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Figure S1 shows 3D electron density distribution of the optimized structures of WF¢ precursor at 0.025
A3 isosurface. It shows charge depletion around the W atom with electron loss of 5.34e and accumulation (pink
area) in the vicinity of the F atom with electron gain of -0.89. The amount of charge transfer was calculated by
Bader charge analysis. Figure S2 (a) shows 3D electron density distribution of the optimized structures of the N-
terminated TiN (111) surface at 0.025 A3 iso-surface. The charge depletion around the Ti atom with electron
loss of 2.43e and accumulation (pink area) in the vicinity of the N atoms with electron gain of -1.55e can be seen.
Figure S2 (b) exhibits 2D electron density map for top-layer of the same surface. Figure S2 (a) and (b) indicate
that the N atoms with a high electron accumulation can be more accessible for electrophilic attack by WFg
precursor due to the higher electron density and higher surface exposure than Ti atoms.

Although the Ti atoms are somewhat positively charged, WFg precursor would predominantly interact with
the N atoms of the first top-layer due to the shorter distance than the Ti atoms of the second top-layer. Figure
S3 (a) shows 3D electron density distribution of the optimized structures of the B-covered N-terminated TiN
(111) surface at 0.025 A3 iso-surface. It shows charge depletion around the Ti and B atoms with electron loss of
2.19e and 2.21e, respectively.

Charge accumulation (pink area) in the vicinity of the N atoms with electron gain of -2.99e can be seen. 2D
electron density map of top-layer of the same surface is displayed in Figure S3 (b). Figure S3 (a) and (b) indicate
that the B atoms with a high electron depletion can be more accessible for nucleophilic attack by the lone pair
electron on the F atom of WFg precursor, forming strong B-F bonding to be anchored on the B-covered N-
terminated TiN (111) surface. The N atoms with a high electron accumulation can be electrophilic attacked by
the W atom of the WFg precursor. Even though the Ti atoms are positively charged, WFs precursor would
predominantly interact with the N and B atoms of the first top-layer due to the shorter distance than the Ti
atoms of the second top-layer. Table 1 summarizes the bond lengths and amount of charge transfer of the
optimized structures of N-terminated TiN (111), B-covered N-terminated TiN (111), and WFg precursor. Our
results show that Ti-N bond length is elongated from 1.95 A at the N-terminated TiN (111) to 2.13 A at the B-
covered N-terminated TiN (111) surface due to stronger B-N bonding nature (B-N bond length = 1.48 A) than
Ti-N one, which means that the amount of charge transfer between B and N atoms can increase, while
decreasing the one between Ti and N atoms. This indicates that the surface reactivity of WFg precursor can be
more favorable on the B-covered N-terminated TiN (111) surface than the former because the F atoms that
acquire electrons can easily react with B atoms that lose electron, while W atom can react with N atom. In order
to confirm the favorable reactivity of WFg on the B-covered N-terminated TiN (111) surface, overall reaction
energetics for WFg bond dissociations were deeply analyzed in the following section.

This information explains the detailed structures of adsorption, transition, and reaction state of WFg
on both N-terminated TiN and B-covered N-terminated TiN surfaces. The adsorption energy (E.q4s) was calculated
using



Eags = Etotrads — (Esurf + Epre)

where Eiotads, Esurt, @and Epe are the total energy of the system after adsorption, and the energy of the surface
only and the energy of the precursor only, respectively. The activation energy (E,) was calculated using

Ea = Etotrtran - Etot,b.tr

where Eyotran and Eioraas are the total energy of the transition state and the total energy before transition,
respectively. The reaction energy (E.x,) was calculated using

Erxn = Etotyatr — Etot,b.tr
where Eiot,atr, and Eorpyr are the total energies of the system after transition and after transition, respectively.

We considered two orientations and three positions of WFg on the N-terminated (111) TiN surface as
shown in Figures S1. As for the two orientations, we construct two extreme geometries. Geometry 1 is that only
one fluorine atom of octahedral WFg is facing towards the surface, and Geometry 2 is that two fluorine atoms
are facing towards the surface. Also, three different positions were considered on the surface.

We also checked two orientations and thirteen positions of WFg on the B-covered N-terminated (111)
TiN surface as shown in Figures S2. The two orientations are same to the former case. Also, thirteen different
positions were considered on the surface.

The adsorption energies of WFg calculated on both N-terminated TiN (111) and B-covered N-terminated TiN
(111) surfaces for each orientation and position were summarized in Table $1-S2.

Figures S3-S4 show the optimized structures at specific reaction states, such as initial, transition, and
final step, for WFs decomposition on both N-terminated TiN (111) and B-covered N-terminated TiN (111)
surfaces. Both initial and final states were calculated at the position of remaining W, F, and WF, species on the
most stable site of those surfaces. Since diffusion barrier energies of F atom on both N-terminated (111) TiN and
B-covered N-terminated (111) TiN are somewhat low, 0.31 and 0.46 eV, respectively, we assume that the
adsorbed F atoms diffuse far away from the adsorbed WF, species on the TiN surfaces under W ALD process.
Therefore, we didn’t put the diffused F atom in the next reaction steps because we assume that the F atom is
diffused away. Table S3-S4 indicate the activation energies and reaction energies for the overall reactions of WFg
decomposition on both surfaces. These tables provide information on whether the WFg reaction is energetically
stable or unstable for each reaction step.

Figure S5 shows the optimized structures at specific reaction states, such as initial, transition, and final
step, for BF; desorption on W-covered N-terminated TiN (111) surface. Since diffusion barrier energies of F atom
on the W-covered N-terminated (111) TiN is somewhat low, 0.42 eV, we assume that the adsorbed F atoms
diffuse into B atom around by strong interaction of B-F on the TiN surfaces under W ALD process. Therefore, we
didn’t put the diffused F atom in the next reaction steps because we assume that the F atom is diffused into B
atom around. Table S5 indicate the activation energies and reaction energies for the overall reactions of BF;
decomposition on the TiN surfaces.

Figure S6 shows the optimized structures at specific reaction states, such as initial, transition, and final
step, for H, dissociative reaction and HF desorption on W-covered N-terminated TiN (111) surface. Table S6
indicate the activation energies and reaction energies for H, bond dissociation and HF desorption on the W-
covered N-terminate TiN (111) surface.
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Figure S1. 3D electron density distribution of the optimized structure of the WFg precursor. Charge depletion
around the W atom with electron loss of 5.34e and accumulation (pink area) in the vicinity of the F atom with
electron gain of -0.98e can be seen.

Table S1. Bond lengths (&) and amount of charge transfer (e) of the optimized structures for N-terminated TiN
(111), B-covered N-terminated TiN (111), and WF¢ molecule.

. . B-covered N-
N-terminated TiN (111) terminated TiN (111) WF¢ molecule
Bond length (A) Ti-N: 1.95 E:E 12413 W-F: 1.86
. Ti: 2.19
Ti: 2.43 W:5.34
AQ (@) N:-1.55 N:-2.99 F: -0.89

B:2.22
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Figure S2. The optimized structure of the N-terminated TiN (111) surface: (a) 3D electron density of top and side
views at 0.025 A3 iso-surface. Charge depletion around the Ti atom with electron loss of 2.43e and accumulation
(pink area) in the vicinity of the N atoms with electron gain of -1.55e can be seen. (b) 2D electron density map
for top-layer of the same surface.
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Figure S3. The optimized structure of the B-covered N-terminated TiN (111) surface: (a) 3D electron density of
top and side views at 0.025 A3 iso-surface. It shows charge depletion around the Ti atom and B atom with
electron loss of 2.19e and 2.21e, respectively. Charge accumulation (pink area) in the vicinity of the N atoms
with electron gain of -2.99e can be seen. (b) 2D electron density map for top-layer of the same surface.
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Figure S4. Two geometries and three positions of WFg on the N-terminated TiN (111) surface.

Table S2. The adsorption energies of WF¢ calculated on the N-terminated TiN (111) surface for each orientation
and position.

Geometry  Position E ads (eV)
1 1 0.05064
1 2 0.04548
1 3 0.00926
2 1 0.07967
2 2 0.03714
2 3 0.02117
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Figure S5. Two geometries and thirteen positions of WFg on the B-covered N-terminated TiN (111) surface.



Table S3. The adsorption energies of WFg calculated on the B-covered N-terminated TiN (111) surface for each
orientation and position.

Geometry Position E ads (eV)
-0.04537
-0.06495
-0.05904
-0.0066

-0.05118
-0.06022
-0.05046
-0.07439
-0.05701

10 -0.02979
11 -0.08477
12 -0.08292
13 -0.02978
-0.08673
-0.08427
-0.07326
-0.07035
-0.07278
-0.05566
-0.06183
-0.10041

-0.04205
-0.07557
-0.08042
-0.05213
-0.06605
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Figure S6. Initial (IS), transition (TS), and final (FS) states of intermediate reactions from 2" reaction step to the
6t reaction step of WFg bond dissociation on the N-terminated TiN (111) surface.

Table S4. Activation energies (E,, eV) and reaction energies (E,. €V) of WFg bond dissociation on the N-
terminated TiN (111) surface.

Reacton step Bond dissociation Ea (eV) Ern (€V)
step 1 W-F 2.98 -0.39
step 2 W-F 0.83 -0.03
step 3 W-F 1.72 1.62
step 4 W-F 0.70 -0.34
step 5 W-F 2.02 0.69

step 6 W-F 3.45 3.20



2" reaction step : W-F bond dissociation

Figure S7. Initial (IS), transition (TS), and final (FS) states of intermediate reactions from 2" reaction step to the
4t reaction step of WFg bond dissociation on the B-covered N-terminated TiN (111) surface.

Table S5. Activation energies (E,, eV) and reaction energies (E,, €V) of WFs bond dissociation on the B-covered
N-terminated TiN (111) surface.

Reacton step Bond dissociation Ea (eV) Enn (eV)
step 1 W-F 0.19 -0.28
step 2 W-F 0.40 -1.73
step 3 W-F 0.69 0.78

step 4 W-F 0.62 -0.07



1°t reaction step : B-F bond recombination

Figure S8. Initial (IS), transition (TS), and final (FS) states of intermediate reactions from 15t reaction step to the
3rd reaction step of BF; desorption on the W-covered N-terminated TiN (111) surface.

Table S6. Activation energies (E,, eV) and reaction energies (E,,,, €V) of B-F bond recombination on the W-
covered N-terminated TiN (111) surface.

Reacton step Bond recombination Ea (eV) Emn (eV)
step 1 B-F 0.29 -0.71
step 2 B-F 0.25 -0.10

step 3 B-F 0.72 0.12
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Figure S9. Initial (IS), transition (TS), and final (FS) states of H, bond dissociation and HF desorption on the W-

covered N-terminated TiN (111) surface.

Table S7. Activation energies (E,, eV) and reaction energies (E.x,, €V) of H, bond dissociation and HF desorption
on the W-covered N-terminated TiN (111) surface.

Bond dissociation Ea (eV) Enn (eV)
H-H 0.26 -1.22
Bond recombination Ea (eV) Emn (eV)

H-F 1.17 0.85



