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Atomic layer deposition (ALD) is a critical technique in nanofabrication, enabling precise thin-film depo-
sition at the atomic scale. As devices become increasingly smaller and more complex, there is a critical
need for deposition techniques that offer atomic-scale precision and spatial selectivity to design intricate
patterns and structures. This study investigates the effects of hydrogen passivation on the deposition
behaviour of platinum (Pt), copper (Cu), and gold (Au) using first-principles simulations. The density func-
tional theory-based nudge elastic band method was employed to evaluate the energy barriers associated
with the initial adsorption reactions of precursors on hydrogen-passivated and bare silicon substrates.
Additionally, vibrational frequency calculations were performed to assess the thermodynamics of the
reactions analyzed. Results showed that hydrogen passivation significantly increased the energy barriers
for Pt, Cu, and Au, effectively hindering the deposition process on passivated surfaces. This passivation
acts as a selective masking layer, suggesting favoured deposition on hydrogen-free regions. Gold exhibi-
ted the highest potential barrier difference among the metals studied, while platinum demonstrated the
most controlled reaction pathways. Overall, the findings highlight the potential of hydrogen passivation in
achieving selective ALD for advanced nanoscale device manufacturing.

1. Introduction & background

Atomic layer deposition (ALD) is a thin-film deposition tech-
nique that achieves atomic-level precision through self-limit-
ing surface reactions by cyclically exposing the substrate to
gaseous precursors. ALD has been successfully applied to
deposit a wide variety of materials, resulting in precise, confor-
mal thin films with excellent control over thickness and
composition.”” Highly conformal oxides and semiconductors
have been analyzed,® and, although technologically challen-
ging, conformal metal deposition is being studied as it is criti-
cal for electronic devices. Aluminium and palladium have
been successfully deposited, with palladium being applied on
substrates such as alumina, iridium, tungsten, and even
polymers.”*® Given the wide range of materials successfully de-
posited, ALD plays a vital role in semiconductor
manufacturing,” > where precision and defect distribution
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directly influence the performance and functionality of elec-
tronic devices.

One of the most recent applications of ALD is Area Selective
ALD (AS-ALD)," which was introduced to improve the selecti-
vity and precision of the process, advancing nanofabrication
and enabling precise atomic deposition."*'* A key feature of
AS-ALD is its selectivity, which allows thin films to be de-
posited only on specific surfaces or materials while preventing
deposition on others. This selective capability is crucial for
creating precise nanoscale patterns and features, particularly
in electronic applications.’>'® AS-ALD achieves this by exploit-
ing the chemical reactivity of chosen precursors with targeted
surface regions, enabling deposition only on the desired areas
of the substrate. AS-ALD has been applied in advanced semi-
conductor devices'” such as DRAMs'® and FinFET transistor
gates' and has been proposed to address novel nanoscale
devices in the context of molecular Field-Coupled
Nanocomputing technology.’®?° Beyond semiconductors, it
addresses challenges like defect passivation and edge place-
ment errors.>"**

Various approaches have been explored to achieve depo-
sition selectivity in AS-ALD. Among these, self-assembled
monolayers have been widely used to modify the chemical
affinity between the substrate surface and the precursor. For
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example, n-alkyl-disulfides on gold surfaces enable precise
surface patterning and manipulation,> while octadecylpho-
sphonic acid (ODPA) SAMs facilitate selective deposition on
Cu, Co, W, and Ru.>* Plasma treatments have also been
employed to enhance surface energy, improving precursor
adhesion to polymeric surfaces.”® Selective nucleation tech-
niques promote growth in specific areas of the substrate,”®?”
and oxidized zones have been used to influence precursor
adhesion, as seen in AS-ALD on functionalized graphene.?®
Small molecule inhibitors have also been investigated to
modify the chemical affinity between the substrate and the
precursor.”® Other methods include altering substrate surface
terminations with functional groups such as amino (NH,),
phosphine (PH,), hydroxyl (OH), thiol (SH),*® or hydrogen,*
which act as masking agents. These alterations enable precise
pattern formation by hindering deposition on specific areas.*>
Hydrogen de-passivation has emerged as a promising tech-
nique to enhance the selectivity of ALD processes.>'** By pas-
sivating the substrate with hydrogen and selectively removing
it from specific areas of a silicon surface, the surface chemistry
can be altered to favour selective deposition on hydrogen-free
regions.***® This approach proved efficient for the selective
deposition of HfO,,*” TiO,, and Al,0;,*"*%%° as confirmed
either through experimental analysis or simulations.

Hydrogen de-passivation has the potential to enhance
AS-ALD processes, which could significantly impact appli-
cations such as interconnections, contacts, and the develop-
ment of new technological paradigms.”® However, the under-
lying mechanisms through which hydrogen de-passivation
affects deposition behaviour, particularly for key industrial
metals, remain poorly understood. Investigating these effects
at the atomic scale is essential for optimizing ALD processes
and unlocking their full potential in advanced applications.
This study aims to bridge this gap by examining the thermo-
dynamic and kinetic impacts of hydrogen passivation on metal
deposition through first-principles simulations. More pre-
cisely, this research investigates its effects on the deposition of
metals widely used in electronic applications:*°~*>

« Platinum (Pt) is widely used in electronic devices, offering
reliable ALD deposition rates of approximately 0.45 A per cycle
at temperatures as low as 100 °C, with low impurity levels and
roughness of 0.7 nm for a film thickness of 27 nm.**™*?

+ Copper (Cu), essential for metallization in the electronic
industry, improves performance by reducing resistance and RC
delay losses.***”

+ Gold (Au), with increasing attention in ALD, is used
in various innovative applications, including sensors, photo-
nics, and MEMS.>'™>3

This research employs nudge elastic band (NEB) calcu-
lations® to investigate the deposition behaviour by evaluating
the energy barriers of precursor reactions for Pt, Cu, and Au
on both hydrogen-passivated and bare Si(100) substrates.
Simulations provide insights into the reaction pathways of Pt,
Cu, and Au precursors on both substrates. In particular, the
focus is on the first adsorption step of the first precursor in
the ALD cycle. The chosen precursors are trimethyl(methyl-
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cyclopentadienyl)platinum(v)  (MeCpPtMe;),***>  copper(u)
acetylacetonate (Cu(acac),),”® and gold trimethyl(trimethyl-
phosphine) (Me;AuPMe;).*® MeCpPtMe; is widely adopted in
ALD and has been used in various applications, including
focused ion beam®® and sequential electron beam induced
deposition (EBID).>””*® Cu(acac), is known for its stability and
volatility, with deposited films exhibiting desirable character-
istics, such as roughness of 10-20 nm on a 200 nm film de-
posited on Si substrates.® Me;AuPMe; has been successfully
synthesized, and its deposition features have been studied,
particularly on gold substrates.’®*">>% The results show an
increase in potential barriers with the presence of the hydro-
gen passivation layer, indicating that passivation makes the
first adsorption reaction in the initial cycle of the ALD process
less energetically favourable. Therefore, these findings high-
light the potential of hydrogen passivation as a masking layer
to enable selective metal ALD, paving the way for further
investigations into the complete ALD cycle.

2. Methodology
2.1 Computational methods

This work uses density functional theory (DFT)-level simu-
lation within the ORCA®" framework®>®® to evaluate substrate
selectivity. In particular, the analysis of the precursor reaction
with the substrate is divided into two steps: geometry optimiz-
ation (GO) to evaluate the stable geometries of involved com-
pounds and nudge elastic band (NEB) simulations™* to investi-
gate the reaction pathways.

The GO and energy calculation parameters involve the
Perdew-Burke-Ernzerhof (PBE)®* exchange-correlation func-
tional and DEF2-TZVP as a basis set.®® Lastly, the D3°*°” dis-
persion correction and GCP(DFT/TZ)®® counterpoise correc-
tions were introduced to take into account van der Waals inter-
actions and basis set superposition error.’*”!

2.2 Simulated structure

Geometry optimizations were performed on the isolated pre-
cursors, the 2 x 4 Si(100)/H-Si(100) substrate clusters, and the
initial and final states selected for the NEB calculations. The
bottom layer of the simulated cluster is fixed and passivated
with hydrogen to mimic bulk properties, while the reactive
upper layer is left unconstrained for surface interactions. This
choice guarantees consistent and comparable results among
the simulations and optimizes computational resources. The
geometry optimization provides the minimum energy of the
initial state, whose value works as a reference for evaluating
the energy pathways in the NEB simulations. The cluster
model provides a well-established compromise between com-
putational cost and accuracy for preliminary screening of
surface reactivity in ALD contexts.””””* Moreover, the cluster
model can be adopted for comparative and qualitative analysis
for AS-ALD, as previous works show.”>%° Future work will
incorporate periodic slabs to validate current trends and better
model the complete ALD process.

This journal is © The Royal Society of Chemistry 2025
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2.3 Analysis of chemical reactions

The energy of the initial system, comprising the substrate and
precursor, defines the reference energy state. From this state,
the reaction pathway to the final state is determined through
NEB simulations for all substrate—precursor combinations.
Additionally, the adsorption energy for each combination is
defined according to eqn (1):

Eads = Etot - Esub - Eprec (1)

where E,qs is the adsorption energy, E.. represents the energy
of the whole system, Eg,, is the energy of the isolated sub-
strate, and Ep.. is the energy of the precursor.

The chemical reactions involved were selected based on the
results of the literature, each justified in its respective section.
The NEB calculations investigate the energetic transition state
for the reactions involved. Comparing the transition state ener-
gies permits preliminary evaluations of the selectivity of the
ALD process achieved through H terminations.

To complement our analysis, we computed the projected
density of states (PDOS) and electron density distributions
before and after adsorption on Si(100) and H-Si(100) surfaces.
Although the finite cluster model lacks the full periodicity of a
bulk substrate, it captures key local precursor-surface inter-
actions and offers initial insights into the electronic inter-
action mechanisms underlying the early ALD steps, thus pro-
viding a basis for more detailed investigations. Additionally,
we also calculated the Mulliken population in the initial and
final states of each reaction to preliminarily evaluate charge
transfer mechanisms. Calculations were performed with
QuantumATK 2024.09°%** using FHI pseudopotentials, the
DZDP basis set, the PBE + D3 functional, a [4, 4, 4] A™* k-point
density, and a 100 Hartree mesh cutoff. PDOS was evaluated
over —5 €V to +5 eV with 3001 points and a 12 x 12 A™*
Monkhorst-Pack grid. Dirichlet boundaries and sufficient
vacuum ensured proper electrostatic convergence.

2.4 Temperature effect evaluation

To further assess the process selectivity and the reaction spon-
taneity under analysis, we also present the Gibbs free energy
difference results, calculated using eqn (2):

AG = AH — ATS (2)

where AG represents the Gibbs free energy difference, AH is
the variation in enthalpy, and ATS is the temperature (7) and
entropy (S) product variation.

In the Gibbs free energy analysis, three different tempera-
tures were considered to provide a reference temperature range
for future experimental validations. Specifically, this work
studies the temperatures 273.15 K, 298.15 K, and 373.15 K.
This approach yields insights into the stability and selectivity
of the first adsorption in the chosen ALD processes for Pt, Cu,
and Au on various substrate configurations and the effective-
ness of passivation.

This journal is © The Royal Society of Chemistry 2025
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3. Results

This section presents the reaction pathways explored in this
study. We analyzed two configurations for the three metals:
bare silicon and hydrogen-terminated silicon. Additionally, we
investigate a supplementary case for Au deposition on the pas-
sivated substrate by constructing two distinct reaction path-
ways. The investigation focuses on evaluating the reaction
energy curves to assess the effectiveness of the passivation
process by comparing the energy barriers associated with each
reaction. The results are organized by metal type, with adsorp-
tion reactions analyzed for each metal and the extracted data
scrutinized for insights. Finally, we comprehensively compare
the results to determine which metal exhibits the highest sus-
ceptibility to passivation.

3.1 Reaction pathway analysis of Pt deposition

Two reaction pathways were examined to describe Pt depo-
sition: one involving the hydrogen-terminated substrate and
one associated with the dangling bond (DB) configuration.
Eqn (3), also referred to as reaction A, states the reaction
between the Si(100) and MeCpPtMe;.***>

Si + MeCpPtMe; — Si-MeCpPtMe,-CHj; (3)

Conversely, eqn (4), hereafter labelled reaction B, displays
the H-Si(100)-MeCpPtMe; reaction.

(Si-H) + MeCpPtMe; — (Si-H)-MeCpPtMe, + CH,4 (4)

In both cases, a ligand-exchange reaction between the pre-
cursor and the substrate surface is considered." Fig. 1(a) shows
the Si(100)-MeCpPtMe; reaction. In the final configuration,
the precursor binds to the substrate by breaking one of its

o

Energy (eV)
Energy (eV) .

6 7 8

4] Reaction Coordinate d) Reaction Coordinate

Fig. 1 Geometrical structures for the platinum NEB simulations; (a) the
initial and final configurations for reaction A. (b) The initial and final
configurations for reaction B. (c) Reaction pathway obtained for reaction
A. (d) Reaction pathway for reaction B, highlighting the respective TS
configuration and location.

Nanoscale, 2025, 17, 14913-14923 | 14915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05370b

Open Access Article. Published on 21 May 2025. Downloaded on 1/22/2026 10:45:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Me;-Pt bonds. Fig. 1(c) instead portrays the reaction pathway
from the initial to the final configurations, highlighting the
transition state (TS) found during the simulation. The initial
configuration is very stable, and the reaction presents a poten-
tial barrier of 0.45 eV. However, the reaction pathway curve sig-
nificantly drops at reaction coordinate 7, indicating slight reac-
tivity issues in the configuration counteracted by the presence
of the potential barrier. Similarly, Fig. 1(b) shows the struc-
tures for the reaction on H-Si(100).

A Me;-Pt bond breaks and gathers one H atom detached
from the Si substrate, producing CH, as a byproduct. Fig. 1(d)
highlights the reaction pathway for the passivated substrate
reaction. It conveys a higher energy barrier of 2.90 eV in the
reaction pathway, indicating the effectiveness of the passiva-
tion as an inhibitor of the reaction. Fig. 2 shows the compari-
son in energy for each reaction coordinate in the two cases
under analysis. Hydrogen passivation effectively increases the
energy barrier, enhancing the selectivity of the Pt first
adsorption.

Further calculations were computed to provide a more com-
plete picture of the reactions. First, the adsorption energy is eval-
uated to give insight into the energetic state of the reactions.
Reaction A has an adsorption energy of about —2.87 eV and reac-
tion B of —1.86 eV. The lower adsorption energy in the Si(100)-
MeCpPtMe; case further entails that the MeCpPtMe; is more
likely to bind to the bare silicon, and the hydrogen passivation
successfully hinders the adsorption reaction. Secondly, Fig. 1 in
the ESIf shows the PDOS analysis. Panel (a) highlights the
change in Pt d-orbitals between the initial and post-bonding
stages of reaction A, with broadened and merged peaks and a
reduced HOMO-LUMO gap, indicating orbital hybridization.
After adsorption, the d,, and d,, orbitals show increased occu-
pation below the Fermi level (Ex) compared to the other contri-
butions, thus suggesting a favoured direction of the Pt-Si bond.
Similarly, panel (b) for reaction B indicates orbital hybridization
and directional Pt-Si bond. We computed the Mulliken popu-
lation to assess charge transfer during the reactions, with results
presented in Table 2 in the ESL{ Reaction A shows a negligible
initial charge transfer, indicating no significant interaction. In

)
>
aa
N
)
on
St
Q
=
=
—Si+ MeCthMe3 -> Si-MeCthMez-CH3
-2 —(Si-H) + MeCthMe3 -> (Si-H)-MeCthMe2 + Cl—l4
-3
1 2 3 4 ) 6 7 8 9

Reaction Coordinate

Fig. 2 MeCpPtMe; reaction pathways. Reaction A pathway is in blue,
reaction B is in red; the difference in barrier height is relevant and
suggests deposition selectivity of the process.
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the final state, charge redistribution (+0.1053e and —0.1053e)
confirms a precursor-to-substrate electron transfer. Similarly,
reaction B also exhibits modest redistribution in the final state
(+0.0131e and —0.0131e), suggesting weak precursor-substrate
interaction, possibly limited by Si atom saturation with hydrogen.
Future work will consider periodic bulk models that better rep-
resent the extended substrate to capture charge transfer mecha-
nisms with more accuracy. Additionally, Fig. 2(a) and (b) in the
ESIT display electron density plots, showing bond formation
between Pt and the substrate for reactions A and B, respectively.

Finally, as per the temperature effect evaluation, calcu-
lations are provided to compute Gibbs Free energy variation.
Concerning reaction A, the variation in entropy between the
final and initial configurations at ambient temperature
amounts to ATS = —0.5588 kcal mol ™, as per the enthalpy, AH
= —54.6002 kecal mol ™", resulting in a Gibbs free energy vari-
ation of —54.0415 kcal mol™. On the other hand, for reaction
B, ATS = 3.5596 kcal mol™ and AH = —34.2928 kcal mol™,
amounting to AG = —37.8523 kcal mol~". Therefore, for reac-
tion A, the Gibbs free energy is negative, with both entropy
and enthalpy changes being negative. This indicates that the
reaction is endothermic and spontaneous only at low tempera-
tures. In contrast, reaction B, which has a positive entropy
change, is spontaneous at all temperatures. However, at
ambient temperature, reaction A exhibits a more negative
Gibbs free energy compared to reaction B. These consider-
ations further confirm that the adsorption reaction happens
more easily with the DB substrate, endorsing the results and
the considerations made for the portrayed energy pathways.

The Gibbs energy analysis is extended to include data evalu-
ated at other temperatures, whose entropy, enthalpy, and
Gibbs free energy differences results are reported in Table 1.
For clarity, the last column in Table 1 states the spontaneity of
the reaction at hand. Detailed intermediate data from the
Gibbs analysis can be found in Table 1 of the ESL}

The additional simulations in Table 1 were conducted at
273.15 K and 373.15 K. The data confirm the conclusions
drawn from the ambient temperature analysis and reveal that
373.15 K is not high enough to render reaction A non-spon-
taneous. As Pt ALD typically operates within this temperature
range, the results indicate that reaction A remains spon-
taneous and is more favourable than reaction B under typical
ALD conditions.

3.2 Reaction pathway analysis of Cu deposition

This section analyses copper deposition by using copper(n)
acetylacetonate® (Cu(acac),) as the precursor. Similarly to Pt,
the analysis includes its reaction with the DB and the
H-terminated Si(100). The first reported reaction is shown in
eqn (5), also referred to as reaction C. Fig. 3(a) shows the reac-
tion between bare silicon and Cu(acac),.

Si + Cu(acac), — Si-CsHgO,Cu(acac) (5)

Specifically, a ligand exchange between one of the precur-
sors Cu-O and a DB on the silicon substrate was assumed, per-
mitting precursor adsorption.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Values relevant for Gibbs free energy variation calculation for MeCpPtMejs reactions for all the considered temperatures

ATS [keal mol™]

AH [keal mol™]

AG = AH — ATS

MeCpPtMe; 273.15 K A —0.3573
B 2.1293
MeCpPtMe; 298.15 K A —0.5588
B 3.5596
MeCpPtMe; 273.15 K A —0.6992
B 2.8143

WO ot
Sesdiev

initial

final

g &
Z z
= =
15
-2| 2 3 4 5 6 7 8 9
) Reaction Coordinate d) Reaction Coordinate
Fig. 3 (a) Initial and final configurations for reaction C; (b) initial and

final configurations for reaction D; (c) detailed pathway progression for
reaction C; (d) reaction pathway for reaction D, both highlighting the TS
and the respective potential barrier height.

Eqn (6) shows the H-Si(100)-Cu(acac), reaction, also
labelled as reaction D, graphically depicted in Fig. 3(b). In this
case, one of the Cu-O bonds breaks to gather one of the H
atoms to achieve an acetylacetone-like configuration.

(Si-H) + Cu(acac), — (Si-H)-(OH)Cs;HgOCu(acac) (6)

Fig. 3(c) illustrates the energy pathway for the Si(100) case.
The curve shows a slight rise corresponding to the TS, located
just before a significant energy drop. Moreover, the TS at reac-
tion coordinate five is immediately followed by a steep energy
decline beginning at reaction coordinate 7. The drastic drop
indicates the instability of the TS configuration, and the curve
shows a modest 0.03 eV potential barrier. Moreover, the final
state being the most energetically stable, the reaction appears
to be effectively unavoidable. Fig. 3(d) shows the energy curve
for reaction D. The energy pathway presents a dome-like
shape, with the final state being more energetically favourable
than the initial state. Hydrogen passivation effectively
increases the energy barrier to 1.22 eV, enhancing the selecti-
vity of the copper deposition process. With respect to the
system geometry at the transition state, in Fig. 3(c), the system
at the TS shows the precursor hovering over the substrate, and
the adsorption occurs after the drop in the reaction pathway.

This journal is © The Royal Society of Chemistry 2025

—54.6184 —54.2612 Spontaneous at low T
—34.9837 —37.1130 Spontaneous at all T’
—54.6002 —54.0415 Spontaneous at low T
—34.2928 —37.8523 Spontaneous at all T
—54.8092 —54.1100 Spontaneous at low T
—34.8312 —37.6454 Spontaneous at all T’

On the other hand, the system geometry at the TS in Fig. 3(d)
shows a configuration with Cu(acac), already adsorbed onto
the Si(100).

Finally, Fig. 4 shows the comparison between the geometri-
cal structure of the initial and final configuration described
above and the respective reaction pathway curves. The increase
in the TS for reaction D is evident.

The computed E,q4s values are —2.15 eV for reaction C and
—0.58 eV for reaction D. Therefore, the reaction with the bare
Si(100) provides a more stable system configuration. The PDOS
for the Cu precursor is shown in Fig. 1(c) and (d) in the ESIT
for reactions C and D. The PDOS evolution is similar to the Pt
case, with additional hybrid states near the Fermi level,
though bonding with bare Si(100) is less directional. For H-Si
(100), Cu d-orbitals show more Lorentzian-like features, indi-
cating less hybridization.

PDOS evolution is similar to the Pt case, with additional
hybrid states near the Fermi level, although bonding with bare
Si(100) is less directional. For H-Si(100), Cu d-orbitals show
more Lorentzian-like features, indicating less hybridization.

In reactions C and D, the final states exhibit a distinct
charge transfer from the precursor to the substrate, as shown
in Table 2 of the ESI,{ indicating moderate electron redistribu-
tion upon adsorption. Fig. 2(c) and (d) of the ESI{ show elec-
tron density visualizations, indicating bond formation in both
reactions. The Gibbs free energies provide valuable insights
into the thermodynamics of these reactions, and the results
are summarized in Table 2. At ambient temperature, the calcu-

lated values of ATS = 1.0401 kcal mol™* and AH =
1.5
1
o 05
%
il
>
o0
$-05
=
M
- —Si+ Cu(acau:)z -> Si-CSH_SO_ZCu(acac)
15 —(Si-H) + Cu(acac)z -> (Si-H)—(OH)CSHSOCu(acac)
-2
1 2 3 4 5 6 7 8 9

Reaction Coordinate

Fig. 4 Reaction pathways analyzed for the copper precursor depo-
sition. The blue line represents the data obtained from the simulation of
reaction C; the red curve refers to reaction D. The increase in barrier
height and the dome-like shape assumed by the red line are evident.
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Table 2 Values relevant for Gibbs free energy variation calculation for Cu(acac), reactions for all the considered temperatures

ATS [keal mol™"]

AH [keal mol™]

AG = AH — ATS

Cu(acac), 273.15 K C 0.9004
D 2.7841
Cu(acac), 298.15 K C 1.0401
D 3.0650
Cu(acac), 373.15 K C 1.4858
D 3.9264

—39.5645 keal mol™" result in AG = —40.6046 kcal mol™" for
reaction C. The negative Gibbs free energy suggests that the
reaction is endothermic and spontaneous at all temperatures.
Moreover, reaction D shows ATS = 3.0650 kcal mol™ and AH =
0.6275 kcal mol™', which yield a barely negative AG =
—2.4375 kecal mol™". The positive value for enthalpy indicates
that this reaction is spontaneous only at high 7. Consequently,
the surface passivation effectively prevents the initial adsorp-
tion required in the ALD process under consideration. The
Gibbs free energy data for the other temperature consistently
yield the same results: C is spontaneous at all temperatures
and D is spontaneous at high temperatures. The increase in
temperature does not drastically change the data. Therefore,
considering reaction C Gibbs energy difference has a higher
absolute value, the preferential adsorption previously high-
lighted still holds. Detailed and intermediate data for all reac-
tion steps are provided in Table 1 of the ESI.}

3.3 Reaction pathway analysis of Au deposition

Three primary reaction pathways are examined for Au depo-
sition: two involving the hydrogen-terminated substrate and
one associated with the DB configuration. For the simulation,
Me;AuPMe; has been selected as the precursor, given its
favourable chemical properties, stability, and consistent per-
formance in Au-on-Au ALD processes.’® Experimentally, this
precursor demonstrates a steady growth rate of (0.030 + 0.002)
nm per cycle on gold seed layers, high purity even at low depo-
sition temperatures, and resistivity of 5.9 + 0.3 pQ cm, advan-
tageous for conductive layer formation.”**®® Eqn (7), here-
after referred to as reaction E, reports the reaction between the
bare Si(100) and Me;AuPMe;. The precursor binds to the
surface, losing a methyl group, which adsorbs on the Si(100)
substrate. Fig. 5(a) graphically shows the analysed reaction.

Si+ MezAuPMe; — Si—MezAuPMe:;—CHg (7)

The reaction between the hydrogen-passivated substrate
and Me;AuPMe; was investigated in two different mecha-
nisms. The first reported in Fig. 5(b), and described in eqn (8)
(reaction F), involves CH; detachment and CH, formation as a
byproduct. The methyl group binds with the H atom removed
from the substrate surface, and the now-exposed Si atom sub-
sequently binds with the Au atom of the precursor.

Fig. 5(c) and eqn (9) (reaction G) describe the second reac-
tion mechanism considered. In this case, the precursor mole-
cule unbinds Me;P, producing Me;PH (trimethylphosphine) as
a byproduct. Thus, the precursor breaks apart, with the gold
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Fig. 5 Geometrical structures (images) output from the NEB simu-
lations; (a) initial and final configurations for reaction E; (b) initial and
final configurations for reaction F; (c) initial and final configurations for
reaction G; (d) reaction pathway output for reaction E highlighting the
lack of TS and potential barrier; (e) reaction pathway, potential barrier
and TS for reaction F; (f) reaction pathway, barrier height and TS for
reaction G.

atom binding to the substrate, while the freed H atom bonds
with phosphorus.

(Si-H) + Me3AuPMe3 — (Si-H)-Me2AuPMe3 + CH4  (8)

(Si-H) + Me;AuPMe; — (Si-H)-Me;Au + PMe;-H  (9)

Both configurations are of interest for this work. Indeed, it
is typical for CH, to be released as a byproduct in ALD reac-
tions with precursors presenting methyl groups.®*®* As per
reaction G, the formation of trimethyl phosphine is an
assumed behaviour in light of the reaction found in the litera-
ture for Au-on-Au ALD.>

The reaction involving the stripped substrate shows signifi-
cant reactivity issues since the precursor prematurely attaches
to the substrate. Hence, during geometry optimization, it was
necessary to constrain the precursor to manage the high reac-
tivity of the molecule and provide a suitable and convergent
result. The energy profile shown in Fig. 5(d) illustrates a lack
of a potential barrier. In this case, the TS does not correspond
to an energy maximum but rather aligns with a saddle point
along the pathway. The adsorption itself occurs toward the end
of the reaction. Although this instability typically poses chal-
lenges, it actually benefits this study. Indeed, the reaction pro-
ceeds unavoidably; any additional barrier would inhibit the
process, thus suggesting the potential for atomic-scale pattern

This journal is © The Royal Society of Chemistry 2025
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formation. Hydrogen passivation, in contrast, significantly
raises the energy barrier. A detailed view of the isolated energy
curves and their corresponding TS for reactions F and G can
be found in Fig. 5(e) and (f), respectively. The passivation
proves highly effective in preventing precursor adsorption. The
energy profile for reaction F also shows a lower final energy,
indicating a more stable configuration. Overall, the hydrogen-
passivated substrate exhibits higher energy barriers than the
un-passivated one, highlighting the potential masking effect
of the hydrogen layer in the deposition process.

Fig. 6 shows the energy pathways for all the reactions con-
sidered. In detail, the yellow, blue, and red curves represent
the energy pathways for the reactions E, F, and G, respectively.
The comparison makes it possible to appreciate the increase
in energy barrier for reactions F and G. More precisely, the
increase in eV for reaction F amounts to 1.79 eV, and 1.58 eV
for reaction G.

As per the previously analyzed reactions, adsorption energy
and Gibbs free energy variations were evaluated, with the
adsorption energy values as follows: 5.15 eV for reaction E,
7.05 eV for reaction F, and 9.06 eV for reaction G, suggesting
the reaction with the Si(100) dangling bonds is more stable
and more probable. Reactions F and G show less spontaneity
compared to the DB case, reinforcing the effectiveness of H
passivation in achieving the necessary inhibition. Fig. 1(e) in

2

1
oy 1)
>
)
<
fe)
%‘)—2 —(Si-H)+ MesAuPMe3 -> (Sl-H)-MeZAuPMe3+CH4
= —(Si-H) + Me,AuPMe, -> (Si-H)-Me,Au + PMe,-H
= 3 Si+ MeSAuPMe3 -> Si-MezAuPMe3—CH3

-4

1 2 3 4 S 6 7 8 9
Reaction Coordinate

Fig. 6 Au reaction pathways highlighting the absence of a potential
barrier for reaction E of MesAuPMez with bare silicon, and the compar-
able barrier height increase of reactions G and F for the adsorption of
MesAuPMes onto the hydrogen passivated substrate. The yellow curve
represents reaction E, the red curve represents reaction G, and the blue
curve represents reaction F.
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the ESIT suggests a weak, nondirectional Au-Si(100) bond,
with a minimal d-orbital contribution to chemical bonding.
The Au d-orbital occupation changes little upon hydrogenation
for both reactions F and G, showing limited hybridization
(Fig. 1(f) and (g) in the ESI{). The absence of significant
changes in the d-orbital populations indicates weak inter-
actions and limited electronic coupling at the interface. The
results of the Mulliken analysis are reported in Table 2 in the
ESIt for reactions E, F, and G. The final states suggest electron
transfer from the precursor to the substrate. Notably, reactions
F and G exhibit relatively large charge variations despite
minimal involvement of the Au d-orbitals. Future work should
further validate these findings, ideally supported by experi-
mental data. Furthermore, the electron density analysis in
Fig. 2(e-g) in the ESI} suggests the presence of shared elec-
trons between Au and Si for all the reactions. Table 3 reports
the relevant data for Gibbs free energy calculation. Extended
and intermediate data for all the steps of the reaction can be
found in Table 1 in the ESI.f At ambient temperature, the cal-
culation reveals for reaction E AG = —102.6577 kcal mol™, ATS
=9.4926 kcal mol™, and AH = —93.1651 kcal mol ™", making it
endothermic and spontaneous at all temperatures. For reac-
tion F, AG = —32.1031 kcal mol™, ATS = 3.0557 kcal mol™,
and AH = —29.0474 kecal mol™?, indicating it as spontaneous at
all temperatures but slower than reaction E. Reaction G, with
AG = 14.3649 kcal mol™, ATS = 1.2614 kcal mol™, and AH =
15.6262 kcal mol ™, has a positive Gibbs free energy variation
and enthalpy, making it spontaneous only at high tempera-
ture. The extended temperature analysis remains consistent
with the findings at ambient temperature, as shown in
Table 3. Interestingly, reaction G presents a positive AG, even
in the 373.15 K case, indicating the need for even higher temp-
eratures to reach a negative value and effective spontaneity.
Thus, reaction G provides the stronger inhibition desired for
this study.

3.4 Result discussion

Table 4 provides a quantitative summary of the simulation
results related to the adsorption energy evaluation. The table
provides critical data for the tested metal precursors, including
adsorption energies, final energies, and maximum energy bar-
riers. The columns present information on precursor energy,
substrate energy, adsorption energy, final energy, and TS for

Table 3 Values relevant for Gibbs free energy variation calculation for MezAuPMejs reactions for all the considered temperatures

ATS [keal mol™] AH [keal mol™"]

AG = AH - ATS

Me;AuPMe; 273.15 K 8.5008
2.8099
1.1036
9.4926
3.0557
1.2614

12.6331
3.7273
1.6458

Me;AuPMe; 298.15 K

Me;AuPMe; 373.15 K

OHMHOHMEHOMHEHE

This journal is © The Royal Society of Chemistry 2025

—93.5434 —102.0443 Spontaneous at all T
—29.0910 —31.9008 Spontaneous at all T
15.5596 14.4559 Spontaneous at high T
—93.1651 —102.6577 Spontaneous at all T
—29.0474 —32.1031 Spontaneous at all T
15.6262 14.3649 Spontaneous at high T
—92.0697 —104.7028 Spontaneous at all T
—28.9776 —32.7049 Spontaneous at all T
15.7423 14.0965 Spontaneous at high T
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Table 4 The most relevant results related to the adsorption energy and the energy pathways from the NEB simulations for all three metals precur-
sors are presented, with configurations labelled according to their respective reactions: A and B for MeCpPtMes; C and D for Cu(acac),; and E, F, and

G for MezAuPMes

Precursor energy [eV] Substrate energy [eV]

Adsorption energy [eV] Final energy [eV] Energy barrier-TS [eV]

—2.36583 x 10°
—2.367196 x 10°
—2.36583 x 10°
—2.367196 x 10°
—2.36584 x 10°
—2.367196 x 10°
—2.367196 x 10°

MeCpPtMe; —1.28336 x 10*

Cu(acac), —6.34082 x 10*

Me;AuPMe,
—1.949678 x 10*

QEEHgOR >

each configuration. This comprehensive overview enables
direct comparison between the analyzed metals and substrates
while highlighting additional quantities crucial for evaluating
adsorption energies. Me;AuPMe; reactions exhibit the highest
adsorption energies given the precursor high energy state,
explaining the absence of a potential barrier in reactions with
Si(100). As anticipated, H-Si(100) substrates show consistently
higher energy barriers, making deposition reactions less favor-
able. Table 4 further indicates that all reactions with passi-
vated structures have increased barriers relative to their bare Si
counterparts, suggesting a preference for deposition on
stripped substrates. Overall, the results clearly illustrate the
differences between the bare silicon and H-passivated reaction
pathways. Specifically, the higher potential barriers for precur-
sor interactions with the H-passivated substrate highlight the
inhibition effect in the initial ALD adsorption process, under-
scoring the passivation effectiveness in hindering the reaction.
The PDOS and electron density analyses across all metal pre-
cursors suggest varying degrees of interaction with Si(100) and
H-Si(100) surfaces, ranging from strong orbital hybridization
in the Pt and Cu cases to weaker interaction for Au, with
favored bond directionality for Pt. Complementary Mulliken
population analyses further indicate a partial charge transfer
from the precursor to the substrate in all reactions, supporting
the formation of an interaction driven by electron redistribu-
tion. Despite the qualitative nature of the results derived from
the finite cluster model, they offer valuable insights into the
early stages of ALD nucleation and guide further investi-
gations, where periodic bulk structures should be considered
to better capture the electronic configuration of the sub-
strates.”” Based on the analysis of the spontaneity of the reac-
tions, the variation in Gibbs free energy for all reactions invol-
ving Si(100) is higher in absolute terms than that of the corres-
ponding passivated reactions. The difference is particularly
notable in reactions D and G. These reactions exhibit a positive
enthalpy variation, indicating that they can only be considered
spontaneous at high temperatures. This study focuses on the
initial step of the ALD reaction, specifically the first adsorption
of the precursor onto the substrate. Future research will
include additional simulations to examine subsequent reac-
tion steps to achieve a comprehensive understanding of the
entire ALD process. These efforts aim to improve our under-
standing of the overall deposition mechanism. A key step in

14920 | Nanoscale, 2025, 17, 14913-14923

—2.87469 —-2.35911 0.45401
—1.85522 —1.59468 2.90059
—2.15192 —1.78641 0.032205
—0.58852 —0.12181 1.21874
5.15126 —4.121196 0
7.05992 —-1.360598 1.79424
9.06169 0.64118 1.58263

this direction is investigating what happens after the initial
adsorption of the precursor—such as additional ligand detach-
ments, the behavior of by-products, and changes in the surface
during the deposition cycle. These processes can significantly
affect nucleation and surface reactivity. Since they evolve over
time, molecular dynamics simulations are needed to capture
their dynamics and gain insights into the progression of the
deposition process.””®> This approach will also allow us to
better assess how hydrogen passivation influences nucleation
delays. Ultimately, such investigations will contribute to opti-
mizing the selective ALD process for a broad range of
applications.

Conclusions

This study provides an in-depth analysis of the role of hydro-
gen passivation in selective atomic layer deposition processes
for platinum, copper, and gold on Si(100) substrates. The
results, derived from DFT simulations, highlight that hydrogen
passivation significantly raises the energy barriers for the first
adsorption step of ALD, effectively inhibiting deposition in the
passivated regions. The findings reveal that MeCpPtMe;, Cu
(acac),, and MezAuPMe; exhibit strong preferential deposition
on hydrogen-free Si(100), with Mes;AuPMe; showing the
highest energy barrier, indicating a greater sensitivity to passi-
vation. As a whole, the results highlight the energy barriers for
different metal depositions on Si(100) substrates, pointing to
the potential for hydrogen passivation as a masking layer for
precise metal deposition. Further research should aim to
refine simulation techniques and explore broader applications,
enhancing the computational capabilities to enable more accu-
rate and comprehensive analyses. Precisely, future work
should focus on the full ALD cycle and explore the broader
impact of hydrogen passivation across multiple cycles, offering
insights into optimizing material deposition for advanced
applications in nanoscale manufacturing. These dynamic pro-
cesses are better captured by molecular dynamics simulations,
which offer deeper insight into surface reactivity and selectivity
over time. This study used hydrogen passivation for its high
uniformity, coverage, and compatibility with silicon surfaces,
effectively suppressing precursor adsorption. However, alterna-
tive strategies—such as small molecule inhibitors or chemical

This journal is © The Royal Society of Chemistry 2025
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functionalization with groups like amino, phosphine,
hydroxyl, or thiol—offer promising routes for tuning surface
reactivity and achieving selective masking.>®’> Furthermore,
substrate choice must be driven by the final application. While
we focused on Si(100), exploring alternative substrates—
ranging from metals such as gold, platinum, and copper to
dielectrics like silicon dioxide, aluminum oxide, and hafnium
oxide—could further broaden the applicability of these strat-
egies for selective metal-ALD in next-generation device
architectures.>®’> Overall, a careful application-driven selec-
tion of substrate and passivation methods is essential for opti-
mizing selective metal-ALD processes and advancing nanoma-
nufacturing technologies.
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