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ABSTRACT

The initial substrate inhibiting island growth and the formation of an interfacial layer with uncontrollable characteristics are the two main
drawbacks of the Atomic Layer Deposition (ALD) of high-k metal-oxide gate dielectrics on silicon (Si). In this paper, we investigate the
ALD of Al2O3 films from trimethyl aluminum and H2O, on fluorhydric acid (HF) cleaned, as well as on HF-cleaned and in situ N2-NH3

plasma pretreated Si between 0 and 75 cycles. The films and their interface were characterized via Scanning Transmission Electron
Microscopy coupled to Energy-Dispersive X-ray spectroscopy. The initial deposition is clearly increased on the pretreated surfaces, obtaining
a linear ALD regime even after 5 ALD cycles, compared to several tens of cycles needed on HF-cleaned Si. Furthermore, a SixNy layer is
formed by the N2-NH3 plasma pretreatment, which acts as a barrier layer, reducing the oxidation of the Si substrate beneath it. This analysis
provides a general framework for the understanding and determination of adequate surface pretreatments, able to combat the substrate
inhibited initial growth and the Si oxidation during metal-oxide ALD on Si.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113755

INTRODUCTION

The growing integration of the electronic devices has led to the
constant shrinking of the feature size of metal-oxide-semiconductor
field effect transistors (MOSFETs). This has reinforced the need for
the production of conformal ultrathin film structures.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 semicon-
ductors (Si) to prevent leakage current.1 In this context, the Atomic
Layer Deposition (ALD) process2 has emerged as the appropriate
tool to produce such films. A high control over the deposited film
thickness, uniformity, and composition purity can be obtained due
to the self-limiting nature of the involved reactions.2,3

Al2O3 is a favorable candidate to replace SiO2 as a high-k
layer. Its higher dielectric constant (Al2O3: k = 9, SiO2: k = 3.84)

and similar bandgap4 make it an appropriate dielectric material for
microelectronic applications. The deposition of Al2O3 films, using
trimethyl aluminum [Al(CH3)3, TMA] and H2O vapor as a metal
precursor and an oxidant source, respectively,3 is one of the most
studied ALD processes. Works published on this ALD process
revealed important aspects of the deposition process,5–7 reaction
mechanisms,8–11 reaction kinetics12,13 as well as the ALD reactor
dynamics.13–15

However, despite the numerous studies available, uncontrolled
phenomena still occur in this process. First, the H-terminated Si
species resulting from the standard ex situ HF pretreatment of the
Si substrate are initially nonreactive toward both of the reac-
tants.10,16 Hence, the deposition during the first tens of ALD cycles
is inhibited by the substrate reactivity and initially takes place on
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surface defects.16,19 During subsequent cycles, the film preferen-
tially deposits on the already deposited material. As a consequence,
the initial deposition of Al2O3 takes place in the island, instead of
layer-by-layer, growth mode, prior to coalescence, and formation of
the continuous film.18–20 From this point onwards, the deposition
can indeed proceed in the ALD linear growth regime, with a cons-
tant film growth per cycle (GPC).3,18,19 Consequently, for the depo-
sition of a continuous film, this nucleation process requires a
minimum of around 20 ALD cycles.18

Another aspect is the formation of an interfacial layer between
the ALD film and the Si substrate. This interface has a negative
impact, as it affects the electrical properties of the deposited struc-
ture, exhibiting a low dielectric constant and high leakage current
for thin films below 4 nm,21 thus limiting the interest for potential
applications of such films. Works have been published that investi-
gate the composition and thickness of this layer,4,22,23 which
appears to consist of Si oxides in various oxidation states,4,20,22

Al-silicates,4 and OH species.20,22,23

It is clear that to achieve the production of sharp, pure
nanometric-thick films, the two main drawbacks due to the nucle-
ation delay and island growth as well as the reactive diffusion
between the substrate and the film must be reduced. The deposition
needs to rapidly attain the layer-by-layer ALD regime, with no
island regime prevailing period during the first cycles, while the Si
interfacial oxidation must be restricted as much as possible. For
this, different research groups have investigated various Si surface
pretreatments and their effects on the initial deposition steps and
substrate reactivity. Frank et al.16 used a 108 Langmuir TMA expo-
sure prior to TMA +H2O ALD and reported an increased initial
film growth. According to Xu et al.,24 this pretreatment can also
reduce the interfacial SiOx formation. Damlencourt et al.25 used a
Cl2 + H2O treatment after the HF pretreatment of the Si surface to
create a surface monolayer of OH groups and observed an
increased film growth during the first ALD cycles.

Brewer et al.26 used a thermal treatment based on a N2-NH3

gas mixture, leading to the formation of a SixNy layer. They
obtained an increased growth during the first steps of Al2O3 depo-
sition and a limited SiOx formation. Xu et al.27 compared samples
pretreated with N2-NH3 plasma with those pretreated using a long
TMA exposure. In both cases, the substrate oxidation was restricted,
and the deposition was increased, a result also shown by Lu et al.,28

who used the same pretreatment. They also showed that the N2-NH3

plasma pretreatment leads to interfaces with better thermal stabil-
ity, lower leakage current, and smaller capacitance-voltage (CV)
hysteresis.27

From the above works,26,27 it is clear that the N2-NH3

pretreatment of the Si surface would be a promising option to
combat these drawbacks of Al2O3 ALD. However, more insight is
required concerning the use of this pretreatment. Brewer et al.26

have studied the deposition increase deduced from IR absorbance
spectra, for only the first five ALD cycles. It is worth noting that in
their work, the ALD deposition temperature was between 318 and
380 °C, which is above the maximum temperature of the ALD
window for the TMA + H2O process (300 °C).3 Xu et al.27 have
performed their study only for 35 cycles. An analysis of the
evolution of the film deposition and interfacial SiOx formation
during a large number of ALD cycles remains to be performed.

Furthermore, there is a need to investigate the involved mecha-
nisms in more detail.

In this work, we deposit Al2O3 films from TMA and H2O on
HF-cleaned and in situ N2-NH3 plasma pretreated Si wafers, in a
commercial ALD reactor. We previously reported on the reactor
behavior, process dynamics as well as the reaction kinetics during
the ALD ideal regime.13,14 We characterize the films by STEM to
study both the Al2O3 deposition rate and the Si oxidation evolution
between 0 and 75 cycles. We use theoretical results from the litera-
ture to explain the enhanced deposition rate and the surface mech-
anisms in the case of the N2-NH3 pretreated Si. The deposition
reaction kinetics are discussed through the calculation of reaction
probabilities, based on activation energies previously presented in
the existing literature. We analyze the local chemical composition by
performing STEM-energy-dispersive X-ray (EDX) characterizations
along the depth of the film. We investigate the substrate oxidation,
by performing XPS characterizations. Finally, we discuss the reduced
interfacial SiOx formation and the nature of the interface.

EXPERIMENTAL METHODS

The Al2O3 films were deposited on 100 mm diameter Si (100)
wafers in a commercial Veeco® Fiji F200 ALD setup. The Si (100)
wafers were pretreated by de-ionized (DI) water rinsing, followed
by dipping in a 5% HF solution for 1 min, to obtain native oxide
removal from the Si surface, and a final DI water rinsing. After the
cleaning procedure, the wafer was dried and immediately loaded
into the chamber, which was pumped out to vacuum pressure
(10−4–10−5 Torr) during 10 min. Two sets of samples were studied.
The first set of samples, hereafter called nonpretreated samples
(NPT), is Si (100) wafers on which ALD is directly performed after
the HF cleaning procedure described above. The second set of
samples, hereafter called N2-NH3 plasma pretreated samples (PT),
is Si (100) wafers on which after the HF cleaning, an in situ
N2-NH3 plasma pretreatment is performed prior to ALD.

For the NPT samples, the base pressure was then set to that of
the ALD process (0.072 Torr) during 5 min, before starting the dep-
osition. For the PT set of samples, the Si (100) wafers were exposed
to 120 sccm of an N2-NH3 (electronic grade gases, Air Liquide) gas
mixture (16.67% NH3), without plasma, at 0.08 Torr, during 5 min.
Then, the plasma was activated for 1 min. The samples were heated
at 300 °C during the pretreatment. Through the precursor line,
10 sccm of Ar (electronic grade gas, Air Liquide) were also fed
during the pretreatment, in order to avoid retrodiffusion toward the
ALD valves. After the pretreatment, the N2-NH3 plasma mixture
feed was stopped, and the nominal Ar flows and the base pressure of
the ALD process (0.072 Torr) were set during a transition time of
5 min, prior to starting the ALD process.

For the ALD of Al2O3, TMA (purity: >97%, Sigma Aldrich)
and DI H2O were used as reactants. Ar (180 sccm) was used as
both carrier and purging gases, entering the reactor through three
inlets. More information on the reactor geometry and process setup
is available in our previous works.13,14 The TMA pulse time was set
to 0.025 s, while the water pulse was 0.1 s. The two reactant expo-
sures were separated by an Ar purging step of 5 s. With the pulsing
and purging times being set, the isolation valve of the capacitance
manometer was closed, and the process was initiated. The number
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of cycles used varied from 5 to 75. The substrate temperature was
kept at 300 °C and the base pressure at 0.072 Torr, in all experi-
ments. This process recipe has been previously used and leads to
an ALD growth with a GPC of ∼0.1 nm/cycle,13 once the process
has attained the linear growth regime.

The samples were characterized by Transmission Electron
Microscopy (TEM) using a 200 kV JEOL Cold FEG probe-corrected
ARM200F microscope for either High Resolution (HREM) or
Scanning TEM (STEM) analysis. STEM images were recorded in
both Bright-Field (BF) and High Angle Annular Dark-Field
(HAADF) conditions. Chemical characterization was performed
by Energy-dispersive X-ray (EDX) spectroscopy in the STEM mode.
The TEM cross-sectional lamellas were prepared by Focused Ion
Beam (FIB) in a FEI Helios Nanolab 600i dual beam SEM/FIB. For
the STEM analysis, all the samples were capped with a 200 nm
carbon layer using an electron beam, followed by a 3 μm PT layer
deposited with an ion beam.

X-ray photoelectron spectroscopy (XPS) was performed in a
Thermo Kα 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 1 s 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, accounting for spin–orbit coupling.

RESULTS

Si surface pretreatment

Figure 1(a) presents a STEM-HAADF image taken from the
N2-NH3 plasma pretreated Si (100) samples, with no Al2O3 deposi-
tion. It appears that an amorphous layer has been formed due to
the pretreatment on the Si surface [the PT layer in Fig. 1(a)], whose
thickness is ∼1.8 nm.

Brewer et al.26 reported the formation of a SixNy layer after the
exposure of Si to N2-NH3, at temperatures above 380 °C. In the
present case, even at 300 °C, it is evident that an amorphous layer

is formed on the Si surface. This is due to the use of N2-NH3

plasma, instead of thermal nitridation with N2-NH3. Furthermore,
in the work of Brewer et al.,26 the plasma N2-NH3 gas mixture for
the pretreatment had a lower NH3 molar composition (4%) com-
pared to the present study (16.67%).

To investigate the layer composition, EDX analysis along the
layer depth was performed. The EDX profiles (raw count data) for
N, Si, and O species along the length of the layer are shown in
Fig. 1(b). It appears that a layer consisting of Si and N is present
after the N2-NH3 plasma pretreatment on the Si substrate surface.
The layer also consists of a significant amount of O, along its whole
thickness. A sharp increase of the O signal is detected at the inter-
face between the Si substrate and the PT layer. This O content
could come from subsequent oxidation of the layer, due to its expo-
sure to air after the sample was taken out from the chamber.
It could also be assigned to native SiOx, which was not removed
during the HF cleaning. However, EDX analysis performed on an
HF-cleaned Si substrate, under the same conditions, showed in our
previous work,20 showed no oxidation of the Si substrate, revealing
the good passivation of the Si substrate by the HF pretreatment.
This shows that the PT layer formed by the in situ N2-NH3 pre-
treatment is probably oxidized after its exposure to atmospheric O.

Although SixNy is known to be an oxygen diffusion barrier,29

in the present case, the layer is nonetheless oxidized. This behavior
is attributed to the poor stoichiometry and low density of the layer.
The layer could also contain amounts of H (not detectable by
EDX) coming from NH3 decomposition within the plasma. These
features make the layer porous, which facilitates O diffusion. Such
oxidation of the PT layer was also reported by Brewer et al.26

However, by analyzing several EDX profiles similar to the one
shown in Fig. 1(b), it is found that, when moving from the Si sub-
strate toward the C capping layer, the increase in the O and N
profiles is such that their half-maximum position occurs at the
same depth. This suggests that although the PT layer is oxidized,
the oxidation of the substrate itself and the formation of an interfa-
cial SiOx layer can be neglected, i.e., the Si surface is protected from
oxidation by the formed layer.

Further characterization of this layer composition was made by
XPS (Fig. 2). The XPS spectrum exhibits a O 1s peak at 532.8 eV,
attributed to oxygen in a SiOx environment; a N 1s peak at 398.0 eV,
attributed to nitrogen in a Si3N4 environment;36 and a Si 2p doublet
peak [blue continuous and dashed lines in Fig. 2(b)] at ∼99.2 eV,
corresponding to Si0.

A second peak is revealed by the Si 2p spectra, situated at a
higher binding energy of ∼103.3 eV. The peak deconvolution was
done using two double peaks, one at ∼103.2 eV (orange continuous
and dashed lines) and one at ∼101.9 eV (green continuous and
dashed lines). The first peak corresponds to an energy shift of
∼4.1 eV from Si0 and is assigned to oxidized Si in higher oxidation
states,4,20 such as Si3+ and Si4+. The second peak (energy shift of
∼2.7 eV) can be assigned to Si–N bonds,36 with some contributions
from Si in lower oxidation states, such as SiOx species or Si–O–N
bonds.4,20 It is to be noted that neither Si-H nor clear N-H peak are
observed. A detailed discussion of the N 1s, C 1s, and O 1s XPS
core level peak and the surface composition obtained for this
pretreated sample can be found in Fig. S1 and Table S1 of the
supplementary material.

FIG. 1. (a) STEM image of the NH3 plasma pretreated substrate and (b) EDX
analysis along the film depth: N (black), O (green), and Si (blue) depth profiles.
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In order to investigate the source of the layer oxidation, an
in situ ALD capping by an AlN layer of a plasma N2-NH3 pre-
treated Si substrate was performed. As this in situ process does not
involve any oxygen, it is adequate to reveal the source of the PT
layer oxidation shown in Fig. 1. The resulting STEM-HAADF
image and EDX analysis are shown in Fig. 3.

A PT layer is still observed between the Si substrate and the
AlN capping layer, as indicated by the thin dark contrast layer
located at the Si surface in Fig. 3(a), whose thickness is ∼1.1 nm.
The elemental EDX profiles in Fig. 3(b) show that O atoms are

contained in the AlN layer, with a maximum oxygen concentration
located at the surface. Since the deposition does not involve any
oxygen source, we conclude that oxidation of the AlN layer occurs
during the subsequent exposure to ambient air. In addition, the O
content is low in the PT layer, as the O counts near the interface
with Si are very low. No sharp increase of the O signal is detected
at the interface between the Si substrate and the PT layer. These
results suggest that no oxidation of the PT layer occurs in the pres-
ence of a capping layer and that the amount of O detected in the
AlN layer is due to diffused O from the AlN layer surface. We can

FIG. 2. (a) XPS experimental spectrum of the pretreated Si substrate and (b) Zoom on Si 2p peak: Experimental and simulated.

FIG. 3. (a) STEM image and (b) EDX analysis along the film depth of the pretreated Si substrate after AlN capping.
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then conclude that the oxidation of the PT layer previously
observed in the uncapped sample [Fig. 1(b)] is mainly due to the
exposure to ambient air (after deposition). Hence, we assume that a
SixNy layer has been formed by the pretreatment.

The oxidized SixNy layer thickness measured in Fig. 1 was of
∼1.8 nm, which means that a slight increase in the thickness could
occur due to oxidation. However, this is expected to be the case
during ALD, as H2O can also oxidize the layer.26 Hence, for subse-
quent discussion, the PT layer thickness formed by the pretreat-
ment will be considered to be ∼1.8 nm.

Morphological and chemical characterizations of ALD
Al2O3 films

To study the effect of the N2-NH3 plasma pretreatment on the
ALD growth, the Al2O3 films deposited using 5, 20, and 75 ALD
cycles, on NPT and PT Si, were analyzed by STEM-HAADF, as

presented in Fig. 4. The Al2O3 thickness on the NPT and the PT Si
was measured by STEM and is also plotted in Fig. 4 (top diagram).
For the Al2O3 films deposited on the PT Si, the thickness is
deduced by subtracting that of the PT layer (∼1.8 nm, Fig. 1). In
our previous work,20 we measured the thicknesses of the ALD films
and their interface by X-ray reflectivity (XRR) STEM and TEM.
The good agreement between the STEM-HAADF and the other
techniques shows that the STEM-HAADF analysis is reliable for
the thickness measurement of the samples. The derived GPC is
also presented in Fig. 3 (bottom diagram). Since the number of the
NPT samples is limited, the error for the GPC estimation is rather
high. Hence, the GPC derived from XRR measurements,20 for the
same process conditions, is also presented in Fig. 4.

In order to study the efficiency of the N2-NH3 plasma pretreat-
ment on the Si substrate oxidation, the respective profiles of the EDX
counts of Si, O, Al, and N species along the film depth for films
deposited on both NPT and PT Si surfaces are presented in Fig. 5.

FIG. 4. Top diagram: Dark-field
STEM images of the ALD samples
and the derived thickness as a func-
tion of ALD cycles on NPT and
N2-NH3 plasma PT Si surfaces.
Bottom diagram: GPC derived from
the thickness measurements.
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Figure 4 shows that after 5 ALD cycles, no clear continuous
deposition of Al2O3 is observable on the NPT samples. This
confirms the low reactivity of the H-terminated surface resulting
from the HF cleaning toward the ALD reactants. In order to
deposit a continuous layer, more ALD cycles are needed. Indeed,
EDX characterizations [Fig. 5(a)] show that after 5 ALD cycles on
the NPT Si surface, only a very small amount of Al can be traced
on the Si surface. This confirms that the Si surface is highly passiv-
ated toward TMA by the HF cleaning, which leaves the surface
H-terminated. This low reactivity has previously been discussed in

the literature;10,16,17 it results in island growth during the first ALD
cycles18–20 and explains the low detection of Al in Fig. 5(a), as after
5 cycles, the film is not continuous yet. We confirmed this behavior
by XRR measurements combined with an island growth model.20

The low reactivity of the initial Si surface is further discussed in the
Discussion section.

Si oxidation, however, occurred as seen by the clear rise of the
O counts when moving from the Si substrate toward the C capping
layer [Fig. 5(a)]. This oxidation can be due to the sample exposure
to the atmosphere after the deposition or to oxidation from H2O.

FIG. 5. EDX count profiles for Al, Si,
O, and N species of the ALD films:
Left column: NPT Si surfaces: (a) 5
cycles, (b) 20 cycles, and (c) 75
cycles. Right column: N2-NH3 plasma
PT Si surfaces: (d) 5 cycles, (e) 20
cycles, and (f ) 75 cycles.
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The presence of Al on the surface is known to catalyze the Si oxida-
tion.17,31 Hence, a small amount of Al deposited on the surface
could lead to the oxidation of nearby Si. The thickness of the oxi-
dized Si layer is ∼1.9 nm. The mechanism for the Si oxidation
involves the formation of Al-OH and Si-OH species during the
island growth regime, catalyzed by the presence of Al on the
surface. This has been shown and discussed for the NPT samples,
using XPS and SIMS measurements.20

After 20 cycles on NPT, a deposited layer with a brighter con-
trast attributed to Al2O3 can be seen on the STEM micrograph.
This layer has a thickness of ∼1.3 nm, measured from the STEM
image. The fact that the layer has a surface roughness and a
varying contrast along its length could mean that it is not continu-
ous yet. This is consistent with the results of Puurunen et al.,18

who reported that after 20 cycles, the deposited film is not yet con-
tinuous, due to the island growth regime during the first cycles of
deposition. Furthermore, an interfacial layer of ∼1.6 nm appears
between the deposited Al2O3 and the Si substrate. This layer, con-
sisting mainly of Si oxides [Fig. 5(b)], is formed by Si oxidation
from H2O during the ALD island formation as well as through
interdiffusion between Si and the ALD deposited layer.22 This
interfacial layer has been analyzed by XPS, EDX, and SIMS for the
NPT samples20 and showed that it consists of Si oxides in various
oxidation states as well as Al-silicates.

After 75 cycles on NTP, a ∼7.2 nm layer of Al2O3 is deposited
(Fig. 4). An increase of the Si substrate oxidation is also observed,
as the interfacial oxide layer has grown to ∼2.4 nm. The Si surface
on the 75 cycle sample is also rougher than on the other two
samples. This could lead to a higher apparent thickness of the
interfacial oxide. Nevertheless, the increase in the interface thick-
ness is clear between 20 and 75 cycles.

In both the 20 and 75 cycle samples on NPT, moving from
the Si substrate to the C capping layer, the O counts rise before the
respective Al counts [Figs. 5(b) and 5(c), respectively]. This shows
that there is an interface between the deposited film and the Si sub-
strate, which consists of oxidized Si. For the 20 cycle sample on
NPT, this layer consists of ∼1.5 nm of SiOx and ∼0.7 nm of a
region where Si, O, and Al species are simultaneously present, as
estimated from the full width at half maximum (FWHM) of the
element counts. For the sample deposited using 75 cycles on NPT,
the Si oxidized layer consists of ∼1 nm SiOx and ∼1.4 nm of the Si,
O, and Al region. These values are consistent with the STEM mea-
surements (Fig. 4) and are close to values reported by previous
works.27,30 These results show the formation of a SixOyAl layer,
probably created through interdiffusion of species during ALD. The
presence of SixOyAl was also shown by XPS and SIMS analysis of
the NPT samples.20

When the N2-NH3 plasma pretreatment is performed prior to
deposition, the STEM images show that even after 5 ALD cycles
(Fig. 4), a ∼2.2 nm thick layer has been deposited. A clear Al count
peak can be seen on the respective EDX counts [Fig. 5(d)], moving
from the Si substrate to the C capping layer. We can deduce from
the deposition of Al that the N2-NH3 plasma pretreatment is
efficient in enhancing the reactivity of the surface, thanks to the
formation of the PT SixNy layer. The contrast difference between
the PT layer and the ALD Al2O3 film is not clear. The Al2O3 thick-
ness can be obtained by subtracting the ∼1.8 nm layer measured

for the sample without deposition [Fig. 1(a)], from the total layer
thickness. This leads to a value of ∼0.4 nm.

Figure 5(d) also shows a significant reduction of the Si oxida-
tion. No region is detected, where only Si and O species are
present. A layer of Si, O, and N appears, with a thickness of ∼1 nm,
using the FWHM. The presence of Al cannot be excluded within
this region; however, the EDX Al counts are low. Then, a region of
∼0.8 nm is measured where Si, O, Al, and N are all present. Al
diffusion and deposition in the less dense SixNy layer could explain
this result, as the fact that although the less dense amorphous PT
layer could not be easily observable by STEM [Fig. 1(a)], the layer
with 5 ALD cycles could be distinct with a darker contrast (Fig. 3).

After 20 and 75 cycles on the PT Si surfaces (Fig. 4), the total
deposited film thickness reaches ∼3.7 nm and ∼9.1 nm, respec-
tively, which correspond to a thickness increase of ∼1.9 nm and
∼7.3 nm, respectively, compared to the PT layer. As the brighter
contrast Al2O3 film is deposited, the contrast difference between
the PT layer and Al2O3 becomes clearer and the two layers can
be identified. The Si substrate oxidation [Figs. 5(e) and 5(f )] is
reduced compared to the respective NPT samples [Figs. 5(b) and 5(c)].
For the 20 cycle sample, the SiONH region thickness is ∼1 nm,
using the FWHM. Between the Si-O-N-H layer and the deposited
Al2O3 film, a region of Si, N, Al, and O exists with a thickness of
0.8 nm. The respective SiONH for the 75 cycle sample is ∼0.5 nm
thick, while the region of Si, N, Al, and O has a thickness
of ∼1 nm.

The above results show an enhanced deposition on the PT Si
surfaces during the first ALD cycles, in comparison with the NPT
Si surfaces. For the NPT substrates, no unambiguous film deposi-
tion is observable after 5 cycles, while the averaged GPC is only
of ∼0.07 nm/cycle after 20 cycles and reaches ∼0.1 nm/cycle
between 20 and 75 cycles. On the PT substrates, the mean GPC
is ∼0.1 nm/cycle between 5 and 75 cycles, which is the GPC
obtained at 300 °C during the steady ALD regime in our process
setup.13 This mean value was also found by STEM measurements
on samples deposited after 10 and 30 cycles (not shown) on the PT
samples. Hence, the island growth regime period, reported to occur
during the first ALD cycles,3,16–20 has successfully been restricted by
using the N2-NH3 plasma pretreatment of the Si surface.

Furthermore, the results of Fig. 5 show a significant reduction
of the substrate oxidation, in comparison with the NPT samples.
This reduction is attributed to the barrier properties of the SixNy

layer against oxygen diffusion. Figure 1(b) shows that although the
SixNy layer is oxidized, the Si surface beneath the PT layer is pro-
tected, and the SiOx layer formation is reduced.

In order to confirm this low substrate oxidation on PT samples,
XPS characterizations were also performed on a PT Si sample with
20 ALD cycles of TMA/H2O. The Si 2p XPS spectra and their
deconvolution are shown in Fig. 6.

It shows that the Si 2p XPS spectra exhibit a doublet peak
(blue continuous and dashed lines) at ∼99.1 eV, corresponding to
Si0. It can be seen (Fig. 6) that the second peak in the Si 2p spectra
is now situated at 101.7 eV. For this peak deconvolution, only a
doublet peak at 101.6 eV was used (green continuous and dashed
lines, energy shift of ∼2.5 eV).

Si in higher oxidation states was hence not detected on the
20 cycle PT sample, while the peak is assigned mainly to Si–N
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bonds,36 with some contributions from Si in lower oxidation states,
such as SiOx species, Si–O–Al, or Si–O–N bonds. It is evident from
Fig. 5 that the Si oxidation was reduced when 20 cycles of ALD
were performed. This shows the barrier properties of the Al2O3

film in reducing the substrate oxidation.
XPS characterizations of ALD deposited Al2O3 films on NPT

Si revealed main peaks situated ∼3.4 eV higher in energy than the
Si0 main peak, with the main contribution being from higher Si
oxidation states.20 In Fig. 6, it is seen that this energy shift is lower
(∼2.5 eV), and the main contribution of the secondary peak at
101.6 eV is assigned to Si–N bonds.36 The XPS core peaks (N 1s,
Al 2p, C 1s, and O 1s) as well as the surface composition table for
the sample after pretreatment and 20 cycle ALD are presented in
Fig. S2 and Table S2 of the supplementary material. These results,
along with the EDX depth profiles of Fig. 5, show that indeed the
Si substrate oxidation is reduced when introducing the N2-NH3

plasma pretreatment of the Si substrate prior to deposition.

DISCUSSION

Effect of the N2-NH3 plasma pretreatment on the
initial deposition steps

Figure 3 shows that for the NPT Si substrates, a nucleation
period exists before attaining the linear ALD regime. As previously
said, this is due to the H-termination of the Si surface after the HF
cleaning. The Si–H bonds are unreactive toward both ALD reac-
tants.16,17 The deposition during the first ALD cycle initially takes
place on surface defects,16,19 such as Si-OH or Si-O-Si groups,
which were not removed during the HF cleaning of the substrate

and serve as nucleation sites. Although the HF pretreatment is able
to remove the majority of SiOx, certain surface defects remain on
the surface but not in the form of a continuous layer. During the
next cycle, the film is preferentially formed around and on the
already deposited Al2O3, leading to an island growth mode, up to
the point where the islands coalesce and form a continuous
film.18–20 Our results show that for the NPT substrates, the cons-
tant GPC of ∼0.1 nm/cycle previously reported for the present
ALD process13 is not yet achieved after 20 cycles, in consistent with
the results of Puurunen et al.18 A detailed, experimental, and com-
putational investigation of the initial deposition steps and the
growth regime allowed concluding that an island growth regime
takes place during the initial deposition steps.20 From this analysis,
it was shown that the initial concentration of surface defects was
0.08 groups/nm2 and that 25 ALD cycles are needed in order to
obtain a fully continuous film.

When performing the N2-NH3 plasma pretreatment, the
deposition is enhanced during the initial ALD cycles. The results of
Fig. 4 indicate that a constant GPC of ∼0.1 nm/cycle is obtained
even after 5 cycles. The film is continuous over the surface even
after 5 cycles (Fig. 4).

Xu et al.27 also reported a higher deposition during the first
ALD cycles when using an NH3 plasma pretreatment. However, in
their study, the total thickness of the film observed by TEM is
assumed to consist of Al2O3, leading to a 6.7 nm film thickness
after 35 ALD cycles. This value would imply a mean GPC of
∼0.19 nm/cycle, which is almost two times the previously reported
GPC of Al2O3 from TMA and H2O.

7,13,19 Once the Al2O3 film is
continuous, the initial surface does not affect anymore the deposi-
tion and the process enters in its steady ALD regime. Hence, no
surface pretreatment should affect the deposition once the system
attains the linear ALD regime. In this work, we show [Fig. 1(a)]
that the N2-NH3 plasma pretreatment results in an amorphous
layer. The film thicknesses obtained in our present study reveal that
after 5 cycles, the growth indeed reaches the ALD regime, with a
constant GPC of 0.1 nm/cycle, in agreement with reported values
from the literature7,19 as well as experimental and computational
predictions performed for our ALD system in our previous work.13

We now proceed to a literature review to explain the effect of
the N2-NH3 plasma PT on the initial growth increase. Widjaja and
Musgrave32 studied the nitridation of the Si surface under the
exposure of NH3, using density functional theory (DFT) calculations.
NH3 adsorption is dissociative on the Si surface, leading to the forma-
tion of Si-NH2 surface species.32 They showed that around 327 °C,
further dissociation is possible, with the insertion of N in the Si–Si
bonds.32 A combined experimental and theoretical study from
Rodríguez-Reyes and Teplyakov33 using DFT calculations and IR spec-
troscopy validate the above results, showing that the Si-NH2 surface
species start to dissociate between 227 and 327 °C to form (Si)2NH, in
two different structures, bridged and backbonded,33,34 where neither
of the two could be ruled out. In our case, as the exposure to N2-NH3

plasma is performed at 300 °C, we assume that all three structures
could be formed: Si-NH2, which is not completely dissociated, and
(Si)2NH in both bridged and backbonded structures.33,34

Lin and Teplyakov35 studied the mechanisms occurring
during TMA exposures of the Si surface using DFT calculations
and computed energy barriers for TMA adsorption and reaction

FIG. 6. Si 2p XPS spectra for PT Si sample with 20 cycle ALD. Experimental
and simulated.
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on Si–H bonds. The authors performed the same study for TMA
adsorption and reaction Si–NH2 and (Si)2NH bonds in both
bridged and backbonded structures.35 The considered mechanisms
taken into account are the following:

TMA on Si-H

Al(CH3)3 reversibly adsorbs on Si-H forming a weak Al–Si
bond. The predominant reaction yields a surface Si-Al(CH3)2, with
the desorption of CH4. This reaction is considered irreversible. The
mechanism is shown hereafter,

Al(CH3)3(g) þ SiH(s) $ SiH(Al(CH3)3)ads ! SiAl(CH3)2(s) þCH4(g) :

(R1)

TMA on NHx-terminated SI

Al(CH3)3 reversibly adsorbs on surface NH forming an Al–N
bond. The reaction taking place yields a surface N-Al(CH3)2, with
the desorption of CH4. This reaction is considered irreversible.
The above mechanism is shown below, for SiNH2 and both of the
two different (Si)2NH structures,

Al(CH3)3(g) þ SiNH2(s) $ SiNH2(Al(CH3)3)ads

! SiN(Al(CH3)2)H(s) þ CH4(g) , (R2)

Al(CH3)3(g) þ (Si)2NH(s) $ (Si)2NH(Al(CH3)3)ads

! (Si)2NAl(CH3)2(s) þ CH4(g) : (R3)

Their results are presented in Fig. 7.
It shows that the deposition is favored for the three different

NH bonds, compared to the Si–H bonds. TMA is found to adsorb
more exothermically on the Si–NHx bonds, than on the SiH ones.
The overall energy barrier to reach the transition state is signifi-
cantly smaller for the NH-terminated bonds, and the final products

are in a much lower energy state. In particular, the NH2 is the
more favorable surface termination for the deposition of TMA,
presenting the lower overall energy barrier, of 39.9 kJ/mol, while
the reaction products are 113.7 kJ/mol lower in energy than the
reactants.35

We now perform a reaction probability study of an already
adsorbed TMA molecule on the surface, in order to analyze the
N2-NH3 plasma pretreatment effect on the TMA deposition kinet-
ics. We calculate the reaction probability (preaction) of an adsorbed
TMA molecule on the surface, by dividing its forward reaction rate
(Rreaction) with the total rate of all possible events, which for the
adsorbed TMA are forward reaction and desorption (Rdesorption),

preaction ¼ Rreaction

Rreaction þ Rdesorption
: (1)

Both mechanisms are assumed to follow first order Arrhenius
kinetics. We assume the activation energy for desorption (Edesorption)
to be equal to the energy released during the adsorption step. The
forward reaction energy barrier (Ereaction) is the difference between
the energies of the transition state and the adsorbed TMA state.
By assuming that the preexponential factors for both reaction and
desorption are equal, the reaction probability can be expressed as

preaction ¼ e
�Ereaction

RT

e
�Ereaction

RT þ e
�Edesorption

RT

, (2)

where R is the ideal gas constant and T the temperature.
The results for the reaction probabilities calculated at 300 °C

are shown in Table I, using the activation energies computed by
Lin and Teplyakov.35

Results of Table I show a clearly higher reactivity of the
Si-NH2 and (Si)2NH species toward the ALD reactants, in compari-
son with the Si-H species. An adsorbed TMA molecule has a reac-
tion probability increased by more than seven orders of magnitude
on NH-terminated surfaces than on the Si-H surface. Specifically,
the highest reaction probability is computed on Si-NH2.

It must also be noted that besides the TMA reactions with the
PT surface, the H2O reactions are also favored. The low reactivity
of the H-terminated Si surface toward H2O has been previously
studied theoretically10 and experimentally.16,17 Brewer et al.26 showed
that on the NH3 pretreated Si, deuterated water D2O reacts and oxi-
dizes the PT layer, even at temperatures as low as 190 °C. These reac-
tions could lead to the formation of oxygen containing species, such

FIG. 7. Data from Lin and Teplyakov35 for the deposition of TMA on Si with
different surface terminations.

TABLE I. Reaction probabilities for the different surface bonds calculated at 300 °C,
using the energies calculated by Lin and Teplyakov.35

Surface termination Reaction probability at 300 °C

Si-H 6.0 ⋅ 10−13

Si-NH2 2.3 ⋅ 10−4
(Si)2NH (bridged) 1.3 ⋅ 10−5

(Si)2NH (backbonded) 1.8 ⋅ 10−5
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as Si–O–N or OH bonds on which TMA can chemisorb more favor-
ably during the subsequent reactant exposure.

Effect of the N2-NH3 plasma pretreatment on
substrate oxidation

Besides increasing the growth rate during the initial deposition
cycles, the N2-NH3 plasma pretreatment is also effective in reduc-
ing the Si surface oxidation (Fig. 5). For the NPT Si surfaces, the
interfacial oxide thickness remains close to 2 nm for all samples.

Such interfacial layer thicknesses have already been observed by
Xu et al.27 and Kaur et al.30 We showed that for the NPT samples,
the interfacial layer consists of Si oxides in multiple oxidation states,
AlOx species, and SixOyAl.

20 It has been reported that it is formed by
species interdiffusion and reaction through Al-OH defects in the film
bulk.4,23 Si–OH bonds created during the island growth mode of the
first cycles could also be a source of Si oxidation.22 The presence of
such species has been evidenced for the NPT samples by SIMS anal-
ysis.20 The Si oxidation during the nonfull coverage of the surface by
Al2O3 islands has also been reported by Xu et al.24 and has been
overcome by applying long TMA exposures of the Si substrate prior
to deposition.

In the case of the PT Si surfaces, our results indicate that
for all samples, the substrate oxidation is significantly reduced.
This shows that the PT layer along with the ALD deposited film
serve as an effective barrier toward the oxidation of the Si substrate.
This substrate oxidation reduction has been previously reported by
Brewer et al.,26 as well as by Xu et al.,27 who reported low interface
oxidation. In their work, Brewer et al.26 exposed the NH3 pretreated
Si surfaces to D2O. They reported that although D2O oxidizes the
formed SixNy layer even at modest temperatures, the substrate
surface beneath it is not oxidized. This shows that the pretreatment
formed layer protects the Si surface from oxidation. Results of
Figs. 1(b), 5, and 6 validate these observations. To determine
whether the oxidized SixNy interface of the PT samples presents
better interfacial properties than the SiOx and SixOyAl interface of
the NPT samples, electrical characterizations should be per-
formed, which are off the scope of the present study. Xu et al.27

have shown that Al2O3 films grown on N2-NH3 plasma pretreated
Si present better thermal stability, lower leakage current, and
smaller CV hysteresis.

CONCLUSION

In this work, the effect of an in situ plasma N2-NH3 pretreat-
ment of the Si (100) substrate prior to Al2O3 ALD from TMA and
H2O is thoroughly investigated both experimentally and theoretically,
considering literature results. This pretreatment leads to significant
deposition increase during the first ALD cycles, as observed by
STEM images and EDX measurements. This is explained by the
fact that the pretreated surface consists of Si-NH2 and (Si)2NH
groups, which are considerably more reactive toward TMA than
the H-terminated Si surface formed during the standard HF clean-
ing of the Si substrate. The substrate inhibition leading to island
growth is then reduced, and a constant GPC is reached after 5 ALD
cycles, instead of tens of cycles without such pretreatment. This
pretreatment is also effective in reducing substrate oxidation. The
interfacial oxide layer is ∼2 nm for the nonpretreated samples,

while no SiOx layer is detected for the samples with pretreatment.
The amorphous layer formed by the pretreatment serves as an
effective protective layer for the Si surface, as was shown by EDX
and XPS characterizations. Although this layer is itself oxidized, the
Si surface oxidation is reduced, which should improve the dielectric
behavior, according to results reported for similar SixNy interfaces.

This study shows that two of the main disadvantages of Al2O3

ALD from TMA and H2O on Si, i.e., initial deposition inhibition
and the growth of the interfacial SiOx layer, can be reduced by
using an appropriate Si surface pretreatment. This approach can be
applied to other ALD materials, such as the promising high-k
HfO2, presenting the same drawbacks. The achievement of deposi-
tion of continuous nanometric dielectric films with abrupt inter-
faces with Si could allow ALD to answer to the increasing demand
of nanoelectronic device integration.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed discussion of the
N 1s, C 1s, and O 1s XPS core level peak and the surface composi-
tion obtained for the pretreated samples without ALD and with
20 cycle ALD.
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