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Abstract

Cluster calculations employing hybrid density functional theory have been
carried out to examine the initial surface reactions in atomic layer deposition
(ALD) of TiN thin films on the SiO, surface using TiCly and NHj; as
precursors. The potential energy surface (PES) of both half-reactions at
different temperatures is presented. The first half-reaction between TiCly with
the SiO, surface is activated with an activation barrier of 0.78 eV and an
exothermicity of 0.38 eV, suggesting that it is thermodynamically favourable.
Also, the NH3 half-reaction begins with the formation of amido complexes by
the replacement of Cl atoms by NH,, which is endothermic by 0.58 eV with
a physisorbed HCI state (HCI-PS1). Formation of the amido complexes can
be followed by an elimination reaction to form imido complexes, which has a
relatively high activation barrier of 2.51 eV. In addition, the effect of the reaction
temperature on the Cl impurity concentrations and film growth rate in the ALD
process is also discussed.

1. Introduction

In the past few years, copper (Cu) has been widely used as interconnect metallization for
advanced ultra-large-scale integration (ULSI) circuits due to its lower electrical resistivity and
higher resistance to electromigration compared with aluminium [1-3]. Despite its superior
electrical characteristics, the application of Cu as an interconnect material requires a diffusion
barrier in order to prevent Cu migration from entering SiO; or other dielectrics [4, 5]. The most
widely used deposition technique for the diffusion barriers in modern semiconductor devices
has been physical vapour deposition (PVD) and chemical vapour deposition (CVD) [6, 7].
Nevertheless, their inherent disadvantages make them unsuitable for growing conformal
barriers on high-aspect-ratio vias and trenches in microelectronic devices with a smaller feature
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size in the future. Therefore, a new deposition technique needs to be introduced for the
continued scaling of semiconductor devices.

Atomic layer deposition (ALD) is expected to be a promising technique for growing
conformal thin films on high-aspect-ratio structures [8, 9]. Despite many similarities, clear
differences can be found between ALD and CVD. The ALD method is a nonequilibrium
process, as the gas flow during the exposure and purge phases of the reaction cycle enables
reaction byproducts to be removed from the reactor. The self-limiting nature of ALD
facilitates the growth of uniform and conformal thin films with accurate thickness over large
areas [10—12]. This means that the method will not build up thickness at the entrance of the
bottoms and sidewalls of vias and trenches.

Titanium nitride (TiN) is considered to be one of the favourable materials for barrier
metal in Cu interconnection technology because of its thermal stability, good diffusion barrier
properties and low electrical resistivity [13—15]. There have been many studies on the ALD of
TiN barriers on the SiO, surface using TiCly and NHj3 as precursors [12, 16—18]. In addition,
the ALD of TiN as a metal gate has also been investigated to solve problems such as the gate
depletion and dopant penetration for the further scaling of metal oxide semiconductor field
effect transistor (MOSFET) devices [19-21]. Experimental data have shown that resistivity
with the ALD of TiN appears to be partially correlated to chlorine (Cl) concentration, which
decreases with the growth temperature [22]. This implies that the CI impurity concentrations
decrease at elevated temperatures. On the other hand, with increasing temperature, a decreasing
growth rate per cycle is also observed [18].

The kinetics of TiN CVD surface reactions using TiCl; and ammonia as precursors have
been calculated previously [23-25]. However, the detailed reaction mechanism of TiN ALD
on the SiO; surface is not fully understood. It is also well known that initial film growth onto
substrates is inhibited in many ALD process. Hence, the fundamental growth mechanism of
TiN ALD on the SiO, surface is of primary interest and importance in order to find the best
conditions for obtaining high-quality films. In the present work, first-principles calculations
based on hybrid density functional theory (DFT) are carried out to investigate the initial surface
reactions of TiN ALD on the SiO, surface using TiCly and NHj3 as precursors to elucidate the
film growth mechanism.

2. Calculation method

To investigate the possible reaction pathways of TiN ALD on the SiO; surface, a (SiH30)3Si—
OH cluster is chosen to represent the SiO,—OH, in which the central silicon atom is terminated
by an —OH group and combines with all three oxygen atoms bonding to the silicon atoms
terminated by three hydrogen atoms. The geometries and single-point energies of the reactants,
intermediate state, transition state, and products of the reaction are optimized. The reaction
pathways are constructed by a potential energy surface (PES) scan. All of the calculations
presented in this work are carried out using the Gaussian 03 quantum chemistry program [26].
The results described here are obtained using the B3LYP hybrid density functional, which
corresponds to Becke’s three-parameter exchange functional (B3) along with the Lee—Yang—
Parr gradient-corrected correlation functional (LYP) [27]. The electronic wavefunction is
expanded by using Gaussian basis sets. All of the atoms are described using the 6-31G(d)
basis set. The optimizations are performed by finding stationary points followed by frequency
calculations needed to verify the nature of the stationary points on the PES, including energy
minima (all positive frequencies) and transition states (one imaginary frequency). The clusters
are fully relaxed without any constraints. Energies reported here include zero-point energy
corrections.
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Figure 1. (SiH30)3Si—OH cluster model representing SiO,—~OH* surface. The black, small grey,
and white balls represent O, Si, and H atoms, respectively.

To ensure the accuracy of the computed reaction energies, larger basis sets have also been
used to calculate the single-point energies of optimized critical points. We extended the basis
set to the B3LYP/6-311G(d) and B3LYP/6 — 3114++4G(3df, 2p) level of theory on both half-
reactions. Both approaches resulted in similar energies, as found using B3LYP/6-31G(d), the
average differences in relative energies were less than £0.09 eV.

3. Results and discussion

The optimized geometry of the (SiH30)3Si—OH cluster is shown in figure 1. The initial surface
reactions of TiN ALD between the precursors and the SiO, surface can be separated into two
half-reactions. In the first half-reaction, TiCly reacts with an SiO, surface —OH group, liberating
HCI and forming a SiO,—O-TiCl* terminated surface, where the asterisks denote the active
surface species. Following an inert gas (e.g. N,) purging period, NHj is pulsed into the reactor
and reacts with —TiCI* groups, forming ~TiNH,* during the second half-reaction.

The optimized geometries of the total system along the two half-reactions are shown in
figure 2. The PES along with the Gibbs free energies at different temperatures of the first half-
reaction, which represents the reaction of gaseous TiCly on the SiO,—~OH* surface, are shown
in figure 3. The corresponding numerical values of reaction energies at 0 K and Gibbs free
energies at 298, 450 and 600 K are listed in table 1. When TiCly approaches the SiO, surface,
it forms a TiCly chemisorbed state (TiCly-CS) through the interaction between an empty d-
orbital of a Ti atom and the oxygen lone-pair electrons. The electron donation from an oxygen
lone-pair to a Ti atom weakens the Ti—Cl bonds. This can be seen from the change in Ti—Cl
bond lengths. The Ti—Cl bonds increase from 2.180 A in TiCly to 2.241 and 2.205 A in the
TiCly-CS. Then the Cl atom of the longer Ti—Cl bond reacts with one hydrogen atom from the
surface —OH group by a transition state (TiCl;—TS) to form the byproduct (HCI). The TiCly—
TS structure has Ti—Cl and O—H bond lengths of 2.748 and 1.251 A, which are elongated by
23% and 29% with respect to the TiCl4-CS. HCI can desorb from the surface to reach an HCl
desorption state (HCI-DS1) spontaneously. At last, the surface functional group transforms
from a Si0,—OH* surface to a Si0,—O-TiClj surface. As can be seen from figure 3, when
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Figure 2. The optimized geometries of the total system along the two half-reactions: (1) the first
half-reaction; (2) the second half-reaction. The bond lengths are shown in A. The small black, big
black, light grey, small white, dark grey, and big white balls represent O, N, Si, H, Cl, and Ti atoms,
respectively.

TiCly adsorbs as molecules on a SiO,—~OH* surface site, the adsorption energy is 0.46 eV. Also,
a high activation barrier of 0.78 eV is needed for the reaction. It is obvious that this reaction is
exothermic by 0.38 eV. This is in agreement with the calculation results of Tanaka ef al, where
SiOH clusters are used to represent the SiO,—OH* surface sites [25].

The second half-reaction involves the reaction of ammonia with surface chlorine groups.
This is the formation of amido complexes SiO,—O-TiCl,(NH,)5_,. by ligand exchange
reactions and of imido complexes by subsequent elimination reactions, where x has values
of 0-2. The reaction pathway for the replacement of the first Cl atom bonded to Ti by NH;
is shown in figure 4. In addition, the corresponding numerical values of reaction energies at
0 K and Gibbs free energies at 298, 450 and 600 K for this half-reaction are summarized in
table 2. The first step of this half-reaction involves the adsorption of NH; onto the SiO,—
O-TiClj surface to form a chemisorbed ammonia complex (NH3-CS). Our calculation results
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Figure 3. Reaction pathway for the reaction of gaseous TiCly on SiO,—OH* surface. The black,
light grey, small white, dark grey, and big white balls represent O, Si, H, Cl, and Ti atoms,
respectively.

Table 1. Reaction energies at 0 K (A Hp) and Gibbs free energies (AG) at 298, 450 and 600 K for
Si0,—~OH* + TiCly half-reaction. All energies are shown in eV.

TiCl4-CS  TiCl4-TS HCI-DS1

AH, —0.46 0.32 —0.38
AGoog 0.18 0.74 —0.41
AGys0 0.39 0.95 —0.46
AGeno 0.59 1.14 —0.50

Table 2. Reaction energies at 0 K (A Hp) and Gibbs free energies (AG) at 298, 450 and 600 K for
SiO,—O-TiCIf 4 NH3 half-reaction. All energies are shown in eV.

NH3-CS NH3-TS1 HCI-PS1 HCI-DS2 NH3-TS2 HCI-PS2 HCI-DS3

AH, -0.70 0.58 0.49 0.58 3.09 3.10 3.62
AGpg —0.29 1.09 0.95 0.58 3.14 3.18 3.31
AGys0  —0.07 1.38 1.20 0.49 3.16 3.20 3.26
AGeno 0.15 1.65 1.45 0.56 3.23 3.23 2.99

show that the adsorption energy is 0.70 eV. This stable complex is formed where the interaction
between an empty d-orbital of a Ti atom and the nitrogen lone-pair electrons occurs. The
weakening Ti—Cl bond also increases from 2.200 A in the HCI-DS1 to 2.250 A in this complex.
The physisorbed HCI complex (HCI-PS1) is then formed through the reaction of a hydrogen
atom from the incoming ammonia and a Cl atom from the SiO,—O-TiClj surface. The energy
of the transition state (NH3—TS1) leading to the formation of the HCI-PS1 is 1.28 eV and the
reaction is endothermic by 1.19 eV relative to the NH3-CS. Finally, HCI desorbed to reach its
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Figure 4. Reaction pathway for the reaction of NH3 on SiO;—O-TiCl* surface. The small black,
big black, light grey, small white, dark grey, and big white balls represent O, N, Si, H, Cl and Ti
atoms, respectively.

desorption state (HCI-DS2) with an energy of 0.09 eV relative to the HCI-PS1. During the
process NH3-CS — NH;3-TS1 — HCI-PS1, the Ti-N and H-CI bonds change from 2.318 and
3.062 Ato 1.980 and 1.551 Aand to 1.890 and 1.321 A, respectively. All of them indicate the
formation of a Ti—-N bond and the byproduct (HCI1). Cross et al [23] and Siodmiak er al [24]
found similar reaction pathways in their ab initio theoretical studies of TiN CVD. However,
their activation barriers are higher, which may be the effect of the SiO, substrate or basis sets
used in the present work. Further ammonia exposure will result in replacement of the second
and third Cl atoms from the SiO,—O-Ti(NH,);_,—CI} (x = 1 or 2) sites, which proceeds
through an analogous mechanism. The reactions are endothermic by 0.58, 0.79 and 0.94 eV
for the first, second and third Cl removals, respectively. This suggests that the process becomes
more difficult as more chlorines are replaced by NH,.

In addition, formation of the amido complexes can be followed by the elimination of HCI,
which results in imido complexes [23]. The calculated reaction mechanism is also shown in
figure 4. The Ti—N bond over the course of the elimination reaction shows a value of 1.851 A in
the HCI-DS2, shortening to 1.675 A in the transition state (NH3-TS2) and 1.670 A in the HCI
physisorbed state (HCI-PS2), and finally becoming 1.663 A in the HCI desorption state (HCI-
DS3). As seen in table 2, the formation of an imido complex has an activation barrier of
2.51 eV and is endothermic by 3.04 eV relative to HCI-DS2, suggesting that the reaction is not
thermodynamically and kinetically favourable. Cross et al studied the reaction forming imido
complexes, and found similar energetics for HCI elimination along the reaction path [23].

As can be seen from figures 3 and 4, both the TiCl4-CS and the NH;3-CS have lower
energies than the dissociated products. As a result, the probability of adsorbing molecules
being trapped in the molecularly adsorbed state is higher than that of dissociating. This trapped
effect will hinder the reaction’s progress, as the dissociated products are desired because they
are necessary to continue the next half-reaction cycle in ALD. Moreover, it will result in the
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incorporation of Cl atoms in the film. It is well known that Cl contamination will cause
reliability problems in device performance. However, the free energies of the adsorbed complex
and transition state increase relative to the reactant and product free energies with increasing
temperature, as shown in tables 1 and 2. This is mainly due to an entropic effect [28, 29]. As a
result, the stability of the adsorbed complexes can then be reduced by increasing temperature,
which will result in the decrease of Cl impurity concentration in the grown film. This result
has been observed by Elers et al, who found that the chlorine concentration was inversely
proportional to the deposition temperature [12]. In addition, physisorbed byproducts (HCI) can
easily desorb from the surface at elevated temperatures rather than readsorbing and blocking
surface sites from further adsorption of the precursor, which leads to slower growth rates. The
desorbed HCI is then purged out of the reactor by the inert gas, which drives the reaction
towards the products under a nonequilibrium ALD process.

Nevertheless, the temperature only slightly affects the free energies of the products,
because the entropy difference between the reactants and the products is found to be small.
Furthermore, the lower desorption barrier will make more chemisorbed precursors desorb from
the surface instead of further dissociating to form the film and byproducts. This is in agreement
with previous reports of experiments [17, 30]. The growth rate of the initial surface reaction
has been observed to decrease at elevated temperatures. As a result, although the population of
the trapped complexes decrease with temperature, longer gaseous reactant exposure times are
needed to maintain a high gaseous pressure in order to minimize desorption of the adsorbed
precursor molecules from the surface. A longer NHj3 pulse time has also been found to increase
the film growth rate [17].

4. Conclusion

In conclusion, we have investigated the initial reaction mechanism of TiN ALD on the SiO,
surface using TiCly and NHj3 gaseous precursors. The resulting changes in reaction energy
at 0 K, together with the Gibbs free energies at 298, 450 and 600 K for both half-reactions,
are presented. The results reveal that both half-reactions have relatively stable chemisorbed
states, with formation energies of 0.46 and 0.70 eV, respectively. The stable chemisorbed
complexes not only hinder the reaction progress but also result in the incorporation of Cl
atoms in the film. Consequently, a high surface temperature is required to reduce the stability
of the trapped complexes in order to drive them towards dissociation and to decrease the Cl
concentration. However, the adsorbed precursor molecules prefer to emanate rather than react
on the corresponding surfaces at elevated temperatures. As a result, longer precursors exposure
times are necessary to maintain a high gaseous pressure to minimize desorption of the adsorbed
precursor molecules from the surface.
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