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Abstract

We have developed and proposed a model for reactive ion etching (RIE) process
design of nickel oxide thin films using a computational materials design based
on ab initio calculations. On etching NiO, we found that it was necessary to
have hydrogen-based reactive gases in the initial state in order to enhance RIE
(e.g. NH3, CHy). We strongly suggest the use of CH4 or any H-based gas source
other than CHF; to enhance RIE process.

1. Introduction

The surface of metal oxides, specifically transition metal oxides, has been extensively studied
in recent years because the development of nanoscale processing techniques has enabled us
to fabricate nanostructures. In particular, nickel oxide shows bistable conductivity switching
properties and can have potential applications for nonvolatile memory devices such as
resistance random access memory (RRAM) [1-3]. Recently, the reactive ion etching (RIE)
process has been widely used for ultrafine-fabrication in the electronics industry. However, it
is hard to determine the optimum RIE conditions like vacuum pressure, gas composition and
plasma activity for the etching of magnetic materials. Several experiments have demonstrated
RIE processes of transition metal (TM) compounds such as Ni-Fe, Ni-Fe-Co and Co-Fe,
employing two basic plasma chemistries of Cl, and CO/NH; [4-6] in these investigations.
The CO/NHj is said to promote the formation of volatile metal carbonyls such as Ni(CO),
and Fe(CO);s. For RIE of surface oxides, CHFj; is suggested to be compatible with SiO, [7].
Experimentalists from AIST and ULVAC used a CHF3/N,/0O, gas combination to etch NiO,
Co0 and CuO and were successful in carrying out RIE with a minimum amount of N,. The
experimental details of this study will be reported in another paper.
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With the recent developments in computational techniques, coupled with rapid progress in
computer efficiency, ab initioffirst-principles-based Computational Materials Design (CMD®)
is now a reality [8, 9]. Its impact and influence on industrial research and development should
increase in the coming years. One of its applications is to design and develop effective and
efficient methods for fabricating electronic and magnetic devices. With the development
of CMD, we design a model for the RIE process based on ab initio calculations. We
perform density functional theory (DFT)-based calculations of the total energy and electronic
structure of the surface and molecules. Working hand-in-hand with the experimental group,
we test the ideas laid out in our design and compare them with the experimental results. We
have established the computational process design for NiFe and CoFe alloy thin films for
RIE [10-15] and the results, most especially for NiFe, are in good agreement with experimental
results [10].

In this paper, we propose a model for the etching process of NiO thin films. This
investigation is an attempt to predict beforehand the gas combinations necessary for
successfully etching a metal oxide surface to be used to fabricate nanomagnetic materials. We
evaluate the reactivity on the basis of the change in total energy. There are many possible
gas combinations to produce different products, but we considered those by-products that are
volatile. Moreover, the RIE process involves complex interactions of ions of gas molecules and
surfaces. Basically, this can be regarded as an initial investigation since it only considers the
total energy of the different states. Furthermore, the intermediate states only include interaction
of gas molecules on the surfaces at a time and do not involve interactions between gas molecules
near the surface. However, this can be considered a groundwork in the understanding of the
reactivity in etching the NiO surface and a means of decreasing the RIE processing period for
NiO thin films in terms of determining the gas combinations and the probable by-products. In
addition to this, the outcome of this study may be applied not only for ion-based etching but
also for neutral-based etching processes.

2. Model and method

In the computational process design, we consider three specific states of the RIE process: the
initial, intermediate and final states, similar to those used in the RIE of NiFe [10]. In the initial
state, a gas molecule is far from the metal surface. The molecule does not interact with the
surface. In the intermediate state, the molecule is close to the surface, around 1.8-3 A, and
the position of the molecule on the surface has to be considered. In the final state, one atom is
taken from the surface and the etched compounds and the by-products are in a vacuum leaving
a vacancy on the surface. In this study, we considered the formation of a Ni vacancy on the
NiO surface.

As for the initial investigation, the supercell is composed of a one-layer slab of NiO(100)
(2 x 2) with 8.32 A as the cell length and width and a vacuum distance of 12 A. We considered
the antiferromagnetic state of NiO. We performed computations on the generalized gradient
approximation (GGA) of the DFT using a plane wave basis set. We used 16 k-points and
adopted a 60 Ryd energy cutoff for kinetic energy.

In terms of choosing the gas combinations, we consider the gas combinations used in the
experiments and find the combinations of by-products that will give lower energies for the final
state. In addition, the by-products should be volatile, stable and be stoichiometrically possible
for the conservation of the reaction process. The main by-product for NiO according to previous
studies is Ni(CO), [4-6, 10].
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Figure 1. Reaction paths for CO—gas combinations.

3. Results and discussion

The details of the etching characteristics for the NiO are described in this section. First, we
used CO gas as the main reactive gas and then later combined it with other gases. The etching
process with this gas is represented by the following chemical reactions:

3.1. CO-gas combinations

NiO(100) + 4(CO) (Initial)
NiO(100) + [4(CO)] (ads) (Intermediate) (3.1.1)
[NiO(100) — Ni(vac)] + Ni(CO)4 (Final).
Here (ads) means that the distance between a molecule and the NiO surface ranges from
approximately 1.8 to 3.0 A and (hollow) means that there is a Ni vacancy in the surface of
the unit cell. The following are the chemical reactions for different gas combinations with CO

based on the CO/NH3/0, combinations for NiFe [6] and the possibility of combining CO and
NQZ

NiO(100) + 4(CO) + 4(NH3) + 7(0,) (Initial)
NiO(100) + [4(CO) + 4(NH3) + 7(03)] (ads) (Intermediate) (3.1.2)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 4(NO,) + 6(H,0) (Final)

NiO(100) + 4(CO) + N, + 2(05) (Initial)
NiO(100) + [4(CO) + N + 2(0)] (ads) (Intermediate) (3.1.3)
[NiO(100) — Ni(vac)] + Ni(CO), + 2(NO,) (Final).

The energy differences for the different states with respect to the initial energy and the
reaction pathways of NiO thin film for these combinations of reactive gases are presented in
figure 1. We can observe that the final state is more stable than the intermediate state. The
gas combination that gives the lowest energy in the final state is the CO/NH3 /0, combination,
then the CO/N, /O, and lastly CO alone, as shown in figure 1.

Figure 2 shows the reaction path for NH; combinations with the following chemical
reactions:
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Figure 2. Reaction paths for NH3—gas combinations.
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Figure 3. Reaction paths for No—gas combinations.

3.2. N Hs—gas combinations

NiO(100) + 4(CHF3) 4+ 4(NH3) + 9(03) (Initial)
NiO(100) + [4(CHF3) + 4(NH3) 4 9(0)] (ads) (Intermediate) (3.2.1)
[NiO(100) — Ni(vac)] 4+ Ni(CO)4 4 4HF + 4(F;) + 4(NO») 4 6(H,0) (Final)

NiO(100) + 2(CHF3) 4 2(CHy) + 4(NH3) 4 10(03) (Initial)
NiO(100) + [2(CHF3) + 2(CH4) + 4(NH3) + 10(03)] (ads) (Intermediate) (3.2.2)
[NiO(100) — Ni(vac)] 4+ Ni(CO)4 + 6HF + 4(NO,) + 8(H,0) (Final)

NiO(100) + 4(CH4) + 4(NH3) + 13(03) (Initial)
NiO(100) + [4(CHy4) + 4(NH3) 4 13(0,)] (ads) (Intermediate) (3.2.3)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 4(NO,) + 14(H,0) (Final).

From the two figures, we can see that CHs/NH3 /O, has the lowest energy in the final state
(3.2.3). It can be noted that the by-products that give the lowest energy are H,O and NO,. The
CHF;/NH3/0; combination with F, as one of the by-products (3.2.1) has a higher energy than
the CHF;/CH4/NH3/0, combination without including F; in the by-products (3.2.2). If NH;

is replaced by Ny, the reaction paths will be as shown in figure 3 with the following chemical
reactions:
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Figure 4. Reaction paths for gas combinations without N».

3.3. Ny—gas combinations

NiO(100) + 4(CHF3) 4+ N> + 5(0;) (Initial)
NiO(100) + [4(CHF3) 4+ N, + 5(07)] (ads) (Intermediate) (3.3.1)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 6F, + 2(NO,) + 2(H,0) (Final)

NiO(100) 4+ CHF; + 3(CHy) + N, + 7(05) (Initial)
NiO(100) + [2(CHF3) + 2(CHy) 4 4(NH3) + 10(05)] (ads) (Intermediate)  (3.3.2)
[NiO(100) — Ni(vac)] 4+ Ni(CO)4 + HF + F, + 2(NO,) + 6(H,0) (Final)

NiO(100) + 4(CHy) 4+ Ny + 8(07) (Initial)
NiO(100) + [4(CH4) + Ny 4 8(02)] (ads) (Intermediate) (3.3.3)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 2(NO,) + 8(H,0) (Final).

Again, we can observe in figure 3 that the combination that gives the lowest energy
is the CH4/N,/O, combination with by-products NO, and H,O (3.3.3), followed by
CHF;/CHy4/N;,/0; (3.3.2) then CHF; /N, /O, has the highest energy (3.3.1). From this we can
say that the hydrogen in the gas source makes the reactivity more favourable (i.e. CHy) and,
unlike in SiO,, halogens such as F may produce poor reactivity for NiO. We also considered
the elimination of N gas in the following combinations with the reaction paths given in figure 4:

3.4. Without N,—gas combinations

Ni(100) + 4CHF; + 20, (Initial)
Ni(100) + [4CHF;5 + 20;] (ads) (Intermediate) (3.4.1)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 4HF + 4F, (Final)

NiO(100) 4 2(CHF3) 4 2(CHy) + 3(03) (Initial)
NiO(100) 4 [2(CHF3) + 2(CHy) + 3(07)] (ads) (Intermediate) (3.4.2)
[NiO(100) — Ni(vac)] + Ni(CO)4 + 6HF + 2(H,0) (Final)

NiO(100) + 4(CHy) + 6(0») (Initial)
NiO(100) + [4(CH,) + 6(0,)] (ads) (Intermediate) (3.4.3)
[NiO(100) — Ni(vac)] + Ni(CO), + 8(H,0) (Final).
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As expected, the CH,4/O; gas source combination yields the lowest total energy, followed
by the CHF3;/CH4/0; combination, and the CHF3 /O, combination yields the highest energy.
It can also be noted that the CHF3 /O, gas source yields a lower energy than with CHF3 /N, /O,.
This means that minimal N,, or no Nj at all, gives better reactivity. On the other hand,
CHF;/CH4/N, /0O, and CH4/N,/O; instigate better reactivity than without N,. The reactivity
may be attributed more to the hydrogen content of the source gas than to the presence of Ny, as
can be seen in the energy differences from figures 2 and 3.

There are many possibilities for the reaction paths for etching metal oxide surfaces and
we are just beginning to scrutinize the complexities of the RIE process. We are continuing this
study to investigate the effect of difference gas combinations in increasing the efficiency of the
RIE process and extending the number of layers in order to emulate the behaviour of the NiO
thin film.

4. Conclusion

We were able to develop and propose a model for the RIE process design of nickel oxide thin
films using computational materials design based on ab initio calculations. On etching NiO, we
found that it was necessary to have hydrogen-based reactive gases in the initial state in order to
enhance RIE (e.g. NH3, CHy). We strongly suggest the use of CHy or any H-based gas source
other than CHF; to enhance the RIE process. Experimental verification and modification of
our model is under way. This model can be used not only for ion-based etching but also for
neutral-based etching processes.
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