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For the development of the future ultrahigh-scale integrated memory devices, a uniform tungsten (W) gate
deposition process with good conformal film is essential for improving the conductivity of the W gate,
resulting in the enhancement of device performance. As the memory devices are further scaled down,
uniform W deposition becomes more difficult because of the experimental limitations of the sub-
nanometer scale deposition even with atomic layer deposition (ALD) W processes. Even though it is
known that the B,Hg dosing process plays a key role in the deposition of the ALD W layer with low
resistivity and in the removal of residual fluorine (F) atoms, the roles of H, and N, treatments used in the
ALD W process have not yet been reported. To understand the detailed ALD W process, we have
investigated the effects of H, and N, treatment on TiN surfaces for the B,Hg dosing process using first-
principles density functional theory (DFT) calculations. In our DFT calculated results, H, treatment on the
TiN surfaces causes the surfaces to become H-covered TiN surfaces, which results in lowering the
reactivity of the B,Hg precursor since the overall reactions of the B,Hg on the H-covered TiN surfaces
are energetically less favorable than the TiN surfaces. As a result, an effect of the H, treatment is to
decrease the reactivity of the B,Hg molecule on the TiN surface. However, N, treatment on the Ti-

terminated TiN (111) surface is more likely to make the TiN surface become an N-terminated TiN (111)
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Accepted 27th May 2018 surface, which results in making a lot of N-terminated TiN (111) surfaces, having a very reactive nature for

B,Hg bond dissociation. As a result, the effect of N, treatment serves as a catalyst to decompose B;He.
From the deep understanding of the effect of H, and N, during the B,Hg dosing process, the use of
proper gas treatment is required for the improvement of the W nucleation layers.
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1. Introduction

As the demand for miniaturized and highly integrated devices
in the electronics industry increases, conformal film deposition
techniques that can precisely control thickness at the atomic
scale are becoming very important.™* Nitride materials, such as
titanium nitride, silicon nitride, have been deposited using
conventional deposition systems such as low-pressure chemical
vapor deposition (LPCVD)** and plasma-enhanced chemical
vapor deposition (PECVD).>® Another deposition technique,
atomic layer deposition (ALD),”® is the most prevalent
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technique for the fabrication of new memory devices due to the
excellent step coverage and high conformality on extremely high
aspect ratio structures. The ALD processes utilize well-
controlled sequential surface reactions to achieve uniform
and conformal films.'>"

As one of the indispensable materials in the fabrication of
future memory devices, tungsten (W) has been used in the metal
gate deposition process due to the capability of depositing lower
resistive films than other candidate materials, which results in
the enhancement of the device performance.”>*® In the fabri-
cation of memory devices, tungsten films have most widely been
deposited using the ALD process by alternatively exposing W
precursors such as tungsten hexafluoride (WF,) and reducing
agents such as diborane (B,Hs) in an ABAB... sequence. In the
ALD W processes, the B,Hg dosing process plays a critical role in
the deposition of W films with low resistivity and in the removal
of residual fluorine (F) atoms on the surface.'*** However, since
the aspect ratio increases as the size of the memory device
becomes smaller, it becomes difficult to deposit a thin film
having excellent step coverage and conformality due to the
problem of a seam or void being formed in the process of filling

This journal is © The Royal Society of Chemistry 2018
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the W metal gate. This problem is a major obstacle to the
development of future memory devices."”*®* To tackle this
problem, the theoretical comprehension of the ALD W process
is required due to the experimentally limited observations on
the sub-nanometer scale. During the ALD W process, H, and N,
molecules are used as both a purging gas at the purge time and
a dilute gas (5% B,Hg + 95% H, or N,) at the B,Hg dosing time.*
Although a few experimental results on ALD W have been re-
ported, there has been no theoretical report on the effect of H,
and N, treatment used in the ALD W process.

In our previous study, we reported that the severe problems,
such as seams or voids, in filling the W metal gate for memory
devices could be attributed to the difference in the deposition
rate of the W film depending on the orientations of the TiN
surfaces by analyzing the dissociation reaction of B,H¢ on three
different TiN surfaces using the density functional theory
(DFT)* calculation method. Since this previous study does not
give information on the H, and N, treatment for the B,Hg
dosing process, we want to report how important the use of
proper gas treatment could be for B,Hs bond dissociation.

Previous ab initio molecular dynamics (AIMD) simulation
results have shown that the presence of N vacancies catalyzes N,
dissociative chemisorption on the TiN (001) surface. N, disso-
ciation is never observed at the defect-free TiN (001) surface.?
The phenomena were also observed for the vanadium nitride
(001) surface.” D. G. Sangiovanni et al. demonstrated that the Ti
and N adatom diffusion mechanism on TiN (001) involves direct
hopping onto a lower layer and push-out/exchange by classical
molecular dynamics (CMD) and AIMD simulations at temper-
atures ranging from 1200 to 2400 K.>>** They also carried out Ti
and N adatom migration pathways on the TiN (111) surface and
showed that Nad species are considerably more mobile than
Tiad on TiN (111), contrary to their previous results on TiN (001)
by CMD based on the modified embedded atom method
(MEAM) at temperatures ranging from 600 to 1800 K.>* A similar
study was also carried out by Yuan Ren et al., showing that the
diffusion energy of the Ti adatom is greater than that of the N
adatom, confirmed by first principles calculations.”” C. Tho-
lander et al. reported that Ti, Al, and N adatom mobilities on
TiN (001), (011) and (111) surfaces, in general, are fastest on TiN
(001), slower on (111), slowest on (011).>®

In this study, we present a first-principles study based on
DFT calculations to investigate the effects of H, and N, treat-
ment on TiN surfaces for the B,Hg dosing process. In the first
step, the decomposition processes of H, and N, treatment on
the TiN surface were carefully analyzed. Then, in the second
step, the decomposition processes of B,Hg molecules on the H,-
and N,-treated TiN surfaces were analyzed to determine H, and
N, treatment effects, respectively. From our calculated results in
this study, the structure of the TiN surfaces can be changed as
the TiN surface is exposed to large amounts of H, or N, mole-
cules during the B,H, dosing process. As a result, the changed
structure of the TiN surfaces can have a significant impact on
the ALD W process because the underlying surfaces can have
significant effects on the characteristics of the subsequent W
nucleation layers.”**° The TiN surfaces have been widely utilized
as a glue/barrier layer for subsequent W nucleation.** Three
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different planes of TiN surfaces, TiN (001), Ti-terminated TiN
(111), and N-terminated TiN (111) were taken into account
because poly-crystalline TiN layers with (001) and (111)
preferred orientations were mainly observed in the deposition
of TiN films.*»* The dissociative reaction pathways and reac-
tion energetics of both H, and N, on three different TiN surfaces
were investigated to explore the effect of H, and N, treatment
for the B,H, dosing process. It is expected that the comparative
analysis of both H, and N, would give us insight into how
important the use of proper gas treatment could be for
improving the quality of the subsequent W layer during the W
ALD process. This study will help to understand how H, and N,
treatment plays an important role in the B,Hs dissociation
reaction and ultimately provide new important information for
improving the W ALD process.

2. Computational methods

In our theoretical results, all DFT calculations were performed
using the Vienna ab initio simulation package (VASP) program
with the Perdew-Burke-Ernzerhof (PBE) functional in the
generalized gradient approximation (GGA).>*** We used the
PBE-D2 functional with a correction to the conventional Kohn-
Sham DFT energy to treat the vdW interactions for all TiN
surface calculations.®® The projector augmented wave (PAW)
method was used to describe the interaction between valence
electrons and ion cores.*” TiN (001) and TiN (111) surfaces with
the B1-NaCl structure were used as the reactive surfaces with the
B,H, precursor. The optimized lattice parameter of TiN was a,
= 4.259 A, which overestimated, somewhat, the experimental
value (@, = 4.24 A)*® since PBE functionals generally tend to
overestimate the lattice parameters. Compared to our PBE
based calculated lattice parameter, previous research papers for
DFT calculations of TiN reported that an optimized lattice
parameter of TiN using the PBE functional is close to 4.254
A2 Another related paper using the Armiento Mattsson
(AMO5) approximation reported yields of 4.220 A.* For the TiN
(001) surface, a 4-layer slab of (2 x 2) supercell with 64 atoms
was considered. For comparison, the TiN surfaces with Ti-
terminated and N-terminated (111) orientations were consid-
ered with a 5-layer slab of (2 x 2) supercell with 45 atoms.

For all TiN surfaces, such as TiN (001), Ti-terminated TiN
(111), and N-terminated TiN (111), vacuum gaps with values of
23.7 A, 25.4 A, and 25.6 A, respectively, in the z-direction were
included to avoid interactions between adjacent slabs. Valence
orbitals were described by a plane-wave basis set with the cutoff
energy of 400 eV. Electronic energies were calculated with a self-
consistent-field (SCF) tolerance of 10 * eV on the total energy.
Ultrasoft Vanderbilt-type pseudopotentials* were used to
describe the interactions between ions and electrons. A3 x 3 x 3
Monkhorst k-point mesh for bulk TiN was chosen. The Brillouin
zone for three different TiN surfaces was sampled with a 3 x 3 x
1 Monkhorst-Pack k-point mesh. Geometry optimization was
performed by minimizing the forces of all atoms to less than
0.02 eV A~' with the total energy of the system converged to
within 10~ eV during self-consistent iterations. In addition, we
calculated total energies for various configurations to determine
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the energy barrier for the dissociative adsorption of H, and N, on
the TiN surfaces in the first step, and for one of B,Hs on H-
covered TiN surfaces in the second step.

To optimize adsorption structures, we considered two
orientations and three positions of H, and N, on the three
different TiN surfaces. The details of all six cases are shown in
the ESI (Fig. S1-S37). The optimized adsorption structures with
the lowest energies (ESI, Tables S1-S31) were used in this paper.
We also checked three orientations and three positions of B,Hg
on both H-covered Ti-terminated TiN (111) and H-covered N-
terminated TiN (111) surfaces. The details of all nine cases are
shown in the ESI (Fig. S4 and S5t). The optimized adsorption
structures with the lowest energies (ESI, Tables S4 and S57) were
used in this paper. To find the optimized reaction path for the
B,H, bond dissociation on the H-covered TiN (111) surface, we
considered three reaction paths, namely, path a, path b, and
path c in the ESI (Fig. S8 and S97). The optimized reaction path
(path a) with the lowest overall reaction energy (ESI, Tables S8
and S97) was used in this paper. To check the differences
between PBE-D2 based calculations for convergence criteria of
forces, such as 20 meV A~%, and 1 meV A}, we carried out DFT
calculations of H, and N, dissociative reactions on three TiN
surfaces in the ESI (Table S107). In those calculations, energy
profiles with very similar results were obtained for two cases,
i.e., PBE-D2 (<20 meV A~"), PBE-D2 (<1 meV A~%). To be more
specific, the difference in activation energies between the two
cases is very small (maximum difference: 0.007 eV, minimum
difference: 0). Moreover, the difference in reaction energies
between the two cases was not found. We believe it is reasonable
to use the criteria of forces less than 20 meV A",

It is worth noting that PBE-D2 generally results in a well-
known and physically understood estimation of the dissociative
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reactions of molecules on various surfaces. Various computa-
tional approaches can be utilized to correct the shortcomings of
approximate DFT calculations, including GW corrections** or
some exact Hartree-Fock (HF) exchange in the modern hybrid
density functional (B3LYP, PBEO, HSE, etc.),*** which can lead to
substantially improved band gaps; however, they are significantly
computationally demanding. Since all our DFT calculations are
addressed to bond dissociative reactions of various molecules, we
believe it is reasonable and quantitative to investigate the
dissociative reactions of various molecules on TiN surfaces using
the PBE-D2 theory. In addition, PBE-D2 predictions have proven
useful for prediction of the dissociative reactions of various
molecules on different surfaces as shown by the numerous
studies on the dissociation of different large molecules on Au
(gold),** oxygen reduction reaction on Co(acetylactonate),,*
water dissociation on mackinawite (FeS),*** and the dissociative
reaction of silicon precursor on Si.*

To calculate the transition state, the distance between the
two dissociative atoms was slightly separated, and energy
relaxation was performed with the constrained distance. The
same procedures were carried out until the force between two
dissociative atoms became almost zero at the saddle point
energy. This procedure for the calculation of the transition state
is required to find not only the accurate final state but also
transition state, especially in complicated systems such as B,Hg
dissociation. After this procedure, we used the nudged elastic
band method® using the calculated final state to check the
accurate transition state. During surface relaxation in our DFT
calculations, no obvious surface reconstruction was found in
different surfaces, such as TiN (001), Ti-terminated TiN (111), N-
terminated TiN (111), which has been confirmed in another
report.*

The optimized initial, transition, and final structures of the dissociative chemisorption step for (a) H, and (b) N, on the TiN (001) surface.

This journal is © The Royal Society of Chemistry 2018
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3. Results and discussion

3.1. H, and N, dissociative chemisorption on TiN (001)

The optimized structures of the initial, transition and final
states for the H, and N, dissociative chemisorption step on the
TiN (001) surface are shown in Fig. 1(a) and (b). The calculated
energy diagram of H, and N, decomposition on the three
different TiN surfaces is shown in Fig. 4. The initial state (IS) in
Fig. 1(a) presents the optimized structure with the lowest
adsorption energy of H, on the surface. The final state (FS) in
Fig. 1(a) shows that dissociated H atoms from H, molecule react
with titanium atoms of the TiN (001) surface after H-H bond
dissociation because the binding energy on titanium sites of the
TiN (001) surface is 0.42 eV larger compared to the nitrogen
sites in our calculated results.

The reaction energy can be calculated as the energy differ-
ence between the initial state and the final state. As shown in
Fig. 4, the calculated reaction energy of H, on the TiN (001)
surface is 1.04 eV, which shows that the reaction is endothermic
and energetically unfavorable. The activation energy from the
initial state to the final state is 1.68 eV with the transition state
as shown in Fig. 4. The N, dissociative chemisorption step on
the TiN (001) surface is shown in Fig. 1(b). It was found that the
reaction energy is 3.25 eV (Fig. 4), which indicates that the
reaction is thermodynamically endothermic and unfavorable.
The activation energy from the initial state to the final state is
4.92 eV with the transition state as shown in Fig. 4.

3.2. H, and N, dissociative chemisorption on Ti-terminated
TiN (111)

The decomposition mechanism of H, and N, was also studied
on the Ti-terminated TiN (111) surface to estimate the differ-
ence between TiN (001) and TiN (111) surfaces. The optimized
initial, transition, and final structures of H, and N, on the Ti-
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Table 1 Binding energies (eV) of both H and N atoms on the most
stable site of TiN (001), Ti-terminated TiN (111) and N-terminated TiN
(111) surfaces

Surface H N

TiN (001) 2.93 5.79
Ti-terminated TiN (111) 4.61 11.0
N-terminated TiN (111) 5.73 Not bound

terminated TiN (111) surface are shown in Fig. 2. It was found
that dissociated H atoms and N atoms in the final state were
adsorbed on the hollow site made by three Ti atoms (Site
number 3 in Fig. S27). As shown in Fig. 2(a) and 4, it was found
that the reaction energy of H, is —2.10 eV, which indicates that
the reaction is exothermic and energetically favorable. The
activation energy from the initial state to the final state is
0.11 eV with the transition state as shown in Fig. 4, indicating
that this reaction has a small energy barrier. As shown in
Fig. 2(b) and 4, the adsorption energy of N, is —3.44 eV, showing
that the adsorption is energetically favorable. The reaction
energy of N, is —2.06 eV in Fig. 4, which indicates that the
reaction is exothermic. The activation energy from the initial
state to the final state is 0.92 eV with the transition state as
shown in Fig. 4. The energy diagram for the H, and N,
decomposition on Ti-terminated TiN (111) differs from the TiN
(001) as illustrated in Fig. 4. It demonstrates that both H-H and
N-N bond dissociation steps on the Ti-terminated TiN (111)
surfaces are more facile than the TiN (001) surface due to the
smaller activation energies of dissociation on the Ti-terminated
TiN (111) surface. Moreover, the reactions of both H, and N, are
energetically favorable, with their reaction energies of —2.10 eV,
—2.06 eV, respectively. The high reactivity of both molecules on
the Ti-terminated TiN (111) surface is most likely to be because
the surface has triple dangling bonds per atom, which make the
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Fig.2 The optimized initial, transition, and final structures of the dissociative chemisorption step for (a) H, and (b) N, on the Ti-terminated TiN

(111) surface.
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Fig. 3 The optimized initial, transition, and final structures of the dissociative chemisorption step for (a) H, and (b) N, on the N-terminated TiN

(111) surface.

surface even more reactive than the TiN (001) surface. To be
more specific, the number of dangling bonds on the Ti-
terminated TiN (111) surface is more than that of the TiN
(001), so that the bond dissociation of both H, and N, is more
favorable on the former. This analysis was confirmed by the
higher adsorption of both H and N atoms on the Ti- terminated
(111) surface compared to the TiN (001) surface as shown in
Table 1. Due to the aforementioned reasons, this surface can
also reduce the energy barriers of the H, and N, decomposition
as compared to the TiN (001) surface.

3.3. H, and N, dissociative chemisorption on N-terminated
TiN (111)

The optimized initial, transition, and final structures of H, and
N, on the N-terminated TiN (111) surface are displayed in Fig. 3.
It was found that dissociated H atoms in the final state were

_H2

TiN (001)

E,=4.92

N-terminated TiN (111)

Ti-terminated TiN (111) E=1.45

E =026 1.23
E=0.11 20
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Energy (eV)
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Fig. 4 Calculated energy diagram of H, and N, decomposition on the
TiN (001), the Ti-terminated TiN (111), and N-terminated TiN (111)
surface.
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adsorbed on the hollow site made by three N atoms (Site
number 3 in Fig. S31). As shown in Fig. 3(a) and 4, the reaction
energy of H, is —4.66 eV, which indicates that the reaction is
exothermic. The activation energy from the initial state to the
final state is 0.26 eV with the transition state, indicating that
this reaction requires a low energy barrier. However, as for the
N, in Fig. 3(b) and 4, the reaction energy of N, is 1.24 eV, which
indicates that the reaction is endothermic. In this case, N,
molecules were not dissociated on the surface. The activation
energy from the initial state to the final state is 1.45 eV with the
transition state. We found that the H-H bond breaking on the
N-terminated TiN (111) surfaces was much more facile
compared to those of both TiN (001) and Ti-terminated TiN
(111) surfaces, as shown in Fig. 4. This result is primarily
because the binding energy (E, = 5.73 eV) of H atoms on the N-
terminated TiN (111) surface is the highest among the three
different TiN surfaces, as shown in Table 1. Furthermore, the
decomposition of H, on the N-terminated TiN (111) surface is
energetically favorable due to the downhill reaction and small
energy barrier for H-H bond breaking. However, the N-
terminated TiN (111) surface was not advantageous for
breaking the N-N bond because N, was not dissociated on the
N-terminated TiN (111) surface. Although the N, molecule has
a larger bond dissociation energy (Egissosciation = 9-45 €V)** than
H, (Egissosciation = 4.36 €V)** due to the triple bonding nature of
N,, this N, molecule could be dissociated on the Ti-terminated
TiN (111) surface. We suggest that this phenomenon is attrib-
uted to a large binding energy (E, = 11.0 eV) of the N atom on
the Ti-terminated TiN (111) surface, as depicted in Table 1.

3.4. The effect of N, treatment on TiN surfaces during the
ALD process

As mentioned in Section 3.1, it is difficult to decompose both H,
and N, on the TiN (001) surface because of the reactions in
Fig. 4 are energetically unfavorable. However, since Ti-

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Dissociative chemisorption of B,Hg on the H-covered Ti-terminated TiN (111) surface: (a) the first reaction step (b) the second reaction

step.
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Fig. 6 Calculated energy diagram of B,Hg decomposition on the H-covered Ti-terminated TiN (111) surface.

terminated TiN (111) can decompose H, and N, as shown Fig. 4,
H-covered Ti-terminated TiN (111) and N-terminated TiN (111)
surfaces can be made. In the case of N terminated TiN (111), the
N-N bond dissociation is not possible, but H-H bond dissoci-
ation is possible, so the H-covered N-terminated TiN (111)

This journal is © The Royal Society of Chemistry 2018

surface can be made. Fig. 2(b) and 4 show that N, treatment on
the Ti-terminated TiN (111) surface is more likely to make the
surface an N-terminated TiN (111) surface, which results in
making a lot of N-terminated TiN (111) surfaces under the ALD
process. Our previous study® has shown that the N-terminated

RSC Adv., 2018, 8, 21164-21173 | 21169
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Fig. 7 Dissociative chemisorption of B,He on the H-covered Ti-
terminated TiN (111) surface: (a) the first reaction step (b) the second
reaction step.

TiN (111) surface among the three TiN surfaces is the best
surface for the B,Hs decomposition reaction. The combination
of our previous study'® and this study provides new information
on the effect of N, treatment, which plays the role of a catalyst to
decompose B,Hs. Since both the results from our previous study
and this study explain the effect of N, treatment well enough, we
have focused on the investigation of the H, effect in this study.
The decomposition processes of B,Hg on both the H covered Ti-

2.0

View Article Online

Paper

terminated TiN (111) and the H-covered N-terminated TiN (111)
surface were analyzed in detail to investigate the effect of H,
treatment. For the TiN (001) surface, the H-covered TiN (001)
surface is excluded from the text because it is energetically
unstable and H atoms on the surface are desorbed as H,.

3.5. B,Hg dissociative chemisorption on H-covered Ti-
terminated TiN (111)

Based on the results shown in Section 3.2, when the Ti-
terminated TiN (111) surface is subjected to H, treatment, the
H, molecule can be easily decomposed because of the low
energy barrier for H, bond dissociation on the surface, and thus
the H-covered Ti-terminated TiN (111) surface can be made.
Fig. 5 shows the decomposition reaction mechanism of B,Hg
molecules when the H-covered Ti-terminated TiN (111) surface
is formed after H, treatment. Fig. 5(a) shows the first reaction
step where the H atoms of the B,Hs molecules adsorbed on the
TiN surface react with the H atoms on the TiN surface,
desorbing H,, and the remaining B,Hjs is bound to the surface.
It was found that the dissociated B,H; molecule is adsorbed on
the hollow site made by three Ti atoms (Site number 4 in
Fig. S41). The reaction energy is 0.77 eV in Fig. 6, indicating that
the reaction is endothermic. The activation energy is 1.24 eV
with the transition state in Fig. 6. Fig. 5(b) shows the second
reaction step where the H atoms of the B,H; molecules adsor-
bed on the surface react with the H atom of the TiN surface then
desorb into H,. As for the second reaction step, it shows that the
reaction energy is —0.11 eV with an activation energy of 1.33 eV
in Fig. 6.
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Fig. 8 Calculated energy diagram of B,He decomposition on the H-covered N-terminated TiN (111) surface.
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To complete the overall reaction energetics of B,H, for the
optimized reaction path, the calculated energy diagram of B,Hj
decomposition on the H-covered Ti-terminated TiN (111)
surface is displayed in Fig. 6. The detailed structures of B,Hg
during the overall reaction pathway on the surface for transition
state calculations can be found in the ESI (Fig. S61). During the
reaction of the B,H¢ precursor, this calculation shows that the
overall reaction process is endothermic, with a calculated
overall reaction energy of 4.92 eV in Table 2. This result indi-
cates that the B,Hg dissociative chemisorption on H-covered Ti-
terminated TiN (111) is energetically unfavorable due to the
uphill reactions and high activation energies that range from
a minimum of 0.66 eV to a maximum of 2.49 eV in Table 2. This
implies that the low reactivity of B,Hg with the surface is due to
the presence of the H-covered surface, compared to our
previous results," as shown in Table 2, reporting that the
dissociative reaction of B,H is energetically favorable on Ti-
terminated TiN (111) surface. As a result, an effect of the H,
treatment on the surface is to passivate the TiN surface to
prevent it from reacting with the B,Hs molecule.

3.6. B,H; dissociative chemisorption on H-covered N-
terminated TiN (111)

Based on the results shown in Section 3.3, when the N-
terminated TiN (111) surface is subjected to H, treatment, the
H, molecule can be easily dissociated because of the low barrier
for the H, bond dissociation on the surface, and thus the H-
covered N-terminated TiN (111) surface can be made. Fig. 7
shows the decomposition reaction mechanism of B,Hgs mole-
cules when the H-covered N-terminated TiN (111) surface is
formed after H, treatment. Fig. 7(a) shows the first reaction step
where the H atoms of the B,Hg molecule adsorbed on the TiN
surface react with the H atoms on the TiN surface, desorbing
H,, and the remaining B,H; binds to the surface. The reaction
energy is —0.38 eV in Fig. 8, indicating that the reaction is
exothermic. The activation energy is 0.87 eV with the transition
state in Fig. 8. Fig. 7(b) shows the second reaction step where
the H atom of the B,H; molecule adsorbed on the surface reacts
with the H atom of the TiN surface to be desorbed into H,. As for
the second reaction step, it shows that the reaction energy is
0.04 eV with an activation energy of 1.07 eV in Fig. 8.

The entire energy diagram for the B,Hq decomposition on
the H-covered N-terminated TiN (111) is illustrated in Fig. 8. The
detailed structures of B,Hg during the overall reaction pathway
on the surface for transition state calculations can be found in
the ESI (Fig. S71). During the reaction of the B,H¢ precursor,
this calculation shows that the overall reaction process is
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endothermic with a calculated overall reaction energy of 1.26 eV
in Table 2. Although the overall reaction from the 1* reaction
step to the 7 reaction step (ESI, Fig. S7t) is energetically
unfavorable, B,H, dissociative reactions can occur from the 1°
reaction step to the 5™ reaction step because the overall reac-
tion energy from the 1°¢ to 5™ step is —0.35 eV as shown in
Fig. 8, meaning that the reaction is energetically favorable.
From the 5" reaction step, two remaining BH species are
difficult to dissociate due to the uphill reactions of B-H bond
breaking with energy barriers of 1.65 eV, and 0.68 €V, respec-
tively in Fig. 8.

Unlike the H-covered Ti-terminated TiN (111), the H-covered
N-terminated TiN (111) surface can dissociate the B,Hgs mole-
cule into BH species up to 5™ reaction step. We suggest that
those remaining BH species and H atoms would be desorbed as
BF; and HF from WFg in the next ALD cycle.

However, compared to the N-terminated TiN (111) in our
previous results,” the dissociative reaction of B,Hs is much
more favorable on the N-terminated TiN (111) surface than the
H-covered N-terminated TiN (111) surface as shown in Table 2.
This implies that the low reactivity of B,Hg with the surface is
attributed to the presence of an H-covered surface. As a result,
an effect of the H, treatment on the surface is to passivate the
TiN surface to prevent it from reacting with the B,Hgs molecules.

4. Discussion

Table 2 shows the minimum and maximum activation energies,
and overall reaction energies required for B,Hs bond dissocia-
tion on the H-covered TiN and the TiN surfaces. The informa-
tion on the TiN (001) surface is excluded because it is difficult to
make an H-covered surface as mentioned above in Section 3.4.
In addition, it was reported in our previous study that the B,Hj,
dissociative reaction on the TiN (001) surface is energetically
unfavorable,' meaning that the TiN (001) is not suitable for the
B,H, dosing process.

As shown in Table 2, B,Hg dissociative reactions on both the
H-covered Ti-terminated TiN (111) surface and the H-covered N-
terminated TiN (111) surface require large overall reaction
energies and activation energies, meaning that those reactions
are energetically unfavorable. However, B,H¢ dissociative reac-
tions on both the Ti-terminated TiN (111) surface and the N-
terminated TiN (111) surface are exothermic, meaning that
those reactions are energetically favorable. In conclusion, H,
treatment on both Ti-terminated TiN (111) surface and N-
terminated TiN (111) surface converts these surfaces into H-
covered surfaces, leading to the degradation of the B,Hg

Table 2 Comparison of the minimum and maximum activation energies (E; minimum: Eamaximum: €V) and overall reaction energies (Exn overat, €V)

of B,Hg bond dissociation on the H-covered TiN and the TiN surfaces

Surface Bond dissociation Ea minimum (€V) Eq maximum (€V) Erxn overall (€V) Note

H-covered Ti-terminated TiN (111) B-B & B-H 0.66 2.49 4.92 This study
H-covered N-terminated TiN (111) B-B & B-H 0.40 1.65 1.26 This study
Ti-terminated TiN (111) B-B & B-H 0.07 0.93 —0.88 Our previous study™’
N-terminated TiN (111) B-B & B-H Barrier-less 0.39 —19.0 Our previous study"’
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dissociative reactions. As a result, H, treatment has an effect of
passivating the TiN surfaces. However, an effect of N, treatment
on the TiN surface is more likely to make the surface an N-
terminated TiN (111) surface under the ALD process as
mentioned above in Section 3.4, which leads to a lot of N-
terminated TiN (111) surfaces. Table 2 shows that the B,Hg
dissociative reaction on the N-terminated TiN (111) surface is
much more energetically favorable than the Ti-terminated TiN
(111) surface because it has a much lower reaction energy. As
a result, N, treatment has the effect of making the TiN surfaces
more reactive for B,Hg bond dissociation. In the next ALD cycle
after the B,Hg dosing process, the WFs molecule is generally
used for W deposition. Since boron (B) adatoms on the TiN
surface would react with the F atoms of WF, the BF; desorption
process would occur on the surface and therefore, a uniform W
film could be deposited.

Our results imply that making a lot of N-terminated TiN
(111) surfaces, by N, treatment, plays an important role in
improving the properties of the subsequent W nucleation layers
during the W ALD process because easily dissociated B adatoms
on the surface could dissociate the WFs molecule and desorb
into BF;. Since W nucleation layers are experimentally difficult
to grow using only WFs molecules without the B,Hs dosing
process,* B,Hg should be easily dissociated on the TiN surfaces
for obtaining high-quality W nucleation layers during the W
ALD process. Although H, molecules play a role in lowering the
reactivity of B,Hg on the TiN surfaces, this molecule can be
useful to remove residual F atoms, which degrade the quality of
the W layer. It has been reported that ALD W deposition under
H, exposure helps to remove residual F atoms by the desorption
of HF.> The previous experimental results and our theoretical
results provide insight into how to design the ALD W deposition
process to develop the W films for highly integrated devices.

5. Conclusions

In summary, we investigated the effects of H, and N, treatment
on TiN surfaces for the B,H¢ dosing process based on DFT
calculation. Since the H, molecule is easily dissociated on both
Ti-terminated TiN (111) and N-terminated TiN (111) surfaces, H-
covered Ti-terminated TiN (111) and H-covered N-terminated
TiN (111) surfaces can be made. In our DFT calculated results,
H, treatment on the TiN surfaces convert the surfaces into H-
covered TiN surfaces, which results in lowering the reactivity
of the B,H, precursor since the overall reactions of the B,Hg on
the H-covered TiN surfaces are energetically less favorable than
the TiN surfaces. As a result, an effect of the H, treatment is to
decrease the reactivity of the B,Hs molecule on the TiN surface.
However, N, treatment on the Ti-terminated TiN (111) surface is
more likely to make the surface an N-terminated TiN (111)
surface, which results in making a lot of N-terminated TiN (111)
surfaces with very reactive nature for B,Hs bond dissociation. As
a result, the effect of N, treatment serves as a catalyst to
decompose B,Hg. Although the N, molecule is more useful for
B,H¢ bond dissociation than H, in regard to the reactivity, the
H, molecule has a greater advantage for the removal of residual
F atoms than N,. From the understanding of the effect of H, and
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N, during the B,Hs dosing process, the use of proper gas
treatment is required for the improvement of the W nucleation
layers. These results imply that the deep understanding of the
role of H, and N, treatment will provide insight for improving
the W ALD process for future memory devices.
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