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We studied the chemisorption of silicon tetrachloride (SiCly) on the NHy/NH-terminated silicon nitride
slab model using density functional theory (DFT) for atomic layer deposition (ALD) of silicon nitride.
Initially, two reaction pathways were compared, forming HCl or NH3*Cl™ as a byproduct. The NHz*Cl™
complex formation was more exothermic than the HCl formation, with an activation energy of 0.26 eV.
The —NH,* reaction sites are restored by desorption of HCl from the NH3z*Cl™ complexes at elevated
temperatures of 205 °C or higher. Next, three sequential ligand exchange reactions forming Si—N bonds
were modeled and simulated. The reaction energies became progressively less exothermic as the reac-
tion progressed, from —1.31 eV to —0.30 eV to 0.98 eV, due to the stretching of Si—N bonds and the dis-
tortion of the N-Si—N bond angles. Also, the activation energies for the second and third reactions were
2.17 eV and 1.55 eV, respectively, significantly higher than the 0.26 eV of the first reaction, mainly due to
the additional dissociation of the N—H bond. The third Si—N bond formation is unfavorable due to the
endothermic reaction and higher activation energy. Therefore, the chemisorbed species would be
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Introduction

As the integration density of semiconductor devices continues
to increase, advanced thin film deposition techniques such as
atomic layer deposition (ALD) are being adopted in semicon-
ductor manufacturing. ALD is an atomic layer-by-layer growth
technique in which the substrate surface is alternately exposed
to a precursor and a co-reactant. The self-limiting nature of ALD
provides precise process control over material thickness, com-
position, and conformality in high aspect ratio (HAR) patterns.
ALD of silicon nitride is used for various applications such as
gate spacers’ and diffusion barriers® in complementary metal-
oxide-semiconductor (CMOS) devices and charge trapping® and
sacrificial layers® in three-dimensional vertical NAND flash
memory devices.

The ALD process of silicon nitride can be achieved by thermal
ALD or plasma-enhanced ALD (PEALD). Although various types of
silicon precursors, such as chlorosilanes,® aminosilanes,”®
silylamines,”'® cyclosilazanes,'"'* and silanes,”'* have been
investigated in PEALD, only chlorosilane-type silicon precursors
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—SiCl* when the surface is exposed to SiCly.

have been studied in thermal ALD processes, such as silicon
tetrachloride (SiCl,),"*"> dichlorosilane (DCS, SiH,Cl,),"> hexa-
chlorodisilane (HCDS, Si,Clg),'® and octachlorotrisilane (OCTS,
SizClg)."”” Ammonia (NH;)'**>'”'® or hydrazine (N,H,)'*"° was
used as the coreactant for thermal ALD.

The reaction mechanism of thermal silicon nitride ALD
using SiCl, was investigated by in situ FTIR spectroscopy.* SiCl,
reacts with the -NH, surface site to form -NSiCl, with an HCI
byproduct, and then NH; reacts with -NSiCl, to restore -NH,,
resulting in the growth of silicon nitride film. Density functional
theory (DFT) calculations were used to study the reaction mecha-
nism of the ALD process of silicon nitride.?*?® The surface
reaction of bis(diethylamino)silane or bis(tert-butylamino)silane
was studied on the B-Si;N, (0001) slab model.”* The surface
reaction of SiCl,, SiH,Cl,, Si,Clg, or Si;Clg to form a Si-N bond
was also studied on the NH/NH,-terminated B-SizN, (0001) slab
model.>® Different silicon tetrahalides were compared by simu-
lating the sequential ligand exchange reactions forming multiple
Si-N bonds using the NH,-terminated Si cluster model.>”

The above DFT studies assumed the formation of an HCI
molecule as a reaction byproduct. However, Hartmann et al.>®
studied the surface reaction of SiH,Cl, and suggested that the
H from the -NH, could migrate to another -NH, site to form an
NH;'Cl™ complex instead of directly forming a gaseous HCI
byproduct, resulting in a lower system energy. The formation of
the NH;'Cl™ complex has also been demonstrated by in situ
FTIR and XPS analyses.*® To date, no comparative study has
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been performed between the direct formation of an HCI mole-
cule and the formation of an NH; Cl~ complex on the surface.

In this study, the chemisorption mechanism of a SiCl; mole-
cule on a silicon nitride surface terminated with NH, and NH
groups was investigated. SiCl, was chosen as the precursor to be
investigated because it is the most basic chlorosilane molecule.
First, the formation of the NH;'Cl~ complex was compared to the
formation of HCL. The desorption of HCI from the NH;'Cl™
complex, resulting in the restoration of the original SiNH," site,
where the asterisk (*) indicates the surface species, was also
studied. Finally, the sequential ligand exchange reactions form-
ing Si-N bonds were modeled and simulated. The reaction and
activation energies were obtained to suggest the end product of
the chemisorption of SiCl,.

Computational methods

The DFT calculations were performed with the DMol® code in
the Materials Studio 7.0 package®®?° using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzer-
hof (PBE) functional.?’ The all-electron core treatment and the
double numerical polarization (DNP) 4.4 basis set®® with a
global cutoff scheme at 4.6 A were used for all calculations.
The Brillouin zone integration was sampled withina 2 x 2 x 1
Monkhorst-Pack k-point mesh.**> Dispersion force corrections
based on the Grimme’s method (DFT-D2)*® were considered to
account for long-range van der Waals (vdW) interactions. The
convergence tolerance, self-consistent field (SCF), and thermal
smearing parameters were the same as in previous reports.>>*
Transition state (TS) was located using the complete linear-
quadratic synchronous transit (LST-QST) or QST method with
root mean square (RMS) force gradient criteria of 0.002 Ha/A.>®
The TS needed to meet the additional criterion of having only
one imaginary vibration mode, which was determined by
frequency calculation. Further details of the TS search have
been reported elsewhere.*

For this study, we chose the B-Si;N, (001) surface that was fully
passivated with 12 SiNH,* and 12 NH*. This surface was also
used in the previous reaction mechanism studies.>**®*” The
surface had cell parameters of a = b = 15.320 A. The slab model
consisted of a four-layer (2 x 2) supercell with 184 atoms (48
silicon, 76 nitrogen, and 60 hydrogen atoms). The surface con-
tained evenly distributed —NH,* and -NH* sites, with a density
of 5.89 per nm? each. The surface construction is described in
detail in a previous work.*® Fig. 1 shows the atomistic structure of
the surface before the surface reaction of SiCl,. The N-H bonds
that undergo subsequent ligand exchange reactions are labeled
N1-H1, N2-H2, and N3-H3, respectively. The —NH,* sites are
more sterically exposed to the precursor molecules than the -NH*
sites, so we assumed that the first reaction would occur at —NH»*
(N1-H1). We also assumed that the second and third reactions
would occur at neighboring -NH* (N2-H2) and —NH," (N3-H3)
sites adjacent to N1-H1. The distances between the sites were
2.80 A, 3.21 A and 4.79 A. The N-H bond length was 1.02 A for
—NH,* and 1.04 A for -NH*. The lower half of the slab model was
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QOsi@NQOH
Cross-sectional view

Planar view

Fig. 1 The atomistic structure of the —NH,* and —NH* terminated silicon
nitride surface with the reaction sites. In the planar view, the dotted lines
represent the interatomic distances with corresponding values in A. In the
cross-sectional view, the N—H bond lengths are shown in A.

constrained, while the upper half was relaxed. A 20 A-thick layer
of vacuum was inserted between the adjacent slabs to prevent
interactions.

Several states were considered for the interaction of the
precursor molecules on the surface, namely the unbound
reactant state (UR), the reactant state (R,), and the product
state (P,). UR is the state in which the precursor does not
interact with the surface, assuming it is at an infinite distance
from the surface. R1 is the state where the precursor physisorbs
on the surface. P1, P2, and P3 are the product states with first,
second, and third Si-N bonds, respectively. R2 and R3 are the
reactant states after removing a byproduct molecule to infinity
from P1 and P2, respectively. TS1, TS2, and TS3 are the
transition states between the reactant and product states. All
the structures used in this work can be found as ESI{ in XYZ file
format. The adsorption energy (E.qs), reaction energy (AE,),
activation energy (Ea,), and desorption energy (Eqes ) of the nth
reaction (n = 1-3) are defined as follows:

Eags = Er — (Esurface + Eprecursor) (1)
AEn = Ep, — Egrp (2)

Epn = Ersn — Ern 3)

Edesn = (EReacted surface + Ebyproduct) — Epn (4)

where Ey, and Ep, are the total system energies of the reactant
and product states. Ers, is the total energy of the transition
state. Esurfaces Eprecursors aNd Epyproduce are the energies of the
surface only, a precursor molecule and a byproduct molecule,
respectively. Ereacted surface 15 the energy of the surfaces after the
desorption of the byproduct molecules.

To study the desorption of the byproduct as a function of
temperature, the free energies were determined by DFT using
the following equation:

AG = AG° + RTlnpbyproduct (5)

where AG° is the standard free energy at 1 atm, R is the ideal gas
constant (8.63 x 107> eV mol~ ' K™ '), T is the temperature in K,
and ppyproduct 18 the partial pressure of the byproduct in atm.
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The partial pressure was assumed to be 1 Torr. AG° was
estimated using the following equation:

AG® = (Eqesn + AZPE + AE(T) + AE(T) + AE(T) + RT) — TAS(T)
(6)

where AZPE, AE,(T), AE(T), AE(T), and AS(T), represent the
difference between R,.; and P, states at temperature 7 (in K) in
zero point energy, vibrational energy, rotational energy, trans-
lational energy, and entropy, respectively.

Results and discussion

During the initial reaction of the silicon precursor with the -
SizN, (001) surface, the SiNH," surface site is not only more
sterically exposed but also more reactive than NH*, as dis-
cussed in the previous study.?” Based on the electronegativity of
Si (1.90) and Cl (3.16) atoms in SiCl, and N (3.04) and H (2.20)
atoms of the surface —NH," site,*® Si and Cl atoms are expected
to interact with N and H atoms, respectively. Therefore, the two
types of pathways, HCI byproduct formation (denoted as P1a)
and NH; Cl~ complex formation (denoted as P1b), were mod-
eled and simulated from the physisorption state (denoted as
R1) as described in the following reaction equations:

—Si—NH," + SiCly — —Si—NH-SiCl;* + HCI )

—Si—NH;" + SiCly+-Si—NHy"

®)
— —Si—NH-SiCl;" + —Si—NH; Cl™*

Fig. 2 shows the reaction schemes from R1 to Pla or Pib,
along with the corresponding reaction and activation energy
values. Both pathways were exothermic. However, the for-
mation of Pla was less exothermic (—0.73 eV) than that of
P1b (—1.31 eV). The reaction energy of Pla was mainly due to
the formation of Si-N (4.82 eV) and H-Cl (4.53 eV) bonds
despite the dissociation of N-H (4.57 eV) and Si-Cl (4.57 eV)
bonds. The bond dissociation energies (BDE) were estimated
using gas-phase models, as summarized in Fig. S1 (ESIt). The
reaction energy of Plb could not be explained solely by
the formation of Si-N and N-H (3.40 eV) bonds and the

Hcl Gl
cl-Si-Cl
AE=-073 i * pm wm
E,=027 | N | NH |
cl —> | ]
CFéFCI P1a
c
NH NH NH
u NH | U NH '12
CF$Fm
NH;*  NH NH
[N [ NH T°
L | ]
AE=-1.31 P1b
Ep=0.26

Fig. 2 The reactions scheme from the reactant state R1 to the product
states Pla and Plb. All energies are in eV.
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dissociation of N-H and Si-Cl bonds alone. The ionic inter-
action between NH;" and C1™ contributes to the reaction energy
of P1b, making it more exothermic than P1a. Both P1a and P1b
have similar activation energy values of 0.27 eV and 0.26 eV,
respectively. The activation energy of 0.26 eV for P1b is similar
to that of 0.3 eV reported for NH;'Cl~ complex formation by
DCS.*° P1b was found to be more favorable than P1a due to its
greater exothemicity when SiCl, initially interacted with the
silicon nitride surface.

Fig. 3 shows the changes in atomistic geometry during the
initial reaction of SiCl,. The other —NH,"* site shown in this
figure is one of the neighboring sites to which the H atom will
migrate in P1b, as shown in Fig. S2 (ESIt). In TS1a and TS1b,
the Cl1 atom dissociated from SiCl,, and the Si atom of SiCl,
formed an elongated bond to the N1 atom with a distance of
1.83 A. Additionally, the N1-H1 bond remained unbroken,
resulting in a lower activation energy. The N1-H1 bond was
elongated from 1.02 A to 1.14 A due to the overcoordination of
the N1 atom. The strong interaction between the C11 and the
surface H atoms also lowered the system energy. A similar
transition state structure has also been reported.”” In a pre-
vious work,”> we obtained a transition state significantly dif-
ferent from TS1b. The Si-N1 bond was not formed, and H1 was
dissociated from N1 to form the H1-Cl1 bond, resulting in a
high activation energy of 4.49 eV.

The Mulliken atomic charges®® were calculated and are
presented in Table 1. In R1, the Si and Cl atoms in SiCl, have
charges of 1.257 e and —0.349 e, respectively. For the surface
—NH;" site, the N1 and H1 atoms have charges of —0.864 e and
0.232 e, respectively. In TS1a and TS1b, the atomic charge of Si
and N1 atoms increased due to the formation of an elongated
Si-N1 bond. In P1a and P1b, the stable Si-N1 bond formation
slightly increased the atomic charges of Si and N1 atoms. The
charges of H1 and Cl1 atoms in HCl were similar in Pla
with values of 0.285 e and —0.290 e, respectively. However, in
P1b, the charge of the Cl1 atom significantly increased to
—0.710 e, indicating a strong ionic interaction between Cl
and —NH;*.

When HCl molecules were desorbed from the NH,;"Cl™
surface complex in P1b, the —NH, surface sites were restored,
and the resulting surface became R2, the reactant state for the
subsequent reaction. The energy required for the desorption of
HCI molecules was calculated from eqn (4), and 1.29 eV was
obtained. The free energy change due to the desorption of HCl
molecules with temperature was also calculated from eqn (5),
as shown in Fig. 4. A minimum temperature of 205 °C is
required for HCI molecules to spontaneously desorb from the
surface. Therefore, elevated temperature is a prerequisite for
the recovery of the —NH,* surface sites.

Fig. 5 shows the comprehensive energy diagram for the
surface reaction of SiCl, on the silicon nitride surface. Only
the pathway associated with NH;'Cl~ complex formation was
considered. For the first ligand exchange reaction, only the P1b
pathway in Fig. 2 is shown as P1 in Fig. 5. For the second and
third reactions to form P2 and P3, the reactions of —SiCl;* with
the N2-H2 site and —SiCl,* with the N3-H3 site were assumed,
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Fig. 3 The atomistic structures for the reactant (R1), transition (TS1a and TS1b), and product (Pla and Plb) states. The dotted lines represent the
interatomic distances with corresponding values in A. The bond lengths are also shown in A.

Table 1 The Mulliken atomic charges for the reactant (R1), transition
(TS1a and TS1b), and product (P1a and P1b) states

Mulliken atomic charge (e)

Atom R1 TS1a TS1b Pla P1b
Si 1.257 1.321 1.321 1.332 1.300
Cl —0.349 —0.647 —0.647 —0.290 —0.710
N1 —0.864 —1.009 —1.009 —-1.117 —1.134
H1 0.232 0.332 0.332 0.285 0.308
1.2 T
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Fig. 4 The free energy change for the desorption of an HCl molecule
from the NHz"CL™ surface site in P1b as a function of temperature.

as described in the following reaction equations:
—Si—-NH-SiCl3"+—-NH"—+—Si—NH,"

)
— —Si—-NH-SiCL"~N—+—Si—NH;*CI™*

11600 | Phys. Chem. Chem. Phys., 2024, 26, 11597-11603

—Si—NH-SiCl," —N—+-Si—NH,"+—-Si—NH,"

(10)
— —(Si—NH),—SiClI*~NH—+—Si—NH;"Cl*

The reaction in eqn (9) was exothermic with an activation
energy of 2.17 eV, while the reaction in eqn (10) was endother-
mic with an activation energy of 1.55 eV. The endothermic
reaction and the higher activation energy indicate that the
formation of P3 is not favorable. Therefore, the chemisorbed
species would be —SiCl,* when the surface is exposed to SiCl,.

Fig. 6 shows the atomistic structures of the R2, TS2, and P2
states. The reaction energy was —0.30 eV, which is significantly
less exothermic than P1 because the subsurface bonds were
elongated in P2, as shown in Fig. S3 (ESIf). In addition, the
reaction in eqn (9) had a higher activation energy of 2.17 eV
than 0.26 eV in eqn (8). In TS2, the Si-Cl2 and N2-H2 bonds
were dissociated, and an elongated Si-N2 bond with a length of
1.81 A was formed. The higher activation energy to form P2
than P1 was mainly due to the additional dissociation of the
N2-H2 bond. The Mulliken atomic charges for R2, TS2 and P2
states are presented in Table S1 (ESIt). The trend remains
consistent with the change from R1 to P1b.

Similar to the desorption of HCI from P1, the desorption of
the HCI molecule from P2 was simulated. A desorption energy
of 1.35 eV was obtained, similar to 1.29 eV for the P1 case. The
free energy change due to the desorption of HCI was estimated
as a function of temperature, as shown in Fig. 7. A minimum of
276 °C would be required to restore the —NH, site to form R3,
the reactant state for the subsequent reaction.

Fig. 8 shows the atomistic structures of R3, TS3, and P3. The
reaction was endothermic with a reaction energy of 0.98 eV, in

This journal is © the Owner Societies 2024
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Fig. 5 Energy diagram for the chemisorption of SiCl, on silicon nitride.
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Fig. 6 The atomistic structures for the reactant (R2), transition (TS2), and product (P2) states of the second Si—N bond formation reaction. The dotted
lines represent the interatomic distances with corresponding values displayed in A. The bond lengths are also shown in A.

1.2 T N-Si-N bond angles in P3 were significantly distorted from the
% 08 _"\] tetrahedral structure. The N1-Si-N2 bond angle was reduced
° i“\“ i Spontaneous desorption from 108.6° in R3 to 95.2° in P3. The angles of N1-Si-N3 and
=4 . ; T>276°C N2-Si-N3 were 146.8° and 97.0°, respectively. In TS3, the Si-CI3
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g o4l 1*1_\ respectively. The lower activation energy for the formation of P3
s : ‘1‘“‘ than P2 was mainly due to the additional formation of the H3-
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o - states are presented in Table S2 (ESIf). The trend remains
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consistent with the change from R1 to P1b.

The present work shows that the NH;'Cl~ complex for-
mation is significant for the chemisorption of SiCl,. Our
Fig. 7 The free energy change for the desorption of an HCl molecule  3]culation is consistent with previous findings on the chemi-
from the NH3"Cl™ surface site in P2 as a function of the temperature. sorption of DCS on the surface of silicon nitride, where

NH;'Cl™ complex formation has been reported.”®*® The
contrast to the exothermicity of the previous reactions leading —NH," reaction sites are restored by desorption of HCI from
to P1 and P2. The endothermic nature of the reaction leading to  the NH;'Cl~ complexes at elevated temperatures. NH, surface
P3 was mainly caused by the stretching of the Si-N1 and Si-N3  groups have been reported for various nitride surfaces, includ-
bonds, which were stretched to 1.79 A in P3. In addition, the ing titanium nitride,’ and boron nitride."" However, DFT

Temperature (°C)
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Fig. 8 The atomistic structures for the reactant (R3), transition (TS3), and product (P3) states of the third Si—-N bond formation reaction. The dotted lines
represent the interatomic distances with corresponding values displayed in A. The bond lengths are also shown in A.

studies on nitride surfaces have not considered the formation
of NH;"Cl™ but only HCL.*****> We hope that our work consider-
ing the NH;'Cl~ complexes can be applied to the reaction
mechanism studies of other nitride films using chloride
precursors.

Conclusion

The chemisorption of SiCl, on the NH,/NH-terminated silicon
nitride surface was studied by DFT calculations using a slab
model. The NH;'Cl™ complex formation pathway was more
exothermic than the HCI formation pathway, with a low activa-
tion energy of 0.26 eV. The —NH," reaction sites are restored by
desorption of HCl from the NH;'Cl~ complexes at elevated
temperatures of 205 °C or higher. Three sequential ligand
exchange reactions forming Si-N bonds on the silicon nitride
surface were modeled and simulated. The reaction energies
became progressively less exothermic as the reaction progressed
due to the stretching of the Si-N bonds and the distortion of the
N-Si-N bond angles in P2 and P3. Also, the activation energies for
the second and third reactions were significantly higher than that
of the first reaction, mainly due to the additional dissociation of
the N-H bond. The endothermic reaction and the higher activa-
tion energy indicate that the species would be —SiCl,* when the
surface is exposed to SiCl,.
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