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Control of Cu morphology on TaN barrier and
combined Ru-TaN barrier/liner substrates for
nanoscale interconnects from atomistic kinetic
Monte Carlo simulations+

Samuel Aldana, ‘& * Cara-Lena Nies 2 and Michael Nolan = *

The miniaturization of electronic devices poses severe challenges for metal interconnect deposition in
back-end-of-line processing due to the decreasing volume available in the interconnect via. Cu is cur-
rently used as the interconnect metal and requires barrier and liner layers to prevent diffusion into silicon
and promote smooth film growth. However, these layers occupy critical space in the already narrow,
high-aspect ratio interconnect vias. Designing combined barrier/liner materials is critical to optimizing
available interconnect volume. While film morphology can be predicted from first principles calculations,
e.g. Density Functional Theory (DFT), modelling deposition to understand the evolution of metal growth
and optimize barrier material design and metal deposition is extremely challenging. We present an ato-
mistic kinetic Monte Carlo (kMC) investigation of Cu deposition on Ru-modified TaN as a potential dual-
function barrier/liner material. Using DFT-calculated activation barriers, we predict Cu morphology on
these technologically important substrates at back-end-of-line processing temperatures. We evaluate 2D
vs. 3D morphology and film quality by analyzing film roughness, island size, substrate exposure, layer
occupation rate, film compactness and the effect of annealing. Our results show that Ru-modified TaN
with 50% Ru incorporation significantly reduces roughness and islanding, promoting the desired 2D
growth. Vacuum annealing further promotes smooth Cu films, eliminating vacancy defects on Ru-
modified substrates, while TaN promotes further island formation. This demonstrates the potential of Ru-
TaN in optimizing Cu deposition for advanced CMOS interconnects and showcases a new, robust
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Introduction

The continuous miniaturization of electronic devices, driven
by the demand for faster but increasingly more energy-
efficient technology, has been fueling the semiconductor
industry. Device miniaturization enables the development of
emerging data-intensive applications, such as neuromorphic
computing, machine learning algorithm training, the Internet
of Things (IoT) and 5G." Reducing transistor channel lengths
to nanometer scales not only enhances operational speed and
transistor density, but also introduces performance and
reliability challenges, particularly in the deposition of metal
interconnects, such as Cu, in high-aspect-ratio vias. This poses
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approach for atomistic simulation of metal deposition on a range of substrates.

a severe bottleneck for further miniaturization and critically
affects the performance and reliability of nanometer-scale inte-
grated circuits.*™®

Notably, the advantages of new technology nodes such as
Gate All Around (GAA) and Complementary Field Effect
Transistors (CFET) are negated if signal propagation delays in
transistor interconnects are not correspondingly reduced.
Reducing the metal cross-section in a via increases intercon-
nect resistance, raising the resistance-capacitance (RC) time
constant of the metal-dielectric interconnects, resulting in
higher propagation delays.>” This RC delay determines the
signal propagation speed across interconnects, affecting the
overall performance,® heat dissipation and energy consump-
tion of integrated circuits. Further decreasing resistance and
capacitance involves trade-offs, including increased complex-
ity, higher costs, and potential impacts on device performance
and reliability. This necessitates the development of new
materials and processes to mitigate RC delay.”

Cu has been in use as the interconnect metal in integrated
circuits for all technology nodes since 1997. Its low resistivity
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and resistance to electromigration enable faster signal trans-
mission and improved reliability. However, as Cu intercon-
nects are scaled down, challenges arise. Cu tends to diffuse
into silicon under thermal stress, degrading its electrical
properties.>>®° To prevent this, a diffusion barrier like TaN is
required.>®®'®'!  Furthermore, at nanoscale dimensions,
where next generation sub-nm technology nodes like GAA and
CFET dominate, Cu exhibits high resistivity and forms non-
conducting 3D islands, particularly during thermal
treatment.>'" This agglomeration can cause reliability and
integration issues, preventing Cu from serving as a conducting
wire.®!" This tendency to form 3D islands rather than continu-
ous 2D films is driven by the competition between metal-sub-
strate and metal-metal interactions, which arises when the
Cu-substrate interaction is weaker than Cu-Cu interactions,
promoting upward migration of Cu atoms.'”> To mitigate this,
a liner material, such as Co'™® and Ru,'"'®?! can be
inserted between the substrate and the adlayer to enable
smooth Cu electroplating in high-aspect ratio interconnect
vias.'®172%22 An appropriate liner material must prevent (1)
the interconnect metal agglomeration through stronger inter-
connect-liner adhesion than interconnect-barrier adhesion
and (2) liner material agglomeration and diffusion into the
interconnect through stronger adhesion of the liner to the
diffusion barrier than to the interconnect metal.>>

However, as technology miniaturizes, the available volume
for the barrier/liner/interconnect stack becomes increasingly
restricted, making deposition using standard methods like
physical vapor deposition (PVD) more challenging.”?
Depositing two additional layers alongside the Cu interconnect
in high-aspect-ratio vias can result in pinch-off or
blockage.'™'® Despite these challenges and the advances in
alternative materials,>**® Cu remains competitive due to its
stability, electrical properties,*® and seamless integration with
existing technologies.>”>° One solution to the volume issue is
designing a single material that combines barrier and liner
properties for Cu deposition, such as a doped or modified
metal nitride deposited using atomic layer deposition (ALD).>°
Incorporation of two metals can be achieved with ALD through
laminate doping.*"** ALD enables conformal, thin film depo-
sition, reduces process steps, and ensures maximum Cu
content in interconnect vias.'®*"** Typical combined barrier/
liner materials are a barrier that incorporates another metal
that promotes Cu wetting, such as TaN(Ru),""*®'%*' Co(W),**
2D TaS, ** and amorphous CoTi,.*® This approach modulates
substrate-interconnect interaction strength, controlling film
growth and introducing liner properties to the barrier. Strong
interactions promote 2D layer growth, while weak ones favor
3D island growth,'>*”"*° so controlling the metal-substrate
interaction is key for optimizing metal deposition.

In this study, we focus on modifying TaN to deliver a com-
bined barrier-liner material;'* TaN is attractive due to its well-
established reliability and widespread adoption in the semi-
conductor industry,’*** making it a practical and industry-
compatible approach for extending Cu interconnect perform-
ance beyond current technology nodes by overcoming the chal-
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lenge of Cu islanding. While Co-based alloys, such as Co(W)
and amorphous CoTi,, exhibit promising properties, including
wetting ability and Cu diffusion coefficient, they have yet to
surpass the performance of TaN in the most advanced techno-
logy nodes.*®** Additionally, among 2D materials—such as
graphene, h-BN, MoS,, WSe,, and TaS,—TaS, has demon-
strated desirable adhesion with Cu. Despite excellent scalabil-
ity and diffusion barrier properties, the primary limitation of
TaS, is the high processing temperature required to achieve
high-quality films, exceeding the thermal budget of back-end-
of-line (BEOL) integration, posing significant challenges for
industrial implementation.** Alternatively, atomic layer depo-
sition (ALD)-grown MoS, has shown favourable diffusion
barrier properties while remaining compatible with BEOL pro-
cessing temperatures. However, further thickness scaling is
necessary for full industrial deployment.*> Therefore an
approach to modify TaN by incorporation of another metal,
Ru,"! Co, or W,*® shows promise for interconnects by promot-
ing 2D deposition of copper instead of island deposition. This
motivates the choice of Ru-modified TaN in the present study.

First principles Density Functional Theory (DFT) calcu-
lations have been used to investigate Cu adhesion to TaN and
various liner materials,?> the activation energy for Cu
migration on doped TaN,'"'®'® and the behavior of Cu atoms
on Cu**® and Ag surfaces.*” However, DFT’s high compu-
tational cost limits it to short timescales (ps) and small
systems (hundreds of atoms), making it unsuitable for simulat-
ing metal deposition. Conversely, mean-field approximations
offer a cost-effective alternative for larger systems over longer
timescales, but lack microscopic detail.>*>> An intermediate
approach is the kinetic Monte Carlo algorithm (kMC), which
captures stochastic, microscopic behavior over macroscopic
timescales. kMC has proven valuable for investigating the for-
mation and dynamics of 3D islands on weakly-interacting
substrates,'>**>® 2D island morphology®"*® and structural
changes in devices like memristors.*®>°

In this paper, we employ a new kMC algorithm based on
DFT results to study Cu deposition on the TaN barrier with
varying levels of Ru surface incorporation to yield a combined
barrier/liner layer and analyze its performance in controlling
Cu morphology. Previous DFT studies have investigated Cu
morphology on modified TaN,'"'®#'® shedding light on early
film growth stages and the role of Cu-substrate interactions,
though these models are limited in scale and time. By incor-
porating DFT insights into the kMC simulations, we predict
the quality of Cu films deposited on TaN with different Ru
levels, at BEOL relevant deposition temperatures and partial
pressures. We evaluate key film properties including film
thickness, substrate coverage, occupation rate per layer (asses-
sing vertical or layer-by-layer growth and substrate coverage
efficiency), Root Mean Square (RMS) roughness (reflecting
surface roughness), and Cu atom coordination numbers (as a
measure of defect density) to evaluate the morphology. An
important advance compared to the literature is our direct
examination of vacuum annealing effects on Cu films, reveal-
ing how annealing promotes the desired film morphology.
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Overall, this work delivers a new atomistic approach to simu-
late and predict metal film deposition and morphology of
technologically relevant materials, essential for developing
next-generation metal interconnects for GAA and CFET
devices.

Results and discussion
Substrate modelling

The combined barrier/liner materials investigated are based
on TaN with varying Ru concentrations in the surface layer:
bare TaN, 25% Ru (Ru25) and 50% Ru (Ru50)."" The modifi-
cation involves substituting Ta sites with Ru in the top layer of
TaN. This composition can be achieved through atomic layer
deposition of TaN and then introducing a Ru precursor for the
final cycles to incorporate Ru into the TaN surface layer.
Notably, the distribution of Ru affects the electronic properties
and thermal stability of the Cu structure, as the smaller ionic
radius of Ru compared to Ta creates surface recesses that can
trap Cu atoms, but that also decreases the thermal stability at
high Ru concentrations.''®'® Hence, we limited the kMC
simulations to substrates with a maximum of 50% Ru incor-
poration because this Ru content can effectively promote 2D
growth and enhance thermal stability compared to higher Ru
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concentrations and is feasible to fabricate using atomic layer
deposition.’* The insights obtained from DFT calculations
(see the Methods section), along with previous ab initio studies
on homoepitaxial Cu deposition,*”*® are used in kMC simu-
lations to investigate the deposition of Cu on the aforemen-
tioned substrates, assessing their performance as a barrier/
liner material. The substrate is not explicitly included in the
kMC simulations, but is instead modelled via the Cu migration
barriers. Full details are presented in the Methods section and
ESI, section 1.}

Stochastic metal deposition model

A discrete lattice kMC model was employed to simulate atom-
by-atom adsorption and adatom diffusion between neighbor-
ing sites. The Cu lattice used is a (10 x 10 x 2 nm) face-cen-
tered cubic (fec) structure with (111) orientation, Cu lattice
constants @ = b = ¢ = 0.358 nm and periodic boundary con-
ditions in the plane. Each Cu atom has twelve nearest neigh-
bors, as shown in Fig. 1a. Specifically, six neighbors are in the
same plane (blue particles), three are in the upper layer
(orange particles) and three are in the lower layer (green par-
ticles). Fig. 1b-d present a representative simulation of a Cu
film deposited on TaN at 300 K after more than 2.3 million
steps giving a film thickness of 1 nm. A (111) orientation is
shown in the x-y top view (Fig. 1b) and the y-z cross section

(a) Atom with its twelve nearest neighbors: six neighbors are in the same plane (blue particles), three are in the upper layer (orange particles)

and three are in the lower layer (green particles). A representative simulation of a Cu film deposited on a TaN substrate at 300 K after more than
2.3 million steps at a partial pressure of 0.1 Pa from different perspectives: (b) top view aligned with the z direction (x—y plane) displaying a (111)
orientation, with atoms arranged in a close-packed hexagonal pattern. (c) Cross-section along the x-direction (y—z plane) displaying a (111) orien-
tation, showing a close-packed hexagonal pattern. (d) Cross-section of the lattice in the (001) orientation, following a 30-degree rotation around the
z-axis, exhibiting a square lattice pattern.
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(Fig. 1c), while a (001) orientation is depicted in the cross-
section of the lattice, rotated 30 degrees around the z-axis
(Fig. 1d). As the film grows, it is possible to have (111) and
(001)-like features appear, which have their own, distinct
migration barriers for copper. The observed irregularities and
gaps correspond to typical defects encountered during depo-
sition. The main processes in the simulations are the depo-
sition and migration of Cu atoms either on the substrate or on
the growing Cu film. We implemented the following con-
ditions for migration and adsorption processes: for migration,
Cu atoms must be supported by either the substrate or at least
two nearest neighbors, while for adsorption, they must have
the substrate or three nearest neighbors. These conditions,
free of geometric constraints, allow for the formation of
various three-dimensional shapes.

Cu deposition simulation on various substrates

To investigate the impact of different substrates and depo-
sition parameters, we modelled Cu deposition on TaN, Ru25
and Ru50 using the activation energies shown in Table 1
(Methods section) at a series of temperatures and partial press-
ures, keeping within the constraints of BEOL processing.

To evaluate the growth morphology and film quality we
study the evolution of key metrics with time and temperature.
Specifically, we examined film thickness, extent of covered sub-
strate area and occupation rate per layer to assess the compe-
tition between vertical and layer-by-layer growth and substrate
coverage efficiency. We quantify the extent of island formation
and morphology through Root Mean Square (RMS) roughness,
island count and the total island mass, and measure defect
density by analyzing the coordination number of Cu atoms. In
addition, and in contrast to typical kMC simulations of depo-
sition processes, we explored the effects of vacuum annealing
on the film properties and their influence on film morphology
and quality. Higher quality films are characterized by lower
substrate exposure, fewer defects and reduced RMS roughness.

Surface roughness as a measure of island formation

Fig. 2 presents the temporal evolution of key film metrics—the
mean thickness, the Root Mean Square (RMS) roughness, the
number of islands and the total island mass—across different
substrates (TaN, Ru25 and Ru50), and temperature combi-

Table 1 Activation energies for selected Cu migration processes on Cu,
TaN, Ru25 and Ru50 substrates

Cu TaN Ru25 Ru50

Cu terrace (111) 0.043"7  0.85 0.6 0.4

Cu terrace (001) 0.477Y — — —
Step ascent from substrate (111) N/A 0.13 0.18 0.28
Step descent to substrate (111)  N/A 0.13 0.13 0.13
Step ascent from substrate (001) N/A 0.19 0.23 0.38
Step descent to substrate (001)  N/A 0.318*®  0.318** 0.318*
Step ascent from Cu (111) 0.313*®  0.13 0.20 0.28
Step descent to Cu (111) 0.095*  0.095*®  0.095*®  0.095"®
Along edge Cu (111) 0.309"®  — — —
Along edge Cu (001) 0.245* — — —
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nations (300 K, 500 K and 800 K) at a partial pressure of 0.5 Pa
during Cu deposition simulations. Simulations were halted
when the mean thickness of the deposited film reached 1 nm;
above this thickness, distinctions between 2D and 3D mor-
phology started to disappear. The resulting deposited films are
depicted in Fig. S7,f with the corresponding height color
maps shown in Fig. 8. The RMS roughness provides quanti-
tative data regarding the statistical height variations relative to
the mean thickness. Islands were identified by locating the
highest points in the simulation containing a Cu atom and
defining clusters extending down to the mean thickness. The
total island mass was calculated by summing the number of
atoms within each detected island. For the analysis, only
islands containing more than 10 atoms were considered. The
study was extended to six different partial pressures (0.1, 0.5,
1, 10, 40 and 100 Pa), revealing that variations in pressure pri-
marily reduce the time scale of the deposition process, while
other metrics remained comparable, as illustrated in Fig. S9
(0.1, 0.5 and 1 Pa) and S107 (10, 40 and 100 Pa).

Fig. 2a shows the temporal evolution of the mean thick-
ness. The same categories of colors are chosen for each
material (purple for TaN, blue for Ru25 and brown for Ru50),
with darker colors for higher temperatures. The growth rate is
significantly influenced by partial pressure, which increases
the flux of atoms impacting the surface. Specifically, raising
the pressure from 0.1 Pa (Fig. S9af) to 100 Pa (Fig. S10ct)
reduces the time required to grow a 1 nm thick layer from
100 ms to 0.1 ms. Conversely, higher temperatures retard the
deposition process. This behavior aligns with the expression
for the transition rate of the deposition process (k.qs), derived
from the kinetic gas theory and presented in the Methods
section. The expression demonstrates that an increase in
partial pressure raises the transition rate, while higher temp-
eratures reduce it. The results in Fig. 2a also demonstrate that
substrates with weaker interactions promote a more rapid
increase in mean thickness, suggesting a preference for rapid
vertical island growth over horizontal growth, driven by the
activation energies associated with upward Cu
migration. Among the substrates studied, Ru50 exhibits the
slowest increase in film thickness, revealing that stronger Cu-
substrate interactions prevent vertical growth and instead
promote horizontal growth, which naturally yields a reduced
film thickness for the same deposition time. Notably, data
points for Ru50 at 300 K and TaN at 500 K exhibit significant
overlap, indicating similar growth trends under these
conditions.

The temporal evolution of the RMS roughness provides
insights into the changes in the surface morphology of the de-
posited film. This analysis helps to understand the influence
of the substrate interaction and growth temperature on the for-
mation of smoother or rougher films. Generally, Cu deposited
on TaN exhibits the highest RMS values, Ru25 shows inter-
mediate values, and Ru50 presents the lowest RMS values, as
shown in Fig. 2b, which is consistent with the different mor-
phologies promoted by each substrate. For example, a Cu film
deposited on a TaN substrate at 500 K and 800 K has a RMS

lower
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Fig. 2 Time evolution of the thickness (a), RMS roughness (b), averaged number of islands (c) and averaged total island mass (d) in deposition pro-
cesses at different temperatures (300 K, 500 K and 800 K) at P = 0.5 Pa. Subfigures (a) and (b) present data from 9 independent simulations each.
Subfigures (c) and (d) show the averaged results from 10 simulations per data point, with error bars as the standard deviation, totaling 90 indepen-
dent simulations in each figure. Different categories of colors represent different substrates (purple for TaN, blue for Ru25 and brown for Ru50),
with darker colors for higher temperatures. In (a), symbols are outlined to aid differentiation: black for TaN, blue for Ru25, and brown for Ru50.

roughness of 0.33 nm and 0.44 nm; whereas on a Ru50 sub-
strate at the same temperatures, the RMS roughness is 12%
(0.29 nm) and 16% lower (0.37 nm).

The substrate influence on the RMS roughness is further
illustrated in Fig. S117 for various partial pressures with each
data point being the average of 10 independent simulations.
Fig. S117 also shows that elevated deposition temperatures can
result in increased RMS values. This increase may be attribu-
ted to the coalescence of islands and the deepening of valleys.
Specifically, Fig. S11bt shows that the film deposited on a TaN
substrate at 300 K has a mean RMS roughness of 0.24 nm,
while the same deposition at 800 K yields an RMS roughness
of 0.44 nm. This arises from the weaker interaction of Cu and

12454 | Nanoscale, 2025, 17, 12450-12464

TaN, which leads to temperature-promoted island formation
instead of horizontal growth."

Tracking the number of islands and their total mass pro-
vides information about the growth mode and the film quality.
In 2D growth, island formation is limited by the higher energy
barrier for upward migration, resulting in a smaller total
island mass compared with 3D growth. Consequently, the total
island mass reflects Cu accumulation and surface roughness,
serving as an indicator of film smoothness. Fig. 2c shows the
distribution of the number of islands identified after finishing
10 deposition simulations at each temperature. The results
show a decrease in the average number of islands with increas-
ing temperature, which is attributed to the merging of islands.

This journal is © The Royal Society of Chemistry 2025
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While the temperature exerts a strong effect, the substrate
employed plays an equally important role. Ru-modified sub-
strates such as Ru25 and Ru50, which have stronger inter-
actions compared to the unmodified case (TaN), generally
exhibit fewer islands. Fig. S77 illustrates the surface layers and
Fig. S8t the corresponding height color maps for increasing
growth temperatures for the three substrates, revealing a
decrease in the number of islands and an increase in their size
with higher temperatures. This trend is further supported by
Fig. S12,7 which demonstrates that the mean island size grows
with rising temperatures across a range of partial pressures
(from 0.1 to 100 Pa). Fig. 2d presents the averaged total island
mass from 10 deposition simulations conducted on TaN, Ru25
and Ru50 substrates at temperatures of 300 K, 500 K and
800 K. This figure quantifies the mass that migrates beyond
the mean layer thickness (1 nm). Although no clear correlation
with partial pressure is observed (see Fig. S9j-S91 and
Fig. S10j-S1017), the choice of substrate has a clear impact.
TaN exhibits a higher total island mass compared to Ru25,

View Article Online
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while Ru50 shows the lowest values. Temperature influences
Cu migration beyond the mean thickness, with TaN showing
the most significant effect. Therefore, Ru incorporation
improves the quality of the deposited film by hindering the
upward migration of atoms, thereby reducing island formation
and promoting the morphology needed for conducting Cu
films.

Layer occupation as a measure of Cu morphology

The flat surface area and layer occupation analysis of deposited
films offers additional information regarding the film rough-
ness. While roughness values may be low if both islands and
valleys are small, this does not guarantee the presence of large,
smooth regions. Measuring the maximum flat surface area
provides further quantitative analysis of a deposited film’s uni-
formity. Additionally, the occupation rate per layer reveals how
Cu is distributed across the layers, allowing for comparison
with an ideally deposited film, where each layer would be fully
occupied. Fig. 3 shows the evolution of the maximum flat
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Fig. 3 Time evolution of the maximum flat surface area across all layers for Cu deposition simulations on various substrates (TaN, Ru25 and Ru50)
at different temperatures: 300 K (a), 500 K (b) and 800 K (c). The occupation rate per layer at the conclusion of the simulation for the same substrates
at temperatures: 300 K (d), 500 K (e) and 800 K (f). All simulations were conducted at a partial pressure of P = 0.5 Pa. The lines between points are
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surface area observed across all layers and the occupation rate
per layer for Cu films deposited at P = 0.5 Pa on various sub-
strates (TaN, Ru25 and Ru50) at different temperatures (300 K,
500 K and 800 K). The flat surface area for each layer is deter-
mined by calculating the difference between the number of
occupied sites in consecutive layers An = (n; - n;4), and then
multiplying this difference by the area per site (0.055 nm?).
Fig. 3a-c display how the maximum flat surface area on the
surface of the layers evolves over time. Initially, the maximum flat
surface area is nearly 100 nm?, corresponding to the simulation
domain, as the surface coverage is minimal with only a few scat-
tered Cu atoms. As islands and layers grow during deposition, the
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flat surface area gradually decreases as these structures expand,
eventually covering the underlying layer. A more rapid reduction
in the flat surface area is observed for Ru25 and Ru50 compared
to TaN. The observed oscillations correspond to the extension of
layers (increasing values) and the coverage of underlying layers
(decreasing values). The weakly interacting substrate TaN exhibits
a slower reduction in the flat surface area because Cu atoms tend
to form islands rather than completing layers before the depo-
sition of the next layer starts. Higher levels of Ru concentration
promote horizontal growth over vertical growth, resulting in more
efficient substrate coverage and the desired 2D morphology, even
at higher temperatures.
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Fig. 4 Frequency distribution of Cu atoms by the number of nearest neighbors for TaN, Ru25 and Ru50 substrates at (a) 300 K, (b) 500 K and (c)
800 K. (d) Frequency of Cu atoms with 9 nearest neighbors, averaged over 10 simulations, for TaN, Ru25 and Ru50 substrates across temperatures of
300 K, 500 K and 800 K. All simulations were conducted at a partial pressure of P = 0.5 Pa.
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Fig. S13a-S13ct show the substrate exposure at different
temperatures, defined as the area of the substrate not covered
by Cu. Averaged over 10 independent simulations, the data for
partial pressures of 0.1 (Fig. S13af), 0.5 (Fig. S13bt) and 1 Pa
(Fig. S13ct) demonstrate that at 800 K, the substrate exposure
for TaN (23.76 nm?) is an order of magnitude higher compared
to Ru50 (2.48 nm?). At 500 K, TaN shows a substrate exposure
of 16.46 nm?, while Ru50 achieves complete coverage. Ru50
shows the lowest substrate exposure values, consistent with the
promotion of horizontal growth and hence 2D morphology.
Fig. S13d-S13ff show that elevated temperatures result in a
reduction in the total flat surface area, which represents the
sum of the flat surface areas across all layers. This reduction is
more pronounced for the TaN substrate compared to Ru25,
and is most significant when compared to Ru50. The decrease
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in total flat surface area occurs due to island formation, which
contributes to covering the flat surfaces. This explains why
Ru50 exhibits the highest flat surface area.

Fig. 3d-f display the occupation rate per layer at the end of
the simulation at 300 K, 500 K, and 800 K, respectively. The data
show that for TaN, the occupation rate of the first layer decreases
significantly from 94% at 300 K to 77% at 800 K, suggesting that
island formation becomes more favorable at higher temperatures.
In contrast, the impact of temperature on Ru25 and Ru50 is less
pronounced. Specifically, the occupation rate for Ru25 decreases
from 99% to 93%, while for Ru50 it drops from 100% to 97%,
showing that these substrates hinder island formation indepen-
dently from the deposition temperature. These findings are con-
sistent with the observations presented in Fig. S13a-S13ct regard-
ing substrate exposure.
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Fig. 5 Schematic and simulation of a Cu film deposited on (a) a weakly interacting substrate (TaN) before annealing, and (b) after annealing.
Schematic and simulation of a Cu film deposited on (c) a strongly interacting substrate (Ru50) before annealing, and (d) after annealing. The 3D
images depict the surface of the deposited Cu film, with blue indicating low regions (valleys and pits), red representing elevated regions (islands) and

gray indicating flat surface area.
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Defect density in deposited Cu

Analyzing the frequency of Cu atoms with a specific number of
neighbors allows us to estimate the defect density within the
film. In perfect bulk Cu, as shown in Fig. 1a, each Cu atom
has twelve nearest neighbors: six in the same plane, three in
the layer above and three in the layer below. Atoms in the top
and bottom layers, however, can have a maximum of nine
nearest neighbors (excluding the substrate). Thus, in an ideal
crystal, all atoms would have either nine or twelve neighbors.
Deviations from these coordination numbers indicate the pres-
ence of defects such as vacancies. In our case, if the first and
last layers were fully occupied, we would observe 3656 Cu
atoms with nine nearest neighbors. Fig. 4 presents the fre-
quency distribution of Cu atoms based on their number of
nearest neighbors, calculated after the mean layer thickness
reached 1 nm for the three substrates. At all three tempera-
tures—300 K (Fig. 4a), 500 K (Fig. 4b), and 800 K (Fig. 4c)—the
number of Cu atoms with 9 neighbors is lower when Cu is de-
posited on TaN. In contrast, the number of atoms with fewer
than 9 or 10 and 11 nearest neighbors is higher compared to
the other substrates. Conversely, Ru50 shows the highest fre-
quency of 9 nearest neighbors and the lowest frequency of
cases deviating from this, that is atoms with 8, 10 or 11
nearest neighbors, while Ru25 is an intermediate case. This
difference in frequency distribution for TaN and modified TaN
can be explained by the stronger interaction between Cu and
the Ru-modified substrates compared to bare TaN, which pro-
motes wetting by increasing the activation energy for upward
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migration. As a result, Cu atoms are more likely to maximize
the coordination number, promoting layer-by-layer growth
rather than vertical island formation. These results suggest
that Ru50 exhibits the lowest number of defects, as further evi-
denced in Fig. 4d and Fig. S14.1 These figures show the fre-
quency of Cu atoms with 9 and 12 nearest neighbors, averaged
over 10 simulations, across a range of temperatures.
Additionally, the data indicate that increasing temperature
increases the number of Cu atoms with 9 (Fig. 4d) and 12
nearest neighbors (Fig. S147), signifying a more compact layer
structure. This increase is attributed to the enhanced Cu mobi-
lity at higher temperatures, which reduces the relative prob-
ability of different migrations by lowering activation energy
barriers. Consequently, the temperature facilitates rearrange-
ments of undercoordinated atoms to integrate into more
stable lattice sites. This increase in the frequency of exactly 9
nearest neighbors indicates that more atoms in the bottom
and top layer of the deposited Cu are fully coordinated. Along
with other measures of film quality and roughness under-
taken, this supports that for Ru25 and Ru50 the exposed
surface area (bottom layer) and the flat surface area (top layer)
increase.

Effect of vacuum annealing on film morphology and quality

Thermal vacuum annealing is a damage-healing process used
in thin film deposition to reduce defects and recrystallise from
an amorphous film to a crystalline film, thereby optimizing
the electrical and mechanical properties of the material for
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high-performance applications.®® We explore in this section
the effect of vacuum annealing on the morphology and quality
of as-deposited Cu films. The temperature of annealing facili-
tates the migration of undercoordinated Cu atoms to more
stable positions, increasing their coordination number (CN).
This includes both upward migration, when not hindered by
substrate interaction, and downward migration from the
uppermost layers that can promote horizontal growth. For
weakly interacting TaN substrates, this vacuum annealing
leads to the deepening of valleys and an increase in CN for
atoms within islands, as shown in Fig. 5a and b. In con-
trast, for strongly interacting substrates, such as Ru50,
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surface flattening is expected, since the high activation bar-
riers mean that Cu atoms migrating downward rarely return
to upper layers (see Fig. 5c¢ and d). To investigate the
impact on crystal quality and the potential for enhancing
layer uniformity and promoting a denser atomic arrange-
ment, Cu deposited on TaN, Ru25 and Ru50 (the same
simulations discussed above) at 500 K and P = 0.5 Pa is
annealed in vacuum for 2.5 million kMC steps at three
temperatures: 300 K, 500 K and 800 K. We examined
changes in the occupation rate (Fig. 6a-c) and the frequency
distribution of Cu atoms with a specific number of nearest
neighbors (Fig. 6d-f).
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Ru incorporation significantly affects the rearrangement of
Cu atoms within the film at different temperatures, as illus-
trated in Fig. 6a (TaN), 6b (Ru25) and 6c (Ru50). Annealing at
300 K shows minimal change compared to the as-deposited
films, while annealing at 500 K has a minor impact. For TaN,
the occupation rate of the first layer decreases from 84% after
deposition to 68% after annealing at 800 K. This indicates that
annealing as-deposited Cu on TaN drives upwards Cu
migration and leads to deepening of valleys (that is the space
between islands is enhanced—see the surface in Fig. S15df
and the schematic in Fig. 5a and b) which increases the island
uniformity. In contrast, Ru25 shows significant improvement
(see Fig. S15ht), with the occupation rate of the first layer
hardly decreasing, from 99% to 93%, after annealing, as
shown in Fig. 6b. In this case, Fig. 6b shows how some atoms
from layers below 5 also migrate upward. Conversely, for TaN,
the occupation rates for layers five and six increase due to
downward migration from layers above 6 and upward
migration from near the substrate (Fig. 6a). Ru50 performs
best, as can be seen in Fig. S151,f maintaining a 100% occu-
pation rate in the first layer and increased occupation rates up
to the fourth layer (see Fig. 6¢). This highlights the ability of
Ru incorporation to minimize substrate exposure, even at high
annealing temperatures, as illustrated in Fig. 7b. Notably, for
Ru25 and Ru50, many atoms from layers above layer five
migrate downwards, reducing both the occupation rate of
layers above the sixth layer and the extent of islanding. This
downward migration suggests that annealing facilitates Cu
redistribution, filling layers closer to the substrate, promoting
2D growth and denser film formation, and thus enhancing
crystal quality.

Cu films deposited and then annealed on Ru-TaN sub-
strates show a reduced number of undercoordinated Cu
atoms or those with no nearest neighbors compared to the
TaN substrate, while increasing the frequency of atoms with 9
neighbors, particularly at higher annealing temperatures, as
shown in Fig. 6d (TaN), 6e (Ru25) and 6f (Ru50). This change
suggests a denser atomic arrangement, notably in the case of
Ru50.

The influence of Ru incorporation into the substrate on the
formation of the maximum flat surfaces during annealing is
shown in Fig. 7d. While increased annealing temperature
clearly promotes larger flat surface areas, the effect of the sub-
strate is less distinct, as all substrates achieve similar surface
areas. However, when examining the post-annealing surfaces
of Cu deposited at 500 K on TaN, Ru25, and Ru50 (Fig. S157),
it becomes clear that Ru incorporation limits valley formation
and substrate exposure (see Fig. 7b). On the TaN substrate,
annealing flattens the surface, but also deepens valleys,
leading to increased substrate exposure and more pronounced
islands (see Fig. S15a-S15d¥). A similar effect is observed for
Ru25 (Fig. S15e-S15hf), where surface flattening is
accompanied by reduced substrate exposure due to stronger
substrate interactions. Annealing as-deposited Cu on Ru50
(Fig. S15i-S1517), which has the strongest substrate interaction,
results in the lowest substrate exposure and the smoothest sur-
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faces, with fewer valleys. Fig. S167 provides the corresponding
height color maps for the layer surfaces shown in Fig. S15.f

Analyzing RMS roughness further supports the conclusion
that Ru incorporation in combination with vacuum annealing
results in horizontal growth, primarily by limiting valley for-
mation. Fig. 7f shows the RMS roughness of Cu deposited at
500 K on different substrates across the range of annealing
temperatures. For TaN, annealing causes a significant increase
in RMS roughness, from 0.28 nm at 300 K to 0.49 nm at 800 K.
In contrast, Ru25 shows a smaller increase in RMS roughness,
from 0.28 nm at 300 K to 0.32 nm at 800 K. Remarkably, for
Ru50, the RMS roughness decreases with temperature, from
0.25 nm at 300 K to 0.17 nm at 800 K. Comparing the effects
across substrates for Cu deposited at 300 K and 500 K
(Fig. S171) further highlights how increased Ru content
improves RMS roughness, which is highly relevant for BEOL
processing of Cu layers.

Conclusion

Finding combined barrier/liner materials that free up volume
and promote deposition of smooth Cu interconnects while
hindering island formation is key for the miniaturization of
electronic devices. We have implemented a kinetic Monte
Carlo simulator that uses DFT data to model Cu deposition
and annealing and predict how the deposition temperature,
pressure and annealing determine the morphology of de-
posited Cu films on TaN and Ru-modified TaN substrates. Our
results demonstrate that Ru-modified TaN is a strong candi-
date for a combined Cu barrier and liner layer to promote
improved Cu film deposition in terms of film quality and uni-
formity, which is crucial for the miniaturization of electronic
devices to sub-nm sizes. Our kMC Cu deposition simulations
on TaN substrates allow us to predict the effects of Ru incor-
poration in the substrate, temperature and pressure on the
growth and morphology of deposited Cu. Furthermore, we
study the effect of vacuum annealing on Cu morphology. This
enables a new paradigm for predictive atomistic simulations of
metal deposition processes on technologically important sub-
strates, with particular target morphologies, which can be
used to select suitable barrier/liner layers for controlled depo-
sition of interconnect metal films and it can be readily
extended to, e.g., catalysis to predict the morphology of de-
posited metal nanoparticles for catalytically important reac-
tions, thus signposting the optimal nanoparticle deposition
conditions (substrate, temperature, pressure, and annealing).
Our results demonstrate that incorporating Ru into TaN
substrates significantly improves their performance in promot-
ing the deposition of conducting Cu by favoring a 2D mor-
phology with horizontal film growth over a 3D non-conducting
island morphology. At the highest level of Ru incorporation
(50%) and a deposition temperature of 800 K, the surface
roughness is reduced by over 16%, substrate exposure
decreases by an order of magnitude and compactness is
enhanced by reducing the number of undercoordinated Cu
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atoms. The resulting Cu layers exhibit superior quality, even at
elevated temperatures, which otherwise typically increase RMS
roughness and substrate exposure during film deposition.
These findings suggest that the increased substrate interaction
strength from Ru incorporation promotes horizontal (2D) over
vertical (3D) growth, which is crucial for achieving high-quality
Cu interconnects. Vacuum annealing studies (from 300 K to
800 K) reveal that annealing at higher temperatures can
further tune the morphology post deposition, depending on
the substrate employed. While elevated annealing tempera-
tures can be advantageous in reducing vacancy defects,
decreasing the number of uncoordinated atoms, and promot-
ing flatter surfaces on Ru-TaN, they can further promote Cu
island formation on TaN by promoting upwards Cu migration
that deepens valleys and increases substrate exposure, which
in turn raises RMS roughness. This is expected given the
weaker interaction between Cu and TaN as compared to Ru-
TaN, which alters the growth mode to promote island for-
mation. However, Ru incorporation mitigates these negative
effects by increasing the Cu-substrate interaction and, at the
highest level of incorporation (50%), can even produce ben-
eficial effects by not only minimizing the number of uncoordi-
nated Cu atoms but also reducing the RMS roughness. This
demonstrates that Ru modification can also contribute to the
stability of the layers under annealing conditions.

Methods

DFT calculations

The interaction between deposited Cu and various substrates
was previously studied using periodic spin-polarized DFT with
the Vienna Ab initio Simulation Package (VASP, version
5.4%1),11819 The exchange-correlation functional was approxi-
mated using the Perdew-Burke-Ernzerhof (PBE) method.®
Valence electrons were explicitly expanded in a periodic plane
wave basis set with a kinetic energy cut-off of 400 eV, while
core-valence electron interactions were treated using projector
augmented wave (PAW) potentials.®® The valence electron con-
figurations used for Ta, N, Ru and Cu were Ta: 6s°5d% N:
2s%2p®; Ru: 55"4d’; and Cu: 4s'3d"°.

The activation energies for Cu migration on TaN and TaN
(Ru) were computed using the climbing image nudged elastic
band (CI-NEB) method with 5 images including the starting
and ending geometries.®>®> The TaN supercell used for the
DFT calculations has a thickness of 30.48 A and lateral dimen-
sions of 18.11 A and 23.36 A, including periodic boundary con-
ditions and 18 A of vacuum along the z-axis to prevent slab
interactions along this direction. The forces acting on uncon-
strained atoms during geometry relaxation calculations, as
well as the NEB forces in the activation energy computations,
were converged to 0.02 eV A™". The activation energies for Cu
on crystalline Cu have been determined using molecular
dynamics (MD) calculations.””*® Further details on the acti-
vation energies can be found in ESI, section 1.1 Full details
about the DFT calculations can be obtained in ref. 11.

This journal is © The Royal Society of Chemistry 2025
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To simulate the transitions between different sites in the
lattice structure and the relative likelihood of each process, we
employ a rejection-free kinetic Monte Carlo algorithm. This
methodology involves two steps: (1) computing the transition
rates associated with each possible event and (2) using a
random number to select one of these events. The transition rate
of Cu migration, a thermally activated process, is determined via
transition state theory, depending on temperature and the acti-
vation energy, ie., I' = v X exp(—Ex/EgT),*>® where v =7 x 10" s7*
is the pre-exponential factor and E, is the activation energy of the
corresponding event. In contrast, the transition rate for the depo-
sition process, a non-activated process, is calculated using the
kinetic gas theory:*®%° k,qs = Po(T, 8)A/\/2rnmksT, where P is the
partial pressure of the gas, ¢ is the sticking coefficient that
depends on temperature T and surface coverage 6, m = 63.546
amu is the molecular mass of Cu, A is the active area and kg is
the Boltzmann constant. The active area A is approximated by
dividing the total area of the simulation domain by the number
of sites. The sticking coefficient o is set to 1, independent of T
and 6, which is a commonly employed approximation.®®®
Moreover, metals like Ag, Au, Mo, Ta and Cu typically exhibit
high sticking coefficients,””* often close to 1, due to the strong
metallic bonding, which also promotes island formation during
film growth.

The activation energies for Cu migration on various sub-
strates, including TaN and Ru-modified TaN, have been deter-
mined using DFT calculations, with migration on TaN surfaces
involving a higher activation energy compared to Ru-modified
ones."® The migration energy barrier for the migration of Cu
on the TaN substrate ranges from 0.85 to 1.26 eV.'® In contrast,
the barrier is significantly lower on bare hexagonal Ru(001),
ranging from 0.07 to 0.11 eV.'® For simplicity, we assume that
the incorporation of Ru into TaN reduces the activation energy
for migration on the substrate. Accordingly, we selected three
values: 0.85 eV for the bare TaN, 0.6 eV for Ru25 and 0.4 eV for
Ru50, which account for differences in Cu migration between
the three surfaces found with DFT. As stated previously, the
energy barriers for atomic Cu diffusion on an fcc metallic Cu
on a (111/001) surface were previously obtained using MD.*”"*®
A selection of activation energies of Cu migration processes is
provided in Table 1, while further details can be found in ESI,
section 1.f The activation energies for step ascent, migration
from layer n to layer n + 1, on various substrates have been
selected to be lower than those for homoepitaxial growth of Cu
(see Table 1). This is due to the weaker interaction of TaN with
Cu, compared to Cu on Cu. Meanwhile, activation energies for
Cu to migrate off the substrate and form Cu islands increase
with increased Ru incorporation, due to the increased inter-
action between Cu and Ru-TaN."" A bond-counting scheme is
implemented to account for changes in the activation energy
according to the coordination number (CN) as an atom moves
from the initial to the final site. The contribution of the CN to
the activation energy is 0.15 eV per atom. Typically, the
migration of Cu atoms on a Cu (111) surface maintains the
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same CN number with 3 neighboring Cu atoms. However,
when Cu migrates upward to the next layer (step ascent on the
Cu film deposited on a TaN substrate), the CN changes from 5
neighboring Cu atoms (three in the lower layer and two in the
same layer) to only 2 Cu atoms supporting the migration. This
transition then results in an activation energy of 0.58 eV, due
to the CN change. The substrate is not explicitly included in
the simulation; instead, its influence is incorporated through
the activation energy sets specifically calculated for the three
different substrates, thereby capturing its influence on Cu
deposition. Directly modelling the influence of the substrate
on Cu growth requires more advanced methodologies, such as
adaptive kMC”® approaches, e.g. off-lattice kMC. These tech-
niques enable on-the-fly calculations of migration pathways
and activation energy variations, allowing for a more precise
description of atomic-scale interactions and dynamic surface
evolution, although they significantly increase the compu-
tational overhead.

The DFT simulations for these substrates showed no
migration or exchange of substrate and Cu species after depos-
iting Cu, so no migration of Ta, N or Ru out of the substrate or
Cu into the substrate is allowed in the kMC simulation.

We employ a binary tree data structure to sort the transition
rates, facilitating the use of a binary search method for
efficiently identifying a chosen event.”*”> The time step is cal-
culated with a second random number and is weighted by the
transition rates: ¢t = —In(rand)/ > I', where rand is a random
number between 0 and 1 and ) I is the summation of the
possible events.
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