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Abstract

Thin film dielectrics based on titanium, zirconium or hafnium oxides are being introduced to
increase the permittivity of insulating layers in transistors for micro/nanoelectronics and
memory devices. Atomic layer deposition (ALD) is the process of choice for fabricating these
films, as it allows for high control of composition and thickness in thin, conformal films
which can be deposited on substrates with high aspect-ratio features. These characteristic
properties of the ALD method are due to the self-limiting growth mode which comes from
alternating pulses of surface-saturating precursors separated by inert gas purging. The
success of this method depends crucially on the chemical properties of the precursor
molecules. A successful ALD precursor should be volatile, stable in the gas-phase, but

reactive on the substrate and growing surface, leading to inert by-products.

In recent years, many different ALD precursors for metal oxides have been developed, but
many of them suffer from low thermal stability. Much promise is shown by group 4 metal
precursors that contain cyclopentadienyl (Cp = CsHs.,R,) ligands. One of the main advantages

of Cp precursors is their thermal stability.

In this work ab initio calculations were carried out at the level of density functional theory
(DFT) on a range of heteroleptic metallocenes [M(Cp)a.,(L),], M = Hf/Zr/Ti, L= Me and OMe,

in order to find mechanistic reasons for their observed behaviour during ALD.

Based on optimized monomer structures, reactivity is analyzed with respect to ligand
elimination. The order in which different ligands are eliminated during ALD follows their

energetics which was in agreement with experimental measurements.

Titanocene-derived precursors, TiCp*(OMe);, do not yield TiO, films in atomic layer
deposition (ALD) with water, while Ti(OMe), does. DFT was used to model the ALD reaction
sequence and find the reason for the difference in growth behaviour. Both precursors
adsorb initially via hydrogen-bonding. The simulations reveal that the Cp* ligand of
TiCp*(OMe); lowers the Lewis acidity of the Ti centre and prevents its coordination to
surface O (densification) during both of the ALD pulses. Blocking this step hindered further

ALD reactions and for that reason no ALD growth is observed from TiCp*(OMe); and water.

Vil



The thermal stability in the gas phase of Ti, Zr and Hf precursors that contain
cyclopentadienyl ligands was also considered. The reaction that was found using DFT is an
intramolecular a-H transfer that produces an alkylidene complex. The analysis shows that
thermal stabilities of complexes of the type MCp,(CHs), increase down group 4 (M =Ti, Zr
and Hf) due to an increase in the HOMO-LUMO band gap of the reactants, which itself

increases with the electrophilicity of the metal.

The reverse reaction of a-hydrogen abstraction in ZrCp,Me, is 1,2-addition reaction of a C-H
bond to a Zr=C bond. The same mechanism is investigated to determine if it operates for 1,2
addition of the ‘Bu C-H across Hf=N in a corresponding Hf dimer complex. The aim of this
work is to understand orbital interactions, how bonds break and how new bonds form, and
in what state hydrogen is transferred during the reaction. Calculations reveal two
synchronous and concerted electron transfers within a four-membered cyclic transition
state in the plane between the cyclopentadienyl rings, one m(M=X)-to-6(M-C) involving
metal d orbitals and the other ¢(C-H)-to-o(X-H) mediating the transfer of neutral H, where X

=CorN.

The reaction of the hafnium dimer complex with CO that was studied for the purpose of
understanding C-H bond activation has another interesting application, namely the cleavage
of an N-N bond and resulting N-C bond formation. Analysis of the orbital plots reveals
repulsion between the occupied orbitals on CO and the N-N unit where CO approaches
along the N-N axis. The repulsions along the N-N axis are minimized by instead forming an
asymmetrical intermediate in which CO first coordinates to one Hf and then to N. This
breaks the symmetry of the N-N unit and the resultant mixing of MOs allows o(NN) to be
polarized, localizing electrons on the more distant N. This allowed ¢(CO) and m(CO)

donation to N and back-donation of t*(Hf,N,) to CO.

Improved understanding of the chemistry of metal complexes can be gained from atomic-
scale modelling and this provides valuable information for the design of new ALD
precursors. The information gained from the model decomposition pathway can be
additionally used to understand the chemistry of molecules in the ALD process as well as in

catalytic systems.

Vil



Chapter 1. Introduction

1.1 Thin film Group 4 oxides for high-k dielectric materials

High-dielectric constant (high-k) materials are valuable for a wide range of applications such
as Dynamic Random Access Memory (DRAM) capacitors, decoupling filter capacitors for
integrated micro-power, and power capacitors for switched-capacitor power conversion.
Their most vital application, however, could be in advanced logic devices where they are
used as insulation between the transistor gate and channel. Moore’s Law, which predicts
that transistor density will double every two years, is used as a guideline for development in
the semiconductor industry. To keep up with this rate, the length of transistor gates has had
to decrease substantially. The ITRS roadmap for semiconductors 2011 [1] predicts that by
2020 transistor gate lengths will approach 10 nm, a full order of magnitude smaller than
gate lengths 17 years ago and less than half the gate length of the present date. Such a
reduction in sizes has been in a large part possible through the use of novel materials,
including high-k dielectrics. If the trend is to continue, however, higher-k insulators will be
required and they will need to be deposited not on flat substrates, but uniformly on highly-
complex structures such as deep trenches, rough pedestals, and around three-dimensional
objects such as the recently-commercialized FINFET transistor architecture, shown below in

Figure 1.

Figure 1 — Computer model of a FINFET-type structure, showing the Si substrate in blue, the source/drain
running diagonally top-left to bottom-right in grey, the gate running diagonally top-right to bottom-left in red
(on top of the source/drain), and the gate dielectric (the high-k material) shown in green, isolating the gate

from the remainder [2].



As well as the requirements surrounding where and on what structures high-k dielectrics
must be deposited, the continuing reduction in transistor current (also in the ITRS roadmap)
additionally means that high-k dielectrics must have low leakage currents and remain stable
during both processing and use. These materials must also be produced in a reliable, cost-
effective process suitable for the 300 mm wafers used in modern semiconductor
fabrication, into which any deposition method must be integrated.

Although silicon dioxide (SiO,) has been almost universally used as gate dielectric, its
dielectric constant (k = 4) is too small to give sufficient capacitance without excessive
thinness. It has already been replaced by aluminum oxide (k = 8) in DRAM and tantalum
oxide (k = 20) in decoupling capacitors. In 2007, SiO, was replaced as a gate dielectric in
Intel’s 45 nm process using hafnium-based high-k materials [3]. Furthermore, research is
ongoing into future high-k dielectric materials such as hafnium aluminates, silicates,
oxynitrides, nitrogen-containing silicates, and other classes of metal oxides based on
zirconium (k = 14-25) [4], praseodymium, and lanthanum. ZrO,, in particular, is of interest
due to its large band gap (5-7.8 eV), [5, 6], thermodynamic stability on Si [7], and high
permittivity [8, 9]. Titanium-based dielectrics such as TiO, are also under consideration due
to their high dielectric constant, but suffer from a narrow band gap of 3.3 eV [10] leading to
higher leakage currents (e.g. 10° A/cm? at 0.8 V [11]). Alkaline earth titanates such as
SrTiOs, however, are still considered promising candidate dielectrics, in particular for DRAM
applications [4].

As mentioned earlier and regardless of the material used, any material deposition process
must yield films that are uniform over large areas, contamination-free, thermally stable, and
able to be deposited over complex nanostructures [12-15]. Above all, they must be cost-
effective. As described in the next section, atomic layer deposition (ALD) is a processing
technique that satisfies these criteria. Its ability to deposit very conformal films of uniform
thickness has driven its use for depositing Al,O; for trench capacitors in current DRAM
production [16]. It is also used for highly-conformal dielectrics in magnetic read/write heads
[17]. For the deposition of high-k gate dielectrics on MOSFETS, the suitability of ALD has led

to its inclusion as a process in the ITRS roadmap and an important research topic [3, 18, 19].



1.2 Atomic Layer Deposition

Originally proposed in 1952 in the Ph.D. thesis of V. B. Aleksovskii and developed in the
1970s and 1980s [20, 21], Atomic Layer Deposition (ALD) is the leading technique for
depositing thin, conformal films. ALD is used to deposit films of a variety of types, such as
oxides, nitrides, metals, and sulfides. In particular and as mentioned in the previous section,
ALD is a useful process for depositing high-k films [20]. ALD is a surface-controlled variant of
Chemical Vapour Deposition (CVD) that separates the CVD reaction into two individual
surface reactions, each due to the action of a separate precursor. Additionally, unlike a
standard CVD reaction, the ALD reaction is self-limiting [13, 18, 22, 23]. An ALD reaction is
carried out by exposing the surface to alternating pulses of different vapour-phase
precursors, one at a time. Between each pulse, an inert gas is used to purge the deposition
chamber, removing any volatile by-products produced in the precursor pulse and any
unreacted precursors. The purge is for separating the precursors and keeping the ALD
reaction from becoming a CVD reaction, thus minimising unwanted CVD deposition.

A typical ALD process involves two types of precursors. For example, in the case of ALD of a
metal oxide like ZrO,, one type of precursor contains the metal to be deposited, for example
ZrCp,(OMe)Me. The second precursor is a source of oxygen — H,0 as an example. During
each pulse the precursor is chemisorbed onto the surface of the substrate until the surface
is saturated with a monolayer of precursor fragments. After this, no further chemisorption
takes place. This is possible because the reaction of the precursor with the surface is self-
limiting and the amount of precursor adsorbed is limited by the active sites of the surface

and by steric hidrance of the chemisorbed precursor molecules (ligands).

The growth of metal oxide layers by ALD consists then of repeating steps 2-5 of the

following:

1. Initial surface before any ALD processing

2. First precursor pulse containing metal-precursor, continuing until the surface is
saturated with with this precursor;

3. Purge of the reaction chamber with an inert gas to remove non-reacted precursor

and any reaction by-products;



4. Second pulse containing oxygen-precursor, continuing until the surface is saturated
(often with hydroxide);
5. Second purge of reaction chamber with inert gas to remove non-reacted precursor

and by-products.

The full process is shown in the diagram in Figure 2 below, with the following stages

proceeding from the top-left and in a clockwise direction:

Metal precursor
Initial surface exposure

Monolayer
growth

Figure 2 — The ALD process described in the series of major process steps [24]

Steps 2-5 describe a reaction cycle. Each reaction cycle adds a given amount of material to
the surface, defined as the Growth Per Cycle (GPC). By repeating the reaction cycle a
number of times the desired material thickness can be deposited by building up the
structure layer by layer. The characteristics of the deposited film can additionally be
controlled by adjusting the deposition conditions (temperature, pressure).

In contrast to the similar CVD process, films deposited using the ALD process are highly
conformal and, because of the steady, predictable GPC which comes from depositing one
layer at a time, the thickness and composition can be controlled down to the atomic level.
Because of the self-limiting nature of the reaction, ALD can be used to deposit films on
extremely complex surfaces, such as micropores and deep trenches, since the opening of
the trench will not close before the full trench can be coated, as in the device in Figure 3 or

Figure 1 in section 1.1. The main downside to ALD over a standard CVD process, however, is

4



that the predictable, layer-by-layer, self-limiting deposition is much slower than CVD: in
ALD, GPC of 100 — 300 nm/hr are typical [25], while CVD GPC of up to 30 um/hr [26] have

been reported.

Figure 3 — A trench of aspect ratio AR~100 (4.40 pm deep, 40 nm wide) as required for the 90 nm ground rule
in trench DRAM; the trench is evenly coated with 17-18 nm thick Al,O; deposited by ALD. (image: Infineon

Technologies)

In the case of depositing a high-k metal oxide using ALD, ligand exchange is one of many
important reaction mechanisms in the ALD process [27]. In the common case where H,0 is
used as an oxygen source, this ligand exchange occurs when the surface O-H bonds are
broken in the presence of the metal-ligand (M-L) bonds of the precursor and the result is
the formation of M-O and L-H bonds. In such a reaction, the thermodynamics are
determined during the ALD reactions by the strengths of the bonds that dissociate and
form. Additionally, to a lesser degree, these bond strengths will affect the reaction rates. As
an example of this, a precursor having strong L-H and weak M-L bonds will react in a
exothermic way. The product of such a reaction will be a pure, thin film that can be
deposited at low temperatures, leading to smoother films than can be achieved with high
deposition temperatures. Lower temperature additionally means fewer side reactions,
which are typically undesirable in the ALD process as they may lead to impurities. On the
other hand, a successful process does require the M-L bond to be sufficiently strong so that
the precursor remains stable in the gas phase. As well, the selected precursors should be

5



chemically complementary, so that the reaction of one precursor with the previously-
deposited fragment of the other precursor is exothermic. In this case, the ligands of the

previous precursor are completely removed and the deposited film should be of high purity.

1.3 ALD Precursors

At the end of Section 1.2, the stability of the ALD precursor in the gas phase was identified
as a key factor to the success of the reaction. This is, however, not the only factor that is
important in a precursor and therefore it is valuable to fully define the properties which
make up an ideal ALD precursor [13, 28, 29]. Stability in the gas phase, as previously
mentioned, is necessary so that the precursor does not react with itself before it can be
deposited on the surface and so that it does not produce unwanted gas-phase by-products.
The precursor should, however, be volatile and vaporize readily at a known rate which can
be easily reproduced. These two criteria are typically easily obtained for liquid precursors. It
is more difficult to develop a solid precursor that fulfils the volatility and vaporization
requirements. As well as being non-reactive in the gas-phase, an ideal precursor should be
reactive on the substrate and growing surface so that a film can be deposited at a
reasonable rate. The more reactive the precursor is on the surface, the faster the process
may be carried out, as well as occurring at a lower temperature. Finally, an ideal precursor
should produce inert by-products which can be easily removed from the deposition
chamber in the gas purge phase. These by-products should especially be non-corrosive, as
corrosive products will etch or corrode the film, leading to holes and other non-uniformities
and, ultimately, a thin-film where the thickness can not be controlled to the high degree
required of the ALD process. Finally, as mentioned in section 1.2, the precursors selected
should be complementary and react with each other exothermically and at as low a
temperature as possible, as this will result in pure, smooth, amorphous films that can not be
produced if the temperature is higher and the reactions are less exothermic.
Of these properties, however, there are three properties which can be considered the most
critical requirements of a good precursor and can be summarized as:

1. A precursor must be volatile either at room temperature or at elevated temperature

2. At the desired ALD processing temperature, a precursor must not undergo thermal

decomposition

3. The gas-solid reactions of the reactants must fulfil the self-termination criterion.



Based on the properties outlined above, the most common Group 4 precursors for ALD may
be identified based on how well they meet the listed ALD precursor requirements. We can
identify two main precursor groups: metalinorganic (metal with inorganic ligands) and metal
organic (metal with organic ligands). Metalinorganic precursors are those such as halides. Of
the metal organic precursors there are further sub-groups which may be defined based on
the presence of a metal-carbon bond. Precursors containing this bond include alkyls and
cyclopentadienyls. Precursors without this bond include alkoxides, B-diketonates, amides,
and amidinates.

There are several alkoxide, [B-diketonate, alkylamide and other metal organic and
metalinorganic precursors for ALD of titania, zirconia or hafnia. However some limitations
for an optimal ALD process still need to be overcome. For example, low thermal stability of
the precursor or increased impurity contents in the films may limit the applicability of
certain processes. In the following sections we consider the precursors most typically used

for ALD.

1.3.1 Halides

Metal halides, MCl,, are the oldest class of ALD reactants, known since early experiments in
the 1960s [30, 31]. They have been studied for the deposition of high-k dielectric oxides [6,
32] and they are available for many metals. A good example is TiCl;, which is liquid at room
temperature and is used as a precursor for TiO,. The important advantage for ALD is that
halides are typically highly reactive with the growth material and are thermally stable in the
gas phase, which leads to good self-limiting ALD [33-37]. As an example, the HfCl,/H,0 ALD
process has been used even at and above 800 °C [38].

However, the ALD process suffers from many other characteristics of metal halides. The
Growth Per Cycle (GPC) obtained from halides is typically small. For the HfCl,/H,O process
at 300 °C, the GPC is about 0.05 nm, corresponding to only 15% of a monolayer [35, 39-41].
One other downside of halides is that many of them are solids. This requires increased ALD
temperatures and can lead to the risk of particulate contamination of the substrate such as
in the case of chlorine contamination of HfO,. Such contamination will have adverse effects
on the deposited film, it can etch the film constituents or the reactor material. As an
example of the type of contamination observed, HfO, films grown at 300 °C from HfCl,/H,0O
have been reported with approximately 0.3 at% Cl, 0.2 at% C, and 1.6 at% H [42]. TiCl,; has

also been shown to react unsuitably for ALD in a so-called agglomeration process [43-45],
7



which occurs above a certain threshold temperature. The exact nature and details of this
process, however, remain unclear [45].

The high required temperature may additionally reduce the GPC due to the reduction of
active OH surface sites. In the 300 °C HfCl,/H,0 process given as an example in the previous
paragraph, the GPC is only approximately 0.05 nm — 15% of a monolayer [35, 39-41]. Finally,
the gaseous reaction by-product of M-Cl halides with H,0 is HCI [46] which, among other
unwanted side effects, is a corrosive gas that can etch the reactor material or film
constituents [47, 48][49]. In addition, the gaseous reaction products re-absorb on the
surface after their formation [50]. This, in combination with film etching, can lead to non-
uniform film thicknesses [51].

Fluorides of Zr and Hf are not suitable for ALD because of their low volatilities and because
the produced by-product HF is highly corrosive and dangerous. No significant advantages

over chlorides are found with transition metal bromides and iodides.
1.3.2 Alkyls

Alkyls, M(CH,),, were introduced as reactants in the mid-1980s [52-54] and have come to
be well-known in ALD from such processes as the deposition of Al,0; from the AI(CH;);
precursor. These are highly-reactive, true organometallic compounds with small ligands,
reducing the effects of steric hindrance, and a high GPC [41]. In the AIMe3/H,0 process, for
example, the GPC is 0.9 A at 300 °C [55-58] — 30 % of an Al,0; monolayer. The gaseous
reaction by-products of alkyls with hydrogen-containing non-metal reactants — H,0O — are
typically inert, saturated hydrocarbons and as a result there is little re-adsorption or
corrosion.

A major downside of alkyls, however, is their tendency to decompose at moderate
temperature to metal hydrides and metal alkenes, as in the case of AlMe; which
decomposes above 300 °C. [59] This may lead to carbon and hydrogen residues in the grown
films, as in the example of Al,O; which has been reported to contain approximately 0.2 at%
carbon and 0.7 at% hydrogen when grown from AlMe; and H,0 at 300 °C [25]. This makes
many alkyls unsuitable for ALD processes.

The thermal stability of alkyl precursors can be improved by introducing other ligands to
form heteroleptic precursors such as ZrCp,Me, [60], HfCp,Me, [61], Zr(MeCp),Me, or
Hf(MeCp),Me(OMe) [62].



1.3.3 Alkoxides

The alkoxide group of metal organic precursors may be described as a metal precursor with
alkoxo ligands bonded to the metal atom through one O atom, (M-(O-R),), such as hafnium
tert-butoxide, Hf(O'Bu),, or titanium tert-butoxide Ti(O'Bu),. This group has been used as
ALD reactants since the early 1990s [63-65] for relatively few element groups and almost
exclusively for deposition of oxides. Although the popularity of alkoxides has decreased for
the growth of binary oxides, they are used in combination with metal halide reactants for
growing ternary oxides in a reaction demonstrated by Brei et al. [66] and popularized by
Ritala et al. [67]. Since alkoxides already possess M-O bonds, they are relatively unaffected
by ligand exchange reactions and high temperatures are required to break the M-alkoxide
bond and form an M-O-surface bond. Possibly because of the difficulty in cleaving the M-O
bond, there have been no reports of nitrides grown from alkoxides as in these precursors
the M-O bond is stronger than the M-N bond. Alkoxo ligands must also be relatively bulky to
achieve sufficient volatilities and low melting points because the M-O-R structure of the
alkoxide does not screen the metal center from interacting with the oxygen atoms of
precursors nearby. Many alkoxides are prone to thermal decomposition, leading to
inhomogeneous thicknesses, reduced film density, and increased impurity content [68].
High concentrations of carbon and hydrogen impurities may be present, such as in the
example of ZrO, films grown at 250°C through the Zr(O'Bu),/H,O process where 8 at%
hydrogen and 2 at% carbon have been reported [69]. In addition, the gas-solid reactions of
alkoxides will generate alcohols as by-products, which are reactive and may readsorb on the
surface. This readsorption process reduces film growth [70, 71].

Also, precursors from the group of titanium alkoxides, e.g., Ti(O'Pr),, are widely applied but
again, thermal stability is limited and temperatures approaching 300 °C result in precursor
decomposition [71, 72]. On the other hand, Ti(OMe), has somewhat higher thermal stability
than Ti(O'Pr), [72] and has been reported to give very promising results when applied
together with Sr(‘BusCp), and water to form high-k SrTiO; films on TiN at 250-300 °C [12].
However, solid Ti(OMe), can increase the risk of particle incorporation, and thus liquid

precursors are usually preferred.



1.3.4 B-Diketonates

B-diketonates are a class of metal precursors where the ligand chelates the metal center via
two O atoms bonded to the metal, M=(0,Cs;R;3),, such as in Zr(thd),, (thd=3,3,5,5-
tetramethylheptane-3,5-dionate). These are common precursors for CVD and have been
used since the late 1980s as ALD reactants for metal oxides. Their secondary use is for ALD
of sulfides, fluorides, and metals. As with alkoxides, nitrides are not formed by B-
diketonates, possibly due to the difficulty in replacing the M-O bond in the B—diketonate
with an M-N bond. B-diketonates are typically solids and have low volatilities and slow
vaporization kinetics.

To grow metal oxide from B-diketonates, rather than H,0, a strong oxidizer is often used,
such as O3 [73, 74] or, at high temperatures with plasma, indicating a rather low reactivity of
B-diketonates. Calculations also suggest that the low Brgnsted basicity of the ligands means
that surface-bound protons do not react with them [75]. Nevertheless, carbon
contamination will be present which leads to increased leakage currents in deposited metal
oxides. Carbonate films can also form due to the generation of CO, during the oxidation of
the ligands rather than the desired oxides [76, 77]. Contamination from hydrogen is also
present, as in the case of Y,0; deposited from Y(thd)s/O; at 300 °C where about 2 at% of
both carbon and hydrogen was reported [78]. The bulky ligands in B-diketonates are an
additional source of problems, causing steric hindrances [41, 79] and a GPC typically below
10% of a monolayer [80].

A recent report from Paivasaari et al. [73] discussed the reactivity of lanthanide (Ln)-
diketonates to grow lanthanide oxides, specifically in the Ln(thd);/O; reaction at a
temperature of 300 °C. In this study, the thickness increment per ALD cycle was seen to
increase systematically with increasing ionic radius of the lanthanides.

Group 4 diketonate precursors, although previously used in CVD processes [81], have not
been widely adopted for ALD. Limited work has been done on this topic, such as in the case
of zirconium oxide thin films deposited using Zr(thd), as zirconium precursor and ozone as
the oxygen source. [82] In this work, there was a low indicated GPC of 0.24 A/cycle when

processed at 370-400 °C.
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1.3.5 Alkylamides and Silylamides

Another group of precursors includes alkylamides, nitrogen bonded to a metal (M(NR,),)
[83, 84], and silylamides, (M(NSi,Rg),). These have been investigated as ALD reactants since
the late 1990s [83-86] and represent a versatile group of reactants: they are available for a
number of elements and can be used to form a wide range of materials including oxides,
nitrides, and selenides.

Alkylamides have M-N bonds which are strong enough to keep them stable at their normal
temperatures of use, but which are weak enough so that, combined with strong ligand
elimination product N-H bonds, they may be used at a reduced ALD temperature. They are
reactive with both water and ammonia, enabling oxide films to be grown with deliberate
nitrogen incorporation and, further, metal nitrides to be grown without a plasma. The GPC
using alkylamides, particularly of titanium, is greater than a monolayer [86, 87] —
significantly higher than that of B-diketonates, halides, and alkoxides. The exact nature of
this high GPC has been theorized to arise from re-adsorption [86, 88] however the effects of
decomposition are also assumed to be a factor.

Hf(NEtMe), and Zr(NEtMe), (Et = ethyl, Me = methyl), known as TEMAH and TEMAZ, are
commonly used as ALD as well as CVD precursors [84, 89-91]. An important advantage of
these precursors is that they are liquid at the evaporation temperature and they have high
vapor pressure [89, 91]. However, these metallorganic precursors have limited thermal
stability and the final quality of the films they produce depends critically on such process
parameters as the length and pressure of the pulses and the deposition temperature used
[90, 92]. Such decomposition can increase the amount of C impurities in the deposited layer,
which in turn affects the leakage throughout the gate stack [93].

In the case of Ti(NMe,); the decomposition temperature can be as low as 150 °C [94].
Because of this limited thermal stability the applicable deposition temperature of these
precursors must be kept low. Even so, films deposited using alkylamides and silylamides
frequently feature impurities. In the case of alkylamides, carbon and hydrogen impurities
can be found, e.g. in TiN films grown through the Ti(NEt,),/NH; process at 200 °C, carbon is
found at approximately 4 at% and hydrogen is found at approximately 6 at%. In the case of
silylamides, PrO, films from the Pr(N(SiMe3s),)s/H,0 process at 250 °C contained about 3 at%

carbon, 20 at% hydrogen, and 6 at% silicon [95]. The gaseous reaction by-products of the
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ALD process with alkylamides and silylamides are not well characterized, with few

investigations carried out on this topic.
1.3.6 Amidinates

One of the more recent classes of ALD reactants, amidinates were introduced in 2003 [96]
and represent chemicals such as tetrakis(N,N’-dimethylacetamidinate)zirconium (Zr-AMD)
[97], where each amidinate ligand chelates the metal center through two M-N bonds. They
are available for most metals. Amidinate ligands are effective at preventing neighboring
precursors from bonding to the metal center and oligomerising. As a result, amidinates
have low melting points (liquid at room temperature) and high volatilities. They are
thermally fairly stable realitive to amines, since the amidinato ligand chelates the metal
center. Amidinate reactions seem to be self-terminating [96] up to decomposition
temperatures around 300 °C [98]. Films deposited from amidinates may, however, contain

residues of carbon, nitrogen, and hydrogen.
1.3.7 Group 4 metallocenes

The final group of ALD reactants considered, metallocenes are a particular type of
organometallic reactants with a direct metal-carbon bond to a cyclopentadienyl ligand (Cp).
This group was introduced to ALD in the early 1990s [99] but it was not until the 2000s that
the group gained significant popularity, in part because they can be synthesized also for
alkaline-earth metals. Like alkyls, the metal-carbon bond of cyclopentadienyls makes them
reactive. As an example, reactions with H,O can be used to grow oxides and using other co-
reagents allows sulfides and elements to be grown as well.

Cyclopentadienyl precursors are especially popular in ALD of the group 4 oxides: TiO,, ZrO,
and HfO, [62, 100-102]. Increased thermal stability can be considered as a clear advantage
for the Cp precursors. In the case of titanium Cp precursors, the thermal stability
enhancement seems to be clear when compared to the pure alkylamides and alkoxides; e.g.,
changing one of these ligands to a Cp type ligand increases the thermal stability [101-103].
ALD with the heteroleptic alkylamido-cyclopentadienyl precursor Ti(CpMe)(NMe,); and
ozone as oxygen source provides self-limiting ALD-type growth characteristics up to around
300 °C. A mixed alkoxide-cyclopentadienyl titanium compound has even higher thermal

stability. The liquid precursor, TiCp*(OMe); (Cp* = pentamethylcyclopentadienyl, C5(Me)s),
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introduced by Blasco et al., [104] showed a very wide ALD process window with deposition
temperatures up to 375-400 °C [104, 105]. This is in contrast with reactive titanium
alkylamides such as Ti(NMe), that suffers from self-decomposition at relatively low
temperatures, which destroys the ALD-type growth mode [94].

ALD of high-quality ZrO, and HfO, films has been achieved from methyl metallocenes [62,
82, 106, 107]. These are heteroleptic complexes including methyl (Me = CH;) and
cyclopentadienyl (Cp = CsHs.,R,) ligands [107]. When used in combination with H,0 or Os,
the Cp ligands give self-limiting growth [106] since fewer Cp ligands are eliminated during
the ZrCp,Me, pulse than Me ligands, resulting in a surface terminated with mostly Cp
ligands [14]. These properties enable higher-density oxide films with fewer impurities and
defects, [108] as well as improved step coverage of high aspect-ratio topologies. ZrCp,Me,
sublimed at < 150°C at 2-3 mbar, leaving residue on the order of a few percent, and when
used in ALD with ozone it produced films at a GPC of 0.6 A/cycle at 310-365°C [106, 109]. In
the case of HfCp,Me, and 05 at 350°C, a slightly lower GPC was observed at 0.4 A/cycle [61].
The main downside to these precursors, however, is that there are solids that can
potentially generate particles on the surface of the growing films. Additionally, a higher GPC
and wider range of deposition temperatures would be desirable.

Minor changes within the Cp ligand can increase thermal stability of the precursor. For
example, by substituting cyclopentadienyl ligand with one methyl group can result with
higher  depostition temperature. Precursors such as Hf(CpMe),(Me), and
Hf(CpMe),(Me)(OMe) have been used with O; and H,0 at 350-500 °C to give ALD at GPC of
0.5 and 0.4 A/cycle respectively [62]. Additionally, an advantage of these precursors is that
they are liquid under conditions suitable for the introduction of vapors to ALD systems (2-3
mbar, 60-65 °C). Modified forms of ZrCp,Me, such as Zr(MeCp),Me, and
Zr(MeCp),(OMe)Me are liquid at evaporation temperature which helped reduce particle
incorporation in the deposited films [62]. While minor changes in the Cp ligands thus give
such thermal stability improvements, the exact reason for this is not yet clear.

The improvement on stabilty in M(MeCp),Me, or M(MeCp),Me(OR) complexes (M = Zr, Hf)
can be aslo achieved when replacing two unbridged cyclopentadienyl ligands with a bridged
cyclopentadienyl ligand (CsH,),CMe, [110]. These complexes deposit oxide films at higher
temperatures than unbridged metallocene complexes, enabling a reduction in impurities for

higher-density oxide films.
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Figure 4 Ball and stick representations of computed structure of hf precursor that contains bridged

cyclopentadienyl ligand (CsH,;),CMe, and two methyl groups, white = hydrogen, grey = carbon, blue = Hf.

From the conclusions obtained in the literature it is clear that modifying the ligand
configuration of ALD precursors allows significant effects such as enhanced thermal stability
to be introduced into the ALD process for ZrO, and HfO, films [62]. The exact reason for the
improvements, however, is still not entirely certain. For instance, it is unclear as to why
certain types of precursors show growth in ALD while other precursors will not result in ALD
growth, despite having the same metal centre and small variations in ligands. Additionally,
the effect of different metal centres and ligands on the gas-phase stability is not well
understood, [109, 111] even though it would be highly valuable to possess detailed
knowledge of exactly what makes a Group 4 organometallic precursors more stable in the
gas phase. Finally, despite some apparent similarities between the fields of ALD and
catalysis, there is little knowledge of if and how the well-studied behaviours of catalytic
reactions may apply to the ALD process. Very few links between these fields currently exist,
even though it would be valuable to be able to apply knowledge from catalysis to ALD and
vice versa. These listed points are some of the motivation for the work done in this thesis,

which will be outlined in more detail in the following sections.
1.4  Group 4 Metallocene Complexes in Catalysis

Transition metal complexes are not restricted only to their applications for ALD. Transition
metal complexes are also widely used across inorganic chemistry, organic synthesis, and
catalysis. Transition metal complexes are used industrially in hydrogenation and
hydroformylation, as well as in synthetic transformations including various metathesis

processes, polymerization, and Wittig-type reactions [112-116].
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Organometallics in Group 4 have been a subject of interest in the catalysis of polymerisation
since the discovery of ferrocene, Fe(CsHs),, in the 1950s [117] with complexes of the type
TiCp,Cl, additionally prepared in the same decade. The stability of these cyclopentadienyls is
one factor that made them attractive as catalysts. These compounds assisted in developing
an understanding of the mechanism of how Ziegler-Natta catalysts operate, and titanium
compounds mixed with alkylaluminum derivatives were discovered to accelerate the
polymerisation of olefins [118, 119]. Cyclopentadienyl titanium and zirconium halides were
additionally synthesized early on by Wilkinson et al. [120] and are currently one of the
dominant ligand types. Importantly, the design of group 4 metallocenes as precursors for
ALD processes is similar to the design of catalysts, in that the reactivity of the precursor can
be tuned by the selection of the ligands and metal. In olefin polymerisation, by choosing the
appropriate ligands, molecular weight, activity, co-monomer incorporation, and
stereospecifity may all be manipulated [121]. The understanding of these ligand effects has
been crucial to developing metallocene technology, as rational ligand design is possible at
the transition metal centre. Features of catalytic behaviour, stability, and reactivity of
metallocene complexes can be introduced even by the change or addition of one
substituent [121]. Thus, the proper design of metallocene complexes can be crucial in
producing polymers in a directed manner, containing the desired physical properties, by
directing the catalytic reaction.
The instability of transition metal alkyl and aryl derivatives is due to facile decomposition by
low activation energy pathways such as a and B-hydrogen elimination or abstraction,
homolysis, or coupling of ligands at the transition metal atom. There are many examples of
these reactions in the chemistry of titanium, zirconium and hafnium [122]. At the same time
the reverse reaction of a-hydrogen abstraction is C-H bond activation.
The activation and functionalization of C-H bonds is an active field of current chemical
research, motivated by the desire to make more effective use of cheap and abundant simple
hydrocarbons when converting them into valuable functionalized organic compounds such
as alcohols, aldehydes, or carboxylic acids, as well as other compounds. Developing efficient
strategies for the conversion of, for example, methane to methanol could significantly
improve the utilization of this natural gas as its exploitation is limited by the high cost of gas
transportation and current methods for converting the gas into a transportable liquid [123,
124]. Furthermore, the need for the methanol itself is highly driven by its global demand:
approximately 45.6 million metric tons in 2010 [125].
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Homogenous catalysis mediated by transition metal complexes is one of the most efficient
ways to break the C-H bond. The o(C-H) bond activation reaction involving group 4
transition metals is also an important topic in understanding the nature of metal
coordination in the context of the alkene metathesis [126]. Similarly to the advent of the
use of computational analysis for ALD, Andrews, Cho, et al. [127-129] have performed a
combined DFT and experimental study of the reaction between an early transition metal
and methane. By using the knowledge in the understanding of this reaction in catalysis, it
may lead to better understanding of the same reaction in gas-phase decomposition.

One recent advance also shows the possibility of cleavage of the strong N-N bond within the
coordination sphere of transition metal complexes of group 4 containing Cp type ligands
with the addition of CO. The reaction leads not only to the breaking of the N-N bond but
also to the formation of an N-C bond. The bond breaking reaction is desirable by industry as
a potential replacement to the traditional but energy intensive Haber-Bosch process [130].
This process provides the world every year with 500 million tons of nitrogen fertilizer, a
product responsible for sustaining one-third of the Earth's population, however with

adverse effects to the environment [131].

1.5 Outline of the work

The work presented in this thesis looks at the role of group 4 metallocene molecules as
precursors for ALD and, using computational modelling methods, attempts to better
describe the mechanisms observed in their use as well as to better understand the
underlying reaction dynamics. It seeks to improve understanding of why precursors of this
type behave in the way they do, and to identify the reasons why precursors based on Ti, Hf,
and Zr may behave very differently for the same reaction.

In Chapter Two, the methods and tools used in the work are identified and outlined in order
to lay a clear framework for the work performed in the following chapters. Density
Functional Theory (DFT) is described and its use in ab initio calculations of ALD precursor
reaction mechanism is discussed. The computational tools that have been used are
presented.

In Chapter Three, computational ab initio methods are used to analyze the reactivity of Hf
and Zr precursors containing cyclopentadienyl ligands, with respect to ligand elimination.
The reactions of precursors with water are computed as a model of ligand elimination along

with their energetics. The energetics of this reaction are described as is their possible
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influence on the ligand elimination process during ALD. The reactivity of these Cp-based
precursors is then compared to that of amines and halides. The utility of computed dipole
moments in predicting precursor volatility is discussed.

In Chapter Four, the model of ligand elimination developed in Chapter Three is applied to a
real ALD system: the deposition of ZrO, from bis(methylcyclopentadienyl)methoxymethyl
zirconium [Zr(MeCp),(Me)(OMe)] and H,0. The ab inijtio calculations are used to predict the
order in which ligands were lost. As a validation of the calculations, they are compared to
mass spectroscopy measurements performed on films deposited experimentally. The
reactivity predicted by the calculations is discussed with respect to the experimental results.
Experiments show that the titanocene-derived precursor TiCp*(OMe) does not yield TiO,
films in atomic layer deposition (ALD) with water, while in the case of Ti-complexes such as
Ti(OMe), there is ALD growth. Models and calculations developed in the previous chapters
predict that a titanocene-derived precursor should be more reactive in the ALD process than
a monomeric alkoxide complex. In Chapter Five, a more realistic model describing the ALD
reaction sequence is used to explain the different behaviours of titanium complexes,
yielding new insights into the requirements for successful ALD.

In Chapter Six, the ab initio methods are used to analyze a different aspect of ALD
deposition: the gas-phase thermal stability of precursors. DFT calculations are used to
understand why, during experiments performed by partners in the project, violent
decomposition was observed for Zr(MeCp),Me, precursors while no such decomposition
was observed for Hf(MeCp),Me, and Hf(MeCp),(OMe). To understand this, possible
decomposition reactions are studied for Ti, Zr, and Hf precursors containing Cp ligands. DFT
is used to identify the non-ALD reaction pathway and explain the surprising difference in
chemistry of Zr and Hf complexes.

Chapter Seven deviates from the direct analysis of ALD and instead takes the calculations of
the reaction pathway from Chapter Six and applies them to the study of C-H bond activation
in a catalytic system. This is done because the previously-computed reaction is the reverse
of a well-known type of C-H bond activation reaction used in catalysis. By applying the ab
initio calculations of ALD to the analysis of this catalytic reaction, it is hoped that the
knowledge gained from previous work will help to understand better the catalytic system of
C-H bond activation reaction. Vice versa, the studies of catalysis in Chapter Seven may be
applied to better understand the role of Group 4 metallocene precursors in ALD. Thus, in
Chapter Seven, orbital interactions are analysed to understand electron transfer in the C-H
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bond activation reaction, particularly how bonds break and form and how hydrogen is
transferred in the reaction.

Having established this link between the chemistry of metal complexes in ALD and in
catalysis, we continue the study of Group 4 metallocenes in catalysis. Chapter Eight looks at
the N-N bond activation reaction and functionalization to N-C as a result of the reaction of a
hafnium dimer metallocene complex with CO. From the previous theoretical study we know
that the reaction happens via the coordination of CO to the metal centre. Chapter 8
addresses the question of why CO coordinates to the metal centre and why it cannot react
directly with N along the N-N axis to immediately form NCO. Both reaction pathways are
computed and the effect of orbital interactions is considered to reveal the various energetic
barriers along different reaction pathways which give an understanding of the reaction
mechanisms of N-N bond cleavage and NCO bond formation. We suggest that studies of
catalytic systems, as in Chapter Seven and Chapter Eight, not only give a better
understanding of the reaction mechanisms but also can provide valuable information and
ideas on the subject of the precursor reactions in ALD, which may lead to the understanding
and development of possible catalysts for ALD.

Chapter Nine finally summarizes the conclusions presented in the course of this thesis. The
effect of Group 4 metallocenes on the ALD process is considered, and the results of the
studies carried out are discussed in terms of their application to future ALD studies, both

experimental and computational [130].

Figures, tables and references are numbered separately in each chapter.
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Chapter 2. Theoretical background

In the study of ALD reaction mechanisms, experimental analysis is limited in the degree in
which it can analyze many individual aspects of a reaction, such as the Transition State (TS)
or other fast intermediate complexes. While techniques like ultrafast spectroscopy may
possibly be able to see the various states of a reaction, they each have limitations and
added cost and complexity. Fourier Transform Infrared Spectroscopy (FTIR) can be affected
by low sensitivity, Mass Spectroscopy is not a direct analysis method, and Synchrotron X-ray
Photoelectron Spectroscopy (XPS), while extremely accurate, requires that the experiments
are performed at a synchrotron: something to which not every research facility has easy
access. To understand these processes, we thus turn to atomic-scale computational
modelling, which is a complementary analysis technique to experiment that provides a
much greater insight into the reaction mechanisms, specifically by revealing intermediate

steps which may not be readily observable experimentally.

2.1 Computational Chemistry: Density Functional Theory

2.1.1 General electronic structure theory

One of the most powerful electronic structure analysis methods available currently is
Density Functional Theory (DFT), which computes energy functions of wavefunctions (¥)
(functionals®) that describe the electron states, to build up an interaction model between
electrons in a many-body system. The end goal is the solution of the time-independent
Schrédinger equation, the general form given in Equation 1, to some sufficiently accurate

approximation.
|:H’. (;11;2,---;(N 1§1,ﬁ2,---§M ): E\Y, (;1,:(2,...32N ,ﬁl,ﬁz,...ﬁM ) Equation 1

In Equation 1, A is the Hamilton operator for a system of M nuclei and N electrons
independent of the effects of an electric field, x; is a coordinate describing the spin and
position of each of the N electrons, R, denotes the spatial coordinates of nucleus k, ¥; is the

wavefunction of state i, and E;is the energy of the state described by ¥;.. The Hamiltonian

! Unlike a function, which takes a number as an input and returns a number, a functional takes a
function as an input and returns a number.
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operator consists of a sum of three terms, the kinetic energy, the interaction with the
external potential and the electron-electron interaction. The external potential is the

interaction of the electrons with the atomic nuclei.

To simplify the Schrodinger equation, it is valuable to consider the effects of modelling a
system containing both electrons and nuclei. Because of the vast difference between their
masses, nuclei and electrons move at significantly different speeds, with the heavier nuclei®
appearing practically stationary from the reference frame of a light, fast-moving electron.
The Born-Oppenheimer approximation, one of the most important approximations in
guantum chemistry, takes the approximation of “practically stationary nuclei” and expands
it so that the analysis is, in fact, done on a field of moving electrons and stationary nuclei.
With this approximation, the potential energy due to intra-nuclear repulsion can be
expressed simply as a constant and the kinetic energy of the nuclei is reduced to zero. By
using the Born-Oppenheimer approximation, the solution of the Schrodinger equation only

contains the electronic wavefunctions and energies.
2.1.2 Hartree-Fock theory

Within the Born-Oppenheimer approximation, the DFT analysis ultimately describes an
interacting system of a number of electrons for which only the electron motion needs to be
solved, described by a single Schrédinger equation of many bodies with an energy
represented by the functional E[W¥]. To solve such a system, we must find an N-electron
wavefunction which gives the lowest energy for the functional E[¥/] and also satisfies the
criteria to be a wavefunction: continuous everywhere and quadratic integratable. Searching
for such a wavefunction in the space of all eligible wavefunctions, however, is prohibitively
time-consuming and instead the set of possible wavefunctions is restricted to a likely subset
of all wavefunctions. While there are many possible subsets to choose from, one of the
simplest methods, the Hartree-Fock method, takes the many-electron wavefunction and
expresses it as Hartree product (Slater determinant) of single-particle functions, as in

Equation 2.

W (%1, %ok )= v (%0 (2 ) (0 ) Equation 2

? The mass of H, the lightest proton, is approximately 1800 times that of an electron.
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The Hartree-Fock method describes the problem as a set of one-electron spatial spin-
orbitals: the product of a given spatial orbital and one of two orthonormal spin functions.

Each of these wavefunctions, /, satisfies a one-electron Schrédinger Equation, where the

average field of the other electrons defines the potential term. The Hartree-Fock method
often provides a good model of chemical bonding and by using it we are able to obtain bond
lengths, vibrational frequencies, and some relative energies in the case of main group

element compounds [1].

One limiting aspect of the Hartree-Fock method is that only certain products of single-
electron wavefunctions are suitable. Because electrons are indistinguishable, it is not
possible to simply assign a single-electron wavefunction to a specific electron. The set of
functions, therefore, must have an antisymmetrized product - a product where if any two
parameters are interchanged, its sign changes. Such a product is termed the Slater

Determinant, ®sp, which is given in Equation 3
—detly i (e ). (i )| i
q)SD ZWdet DX o\ X2 by (XN Equation 3

In Equation 3, the functions y; (Xi) are the spin orbitals. These spin orbitals are then varied,

as described in the Hartree-Fock method, yet kept orthonormal, until the energy
expectation value (Ey) of the Slater Determinant is minimized. The result is a set of
wavefunctions of N electrons. This Ey¢ is therefore a functional of the spin orbitals from the
Slater Determinant and is minimized by introducing a set of Lagrangian multipliers. The
Lagrangian multipliers are the physical orbital energies and are themselves eigenvalues of

the one-electron “Fock Operator”.

Numerically, the minimization procedure is carried out through application of the Self-
Consistent Field (SCF) method. Here, the Fock Operator is diagonalized to obtain a set of
orbitals which are compared to the orbitals that themselves went into forming the operator.
The new orbitals are then used to build a new Fock Operator and the process is repeated
until the desired degree of consistency is obtained between input and output orbitals. The
final operator, which can require various computational methods to assist in convergence,
will then yield the set of orbitals that describe the N-electron problem at the Hartree-Fock

level.
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2.1.3 Density Functional Theory

The Kohn-Sham formulation [2, 3] of Density Functional Theory builds on Hartree-Fock
theory by defining a system of N electrons in a non-interacting reference system built up
from a set of orbitals. This method allows a large part of the kinetic energy to be computed
to a good degree of accuracy. This arises since the Slater Determinant can be considered in
two ways: as the approximation of the N-electron system discussed previously or as the

exact wavefunction of a system of non-interacting electrons. In this second case, by applying

—

a Hamiltonian with a local, effective potential, VS (X), we can define a non-interacting

reference system.

The effective potential includes the external potential and the effects of
the interactions between the electrons, e.g., the exchange and correlation interactions. By
careful selection of this effective potential, the density of the created system can match the
ground state density of the desired system of interacting electrons. The total energy, being
a functional of the density, can therefore be determined to some sufficiently accurate

degree.

In practice, the utility of the theory rests on the approximation used for the exchange-
correlation functional,[2] which is the sum of the error made in using a non-interacting
kinetic energy and the error made in treating the electron-electron interaction classically. In
other words, the exchange-correlation energy Exc is the functional that contains everything

that is unknown.

There are different functionals available that are more or less accurate for a studied system.
The choice of which of these functionals to use depends on direct comparison with a more

accurate theory or experimental data.

The simplest approximation is the local-density approximation (LDA), which is based upon
the exact exchange energy for a uniform electron gas, which can be obtained from
the Thomas—Fermi model [3, 4]. If the electron-electron interaction is approximated by the
classical Hartree potential (exchange and correlation effects are neglected) then the total
energy functional can be computed. In this case, the dependence of the kinetic and

exchange energy on the density of the electron gas can be expressed as a local function of
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the density. Further, the functional of the inhomogeneous system is approximated as an
integral over a local function of the density. As a result the exchange and correlation energy
density is the function of only the local value of the density. Central to this model is the

assumption that we can write Eyc in the simple form of Equation 4:

Exclpl = [ p(¥)exc (p(?))d? Equation 4

The exchange-correlation energy is decomposed into exchange and correlation terms

linearly, given in Equation 5
ELDA — ELDA 4 pLDA Equation 5

In Equation 4, €, (p(?)) is the exchange-correlation energy per particle of a uniform
electron gas of density p. This energy is weighted with the probability that there is, in fact,
an electron at this position in space. The conditional probability of finding an electron at r,
given that there is an electron at r; is known as the exchange-correlation hole. The
exchange-correlation hole of the uniform electron gas, which is used as model for the exact
hole in the local density approximation, satisfies most of the important relations established
for the true hole. However, the LDA model hole and the exact hole differ in many details.
The centered LDA exchange hole is a better approximation for the more homogeneous
molecular density than for the more inhomogeneous density of atoms. In particular, this
causes the exchange energy of the molecular system to be too negative. In other words it
causes a large overbinding.

The LDA produces large errors in the exchange and correlation energy, however the
exchange energy is generally underestimated and the correlation energy overestimated and
these errors tend to cancel. As a result of this, the LDA can be quite successful. The other
reason for the success of the LDA is also due to the fact that the corresponding exchange-

correlation hole system obeys most of the rules of the real system.

Local-density approximations are the starting point for the construction of more
sophisticated approximations to the exchange-correlation energy, such as general gradient
approximation (GGA) or hybrid functionals. This is because a desirable property of any
approximate exchange-correlation functional is that it reproduces the exact results of the
homogenous electron gas for non-varying densities. Thus, LDAs are often an explicit
component of such functionals. However in order to account for the non-homogeneity of

the true electron density it is important to use not only the information about the density at
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a particular point, but to supplement the density with information about the gradient of the
density. A natural progression beyond the LDA is thus to the gradient expansion
approximation (GEA) in which first order gradient terms in the expansion are included.
However, this results in an approximation for the exchange hole [5] which has a number of
unphysical properties. For that reason the GEA does not lead to the desired improved
accuracy but frequently performs even worse than the simple local density approximation.
The problem was solved within the generalised gradient approximation (GGA) where the
hole constraints have been restored simply by enforcing the restrictions for the hole [6]. The
energy functional depends here on both the density and its gradient but retains the analytic
properties of the exchange correlation hole as it is in the LDA. The form for a GGA functional

is thus given in Equation 6.

Exclpa pgl = [ f(Par PpVPa Vpp)dF Equation 6

In Equation 6, Eycis often split into its exchange and correlation contributions as in Equation

7.

ESSA = EGGA 4 EGGA Equation 7

The GGA improves significantly on the LDA’s description of the binding energy of molecules.
In particular, this feature led to the very widespread acceptance of DFT in the chemistry
community during the early 1990’s. A number of functionals within the GGA family [6-9]
have been subsequently developed. The gradient-corrected exchange functionals include
Becke88 (B), Perdew-Wang (PW91), Modified Perdew-Wang by Barone and Adamo (MPW),
Gill96 (G96), and Perdew-Burke-Ernzerhof (PBE), while the gradient-corrected correlation
functionals are Lee, Yang, and Parr (LYP), Perdew-Wang (PW91), Perdew 86 (P86), Becke96
(B96), and Perdew-Burke-Ernzerhof (PBE). The names of these functionals refer to their
respective authors and the year of publication. In principle, each exchange functional could
be combined with any of the correlation functionals, but only a few combinations are in use.
The BLYP method, for example, combines Becke's 1988 exchange functional with the
correlation functional by Lee, Yang, and Parr. Another often used GGA functional is BP86
composed of the Becke 1988 exchange functional and the Perdew 86 correlation functional.
Thousands of benchmarking studies have been carried out, from which a frequent

conclusion is that these methods produce results of similar quality [10].
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Hybrid functionals are approximations to the exchange-correlation energy functional that
incorporate a portion of the exact exchange energy functional from Hartree-Fock theory,
along with exchange and correlation density functionals from DFT. Currently, the most
popular and widely used hybrid functional is known as B3LYP, which stands for Becke, 3-
parameter, Lee-Yang-Parr. The parameters define the hybrid functional, specifying how
much of the exact exchange is mixed in. Hybrid functionals often perform better than LDA
or even GGA approaches in predicting molecular geometries. For example, bond lengths
computed in the G2 set® [11] using B3LYP and B3P86 show an average absolute deviation
from experiment of 0.013 A and 0.010 A compared to 0.026 A and 0.022 A for the pure GGA
functional BLYP and BP86, respectively [10].

2.2 Tools used in this work

In this work, a variety of computational tools have been used to carry out the DFT
calculations and analysis. The most important of these is TURBOMOLE [12], the package in
which the DFT calculations are directly performed. TURBOMOLE performs DFT analysis using

atom-centered orbitals and this makes it suitable for gas-phase molecules and clusters.

The VASP package [13, 14] is another DFT package, which uses a plane wave basis set, rather
than the atom-centered orbitals in TURBOMOLE [12]. The plane-wave approach is well
suited to simulate condensed phases and surfaces and will be used for the latter in this

thesis.

Other software tools were used to assist in the DFT calculation, such as MaterialsStudio.
This package is used to create the atomic coordinates for use in DFT calculations, as well for

analysis after the DFT calculation.

Viewmol and Xmakemol are other tools for graphically manipulating and viewing chemical
systems, each with a range of options as to display different information about the system.

Both are able to create and view atomic systems for a variety of input and output formats.

* The G2 set is the thermochemical data base which contains more than 50 experimentally
well-established atomization energies of small molecules containing main group elements.
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Chapter 3. An ab initio evaluation of cyclopentadienyl precursors for the

atomic layer deposition of hafnia and zirconia

This chapter was published in “ECS Transactions” as:

A. Zydor, S. Elliott, T. Leese, F. Song and S. Rushworth, ECS Trans. 2007, Volume 11, Issue 7,
Pages 113-121.

Reproduced with permission from ECS Trans. 2007 volume 11, issue 7, 113-121. Copyright
2007, The Electrochemical Society.

For this chapter | did the calculations and the analysis related to the calculations
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Thin film dielectrics based on hafnium or zirconium oxides are being
introduced to increase the permittivity of insulating layers in
nanoelectronic transistor and memory devices. Atomic layer deposition
(ALD) is the process of choice for fabricating these films, and the success
of this method depends crucially on the chemical properties of the
precursor molecules. Much promise is shown by Hf and Zr precursors that
contain cyclopentadienyl (Cp=CsHs,R,) ligands. We have carried out ab
initio calculations of a range of heteroleptic metallocenes [M(Cp)a.»(L),], M
= Hf/Zr, L = Me and OMe. Based on optimized monomer structures, we
analyze reactivity with respect to ligand elimination, independent of
surface effects, and thus compare the reactivity of the Cp-based
precursors with amines and halides. The order in which different ligands
are eliminated during ALD follows their energetics. The utility of

computed dipole moments in predicting precursor volatility is discussed.
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3.1 Introduction

Thin film dielectrics based on hafnium or zirconium oxides are being introduced instead of
silica to increase the permittivity (k) of insulating layers in nanoelectronic transistor and
memory devices [1]. Atomic layer deposition (ALD) is the leading process for depositing thin,
conformal high-k films [2]. This is a surface-controlled variant of chemical vapour deposition
(CVD) where the substrate is alternately and separately exposed to different vapour-phase
precursors. The precursor pulses are separated by inert gas purges to eliminate gas-phase
reactions and remove volatile by-products. The first reactant is chemisorbed on the
substrate during the first pulse until the surface is saturated and no further reaction occurs.
This layer reacts with the second precursor during the second pulse, again to saturation. The
cycle is repeated and a solid film is built up, layer by layer, in a slow and controlled fashion.
In contrast to CVD and other techniques, ALD allows the growth of films of high uniformity
and conformality. Because of the steadiness of growth, control of thickness and
composition down to the atomic level is possible. However, the viability of the process
depends on using suitable precursor molecules. A successful ALD precursor should be
volatile, stable in the gas-phase, but reactive on the substrate and growing surface, leading

to inert by-products.

These are quite different criteria to those for standard MOCVD. The most popular
precursors to date for zirconia and hafnia ALD have been halides such as MCl, and amides

M(NR,)s, M = Zr/Hf, (see e.g. Table 1 in ref. [3]), but each poses distinct challenges [4].

Recently, high quality ZrO, and HfO, films have been deposited by ALD from methyl
metallocenes [3-7], which are heteroleptic complexes that include methyl (Me = CH;) and
cyclopentadienyl ligands (Cp = CsHs.,R,) [7]. ZrCp,Me, sublimed at < 150°C at 2-3 mbar,
leaving a few % residue, and in ALD with ozone it produced films at a rate of 0.6 A/cycle at
310-365°C [3],[5]. Using HfCp,Me, and ozone gave a slightly lower growth rate of 0.4

A/cycle at 350°C [8]. Both precursors are solid and decompose thermally above 450°C.

Improved thermal stability has been achieved with substituted cyclopentadienyl precursors.
Hf(CpMe),(Me), and Hf(CpMe),(Me)(OMe) have been used with O; and H,0 at 350-500°C to

give ALD at growth rates of 0.5 and 0.4 A/cycle respectively [4]. It is not clear why this
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minor change in the Cp ligands gives such a dramatic improvement in thermal stability.
Another advantage is that these precursors are liquids under conditions suitable for
introduction of vapours to ALD systems (2-3 mbar, 60-65°C). Hf(Cp),(OMe), and
Hf(CpMe),(OMe), volatilise at similar temperatures, give slightly higher growth rates, but

decompose at lower temperatures (350-400°C).

This study is concerned with investigating minor molecular changes and their impact on the
ALD of MO, films (M = Hf, Zr) using the combination of metal-containing precursor ML, and
an oxygen source, such as H,0 or O;. There are abundant protons on the surface of the
growing oxide film (as OH groups) after the oxygen-containing pulse and purge. During the
ML, pulse, precursor molecules adsorb and ligands are eliminated (as HL) by combining with
remnants from the previous pulse, until the surface is saturated by ML,., fragments. The
more HL that can be eliminated during this pulse, the more M that can adsorb and the
higher the ALD growth rate. For a given size of ligand, there is thus a linear relationship
between the amount of HL eliminated and the growth rate [9]. We therefore assert that
ligand elimination is the critical surface reaction of ALD. Previous authors have computed
the energetics of ligand elimination to evaluate the reactivity of ALD precursors [10-12][13].
We neglect other surface reactions, such as adsorption, diffusion and desorption, which

probably have a secondary influence on ALD growth rate.

To find out why some of these precursor molecules are more successful in ALD than others,
we carry out an ab initio study of the thermochemistry that underlies their surface
reactivity. The aim is to obtain insights into the reaction mechanism for heteroleptic

precursors and into the effect of chemical substitution.

3.2 Method

The precursor molecules and their ALD reaction products were modelled as isolated
molecules in vacuum. The ground state electronic wavefunction of each molecule was
calculated self-consistently within Kohn-Sham Density Functional Theory (DFT) using the
TURBOMOLE suite of quantum chemical programs [14]. All species were closed shell.
Unconstrained optimisation of the molecular geometry was carried out on the DFT potential

energy hypersurface, but a vibrational analysis was not carried out. A good trade-off
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between accuracy and computational cost was obtained by using the B-P86 functional [15,
16], the Rl approximation [17-19] and the atom-centred SV(P) basis set [20] with effective

core potentials of 28 electrons on Zr and of 60 electrons on Hf [21].

DFT vyields accurate gas-phase structures, charge distributions (e.g. dipole moment) and
reaction energetics (AE), so that the main source of error in this study is likely to be the
choice of precursor model. We have chosen to compute ML, monomers in vacuum, looking
at a wide range of different L. Some of these precursors probably evaporate as dimers M,Lg
or as larger oligomers, which may be investigated in future work because of the relevance
to volatility. For the purposes of the present analysis however, it is important that we
restrict the study to a comparable series of molecules, namely 4-fold coordinated ML,
monomers, and we will limit our analysis to those results that are insensitive to the size of
oligomer. Even so, n°-Cp ligands complicate this picture because they may behave like

ligands of greater than 1-fold coordination.

As a model for ligand elimination, we evaluate the energetics of hydrolysis of the gas-phase
precursor, where hydrolysis refers here to the replacement of ligand L with OH in the M
complex and liberation of HL. Previous authors have also computed this quantity to
evaluate the reactivity of ALD precursors, often termed ‘ligand exchange’. M(OH), is chosen
as the reference system, common for all L, which is appropriate for the ALD of MO, because
it involves the formation of M—O bonds. The actual ligand elimination reactions during ALD
lead to the growth of an extended M—O network and this cannot be modelled by a small
gas-phase cluster, as here. However the cluster model is appropriate for comparison of the
chemistry that is intrinsic to different ligands, which is the aim of this study. Assuming
thermodynamic equilibrium between surface fragments and gas-phase products, the

amount of HL eliminated will depend on the energy change AEy 4 for the reaction.
ML, + 4H,0 > M(OH), + 4HL Equation 1

(If kinetically controlled, the activation energy for the reaction may also scale approximately
with AE,4). We compute the change in internal energy and neglect entropy and zero-point
effects, which may be approximately equal across the range of ligands compared here.

Negative AEy 4 correspond to exoergic hydrolysis reactions at =0 K.
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Since many of the precursors that we consider are heteroleptic, e.g. MLY%, ligand
exchange may occur, during synthesis, storage or deposition, leading to a more stable
isomer complex MLlyL24,y. For the purposes of computation, we have considered all the
possible ligand exchange reactions of each dimer 2MLL L%, and have defined AE.., as half
AE of the most favourable such ligand exchange reaction. We assume that trimers and
larger oligomers react in a similar way. Thus for the example of ZrCp,Me,, AE is computed

for the following reactions:
ZrCp,Me, = %.ZrCpsMe + %.ZrCpMe; Equation 2
ZrCp,Me, =2 %.Z2rCp, + ¥%.ZrMe, Equation 3

and the AE. that we quote is the lower of the two AE. Again, entropy and finite

temperature effects are neglected.
3.3 Results

The 30 ZrL, and 11 HfL, homoleptic and heteroleptic precursors were computed using DFT.
Local energetic minima were found for each precursor composition and no spontaneous
decomposition reactions were observed. Examples of optimized structures are shown in
Figure 1. There was sufficient space around the Zr/Hf centre in all monomers for all 5 atoms
of the Cp ring to coordinate to the metal (1°), with the exception of MCpa, which shows one
N'-Cp. Zr—C distances ranged 224-234 pm for Zr-CHs, 251 pm for Zr-(n"-Cp) and 254-265
pm for Zr-(n’>-Cp). The optimum Zr—O distances in Zr-OCH; were in the range 195-199 pm.

Distances to Hf were shorter by <1 pm than those to Zr.

Figure 1. Computed structures of Zr(ns-CpMe)z(Me)z, left, and Zr(ns-CpMe)z(Me)(OMe), right (light-gray
central atom = Zr, black = O, mid-gray = C, white = H). The corresponding Hf structures are very similar.
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3.3.1 Reactivity and ALD growth rate

The computed AE, 4 data in Table | show that Zr-C bonds are much less stable than Zr-O
bonds. The theoretical precursor ZrMe, has the most negative AE,4 (nearly -900 kJ/mol),
which is consistent with the difficulty of synthesis of alkyl zirconium compounds. By
contrast, AEn,¢=+33 kJ/mol for the alkoxide Zr(OMe), implies that elimination of MeOH is
exoergic and that ALD growth would be slow. Similar energetics have been computed for
ZrCl, (+78 ki/mol in Table II; see also refs [11], [12]) and for HfCl, [12, 22] and are known to
correlate with a low ALD growth rate. This positive value for AEqis not consistent with the
known hygroscopic properties of solid ZrCl, or HfCl, at room temperature However, the
entropy of reaction of these solids with water is likely to substantially favor the reaction
products. Other studies showed that replacement of only one CI" ligand with one OH" group
is exothermic [23]. However in our model, AEy 4 0f the reaction Equation 1 is based on the

replacement of all four ligands.

A moderately exoergic AE,,q= -364 ki/mol is obtained for ZrCp,. We computed a similar
value for the amines Zr(NR'R?),, e.g. AEy,q = -382 kJ/mol for R*= R*= Me (Table II), or -96
kJ/mol per ligand, which compares well with previously computed values (-115 kJ/mol-
ligand, ref. [13]). We therefore expect that the amines and metallocenes would perform
similarly well in ALD, with comparable growth rates and similar optimum growth
temperatures. We find that the overall reactivity of ZrCp, is modified upwards by
successively replacing Cp with Me (AE,,q = -403, -498, -698 kJ/mol) and downwards by
replacing Cp with OMe (-233, -90, -14 kJ/mol). Within this Cp-Me-OMe family, mixed
compounds of all three ligands also show a roughly linear relationship between ligand

identity and AEyq.

There are however slight non-linearities in the energetics of the mixed compounds, which
mean that certain compositions are favoured over others. This is apparent in the energetics
of ligand exchange: for each heteroleptic Zr precursor, Table | shows AE.,, for the most
likely such ligand exchange reaction. On the basis of AE., ZrCp,Me, is found to be the
most stable compound in a mixture of Cp and Me ligands (AEq, = 53 kJ/mol), while ZrCpMe;

is marginally metastable against decomposition (AEe < 0). This is consistent with the
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successful synthetic route, where lithium complexes of the CpMe and Me ligands reacted
with HfCl, to give the Hf(CpMe),(Me), product in good yield (70% vyield; ref. 4). The
Hf(MeCp)Me; compound prepared by a similar route gave lower yield and proved to be less
thermally stable. Likewise ZrCp,(OMe), is the most stable of the Cp/OMe complexes and
ZrCp3(OMe) is predicted to decompose. We compute a slight energy gain (-13.1 kJ/mol) for
the formation of ZrCp,(Me)(OMe) from ZrCp,Me, + ZrCp,(OMe),.

Table Il shows the results of calculations on a variety of bulky substituted-cyclopentadienyls
M(CpR),(Me), for both M = Zr and M = Hf The identity of the metal cation has a small effect
on ALD energetics: replacing Zr by Hf lowers AE,q by 17-25 ki/mol for all Cp-derived
complexes and by 2-9 kl/mol for the amines given in Table Il, meaning that the Hf

precursors are slightly more reactive in ALD.

In our calculations, the effect of straight-chain substituent R on the Cp ligand is seen to be
minor, adjusting AE,4 by just -13 kJ/mol (R = Me) to +19 kJ/mol (R = "Pr) for both Zr and Hf.
Steric crowding does not appear to be occurring within the ligand sphere: with just one
substituent per Cp, the R groups are probably able to avoid each other in space. Thus,
Zr(CpMe),(Me), is predicted to show very similar energetics for ligand elimination as its non-
substituted analogue Zr(Cp),(Me), and the same is predicted to be true for

Zr(MeCp),(Me)(OMe) and the corresponding Hf series of compounds.

The effect of various alkoxide ligands is considered in Table Ill for the series of complexes
Zr(CpMe),(Me)(OR). Once more, the effect of R is relatively minor, augmenting AE,4 by -11
to -26 kJ/mol as alkoxide bulk increases, probably indicative of a slight increase in crowding

around Zr.
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TABLE I. Calculated properties of precursors ZrL,, L = Cp, Me and OMe. AE, 4 is the energy of reaction (Equation 1).

AE,, is the reaction energy for ligand exchange; only the lowest AE,,, is quoted but all others may be determined

from AEpq.
Precursor AEpyq / ki.mol- Dipole Products with lowest AE,,, AE e, / k).mol-
1 of ML, moment / D 1 of ML,
Zr(n5-Cp)s(n1-Cp) -363.8 3.5 Zr(Cp), 0.0
Zr(Cp)s(Me) -403.0 1.1 Zr(Cp)4+Zr(Cp),(Me), 27.8
Zr(Cp);(OMe) -233.4 0.7 Zr(Cp)4+Zr(Cp),(OMe), -6.3
Zr(Cp),(Me), -497.7 1.5 Zr(Cp)s(Me)+Zr(Cp)(Me); 53.0
Zr(Cp),(Me)(OMe) -281.0 1.4 Zr(Cp),(Me),+Zr(Cp),(OMe), 13.1
Zr(Cp),(OMe), -90.4 0.9 Zr(Cp);(OMe)+Zr(Cp)(OMe); 33.1
Zr(Cp)(Me); -698.4 0.7 Zr(Cp),(Me),+Zr(Me), -2.5
Zr(Cp)(Me),(OMe) -451.0 1.8 Zr(Cp),(Me),+Zr(Me),(OMe), 1.5
Zr(Cp)(Me)(OMe), -220.5 1.7 Zr(Cp),(Me)(OMe)+Zr(Me);(OMe) 9.5
Zr(Cp)(OMe); -13.6 0.8 Zr(Cp),(OMe),+Zr(OMe), 14.9
Zr(Me), -894.1 0.0 Zr(Me), 0.0
Zr(Me);(OMe) -647.8 1.5 Zr(Me)s+Zr(Me),(OMe), 2.8
Zr(Me),(OMe), -407.1 2.2 Zr(Me);(OMe)+Zr(Me)(OMe); 6.2
Zr(Me)(OMe); -178.8 2.0 Zr(Me),(OMe),+Zr(OMe), 8.0
Zr(OMe), +33.4 0.0 Zr(OMe), 0.0
Zr(OH), 0.0 0.0 - -
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TABLE Il. Calculated effect of bulk (R) of cyclopentadienyl ligand for precursors M(RCp),(Me), with M = Zr, Hf and R =
H, Me [CHs], Et [C,Hs], "Pr [CH,CH,CH;], "Bu [CH,CH,CH,CHs], and for M(RCp),(Me)(OMe) for R = H, Me. Data for

common amine and halide precursors are given for comparison.

Precursor AEnqy/ kl.mol™ of ML, Dipole moment / D

M =2Zr M = Hf M =2Zr M = Hf
M(Cp),(Me), -497.7 -515.6 1.5 1.4
M(CpMe),(Me), -510.3 529.0 1.3 1.3
M(CpEt),(Me), -476.2 -495.0 1.3 1.3
M(Cp"Pr),(Me), -478.7 -497.2 1.5 1.5
M(Cp"Bu),(Me), -481.4 -506.1 1.5 1.6
M(Cp),(Me)(OMe) -281.0 -300.0 1.4 1.4
M(CpMe),(Me)(OMe) -296.6 -315.4 1.6 1.5
M(NMe,), 3736 -381.9 0.3 0.3
M(NEtMe), = TEMAZ/TEMAH -379.2 -381.4 0.2 0.2
M(NEt,), -424.2 -429.2 0.3 0.3
Mcl, +78.2 +67.6 0.0 0.0
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TABLE 1ll. Calculated effect of bulk (R) of alkoxide ligand in precursors Zr(CpMe),(Me)(OR), with R = Me, Et, Pr
[C(CH5),], ‘Bu [C(CH;)5], "°Pe [CH,C(CH;)s].

Precursor AE,q / K).mol™ of ML, Dipole moment /D
Zr(CpMe),(Me)(OMe) -296.6 1.6
Zr(CpMe),(Me)(OEt) -307.5 1.8
Zr(CpMe),(Me)(O'Pr) -313.0 1.7
Zr(CpMe),(Me)(O'Bu) -322.4 1.6
Zr(CpMe),(Me)(0"°Pe) -310.7 1.5

3.3.2 Dipole moment and volatility

Tables | and Il show that homoleptic complexes ML', are computed to have low dipole
moment, as expected, because they are tetrahedrally-symmetric [M(Me),, M(OMe),, MCl,]
or nearly symmetric [M(NR'R?),]. The exception is MCp,, where crowding between Cp
groups distorts the ligand shell, resulting in one nl—ligand and a large dipole moment (3.5 D,

Table I).

The heteroleptic complexes have inherently lower symmetry and show a wide range of
dipole moments. A slightly lower dipole moment for complexes with Cp ligands is
discernible relative to those with Me or OMe [e.g. 0.7-0.8 D for ZrCpMe; and ZrCp(OMe); vs
1.5-2.0 D for ZrMe;(OMe) and ZrMe(OMe)s; see Table I], which may reflect the more
delocalized negative charge in the Cp ligand. This suggests that Cp-containing precursors

may be more volatile than comparable precursors without Cp.

The dipole data show no general effect due to alkyl/alkoxide ligands. However
Zr(MeCp),Me, and Hf(MeCp),Me, show a slightly lower dipole moment (1.3 D, Table II) than
the alkoxide-containing analogues Zr(MeCp),(Me)(OMe) and Hf(MeCp),(Me)(OMe) (1.5-1.6

D) and so the former can be expected to be more volatile.
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The computations show that the identity of the metal cation has no significant effect on the
dipole moment (Table 1), and hence on the volatility. It is also found that additional bulk at
the Cp ligand (Table Il) and at the alkoxide ligand (Table Ill) has little effect on the dipole
moment, as expected for non-polar R groups. However, dipole moment is just one
contributor to the intermolecular forces that control volatility. The model agrees with
experimental volatility trends for the compounds concerned (5) although it is likely that
other non-bonded interactions between alkyl R groups and mass effects have a significant
impact on volatility, and these have not been considered in the current calculations of

monomers.

3.4 Discussion

The central mechanistic question for heteroleptic complexes such as Zr(CpMe),(Me)(OMe) is
in what order the ligands will be eliminated during ALD. Our data reveal a clear
thermodynamic preference for elimination of ligands in the sequence: 1) Me followed by 2)
Cp followed by 3) OMe followed by 4) Cl. The elimination reactions during ALD are in fact
governed by the kinetics of proton transfer to the ligand at the surface, which has not been
computed here, but it is likely that the activation energies for this set of similar reactions

follow the same trends as the AEyq.

Taking the example of Zr(Cp),(Me),, the computed energetics suggest that all Me ligands
would be eliminated as CH, during the ZrL, pulse, as well as some elimination of Cp,
depending on the availability of surface-OH at a given growth temperature. The
predominant intermediate on the surface at the end of this pulse would therefore be surf-
Zr(Cp), or ZrCp. The remaining Cp would be eliminated during the subsequent O-precursor
pulse (H,0 or 03), and an OH-terminated surface would be regenerated. This accounts well
for the results of in situ quadruople mass spectrometry on Zr(Cp),(Me),+D,0 ALD at 200-
400°C, where 80-90% of the CH3;D and 30-40% of the CpD was found to desorb during the
ZrL, pulse (8) .

In a similar way, we can predict the mechanism and half-reactions for the ALD of ZrO, from
Zr(CpMe),(Me)(OMe) and H,0. During the Zr(CpMe),(Me)(OMe) pulse, all Me ligands and a

proportion of the CpMe ligands will be eliminated, leaving a surface predominantly covered
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with a mixture of surf-Zr(CpMe)(OMe) and surf-Zr(OMe). The more CpMe that can be
eliminated during the Zr precursor pulse, the higher the ALD growth rate will be. We would

expect exactly the same mechanism for the Hf derivative.

One major advantage of M(CpMe),(Me), over MCp,Me; is that the former is liquid but the
latter solid under pressures and temperatures typically used in ALD precursor introduction
systems (3, 4, 6). The former also show lower evaporation/sublimation temperatures. We
have not attempted to completely compute intermolecular forces for these substances.
(Indeed, dispersion interactions are not reliably accounted for in DFT). Simply looking at
dipole-dipole interactions, we see that substituting non-polar groups on the Cp ligands has
negligible impact in the dipole moments. Clearly, dipole interactions do not determine the
phase of these precursors, and dipole moment data are of limited usefulness in predicting

precursor volatility in this case.

The other striking difference between M(CpMe),(Me), and MCp,Me, is the enhanced
thermal stability of the former, performing well in self-limiting ALD up to 500°C (4).
ZrCp,Me, in particular shows a tendency to decompose at elevated temperatures (5). It has
been proposed that variations in the strength of M-Cp vs M-CpMe bonding may account for
this. However, our calculations show no substantial difference in bond strength across the
range of CpR ligands. This is consistent with the similar growth rates (0.4-0.6 A/cycle) and
onset temperatures for ALD (ca. 350°C) for experiments using the MCp,Me, and
M(CpMe),(Me), precursors with ozone (3, 6). Given this quantitative similarity between M-
Cp and M-(CpMe) bonding, it is apparent that the mechanism for precursor decomposition

must be more involved than just M-Cp bond scission.

The calculations revealed no significant difference between Zr and Hf precursors, consistent
with the very similar chemistry shown by these elements. Hf precursors showed slightly
shorter metal-ligand bonds, identical dipole moments and slightly higher ALD reactivity
when compared to the analogous Zr complex. Experimentally however, HfCp,Me, has a
slightly lower growth rate than the Zr analogue, albeit in different studies (3, 6). More
dramatically, thermogravimetric analysis experiments show substantial decomposition of
Zr(CpMe),(Me),, but not of Hf(Cp),(Me), (5). Our calculations provide no hints to explain

such a difference in thermal stability between Zr and Hf compounds and further mechanistic
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work is ongoing to establish the root cause of the decomposition process for the Zr

compound.

Ligand-ligand interaction in most of the complexes computed here seems to be low, as
evidenced by the roughly additive AE,,4 of the Cp-Me-OMe family. Despite their bulk, three
Cp ligands in 1° coordination can be accommodated around a single metal centre (but a
fourth Cp shifts to nl). We therefore recognize that many of these precursors may
evaporate as oligomers, with bridging-Cp or bridging-Me, whereas the current calculations
have been limited to monomers. Precursor adsorption is likely to be very different for
monomers and oligomers. However, this does not affect our conclusions on the inherent
reactivity of the different ligands. Overall, we expect that oligomers would be slightly less
reactive towards elimination than monomers, but might undergo in situ decomposition
reactions that generate more reactive species at the surface. Explicit computation of

oligomers will therefore be an interesting extension of this work.
3.5 Conclusion

We have carried out DFT calculations on a series of Cp precursors of Zr and Hf in order to
evaluate and improve their effectiveness in ALD of the respective oxides. With respect to
the rate-determining reaction of ALD (ligand elimination), we find that the Cp complexes are
roughly as reactive as amide precursors, and that reactivity can be tuned in a near-linear
fashion by introducing methyl or methoxide ligands. Among the heteroleptic precursors,
there is a slight energetic preference for those with two Cp ligands [Zr(Cp),(Me),,
Zr(Cp),(OMe),] although in actual ALD the precursor Zr(MeCp),(Me)(OMe) out performs
both these compounds. Adding a bulky R group to Cp was found to have little effect on

reactivity or dipole moment.
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Chapter 4. Mechanism for zirconium oxide atomic layer deposition using

bis(methylcyclopentadienyl)methoxymethyl zirconium
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For this chapter | did the calculations and parts of the analysis related to the calculations. The

experimental part was done by Dr. J. W. Elam and collaborators.

51


http://link.aip.org/link/?apl/91/253123

The mechanism for zirconium oxide atomic layer deposition using
bis(methylcyclopentadienyl)methoxymethyl zirconium and H,0 was
examined using ab initio calculations of hydrolysis energies to predict the
order of ligand loss. These predictions were tested using in situ mass
spectrometric measurements which revealed that the methyl ligand and
66% of the methylcyclopentadienyl ligands are lost during the zirconium
precursor adsorption. The remaining 34% of the methylcyclopentadienyl
ligands and the methoxy ligand are lost during the subsequent H,0
exposure. These measurements agree very well with the predictions,
demonstrating that thermodynamic calculations are a simple and accurate

predictor for the reactivity of these compounds.
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Atomic layer deposition (ALD) is a thin film growth method using alternating, self-limiting
reactions between gaseous precursors and a solid surface to deposit materials in an atomic
layer-by-layer fashion [1]. Zirconium oxide (ZrO,) is a promising high-dielectric constant
replacement for SiO, in future microelectronic devices [2], and also has applications in
photovoltaics [3] and catalysis [4, 5]. ALD is an attractive method for preparing ZrO, thin
films because it affords precise thickness control and superb conformality [6-8].
Understanding the ALD mechanism is important because the mechanism affects the growth
rate and purity of the films. Additionally, a mechanistic understanding can guide proper
precursor selection. In this study, ab initio calculations are performed to predict the order
in which the ligands are lost during ZrO, ALD. These predictions are tested using in situ

quadrupole mass spectrometry (QMS).

We focus on the heteroleptic precursor, bis(methylcyclopentadienyl)methoxymethyl
zirconium Zr(MeCp),(Me)(OMe), abbreviated ZrL,, with ligands L = MeCp, Me, and OMe.
Heteroleptic precursors facilitate mechanistic studies and allow precursor fine-tuning. The
Zr and Hf versions of this precursor are thermally stable to 500°C [9] and produce high

quality dielectric films [10]. Using H20 as oxygen source, the expected ALD reaction is:
ZrL, (gas) + 2H,0(gas) = ZrO, (solid) + 4HL(gas) Equation 1

Equation 1 provides no information about the surface-mediated mechanism of growth or
about the order of ligand release. This information is relevant because steric hindrance

between the ligands remaining after the ZrL, pulse will dictate the ALD growth rate [11].

At the start of the ZrL, pulse, the growing surface is covered with hydroxyls (surf-OH) that
provide protons (H). The adsorption of ZrL, produces ligands on the surface (L”= MeCp’,
Me~, and OMe ), which can combine with protons and desorb as HL. The kinetics of this
elimination reaction will be determined by the relative bond strengths® of Zr—L vs. H—L at

the surface, and by surface properties such as the O—H strength and H" diffusion rate. To

1AIthough reaction rates are governed by activation energies rather than bond enthalpies, the
relative activation energies are likely to follow the same trends as bond enthalpies in this set of

similar reactions.
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compare different ligands, it is adequate to compute the different Zr—L vs. H—L bond

enthalpies and to ignore effects that are specific to surface geometry [12].
We define the gas-phase Brgnsted basicity (BB) of L™ relative to OH™ as:
AEgg = AEfor L” + H,O > HL+ OH™ Equation 2

The more negative AEgg, the stronger the BB of L™ and the stronger the H—L bond. We
compute the change in internal energy neglecting entropy/temperature effects. We

likewise define the Lewis basicity (LB) of L™ relative to OH™ as:
AE g = %.AE for 4L + Zr(OH), = ZrL, + 40H™ Equation 3

Stronger Lewis bases with strong Zr—L bonding show more negative AE;z. Combining these

equations, AEy,q = AEgg - AEjs where:
AEyy g = BAE for ZrL, + 4H,0 = Zr(OH), + 4HL Equation 4

Negative AE,,4 corresponds to an exoergic hydrolysis reaction at T = 0 K. AE,q thus reflects
the relative strengths of zr* and H* bonding to L, using H,O and Zr(OH), as common
reference molecules. Equation 4 is thus a model reaction for HL elimination whenever surf-
OH and surf-L are present. The resemblance of Equation 4 to the overall growth reaction
with H,0 as precursor (Equation 1) is coincidental, since Equation 1 contains no useful

mechanistic information.

The species in Equation 4 were modeled as isolated molecules in vacuum. The ground state
electronic wavefunction of each molecule was calculated self-consistently within Kohn-
Sham Density Functional Theory (DFT) using TURBOMOLE [13] with the B-P86 functional [14,
15], an atom-centered SV(P) basis set [14, 15], and a 28-electron effective core potential on
Zr [16]. All species were closed shell. Unconstrained optimization of the molecular
geometry was carried out on the DFT potential energy hypersurface, but a vibrational
analysis was not carried out. This method has been applied previously to heteroleptic Zr

precursors [17].
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Table I. Computed energies (kJ/mol) for ligands in model ALD reactions. The Brgnsted basicity AEgg is from
Equation 2, the Lewis basicity AE s from Equation 3 and the hydrolysis energy AE, 4 = AEgg - AE 5 from Equation

4. The ligand with the most negative AE, 4 is predicted to be eliminated first.

Ligand Elimination product AFg, AEg AEy g

Me CH, -46.9 +176.6 -223.5
MeCp MeCpH +274.7 +375.1 -100.4
OMe MeOH +160.9 +152.5 +8.4

The calculated energetics are shown in Table 1. The computed BB values decrease as
MeCp > OMe > Me. The computed LB values are similar for Me and OMe but larger for
MeCp. Applying Equation 4, AE,4 increases as OMe > MeCp > Me. We therefore predict
that Me ligands will be eliminated first during the ZrL, pulse, followed by MeCp ligands if
there are sufficient surf-OH. The OMe ligands along with some MeCp should be eliminated

during the H,0 pulse.

To test these predictions, ZrO, ALD was monitored with a quadrupole mass spectrometer
[18, 19] (QMS, Stanford Research Systems RGA300) installed in a viscous flow reactor[20] at
350°C using alternating exposures to Zr(MeCp),(Me)(OMe) (Epichem) for 3 s and deionized
H,0 for 2 s with 5 s purge periods between exposures. The Zr(MeCp),(Me)(OMe) was
vaporized at 95°C. We verified that these conditions yield self-limiting ZrO, growth using

ellipsometric analysis of films deposited on silicon.

The top three solid traces in Fig. 1 present the m/z = 79, m/z = 16, and m/z = 31 QMS
signals recorded during ZrO, ALD. The dotted lines at the bottom of the figure show the
dosing times for the Zr(MeCp),(Me)(OMe) and H,0 precursors with a high value designating
an exposure to the indicated precursor. The middle portion of the graph between 30-92 s
shows 5 ALD cycles in which the Zr(MeCp),(Me)(OMe) and H,O precursors are pulsed
sequentially. Between 0-30 s, only the Zr(MeCp),(Me)(OMe) precursor is pulsed to measure
the background for this compound. Similarly, only the H,0 is pulsed between 92-120 s to

evaluate the H,0 background. Note that during the background measurements, both a 2 s
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exposure followed by a 5 s exposure are used to maintain the same timing sequence as in

the ALD cycles.

During the ZrO, ALD cycles, m/z = 31 peaks are only observed during the H,0 exposures and
the corresponding background is small (~15%), indicating that the methoxy ligand (-OMe) is
released exclusively during the H,0 reaction. Similar results were obtained monitoring m/z =
32 in agreement with the cracking pattern for methanol [21] produced by the reaction of

methoxy ligands with the hydroxylated surface.

H,O
Zr Background

Background

QMS Signal (AU)

0 20 40 _ 60 80 100 120
Time (s)

Figure 1. QMS signals for m/z = 31 (MeOH), m/z = 16 (CH,), and m/z = 79 (MeCpH) measured during ZrO, ALD.
The Zr(MeCp),(Me)(OMe) and H,0 doses are indicated by the dotted lines at the bottom. The
Zr(MeCp),(Me)(OMe) and H,0 background signals are measured before and after the five, consecutive ZrO,

ALD cycles as indicated.

The m/z = 16 trace in Figure 1 shows the amount of CH, released during the ZrO, ALD along
with the corresponding background measurements performed as described above. Peaks in
the m/z=16 signal are observed when dosing both the Zr(MeCp),(Me)(OMe) and H,0
precursors. However, while the Zr(MeCp),(Me)(OMe) background is negligible at m/z = 16,

the H,O background and ALD signals are identical within the experimental error.
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Consequently, CH, is only released during the Zr(MeCp),(Me)(OMe) exposures of the ZrO,
ALD.

The m/z = 79 signals attributed to methylcyclopentadiene (MeCpH) formed during the ZrO,
ALD in Figure 1 reveal that MeCpH is released during both of the precursor exposures.
Similar results were obtained using m/z = 80, and 77 consistent with the cracking pattern for
HCpMe [21]. Integration of the m/z = 79 peaks shows that while the Zr(MeCp),(Me)(OMe)
background is negligible, 44% of the signal observed during the H,0 exposures is
background. After background correction, we conclude that 66% of the CpMe ligands are
eliminated during the Zr(MeCp),(Me)(OMe) exposures, and the remainder are released
during the subsequent H,0 exposures. The calculated AE,4= - 100.4 eV suggests that
elimination of all CpMe ligands should occur during the metal precursor pulse. However, the
ligand elimination pattern will be also determine by different surface effects , e.g.
availability of OH groups and steric hindrance [11]. The way that the precursor adsorbs on
the surface and which of its ligands are closest to the OH surface groups can also have

impact. The gas-phase model does not include those effects.

CpCH, OCH,
R
CpGH; OCH; N
A) OH Ot 7r —_— 0 0 + CH,+ HCpCH,
/////////)/// /777777777&77’
CA, CpCH,
CPCH, OCH, OH OH
Sz Sz
B) g + Mo —> 7, + CHOH+ HCpCH,

Figure 2. lllustration of proposed ZrO, ALD mechanism.

On the base of this simple gas-phase model and measurements we suggest the mechanism
for ZrO, ALD in Figure 2. In step A, Zr(MeCp),(Me)(OMe) reacts with the hydroxylated
surface releasing the Me ligand as CH, and one or more of the MeCp ligands as MeCpH. This
modified surface is exposed to H,0 in step B, liberating any remaining MeCp ligands as
MeCpH, and all of the OMe ligands as MeOH. The QMS measurements indicate that, on
average, 1.32 MeCp ligands are removed in step A, so that 32% of the Zr(MeCp),(Me)(OMe)

molecules react with three hydroxyls and release both MeCp ligands in step A.

Following the Zr(MeCp),(Me)(OMe) adsorption, the surface is covered with MeCp and OMe
in the ratio ~2:3. Consequently, the steric bulk of these ligands will limit the ALD growth
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rate. However, because the Me ligand is eliminated before saturation, replacing the Me

with a bulkier alkyl group should not affect the growth rate.

The QMS measurements follow the ligand release pattern suggested by the AE,q
calculations in Table 1. This agreement lends support to our assertion that a simple
comparison of bond strengths captures the essential information for predicting the ALD
mechanism. We have also identified the important precursor properties: strong affinity of

Me for H* of surf-OH, weak bonding of MeCp to Zr, and similar bonding of OMe to Zr and H.
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Chapter 5.  First principles simulation of reaction steps in the atomic layer
deposition of titania: dependence of growth on Lewis acidity of titanocene

precursor

The chapter was published in “Physical Chemistry Chemical Physics” as:
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The following article may be found at http://dx.doi.org/10.1021/jp9072608

For this chapter | did the calculations, analyses which lead to major conclusions and first draft

of the publication. The experimental part was done by Prof Vadim G. Kessler

The precursor [Ti(Cp*)(OMe)s] hydrogen-bonds to the hydrated TiO, surface, but does not undergo ALD reactions, because Cp*
increases steric crowding, reduces electrophilicity and prevents Ti (blue) from coordinating directly to the surface.
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It is a common finding that titanocene-derived precursors do not yield TiO, films in atomic
layer deposition (ALD) with water. For instance, ALD with Ti(OMe), and water gives 0.5
A/cycle, while TiCp*(OMe); does not show any growth (Me = CHs, Cp* = Cs(CHs)s). From
mass spectrometry we found that Ti(OMe), occurs in the gas phase practically exclusively as
a monomer. We then used first principles density functional theory (DFT) to model the ALD
reaction sequence and find the reason for the difference in growth behaviour. Both
precursors adsorb initially via hydrogen-bonding. The simulations reveal that the Cp* ligand
of TiCp*(OMe); lowers the Lewis acidity of the Ti centre and prevents its coordination to
surface O (‘densification’) during both of the ALD pulses. The effect of Cp* on Ti seems to be
both steric (full coordination sphere) and electronic (lower electrophilicity). This crucial step
in the sequence of ALD reactions is therefore not possible in the case of TiCp*(OMe);+ H,0,

which means that there is no deposition of TiO, films.
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5.1 Introduction

5.1.1 Thin film deposition of titania

Atomic layer deposition (ALD) is a highly-controllable, uniform deposition technique based
on alternating reactions of gas-phase precursors with a surface [1-4]. Due to the self-
limiting nature of the reaction each phase deposits only a single atomic monolayer and the
characteristics of the thin-film can be adjusted via the deposition conditions (pressure,
temperature) and the number of deposition cycles. The ALD process is additionally highly
conformal, making it overall a widely-used choice for the deposition of ultra-thin, precise-
thickness films over topographically-patterned surfaces. Of the materials that can be
deposited by ALD, TiO, is highly desirable for the variety of applications in which it is used as
a thin film [5], such as photocatalysis [6-10] self-cleaning surfaces [11-13] and as a
component of high-k [14] and ferroelectric materials (e.g. strontium titanate) [15]. Despite
the breadth of research into TiO, ALD, however, details about the mechanistic reaction of
the titanium precursors with the surface are still not well understood. Using computational
chemistry techniques, these interactions may be modeled and the underlying reaction

mechanisms better understood, so as to improve the deposition process.

It is reported [16] that ‘molecular layering’ of TiO, from TiCl, + H,O was described by
Aleskovskii and co-workers already in 1965. However, Cl-containing precursors and by-
products are corrosive and, in some cases, involatile (e.g. SrCl,). Amides and alkoxides of Ti
do not have these disadvantages in ALD, but undergo relatively facile thermal
decomposition. The most stable of these, Ti(OMe),, where Me = CH3;, shows ALD growth
rates with H,O of 0.4-0.6 A/cycle up to 300°C, but steadily higher rates above this
temperature due to decomposition [17]. Ti(OMe), is a tetramer in the solid phase but
evaporates predominantly as a monomer [18]. Ti,-containing aggregates have been
reported from mass spectrometry of the vapor, but without quantifying their intensity or
identifying their origin. In this paper we carry out a detailed analysis of the evaporation
process of Ti(OMe), via mass spectrometry, so as to determine whether this precursor

reacts as a monomer in ALD (section 5.2 ).
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The poor thermal stability of amides and alkoxides means that there is a need for halide-
free Ti precursors that are stable at elevated temperatures but that are also reactive with
H,O in thermal ALD to produce TiO, or titanates. The cyclopentadienyl ligand (CsHs, Cp)
and derivatives such as the pentamethylcyclopentadienyl ligand (CsMes, Cp*) form stable,
volatile complexes with many metals and so have been investigated as metal precursors
for ALD, finding particular utility for depositing pure films at high temperatures. Cp-based
ligands are large: from quantum chemical calculations we estimate a van der Waals
diameter of 0.86 nm and an area of 0.58 nm?” for the Cp ring when complexed [19].
Therefore, only one Cp* or two Cp ligands can be accommodated around the Ti* cation,
along with other, smaller ligands. Thus, ZrO, and HfO, have been deposited from H,0 and
ZrCp,Me, [20], HfCp,Me, [21], Zr(MeCp),(OMe)Me and Hf(MeCp),(OMe)Me [22] and
complexes with bridged Cp, ligands [23]. Mass spectrometry [24] and density functional
calculations [25] have shed light on how the various ligands react and also on why
TiCp,Me, is too unstable to be isolated [26]. The mono-Cp ‘piano-stool’ complexes
Zr(Cp)(NMe,);[27] and Hf(Cp)(NMe,); [28] appear to be less reactive in ALD, yielding good

films with ozone rather than H,0 as co-reagent.

Cp-containing Ti complexes have therefore been investigated as high-temperature ALD
precursors. Experiments show that the Cp-containing Ti precursor TiCp*(OMe); does not
yield TiO, films in thermal ALD with water [29], although it does produce TiO, or titanates
with oxygen plasma [15, 30]. This is in stark contrast to the successful Ti(OMe), + H,0
process, which differs by just one ligand [17]. The aim of this work is to explain this
difference. There has been relatively little work to date on the first principles simulation of
TiO, ALD compared to that of ZrO, and HfO,. Hu and Turner used a cluster models to
investigate the initial steps of ALD from TiCl, + H,0O [31] and Til, + H,0 [32]. For
amidotitanium precursors, Haran et al. have investigated adsorption onto self-assembled
monolayers [33] and Rodriguez-Reyes et al. have computed decomposition reactions on
silicon [34]. Terranova et al. [35] and Makinen et al. [36] have computed the reactivity of a
TiO,-anatase substrate towards alumina ALD. The mechanistic steps that we propose come
from our first principles study of the mechanistic steps in the ALD of alumina [37] and our
extension of this to rare earth oxides, seeing the effect of surface geometry and intrinsic

acidity [38]. Preliminary results were published in Ref. [39].
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5.1.2 ALD mechanism

In ideal ALD, precursors react only on the growing surface and not in the gas-phase. The
film growth reactions of TiO, from a Ti-precursor with ligands L (here, L = Cp* or L = OMe )

may therefore be written:

Tily (g S surf-(Tiks) S surf-(0,Tilsy) S bulk-TiO,, Equation 1

The position of the equilibria between the steps in Equation 1 depends on the reaction
energetics and on the availability of reagents during the pulse-purge cycle of ALD. The first
step is molecular adsorption. The second step shows the nature of adsorption changing as
ligands are eliminated. Ligands are progressively eliminated from the surface (during both
Ti and O pulses) and, instead, surface oxygen progressively satisfies Ti coordination, so that
0 < x £ 4. However, x = 4 is not the maximum number of oxygen atoms to which Ti can
coordinate; ‘bulk-TiO," indicates a coordination environment for Ti like that in the interior of
the as-deposited thin film, e.g. 6-coordinate Ti in amorphous TiO,. This ‘bulk’ status may

not be reached until after many ALD cycles.

In a general sense, the whole sequence in Equation 1 is the reactive adsorption of a
precursor onto the surface. Describing the ALD reaction mechanism means describing each
of the steps in Equation 1 and, in particular, describing the various interactions between ML,

adsorbates and the substrate or growing surface.

‘Ligand exchange’ is one class of reaction that coordination complexes can undergo. For
instance, in chemical vapor deposition, metal complexes can exchange ligands with other
gas-phase reagents, e.g. TiCly (g + NH3 (g = TiCl3(NH,) ) + HCl () [40]. The overall reaction
shows one ligand being replaced with another, preserving the coordination number of the
metal. However the underlying mechanism is more complex [41], consisting of association
of the new ligand and increase in coordination number [e.g. TiCl,(NH;)], rearrangement
within this complex to give a ligand adduct [TiCl3(HCI)(NH,)] and dissociation of the adduct,
lowering the coordination number. This reaction is therefore controlled by the
electrophilicity of the metal, the nucleophilicities of the ligands and the relative sizes of

metal and ligands [41]. Analogous ‘ligand exchange’ reactions are postulated when metal
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complexes react with surfaces, as in ALD [42]. The overall effect in ALD may be the
exchange of one ligand for another, or for a surface atom, but the underlying mechanism is
likely to include similar association and dissociation steps that depend on the electronic and
steric properties of the metal centre, ligands and surface. Therefore, these are the factors
that we probe in the current paper for the thermal ALD of TiO, from Ti(Cp*)(OMe); + H,0 in

comparison with Ti(OMe), + H,0.

A well-behaved and well-characterised ALD process is that of Al,O; from trimethylaluminium
(AlMes, TMA) and H,0. TMA reacts with hydroxylated surfaces to form a new O-Al bond at
the surface and release methane [43]. Therefore, in the ALD process, the half-reaction for
the TMA pulse shows Me,Al-Me being replaced by Me,Al-O,,;, while in the H,0 pulse, Al
Me is replaced by Al +OH [44, 45], i.e. ‘ligand exchange’. Atomic-scale cluster calculations
[46] have revealed the individual steps behind the half reactions, namely chemisorption of
each molecular precursor to form a Lewis adduct (Al-O bonds), followed by transfer of
successive protons to methyl groups and desorption of methane. Calculations with a more
realistic surface model [37] showed that the ligand elimination steps are accompanied by an
increase in the coordination number of Al and diffusion to bulk-like sites. In this paper, we
will examine whether these mechanistic ideas from TMA + H,0 can explain the ALD

experiments with cyclopentadienyl Ti precursors.

We therefore use first principles density functional theory (DFT) to examine the mechanistic
steps of adsorption, elimination and densification of TiCp*(OMe); versus Ti(OMe), in
Equation 1. The computations start from the assumption that the water step has finished,
leaving a hydrated surface. We generate atomic geometries so as to consider the following
steps, which may be distinct steps separated by energy barriers, or may happen in tandem
with one another, and are repeated depending on the availability of precursors, adsorption

sites, ligands and protons:

(i) adsorption of the precursor molecule at the surface;
(ii) coordination of metal atom to the surface;

(iii) proton transfer to ligand to form adduct;

(iv) elimination of ligand adduct by desorption;

(v) further coordination of metal atom to surface oxygen.
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Steps (ii) and (v) are examples of ‘densification’, by which the coordination number of
newly-deposited metal and oxygen atoms increases towards that of the bulk material [47,

48]. Desorption [step (iv)] causes the coordination number of the metal cation to decrease.
5.2 Mass spectrometric experiment

To understand the mechanism, it is important to know the chemical structure of the gas-
phase precursor that impinges upon the surface during ALD, in particular as an input to
molecular modelling. The structure and chemistry of titanium methoxide has been
investigated by Write and Williams[18], who have found this compound to be a tetramer in
the solid phase. The mass-spectrometry data were used to evaluate aggregation in the gas
phase and indicated the monomer to be mostly present in the gas phase with highest
observed mass at m/z = 142, corresponding to the loss of the OCHj; ligand (or, actually,
OCH,) from the molecular Ti(OCHs), unit, m = 172. The presence of aggregates in the gas
phase could not be ruled out but the intensity for the peaks supposed to correspond to
these species was comparable with the background. There were indications that fragments
such as Ti,(OCH;)¢" and Ti,O(OCHs)s" were observed in the mass spectrum, however, without
indication of their intensity and identification of what fraction of the total gas phase
composition they can constitute. These are the questions to be resolved in this section of

the paper.
5.2.1 Method for mass spectrometry

Titanium methoxide was received from Aldrich (cat. no. 463582) and handled in dry
nitrogen atmosphere using a glove box. The product was used as received without any
further purification. The evaporation and mass-spectral study was carried out with JEOL
JMS-SX/SX102A (JEOL, Japan) tandem mass spectrometer, operating at an accelerating
voltage of 10 kV. Electron ionization (EI) mass spectra (with scan range of m/z 500-1500)
were recorded using a direct probe with evaporation of the samples into the ion source kept
at ca. 2009C and an electron beam energy of 70 eV. Analysis of the evaporation process was
carried out exploiting the methodology reported earlier [49], based on analysis of the
correlation between the total ion current profile and the profile of ions, originating from gas

phase species with well-established composition.
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5.2.2 Experimental results from mass spectroscopy

The majority of peaks in the mass-spectrum of titanium methoxide belong clearly to the
fragmentation tree of the Ti(OCH3), monomer. In fact, in contrast to Write and Williams[18],
we were able to observe the molecular ion at m/z = 172 and the ion resulting from the loss
of a hydrogen atom from it at m/z = 171 showing relatively high intensity (Figure 1). Further
fragmentation follows the pathways typical for metal alkoxides with the loss of either an
alkoxide ligand, OCH;, or a dialkyl ether molecule CH;OCH;. A pathway specific for a

methoxide is the loss of a formaldehyde molecule, CH,0.

It is interesting to note the presence of the ion with m/z = 185 (7.5% intensity) originating
apparently from a minor admixture of Ti(OCH;);(OC,Hs) and indicating that the industrial
product is obtained most probably through alcohol interchange from the cheaper and
readily-available titanium ethoxide. It is even worth noting that the fragments
corresponding to further fragmentation of these species are not observed in the spectrum,
demonstrating that this admixture is truly minor and is visible just due to its relatively high

stability and volatility.

The only ion corresponding to aggregated species observable in the mass-spectra was
Ti,O(OCHs)s*, m/z = 267, with truly low intensity (below 0.5%). The ion currents for m/z =
171 and 185 both reveal high correlation with the total ion current, indicating that the
evaporation of titanium methoxide occurs almost solely in the form of monomeric species.
The non-Gaussian shape of the ion current profile indicates the possibility of a thermolytic
process in the solid phase on evaporation. It can be hypothesised that the presence of a
minor amount of oxo-substituted dinuclear species Ti,O(OCH;)s, revealed by the traces of
Ti,O(OCHs)s" ions in the fragmentation pattern, is originating from the decomposition in the
solid phase and, thus, is not testifying to any possibility of chemically congruent transfer of

the molecular aggregates of titanium methoxide into the gas phase.

68



~ Ti{OCHg),* ——————— Ti(OCH;);(OCH,)*

172(3.0) 171(7.7)
— OCH, — OCH, — OCH,
Ti(OCH,)H*
142(100) -
— CH,OH
_Ti(OCH,),* _TIO(OCH,)*
110(24.3) 95(32.6)
— CH,0OCH, — QCH,
TiO*
64(9.9)

Figure 1: Fragmentation pattern of Ti(OCH;), with numbers indicating m/z and percentage intensity in

parentheses.

5.3 First principles study of mechanism

5.3.1 Computational method

We use periodic density functional theory (DFT) as implemented in the VASP code (version
4.6)[50, 51], with the Projected Augmented Wave description of cores [52, 53] and the
Perdew Burke Ernzerhof functional [54], which has been found to yield H-bonding
energetics accurate to = 0.1 eV [55, 56]. The valence electron basis is a set of plane waves
with a kinetic energy cutoff of 396 eV. For the bulk oxides, k-point sampling is performed
with a 4 x 4 x 6 Monkhorst—-Pack sampling grid. As a model for TiO, we use the rutile crystal
structure and as a model for the surface of the growing film we use the most stable bare
face, (11 0). Appropriate k-point sampling is employed: 4 x4 x1,2x2x1,1x2x1andT-
point grids for the (1 x 1), (2 x 2), (4 x 2) and (4 x 4) surface expansions of the cell,
respectively. The bulk lattice constants are determined using the Murnaghan equation of
state [57]. The geometries of the precursor and product molecules Ti(OMe),, TiCp*(OMe)s,
Cp*H, MeOH and H,0 are individually relaxed in a box of dimensions 20 x 20 x 20 A, with a
396 eV cutoff energy and -point sampling. Based on mass spectrometry (section 5.2 ),

monomeric Ti(OMe), is used as the model for the gas-phase species. Computed energy
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changes at T =-273.15 °C are quoted and the contribution of entropy to the free energy at
higher temperatures is not included. In all cases we expect that entropy will cause the gas-
phase species to be favoured over adsorbates, as previously computed [37], but this will

have no bearing on our study of precursor-surface bonding.
5.3.2 Results for ligand basicity and ‘ligand exchange’

We can use the computed first principles energies to compare the theoretical reactivity of

TiCp*(OMe); and Ti(OMe), with respect to the standard ALD reaction for oxides with H,0.

T|Cp*(OMe)3 @t 2H,0 (8) > TiO, syt HCp* @t 3MeOH (&) Equation 2

Figure 2: Atomic structure of four trilayer-deep slab of rutile TiO, showing a) bare (1 1 0) surface cell expansion
(4 x 2) (b) hydrated surface with eight H,0 per cell (colour online: light grey = Ti, red = O, white = H, dark grey =

C; sticks = rutile substrate, balls = adsorbates).

The computed energy at T = -273.15 °C of Equation 2 is AE = —26.79 eV, which compares
with AE =-26.71 eV for Ti(OMe),. This shows that the [Cp*] ligand is more Brgnsted basic
than [OMe] by 0.08 eV, i.e. slightly more reactive towards H*. (Estimating the entropy
change in Equation 2 would reveal the free energy change at typical ALD temperatures, but
would obscure the difference in Bronsted basicity). ‘Ligand exchange’ should therefore be
slightly more favoured in Cp* than in OMe. The experimental result is in apparent
contradiction of this thermodynamic driving force, since ALD does not proceed for
TiCp*(OMe); + H,0 but does for Ti(OMe),+ H,0. Therefore, rather than overall energetics,
we must consider the detailed reaction mechanism at the surface (Equation 1) and the

associated kinetics, which is the subject of the next sections. Our interest is in whether
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there are energetic barriers particular to TiCp*(OMe); during the initial steps of its reaction

with the surface.
5.3.3 Surface models of bare and hydrated titanium oxide

Bulk TiO, is most stable in the tetragonal rutile structure, with six atoms per primitive unit
cell. The computed lattice constants are a = 4.6625 A, ¢ = 2.9700 A, which are in good
agreement with experiment (a = 4.5845 A, ¢ = 2.9533 A). A slab was constructed for the
rutile (1 1 0) surface and properties were found to converge at a slab thickness of four
trilayers (e.g. surface energy of the bare surface converged to 0.40 + 0.01 Jm™), consistent

with previous calculations [58].

Because of the limits of computation time, the minimum vacuum thickness was usually
employed: 10 A between adjacent bare slabs, which generally meant > 5 A between the
bottommost O’s of one slab and the topmost adsorbate H’s of the next slab. The bottom
face was kept bare (i.e. unhydrated) so as to avoid spurious H-bonding interactions. Some
spurious van der Waals interaction can however be expected. Our tests show that the
resulting adsorption energies are converged to = 0.1 eV with respect to vacuum thickness.
These tests also show that a larger vacuum (13 A) is necessary for this level of accuracy
when adsorbates are so large and weakly-adsorbed that they approach within 3 A of the

next slab (Figure 3b and Figure 6b).

In constructing the hydroxylated surface, we have to determine physically reasonable
hydroxylation coverages. The (4 x 2) surface cell can accommodate eight water molecules
and this is computed to be the most energetically favourable coverage at T=-273.15 °C. The
adsorption energy of -0.8 eV/H,0 indicates quite strong chemisorption, similar to molecular
adsorption on smooth surfaces of TiO,-anatase [59]. We find that the water molecules are
preferentially adsorbed molecularly (Figure 2b), in agreement with other studies on rutile (1
1 0) and other smooth TiO, surfaces such as anatase (1 0 1) [35]. We therefore refer to this
as the ‘hydrated’ surface. However it is worth mentioning that the water monolayer
dissociates gradually with temperature [60], which is consistent with the gas-phase entropy
(1.1 eV/H,0 at T = 275 °C) being greater than the average chemisorption energy. We expect

both molecular hydration and dissociative hydroxylation to occur on the rougher

71



surface[35] that probably exists during ALD growth, but determining such a realistic
structure is beyond our current scope. We therefore use this model of a hydrated surface

for our calculations of Ti-precursor adsorption.
For these computations, the adsorption energy of the precursor is computed from:
E.qs = [E(ads) + E(prod)] - [E(prec) + E(surf)], Equation 3

where E(ads) is the total DFT energy (at T =-273.15 °C) of the slab containing the precursor
(or precursor fragment) adsorbed on the surface, E(prec) and E(prod) are the total DFT
energies of gas phase precursor and by-products respectively in a large cell, and E(surf) is
the total DFT energy of the hydrated surface slab prior to adsorption, all geometries fully
relaxed within the fixed simulation cell. Note that we include reactive adsorption, e.g.
where ligands from the precursor react with surface protons and a by-product such as
MeOH is eliminated, and in these cases E.q is the sum of reaction energies for molecular

adsorption and elimination.
5.3.4 Results for precursor adsorption onto hydrated surfaces

Figure 3 presents the relaxed structures computed for TiCp*(OMe); and Ti(OMe), adsorbed
at the hydrated (1 1 0) surface of titanium oxide [step (i) of the ALD mechanism]. As starting
structures, each precursor monomer was placed above the H,0-terminated surface and all
ions were fully relaxed. A number of other adsorption geometries were tested, but the ones

discussed in this section were found to be the most stable.

Upon molecular adsorption of TiCp*(OMe); at the hydrated TiO, surface, the energy gain at
T =-273.15 °C is -0.4 eV when oriented via OMe (Figure 3a). In the case of Ti(OMe), the
energy gain is slightly greater, -0.5 eV (Figure 3b). The attraction of the precursors to the
hydrated surface via OMe is due to hydrogen bonding between H of surface-bound water
and O of precursor methoxy groups (typical H-O distances 1.6 A). The adsorption energies

are plotted in Figure 4.
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Figure 3: Molecular adsorption of (a) TiCp*(OMe); via OMe, (see Figure 6 for adsorption via Cp*) and (b)

Ti(OMe), at the hydrated (1 1 0) surface of TiO, with thicker vacuum. The computed adsorption energies are

(a) E;qs=-0.4 eV and (b) E,4=-0.5 eV.
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Figure 4: Computed potential energy curves for adsorption of TiCp*(OMe); (solid minima) and Ti(OMe),
(shaded minima) onto titania surfaces at T = -273.15 °C, followed by H-transfer and desorption of MeOH or
Cp*H (each step being separated on the x-axis). Labels are for the figures depicting the structures. Colour
online shows the mode of adsorption: molecular via H-bonding (blue), chemisorbed Ti at non-bulk position
(black) and chemisorbed Ti at bulk position (red). The +0.08 eV offset of the Cp* curves relative to OMe
accounts for the computed difference in overall AE. The expected pathways are 3a=>5a=>8a, 3b>5b->8b,

7a->9a, 7b>9b and 6a=>9b.
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During the relaxation we do not observe spontaneous H transfer from the H,O-terminated
surface to the precursor, which indicates that there is an energetic barrier towards H
transfer. To investigate Ti precursor coordination to surface O [step (ii)], H-transfer [step
(iii)] and ligand elimination [step (iv)], hydrogen atoms from the hydrated surface were
moved ‘by hand’ towards OMe ligands and the geometry was then relaxed. This assures that
the precursor can adsorb onto a 2-coordinated O at the surface (actually, Ti-OH). In this
way, the Brgnsted product MeOH is formed, but we find that it remains associated with Ti
and does not desorb spontaneously. The resulting structure for Ti(OMe), is shown in Figure
5b: the ligands (including MeOH bound loosely to Ti) have distorted away from the surface
so as to allow the adsorbing Ti atom to coordinate to surface O (Ti-O distance =1.81 A). Ti-O
coordination is step (ii) of the oxide ALD mechanism proposed above. The overall
adsorption energy of all steps leading to this geometry is E,q = -0.6 eV, neglecting entropy.

Relative to initial adsorption (Figure 3b) the energy is -0.1 eV, indicating that the ALD

reactions of Ti(OMe), form a thermodynamically favourable sequence (Figure 4).

Figure 5: Reactive adsorption and H-transfer at the hydrated surface of TiO, for the precursors (a)
TiCp*(OMe);, E,4s = +0.8 eV, and (b) Ti(OMe),, E.4s = -0.6 eV. Hydrogen from the surface is moved ‘by hand’

towards an OMe ligand and the structure is relaxed.

An analogous adsorption structure for TiCp*(OMe); was tested and optimized. It was
difficult to accommodate the molecule on the hydrated surface. This appears to be due to
the bulky Cp* ligand, which hinders the distortion of MeO/MeOH ligands away from the
surface and thus hinders the association of Ti to surface oxygen [step (ii)]. Figure 5a shows

the lowest-energy optimized geometry out of many trials, with a relaxed Ti-O distance of
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2.26 A. It is possible that still more structures have to be tested to find the actual lowest
energy. In all of our trials, the computed adsorption energy was consistently found to be
positive, which indicates a thermodynamic barrier against chemisorption after H-transfer,
even at T = -273.15 °C. For instance, the calculated adsorption energy for the geometry in
Figure 5a relative to the hydrated surface is E,4s = +0.8 eV which is unstable relative to

desorption and significantly higher than that obtained for Ti(OMe),.

Having examined H-transfer to OMe, we then investigated adsorption geometries that could
lead to H-transfer to Cp* and production of HCp*. We could not find any thermodynamically
favourable adsorption route via Cp*, as illustrated by the two examples in Figure 6. In fact,
even the lowest energy structure obtained (Figure 6a) shows endothermic adsorption that
suggests substantial strain and repulsion. This becomes worse when the precursor is angled
in an attempt to open up access to precursor-Ti from surface oxygen (Figure 6b). In this

orientation, adsorption [step (i)] is unfavoured and neither Ti-O bonding [step (ii)] nor H-

transfer [step (iii)] can occur.

Figure 6: Optimized geometries showing the interaction of Cp* group of TiCp*(OMe); with the hydrated
surface of TiO,: (a) E,gs = +0.4 eV, (b) E.q4 = +0.3 eV. Adsorption via OMe is more stable (Figure 3). 3 A thicker

vacuum is used so as to converge the adsorption energy in (b).

The other possible coordination site for adsorbing Ti on the rutile surface is bridging oxygen,
which is the expected location of the next Ti in the rutile structure. The computed structures
(prior to H-transfer) are presented in Figure 7. In the case of TiCp*(OMe); it was found to be
impossible to coordinate Ti to the bridging oxygen. While relaxing the structure the

precursor moved away from the hydrated surface to a shallow minimum at E,4= +0.1 eV
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and a Ti-O distance of 3.9 A (Figure 7a). For Ti(OMe), it was much easier to form a bond with
bridging oxygen (Figure 7b). Here, OMe ligands are flexible and have room in the ligand
sphere to move away from the surface and let Ti coordinate to surface oxygen [step (ii)].
The adsorption energy on the hydrated surface is E,4s = -0.2 eV. Like the H-bonded
adsorbate (see above), this structure is likely to have a sufficiently long lifetime on the
surface to allow H-transfer and ligand elimination to take place, while TiCp*(OMe); is so

weakly adsorbed to bridging oxygen that such subsequent reactions are probably not

possible.

Figure 7: Adsorption at bridging oxygen of the (1 1 0) surface of TiO, of (a) TiCp*(OMe); onto hydrated surface,
E,4s = +0.1 eV, (b) Ti(OMe), onto hydrated surface, E 4= -0.2 eV, (c) TiCp*(OMe); onto bare surface, E 4 =
+0.02 eV, and (d) Ti(OMe), onto bare surface, E,4 = -0.1 eV.

To check whether this effect is due to crowding with the adsorbed water of the hydrated
surface, we have checked adsorption onto the bare TiO, surface, where bridging-O atoms

are more prominent. This corresponds to the realistic situation of adsorption onto portions
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of the surface that are much less hydrated. Crowding does appear to be relieved in the Cp*
case, with E,4 = +0.02 eV for TiCp*(OMe); (Figure 7c), while the absence of H-bonding
makes adsorption less favourable for the homoleptic alkoxide [E,q= -0.1 eV for Ti(OMe),

(Figure 7d)].
5.3.5 Results for elimination of ligands and densification

Step (iv) is the elimination of ligand adducts by desorption, which can be expected to relieve
steric hindrance within the ligand sphere. We have seen above that H-transfer to the MeO
ligand is more likely than H-transfer to Cp*, and in this section the reaction steps following

desorption of MeOH are investigated.

Figure 8: Adsorbate structures after desorption of one MeOH unit from the structures in Figure 5, bonding to
O that originated from hydration of surface: (a) surf-O-Ti(Cp*)(OMe),, E 4= +0.6 eV, (b) surf-O-Ti(OMe)3, E 4 =
+0.6 eV, (c) surf-O,-Ti(OMe);, E.4 = +0.8 eV, followed by H-transfer to give (d) surf-O,-Ti(OMe),(MeOH), E 4 =
+0.3 eV.
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As can be seen in Figure 8a, elimination of one MeOH relieves steric hindrance within the
Cp*-containing precursor fragment and allows Ti of the adsorbate to approach 0.3 A closer
to the surface oxygen (optimized Ti-O = 1.95 A), although still not as close as the non-Cp*
fragment (1.81 A, Figure 8b). Some residual strain in the Cp* fragment may be evident in the
distortion of surface Ti bound to the adsorbate away from subsurface oxygen (Ti-O = 2.84 A
versus 2.14 A for non-Cp*). However this strain has little effect on the computed energetics:
E.4s = +0.6 eV for TiCp*(OMe), is very close to E,4 = +0.6 eV for the non-Cp* fragment,
Ti(OMe)s.

The Ti(OMe); fragment can coordinate to two surface oxygens (Figure 8c), with a slight
energy cost probably due to associated H-transfer on the surface. This increase in Ti
coordination number is an example of ‘densification’, step (v) of the molecule-surface
interaction, although in this case it merely restores Ti to five-fold coordination, as prior to
MeOH desorption (Figure 5b). This step has the effect of moving Ti to a bulk-like position for
crystalline rutile. Steric crowding means that we are unable to find such a densified

configuration for the TiCp*(OMe), fragment.

Subject to the availability of surface protons, the elimination process can continue. H-
transfer to another ligand of the non-Cp* adsorbate yields a Ti(OMe),(MeOH) fragment
(Figure 8d), with E,4s= +0.3 eV relative to the gas-phase molecule and hydrated surface, or

AEgim=+0.9 eV at T=-273.15 °C relative to the Ti(OMe);(MeOH) fragment (Figure 5b).

As ligands are eliminated, the preference of the adsorbed fragment for surface sites may
change. An instance of this is presented in Figure 9b, where Ti(OMe); is more stable when
bound to a single bridging oxygen (E,s = +0.3 eV, Ti-O = 1.88 A) than when bound to a
terminal oxygen originating from hydration (E,4 = +0.6 eV in Figure 8b). Although the
coordination number of Ti does not change, this migration of the fragment to the bridging O
can be interpreted as another example of densification [step (v)], since this is the expected
position for the next Ti atom in the rutile structure. Comparing to the Ti(OMe), fragment
adsorbed at the same bridging site (Figure 7b), we see that AEg;,= +0.6 eV, which is less
than that computed at the terminal site. This illustrates the interplay between elimination
and densification, with the loss of ligands affecting the favoured coordination mode. We

suppose that this is primarily a steric effect. As evidence for this, the corresponding Cp*-
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containing structure is strongly unfavoured (Figure 9a, E.i = +2.0 eV, Ti-O = 2.15 A),

although the lack of hydrogen bonding between remaining methoxides and surface protons

may also play a role in this case.

Figure 9: Adsorbate structures after desorption of one MeOH unit, bonding to bridging O: (a) surf-O-
Ti(Cp*)(OMe),, E,4s= +2.0 eV, (b) surf-O-Ti(OMe);, E 4= +0.3 eV.

It is possible to continue this survey and compute precursor fragments at various adsorption
sites as the sequence of ligand elimination reactions proceeds in ALD, but we have not done
so. These later reaction steps probably affect the efficiency of the ALD process (growth rate,
temperature dependence etc.) once molecules are adsorbing and growth is taking place.
The later steps are not as important as the initial steps in addressing the subject of this

paper, namely, why no growth at all occurs for TiCp*(OMe); + H,0.

5.4 Discussion

While solid titanium methoxide occurs as a tetramer, in the gas phase there is no evidence
of such molecular aggregates in the mass spectrometric data presented here. We therefore
consider the Ti(OMe), molecule as the adsorbing species for study of the mechanism of this

precursor from first principles.

Our calculations of precursor molecules on model TiO, surfaces show that molecular
adsorption [step (i)] can take place, subject to steric constraints. Interaction via the
methoxide ligands is favoured due to H-bonding and terminal OH, is more accessible than

bridging O. Together these factors mean that Ti(OMe), can adsorb in various orientations on
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various sites, whereas TiCp*(OMe); is constrained to a particular geometry, making
adsorption of the latter an entropically less-favoured process. The computed adsorption
energies are mostly positive (i.e. unfavourable); those that are negative do not exceed -0.5
eV and are therefore smaller in magnitude than the translational and rotational entropy of
the gas-phase molecules at T = 275°C [e.g. we compute T(ASyanstAS.:) = 1.6 eV for
TiCp*(OMe)3q]. Molecular adsorption is therefore not thermodynamically favoured, but a
small population of molecules may have sufficient lifetime on the surface for H-transfer
reactions to take place. This is consistent with the experimental detection at 275°C (but not

at 325°C) of Cp* and OMe by *C NMR when porous silica is treated with TiCp*(OMe); [29].

The most striking difference that we have seen between TiCp*(OMe); and Ti(OMe), is
during the first H-transfer step of the ALD reaction [step (iii)], when a proton moves from a
surface-bound water molecule (or hydroxyl group on other surfaces) to a methoxide ligand.
The formation of Ti-O bonds is strongly exothermic and the overall ALD reaction (Equation
2) yields nearly -27 eV/TiO,. Therefore a driving force for protonation of ligands, weakening
of metal-ligand bonds and elimination of ligands can be the concomitant formation of Ti-O
bonds to the surface, which is termed ‘densification’ [step (ii)][47]. This explains why
transfer of H to Ti(OMe), (Figure 5b) is energetically favourable by -0.1 eV relative to the H-
bonded molecule. By contrast, H-transfer to TiCp*(OMe); is highly unfavoured (Figure 5a,
+1.1 eV), because there is no flexibility in the ligand shell to allow Ti to coordinate to the
surface. We have not computed activation energies for the reaction, but it must be even
higher than the energy computed for the intermediate. The inability of Ti to coordinate to
surface O therefore causes a high barrier towards subsequent steps in the ALD reaction of

TiCp*(OMe)s.

Methoxide is weakly basic and the hydrated TiO, surface is weakly acidic, so that the acid-
base reaction producing MeOH is endothermic on its own [e.g. AEgim = +0.9 eV for
Ti(OMe),(MeOH) relative to Ti(OMe)s;(MeOH)]. Initially, the MeOH molecule remains
complexed to Ti, but thermal energy will favour desorption [T(ASiansi+ AS o) = 1.1 eV/K for
MeOH, at 275°C]. Desorption of MeOH leads to less-crowded structures where the

energetic effect of Cp* is lessened (Figure 4).
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Bulk-like sites for Ti lead to the most compact (‘densified’) structures and should be the
thermodynamically preferred location for Ti atoms to grow. The actual energetics of
migration to these sites emphatically illustrates the effect of remaining ligands on Ti
(especially the Cp* group). For molecular Ti(OMe),, migration from terminal O to bridging O
costs +0.3 eV (Figure 3b to Figure 7b), while for TiCp*(OMe); the cost is +0.5 eV (Figure 3a to
Figure 7a). For fragments with one less methoxide ligand, migration yields -0.2 eV for
Ti(OMe); (Figure 8b to Figure 9b) but costs +1.4 eV for TiCp*(OMe), (Figure 8a to Figure 9a).
One may expect this trend to continue, with densification becoming increasingly favoured
as ligands are eliminated. These are tentative clues to how ALD chemistry determines the
morpohology of as-deposited films, an aspect about which almost nothing is known at

present.

We have seen that TiCp*(OMe); adsorbs on TiO, via H-bonding [step (i)] but is too crowded
to allow a new Ti-O bond to form [step (ii)]. We find that elimination of ligands [step (iv)] is
thermodynamically favoured at typical process temperatures, but can not occur if Ti
remains uncoordinated to the surface. Nevertheless, molecular adsorption of TiCp*(OMe);
is quite strong and as the ALD pulse continues the surface probably becomes saturated with
the unreacted precursor, with OMe ligands pointing down towards the surface and Cp*
ligands pointing up (Figure 7a). During the purge, some Ti molecules may desorb (leading to
no growth) and others may persist on the surface so as to be exposed to the H,0 pulse.
Since Cp* is hydrophobic, there may be little adsorption of H,0 during this pulse [step (i)]
and little H-transfer [step (iii)], so that film growth is negligible. Furthermore, as in the
metal pulse, elimination of MeOH or Cp*H [step (iv)] will not be favoured unless Ti can at
the same time coordinate to surface O [step (ii)], which, as we have seen, is hindered due to
the steric demand of Cp*. In fact, it is possible that H,0 will find routes to adsorb directly
onto the TiO, surface during the H,O pulse and displace entire Ti-precursor molecules,
which would desorb without reaction. Therefore, we suggest that the barrier to initial H-

transfer to TiCp*(OMe); also prevents growth reactions taking place during the H,0 pulse.

Successful ALD has been achieved using alternative oxygen sources with TiCp*(OMe)s;,
yielding growth rates of 0.30 A/cycle with O;[30] and 0.54 A/cycle with O, plasma[15].
These low growth rates are consistent with persistence of the Ti-precursor as an adsorbed

molecule until the O-precursor pulse. Oxidation of the Cp* ligand by O; or O, plasma
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evidently reduces steric hindrance, allows adsorbate Ti to coordinate to surface O and leads

to film growth.

We have looked in detail at the steric effect of the Cp* group, but it is also possible that this
ligand influences the ALD reactions via the electronic structure of the Ti-Cp* complex.
There is a high degree of covalency between Ti and cyclopentadienyl ligands, which causes
the electrophilicity of the Ti centre in TiCp*(OMe); to decrease relative to that in Ti(OMe),.
We have seen evidence for this in population analyses of the computed electronic structure
of the ground state of the precursor molecules, where the positive charge on Ti is 0.4e lower
in the Cp* complex than in the homoleptic alkoxide. The lower electrophilicity of the Cp*
complex is also evident in the smaller energy gap between HOMO and LUMO levels (the gap
for the Cp* complex is 77% of that for the pure alkoxide), bearing in mind that unoccupied
orbitals are poorly described by DFT. We would therefore expect Ti-(OMe) bonding to be
weaker in the Cp* complex and elimination of the methoxide ligands to be more favoured in
that complex, a trend that is not seen in the computed energetics. However we have seen
that coordination of the adsorbing Ti to the surface [step (ii)] is more important than ligand
elimination. Reduced electrophilicity of the Ti centre in the Cp* case would mean that Ti-O
bonding between adsorbing Ti and surface oxygen is weaker, which is indeed observed in
our calculations (e.g. Figure 5a). Therefore, the electronic effect of the Cp* ligand reinforces
the steric effect, insofar as both act to reduce the Lewis acidity of the Ti centre and prevent

coordination to the basic sites on the surface.

Little is known about the actual morphology of the oxide surface during ALD but it is likely
that it contains a variety of Ti-O geometries and may be described as ‘rougher’ than the
model surface considered here. This would probably mean higher Brgnsted acidity when
hydrated/hydroxylated [35], facilitating H-transfer and ligand elimination [step (iii)]. It would
also mean higher Lewis basicity in terms of under-coordinated O atoms protruding from the
surface [38], so that these can more easily coordinate to adsorbing Ti [steps (ii) and (v)].
Overall then, the ALD reactions on the actual surface may be more energetically favoured

than those computed on a smooth model surface.

In contrast to TiO,, the other group 4 oxides ZrO, and HfO, can be successfully grown by ALD

from cyclopentadienyl-containing precursors and water [20-24]. For instance, it is found
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that Zr(MeCp),(Me)(OMe)+H,0 vyields ZrO, films with the order of elimination of ligands
following their Brgnsted basicity (CH4, then MeCpH, then MeOH)[25]. It appears that there
is no impediment to the coordination of Zr to surface O in this case. One explanation is ionic
size. From estimates of the ionic radii for six-coordinate M** cations, R(Ti) = 0.61 A, R(zr) =
0.72 A, R(Hf) = 0.76 A, we can estimate that the area available for ligands around a hard
sphere of radius R(Zr) and R(Hf) is 139% and 155% respectively of that available around a
sphere of radius R(Ti). This extra space facilitates coordination to the surface. In addition,
the methyl ligand is so reactive that its elimination is likely to be rapid and complete,

opening up more space around the metal centre.

‘Ligand exchange’ is an often-used term to describe half reactions in some ALD processes
and (except for the fact that the surface is not a ‘ligand’) it serves to highlight the
thermodynamic driving force towards swapping metal-ligand bonding for metal-surface
bonding in ALD. In some cases, such simple ‘exchange’ is adequate to explain the ALD half-
reactions[25], but in other cases (as here) a more detailed view of the ALD mechanism is
required, properly describing the changes in coordination at the metal centre as individual
reaction steps take place. In the example considered here, the TiCp*(OMe); molecule is
apparently too hindered to allow ‘exchange’ of OMe with surface-O. More correctly, Ti in
the adsorbate is too hindered to allow coordination to extra oxygen atoms of the surface,
which may be thought of as the first step of densification. Without this step, elimination of
ligand adducts (MeOH) from the adsorbate is not possible in either precursor pulse, despite
H-transfer, and no ALD growth takes place. ‘Densification’ describes well the changes in
coordination at the Ti centre and so seems to be a more useful label for this reaction than

‘ligand exchange’.

Thus, the poor kinetics of an individual step makes the thermodynamically favoured product
inaccessible. Referring back to Equation 1, we conclude that ALD is successful only if the
complete sequence of reactions from gaseous precursors to bulk-like product takes place
(perhaps over many ALD cycles). In each reaction step [(i)-(v) above], the adsorption mode
changes and the adsorbate becomes densified into a film as ligands are lost and Ti bonds
increasingly to O. We see therefore that ALD is the result of the repeated occurrence of
three chemical mechanisms — precursor adsorption, ligand elimination and adsorbate

densification — that are closely intertwined.
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5.5 Conclusion

Films may be successfully deposited using Ti(OMe),in a thermal H,0-based ALD process,
while there is no growth from TiCp*(OMe);. Mass spectrometry confirms that titanium
methoxide evaporates as the Ti(OMe), monomer, so that the difference in growth can not
be due to aggregation in the gas phase. DFT calculations were used to further probe the
differences between these precursors by considering the mechanistic steps of oxide ALD: (i)
adsorption of the precursor molecule at the surface during the Ti-precursor pulse, (ii)
coordination of metal atom to the surface, (iii) proton transfer to ligand to form adduct, (iv)
elimination of ligand adduct by desorption, (v) further coordination of metal atom to
surface oxygen. The simulations reveal that the Cp* ligand of TiCp*(OMe); lowers the Lewis
acidity of the Ti centre and prevents its coordination to surface O (‘densification’) during
both of the ALD pulses. The effect of Cp* on Ti seems to be both steric (full coordination
sphere) and electronic (lower electrophilicity). By contrast, crowding is much less in
monomeric Ti(OMe), and so there is no impediment to chemical bonding of Ti from that
adsorbate to the surface. This crucial step in the sequence of ALD reactions is therefore not
possible in the case of TiCp*(OMe);+ H,0, which means that there is no deposition of TiO,
films. On the other hand, oxidation of the bulky Cp* ligand with O; does allow Ti-O
coordination and the subsequent sequence of growth reactions to proceed, which is why
ALD with TiCp*(OMe); + O; is successful. These findings may also be relevant in
understanding the ALD of other ‘piano-stool’ complexes of the type [MCpX;]. In general, this
work highlights the important role played by densification reactions during deposition of
material from a vapor, where the coordination number of the metal increases from that of a

metal organic precursor to that of a bulk material.
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Thin film dielectrics based on hafnium and zirconium oxides are being introduced to
increase the permittivity of insulating layers in nanoelectronic transistor and memory
devices. Atomic layer deposition (ALD) is the process of choice for fabricating these films
and the success of this method depends crucially on the chemical properties of the
precursor molecules. Designing new precursors requires molecular engineering and
chemical tailoring to obtain specific physical properties and performance capabilities. A
successful ALD precursor should be volatile, stable in the gas-phase, but reactive on the
substrate and growing surface, leading to inert by-products. This study is concerned with
the thermal stability in the gas phase of Ti, Zr and Hf precursors that contain
cyclopentadienyl (Cp = CsHs,R,) ligands. We use density functional theory (DFT) to probe
the non-ALD decomposition pathway and find a mechanism via intramolecular a-H transfer
that produces an alkylidene complex. The analysis shows that thermal stabilities of
complexes of the type MCp,(CHs), increase down group 4 (M = Ti, Zr and Hf) due to an
increase in the HOMO-LUMO band gap of the reactants, which itself increases with the
electrophilicity of the metal. Precursor decomposition via this pathway in the gas phase can
therefore be avoided by replacing the a-H donor or acceptor ligands, or by increasing the
electrophilicity of the metal. This illustrates how the ALD process window can be widened

by rational molecular design based on mechanistic understanding.
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6.1 Introduction

Thin films based on zirconia (ZrO,) or hafnia (HfO,) are being used as high-permittivity
dielectrics in the latest generation of transistors, and show promise as insulating layers in
memories and high-value capacitors [1]. This has in part been enabled by the development
of atomic layer deposition (ALD) processes for these materials, delivering films of high purity
and uniformity with sub-nanometre thickness control [2]. The ALD process depends
intimately on the chemistry of the precursor molecules, and so considerable attention is
now being paid to the design, synthesis and properties of organometallic compounds of Zr

and Hf.

ALD is a special type of chemical vapour deposition (CVD) in which precursors are admitted
separately into the reactor [2]. Ideal ALD is achieved if the reaction of the precursor with the
surface is self-limiting, finishing once the surface is saturated with precursor fragments (e.g.
ligands or hydroxyl groups). Sufficient precursor exposure will then lead to uniform film
growth, even coating complex three-dimensional substrates. To achieve ALD’s unique
characteristic the precursor must have specific properties. It should be volatile and vaporize
rapidly at the reproducible rate, conditions that are usually met for liquid precursors, but
not for solids. For self-terminating surface reactions it should not self-react, but it should be
reactive on the substrate and growing surface. However many precursor molecules undergo
intra- or inter-molecular reactions, either in the gas-phase or on the surface, that do not
self-limit and are termed decomposition reactions. In general, such non-ALD decomposition
is thermally activated, and so can also be significant when the precursor is heated to
volatilise it or when it enters the heated chamber of the ALD reactor. Non-ALD
decomposition can lead to the waste of precursor chemicals, uncontrolled film growth,
impure films, poor thickness control, and uneven coating in two and three dimensions. For
example, Zr and Hf amide precursors show deleterious decomposition as the reactor
temperature is increased. As-deposited hafnium oxide films showed non-uniformity that
increased from 1% to 5% of the film thickness as the deposition temperature was raised,
indicating a contribution from non-ALD decomposition reactions. For zirconium oxide,

similar roughness was already observed at much lower deposition temperatures [3].

Recently, a new family of cyclopentadienyl precursors of Zr and Hf have been introduced
[4], some of which show enhanced thermal stability and are more suitable for high-

temperature growth. The stability of the family of cyclopentadienyl precursors has been
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investigated in static thermogravimetric experiments, revealing a significant difference
between the stability of Zr and Hf compounds: the involatile residues for Hf(MeCp),Me, and
Zr(MeCp),(OMe)Me are very low (< 2%) indicating that no significant decomposition occurs
as the precursors are volatilized [5]. In contrast, the very high residue (> 50%) observed for
Zr(MeCp),Me, shows that decomposition occurs under relatively mild conditions (~. 200 °C).

Zr(MeCp),Me, decomposes violently after 4h at 160 °C.

Currently, little is known about these differences in thermal stability and about the
underlying mechanism of decomposition of ALD precursor molecules. However, to design
new ALD precursors and develop and optimize an ALD process for the deposition of new
materials requires knowledge of the reaction mechanism. Most of the studies on ALD
modelling have been dedicated on ALD mechanisms[6] and the reactions of precursors with
the surface”® The presence of thermal decomposition means that we also need to
understand the mechanism of precursor reactions that happen in the gas-phase. Therefore,
the aim of our studies is to investigate possible decomposition reaction pathways and to
explain the observed differences in thermal stability. The precursor complexes that are the
subject of this study are denoted ML,Me, where M is a group 4 metal M = Ti, Zr or Hf and
the ligands are L = Cp, MeCp, OMe, Me (Me = CH;).

The molecules that we study here are new to the ALD research area but have been widely
studied in organometallic and organic synthesis. A derivative of the Ti complex functions as
a Ziegler Natta polymerisation catalyst [9]. Tebbe et al. [10] discovered that a complex
derived from titanocene dichloride and trimethylaluminium olefinates carbonyl compounds
[11, 12] such as ketones, aldehydes and amides. For esters and thioesters it is more efficient
to use dimethyl titanocene (the Petasis reagent), [11] which undergoes thermal elimination
of CH, from the position a to the metal, to afford a titanium alkylidene complex (Cp,Ti=CH,),
also known as a Schrock carbine [13]. Alkylidenes can generally be obtained by the a-
deprotonation of di- or polyalkyl complexes of coordinatively saturated early transition

metals in high oxidation states (d°) [14, 15].

It is known that the reactivity of tetraalkyl complexes of transition metals strongly depends
on steric effects between the alkyl ligands and on the identity of metal itself, [13, 16]
affecting both the mechanism and the energetics of the decomposition reaction. Two
mechanisms of methane elimination from tetramethyl complexes of Ti, Zr and Hf were
studied through: 1) intramolecular and 2) intermolecular a-H abstraction [17]. Schrock et al.
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have postulated that when the alkyl group is small, e.g. methyl, the first step is bimolecular
o-hydrogen abstraction, which is rate-determining [13, 18-21]. The calculated activation
enthalpies according to the bimolecular mechanism are in the order ZrMe, (64.9 kl/mol) <
HfMe, (82.8 ki/mol) ~ TiMe, (83.7 kl/mol), which is in agreement with measurements [16,
17, 22]. When the alkyl group becomes bulkier, the bimolecular mechanism becomes
unfavorable because of steric reasons and the unimolecular mechanism becomes favored
instead. In the case of complexes with bulkier alkyl ligands, theory and experiment show the
stability increasing in the order TiNps; < ZrNp; < HfNp; (Np = neopentyl CsH;4), which is
consistent with unimolecular decomposition [17, 23]. Indeed, unimolecular o-H abstraction
is found to proceed readily in group 4 organometallics where there is significant crowding
and a suitable acceptor ligand, with first-order reaction kinetics indicative of a rate
determining step where C-H bonds are made and broken in a cyclic reaction path [17, 24].
Consistent with this, CH, was observed as a product of the decomposition of TiCp,Me,,
ZrCp,Me, and HfCp,Me, and it was shown that dissociation of the M-Me bond or
abstraction of H from a methyl group is the rate determining step [25]. The thermal stability
of these compounds is found to increase down group 4, which suggests an electronic effect
at the metal centre. The question of steric versus electronic effects has also been discussed
for Nb and Ta alkylidenes [13]. It is suggested that any change in the ligands that increases
the electrophilicity of the metal should increase the rate of a-H abstraction and elimination
of CH,. Looking here at group 4, the chemistry of Zr and Hf compounds is very similar to one
another. In particular, the ground-state properties of ZrO, and HfO,, such as their structure
and vibrational frequencies, are very similar[26]. By contrast, the difference in excited-state
properties is much greater; e.g. the adiabatic electron affinity of HfO, was determined to be
2.14 £ 0.03 eV, and that of ZrO, was determined to be 1.64 + 0.03 eV, indicating that HfO, is

more ionic than ZrO, [26].

Therefore, in the ML,Me, complexes that we study here, bulky ligands (such as L = Cp) may
favour unimolecular a-H transfer between the methyl ligands, and there may be electronic
reasons for differences between M = Ti, Zr and Hf. We propose Equation 1 as a possible

decomposition pathway:

ML,Me, = ML,(CH,) + CH,4 Equation 1

As outlined above, there is much evidence for a-hydrogen abstraction during the

decomposition of transition metal complexes. The aim of our work is to investigate and
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understand the mechanism of a-hydrogen abstraction in case of MCp,Me, complexes for M
=Ti, Zr, Hf, which is possibly the first step in their decomposition. We use density functional
theory (DFT) to calculate the electronic and molecular structure and characterize this
decomposition pathway (precursors, transition states (TS) and products; activation energy
E, and reaction energy AE). In order to find out what role is played by the non-reacting
ligands (spectator ligands) L the calculations were also performed for L= MeCp, Me, and
OMe in the complexes ZrL,Me,. In the case of Zr(MeCp),Me, we briefly test the competing
reaction of B-hydrogen abstraction. For a series of choices of metal M = Ti, Zr, Hf and ligand
L = Cp, MeCp, Me, OMe, we use DFT vibrational analyses to confirm the nature of the

stationary points and to obtain entropy and free energy changes.

As illustrated by the catalytic activity mentioned above, the carbene product is highly
reactive, and so it is likely that further unimolecular or bimolecular reactions follow
Equation 1. It is not our attempt to calculate this wide range of subsequent reactions.
However, we include a brief study of B-H abstraction as a competing first step (Equation 2)
or second step reaction (Equation 3) of decomposition process, as was suggested for

related molecule TiCp*,Me, (Cp* = CsMes) [20].

6.2 Theoretical methods

The precursor molecules and their ALD reaction products were modeled as isolated
molecules in vacuum. The ground state electronic wavefunction of each molecule was
calculated self-consistently within Kohn-Sham Density Functional Theory (DFT) using the
TURBOMOLE suite of quantum chemical programs [27]. All species were closed shell.
Unconstrained optimization of the molecular geometry was carried out on the DFT potential
energy hypersurface. Vibrational analysis was performed for each considered structure in
order to characterize the nature of the stationary point. A stationary point found by a
geometry optimization is a minimum (local or global following its stability) when all the
vibrational frequencies are real. In contrast, it is a transition state (TS) linking two minima
when there is one imaginary frequency. A good trade-off between accuracy and
computational cost was obtained by using the B-P86 functional, the Rl approximation, [28-
30] and the atom-centered TZVP(P) basis set [31] with effective core potentials of 28

electrons on Zr and of 60 electrons on Hf [32].
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6.3 Results

6.3.1 Decomposition pathway

The computed reaction coordinate for Equation 1 is primarily the transfer of H from one
methyl group to the other, producing CH, which dissociates from the complex, leaving
methylene bound to the metal centre in ML,(CH,) (Figure 1). H-transfer is coupled with the
slight contraction of the C(CH,)-M-C(CH,) angle, where in our notation C(CH,) represents a
carbon atom in a leaving methyl group and C(CH,) is a carbon atom of the remaining methyl
group. At the TS, the four atoms involved in the reaction are co-planar, namely C(CH,),

C(CH,), H and M.

Figure 1 — Ball and stick representations of computed structures of precursor (reactant), TS and product along

decomposition pathway (Equation 1) for L = Cp, M = Zr; white = hydrogen, grey = carbon, blue = Zr.

Figure 2 - Ball and stick representations of computed structure of intermediate occurring during the
decomposition pathway (Equation 1) for L = Me, Cp, M = Zr, white = hydrogen, grey = carbon, blue = Zr. The
depth of the minimum of the intermediates is reflected in the M-C(CH,) distances: 2.94 A and 2.63 A for L = Cp

and Me respectively.

The computed energetics of Equation 1 for L = Cp are presented in Table 1 and Figure 3. The
activation energy and overall endothermicity become greater down the group, with the Ti

complex most likely to decompose, the Zr complex substantially more stable, and the Hf
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complex slightly more stable again. The decomposition reaction leads to a carbene product
of higher energy than compared to the reactant, and this carbene is in turn likely to be
highly reactive. The stability of the carbene product decreases down the group. The reasons
for these differences are explored below. The entropic contribution is slightly less at the TS,
but increases substantially as the second product molecule is formed, lowering AG for the
overall reaction by over 20 kJ/mol at 298 K. In the cases of M = Zr and Hf, the DFT energies
show a slight minimum in the dissociation channel (Figure 2) consisting of weakly bound
CH,4, which opens up the possibility of the reverse reaction occurring. However, this

minimum disappears when corrected for entropy at 7> 0.

For the corresponding decomposition reaction of Zr(MeCp),(Me)(OMe) to Zr(MeCp),(CH,)
and MeOH the computed reaction energy is AE = 299 kJ/mol, but we were unable to find a
TS which leads to these products. However, we found a minimum on the dissociation
channel similar to the intermediates presented in Figure 2. The energy cost for the

formation of this intermediate compared to the reactant is AE = 217 kJ/mol.

200

TS

160

intermediate product

120

reactant //

AG,AE [kJ/mol]
(o]
o

E-N
o

reaction coordinate

Figure 3 — Computed energetics along the decomposition pathway from the data in Table 1. Lines are to guide

the eye.
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Table 1: Energetics along the decomposition pathway Equation 1 computed using DFT. Positive values indicate

an energetic cost relative to the reactants. The Gibbs free energy is obtained from AG = AH - T-AS at T = 298 K.

Illustrated in Figure 3.

TiCp,Me, ZrCp,Me, HfCp,Me,

TS E, (kJ/mol) 114 147 164
S, (kJ/mol-K) -0.020 -0.016 -0.016

G, (kJ/mol) 120 151 169

intermediate AE (kJ/mol) - 109 135
AS (kJ/mol-K) - 0.016 0.015

AG (kJ/mol) - 104 130

product AE (kJ/mol) 60 120 145
AS (kJ/mol-K) 0.106 0.080 0.077

AG (kJ/mol) 28 9% 121

Table 2: Selected parameters of the DFT optimized structures of MCp,Me, (reactants), M = Ti, Zr or Hf, transition

states and products according to Equation 1. The centroid of the C atoms of Cp is denoted Cp e

. TiCp,Me, ZrCp,Me, HfCp,Me,
Distance [A]

React. TS Prod. React. TS Prod. React. TS Prod.
M-C(CH,) 2.18 1.98 1.95 2.29 2.09 2.07 2.28 2.09 2.07

M-C(CHy,) 2.18 2.46 - 2.29 2.55 - 2.28 2.55 -

M-H 2.85 1.80 - 2.851 1.94 - 2.856 1.94 -

CHs-H 1.10 1.41 - 1.10 1.40 - 1.10 1.37 -
H-CH, 1.10 1.57 1.10 1.10 1.66 1.10 1.10 1.71 1.10
M-Cpcent 2.10 2.10 2.09 2.26 2.24 2.22 2.26 2.24 2.21
M-CPeent 2.10 2.08 2.05 2.25 2.24 2.22 2.26 2.24 2.21

Angle [°]

C(CH,)-M-C(CH,) 94.4 83.2 - 99.8 81.3 - 97.8 82.1 -

CPeernt-M-Cpeery 1349 1314  143.0 1335 1369 1444 1332 1363 1438

97



6.3.1 Effect of the metal cation

In order to understand the different decomposition behaviour of M = Ti, Zr and Hf, we have
analysed their atomic and electronic structure along the reaction pathway for L = Cp. Table 2 lists

the most important structural parameters.

The primary factor is the size of the cation: M-C distances are consistently 0.10-0.15 A shorter for
M = Ti than for the other M, while those for Zr and Hf are generally identical to within 0.01 A.
However in all cases, the M-C(CH,) distance decreases by 0.2 A as M-CH, is transformed into M-
CH,, and most of this decrease has already occurred when the TS is reached. The angle that the
methyl ligands subtend at the metal centre in the reactant complex is 94° for M = Ti and 98-100°

for M = Zr, Hf. This narrows to a more consistent 81-83° at the TS.

Ti-Cp distances remain roughly constant throughout the reaction, but the Cp ligands have space to
move apart in the product, as evidenced by the wider Cpcen-Ti-Cpcent angle. For Zr and Hf, the
product complexes show a similar widening of this angle, accompanied here by a 0.05 A

shortening of M-Cpcent.

The electronic structure of the reactants, transition states, and products is analysed in terms of the
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital) and
energy gap between these orbitals (Table 3). Since DFT functionals such as B-P86 systematically
underestimate the energies of unoccupied orbitals, we consider only the trends across these
systems. The HOMO is nearly degenerate with the HOMO-1 in the reactant (because of near-
symmetry) and these orbitals are the only occupied ones to show significant M:d character.
Plotting these orbitals Figure 4 reveals that they are three-centre c-bonding between M and the
two C,-symmetric C(CH3) atoms, but the proportion of M character in Mulliken population
analysis is seen to be slightly more for Ti than for Zr and Hf (not quoted here). There is a very small

contribution from Cp:w to the HOMO.

The LUMO of the reactant is of predominantly M:d character (not plotted here) and its energy
rises down the group Ti, Zr, Hf. Consequently, the energy gap from HOMO to LUMO is strongly
dependent on M, increasing down the group from 290 kJ/mol for M = Ti to 373 kl/mol for M = Hf
(Table 3). On the basis of total charge density from Mulliken population analysis, the positive

charge of M also increases down the group (Table 3), consistent with higher ionicity.
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Table 3: Analysis of HOMO (highest occupied molecular orbital) (see Figure 4) and LUMO (lowest unoccupied
molecular orbital) during decomposition: energy level of the HOMO and LUMO, energy gap between HOMO and

LUMO (g,), total charge density q of metal cation [M] from Mulliken population analysis.

Reactant TS Product

TiCp,Me, &g (kJ/mol) 290 265 129
LUMO (&) -0.100 -0.064 -0.114
HOMO () -0.211 -0.165 -0.163

q [Ti] 0.17 -0.02 0.35

ZrCp,Me &g (kJ/mol) 349 288 135
LUMO (E,) -0.078 -0.052 -0.106
HOMO () -0.211 -0.162 -0.157

q[zr] 0.56 0.17 0.41

HfCp,Me, &g (kJ/mol) 373 298 125
LUMO (E;) -0.068 -0.044 -0.104
HOMO () -0.210 -0.158 -0.152

q [Hf] 0.62 0.25 0.49

C,, symmetry is lifted as H-transfer proceeds. Both HOMO and LUMO shift in energy. In all of
the Cp complexes the HOMO becomes destabilised as the reaction proceeds. At the

transition state, the energy of the LUMO also rises but then falls in the product.

As the reaction proceeds, the HOMO-LUMO energy gap decreases for all the complexes
leading to the products of almost identical HOMO-LUMO gaps (125-135 kJ/mol). In contrast
with the reactants, the product complexes show very similar HOMO orbital structures for M

=Ti, Zr, Hf.

At the TS we see the electron density in the HOMO shifting from C(CH,) to both C(CH,) and
M. The product HOMO is of predominantly C(CH,):p and M:d character, and plots of this
orbital confirm that it is M-C(CH,) m-bonding Figure 4. At the TS, calculations show a
negligible HOMO population on the transferring H and negligible change in the overall
electron density on that H, suggesting the transfer of neutral H. Already at the TS we see the

creation of new bonding between the H and C(CH,) of length 1.399 A. Based on this, we
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propose in Figure 5 the way that HOMO electrons are transferred along the decomposition

pathway.

Figure 4 — Plotted HOMO orbitals of computed structures of reactant, transition state and product along

decomposition pathway (Equation 1) for L = Cp, M = Zr.

Figure 5 — Line representations of computed structure of TS occurring during the decomposition pathway
(Equation 1) for M = Zr, L = Cp. Bond lengths indicate that a partial H-CH; bond (dotted line) is formed in the
TS. The arrow indicates the observed transfer of HOMO electrons during the decomposition. The spectator

ligands are in grey.
6.3.2 Effect of the spectator ligands

In order to determine what role is played by the non-reacting ligands (spectator ligands) in
the unimolecular decomposition reaction (Equation 1), we have considered this reaction
pathway for a variety of alternative non-reacting ligands L = Cp, MeCp, Me, and OMe in the
complexes ZrL,Me,. It has been shown, however, that in the case of smaller spectator
ligands (L = Me), the decomposition reaction in fact proceeds by bimolecular, intermolecular

a-hydrogen abstraction because of the release of steric interactions [17].
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Figure 6 — Computed energetics along the decomposition pathway (Equation 1) from the data in Table 6. Lines

are to guide the eye.

The computed energetics of Equation 1 for L = Cp, Me, and OMe are presented in Figure 6
and Table 4. We see that the identity of the non-reacting ligand has a strong impact on the
decomposition reaction. The activation energy and overall endothermicity become greater
when replacing Cp with Me and OMe. The most likely complex to decompose is ZrCp,Me,
which has the lowest activation energy, while ZrMe, and then Zr(OMe),Me, seem to be
more stable in this decomposition pathway. In all the cases of L = Cp, OMe and Me the DFT
energies show a minimum in the dissociation channel as was shown already for ZrCp,Me,.
However, in contrast to ZrCp,Me,, the minimum for L = Me and OMe (Figure 6) is deeper
and does not quite disappear when corrected for entropy at T > 0, which opens up the
possibility of the reverse reaction occurring. The entropic contribution is small at the TS for
all the complexes, decreasing for L = Cp and OMe but increasing for L = Me and even more
for MeCp. The entropy increases substantially as the product molecules are formed,
lowering AG for the overall reaction by 24, 39, 29 and 44 kl/mol for L = Cp, MeCp, OMe, and

Me respectively at T=298 K.

In order to understand the influence of spectator ligands L = Cp, MeCp, Me, and OMe on
different decomposition behaviours of ZrL,Me, complexes, we have analysed their atomic
and electronic structure along the reaction pathway Equation 1. Figure 5 lists the most

important structural parameters.

The effect of the spectator ligands on the reacting ligands is particularly reflected in the

C(CH,4)-Zr-C(CH,) angles. The angle to which the reacting methyl ligands subtend at the
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Table 4: Energetics along the decomposition pathway (Equation 1) computed using DFT. Positive values indicate an

energetic cost relative to the reactants. The Gibbs free energy is obtained from AG = AE - T-AS at T = 298 K. lllustrated

in Figure 6.
ZrCp,Me, Zr(MeCp),Me, ZrMe, Zr(OMe),Me,

TS E, (kJ/mol) 147 150 169 175
S. (kJ/mol-K) -0.016 -0.008 0.012 -0.038

G, (kJ/mol) 151 152 166 187

Intermediate AE (kJ/mol) 109 114 150 157
AS (kJ/mol-K) 0.016 -0.025 0.037 -0.018

AG (k/mol) 104 122 139 162

Product AE (kJ/mol) 120 121 186 193
AS (kJ/mol--K) 0.080 0.130 0.147 0.098

AG (ki/mol) 96 82 142 164

metal centre in the reactant complex is 107° for Zr(OMe),Me, and due to tetrahedral
symmetry is 109° for ZrMe, while in the Cp complex it is tightened up to 100°. This narrows
to a more consistent 81-86° at the TS for all complexes, although here again we see the

steric effect of the Cp ligands, tightening up the C(CH,)-Zr-C(CH,) angle by about 5°.

Zr-C(CH,) distances differ slightly (< 0.1 A) in the reactants. In all cases the Zr-C(CH,) distance
decreases by 0.22-0.24 A as Zr-CHj; is transformed into Zr-CH, and most of this decrease has

already occurred when the TS is reached.

M-L distances of spectator ligands remain roughly constant throughout the reaction. As a
result of the decreasing C(CH,)-Zr-C(CH,) angle at the TS, the spectator ligands have space to
move apart, as evidenced by the wider L-M-L angle. This angle keeps increasing along the
decomposition pathway for Cp and OMe but decreases back to 111° in the case of the

ZrMe, complex.

The electronic structure of the HOMO during the decomposition reaction of ZrMe, and
ZrMe,(OMe), is presented in Table 6 in terms of the energy level of the HOMO and LUMO as
well as the energy gap between these orbitals. We repeat in the tables here the information

on ZrMe,Cp, to better explain the effect of spectator ligands in the group of Zr complexes.
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Table 5: Selected parameters of the DFT-optimized structures of ZrL,Me, (reactants), L = Cp, Me, OMe, transition

states and products according to Equation 1. The centroid of the C atoms of Cp is denoted Cp..;. The point symmetry

group of each molecule is also given.

ZrCp,Me, Zr(OMe),Me, ZrMe,
Distance [A] React. TS Prod React. TS Prod. React. TS Prod.
symmetry Cov C, Co Co C Cs Ty C Cs
M-C(CH,) 2.29 2.09 2.07 2.25 2.06 2.02 2.23 2.04 1.99
M-C(CH,) 2.29 2.55 - 2.25 2.46 - 2.23 2.42 -
M-L/CPeent 2.26 2.24 2.22 1.93 1.95 1.94 2.23 2.25 2.23
Angle [°]
C(CH4)-M-C(CH,)  99.8 81.3 - 107.1 85 - 109.5 86.0 -
L-M-L 133.5 136.9 144.4 117.3 125.5 128.5 109.5 115.2 110.8

Table 6: Analysis of HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied orbital) during

decomposition: energy level of the HOMO and LUMO, energy gap between HOMO and LUMO (g;), total charge

density g of metal cation [M] from Mulliken population analysis.

Reactant TS Product

ZrMe,Cp, qlzr 0.56 0.17 0.41

q[C=] 0.56 0.17 0.41

q[C] 0.56 0.17 0.41

q[H] 0.56 0.17 0.41

ZrMe, gg (k)/mol) 411 285 170
LUMO (E,) -0.070 -0.071 -0.104
HOMO (E,) -0.227 -0.180 -0.169

q[2r] 0.89 0.93 0.91

ZrMe,0Me, &g (kJ/mol) 416 327 147
LUMO (&) -0.052 -0.040 -0.097
HOMO (E;) -0.210 -0.165 -0.153

q [zr] 1.22 0.94 0.97
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Mulliken population analysis along the reaction pathway shows a gradual transfer of HOMO
electron density from a three-centre o C(Me)-Zr-C(Me) bond (in the case of ZrMe,(OMe),)
and a five-centre o C,(Me)-Zr-C,(Me) bond (in case of ZrMe,) to a two-centre w Zr-C(CH,)
bond, similar to that detailed above for L = Cp. The product has two occupied orbitals
localised on Zr-C(CH,), the higher of which is of Zr:d-C:p n-bonding character similar to all

product complexes.

Mulliken population analysis reveals that HOMO and HOMO-1 orbitals show significant M:d
character. The proportion of M character is seen to be more for the ZrMe, complex than for
ZrCp,Me, and ZrMe,OMe, complexes. As in all Cp complexes, the LUMO of L = Me and OMe
complexes are also of predominantly M:d character. As presented in Table 6, the energy gap
from HOMO to LUMO is strongly dependent on non-reacting ligands. The influence of Cp
ligands is clearly seen here: the energy gap is 62-67 kJ/mol lower compared to Me and OMe

ligands.

Examining the HOMO and LUMO energies of the reactants reveals two different causes for
the greater band gap when Cp is replaced by Me or OMe. In the reactant ZrMe,, four
orbitals show Zr-C character. As expected in tetrahedral symmetry, three of them are
degenerate in energy and constitute the HOMO. In total, 8 electrons are delocalised over
both reacting and spectator Me ligands. More delocalisation means that the HOMO is much
lower in energy than in the Cp and OMe cases, and the band gap is correspondingly higher.
In contrast, Cp and OMe spectator ligands have very little contribution to the reactant
HOMO in their respective complexes. The L = OMe spectator is seen to drive up the LUMO
energy level, again opening the band gap. This destabilisation of empty Zr:d states is also
reflected in the highly ionic character of the Zr centre (g(Zr) in Table 6), consistent with the
nucleophilic ligands L = OMe. The differences between the complexes with different L are

most obvious in the reactants, and less marked in the product.
6.3.3 Possible reaction of ‘spectator’ ligands

In a case of the Zr(MeCp),Me, complex we have also investigated the possibility of
decomposition via B-hydrogen abstraction from one methyl group of the MeCp ligand

yielding a tuck-in complex according to Equation 2:

ML,Me, = ML,(CH,) + CH, Equation 2
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The activation energy is calculated to be E, = 144 kJ/mol and Gibbs free energy G, = 156
kJ/mol at T =298 K, with some variation with rotation of the two MeCp units. This activation
energy is comparable with that computed for a-hydrogen abstraction. However, in the case
of TiCp*,Me,, isotope labelling experiments show that this reaction plays a minor part in
decomposition (only 2% of the product) [20] Alternatively, the same tuck-in complex
Zr(MeCp)(CsH4CH,)Me could be formed by intramolecular H-transfer within the alkylidene

complex Zr(MeCp),(CH,) as described by Equation 3:
Zr(MeCp),CH, = Zr(MeCp)(CsH4,CH,)Me Equation 3

The reaction is highly exothermic and AE = -86 kJ/mol is calculated. Equation 3 is thus a
possible second step of the decomposition of Zr(MeCp),Me,, analogous to that reported for

TiCp*,Me, [20] .
6.4 Discussion

The aim of our work is to investigate and understand the mechanism of a-hydrogen
abstraction in cyclopentadienyl dimethyl precursor molecules of Ti, Zr and Hf complexes,
which possibly is the first step reaction in their unimolecular decomposition. Our study can
be then helpful in understanding the decomposition of those complexes and in proposing
chemical modifications to enhance their thermal stability, thus increasing their utility as

precursors for atomic layer deposition.

The decomposition mechanism of Cp complexes of group 4 metals, especially Ti, has been
investigated for a long time [24, 25]. The TiCp,Me, complex is the common Petasis reagent
[11], which decomposes according to Equation 1 to afford a titanium alkylidene (Schrock
carbene) [15] [13] that is used in the olefination of carbonyl compounds. This reaction,
Equation 1, is also used to prepare alkylidene complexes of V¥, NbY, Ta", cr", Mo"', W"' and
Re""[13, 14]. ZrCp,Me, with oxygen and water was used in MOCVD of ZrO, at 400-550°C. It
is possible that the decomposition reaction we present here participated in this MOCVD
process in a similar way to the reaction of carbenes with esters in the olefination reaction

[12].

There are still many open questions concerning the critical point of a-hydrogen abstraction -
the TS [13, 20]. For the first time, we have used DFT to compute the reactants, TS and

products of Equation 1 for group 4 complexes MCp,Me,. We have calculated the energetics
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of the decomposition reaction and, as expected, the results differ for Ti, Zr and Hf
complexes. Analysing their geometrical and electronic structures, we are able to explain the
differences in TS energetics and in rates of decomposition. The calculated trends in
activation energies are in agreement with experimental findings on the thermal stability of
Cp complexes [5, 25, 33]. The excellent agreement between our computed data for
TiCp,Me, (E, = 114 ki/mol, TS, = -0.02 kJ/mol) and those measured for the related
compound TiCp ;Me, (AH = 116 kJ/mol, TAS = -0.01 kJ/mol for) [20] may be fortuitous given
the systematic inaccuracies of DFT. The decomposition reaction leads to a carbene product
of high energy which is likely to be very reactive. We suggest that the carbene rapidly
undergoes subsequent reactions with precursor molecules, ultimately aggregating into a
solid residue and releasing considerable energy. Equation 1 is thus the rate-determining
initial step. This explanation is in agreement with the experimental analysis of

cyclopentadienyl precursor molecules of Ti, Zr and Hf complexes [5, 25].

We therefore suggest that a-H abstraction and decomposition to a methylene complex is
not accessible for Zr(MeCp),Me(OMe) because the elimination of CH;OH is much less
favored. Our calculations show an overall endothermicity of 299 kl/mol for this reaction
and, of course, the TS (not calculated here) would be at an even higher energy. This is a
plausible explanation for the better thermal stability of Zr(MeCp),Me(OMe) over
Zr(MeCp),Me; [5]. Precursors can therefore be designed to be more thermally stable by

avoiding strong hydrogen donors and acceptors in the same molecule.

Returning to ML,Me,, Mulliken population analysis reveals that the reactant has a three-
centre o C(Me)-M-C(Me) HOMO with slight M:d character Figure 4, except in the case of
ZrMe,, where for symmetry reasons the highest-lying occupied orbitals are five-centre ¢ M-
Cs. The reactant LUMO is of predominantly M:d character. The frontier orbitals at the TS
show mixing between HOMO and LUMO; specifically, there is a shift of electron density
from one C(Me) to the other C(Me) via M:d. In this way, the o C(CH,)-M bond is broken and
a two-centre T M=C(CH,) bond is formed. At the TS, the geometry around C(CH,) suggests
sp” hybridisation, with no remnant of the broken C-H bond visible in the electron density.
The product HOMO exhibits © overlap between M:d and C:p. It seems that transfer of this
electron pair by mixing of HOMO and LUMO is the critical point of the reaction and the
associated energy cost dictates the activation energy. We can see therefore that electron

transfer will be facilitated if the LUMO is low in energy and the M:d orbitals are accessible.
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The electrophilicity of M and the ionic character of the M-C bond are known to increase
down group 4. Our computed charges on M in the complex agree with this trend (Table 3).
The calculated HOMO-LUMO energy gaps also increase down the group and, despite the
systematic error in DFT energy gaps, they are a quantitative measure of hardness [34] and,
indirectly, of electrophilicity. Of the group 4 metals, the Ti complex has the most d character
in the HOMO and the lowest-lying LUMO, and so for this complex we see the lowest
activation energy and predict the most facile decomposition. Based on the computed
differences in E,, the Ti complex should decompose 10° times faster than the Zr complex at
298 K. Although the ground state properties of most Zr and Hf compounds are nearly
identical, [26] the excited states of the reactant play a decisive role in this reaction and so
the higher-lying LUMO of the Hf complex leads to a higher activation energy. Thus, the Hf
complex should decompose 10° times more slowly than the Zr complex at 298 K. We thus
provide evidence for Schrock’s suggestion that activation energy increases with the

electrophilicity of the metal [13].

The identity of the ligands can also affect the electrophilicity of the metal, which opens up
the possibility of tuning precursor stability via the electronic properties of the ligands. Our
calculations show that, relative to L = Cp, alkoxide ligands L = OMe raise the energy of the
M:d-dominated LUMO, increase the polar character of the M-L bond and increase the
effective charge on M (Table 6). Our computed increase in activation energy correlates with
this increase in electrophilicity of the metal. These ligands although do not gain/lose atoms

in the reaction, are not inert spectators.

The symmetry of the molecule also has an impact on the HOMO-LUMO band gap and
consequently on the activation energy of the reaction. The ZrMe, reactant is of tetrahedral
symmetry and its HOMO is stabilised by delocalisation over four M-C bonds (Table 6). This
lower-lying HOMO for L = Me means an increase in the energy gap relative to L = Cp,
increased hardness, and increased activation energy. Despite this, the symmetry of the
complex opens up more degenerate unimolecular and bimolecular channels for H transfer

and CH, elimination, and MMe, complexes are known to be highly unstable [17].

Analysis of the geometry and the electronic structure suggests that substantial transfer of a-
H from C(CH,) to C(CH,) has already occurred at the TS, consistent with activation of the C-H
bond. Although it may be proposed that this is a Brgnsted acid-base reaction (namely, 2-
CHs~ = =CH,” + CH, by transfer of H*), we find no evidence in our calculations for changes in
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the charge on H as it is transferred from reactant to TS to products. We do see evidence for
the transfer of the highest-lying electron pair (HOMO) towards M=CH,, along with the
transfer of a-H, as presented in Figure 5. We expect that there is further electron transfer in
the cyclic transition state associated with the breaking and formation of C-H bonds,

although this is not visible in high-lying orbitals.

Schrock has suggested that a-H is drawn towards a “semi-bridging” position between the
reacting ligands [13] This raises the issue of steric effects on the decomposition reaction.
The fact that ligands are more crowded around the smaller Ti centre than in the case of Zr
and Hf may increase the probability of a-H moving to the semi-bridging position. Indeed,
our data show the Me-M-Me angle closing to a consistent 131-133° at the TS, which
involves less distortion of the reactant in the Ti case than in the cases of Zr and Hf (Table 2).
For the same reason, the large Cp ligands have an important steric effect in achieving the TS
geometry and promoting unimolecular a-H transfer, rather than the bimolecular reaction
that predominates for small ligands such as L = Me (Table 5) [17]. We have briefly tested the
possible TS of the bimolecular reaction described in Scheme 1, Equation 2 of ref. [17] for
ZrCp,Me, but have not been able to find such a TS. Even in the case that a bimolecular TS
exists, the steric effect of the Cp ligands will encourage unimolecular decomposition over

bimolecular.

In the TS, the distance between M and the transferring a-H is short (1.8-2.0 A) but we find
no evidence for electron density between M and H. This can therefore be described as an a-
agostic geometry (as opposed to an “agostic bond”), which is a common feature of a-C-H
activation by early transition metals [35]. It is thought that the close M-H approach

facilitates the breaking or making of M-C bonds.

Our calculations show that Cp ligands play an important role in stabilizing the TS, but an
even greater role in stabilizing the product (Table 4, Figure 6). The elimination of a methyl
group as CH, empties a coordination seat on the metal centre and destabilizes it. Bulky L =
Cp ligands are able to partially cover this seat, while smaller spectator ligands L = Me are

not.

Substituents on the Cp ring can open up the possibility of B-hydrogen abstraction. In a case
of Zr(MeCp),Me, we have found a TS for transfer of B-hydrogen to give a ‘tuck-in’ complex

(Equation 2, Figure 7) that has a similar activation energy to that of a-hydrogen abstraction.
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A complete study of the geometric factors affecting this reaction is beyond the current
scope, but it is clear that in such complexes there is competition between abstraction of
hydrogens at o and B positions. The situation is complicated by the possibility that the
highly reactive carbene (the product of a-hydrogen abstraction, Equation 1) may react
intramolecularly with substituents on the Cp ring (e.g. Equation 3). Contrasting L=MeCp
with L = Cp however, these reactions (Equation 2 and Equation 3) are not possible for
ZrCp,Me,, which may be the primary difference in the decomposition process of those

molecules.

Figure 7 — Ball and stick representations of computed structures of precursor (reactant), TS and product along

decomposition pathway (Equation 2) for L = MeCp, M = Zr; white = hydrogen, grey = carbon, blue = Zr.

6.5 Conclusion

The thermal stabilities of the complexes of M(RCp),Me, (R = H and Me) increase down the
group of M = Ti, Zr and Hf. We have used density functional theory to probe a likely
decomposition route (o-H abstraction) and characterize the reaction pathway. We find that
the activation energy of this reaction increases with the HOMO-LUMO band gap of the
reactants, which itself increases with the electrophilicity of the metal cation. The
electrophilicity of the metal cation increases down group 4 and can be also influenced by
spectator ligands. Examining HOMO and LUMO energies of the reactants ZrL,Me, (L = Cp,
OMe, Me) reveals a variety of causes for differences in electrophilicity of Zr and

consequently the greater band gap when Cp is replaced by OMe and Me.

The steric effect of the Cp ligands is also visible. The bulky Cp ligands prevent a bimolecular
reaction and promote the unimolecular decomposition pathway, as well stabilising the TS
and the product by covering empty coordination seats. In the case of substituted Cp

ligands, there may be competition with intramolecular 3-H abstraction.
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Our model of the decomposition pathway can be used to account for the thermal stability of
molecules which undergo this reaction, such as catalysts for olefination reactions. These
molecules are also used as ALD precursors, and here the model is helpful in proposing
chemical modifications to enhance thermal stability, illustrating how the ALD process

window can be widened by rational molecular design based on mechanistic understanding.
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Chapter 7. C-H bond activation by rotational electron pair exchange in

metallocene complexes.

This chapter has been prepared for submission.

For this chapter | did the calculations, the analysis and the writing with some assistance of Dr.

Simon Elliott.
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We used DFT to study the mechanism of C-H bond activation via 1,2 addition across a multi-
ple metal-ligand bond in early transition metal metallocene complexes (M = Hf, Zrand X = N,
C). The aim of this work is to understand orbital interactions, how bonds break and how
new bonds form, and in what state hydrogen is transferred during the reaction. Calculations
reveal two synchronous and concerted electron transfers within a four-membered cyclic
transition state in the plane between the cyclopentadienyl rings, one ©(M=X)-to-c(M-C) in-
volving metal d orbitals and the other ¢(C-H)-to-o(X-H) mediating the transfer of neutral H.
The net effect of rotational electron pair exchange is cleavage of C-H and group transfer.
These insights into C-H activation by transition metal complexes will help the rational design

of hydrocarbon catalysts.
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7.1 Introduction

The activation and functionalization of C-H bonds is an active field of current chemical re-
search, motivated by the desire to make more effective use of cheap and abundant simple
hydrocarbons as feedstocks for chemical synthesis [1, 2]. Homogenous catalysis mediated
by transition metal complexes is one of the most efficient ways to break the C-H bond. In
this case, the main mechanisms identified are oxidative addition, electrophilic substitution,
o-bond metathesis and 1,2-addition, where the last two are relevant for early transition
metals (M) and particularly their metallocene complexes. This paper looks at 1,2-addition, a
reaction similar to group transfer within organometallic complexes [3] and to pericyclic

group transfers such as the Ene reaction [4, 5].

In the 1,2-addition reaction the C-H bond is cleaved when it adds across a multiple metal-
ligand bond (M = X, where X is imido or alkylidene), giving a net change in bond order of +1
and -1 for o and 7 respectively [4, 5]. It was reported by Cummins [6] and Bergman [7] that
Zr(1V) amido alkyl complexes could undergo 1,2 elimination of alkane to generate the corre-
sponding transient imido complexes, which then underwent addition of CH bonds, including
alkanes across the Zr-N linkage. Legzdins has developed a rich chemistry involving the for-
mally analogous addition of C—H bonds of hydrocarbons, including alkanes, across Mo=C or
W=N bonds [8]. This reaction has been described as an electrophilic addition where the M=X
n-bonding electrons act as the base, accepting the proton of the adding C-H bond, [9] which

presupposes that H is transferred as a proton.

C-H bond activation reaction has also been studied computationally [4, 10-12] Application of
Density Functional Theory (DFT) has provided good insights into geometry and energy. C-H
bond addition across the M=N bond of group 4 transition metals has been investigated the-
oretically by Cundari, Wolczanski and co-workers [11, 13]. They found significant bond
breaking occurring within a constrained, unimolecular transition state (TS), supporting a
planar geometry for C-M-N-H in the TS. A detailed theoretical study of C-H activation of me-
thane by a titanium-imido complex [(Me3SiO),Ti(NSiMes)] was presented by Noriaki et al.,
[14] focussing on total charge density, energetics of the reaction and orbital interactions, us-

ing different methods (MP2, MP3, MP4, CCSD and DFT).
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The mechanism of C-H bond activation by M has been explained[14] as being governed by a
general mechanism involving two synergistic transfers of electron density. The first is o-
donation from the bonding o(C-H) molecular orbital (MO) into a symmetry adapted vacant
MO on M. The second transfer is t-back-donation from an occupied M:d,; MO into an anti-
bonding o*(C-H) MO. Both of these electron transfers should weaken and eventually cleave
the o(C-H) bond [4, 10, 14]. In addition, a computed decrease in the charge on H has been
interpreted as heterolytic cleavage. [10, 14, 15] The aim of this work is to understand orbital
interactions in C-H activation, how bonds break and how new bonds form, and in what state
hydrogen is transferred during the reaction. Furthermore, we examine to what extent C-H
activation in Hf and Zr metallocenes follows the general mechanism of C-H bond activation

described in the literature [4].

Experimentally, C-H bond activation was observed and documented by Chirik and co-
workers where a hafnium dimer complex ((MeZSi,nS—CSMe4)(n5—C5H3—3-tBu)Hf)z(uz,nz,nz-
N,)(2-N,), which we denote Hf,;N, was treated with a stoichiometric quantity of CO [16]. The
solid-state structure confirms N-N cleavage with formation of an isocyanate (NCO) ligand
and a bridging imido (u-NH) in near—linear disposition between the two hafnium canters.
The hydrogen atom of pu-NH comes from cyclometallation of the tert-butyl group, i.e.
through breaking a C-H bond. Thus, N, cleavage is coupled with N-C bond formation and hy-
drocarbon C-H bond activation. This sequence of steps in the reaction pathway has been
studied using DFT, [17] supporting and extending the mechanism proposed by Chirik and co-
workers. It was shown that addition of CO to the Hf,N complex ultimately facilitates intra-

molecular C-H bond activation in the ‘Bu substituent.
7.2 Computational Section

All the molecules in this analysis were modelled as isolated molecules in vacuum. The
ground state electronic wavefunction of each molecule was calculated self-consistently
within Kohn-Sham DFT using the TURBOMOLE suite of quantum chemical programs [18]. All
species reported here were closed shell but open shell tests were also carried out. Uncon-
strained optimization of the molecular geometry was carried out on the DFT potential ener-
gy hypersurface. Vibrational analysis was performed at the transition state in order to char-

acterize the nature of the stationary point. A good trade-off between accuracy and compu-
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tational cost was obtained by using the B-P86 functional, the Rl approximation, [19-21] and
the atom-centered SV(P) basis set [22] with effective core potentials of 28 electrons on Zr

and of 60 electrons on Hf [23].
7.3 Results and Discussions

The 1,2-addition of C-H to the Hf=N bond is presented in Figure 1. It appears to be similar to
the a-hydrogen abstraction reaction that we have previously studied in Zr(CsHs),.Me, [24]
and which may be essentially the reverse of a 1,2-addition reaction. We are therefore inter-
ested to find out whether the same mechanism operates for 1,2 addition of the ‘Bu C-H
across Hf=N in the Hf, complex as for 1,2-addition of methane C-H across Zr=C in the sim-
pler Zr complex. Experimental characterisation of the TS is limited and computational mod-
elling plays a central role in providing insight into these reactions, revealing directly the
changes in atomic and electronic structure. We use DFT in this study to analyse the mecha-
nism of C-H bond activation where the C-H bond undergoes 1,2-addition across an unsatu-

rated M=X bond (where M = Hf and Zr; X = C and N).

In order to obtain insight into the mechanism, we computed the reactant, TS and product of
the reaction and analysed their electronic structure by visualizing MOs and using Mulliken
population analysis. We focus on those orbitals that are directly involved in the reaction and
on the total charge on the C, M, X and H atoms forming the four-membered, planar cyclic

TS, which we call the “active atoms”.

A detailed account of geometry and energy for Chirik’s complex along the C-H bond activa-
tion pathway has been given previously [17]. The calculated activation energy was E, = 91.2
kJ/mol and the overall AE of the reaction was -37 kl/mol [17]. It has also been shown that
the solvent does not have important effect on calculated energies of this reaction.[17] Fur-
thermore, a detailed analysis of geometry and energies along the reaction pathway for
MCp,Me,, where M = Ti, Zr and Hf, as well as for ZrMe, and ZrMe,(OMe), has been present-
ed previously [24] . In our model compounds we replace the ligands L, 3 = (Me,Si,>-CsMe,)
and L, 4 = (n°>-CsH3-3-Bu) from the Chirik complexes with L; = CsH, ‘Bu and L,.4 = CsHs, to facil-

itate calculations and analysis.
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Figure 1 Computed atomic and electronic structure of (a) reactant, (b) TS and (c) product along the reaction
pathway of C-H bond activation (1,2 addition of C-H bond to Hf=N bond) in model Hf,N complexes (L; = CsH,
‘Bu, Ly = CsHs). First row presents structures with white = H, grey = C, pale blue = Hf, dark blue = N, red = O.
The second row presents isosurface plots of high-lying M:d-derived orbitals: (a) HOMO-1 of reactant, (b)
HOMO-1 of TS and (c) HOMO of product. The third row presents: (a) LUMO of reactant (b) LUMO of TS (c)

LUMO of product along the same reaction pathway.

The electronic structure of M(CsHs), metallocenes is well known. If the molecular axis is de-
fined as z, then the lowest M-derived molecular orbital (MO) is a non-bonding degenerate
pair with lobes in the x-y plane, e.g. dy,+dx,.,». These MOs are vacant for d° cations such as M
= Hf* and zr*" and available for bonding with nucleophilic ligands. Using x and y as the
bonding axes, c-donor ligands such as CH; cause occupation of d,,, while n-donors, such as
X = NH, donate density into d,,. Either interaction breaks the symmetry of the metallocene

and lifts the degeneracy of the x-y MOs.
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a) b)

Figure 2 Computed atomic and electronic structures of (a) reactants, (b) TS and (c) product along the reaction
pathway of C-H bond activation in Zr complex (1,2 addition of C-H bond to Zr=C bond). First row presents
structures, where white = H, grey = C, pale blue = Zr. The second row presents isosurface plots of (a) HOMO of
reactant, (b) HOMO of TS and (c) HOMO of product. The third row presents: (a) LUMO of reactant (b)LUMO of

TS (c) LUMO of product along the same reaction pathway.

a) b)

Figure 3 Isosurface plots of orbitals involved in hydrogen transfer in the computed transition state of C-H bond
activation reaction in a) Zr complex and b) Hf,N complex. See Figure 1b and Figure 2b for detailed atomic

structures.

Computation of the reaction pathway for Hf,N (Figure 1) yields similar results as previously
obtained for the Zr complex (Figure 2). 1,2-addition proceeds via a four-membered TS. A
CH; group of ‘Bu bends towards the Hf centre and the C-Hf-N angle becomes smaller. We

see that at the TS, hydrogen is being transferred from CHs of ‘Bu group (|C-H| = 1.47 A) to
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the nitrogen (|N-H| = 1.41 A) (Table 1), while the carbon of the CH; group moves to coordi-
nate to Hf, leading to the product shown in Figure 1. The four atoms involved in the reaction
— Hf, N, C of CH; and H of CH; — are co-planar in the TS. The C-Hf-N angle is 77° and the C-H-
N angle is 160°. The calculated activation energy is E, = 71 kJ/mol and the reaction leads to a

more stable complex with an overall AE =-37 kl/mol.

We analysed the electronic structure of the reactant, TS, and product by visualizing MOs.
Figure 3 shows the orbitals involved in hydrogen transfer. At the TS, no substantial charge
density is seen between Hf and H or between Hf and o(C-H), and no o-donation into an M-
derived vacant orbital [4]. Indeed, we find no orbital spanning the entire four-membered
cyclic TS. One set of orbitals shows an electron pair shifting from CH; of ‘Bu to N in tandem
with the motion of H (Figure 3b). However this is not a heterolytic splitting of the C-H bond

[14] because, at the TS, the wavefunction lobe is seen to be spread between C, H and N.

Table 1 Selected distances (&) and angles (°) of the DFT optimized structures of Hf,N (Reactant), TS and Prod-

uct according to the reaction pathway shown in Figure 1.

Structural parameter Reactant TS Product

Hf-N [A] 1.95 1.98 2.11
Hf-C(CH5) [A] 3.86 2.52 2.34
Hf-H [A] 3.30 1.98 2.49
C(CH3)-H [A] 1.10 1.47 3.75

H-N [A] 3.15 1.41 1.03
C-Hf-N [°] 77.3 77.2 101.9
C-H-N [] 127.7 160.4 65.6

Population analysis shows a slight increase in positive charge on H at TS (Table 2), but still
within the range that can be attributed to neutral H. This small increase in positive charge at
TS may reflect the ionic character of H-N in the product rather than heterolytic character of
the reaction. Hydrogen is therefore neither transferred as a hydride (H™) nor as a proton

(H"), but rather as neutral H. Nevertheless, no spin-unpaired radicals are produced: our cal-
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culations show that the lowest energy structures are closed shell singlets, as the electron

pair is transferred from o(C-H) to o(H-N).

We show in Figure 1 the orbitals which are directly involved in the synergistic transfer of the
second electron pair. Mulliken population analysis of the reactant shows that the highest
occupied molecular orbital (HOMO; not shown here) has only N:p character, while the
HOMO-1 (Figure 1a) has significant Hf:d,, character as well, consistent with n(Hf=N). The
lowest unoccupied molecular orbital (LUMO) of the reactant is predominantly Hf:d,, (Figure
1a). At the TS we see HOMO-1 and LUMO mixing (Figure 1b), so that the electron density
shifts from N to C(CHs), with negligible H character, retaining Hf character but rotating be-
tween d orbitals in the x-y plane. The product HOMO is of predominantly C(CH;):p and Hf:d
character as well as some N:p (Figure 1c). The symmetry of this change is consistent with
donation of (Hf=N) into a vacant *(C-H), as proposed, 4 but in fact there is little evidence
for a contribution from ¢*(C-H) in the reactant LUMO or product HOMO. Instead, the low-
er-lying Hf:d orbitals seem to play the central role. The initially vacant Hf:d,; is at right an-
gles to the occupied Hf:d,,, and this dictates the optimum angle of approach for C from the
‘Bu group relative to the weakening Hf=N (actually 77°). The activation energy presumably
reflects the geometric strain in the TS which arises from mixing of HOMO-1 and LUMO along

with contributions from the energetic and geometrical requirements for hydrogen transfer.

The 1,2 addition of C-H to Hf=X described above for X = N has the same characteristics as
the a-hydrogen abstraction reaction in Zr(CsHs),Me, (Figure 2), albeit in reverse, where me-
thane undergoes 1,2 addition across Zr=CH,, i.e. X = C. The mechanism of a-hydrogen ab-
straction is described in more detail in our previous study including the effect of metal cati-
on and spectator ligands [24]. Comparing Figure 1 with Figure 2, we see that at the TS in
both cases there is a shift of electron density from an occupied orbital of M:d,+X:p, char-
acter to the LUMO with M:d,,, character. This electron pair transfer happens via the metal
and enforces an 81° C-Zr-X angle at the TS. At the same time another electron pair is trans-
ferred from C to X via H (C-H-C angle = 169°), although here there is some evidence of agos-
tic donation into Zr:d, seen both in MO plots and population analyses. Electron density is
spread across C-H-X, effecting “activation” of neutral H. The computed energetics for me-

thane addition to the Zr complex are E, = 27 kJ/mol and AE = -120 kJ/mol.
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Table 2 Total Charge g of active atoms: M, C, H, X, where M =Ti, Zr, Hf and X = C, N from Mulliken Population Analysis.

Reactant TS Product

TiCp,CH, q[Ti] 0.35 -0.02 0.17
qlc] -0.50 -0.48 -0.50

X=C qlX] -0.53 -0.42 -0.50
qg[H] 0.13 0.18 0.11

ZrCp,CH, qglzr] 0.41 0.17 0.56
qlc] -0.50 -0.61 -0.67

X=C qlX] -0.46 -0.48 -0.67
q[H] 0.13 0.15 0.14

HfCp,CH, q[Hf] 0.49 0.25 0.62
glc] -0.50 -0.67 -0.72

X=C qlX] -0.51 -0.54 -0.72
qg[H] 0.13 0.17 0.15

Hf,N q[Hf] 0.59 0.56 0.66
glc] -0.40 -0.57 -0.51

X=N q[X] -0.66 -0.75 -0.81
q[H] 0.15 0.27 0.37

Table 2 presents the total charge on "active atoms": C, M, X, H, where M =Ti, Zr, Hf and X =
C, N along the C-H bond activation reaction. For TiCp,(CH,), ZrCp,(CH,) and HfCp,(CH,) the
electron density on the metal increases upon going to the TS, which means that the total
charge on M becomes more negative. The biggest change between reactant and TS is seen
for the Ti-carbene complex (Aq = -0.37), followed by the Zr and Hf-carbene complexes (Aq =
-0.24) and the smallest for the Hf-imido complex (Aq = -0.03). We correlate these changes
with electron pair transfer from the n(M=X) bond to the o(M-C) bond via involvement of a
metal d orbital (Figure 2a LUMO becomes Figure 2b HOMO). We think that the ionicity of
the M-X interaction has an impact on how g[M] changes. The more ionic Hf cation shows
less i character in Hf=N and thus less accumulation of charge on M at the TS, when com-

pared to less ionic Ti. As the reaction proceeds from TS to product we again see that elec-
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tron density on the metal decreases (q increases) due to formation of a new, single o(M-C)

bond from dr-prt of the M=X bond.

We observe an insignificant change in electron density on H at the TS for the Hf-imido com-
plex (Ag = 0.12) and the M-carbene complexes (Ag <0.05). As we have mentioned above,
the o(C-H) bond is transferred to the o(X-H) bond and this transfer is mediated by the H at-
om (Figure 3). At the TS the electron density is spread between C, H and X atoms. The bond-
ing environment around H changes very little for M-carbene complexes (C-H to C-H) and in
case of Hf;N (C-H to N-H). In addition, we can expect some influence of the metal on the
o(C-H) bond character. Figure 3 shows a small contribution to this bond from Zr in the Zr-
carbene complex, but very little from Hf in the Hf-imido complex. Mulliken Population Anal-
ysis shows an increase in charge density on C(CH,4) or C(CH3) along the reaction in most of
the cases, except in the Ti-carbene complex. At TS ligands exchange an electron pair via the
metal centre. Electron density on the C at TS will depend on a balance between electron
pair exchange. These results of charge distribution across the active atoms are consistent

with our understanding of the mechanism from orbital plots.

In our work we investigated C-H activation within a hafnium-imido complex (Figure 1), using
DFT methods. The changes in orbitals and atomic charge along the reaction pathway (Table
2), show similar trends to Noriaki’s DFT result which was validated against more accurate
methods and which indicates that our choice of method, model, and results is justified. Fur-
thermore, different density functional (BP86, B3LYP, BLYP and PW91), RHF (restricted Har-
tree-Fock), and MP2 (Mgller-Plesset second-order perturbation theory) methods yielded lit-
tle difference in calculations for a reaction of CH bond activation by titanium imido com-

plexes [11, 14].

The mechanism that we describe, however, differs in some respects from that described in
the literature. We see no evidence for heterolytic cleavage of C-H. The primary observation
is that o(C-H) transforms into o(H-X) as shown in Figure 3 which is also supported by the
charge distribution (Table 2). The interaction of o(C-H) with vacant metal-derived orbitals
does not seem to be a necessary condition, being slight for Zr and absent for Hf (Figure 3), in
contrast to one of the general characteristics proposed in the literature. Likewise, the in-

volvement of o*(C-H) appears to be slight. Instead, rotation between M:d orbitals in the
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plane of the TS dominates the change from n(M=X) to o(M-C). Our data show that the de-
scription of M=X m-bonding electrons as a base and C-H as an acid is not relevant for this re-
action. Otherwise, however, there is a good agreement with previous works: a planar four-
membered cyclic TS is formed as the two electron pairs are transferred in a synchronous

and concerted manner.

7.4 Conclusion

We have examined the changes in the electronic structure underlying C-H cleavage via 1,2-
addition across a multiple metal-ligand bond in early transition metal metallocene complex-
es (M = Hf, Zr and X = N, C). In a departure from previous reports, our calculations show the
transfer of neutral H as o(C-H) transforms into o(H-X) without interacting substantially with
M, and show no major role for c*(C-H). The reaction proceeds via a four-membered, planar
cyclic TS, with internal C-M-X angle of slightly less than 90°, consistent with the change in
orientation of the M:d contribution from m(Hf=X) to o(Hf-C). The mechanism of C-H bond ac-
tivation can be described as Rotational Electron Pair Exchange, where electrons originate as
o(C-H) and n(M=X) and end up as o(H-X) and o(M-C) respectively. These insights into C-H
activation by transition metal complexes will help the rational design of hydrocarbon cata-

lysts.
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Chapter 8. Understanding NN cleavage and NCO formation catalyzed by

group 4 metallocene complexes.

The following chapter has been prepared for submission.

For this chapter | did the calculations, the analysis and the writing with some assistance of Dr.

Simon Elliott. Figure 4-6 and related analysis were done by Dr. Simon Elliott.

Attraction
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Cleavage of the strong, triple bond in N, molecule has represented a major challenge to the
development of N, fixation chemistry. One promising recent advance has been the reduc-
tive cleavage of N, and functionalization to N-C at ambient temperature and pressure by
means of reaction of N, and CO with transition metal complexes, such as those based on Hf
and Zr metallocenes. Although the product is NCO, the reaction happens via intermediates
which involve coordination of CO to the metal center. Using DFT calculations we investigat-
ed the reason why CO must coordinate to the metal center and the reason why this shows a
lower energetic barrier than the alternative pathway directly along the N-N axis of the metal
complex. Analysis of orbital plots reveals repulsion between occupied orbitals on CO and NN
unit of the complex when CO approaches the complex along the N-N axis. These repulsions
are minimized when forming an asymmetrical intermediate in which CO coordinates to one
Hf and thence to N. The mechanism can be described as donation of ¢(CO) and m(CO) to NN
and back-donation of m*(Hf;N,) to CO, which leads to o(NN) bond cleavage and NCO™ for-
mation. We expect that understanding the cleavage pathway and the mechanism of func-
tionalization will help to design new processes for the stoichiometric and catalytic fixation of

nitrogen.
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8.1 Introduction

Molecular nitrogen, N,, is the most abundant source of nitrogen and is the principal source
from which all nitrogen compounds are derived. The N, molecule, however, is inert due to
its non-polarized, strong triple bond. To produce other molecules from N,, this strong triple
bond must be broken, typically either biologically via nitrogenase enzymes or industrially via
the Haber-Bosch process [1-3]. The latter process is especially important for the production
of artificial fertilizers but is efficient only at high temperatures and pressures. Much re-
search is therefore directed towards developing alternative, lower-energy chemical pro-

cesses to obtain organonitrogen molecules from molecular N, [4].

CO like N, also has a very strong triple bond — the strongest known in chemistry. It is an in-
dustrial gas that has many applications in bulk chemicals manufacturing. For example, a
large quantity of aldehydes is produced through the use of CO and H,. Methanol is also pro-
duced by hydrogenation of carbon monoxide. The hydrogenation of CO is coupled to C-C
bond formation, as in the Fischer-Tropsch process, where CO is hydrogenated so as to ob-

tain valuable liquid fuels from coal and natural gas.

One promising recent advance has been the reductive cleavage of N, and functionalization
to N-C at ambient temperature and pressure by means of a reaction with CO that is cata-
lyzed by transition metal complexes [5-7]. In this Chirik experiment, a hafnium dimer com-
plex ((Me;Si,n>-CsMey)(n>-CsHs-3-Bu)HF),(12,m%1°-N,)(2-N,) was treated with a stoichio-
metric quantity of CO [5]. The solid-state structure confirms N-N cleavage with formation of
an isocyanate (NCO") ligand and a bridging imido (u-NH) in near—linear disposition between
the two hafnium centers. The hydrogen atom of pu-NH comes from cyclometallation of the
tert-butyl group, i.e. through breaking a C-H bond. Thus, N, cleavage is coupled with N-C

bond formation and hydrocarbon C-H bond activation.

In this study we focus only on the N-N bond cleavage and N-C bond formation. The last step
of the reaction, C-H bond activation, is not included. Within the N-C bond formation step,
Chirik and co-workers suggested [5] that an intermediate 12 is formed according to Equation

1 (see Figure 1 for structures).
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R+ CO—I12— 14 Equation 1

The sequence of steps in the reaction mechanism has been studied using Density Functional
Theory (DFT) by Zhang et al. [8] The calculations support and extend the mechanism pro-

posed by Chirik and co-workers [5] in the way described by Equation 2.

R + CO—I| —I12—TS2/3—14 Equation 2

Figure 1 — Computed structures of model Hf complexes (L = Cp); white=hydrogen, grey=carbon, pale

blue=hafnium, dark blue=nitrogen, red=oxygen.

The structures used here were originally proposed by Zhang et al. [8], where their structures
(4), (5) and (9) correspond to our 11, 12 and 14 respectively (see Figure 1 and Figure 3 for L =
Cp and Figure 2 for L = ansaCp). The work by Zhang includes energy profiles of the N-N bond
cleavage and N-C bond formation reactions as well as geometry details of the complexes. It
was concluded that a large driving force for cleavage of the N-N bond comes from strain in

the four membered Hf-C-N-N ring in the 12 intermediate, caused by the small Hf-C-N angle
[8].

To better understand this reaction and to further develop this chemistry in order to design
alternatives, it is important to know how the metal complex and CO co-reagent effect N-N
cleavage at the molecular orbital (MO) level. Thus, the aim of this work is to understand the
orbital interactions in this reaction so as to explain the role of the metal in facilitating N-N
cleavage, and in particular why CO coordinates to the metal (intermediates I1 and 12) in or-
der to break the last 6(NN) bond. We contrast this with the possible approach of CO along

the N-N axis of the R complex to produce NCO™ directly.
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We also compute and briefly explain the differences in the energy profile of the studied re-

action for L = Cp and ansaCp* as well as for M = Zr and Hf.

13 14

Figure 2 — Computed structures of Hf complexes for L = ansaCp*

190
194 py” 194

TS2/3 13 14

Figure 3 — Computed structures of Hf complexes for L = Cp

8.2 Computational Section

The DFT calculations were performed using the TURBOMOLE suite of quantum chemical
programs [9]. All species were closed shell. Optimization of the molecular geometry was car-
ried out on the DFT potential energy hypersurface with no constraints (except where stat-
ed). Vibrational analysis was performed for each considered structure in order to character-
ize the nature of the stationary point. A good trade-off between accuracy and computation-

al cost was obtained by using the B-P86 functional, [10] the RI approximation [10-12] and
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the atom-centered TZVP(P) basis set [13] with effective core potentials of 28 electrons on Zr
and of 60 electrons on Hf [14]. Single point calculations with the smaller SV(P) basis set were
used for population analysis. This is because SV(P) basis set yield better description of
charge density. MD was carried out on the DFT hypersurface for 256 steps at 1.9 fs per step
with no fixed atoms and no constraints (i.e. microcanonical ensemble). The starting geome-
try was the structure TS2/3 and random velocities were assigned corresponding to T = 500
K. Optimization of the final structure after 256 steps led to the new structure 13. We have
not calculated the Gibbs free energy as it was done by Zhang et al. for L = ansaCp* [8]. The
corresponding potential energy surfaces were found to be similar concerning intramolecular
transformations, but differ for those steps in which a CO molecule is added because of the
entropic contribution. However, using Gibbs free energy did not affect the conclusions,
which were based on the electronic energies. This work also included solvent effects for the
crucial species 12, 14, TS2/4 for L = ansaCp* and found that the energy differences were

small between the gas phase and toluene solvent.

Experimental observation of the transition state (TS) is not possible due to its high instability
and thus computational modeling is a valuable tool for providing insight into these reac-
tions, directly revealing the changes in atomic and electronic structure. We used Density
Functional Theory (DFT) to compute optimum structures of the reactant (R), the TS and the
intermediates of the reaction (11, 12, 13 and 14) and analyze their electronic structure
through Mulliken population analysis and by visualizing MOs. To facilitate calculations and
analysis we made model compounds from the Chirik complexes by replacing the two ligands
L1 = ((MesSi,;n’-CsMe,)(n>-CsH3-3-'Bu)), which we denote ansaCp*, with Ly, = CsHs = Cp.
Structures were optimized separately for Zr and Hf with L;,= Cp or L; 3= ansaCp*. We also
computed the experimental compound for ansaCp* and carried out molecular dynamics
(MD) on the transition state TS2/3. As a result, another possible intermediate was found (I3)
that had not been reported previously. The updated equation of N-C bond formation is then

given in Equation 3:

R+CO—>11—>12—>TS2/3—>13—14 Equation 3
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These structures and the reaction energies can be found in Figure 1, Figure 2, Figure 3, and
Table 1 and are in good agreement with those computed previously [8]. Hf results for the

model complex where L = Cp are discussed first.

Table 1 AE (kJ/mol) at T = 0 K computed with DFT for the reactions R + CO — products. The molecular struc-
tures of reactant, intermediates and products are shown in Figure 1 for L = Cp, and analogous structures can

be obtained by replacing the ligands with L = ansaCp* and metal (Zr or Hf).

1n 12 TS2/3 13 14
ansaCp* Hf  -18 -49 -300 -286
ansaCp* Zr -11 -40 -281  -273
Cp Hf  -55 -56 -47 311 -256
Cp Zr  -53 -43 27 303 -247
8.3 Results and Discussion

8.3.1 Hafnium dimer complex prior to reaction with CO

In the R complex with L = Cp the calculated N-N distance is 1.42 A. Computing free N,H, and
N,H, with the same method gives N-N distances of 1.44 A and 1.24 A respectively, which in-
dicates marginally more double bond character in R than the [N,"] single bond in free N,H,.
Therefore, rather than being triply-bonded, N, has been reduced to an approximately singly-
bonded state in this complex. Consistent with this, in R we can identify the filled MOs of
pc(NN), prt(NN) and pnt*(NN) character. The po*(NN) MO is empty and this is the reason
that the N-N single bond remains intact. The Hf-N interaction is not entirely ionic, as the
Highest Occupied Molecular Orbital (HOMO) shows a significant contribution from d(Hf)
overlapping with pmt*(NN), consistent with slight double bond character. However, as ex-
pected for Hf*', the Lowest Unoccupied Molecular Orbital (LUMO) is localised entirely on
the Hf atoms. These MOs are illustrated in Figure 6 and in Figure 8 for the model compound

R with L = Cp.
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Reactants R+CO 11 12 13
pr*(CO)° pr*(CO)°

po(NN)* : of -\ po(NCO)?

Figure 6 — How 14 of the pc and pn electrons from CO and N, undergo changes in bonding during the reaction.

Selected orbitals are plotted, in some cases only one of each pair of pt MOs.
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Figure 7 — Selected MOs of CO. Orbital energies in eV.
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pr*(NN)2+dn(Hf) pr*(NN)2+dn(Hf) LUMO d(Hf) virtual po*(NN)
-6.3 -3.5 -2.4 +6.4

Figure 8 — Selected MOs of model compound R focusing on 10 electrons in p orbitals of [N2]4’ and Hf (or

equivalently 2N™ + pcz). Orbital energies in eV.
8.3.2 Approach of CO along N-N axis

In this section we continue discussing the model Hf complexes with ligands L = Cp. CO is a
neutral molecule that is both o-donor and m-acceptor, since its HOMO is po and its LUMO is
pr* [15]. We use constrained optimization at a series of fixed N-C distances to examine
whether CO can approach along the N-N axis of model R and produce 13 directly. N-N cleav-
age is found to occur spontaneously at N-C distances < 1.9 A. CO can then bond strongly
with the N atom closest to it, since this can be described (for the purposes of electron
counting) as a c-acceptor and n-donor N anion, yielding the cyanate adduct [NCO™] [15].
We therefore looked for a symmetric reaction pathway for CO to approach along the N-N

axis of R at C-N distances > 1.9 A. The approach of CO should cause pa(NN) to be polarised,
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mixing it with pa*(NN), and leading ultimately to localisation of the electron pair onto an
atomic p orbital of the more distant N atom, giving N* of 13. The interaction was found to
be repulsive at C-N distances > 1.9 A, which we suggest is associated with repulsion be-
tween the occupied po(CO) and occupied po(NN) orbitals [15] and with the high energy of
the empty pc*(CO) orbital. The correlation of MOs is illustrated on the MO energy diagram
Figure 4. Indeed the calculations reveal an energy barrier of about 85 kJ/mol at an N-C dis-

tance of 1.9 A.

Thus we have found that the reaction along N-N axis has an energetic barrier caused by o
repulsion. Repulsive interactions within carbonyl complexes are known to lead to structural
distortion. The repulsive nature of o-interactions was also found in high spin and electron
rich transition metal monocarbonyls [16] and is the reason for the instability of the Group 1
and Group 2 monocarbonyls. This repulsion can be alleviated somewhat by decreasing the
o-overlap through bending along MCO. This suggests other possible reaction pathways of
CO with Hf complexes. We now investigate whether CO faces a lower barrier when it ap-

proaches asymmetrically towards one of the Hf centers.
8.3.3 Reaction pathway for CO via metal cation

We tested the reaction pathway suggested by previous authors [8]. In the first step, CO co-
ordinates to Hf to give 11 and the calculations yield AE(R + CO — 11) = -55 kJ/mol for L = Cp.
From geometrical analysis (Figure 3) we see no significant change in bond length in the haf-
nium complex. Orbital plots indicate that the Hf-N bond is weakened but that o(NN) is not
affected (Figure 6 and Figure 9). The symmetry of the HOMO on Hf;N, in R allows interac-
tion with the ©* virtual orbitals of CO and thus leads to CO coordination to Hf and N in I1.
The essential change in N-N bonding happens when CO moves towards N in the 12 interme-
diate. In agreement with previous calculations, we find that insertion of CO into Hf-N causes
the N-N bond to elongate but not to break (N-N = 1.53 A), with a moderate release of ener-
gy (-56 ki/mol for R + CO — 12 with L = Cp). It also significantly weakens Hf-N: the bond
length increases from 2.1 A to 2.5 A and Mulliken population analysis shows that no elec-
tron density remains between those atoms. The bond analysis of the electronic structure for
12 is shown in Figure 6 and Figure 10. The position of CO in relation to N in 12 is such that the
o repulsion is minimized as the NCO angle is reduced to 125° with the N-C bond length of
1.4 A. This acts in a similar way to the bending in MCO complexes that is mentioned above

[16]. At the same time, we observe that electronic energy can be gained through mixing of
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Figure 9 — Selected MOs of intermediate 11, where CO bonds directly to one Hf, breaking symmetry. This

seems to weaken Hf-N bonding on that side of the complex. Orbital energies in eV.

the unoccupied low-lying pr*(CO)° orbital with the occupied 7*(NN)* and ©(NN)* (where for
convenience we continue to use the labels ¢ and &, even though symmetry about the N-N
axis has been lifted). This interaction was not possible along the N-N axis due to ¢ repul-
sion. This seems to reduce the energetic barrier on the way to the final NCO™ product. In
addition, asymmetric attack by CO disrupts the symmetry of the Hf-NN-Hf unit, causing de-
stabilization of the 6(NN) bond. Breaking of o(NN) happens through mixing with prt(CO) and
this leads to localisation of the electron pairs: o(NN) and t(NN) onto an atomic p orbital of
the more distant N atom, giving N>, while at the same time, an electron pair from o(CO) can
start to form a bond between CO and N. Zhang et al. propose [8] that N-N cleavage leads to
the structure that we denote 14 with N> bridging two Hf and [NCO] coordinated to one Hf
(Figure 1). As well as 14, we have found a symmetrical structure 13 (Figure 1) that also has no
N-N bond (2.73 A) but has both anions bridging. Geometry optimization shows that this min-
imum is directly linked via TS2/3 to 12 as shown in Figure 11. I3 is computed to be -63
kJ/mol more stable than 14 (for L = Cp) and MD simulations at T = 500 K reveal that the two
structures can interconvert. Zhang et al. report only a 16 kJ/mol barrier between 12 and 14
[8] and our calculated barrier for the simple L = Cp model at TS2/3 is E, = 9.3 kl/mol, which
is much less than the barrier computed for symmetric approach of CO to R (see above). The
reaction is highly exothermic; our value of AE(12 — 14) = -237 kJ/mol is in reasonable agree-

ment with Zhang’s result AE(12 — 14) = -260 kl/mol.
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Figure 10 — CO inserts into one of the Hf-N bonds in intermediate 12. The two sets of orbitals reveal how the

Hf-CO unit interacts with one N, weakening the N-N bond. Orbital energies in eV.

-9.4 -9.5 -9.6 -12.0

Figure 11 — Selected MOs of transition state TS2/3 linking two minima 12 and 13. We see progress in weakening

of the N-N bond. Orbital energies in eV.
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Figure 12 — Selected MOs of the product complex 13, [Hf,Cp,(NCO)(N)]. The mixing shown in 12 has allowed
pc(NN), to be polarised into p(N),, yielding [N]*, a net gain of one electron by that N atom. Virtual orbitals
not shown: prt*(NCO), pc*(NCO). Orbital energies in eV.

Mulliken population analysis confirms the assignment of N> and [NCO] to the anions in I3
and 14, so that the reaction may be written: [N,]* + CO—N>+ [NCO]". The resulting molecu-
lar orbitals are shown in Figure 6 and Figure 12. As noted above, substantial energy is re-
leased in the N-N cleavage step which probably reflects the stability of the newly-formed
cyanate anion. Population analysis shows no MO overlap between Hf and cyanate, so that it
can bridge (13) or coordinate to a single Hf (I4). In contrast, a substantial overlap is evident
between d(Hf) and some of the atom-like MOs of the newly-formed N* ligand. The reaction
steps that follow N-N cleavage have been discussed before [8]: N* can abstract protons in-
tramolecularly from other ligands to give a bridging amide or can react with further CO to

give a bridging oxamide.

We predict that, like CO, other neutral o-donor and m-acceptor molecules will be able to

cleave N, within the bis-hafnocene complex and thus become functionalized with N.
8.3.4 Effect of spectator ligands

We now investigate how the composition of the organometallic complex affects the N-N
cleavage reaction. Looking first at how the reaction energies are affected by the size of the
spectator ligands (L = ansaCp* and L = Cp, Table 1), we see significant differences only when

CO is bound to one metal center (11). AE(R + CO — 11) = -18 kJ/mol for L = ansaCp*, which
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indicates little interaction with the complex, while for the simple L = Cp model AE(R + CO —
11) = =55 kJ/mol. This difference may be due to the bulk of the ansaCp* ligands hindering
coordination of CO to Hf. Consistent with this, 11 and |12 are roughly isoenergetic for L = Cp,
but in the case of bulkier ansaCp*, there is a driving force of about -30 kJ/mol towards 12,
where CO is bonded to N as well as Hf. As shown above, this leads to the N-N cleavage reac-
tion. We therefore see that bulky spectator ligands hinder bond formation with the metal

cation but help direct the CO towards N.

Table 2 — Charge from Mulliken Population Analysis in units of the electronic charge for Hf and Zr dimer com-
plexes with L = Cp. Hf1, Zrl and N1 are the atoms in TS2/3 which are coordinated to C of CO. See Figure 1 or

Figure S2 in Supporting Information for the detailed structures.

R TS2/3 R TS2/3
Hf1 0.71 0.68 Zrl 0.54 0.48
Hf2 0.71 0.85 Zr2 0.54 0.70
N1 -0.44 -0.33 N1 -0.39 -0.31
N2 -0.44 -0.61 N2 -0.39 -0.55

8.3.5 Effect of the metal cation

We now consider the effect of the metal cation, where the calculations reveal small differ-
ences in reaction energies between Hf and Zr versions of the intermediate complexes (Table
1). Coordination of CO to the metal (R — 12) is less exothermic in Zr complexes than in Hf
complexes, by 13 kJ/mol for L = Cp. Subsequent reaction steps including N-N cleavage are
also slightly more favoured for the Hf complex, both thermodynamically and kinetically (£, is
7 ki/mol lower at TS2/3). It is known that Hf*" and Zr** show very similar ionic size and
charge distribution in their ground states and differ primarily in the energy of their valence d
orbitals, [17] making Hf less electrophilic than Zr. At TS2/3, we observe a slight increase in
the ionicity of M-N bonds and a reduction in electron density on M (Table 2), which should
cost less energy for the less electrophilic Hf cation. This is consistent with the lower com-
puted value of E, for the Hf complex relative to Zr. The differences are small but they still
may have an influence on the reaction pathway and lead to the differences seen experimen-

tally [18].
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Since the TS2/3 barrier is quite low for both Zr and Hf, it is conceivable that a mixed complex
of the sort Cp,Hf(N,)ZrCp, would also be active in this reaction. Such a complex would have

in-built symmetry-breaking that might accelerate the N-N cleavage reaction with CO.

8.4 Conclusions

We studied the mechanism of the reaction of CO with an Hf,;N, complex in which the o(NN)
bond is cleaved and an N-C bond is formed, leading to the isocyanate anion (NCO~). We
have focused on orbital interactions to explain why CO must first coordinate to one metal
center and insert into one Hf-N bond. This breaks the symmetry of the NN unit, and the re-
sultant mixing of MOs allows o(NN) to be polarized, localizing electrons on the more distant
N and ultimately cleaving the N-N bond. The alternative reaction pathway, whereby CO ap-
proaches directly along the N-N axis, is found to show a high potential barrier due to repul-
sion between occupied orbitals on CO and NN. The repulsion is minimized when CO coordi-
nates asymmetrically to one Hf and N. Designing asymmetric complexes or complexes with
less bulky spectator ligands might therefore cause the reaction to proceed faster. Overall,
the mechanism can be described as donation of o(CO) and t(CO) to NN and back-donation
of m*(Hf,N,) to CO, which leads to o(NN) bond cleavage and NCO™ formation. We expect
that an improved understanding of the cleavage pathway and the mechanism of functionali-

zation will help design new processes for stoichiometric and catalytic nitrogen fixation.
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Chapter 9. Overall discussion and conclusions

The viability of the ALD process depends on the selection and use of suitable precursor
molecules. Selecting precursors with all of the desired properties, however, has not been a
straightforward process because relatively little data exist for the available precursors and
ALD chemistry is not deeply understood. To understand why some precursor molecules are
more successful in ALD than others, in this work an ab initio study was carried out of the
thermochemistry that underlies precursor reactivity at surfaces and in the gas phase. The
aim was to obtain insight into the reaction mechanism for heteroleptic precursors.
Understanding the ALD mechanism is important because the exact reaction mechanism
affects precursor stability and the growth rate and purity of the films. Additionally a
mechanistic understanding can guide proper precursor selection for the experimental ALD

process, which will help to save time and money in process development.

The following sections deal with the conclusions of the studies of the ALD reaction
mechanism of Group 4 metallocene, the links between ALD and catalysis mechanisms via a-

hydrogen abstraction, and a summary of the conclusions.

9.1 ALD Reaction Mechanism

9.1.1 Ligand elimination model

The dominant ALD reactions forming metal oxides appear to be the so-called ligand
exchange reactions [1]. When water is used as the oxygen source, ligand exchange involves
breaking the metal-ligand (M-L) bonds of the precursor and an O-H bond of the surface, and
forming an M-0 bond and a L-H bond. The strengths of the bonds that dissociate and form
during the ALD reactions directly determine the thermodynamics of the reaction and, less
directly, influence the rates of reaction. Precursors with strong L-H bonds and weak M-L
bonds have strongly exothermic reactions, tending to make pure, thin films at low
temperatures. Furthermore, unwanted side reactions will be less likely, and the process will
usually be faster. However, the metal-ligand bond must be sufficiently strong for the

precursor to be stable during storage and delivery.
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This work therefore makes use of a simple model that describes reactivity with respect to
this aspect of ALD. This model was applied to a range of heteroleptic metallocenes [M(Cp),.
A(L)s], M = Hf/Zr, L = Me and OMe (Chapter 3 and Chapter 4). The central mechanistic
guestion for these heteroleptic complexes such as Zr(CpMe),Me(OMe) was therefore in
what order the ligands will be eliminated during ALD. The data revealed a clear
thermodynamic preference for elimination of ligands in the following sequence: Me,
followed by Cp, followed by OMe. Quadrupole Mass Spectrometry (QMS) measurements
confirm this ligand release pattern [2] but another in situ experiment on this precursor does
not show the same agreement with the calculations [3]. This second experiment instead
showed that the ALD mechanism is much more complicated and it is not possible to
describe the process with only a ligand elimination model. The simplified model does not
include other important aspects of ALD surface reactions such as adsorption, diffusion, and
desorption, as well as other mechanisms that have an influence on ALD growth. This simple
model is nonetheless helpful in assessing the important precursor properties: the relative
bond strength of Zr-L versus H-L. This model identified a strong affinity of Me for H*, and a
weaker bonding of Cp to metal (Zr and Hf) than of OMe to metal (Zr and Hf). As a result,
recommendations based on this analysis may be made for improved precursor synthesis.
For instance, in terms of ligand elimination alone it is better to use ligands whose Brgnsted

basicity (with H') is stronger than their Lewis basicity (with Zr*").

For future work in this topic it would be interesting to calculate the reaction of the
precursor with M(OH), instead of water to include some influence of metal on the O-H bond
and consequently on the energetics of the reaction. The model could be useful to calculate
the energetics of the reaction after exchange (elimination) of one, two or three ligands

(Equation 1). In this way we could see the influence of OH groups on M-L bond strength.

ML, + M(OH), —» ML;(OH) + HL Equation 1
9.1.2 Surface model

ALD precursors are expected to be volatile and stable in the gas-phase but reactive on the
substrate and growing surface. Those requirements are difficult to achieve simultaneously

and completely as the chemistry of the precursors is very complex. Some properties are
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inversely related to others; improving volatility or thermal stability of a precursor, for
example, can at the same time block the reactivity of the precursor with the surface. This
was the case when designing a new Ti precursor. The aim was to improve the stability of the
Ti(OMe), precursor by replacing one ligand with a Cp*(i.e. CsMe;) ligand, which is known to
confer improved thermal stability. Furthermore, as a sterically-demanding ligand, Cp*
covers vacant coordination sites in a precursor which helps increase precursor volatility. The
ligand elimination model in Chapter 3 and 4 also suggests that Cp ligands are more reactive
towards surface proton than alkoxide ligands are. When the ligand was replaced to give
Ti(OMe);Cp*, the stability and volatility improved as expected but the new precursor did not

show any film growth in ALD with water.

We therefore launched a series of calculations to answer the question: “Why did the
improved TiCp*(OMe); not show ALD growth while Ti(OMe), did?” The calculations in
Chapter 5 revealed that replacing one OMe ligand with a Cp* ligand causes steric crowding
within the ligand sphere to such a degree that the precursor meets too high an energetic
barrier on the way to coordinate to the oxygen atoms of the surface. Additionally, the use of
Cp* rather than OMe ligands lowers the electrophilicity of the Ti center which in turn makes
Ti less attracted to the oxygen surface. Surprisingly, if the metal center of the precursor
does not coordinate directly to oxygen we find that there will be no ligand elimination.
Blocking one step of the ALD reaction sequence blocks the whole growth process. In that
case it is not ligand elimination which is the critical surface reaction but instead it is the
formation of M-O bonds via chemisorption to the surface. The crowding is much less in
monomeric Ti(OMe), and so there is no impediment to the chemical bonding of Ti from that

adsorbate to the surface.

Interestingly, other studies have shown that that ALD growth is possible with Ti(OMe);Cp*
when O; was used instead of water [4]. In this case, we think that O; as a strong oxidiser
removes the bulky Cp* ligand and that this allowed Ti-O coordination, ligand elimination

reactions and consequently material growth.

In future, it would be valuable to verify the model with an experiment, such as in situ
detection of ligands eliminated during the precursor pulse and water pulse. If possible, it

would be also useful to experimentally check if precursors can stay on the surface without
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being coordinated to the oxygen surface after gas purging. This may indicate the importance

and strength of hydrogen bonds between a precursor and a surface.

Furthermore it would be interesting to model the surface reactions for analogue precursors
Zr(OMe);Cp* and Hf(OMe);Cp* to see the influence of different ionic radii on the energetics
of the reactions. It is possible that, due to larger ionic radius, Zr and Hf precursors would be
able to coordinate to the surface and material growth would be possible, as seen for other

cyclopentadienyl precursors of Zr and Hf [5].
9.1.3 a-hydrogen abstraction

The effect of Cp* in preventing the coordination of Ti to the surface seems to be both steric
(full coordination sphere) and electronic (lower electrophilicity of Ti). It was also shown in
Chapter 6 that electrophilicity has an effect on the thermal stability of metallocene
complexes. Thermal stability is important because a commercially-useful precursor must be
stable during storage and during evaporation/sublimation without CVD side-reactions. Bis-
alkyl metallocene precursors, ZrCp,Me,, were found to be unstable. In particular, the
experimental finding that ZrCp,Me; is less stable than HfCp,Me;, is surprising because Zr and
Hf elements show a similar chemistry due to their similar electronic ground state and ionic
radius. The difference in stability despite similar electronic properties motivated the search
for a decomposition reaction pathway that could explain why this is observed. As a result, it
was found in Chapter 6 that the most likely reaction pathway was intramolecular hydrogen
abstraction from one alkyl ligand to form a C-H bond on the other alkyl ligand. Electronic
analysis of the computed transition state showed that during this reaction there is an
electron pair transfer from the HOMO orbital to the LUMO orbital and that the transfer
happens via the metal d orbital. In this way the o(M-C(CHs)) bond breaks and a two-center
1(M=C(CH,)) bond forms. The activation energy is observed to increase with the increasing
HOMO-LUMO band gap and, specifically, with the energy of the empty d orbital. We know
that both the HOMO-LUMO band gap and the electrophilicity increase going down the
metal cations of group 4 and this sheds light on why HfCp,Me, is more stable than
ZrCp,Me,: the Zr complex has a smaller HOMO-LUMO band gap than the Hf complex and it

therefore costs less energy to transfer an electron pair between those orbitals.
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The influence of Cp ligands on the activation energy of this reaction was additionally studied
in Chapter 6. It was found that the Cp ligands reduce the electrophilicity of the metal centre
compared with the other studied “spectator” ligands, Me and OMe. In addition, the steric
demand of the Cp ligands reduces the angle between the Me ligands in the molecule,
encouraging the a-hydrogen abstraction reaction, since it is easier for hydrogen to be
transferred to the neighboring Me ligand. Furthermore, the bulky Cp ligands prevent a
bimolecular reaction and promote the unimolecular decomposition pathway, as well
stabilizing the transition state (TS) and the product by covering empty coordination sites on
the metal. The smallest HOMO-LUMO band gap exists for TiCp,Me,; having the smallest
ionic size it also has the smallest angle between Me ligands. These characteristics make this
complex the most unstable of the series of MCp,Me, group 4 complexes where there is a
possibility for a-hydrogen abstraction. The effect of the Cp ligands in this reaction is the
same as the effect which has been described in previous studies for TiCp*(OMe); (Chapter
5): the electrophilicity of the metal centre is reduced. The presence, however, of the Cp
ligand, due to both steric and electronic effects, make TiCp*(OMe); unreactive with the TiO,
surface while, on the contrary, in the case of MCp,Me, complexes the increased reactivity

lies in their unimolecular decomposition pathway.

We conclude that there are advantages and disadvantages to including Cp ligands in the
design of ALD precursors. Firstly, Cp ligands show the desired reactivity towards the proton
of the ALD surface as has been shown in the ligand elimination model of Chapter 3.
Secondly, their presence in the molecule prevents dimerization and bimolecular reactions in
the gas phase, which increases volatility and stability respectively, both of which are
desirable properties for ALD precursors. There are, however, cases where Cp ligands cause
problems, such as promoting unimolecular decomposition pathways in the gas phase and
preventing coordination of a precursor to the surface. This latter problem prevents further

ligand elimination which inhibits the overall ALD growth as seen for Ti precursor.

The reverse path of an a-hydrogen abstraction reaction is a well-known carbon-hydrogen
bond activation in which the C-H bond adds across a metal-ligand bond. Such bond
activations are highly desirable in the context of functionalization of hydrocarbons. It was
thus valuable to apply the knowledge gained in our studies of the thermal stability of

ZrCp,Me, (Chapter 5 and 6) to a catalytic system. One particular example is the catalytic
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system where a C-H bond is activated within a hafnium dimer complex, specifically the
reaction of ((MeZSi,nS-CSMe4)(n5-C5H3-3-tBu)Hf)z(pz,nz,nz—Nz)(Z-Nz) with CO [6] where N,
cleavage is coupled with N-C bond formation and hydrocarbon C-H bond activation. Here, C-
H cleavage happens via 1,2-addition of a C-H bond of ‘Bu across a multiple Hf=N bond. It was
observed, interestingly, that the computation of the reaction pathway for the hafnium
dimer complex (Chapter 7) yielded similar results as previously obtained in the case of
ZrCp,Me, (Chapter 6). The 1,2 addition of C-H or the reverse reaction (a-hydrogen
abstraction) proceeds via a four-membered, planar cyclic TS. At the TS, it can be seen that
there is mixing of HOMO-1 (n(Hf=N)) and LUMO (noting the Hf:d orbital character of both)
so that the electron density shifts from N to C(CH;3) to form a o(Hf-C(CH,)) bond in the
product, just like in the case of C-H bond activation in CH, by ZrCp,CH, (i.e. the reverse of a-
hydrogen abstraction in ZrCp,Me;). From our studies on ZrCp,Me,, it can now be
understood how the o(C(CHs)-Zr) or o(C(CH,)-Hf) bond is formed in the C-H bond activation
reaction. The previous study in Chapter 6 on ZrCp,Me,, however, did not explain what
happened with hydrogen, how it is transferred, and how the bond is formed between H and
Cor N in the product. We therefore carried out a detailed electronic analysis of the reaction
in the case of the Hf dimer complex, which helped to answer those questions and to better
understand the mechanism of C-H bond activation or, in reverse, a-hydrogen abstraction.
The calculations revealed that during the C-H bond activation reaction, another electron
pair is transferred from the C-H bond either to a new N-H bond (Hf dimer complex) or to a
new C-H bond (ZrCp,Me,) in tandem with the motion of H. The best way to describe this is

shown in Figure 3 in Chapter 7, shown again here as Figure 1.

a) b)

Figure 1 Isosurface plots of orbitals involved in hydrogen transfer in the computed transition state of C-H

bond activation reaction in a) Zr complex and b) Hf,N complex. See Chapter 7 for detailed atomic structures.
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In Figure 1, the wavefunction lobe is seen to be spread between C, H and X, where X = C or
N. Population analysis shows only a slight increase in the positive charge on H at the TS.
This reveals that neutral H is transferred while o(C-H) transforms into o(H-X) without
substantial interaction of H with M. The mechanism of C-H bond activation proposed in
Chapter 7 is described as Rotational Electron Pair Exchange, where electrons originate as
o(C-H) and nt(M=X) and end up as o(H-X) and o(M-C) respectively as shown in Figure 2. This
description of the mechanism of C-H bond activation is different from that presented in the
literature [7]. The difference lies in the interpretation of those results, which is what leads
to the different conclusions. Hence Chapter 7 offers new insight into the mechanism of C-H
bond activation which has not been previously identified. As well as increasing the
understanding of the mechanism of C-H bond activation within a catalytic system, the study
in Chapter 6 and 7 additionally can be used to improve knowledge of the thermal stability of

ALD precursors of type MCp,Me,.

For future work, considering these results, other examples of o-bond activation such as N-H,
Si-H, C-C, H-H by a metal complex could be investigated. It would be interesting to see if the

proposed reaction model can be applied to these and other catalytic systems.

Figure 2 Computed structure of TS in the reaction pathway of C-H bond activation in model Hf, complexes (L; =
CsH,'Bu, Ly, = CsHs). White = H, grey = C, pale blue = Hf, dark blue = N, red = O. The arrows indicate two

electron pair transfers described as Rotational Electron Pair Exchange.

The reaction of the hafnium dimer complex with CO that was studied for the purpose of
understanding C-H bond activation has another interesting application, namely the cleavage

of an N-N bond and resulting N-C bond formation. Cleavage of the strong, triple bond in the
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N, molecule has represented a major challenge to the development of N, fixation chemistry.
The reaction proposed by Knobloch et al. [6] is a recent advance in the reductive cleavage of
N, and functionalization to N-C at ambient temperature and pressure. This practical side of
the reaction, combined with a desire to understand the mechanism, motivated further

studies of this reaction in Chapter 8.

In the calculations of Zhang et al., [8] the N-N cleavage reaction was shown to happen via
intermediates that involve coordination of CO to the metal center, even though the product
of the reaction is NCO™. Using DFT calculations, Chapter 8 investigated the reason why CO
must coordinate first to the metal center and the reason why this shows a lower energetic
barrier than, for example, the alternative pathway directly along the N-N axis of the metal
complex. Analysis of the orbital plots of the complex where CO approaches along the N-N
axis reveals repulsion between the occupied orbitals on CO and the N-N unit. This analysis
helps us to see why CO has to coordinate to Hf rather than to the N-N unit directly. The
repulsions along the N-N axis are minimized by instead forming an asymmetrical
intermediate in which CO first coordinates to one Hf and then to N. This breaks the
symmetry of the N-N unit and the resultant mixing of MOs allows o(NN) to be polarized,
localizing electrons on the more distant N. This allows o(CO) and n(CO) donation to N and
back-donation of m*(Hf;N,) to CO. As a result, the o(NN) bond is cleaved and NCO™ is
formed. The previous work [8] presented the computed energetics of this reaction pathway.
Our work has added an additional degree of understanding as to why the reaction proceeds

in the given way.

Comparing the effects of Cp and ansaCp* in this reaction, the bulky spectator ligands of
ansaCp* hinder bond formation of CO with the metal cation, similarly to the way that bulky

Cp* hinders coordination of the Ti precursors to the oxygen surface as shown in Chapter 5.

It would additionally be of interest to apply more accurate post-HF methods to compute the
reaction pathway, as DFT is not reliable for locating transition states and computing
activation energies. Furthermore, to verify the suggested mechanism, more analysis and

comparison with existing or new experimental results can be done.
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9.2 Conclusions

As this work illustrates, quantum chemical modeling is a powerful tool that gives insight into
the reaction mechanism. Analysis of the computed systems reveals, for example, transition
states, intermediates, and orbital interactions that are difficult or sometimes not possible to
measure with experimental methods. Computational simulations sometimes provide a more
detailed access to the world of molecules, atoms, electrons, nuclei, and their interactions.
With the greater understanding gained we can predict future experimental outcomes.
Simulation can be cheaper and faster than pure experimental methods, and so modelling-
driven experiment can be more focused and efficient. Computational modelling is, however,
ultimately a complementary process to experiment, as the accuracy of computational
models can only be improved with a solid foundation based on experimental results. The
combination of these two techniques can enable a much greater level of understanding into

a process than either technique used alone.

In conclusion, we have seen that improved understanding of the chemistry of metal
complexes can be gained from atomic-scale modelling and that this provides valuable
information for the design of new chemistries. Our main focus was on new precursors for
better performance in the ALD process. We found out why relatively small changes in the
molecular make-up of the precursors can profoundly affect their performance. We also saw
that the model decomposition pathway presented in this work can be used to analyze the
utility of molecules either as ALD precursors or as catalysts for olefination reactions. As
these molecules are frequently used as ALD precursors the model is therefore helpful in
proposing chemical modifications to enhance thermal stability. Therefore, the ALD process
window can be widened by rational molecular design based on a mechanistic

understanding.
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