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ABSTRACT: Area-selective deposition (ASD) is a “bottom-up”
substrate-selective material deposition process, considered as a
promising alternative to current “top-down” pattering techniques.
The most studied and successful ASD strategies envisage a
combination of atomic layer deposition (ALD) and a passivation
layer, which prevents material deposition on the non-growth areas.
As ASD targets increasingly smaller dimensions, metrology
challenges are prominent along with preserving confined film
growth. For patterned substrates with nanometric critical
dimensions, only a few characterization techniques can be
employed to assess the ASD performance. However, these
techniques provide no or little insight into the passivation layer.
This is a crucial limitation as the blocking film plays a key role in
the ASD process. In this work, pulsed force mode atomic force microscopy (AFM) is used to characterize and monitor the quality of
the passivation films by measuring the surface energy fluctuations occurring on the patterned substrate undergoing ASD. As the
evolution of the relative adhesion force distribution of the sample under ALD conditions is recorded, the octadecanethiol (ODT)
coverage on non-growth areas is accurately estimated. The heavily temperature-dependent self-assembled monolayer degradation
revealed by the nanomechanical characterization is supported by X-ray photoelectron spectroscopy. As Hf3N4 ALD is performed, the
top-down scanning electron microscopy investigation is employed to show the strong relationship between ASD quality upon ALD
and pulsed force AFM-derived ODT coverage.
KEYWORDS: area-selective deposition, self-assembled monolayer, atomic force microscopy, pulsed force mode, tip−sample adhesion force,
ASD metrology

■ INTRODUCTION

To keep up with Moore’s law,1 device fabrication is facing
numerous challenges as a result of the never-ending nano-
electronics downscaling. As the semiconductor industry is
approaching the 5 nm node technology, conventional
patterning schemes, based on multiple “top-down” lithography
and etch steps, cannot meet the ever-increasing requirements
for alignment imposed by device miniaturization.2−4 Area-
selective deposition (ASD) can potentially alleviate such
manufacturing challenges by enabling bottom-up material
deposition. This appealing perspective explains why ASD has
gained significant interest from the scientific and technological
communities in the last decade.2,5,6 ASD refers to a substrate-
selective process whereby a target film is deposited exclusively
on the growth areas with respect to the non-growth areas. This
confined deposition is typically achieved by combining surface-
sensitive deposition techniques, such as atomic layer
deposition (ALD), and an appropriate substrate that offers
well-distinguished local surface chemistries.6−10 Under suitable
conditions, ALD starts immediately on the growth area,

whereas a nucleation inhibition is observed on the non-growth
area, resulting in a successful ASD process. Nevertheless, ALD
intrinsic selectivity is usually limited to very few ALD cycles,
thus encouraging the ASD community to investigate and study
different approaches to widen the deposition process selectivity
window. Such methods consist of either activating or
passivating the intended areas toward ALD nucleation;11−20

these are typically referred to as area-activation and area-
deactivation strategies, respectively. The latter has been the
most widely studied.6,7

The area-deactivation scheme envisages ALD blocking
functionalities that are selectively grafted13−18,20−23 or created
by a gas/plasma or a wet surface treatment.11,19,24,25 Regardless
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of how a passivation means is obtained, it prevents ALD
nucleation in two ways. First, the blocking layer passivates
ALD-reactive surface sites on the growth areas, hence
removing favorable spots for material nucleation and
deposition. Second, the newly passivated surface generally
has a lower surface energy, which hinders the physisorption of
ALD precursor molecules, thus extending the nucleation delay.
Essentially, a fine tuning of the substrate’s surface properties
with the creation of a well-defined local chemistry enables the
extension of a given ALD process selectivity.26,27 Nonetheless,
as the material deposition continues, undesired particles
eventually start to nucleate on the passivated areas. Such
selectivity loss is caused by the progressive degradation of the
low surface energy passivation moieties, whose underlying
mechanisms depend on the nature of the blocking film itself.
As an example, if the ASD mask consists of chemisorbed
species on the non-growth areas, their progressive desorption
during ALD reveals more of the high surface energy substrate,
thus allowing nucleation of unwanted particles (Figure
1c).Therefore, the surface properties of the non-growth area
are expected to change as more and more molecules are
depleted.
We propose an innovative approach to characterize the

passivation films by monitoring the surface energy fluctuations
occurring on the patterned substrate undergoing ASD. The
goal of this work is to shed light on the underlying mechanisms
that eventually lead to selectivity loss during an ASD process
by providing the scientific and technological communities with
a new characterization methodology to monitor the ASD mask
during the material deposition process directly on patterned
samples. It is well-known that, along with the difficulties in
preserving a confined film growth during the ALD process,
metrology challenges have risen as ASD is sought at smaller
and smaller critical dimensions. Indeed, few characterization
techniques are available to assess the selectivity of a given
process as a substrate’s features approach nanometric
dimensions. At such a scale, ASD results are predominantly
evaluated and studied by a combination of scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), and
AFM.11,13,16,17,19,21,24,25,28−32 In particular, SEM offers a
relatively large field image of the patterned substrates, whereas
TEM provides images of the ASD film with a resolution of a
few nanometers. In addition, EDX measurements taken in
conjunction with SEM or TEM enable chemical identification

of the investigated samples. As all these measurements are
combined together, a clear assessment of the ASD experiment
results is possible at critical dimensions as low as 15 nm.17

Since self-assembled monolayers (SAMs) are the most
extensively employed passivation method for ASD purposes,
especially at relevant nanoscale dimensions,16,17,21,28,29 the
proposed characterization method is tested on a SAM-enabled
ASD process (Figure 1). In SAM-based ASD processes, the
monolayer is selectively grafted to the areas that must be
deactivated prior to the ALD. SAM precursors typically consist
of a reactive head group that enables the selective
chemisorption of the molecules onto the intended surface, a
relatively long alkyl chain that provides the driving force to the
self-assembly process, and an end group that defines the
organic film’s surface properties.33,34 For ASD purposes,
hydrophobic CH3- and CF3-terminated SAM are preferred
since ALD precursor physisorption is hindered on such
functional groups. For example, thiol-derived CH3-terminated
SAMs have been largely studied to achieve ASD on SiO2 versus
Cu for nanoelectronics applications.14,15,22,28,29,34−37

However, the previously mentioned characterization techni-
ques, namely, TEM, SEM, EDX, and AFM, provide no or little
insight into the SAM passivation since these are typically done
after ALD despite the blocking film playing a key role in the
ASD process. On one hand, since SAM molecules typically
consist of an alkyl chain, these cannot be probed by SEM. On
the other hand, the monolayer nature of the organic film as
well as the damage induced during TEM-sample preparation
procedures (e.g., capping layer deposition, focused ion-beam
cut), make it extremely difficult to clearly observe a SAM by
either TEM or EDX at relevant critical dimensions. In this way,
only ∼10 nm-thick multilayer organic films have been
visualized.29 One of the few exceptions to this list is AFM.
In literature, studies have reported utilizing AFM to inspect
SAM-passivated patterned samples.38 However, from these
measurements, no chemical information can be extracted and it
is not possible to understand how the SAM evolves during an
ASD process. Consequently, the organic film is typically
studied on non-patterned surfaces, whereas only the ASD film
is characterized on the patterned substrate. Obviously, being
able to monitor and observe the evolution of the SAM during
ALD directly on patterned substrates can provide fundamental
insights and understanding over SAM-enabled ASD mecha-
nisms.

Figure 1. Schematic illustration of the SAM-enabled ASD process. Step 1: (a) 50 nm-wide Cu/SiO2 lines are exposed to UV/ozone for 10 min.
Step 2: (b) selective chemisorption of the ODT-derived SAM is exploited to passivate the metal lines. Step 3: either (c) the Hf3N4 ALD is
performed or (d) the substrate is exposed to NH3 half-cycles. In the latter case, Hf3N4 deposition is prevented by not dosing the Hf precursor,
which facilitates the nanomechanical (NM) characterization by pulsed force atomic force microscopy (AFM).
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We exploit the well-known selective chemisorption of 1-
octadecanethiol (ODT) on Cu over SiO2, in combination with
Hf3N4 ALD (Figure 1) to address this lack in ASD metrology
by proposing an innovative method to characterize the SAM
passivation using the example of 50 nm-wide Cu/SiO2 lines.
This goal is achieved by measuring the adhesion force on
ODT-coated patterned samples using AFM in the pulsed force
mode.39,40 Pulsed force AFM allows one to record the force−
distance curve as the microscope tip is approaching and is
withdrawn from the sample surface. In this way, it is possible to
simultaneously collect topographical and NM two-dimensional
(2D) maps of the analyzed surface41 at the nanometer
scale.42,43 For these reasons, pulsed force AFM has found
many applications in both materials science,42,44−46 allowing to
distinguish between different materials on a given surface (e.g.,
material recognition in polymer blends), and in biology,47,48

where single protein loop pairs were successfully resolved.49

Hence, the core idea of this study is to visualize and
characterize the SAM passivation by exploiting the adhesion
force contrast that is expected to rise between the hydrophobic
passivated 50 nm-wide Cu lines (low adhesion force) and the
hydrophilic SiO2 lines (high adhesion force). The passivated
substrates are also analyzed by pulsed force AFM after being
exposed to ALD conditions. In contrast to the Hf3N4 ALD
process (Figure 1c), no Hf precursor is dosed in this kind of
experiment to suppress any material deposition (Figure 1d).
This precaution is taken to ease the NM characterization by
preventing the creation of a topographical step-profile as well
as the introduction of an additional material. Upon thermal
treatments and exposure to NH3 co-reactant equivalent to a
given Hf3N4 ALD process (Figure 1d), the ODT-coated Cu
lines are expected to become less and less hydrophobic because
of the organic film progressive degradation. By closely
monitoring this adhesion force contrast reduction between
passivated-Cu and SiO2 lines, we aim at getting critical
understanding about the SAM evolution during the ASD
process. Finally, the ODT-passivated substrates are tested
against Hf3N4 ALD, unveiling a direct relation between the
ASD performance and the pulsed force AFM-derived insights
about the organic passivation.
Based on these premises, the proposed NM characterization

could be extended to a broad range of ASD systems. The main
requirement to be met is the creation of a surface energy
gradient as the passivation layer is formed or deposited, which
is a condition typically met in area-deactivation ASD schemes.
If the surface energy gradient corresponds to a detectable
adhesion force contrast between pristine and functionalized
areas, the passivation can be monitored by pulsed force AFM
measurements, regardless of the blocking layer nature.

■ EXPERIMENTAL PROCEDURE
Materials. 300 mm Si wafers are provided by SunEdison

Semiconductor, whereas ODT and tetrakis(dimethylamido)hafnium
(TDMAHf) are supplied by Sigma-Aldrich and used as received. The
patterned substrate consists of 50 nm half-pitch (HP) Cu/SiO2 lines.
The liner employed for Cu lines consists of 3 nm TaN deposited by
physical vapor deposition (PVD) and 1 nm Ru deposited by chemical
vapor deposition. A 6 nm PVD Cu seed layer was used to enable Cu
line filling by electrodeposition in an alkaline Cu plating bath followed
by reflow and a final 30 s of annealing at 180 °C in He/H2. A final
chemical mechanical planarization (CMP) step was used to remove
the Cu overburden, liner, and barrier and to planarize the stack down
to the Cu/SiO2 lines. Immediately after the CMP step, substrates
were exposed to UV/ozone for 10 min and transferred to an inert

nitrogen atmosphere, where the SAM deposition takes place. The
inert atmosphere prevented both Cu oxidation and ODT solution
degradation. The SAM film was deposited by submerging the
substrates into a 50 mM ODT solution in ethanol. After
approximately 48 h, samples were taken out of the ODT solution,
rinsed in ethanol, and dried under a nitrogen flow. Finally, the
passivated substrates were sealed and immediately transferred to the
ALD reactor; this way, sample’s exposure to atmosphere was
minimized.

Hf3N4 ALD was carried out at 100, 120, and 135 °C in a Veeco
Savannah 300S reactor placed under a nitrogen atmosphere.
Sequential pulses of TDMAHf for 0.300 s and NH3 for 0.025 s
with a 10 s intra-pulse purge step were used to deposit Hf3N4. An
initial 180 s temperature stabilization step was performed in each
process. The TDMAHf precursor was heated up to 75 °C, whereas
NH3 was delivered at room temperature. The average precursor
pressures in the reactor were 0.50 ± 0.01 and 2.43 ± 0.25 Torr during
TDMAHf and NH3 dosing, respectively. As mentioned in the
introduction, to prevent Hf3N4 deposition on samples intended to
undergo NM characterization, the TDMAHf dosing step was skipped
(Figure 1d). It is worth noticing that skipping the Hf precursor
delivery has a negligible impact on the duration of a single ALD cycle.
In these processes, the average reactor pressure during NH3 dosing
was 2.11 ± 0.38 Torr. In all processes, a nitrogen carrier flow of 20
sccm was employed to deliver the precursors into the reactor.

Surface Characterization. A commercial Bruker Dimension Icon
AFM system was used in the pulsed force mode to obtain 2D
topological and NM property maps of the 50 nm-wide Cu/SiO2 lines
by performing peak force quantitative NM analysis.50 The AFM
system was equipped with a HQ-NSC19/AlBs cantilever from
MikroMasch, with an uncoated Si tip, the nominal radius of which
is 8 nm. The cantilever has 0.5 N/m nominal spring constant and was
operated at 2 kHz. The piezo scanner was controlled by a Bruker
Nanoscope V feedback controller. To prevent substrate aging, the
samples were sealed under N2 prior to the NM characterization,
which was carried out ex situ in ambient atmosphere at room
temperature. All adhesion force maps were collected at the same
resolution (512 × 512 measurement points) across a 1 × 1 μm
scanned area, with a pulsed force setpoint (PFS) ranging between 1.5
and 0.1 nN (Supporting Information S1). The adhesion force was
defined as the absolute value of the minimum force experienced by
the AFM tip during an approach−withdrawn cycle.42 No correlation
was found between topological profiles (Supporting Information S2)
and the adhesion properties of the studied samples upon ODT
coating, before and after exposure to the NH3 co-reactant. A first-
order polynomial flattening was applied to all AFM images with
Nanoscope Analysis v 1.5 software. This was used to convert the maps
in ASCII as well, allowing to plot the relative adhesion force
distributions (RAFDs) normalized by the applied PFS. Finally, RAFD
fitting and peak deconvolution were done with a Matlab signal
processing tool made freely available by Tom O’Haver.51 All RAFDs
were fitted by either a two Lorentzian functions or a single Gaussian,
depending on whether the distributions are unimodal or bimodal. An
RAFD is considered unimodal as the following two criteria are met.
First, a single Gaussian function provides a better fitting compared to
two Lorentzian functions (i.e., the first fitting has a higher R2).
Second, the distribution is strongly symmetrical. The results of this
data analysis are reported in Supporting Information S3.

Self-focusing secondary ion mass spectrometry (SF-SIMS) was
used on the patterned substrate for molecular identification purposes.
Samples were sealed under N2 48 h prior to the measurement. Both
positive and negative ion spectra were recorded with a TOFSIMS IV
instrument from ION-TOF GmbH using a Bi3

+ gun as the primary
source. A 150 × 150 μm2 area was probed at 45° with respect to the
normal of the sample. The employed beam energy and current were
25 keV and 0.3 pA, respectively.

Time-coordinated X-ray photoelectron spectroscopy (XPS) was
performed to minimize air exposure of the analyzed samples and to
prevent undesired aging effects. The measurements were carried out
in the angle-integrated mode using a QUANTES instrument from
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Physical Electronics. XP spectra were collected at exit angles of 45°
with respect to the normal of the sample. The measurements were
performed using a monochromatized Al Kα X-ray source (1486.6 eV)
and a beam size of 20 μm scanned over a ∼60 × 300 μm area. The
area containing the Cu/SiO2 pattern was identified by recording X-
ray-induced secondary electron images. Charge neutralization was
used during this experiment. Standard sensitivity factors were used to
convert peak areas to atomic concentrations. Compositional analysis
has been shown to have a long-term repeatability close to 1%. Core-
level binding energies were calibrated against the C 1s binding energy
set at 284.8 eV.52,53

ASD Inspection. A Helios NanoLab 460HP FEI SEM tool was
used to visualize the top surface of the patterned sample upon Hf3N4
ALD, thus assessing the selectivity of the ASD process. The imaging
was performed top-down, meaning 0° tilt angle with respect to the
sample’s normal, with a through-the-lens detector in the secondary
electron mode. The 1.28 × 0.85 μm images were collected, with a
10.00 kV applied potential and a probe current varying from 10 to 20
nA. Brightness and contrast corrections were applied using ImageJ
software, v 1.52a. This latter was used to perform ALD defectivity
estimation as well. In this analysis, the defectivity fraction is defined as
the ratio between the total defect area and the Cu lines area, without
considering ASD film lateral overgrowth at the Cu line edges as well
as defects below a 5 nm diameter (circle-shaped approximation).

■ RESULTS AND DISCUSSION
Adhesion force maps are initially obtained from 50 nm
patterned structures prior to (Figure 2a) and following
selective passivation of the Cu lines by ODT-derived SAM

(Figure 2b). As the organic layer is selectively deposited on
Cu, an adhesion force gradient is observed between the
passivated lines and the SiO2 ones, which are more
hydrophilic, leading to darker regions (high adhesion force).
Adhesion force maps accurately reflect the surface chemistry,
highlighting bright CH3-terminated hydrophobic regions of the
passivated Cu lines and dark lines deriving from strongly
oxidized hydrophilic SiO2 lines after UV/ozone. The adhesion
force gradient becomes more evident as RAFDs are plotted
(Figure 2c). Prior to Cu selective coating, the 50 nm-wide line
structure RAFD is considered unimodal (i.e., homogeneous
adhesion force), whereas a bimodal RADF is observed upon
SAM selective passivation of the metal lines. It is worth to
remark that a small adhesion force contrast is somehow
observed between the Cu and SiO2 lines prior to the ODT-
passivation as well (Figure 2a). Nonetheless, the corresponding
RAFD (Figure 2c-Cu/SiO2) does not exhibit two clear
components that allows one to confidently claim that the
two materials are well-identified by the NM characterization.
Conversely, a strong adhesion force contrast (approximately
1.0 nN) is recorded upon ODT selective passivation, which
gives rise to a well-separated component in the lower relative
adhesion force region of the distribution (Figure 2c-ODT).
Since the focus of the NM characterization in this work is to
identify the SAM layer from the underneath Cu/SiO2

substrates, rather than distinguishing metal and dielectric

Figure 2. Relative adhesion force maps of a 50 nm-wide Cu/SiO2 structure after exposure to UV/ozone (a) and upon ODT coating (b). Maps’
RAFDs of the 50 nm-wide structure (c): after UV/ozone exposure (orange), upon ODT passivation (black), and after being subjected to a thermal
treatment and NH3 dosing equivalent to 100 Hf3N4 ALD cycles at 135 °C (blue). A 5 pN quantization interval is used to compute the RAFDs.

Figure 3. RAFD of the 50 nm-wide Cu/SiO2 lines passivated with ODT-derived SAM (black). Analogous distributions are plotted from passivated
substrates exposed to different temperatures, namely, 100 (a), 120 (b), and 135 °C (c), for a duration and with NH3 exposures equivalent to 20, 40,
60, and 100 Hf3N4 ALD cycles. Occurrences have been normalized to improve plots’ readability.
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lines, the Cu/SiO2 RAFD prior to passivation is considered
purely unimodal.
As the passivated substrate is subjected to NH3 exposures at

135 °C, for a duration equivalent to 100 Hf3N4 ALD cycles,
the original unimodal RAFD is reestablished (Figure 2c, blue
line), indicating the total ODT depletion under such harsh
conditions. During the experiment, the organic film is exposed
to the same thermal budget and the same number of NH3
doses (Figure 1c) of the corresponding Hf3N4 ALD process
(Figure 1d). In contrast to the ALD process, no Hf-precursor
is delivered into the reactor, preventing any material
deposition, which would create a topography that interferes
with the AFM-enabled NM characterization.
RAFDs are collected from passivated substrates exposed to

different temperatures, namely, 100, 120, and 135 °C, for a
duration and with an amount of NH3 exposures equivalent to
20 up to 100 Hf3N4 ALD cycles (Figure 3). The adhesion force
maps of these patterned samples are reported in Supporting
Information S1. As it can be inferred from Figure 3, the initial
bimodal character of the passivate substrate’s RAFD is
progressively lost in favor of a single-peak distribution as the
substrates undergo longer and longer thermal treatment with
more and more NH3 doses delivered. It is worth to notice that
before turning unimodal, the RAFDs of the passivated
substrates subjected to ALD conditions are remarkably right-
skewed. The RAFD skewness is a strong indication of the
ODT presence being detected. In addition, the distribution’s
asymmetry appears to be lost as the substrate undergoes longer
thermal treatments and it is subjected to more NH3 doses.
This trend suggests that upon exposure to ALD conditions,

more and more ODT molecules become desorbed. Further-
more, such an RAFD bimodal-to-unimodal transition occurs
with significant different rates depending on the process
temperature: single-peak distributions are observed at earlier
stages of the processes at higher temperatures. Specifically, at
100 °C, a bimodal RAFD is seen even after exposing the
samples to a process equivalent to 100 Hf3N4 ALD cycles
(Figure 3a), whereas a unimodal RAFD is observed after a
process equivalent to 40 Hf3N4 ALD cycles at 135 °C (Figure
3c). The temperature dependence of the RAFD’s bimodal-to-
unimodal transition suggests that SAM desorption is strongly
temperature-dependent as higher process temperatures induce
quicker ODT film degradation.
Chemical reactions, such as surface nitridation, between the

NH3 gas and the Cu/SiO2 substrate could modify the sample’s
adhesion properties, potentially undermining the NM charac-
terization insights regarding the passivation layer. It is thus
important to determine whether the exposure to NH3 gas has
altered the chemical composition of the substrate. SF-SIMS
was performed in the past on similar devices to assess the ODT
selective chemisorption to Cu versus SiO2 lines.

54 In this study,
SF-SIMS is performed on the passivated substrates prior to and
after exposure to ALD conditions as well as on the untreated
sample. The aim of the analysis is to identify any potential
chemical reactions of NH3 with the Cu or SiO2 lines through
the presence of Cu−N or Si−N ion clusters. None of these are
identified in the spectra, confirming the absence of any
reactions at the sensitivity level of the SF-SIMS technique. The
only N-containing ions revealed by SF-SIMS analysis with a
significant ion count are NH4

+ and CN−; these are presented
in Supporting Information S4. From these spectra, it can be
inferred that the NH4

+ and CN− intensities vary randomly
between different treatment conditions, validating their

identification as contamination components. This eventually
confirms that the adhesion force changes detected by the NM
characterization are exclusively caused by the progressive
thermally activated SAM degradation. In addition, the ODT-
related ion count (Supporting Information S4) is observed to
progressively drop with the process time and with a strong
process temperature dependence, which further supports the
temperature-dependent SAM degradation mechanism revealed
by NM characterization.
Once ascertained that NH3-based chemical reactions play no

role in altering the substrate’s surface properties, quantitative
information regarding the passivation layer is obtained by
further analyzing the evolution of the RAFD, derived by pulsed
force AFM measurements. In eq 1, the ODT fraction (θODT) is
computed relying on RAFD peak fitting and deconvolution.
The following definition is proposed

θ =
A
AODT

ODT

tot (1)

where AODT and Atot represent the ODT-related peak area of a
bimodal RAFD and the total area of the fitted distribution,
respectively. All RAFD peak fitting and deconvolution are
reported in Supporting Information S3. Based on this
definition, θODT varies between 0 and 1, depending on
whether the ODT layer is completely depleted or fully coating
the surface. Clearly, as the RAFD turns unimodal, θODT drops
to 0. The RAFD-derived ODT fraction on the 50 nm-wide
Cu/SiO2 lines evolution is reported in Figure 4a from samples

Figure 4. ODT fraction (a) and concentration (b) evolution upon
thermal treatments and NH3 exposures equivalent to 20, 40, and 60
Hf3N4 ALD cycles, performed at 100, 120, and 135 °C. The ODT
fraction and concentration are derived by NM characterization and
XPS measurements, respectively. The hollow diamond-shaped data
point is related to a reference SAM-passivated sample subjected to no
thermal treatment or NH3 exposure.
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exposed to different ALD conditions. Specifically, the SAM
coverage is studied by pulsed force AFM measurements as the
passivated samples are subjected to an amount of NH3 dose
and an overall process duration, equivalent to 20, 40, and 60
Hf3N4 ALD cycles, at 100, 120, and 135 °C.
It is worth noting that, if no ALD-equivalent process is

performed on the passivated substrate, the NM character-
ization predicts an ODT fraction equal to 0.52 ± 0.04 (Figure
4a, black hollow diamond-shaped data point). This is in great
agreement with the substrate geometry, which consists of 50
nm-wide metal and dielectric lines and the exclusive
chemisorption of ODT on Cu, resulting in half of the surface
being covered with SAM precursor molecules (i.e., θODT equal
to 0.50).
To confirm the coverage trends observed by the NM

characterization, XPS is employed to determine the ODT
concentration on the 50 nm-wide Cu lines (ΓODT). This is
calculated by monitoring the attenuation of the ODT-related S
2p3/2 peak in the XP spectra during the ALD-equivalent
process according to the following equation55,56

ρ λ φΓ =
λ φ

λ φ

A
A

S
S

sin( )
e

e

d

dODT
S

Cu

Cu

S
Cu Cu

/( sin( ))

/( sin( ))

S
ODT

Cu
ODT

(2)

where AS/ACu and SCu/SS represent the area ratio of the S 2p3/2
and Cu 2p3/2 components in the XP spectra and their atomic
sensitivity factors, respectively. In eq 2, ρCu is the density of Cu
atoms in the cuprous oxide surface (∼0.084 mol cm−3)57 and d
the ODT thickness (1.5 ± 0.1 nm). The SAM thickness and
the presence of cuprous oxide underneath the organic layer
were recently discussed in an earlier work from our group.58

Finally, λCu denotes the Cu photoelectron inelastic mean-free
path (IMPF, ∼0.78 nm) in the substrate,59 whereas λCu

ODT and
λS
ODT denote the Cu- and S-related photoelectron’s IMFP
through the carbonaceous film (∼2.12 and ∼3.81 nm,
respectively),55 with φ representing the exit angle at which
the XP spectra are recorded (45° with respect to the surface’s
normal). Since ΓODT is based on the S 2p3/2 peak associated to
the S−Cu bond doublet centered at 162.7 eV, a value in
between the binding energy position expected for S bonded to
a polymer chain and S bonded to a metal,52,60 no S-related
species but ODT bonded to Cu are considered as the SAM
concentration is computed.
Despite XPS is being used to support and corroborate the

insight unravelled by the NM characterization, it is worth
remarking that these techniques quantify different, although
related, properties of the organic film. As pulsed force AFM
measurements rely on a macroscopic property such as the
film’s surface energy, XPS analysis focuses on a microscopic
aspect of the organic film: the concentration of the S atom
binding energies associated with ODT molecules. Therefore, a
quantitative correlation between the SAM precursor concen-

tration and the exhibit surface properties is far from obvious.
SAM precursor agglomeration upon thermal treatments,
changes in an alkyl chain’s configuration due to variation in
SAM packing density, or thermally induced ODT degradation
are few phenomena that exemplify the complexity behind
establishing a direct relationship between the two observ-
ables.33,34 Based on such considerations, in this work, the
comparison between pulsed force AFM and XPS measurement
results is limited to the observation of overall trends,
temperature-dependent phenomena, and detection limits.
Following a thermal treatment with NH3 exposures that

corresponds to 20 Hf3N4 ALD cycles, XPS investigation reveals
that the ODT has already started to degrade. The thiolate
species depletion continues at a rate which is heavily
temperature-dependent, as predicted by the NM character-
ization (Figure 4). Although there is a good agreement
between the two characterization techniques, the higher
sensitivity of XPS enables ODT detection at low concentration
levels, which are inaccessible to pulsed force AFM measure-
ments as RAFDs have turned unimodal already. For instance, if
the substrate is subjected to a thermal treatment with NH3
exposures equivalent to 40 Hf3N4 ALD cycles at 135 °C, the
presence of 1.08 ± 0.14 molecules per nm2 is observed by XPS,
whereas no ODT contribution is observed in the pulsed force
AFM-derived RAFD. Although XPS shows higher sensitivity to
ODT detection, it is worth noticing that pulsed force AFM is a
less expensive, less complex, and faster analysis method for
passivation quality monitoring, which additionally enables
direct visualization (Figure 2b) of the SAM layer on patterned
structures.
Finally, Hf3N4 ALD is performed on the 50 nm-wide Cu/

SiO2 lines. ALD growth per cycle (GPC) as a function of the
process temperature is reported in Supporting Information S5.
To evaluate the ASD results, top-down SEM images are taken
from passivated Cu/SiO2 lines after 40 Hf3N4 ALD cycles at
100, 120, and 135 °C. These are presented and reported in
Figure 5. Regardless of the process temperature, ALD defects
are detected on the top of Cu. Nevertheless, as the reactor
temperature is increased up to 135 °C, the abundance and
average size of such unwanted ALD nuclei on the metal lines
strongly increase.
Indeed, SEM image analysis reveals that 6.8 ± 0.4, 34.0 ±

1.4, and 59.8 ± 7.5% of the Cu line area is coated with
unwanted Hf3N4 particles after 40 ALD cycles at 100, 120, and
135 °C, respectively. This examination of Cu/SiO2 substrates
upon Hf3N4 ALD agrees with the selectivity loss mechanism
predicted by the NM characterization. Indeed, higher process
temperatures accelerate the SAM thermally activated degrada-
tion, promoting ALD nucleation on the metal lines at an earlier
stage of the ASD process. As a result, almost defect-free ASD is
observed after 40 ALD cycles only at 100 °C, whereas the
metal lines are nearly fully coated in Hf3N4 after the same

Figure 5. Top-down SEM images of the ODT-passivated 50 nm-wide Cu/SiO2 lines upon 40 Hf3N4 ALD cycles at 100 (a), 120 (b), and 135 °C
(c).
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amount of ALD cycles performed at 135 °C. Remarkably, after
each deposition shown in Figure 5, no dielectric poisoning is
observed, which could have prevented Hf3N4 from nucleating
on SiO2 regions close to the Cu line edges. This sort of
undesired inhibition is observed if the passivation is not tightly
confined to the non-growth area (i.e., Cu), for instance, if a
multilayer thiol film protrudes over the growth area, as
reported by Liu et al.29 The absence of Hf3N4-free patches on
SiO2 indicates that the SAM passivation is limited to the Cu
lines only, as highlighted by passivated substrate adhesion force
map collected by pulsed force AFM (Figure 2b).

■ CONCLUSIONS
In conclusion, we have demonstrated an innovative use of
pulsed force AFM NM characterization that enables the
observation of an organic film on relevant substrates for ASD.
It was shown that NM characterization provides comple-
mentary information with respect to conventional techniques,
such as SEM, TEM, and EDX, for passivation monitoring on
heterogeneous surfaces. By exploiting the adhesion force
contrast introduced by the selective passivation of the metal
lines and its subsequent degradation during the exposure to
ALD conditions, the ODT coverage is accurately estimated.
These results were supported by XPS analysis of the passivated
lines. In addition, SF-SIMS measurements demonstrated that
the exposure to NH3 does not alter the surface composition of
the analyzed samples, ensuring that the observed adhesion
force modulation is not induced by chemical reactions between
the NH3 gas and the substrate. The insight derived from the
NM characterization and SF-SIMS measurements strongly
indicates that a thermally activated SAM degradation occurred
under the investigated conditions.
Finally, ASD experiments on the 50 nm-wide structures

exhibit a strong correlation between the deposition temper-
ature and the abundance of ALD defects nucleating on the Cu
lines, highlighting that a process temperature as low as 100 °C
leads to the best ASD performance. Hence, monitoring the
evolution of the passivation film at relevant nanoscale
dimensions during the deposition process is of utmost
importance for the ASD application. Indeed, the NM
characterization enables understanding the mechanisms
responsible for selectivity loss for ASD based on organic
inhibitor films.
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