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ABSTRACT: An atmospheric-pressure plasma-enhanced spatial
atomic layer deposition (PE-s-ALD) process for SiO2 using
bisdiethylaminosilane (BDEAS, SiH2[NEt2]2) and O2 plasma is
reported along with an investigation of its underlying growth
mechanism. Within the temperature range of 100−250 °C, the
process demonstrates self-limiting growth with a growth per cycle
(GPC) between 0.12 and 0.14 nm and SiO2 films exhibiting
material properties on par with those reported for low-pressure
PEALD. Gas-phase infrared spectroscopy on the reactant exhaust
gases and optical emission spectroscopy (OES) on the plasma
region are used to identify the species that are involved in the ALD
process. Based on the identified species, we propose a reaction
mechanism where BDEAS molecules adsorb on −OH surface sites
through the exchange of one of the amine ligands upon desorption of diethylamine (DEA). The remaining amine ligand is removed
through combustion reactions activated by the O2 plasma species leading to the release of H2O, CO2, and CO in addition to
products such as N2O, NO2, and CH-containing species. These volatile species can undergo further gas-phase reactions in the
plasma as indicated by the observation of OH*, CN*, and NH* excited fragments in OES. Furthermore, the infrared analysis of the
precursor exhaust gas indicated the release of CO2 during precursor adsorption. Moreover, this analysis has allowed the
quantification of the precursor depletion yielding values between 10 and 50% depending on the processing parameters. Besides
providing insights into the chemistry of atmospheric-pressure PE-s-ALD of SiO2, our results demonstrate that infrared spectroscopy
performed on exhaust gases is a valuable approach to quantify relevant process parameters, which can ultimately help evaluate and
improve process performance.

1. INTRODUCTION
The preparation of ultrathin, high-quality silicon oxide (SiO2)
films is essential for the fabrication of a multitude of devices in
the fields of photovoltaics, microelectronics, displays, solar cell,
photonics, etc.1−3 SiO2 films are employed as dielectric
materials, surface passivation and encapsulation layers, optical
coatings, and cladding materials.4−6 Furthermore, SiO2 films
are used in the fabrication of nanoelectronic devices as
dielectric or as sacrificial layers in self-aligned multiple
patterning (SAxP) processes, which is an enabling step in
the continuous downscaling of the nanometer-sized features
characterizing current state-of-the-art chip manufacture.7 An
increasing fraction of these applications requires a vapor-phase
preparation method for SiO2 that is able to operate at relatively
low processing temperatures (<350 °C) while yielding
excellent material properties with precise thickness control
over large substrate areas, often with demanding surface
topologies.
Atomic layer deposition (ALD) is a technique capable of

meeting these demands as it relies on self-limiting surface
reactions between a substrate and separately dosed vapor-
phase reactants, typically a precursor and a co-reactant. The

self-limiting nature of the reactions enables Ångström-level
thickness control with superior uniformity and conformality
over large substrate areas.8 Moreover, to meet the low-
temperature requirement necessary for some applications, a
plasma can be used as the co-reactant. In this so-called plasma-
enhanced ALD (PEALD) approach, the high reactivity of the
plasma species allows for deposition at lower temperatures
while preserving good material properties.9 In particular, ALD
of SiO2 generally requires co-reactants such as O3 and O2

plasma and, for the specific case of PEALD, SiO2 films with
low-impurity contents have been demonstrated even at room
temperature.10,11 These aspects make PEALD a particularly
desired method for the deposition of SiO2 for several of the
aforementioned applications.
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Next to the requirements for high-quality films and low-
temperature processing, many applications also demand high-
throughput processing to ensure commercial viability. This has
been driving the increasing interest toward novel fast PEALD
concepts. Specifically, in its most conventional approach,
PEALD relies on temporally separated gases that are pulsed to
a stationary substrate. This configuration, also known as
temporal PEALD, is typically performed at a low operating
pressure and results in a fairly low throughput. Alternatively,
precursor and plasma can be spatially separated and
continuously fed to the surface of substrates moving through
different zones. This approach is known as spatial PEALD (PE-
s-ALD) and allows us to achieve higher throughput values.12,13

In addition, PE-s-ALD can be performed at atmospheric
pressure, which can be desired for applications where cost and
volume are highly important, such as (flexible) displays,
batteries, and photovoltaic devices.14−20

Nowadays, both temporal and spatial low-pressure PEALD
processes of SiO2 are widely employed in commercial
manufacturing processes of semiconductor devices. Given its
industrial relevance, low-pressure PEALD processes of SiO2

have been well studied and the understanding of their reaction
mechanisms has reached certain maturity. As reviewed in
Section 2, this is especially true for the cases using
aminosilanes as Si precursors.7 On the contrary, the
atmospheric-pressure PE-s-ALD process of SiO2 has remained
largely unaddressed. It is unexplored how film growth, material
properties, and reaction pathways compare to those reported
for state-of-the-art low-pressure PEALD of SiO2. To address
these points, it is desirable to gain insight into the underlying
chemistry and study how the process conditions affect film
growth. Moreover, more knowledge on the atmospheric-
pressure PE-s-ALD process of SiO2 provides a way to evaluate
parameters such as throughput and precursor usage efficiency
and, therefore, to optimize existing processes according to the
specific needs of the application.
In this work, we developed and characterized an

atmospheric-pressure PE-s-ALD process for SiO2 using
bisdiethylaminosilane (BDEAS) as the precursor and Ar−O2

plasma as the co-reactant. BDEAS was selected as it is one of
the most used aminosilanes for PEALD of SiO2. Furthermore,
it shares many aspects with other aminosilanes,21 and it can be
considered representative of this class of precursors. Within the
temperature range of 100−250 °C, we demonstrate that PE-s-
ALD growth and material properties are on par with the ones
reported for low-pressure temporal PEALD. The underlying
chemistry was studied with a combination of gas-phase infrared
spectroscopy on exhaust gases and optical emission spectros-
copy (OES) on the plasma zone. Recently, we employed
infrared spectroscopy to characterize the PE-s-ALD process of
Al2O3 by probing the exhaust plasma gas.17 Here, we extended
this method by analyzing both the precursor and the plasma
exhausts, thus identifying the species formed in both half-
cycles. Furthermore, the infrared study of the precursor
exhaust gas allowed us to quantify the amount of precursor
adsorbing on the surface and the byproducts desorbing during
the precursor half-cycle. From this quantification, we estimated
the precursor depletion for several processing conditions and
the number of exchanged ligands per adsorbing precursor
molecule. Finally, based on the results, we propose a reaction
mechanism of the process.

2. CONCISE OVERVIEW ON THE ALD REACTION
MECHANISM OF SIO2 USING AMINOSILANE
PRECURSORS

Low-pressure ALD of SiO2 has been studied rather extensively
for a range of different precursors and co-reactants. A list of the
reported SiO2 ALD processes has been published by
Miikkulainen et al.22 Recently, Ovanesyan et al. have authored
a review of the most industrially relevant SiO2 processes
providing an overview on the ALD chemistry for several
families of Si precursors,7 while Fang et al. have reviewed the
theoretical modeling studies on ALD of SiO2.

21 Here, we
provide a concise overview on the reaction mechanisms of
SiO2 focusing exclusively on aminosilane precursors and
discuss how the chemical structure of the precursor impacts
the adsorption behavior and ALD film growth. Furthermore, to
provide more context for the mechanistic study presented in
this work, we will illustrate the reaction mechanism for the
specific case of low-pressure PEALD of SiO2 using BDEAS and
O2 plasma.
The interest for ALD of SiO2 as one of the most relevant

materials in the semiconductor industry can be traced back to
the early 1990s. The two main requirements for SiO2 films to
be implemented in several Si-based technologies were a low
thermal budget (<350 °C) during preparation and excellent
material quality. ALD of SiO2 films at temperatures as low as
350 °C was initially demonstrated using SiCl4 and H2O.

23

However, this specific ALD process presented two main
limitations: (i) high-quality SiO2 films with low chlorine
contents could only be obtained at relatively high deposition
temperatures (500−600 °C), and (ii) low deposition rates
were achieved despite long precursor exposures.23 In the early
2000s, it was found that pyridine (NC5H5) and NH3 can be
used as catalysts for the ALD process of SiCl4 and H2O, thus
enabling high deposition rates while lowering the deposition
temperature.24 Nevertheless, Cl-based precursors are not
preferred as they can lead to particle formation and produce
HCl as reaction byproduct which is highly corrosive and can
undergo further reactions.24 These limitations made industry
move toward Cl-free precursors such as alkoxides, hydrides,
and aminosilanes. Yet, alkoxide Si precursors usually suffer
from insufficient volatility and low reactivity toward −OH
surface groups at low temperatures. SiH4 is a popular precursor
for thin-film deposition of Si-based materials; nevertheless, the
strong Si−H bonds hamper the precursor adsorption on −OH
surface sites rendering SiH4 less suitable for SiO2 deposi-
tion.25,26 In this context, aminosilanes have attracted attention
as promising precursor candidates for low-temperature ALD of
high-quality SiO2 films. These precursors have amine ligands
which are more reactive toward −OH surface groups
compared to chloride- and hydride ligands.25 The high
reactivity of the amine ligands in combination with the use
of highly reactive co-reactants such as H2O2, O3, and O2
plasma has allowed SiO2 deposition at temperatures lower than
300 °C and, in the specific case of O2 plasma, even at room
temperature.10,27−33 In addition, aminosilanes are desirable
from a safety and operability perspective as they do not lead to
the desorption of corrosive reaction byproducts.
Aminosilane precursors are defined by the chemical

structures Si(NRi)x(H)4−x (with i = 1, 2 and x = 1, 2, 3, 4),
where R indicates an alkyl group such as methyl (Me), ethyl
(Et) and butyl (sec-, tert-Bu). They differ from each other by
the type of amine and by the ratio of amine ligands (NR)x to
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hydride ligands H4−x. Table 1 provides a list of ALD processes
of SiO2 using aminosilanes for which mechanistic insight has

been obtained. Despite their structural differences, the
adsorption of these precursors on OH-terminated surfaces
occurs according to similar reaction pathways where the
protonation of amine ligands leads to the production of gas-
phase amine compounds as reaction products. This insight into
the adsorption behavior has been obtained for several
aminosilane precursors by means of both density functional
theory (DFT) calculations and infrared absorption
spectroscopy experiments. In the case of the mono-aminosilane
precursor di(sec-butylamino)silane (DSBAS), Huang et al.
calculated that the precursor molecule undergoes adsorption
through ligand exchange at the surface which results in
anchoring of the Si atom together with the formation of surface
−SiH3 species and the release of a gas-phase amine
byproduct.34 These theoretical results were confirmed
experimentally by Peña et al. who employed infrared
adsorption spectroscopy to study DSBAS adsorption on
−OH sites and demonstrated the formation of −SiH3 species
on the surface after the precursor exposure.35,36

For the case of bis-aminosilane precursors, similar behavior
is reported both theoretically and experimentally for bis(tert-
butylamino)silane (BTBAS), bis(diethylamino)silane
( B D E A S ) , a n d b i s ( d i m e t h y l a m i n o ) s i l a n e
(BDMAS).10,35,39,41,43 In particular, for the family of
methylaminosilanes, where the alkyl group R is a methyl
(d ime thy l am ino s i l a n e (DMAS) , BDMAS , t r i s -
(d imethy lamino)s i l ane (TDMAS) , and te t rak i s -
(dimethylamino)silane (TKDMAS)), the theoretical work
conducted by Jeong et al. has demonstrated that the Si−N is
the weakest bond present in the precursor molecules and,
therefore, it is the easiest to break in reactions with −OH
surface groups during to precursor adsorption.26 All of these
studies indicate that, independently of the number of amine
ligands, precursor adsorption for aminosilanes is dominated by
the breaking of the Si−N bond.
Concerning the performance of aminosilanes in ALD

processing, this is greatly determined by the type and the
number of amine ligands contained in their molecular
structure. Murray et al. calculated that the nature of the alkyl
group (R = Me, Et, Bu) affects precursor adsorption such that
the chemisorption of molecules with smaller R groups is
energetically more favorable.25 O’Neill et al. authored a
comparative study with focus on the influence of the number
of amine ligands on the ALD growth.40 This study compared

the ALD growth and film characteristics for the cases where a
tris-aminosilane (TDMAS) and two bis-aminosilanes (BDEAS
and BTBAS) were used in combination with O3 as the co-
reactant. The use of TDMAS leads to a reduced deposition
rate and to a higher impurity content in the films due to
incomplete removal of the amine ligands, especially at low
temperatures. These findings are in agreement with a previous
report where SiO2 films containing C and N impurities were
deposited using TDMAS and H2O2.

42 It was calculated that for
bis-aminosilanes, such as BDMAS, BTBAS, and BDEAS, the
elimination of both amine ligands during precursor adsorption
is possible with the second amine ligand requiring a higher, but
still surmountable activation energy.35,39,43 In contrast to these
precursors, for tris-aminosilanes like TDMAS the loss of the
third amine ligand is energetically forbidden under typical ALD
conditions. Compared to other mono- and bis-aminosilanes,
this may lead to more C and N impurities in the film, especially
for process conditions where co-reactant dosing does not
ensure effective removal of the amine ligands.38,44 For
completeness, it should be mentioned that tetrakis-aminosilane
precursors like TKDMAS are found less suitable for ALD
growth of SiO2 due to severe steric hindrance caused by the
large amine ligands.26,42

The co-reactants used in combination with aminosilanes for
low-temperature ALD of SiO2 are mostly O3 and O2 plasma.
Both O3 and O2 plasma react with the remaining amine ligands
at the surface through atomic O species. Specifically, as
demonstrated by Dingemans et al. for the case of BDEAS and
O2 plasma, the removal of the amine ligands by the O atoms
occurs through combustion-like reactions.10 Furthermore, O
atoms react also with the Si−H bonds at the surface to restore
the surface −OH groups that are necessary for the next
precursor step.21,39 These two reaction channels of O atoms
with the surface species have been experimentally confirmed by
infrared spectroscopy studies on mono-, bis-, and tris-
aminosilanes.28,32,35,42 These works have demonstrated that,
during the co-reactant exposure, the SiOH species are
regenerated on the surface while CHx and SiH species are
removed.
Bis-aminosilane precursors, in particular BDEAS, can be

considered a good representation of the entire class of
aminosilanes. BDEAS has a relatively high vapor pressure (4
Torr at 25 °C) which makes it favorable from a precursor
delivery point of view. In fact, a high vapor pressure facilitates
shorter dosing times which, in turn, shorten the ALD cycle
times and increase the throughput. Furthermore, as one of the
first aminosilanes that had been explored,45 BDEAS has been
employed in several ALD processes: for SiO2 using both O3
and O2 plasma, for Si3N4 using N2 plasma, and also for ternary
materials such as HfSiOx.

10,11,46−48 Moreover, from a
mechanistic point of view, the low-pressure PEALD process
of SiO2 from BDEAS and O2 plasma is one of the most
thoroughly studied, theoretically as well as experimen-
tally.10,11,41 For this particular precursor, Baek et al. calculated
that adsorption on −OH surface groups indeed takes place
through Si−N bond breaking followed by the protonation of
amine ligands −N(C2H5)2 to volatile diethylamine molecules
(NH(C2H5)2, DEA).41 In a later experimental work,
Dingemans et al. used gas-phase diagnostic techniques such
as quadrupole mass spectrometry (QMS) and OES to study
the PEALD process from BDEAS and O2 plasma.10,41,49 They
found experimental evidence of DEA desorption during
BDEAS adsorption. Moreover, they identified combustion-

Table 1. Overview of Relevant Mechanistic Studies on ALD
of SiO2 Using Aminosilane Precursors

number of
amine ligands precursor

co-
reactant references

1 DMAS (SiH3NMe2) O2 plasma 3, 18
1 DSBAS

(SiH3N(sec-Bu)2)
O3 31, 34, 35, 37

2 BDMAS
(SiH2[NMe2]2)

O3, O2
plasma

21, 25, 26, 38

2 BTBAS
(SiH2[NH(tert-Bu)]2)

O3 21, 31, 35, 37, 39,
40

2 BDEAS (SiH2[NEt2]2) O3, O2
plasma

4, 11, 25, 37, 40,
41

3 TDMAS (SiH[NMe2]3) O3, H2O2 21, 26, 28, 29, 38,
40, 42

4 TKDMAS (Si[NMe2]4) H2O 26, 42
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like reaction products such as H2O and CO2 produced during
the plasma half-cycle. This proved that a fraction of the amine
ligands remains on the surface after precursor adsorption and
that these are then combusted by O2 plasma species in the co-
reactant step. Based on these findings, Dingemans et al.
proposed the following chemistry for the process10

x

Si OH SiH N(C H )

SiO SiH N(C H ) HN(C H )x

2 2 5 2 2

2 2 5 2 2 2 5 2

− + [ ]

→ − [ ] +− (1)

SiH N(C H ) O

Si OH H O CO N containing speciesx

2 2 5 2

2

[ ] +

→ − + + + ‐
(2)

In reaction 1, BDEAS adsorption proceeds according to the
mechanism calculated by Baek et al. in which only a fraction of
the amine ligands (x < 2) is released in surface reactions under
the conditions investigated. In reaction 2, the O atoms in the
O2 plasma combust the remaining amine ligands forming H2O
and COx species. The formation of N-containing species was
also expected; yet, these products were not directly observed
and reaction 2 was therefore left unbalanced. Moreover, O
atoms react with the surface Si−H groups by its inserting
between the Si and H atoms and forming the surface Si−OH
groups that are vital to the BDEAS adsorption in the next ALD
cycle.

3. EXPERIMENTAL SECTION

3.1. Deposition Conditions and Material Character-
ization. SiO2 films were prepared using the rotary spatial ALD
reactor illustrated in Figure 1. Being located in an Ar-filled
oven, this cylindrical reactor is composed of a rotating
substrate table and a fixed injection head that are separated
by a horizontal gap of typically 20−250 μm.50 The injection
head is provided with separated inlets for the precursor and co-
reactant vapors. A gas-bearing system providing high flow of
N2 keeps the two vapors separated from each other and from
the outside ambient gas. This separation of the reactants

creates two half-cycle zones to which the substrate is
sequentially exposed during rotation.
In spatial ALD, the exposure time of the substrate to the

reactants is defined as the length of the deposition zone
divided by the speed of the substrate.51 In the rotary system
used here, the speed of the substrate is determined by the
rotation frequency expressed as “rotations per minute” (rpm).
Thus, the exposure time is inversely proportional to the
rotation frequency. In this configuration, one ALD cycle is
achieved after completing a full rotation of the substrate table
such that the substrate surface is sequentially exposed to each
zone (i.e., precursor, inert gas, co-reactant, and inert gas). To
generate the plasma, an atmospheric-pressure dielectric barrier
discharge (DBD) plasma source with an alumina dielectric was
used.52

SiO2 films were deposited on Si wafers using bisdiethylami-
nosilane (BDEAS) as the silicon precursor and Ar−O2 plasma
as the co-reactant. The BDEAS precursor was contained in a
bubbler kept at 20 °C. A pickup flow of Ar through the bubbler
is used to dose BDEAS to the chamber. The Ar flow was
controlled using a mass-flow-controller (MFC) and varied
between 0.01 and 0.2 slm which corresponded to actual
BDEAS flows ranging from 1.5 × 10−5 to 3.0 × 10−4 slm.
Section S1 in the Supporting Information describes the
calculation of the actual BDEAS flow to the chamber and
provides values corresponding to the Ar pickup flows used.
Once extracted from the bubbler, the Ar and BDEAS are
further diluted by additional Ar such that a total flow of 1 slm
is reached and a constant flow is ensured. The BDEAS/Ar gas
mixture is transported to the chamber through stainless steel
lines heated to 100 °C. For the Ar−O2 plasma feed gas, the Ar
flow was kept constant at 2.8 slm, while the O2 flow was varied
between 0 and 0.1 slm. During film deposition, the exposure
time of the substrate surface to the reactants was varied
between 40 and 400 ms by setting the rotation speed between
100 and 10 rpm, respectively. The deposition temperature was
varied between 100 and 250 °C by setting the temperature of
the oven. Before each deposition, the substrate was exposed to
a 2 min Ar−O2 plasma cleaning step.

Figure 1. Schematic of the atmospheric-pressure rotary PE-s-ALD reactor. The reactor is placed in an Ar-filled oven and consists of a cylindrical
chamber in which the substrate is placed at a 20−250 μm distance from the reactant inlet. The precursor and the plasma exhaust gases are delivered
to a gas cell, which is inserted into an IR interferometer. A system of three-way valves allows switching from the precursor to the plasma exhaust
such that the reactor gases can be analyzed in a separate manner for both half-cycles. OES is performed by means of a thermally resistant optical
fiber connected to a spectrometer and inserted into a transparent plasma source.
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Ex situ spectroscopic ellipsometry (SE) was used to measure
the thickness and the refractive index of the SiO2 layers. The
SE analysis was performed with a J.A. Woollam M2000
spectrometer fitting the data with a Cauchy model. From the
thickness data, the growth per cycle (GPC) was calculated.
The values of the refractive index were determined at 632 nm.
The chemical composition of the films was determined by

Rutherford backscattering spectroscopy (RBS) and elastic
recoil detection (ERD) which were performed by Detect99
using a Singletron system with a 3 MeV He+ beam.
Stoichiometry, hydrogen content, and the number of Si
atoms deposited per nm2 per cycle were determined from
the RBS/ERD results, while the mass density was calculated by
combining RBS/ERD and SE data.
3.2. Spectroscopic Characterization of the Process.

Gas-phase infrared absorption spectroscopy on effluent gases
and OES on the plasma region were used to study the
atmospheric-pressure PE-s-ALD process of SiO2 at a
deposition temperature of 100 °C. Both spectroscopic
techniques were implemented on the reactor as shown in
Figure 1.
Gas-phase infrared spectroscopy was performed by means of

a gas cell inserted into the sample compartment of a Bruker
Vertex70 Fourier Transform Infrared (FTIR) interferometer.
The exhausted gases were fed into the gas cell through stainless
steel lines. The exhaust precursor and co-reactant gases could
be analyzed separately by means of a three-way valve system,
which allows switching from one exhaust to the other. Before
starting the data acquisition, the gas cell was purged for two
hours with 7 slm of N2 to achieve a stable, air-free background.
For the analysis of the precursor exhaust gas, data were
acquired in the “precursor only” mode and the “precursor half-
cycle” mode. In the “precursor only” mode, only BDEAS is

delivered to the system without the plasma being activated. In
the “precursor half-cycle” mode, BDEAS is supplied with the
plasma switched on to run the ALD process. For the analysis of
the plasma exhaust gas, data were acquired in “plasma only”
mode and “plasma half-cycle” mode. In the “plasma only”
mode, the plasma is activated without supplying BDEAS. In
the “plasma half-cycle” mode, the plasma is on and the BDEAS
is supplied so that the ALD process takes place. After switching
from the precursor to the plasma exhaust analysis, the gas cell
was purged for 3 min with a flow of 1 slm of Ar to eliminate
residual gases from the previous step.
Each infrared spectrum was acquired using a resolution of

0.5 cm−1 and a collection time of 600 s. To distinguish
between the dominant signal from the precursor and the signal
from the reaction byproducts, two different BDEAS flow
settings were used for the analysis of the precursor and the
plasma exhaust, respectively 7.5 × 10−5 and 3.0 × 10−4 slm.
This choice is explained in Section S2 in the Supporting
Information.
The infrared signature of DEA was measured in a dedicated

experiment since DEA is likely to be produced as the main
reaction byproduct during BDEAS adsorption. For this
experiment, a flow of DEA was fed into the gas cell. To dose
DEA into the gas cell, an Ar pickup flow of 0.025 slm was
introduced into the DEA bubbler kept at room temperature.
The infrared spectrum was acquired using a resolution of 0.5
cm−1 and a collection time of 600 s.
The OES study was carried out with a thermally resistant

optical fiber coupled to a specially designed DBD plasma
source with a quartz dielectric and a top electrode made of a
combination of Ag and indium tin oxide (ITO). This
configuration provides a direct view to the plasma region
through the ITO-covered quartz. The optical fiber was

Figure 2. Growth per cycle (GPC) as a function of (a) BDEAS flow, (b) O2 flow, (c) exposure time (all for 100 °C), and (d) deposition
temperature. The dotted lines are a guide to the eye.
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connected to an Avantes spectrometer (AvaSpec-
ULS2048x16) with a resolution of 0.5 nm. In line with the
FTIR experiments on the plasma exhaust, the OES spectra
were recorded in “plasma only” mode and “plasma half-cycle”
mode. The BDEAS flow was set to 3.0 × 10−4 slm. For each
spectrum, an integration time of 12 s was used.

4. RESULTS
4.1. Film Growth and Material Characteristics. For the

development of the PE-sALD process, the ALD saturation
behavior was measured at a fixed rotation speed for different
flows of the precursor and co-reactant. Specifically, when
varying the precursor flow, the co-reactant flow was kept
constant, and vice versa. Figure 2 shows the effects of BDEAS
flow, O2 flow, exposure time, and temperature on the growth
per cycle (GPC) of the SiO2 films.
In the rotary ALD system, the exposure time sets the

duration of all of the process steps within one cycle, i.e.,
precursor dosing, plasma exposure, and purging. In order not
to be limited by subsaturation due to insufficient dosing of the
reactants, a relatively long exposure time of 133 ms
(corresponding to a rotation frequency of 30 rpm) was chosen
when varying the flows of precursor and co-reactant; in a
similar way, relatively high flows were chosen when varying the
exposure time. The data in Figure 2a−c were acquired at a
temperature of 100 °C. At this temperature and using an
exposure time of 133 ms, we found that a BDEAS flow of 1.0 ×
10−4 slm and an O2 flow of 0.05 slm are sufficient to achieve
saturation with a GPC of 0.14 nm. Upon further optimization,
the effects of rotation speed and deposition temperature on the
GPC were explored. In Figure 2c, a BDEAS flow of 3.0 × 10−4

slm and an O2 flow of 0.08 slm were used while varying the
exposure time. The GPC saturates again at 0.14 nm for
exposures longer than 133 ms. The dependence of the GPC on
the deposition temperature is shown in Figure 2d. For each
temperature, the depositions were performed at earlier
established saturation conditions using a BDEAS flow of 3.0
× 10−4 slm, an O2 flow of 0.08 slm, and an exposure time of
133 ms. Upon increasing the temperature, the GPC decreases
from 0.14 nm at 100 °C to 0.12 nm at 250 °C. Our GPC
values are in good agreement with the ones previously reported
for the low-pressure cases where O2 plasma and O3 were used
as the co-reactants.10,46

The film properties of the SiO2 layers were analyzed for
different deposition temperatures and under saturated growth
conditions. The results are given in Figure 3. An H content of
9 at. % was found at each temperature, while C- and N-
contents were below the detection limits for RBS (<2 at. %).
The O- and Si-contents correspond to an [O]/[Si] ratio of 2.1
which points to slightly O-rich films. The refractive index of
1.46 and the density of 2.1 g/cm3 remain largely constant with
temperature. Overall, our data are in line with those reported
for low-pressure PEALD of SiO2 by Dingemans et al. who also
found that the material properties were relatively independent
of the deposition temperature within the range 100−250 °C.10
The number of Si atoms deposited per nm2 per cycle decreased
from 3 to 2.5 with increasing temperature. These GPC values
are slightly higher than the values reported by Dingemans et al.
for the low-pressure PEALD case, decreasing from 2.8 ± 0.1 to
2.1 ± 0.1 Si atoms per nm2 per cycle when increasing the
temperature from 100 to 300 °C.10

A decrease of the GPC at higher temperatures is often
observed for ALD of oxides.53,54 A temperature increase

induces dehydroxylation which results in a reduced density of
−OH surface groups that can act as reactive sites, thus leading
to less BDEAS adsorption. This explains the lower number of
Si atoms deposited per nm2 per cycle at higher temperatures as
well as the lower GPC shown in Figure 2a. Furthermore, we
attribute the H content predominantly to the incorporation of
OH groups in the films. The presence of −OH most likely also
explains the slightly over-stoichiometric [O]/[Si] ratio
indicating an excess of oxygen in the films. The absence of
detectable levels of C and N in the films suggests a virtually
complete removal of the −N(C2H5)2 ligands after the plasma
step.

4.2. Spectroscopic Analysis of the Deposition
Process. 4.2.1. Gas-Phase Infrared Spectroscopy. The gas-
phase species produced during the two half-cycles were
measured by infrared absorbance spectroscopy on the exhaust
gases of both reactants. Figure 4 displays the results obtained
for the precursor exhaust. The observed vibrational frequencies
with assigned chemical species are listed in Table 2 and have
been previously identified elsewhere.42,55 In Figure 2, we
marked only selected vibrational modes that are most relevant
for the discussion.
The “precursor half-cycle” spectrum in Figure 4a is

characterized by peaks originating from both the precursor
and reaction byproducts produced during BDEAS adsorption.
The “precursor only” spectrum in Figure 4b is obtained by
deactivating the plasma while supplying only the precursor. At
the temperatures considered in this work, BDEAS vaporizes
without chemically decomposing57 and, therefore, Figure 4b
corresponds to the infrared fingerprint spectrum of the
precursor. By comparing Figure 4a and b, it can be seen that
the “precursor half-cycle” spectrum exhibits several vibrational
modes that are only characteristic of the precursor molecule,
such as the Si−N−C stretching and the Si−H stretching. In
Figure 4a, these peaks show a reduced absorbance compared to
the BDEAS fingerprint spectrum, thus pointing to precursor
consumption in ALD reactions. Furthermore, the “precursor
half-cycle” spectrum presents additional infrared vibrational

Figure 3. GPC and material properties of the SiO2 films as a function
of deposition temperature: (a) GPC in terms of Si atoms deposited
per nm2, (b) H content [H], (c) [O]/[Si] ratio, (d) refractive index n,
and (e) mass density of the films. These parameters were determined
by RBS, ERD, and SE.
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modes at 727, 1047, and 2880 cm−1. The comparison of the
“precursor half-cycle” spectrum (Figure 4a) with the DEA
fingerprint spectrum in Figure 4c reveals that these additional
peaks can be assigned to the characteristic N−H wagging,
C−N stretching, and C−H stretching modes of the DEA
molecule.58 These results indicate that DEA is produced as a
main reaction product during precursor adsorption.10,21,41

Additionally, in the “precursor half-cycle” spectrum, the
asymmetric stretching mode of CO2 is identified (∼2350
cm−1). The production of CO2 during the precursor half-cycle
was not expected; however, upon closer inspection, it appears
that it is not uncommon in PEALD of oxides. In fact, it has
been previously reported that CO2 production during
precursor adsorption is directly related to the use of a plasma
as the co-reactant, and it will be addressed later in more
detail.59,60

Figure 5 shows the infrared absorption spectra obtained by
probing the exhaust gases of the plasma zone. The observed
vibrational frequencies with assigned chemical species
characterizing the plasma half-cycle are also listed in Table 2.
The “plasma half-cycle” spectrum in Figure 5a is characterized
by the vibrational modes associated with species formed within
the O2 plasma as well as reaction products created during the
co-reactant step. In this spectrum, we identify O3, H2O, CO2,
CO, N2O, NO2, and CH-containing species. The plasma only
spectrum in Figure 5b displays two peaks at 1041 and 2100
cm−1 which are attributed to the asymmetric stretching
vibrational mode of O3 and its overtone. A comparison
between the two spectra shows that O3 is produced in the O2
plasma itself,17,61 whereas the remaining species in Figure 5a
are created upon reactions of plasma species with the precursor
ligands present at the surface. In particular, the absorbance
from CO2 and H2O indicates that the oxygen atoms react
through combustion-like reactions with the −N(C2H5)2
ligands.10

The presence of NO2 and N2O suggests reactions of O
atoms with the N that is present in the −N(C2H5)2 ligands.
Although their production can be expected when using an
aminosilane precursor,10 the formation of such species in
PEALD of SiO2 has not been experimentally observed before.

Figure 4. Infrared spectra of the exhaust precursor gas obtained in (a)
“precursor half-cycle” mode, (b) “precursor only” mode, and (c) the
spectrum of diethylamine (DEA). The “precursor only” and
“precursor half-cycle” spectra were acquired at a temperature of 100
°C using a BDEAS flow of 7.5 × 10−5 slm and an exposure time of 40
ms. Selected vibrational peaks have been assigned. In the “precursor
half-cycle” spectrum, the absorbance peaks corresponding to
desorbing reaction products have been indicated for convenience.

Table 2. Vibrational Frequencies Observed during the Precursor Half-Cycle for the Deposition of SiO2 Using BDEAS and O2
Plasma

wavenumber (cm−1) band assignment assigned species references

precursor half-cycle 645−936 Si−N−C stretching (ν) BDEAS 42, 55, 56
727 N−H wagging (ω) DEA 57
1030−1207 C−N stretching (ν) BDEAS/DEA 42, 55−57
1147 C−N stretching (ν) DEA 57
1290−1463 C−Hx bending (δ) BDEAS/DEA 42, 55−57
2100 Si−H2 sym. stretching (νs) BDEAS 42, 55, 56
2350 C−O asym. stretching (νas) CO2 60
2870−2973 C−Hx sym/asym stretching (νs, as) BDEAS/DEA 42, 55−57

precursor half-cycle 1041 O−O−O asym. stretching (νas) O3 61
1611 N−O asym. stretching (νas) NO2 61
1622 O−H−O sym. bending (δs) H2O 60
2100 asym. stretching overtone (νas) O3 61
2140 C−O stretching (ν) CO 60
2250 N−O sym. stretching (νs) N2O 61
2350 C−O asym. stretching (νas) CO2 60
3000 C−Hx asym./sym. stretching (νs, as) CH-species
3755 O−H asym./sym. stretching (νs, as) H2O 60
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The reactions producing these species can be surface reactions
as well as reactions in the plasma gas phase. In the first case, O
atoms react directly with the amine ligands at the surface in a
combustion-like reaction pathway. In the second case, O atoms
react with N-containing species that have been released into
the plasma upon surface reactions. For instance, it can be
speculated that O and O-containing species react with the N
present in the plasma to form NO, NO2, and N2O. Such
reaction pathways have been often reported for DBD plasmas
based on a N2−O2 mixture.62,63

Finally, the weak infrared absorbance signal around 2900
cm−1 by the C−H stretching mode points to the presence of
hydrocarbons. These species can originate from incomplete
combustion of the amine ligands at the surface or can be
formed in subsequent gas-phase reaction pathways, where O
atoms react with the ethyl groups that are released in the
plasma.
4.2.2. Optical Emission Spectroscopy. Figure 6 shows the

excited species in the plasma for the “plasma half-cycle” and
“plasma only” modes as studied by OES. Similar to the infrared
experiments, the two spectra display differences that are due to
the reaction products formed during ligand removal. In the
“plasma half-cycle” spectrum, we identified the OH (A2Σ+ →
X2Π) emission band centered at 309 nm and the NH (A3Π →
X3Σ) emission band at 336 nm, and the violet system of CN
(B2Σ → A2Π) with emission lines at 358 and 380 nm. The so-
called first negative system (FNS) of the oxygen O2

+ (b4Σg
− →

a4Πu) at 557.8 nm, O2
+ emission at 557.8 nm, and emission

lines from ionized Ar in the range of 416−426.3 nm are
observed in both spectra.17

By comparing the two spectra, it can be seen that the
intensity of the O2

+ emission decreases during the plasma half-
cycle. This is in line with the fact that oxygen species are
consumed in surface reactions with the precursor ligands. The

emission from OH, NH, and CN excited fragments are only
present in the “plasma half-cycle” spectrum, indicating that
these species are formed during the removal of the ligands
from the surface. In fact, reaction products are released into the
plasma and can undergo excitation reactions by electron
impact. Subsequently, emission originates from radiative de-
excitation of these excited species. In this scenario, the OH
emission most likely originates from electron-impact dissoci-
ation of H2O molecules according to

H O e OH H e2 + → * + +− −
(3)

In reaction 3, the H2O is predominantly produced by
combustion of the precursor ligands. OH emission during
the plasma co-reactant step was also observed in the case of
low-pressure PEALD of SiO2 and for other low-pressure and
atmospheric-pressure PEALD processes of oxides.10,17,64,65

The emission from NH and CN excited species was not
observable at low pressure for the SiO2 process,

10 but in our
case, these emission bands can originate from electron impact
dissociation of ligands or their fragments. As N is released in
the plasma during ligand removal from the surface, the
formation of N-containing excited species can be expected for
PEALD of oxides where an amine precursor is used.64

5. DETAILED ANALYSIS OF THE PRECURSOR
ADSORPTION STEP
5.1. CO2 Formation during Precursor Adsorption. The

infrared spectrum obtained in the “precursor half-cycle” mode
and displayed in Figure 4a shows a weak signal due to CO2. As
the BDEAS molecule does not contain O atoms, CO2
formation upon precursor adsorption is not readily expected.
We attribute the observation of CO2 to the presence of surface
carbonate groups (CO3

2−) which are created during the O2
plasma step. These carbonates are released from the surface
during the adsorption of BDEAS molecules in the subsequent
cycle, leading to CO2 as the reaction product. This mechanism

Figure 5. Infrared spectra of the exhaust plasma gas obtained in (a)
“plasma half-cycle” mode and (b) “plasma only” mode. The spectra
were acquired at a temperature of 100 °C using a BDEAS flow of 3.0
× 10−4 slm and an exposure time of 40 ms.

Figure 6. OES spectra of the plasma region obtained in (a) “plasma
only” mode and (b) “plasma half-cycle” mode at a temperature of 100
°C, a BDEAS flow of 3.0 × 10−4 slm, and an exposure time of 40 ms.
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was previously proposed by Rai et al. for PEALD of Al2O3 and
TiO2 using trimethylaluminum (TMA) and titanium isoprop-
oxide (TTIP), respectively.59,60 By studying the surface species
by infrared absorbance spectroscopy, it was demonstrated that
carbonates are formed as intermediate surface groups during
the co-reactant step and removed in the subsequent precursor
adsorption accompanied by CO2 production.
To validate our hypothesis, we investigated the effect of

exposure time and temperature on the production of CO2 and
the results are presented in Section S3 in the Supporting
Information. Figure S4 shows that the production of CO2
decreases with increasing plasma exposure. Specifically, shorter
plasma exposures are not sufficient to drive the reaction to
completion by decomposing all surface carbonates, thus
leading to more CO2 being produced during BDEAS
adsorption. This is in line with the work of Rai et al., which
also showed that prolonged plasma exposures lead to a lower
surface density of these intermediates.59,60

Figure S5 shows that the peak intensity of CO2 in the
absorbance spectrum is higher at 100 °C than at 250 °C. This
indicates that at lower temperatures, there is a higher density of
these intermediates leading to more CO2 desorbing upon
precursor adsorption. These findings are in agreement with
previous works reporting that the density of intermediate
carbonaceous species such as carbonates and formates on
oxide surfaces decreases with temperature.59,60,66

5.2. Quantitative Analysis of Precursor Adsorption.
5.2.1. Determination of Precursor Depletion. The precursor
depletion is defined as the fraction of the initially introduced
precursor that has been consumed in ALD reactions. This
quantity can be calculated from the infrared absorbance spectra
obtained by monitoring the precursor exhaust gas. Under
condition of constant flow and applying the Beer−Lambert
law, the absorbance can be considered proportional to the flow
of species. In our case, with the total flow of the precursor to
the chamber being constant, it is reasonable to assume that the
absorbance of the peaks originating from the BDEAS molecule
is proportional to the flow of BDEAS through the gas cell. This
assumption allows us to calculate the BDEAS depletion based
on the Si−H stretching mode at 2100 cm−1 peak as this
vibrational mode is only representative of the BDEAS
molecule. The BDEAS depletion can be extracted from

BDEAS depletion 1
A(Si H)
A(Si H)

100%
0

= − −
−

×
(4)

with A(Si−H)0 and A(Si−H) being the integrated absorbance
of the Si−H peak in “precursor only” and “precursor half-cycle”
modes, respectively. Subsequently, using eq 4, the flow of
BDEAS that has reacted can be calculated by multiplying the
precursor depletion by the precursor flow. See Section S4 in
the Supporting Information for the uncertainty analysis.
The precursor depletion can be used to rate the process

performance for several process parameters. Ideally, conditions
of high precursor flows and long exposures ensure working
under fully saturated conditions. However, they also lead to an
inherently higher quantity of unreacted precursor and,
therefore, may not be preferred from a manufacturability
point of view. In Figure 7, we show the BDEAS depletion for
two different BDEAS flows as a function of the exposure time.
In the same graph, we also show the GPC for the higher
BDEAS flow and the deposition rate calculated as the
deposited thickness per unit of time. Figure 7a reveals a

higher precursor depletion, up to 50%, when using a lower
BDEAS flow (7.5 × 10−5 slm) and, for both flow conditions,
the depletion decreases with increasing exposure time. For the
case of the higher BDEAS flow, Figure 7b illustrates that the
deposition rate decreases with exposure time. As the
deposition rate shows the same trend as the depletion, all of
the depleted BDEAS is actually utilized in surface ALD
reactions and converted into a film (see also Section S5 in the
Supporting Information).
Figure 7 shows that process conditions corresponding to

undersaturated growth yield higher depletion values. When the
precursor dosing (i.e., precursor flow times exposure time) is
not sufficient, the process is in a precursor-limited regime and
the growth is not saturated. Non-saturated growth is obtained
for lower BDEAS flows at a fixed exposure and for lower
exposure times at a fixed flow. In these two cases, most of the
precursor is utilized in ALD reactions to reach full surface
saturation, whereas the fraction of unreacted precursor is
minimal.

5.2.2. Quantification of the Number of Exchanged
Ligands. The N−H wagging mode at 727 cm−1 in the
“precursor half-cycle” spectrum of Figure 4a was used to
quantify the DEA molecules desorbing from the surface during
the precursor half-cycle (see explanation in Section S6 in the
Supporting Information). The ratio of desorbed DEA
molecules to adsorbed (i.e., reacted) BDEAS molecules is
plotted in Figure 8 as a function of the exposure time for the
two BDEAS flows considered earlier. (We excluded the data
measured at 400 ms because of their poor signal-to-noise
ratio). This analysis provides an average ratio of desorbed DEA
to adsorbed BDEAS of 1.1 ± 0.1. Despite considerable scatter
in the data, this result reveals that approximately one DEA
molecule is produced per adsorbing BDEAS molecule. Hence,
it can be concluded that, on average, BDEAS molecules adsorb
on OH surface sites through the exchange of one amine ligand
(see Section 2). After BDEAS adsorption, the other amine
ligand remains on the surface and is, then, combusted by the
O2 plasma in the co-reactant step.

5.3. Proposed Reaction Mechanism for Atmospheric-
Pressure PE-s-ALD for SiO2. Based on the data presented in
this work, we will now summarize the insights obtained on the

Figure 7. (a) BDEAS depletion for two BDEAS flows as determined
from the infrared spectroscopic data for different exposure times. (b)
GPC of the SiO2 films as well as deposition rate (in terms of the
amount of material deposited per minute), both as a function of the
exposure time and for a BDEAS flow of 3.0 × 10−4 slm.
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deposition of SiO2 by atmospheric-pressure PE-s-ALD from
BDEAS and Ar−O2 plasma. Figure 9 provides a schematic
representation of the proposed reaction mechanism. Here, we
neglected the formation of CO2 as a byproduct during the
precursor step.
BDEAS molecules adsorb on −OH groups through ligand

exchange in which the Si−N bond is broken and −N(C2H5)2-
ligands are protonated to form volatile DEA (HN(C2H5)2).
We found evidence that precursor adsorption occurs through
the exchange of on average one amine ligand per BDEAS
molecule. The loss of the second amine ligand appears less
energetically favorable.35,39,43 Therefore, the following reaction
is proposed for the precursor adsorption

(SiO ) OH SiH N(C H )

(SiO ) O SiH N(C H ) HN(C H )
2 2 2 5 2 2

2 2 2 5 2 2 5 2

− + [ ]

→ − − [ ] + (5)

Here, the notation (SiO2)−OH refers to surface hydroxyl
groups on the SiO2 surface that act as reaction sites for the

incoming BDEAS molecules. Reaction 5 implies that at the end
of the precursor half-cycle, the substrate surface is covered with
−N(C2H5)2 and −H ligands.
As co-reactant, the O2 plasma is composed of several

reactive species that include O radicals and O3 molecules, the
latter being abundantly created in atmospheric-pressure O2
plasmas.17 During the plasma half-cycle, the highly reactive O
atoms react with the surface and remove the −(N(C2H5)2)2
ligands. Moreover, O atoms react with hydride ligands by
inserting into the Si−H bonds.10,42,64 Based on our results, the
following simplified reaction is proposed for the plasma half-
cycle



(SiO ) O SiH N(C H ) 16O

(SiO ) Si(OH) 5H O 4CO NO
2 2 2 5 2

2 2 2 2 2

− − [ ] +

→ + + + (6)

Here, the notation (SiO2)Si(OH)2 is intended to represent
a Si atom with two backbonds to the SiO2 film and terminated
by two hydroxyl surface groups.
The removal of the amino ligands occurs mainly through

combustion-like reactions initiated by oxygen species and
leading to the desorption of H2O, CO2, and NO2 as the main
byproducts. Next to full-combustion products in reaction 6,
CO, N2O, and CH-containing species are also produced. CO is
likely to be produced in incomplete combustion reactions of
the amine ligands or by electron-induced dissociation of CO2
molecules in the plasma.67 N2O can also be created in
incomplete combustion reactions at the surface or in further
gas-phase reactions involving NO2 molecules. We speculate
that the CH-containing species are mostly formed from
fragments of amine ligands that desorb from the surface upon
plasma exposure. The emission from CN* and NH* excited
species confirms that volatile fragments of amine ligands are
indeed present in the plasma. These excited species as well as
OH* are most likely originating from electron-induced
dissociation reactions of reaction products in the plasma.
Reaction 6 illustrates a simplified scenario which is in line

with results from DFT studies and which assumed that O2
plasma leaves the surface covered with geminal silanol groups
(Si(OH)2), where the Si atom is bound to two back-
bonding O atoms.39,43 The formation of isolated silanol groups
(Si−OH), with the Si atom bound to three back-bonding O
atoms, is also possible.53 In agreement with surface infrared

Figure 8. Ratio of desorbed DEA molecules to reacted BDEAS
molecules during the precursor half-cycle plotted as a function of the
exposure time and for two values of the BDEAS flow. The dotted line
represents the average value.

Figure 9. Schematic representation of the reaction mechanism proposed for the atmospheric-pressure PE-s-ALD process of SiO2 from BDEAS and
Ar−O2 plasma.
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spectroscopy studies reported earlier,35,42 the insertion of O
atoms into the Si−H bonds upon co-reactant exposure ensures
restoration of the −OH surface groups such that precursor
adsorption can continue in the next ALD cycle.

6. CONCLUSIONS
Atmospheric-pressure PE-s-ALD of SiO2 films using BDEAS
and Ar−O2 plasma was demonstrated and self-limiting growth
was confirmed within the temperature range of 100−250 °C.
The SiO2 material properties, such as refractive index, atomic
composition, and mass density, were in good agreement with
the previously reported values for the low-pressure PEALD
case.
Infrared absorbance spectroscopy on reactor exhaust gases

enabled the identification of the gas-phase species formed in
the two half-cycles. Specifically, this analysis revealed that
diethylamine (DEA) and CO2 are formed as reaction
byproducts during the precursor half-cycle, whereas in the
plasma half-cycle, products such as H2O, CO2, NO2, CO, N2O,
and CH-containing species are created. In addition to infrared
spectroscopy, OES measurements during the plasma half-cycle
revealed the presence of OH*, CN*, and NH* excited species
in the plasma.
It was proposed that CO2 production during BDEAS

adsorption is related to intermediate surface carbonates created
during the plasma step. From a quantitative analysis of the
precursor adsorption, a higher precursor depletion was found
for those processing conditions yielding a subsaturation of the
precursor step and a maximum value of 50% could be derived
for the precursor depletion. Moreover, from the quantification
of the desorbing reaction product DEA, it was calculated that
on average, one amine ligand per BDEAS molecule is
exchanged during BDEAS adsorption.
Based on the results, a simplified reaction mechanism for the

atmospheric-pressure PE-s-ALD of SiO2 was proposed.
BDEAS molecules adsorb on −OH surface sites by exchanging
one amine ligand per molecule and releasing DEA as the main
byproduct. After precursor adsorption, the surface is covered
with hydrides and the remaining amines. These amine ligands
are combusted by the plasma species to H2O, CO2, and NO2.
Next to these full-combustion products, CO, N2O, and CH-
containing species are created in surface and gas-phase
reactions of O2 plasma species with amine ligands and
fragments thereof. Furthermore, the gas-phase species released
in the plasma can undergo electron-induced excitation
reactions to form OH*, CN*, and NH* excited fragments.
After the plasma half-cycle, the −OH groups needed for
BDEAS adsorption are restored.
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