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Abstract

Continued miniaturization and increasingly exact requirements for thin film deposition in the semiconductor industry is driv-

ing the search for new effective, efficient, selective precursors and processes. The requirements of defect-free, conformal films, and

precise thickness control have focused attention on atomic layer deposition (ALD). ALD precursors so far have been developed

through a trial-and-error experimental approach, leveraging the expertise and tribal knowledge of individual research groups.

Precursors can show significant variation in performance, depending on specific choice of co-reactant, deposition stage, and pro-

cessing conditions. The chemical design space for reactive thin film precursors is enormous and there is urgent need for the

development of computational approaches to help identify new ligand-metal architectures and functional co-reactants that deliver

the required surface activity for next-generation thin-film deposition processes. In this paper we discuss quantum mechanical

simulation (e.g. density functional theory, DFT) applied to ALD precursor reactivity and state-of-the-art automated screening

approaches to assist experimental efforts leading toward optimized precursors for next-generation ALD processes.
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1. Introduction

tomic layer deposition (ALD) is one of the most attrac-

tive methods to grow uniform, conformal thin films with

a high degree of control over film thickness and composition

due to its self-limiting surface reactions.1) In ALD the film

grows through a cycling of self-limiting surface reactions.

Ideally, each exposure of the surface to the gas-phase pre-

cursor results in, at most, one monolayer of growth via a

self-terminating reaction. For example, in the ALD of a

binary oxides, the growth cycle consists of exposure of the

surface substrate to a metal precursor followed by exposure

to an oxygen precursor, separated by a purge period. For

metallization, ligand loss and elemental reduction is

achieved by alternating exposure to gas-phase reducing

agents. Consequently, ALD affords uniform and conformal

deposition of a material, with thickness control at the

atomic layer level.

The general ALD half-reaction mechanism is adsorption

of the precursor on the surface, followed by ligand exchange/

release, and finally desorption of product; with the ALD pro-

ductive reaction pathway in competition with other poten-

tial reactions available to the system. As with any chemical

reaction, the rate of reaction, mechanistic path, and chemo-/

regio-selectivities are directly determined by the free ener-

gies of the critical point structures defining a particular

reaction pathway on the ALD substrate. The number, diver-

sity and complexity of the surface-precursor reactions

reflect the complexity and heterogeneity of the precursor

metal-ligand architecture. ALD precursor ligands vary

greatly in complexity from halides, to alkyls and heteroal-

kyls, to bi- and higher-dentate coordinate ligands; in a

homoleptic or heteroleptic coordination environment. On

the other side of the process, ALD co-reactants have the

potential for similar or greater chemical diversity. This

chemical diversity provides great opportunity for chemical

design to achieve the diverse physical properties and

enhanced reactivity needed for thin film deposition in the

fabrication of next-generation electronic devices. However

there is a pressing need for the development of efficient and

low-cost methods to systematically explore ALD precursors

chemical design space and advise experimental efforts.

Over the past two decades, advances in quantum mechan-

ics simulation codes based on density functional theory
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(DFT), and the rapid improvement in the performance of

computational resources have dramatically increased the

applicability of first-principles modeling from the small mol-

ecule domain to increasingly larger and more chemically

realistic systems; with higher and higher accuracy. Homo-

geneous catalysis is an industrial application that has many

parallel concerns to ALD precursor development. DFT has

been shown to be an invaluable tool for furnishing atomistic

details of reaction mechanisms, reliably predicting reaction

energetics with accuracy comparable to experimental

kinetic measurements; allowing the rational modification of

single-site catalysts to achieve desired increases in reactiv-

ity and chemo-, regio-, and stereo-selectivity.2-4) Similarly,

DFT is an invaluable tool applied to ALD precursor reactiv-

ity and performance; improving the understanding of struc-

ture-property relationships, providing new details about

growth and failure pathways. A significant number of

reports have been made applying DFT to investigate ALD

processes (see review by Elliott5)), however it has not been

as widely adopted as in the catalysis community. Even more

compelling is the potential for the discovery of new ALD

precursors and processes accelerated by DFT simulation.

Key to the realization of this exciting next step, is to move

predictive chemical simulation from the traditional expla-

nation or analysis role, to the front of the ALD precursor

development process to filter precursor design space, using

automated simulation and virtual screening approaches.

In the present work, a perspective is given on the applica-

tion of quantum mechanics simulation (e.g. DFT) to ALD

precursor and process analysis, and discovery. The applica-

tion of DFT to ALD reactivity is illustrated by analysis of

the reaction of the archetype ALD precursors for deposition

of Al
2
O

3
, trimethylaluminum (Al(CH

3
)
3
, TMA) and H

2
O,

with a hydrogen-terminated silicon substrate (H/Si(111).

The application of virtual screening for ALD precursor mod-

ification and optimization is illustrated for two cases: the

thermochemistry of Al-precursor nucleation (heterodeposi-

tion) on H/Si, and the kinetics and thermochemistry of Si-

precursors for Si
3
N

4
 growth (homodeposition).

2. Methods

The results presented here were obtained using the

Schrödinger Materials Science Suite (Version 16-1).6) All DFT

calculations used the Jaguar electronic structure program

(Version 9.1).7,8) The minimum energy structures and energies

for reactants, surface complexes, transition structures and

products (as described in text) were computed using the M06-

L local density functional,9) and the B3LYP hybrid density

functional,10,11) along with the standard double-ζ polarized

Pople basis set, 6-31G**.12) The nature of the optimized struc-

tures were confirmed by subsequent harmonic frequency cal-

culations, which provides temperature dependent free

energies. The effect of chemical substitution on relative ener-

gies for example ALD reactions was calculated using the

Reaction Energetics Enumeration module which automati-

cally enumerates diverse structure libraries (R-group based

scheme) for reaction related structures and launches the

required DFT simulations to evaluate energy differences.

3. Quantum Mechanical Analysis 
for ALD Precursor Reactivity and Processes

There is pressing need in the semiconductor industry for

the rapid development of metal precursors and functional

co-reactants that deliver the required surface reactivity and

selectivity for next-generation thin-film deposition pro-

cesses. DFT simulation can provide critical insight into the

fundamental properties, energetics and atomistic details of

the key reaction pathways that are central to the ALD pro-

cess; often furnishing details that are too costly or not easily

accessible for measurement using experimental techniques.

Typical properties that can be calculated for ALD precur-

sors, adsorption complexes, transition states and surface

half-reaction products include: minimum energy conforma-

tions and geometries, relative energies (e.g. Gibbs free ener-

gies (∆Gr
, ∆G‡), determining kinetic and thermodynamic

favorability), and characteristic spectroscopic signatures

(e.g. infrared bands and associated normal modes, useful in

assisting experimental monitoring of the surface structure

and evolution during an ALD process). For a given reactive

precursor interacting with an ALD substrate, there are

multiple reaction pathways that are possible, depending on

the structure and chemical composition of the precursor and

surface. DFT simulations analyzing the relative energies of

competing pathways can provide a rationalization of the

observed ALD reaction rates and products. Moreover, the

effect of changes in chemical structure of the precursor, or

termination of the ALD substrate, can be evaluated in

attempt to tailor the chemistry to improve the energetics

and specificity of the ALD process.

The most widely studied ALD process both experimental-

ly13) and computationally14,15) is the deposition of Al
2
O

3
 using

trimethylaluminum (TMA, Al(CH
3
)
3
) and H

2
O. TMA is the

preferred aluminum precursor for ALD of Al
2
O

3
 due to its

thermal stability, high vapor pressure (8.4 Torr) and highly

exothermic reaction with H
2
O. Growth of Al

2
O

3
 by ALD

using TMA and H
2
O is generally regarded as the model

ALD process; with nearly ideal ligand exchange and self-

limiting behavior. The TMA and H
2
O ALD growth half-reac-

tions (R1 and R2, respectively) can be denoted as:

R1    Al-OH* + Al(CH
3
)
3
 → Al-O-Al(CH

3
)
2
* + CH

4

R2    Al-O-Al(CH
3
)
2
* + 2H

2
O → Al-O-Al(OH)

2
* + 2CH

4
 

where asterisks denote surface species. Subsequent alter-

nating exposures of the hydroxylated alumina surface to

TMA and H
2
O, leads to formation of Al-O linkages with loss

of CH
4
, giving growth of Al

2
O

3
. In ALD, there are at least

two different deposition stages: growth (homodeposition) as

described above in R1/R2 for Al
2
O

3
 ALD, and nucleation

(heterodeposition) involving the formation of the interface
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layer on a chemically distinct surface substrate. The optimi-

zation of an ALD process requires careful consideration of

the efficiency and kinetics of both deposition stages. 

Due to the need for atomically abrupt oxide interfaces, min-

imizing formation of a deleterious SiO
2
 interface layer,

there is interest in developing ALD processes on hydrogen-

terminated silicon (H/Si). Precursors that perform excellent

for ALD growth, can have dramatically lower reactivity in

the nucleation stage of deposition. Additionally, effective

ALD nucleation depends on the order of precursor exposure.

In the case of Al
2
O

3
 deposition on H/Si, Frank, Chabal and

Wilk carried out a critical spectroscopic study characteriz-

ing the process and products of interface formation using

TMA and H
2
O.16) In that work they report that, “Contrary to

common belief, we find that the metal precursor, not the oxi-

dizing agent, is the key factor to control Al
2
O

3
 nucleation on

hydrogen-terminated silicon”. Under the conditions of the

ALD experiment, TMA was shown to react with H/Si prefer-

entially over H
2
O at 300˚C. Here to illustrate the predictive

capability of DFT applied to ALD processes and precursor

chemistry, calculations are presented extending and con-

firming previous work17,18) analyzing the chemical pathways

and controlling energetics for TMA and H
2
O interacting

with H/Si.

In this work, a discrete cluster model is used to represent

the ALD reaction site on the silicon surface. The surface

reaction site model corresponds to a hydrogen-terminated Si

cluster with stoichiometry Si
10

H
16

, representing roughly one

unit cell of the H/Si(111) surface. Minimum energy struc-

tures, vibrational frequencies and free energies were calcu-

lated for the reactants, transition structures and product

species for the dominant reactions of TMA and H
2
O with the

H/Si(111) model using the M06-L/6-31G** level of theory.

The TMA and H
2
O ALD nucleation reactions investigated

here (R3 and R4, respectively) can be denoted as:

R3   Si-H* + Al(CH
3
)
3
 → Si-Al(CH

3
)
2
* + CH

4

R4   Si-H* + H
2
O → Si-OH* + H

2
 

where asterisks denote surface species. The initial reaction

of the hydrogen-terminated Si surface with TMA or H
2
O,

can lead to formation of Si-Al or Si-O linkages, with release

of CH
4
 or H

2
 respectively. The reaction free energy profiles

at 300 K (1 atm) for the surface TMA and H
2
O reactions are

shown in Fig. 1 (I, II, III critical points correspond to gas-

phase precursor, surface transition state and product; with

H
2
O energies and TMA energies colored red and purple,

respectively). As presented there, the two precursor nucle-

ation reactions differ in terms of relative kinetic and ther-

modynamic favorability. The H
2
O + H/Si reaction is

calculated to be more thermodynamically favored with a

∆G
R
 of -32.1 kcal/mol, whereas the TMA + H/Si product is

less exergonic with a ∆G
r
 of −0.5 kcal/mol. The transition

structures for the reactions are shown in Fig. 2; with the

transitional bond lengths reported. The transition state rel-

ative free energies controls the kinetics of reaction, with the

rate being an exponential function of the free energy bar-

rier, ∆G‡. Shown in Fig. 1, the relative energies for the tran-

sition structures clearly resolve the two reactions with the

∆G‡ for the TMA reaction being lower than the H
2
O reaction

by 7.7 kcal/mol (40.2 compared to 47.9 kcal/mol). Using the

computed activation energies and thermodynamic functions

for the TMA or H
2
O + H/Si reactions, the nucleation reac-

tion selectivity can be estimated for different reaction condi-

tions. The kinetic barrier difference (∆∆G‡) at 200, 300 and

400 K is 3.5, 7.7 and 11.0 kcal/mol, which gives reaction

ratios of 370:1, 400,000:1 and 450,000,000:1 in favor of

TMA, respectively. Fig. 3 shows the H/Si Al
2
O

3
 nucleation

reaction TMA:H
2
O selectivity as a function of temperature

with varying pressure (1, 0.1, 0.01 and 0.001 atm). The

Fig. 1. Reaction free energy profiles (∆G‡, 298.15 K, 1 atm)
for the initial surface reaction pathways between
TMA (Al(CH

3
)
3
, purple line) and H

2
O (red line) with

the H/Si(111) surface calculated using the Si
10

H
16

reaction site model at the M06-L/6-31G** level of
theory. 

Fig. 2. M06-L/6-31G** optimized transition structures for
(R3) the TMA nucleation reaction (right) and (R4)
the H

2
O nucleation reaction (left) with the H/Si(111)

surface. Capping hydrogens on the Si
10

 cluster are
removed for clarity. Transitional bond lengths are
indicated in Å.
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results presented in Fig. 3, show that TMA is more reactive

than H
2
O with H/Si at conditions with pressure > 0.001 atm

and temperature > 80 K. The computational analysis

clearly predicts that for nucleation of Al
2
O

3
 ALD on H/Si

requires reaction with TMA, not H
2
O, in excellent agree-

ment with experimental observations.

As shown for Al
2
O

3
 ALD nucleation using TMA and H

2
O,

DFT is an invaluable tool for predicting the energetics con-

trolling ALD reactivity and selectivity; having the potential

to provide a priori guidance for precursor selection, and pro-

cess optimization.

4. Simulated Spectroscopy for ALD

In situ vibrational spectroscopy has been shown to be a

powerful tool for ALD structure characterization and pro-

cess monitoring.19-22) Infrared (IR) absorption spectroscopy

allows the determination of the local chemical structure of

the active ALD surface allowing elucidation and confirma-

tion of chemical mechanism and reaction products; provided

a reliable correlation can be made between experimentally

observed bands and the constituent chemical motifs. Inter-

pretation of IR for ALD structures is challenging because of

loss of symmetry upon precursor adsorption, bonds broken/

formed through reaction, and limitations in measurement

at low concentration (monolayer coverage) and strong polar-

ization effects. DFT can help provide conclusive IR band

assignments, allowing reliable interpretation of experimen-

tal spectra for ALD. Prediction of harmonic frequencies,

spectral intensities, and normal modes allows construction

of a simulated IR spectrum for comparison with experimen-

tal data to aid assignment. To illustrate the predictive capabil-

ity of DFT for IR spectra related to ALD, Fig. 4 shows the

experimentally measured in situ IR spectrum for the titanium

precursor, tetrakis(dimethylamino)titanium (TDMAT),23) along

with the hybrid DFT computed IR spectra for comparison.

To correct for the neglect of anharmonicity, a homogeneous

scaling factor of 0.9725 is applied.24) This leads to better cor-

relation between computed and measures frequencies, how-

ever individual vibrational modes may be slightly over-

estimated or underestimated depending on the details of the

particular mode. As shown in Fig. 4, the agreement between

the calculated and measured IR bands is excellent, both

qualitatively and quantitatively. For TDMAT, the Ti-N

stretch and N-C stretch are observed at 592 and 949 cm−1,

and are calculated at 582 and 964 cm-1. Similar agreement

can be expected for surface structures in the ALD process.

DFT simulated spectra for intact precursors, surface com-

plex and ALD reaction products can provide conclusive

experimental band assignments, which gives direct confir-

mation of the structures and reaction details for nucleation

and growth processes in ALD.

5. Automated DFT Simulation 
for ALD Precursor Discovery

Interactive DFT simulation can be used to analyze struc-

tures, properties, reaction mechanisms as well as con-

trolling energetics for known ALD precursors; rationalizing

observed property and performance trends. More compel-

Fig. 3. TMA:H
2
O nucleation reaction selectivity (−∆∆G‡) on

H/Si(111) calculated at the M06-L/6-31G** level of
theory as a function of temperature at varying pres-
sure.

Fig. 4. Minimum energy molecular structure of the Ti-precursor TDMAT (tetrakis-(dimethylamino)titanium) (left), and in situ
measured gas-phase IR spectrum for TDMAT (right, top), along with hybrid-DFT calculated IR spectrum (right, bottom)
for comparison, showing good agreement.
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ling is using the predictive capability for in silico precursor

optimization and design. DFT can be used to explore the

effect of changing precursor and/or surface chemical struc-

ture and composition and assessing novel molecular archi-

tectures to help prioritize precursor candidates that have

the highest probability for delivering the desired thermal

stability, ALD reactivity and selectivity.

The virtual screening paradigm in materials science is a

recent possibility due to advances in computational power

and the efficiency and stability of quantum mechanics simu-

lation packages. Electronic structure codes are extremely

robust for standard types of analyses, usually requiring no

user intervention once the physical system and parameters

have been set and the calculation initiated. This makes it

possible for individual DFT calculation steps to be executed

in sequence comprising an automated simulation workflow,

in which candidate precursors of varying structure and com-

position are analyzed in an automated fashion with the

results collected in a growing data record. This record can

then be sorted and mined to identify lead ALD precursors

candidates and establish critical structure-property limits

within a given chemical design space. This automated DFT

simulation approach is illustrated to explore the chemical

design space of Al precursors, assessed by the enthalpy of

reaction for the nucleation reaction H/Si(111) computed

using B3LYP/6-31G**.

The Al-precursor chemical design space screened in this

work is defined as R
1
R

2
Al-X, where X is the leaving group,

either –CH
3
 or –OCH

3
, and R

1
, R

2
 are independently

selected from the nine electron withdrawing groups (EWG)

and electron donating group (EDG) substituents shown in

Fig. 5 (lower). This chemistry produces 81 precursor candi-

dates per leaving group. The reaction of interest is the anal-

ogous reaction to R4, with the substituted Al-precursor

reacting with the H/Si surface forming a Al-Si bond, with

loss of HX (CH
3
 or HOCH

3
). The reaction site is modeled by

a Si
10

H
16

 cluster, as in Section 3. 

The overall internal enthalpy for R
1
R

2
Al-X reacting with

H/Si is calculated using an automated DFT reaction energy

module at the B3LYP/6-31G** level of theory (from reaction

complex to product complex) for the –CH
3
 and –OCH

3
 pre-

cursor libraries. Fig. 5, left and right, summarizes the calcu-

lated H/Si nucleation reaction enthalpies (0 K) for the Al-

CH
3
, and Al-OCH

3
 precursor libraries, respectively. Com-

parison of the reaction energetics clearly shows the differ-

ence in leaving group, with the all –CH
3
 precursor H/Si

reactions being exothermic, whereas the –OCH
3
 reactions

are endothermic. Looking at the range of enthalpies gives

indication of how much the thermodynamic favorability for

the –CH
3
 and –OCH

3
 leaving group reactions can be tuned

by EDG or EWG substitution. For the methane formation

library screen, the range of reaction enthalpies is ca. 8.5

kcal/mol (−14.4 to -5.91 kcal/mol), and the methanol forma-

tion library enthalpies span from nearly thermoneutral at

0.33 kcal/mol to being endothermic by 11.9 kcal/mol. Inter-

estingly substitution of the EDG or EWG has the inverse

effect on R
1
R

2
Al-CH

3
 and R

1
R

2
Al-OCH

3
 enthalpies; EDG or

EWG substitution increasing or reducing the thermody-

namic favorability for Al-Si and CH
4
 formation, respec-

tively, with the opposite trend predicted for Al-Si and

HOCH
3
 formation. 

Next, another simple example illustrating the use of auto-

mated simulation to explore ALD precursor design space is

discussed for Si-containing precursors selected for ALD of

silicon nitride. Low temperature Si
3
N

4
 is a challenging ther-

mal ALD process. Si
3
N

4
 ALD using dichlorosilane,25,26) sili-

con tetrachloride,27,28) and silicon hexachloride29,30) as Si

precursors along with NH
3
 have been experimentally

reported. In this work, automated DFT calculations are

used to assess the reaction enthalpy and kinetic barriers for

a variety of Si containing precursors through a gas-phase

reaction representative of the surface ALD half-reaction.

The scope of the analysis include examination of several

well-known precursor compounds: chlorosilane, tetrachlo-

rosilane and dichlorosilane, as well as a number of commer-

cially available precursors with methyl groups such as

Fig. 5. Ordered scatter plots of the B3LYP/6-31G** calculated H/Si reaction enthalpies for the R
1
R

2
Al-CH

3
 and R

1
R

2
Al-OCH

3

ALD precursor libraries (left and right, respectively). Electron donating and electron withdrawing substituents used to
enumerate (R

1
, R

2
) the heteroleptic Al-precursor libraries are shown below.
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SiCl
2
(CH

3
)
2
 (by Gelest) and Cl

3
SiCH

3
 (by Sigma Aldrich). 

In total, 19 silicon precursors were analyzed defined by

the following substitution schemes: SiClR
3
 with R= H, Cl, or

CH
3
, and Si

2
ClR

5
 with R= H or Cl. The Si precursor growth

half-reactions that were considered can be denoted as:

R5   N-H* + SiClHR
2
 → N-SiHR

2
* + HCl

R6   N-H* + SiClHR
2
 → N-SiClR

2
* + H

2
 

where asterisks denote surface species. For the automated

DFT screening of the candidate Si precursors, the simplest

model was used representing the NH-terminated Si
3
N

4
 sur-

face by NH
3
. This simple model should be useful to assess

electronic effects across the library, though steric interac-

tions may not be adequately represented. However, calibra-

tion of the predicted energetics for the simple NH
3
 reactions

against results obtained with a larger Si
3
N

4
 cluster model

showed that the NH
3
 reaction calculations reproduce the

kinetics barriers within 3 kcal/mol.

An optimal precursor for an ALD process must simultane-

ously satisfy a number of target objectives related to ALD

process performance; such as stability, kinetics, thermody-

namics, and selectivity. Multi-objective solutions represent

a trade-off between objectives, with one class being Pareto-

optimal solutions. Pareto-optimal solutions are defined as a

set of solutions which are non-dominated, such that it is not

possible to improve one property without making any other

property worse.31) The Si precursor library was Pareto rank

ordered based on the computed reaction enthalpies and

kinetic barriers, looking to minimize the kinetic barrier and

maximize the thermodynamic favorability. A scatter plot of

ranking for Si precursor enthalpy and barrier is shown in

Fig. 6 (left); with the candidate structure data points colored

by their Pareto ranking. Optimal structures correspond to

those colored dark red, plotted in the lower left quadrant.

Among the highest ranked precursors were Si(CH
3
)Cl

3
 and

Si
2
HCl

5
. Fig. 6 (right) shows an ordered plot of the B3LYP/6-

31G** calculated barriers for the model Si
3
N

4
 ALD reaction.

Consideration of the barriers across the library shows that

the reactions resolve themselves into two groups depending

on where the reaction formed H
2
 or HCl. The results indi-

cate the removal of precursor reaction with loss of H is more

kinetically hindered than the loss of Cl. This analysis

reveals that the known precursors for Si
3
N

4
 deposition, such

as chlorinated silanes do show low energy barrier with rela-

tively favorable thermodynamics. In addition, several new

candidates were identified that have not been previously

studied. These molecules have favorable reaction energetics

and show good potential as low-T Si
3
N

4
 ALD precursors.

In this work, illustrative examples of interactive and auto-

mated quantum mechanical simulation approaches for ALD

precursor reactivity and discovery were presented. Beyond

the conventional use of DFT analysis to investigate and

understand the structure, controlling energetics and reac-

tivity of existing ALD precursors, greater impact is expected

for in silico evaluation of new classes of potentially disrup-

tive reactive precursors with enhanced and differentiated

reactivity. Currently, in close collaboration with experimen-

tal efforts, simulation assisted discovery is being applied to

accelerate discovery and development of new ALD molecule

to material processes to meet the requirements for next gen-

eration microelectronic devices.  

6. Outlook and Conclusions

Quantum mechanical simulation is an extremely powerful

tool applied to ALD precursor reactivity and performance;

providing reliable details about structure and reaction

mechanisms, and the controlling energetics determining the

thermodynamic and kinetic favorability of ALD nucleation

and growth pathways. The predictive capability was illus-

trated for the case of Al
2
O

3
 ALD nucleation on hydrogen-ter-

minated silicon (H/Si). The use of automated DFT

simulations to estimate structure-reactivity ranges and

Fig. 6. (Left) Scatter plot of the Si-precursor library ranking for kinetic barrier and reaction enthalpy for reaction with NH
3

based on energetics at the B3LYP/6-31G** level of theory. Entries are colored by their Pareto ranking, reducing kinetic
barrier and increasing exothermicity. Optimal structures correspond to those in the lower left quadrant. (Right) Ordered
scatter plot of the B3LYP/6-31G** calculated kinetic barrier for reaction of Si-precursor library with NH

3
.
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identify lead candidates within a given chemical design was

demonstrated for two simple cases, thermodynamics of Al-

precursor nucleation for Al
2
O

3
 ALD on H/Si, and thermody-

namic and kinetic screening of Si-precursors for Si
3
N

4
 ALD.

The predictive capability of DFT coupled with robust auto-

mation extends the role that atomic-scale simulation can

play from one of explanation and elucidation after experi-

mental realization, to one of optimization and discovery of

new metal-ligand architectures and functional co-reactants

with enhanced reactivity and selectivity, informing syn-

thetic ALD precursor development and driving innovation

in the development of next-generation ALD precursors and

processes.

Acknowledgments

The authors gratefully acknowledge insightful discussions

with Professor Charles H. Winter, Wayne State University,

and Professor Yves J. Chabal, University of Texas at Dallas.

We also thank Drs. Brent A. Sperling, William A. Kimes,

and James E. Maslar, Material Measurement Laboratory,

NIST for providing in situ IR data for TDMAT.

REFERENCES

1. S. M. George, “Atomic Layer Deposition: An Overview,”
Chem. Rev., 110 [1] 111-31 (2010).

2. P. H.-Y. Cheong, C. Y. Legault, J. M. Um, N. Çelebi-Ölçüm,
and K. N. Houk, “Quantum Mechanical Investigations of
Organocatalysis: Mechanisms, Reactivities, and Selectivi-
ties,” Chem. Rev., 111 [8] 5042-137 (2011).

3. K. P. Jang, G. E. Hutson, R. C. Johnston, E. O. McCusker,
P. H.-Y. Cheong, and K. A. Scheidt, “Asymmetric Homoeno-
late Additions to Acyl Phosphonates through Rational
Design of a Tailored N-Heterocyclic Carbene Catalyst,” J.

Am. Chem. Soc., 136 [1] 76-9 (2014).
4. B. J. Rooks, M. R. Haas, D. Sepúlveda, T. Lu, and S. E.

Wheeler, “Prospects for the Computational Design of
Bipyridine N,N′-Dioxide Catalysts for Asymmetric Propar-
gylation Reactions,” ACS Catal., 5 [1] 272-80 (2015).

5. S. D. Elliott, “Atomic-Scale Simulation of ALD Chemistry,”
Semicond. Sci. Technol., 27 [7] 074008 (2012).

6. Materials Science Suite Version 2.1, Schrodinger, LLC,
New York, NY, 2016.

7. Jaguar, Version 9.1, Schrödinger, LLC, New York, NY,
2016.

8. A. D. Bochevarov, E. Harder, T. F. Hughes, J. R. Green-
wood, D. Braden, D. M. Philipp, D. Rinaldo, M. D. Halls, J.
Zhang, and R. A. Friesner, “Jaguar: A High-Performance
Quantum Chemistry Software Program with Strengths in
Life and Materials Sciences,” Int. J. Quantum Chem., 113

[18] 2110-42 (2013).
9. Y. Zhao and D. G. Truhlar, “A New Local Density Func-

tional for Main-Group Thermochemistry, Transition Metal
Bonding, Thermochemical Kinetics, and Noncovalent Interac-
tions,” J. Chem. Phys., 125 [19] 194101 (2006).

10. A. D. Becke, “Density-Functional Thermochemistry. III.
The Role of Exact Exchange,” J. Chem. Phys., 98 [7] 5648-

52 (1993).
11. C. Lee, C. W. Yang, and R. G. Parr, “Development of the

Colle-Salvetti Correlation-energy Formula into a Func-
tional of the Electron Density,” Phys. Rev. B, 37 [2] 785
(1988).

12. R. Ditchfield, W. J. Hehre, and J. A. Pople, “Self-Consistent
Molecular-Orbital Methods. IX. An Extended Gaussian-
Type Basis for Molecular-Orbital Studies of Organic Mole-
cules," J. Chem. Phys., 54 [2] 724-28 (1971).

13. R. L. Puurunen, “Surface Chemistry of Atomic Layer Depo-
sition: A Case Study for the Trimethylaluminum/Water
Process,” J. App. Phys., 97 [12] 121301 (2005).

14. Y. Widjaja and C. B. Musgrave, “Quantum Chemical Study of
the Mechanism of Aluminum Oxide Atomic Layer Deposi-
tion,” Appl. Phys. Lett., 80 [18] 3304-6 (2002).

15. S. D. Elliott, “Atomic-Scale Simulation of ALD Chemistry,”
Semicond. Sci. Technol., 27 [7] 074008 (2012).

16. M. M. Frank, Y. J. Chabal, and G. D. Wilk, “Nucleation and
Interface Formation Mechanisms in Atomic Layer Deposi-
tion of Gate Oxides,” Appl. Phys. Lett., 82 [26] 4758-60
(2003).

17. M. D. Halls and K. Raghavachari, “Atomic Layer Deposi-
tion of Al

2
O

3
 on H-Passivated Si. I. Initial Surface Reaction

Pathways with H/Si(100)-2x1,” J. Chem. Phys., 118 [22]
10221-26 (2003).

18. K. Raghavachari and M. D. Halls, “Quantum Chemical
Studies of Semiconductor Surface Chemistry Using Cluster
Models,”, Mol. Phys., 102 [4] 381-93 (2004).

19. M. M. Frank, Y. J. Chabal, and G. D. Wilk, “In Situ Spec-
troscopic Approach to Atomic Layer Deposition,” pp.
N2.4.1-N2.4.6 in MRS Proceedings, Volume 745,  Cam-
bridge University Press, Cambridge, UK, 2002.

20. J. Kwon, M. Dai, M. D. Halls, and Y. J. Chabal, “Detection
of a Formate Surface Intermediate in the Atomic Layer
Deposition of High-K Dielectrics Using Ozone,” Chem.

Mater., 20 [10] 3248-50 (2008).
21. M. Dai, J. Kwon, M. D. Halls, R. G. Gordon, and Y. J. Cha-

bal, “Surface and Interface Processes during Atomic Layer
Deposition of Copper on Silicon Oxide,” Langmuir, 26 [6]
3911-17 (2010).

22. J. Kwon, M. Dai, M. D. Halls, E. Langereis, Y. J. Chabal,
and R. G. Gordon, “In Situ Infrared Characterization
during Atomic Layer Deposition of Lanthanum Oxide,” J.

Phys. Chem. C, 113 [2] 654-60 (2009).
23. B. A. Sperling, W. A. Kimes, and J .E. Maslar, “Quantita-

tive Infrared Spectroscopy of Tetrakis-(dimethylamido)
Titanium for Process Measurements,” ECS J. Sol. State

Sci. and Tech., 3 [3] P26-31 (2014).
24. M. D. Halls, J. Velkovski, and H. B. Schlegel, “Harmonic

Frequency Scaling Factors for Hartree-Fock, S-VWN, B-
LYP, B3-LYP, B3-PW91 and MP2 with the Sadlej pVTZ
Electric Property Basis Set,” Theor. Chem. Acc., 105 [6]
413-21 (2001).

25. W.-J. Lee, J.-H. Lee, C. O. Park, Y.-S. Lee, S.-J. Shin, and
S.-K. Rha, “A Comparative Study on the Si Precursors for
the Atomic Layer Deposition of Silicon Nitride Thin Films,”
J. Kor. Phys. Soc., 45 1352 (2004).

26. W.-J. Lee, U.-J. Kim, C.-H. Han, M.-H. Chun, S.-K. Rha
and Y.-S. Lee, “Characteristics of Silicon Nitride Thin



324 Journal of the Korean Ceramic Society - Thomas Jeffrey Lomax Mustard et al. Vol. 53, No. 3

Films Prepared by Using Alternating Exposures of SiH
2
Cl

2

and NH
3
”, J. Kor. Phys. Soc., 47 S598 (2005).

27. S. Yokoyama, N. Ikeda, K. Kajikawa, and Y. Nakashima,
“Atomic-layer Selective Deposition of Silicon Nitride on
Hydrogen-Terminated Si Surfaces,” Appl. Surf. Sci., 130-

132 352 (1998).
28. J. W. Klaus, A. W. Ott, A. C. Dillon, and S. M. George,

“Atomic Layer Controlled Growth of Si
3
N

4
 Films Using

Sequential Surface Reactions,” Surf. Sci., 418 [1] L14-9
(1998).

29. S. Morishita, S. Sugahara, and M. Matsumura, “Atomic-

Layer Chemical-Vapor-Deposition of Silicon-Nitride, Appl.

Surf. Sci., 112 198-204 (1997).
30. K. Park, W.-D. Yun, B.-J. Choi, H.-D. Kim, W.-J. Lee, S.-K.

Rha, and C.O. Park, “Growth Studies and Characterization
of Silicon Nitride Thin Films Deposited by Alternating
Exposures to Si

2
Cl

6
 And NH

3
,” Thin Solid Films, 517 [14]

3975-78 (2009).
31. K. Lejaeghere, S. Cottenier, and V. Van Speybroeck,

“Ranking the Stars: A Refined Pareto Approach to Compu-
tational Materials Design,” Phys. Rev. Lett., 111 [7] 075501
(2013).


