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The atomic layer deposition (ALD) of silicon nitride using silicon chloride was simulated by density functional
theory (DFT) calculation to compare different nitriding agents. We chose the NSiCl,*/SiCl*-terminated SizN4
substrate as the adequate chlorine-terminated substrate. We confirmed that the thermal ALD reaction using NH3
or NH, is energetically favorable and found that the reaction with NyH, shows an activation energy of 1.77 eV,
which is lower than 3.30 eV of the reaction with NHj. In the plasma-enhanced ALD (PEALD) process using NH3
plasma, NH,~ ion and H- radical remove the Cl atoms of the SizN,4 surface to form active sites for the following

reaction, —SiNH,* group or -Si*. N- radicals in N, plasma may not remove the Cl atoms because the re-
combination reaction is more favored. The PEALD process using NH; plasma showed a growth rate of 0.09 nm/
cycle at 300 °C, but the growth rate of the process using N, plasma is negligible, which is in good agreement with

our DFT calculations.

1. Introduction

Silicon nitride has unique properties, such as high etching se-
lectivity against silicon oxide or silicon [1], superior diffusion barrier
against copper, alkali ions, dopants, or moisture, high dielectric con-
stant, and high charge trap density [2,3]. The primary application of
silicon nitride in the semiconductor manufacturing process includes the
sidewall spacer of complementary metal-oxide-semiconductor (CMOS)
devices [4], the dielectric barrier for copper interconnect [5], and the
charge trap layer in three-dimensional NAND flash devices [6]. Silicon
nitride thin films with excellent film quality have been produced by
low-pressure chemical vapor deposition (LPCVD) techniques. However,
the use of LPCVD is limited by the thermal budget and the step coverage
in the fabrication of state-of-art semiconductor devices. Plasma-en-
hanced chemical vapor deposition (PECVD) can reduce the thermal
budget. However, it produces silicon-rich silicon nitride film with lower
film density and inadequate step coverage. In particular, the silicon
nitride film prepared by PECVD contains a high concentration of hy-
drogen [3,7].

Recently, the atomic layer deposition (ALD) technique was adapted
for better step coverage as well as better film quality at lower tem-
peratures [8]. ALD is a thin-film deposition process in which two self-
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limiting half-reactions are repeated. The first half-reaction is the surface
reaction of precursor molecules, while the second half-reaction is the
surface reaction of co-reactant species. Therefore, the ALD reaction rate
is dependent on the types of precursors, co-reactant, and surface active
sites [9,10], so the co-reactant is as crucial as the precursor. Plasma-
enhanced ALD (PEALD) differs from thermal ALD in that it uses the
plasma activation of co-reactant in the second half-reaction. Although
the thermal ALD process dominated the early years of research on the
ALD of silicon nitride, the number of publications on the PEALD has
increased rapidly in the last five years [11]. Silicon chloride precursors
have been used for both thermal ALD and PEALD processes, while
chlorine-free precursors have been reported for PEALD only [11,12].
Silicon nitride film has been deposited by thermal ALD using di-
chlorosilane (SiH,Cl,) or hexachlorodisilane (Si,Clg) with ammonia
(NH3) gas at process temperatures of 450 °C or higher [8,11,13,14], and
the PEALD using Si,Clg or SiH,Cl, with NHj3 plasma showed lower
deposition temperatures down to below 400 °C [15-17]. No thermal
ALD process was reported using non-chloride precursors. However, the
high reactivity of plasma species allows the use of non-chloride pre-
cursors in the deposition process. PEALD of silicon nitride were re-
ported using trisilylamine (TSA) [18], neopentasilane [19], bis(tert-
butylamino)silane =~ (BTBAS) [20,21], tris(dimethylamino)silane
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(TDMAS) [22], Di(sec-butylamino)silane (DSBAS, SiHzN(*Bu),) [23],
bis(dimethylaminomethylsilyl)trimethylsilyl amine (DTDN2-H2) [6],
and 1,3-di-isopropylamino-2,4-dimethylcyclosilazane (CSN-2) [24,25].
Experimental and theoretical studies comparing nitriding agents were
reported for aminosilane precursors. Nitrogen (N,) plasma gives the
highest growth rate in PEALD using BTBAS, and N,/H, or NH; plasma
produces hydrogen-terminated silicon nitride surface, which hinders
the chemisorption of aminosilane precursors [26]. Also, the N, plasma
after the NH3; plasma removes the surface hydrogen atoms to activate
the chemisorption of aminosilane precursors [17,24,26]. However, the
research for co-reactants for silicon chloride precursors is less active.
NH; is the most commonly used co-reactant in thermal ALD and PEALD
processes. The use of hydrazine (N»H,4) in combination with Si>Clg was
first reported at 600 °C, where pure ALD reaction was impossible [27].
A recent report indicates that the silicon nitride film can be prepared
using NoH,4 even at 275 °C [28], which is a much lower process tem-
perature than with NH;. There has been no report on ALD of silicon
nitride using silicon chloride precursors with either N, gas or Ny
plasma.

In our previous works, we studied the first half-reaction of ALD si-
licon nitride using silicon chloride precursors by density functional
theory (DFT) calculation to investigate the effects of surface-active sites
and silicon chloride precursors on the ALD reaction [29,30]. In the
present work, we studied the second-half reaction of ALD silicon nitride
using silicon chloride also by DFT calculation to investigate different
nitriding agents for silicon chloride precursors. The nitriding agent, the
co-reactant for the ALD of silicon nitride, must replace chlorine atoms
on the growing film surface with nitrogen-containing ligands. To mimic
both the thermal ALD process and the PEALD process, we considered
two types of nitriding agents, gas molecules and plasma species, re-
spectively. NH3, N,H4, and N, were considered as molecules, and
NH, , NH., H,, N7, and N- were considered as plasma species. We
constructed and compared different chlorine-terminated surfaces to
mimic the surface condition after the first half-reaction, and then stu-
died the surface reactions on the stable but reactive chlorine-terminated
surfaces. We simulated the surface reaction and the recombination re-
action of nitriding agents and compared them in terms of reaction en-
ergy and activation energy.

2. Experimental
2.1. Calculations details.

DFT calculations were performed using Material Studio 7.0 with the
Dmol® package (Accelrys BIOVIA, USA) [31,32]. Generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional
and double numerical polarization 4.4 basis set were used in all cal-
culations [30-32]. DFT-D with Grimme method was used for the dis-
persion correction of the system.[33] The Brillouin zone integration
was sampled within Monkhorst-Pack k-point meshes of 2 x 2 x 1 for
all calculations. Octupole multipolar expansion was applied for more
precise results. Smearing of 9 x 10~ * Ha (Hartree, 27.21 eV) and di-
pole slab correction in the orbital occupancy scheme were applied. We
used a customized quality of convergence tolerance without symmetry
constraint until the total energy change was converged to 10~ ° Ha, and
all the atomic forces became smaller than 2 x 10~* HaA~ 1.

Chlorine-terminated surfaces were constructed by adding chlorine
atoms or silicon chloride groups to the top layer of the SisN, substrate.
The substrate consisted of 4 layers of (2 X 2) supercell of 3-SizN4 (001)
plane and was described in detail elsewhere [29]. We constructed N,
NHs;, and N,H,4 molecules as the gas species of the nitriding agents and
constructed various ionic or neutral fragments of NH3 or N, to represent
the plasma species [34-38]. The NH3; molecule, NH, ™~ ion, NH:, and H-
radicals were considered as major NH3 plasma species, while N, mo-
lecule, N~ ion, and N- radical were considered as N, plasma species.
For NH; plasma, we considered NH, ™~ ion because it is generated at a
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high density in RF plasma, as shown in Eq. (1) [36,39]:
NHs; + e~ — NH,™ + H- )

At the same time, hydrogen radical is also produced by the reaction
of Eq. (1). The NH- radical is formed by the dissociation of an NH;
molecule into an NH- radical and two H- radicals, as indicated in Eq. (2)
[35,38]:

NH; + e — NH- + 2H- + e~ (2

The density of NH. radical is lower than those of NH, ™ ion and H-
radical. For N, plasma, we considered both N~ ion and N- radical be-
cause they have high densities in RF plasma, as shown in Eq. (3) [38]:

N, + e =N + N- 3

We simulated the reaction of a single ion or radical with the
chlorine-terminated silicon nitride surface. We computed the adsorp-
tion energy (E,4s), the reaction energy (Eg), and activation energy (E)
using Egs. (4), (5), and (6):

Eags = physisorption — Eunbound reactant ()]
ER = Echemisorption - Ephysisorption (5)
EA = Etransilion state — Ephysisorption (6)

where Eunbound reactant Ephysisorptiom Etransistion states and Echernisorption are
the total energies of the system calculated during the surface reactions
for the states before and after the physisorption, at transition, and after
the chemisorption, respectively. For a surface reaction where the phy-
sisorption state is absent, the energy of reaction was determined by the
difference between the state before physisorption and the state after
chemisorption. The details of our calculations can be found in our
previous study on the reaction between silicon chloride precursors and
silicon nitride surfaces [29,30]. We also simulated the surface reaction
as well as the recombination of two ions or radicals to expect if the
recombination reaction of the plasma species is favorable.

2.2. ALD process of silicon nitride

We used a traveling-wave-type cold wall reactor equipped with a
plasma source (13.56 MHz of capacitively-coupled plasma) to deposit
silicon nitride film. Si>Clg (UP Chemical Co., Korea) was used as the
silicon precursor while NH3 (99.9995%) and N, (99.9995%) were used
as the nitriding agents. The silicon nitride films were deposited at
300 °C with plasma RF power of 100 W under 1.5 Torr for 50 cycles.
The details of the experimental conditions are described elsewhere
[29].

3. Results and discussion
3.1. Construction of chlorine-terminated silicon nitride surfaces

Since there has been no report on the modeling of chlorine-termi-
nated silicon nitride surfaces, we prepared chlorine-terminated surface
structures by attaching chlorine atoms or silicon chloride groups on
silicon nitride surfaces in several ways and tried to obtain stable
structures by geometry optimization. In the previous work [29], we
modeled hydrogen-terminated SizN, surfaces to study the surface re-
action of silicon precursors. First, we constructed the bare Si3N, surface
by stacking four slabs of (2 X 2) supercell without any modification,
resulting in under-coordinated >Si=N- bonds on the surface. Next, the
NH*/SiH*-terminated surface was constructed by passivating the bare
SizN, surface using hydrogen atoms. The asterisk (*) indicates surface
active sites. Finally, the NH*/SiNH,*-terminated surface was trans-
formed from the NH*/SiH*-terminated surface by replacing the H atom
of Si-H* surface group by NH,, assuming the exposure to NH3 before
the precursor supply. As an analogy of previous work, we first
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(a) Surface 1

(b) Surface 2

—NCI*/siCl* —NSiCI,*/SiCI* + xCl,

(c) Surface 3

—NSiCI,*/SiCI* —NH*/Nsicl,*

Fig. 1. Modeling of chlorine-terminated silicon nitride surface: (a) NCI*/SiCl*-terminated surface, (b) NSiCl,*/SiCl*-terminated surface, and (c¢) NH*/NSiCl,*-

terminated surface. The asterisk (*) indicates surface active sites.

constructed different types of chlorine-terminated silicon nitride sur-
faces to model the surface reaction of nitriding agents, as shown in
Fig. 1. The NCI*/SiCl*-terminated surface in Fig. 1(a), denoted as sur-
face 1, was constructed by the passivating of the bare Si3N, surface with
chlorine atoms. However, it is unrealistic that the silicon chloride
precursor will react with the silicon nitride surface to form NCI*. In the
first half-reaction, the silicon chloride precursor, SiCly or Si»Cls, are
chemisorbed on the nitrogen atoms of silicon nitride surface to form the
NSiCl* surface groups [30,40] so that silicon chlorides would passivate
all surface nitrogen atoms. The NSiCl,*/SiCl*-terminated surface, de-
noted as surface 2, was transformed from the NCI*/SiCl*-terminated
surface by replacing the Cl atom of N-Cl* with SiCls, as shown in
Fig. 1(b). The optimized geometry shows that some Cl atoms interact
with each other to form Cl, molecules, which are desorbed from the
surface. By removing the Cl, molecules from the surface, a stable
chlorine-terminated SisN, surface was obtained with SiCl,* and SiCl*
groups as the surface-active sites, as shown in Fig. 1(b). The combina-
tion of SiCl,* and SiCl* groups on the silicon nitride surface is more
stable than the SiCl;* group due to the enlarged distance between the
chlorine atoms. It can also be seen that the Si-Si bonds between NSiCl,*
and SiCl* were also formed to compensate for the displacement of Cl
atoms from the silicon chloride groups. The NH*/NSiCl,*-terminated
surface denoted as surface 3 in Fig. 1(c) was constructed from the NH*/
SiNH,*-terminated surface in the previous work by replacing the H
atoms of NH* and SiNH,* with SiCl, groups. However, all surface hy-
drogen atoms could not be replaced by SiCl, because H atoms from the
NH* groups were located slightly below SiNH,*, which disagrees with
the literature where the contamination of hydrogen was less than 10%
[11,41]. Thus, the NH*/NSiCl,* surface is not a good model for the
calculation of ALD silicon nitride.

Surfaces 1 and 2 were examined for the second half-reaction study
by calculating the surface reaction of an NH3 molecule on both surfaces.
Fig. 2 shows the total energies of the unbound, physisorption, transition
state, and chemisorption structures for the reaction of an NH; molecule
on surfaces 1 and 2. The calculation results on surface 1 show the

exothermic physisorption of NH; with the total energy difference of
—0.21 eV. Two different reaction pathways were assumed after phy-
sisorption. The assumption for the first pathway was the chemisorption
of NH; to produce the Si-NH,* surface group and an HCl molecule, as
shown in Fig. 2(a). The chemisorption was exothermic with reaction
energy of —4.04 eV and was accompanied by the formation of a Cl,
molecule, as follows in Eq. (7):

-NCI* + 2-SiCl* + NHs(g) = -N* + —SiNH,* + —Si* + Cly(g) + HCl
(®) )]

Two Cl atoms from -NCI* and -SiCl* were combined to form a Cl,
molecule, -N*, and -Si*, which shows that the NCI*/SiCl*-terminated
surface is not stable during the ALD reaction. The transition state
showed lower energy than the chemisorption state, so we assumed the
transition state obtained from Eq. (7) as the reaction product of the
second reaction pathway. NH,Cl and HCl molecules are formed by re-
moval of Cl atoms from the surface, as shown in Eq. (8):

-NCI*/SiCl* + NHs(g) — -N* + -Si* + NH,Cl(g) + HCI(g) ©)

The calculation showed a stronger exothermic reaction with a total
energy difference of —4.57 eV and activation energy of —0.15 eV,
indicating that the reaction should be fast (Fig. 2(b)). However, the
result disagrees with the experimental observations where the ALD of
silicon nitride using NH3; gas requires a rather high temperature of
450 °C or higher [11]. Therefore, the NCI*/SiCl*-terminated surface is
not a correct model to simulate the second half-reaction of ALD silicon
nitride.

The reaction between NH3 with surface 2, the NSiCl,*/SiCl*-ter-
minated surface, was investigated analogously with the surface 1. The
physisorption of the NH3; molecule is exothermic, with the energy of
—0.41 eV. Two different pathways were also assumed. For the first
pathway, the NH; molecule chemisorbs by forming an -NH,* surface
group and an HCl molecule, as shown in Eq. (9). For the second
pathway, the NH;3 removes two chlorine atoms from the surface to form
NH,Cl and HCI molecules, as shown in Eq. (10):
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Fig. 2. Energy diagram for the surface reactions of an NH; molecule on silicon nitride surfaces: (a) the formation of —-SiNH,* on the NCI*/SiCl*-terminated surface,
(b) the formation of an NH,Cl molecule on the NCI*/SiCl*-terminated surface, and (c) the formation of -SiNH,* on NSiCl,*/SiCl*-terminated surface.

-SiCl,* + NHs(g) — -SiCINH,* + HCI(g) ©

-SiCl* + NH3(g) — -Si* + NHCl(g) + HCI(g) (10)

The first pathway in Fig. 2(c) is an exothermic reaction with the
reaction energy of —1.46 eV and an energy barrier of 3.30 eV. The
chemisorption state in Fig. 2(c) shows that the chemisorption of NH;
produces -NH,*, the active surface site for the first half-reaction.
Meanwhile, the second pathway was an endothermic reaction with the
reaction energy of 2.02 eV (Fig. S1), which means the reaction is not
favorable. Therefore, we chose surface 2, the NSiCl,*/SiCl*-terminated
surface, to compare nitriding agents in the following calculations.

According to our Mulliken charge analysis on the Cl-terminated
surface, the Si atoms have positive charges (0.915 e or 0.829 e), while
the Cl atoms have negative charges (—0.327 e). The N atom of NH;3

shows negative charges (—0.527 e), whereas the H atoms show positive
charges (0.176 e). The N atom is attracted to the most positive Si atom
on the surface, donating the electron and forming a bond. In the process
of the reaction, charge transfers from the electronegative N atom of
NH; to the Si atom of the surface, making Si more positive, N more
negative in the product state.

3.2. The surface reactions of NH; and N,H, molecule

We compared N,H, gas with NH3 gas as the nitriding agent for
thermal ALD. We assumed two reaction pathways, as shown in Egs. (11)
and (12).

—2-SiCl* + N,H,(g) — -Si* + NHCI(g) + NHj(g) 12)
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Fig. 3. Energy diagram for the surface reactions of an N,H, molecule on the NSiCl,*/SiCl*-terminated silicon nitride surface.

Fig. 3 shows the energy diagram for the surface reactions of an NoH,
molecule. The physisorption of N,H, is more exothermic than that of
NH; with the energy of —0.51 eV. The chemisorption of N,H, in Eq.
(11) was exothermic, with the reaction energy of —0.54 eV and the
energy barrier of 1.77 eV. The reaction of N,Hj, is less exothermic than
that of NH;3 due to the less stable byproduct, NH,Cl. The energy barrier
for NoH, is only half as compared with NH3, indicating that the NoH,4
reaction is faster than the NH; reaction. The optimized geometry of the
transition state in Fig. 3 shows the elongated N-N bond of N,H, and the
formation of a hydrogen bond between the NH; and Cl atom from the
surface. The transition state geometry for the NH; reaction showed the
breaking of the N-H bond, as shown in Fig. 2(c). The hydrogen bond in
Fig. 3 stabilized the molecular geometry at the transition state, corre-
sponding to the lower energy barrier of NoH, than that of NH;. We also
simulated the other pathway where an N,H4 molecule abstract chlorine
atom from the surface to form NHCI and NH3; molecules, as shown in
Eq. (12). The reaction is endothermic with the reaction energy of
2.12 eV, indicating that the reaction was not favored (Fig. S2). There-
fore, the first reaction pathway is plausible, and we confirmed that
N,H, is more reactive than NH3 due to its lower energy barrier. We also
can expect that N,H, is more reactive than NH; based on the bond
dissociation energy (BDE) values. The BDE values of the N-N and N-H
bonds in N,H, are around 2.82 eV and 3.51 eV [42], whereas the BDE
of the N-H bond in NH; is about 4.6 eV [43].

3.3. NHj plasma surface reactions

The surface reactions of NH; plasma species were simulated, and the
energy diagrams and the optimized geometries of the reactions are
shown in Fig. 4. Both physisorption and chemisorption of NH,~ ion was
exothermic with the energies of —0.33 eV and —0.90 eV, respectively,
and the energy barrier for chemisorption was 0.29 eV. The optimized
geometry of the transition state in Fig. 4(a) shows that the energy
barrier corresponds to the migration of NH, ™ ion closer to the sili-
con-silicon bridge surface group to form a Si—-NH, surface group. The
radical species, NH- and H-, also showed exothermic physisorption and
chemisorption, as shown in Fig. 4(b) and (c). The energy barriers for
chemisorption were small negative values, corresponding to high re-
action rates. The NH- radical reacts with the surface to form the surface
group of Si-NHCI*, and the Cl atom released from SiCl,* migrates to
neighboring —SiCl* to form SiCl,*. The H- radical reacts with the surface
to form an HCl molecule and reactive surface sites. As shown in
Fig. 4(b) and (c), the optimized geometries of the transition states are
similar to those of the physisorption ones without any significant
changes.

When two radicals were introduced simultaneously into the simu-
lation, either the chemisorption or the recombination of two radicals is
possible. The energies for the chemisorption and the recombination of

two NH- radicals were —8.55 eV and —5.81 eV (Fig. S3), indicating
that the chemisorption is favored to form a Si-NH bridge and Si-NHCI
surface groups. On the other hand, the energies for the chemisorption
and the recombination of two H- radicals were —4.77 eV and —4.56 eV
(Fig. S4), indicating that the recombination is less favored than the
chemisorption. We did not consider the recombination of two ions,
because Material Studio software does not allow two ions to have the
same polarities. Also, the lifetime of NH, ™ ion in plasma is longer than
those of NH- and H- radicals [36], so the recombination of NH,~ ion
would be less favored than the chemisorption. In summary, the NH, ™~
ion would chemisorb on the surface, and the H- radicals would remove
the Cl atoms from the surface to form active surface sites.

3.4. N, Plasma surface reactions

The energy diagrams and the optimized geometries for the surface
reactions of N, plasma species are shown in Fig. 5. We could not acquire
the chemisorption of an N, molecule because of the inert nature of the
N, molecule, as shown in Fig. 5(a). The N- radical shows exothermic
physisorption and surface reaction with the energies of —2.86 eV and
—0.77 eV, and the energy barrier was 0.40 eV, as shown in Fig. 5(b).
The N~ ion also shows an exothermic surface reaction with a very low
activation energy of 0.02 eV, and we could not acquire the physisorp-
tion state after the geometry optimization, as shown in Fig. 5(c). Both
N- radical and N~ ion reacted with the Cl atom of the surface to form
the NCI molecule as the reaction byproduct.

However, when two N- radicals were introduced simultaneously,
the DFT calculation showed that the recombination reaction would be
more favored than the surface reaction. Fig. 6 shows that the physi-
sorption energy of two N- radicals was —0.14 eV, which is less exo-
thermic than the physisorption of a single N- radical. The surface re-
action of two N- in Fig. 6(a) yields the reaction energy of —0.47 eV,
which is also less exothermic than the surface reaction of the single
radical. Meanwhile, the recombination is very exothermic, with the
reaction energy of —10.3 eV, as shown in Fig. 6(b), and energetically
more favorable than the surface reaction. The energy for recombination
agrees well with the dissociation energy of the N-N bond in N, which is
9.76 eV. N- radical or N~ ion reacts with another radical or ion instead
of electropositive Si atoms to lower the total system energy. Therefore,
charge analysis is useful in explaining the reaction mechanism when
combined with energy analysis, but not in all cases. It is reported that
the lifetime of N- radical is very short in plasma [38], suggesting a good
agreement with the favored recombination reactions of this work.
These results indicate that N, plasma is less efficient than NH3 plasma
due to the recombination reactions when using silicon chloride pre-
cursors.
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Fig. 4. Energy diagram for the surface reactions of NH; plasma species on the NSiCl,*/SiCl*-terminated silicon nitride surface: (a) NH, "~ ion, (b) NH- radical, and (c)

H- radical.

3.5. PEALD of silicon nitride using NH3 and N, plasma.

Fig. 7 shows the growth rate of ALD silicon nitride using NH3
plasma and N, plasma. The growth rate was calculated by dividing the
film thickness by the number of ALD cycles. The film thickness was
around 4.5 nm when using the NH; plasma as the nitriding agent,
giving a growth rate per cycle (GPC) of ~ 0.09 nm/cycle. However, the
film thickness was 0.25 nm when using N, plasma, giving a negligible
GPC of ~ 0.005 nm/cycle. These results show that N, plasma could not

react efficiently with the chlorine-terminated surface, as suggested by
the calculation. On the other hand, NH;3 gas or its plasma species will
react with the chlorine-terminated surface to produce silicon nitride
film.

4. Conclusion

We studied the second-half reaction of ALD silicon nitride using
silicon chloride by DFT calculation to investigate different nitriding
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Fig. 5. Energy diagram for the surface reactions of N, plasma species on the NSiCl,*/SiCl*-terminated silicon nitride surface: (a) N, molecule, (b) N- radical, and (c)

N~ ion.

agents. The construction of the chlorine-terminated surface is essential
in predicting the reactivity of the nitriding agents, and the NSiCl,*/
SiCl*-terminated surface is the adequate surface, which is in a good
agreement with the experimental observations found in the literature.
Thermal ALD processes using NH; and N>H, were energetically favor-
able, and the N,H, molecule showed the energy barrier of 1.77 eV that
is lower than 3.30 eV of NH;. In plasma-enhanced ALD process using
NH; plasma, NH, ™ ion chemisorbs on the surface to form -SiNH,*
surface group, and H- radical removes the Cl atoms of the surface to
form surface active sites for the following reaction. N- radicals in Ny
plasma are inadequate as nitriding agents in the ALD process using si-
licon chlorides because they favor the recombination reaction over the
surface reaction. The PEALD process using NHj3 plasma showed a
growth rate of 0.09 nm/cycle at 300 °C, but the growth rate of the
process using N, plasma is negligible, which is in good agreement with
our DFT calculations.
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