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Epitaxy by Chemical Vapor Deposition (CVD) is a commonly used technique for the growth of Si alloys
in microelectronic devices. In this work, we perform Density Functional Theory (DFT) simulations to study
the impact of H coverage on the dissociative adsorption of silane on a Si(001) surface. Silane adsorption is
systematically found thermodynamically favorable but its kinetics is limited by H, desorption which exhibits an
activation energy of 2.4 eV. In addition, our calculations suggest that hydrogenated surfaces tend to reduce the

adsorption activation energies compared to uncovered surfaces. This work provides an atomistic description of
the SiH, adsorption mechanisms and associated energies for the modeling of the epitaxial deposition process
using large scale simulation methods.

1. Introduction

The continuous scaling of Complementary Metal Oxide Semicon-
ductor (CMOS) devices has brought the development of disruptive
technologies such as 3D integrations where stacked layers are processed
sequentially. Such integrations impose thermal budget constraints on
the top tier fabrication process (around 500 °C) to avoid any degra-
dation of bottom tier devices [1]. Therefore, process steps such as
chemical vapor deposition (CVD) epitaxy have to be adapted to fulfill
these temperature constraints [2,3]. At low temperatures (ie T <
850 °C), the growth rate with standard precursors such as SiH, or
SiH,Cl, is regulated by the H surface coverage when H, is used as a
carrier gas [4]. However, the detailed microscopic picture of adsorption
and desorption phenomena remains poorly understood in this regime.
This is required for the modeling of the epitaxial deposition using
methods such as lattice kinetic Monte Carlo [5,6].

Surface reactions can be routinely studied with ab initio methods
such as Density Functional Theory (DFT). In the case of Si surface, DFT
simulations have been employed to study Si precursors adsorption on
clean surfaces [7-9] corresponding to high temperature conditions. In
this work, we use DFT to investigate the impact of H coverage on the
adsorption of SiH, on a Si(001) surface and provide a detailed reaction
mechanism of the growth process in the low temperature regime. In
Section 2 the computational details are provided. In Section 3 the
results of silane adsorption pathways and energy barriers are presented.

* The review of this paper was arranged by Francisco Gamiz.
* Corresponding author.

2. Computational methods

In this study, we consider (4 x 4) Si(001) slab models with a
dihydride termination on the bottom silicon layer and vacuum regions
of at least 15 A thick. During geometry relaxation steps, the 4 bottom
Si layers and dihydride hydrogen atoms are kept fixed. The clean top
surface undergoes reconstruction leading to the formation of 8 buckled
dimers organized in a c(4 x 2) superstructure. Each dimer exhibits
2 dangling bonds that can react with adsorbates. We consider the
adsorption of SiHy:

SiH,(g) — SiHj + H*, @
and the SiH} decomposition following the reaction:
SiHi — SiH} +H*. @

We study the adsorption of SiH, on a non hydrogenated surface (0 =
0 ML) or with a monolayer (ML) H coverage except for two Si atoms
(6 =1-2/16 = 0.875 ML). For the hydrogenated surface, SiH; and H*
from Eq. (1) are adsorbed on the two unpassivated Si atoms.

All calculations based on Density Functional Theory (DFT) are
carried out using the Vienna Ab initio Simulation Package (VASP)
code [10,11] with PAW atomic datasets including 3s23p? valence elec-
trons for Si. The structures are relaxed using Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [12] and with the D3 dispersion
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Fig. 1. Relaxed configurations during the dissociative adsorption reaction of SiH,
without H coverage: (a) Initial state corresponding to a chemisorbed SiH, on a clean
surface, (b) First dissociation (Eq. (1), (c) Second dissociation (Eq. (2)) with SiH;
bounded to two Si atoms of two neighboring dimers from different rows, (d) Second
dissociation (Eq. (2)) with SiH; bounded to two Si atoms of a same dimer, (e)
Final state: SiH; bounded to the same dimer and H, desorption. Hydrogen atoms are
represented in white and silicon atoms in purple. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

correction of Grimme et al. to describe Van der Waals (VdW) interac-
tions [13]. We employ an energy cutoff of 250 eV for the plane-wave
basis and a 2 x 2 x 1 k-mesh in order to converge energy differences
within 10 meV. Geometric optimization is performed by minimizing the
forces of all atoms to 10 meV/A. Finally, the energy barriers involved in
the different reactions are computed using the Climbing Image Nudged
Elastic Band method (CI-NEB) [14].

3. Results and discussions

The dissociative adsorption reaction of SiH, on the Si(001) sur-
face (Eq. (1)) can follow different pathways [7]: the intra-dimer, the
inter-dimer and inter-row mechanisms. In this work, we investigate
the inter-dimer adsorption of silane without or with H coverage, in
Sections 3.1 and 3.2, respectively.

3.1. SiH, adsorption without H coverage

The relaxed configurations corresponding to initial state (IS), inter-
mediate states and final state (FS) of the adsorption reaction on the Si
surface without H coverage are shown in Fig. 1. The calculated energy
diagram including the transition states (TS) is shown in Fig. 2.

The calculated activation (E,) and reaction (E,) energies of the
first dissociative adsorption (Eq. (1)) are 0.16 eV and —1.4 eV which
suggests that this reaction is exothermic and energetically favorable.
The second dissociative reaction is the formation of SiH} (Eq. (2)).
SiH] can be bounded to two Si atoms of two neighboring dimers
from different rows (Fig. 1(c), TS2 in Fig. 2) or to two Si atoms of a
same dimer (Fig. 1(d), TS3 in Fig. 2). The calculated E, of the two
paths are 2.3 eV and 0.8 eV, respectively. Therefore, the adsorption
on the same dimer is kinetically more favorable. On the other hand,
the first pathway is endothermic (E, = 0.2 eV) while the second
one is exothermic (E, = —0.9 eV). The last step shown in Fig. 2 is
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Fig. 2. Reaction path energies of SiH, adsorption on two dimers of Si(001) surface
without hydrogen coverage.

the desorption of hydrogen atoms adsorbed on a neighboring dimer
following the reaction

H* + H* — H,(g) 3

We compute an activation energy of 2.4 eV and reaction energy of
1.92 eV, in good agreement with previous theoretical work [8]. H,
desorption is energetically not favorable and kinetically limited. How-
ever, the whole adsorption process from IS to FS is thermodynamically
favorable. It should be noted that in Ref. [8], additional dissociative
reactions have been studied and the authors found that SiH* is the most
stable adsorbate.

3.2. SiH, adsorption with H coverage

The relaxed configurations of the dissociative adsorption of SiH,
on a monohydride Si surface except for two Si atoms on neighboring
dimers are shown in Fig. 3. The calculated energy diagram is displayed
in Fig. 4.

The IS presented in Fig. 3(a) corresponds to a chemisorbed SiH,
close to the two available adsorption sites. The calculated E, and E, of
the first dissociative adsorption are 0.03 eV and —2.2 eV, respectively.
This suggests that this first step is energetically more favorable than the
reaction on a surface without H coverage (see Fig. 2).

The second dissociation reaction requires an H, desorption from a
neighboring dimer (Eq. (3)) which involves an E, and E, of 2.41 eV and
1.92 eV, respectively, as in Section 3.1. However, the reaction energy
with respect to the initial state is —0.2 eV so that the H, desorption
is thermodynamically more favorable than the desorption of the silane
molecule.

The last step corresponds to the dissociation of SiHj (Eg. (2)).
Here, SiH; is assumed to be bounded to two Si atoms of a same
dimer, similar to reaction pathway [b] in Section 3.1. The calculated
E, and E, for this reaction are 0.22 eV and —1.67 eV, respectively.
These results suggest that the dissociative adsorption process of SiH, is
highly favorable when the Si surface is hydrogenated. The calculated
activation energies are smaller compared to the adsorption on a surface
without H coverage. The reaction is systematically kinetically limited
by H, desorption with an activation energy of 2.4 eV.

4. Conclusion

We have investigated the impact of H coverage on the SiH, dis-
sociative adsorption on a Si(001) surface using ab initio simulations.
Our calculations show that the first and second dissociative adsorption
processes (i.e adsorption of SiH} and SiH}, respectively) have smaller
activation energies when the Si surface is hydrogenated.



L. Treps et al.

(a) (b)
IS i
x SiH

W *

(c) (d) ¥

H, des. SiH,

sty st

Fig. 3. Relaxed configurations during the dissociative adsorption reaction of SiH,
on a surface with H coverage except on two Si: (a) Initial state corresponding to
a chemisorbed SiH, (b) First dissociation (Eq. (1)) (c) H, desorption (d) Second
dissociation (Eq. (2)). Hydrogen atoms are represented in white and silicon atoms in
purple. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Reaction path energies for silane adsorption on two dimers of an hydrogenated
Si(001) surface.

Experimentally, hydrogenated Si(001) surfaces are typically found
in epitaxial depositions in the low-temperature regime with H, carrier
gas. In such conditions, we find that H, desorption limits the adsorption
kinetics (E, = 2.4 eV) but is thermodynamically more favorable than
SiH, desorption (E, = —0.2 eV).

This work provides atomic scale insights into the impact of H
coverage on the SiH, dissociative reactions. The calculated energies
may be used to improve the modeling of epitaxial growth at low
temperatures in large scale process simulations.
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