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1. Introduction

Self-limiting nitrogen/hydrogen plasma radical
chemistry in plasma-enhanced atomic layer
deposition of cobaltf

Ji Liu, © 2 Hongliang Lu, ©® David Wei Zhang® and Michael Nolan @ *?

Cobalt (Co) is a potential candidate in replacing copper for interconnects and has been applied in
trenches in the semiconductor industry for over twenty years. A non-oxidizing reactant is required in the
plasma-enhanced atomic layer deposition (PE-ALD) of thin films of metals to avoid O-contamination.
PE-ALD of Co has been demonstrated experimentally with plasma sources of NHz or a mixture of N, and
H,, but the growth mechanism and key reactions are not clear. In this study, we have investigated the
reactions of plasma-generated predominant species, i.e. radicals "H, ‘N, "NH and "NH,, at metal precursor
(CoCp,) treated Co(001) and Co(100) surfaces using static DFT calculations at O K and molecular
dynamics simulations at 600 K. The proposed reaction mechanisms are (1) 'N radicals play an important
role in eliminating the surface-bound Cp ligand (if any) via pyridine (CsHsN) formation and desorption,
whereas "H radicals have endothermic reactions for eliminating the Cp ligand via CpH formation and de-
sorption; (2) the surface NH, species are eliminated by "H radicals via NHz formation and desorption. The
simulations of these key reactions show that on the Co(001) surface, the remaining Cp ligand and surface
NH, species after the metal precursor pulse will be completely removed with ‘N and "H radicals, resulting
in Co atoms deposited on the Co(001) surface at a coverage of 3.03 Co nm~2. However, on the Co(100)
surface, the surface NH, species cannot be completely removed via NHz formation and desorption due
to overall endothermic reactions. Instead, "H radicals react with trench N species, resulting from H transfer
in the metal precursor pulse, to form NH. These trench N species cannot be eliminated completely on
the Co(100) surface, which will be the source of N impurities in the deposited Co thin films. At the post-
plasma stage, the metal surface will be covered with NH,-terminations with plasma generated ‘NH rad-
icals and is then ready for the next deposition cycle. Our DFT results highlight and explain why ammonia
or Hy/N, plasma, which produce NH, species, are required to deposit high-quality and low-impurity Co
thin films using Co metallocene precursors.

vents the diffusion of Cu into the dielectric layer and Si sub-
strates.” As device dimensions shrink and more complex struc-

Copper (Cu) has been used in the semiconductor industry as
the interconnect material for over 20 years." However, continu-
ous deposition of conducting Cu films in the small and
complex structures of the present and future nanoelectronic
device structures is, and will become more difficult. Copper
requires a liner or seed layer to promote continuous film depo-
sition. This layer is in addition to the barrier layer, which pre-
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tures emerge, the volume available for copper interconnects at
the transistor levels becomes correspondingly smaller and
must accommodate the barrier, the liner and copper.

From a more general perspective, it is well known that at
the nanoscale, Cu will preferentially aggregate into high resis-
tivity 3D island structures.>* One solution to these issues is to
replace copper with alternative metals that do not suffer from
these issues. In this regard, the early transition metal cobalt
(Co) is of high interest as an alternative material for replacing
Cu in next generation interconnects. Co has already been used
in trenches and vias with the downsizing of semiconductor
devices.””

Finding suitable barrier/liner layers and combining these
properties into one material is an outstanding challenge
because the volume available in trenches and vias exacerbates

This journal is © The Royal Society of Chemistry 2022
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the issues with copper, so a smaller volume occupied by the
barrier and liner layer will help. However, it is clear that
copper will ultimately be replaced by another metal.

There is also the question of the deposition of interconnect
metals, in particular into high aspect ratio structures in nano-
devices, where different surface facets are present and stan-
dard physical vapour deposition (PVD) will not give sufficient
conformality and uniformity in these structures. Atomic layer
deposition (ALD) is widely applied for conformal and uniform
deposition, offering a high degree of control over deposition at
the atomic level, which is required for metal deposition onto
high aspect ratio structures in nanodevices.® Generally, ALD
consists of two self-limiting half cycles, where the reactions
will stop after all available surface sites are consumed and
repeated cycling through the two half reactions allows a fine
level of control over the thickness and conformality of the de-
posited film. In addition to the successful application of ALD
in microelectronics and the semiconductor industry, it is
seeing exciting applications in the areas of catalysis and
energy conversion and storage.®' %'

For the ALD of Co metal, cyclopentadienyl (Cp) based pre-
cursors such as the CoCp, metallocene, CoCp(CO), and Co
(CpAMD) have been used in thermal and plasma-enhanced
ALD.">'* For thermal ALD of Co with metal acetamidinates
and hydrogen, the required growth temperature can be as high
as 350 °C, while the growth rate can be as low as 0.12 A per
cycle.* With the application of plasma-enhanced ALD
(PE-ALD) using NH; plasma, the Co PE-ALD process window is
between 200 °C and 250 °C, with a reported growth rate of
0.5 A per cycle."”” The reported growth per cycle with dicobalt
octacarbonyl (Co,(CO)g) and H, plasma is increased to 1.2 A
per cycle in the ALD window of 75 °C to 110 °C.'® The Co
metal precursor CoCp(CO), has an even larger reported GPC at
1.5 A per cycle using NH; plasma at a higher temperature of
300 °C."”

The reaction mechanism of film growth with ALD using an
oxidizing reactant such as O; and H,O is well-established."® !
However, when depositing metals, an O-source will promote
oxidation of the metal and therefore cause contamination and
severely modify the properties of the metal. To address this
issue, non-oxidizing reactants such as NH; have been used in
PE-ALD of transition metals such as Ta, Ti, Ru and Co.>*">® For
the plasma source, a mixture of N, and H, is used and the pro-
perties of the deposited metal thin film largely depend on the
N,/H, gas flow ratio.”>?® It has been observed that a H,
plasma alone or separate N, and H, plasmas result in high res-
istivity and low purity Co thin films.*” Previous studies argue
that the presence of NH, species is needed to deposit low resis-
tivity and high purity Co thin films.”” These NH, species are
proposed to promote the chemisorption of the metal precursor
and the removal of the Cp ligand, analogous to the role of
hydroxyl groups in metal oxide ALD.>*?*"*%2° But they are not
incorporated in the film, because N may desorb in the form of
either NH; or N,.

The incorporation of nitrogen into a PE-ALD deposited Co
film is temperature-dependent. The formation of CoN, was
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reported during the deposition of Co thin films using CoCp,
and NH; plasma at temperatures below 300 °C.>° For depo-
sition temperatures above 350 °C, decomposition of CoN, was
effectively complete, resulting in pure Co thin films.*® The
detailed mechanism of plasma assisted metal deposition has
not yet been established and requires deeper investigations. A
plausible proposal is that highly reactive radicals from the
hydrogen/nitrogen-plasma source must be present for success-
ful PE-ALD of metals.

A complete PE-ALD process using N-plasma (NH; or a
mixture of N, and H,)*” can be thought to follow the following
process (Scheme 1): firstly, it is vital to note that at the post-
plasma stage, the metal surface is actually an NH,-terminated
metal surface, where x = 1 or 2.>" In the metal half-cycle, the
metal precursor CoCp, reacts with the NH,-terminated metal
surface. Cp ligands are eliminated by hydrogen transfer from
the surface to form CpH, which desorbs from the surface,
rather than migrating to another Co site on the surface.*” In
the second half-cycle, the plasma-generated radicals such as
N,H,, (x =0, 1; y = 0, 1, 2) will react with the precursor frag-
ment-terminated metal surface, eliminating any remaining
metal ligands from the surface, and covering the metal surface
in some concentration of NH, groups at the end of the second
half cycle.

In our recent published work, the nature and stability of
NH,-terminated Co(001) and Co(100) surfaces and the struc-
tures after the metal precursor CoCp, pulse were studied.*’?
The results show that under typical ALD operating conditions
from the literature® (temperature range 550 K to 650 K), the
most stable termination of the low energy Co(001) surface is
0.56 ML coverage of NH-termination. On the high energy, zig-
zag Co(100) surface, a mixture of 0.67 ML NH and 0.67 ML
NH, is the most stable surface termination. With these NH,
terminations, on the Co(100) surface, the metal precursor can
undergo two hydrogen transfer steps and the two Cp ligands
are eliminated completely, resulting in Co atom deposition on
the surface whereby Co binds to the N atom. However, on the
Co(001) surface, only one Cp ligand is eliminated, resulting in
CoCp fragments on the surface after the metal precursor
pulse. The computed surface coverage of the final termin-
ations after the metal precursor pulse is 3.03 CoCp nm > on
the NH,-terminated Co(001) surface and 3.33 Co nm™> on the
NH,-terminated Co(100) surface.>?

During the plasma cycle, the active plasma species can
include radical species ('H, ‘N, 'NH, and "NH,) and ions pro-
duced by electron-induced ionization of neutrals (such as H',
N, H,", and NH;"). Sode®® et al. studied and modelled the
density of these active plasma species and found out that the
density of radicals (ca. 10" m™) is much larger than the
density of ions (ca. 10'*-10"® m™). Therefore, to make the cal-
culations in this study tractable, we assume that plasma gener-
ated radicals "H, ‘N, ‘NH, and 'NH, are the predominant active
species. In the work of Shimizu** et al, the quantities of
incoming radical species arriving at the substrate surface
decease in the order "H > ‘NH, > H,, N, > N,H, > "NH > N,H,.
Based on these studies, we considered it reasonable to

Nanoscale, 2022,14, 4712-4725 | 4713


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr05568b

Open Access Article. Published on 22 February 2022. Downloaded on 4/10/2026 4:36:12 AM.

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

(cc)

View Article Online

Paper Nanoscale
NHs, N,
Initial surface NxHy CpH, CsHsN, CsHsNH
I: Substrate Co and NHyx terminations radical
CoCp or Co Co CoCo Co
Metal precursor CoCp: pulse | 1 1 | I | ]
II: Proton transfer and CpH desorption NHx-Co (N-plasma pluse) /" " Co metal
N-plasma pulse
111: Elimination of Cp ligand and NHx with (mlefﬁ‘)' precursor (next cycle)
x ulse,
plasma radical NxHy CpH<
NHx (x =1 or 2)
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Scheme 1 Illustration of PE-ALD of Co using CoCp, and NHz or N,/H; plasma.

consider the plasma-generated radicals "NH,, 'NH, ‘'H and ‘N
in our work. Simulating charged species within the three
dimensional periodic boundary conditions in a periodic plane
wave basis code such as VASP is problematic and the energies
resulting from such calculations are not reliable, so this pre-
vents us from including such species in the calculation.

The reactions of plasma generated radicals "H, ‘N, ‘NH, and
‘NH, with the metal precursor treated Co(001) and Co(100)
surfaces were investigated in detail with density functional
theory (DFT) calculations. We use static DFT relaxations at 0 K
and ab initio molecular dynamics simulations at 600 K to
explore the chemistry of these radicals and how they remove
Cp ligands and NH, species and recover the NH, terminations
needed to promote the metal precursor step.

We find that "N radicals play an important role in eliminat-
ing surface bound Cp ligands on the Co(001) surface via pyri-
dine formation and desorption and 'H radicals can promote
the elimination of NH, species on the Co(001) surface via NH;
formation and desorption. These reactions are overall exother-
mic, and the surface Cp ligand and NH, species can be
removed completely from the Co(001) surface, resulting in de-
posited Co atoms on the Co(001) surface at a coverage of 3.03
Co nm™>. Furthermore, plasma-generated NH, species can
then cover the Co(001) surface by reacting with the deposited
Co atoms to make new Co-N bonds.

However, on the Co(100) surface, the surface NH, species
cannot be fully removed via NH; formation and desorption due
to an overall endothermic reaction pathway. "H radicals contrib-
ute to transforming the N species in the Co(100) trench sites to
NH. This study shows that these N species are potential sources
of N impurities in Co thin film deposition with PE-ALD due to
the high energy cost of eliminating these N species.

These findings confirm that plasma radicals play a crucial
role in adsorbing metal precursor CoCp, with the formation of
NH,-terminations on metal surfaces, and the elimination of
any remaining Cp ligands that cannot be completely removed
during the metal precursor pulse. For Cp-based metal precur-
sors, NH, species are required to deposit Co thin films with
high purity and low resistivity, which explains why NH;
plasma or a mixture of N, and H, plasma are the most favour-
able sources for Co deposition, rather than H, plasma or N,
plasma alone.

4714 | Nanoscale, 2022, 14, 4712-4725

2. Methods and computational details

All the calculations are performed on the basis of periodic
spin-polarized density functional theory (DFT) within a plane
wave basis set and projector augmented wave (PAW) formal-
ism,*®> as implemented in the Vienna ab initio simulation
package (VASP 5.4) code.*® The generalized gradient approxi-
mation (GGA) with the parameterization ‘of Perdew-Burke-
Ernzerhof (PBE) is used for the exchange-correlation
functional.’”*® We use 9 valence electrons for Co, 5 for N, 4
for C, and 1 for H. The plane wave energy cut-off is 400 eV. The
convergence of energy and forces are set at 1 x 10™* eV and
0.01 eV A™, respectively. The bulk Co crystal structure is opti-
mized by simultaneously relaxing the ionic positions, cell
volume and cell shape at a higher plane wave energy cut-off of
550 eV and using a Monkhorst-Pack grid k-point mesh®® of 12
x 12 x 6. The resulting lattice constants are @ = b = 2.49 A, and
¢ = 4.03 A. This c/a ratio at the value of 1.62 is in good agree-
ment with previous studies.*’

The deposited Co films by PE-ALD are polycrystalline and
have random surface orientations after low-temperature depo-
sition. Based on our previous study’' on the stability of NH/
NH, terminations of Co surfaces, we have chosen the most
stable Co(001) surface (with the lowest surface energy) and to
assess the role of surface structure and reactivity, we also con-
sider the Co(100) surface, which has a higher surface energy
but high reactivity in our investigation of the precursor reac-
tion mechanisms. A similar comparison has been presented
for copper.*' Other surface facets, such as Co(110) and Co(101)
would be interesting for future study. A (4 x 4) supercell is
used to model the (001) surface with a surface lattice of a = b =
9.96 A (surface area = 0.99 nm?) while a (3 x 3) supercell, with
a surface lattice of a = 7.47 A, b = 12.10 A (surface area =
0.90 nm?), is used to model the (100) surface. For the Co(001)
surface, a five-layer slab is used, with the bottom three layers
fixed during the calculation; however for the Co(100) surface,
due to its zigzag structure, a four-bilayer (eight-atomic-layer)
slab is built with the bottom two bilayers (bottom four layers)
fixed during the calculations. From our previous studies,
fixing these layers is sufficient to model these Co surfaces.>' A
k-point mesh®® of 2 x 2 x 1 is used in the (4 x 4) supercell, and
for the (3 x 3) supercell a 3 x 2 x 1 mesh is used. The van der

This journal is © The Royal Society of Chemistry 2022
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Waals correction was applied with the PBE-D3 method to
ensure an accurate description of the dispersion interactions
in the computed adsorption energies.** Charge transfer is ana-
lysed with the Bader charge analysis procedure.*>** This was
computed from the difference between the Bader charge and
the number of valence electrons.

From our previous study, after the metal precursor (CoCp,)
pulse, the surface terminations are CoCp fragments on NH,-
terminated Co(001) surface at a coverage of 3.03 CoCp nm >
and deposited Co atoms on NH,-terminated Co(100) surface at
a coverage of 3.33 Co nm > These configurations after the
metal precursor pulse are shown in Fig. 1. On the Co(100)
surface, mixed NH, terminations with NH occupying trench
sites and NH, occupying surface sites are determined.’
Trench NH species contribute to eliminating Cp ligands
during the metal precursor pulse, resulting in bare N atoms on
trench sites (Fig. 1(b)).

This work investigated the reaction mechanism, key reac-
tion steps, and key by-products by modelling the reaction of
plasma-generated predominant species, ie. plasma radicals
‘H, "N, ‘'NH, and "NH,, on metal precursor CoCp, treated NH,-
terminated Co(001) and Co(100) surfaces. The main contri-
butions are (1) how the surface bound Cp ligands (if any) and
surface NH,. species are eliminated with these plasma radicals,
and (2) how the metal surfaces are recovered with NH,-termin-

side view

top view

Fig. 1 The configurations of final structures on Co (a) (001) and (b)
(100) surfaces after the metal precursor pulse. Carbon, nitrogen, and
hydrogen atoms are presented in grey, blue, and white colours.
Substrates Co and Co from CoCp, are represented by pink and yellow
spheres, respectively.
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ations with these plasma radicals to be ready for the next depo-
sition cycle.

3. Results and discussion
3.1 Analysis of reaction schemes

3.1.1 Reaction of plasma radicals on 3CoCp fragment-ter-
minated Co(001) surface. After the metal precursor pulse, the
surface termination is the (CoCp);NH,-terminated Co(001)
surface.”® We first addressed the interaction of one kind of
plasma radical species on this 3CoCp fragment-terminated Co
(001) surface and computed the reaction energies of each by-
product resulting from plasma radicals reacting with surface
CoCp fragments and surface NH, terminations. The coverage
of plasma radicals is one plasma radical per CoCp fragment,
so at the highest stable coverage of CoCp fragments at 3.03
CoCp nm™?, we consider 3 "H, 3 ‘N, and 3 ‘NH, respectively.
These results are summarized in Table 1.

The reaction energies per plasma radical are calculated by

(1)

where E and Eg,, are the energies of plasma radicals
treated (CoCp);NH,-terminated Co(001) surface and the
(CoCp);NH,-terminated Co(001) surface, respectively. Epjagma is
the energies of plasma-generated radicals, i.e. "H, ‘N, 'NH, and
‘NH,. In this study, 'H and ‘N radicals are referenced to half of
H, and N,, while 'NH or "NH, radicals are referenced to (N2
H,) or (AN, + H,), respectively, which is consistent with our pre-
vious thermodynamic study of NH, terminations.**

Elimination of Cp ligand via CpH formation and desorption.
One hydrogen radical is placed near each Cp ring with an
initial C-H distance of 1.9 A. The initial structure and relaxed
stable structure are shown in Fig. 2. After relaxing, 3 CpH are
formed spontaneously, with an energy change of 0.03 eV per
Cp and C-H bond distance of 1.1 A. The computed energy cost
per CpH for the CpH desorption process, which results in
three Co atoms deposited on the Co(001) surface, is 1.29 eV
per Cp. The removal of Cp ligand on (CoCp);NH,-terminated
Co(001) surface via CpH formation and desorption is overall
endothermic with an energy cost of 1.32 eV per Cp. This is sig-
nificantly reduced compared with the high energy cost of CpH
formation and desorption on one CoCp fragment-terminated
Co(001) surface (4.70 eV per CpH, Table S1 in the ESI{) and

AE = (Etotal - Esub -3 X Eplasma)/3

Table 1 Summary of reactions of surface species, i.e. Cp ligand and NH, species, and plasma radicals H, N, and NH on CoCp fragments on an NH,-
terminated Co(001) surface at the coverage of 3.03 CoCp hm™2. The coverage of plasma radicals is one plasma radical per CoCp fragment, and is 3
‘H, 3°N, and 3 "NH. The by-products are formed spontaneously after structure relaxing

Surface species Plasma radicals By-product

Energy changes upon by-product
formation per by-product

Desorption energy per
by-product

3Cp 3°H 3 CpH (C5Hy)

3°N 3 Pyridine (CsHsN)

3 'NH 3 Pyridinium (CsHsNH)
3 NH 3'H 3 NH,
3 NH, 3°H 3 NH,

This journal is © The Royal Society of Chemistry 2022

0.03 eV per CpH
—2.23 eV per pyridine 1.17 eV per pyridine
—2.62 eV per pyridinium 2.25 eV per pyridinium
—0.10 eV per NH, —

—1.05 eV per NH; 1.01 eV per NH;

1.29 eV per CpH
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Fig. 2 Configurations of top view and side view of (a) initial structure,

and (b) relaxed structure for reactions of H radical and Cp ligand on

NH,-terminated Co(001) surface at the coverage of 3.03 CoCp nm™2.

Carbon, nitrogen, and hydrogen atoms are presented in grey, blue, and
white colours. H radicals are represented by a light blue sphere.
Substrates Co and Co from CoCp, are represented by pink and yellow
spheres, respectively.

indicates a cooperative role of the surface-bound CoCp species
in promoting ligand elimination at this higher coverage of
CoCp fragments. This cooperative effect means that once
sufficient numbers of precursor fragments/molecules are
present on the metal surface, it can show enhanced activity for
ligand exchange and desorption with lower energy cost, which
is analogous to cooperative mechanism on proton transfer and
ligand desorption for ALD of metal oxide such as Al,O; and
HfO,.**

Elimination of Cp ligand via pyridine formation and desorption.
For the formation of pyridine or pyridinium cation, one ‘N or
‘NH radical is allowed to insert into a C= bond in each Cp
ligand. The configurations of relaxed structures are shown in
Fig. 3. The energy change upon N or NH insertion is —2.23 eV
per Cp and —-2.62 eV per Cp, respectively. The computed

pyridine
(CsHsN)

pyridinium
(CsHsNH)

side view

top view

Fig. 3 Configurations of top view and side view of (a) CsHsN, (b)
CsHsNH for the insertion of plasma radicals N or NH into a C= bond of
the Cp ligand on NH,-terminated Co(001) surface at the coverage of
3.03 CoCp nm~2. Carbon, nitrogen, and hydrogen atoms are presented
in grey, blue, and white colours. Substrates Co and Co from CoCp, are
represented by pink and yellow spheres, respectively. Plasma-generated
N and H radicals are represented by red and light blue spheres,
respectively.

4716 | Nanoscale, 2022, 14, 4712-4725
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energy cost per pyridine or pyridinium for the desorption
process, resulting in three Co atoms deposited on the (001)
surface, is 1.17 eV per pyridine and 2.25 eV per pyridinium,
respectively. The removal of Cp ligand on (CoCp);NH,-termi-
nated Co(001) surface via pyridine or pyridinium formation
and desorption is overall exothermic with an energy gain of
—1.06 eV per pyridine and —0.37 eV per pyridinium. For the
lower CoCp coverage of one CoCp fragment, the computed
energy cost of CpH formation and desorption is at the value of
2.32 eV per pyridine and 3.00 eV per pyridinium (Table S1 in
the ESI}), which is a high energy cost and an overall endother-
mic reaction at this lower CoCp coverage. We see a cooperative
role of the surface-bound CoCp species in promoting ligand
elimination via pyridine formation and desorption at higher
CoCp coverage, which is analogous to Cp ligand elimination
via CpH formation and desorption.

Overall, the Cp ligand elimination via pyridine or pyridi-
nium formation and desorption are exothermic at the
(CoCp);NH,-terminated Co(001) surface, whereas it is overall
endothermic for Cp ligand elimination via CpH formation and
desorption. Thus, the predicted primary product of eliminat-
ing the Cp ligand is pyridine (CsH;N), which is the same as
the case of lower CoCp coverage as analysed in the ESL

Elimination of surface NH, species with the presence of Cp
ligand. To investigate the interaction with the surface NH,
species, 3 "H radicals are placed near three surface NH species
with initial H-N distances at 1.5 A and CoCp fragments are
present on the surface. The reaction energies are computed by

AFE = Etotal — Esub —n X EH +m X ENH3 (2)

where E, and Eg,, are the energies of plasma "H radical-
treated, (CoCp);NH,-terminated Co(001) surface and the
(CoCp);NH,-terminated Co(001) surface, respectively. Ey; is the
energy of plasma-generated "H radicals, which is referenced to
half of H,. Exy, is the energy of NH; that desorbs from the
metal surface. The number of "H radicals and NH; are indi-
cated by n and m, respectively.

The configurations of initial and relaxed stable structures
of intermediate NH, formation are shown in Fig. 4. After the
formation of intermediate NH,, with a computed negative reac-
tion energy of —0.10 eV per NH, and N-H bond distance of
1.0 A, 3 additional "H radicals are then positioned near these
surface NH, species. After relaxing, NH; forms spontaneously
as shown in Fig. 5, with an energy gain of —1.05 eV per NH;.
The computed energy cost per NH; for the desorption process
is 1.01 eV per NHj, but this is more than offset by the exother-
micity of the NH and NH, formation steps. Thus, the elimin-
ation of surface NH species via NH; formation and desorption
with the presence of Cp ligand is overall slightly exothermic
with an energy gain of —0.14 eV per NH;.

Elimination of surface NH, species with initial Cp ligand
removal. We now consider the elimination of surface NH, on
the (CoCp);NH,-terminated Co(001) surface using 'H radicals,
in which the Cp ligand was removed in the first step via

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Configurations of top view and side view of (a) initial and (b)
relaxed structure for intermediate NH, formation with H radical. Carbon,
nitrogen, and hydrogen atoms are presented in grey, blue, and white
colours. H radicals are represented by light blue spheres. Substrates Co
and Co from CoCp, are represented by pink and yellow spheres,
respectively.

initial structure

side view top view

Fig. 5 Configurations of top view and side view of (a) initial and (b)
relaxed structure for ammonia formation with H radical and intermedi-
ate NH,. Carbon, nitrogen, and hydrogen atoms are presented in grey,
blue, and white colours. H radicals are represented by light blue
spheres. Substrates Co and Co from CoCp, are represented by orange
and yellow spheres, respectively.

pyridine formation and desorption. The reaction energies are
computed by

AE = Etotal - Esub —nX EH +m X ENH3 +3x Epyridine (3)

where E and Eg,, are the energies of plasma "H radical
treated (CoCp);NH,-terminated Co(001) surface and the
(CoCp);NH,-terminated Co(001) surface, respectively. Ey; is the
energy of plasma generated "H radical, which is referenced to
half of H,. Exy, is the energy of NH; that desorbs from metal
surface. Epyrigine 1S the energy of free pyridine. The number of
"H radicals and NH; are indicated by n and m, respectively.
The plotted reaction pathway and configurations of struc-
tures along the pathway are shown in Fig. 6 and Fig. S9,f
respectively. The computed reaction energies for initial Cp
ligand removal and subsequent ammonia formation are all
negative on the (CoCp);NH,-terminated Co(001) surface. A

This journal is © The Royal Society of Chemistry 2022
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cooperative effect of the surface-bound CoCp fragments is
observed when compared to a single CoCp fragment (Fig. S3
in the ESIf), which makes the removal of the Cp ligand
exothermic and favourable on the surface with the highest
CoCp coverage. For the removal of surface NH species, the
determined preferred pathway is an exothermic NH — NH, —
NH;. After the Cp ligand and NH, species are removed comple-
tely, three Co atoms are deposited on the Co(001) surface, with
a computed exothermic reaction energy of —4.85 eV.

The plotted reaction energies for the case that Cp is first
eliminated as CpH is shown in Fig. S10.f We see that the com-
puted reaction energies of CpH and NH; formation and de-
sorption are all positive and the reactions are endothermic,
compared to overall exothermic reactions via Cp eliminated as
pyridine. We would expect that pyridine is a primary product
from eliminating the Cp ligand during the plasma cycle.

To summarize, these T = 0 K results indicate that the ‘N
radical plays an important role in eliminating Cp ligands
present on the surface (if any) via pyridine formation and de-
sorption and "H radicals contribute to the elimination of
surface NH, species via NH; formation and desorption, where
the surface Cp ligands are removed prior to the elimination of
these surface NH, species.

Our calculations show that on the Co(001) surface, the ener-
getically preferred mechanism is that the Cp ligand is elimi-
nated prior to surface NH, species via pyridine formation and
desorption with plasma-generated N radicals. The computed
reaction energies are overall exothermic. While in the previous
experimental studies, there was no explicit discussion of
potential pyridine elimination, M. F. J. Vos*” et al. do mention
that N-containing products are possible. It would be interest-
ing to explore the by-products of plasma chemistry using
Fourier transform infrared (FTIR) and/or quadrupole mass
spectroscopy (QMS) analysis.

The elimination process of surface NH species is exother-
mic when using 'H radicals. NH species are removed via inter-
mediate NH, formation, by-product NH; formation and de-
sorption. Surface N species, resulting from H transfer to Cp
ligand on metal precursor pulse, are also removed via NH,
NH, formation, and release of NH;. The surface NH, species
are completely eliminated with plasma-generated H radicals,
resulting in the deposition of Co atoms on the Co(001) surface
at a coverage of 3.03 Co nm ™2,

3.1.2 Reactions of plasma radicals on the NH,-terminated
Co(100) surface. After the metal precursor (CoCp,) pulse, the
higher surface energy Co(100) surface is terminated with Co
atoms at a coverage of 3.33 Co nm >. From our previous
study®® on the mechanism of metal precursor pulse, the
trench NH species are involved in the H transfer to eliminate
the Cp ligand as CpH. The surface NH, species have endother-
mic reaction energies for CpH elimination. Thus, after the
metal precursor pulse in a (3 x 3) supercell, we have three de-
posited Co atoms with six surface NH, and six trench N atoms
that have lost H atoms in the metal precursor step (Fig. 1(b)).

During the plasma step, these remaining NH, species may
be eliminated by the reaction with plasma-generated radicals

Nanoscale, 2022, 14, 4712-4725 | 4717
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Removal of surface NH species with plasma-generated H radicals
with initial Cp ligand removal via pyridine formation and desorption

Fig. 6 The plotted reaction pathway for removal of surface NH species with plasma generated H radicals with initial Cp ligand removed from
3CoCp-terminated Co(001) surface. The steps of H radical addition are indicated by the black markers and the steps of NHz desorption are indicated

by the red markers. The Cp ligand is first eliminated as pyridine.

‘H, "N, 'NH, and ‘NH, via NH;, N,H,, or N,H, formation and
desorption, analogous to the removal of surface NH, species
on the Co(001) surface.

Elimination of surface NH, species. We first performed calcu-
lations for reactions of eliminating surface NH, species with
H radicals via NH; formation and desorption. The "H radicals
are placed near the surface NH, with an initial N-H distance
of 1.5 A and the successive interactions of the surface NH, are
examined. The plotted energy pathway for ammonia formation
and desorption is shown in Fig. 7.

The reaction energies are computed by eqn (2) as defined
above. The configurations of structures along the reaction
pathway are shown in Fig. S11.f While ammonia is formed
spontaneously after relaxing the structure, the computed reac-
tion energies are all positive, indicating endothermic reactions
for the removal of surface NH, species with "H radicals. The
energy cost of NH; desorption on Co(100) surface is around
1.2 eV at each desorption step. After the desorption of the 6th
NH;, the overall reaction energy is as high as 5.80 eV. This
indicates that on NH,-terminated Co(100) surface, the surface
NH, species cannot be completely eliminated by "H radicals.

Elimination of trench N species. We then performed calcu-
lations for reactions of trench N species and "H radicals. The

results show that trench N species can react with "H radicals to
form NH, with a computed reaction energy of 0.24 eV for the
1st NH formation and overall exothermic reaction energy for
the following NH formation. However, there are no further
reactions to form intermediate NH, or by-product NHj;.
Instead, the next 'H radicals prefer to react with another
trench N species to form NH. The plotted reaction pathway for
trench NH formation is shown in Fig. 8. The computed reac-
tion energies are overall negative, except for a small energy
cost for the formation of the first NH. The configurations of
structures along the reaction pathway are shown in Fig. S12.}
We note that for the 6th "H radical, it would prefer to bind to
surface Co atoms rather than recover the 6th N to NH species.
Thus, for the trench N species, at the plasma step with "H rad-
icals, at the most five N species can recover to NH. These
results indicate the difficulty in eliminating N species from the
Co(100) surface via ammonia formation.

Given the difficulty in eliminating surface NH, and trench
N via NH; formation and desorption, we have computed the
reaction energies for the formation of hydrazine (N,H,) and
diazene (N,H,) that are formed through the interaction with
NH and NH, radicals. After static DFT relaxations, hydrazine
or diazene dissociate into two NH, or two NH that are bound

Co(100) "
—~~ T T T NH' d i
3 3 esoitmn
() | :
- NH, desorption y
3341 desorption ’ N |
O)4 NH ___{/ N..H ->,NH
(0] ) : 3
5 NH, desorption ~ * NH,->NH,
[ 2+ NH, desorption 4 NH,->NH, |

d ti _——

8 esompton = ="
O 0= FREREE e
(4] N NHZ->NH3
N NFL>NH,

Removal of surface NH, species with plasma-generated H radicals

Fig. 7 The plotted reaction pathway for the removal of surface NH, species with plasma-generated H radicals on an NH,-terminated Co(100)

surface.
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(b) o

Hz recombination
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Fig. 9 The structure snapshot at the end of the MD calculation at 600 K on the NH,-terminated Co(001) surface with 9 H radicals in (a) top view,
and (b) side view. Carbon, nitrogen, and hydrogen atoms are presented in grey, blue, and white colours. H radicals are represented by light blue
spheres. Substrates Co and Co from CoCp, are represented by pink and yellow spheres, respectively. H and N radicals are represented by light blue

and red spheres, respectively.

to the Co(100) surface, indicating the unfavourable formation
of hydrazine and diazene.

To summarise, on the Co(100) surface, the removal of
surface NH, species as ammonia is endothermic, while it is an
exothermic reaction on the Co(001) surface. Instead, on Co
(100), plasma generated "H radicals react with trench N species
to form stable NH species, which are then available for the
next hydrogen transfer step in the next metal precursor pulse.
Our static DFT calculations at zero K indicates that there is a
high energy cost to remove surface NH, species as ammonia
on Co(100) surface with introducing successive plasma gener-
ated 'H radicals. Thermodynamic analysis is needed to reveal
the distinct reaction mechanisms on Co(001) and Co(100)
surfaces.

3.2 Thermodynamic analysis of reaction schemes

3.2.1 Ab initio molecular dynamics simulations at the
(CoCp);NH,-terminated Co(001) surface. On the Co(001)
surface, ab initio molecular dynamics (AIMD) calculations were
performed by introducing 9 'H radicals at a temperature of
600 K. We formed pyridine through N radical insertion, at a
coverage of 3.03 pyridine per nm?. The time step was 1.5 fs,

This journal is © The Royal Society of Chemistry 2022

with a total running time at 2.25 ps with the NVT (canonical)
ensemble. The structures at the end of the MD simulations are
shown in Fig. 9 and a movie of the simulation is shown in the
ESI.f We see some H recombination in the 9 "H situation,
which is first observed at 0.21 ps (Fig. S13(a)t). This is consist-
ent with experimental studies of plasma-assisted deposition of
Co.>* Some "H radicals contribute to NH; formation at 0.33 ps
(Fig. S13(b)f) and pyridinium formation at 1.26 ps
(Fig. S13(c)t). Thus, upon introducing 9 "H radicals on the Co
(001) surface with surface-bound pyridine at a coverage of 3.03
pyridine per nm?, the MD results indicate that surface NH,
species can be eliminated via NH; formation and desorption
while surface-bound pyridine is eliminated via either direct de-
sorption or pyridinium formation and desorption. These
results are consistent with the static DFT calculations of
kinetic analysis of reaction schemes discussed in section 3.1.
3.2.2 Ab initio molecular dynamics simulations at the NH,-
terminated Co(100) surface. To explore the dynamics on the
Co(100) surface, MD calculations were performed on the NH,-
terminated Co(100) surface with six deposited Co atoms on the
surface at temperatures of 600 K and 1000 K. The time step is
1.5 fs with total simulation time of 2.25 ps with the NVT

Nanoscale, 2022,14, 4712-4725 | 4719
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Fig. 10 The configurations of resulting structures after MD calculations
at (a) 600 K, and (b) 1000 K on an NH,-terminated Co(100) surface with
six deposited Co atoms on the surface. Carbon, nitrogen, and hydrogen
atoms are presented in grey, blue, and white colours. Substrates Co and
Co from CoCp; are represented by pink and red spheres, respectively.

ensemble. The structures at the end of this MD simulation are
shown in Fig. 10. For T'= 600 K and 1000 K, there is no desorp-
tion of surface NH, terminations indicating that the removal
of these surface-bound NH, species requires a high energy
cost. This is in line with the static DFT results of computed
endothermic reactions of eliminating surface NH, species with
H radicals. For T = 1000 K, we see that the deposited surface
Co atoms migrates to form small Co nanoclusters due to
trench N migrating to surface sites.

4. Discussion

4.1 Structures of N-plasma treated Co(001) and Co(100)
surfaces

On the low energy Co(001) surface, during the plasma cycle the
Cp ligand and surface NH, species are eliminated by the
plasma-generated ‘N and "H radicals, resulting in Co atoms
being deposited on the Co(001) surface at a coverage of 3.03
Co nm™2 On the Co(100) surface, the surface NH, species
cannot be eliminated with "H radicals since these reactions are
endothermic. The trench N species will transform to NH after
interaction with 'H radicals. These trench N species on Co
(100) surface will be a potential source of N impurities in de-
posited Co thin films.*>*®

View Article Online

Nanoscale

We applied Bader charge analysis to the Co(001) and Co
(100) surfaces in each step of NH, removal. The results are
summarized in Table 2. On the Co(001) surface, the Cp ligands
have been removed prior to the interaction of surface NH
species with N radicals. The computed transferred charges for
the formation of the ammonia by-product are almost the same
at a value of ca. —0.10e” on the NH,-terminated Co(001)
surface. However, on the NH,-terminated Co(100) surface, the
computed transferred charge from NH; to the substrate Co
atoms in the NH; formation step increases from 0.06e” to
0.13e” along the elimination pathway. This indicates that the
interaction between NH; and substrate Co atoms becomes
stronger along the elimination pathway on the Co(100) surface,
which is in accordance with the computed positive reaction
energies for NH; formation and desorption on (100) surface.

On the Co(001) surface, after a few cycles, a full layer of Co
atoms will be deposited on the surface, and the surface NH,
species are completely removed at the plasma cycle. However,
on the Co(100) surface, the NH, species cannot be completely
eliminated. We have examined a full layer of Co atoms (1 ML,
in total 9 Co atoms) deposited on the Co(100) surface and this
is shown in Fig. 11(a). The initial surface Co atoms become
trench Co atoms and the deposited Co atoms become new
surface Co atoms. From our previous thermodynamic study on
NH,-terminated Co surfaces, NH, prefers a surface bridge site
and NH prefers a trench bridge site.”® With this in mind, we
have performed calculations of surface rearrangement on the
NH,-terminated Co(100) surface with a full layer of deposited
Co atoms. The relaxed structure is shown in Fig. 11(b). This
surface NH, rearrangement is exothermic with a negative
energy gain at the value of —0.48 eV. After rearrangement, NH,
binds to surface bridge sites.

From the experimentally reported XRD results, three
representative surface facets, including both Co(001) and Co
(100), are detected and show clear peaks, which is why we use
these surface terminations in our work. Our DFT models have
simplified the deposition process and conditions and focus on
specific aspects of the chemistry of deposition. It is worth
noting that ALD growth of Co thin films tends to be amor-
phous or polycrystalline and after annealing, the orientations
of the deposited Co thin film will show up.

46,47

4.2 Regeneration of surface NH, terminations at the post-
plasma stage

We analyse the process of the chemistry with the plasma
species in two steps, namely (1) removal of surface Cp ligands

Table 2 The computed charge transfer with Bader charge analysis, q(Bader) — g(valence), for the elimination of surface NH, species on a 3CoCp
fragments terminated Co(001) surface and an NH,-terminated Co(100) surface. Noted that the Cp ligands are eliminated prior to surface NH species

on Co(001) surface

1st NH, 2nd NH, 3rd NH, 4th NH, 5th NH, 6th NH, 7th NH, 8th NH,. 9th NH,

removal removal removal removal removal removal removal removal removal

NH, NH, NH, NH, NH, NH, NH, NH, NH,
CO(OOl) —0.08¢™ —0.11e” —0.10e™ —0.09¢™ —0.10e™ —0.10e™ —0.07e” —0.08¢e™ —0.08¢™
C0(100) —0.05¢e" —0.06e —0.06e~ —0.08¢™ —0.11e™ —0.13¢e~ — — —
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Fig. 11 The top view and side view of (a) relaxed original structure, and (b) structure after surface NH, rearrangement on NH,-terminated Co(100)
with one full layer of deposited Co atoms. Carbon, nitrogen, and hydrogen atoms are presented in grey, blue, and white colours. Substrates Co and

Co from CoCp; are represented by pink and red spheres, respectively.

and surface NH, species and (2) regeneration of surface NH,
termination at post-plasma stage.

For modelling the chemistry with plasma species, the first
step is to investigate the removal of any remaining Cp ligands
and surface NH, species with plasma-generated radicals "H,
‘NH, 'NH,, and ‘N. On the Co(001) surface, our calculations
show that the Cp ligands and surface NH, species will be com-
pletely removed, resulting in deposited Co atoms on the Co
(001) surface at a coverage of 3.03 Co nm™>,

In the second step, we then model the addition of NH, rad-
icals to the surface obtained from the first step. If we consider
the next ALD cycle, at the post-plasma stage, the metal surface
is supposed to be terminated with NH, species before the next
metal precursor half-reaction, analogous to the regeneration of
hydroxyl groups in thermal- or plasma-assisted metal oxide
ALD.*®* To explore how this surface can form, we have per-
formed MD calculations at 600 K for the interaction of "NH rad-
icals with the Co(001) surface, where Co atoms were deposited
at a coverage of 3.03 Co nm™> and the original surface NH
species were eliminated as ammonia. Two coverages of "NH rad-
icals are explored, i.e. 0.67 ML (in total 6 NH) and 0.89 ML (in
total 8 NH) on a (3 x 3) supercell (1 ML corresponds to 9 NH
radicals). The time step is 1.5 fs with a simulation time of
2.25 ps in the NVT ensemble. The structures at the two coverage
of NH radicals after MD calculations are shown in Fig. 12.

From these simulations, the Co(001) surface is covered with
NH terminations at a coverage of 0.44 ML (4 NH on the
surface). This coverage is slightly lower than the determined
stable coverage of NH terminations on Co(001) surface from
our previous study,>" which is 0.56 ML (5 NH on the surface).
At an initial higher coverage of 0.89 ML NH, we observe the
formation of surface-bound NH and NH, species, as well as
surface-bound H species and N species, which form as a result
of the dissociation of NH radicals under these simulation con-
ditions. We can infer that at the post-plasma stage, NH rad-
icals contribute to the formation of the NH,-terminations on
the metal surface, which then contributes in the Cp ligand

This journal is © The Royal Society of Chemistry 2022

side view
MD calculations at 600K, time step at 1.5fs, total running time at 2.25ps

top view

Fig. 12 The configurations of the structures after MD calculations on
the Co(001) surface with NH radicals at the coverage of (a) 0.67 ML, and
(b) 0.89 ML. Carbon, nitrogen, and hydrogen atoms are presented in
grey, blue, and white colours. Substrates Co and Co from CoCp, are rep-
resented by pink and yellow spheres, respectively. Plasma-generated N
and H radicals are represented by red and light blue spheres,
respectively.

elimination in the next metal precursor pulse. Hydrogen alone
cannot produce the reactive NH species; although N, alone
would promote Cp ligand elimination via pyridine formation,
these ‘N radicals cannot produce reactive NH surface termin-
ation. Thus, the plasma deposition of Co requires both hydro-
gen and nitrogen/ammonia plasma.

Then, we perform MD calculations at 600 K to explore how
NH, terminations are formed on the Co(100) surface at the
post-plasma stage. The Co(100) surface after NH, rearrange-
ment (Fig. 11(b)) is chosen to be the substrate. The coverage of
NH radicals is 0.67 ML (in total 6 NH), which was previously
determined as the saturation coverage of trench NH species at

Nanoscale, 2022, 14, 4712-4725 | 4721
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Fig. 13 The configurations of the (a) initial structure, and (b) final struc-
ture for MD calculations on the structure after surface rearrangement
and NH radicals. Carbon, nitrogen, and hydrogen atoms are presented in
grey, blue, and white colours. Substrates Co and Co from CoCp, are rep-
resented by pink and yellow spheres, respectively. Plasma-generated N
and H radicals are represented by red and light blue spheres,
respectively.

the ALD deposition temperature.>' The time step is 1.5 fs with a
simulation time of 2.25 ps with the NVT (or canonical) ensemble.
The initial structure and final structure are shown in Fig. 13. By-
products NH; and N, are formed and released, resulting in
surface terminations of surface-bound N, surface-bound NH,,
and trench NH species. The original trench N atoms are now
incorporated into the subsurface layer. One full layer of Co atoms
is deposited and the terminations after the post-plasma stage are
NH,-terminations with 4 NH, + 4 NH on the Co(100) surface.
This coverage is slightly lower than the determined stable cover-
age of mixed terminations on the Co(100) surface from our pre-
vious study,*' which is 6 NH + 6 NH, on the surface.

It is noted that the trench N species are present throughout
the deposition process and cannot be removed completely in
either the metal precursor or plasma cycle. We can infer that
the N impurities exists with the possibility of formation of
Co,N. This is consistent with the reported nitrogen incorpor-
ation into deposited Co thin films and cobalt nitride using
CoCp, and NHj plasma.’®*®> At temperatures of 533 K and
below, the deposited thin films consist primarily of Co,N. At
the higher temperature at 573 K, the Co,N is a mixture of Co;N
and Co. Finally, if the temperature is up to 623 K, the de-
posited thin film is nominally pure Co, which is due to the
decomposition of cobalt nitride.*® Detailed studies are needed
to unravel the formation of surface cobalt nitride and removal
of these N species, which is out of the scope of this work.

4.3 Source of O, C, and N impurities during PE-ALD of Co
using CoCp, and N-plasma

In the experimental work of Vos et al,”” the XPS measure-
ments showed that when using NH; or mixture of H, and N,
as the plasma source, the deposited Co thin film has minimal
amounts of O, C, and N and no other impurities were detected.

4722 | Nanoscale, 2022,14, 4712-4725
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In contrast, in the ABC-type ALD process, where N, and H, are
pulsed into the chamber separately, the deposited Co thin film
shows significant amounts of O, C, and N impurities. The O
incorporation is likely due to the dissociation of background
species, such as H,O, in the plasma during film growth. The
detailed analysis of O incorporation is excluded in our work
and is out of the scope of this paper.

We can attribute the dramatically increased contents of C
impurities in the separate N,/H, plasma process to the lack of
active NH, species and a preference for the dissociation of the
Cp ligand from the metal precursor CoCp,. When using NH;
or a mixture of N, and H, as the plasma source, the plasma-
generated NH, species help to form NH, terminations on the
Co surface®® and in the metal precursor pulse these NH, ter-
minations eliminate intact Cp ligands as CpH via H transfer
from the surface.>”> But, when using separated pulsed N, and
H, as the plasma source, the lack of active NH, surface species
does not allow this mechanism in the metal precursor pulse
and dissociation of Cp can be promoted, which results in high
carbon impurity content in the deposited Co thin film.

In addition to our work,*? the present results reveal that in
the plasma pulse the elimination of Cp ligands can proceed
via H transfer and CpH formation and desorption or by pyri-
dine formation, both of which prevent undesired C incorpor-
ation. Recognising that while our DFT model has unavoidably
simplified the whole deposition process, our results are con-
sistent with the conclusions of Vos et al.*’ that the C impurity
of the Co thin film can be attributed to avoiding Cp ligand
decomposition and the metal precursor reacts with active
surface NH, species, desorbing CpH from the metal surface.

For the N impurities, this work highlights that at the plasma
pulse, the N species cannot be completely removed with plasma-
generated radicals 'H, 'NH, and 'NH, and thus becomes the
source of N impurities in the deposited Co thin film. On the
Co(100) surface, the removal of surface NH, species as ammonia
is endothermic and the energy cost of NH; desorption on
Co(100) surface is around 1.2 eV at each desorption step.
However, on Co(100), the plasma-generated H radicals react with
trench N species to form stable NH species, which are then avail-
able for the next hydrogen transfer step in the next metal precur-
sor pulse. After a full layer of deposited Co on the along [100]
direction, due to the zigzag structure, the original substrate
surface Co atoms become new trench Co atoms, and the new de-
posited full layer of Co becomes the new surface Co atoms. These
new trench and surface Co atoms are then covered with NH,, ter-
minations to perform the next deposition cycle. The N impurities
are due to the difficulty and high energy cost of removal of those
N species bonding to the original trench Co atoms.

5. Conclusions

We have presented a detailed first principles study of the
chemistry of the plasma pulse in hydrogen/nitrogen plasma-
enhanced ALD of Co metal. We begin with a surface after the
metal precursor pulse, with the CoCp fragment-terminated

This journal is © The Royal Society of Chemistry 2022
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Co(001) surface at a coverage of 3.03 CoCp nm > and an NH,-
terminated Co(100) surface with deposited Co atoms at a cover-
age of 3.33 Co nm™>. This work focuses on the reaction mecha-
nism in the plasma cycle of plasma radicals and Co(001) and
Co(100) surfaces terminated with the Cp ligand (if any) and
NH, species on the atomic scale.

On the Co(001) surface, the preferred reaction mechanism
is that the Cp ligand is eliminated prior to surface NH, species
via pyridine formation and desorption with plasma generated
‘N radicals. Bader charge analysis indicates that for the
ammonia desorption step, the Cp ligand eliminated prior to
NH, elimination has less transferred charge between NH; and
substrate Co, compared to the Cp ligand present throughout.
The surface NH species and N species are eliminated via inter-
mediate NH formation, NH, formation, by-product NH; for-
mation and desorption. The reactions of Cp ligand removal
and subsequent NH, removal are overall exothermic, which are
completely eliminated on the Co(001) surface, resulting in
deposition of Co atoms on the (001) surface at a coverage of
3.03 Conm™2,

There is a different behaviour on the Co(100) surface. The
surface NH, species cannot be completely removed with "H
radicals via NH; formation and desorption due to an overall
endothermic reaction energy. Instead, "H radicals will contrib-
ute to re-form the trench NH species with computed negative
reaction energies. When a full layer of Co atoms is deposited
on the Co(100) surface, due to its unique zigzag structure, the
original surface Co atoms become trench Co and the deposited
Co atoms occupy the surface site. However, these trench N
species are present throughout the deposition process and
result in the formation of Co,N and cannot be removed com-
pletely under the conditions of our simulations. This indicates
that the plasma species act as the source of N impurities in
the deposited Co thin films.

At the post-plasma stage, MD simulations at 600 K show
that NH radicals play an important role in the regeneration of
NH, terminations on Co(001) and (100) surfaces, which are
then ready for the next metal precursor half-cycle. For Cp-
based metal precursors, NH, species are required to deposit
Co thin films with high purity and low resistivity, which
explains why NH; plasma or a mixture of N, and H, plasma
are the plasma sources that work best, rather than H, plasma
or N, plasma alone.
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