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Dichlorosilane (DCS) is widely used in the semiconductor industry for selective epitaxial growth (SEG) of Si. Si
SEG currently requires high temperatures, on the order of 800 °C; multiple approaches have been attempted to
deposit Si at lower temperature, but no viable alternatives have been found. This failure is attributed to a poor
understanding of the mechanisms and the underlying factors that determine Si growth. In this study, we investigate Si SEG using DCS and HCl on a crystalline silicon (c-Si) surface as compared to on SiO2 using density
functional theory. Our calculations of Si SEG reaction mechanisms illustrate three factors that contribute to
selectivity. First is that surface passivation by Cl does not limit SEG growth on c-Si while it hinders nucleation on
the SiO2 surface. Second is that amorphous growth at nucleation sites on the SiO2 surface is slower than epitaxial
growth on c-Si. Third is that the low entropic cost of epitaxial growth on c-Si is important for selectivity. The
mechanistic understanding from this investigation suggests that future searches for low-temperature SEG of Si
could focus on SiH2R2 like precursors.

1. Introduction
Evolving sub 10 nm semiconductor device architectures requires
controlled growth of Si. Selective epitaxial growth (SEG) is an essential
reaction for this down-scaling.[1] In the SEG process, the Si precursor is
deposited selectively on the Si surface over a dielectric surface. The
selectivity is attributed to diﬀerences in both the growth rate and the
growth mechanism, where on the c-Si surface, a faster layer by layer
growth is seen as compared to slower amorphous growth on the SiO2
surface. Additionally, Si growth on the SiO2 surface can be more easily
etched than on c-Si, facilitating SEG on c-Si surfaces [2].
There are several silicon precursors for SEG, including silane [3],
disilane [4], dichlorodisilane [5] and dichlorosilane (DCS) [6]. DCS has
a relatively low growth rate at about one tenth that of silane, which in
turn is ten times slower than disilane. A recent study on the kinetics of
deposition using these precursors suggests that the rate limiting step is
desorption of H or Cl [7]. Though silane is capable of deposition at low
temperature, SEG is only reported at 950 °C with silane [8]. DCS is
widely used because it allows for a wide temperature range of deposition. Speciﬁcally, high quality material can be grown at temperatures as
low as 750 °C while the reaction becomes mass transport limited at
950 °C [7]. In addition, DCS is more selective than other silicon sources,
including silane [9]. In fact, when used together with silane, DCS
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functions as an etching agent to provide selectivity [10,11]. Higher
order silicon precursors that have more than three Si atoms can deposit
at low temperature (< 600 °C) yet the resulting ﬁlm is not epitaxial due
to particle formation on the surface [12]. Disilane allows for growth at
temperatures as low as 500 °C, yet the resulting surface is found to have
defects [13]. Alternative techniques such as using an increased ﬂow of
HCl for selectivity leads to a linear decrease in SEG.1
While the search for a faster SEG reagent continues, the reaction
mechanism and the origin of selectivity remains elusive. A recent study
attributes the SEG to the diﬀerence in deposition barrier on diﬀerent
surfaces, yet it was unable to provide barriers that agree with experimental activation energies [14]. Hierlemann et al. proposed a single
step reaction model for DCS: SiH2 Cl2 → Si ∗ + 2HCl ,[15] which has
been validated in recent macroscale experimental studies[16], but no
details of the SEG mechanism(s) were provided. The mechanism for
higher order silane SEG is also unclear. It has been proposed that their
deposition rate is higher because they do not depend on H desorption
reactions, [17] but it is not clear why H desorption does not limit deposition by higher order silicon precursors. Three decades after adoption of CVD by DCS, no precursor that can deposit at lower temperature
than DCS with comparable selectivity has been found. Hence, a theoretical investigation of the mechanism and atomic level features can
provide insight into SEG and oﬀer clues on how to design silicon
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precursors that deposit Si at a higher rate, lower temperature, and with
higher selectivity.
In this study, we use density functional theory (DFT) to provide
energetics and reaction mechanisms for SEG. We show that SEG is not
governed by a single factor and does not occur by a single mechanism.
Rather, understanding SEG requires consideration of factors including
surface passivation reactions and diﬀerent growth mechanisms on
multiple surfaces. We use the calculated free energy landscapes to address the factors that favor selectivity of SEG on Si over SiO2.

Values for N/V were taken from the literature1, where the pressure
of the anhydrous co-ﬂow gas was set as 30 torr, and the ratio for H2,
DCS and HCl are 230 : 0.9 : 1. By-products of reactions that are not in
the co-ﬂow gas have an assumed concentration of 1 ppb, including
chlorosilane (CS), trichlorosilane (TCS), chlorosilanol (SiH2ClOH) and
water. This is approximately the impurity ratio of reagent grade reactants. The reaction temperature was set at 800 °C.

2. Methods

The most relevant reactions are shown in Figs. 1 and 2. These include reactions that passivate or activate the surfaces, and those that
deposit Si onto the surface. Etching reactions and reactions of the
aforementioned types with higher enthalpic barriers are not important
for these results and are shown only in the Supporting Information
(Figs. S2, S3, S10). For deposition reactions by DCS, eliminating H2 as a
by-product has a higher enthalpic barrier (shown in Fig. S17) than
eliminating HCl as a by-product (shown in Fig. S1). Therefore, it is
determined that the relevant DCS deposition reaction eliminates HCl as
a by-product.
In Fig. 1, the reaction pathway A1–A2–A3 shows epitaxial growth
on the Si surface. Pathway A1–A4–A1 shows the passivation and reactivation cycle of the Si surface, where passivation involves chlorination of the surface and reactivation is the removal of the chlorine. Similarly, in Fig. 2, pathway B1–B2–B3 shows amorphous silicon growth
on the SiO2 surface. Pathway B1–B4–B5 shows the passivation and reactivation of this surface. B5–B6 show the reactivity of the reactivated
surface since it cannot reverse back to the state prior to passivation.
In Fig. 2, it is worth noting that each reaction step on the SiO2
surface involves gas phase reactants. This is because the reactive sites,
which are the surface OH groups, are far from each other; an adsorbed
Si atom is about 5 Å away from the nearest surface OH group.
Studying the free energy landscapes for reactions on the c-Si surface
reveals that the surface is not adversely aﬀected by side reactions. As
can be seen in Fig. 3a, the epitaxial growth pathway A1─A2─A3 has a
higher free energy barrier to the side reaction pathway A1─A4─A1
where the surface is passivated by HCl, only to be reduced back to its
initial state by DCS. Therefore, we can ignore the A1─A4─A1 pathway
and only consider epitaxial growth reactions when comparing to reactions on the SiO2 surface.
While there is only one relevant reaction route on the c-Si surface,
there are several on the SiO2 surface that contribute towards growth:
B1─B2─B3 (growth), B1─B4─B5 (growth on the passivated surface)
and B1─B4─B6 (reactivation of the passivated surface), as these reactions have similar free energy barriers. The second and third pathways
result in hindered amorphous growth while the ﬁrst leads to facile
amorphous growth. The transition states from B4 to B5 (TSB2b), from
B4 to B6 (TSB2c) and other transition states and surface geometries are
shown in Figs. S17–S29. From the free energy landscape, several interesting observations can be made. First, the low free energy of B4
indicates that the surface is highly prone to passivation, not only due to
the low entropic cost for adsorbing HCl but also due to the high entropic gain from forming H2O, a by-product that is not present in the
gas ﬂow. Second, it is evident that for all reactions, the second step is
rate limiting due to the entropic cost of adsorption of a second molecule.
When growth-related reactions (all reactions except for A1─A4─A1)
are compared side by side this conclusion becomes apparent. The calculated energy landscapes show that the free energy cost is due primarily to adsorption of gas phase molecules. As a result, epitaxial
growth on Si has a low barrier as compared to the amorphous growth
reactions on SiO2, which involves a second gas phase reactant molecule.
The rate-limiting step on Si is therefore the ﬁrst step, of DCS deposition,
with a barrier of 3.19 eV. On SiO2, the second step is always rate limiting, with a barrier of 5.56 eV for amorphous growth, 3.31 eV for reactivating the HCl passivated surface, and 3.30 eV for deposition on a

3. Results and discussion

DFT calculations were conducted as implemented in the Vienna AbInitio Simulation Package [18–21]. Core electrons were described
within the projected augmented wave framework; [22] valence electrons were described with a plane wave basis set up to an energy cutoﬀ
of 300 eV, which was appropriate for the soft oxygen pseudopotential
used. The generalized gradient approximation in the form of the
Perdew, Burke and Ernzerhof functional was used to model electronic
exchange and correlation [23].
The Si slab used in this study was a supercell of a (4x4x4) cubic Si
unit cell with 12 Å of vacuum, exposing the (1 0 0) surface. The atoms
in the bottom 4 layers of the slab were constrained to their bulk geometries; all other atoms were relaxed. The box size was chosen to
provide suﬃcient spacing between periodic images. Some reactions
produce gas phase products that diﬀuse away from the reaction site so
that a smaller supercell would result in periodic images interacting with
each other. The Brillouin zone was sampled at the Γ point, which was
found to be suﬃcient for the large-cell modeled.
SEG requires speciﬁc conditions including (1) temperatures around
850 °C (2) an H2 atmosphere and (3) a clean surface. High temperature
and an H2 environment facilitate the release of surface oxygen atoms,
but also passivates the Si surface and prevents further adsorption of
oxygen-based moieties to the surface [24]. Accordingly, in this study
we use a H terminated Si surface with surface SiH2 groups on both sides
of the slab (the A1 surface in Fig. 1) and determine the interactions with
DCS. The 2 × 1 reconstructed surface terminated by (SiH)2 groups was
not used because it converts back to the A1 surface. Though this 2 × 1
reconstructed surface is a common model [25] and is stable in a H2
environment, further hydrogenation by H2 has a high barrier (shown in
Fig. S15) and it is not stable in the presence of HCl. Fig. S16 shows that
HCl breaks the surface Si-Si bond with a barrier of only 1 eV, producing
the A4 surface in Fig. 1. This surface can be converted back to the A1
surface as shown in Fig. 3.
SiO2 (1 1 1) surfaces with a hydrogen termination were modelled
with a (2x2x2) supercell cleaved from (quartz/cristobalite) and considered for precursor interaction. Speciﬁcally, the reaction mechanisms
of DCS with the Si/SiO2 surfaces were determined.
Reaction pathways were calculated using the climbing image
nudged elastic band method (CI-NEB) [26] with double nudging, [27]
coupled in some cases with the dimer method [28]. For each band, 8
images were used, and increased to 14 when additional resolution was
needed. Reaction free energies were calculated using DFT energies and
entropies of all atoms participating in the reactions. Gas phase molecules were treated as ideal gases. Vibrations were treated as harmonic
oscillators. The total entropy of adsorbed species were calculated using
the Campbell-Sellers equation, [29]

Sad (T ) = 0.70Sgas (T ) − 3.3R

(1)

The translational entropy was calculated using the Sakur-Tetrode
equation, (Eq. (2)), and rotational entropies were calculated from rotational partition functions. In a transition from reactant to transition
state, it was approximated that one mode was lost,

St = R [ln ⎛
⎝
⎜

(2πmkT )3/2V ⎞
+ 2.5]
h3N
⎠
⎟

(2)
2
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Fig. 1. SEG reactions on the c-Si surface. Si* on the silver bar represents surface silicon of the bulk. A1 is the starting surface. Structure A4 is the inactive Cl passivated
surface. Structures A1 to A3 show the two-step epitaxial growth mechanism.

deposition takes place in the ﬁrst step with a barrier of 2.70 eV. This
mechanism could also contribute to the selectivity of Si epitaxial
growth by hindering the initial nucleation step.
From our results, we can suggest that future research should focus
on silane with two substituted groups, such as SiH2R2, to have an
overall deposition reaction that releases two high entropy gas phase
byproducts per deposited silicon. The byproduct entropy is able to
compensate for the high enthalpic barrier of deposition and facilitate
epitaxial growth. To improve selectivity, it would be desirable for the
substitution groups to have a pacifying eﬀect, such as Cl. Two hydrogen
groups are necessary because, as shown above, the surface is terminated
with SiH2. The silicon precursor forms two Si-Si bonds, each eliminating
one substitution group. After this, the newly deposited Si should be
terminated with two hydrogen atoms for the growth to be epitaxial.
Precursors with more than two halogens should be avoided. For example, TCS leaves Cl on the surface after the two-step deposition. A
residual ligand could slow the overall growth because, as shown above,
a halogenated surface is less reactive and requires an extra activation
step before further deposition.

HCl passivated surface. The barrier for SEG is the lowest among all
growth-related reactions. This is only somewhat higher than the experimental activation energy for DCS of around 2.5 eV.7, [10].
This diﬀerence in barriers between deposition on Si and SiO2 suggests a higher rate of growth on Si than on SiO2. The diﬀerence in the
free energy barriers is primarily entropic. A decomposition of the freeenergy proﬁles due to translational entropy, vibrational entropy, total
entropy, and enthalpy for epitaxial growth on c-Si and amorphous
growth on SiO2 can be found in Figs. S31 and S32.
This entropic diﬀerence arises from an important feature of SEG: on
the c-Si surface, for every molecule of DCS consumed, two HCl molecules are released into the gas phase, resulting in a net gain of three
translational degrees of freedom. This entropy gain of 2 eV drives the
endothermic reaction, resulting in an overall free energy near zero. This
suggests that SEG is barely a spontaneous process and is consistent with
the fact that SEG needs to be driven by low pressure and high temperature. In comparison, the free energy change is +0.79 eV for
amorphous growth on SiO2, +0.15 eV for deposition on the HCl passivated SiO2 surface and −2.54 eV for reactivation of the DCS passivated SiO2 surface. The latter two reactions have lower free energies
because of the entropic contribution of the TCS and water by-products.
Never-the-less, the entropic contribution of HCl makes SEG favorable
thermodynamically.
It’s clear that both thermodynamics and kinetics favor epitaxial
growth on c-Si over SiO2. There are, however, other contributing factors. On the SiO2 surface, there are competing reactions that hinder the
ﬁrst deposition step by DCS. HCl incorporation into SiO2 (B1–B4) has a
low free energy barrier and a signiﬁcant free energy reduction, due
primarily to the low entropy cost of HCl adsorption and the entropy
gain associated with releasing water as by-product to the anhydrous
environment. This implies that the SiO2 surface is easily passivated. As
a result, the deposition of the ﬁrst Si group has an elevated barrier at
3.30 eV compared to the amorphous growth mechanism where Si

4. Conclusion
Through analyzing reaction free energy landscapes, the mechanism
of SEG on c-Si as compared to SiO2 is explained. Computations illustrate
high activation energy barriers for the deposition, illustrating the necessity of high temperature for the process. The rate-determining step
for epitaxial growth on single crystal Si is the initial DCS deposition
step, with a free energy barrier of 3.19 eV. The second growth step is
fast and results in an overall free energy reduction for this two-step
reaction. The high barrier is due to the entropy cost of DCS adsorption.
The second step has a low barrier because it is a surface reaction that
does not involve adsorption of a reactant molecule. The release of byproducts into the gas phase results in an entropy gain, which drives this
3
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Fig. 2. SEG reactions on the SiO2 surface. B1 is the initial surface. B1 to B3 show the mechanism for direct amorphous growth. B4 is the inactive Cl passivated surface.
B5 and B6 show the deposition and reactivation products from B4. SEG is not epitaxial on SiO2, but rather amorphous, since the deposited groups do not have the
same structure as the sublayers.

also diﬃcult to reactivate by DCS, with a barrier of 3.31 eV. Therefore,
Si epitaxial growth is selective on c-Si due to higher entropy of the
reactants, while growth on SiO2 is slower and hindered by chloride
passivation. To ﬁnd better silicon precursors with a higher growth rate,
future research could focus on SiH2R2 like precursors that produce two
high entropy gas phase byproducts.
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Fig. 3. (a) Free energy landscapes for reactions on the c-Si surface. (b) Growth
related reactions on the SiO2 surface.
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