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ABSTRACT

This article proposes an original method to achieve topographically selective etching. It relies on cycling a two-step process comprising a
plasma implantation step and a removal etching step using remote plasma source process. Both steps can be achieved in the same reactor
prototype chamber, which has the capability to produce both capacitively coupled plasma and remote plasma (RP) discharges. It is shown
that in RP processes, an incubation time exists before the etching starts. The introduction of a plasma implantation step prior to the RP step
allows us to selectively functionalize the horizontal surfaces of the material with respect to the vertical surfaces, thanks to the ion directional-
ity. The modifications induced by the implantation allow us to modify the incubation time between an implanted and a nonimplanted mate-
rial offering a process window with infinite etch selectivity between horizontal and vertical surfaces. This approach has been demonstrated
on Si3N4 blanket films with the perspective to be applied to the Si3N4 spacer etching process in which etch selectivity is a key issue. For this
particular application, a cycling process comprising an H2 plasma implantation and a He/NH3/NF3 remote plasma process has been devel-
oped. The H2 implantation modifies the Si3N4 surface state by incorporating oxygen contaminants coming from the reactor wall and creat-
ing dangling bonds. This surface functionalization considerably reduces the incubation time. New insights into the etching mechanisms of
Si3N4 films exposed to NH3/NF3 remote plasma are proposed and explain why the presence of Si–O bonds is mandatory for the initiation
of the etching.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131030

I. INTRODUCTION

The increasing complexity in fabricating devices consisting of
various layers of nanoscale materials, and 3D features have led to
the need for processing materials in a selective manner.1 Past few
years, both academia and industry are looking for new process
technologies allowing us to make atomic scale processing tech-
niques, such as atomic layer deposition (ALD) and atomic layer
etching (ALE), more selective.2,3 Similar to the growing field of
selective area deposition,4,5 etch selectivity could be classified into
two categories: area selective chemical etching and topographically

selective etching. In the first case, the etch selectivity arises from a
difference in the chemical affinity of the reactive neutrals with the
present materials and with no preferential etching direction. In the
second case, it refers to the ability to etch a material selectively
with respect to itself in a preferential direction, i.e., etch the
horizontal surfaces of a material selectively over vertical surfaces or
vice versa.

In particular, the silicon nitride spacer etching process, which
is considered one of the most challenging steps of Metal-Oxide-
Semiconductor (MOS) transistor fabrication technologies, requires
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these two kinds of selectivities. On the one hand, the spacer
process must enable the Si3N4 spacer removal on horizontal sur-
faces (top and bottom of the pattern) without consuming the
spacer sidewalls (vertical surfaces), and this is a very anisotropic
way to generate straight spacer profiles. On the other hand, it must
provide an extremely high chemical etch selectivity over the under-
neath silicon or silicon germanium in order to minimize the con-
sumption of these materials in the source/drain regions. Minimizing
the silicon recess and ion-induced damages to silicon surfaces are
key criteria to ensure a high surface quality for the subsequent step
of silicon or SiGe epitaxy.

Conventional plasma etching techniques based on CHF3/O2

continuous wave (CW) plasma6,7 showed some intrinsic limita-
tions to remove silicon nitride on horizontal surfaces without
inducing either critical dimension loss or Si/SiGe source/drain
recess.8 Indeed, the ion-neutral synergy that drives the etching
mechanism in CW plasma induces the creation of a
few-nanometer-thick reactive layers (ion energies >15–20 eV),
which compromise the etch precision.9 Blanc et al. showed that
improved spacer process performance can be obtained by using
synchronous pulsed plasma technology.10 The switching on and
off in a synchronous manner of both the source and bias powers
at a low duty cycle allows us to decrease the average ion energy
and the plasma chemical reactivity (more molecular than atomic),
which ultimately reduce plasma induced damage. Although they
showed that pulsed plasma process leads to minimized silicon
recess and improved spacer profiles compared to CW plasma pro-
cesses, the spacer process performance is still not satisfactory for
advanced technology nodes.11,12

More recently, Posseme et al. proposed an interesting
approach for the etching of a silicon nitride spacer with anisotropic
sidewalls and minimal induced damage.13 This process, called
“smart etch” hereafter, consists of two sequential steps.14 In the
first step, the Si3N4 film is anisotropically modified by a light ion
implantation (typically H2 or He) achieved either in an inductively
coupled plasma (ICP) or capacitive coupled plasma (CCP) reactor.
The layer modification depth is driven by the ion energy, while its
chemical composition is determined by the ion dose.14 In a second
step, the modified layer can be selectively removed by using an HF
reactant either in a liquid solution14 or in gas phase (followed by
water rinsing)15,16 or by using NH3/NF3/He remote plasmas (RPs)
followed by an annealing step.17 For all these removal techniques,
the etching of the modified Si3N4 layer proceeds with the formation
of ammonium hexafluorosilicate salts [(NH4)2SiF6]

15–18 that are
subsequently either dissolved in water (when HF is used) or out-
gassed by annealing (when NH3/NF3 remote plasma is used).
Posseme et al. showed that removal with liquid HF and with NH3/
NF3 remote plasma has one major weakness in that it does not
provide any selectivity to silicon dioxide.14,17 On the contrary,
gaseous HF removal can provide a high selectivity between
modified Si3N4 and SiO2 but faces some queue time issues between
the gaseous HF exposure and the aqueous phase removal.15,16 A
too long queue time between those two steps leads to some residues
that are difficult to remove. Moreover, in all the approaches pro-
posed by Posseme et al., the two-step process requires at least the
use of two different and separated equipment, implying an air
exposure between the two steps. Another drawback is that the

implantation step must be well calibrated to modify in one shot the
targeted thickness to be etched. Cycles of the two steps could be
envisaged to solve this issue, but it will require back and forth
between the implantation reactor and the equipment used to
remove the modified layer, compromising the process throughput.
Sherpa et al.19,20 proposed to cycle the two steps in the same capac-
itive plasma reactor. H2 plasma at 20 mTorr was used for the
implantation step, while fluorinated plasma such as NF3 or SF6 at
high pressure (>500 mTorr) was proposed for the selective removal
step. By operating the second step at high pressure, they expected
to lower ion to neutral flux ratio and to minimize the ionic bom-
bardment in order to favor a chemical and selective type of etching.
In their case, the etching of the silicon nitride films during the
second step does not proceed with the formation of a salt layer but
is mainly driven by the chemical reactivity of atomic fluorine with
SiN, SiH, or NH bonds based on thermodynamical considerations.
Using this approach, they showed that the etch rate of the H2

implanted silicon nitride increases almost tenfold compared to the
etch rate of pristine silicon nitride in the fluorinated plasma. They
also mentioned that the etch selectivity to silicon oxide is superior
to 100, confirming the negligible role of ionized species in the
fluorinated capacitive discharge at 500 mTorr. However, although
not discussed in their article, we suspect that the process will not
be selective over silicon if indeed the mechanisms are driven by
atomic fluorine.

In this article, we propose a new route to implement the smart
etch concept by cycling the two steps of the process in the same
plasma reactor chamber that has the capability to produce both a
CCP discharge for the implantation step and a remote plasma
discharge in which only neutral species are involved for the
removal step.

In Sec. II of this article, the experimental setup and characteri-
zation techniques will be described. The experimental results will
be presented and discussed in Sec. III as follows. First, in Sec. III A,
the modifications induced in a Si3N4 film by H2 or He implanta-
tion will be revisited and compared to previously published experi-
mental and simulated works. One key result is that the oxygen
coming from chamber contamination is incorporated into Si3N4

and that this involuntary contamination plays a key role in the sub-
sequent step. Secondly, in Sec. III B, the etching kinetics of
implanted and nonimplanted Si3N4 films exposed to He/NH3/NF3
remote plasma (RP) will be studied by in situ kinetic ellipsometry.
In this section, we will propose new insights into the etching mech-
anisms of Si3N4 films exposed to NH3/NF3 remote plasma. We will
show that RP processes are strongly sensitive to the material
surface state and that an incubation time exists before the etching
starts. We will especially highlight the key role of the presence of
oxygen on the Si3N4 surface on the catalysis of the reaction. The
introduction of an implantation allows us to functionalize the
material surface and thus activate the species adsorption and reac-
tion reducing the incubation time considerably. This offers a
process window where the selectivity between implanted and non-
implanted SiN is infinite. Finally, in Sec. III C, we will demonstrate
how the cycling of the two steps, implantation followed by RP
etching, can be implemented to achieve topographically selective
etching, which is one key criteria of the spacer etching process
development.
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II. EXPERIMENTAL

A. Substrates

The Si3N4 films used in this study are 55 nm-thick and are
deposited by low-pressure chemical vapor deposition (LPCVD) at
780 °C on a 10.5 nm-thick LPCVD silicon oxide itself deposited at
200 °C on a 300 mm diameter Si wafer. A silicon on insulator wafer
with a 80 nm-thick Si layer (buried oxide layer thickness of
145 nm) is also used to investigate the etch kinetics of Si materials
exposed to NH3/NF3 remote plasma in Sec. III C.

B. Plasma reactor

The experiments are carried out in a 300 mm prototype etch
chamber from Applied Materials (cf. Fig. 1). This chamber is a
hybrid plasma processing system incorporating both a remote
plasma source (RPS) unit and a capacitively coupled plasma (CCP)
unit. The CCP unit (lower chamber) comprises a radio frequency
(RF) power supply (13.56 MHz) coupled to the bottom electrode
that is equipped with an electrostatic chuck on which the substrate
lies. The chuck temperature can be varied from 40 °C up to 250 °C.
The RPS unit (upper chamber) consists of a RF power supply

(13.56 MHz) coupled to the top electrode and is separated from the
CCP unit by a lid consisting of several showerheads. The shower-
heads positioned inside the chamber between the CCP and RPS
units act as both a distribution component for gases and an ion
suppressor that blocks the ionized species traveling through the
showerhead from the plasma region to the substrate. Moreover, the
lid temperature is controlled at 130 °C, and the chamber wall is
held at 80 °C by a heat exchanger. The reactor chamber wall is
coated with a protective layer of yttrium oxide.

In this study, the CCP unit is used to generate He or H2 plasmas
to implant ions and to induce modifications of the Si3N4 films. The
plasma conditions used for He and H2 implantations are given in
Table I. Two plasma parameters are critical for the implantation: the
ion energy that drives the ion depth penetration and thus the
modified layer thickness, and the ion dose (ion flux × time) that drives
the modification rate.14 Previous studies done by molecular dynamics
simulations have shown that there is an ion dose threshold to reach
the steady-state modification.21 In this study, we have selected implan-
tation conditions allowing to be in the steady-state regime for both He
and H2 implantations (cf. Table I). Moreover, with the implantation
conditions used, the direct current voltage Vdc is almost similar for He
and H2 implantation, of 120 eV and 130 eV, respectively.

FIG. 1. Scheme of the plasma reactor
prototype.
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The RPS unit is used to perform the chemical and selective
removal of the modified Si3N4 layers using the following plasma
conditions in all the studies: NH3: 400 sccm, NF3: 40 sccm, He:
1400 sccm, source power: 250W, chamber pressure: 2.5 Torr, and
Chuck temperature: 60/100/120 °C.

C. Characterization techniques

X-ray reflectometry (XRR), X-ray photoelectron spectroscopy
(XPS), and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) were used to characterize the Si3N4 films after He and
H2 implantation and provide chemical and physical information on
the modified Si3N4 layer, while kinetic ellipsometry was used to
monitor the etch kinetics of implanted and nonimplanted Si3N4

films exposed to RP process.

1. X-ray reflectometry

X-ray reflectometry was used to measure the thickness of the
Si3N4 modified layer after implantation. The XRR equipment
(JVX5200T from Jordan Valley) uses a copper source, with a
Cu-Kα emission at 0.154 nm. The convergent beam angle is varied
between 0° and 3.3° during the experiment. Beside the thickness,
this nondestructive method of characterization allows to measure
the density and the roughness of the Si3N4 films.

2. Angle-resolved X-ray photoelectron spectroscopy

The chemical atomic composition of the Si3N4 surface (about
the first 10 nm) before and after implantation is characterized by
quasi in situ angle-resolved X-ray photoelectron spectroscopy
(ARXPS). A Thermo Electron Theta 300 ARXPS is directly inter-
faced to the etch platform via a vacuum transfer chamber. The
ARXPS system is equipped with a high-resolution monochromatic
Al Ka x-ray source (1486.6 eV photons). The angle-resolved capa-
bility of the Theta 300 is used for all analyses, with eight angles reg-
ularly spaced between 23.75° and 76.25°, referred to the normal of
the wafer. A genetic algorithm based on the maximum entropy
method (provided by Thermo Fisher Scientific) is used to recon-
struct atomic composition depth profiles from angle-resolved XPS
data. The fitting procedure assumed that photoelectrons coming
from the underlying bulk silicon are detected at a minimum emis-
sion angle of 23.75°. This allows maximizing the profile informa-
tion content. Since the overlayer density is unknown after plasma
treatment, the depth scale should be interpreted in a qualitative

way (i.e., relative comparison from one experiment to the other
and no absolute interpretation of the depth range).22

3. Time-of-flight secondary ion mass spectrometry

ToF-SIMS experiments using a ToF-SIMS V instrument from
ION-TOF GmbH are used to evaluate the chemical composition of
the Si3N4 films before and after implantation over tens of nanometers
in depth. With this technique, the thickness of the Si3N4 modified
layer after implantation and the in-depth element concentration can
be estimated. For the experiments, negative secondary ions are
detected using a dual beam acquisition. A Bi3 beam with an incident
energy of 50 keV (0.5 nA) and a 90 × 90 μm2 raster is used for the
analysis. This beam is alternated with a positive cesium sputter beam
with an energy of 500 eV (for a corresponding current of 40 nA) that
was rastered over a 500 × 500 μm2 area. We used a cycle time of
140 μs with a corresponding cycle of acquisition of 4 frames and 1 s
sputtering with 1 s pause time between two acquisitions.

4. Kinetic ellipsometry

Kinetic ellipsometry is used to monitor in real time the etched
thickness of the materials exposed to the RPS process. A multi-
wavelength ellipsometer Uvisel from Horiba/Jobin Yvon is directly
connected to the prototype reactor allowing in situ measurement of
the material thickness. This phase-modulated ellipsometer enables
in situ spectroscopic ellipsometry between 1.5 and 6.2 eV and real-
time kinetic measurements using 32 wavelengths with a time reso-
lution of 500 ms. The light source consists of a 75W Xe lamp, and
the light beam incident angle is of 62° to the normal of the wafer
surface. The polarizer and analyzer are glan type devices with an
extinction coefficient of 10−5 and an angular precision of 0.01° at a
fixed angle. The thickness of the materials was calculated using the
DeltaPsi II software, developed by Horiba/Jobin Yvon. It has
already been reported that the etching of Si3N4 or SiO2 films
exposed to NH3/NF3 remote plasma proceeds with the formation
of an ammonium hexafluorosilicate (NH4)2SiF6 salt layer on their
surface.17,23–25 Figures 2(a) and 2(b) show the scanning electronic
microscopy (SEM) and atomic force microscopy (AFM) images of
the salt layer formed on a Si3N4 film exposed to the NH3/NF3 RP
process at 60 °C. It looks like a tangle of polycrystals separated with
cracks and voids. Based on these observations, an ellipsometric
model is developed to fit the bilayer composed of the unmodified
Si3N4 film above which a salt layer is formed [cf. Fig. 2(c)].

The dispersion model of the silicon nitride film uses a new
amorphous dispersion relationship that is derived on the basis of the
Forouhi-Bloomer formulation with tabulated optical constants.26

The refractive index is about 2 at 632.8 nm, which is in agreement
with the literature for thin LPCVD nitride films.27 The salt layer is
fitted with the Cauchy absorbent dispersion law coupled with a void
simulation (Cauchy Transparent) to take into account the porosity
of the salt layer. The fitting procedure results in the following salt
dispersion law that is fixed for all the experiments:

Saltmodel: n(λ) ¼ Aþ B� 104

λ2
þ C � 109

λ4
; k(λ) ¼ D� 10�5 þ E � 104

λ2
þ F � 109

λ4

� �
þ void:

TABLE I. Plasma conditions used for the He and H2 implantations on silicon nitride film.

RF power (W)
Pressure
(mTorr)

Process
time (s)

Gas flow
(sccm) Vdc (V)

H2 50 50 60 500 130
He 50 50 60 1000 120
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After the fitting procedure, the following values were found
for the coefficients of the salt dispersion law: A = 3.53; B = E = 0;
C = 0.47; D = 10; and F = 0.17.

This model was used to describe the etching kinetics of Si3N4

films exposed to the NH3/NF3 RPS process conditions used in this
study (wafer temperature of 100 °C and a chamber pressure of
2.5 Torr). Indeed, in these conditions, the salt layer is formed
during the Si3N4 etching, but it outgasses in the chamber at the
end of the process during the pump down to reach base pressure
(<1 mTorr) (which is not the case at 60 °C), preventing from ex situ
analyses (cf. Sec. III B 2). This is why the ellipsometric model was

developed for the RP process operating at 60 °C but was then
implemented for the monitoring of Si3N4 etching in NH3/NF3 RP
at 100 °C. For the fitting of the kinetic data, the dispersion laws of
the unmodified Si3N4 and the salt layers are fixed. Only the layer
thicknesses and the salt porosity can be varied.

However, we noticed that the porosity was almost constant
during the process and comprised between 77% and 82%.

III. RESULTS AND DISCUSSION

A. Characterization of Si3N4 films after implantation

In Sec. III A, the Si3N4 wafers are exposed to H2 or He
implantations using the plasma conditions given in Table I.

XRR is first used to determine the thickness of the modified
Si3N4 by implantation.

The XRR measurement of a pristine Si3N4 film before implan-
tation is fitted with a bilayer [cf. Fig. 3(a): a 1.1 nm-thick native
Si3N4 oxide layer with a density of 2.5 g cm−3 over a 53.2 nm-thick
Si3N4 with a density of 3.0 g/cm3]. After implantation, our first
approach was to fit the XRR data with a bilayer: a first top layer
corresponding to the Si3N4 layer modified by the implantation over
an unmodified Si3N4 layer [cf. Fig. 3(b)]. In the case of H2 implan-
tation, the fitting procedure indicates that a 5.8 nm-thick modified
layer with a density of 2.3 g cm−3 lower than the pristine Si3N4 is
formed at the surface of the unmodified Si3N4 layer. However, with
this bilayer model, the fit curve derives from the experimental data
points for high angles of incidence (θ > 1.8°). Figure 3(c) shows
that a fitting procedure using a trilayer model offers a better match
with the experimental data with a decrease of the sum of squared
error from 0.231 to 0.168. The trilayer model leads globally to the
same conclusion as the bilayer one: the H2 implantation using the
plasma conditions of Table I results in a total modified 5.8 mm
thick Si3N4 layer having a lower density than the pristine Si3N4 and
does not introduce significant sputtering or swelling (since the total
Si3N4 thickness before and after implantation for both models is
around 54.0 ± 0.5 nm). However, the trilayer model suggests that a
thin layer (of about 1 nm thick) with an even lower density
(2 g cm−3) is formed at the very top surface (<1 nm). This cannot
be attributed to surface roughness generation during implantation
since AFM measurements performed before and after implantation
show almost similar RMS roughness of 0.26 nm and 0.43 nm,
respectively (not shown here). Similar findings are made with He
implantation. The fitting procedure using the trilayer model
shown in Fig. 3(d) indicates that He implantation using the
plasma conditions of Table I results in a total modified 4 mm thick
Si3N4 layer composed of a thin and low density top modified layer
(0.8 nm/1.2 g cm−3) and an underneath intermediate modified layer
(3.2 nm/2.6 g cm−3). No sputtering or swelling is also measured.

It is noticed that for similar ion energy, the implanted depth
is higher for H2 than He implantation since smaller H+ ions pen-
etrate deeper into materials.14 Moreover, the density decrease
induced by the implantation is much important after H2 (25%)
than He (12%) implantation. This density decrease had already
been predicted by molecular dynamics simulations performed by
Martirosyan et al.21 In their study, they estimated a density
decrease of 7% of the modified Si3N4 by He implantation using
50 eV ion energy.

FIG. 2. (a) SEM image and (b) AFM image of the ammonium salt layer formed
on Si3N4 film exposed to NH3/NF3/He remote plasma at 60 °C. (c) Schematic of
the bilayer model used to fit the ellipsometric data of Si3N4 films exposed to
NH3/NF3 RP process. Free fitting parameters are the thicknesses of the salt
(d1) and Si3N4 (d2) layers, as well as the salt porosity (void %).
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To consolidate these results, the total modified thicknesses were
compared to the profiles given by the Monte Carlo code Stopping
and Range of Ions in Matters (SRIM) developed by Ziegler.28 For our
simulations, the substrate had a thickness of 54 nm and a density of
3.0 g cm−3 in accordance with the XRR characterization of the pris-
tine LPCVD silicon nitride film. We estimated the simulated thick-
ness of the implanted layer by summing the mean projected range
(Rp) and the square root of the variance. The penetration depth calcu-
lated with SRIM simulation are 5.6 nm and 3.3 nm for hydrogen and
helium, respectively. These values are very close to the experimental
modified thickness determined by XRR (5.8 nm after H2 implantation
and 4 nm after He implantation) confirming that the modified thick-
ness corresponds indeed to the depth at which H+ or He ions can
penetrate into the Si3N4 material with the used ion energy.

Quasi in situ ARXPS analyses have also been carried out after
He and H2 implantations. Prior to the implantation, the Si3N4

films are deoxidized with an HF bath. Three chemical elements are
detected: Si, N, and O. He and H cannot be detected by XPS if
present. Thanks to the angular resolution of our spectrometer, the
depth profiles of oxygen atomic concentration for HF-deoxidized
Si3N4 films before and after He or H2 implantation can be recon-
structed as shown in Fig. 4. The depth profiles for pristine Si3N4

with its native oxide are also represented for comparison. Figure 4
confirms the efficiency of HF wet etchant to deoxidize the Si3N4

(even though some O traces remain). After implantation, the
amount of O at the very near surface is clearly increased and is
detected within the first nanometer of the surface. As XPS analyses
are achieved in a quasi in situ way, it is likely that this oxygen
comes from the Y2O3 reactor wall or residual oxygen in the
chamber. The oxidation of InGaAs after He implantation has also
been observed in relatively similar conditions by Bizouerne and
co-workers.29 They explained that if contaminants are present in

FIG. 3. XRR experimental data (black open squares) and fitting curve (dot red line) of (a) pristine Si3N4 film, (b) Si3N4 film after H2 implantation using a bilayer model
for the fit, (c) Si3N4 film after H2 implantation using a trilayer model for the fit, and (d) Si3N4 film after He implantation using a trilayer model for the fit.
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the He gas phase, they will be more likely ionized compared to
helium because their ionization potential is much lower than the
one of helium (He: 24.59 eV and O: 13.62 eV) and will also be
implanted.30 The amount of oxygen is higher after He than H2

implantation, but we noticed that the amount of implanted O is
very dependent on the reactor wall conditioning and no conclusion
can be drawn on which between He or H implantation brings more
contaminants. We suspect that this thin layer rich in O contami-
nants corresponds to the top surface layer detected by XRR.

Besides highlighting the presence of oxygen at the Si3N4

surface, ARXPS analyses also allowed us to estimate the stoichiome-
try of the silicon nitride film after the implantation. Figure 5 shows
the N/Si atomic ratio as a function of the probed depth for
implanted and nonimplanted Si3N4 films. For the pristine Si3N4

sample, the N/Si ratio is almost constant on the probed depth and
is equal to 1.5, which is slightly higher than the expected theoretical
ratio of 1.33 for stoichiometric Si3N4. After both He and H2

implantations, a nitrogen depletion is observed at the very top
surface (within the first nanometer) and a nitrogen enrichment
below at 1–3 nm depth. Finally, the Si3N4 film tends to recover its
initial stoichiometry at about 3 nm of depth. This trend is fully con-
sistent with the prediction of the molecular dynamics simulations
by Martirosyan et al.21 They predict that the He ion implantation
into Si3N4 films leads to a rearrangement of the bonds. The Si–N
bonds are broken in all the modified volume and are accompanied
by the formation of Si–Si bonds within the first nanometer and the
formation of N–N bonds just below. The nitrogen depletion of the
near surface is mostly attributed to the preferential sputtering of
nitrogen atoms compared to that of silicon atoms due to the more
efficient collisional energy transfer between N-He compared to
Si-He. In our case, we do not see the formation of Si–Si bonds at
the very near surface, but instead see Si–O bonds. Indeed, molecu-
lar dynamics simulations do not take into account the presence of

oxygen contaminants during the implantation. It is likely that Si–O
bonds are more likely formed than Si–Si bonds following the cleav-
age of the Si3N4 bond during the He implantation.

Ex situ ToF-SIMS analyses were carried out after He and H2

implantations. Unfortunately, He could not be detected by
ToF-SIMS because no detectable secondary ions could be formed
due to its high ionization energy. The ToF-SIMS experiments
obtained after He implantation do not bring any complementary
information and are thus not shown here. The hydrogen and
oxygen in-depth distributions obtained on H2 implanted Si3N4

films by ToF-SIMS are represented in Fig. 6.
The simplest formula for expressing an implantation profile is

a Gaussian distribution. However, real ion implantation profiles are
often asymmetric and the symmetric Gaussian function cannot
model the tail of the distribution. Several models have been pro-
posed to take into account this tail and get an accurate implanta-
tion profile reconstruction including the addition of an exponential
tail function31 or the use of a joined half-Gaussian.32

In our case, the presence of a positive skew could be attributed
to the bimodal distribution of ion energy in the CCP discharge that
leads to the fit of two half-Gaussians.33

The ToF-SIMS profiles of Fig. 6 have been fitted using a prob-
ability distribution based on two half-Gaussian distributions as pro-
posed by Gibbons et al. [cf. Eq. (1)],32
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where n(x) represents the concentration, Φ is the ion dose per unit,
Rpm is the projected range, σpf is the standard deviation of the

FIG. 4. ARXPS depth profile of the oxygen atomic concentration of
HF-deoxidized Si3N4 films before (black empty square) and after hydrogen (red
circle) and helium (blue triangle) implantations compared to the one of pristine
Si3N4 with its native oxide (full black square).

FIG. 5. N/Si atomic ratio as a function of the depth probed by ARXPS of
deoxidized Si3N4 film before (black square) and after H2 (red circle) and He
(blue triangle) implantations.
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Gaussian profile between Rpm and the surface, and σpf is the stan-
dard deviation of the Gaussian profile below Rpm. The values found
for the parameters Φ, Rpm, σpf, and σpb for the O and H depth
profiles are represented in Table II.

The agreement between the experimental and fitting data
confirms that the ToF-SIMS O and H profiles correspond to those
of the implanted species. The penetration depth is estimated to be
of Rpm + σpb, namely, 2.5 nm and 5.3 nm for O and H, respectively.

The O penetration depth estimated by ToF-SIMS is more
important than the thickness of the top modified surface layer
detected by XRR [only of 1.1 nm, cf. Fig. 3(c)]. We assume that the
XRR technique is not robust enough to discriminate the thickness of
the two layers presenting gradients in the concentration and having
close densities. On the contrary, the depth at which H penetrates
into the Si3N4 film deducted from the model is quite consistent with
the total modified layer estimated by XRR [of 5.8 nm, cf. Fig. 3(c)].
Experimentally, using infrared characterizations, Posseme et al.17

found that the implanted H forms NH and SiH bonds. More pre-
cisely, the dynamic molecular simulation of Martirosyan34 of H2

implantation of Si3N4 films reveal that SiH3 bonds are mainly
formed at the H peak maximum concentration, while SiH2 domi-
nates in the rest of the modified layer followed by SiH and then NH.

To summarize this part, we have seen that He or H2 implanta-
tion can chemically modify the first nanometers of the Si3N4

surface. With ion energies of 120 eV and 130 eV being used for He
and H2 implantation, respectively, Si3N4 is modified on the first 4.0
and 5.8 nm, respectively, consistently with SRIM simulations. In
both cases, the modified layer consists of a bilayer: a near surface
layer of about 1–2 nm thick with a low density (of 2 g cm−3 and
1.3 g cm−3 for hydrogen and helium implantation, respectively),
depleted in nitrogen and rich in oxygen contaminants, and a disor-
ganized sublayer with lower density than the pristine Si3N4 (about
2.3–2.6 g cm−3) and slightly richer in nitrogen than the pristine
materials (certainly via the formation of N–N bonds). In the case
of H2 implantation, it is possible to detect the presence of H in the
Si3N4 material after implantation over the entire depth of the
modified layer thickness using the ToF-SIMS analyses.

From molecular dynamics simulations,21 it is also suspected
that He is present in the modified layer of the He-implanted Si3N4,
although we could not prove it experimentally. Finally, we system-
atically observe the implantation of oxygen contaminants at the
very near Si3N4 surface after both He and H2, which could not be
predicted by the molecular dynamics simulation and may play a
role in the RP etching mechanisms as described in Sec. III B.

B. Etching kinetics of Si3N4 films in NH3/NF3/He
remote plasma

In Sec. III B, pristine and implanted Si3N4 wafers are exposed
to the 400 sccm NH3/40 sccm NF3/1400 sccm He remote plasma
using 250W as the source power and 2.5 Torr as the pressure
chamber

1. Pristine Si3N4

The etching kinetics of pristine Si3N4 films exposed to NH3/
NF3/He remote plasma at 100 °C have been investigated by real-
time ellipsometry. As already mentioned, the etching proceeds with
the formation of an ammonium salt layer on the surface. The
plasma reactive species absorb on the surface, react with Si3N4, and
turn Si3N4 into a salt. Similar to silicon oxidation mechanisms, the
salt formation leads to Si3N4 consumption. For each processing
time, the kinetic data are fitted with a bilayer composed of a salt
layer over an unmodified Si3N4 layer, with the dispersion law
described in Sec. II C 4.

Figure 7(a) compares the consumed thickness of the pristine
Si3N4 film with its native oxide and the Si3N4 film deoxidized with
a 1% HF wet etchant when exposed to the NH3/NF3/He RP. For
the deoxidized sample, no salt formation is detected even after a
very long processing time of 1000 s, as well as no Si3N4 consump-
tion. For the pristine Si3N4, an etch delay of about 70 s is observed
before the etching starts. We assume that this delay corresponds to
the time needed for the reactive neutrals of the remote plasma to
adsorb on the surface and then react with the substrate. This pre-
liminary observation tends to suggest that the surface oxidation
state plays a key role in the etching mechanisms and that oxygen
acts as a reaction catalyst. After this incubation time, a salt layer
starts to grow causing the Si3N4 consumption. Figure 7(b) shows
that there is a linear relation between the salt layer thickness and
the consumed Si3N4 thickness, with a correlation coefficient of 6.1.
Other experiments not shown here indicate that this coefficient
depends on the nature of the etched material but also on the

FIG. 6. In-depth H− (empty purple square) and O− (empty red circle) distribu-
tion in a Si3N4 film after H2 implantation (ToF-SIMS, Cs+/500 eV) fitted with a
two half-Gaussian model.

TABLE II. Values of the parameters of the two half-Gaussian equations used to fit
the O− and H− profiles [cf. Eq. (1)].

Rpm (nm) σpf (nm) σpb (nm) Φ (at nm−1)

O− 0.9 0.4 1.6 2.7 × 1027

H− 3.0 1.3 2.3 8 × 1022
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substrate temperature and the NH3/NF3 ratio introduced in the
remote plasma gas phase (this will be discussed in another publica-
tion). This reaction mechanism implies that the Si3N4 layer is con-
stantly consumed with a growing salt layer upon its surface.

As shown in Fig. 7(a), the Si3N4 consumption is not linear
with time and slows down with a longer exposure time (here above
475 s). This indicates that above a certain salt thickness on the
Si3N4 film (here of 166.7 nm corresponding to 28.6 nm of etched
Si3N4 after 475 s of RP), the Si3N4 consumption is limited by the
reactive neutral diffusion through the salt layer until the salt/Si3N4

interface. It is also interesting to highlight that the etching of the
pristine Si3N4 is not limited to the depth at which it is oxidized
(about 2 nm), meaning that once the salts are formed, fluorine and
hydrogen present in the salt can diffuse through the interface and
consume Si3N4 while the plasma still supplies the salt layer with
reactive species. Once the RP is turned off (at the end of the experi-
ment), the pressure in the chamber is decreased down to the

chamber base pressure (<1 mTorr), while the wafer is still at the
process temperature of 100 °C. During this step, the ammonium
salts are outgassed leaving a clean surface without any fluorinated
ammonium residues. To illustrate and demonstrate this point, two
experiments have been performed (cf. Fig. 8). The first experiment
consists of exposing the pristine Si3N4 to the NH3/NF3/He RP
process at 2.5 Torr for 150 s (stage 1); then, the plasma is turned off
and the gas is evacuated to decrease the pressure down to the
chamber base pressure while the wafer is still maintained at 100 °C
(stage 2, 170 s); finally, the RP process at 2.5 Torr is turned on
again during 150 s (stage 3). The second experiment is similar
except for the second stage. Instead of evacuating the reactive gas,

FIG. 8. Kinetics of the pristine Si3N4 film consumption (black square) and salt
formation (red circle) during a three-stage process. Stages 1 and 3 are similar
and correspond to the NH3/NF3/He RP process at 2.5 Torr comprising a stabili-
zation step where the gas are introduced and the pressure in the chamber
increases up to the operating pressure (Gas in—white area), followed by the RP
source ON step (red dashed area). Stage 2 (dark dashed dark area) corre-
sponds to (a) a Gas phase evacuation step and (b) a He stabilization step at
2.5 Torr. For both (a) and (b), the pressure in the reactor is also presented
(black line) along with the wafer temperature.

FIG. 7. (a) Etching kinetics of HF-deoxidized (empty black square) and pristine
(full black square) Si3N4 in NH3/NF3/He remote plasma at 100 °C. (b) Salt thick-
ness as a function of the consumed Si3N4 thickness.
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the He flow is supplied to maintain the chamber pressure at
2.5 Torr.

During the first RP on stage, Si3N4 is etched as expected
through the growth of a salt layer for both experiments. The salt
layer reaches a thickness of 25.8 nm for an Si3N4 consumed thick-
ness of 4.2 nm. However, during the second stage, Fig. 8 shows that
the salt layer desorbs almost instantly as the chamber pressure
decreases below 10 mT in experiment 1, while it remains on the
substrate if the chamber pressure is kept constant at 2.5 Torr in
experiment 2. This means that in experiment 1, the pressure in
stage 2 decreases below the saturation vapor pressure of the salt at
100 °C, allowing the salt to desorb. Moreover, during the second
RP on stage (stage 3), no salt growth and consequently no Si3N4

etching is observed in experiment 1, while Si3N4 etching proceeds
normally with the formation of the salt layer in experiment 2
without incubation time. Those two experiments highlight two
phenomena. First, experiment 1 confirms the trend of Fig. 7(a) that
the Si3N4 surface oxidation state plays a role in the etching reaction
ignition since the Si3N4 surface is oxidized at the beginning of the
first RP on stage and deoxidized at the beginning of the second RP
on stage. Secondly, experiment 2 shows that if a salt layer remains
on the Si3N4 surface when the RP is turned off and on, the reaction
goes on as if there was no interruption since the 70 s incubation
time of stage 1 is not observed during stage 3. This suggests that
the deposited film contains some etching species for the Si3N4 film.

2. Discussion on the etching mechanisms of Si3N4

films exposed to NH3/NF3 remote plasma

In the literature, a reaction scheme has been proposed for the
etching of SiO2 films exposed to NF3/NH3 or NF3/H2 remote
plasma, but very little has been reported for Si3N4. It is suggested
that NH4F and HF reactants are formed in the NH3/NF3 remote
plasma chamber by NF3 (respectively NH3) dissociation into NFx
(x = 1–2) and F [respectively NHx (x = 1–2) and H] and subsequent
recombination of these fragments together and with the feed gases,
as described by Eqs. (2)–(5),17,23–25

NF3 ! NF2 þ F, (2)

NH3 ! NH2 þH, (3)

Hþ F ! HF, (4)

NH3 þHF ! NH4F: (5)

Because of the high electronegativity of the F atom, F in the
NH4F and HF molecules is negatively charged while NH4 and H
are positively charged. Similarly, O and Si of SiO2 are negatively
and positively charged, respectively. F will then preferentially attack
positively charged Si atoms while H and NH4 are attracted to O
through a Coulomb force. These interactions weaken both Si–O
and H–F bonds and results in Si–F bond formation. The released
negatively charged oxygen atoms combine with H to generate H2O
[cf. Eq. (6)]. The resultant etching products, such as SiF4, react
with NH4F and change into the final product (NH4)2SiF6 as
described by Eqs. (6)–(8).17,18,24,25 Hayashi et al.35 suggests that the

reactants are adsorbed on the wafer surface, on which a condensed
phase is formed, so that a type of ammonium fluoride etching in
the liquid phase takes place,

SiO2 þ 4HF ! SiF4 þ 2H2O, (6)

SiF4 þ 2NH4F ! (NH4)2SiF6, (7)

SiO2 þ 2NH4Fþ 4HF ! (NH4)2SiF6 þ 2H2O: (8)

In the case of Si3N4, Knolle and Huttemann observed that the
formation of a (NH4)2SiF6 layer (and thus the etching of the Si3N4

film) when exposed to a CF4 plasma (remote ICP) occurs only if its
surface is hydrogenated and oxidized.36 This suggests that the pres-
ence of SiO bonds favor the chemical reaction.

It is also interesting to note that the etching of pristine Si3N4

films exposed to the NH3/NF3 remote plasma at 2.5 Torr drastically
slows down with increasing temperature and even stops above
120 °C (cf. Fig. 9). This etch trend with temperature is quite
unusual for a pure chemical type of etching that generally displays
an Arrhenius dependence on the temperature.37 On the contrary,
the temperature dependence observed is well consistent with the
theory of chemisorption kinetics.38 As theoretically or experimen-
tally reported,38,39 when gaseous molecules or atoms collide with a
surface, they may first adsorb on the surface in a physisorbed pre-
cursor state, which acts as a reservoir for the subsequent adsorption
into a chemisorbed state. The fraction of the impinging molecules
that is finally chemisorbed results from the competition between
two processes: the incorporation of physically adsorbed molecules
into a chemisorbed layer, on the one hand, and their evaporation
into the surrounding gas, on the other hand. The dependence of
the chemisorption rate on the temperature is determined by the
difference in the activation energy of these two processes. In our
case, it is likely that the activation barrier for the desorption of

FIG. 9. Etching kinetics of Si3N4 film at 60 (blue square), 100 (green circle),
and 120 °C (orange triangle) in He/NH3/NF3 plasma.
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NH4F and HF reactants is greater than the one of their chemisorp-
tion, implying that a rise in temperature rapidly leads in a depopu-
lation of the physisorbed layer that cannot be compensated by the
enhanced chemisorption with temperature. This results in an
increase of the incubation period and a decrease of the etch rate
with increasing temperature (cf. Fig. 9).

The etch kinetics of pristine and HF-deoxidized Si3N4 at the
given process temperature of 100 °C shown in Fig. 7 clearly indi-
cates that the adsorption step is the rate limiting step of the reac-
tion and suggests that the presence of Si–O rather than Si–N bonds
lowers the activation barrier for the dissociative chemisorption. In a
pure chemical process, etch rates are determined by the chemical
bond strength that holds the material together. The rate-
determining step is then the breaking of the first Si–N bond (or
more precisely the Si-NH2 terminated surface) in the case of
HF-deoxidized Si3N4 or Si–O bond (more precisely the Si-OH ter-
minated surface) and its substitution into Si–F bond. The Si–O
bond (799 kJ/mol) is stronger than the Si–N bond (470 kJ/mol),
which suggests that the activation barrier for the chemisorption
should be higher in the case of a SiOx surface. In fact, Knotter et al.
showed that in HF2− (F-H…:F−) environment (equivalent to our
NH4

+ F−:…H–F physisorbed layer), there is a site path for replacing
the OH by F in which the Si–OH bond does not have to be broken
first.40,41 This path lowers the activation barrier of the chemisorp-
tion step compared to the case of SiN system in which the Si–N
bond needs to be broken first.

This mechanism could explain why the etching starts on the
pristine SiN and not on the deoxidized substrate. Moreover, once
the etching has started, the water formed upon the reaction of
NH4F and HF with the native SiO2 present at the surface of the
Si3N4 [cf. Eq. (8)] remains in the ammonium fluorosilicate layer as
a hydrate and can further react with Si3N4 underneath to form new
SiO bonds [cf. Eq. (9)],

Si3N4 þ 6H2O ! 3SiO2 þ 4NH3: (9)

The proposed mechanism is illustrated in Fig. 10. It empha-
sizes the role of oxygen as a surface oxidant that allows the reaction
to be pursued.

However, Knotter et al. showed that once the first SiF bond is
formed, the activation barrier to break a new adjacent SiN bond is
lower because of the stronger polarization of the SiF bond with
respect to the SiN bond. The Si center becomes prone to a nucleo-
phile attack by the HF molecule as illustrated in Fig. 11. The SiN
bond is broken and replaced by SiF and the nitrogen atom is pro-
tonated. This mechanism is repeated three times until forming the
reactions products SiF4 and NH3 [cf. Eq. (10)]. SiF4 can further
react with NH4F to form the salt layer [Eq. (11)], the balance equa-
tion being given in Eq. (12) as

Si3N4 þ 12HF ! 3SiF4 þ 4NH3, (10)

FIG. 10. Reaction path of Si3N4
etching in NH3/NF3 remote plasma.

FIG. 11. Schematic representation of a substitution reac-
tion to free the Si-F unit.
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SiF4 þ 2NH4F ! (NH4)2SiF6, (11)

Si3N4 þ 6NH4Fþ 12HF ! 3(NH4)2SiF6 þ 4 NH3: (12)

3. Implanted vs nonimplanted Si3N4

Figure 12 compares the etch kinetics of pristine and implanted
Si3N4 films when exposed to NH3/NF3/He remote plasma process at
100 °C. The Si3N4 films are HF-deoxidized prior the implantation,
while the pristine Si3N4 film still has its native oxide. The ellipsomet-
ric data of implanted Si3N4 are also fitted with a bilayer model using
similar salt dispersion law to the one used for the pristine materials.
It is observed that the incubation time is considerably reduced for
implanted Si3N4 films, the etching starting after 11 s and 27 s for H2

and He implantation, respectively, against 70 s for the pristine Si3N4.
It should be noted that the incubation time are reproducible at ±5 s.

Based on the etching mechanism proposed in Sec. III B 2, we
believe that the oxygen incorporated into the Si3N4 film by the
implantation step acts as a catalyst of the reaction between the
plasma reactants and Si3N4. But its presence only cannot explain
the lower incubation time observed for H2 and He implantation
compared to the Si3N4 film with its native oxide, since the oxygen
content at the top surface is higher for pristine Si3N4 film
(cf. Fig. 4). The disorder introduced by the implantation in the
Si3N4 films may also play a role. From the XRR measurements, the
top oxide layer generated by the implantation is less dense than a
native oxide. The dangling bonds and porosity created by the
implantation may favor the physisorption and the subsequent
chemisorption of the neutral reactive species. We also noticed that
for any implantation or RP process conditions, the incubation time
is always lower for H2 implantation than He implantation suggest-
ing that H-terminal bonds could constitute favorable attack sites.

In the He case, once the etch starts, the Si3N4 consumed
thickness evolves linearly with the processing time and the etch

kinetics are similar to the ones of the Si3N4 pristine film
(5.0 × 10−2 nm/s). On the contrary, in the H2 implantation case, a
change of the etch kinetics is observed at the depth corresponding to
the modified layer thickness measured by XRR. This transition occurs
after a 6 nm etch depth. It is also noticed that once the modified layer
is etched, the Si3N4 film is etched with similar etch kinetics to the
ones of the pristine Si3N4 film. The etch kinetics of the modified
layer by H2 implantation (2.9 × 10−1 nm/s) is higher than the ones of
the pristine and He-implanted Si3N4 films (5.0 × 10−2 nm/s) allowing
a selectivity of modified Si3N4 after a H2 implantation over nonmo-
dified Si3N4 of 5.8. The higher etch rate for the H2 implanted Si3N4

layer goes along with a slight decrease of the salt porosity (with a
void of 75% against 80% for pristine and He damaged Si3N4 films)
and the correlation coefficient is less important (4.2 vs 6.1). Once the
H2 implanted Si3N4 layer is etched, the coefficient and the void per-
centage of the pristine Si3N4 are recovered.

In the steady-state regime, once the etching is initiated, there
is in final no etch selectivity between the top modified layer by the
He implantation over the pristine Si3N4 material, while a low etch
selectivity of about 5.8 is expected in the H2 implantation case.
This selectivity is the same as the one of 6 found by Posseme
et al.17 for Si3N4 removal using NH3/NF3 remote plasma, which is
not satisfying for the spacer etch process application and is far
below the selectivity of 31 achieved using 20% HF gas.15,16

These results suggest that the hydrogen incorporation into the
Si3N4 film is thermodynamically favorable for the salt formation
and thus the Si3N4 consumption.

We think the etching mechanisms of implanted Si3N4 are
similar to the the ones illustrated in Fig. 11 and Eqs. (10)–(12). The
main difference resides in the number of SiN units to break, which
is the rate limiting step. Martirosyan et al.34 have shown with their
dynamic molecular simulation that the amount of SiN bonds
broken by He implantation is lower than for H2 implantation,
which is consistent with the higher density of the modified layer by
He implantation predicted by XRR (cf. Fig. 3). The damage gener-
ated by the He implantation may not be sufficient to see a signifi-
cant difference in the etching kinetics compared to the pristine
material. It may just activate the etching, thanks to O incorporation
and formation of dangling bonds.

On the other side, as mentioned in Sec. III A, H2 implantation
results in the formation of SiHx and NH bonds, meaning that the
Si3N4 network is broken with less Si-N units. The SiHx units
present in the H2 implanted layer are more easily transformed into
SiFx than SiNx bonds in the pristine materials for thermodynamical
reasons. Moreover, some nitrogen atoms are already protonated,
which is favorable for the formation of the NH3 etch by-products.

Finally, Fig. 11 demonstrates that the functionalization of the
Si3N4 surface by implantation activates the chemical reaction
between the Si3N4 film and the reactants present in the diffusion
chamber and considerably reduces the incubation time. This offers
a process window during which the implanted Si3N4 is etched with
infinite selectivity over the pristine Si3N4, which corresponds to the
process duration that is inferior to the pristine Si3N4 incubation
time (about 70 s). This phenomenon can be exploited in a two-step
cycling process comprising implantation and remote plasma
etching steps to make topographically selective etching as discussed
below in Sec. III C.

FIG. 12. Etching kinetics of deoxidized Si3N4 film after H2 (red circle) and
He (blue triangle) implantation as well as pristine Si3N4 film (black square) in
He/NH3/NF3 plasma at 100 °C.
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C. Two-step cycling etching for topographically
selective etching

The current trend in atomic layer deposition (ALD) is to cycle
a selective functionalization step and deposition step to make topo-
graphically42 or chemical43 selective deposition. The concept is
based on the fact that the deposition characteristics depend on the
surface properties of the employed substrate.44 The functionaliza-
tion step is aimed to chemically and locally modify the surface of
one material with respect to the other surfaces in order to inhibit
or activate reactive sites and then prevent or catalyze further reac-
tions between the ALD precursor molecules and the functionalized
surface. In our case, it happens that remote plasma processes
whose etching mechanisms rely on the chemical action of plasma
neutrals are also very sensitive to the chemistry of the substrate.
The implantation step will functionalize the horizontal surfaces
selectively over the vertical surfaces, thanks to the ion anisotropy
(cf. Fig. 12). During the subsequent short RP etching step (<70 s),
the etching will be activated on horizontal surfaces while vertical
surfaces will not be consumed. The two steps will be repeated until
etching the desired horizontal surface thickness.

Figure 13(a) shows a 6 cycle etching of blanket Si3N4 with its
native oxide alternating a 60 s H2 implantation step followed by a
30 s NH3/NF3/He remote plasma at 100 °C. The plasma condi-
tions are the same as the ones described in Sec. II. Note that the
CCP step is performed at 50 mTorr, while the RP step at 2.5 Torr,
implying that pressure stabilization steps between those two steps
are required.

From Fig. 13(a), the Si3N4 consumed thickness at each cycle
can be estimated, comprising the part coming from the sputtering
occurring during the implantation and the part coming from the
RP etching [cf. Fig. 13(b)]. It is observed that the total removed
thickness at each cycle is reproducible and of 4.5 nm ± 0.5 nm. The
thickness removed during the RP step varies slightly from one
cycle to another (±0.5 nm). This variability of the RP step is mainly
attributed to the variability of the incubation time (15 s ± 5 s).
Consistent with the results shown in Fig. 3, there is no sputtering
during the implantation step of the first cycle, while the subse-
quent cycles show between 0.5 nm and 1 nm of sputtering during
the implantation. Although the salts are outgassed after the RP
step, XPS analyses reveal that a rich in fluorine reactive layer (9%
of the total atomic concentration) is left on the Si3N4 surface
after the RP step [cf. Fig. 13(c)]. This layer has a thickness of
0.7 nm and remains constant at each cycle. We suspect that this
layer is easily chemically sputtered by H ions during the subse-
quent implantation explaining why sputtering is observed for all
cycles except for the first one.

To simulate what could happen on Si3N4 vertical surfaces
(spacer sidewalls), a Si3N4 film with its native oxide is exposed to
cycles of a two-step process comprising an H2 gas step (using the
H2 implantation conditions except that the source is turned off )
followed by the 30 s RP step at 100 °C. Figure 13(a) shows that the
Si3N4 film exposed to this cycling process is not etched, meaning
that in these conditions, 6 cycles of 30 s RP step is not equivalent
to 180 s continuous etching RP process [see Fig. 7(a)]. Indeed, the
reactive species that adsorb to the Si3N4 surface during the 30 s RP
step, but have not reacted yet, are outgassed during the next low-

pressure gas step. This resets the incubation time of the RP step to
zero at each cycle.

It is a promising result for the spacer process application
where it is expected that the spacer sidewalls behave similarly.

FIG. 13. (a) Si3N4 consumed (black square) and salt layer (red circle) thick-
nesses evolution during a 6 cycle etching alternating 60 s of H2 implantation
and 30 s of NH3/NF3/He remote plasma at 100 °C compared to the etch kinetics
of a Si3N4 film exposed to the alternate of H2 gas step followed by 30 s of NH3/
NF3/He remote plasma simulating vertical Si3N4 surface (blue empty diamond).
(b) Consumed Si3N4 thickness per cycle. (c) ARXPS depth profile of the fluorine
atomic concentration after 1, 2, and 5 cycles.
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However, in the real cycling process, the Si3N4 sidewalls are also
bombarded by H ions at grazing incidence and reactive H radicals
during the implantation. The impact of H radicals can reasonably
be neglected since Thedjoisworo et al.45 show that below 150 °C,
the etch rate of Si3N4 film exposed to H radicals produced by
downstream plasma are extremely low (below 0.18 A/min). On the
contrary, the scattering of hydrogen ions produced in the capacitive
discharge cannot be ignored. From the work by Donkò et al. that
investigates the ion properties in low-pressure oxygen CCPs,46 it is
expected that in the plasma conditions we used for the H2 implan-
tation (50 mTorr, 120 eV ion energy), most of the ions arrive at
angles smaller than 3° meaning that the pattern sidewalls are
indeed subjected to ionic bombardment. The ion flux received on
the sidewalls may be enough to functionalize the vertical surface
and activate its etching without incubation time, which is detri-
mental for the infinite etch selectivity expected between implanted
and nonimplanted Si3N4. However, the ion dose deviated on the
sidewalls will be lower than the one received on horizontal surfaces
and certainly not sufficient to induce a fully modified H rich layer.
Kumakura et al.47 have shown that the etching rate of the H2

implanted surface layer depends on the H ion dose. It increases

FIG. 14. Si3N4 film thickness (black square) vs Si consumed thickness (blue
diamond) during the 6th and last cycle that stops on the Si surface. The RP is
maintained ON during 60 s containing 45 s of overetch.

FIG. 15. Surface roughness measured
by AFM and XPS spectra of Si surfaces
exposed to NH3/NF3 RP at 100 °C
[(a) and (b)] before and [(c) and (d)]
after a HF clean.
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with the incorporated H dose until reaching saturation above a
certain ion dose threshold. This means that if the etch is activated
on the sidewalls, the Si3N4 etch kinetics will be lower than on the
fully H- modified horizontal surfaces. In such case, it is expected
that the etch kinetics of the sidewalls are similar to the
He-implanted or pristine Si3N4 ones, implying an etch selectivity of
only 5.8 between horizontal and vertical surfaces. If this should
happen, then the operating conditions of the NH3/NF3 remote
plasma should be readjusted for higher etch selectivity to be
obtained between H2 implanted Si3N4 and pristine Si3N4.

Finally, Fig. 14 shows what happens at the 6th cycle when
the Si3N4 layer is entirely consumed and the process is stopped
on the underneath Si surface. We added 45 s of overetch in the
remote plasma to observe the selectivity of the Si3N4 film over
the underlying silicon. As soon as Si3N4 is entirely consumed by
the salt formation and the Si surface is reached, the salt layer
outgassed and the ellipsometric data indicate that only 0.5 nm of
Si is consumed even for very long processing time of RP last
step. In fact, this consumption is attributed to the consumption
of the native silicon oxide present between the Si3N4 and Si
layer. AFM and XPS analyses performed on Si surfaces at the
end of the 6 cycle process are shown in Fig. 15. The AFM image
reveals the presence of some residues on the Si surface that
are identified by XPS as salt residues or Si3N4 residues [cf.
Figs. 15(a) and 15(b)]. Indeed, the Si2p peak is decomposed
with 4 contributions: a peak at 99.4 eV attributed to Si–Si bonds,
a peak at 101.7 eV attributed to Si–N bonds, and two peaks at
100.7 eV and 102.7 eV attributed to SiF1 and SiF3 bonds. The
latter are confirmed by the presence of Si–F and N–F bonds on
the N1s and F1s spectra. On the F1s spectra, Si–F bond contri-
butions are detected at 687.8 eV. Concerning the N1s spectra,
two contributions are detected: N–Si bonds at 397.5 eV and
N–Fx bonds at higher energy (398.6 eV).

However, after a 1% HF wet, the Si surface is as clean as an
unprocessed Si wafer. The RMS is very smooth of 0.1 nm and with
a Rmax of 0.8 nm, even compared to the RMS of a pristine SOI
wafer that is of 0.3 nm with a Rmax of 2.2 nm. The residues are also
all removed as shown by the XPS spectra of Fig. 15(d). We,
however, noticed the presence of a new peak on the Si2p spectra at
100.3 eV that we attributed to Si2O contribution.48 This very small
oxidation of the Si surface certainly occurred during the transfer
from the HF treatment tool to the ARXPS analysis chamber. The
presence of carbon contamination, that is considered to generate
defects during epitaxial silicon film grown,49 was not yet detected.

Those results prove that the cycling process offers infinite
selectivity over Si and is free of damage, which is a mandatory
criterion for the spacer etch application. Moreover, the etch
process and the etch stop can be accurately monitored by kinetic
ellipsometry.

IV. SUMMARY AND CONCLUSIONS

Etch selectivity is today a key issue to be addressed in the pat-
terning of complex 2D and 3D MOS stacks. The smart etch
concept, which is a two-step process combining implantation and
removal steps was initially proposed as a method to etch very thin
layers with high selectivity. Although promising, the initial proof of

concept lacks flexibility because of the use of two separate equip-
ment to achieve the two steps of the process. In this article, we
propose a new way to implement the smart etch process, by
cycling the two steps of the process in the same plasma reactor
chamber, which has the capability to produce both a CCP dis-
charge for the implantation step and a remote plasma discharge
for the removal step.

We demonstrate that by cycling the two-step process, it is pos-
sible to make a topographically selective etching. The key to success
of the concept lies in the existence of an incubation period in the
RP process that can be tuned by functionalizing the surface state
with a treatment. The use of plasma implantation, as a treatment
step allows us to selectively modify the horizontal surfaces of the
material with respect to the vertical surfaces, thanks to the ion
directionality, and makes possible the development of topographic
selective etching processes.

This concept is proposed for spacer etching process develop-
ment where Si3N4 horizontal surface must be etched with extremely
high selectivity over the vertical Si3N4 surface (spacer sidewalls)
and underlying silicon. For this particular application, a cycling
process comprising an H2 or He plasma implantation (ion energy
of about 120 eV) and a He/NH3/NF3 remote plasma process at
100 °C has been developed.

Etching mechanisms in remote plasma are really complex
since they are driven by the molecules that are formed during the
diffusion process from the plasma generation region to the sub-
strate region. Gas phase characterizations would be needed to iden-
tify the reactive neutrals involved in the mechanisms and to
complete a reaction scheme. However, consistent with other
studies, our data confirm that the etching of the Si3N4 film in He/
NF3/NH3 RP proceeds with the formation of (NH4)2SiF6 salts. We
propose a reaction path for this salt formation on the Si3N4 surface
in which oxygen plays a key role. Si3N4 can be turned into
(NH4)2SiF6 salt only if the Si is previously oxidized explaining why
the Si3N4 etching upon NH3/NF3 exposure only starts if Si–O
bonds are present at the Si3N4 surface. Once the etching is initiated,
the water released by the reaction plays the role of Si oxidant,
which allows the reaction to be pursued.

Thanks to in situ kinetic ellipsometry, we also highlight that
there is an incubation time before the salts form and the Si3N4

etching starts. This incubation time depends on the surface state
and can be modified with surface treatment. For instance, the incu-
bation time on a pristine Si3N4 with its native oxide is of 70 s,
while it is reduced to 11 s and 27 s after H2 and He implantation,
respectively.

Indeed, He or H2 implantation modifies the SiN surface state
by incorporating oxygen contaminants coming from the reactor
wall and creating dangling bonds. In the case of H2 implantation, it
is likely that H-terminal bonds are also created at the near surface.
This functionalization considerably activates the adsorption and
reaction of the neutral species generated by the He/NH3/NF3
remote plasma and thus reduces the incubation period compared
to a pristine Si3N4.

By adjusting properly the RP step processing time (typically
30 s) of the cycling process, implanted Si3N4 surface (horizontal
surface) are etched with infinite selectivity over the nonimplanted
Si3N4 surfaces (vertical surface). The two steps are repeated until
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reaching the targeted Si3N4 thickness to be removed. It is also dem-
onstrated that the cycling process can be stopped on the under-
neath Si surface with infinite selectivity and without introducing
surface damage (free of residues or contamination), which is also a
key criteria for spacer etching applications.

One weakness of the process is its low etch selectivity over
SiO2 films.

Those preliminary results give an overview of how powerful
the reactor prototype is for the development of selective etching
processes. Remote plasma processes are already known and have
been used for their capability to provide highly isotropic etching
selectivity, thanks to the chemical and isotropic actions of the
neutrals present in the gas phase. But the implementation of this
technology in a cycling process alternating a functionalization
step and a remote plasma etching step offers a wide variety of
selective process development. If topographically selective etching
is needed, the functionalization step should involve a treatment
step presenting an anisotropic character such as the ion implanta-
tion. It should be noted that a multitude of possibilities could be
envisaged for the plasma chemistry (O2, N2, and CH4) used for
the implantation as long as no severe sputtering is induced. For
instance, we could think of using an O2 implantation to oxidize a
material on a well-defined depth and developing a selective RP
removal step of the oxide layer over the nonoxidized layer, and
cycling those two steps until etching the targeted thickness. One
could also imagine that the functionalization step using plasma
implantation has an inhibiting effect on the next RP etching,
allowing the etching of vertical surfaces selectively over horizontal
surfaces.

If chemical selective etching with no preferential direction is
needed, the functionalization step should use an isotropic treat-
ment involving neutrals only that could be achieved with the
remote plasma unit. We recently proposed such an approach to
the isotropic and selective removal of SiGe relative to Si in order
to fabricate horizontal stacked-Si nanowires for Gate All Around
devices.50
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