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erent surface sites with silicon
chlorides during atomic layer deposition of silicon
nitride†
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Sora Park‡b and Young-Kyun Kwon*b

We studied the reactivity of different surface sites of b-Si3N4 with silicon chlorides during the first half

reaction of an atomic layer deposition (ALD) process using ab initio density functional theory calculations

to understand the underlying reaction mechanism. We considered three types of surface sites, NH*/SiH*,

NH*/SiNH2*, and under-coordinated bare pSi]N–. The reactions of the silicon chlorides with NH*/

SiNH2* and pSi]N– are energetically favorable, whereas the reactions are endothermic with NH*/SiH*.

On pSi]N–, the silicon and chlorine atoms of the precursors easily react with the unsaturated nitrogen

and silicon atoms, respectively, resulting in very low energy barriers for the reaction. However, on NH*/

SiH* and NH*/SiNH2*, the reaction undergoes high energy barriers due to the dissociation of a hydrogen

atom from the surface or a chlorine atom from the precursor. We further found that Si2Cl6 shows

energies of reaction lower than those of SiCl4 on pSi]N–. By discovering the influence of surface

reaction sites on ALD reactions, we designed a new 3-step ALD process to obtain the most effective

surface sites for the first half reaction, and confirmed this with deposition experiments. The N2 plasma

steps, prior to the introduction of a silicon precursor, reduced the saturation dose of Si2Cl6 from 107 L to

<106 L and increased the growth rate from 0.59 Å per cycle to 1.1 Å per cycle, which agrees with our

calculations. These results show that the reactivity of the surface sites plays a very important role to

determine the thermodynamics and kinetics of ALD processes.
1. Introduction

Silicon nitride thin lms have been widely used in metal-oxide-
semiconductor eld-effect-transistor (MOSFET) devices due to
their chemical stability and resistance to diffusion of impuri-
ties.1–3 Silicon nitride thin lms can be grown using several
deposition methods, such as low-pressure chemical vapor
deposition (LPCVD), plasma-enhanced CVD (PECVD), and
atomic layer deposition (ALD).4–20 Among them, ALD is the most
promising method to obtain silicon nitride thin lms with
excellent quality and high conformality via a low temperature
deposition process, which is critical especially in high quality
gate spacer applications.2,3

In the production of silicon nitride lms for the microelec-
tronics industry, silicon chlorides combined with ammonia
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have most widely been used as precursors and reactants.21

Silicon chloride precursors attract vast interest not only because
of their superior performances, but also their easy synthesis
owing to their simple structures. They can even be purchased
inexpensively from many materials companies. For thermal
ALD of silicon nitride, various silicon chlorides, such as
SiCl4,13,14 SiH2Cl2,15 or Si2Cl6,16 and ammonia (NH3) were used,
except for reports in which hydrazine (N2H4) was used instead of
ammonia.22,23 The structure of silicon chloride molecules exerts
a strong inuence on the reaction kinetics of ALD of silicon
nitride. The saturation doses of silicon precursors were reported
to be 2 � 1010,14 6 � 109,15 and 2 � 108 L (ref. 16) (1 L ¼ 10�6

Torr s) for SiCl4, SiH2Cl2, and Si2Cl6, respectively. These results
show that the rst half reaction in the ALD of silicon nitride
determines the reaction rate. Deposition temperatures are
typically 400–550 �C, which is slightly higher than the require-
ment of next-generation CMOS devices. The plasma-enhanced
ALD (PEALD) of silicon nitride using SiH2Cl2 and NH3 plasma
showed a low ALD process temperature below 400 �C and a low
saturation dose of 5.4 � 106 L compared with those of thermal
ALD. However, the silicon nitride lms prepared by the PEALD
method were silicon-rich and showed a low refractive index of
approximately 1.6,23 which is signicantly lower than that of air-
RSC Adv., 2016, 6, 68515–68524 | 68515
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exposed silicon nitride lms prepared by thermal ALD (typi-
cally, 1.8).16

Different surface sites of silicon nitride have been con-
structed using different deposition processes resulting in
hydrogen passivated sites15–17,24 or a low hydrogen content on
the surface.11–14,18,20–24 Hydrogen-passivated sites on b-Si3N4

surfaces are NH* and SiH* (NH*/SiH*), where the surface
species are indicated by the asterisks. On the other hand, the
surface sites of NH* and SiNH2* (NH*/SiNH2*) are formed by
NH3 gas during the thermal ALD process or by NH3 plasma
during the PEALD process, which was conrmed by an Si-NHx

peak from XPS analysis,13 and an NH2 peak from FTIR absorp-
tion spectra.14 Meanwhile, under-coordinated bare (pSi]N–)
surface sites have also been generated by N2 plasma during the
PEALD process.20

Compared to these experimental studies on the surface
structures of silicon nitride, there have been only a few theo-
retical studies. A density functional theory (DFT) calculation
showed that hydrogenated amorphous silicon nitride has Si–H
and N–H sites on its surface.25 Another DFT study revealed that
a hydrogen atom adsorbed on an amorphous silicon nitride
binds to either an Si or N atom located on its surface to saturate
its dangling bond and thus be fourfold or threefold coordinated
to Si or N atoms, respectively.26 Native defects in hexagonal b-
Si3N4 have been studied by using DFT calculations, showing
that both N and Si being native defect centers form donor and
acceptor states in the band gap26,27 A DFT calculation also
investigated differences in the dielectric property of silicon
nitride under various circumstances, such as in bulk and thin
lms, or in crystalline and amorphous phases.28

There have been several theoretical studies on the reactions
of silicon precursors with silicon nitride surfaces. The reaction
of SiH2Cl2 and NH3 with NH* and SiH2* surface sites during
thermal CVD of silicon nitride was reported. The silicon nitride
surface was modeled by a cluster of �50 atoms and the reaction
mechanism was studied using a combination of density func-
tional theory (DFT), transition state theory, and quantum Rice–
Ramsperger–Kassel theory.29 On the other hand, cluster models
with 10–30 atoms were constructed and the reaction was
studied using ab initio MP2/6-31G**.30 The reaction of SiH4 or
NH3 with Si–H* and N–H* for the cluster model of silicon
nitride having 25 atoms has been studied using DFT calcula-
tions to search for the reactive surface sites to SiH4 or NH3

during the thermal ALD process.31

Recent theoretical studies about the reaction of silicon
nitride with precursors are mostly focused on the reaction of
aminosilane precursors on NH*/SiNH2* surfaces.32,33 The
adsorption and reaction of different aminosilanes on the cluster
surface models of silicon oxide and silicon nitride consisting of
�70 atoms were studied using DFT calculations. Periodic slabs
of b-Si3N4 with NH*/SiNH2*-terminated surfaces with a (2 � 2)
unit cell were constructed by adding H and NH2 ligands to b-
Si3N4 slabs consisting of 112 atoms, and the reaction mecha-
nism of thermal ALD was studied using the DFT method.33

Recently, it was shown that the interaction of silicene, a quasi 2-
dimensional layer of silicon, with a hybrid substrate, b-Si3N4

(0001)/Si (111) induces an electron transfer, which can be
68516 | RSC Adv., 2016, 6, 68515–68524
modulated by the doping of the substrate. They calculated the
energy of the interface model of the substrate system with and
without full hydrogenation of the surface. It was computed that
the bare surface is more reactive than the hydrogenated one.34

In the earlier studies mentioned above, only one type of
reactive sites on silicon nitride surfaces were considered to
study the reaction mechanism of CVD or ALD processes. No
comparative studies have been done yet on how different
surface sites react with silicon precursors. Moreover, most
studies were done with only a limited number of atoms up to
those in a 4-layered (2 � 2) unit cell.33 Research done using
a large sized silicon nitride surface did not calculate the reac-
tion of silicon precursors during CVD or ALD processes, only
particular properties of silicon nitride such as electron mobility
and defect effects were investigated.26,27 Although a few silicon
precursors, such as SiH4, SiH2Cl2 and aminosilane were
studied, there has been no report on the reactivity of silicon
chlorides.

In the present work, we studied the reactivity of different
surface sites of b-Si3N4 with silicon chlorides using a periodic-
slab model of silicon nitride using DFT calculations to under-
stand the underlying reaction mechanism of the ALD process.
Three types of surface sites, NH*/SiH*, NH*/SiNH2*, and pSi]
N–, were considered. We studied SiCl4 and Si2Cl6 as the silicon
precursors to investigate their energies of adsorption and
reaction on different surface sites. The reactivity of the different
silicon precursors is also discussed. By discovering the inu-
ence of surface reaction sites on ALD reactions, we designed a 3-
step ALD process sequence to obtain the most effective surface
sites for the rst half reaction, and conrmed this with depo-
sition experiments.

2. Experimental
2.1. DFT calculations

Our theoretical results presented in this work were obtained by
rst-principles DFT implemented in the Materials Studio 7.0
with the Dmol3 package (Accelrys, USA).35,36 We used the Per-
dew–Burke–Ernzerhof (PBE) scheme37 in the generalized
gradient approximation (GGA) for the exchange correlation
functional and the double numerical polarization (DNP) basis
set. The scalar relativistic effects were included in the all elec-
tron calculation. For more precise results, we chose an octupole
scheme for the multipolar expansion. We used smearing of 9 �
10�4 Ha and applied the dipole slab correction in the orbital
occupancy scheme. As for geometry optimization, we used
a customized quality of convergence tolerance without
symmetry constraint until the total energy change was
converged to 10�6 Ha and all the atomic forces became smaller
than 2 � 10�4 Ha Å�1. Geometry optimizations were performed
for all the structures.38,39 The van der Waals (vdW) interaction of
a precursor molecule with a silicon nitride surface was
considered by using the Grimme method.40 We compared the
local structure, bonds, and formation energies with or without
vdW interaction, and the results showed the same trend of
reactivities for the different silicon nitride surfaces. Also, the
local structure and the bonds were very similar for both cases.
This journal is © The Royal Society of Chemistry 2016
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The calculation without the vdW interaction was used in the
present study, and the calculation with the vdW interaction is
included in the ESI (Fig. S9 and Table S3†). We analysed the
electron density and the Fukui indices to visualize the electro-
philicity of all atoms of silicon nitride surfaces.

Between the two polymorphic phases of silicon nitride, a-
Si3N4 and b-Si3N4, we chose b-Si3N4 to model the silicon nitride
surface, because of the metastable structures of a-Si3N4 having
oxygen defects.41–43 The b-Si3N4 (001) plane was modeled by the
hexagonal lattice of the space group P63/m consisting of 6
silicon and 8 nitrogen atoms with the optimized cell parameters
of a ¼ 7.660 Å and c ¼ 2.934 Å, which are in good agreement
with those parameters reported in other experimental and
theoretical studies.44,45 To explore the adsorption properties of
the silicon chlorides on the surface, we constructed a 4-layer
slab of a (2 � 2) supercell composed of 48 silicon and 64
nitrogen atoms, which has been used to study the reactivity of
aminosilane precursors.33 To avoid interaction from neigh-
bouring slabs, we introduced a vacuum region with a thickness
of 20 Å between two adjacent slabs. The slab structure was fully
optimized except for the bottom layer which was xed and
passivated with hydrogen atoms to mimic its bulk congura-
tion, as similarly done in other surface calculations.46

We constructed three distinct types of silicon nitride top
surfaces: (a) a NH*/SiH*-terminated surface, constructed by
adding hydrogen atoms to passivate both nitrogen and silicon
atoms, containing 160 atoms in total; (b) a NH*/SiNH2*-termi-
nated surface, transformed from surface (a) by replacing H
atoms in Si–H* with NH2, with a total of 184 atoms; and (c)
a bare Si3N4 surface, without any modication revealing under-
coordinated bare pSi]N– bonds, with total of 136 atoms. We
considered SiCl4 and Si2Cl6 molecules as silicon chloride
precursors, and each precursor-adsorbed silicon nitride surface
was optimized to calculate its adsorption energy Ea using

Ea ¼ Etot � (Esur + Epre)

where Etot, Esur, and Epre are the total energy of the system aer
adsorption, and the energies of the surface only and the
precursor only, respectively, as similarly done for various
adsorbates on adsorbents.47–53 While considering the different
orientations and adsorption sites of a silicon chloride molecule
above the surface, we performed geometry optimization for all
cases to evaluate their total energies. The case with the lowest
adsorption energy was selected as the most stable conguration
for adsorption of silicon chloride precursors on the surface.

To search for the reaction path during the ALD process, we
performed a transition state (TS) search based on the linear
synchronous transit, followed by repeated conjugate gradient
minimization and quadratic synchronous transit maximization
calculations.54–56 The optimized adsorption structure with the
lowest energy of adsorption was used as the initial structure for
searching the TS. Then, the reaction structure was constructed
by forming chemical bonds to simulate the reaction of
a precursor molecule with the surface sites. The structure was
optimized again, and was used as the nal structure in the TS
search calculations. TS search calculations enabled us to obtain
This journal is © The Royal Society of Chemistry 2016
the energies of reactions and barriers to determine the kinetic
and thermodynamic reactivity of the precursor with the surface.
2.2. ALD of silicon nitride

We used a traveling-wave-type cold-wall reactor equipped with
a plasma source. We also used Si2Cl6 (UP Chemical Co., Korea)
and NH3 (99.9995%) as the precursor and reactant, respectively.
Argon (99.999%) was the purging gas between pulses of
precursor and reactant. Silicon nitride lms were deposited at
300 �C for 50 cycles. The exposure of Si2Cl6 was varied from 1 �
106 L to 5� 107 L with a xed NH3 exposure of 1� 109 L. For the
N2 plasma steps, capacitively-coupled plasma of 13.56 MHz was
used as the source. The rf power, pressure, and time of N2

plasma were 100 W, 1.5 Torr, and 50 s, respectively. The thick-
ness and refractive index of the deposited lms were deter-
mined using an ellipsometer (Elli-SE, Ellipso Technology,
Korea).
3. Results and discussion
3.1. Structure optimization of surfaces and precursors

b-Si3N4 surfaces. We rst carried out geometry optimization
for all three silicon nitride surface structures described above to
obtain the corresponding equilibrium congurations with the
lowest total energies.57 Fig. 1 shows the optimized silicon
nitride surface structures. There are two kinds of nitrogen
atoms at the surfaces of the model. The nitrogen atoms denoted
as Nc neighbour with 3 silicon atoms, whereas the nitrogen
atoms denoted as NT neighbour with 2 silicon atoms. According
to literature, the bond length of Si–Nc and Si–NT are 1.743 and
1.748 Å in bulk b-Si3N4.27,58 In the NH*/SiH*-terminated surface,
constructed by adding hydrogen atoms to passivate both
nitrogen and silicon atoms, as shown in Fig. 1(a), the bond
length of Si–Nc, Si–NT, NT–H* and Si–H* are 1.746 Å, 1.731 Å,
1.020 Å and 1.486 Å, respectively. The NH*/SiNH2*-terminated
surface, transformed from Fig. 1(a) by replacing H atoms in Si–
H* with NH2, is shown in Fig. 1(b). The bond length of Si–NT is
slightly reduced to 1.712 Å and the bond length of NT–H* is
slightly increased to 1.041 Å as compared with the rst surface
structure shown in Fig. 1(a). The new bonds of Si–NH2* and N–
H2* are 1.771 Å and 1.023 Å, respectively. The bond lengths of
Si–Nc and Si]NT of the under-coordinated bare pSi]N–
surface in Fig. 1(c) are 1.743 and 1.750 Å, respectively, which are
in good agreement with the bulk bond lengths in the litera-
ture.30 Fig. 1(c) also shows the double bonds between Si and NT

at the surface.
Silicon chloride precursors. The optimized structures of

SiCl4 and Si2Cl6 including the bond lengths and bond angles are
shown in Table 1. The calculated Si–Cl bond lengths are 2.042 Å
and 2.053 Å in SiCl4 and Si2Cl6, respectively, which are in good
agreement with the literature.59–61 In Si2Cl6, the length of the Si–
Si bond is 2.345 Å, which is 0.292 Å longer than that of the Si–Cl
bond.
RSC Adv., 2016, 6, 68515–68524 | 68517
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Fig. 1 The optimized b-Si3N4 surface structures with (a) NH*/SiH*, (b) NH*/SiNH2*, and (c) pSi]N– termination. The nitrogen atoms denoted as
Nc neighbour with 3 silicon atoms, whereas the nitrogen atoms denoted as NT neighbour with 2 silicon atoms at the surface. Top and bottom
figures correspond to the plan view and the cross-sectional view of the silicon nitride models of this study.

Table 1 Bond lengths and bond angles of the optimized structures of
SiCl4 and Si2Cl6 molecules

Precursors

Length (Å) Si–Cl 2.042 Si–Cl 2.053
Si–Si 2.345

Angle (�) Cl–Si–Cl 109.5 Cl–Si–Cl 109.63
Cl–Si–Si 109.27
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3.2. Adsorption and reaction on the NH*/SiH*-terminated
b-Si3N4 surface

SiCl4 precursor. We considered two orientations and four
positions of SiCl4 above the surface. The details of all eight cases
are shown in the ESI (Fig. S1†).

Fig. 2 shows the optimized structures for adsorption and
reaction of SiCl4 on the NH*/SiH*-terminated b-Si3N4 surfaces.

The optimized structure of the system with the lowest
adsorption energy of SiCl4 on the surface is shown in Fig. 2(a).
In Fig. 2(c), a chlorine atom from SiCl4 reacts with the hydrogen
atom of NT–H* to form HCl, while the remaining atoms of SiCl4
react with the surface to form NT–SiCl3*. The lowest adsorption
energy is �0.04 eV, indicating that the adsorption is energeti-
cally favorable. However, the energy of reaction is 0.78 eV, which
68518 | RSC Adv., 2016, 6, 68515–68524
shows that the reaction is endothermic. The energy barrier from
Fig. 2(a)–(c) is 4.99 eV with the transition state structure shown
in Fig. 2(b). The distances between Si (precursor) and N
(surface) during adsorption and transition state were 6.04 Å and
4.54 Å, respectively, with no obvious surface reconstruction
during the reaction. These results indicate that it is difficult for
SiCl4 to react with the NH*/SiH*-terminated surfaces.

Si2Cl6 precursor. The procedure used for obtaining the
optimized structures for adsorption (Fig. S2†) and reaction of
SiCl4 was also implemented for Si2Cl6 precursors. Fig. 3 shows
the optimized structure for adsorption, transition state, and
reaction of Si2Cl6 on the NH*/SiH*-terminated surface. The
reaction of Si2Cl6 with the surface also produces HCl as the
byproduct and newly formed NT–Si2Cl5* on the surface as
shown in Fig. 3(c). Its lowest adsorption energy is �0.04 eV
similar to the SiCl4 case.

Both SiCl4 and Si2Cl6 on the NH*/SiH*-terminated surface
have an endothermic energy of reaction. The energy of reaction
of Si2Cl6 is 0.84 eV with an energy barrier of 5.32 eV, which are
higher than those of SiCl4. The distances between Si (precursor)
and N (surface) during adsorption and transition state were 5.25
Å and 3.60 Å, respectively, also with no obvious surface recon-
struction appearing during the reaction. It is also difficult for
Si2Cl6 to react with the NH*/SiH*-terminated surfaces.
3.3. Adsorption and reaction on the NH*/SiNH2*-terminated
b-Si3N4 surface

SiCl4 precursor. The adsorption and reaction of SiCl4 on the
NH*/SiNH2*-terminated surface are shown in Fig. 4(a) and (c),
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The optimized structures for (a) adsorption, (b) transition state and (c) reaction of a SiCl4 molecule on the NH*/SiH*-terminated b-Si3N4

surface.
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with a transition state shown in Fig. 4(b). In Fig. 4(c), SiCl4
reacts with Si–NH2* to form Si–NH–SiCl3* and HCl. A chlorine
atom dissociated from SiCl4 reacts with a hydrogen atom
dissociated from the Si–NH2* to form HCl above the surface.
The lowest energies of adsorption and reaction are �0.05 eV
and �1.12 eV, which indicates that both the adsorption and
reaction are exothermic. We obtained an energy barrier of 4.89
eV, which is slightly lower than the energy barrier of SiCl4 on the
NH*/SiH*-terminated surface. The distances between Si
(precursor) and N (surface) during adsorption and transition
state were 4.38 Å and 3.16 Å, respectively, with a slight surface
reconstruction during the reaction. It was found that hydrogen
atoms located below the precursor on the surface seem to be
shied a little bit during the transition state with respect to the
corresponding initial structure.

Si2Cl6 precursor. The adsorption and reaction of Si2Cl6 on
the NH*/SiNH2*-terminated surface is shown in Fig. 5(a) and
(c), with a transition state shown in Fig. 5(b). Fig. 5(c) shows
newly formed Si–NH–Si2Cl5* and HCl. A hydrogen atom disso-
ciated from the Si–NH2* also reacts with a dissociated chlorine
Fig. 3 The optimized structures for (a) adsorption, (b) transition state and
surface.

This journal is © The Royal Society of Chemistry 2016
to form HCl above the neighbouring Si–NH2* surface, which
shows the same tendency as the reaction of SiCl4. The lowest
energies of adsorption and reaction are �0.04 eV and �1.14 eV
with an energy barrier of 3.55 eV. The distances between Si
(precursor) and N (surface) during adsorption and transition
state were 5.08 Å and 3.46 Å, respectively, which also exhibit
a slight surface reconstruction during the transition state, as
observed similarly in the SiCl4 case.

3.4. Adsorption and reaction on the under-coordinated bare
pSi]N– b-Si3N4 surface

SiCl4 precursor. The optimized structures for the adsorption,
transition state, and reaction of SiCl4 on the under-coordinated
bare pSi]NT– surface are shown in Fig. 6. Fig. 6(c) shows that
the silicon atom in SiCl4 reacts with an NT to form a 5-coordi-
nate structure and that the double bond of Si]NT before the
reaction is transformed to single bond of Si–NT by the reaction.
The lowest energies for adsorption and reaction are �0.15 eV
and �1.92 eV with a very low energy barrier of 0.05 eV. The
distances between Si (precursor) and N (surface) during
(c) reaction of a Si2Cl6 molecule on the NH*/SiH*-terminated b-Si3N4

RSC Adv., 2016, 6, 68515–68524 | 68519

http://dx.doi.org/10.1039/c6ra10909h


Fig. 4 The optimized structures for (a) adsorption, (b) transition state and (c) reaction of a SiCl4 molecule on the NH*/SiNH2*-terminated b-Si3N4

surface.
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adsorption and transition state were 3.39 Å and 2.80 Å,
respectively, with no obvious surface reconstruction observed.

Si2Cl6 precursor. The optimized structures for the adsorp-
tion, transition state, and reaction of Si2Cl6 on the under-
coordinated bare (pSi]N–) surface are shown in Fig. 7.
Fig. 7(c) shows that the silicon atom in Si2Cl6 reacts with an NT

atom and that a chlorine atom dissociated from the precursor
reacts with a silicon atom on the surface. Also, the double bond
of Si]NT is transformed to the single bond of Si–NT by the
reaction. The lowest energies for adsorption and reaction are
�0.02 eV and �2.39 eV with a very low energy barrier of 0.193
eV. The distances between Si (precursor) and N (surface) during
adsorption and transition state were 4.75 Å and 2.86 Å,
respectively, also with no obvious surface reconstruction
appearing during the reaction.
3.5. Discussion

To summarize the calculation results, the energy diagrams for
all of the reactions of silicon chlorides with different kinds of
Fig. 5 The optimized structures for (a) adsorption, (b) transition state an
Si3N4 surface.

68520 | RSC Adv., 2016, 6, 68515–68524
surfaces are shown in Fig. 8. The detailed structures of b-Si3N4

surfaces for transition state calculations can be found in the ESI
(Fig. S3–S8†).

During the adsorption of the precursors on the b-Si3N4

surfaces, both SiCl4 and Si2Cl6 precursors show weak
exothermic adsorption energies ranging from�0.02 eV to�0.15
eV, which correspond to the energy values of a hydrogen bond
(0.03–0.3 eV) between hydrogen and chlorine atoms62–64 or van
der Waals forces (0.01–1 eV).65

Both precursors react with NT–H* rather than Si–H*, because
the bond strength of Si–N is higher than the Si–Si bond.66 SiCl4
tends to form shorter Si–N bonds on the b-Si3N4 surface than
Si2Cl6 does, regardless of the reaction stages. Such a trend may
occur due to the differences in electronegativity of the silicon
atoms between the two precursors. A Si atom in SiCl4 has one
less electron than that in Si2Cl6, which means the free electron
pair from nitrogen on the surface will attract SiCl4 stronger than
Si2Cl6.
d (c) reaction of a Si2Cl6 molecule on the NH*/SiNH2*-terminated b-

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The optimized structures for (a) adsorption, (b) transition state and (c) reaction of a SiCl4 molecule on the under-coordinated bare
pSi]N– b-Si3N4 surface.

Fig. 8 Energy diagram of SiCl4 and Si2Cl6 on the NH*/SiH*-termi-
nated, the NH*/SiNH2*-terminated, and the under-coordinated bare
pSi]N– b-Si3N4 surfaces.
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On the NH*/SiH*-terminated surfaces, the reactions of
precursors on the NH*/SiH*-terminated surfaces show positive
energy values, indicating that the reaction is not energetically
favorable. The energy barriers of 4.99 eV and 5.32 eV correspond
to the bond dissociation energy of hydrogen from NT–H*

(�4.81 eV).67

Contrarily, exothermic reactions were obtained for both
precursors on the NH*/SiNH2*-terminated surface. While
silicon precursors react with NT–H* sites on the NH*/SiH*-
terminated surfaces, silicon precursors react with Si–NH2* on
the NH*/SiNH2*-terminated surface due to the higher position
with less steric hindrance of the Si–NH2* surface site as
compared with the NT–H* sites. For SiCl4, the energy barrier of
4.89 eV is almost the same as that on the NH*/SiH*-terminated
surface, because the dissociation of hydrogen and the forma-
tion of an HCl molecule during the transition state in Fig. 4(b)
are very similar to the transition state on the NH*/SiH*-termi-
nated surface in Fig. 3(b). For Si2Cl6, however, the energy barrier
is lower than that on the NH*/SiH*-terminated surface because
Fig. 7 The optimized structures for (a) adsorption, (b) transition state and (c) reaction of a Si2Cl6 molecule on the under-coordinated bare
pSi]N– b-Si3N4 surface.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 68515–68524 | 68521
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of the difference in the transition state structure shown in
Fig. 5(b). The optimized transition state structure only shows
the dissociation of a chlorine atom from the precursor without
the dissociation of a hydrogen atom from the surface. The
energy barrier of 3.55 eV corresponds to the bond dissociation
energy of Si–Cl (3.9–4.3 eV), 66,68 which is lower than the bond
dissociation energy of NT–H. The lower energy barrier for the
reaction of Si2Cl6 with the NH*/SiNH2*-terminated surface
agrees well with the lower saturation dose of 2 � 108 L (ref. 16)
of Si2Cl6 as compared with 2 � 1010 L (ref. 14) of SiCl4 for the
ALD of silicon nitride using NH3 as the reactant.

Meanwhile, the reactions of both precursors on the under-
coordinated bare pSi]N– surface are energetically most favor-
able with very low energy barriers. The presence of unsaturated
double bonds between nitrogen and silicon atoms (pSi]N–)
makes the under-coordinated bare surface the most reactive
surface. One of the theoretical studies suggested that the under-
coordinated bare b-Si3N4 surface without saturation of the
hydrogen atoms is energetically unstable, resulting in very
reactive surfaces.30 The silicon atom from the precursors easily
reacts with the unsaturated NT atom on the surface, and chlo-
rine atoms of the precursors also easily react with unsaturated
silicon atoms on the surface.

We analysed the electron density and the Fukui indices to
visualize the electrophilicity of all atoms of different silicon
nitride surfaces (Fig. 9). This analysis also supports the trend
reactivities of different surfaces expected by formation energies.
The red colour indicates greater values of electrophilicity, and
the blue colour indicates lower values of electrophilicity.
Generally, a precursor molecule tends to react with the atom
which has a greater value of electrophilicity.33 In the NH*/SiH*

surface, the charge was evenly spread. In the NH*/SiNH2*

surface, however, the SiNH2* sites have a higher value than that
of the NH* sites. For the –Si]N– case, the electrophilicity value
of the Si]N sites was the highest among the three kinds of
surfaces with a bright yellow colour, which means that the Si]
N sites are most reactive to the precursor molecules.

Silicon nitride lms produced by ALD or CVD are amorphous
and saturated by hydrogen atoms. If we assume that the surface
of amorphous silicon nitride lms consists of the different types
of surface sites modeled in this study, the under-coordinated
Fig. 9 The electron density of (a) NH*/SiH*, (b) NH*/SiNH2*, and (c) pS

68522 | RSC Adv., 2016, 6, 68515–68524
bare surface site will react fastest with the silicon precursors.
Then, the chlorine atom dissociated from the silicon precursors
would react with the neighbouring hydrogen to form unsatu-
rated nitrogen and hydrogen atoms on the surface, because
atomic chlorine is more reactive than the silicon precursors.
Therefore, the reaction of the precursors would propagate to the
neighbouring surface sites. However, the dissociation of the
strongly-bound hydrogen on the surface by atomic chlorine also
would have a high energy barrier, which makes the deposition
process very slow.

N2 plasma produces an under-coordinated surface which is
the most reactive surface for silicon chlorides, however, no lm
is grown by alternating exposure to Si2Cl6 and N2 plasma,
because chlorine is not reactive with nitrogen in the second half
reaction of the ALD process. NH3 or NH3 plasma react with
chlorine on the surface to cause the second half reaction,
however, they produce a NH*/SiNH2*-terminated surface which
is less reactive with silicon chlorides during the rst half reac-
tion. To enhance the rst half reaction of the ALD by alternating
exposures to a silicon chloride and NH3, a high density of the
under-coordinated surface sites is desirable. Therefore, we
designed a 3-step ALD process sequence by adding an addi-
tional N2 plasma step in every ALD cycle prior to the introduc-
tion of the silicon chloride precursor.
3.6. Effect of surface plasma treatment on thermal ALD of
silicon nitride

Fig. 10 compares a 3-step ALD process with the conventional 2-
step ALD process. For both ALD processes, the saturation dose
and the saturated growth rate were measured by changing the
exposures of Si2Cl6 precursors. Fig. 11 shows the thickness of
the deposited lm as a function of Si2Cl6 precursors with or
without N2 plasma steps.

The 3-step process showed higher growth rates as compared
with the 2-step process. In the 2-step ALD without the N2 plasma
steps, the growth rates increased from 0.34 to 0.59 Å per cycle as
the Si2Cl6 exposures increases from 106 to 107 L. With the N2

plasma steps, the growth rates were 1.1 Å per cycle, which is
almost twice that of the 2-step case. Also, the saturation dose of
the Si2Cl6 precursor was reduced from 107 L or higher to 1� 106

L by adding N2 plasma steps. Therefore, it was proven that the
i]N– termination, using Fukui indices for electrophilicity.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 ALD process sequences: (a) the 2-step ALD using Si2Cl6 and
NH3, and (b) the 3-step ALD with additional N2 plasma steps.

Fig. 11 The thickness of the silicon nitride films prepared by thermal
ALD with or without N2 plasma treatments. The film was deposited by
alternating exposures to Si2Cl6 and NH3 at 300 �C for 50 cycles.
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N2 plasma enhances the deposition reaction of the thermal ALD
of silicon nitride using silicon chloride and NH3.
4. Conclusions

The reactions of SiCl4 and Si2Cl6 with three types of b-Si3N4

surface sites were studied using DFT calculations. The reactions
of the silicon precursors with the NH*/SiNH2*-terminated
surface and the under-coordinated bare pSi]N– surface are
This journal is © The Royal Society of Chemistry 2016
energetically favorable, whereas the reactions are endothermic
with the NH*/SiH*-terminated surface. On the under-
coordinated surface, the silicon atom and the chlorine atoms
of the precursors easily react with unsaturated NT atoms and
unsaturated silicon atoms, respectively, resulting in very low
energy barriers for the reaction. However, the NH*/SiH*– and
NH*/SiNH2*-terminated surfaces showed high energy barriers
corresponding to the dissociation of a hydrogen atom from the
surface or a chlorine atom from the precursor. Si2Cl6 shows
lower energies of reaction as compared with those of SiCl4 on
the under-coordinated surface. From the understanding of the
inuence of the surface on the deposition reaction, N2 plasma
steps were added into every cycle prior to the introduction of
silicon precursors in order to transform the Si–NH2* surface
sites to under-coordinated bare pSi]N– sites. The saturation
dose was reduced from 107 L to <106 L and the growth per cycle
was increased from 0.59 Å per cycle to 1.1 Å per cycle by the
additional N2 plasma steps, which is in good agreement with
our calculations. These results show that the reactivity of the
surface sites plays a very important role to determine the ther-
modynamics and kinetics of ALD processes.
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