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We present a first-principles study on the dissociative reaction of mono(alkylamino)silane precursors with
different sizes of alkylamino ligands on a hydroxylated SiO, (001) surface. The adsorption energies (AEap),
reaction energy barriers (AE,), and desorption energies (AEpg) of by-products for the six chosen precursors
were compared and their ALD windows of temperature were estimated. The results indicate that the
dissociative reactions of all six precursors are energetically favorable and DMAS, DEAS, DPAS, DIPAS and
DSBAS are appropriate for low temperature deposition with relatively wide ALD windows. In addition, the

analysis of reaction rate constants suggests that DMAS, DEAS, DPAS and DIPAS can be used to grow SiO,
Received 24th February 2017 thin fil ith a hiah d iti te. Due to the high ti t tant d wider ALD wind
Accepted 20th April 2017 in films with a high deposition rate. Due to the higher reaction rate constants and wider windows
of DPAS and DIPAS, they are the most appropriate precursors for ALD at low temperature. These findings

DOI: 10.1039/c7ra02301d underscore the important role of substitution groups in the precursors and suggest ways for designing
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Introduction

With the increasing demand for smaller but highly integrated
devices in the electronics industry, conformal film deposition
technologies capable of controlling the thickness and the
structural patterns of thin films at the atomic scale have become
indispensable.’ Atomic layer deposition (ALD), a variant of the
chemical vapor deposition (CVD) technique, has now been
widely accepted to be an efficient method for fabrication of
uniform, conformal, and ultrathin films through sequential,
self-limiting surface reaction processes between precursors and
active surface species.” The ALD technique has been embraced
by semiconductor manufacturers for new device fabrication
and extensively used in microelectronics, optoelectronics,
photonics, display technology, catalysis and coatings.*

As one of the most essential materials in semiconductor
industry, silicon dioxide (SiO,) has been used in dynamic
random-access memories (DRAMs) and complementary metal-
oxide semiconductors (CMOS) and field-effect transistors
(FET).*® SiO, thin films have been deposited with a variety of
techniques.®® However, with the shrinkage of feature size and
the growing demand for films with high uniformity and con-
formality, ALD technique has been deemed to be the preferred
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better precursors for deposition of conformal, dense, and high-purity thin films via ALD processes.

deposition method at moderate temperature.* Efficient precur-
sors for ALD techniques are of critical importance for deposi-
tion of high-quality thin films at low temperature with low
impurity levels. Among the Si precursors, such as Si halides,***
alkoxides™™** and alkylamides,**™” alkylaminosilanes-based
precursors have been shown to be superior to other types of
materials due to their high reactivity at relatively low deposition
temperature, high controllability for developing high density
thin films, and capability to offer relatively high growth
rate.4,18—20

There are two essential attributes for a viable precursor.
First, the molecule must be chemically sufficiently stable so that
decomposition does not occur prior to thin film deposition.
This is important for preserving a relatively long shelf life and
ensuring high purity of the film. The precursor must also be
sufficiently reactive so that surface reactions can rapidly take
place upon deposition. This is essential to ensure that the film
grows at a relatively low temperature, which is paramount for
maintaining the right feature size and film roughness. There-
fore, the relative reactivity of the precursor is critical for deter-
mining the deposition temperature as well as the density,
purity, and roughness of the thin film. The structure of the
precursor molecule is responsible for the reactivity and thus for
the film quality as well. Previously, ALD growth of high-quality
SiO, films required high temperature (>600 °C) and large
fluxes because there were no suitable effective Si precursors.
Later, this problem was solved by using Lewis base catalyst,
such as ammonia (NHj) or pyridine (NCsH;),*"** or Lewis acid
catalyst®?** to lower the energy barrier of an ALD reaction.
Similarly, through the introduction of an amino group, ami-
nosilane precursors play an important role of self-catalysing in
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Si-O formation of SiO, ALD.»* Recently, various
alkylaminosilane-based molecules with appropriately reactive
functional ligands have been evaluated and tested with the aim
to identify most suitable precursors for SiO, thin film growth
both experimentally®*** and theoretically.">"**-** It was found
that an increase in the degree of alkylamino substitution on Si
atom would result in a reduced deposition rate and a use of
tris(alkylamino)silane-based precursors may lead to a higher
degree of impurity in the films, especially in a low temperature
range of the ALD window.'®*® For example, the dissociative
chemisorption of tris(dimethylamino)silane (TDMAS) occurs
only up to the second step with dimethylaminosilylenyl frag-
ment anchored on the surface, which would give rise to surface
impurity.**?®

The recently proposed mono(alkylamino)silane-based
precursors, such as di(isopropylamino)silane (DIPAS)*** and
di(sec-butylamino)silane (DSBAS),'”** have gained much atten-
tion because these compounds are capable of providing
increased reactivity toward surface reactions with sufficient
stability. High quality of SiO, thin films can be achieved at lower
temperatures with these compounds, compared to bis(alkyla-
mino)silane and tris(alkylamino)silane based precursors.'”*®
Nevertheless, despite extensive interests in these materials,
little work has been done on the mono(amino)silane based
precursors with various alkylamino ligands and on the ligand
size effects on the surface reactivity of these precursors. Clearly,
a systematic comparative study on the chemical reactivity of
mono(amino)silane-based precursors against the aminosilane
compounds with multi-alkylamino ligands may shed light on
the design and development of promising precursors for
deposition of conformal, dense, and high-purity SiO, films
via ALD.

A typical ALD process for growing a SiO, thin film using
aminosilane based precursors includes surface adsorption and
reaction of the aminosilane molecule followed by a purge of gas
phase species; the process then proceeds with oxidation of the
Si-H species to form Si-OH species on the surface followed by
a gas purge. By controlling the number of growth cycles, a SiO,
film with the desired thickness is then developed. To predict the
actual reactivity of the precursor with the surface, a more
credible screening method should invoke the ALD reaction
mechanism that can be used to describe the surface reactivity of
the precursor, encompassing adsorption energy, desorption
energy, surface reaction energy, activation energy, etc.'® Our
previous studies suggest that the surface oxidation step is both
thermodynamically and kinetically facile.'®*” Therefore, to
unveil the mechanism of the ALD process, it is most essential to
understand the adsorption and then the reaction of the ami-
nosilane molecule on the chosen surface.

In this paper, we present a theoretical study on the disso-
ciative chemisorption of several mono(alkylamino)silane
precursors with various sizes of alkylamino ligands on
a hydroxylated SiO, (001) surface using density functional
theory with the van der Waals interaction accounted for. The
precursor molecules with increasing ligand sizes, including
di(methylamine)silane (DMAS), di(ethylamino)silane (DEAS),
di(propylamino)silane =~ (DPAS),  di(isopropylamino)silane
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(DIPAS), di(sec-butylamino)silane (DSBAS), and di(¢-butyla-
mino)silane (DTBAS), were chosen to systematically understand
their thermochemistry and kinetics involved in the surface
reactions. The relative reactivity of these molecules was
compared and the most appropriate candidate for ALD depo-
sition of SiO, surfaces was identified. The study thus provides
useful information on the design of efficient ALD precursors for
SiO, thin film growth.

Surface model and computational
method

The model of the reconstructed and fully hydroxylated SiO,
(001) surface was obtained from our previous work (Fig. 1) and
the details on the validation of the simulation model can be
found in ref. 17. Briefly, the SiO, (001) surface was modeled with
slabs upon imposing a periodic boundary condition on
a chosen supercell. Between slabs, a vacuum gap of approxi-
mately 15 A thick was inserted to avoid an inter-slab interaction.
The surface was first optimized prior to precursor adsorption.
Density functional theory (DFT) with the exchange-correla-
tion functional proposed by Perdew, Burke, and Ernzerhof
(PBE)* was used for the electronic structure calculations. The
projector augmented wave (PAW) method*' was used to describe
the core electrons of atoms, and the valence orbitals were rep-
resented with a plane-wave basis set with a cutoff energy of
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Fig.1 Optimized structure of the hydroxylated SiO, (001) surface: (a)
top view and (b) side view.
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400 eV. Electronic energies were calculated using a self-
consistent-field (SCF) with the tolerance of 10~ eV. Structural
optimizations were conducted for all atoms in the chosen unit
cell except the bottom two layers of the substrate, which
remained fixed throughout, until the total energy of the system
converged to be less than 10~ eV. The transition-state structure
was obtained using the nudged-elastic-band (NEB) search
algorithm** with the initial and final states selected based on
the optimized structures and the number of images chosen to
be six. The Brillouin zone integration was sampled within a 2 x
2 x 1 Monkhorst-Pack k-point mesh.** The computations were
performed using the Vienna ab initio simulation package
(VASP).** The van der Waals interaction was taken into account
in the overall interaction force based on the Grimme's DFT-D2
approach.” The analysis of the charge distribution of the Si
precursors and the hydroxyl groups on the surface was carried
out using the Bader analysis method developed by Henkelman
et al.*®

With the same computational settings, the Si precursors and
by-product molecules were optimized in a 20 x 20 x 20 A3
vacuum box with a 1 x 1 x 1 Monkhorst-Pack grid k-point
mesh in order to obtain the energetically most favorable
structures. The optimized structures of DMAS, DEAS, DPAS,
DIPAS, DSBAS, and DTBAS were shown in Fig. S1 from ESI.{ The
adsorption energy (AE,p), the reaction activation barrier (AE,),
the reaction energy (AE) for the dissociative chemisorptions of
aminosilane molecules on fully hydroxylated SiO, (001) surface,
and the desorption energy (AEpg) of the by-products were
calculated using the equations listed in ESL{

Results and discussion

As shown in Fig. 1, the hydroxylated SiO, (001) surface exhibits
two types of hydroxyl groups: one is more exposed (labeled as
0O1) and another is somewhat embedded (denoted as 02). It has
been identified from our previous study that the O1 sites are
more accessible for electrophilic attack by precursor molecules
due to the high electron density and the high surface exposure
of the oxygen atom. Moreover, the H atom of the O1 site is more
reactive to form a H-bond with Si precursor.” Table 1 summa-
rizes the calculated Bader charges of all the Si precursors. Our

Table1 The Bader charges on the Si precursors and the bond lengths
of Si—N in the precursors before and after adsorption of the precursors
on the surface

Bader charge (¢)  Si-N bond length (A)

Before After
Precursors  Si N adsorption  adsorption  A(Si-N)
DMAS 2.55 —1.42 1.737 1.781 0.044
DEAS 2.54 —1.42 1.740 1.786 0.046
DPAS 2.49 —1.51 1.741 1.778 0.037
DIPAS 2.51 —-1.37 1.752 1.792 0.040
DSBAS 2.52 —1.35 1.749 1.791 0.042
DTBAS 2.52 —1.33 1.763 1.787 0.024
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results show that the charge on the Si atom is positive and the
charge on the N atom is negative for all the molecules. There-
fore, upon precursor adsorption, both Si and N atoms on the
molecule readily land on the negatively charged O1 and the
positively charged H atoms of the surface, respectively. Previous
results by Kim and co-workers*” suggest that the Si-N bond is
the weakest among the covalent bonds in the precursor mole-
cules. Therefore, precursor decomposition can readily occur
upon the molecular deposition to yield gas-phase organic-
amines and surface Si-O species.

For a ALD reaction to proceed, the precursor molecules first
undergo dissociative chemisorption on the hydroxylated SiO,
(001) surface. The optimized adsorption configuration of the Si
precursors on the surface and their adsorption energy (AE,p)
are shown in Fig. 2. Variations of the Si-N bonds in the Si
precursors before and after adsorption on the surface are shown
in Table 1. Upon precursor approaching to the surface, one H
atom from the more exposed O1 site is attracted by the lone pair
electron on the N atom of precursor, forming a strong H-
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Fig. 2 Adsorption structures and adsorption energies (AExp) of (a)
DMAS, (b) DEAS, (c)DPAS, (d) DIPAS, (e) DSBAS, and (f) DTBAS.
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bonding interaction for the precursor molecule to be anchored
on the hydroxylated SiO, (001) surface. As the size of ligands
increases, the N-H distances are gradually elongated from 1.571
A t02.126 A due to steric hindrance, which may further result in
a poor hydrogen bond interaction for precursors with large
ligands, such as DTBAS. As expected, the calculated adsorption
energy decreases from 19.5 kcal mol ! for DEAS to 16.2 kcal
mol " for DTBAS. The adsorption gives rise to significant acti-
vation on the Si-N bond of the precursors, which is approxi-
mately elongated by 0.04 A, implying that the subsequent
dissociation of the precursors may be an energetically facile
process.

In general, the activated Si precursors upon adsorption
undergo a one-step dissociative reaction, leading to formation
of a -SiH; intermediate species on the surface and elimination
of by-products. The formation of SiO-SiH; intermediate species
had been confirmed by Pefa et al. using in situ Fourier trans-
form infrared (FTIR) spectroscopy.”®* We first focus on the
reactivity of DIPAS, which has been experimentally examined, to
understand the reaction mechanism of a Si precursor on the
hydroxylated SiO, (001) surface. The optimized structures with
the main structural parameters and energy variations for the
dissociative reaction of DIPAS are shown in Fig. 3. The adsorbed
DIPAS reacts with -OH to produce -SiH; intermediate species
on the surface, eliminating di-isopropyl-amine (DIPA) into gas
phase as a by-product. Initially, the DIPAS molecule is adsorbed
on the hydroxylated SiO, (001) surface through strong hydrogen
bonding with the H---N distance of 1.803 A, leading to activa-
tion of the precursor molecule with the Si-N distance elongated
from 1.752 to 1.792 A. As the surface reaction proceeds, a four-
membered ring transition state formed by the elongated Si-N
bond length in DIPAS and the stretched O-H distance on the
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substrate is then formed to further activate the precursor. In the
meantime, a strong Si-O interaction is established with
a significantly decreased Si-O distance from 3.152 to 2.065 A to
stabilize the partially dissociated DIPAS. As a result, only
a modest reaction barrier of 10.9 kcal mol ™" is necessary for the
dissociative chemisorption of DIPAS. The complete dissociation
of DIPAS gives rise to formation of a -SiH; intermediate species
on the surface with a strong Si-O bond of 1.696 A, close to the
value in the SiO, single-crystal structure (1.610 A). Finally,
a DIPA molecule is released to the gas phase with a relatively
small desorption energy of 8.1 kcal mol .

Similar computational procedure was utilized to evaluate the
chemical reactivity of other Si precursors upon dissociative
chemisorption (Fig. S2-S7 from ESIt). The calculated adsorp-
tion energies, activation barriers and desorption energies of the
by-products are shown in Table S1{ and plotted as a function of
ligand size in Fig. 4. Generally, adsorption energy decreases
with respect to ligand size due to the steric hindrance. However,
the calculated desorption energies exhibit an almost monotonic
increase with the large ligand size, which is attributed to the
strong van der Waals interaction between the by-products and
the substrate. For small precursors, such as DMAS and DEAS,
the activation barriers for dissociative chemisorption are
slightly higher than that of DPAS and DIPAS with larger ligands.
A sharp drop on the activation barriers is then observed for
DPAS with a strong Si-O interaction that stabilizes the transi-
tion state with the calculated Si-O distance of 1.755 A (Fig. S4
from ESIf). A further increase of precursor size leads to
a monotonic increase of the energy barriers due to the steric
repulsion between the bulky amine group and the surface.
Notably, the dissociation of all precursors are kinetically
favorable with relatively moderate reaction energy barriers

N-Si 2286 A
Si-0 2.065 A
O-H 2444 A ‘
5 HN 1031 A o
2.065A S
ot B
=
e o
>E ) Before Adsorption Transition State c
< . ¢
Q
2 10 | 4Exp(18.8) ? b
= (W W oy |
20 -15 } 4E4(10.9) By-product Desorption
Q
5 |
- 20 £
) N-Si 1792 A N 4E (-5.9) AEpe(8.1)
s | Si-0 3.152A L7924
B O-H 10264 7B - A
H-N 1.803A © L 31524 y N-Si 3.648
L8OSATT, /1 o26d § 3. Si-0 1.696 A
© > Z -4 O-H 3.549 A
g ’ LO26ATE, H-N 1.026 A
29 ‘ C i 1.696A
Adsorption C <
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Fig. 4 The estimated ALD windows on the basis of adsorption ener-
gies (AEap) and reaction energy barriers (AE,) of the Si precursors, and
desorption energies (AEpg) of the by-products as a function of ligand
size of precursors. The ALD windows are expressed in terms of energy
and temperature. The approximate temperature ranges on the right
vertical axis came from the reported experimental values of DIPAS.

(<15.0 keal mol™") due to a self-activation scheme of the amino
group, whereby the N atom can interact with ~OH groups on the
surface through strong N---H hydrogen bonding.>

Generally, two factors are critical for determining the
appropriate precursor for ALD: (1) to prevent precursor
desorption prior to its dissociation, the adsorption energy of the
precursor should be higher than the reaction energy barrier of
precursor dissociation,” ie. AE,p, > AE, (2) to prevent
contamination of a thin film, the by-product should desorb
from the surface with a low desorption energy,* i.e. AErp >
AEpg. Our calculations suggest that the two criteria for all the
six chosen precursors are completely met, and all the by-
products would be able to desorb from the surface readily. We
therefore predict that these six precursors are suitable candi-
dates for SiO, thin films growth via ALD.

Since adsorption of the precursors on the surface is mainly
thermally driven, there is an ALD temperature window in which
an ALD process may take place.®* When there was no enough
thermal energy to complete the surface reactions, the precur-
sors could condense on the surface at low temperature. The
processing temperature of the substrate must be high enough
to be above the reaction energy barrier, which determines the
minimum temperature of the “ALD window”. As temperature is
elevated, the entropic effect becomes dominant and precursor
adsorption is no longer energetically favorable (Fig. S8 from
ESIT), which dictates the maximum temperature of the “ALD
window”. Therefore, we can rationally construct an estimated
ALD window based on energy for each of the six Si precursors
evaluated in this study, using activation energy as the lower
bound and precursor adsorption energy as the upper bound, as
shown in Fig. 4.
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The ALD window of DIPAS has been reported experimentally
and was found to be between 100 and 500 °C.***" By using the
Arrhenius equation k = A exp(—AE;/kgT), the ALD window based
on energy can be approximately converted to the ALD window
based on temperature,” where A is a pre-factor related to the
frequency, kg is the Boltzmann constant, and AE; presents the
energy of AE,p, AE, and AEpg, respectively. We plot this
temperature range on the right vertical axis in Fig. 4 as a refer-
ence to estimate the ALD windows of the other Si precursors
correspondingly. As the ligand size of a precursor increases, the
estimated ALD window becomes narrower gradually (Fig. 4).
The first five of the six Si precursors are appropriate for low
temperature deposition with relatively wide ALD windows.
Owing to the low reaction energy barrier, DPAS shows the widest
ALD window. DIPAS has the second widest ALD window.

Mallikarjunan and co-workers’ study indicated that higher
growth per cycle (1.3 A per cycle) and excellent properties can
both be obtained with DSBAS/O, plasma film, compared with
BTBAS and BDEAS plasma film.”® In order to analyze the
deposition rate under the ALD conditions, the reaction rate
constants (k) for precursor dissociation on the hydroxylated
SiO, (001) surface in the temperature range of 350-800 K were
calculated using the harmonic Transition State Theory (TST, see
details in ESIt).”>** The calculated rate constants In k are shown
in Table S2t and Fig. 5. The results indicate that the rate
constants of small precursors (DMAS, DEAS, DPAS and DIPAS)
are larger than the values of large precursors (DIBAS and
DTBAS). For low temperature ALD (<400 °C), the deposition rate
of six precursors follow the trend of DPAS > DIPAS > DEAS >
DMAS > DTBAS > DSBAS, implying that the four small
precursors should be capable of growing SiO, thin films with
high deposition rates.

Conclusion

In the present study, the effect of alkylamino ligand size on the
dissociative reaction of mono(alkylamino)silane precursors on
a hydroxylated SiO, (001) surface was investigated based on
first-principles calculations for conformal SiO, film growth via
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an ALD process. Six silicon precursors with different sizes of
alkylamino ligands were evaluated and their adsorption ener-
gies (AE,p) and reaction energy barriers (AE,), and the
desorption energies (AEpg) of the by-products were systemati-
cally compared. Moreover, an estimated ALD window was con-
structed to evaluate the temperature range for the deposition
based on these three energies. The results indicate that the
dissociative reactions of all the six precursors are favorable and
the ALD windows become narrower gradually with an increase
of alkylamino ligand size. It is demonstrated that DMAS, DEAS,
DPAS, DIPAS and DSBAS are appropriate for low temperature
deposition with relatively wide ALD windows. However, the
analysis of reaction rate constant suggests that DMAS, DEAS,
DPAS and DIPAS can be used to grow SiO, thin films with
relatively high deposition rates. Due to the higher reaction rate
constants and the wider ALD windows, DPAS and DIPAS were
found to be the most appropriate precursors for low tempera-
ture ALD and can also be used in a wide temperature range. The
first-principles calculations provide useful insight into the
reactivity of the ALD precursors, which will aid design and
development of novel materials for deposition of uniform and
conformal thin films on surfaces of increasingly smaller inte-
grated circuit devices in the semiconductor industry. Obviously,
the predicted chemical reactivity of these precursors needs to be
verified by experiments.
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