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ABSTRACT

The early stage oxidation in Si(100) surface has been investigated in this work by a reactive force field
molecular dynamics (ReaxFF MD) simulation, manifesting that the oxygen transport acted as a dominant
issue for initial oxidation process. Due to the oxidation, a compressive stress was generated in the oxide
layer which blocked the oxygen transport perpendicular to the Si(100) surface and further prevented
oxidation in the deeper layer. In contrast, thermal actuation was beneficial to the oxygen transport into
deeper layer as temperature increases. Therefore, a competition mechanism was found for the oxygen
transport during early stage oxidation in Si(100) surface. At room temperature, the oxygen transport was
governed by the blocking effect of compressive stress, so a better quality oxide film with more uniform
interface and more stoichiometric oxide structure was obtained. Indeed, the mechanism presented in
this work is also applicable for other self-limiting oxidation (e.g. metal oxidation) and is helpful for the
design of high-performance electronic devices.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The oxidation of Si(100) has drawn numbers of attentions
because it is a fundamental factor of surface chemical reaction
[1,2]. The Si/SiO, interface also shows significance to the fabrication
and application of silicon-based devices such as metal-oxide-
semiconductor field-effect transistors. During oxidation process,
inserting of O atoms can cause surface layers to expand which is
constrained by substrate, inducing tensile strain in Si and com-
pressive one in SiO,. Such residual compressive stress in oxide
film causes the so-called “self-limiting oxidation” since the bar-
rier led by compressive deformation is higher than the activation
energy of oxygen diffusion and reaction [3,4]. Besides, stress distri-
butions and the related interface states are even more important
to the performance of the device as the film thickness decreases to
nano-scale, which are closely linked to the initial oxidation process
[5,6].
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For the oxidation of Si, various experimental methods have been
proposed [7-11]. Some experiments discussed the effects of exter-
nal stress on Si oxidation and revealed that the oxidation was
usually promoted by tensile stress [12-20]. On the other hand,
the oxide growth and interface structure have been studied by
first-principles calculations [21-24]. However, expensive compu-
tation cost kept the first-principles calculations far away from the
large-scale dynamics. With the purpose of realizing large-scale
simulation on thermal oxidation process of Si, classical MD with
variable charge interatomic potential as well as charge-transfer
interatomic potential based on Tersoff type have been developed
and utilized [25,26]. To obtain in-depth understanding of the oxi-
dation process and microstructure evolution, several studies have
focused on the early stage oxidation by using a ReaxFF MD simula-
tion via a sophisticated bond-order potential which was established
by the group of Adri van Duin [5,6,27-33]. Among these stud-
ies, hyperthermal oxidation has been well investigated involving
detailed reaction mechanism, temperature effect and interface
structures [27,28,30-32]. For the conventional thermal oxidation,
Mauludi et al. provided the viability of ReaxFF MD method for the
atomic simulation of Si oxidation, and gave the related results on
dry oxidation as well as wet oxidation of Si(100) surface [5,6]. Hain-
ing et al. in the same group focused on the effect of external strain
[29]. In the pervious studies of the Si oxidation, including ReaxFF
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Fig. 1. Side view and top view of relaxed Si crystal. The dangling bonds of Si(100)
surface formed dimers by structure relaxation, indicating by orange atoms with
coordination number as 3. Light gray and light blue indicate coordination number
of Si as 4 and 2, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

MD simulation, quantum MD simulation and earlier experimen-
tal results, the ballistic transport of O atoms was indicated to be
the dominant factor for initial oxidation [34,35]. Despite several
efforts on investigating the early stage of Si oxidation, mechanism
on how thermal effect and intrinsic stress influence the transport
of O atoms has not been clearly discussed.

To address such a crucial issue, we used the ReaxFF MD to
examine the oxidation behavior of Si under different temperatures
ranging from 300K to 1200K via atomic-scale perspective, con-
centrating on the micromechanism of early stage oxidation. We
have found that the O transport was dominated by the competi-
tion between thermal actuation and compressive stress blocking.
The quality of oxide film under different temperatures was also
analyzed.
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Table 1

Lattice constant, cohesive energy, elastic modulus and bulk modulus of crystalline
Si calculated by ReaxFF MD, comparing with results from ab initio density functional
calculation and experiment.

ReaxFF MD  Ab initio [36] Experiment [36]
Lattice constant (nm) 0.532 0.545 0.543
Cohesive energy 4.57 4.84 4.63
(eV/atom)
ReaxFFMD  Experiment [37]
Elastic modulus (GPa) 1133 130
Bulk modulus (GPa) 111 97.8

2. Computational details

All the simulations were conducted with the open-source
LAMMPS code integrated with ReaxFF [38,39]. The force field
parameters used in this work were developed by Buehler et al.
which provided accurate description on the interaction between Si
and oxygen gas [40]. Recently, these parameters have been utilized
to simulate the thermal oxidation of Si, showing good agreement
with experiment results [41].

With the purpose of performing model validation, crystalline
properties including lattice constant and cohesive energy were
calculated by statics relaxation and NPT (isothermal-isobaric)
ensemble, summarizing in Table 1 reasonably agree with ab initio
density functional calculation and experiment. By imposing a uni-
axial tension on the simulation box after totally relaxed the stress of
Si(100) bulk by NPT ensemble, the elastic modulus, i.e. the gradient
of stress—strain curve, was calculated as 113.3 GPa. Additionally, the
bulk modulus was calculated following its definition, obtained as
111 GPa. Both of the values are listed in Table 1, similar to the pre-
vious experimental results [37]. The discrepancy may come from
much higher strain rate of the present MD simulation.

To perform the simulation, a bulk Si containing 9000 atoms
sizing 56.4A x 56.4 A x 51.9 A was set up, with [110] and [110] as
x-axis and y-axis, [001] as z-axis, respectively. The simulation box
was set as 86.4 A along z direction to obtain Si(100) free surface
and give space for oxygen gas. Periodic boundary conditions were
applied to all three directions.
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Fig. 2. (a) Initial model for Si(100) oxidation containing both O, molecules and Si crystal. Red and yellow atoms are O and Si, respectively. (b) The distribution of x and y
component residual stress along z direction in the region marked by a box in (a), caused by the free surface of Si(100) and the interaction between Si and O. (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. 3. The evolution of atomistic structures during oxidation process under 300K and 1200 K. A line marked on configuration at 1 ps divides the surface region and deeper
layers. The O atoms in surface region are tracking by green whereas in deeper layers as blue. The O atoms transported into Si after 1 ps are represented as red. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Firstly, the Si structure was relaxed to obtain the stable config-
uration of bulk Si with (100) free surface. Si bulk with (100) free
surface was thermalized under 300K for 60 ps in NVT (Canonical)
ensemble, subsequently relaxed in NVE (micro-canonical) ensem-
ble for 20 ps, with time step as 0.5fs [31]. After relaxation, the
surface dimers were observed in (100) surface along (110) direc-
tions. The side view and top view of the relaxed configuration
with surface dimers are shown in Fig. 1. Atoms with orange color
represent the dimer structures. Then, to investigate the oxidation
process, top and bottom space of the simulation box were randomly
filled with O, molecules, as shown in Fig. 2(a). Initial oxygen gas
pressure was approximately 298 atm, corresponding to numbers
of O, molecules as 800. Such pressure value was set much higher
than the value in experiments to accelerate the oxidation so that

the early stage oxidation was completed in the ReaxFF MD sim-
ulation time scale, e.g. nanosecond [3]. Before oxidation, in order
to well distribute O, molecules in the simulation box, the hybrid
configuration was relaxed at 100K for 1 ps, which is similar to the
procedure in the previous literature [42]. Then, the temperature of
the whole system was set as 300K, 500K, 700K, 1000 K and 1200K,
controlled by NVT ensemble with a temperature damping constant
of 10fs. Time step for oxidation was 0.1 fs. The NVT ensemble was
performed by Nose-Hoover heat bath.

Due to the free surface and interaction between Si and O, there
was residual stress distributed in Si bulk. Here, the stress was cal-
culated as the volume average of the per-atom virial stress in a slab
perpendicular to z direction with a thickness of 1.296 A (half of the
oxide layer thickness)[27,31]. We calculated the residual stress dis-
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Fig. 4. Tracking of O atom with the deepest position (marked by a circle in Fig. 3)
during oxidation process under 300K and 1200 K.

tribution along z direction away from (100) free surface. The related
distribution of x and y component normal stress o™il is shown in
Fig. 2(b). The x component o"iti@! was tensile one at the top five sur-
face layers whereas it turned to compression from the sixth layer
to the deeper layers. In contrast, y component one displayed slight
compression in top five layers and approximately became zero at
deeper region. Such anisotropic behavior may result from the sur-
face dimer structures which were only binding along x direction, as
shown in Fig. 1. To clarify the anisotropic effect, the distributions
of both x and y component stress for the oxidized configurations
were calculated by the same method in Section 3.

3. Results and discussion
3.1. Oxidation process

The evolution of atomistic structures during oxidation pro-
cess under 300K and 1200K are shown in Fig. 3. Most of the O,
molecules spontaneously dissociated into atoms when they were
absorbed on Si(100) surface under both room temperature and
1200K because the energy barrier of O, dissociation is extremely
low which can be easily overcome by the energy gain from oxygen
chemisorption on Si(100) surface [5,43-47]. At the initial instant
(1 ps), there was already a large amount of O atoms transporting
into Si bulk. Here, we define the top three layers of oxide film as
surface region (approximately 3.9A), and the O atoms in surface
region at instant 1 ps are represented as green color whereas the O
atoms in deeper layers are represented as blue color as separated
by the a line in Fig. 3. The O atoms transported into Si after 1 ps are
represented as red color, which mainly accumulated in the surface
region. In the final configuration (100 ps), most of O atoms locat-
ing at the deeper region were still those transported at the starting
moment. Such phenomenon was more obvious under 1200 K.

The O atom which is located in the deepest layer at 100 ps is
tracked (marked by a circle in Fig. 3). The position of it during oxi-
dation is shown in Fig. 4. It is obvious that O atom ballistically went
to the deepest position at initial instant (approximately 9 A respect
to the film surface under 300K and 14 A under 1200 K). Afterwards,
itremained at similar depth, while slightly fluctuated under 1200 K
due to thermal effect.

The percentage of O atoms in surface region with respect to the
total O atoms in the oxide film during the oxidation process has
been showninFig. 5. Diffusion of O atoms into deeper region mainly
occurred before the first 10 ps for both of conditions under 300 K
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Fig. 5. The percentage of O atoms in surface region with respect to the total O atoms
in the oxide film during oxidation process under 300K and 1200 K.

and 1200K. After that, the percentage of O atoms within surface
region stayed as nearly 70% of total oxide film under 300K while
60% under 1200 K. Indeed, the early stage oxidation was almost
completed in 10ps. It was reported that the ballistic transport
acted as one possible mechanism for ultrathin film rather than the
conventional dissolution-diffusion, supporting by both experiment
and simulations [5,34,35]. Our results found that the accumulation
of O atoms at surface region may generate compressive stress at
the surface region and further block O atom diffusion into deeper
layers, accordingly the ballistic transport of O atoms at very early
moment played dominant role during oxidation of Si.

3.2. Competition between thermal actuation and compressive
stress blocking

The diffusion of O atom can be facilitated by thermal effect,
whereas hindered due to the blocking of compression at surface
region. To unravel the O atom transport mechanism during early
stage of oxidation, the distributions of O atoms and o along z direc-
tion at 100 ps for different temperatures ranging from 300K to
1200 K were calculated, as shown in Fig. 6. Since the normal stress
inx and y directions was anisotropic at initial state as Fig. 2(b), both
of the x and y component normal stresses at 100 ps are shown in
Fig. 6. In order to eliminate the influence of thermal fluctuation to
the distributions of O atoms and o, every data point in Fig. 6 was
averaged during last 5 ps. For all the temperature values, O con-
centration reached maximum at second or third layer from surface
then reduced at deeper layers. Besides, the stress distributions pre-
sented similar tendency, all of which displayed compressive stress
in the surface region. The maximum compression stress located at
the region with the maximum O concentration. Due to the injection
of O atoms, the oxide film turned to expand in x and y directions.
But, as the lateral expansion was constrained by the Si substrate,
compression stress was generated in the oxide film. Moreover,
the compression stress of x component under all temperatures
was slightly lower than that of the y component one at top five
layers. This may be attributed to the superposition of the compres-
sive stress generated by the O atoms injection during oxidation
and the x component residual tension leading by the initial free
surface of Si (shown in Fig. 2). After the maximum compression
stress position, the stress gradually increased to become a tensile
stress at the interface of Si and SiOy. Since both x and y compo-
nent stress were tension stresses with quite similar values at the
interface between Si and SiOy, we ascribed that the tensile stress
was generated by the mismatch between the growth strain in Si
and SiOx. Below the interface region, y component stress turned
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Fig. 6. Oxygen distribution in oxide film (column graph) and the corresponding x and y component stress distribution (line and symbol graph) after oxidation for 100 ps

under different temperatures.

to be zero while x component one appeared as a small compres-
sive value, owning to the initial compression of x component in
these layers as well. Therefore, both of the initial residual stress
and the growth stress played roles on the stress distribution of the
oxidized structures. From Fig. 6, it is shown that under low tem-
perature the maximum O concentration and compression stress
were higher at surface region, while the O concentration at deeper
layer was lower. Thus, the micromechanism of Si(100) oxidation
can be described as the ballistically transport of O atoms into the
surface region at the very beginning of oxidation (~1 ps) gener-
ating high O concentration and compression stress at the surface
layer which blocked subsequent O transport. But, under high tem-
perature, thermal actuation promoted the O transport into deeper
layer, so that higher O concentration at deeper layer was observed.
Hence, we concluded that the O transport was primarily controlled
by the competition between thermal actuation and compression
stress blocking.

Furthermore, the time evolution of average stress at surface
region was calculated by taking x component as an example for
different temperatures, as shown in Fig. 7. At the beginning of oxi-
dation, there was slight tensile stress due to the initial residual
tension of x component, approximately 0.89 GPa. With oxida-
tion proceeding, it turned to be compression of which the value
increased greatly, then after 40 ps the compression remained and
finally reached to the range of 2.0-3.0 GPa at 100 ps. The compres-
sive stress was larger under low temperature comparing with that
under high temperature. Since O atoms could transport into deeper
layers by thermal actuation, the compression blocking was weak-
ened under higher temperature. Recent research on self-limiting
oxidation mechanism of small-diameter Si nanowires demon-
strated that the interfacial compressive stress was relatively high
under low temperature and therefore responsible for self-limited
oxidation [4,48]. These previous results could be explained by the
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Fig. 8. Numbers of absorbed O atoms into oxide film during oxidation process under
different temperatures.

competition mechanism between thermal actuation and compres-
sive stress blocking proposed by the present work.

Fig. 8 shows the numbers of O atoms absorbed into per unit
area of Si bulk during oxidation for different temperatures. The
curves have similar shape, all of which indicate that the oxygen
consumption was steeply increasing from 0 ps to 10 ps and slowed
up until about 30 ps then nearly kept unchanged afterwards. The
slopes reflected the reaction rate, which present that oxidation rate
was extremely high in the first 10 ps. After the first 10 ps, oxidation
was decelerating attributed to the blocking of compression at sur-
face region. Comparison with different temperatures shows that
both of the oxygen consumption and oxidation rate were increased
by temperature rise owning to thermal actuation effect.

3.3. Quality of oxide film

Silicon-based devices such as metal-oxide-semiconductor tran-
sistors require a Si/SiOy interface with flat morphology and low
defect density [49]. The chemical state of the suboxide layers
including Si*, Si%* and Si3* also affects the performance of these
devices, especially when the scale reduces to nanometers [50]. To
analysis the film quality, the morphology of interface was char-
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Fig.9. Si/SiOy interface roughness during oxidation process under 300 Kand 1200 K.

acterized by means of root-mean-square (RMS) roughness, which
was calculated as

§=1/(h—hY (1)

where h is the z-coordinate of each Si atom nearest to the interface
without O neighbors, and his the average overall hvalues|31].Fig.9
shows that the roughness rapidly increased at the very beginning
of oxidation then slightly reduced until 10 ps, after that remained
at nearly 1.5 A under 300 K while 2.7 A with more notable fluctua-
tion under 1200 K. The interface morphology was smoother under
300K thanks to the effect of compression blocking at surface region
which restricted O transport. Under 1200 K, the interface turned to
rougher because of the thermal actuation. The difference has been
reflected by the atomistic configurations in Fig. 3 as well. Other
experiment and first-principles studies also indicated that thermal
oxidation under lower temperature could lead to the formation of
a well-controlled uniform oxide layer [51,21], in accordance with
our results.

The stoichiometry profiles of final configurations under 300 K
and 1200K are shown in Fig. 10. Different colors denote Si**, Si3",
Si2*, Si*, and Si crystal which were calculated by the number of
nearest oxygen neighbors. From Fig. 10(a) and (b), it shows that
there were more Si** and Si3* at surface layers under 300K com-
paring with 1200 K, which means that more O atoms accumulated
near surface region and formed a more complete oxidized structure.
The total numbers of SiZ*, Si3* and Si** were also larger under 300 K
than that under 1200 K, whereas Si* was in contrast, as shown in
Fig. 10(c). Mauludi et al. found that number of Si* decreased while
numbers of Si%*, Si3* and Si** increased with oxidation proceeding
under 300K leading to a better quality film, in agreement with the
present work [5].

In this simulation, the kinetic energy was suddenly given to the
atoms for each temperature. Besides, extremely high pressure was
applied to speed up the reactionrate, and the pressure was decreas-
ing rapidly with consumption of oxygen gas. To validate the effect
of initial kinetic energy and oxygen pressure, we have also sim-
ulated the oxidation by linearly increasing the temperature with
same heating rate to 300 K and 1200 K then holding on until 100 ps.
Under linear heat treatment, kinetic energy of O atoms was gradu-
ally increased and the pressure of oxygen gas was decreased with a
lower rate as well. The corresponding evolution of atomistic struc-
tures during oxidation proceeding appeared similarly as that by
suddenly setting to the target temperature, indicating that the bal-
listic transport of O atoms at initial instant was not influenced by
the heat treatment and the gas pressure. The quantitative analy-
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sis on the effect of oxygen pressure will be presented in our future
works.

4. Conclusions

By a ReaxFF MD simulation study, the transport of O atoms was
found to control the initial oxidation stage of Si. High O concentra-
tion was induced by the transport of O atoms into surface region
at the very beginning of oxidation (~1 ps), leading to compression
stress of the surface layer which blocked the subsequent transport
of O. Nevertheless, the transport of O could be promoted by thermal
actuation under high temperature. Therefore, the oxidation rate
and absorbed O atoms were enhanced with temperature increase.
O atoms had greater possibility to go deeper inward, generating
a higher O concentration in deep layers and releasing the surface
compression. Consequently, a rough interface with less stoichio-
metric oxide structure was formed under 1200 K while the quality
of the oxide film was much better at room temperature. We believe
that the mechanism discovered in this work suggests a general way
to explain other self-limiting oxidation behaviors, and is meaning-
ful for both material science and applications in electronics.
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