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Abstract 

The Lewis acidic nature of aluminum atoms in common precursors for the atomic layer deposition 

(ALD) of Al2O3 can lead to dimerization. This study investigates whether these compounds 

predominantly exist as monomers or dimers under ALD conditions. Understanding dimerization 

is crucial for discussing precursor reactivities and other properties, especially in the context of 

area-selective ALD (AS-ALD). We employed a theoretical approach, incorporating conformer 

search, density functional theory, and coupled cluster calculations, to determine the dissociated 

dimer fraction for a range of precursors under typical ALD pressures and temperatures. The 

precursors studied include aluminum alkyls, chlorinated aluminum alkyls, 

dimethylaluminumisopropoxide (DMAI), and trisdimethylamidoaluminum (TDMAA). Our 

findings indicate that aluminum alkyls are completely dissociated over the whole parameter range, 

while DMAI and TDMAA form stable dimers. Chlorinated precursors were found to exist in both 

monomeric and dimeric forms depending on temperature and pressure. 
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1. Introduction 

Atomic layer deposition (ALD) is a technique for the deposition of thin-film structures based on 

sequential precursor pulses to a substrate surface where they react and form the desired material.1–

3 Applications of ALD include catalysts4, energy applications like fuel cells5, nanotechnology6 and 

semiconductor manufacturing1,2. A vital parameter in ALD processes is the choice of precursor 

molecules.7,8 It has an influence on the deposition in many ways like differences in growth rates9, 

temperature and pressure at which ALD processes can be performed,10 the quality of the deposited 

material or the adsorption behavior11.  

Recently the area-selective variant of ALD (AS-ALD) gained strong popularity.3 Here, a material 

is controllably grown on one surface (the growth surface) while no deposition takes place on a 

second surface (the non-growth surface).12 A major challenge of AS-ALD is the loss of selectivity 

after a certain number of cycles.3,13 Experiments have shown that the number of selective 

deposition steps before growth initiates on the non-growth area often depends on the precursor 

molecule that is applied in the process.14–16 This shows that the underlying precursor chemistry 

has an essential impact on the AS-ALD process. In case of the selective deposition of Al2O3, for 

example, a higher number of selective deposition steps was possible with 

dimethylaluminumisopropoxide (DMAI) compared to the most often used precursor 

trimethylaluminum (TMA).15 In the same way, triethylaluminum (TEA) outperformed TMA and 

a set of alkyl aluminumchlorides in terms of achieved selectivity.14,16 While selectivity in AS-ALD 

thus obviously depends on the choice of the precursor, the underlying reactivity is not yet fully 

revealed for many processes. Consequently, a better understanding of precursor chemistry is 

desirable to improve selectivity in current processes and to develop new AS-ALD processes.  

The precursor chemistry is defined by the precursor size, its chemical reactivity and physical 

properties like volatility and thermal stability. The chemical reactivity in AS-ALD, for example, 

can be determined by the accessibility to and reactivity with reactive surface sites on non-growth 

areas, where effects of steric blocking17 and therefore the size of precursors matter. For this reason, 

one crucial question is whether a precursor is present as monomer or dimer under experimental 

ALD conditions (see Fig. 1). Most ALD precursors are Lewis-acids and thus form homomolecular 

dimers with the interdimer bond strength depending on their Lewis acidity and steric crowding. 
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Figure 1. Dimerization reaction of Al precursors shown at the example of TMA with the equilibrium constant Kdiss 

for the dissociation defined via the partial pressures pmonomer and pdimer and standard pressure p0.  

 
 
Dimers have bigger effective sizes and are less reactive than monomeric compounds.14 Both 

effects can crucially influence the selectivity in AS-ALD. The effect of dimerization has been 

recently investigated for Ga-precursors in the context of Chemical Vapor Deposition of GaN.18 

For Al-based precursors, the question of dimerization has been discussed in the past. It is known 

that compounds commonly used as Al-precursors such as aluminum alkyls or alkyl 

aluminumchlorides2,9,19–22 as well as DMAI15,23 can dimerize14,19–23. To estimate the monomer to 

dimer ratio, dimerization enthalpies or energies have been determined either theoretically or 

experimentally.14,20,21,24–26 However, the published values differ quite strongly: Hiraoka and 

Mashika26 for example calculated a dissociation energy of 18 kJ∙mol-1 for TMA based on Hartree-

Fock (HF) and Møller-Plesset perturbation theory (MP2), whereas Oh et al.14 obtained a value of 

77 kJ∙mol-1 based on density functional theory (DFT) calculations. One reason for the deviations 

is the use of computational methods with limited accuracy like density functional theory (DFT) 

combined with moderately sized basis sets, which lead to considerable basis set superposition 

errors especially for association reactions.27,28  

A further problem of calculated enthalpies or Gibbs energies (∆G) is that they are computed at 

pressures and temperatures that are not common for ALD applications. Often standard conditions 

of T = 25°C and p = 1 bar or 1 atm are used which are the default settings in common quantum 

chemistry software packages. However, ALD processes are usually performed at considerably 

higher temperatures and lower pressures (typical values are T = 100-300°C3 and p < 10-2 

bar14,15,29,30) causing strong changes in computed ΔGdiss values. However, an accurate 

determination of ΔGdiss is important because of its exponential relationship31 to the dissociation 

rate constant Kdiss and thereby monomer to dimer ratio. Therefore, common errors of DFT 

calculations of 10 kJ∙mol-1 already change the rate constant by one order of magnitude (see SI eq. 

(S1) and (S2)). Nevertheless, Marques et al. showed that DFT can often be used to predict 
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equilibrium compositions. For temperature dependent equilibrium compositions, however only a 

qualitative correct behavior has been predicted.32 

We thus set out to obtain accurate results by using highly accurate wavefunction based methods 

(CCSD(T), the so-called “gold standard”) together with a complete basis set (CBS) extrapolation 

scheme and several other methodological measures to derive accurate dimerization energies under 

typical ALD conditions. We use a set of contemporary Al precursors for ALD spanning a broad 

range of Lewis acidity and steric crowding (Fig. 2). Apart from the compound classes mentioned 

above, also trisdimethylamidoaluminum (TDMAA) can be applied as an ALD precursor33,17 and 

has been included in our set of precursors.  The alkyl-aluminum compounds in this study include 

not only molecules with linear alkyl chains but also the molecules with branched chains, 

triisopropylaluminum (TiPA) and triisobutylaluminum (TiBA).  The latter is an extensively 

studied precursor for the deposition of alumina films, and has been discussed before in the context 

of chemical vapor deposition.34 We arrive at reliable dimerization fractions for these precursors. 

This will help to interpret ALD experiments as well as to choose ALD conditions to target a certain 

precursor state and can be crucial in AS-ALD where the dimerization can lead to increased 

selectivity. We show the impact of monomeric vs. dimeric precursor exemplarily for a case study 

of surface adsorption on clean and SMI-covered SiO2. 

 

 
Figure 2. Set of aluminum precursors investigated in this study grouped in substance classes 1-4. Abbreviations used 

in the ALD literature are shown in brackets where available.  
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2.  Computational details 

2.1  Molecular calculations 

2.1.1 Structural optimizations 

Calculations of the monomers and dimers for the thermochemical properties were done with 

ORCA 5.0.335–42. Conformers were sampled with CREST43,44 using standard settings which 

include iMTD-GC workflow and GFN2-xTB. The three conformers lowest in energy were selected 

and reoptimized with B3LYP-D3. The conformer with the lowest Gibbs-free energy at 200°C and 

1.73∙10-4 bar (130 mTorr), a realistic set of conditions for ALD processes,14 was then chosen for 

any further property calculations. No ensemble averages with multiple conformers were used in 

the calculation of energies and enthalpies. The effect which Boltzmann averaging can have on the 

dimerization energies and why it has been neglected in this study is discussed in 2.1 in the SI. For 

all calculations with density functional theory (DFT), the B3LYP45–47 exchange-correlation 

functional with DFT-D3 dispersion correction and a Becke-Johnson-type damping function (BJ) 

was applied.38,39 This combination showed the best agreement to CCSD(T) calculations in our 

benchmark study (see Tab. S2). A def2-TZVPP48 basis set together with the corresponding 

auxiliary basis set for the RI approximation49 was applied. The densest Becke-Integration Grid50 

“defgrid3” was used in all DFT calculations. To obtain the thermodynamic correction terms and 

ensure that the obtained geometries correspond to minimum structures, frequency calculations41 

were performed. In all calculations, a convergence criterium for the self-consistent field (SCF) 

cycles of 10-8 Eh for the change in energy was used. For optimizations, ORCA uses several criteria 

based on the change in energy (10-6 Eh), the current gradient (root mean square: 3∙10-5 Eh∙bohr-1, 

largest value: 10-4 Eh∙bohr-1), as well as the step size of the optimization step (root mean square: 

6∙10-4 bohr, largest value: 10-3 bohr). If imaginary frequencies were observed, the convergence 

criteria for optimizations were tightened to 2∙10-7 Eh, 8∙10-6 Eh∙bohr-1, 3∙10-5 Eh∙bohr-1, 10-4 bohr, 

and 2∙10-4 bohr, respectively. For difficult cases, structures were distorted along imaginary modes 

followed by structural optimizations until no imaginary modes were observed. The final electronic 

energy of each structure was obtained with a DLPNO-CCSD(T)42,51 single point calculation (in 

the following stated as CCSD(T)) including a complete basis set (CBS) extrapolation52 as 

implemented in ORCA. Here, the convergence of the HF energy to the basis set limit is 

extrapolated as: 
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𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆
(𝑋𝑋) = 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆

(∞) + 𝐴𝐴 ∙ 𝑒𝑒−𝛼𝛼√𝑋𝑋  (1) 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆
(𝑋𝑋)  is the SCF energy of a basis set cc-pVXZ, with X=2 meaning a double zeta, X=3 triple zeta 

basis, etc. 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆
(∞) is the basis set limit SCF energy, 𝛼𝛼 a basis set specific constant and A is the constant 

to be determined in the procedure. 

The correlation energy contribution is extrapolated with β=2.4 as: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(∞) = 𝑋𝑋𝛽𝛽𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(𝑋𝑋) −𝑌𝑌𝛽𝛽𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝑌𝑌)

𝑋𝑋𝛽𝛽−𝑌𝑌𝛽𝛽
 . (2) 

We used X=3 and Y=4, thus the cc-pVTZ and cc-pVQZ49,53 basis sets. With these basis sets the 

value for α is 5.46.  Furthermore, for all DLPNO computations, default thresholds were used after 

testing (see Tab. S3 for a discussion of this choice).  

Gibbs free energies were calculated by adding thermodynamic correction terms obtained at 

B3LYP-D3 level of theory to CCSD(T) single point energies:  

𝐺𝐺 = 𝐸𝐸�𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇)� + 𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝐵𝐵3𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶3)  (3) 

Here, all thermodynamic corrections were calculated via statistical thermodynamic approaches in 

double harmonic approximation with T= -50 - 400 °C in steps of 50 °C and p = 1.103∙10-6 bar (10-6 

atm, 0.76 mTorr) to 1.103 bar (1 atm, 7.6∙105 mTorr) in steps of one order of magnitude.  

A detailed discussion of the conformer search (see Tab. S1 and S4), the effect of density functionals 

(see Tab. S2) and basis sets (see Tab. S5) can be found in the supporting information. The effect 

of the basis set superposition error (BSSE) has been tested by the application of counterpoise (CP) 

correction (see Tab. S6) and can lead to errors of up to 4.2 kJ∙mol-1. However, the application of a 

complete basis set (CBS) extrapolation for CCSD(T) calculations removes the problem of the 

BSSE.  An overview of possible error sources and their estimated error is shown in Tab. S7. 

 

2.1.2 Thermochemistry 

With the inner energy U, p and V for pressure and volume, the enthalpy H is defined as31:  

     𝐻𝐻 = 𝑈𝑈 + 𝑝𝑝 ∙ 𝑉𝑉 . (4) 

The Gibbs energy G of a reaction at temperature T is related to the enthalpy H and entropy S by31: 

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇 ∙ 𝐶𝐶 . (5) 

Free enthalpies of dissociation ΔGdiss were calculated as the difference between monomers and 

dimers: 

∆𝐺𝐺𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑 = 2 ∙ 𝐺𝐺𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐 − 𝐺𝐺𝑑𝑑𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐 . (6) 
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ΔEdiss, ΔHdiss and T∙ΔSdiss were calculated analogously to eq. (6).  

The equilibrium constant was calculated from ΔGdiss using the respective ALD pressure as standard 

pressure:31,54,55 

𝑙𝑙𝑙𝑙(𝐾𝐾) = −∆𝑐𝑐𝐺𝐺⊖(𝑇𝑇)
𝑅𝑅𝑇𝑇

= −∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇)
𝑅𝑅𝑇𝑇

 . (7) 

With K, the dissociated dimer fraction (DDF) can be determined as shown in 6. in the SI by: 

𝐾𝐾 = (2∙𝐷𝐷𝐷𝐷𝑆𝑆)2

1−𝐷𝐷𝐷𝐷𝑆𝑆2
  . (8) 

leading to: 

𝐶𝐶𝐶𝐶𝐷𝐷 = � 𝐾𝐾
𝐾𝐾+4

  . (9) 

DDF is the ratio between the dimers that are dissociated, which is half of the amount of monomers 

nmonomer and the sum of the amount of dissociated and undissociated dimers ndimer: 

𝐶𝐶𝐶𝐶𝐷𝐷 =  
1
2∙𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐

1
2∙𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐+𝑐𝑐𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑐𝑐

 . (10) 

Due to the linear temperature dependence of the Gibbs-energy and the logarithmic pressure 

dependence (see Fig. 4 and 5) it is straightforward to predict the ΔGdiss values under any condition 

as long as one variable is fixed.  G under constant pressure is related to the temperature by: 

(𝜕𝜕𝐺𝐺
𝜕𝜕𝑇𝑇

)𝑝𝑝 = −𝐶𝐶 . (11) 

The pressure dependence of G is: 

(𝜕𝜕𝐺𝐺
𝜕𝜕𝑝𝑝

)𝑇𝑇 = 𝑉𝑉 . (12) 

Because the volume V is related to the pressure it is not constant.  Under ideal gas conditions, V 

is inversely related to p, which results in the logarithmic dependence between G and p. 

𝑉𝑉 = 𝑐𝑐𝑅𝑅𝑇𝑇
𝑝𝑝

 . (13) 

 

2.1.3 Energy decomposition analysis 

Bonding analysis was performed with AMS 2023.10156. The fragmentation was chosen in a way 

that each molecule in the dimer structure was one fragment in singlet ground-state. The EDA 

calculations were done with B3LYP45–47 and a DFT-D338,39 dispersion correction. The slater type 

orbital (STO) type basis TZ2P57,58 was applied and the parameters of the numerical quality level 
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“good” were used. No relativistic effects were considered, and no frozen core approximation 

applied.  

The EDA scheme applied in this study was developed by Morokuma59 and by Ziegler and 

Rauk60,61. The bond dissociation energy of two fragments A and B is the energy difference between 

the full molecule EAB and the energies of the fragments in their relaxed geometry EArel and EBrel: 

𝐸𝐸𝑏𝑏𝑐𝑐𝑐𝑐𝑑𝑑 = 𝐸𝐸𝐴𝐴𝐴𝐴 − 𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 − 𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 . (14) 

The EDA scheme separates the bonding energy into the preparation energy ΔEprep and the 

interaction energy ΔEint. The preparation energy is the energy needed for the deformation of the 

fragments from the relaxed state with energy EArel and EBrel into the structure they have in the 

molecule with energies EA and EB: 

𝐸𝐸𝑏𝑏𝑐𝑐𝑐𝑐𝑑𝑑 = ∆𝐸𝐸𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝 + ∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 .  (15) 

∆𝐸𝐸𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝 = 𝐸𝐸𝐴𝐴 + 𝐸𝐸𝐴𝐴 − 𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 − 𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 . (16) 

Consequently, the preparation energy ΔEprep was calculated as energy difference between the 

fragments within the dimer geometry and the relaxed monomers. The interaction energy is further 

decomposed into a dispersion term ΔEint (disp) and the electronic interaction energy ΔEint (elec): 

∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 = ∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐(𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝) + ∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐(𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒)  . (17) 

The analysis finally decomposes the electronic interaction energy: 

∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐(𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒) = ∆𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑐𝑐 + ∆𝐸𝐸𝑐𝑐𝑟𝑟𝑑𝑑𝑐𝑐𝑃𝑃𝑐𝑐 + ∆𝐸𝐸𝑐𝑐𝑐𝑐𝑏𝑏  . (18) 

The electrostatic term ΔEelstat comprises the quasi-classical electrostatic interactions between the 

charge distributions and is usually attractive. The Pauli term ΔEpauli describes the repulsive effect 

due to normalization and antisymmetrisation of the resulting product wavefunction. The attractive 

orbital term ΔEorb takes charge transfer and polarization effects into account.62–64 More detailed 

information on the presented EDA scheme can be found in the literature.65,66 

 

2.2 Computations for extended systems 

Periodic slab calculations were performed with VASP 5.4.467–71, the PBE functional72 with 

D3(BJ)38,39 dispersion correction and a plane wave cutoff of 450 eV using standard PAWs73. The 

Brillouin zone was sampled with a gamma-centered Γ(2×2×1) Monkhorst-Pack74,75 mesh. The 

plane wave cutoff and k-grid were determined in a convergence test to an accuracy of 1 kJ∙mol-1 

(see Fig. S1). The surface model was a crystalline, 3x3 α-quartz slab consisting of three O-Si-
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layers where the bottom layer of silicon was H-terminated and kept frozen during the optimization. 

The top oxygen layer was saturated by hydrogen resulting in a hydroxylated silica surface. The 

cell parameters of the periodic cell are a=16.550 Å, b=12.820 Å, c=22.000 Å. The vacuum above 

the slab was set to 15 Å. Minima were optimized with a conjugate gradient algorithm with a 

convergence criterium for the energy difference of the SCF cycle of 10-5 eV. The convergence 

criterium for the forces within the geometry optimization was set to 10-2 eV·Å-1 for all 

optimizations. The slab was derived from an optimized SiO2 bulk cell containing 3 silicon atoms 

and 6 oxygen atoms and cut along the (001) plane using VESTA 3.5.576. The bulk structure for 

optimization was obtained from the Crystallography Open Database.77,78 The parameters of the 

original bulk cell were a=b=4.892 Å, c= 5.389 Å. The bulk was optimized with an energy cutoff 

of 500 eV and Γ(5×5×5) k-point mesh. The parameters of the optimized bulk cell in the α-quartz 

phase were a=b=4.934 Å, c=5.436 Å.  

Reaction paths were calculated with the nudged elastic band (NEB) method and transition states 

determined in a subsequent climbing image calculation (NEB-CI).79,80  Different to the 

optimization of minima, NEBs were optimized with the fast inertial relaxation engine (FIRE)81 

and a tightened convergence criterium for the SCF cycle of 10-7 eV. To obtain the initial 

interpolation for the minimum energy path (MEP) as a starting point for the NEB, the image-

dependent-pair-potential method82 (IDPP) was used.  To check that the transition state had only 

one imaginary mode, a numeric frequency calculation was performed with finite differences of 

0.015 Å and an SCF convergence criterium of 10-5 eV·Å-1. 
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3.  Results and Discussion 

In the first section we want to introduce the structures of the optimized dimers which are used in 

the second section to obtain accurate Gibbs free energies. Based on these, DDF under varying 

pressures and temperatures for each molecule are derived. In a third section, will discuss the 

thermochemistry at typical ALD conditions in detail. Here, results from our study will also be 

compared with previous data from the literature. To understand the observed trends of dimerization 

and allow predictions on the dimerization of Al-precursors we will then discuss a bonding analysis 

of the bridging dimer bond for all precursor classes in a fifth section. Finally, the adsorption 

behaviour of dimers compared to monomers and the possibility of dimer opening is tested on SiO2. 

 

3.1 Structures of dimerized precursors 

Fig. 3 shows one representative example of the dimer structures from each substance class. The 

general structure of the dimerized precursors is the same for all molecules: All dimers show a four-

membered ring that connects the two fragments containing the two aluminium atoms and two 

atoms from the ligands. The Al atom is either bonded to carbon (1) or to heteroatoms such as 

chlorine (2), nitrogen (3), and oxygen (4).  

 

 
Figure 3. Dimer structures with one example of each substance class. 
 

Structural parameters for the central 4-ring of the dimers are listed in Tab. 1. The distance between 

the Al atoms varies between 2.6 (1-iPr) and 3.3 Å (2-Me2Cl). Here, the differences within each 

substance class are small and the Al-Al distance varies only by up to 0.1 Å. The distance between 
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Al and the second atom can be either the same, i.e. differences of less than 0.001 Å, such as in the 

case of (1-Me)2 or different by 1.6 Å as with (1-iPr)2 and (1-iBu)2. If the distances are the same, it 

shows that the difference between the bond within one fragment and the bridging bond between 

the fragments has disappeared and the dimer has taken a symmetric form. As expected, this can be 

observed for the smaller dimers such as (1-Me)2 and (2-Cl)2 while the molecules with sterically 

more demanding groups such as 1-iPr cannot approach each other close enough for the dimer to 

take a symmetric form. Consequently, this comparison of the bond distances shows that not only 

the atoms directly involved in the bridging bonds but also the other atoms of the dimer have a 

significant influence on the dimer bond due to their steric demand.  

 
Table 1. Structural parameters of the Al-X-Al-X (X=C, Cl, O, N) four-membered rings of the calculated precursor 

dimers.[a] 

Precursor d(Al-Al) d(Al-X)[b]  
1-Me 2.596 2.144 2.144 
1-Et 2.578 2.189 2.142 
1-Pr 2.576 2.199 2.134 
1-iPr 2.567 2.317 2.153 
1-iBu 2.627 2.254 2.092 

2-Me2Cl 3.281 2.332 2.331 
2-MeCl2 3.237 2.304 2.304 

2-Cl 3.185 2.279 2.279 
3 2.823 1.854 1.853 
4 2.805 1.984 1.968 

[a] All bond distances in Å. Structures optimized at B3LYP-D3/def2-TZVPP. 
[b] Some dimers exhibit asymmetric structures leading to two different bond lengths. 

 

3.2 Pressure dependence of dimer dissociation 

To analyse whether precursors are preferably monomeric or dimeric at certain conditions, the 

ΔGdiss values of the dimers were computed. If ΔGdiss is positive, the dimers are thermodynamically 

favoured while a negative value shows a thermodynamic driving force for dissociation. 

Furthermore, equilibrium constants and DDFs were derived from ΔGdiss. The ΔGdiss values of 1-4 

as function of the pressure are shown in Fig. 4. Here, a range of typical ALD pressures (“ALD 

window”) from 10-4 to 10-2 bar14,15,29,30 is highlighted. 
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Figure 4. (a) Gibbs free energy of dissociation (∆Gdiss) as function of pressure at T = 200°C for 1-4. (b) Dissociated 

dimer fraction (DDF) as function of pressure at 200°C for the tested set of Al-precursors. Common ALD pressures 

from 10-4 to 10-2 bar are highlighted in grey. 

 
For the whole range of pressures from 10-6 to 1 bar, ΔGdiss is negative for all five aluminum-alkyls 

of group 1. Dimers of 3 and 4 have positive ΔGdiss at the given pressures and only the chlorinated 

precursors of group 2 change the sign of the ΔGdiss values between 10-3 and 10-4 bar. Consequently, 

3 and 4 are preferably dimeric, the alkyl precursors monomeric and the chlorinated compounds are 

preferably monomeric at pressures below 10-4 bar or preferably dimeric at higher pressures above 

10-3 bar. Another observation is that the number of Cl atoms of the chlorinated compounds has 

little influence on the thermodynamic driving force of dimerization. ΔGdiss values differ only by 

up to ΔΔGdiss = 5 kJ∙mol-1 for the 2-Me2Cl, 2-MeCl2 and 2-Cl precursor. The more Cl atoms the 

compound contains, the lower ΔGdiss becomes. The length of alkyl chains has a greater impact on 

ΔGdiss than the number of Cl atoms. Here, the difference between 1-Me and 1-Pr is ΔΔGdiss = 13 

kJ∙mol-1. The longer the alkyl chains, the lower ΔGdiss becomes and the more is the monomeric 

form preferred. Still, the observation that the compound class has a higher influence than the 

substitution pattern remains valid as the maximum difference of precursors of group 2 to 

precursors of group 1 is ΔΔGdiss = 49 kJ∙mol-1. An even higher difference is observed for precursor 

classes 2 to 3 with ΔΔGdiss = 54 kJ∙mol-1. The observation that the differences between the different 

compound classes are relatively high compared to the differences within each compound class is 

not unexpected as the atoms in the bridging dimer bond are different for each class of precursors. 

The only exception here are the branched aluminum alkyls, especially 1-iPr. With ΔΔGdiss = 64 

kJ∙mol-1 between 1-iPr and its isomer 1-Pr the difference is exceptionally large. Branching thus 

makes dimerization much less favorable. This effect is explained by the steric repulsion of the 
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branched ligands that weakens the dimer bond. A more detailed analysis of the effect of different 

alkyl chains is shown by the EDA analysis in section 3.6. While the atoms involved in the dimer 

bond are in general the most important influence on the dimer bond, the influence of the other 

atoms can be significant as already discussed with the structural parameters in 3.1.  

 
Given the ΔGdiss values, the DDF was calculated as described in section 2.1. Figure 4 (b) shows 

the DDF at different pressures for each precursor at T = 200°C. In the relevant range of pressures 

from 10-4 to 10-2 bar, no dissociation of dimers of precursors 3 and 4 is visible. The aluminum 

alkyls of group 1 are completely dissociated, and dimers begin to form only at pressures close to 

atmospheric conditions, which is far beyond common ALD conditions. The chlorinated 

compounds of group 2 make a transition from almost complete dissociation at 10-6 bar to almost 

undissociated dimers at atmospheric conditions. At 10-3 bar the DDF of the chlorinated dimers 

ranges from 19% (2-Me2Cl) to 33% (2-Cl). It is worth to mention that in case of 2-Cl and 2-MeCl2 

the transition from a majority to a minority of dissociated dimers happens in the ALD window 

between 10-4 and 10-2 bar. 

 

The general relation derived from the graph between ΔGdiss values and the pressure p in bar can 

be described by the following formula: 

𝛥𝛥𝐺𝐺𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑 �
𝑘𝑘𝑘𝑘
𝑚𝑚𝑐𝑐𝑟𝑟

� = 𝑅𝑅𝑇𝑇 ∙ ln(𝑝𝑝) + 𝑏𝑏  (19) 

R is the universal gas constant and T the temperature of 473 K (200°C). The parameter b is shown 

in Tab. S8 in the supporting information for each precursor. This enables a derivation of ΔGdiss for 

other pressure values than shown in Fig. 4 for future ALD studies.  

 
3.3 Temperature dependence of dimer dissociation 

Apart from the pressure dependency of the dissociation also the temperature dependency was 

investigated. Fig. 5 shows ΔGdiss and the DDF for all precursor dimers. Again, a typical range of 

ALD temperatures from 100 to 300°C3 is highlighted.  
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Figure 5. (a) Gibbs free energy of dissociation (ΔGdiss) in dependence of the temperature for the discussed set of 

precursors at a pressure of 1.73∙10-4 bar (130 mTorr). (b) Dissociated dimer fraction (DDF) versus temperature at 

1.73∙10-4 bar (130 mTorr) for the tested set of Al-precursors. A common temperature range for ALD is highlighted in 

grey. 

 
3 and 4 have positive ΔGdiss values from T = -50°C to nearly 400°C and in case of the chlorinated 

precursors of group 2, the sign of ΔGdiss changes at 200°C. For the precursors with linear alkyl 

chains of group 1 the ΔGdiss values are negative at temperatures above 0°C while the sign changes 

to positive ΔGdiss values at lower temperatures. The precursors with branched alkyl chains 1-iPr 

and 1-iBu have a negative ΔGdiss over the whole range of temperatures from -50 to 400°C. It needs 

to be considered that the pressure in our study is far below standard pressures of 1.013 bar (1 atm). 

At a higher pressure, dimerization becomes more favorable as shown in the previous section 3.2, 

enabling dimerization at even higher temperatures. Consequently, this explains that dimers of 

1-Me have been identified in experiment at higher pressures and temperatures below 100°C.22,83  

As observed before for the pressure-dependence, the influence of the substance class is stronger 

than that of the number of Cl atoms or the alkyl chain length. While the alkyl chain length makes 

a difference of up to ΔΔGdiss = 18 kJ∙mol-1 and the number of chlorine atoms up to ΔΔGdiss = 7 

kJ∙mol-1 at 400°C, the maximum difference between substance classes (2-Cl and 1-Me) is ΔΔGdiss 

= 48 kJ∙mol-1 at this temperature. As the transition between the monomeric and dimeric form of 

group 2 takes place at typical ALD conditions this property is interesting for applications because 

it opens the possibility to control the state of the precursor (monomer or dimer) by adjusting the 

process conditions like the temperature and pressure applied in the ALD process. This would allow 

to influence the reactivity of the precursors in a targeted way. In the same way as discussed before 

https://doi.org/10.26434/chemrxiv-2024-x3n3k ORCID: https://orcid.org/0000-0002-6759-8559 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-x3n3k
https://orcid.org/0000-0002-6759-8559
https://creativecommons.org/licenses/by-nc/4.0/


 

Page 17 of 41 

a higher number of Cl atoms or a higher alkyl chain length leads to slightly lower ΔGdiss values 

which shifts the equilibrium towards the monomeric form. 

 

From the ΔGdiss values the DDFs were calculated as described in section 2.1.2. Fig. 5 shows the 

dissociated dimer fraction from -50 to 400°C that was calculated according to equation (9) for each 

precursor. The result shows that the alkyl-based precursors of group 1 undergo the transition from 

dimer to monomer before the typical ALD window whereas the chlorinated precursors of group 2 

show this transition within the ALD window. 4 remains stable as a dimer over the whole 

temperature range whereas 3 starts to dissociate at above 250 °C. 

 
The general relation derived from the graph between the calculated ΔGdiss values and temperature 

T in °C can be described by the following formula: 

𝛥𝛥𝐺𝐺𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑 �
𝑘𝑘𝑘𝑘
𝑚𝑚𝑐𝑐𝑟𝑟

� = −𝑎𝑎 ∙ 𝑇𝑇 + 𝑏𝑏   (20) 

The parameters a and b are shown in Tab. S9 in the supporting information for each precursor. 

This enables a derivation of ΔGdiss for other temperature values than shown in Fig. 5 for future 

ALD studies.  

 

3.4 Thermochemistry for typical ALD conditions 

After presenting the temperature and pressure dependence of ΔGdiss and DDFs for a range of 

temperatures and pressures, a detailed analysis of all relevant parameters (ΔEdiss, ΔHdiss, ΔGdiss, 

ΔSdiss, DDF, K) for one set of temperature (200°C) and pressure (1.73∙10-4 bar, 130 mTorr) is 

presented in Tab. 2.  
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Table 2. Compiled thermochemical data of the dissociation reaction of the dimers at ALD conditions of T=200°C and 

p=1.73∙10-4 bar (130 mTorr).[a] 

  1-iBu 1-iPr 1-Me 1-Et 1-Pr 2-Me2Cl 2-MeCl2 2-Cl 3 4 

ΔEdiss   80.0 46.3 91.1 94.9 88.0 132.4 129.0 127.9 205.8 266.6 

ΔHdiss   65.1 28.1 80.5 81.8 73.8 124.2 121.2 120.3 194.9 257.1 

-T∙ΔSdiss -144.5 -159.0 -133.8 -141.6 -140.2 -123.7 -123.8 -124.5 -140.1 -133.5 

ΔGdiss   -79.4 -130.9 -53.2 -59.7 -66.4 0.5 -2.6 -4.2 54.8 123.6 

K[b] 5.9E+08 2.9E+14 7.5E+05 3.9E+06 2.2E+07 8.8E-01 1.9E+00 2.9E+00 8.9E-07 2.2E-14 

lnK[c] 20.19 33.28 13.53 15.18 16.88 -0.13 0.66 1.07 -13.93 -31.43 

DDF 100.00% 100.00% 100.00% 100.00% 100.00% 42.48% 57.12% 64.89% 0.05% 0.00% 

[a] All ΔE, ΔH, ΔG and -T∙ΔS values in kJ∙mol-1, as defined in section 2.1.3  
[b] Equilibrium constant K of the dissociation reaction illustrated in Fig. 1 
[c] The logarithm of K is directly proportional to ΔGdiss according to eq. (7) 
 

As previously discussed, all dimers of the precursors of group 1 are dissociated at the selected 

conditions. In the same way, all dimers of 4 are intact. 3 also remains largely undissociated with 

only 0.05% DDF according to the calculation. Whether the monomeric form would already play a 

role with such a degree of dissociation in experiment or be negligible cannot be predicted easily. 

At least the values show that the dimers of 4 are slightly more stable than the dimers of 3. 

Furthermore, the table gives insight into the different terms of ΔGdiss and one may ask which are 

decisive to explain the trends found in ΔGdiss. Considering ΔHdiss, it is evident that almost the same 

trend as that of ΔGdiss is observed. The only exception is the ordering of 1-Me and 1-Et. Here, 

ΔHdiss of 1-Me is slightly higher by ΔΔHdiss = 1.3 kJ∙mol-1 compared to 1-Et. The corresponding 

ΔGdiss of 1-Me is lower by ΔΔGdiss= 6.5 kJ∙mol-1 compared to 1-Et. The entropy term -T∙ΔSdiss 

correlates less with ΔGdiss. For example, the same order for -T∙ΔSdiss and ΔGdiss is observed within 

group 2, while -T∙ΔSdiss for 3 and 4 is lower than for any precursor of group 2 and thereby in 

contrast to the trend of ΔGdiss. Consequently, the enthalpy ΔHdiss is a better measure for the dimer 

stability than the entropy term -T∙ΔSdiss and allows more predictions on the relative stability of 

dimers. Still, both terms are essential to predict whether a compound is monomeric or dimeric 

under certain conditions. 

From a computational point of view, the data in Tab. 2 greatly show the need for accurate 

computational methods. While the dimers of 2-Me2Cl and 2-Cl differ only by ΔΔGdiss = 3.7 
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kJ∙mol-1 a qualitative difference in the DDF value is present as it is changing from 42% in case of 

2-Me2Cl to 65 % for 2-Cl. Thus, a difference of ΔΔGdiss < 4 kJ∙mol-1 leads to a difference of more 

than 20% in the DDF. This sensitivity of the DDF on the ΔGdiss value is a consequence of the 

exponential relationship between ΔGdiss and K (see eq. (7)), which is used for the calculation of 

the DDFs (eq. (9)). Tab. S10 in the supporting information further supports this finding as it shows 

a comparison of the values presented above to values derived with DFT instead of CCSD(T) 

energies. 

 

3.5 Comparison with previous data on precursor dimerization 

To evaluate the impact of an improved theoretical approach and reasonable ALD pressures on the 

thermochemistry predictions, a comparison with previous calculations is made. Oh et al.14 

determined the thermochemistry for 1-Me, 1-Et, 2-Me2Cl, 2-MeCl2 and 2-Cl using DFT 

approaches. A comparison of the ΔGdiss and the DDF values to our results is shown in Tab. 3.  It 

needs to be noted that the formula for the calculation of the DDF from the equilibrium constant 

applied by Oh et al.14 differs from our calculation.  The impact of this difference is discussed in 

the SI (see Fig. S2 and S3). 

 
Table 3. Comparison of calculated ΔGdiss and DDFs of the chlorinated precursors of group 2 as well as 1-Me and 1-Et 

to literature data.[a] 

Value Reference Method p 2-Cl 2-MeCl2 2-Me2Cl 1-Me 1-Et 

ΔGdiss Oh et al.[b] DFT 1.013 bar 25.6 18.3 22.9 -31.0 -29.7 

 
This study[c] DFT 1.013 bar 31.5 30.7 31.3 -27.9 -33.9 

 
This study[d] CCSD(T) 1.013 bar 29.9 31.5 34.6 -19.1 -25.6 

 
This study[d] CCSD(T) 1.73∙10-4 bar -4.2 -2.6 0.5 -53.2 -59.7 

DDF Oh et al.[b] DFT 1.013 bar 1.0% 3.5% 1.2% 99.8% 99.8% 

 
This study[c] DFT 1.013 bar 0.9% 1.0% 0.9% 99.8% 100.0% 

 
This study[d] CCSD(T) 1.013 bar 1.1% 0.9% 0.6% 98.5% 99.7% 

  This study[d] CCSD(T) 1.73∙10-4 bar 64.9% 57.1% 42.5% 100.0% 100.0% 

[a] All ΔG values in kJ∙mol-1. 
[c] Values derived at 200°C 1.013 bar, 75.98∙104 mTorr using B3LYP-D3/6-311G**. 
[b] Values calculated with B3LYP-D3/def2-TZVPP. 
[d] Values calculated based on the CCSD(T)-based protocol outlined above.  
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Our most accurate values for the ΔGdiss at 1.73∙10-4 bar (130 mTorr) differ significantly from the 

values from literature. For 2-Cl, for example, a ΔGdiss value of -4.2 kJ∙mol-1 was determined in our 

study compared to a value of 25.6 kJ∙mol-1 by Oh et al.14 what makes a difference of 29.8 kJ∙mol-1. 

In addition, the DDF prediction differs significantly for group 2: While the chlorinated precursors 

are only partially dissociated with 1.0 to 3.5% according to Oh et al.14, it can reach values of up to 

64.9% (2-Cl) in our study. For 1-Me and 1-Et the differences in ΔGdiss are with ΔΔGdiss = 22.2 

kJ∙mol-1 and ΔΔGdiss = 30.0 kJ∙mol-1 still significant. However, since a DDF of 100% observed in 

our study cannot be exceeded, similar values of 99.8% are observed by Oh et al.14. Overall, all 

ΔGdiss values calculated at 1.73∙10-4 bar (130 mTorr) are lower compared to the values from Oh et 

al.14 leading to higher DDFs. 

The pressure values used in the calculations are the main reason to explain the observed 

differences. If 1.013 bar (75.98∙104 mTorr) is used instead of typical ALD pressures, ΔGdiss 

becomes closer to the values from Oh et al.14. This is especially the case for the chlorinated 

precursors. At standard pressure, a ΔGdiss value of 29.9 kJ∙mol-1 has been obtained for 2-Cl in our 

study compared to 25.6 kJ∙mol-1 by Oh et al.14. This makes a difference of only ΔΔGdiss = 4.3 

kJ∙mol-1 compared to a difference of ΔΔGdiss = 29.8 kJ∙mol-1 when lower pressures of 1.73∙10-4 bar 

(130 mTorr) are applied. 

The use of B3LYP-D3 only instead of the combined approach with CCSD(T) did not always lead 

to results that were closer to that in the literature. Only for 1-Me the value of -27.9 kJ∙mol-1 is 

considerably closer to the value of 31.0 kJ∙mol-1 calculated by Oh et al.14 compared to -19.1 

kJ∙mol-1 with the combined approach. We attribute the remaining differences between our and the 

calculations of Oh et al. to different conformers and the different basis sets. Tab. S7 shows an 

overview of common errors from DFT calculations, and the errors estimated from the method tests 

that are described in section 2. in the supporting information. The comparison shows how the 

methodology of ab initio calculations on dimerization can affect the predicted dissociation. The 

application of typical ALD pressures and a refined methodology gives considerably different 

results. A further comparison between the method applied in the study presented here and a 

“standard” - DFT approach is shown in Tab. S10 in the SI. 

While the comparison above includes only the precursors of class 1 and 2, also theoretical data on 

the dissociation of (4)2 are available.  Kim et al.84 calculated the dimerization energy (ΔEdim) of 1-

Me and 4 with machine-learning potentials (MLP) and compared the result with DFT calculations  
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using the PBE functional.  In the same way the Gibbs free energy for the dimerization (ΔGdim) was 

calculated and compared for a temperature range of -73°C to 473°C (200 to 600 K) at 1.33∙10-3 

bar (1000 mTorr). 

An electronic energy of -104 kJ∙mol-1 (-1.08 eV) for the dimerization of 1-Me and of -250 kJ∙mol-1 

(-2.59 eV) for the dimerization of 4 was calculated with the MLP.  The dimerization energies from 

PBE were slightly different with -94 kJ∙mol-1 (-0.97 eV) in case of 1-Me and -239 kJ∙mol-1 (-2.48 

eV) in case of 4. In our study the dimerization energy of 1-Me is -91 kJ∙mol-1 and -267 kJ∙mol-1 

for 4 what makes the 1-Me dimer slightly weaker (-10 kJ∙mol-1 difference) associated compared to 

the MLP result and the 4 dimer slightly stronger (+17 kJ∙mol-1 difference) associated.  The general 

chemical trend is the same, however.  Tab. 4 shows the comparison of the electronic dimerization 

energies of our study with those calculated by Kim et al.84  The differences to our values can be 

explained by the use of a different calculation method; the MLP had been trained on the basis of 

PBE-results.  With B3LYP-D3 and CCSD(T) the results from the study presented in our paper can 

be assumed to me more accurate. 
 

Table 4. Dimerisation energies (ΔEdim) of 1-Me and 4.[a] 

Reference Method 1-Me 4 
This study [b] CCSD(T) -91 -267 
Kim et al. [c] MLP -104 -250 
Kim et al. [d] DFT -94 -239 

[a] All values in kJ∙mol-1. 
[b] Values calculated based on the CCSD(T)-based protocol outlined above. 
[c] Values calculated with a universal MLP (PreFerredPotential) trained on data from PBE-D3 and the PAW approach. 
[d] Values calculated with PBE-D3 and the PAW approach. 
 

The ΔG values for the dimerization (ΔGdim) from MLP calculated by Kim et al.84 predict 4 to be 

dimeric at the whole temperature range from -73°C to 473°C (200 to 600 K) at 1.33∙10-3 bar (1000 

Torr).  Only the DFT results predict a transition from the dimeric to the monomeric form at about 

473°C where ΔG gets slightly positive.  1-Me has a positive ΔGdim above 27°C (300 K) what 

means that the monomer is preferred and a negative ΔGdim below that temperature according to 

MLP and DFT results.  Our study predicts (4)2 to be dimeric over the range of -50 to 400°C (see 

Fig. 5) as well and 1-Me to make a transition from dimer to monomer between -50 and +100°C 

and being completely dissociated above 100°C. ΔGdim changes sign between 5 and 10°C according 

to our results what is at lower temperature than in the study of Kim et al.84 The earlier dissociation 
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of 1-Me is not in contradiction with their results because the pressure at which the thermochemistry 

was calculated was with 1.73∙10-4 bar lower in our study and therefore the equilibrium is shifted 

towards the monomer.  With this, both studies give the same qualitative predictions for the given 

range of temperatures.   

 

Furthermore, to check whether the calculations make realistic predictions about dimerization, a 

comparison with experimental results on dimer dissociation is made. According to Almenningen 

et al.22 1-Me is 97% dimeric at 0.04 bar (30000 mTorr) and 60°C while it is 96% monomeric at 

215°C. The DDF in our approach according to equation (9) is 41% at 60°C and 0.04 bar and 100% 

at 215°C and 0.04 bar (30000 mTorr).  The qualitative transition from a majority of dimer to almost 

complete dissociation agrees with the experimental result whereas the degree of dissociation that 

is predicted is different.  This could be either due to limitations of the theoretical method, like 

approximations made in the calculation of the thermochemistry, or due to inaccuracies of the 

experiment.  Further experimental data would be needed to evaluate the reliability of the theoretical 

method for the quantitative prediction of the DDF. 

A further comparison with experiment is done on the structure of the dimers on the example of (1-

Me)2 in the SI (See Fig. S4 and Tab. S11). 

 

3.6 EDA on dimer bond 

To get an understanding of the chemical origin of the differences in dimerization degree for the 

investigated set of precursors, EDA calculations were performed on the dimer bond. The energy 

decomposition analysis should help to identify reasons and trends for the different bond strengths 

to make predictions on the dimerization of new precursor compounds or compound classes. Fig. 6 

shows the most important result of the EDA calculations on the dimer bond for each class of 

precursor. The complete dataset is shown in Tab. S12 and Fig. S5 in the supporting information. 
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Figure 6. EDA on the dimer bond of the Al-precursors. All energy terms are shown in kJ∙mol-1.  

 

The preparation energy (ΔEprep) in general increases by the order 2 < 1 ≈ 4 < 3. With an increasing 

ΔEprep term, more energy is needed to deform the monomer fragments into the dimer geometry. 

The preparation energy of 1-Me is highest compared to the other precursors of class 1. That means 

that larger bulkiness of the alkyl groups does not necessarily lead to a higher ΔEprep as one might 

have expected. 

The Pauli repulsion (ΔEpauli) of the chlorinated precursors of group 2 is smaller than that of the 

other compounds. It is highest in case of 3. It is worth to be mentioned that ΔEpauli in substance 

class 1 is strongest for 1-Me again. 1-iBu in contrast has the lowest ΔEpauli of precursor class 1. 

The bulkiness of the alkyl ligands leads not to a higher Pauli repulsion.  This can be explained by 

increasing bond lengths (see Tab. 1) of the dimers with branched alkyl chains. The bulkiness of 

the ligands increases the length of the dimer bond and thereby minimizes ΔEPauli.   Similarly to the 

Pauli repulsion, the electrostatic interaction (ΔEelstat) is strongest in case of 3. This compensates 

the high ΔEpauli and allows for the formation of a stable dimer bond. Both 4 and 3 show with -705 

and -882 kJ∙mol-1 of ΔEelstat a stronger electrostatic attraction than all other precursors that reach 

only values of up to -570 kJ∙mol-1 (1-Me). The orbital terms, in contrast, are rather similar for all 

compound classes with -305 (1-iBu) to -435 kJ∙mol-1 (3).  

 

A diagram with all terms of the EDA is shown in Fig. S5. As a sum of all terms, the absolute value 

of the bonding energy (ΔEbond) increases as expected by the order 1 < 2 < 3 < 4. The dispersion 

term (ΔEdisp) is relatively small compared to the other terms and therefore not decisive and is not 
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discussed here. Therefore, the terms shown in Fig. 6 are mainly responsible for the observed trend 

in ΔEbond and with that the dimer stability of the different substance classes.  

From EDA, the following conclusions about the stability of dimer bonds are drawn: First, alkyl 

groups are unfavorable as bridging ligands because of their high ΔEpauli and ΔEprep. This affects 

not only relatively bulky ligands as iso-butyl but also small ligands like methyl. A stable dimer 

bond can be achieved with heteroatoms containing a free electron pair as O and N that stabilizes 

the bond to Al due to ΔEelstat. Chlorine, as bigger atom of the third period, behaves differently, 

however. This is explained by the larger size of the atom leading to a more diffuse electron density. 

Another difference to the other groups is that no deformation of chlorine as a single atom is 

possible, different to ligands that consist of more atoms. This explains the low ΔEprep value of the 

chlorinated precursors. With chlorine, all terms except ΔEorb, including the attractive ΔEelstat as 

well as the terms that weaken the bond are comparably small. This leads to ΔEbond between that of 

the precursor class 1 and the precursors of 3 and 4. As a conclusion, the substance class and thereby 

the atoms involved in the bridging dimer bond determines the nature and strength of the dimer 

bond while the substitution within a class is less relevant. Consequently, to predict whether a 

precursor is dimeric, the bridging atoms are decisive rather than the absolute size or bulkiness of 

the ligands. 

  

3.7 Dimer versus monomer adsorption 

Finally, after determining which precursor is prevalent in which form the question is addressed 

which impact the dimerization has on ALD processes. The formation of dimers might lead to a 

lower chemical reactivity of precursors. This can be especially relevant for AS-ALD processes 

where undesired material deposition needs to be avoided. Furthermore, the higher molecular 

volume of dimers can make reactive surface sites less accessible to the precursor molecule. In 

AS-ALD, even physisorption of precursors might lead to undesired nucleation of material on the 

non-growth surface.85  

 
To get an impression about the adsorption of dimers compared to the corresponding monomers, 

calculations including a hydroxylated silica surface model were performed. The structures of 

1-Me, 2-Cl, and 4 as representative examples for the different substances and their dimers above 

the surface were calculated.  
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Here, monomers and dimers were considered independent of their likelihood to be present in 

experiment to compare their reactivities and explore the impact of the dimerization on surface 

reactivity. Understanding this dimerization-reactivity relation in combination with the knowledge 

of the preferred form at common conditions can help to understand why certain precursors are 

rather reactive or unreactive in AS-ALD applications. Furthermore, as in the case of the chlorinated 

precursors the knowledge of the conditions for dimerization could even allow to influence their 

reactivities by choosing the desired precursor form by tuning the process conditions. While this 

study gives a limited impression on the reactivity of dimers further investigations will be necessary 

to confirm what chemical intuition and adsorption structures on the surface indicate. Fig. 7 shows 

the adsorbing dimers and monomers including bond length and adsorption energies.  

 
 

 
Figure 7. Adsorption of dimers a) (2-Cl)2, b) (4)2, c) (1-Me)2 and monomers d) 2-Cl, e) 4, f) 1-Me on SiO2. Bond 

lengths are shown in Å and adsorption energies in kJ∙mol-1. The dispersion contribution to the adsorption energy is 

shown in brackets. Color code: (soft) pink – Al, green – Cl, black – C, red – O, white - H. All hydrogens attached to 

carbon are omitted for clarity. 

 

The absolute value of adsorption energy (Eads) is higher for the monomers than the dimers in all 

three cases with a difference exceeding +40 kJ∙mol-1 for all molecules. In terms of bond strength, 

2-Cl (Fig. 10d) adsorbs strongest with Eads of -151 kJ∙mol-1 whereas its dimer is adsorbed with 

only -95 kJ∙mol-1 (Fig. 10a). In comparison, 4 and 1-Me form a chemical bond as monomers with 

slightly higher adsorption energies of -91 kJ∙mol-1 each while their dimers are only weakly bound 

by dispersion interactions leading to Eads of -48 kJ∙mol-1 for (4)2 and -33 kJ∙mol-1 with (1-Me)2, 

respectively.  

The trend in adsorption energies is also reflected in the adsorption structures. The bonds to the 

surface are generally longer in case of the dimers compared to the monomers. The dimer of 2-Cl 
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has a 0.05 Å longer bond to the surface than the monomer. The difference is considerably higher 

with 1-Me and 4. The dimers of 1-Me and 4 are more than 3 Å above the surface, whereas the 

monomers have a bond length of around 2.0 Å to the surface. A decomposition of (1-Me)2 and (4)2 

does not take place. In case of (2-Cl)2 one bond of the dimer breaks due to the adsorption to the 

surface. 

 

The comparison of bond lengths and adsorption energies (Eads) shows that (2-Cl)2 binds different 

than the other dimers. While 1-Me and 4 are only weakly adsorbed by dispersion, (2-Cl)2 can form 

an actual covalent bond to the surface. This shows that the chlorinated precursors might adsorb 

even as dimers as good to the surface as other precursors and their dimerization might therefore 

not prevent undesired reactions with surfaces. This is because precursor adsorption to the non- 

growth area plays a key role in the loss of selectivity in AS-ALD and is therefore to be prevented.17 

That 2-Cl adsorbs to the surface so strongly might be explained by the high Lewis-acidity of the 

Al-atom and the possibility to break the dimer bond with a reasonable amount of energy. In 

contrast to that, the alkyl- substituted precursors of group 1 are less Lewis acidic because they have 

no electron withdrawing groups whereas 3 and 4 might have such groups but form more stable 

dimers than the chlorinated precursors of class 2. In case of 4 and 1-Me, the dimers show little 

interaction with the surface and due to the high stability, no high chemical reactivity is expected 

for (4)2. The monomers, in contrast, can bind to the surface what shows the chemical difference 

and therefore the relevance of the dimerization question for the precursor chemistry. The reactivity 

comparison between monomers and dimers is an interesting avenue for future computational 

explorations of precursor-surface interactions. 

 

In AS-ALD not only the interaction between Al-precursors with the surface but also with SMIs 

can be relevant. Here, trimethoxypropylsilane (TMPS) was chosen as inhibitor for the SiO2-

surface, which has been investigated experimentally and theoretically in previous studies.16 Fig. 8 

shows the adsorption of the three molecules as dimers and monomers to a methoxy-group of the 

TMPS inhibitor bound to the SiO2 surface.  
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Figure 8. Adsorption of dimers a) (2-Cl)2, b) (4)2, c) (1-Me)2 and monomers d) 2-Cl, e) 4, f) 1-Me on the methoxy 

group of the small molecule inhibitor TMPS. Bond lengths are shown in Å and adsorption energies in kJ∙mol-1. The 

dispersion contribution to the adsorption energy is shown in brackets. Color code: (Soft) pink – Al, green – Cl, black 

– C, red – O, white - H. All hydrogens attached to carbon are omitted for clarity. 

 

Again, the monomers adsorb with a higher absolute value of Eads than the dimers. 2-Cl adsorbs 

strongest of all three precursors with Eads of -140 kJ∙mol-1 whereas its dimer (2-Cl)2 is only bound 

by -90 kJ∙mol-1. The monomers of 1-Me and 4 are weaker bound to the surface than 2-Cl with -99 

kJ∙mol-1 (1-Me) and -78 kJ∙mol-1 (4). The dimers (1-Me)2 and (4)2 are again only slightly adsorbed 

by dispersion interactions with adsorption energies of -47 kJ∙mol-1 in case of (1-Me)2 and -52 

kJ∙mol-1 for (4)2. The bond lengths are longest with the dimers (1-Me)2 and (4)2 with 3.83 Å in case 

of (1-Me)2 and 4.14 Å in case of (4)2. Their monomers are again adsorbed with a bond length of 

around 2 Å (1-Me: 2.05 Å, 4: 2.02 Å). Different to these two precursors, 2-Cl binds with 

approximately the same length as monomer like as dimer. The distance of the Al atom to the 

methoxy group measures 1.91 Å in case of the monomer of 2-Cl and is even a bit shorter with 1.89 

Å for the dimer. 

The comparison of adsorption structures and energies shows that the monomers bind chemically 

to the methoxy group while only in case of 2-Cl the dimer binds chemically, too. Like with the 

pristine SiO2 surface the dimers of 1-Me and 4 are only physisorbed. In general, a similar result 

compared to the pure SiO2 surface was observed for the adsorption to TMPS molecules.  

The adsorption tests on SiO2 and to TMPS as inhibitor on SiO2 both confirm the expectation that 

monomers behave chemically different to dimers and that dimers have less chemical interaction 

with inhibitors and the surface. However, it depends on the type of precursor to which degree 

dimers interact. While (2-Cl)2 can open and form chemical bonds, the dimers of 1-Me and 4 have 
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shown to be rather inert in this small test series. The differences in adsorption behavior indicate 

that dimerization can play a key role for the precursor selectivity in AS-ALD if a compound is 

dimerized under ALD conditions and dimers are less reactive. It could be subject of further studies 

to check whether the possibility interaction with surfaces exists for the non-chlorinated precursors.  

 

3.8 Dimer opening 

Finally, we tested the possibility of dimer opening reactions on the surface on the example of the 

(3)2 dimer on SiO2.  Fig. 9 shows the energy profile of the adsorption, dimer opening and 

subsequent dissociation of (3)2. 

 
Figure 9. Reaction path of adsorption and dissociation of (3)2 on SiO2. (a) Physisorbed dimer (PS) (b) First 

intermediary minimum (IM1) (c) Second intermediary minimum (IM2) (d) First partially dissociated structure 

(DISS1) (e) Transition state for the second dissociation step (TS) (f) Fully dissociated dimer (DISS2). 

 

The reaction starts with the physisorbed state (PS) of the dimer and passes two intermediate 

minima (IM1 and IM2) where a proton is transferred to the dimethylamino-group until the dimer 

is opened and a chemical bond to the surface of 2.015 Å is formed (partially dissociated DISS1).  

The energy barriers of the proton transfer and that before the partially dissociated intermediary 

structure DISS1 are comparably small or negligible as it can be seen from the NEB-profile (see 

Fig. S6). Only the second dissociation step has a significant barrier and leads via the transition 

state (TS) to the final structure of the dissociated dimer (DISS2).  The first dimer opening reaction 

is endothermic with +66 kJ∙mol-1 and the second dissociation step with +70 kJ∙mol-1.  As a 

reference point for the reaction energy the PS structure was used. It also served as reference point 
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for the activation energy of +93 kJ∙mol-1 for the final dissociation because it can be assumed that 

the intermediary minima are passed quickly during the reaction.   

 

The barrier height for the whole reaction is with +93 kJ∙mol-1 slightly below 1 eV (96 kJ∙mol-1).  

This is important because it is generally assumed that barriers above 1 eV are not overcome at 

ALD temperatures86–89.  The barrier is also way lower compared to the dimerization energy of 

+206 kJ∙mol-1 for (3)2 (see Tab. 2). This can in part be explained in chemical terms due to the 

transfer of a proton to the dimethylamino-group in the first step.  The protonation withdraws 

electrons from the nitrogen and this electron withdrawing effect leads to an increased Lewis acidity 

on the neighboring aluminum, what makes the formation of a chemical bond to the surface oxygen 

with a free electron pair easier.  The electron withdrawing effect furthermore polarizes the bond 

between N and Al in (d) what could also explain the relatively low barrier of +27 kJ∙mol-1 between 

(d) and (e) for the breaking of the second bond.   

 

For the (4)2 dimer, Kim et al.84 calculated and discussed different reaction paths of dimer opening 

and decomposition reactions on the chemically similar Al2O3 surface in the study discussed before 

in section 3.5, using the MLP.  Different to the reaction scheme in Fig. 9 where the dimer is opened 

and dissociates without further decomposition, they studied condensation reactions with the 

surface following the first breaking of the dimer bond.  According to their result, the chemisorption 

and breaking of the first dimer bond (compare DISS1) is possible with a barrier below 1 eV with 

71 kJ∙mol-1 (0.74 eV), the subsequent reactions with the surface have higher activation energies 

with 131 kJ∙mol-1 (1.36 eV) and 145 kJ∙mol-1 (1.50 eV) depending on the condensation product.  

The energies to desorb the second fragment of 4 are even higher with 210 kJ∙mol-1 (2.18 eV) and 

214 kJ∙mol-1 (2.22 eV) respectively.  They also calculated similar condensation reactions of the 

monomer with the surface which had much lower barriers than those of the dimer.  For one reaction 

pathway, the activation barriers were even below 1 eV.  Therefore, the results by Kim et al.84 

indicate that only the monomer can undergo condensation reactions with the surface under ALD 

conditions.  Consequently, a pathway of dimer opening and dissociation like in Fig. 9 followed by 

condensation reactions of these monomers with the surface would be a realistic way of how the 

(4)2 dimer could react at the surface.   
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To further demonstrate the lower reactivity of the dimer, Kim et al.84 have furthermore tested the 

adsorption of (4)2 to Al2O3 between AlCH3 fragments doubly bonded to the surface as SMIs and 

obtained a remarkably less stable structure compared to the free surface. Due to the higher effective 

size, dimers would have it more difficult to reach reactive groups between SMIs.  And as the 

adsorption structures in 3.7 have shown, the dimers would not that easily adsorb to the surface or 

the inhibitor layer like monomers.  The possibility of dimer opening on the surface does therefore 

by no means imply that dimerization has no effect on the reactivity of precursors and especially 

achieved selectivity in AS-ALD.  It does however highlight the necessity to protect reactive surface 

groups during AS-ALD. 
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Conclusions 

In this study the dimerization of a set of Al-precursors for ALD was calculated in dependence of 

pressure and temperature including conditions that are common for ALD. For the thermochemistry 

an improved approach including conformer search and DLPNO-CCSD(T) energies has been 

applied to obtain more accurate values than by DFT calculations alone. A comparison with typical 

DFT approaches has shown that the improved protocol gives results that can differ even 

qualitatively from DFT results when it comes to predictions of dimer dissociation. The calculated 

dimerization of the tested set of Al-precursors can be summarized as follows: TDMAA and DMAI 

are predicted to be present as dimers under all typical ALD conditions (pressures from 10-6 to 1 

bar and temperatures from -50 to 400°C). In contrast, no relevant degree of dimerization is 

predicted for the aluminum-alkyls at the specific set of ALD conditions and the monomeric form 

remains preferred under variation of pressure or temperature.  The precursors with branched alkyl 

chains show even a lower tendency to dimerization than the molecules with linear chains. The 

chlorinated precursors were at the transition between monomer and dimer, that means present in 

both forms under the above-mentioned conditions of 1.73∙10-4 bar (130 mTorr) and 200°C. This 

finding could open the possibility to influence the present form in ALD processes by choosing the 

right pressures and temperatures. To better understand the dimerization of precursors, bonding 

analyses on the bridging dimer bonds were performed. Energy decomposition analysis on the 

dimer bond shows that the preparation energy and Pauli repulsion are responsible for the weaker 

dimer bond of the aluminum alkyls than the chlorinated precursors. The relatively strong bond of 

TDMAA and DMAI is mainly explained by the electrostatic interaction.  

Finally, the possible implications of dimerization on ALD chemistry were discussed. The 

adsorption of monomers compared to dimers on SiO2 was tested and a weaker interaction of dimers 

with the surface was found, though the result depends on the precursor class.  The possibility of 

dimer opening reactions on the surface exists, however, as the example of TDMAA dimer has 

shown.  If precursors like TDMAA and DMAI are completely dimeric under ALD conditions, the 

dimer rather than the monomer needs to be considered when the precursor chemistry is discussed 

or investigated. In contrast, when the alkyl substituted Al-precursors are completely dissociated 

under ALD pressures and temperatures, dimerization does not play a role for any explanation of 

precursor reactivity. A field where the question of dimerization can be especially relevant are area 
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selective ALD applications. Here, the results on dimerization found in our study can help to explain 

the different reactivities of precursors like better performance of DMAI in AS-ALD processes than 

that of TMA. In understanding the impact of dimerization, calculations on dimer and monomer 

reactions and adsorption to the surface can be helpful in future studies. 
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