycles, the Hf atom density increases linearly with increasing 
number of ALD cycles. The slightly higher slope however indicates that the GPC is 
more than 1.6 Hf/nm2, which can be explained when HfO2 grows in an island-like 
formation on the H-terminated Si surface [2,53]. During island growth, the presence 
of microscopic roughness enhances the GPC compared to that during more continuous 
ALD growth as more surface is susceptible for HfCl4 chemisorption. Once the HfO2 
islands have coalesced into a closed layer, the GPC is similar for both starting 
surfaces [2]. On the H-terminated Si, 50 ALD cycles are necessary to stabilize the 
GPC to 1.6 Hf/nm2. Intermediate behavior is observed for wet oxides, grown in 
O3/H2O solutions with O3 concentrations below 20 ppm. On these oxides, the 
inhibition period decreases with increasing OH surface density until it finally 
disappears and growth proceeds linearly (inset Figure 3.17). 
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Figure 3.17 Comparison of the HfCl4/H2O growth curve on Si-OH and Al-OH 
(closed symbols), and Si-H (open symbols) surface sites at 300°C. Si-OH surface sites 
correspond to an IMEC clean, grown in a 20 ppm O3/H2O solution. The inset shows 
the first 5 ALD cycles on wet oxides, grown in low O3-concentrated solutions after 30 
s stabilization time.  
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The most linear growth deposits a continuous HfO2 layer (Figure 3.18). With 
TOFSIMS, the steepest decrease in substrate intensity reveals the fastest layer closure 
and, hence, the most two-dimensional HfO2 growth (Chapter 2). We observe the most 
continuous HfO2 ALD to occur on fully hydroxylated SiO2 as it approaches the two-
dimensional reference. Slower decay of the Si intensity, as is the case for the H-
terminated surface, points towards island growth. This growth mode is consistent with 
the earlier observed inhibition and subsequent enhancement in GPC (Figure 3.17). 
Shorter inhibition on wet oxide surfaces results in less pronounced island growth, 
faster layer closure and, hence, improved HfO2 quality. Intermediate behavior is also 
observed on Al-OH surface sites, despite their linear growth behavior. This could 
indicate that island growth occurs during the first ALD cycles. From the 6th ALD 
cycle on, the Al substrate signal decays faster and parallel to that of the fully 
hydroxylated Si substrate, indicating more two-dimensional growth. Similar growth 
behavior has been observed for the ALD of HfCl4/H2O on Ge substrates [54-55]. The 
slower layer closure on Al-OH surface sites compared to Si-OH surface sites can, next 
to island growth, also be due to diffusion of Al in the HfO2 layer at the ALD growth 
temperature of 300°C. ZrO2/Al2O3 laminate structures have been observed to intermix 
upon annealing [56] and, because of the chemical similarity between Zr and Hf, the 
same can be expected for HfO2. We did not further investigate this matter as Al2O3 
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has shown to be inappropriate as an interfacial layer in high-performance applications 
[57]. 
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Figure 3.18 Decay of the TOFSIMS substrate intensity for ALD HfO2 films grown 
on Si-OH and Al-OH (closed symbols), and Si-H (open symbols) surface sites. The 
trendline shows the expected decay of the substrate intensity for perfect two-
dimensional growth. 

3.5.1.2 Impact on layer properties 

Inhibition and island-like HfO2 growth degrade the quality of the dielectric 
layer (Table 3.4). Comparison of the roughness of the ALD-grown layers on H- and 
OH-terminated Si affirms that the most two-dimensional HfO2 growth is obtained on 
a fully hydroxylated surface. For HfO2 layers between 1 and 3 nm, the rms roughness 
is up to 0.2 nm higher on H-terminated Si. The effect of substrate inhibition is also 
visible on a larger scale, as 50 ALD cycles are necessary to deposit a uniform HfO2 
layer of ~3 nm with a standard deviation below 3%. On the other hand, this degree of 
uniformity is independent of the HfO2 thickness when growth is established on an 
IMEC clean surface. Moreover, the type of surface pretreatment affects the density of 
the ALD layers. On a Si-OH surface, 15 cycles of HfCl4/H2O ALD results in a HfO2 
layer of ~1 nm and ~27.5 Hf/nm2 (Figure 3.17). This molecular density of ~27.5 
Hf/nm3 corresponds to HfO2 layers with bulk density, indicating that the HfCl4/H2O 
process is able to deposit HfO2 layers with bulk density from 15 ALD cycles on. We 
have to mention that layer densities as measured by XRR are typically higher than 
those reported in literature (9.68 g/cm3) [58]. The use of a H-terminated surface not 
only doubles the number of necessary ALD cycles to deposit the same amount of Hf, 
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it also reduces the HfO2 density by almost 40%. The lower quality of nm-thin HfO2 
layers, grown on a Si-H surface, results in poor dielectric properties as their leakage 
current is up to five orders of magnitude higher than when HfO2 is grown without 
substrate inhibition [52]. Because of their higher OH surface density and, hence, 
limited substrate inhibition, we investigate the EOT and leakage current performance 
of ~2 nm thin HfO2 layers (40 ALD cycles) on wet and etched ISSG oxides. 

Table 3.4 Overview of some HfO2 layer characteristics, grown by the ALD of 
HfCl4/H2O on Si-H and Si-OH surface sites. Thickness, density and rms roughness 
are measured by XRR.  

ALD cycles Hf/nm2 Thickness, nm Density, g/cm3 Rms roughness, nm 

Si-H surface sites 

15 6.1 0.7 4.1 0.5 

30 29.5 1.8 6.4 0.5 

50 70.6 2.8 9.4 0.5 

Si-OH surface sites 

15 27.5 1.1 9.8 0.3 

30 51 1.9 9.9 0.3 

50 79 3.1 10.6 0.3 

Etched ISSG oxides with ~2 nm HfO2 on top can be scaled down to EOT 
values of 0.75 nm (Figure 3.19, Figure 3.20). The EOT of the gate stack increases 
when the SiO2 thickness is enhanced from 0.6 to 1 nm. As the HfCl4 chemisorption 
during the first reaction cycle differs only marginally for this thickness range (Figure 
3.9), no impact of oxide thickness and therefore OH surface density is expected when 
40 cycles of HfCl4/H2O are deposited. Hence, the increase in EOT can be completely 
attributed to an increase in Interfacial Oxide Thickness (IOT). However, it has to be 
pointed out that the difference in SiO2 thickness between the two utmost capacitors 
does not match the difference in EOT value as the latter increases only by ~0.2 nm. 
An ellipsometric measuring issue could be responsible for this observation as 
ellipsometry is known to overestimate the thickness of nm-thin layers (Chapter 2). On 
the other hand, the thinnest oxides might suffer from interfacial regrowth within the 
applied thermal budget (520°C) and increase the EOT as such. During this increase in 
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EOT, the leakage current decreases with a slope of about 0.5 decade per Å. The same 
slope is observed when SiO2 is used as the gate dielectric [52], implying that the 
variation in EOT/leakage current behavior is simply induced by the variation in 
interfacial oxide thickness. The thinnest working device shows a leakage of 
approximately 10-2 A/cm2 at an EOT value of 0.75 nm, corresponding to an interfacial 
etched ISSG oxide of ~0.6 nm, as measured before HfO2 deposition. Thinner oxides 
result in excessive leakage, which is probably due to the high defect density of the 
gate stack, caused by pitting of the initial ISSG oxide. 
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Figure 3.19 EOT as a function of the initial SiO2 thickness, as measured before 
HfO2 deposition. HfO2 layers of ~2 nm are grown at 300°C on wet oxides (closed 
symbols) and etched ISSG oxides (open symbols) of various thicknesses. 

In contrast to etched ISSG oxides, working devices can be made from wet 
oxides that are initially thinner than 0.6 nm (Figure 3.19, Figure 3.20). However, these 
thin oxides suffer from IOT regrowth as a wet oxide from ~0.25 nm yields the same 
EOT as an etched oxide of ~0.6 nm, despite its initial chemisorption difficulty (Figure 
3.9). As wet oxides grow in an island-like mode and their thickness is well below the 
diffusion-limited thickness, the Si substrate could easily be re-oxidized during the 
ALD process and the applied thermal budget [59]. From approximately 0.8 nm on, the 
wet oxides seem to be stable against regrowth and qualitatively equal to the etched 
ISSG oxides. The three thinnest oxides however show up to two decades more 
leakage than their corresponding etched oxide at the same EOT, which implies that 
leakage is not induced by direct tunneling as both interfacial oxides have similar 
thicknesses. The low quality of the gate stack is probably related to the observed IOT 
regrowth. Moreover, degradation might be enhanced by the limited OH density of the 
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thinnest oxides, as this inhibits HfCl4 chemisorption and results in island-like HfO2 
growth (Figure 3.17, Figure 3.18). Finally, this EOT/leakage behavior is independent 
of the Si substrate orientation. Despite their difference in oxidation behavior and ALD 
HfO2 nucleation (Figure 3.4, Figure 3.5, Figure 3.6), both (100) and (110) Si-based 
transistors show a leakage current of 5.10-2 A/cm2 at an EOT of 1.1 nm when initially 
grown on a 1 ppm O3/H2O oxide. These similar characteristics indicate that the initial 
differences are trivial as they disappear when implemented in real transistor devices 
using conventional activation processes. 
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Figure 3.20 Leakage current as a function of EOT. The gate stack consists of ~2 
nm HfO2 layers (300°C) on wet oxides (closed symbols) and etched ISSG oxides 
(open symbols) of various thicknesses. 

3.5.1.3 Growth and layer characteristics as analyzed by in-situ techniques [7,60] 

All conclusions in this work are derived based on ex-situ analysis. However, 
in literature, publications can be found where in-situ characterization has been done. 
These in-situ studies confirm the observed impact of surface sites on the ALD of 
HfCl4/H2O and provide detailed information on the change in layer structure during 
this process. By Medium Energy Ion Scattering (MEIS), Chung et al. [7] detected that 
HfCl4 has nucleation difficulties on a H-terminated Si surface, resulting in very non-
linear and island-like growth. Even after ~30 ALD cycles, the Si surface was still not 
fully covered by HfO2. When the Si surface consisted of large amounts of Si-OH 
sties, no nucleation barrier was observed and growth occurred linearly from the first 
cycles on. MEIS also showed that the HfO2 layers, grown on Si-OH surface sites, are 
characterized by a very smooth surface while those grown on Si-H surface sites have 
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much poorer morphology. These observations are in agreement with our experimental 
results. Tallarida et al. [60] also monitored homogeneous HfO2 growth on 
hydroxylated thermal oxides with in-situ Synchrotron Radiation Photoelectron 
Spectroscopy. Moreover, their metrology allowed detection of the change in chemical 
nature of the film upon ALD growth [60]. After 3 cycles, the first HfO2 layer is 
formed. Here, Hf is bonded to O atoms related to the Si substrate, to Cl atoms and to 
OH surface sites. With increasing number of cycles, less Cl and more O is 
incorporated. As a result, a second HfO2 layer is formed after the 6th cycle with a 
density that is almost twice as high as that of the first layer. From this point onwards, 
Hf is bonded to both bridging O atoms from the first HfO2 layer and OH surface sites, 
resulting in the growth of bulk-like HfO2 with the correct stoichiometry.  

3.5.2 The TEMAH/H2O process 

The type of Si surface pretreatment affects the chemisorption of TEMAH less 
than that of HfCl4. The low reactivity of the latter towards Si-H surface sites is known 
to inhibit HfO2 deposition, resulting in island growth and poor layer characteristics 
(section 3.5.1). By using the ALD of TEMAH/H2O, the inhibition period is limited to 
maximal 7 reaction cycles [8-13]. However, the magnitude of this inhibition as well as 
the HfO2 quality depend on the TEMAH pulse length, especially as precursor 
decomposition could end up in parasitic growth (Chapter 4). In the next sections, we 
investigate the impact of Si-H and Si-OH surface sites on the growth characteristics 
and quality of ALD HfO2 layers, grown by the TEMAH/H2O process, and compare 
this to the results obtained with the HfCl4/H2O process.  

3.5.2.1 Impact on growth characteristics 

Compared to the ALD of HfCl4/H2O on H-terminated Si, less inhibition is 
observed for the TEMAH/H2O process as growth proceeds linear from ~7 cycles on 
(Figure 3.21). After inhibition, the Hf atom density increases fast due to island growth 
of the HfO2 dielectric [2,53] until the GPC stabilizes to 2.1 Hf/nm2 after 30 ALD 
cycles. Similar behavior is observed for the HfCl4/H2O process, where inhibition 
disappears after 30 cycles and a steady GPC is obtained after 50 cycles. The 
difference in substrate affinity as well as the higher GPC during bulk growth explains 
the shorter inhibition period for the metalorganic process. On a fully hydroxylated wet 
oxide, the bulk GPC is immediately obtained as linear growth occurs from the first 
cycle on. While HfCl4 chemisorption differs tremendously between the first cycle and 
bulk growth (3.9 versus 1.6 Hf/nm2, Table 3.2), less difference is observed when Hf is 
deposited with TEMAH/H2O (Table 3.3). We have to mention that the steady GPC of 
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the latter depends strongly on both the TEMAH and H2O pulse length, as will be 
explained in Chapter 4. 
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y = 1.6x  HfCl4/H2O
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Figure 3.21 Comparison of the HfCl4/H2O and TEMAH/H2O growth curve on Si-
OH (closed symbols) and Si-H (open symbols) surface sites. Si-OH surface sites 
correspond to an IMEC clean, grown in a 20 ppm O3/H2O solution 
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Figure 3.22 Decay of the TOFSIMS substrate intensity for ALD HfO2 films, grown 
by HfCl4/H2O and TEMAH/H2O, on Si-OH (closed symbols) and Si-H (open 
symbols) surface sites.  
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The most continuous ALD of TEMAH/H2O occurs on a fully hydroxylated 
wet oxide (Figure 3.22). As for the HfCl4/H2O process, chemisorption on this surface 
results in the most linear growth and, hence, the fastest layer closure. Inhibition on the 
H-terminated Si however causes the HfO2 layer to grow in an island-like formation. 
Because of limited inhibition, island growth is less pronounced and close to two-
dimensional for the TEMAH-based process. As a result, the H-terminated Si can be 
used as a starting surface in capacitor fabrication, which has interesting perspectives 
from an EOT point of view. 

3.5.2.2 Impact on layer properties 

As predicted by the growth characteristics, layer properties are not 
tremendously affected by the starting surface when the ALD of TEMAH/H2O is used 
to deposit the HfO2 layer (Table 3.5). After 20 ALD cycles, the HfO2 layers on a H-
terminated surface have densities which are ~93% of those grown on a fully 
hydroxylated surface. These differences however are close to the experimental error 
of ~5 % and are negligible compared to those observed with HfCl4/H2O (Table 3.4). 
Also remarkable are the high layer densities compared to those reported in literature 
(9.6 g/cm3 in [58]), which seems independent of the used ALD process. Similar as for 
the HfO2 density, the layer roughness is less affected by the type of surface 
pretreatment for TEMAH compared to HfCl4. For HfO2 layers between 2 and 3.5 nm, 
the use of a H-terminated Si surface increases the rms roughness with 0.1 nm while 
the same action results in almost 0.2 nm higher roughness for the HfCl4/H2O ALD 
(Table 3.4, Table 3.5). 

Table 3.5 Overview of some HfO2 layer characteristics, grown by the ALD of 
TEMAH/H2O on Si-H and Si-OH surface sites. Thickness, density and rms roughness 
are measured by XRR.  

ALD cycles Hf/nm2 Thickness, nm Density, g/cm3 Rms roughness, nm 

Si-H surface sites 

20 37.5 1.5 9.2 0.3 

30 62.0 2.2 10.1 0.4 

50 106.1 3.5 10.3 0.4 
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Table 3.5 continued 

ALD cycles Hf/nm2 Thickness, nm Density, g/cm3 Rms roughness, nm 

Si-OH surface sites 

20 41.4 1.5 9.9 0.3 

30 62.2 2.2 10.1 0.3 

50 104.0 3.6 10.6 0.3 
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Figure 3.23 Leakage current as a function of EOT. The gate stack consists of ALD 
HfO2 films, grown by HfCl4/H2O and TEMAH/H2O, on a Si-OH (closed symbols) 
and Si-H (open symbol) starting surface. The Si-OH surface is an IMEC clean oxide 
(20 ppm O3/H2O) of ~1.1 nm. 

In our experiments, HfO2 layers that are grown by the ALD of HfCl4/H2O 
exhibit more scaling potential than those grown by the TEMAH/H2O process, even 
though the latter shows higher affinity towards Si-H surface sites (Figure 3.23). On an 
IMEC clean surface, HfO2 layers of minimal 2 nm thick show better EOT/leakage 
current characteristics when the HfCl4/H2O process is used, despite their similar 
roughness and density. For the same EOT, the leakage current of TEMAH-based 
HfO2 films is 1 order of magnitude higher, which is probably related to the presence 
of C in the layers. Leakage is known to depend strongly on the C-content, as has been 
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established for various metalorganic ALD processes [38-43]. The origin of this C 
contamination is further discussed in Chapter 4. Although TEMAH-based HfO2 layers 
show intrinsically more leakage compared to those grown by HfCl4/H2O, they can be 
deposited on H-terminated Si because of TEMAH’s higher affinity towards Si-H 
surface sites. Such a surface is beneficial in gate stack applications as it lacks the 
presence of an (initial) interfacial layer. However, no real benefit is observed since the 
same EOT/leakage trend is followed as for the HfCl4/H2O layers on the IMEC clean 
oxide. Because this oxide, with an ellipsometric thickness of ~1.1 nm, can still be 
scaled down compared to the H-terminated Si, we can conclude that the presence of C 
eventually limits the scaling potential of HfO2 layers, grown by the ALD of 
TEMAH/H2O.  

3.6 Conclusions 

The availability of reactive surface sites and the choice of metallic precursor 
can affect the HfO2 nucleation. HfCl4 chemisorption is selective to Si-OH surface 
sites and is established through ligand exchange with these sites. This is indicated by 
both the increase in Hf atom density with increasing amount of OH surface sites and 
the relative inertness towards Si-H and Si-O-Si surface sites. Moreover, the affinity 
towards Si-OH sites is independent of the crystallographic orientation of the Si 
substrate and of the method of preparation, as similar amounts of Hf can be obtained 
on both wet oxides and hydroxylated thermal oxides. By combining our results to 
theoretical models, we find that each HfCl4 molecule reacts with a single Si-OH 
surface site up to densities of 2.9 OH/nm2. For higher OH surface densities, reaction 
occurs with more than one site because of steric reasons. This relation between Hf and 
OH surface densities is not limited to Si-OH surface sites, as similar results can be 
obtained with Al-OH surface sites. The chemisorption during the first ALD cycle also 
affects further HfO2 growth, as a limited number of reactive OH surface sites results 
in island-like growth and, hence, poor layer characteristics and electrical performance. 
Better behavior is expected for the metalorganic TEMAH precursor as TEMAH 
shows not only sufficient reactivity towards Si-OH, but also towards Si-H and Si-O-Si 
surface sites. On a wet oxide, the first ALD reaction cycle results in a lower Hf atom 
density compared to HfCl4, although higher densities are feasible when the TEMAH 
pulse length is increased from 1 to 10 s. This observation is probably related to ligand 
decomposition of the chemisorbed TEMAH compound. However, sufficient 
chemisorption is not the only requirement for good EOT/leakage behavior, as the 
presence of C (Chapter 4) limits the scalability of TEMAH-based HfO2 layers 
compared to those grown by the ALD of HfCl4/H2O. 
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Chapter 4  

Bulk growth of HfO2 

The results that are presented in this chapter have been partly published in: 

J. W. Maes, Y. Fedorenko, A. Delabie, L.-Å. Ragnarsson, J. Swerts, L. Nyns, S. Van Elshocht, C. 
G. Wang, and G. Wilk, ECS Transactions 11, 59 (2007). 

J. Swerts, N. Peys, L. Nyns, A. Delabie, A. Franquet, J. W. Maes, S. Van Elshocht, and S. De 
Gendt, to be submitted to Journal of the Electrochemical Society. 

4.1 Introduction 

In Chapter 3, we have shown that precursor molecules react efficiently with 
the Si substrate on the condition that this substrate contains sufficient reactive surface 
sites. The importance of surface sites however is not limited to the initial nucleation of 
ALD HfO2. Every precursor adsorption is dominated by the availability of surface 
sites. Once the substrate is completely covered by the ALD grown material, surface 
sites related to the grown layer play a vital role in the deposition process. The most 
two-dimensional growth is guaranteed when each precursor shows sufficient affinity 
towards the surface sites that are generated during the previous precursor pulse and 
when the amount of surface sites does not limit chemisorption. As both are influenced 
by the precursor combination and process conditions, the latter should be chosen with 
care as they affect the quality of the layer.  

In this Chapter, we compare the growth characteristics and properties of ALD 
HfO2 layers, deposited by three different precursor combinations. First, we investigate 
both half reactions of the HfCl4/H2O process by monitoring how the HfCl4 and H2O 
pulse length affect the Growth-Per-Cycle (GPC). We also perform Density Functional 
Theory (DFT) simulations to support our experimental observations, and evaluate the 
impact of deposition temperature on the GPC. Although the HfCl4/H2O process has 
been studied thoroughly in the past (as reviewed in [1] and [2-5]), its limited GPC 
justifies further attention as the HfCl4/H2O bulk GPC is only ~40 % of that obtained 
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during the first reaction cycle (Chapter 3). Second, we show that replacing H2O by O3 
as the oxidizing precursor enhances the GPC by more than a factor 2 at 300°C. The 
use of O3 also results in higher quality HfO2 layers, as is consistent with literature [6-
8]. Moreover, we propose some reactive species that can be formed during the O3 
pulse and relate the strong temperature-dependence of the HfCl4/O3 process to the 
abundance of these species and O3 decomposition. Third, we demonstrate that an 
increase in GPC is also feasible when HfCl4 is replaced by a metal alkylamide 
precursor such as Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino Hafnium, TEMAH). 
Also for the TEMAH/H2O process, we investigate the impact of metallic and 
oxidizing pulse, together with reaction temperature, on the GPC and HfO2 layer 
properties. As with the first reaction cycle (Chapter 3), decomposition of chemisorbed 
TEMAH plays an important role during bulk growth. In conclusion, in this Chapter, 
we obtain more insight in the importance of precursor chemistry by replacing the 
oxidizing and metallic precursor in the HfCl4/H2O process by O3 and TEMAH, 
respectively.  

4.2 Experimental details 

Most depositions are performed on 300 mm IMEC clean wafers in an ASM 
Pulsar® 3000 reactor. For the HfCl4/H2O process, the effect of the HfCl4 and H2O 
pulse length on the HfO2 GPC is investigated while the time between subsequent 
HfCl4 pulses is kept constant to account for the building up of HfCl4 vapor pressure, 
as discussed in Chapter 2 (Table 4.1). Depositions are performed at 300°C, unless 
mentioned otherwise. This is also the case for the HfCl4/O3 process, where O3 is 
generated from a 2.5 slm O2/0.5 slm N2 mixture (Chapter 2). For the O3-based HfO2 
layers, the Equivalent Oxide Thickness (EOT) and leakage current JG are determined 
after a 1 s anneal at 1030°C on transistors, with a gate stack consisting of a 0.5 nm In-
Situ Steam Generation (ISSG) oxide, a HfO2 layer (1.5 – 3 nm) and a PVD (Physical 
Vapor Deposition) TaN gate. The ALD of TEMAH/H2O is performed at optimized 
conditions, using a substrate temperature of 285°C. For all three chemistries, the GPC 
is extracted for layers of 100 cycles in order to minimize the impact of the starting 
surface on the total layer thickness because the used ellipsometry recipe does not 
differentiate between both layers (Chapter 2). 
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Table 4.1 Variation in precursor pulse and purge lengths (s) for the HfCl4/H2O 
process. X varies between 0.1 and 5 s. 

variable HfCl4 pulse HfCl4 purge H2O pulse H2O purge 

HfCl4 pulse x 10 - x 0.5 3 

H2O pulse/purge 1 3 x 10 - x 

H2O pulse/HfCl4 
purge 

1 10 - x x 3 

The effect of precursor combination is visualized in many ways. The GPC, 
expressed in terms of thickness or Hf atom density, is investigated by means of 
Spectroscopic Ellipsometry (SE), X-Ray Reflectivity (XRR) or Rutherford 
Backscattering (RBS). The experimental error on the GPC is about 2%, which is 
typically within the size of the data markers used in the figures. The density of the 
layers is extracted from XRR measurements or by combining mass, as determined by 
an analytical balance, with ellipsometric thickness. XRR is also a valuable technique 
to compare the roughness of the HfO2 films, grown by the various ALD chemistries. 
Atomic Force Microscopy (AFM) confirms the observed trends in XRR roughness. 
Time of Flight Secondary Ion Mass Spectrometry (TOFSIMS) not only indicates how 
effectively HfO2 can cover the substrate surface, but it also measures the type and 
relative amount of contamination in the layers. The efficiency of all precursor 
chemistries is evaluated electrically by comparing their EOT/leakage current 
behavior. The EOT of the gate stack is determined by fitting the Capacitance-Voltage 
(C-V) curve with the CVC tool [9], while the leakage current is extracted at a gate 
voltage of -1 V. Finally, we use DFT to compute the activation energy for HfCl4 
chemisorption on Si-OH and Hf-OH surface sites, and for hydrolysis of the Hf-Cl and 
Hf-N bonds in the adsorbed HfCl4 and TEMAH complex. 

4.3 The HfCl4/H2O process 

In Chapter 3, we show that optimized HfCl4 chemisorption during the first 
reaction cycle results in up to 3.9 Hf/nm2 on a fully hydroxylated SiO2 surface. Under 
similar process conditions, the ALD of HfCl4/H2O deposits HfO2 layers at a GPC of 
only 1.6 Hf/nm2. In this section, we therefore investigate the various parameters that 
affect the HfO2 bulk growth. First, the self-limiting feature of ALD requires that all 
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precursor reactions are saturated. Hence, we examine the saturation behavior of the 
HfCl4 and H2O reaction, and monitor how the pulse length of both precursors 
influences the GPC and properties of the deposited HfO2 layer. Also the purge plays 
an important role, as insufficient purging results in gas phase reactions which 
contribute to the thickness of the deposited film. Second, surface reactions in ALD 
need the availability of sufficient reactive surface sites. The amount and type of 
surface sites is not only determined by the used precursor combination, also the 
temperature has a major effect as it induces dehydroxylation of the grown surface. 

4.3.1 The HfCl4 chemisorption 

4.3.1.1 Effect of HfCl4 pulse time 

In our experiments, saturated HfCl4 pulses of 1 s are applied as they result in 
the most uniform HfO2 layers (Figure 4.1). The cross-flow design of the ASM Pulsar® 
3000 reactor allows easy investigation of the saturation behavior of the HfCl4 pulse 
(Figure 2.4). By monitoring the HfO2 thickness along the flow direction of the 
precursor, we can easily distinguish saturated growth from insufficient precursor 
dosing as the latter results in incomplete coverage of the surface. As shown in Figure 
4.1, a HfCl4 pulse of 0.1 s is clearly not long enough to saturate the surface as the 
thickness at the precursor outlet is nearly 10 % lower than that in the center of the 
wafer and even 17 % than that at the precursor inlet. Elongation of the HfCl4 pulse 
from 0.1 to 1 s improves the thickness non-uniformity over the wafer from ~5 % to 
~1.5 %. Such standard deviations are sufficient to examine the impact of the H2O 
pulse length in section 4.3.2. We must mention that, as an alternative for increasing 
the precursor pulse length, more uniform layers are also feasible with pulses of 0.1 s, 
on the condition that the source temperature is increased to enhance the HfCl4 vapor 
pressure (Chapter 2).  
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Figure 4.1 Wafer profiles of HfO2 layers, grown by 100 HfCl4/H2O cycles with 
varying HfCl4 pulse lengths on an IMEC clean surface (~1.1 nm). The arrow indicates 
the flow direction of the HfCl4 precursor. 

4.3.1.2 DFT simulations of HfCl4 chemisorption reactions 

HfCl4 can chemisorb on the surface in various ways. As indicated in Chapter 
1, three main classes of chemisorption mechanisms have been identified in thermal 
ALD [1]: association, dissociation and ligand exchange. The ligand exchange reaction 
has been shown to play a crucial role in the HfCl4 nucleation, as the amount of Si-OH 
sites determines the Hf deposition on the surface (Chapter 3). Also during HfO2 bulk 
growth, OH surface sites control the GPC of the HfCl4/H2O process [2,10-14]. Hence, 
we simulate the ligand exchange reaction for HfCl4 chemisorption into more detail, 
assuming that HfCl4 reacts with a single Hf-OH surface site for simplicity (Eq. (4 – 
1)). 

)g()s(3)g(4)s( HClHfClOHfHfClOHHf +−−→+−  (4 – 1) 

In Chapter 3, we have concluded that the HfCl4 reactivity towards OH surface 
sites does not depend on the nature of the site as similar amounts of Hf can be 
obtained on Si-OH and Al-OH surface sites. Here, we examine by means of DFT 
simulations if there is a difference in HfCl4 reactivity towards Si-OH and Hf-OH 
surface sites and if this difference can explain the observed variation in GPC between 
HfO2 nucleation (3.7 - 3.9 Hf/nm2) and bulk growth (1.6 Hf/nm2). We compute the 

enthalpy and entropy of all reactants (R), adsorption complexes (A), transition o oH S
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states (TS) and products (P) at standard conditions (20°C, 1 atm). The reported 
enthalpy and entropy values are relative to those obtained for the reactants. The rate at 
which the adsorption complex transforms into the transition state is determined by 
means of transition state theory [15], where the rate constant k is described by Eq. (4 

– 2). Here,  and  indicate the difference in enthalpy and entropy between 
the adsorption complex and the transition state, respectively, while kB, h, R and T 
stand for the Boltzmann constant, Planck constant, universal gas constant and 
temperature, respectively. 

‡,o ‡,oHΔ SΔ

R

‡,oS
RT

‡,oH
B ee
h

T
ΔΔ

−kk =  (4 – 2) 

Our simulations confirm that HfCl4 chemisorbs well on OH surface sites, 
irrespective of the atom on which the OH site is grafted (Figure 4.2). Reaction is 
thermodynamically favorable on Si-OH and Hf-OH surface sites, as both are 
exoenergetic with reaction enthalpies between -45 and -60 kJ/mol. Although the 
energy profile looks similar for both surface sites, the absolute values differ. During 
formation of the adsorption complex, HfCl4 adsorbs molecularly onto the surface and 
forms a stable complex with the OH surface site through a Lewis acid/base interaction 
between the oxygen lone pair electrons and an empty d-orbital of Hf. The adsorption 
complex however is ~37 kJ/mol more stable on a Hf-OH surface site than on Si-OH. 
This higher stability results from a weak electrostatic interaction between one of the 
Cl ligands and the surface Hf atom [16-17], and is hence absent for HfCl4 
chemisorption on Si-OH. The reaction proceeds through a 4-centered transition state, 
where one of the Cl ligands recombines with the hydrogen atom of the OH surface 
site. Here, the extra stability on Hf-OH has diminished to an energy difference of only 
~16 kJ/mol with the Si-OH surface site. Because the interacting Cl ligand is located 
further from the Hf atom at the surface, the second electrostatic interaction is much 
weaker compared to that in the adsorption complex. As a consequence, less energy is 
needed to reach the transition state when HfCl4 is adsorbed on a Si-OH surface site. 
However, this difference in energy between HfCl4 chemisorption on Si-OH and Hf-
OH surface sites is compensated by their variation in entropy, as indicated by their 
similar rate constant (5.6 107 versus 3.0 108 s-1 for reaction on Hf-OH and Si-OH, 
respectively). Finally, we should mention that, once HCl is formed in the transition 
state, this by-product is still electrostatically bound to the surface [17-21]. As the 
energy barrier for HCl desorption is negligible compared to that for formation [17-
21], we assume simultaneous formation and desorption in our simulations. Moreover, 
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a high desorption barrier would imply that a more efficient purge increases the GPC, 
which we do not observe. 

 

Figure 4.2 Comparison of the change in relative energy for HfCl4 chemisorption 
on a Si-OH (closed symbols) and Hf-OH (open symbols) surface site. The illustration 
shows the chemisorption of HfCl4 on Hf-OH. 

Mukhopadhyay et al. [17] suggest that the limited GPC of the HfCl4/H2O 
process is due to the occurrence of so-called non-growth ligand exchange reactions. In 
these reactions, one of the Cl ligands of the HfCl4 precursor is exchanged with an OH 
surface site, forming volatile hydroxychloride (Eq. (4 – 3)) and dihydroxychloride 
(Eq. (4 – 4)) species and simultaneously poisoning the existing surface site.  

)g(3)s()g(4)s( OHHfClClHfHfClOHHf +−→+−  (4 – 3) 

)g(22)s()g(3)s( )OH(HfClClHfOHHfClOHHf +−→+−  (4 – 4) 
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On Hf-OH, these reactions show energy barriers that are up to 20 kJ/mol smaller and 
kinetics that are up to 2 orders of magnitude faster than the desired ligand exchange 
reaction (Eq. (4 – 1)). This competition is absent on Si-OH surface sites, as both non-
growth ligand exchange reactions are at least 105 times slower than the preferred 
reaction. Hence, these reactions might explain why the HfO2 bulk GPC is much 
smaller than what we observe during the first reaction cycle on Si-OH surface sites. 
Also, re-adsorption of HCl, formed during the ligand exchange reaction (Eq. (4 – 1)), 
on the Hf-OH surface has been reported as a potential competing reaction [22]. 
However, we believe that other processes are more likely to limit the HfCl4/H2O GPC 
to 1.6 Hf/nm2, as is demonstrated in the next two sections. 

4.3.2 The hydrolysis reaction 

4.3.2.1 Effect of H2O pulse time 

As for the HfCl4 chemisorption, the hydrolysis of Hf-Cl bonds is thought to 
occur through a ligand exchange reaction between the H2O precursor and the 
chemisorbed -HfClx(OH)3-x (1 ≤ x ≤ 3) complex (Eq. (4 – 5)).  

)g()s(x3x)g(2)s(3 HCl)x3()OH(HfClOH)x3(HfCl −+→−+ −  (4 – 5) 

The efficiency of the hydrolysis reaction affects the amount of Hf-OH surface 
sites that are susceptible for HfCl4 chemisorption during the subsequent precursor 
pulse. Also dehydroxylation influences this amount, as is discussed in section 4.3.3. 
Unsaturated H2O reactions result in less Hf-OH surface sites and hence limit the GPC 
of the HfCl4/H2O process. Compared to the HfCl4 reaction, the hydrolysis saturates 
slowly as H2O pulse lengths up to 10 s are necessary to reach the required plateau 
(Figure 4.3). Moreover, irrespective of the H2O pulse length, the ALD of HfCl4/H2O 
results in very uniform HfO2 films with standard deviations below 2 %. This 
uniformity points towards low affinity of the precursor towards the chlorinated 
surface [23-24]. To further investigate this precursor reactivity and thermodynamic 
accessibility of the hydrolysis reaction, we perform DFT simulations. 
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Figure 4.3 GPC of the ALD HfCl4/H2O process at 300°C as a function of the H2O 
pulse length. The error margins indicate the standard deviation on the average GPC. 

4.3.2.2 DFT simulations of hydrolysis reactions 

As we assume that HfCl4 chemisorbs on a single Hf-OH surface site (Eq. (4 – 
1)), the incoming H2O precursor needs to react with up to three Hf-Cl bonds in the 
chemisorbed precursor complex. We simulate the energy path of all hydrolysis 
reactions for a -HfCl3 compound that is adsorbed on a Si-OH surface site. No large 
differences are observed in the energy profile when the precursor is grafted on a Hf-
OH surface site. 

The hydrolysis of each Hf-Cl bond shows a similar reaction path (Figure 4.4). 
First, H2O forms a stable chemisorbed complex by donating the lone pair electrons of 
the O atom into an empty d-orbital of the surface Hf atom. The relative energy of the 
adsorption complexes varies between -74 and -86 kJ/mol. Also the relative energy of 
the transition states, where a hydrogen atom of the H2O molecule reacts with one of 
the surface Cl ligands, is similar. Hence, all three hydrolysis steps are characterized 

by comparable activation energies HΔ  as 65 – 69 kJ/mol is necessary to reach the 
transition state. However, at least for the hydrolysis of the 2nd and 3rd Hf-Cl bond, the 
relative energy of the hydrolyzed surface and gaseous HCl is higher than that of the 
transition state. This indicates that the simulated hydrolysis reaction has limited 
accessibility from a thermodynamic point of view, as all reactions are only slightly 
exoenergetic to even endoenergetic. As a consequence, the reaction might be trapped 
in the adsorption state and therefore limit the conversion of Hf-Cl into the reactive Hf-
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OH surface site [20-21,25]. We must mention that these observations are explicitly for 
the studied reaction mechanism on this simplified cluster model, where we assume 
that the coordination number of Hf is limited to 4. For comparison, the reaction 
between gaseous HfCl4 and H2O, as in Chemical Vapor Deposition (CVD), is even 
more thermodynamically unfavorable. Estève et al. [18] simulated this reaction to be 
endoenergetic by ~8.4 kJ/mol while the hydrolysis of the 1st Hf-Cl bond of the 
chemisorbed –HfCl3 compound was exoenergetic by ~9.6 kJ/mol. 

 

Figure 4.4 Comparison of the change in relative energy for the hydrolysis of all 
three Hf-Cl bonds in the chemisorbed –HfCl3 compound. The illustration shows the 
hydrolysis of the first Hf-Cl bond when HfCl4 has bonded on a Si-OH surface site. 

The H2O reaction, as simulated by DFT in Figure 4.4, is not alone responsible 
for the low GPC of the HfCl4/H2O process. Based on our simulations, the purge might 
play an important role in the removal of HCl from the surface and, hence, in shifting 
the equilibrium towards the reaction products. Indeed, we observe a slight increase in 
GPC with elongation of the H2O purge, and this effect is more pronounced at higher 
temperatures. The absolute effect however is very minimal, as the GPC increases only 
3.5 % when the purge is enlarged from 3 to 9.5 s for a 0.5 s H2O pulse at 370°C. 
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Furthermore, the Cl-content of the grown HfO2 layers is less than 1 atomic %, which 
indicates that the hydrolysis is not as inefficient as expected from the DFT 
simulations. The observation of a decreasing GPC with increasing deposition 
temperature is also in contradiction with the simulated reaction paths, as a higher 
temperature increases the reaction rate and shifts the equilibrium to the right. The 
temperature dependence of the GPC and the occurrence of competing reactions during 
the ALD of HfCl4/H2O are discussed in section 4.3.3. 

4.3.2.3 Effect of H2O pulse on layer properties 

The HfO2 quality improves slightly when saturated H2O reactions of 10 s are 
applied. When the H2O pulse is elongated from 0.5 to 10 s, the GPC of the HfCl4/H2O 
process increases from 1.45 to 1.6 Hf/nm2 (Figure 4.3). This increase in GPC has the 
highest impact on a H-terminated Si surface, as it decreases the inhibition period and 
results in more two-dimensional HfO2 growth (Figure 4.5). More efficient hydrolysis 
also results in a lower Cl-content for the saturated HfCl4/H2O process (Table 4.2 in 
section 4.4). Furthermore, the growing HfO2 layers have a rms roughness of ~0.2 nm 
as determined by AFM, which is nearly ~0.07 nm lower than that of layers grown by 
H2O pulses of 0.5 s. The beneficial impact of the longer H2O pulse is also reflected in 
the electrical performance as leakage current is decreased by up to half a decade for 
an EOT range between 8.3 and 9.7 Å [2]. Note that a H2O pulse of only 0.5 s already 
deposits high-quality HfO2 layers with leakage currents below 10-1 A/cm2 [2]. Also, 
as indicated in section 4.3.2.1, short H2O pulses deposit uniform films (standard 
deviation < 2%) with densities equal to the bulk density of HfO2. Therefore, the short 
H2O pulse is mostly applied to deposit HfO2 dielectrics as their quality is nearly as 
good as that of films that are grown by saturated H2O pulses. Throughput is the main 
reason for this decision. While the saturated HfCl4/H2O process needs ~25 min to 
grow a 2 nm thick HfO2 layer, only ~5 min are necessary when the shorter H2O pulse 
is used. This time difference is mainly related to the longer purge times that are 
required for longer H2O pulses. 
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Figure 4.5 Comparison of the HfCl4/H2O growth curves for saturated (10 s – 
closed symbols) and nearly saturated (0.5 s – open symbols) H2O pulses on Si-H and 
Si-OH surface sites (300°C). 

4.3.3 The importance of Hf-OH surface sites 

In order to study the origin of the low bulk GPC of the HfCl4/H2O process, we 
investigated the chemisorption of HfCl4 and the subsequent hydrolysis of the Hf-Cl 
bonds in the chemisorbed precursor complex during the previous sections. Although 
the HfCl4 reaction might be confronted with so-called non-growth ligand exchange 
reactions [17] and the H2O reaction might get trapped in an equilibrium state, these 
reaction paths can not fully explain the low GPC and its dependence on the ALD 
reaction temperature. 

The HfO2 GPC decreases and becomes more dependent on the H2O pulse 
length with increasing deposition temperature (Figure 4.6). This is in contrast with 
what we expect as higher temperatures should enhance precursor reactivity and result 
in faster and more complete surface reactions. Consistent with our expectations is the 
observed decrease in Cl-content with increasing temperature, as it could indicate a 
more efficient hydrolysis reaction [2]. A possible explanation for the decrease in GPC 
is given by Aarik et al [26] as Quartz Crystal Microbalance (QCM) studies showed 
that the amount of Hf-OH surface sites that are involved in the ligand exchange 
reaction decreases with increasing deposition temperature. For the temperature range 
between 180 and 400°C, this implied that the number of participating OH surface sites 
decreases from 2 to 1 [26]. This observation not only indicates that we underestimated 
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the amount of reacting Hf-OH surface sites in Eq. 4 – 1, it also suggests that the 
amount of surface sites that are susceptible for HfCl4 chemisorption decreases with 
increasing deposition temperature. This amount is not only determined by the 
efficiency of the H2O reaction, but also by temperature-induced dehydroxylation of 
the OH-terminated surface. 
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Figure 4.6 Variation in GPC as a function of ALD reaction temperature. The GPC 
is shown for various H2O pulse lengths. 

The OH sites on the grown HfO2 surface, formed after the hydrolysis, are 
subject to dehydroxylation reactions. In these reactions, two neighboring Hf-OH 
surface sites react with each other resulting in the formation of an oxygen bridging 
site and the desorption of H2O from the surface (Eq. (4 – 6)).  

)g(2)s()s( OHHfOHfOHHf2 +−−→−  (4 – 6) 

In Chapter 3, we already indicate the importance of dehydroxylation reactions for 
SiO2 surfaces [27-30], as they affect the HfCl4 chemisorption during the first reaction 
cycle. Also for ZrO2, the number of OH surface sites decreases with temperature due 
to dehydroxylation [27]. Because of the chemical similarity between the Hf and Zr 
atom, the same behavior is expected to occur for HfO2. Indeed, kinetic Monte Carlo 
simulations affirm that dehydroxylation plays an important role in the temperature 
dependence of the HfCl4/H2O ALD [32-33]. Care should be taken however to 
interpret the obtained results as the desorbing H2O could react with HfCl4 in the gas 
phase and result in CVD growth when too short purge times are applied after the H2O 
pulse. Moreover, for H2O pulses of 10 s above 300°C, the GPC tends to saturate while 
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the Cl-content of the HfO2 layer still decreases (Figure 4.6) [2]. This implies that, 
besides the standard dehydroxylation (Eq. (4 – 6)), an extra reaction might occur 
between neighboring Hf-Cl and Hf-OH surface sites, resulting in a Hf-O-Hf bridging 
site and the desorption of HCl (Eq. (4 – 7)) [2]. 

)g()s()s()s( HClHfOHfClHfOHHf +−−→−+−  (4 – 7) 

An indication of the importance of dehydroxylation is given by the 
enhancement in Hf atom density when HfO2 surfaces are exposed to a moisture 
background at low temperature [2]. HfO2 surfaces are known to be sensitive towards 
H2O and contamination adsorption [34-35]. Hence, the exposure of HfO2 layers to a 
moisture background might rehydroxylate the surface through dissociative H2O 
chemisorption (reverse reaction of Eq. (4 – 6)) and make it again susceptible for HfCl4 
chemisorption. During exposure to a moisture background with a partial pressure of 
10-20 mTorr for 5 min, the HfO2 surface is indeed rehydroxylated as the HfCl4/H2O 
GPC increases from 1.4 up to 3.2 Hf/nm2 [2]. Another indication of rehydroxylation is 
given by the Hf atom density after one HfCl4/H2O cycle on ZrO2 surfaces, which are 
annealed at temperatures between 300 and 850°C and subsequently exposed to the 
above-mentioned moisture background. Irrespective of the annealing temperature, the 
HfCl4 chemisorption results in ~2.7 Hf/nm2. Both observations therefore confirm the 
occurrence of dehydroxylation and rehydroxylation, with the latter resulting in the 
generation of Hf-OH surface sites that are able to participate in the ligand exchange 
reaction. 

4.4 The HfCl4/O3 process 

Theoretically, the limited GPC of the HfCl4/H2O process might be enhanced 
by switching to a more powerful oxidizer like O3. The H2O reaction saturates slowly 
and results in uniform HfO2 layers, indicating low reactivity of the H2O precursor 
towards the chemisorbed -HfClx(OH)3-x (1 ≤ x ≤ 3) complex. This low reactivity is in 
agreement with our DFT simulations, where the thermodynamic accessibility of the 
hydrolysis is questioned because of its limited exothermicity. Moreover, the HfCl4 
chemisorption has to compete with the temperature-dependent dehydroxylation of the 
surface, which drastically decreases the availability of reactive Hf-OH surface sites. 
This competition is absent in the ALD of HfCl4/O3, as no Hf-OH sites are thought to 
be involved in the growth process. Also, O3 could show higher affinity towards the 
Cl-terminated surface, and hence result in a more efficient oxidation so that more 
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surface sites are susceptible for HfCl4 chemisorption. The superior quality of HfO2 
layers, deposited by the HfCl4/O3 chemistry, has been reported [7-8]. 

The use of saturated O3 pulses increases the GPC from 1.6 to 3.7 Hf/nm2 or, 
alternatively, from 0.06 to 0.15 nm (Figure 4.7, Table 4.2). In the next sections, we 
investigate the origin of this enhancement by looking at the saturation behavior of the 
O3 reaction and the temperature dependence of the HfCl4/O3 GPC. The higher GPC 
also affects the initial nucleation, and the resulting layer properties are compared to 
those of HfO2 films, deposited by the ALD of HfCl4/H2O.  

4.4.1 The O3 reaction 

4.4.1.1 Effect of O3 pulse time 

Equivalent to the H2O reaction in the HfCl4/H2O process, the O3 pulse shows 
typical ALD saturation behavior but saturates slowly (Figure 4.7). Large differences 
however are observed concerning the thickness profile over the wafer substrate. While 
the HfCl4/H2O process results in very uniform HfO2 layers irrespective of the H2O 
pulse length (Figure 4.3), up to 10 s O3 are necessary to deposit a HfO2 layer with 
equal uniformity. This observation suggests a difference in oxidizer reactivity towards 
the chlorinated surface. A steep decrease in thickness near the outlet, as is observed 
for unsaturated O3 pulses, typically indicates high precursor reactivity [23-24]. Also, 
depletion of the oxidizing precursor may play an important role in the saturation 
behavior as O3 might decompose at the ALD reaction temperature. Thermal 
decomposition of O3 has generally been accepted to occur through Eq. (4 – 8), where 
M denotes all present gases and surfaces [36-37].  

MOOMO 23 ++→+  (4 – 8) 

By assuming decomposition through Eq. (4 – 8), half-life times of 1 – 10 s have been 
calculated for O3 exposure at 300°C [38]. However, based on the variation in 
thickness profile with temperature (section 4.4.2), we believe that the observed 
uniformity difference is mainly caused by a difference in oxidizer reactivity. 

The high reactivity of O3 towards the chlorinated surface does not imply a 
more efficient oxidation of Hf-Cl surface sites, as is indicated by the Cl-content of the 
resulting HfO2 layers (Table 4.2). Although the amount of Cl reduces by 50 % when 
O3 replaces the 0.5 s H2O pulse, the layers still contain ~20 % more Cl than those 
grown by the saturated HfCl4/H2O process (10 s H2O). 
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Figure 4.7 GPC of the ALD HfCl4/O3 process at 300°C as a function of the O3 
pulse length. The GPC is determined near the precursor entrance (inlet), in the center 
of the wafer (center), and towards the exhaust (outlet). The dashed trendline shows 
the saturation behavior of the HfCl4/H2O process. 

Table 4.2 GPC and relative Cl-content of HfO2 layers, deposited by the ALD of 
HfCl4/H2O, HfCl4/O3 and a combination of both chemistries at 300°C. Saturated H2O 
and O3 pulses of 10 s are used. The Cl content is normalized to the first condition. All 
observed differences are larger than the experimental error of 2 %. N.d. indicates not 
determined. 

 GPC (Hf/nm2) Relative Cl-content (%) 

HfCl4/H2O (0.5s) 1.45 100 

HfCl4/H2O (10 s) 1.61 31.6 

HfCl4/O3 3.70 51.5 

HfCl4/H2O/O3 3.45 n.d. 

HfCl4/O3/H2O 3.10 n.d. 

The higher GPC of the HfCl4/O3 process originates from an enhanced HfCl4 
chemisorption, induced by the creation of more reactive surface sites (Table 4.2). The 
effect of combining both oxidizers in one ALD reaction cycle on the HfO2 GPC 
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supports this assumption. When an O3 pulse is applied after each saturated HfCl4/H2O 
cycle, the GPC increases from 1.61 to 3.45 Hf/nm2. As the GPC approaches that of 
the HfCl4/O3 process, this suggests that O3 transforms the present Hf-OH and Hf-O-
Hf surface sites into highly reactive components that are also generated in the 
standard HfCl4/O3 process. On the other hand, the reactivity of these sites slightly 
diminishes when they react with H2O. H2O is probably able to convert these sites back 
to Hf-OH surface sites, which are again susceptible for dehydroxylation. 

4.4.1.2 Reactive sites in the HfCl4/O3 process 

As limited information is available on the growth mechanism of the HfCl4/O3 
process [8], we suggest some reactions that might occur during this ALD process and 
which might account for the observed GPC enhancement. Therefore, we base 
ourselves on reactions that have been reported to take place in the catalytic 
decomposition of O3 on metal oxide surfaces, such as MnO2 [39-42], TiO2 [39] and 
Al2O3 [43]. 

The oxidation of the chlorinated surface, formed during HfCl4 chemisorption, 
could result in several types of surface sites. While we provide an overview on 
possible intermediates, we assume for simplicity that HfCl4 reacts with two surface 
sites during the HfCl4 pulse. According to model 2, as discussed in Chapter 3, a Hf 
atom density of 3.7 Hf/nm2 (Table 4.2) corresponds indeed to reaction with both one 
and two surface sites because the steric hindrance limit for singly adsorbed HfCl3 
species (2.9 Hf/nm2) is exceeded. One intermediate that can be formed during the O3 
pulse is an ozonide species, as indicated by Eq. (4 – 9), which has been detected on 
oxide surfaces at temperatures below 100 K [40]. 

 

 

(4 – 9) 

However, as such species tend to dissociate fast with increasing temperature, they are 
probably not responsible for the enhanced GPC of 3.7 Hf/nm2. Moreover, from the 
temperature dependence of the HfCl4/H2O process, we learn that HfCl4 has low 
affinity towards Hf-O-Hf bridging sites. Because of the chemical similarity between 
these bridging sites and ozonide-like species, we believe that the latter plays only a 
minor role in the ALD of HfCl4/O3. A second type of surface site which may form 
during the O3 pulse is an oxygen-terminated species (Eq. (4 – 10)).  
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(4 – 10)

As indicated before, when O3 is adsorbed on the surface, it can dissociate into atomic 
and molecular oxygen (Eq. (4 – 8)). This dissociative O3 adsorption is very fast and is 
mostly accompanied by the simultaneous desorption of O2 [40-41]. The resulting 
oxygen-terminated surface site could further react with gaseous O3 to form an 
adsorbed peroxide species and molecular oxygen that will again desorb (Eq. (4 – 11)).  

 

 

(4 – 11)

The formed peroxide has certain stability as decomposition has been reported to be 
very slow [40-41], which makes it a probable reaction site in HfCl4 chemisorption. 
Furthermore, the proposed reactions (Eq. (4 – 9) - Eq. (4 – 10)) result in the formation 
of both Cl2 and O2 as the main by-products, which is consistent with mass-
spectrometric studies [8]. Probably, oxychlorides like Cl2O and ClO2 will also be 
formed. Anyway, irrespective of which intermediate is formed during the O3 reaction, 
the overall reaction can probably be presented by Eq. (4 – 12). 

22234 O2Cl2HfOO2HfCl ++→+  (4 – 12)

The enhanced GPC of the HfCl4/O3 process can be due to the high reactivity 
of the proposed surface sites, but also to their availability. Indeed, their reactivity 
might be comparable to that of Hf-OH surface sites, which have been recognized as 
the active surface sites in the ALD of HfCl4/H2O. The amount of Hf-OH surface sites 
however is limited by the deposition temperature as dehydroxylation transforms these 
surface sites into less reactive Hf-O-Hf sites. As Hf-OH surface sites and hence 
dehydroxylation are absent in the O3-based HfO2 growth, more surface sites could be 
susceptible for HfCl4 chemisorption and, consequently, increase the GPC.  

4.4.2 Temperature dependence of HfCl4/O3 ALD 

The O3 reactivity and efficiency of the Hf-Cl oxidation increase with 
increasing temperature. At 225°C, the decrease in thickness near the precursor outlet, 
as observed for unsaturated O3 doses, is shallower compared to that at 300°C, 
indicative of lower precursor reactivity towards the exposed surface. This low 
reactivity degrades film quality as is illustrated by its 40 times higher Cl-content. This 
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higher amount of impurities can affect the density of the ALD-grown layers [44], 
which is consistent with our observations as the layers have densities which are only 
~7.5 g/cm3 or ~80 % of those grown at 300°C. Also, saturation is much slower at 
225°C as O3 pulse lengths of 10 s do not end up in uniform HfO2 layers, in contrast to 
those grown at 300°C. All these observations suggest that the lower thickness near the 
precursor outlet, as shown for O3 pulse lengths below 10 s at 300°C in Figure 4.7, is 
probably related to the high reactivity of O3 towards Hf-Cl surface sites. Because of 
this high reactivity, all incoming O3 molecules are consumed near the precursor inlet 
until – globally – all Hf-Cl surface sites are converted. When this is done, O3 reacts 
with surface sites that are located further away from the inlet until eventually the 
complete wafer surface has changed from Cl- to O-terminated. Because, at 300°C, 
HfO2 films with similar uniformity can be grown at shorter pulse lengths, O3 
decomposition (Eq. (4 – 8)) does not play a major role in the temperature range 225 – 
300°C. With increasing temperature however, O3 depletion becomes more abundant 
[37]. Indeed, at 370°C, no HfO2 is deposited near the precursor outlet, not even after 
30 s O3, while a very slow increase in GPC (0.002 nm/s) is obtained at the precursor 
inlet. Oxidation of Si substrates at this temperature also results in non-uniform SiO2 
layers, of which the thickness decreases along the O3 flow direction. Calculations 
show that, at 370°C, the lifetime of the O3 molecule in the gas phase is ~2 orders of 
magnitude lower than at 225°C, which could be sufficient to cause this large 
difference in saturation behavior [38]. 
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Figure 4.8 Variation in GPC of the saturated HfCl4/H2O and HfCl4/O3 process as 
a function of ALD reaction temperature. Data points are obtained in the center of the 
wafer. 
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The HfCl4/O3 GPC depends strongly on the deposition temperature (Figure 
4.8). As for the ALD of HfCl4/H2O, the GPC decreases with increasing temperature. 
This behavior is rather strange as surface reactions should proceed faster with 
increasing temperature, and so the opposite trend is expected. This indicates that, at 
higher temperatures, other reactions compete with the Hf-Cl oxidation or limit the 
amount of reactive surface sites in some other way. For the HfCl4/H2O process, the 
decrease in GPC with temperature is due to dehydroxylation of the surface, resulting 
in less reactive Hf-O-Hf surface sites. For the O3-based process, it is not clear which 
reactions are responsible for the observed GPC reduction. As explained in the 
previous paragraph, O3 decomposition does not seem to compete with HfO2 growth in 
the temperature range 225 – 300°C. One possible competing reaction could be the 
thermal desorption of peroxide surface sites [40-41]. Compared to the HfCl4/O3 ALD 
at 300°C, more of these sites at 225°C imply more available surface sites for HfCl4 
chemisorption as well as lower density of the grown HfO2 films.  

4.4.3 Effect of oxidizing precursor on layer properties 

The use of O3 as an oxidizing precursor enhances the GPC up to 3.7 Hf/nm2 
(Table 4.2). As HfCl4 shows low affinity towards Si-H surface sites (Chapter 3), the 
impact of this high GPC is most visible on a H-terminated Si substrate (Figure 4.9). 
Indeed, HfO2 growth is only inhibited during the first 5 cycles while up to 30 cycles 
inhibition are observed for the saturated HfCl4/H2O process (Figure 3.17). As the 
ALD of HfCl4/O3 results almost immediately in linear growth, the growing HfO2 
layers close comparably fast as those grown by the ALD of HfCl4/H2O on a fully 
hydroxylated SiO2 surface (Figure 4.10). Moreover, the AFM roughness of the ALD-
grown layers affirms that the HfCl4/O3 process results in the most two-dimensional 
HfO2 growth. While the rms roughness is only 0.15 nm for O3-based HfO2 layers, it 
increases to 0.20 and 0.26 nm when HfO2 is deposited on H-terminated Si by the 
saturated and nearly saturated HfCl4/H2O process, respectively. One drawback is that 
the interfacial SiO2 layer grows quickly during the ALD of HfCl4/O3. After 10 
reaction cycles on H-terminated Si, a ~1.6 nm interfacial oxide is formed while 
deposition of the same amount of Hf with the HfCl4/H2O process results in an 
interfacial layer of only 0.6-0.7 nm. These values are obtained by extracting the HfO2 
thickness, as measured by XRR, from the ellipsometric thickness. Although these 
values are not absolute, they give a good indication of the difference in interfacial 
regrowth. For the same physical HfO2 thickness, layers that are grown by the 
HfCl4/O3 process show up to 1.5 order of magnitude less leakage than those grown by 
the H2O-based process. This lower leakage results from the thicker interfacial layer. 
Therefore, interfacial regrowth affects the applicability of the HfCl4/O3 process for the 
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deposition of HfO2 dielectrics in Si-based transistors because a thick interfacial layer 
contributes well to the EOT and hence limits the scalability of the gate stack. 
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Figure 4.9 Comparison of the HfCl4/O3 growth curve (continuous line) to the 
HfCl4/H2O growth curve (dashed line) with saturated (10 s – closed symbols) and 
nearly saturated (0.5 s – open symbols) H2O pulses on H-terminated Si (300°C). 
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Figure 4.10 Decay of the TOFSIMS substrate intensity for ALD HfO2 films, grown 
by HfCl4/H2O and HfCl4/O3, on Si-OH (closed symbols) and Si-H (open symbols) 
surface sites.  
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4.5 The TEMAH/H2O process 

In Chapter 3, we reported that TEMAH shows more affinity towards Si-H 
surface sites compared to HfCl4. This difference in affinity, together with its higher 
GPC of 2.1 Hf/nm2 or, alternatively, 0.08 nm makes that HfO2 layers close faster on 
H-terminated Si by using the ALD of TEMAH/H2O. Hence, this Si surface can be 
used as a starting surface in capacitor fabrication, although the presence of C limits 
the integration of TEMAH-based HfO2 layers as it results in excessive leakage 
throughout the gate stack. In this section, we examine the origin of this C-
contamination and high GPC by investigating the TEMAH/H2O process into more 
detail. The enhanced GPC is quite remarkable as the large ligands of the metalorganic 
precursor were thought to sterically hinder the Hf deposition and, hence, decrease the 
GPC compared to HfCl4/H2O [45]. On the other hand, thermal decomposition of the 
chemisorbed precursor and reaction of TEMAH with these decomposed surface sites, 
as discussed in Chapter 3, make interpretation of this ALD process more complex. 
Both events are probably also responsible for the observed range in GPCs as these 
vary between 0.07 and 0.12 nm at a deposition temperature of 250°C [45-49]. 

4.5.1 The TEMAH chemisorption 

4.5.1.1 TEMAH decomposition  

As discussed in Chapter 3, we can not affirm nor exclude TEMAH 
decomposition in the gas phase. We therefore assume that decomposed precursor 
molecules show similar reactivity as TEMAH towards the surface sites that are 
generated during the ALD process. Also, gas phase decomposition is independent of 
the precursor pulse length because of the constant residence time in the reactor. As a 
result, we can limit the following discussion concerning TEMAH decomposition to 
decomposition of chemisorbed Hf(NCH3C2H5)x (1 ≤ x ≤ 3) species. This 
decomposition not only depends on the ALD reactor temperature, but also on the time 
during which the chemisorbed layer is exposed to this temperature. 

When chemisorbed TEMAH decomposes, the incoming TEMAH molecules 
can react with the decomposed surface sites (Figure 3.15). The occurrence of this 
reaction is affirmed by the observation that layer growth can be established by 
repeating TEMAH/N2 reaction cycles without any intermediate oxidizing step (Table 
4.3). Moreover, this parasitic growth depends on both the deposition temperature and 
the TEMAH pulse length (Table 4.3). Also, we can not use the GPC to characterize 
the amount of deposited Hf because parasitic growth is not an ALD process. 
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Therefore, we describe parasitic growth in terms of its growth rate, expressed in 
Hf/nm2/cycle. At 285°C, 100 cycles of TEMAH/N2 deposit 3.7 Hf/nm2 when the 
TEMAH pulse length is limited to 1 s. This amount corresponds to that obtained 
during the first reaction cycle with TEMAH pulses of 10 s (Figure 3.14), and there we 
assumed that the increase in Hf atom density with TEMAH pulse length is due to 
ligand decomposition of the chemisorbed precursor as it results in more available 
surface area. Although, for 100 cycles of TEMAH/N2, the chemisorbed layer is 
exposed for ~6 min to the ALD reaction temperature and surface decomposition has 
probably occurred, 1 s of TEMAH exposure is clearly not enough to establish 
chemisorption on the decomposed surface sites. Elongation of the TEMAH pulse to 
10 s on the other hand deposits a layer at a growth rate of 1.22 Hf/nm2/cycle or 0.10 
nm/cycle. This growth not only results from the longer exposure to 285°C compared 
to the 1s TEMAH/N2 process, but is mainly determined by the longer TEMAH pulse. 
We can conclude this as, for the 10 s TEMAH pulse, no dependence of the growth 
rate on the purge length is observed, which indicates that reaction only occurs in the 
presence of precursor molecules. All these observations imply that, when the 
chemisorbed TEMAH has decomposed, reaction of TEMAH with the decomposed 
surface sites is slow. Also, when too short TEMAH pulses are applied, the 
physisorbed TEMAH again desorbs from the surface (process with rate constant kdes,3 
in Figure 3.15). The kinetic effect is even more clear when we compare growth at 
285°C to higher reaction temperatures. At 345°C, a growth rate of 0.10 nm/cycle is 
obtained at TEMAH pulse lengths of only 1 s, while the same pulse length results in a 
growth rate of even 0.23 nm/cycle at 365°C.  

Table 4.3 Growth rate of the TEMAH/N2 process at three substrate temperatures 
and two TEMAH pulse lengths. The growth rate is determined with RBS and SE in 
the center of the wafer after 100 cycles of TEMAH/N2. Hf atom densities indicated by 
* are calculated based on the thickness and density of the layer. 

 Growth rate (Hf/nm2/cycle) Growth rate (nm/cycle) 

285°C - 1 s TEMAH 0.037 n.a. 

285°C - 10 s TEMAH 1.22 0.10 

345°C - 1 s TEMAH 1.25* 0.10 

365°C - 1 s TEMAH 2.85* 0.23 
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The TEMAH/N2 process deposits layers of very low quality. Precursor 
decomposition is known to result in very non-uniform films [46,50], as is consistent 
with our observed standard deviations of 15-20 % and the fact that more material is 
deposited near the precursor entrance. Moreover, the deposited layers have densities 
around 5 g/cm3 and are very rough with a rms roughness of ~1.5 nm, as determined by 
XRR. Also, the layers contain a lot of C contamination. We do not have any absolute 
values, but TOFSIMS profiles show C-contents that are twice as high as those of 
HfO2 layers, grown by the TEMAH/H2O process. Since decomposition and growth 
with decomposed surface sites seriously degrade film quality, a change in layer 
properties during the ALD of TEMAH/H2O, as will be shown in the next section, 
proofs the occurrence of parasitic growth. 

4.5.1.2 Effect of TEMAH pulse time 

In the ALD of TEMAH/H2O, we consider two main types of reactions during 
the TEMAH pulse. First, TEMAH reacts through ligand exchange with Hf-OH 
surface sites that are generated during the previous H2O pulse (Eq. (4 – 13)). 

→+− )g(4523)s( )HCNCH(HfOHHf

523 )HCNCH(HfOHf )g(523)s(3 HCHNCH+−−  (4 – 13)

When we assume that TEMAH shows similar reactivity towards Hf-OH surface sites 
as Hf(N(CH3)2)4 (Tetrakis-DiMethylAmino Hafnium, TDMAH), the ligand exchange 
reaction is favorable from a thermodynamic point of view as indicated by its high 
exothermicity [51]. The affinity of TEMAH towards Si-O-Si surface sites (Chapter 3) 
also suggests reaction with Hf-O-Hf surface sites during bulk growth, but for 
simplicity we ignore this reaction in this section and address it in section 4.5.2. 
Second, when the pulse length is long enough, chemisorbed TEMAH decomposes 
under influence of the ALD reaction temperature and gaseous TEMAH can react with 
the newly created surface sites (section 4.5.1.1). 

Because of parasitic growth, the TEMAH reaction does not saturate in the 
ALD of TEMAH/H2O (Figure 4.11). For TEMAH pulse lengths between 1 and 10 s at 
285°C, the GPC increases by ~0.06 Hf/nm2 or 0.002 nm with every additional second 
that the surface is exposed to the TEMAH pulse. Similar behavior has been shown for 
the TEMAH/O3 process at 250°C, where the GPC increased slowly at ~0.004 nm/s 
[52]. For TEMAH pulse lengths below 1 s however, the GPC increased very sharply 
as ~0.1 nm/s is deposited between 0.2 and 0.5 s TEMAH [52]. Although we have no 
data in this range, similar behavior should occur as 1 s TEMAH results in a HfO2 
GPC of ~0.06 nm or, correspondingly, 1.8 Hf/nm2 (Figure 4.11). Based on these 
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observations, we propose that TEMAH reacts fast with the present Hf-OH surface 
sites via Eq. (4 – 13) during – maximally – the first second of exposure. For longer 
pulse lengths, the chemisorbed TEMAH starts to decompose and, eventually, gaseous 
TEMAH reacts with the decomposed surface sites as is also observed in the 
TEMAH/N2 process. For the ALD of TEMAH/H2O, parasitic growth is thought to 
dominate at longer pulse lengths compared to the TEMAH/N2 process as 
chemisorption with Hf-OH surface sites needs to be established first. As we lack data 
for TEMAH pulse lengths between 1 and 10 s for the TEMAH/N2 process, it is not 
straightforward to make a direct comparison in growth rate between both processes. 
An indication that parasitic growth is indeed occurring during the ALD of 
TEMAH/H2O is given by the change in physical layer properties. With increasing 
TEMAH pulse lengths, both the standard deviation and C-content of the deposited 
layers slightly increase while the density decreases, as is consistent with what we 
observed in the previous section.  
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Figure 4.11 GPC of the ALD TEMAH/H2O process (closed symbols) at 285°C as a 
function of the TEMAH pulse length for H2O pulses of 30 s. The growth rate of the 
TEMAH/N2 process (open symbols) is shown for comparison. 

The parasitic reaction of TEMAH with decomposed surface sites is less 
pronounced in the ALD of TEMAH/H2O compared to TEMAH/N2 (Figure 4.12). The 
growth rate of the TEMAH/N2 process shows a clear temperature-dependence 
(section 4.5.1.1). This dependence is not so obvious for the H2O-based process when 
TEMAH pulses of 1 s are applied. Layer properties however indicate that more 
parasitic growth occurs with increasing temperature as the density is slightly lower 
and the C-content slightly higher at 345°C compared to 285°C. Probably, TEMAH 
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pulses of 1 s result only in limited parasitic growth and have therefore a weak 
temperature-effect on the HfO2 GPC as chemisorption on Hf-OH surfaces sites needs 
to take place first. Also, for the same reason, the temperature-dependence of the 
TEMAH/H2O process is thought to increase with increasing TEMAH pulse length. 
Indeed, while almost no difference in GPC is observed for the 1 s and 2 s process at 
285°C, the 2 s TEMAH/H2O process at 345°C results in a GPC that is almost 45 % 
higher than when TEMAH pulses of 1 s are applied. These results again indicate that 
kinetics play an important role as a certain minimal pulse length is necessary to 
initiate parasitic growth. Moreover, at 345°C, the increase in GPC when the TEMAH 
pulse is elongated from 1 to 2 s is nearly as high as that of the TEMAH/N2 process at 
the same temperature, which affirms that parasitic growth occurs once the preferred 
ligand exchange reaction (Eq. (4 – 13)) has finished. 
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Figure 4.12 GPC of the ALD TEMAH/H2O process (closed symbols) as a function 
of ALD reaction temperature for 1 s (dashed line) and 2 s (continuous line) TEMAH 
and H2O pulses of 5 s. The growth rate of the TEMAH/N2 process (open symbols) is 
shown for comparison. For both processes, the GPC is calculated based on the 
thickness and density of the layers. 

4.5.2 The hydrolysis reaction 

As in HfCl4/H2O ALD, the hydrolysis of chemisorbed Hf(NCH3C2H5)x (1 ≤ x 
≤ 3) species is thought to occur through ligand exchange (Eq. (4 – 14)) [46,51-53]. 

)g(523)s(x)g(2)s(x523 HCHNCHx)OH(HfOHx)HCNCH(Hf +→+  (4 – 14)
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H2O hydrolyzes the Hf-N bond more efficiently than the Hf-Cl bond (Figure 4.13). 
DFT simulations show a more stable adsorption complex for chemisorption on a 
chlorinated surface as is indicated by the slightly lower relative energy. On the other 
hand, the transition state of this hydrolysis reaction has the highest relative energy. As 
a result, when H2O needs to hydrolyze the Hf-Cl bond, up to ~42 kJ/mol is required to 
reach the transition state while no activation is required for the hydrolysis of 
chemisorbed TEMAH. The high exothermicity of the latter further indicates its 
thermodynamic accessibility and prevents the reaction from being trapped in the 
adsorption state. Trapping was suggested to occur in the ALD of HfCl4/H2O [20-
21,25] and limit the conversion of Hf-Cl into reactive Hf-OH surface sites. Hence, 
simulations predict fast and effective hydrolysis of the Hf-N bond in the 
TEMAH/H2O process.  

 

Figure 4.13 Comparison of the change in relative energy for the hydrolysis of the 
Hf-Cl and Hf-N bond for a HfCl(OH)  (closed symbols) and Hf(NCH C H )(OH)  3 3 2 5 3

(open symbols) cluster, respectively. The illustration shows the hydrolysis of Hf-Cl 
for the larger cluster model. 
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4.5.2.1 Effect of H2O pulse time 

nd occurs fast, but dehydroxylation during extended 
2 isorption during the subsequent precursor pulse 

(Figure

Hydrolysis of the Hf-N bo
H O pulses limits TEMAH chem

 4.14). The effect of the H2O pulse length on the TEMAH/H2O GPC is 
investigated for metallic pulse lengths of 1 s in order to limit the contribution of 
precursor decomposition and parasitic growth. For H2O pulses of 0.5 to 1.5 s, the 
GPC peaks at 0.075 nm, corresponding to a Hf atom density of 2.1 Hf/nm2. This fast 
increase is consistent with DFT simulations as they predict no barrier in the hydrolysis 
of chemisorbed Hf(NCH3C2H5)x (1 ≤ x ≤ 3) species (Figure 4.13) [51]. For longer 
pulse lengths however, the GPC starts to decrease and saturates from 20 s H2O on to 
~0.067 nm. Although this is no typical ALD behavior, the attainment of saturation 
still indicates controlled growth. As we assume that conversion of Hf-NCH3C2H5 into 
Hf-OH is fast and complete at H2O pulses of 0.5 - 1.5 s, the decrease in GPC can not 
be due to decomposition of chemisorbed TEMAH. Therefore, we propose that 
elongation of the H2O pulse beyond 1.5 s results in the condensation of neighboring 
Hf-OH surface sites (Eq. (4 – 6)), until equilibrium between de- and rehydroxylation 
is obtained. If TEMAH shows, like HfCl4, low affinity towards the resulting Hf-O-Hf 
bridging sites, the decrease in GPC can be explained by the difference in affinity 
towards Hf-OH and Hf-O-Hf surface sites. This difference is probably not as large as 
with HfCl4, as suggested by the higher Hf atom densities that are obtained with 
TEMAH during the first reaction cycle on Si-O-Si surface sites (Chapter 3). Anyway, 
for fixed TEMAH pulse lengths of 1 s, a small difference in precursor affinity can be 
sufficient to inhibit chemisorption and reduce the GPC. Although less pronounced and 
within the experimental error of the measuring technique, similar behavior is observed 
in the ALD of Al2O3 by means of Al(CH3)3/H2O. Here, the GPC reaches 0.094 nm at 
a H2O pulse of 1.2 s and decreases slowly when the H2O pulse length is enlarged. The 
reactivity of Al(CH3)3 towards Al-O-Al sites is reported to be lower than that towards 
Al-OH [1], which is consistent with the observed decrease in GPC for longer pulse 
lengths.  
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Figure 4.14 GPC of the ALD TEMAH/H2O process (closed symbols) at 285°C as a 
function of the H2O pulse length. The effect of the H2O pulse length on the GPC of 
Al2O3 ALD (open symbols) is shown for comparison. The error bars indicate the 
experimental error of 2% on the SE measurements. 

The temperature effect on the GPC of the TEMAH/H2O process is, among 
others, affected by dehydroxylation of Hf-OH surface sites (Eq. (4 – 6)) and 
decomposition of chemisorbed TEMAH molecules. This decomposition, together 
with parasitic reactions with the resulting surface sites, is thought to be responsible for 
the increase in TEMAH/H2O GPC within the temperature range 285 – 365°C (Figure 
4.12, Figure 4.15). Nevertheless, in literature, mostly two regions can be distinguished 
in the temperature-dependence of the GPC. At low reaction temperatures, the GPC 
decreases with increasing temperature, which is probably due to dehydroxylation of 
the Hf-OH surface sites. This range has been identified to occur for TEMAH/H2O 
ALD between 100°C and up to 400°C [45,47-48 ,54-55]. From a certain temperature 
on, the GPC starts to increase as a result of precursor decomposition. In our 
experiments, where the temperature is limited between 285 and 365°C, we only 
observe a positive impact of the reaction temperature on the GPC with a sharp 
increase between 345 and 365°C (Figure 4.15), probably because of the larger 
contribution of parasitic growth.  
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Figure 4.15 GPC of the ALD TEMAH/H2O process as a function of temperature. 
The process is characterized by a TEMAH pulse of 1 s and a H2O pulse of 0.5 s. 

4.5.3 Effect of metallic precursor on layer properties 

Decomposition of TEMAH hinders evaluation of the effect of the metallic 
precursor. While, at a given deposition temperature, the GPC and layer properties are 
mostly affected by the H2O pulse in the ALD of HfCl4/H2O, the TEMAH pulse length 
plays the most important role in the TEMAH/H2O process. Hence, we evaluate the 
properties of ALD HfO2 layers, grown by both processes with metallic and oxidizing 
pulses of 1 s and 0.5 s, respectively. 

Despite its higher GPC of 2.1 Hf/nm2, the ALD of TEMAH/H2O results in 
HfO2 layers of inferior quality. Physically, the layers are of similar quality as those 
grown by the saturated HfCl4/H2O process as both have similar layer density and 
roughness (Chapter 3). The main difference is the type and amount of contamination 
which results from insufficient hydrolysis or precursor decomposition. In Chapter 3, 
we observe that the presence of C results in higher leakage throughout the gate stack. 
Leakage current is known to increase with increasing C-content, as has been 
established for various metalorganic ALD processes [55-60]. As a result, even though 
TEMAH nucleates well on H-terminated Si, the presence of C degrades film quality 
and is hence detrimental for gate performance. Most importantly, this conclusion 
indicates that ALD processes with a higher GPC, and therefore more two-dimensional 
growth, do not necessarily grow layers with higher quality. 
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4.6 Conclusions 

The precursor combination and process parameters determine the ALD growth 
characteristics and layer properties. The HfO2 ALD from HfCl4/H2O results in a 
limited bulk GPC of 1.6 Hf/nm2 compared to the 3.9 Hf/nm2 which is obtained during 
chemisorption in the first reaction cycle. This low GPC is induced by the lack of 
reactive surface sites. Although DFT simulations predict trapping of the H2O reaction 
in the adsorption state, the hydrolysis occurs pretty efficiently as indicated by the low 
Cl-content of the HfO2 layers. Instead, the amount of Hf-OH surface sites is restricted 
by dehydroxylation, which results in the less reactive Hf-O-Hf surface sites. A higher 
GPC can be obtained by using O3 instead of H2O as the oxidizing precursor. Despite 
similar saturation behavior, O3 is very reactive towards chemisorbed HfClx species 
and yields GPCs of 3.7 Hf/nm2 at the same deposition temperature of 300°C. We 
believe that this high GPC is related to the creation of large amounts of reactive 
surface sites like Hf-O and Hf-O2. Desorption of the latter, together with 
decomposition of O3, might be responsible for the strong temperature-dependence of 
the HfCl4/O3 process. The applicability of O3-based HfO2 layers in CMOS devices 
however is limited because regrowth of the interfacial layer affects their scalability. 
Not interfacial regrowth, but the presence of C contamination makes HfO2, grown by 
TEMAH/H2O ALD, less suitable for gate stack applications. This process is 
characterized by a GPC of 2.1 Hf/nm2, but decomposition of the chemisorbed 
TEMAH precursor and subsequent parasitic growth might increase its GPC and C-
incorporation. This increase is more pronounced for longer TEMAH pulses and 
higher deposition temperatures. Too long H2O pulses are also not beneficial as they 
induce dehydroxylation of the surface, lowering the GPC of the metalorganic process. 
As a result, this process proves that a high GPC may not be the only criteria to select a 
certain precursor combination and process parameters as it does not necessarily end 
up in high-quality layers. For the conditions studied, the best EOT/JG behavior is 
obtained with HfO2 layers that are grown by the ALD of HfCl4/H2O. 
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Chapter 5  

The HfCl4/H2O reaction in ternary oxides 
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5.1 Introduction 

Ternary oxides are of interest for gate stack applications because they allow 
combination of the desirable properties of two binary oxides while reducing their 
undesirable characteristics [1]. The preferred features of the ternary oxide can be 
obtained by mixing the binary oxides in a certain composition or by stacking them in 
a nanolaminate structure. In either way, ALD is an outstanding technique to deposit 
both types of oxides as the use of self-terminating surface reactions allows not only 
accurate thickness control at the (sub-)monolayer level, but also easy tuning of the 
oxide composition by controlling the ratio of the binary processes. On the other hand, 
the use of surface controlled reactions implies that the amount and type of surface 
sites can depend on the composition of the ternary oxide and that, for example, the 
saturation conditions of the ternary oxide can differ from those of the binary oxides. 
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Therefore, interpretation of the growth behavior of ternary oxides is not always 
straightforward.  

Hafnium zirconates and hafnium aluminates are two examples of ternary 
oxides where the properties of HfO2 are combined with those of ZrO2 and Al2O3, 
respectively. The addition of Zr to HfO2 is interesting for gate stack applications as it 
can enhance the κ-value of pure HfO2 by stabilizing its tetragonal phase [2-4]. This 
phase has been shown to result in the highest κ-values, as affirmed by Density 
Functional Theory (DFT) simulations (κ up to 70 compared to κ ~ 20 for the 
monoclinic phase) [5-6]. Also, hafnium zirconates typically show higher performance 
than the binary HfO2 because of less charge traps in the bulk [3,4]. Hafnium 
aluminates on the other hand look promising as a high-κ dielectric for implementation 
in sub-45 nm non-volatile memory technologies [7]. They generally result in lower 
leakage compared to the binary HfO2 because of their higher band gap [8-11] and 
higher crystallization temperature [8,11-13]. Moreover, despite the low κ-value of 
pure Al2O3 [1], the presence of Al in a certain composition might stabilize the higher-
κ tetragonal phase of HfO2 [6], resulting in a κ-value that is even higher than that of 
the binary HfO2 [14]. The κ-value can also be enhanced when the cubic phase of HfO2 
is stabilized as it increases from 18 for the binary HfO2 to 30 when small amounts of 
Al are added [15]. 

In this Chapter, we investigate the surface reactions in Hf-based ternary oxides 
where HfO2 deposition is realized by the ALD of HfCl4/H2O. We mainly focus on two 
different ALD chemistries to grow the second binary oxide. First, we deposit hafnium 
zirconates by combining the HfCl4/H2O with the ZrCl4/H2O process in one ALD 
supercycle. Based on the Growth-Per-Cycle (GPC), composition, and Hf and Zr 
content of the ternary oxides, we can conclude that one intermediate ZrCl4/H2O 
reaction has no impact on the ALD of HfO2. This conclusion is as expected, as both 
binary processes are characterized by an analogous GPC [16-17] and surface 
dependence [18]. Second, we present a thorough investigation of the HfCl4/H2O 
surface reactions in hafnium aluminate compounds. Al2O3 is grown by the 
Al(CH3)3/H2O process, which is one of the most studied ALD systems [19-20]. Also 
for these ternary oxides, we examine how the GPC and Hf content vary with the 
hafnium aluminate composition, and how the pulse length of the H2O reaction affects 
both. DFT simulations are performed to investigate this H2O reaction together with 
the HfCl4 and Al(CH3)3 chemisorption on the various surface sites that are formed 
during the ALD of hafnium aluminates. We already showed good nucleation of HfCl4 
on Al-OH surface sites in Chapter 3. Finally, we compare the HfCl4/H2O reaction in 
hafnium zirconate and aluminate compounds to that in hafnium silicates [21-23] and 
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titanates [24]. These four ternary systems are interesting to compare, as HfO2 is 
combined with a binary oxide that has a similar GPC (ZrO2 and TiO2), a higher GPC 
(Al2O3) or a lower GPC (i.e. non-existing for the considered SiO2

 system). 

5.2 Experimental details 

Ternary oxides are grown by combining the ALD cycle of both binary oxides 
into one ALD supercycle. For the studied ternary oxides, this ALD supercycle 
consists of well-separated reactions in the sequence (HfCl4/H2O)a(X/H2O)b, with X 
being ZrCl4, Al(CH3)3, SiCl4 and TiCl4 in hafnium zirconate, aluminate, silicate and 
titanate compounds, respectively (Figure 5.1). For the hafnium titanates however, 
extended H2O pulses are necessary to solve the high thickness non-uniformity that is 
observed with the (HfCl4/H2O)a(TiCl4/H2O)b sequence. Therefore, Ti-rich 
compositions are deposited with the sequence (HfCl4)a(H2O/TiCl4/H2O)b while 
(HfCl4/H2O)a(H2O/TiCl4/H2O)b is used for the ALD of Hf-rich hafnium titanates. For 
all ternary oxides, we refer to the ALD supercycle as (a:b). A and b, indicative of the 
number of HfCl4/H2O and X/H2O subcycles in the ALD supercycle, respectively, 
affect the composition of the ternary compound. Hence, we investigate to what extent 
the composition varies with the subcycle ratio a/(a+b), where a (b) is kept equal to 1 
while b (a) is altered between 1 and 9. The chosen subcycle ratios also allow 
interpretation of the impact of 1 intermediate X/H2O reaction on the ALD of 
HfCl4/H2O and vice versa. The experiments are performed at 300°C for hafnium 
zirconates, aluminates and titanates, while temperatures of 350°C are applied to 
deposit hafnium silicates. All depositions are done on 300 mm IMEC clean wafers in 
an ASM Pulsar® 3000 reactor, except for the hafnium titanates as they are grown on 
200 mm IMEC clean wafers in an ASM Pulsar® 2000 reactor. An overview of the 
applied pulse lengths is given in Table 5.1. Although typically pulse lengths of 1 s are 
used, a HfCl4 pulse of 0.1 s can be sufficient for obtaining saturation on the condition 
that the source temperature is high enough (Chapter 2). For the deposition of hafnium 
aluminates, the ALD supercycle consists of saturated binary processes with H2O pulse 
lengths of 10 s and 1.5 s after the HfCl4 and Al(CH3)3 pulse, respectively. We also 
compare the hafnium aluminate GPC and composition to those obtained with shorter 
H2O pulse lengths. Shorter pulse lengths do not necessarily result in full saturation, 
but they can be considered as the optimal compromise between throughput and 
saturation, as has been shown for the H2O pulse in the binary HfCl4/H2O process 
(Chapter 4). For hafnium zirconates, silicates and titanates, only nearly saturated H2O 
pulses of 0.5 s are used after the HfCl4 pulse.  
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Figure 5.1 ALD supercycle for the deposition of ternary oxides, with X being 
ZrCl4, Al(CH3)3, SiCl4 and TiCl4 in hafnium zirconate, aluminate, silicate and titanate 
compounds, respectively. 

Table 5.1 Precursor pulse lengths applied in ternary oxides. 

 
HfCl4 (s) H2O (s) X (s) H2O (s) 

X = ZrCl4 1 0.5 1 0.5 

X = Al(CH3)3 1 0.5 – 10 0.1 – 0.3 0.4 – 1.5 

X = SiCl4 0.5 0.5 0.02 0.5 

X = TiCl4 0.1 0.5 0.2 1 

Monitoring of the composition is done by X-ray Photoelectron Spectroscopy 
(XPS), Rutherford Backscattering (RBS) or by an analytical balance. The GPC of the 
ternary oxide, defined as the amount of material deposited per (HfCl4/H2O)a(X/H2O)b 
supercycle, is investigated by means of Spectroscopic Ellipsometry (SE) or RBS. The 
experimental error on the GPC is about 2%, which is typically within the size of the 
data markers used in the figures. Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) and Time of Flight Secondary Ion Mass Spectrometry (TOFSIMS) are used 
to determine the Al content in hafnium aluminates. For hafnium aluminates, surface 
reactions are modeled by DFT. Therefore, the activation energy for the chemisorption 
of Al(CH3)3 and HfCl4 on Al-OH and Hf-OH surface sites is computed, together with 
the activation energy of the subsequent hydrolysis.  

5.3 ALD of hafnium zirconates 

In general, the composition of ternary oxides is expected to depend linearly on 
the subcycle ratio on the condition that the binary oxides, grown by both subcycle 
processes, show similar growth characteristics. When this is not the case, as will be 
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shown for hafnium aluminates, a non-linear dependence is observed. First of all, this 
behavior results from the difference in GPC of the binary processes. Second, each 
precursor shows certain reactivity towards a specific surface site. The reactivity of 
HfCl4 towards various Si-based surface sites was already presented in Chapter 3, and 
there we concluded that HfCl4 shows the highest affinity towards OH surface sites. 
Because of this surface dependence, each subcycle does not necessarily deposit 
similar amounts of material as the fraction and type of available surface sites can 
change with the composition of the ternary oxide. Hence, a complex relation between 
the subcycle ratio and the composition and GPC might exist. 

The ALD of the binary HfCl4/H2O and ZrCl4/H2O process is characterized by 
a similar GPC. With H2O pulses of 0.5 s, we observe a binary GPC of 0.048 nm for 
HfO2 while ZrO2 is deposited at a GPC of 0.042 nm. This resemblance is expected 
because of the chemical similarity between the Hf and Zr atom [25]. Moreover, 
Quartz Crystal Microbalance (QCM) combined with Quadruple Mass Spectrometry 
(QMS) studies [16], and DFT simulations [17] affirm an analogous reaction 
mechanism for both ALD chemistries, which explains the similarities in GPC and 
saturation behavior. This resemblance also allows the use of short H2O reactions in 
the deposition of hafnium zirconates. Although H2O pulses of 0.5 s result in a lower 
GPC and Hf/Zr addition than when saturated H2O pulses of 10 s are used, they will 
not favor the incorporation of one compound over the other and are therefore not 
reflected in the composition of the ternary oxide.  

The analogous reaction chemistry of the HfCl4/H2O and ZrCl4/H2O process is 
also observed when hafnium zirconates are being deposited by using the ALD 
supercycle (HfCl4/H2O)a(ZrCl4/H2O)b. The GPC of the ternary oxide increases with a 
or b because of a higher number of subcycles per supercycle (Figure 5.2). 
Furthermore, because the number of subcycles is kept equal to 1 for one of the binary 
processes while it varies for the second binary process, we are able to evaluate to what 
extent both binary processes affect each other’s GPC. For ALD supercycles with 1 
ZrCl4/H2O subcycle and repeating HfCl4/H2O subcycles (a = x; b = 1), the hafnium 
zirconate GPC increases linearly with a slope that equals the GPC of the binary 
HfCl4/H2O process (0.048 nm). This behavior implies that 1 intermediate ZrCl4/H2O 
reaction does not significantly affect the HfO2 deposition. Moreover, the same 
conclusion can be made for the ALD of ZrO2 as the increase in hafnium zirconate 
GPC with increasing number of ZrCl4/H2O subcycles (a = 1; b = x) resembles the 
GPC of the binary ZrO2. Both observations therefore indicate similar reactivity of 
HfCl4 and ZrCl4 towards the present surface sites as well as a similar generation of 
these sites upon hydrolysis and dehydroxylation. 
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Figure 5.2 GPC of hafnium zirconate compounds as a function of the number of 
HfCl4/H2O (a) (ZrCl4/H2O (b)) subcycles in a (HfCl4/H2O)a(ZrCl4/H2O)1 

((HfCl4/H2O)1(ZrCl4/H2O)b) ALD supercycle. 

The similar reactivity of both metallic precursors is even more clear when 
looking at how the composition of the ternary oxide varies with the subcycle ratio 
a/(a+b) (Figure 5.3). A linear correlation indicates that the ALD of HfCl4/H2O is not 
influenced by the incorporation of 1 ZrCl4/H2O subcycle and vice versa. The same 
conclusion can be made based on the variation in Hf content with the composition of 
the ternary oxide. For the complete composition range, the amount of Hf that is 
deposited per HfCl4 pulse in the HfCl4/H2O subcycle varies between 1.30 and 1.39 
Hf/nm2 with a minimum deposition in the hafnium zirconate containing 50 % Hf 
(Figure 5.4). Although these differences are small and close to the experimental error 
of 2 %, a minimum is also observed in the amount of Zr, deposited per ZrCl4 pulse, at 
the same hafnium zirconate composition. This minimum deposition is unexpected and 
is possibly attributed to a minimum in OH surface density. Such a minimum OH 
density most likely occurs for the hafnium zirconate with 50 % Hf/50 % Zr as this 
surface differs the most from that of the binary oxides. When the Hf (Zr) content of 
the ternary compound increases, the surface starts to resemble that of the binary HfO2 
(ZrO2) layer. This possibly enhances the OH surface density and, as a result, also the 
HfCl4 and ZrCl4 chemisorption. With exception of the most Hf-rich composition, all 
compositions have somewhat less Zr deposited per ZrCl4 pulse compared to Hf. This 
is consistent with the slightly lower GPC of the binary ZrCl4/H2O process. Anyway, 
the comparable behavior of Hf and Zr in hafnium zirconates affirms the similar 
chemistries of the binary HfCl4/H2O and ZrCl4/H2O process. Because of this similar 
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chemistry, we can conclude that the growth behavior of hafnium zirconates is simply 
a linear combination of that of both binary oxides. 
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Figure 5.3 Variation in the composition of hafnium zirconates for diverse 
subcycle ratios. 
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Figure 5.4 Amount of Hf, deposited per HfCl4 pulse in the HfCl4/H2O subcycle, 
as a function of the composition of the hafnium zirconate compound. The variation in 
the amount of Zr, deposited per ZrCl4 pulse in the ZrCl4/H2O subcycle, is shown for 
comparison. 
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5.4 ALD of hafnium aluminates 

5.4.1 Growth characteristics of hafnium aluminates 

Ellipsometry indicates that the thickness of the binary oxides as well as that of 
hafnium aluminates increases linearly with increasing number of 
(HfCl4/H2O)a(Al(CH3)3/H2O)b supercycles (Figure 5.5). The increase in thickness is 
proportional to the number of subcycles in one ALD supercycle, which explains why 
the ternary compounds have steeper slopes than the binary oxides. Because of the 
linear growth behavior, the slope of each growth curve provides the GPC of that 
specific ALD process. Hence, we observe that Al2O3 grows at a GPC of 0.094 nm 
while the saturated HfCl4/H2O process deposits HfO2 at a GPC of 0.059 nm. Note that 
this HfO2 GPC is higher compared to that in the previous section (0.048 nm) because 
of the saturated H2O pulses (Table 5.1). The GPC of the ternary oxide with subcycle 
ratio (1:1) even has a GPC of 0.151 nm, which is close to the sum of the GPCs of the 
binary oxides. This observation suggests, as with the hafnium zirconates, that no 
interaction occurs between both binary processes and that the growth behavior of the 
ternary oxide is simply a linear combination of that of pure Al2O3 and HfO2. When 
the number of HfCl4/H2O (a) or Al(CH3)3/H2O (b) subcycles increases in the 
(HfCl4/H2O)a(Al(CH3)3/H2O)b supercycle, the GPC of the hafnium aluminate 
increases as well. Moreover, it increases faster with b than with a, as the GPC of the 
(1:3) hafnium aluminate (0.325 nm) is higher than that of the (3:1) ternary oxide 
(0.275 nm). This difference in GPC is of course related to the higher GPC of the 
binary Al2O3 compared to HfO2, and will become even more pronounced at higher a 
and b values. The linear growth behavior of hafnium aluminates of various 
compositions is also affirmed by mass balance studies. 

Although the GPC of the (1:1) hafnium aluminate implies that both subcycle 
processes do not affect each other (Figure 5.5), the variation in ternary oxide thickness 
with a and b suggests the opposite (Figure 5.6). The thickness of hafnium aluminates 
with various compositions can only be compared when the total number of reaction 
cycles is similar. This total number is determined by the amount of subcycles, defined 
as (a+b), times the amount of (HfCl4/H2O)a(Al(CH3)3/H2O)b supercycles. Therefore, 
hafnium aluminates are grown while targeting a total number of 100 reaction cycles. 
For the hafnium aluminates with subcycle ratios (1:2) and (2:1) however, it is 
impossible to reach 100 reaction cycles and, hence, only 99 (# ALD cycles * (a+b) = 
33*(1+2)) are deposited. This is also the case for the (1:6) and (6:1) hafnium 
aluminate, as the total number of reaction cycles is limited to 98 (= 14*(1+6)). 
Anyway, the impact of 1 or 2 reaction cycles on the ternary oxide thickness is 
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negligible as it accounts for maximally 2 % and, therefore, falls within the 
experimental error of SE. For hafnium aluminates with 1 Al(CH3)3/H2O subcycle, the 
thickness decreases with increasing number of HfCl4/H2O subcycles and starts to 
approach that of 100 cycles of pure HfO2 (a = x; b = 1). After 9 HfCl4/H2O subcycles, 
the thickness of the (9:1) hafnium aluminate compound is still ~0.7 nm thicker than 
the binary HfO2. This observation clearly indicates that 1 intermediate Al(CH3)3/H2O 
reaction has a beneficial impact on the ALD of HfO2. On the other hand, 9 
Al(CH3)3/H2O subcycles are not sufficient to rule out the effect of 1 HfCl4/H2O 
subcycle as the corresponding hafnium aluminate is still thinner than the pure Al2O3 
(a = 1; b = x). Both observations therefore suggest that the incorporation of 1 
intermediate Al(CH3)3/H2O reaction enhances the HfO2 growth whereas 1 
intermediate HfCl4/H2O reaction inhibits the deposition of Al2O3. 
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Figure 5.5 Comparison of the growth curves of the binary HfO2 and Al2O3 (closed 
symbols) to those of hafnium aluminates (open symbols), deposited by the ALD of 
(HfCl4/H2O)a(Al(CH3)3/H2O)b with various subcycle ratios (a:b).  
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Figure 5.6 Oxide thickness of hafnium aluminate compounds as a function of the 
number of HfCl4/H2O (a) (Al(CH3)3/H2O (b)) subcycles in a 
(HfCl4/H2O)a(Al(CH3)3/H2O)1 ((HfCl4/H2O)1(Al(CH3)3/H2O)b) ALD supercycle. The 
total number of reaction cycles (# ALD cycles * (a+b)) is similar for each 
composition as it is between 98 and 100. Trendlines are drawn to guide the eye. 

The enhancement and inhibition of the HfO2 and Al2O3 growth, respectively, 
are also visible when we monitor the composition of various hafnium aluminates as a 
function of the subcycle ratio (Figure 5.7). Based on the GPC of the binary HfO2 and 
Al2O3, and assuming no interaction between both, the (1:1) hafnium aluminate is 
expected to contain 24.5 % Hf. With XPS however, 10 % more Hf is detected for this 
ternary oxide. This increase in Hf content correlates well to the earlier observed 
impact of 1 intermediate Al(CH3)3/H2O and HfCl4/H2O reaction on the ALD of HfO2 
and Al2O3, respectively (Figure 5.6). The (1:1) ternary oxide shows, as expected, the 
largest deviation from the calculated composition because the addition of 1 subcycle 
contributes the most for this composition. For higher (lower) subcycle ratios, the 
layers become more Hf-rich (Al-rich) and advance towards bulk growth of the binary 
oxide, so that the difference between the observed and theoretical composition 
reduces and finally disappears. 
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Figure 5.7 Variation in the composition of hafnium aluminates for diverse 
subcycle ratios. The theoretical composition is calculated as (a*GPCHfO2)/ (a*GPCHfO2 
+ 2b*GPCAl2O3). 

The presence of Al(CH3)3/H2O subcycles in the hafnium aluminate supercycle 
has a positive effect on the HfCl4 chemisorption as it enhances the Hf atom density 
compared to the binary HfCl4/H2O process (Figure 5.8). This binary process, that uses 
saturated H2O pulses of 10 s, deposits approximately 1.6 Hf/nm2 per HfCl4 pulse. The 
addition of 1 Al(CH3)3/H2O subcycle enlarges this amount to 1.9 Hf/nm2 in the (9:1) 
hafnium aluminate. The enhanced chemisorption is also visible in the composition of 
this ternary compound as it consists of 80 % Hf whereas our calculations predicted 
only 75 % Hf (Figure 5.7). Further decrease of the subcycle ratio, and hence the Hf 
content, increases the amount of Hf that is deposited per HfCl4 pulse in the HfCl4/H2O 
subcycle up to 2.2 Hf/nm2. This observation indicates that the HfO2 GPC can be 
enhanced by almost 40 % when 9 Al(CH3)3/H2O subcycles are integrated in the ALD 
supercycle. 

The surface composition of the hafnium aluminate compound varies with the 
subcycle ratio and, hence, the composition of the ternary oxide. As ALD is based on 
surface reactions, the type and amount of surface sites strongly influences 
chemisorption of the precursor. As a result, the enhanced Hf deposition in hafnium 
aluminates can be due to either more surface sites or more reactive surface sites 
(Figure 5.8). More sites could imply a more efficient hydrolysis of the Al-C bond 
compared to that of Hf-Cl. Also, more surface sites could be available when processes 
that possibly limit HfCl4 chemisorption during growth of the binary HfO2 are less 
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abundant in hafnium aluminate systems. Dehydroxylation, resulting from 
condensation of two neighboring OH surface sites or one OH surface site with a non-
hydrolyzed Hf-Cl bond [26], is known to be responsible for the low GPC of the binary 
HfO2 process (Chapter 4). When dehydroxylation is less pronounced in hafnium 
aluminates, more OH surface sites remain available for HfCl4 chemisorption. Another 
possibility is that the incorporation of Al reduces the readsorption of HCl molecules 
[27], formed during the ligand exchange reaction with the surface. On the other hand, 
more reactive sites imply a higher reactivity of the HfCl4 precursor towards Al-OH 
than towards Hf-OH surface sites. This would be in contrast with our observations 
from Chapter 3, where we concluded that the HfCl4 reaction with OH surface sites is 
independent of the atom on which the OH site is grafted. Also, the incorporation of Al 
in the HfO2 layer could enhance the reactivity of Hf-OH surface sites. This process is 
known from acid-catalyzed reactions on solid surfaces [28]. When trivalent Al is 
located next to a tetravalent atom such as Hf, it tends to acquire the oxygen lone pair 
electrons related to Hf-OH to fill its empty p-orbital. This action increases the acidity 
and, hence, the reactivity of Hf-OH surface sites, possibly resulting in enhanced HfCl4 
chemisorption. DFT simulations, as discussed in section 5.4.2, are performed to 
further investigate the possible origin of the observed enhancement in HfCl4 
chemisorption.  
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Figure 5.8 Amount of Hf, deposited per HfCl4 pulse in the HfCl4/H2O subcycle, 
as a function of the composition of the hafnium aluminate compound.  
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5.4.1.1 Effect of the reaction sequence 

The reactivity of HfCl4 and Al(CH3)3 towards Hf-OH and Al-OH surface sites 
can be investigated by changing the reaction sequence of the hafnium aluminate 
supercycle, so that both precursors react sequentially without any intermediate H2O 
reaction (Table 5.2). As discussed in the previous sections, (1:1) hafnium aluminates 
have been deposited by means of the HfCl4/H2O/Al(CH3)3/H2O supercycle. For an 
Al(CH3)3/HfCl4/H2O supercycle, the resulting hafnium aluminate contains only 4.8 % 
Hf, corresponding to a Hf atom density of 0.25 Hf/nm2 per HfCl4 pulse. This low 
value resembles that for HfCl4 deposition on a H-terminated Si surface, suggesting 
that very few reactive sites are left on the surface after Al(CH3)3 chemisorption. 
Moreover, the GPC of the hafnium aluminate compound is practically the same as 
that of the binary Al(CH3)3/H2O process. All these observations imply that Al(CH3)3 
consumes almost all available surface sites and, therefore, the subsequent HfCl4 
chemisorption is limited. On the other hand, the use of HfCl4/Al(CH3)3/H2O 
supercycles deposits hafnium aluminates with a Hf content of 83 %. Here, the first 
precursor pulse occupies less surface sites compared to that in the 
Al(CH3)3/HfCl4/H2O process, so that reactive sites are still available for 
chemisorption of the second precursor. Also, the incorporation of 17 % Al clearly 
enhances the Hf atom density from 1.49 to 1.67 Hf/nm2 per HfCl4 pulse, which is 
consistent with what we observed earlier (Figure 5.8). Adding a H2O reaction in 
between the HfCl4 and Al(CH3)3 pulse, as is the case for standard hafnium aluminate 
deposition, improves Al(CH3)3 chemisorption compared to the HfCl4/Al(CH3)3/H2O 
sequence. Moreover, the enhanced Al(CH3)3 chemisorption generates more Al-OH 
surface sites upon hydrolysis and, hence, more HfCl4 can chemisorb during the 
subsequent HfCl4 pulse (1.89 versus 1.67 Hf/nm2). 
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Table 5.2 GPC (as determined by XRR), composition and Hf atom density of 
hafnium aluminates with different reaction sequences. The H2O pulse length is for all 
processes limited to 1.5 s.  

Reaction sequence GPC (nm) Composition 
Hf/(Hf+Al) (%) 

Hf/HfCl4 pulse 
(Hf/nm2) 

HfCl4/H2O 0.057 100 1.49 

Al(CH3)3/HfCl4/H2O 0.097 4.8 0.25 

HfCl4/Al(CH3)3/H2O 0.075 83 1.67 

HfCl4/H2O/Al(CH3)3/H2O 0.143 35.5 1.89 

Al(CH3)3/H2O 0.098 0 n.a. 

5.4.1.2 Effect of H2O pulse time 

Next to precursor chemisorption, hydrolysis of the resultant chemisorbed 
complex is an important parameter in hafnium aluminate growth. Up till now, we 
have investigated the ALD of hafnium aluminates for saturated H2O pulse lengths 
after both the HfCl4 and Al(CH3)3 chemisorption. Shorter pulses however are 
interesting from a throughput perspective, especially because H2O pulse lengths of 10 
s during each HfCl4/H2O subcycle are very time-consuming. Therefore, we test the 
effect of the H2O reaction in hafnium aluminates by reducing the H2O pulse length 
after each precursor pulse. In the (HfCl4/H2O)a(Al(CH3)3/H2O)b supercycle, the H2O 
pulse length of the HfCl4/H2O subcycle is shortened to 0.5 s while that of the 
Al(CH3)3/H2O subcycle is decreased from 1.5 to 0.4 s. This action reduces the GPC 
for all compositions with 12 – 14 %. Regarding the absolute value of the GPC, we 
observe the smallest effect for the (1:1) ternary oxide and increasing effect when 
going towards Hf- or Al-rich compounds. This GPC behavior is evident as these 
layers contain more subcycles per ALD supercycle. For comparison, the GPC of the 
(1:1) hafnium aluminate decreases from 0.15 to 0.13 nm, while that of the (1:6) drops 
from 0.60 to 0.52 nm when shorter H2O pulses are used. The reduction in GPC is 
expected to be due to the less efficient hydrolysis of both the Hf-Cl and Al-C bond. 
However, the shorter H2O pulse does not result in less efficient hydrolysis of the Al-C 
bond as indicated by TOFSIMS depth profiles (Figure 5.9). On the other hand, the Cl 
content increases with decreasing H2O pulse length, implying that the hydrolysis of 
Hf-Cl is the most critical.  
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Figure 5.9 TOFSIMS depth profiles for hafnium aluminates, deposited with short 
and saturated H2O pulse lengths. Reported are the Cl (closed symbols) and C (open 
symbols) intensities.  

The use of short H2O pulses slightly decreases the Al content of hafnium 
aluminate compounds (Figure 5.10). The largest decrease in Al content is observed 
for the (1:1) hafnium aluminate, as the Hf content increases by ~5 % when shorter 
H2O pulse lengths replace the saturated ones. Although the H2O pulse length has 
minimal impact on the composition compared to the GPC, the observed trend is as 
expected. Indeed, a shorter H2O pulse results, as indicated by TOFSIMS (Figure 5.9), 
in a higher contribution of Hf-Cl bonds and, hence, less Hf-OH surface sites that are 
available for Al(CH3)3 chemisorption during the subsequent Al(CH3)3/H2O subcycle. 
The latter H2O pulse does not only need to hydrolyze the resulting Al-C bonds, but 
also part of the Hf-Cl bonds that were formed during the previous HfCl4/H2O 
subcycle. Hence, more surface sites will be available for chemisorption of HfCl4 
compared to Al(CH3)3, increasing the relative Hf content of the ternary compound. 
The importance of the Hf-Cl hydrolysis in the ALD of hafnium aluminates becomes 
even more clear when only the H2O pulse length in the HfCl4/H2O subcycle is 
shortened while that in the Al(CH3)3/H2O subcycle is kept saturated at 1.5 s. As the 
H2O pulse length decreases from 10 to 1.5 s, the Hf content of the (1:1) hafnium 
aluminate increases with 2 % while the amount of Hf, deposited per HfCl4 pulse in the 
HfCl4/H2O subcycle, decreases from 2.1 to 1.9 Hf/nm2. So, the use of saturated H2O 
reactions in the HfCl4/H2O subcycle enhances HfCl4 chemisorption, while 
simultaneously the relative amount of Hf in the ternary oxide is decreased. Therefore, 
this observation not only suggests that Al(CH3)3 chemisorption is enhanced after a 
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more efficient Hf-Cl hydrolysis, but also that the use of saturated H2O reactions in the 
HfCl4/H2O subcycle increases the amount of Al, deposited per Al(CH3)3/H2O 
subcycle, relatively more than that of Hf. As we were not able to determine the Al 
content of bulk hafnium aluminate compounds, we compare the Al atom density after 
one Al(CH3)3 chemisorption reaction on a 1.5 nm binary HfO2 surface, grown by 
saturated (10 s) and nearly saturated (0.5 s) H2O pulses. This experiment shows that 
the use of saturated H2O pulses in the ALD of HfCl4/H2O results in more Hf-OH 
surface sites and, therefore, enhanced Al(CH3)3 chemisorption as the Al atom density 
increases from 3.9 to 5.2 Al/nm2.  
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Figure 5.10 Variation in the composition of hafnium aluminates with saturated and 
short H2O pulses for diverse subcycle ratios.  

5.4.2 Theoretical simulations of possible reactions 

Experimentally, we observe that the integration of Al(CH3)3/H2O subcycles in 
the (HfCl4/H2O)a(Al(CH3)3/H2O)b supercycle enhances HfCl4 chemisorption 
compared to the binary HfCl4/H2O process. As discussed earlier, the increased HfCl4 
chemisorption could be due to a difference in hydrolysis efficiency of the Hf-Cl and 
Al-C bond, in reactivity towards the resulting surface sites or in dehydroxylation 
behavior. The reactivity of the present surface sites can also be affected by the 
incorporation of trivalent Al in the HfO2 matrix. We investigate some of these 
pathways by simulating the chemisorption reactions of HfCl4 and Al(CH3)3 on Hf-OH 
and Al-OH surface sites, together with the hydrolysis reactions of the adsorbed 
precursors. For these simulations, we use small cluster models and, as such, we 
neglect the contribution of long-range interactions. We also assume that both HfCl4 
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and Al(CH3)3 react with only one OH surface site. At least for HfCl4, this assumption 
seems correct as Hf atom densities, as detected in hafnium aluminates, are well below 
the steric hindrance limit for singly adsorbed –HfCl3 species (2.9 Hf/nm2 as 

determined in Chapter 3). We compute the enthalpy and entropy S of all 
reactants (R), adsorption complexes (A), transition states (TS) and products (P) at 
standard conditions (20°C, 1 atm). The reported enthalpy and entropy values are 
relative to those obtained for the reactants. The rate at which the adsorption complex 
transforms into the transition state is determined by means of transition state theory 
[29] (Eq. (4 – 1)).  

o oH

5.4.2.1 Chemisorption of HfCl4 and Al(CH3)3 

DFT simulations show that Al(CH3)3 reacts similarly with Al-OH and Hf-OH 
surface sites (Figure 5.11, Table 5.3).  First, Al(CH3)3 adsorbs molecularly onto the 
hydroxylated surface and forms a stable complex with the OH surface site through 
interaction between the oxygen lone pair electrons and the empty p-orbital of the Al 
atom [30]. This Lewis acid/base interaction is similar for both surface sites, resulting 
in an adsorption complex of comparable stability. Next, one of the methyl groups of 
the adsorbed precursor molecule reacts with the hydrogen atom of the OH surface 
site, resulting in physisorbed CH4 which eventually desorbs [30-31]. For simplicity in 
our calculations, we assume simultaneous formation and desorption of CH4. The 
chemisorption of Al(CH3)3 is for both surface sites accessible from a thermodynamic 
point of view, as the reactions are exoenergetic with reaction enthalpies between -164 
and -171 kJ/mol. Moreover, chemisorption on Al-OH and Hf-OH surface sites occurs 
with the same rate (~109 s-1) as similar amounts of energy are needed to reach the 
transition state out of the adsorption complex. 

HfCl4 chemisorption is thermodynamically favorable on both Al-OH and Hf-
OH surface sites, but occurs faster on Al-OH (Figure 5.11, Table 5.3). Here, the 
adsorption complex is formed through interaction between the oxygen lone pair 
electrons from the OH surface site and an empty d-orbital of Hf. The reaction further 
proceeds through a 4-centered transition state, where one of the Cl ligands recombines 
with the hydrogen atom of the OH surface site. The formed HCl is initially 
electrostatically bound to the surface but desorbs afterwards [31-33]. As for the 
Al(CH3)3 chemisorption, we assume that formation and desorption of the by-product 
occur simultaneously. Although chemisorption of HfCl4 is possible on both Al-OH 
and Hf-OH surface sites from a thermodynamic point of view, we observe several 
differences along the reaction path. First, the adsorption complex on a Hf-OH surface 
site is up to 20 kJ/mol more stable than on Al-OH, resulting from a weak electrostatic 
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interaction between one of the Cl ligands and the surface Hf atom [31,34-35]. Second, 
less energy is needed to form the transition state when HfCl4 is adsorbed on an Al-OH 
surface site. Together with a large increase in entropy, this results in a much faster 
reaction. Hence, HfCl4 chemisorbs 104 times faster on an Al-OH surface site than on 
Hf-OH. 

 

Figure 5.11 Comparison of the change in relative energy for Al(CH3)3 (closed 
symbols) and HfCl4 (open symbols) chemisorption on Hf-OH (dashed line) and Al-
OH (continuous line) surface sites. The illustration shows the chemisorption of 
Al(CH3)3 on Hf-OH.  

 

 

 

 

 146



The HfCl4/H2O reaction in ternary oxides 

Table 5.3 Relative increase in enthalpy ‡,oHΔ  and entropy , together with 
the rate constant k, for going from the adsorption complex to the transition state. 
Values are calculated for the chemisorption of Al(CH3)3 and HfCl4 on Al-OH and Hf-
OH surface sites, and for the hydrolysis of the first Al-C and Hf-Cl bond of the 
adsorbed precursor. 

‡,oSΔ

Adsorbant Surface site ‡,oHΔ  (kJ/mol) ‡,oSΔ  (J/molK) k (s-1) 

Al(CH3)3 Al-OH 43 8.1 4.2 109 

Al(CH3)3 Hf-OH 37 5.0 9.6 109 

HfCl4 Al-OH 49 59 5.0 1011 

HfCl4 Hf-OH 73 25 5.9 107 

H2O Al-(CH3)2 92 7.4 1.2 105 

H2O Hf-Cl3 69 -9.8 1.8 106 

5.4.2.2 Hydrolysis of Hf-Cl and Al-C 

The hydrolysis reaction of Hf-Cl and Al-C plays an important role in the 
deposition of hafnium aluminates as it influences, together with dehydroxylation, the 
available amount of OH surface sites for the subsequent precursor pulse. Hence, a less 
efficient hydrolysis might limit the incorporation of Hf or Al during HfCl4 or 
Al(CH3)3 chemisorption, respectively. During the hydrolysis, the oxygen lone pair 
electrons from H2O interact with the empty d- and p-orbital of the chemisorbed -
HfClx(OH)3-x (1 ≤ x ≤ 3) and -Al(CH3)x(OH)2-x (1 ≤ x ≤ 2) precursor complex, 
respectively. Here, we simulate the H2O reaction for all three Hf-Cl and both Al-C 
bonds of the -HfCl3 and -Al(CH3)2 surface compound, adsorbed on a Si-OH surface 
site (Figure 5.12, Table 5.3). No large differences in energy profile are observed when 
-HfCl3 and -Al(CH3)2 are grafted on a Hf-OH or Al-OH surface site. 
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Figure 5.12 Comparison of the change in relative energy for the hydrolysis of the 
Hf-Cl and Al-C bonds in the chemisorbed –HfCl3 and –Al(CH3)2 compound, 
respectively. The illustration shows the hydrolysis of the first Al-C bond when 
Al(CH3)3 has bonded on a Si-OH surface site. 

The Hf-Cl and Al-C hydrolysis differ mainly from a thermodynamic point of 
view (Figure 5.12). As was already explained in Chapter 4, the reaction of H2O with 
all three Hf-Cl bonds is slightly exoenergetic to even endoenergetic for the studied 
cluster model. As the adsorption complex is much lower in energy and hence more 
stable than the resulting -HfClx(OH)3-x surface, the reaction might get trapped in the 
adsorption state and, as such, limit the Hf-Cl hydrolysis. Although quite similar 
stability is computed for the adsorption complex and transition state in both Al-C 
hydrolysis reactions, large differences are observed in the energy of the reaction 
products (Figure 5.12). The low energy of the hydrolyzed surface (-147 kJ/mol for the 
first Al-C bond) makes the reaction between H2O and the -Al(CH3)2 surface very 
favorable so that no trapping in the intermediate states will occur. Because H2O 
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hydrolyzes the Al-C bond more efficiently than the Hf-Cl bond, more OH surface 
sites will be susceptible for precursor chemisorption after the Al-C hydrolysis. This is 
consistent with the observed enhancement in Hf incorporation with increasing number 
of Al(CH3)3/H2O subcycles in the (HfCl4/H2O)1(Al(CH3)3/H2O)b supercycle (Figure 
5.8). Also, the lower efficiency of the Hf-Cl hydrolysis explains the limited Al(CH3)3 
chemisorption during the ALD of hafnium aluminates (Figure 5.6). However, from 
Chapter 4 we know that the low GPC of the binary HfCl4/H2O process is caused by 
surface dehydroxylation and not by the limited hydrolysis of the Hf-Cl bond. 
Therefore, we assume that the enhanced HfCl4 and inhibited Al(CH3)3 chemisorption 
during the HfCl4/H2O and Al(CH3)3/H2O subcycle, respectively, results from a 
difference in dehydroxylation behavior between both binary oxides. 

5.5 Comparison to hafnium silicates and titanates 

The addition of H2O/TiCl4/H2O subcycles in the ALD of hafnium titanates 
enhances the HfCl4 chemisorption. This effect is even more pronounced compared to 
hafnium aluminates (Figure 5.13). For H2O pulses of 0.5 s in the Pulsar® 2000 reactor, 
the binary HfCl4/H2O process deposits HfO2 at a GPC of ~1.5 Hf/nm2. In the (1:1) 
hafnium titanate, the amount of Hf that is deposited per HfCl4 pulse in the HfCl4/H2O 
subcycle is increased up to 1.9 Hf/nm2 while a Hf content of 82 % is obtained. Further 
addition of H2O/TiCl4/H2O subcycles enhances the HfCl4 chemisorption even more. 
Up to 2.7 Hf/nm2 are deposited in the (1:6) hafnium titanate, characterized by a Hf 
content of 26 %. For comparison, the addition of 6 Al(CH3)3/H2O subcycles increases 
the amount of Hf per HfCl4 pulse from 1.6 Hf/nm2 in the binary HfO2 to 2.2 Hf/nm2 in 
the (1:6) hafnium aluminate. Similar as for hafnium aluminates, DFT simulations 
confirm that the enhanced HfCl4 chemisorption when going towards Ti-rich 
compositions can be related to the more efficient hydrolysis of the Ti-Cl bond 
compared to the Hf-Cl bond. Despite the same trend, the obtained Hf atom densities 
are higher for hafnium titanates compared to hafnium aluminates, which is possibly 
related to the difference in H2O dose. This H2O dose gradually increases when going 
towards Ti-rich compositions according to the reaction sequence 
(HfCl4)a(H2O/TiCl4/H2O)b. Compared to hafnium titanates and aluminates, minimal 
effect of the ternary oxide composition is seen for hafnium zirconates. This is 
consistent with the reported similarity in reaction mechanism between HfCl4/H2O and 
ZrCl4/H2O [16-17], as is also discussed in section 5.3. The same conclusion can be 
made for hafnium silicates, at least for the ternary oxides with Hf contents above 50 
%. When the surface becomes more Si-rich, the amount of Hf that is deposited per 
HfCl4 pulse in the HfCl4/H2O subcycle decreases slightly [22].  
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Figure 5.13 Amount of Hf, deposited per HfCl4 pulse in the HfCl4/H2O subcycle, 
as a function of the composition of the ternary compound. Ternary oxides comprise 
hafnium zirconates, aluminates, titanates and silicates. With exception of the hafnium 
titanates, all depositions are carried out in the Pulsar® 3000 reactor. 

Of all studied ternary oxides, only hafnium zirconate compounds show a linear 
increase in composition with increasing subcycle ratio (Figure 5.14). This linear 
correlation is not only related to the similar chemistry of both binary processes, but 
especially to their similar GPC (section 5.3). Despite the beneficial impact of 
Al(CH3)3/H2O subcycles on the HfCl4 chemisorption in the ALD of hafnium 
aluminates, no linear correlation can exist for this ternary oxide as the difference in 
GPC between both binary oxides is too large (Figure 5.5). For hafnium silicates on the 
other hand, the story is quite different as we are not able to deposit the binary SiO2 by 
the ALD of SiCl4/H2O. At the ALD reactor pressure, SiO2 deposition would require 
SiCl4 pulse lengths of 2.105 s [36-37], which is impossible for a production 
environment. Chemisorption of SiCl4 at a lower dose (0.02 s) however can be 
obtained after the introduction of HfCl4/H2O subcycles, indicating that the surface 
composition plays a major role in the deposition of hafnium silicates. Indeed, DFT 
simulations do not only show higher reactivity of SiCl4 towards Hf-OH surface sites 
compared to Si-OH, they also reveal that the Si-Cl bond is more difficult to hydrolyze 
than Hf-Cl [22]. Both findings explain why it seems impossible to grow Si-rich 
hafnium silicates, as the (1:10) ternary oxide results in only ~62 % Si. Up to 80 % Si 
can be obtained when the SiCl4 pulse length is enlarged from 0.02 s to 1s [22]. For 
comparison, the ALD of (HfCl4/H2O)a(Al(CH3)3/H2O)b with subcycle ratio (1:9) 
deposits hafnium aluminates with an Al content of ~96 %. Finally, the linear relation 
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between the ternary oxide composition and the subcycle ratio is also absent for 
hafnium titanates, despite the similar GPC of both binary processes (~0.05 nm as 
discussed in [24]). Each investigated subcycle ratio results in an enhanced Hf content 
of the ternary oxide, which is consistent with the observed increase in the amount of 
Hf, deposited per HfCl4 pulse, with increasing Ti-content (Figure 5.13). When the 
subcycle ratio increases from 0.25 to 0.33, the Hf content of the ternary oxide 
increases by almost 30 %. This sudden increase in Hf content might be related to a 
more efficient generation of OH surface sites, induced by a higher H2O dose, because 
the ALD supercycle changes at this subcycle ratio from (HfCl4)a(H2O/TiCl4/H2O)b (X 
= Ti 1) to (HfCl4/H2O)a(H2O/TiCl4/H2O)b (X = Ti 2). However, more research should 
be carried out to investigate this matter into more detail. 
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Figure 5.14 Variation in the composition of hafnium aluminates, zirconates, 
titanates and silicates for diverse subcycle ratios. For hafnium titanates, the ALD 
supercycle changes from (HfCl4)a(H2O/TiCl4/H2O)b for Ti-rich compositions (X = Ti 
1) to (HfCl4/H2O)a(H2O/TiCl4/H2O)b for Hf-rich compositions (X = Ti 2). 

5.6 Conclusions 

The growth behavior of ALD hafnium zirconates resembles a linear 
combination of that of the HfCl4/H2O and ZrCl4/H2O process, resulting from the 
analogous chemistry and GPC of both binary processes. This kind of behavior 
however is rather exceptional in the ALD of ternary oxides, as indicated by the 
hafnium aluminate process. The ALD of hafnium aluminates in the sequence 
(HfCl4/H2O)a(Al(CH3)3/H2O)b is characterized by an enhanced HfO2 growth while 
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Al2O3 deposition is inhibited compared to the binary processes. Enhanced HfO2 
growth results from more HfCl4 chemisorption, as indicated by the increase in the 
amount of Hf, deposited per HfCl4 pulse in the HfCl4/H2O subcycle, from 1.6 Hf/nm2 
in the binary process up to 2.2 Hf/nm2 in the (1:9) hafnium aluminate. DFT 
simulations show that the enhanced HfCl4 chemisorption is not related to a difference 
in precursor affinity towards Al-OH and Hf-OH surface sites, as is consistent with our 
observations in Chapter 3. On the other hand, DFT predicts more efficient hydrolysis 
of the Al-C bond compared to Hf-Cl. This implies that more surface sites will be 
susceptible for HfCl4 chemisorption during hafnium aluminate growth than during the 
ALD of HfCl4/H2O and explains therefore the observed enhancement. Also, less 
conversion of Hf-Cl into Hf-OH surface sites can explain the limited Al(CH3)3 
chemisorption in hafnium aluminates. However, in Chapter 4, we show that the lack 
of reactive OH sites during HfCl4/H2O bulk growth is caused by surface 
dehydroxylation and not by the limited hydrolysis of the Hf-Cl bond. Therefore, we 
propose that the enhanced HfCl4 and inhibited Al(CH3)3 chemisorption during the 
ALD of hafnium aluminates results from a difference in dehydroxylation behavior 
between both binary oxides. The enhancement in HfCl4 chemisorption is even more 
pronounced during the ALD of hafnium titanates. Similar as for hafnium aluminates, 
DFT simulations predict more efficient hydrolysis of the Ti-Cl bond compared to Hf-
Cl. In hafnium silicates on the other hand, the integration of 1 HfCl4/H2O subcycle in 
the (HfCl4/H2O)a(SiCl4/H2O)b supercycle is mandatory to deposit SiO2 with the 
applied SiCl4 doses. Both theory and experiment confirm that this behavior results 
from the availability of more reactive surface sites, generated by the HfCl4/H2O 
subcycle. 
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Chapter 6  

Conclusions and outlook 

6.1 Conclusions 

In 2007, Intel announced the integration of Hf-based gate dielectrics, grown by 
Atomic Layer Deposition (ALD), in the 45 nm technology node [1]. This 
announcement indicates the importance of ALD and Hf-based materials, and therefore 
justifies the PhD research that has been done since 2004. During this research, we 
intended to gain fundamental knowledge on the ALD growth behavior of dielectric 
materials on semiconductor surfaces. We focused on three main topics: the initial 
nucleation of HfO2 on various starting surfaces (Chapter 3), the impact of precursor 
chemistry and process conditions on the bulk growth behavior (Chapter 4) and the 
ALD growth characteristics of Hf-based ternary oxides (Chapter 5). The latter is of 
crucial importance as more and more emphasis shifts towards the use of more 
complex material systems for the various semiconductor applications. 

In Chapter 3, we show that the availability of reactive surface sites and the 
choice of metallic precursor can affect the Hf precursor nucleation during the first 
ALD cycle as well as during subsequent growth. When HfCl4 is used as the Hf 
precursor, low affinity towards Si-H and Si-O-Si surface sites is observed as Hf atom 
densities as low as 0.3 – 0.4 Hf/nm2 are obtained during the first reaction cycle. 
Higher Hf atom densities are feasible when Si-OH sites are present on the surface. 
The increase in Hf atom density with increasing amount of OH surface sites further 
suggests that HfCl4 chemisorption is established through ligand exchange with these 
sites. Moreover, we find that the amount and not the nature of OH surface sites, 
determined by the underlying substrate, affect the HfCl4 chemisorption. This is 
evidenced by the following three observations. First, the affinity towards Si-OH 
surface sites does not depend on how these surface sites are generated. Up to 3.9 
Hf/nm2 can be obtained on both wet oxides and wetted thermal oxides. Second, the 
crystallographic orientation of the Si substrate does not directly influence the HfCl4 
chemisorption. Any observed difference in Hf atom density is induced by the 
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difference in wet oxidation behavior of (100) and (110) Si, resulting in different 
amounts of Si-OH surface sites for identical oxidation conditions. And third, HfCl4 
chemisorbs on any OH surface site, almost independent of the atom on which the OH 
site is grafted. The latter conclusion results from the observed similarities in the 
correlation between the Hf atom density after the first reaction cycle and the OH 
surface density on both SiO2 and Al2O3 surfaces. Moreover, this similarity is affirmed 
by Density Functional Theory (DFT) simulations in Chapter 4 and 5. Anyway, for 
each OH-containing surface, we have to stress the importance of temperature-induced 
dehydroxylation as this reduces the amount of OH surface sites by transforming them 
into oxygen bridging sites. The extent of this reduction depends on the temperature 
and the time during which the surface is exposed to this temperature. Even more 
important is the H2O desorption that accompanies this dehydroxylation. When the 
starting surface is stabilized for less than 30 min in the ALD reactor, the incoming 
HfCl4 molecules can still react with the desorbing H2O. This results in a Chemical 
Vapor Deposition (CVD) component and, therefore, in Hf atom densities that are 
higher than sterically possible. Hence, optimized stabilization is mandatory to study 
the stoichiometry of the HfCl4 chemisorption reaction with OH surface sites. When 
we combine our results with theoretical models, based on the mass balance of the 
ligand exchange reaction, we find that each HfCl4 molecule reacts with a single Si-
OH surface site up to densities of 2.9 OH/nm2. For higher OH surface densities, 
reaction occurs with more than one site while a maximal packing of Cl ligands (8.8 
Cl/nm2) is maintained at the surface. 

As for HfCl4, the Hf atom density increases with increasing OH surface density when 
the metalorganic Hf(NCH3C2H5)4 (Tetrakis-EthylMethylAmino Hafnium, TEMAH) is 
applied. This dependence is less pronounced compared to HfCl4 as TEMAH is also 
reactive towards Si-H and Si-O-Si surface sites. On a H-terminated surface for 
instance, the first ALD cycle deposits up to 8 times more Hf when TEMAH is used. 
This higher reactivity indicates that, in contrast to HfCl4, TEMAH chemisorption is 
not limited to ligand exchange with Si-OH surface sites and, therefore, the 
stoichiometry of the TEMAH reaction with these sites can not be determined. 
Moreover, interpretation of the obtained results is not straightforward as TEMAH 
tends to decompose at the ALD reactor temperature. Indicative of this decomposition 
is the high Hf atom density that can be obtained on a fully hydroxylated wet oxide, 
and that increases beyond the ALD saturation level when the TEMAH pulse length is 
elongated. For TEMAH pulse lengths of 10 s, the first ALD cycle deposits up to 3.7 
Hf/nm2 which is almost three times higher than expected based on the size of the -
NCH3C2H5 ligands. We relate this enhanced Hf deposition to ligand decomposition of 
the chemisorbed TEMAH compound. 
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Chemisorption during the first reaction cycle also affects further ALD growth as well 
as the quality of the deposited HfO2 layer. For the ALD of HfCl4/H2O and 
TEMAH/H2O on a fully hydroxylated wet oxide, the Hf atom density increases 
linearly with increasing number of ALD cycles and results in the most two-
dimensional growth. Island growth and inhibition occur and become more pronounced 
when the number of available Si-OH surface sites decreases. Simultaneously, the 
roughness of the grown HfO2 increases at decreasing layer density. On a H-terminated 
surface, 50 ALD cycles are necessary to obtain linear bulk growth with the HfCl4/H2O 
process while 30 cycles are sufficient when TEMAH/H2O is used. The shorter 
inhibition period for the metalorganic process results from the difference in substrate 
affinity as well as the higher bulk Growth-Per-Cycle (GPC) compared to HfCl4/H2O. 
However, despite their shorter inhibition period and more two-dimensional growth, 
the most scaling potential is obtained with HfO2 layers that are grown by the ALD of 
HfCl4/H2O on sub-1 nm SiO2 surfaces.  

In Chapter 4, we demonstrate that the precursor combination and process 
parameters should be selected with care as they affect the growth characteristics and 
quality of ALD HfO2 layers. When HfO2 is grown by the ALD of HfCl4/H2O, growth 
proceeds at a GPC of 1.6 Hf/nm2, which is much lower than the 3.9 Hf/nm2 that can 
be obtained during chemisorption on a wet oxide surface in the first reaction cycle 
(300°C). From Chapter 3, we know that HfCl4 shows good affinity towards OH 
surface sites, irrespective of the atom on which these are grafted. This implies that the 
number of such reactive surface sites is limited during bulk growth. DFT simulations 
predict that a lack of Hf-OH surface sites is related to the limited thermodynamic 
accessibility of the hydrolysis reaction. Saturation studies indeed confirm low affinity 
of H2O towards the chlorinated surface as up to 10 s are necessary to reach saturation. 
Nevertheless, the Hf-Cl hydrolysis seems efficient to reduce the Cl content as H2O 
pulse lengths of 0.5 s already result in HfO2 layers with Cl contents below 1 atomic 
%. A second and more important contribution to the low GPC relates to the fact that 
the amount of Hf-OH surface sites is restricted by dehydroxylation, which results in 
less reactive Hf-O-Hf surface sites. Indications of dehydroxylation are the decrease in 
GPC with increasing reactor temperature as well as the ability to enhance HfCl4 
chemisorption by exposure of the grown HfO2 surface to a moisture background at 
low temperature. Moreover, we should mention that the quality of the HfO2 layer 
improves with increasing H2O pulse length, resulting in better Equivalent Oxide 
Thickness (EOT)/leakage behavior [2]. Although saturated H2O pulses of 10 s result 
in the highest quality, they are very time-consuming and, hence, pulse lengths of 0.5 s 
are typically used to deposit the HfO2 layer as they can be considered as the optimal 
economical compromise. 

 159



Chapter 6 

The ALD of HfCl4/O3 grows HfO2 layers at a GPC of 3.7 Hf/nm2, which is more than 
twice the GPC of the HfCl4/H2O process at the same deposition temperature (300°C). 
However, also with this process, oxidizer pulse lengths of 10 s are necessary to 
saturate the Cl-terminated surface. On the other hand, the thickness profile over the 
wafer for unsaturated O3 pulses suggests that O3 is very reactive towards chemisorbed 
HfClx species. Some of the proposed surface sites that are formed after the oxidation 
step are Hf-O and Hf-O2. The enhanced GPC can then be related to their high 
reactivity and/or their availability during subsequent HfCl4 chemisorption. As the 
GPC of the HfCl4/O3 process decreases fast in the temperature range 225 – 370°C, 
reactions compete with the oxidation of Hf-Cl surface sites or limit the amount of 
reactive surface sites. The temperature-induced decomposition of O3, prior to surface 
oxidation, is considered as the most important competing reaction, although saturation 
studies suggest that this reaction only starts to play a role at temperatures above 
300°C. Finally, the integration of O3-based HfO2 layers in gate stack applications is 
limited because the exposure to O3 induces oxidation of the underlying Si substrate. 
Such oxidation results in SiO2-like interfacial layers which add significantly to the 
EOT and hence limit the scalability of the gate stack. 

When HfO2 is grown by the ALD of TEMAH/H2O at 285°C, a GPC of 2.1 Hf/nm2 
can be obtained when TEMAH and H2O pulse lengths of 1 and 0.5 s are applied, 
respectively. In this case, growth is not only established by the standard ligand 
exchange reactions during both pulses, but also by parasitic reactions. Such parasitic 
growth occurs when gaseous TEMAH molecules react with decomposed surface sites, 
which are formed when chemisorbed TEMAH is exposed to the ALD reactor 
temperature. The extent of this type of growth depends on the TEMAH pulse length 
and the deposition temperature, as it becomes more pronounced when both increase. 
Because parasitic reactions result in low-density layers with high C contents, TEMAH 
pulse lengths should be limited to 1 s. Also the H2O reaction behaves strangely during 
the TEMAH/H2O process. For H2O pulse lengths above 1.5 s, the GPC decreases and 
saturates once the H2O pulse length is elongated up to 20 s. We believe that such long 
pulses induce dehydroxylation of the surface and, hence, lower the GPC of the 
metalorganic process. Because dehydroxylation and parasitic growth are both 
temperature-dependent with an opposite dependence, the GPC is not strongly affected 
when the temperature increases from 285 to 345°C. Above this temperature, the GPC 
increases fast and, therefore, such high temperatures should be avoided. We have to 
mention that we assume that TEMAH does not decompose in the gas phase or that, if 
it decomposes, the gas phase products show similar volatility and reactivity towards 
the present surface sites. In conclusion, decomposition and parasitic growth during the 
ALD of TEMAH/H2O result in HfO2 layers with inferior quality compared to those 
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grown by HfCl4/H2O. Especially the presence of C contamination is detrimental as it 
results in excessive leakage throughout the gate stack, as shown in Chapter 3. 
Therefore, this TEMAH/H2O research proves that a high GPC may not be the only 
criterion to select a certain precursor combination and deposition parameters. 

In Chapter 5, we show that the growth behavior of ternary oxides is not 
necessarily straightforward to predict as surface reactions can differ from those in the 
binary oxide because of interactions between both individual processes. In a first case, 
we observe no difference in surface reactions when hafnium zirconates are grown by 
combining the HfCl4/H2O and ZrCl4/H2O process. Their growth behavior resembles a 
linear combination of that of the binary process, which indicates that 1 ZrCl4/H2O 
subcycle in the (HfCl4/H2O)a(ZrCl4/H2O)b ALD does not affect the HfCl4/H2O 
process and vice versa. Also the amount of Hf, deposited per HfCl4 pulse during the 
HfCl4/H2O subcycle, is not much affected by the composition of the ternary oxide, as 
it varies only between 1.30 and 1.39 Hf/nm2 for Hf contents between 10 and 100 %. 

In hafnium aluminates, the Hf content strongly depends on the composition of the 
ternary oxide. When hafnium aluminates are grown by the ALD of 
(HfCl4/H2O)a(Al(CH3)3/H2O)b, their GPC and composition assume enhanced HfO2 
growth and inhibited Al2O3 deposition compared to the binary processes. The addition 
of Al(CH3)3/H2O subcycles enhances HfCl4 chemisorption as the amount of Hf, 
deposited per HfCl4 pulse, increases from 1.6 Hf/nm2 in the binary process up to 2.2 
Hf/nm2 when 9 Al(CH3)3/H2O subcycles are integrated in the ALD supercycle. DFT 
simulations are consistent with the observed enhancement as these predict more 
efficient hydrolysis of the Al-C bond compared to Hf-Cl. This implies that more 
surface sites will be susceptible for HfCl4 chemisorption during hafnium aluminate 
growth than during growth of the binary HfO2. Less conversion of Hf-Cl into Hf-OH 
surface sites is also consistent with the apparent inhibition of Al(CH3)3 chemisorption. 
However, in Chapter 4, we show that the lack of reactive OH sites during HfCl4/H2O 
bulk growth is caused by surface dehydroxylation and not by the limited hydrolysis of 
the Hf-Cl bond. Therefore, we propose that the enhanced HfCl4 and inhibited 
Al(CH3)3 chemisorption during the ALD of hafnium aluminates results from a 
difference in dehydroxylation behavior between both binary oxides. Anyway, hafnium 
aluminates are an ideal example to illustrate the surface dependence of ALD 
reactions, as their GPC and precursor chemisorption change with the composition of 
the ternary oxide because of the changing fraction and type of available surface sites. 

During the ALD of hafnium titanates, the composition of the ternary compound 
affects the HfCl4 chemisorption even more as the amount of Hf, deposited per HfCl4 
pulse, increases from 1.5 Hf/nm2 in the binary process up to even 2.7 Hf/nm2 in the 
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hafnium titanate with subcycle ratio (1:6). Similar as for hafnium aluminates, DFT 
simulations predict more efficient hydrolysis of the Ti-Cl bond compared to Hf-Cl. In 
hafnium silicates on the other hand, the HfCl4 chemisorption is not much affected by 
the composition of the ternary oxide. The most remarkable characteristic of these 
oxides however is the ability to grow SiO2 at much smaller SiCl4 doses than required 
for the ALD of the binary SiCl4/H2O process. Both theory and experiment confirm 
that this ability results from the higher affinity of SiCl4 towards Hf-OH than Si-OH 
surface sites, combined with the more efficient hydrolysis of Hf-Cl compared to that 
of Si-Cl [3]. 

6.2 Outlook 

In Chapter 3, an attempt is made to study precursor chemisorption during the 
first ALD cycle. Several experiments can still be done to investigate this matter into 
more detail, especially when steric hindrance starts to prevail. It would be interesting 
to further affirm the correctness of our developed steric hindrance model. The validity 
of this model can be tested at low ALD temperatures as dehydroxylation will be less 
pronounced. However, because of HfCl4’s low vapor pressure, it is not 
straightforward to investigate steric hindrance at temperatures below 200°C. 
Therefore, it would be challenging to validate the steric hindrance model with 
precursors that have higher vapor pressures, on the condition that these precursors 
react selectively with Si-OH surface sites. With temperature-sensitive precursors like 
TEMAH, low temperature ALD is even more interesting as precursor decomposition, 
both in the gas phase and on the surface, can be avoided. Too low temperatures on the 
other hand can result in precursor condensation on the surface and, therefore, a trade 
off has to be made. Next to studying the impact of reactor temperature on precursor 
chemisorption, it would be challenging to repeat our first cycle experiments with a 
metalorganic precursor that reacts similarly as TEMAH but has symmetrical ligands, 
like Hf(N(CH3)2)4 (Tetrakis-DiMethylAmino Hafnium, TDMAH). The use of such 
molecules could facilitate the interpretation of the impact of steric hindrance on 
precursor chemisorption during the first reaction cycle 

In Chapter 4, we compare the bulk growth behavior of three different 
precursor combinations. While the HfCl4/H2O process has been studied by several 
groups during the period of this PhD dissertation, limited information is available on 
the ALD of HfCl4/O3. In order to obtain more information on the formed reaction 
intermediates, in-situ techniques like Electron Paramagnetic Resonance (EPR), 
Infrared or Raman Spectroscopy [4] can be applied. In-situ techniques can also 
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provide valuable information during the ALD of TEMAH/H2O as these techniques 
might be able to monitor precursor decomposition and characterize the formed 
products in order to elucidate the reaction mechanism. The obtained results can also 
be useful when studying the TEMAH/O3 process for instance. Under certain 
deposition conditions, this process is able to deposit HfO2 layers at a GPC of 6.9 
Hf/nm2, which is above the steric hindrance limit. Hence, growth is not limited to one 
monolayer and likely a different reaction mechanism occurs which merits further 
investigation. 

In Chapter 5, we investigate the HfCl4/H2O reaction in ternary systems. 
Ternary oxides are very interesting for two reasons. First, these oxides allow 
combination of the desirable properties of two binary oxides. Ternary oxides with 
rare-earth elements such as hafnium lanthanides [5] and lanthanum aluminates [6] 
have recently gained interest for Non Volatile Memory (NVM) applications and can 
be further explored in the future. Second, ternary oxides give the opportunity to learn 
more about the chemistry of both binary processes. For this purpose, hafnium 
aluminates with the Al(CH3)3/H2O process as the Al2O3 source are of particular 
interest as this binary process is already well-known [7]. For example, the use of 
ZrCl4/H2O instead of HfCl4/H2O in the (HfCl4/H2O)a(Al(CH3)3/H2O)b supercycle 
results in zirconium aluminates with similar growth behavior, confirming the 
analogous chemistry of both halide-based processes. Hence, the ALD of hafnium 
aluminates by integration of the TEMAH/H2O process could provide valuable 
information on this HfO2 process. Also, these ternary oxides can be grown with O3 
instead of H2O as the oxidizing precursor. When hafnium aluminates are grown in the 
sequence (HfCl4/O3)a(Al(CH3)3/O3)b, for instance, we observe a decrease in the 
amount of Hf, deposited per HfCl4 pulse, with increasing number of Al(CH3)3/O3 
subcycles. This behavior is completely opposite to what we observe with the H2O-
based process and, hence, further analysis of these systems could provide more insight 
into the fundamental difference between H2O- and O3-based HfO2 growth. Of course, 
investigation of such ternary oxides can be expanded to other systems besides those 
containing HfO2. Therefore, we can generally conclude that much information can be 
extracted by studying the ALD of ternary oxides. 
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