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The atomic layer deposition (ALD) process of TiN thin films is widely used in microelectronics, but the detailed
growth mechanism is still elusive at the atomistic level. In the present computational study, we carry out kinetic
Monte Carlo (kMC) simulations on the ALD process using TiCl4 and NH;3 precursors. Based on the on-lattice
model, we sort out key reactions relevant for the ALD process such as adsorption/desorption of precursors,
generation of surface Cl atoms, and evolution of free HCI and Cl, molecules. The reaction energies considering
local environments are calculated at the level of density functional theory (DFT) while the activation barriers are
linearly fitted to sampled cases among distinct reaction families. The resulting kMC model produces the
temperature-dependent growth rates and the amounts of CI residues in reasonable agreement with experiments.
The detailed growth pathway is discussed based on the simulation results, which underscores the critical role of
surface Cl atoms in the ALD process by generating HCI gas molecules. By revealing the atomistic mechanisms in

the TiN-ALD process, the present work would help optimize material properties of TiN thin films.

1. Introduction

Owing to the low electrical resistivity, thermal stability, and chem-
ical inertness, [1] TiN is a key material comprising semiconductor
components such as metal gates [2-4], diffusion barriers [5-11], and
adhesion/glue layers [12,13]. In growing the TiN thin film, physical
vapor deposition (PVD) and chemical vapor deposition (CVD) have been
widely used for a long time. PVD enables low-temperature processing,
but it suffers from poor step coverage. On the other hand, better step
coverage can be obtained by CVD but it requires high-temperature
processing above 550 °C to achieve low resistance of the TiN film
[14,15]. In addition, CVD introduces byproducts from gas-phase re-
actions, which contaminates the surface [12,16]. Recently, the atomic
layer deposition (ALD) technique became popular in fabricating thin
films in microelectronics. In ALD, precursors are alternately introduced
to the film surface, separated by the purging step that prevents gas-phase
reactions and clears remnant precursors and byproducts. The ALD pro-
cess of TiN thin films allows for lower-temperature growth than CVD in
obtaining desired film qualities, and enables conformal depositions for
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structures with high aspect ratios, such as V-NAND or DRAM capacitors.

In the TiN-ALD process, NH3 is a favored reducing agent while tet-
rakis(dimethylamino)titanium (TDMAT) and titanium tetrachloride
(TiCly4) are widely selected as metal precursors. Although TDMAT is
compatible with low-temperature processing, poor crystallinity and a
relatively high resistivity (> 1000 pQ-cm) due to residual carbon have
been reported [17]. Therefore, several works employed the TiCly pre-
cursor to attain superior adhesion property and low electrical resistivity
(< 100 pQ-cm) [18-20]. However, the density of Cl impurities rises at
low temperatures, increasing the resistivity [19,21,22]. To suppress Cl
impurities, additional co-reactants such as Zn [22,23], AlMes [24,25],
and H,S [26] have been introduced.

In spite of the wide use in microelectronic devices and extensive
studies on surface chemistry, the fundamental understanding of TiN-
ALD processes employing TiCl4 and NHj3 is far from being satisfactory.
For instance, even the basic reaction formula is still elusive; because of
imbalance in the number of Cl and H ligands in the precursors, gas
molecules other than HCI are necessary to satisfy 1:1 stoichiometry of
TiN. While the generation of Nz molecules is thermodynamically
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favorable and also widely acknowledged in the CVD process [14,27], Ny
molecules were not detected in the mass spectroscopy during ALD [24].
From the XPS study, it was suggested that Cl, molecules can be formed
through the dissociation of TiCly although the process is thermody-
namically unfavorable [28]. In addition, it is unclear how the Cl impu-
rities are incorporated into the film (see above), which hampers further
optimization of the growth process.

The above discussion calls for further understanding of the reaction
mechanism in TiN-ALD processes, in particular at the atomistic level.
The experimental analysis is limited in probing surface reactions with
full atomistic details, which can be complemented by the computational
simulation. Since the ALD process consists of surface reactions with
significant activation barriers, ab initio molecular dynamics (MD) sim-
ulations are not suitable for investigating the whole ALD process
because most of the simulation time will be spent on local vibrations. By
coarse-graining atomic vibrations and focusing on reaction events, the
kinetic Monte Carlo (kMC) method can simulate the experimental time
scale [29,30]. Thus, to explore the reaction chemistry of TiN-ALD at the
atomic scale, we herein carry out an atomistic kMC simulation param-
eterized by the density functional theory (DFT) calculations. The kMC
method has been applied to ALD simulations for the growth of AlyO3
[31], HfO, [32,33], ZnO [34], and MgF, [35]. While previous DFT
studies addressed reaction paths in TiN CVD [36-38] or the initial stage
of TiN-ALD [39], there has been no kMC study on the TiN-ALD process as
far as we are aware. Based on kMC simulations, we explore thermody-
namics and kinetics of surface reactions that play key roles in the ALD
growth of TiN. The rest of the paper is organized as follows: in Sec. 2, we
briefly introduce the computational approach and discuss on the model
system and chemical reactions that are considered in the kMC simula-
tion. The computational results are presented and discussed in Sec. 3.
Finally, we summarize the main results in Sec. 4.

2. Methods
2.1. KMC simulation

Below, we briefly explain the kMC method. For the full details, we
refer to a recent review article [29]. In KMC, the simulation focuses on
the transition between local minima, where small vibrations are coarse-
grained, and assumes a history-independent probabilistic network pro-
cess (Markov-chain process). In principle, one can explicitly solve the
Markovian master equation:

dpPi(1)
Fra D kiPy(1) = Y kiPil0) ¢))

J#i J#i

where P;(t) means the probability of the system being in the state i at
time t, and k;; indicates the rate constant for the transition from state i to
j- Since this coupled equation is hard to solve except for a few cases [40],
in kMC one constructs the trajectory of state-to-state transition in a
stochastic way. Among several algorithms to achieve this strategy, the
Bortz-Kalos-Lebowitz (BKL) algorithm is highly favored [41]. In the BKL
algorithm, one first enumerates all the possible transitions or events (N
in total) for the given state, together with associated rate constants (k;).
Then the total rate constant (ki) is obtained by adding all the individual
rate constants:

N
ko= ki, @
i=1

where i indicates a particular event. A random number, p; € (0,1] is
generated and used to select an event j satisfying:

J-1 J
Doki<pka <Y ki ®
i=1 i=1

After the selected event is executed, the present state is updated
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accordingly. Finally, the simulation time is advanced by At defined in
the following:
At = _In(py) , 4)
klnl

where ps is a random number € (0,1]. The time advance is inde-
pendent of the rate constant of the chosen event but does depend on the
total sum of rate constants (k). This means that when fast events (i.e.,
events with large rate constants) dominate the event list, the system
clock advances slowly.

For the thermally activated process, the rate constant (k;) can be
calculated within the transition-state theory (TST) using the Eyring
equation [42]:

vib i T
rs ksT E; kT Ej;
PO LAY e T Ly = A 5
T eXp( )~ n P\ kT )

where ¢} and ¢/ are the vibrational partition functions at the
transition state (TS) and the initial state i, respectively, with k¢ the ratio
between them, kg the Boltzmann constant, T the temperature, h the
Planck constant, and Efj the activation barrier. While one can calculate
the pre-exponential factor ko from the normal mode analysis of the
initial and transition states, it is usually assumed to a value between 1
and 10 [29], and we set kg = 1 in the present work.

The adsorption of gas molecules such as TiCl4 and NHj is a non-
activated process, and the rate constant (k,qs) can be obtained by the
kinetic gas theory [43]:

Po(T,6) 4
\2nmkg T

where P is the partial pressure of gas, o the sticking coefficient that
depends on the temperature T and surface coverage 6, m the molecular
mass of the species, and A is the active area. In the present work, A is
approximated as the total area of the TiN surface divided by the number
of reactive sites in the simulation cell, and the sticking coefficient ¢ is set
to unity regardless of T and 6 to make adsorption always occur. On the
other hand, the desorption process is regarded as a chemical reaction
that breaks bonds with the surface and escapes as a gas molecule. As
with thermally activated processes, the desorption rate is calculated
within TST in Eq. (5) and the absolute value of adsorption energy serves
as the activation barrier of desorption.

©
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2.2. Lattice model

The present lattice model is based on the rock salt structure of TiN.
During the ALD process, [200] and [111]-oriented planes coexist as
polycrystals depending on the process temperature and substrate con-
dition [19,20,26,44,58]. Generally, (111) surface is major at high
temperatures, except for Ref. [19] that reported a 1:1.3 ratio of (111)
and (200) surfaces. At low temperatures, (200) surface is major, except
for Ref. [44] where the (111) surface was major. We choose the (111)
plane for the kMC model since it is observed in X-ray diffraction mea-
surements over wide temperature ranges [19,26]. Fig. 1 shows a few
layers of the (111) plane of TiN that consists of alternating Ti and N
sublattices. The first, second, and third nearest neighbor sites (1NN,
2NN, and 3NN, respectively) with respect to the center site are also
indicated.

The species that can occupy the lattice sites encompass precursors
(TiCl4 and NH3) and various surface species that are produced during the
ALD process. Specifically, Ti, TiCls, and Cl* can occupy the Ti sublattice
while the N sublattice is reserved for N, NH, (x =1, 2, and 3), and Cl. Cl*
indicates the Cl atom bonded to NH, groups after dissociated from Ti
(see below). The different occupation rules for the ligand-like Cl and H
(i.e., bonded to Ti or N) result from the bond lengths (see precursor
models in Fig. 1); the bond length of Ti-Cl is 2.29-2.51 A, which is
comparable to the Ti-N distance of 2.12 A in the cubic TiN. Therefore,
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Fig. 1. The ball-and-stick model for the TiN rock salt structure growing in the
[111] crystallographic orientation. 1NN, 2NN, and 3NN neighboring sites with
respect to the center site are indicated. The NH3 and TiCl, molecules are also
shown at the top.

the Cl atoms are close to the N sublattice when Ti occupies the Ti sub-
lattice. On the other hand, the N-H distance is 1.02-1.03 A in NH,, so it is
reasonable and convenient to assign NH, as one species occupying the N
sublattice. One exception is that the adsorbed TiCly is assigned to a
single site in the Ti sublattice although the molecular size spans multiple
sites.

2.3. DFT calculations

Reaction and activation energies are calculated within the density
functional theory (DFT) using the Vienna Ab initio Simulation Package
(VASP) [45-47]. The generalized gradient approximation formulated by
Perdew-Burke-Ernzerhof (PBE) [48] is used for the exchan-
ge—correlation functional and the DFT-D3 functional [49] is added to
describe the van der Waals interactions. The energy cutoff for the plane-
wave basis is set to 450 eV, and only the I'-point is sampled for the
Brillouin-zone integration. The base model for DFT calculations is the
12.0 x 10.4 A% TiN slab in the (111) direction. In the case of computing
the ClI dissociation (see below), a larger cell of 18.0 x 10.4 A2 is used to
avoid lateral interaction from the periodic boundary conditions. Each
layer contains 16 atoms, and two Ti and three N layers are stacked
alternately with the surface N layer being mono-hydrogenated (one H
atom per N). The surface slabs are separated by a vacuum with the
length of 10 A, and the dipole correction is introduced to remove
spurious interactions between periodic slab images. In calculating acti-
vation barriers, we employ the climbing-image nudged elastic band (CI-
NEB) method implemented in the VASP Transition State Toolkit
[50,51]. We use 5 or 7 images along the pathway between initial and
final structures. The initial images are generated by image-dependent
pair potential method [52] as implemented in the atomic simulation
environment code [53]. We ignore the zero-point energy (ZPE) for
activation energies. To examine the magnitude of ZPE, we select
representative structures from each reaction type and carry out phonon
analysis on the initial and transition states. The zero-point corrections
are less than 0.1 eV in all the cases, implying that they may not affect the
growth behavior significantly.

2.4. Reaction events

In this section, we delineate reaction mechanisms considered within
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the present kMC simulation. Exemplary cases for each reaction type are
displayed in Fig. 2 as 3-d models as well as 2-d schematic diagrams.

2.4.1. Adsorption and desorption of precursors

TiCl4 and NHgs precursors can adsorb at free sites in the Ti and N
sublattice by forming bonds with underlying NH, groups and Ti atoms,
respectively. (See Fig. 2a.) The steric hindrance among TiCl4 molecules
constrains TiCl4 to adsorb on a site whose 2NN Ti sites are all empty.
This steric effect consequently limits the maximum coverage of TiCly
groups on the surface, which affects the growth rate per ALD cycle.
Through HCl evolution or Cl dissociation (see below), the adsorbed TiCl4
becomes TiCls anchoring to the surface.

2.4.2. Cl dissociation

The Cl ligand around Ti can dissociate and adsorb at the Ti sublattice,
which is denoted as Cl*. (See Fig. 2b.) The Cl* atoms are significantly
stabilized by NH, groups in the underlying layer owing to the electro-
static interaction with the positively charged H atoms. We find that Cl*
occupying the 1NN site (xmark in Fig. 2b) is unstable and returns to the
original ligand position after structural relaxation. Thus, we posit that
CI* occupies only 3NN sites. The Cl dissociation allows for dissociative
adsorption of TiCl4 in which one Cl atom dissociates from TiCl4 and
adsorbs to the surface, while the remaining TiCls merges with the sur-
face through strong Ti-N bonds. (See Fig. Sla in the Supplementary
information.).

The DFT MD simulations at 300 K show that Cl* can diffuse rapidly
on the surface with low activation barriers, which effectively increases
the reaction range of Cl*. However, if the rapid migration is explicitly
simulated within kMC, they would dominate the total rate constant and
most computation times would be spent on the diffusion process (called
time-disparity problem or stiffness). As an ad hoc solution to this, we
assume that Cl* can make an instant jump to 2NN sites (i.e., nearest
neighbors in the same plane) before chemical reactions. This effectively
increases the range of chemical reactions as will be explained in the
below. On a similar note, we prohibit Cl* from hopping back to the
original ligand position.

2.4.3. HCI evolution

The HCI molecule evolves through reaction of H and Cl atoms on the
surface. While H originates solely from NH, groups, there are two types
of Cl atoms on the surface: ligand Cl or Cl*. The ligand CI horizontally
reacts with the adjacent (2NN) NH,. and forms HCl (see @ in Fig. 2¢). On
the other hand, Cl* can interact with 1NN NH, in the lower and upper
layers, as indicated by @ and ®, respectively. Because of the layer-by-
layer growth, the NH, groups involved in @ tend to possess higher co-
ordination numbers (CNs) of Ti than those in ®. (The detailed reaction
paths can be found in Figs. S1b-d in the Supplementary information.)
This gives rise to distinct distributions of reaction and activation en-
ergies as will be discussed below. Once the HCl molecule is formed, we
assume that it automatically and permanently desorbs from the surface
due to a low partial pressure of HCl. This precludes redeposition of HCI
molecules to the surface. The adsorbed TiCl4 can be incorporated into
the surface as TiCl; after losing one Cl atom through the HCl evolution.
In this case, the Cl atom reacts with NH, in the lower layer.

2.4.4. Cl, evolution

Like the HCl evolution, Cl, can be formed from two kinds of Cl atoms:
Cl or ClI*. The DFT calculations show that Cl, evolutions involving Cl
exhibit large reaction energies (> 5 eV) because of relatively weak CI-Cl
bonds compared to Ti-Cl bonds. Therefore, we only consider Cl* + Cl* —
Cl, as shown in Fig. 2d. This implies that NH, groups on the surface
catalyzes the Cl; evolution. Two Cl* atoms can react when they are in
2NNs, directly or in combination with the instant jump by one Cl* that
reflect the rapid diffusion (see above).
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Fig. 2. 3-d model and 2-d schematic diagrams illustrating (a) adsorption of TiCly, (b) Cl dissociation, (c) HCl evolution, (d) Cl, evolution, (e) relaxation of NH,, and
(f) Ti densification. In 3-d models, atoms other than reacting species are displayed in dark gray spheres for visual clarity. In 2-d schematics, each box stands for a
lattice site in the Ti (gray) or N (blue) layer. Dashed lines between boxes indicate the 1NN relations. Reactions are indicated by arrows and species involved in the
reaction are noted in bold symbols. Shaded boxes represent local environments relevant for each reaction.

2.4.5. Relaxation of NH, and Cl

During the ALD process, local environments around NH, and CI can
change as a result of chemical reactions, creating more stable sites with
higher number of neighboring Ti atoms. In DFT calculations, this leads
to spontaneous relaxations of NH, and Cl in the direction to increase the
number of vicinity Ti atoms. To include these reconfigurations within
kMC, we assume that NH, and Cl can move to an adjacent 2NN site if the
number of neighboring Ti increases. (See Fig. 2e.) However, if the
relaxation requires breaking of the original Ti-Cl or Ti-N bonds, it is
excluded because of the significant energy barrier. Since the relaxation
is barrierless, we apply a small activation energy of 0.1 eV for this re-
action such that the kMC simulation selects the event instantly whenever
possible.

2.4.6. Ti densification

During the ALD process, Ti atoms diffuse to sites with higher CNs,
which contributes to densification of the thin film (see Fig. 2f). This
process also significantly lowers the free energy. The reaction pathway
of densification usually involves multi-step collective motions, and it
was schematically treated in previous kMC simulations on HfO, [33]
and ZnO [34] growth. Here we employ a single barrier for Ti densifi-
cation process. Even though the densification occurs with finite activa-
tion barriers, we assume that this process occurs spontaneously with a
small barrier of 0.1 eV. We find that the growth rate is rather constant
with barriers lower than 1.5 eV, and choose 0.1 eV to ensure that the
process occurs whenever possible. Since the strength of Ti-N bonds de-
pends on the coordination number of N, using the low energy barrier

would be realistic at least partly. When the translocated Ti has ligands in
the upper layer and those ligands are singly coordinated to the Ti (as
shown in the 3-d model), Ti is set to move with the ligands as attached.

Among the key reactions on the surface, we do not consider the
hydrogen diffusion among NH, groups. When we conduct 5-ps MD
simulations at 650 K for some cases, we do not find any hydrogen
diffusion on the surface, unlike Cl* diffusion. In sampled cases, the
activation energies for H diffusion range over 0.2-1.3 eV. To test the
effect of H diffusion within a simplified model, we consider H diffusions
with a single barrier of 0.6 eV. The resulting growth rate and Cl
contamination at 400 °C change by only 6% and 4%, respectively, with
respect to the original model excluding H diffusion. Thus the H diffusion
may not be critical in the present ALD simulation.

2.5. Evaluation of reaction and activation energies

Every chemical reaction involves breaking and forming bonds whose
strengths are influenced by local chemical environments. In order to
consider local environments within reasonable computational re-
sources, we assume that the bond energy is influenced by species
occupying 1NN sites around reactants and products whenever appli-
cable. For example, in the Cl; evolution in Fig. 2d, initial energies of the
two Cl* atoms depend on NH, groups at their 1NN sites in the lower
layer. There is one exception: in the case of breaking bonds with Ti in
NH;3 desorption, Cl dissociation and HCl evolution, we find that
strengths of the Ti-Cl or Ti-N bonds are significantly affected by CNs of
the Ti atoms. Therefore, we additionally consider the CNs of 1NN Ti
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atoms in these reaction types. In Fig. S2, these assumptions on the
neighbor influences are validated by computing reaction energies for
HCI evolutions with various 2NN configurations.

Even though we tightly constrained the local environments as in the
above, there are more than 10,000 possibilities for all the reactions in
the previous section, which is a prohibitively large number for DFT
calculations. We further reduce the number by imposing symmetry and
exclusion rules. For instance, the influence of neighboring species is the
same whether the species are bonded clockwise or counter-clockwise. In
addition, reactions producing NH or N species bonded to only one Ti
atom are energetically unfavorable at relevant temperatures, so they are
excluded from the event table. We also find that the reaction energies for
the Cl; evolution are too high when NH, groups dominate 1NN sites due
to multiple Cl*-H bonds, so such cases are excluded from the Cly
evolution.

Table 1 compiles the final number of events for each reaction type
counted according to the above conditions, which adds up to ~ 1,200
cases. For the Cl dissociation and HCI evolution, the events are further
classified into distinct subtypes. To be specific, Cl dissociation(I) and
HCl evolution(I) correspond to dissociative adsorption of TiCly as
explained in the previous subsection. (See Fig. S1a for Cl dissociation
(I).) Cl dissociation(II) corresponds to the dissociation of Cl bonded to Ti
on the surface. (See Fig. 2b.) HCI evolution(Il) corresponds to the re-
action between the Cl bonded to Ti and NH, that are in 2NN relations, as
shown in Fig. S1b. Lastly, both HCl evolution(III) and HCI evolution (IV)
contain the reaction of CI* and NH, at the 1NN distance and distinguish
whether the CN of NH, is high (4, 5, and 6) or low (1, 2, and 3),
respectively. (See Fig. Slc and d, respectively.).

The reaction energies are calculated from DFT calculations on initial
and final configurations under diverse local environments counted in
Table 1. We generate each configuration by placing various species on
designated lattice sites in the 5-layer H-terminated TiN (111) slab,
which is then fully relaxed. (See Sec. 2.2 for the detailed description of
the base model.) When assigning TiCl, and NH, species on lattice sites,
we use relaxed structures in the gas phase or surface-adsorbed state to
make a plausible initial guess. We confirm that the bonding topology of
the relaxed structures is the same as intended. Fig. 3a shows the distri-
bution of reaction energies for desorption, Cl dissociation, and HCI
evolution as classified in Table 1. For the Cl, evolution, we simply use a
single energy of 0.45 eV for every case because the reaction energies lie
between 0.4 and 0.5 eV.

The rate constant in Eq. (5) requires the computation of activation
barriers, which can be obtained by identifying the minimum energy path
(MEP) via methods like NEB or string methods [51,54,55]. For desorp-
tion processes and Cly evolutions, the reaction energies are always
positive with the energies monotonically increasing along the reaction

Table 1
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Fig. 3. (a) Violin plots of reaction energies for desorption, Cl dissociation, and
HCI evolution. (b) Linear fitting of activation energies with respect to reaction
energies for Cl dissociations and HCI evolutions.

pathway without transition states. As such, reaction energies are directly
used as the activation energies. In Table 1, 849 events for the Cl disso-
ciation and HCl evolution require activation energies from MEP, which
is computationally too expensive. As an approximation, we infer acti-
vation energies from reaction energies, using the Bell-Evans-Polanyi

Number of events and fitted parameters in the BEP relations for each reaction. In the HCl and Cl; evolutions, the neighboring
relation between reacting molecules is indicated in the parentheses.

Reaction type Subtype Number of events Ey (eV) a

Adsorption of precursors TiCly(g) — TiCly 1 - -
NH3(g) — NH3 1 - -

Desorption of precursors TiCl4 - TiCl4(g) 35 - -
NH; — NHs(g) 18 - -

Cl dissociation (I) TiCl4 — TiClz + CI* 30 1.00 0.29
(I Cl - CI* 103 0.07 0.99

HCI evolution (1) TiCls + NH, (INN) — TiCl3 + NH,.; + HCI(g) 44 1.51 0.64
(ID) Cl + NH, (2NN) — NH,.; + HCI(g) 345 0.00 1.00
(II) CI* 4+ NH, (INN-high CN) — NH,.; + HCI(g) 90 0.65 0.44
(IV) Cl* + NH, (INN-low CN) — NH,.; + HCI(g) 237 0.00 1.00

Cl, evolution Cl* + CI* (2NN) - Clx(g) 287 - -

Relaxation of NH,. and Cl NH, - NH, 2 - -
Cl - Cl 1 — _

Ti densification Ti - Ti 1 - -
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(BEP) principle [56,57]. The BEP relation states that the activation en-
ergy varies linearly with the reaction enthalpy if the reactions belong to
the same family. This relationship can be written as follows:

E' = Ey+aAE @

where E' is the activation energy, AE is the reaction enthalpy (re-
action energy in the present work), and Eg and « are fitting parameters.
Thus, we sample four reactions from each distinct reaction family and
calculate E* by employ the CI-NEB method. Eg and « are then fitted and
all the other activation energies are calculated from the reaction energy
and fitted parameters. Fig. 3b shows the fit to the BEP relation and the
fitted Eg and a are compiled in Table 1. For all the reactions with purely
positive reaction energies, Eg = 0 and a = 1, which means that the
transition state is missing along the reaction pathway and the (positive)
reaction energy is equal to the activation energy, like in the desorption
or Cly evolution. Finally, we compute 902 reaction energies and acti-
vation barriers to construct the event table.

3. Results and discussions
3.1. KMC simulation of ALD process

The conditions for the present kMC simulation are adopted from
typical experiments [19,26], and one ALD cycle consists of sequential
steps of TiCl4 dose (0.1 sec), purge (1.5 sec), NH3 dose (1.0 sec), and
purge (1.5 sec). In purge steps, the adsorption of precursors is switched
off while other reactions are allowed to happen. The partial pressure is
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Fig. 4. (a) The thickness of deposited TiN layers with respect to the ALD cycle.
The error bars indicate standard deviations among the five independent simu-
lations. (b) The growth rate of TiN films at different process temperatures in
comparison with experimental data.
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set to 40 and 330 mTorr for TiCl4 and NHs, respectively, and the process
temperature is varied from 300 to 500 °C with the interval of 50 °C. The
kMC simulation starts from the TiN (111) surface that is fully termi-
nated with NH species. The lateral dimension of the simulation box is
30.04 x 26.02 A? comprising 100 lattice sites in each layer. For the
statistical average, five independent simulations are carried out under
each condition with different random seeds.

Fig. 4a shows the thickness of deposited films as a function of the
ALD cycle at various temperatures. The thickness is defined as the
average height of the top occupied sites in the Ti sublattice with respect
to the topmost Ti layer in the initial substrate. In Fig. 4a, the linear
growth is observed at every temperature with the slope increasing with
the deposition temperature. By computing the slope calculated with data
points excluding initial cycles (1 ~ 3), one can obtain the growth per
cycle (GPC), as shown in Fig. 4b together with previous experimental
measurements [19,20,26,44,58]. We note that experimental films are
always polycrystalline phases comprising (111) and (200) surfaces (see
above) although no clear distinction was reported for the growth rate
depending on the crystal orientation [19,44]. The large scatter of growth
rate among experimental literature can be attributed to different process
conditions such as working pressures [59]. It is seen that agreements
between theory and experiment are good. In particular, the saturation
behavior of GPC between 400 and 500 °C in Ref. [43] is well reproduced.
In Fig. 4b, the growth rate saturates at 0.21 TiN layer per cycle and this
value will be explained in the below based on the detailed growth
mechanism. For the fully grown layers, the concentration of Ti (N) va-
cancies is 3% (1%) at 300 °C, which decreases to 1.1% (0.6%) at 400 °C.
To check the dependence of the initial condition on the growth rate, we
also perform the kMC simulation at 400 °C starting with the NHy-
terminated surface and find that GPC converges to 0.47 A/cycle, close to
0.49 A/cycle in Fig. 4b.

In Fig. 4a, the slope changes slightly after 10 cycles at 300 °C. From
the detailed analysis, it is found that relative populations of various
surface species are stabilized after 8 cycles at 300 °C (see Fig. S3a). This
transient behavior may have caused the slight change in the growth rate
at 300 °C. In contrast, at 400 °C, the distribution of surface species is
rapidly stabilized after 3 cycles (see Fig. S3b).

3.2. Growth mechanism

To understand the atomistic growth mechanism of the TiN-ALD
process, we analyze the simulation data in more detail. Fig. 5a shows
a representative mass-gain profile during one ALD cycle at 400 °C. (As
far as we are aware, there is no experimental mass-profile measurements
on TiN-ALD using TiCl4/NH3.) One can observe a sharp increase in mass
at the beginning of the TiCl4 dose due to heavy masses of Ti and Cl in
comparison with N and H. During the TiCl4 dose, the dominant species
on the surface rapidly changes from NH, to Cl, as can be seen in Fig. 5b
(see the top of Fig. 5a for the instance of the snapshot). After the surface
is saturated with Cl, no further reactions occur other than adsorption
and desorption of TiCls, which is indicative of the self-limiting behavior.
To reveal more details of the process, we present in Fig. 5d the number of
selected events for each event during kMC, which is averaged over the
last 10 cycles. When adsorbed TiCl4 molecules are attached to the sur-
face in the form of -TiCls, 74% of them generate Cl*, while the rest
produced HCIl gas molecules. Additional Cl* species are created by
breaking Ti-Cl bonds in -TiCl3 on the surface. This is followed by HCl
and Cl, gas molecules evolving from Cl*. On the other hand, after the
NH; dose, the dominant species on the surface changes from Cl to NH,
(see Fig. 5¢). As the NH3 molecule is relatively small, occupying only one
lattice site, the steric effect is not significant. Instead, the self-limiting
behavior during the NHs dose originates from the lack of available
adsorption sites. The detailed reaction pathway can be understood by
the frequency of reaction events in Fig. 5d. First, as the coverage of NH3
increases, Cl* sites above H become stabilized, and this leads to the Cl
dissociation in existing TiCl, groups. Then HCIl gas molecules evolve
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from reactions between H and Cl or Cl*. A small amount of Cl;, gas also
evolves.

In Fig. 4b, the maximum GPC was found to be 0.2 TiN layer per cycle,
which merits further explanation. Due to the steric hindrance among Cl
atoms in -TiCls species, the maximum coverage of Ti layer is 1/3 or
33%, which theoretically corresponds to the growth rate of 0.33 TiN
layer per cycle. However, there exist Cl atoms on the surface that did not
react in the previous cycles (see Fig. 5¢), which constrain the maximum
coverage of TiClz groups well below the ideal value. This results in the
saturated value of 0.2 TiN layer per cycle in Fig. 4b.

3.3. Cl contamination

As mentioned in the introduction, the Cl contamination is a major
problem in the ALD process using TiCls, which increases resistivity. In
Fig. 6a, we plot the Cl concentration remnant in the deposited film with
respect to the temperature, along with experimental results
[20,26,60,61]. Although experimental data widely vary, the simulation
results agree reasonably with the experiment, in particular those from
Ref. [26] at low temperatures. The decrease of Cl impurities at high

temperatures is also well reproduced. However, the simulation results
tend to overestimate the Cl concentration, and we infer that this quan-
titative difference is due to the unreacted Cl* in the film. At high tem-
peratures, more than 50% of residual Cl exists in the form of Cl*, but
since we do not strictly consider the diffusion of Cl*, it may remain in an
environment where there are few hydrogen atoms to react.

To check whether 20 cycles are statistically sufficient for Cl
contamination, we additionally simulate TiN-ALD process up to 50 cy-
cles at 300 and 500 °C. It is found that Cl concentration is slightly
decreased from 17.8% to 15.2% at 300 °C and 6.2% to 5.3% at 500 °C.
Thus the overall trend does not change significantly.

We find that Cl impurities can be classified into unreacted or disso-
ciated Cl atoms (see Fig. 6b). The unreacted Cl remains in the N sub-
lattice bonded to Ti, meaning that the Ti-Cl bond in the original
precursor is intact. On the other hand, dissociated Cl atoms in the Ti
sublattice did not evolve into HCl or Cl; gas molecules. The populations
of the two types of Cl residues are shown as stacked bars in Fig. 6a. At
300 °C, unreacted Cl is the major source of Cl contamination, taking up
85%. This is due to strong Ti-Cl bonds that require high thermal energies
for bond breaking. As the temperature increases, Ti-Cl bonds are more
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readily broken, which mainly contributes to the reduction of Cl residues.
The analysis in the present and previous sections indicate that the
generation of Cl* from the dissociation of Cl ligands from the precursor
is a major limiting step in the ALD process employing TiCl4 and NH3.

It is seen in Fig. 6a that the amounts of unreacted Cl change signif-
icantly as the temperature increases above 350 °C, which indicates
crossover from one mechanism to another, although it is difficult to
resolve full details. This transition in the growth mechanism may have
caused large error bars for the growth rate at 350 °C in Fig. 4a.

Since remnant Cl contents are overestimated in comparison with
experiment, the reaction mechanism of TiN-ALD from TiCl4 and NHj is
still not fully resolved, and there could be other reaction pathways for
Cl, evolution that are missing in the present study. In passing, to
examine whether the choice of kg in Eq. (5) can affect the result, we vary
the parameter from 1 to 5 and 10, and the resulting Cl contamination
decreased slightly from 7.2% to 7.0% and 7.1%, respectively.

4. Summary and conclusion

In summary, we carried out kMC simulations on the ALD process
using TiCl4 and NH3 precursors. Based on the on-lattice model, we sorted
out key chemical processes relevant for ALD such as adsorption/disso-
ciation of precursors, generation of surface Cl atoms, and evolution of
HCl and Cl;, gas molecules, considering local environments affecting the
energy of chemical species. The reaction energies were explicitly
calculated at the DFT level while the activation barriers were linearly
fitted to sampled cases among distinct reaction families, following the
BEP principle. The resulting kMC produced the growth rate and the
amount of Cl residues that are in reasonable agreements with experi-
ment, implying that key chemical reactions are well captured by the
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present model. However, the overestimation of Cl impurities at high
temperatures still raises the need for additional reaction path for Cl
removal, which should be identified in future study. A detailed growth
pathway was revealed and underscores the critical role of surface Cl
atoms that are dissociated from TiCl, in the ALD process by generating
HCI gas. In conclusion, by revealing the key atomistic processes in the
TiN-ALD process, the present work would help mitigate impurities and
increase conductivities of TiN thin films.
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