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ABSTRACT

Area-selective atomic layer deposition (ALD) is of interest for applications in self-aligned processing of nanoelectronics. Selective deposition
is generally enabled by functionalization of the area where no growth is desired with inhibitor molecules. The packing of these inhibitor
molecules, in terms of molecule arrangement and surface density, plays a vital role in deactivating the surface by blocking the precursor
adsorption. In this work, we performed random sequential adsorption (RSA) simulations to investigate the packing of small molecule
inhibitors (SMIs) on a surface in order to predict how effective the SMI blocks precursor adsorption. These simulations provide insight into
how the packing of inhibitor molecules depends on the molecule size, molecule shape, and their ability to diffuse over the surface. Based on
the RSA simulations, a statistical method was developed for analyzing the sizes of the gaps in between the adsorbed inhibitor molecules,
serving as a quantitative parameter on the effectiveness of precursor blocking. This method was validated by experimental studies using
several alcohol molecules as SMIs in an area-selective deposition process for SiO2. It is demonstrated that RSA simulations provide an
insightful and straightforward method for screening SMIs in terms of their potential for area-selective ALD.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002096

I. INTRODUCTION

The fabrication of devices with smaller feature sizes has been
a main research topic in the semiconductor industry for the past
few decades.1,2 Devices based on 3D structures [e.g., FinFET,
GAAFET (Gate-All-Around Field Effect Transistor)] have been and
will be adopted to allow for further scaling.3,4 Currently, semiconduc-
tor fabrication is based on top-down processing involving many
sequential deposition, lithography, and etching steps.5,6 The continued
downscaling and the emerging of 3D device structures has put great
demands on nanofabrication techniques.7,8 It is becoming extremely
challenging to meet the alignment criteria of features in multilayered
structures, i.e., to sufficiently limit edge placement errors.9–11

Since the introduction of high-k dielectric materials in transis-
tors,12 atomic layer deposition (ALD) has emerged as an important
technique for semiconductor manufacturing.13,14 During an ALD
process, precursor and co-reactant gases are alternately dosed on a
substrate and participate in self-limiting surface reactions. ALD

offers the possibility to deposit thin films with excellent conformal-
ity over 3D nanostructures and accurate thickness control at the
sub-nanometer level.15,16 Since ALD is strongly dependent on the
surface chemistry, the growth of a thin film can be controlled by
modifying the chemical reactivity of the surface.17,18 Area-selective
deposition (ASD) involves the deposition of materials only on areas
where it is desired and can thereby allow for self-aligned fabrica-
tion.19,20 The starting point of ASD is a patterned substrate with
surfaces where deposition is desired (i.e., the growth area), while
deposition should be blocked on the other parts of the substrate
(i.e., the non-growth area).

Area-selective ALD can be achieved by selectively modifying the
surface to deactivate the surface for film growth.21–26 Deactivation of
the non-growth area has been demonstrated by surface functionaliza-
tion using inhibitor molecules.27 Much of the research in this field
has been focused on using self-assembled monolayers (SAMs) to
functionalize the surface before deposition.28–32 SAMs are typically
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formed in solution, whereas some recent studies also employed SAMs
prepared via vapor-phase dosing.33,34 However, as dimensions con-
tinue to shrink, even the use of SAMs could be limited for surface
deactivation.35 As an alternative, recent work explores the use of
small molecule inhibitors (SMIs) to selectively functionalize the
surface.36–38 SMIs are small and volatile inhibitor molecules that can
be dosed in the vapor phase during the ALD process, for example, in
three-step (ABC-type) ALD cycles.38 The use of SMIs is inspired on
previous work by Yanguas-Gil et al. showing that alkyl alcohols,
ketones, carboxylic acids, and β-diketones can be used to partially
block the adsorption of precursor molecules, in order to reduce the
growth rate of an ALD process.39 In order to obtain ASD, in step A
of an ABC-type cycle, the inhibitor molecules are supplied via vapor-
phase dosing, and selectively adsorb on the non-growth area.
Subsequently, in step B, the precursor molecules are dosed and are
intended to be blocked on the non-growth area by the adsorbed
inhibitor molecules, leading to selective precursor adsorption on the
growth area. Finally, in step C, the coreactant is dosed to remove
both the ligands of the precursor and the inhibitor molecules from
the surface, which completes one ABC-type ALD cycle. The key
merit of using SMIs lies in the vapor-phase dosing, making it com-
patible with industrial processing flows. In addition, by reapplying the
inhibitor molecules every cycle, highly reactive coreactants such as
ozone and plasma can be employed.40,41 In our previous studies, ace-
tylacetone (Hacac) was used as an inhibitor molecule for area-
selective ALD of SiO2 and WS2, which blocked the deposition on, for
example, Al2O3 as the non-growth area.37,38,42,43 Furthermore, aniline
was used to inhibit TiN ALD on Co and Ru, enabling area-selective
TiN ALD on SiO2 and Al2O3.

44 Kim et al. used ethanethiol molecules
for the deactivation of Co and Cu substrates to facilitate the area-
selective deposition of Al2O3 on SiO2 substrates.45 Khan et al. fol-
lowed a different approach and used short-chain aminosilane inhibi-
tors on SiO2, which have also been used as an Si precursor for SiO2

ALD.46 Furthermore, Soethoudt et al. used an aminosilane inhibitor
and showed that dimethylamino-trimethylsilane (DMA-TMS) can
passivate SiO2 surfaces, while keeping TiO2, TiN, and Ru surfaces
available for precursor adsorption.47

The blocking of precursors adsorption by inhibitor molecules
can be based on two mechanisms: (1) the inhibitor molecules can
physically cover the surface and thereby prevent the adsorption of
precursor molecules due to steric shielding; (2) the inhibitor mole-
cules can react with the surface sites (e.g., hydroxyl groups for oxide
surfaces) where the precursor would normally adsorb and thereby
chemically passivate the surface.48 It is expected that both mecha-
nisms contribute to the precursor blocking. Considering the first
mechanism, a basic requirement is that the inhibitor molecule
should cover the non-growth area as much as possible, i.e., adsorb
with a high surface density. At first sight, it might be assumed that
all the surface sites are occupied when saturation of the inhibitor
adsorption is reached, but that is generally not the case. Previous
surface functionalization studies show that in general, small mole-
cules do not achieve a full monolayer coverage at saturation
conditions;49–52 which is due to a number of factors, including steric
hindrance, and the mechanism of SMI adsorption during vapor-
phase dosing. As a consequence of vapor-phase dosing, inhibitor
molecules arrive one-by-one on random surface sites, limiting the
surface density of inhibitor molecules.48 Having unoccupied surface

sites on the non-growth area could potentially lead to precursor
adsorption, which leads to loss of selectivity. In order to achieve a
high selectivity, it is, therefore, essential to obtain high surface
packing of inhibitor molecules on the non-growth area.

The packing of molecules on a surface refers to the arrange-
ment of those molecules, in terms of surface density and covered
area. To describe the packing of molecules, random sequential
adsorption (RSA) simulations can be applied in which objects are
placed on a surface or in a volume in a sequential order.53–55 RSA
simulations have been performed for a wide range of phenomena
in different fields from physical chemistry and biology to the car-
parking problem.56 In a RSA model, a d-dimensional space (e.g., a
substrate) is filled by randomly placing objects (e.g., molecules)
one-by-one. In this procedure, objects remain frozen on the sub-
strate after they are placed. For each placed object, the model
checks for steric overlap with the previously placed objects, and in
the case of overlap, the new object is removed.57,58 Above a limiting
coverage, no more objects can be added without having overlap
with other objects. This state is called as the “jamming limit,” or
the “saturation limit” of the object on the substrate.59 This jammed
state can only contain gaps in between the objects that are too small
to fit a new object. For the hard spheres added sequentially to a d-
dimensional volume, the coverage, θ(τ), approaches to its jamming
limit, θ(∞), as θ(∞)− θ(τ)∼ τ−1/d with τ being the time.60

Consequently, for a two-dimensional RSA model of placing disks on a
continuum substrate, θ(τ) asymptotically approaches saturation [i.e., θ
(∞)] according to θ(∞)− θ(τ)∼ τ−1/2. The jamming limit θ(∞) cor-
responding to the saturation coverage for disks on a substrate is
reported to be 0.55.55 A subcategory of RSA models, referred to as
lattice RSA, considers the placing of objects on a regular pattern of
positions.58,61 The functionalization of a surface with inhibitor mole-
cules can be represented by the two-dimensional lattice RSA model of
a structured pattern of surface sites (i.e., crystalline surface). Instead of
the aforementioned expression, in lattice RSA, the coverage exponen-
tially approaches the jamming limit as θ(1)� θ(τ) � Ae�τ/σ , where
A and σ are parameters that depend on the shape and the orienta-
tional freedom of the objects, respectively.61,62

RSA simulations can provide valuable insights into the
packing and surface density of molecules adsorbed on a surface,
and can help in the design of novel area-selective ALD processes.
RSA simulations can be considered as a fast method to obtain
insights about ASD by considering the steric hindrance during the
adsorption process. These simulations are based on the simplest
available physical data, i.e., the physical dimensions and shape of
the adsorbed inhibitor (or precursor) molecules, and the type and
dimensions of the surface lattice. Hence, they do not require high
computing power. Since RSA does not consider thermodynamic or
kinetic data as previously presented kinetic Monte Carlo
methods,63,64 this method also does not require complex theoretical
or experimental preparation. Therefore, RSA simulations allow for
fast screening of inhibitor molecules during the design of ASD pro-
cesses. The use of RSA simulations for area-selective ALD is
inspired on previous studies by Khan et al., where the stochastic
packing of the bis(N,N-dimethylamino)dimethylsilane (DMADMS)
inhibitor on a SiO2 surface was investigated.46 RSA simulations
were also used in our earlier work to obtain understanding of how
steric hindrance effects limit the coverage of SMIs on a surface.37
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In this work, we explore the use of RSA simulations to obtain
an understanding of the packing of SMIs on a surface and its influ-
ence on precursor blocking. We first establish the method of per-
forming RSA simulations by investigating the packing of virtual
inhibitor molecules, i.e., molecules with a specific size and shape,
not necessarily representing actual molecules. Furthermore, analysis
methods were developed for obtaining quantitative information on
the precursor blocking from RSA simulations. Combined with
density functional theory (DFT) simulations, the developed RSA
simulations and statistical analysis were applied to interpret the dif-
ferences in precursor blocking of ethanol as compared to Hacac.
Based on this methodology, the paper is organized as follows: The
methods for the experimental studies and DFT simulations are
described in Sec. II, whereas the development and optimization of
the RSA simulations are discussed in Sec. III. RSA simulations of
virtual inhibitor molecules are discussed in Sec. IV. In Sec. V, the
RSA simulations are validated by comparing to experimental
results using alcohol inhibitor molecules during area-selective ALD.
Finally, the work is summarized in Sec. VI.

II. METHODS

A. ALD processes and in situ spectroscopic
ellipsometry (SE)

The ALD processes were performed in an Oxford Instruments
FlexAL reactor. A detailed description of the reactor can be found in
Ref. 65. In brief, it consists of a vacuum chamber, a pumping system,
a remote inductively coupled plasma (ICP) source, a 200mm sub-
strate table, and a loadlock. The process for deposition of SiO2 by
plasma-assisted ALD is based on the recipe developed by Dingemans
et al. with bis(diethylamino)silane (BDEAS) and O2 plasma pulses.66

During every ABC-type ALD cycle, an inhibitor dosing step was per-
formed as step A with a typical dosing time of 10 s. Acetylacetone
(Hacac) (Wacker Chemie AG,≥ 99.5%, CAS: 123-54-6), methanol
(Merck KGaA,≥ 99.9%, CAS: 67-56-1), ethanol (Merck
KGaA,≥ 99.9%, CAS: 64-17-5), isopropanol (VWR International
S.A.S.,≥ 98%, CAS: 67-63-0), 1-propanol (ThermoFisher GmbH,
99.9% anhydrous, CAS: 71-23-8), and 1-butanol (Honeywell, 99.9%,
CAS: 71-36-3) were used as inhibitors. All inhibitors were used as
received. The inhibitors were kept in stainless steel containers at room
temperature and were supplied into the chamber via vapor-drawn
dosing. Before the start of the deposition process, the substrates were
heated on the substrate table to a temperature of 150 °C for 10min,
while a mixture of Ar and O2 gas flowed through the chamber at a
chamber pressure of 250mTorr. Subsequently, the substrate was
cleaned by a 5min O2 plasma treatment. In situ spectroscopic ellips-
ometry (SE) measurements were performed to characterize the film
thickness during the deposition using a J.A. Woollam M2000D ellips-
ometer with a photon energy range of 1.3–5.0 eV at an incidence
angle of 70°. The film thickness of SiO2 was fitted by modeling the
acquired data with a Cauchy parameterization.38

B. DFT calculations

The electronic energies were calculated using the Vienna
Ab initio simulation package (VASP),67–70 as implemented in
MedeA-VASP software package.71 The adsorption configurations of

the alcohol molecules were determined using the generalized gradi-
ent approximation (GGA) functional by Perdew, Burke, and
Ernzerhof (PBE),72 the dispersion correction D3 and the Becke
−Johnson (BJ) damping function,73,74 and the projected augmented
wave formalism (PAW) with a plane wave cutoff of 400 eV.75 The
self-consistent field cycle was converged with an accuracy of
10−5 eV and the geometry was optimized until the forces were less
than 10−2 eV Å−1. The Brillouin zone was sampled by a gamma-
centered 2 × 2 × 1 Monkhorst–Pack76 grid and a Gaussian smearing
of 0.1 eV was used. The Al2O3 surface was modeled following the
same procedure as our previous work.37,48 A 4-layer 3 × 3 supercell
of α-Al2O3(0001) with a vacuum of 17 Å to accommodate the inhib-
itor molecules, as used in previous studies. The resultant supercell
has the a, b, c lattice dimensions of 14.3, 14.3, and 27 Å, respectively,
with θ = 120°. The Al2O3 surface is partially hydroxylated by locating
hydroxyl groups on all nine top layer Al atoms resulting in a 1Ml–
OH coverage (corresponding to 5.1—OH/nm2). Nine out of the 18
exposed oxygen atoms below the top layer Al atoms are hydroge-
nated. The bottom three layers of atoms were kept fixed and the
remaining atoms of the slab and the atoms of the adsorbed species
were relaxed. The adsorption energies for the alcohol molecules were
calculated following Eq. (1), while the adsorption energies for Hacac
were determined in a previous study,37,38

Eads ¼ E(alcohol/α-Al2O3)–[E(alcohol) þ E(α-Al2O3)], (1)

where E(alcohol/α-Al2O3) is the energy of the alcohol molecule adsorbed
on the α-Al2O3 surface; E(alcohol) is the energy of an alcohol molecule
in the gas phase (modeled using a 30 Å cell size and a 1 × 1 × 1
KPOINT mesh); and E(α-Al2O3) is the energy of the (0001) surface of
α-Al2O3 without adsorbates.

III. SETTING UP OF THE RANDOM SEQUENTIAL
ADSORPTION SIMULATIONS

For the definition of the RSA simulation, the main assump-
tions are (1) there are no intermolecular interactions between the
adsorbed inhibitors except for 2D steric hindrance; (2) the inhibitor
molecules do not desorb from the surface. Regarding the first
assumption, it should be noted that steric hindrance between the
inhibitor molecules constitutes the main factor determining the
packing of molecules on the surface. In contrast to cases when
using long-chain molecules to form a SAM, it is assumed that
attractive interactions due to, for example, van der Waals forces
between the SMIs are too small to play a significant role in the
packing.77 In other words, if we approximate the intermolecular
interactions as a simple Lennard–Jones potential,78 we consider the
repulsive term describing Pauli repulsion to account for the steric
interactions, but not the attractive long-range term. The second
assumption regarding a lack of desorption can be made considering
that in practice only molecules that strongly bond to the non-growth
area are selected as candidate inhibitor molecules. The validity of these
two assumptions is assessed for specific examples in Sec. V.

The RSA simulations were developed based on previous works
on lattice RSA simulations.37,61,79 The RSA simulation procedure is
described in Fig. 1. A simplified model of the inhibitor molecule
was generated by considering its “footprint,” i.e., the projection of
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the 3D shape of the molecule onto the 2D surface. A random site is
chosen and the simulated molecule is temporarily placed on this
position. If no overlap is detected between this molecule and any
other molecule on the surface, it is permanently placed on that posi-
tion. Otherwise, the molecule starts to rotate with a specific rotation
step size until no overlap is detected. If the molecule does not fit
after a full rotation of 2π rad, the molecule is removed from that
position, and the procedure starts again at another random site. This

procedure is repeated until all the surface sites are checked and the
saturated coverage is reached, i.e., no more molecules can adsorb on
the surface. Following this procedure, three different cases were
studied in the following sections of this work. In Sec. IV, the packing
of the “virtual” inhibitor molecules with a circular shape and various
sizes has been investigated. Section V considers two inhibitors (i.e.,
ethanol and Hacac) that were also studied experimentally. Before
starting those simulations, optimal settings to have accurate

FIG. 1. Random sequential adsorption (RSA) simulation procedure for studying inhibitor adsorption. (a) Simulation flow scheme for the simulations performed in this work.
The last two steps related to surface diffusion (depicted in gray) are only considered for the simulations presented in Secs. III C and V C. (b)–(e) Illustrations of the surface
during different stages of the RSA simulation from low coverage (b) to saturation (e). (b) For each iteration, a random surface site is selected onto which an inhibitor
molecule is placed in a random orientation. In case there is no steric overlap with previously placed inhibitors, the molecule is permanently adsorbed on the surface at that
location. (c) If there is overlap, different orientations are tried. (d) In case none of the orientations fit, the molecule is removed from the simulation and the surface site is
marked as unsuited for inhibitor adsorption. (e) The simulation continues until all sites have been tried resulting in a saturated surface.
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simulation results [such as boundary conditions, simulation cell size
(Sec. III A), and rotational degree of freedom of the molecules on
the model surface (Sec. III B)] were studied.

A. Influence of system size and boundary conditions
on the accuracy of RSA simulations

For all simulations presented in this work, a hexagonal lattice
with a lattice constant of 0.48 nm is created to represent the (0001)
surface of α-Al2O3, which is the most stable phase of Al2O3.

80,81

Here, Al2O3 is chosen as the non-growth area, while the surface can
be changed to understand the functionalization of other materials.
By using the 2D footprint of the Hacac molecule as shown in Fig. 2,
surface densities of Hacac molecules at saturation coverage were cal-
culated on a substrate with a hard boundary, without a boundary,
and with periodic boundary conditions as shown in Fig. 3. These
calculations were repeated for substrates with different surface areas
and the corresponding surface Hacac densities are reported in
Fig. 3(d). These results show that no-boundary conditions always
results in the highest Hacac surface density, whereas the substrate with
hard boundary conditions has the lowest surface density due to the
difference in utilization of the edge adsorption sites. In an infinitely
large simulation cell, all boundary conditions converge to the same
value. Although the periodic boundary conditions, in principle, give
the most accurate results, in this study, the target substrate was
modeled using no-boundary conditions. However, a substrate with a
relatively large surface area of 2680 nm2 is used for the simulations
reported in Secs. III and IV, for which the Hacac saturation lies within
±2% of the saturation results from periodic boundary conditions.

B. Influence of rotational freedom on packing

Based on DFT results of the adsorption of the alcohol mol-
ecules on the Al2O3 (0001) surface (as reported in Sec. V),
ethanol molecules are modeled as disks to be adsorbed on the

bridge sites of the hexagonal lattice, whereas Hacac molecules
(DFT modeled in a previous study),38 are modeled as discorec-
tangles (also known as a stadium or obround shape) whose
center is positioned on the Al top site. These two models are
shown in Fig. 2. Due to their circular symmetry, the rotational
freedom of ethanol molecules does not need to be taken into
account. For Hacac however, the rotational state of the molecule
is important due to the discorectangular footprint area of the
molecule, see the inset of Fig. 4. The DFT calculations in
Ref. 37 report the most stable DFT-optimized Hacac geometry.
In the chelate configuration (see Fig. 2), the oxygen atoms of
the Hacac molecule interact with the sublayer vicinal OH groups
through hydrogen bonds. When considering this configuration
for the RSA simulations, only one rotational state (or two states
in twofold symmetry, see the inset of Fig. 4), is possible on the
surface. If there are more H atoms bonded to the neighboring O
sites, then the Hacac molecule has six relevant rotational states
(60° rotational step size). However, in experimental conditions,
Hacac likely does not only adsorb in the most favorable adsorp-
tion geometry, which may result in many different rotational
configurations. Therefore, in order to determine a reasonable
rotation step for the simulations (which is also used as the coef-
ficient of the starting placement angle), different rotation step
sizes were tested as shown in Fig. 4. According to obtained data,
when the rotation of Hacac molecules is constrained to the
DFT-calculated positions as explained above (i.e., 60° and 360°),
surface inhibitor densities of 1.1 and 1.2 molecules/nm2 were
achieved. On the other hand, when the rotation of the Hacac
molecules was probed with rotation steps of 1°, a much higher
surface density of 1.5 molecules/nm2 was calculated. For the
range of the rotation steps between 1° and 9°, the results in
Fig. 4 were found to be similar within a 1% margin. Therefore,
a rotational increment of 9° was chosen for the rest of the RSA
simulations to describe unconstrained rotation.

FIG. 2. (a) Side and (b) top views of
DFT optimized Hacac and ethanol mol-
ecules adsorbed on an Al2O3 (0001)
surface and (c) details of the footprints
used in the RSA simulations. The
circles on the bottom row images rep-
resent the surface adsorption sites,
whereas the blue footprints show the
DFT-calculated position of the inhibitors
on the non-growth area.
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C. Influence of inhibitor diffusion on packing

When adsorbed on the surface, molecules can potentially
diffuse driven by the thermal energy. Diffusion of the inhibitor
molecules can influence their packing on the surface (e.g., by cre-
ating new available sites for adsorption) and may eventually lead
to an improved precursor blocking. To allow for more accurate
simulations, the RSA simulation procedure was extended, by
including the steps depicted in gray in Fig. 1, in order to under-
stand the impact of surface diffusion on the arrangement of
inhibitor molecules.82 This extended procedure is as follows: (1)
the packing of the inhibitor molecules is first simulated without
considering surface diffusion; (2) all the inhibitor molecules
adsorbed on the surface are allowed to diffuse with a certain
probability, which is related to the diffusion energy barrier; (3) all
the surface sites are checked again to determine if more inhibitor
molecules can be added on the surface. These last two steps are
referred to as one simulation iteration, and these iterations were
repeated to determine the final packing of the inhibitor
molecules.

It is crucial to know the diffusion energy barrier to investigate
the surface diffusion of inhibitor molecules. The probability for
surface diffusion (P) is determined by Eq. (2),

P ¼ ν0exp � Ediff
kBT

� �
τ, (2)

where ν0 (in s−1) is the attempt frequency of the surface diffusion
corresponding to the lattice vibration, kB is the Boltzmann constant
(in eV/K), Ediff is the diffusion barrier (in eV), T is the substrate
temperature (in K), and τ is the time period for one simulation iter-
ation (in s).83 The value of ν0 is estimated to be 1010 s−1 for
organic molecules based on experimental studies,84 and the tem-
perature during ALD is typically in the range of 100–300 °C. For
the case that no chemical bond is formed between the surface and
the adsorbed molecule, the diffusion energy barrier Ediff can be esti-
mated from the desorption energy Ed via the formula Ediff = αEd,
where α is the corrugation ratio.82,83,85,86 The value of α may range
from 0.1 to 0.8 depending on the molecule and surface and on

FIG. 3. Application of different boundary conditions during RSA simulations. (a) When using hard boundary conditions, molecules are not allowed to exceed system boundaries
(red rectangle). (b) For no-boundary conditions, part of the molecules can exceed system boundaries allowing them to adsorb on surface sites on the edge. (c) Periodic boundary
conditions work similar to no boundary settings, but parts of the molecules leaving system boundary enters the system from the other side (gray drawing on the figure). A substrate
with 38.9 nm−2 surface area is used for the demonstration above. (d) Surface Hacac density (nm−2) for different simulation surface sizes and boundary conditions.
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whether a crystalline or amorphous surface is considered,82,83,85,86

which translates into a fairly broad range for the diffusion energy
barrier. To examine the potential influence of inhibitor diffusion
on the packing, the extended RSA simulations were performed con-
sidering a low (0.1 eV), medium (0.5 eV), and high energy barrier
(1.3 eV) as shown in Fig. 5. The simulations reveal that surface dif-
fusion can lead to an increase of the surface coverage of about 30%
for low and medium diffusion barriers. The saturation of the
covered surface area is illustrated in the inset of Fig. 5, showing the
data for the low diffusion barrier on a linear time scale. The expo-
nential approach to the jamming limit, as discussed in the intro-
duction, is clearly visible in this inset image. It should be noted
that inhibitors with a low diffusion barrier reach the saturated
surface density much faster. The data for a high energy barrier
show a constant surface density, implying that no effective diffusion
takes place within the 10 s time period of calculation (i.e., typical
inhibitor dosing time) t. Taken together, these simulation results
indicate that surface diffusion can help to achieve an increased
surface area coverage, which may contribute to an improved pre-
cursor blocking.

D. Limitations of RSA

Being a very fast and informative approach, RSA simulations
rely only on the physical inputs defined during the setup of the
simulation. Therefore, chemical properties such as attractive/repul-
sive interactions between adsorbed molecules or enhancement/
depletion of the surface activity as a function of coverage are not
considered during the simulations. RSA simulations also do not
directly capture the effects of experimental conditions such as tem-
perature and pressure. In addition, the three-dimensional shape of

the molecules and substrate are not considered for the model
explained here. When needed, the accuracy of the RSA simulations
may be improved by more detailed inputs based on prior experi-
ments or DFT calculations, such as sticking probability as a func-
tion of coverage, the contribution of reactive adsorption, more
specific packing constraints, or an amorphous surface grid.
However, this does not fit the simple and fast nature of the method
since experiments and DFT require considerably higher computing
power.

IV. RSA SIMULATIONS OF THE PACKING OF VIRTUAL
INHIBITOR MOLECULES

In this part, the method of using RSA simulations to investi-
gate the packing of inhibitor molecules is employed, considering
“virtual” inhibitor molecules with a circular shape and various
sizes. Section IV A discusses the general results for circular inhibi-
tor molecules as an example. Subsequently, statistical methods for
quantifying the effectiveness of precursor blocking by the inhibitor
molecules are introduced in Sec. IV B.

A. Simulation definition and general results

First, we will consider the general case of using circular-
shaped virtual inhibitor molecules. These molecules were placed on
the Al–OH top sites on the Al2O3 surface in a random sequence
until no more inhibitors can adsorb based on the defined con-
straints from our model. The surface density of the inhibitor mole-
cules (N/A, with N being the number of inhibitor molecules and A
the area of the surface) and the fraction of the surface area covered
by inhibitor molecules (πR2⋅N/A) are shown in Fig. 6(a) as a

FIG. 4. Change of Hacac density with respect to rotation step size. Due to size
and the geometry of Hacac molecules, the rotation step size influences the
packing of the molecules on a hexagonal Al2O3 lattice. 180° and 360° cases
mean no effective rotation during the simulation.

FIG. 5. Calculated surface area covered by inhibitor molecules on an Al2O3

surface considering low (0.1 eV), medium (0.5 eV), and high (1.3 eV) diffusion
energy barriers. The time periods per simulation iteration τ are assigned to give
probabilities for diffusion of 1, 1, and 1 × 10−5, respectively [see Eq. (2)]. The
starting covered surface area of 0.45 is not shown due to the logarithmic scale on
the x axis. The inset depicts the data for the diffusion barrier of 0.1 eV on a linear
scale, which clearly shows that the surface coverage is saturated after 0.5 μs.
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function of the radius of the molecule R. The surface density ini-
tially shows a plateau corresponding to the density of the surface
sites (i.e., 5.2 nm−2), but then decreases with the radius of the mol-
ecule. The trend of the surface area covered shows that, for circular
inhibitors, the maximum covered area is reached when R equals
half of the lattice constant a, corresponding to the largest inhibitor
molecule that can adsorb on all the surface sites without overlap. In
our example, the lattice constant for the (0001) surface of α-Al2O3

is 0.48 nm, giving a radius for the maximum surface coverage
of 0.24 nm. Fig. 6(a) also shows that when R equals

ffiffiffi
3

p
/2, 1, 3

ffiffiffi
3

p� �
/4, 3/2,

ffiffiffi
3

p
, and 2 times of the lattice constant a, a

local maximum of the surface coverage is reached. These local max-
imums are lower than the global maximum because steric hin-
drance makes some surface sites unavailable for adsorption of more
inhibitor molecules. The analysis illustrated in Fig. 6 indicates that
the optimum size of the inhibitor molecule for reaching the
maximum surface coverage can be identified based on the results of
the RSA simulations.

B. Quantitative analysis of precursor blocking

To quantify how the packing of inhibitor molecules translates
into the blocking of precursor molecules, two different methods
were developed based on the RSA simulations. Following the RSA
literature, we refer to the positions where no inhibitor molecules
are located as “gaps.” Instead of just measuring the gap size, it has
to be taken into account that the precursor molecules can only
adsorb at specific sites. Note that the inhibitor and precursor mole-
cules might adsorb at different sites within a unit cell (e.g., at the
top or bridge site). The capability of gaps to adsorb precursor mol-
ecules is analyzed by calculating the smallest distance (Ls) from an
unoccupied surface site to neighboring inhibitor molecules. The
general procedure for calculating this distance is illustrated in
Fig. 7(a). Although some surface sites are not occupied after the
saturated adsorption of the inhibitors, not all of these unoccupied
surface sites are available for the adsorption of precursor molecules
due to the steric hindrance between the inhibitor and the precursor.
In other words, if a surface site is too close to a neighboring inhibi-
tor molecule, or when a relatively large precursor molecule is
employed, there is not enough space for the precursor molecule to
adsorb on a specific site. The smallest distance value can be inter-
preted as the maximum size a (circular-shaped) molecule can have
to adsorb in the gap without experiencing steric hindrance caused
by the neighboring molecules. We will refer to this value as the
“effective gap size.” In analogy to the “radial distribution function”
in the continuum RSA literature, statistical analysis of the effective
gap size can be performed, which in this case gives insight into the
precursor blocking.

Again, we will illustrate this analysis method by considering
circular-shaped inhibitors. For all the surface sites that are not
covered by an inhibitor molecule, the distances from that surface
site to the neighboring inhibitors were calculated [see Fig. 7(a)].
The smallest value of all the calculated distances gives the effective
gap size and is included in a histogram as shown in Fig. 7(b). In
this case, it is found that there are three distinct types of unoccu-
pied surface sites, marked with numbers in the inset of Fig. 7(b).
The histogram thereby illustrates that the statistical analysis of the
effective gap size can also help to identify different types of unoccu-
pied surface sites. Figure 7(b) shows that there are fewer large gaps,
which suggests that large precursor molecules are easier to block.
More importantly, the statistical analysis provides a quantitative
method to describe the precursor blocking by a specific inhibitor
molecule. For example, if a precursor molecule has a van der Waals
radius of 0.3 nm (i.e., roughly the van der Waals radius of adsorbed
BDEAS precursor with both amino ligands eliminated, –SiH2) as
indicated by the dashed line in Fig. 7(b), all the surface sites on the
left of the dashed line do not provide enough space for the

FIG. 6. (a) The fraction of surface area covered and the surface density vary as
a function of the radius of the inhibitor molecules. (b)–(e) RSA simulation results
illustrating the packing of circular-shaped virtual inhibitor molecules with small
radii (R) as compared to lattice constant (a).
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precursor molecule to adsorb. This means that only the sites
marked with number 3 are available for precursor adsorption. The
sum of the number densities at the right of the dashed line gives a
measure for the number of precursor molecules that can potentially
adsorb on the surface; in this case, giving a low surface density of
0.03 nm−2.

The method described above gives the number of gaps avail-
able for the adsorption of precursor molecules with a certain size,
but it does not directly provide information on the packing and
distribution of the precursor molecules on the surface. Therefore, a
second analysis method was developed to calculate the adsorption
of precursor molecules on a surface functionalized with inhibitor
molecules. In the simulation corresponding to Fig. 8(a), circular-
shaped precursor molecules were adsorbed on the unoccupied

surface sites of a surface functionalized with inhibitor molecules.
The surface densities for precursor molecules with different radii
are plotted in Fig. 8(b), showing that the surface density of
adsorbed precursor molecules decreases as the size of the precursor
increases. In agreement with the results shown in Fig. 6(a), the
graph shows a constant surface density for radii between 0.06 and
0.24 nm due to the occupancy of all type 2 and 3 surface sites. The
surface density drops to zero at a radius of 0.40 nm, which illus-
trates that precursor molecules with a radius above 0.40 nm should
be blocked effectively with this virtual inhibitor molecule. Although
the current analysis is performed by assuming inhibitor and pre-
cursor molecules with circular footprints, the size and the shape of
the inhibitor and precursor molecules can be adjusted to predict
the behavior of other systems.

FIG. 7. (a) Schematic illustration of the procedure of determining the effective size of the gap in between inhibitor molecules after saturated adsorption, taking the site
where the precursor adsorbs into account. (b) Histogram showing the statistical analysis of the effective gap size for this example. The surface density of gaps depends
strongly on their sizes. The dashed line at 0.3 nm marks the size of a BDEAS precursor.

FIG. 8. (a) RSA simulation result on the adsorption of precursor molecules (red circles) with a relatively small size (0.17 nm) as compared to the inhibitor molecules (blue
circles, 0.35 nm) on an Al2O3 surface. (b) The surface density of the precursor molecules varies significantly as the radius of the precursor molecule changes.
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V. RESULTS FOR ALCOHOL INHIBITOR MOLECULES

A. Nucleation for ABC-type ALD cycles

In this section, we present an experimental study on area-
selective ALD of SiO2 using various alcohol molecules as inhibitors.
In situ spectroscopic ellipsometry was performed to measure nucle-
ation curves during ALD of SiO2 on an Al2O3 non-growth area. As
shown in Fig. 9, SiO2 grows on Al2O3 without a nucleation delay
when no inhibitor dose was included in the ALD cycle, and the
growth per cycle (GPC) is determined to be 0.09 nm/cycle.
Nucleation delays were observed for all ABC-type ALD cycles using
alcohol inhibitors, indicating that these inhibitors can adsorb on
the Al2O3 surface and block the adsorption of the BDEAS precur-
sor. Eventually, all the nucleation curves evolve toward linear
growth with a GPC of 0.09 nm/cycle, suggesting that the alcohols
do not adsorb on SiO2 itself. As a reference, results for area-
selective deposition of SiO2 using acetylacetone (Hacac) are also
included in the graph.17 It can be observed that none of the alcohol
molecules are as effective as Hacac in the blocking of BDEAS
adsorption. The nucleation delay varies significantly depending on
which inhibitor is employed, revealing differences in precursor
blocking by the alcohol molecules. Theoretical analyses presented
in the following sections focus on a comparison between ethanol
and Hacac since these inhibitor molecules exhibit the best precur-
sor blocking performance among the inhibitors screened in this
work.

B. DFT simulations

In this section, DFT calculations using a partially hydroxylated
α-Al2O3 (0001) surface are presented to give insight into the
adsorption configuration and bonding of alcohol molecules, which

are used as an input for the RSA simulations described in
Sec. IV C. This surface model was chosen for consistency with pre-
vious studies on the Hacac inhibitor37,38 and is used to compare
the effectiveness of alcohol inhibitors. For all alcohol molecules
investigated, molecular adsorption in between OH surface groups
(see Fig. 10) was found to be the most favorable due to the
increased hydrogen bond interactions, leading to additional stabili-
zations of the adsorbate. We ruled out the contribution of coopera-
tive effects on the molecular adsorption of alcohols, see results in
Fig. S1 in the supplementary material.93 In addition, the dissocia-
tive chemisorption pathways involving the dissociation of the
C–OH bond of the alcohol molecule and the O–H bond of a
surface hydroxyl group to form H2O(g) as a by-product were also
investigated in Table S1 in the supplementary material.93 As seen
in Table S1 in the supplementary material,93 the adsorption energy
becomes less favorable from molecular to dissociative chemisorp-
tion, thus, it is not expected for the alcohol molecules to adsorb
through dissociative chemisorption. Therefore, only the adsorption
of alcohols through molecular adsorption is considered in the RSA
simulations presented in the next section. The adsorption energies
of the studied alcohol molecules are also supplied in Fig. 10.

C. Analysis of precursor blocking based on RSA
simulations

Experimental data presented in Sec. IV A reveals that Hacac is
able to block BDEAS adsorption more effectively as compared to
ethanol. In this section, the packing of Hacac and ethanol and their
precursor blocking performance are analyzed with RSA simulations
using the results of the DFT simulations as input. Our reference
case, the Hacac molecule, is discussed first. Previous DFT calcula-
tions indicated that Hacac molecules adsorbed in the chelate config-
uration (i.e., with both of its oxygen atoms bonded to the same Al3+

surface site) are able to effectively block BDEAS precursor adsorp-
tion, while Hacac adsorbed in the monodentate configuration can be
displaced by the BDEAS precursor.37 Therefore, the packing of
Hacac molecules on an Al2O3 surface was simulated by considering
the chelate configuration, for which the results are shown in Fig. 11
(a). Based on the size and shape of the Hacac molecule, a discorec-
tangle is used to represent the footprint of the adsorbed Hacac mole-
cule on an Al2O3 surface. According to our analysis, adsorbed Hacac
molecules cover 51% of the surface area used in the model corre-
sponding to a surface inhibitor density of 1.46 Hacac molecules/nm2.
Surface diffusion and inhibitor displacement do not play a role for
Hacac in the chelate configuration due to the strong chemisorption
with a binding energy of −1.24 eV on the surface.37

An additional consideration to take into account for the analy-
sis of area-selective ALD of SiO2 is that the BDEAS precursor can
adsorb on the surface through two different reaction pathways, that
is, via elimination of either one or two precursor ligands,87–89

leading to the adsorption in the form of O–SiH2(NEt) or O2–SiH2

species, respectively. Correspondingly, two different sites can be
identified where a BDEAS precursor molecule can adsorb: the
black points (i.e., top sites) in Fig. 11(a) represent the adsorption
positions of O–SiH2(NEt) species and the orange points (i.e.,
bridge sites) represent the adsorption positions of O2–SiH2 species.
It should be noted that BDEAS precursors prefer to adsorb by

FIG. 9. Nucleation curves for ABC-type SiO2 ALD on Al2O3 non-growth area
using various alcohol molecules as an inhibitor. The data of Hacac are pre-
sented as Ref. 38.
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elimination of only one ligand in the form of O–SiH2(NEt) as
revealed by both theoretical and experimental studies.90,91 In prin-
ciple, the blocking should depend on the size of the incoming gas-
phase precursor molecule (i.e., including all the ligands), as well as

on the orientation of the precursor molecule relative to the surface,
but for simplicity, we only consider the size of the precursor after
the (dissociative) adsorption.45 With the method described in Sec.
IV C, the effective gap sizes relative to the O–SiH2(NEt) adsorption

FIG. 11. (a) RSA simulation results for the adsorption of Hacac molecules (discorectangles) on an Al2O3 surface. The black points represent the surface sites where a
BDEAS precursor molecule can potentially adsorb after the elimination of one amino ligand, resulting in O–SiH2(NEt). The orange (gray online) points represent bridge
sites where the BDEAS precursor sits when it bonds to two neighboring hydroxyl sites via the elimination of two amino ligands, resulting in O2-SiH2. (b) and (c)
Histograms showing the statistics of the effective gap sizes relative to the (b) O–SiH2(NEt) and (c) O2–SiH2 adsorption positions. The sizes of O-SiH2(NEt) and O2–SiH2
species are indicated by the dashed lines, respectively.

FIG. 10. DFT results for the most favorable molecular adsorption configuration of (a) methanol, (b) ethanol, (c) 1-propanol, (d) isopropanol, and (e) butanol on an Al2O3 surface.
The hydrogen bonds formed between the Al2O3 surface hydroxyl groups and the alcohol molecules are indicated by the dashed lines. [Al: yellow (light gray online), O: red (gray
online), C: black, H: white.]
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positions were determined and presented in Fig. 11(b). The black
line at 0.38 nm indicates the van der Waals radius of O–SiH2(NEt)
species. It can be observed that all the gaps are on the left of the
black line, suggesting that no precursor molecules can adsorb in
these gaps. Furthermore, the effective gap sizes relative to the O2–
SiH2 species were also calculated and are shown in Fig. 11(c). In
this case, the orange line at 0.27 nm indicates the van der Waals
radius of O2–SiH2 species. Similarly, most of the gaps are not avail-
able for adsorption of BDEAS as O2–SiH2 species. Together, these
results provide evidence for the blocking performance by Hacac.

According to the nucleation curves shown in Fig. 9, ethanol is
less effective in precursor blocking as compared to Hacac. Based on
the DFT results presented in the previous section, the footprint of
the ethanol molecule on an Al2O3 surface is represented by a circle
with a radius of 0.34 nm centered at the bridge sites of the surface
lattice. In this case, two additional factors need to be considered: (1)
surface diffusion, which is mainly determined by the diffusion
energy barrier; (2) the displacement of ethanol molecules during the
dosing of BDEAS precursor, which was quantified by FTIR measure-
ments. Here, we consider these two factors sequentially, i.e., the cal-
culation results with surface diffusion were used as an input to
calculate the influence of displacement on the packing of ethanol.
Our DFT calculations show that desorption energy for molecularly
adsorbed ethanol on the (0001) surface of Al2O3 is about −0.8 eV
considering a nonactivated pathway. Assuming a corrugation ratio of
0.4, a diffusion energy barrier of 0.3 eV and a time period τ 0.7 μs
[see Eq. (2)] were used in the simulation. The displacement ratio of
ethanol during the dosing of BDEAS is determined to be 17% by
FTIR measurements (see Fig. S2 in the supplementary material).93

The packing of ethanol molecules on an Al2O3 surface is pre-
sented in Fig. 12(a). Based on RSA simulations, ethanol density on
the model Al2O3 surface is determined as 1.29 ethanol molecules/
nm2. The adsorbed ethanol molecules cover 61% of the simulated
surface area. Similar to the case of Hacac molecule, the distribution
of the effective gap sizes was determined and shown in Figs. 12(b)
and 12(c). The surface density of the available adsorption sites for
O–SiH2(NEt) and O2–SiH2 is 0.14 and 0.56/nm2, respectively,
which is more than the values of 0 and 0.26/nm2 with Hacac as the

inhibitor. More surface sites are available when using ethanol as the
inhibitor, which is in agreement with shorter nucleation delay
observed in the experiments (Fig. 9).

VI. CONCLUSIONS

In this work, we have developed an analysis method based on
RSA simulations to understand the packing of SMIs on a surface in
the context of area-selective ALD. A high surface density of inhibi-
tor molecules is the prerequisite for successful blocking precursor
adsorption in order to realize area-selective ALD. It was observed
that some surface sites are not occupied after saturated adsorption
of inhibitor molecules, due to the adsorption at random locations,
combined with steric hindrance. At those sites, precursor molecules
can potentially adsorb, leading to a loss of selectivity. Based on the
results of DFT and RSA simulations, the precursor blocking by
Hacac and ethanol inhibitor molecules were analyzed, providing an
explanation for the longer nucleation delay that was observed for
Hacac. The blocking of precursor adsorption by inhibitor molecules
was quantified by performing a statistical analysis of the effective
gap sizes in between the adsorbed inhibitor molecules.

The analysis presented in this work provides several new
insights into the packing of inhibitors molecules and how the
packing corresponds to effective precursor blocking, which can ulti-
mately enable the development of area-selective ALD processes
with high selectivity:

• The size and shape of the inhibitor molecule play a critical role
in its overall packing on the surface. The optimum size and
shape of the inhibitor to achieve a high packing is closely related
to the surface distribution of the reactive sites (i.e., lattice cons-
tant, symmetry).

• Diffusion of inhibitor molecules increases the surface density,
and can thereby improve the precursor blocking. A low diffusion
barrier would allow the inhibitors to freely diffuse and form a
densely packed layer. It should however be noted that a low dif-
fusion barrier is typically correlated to weak interactions with the
surface, potentially also resulting in desorption of the inhibitor.

FIG. 12. (a) RSA simulation results for the adsorption of ethanol molecules (circles) on Al2O3 surface considering a diffusion energy barrier of 0.4 eV and displacement
ratio of 17%. The black and orange (gray online) points represent the adsorption positions of O–SiH2(NEt) and O2–SiH2 species, respectively. (b,c) Histograms showing
the statistics of the effective gap sizes relative to the (b) O–SiH2(NEt) and (c) O2–SiH2 adsorption positions The sizes of O–SiH2(NEt) and O2–SiH2 species are indicated
by the dashed lines, respectively.
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Consequently, there should be a compromise between surface
diffusion and the stability of the inhibitor.

• Some ALD precursor molecules adsorb on the surface through dif-
ferent reaction pathways [e.g., resulting in O–SiH2(NEt) and O2–
SiH2 species in the case of BDEAS], which increases the require-
ments for the selection of inhibitor molecules. An inhibitor which
can block one reaction pathway may not work as well for other
reaction pathway(s), for example, because the pathways may involve
different adsorption sites. If several ALD precursor molecules exist
for deposition of a certain material, a precursor that reacts through
only a single reaction pathway should be preferred, such that the
inhibitor can target the blocking of this specific reaction pathway.

• In case it is difficult to achieve a high inhibitor surface density for
a given surface, it could also be considered as an alternative strat-
egy to dose two inhibitor molecules with different sizes sequen-
tially. For example, relatively small SMIs can potentially fill the
gaps between the main inhibitor molecules to form a densely
packed layer of inhibitor molecules on the surface. In the contin-
uum RSA literature, it has been shown that the total surface cov-
erage of binary mixtures of circular disks is higher than the
saturated coverage of 0.55 for systems with only one disk.92

The presented analysis predominantly focuses on optimizing
the inhibitor packing as an essential requirement for effectively
blocking ALD precursor adsorption. However, it should be noted
that there are several additional requirements for the inhibitor and
precursor molecules that need to be considered. For example,
depending on the bonding configuration of the inhibitor and the
reactivity of the precursor, a fraction of the inhibitor molecules can
be displaced from the surface when the precursor is dosed which
may contribute to the loss of selectivity.37,48

The extensive literature on RSA simulations provides inspira-
tion for studying other effects relevant for area-selective ALD or
ALD in general. For example, the mathematical problem of packing
circles into a square, also studied using RSA simulations, is of rele-
vance for area-selective ALD using inhibitors on square or line pat-
terns, and can be used to describe the line edge roughness (LER) of
structures. Similarly, RSA simulations using a three-dimensional
model may be employed to study corner effects for performing
area-selective ALD in trenches or on fin structures.
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