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Abstract

Classical molecular dynamics (MD) is used to simulate atomic layer etching (ALE)
processes of silicon by alternating exposure to chlorine gas and argon ions. In order to
validate our model, a rigorous comparison is done with ion beam experiments found
in the literature [Jpn. J. Appl. Phys. 2005, 44, 389-393]. It is shown that the etch
per cycle (EPC) as a function of argon ion energy from simulations are in quantitative
agreement with experimental results, if the correct argon ion fluence is used in the
simulations. The EPC as a function of ion irradation time and amount of chlorine
exposure also show good agreement with experiment. The MD simulations also show
the formation of an amorphous silicon region with chlorine atoms mixed uniformly
throughout following ion bombardment. Finally, the etch products during the ion

irradation step are analyzed and discussed.

I. Introduction

Atomic layer etching (ALE)!3 processes offer the potential to remove material from
surfaces with atomic-scale precision.* In ALE, surface modification and removal steps are
separated either spatially or temporally. ALE can be thought of as analogous to atomic layer
deposition (ALD)5 since both ideally include two self-limiting half steps. The first reaction
modifies only the surface atoms in such a way that they can be selectively removed in the
subsequent step. The second reaction removes the modified layer but without removing layers

below the surface. ALE has been applied to a variety of materials including silicon (Si),% !

2224 polymers,?® and graphene.26-28

various oxides,!?18 compound materials, 92! metals,
However, despite the large amount of experimental work on ALE, there are many questions
that are not understood. For example, the extent of surface damage and degree of roughness

developed during ALE have not been examined in great detail. Molecular simulations can

augment experimental studies by illustrating mechanisms at the atomic scale.



Classical molecular dynamics (MD) simulations are a type of molecular simulation tech-
nique in which the time-dependent trajectory of a system of atoms is calculated. Empirical
interatomic potentials (mathematical descriptions of the potential energy as a function of
distance between atoms) are used to to represent interactions between atoms. This is in
contrast to ab initio MD where a first-principles approach is used and interactions between
atoms are computed from electronic structure calculations. While ab initio MD generally
tends to be more accurate than classical MD, it is a much more computationally expensive
technique. This additional accuracy may not be needed to effectively interpret experimental
results. Comparisons to experiment have demonstrated that classical MD can often repro-
duce experiments, making them a powerful tool to understand plasma-surface interactions
mechanisms.

In this work, we use classical MD simulations in order to demonstrate its ability to
simulate ALE processes. We focus on Si etching where the surface modification step is driven
by room temperature chlorine gas (Cly) and the removal step is achieved by bombardment
of argon ions (Ar*). This specific ALE process is chosen such that we can compare to the
ion beam experiments of Park et al.!! To the best of our knowledge, a rigorous comparison
of molecular simulation results to experimental data has never been done for Si-Cl-Ar ALE.

The paper is organized as follows. Section II will give details about the MD simulations.
Section III will discuss results and compare to experimental data. Finally, Section IV will

give concluding remarks.

II. Simulation Details

As mentioned in the previous section, this work will focus on performing MD simula-
tions of Si ALE using Cly and Ar*. The reactive empirical bond order (REBO) potential
parametrized by Humbird and Graves3" was used for Si-Cl interactions. See supplementary

material at [URL will be inserted by AIP Publishing] for the functional form and parameters



of the REBO potential. All Ar* interactions are described using the Moliére potential.3! It
should be noted that Ar* ions are actually represented in the simulation as neutral Ar atoms
as it is assumed that these ions recombine through Auger neutralization before hitting the
surface.

The Si substrate is modeled as a semi-infinite diamond cubic crystalline slab of size
32.60 A by 32.60 A by 52.98 A with periodic boundaries imposed in the x and y directions.
The (100) surface of the Si crystal with an area of 1063 A2 is exposed to a vacuum in
the z direction. The bottom two layers of Si atoms are fixed in order to simulate a semi-
infinite crystal. For this simulation cell size, one monolayer corresponds to 72 atoms. This
simulation cell was deemed to be large enough to not see any substantial system-size effects.
We concluded this by examining some results for a larger system size and not observing any
significant differences.

In order to simulate a Si-Cl-Ar ALE process, we consider the two main reactions that
are assumed to drive the process: the chemical modification reaction by Cly and the removal
reaction by Ar* ions. Each reaction is modeled as a series of impacts each involving one
particle of the relevant species and the Si slab within the microcanonical ensemble (con-
stant number of particles, volume, and energy) for a maximum of 2 picoseconds. Particles
are placed in a random position above the substrate before the impact simulation begins.
Between impacts it is assumed that nothing happens except that weakly bound products
thermally desorb. This is done because a full MD simulation of a plasma process would
not only be intractable computationally but also is not necessary to capture the essential
processes.

In experiments, the time between impacts within the simulated area of the Si substrate
is typically on the order of milliseconds. Given that the timescale of integration in MD
simulations is typically around a femtosecond, simulating a multi-millisecond long processes
is computationally impractical. However, the more important point is that simulating the

relatively long times between impacts may not be needed to capture experimentally relevant



results such as surface structure, etch rates, and so forth. Indeed, an important motivation
for the present study is to carefully compare simulation results to experimental measurements
to justify the assumptions made in the simulation.

During each impact, the temperature of the simulation cell will rise because energy is
being added to the system. Therefore, in order to maintain a constant temperature over the
course of many impacts, the temperature of the cell is brought to 300 K using a Berendsen
thermostat3? after each impact. This procedure has been used for many similar molecular
dynamics studies in the past.30:33-38

For all simulations described in this work, the Cly gas will be at 300 K. This means
that the velocity components of each Cly molecule are randomly sampled from a Maxwell-
Boltzmann distribution corresponding to this temperature. For Ar* ions, only the z-component
of the velocity is assigned corresponding to the ion acceleration voltage of experiments being
simulated. We neglect the possible effects of a distribution of ion energies or impact angles.

During the course of the MD simulations, an algorithm is used to identify etch products
and remove them from the simulation. An etch product is identified as a cluster of atoms
(excluding fixed Si atoms) for which the switching function (See Equation A5 of Humbird and
Graves® or Equation S6 in the supporting material) is equal to 1. If a cluster is identified
as a saturated product (such as SiCly), it is immediately removed. If the cluster is not
saturated, the value of switching function between each atom in the cluster and each atom
in the bulk crystal is calculated. If the maximum value is less than 0.1, the cluster is defined
as weakly bound and is removed. Periodically, two new fixed layers of Si are added to the
bottom of the simulation cell once a certain number of Si atoms is removed through etching.
Once this is done, the Si atoms that were previously fixed are now free to move. This is
done in order to run simulations without completely depleting the Si atoms.

As mentioned previously, the experimental work of Park et al.!! is used for comparison
to our simulation results. When describing their experiments, the authors give Cly and Ar*

flow rates as well as supply and irradiation times. However, given that the MD simulations



only explicitly simulate the picosecond timescale during each impact (of either Cly or Ar*)
and ignore the time between between impacts, exposure time cannot be used directly in the
MD simulations. Instead, in order to directly compare to experimental results we need to
match the fluence of Cly molecules and Ar* ions in their respective ALE steps. Recall that
fluence is defined to be species flux multiplied by exposure time. It is equivalent to the total
number of impacts on the simulation cell surface. Finally, when we compare our simulation
results to experiment, we make sure to run 3-5 independent simulations in order to calculate

95% confidence intervals.

II1. Results and Discussion

Figure 1 shows the amount of Si etched (in units of Angstroms) as a function of cycle
number for various Ar* ion energies from the MD simulations. In this case, one cycle consists
of 2255 Cly impacts and 1000 Ar* impacts. It is clear from the results shown that Si is etched
only during the Art bombardment step. As expected, the etch per cycle (EPC) increases as

the energy of the Ar* ion increases.
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Figure 1: Amount of silicon etched as a function of cycle number. For these results, one cycle
corresponds to 2255 Cly impacts and 1000 Ar* impacts. Each line corresponds to results for
a different Ar* ion energy: blue - 40 eV, green - 60 eV, red - 80 eV, and black - 100 eV. The
vertical dashed lines separate the Cly and Ar* portions of the ALE cycles.

Figure 2 shows the Cl uptake as a function of cycle number for the same cycles described
in Figure 1. Obviously, the amount of Cl accumulated in the near surface region increases
during the chlorination steps and decreases during the ion bombardment steps. However, it
is clear that the amount of Cl in the simulation during the first three cycles is lower than
in subsequent cycles. Therefore, for this specific cycle, it takes a few cycles (about 4) for
the ALE process to reach a cyclic steady state when starting from a perfect Si crystal. As
mentioned by Tinacba et al.,3® many molecular simulation studies of ALE only focus on the
first cycle. Thus, this phenomena would not be observed. This is due to the fact that it
takes several cycles to form the near surface amorphous region (described below) and to mix
Cl atoms into this layer. This is can be seen by examining simulation snapshots of the layer
side view, illustrated below. It should be noted that each of the results shown in Figure 2
are from a single MD simulation. Therefore, they are subjected to a degree of randomness

and statistical fluctuation. This is why, for some cycles, the 100 eV Ar* case has a higher



CI uptake than the 80 eV Ar* case.
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Figure 2: Chlorine uptake (in units of equivalent monolayers) as a function of cycle number
for the cycles described in Figure 1. Each line corresponds to results for a different Ar* ion
energy: blue - 40 eV, green - 60 eV, red - 80 eV, and black - 100 eV. The vertical dashed
lines separate the Cly and Ar* portions of the ALE cycles.

We can estimate the initial sticking coefficient of Cly on the (100) surface of Si from the
initial Cl uptake curves in Figure 2. Considering the first 36 Cly; impacts (which corresponds
to 1 ML of Cl atoms for our simulation cell size) and performing a linear fit to the data we
obtain a sticking coefficient of 0.42 + 0.05. Barker et al. report a sticking coefficient of 0.3.39
Sullivan et al. present data that indicate the sticking coefficient (on the (2x1) reconstructed
(100) Si surface) is between 0.4 and 0.6.4° Doshita et al. give a value of around 0.6 at 300
K.4! Thus, we believe our simulations of molecular chlorine dissociative chemisorption are
in reasonable agreement with experiment.

Figure 3 shows side views of the simulation cell at the end of the chlorination step and ion
bombardment step for cycles 1, 4, and 8. For these results the cycle is composed of the same
number of Cly and Ar* ion impacts as the ones described in Figures 1 and 2. However, the

Ar* ion energy for these snapshots is 70 eV. In order to visualize the results more clearly, Si



atoms are shown as translucent yellow spheres, while Cl atoms are solid cyan spheres. After
the first chlorination step, the Si slab retains its crystal structure, while Cl atoms adhere to
the surface.

After the first ion bombardment step, a significant amorphous region is formed in the
Si layer and many of the Cl atoms have been removed; however, some of them still remain
and some have been mixed into the amorphous region. Once the fourth chlorination step
finishes, the amorphous region still remains. There is a relatively large amount of Cl atoms
at the surface of the amorphous region from the recent exposure to Cl,. The fourth ion
bombardment step removes the top layer of Cl atoms and we once again see the amorphous
Si region with Cl atoms mixed throughout. It appears there are more Cl atoms in the
amorphous region when compared to the end of the first ion bombardment step. This is
consistent with what is shown in Figure 2. The side views at the end of the eighth chlorination
and ion bombardment steps look similar to their fourth cycle counterparts. This is because
the process has reached a cyclic steady state. It should be noted that as the number of
cycles progress, additional layers of Si atoms are added to the bottom of the simulation cell

as described in Section II.
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Figure 3: Side views of the simulation cell at the end of several sub-steps during the ALE
process for Cycles 1, 4, and 8. For these results, one cycle corresponds to 2255 Cl, impacts
and 1000 Ar* impacts. The Ar* energy is 70 eV. Yellow spheres are Si and cyan spheres are
Cl. Si atoms are translucent in order to visualize Cl atoms mixed into the amorphous layer.
Panel a is the side view of the simulation cell after the first chlorination step, panel b is after
the first ion bombardment step, panel c is after the fourth chlorination step, panel d is after
the fourth ion bombardment step, panel e is after the eighth chlorination step, and panel f
is after the eighth ion bombardment step. The snapshots were created in Visual Molecular

Dynamics (VMD).42

Figure 4 gives the Si and Cl atomic density depth profiles for the corresponding simulation
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snapshots in Figure 3. The black dotted line in each subfigure corresponds to the bulk Si
atomic density at 300 K.%? The same observations discussed in the previous paragraph can
also be observed from the density profiles. The spike in atomic Si density at the bottom
of the layers is an artifact of the fixed layers at the bottom of the simulation cell. The CI
density profiles at the end of the fourth and eighth Ar* bombardment steps show that Cl
appears to be approximately uniformly mixed into the amorphous layer. The amorphous
layer is about 1 nm deep for the ion energy used here.
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Figure 4: Si and Cl number density profiles for the snapshots shown in Figure 3. The black
dotted line corresponds to the density of Si at 300 K..43 Panel a shows the number density
profiles after the first chlorination step, panel b shows them after the first ion bombardment
step, panel ¢ shows them after the fourth chlorination step, panel d shows them after the
fourth ion bombardment step, panel e shows them after the eighth chlorination step, and
panel f shows them after the eighth ion bombardment step.

We now move to the comparison of simulation predictions with the reported experimental
data of Park et al.1! Park reports pure physical sputtering results in terms of A of Si etched

per cycle as a function of Ar* ion energy. In this context, the “cycle” refers to the ALE
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cycle without any chlorination. At the end of Section II, it was mentioned that the fluence
of molecules and ions in the molecular simulation need to match those in experiments in
order do to a proper comparison. For pure physical sputtering, the fluence used in our
molecular simulations were derived from the reported result of Park et al. at 100 eV. It was
found that a fluence of 9.61 x 10 Ar*/cm? (1000 Ar* impacts for the cell size used) gives
excellent agreement with experimental result. This fluence was used for physical sputtering
simulations at all other energies and also give quantitative agreement with the experiment
as shown in Figure 5.

It should be noted that Park et al. report an Ar* ion flux of 2.11 x 10'3 Ar*/cm?s only for
experiments run at 40 eV.!! They don’t report fluxes for any other conditions. Considering
they report an irradiation time of 30 s, this corresponds to a fluence of 6.36 x 10'* Ar*/cm?
(about 68 Ar* impacts for the cell size used). This is a much lower fluence than the value
used for the physical sputtering results. However, if we applied this lower fluence to the
physical sputtering results at higher energies, we would not match experimental results. For
example, the physical sputtering EPC at 100 eV Ar* from simulations using only 68 impacts
would be 0.05 + 0.01 A/cycle, a value much lower than the experimentally reported value
of about 0.9 A/ cycle. This suggests that the fluence of Ar* ions is not kept constant as
the energy is changed in the experiments of Park et al.!'’ Due to the fact that fluxes are
not reported for all energies, we consider two limiting cases in our ALE simulations for the
results shown in Figure 5. These are a “High Fluence” case where 1000 Ar* impacts are
used for the ion bombardment step and a “Low Fluence” case where 68 Ar* impacts are
used. We apply the former to all Ar* ion energies, while we apply the latter to 40, 50, and
60 eV. In all cases, the chlorination step corresponds to 2255 Cl, impacts. This was chosen
in order to reach complete Cl saturation and appears to be consistent with the experimental
conditions reported.

The results for the “High Fluence” and “Low Fluence” simulation cases are also shown in

Figure 5. For the “High Fluence” simulations, quantitative agreement with the experimental
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EPC is achieved for ions impacting at 70 eV and above. For ions at 40-60 eV, these sim-
ulations overestimate the reported experimental EPC values. Better agreement is achieved
with the “Low Fluence” simulations, supporting our assertion that the fluence is likely not

constant with respect to Ar* energy in the experiments.
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Figure 5: Etch per cycle as function of Ar* ion energy. For the “High Fluence” simulation
results, one cycle corresponds to 2255 Cly impacts and 1000 Ar* impacts, while for “Low
Fluence”, one cycle corresponds to 2255 Cly impacts and 68 Art impacts. Open symbols
correspond to ALE results, while closed symbols correspond to pure physical sputtering
results. Red symbols are from MD simulations, while blue symbols are experimental results
from Park et al.1! The dotted lines indicate where the supposed ALE window is located from
experimental results.

Figure 6 shows how the EPC changes with respect to the irradiation time of 70 eV Ar*
ions. For these results, the chlorination step is kept constant (20 sccm of Cly for the ex-

periments, and 2255 Cly, impacts for the simulations). The dotted line marks where one
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monolayer of (100) Si is etched every cycle (1.36 A/cycle). We assumed 1000 Ar* impacts
corresponds to 30 s of irradiation time. EPC from both experiments and simulations in-
creases with respect to the irradiation time, until a saturated value is reached. The MD
simulations seem to slightly overestimate the reported experimental EPC values below 30 s

and underestimates them above 30 s; however, the trend matches experimental results.
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Figure 6: Etch per cycle as function of irradiation time for 70 eV Ar* ions. Red symbols
are from MD simulations, while blue symbols are experimental results from Park et al.l
For the the simulations results, the chlorination step consists of 2255 Cl, impacts, while
for experiments 20 sccm of Cly is suppled for 20 seconds. It is assumed a 30 second ion
irradiation time corresponds to 1000 impacts in the simulation. The dotted line is the
experimental saturated EPC (1.36 A /cycle).

In Figure 7, the EPC calculated from ALE MD simulations is shown as a function of

number of Cly impacts during the chlorination step. In these results, 1000 70 eV Ar* ion
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impacts make up the ion bombardment step. The trend shown in this figure, matches the

Langmuir-like trend seen in the experimental results (Figure 4 (solid squares) in Park et

al.11).
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Figure 7: Etch per cycle as function of Cly impacts from MD simulations. 1000 Ar* ion
impacts are used for the ion bombardment step in every case. The energy of the Ar* ions is
70 eV.

We now report the etch products observed from the MD simulations. The etch product
distribution of the 70eV Ar* ion bombardment step during cyclic steady state for the “High
Fluence” ALE simulations is given in Figure 8. Not surprisingly, Cl is the most observed
etch product and most Si-containing products are silicon chlorides. It should be noted that
no Si-containing etch products are observed during the chlorination step. This is expected

as Cly, molecules do not spontaneously etch Si at 300 K.44

15



Ar* Bombardment Step
60%

50% A

40% 4

30% A

20% -

10% A

sicl, SiCl - sj.Cl,
Etch Products

0% -

Figure 8: Distribution of etch products from MD simulations during the (70 eV) Ar* ion
bombardment step. The cycle in this case corresponds to 2255 Cly molecules impacts and
1000 Ar* ion impacts. The distribution of products is taken once cyclic steady state is
reached.

Insight into the time evolution of etch products during the ALE cycle is obtained by
splitting the ion bombardment step into two sections. We consider the first 150 Ar* ion
impacts as the first portion of the step (consisting of 15% of the ion impacts for the step),
and the last 850 ion impacts as the second portion. The reason for splitting up the ion
bombardment step in this manner can be explained using Figure 9.

In Figure 9, the depth profiles of number density of Si and Cl are shown at the beginning
of the ion bombardment step and after the initial 150 ion impacts. Before the start of the
ion bombardment step, there is a large peak in the CI density near the top of the simulation

cell as the chlorination step has just ended and Cl has saturated the exposed surface. After
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150 Ar* ion impacts, the near surface Cl density peak has decreased significantly due to both
Cl loss from the surface and Cl atom mixing into the amorphous Si layer. Due to the fact
that much of the near surface loss of Cl occurs after 150 ion impacts, we chose to split the
ion bombardment step at this point and examine the etch products during each portion of

the ion bombardment step.
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Figure 9: Si and Cl number density profiles at the beginning of Ar* ion bombardment step
(Panel a) and after 150 Ar* ion impacts (Panel b). The black dotted line corresponds to the
density of Si at 300 K.%3 The cycle in this case corresponds to 2255 Cly molecules impacts
and 1000 Ar* ion impacts.

The etch product distributions for the two portions of the ion bombardment step are
shown in Figure 10. During the initial portion of the ion bombardment step a majority of
etch products consist of atomic chlorine and various silicon chlorides. As the bombardment
step progresses, we observe an increase in the percentage of Si and Siy, a decrease in Cl
and some silicon chlorides. As was mentioned above, this is expected as much of the Cl at
the top of the simulation cell has already been sputtered or mixed into the Si subsurface
region. These results suggest that during an ALE cycle, we should expect the etch product
composition to evolve as a function of time during the ion bombardment step. Experimental

validation of this prediction is not yet available to our knowledge.
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Figure 10: Distribution of etch products from MD simulations during the first 15% (Panel
a) and final 85% (Panel b) of the (70 eV) Ar* ion bombardment step. The cycle in this case
corresponds to 2255 Cl, molecules impacts and 1000 Ar* ion impacts. The distributions of
products are taken once cyclic steady state is reached.

IV. Concluding Remarks

In this paper, classical MD simulations are used to simulate Si-Cl-Ar ALE processes.
During the simulations, a semi-infinite crystalline slab of Si is subjected to two alternating
steps (a surface modification step and a removal step), that when taken together make up one
cycle. The first step is modeled by exposure to Cly molecules at 300 K while the second step
is bombardment by Ar* ions. A main focus of this paper is comparison to experimental data
in order to test the validly of the modeling procedure. The ion beam experiments of Park
et al.'' are used for this purpose. We were also able to draw conclusions on the structural
properties of the Si surface and near surface regions as well as product distributions during
the etching process.

Starting from a pristine (100) Si surface, MD simulations indicate that there is significant
transient behavior during the beginning of an ALE process, most evident in tracking the CI
uptake as a function of cycle number. The ALE process will eventually reach cyclic steady

state after a number of cycles. For 70 eV Ar* ions, a significant amorphous region of
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about 1 nm is formed in the Si slab with Cl atoms roughly uniformly mixed in following
argon ion bombardment. An earlier study, consistent with these results, demonstrated that
the thickness of the amorphous region depends on the energy of the Ar* ions used in the
bombardment step.36

The EPC as a function of ion energy calculated from MD simulations are in quantita-
tive agreement with the experimental results of Park et al.!'! However, it was shown that
the fluence of ions used in the simulations needs to match those reported in experiments.
Although there is some slight disagreement, the effect of ion irradiation time on the EPC is
semi-quantitatively captured with the MD simulations. Finally, the Langmuir-type behavior
of the EPC as a function of Cl, impacts also agrees with what is observed in the ion beam
experiments.

By tracking the etch products during the simulation, it was observed, as expected, that
no Si was etched during the chlorination step. During the Ar* bombardment step, the first
portion of the step saw a lot of Cl and silicon chlorides being etched. The distribution shifts
to include loss of unchlorinated Si during the latter portion of the step.

This work demonstrates the ability of MD simulations to accurately predict experimental
ALE data. It also shows how information on the structure of the Si substrate and etch
products can be extracted. In future work, we aim to expand this simulation approach to

different ALE conditions, such as chlorination by chlorine plasmas and higher Ar* energies.
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