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Abstract: Hafnium oxide (HfO2) is widely recognized as one of the most promising high-k dielectric
materials due to its remarkable properties such as high permittivity, wide band gap, and excellent
thermal and chemical stability. The atomic layer deposition (ALD) of HfO2 has attracted significant
attention in recent decades since it enables uniform and conformal deposition of HfO2 thin films on
various substrates. In this study, we examined the initial surface reactions of a series of homoleptic
hafnium precursors on hydroxylated Si(100) surfaces using density functional theory calculations.
Our theoretical findings align with previous experimental studies, indicating that hafnium amides
exhibit higher reactivity compared to other precursors such as hafnium alkoxides and hafnium
halides in surface reactions. Interestingly, we found that the chemisorption and reactivity of hafnium
precursors are considerably affected by their thermal stability and size. For alkoxide precursors, which
have similar thermal stabilities, the size of alkoxide ligands is an important factor in determining
their reactivity. Conversely, the reactivity of hafnium halides, which have ligands of similar sizes,
is primarily governed by their thermal stability. These insights are valuable for understanding the
surface reaction mechanisms of precursors on hydroxylated Si(100) surfaces and for designing new
materials, particularly heteroleptic precursors, in future research.

Keywords: density functional theory; hafnium oxide; atomic layer deposition; surface reaction;
reaction mechanism

1. Introduction

Atomic layer deposition (ALD) is a cutting-edge technology for growing thin films,
utilizing self-limiting reactions between reactants and substrate surfaces [1]. This process
involves repeating sequences of two half-cycles, consisting of a reactant pulse and a sub-
sequent inactive purging step. The self-limiting nature of ALD facilitates the production
of high-quality thin films, allowing precise control over their thickness, conformality, and
morphology at the molecular level [2,3]. Given these advantages, it is not surprising that
both academia and industry have shown significant interest in ALD over the past few
decades [4–9]. Nowadays, this technology is utilized in various applications, including
microelectronics, solar cells, catalysts, and optical devices [6–8].

Recently, the replacement of silicon oxide (SiO2) with high-k dielectric materials in
microelectronic technology has gained increasing attention [10–12]. Among these materi-
als, hafnium oxide (HfO2) is one of the most promising candidates owing to its superior
properties, such as high permittivity, wide band gap, and thermal and chemical stabil-
ity [13,14]. Significant research efforts have been devoted in recent decades to producing
high-performance HfO2 thin films on Si substrate surfaces using ALD technology. Sev-
eral types of precursors have been explored, including hafnium halides [15–24], hafnium
amides [25–38], hafnium alkoxides [39–41], and heteroleptic precursors based on cyclopen-
tadienyl (Cp) [42,43]. Among them, hafnium chloride (HfCl4) and hafnium amides are the
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most widely used precursors in both academia and industry. HfCl4, known for its thermal
stability and ease of use in industrial applications, has the disadvantage of having corrosive
byproducts that can damage equipment. In contrast, hafnium amides are considered one
of the most promising families of organometallic precursors for HfO2 ALD due to their
high reactivity, non-corrosiveness, and suitability for low-temperature processes. Hafnium
alkoxide precursors are an interesting alternative, offering moderate reactivity and thermal
stability, and are cost-effective and safe for the ALD processes.

Despite numerous experimental studies on the HfO2 ALD, a comprehensive under-
standing of the process is still limited. This limitation primarily arises from the fact that
the performance of HfO2 thin films produced via ALD is influenced by a myriad of ex-
perimental factors. In this context, modeling studies have proven to be advantageous.
Nowadays, theoretical studies utilizing density functional theory (DFT) are extensively
employed in material science and engineering [9,38,44]. DFT simulations provide highly
accurate theoretical results with minimal variance in reproducibility. Furthermore, DFT
modeling is particularly useful for gaining insights into the reaction mechanism of surface
reactions and the chemical and physical properties of systems at the molecular level, which
can be challenging in experimental studies.

However, it is surprising that theoretical investigations into the HfO2 ALD process are
scarce in the literature, despite the considerable potential of this technique [45–49]. Using
a cluster model in which the silicon (Si) surface is represented by SinHm atomic clusters,
Zhang and his coworkers [45] explored the reaction mechanism of HfO2 ALD using HfCl4
and water as precursors. Wang and his colleagues [46,47] conducted a DFT study of HfO2
ALD with a tetrakis (ethylmethylamino) hafnium (TEMAH) precursor by simulating the
Si surface with a Si9H12 cluster. The cluster model, however, has several limitations in
representing surface reactions, primarily because it heavily depends on the cluster size and
does not fully simulate the surface environment. Therefore, the application of theoretical
investigations using periodic boundary condition DFT methods in the HfO2 ALD process
becomes essential, as these methods are likely to produce predictions that more closely
align with the experimental outcomes.

In a recent study, we investigated the reaction mechanism of the HfO2 ALD process
using TEMAH and water [38], employing DFT calculations. Our research provided deeper
insights into the conversion of TEAMH into a Hf atom on the hydroxylated Si(100) surface.
To further understand the influence of different ligands on the reactivity of homoleptic
hafnium precursors, we performed a systematic study on the chemisorption in HfO2 ALD,
using DFT calculations. It is known that chemisorption, usually occurring during the
first ligand exchange reaction between the precursors and the surface, is crucial for the
efficacy of ALD processes. We analyzed nine homoleptic hafnium precursors, including
hafnium alkoxides, hafnium halides, and hafnium amides. Intriguingly, our theoretical
findings reveal a correlation between the thermal stability of these precursors and their
surface reactivity. Additionally, these computational results shows good agreement with
experimental data. Among the nine precursors examined, the energy barriers for the surface
reaction of hafnium amides range from 7.1 kJ/mol to 28.4 kJ/mol, significantly lower than
those for hafnium alkoxides and hafnium halides. This finding helps explain why the HfO2
ALD process with hafnium amide precursors is feasible at lower temperatures compared to
other precursors.

2. Computational Methods

Spin-polarized density functional theory (DFT) calculations were carried out using
the project augmented wave (PAW) method [50], as implemented in the Vienna ab initio
simulation package (VASP) [51–53]. The Perdew–Burke–Ernzerhof (PBE) functional was
employed to obtain the exchange and correlation energies within the generalized gradient
approximate (GGA) framework [54]. The electronic wave functions were expanded in a
plane-wave basis set with a kinetic energy cutoff of 400 eV. The force convergence criteria
were set at 0.01 eV/Å for ionic relaxations and 0.05 eV/Å for transition state searches,
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respectively, while the energy convergence criterion for the electronic self-consistency loop
was established at 0.01 meV. The transition states were examined using the climbing-image
nudged elastic band (CI-NEB) method [55,56] which involves seven images per search. A (3
× 3) supercell model of the fully hydroxylated Si(100) surface was used. The Si atoms in the
bottom layer were passivated by H atoms. The two bottom Si layers and their terminating
H atoms were kept fixed, while others were allowed to relax during simulations. A more
detailed description of the surface model can be found in our recent report [38]. For the
surface calculations, a (3 × 3 × 1) Monkhorst–Pack [57] k-point mesh was applied, with
no symmetry constraints and a dipole correction was included. Long-range dispersion
interactions were accounted for by incorporating dispersion corrections calculated via the
DFT-D3 method [58] into the DFT energies. The images of configurations were generated
using VESTA (Version 3, Koichi Momma and Fujio Izumi, Ibaraki City, Japan) [59] and
Mercury (Version 3.8, Cambridge Crystallographic Data Center, Cambridge City, UK) [60]
visualization software.

To evaluate the thermal stability of the precursors, their bond dissociation energies
(BDEs) were calculated using the isolated molecular models. The BDEs for the hafnium
alkoxides (Hf[OR]4) and hafnium halides (HfX4) are defined as the energy required to
dissociate a chemical bond between hafnium and alkoxide groups (in hafnium alkoxides)
or hafnium and halide groups (in hafnium halides). These processes are represented in
Equations (1) and (2).

Hf[OR]4 → Hf. + 4RO. (1)

HfX4 → Hf. + 4X. (2)

All electronic structure calculations for the isolated molecular models were performed
using Gaussian 16 [61] programs. Geometry optimizations and calculations of harmonic
vibrational frequencies for the hafnium precursors, both in neutral and radical states, were
fully conducted using the hybrid PBE0 functional [62]. These calculations were coupled
with the 6-31G(d,p) basis set [63] for light elements (carbon (C), hydrogen (H), and oxygen
(O)), and the def2sv basis set [64] for halogens and hafnium (Hf). As detailed in Table S1, to
verify the accuracy of the results obtained with the def2sv basis set, additional calculations
were carried out for hafnium halides using larger basis sets. These included aug-cc-pVTZ
for fluorine (F) [65] and chlorine (Cl) [66], and aug-cc-pVTZ-PP for Hf [67] and iodine
(I) [68,69]. The aug-cc-pVTZ-PP basis sets for Hf and I were sourced from EMSL/PNNL
Basis Set Exchange [70–72]. Structural images of the precursors were generated using
Chemcraft software (Version 1.8, Grigoriy A. Andrienko, https://www.chemcraftprog.com
access on 1 December 2023) [73]. (Figure S1)

3. Results and Discussion
3.1. Chemisorption and Surface Reaction of Hafnium Alkoxide Precursors

Metal alkoxide precursors (M[OR]n), where a central metal (M) is directly bonded to
alkoxide ligands (-OR) have attracted significant interest in metal oxide ALD research [39–41].
These precursors typically exhibit moderate reactivity along with high volatility, thermal
stability, and safety. Owing to their relatively high thermal stability and volatility, metal
alkoxides containing bulky ligands, such as isopropoxide (M[OiPr]4 and tert-butoxide
(M[OtBu]4), are commonly employed as homoleptic alkoxide precursors in previous ex-
perimental studies on HfO2 ALD [39–41]. Mui and Musgrave carried out a DFT study
on the reaction mechanisms of HfO2 ALD using hafnium ethoxide (Hf[OEt]4) and water
as reactants, employing an isolated molecular model in gas phase [48]. However, the
chemisorption and their structural characteristics on the surface have not been studied in
detail since the model did not consider the interaction between the Si surface and reactants.
In this work, we performed periodic condition DFT calculations to analyze the chemisorp-
tion and surface reaction of a series of hafnium alkoxides, including hafnium methoxide
(Hf[OMe]4), hafnium isopropoxide (Hf[OiPr]4) and hafnium tert-butoxide (Hf[OtBu]4) on
the hydroxylated Si(100) surface.

https://www.chemcraftprog.com
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3.1.1. Hafnium Methoxide Precursor

As shown in Figure 1, hafnium methoxide (Hf[OMe]4) initially adsorbs onto the
hydroxylated Si(100) surface with an adsorption energy of −126.0 kJ/mol. This exothermic
chemical adsorption forms a new bond between the Hf atom of Hf[OMe]4 and the O atom
of surface hydroxyls (OH) (1a). The bonding length is 2.28 Å, slightly longer than the
average Hf-O bond distance (1.95 Å) in the free precursor Hf[OMe]4.
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Figure 1. Reaction energy profiles in kJ/mol for chemisorption and surface reactions of hafnium
alkoxides (Hf[OR]4) on the fully hydroxylated Si(100) surface. Blue, red, white, gray and green balls
indicate Si, O, H, C, and Hf atoms, respectively.

The first ligand exchange reaction converts the adsorbed Hf[OMe]4 (1a) into an inter-
mediate (1b), via a transition state (1a′), and then into an adsorbed hafnium tri-methoxide
(Hf[OMe]3) (1c). This step is an exothermic process with a small activation energy of
5.4 kJ/mol, leading to the formation of the intermediate (1b). The intermediate (1b) is a
stable complex in which a methanol molecule remains weakly bonded to the adsorbed
Hf[OMe]3, forming a Hf[OMe]3-MeOH complex. The configuration of intermediate (1b),
depicted in Figure 1, reveals demonstrated that the MeOH molecule is bonded to the Hf
atom in Hf[OMe]3 through an Hf-O bond with a length of 2.30 Å. This bond length is 0.30 Å
longer than the distance between the Hf atom in the Hf[OMe]3-MeOH and the O atom of
the OH group on the hydroxylated Si(100) surface.



Coatings 2023, 13, 2094 5 of 14

The dissociation of methanol (MeOH) from 1b, leading to the formation of state 1c
where one methanol is adsorbed onto the surface, is an endothermic process. This step
occurs without a transition state and has a dissociation energy of 33.0 kJ/mol. This energy
change reduces the distance between the Hf atom in Hf[OMe]3 and the O atom of the
surface OH group from 2.00 Å to 1.95 Å. Subsequently, the methanol molecule desorbs from
the Si(100) surface, resulting in the final configuration, 1d, with an endothermic desorption
energy of 41.0 kJ/mol. It is noteworthy that this overall surface reaction process involves
the breaking of two chemical bonds: Hf-OMe bond in the precursor Hf[OMe]4 and a H-O
bond in the surface OH group. As a result, a new Hf-O chemical bond is formed between
the Hf atom of the adsorbed Hf[OMe]3 and a surface O atom, with methanol released
as a byproduct. Overall, the entire process is exothermic, with a net energy release of
−87.5 kJ/mol.

3.1.2. Hafnium Isopropoxide Precursor

Figure 1 also presents the adsorption configuration of hafnium isopropoxide (Hf[OiPr]4)
on a hydroxylated Si(100) surface, along with the transition, intermediate, and final states
of the ligand exchange reaction that transforms the adsorbed Hf[OiPr]4 into adsorbed
hafnium tri-isopropoxide (Hf[OiPr]3). The steric effects of the bulky isopropoxide groups
result in a Hf-O distance of 3.47 Å between the Hf atom of the adsorbed Hf[OiPr]4 (2a) and
the O atom of the surface OH. This distance is significantly longer than the 2.28 Å observed
for Hf[OMe]4 (1a), leading to physisorption without the formation of a Hf-O bond.

The ligand exchange reaction that converts the adsorbed Hf[OiPr]4 into the final
product, adsorbed Hf[OiPr]3, occurs in two-steps. In the first step, the adsorbed Hf[OiPr]4
(2a) readily transforms into a stable intermediate complex (2b), via a transition state (2a′)
with a small activation energy of 3.0 kJ/mol. The configuration of complex 2b shows
that the Hf-O distance between the O atom of the resulting isopropanol and the Hf atom
is 2.25 Å, only 0.14 Å longer than the Hf-O bond length between the Hf atom and the
surface oxygen (2.11 Å). In the second step, an exothermic reaction occurs, but with a high
activation energy of 63.8 kJ/mol (2b′). The Hf-O bond length between the Hf atom and the
surface O atom decreases from 2.11 Å in the intermediate complex 2b to 1.98 Å in the final
product (2c), as shown in Figure 1. In the final step, isopropanol is released from the surface,
and a covalent bond is formed between the Hf atom of Hf[OiPr]3 and the surface O-atom.

3.1.3. Hafnium Tert-Butoxide Precursor

Similar to the Hf[OiPr]4 precursor, hafnium tert-butoxide (Hf[OtBu]4) features large-
sized tert-butoxide ligands, resulting in the physisorption of Hf[OtBu]4 on the hydroxylated
Si(100) surface. In the physisorption configuration 3a, shown in Figure 1, the Hf-O distance
between the Hf atom of the precursor Hf[OtBu]4 and the O atom of the surface hydroxyl is
3.67 Å, similar to that observed for Hf[OiPr]4.

The transformation of adsorbed Hf[OtBu]4 into hafnium tri-tert-butoxide (Hf[OBu]3)
also involves two steps. The first step is the conversion of adsorbed Hf[OBu]4 (3a) into
an intermediate (3 b), characterized by a high energy barrier of 70.2 kJ/mol. In this
intermediate, the distance between the O atom of tert-butanol and the Hf atom is 2.39 Å,
sufficient to break their Hf-O bond. The second step leads to the formation of hafnium tri-
tert-butoxide (3c) and primarily involves a configuration rearrangement, with an activation
energy of 34.1 kJ/mol. This value is significantly lower than the 63.8 kJ/mol observed
in the second step for Hf[OiPr]4. Ultimately, tert-butanol is released from surface and a
covalent bond is formed between the Hf atom of hafnium tri-tert-butoxide and a surface
O atom.

Our computational results indicate that hafnium methoxide, with its smaller-sized
ligands, can form a Hf-O chemical bond between the Hf atom of the precursor and the
surface OH group in the first step (as seen in 1a, Figure 1). This leads to a low energy
barrier of 5.4 kJ/mol in the subsequent chemisorption steps. In contrast, for other alkoxide
precursors with larger ligands, only hydrogen bonds between the alkoxide groups and
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surface hydroxyl groups were observed, mainly contributing to their adsorption energies
on the surfaces. Consequently, their following chemisorption exhibited revealed much
higher energy barriers (63.8 kJ/mol for Hf[OiPr]4 and 70.2 kJ/mol for Hf[OtBu]4).

3.2. Chemisorption and Surface Reaction of Hafnium Halide Precursors

Hafnium halides are recognized as highly promising precursors for HfO2 ALD, owing
to their notable thermal stability and low impurity levels. Over the past decades, several
experimental studies employing these precursors have been conducted. In order to gain
a deeper understanding of the reactivity and chemisorption characteristics of hafnium
halides on the hydroxylated Si(100) surface, we performed DFT calculations on a series
of these compounds, encompassing hafnium iodide (HI4), hafnium chloride (HfCl4), and
hafnium fluoride (HfF4).

3.2.1. Hafnium Iodide Precursor

Our calculations indicated that hafnium iodide (HfI4) is adsorbed onto the hydrox-
ylated Si(100) surface and forms a new bond with a surface hydroxyl group, with an
adsorption energy of −104.9 kJ/mol. In the preferred adsorption configuration 4a (as
shown in Figure 2), hafnium exhibits a stable five-fold coordination state in which it is
bound to four I atoms and one O atom of the surface hydroxyl. The ligand exchange reac-
tion results in the formation of the final state, hafnium tri-iodide (HfI3) 4b, and releases one
molecule of HI (also shown in Figure 2). In this ligand exchange process, the HI molecule is
generated through the interaction between an I-atom from adsorbed HfI4 and a hydrogen
atom from the surface OH-group. The Hf-O distance between the Hf atom and the surface
oxygen is reduced from 2.23 Å for 4a to 1.89 Å for 4b. This reaction is exothermic, with an
energy barrier of 71.4 kJ/mol through a transition state 4a’. Interestingly, the hafnium atom
in the state 4b retains a five-fold coordination state in which hafnium is bound to three I
atoms, one surface O atom, and one O atom of a neighboring hydroxyl group. Removing
free HI from the surface via desorption has a small desorption energy of 23.1 kJ/mol.

3.2.2. Hafnium Chloride Precursor

It is interesting to show that the precursor HfCl4 is adsorbed onto the hydroxylated
Si(100) surface with a large adsorption energy of 147.6 kJ/mol, resulting in a six-fold
coordinate state for the Hf-atom (as depicted in image 5a, Figure 2). The adsorption energy
of HfCl4 on the hydroxylated Si surface was reported to be 73.1 kJ/mol by Zhang et al. [45],
in which HfCl4 only interacts with one OH group. This difference can be understood by
the fact that the authors used a cluster model Si9O3H12-OH in which only one OH group
was available. The Hf-O distances between the Hf atom and the O atoms of the surface
hydroxyl groups were 2.31 Å and 2.36 Å.

The adsorption configuration 5a undergoes a ligand exchange reaction, resulting in
the formation of hafnium tri-chloride (HfCl4) 5b through a transition state 5a’ (as shown in
Figure 2). The activation energy of this reaction is 76.1 kJ/mol, which is comparable to the
value of 71.4 kJ/mol found for HfI4. The Hf-O bonding length between the Hf atom and the
surface O atom is reduced from 2.31 Å for 5a to 1.89 Å for 5b, while a small change of 0.05 Å
is observed for the Hf-O distance between the Hf atom and the neighboring OH group of
5a and 5b (from 2.36 Å to 2.31 Å). Free HCl is removed from surface via desorption which
is 14.1 kJ/mol endothermic.

3.2.3. Hafnium Fluoride Precursor

Similar to the hafnium chloride precursor, hafnium fluoride HfF4 is adsorbed on the
hydroxylated Si(100) surface and forms two chemical bonds with two surface OH groups
(image 6a, Figure 2).The adsorption energy is −192.1 kJ/mol, which is considerably higher
that of HfCl4 and HfI4. The adsorbed HfF4 6a is converted into the state 6b through a
transition state 6a′, with a high energy barrier of 97.4 kJ/mol. In the configuration 6b, the
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Hf-O bond between the Hf atom and the surface O atom is reduced by 0.32 Å compared to
the initial configuration 6a and is 1.97 Å in length.
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Figure 2. Reaction energy profiles in kJ/mol for chemisorption and surface reactions of hafnium
halides on the fully hydroxylated Si(100) surface. Blue, red, white, gray, green, purple, orange and
brown balls indicate Si, O, H, C, Hf, I, Cl, and F atoms, respectively.

At final step, free HF is released from surface with desorption energy of 30.1 kJ/mol.
The product HfF3

* is directly bound to surface O-atom which is formed by exchange-ligand
process between HfF4

* and surface OH-groups.

3.3. Chemisorption and Surface Reaction of Hafnium Amide Precursors

Hafnium amides are another family of hafnium precursors that are widely used in
the HfO2 ALD process. Hafnium amides are known to have lower thermal stabilities, but
higher reactivities, compared to hafnium halides, making them suitable for use in thermal
ALD processes at low temperature.

In this section, a series of hafnium amides, including tetrakis(dimethylamino) hafnium
TDMAH (Hf[NMe2]4), tetrakis(ethylmethylamino) hafnium TEMAH (Hf[NEtMe]4), and
tetrakis(diethylamino) hafnium TDEAH (Hf[NEt2]4), were investigated (Me and Et stand
for -CH3 and -C2H5, respectively). The adsorption configurations, transition and final
states, and desorption configurations of these hafnium amides on the hydroxylated Si(100)
surface along with their energy profile are given in Figure 3.
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Figure 3. Reaction energy profiles in kJ/mol for chemisorption and surface reactions of hafnium
amides on the fully hydroxylated Si(100) surface. Blue, red, white, gray, green and yellow balls
indicate Si, O, H, C, Hf, and N atoms, respectively.

3.3.1. Tetrakis (Dimethylamino) Hafnium (TDMAH)

Our calculations demonstrate that TDMAH (Hf[NMe2]4) initially adsorbs onto the
hydroxylated Si surface, forming the adsorption configuration 7a with an adsorption energy
of −104.9 kJ/mol. The Hf-O distance between the Hf atom and the surface O atoms in 7a
varies in the range from 3.51 to 3.67 Å. Subsequently, a ligand exchange reaction occurs
between one of the ligands of TDMAH and nearby surface OH groups, resulting in the
formation of the product 7b (tri(dimethylamino)hafnium) (Hf[NMe2]3) through a transition
state 7a′. This reaction exhibits an exceptionally low energy barrier of only 7.1 kJ/mol
and is thermodynamically favorable, with an exothermic energy of −66.1 kJ/mol. The
Hf atom in 7b retains a four-fold coordination state, binding with three remaining amino
ligands and one surface O atom. After the desorption of free organic molecules HNMe2
from 7b, the configuration of 7c undergoes slight changes in the Hf-O bonding length in 7d
measuring 1.98 Å, slightly shorter than the 2.11 Å in 7b.
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3.3.2. Tetrakis (Ethylmethylamino) Hafnium (TEMAH)

Our predictions, as depicted in Figure 3, also indicate relatively small differences in the
adsorption configurations, of TEAMH (Hf[NEtMe]4) and TDMAH precursors on the Si(100)
surface. Due to the large size of the ligand -NEtMe, TEMAH only experiences physical
adsorption on the OH-terminated Si(100) surface, resulting in configuration 8a, with an
adsorption energy of 107.5 kJ/mol. Chemisorption is achieved through a subsequent
ligand exchange reaction between TEMAH and neighboring surface OH groups. The
adsorbed TEAMH* 8a is converted into adsorbed tri(ethylmethylamino) hafnium 8b via a
transition state 8a’ with a small activation energy of 12.8 kJ/mol. This exothermic reaction
has a reaction energy of −86.9 kJ/mol. The Hf-O bonding lengths of the chemisorption
configurations 8b and 8c are 2.07 Å and 1.99 Å, respectively, which are almost the same as
those of 2.11 Å and 1.98 Å in 7b and 7c. At final step, molecule HNEtMe (HN[CH3][C2H5])
is released from surface with desorption energy of 35.4 kJ/mol

Being different from our predictions, by employing a cluster model in which the Si
surface is substituted by a Si9H12 cluster, Wang et al. [46] demonstrated that TEAMH
undergoes direct conversion into a chemisorption state, characterized by an adsorption
energy of 1.42 eV. Notably, no initial adsorption state was identified in this model. The
observed disparity can be attributed to the substantial size of TEAMH, whereas the cluster
surface model, containing only two OH groups, is relatively diminutive. Consequently, the
interaction between the surface and TEAMH was not adequately described.

3.3.3. Tetrakis (Diethylamino) Hafnium (TDEAH)

Similar to the cases of the TDMAH (Hf[NEt2]4) and TEMAH precursors, TDEAH can
also undergo a ligand exchange reaction to form chemisorption on the OH-terminated
Si(100) surface with a relatively small energy barrier. The adsorption energy of the initially
physically adsorbed configuration 9a of TDEAH on the Si surface is −85.7 kJ/mol, which
is slightly smaller than the values of −104.9 kJ/mol and −107.5 kJ/mol for TDMAH and
TEMAH, respectively. This can be attributed to the fact that TDEAH is bulkier than TDMAH
and TEMAH, making it more difficult to approach the Si surface. The LER that converts
9a to the product 9b through a transition state 9a′ has an activation energy of 28.4 kJ/mol,
which is also slightly higher than that observed for TDMAH and TEMAH. However, the
chemisorption configurations 9b and 9c exhibit bonding characteristics similar to those
of TDMAH and TEMAH. The Hf-O bonding lengths in 9b and 9c are 2.02 Å and 2.00 Å,
respectively. The molecule HNEt2 is desorbed from the surface with desorption energy of
34.4 kJ/mol.

In general, we observed that the difference in energy barriers of LERs for the three
hafnium amide precursors is quite small. The activation energy of the LER converting
TDMAH into tri(dimethylamino) hafnium is 7.1 kJ/mol, which is slightly lower than the
value of 12.8 kJ/mol for TEMAH and 28.4 kJ/mol for TDEAH. These theoretical predictions
align well with the experimental results previously reported by Hausmann et al. [74], where
the temperature required for hafnium amide precursors to achieve an exactly saturating
dose is 75 ◦C for TDMAH, 115 ◦C for TEMAH, and 130 ◦C for TDEAH

3.4. Effect of Thermal Stability and Size of Precursors on Their Reactivates

The precursors utilized in the ALD process play a pivotal role in influencing both the
performance of the ALD process and the quality of the deposited films. Previous research
has highlighted the significance of precursor reactivity on the substrate surface as one of
the most critical factors in determining the ALD temperature window and the growth rate
of the deposited materials. Precursors with higher reactivity toward the surface substrate
will necessitate lower process temperatures in comparison to those with lower reactivities.

Our calculations, summarized in Table 1, show that hafnium amide precursors are
more reactive than hafnium alkoxide and hafnium halide precursors for HfO2 ALD process
on hydroxylated Si(100) surface. The activation energies of the LERs between hafnium
amides and surface OH groups of Si(100) surface range from 7.1 to 28.4 kJ/mol, which are
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much lower than those of hafnium halides (from 71.4 kJ/mol to 97.4 kJ/mol) and hafnium
alkoxides (33.0 kJ/mol to 70.2 kJ/mol). These results are consistent with experimental
findings showing that the ALD process using hafnium amide precursors only requires low
processing temperatures, even below 100 ◦C. The temperature window of the ALD process
using hafnium halides and hafnium alkoxides is in the range of 250–480 ◦C [3].

Table 1. The adsorption energies (∆Eads.), activation energies (∆Eact1. for first reaction step (a to b)
of all precursors and ∆Ereact2. for second reaction step (b to c) of hafnium alkoxides), and reaction
energies (∆Ereact1. for first reaction step (a to b) of all precursors and ∆Ereact2. for second reaction step
(b to c) of hafnium alkoxides) of hafnium precursors and desorption energy (∆Edes.) of byproduct
(ROH for hafnium alkoxides, HX for hafnium halides, and HN(R1R2) for hafnium amides) in kJ/mol
units on the hydroxylation Si(100) surface.

Precursors ∆Eads. ∆Eact1. ∆Ereact1. ∆Eact2. ∆Ereact2. ∆Edes.

Hf[OMe]4 −126.0 5.4 −40.9 No TS 33.0 41.0
Hf[OiPr]4 −94.4 3.0 −13.8 63.8 −40.0 52.1
Hf[OtBu]4 −92.9 70.2 64.1 34.1 −107.4 53.7
HfI4 −104.9 71.4 −8.3 23.1
HfCl4 −147.6 76.1 52.9 14.1
HfF4 −192.1 97.4 97.3 30.1
Hf[NMe2]4 −104.9 7.1 −66.1 20.5
Hf[NEtMe]4 −107.5 12.8 −86.9 35.4
Hf[NEt2]4 −85.7 28.4 −129.2 34.4

Interestingly, our above predictions also demonstrate that while the reactivities of the
above amide precursors are similar, significant differences were found for the alkoxide and
halide precursors. The energy barrier of ligand-exchange reaction during the chemisorption
of hafnium methoxide (Hf[OMe]4) is only 33.0 kJ/mol (1b → 1c), which is much lower
than the corresponding values of 63.8 kJ/mol for hafnium isopropoxide (Hf[OiPr]4) and
70.2 kJ/mol for hafnium tert-butoxide (Hf[OtBu]4). This prediction agrees well with the
early experimental results showing that the temperature window of the ALD process using
hafnium isopropoxide is 250–300 ◦C, which is about 100 ◦C lower than that of the process
using hafnium tert-butoxide [3]. In other way, we found that the activation energies of
LERs for HfCl4 and HfI4 are 76.1 kJ/mol and 71.4 kJ/mol, respectively, which are lower
than the value of 97.4 kJ/mol for hafnium fluoride (HfF4).

These findings raise a question regarding whether the size and thermal stability of
hafnium precursors have an impact on their reactivity and subsequent chemisorption onto
the Si(100) surface. In the case of hafnium alkoxides, it is evident that hafnium methoxide
exhibits higher reactivity with the OH-terminated Si(100) surface compared to hafnium
isopropoxide and hafnium tert-butoxide, primarily due to the smaller size of the methoxide
ligands. However, for hafnium halides, the effect of ligand size is negligible, likely due
to the approximate size of halogen atoms. Thus we suppose that the thermal stability of
precursors can considerably impact on their reactivities.

In order to further understand the effect of the thermal stability of precursors on their
reactivity, their bond dissociation energies (BDEs) were calculated by using the isolated
molecular model. BDEs, referring to the energy required to break a specific bond in a
molecule and form two separate radical species, can be used as a factor of the thermal
stability of a compound. By comparing the BDEs of different compounds, one can assess the
relative stability of these compounds. Although a BDE value is a thermodynamic quantity,
it can be used to predict reaction kinetics [75,76]. In previous studies, the BDE values were
also used to gain a greater insight into the reaction mechanisms and characteristic dominant
pathways of different types of reactions [77,78].

The molecular geometries of hafnium alkoxides and hafnium halides at a neutral state
were optimized by using PBE0 functional and are depicted in Figure S1, while their average
BDEs are given in Table S1 (Supplementary Information). It can be seen that there are
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negligible differences in the BDEs of alkoxide precursors. The BDE of Hf[OMe]4, Hf[OiPr]4,
and Hf[OtBu]4 is 448 kJ/mol, 451 kJ/mol, and 454 kJ/mol, respectively. This means that
the energy barrier of reaction of hafnium alkoxides on the surface is mainly effected by the
size of alkoxide ligands rather than their thermal stability.

Moreover, the values presented in Table S1 demonstrate that the bond dissociation
energies (BDEs) of HfI4, HfCl4, and HfF4 are 359 kJ/mol, 487 kJ/mol, and 633 kJ/mol
at the PBE0/def2sv level of theory (these BDE values are 349 kJ/mol, 475 kJ/mol, and
628 kJ/mol at the PBE0/aug-cc-pVTZ-PP), respectively. Notably, these values align in the
same order as their energy barriers of ligand-exchange reactions during chemisorption on
the Si(100) surface (HfI4 < HfCl4 < HfF4). Among the hafnium halides, HfF4 exhibits the
highest thermal stability, with a remarkably high BDE of 628 kJ/mol, and it displays the
highest energy barrier of 97.4 kJ/mol for chemisorption. These results suggest that, for
hafnium halides with approximately similar ligand sizes, a higher thermal stability of the
precursors leads to an elevated energy barrier for ligand exchange reactions on the surface.
These predictions also align with previous experimental findings that reported a lower
reactivity of HfCl4 toward the Si(100) surface compared to HfI4 [20].

4. Conclusions

In this report, we have investigated the surface reactions of a series of homoleptic
hafnium precursors on the hydroxylated Si(100) surface. We have explored nine homolep-
tic hafnium precursors, including Hf[OMe]4, Hf[OiPr]4, Hf[OtBu]4, HfI4, HfCl4, HfF4,
TDMAH, TEAMH, and TDEAH. Our theoretical predictions are consistent with previously
reported experimental studies, which suggest that hafnium amides are more reactive than
other types of precursors. In contrast, the hafnium halides exhibit high energy barriers,
whereas the hafnium alkoxides demonstrate moderate reactivity on the hydroxylated
Si(100) surface.

Among alkoxide precursors, Hf[OMe]4 exhibits the lowest energy barrier, while
Hf[OtBu]4 has the highest activation energy. In case of hafnium halides, HfF4 exhibits the
highest energy barrier in the first ligand exchange reaction. For hafnium amide precursors,
the activation energy of TDMAH is slightly lower than compared to the other amides.

Our investigation indicate that the chemisorption and reactivity of the hafnium pre-
cursors are considerably affected by their thermal stabilities and sizes. For hafnium alkox-
ides, which have similar thermal stability, the size of alkoxide ligands is crucial for their
chemisorption on the surface. Alternatively, for hafnium halides, whose sizes of ligands
are similar, their thermal stabilities play an key role in their reactivities on the surface.

These insights not only shed light on the relationship between precursor reactivity
and factors like size and thermal stability but also provide guidance for designing new
heteroleptic precursors. Further investigation into heteroleptic precursors is anticipated
to yield significant advancements in enhancing the performance of HfO2 thin films in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings13122094/s1. Figure S1: The optimized geometries of hafnium
alkoxides and hafnium halides obtained at PBE0 functional; Table S1: The average bond dissociation
energies (BDEs) of the hafnium precursors obtained at PBE0 functional along with 6-31G(d,p) basis
set for C, H, O and def2sv basis set for F, Cl, I and Hf. The values in brackets are obtained by using
aug-cc-pVTZ (for F and Cl) and aug-cc-pVTZ-PP (for Hf and I) basis sets.
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