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ABSTRACT: A plasma-enhanced atomic layer deposition (ALD) process
was developed for the growth of SiNx thin films using Si2Cl6 and NH3
plasma. At substrate temperatures ≤400 °C, we show that this ALD
process leads to films with >95% conformality over high aspect ratio
nanostructures with a growth per cycle of ∼1.2 Å. The film growth
mechanism was studied using in situ attenuated total reflection Fourier
transform infrared spectroscopy. Our data show that on the SiNx growth
surface, Si2Cl6 reacts with surface −NH2 groups to form surface −NH
species, which are incorporated into the growing film. In the subsequent
half cycle, radicals generated in the NH3 plasma abstract surface Cl atoms,
and restore an NHx (x = 1,2)-terminated surface. Surface Si−N−Si bonds
are also primarily formed during the NH3 plasma half-cycle. The infrared data and Rutherford backscattering combined with
hydrogen forward scattering shows that the films contain ∼23% H atoms primarily incorporated as −NH groups.
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1. INTRODUCTION

Atomic layer deposition (ALD) is a thin-film growth technique
characterized by sequential, self-limiting, gas−solid reactions,
which deposits a material layer by layer typically at a rate of ∼1
Å/cycle.1−3 The self-limiting nature of the surface reactions
during ALD enables growth of highly conformal films over
high-aspect-ratio nanostructures. Over the past two decades, a
variety of materials have been deposited using ALD, which
include metal oxides, nitrides, chalcogenides, and metals.4−16

However, low-temperature growth of Si-based dielectric
materials using ALD has been challenging. In particular, there
are only a handful of studies that demonstrate ALD of SiNx
films at temperatures ≤400 °Ca requirement that is critical
for applications of these films in semiconductor devices and
photovoltaics. In semiconductor devices, the primary applica-
tions of SiNx thin films include sidewall spacers, hard etch
masks, and passivation layers.17−20 In solar cells, SiNx films are
used as antireflection and passivation coatings,21−23 and also as
optical coatings in sensor equipment.24 At the current <22 nm
semiconductor technology node, plasma-assisted ALD tech-
nologies are beginning to replace the traditional plasma-
enhanced chemical vapor deposition (PECVD) processes in
applications that require conformal SiNx layers with precisely
controlled film thickness.25 In particular, the shift to high-
aspect-ratio FinFETs in modern semiconductor devices
necessitates deposition of conformal SiNx layers using ALD.
However, the ALD of uniform, highly conformal, and dense
SiNx thin films over high-aspect-ratio structures at deposition
temperatures ≤400 °C remains challenging.26

Previous research has shown that thermal ALD processes can
be used to grow conformal SiNx thin films. Traditionally,

thermal ALD of SiNx has been achieved using various
chlorosilanes as the Si precursor, and primarily NH3 or N2H4
as the N source. Briefly, Morishita et al. deposited SiNx films
using Si2Cl6 and N2H4 over a temperature range of 525−650
°C. The growth per cycle (GPC) for these SiNx films was
reported to be ∼2.3 Å at an Si2Cl6 dose of ∼1.4 × 107 L (1 L ≈
1 × 106 Torr s), with a N/Si ratio of 1.39 and a refractive index
of 1.8−2.1.27 Later, Klaus et al. reported self-limiting SiNx film
growth using SiCl4 and NH3 at deposition temperatures of
423−623 °C with a GPC of 2.45 Å at an SiCl4 exposure of up
to 1010 L. The N/Si ratio was reported as ∼1.35 with a
refractive index of 2.01.28 Nakajima et al. also used SiCl4 and
NH3, combined with temperature cycling at 350 and 550 °C
during the SiCl4 and NH3 half-cycles, respectively, and reported
a GPC of ∼1.75 Å.29 Lee et al. demonstrated thermal ALD of
SiNx with both SiCl4 and SiH2Cl2 with NH3 at 500 °C. A GPC
of ∼1.3 and 1.2 Å was reported for the SiCl4 and SiH2Cl2
processes, respectively, with both types of films being Si-rich
with a N/Si ratio of ∼1.30 Zhu et al. used SiCl4 and NH3 at
lower deposition temperatures over the range of 350−400 °C,
after which the films were annealed in NH3 ambient at 550 °C.
However, the reported GPC was much lower, ∼0.55 Å, most
likely due to the lower deposition temperature.31 Park et al.
used Si2Cl6 and NH3 as precursors over the deposition
temperature range of 515−573 °C. The reported GPC was
2.4−2.8 Å at a Si2Cl6 dose of ∼2 × 108 L. The deposited films
had a N/Si ratio of ∼1 with a refractive index of 1.7−1.8.32
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Although these previous thermal ALD processes for SiNx have
demonstrated viable growth rates and acceptable film proper-
ties, the deposition temperatures are generally too high for
incorporation of these SiNx films in modern semiconductor
devices. These thermal ALD studies on SiNx growth suggest
that plasma and radical-assisted ALD processes may be required
as a means of lowering the deposition temperatures to ≤400
°C.
A few studies on plasma-assisted ALD of SiNx have also been

reported in the literature. The N precursor half-cycle in these
processes is typically an NH3 plasma step since nitridation of Si
at low temperatures is self-limiting.33 Specifically, Goto et al.
used SiH2Cl2 and NH3 plasma to grow SiNx films at deposition
temperatures of 250−500 °C. The GPC was reported as ∼0.9 Å
at an SiH2Cl2 dose of ∼5.4 × 106 L with a N/Si ratio of ∼1, and
a refractive index of 1.6.34 Yokoyama et al. also used SiH2Cl2
with a remote NH3 plasma at deposition temperatures over the
range of 250−400 °C. The reported GPC for these SiNx films
was 0.9 Å at an SiH2Cl2 exposure of ∼5.4 × 106 L, and the N/Si
ratio was ∼1.1.33 Later, Yokoyama et al. used SiH2Cl2 and NH3

dissociated over a hot tungsten filament at a deposition
temperature of 375 °C. The GPC for this SiNx ALD process
was ∼1 Å at an SiH2Cl2 exposure of ∼5.4 × 106 L, with a N/Si
ratio of ∼1.1 and a refractive index of 1.9.35 King used SiH4

instead of a chlorinated silane precursor, and demonstrated that
an N2 plasma can be used for SiNx ALD at deposition
temperatures over the range of 250−400 °C.25 The reactivity of
SiH4 at such low temperatures was attributed to the presence of
dangling bonds on the surface after the N2 plasma half-cycle.
The reported GPC for this SiH4-based ALD process was ∼2.5
Å, with a N/Si ratio of ∼1.2, and a relatively low refractive
index of 1.75.25 Jang et al. used N(SiH3)3a precursor
previously used for thermal CVD of SiNxcombined with an
NH3 plasma for SiNx ALD at temperatures over the range of
250−350 °C. The reported GPC in this low-temperature
process was ∼0.65 Å at an N(SiH3)3 dose of ∼6 × 104 L, which
was nearly 2 orders of magnitude lower than other chlorosilane-
based SiNx ALD processes. The refractive index of these SiNx

films was 1.8.36 Thus, from these previous studies on plasma-
assisted ALD of SiNx, it is clear that self-limiting film growth
occurs at GPC values and stoichiometries that are similar to
those observed in thermal SiNx ALD processes, but at
substantially lower substrate temperatures. Therefore, plasma-
assisted SiNx ALD can potentially enable growth processes for
next-generation semiconductor devices. However, the con-
formality and compositional uniformity of these films remains
an issue during growth on high-aspect-ratio nanostructures.
In this article, we present a novel, self-limiting, plasma-

assisted ALD process for the growth of SiNx thin films with
>95% conformality over high-aspect-ratio structures at
substrate temperatures of 350−450 °C using Si2Cl6 and NH3

plasma. The corresponding surface reactions during the Si2Cl6
and NH3 plasma half-cycles were observed using in situ
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy.37,38 These infrared studies were used to
identify the surface reactive sites, and to elucidate the H
incorporation mechanism in the deposited SiNx films. In
addition, the SiNx films were characterized using ex situ
techniques including transmission electron microscopy (TEM),
Rutherford backscattering (RBS) combined with hydrogen
forward scattering (HFS), and ellipsometry.

2. EXPERIMENTAL DETAILS
ALD Reactor and In Situ ATR-FTIR Spectroscopy Setup. The

SiNx films were deposited in an ALD reactor (see Figure 1), which was

evacuated to a base pressure of ∼1 × 10−7 Torr with a turbomolecular
pump (Pfeiffer TMU-521 P) backed by a dry mechanical pump
(Kashiyama NV60N-2). This ALD reactor was equipped with an in
situ ATR-FTIR spectroscopy setup described previously.37,39−43

Briefly, in this setup, an infrared beam from a commercial FTIR
spectrometer (Nicolet 6700), was directed by a series of optics
normally onto the tapered face of a trapezoidal 50 × 20 × 1 mm ZnSe
internal reflection crystal (IRC) with the two short faces beveled at
45° (see Figure 1). The infrared beam was incident onto the flat face at
an angle of 45°, which is greater than the angle for total internal
reflection. The infrared beam underwent ∼25 internal reflections on
the top and bottom faces of the crystal, after which it exited through
the opposite 45° beveled edge, and was channeled through another set
of optics to a liquid-N2-cooled mercury cadmium telluride (MCT-A)
detector. The ZnSe IRC, which was used as the deposition substrate,
was clamped onto a substrate heater (Blue Wave Semiconductors),
which also acted as the grounded electrode for the capacitively coupled
plasma source (see Figure 1). The plasma source was radio frequency
(rf) powered at 13.56 MHz. During ALD, the plate spacing between
the grounded substrate and the top rf-powered electrode was kept at
3.5 cm.

ZnSe was used as the IRC because it is transparent in the infrared
up to ∼700 cm−1 at temperatures >500 °C, which allowed us to
observe most of the relevant vibrational modes during the growth of
the SiNx films. To ensure that we were studying SiNx ALD on a
relevant growth surface, prior to recording data for the SiNx ALD
process, we coated the ZnSe IRC with a thin amorphous hydrogenated
SiNx (a-SiNx:H) film grown at 350 °C using PECVD. During the
PECVD process, the flow rate of SiH4/Ar (1% SiH4, 99% Ar) and NH3
was 200 and 10 standard cm3/min (sccm), respectively, at a chamber
pressure of 100 mTorr and 100 W rf power. The PECVD a-SiNx:H
film was then coated with an ultrathin SiNx film grown using five
complete ALD cycles at the conditions relevant to the particular
experiment to completely erase the memory of the underlying ZnSe
substrate on the growth process.

ALD Process and In Situ ATR-FTIR Data Collection. The
plasma-assisted SiNx ALD process consisted of sequential, two-step
alternating cycles where the first half-cycle was Si2Cl6 exposure, and
the second half-cycle was NH3 plasma exposure, separated by Ar purge
steps (see Figure 2). All process gases were delivered through mass
flow controllers via pneumatically actuated valves controlled through
LabView. Si2Cl6 (Sigma-Aldrich, 96%) was delivered using a fill-and-
release method where the fill volume was ∼10 cm3. The Si2Cl6 ampule
was heated to 70 °C, while the fill volume and the delivery line to the
ALD reactor were maintained at 45 °C to prevent Si2Cl6 condensation.
During each half-cycle, the Si2Cl6 fill time was 5 s, and the release time
was 30 s, resulting in a maximum chamber pressure ∼70 mTorr. The

Figure 1. Schematic of the ALD reactor equipped with an in situ ATR-
FTIR spectroscopy setup. The dashed line shows the infrared beam
path from the spectrometer, through the ZnSe internal reflection
crystal, and into the MCT-A detector.
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Si2Cl6 cycle was followed by a 30 s Ar purge step at 100 sccm resulting
in a chamber pressure of 80 mTorr. During the entire NH3 plasma
half-cycle, Ar continued to flow to the reaction chamber, and an
additional 50 sccm of NH3 was introduced 5 s prior to igniting the
plasma to allow the chamber pressure to rise to 100 mTorr. The
NH3−Ar plasma half-reaction cycle was set to 45 s. The final step in
the complete ALD cycle was a 10-s Ar purge step to remove the
unreacted NH3 from the chamber. Unless specified otherwise in the
Results and Discussion section, the in situ infrared spectra were
recorded as difference spectra, where a fresh background was collected
prior a half-reaction cycle. The infrared data was recorded over a
spectral range of 700 to 4000 cm−1 with a spectral resolution of 4
cm−1. Each spectrum was averaged over 500−1000 scans.
Ex Situ Film Characterization. The SiNx films for ex situ

characterization were deposited in a test ALD reactor at Lam Research
Corporation under conditions that were nominally similar to those
described above. To determine the conformality, using the above SiNx
ALD process, we deposited a ∼30 nm thick SiNx film at 400 °C over
high-aspect-ratio nanostructures with a width and height of ∼100 and
∼450 nm, respectively. To create these substrates, we deposited an
SiO2 film on a Si wafer using PECVD, and subsequently etched into
nanostructures. The SiO2 nanostructures were then coated with a SiNx
layer deposited by high-temperature CVD, onto which an SiO2 thin
film was deposited using ALD. The cross-sectional imaging of these
SiNx films deposited on the high-aspect-ratio nanostructures was
performed on a JEOL 2010F ultrahigh-resolution scanning TEM at
200 kV. The SiNx sample was coated with a layer of spin-on epoxy to
protect the film from damage during sample preparation. The SiNx
sample was then attached onto a Cu TEM grid, after which it was
milled, and polished using an ion beam at 30 kV, 100 pA; and 5 kV, 40
pA, respectively. RBS combined with HFS was used to determine the
elemental composition of an SiNx film deposited at 400 °C. The
incident He2+ beam energy was 2.275 MeV and the ion beam was
oriented at 75° with respect to the sample normal. The He2+

backscatter detector and the HFS detector were positioned at an
angle of 160° and ∼30°, respectively, with respect to the direction of
the unscattered He2+ beam. The ellipsometry data was obtained using
a single wavelength ellipsometer at an angle of 70° at 633 nm. The
SiNx films studied using ellipsometry were deposited with 500 ALD
cycles at 400 °C.

3. RESULTS AND DISCUSSION
Figure 3 shows the infrared difference spectra for SiNx films
grown at 350, 400, and 450 °C for five complete Si2Cl6 and

NH3 plasma half-cycles. The primary infrared absorption band
observed in Figure 3 corresponds to increase in absorbance for
the Si−N−Si antisymmetric stretching mode44 at ∼875 cm−1

clearly indicating growth of SiNx films over the entire
temperature range of 350−450 °C. The band at ∼1180 cm−1

was attributed to the NH bending mode in SiNx,
45 while a very

weak NH2 scissor mode was observed at ∼1550 cm−1.45,46 The
corresponding NHx (x = 1,2) stretching vibrations appeared at
∼3300 cm−1.45 Absorbance due to the SiHx (x = 1,2,3)
stretching modes in SiNx at ∼2100−2200 cm−1,44,47 was not
observed in either of the three spectra in Figure 3. This
indicates that in this ALD process for SiNx, over the
temperature range of 350−450 °C, almost all of the H in the
films was essentially incorporated as −NH groups. A net
incorporation of −NH into the film, indicates that complete
ligand-exchange reactions do not occur in this SiNx ALD
process during the Si2Cl6 half-reaction cycle. In addition, the
infrared spectra in Figure 3 show that as the deposition
temperature was increased from 350 to 450 °C, the absorbance
for the NHx stretching mode decreased, indicating that less H
was incorporated into the SiNx films at higher deposition
temperatures. This is consistent with the observation of Jang et
al., who also showed that increasing the SiNx growth
temperature during ALD from N(SiH3)3 and NH3 plasma
resulted in a lower H concentration in the films.36

Figure 4 shows a TEM micrograph for a ∼30 nm-thick SiNx
film deposited using the Si2Cl6 and NH3 plasma ALD process
onto an SiO2-coated substrate. A comparison of the SiNx film
thickness on the sidewalls and the planar area in the
nanostructured architecture shows that the SiNx film had a
conformality >95%. Thus, this ALD process can be potentially
used for depositing highly conformal SiNx films for semi-
conductor devices with high-aspect-ratio nanostructures.
Figure 5 shows the infrared difference spectra for the Si2Cl6

and NH3 plasma half-cycles at (a) 400 °C and (b) 450 °C.
During the Si2Cl6 half-cycle, the infrared difference spectra at
both temperatures show an almost complete consumption of
surface −NH2 species indicated by a decrease in absorbance at
∼1550 cm−1, which is nearly identical to the increase in

Figure 2. Schematic showing the gas pulsing sequence during plasma-
assisted ALD of SiNx.

Figure 3. IR absorbance spectra for SiNx films after five Si2Cl6 and
NH3 plasma ALD cycles at varying substrate temperatures. Absorbance
due to the N−H bending mode decreases with increasing deposition
temperature.
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absorbance for this mode during the NH3 plasma half-cycle.
Thus, surface −NH2 groups created during the NH3 plasma
half-cycle are at least one of the reactive sites for Si2Cl6
chemisorption. Interestingly, at 400 °C, an increase in
absorbance due to surface −NH species was observed at
∼1180 cm−1 during the Si2Cl6 half-cycle even though there are
no H atoms in this Si precursor. This indicates that Si2Cl6

reacted with surface −NH2, abstracted a surface H atom to
form surface −NH species, and HCl was released into the gas
phase as a reaction byproduct. In addition, once these surface
−NH groups were formed, they were unreactive to Si2Cl6
molecules at 400 °C. However, at 450 °C, a decrease in
absorbance for the surface −NH species was observed at ∼1180
cm−1, suggesting that at the higher temperature, Si2Cl6 reacted
with both −NH and −NH2 surface species. Therefore, −NH2
groups on the SiNx surface were more reactive to Si2Cl6
compared to surface −NH groups. This observation in Figure
5 was also consistent with the infrared difference spectra for 5
complete ALD cycles in Figure 4, where based on the presence
of the absorbance band at ∼1180 cm−1, we concluded that a
substantial fraction of −NH groups (but with almost no −NH2
groups) were incorporated within the growing SiNx films. The
absorbance increase in Figure 5 in the 875 cm−1 region during
the NH3 plasma half-cycle indicates a majority of Si−N−Si
bonds were formed during this step. In fact, during the Si2Cl6
cycle, at both substrate temperatures, 400 and 450 °C, there
was a decrease in the absorbance in the Si−N−Si region: this,
in turn, suggests that chemisorption of Si2Cl6 was either
accompanied by the breaking of Si−N−Si bonds or the
chemisorption process influenced the infrared absorbance for
the surface Si−N−Si bonds because of dielectric screen-
ing.48−50

Figure 6 shows the temporal evolution of the absorbance
change during the NH3 plasma half-cycle. In these experiments,

the growing SiNx surface was exposed to an NH3 plasma
immediately after an Si2Cl6 half-cycle, and infrared difference
spectra were recorded after 10, 30, and 40 s with respect to the
same reference spectrum. In the spectra in Figure 6, the change
in absorbance from 30 to 40 s for the Si−N−Si antisymmetric
stretching mode at ∼875 cm−1 was minimal, which confirmed
SiNx growth during the NH3 plasma half-cycle was self-limiting.
The surface −NH2 species, which appear at ∼1550 cm−1, were
saturated after just 10 s of NH3 plasma exposure. However, the
absorbance due to −NH species at ∼1180 cm−1 continued to
increase gradually throughout the first 40 s of NH3 plasma
exposure, even after SiNx film growth stopped at 30 s. We

Figure 4. Cross-sectional transmission electron microscopy image of a
conformal SiNx film deposited on SiO2 by ALD at 400 °C using Si2Cl6
and NH3 plasma.

Figure 5. Infrared difference spectra for the Si2Cl6 and NH3 plasma
half-cycles at (a) 400 °C and (b) 450 °C.

Figure 6. Temporal evolution of the infrared difference spectra at 400
°C during the NH3 plasma half-cycle, showing saturation of the surface
reactions.
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speculate that this increase in −NH absorbance was due to the
incorporation of H atoms produced in the NH3 plasma into the
subsurface region of the SiNx films. Since the duration of the
NH3 plasma may directly affect the H content of the film, it is
critical that the NH3 plasma exposure is no longer than
necessary to obtain the maximum SiNx film growth as indicated
by the absorbance in the Si−N−Si stretching region at ∼875
cm−1.
Based on the observations in Figures 4−6, an overall surface

reaction schematic for the ALD of SiNx films from Si2Cl6 and
NH3 plasma is summarized in Figure 7. The proposed reaction

pathway is similar to the one put forth by Murray et al. for the
reaction of SiX2H2 molecules with an H-terminated Si3N4
surface, where X corresponds to a particular functional
group.26 On the basis of the density functional theory
calculations of Murray et al., we propose that during the
Si2Cl6 half-cycle, the Si2Cl6 molecules interact with surface
−NH2 group via overcoordination of a Si atom in Si2Cl6 with
an N atom in the −NH2 group. Murray et al. showed that this
overcoordinated state for SiH2X2 molecules was energetically
unfavorable, and based on their reaction schematic, we predict
that this would result in the formation of surface −Si2Cl5 and
−NH groups, with HCl as the byproduct which desorbs into
the gas phase.26 Several other authors have also suggested that
generation of HCl was a pathway for the removal of Cl atoms
from the growing SiNx film.27,28,33 The generation of HCl as a
reaction byproduct can be indirectly verified by the formation
of NH4Cl due to subsequent reaction with NH3. In some initial
experiments, not reported in this manuscript, where the purge
time between the half-reaction cycles was not sufficient, we did
indeed observe vibrational modes corresponding to NH4Cl in
our infrared spectra. However, we do not expect this reaction to
be relevant on the ZnSe IRC at temperatures ≥350 °C because
NH4Cl decomposes back to NH3 and HCl at these temper-
atures. Therefore, we conclude that the most likely pathway for
NH4Cl formation in our initial experiments with lower purge
time was on the cold walls of the chamber, which include the
two KBr windows that are in the infrared beam path (see
Figure 1). The purge conditions were subsequently modified to
minimize NH4Cl formation. Klaus et al. used transmission
FTIR spectroscopy to show that −SiClx (x = 1, 2, 3) groups
were present on the growing SiNx surface after SiCl4
exposure.28 While we expect similar surface species after the
Si2Cl6 half-cycle, we were unable to detect these vibrational
modes since SiClx (x = 1, 2, 3) stretching vibrations appear at

∼600−650 cm−1, which is below the cutoff frequency for the
MCT-A detector.
The chemical composition of SiNx films, such as the N/Si

ratio and the H content, strongly affects their properties.36 The
shape of the 700−1000 cm−1 absorption band, which
corresponds to the Si−N−Si antisymmetric stretching phonon
mode in SiNx, strongly depends on the N/Si ratio. In general,
this region can be deconvoluted into three distinct bands: ν1,
ν2, and ν3, each corresponding to a different local bonding
environment within the broader Si−N−Si vibrational mode.
The first band at ∼790 cm−1, designated as the ν1, was
originally attributed by Lucovsky et al. to a Si3−Si-N
antisymmetric stretching mode, corresponds to a Si-rich
bonding environment.44 However, Hasegawa et al. later showed
that this mode may appear at a frequency as low as ∼750
cm−1.44,51 The ν2 band at ∼875 cm−1 was attributed by
Lucovsky et al. to the Si−N−Si antisymmetric stretching
vibrations in stoichiometric SiNx films.

44 Bandet et al. however
attributed this mode to a feature at ∼900 cm−1.52 The presence
of a ν3 band at >970 cm−1 was attributed by several authors to
SiN4 antisymmetric stretching vibrations in N-rich SiNx
films.53,54 Lin and Lee also reported a shoulder at ∼980 cm−1

for N-rich SiNx films deposited at 300 °C, but this mode blue-
shifted to 1070 cm−1 when the films were annealed from 300 to
800 °C.55

Figure 8 shows the 700−1000 cm−1 region for an SiNx film
grown at 400 °C using five complete Si2Cl6 and NH3 plasma

ALD cycles. For our films, this region could be deconvoluted
with a single Gaussian centered at ∼870 cm−1, which we
attributed to as the ν2 band. Since the ν1 and ν3 bands were
absent in the Si−N−Si antisymmetric stretching region, Si- and
N-rich domains were unlikely in these SiNx films.
Table 1 shows the elemental composition of an SiNx film

grown using Si2Cl6 and NH3 plasma at 400 °C obtained using
RBS combined with HFS. There was a negligible concentration
of Cl incorporated in the films, which is in agreement with
other studies on SiNx ALD using chlorosilanes.27,28,33

Yokoyama et al. attributed the low Cl content in SiNx films
deposited using chlorosilanes and an NH3 plasma to the H
radicals generated in the plasma, which abstract surface Cl

Figure 7. Proposed reaction schematic for SiNx ALD using Si2Cl6 and
NH3 plasma.

Figure 8. Deconvolution of the Si−N−Si phonon mode for an SiNx
film grown at 400 °C. The distinct bands, ν1, ν2, and ν3, are required to
account for different local bonding environments within SiNx films.
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atoms to form HCl.33 The SiNx film (see Table 1) however
contained ∼23 atomic % H atoms, which is typical of low-
temperature SiNx deposition processes.34,56 The infrared
difference spectra in Figure 3 show that the SiNx films
contained negligible fraction of H atoms as −SiHx (x = 1,2,3)
or −NH2 groups, and a majority of the H was present in the
form of −NH groups. On the basis of the RBS/HFS data, the
N/Si ratio in the films was ∼1.7, which may appear to be in
contradiction with the analysis of the infrared data in Figure 8
that showed that the SiNx film did not contain N-rich regions
with N−N bonds. If these −NH groups in the SiNx films were
hypothetically dehydrogenated by the restructuring of two
adjacent Si-NH groups to form a Si−N−Si bridged structure,
this would result in the removal of two H atoms for each N
atom. Therefore, if we subtract half the H concentration (23%)
from the observed N concentration (48.4%), the new N/Si
ratio is ∼1.31, which is close to the perfectly stoichiometric N/
Si ratio of 1.33: this is in agreement with the analysis of the Si−
N−Si asymmetric stretching mode, which predicts no N- or Si-
rich regions with N−N or Si−Si bonds, respectively. The film
density obtained from the RBS measurements was ∼2.35 g/
cm3, which is much lower than ∼3.2 g/cm3 for stoichiometric
Si3N4 deposited using high-temperature processes57 but similar
to the film densities reported for low-temperature SiNx ALD
processes.25,33,34 We attribute the low density of the SiNx films
to the high level of H incorporation.
Figure 9 shows the GPC of an SiNx film deposited at 400 °C

using 500 complete ALD cycles as a function of Si2Cl6 dose.

The maximum GPC was ∼1.2 Å at a Si2Cl6 exposure of ∼8 ×
105 L. The diminishing increase in GPC at doses >2 × 105 L
indicates that the ALD process was self-limiting. The GPC of
this SiNx process was similar to that previously reported for the
plasma and thermal ALD processes.30,33,35 However, the Si
precursor dose was ∼1−4 orders of magnitude less than those

reported for thermal SiNx ALD processes, and ∼1 order of
magnitude less than those reported for plasma-assisted SiNx
ALD processes, with the exception of the plasma-assisted ALD
process using N(SiH3)3 as the Si precursor. The refractive index
of the film was ∼1.9, which is similar to the reported refractive
indices of SiNx films deposited using other low-temperature
ALD processes, but lower than the generally accepted value of
∼2.0 for dense Si3N4 films.

32

4. CONCLUSION
We have developed a novel process for the plasma-assisted
ALD of SiNx films over the substrate temperature range of
350−450 °C using Si2Cl6 and NH3 plasma. These films show
>95% conformality on patterned substrates with trenches that
have an aspect ratio of ∼5. Our infrared data show that during
the ALD of SiNx, Si2Cl6 reacted preferentially with surface
−NH2 compared to −NH groups. The reaction with surface
−NH2 groups led to the formation of −NH groups, which were
eventually incorporated into the growing SiNx film because of
their lower reactivity with Si2Cl6. At a higher substrate
temperature, 450 °C, Si2Cl6 also reacted with some surface
−NH species, which led to a lower H content in the SiNx films.
Furthermore, over the range of temperatures explored, the
infrared data show that a majority of the H atoms incorporated
into the SiNx film were present as −NH species. We also show
that Si−N−Si bond formation occurs primarily during the NH3
plasma half-cycle. Ellipsometry data shows that the SiNx ALD
process had a maximum GPC of 1.2 Å at 400 °C at an Si2Cl6
exposure of ∼8 × 105 L, with a refractive index of ∼1.9. RBS/
HFS analysis shows that SiNx films grown at 400 °C had ∼23
atomic % H atoms with a density of 2.35 g/cm3. Although the
films were N-rich with an N/Si ratio of 1.71, this was primarily
due to the presence of −NH groups.
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