¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Understanding the role of carboxylic acid
surfactants in the growth inhibition effect during
area-selective atomic layer deposition: the

case of ZnO growth on Cu and Cu,Of

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 24352

L. E. Lopez-Gonzalez, "2 * R. Ponce-Pérez, H. Tiznado* and

J. Guerrero-Sanchez (2 *

Herein, we report a detailed adsorption process of acetic acid (AA) as a model for the head group of
carboxylic acid self-assembled monolayers on Cu and Cu,O (111) surfaces and the effect of diethyl zinc
(DEZ) on its adsorption geometry on Cu,O (111) using quantum chemical calculations. The most stable
adsorption configurations were obtained considering electrostatic potential compatibility from the
molecule and surface. Overall, the adsorption behavior revealed bidentate binding as the most stable
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configuration. Weak van der Waals interactions are key in AA adsorption on Cu (111), while in Cu,O (111),
coordination and hydrogen bonds dominated the interaction. AA adsorption geometry on Cu,O
revealed that DEZ has no significative impact on the carbonyl-chemisorbed AA and bidentate adsorption
modes. These results highlight the significance of the different adsorption modes for achieving area-
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1. Introduction

A recently explored fabrication approach is area selective
deposition (ASD), whose main advantage is that it allows
growth only at specific regions in a self-aligned manner." The
main process consists of depositing the material of interest on
the surface where growth is desired (growth surface), avoiding
deposition in the neighboring areas where growth is not
required (non-growth surface).” The main considerations for
achieving area-selective deposition are related to differences in
the physical or chemical properties, such as surface termina-
tions and the composition of the material of interest.> Typi-
cally, the control of surface functional groups is the approach
employed to modify the deposition chemistry,? either employ-
ing a substrate that inherently inhibits growth® or changing
surface terminations® by anchoring small molecule inhibitors
(SMIs)® or using self-assembled monolayers (SAMs).”

The atomic layer deposition (ALD) technique consists of
cyclic and alternating exposures of the substrate to a precursor
and a co-reactant that undergo self-limiting surface reactions.
It allows atomic-level thickness control, conformality, and
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selective deposition using atomic layer deposition and soft removal SAM molecules.

uniformity.® Modifying surface functional groups by the
approaches described above before or during the ALD process
gives rise to area-selective atomic layer deposition (AS-ALD).’

SAMs are the most studied platform to passivate a surface
for achieving AS-ALD, which consists of organic molecules that
spontaneously and preferentially form a packed and ordered
layer on specific surfaces.’® The molecules used to form SAMs
have an amphiphilic character and consist of a head group that
binds to the surface of interest, an alkyl chain that favors order
and stability, and a tail group that defines wetting surface
properties.®™!

The choice of a non-growth surface depends on its chemical
compatibility with the inhibiting molecule.'* Cu, CuO, and
Cu,O surfaces are frequently employed in testing SAMs for
AS-ALD”"* because of their low surface acidity’* when acid
inhibitor molecules are intended to be employed. On the other
hand, copper is typically employed as an interconnect material
in Si-based electronic devices, and it is commonly used as a
non-growth surface in the companionship of native SiO, as a
growth surface. Additionally, ZnO is a semiconductor material
employed widely in electronic device fabrication, such as
transistors, diodes, and sensors, and diethyl zinc (DEZ) is one
of the most employed ZnO ALD precursors.

Even though AS-ALD has great potential, it faces challenges
that must be overcome, such as high defectivity and low
throughput.® In the specific case of SAMs, selectivity is gradu-
ally lost with increasing ALD cycles. Conditions that may lead to
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selectivity loss are the thermal degradation of SAMs during
ALD, the physisorption of ALD precursors onto the SAM, and
structural changes in the SAM due to the interactions between
highly reactive ALD precursor molecules and the SAMs during
the ALD process."°

Carboxylic acid SAMs and SMIs have been recently studied
as promising candidates for AS-ALD inhibitor molecules'""
since they can strongly attach to several metal oxide surfaces
but do not bind to native SiO,. For example, stearic acid (SA) can
inhibit ZnO ALD growth and is easily removable."" Despite these
benefits, its ZnO ALD blocking ability gradually decreases. Spec-
ulations on the causes of this loss have pointed out the possibility
of diffusion of the DEZ precursor through the SAM." However, it
is yet to be elucidated.

In this context, the study of the adsorption of carboxylic acid
surfactants on surfaces of interest such as Cu and Cu,O and the
effect that co-adsorbed DEZ molecules have on the surface-
carboxylic acid system is of profound interest to further under-
stand the factors impacting selectivity loss in SAM- and SMI-
mediated AS-ALD.

In this work, we present a detailed atomic scale analysis of
the adsorption of the stearic acid molecule modeled as acetic
acid (AA) as a model of the head group of the SA surfactant on
Cu and Cu,O (111) surfaces and the effect of the DEZ ALD
precursor molecule on the interactions of AA with the Cu,O
surface using density functional theory (DFT) calculations. The
results showed highly stable adsorption energy values when the
surfactant molecule was adsorbed in bidentate coordination on
Cu (111) and Cu,O (111). The non-covalent interaction (NCI)
index analysis revealed that coordination and hydrogen bonds
(HBs) were the most stabilizing interactions in chemisorbed
states on both surfaces. The DEZ co-adsorption study revealed
that when the AA was adsorbed in a carbonyl chemisorbed and
bidentate manner, the interaction with the diethylzinc mole-
cule was not strong enough to remove the inhibitor molecule
from the surface, providing valuable insight into the behavior
of carboxylic acid inhibitors in the presence of DEZ precursors
for area-selective atomic layer deposition approaches.

16,17

2. Methods

The calculations were made in the periodic density functional
theory framework employed in the PWsf code of the Quantum
ESPRESSO package.'® The General Gradient Approximation
(GGA) was used to model the exchange-correlation energies
with the Perdew, Burke, Ernzerhof (PBE) gradient corrected
functional.’® The dispersion-corrected van der Waals (vdW)
interactions have been considered using the Grimme DFT-D3
framework.>>" Electron-ion interactions were treated using
vanderbilt ultrasoft pseudopotentials.?> The choice of PBE
using the Grimme DFT-D3 framework was made under the
acknowledgment that it may overestimate the electronic prop-
erties in some metal oxides. However, we considered previously
reported fair lattice parameter errors®® and adsorption ener-
gies for molecules on metal oxide surfaces.*”*® The complete
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optimization of kinetic energy cutoff, charge density cutoff,
k-point mesh, and lattice parameters of bulk structures was
carried out for the Cu and Cu,O bulk structures using PBE
without dispersion corrections (DFT-D3) (Fig. S1 and S2, ESIt).
The electronic states are expanded in plane waves with an
optimized energy cutoff of 45 Ry and a charge density cutoff
of 360 Ry for Cu, and 35 Ry and 280 Ry for Cu,0. The gamma-
centered optimized k-point mesh is 9 x 9 x 9and 6 x 6 x 6 for
Cu and Cu,O, respectively. The optimized lattice parameter for
Cu and Cu,O is a = 3.62 A and a = 4.29 A, respectively; these
values are consistent with the ones reported experimentally for
Cu (3.61 A%®) and Cu,0 (4.26 A*”). In the geometry optimization,
all force components should be smaller than 0.026 eV A™*, and
total energy differences must be less than 0.0026 eV. Surface
models were constructed employing the supercell method and
considering the optimized lattice parameters. Each supercell
consists of a 4-atomic layer slab and a vacuum gap of 20 A to
avoid interactions between adjacent surfaces.”® The Brillouin
zone integration has been done using a Methfessel-Paxton
smearing of 0.02 Ry and a Monkhorst-Pack k-point grid®® of
3 x 3 x1and 2 x 2 x 1 for Cu and Cu,O, respectively.
Adsorption was treated considering a 3 x 3 supercell for
pristine copper and a 2 x 2 supercell for cuprous oxide
(Fig. 1(b) and (c)). The Cu of the Cu-Si-Cu system in the
experimental AS-ALD environment is polycrystalline, and the
surface, when exposed to air, is natively oxidized. The experi-
mental initial composition of Cu native oxide is Cu,0.%° On the
other hand, in some studies, the pristine Cu surface has been
employed for ASD approaches.*" Hence, we also considered the
pristine Cu surface for this study. The most observed surfaces
of Cu and Cu,O are (111), (110), and (001). The most stable and
most studied surface of both materials is (111).>*>** Therefore,
the Cu (111) and Cu,O (111) surfaces were used in this work.

The SA and DEZ molecules were optimized in a cube of 25 A
in length with a k-point at the gamma point. Considering the
analysis of the electrostatic potential isosurface, we determined
that the alkyl chain in the molecule will not contribute as
an active adsorption site; then, we used the AA molecule as a
model system, optimized similarly to SA and DEZ (Fig. 1(a)).

Vibrational frequencies for the AA and DEZ molecules in the
adsorption models were calculated using the Vienna Ab initio
Simulation Package (VASP).** Tables of the molecule’s
bonds and angles before and after adsorption and vibrational
frequencies are included in the ESIf in Tables S1 and S2,
respectively.

AA adsorption on Cu and Cu,O surfaces can be physisorption,
non-dissociative chemisorption, and dissociative chemisorption.
The formation of bidentate adsorption is a dissociative process
that requires a dehydrogenation reaction. The carboxyl hydrogen
atom is taken out of the acetic acid molecule, binding to the
surface during the adsorption process, as discussed by Nuzzo.*
Bidentate adsorption models were constructed by removing the
hydrogen atom from the AA molecule and placing it onto the
surface as the initial structures.

Based on the above description, molecule-surface adsorption
was analyzed using the following two equations:
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a) Stearic acid

Acetic acid

Fig. 1 The optimized structures treated in this work. (a) Stearic acid and acetic acid, bulk and surface (111) models of (b) Cu and (c) Cu,O.

For non-dissociative adsorption models (physisorption and
carbonyl chemisorbed AA):

Eads = EAA—slab - (Eslab + EAA);

where Exa, Egap, and Eaa gap are the total energies of the
isolated AA (CH3;COOH) molecule, slab, and AA/slab systems,
respectively.>®

For dissociative adsorption models (bidentate chemisorption):

Eads = Eacetate+H+slab - (Eslab + EAA)r

where Exa, Eglab, aNd Ejcetate+n+siab are the total energies of the
isolated AA (CH;COOH) molecule, slab, and dissociated hydro-
gen-acetate/slab systems, respectively.

In the case of chemisorption, a bond character was studied
using Bader charge analysis and charge density differences.?”
To understand the long-range interactions that emerge upon
the molecule-surface interaction, we have used the NCI index,
as implemented in the CRITIC2%® code (extending the NCI
method®® to periodic solid-state electron densities). Such ana-
lysis provides insight into hydrogen bonding, repulsion, and
weak vdW molecule-surface interactions.

In the NCI index analysis, two scalar fields are calculated to
map the local bonding properties: the electron density (p) and
the reduced density gradient (RDG), defined as.*®

1 Vp

RDG :WW

RDG is a dimensionless quantity that describes the devia-
tion from the homogeneous electron distribution.*® The RDG
vs. p multiplied by the sign of the second Hessian eigenvalue
(sign(4,)) plot evidences the non-covalent interactions present
in our systems in the region of low p and low RDG. These
regions correspond to the decaying density tails (far from the
nuclei). Covalent bonds can be visualized through electron
density properties (i.e., the bonds’ critical point) using the

24354 | Phys. Chem. Chem. Phys., 2024, 26, 24352-24363

atoms-in-molecules theory.>” These correspond to saddle
points at RDG = 0, with a high p in the RDG vs. psign(4,)
graph. Non-covalent interactions induce a notable RDG drop to
nearly zero (spikes at low p).*" The sign of the density Laplacian
(V?p), contributed by sign(2,), is used to distinguish between
different NCIs. Hydrogen bonds produce density accumulation
(22 < 0), vdW interactions characterize a negligible density
overlap (1, & 0), and steric repulsions produce density deple-
tion (1, > 0).*"

To understand the impact of the ALD precursor on ZnO
deposition, we considered the most stable adsorption config-
urations of acetic acid on the Cu,O (111) surface. Also, we
assessed the interaction of the DEZ molecule. Once we have the
most stable configurations, we calculate the NCI, Bader charges
analysis, and charge density differences plots.*”*°

3. Results and discussion
3.1 Adsorption of acetic acid: energy and geometries

Initially, aiming to determine the most likely binding sites on
the studied surfaces, the charge density maps colored by the
electrostatic potential were obtained (see Fig. S3, ESIt). The
pristine copper (111) surface presents an equally positive
electrostatic potential in the surface Cu atoms, while the
Cu,O (111) surface exhibited negative potential regions around
the oxygen atoms, while copper showed a positive character.

All surface copper atoms are equivalent in the Cu (111)
surface model, while in Cu,O (111) (Fig. 1(b)), we can distin-
guish two types of Cu atoms: coordinatively saturated (CSA) and
coordinatively unsaturated (CUS) (Fig. 1(c)).*?

As expected, the carboxyl group has a tremendously negative
electrostatic potential. On the other hand, the DEZ molecule
shows a highly positive potential in the Zn atom, while the ethyl
moieties exhibit a negative potential to a certain extent.
All the adsorption models were constructed based on these
molecule and surface considerations. To ensure that calculated

This journal is © the Owner Societies 2024
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geometries corresponded to a minimum on the potential
energy surface, calculations of vibrational frequencies of the
adsorbed molecules were carried out. The results, presented in
Table S2 (ESIf), revealed no imaginary frequencies in the
adsorption models, indicating that the calculated models were
stable. Furthermore, vibrational mode wavenumber values were
similar to the values experimentally observed, specifically for
the C-O antisymmetric and symmetric stretches in the Cu,O
adsorption models, experimentally observed at 1585 cm '
and 1471 cm ', respectively."' Additionally, C-H stretches
(frequency range: 2850-3120 cm™ ") slightly shifted to higher
wavenumber values. This was an expected behavior since acetic
acid coverage in our models is not high enough to allow lateral
interaction between the alkyl groups, which is typical in highly
ordered self-assembled monolayers of amphipathic molecules.

3.1.1 Pristine Cu (111) surface. The adsorption process was
investigated on each surface by assessing several adsorption
configurations of the molecule. The Cu (111) surface was the
initially evaluated system. Fig. 2 shows the relaxed geometries
of the most stable configurations (more negative adsorption
energy) for the AA adsorption over the Cu (111) surface and
their corresponding adsorption energies. Bidentate was found
to be in the most stable molecule adsorption mode (Fig. 2(a)),
where binding with two copper atoms is observed with the
methyl group positioned away from the surface. This model
resulted in highly negative adsorption energy (an order of
magnitude higher) compared to the other three presented
models.

Bidentate binding of the molecule is likely the most stable
adsorption mode for alkanoic acids in the formation of the self-
assembled monolayer. The binding possibilities were described
by Nuzzo®’ in his early study of carboxylic acid SAMs, pointing

(a)

Eads

=-2.08 eV

o
»¢89%0

O
o

OOO

(c)

Eads=to.23ev p =
) O O

\

View Article Online

PCCP

out that the proton of the acid is added to the surface,
propitiating carboxylate-like binding.

Moreover, carbonyl chemisorbed binding is also expected to
occur as a stable adsorption mode. The model presented in
Fig. 2(b) shows the carbonyl chemisorbed AA. The carbonyl
group was coordinated to the Cu atom; however, the adsorp-
tion energy values were an order of magnitude less negative
compared to those in Fig. 2(a), approaching physisorption
values. This result might be attributed to electrostatic repul-
sions between hydrogens from the methyl group and copper
atoms.'” On the other hand, most of the assessed configura-
tions of AA showed physisorption likely induced by electrostatic
repulsions, as described above. Fig. 2(c) presents a physisorp-
tion state where the AA molecule was oriented with the carboxyl
and methyl groups parallel to the Cu surface like it is “lying
down”. The methyl group relaxed slightly farther from the
surface than the carboxylic group, implying an electrostatic
repulsion effect. The adsorption energy value was —0.23 eV,
which is similar to values reported by Zang and coworkers for
the adsorption of acetic acid on the Cu (111) surface.”® Fig. 2(d)
shows the physisorption state where carboxyl and methyl
groups are oriented perpendicular to Cu (111), with the car-
boxyl group facing the surface in a ‘“‘standing” way. Even
though hydroxyl and carbonyl groups were facing copper atoms
almost on top, no coordination bond was observed. This was
attributed to the directionality of the lone pair non-bonding
electrons in oxygen atoms and electrostatic repulsion from the
C atom of the carboxyl group near the Cu surface atoms.

3.1.2 Cuprous oxide (111) surface. Adsorption on a
cuprous oxide surface proved to be more energetically favorable
than on a Cu surface. This results in almost two times more
negative adsorption energy values for the carbonyl chemisorbed

(b)
E,q=-0.39 eV
D

© 00O
e o000

»odoﬁq © 0 O (

L W W

Fig. 2 Most stable configurations for the adsorption of acetic acid on the Cu (111) surface. (a) Bidentate binding, (b) carbonyl chemisorbed configuration,

(c) "laying” physisorption, and (d) “standing” physisorption.
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Fig. 3 Most stable configurations for the adsorption of acetic acid on the Cu,O (111) surface: (a) carbonyl chemisorbed with CUS with an HB, (b)
carbonyl chemisorbed with CUS, and (c) carbonyl chemisorbed with CSA with an HB, (d) and (e) bidentate binding with CUS and CSA atoms, respectively.

configuration. When the molecule encountered this adsorption
mode, it tended to bond with a Cu atom and the carbonyl group
in all the most stable configurations (Fig. 3(a)-(c)). The most
stable is shown in Fig. 3(a), where the carbonyl binds to a CUS,
and the hydrogen atom from the hydroxyl forms a hydrogen bond
(HB) with surface oxygen, resulting in an adsorption energy of
—3.44 eV. Fig. 3(b) shows the adsorption of the AA only with the
CUS atom and the carbonyl group, showing still highly stable
adsorption energy values (—3.04 eV). Interestingly, the adsorption
of the AA molecule is stable and forms bonds with a CSA atom
through the carbonyl group by the contribution of the hydrogen
bond formed between hydrogen and the nearest surface oxygen
(Fig. 3(c)), even though the adsorption energy value was less
negative than that observed for the configurations with chemi-
sorption between carbonyl and CUS, and it was found to be
highly negative when compared to similar molecules adsorbed
on Cu,O (111).**

The adsorption geometry of AA in a bidentate mode is
presented in Fig. 3(d) and (e), where each oxygen atom of AA
forms bonds with CUS and CSA atoms. The adsorption energy
values are ~—2.33 eV and —2.45 eV for Fig. 3(d) and (e),
respectively. The more negative adsorption energy values
calculated for the carbonyl chemisorbed AA with respect to
bidentate adsorption models were attributed to the reaction
energy barrier necessary to break the O-H bond.

An interesting aspect further explored was the initial geo-
metry in a monodentate mode (dissociative chemisorption with
one COO oxygen binding to a CUS Cu atom and H adsorbed on
the surface), which, upon relaxation, spontaneously became
the bidentate adsorption mode (Fig. S4, ESIt), indicating that

24356 | Phys. Chem. Chem. Phys., 2024, 26, 24352-24363

bidentate adsorption mode is preferred after the dehydrogena-
tion step at the studied coverage.

3.1.3 Comparison of carbonyl chemisorbed and bidentate
adsorption behavior. The results for each evaluated surface
depict a mixed trend. In the case of Cu (111), the adsorption of
the molecule in the bidentate form, binding to surface Cu
atoms, is favored. This was expected because experimental
results on the adsorption of carboxylic acid SAMs report three
binding types, where one of the two bidentate bindings pre-
sents the stronger O-Cu bonds."* A plausible explanation for
the favored adsorption in a bidentate manner on Cu (111) is the
presence of nearer surface copper atoms that facilitate the O-H
bond breakage, forming a coordination bond with the oxygen
atoms of the molecule. Also, if the surface was saturated with
hydroxyl groups, the interaction between the carboxyl and the
surface probably would be less favored, as observed by Poberz-
nik et al.** in the adsorption of carboxylic acid SAMs on Al,Os.
However, the presence of the carbonyl chemisorbed configu-
ration is of great importance, especially at lower coverages,
where several adsorption modes still exist.* It resulted in the
most stable configuration on the Cu,O (111) surface, a behavior
attributed to HB interaction stabilization.

The carbonyl chemisorbed configuration is stable and has
been observed experimentally for highly packed carboxylic acid
SAMs, even though it does not involve the strongest Cu-O bond.*
At high coverages, the molecule gets constrained by steric effects,
thus favoring lateral interactions. Such adsorption analysis is
beyond the scope of this work because our main goal is to
understand the loss of selectivity in area-selective atomic layer
deposition that is not precisely designed at high coverages.

This journal is © the Owner Societies 2024
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On the other hand, the transition metal character of copper
apparently has an important contribution to Cu-O binding, as
observed in the adsorption configuration presented in Fig. 3(c),
where chemisorption is accomplished between the C—0 group
and the saturated copper atom. Moreover, the stabilization
provided by the formation of HB interactions in the case of
the Cu,O surface provides a geometric effect like the one
observed for the bidentate adsorption, where rotational degrees
of freedom of the molecule are reduced in comparison to the
carbonyl chemisorbed configuration.

The nature of the formed bonds was further investigated
using the NCI index and Bader charge analysis, which is
presented in the next section.

3.2 Charge transfer and non-covalent interactions

The role of non-covalent interactions in the adsorption geo-
metry and adsorption energy was studied through NCI index
analysis. This is a powerful and helpful tool to study surface-
molecule interactions. In general, the adsorption of AA on both
studied surfaces revealed the presence of van der Waals inter-
actions (attraction and repulsion components), coordination
bonds, and hydrogen bonds.
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In Fig. 4, the NCI index results for the most stable adsorp-
tion configurations of AA on the Cu (111) surface are plotted as
RDG against the density values multiplied by the sign of the
second eigenvalue of the hessian matrix. The RDG minima on
each plot indicate the presence of an interaction. The position
on the density value axis denotes the strength or type of
interaction, while the sign of 4, indicates if it is an attraction
(=) or a repulsion (+). In the inset squares, NCIs are depicted as
RDG isosurfaces colored by the density value. van der Waals
attractions are shown in green, and strong attractions are
shown in blue, while weak repulsions are shown in yellow.
Fig. 4(a) shows an RDG minimum at a density value of —0.08,
attributed to the strong attractions of the Cu-O bonds, which
are observed as intense blue donuts in the isosurface images,
and at —0.04 corresponding to the Cu-H interactions.

Additionally, a weak minimum appeared at —0.025, corres-
ponding to small van der Waals (vdW) attraction. In contrast, a
clear minimum is observed at +0.025, showing a vdW repulsion
component observed as the yellow isosurface region observed
below the carbon atom in between two coppers; this is due to
the partially positive character of the C atom due to the high
electronegativity of the O atoms in the COO group. In Fig. 4(b),

9]
Q 1.04
o

0.5 4

0.0
T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
sign(i,)p

Fig. 4 Non-covalent interaction index (NCI) analysis, represented as the plots of reduced density gradient (RDG) vs. the sign(4,)p for the most stable
adsorption models of AA in Cu (111): (a) bidentate binding, (b) carbonyl chemisorbed configuration, (c) “laying” physisorption, and (d) “standing”
physisorption. RDG minima point out an interaction. The negative density values show attraction. The inset images represent the NCls RDG isosurfaces
colored by density values (isovalue 0.5) (side and top view for left and right, respectively). Each color depicts interactions: blue, green, yellow, and
red define strong attractions, weak vdW attractions, vdW repulsions, and strong repulsions, respectively.
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two negative minimums are observed in the plot, one near
—0.05, corresponding to the strong attraction of the Cu-O
bond, shown as the strong blue isosurface and the other at
—0.025, corresponding to the vdW attractions, depicted as a
light green-blue isosurface under the methyl group. The plot for
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the physisorption model in Fig. 4(c) shows a pronounced
minimum at low negative density values (~0) characteristic
of vdW attractions observed as the big greenish to light blue
isosurface appearing slightly more attractive in the oxygen
regions. Finally, in Fig. 4(d), the second physisorption
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Fig. 5 Non-covalent interaction index (NCI) analysis, represented as the plots of reduced density gradient (RDG) vs. the sign(4,)p for most stable
adsorption models of AA on Cu,O (111): (a) carbonyl chemisorbed with CUS with an HB, (b) carbonyl chemisorbed with CUS, and (c) carbonyl
chemisorbed with CSA with an HB, (d) and (e) bidentate binding with CUS and CSA atoms, respectively. RDG minima point out an interaction. The
negative density values show attraction. The inset images represent the NCls RDG isosurfaces colored by density values (isovalue 0.5) (side and top view
for left and right, respectively). Each color depicts interactions: blue, green, yellow, and red define strong attractions, weak vdW attractions, vdW
repulsions and strong repulsions, respectively.
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configuration is presented, where this time, the carboxylic
group is facing the surface. Two minima in the zone of vdW
attractions are observed as green and light blue isosurfaces,
showing a more attractive zone in the OH group of the COOH
and depicting the attraction to the two nearest Cu atoms.

Additionally, the van der Waals component in the Cu,O
adsorption model was shown to be, in most cases, repulsive
with a slight tendency to attraction. The major adsorption
component was attributed to the coordination bonds and HB.
In Fig. 5, the NCI index results are presented as RDG vs.
sign(4,)p plots with insets showing RDG isosurfaces colored
by density values.

The NCI index analysis showed the presence of attractions
corresponding to the CUS Cu-O bond, indicated by a minimum
near —0.10 for the carbonyl chemisorbed models and displayed
as a strong blue donut isosurface (Fig. 5(a)-(c)). In Fig. 5(a),
a strong attraction overlapped minimum at sign(4,)p ~ —0.10,
corresponding to the HB observed as the small, strong blue
isosurface between hydrogen and oxygen. Such observed
strength for the HB could be attributed to the greatly favorable
orientation of the OH group toward the surface oxygen encoun-
tering the almost ideal HB directionality. In Fig. 5(b), in
addition to the strong Cu-O bond, there is a minimum at the
attractive van der Waals zone displayed as a green to light-blue
area in between the hydroxyl and the second layer of oxygen
from the surface. Finally, Fig. 5(c) shows a difference in the
strength of attraction corresponding to the CSA Cu-O bond,
showing a less negative density value than the CUS Cu-O bonds
from the Fig. 5(a) and (b) models. This difference is attributed
to the higher electrostatic component of the CUS Cu-O bond.
Lastly, a relatively strong attraction minimum was attributed to
the HB formed (intense blue isosurface circle) between the
molecule OH and O atom from the surface.

The models presented in Fig. 5(d) and (e) correspond to the
adsorption in the bidentate form. Particularly for Fig. 5(d),
there is a minimum at very negative density (strong attraction)
values attributed to the CUS Cu-O bond, which is observed as
the blue donut in the isosurface maps. On the other hand, a
middle strength repulsion minimum is observed (sign(/,)p =
+0.05) as a red region near the CSA Cu-O bond. This repulsion
is attributed to the constrained orientation of the oxygen atom
with respect to the other carboxyl oxygen atom, which formed a
dihedral angle of 43.7°. Strong attractions are shown between
Cu and H, accompanied by some repulsion components. Also, a
green isosurface under the carboxyl C atom was observed,
accompanied by a minimum in the plot near —0.03, corres-
ponding to van der Waals attractions. Small vdW repulsion
near 0 positive minimum and a yellow isosurface near the CSA
Cu-bond oxygen and the opposite CSA were also observed.

In Fig. 5(e), we can see a difference between the two strong
attraction minima observed, one of them being stronger,
corresponding to the CUS Cu-O bond (sign(/,)p = —0.10),
while the other corresponds to the CSA Cu-bond (sign(4,)p =~
—0.06). The differences in strength were attributed to the
constraint wielded over the C-O-O-CSA Cu torsion angle
caused by the orientation of the CSA atom. Even though it
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did not yield repulsion, as shown in Fig. 5(d), it is weaker than
the CUS-Cu bond. This strength difference was attributed to
the stronger electrostatic component presented by the dangling
bond of the CUS atom in comparison to the CSA, as observed in
the electrostatic potential map of the Cu,O surface (Fig. S3,
ESIT). Cu-H strong attractions were also observed. Additionally,
vdW repulsions dominated under the carboxyl C atom. There is
a bigger repulsive component in Fig. 5(d) compared to Fig. 5(e),
and the adsorption energy value is more stable for Fig. 5(e),
showing that steric effects play an important role in adsorption
energy.

To have a clearer vision of molecule-surface interactions,
the nature of the formed bonds was later investigated in the
models where chemisorption was present in Cu and Cu,O (111)
surfaces by employing Bader charge analysis (Table 1). Partial
charge transfer to oxygen was observed in the models corres-
ponding to the copper surface. In the bidentate form (adsorp-
tion energy = —2.08 eV), the copper atoms showed a net charge
of +0.23e in each of both Cu atoms due to the delocalized
nature of the carboxyl group, while oxygens presented a charge
of —1.76e. A small difference can be noted in the carbonyl
chemisorbed model on the Cu (111) surface (adsorption
energy = —0.39 eV), where the charge transfer to Cu is less
than in the bidentate form, implying a stronger ionic character
in the bidentate coordination bond than in the carbonyl
chemisorbed form.

For the Cu,O (111) surface models with adsorption in the
bidentate form, we observed a higher charge transfer from the
Cu atoms to oxygen than in Cu (111). However, there was a
significant charge difference between CSA and CUS, resulting
in more positive changes for CSA Cu atoms in both bidentate
adsorption models than for CUS-Cu bound O atoms, implying
that CSA Cu atoms are better Lewis bases than CUS-Cu atoms.
This agrees with the more positive electrostatic potential
observed for CUS Cu than for CSA Cu (Fig. S3, ESIf). This
behavior was also observed in the adsorption configurations of
the carbonyl chemisorbed form, showing slightly more positive
charge value in the CSA-Cu atoms that formed coordination
bonds with the carbonyl group than the CUS-Cu forming the
same type of bonds.

3.3 Effect of diethyl zinc on the adsorption geometry of acetic
acid in Cu,O

The ability of the methyl-terminated carboxylic acid molecules
to block the atomic layer deposition of ZnO was investigated
through the interaction of the commonly employed ZnO ALD
precursor molecule DEZ with the most stable adoption models
of AA in Cu,O (111) as a model of native oxide. The systematic
search for feasible co-adsorption structures was made based on
the electrostatic potential maps colored by charge density
(Fig. S5, ESIt), considering that the electrostatic potential of
oxygen atoms (AA and Cu,O surface) is strongly negative and
that of the Zn atom in DEZ showing a highly positive electro-
static potential. The DEZ molecule was positioned between
the surface and the AA head group, with the Zn atom at an
adequate distance to interact either with AA or the surface, in

Phys. Chem. Chem. Phys., 2024, 26, 24352-24363 | 24359


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03117b

Open Access Article. Published on 30 August 2024. Downloaded on 7/30/2025 4:14:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Table1 Bader charge analysis results for the chemisorption models of AA
on Cu and Cu,O (111) surfaces

Surface  Adsorption energy  Bond Atom  Net charge (e)
Cu (111)
(a) —2.08 eV Cu-0-C Cu +0.23
o —-1.76
(b) —0.39 eV Cu-0=C Cu +0.15
o —1.87
Cu,0 (111)
(a) —3.44 eV Cugys-O—C Cu +0.61
(0] —-1.76
(b) —3.04 eV Cucys-O—C Cu +0.60
(6] —1.84
(c) —2.81 eV Cucsi—-O—C Cu +0.69
(@) —1.89
(d) —2.33 eV Cucys—O Cu +0.62
o —1.69
Cucsa—O Cu +0.75
o —1.86
(e) —2.45 eV Cucys—O Cu +0.62
(6] —-1.72
Cucsa—O Cu +0.78
o —1.81

all assessed models. The geometry results are presented in
Fig. 6. Fig. 6(a) and (b) exhibit the most stable configurations of
the AA inhibitor in the carbonyl chemisorbed and bidentate
adsorption configurations, respectively, interacting with the
DEZ precursor in the side and top view (from left to right). In
the first one, the DEZ molecule did not directly affect the
surface-AA adsorption. Instead, the tendency of DEZ to interact
with surface oxygen atoms was favored by the low coverage of
AA.

Fig. 6(b) shows the effect of the DEZ precursor when the AA
molecule is adsorbed in a bidentate manner, revealing almost

Fig. 6 Effect of DEZ molecule adsorption in the geometry of the (a)
carbonyl chemisorbed and (b) bidentate configurations of AA on Cu,O
(111) (color code: C brown, H white, O red, Cu blue, and Zn grey).
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no effect in the adsorption geometry, indicating that the
inherent reactivity of the DEZ molecule was not enough to
break the bidentate binding mode of carboxylic acid SAMs
revealing that even though this configuration did not have
the most negative adsorption energy, it exhibited outstanding
adsorption behavior to prevent ZnO ALD. This is of great
impact, not just in AS-ALD methods that may employ carboxylic
acid SAMs as growth-blocking agents, but also for methods that
employ this molecule head group as a small molecule inhibitor.

There is a high probability that the dependence of the
adsorption geometry on the inhibition effect may be observed,
especially at low coverages. In practice, SAM order, i.e., adsorp-
tion geometry, can be controlled with higher adsorption times,
favoring the most stable adsorption configurations,* hence
reaching the adsorption states where the DEZ precursor has no
impact.

NCI index analysis was performed to identify how the
molecules interact with each other and between surfaces. The
results of the RDG isosurfaces colored by density values are
presented in Fig. 7. The initial observation in Fig. 7(a) shows
the continued presence of the CUS Cu-O coordination bond
and HB, observed as blue donuts, confirming that the DEZ
molecule could not remove AA from the surface. However, a
small vdW attraction region is observed between DEZ and AA
but not strong enough to remove it. Additionally, a blue donut
isosurface was observed between Zn and O atoms, indicating
strong attraction. Also, vdW attractions and repulsions are
observed in the ethyl groups of the DEZ molecule.

Fig. 7 NCI index analysis is represented as the RDG isosurfaces colored
by density values for the effect of DEZ in (a) carbonyl chemisorbed and
(b) bidentate AA adsorption configurations on the Cu,O (111) surface. Each
color depicts interactions: blue, green, yellow, and red define strong
attractions, weak vdW attractions, vdW repulsions, and strong repulsions,
respectively.
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Finally, Fig. 7(b) shows how the DEZ molecule did not
impact the adsorption of the inhibition molecule adsorbed
through bidentate binding. However, the presence of a small
strong-blue isosurface between Zn and O atoms from AA was
observed, indicating that even though the DEZ precursor was
not strong enough to remove the AA molecule in this adsorp-
tion mode, it can bind to the carboxylic acid head group, which
may lead to the nucleation of ZnO and a further loss of
selectivity. In this context, precursor diffusion is an aspect that
plays an important role in selectivity loss. To have a major
picture of the interactions between DEZ and AA and the impact
of ZnO ALD inhibition on Cu,O, charge density difference (Ap)
plots were obtained, as shown in Fig. 8.

The charge distribution observed in Fig. 8(a) corroborates
that in this model, the DEZ molecule tended to interact more
preferably with the uncovered surface region than with the AA
molecule. This is observed as a significant charge density
accumulation area (yellow lobe) in the oxygen and CUS Cu
atoms under the Zn and methyl group. On the other hand, the
interaction bonds of the AA molecule remained are observed as
charge accumulation in the O atoms (yellow lobes) and charge
depletion (blue lobes) in the H atoms and CUS Cu.

Lastly, the interaction between the DEZ molecule and AA in
the bidentate adsorption mode was also corroborated as shown
in Fig. 8(b). This is observed as a depletion lobe in the Zn atom
and a big accumulation zone in the O form carboxyl group.
Also, we supported our previous affirmation that no change in
the Cu-O bonds was observed after DEZ adsorption. Both
results imply that even though DEZ tends to interact with the
carboxyl group, the interaction is not strong enough to unbind

Fig. 8 Charge density difference isosurfaces (isovalue = 0.003) plots
showing the effect of DEZ on (a) carbonyl chemisorbed and (b) bidentate
AA adsorption configurations on the Cu,O (111) surface. Yellow indicates
charge accumulation, and blue depicts charge depletion.
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the carboxylic acid inhibitor molecule from the surface, hence
not affecting the ALD blocking effect. However, it is indeed a
liability that may cause the presence of Zn in the Cu,O-
monolayer interface. On the other hand, the diffusion of DEZ
and posterior interaction with the carboxylic head group in
highly packed monolayers may yield the formation of a non-
anchoring group because water molecules would not permeate
due to high hydrophobicity, as speculated in the previous work
from our group.'' However, it is still unclear, and further
studies must be done. In this matter, the results here provided
that precursor-inhibitor interaction was not a cause of mono-
layer destruction and hence did not affect the ALD growth
inhibition effect of the carboxylic acid molecule in the most
stable adsorption modes (bidentate and carbonyl chemisorbed
with an HB), which are present in highly packed monolayers
(adsorption times equal to 48 h”). Yet, molecule adsorption was
affected in some configurations, such as the model presented
in Fig. 8(b), which may occur at low coverages or low adsorption
times. This supports previous works on AS-ALD with SAMs
where higher monolayer packing produced better-blocking
results.®

4. Conclusions

In the present work, we extensively studied the adsorption of
acetic acid as a model head group of carboxylic acid type
surfactants on the Cu and Cu,O (111) surfaces and the inter-
actions of this system with the diethylzinc molecule to further
understand the blocking ability of such inhibitor molecules
and their limitations with this ALD precursor.

Highly stable adsorption energy values were found when the
surfactant molecule was adsorbed in a bidentate manner on Cu
(111) and Cu,O (111). The molecule resulted in highly stable
carbonyl chemisorbed configuration on the Cu,O (111) surface,
while on Cu (111), the carboxylic group tended to adsorb mainly
through physisorption.

NCI index analysis revealed that coordination bonds and HB
showed the most stabilizing interactions in chemisorbed states
on both surfaces. The coordination bonds were stronger
for CUS than for CSA Cu, which was also reflected in a small
difference in adsorption energy. Bader charge analysis revealed
mild charge transfer from Cu to AA in all the chemisorption
configurations. However, it was more prominent in Cu,O.

The co-adsorption of diethylzine with the most stable con-
figurations of AA in Cu,O revealed two major conditions. When
the molecule was adsorbed in a bidentate configuration, the
interaction with the diethylzinc molecule was not strong
enough to remove the inhibitor molecule from the surface.
This provides valuable insight into the behavior of carboxylic
acid inhibitors with the DEZ precursor, meaning that at high
coverages, the DEZ precursor will not influence the inhibition
ability. However, the presented results show that if diffusion
through the SAM occurs, DEZ might interact with the head-
group, and the presence of Zn can be measured as observed in
previous reports.
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This work points out the significance of the different
adsorption modes (that typically depend on SAM coverage or
adsorption time) for achieving area-selective deposition using
the ALD technique with soft removal SAM molecules.
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