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Considering the challenges in reactivity, potential contamination, and substrate selectivity, the
ammonolysis of traditional halosilanes in silicon nitride (SiN) thin film processing motivates the
exploration of alternative precursors. In this pioneering study, we employed density functional theory
calculations at the M06-2X/6-311++G(3df,2p) level to comprehensively screen potential pseudo-halide
substituents on silane compounds as substitutes for conventional halosilanes. Initially, we investigated
the ammonolysis mechanism of halosilanes, exploring factors influencing activation barriers, with the aid
of frontier molecular orbital and charge density analyses. Subsequently, a systematic screening of silane
substituents from group 14 to group 16 was conducted to identify pseudo-halides with low reaction
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barriers. Additionally, we examined the inductive effects on pseudohalide substituents. Using cluster
models to represent the silicon surface validates the realistic prediction of ammonolysis barriers with a
simplified model. Our findings indicate that pseudo-halide substituents from group 16, particularly those
with electron-withdrawing groups, present as practical alternatives to traditional halosilanes in SiN thin film
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1. Introduction

Ammonolysis of silane refers to the chemical reaction between
silane and ammonia (NH;). This reaction can lead to the
formation of amino-functionalized silanes or silazanes, which
are characterized by the presence of silicon-nitrogen (Si-N)
bonds.' These resulting products have important applications in
various fields, including materials science, surface modification,
and the synthesis of complex organic-inorganic hybrid mate-
rials.>”® Due to its excellent thermal, mechanical, and electrical
properties, silicon nitride (SiN) has gained significant attention
for its applications in thin film coatings.>* In the semiconduc-
tor industry, silicon nitride thin films serve as passivation and
insulating layers in devices.>™ They offer electrical insulation,
protect underlying components from environmental factors,
and enhance the overall performance and reliability of semi-
conductor devices.
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processing, including applications such as low-temperature atomic layer deposition (ALD) techniques.

In recent years, atomic layer deposition (ALD) has emerged
as a crucial technique for producing thin films with precise
thickness control and excellent conformality.>* The ALD of SiN
has been extensively explored using both experimental and
computational studies."*® Present SiN ALD processes rely
solely on plasma activation methods instead of thermal tech-
niques. Silane precursors like SiH,, Si,Hg, or Si(SiHj),; com-
bined with N,/NH; plasmas are commonly used for SiN ALD.®®
With the ongoing scaling of semiconductor devices, there is a
growing demand for thin-film deposition methods that offer
improved uniformity and step coverage.® Consequently, there is
a pressing need for an ALD technique capable of depositing
SiN films at low temperatures while maintaining atomic-level
thickness control. In this context, halosilanes are gaining
prominence as favored precursors for thermal ALD processes.
Among these, the ammonolysis reaction involving tetrachlor-
osilane and ammonia is the most commonly employed, leading
to easily synthesized and characterized aminosilanes.®'®
However, the use of traditional halide-based precursors in ALD
processes has posed notable challenges, including the intro-
duction of halogen impurities and the formation of corrosive
by-products.® Addressing these difficulties, there is a concerted
effort to explore innovative approaches for the development of
efficient and environmentally sustainable ALD methodologies.

In response to the existing challenges, the primary objective
of this theoretical investigation is to seek potential superior
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Scheme 1 Ammonolysis of halosilanes and potential pseudo-halide
derivatives.

alternatives to traditional halide precursors, namely, pseudo-
halide precursors. This approach not only tackles the issues
linked to halogen impurities, but also holds the promise of
boosting the overall process efficiency. For instance, it could
facilitate low-temperature ALD processes. To achieve this goal,
we employed mechanistic density functional theory (DFT)
calculations initially to examine the ammonolysis mechanism
of conventional halosilanes and scrutinize their electronic
properties and reasons for high activity (Scheme 1). Subse-
quently, we performed systematic screening of other silane
substitutions across the periodic table, spanning from group
14 to group 16 elements (Scheme 1). Through this extensive
exploration of a diverse array of silane substituents, we aimed
to identify promising precursors with pseudo-halide substitu-
ents that demonstrate exceptional performance and reactivity,
enabling the efficient deposition of silicon nitride thin films.
Finally, for a more realistic representation of the ammonolysis
reaction on the silicon surface, we delved into the investigation
of two cluster models. This exploration aimed to provide
insights into the surface mechanism and evaluate the applic-
ability of the simplified ammonolysis model.

2. Computational methods

Density functional theory (DFT) calculations were performed on
the ammonolysis reactions involving SiHzX (X = halide and
pseudo-halide) and NH; (Scheme 1) based on the MO06-2X
density functional method."* The choice of the M06-2X func-
tional was made due to its better treatment of non-covalent
interactions and kinetics.">™*® Optimizations and frequency
calculations were performed using the M06-2X functional and
the 6-311G(d,p)"” basis set. All equilibrium structures were
confirmed to have zero imaginary frequencies, while transition
states were verified to possess exactly one imaginary frequency.

(a) (b)

SiH;3Cl (Simplified Model)

SigH,5C1 (CM1)
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Higher-level relative energies were obtained using the larger
6-311++G(3df,2p) basis set, based on the M06-2X/6-311G(d,p)
optimized geometries. Calculating activation energies using a
large basis set is often necessary to achieve accurate and
reliable results. Therefore, we performed additional benchmark
calculations for the ammonolysis of SiH, at the CCSD(T)"®/aug-
ce-pVTZ?°//M06-2X/6-311G(d,p) level. Our finding reveals a
close agreement between the M06-2X/6-311++G(3df,2p) barrier
(AE* = 43.2 kecal mol ") and the more definitive value of
45.9 kcal mol~'. This justifies that our choice of the DFT
functional and large basis set is an optimal balance of accuracy
and computational efficiency. Unless otherwise noted, the
relative free energies (AG,og) reported in the text correspond
to the M06-2X/6-311++G(3df,2p)//M06-2X/6-311G(d,p) level of
theory at 298.15 K.

To gain insights into the surface reaction mechanism of chloro-
silane ammonolysis, we employed two distinct cluster models,
namely, CM1 (SigH;5Cl) and CM2 (SigN5;H;5Cl) (Scheme 2), to
represent the local environment of silicon and amine-
terminated silicon surfaces, respectively. It is worth noting that
these CM1 and CM2 were derived from the source paper and
subsequently adapted to suit the specific requirements of our
current study.*" For further elaboration and detailed informa-
tion, please refer to the ESLt The structures and energies of
surface reaction pathways were examined at the MO06-2X/
6-311++G(3df,2p)//M06-2X/6-311G(d,p) level, allowing for a
direct comparison with the simplified model of ammonolysis.
Our focus was particularly on understanding the alteration of
the mechanism and the predicted ammonolysis barrier.

All DFT calculations were performed using the Gaussian 16
suite of programs.>” Charge density analysis was performed
using the natural bond orbital (NBO) approach based on the
M06-2X/6-311G(d,p) wavefunction.>® Frontier molecular orbital
(FMO) based HOMO-LUMO gap was also calculated to evaluate
the stability and reactivity of halosilane compounds. Computed
structures were illustrated using CYLView.**

3. Results and discussion
3.1 Ammonolysis mechanism of halosilanes

Our exploration commenced with an investigation into the
mechanism of ammonolysis involving silanes containing various
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SigN3sH;5Cl (CM2)

Scheme 2 Three different theoretical models to study the ammonolysis of chlorosilane: (a) simplified model, (b) cluster model CM1, and (c) cluster
model CM2. Green, blue, brown and white denote Cl, N, Si and H, respectively.
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halide substituents alongside the parent silane (i.e., SiH;X, X = H,
F, Cl and Br). The ammonolysis process is characterized by a
concerted mechanism, facilitated by the formation of a stable
zwitterionic pentavalent adduct between halosilanes and ammo-
nia (SiH;X-NH3), as illustrated in Scheme 3. The transition state
(TS) essentially involves concurrent breakage of Si-X and N-H
bonds and creation of an X-H bond. The reactant adducts (axial
AD1 and side AD2) are essential for the formation of the Si-N
bond initially.

Previous theoretical studies have focused mainly on the gas-
phase reaction between silane (SiH,) and ammonia (NH;),>*™*?
with the most accurate predicted barrier of 49.3 kcal mol " at
the CCSD(T)/6-311++G**//MP2/6-31G* level.*" The optimized
geometries and calculated free energy reaction profiles for
various ammonolysis reactions are presented in Fig. 1 and 2,
respectively. While the parent reaction exhibits thermodynamic
favorability (—7.5 kecal mol "), it is characterized by a substan-
tial barrier of 51.9 kcal mol~". The introduction of a halogen
substituent notably reduces the activation barrier. The pre-
dicted order of barriers is as follows: Br < Cl < F, with the
bromine substituent demonstrating the lowest barrier at
20.6 kcal mol ™. This trend corresponds well with the electro-
negativity value of the halogen. We note that the 6-311++G(3df,2p)
basis set is not available for the iodine atom. Hence, we opted
to exclude the iodine substituent rather than using a mixed
basis set to maintain consistency and avoid potential inconsis-
tencies. Nonetheless, we calculated the barriers for the ammo-
nolysis reaction of SiH;X (X = F, Cl, Br, and I) at the M06-2X/
6-311G(d,p) level. Notably, there is a descending trend in activa-
tion barriers as we move down the halogen group, with X = F
(33.9) > CI(19.8) > Br(17.6) > I(16.9 kcal mol '), aligning well
with the expected trend (see ESIt). Intriguingly, the highest
barrier occurs for the parent silane (X = H). The trend of
activation energy concurs with experimental observations that
thermal SiN ALD processes do not use silane precursors such as
SiH, and halosilanes (e.g., SiCl,) are the preferred precursors in
such applications.*?

Since the formation of a stable reactant adduct plays
a crucial role in facilitating the formation of a Si-N bond, its
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stability is expected to be a key factor in understanding the
reactivity of ammonolysis and the effect of substituents. Feng
et al. have investigated the structure and stability of adducts
SiH;X'NH; (X = F, Cl, Br and I) at the G2(MP2) level of theory
and demonstrated the effect of halogen atoms on the structure
and stability of the pentacoordinated adduct.** Other theore-
tical studies have shown that silanes can form pentacoordi-
nated adducts with amine, arsine, phosphorus or phosphine
with lone-paired electrons.*>™®

Consistent with previous theoretical findings,** there exist
two distinct forms of pentacoordinated silicon adducts: axial
AD1 and side AD2, as illustrated in Scheme 3. The more stable
axial AD1 is characterized by NH; approaching from the rear of
the halogen, whereas the side AD2 involves a side-on approach
of NH;. In both adducts, the Si-N bond formation occurs
alongside the weakening of the Si-X bond (see Fig. 1). Side
AD2 exhibits a notably shorter Si-N bond and a longer Si-X
bond. Essentially, the geometry of side AD2 closely mirrors that
of the TS. Hence, both adducts play a role in the ammonolysis
reaction profile. Axial AD1 initially forms, undergoes rearrange-
ment to become side AD2, and eventually progresses through
the TS. Consistent with the trend of activation barrier, the
stabilization energy of the complex aligns closely with the
electronegativity of the halogen atom.

To assess the stability of SiH;X-NH; complexes, a frontier
molecular orbital (FMO) interaction analysis is employed. This
assessment focuses on the dominant interaction of the highest
occupied molecular orbital (HOMO) of ammonia (acting as the
nucleophile) and the lowest unoccupied molecular orbital
(LUMO) of halosilanes (acting as the electrophile). A stronger
overlap between the NH; HOMO and the SiH;X LUMO, indi-
cated by a smaller HOMO-LUMO gap, signifies a favorable
interaction and greater stability of the formed complex. Indeed,
the stability of the series of halosilane adducts (axial AD1)
correlates well with a smaller HOMO-LUMO gap, as shown in
Table 1.

Interestingly, the LUMO of the silane moiety exhibits Si-X
antibonding character. This readily explains the weakening
strength of the Si-X bond in the adduct, thereby facilitating

reactant adducts

H /H /H H: ,H /H H.., /X H
X—Si ~__N — > X—Si--N PSS T—
\ N, |3 |
H HoH H HoH H H
reactants axial AD1 side AD2
X—H X\H x.. t
H"a i - H, l', - I/I \}-\:
Hs’si—N/)H H-#/Si_,‘\,/,\H He=—'Si N~
H H Y ’—.H J N
products product complex transition state

Scheme 3 Proposed mechanism of the ammonolysis reaction between SiHzX (X = H, F, Cl, and Br) and NHs.
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Fig. 1 Optimized (M06-2X/6-311G(d,p)) geometries of reactants, adducts (axial AD1 and side AD2), TS, and products of the ammonolysis reaction
between SiHzX (X = H, F, Cl, and Br) and NHs. Si-X and Si—N bond lengths are in A and NBO charges on X are in italics. F, Cl, Br, N, Si, and H are
represented by the colors cyan, green, red, blue, brown, and white, respectively.
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Fig. 2 Calculated reaction free energy profiles for the ammonolysis reaction between SiHzX and NH3 for X = H, F, Cl and Br. Axial AD1 and side AD2 are
identical for X = H.

the subsequent breaking of the Si-X bond in the TS. Essentially, result, a good correlation is also evident between the ammo-
the reactant complex shed light on the stability of the TS. Asa nolysis barrier of halosilane and the HOMO-LUMO gap
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Table 1 Reaction energies (AGaes, kcal mol™), activation barriers
(AGigsg, kcal mol™), and HOMO-LUMO gap (eV) of ammonolysis reaction
between SiHzX and NHs for X = H, F, Cl, and Br

X AGog AGiog HOMO-LUMO gap
H —7.5 51.9 9.5
F 19.3 37.7 9.3
Cl 10.6 23.6 9.3
Br 10.1 20.6 9.2

(see Table 1). In summary, FMO analysis offers valuable
insights for tailoring and enhancing the efficiency of ammo-
nolysis reactions.

It is instructive to examine the charge distribution of opti-
mized molecular structures throughout the ammonolysis reac-
tion as it can contribute a better understanding of the reaction
pathway. In this study, we employed NBO analysis to examine
the atomic charge of the halogen atom throughout the entire
ammonolysis process (see Fig. 1). In the case of the parent
silane (X = H), the charge of the substituent remains constant
from the reactant (—0.15) to the reactant complex (—0.16).
However, it increases significantly in the TS to —0.36 and then
decreases from TS to the product complex. This pattern sug-
gests proton abstraction in the TS step and the subsequent
formation of a stable H-H product. Remarkably, the charge on
the F remained consistent throughout the entire ammonolysis
process within range of —0.63 to —0.68. For SiH;Cl and SiH;Br,
the charges on Cl and Br experience an increase from the
reactant to the reactant complex, shifting from —0.37 to —0.45
for CI and from —0.31 to —0.42 for Br, driven by pronounced
polarization effects. This trend persists from the reactant
complex to TS, where both Cl and Br atoms display heightened
polarizability, facilitating proton abstraction (—0.75 for Cl and
—0.77 for Br). Subsequently, a decrease in charges occurred
from the TS to the product, indicating the formation of the
stable H-Cl and H-Br products. Both Cl and Br substituents
facilitate the abstraction of proton in the TS. The observed
charge dynamics align with the mechanistic features of ammo-
nolysis reactions, emphasizing the pivotal role of the halogen
atom in the reaction path. In addition, it provides a rational
basis for the design of pseudo-halide substitution.

3.2 Screening of pseudo-halides with substituents from
groups 14, 15 and 16

Following a thorough exploration of ammonolysis reaction
mechanisms with halide substituents (X = F, Cl, and Br), we
expanded our investigation to encompass substituents ranging
from group 14 to group 16, positioned adjacent to halogens.
Specifically, we are examining substituents represented by X =
CR3, NR,, PR,, OR, SR, and SeR, where the elements (C, N, P, O,
S, and Se) display electronegativities comparable to those of
halogens, with the aim of considering them as potential
pseudo-halides. The objective of this screening is to identify
compounds that exhibit similar reactivity to conventional
halides but possess unique attributes, making them promising
candidates for silicon nitride ALD.

This journal is © the Owner Societies 2024
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Table 2 Calculated reaction energies (AGaos, kcal mol™) and barrier
values (AGSqg, kcal mol ™) of ammonolysis reaction of thiosilanes SiHsSR
(R = CMes, CH3, H, F and CF3). Geometrical parameters of Si-S and Si—-N
bonds of side AD2 adducts are in A

R AG,o AGiog d(Si-S) d(Si-N)
CMe; -1.1 35.4 2.159 2.862
CH, 0.3 34.5 2.156 2.824
H 0.0 31.7 2.160 2.859
F —0.6 27.1 2.161 2.288
CF; 0.4 21.6 2.571 1.938

Initially, we examined the influence of R groups, particularly
the inductive effects of electron-withdrawing (EWGs) and
electron-donating (EDGs) groups on the ammonolysis barriers.
We employed thiosilane SiH;SR variants (R = CMe;, CH;, H, F
and CF;) as a case study. The results revealed that substituents
with EWG such as R = CF; display a significantly lower barrier,
while those with EDG such as R = CMe; exhibit a higher barrier
compared to the parent substituent R = H (Table 2). This
observation can be attributed to the fact that the EWG draws
electron density from the S atom, leading to a more polarizable
SR group and conversely for the EDG. As a result, a more stable
zwitterionic hypervalent complex (side AD2 adduct) and corres-
ponding TS are formed during the ammonolysis reaction for
thiosilane with a EWG substituent. This stabilization effect of
EWG is evident from the Si-S and Si-N bond distances in the
AD2 adducts (Table 2). Intriguingly, the predicted barrier of
SiH3SCF; (21.6 kecal mol ') is comparable to that of SiH;Br
(20.6 kcal mol™"), which readily demonstrated an excellent
pseudo-halide property.

In silico screening is extended to group-14, group-15 and
group-16 substituents, specifically focusing on those with
EWGs. Therefore, the choice of R groups (CR;3, NR,, PR,, OR,
SR, and SeR) is generally guided by the intention to modulate
the reactivity of the SiH;X system. Including the halide sub-
stituents, a total of 33 substituted silanes, namely, SiH;X, where
X = H, CHs;, CN, CF,;, CF,CN, NH,, N;, NCO, NCS, NCSe,
P(CH3),, PH,, PF,, P(CF;),, OH, OCH;, OCN, OF, OCF;, SH,
SCH,, SCMes, SCN, SF, SCFs, SeH, SeCHj, SeCN, SeF, SeCFs, F,
Cl, and Br, were examined in the investigation. The calculated
ammonolysis barriers for all substituents are summarized in
Fig. 3. Significant trends in ammonolysis barrier values emerge
within each group, with substituents featuring electron-
withdrawing groups (EWGs) displaying notably lower barrier
values. Specifically, in group 14, the activation barrier trend is
as follows: CN < CF,CN < CF; < CHj. Within group 15, the
trend is NCSe < NCS < P(CF3), < N3 < NCO < NH, < PH, <
P(CH;), < PF,. As for group 16, the trend is OCN < SeCN <
SCN < SeCF; < SeF < SCF; < SeH < SF < OCF; < OF <
SeCH; < SH < SCH; < SCMe; < OCH; < OH. Chalcogen
group (group 16) substituents with EWGs demonstrate barrier
values similar to those of halogen group substituents, excluding
fluorine. Conversely, substituents from groups 14 and 15 exhibit
considerably higher activation barriers. This clearly indicates
that chalcogen group substituents are the most effective pseudo-
halides for ammonolysis reactions of silanes. Interestingly, X = OCN
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Fig. 3 Calculated activation free energies (kcal mol™) for ammonolysis
reaction involving SiHzX with NH3, with substituents ranging from group 14
to group 17.

substituent is characterized by the lowest activation barrier of
17.4 keal mol ' among all substituents. Following OCN, among
the chalcogen substituents, those containing sulfur and selenium
exhibit improved predicted barriers in the sequence of SeCN < SCN
< SeCF; < SeF < SCF;. To sum up, this study showcases a diverse
range of potential pseudo-halide substituents, offering valuable
insights for choosing superior alternatives. This knowledge signifi-
cantly advances our comprehension of ammonolysis reactions and
streamlines the search for optimal precursors in SiN ALD applica-
tions. A summary of computed reaction energies and barrier values
for all substituents are given in Table S1 (in ESIf).

3.3 Surface reaction mechanism using cluster models

Chlorine substituted cluster models (CM1 and CM2) were
chosen to gain insights into the ammonolysis reaction on a
silicon surface. The aim is to understand the underlying surface
reaction mechanism and compare the reaction barrier value
with that obtained from the simplified model, ie. SiH;CIL

View Article Online

PCCP

The schematic reaction free energy profile of ammonolysis
reaction using CM1 is depicted in Fig. 4. The reactant complex
of CM1 resembles the side-adduct AD2 in SiH;Cl. Notably, the
CM1 model exhibits a significantly more stable reactant
complex (AG,es = 5.5 kcal mol™') compared to the simple
model (AG,o5 = 22.8 kcal mol ). The calculated reaction barrier
for cluster model CM1 is 23.8 kcal mol ™', closely comparable
to that of the simplified model (SiH;Cl, 23.6 kcal mol ).
An analogous reaction mechanism was identified for the more
intricate cluster model CM2, with the reaction free energy
profile given in Fig. S1 in the ESL{ The computed reaction
barrier for CM2 is 27.2 kcal mol ', aligning with both CM1
(23.8 kecal mol™") and SiH;Cl (23.6 kcal mol ™). The reaction
barrier results lend confidence in the effectiveness of the
simplified ammonolysis reaction model for screening pseudo-
halide alternatives. The cluster models can be employed as
more realistic models to replicate real Si or SiN substrates.

4. Conclusions

In this theoretical investigation, we aimed to discover alternative
precursors for traditional halosilanes in SiN film processing.
Utilizing DFT calculations at the M06-2X/6-311++G(3df,2p) level,
we scrutinized the ammonolysis mechanism of halosilanes (SiH;X,
X =F, Cl, and Br) initially to understand the factors influencing low
barriers. We then explored substituents from group 14 to group 16
to identify promising pseudo-halide candidates. Additionally, we
investigated the impact of (EWGs) and (EDGs) on pseudo-halide
reactivity. Employing cluster models to represent the silicon surface
serves to affirm the realistic prediction of ammonolysis barriers
using the simplified model. Our theoretical findings reveal that
pseudo-halide substituents from group 16, particularly those with
EWGs, could serve as practical alternatives to traditional halosi-
lanes in SiN thin film processing. We believe our DFT-based study
provides valuable insights into potential substitutes for halosilanes
in ammonolysis reactions, paving the way for advancements in SiN
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Fig. 4 Calculated reaction free energy profile and optimized geometries of species involved in the ammonolysis reaction using cluster model CM1.
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film processing and semiconductor fabrication techniques, includ-
ing the exploration of halide-free low-temperature ALD techniques.
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