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During the first stages of Atomic Layer Deposition (ALD) of Al2O3 on silicon (Si), the substrate nature aﬀects the surface
chemistry, leading to an initial island growth mode. Furthermore, an interfacial zone develops between the Si surface and the
dielectric, thus damaging the physical properties of the deposited structure. In this work, these two main shortcomings are
investigated for the ALD of Al2O3 films on Si from TMA and H2O. The film and the interfacial zone are characterized by a
complete range of techniques, including XRR, TEM, XPS, EDX and ToF-SIMS. In parallel, a computational model is
developed to study the initial nucleation and growth steps of the film. An induction period is experimentally evidenced and
numerically reproduced, together with the island growth and coalescence phenomena. The chemical composition of the (Al,
O, Si) interfacial layer is precisely analyzed to get insight in the mechanisms of its formation. We show that Si oxidation
occurs during the island growth, catalyzed by the presence of Al, while it is also fed by species interdiﬀusion through the ALD
film.

1. Introduction

films, using tri-methyl aluminum (Al(CH3)3, TMA) and H2O vapor as a metal
precursor and oxidant source, respectively [3]. Al2O3 is a favor-able

During the last two decades, the constant shrinking of electronic devices
requires the production of conformal ultra-thin film structures, able to answer
to the demands of the microelectronic industry [1]. The high k gate oxides
used for the transistor gate stack in microelectronic devices need to be highly
uniform and pinhole-free on the semi-conductor surface (Si) to prevent
leakage current [1]. Within this context, the Atomic Layer Deposition (ALD)
process [2] has emerged as the appropriate process to produce such films.
ALD is a film deposition technique based on the sequential use of selfterminating gas–solid reactions [3]. The advantage of ALD relies on the selfsaturating chemisorption of the reactants on the surface, which ensures a high
control over the thickness of the deposited film [2]. A wide variety of
materials has been deposited by ALD [3], making it a powerful tool in thin
film deposition technologies.
One of the most studied ALD processes is the deposition of Al2O3
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candidate to replace SiO2 as a dielectric layer as it has a higher dielectric
constant and has a similar band gap [4]. A great number of works has been
published on this ALD process, dealing with the de-position process [5–7],
reaction mechanisms [8–10], reaction kinetics [11–13], as well as the ALD
reactor dynamics [13–15].
However, even for these well-known ALD Al2O3 films, the deposi-tion is
non ideal. Specifically, during the first stages of Al2O3 ALD from TMA and
H2O, an induction period has been reported on HF-cleaned Si [16,17]. This
has been attributed to an island growth of the film during the initial cycles
[17] which has also been reported for other materials [18]. In this regime, a
minimum number of cycles is needed to obtain a conformal and continuous
film, making diﬃcult the deposition of ultra-thin, i.e. thinner than 3 nm, films
on clean silicon. This regime has been studied both experimentally [16,18,19],
and theoretically, with the use of computational models [16,17,20]. The
analysis of the nucleation and

growth steps during the first ALD cycles, however, remains crucial for the
understanding of the inhibition mechanisms and thus the deposition of
conformal, nanometric thin films.
In addition to the induction period and the non-layer by layer growth,
during the first steps of the ALD process, an interfacial layer is formed
between the deposited alumina film and the Si substrate. This interface is of
great importance, as it can aﬀect the electrical properties of the dielectric film
[21], and thus its applications. Even though this interfacial layer is thicker for
films grown with O3 or O2 plasma [21,22], it is nonetheless formed when
using H2O as the oxygen source [4,21–24]. The mechanisms involved are not
well understood. Nau-mann et al. [24] reported an interfacial layer containing
SiOx and OH, formed during the initial deposition steps. According to their
work, the OH groups formed during the initial stages of deposition enhance
substrate oxidation. After the ALD layer formation, O diﬀusion through
alumina leads to further interfacial oxide growth. Renault et al. [4] reported a
thin interface, consisting mainly of SiOx in multiple oxida-tion states. They
assigned interfacial oxidation to Al-OH groups that serve as bulk defects and
enhance Si oxidation and O diﬀusion. Inter-facial oxide regrowth during
thermal annealing has also been reported [4,24,25]. Gosset et al. [25] showed
the presence of Al, C, OH and H in the interface, thus showing the complex
chemical composition of this layer. This interface has a negative impact, as it
aﬀects the electrical properties of the deposited structure, exhibiting a low
dielectric con-stant and high leakage current for thin films below 4 nm [21],
thus limiting the interest for potential applications of such films.

In this work, we deposit Al2O3 films via ALD, using TMA and H2O as
reactants, in a commercial ALD reactor. The films, obtained after var-ious
numbers of cycles, are characterized by X-ray Reflectivity (XRR),
Transmission Electron Microscopy (TEM) and Scanning Transmission
Electron Microscopy in Bright Field mode (BF-STEM). As a substrate
inhibited growth is observed during the first ALD cycles, we develop a
computational model, inspired by the work of Nilsen et al. [20], si-mulating
the island growth on the surface. The island growth for the ALD of alumina
has been studied theoretically before [16,17], but with phenomenological
models. The present model is based only on geo-metric principles, as that of
Nilsen et al. [20] and takes into account the three dimensional aspects of the
growth. Information about the growth regime, island coalescence, and surface
concentration of nucleation sites are extracted from this analysis.
Information about the interfacial layer formation as a function of the
number of cycles and film deposition is also drawn from the ex-perimental
analysis, illuminating certain aspects of its formation me-chanisms. The depth
profile of the deposited film and its interface in terms of elemental
composition is studied using Energy Dispersive X-ray spectroscopy (EDX),
X-ray Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) char-acterizations, yielding information on
its chemical nature. The results about the interfacial layer formation and its
composition can serve as valuable information for restricting its formation by
applying adequate surface pre-treatments for Si.

2. Materials and methods
The Al2O3 films were deposited using a commercial Veeco® Fiji F200
ALD setup, on 100 mm diameter Si (100) wafers. The wafers were pretreated
by deionized (DI) water rinsing, followed by dipping in a 5% HF solution for
1 min, in order to remove the native oxide on the Si surface, and a final DI
water rinsing. After the pretreatment, the wafer was dried and immediately
loaded into the chamber, which was pumped out to its base pressure (10 −4–
10−5 Torr) for 10 min, then to the base pressure of the ALD process (0.072
Torr) with Ar nominal flows for 5 min.
The TMA pulse time was set to 0.025 s, while the water pulse was 0.1 s.
The two reactant exposures were separated by an Ar purging step of 5 s. The
pulsing and purging times being set, the isolation valve of the

capacitance manometer was closed. The number of cycles used varied from 5
to 550. The substrate temperature was kept at 300 °C, for all samples. This
process recipe has been studied before [13] and yields a steady state growth
per cycle of ~0.1 nm/cycle. For more information about the deposition
mechanisms and the process setup, the reader is referred to our previous
works [13,14].
The thickness of the deposited films was measured by two means. Firstly,
for some samples we used Transmission Electron Microscopy (TEM) and
Bright Field Scanning TEM (BF-STEM) with a 200 kV JEOL JEMARM200F Cold FEG microscope, coupled to an Energy-dispersive X-ray
spectroscope (EDX), which was used for the chemical character-ization of the
films. The cross section preparation was done by Focused Ion Beam (FIB)
milling in a FEI Helios Nanolab 600i dual beam SEM/ FIB. For the TEM and
STEM analysis, the Al2O3 film was capped by a 30 nm carbon layer using an
electron beam, followed by a 3 μm Pt layer deposited with an ion beam.
Secondly, we systematically used X-ray reflectivity measurements, which
were carried out using a Bruker D8 diﬀractometer with Cu Kα1 (λ = 0.154056
nm) radiation. All measurements were carried out in
θ −θ geometry for which the sample was kept fixed during the measurements. Experimental curves were fitted using reflex software [37] based
on the Parratt algorithm to obtain the thickness and the electron density profile
of the prepared layer.
In order to analyze the film composition as a function of the film depth,
dynamic SIMS analysis was performed using a ToF SIMS V (IonToF,
Münster, Germany). For the depth profile measurement, a 25 keV pulsed Bi3+
cluster ion source delivering 0.31 pA of target current was used for the
analysis while a 3 keV Cs + source was oper-ated for the sputtering with 20
nA target current. The sputtered crater size was 250 μm × 250 μm and only a
100 μm × 100 μm area in the middle was analyzed. To limit the charging
eﬀect, an electron flood gun was used. The data were recorded in positive
mode and ions combined with a Cs atom were followed for the depth profile.
X-ray photoelectron spectroscopy (XPS) was performed in a Thermo
ESCALAB 250 Xi XPS system in order to study the chemical nature of the
film bulk and interface. XPS was performed using an Al Kα source (1486.7
eV) with a 20 eV pass energy, while the XPS binding energy scale was
calibrated by the adventitious C 1s peak at 285.0 eV. Curve fitting has been
performed using CasaXPS ©; for 1s core peaks (O 1s, C 1s), a single peak has
been used for each chemical environment while doublets have been used for
2p core peaks (Si 2p, Al 2p), accounting for spin-orbit coupling.

2.1. Island growth model presentation and validation
The computational model for island growth is inspired from the works of
Nilsen et al. [20] and is based on geometric principles. The islands are
assumed to be hemispherical due to the amorphous nature of the films [20],
and grow on discrete nucleation sites. The nucleation sites are uniformly
distributed, forming a square surface lattice. Due to the uniform distribution,
the analysis is simplified to only one of the squares of the lattice, by imposing
periodic boundary conditions.
The size of the squares from which the surface lattice is composed can be
deduced from the nucleation density, Nd, which is the surface concentration
of nucleation sites. If A is the area of the squares and b is their side length,
then:
A = b2 =

1
Nd

b=

(1)

1
Nd

(2)

The thickness is computed as a mean thickness of the island over the
whole square area A:

GPCn = Thicknessn − Thicknessn−1

(9)

The island radius at the nth cycle is given by:
rn = rn −1 + Δr,

(10)

where r is the radius increase during each ALD cycle. Its value is equal to the
GPC at the steady ALD regime, where the thickness is a linear function of the
ALD cycles. This value is easily accessible by experi-mental measurements,
once the steady ALD regime is reached. The initial island radius prior to ALD

Fig. 1. Top and side view of the diﬀerent regimes: a) free island growth b) island
coalescence c) continuous film growth.

Thickness = Volume = Volume
Area
A
(3)
The island growth is divided into three regimes, illustrated in Fig. 1. The
first regime is the free island growth regime, where the islands grow in
hemispheres within the square lattice. The starting point for the second
regime, island coalescence, is the moment when the island coalescence starts.
The third regime, continuous film growth, starts when the whole surface is
covered by the deposited film, hence when the film is continuous on the whole
surface lattice. As the islands continue to grow and coalesce, this regime leads
the ALD process to its steady state, where linear growth is obtained as a
function of the ALD cycles.
The three regimes are taken into account in the geometric model. The
critical island radius value for the transition from the first regime to the
second is:

r

=b ,
2
(4)
While the critical value for the transition for the second regime to the
third is:
c 1 →2

r

= 2 ·b
2
Hence, the volume of the islands, is computed as follows:
If rn is the island radius at the nth cycle:
For

c 2 →3

(5)

deposition, r0, is a model parameter. Although it is usually taken as zero, it is
nonetheless included for the generality of the model. Surface
functionalization can lead to the pre-sence of nucleation sites with a radius of
some number of Å.
The computational model has two fitting parameters, which are the
nucleation density, Nd and the initial radius of the islands, r0. The value of r0
represents the apparent radius of a surface nucleation site. As nucleation sites
are usually surface defect sites, r0 varies from zero to some number of Å.
Once this value is set, by tuning the values of Nd, an estimation of the surface
concentration of nucleation sites can be de-rived, by fitting the model results
to experimental data.
To demonstrate the validity of the model, we have compared its results
with literature experimental data. It is worth noting that the model is
independent of the deposited material, as long as it is amor-phous and the
island growth indeed occurs. This is why we present a comparison between
model predictions and literature data, for the ALD of Al2O3 on SieH [19],
PtO2 on Si with native SiO2 [36], and W on SiO2 [34] in Fig. 2. For all cases
in Fig. 2, the initial radius value, r0, was set to zero. The r values are taken
from the slope of the thickness once the linear ALD regime is obtained.
The good agreement between model predictions and literature data in Fig.
2 proves that the model can be used to analyze the deposition during the first
cycles, and extract an estimation of the nucleation density. The growth mode
can be predicted and characterized, without using any chemical reactions, but
only geometrical principles, using two fitting parameters. Hence, the initial
growth evolution can be ex-plained by geometrical aspects of the film growth,
without assuming an increasing surface reactivity with the number of ALD
cycles. The growth regimes during the first steps of deposition can be
separated and studied, as well as the transition between them. The nucleation
density fitted for the data in Fig. 2 varies between 0.06 and 0.09 groups/nm2.
Nucleation densities derived from the fitting of such models to ex-perimental
measurements have previously been assigned to surface defect sites [16,20].

r ≤r
n

c 1→2

the island volume is equal to the volume of the hemisphere:

Volume =

2πr 3
n

3

(6)

For

r

c1→2

≤r ≤r

c 2 →3

n

the island volume is equal to the volume of the hemisphere, minus four times
the equivalent volume of half of a top spherical cap.
2πr 3
Volume =

n

∫brn π (r 2 − z 2 )dz
− 4∙

n

2

3

2

(7)

For

r ≥r
n

c 2 →3

the film is continuous, and the island occupies the whole square. The volume
of the island is:
2

b

Volume = ∫ 2b
−

2

r −x

b

∫ 2b ∫ n
−

2

2

2

−y

dzdxdy
0

(8)

Using the above model, the Growth per Cycle (GPC) evolution can be
computed as a function of the number of ALD cycles, as follows:

Fig. 2. Model predictions comparison with literature data, using r0 = 0. Data from
literature: Triangles: W on SiO2, Elam et al. [34]. Circles: Al2O3 on Si, Besling et al.
[19]. Squares: PtO2 on SiO2, Knoops et al. [36]. Model predictions: Continuous line: Nd
= 0.06, r = 0.17 nm. Dotted line: Nd = 0.09,
r = 0.07 nm. Dashed line: Nd = 0.07,

r = 0.047 nm.

Fig. 3. a) XRR measurements and fit for 0 to 200 ALD cycles. b) Layer thicknesses derived from XRR fitting (rhombus) and comparison with island growth model predictions (dashed
line) for the ALD of Al2O3 on a H-terminated Si substrate. c) Evolution of the GPC as a function of the number of cycles: model predictions, using
r = 0.1 nm. Model fitting parameters: Nd = 0.08 groups per nm2, r0 = 0 nm.

3. Results and discussion
3.1. Evolution of Al2O3 growth
The ALD films using various numbers of cycles were characterized by
XRR in order to determine their thickness. The XRR data were fitted using a
matrix model (Parratt formalism [37]) by considering a fixed density of Al2O3
in the deposited layer in order to recover its thickness. XRR data and
calculated curves are shown in Fig. 3a. The derived de-posited thickness is
plotted in Fig. 3b as a function of the number of ALD cycles, along with the
predictions of the island growth model. The predicted evolution of the GPC
and the growth regimes are shown in Fig. 3c.
Results of Fig. 3b show that an induction period occurs during the initial
stages of Al2O3 ALD on H-terminated Si. This behavior has been previously
reported by Puurunen et al. [16,17] for the ALD of alumina on SieH. This is
due to the low reactivity of the SieH species towards ALD reactants [30,35].
This low reactivity prevents TMA and H2O from depositing on the surface.

growth regime during the first deposition steps.
The fitting of the model yields an estimation of the surface con-centration
of the initial nucleation sites, i.e. the surface defect sites. The GPC at the
steady ALD regime is 0.1 nm/cycle, which is consistent with our ellipsometry
measurements and the mechanistic surface kinetics model we presented in our
previous work, for the same ALD reactor [13]. Thus, by setting r = 0.1 nm,
the resulting Nd value needed to fit the model to the XRR measurements is Nd
= 0.08 groups/nm2. If this value is assigned to OH groups, it is 1.27% of the
surface concentration of OH groups on silica at 300 °C, as reported by
Haukka and Root [33]. This means that the HF cleaning eﬃciently removes
the native oxide layer.
As the number of cycles increases, island growth and coalescence occurs.
The diﬀerent regimes are dictated by the state of the growing islands and are
shown by the characteristic evolution of the GPC in Fig. 3c. Islands growing
freely on the surface increase the available surface for deposition and hence
the GPC is enhanced. This occurs until
b

= 2 , as described in the previous section. In the present case,
this happens after 18 ALD cycles. From the moment the islands
start to coalesce, the surface available for deposition starts to decrease, until
the formation
of a continuous film. This happens when

r=r

c 1 →2

Nucleation is reported to start on surface defect sites [16,17,30], such as
surface OH groups or oxygen bridges that have not been totally removed
during the substrate cleaning process. These defect surface species are
reactive towards the ALD reactants, contrary to the SieH species. Then,
subsequent exposure leads to preferential deposition of the reactants on the
already deposited material and its adjacent surface sites [16,30], thus leading
to the formation of islands, as assumed by the island growth model. The good
agreement between the island growth model and the XRR measurements
shows that indeed the sur-face inhibited growth and preferential deposition
lead to an island

2∙b

r = rc 2 →3 =
, which in the present case is after 25 ALD cycles. This
2
prediction is in agreement with the experimental observations of Puurunen et
al. [16]. From then onwards, the coalescence continues, decreasing the
surface available for deposition, and thus the GPC, until layer by layer growth
is reached, where the GPC becomes constant. The above analysis shows that
at least 25 ALD cycles must be performed, in order to obtain a continuous
Al2O3 film. This approach also shows that the evolution of the film growth
can be explained by the geometric

For films deposited using 20 and 200 cycles (Fig. 5b and c, respec-tively)
the interfacial layer is clearly visible and can be distinguished from both the
Si substrate and the Al2O3 layer. The measured Al2O3 and interface layer
thicknesses by the TEM and BF-STEM analysis are summarized in Table 1
for all samples, as for a 550 cycles sample (not shown in Fig. 5).
An interface of ~1.8 nm was measured for the 20 cycles sample (Fig. 5b),
while the 200 cycles sample showed an interface of ~2 nm (Fig. 5c). The
interfacial layer thickness is close for both samples, which shows that
between 20 and 200 cycles, little or no Si oxidation took place. So, after a
certain thickness, the Al2O3 layer serves as a diﬀusion barrier for Si and O
species. This has been previously reported for the Al2O3 deposition on Cr
surfaces, where a thin thermal ALD Al2O3 layer was found to serve as an
eﬃcient diﬀusion barrier to prevent Cr oxi-dation during subsequent plasma
enhanced ALD [29].
The 20 cycles sample (Fig. 5b) also exhibited a slightly higher roughness
on its interface with the C capping layer. This is attributed to the end of the
island growth mode. According to the island growth model, the island
coalescence has started at that point and a continuous layer is obtained only
after 25 cycles. The varying contrast along the layer in Fig. 5b, could be
assigned to this phenomenon. In their work, Puurunen et al. [16] revealed the
Al2O3 islands on Si, by in situ de-positing an amorphous Si layer on top of
their samples. When the Al2O3 layer was not continuous, the deposited Si
Fig. 4. TEM image of an ALD grown Al2O3 layer using 200 ALD cycles.

aspects of growth, without assuming an increasing surface reactivity with the
number of ALD cycles.
3.2. Morphological characterizations of Al2O3 films
The obtained Al2O3 films after diﬀerent numbers of ALD cycles were
characterized by TEM and BF-STEM. The bulk of the Al2O3 is distinguished from the Si substrate and the C capping layer. The films are all
amorphous, confirmed by fast Fourier Transform (FFT) analysis of the TEM
images, in contrast to the crystalline Si substrate. The TEM analysis of the
film grown after 200 ALD cycles is shown in Fig. 4.
It is seen that the Al2O3 film is uniform and conformal. It is dis-tinguished
by a darker contrast than both the Si substrate and the C capping layer. The
ALD layer has a thickness of ~20.3 nm, yielding a mean GPC of ~0.1
nm/cycle. The GPC computed from our surface ki-netic model [13], as well
as the GPC derived from the island growth model and the XRR measurements
are consistent with this measure-ment. This GPC of ~0.1 nm/cycle was also
measured for the sample deposited using 550 ALD cycles.
An interfacial layer between the ALD grown film and the Si sub-strate is
also observed in Fig. 4 as a bright-contrast layer. Literature reports conclude
that this layer is either observable [26–28] or not observable [22] for the
TMA + H2O process. This interface is reported to mainly consist of Si oxides
[4,24,25], formed by interdiﬀusion of Si and O species. To further investigate
the interfacial layer morphology and film evolution, TEM and BF-STEM
images of the Al2O3 films formed after 5, 20 and 200 ALD cycles are shown
in Fig. 5. The films deposited using 5 and 20 ALD cycles were characterized
by STEM in bright-field, for a more clear distinction of the interface.
For the sample deposited using 5 ALD cycles (Fig. 5a), the BF-STEM
micrograph shows no clear distinction between an Al2O3 layer and the
interface. According to the island growth model and the results of Puurunen et
al. [16], the deposition is still in the nucleation period, where island growth
takes place. A layer with a varying darker contrast could be argued to be
present between the C layer and the brighter contrast interfacial oxide layer. It
could be attributed to islands closely behind each other in the cross-sectional
sample, giving the appearance of a continuous layer [16]. The layer's varying
contrast consolidates this explanation. For this sample, a combined layer of
~1.6 nm is measured between the crystalline structure of the Si substrate and
the brighter contrast of the C layer.

aligned epitaxially on the Si substrate, thus making the Al2O3 islands visible
[16]. They estimated that the film becomes continuous between 20 and 30
cycles, in agree-ment with the predictions of the island growth model
presented here.
3.3. Chemical characterization of the Al2O3 films
The deposited films were characterized by XPS, in order to study the
chemical nature of the deposited films and their interfaces with Si. The Al 2p,
O 1s and Si 2p spectra are presented in Fig. 6, for ALD films deposited using
10 and 50 ALD cycles. The intensity scales have been adjusted to highlight
the diﬀerent features of the spectra.
Fig. 6 shows that Al is detected on the surface even for the 10 ALD cycles
sample. Although the intensity is lower than for the 50 cycles sample, the
peak position is the same. The main peak is located at 74.8 eV and can be
simulated by a doublet peak (Al 2p3/2: 74.8 eV, Al 2p1/2: 75.24 eV), showing
the presence of O-Al-O bonds. The Al 2p peak for both samples could also be
fitted by a single symmetrical peak at 74.8 eV. From the TEM analysis
performed on the 10 cycles sample (not shown), the deposited layer could not
be distinguished, probably due to the fact that the film growth is still in the
island regime (as shown by the island growth model) and no continuous ALD
layer has been de-posited on the surface. However, Fig. 6 shows a clear Al 2p
peak, meaning that Al has already been deposited on the surface.
The O 1s spectra were fitted using a main peak at 531.8 eV, assigned to
AleO bonds. A small contribution from a second peak at 533.3 eV was also
used for the fitting. Renault et al. [4] attributed such a peak situated at Ε =
1.3–1.4 eV higher in energy than the main O 1s peak to Al-OH species. The
presence of these species is consistent with the chemistry of TMA and H2O
[3,4,13]. TMA deposits on the surface in the form of Al(CH3)x species.
During the subsequent reactant exposure, H2O reacts with the surface species,
leading to the formation of Al-OH species, and CH4 as a byproduct [3,4,13].
Non complete coverage of the AleOH species during the next TMA exposure
can lead to the in-corporation of those AleOH species in the film bulk. For a
detailed understanding of the TMA + H2O chemistry, the reader is referred to
our previous work [13].
The Si 2p spectra presented in Fig. 6 show the chemical nature of the
interface. For both samples, a clear doublet peak is situated at 98.9 eV (Si
2p3/2: 98.84 eV, Si 2p1/2: 99.47 eV), which is attributed to elemental Si0.
This shows that the depth of the analysis reaches the Si substrate, for the 10
and 50 cycles samples. A second peak is situated at 102.3 eV (Si 2p 3/2:
102.04 eV, Si 2p1/2: 102.67 eV), for both samples, to

Fig. 5. TEM and BF-STEM images of ALD grown Al2O3 layers using: a) 5 (BF-STEM), b) 20 (BF-STEM), c) 200 (TEM) ALD cycles.
Table 1
Experimental thickness of the Al2O3 film and of the interfacial layer measured by TEM
and BF-STEM, for all samples.
No. of ALD cycles
5
20
200
550

Al2O3 thickness (nm)

Interface thickness (nm)

1.6 (impossible to distinguish between film and interface)
~1.3
~1.8
~20.3
~2
~55.4
~2

a Ε = 3.4 eV from the Si0 peak. This Ε value assigns this peak to Si of higher
oxidation states, such as Si3+ and Si4+. In Fig. 6, this peak has been fitted by a
doublet peak. However, diﬀerent deconvolution schemes have been presented
in the literature. By using the data treatment of Renault et al. [4], a peak at Ε
= 3.01 eV is found in our results, between the Si 4+ and Si2+ peaks. This peak
has a Ε that is too high to be assigned to Si3+, and has previously been
attributed to Al-silicate bonds by Renault et al. [4] This analysis concludes in
the ex-istence of multiple oxidation states of Si at the interface, including
Si3+, as well as to the presence of Al-silicates [4].
In order to study the elemental composition along the film depth, probing
of Al, Si, and O species was performed by EDX on TEM cross sections.
Measurements were performed along a straight line perpen-dicular to the
sample surface, starting from the Si substrate and the obtained elemental
profiles, excluding carbon, are shown in Fig. 7 for samples after 5, 20 and 200
ALD cycles. In order to study the passi-vation eﬃciency of the Si substrate
pre-treatment, the EDX measure-ments along the film depth are also shown
for the Si substrate without Al2O3 deposition in Fig. 7. Although this analysis
is qualitative, it provides valuable insight for the evolution of the film and of
the in-terface.
A very small rise on the O counts is detected on the Si surface (in-terface
between Si substrate and C capping layer), for the substrate

sample without deposition (Fig. 7a). This shows that the HF cleaning of the
substrate removes the majority of surface oxides, leaving the surface Hterminated. The SieH surface is passivated towards oxidation. Frank et al.
[30] showed that the SieH surface does not react with deuterated water, D2O,
even after repeated D2O exposures [30]. They report a weak O presence on
H-terminated Si(100) substrates, attributed to defect sites (SieOH) remaining
on the surface after the substrate cleaning due to the higher atomic roughness
of the Si(100) surface [30]. Halls et al. [35] performed theoretical studies
using DFT calculations on the H-terminated Si surface reactions with TMA
and H2O [35]. Their results confirm the low reactivity of the surface towards
both reactants.
We therefore assign the small amount of detected O on the surface to such
surface defect sites, like O bridges or SieOH groups that have not been
appropriately removed, or to SiOx formed after the sample exposure to air.
The ALD nucleation during the first ALD cycles is re-ported to take place on
such defects [16,17,30]. Our island growth model, fitted to the XRR
measurements, estimates the surface con-centration of those defects at 0.08
groups/nm2. The ALD film starts forming on those defects. Then, subsequent
deposition of Al on the surface catalyzes further Al 2O3 deposition on nearby
sites, as well as localized substrate oxidation, under and around the deposited
Al2O3 [30,31].
This eﬀect is seen on the Al, O, Si profiles on a 5 ALD cycle Al2O3
sample on Fig. 7b. In this case, between the Si substrate and the C layer, a
clear peak on the O counts is observed, together with a small peak of Al. The
presence of Al was also detected by XPS on a 10 cycle Al2O3 sample (Fig.
6). These results show that after 5 cycles, only a very small amount of Al has
been deposited. This is consistent with the island growth model results and
XRR measurements. After 5 cycles, the film deposition is still in its
nucleation period and only small Al2O3 islands are deposited. However, even
on the 5 cycle sample (Fig. 7b), the O peak is more significant than on the
substrate sample (Fig. 7a). Starting from the Si substrate and moving to the C
layer, we notice that the O

Fig. 6. Al 2p (top), O 1 s (middle) and Si 2p (bottom) XPS spectra for Al2O3 films deposited using 10 (left) and 50 (right) ALD cycles.

counts increase before the appearance of Al. This is attributed to the oxidation
of the Si substrate, with an oxidation of the Si substrate under the Al 2O3
deposition. However, it is not evident if this oxidation is in-herent to the ALD
process or if it is due to subsequent oxidation after the sample exposure to air.
In both cases, this result shows that the Al deposition enhances Si oxidation,
even at low Al surface concentration [30,31]. Frank et al. [30] also showed
that after the first TMA pulse, subsequent D2O exposures lead to subsurface
oxidation of Si [30]. By using the full width at half maximum (FWHM) of the
element count peaks, we can estimate the total thickness of the oxidized layer
at ~1.93 nm, of which ~1.63 nm consist of SiOx with no traces of Al, while
the thickness where Al was traced is ~0.3 nm. These values show a slightly
higher thickness of the oxidized layer than in Table 1.
Fig. 7c shows an Al2O3 sample deposited with 20 ALD cycles. The clear
Al and O peaks in the profile are due to the deposition of Al2O3. Our island
growth analysis shows that after 20 cycles, the growth re-gime is near the end
of the island growth regime; however non con-tinuity of the film was still
predicted. By using the FWHM of the ele-ment count peaks, we deduce a
region of ~1.5 nm, where only Si and O species are present, thus the
formation of a SiOx layer. A ~0.7 nm re-gion, where Si, O and Al species are
all present, then is detected before the Al2O3 layer. This region can consist of
Al-silicates or SiOx and AlOx.

The presence of Al-silicates has also been reported before [4], and is one
possible conclusion from the XPS analysis of the present work (Fig. 6). The
total thickness of the interface containing Si is 2.2 nm, slightly higher than the
one measured by TEM (Table 1).
The proposed mechanism for the Si oxide formation is the diﬀusion of O
species from the deposited Al2O3 film [29], leading to Si oxidation. However,
the reaction of H2O with surface Si groups during the island growth where the
surface is not fully covered by the ALD film, catalyzed by the presence of Al
[30,31], has also been suggested as a mechanism for the interfacial oxide
growth [24,30]. Naumann et al. [24] reported that the OH groups formed
during the initial island growth, lead to the formation of SiOH species. These
species lead to further substrate oxi-dation after further increase of the ALD
cycles. Xu et al. showed that by using a long exposure to TMA prior to ALD
deposition, the interfacial Si oxide thickness is strongly restricted due to the
covering of a larger fraction of the surface by Al species. The diﬀusion of O
through the ALD layer is also a possible source of oxidation, which is
however limited as the ALD film continues to grow due to the presence of
Al2O3 as a dif-fusion barrier. Thus, oxidation by H2O and surface OH groups
of the non-covered Si surface is restricted. As shown by Halls and Raghavachari [35], although the overall reaction between the ALD reactants and
SieH surface species is thermodynamically possible, the reactivity

Fig. 7. EDX measurements along the film depth for a) Si substrate without ALD b) 5 ALD cycles Al2O3 c) 20 ALD cycles Al2O3 d) 200 ALD cycles Al2O3.

is very low due to the high energy barrier required. Xu et al. [27,28] use a
very long (3600 s) TMA exposure of the SieH surface prior to de-position.
Such a long exposure may be long enough for the reactants to react and
deposit on the surface, covering a large fraction of the surface, thus restricting
the induction period. However, for industrial applica-tions, performing such
exposures is challenging and costly, as proces-sing time is highly increased
and deposition takes place on all the re-actor walls. Furthermore, the duration
of the reactor purging, needed to ensure that no TMA is left in the chamber
before starting the ALD process, would be extremely long. In our case, the
exposure times are in the order of ms, and more than 10 5 times smaller than in
the case of Xu et al. [27,28] Hence, the reactions between the ALD reactants
and the SieH surface do not occur. The ALD reactants deposit only on
surface defect sites. During subsequent cycles, the ALD reactants deposit preferentially on and around already deposited material, leading to island growth.

ambient air. Using the FWHM of the count peaks, we deduce a 1.2 nm
interface, containing Si, O and Al. This value is smaller than the one
measured by TEM (Table 1).
ToF-SIMS allows detailed investigation of the chemical composition of
the film along its depth. Fig. 8 shows the elemental profile of the 200 cycles
sample from the surface to the substrate.
The SIMS analysis shows a uniform concentration profile for Al and O
species in the core of the film, where no Si is detected. This confirms that
during the stable ALD regime, the Al2O3 film is deposited with

The EDX elemental profiles for the sample deposited using 200 ALD
cycles shown in Fig. 7d, reveal the several nm thick Al2O3 film. Within the
bulk of the Al2O3 film, a uniform Al and O concentration is mea-sured by
quantitative analysis (not shown), with a Al/O ratio close to the Al2O3
stoichiometry.
In the 5 and 20 cycles samples, the O peak is present even before the
appearance of Al in the interface. This is not the case for the 200 cycle
sample, where Si, O and Al species are present all along the interface. For the
5 and 20 cycles samples, the Al2O3 film may not be continuous and a part of
the Si surface is directly exposed to atmospheric O, and thus oxidized.
Therefore, the 20 nm thick Al2O3 film deposited for the 200 cycles sample
serves as an eﬀective diﬀusion barrier against O diﬀusion through the layer
and prevents further Si oxidation by
Fig. 8. SIMS depth profiles for the 200 ALD cycles sample.

constant composition during each cycle. The surface is regenerated after the
end of each ALD cycle, and the deposition process is repeated.
When the sputtering reaches the interface, the AlO and O counts decrease,
until the Si substrate is reached, where AlO and O are no longer detected. The
Si signal has the opposite behavior: Si counts start to increase at the same
sputtering time where the AlO and O counts decrease, until the Si substrate is
reached where the Si counts remain constant. The behavior of Al counts is
diﬀerent since they start to de-crease when sputtering reaches the interface, as
in the case of AlO and O. Then, the Al counts increase exhibiting a small
peak in the interface, before decreasing to zero in the Si substrate region. This
leads to the distinction of two regions in the interface: an Al depleted region
at the top of the interface, closer to the core of the ALD film, and an Al enriched region, in the interface. The diﬀerent behavior of the Al and AlO depth
profiles within the interface witnesses a possible diﬀerent che-mical
environment of Al within the interface showing that Al could be present in the
interface in states diﬀerent from Al2O3, such as Al-sili-cates. Gosset et al.
[25] also performed SIMS characterizations on ALD deposited AlO 3 on Hterminated Si. They observed a similar behavior for the Al and OH species at
the interface. After annealing in N2 at 800 °C and 1000 °C, they observed Al
and H diﬀusion from the interface towards the film bulk. Al diﬀusion from the
interface towards the sur-face during thermal annealing has also been shown
by Krug et al. [32].
The SiO and SiOH depth profiles also show a similar behavior: in the
interface, SiO and SiOH counts increase, exhibiting a peak of their
concentrations, before decreasing as the Si substrate is reached by the
sputtering. These peaks appear at the same position as the Al peak, thus
confirming that within the interface a diﬀerent chemical environment of Al is
present. These results show that Al, O, Si species are all present within the
film interface, as was shown by EDX results in Fig. 7. The interface, formed
by interdiﬀusion and reaction of species during the first ALD cycles, is hence
a mixture of SiOx, AlOx and SiOH. The pre-sence of Al silicates is also
possible, as discussed in the XPS analysis (Fig. 6).
Al-OH groups have been suggested to enhance O diﬀusion and Si
oxidation [25], as bulk defect sites. The analysis of the O 1s spectra from XPS
(Fig. 6) showed a small peak that has previously been as-signed [4] to AleOH
bonds. The SIMS results of Fig. 8, reveal the presence of the SiOH groups in
the interface. This presence could be the source of the substrate oxidation
during the island growth regime [24]. The SiOH groups are formed during the
island growth regime that takes place during the first cycles of deposition. The
mechanism for their formation could be the reaction of AleOH species
created from the ALD surface chemistry [3,6,7,10,13] with Si surface species,
which are non-fully covered by Al species during the island growth.

4. Conclusions
In this work, the ALD of Al2O3 films from TMA and H2O was studied on
H-terminated Si (100) substrates, in a commercial reactor with the purpose to
thoroughly investigate the initial film deposition evolution and interface
formation. A series of samples using a diﬀerent number of ALD cycles were
deposited at 300 °C. The films and their interface with the substrate were
characterized by XRR, TEM, BF-STEM, XPS, EDX and ToF-SIMS. A
geometrical island growth model based on the work of Nilsen et al. [20] was
used to reproduce the nucleation and growth steps during the first cycles. The
model succeeded in representing the Al2O3 thickness evolution during the
first ALD cycles, without involving the modelling of surface reactions. This
approach showed that the evolution of the film growth can be explained by the
geometric aspects of growth, without assuming an increasing surface
reactivity during the first ALD cycles. It allowed the estimation of the surface
concentration of defect sites, such as Si-OH and O bridges on the initial Si
surface as close to 0.08 groups/nm2 and revealed that 25 ALD cycles are
needed to achieve film continuity.
Concomitant results by TEM, BF-STEM, XPS, SIMS and EDX also

showed that an interfacial layer was formed between the Al2O3 film and the
Si substrate. This layer consists of oxidized Si in various oxidation states,
while Al is also present, suggesting the presence of AlO x and Al-silicates. In
agreement with the reported results, the interfacial layer formation starts with
the Al2O3 film during the first cycles. The me-chanisms involve Si oxidation
during the first cycles, when island growth takes place, and the surface is not
fully covered by the Al2O3 film. Although this oxidation was highly restricted
for the H-terminated Si surface, the presence of Al on the surface catalyzes Si
oxidation, and thus the interfacial layer formation. This oxidation could occur
through the formation of SiOH groups during the island growth. These SiOH
groups could be formed from the reaction of OH species on the de-posited
islands with non-covered Si on the surface. SIMS results vali-dated the
presence of SiOH groups in the interface, thus further con-solidating this
assumption. Once the whole surface is covered by the ALD film, the
interfacial oxide layer may continue to grow due to in-terdiﬀusion of O
species through the layer. This interdiﬀusion has been assigned to bulk defect
species, present in the form of AlOH, facilitating the oxygen diﬀusion.

These results can serve as guidance towards the research of ade-quate
surface pre-treatment techniques for silicon substrates, aiming to enhance
their surface reactivity towards the ALD reactants, and restrict silicon
oxidation. The development of such pre-treatments will pave the way to
successfully produce continuous ALD layers with thicknesses down to 3 nm
and abrupt interfaces with Si, for future nanoelectronics.
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