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Abstract

Magnetic tunneling junction (MTJ) materials such as CoFeB, Co, Pt, MgO, and the hard mask
material such as W and TiN were etched with a reactive ion beam etching (RIBE) system using
H2 /NH3 . By using gas mixtures of H2 and NH3 , especially with the H2 /NH3 (2:1) ratio, higher
etch rates of MTJ related materials and higher etch selectivities over mask materials (>30) could
be observed compared to those etching using pure H2 (no etching) and NH3 . In addition, no
significant chemical and physical damages were observed on etched magnetic materials surfaces
and, for CoPt and MTJ nanoscale patterns etched by the H2 /NH3 (2:1) ion beam, highly
anisotropic etch profiles >83◦ with no sidewall redeposition could be observed. The higher etch
rates of magnetic materials such as CoFeB by the H2 /NH3 (2:1) ion beam compared to those by
H2 ion beam or NH3 ion beam are believed to be related to the formation of volatile metal
hydrides (MH, M = Co, Fe, etc) through the reduction of M-NHx (x = 1 ∼ 3) formed in the
CoFeB surface by the exposure to NH3 ion beam. It is believed that the H2 /NH3 RIBE is a
suitable technique in the etching of MTJ materials for the next generation nanoscale spin
transfer torque magnetic random access memory (STT-MRAM) devices.
Supplementary material for this article is available online
Keywords: reactive ion beam etching (RIBE), magnetic random access memory (MRAM),
magnetic tunnel junction (MTJ), x-ray photoelectron spectroscopy (XPS), H2 , NH3
(Some figures may appear in colour only in the online journal)
1. Introduction

tunneling magneto resistive (TMR) effect in the magnetic
tunneling junction (MTJ), are some of the most promising candidates for the next generation memory devices due to many
advantages such as high density storage, fast switching speed,

Magnetic random access memory (MRAM) devices, which
are non-volatile memory devices storing information by the
1361-6528/21/055301+9$33.00
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high endurance, and low power consumption [1–4]. Among
these, spin transfer torque MRAM (STT-MRAM) has been the
subject of intensive investigations due to its structure, which is
suitable for stacking MRAM on chips to achieve higher densities at a lower cost.
The main component of the STT-MRAM device is the MTJ
cell, which is consisted of a free ferromagnetic layer, a fixed
ferromagnetic layer, and a tunnel barrier layer [3]. The ferromagnetic layers are the materials such as CoFeB and CoPt with
high magnetic properties, and MgO is generally used as an
intermediate tunnel barrier layer, therefore, a basic MTJ cell is
composed of CoFeB/MgO/CoFeB, CoPt/MgO/CoPt, etc [4].
The etching of the ferromagnetic layer such as CoFeB and
CoPt with halogen gases by reactive ion etching (RIE) has
been previously reported. However, the etching of magnetic
films with halogen gases tends to form non-volatile corrosive
etch byproducts including sidewall redeposition, and which
causes a tapered profile, corrosion, and electrical short [5, 6].
To solve these issues, RIE using C, H, O-based gases such as
CH3 COOH/Ar, CH3 OH, CO/NH3 , etc have been investigated
owing to noncorrosive property of etching and the formation
of potentially volatile etch compounds [5–8]. However, oxygen in the gas mixture could induce chemical damages on the
MTJ material surface during the etching and also could form
a thin oxide layer on the patterned sidewall of MTJ materials,
which reduces the performance of the device [9, 10].
To avoid chemical damage, RIE or ion beam etching (IBE)
using inert gas such as Ar has been reported, but it has issues
including sidewall redeposition and low etch selectivity with
mask materials due to physical sputtering [11]. For the IBE, to
remove the sidewall residue and to obtain a vertical etch profile, a tilted ion milling process has been also applied [6, 12].
However, the tilting of the ion beam is limited to the etching
of low density MRAM cells because the tilting of ion beam
can induce a shadow effect caused by adjacent cells, especially, in the case of high density MRAM devices required
for next generation STT-MRAM devices. Therefore, reactive ion beam etching (RIBE) processes using reactive gases
such as CO/NH3 instead of Ar have been investigated and,
by using the RIBE without tilting the ion beam, anisotropic
etch profiles of MTJ without sidewall residues could have been
observed [13, 14]. However, due to the use of the etch gas
mixture containing oxygen, a possibility of chemical damages on the MTJ material surface during the etching and a
thin oxide layer on the patterned sidewall of MTJ material still
remains.
Therefore, in this study, to reduce the chemical damage
caused by oxygen in the etch gas mixture and to improve
etch profile of MTJ, the RIBE processes using reactive gas
mixtures of H2 /NH3 not containing oxygen and those using
Cl2 as a comparison have been investigated and the effects of
the gas mixture on the etch characteristics of CoFeB, CoPt,
TiN, W, etc and the etch profiles of MTJ were investigated.
In addition, a possible etch mechanism of magnetic materials by H2 /NH3 RIBE has been also investigated. The results
showed that, by using H2 /NH3 , a highly anisotropic etch profile of MTJ without formation of a sidewall residue and a high
etch selectivity over mask materials such as TiN and W could

Figure 1. Schematic diagram of the reactive ion beam etch system

with three-grid assembly and ICP-type plasma source used in the
experiment.

be observed without significant chemical damage of MTJ
materials.
2. Experimental
MRAM materials such as Co, Pt, and CoFeB, electrode/hard
mask materials such as TiN and W were sputter deposited on
SiO2 /Si wafers for the measurement of etch characteristics of
magnetic materials using RIBE. In addition, CoPt (25 nm)
and a MTJ structure of CoPt (10 nm)/MgO (1 nm)/CoFeB
(10 nm)/Ta (5 nm) deposited on SiO2 /Si wafers and dotpatterned with W (86 nm)/Ru (5 nm) were used to observe
the etch profiles.
The schematic drawing of the reactive ion beam etcher used
in this experiment is shown in figure 1. As shown in figure 1,
the reactive ion beam source was composed of an inductively
coupled plasma (ICP) source operated with 13.56 MHz RF
power for reactive plasma generation and a three-grid system
made of graphite for the extraction and acceleration of reactive ion beam. For the reactive ion beam extraction, a positive
voltage was applied to the 1st grid in contact with the plasma
for the control of the ion beam energy, a negative voltage was
applied to the second grid for the acceleration of the ion beam,
and third grid facing the substrate was grounded. The substrate
was located 10 cm below the ion beam source and maintained
at room temperature. The base pressure of the process chamber
was lower than 5 × 10–6 Torr, and the etching was performed
at 3 mTorr of operating pressure with Cl2 and gas mixtures of
H2 /NH3.
The energy and energy distribution of the ion beams used
in the experiment was measured using a home-made retarding grid ion energy analyser equipped with a current meter
(Keithley 2400) and voltage meter (Hewlett Packard 34401 A).
A surface profilometer (Tencor Alpha-step 500) was used to
measure the etch depth of the materials and, also, the etch rates
2
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Figure 2. (a) Etch rates of magnetic materials such as Co, Pt, and CoFeB, a barrier material of MgO, and hard mask materials such as W

and TiN as a function of H2 /NH3 etch gas ratio. In comparison, the etch rates of Co, Pt, CoFeB, TiN, and W etched by Cl2 using the same
other process conditions are also shown. (b) Etch selectivities of Co, Pt, and CoFeB over hard mask materials for different H2 /NH3 gas ratio.

and etch profiles were observed using a field emission scanning electron microscope (FE-SEM, Hitachi S-4700) after the
RIBE. Also, a field emission transmission electron microscopy
(FE-TEM; JEOL, JEM-F200) was used to observe the potential etch residue on the sidewall of the etched features. The
surface composition and chemical binding states of magnetic
materials after the etching were observed using x-ray photoelectron spectroscopy (XPS, Thermo VG, MultiLab 2000, Mg
Kα source) and the surface roughness of the magnetic materials before and after the etching was observed using atomic
force microscopy (AFM, Bruker Innova). A secondary ion
mass spectroscopy (SIMS, TOF-SIMS-5) was also used to
observe the depth of etchant species penetrated into the magnetic materials.

observed. In the case of W, the etch rates were increased with
the increase of H2 /NH3 ratio in the gas mixture except for pure
H2 and, for TiN, the etch rate of 0.2 nm min−1 was observed
with pure NH3 and the increase of H2 /NH3 ratio in the gas
mixture decreased the etch rate of W and no etching of W was
observed when the ratio was higher than 1:1.
In figure 2(b), the etch selectivities of Co, Pt, and CoFeB
over W and TiN are shown for the conditions in figure 2(a).
Even though the etching was conducted for 40 min, no noticeable etching of W and TiN observed in some H2 /NH3 ratios,
such as the H2 /NH3 ratios from 0:1 to 2:1 for W and the
ratios from 1:1 to 1:0 for TiN. Therefore, for these H2 /NH3
ratios, the very high etch selectivities of >30 are believed to be
obtained for Co, Pt, and CoFeB. Among the H2 /NH3 ratios,
the H2 /NH3 ratio of 2:1 shows the high etch selectivity of Co,
Pt, and CoFeB over both W and TiN, therefore, this H2 /NH3
ratio was used as the following process conditions for the comparison with other etch gases such as Cl2 and CO/NH3 (1:3).
In figure 2(a), the etch rates of CoFeB, Co, and Pt etched by
Cl2 using the same other conditions in figure 2(a) are also
shown and the etch rates were 1.8, 1.6, and 1.0 nm min−1 ,
respectively. Therefore, the etch rates by Cl2 were similar or a
little higher than those by H2 /NH3 (2:1) but the etch selectivities over W and TiN were lower than 0.3. The comparison
of etch rates of CoFeB, Co, Pt, and MgO by H2 /NH3 (2:1)
with those by CO/NH3 (1:3) using the same other conditions
in figure 2(a) is also shown in Supplementary Information (figure S2) and higher etch rates of CoFeB, Co, Pt, and MgO and
possibly higher etch selectivities over W and TiN were also
observed for H2 /NH3 (2:1).

3. Results and discussion
3.1. Etch rate and selectivity

The etch rates of various STT-MRAM related materials such
as Co, Pt, CoFeB, MgO, W, and TiN for different H2 /NH3
ratios in the reactive ion beam are shown in figure 2(a). For the
ion beam, the 1st grid voltage was maintained at +200 V, the
2nd grid voltage was at −250 V, and the 3rd grid was grounded. At this voltage condition, the ion energy was in the range
of +198 ∼ 207 eV. (The actual ion energies observed for different 1st grid voltages for H2 /NH3 = 2:1 are shown in the
Supplementary Information (figure S1 (http://stacks.iop.org/
NANO/32/055301/mmedia))). As shown in figure 2(a), when
pure H2 was used, all the materials were not etched and, when
pure NH3 was used, the etch rates of <0.5 nm min−1 were
observed for Co, Pt, CoFeB, MgO, and TiN while no etching
was observed for W. However, for gas mixtures of H2 /NH3 ,
the increased etch rates of magnetic materials such as Co, Pt,
CoFeB, and MgO with the increase of H2 /NH3 ratio, the maximum etch rates at the ratio from 4:1 to 3:1, and the decreased
etch rates with the further increase of the H2 /NH3 ratio were

3.2. XPS analysis

The surface binding states of CoFeB after the etching using
H2 /NH3 (2:1) and Cl2 were observed using XPS. Figures 3(a),
(b) and (c) show the XPS narrow scan data of Co, Fe, and
Co on CoFeB, respectively, before (that is, the reference) and
3
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Figure 3. XPS narrow scan data of (a) Co 2p, (b) Fe 2p, (c) B 1s, and (d) relative atomic percentages of the CoFeB surface before and after

the etching using reactive ion beam with H2 /NH3 (2:1) and Cl2 while keeping the 1st grid voltage at +200 V, 2nd grid voltage at −250 V,
and 3rd grid grounded.

after the etching using H2 /NH3 (2:1) and Cl2 . The other etch
conditions are the same as those in figure 2. Also, the composition of CoFeB surface observed before and after the etching using H2 /NH3 (2:1) and Cl2 was also measured and the
result is shown in figure 3(d). As shown in figures 3(a), (b)
and (c), the surface of reference CoFeB was partially oxidized. Co showed Co−O bonding peaks at 786.8 and 803.5 eV
in addition to Co peaks at 781.1 (2p3/2 ) and 797 (2p1/2 ) eV,
and boron also showed B−O binding peaks at the 193.3 eV in
addition to boron peak at 189.5 (1 s) eV while Fe showed no
oxidized peak in addition to Fe peak at 711 (2p3/2 ) and 724.3
(2p1/2 ) eV. After the etching using Cl2 , the peaks at 786.8 and
803.5 eV similar to those of Co−O binding peaks in addition
to Co peaks were observed and, due to the similar peak positions of Co−O and Co−Cl [15], it is believed that, Co−Cl
binding peaks were formed instead of Co−O binding after the
etching using Cl2 . In the case of Fe, after the etching using
Cl2 , additional peaks at 715.1 and 729.2 eV related to Fe−Cl
binding were observed [16] and, for boron, the additional
peaks at 192.4 eV related to B−Clx binding were observed
[17]. In the case of the etching using H2 /NH3 (2:1), the additional binding peaks at 784.1 and 799.8 eV related to Co−N
[18] and 788.6 and 805.6 eV peaks related to Co-NHx binding (see Supplementary Information figure S3) were observed.

For Fe, after the etching using H2 /NH3 (2:1), additional peaks
at 713.2 and 726.6 eV related to Fe−H binding and peaks
at 716 and 728.3 eV related to Fe−NHx binding could be
also found (see Supplementary Information figure S3). For
Boron, after the etching using H2 /NH3 (2:1), the peaks are
similar to those of the reference but a small additional peak at
190.9 eV related to B−N binding was observed [19]. In fact,
a B−O binding peak was observed not only on the CoFeB
sample etched by H2 /NH3 (2:1) and Cl2 but also on the reference CoFeB sample, therefore, it is believed that the B−O
binding peak observed after the etching is related to the air
exposure after the etching. Therefore, after the etching using
Cl2 or H2 /NH3 (2:1), a chemically modified surface layer was
formed on the CoFeB surface. When the atomic percentages of
the modified surface layer were compared, the ratio of Co:Fe:B
of the reference was 25.4:43.8:30.8%, however, the ratio was
changed significantly after the etching by Cl2 by showing
Co:Fe:B:Cl = 10.4:20.7:27.8:41.1% (the ratio of Co:Fe:B was
17.7:53.1:47.2%) while the ratio of Co:Fe:B:N after the etching using H2 /NH3 (2:1) was 15.6:42.4:24.3:17.7% (the ratio of
Co:Fe:B was 19:51.5:29.5%). Therefore, by the etching using
H2 /NH3 (2:1) compared to Cl2 , the impurity percentage was
lower and the ratio between Co:Fe:B was closer to that of
the reference.
4
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Figure 4. (a) RMS surface roughness values and 2D surface roughness images of CoFeB for (b) reference, (c) after Cl2 etching, and

(d) after H2 /NH3 (2:1) etching for 10 min.

(∼85◦ ) and MTJ (∼84◦ ) layers without significantly etching the W dot pattern could be observed due to the very
high etch selectivity of magnetic materials over W and TiN
as shown in figure 2(a) while CoPt and MTJ etched using
Cl2 showed the significant etching of the W hard mask layer
due to the low etch selectivity, therefore, the etch profiles
were completely ruined. To observe the sidewall residue
on the etched CoPt and MTJ layers, the CoPt and MTJ
etched with H2 /NH3 (2:1) in figures 5(a) and (c) were also
observed by TEM and the results are shown in figure 6.
As shown in figure 6, the sidewalls of CoPt and MTJ etched
structures were clean, therefore, no sidewall residues appear
to be formed on the sidewall of the etched CoPt and MTJ.

3.3. AFM analysis

The surface roughness values of CoFeB before and after
the etching using Cl2 and H2 /NH3 (2:1) were compared and
figures 4(a) and (b) shows the RMS surface roughness value
and its image of 5 µm × 5 µm size CoFeB, respectively, before
and after the etching using the etch condition in figure 2 for
10 min. As shown in figures 4(a) and (b), before the etching, the RMS surface roughness of CoFeB was ∼0.69 nm
and, after the etching using Cl2 ion beam, the RMS surface roughness was increased to ∼3.17 nm possibly due to
the formation of nonvolatile chlorides such as Co−Clx (B.P.
of Co-Cl2 : 1049 ◦ C) and Fe−Clx (B.P. of Fe-Cl3 : 316 ◦ C)
formed on the etched CoFeB surface. However, after the etching using H2 /NH3 (2:1), even though a modified surface layer
was observed as shown in figure 3, the RMS surface roughness
was ∼0.67 nm, therefore, the RMS surface roughness close
to the reference was obtained after the etching using H2 /NH3
(2:1) possibly due to the volatile compound formation during
the RIE using H2 /NH3 (2:1).

3.5. Etch mechanism

The high etch rates of magnetic materials, no increase of
surface roughness after the etching, and no sidewall residue
observed with H2 /NH3 (2:1) IBE appear to be related to the
formation of volatile etch products during the etching using
H2 /NH3 ion beam. To figure out a potential etch mechanism, the CoFeB was etched by a cyclic etching both by one
step continuous etching using NH3 ion beam (1 min etching) per cycle and by two step etching composed of NH3
ion beam (1 min etching) → H2 ion beam (0 ∼ 5 min) per
cycle and their etch characteristics were compared and the results are shown in figure 7. (For the cyclic etch experiment,
due to the low etch rate (<0.5 nm min−1 ) of CoFeB with
the NH3 ion beam, a lower operating pressure of 1 mTorr
instead of 3 mTorr was used for NH3 ion beam to increase
the etch rate of CoFeB while other process conditions are
kept the same, and the higher etch rate (∼1.5 nm min−1 )

3.4. Etch profile and TEM analysis

In addition, CoPt (CoPt 25 nm) and a MTJ (composed of
CoPt (10 nm)/MgO (1 nm)/CoFeB (10 nm)/Ta (5 nm)) on
SiO2 patterned with a W (86 nm)/Ru (10 nm) hard mask
were etched using the conditions in figure 2(a) with H2 /NH3
(2:1) and Cl2 ion beams and the etch profiles were observed
using SEM and the results are shown in figures 5(a) and (b)
for the CoPt and figures 5(c) and (d) for the MTJ layer. As
shown in figures 5(a) and (c), for the etching using H2 /NH3
(2:1) ion beam, highly anisotropic etch profiles of CoPt
5
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Figure 5. SEM etch profiles of CoPt (a, b) and MTJ (CoPt/MgO/CoFeB)/Ta (c, d) on SiO2 patterned with a W/Ru hard mask. CoPt and

MTJ were etched using (a, c) H2 /NH3 (2:1) and (b, d) Cl2 ion beams.

Figure 6. FE-TEM images of (a) CoPt and (b) MTJ (CoPt/MgO/CoFeB)/Ta on SiO2 patterned with a W/Ru hard mask for (a) and (c) in

Figure 5.

of CoFeB was obtained with the 1 mTorr NH3 ion beam.
But, for the H2 ion beam, due to the difficulty in sustaining the H2 plasma at 1 mTorr, the H2 ion beam operated
at 3 mTorr was used for the cyclic etching experiment. For
H2 /NH3 (2:1), at 1 mTorr of operating pressure, the etch rate
of CoFeB was also increased to 3.4 nm min−1 from 1.1 nm
at 3 mTorr.) figure 7(a) shows XPS N1s narrow scan peaks
on the CoFeB after the 1 min NH3 IBE and after 1 min NH3
IBE (1 mTorr) → 2 min H2 IBE (3 mTorr). As shown in
figure 7(a), when CoFeB was etched using NH3 , peaks related
to N (398.3 eV), NH2 /NH (399.4 eV), NH3 + (401.5 eV),
and NO2 (405 eV) were observed on the etched CoFeB surface due to the modification of the CoFeB by the NH3 ion
beam. However, most of those peak intensities were removed
after the 2 min H2 IBE. As shown in figure 7(b), the nitrogen

percentage of the CoFeB surface after the etching using NH3
ion beam for 1 min was about 15.5%, however, the after the
exposure to H2 ion beam for 2 min, the nitrogen percentage
on the etched CoFeB surface was significantly decreased to
2.5%. It is believed that the decrease of N-related peaks such
as NH/NH2 , NH3 + , etc on the CoFeB surface is related to the
etching of CoFeB by forming a hydride such as CoH, FeH,
BHx on the surface during the exposure to H2 ion beam.
Figure 7(c) shows the etch depth of CoFeB with the
increase of etch cycles by cyclic etching with one step continuous etching using NH3 ion beam (1 min) per cycle, with
one step continuous etching using H2 ion beam (2 min) per
cycle, and with two step etching composed of NH3 ion beam
(1 min) → H2 ion beam (0 ∼ 5 min) per cycle. As shown in
figure 7(c), when CoFeB was etched with one step continuous
6
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Figure 7. CoFeB etch mechanism using NH3 → H2 cyclic ion beam etching. (a) XPS N1s narrow scan peaks on the CoFeB after the 1 min

NH3 ion beam etching and after 1 min NH3 ion beam etching → 2 min H2 ion beam etching. (b) Relative atomic percentages of nitrogen on
CoFeB of figure 7(a). (c) Etch depth of CoFeB with the increase of etch cycles by cyclic etching with one step continuous etching using
NH3 ion beam (1 min) per cycle, with one step continuous etching using H2 ion beam (2 min) per cycle, and with two step etching
composed of NH3 ion beam(1 min) → H2 ion beam (2 min) per cycle. (d) CoFeB etch depth/cycle as a function of H2 exposure time in the
two step cyclic etching composed of NH3 ion beam (1 min) → H2 ion beam. To obtain a higher CoFeB etch rate with NH3 ion beam from
∼0.5 to 1.53 nm min−1 , a low operating pressure of 1 mTorr instead of 3 mTorr was used in this experiment.

at ∼0.5 nm/cycle at ∼1 min exposure to H2 ion beam and
the further exposure to H2 ion beam did not etch the CoFeB
further. Therefore, the H2 ion beam exposure to CoFeB etched
using NH3 ion beam removed the saturated CoFeB thickness
of ∼0.5 nm per cycle. When the surface of CoFeB etched with
NH3 ion beam for 1 min was observed using SIMS, the penetration of NHx less than ∼1 nm into CoFeB could be observed
(Supplementary Information figure S4). The NHx penetrated
in the CoFeB etched by NH3 ion beam will exist in the CoFeB
as the form of M−NHx (x = 1∼3, M = Co, Fe) as can be seen
in XPS surface analysis in figures 3(a) and (b). Therefore, it
is believed that, during the two step etch cycle, the ∼0.5 nm
thick CoFeB after the etching using NH3 ion beam was further
etched by forming volatile hydrides of M−H(g) from M−NHx
similar to the formation of volatile M−H(g) from M−Clx
(M = Co, Fe, Ni, etc) observed during the magnetic mater-

etching using H2 ion beam (2 min) per cycle, no etching of
CoFeB was observed similar to the results on CoFeB etching using H2 ion beam in figure 2(a). Also, when CoFeB was
etched with one step continuous etching using NH3 ion beam
(1 min) per cycle, 1.53 nm min−1 was observed. However,
when the CoFeB was etched with two step etching composed
of NH3 ion beam (1 min) → H2 ion beam (2 min) per cycle,
the etch depth per cycle was increased ∼30% compared to that
etched with one step NH3 only, therefore, ∼2 nm/cycle was
obtained as shown in figure 7(c).
To understand the effect of H2 ion beam for the two step
etching composed of NH3 ion beam (1 min) → H2 ion beam,
the H2 ion beam exposure time was varied from 0 to 5 min/cycle after the NH3 IBE for 1 min and the result is shown in
figure 7(d). By increasing the H2 exposure time, the etching
by the H2 exposure was increased, however, it was saturated

7
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Figure 8. Possible reaction mechanism on the etching of CoFeB with H2 /NH3 ion beam.

ial two step cyclic etching using Cl2 plasma → H2 plasma
[15, 20]. Figure 8 shows the possible magnetic material etch
mechanism during the etching of H2 /NH3 (2:1) or during the
two step cyclic etching composed of NH3 ion beam → H2 ion
beam, that is,
M(s) + NHx (g) (by NH3 ion beam) → M−NHx (s)
M−NHx (s) + yH(g) (by H2 ion beam) → M−H(g) +
NH3 (g)
B(s) + xH(g) → BHx (g)
where, M is Co, Fe, etc, x = 1 ∼ 3, y = 1 ∼ 2. Therefore, it is
believed that, through formation of volatile magnetic hydrides
(MH(g)) from the M−NHx , high etch rates, smooth surface,
and less surface impurity for the etching of magnetic materials
were obtained for H2 :NH3 (2:1) ion beam.
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high etch selectivity over mask materials, the etching of MTJ
and CoPt patterned with a W hard mask using H2 /NH3 ion
beam exhibited a highly anisotropic etch profile >83◦ . Also
no sidewall redeposition on CoPt and MTJ patterns etched by
the H2 /NH3 (2:1) ion beam was observed. The higher etch
rates of magnetic materials such as CoFeB by the H2 /NH3
(2:1) ion beam compared to those by H2 ion beam or NH3
ion beam are believed to be related to the formation of volatile
metal hydrides (MH, M = Co, Fe, etc) through the reduction
of M−NHx (x = 1 ∼ 3) formed in the CoFeB surface by the
exposure to NH3 ion beam.
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