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ABSTRACT: Area-selective deposition (ASD), a “bottom-up”
substrate-selective material deposition process, is a promising
solution to overcome the current limitations experienced in
semiconductor manufacturing processes, which rely on “top-down”
patterning techniques. To achieve this selective material growth,
atomic layer deposition (ALD) is frequently employed in
conjunction with a blocking layer to suppress material nucleation
on the nongrowth areas. ASD is suitable on many levels of wafer
manufacturing; notably, its “bottom-up” nature makes it more
impactful at the smallest critical dimensions (CDs), such as sub-10
nm. Nevertheless, the ASD studies at such relevant nanoscale
dimensions are very limited or nonexistent. Therefore, we studied
ASD enabled by 1-octadecanethiol (ODT)-derived self-assembled
monolayer (SAM) passivation on unprecedented scaled-down Cu/SiO2 patterns, targeting ASD of hafnium nitride on 10 nm-wide
dielectric spacings. Pulsed force atomic force microscopy nanomechanical characterization proved the tight confinement of the
organic layer to the metal lines even on such high-density patterns. In addition, transmission electron microscopy, energy-dispersive
X-ray spectroscopy, and scanning electron microscopy (SEM) measurements reveal the selective and conformal deposition of ∼5.0
nm hafnium nitride film on the 10 nm-wide SiO2 spacings. Nevertheless, it is shown that, as the pattern features shrink, the
undesired lateral expansion of the isotropically growing ALD film becomes a more stringent limitation to the ASD resolution. The
“monolayer trade-off” associated with the employed passivation to enable ASD is analyzed in this work. In fact, a monolayer-thick
blocking film is desired to avoid poisoning of the growth surface, whereas the ASD film lateral expansion could be effectively
prevented if thicker passivation films are employed instead.
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■ INTRODUCTION

Nanoscale materials and innovative patterning techniques play
a crucial role in enabling sub-5 nm node technologies.1

Conventional semiconductor manufacturing processes heavily
rely on “top-down” lithography and etch steps, which are fated
to not meet the ever-increasing requirements for alignment
imposed by device miniaturization.1−3 Commercially available
lithographic techniques have a risk of shifting from technology
enablers in bottleneck processes in certain steps of device
fabrication. Therefore, the never-ending nanoelectronics
downscaling has made the semiconductor industry receptive
to pioneering nanofabrication methods.1,4 Among the potential
self-aligned patterning schemes, area-selective deposition
(ASD) is emerging as a promising solution to tackle such
manufacturing challenges by enabling “bottom-up” material
deposition on prepatterned substrates.1,5−9 ASD refers to a
material-selective process whereby a target film is deposited
exclusively on a certain surface, the growth area (GA), whereas
no material nucleation is observed on the nongrowth area

(NGA). Hence, ASD is suggested as a key nanofabrication
method in a wide range of application fields3−5,8−10 with
semiconductor processing holding the most stringent targets in
terms of selectivity, estimated defects below 106 cm−2,8,11 and
substrate feature dimensions, smaller than ∼10 nm critical
dimension (CD).1

This confined material growth is most commonly accom-
plished by exploiting well-distinguished local surface chem-
istries in conjunction with deposition techniques whose growth
rate can be affected by the substrate’s chemical specific-
ity.7,12−14 Therefore, one of the most successful material
deposition techniques for ASD applications is atomic layer
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deposition (ALD), whose well-known surface-dependent
nucleation rate relies on the solid−gas self-limiting half-cycle
surface reactions.7,13,15,16 Indeed, on a suitable patterned
substrate, it is observed that ALD starts instantly on the GA,
whereas a nucleation delay is observed on the NGA, potentially
achieving ASD. To enhance the possible intrinsic selectivity
offered by the ALD process, a selective surface blocking layer is
used to prevent nucleation on the NGA.9,12,17−23 In these ASD
strategies, commonly referred to as area-deactivation schemes,
material growth blocking functionalities are either selectively
grafted12,17,18,24−27 or formed by gas/plasma and wet surface
treatments.21,23,28,29

Self-assembled monolayers (SAMs) fall in the former
category and have been used as efficient ASD masks since
their introduction in 2005 by Chen et al.12 SAM precursors
exploit a reactive moiety to selectively form chemical bonds
with the targeted material surface, whereas their terminal group
defines the organic film’s surface properties. In ASD mask
application, these typically consist of a trimethyl or
trifluoromethyl group to prevent ALD precursor physisorption.
Moreover, SAM molecules present an alkyl chain that provide
the driving force to the self-assembly process through the
development of dispersion forces by interchain van der Waals
(VdW) interactions.30 The alkyl backbone impact on the
organic film properties explains why relatively long chain
precursors, approximately above 11 C atoms, were favored for
ASD application.12,20,31−33 In fact, the longer alkyl chain
provides thicker SAMs and favors the molecule’s adoption of
an all-trans configuration that ultimately results in a high
degree of VdW interactions and ensures a close-packing
formation.12,30,31,34

Clearly, thick and dense SAMs are desirable properties for a
blocking layer. Nevertheless, in the last four years,17 a new
class of less bulky organic precursors has gained increasing
attention as a candidate for an ASD mask, which includes short
chain SAM precursors and small molecular inhibitors (SMIs).6

Despite the reduced layer thickness and the absence of long
alky chains that provide VdW interactions, SMIs offer several
advantages. For instance, SMIs can be easily deposited from
the vapor phase and hence can be redosed at each ALD cycle,

virtually preventing any degradation of the ASD mask during
the deposition process.6,17,25 Moreover, as ASD is targeting
aggressively scaled-down patterns and high aspect ratio 3D
structures, small molecular size precursors are less likely to
interfere with the material nucleation on the growth surface if
compared to more bulky SAM monomers.35

Despite the relentless development and improvement of
ASD during the last two decades, somehow only a few studies
have been carried out on relevant nanoscale dimensions for
semiconductor manufacturing applications.20,21,23,24,36,37

Therefore, in this work, we investigate ASD on unprecedently
scaled-down patterns with a CD as small as 10 nm (Figure 1).
The well-known selective chemisorption of 1-octadecanethiol
(ODT) on Cu over SiO2 is exploited to enable ASD of
hafnium nitride by ALD. The proposed ASD scheme is tested
on Cu, SiO2, and TaN homogeneous substrates as well as 50
nm half-pitch (HP) and 10 nm CD Cu/SiO2 lines. By studying
the ODT-enabled ASD strategy on progressively smaller
patterns, we shed light on the opportunities and challenges
faced by aggressively scaled-down patterns, which are of
utmost importance for the ASD applications. Pulsed force
atomic force microscopy (AFM) nanomechanical character-
ization is employed on 10 nm CD structures to visualize and
demonstrate the selectivity of the SAM passivation.38,39

Moreover, this research assesses the feasibility of SAM-based
ASD on unprecedented small patterned features, highlighting
the critical limitation imposed by the later expansion of the
isotropically growing ALD film.

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

Semiconductor. ODT and tetrakis(dimethylamido)hafnium
(TDMAHf) were provided by Sigma-Aldrich and used as received.
Absolute ethanol was supplied by VWR and used as received.

Substrate Preparation. Every substrate used in the present work
was prepared starting from a 300 mm Si wafer. The SiO2 surface was
obtained by exposing the Si wafer to the atmosphere followed by a 10
min exposure to UV/ozone.

Homogeneous TaN substrates were produced by thermally
growing 100 nm SiO2 and depositing 10 nm TaN by physical vapor
deposition (PVD). Conversely, to produce nonpatterned Cu samples,

Figure 1. Schematic illustration of the SAM-enabled ASD process on 50 nm half-pitch and 10 nm critical dimension Cu/SiO2 patterns. Step 1: the
substrates are exposed to UV/ozone for 10 min. Step 2: the selective chemisorption of the octadecanethiol-derived SAM is exploited to passivate
the Cu lines. Step 3: area-selective hafnium nitride atomic layer deposition is performed.
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3 nm PVD TaN was deposited on SiO2 to ensure a good adhesion
between the SiO2 and the 30 nm PVD Cu seed layer and the metal
diffusion barrier. Starting from the seed layer, 500 nm Cu film is
deposited via electroplating, followed by a chemical−mechanical
polishing (CMP) step, which resulted in a final Cu layer thickness of
approximately 200 nm.
Two patterned Cu/SiO2 structures were used to assess the ASD

performance of the ODT passivation: 50 and 17 nm HP substrates
(Figure 1). The former consisted of 50 nm Cu and SiO2 lines/
spacings, whereas the latter was made up of 24 nm-wide Cu lines and
10 nm-wide SiO2 spacing, and thus, it is referred to as the “10 nm CD
pattern”. The dielectric layer was patterned by lithography. The 50
nm HP structures were patterned by immersion lithography, whereas
the 10 nm CD patterns were patterned by extreme ultraviolet
lithography.
In both structures, PVD TaN was used as a metal diffusion barrier,

3 and 1.5 nm thick for the 50 and 10 nm CD patterns, respectively. In
the latter substrate, 1.5 nm Ru deposited by chemical vapor
deposition (CVD) was employed as a liner. Cu was deposited by
electrodeposition in an alkaline Cu plating bath, enabled by a 6 nm
Cu seed layer previously deposited by PVD. The substrate was then
subjected to a 30 s annealing at 180 °C in He/H2. Finally, CMP was
performed to remove the Cu overburden and planarize the stack
down to the Cu/SiO2 lines.
SAM Functionalization. Cu and Cu/SiO2 patterned substrates

were modified with ODT by immersion liquid-phase deposition after
CMP. Before being transferred to an inert nitrogen atmosphere,
where the SAM deposition was performed, the samples were exposed
to 10 min of UV/ozone (ex situ). The exposure of the Cu surface to
the UV/ozone pretreatment favors the formation of a dense ODT-
SAM on Cu, as described in an article previously published by our
research group.40 This surface treatment was also performed on
reference substrates not intended to be coated by ODT. The SAM
deposition was performed under protective N2 atmosphere to prevent
the ODT solution degradation. Under nitrogen, substrates were
submerged into a 50 mM ODT solution in ethanol for 45.8 ± 1.1 h.
As the samples were taken out from the coating solution, they were
rinsed and sonicated with an excess of ethanol and dried under
nitrogen flow. Immediately, the rinsed substrates were sealed and
transferred to the ALD chamber. Experiments were designed to
minimize the waiting time between sample removal from the SAM
solution and ALD process, while samples were stored under a N2
atmosphere.
Hafnium Nitride ALD. Hafnium nitride ALD was carried out in a

Veeco Savannah 300S reactor placed under a nitrogen atmosphere
with a reactor temperature in the 65−250 °C range. Sequential pulses
of TDMAHf for 0.300 s and NH3 for 0.025 s with a 30 s intrapulse
purge step were used. An initial 180 s temperature stabilization step
was performed. As ASD is targeted, the intrapulse purge and
temperature stabilization step duration were reduced to 10 and 30 s,
respectively. This precaution is taken to reduce the thermal budget
experienced by the organic passivation. A nitrogen carrier flow of 20
sccm was employed to deliver the precursors into the reactor. The
average precursor partial pressures in the reactor were 0.094 ± 0.012
and 2.085 ± 0.323 Torr during TDMAHf and NH3 dosing,
respectively. The TDMAHf precursor was preheated up to 75 °C,
whereas NH3 was delivered at room temperature.
Film Characterization. The ALD film thickness deposited on

SiO2 was measured by spectroscopy ellipsometry (SE). These ex situ
measurements were performed using a J. A. Woollam RC2 at 65°, 70°,
and 75° incident angles with respect to the substrate normal within
350 and 1000 nm wavelengths with a 5 s acquisition time per angle.
The nominal beam diameter was 3 to 4 mm with a divergence of less
than 0.4°. In the SE model, the hafnium nitride layer was fitted using a
Cauchy layer with the approximation of a constant refractive index
within the investigated wavelength range. The fit range of such
parameter was limited within the 1.85−2.45 interval.
Rutherford backscattering spectrometry (RBS) was employed to

quantify the Hf areal density as hafnium nitride ALD is performed on
nonpatterned Cu, SiO2, and TaN substrates prior to and after a 45.8

± 1.1 h submersion in an ODT solution.41 A 1.523 MeV He+ beam
with a beam spot of 1 mm was used. The detector with a full width at
half-maximum of 15.1 keV was positioned to define a scattering angle
of 170°. The sample normal was tilted at 11° with respect the ion
beam, and the sample was rotated along the sample normal during the
measurement to avoid channeling effects. The Ta and Hf signals
overlap in the RBS spectra. The contribution of the TaN substrate
was estimated by the linear regression of the combined Hf and Ta
signal intensity as a function of the number of performed ALD cycles
(details in the Supporting Information 1). The hafnium nitride film
thickness was derived from the Hf areal density by assuming a film
density of 1.88 × 1022 Hf atoms/cm3.

Surface Characterization. Time of flight secondary ion mass
spectrometry (ToF-SIMS) was used to detect the presence of SAM
molecules on nonpatterned Cu, SiO2, and TaN prior to and upon a
45.8 ± 1.1 h submersion in an ODT solution. After being taken out
from the coating solution, rinsed and sonicated with an excess of
ethanol, and dried under nitrogen flow, the samples were sealed under
N2 and transferred to the analysis facility 48 h before the
measurements were performed. Both positive and negative ion
spectra were recorded with a TOF-SIMS IV instrument from ION-
TOF GmbH using a Bi3

+ gun as the primary source. Although
measurements with both polarities had been performed, the negative
mode provided the most insightful cluster ions and, therefore, only
these ones are discussed in the manuscript. 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.

Static water contact angle (WCA) measurements were performed
on nonpatterned TaN substrates exposed to 10 min of UV/ozone and
after 45.8 ± 1.1 h of being dipped in an ODT solution. The ex situ
measurements were carried out in a DataPhysics Contact Angle
System (OCA model) equipped with a CCD camera from Teli and a
Hamilton 500 μL syringe with deionized water. The drop volume was
fixed to 2 μL and dispensed at 0.5 μL/s. Image fitting was done with
SCA20 software using the sessile drop method (ellipse fitting model).
ODT-exposed TaN WCAs are measured 24 h after being taken out
from the coating solution to allow residual solvent evaporation.

Time-coordinated X-ray photoelectron spectroscopy (XPS) was
performed to quantify the ODT concentration on blanket Cu and 50
nm Cu/SiO2 patterns. A QUANTES instrument from Physical
Electronics, employed in Angle Integrated mode, was used to collect
XP spectra at a 45° exit angle. The measurements were performed
using a monochromatized Al Kα X-ray source (1486.6 eV) and a
beam size of 20 μm scanned over an ∼ 60 × 300 μm area. On 50 nm
Cu/SiO2 patterns, the analysis area was identified by recording X-ray
induced secondary electron images. Charge neutralization was used
during this experiment. Core level binding energies were calibrated
against the C 1s binding energy set at 284.8 eV.42,43 The ODT
concentration (ΓODT) was calculated by comparing the peak
intensities of the ODT-related S 2p3/2, associated with the S−Cu
bond doublet centered at 162.7 eV,42,44 and the respective Cu 2p3/2
peak of the substrate. The SAM concentration is computed as45,46

ρ λ φΓ =
λ φ

λ φ

A
A

S
S

e

e
sin( )

d

dODT
S

Cu

Cu

S
Cu Cu

/( sin( ))

/( sin( ))

S
ODT

Cu
ODT

(1)

where A
A

S

Cu
and S

S
Cu

S
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 1, ρCu is the density of Cu atoms in the cuprous
oxide surface (∼0.084 mol cm−3)47 and λCu denotes the Cu
photoelectron inelastic mean-free path (IMPF; ∼0.78 nm) in the
substrate,48 whereas λCu

ODT and λS
ODT are the Cu- and S-related

photoelectron’s IMFP through the carbonaceous film (∼2.12 and
∼3.81 nm, respectively).45 Finally, d represents the ODT thickness
(1.5 ± 0.1 nm),40 and φ is the exit angle at which the XP spectra were
recorded, 45°.

Pulsed force AFM39 was exploited to obtain 2D topological and
nanomechanical property maps of the 10 nm CD patterns prior to and
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upon SAM functionalization. The objective of this analysis is to
visualize the ODT passivation on the 24 nm-wide Cu lines 10 nm CD
substrate by exploiting the surface adhesion force contrast expected to
rise between the passivated metal lines and the hydrophilic SiO2 areas,
analogously to what has recently been shown by our group on 50 nm-
wide line structures.38 For this purpose, a commercial Bruker
Dimension Icon AFM system, equipped with a HiRes-C19/Cr-Au
probe (0.5 N/m nominal spring constant operated at 2 kHz) and a Si
tip (<1 nm radius) from MikroMasch, was used to perform ex situ
peak force quantitative nanomechanical analysis (QNM).49 The piezo
scanner was controlled by a Bruker Nanoscope V feedback controller,
and the experiments were designed to minimize the waiting time
between sample processing and the AFM analysis. 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 set point
set to 0.150 nN. The adhesion force was defined as the absolute value
of the minimum force experienced by the AFM tip during an
approach-withdrawn cycle. Nanoscope Analysis v 1.5 software was
used to confine the adhesion force distribution analysis to the Cu/
SiO2 lines only (0.644 × 0.406 μm). Distribution fitting and peak
deconvolution of the adhesion force were exploited to estimate the
ODT coverage (θODT) on the 10 nm CD patterns according to the
following equation:38

θ =
A
AODT

ODT

tot (2)

where AODT and Atot represent the ODT-related peak subtended area
of the bimodal adhesion force distribution and the total subtended
area of the fitting function, respectively. These are reported in
Supporting Information 2. Distribution fitting and peak deconvolution
was done using the Matlab signal processing tool made freely available
by Tom O’Haver.50

ASD Assessment on Patterns. Top-down scanning electron
microscopy (SEM) images of both 50 nm HP and 10 nm CD patterns
are taken to study defect formation and evolution during hafnium
nitride ALD. A Helios NanoLab 460HP FEI SEM tool was used to
collect 1.28 × 0.85 μm images of the patterned substrates upon
hafnium nitride deposition using a through-the-lens detector in
secondary electron mode with a 10.00 kV applied potential and a
probe current varying from 10 to 20 nA. ImageJ software (v 1.52a)
was employed to perform brightness and contrast correction to the
SEM images as well as to extract the data used to describe defectivity
evolution during the ALD process. In this analysis, no ASD film lateral
overgrowth at the Cu line edges or defects whose radius is smaller
than 2 nm were considered (SEM resolution limit). ASD defectivity
on top of the Cu lines was defined by three observables in this work:
defect surface fraction ( fdef), defect density (ρdef), and average defect
radius (ravg). The former was defined as the ratio between the total
defect area (Adef) and the NGA area (ANGA):

=f
A

Adef
def

NGA (3)

whereas ρdef represented the ratio between the number of defects
(Ndef) and ANGA, meaning the number nanoparticles resolved by top-
down SEM per unit of area:

ρ =
N

Adef
def

NGA (4)

Finally, ravg was computed from the average defect area (aavg),
assuming that the detected nanoparticles had a semispherical shape
and, hence, appear circular from a top-down prospective.

π
=r

a
avg

avg

(5)

The errors associated with fdef and ρdef were computed by varying the
gray scale threshold for defect detection by ±1% with respect to the
set value. Conversely, the ravg error is defined as the 25−75%
interquartile range of the particle size distribution (PSD). The PSDs

were normalized so that their integrals computed over all possible
radius values are equivalent to the unit.

Cross-sectional transmission electron microscopy (TEM) images
were obtained in conjunction with energy dispersive X-ray spectros-
copy (EDS) measurements to assess the ASD quality on 50 nm HP
structures and 10 nm CD patterns. The studied cross sections were
made using an FEI Helios NanoLab 450HP dual beam focused ion
beam (FIB). Prior to the FIB lift-off, the analyzed substrate was
coated with three layers in the following order: a thin e-beam Pt layer,
a drop-casted organic layer (spin-on carbon) baked at 150 °C, and an
ion-beam (30 kV) deposited Pt layer. The cross section was created
by milling a trench at 30 kV at either side of the region of interest and
attaching it to a lift out needle. Afterward, the cross section was
attached to a TEM grid and thinned initially at 30 kV, whereas the
final part of the process was performed at 5 kV. At the end, the
studied cross sections consisted of a 30−50 nm thick lamella. An FEI
Titan3 G2 60-300 transmission electron microscope operating at 200
kV was employed to collect both TEM images and EDS element
maps.

■ RESULTS AND DISCUSSION
Hafnium Nitride ALD on Homogeneous Surfaces. The

hafnium nitride ALD process is initially studied on the growth
area of the proposed ASD strategy, thus blanket SiO2
substrates after 10 min of UV/ozone exposure. The process
growth per cycle (GPC) and deposited film’s refractive index
are investigated by ex situ SE as a function of the reactor
temperature. The results are reported in Figure 2. A linear

relationship is observed between the film thickness and the
number of performed deposition cycles throughout the
investigated process temperature range (Supporting Informa-
tion 3). The ALD’s GPC at 150 °C measured by SE is
corroborated by RBS analysis (Supporting Information 1): the
process deposition rate results are 2.0 ± 0.1 and 2.1 ± 0.1 Å/
cycles according to the two characterizations, respectively. The
SE investigation reveals a dependence of the ALD deposition
rate on the reactor temperatures; no clear ALD process
window is found within the considered temperatures. The
process GPC sits at ∼2.1 ± 0.1 Å/cycles for process

Figure 2. ALD GPC (black) and hafnium nitride refractive index
(red) as a function of the process temperature determined by SE
measurements. Each GPC data point is computed starting from
hafnium nitride thickness measurements upon 10, 20, 30, and 40 ALD
cycles, whereas only the last three films are considered as the
refractive indexes are determined. ALDs are performed on SiO2 upon
exposure to 10 min of UV/ozone.
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temperatures below 150 °C. Above such a threshold, the
hafnium nitride deposition rate decreases and stabilizes at ∼1.8
± 0.1 Å/cycles. Similarly, the film’s refractive index rises with
the reactor temperature from ∼1.9 at 65 °C up to ∼2.3 at 170
°C, and no further increase is observed at higher temperatures.
The refractive index saturation value is compatible with the
values reported in the literature for hafnium nitride with an
oxygen content greater than 8%.51 Both GPC and refractive
index trends could be explained by the temperature-dependent
ligand-exchange reaction rate between NH3 and the amido
functionalities of the deposited film during coreactant
exposure.52,53 It is suspected that the lower ligand-exchange
reaction rate observed at low temperatures leads to a more
significant incorporation of methyl-containing TDMAHf
functionalities, resulting in a less dense yet thicker hafnium
nitride film deposition. Consequently, ALD performed at
relatively low temperature, such as below 150 °C, exhibiting
higher GPC, and the incorporation of methyl species in the
film matrix causes the refractive index to be lower than
expected.51,54,55

Subsequently, hafnium nitride ALD is investigated on the
relevant materials involved in the proposed ASD strategy with
an emphasis on understanding the impact of ODT exposure on
ALD nucleation on the various surfaces. This purpose is
fulfilled by comparing the amount of hafnium nitride deposited
on Cu, SiO2, and TaN substrates and the quantity deposited
on the same surfaces after being dipped in ODT solution for
45.8 ± 1.1 h. RBS is employed to quantify the Hf areal density
upon 50 hafnium nitride ALD cycles at 150 °C, and the results
are reported in Figure 3. As it can be inferred from the results

reported in Figure 3, the ODT passivation significantly inhibits
the ALD nucleation exclusively on the Cu surface. Indeed, as
the metallic substrate is modified with the ODT passivation,
the Hf detected by RBS upon 50 hafnium nitride ALD cycles
drops from 6.8 ± 0.2 × 1015 to 0.7 ± 0.5 × 1014 at·cm−2. This
is in great agreement with the numerous literature studies

showing the formation of densely packed thiol-derived SAM
on Cu.34,40,46,56−58

Conversely, no significant material deposition hindering is
observed on both SiO2 and TaN surfaces after submersion in
the SAM solution. Nevertheless, as SiO2 is considered,
approximately 10% less Hf is detected after performing 50
ALD cycles if the substrate is previously immerged in the ODT
solution compared to unexposed SiO2. This material
deposition delay could be caused by undesired thiol molecule
physisorption on the dielectric surface. Nevertheless, no ODT-
specific ions, such as C18H37S

−, are detected above noise level
by ToF-SIMS as SiO2 is exposed to the SAM solution
(Supporting Information 5). Possibly, substrate exposure to
high vacuum during the ToF-SIMS may have depleted such
physiosorbed species, making it impossible to properly assess
their presence with a vacuum technique.
Finally, no significant SAM-related ALD inhibition is

observed on TaN. This suggests that no stable ODT
passivation is formed on such a material, arguably because of
a weak thiol−Ta interaction or the presence of too strong of a
Ta−N bond. To support this claim, WCAs are measured on
TaN substrates prior to (55.0 ± 1.2°) and upon immersion in
the coating solution (55.3 ± 0.7°). The unaltered WCA value
after substrate exposure to the ODT solution indicates that no
SAM forms on TaN. The impossibility to form a dense thiol−
SAM on this material is corroborated by comparing the ODT-
specific ion counts (i.e., C18H37S

−) on Cu and TaN by ToF-
SIMS measurements (Supporting Information 5). After a 45.8
± 1.1 h immersion in ODT solution, the C18H37S

− intensity is
more than 2 orders of magnitude lower on TaN with respect to
Cu. Similar conclusions were drawn by Liu et al. as
dodecanethiol (DDT) SAM deposition by vapor phase is
attempted on TaN substrates.59

In summary, according to the RBS analysis on Cu, SiO2, and
TaN, the ODT passivation significantly delays ALD nucleation
exclusively on Cu. As 50 hafnium nitride ALD cycles are
performed on SiO2, the exposure to the coating solution causes
only a minor change in the Hf areal density detected by RBS
from 10.9 ± 0.2 × 1015 to 9.1 ± 0.3 × 1015 at·cm−2. The poor
thiol−Ta chemical affinity results in no ALD blocking
observed on TaN, which would have been desirable to more
effectively confine the dielectric ASD to the SiO2 lines.

1,5

ASD on 50 nm Patterns. ASD is first studied on patterns
consisting of 50 nm-wide Cu/SiO2 lines. The initial focus of
the experimental work is to identify the most suitable ASD
conditions in term of process temperature. Therefore, ODT-
passivated Cu/SiO2 50 nm HP structures are exposed to
hafnium nitride ALD at 100, 120, and 135 °C, followed by top-
down SEM analysis to assess the ASD quality. This
temperature range is selected according to ODT-SAM thermal
stability on 50 nm Cu patterns.38 The observed defectivity is
described in terms of fdef, ρdef, and ravg, and their evolutions
upon increasing number of performed ALD cycles are
presented in Figure 4a.
A portion of the SEM images that correspond to each data

point are available in Supporting Information 6. As it can be
inferred from Figure 4a, the deposition temperature plays a
role of paramount importance in controlling defectivity on the
NGA with lower process temperature (i.e., 100 °C) being
beneficial for ASD. If hafnium nitride ALD is carried out at 100
°C, the fraction of GA covered with hafnium nitride nuclei
remains below 11% after performing 60 ALD cycles (Figure
4a), whereas Cu line closure due to undesired ALD nucleation

Figure 3. RBS-derived Hf areal density upon 50 hafnium nitride ALD
cycles performed on Cu, SiO2, and TaN exposed to 10 min of UV/
ozone (orange) and after 45.8 ± 1.1 h of dipping in ODT (blue). The
depositions are carried out at 150 °C. Inset: a top-down SEM image
of the ODT-coated Cu upon hafnium nitride ALD (a larger portion is
reported in Supporting Information 4).
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already becomes dominant after 30 and 40 ALD cycles at 120
and 135 °C, respectively. Because of the film closure of the
metal lines, it is impossible to calculate the ravg and ρdef at this
ALD stage.
Nevertheless, the SEM analysis reveals that the superior

selectivity appreciated at 100 °C is attributed to both a lower
defect nucleation rate and hindered nanoparticle growth if
compared to higher temperature processes (Figure 4a). If ASD
processes at 120 and 135 °C are considered, the defect
generation rates are comparable, 104 ± 15 and 138 ± 39 defect
per cycle per μm2, respectively. Nevertheless, at 100 °C, the
defect generation rate drops significantly to 31 ± 9 defect per
cycle per μm2. The defect formation rate temperature
dependence is in agreement with the thermally activated
ODT degradation on Cu observed by pulsed force AFM in a
recently published work from our research group.38 At
temperatures as high as 120 °C, a quick depletion of the
ODT molecules reveals more of the underneath Cu area,

providing a favorable surface to unwanted ALD nucleation. In
contrast, the SAM molecule concentration was shown to
remain almost unaltered throughout 60 ALD cycles at 100 °C,
allowing the effective suppression of the generation of defects.
A similar overall trend between process temperature and ravg is
observed. The hafnium nitride nuclei appear to grow rapidly as
ALD is carried out at 120 and 135 °C, whereas the defect
average size remains almost constant with increasing ALD
cycles at 100 °C. The lower defectivity observed at the lowest
process temperature could be attributed to different phenom-
ena, starting with the higher stability of the SAM film at 100
°C with respect to 120 and 135 °C. As shown in a previously
published study from our research group,38 the ODT
concentration on the 50 nm-wide Cu lines remains constant
throughout ASD only at 100 °C. Therefore, the highly
concentrated alkyl chains surrounding a given defect may make
it less likely for gas-phase ALD reactants to reach the nuclei
surface due to steric hindrance. This “screening effect” is
expected to not be as efficient at 120 and 135 °C than at 100
°C because of faster ODT molecule depletion at such
temperatures.
One additional contribution to the faster nanoparticle

growth at 120 and 135 °C temperatures is suggested by the
PSDs at the latest insightful stage of the ASD process (Figure
4b) before the coalescence of the hafnium nitride layer occurs
on the Cu surface. If a given nanoparticle grows only by direct
material deposition then, on the basis of geometrical
considerations, its radius is expected to increase at a rate
equal to the ALD’s GPC. In this scenario, defects are
considered to grow in a layer-by-layer regime. Therefore, the
radius of a certain nanoparticle (rdef) cannot exceed the value
predicted by ALD’s layer-by-layer growth mechanism (rLbL),
which corresponds to the thickness of the ASD film. As it can
be inferred from the PSD reported in Figure 4b, if hafnium
nitride is deposited at 100 °C, no defect exceeds such a
threshold (i.e., rdef/rLbL > 1), providing no evidence of a growth
mechanism different than direct material deposition by ALD.
Conversely, a non-negligible portion of the PSDs upon ALD at
120 and 135 °C comprise nanoparticles whose radius is greater
than rLbL (Figure 4b, filled areas). This ∼5% of the total defect
suggests that additional growth mechanisms have played a role
at 120 and 135 °C. A plausible explanation to this defect
overgrowth may rely on the surface diffusion of adspecies and
nanoparticles.36,60−64 The enhanced mobility of such species at
higher temperature cause a beyond layer-by-layer expansion of
the nanoparticles either by enabling the chemisorption of
additional physisorbed precursor or by favoring defect
coalescence upon collision. These surface diffusion-driven
phenomena agree with the reported experimental observations
that defect overgrowth is more significant at higher deposition
temperatures.
SEM inspection of the 50 nm HP reveals that ODT offers

different inhibition performances on homogeneous and
patterned Cu substrates. The poorer ALD blocking of the
ODT on the pattern’s features, compared to SAM-on-blanket
Cu, is highlighted by the SEM analysis. A portion of these
images, corresponding to ODT-passivated blanket Cu upon 50
ALD cycles at 150 °C and after 50 hafnium nitride cycles at
135 °C on 50 nm Cu/SiO2 patterns, are reported in Figure 3
(inset) and Figure 4 (top inset), respectively. The SEM
inspection reveals the formation of sparse ALD defects upon
50 ALD cycles at 150 °C on blanket Cu, whereas the same
amount of ALD cycles at 135 °C causes an almost full coating

Figure 4. (a) Defect surface fraction ( fdef), density (ρdef), and average
radius (ravg) evolution with increasing number of hafnium nitride
ALD cycles performed at 100, 120, and 135 °C on 50 nm-wide Cu/
SiO2 lines. The investigated ALD processes deposit from ∼4.0 nm (20
cycles at 135 °C) up to ∼13.6 nm (60 cycles at 100 °C) hafnium
nitride on blanket SiO2. Insets: 50 nm pattern top-down SEM images
(50 nm scale bar) upon 50 ALD cycles at 100 (bottom) and 135 °C
(top). (b) PSDs computed from the 50 nm HP structure exposed to
60, 40, and 30 ALD cycles performed at 100, 120, and 135 °C,
respectively. These are plotted as a function of the ratio between the
defect radius (rdef) and the maximum radius expected from an ideal
layer-by-layer growth regime (rLbL). The distribution’s filled area
represents the nanoparticle fractions that exceed this size threshold.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.1c01348
ACS Appl. Electron. Mater. 2022, 4, 1703−1714

1708

https://pubs.acs.org/doi/10.1021/acsaelm.1c01348?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01348?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01348?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01348?fig=fig4&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c01348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the 50 nm-wide Cu line with the nitride film. XPS-derived
ODT concentration is measured on both blanket and 50 nm
patterns, revealing that the molecular concentration of the
SAM is significantly higher on the former substrate, 3.10 ±
0.11 molecule/nm2, compared to the 2.45 ± 0.19 molecule/
nm2 observed on the 50 nm-wide Cu lines.38 The lower
density of the ODT layer may be responsible for the poorer
ALD inhibition performances on such patterned features.
Moreover, the lower concentration of the SAM molecule
indicates lower degree alkyl chain VdW interactions31 that
could lead to a lower degree of stabilization of the ODT
molecules during the ASD process. The different molecular
concentrations of the organic film on the homogeneous surface
and patterns may have been caused by subtle chemical and/or
morphological differences among the two Cu substrates.
Arguably, “edge effects” on the heterogeneous surface, like
the one reported by Chopra et al. on 3D structures,65 can
contribute to the formation of a SAM with a lower degree of
crystallinity. This lower level of organization allows the
accommodation of a fewer ODT molecules, thus favoring
the nucleation of ALD nanoparticles at an earlier stage of the
ASD process with respect to a more crystalline SAM. Such
discrepancies between the ODT performances on blanket and
patterned substrates highlight the critical importance of
investigating ASD processes at technology-relevant CDs.
The ASD resolution achieved on the 50 nm HP structure is

assessed by EDS measurements taken in conjunction with
cross-sectional TEM. On the basis of the SEM analysis
(Supporting Information 6), the substrate undergoing 40
hafnium nitride ALD cycles at 100 °C is selected for TEM and
EDS inspection, and the results are presented in Figure 5. The
investigation shows that ∼6.5 nm hafnium nitride film is
selectively deposited on the 50 nm SiO2 spacings. This ASD
performance is observed throughout the whole 50 nm HP
(Figure 5d), highlighting the repeatability of the proposed
ASD scheme. As revealed by the EDS cross-section images

(Figure 5a), no Hf is detected on Cu, whereas top-down SEM
reveal sparse particles on the NGA (Supporting Information
6). This points to the value of combining relatively large-field
characterizations (e.g., SEM images) along with TEM/EDS as
the process selectivity is assessed. All the analyzed SiO2
spacings are fully coated by the hafnium nitride film.
TEM/EDS analysis shows that ALD nucleation is unaffected

on top of the TaN barrier. This agrees with the poor
passivation properties exhibited by the ODT layer on TaN, as
shown by the RBS analysis presented in Figure 3. Moreover,
the ASD film appears to marginally protrude from the TaN
barrier and extend over the very edge of the Cu lines. At the
best of the TEM and EDS resolution, no hafnium nitride
nucleation is observed directly on the Cu edges. This ASD
lateral overgrowth, also referred to as a “mushroom” or
“cauliflower effect”, is a rather well-known consequence of the
ALD isotropic growth character.66 It is challenging to
accurately quantify the ASD film lateral protrusion because
of the line edge roughness (LER) of the nitride film, which is
observed in the top-down SEM images. Such a LER suggests a
low degree of reorganization of the ALD film, which is possibly
attributed to the low process temperature. Nonetheless, the
ASD film undesired lateral expansion over Cu varies between
approximately 2 and 4 nm. Therefore, the film lateral
overgrowth is marginal compared to the pattern’s feature size
(i.e., 50 nm), making it a nonrelevant issue as ASD is employed
at this scale.

SAM Characterization on 10 nm CD Patterns. The
SAM passivation on 10 nm CD structures is characterized by
pulsed force AFM.67−70 The scope of this analysis is to
monitor the organic passivation and estimate its surface
coverage prior to ALD.38 The quantification of the surface
fraction functionalized by the SAM is information of the
utmost importance for ASD on a technology-relevant pattern
scale. Undesired shadowing caused by the organic passivation
can potentially prevent ALD nucleation on the GA because of

Figure 5. EDS spectral image of the ODT-passivated 50 nm-wide Cu/SiO2 line cross-section upon 40 hafnium nitride ALD at 100 °C (a). Single
element EDS images from Cu-Lα, Hf-Mαβ, and Ta-Lβ emissions are reported. Cross-sectional DF-TEM (b), HR-TEM (c), and TEM (d) images of
the same substrate.
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the blocking layer protrusion over the growth surface. As the
dimensions of the area targeted by the ALD shrinks, like the 10
nm-wide SiO2 spacing considered in this study, potential
masking effects are more detrimental due to the reduced
dimensions of the substrate’s features. The adverse possibility
of the SAM-mediated masking effect is indeed one of the
reasons that is driving the scientific community to consider
smaller sized molecules for passivation purposes.
To monitor the SAM confinement to the GA by pulsed force

AFM, the attention is drawn to the analyzed substrate’s
adhesion force properties evolution prior to and upon the
ODT coating. This metrology was recently proved successful
on 50 nm HP structures,38 and it is here tested on aggressively
scaled-down 10 nm CD patterns. The adhesion force images
collected prior to and upon ODT passivation are reported in
Figure 6a, along with the adhesion force distribution (Figure

6b). The full adhesion force images from both samples are
available in Supporting Information 2, where the analysis areas
used to compute the distributions are shown in Figure 6b.
These adhesion force distributions show that, as the SAM is
grafted to the metal lines, the initial symmetrical adhesion
force distribution turns bimodal with different peak heights,
highlighting the formation of two well-distinguished regions
exhibiting higher and lower adhesion force. The adhesion force
maps upon ODT passivation (Figure 6a) reflect the expected
surface chemistry, consisting of bright CH3-terminated hydro-

phobic lines of the passivated metal (i.e., low adhesion force)
and dark hydrophilic SiO2 regions (i.e., high adhesion force).
This map reveals a 0.2−0.3 nN adhesion force contrast
between passivated metal lines and dielectric spacings. On the
contrary, prior to the organic layer deposition, the substrate
adhesion force results are homogeneous throughout the whole
Cu/SiO2 line structure. In this case, no clear contrast is
identified, and the symmetrical Gaussian-shaped adhesion
force distribution contradicts the sample geometry, which
consists of 24 nm-wide Cu and 10 nm-wide SiO2.
Quantitative insights over the ODT passivation are obtained

by further analyzing the 10 nm CD pattern’s adhesion force
distribution upon SAM modification (Figure 6b). Starting
from the cross-sectional images reported in Figure 7, vide inf ra,
the surface fraction to undergo the thiol-mediated functional-
ization is expected to be approximately ∼0.61 with the
remaining area, consisting of SiO2 spacings and the TaN/Ru
barrier/liner, left uncoated. As the ODT-passivated substrate’s
adhesion force distribution (Figure 6b) is deconvoluted into its
lower and higher adhesion force components (fitting
parameters and results available in Supporting Information
2), a SAM surface coverage equal to 0.63 ± 0.03 is computed
according to eq 2. Thus, the nanomechanical characterization
performed on the ODT-modified substrate confirms that the
organic functionalization occurs exclusively on the metallic
surface. On the basis of these insights, no ODT-SAM mediated
masking effects of the SiO2 spacing are expected upon ALD.

ASD on 10 nm CD Patterns. The ASD quality on 10 nm
CD patterns is assessed by SEM and EDS measurements in
conjunction with cross-sectional TEM. On the basis of the
learning from the 50 nm HP structures, hafnium nitride ASD is
tested at 100 °C on 10 nm CD Cu/SiO2 patterns. The results
of the TEM, EDS, and top-down SEM analyses on the ODT-
passivated samples upon 30 hafnium nitride ALD cycles are
presented in Figure 7. From the TEM images, it is concluded
that the effective suppression of hafnium nitride nucleation is
achieved on Cu, resulting in successful ASD. The ODT-
mediated ALD inhibition appears remarkably effective at the
central region of the metallic lines. Indeed, according to the
top-down SEM image in Figure 7e, almost no ALD nuclei are
formed at the center of the Cu lines. The TEM and EDS
analyses reveal the deposition of an ∼5.0 nm hafnium nitride
continuous layer on the SiO2 spacings. Despite the CD of the
GA being reduced to 10 nm, the ODT passivation does not
interfere with the nucleation of the ALD film on SiO2; both
TEM and SEM analyses reveal fully coated dielectric spacings
by the ALD film. This is in agreement with the tight
confinement of the SAM on Cu suggested by the pulse-force
AFM investigation.
Similarly to ASD on 50 nm HP structures, the TEM

inspection of the 10 nm CD patterns shows that the ASD film
protrudes from the TaN barrier over Cu. The later overgrowth
of the nitride film approximately extends for 1 to 4 nm over the
metal lines. It is not straightforward to compare the lateral
expansion of the ASD film on 50 and 10 nm patterns because
of the hafnium nitride relevant LER. Nevertheless, this
“mushroom effect” is more detrimental on smaller patterns,
since analogous later overgrowth takes over a large fraction of
the GA on more scaled-down substrates. As the proposed ASD
strategy is considered, despite the nitride lateral overgrowth
being comparable on both patterns, 92% to 84% of the Cu
surface is available after ASD on the 50 nm HP substrate,
whereas only 87% to 67% of the metal lines is not affected by

Figure 6. Adhesion force maps of the 10 nm CD Cu/SiO2 pattern (a)
after UV/ozone exposure (left) and upon ODT coating (right)
measured by pulsed force AFM. The distributions of such adhesion
forces (b) are reported before (left) and after (right) SAM passivation
and are plotted within the 0.2−1.0 nN range with a 10 pN
quantization interval.
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the later expansion of the ALD film on the 10 nm CD pattern.
In addition, the SAM inability to passivate the TaN/Ru
complex is more disadvantageous at smaller CDs because
barriers and liners cannot be scaled-down along with the
pattern’s lines and spacings.
“Monolayer Trade-off”. The presented experimental work

highlights the crucial role of the monolayer nature of the
passivation layer as ASD is targeted at smaller and smaller
CDs, revealing critical insights regarding the investigated
passivation layers for ASD purposes. The monolayer thickness
of the organic film upon the proposed ODT deposition
technique on blanket Cu was reported in a previous study
published by our research group.40 In addition, AFM height
scans on 50 nm-wide Cu lines patterns prior to ALD, available
in Supporting Information 7, reveal that the SAM preserves its
monolayer nature on such patterns (∼2.0−2.5 nm).31

Resolution limits of analogue measurements performed on
the 10 nm CD patterns preclude one from calculating the SAM
thickness on such structures. Nevertheless, on such patterns,
no multilayer thick complexes are detected, strongly indicating
that the ODT-SAM adopts a configuration close to the one of
the monolayer (Supporting Information 7). As unraveled by
the pulse force AFM nanomechanical characterization (Figure
6), even a relatively long alkyl chain SAM monomer, such as
ODT, forms a blocking layer that is confined to the NGA.
Consequently, no ALD nucleation hampering is observed at

the Cu/SiO2, as demonstrated by the TEM/EDS analysis
performed on 10 nm CD patterns upon 30 hafnium nitride
cycles (Figure 7). These findings agree with Liu et al.’s work,59

where the benefit of a truly monolayer-thick DDT-SAM to
prevent detrimental masking effects is highlighted using the
example of a 50 nm-wide SiO2 growth surface. In this study,
such specific findings are extended to 10 nm-wide SiO2

spacings using a bulkier thiol precursor. Moreover, for the
first time, the proof of the SAM confinement to such scaled-
down Cu lines is provided.
Therefore, the results presented in this Article shed new

light on long chain SAM precursors for ASD applications. In
fact, a relatively bulky precursor, such as ODT, provides ASD
masks that are tightly confined to the NGA, thus preventing
the creation of ALD-free patches on the GA upon material
deposition. Under the right deposition conditions, long chain
SAMs still represent suitable blocking layers for ASD
applications, as no selectivity issue is observed on 10 nm
patterns. Regarding relevant 3D structures, such as high aspect
ratio trenches, to the best of the authors’ knowledge, no
manuscript has reported masking of the GA caused by a long
chain SAM.
Despite the great selectivity of the ALD inhibition exhibited

by the ODT-SAM, a critical issue is observed at technology-
relevant pattern scale: the lateral overgrowth of the ASD film.
This is a well-known and not yet fully tackled challenge as

Figure 7. HAADF-TEM (a, c) and DF-TEM (d) images of the ODT-passivated 10 nm CD Cu/SiO2 pattern upon 30 hafnium nitride ALD cycles
at 100 °C. EDS spectral images (b) of the highlighted area in (a) from Cu-Lα, Hf-Mαβ, Ta-Lβ, and Ru-Lα emissions. Single EDS elemental maps for
Cu-Lα, Hf-Mαβ, Ta-Lβ, and Ru-Lα emissions are reported. Top-down SEM image of the same structure (e); inset: a 2× magnification of the area
highlighted in green is presented.
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material selective deposition on relevant patterned substrate is
sought. Such an issue is caused by the limited thickness of the
employed passivation film and the ASD film isotropic growth
character, whose deposition is typically carried out by ALD or
CVD.66 On one hand, a monolayer-thick blocking film is
desired to avoid poisoning of the growth surface at the
pattern’s feature interfaces. On the other hand, the lateral
expansion of the deposited material could be hindered, or even
completely prevented, if a passivation layer as thick as the
target ASD film is employed. Therefore, it appears clear that
the “monolayer trade-off” between growth inhibition selectivity
and lateral overgrowth suppression poses a clear challenge for
area deactivation ASD schemes at technology-relevant nano-
scale. It is worth remarking that this sort of limitation is
virtually shared by every ASD approach that relies on a
passivation layer, regardless of the blocking layer nature (e.g.,
SAMs, SMIs, gas/plasma formed) as well as by strategies
exploiting substrate inherent ALD selectivity.

■ CONCLUSIONS
In this study, ASD is tested on unprecedented scaled-down
Cu/SiO2 patterns with SiO2 spacings as small as 10 nm. It has
been demonstrated that Cu passivation by ODT-derived SAM
enables the selective deposition of a hafnium nitride film
thicker than 5 nm on SiO2 on both 50 nm HP and 10 nm CD
patterns. Post-ALD top-down SEM on the 50 nm HP lines was
used to characterize and quantify different aspects of the
ongoing defect formation mechanisms on the metal lines,
confirming that a process temperature as low as 100 °C was
fundamental to mitigate ASD defectivity. At this temperature,
the nanoparticle generation rate was strongly hampered, and
their growth was seemingly suppressed. No ALD inhibition
was observed on the TaN barrier because of the poor thiol−Ta
interaction.
As ASD had been attempted on sub-10 nm features, relevant

insights over the SAM-enabled selective material deposition
were obtained. Upon ODT coating, these structures were
investigated by pulsed force AFM, proving the confinement of
the SAM on the metallic lines. Consequently, the blocking
layer was not observed to interfere with the ASD on 10 nm-
wide SiO2 spacings. These findings provided a definitive proof
that relatively bulky SAM precursors, such as long alkyl chain
ODT, can be employed to selectively passivate sub-10 nm
patterns.
In conclusion, the Article highlights the “monolayer trade-

off” between nucleation inhibition selectivity and lateral
overgrowth suppression, which plays a key role at the relevant
nanoscale. On aggressively scaled-down patterns, both aspects
are crucial to enable ASD because undesired protrusion of the
passivation layer is more detrimental on a smaller and smaller
GA and unwanted ASD film expansion sequestrates a relatively
larger portion of the NGA. Overcoming the later overgrowth
challenge is going to determine the feasibility of ASD in
semiconductor manufacturing processing, together with defect
mitigation.
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