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The fabrication of next-generation semiconductor devices has created a need for low-temperature
(<400 °C) deposition of highly-conformal (>95%) SiO,, SiN,, and SiC films on high-aspect-ratio
nanostructures. To enable the growth of these Si-based dielectric films, semiconductor manufactur-
ers are transitioning from chemical vapor deposition to atomic layer deposition (ALD). Currently,
SiO, films deposited using ALD are already being integrated into semiconductor device manufac-
turing. However, substantial processing challenges remain for the complete integration of SiN,
films deposited by ALD, and there are no known processes for ALD of SiC at temperatures that are
compatible with semiconductor device manufacturing. In this focused review, the authors look at
the status of thermal and plasma-assisted ALD of these three Si-based dielectric films. For SiO,
ALD, since low-temperature processes that deposit high-quality films are known, the authors focus
primarily on the identification of surface reaction mechanisms using chlorosilane and aminosilane
precursors, as this provides a foundation for the ALD of SiN, and SiC, two material systems where
substantial processing challenges still exist. Using an understanding of the surface reaction mecha-
nisms, the authors describe the underlying reasons for the processing challenges during ALD of
SiN, and SiC and suggest methodologies for process improvement. While both thermal and
plasma-assisted SiN, ALD processes have been reported in the literature, the thermal NHj-based
ALD processes require processing temperatures >500 °C and large NHj3 doses. On the other hand,
plasma-assisted SiN, ALD processes suffer from nonuniform film properties or low conformality
when deposited on high-aspect-ratio nanostructures. In the SiN, section, the authors provide a
broad overview of the currently known thermal and plasma-assisted SiN, ALD processes using
chlorosilane, trisilylamine, and aminosilane precursors, describe the process shortcomings, and
review the literature on precursor reaction pathways. The authors close this section with suggestions
for improving the film properties and conformality. In the case of SiC, the authors first outline the
limitations of previously reported SiC ALD processes and highlight that unlike SiO, and SiN,
plasma-assisted ALD, no straightforward pathway for low-temperature plasma-assisted growth is
currently apparent. The authors speculate that low-temperature ALD of SiC may require the design
of completely new precursors. Finally, they summarize the progress made in the ALD of C-contain-
ing SiN, and SiO, films, which may provide many of the benefits of SiC ALD in semiconductor
manufacturing. In closing, through this review, the authors hope to provide the readers with a com-
prehensive knowledge of the surface reactions mechanisms during ALD of Si-based dielectrics,
which would provide a foundation for future precursor and process development. © 2019 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1116/1.5113631

Check for
updates

I. INTRODUCTION

The miniaturization of microelectronic devices has intro-
duced several processing challenges that need to be over-
come for the implementation of advanced architectures at
sub-7-nm technology nodes.' In particular, the introduction
of FinFET-based transistor devices and the rapid prolifera-
tion of 3D NAND memory have created a need for thin film

Note: This paper is part of the 2020 Special Topic Collection on Atomic
Layer Deposition (ALD).
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growth processes capable of depositing materials with a con-
formality of >95% at temperatures <400 °C over high aspect
ratio (HAR) nanostructures.’ In the semiconductor industry,
two of the most commonly used thin film growth techniques
are thermal chemical vapor deposition (CVD) and
plasma-assisted CVD. While thermal CVD does provide a
limited capability for conformal film growth,*” the deposi-
tion temperature at which growth occurs is often too high,’
which makes it unsuitable for applications with a limited
thermal budget. On the other hand, plasma-assisted CVD
allows for the growth of high-quality films at substrate
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temperatures lower than thermally driven CVD processes,
and within the typical thermal budget for semiconductor
manufacturing,”™ but growth is typically nonconformal due
to line of sight deposition from very reactive radicals that are
produced in the plasma environment.'® As the critical dimen-
sions of semiconductor devices continue to shrink,'!
plasma-assisted CVD processes become more difficult to
integrate due to the possibility of pinch-off in HAR struc-
tures. Therefore, to mitigate the shortcomings of CVD pro-
cesses, and to enable the growth of highly-conformal films at
low substrate temperatures, semiconductor manufacturers are
turning to atomic layer deposition (ALD) as a potential
alternative.

ALD is a thin film growth technique that has found broad
application in a variety of areas including microelectronics,
solar cells, and optical devices.> ALD is similar to CVD, but
distinct in the sense that the deposition process is split into
half-reactions. ALD is characterized by the exposure of a sub-
strate to a repeating series of two or more alternating precursor
doses separated by an inert purge. Crucially, the individual
precursor chemicals react initially with the growing surface
and then do not react any further, limited by the surface
itself,*'? which leads to self-limiting growth and allows for
the deposition of highly-conformal, ultrathin films at a typical
growth per cycle (GPC) on the orderer of 1 A.*'> ALD pro-
cesses come in two types, thermal and plasma-assisted. In a
thermal ALD process, the activation of the surface reactions
that lead to film growth is achieved by the temperature of the
substrate.'> Tn contrast, in plasma-assisted ALD processes,
radicals and ions generated in the plasma half-cycle allow
growth reactions to take place at lower temperatures and lower
precursor exposure.'* The gases that are typically used in
plasma-assisted ALD are O, for oxide growth, N, or NH; for
nitride growth, and H, for metal growth, as plasmas of these
gases lead to self-limiting surface reactions. In contrast,
plasmas of gases such as SiH, and CH,4 cannot be used in
plasma-assisted ALD as they lead to continuous film growth.
Both thermal and plasma-assisted ALDs have been exten-
sively reviewed.™'*'>'>"" This review will focus on the
ALD of Si-based dielectrics—their applications in semicon-
ductor manufacturing, the film growth mechanisms and how
these in turn influence the film properties, and finally identify
areas for further research and development.

A. Applications of ALD of Si-based dielectrics in the
semiconductor industry

ALD became prominent in semiconductor manufacturing
for the deposition of high-permittivity («) oxide materials.
For instance, HfO, deposited by ALD was used to replace
thermally-grown SiO, as the gate dielectric material in tradi-
tional metal oxide semiconductor field effect transistors.>*’
More recently, there has been substantial growth in the
number of applications that require the use of ALD.? It is
needed in microelectronics for applications such as the
encapsulation of gate stacks and advanced memory struc-
tures, including magnetoresistive random-access memory
(RAM) and phase-change RAM.?' For these applications,
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ALD is needed due to the conformality requirements and the
pitch of the device structure.>’ Of the many materials that can
be deposited via ALD, Si-based dielectric materials are used
in certain key applications discussed later in this section.
Therefore, in this review, we focus on the ALD of the
Si-based dielectrics SiO,, SiN,, and SiC that are currently the
most important to the semiconductor industry (see
Fig. 1).>"* The ALD of these three Si-based currently dielec-
trics represents a substantial segment of the ALD market and
will continue to be crucial for the creation of advanced elec-
tronic devices in the near future.’* These three Si-based
dielectrics have different optical, electronic, and barrier prop-
erties, as well as different etch selectivities relative to one
another, making them suitable for a wide variety of applica-
tions. Furthermore, these materials are essential building
blocks for several ternary blends, such as silicon carbon oxide
(SiCO), silicon carbon nitride (SiCN), and silicon oxynitride
(SiON), which also have unique applications in semiconductor
manufacturing, and are also described below.

In the semiconductor industry, ALD of SiO, has applica-
tions such as sidewall spacers,26 shallow trench isolation
1iners,27 and gate stack liners.!! The ALD of SiN, can be
used for fabricating sidewall spacers,'®?® trench liners, gate
stack encapsulation,”® and air gap liners.”” SiC is often used
as a hard mask layer because of its robust resistance to chem-
ical and plasma etching.*® SiCO can be used for similar
applications as SiO,, but also finds application as a low-«
dielectric for interconnects.’'** Materials with a low dielec-
tric constant have been discussed in detail by several
authors.?"** Similarly, SiCN can be used in applications typ-
ically reserved for SiN, but has the added benefit of a lower
dielectric constant.*’** These low-x materials can improve
the performance of semiconductor devices by reducing
resistive-capacitive delays.>'* Furthermore, SiCN is used as
an etch-stop layer,>* while SiON has been used as an antire-
flection coating.>> The numerous potential applications for
Si-based dielectrics make this class of materials extremely
important to the semiconductor industry. Herein, we limit the
discussion to three applications of ALD in the semiconductor
industry: the formation of sidewall spacers in self-aligned

Fic. 1. Diagram showing the three most technologically relevant Si-based
dielectrics and their ternary blends.
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multiple patterning (SAxP),*® metal word line formation in
3D NAND memory,*” and the formation of sidewall spacers
in FinFET structures.”®

SAxP was introduced into semiconductor manufacturing
to overcome current limitations of optical lithography based
on a 193 nm ultraviolet source, which has a resolution limit
of ~40nm.***® SAxP uses sacrificial mandrels that are
created using traditional optical lithography and that are then
conformally coated with a thin film whose planar surfaces
are subsequently removed through dry etching to form side-
wall spacers as shown in Fig. 2(a).>**" This film is typically
deposited using ALD because the thickness and material
properties of the deposited films must be similar on both the
planar and sidewall surfaces.*® The mandrels are then
removed, leaving behind only the sidewall spacers.
Afterwards, the underlying substrate is etched, and the
remaining sidewall spacers are removed to create structures
smaller than those allowed by traditional 193 nm optical
lithography. Furthermore, because there are two sidewall
spacers per sacrificial mandrel, SAXP can effectively double
the pattern density. If the SAXP process is repeated twice, it
leads to a quadrupling of the pattern density.*’

The fabrication of 3D NAND memory devices has also
greatly benefited from the introduction of ALD, where it has
enabled the manufacturing of ultradense memory [see
Fig. 2(b)].** ALD is used to deposit a dielectric film on the
sidewalls of the HAR holes connecting the numerous layers
of the 3D NAND memory structure, as well as for the depo-
sition of metal in the horizontally oriented HAR word
lines.*> ALD is preferred because of the extremely narrow
HAR geometry present in 3D NAND memory devices.** In
3D FinFET structures, which were introduced to improve
transistor performance and increase packing density by
shrinking the critical dimensions, one of the applications of
ALD is for the formation of ultrathin sidewall spacers that
electronically isolate the gate stack from the HAR fin struc-
tures [see Fig. 2(0)]1.8

B. Characterization of chemical mechanisms

Despite the need for the ALD of Si-based dielectrics in
the semiconductor industry, the development of ALD pro-
cesses that are capable of depositing high-quality, conformal,

Multiple Patterning (a)

I— : lli%lmlllngm

i | N
5

3D NAND (b)
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Si-based dielectric films at low substrate temperatures has
proven to be challenging with SiO, and SiN, at different
stages of integration into manufacturing. In the case of SiO,,
there are several ALD processes capable of depositing high-
quality SiO, films within the required processing parameters.
For the ALD of SiN,, while low-temperature ALD processes
are known, there are still processing challenges, such as poor
film quality or low conformality, that must be addressed. In
the case of SiC ALD, no known low-temperature ALD pro-
cesses exist.

To understand, and potentially overcome the remaining
challenges associated with the ALD of Si-based dielectrics,
one approach is to look at the ALD half-reactions from a
mechanistic perspective.** The first level of mechanistic
understanding is writing balanced chemical equations for the
overall process and for each precursor half-cycle, listing the
main by-products and showing the nature of the saturating sur-
faces. A deeper level of mechanistic understanding concerns
the nature of each elementary step of the chemical reaction.”™’
The primary reaction steps in each ALD cycle may include (i)
molecular physisorption of the precursor onto a suitably-
prepared surface, (ii) molecular or dissociative chemisorption,
(iii) local transfer of ligands and/or fragments between precur-
sor and surface, (iv) longer-scale diffusion and reorganization,
and (v) desorption of by-products.** Under ideal ALD condi-
tions, the net adsorption of new material self-limits in both of
the ALD pulses, despite the presence of the excess gas-phase
precursor. Under more realistic ALD conditions, these reac-
tions are in competition with non-ALD reactions that do not
self-limit, such as gas-phase thermolysis, surface-catalyzed
ligand decomposition, and impurity incorporation. In
plasma-assisted ALD, one of the half-cycles is replaced with a
plasma step. In some of these processes, the reactions in the
nonplasma half-cycle are similar to those in the completely
thermal ALD process. In fact, in cases such as ALD of Al,O3,
the surface termination following both half-cycles can be
similar in the thermal and plasma-assisted processes.>*>%
However, a key difficulty in plasma-assisted ALD processes is
the identification of the reactive species within the plasma that
are responsible for film growth. Additional effects, such as
redeposition of removed surface species®® and ion-induced
surface  modification,®"®* may also be present in
plasma-assisted ALD.

FinFET  (c)

ALD Gate
Sidewall Spacer
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o NN

Dielectric
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FiG. 2. Applications of ALD in semiconductor device manufacturing.
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The half-reactions during ALD have primarily been inves-
tigated using in situ surface characterization techniques such
as Fourier transform infrared (FTIR) spectroscopy and by
first principles calculations, usually density functional theory
(DFT). In situ infrared spectroscopy is a powerful technique
in the study of surface reactions during the ALD of Si-based
dielectrics as it allows for the direct observation of the
Si—N—Si, Si—0—Si, and Si—C—Si phonon modes, as well
as the vibrational modes associated with —SiH, (x=1, 2, or
3), =NH, (x=1 or 2), —CH, (x=1, 2, or 3), —SiCl, (x=1,
2, or 3), and —OH, which are the most common surface func-
tional groups during the ALD of Si-based dielectrics.*”*®
Surface infrared spectroscopy has been described in detail in
previous publications.*’™° In situ FTIR spectroscopy can be
sensitive enough to probe even submonolayer surface cover-
ages, allowing for the direct observation of the changes on the
surface following each precursor half-cycle during the ALD
process.®* Surface reaction mechanisms have been studied pri-
marily using two FTIR spectroscopy techniques: transmission
and attenuated total reflection (ATR) FTIR spectroscopy.
Transmission FTIR spectroscopy uses a deposition substrate
such as an Si wafer or a pelletized infrared transparent powder
such as KBr or ZrO,: the powder approach is used to obtain a
high surface area to enhance sensitivity. On the other hand,
ATR-FTIR spectroscopy uses an internal reflection element as
the deposition substrate and relies on multiple internal reflec-
tions to enhance sensitivity to monitor even submonolayer
surface coverages rapidly.®*®> Using FTIR spectroscopy, it is
possible to monitor the film composition, reactive surface
sites, and adsorbed surface species during each precursor half-
cycle and therefore identify the surface reaction
mechanisms.

In addition to in sifu surface characterization, first princi-
ples DFT calculations can be used to calculate the energetics
of the surface reactions during precursor cycles, which
reveals the chemical mechanism and allows for rapid precur-
sor screening.****®” Mechanistic knowledge can then inform
substrate preparation, reactor conditions, and choice of chem-
icals. Choosing the right precursor for an ALD process is a
crucial factor in determining the viability of the process and
the quality of the grown film, and this is greatly aided by
understanding the ALD chemistry. Detailed knowledge of
the reaction steps can help in the selection of chemistry that
minimizes activation energies for the ALD reactions and
avoids unwanted side reactions, enabling low-temperature
ALD of pure materials.

In this review article, we discuss the current status of the
ALD of SiO,, SiN,, and SiC. In particular, we describe the
advantages and limitations of the known thermal and
plasma-assisted ALD processes, and whenever possible,
identify the surface reaction mechanisms that lead to film
growth, and discuss how the surface reaction mechanisms
influence film properties. Finally, we identify the remaining
challenges for the ALD of Si-based dielectrics and describe
the progress made in the ALD of ternary blends.

This review is structured as follows. In Sec. II, we
describe the ALD of SiO,, with a particular focus on the
surface reaction mechanisms that lead to film growth for
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chlorosilane, Si alkoxide, and aminosilane Si precursors. In
Sec. III, we outline the challenges for both thermal and
plasma-assisted SiN, ALD processes, namely, those using
chlorosilanes, trisilylamine (TSA), or aminosilanes, as the Si
precursor. We then identify the surface reaction mechanisms
and describe the computational studies on precursor reactiv-
ity. Finally, in Sec. IV, we outline the challenges associated
with the ALD of SiC and summarize the progress made
toward C incorporation during the ALD of SiO, and SiN,
films.

Il. ATOMIC LAYER DEPOSITION OF SiO,

SiO, ALD has been widely studied over the last two
decades. Figure 3 shows a scanning electron microscopy
image of an SiO, film deposited by ALD with a conformal-
ity of >95%, which clearly demonstrates that current ALD
processes can provide the attributes required for semiconduc-
tor manufacturing. As the breadth of the literature on SiO,
ALD is extensive, we limit this review to the most
industrially-relevant SiO, ALD processes. A recent compre-
hensive review of precursors used in ALD of SiO, was
carried out by Miikkulainen ef al.'> Progress in theoretical
modeling of SiO, ALD was recently reviewed in detail by
Fang et al.®®

Silane is the most common Si precursor for thin film
growth of Si-based materials for semiconductor manufactur-
ing. However, SiH, is not a suitable precursor for the ALD
of SiO, due to very weak molecular adsorption on a hydrox-
ylated SiO, surface, and a very high barrier toward subse-
quent hydride elimination.®® Alkylsilanes, another common
set of precursors in thermal and plasma-assisted CVD of
Si-based materials, are similarly unreactive at temperatures
relevant for ALD.*® Therefore, to enable the ALD of SiO,,
more reactive Si precursors are required. In this section, we
primarily review the chemical mechanisms of SiO, ALD
using chlorosilane, Si alkoxide, and aminosilane precursors
with typical oxygen-containing precursors such as H,O, O,
plasma, or Os.

S$5500 5.0kV 0.5mm x150k SE 300nm

FiG. 3. Scanning electron microscopy image of an SiO, film deposited using
a bis(tert-butylamino)silane (SiHy(NH'Bu),, BTBAS) and O, plasma ALD
process at 400 °C on a nanostructure with an aspect ratio of ~4.5.
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A. Chlorosilanes

In one of the first reports on SiO, ALD, Sneh et al”®

demonstrated the ALD of SiO, using SiCly and H,O. The
processing temperature was >327 °C, but required large
SiCl exposures (>109 L). This is consistent with prior work
reported by Tripp and Hair on the functionalization of
—OH-terminated SiO, surfaces, where these authors reported
temperatures >300 °C for reaction of alkylated chlorosilanes
with hydroxylated SiO,.”"””* The reaction cycle for SiO,
ALD from SiCl, and H,O is illustrated in Fig. 4. The change
in bond energies during both half-reactions indicates that
both steps should be moderately exothermic. The reason for
the high processing temperature and large SiCl, doses lies in
the kinetics of the reactions. Sneh et al. proposed that, in the
SiCly half-cycle, the precursor initially physisorbs via
H-bonding on hydroxylated SiO,, rather than undergoing
dissociative chemisorption [see Fig. 5(a)]. The subsequent
reaction is direct substitution, i.e., concurrent cleavage of
Si—Cl and O—H occurs with the formation of Si—O and
H—CI via a four-membered-ring transition state (TS) where
the Si atom in SiCly is fivefold coordinated [see Fig. 5(b)].
The result is chemical bonding of the chlorosilane fragment
to the surface via the surface O atom, and the formation of
HCI as a by-product. The rate of the substitution reaction
thus depends in part on the strength of molecular adsorption
and the geometry of that intermediate. The authors suggested
that a similar mechanism may be at play during the H,O
half-cycle [see Figs. 5(c) and 5(d)].

DFT calculations by Kang and Musgrave on hydroxylated
Si(100) provided further evidence that individual molecules
indeed adsorb and eliminate HCI in one step via a single
four-membered-ring TS in both the SiCl; and H,O half-
cycles.75 However, in a later DFT study of ALD of SiO,
onto hydroxylated -Si0,(0001), Fang er al.’® reported
metastable intermediates with pentacoordinate Si in both
SiCly and H,O pulses. This conflicting evidence suggests
that the local environment has a major influence on whether
pentacoordinate Si is metastable or unstable.

H H
o) J
/H H /O\ll\o/sll/o\
T L
P
/O\S'/O\\Si/o\ Q /O\ii/o\Li/O\
! | 1
| o S0, o | | o Sio, 0 |
Cl o]
sicl, N HCl
Si N\ ./
| it
T o)
/O\S|/O\ll/0\
1
H-Cl | 5 sio, o | H,0

Fic. 4. Schematic ALD cycle at steady state for SiO, from pulses of SiCly
and H,O.
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FiG. 5. SiO, ALD mechanism during SiCly and H,O pulses. SiCly precursor
physisorbs on hydroxylated silica via H-bonding followed by direct substitu-
tion, i.e., concurrent cleavage of Si—Cl and O—H and formation of Si—O
and H—CI via a four-membered-ring transition state with pentacoordinate Si.
H,0 physisorbs on surface Si—Cl via H-bonding followed by direct substi-
tution, i.e., concurrent cleavage of Si—Cl and O—H and formation of Si—O
and H—Cl via a four-membered-ring TS.

Sneh et al. also verified the surface reaction mechanism
for SiO, ALD from SiCl, and H,O using transmission FTIR
spectroscopy (see Fig. 6).”° Figure 6 shows the infrared dif-
ference spectra for the SiCly and H,O half-reactions. As can
be seen in Fig. 6, the starting surface for the SiCl, half-cycle
is populated by isolated Si—OH species as evidenced by the
presence of the —OH stretching vibration at ~3750 cm™".
Following exposure to SiCly, the isolated —SiOH species are
removed and an —SiCl, (x=1, 2, 3) terminated surface is
created, as shown by the increase in the —SiCl, (x=1, 2, 3)
stretching mode at ~650 cm™', and a decrease in absorbance
in the —OH stretching region. During the H,O half-cycle,
the —SiCl, (x=1, 2, 3) species are removed and the —SiOH
terminated surface is recreated, allowing for the continuation
of the ALD process.

The reaction temperature and precursor exposure time for
SiO, ALD from chlorosilanes and H,O can be lowered using
a nucleophilic molecule as a catalyst. Tripp and Hair first
reported this effect in 1993 using multiple cycles of alternat-
ing alkylchlorosilane and H,O pulses catalyzed with
amines.”! However, they did not describe this as ALD.
Exposure to triethylamine allowed the surface reaction to
proceed at room temperature. This is consistent with the
mechanism proposed by Blitz ef al.”’ whereby H-bonding of
an amine base to surface hydroxyl increases the nucleophilic-
ity (i.e., electron donating power) of oxygen in the hydroxyl
group, facilitating chemisorption of chlorosilane via penta-
coordinate Si (see Fig. 7). Importantly, this pentacoordinate
structure was proposed to be a metastable intermediate,
rather than a transient TS.”” In molecular chemistry, penta-
coordinate Si is known to be stable when bonded to highly
electronegative atoms such as F, C, or O (i.e., hard bases).

George and co-workers also studied base-catalyzed
thermal ALD of SiO, from SiCl; and H,O (Ref. 78) and
confirmed that codosing with pyridine in each half-cycle
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FiG. 6. Infrared transmission spectra for the H,O and SiCly half-cycles during SiO, ALD at 327 °C. The Si—OH and the —SiCl, (x=1, 2, 3) stretching region
are shown. Reproduced with permission from Sneh et al., Surf. Sci. 334, 135 (1995) (Ref. 70). Copyright 1995 Elsevier.

permitted lower temperatures (25 °C) and smaller precursor
doses (10*1). The H,O half reaction was found to saturate
faster than the SiCly half reaction, implying that the latter is
rate-determining at low temperatures. Fitting first order kinet-
ics to the data revealed that the effective activation energy
was halved by base-catalysis, and this dramatic drop in acti-
vation energy was later confirmed in DFT models by Chen
et al.”® Tt appears that OH or H,O is activated by an interme-
diate with H-bonded pyridine and pentacoordinate Si, as pro-
posed by Blitz et al.”’ (see Fig. 7). The George group used
transmission FTIR to monitor the surface —SiOH and pyri-
dine vibrations to provide evidence for these intermediates.*°
The presence of these intermediates was verified by showing
that during adsorption, pyridine hydrogen bonds with the
isolated —SiOH groups, which have a stretching mode at
~3750cm™": the H-bonding can be evidenced by the
decrease in the peak intensity and red-shifting the character-
istic frequency. In addition, vibrational modes associated
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Fic. 7. Reaction mechanism of SiO, ALD catalyzed by amine base during
the SiCl; and H,O pulses. H-bonding of a nucleophile (Nu) such as an
amine to surface —OH [(a) and (b)] or H>O [(c) and (d)] increases the reac-
tivity of oxygen in that group toward Si, facilitating chemisorption of the (a)
chlorosilane or (c) water, both via pentacoordinate Si in a four-membered
ring. A nucleophile with acidic H (NuH) allows for the formation of a more
stable six-membered ring [(b) and (d)].
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with pyridine appear in the infrared spectra, corresponding to
H-bonded pyridine on the surface.*® Chen er al. showed that
smaller and more alkaline Lewis bases had a stronger cata-
lytic effect during ALD of Si0,.”” Consistent with this,
George et al. experimentally showed that NH; was ~10
times more effective as a catalyst for this reaction than pyri-
dine, forming a less strained TS via extra protons for
H-bonding and/or elimination as HCl. However, the primary
drawback of using NHj is the formation of involatile NH4ClI
due to reaction with HCIl, which can accumulate in the
reactor leading to particle formation.®' Using DFT, Fang
et al.’® simulated the reaction of H,O with a Cl-terminated
Si0O, surface. These calculations also showed that the activa-
tion energies were lowered by at least a third through the
coordination of a second adsorbing H,O in an H-bonded
intermediate [see Fig. 7(d)], acting as nucleophile and proton
source, in the same way as NH3. The authors also reported a
low activation energy barrier for condensation reactions to
form H,0 or HCI along with Si—O—Si bridges.”®

This sequence of studies on chlorosilanes shows how par-
ticular reagents may open up new mechanistic pathways and
have a major effect on the viability of an ALD process. SiCly
cannot chemisorb molecularly and faces a high barrier
toward the elimination of HCI, due to strain in the four-
membered —Si—O—H—Cl— ring of the TS. Thermal ALD
is then only possible above 323 °C.”" Codosing with a nucle-
ophilic reagent (e.g., pyridine) increases the reactivity of the
surface and allows SiCl, to adsorb molecularly as the penta-
coordinate intermediate —OSiCly, lowering the barrier to
HCI formation.”® The temperature where ALD is viable thus
drops to 23 °C. Codosing with a protic nucleophile (e.g.,
NH;) changes the TS into a six-membered ring, further
accelerating the reaction.®' H,O is also a protic nucleophile
and so the same effect makes the H-bonded network of
adsorbed H,O molecules reactive toward the Cl-terminated
surface. This explains why the H,O pulse does not require
high temperatures in this process. It also explains why non-
protic oxygen sources, such as O, or O3, do not perform as
well as thermal H,O with SiCl,.5*®® Another obstacle in
these cases is the absence of H in SiCl,, meaning that oxida-
tion cannot generate a hydroxyl-covered surface during
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ALD.* We expect that one consequence is a lower ALD
growth per cycle for these oxygen sources, because less HCI
can be eliminated in the SiCl; pulse than when hydroxyl
groups are present.

While base-catalyzed SiO, ALD processes that use SiCly
and H,O precursors are capable of film growth at low tem-
peratures and small precursor exposures, a chlorine-free low-
temperature ALD process would be preferred for many appli-
cations, because HCI produced as a by-product is highly cor-
rosive and undergoes further side reactions. Therefore, for
semiconductor device manufacturing, other chlorine-free Si
precursors such as Si alkoxides and aminosilanes are also of
interest.

B. Alkoxides

As Si alkoxides are relatively unreactive, base-catalysis
also seems to be key to achieving ALD of SiO, using alkox-
ide precursors. For instance, SiO, was grown by ALD just
above room temperature using tetraethoxysilane and H,O as
precursors with NH; as a catalyst.®® Infrared data indicate that
NHj; increased the nucleophilicity of oxygen in surface SiOH,
possibly as shown for chlorosilanes in Fig. 7.%° The self-
catalytic precursor H,N(CH,);Si(OEt); has also been used
with H,O or Os for low-temperature ALD (120-200 °C).>*%¢

060904-7

Similar chemistry can be expected for azasilanes that produce
amino groups on ring-opening.®’ It seems likely that the
amino group of the precursor both improves adsorption and
increases the reactivity of surface hydroxyl groups toward the
alkoxide ligands. In a similar fashion, a (CH3);Al catalyzed
Si0, ALD process was reported by Hausmann et al.®®

Hausmann et al. reported a “Rapid ALD” process for
SiO, nanolaminates from (Bu’O);Si(OH) and (CH;);AL%® In
this mechanism, the (CHj3);Al reacts with surface —SiOH
species to form an —OAICH; terminated surface [see
Fig. 8(a)]. The AI—O bond then catalyzes the reaction of the
(Bu’0)3Si(OH) precursor with the —OAICHj surface species
to form an —AlOSi(Bu’O); terminated surface with CH, lib-
erated into the gas phase [Fig. 8(b)]. Subsequent
(Bu’0)3Si(OH) precursor exposure leads to further catalyzed
reaction, through the elimination of Bu'OH species
[Fig. 8(c)]. The continued catalyzed (Bu’O);Si(OH) precur-
sor decomposition continues until ~12nm of SiO, film is
deposited. The proposed mechanism in Fig. 8 has been veri-
fied using DFT by Ni et al.*® In this case, it appears that
Al—O units can catalyze decomposition of the precursor via
Lewis acid/base interaction, yielding siloxane oligomers that
cross-link to SiO,. This is, therefore, another case of the cat-
alytic activation of —SiOH, albeit via a Lewis adduct rather
than via H-bonding.
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o) o + (CHg)sAl —> O/ \O +2CH,
B OBUt
ButO—Si—OBut
(BUtO)zSIOH  + |C|-|3 —p c|> + CH,
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Fic. 8. Cooperative effect of (CH3)3;Al in SiO, nanolaminate ALD. Initially, (a) the (CH3);Al reacts with surface —SiOH species to form an —O,AICH; termi-
nated surface through the elimination of two CH4 molecules. The presence of the AI—O bond catalyzes the reaction of (Bu'O);SiOH with the —O,AICH; ter-
minated surface via the formation of —AlOSi(Bu'O); surface species with CH, as the gaseous by-product (b). The Al—O bonds further catalyze the
decomposition of the (Bu’0);SiOH precursor (c) through the formation of gaseous Bu'OH by-products, allowing for the rapid deposition of ~12 nm of SiO,

film per ALD cycle.
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C. Aminosilanes

Unlike chlorosilane precursors, aminosilane precursors
do not need a catalyst to enable SiO, ALD at <300 °C,
reflecting their higher reactivity. Thermodynamically, amide
ligands are predicted to be more reactive than chloro ligands
for SiO, ALD by about 50-70 kJ/mol-ligand according to
DFT cluster calculations.® Additionally, ALD of SiO, using
aminosilane precursors is not expected to lead to particle
formation (see discussion in Sec. II A), giving these precur-
sors a distinct advantage versus chlorosilanes. The smallest
homoleptic aminosilane, tetrakisaminosilane Si(NMe,)y, is
found to be too sterically hindered for adsorption during
ALD.®® Other aminosilanes, Si(NR»)(H)4_, (1 <x<3), can
be classified as heteroleptic precursors, as they have a mix
of amide and hydride ligands attached to the central Si
atom. In these heteroleptic precursors, Si—H is such a
strong, nonpolar bond that H rarely behaves as a hydride
leaving group. Many studies have confirmed that loss of pro-
tonated amine is favored over loss of protonated hydride,
ie., H2,90*92 when these precursors adsorb onto
—OH-terminated SiO, surfaces, as detailed below. It may,
therefore, be appropriate to view the aminosilanes as a
source of surface —SiH, —SiH,, or —SiH;. This —SiH,
(x=1, 2, or 3) terminated surface is quite inert toward
reagents such as H>O and requires temperatures >450 °C for
complete oxidation by H,0,.°> By employing more aggres-
sive oxygen sources such as O3 or O, plasma, deposition is
enabled at <300 °C. High volume manufacturing PEALD
processes for SAXP typically run at substrate temperatures
<75°C."*!> Ozone based processes are possible as low as
100 °C with sufficient flux of 05.°" The proposed reaction
schematic for aminosilanes and O; or O, plasma is shown
in Fig. 9. A modest thermal activation energy barrier has
been computed to be necessary for the highly exothermic
oxidation of H-terminated Si surfaces by O3°*** or O,
plasma.95 In both cases, the net effect was the insertion of O
atoms into Si—H and regeneration of surface hydroxyl,
which was experimentally confirmed by surface infrared
spectroscopy.®®! Oxidation of ligands to hydroxyls at the
surface is also observed in metal oxide ALD.*
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Fic. 9. Schematic ALD cycle at steady state for SiO, from pulses of the ami-
nosilane precursor and the oxygen precursor (O3 or O, plasma).
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Understanding the routes to opening up Si—H bonds in this
way may help in the search for ALD processes for SiC (see
Sec. IV of this paper).

A key mechanistic question is how precursor performance
is affected by the ratio of amide to hydride ligands.
Tris(dimethylamino)silane (SiH(NMe,);, TDMAS) would
function as a source of SiH if it was to lose all three ligands
as HNMe,. However, it is computed by DFT that proton
transfer and loss of the third amine ligand are kinetically and
thermodynamically very unlikely under ALD conditions,’®
consistent with the infrared spectroscopic detection of this
ligand at saturation by Kinoshita er al.*””® Oxidation of this
remaining ligand in the O precursor pulse using, for
example, O3 may result in C and N impurities in the film.
Bis(tert-butylamino)silane (SiH,(NH'Bu),, BTBAS) is a
potential source of SiH,. Indeed, DFT calculations predict
that the most favorable reaction pathway is for both amide
ligands to be cleanly removed.”” Elimination of both amide
ligands was also computed with DFT for the SiH,(NRj;),
precursors  with R =Me (BDMAS)” and R=Et
(BDEAS).””"”® However, using transmission FTIR spectro-
scopy during SiO, ALD, Pefia et al. showed that a fraction
of the amine ligands remain on the SiO, surface following
BTBAS chemisorption after the Oz cycle, suggesting that
not all of the amide ligands are removed during the surface
reaction. This is due to the fact that a higher thermal activa-
tion barrier is computed for the second ligand elimination
step than the first, which was verified later in a temperature-
resolved experiment.”’ Han er al. showed that while the
removal of the first ligand proceeds through the formation of
a four-membered ring, the removal of the second ligand can
occur through either the same pathway as the first or through
the formation of a six-membered ring.”> The formation of
the six-membered ring was predicted to have a lower activa-
tion energy barrier but is less exothermic, suggesting that it
would dominate at lower temperatures, while the formation
of the four-membered ring would dominate at higher temper-
atures.”” With just one amide ligand, di(sec-butylamino)
silane  (SiH;(N**“Bu,), DSBAS) should function as a
source of SiH;. DFT calculations show that ALD with Oj
is exothermic with low activation energy (25kJ/mol).”*
Mallikarjunan et al. confirmed experimentally that DSBAS
indeed shows ALD growth at lower temperatures than
BTBAS or BDEAS.” They also found that DSBAS gives a
higher GPC, which was explained by better surface packing
of the SiH; fragment of DSBAS after elimination of a single
amine, relative to the corresponding SiH,(NR,) fragments of
BTBAS or BDEAS.

The surface reaction mechanisms for the ALD of SiO,
using aminosilanes and O, plasma or O3 that were predicted
by DFT calculations have been verified via surface infrared
spectroscopy.®>*!7 Figure 10 shows the infrared spectra of
the DSBAS and O, plasma half-cycles during the ALD of
SiO, at a substrate temperature of 400 °C obtained using
ATR-FTIR spectroscopy. All half-cycle infrared spectra pre-
sented in this paper are difference spectra, meaning that a
fresh background was collected prior to each precursor dose
and that an increase or decrease in the infrared absorbance
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FiG. 10. Infrared absorbance change of DSBAS and O, plasma half-cycles
during the ALD of SiO, at 400 °C. The surface termination following each
precursor half-cycle is also shown.

corresponds to an increase or decrease in the number of
species on the surface, respectively. On the post-O,-plasma
growth surface, DSBAS reacts with —SiOH surface species,
as evidenced by the broad decrease at ~3600 cm™' and the
sharp decrease at ~3750cm™!, corresponding to the
hydrogen-bonded and isolated —SiOH stretching vibrations,
respectively.”’ The increase at ~2190cm™', attributed to the
—OSiH; stretching vibration,'” suggests that the DSBAS
reacts with the surface —SiOH species to form surface
—SiOSiH; species, while the absence of a feature associated
with the —CHy; (x=1, 2, 3) stretching vibration at
~2900cm™" indicates that the amide ligand is the leaving
group during the DSBAS chemisorption step, which is consis-
tent with DFT calculations.®*'*" The increases associated with
the Si—O—SiH; deformation vibrational modes’' between
950 and 1100 cm™" confirm that the DSBAS leaves behind a
—OSiH; terminated surface. Therefore, the most likely gas-
phase reaction product during the DSBAS half-cycle is
di-sec-butylamine. In the O, plasma step, the —OSiH; surface
species are removed, as evidenced by the decrease in the
—SiHj stretching and deformation modes at ~2200 and 950-
1100 cm™", respectively. SiO, film growth occurs during the
O, plasma step as can be seen from the increase in the
Si—O—Si phonon mode at ~1060cm™".> The O, plasma
also restores the surface —SiOH species, likely through either
the insertion of O atoms into —SiH bonds, which is consistent
with DFT, or through the recombination of surface H with O
radicals generated in the plasma to form OH radicals that can
react with the surface to provide surface —OH groups. A
similar reaction mechanism was recently identified for the
ALD of SiO, using DSBAS and Os by Peiia er al.”!

Murray et al. used DFT to quantify how the identity of
the amide ligands in the aminosilane precursors affects the
ALD mechanism.® The alkyl group (R) [for example,
R =methyl (Me), ethyl (Et), isopropyl (Pr)] of the amide
was observed to have a major effect during molecular
adsorption of precursor via H-bonding with surface Si-OH
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on a —OH-terminated surface, presumably due to steric
crowding at the surface. As a general rule, larger R groups
were found to hinder adsorption, as seen in adsorption ener-
gies of —52, —42, —-32kJ/mol for R =Me, Et, Pr in the
SiH,(NR5), precursor family. This could be ameliorated by
replacing one R with H, e.g., —47kJ/mol for R="Bu in
SiH,(NHR),. All the DFT studies mentioned above find that
molecular adsorption of aminosilanes is via H-bonding
between surface hydroxyl and a precursor N atom. Han et al.
calculated by DFT that the N—H interaction between the
amine ligand in BTBAS and the surface hydroxyl has a bond
length of 1.854 A compared to 1.604 A for TDMAS, imply-
ing weaker hydrogen bonding.”® This was unexpected as
TDMAS has three amide ligands while BTBAS has two,
which would weaken the ability of the N atom to hydrogen
bond due to the electron withdrawing alkyl groups. The
longer bond length was explained by the steric repulsion
from the bulky t-butyl groups, confirming that the identity of
the amide ligand dictates precursor chemisorption. The
studies also agree that the ALD reaction proceeds via con-
certed proton transfer from hydroxyl to amine and Si-O for-
mation in four-membered ring structure at the TS (analogous
to the structure shown in Fig. 5(a) for chlorosilane). The
computed activation energy is of approximately the same
magnitude as for chlorosilanes, with DFT studies of various
aminosilanes in different surface models giving values over
the range of 30-80kJ/mol relative to the molecularly
adsorbed state,®%%2>%¢ Therefore, in terms of reactivity for
ALD of SiO,, the amide ligands seem to behave similarly to
chloro ligands, with quantitatively similar energetics for pro-
tonation. Both the processes based on chlorosilanes catalyzed
by nucleophiles and those based on aminosilanes are viable
at low temperatures, as evidenced by the chemisorption of
BTBAS and DSBAS at 100 °C on —OH-terminated SiO,.”!
As discussed above, in the chlorosilane case, this is under-
stood as due to metastable intermediates where penta-
coordinate Si is stabilized by a coadsorbed Lewis base
(“cooperative effect,” Fig. 7). We can, therefore, ask whether
a similar mechanism is in operation for aminosilanes, espe-
cially since the HNR, by-product is Lewis basic and prone
to remain H-bonded to the surface. On the other hand, amide
ligands can be expected to be less electron-withdrawing
than chloro ligands, disfavoring pentacoordinate Si.
Unfortunately, none of the above DFT studies have clarified
this by checking the effect of coadsorbed Lewis bases on the
computed mechanism. It is also important to remember that
surface amide ligands are prone to thermal decomposition.
For example, B-hydride elimination of CH, from dimethyla-
mide to yield an imide has been proposed based on surface
infrared spectroscopy during ALD of SiO, from TDMAS
and H,0,.°> However, DFT studies have generally neglected
to compute such pathways and analyze their effect on the
overall surface reaction mechanism during ALD.

Based on the above discussion, it is clear that ALD of
Si0, is at a mature stage of development. The reaction mech-
anisms that lead to film growth are relatively well under-
stood, and processes that lead to high-quality, conformal
SiO, deposition at low temperatures are already integrated
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into the semiconductor device manufacturing. The next stage
for the ALD of SiO; is, therefore, the improvement of exist-
ing processes to optimize parameters such as the GPC or the
required precursor exposure, thereby increasing throughput
or reducing the processing cost per wafer.

lll. ATOMIC LAYER DEPOSITION OF SiN,

In this section, we show that the ALD of SiN, has been
achieved using both thermal and plasma-assisted ALD pro-
cesses. In contrast to the ALD of SiO,, the low-temperature
ALD of SiN, remains problematic, with numerous chal-
lenges that must be overcome before these films can be fully
integrated into semiconductor manufacturing. The primary
challenge of thermal SiN, ALD processes is the lack of N
precursors reactive enough to enable SiN, film growth at
substrate temperatures <400 °C. To overcome these chal-
lenges, research into the ALD of SiN, has changed focus
from thermal to plasma-assisted SiN, ALD processes. While
SiN, films have been deposited using both NHj;- and
N,-plasma-based ALD processes, there are still several
issues associated with each approach. In NH3-plasma-based
ALD of SiN,, the primary challenge is the relatively high H
content of the deposited films, which leads to unacceptably
high wet-etch rates, and nonisotropic etching in HAR nano-
structures. In contrast, while N,-plasma-based SiN, processes
deposit films that etch isotropically and have a low H
content, the conformality of these films is typically <80% in
HAR nanostructures.'’> Therefore, the integration of SiN,
films deposited using plasma-assisted ALD into semiconduc-
tor manufacturing will require fine-tuning of the current SiN,
deposition processes, whether by improving the stoichiome-
try of films deposited using H- and N-containing plasma
ALD processes or by improving the conformality of
N,-plasma-based ALD processes. This could potentially be
achieved via the use of more reactive Si precursors or
through the introduction of multistep ALD processes.

For industrial applications, currently, ALD of SiN, is
achieved using a high-temperature thermal process from a
chlorosilane precursor and NH;.'7'% However, low-
temperature (<400 °C) SiN, ALD processes reported in the
literature cannot provide the film attributes required for inte-
gration into semiconductor manufacturing.*’** Given the
importance of developing new and improved SiN, ALD pro-
cesses, this section will provide a comprehensive overview
of the SiN, ALD processes currently reported in the literature
(see Tables I and II). Recently, the literature on ALD of SiN,
was summarized in a review by Meng er al.'* Therefore, in
this review, we will primarily focus on the surface reaction
mechanisms during SiN, ALD with special emphasis on
low-temperature (<400 °C), plasma-assisted ALD of SiN, for
single-wafer applications in semiconductor manufacturing.

Thermal and plasma-assisted ALD of SiN, was first
reported in the mid-1990s. The primary classes of Si precur-
sor used for the ALD of SiN, are chlorosilanes, aminosi-
lanes, and silylamines, along with a few other silane
derivatives. For thermal SiN, ALD, only chlorosilanes such
as SiH,Cl,, SiCly, and Si,Clg have been used as the Si
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TaBLE I. Known thermal ALD processes for SiN,.
Si N Temperature ~ GPC Additional
precursor  precursor (°C) (A) notes Reference
SiCly NH; 427-627 2.4 107
SiCly NH; 375,550- 0.9-1.5 Temperature 103, 104,

600 cycling 108-113
SiCly NH; 500 1.2 106
SiCly NH; 350400 0.55 114
SiH,Cl, NH; 375, 550 0.9 Temperature 115

cycling

SiH,Cl, NH; 500 1.2 106
SiH,Cl, NH; 450-550 0.8 105
Si,Clg NH; 515-557 24-2.8 116
Si,Clg NH; 300 0.55 117
SixClg N,H,4 525-650 23 118
Si,Clg N,H,4 285 - 119
Si5Clg NH; 300-500  0.3-0.6 120

precursors (see Table I). The N precursor is typically NHs,
or in a few studies N,H, (see Table I). Plasma-assisted SiN,
ALD processes can be primarily classified into two catego-
ries: chlorosilanes with NH; plasmas and aminosilanes with
N, plasmas (see Table II). SiN, ALD with silylamine precur-
sors has been reported with both NH; and N, plasmas. A
plasma-assisted Si precursor step is obviously not possible as
it would lead to continuous amorphous Si (a-Si) film
growth.'*™'* For both the thermal and plasma-assisted
approaches, the properties of the deposited films and the
challenges associated with the ALD processes will be
described in this section. In the case of thermal SiN, ALD
processes, the primary challenges are that high substrate tem-
peratures and large precursor exposures are required: this is
related to the low reactivity of the available N precursors. To
overcome the challenges associated with thermal SiN, ALD,
semiconductor manufacturers are increasingly turning to
plasma-assisted ALD processes.

The transition to plasma-assisted ALD processes
has introduced a unique set of processing challenges
related to conformal deposition on high-aspect-ratio struc-
tures. Figure 11 shows the cross-sectional transmission elec-
tron microscopy (TEM) images of a typical SiN, film grown
by ALD on a nanostructure with an aspect ratio of ~5. These
SiN, films were deposited at 375-400 °C. In Fig. 11(a), we
see that the SiN, film deposited using the chlorosilane and
N- and H-containing plasma ALD process has a conformal-
ity >95%. This behavior is typical of ALD processes that use
an N- and H-containing plasma.'"*”** After SiN, deposi-
tion, the film shown in Fig. 11(a) was briefly immersed in a
dilute HF solution (1% in H,O) [Fig. 11(b)]. The etch rate in
dilute HF can be used to probe the material differences
between the planar and sidewall surfaces. The TEM micro-
graph in Fig. 11(b) shows that the planar surfaces of the
SiN, film remain intact, while the sidewall surfaces are
completely etched away. In Fig. 11(c), the SiN, film depos-
ited using an aminosilane and N, plasma ALD process has a
conformality of ~50%. While values as high as ~75%
have been reported using bis(dimethylaminomethylsilyl)
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TaBLE II. Known plasma- and radical-assisted SiN, ALD processes.

Temperature GPC
Si precursor N plasma °C) A) Additional notes Reference
Chlorosilanes
SiH;Cl NH; 400 Not reported 10, 11
SiH,Cl, NH; 250-400 0.9 121, 122
SiH,Cl, NH; 375 1.0 Hot wire assisted 123
SiH,Cl, NH; 500 Not reported 10, 11
SiH,Cl, NH; 350-500 Not reported 124
SiH,Cl, NH; 350 0.24 125
SiH,Cl, NH; 400 ~1 126
Si,Clg NH; 350-450 1.2 47
Si,Clg NH; and N, 300 0.5-1 Three-step process — Higher GPC 117
Si,Clg N,/NHj; and Ar/NH; 270-360 0.6 127
SiCl,(CHs), NH; 475 Not reported 48
Aminosilanes
BTBAS N, 80-500 0.16-0.93 GPC decreases with temp. 60, 128-130
3DMAS N, 350 0.11 125, 131
DSBAS N, 100-500 0.12-0.2 GPC decreases with temp. 62
DSBAS N, 225-375 0.5+0.1 132
3DMAS NH; 350 No growth 125
BDEAS NH; 300 No growth 133
BDEAS N2 225-375 0.5+0.1 132
TEAS NH; 300 No growth 133
TIPAS NH; 300 No growth 133
DIPAS NH; 300 No growth 133
DIPAS Ar and NH; 300 0.4-0.7 133
DIPAS N, 60-250 0.4 134
DSN-2 N, and NH; 250-500 0.43 Three-step process 135
Silylamines
N(SiH3)3 N, 250-300 1.2 61
N(SiH3)3 N, 250 Not reported 125
N(SiH3)3 NH; 150-350 0.68 136, 137
N(SiH;)3 N,/H, 300-400 1.3-2.1 28
DTDN2-H2 N, 250-400 0.38 102, 138
Silanes
SiHy N, 250-400 0.06-2.5 139, 140
SiHy N,/H, 350 0.1 141
Si(SiH3)4 N, 250-300 1.4 61
SiH(CHj3); NH; 300-450 0.7-0.8 142

trimethylsilyl amine with N, plasma,'®* almost all reports in
the literature show that a lower film conformality is achieved
in N,-plasma-based processes compared to N- and
H-containing plasmas. However, when SiN, films grown
using aminosilane and N, plasma processes are exposed to a
dilute HF solution, the planar and sidewall surfaces remain
primarily intact as shown in Fig. 11(d). The nonuniform
SiN, wet-etch rate for films deposited from cholorosilanes
and the low conformality of the SiN, film deposited from
aminosilanes makes it difficult to integrate either process for
applications in semiconductor manufacturing. Note that non-
hydrogenated chlorosilane precursors, such as Si,Clg, com-
bined with N, plasma lead to poor quality SiN, films that
oxidize rapidly, and hydrogenated chlorosilanes combined
with N, plasmas again lead to poor conformality. On the
other hand, processes that use aminosilanes combined with
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NH; plasma simply do not deposit SiN, films under self-
limiting conditions."** To explain the challenges associated
with thermal and plasma-assisted SiN, ALD processes, a
better understanding of the surface reaction mechanisms for
the ALD of SiN, is required.

In the rest of this section, we focus on identifying the
surface reaction mechanisms for three primary classes of Si
precursor used in SiN, ALD: chlorosilanes, silylamines, and
aminosilanes. We then use these surface reaction mecha-
nisms to explain the differences in film properties between
SiN, films deposited using these classes of ALD precursors.

A. Chlorosilanes

Chlorosilanes were the first class of Si precursor that were
extensively used for SiN, ALD, first with NH; in thermal
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Fic. 11. Cross-sectional TEM images of an SiN, film deposited using a
chlorosilane and NH; plasma ALD process before (a) and after (b) immer-
sion in a dilute aqueous HF solution for 30s, and an SiN, film deposited
using an aminosilane and N, plasma ALD process before (c) and after (d)
immersion in a dilute aqueous HF solution for 30 s.

processes and later with NH;3 plasmas to lower the growth
temperature. Table [ shows the chlorosilane precursors,
growth temperatures, and GPC values for various thermal
SiN, ALD processes reported in the peer-reviewed literature
prior to January 1, 2019 obtained via Web of Knowledge™.
As can be seen from Table I, thermal ALD of SiN, chlorosi-
lanes is based on NHj, or rarely, N,H, as the N precursors.
Chlorosilanes are preferred in thermal processes over amino-
silanes since —SiHg_,(NRR'), (x =0-3) terminated surfaces
created by aminosilanes are not very reactive with either
NH; or N,H, (or with H;O or H,O,, as already noted in
Sec. I1 C),128:129.146

Figure 12 shows a typical reaction schematic for SiN,
film growth using SiCl; with either thermal NH; or NHj
plasma. During the Si precursor pulse SiCly interacts with
—NH, (x=1, 2) surface species created by the reaction of
NH; or due to exposure to an NH; plasma. The reaction of
SiCly with this surface is proposed to proceed though the for-
mation of an overcoordinated Si center, as already discussed
for the chlorosilane SiO, processes (see Sec. II A1 In
the reaction, surface —SiCl, (x=1, 2, 3) species are created
as one or more of the Cl ligands are removed through the
formation of HCI as the volatile reaction by-product which
may remain on the surface or desorb into the gas phase and
be pumped away. In the subsequent thermal NH; half-cycle,
the N precursor reacts with the —SiCl, (x=1, 2, 3) surface,
to form an —NH, (x=1, 2) terminated surface with HCI
again released as the volatile reaction by-product. A similar
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FiG. 12. Schematic ALD cycle at steady state for SiN, from pulses of cholor-
osilane precursor and N precursors (NH3 or NH; plasma).

surface termination is observed in experiments for NHj
plasmas, but the reaction mechanism is expected to be very
different due to the presence of radicals in the plasma step,
which likely undergo redox reactions rather than acid-base
reactions. The formation of HCI during the N precursor step
presents a unique problem. First, HCl is a corrosive gas,
which complicates material requirements for the reactor.
Second, unreacted NH3; and the HCI by-product react to
form NH,CL*” While NH,Cl is not stable at the growth tem-
perature of SiN,, which is usually >300 °C for chlorosilane
precursors (see Table I), this salt has the potential to accumu-
late on any cold surfaces in the reactor and can eventually
lead to particulate formation.

The surface reaction pathways shown in Fig. 12 that leads
to SiN, film growth during thermal ALD from SiCl; and
NH; were validated by Klaus ef al. using transmission FTIR
spectroscopy (see Fig. 13).'°7 Klaus showed that on the
—NH,-terminated surface obtained after the NHj cycle,
SiCly reacts with surface —NH, species, as can be seen from
the decrease in absorbance for the —NH, scissor mode at
~1550 cm™" in Fig. 13. The corresponding increase in absor-
bance for the —SiCl, stretching vibrations at ~600cm™" in
Fig. 13 shows that the surface reaction of —NH, with SiCl,
produces a —SiCl,-terminated surface, with HCI released as
the reaction by-product. In the subsequent step, the —SiCl,
surface species react with NH; to restore the
—NH,-terminated surface. While Klaus et al. did not show
that SiCly reacts with surface —NH species, the low H
content reported for their SiN, films suggests that SiCl, also
reacted with surface —NH groups.'”” However, this ALD
process used very large precursor doses, ~10'"L. It is clear
from previous experiments that more reactive N precursors
or substantially extended N precursor doses are required.
More reactive N precursors such as N,H, are difficult to
handle due to safety concerns, which necessitates the use of
NH; requiring doses as high as 108-10'01."447

Plasma-assisted processes can overcome the requirement
of high temperatures and large NH; doses associated with
thermal SiN, ALD processes: this is made possible by
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Fic. 13. Half-cycle infrared absorbance change spectra for an SiN, ALD
process using SiCly; and NHj at 427 °C. Reproduced with permission from
Klaus et al., Surf. Sci. 418, L14 (1998) (Ref. 107). Copyright 1998 Elsevier.

enhancing the reactivity of the N precursor step using radi-
cals generated in NHj, N,, or Ny/H, plasmas.]3 Table II
summarizes the peer-reviewed literature on plasma-assisted
ALD of SiN, up to January 1, 2019, obtained via Web of
Knowledge™. The addition of the plasma step means that
the chlorosilane half-cycle dictates the lowest temperature at
which the ALD of SiN, can be achieved. The lowest temper-
ature reported for chlorosilane/NH; plasma ALD process is
300 °C. While chlorosilane and NH; plasma-based ALD pro-
cesses enable low-temperature growth, the SiN, films tend to
have a high H content, typically on the order of 20 at. %.*"*°
This leads to suboptimal film properties such as low mass
density and a high wet-etch rate in dilute HF. The primary
method of H incorporation into SiN, films deposited using
most precursors and plasmas has been reported as —NH
species, while —SiH, (x=1, 2, 3) species are generally
absent.*’ To understand how H is incorporated in bulk SiN,
during ALD, it is first important to identify the half-reactions
during growth.

Recently, using surface infrared spectroscopy, Agarwal
and co-workers studied the half-reactions during Si,Clg and
NH; plasma ALD process for SiN,. Figure 14 shows the
infrared absorbance change for the Si,Cls and NH; plasma
half-cycles during the ALD of SiN, at 400 °C obtained using
in situ ATR-FTIR spectroscopy.®’ Following an NH; plasma
half-cycle, the infrared spectrum for the Si,Clg half-cycle
shows that on the SiN, growth surface, Si,Clg reacts primar-
ily with —NH, surface species as evidenced by the decrease
in the —NH, scissor mode at 1550 cm™"."*” A corresponding
increase in the —NH bending mode at ~1180 cm™" suggests
that Si,Clg reacts with —NH, surface species to form —NH
and —Si,Cl,,_; (x=1, 2) surface groups.148 Because the
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Fic. 14. Infrared absorbance change for the Si,Cls and NH; plasma half-
cycles during ALD of SiN, at 400 °C. The surface termination following
each precursor half-cycle is also shown.

spectral cutoff of the ATR-FTIR setup is ~700 cm™", and the
—SiCl, (x=1, 2, 3) stretching modes appear at
~600cm™",'* these vibrational modes were not directly
observed in these infrared spectra. However, as discussed
above, from transmission FTIR spectroscopy, Klaus ef al.
showed that —SiCl, (x=1, 2, 3) stretching vibrations are
observable after SiCl, chemisorbs onto a —NH, (x=1, 2)
terminated surface: this suggests that surface —Si,Cly,_;
(x=1, 2) should be present after the chemisorption of
Si>Clg."”” In the subsequent NH; plasma half-cycle, CI and
possibly some Si from the —Si,Cl,,_; (x=1, 2) surface
groups would be removed by the reactive species generated
in the NH; plasma. The NH; plasma half-cycle also restores
the surface —NH, species as is seen due to the increase in
the —NH, scissor mode at 1550 cm~ 1,17 which allows for
the continuation of the ALD process. It should be noted that
even though the NH; plasma contains atomic H radicals,'*”
few —SiH, (x=1, 2, 3) species are formed during the
plasma step. The NH; plasma also incorporates a substantial
amount of —NH species, as evidenced by the increase in the
—NH bending mode at 1180 cm™' and the —NH, (x=1, 2)
stretching mode at ~3300cm™'. In this ALD process, the
surface —NH species created during the NH; plasma half-
cycles remain unreacted during the Si>Clg, half-cycles. In
addition, surface —NH, groups react readily with Si,Clg to
convert to unreactive —NH groups,'”’ which explains the
generally high H content, ~20%, of the SiN, films deposited
using this class of ALD processes.

B. Silylamine and aminosilanes

To lower the H content of plasma-assisted SiN,, ALD pro-
cesses and therefore improve the film quality, more reactive
Si precursors have been tested. The first of these, TSA
[N(SiH3)s], is a highly reactive Si precursor that has been
used for both NH3- and N,-plasma-based SiN, ALD pro-
cesses. The reaction pathway proposed for TSA in an SiN,
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FiG. 15. Schematic ALD cycle at steady state for SiN, from pulses of amino-
silanes or trisilylamines, and NH; or N, plasmas.

plasma ALD process is shown in Fig. 15. In this pathway,
TSA reacts with —NH, (x=1, 2) surface species to form an
>NSiH;-terminated surface with SiH, liberated as the gas-
phase reaction by-product. This makes the surface termina-
tion following TSA chemisorption similar to what is
expected for aminosilane precursors such as DSBAS and is
the reason why we chose to place this precursor in the same
category as aminosilanes in Fig. 15. In the subsequent NHj
plasma half-cycle, the >NSiH; surface species are removed
and the —NH, (x=1, 2) surface is restored. Using
ATR-FTIR spectroscopy, we experimentally validated the
surface reaction pathway proposed in Fig. 15 for the TSA
and NHj; plasma ALD process, as outlined next.

Figure 16 shows the infrared difference spectra of the
TSA and NH; plasma half-cycles at 400 °C obtained using
ATR-FTIR spectroscopy. In the spectrum for the TSA half-
cycle, the increase at ~2180cm™" can be assigned to the
>NSiH; stretching mode.'® From the corresponding
decrease in absorbance for the —NH bending mode at
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Fic. 16. Infrared absorbance change during the TSA and NH; plasma half-

cycles of the SiN, ALD process at 400 °C. The surface termination follow-
ing each precursor half-cycle is also shown.
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~1180cm™! and the —NH, scissor mode at ~1550 cm_l, it
is evident from the TSA reacts with both —NH and —NH,
surface species on the post-NH;-plasma treated SiN, growth
surface'*”'*® to form >NSiHs. This is unlike the previously
described Si,Clg and NH; plasma SiN, ALD process where
the Si precursor reacts preferentially with surface —NH,
groups. In the subsequent NH; plasma half-cycle, the infra-
red spectrum clearly shows that surface >NSiHj; is removed,
and —NH and —NH, surface species are restored, allowing
for the continuation of the ALD process. As TSA reacts with
both —NH and —NH, surface species, the SiN, films depos-
ited using this precursor tend to have a hydrogen content that
is approximately half of that obtained using chlorosilane and
N- and H-containing plasmas.?®'*®'37 Additionally, SiN,
films grown using TSA and NH; plasma exhibit excellent
conformality. While there are reports of SiN, films deposited
using TSA and N, plasma, the conformality of these films
has not been reported, but is expected to show similar trends
to that of other N,-plasma-based processes (see Fig. 11).
Despite its higher reactivity, the application of TSA as a
potential precursor suffers from several disadvantages. First,
TSA is substantially more expensive than chlorosilanes and
aminosilanes.'>* Second, the required dose for TSA is sub-
stantially larger than that for chlorosilanes, which makes
using TSA even more expensive.'>> Third, TSA is highly
pyrophoric, which introduces additional safety concerns.
Therefore, researchers have turned to other classes of Si
precursors.

Due to their higher reactivity, aminosilanes are an alterna-
tive to chlorosilanes and silylamines.''”"'>* Additionally,
unlike chlorosilanes, aminosilanes do not form highly corro-
sive reaction by-products such as HCI. For plasma-assisted
SiN, ALD, it turns out that aminosilane precursors can only
be used in conjunction with N, plasmas. Aminosilane pre-
cursors with NHj3 plasmas do not lead to film growth for
reasons that are not completely understood.'* We will
address this observation later in this section. Similar to TSA,
aminosilane chemisorption produces surface silicon hydrides
as it creates a —SiHz— (NRy), (x=0-3) terminated
surface, but distinct in the sense that unreacted amide ligands
can be present on the surface as well, depending on the
number of amide ligands in the aminosilane precursor. The
most commonly used aminosilane precursors contain one or
two amide ligands.'* This surface is then exposed to an N,
plasma in the following half-cycle. While no H-containing
radicals are expected in an N, plasma, this step still creates
surface —NH, (x=1, 2) species due to the recycling and
redeposition of H atoms present on the surface following the
aminosilane chemisorption step.®” Recently, Agarwal
co-workers showed that during SiN, ALD from aminosilanes
and N, plasma, surface aminosilanes react with surface
—NH groups created after the N, plasma half-cycle. This is
similar to the reaction of TSA with surface —NH groups (see
Fig. 16) after the NH; plasma half-cycle.'*

Figure 17 shows the infrared spectrum of an SiN, film
deposited using BDEAS and N, plasma at 375°C. The
prominent feature at ~870cm™' corresponds to the
Si—N—Si phonon mode.'*® The two features at ~1180 and



060904-15 Ovanesyan et al.: Atomic layer deposition of silicon-based dielectrics for semiconductor manufacturing

............

.|
'
'
iy ]

é-relategj Species !
o]

Si

Si
—_-NH Bending

X

-NH _ Stretchin
o
Q

Absorbance

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fic. 17. Infrared spectra of an SiN, film deposited using BDEAS and N,
plasma at 375°C. The feature at ~2180cm™' represents redeposited
C-containing species.

~3300cm™" are attributed to the —NH bending mode and
the —NH, (x=1, 2) stretching mode, respectively. These
vibrational features in Fig. 17 are typical of SiN, films
deposited using low-temperature ALD processes,*’%!28-130
with the exception of the feature at ~2180cm™'. In SiN,
films, this feature is generally assigned to the —SiH, (x=1,
2, 3) stretching vibrations. However, we assigned this band
to C-related species, as described previously.*’ Similar to
surface —NH, (x=1, 2) species, the presence of C-related
species after the N, plasma half-cycle is also attributed to
abstraction and redeposition of surface atoms by radicals and
ions generated in the plasma following the BDEAS precursor
half-cycle.’” Using optical emission spectroscopy, Knoops
et al. showed that in a BTBAS and N, plasma ALD process,
the CN* emission line at ~388 nm undergoes time-dependent
decay during the plasma step. A plausible explanation for the
transient CN* emission is that in the initial stages of the
plasma half-cycle, carbon-containing surface species are
abstracted by the N radicals in the N, plasma. These C- and
N-containing species desorb from the surface and likely
undergo electron-impact reactions in the plasma to produce
CN radicals that impinge onto the surface.’” As the surface
reservoir of carbon depletes during the N, plasma half-cycle,
CN* emission also decays. This recycling of carbon from the
surface into the plasma and then back to the surface is gov-
erned by the gas residence time and becomes less prominent
at lower residence times. The redeposition effect is expected
to play a lesser role in NH3-plasma-based processes due to the
presence of a substantial amount of atomic H that can poten-
tially remove redeposited species.'”® Next, we look at the reac-
tion mechanism for DSBAS and N, plasma.

Figure 18 shows the infrared spectra for the DSBAS and
N, plasma half-cycle for SiN, ALD at 375 °C. On the SiN,
growth surface following an N, plasma step, DSBAS reacts
primarily with —NH surface species as evidenced by the
decrease in the —NH bending mode at ~1180 cm™".'4%1%*
The —NH species are created on the surface due to the
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Fic. 18. Infrared absorbance change during the DSBAS and N, plasma half-
cycles during ALD of SiN, at 375 °C. The surface termination following
each precursor half-cycle is also shown.

redeposition effect described previously. Unlike the Si,Clg
and NHj plasma ALD process (see Fig. 15), a substantial
amount of —NH, surface species is not present on the
surface following the N, plasma half-cycle. Therefore, there
is no observable decrease in the —NH, bending mode, even
though —NH, surface species are more reactive than —NH
surface species. The increase at ~2170 cm™' is indicative of
the —NSiHj stretching vibration and corresponds to —SiHj;
surface species formed by DSBAS chemisorption.'” The
absence of a —CH, (x=1, 2, 3) stretching vibration at
~2900cm™' shows that the single amine ligand from
DSBAS is the leaving group during chemisorption.'"'>> In
the subsequent N, plasma half-cycle the —SiH; surface
species are removed, and the —NH surface species are
restored, as seen by the increase in the —NH bending and
stretching mode at ~1180 and ~3300cm™', respectively,
allowing for the continuation of the ALD cycles. Unlike the
Si,Clg and NHj plasma ALD process where Si,Clg preferen-
tially reacts with only surface —NH, groups, the more reac-
tive DSBAS precursor reacts readily with —NH surface
species. Efficient reaction of the aminosilane with surface
—NH groups, combined with the fact that the N, plasma
does not bring much H to the SiN, surface, very little H is
incorporated into the SiN, films (<5%). This low level of H
incorporation could be used to explain why SiN, films
deposited using aminosilane precursors and N, plasmas
exhibit good material properties and respond uniformly to
wet etching in a dilute HF solution (see Fig. 11).°* It should
be noted that this reaction mechanism contradicts the one
proposed recently by Pefia et al., where they suggested that
the primary reactive sites for the chemisorption of DSBAS
are undersaturated Si atoms, i.e., dangling bonds.">® While
dangling bonds are expected to be highly reactive surface
sites,’>” we contend that their presence on the surface after
the N, plasma step is highly unlikely as background H,O
and O, would immediately react with these dangling bonds
sites after the N, plasma is turned off.
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Using gas-phase transmission FTIR spectroscopy, Bosch
et al. verified that primary amines are the gaseous reaction
by-product during the chemisorption of the aminosilane pre-
cursor.'?® The infrared spectra from Bosch et al. reproduced
in Fig. 19 clearly show that following BTBAS chemisorption
after the N, plasma half-cycle, ters-butylamine
[NH,C(CHj3);] is the reaction by-product. This is consistent
with the reaction of DSBAS with surface —NH groups that
were inferred from the surface infrared spectra shown in
Fig. 18, and this surface reaction will lead to the formation
of amines as the reaction by-product.

A comparison of the reaction mechanisms for the three
selected ALD processes provides some explanation of the
experimentally observed SiN, film properties. The first
observation is that the H content of the deposited SiN, films
is governed by both the reactivity of the Si precursor and
whether the N-containing plasma contains H. In the case of
the Si,Clg and NH; plasma ALD process, the Si>Clg is not
reactive enough to react with —NH surface species at low
temperatures, and the NH; plasma contains a substantial
amount of H, leading to typical atomic H contents of
~20%.*"* In the TSA and NH; plasma ALD process, while
the NH; plasma still contains H, the TSA precursor is reac-
tive enough to remove both —NH and —NH, surface species
leading to a lower H content of ~13%."*%'*" Finally, in the
DSBAS and N, plasma half-cycle, DSBAS reacts with —NH
surface species, while —NH, surface species do not appear
to be present. Due to the lack of atomic H in N, plasmas,
and the reactivity of aminosilanes with surface —NH, the
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Fic. 19. (a) Gas-phase IR spectrum during the BTBAS half-cycle for
N,-plasma-assisted ALD of SiN,. (b) Gas-phase infrared spectrum of the
BTBAS molecule. (c) Vibrational fingerprint of the primary reaction product
during the BTBAS half-cycle identified as tert-butylamine. All three graphs
are plotted on the same scale. Reprinted with permission from Bosch et al.,
Chem. Mater. 28, 5864 (2016) (Ref. 128). Copyright 2016 American
Chemical Society.
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typical atomic H content in SiN, films is ~5%.°*'*° The H
content of the SiN, films then determines several other prop-
erties, such as the refractive index, the film density, which
both tend to decrease with increasing H content. The
observed trends in the H content of the deposited films could
potentially explain the nonisotropic etching seen in Fig. 11.
In plasma-assisted SiN, ALD processes, the differences in
conformality of the as-deposited SiN, films have been attrib-
uted to several factors. A possible explanation is that the rad-
icals produced in the NH; plasma such as NH and NH, are
more likely to diffuse to the bottom of the trench, compared
to the N radicals produced in an N, plasma, leading to
greater conformality. As radicals diffuse down the trench in a
nanoscale feature, they collide with the sidewalls, meaning
that a species that is less likely to react with or recombine on
the wall will make it further down the trench. This may
explain the observations of Faraz er al. who showed that
increasing the N, plasma duration in a DSBAS and N,
plasma SiN, ALD process did not necessarily lead to an
improvement in SiN, film conformality.®”> The response of
the SiN, films to the dilute HF solution can be attributed to
directional ion bombardment. Ion-bombardment affects pri-
marily the planar surfaces densifying them due to the physi-
cal removal of H-containing species. The direction
ion-bombardment effect is very clear from the small feature
remaining on the planar surface at the bottom of the trench
in Fig. 11(b). However, since both the NH; and N, plasma
contain ions of a similar mass, the SiN, films in Fig. 11(a)
should respond to the dilute HF in a way that is similar to
the film shown in Fig. 11(c). Since this is not the case, we
argue that the wet-etch response of the SiN, films with
increasing H content is most likely very nonlinear. It is likely
that the H content of the sidewalls in chlorosilane and NH;
plasma ALD processes is even higher than ~20% due to
lower ion bombardment, as most ions arrive at near-normal
incidence toward the substrate. Even though the planar sur-
faces with a high H content of up to 20% can sustain wet
etching in dilute HF, we speculate that the sidewall surfaces
have an H content that is not only higher, but also above a
certain critical threshold, which leads to complete etching of
the sidewall surfaces in HF. While the sidewall H content of
films deposited by N, plasma-assisted ALD may be slightly
higher than the ~5% atomic H measured on planar surfaces,
the value is most likely well below the threshold where H
content strongly influences the wet-etch rate.*’%-6%12

IV. ATOMIC LAYER DEPOSITION OF SiC

The ALD of SiC has proven to be extremely challenging,
more so than SiO, and Si3N4.158 The few existing thermal
processes reported as ALD in the literature are usually
operated at substrate temperatures >800 °C. These high-
temperature processes report GPCs much greater than 2 A,
which suggests that they may not be self-limiting and that a
CVD component is likely playing an important role during
film growth. Although these processing conditions would
complicate the integration of these processes into the modern
semiconductor manufacturing flow, it is important to note
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that unlike the a-SiC films relevant to the semiconductor
industry today, the focus of these early studies summarized
in Table IIT was on the atomic layer epitaxy of single crystal-
line SiC films. Plasmas cannot be used to lower the growth
temperature, because unlike SiO, and SiN, ALD, the reac-
tion of plasmas containing precursors for either Si or C do
not self-limit and both lead to continuous film growth. This
in turn necessitates that both the Si and C precursor half-
cycles are driven thermally.

Table III shows the precursors, growth temperatures, and
GPCs of the thermal SiC ALD processes reported in the
peer-reviewed literature prior to January 1, 2017 obtained via
Web of Knowledge™. The most common Si precursor is
Si,Hg with C,H, or C,H, as the C source: the exceptions are
Nagasawa et al. who used SiH,Cl, and C,H,,"**1%% and
Sadayuki et al.'®® who used SiH,(C,Hs), as a single-source
precursor. As can be seen in Table III, almost all of the SiC
ALD processes with the exception of that of Sadayuki ef al.
have GPCs greater than 2 A, which is uncharacteristically
high for ALD processes. It should also be noted that the
reported temperatures for these ALD processes is greater
than the thermal decomposition temperature of the surface
species created after the reaction of Si;Hg, CoH,, and C,Hy
precursors.'*"'®” In particular, H desorption from Si surfaces
starts to occur at >350 OC,168 and it has also been reported
that at above 423 °C, methyl groups adsorbed on an Si
surface begin to decompose through an H elimination mech-
anism.'®" This may indicate that growth is occurring via
pulsed CVD, where the GPC is controlled by precursor
exposure rather than self-limiting surface reactions. In the
case of Nagasawa et al., the use of a chlorosilane precursor,
which is generally more reactive than unsubstituted silanes,
did not result in a substantial lowering of the deposition tem-
perature. Sadayuki et al. pursued an alternative approach
using a single-source precursor, SiCly(CH3),, that contains
both Si and C atoms. However, it is not clear how a single-
source process can be self-limiting, especially at the reported
growth temperature. The high temperatures required to grow
SiC films in these cases indicate that the reaction of
—SiH,Cl3.,y (x=0-3) surface species with the gaseous
C,H, or C,H, precursors or the reaction of —CH, (x=1, 2,
3) surface species with gaseous Si Hg is kinetically or ther-
modynamically unfavorable. This has been partially con-
firmed by Gutleben et al. who showed that CH;l, a precursor
expected to be more reactive than other halomethane precur-
sors,'®!7% does not react significantly with an H-terminated

TasLE III. Precursors and film properties of the known thermal SiC ALD

processes.
Si precursor C precursor ~ Temperature (°C)  GPC (A)  Reference
Si,Hg C,H, 1000-1050 4-7 159, 160
Si,He C,H, 1050 4-5 161, 162
SiHe CoHy 850-980 2.1 163

SiH,Cl, C,H, 800-1050 4-9 164, 165
(C,Hs),SiH, — 590-675 0.2 166
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Si(100)-2 x 1 surface.'”! Since iodomethanes do not seem to
react with —SiH, (x=1, 2, 3) terminated surfaces, it is unsur-
prising that the currently tested SiC precursors have been
unsuccessful for ALD and that more reactive precursors are
needed to create surface terminations that can enable the
ALD of SiC at lower temperatures. Additionally, the pres-
ence of a methyl group on Si has been shown to effectively
passivate the Si, which means that —CH, (x=1, 2, 3)
surface functionalization makes the surface unreactive to sub-
sequent Si precursor steps.172

In a recent article, Filatova er al. used ab initio DFT to
calculate the Gibbs free energy (AG) of reactions for a broad
spectrum of Si and C precursors for the low-temperature
thermal (400 °C) ALD of SiC.%° Their calculations suggested
that in terms of thermodynamics, the most promising precur-
sors for the ALD of SiC at 400 °C were SiH,4, Si,Hg, or
SiH;Cl combined with C,H,, CCly, or CHCIl; as the Si and
C precursors, respectively.®® However, several of the precur-
sors with the most negative AG have been tested experimen-
tally and do not lead to low-temperature ALD of SiC. This
suggests that activation energy barriers for the reaction
(which were not computed in the study) are too high.
Therefore, to enable SiC ALD, it is likely that entirely new
classes of Si and C precursors have to be designed and tested
in the future.

The difficulty of depositing an SiC film using thermal
ALD processes has forced researchers to pursue alternative
solutions, such as the incorporation of C into Si-based
dielectric films such as SiO, and SiN, to form ternary blends
of SiCO and SiCN, respectively. However, this alternative
also remains challenging with very few reports on the ALD
of SiCO and SiCN.'73-17 Below, we summarize some of the
challenges associated with the incorporation of C into
Si-based dielectric films.

Kim et al. reported plasma-assisted ALD of low-k SiCO
using dimethoxydimethylsilane (DMDMS: C4H;,0,Si) and
CeH 0O as the precursors.175 The 8-16 A GPC for this
process indicates that this is a pulsed CVD rather than self-
limiting ALD. This is corroborated by the fact that DMDMS
has been used as a single-source precursor for the
plasma-enhanced CVD (PECVD) of SiCO."® In a similar
study, Lee et al. used sequential exposures of a trimethylsi-
lane (TMS: SiH(CHj3)3) plasma and O, plasma for the ALD
of SiCO.'”* Lee showed using FTIR spectroscopy that as the
rf power to the TMS plasma was increased from 100 to
500 W, the amount of C incorporated into the film increased.
However, similar to the process used by Kim et al. described
above, the GPC was ~8 A, which suggests that this process
is not true ALD but rather PECVD. Again, TMS is a known
PECVD precursor for Si- and C-containing films.'”’

In order to achieve ALD of SiC,N,, Kim et al. used an
aminosilane precursor, bis(dimethylamino)dimethylsilane,
combined with an H, plasma to deposit SiC,N,, films at sub-
strate temperatures of 150 and 300 °C.'” Kim er al. showed
that the deposited SiC,N, film had a low conformality. The
Si/C ratio was reported as ~1 at 300 °C. From the article, it
is difficult to assess the quality of the SiC,N, film or to iden-
tify whether the preferred C bonding configuration of
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Si—C—Si, which provides oxidation resistance, is present
within the SiC,N;, matrix.'”?

Figure 20 shows a few hypothetical pathways for incorpo-
ration of C into SiN, and SiO, films through modification of
known ALD processes for SiN, and Si0,.*® In the first
approach, it is hypothesized that C can be incorporated into
an SiN, film through the use of an Si precursor with Si—C
bonds followed by an NH; plasma (see Fig. 20, sequence I).
We tested this potential SiC,N, ALD process using
SiCl,(CH3;), as precursor, but no measurable C was incorpo-
rated into the growing film for two reasons. First, in situ
ATR-FTIR spectroscopy showed that surface —CH; species
were not present following the SiCl,(CHj3), reaction with an
H-terminated SiN, surface suggesting that —CHj is the
leaving group during SiCl,(CH3), chemisorption. Second,
any —CHj; species left after SiCl,(CH3), chemisorption are
likely to be abstracted in the subsequent NH; plasma step
due to the presence of atomic H in the plasma. In the second
tested approach, an SiC,N, film would be grown using a
three-step ALD process where Si and C are brought to the
surface using two reactive precursor exposure steps followed
by an N, or NH; plasma step. We tested the feasibility of
two ALD processes for this approach, one where the a
silane-derived precursor, such as DSBAS could be combined

I: C-containing Si Precursor

Cl CH,CH,

a-SiC,N, Film

NH NH, NH,

a-SiC,N, Film

], SICL(CH.),

Il: Reaction with -SiH,/-SiCl, Surface

z (@
o _
£ HHp 5 cHcHcH NH, NH NH,
D - SICN. Film a-SICN, Film——3] ZSICN, an
(b)
= T
> S
Icl¢l X CHCHCH, NH, NH NH,

a-SiC, N F|Im
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a-SiC N, Film
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Fic. 20. Proposed ALD methods for the incorporation of C into SiN, and
Si0,.
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with CH3I and an NH3/Ar or N,/Ar plasma [see Fig. 20,
sequence II(a)], and another where we tested an ALD pro-
cesses using Si,Clg, AI(CHj3);, and an NH3/Ar or Ny/Ar
plasma [see Fig. 20, sequence II(b)]. In the approach shown
in Fig. 20, sequence II(a), we showed that while the CH3l
did react with a —SiH, (x=1, 2, 3) surface species that
would be created by DSBAS chemisorption, the reaction did
not result in —CH,, (x=1, 2, 3) surface species most likely
due to the formation of a —Sil, (x=1, 2, 3) with CH, as the
reaction product.*® In the approach shown in Fig. 20,
sequence II(b), we show that AI(CHj3); reacts with the
—SiCl, (x=1, 2, 3) terminated surface to form —AICH; and
—SiCH; surface species. However, the formation of
—AICHj; surface species suggests that Al would be incorpo-
rated into the film. For the third approach, we attempted to a
grow an SiC,O,, film using a two-step ALD process that con-
sisted of Si,Clg and an O,/CO plasma [see Fig. 20, sequence
II(a)]. However, when we tested this ALD process, either
there was no C incorporated into the deposited SiO, film, or
an amorphous carbon film was continuously deposited in the
plasma cycle depending on the O, to CO ratio.

In a recent publication, using the C-containing plasma
approach identified in Fig. 20, sequence III(b), we were able
to successfully deposit a highly-conformal SiC,N, film at
400 °C using an ALD process that consisted of alternating
exposures of Si;Clg and CH;NH, plasma. We showed using
dynamic SIMS depth profiling that a CH;NH, plasma can be
used to grow SiC,N, films with ~9% C (see Fig. 21) in a
self-limiting manner. While the C content could be further
increased to ~13% as the plasma power was increased from
100 to 200 W, the CH3NH, plasma step was no longer self-
limiting and led to continuous carbon nitride film growth,
suggesting that the processing window in which a CH3;NH,
plasma leads to self-limiting film growth is relatively narrow.
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Fic. 21. Depth profile obtained using dynamic SIMS analysis of an SiC,N,,
stack deposited at 50, 100, and 200 W rf power to the CH;NH, plasma. The
arrows indicate the point at which the C-content was assumed to be at
steady state. A depth of zero corresponds to the film surface. The Si wafer
and film interface is at a depth of approximately 350 A. Reprinted with per-
mission from Ovanesyan et al., Chem. Mater. 29, 6269 (2017) (Ref. 49).
Copyright 2017 American Chemical Society.
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It was also found that the C was incorporated in the form of
Si—N=C=N—Si species rather than as an Si—C—Si
species, meaning that a true SiC phase is not actually present
within the deposited SiC,N,, film.

Recently, Lee and co-workers reported ALD of SiCO film
with C-containing Si precursors.'”® These films deposited
using octamethylcyclotetrasiloxane combined with either an
H, or Ar plasma, contained between 20%—15% C and 11%-
6% C, respectively. The films deposited using this approach
exhibited dielectric constants that were lower than that of
bulk SiO,. Lee reported that using an O, plasma resulted in
films that contained no measureable C,'”® a result similar to
what we reported in a previous publication.*®

Wang et al. tested a variety of C-containing aminosi-
lane precursors with O; in an attempt to deposit SiCO
films.'”” Wang and co-workers showed that using
di-isopropylaminomethylsilane allows for the growth of
SiCO films with a conformality of >95% and a C content of
up to 8% at a substrate temperature of 100 °C. Wang
showed that at higher substrate temperatures the C content
of the films, irrespective of the aminosilane precursor, was
reduced significantly.

To deposit SiCO using a different approach, Closser and
co-workers used molecular layer deposition (MLD)—a thin
film deposition technique similar to ALD.'"®® MLD uses
either homo- or hetero-bifunctional reactants for the deposi-
tion of organic and hybrid organic-inorganic materials.
Closser et al. showed that using a bridged homo-bifunctional
precursor, bis(trichlorosilyl)methane, and H,O allows for the
deposition of SiCO films at room temperature with a C
content as high as 16.4%. The SiCO films had a dielectric
constant of 2.6 + 0.3, lower than that of bulk SiO,, which is
a desirable property for certain semiconductor manufacturing
applications. As a technique for the deposition of
C-containing Si-based dielectrics, MLD has shown promise,
and could potentially enable the deposition of films with the
properties necessary for integration into semiconductor
manufacturing.'8'-'82

The numerous challenges associated with the ALD of
pure SiC, as well as the difficulties in incorporation of C into
SiO, and Si3N, films means that scientific breakthroughs are
needed to enable the ALD of SiC, SiCN, and SiCO. These
scientific breakthroughs could include substantially more
reactive Si precursors and C precursors, novel C-containing
plasmas that do not lead to a-C film growth and incorporate
C in the proper bonding configuration, or new processes that
take advantage of plasma activation or thermal annealing
steps.

V. CONCLUSIONS

In this focused review, we have discussed the status of
thermal and plasma-assisted ALD of the three Si-based
dielectric films most relevant to the semiconductor industry:
Si0,, SiN,, and SiC. We have also identified, whenever pos-
sible, the surface reaction mechanisms that lead to film
growth and the effects that the reaction mechanisms have on
bulk film properties. Our review of the literature shows that
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for the ALD of SiO,, there are numerous thermal and
plasma-assisted processes that can grow highly-conformal,
device-quality SiO, films at a low temperature. We also
describe the surface reaction mechanisms for thermal and
plasma-assisted ALD processes for SiO,, which are reason-
ably well understood. As plasma-assisted ALD of SiO, is
already integrated in semiconductor manufacturing, the opti-
mization of SiO, ALD processes—whether by improving the
GPC, defect reduction, or via a decrease in the necessary
precursor dose—is the primary focus of current process
development. In contrast, while both thermal and
plasma-assisted SiN, ALD processes do exist, several pro-
cessing challenges remain. For thermal SiN, ALD processes,
the two primary challenges are deposition temperatures that
are typically >400 °C, and large N precursor doses, both of
which are related to the inadequate reactivity of current N
precursors. On the other hand, plasma-assisted SiN, ALD
processes typically suffer from either anisotropic film proper-
ties or low conformality for NH3- and N,-plasma-based
ALD processes, respectively. Therefore, the future outlook
for SiN, ALD is the improvement and fine-tuning of current
processes, whether by the use of more reactive precursors to
improve film quality or by modification of the plasma step to
enhance either the conformality or the film properties.
Finally, in the case of SiC, no self-limiting low-temperature
ALD processes exist. Therefore, the implementation of ALD
of SiC in semiconductor manufacturing will require scientific
breakthroughs in the development of new precursors and the
use of new plasma chemistries.
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