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Effect of an electric field during the deposition of
silicon dioxide thin films by plasma enhanced
atomic layer deposition: an experimental and
computational study†

Vivek Beladiya, a Martin Becker,b Tahsin Faraz, c W. M. M. (Erwin) Kessels, c

Paul Schenk,a,d Felix Otto, e Torsten Fritz, e Marco Gruenewald, e

Christian Helbing,f Klaus D. Jandt, f Andreas Tünnermann,a,d Marek Sierka *b

and Adriana Szeghalmi *a,d

The growth, chemical, structural, mechanical, and optical properties of oxide thin films deposited by

plasma enhanced atomic layer deposition (PEALD) are strongly influenced by the average-bias voltage

applied during the reaction step of surface functional groups with oxygen plasma species. Here, this

effect is investigated thoroughly for SiO2 deposited in two different PEALD tools at average-bias voltages

up to −300 V. Already at a very low average-bias voltage (< −10 V), the SiO2 films have significantly lower

water content than films grown without biasing together with the formation of denser films having a

higher refractive index and nearly stoichiometric composition. Substrate biasing during PEALD also

enables control of mechanical stress. The experimental findings are supported by density functional

theory and atomistic simulations. They demonstrate that the application of an electric field during the

plasma step results in an increased energy transfer between energetic ions and the surface, directly

influencing relevant surface reactions. Applying an electric field during the PEALD process leads to SiO2

thin films with significantly improved properties comparable to films grown by ion beam sputtering.

Introduction

Silicon dioxide (SiO2) is a widely used dielectric material in
integrated circuits and microelectronic devices owing to its
relatively low dielectric constant, a large band gap, and a low
defect density at the SiO2/Si interface.1–3 Additionally, SiO2

thin films are frequently used in optical coatings as the low
refractive index layer in combination with other high refractive

index layers for example in antireflection coatings, dichroic
mirrors (DCIM), bandpass filters and polarizers.3–9 Silica thin
films are also used as barrier coatings for polymers or as a
surface passivation layer for solar cells.10,11 For optimal per-
formance in these applications, the optical, mechanical,
chemical, and structural properties of SiO2 thin films must be
precisely controlled. These properties significantly depend on
the deposition method and associated conditions such as the
temperature, pressure, reactive species, etc. Hence, the
relationship between deposition conditions and the film pro-
perties warrant thorough investigation.

Advancements in nanotechnology and shrinking device
sizes set a stringent requirement on thickness conformality
and uniformity of SiO2 coatings. Precise thickness control of
SiO2 thin films on the atomic scale with conventional thin film
deposition techniques, such as physical vapour deposition
(PVD) and chemical vapour deposition (CVD) is challenging.
Hence, continuous development of deposition technologies is
necessary to keep pace with the rapidly increasing demands
imposed on ultra-thin films.

Atomic layer deposition (ALD) offers unique advantages in
coating large area substrates with good uniformity and 3D sub-
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strates with good conformality owing to the self-limiting
nature of ALD.12–16 The sequential and self-limiting surface
reactions during ALD enable to Ångstrom level growth control
in each ALD cycle.

In conventional thermal ALD, surface reactions are ther-
mally activated by heating the substrate to elevated tempera-
tures. In contrast, plasma enhanced atomic layer deposition
(PEALD) allows for low-temperature deposition of thin films
owing to the formation of highly reactive radical species in the
plasma exposure step.17–20 However, various other species gen-
erated during the plasma exposure, such as ions and photons,
may also influence the properties of the film. The energy of ions
impinging on a growing film during PEALD can be controlled
by implementing external substrate biasing in the plasma
exposure step. Controlling ion energy by substrate biasing
during PEALD has been shown to enable control over the result-
ing film properties owing to various ion-induced effects.21–26

These are known from PVD techniques to include ad-atom
migration, desorption, sputtering, displacement of lattice
atoms, implantation, and increased sticking coefficient,
depending on the ion energies.27–33 As a result of such ion-
induced effects, a wide range of thin film properties such as the
crystallinity, growth rate, density, stoichiometry, optical losses,
incorporation of –OH groups, refractive index, and mechanical
stress can be tailored for serving the desired application.34–37

Ion-induced effects during deposition of SiO2 thin films
have extensively been studied in PVD31,33,38–40 and
CVD2,3,33,41–49 processes. However, oxides deposited by PEALD
have a fundamentally different growth mechanism. During
PEALD of oxide thin films, organometallic precursor mole-
cules and radicals from oxygen plasma sequentially react with
surface functional groups. These surface functional groups
can also vary due to the variation in deposition temperature or
type of precursor used during PEALD of SiO2, which can
further lead to a variation in the material properties.17,20,50–52

Hence, the chemical reactions at the surface will determine
the surface groups and the material properties.

The surface chemical reactions/functional groups are also
highly sensitive to the oxygen ions impinging on the surface of
the growing film. We have recently reported the first obser-
vations during the PEALD of SiO2 grown with substrate
biasing.24 However, the influence of substrate biasing on the
composition and properties of SiO2 thin films grown with
PEALD requires in depth investigation. Here, we follow up on
our previous study by extending the technological basis using
a second PEALD system with substrate biasing. We provide
insight into the effects of substrate biasing during PEALD of
SiO2 by investigating their chemical composition, chemical re-
sistance, surface morphology, mechanical stress, and optical
properties. The experimental results show that very low
average-bias voltages are sufficient to alter the surface reac-
tions and surface functional groups in the SiO2 PEALD
process. Finally, the observed trends in the material properties
of deposited thin films are clarified through quantum
mechanical and atomistic simulations of the SiO2 PEALD
growth process.

Experimental

The SiO2 thin films were deposited by PEALD using two
different reactor configurations. The FlexAL reactor (Oxford
Instruments Plasma Technology, Yatton, UK) is configured
with a remote inductively coupled plasma (ICP) generator with
a power of 600 W at 13.56 MHz radio frequency (RF).
Additionally, a 13.56 MHz RF generator is connected to the
substrate table through an automatic matching unit (AMU).
With this generator average-bias voltages up to −350 V (at ∼1.2
Pa operating pressure) during the plasma exposure can be
obtained when supplying up to 100 W power. A grounded sub-
strate corresponds to an average-bias voltage of 0 V. Additional
details of the reactor configuration are described elsewhere.24

The second reactor is a SILAYO inductively coupled plasma
PEALD tool (Sentech Instruments GmbH, Berlin, Germany).
This tool is a prototype PEALD tool with a planar triple spiral
antenna inductively coupled plasma (PTSA-ICP) source (500 W,
13.56 MHz RF plasma generator). It is the first time that thin
film deposition with this tool is being reported and a sche-
matic of the tool is shown in Fig. 1. Substrates of sizes up to
330 mm in diameter and 150 mm height can be handled
using this equipment. Additionally, an average-bias voltage up
to −250 V (at 2.9 Pa operating pressure) can be applied during
the thin film growth using a 500 W 13.56 MHz RF plasma gen-
erator controlled by the AMU.

The SiO2 films (∼200 nm thickness) were deposited in both
tools using the BDEAS (bis(diethylamino)silane) precursor and
oxygen plasma.17 The substrates were kept at 200 °C using the
FlexAL tool and at 100 °C using the SILAYO tool during the
deposition. The films were typically deposited on double-side
polished 75 mm diameter c-Si (100) substrates with a thin
native oxide of a thickness of about 1.5 nm. To investigate the
optical properties, films were also deposited on glass (fused
silica and BK7) substrates. The process conditions during SiO2

deposition with both tools are summarized in Table 1. For
films deposited using the FlexAL tool, the precursor pulse and
precursor purge times were 0.175 s and 3 s, respectively.
Additionally, an extra precursor hold step of 1 s was provided

Fig. 1 Schematic of the SILAYO tool. The tool consists of an automatic
matching unit (AMU), a radio frequency inductively coupled plasma
(RF-ICP) source, a radio frequency bias (RF bias) source, an AMU for sub-
strate biasing.
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after the precursor pulse step to ensure sufficient time for the
precursor reaction. Furthermore, during the plasma step, sub-
strates were exposed to an oxygen plasma for 5 s using an O2

gas flow of 100 sccm. The average-bias voltage up to −295 V
(see Table 2) was applied during the full 5 s of the plasma
exposure step, followed by 2 s of plasma purge.

For films deposited using the SILAYO tool, the precursor
was pulsed for 0.320 s followed by 5 s of precursor purge.
Subsequently, the oxygen plasma pulse was introduced for 3 s
using a mixture of O2 (200 sccm flow) and Ar (30 sccm flow). An
average-bias voltage up to −100 V (see Table 2) was applied
during the full 3 s of the oxygen plasma exposure step. This was
followed by 2 s purge of the reaction by-products and residual
gas species. Thin films without bias were deposited for the
purpose of comparison. Additionally, SiO2 thin films without
bias were deposited with a capping layer of Al2O3 with 30 nm
thickness. This has been done to investigate the environmental
influence on the SiO2 composition and properties, which might
be influenced by moisture when the samples are exposed to air.

The growth per cycle (GPC), thickness, and optical con-
stants of SiO2 films deposited using the FlexAL tool were deter-

mined by spectroscopic ellipsometry (M2000D, J. A. Woollam
Co., Inc., Lincoln, NE) using a rotating compensator ellips-
ometer (190–1000 nm). The model consisting of the silicon
substrate, a native oxide (∼1.5 nm), and a silicon dioxide layer
was fitted using a Cauchy dispersion relation. The data were
fitted in the wavelength range from 200–1000 nm. The thick-
ness and optical constant of the SiO2 films deposited using
the SILAYO tool were determined using an 850 spectroscopic
ellipsometer (Sentech Instruments GmbH, Berlin, Germany).
The model used for fitting these films was similar to the one
mentioned above and the wavelength range was 200–980 nm.
The coating non-uniformity of the SiO2 films deposited using
the SILAYO tool was mapped (69 points) on 200 mm c-Si sub-
strates. The SILAYO tool generates a homogeneous plasma due
to the PTSA plasma source and thus enables uniform thin film
growth with non-uniformity below 1% on 200 mm substrates
and conformal coatings on 3D substrates.

X-ray reflectivity (XRR) analysis was performed using a
Bruker-AXS D8 advanced system (Bruker Corporation, Billerica,
MA, USA) in the grazing incidence configuration with a Cu Kα
X-ray source (radiation wavelength 0.154 nm) to investigate
thickness, density, and surface roughness of the SiO2 thin
films. The same system was also used to perform X-ray diffrac-
tion (XRD) measurements.

In addition to XRR, the root mean square (RMS) surface
roughness of the SiO2 films was determined using atomic force
microscopy (AFM). The AFM measurements were performed on
films deposited on c-Si and glass substrates using a Dimension
3100 (Bruker Corporation, Billerica, MA, USA) equipped with a
Nanoscope IV controller at ambient temperature in air.
Standard cantilevers from Bruker (model RTESP, Santa Barbara,
CA, USA) featuring a resonance frequency in the range of
315–364 kHz in air, a spring constant in the range of 20–80 N
m−1, and a typical tip radius of less than 10 nm were used. The
sample area of 2 μm × 2 μm was scanned in tapping mode.

The mechanical stress of the deposited SiO2 thin films was
determined from wafer curvature measurements (FLX-2320,
KLA-Tencor, San Jose, USA). The wafer curvature of the Si wafer
of 75 mm diameter and ∼400 µm thickness was measured
before and after the deposition to determine residual stress.
The residual stress (σ) in the film was then calculated using
Stoney’s equation (eqn (1)):

σ ¼ 1
6

Es

ð1� ϑsÞ
1
Rf

� 1
Rs

� �
ts2

tf
ð1Þ

where Es is the Young’s modulus, ϑs is the Poisson’s ratio of
the substrate, Rs and Rf are the radii of curvature of the sub-
strate before and after coating, and ts and tf are the thickness
of the substrate and the film, respectively. We note that posi-
tive and negative sign of the stress values denotes tensile and
compressive stress, respectively.

The chemical composition of the film was analysed using a
Fourier transform infrared spectroscopy (FTIR) system (Varian
Inc., Palo Alto, CA, USA). FTIR measurements were performed
in the wavenumber range from 400 to 4000 cm−1.

Table 1 Deposition conditions of SiO2 thin films

Process parameters FlexAL SILAYO

Precursor BDEAS BDEAS
Precursor
temperature

50 °C 50 °C

Precursor delivery
type

Direct draw Bubbler mode

Deposition
temperature

200 °C 100 °C

ICP power 200 W 100 W
O2 flow 100 sccm 200 sccm
Ar flow — 30 sccm
Operating pressure 2 Pa 3 Pa
BDEAS pulse 0.175 s 0.320 s
Precursor hold 1 s —
Precursor purge 3 s 5 s
Plasma pulse
(additionally
substrate biasing)

5 s (substrate biasing
was applied during
complete 5 s of
plasma pulse)

3 s (substrate biasing
was applied during
complete 3s of plasma
pulse)

Plasma purge 2 s 2 s

Table 2 Applied RF power on the substrate during the oxygen plasma
step and the resulting average-bias voltage

Applied RF
power (W)

Obtained
average-bias
voltage (V)

Applied RF power
(W) (automatic)

Obtained
average-bias
voltage (V)

FlexAL FlexAL SILAYO SILAYO
0 0 — 0
10 −111 25–80 −1
50 −206 200–300 −5
95 −295 200–350 −10

150–400 −20
200–400 −30
200–450 −50
350–500 −100
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The film composition was analyzed using X-ray photo-
electron spectroscopy (XPS, XR 50 M X-ray source with
FOCUS 500 monochromator, SPECS Surface Nano Analysis
GmbH, Berlin, Germany) using Mg Kα radiation (1253.6 eV) in
normal emission. The high-resolution spectra were fitted
using OriginPro2017. The fitting details are provided in the
ESI.†

Auger electron spectroscopy (AES, Varian Inc., Palo Alto, CA,
USA) depth profiling was also performed using an Auger
cylindrical mirror spectrometer. The electron beam of 5 keV
was focused on the samples at 30° angle of incidence, and the
films were sputtered using krypton (Kr) ions at 2 keV energy
and 10 μA current. The base pressure for the XPS and the AES
equipment was 2 × 10−10 mbar. The pump down time for a
pressure below 1 × 10−6 mbar for the XPS equipment was 2 h,
and 10 h for the AES equipment, respectively.

The optical loss of SiO2 thin films deposited on fused silica
and BK7 substrates were calculated from transmittance (T )/
reflectance (R) spectra (100 − T − R%) measured using a
Lambda 900 spectrophotometer from PerkinElmer Inc.
(Waltham, MA, USA).

To investigate the chemical stability, SiO2 films were
immersed in 85% H3PO4 for 1 h, 1 day, 4 days, 5 days, and 7
days as well as in 1 M NaOH solution for 1, 2, 4, and 24 h at
room temperature. After etching, the samples were rinsed in a
solution containing water–isopropanol mixture, followed by
rinsing in water. Finally, the samples were dried using N2 gas.

Computational

For all density functional theory (DFT) calculations the
TURBOMOLE program package53,54 was used, along with the
Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional55 and def2-TZVP basis sets.56 The Grimme dispersion
correction (DFT-D3) was added to account for the dispersion
forces.57,58 PEALD layer growth simulations used the protocol
combining Monte Carlo (MC) deposition algorithm and struc-
ture relaxation using molecular dynamics (MD), as described
in details in ref. 59. The Atomic Simulation Environment
(ASE)60 was employed for storing and manipulating structure
models as well as for reading and writing of all input and
output files. Structure relaxation and MD simulation used the
General Utility Lattice Program (GULP)61 and the ReaxFF reac-
tive force field62 with parameters taken from the literature.62–64

Results and discussion
Film growth

The growth per cycle (GPC) of the SiO2 films was calculated
from the thickness measured via spectroscopic ellipsometry.
The GPC of the film deposited using the FlexAL tool without
bias was 1.02 Å per cycle (Fig. 2a) which is similar to the GPCs
reported in the literature for SiO2 PEALD with the same precur-
sor and with various tools.20,50,65 This GPC is similar to the

GPC of 0.98 Å per cycle using tris(dimethylamino)silane
(3DMAS), and significantly lower than 1.85 Å per cycle reported
for the AP-LTO 330® precursor.50 Fig. 2b shows the in situ film
thickness growth versus the number of cycles of SiO2 films de-
posited using the FlexAL tool. The film thickness increases lin-
early with the number of cycles. In situ measurements of the
GPC yield results similar to ex situ measurements.

On applying substrate bias during the oxygen plasma step
in the FlexAL tool, the GPC decreased linearly from 1.02 to
0.62 Å per cycle on increasing average-bias voltage from 0 V to
−295 V (Fig. 2a). A similar behaviour was observed for films
deposited with substrate biasing using the SILAYO tool. The
GPC of the film deposited without bias was 1.18 Å per cycle
which decreased to 1.00 Å per cycle on increasing average-bias
voltage to −100 V. A rapid decrease of the GPC was observed
using the SILAYO tool on applying substrate biasing. The GPC
decreases to approximately 1.05 Å per cycle when the average-
bias voltage of −20 V was applied and remains nearly constant
with a further increase of the average-bias voltage. This change
of the GPC suggests significant changes in both the reaction
kinetics and the availability of surface functional groups,
which will be further analysed in terms of DFT calculations.

Fig. 2 (a) Variation in the growth per cycle (GPC) of SiO2 thin films
(using the FlexAL and the SILAYO tools) as a function of average-bias
voltage measured ex situ using spectroscopic ellipsometry and (b) thick-
ness evolution with the number of ALD cycles (FlexAL) measured in situ
by using spectroscopic ellipsometry.
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Structural properties

The density of the SiO2 thin films determined from XRR
measurements are shown in Fig. 3. The SiO2 film deposited
without bias using the FlexAL tool has a density (2.3 ± 0.1 g
cm−3) which is similar to previously reported values.20,66 The
SiO2 film deposited with −295 V average-bias voltage shows a
density of 2.4 ± 0.1 g cm−3 (Table 3). In the case of the films
deposited using the SILAYO tool at 100 °C, the density of the
film deposited without bias (Fig. 3) was slightly lower (2.15 ±
0.07 g cm−3) which is similar to the density reported by
Dingemans et al.20 The density increases to a maximum value
of 2.26 ± 0.07 g cm−3 when an average-bias voltage of −1 V was
applied. By further increasing the average-bias voltages up to
−100 V, the density of SiO2 films varies within the measure-
ment accuracy and were similar to the densities of films de-
posited using the FlexAL tool. Applying a low average-bias
voltage of −1 V using the SILAYO tool, seems to be sufficient to

already induce changes in the film structure. Although the
XRR data are rather difficult to assess due to the small
changes in density, these observations are confirmed by the
refractive index dispersion values obtained as a function of the
applied average-bias voltage. These are discussed in the optical
properties section.

The increase in density of SiO2 films with ion-bombard-
ment has been attributed to the reordering of the amorphous
SiO2 network.67 Hausmann et al. and Choi et al. have attribu-
ted the increase in density to the increased cross-linking rate
of Si–O–Si at deposition temperatures higher than 200 °C.68,69

Hence, it might be possible that for SiO2 films deposited with
substrate biasing, oxygen ions (using the FlexAL tool), and
oxygen and argon ions (using the SILAYO tool) bombard the
surface and transfer energy in the form of localized heating
(thermal spike),70,71 thereby favouring higher cross-linking
rates. Therefore, the increase in cross-linking of Si–O–Si can
result in an increase in density (at −295 V using the FlexAL
tool and at −1 V using the SILAYO tool) and thereby a decrease
of GPC with an increase in average-bias voltage.

The surface roughness of the silica films as determined
from AFM and XRR measurements show little dependence on
the deposition conditions. Fig. 4 shows the 2 × 2 μm2 AFM
images of silica films deposited on the c-Si substrate at 200 °C
with and without substrate biasing using the FlexAL tool.

The roughness of silica films deposited on fused silica and
BK7 substrates was slightly higher than that on the c-Si sub-
strate indicating the impact of substrate morphology on the
growing film (Table 4). However, the roughness of the SiO2

films deposited on glass substrates (BK7 and fused silica) were
similar to the roughness of the uncoated substrates. The SiO2

films deposited using the FlexAL tool are rather smooth inde-
pendent of the applied average-bias voltage. Hence, significant
surface damage by the ions impinging on the surface can be
ruled out. The thin films deposited using the SILAYO tool
need to be investigated to assess the effect of the oxygen +
argon plasma on possible surface damage. The XRR measure-
ment shows nearly constant roughness of SiO2 films deposited
with and without bias on the c-Si substrate, which is in agree-

Fig. 3 Variation in the density of SiO2 thin films deposited using the
FlexAL and the SILAYO tools with increasing average-bias voltage
measured using XRR.

Fig. 4 AFM images of SiO2 thin films (FlexAL) on applying (a) 0 V (b)
−111 V (c) −206 V (d) −295 V average-bias voltage during the oxygen
plasma pulse.

Table 3 Variation in the growth per cycle, the density, and mechanical
stress with average-bias voltage during deposition of SiO2 thin films
using the FlexAL and the SILAYO tool

Average-bias
voltage (V)

GPCa

(Å per cycle) ρb (g cm−3)
Mechanical
stressc (MPa)

FlexAL 0 1.02 2.3 −76
−111 0.89 2.3 −253
−206 0.77 2.3 −225
−295 0.62 2.4 −246

SILAYO 0 1.18 2.15 1
−1 1.11 2.26 −271
−5 1.07 2.25 −221

−10 1.05 2.25 −190
−20 1.05 2.25 −184
−30 1.01 2.27 −185
−50 1.01 2.26 −164

−100 1.00 2.24 −137

aGrowth per cycle (GPC) (±0.02 Å per cycle). bDensity (SiO2 – FlexAL ±
0.1 g cm−3, SiO2 – SILAYO ± 0.07 g cm−3). cMechanical stress (SiO2 –
FlexAL ± 50 MPa, SiO2 – SILAYO ± 25 MPa).
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ment with the trend shown by the AFM measurements.
These measurements, therefore, demonstrate that substrate
biasing during deposition has no significant effect on the
surface roughness of silica films deposited using the FlexAL
tool.

Chemical composition

X-ray photoelectron spectroscopy was used to determine the
chemical composition of silica films deposited using the
FlexAL tool. The O/Si ratio calculated from XPS spectra of the
SiO2 film surface for coatings without substrate biasing
using the FlexAL tool is 1.68 ± 0.05 (see Table 5). On increasing
average-bias voltage, the XPS spectra of SiO2 films shows a
nearly constant O/Si ratio at the film surface. The peak fitting
and O/Si calculation are given in the ESI (Fig. S1–S4†).

Additionally, depth profiling was carried out using Auger
electron spectroscopy (AES) to investigate the stoichiometry (O/
Si) and impurities in the bulk region of the films (Fig. 5). The
O/Si ratio of the SiO2 film deposited without bias was 1.57,
and for the films with −111 V, −206 V and −295 V were 1.53,
1.72 and 1.94, respectively (Table 5). The O/Si ratio at the
surface of the SiO2 films determined using AES (shown in
Fig. 5) was around 1.60, 1.34, 1.40 and 1.70 for film deposited
with 0 V, −111 V, −206 V and −295 V, respectively. The low O/Si
ratio measured by AES at the film surface is in agreement with
the low O/Si ratio determined from surface XPS measurement
(see Table 5). Ma et al. have shown that the densities of SiO2

films can decrease with an increase in oxygen deficiency. The
densities of SiO1.8 and SiO1.6 were lower than that of the SiO2

film.72 Thus, the variation in the density discussed in the pre-
vious section correlates with the stoichiometry determined by
the AES measurements. The carbon and nitrogen content in the

film without bias was 0.1% and 0.3%, respectively. The carbon
impurities in the film deposited with bias were close to the
detection limit, and the standard deviation of the C content is
large. The nitrogen content in the films deposited without bias
and −111 V bias is also close to the detection limit. On further
increase in average-bias voltage, the nitrogen content increased
to 1.46% in a film deposited with −295 V average-bias voltage.

To investigate the composition and the –OH content in the
films, Fourier transform infrared spectroscopy (FTIR) was per-
formed. Fig. 6a (SiO2 – FlexAL) and Fig. 6c (SiO2 – SILAYO)
show normalized infrared absorption spectra with three major
peaks in the wavenumber range of 450 to 1400 cm−1. The
absorption peaks at 460, 810, and 1068 cm−1 correspond to Si–
O–Si rocking, Si–O–Si bending, and Si–O–Si stretching
vibration modes, respectively.20 The peak at the Si–O–Si
stretching mode for SiO2 film deposited without bias at

Table 4 Root mean square (RMS) roughness of SiO2 thin films deposited on c-Si, fused silica and BK7 substrates when average-bias voltages of 0 V
to −295 V were applied during oxygen plasma pulse (FlexAL)

AFM
XRR

Average-bias voltage (V)
c-Si substrate Fused silica substrate BK7 substrate c-Si substrate
RMS (nm) RMS (nm) RMS (nm) RMS (nm)

Bare substrate 0.07 ± 0.01 0.32 ± 0.08 0.55 ± 0.07 —
0 0.25 ± 0.02 0.43 ± 0.03 0.50 ± 0.03 1.0 ± 0.1
−111 0.28 ± 0.03 0.29 ± 0.04 0.63 ± 0.03 0.9 ± 0.1
−206 0.30 ± 0.03 0.39 ± 0.03 0.60 ± 0.03 0.9 ± 0.1
−295 0.24 ± 0.03 0.42 ± 0.01 0.50 ± 0.14 1.0 ± 0.1

Fig. 5 AES spectra showing variation in the O/Si ratio with an increase
in average-bias voltage (SiO2 films deposited using the FlexAL tool).

Table 5 Effect of substrate biasing on the composition and the refractive index of SiO2 thin films deposited using the FlexAL tool

Average-bias voltage (V) XPSa (±0.05)
AESb

nc (±0.003) Etching rated (nm h−1)
O/Si O/Sib (±0.06) Cb (%) Nb (%)

0 1.68 1.57 0.11 ± 0.12 0.09 ± 0.08 1.453 1.71
−111 1.61 1.53 0.00 ± 0.00 0.00 ± 0.00 1.469 0.77
−206 1.59 1.72 0.05 ± 0.05 0.36 ± 0.12 1.469 0.74
−295 1.68 1.94 0.02 ± 0.01 1.46 ± 0.71 1.472 0.77

aDetermined from curve fitting of XPS high-resolution spectra. bDetermined from Auger electron spectroscopy depth profiling. c Refractive index
@633 nm. dDetermined from measuring thickness change of SiO2 films before and after etching using ellipsometry.
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1063 cm−1 is slightly shifted to a higher wavenumber of
1071 cm−1 in the film grown with −295 V average-bias voltage.
The shift to the higher wavenumber can be due to the increase
in thickness43 or a change in stoichiometry as reported by Pai
et al.73 The Si–O–Si stretching mode at 1075 cm−1 for stoichio-
metric films shifted to 940 cm−1 for off-stoichiometric SiOx

(x < 2) films.73,74 Hence, the FTIR data seem to be in agree-
ment with AES results indicating that the films deposited with
the bias are close to stoichiometric SiO2 compared to SiO2 film
deposited without bias (O/Si = 1.57).

The absorbance spectra (Fig. 6b) between 3100 and
3800 cm−1 indicate an OH incorporation in the SiO2 thin films.75

The peak around 3650 cm−1 corresponds to hydroxyl groups iso-
lated from the neighbouring groups of the SiO2 network and the
broad peak around 3400 cm−1 corresponds to hydrogen bonded
OH groups.43 The presence of a peak at 3650 cm−1 can be found
in all samples because amorphous SiO2 has a highly distorted
Si–O–Si structure and is prone to OH incorporation. The broad
peak in the range from 3100–3500 cm−1 can be due to OH or
adsorbed H2O incorporated during the deposition or, alterna-
tively, upon removal from the vacuum reactor.76

In order to clarify this, a thin capping layer of Al2O3 was
grown on top of a SiO2 film grown without bias in the SILAYO
tool (see Fig. 6d). The capping layer prevents moisture ingress
into the SiO2 thin film from the environment through open

pores in the film.50 The OH content is proportional to the
peak intensity of the OH stretching mode. A significant
decrease of the band of the hydrogen bonded OH stretching
mode can be observed upon applying an average-bias
voltage to the substrate during plasma exposure. Only a weak
shoulder at 3386 cm−1 is observed for the layer with the
capping alumina. This indicates that the hydrogen bonded
OH groups observed in the SiO2 film grown without substrate
biasing originate from H2O adsorbed under ambient con-
ditions and not during the film growth. The thin ALD capping
layer is thus efficient in preventing water adsorption into the
film.

A drastic change of the OH content is observed for the
films grown with an electric field (Fig. 6b and d). Already at
−1 V average-bias, the broad peak around 3386 cm−1 is
reduced. Noteworthy, no capping layer has been applied for
the films grown with bias. Clearly, the SiO2 PEALD layers
grown with average-bias voltages applied during oxygen
plasma exposure have significantly fewer open pores than the
SiO2 grown without bias. This observation is also supported by
vacuum-to-air shift measurements (not shown), whereby the
transmittance of the coating on BK7 substrates is measured in
a vacuum (10−5 mbar) and ambient conditions.50 While the
films grown without substrate biasing have a slight shift of the
transmittance maximum due to a change of the effective index

Fig. 6 FTIR spectra of SiO2 films with different average-bias voltages. Complete absorbance spectra of SiO2 films deposited with (a) FlexAL and (c)
SILAYO tools. The peak corresponding to OH impurities in SiO2 films deposited by (b) FlexAL and (d) SILAYO tools.
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when the open pores are filled by H2O from the air, the films
grown with substrate biasing show no shift. The use of sub-
strate biasing prevents the formation of any open pores and
increases the density of SiO2 film during PEALD. The signifi-
cant decrease in OH impurity on applying average-bias vol-
tages indicates the prominent impact of energetic ions on the
Si–O–Si chain by facilitating a denser Si–O bonding environ-
ment. The bonding environment is further analysed in terms
of atomistic simulations.

Etching test

The chemical stability of the films deposited using the FlexAL
tool is further assessed by etching in acid and base solutions.
All films were resistant to etching in H3PO4 solution (not
shown). Ghazaryan et al. have shown that phosphoric acid can
be used to selectively etch Al2O3 from Al2O3/SiO2 mixture to
produce nano-porous films without removing SiO2.

77,78 The
NaOH solution, however, has been observed to etch all SiO2

films.
A significant decrease in the etching rate in a 1 M NaOH

solution was observed for films deposited with substrate
biasing compared to the film deposited without bias. The film
deposited without bias had an etching rate of 1.71 nm h−1,
and films deposited with substrate biasing had etching rates
around 0.74–0.77 nm h−1 (see Table 5).

Seidel et al. have reported on the effect of etching SiO2 in
aqueous NaOH, KOH, and LiOH solutions.79 It was shown that
cations (Na+, K+, and Li+) have little effect on etching rates of
SiO2 and that the etching is mainly governed by the OH− con-
centration. The effect of RF power and pressure on the etching
rates of magnetron sputtering deposited SiO2 films in 40%
KOH at 70 °C solution was investigated by Bhatt et al.80 When
studying the influence of pressure for a constant RF power, it
was observed that thin films with higher etching rate (chemi-
cally less stable) were grown at a higher pressure. With an
increase in pressure, the mean free path of the energetic ions
impinging on the grown film decreases. This causes those ions
to undergo collisions and lose energy before reaching the sub-
strate and thereby yield films with lower density and chemical
stability.81 Hence, a higher etching rate of the SiO2 film de-
posited without bias can also be correlated to its lower density,
in contrast to the denser and more etch resistant films
obtained with substrate biasing. The chemical stability of thin
film coatings is highly relevant for various application areas
including semiconductors and medical devices, but also
optical or photovoltaic applications for components used in
the environment.

Mechanical property

Mechanical stress in thin films can cause severe limitations in
the performance of devices for advanced applications. High
tensile stress can lead to cracking, high compressive stress can
cause buckling and delamination of films from the sub-
strate.82 Hence, it is important to understand its origin.
Mechanical stress in the thin film can be extrinsic resulting
from the difference in thermal expansion coefficient between

the thin films and the substrate, or intrinsic. The intrinsic
stress in the films is the product of microstructural evolution
in thin films due to grain boundary dislocations, phase
transformation, excess vacancies, and formation of voids or
incorporation of foreign atom.82–87 Recently, Abadias et al.
discussed how limitations due to stress in thin films can be
overcome in various application, but the main challenge
remains the optimization of thin films with low mechanical
stress.88

The mechanical stress is compared between the set of
coatings deposited with and without substrate biasing at the
same deposition temperature. Hence, it can be assumed
that the stress difference between films is due to intrinsic
effects.

A low residual compressive stress of −96 MPa was observed
in silica films deposited without bias using the FlexAL tool
(Fig. 7). This value is close to that of the films deposited at
200 °C as observed in the literature.50,66,89 On applying an
average-bias voltage, the residual stress increased and
remained roughly constant around −250 MPa.

A similar trend was observed in films deposited using the
SILAYO tool. The film deposited without bias had 1 MPa
tensile stress. On applying a low bias of −1 V, the compressive
stress increased to −287 MPa. An increase in compressive
stress with an increase in the energy of species bombarding
the SiO2 film surface has been observed by Simurka et al. for
films grown by RF magnetron sputtering.81 The increase in
compressive stress in the film deposited with higher ion ener-
gies (due to high average-bias voltage) can be attributed to the
ion-peening effect and correlates with the increase in density
of SiO2 film deposited with high average-bias voltage (−295 V)
using the FlexAL tool and even low average-bias voltage (−1 V)
using the SILAYO tool.70,87 The OH content in the film reduces
the oxide viscosity and this results in compressive stress in the
films.90 These effects agree with the observed increase in com-
pressive stress with a decrease in OH incorporation in the
PEALD coated SiO2 films by applying bias as studied in this
work (Fig. 6b and d).

Fig. 7 Mechanical stress vs. average-bias voltage of SiO2 films de-
posited at 200 °C and 100 °C using the FlexAL and the SILAYO tools,
respectively.
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Note that the effect of substrate biasing is extremely pro-
nounced for the films grown with the SILAYO tool since very
low average-bias voltage values are enough to strongly alter the
film stress. The stress in the films decreases on increasing
average-bias voltage higher than −1 V. Since the plasma consists
a mixture of O2 + Ar gases during deposition of films using the
SILAYO tool, it can be possible that the physical effect of Ar+ ion
bombardment at average-bias voltage higher than −1 V plays a
role in stress relaxation and thereby decreasing density.

Optical properties

The increase of the film density of the SiO2 films grown with
average-bias voltage is clearly supported by the increase of the
refractive index (Fig. 8a). The refractive index of films grown
without bias determined in situ in the FlexAL tool is signifi-
cantly smaller than ex situ values measured for films in the
environment. When removed from the reactor, the open pores
of the SiO2 films are filled by moisture and the effective refrac-
tive index increases. When applying an electric field, the
refractive index is significantly higher reaching approximately
1.47 at 633 nm wavelength.

The dispersion curves of the SiO2 thin films deposited
using the FlexAL tool is depicted in Fig. 8b. The refractive

index of SiO2 films deposited with substrate biasing was higher
than that of the films deposited without bias. This can be attrib-
uted to an increase in density in the films grown with substrate
biasing. However, the refractive index of SiO2 films deposited
with increasing average-bias voltage using the FlexAL tool was
nearly constant. In comparison, the refractive index increases to
the maximum value for the SiO2 film deposited with an average-
bias voltage of −1 V using the SILAYO tool and slightly decreases
with increasing average-bias voltage. This suggests further
effects to occur at higher ion energies.

The refractive index of the SiO2 film deposited without bias
(using both the FlexAL and the SILAYO tools) at 633 nm wave-
length is 1.453 ± 0.003.20,50 The SiO2 films deposited with sub-
strate biasing had higher refractive index of 1.472 ± 0.003 for
films deposited using the FlexAL tool. The refractive index of a
SiO2 film deposited with −1 V using the SILAYO tool reached a
maximum at 1.470 ± 0.003 which decreased slightly to 1.464 ±
0.003 when an average-bias voltage of −100 V was applied.
Refractive indices of most SiO2 thin films at 550 nm wave-
length are around 1.45. Lee et al.91 reported a refractive index
of 1.47 for PEALD SiO2 films deposited using DIPAS (di(iso-
propylamino)-silane) and O2 plasma. These results correlate
well with observations in PEALD20,50 and PVD75 grown SiO2

thin films.
Typically, high refractive indices (n > 1.48) and dense films

(ρ > 2.3 g cm−3) can be obtained for SiO2 deposited by ion
beam sputter deposition (IBSD).92 For these films, the refrac-
tive index depends also on the gas type used for the bombard-
ment (Ar or Xe) and on the properties of the impinging species
(e.g. ion energy and ion incidence angle). In the case of plasma
ion-assisted deposition (PIAD) of evaporated SiO2, the refrac-
tive index is around 1.45 for the film deposited by applying
−80 V bias voltage, whereby the refractive index increases with
increasing applied bias voltage above −140 V.38 However, PIAD
SiO2 films with a higher refractive index (1.47) also have an
oxygen deficiency leading to increased optical losses when the
films are deposited at an average-bias voltage above a
threshold value (around −150 V, using Ar+ as bombarding
ions). Hence, the optimization of the process parameters is a
key responsibility to achieve desired properties.

For the PEALD process performed in the SILAYO tool, the
gas mixture during the plasma pulse consists mainly of O2 gas
with ca. 15% Ar, unlike the gas used in the FlexAL tool which
consists of pure O2. Hence, both chemically reactive oxygen
ions and chemically inert argon ions are available to enhance
the surface reactions for the PEALD process in the SILAYO
tool. This can play a role in the differences observed for the
properties of SiO2 films grown in the two reactors. Differences
in the deposition temperature might also affect the properties.
The SiO2 thin films obtained by PEALD processes with sub-
strate biasing simultaneously have a higher refractive index
(1.47 at 633 nm) and lower optical losses than PIAD layers. The
PEALD SiO2 coatings grown with substrate biasing (−295 V
using the FlexAL tool and −1 V using the SILAYO tool) have a
refractive index similar to that of films grown by the IBSD
method with Ar+ ion bombardment; however, the refractive

Fig. 8 (a) Refractive index variation with an average-bias voltage of the
SiO2 thin films deposited using the FlexAL and the SILAYO tool (b) dis-
persion curves of SiO2 thin films deposited with PEALD with an average-
bias voltage up to −295 V using the FlexAL tool.
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index remains slightly lower than that obtained by IBSD with
Xe gas. Hence, systematic and thorough studies are necessary
to investigate the effect of various gases and composition in
PEALD processes assisted by ions.

Optical losses in the films deposited on fused silica and
BK7 substrates using the FlexAL tool were determined by spec-
trophotometry. Optical losses in the films can arise from
absorption and scattering. Scattering losses are probably
minimal for these films since XRD data (not shown) have indi-
cated completely amorphous films and the smooth surface is
confirmed by AFM measurements (Fig. 3).

Optical losses (OL) corresponding to the sum of scattering
and absorption losses are determined from transmittance and
reflectance measurements at near normal angle of incidence
as OL = 1 − T − R. Fig. 9 shows higher optical losses (in the UV
range) in SiO2 film deposited without than with substrate
biasing on fused silica substrates using the FlexAL tool. The
high optical losses in the film deposited without substrate
biasing can be due to impurities present in film or absorption
due to oxygen deficiency (SiOx, x < 2)38 as shown in Table 5.

Deposition mechanism

Fig. 10 shows possible elementary surface reactions for the
PEALD process using BDEAS precursor reacting with –OH
groups on the hydroxylated SiO2 surface. The reactions 1 and
2a lead to products P1 and P2 with the organic precursor con-
nected to one or two surface oxygen atoms, respectively. P1
converts to P2 by reaction 2b. After the second half-cycle
(plasma pulse), P1 and P2 are fully oxidized to S1 and S2 fea-
turing a new surface Si atom with three or two –OH groups,
respectively. Reaction 3 converts S1 to S2 by releasing H2O. We
focused on elementary reactions 1, 2a, 2b and 3 because it was
shown that bonds between the precursor Si atom and the
surface are not altered by oxygen radical species.93

Energetics of surface reactions

Energetics of all elementary reactions 1, 2a, 2b, and 3 have
been investigated previously59 using DFT and two cluster

models of two neighbouring –OH groups without surface con-
straints as well as a two-dimensional (2D) periodic hydroxyl-
ated α-quartz (0001) surface. For the small, flexible cluster
model, the reaction energies ΔEr of reactions 1, 2a, 2b, and 3
are −58.3, −64.3, −6.0 kJ mol−1, and +37.5 kJ mol−1, respect-
ively. For the more rigid cage cluster the respective reaction
energies are −67.0, −30.5, +36.5, and +63.0 kJ mol−1. For the
2D surface model, the respective reaction energies are −63.0,
−18.4, +44.6, and +60.9 kJ mol−1. The energy of reaction 1
involving only one surface –OH group is similar for all three
models. Reaction 2a is exothermic, but its reaction energies
increase with rigidity of the model. In contrast, reaction ener-
gies for 2b and 3 involving conversions of P1 to P2 and S1 to
S2, respectively, are significantly lower. This points to an
important role of surface constraints, since bringing two
surface oxygen atoms close enough to create P2 and S2 is con-
nected with energy penalty.

PEALD thin film properties are expected to change due to
accelerated ions by electric field during the plasma step.
However, to fully exclude the possibility that the electric field
itself affects the surface chemistry we have investigated the
direct effect of applied field on the structure and stabilities of
S1 and S2 on the 2D surface model. This was achieved by DFT
structure optimizations with the explicit application of a
uniform electric field perpendicular to the surface. For both S1
and S2, the energy is influenced by less than 6.5 kJ mol−1 for
even very high field strengths up to 1.0 V nm−1. Virtually no
effect was found on atomic structures when optimized under
the influence of the electric field.

However, the applied electric field can influence the pro-
perties of PEALD deposited films by energy transfer between
the plasma sheath and the surface due to acceleration of the
bombarding ions. For ions of low energy (in the range of
100 eV), like in PEALD, the majority of the ions cannot pene-
trate the repulsive potential barrier of the surface and are
deflected.71 However, a substantial part of the ion energy is
transferred to lattice vibrations of surface atoms close to the

Fig. 9 The optical losses of SiO2 films (using the FlexAL tool) deposited
on fused silica substrate with different average-bias voltages.

Fig. 10 Elementary surface reactions during PEALD deposition of SiO2

film using BDEAS precursor. P1 and P2 are products of the precursor
deposition. S1 and S2 are products of the plasma pulse.
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impact point. This effectively raises the local temperature in
this region of the material to values sufficiently high to alter
surface reactions.71,94 In order to estimate the effect of these
so-called thermal spikes on the SiO2 deposition process we
have calculated Gibbs free reaction energies ΔGr for reactions
1, 2a, 2b, and 3 as a function of temperature, shown in Fig. 11.
In the case of reaction 1, ΔGr increases slightly with increasing
temperature. In contrast, ΔGr of reactions 2a, 2b and 3 strongly
decreases with increasing temperature. This is an expected
result since the number of gaseous products remains
unchanged for reaction 1 but increases for reactions 2a, 2b
and 3. It implies a larger entropy change ΔS for reactions 2a,
2b and 3 compared to reaction 1 and a stronger temperature
dependence of ΔGr due to the −TΔS term. Therefore, thermal
spikes at the surface caused by ion bombardment would
clearly favour the creation of S2 surface species by reactions 2b
and 3. Note, that the thermal spikes are very localized and,
therefore, not equivalent to uniform heating of the whole sub-
strate, which could cause other effects such as desorption of
the precursor. Since even very low average-bias values are
sufficient to alter the growth of silica thin films in PEALD pro-
cesses, the proton transfer process involved in reactions 2b
and 3 seem to be activated by the low energy ions.

Direct PEALD simulations

The localized thermal spikes at the surface due to an ion bom-
bardment increase the number of S2 surface species present
after the plasma pulse by lowering ΔGr for the reactions 2b
and 3. Our PEALD simulation protocol59 accounts for the
temperature dependence of ΔGr in a simplified way using a
predefined probability pP2 for creation of P2 (precursor
bonded to two surface O atoms) at each deposition step. The
probability for creation of P1 (precursor bonded to one surface
O atom) is pP1 = 1 − pP2. As evident from Fig. 12 these prob-
abilities have a significant impact on the structure of PEALD
layers. Increasing pP2 favours the densification of growing SiO2

layers, whereas decreasing pP2 results in amorphous film
growth and void formation.59 For pP2 = 0 each BDEAS molecule
reacts with only one surface –OH group yielding P1. After the
plasma pulse, P1 is converted to S1 containing deposited Si
atoms with three –OH groups. Therefore, the number of
hydroxyl groups increases compared to the initial state. This
leads to an amorphous growth of the deposited film, creation
of voids and OH impurities. In contrast, for pP2 = 1 the
maximum possible number of P2 sites is created after the first
half-cycle. The plasma pulse converts them to S2 containing
deposited Si atom with two –OH groups and the number of
hydroxyl groups remains unchanged compared to the initial
surface state. In combination with the formation of compact
Si–O–Si bridges this results in a dense film.

The film morphology of the layers grown without electric
field corresponds to reactions governed by P1 with a more
porous structure. In contrast, applying an electric field in the
PEALD process allows alteration of the surface reactions
leading to a P2 dominated film structure. A significant
reduction of the amount of hydroxyl groups trapped within the
SiO2 layer is experimentally observed by FTIR spectra of silica
films grown under an external electric field. As shown in
Fig. 6b and d the characteristic Si–OH peak at 3386 cm−1

corresponding to OH stretching vibrational modes of –OH
groups, which are involved in intra or intermolecular hydrogen
bonds, is virtually absent in silica films deposited already at an
average-bias voltage of −111 V with the FlexAL and −1 V with
the SILAYO tool. This result is fully consistent with our simu-
lations. The increased number of S2 surface sites after each
plasma pulse caused by temperature spikes due to ion bom-
bardment under electric field results in a smaller amount of the
–OH groups trapped in the SiO2 layer. This effect is clearly
visible in Fig. 12 when comparing SiO2 structures grown for pP2
= 0 and pP2 = 0.5 with the one obtained for pP2 = 1.

Conclusion

The effect of energetic ions on the growth, composition and
material properties of SiO2 thin films deposited by PEALD
were thoroughly investigated. Two different reactor configur-
ations have been applied for the growth of the films, and a
similar trend is observed when a bias is applied during the
plasma pulse in both tools. Already at very low average-bias
voltage values, there is a pronounced change in the material
properties and growth behaviour. Applying an electric field has

Fig. 12 Simulated structures of PEALD deposited SiO2 with different
probabilities pP1 and pP2.

59

Fig. 11 Gibbs free reaction energies ΔGr of elementary reactions 1, 2a,
2b and 3 as a function of temperature for the small cluster model of
hydroxylated SiO2 surface.
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no significant influence on the surface morphology. However,
it results in denser films with nearly no open pores, low
optical losses, control over the mechanical stress, and more
stoichiometric films than without a bias. The refractive index
of the PEALD SiO2 layer grown with an electric field is compar-
able with the refractive index of PIAD and IBSD coatings. The
experimental findings are supported by density functional
theory and atomistic simulations. The simulations and theore-
tical considerations demonstrate that the application of an
external electric field during the plasma step results in an
increased energy transfer between the accelerated ions in the
plasma sheath and the surface, directly influencing the rele-
vant surface reactions. In particular, thermal spikes at the
surface caused by ion bombardment result in a higher prob-
ability for precursor binding to two surface oxygen atoms. This
leads to dense SiO2 films, increased amount of Si–O–Si bridges
and a reduction of OH impurities. Hence, this technique is a
robust method towards improving the SiO2 film properties by
increasing density and refractive index and reducing open
pores in the film for various applications.
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