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The magnetic tunnel junction (MTJ)-related materials such as CoFeB, CoPt, MgO, and Ru, and W
were etched using CH3OH in a pulse-biased inductively coupled plasma system and the effect of
bias pulsing (100%∼ 30% duty percentage) on the etch characteristics of the MTJ-related materials
was investigated at the substrate temperature of 200 �C. The etch selectivity of MTJ-related mate-
rials over W was improved by using pulse-biasing possibly due to the formation of more stable and
volatile etch products during the pulse-off time and the removal of the compounds more easily on
the etched CoFeB surface during the pulse-on time. X-ray photoelectron spectroscopy also showed
that the use of lower duty percentage decreases the residue thickness remaining on the etched
MTJ materials indirectly indicated the higher volatility of the etch products by the bias pulsing. The
etching of nano-patterned CoFeB masked with W also showed more anisotropic etch profile by
pulse-biasing probably due to the increased the etch selectivity of CoFeB over W and the decreased
redeposition of etch products on the sidewall of the CoFeB features. The most anisotropic CoFeB
etch profiles could be observed by using CH3OH gas in the pulse biasing of 30% duty ratio.

Keywords: Magnetic Tunnel Junction Materials, Etch Characteristics, Pulse Biased Icp,
Substrate Heating, CH3OH Gas.

1. INTRODUCTION
Among the many non-volatile memory devices, magnetic
random access memory (MRAM) device is one of the
most promising candidates for the next generation memory
devices. MRAM device has fast access time, high storage
density, low operating voltage, infinite rewrite capability
comparing to conventional memory devices.1–3 Especially,
spin transfer torque (STT) MRAM has the characteris-
tics that are applicable to highly integrated circuit due to
the lower required current density in the operation of the
device. It is believed that STT-MRAM can not only replace
(static RAM) SRAM/flash memory and battery-backed up
RAM but also supply improved non-volatile memory solu-
tions for high-end smart electronic devices.4–7

For the fabrication of highly integrated STT-MRAM,
dry etch process is very important issue due to the diffi-
culty in the formation of volatile etch byproducts between

∗Author to whom correspondence should be addressed.

the ferromagnetic materials and etch gases. At first, Ar
ion milling method has been applied to etch the MTJ
stacks. However, the redeposition of the back-sputtered
etch byproducts on the sidewall, the low etch rate and
etch damage are disadvantages of this method.8�9 Halogen-
based plasma etching tends to show several etch problems
such as the non-volatile etch byproducts remaining on the
pattern sidewall, the chemical damage caused by resid-
ual corrosion, etc.10–12 To overcome these etch problems,
several etch chemistries such as CO/NH3, CH3OH gases
which probably increase the volatility of etch byprod-
ucts have been intensively investigated.13–18 However, the
volatility of etch byproducts is not high due to low chemi-
cal reaction between etchant gases and MTJ materials even
though these reactive gases were used in the conventional
plasma etching method.
In the previous study, to increase the formation of

the volatile metal carbonyl compounds for highly selec-
tive etching of MTJ materials over W, a pulse-biased
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inductively coupled plasma (ICP) technique has been
investigated by using CO/NH3 gas combination and pulsed
radio frequency (rf) power to the substrate.19 By using
the pulse-biased ICP technique, the etch characteristics of
MTJ materials were improved with decreasing the pulse
duty percentage probably due to the formation of the more
volatile and more stable etch compounds during the pulse-
off time. Also, another research group investigated the
effect of substrate heating up to 120 �C on the etching of
MTJ materials using CH3OH gas in a conventional ICP
system. The etch rates of MTJ materials at the elevated
substrate temperature gradually increased even though they
concluded that the increase of MTJ etch rate is more
responsible for the formation of pure metal at the elevated
temperature rather than the formation of volatile and stable
etch compounds.20

In this study, the etch characteristics of MTJ-related
materials such as CoPt, CoFeB, MgO, W and patterned
MTJ stack have been studied by using CH3OH gas in the
rf bias pulsing with substrate heating. These effects were
investigated to examine the possible formation of volatile
metal carbonyl related compounds.

2. EXPERIMENTAL CONFIGURATION
For the etching of MTJ-related materials, CoFeB, CoPt,
MgO, and a hard mask material such as W were prepared
to investigate the etch characteristics by various pulsed
bias conditions with substrate heating to 200 �C using
CH3OH in an inductively coupled plasma (ICP) system.
The ICP etch system used in this experiment is an eight-
inch diameter commercial etcher (STS PLC, UK) and
the schematic diagram of the pulse-biased ICP system is
shown in Figure 1. As shown in this figure, one-turn induc-
tive coil was wound around the ceramic chamber wall and
a 13.56 MHz rf generator was connected to the inductive
coil. Also, a separate 13.56 MHz rf power was applied
to the substrate for rf pulse biasing, and the substrate
was heated to 200 �C using an oil heater (P5, LAUDA).
A separate 13.56 MHz pulsed rf power was applied to the
substrate using a pulse/function generator (8116A, HP),
a signal generator (8657B, HP), and an rf power amplifier
(A1000, ENI).

Blank MTJ-related materials such as CoFeB, CoPt,
MgO, and blank W were used to investigate the etch char-
acteristics such as etch rate and etch selectivity. Also,
21 nm thick MTJ stack which is consisted of CoPt/MgO/
CoFeB deposited on a Ta/Silicon wafer and patterned with
W(100 nm)/Ru(5 nm) was used to investigate the MTJ
etch profiles. These materials and patterned MTJ stack
were etched using CH3OH gas with the gas flow rate
of 30 sccm and the process pressure of 5 mTorr. The
13.56 MHz ICP source power of 500 W and DC bias volt-
age of −300 V (time-averaged DC bias voltage) were used
to etch the MTJ-related materials and patterned MTJ stack.
During the pulsed rf biasing, time-averaged DC biasing

was used to compensate the decrease of etch rates by the
pulsing.19

To measure the etch depth of etched MTJ materials,
a step profilometer (Alpha step 500, Tencor) was used.
Also, the etched CoFeB samples were investigated using
X-ray photoelectron spectroscopy (XPS, ESCA2000, VG
Microtech Inc.) and the chemical bonding characteris-
tics of the residue remaining on the CoFeB surface were
studied using a Mg K� twin-anode source. The surface
morphology of CoFeB and MgO after the etching was
analyzed with an atomic force microscope (AFM, SPA-
300HV). The etch profile of the patterned MTJ stack on
a Ta/silicon wafer was observed by using a field emission
scanning electron microscope (FE-SEM, Hitachi S-4700).

3. RESULTS AND DISCUSSION
Figure 2 shows the etch rates of MTJ-related materials
(CoFeB, CoPt, MgO, and Ru) and W and the etch selec-
tivities of MTJ-related materials over W as a function of
pulse duty percentage. For the etching, the 13.56 MHz rf
power to the ICP source was maintained at 500 W and the
substrate voltage was kept at −300 V dc (time-average DC
bias voltage). The operating pressure was 5 mTorr while
maintaining the CH3OH gas flow rate at 30 sccm. For
the substrate temperature, the increase of substrate tem-
perature generally increased the etch rates of MTJ-related
materials and the etch selectivities over W, therefore, we
kept the substrate temperature at 200 �C in this experiment.
The pulse duty percentage of the substrate rf power was
varied while maintaining the pulse frequency at 50 kHz.
As shown in Figure 2(a), when the materials were etched
with CW (100%) biasing, the etch rate of the MTJ-related
materials was the highest for CoPt and it was followed
by CoFeB, Ru, and MgO. The etch rate of W was the
lowest. When the duty percentage of the substrate biasing
was decreased from CW to 30%, the etch rates of MTJ-
related materials and W were decreased with decreasing

Figure 1. Schematic diagram of the inductively coupled plasma etcher
used in this study.
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Figure 2. Etch rate of MTJ materials and W, and etch selectivities of
MTJ materials over W using CH3OH gas as a function of pulse duty
percentage. (a) etch rates of MTJ materials and W, (b) etch selectivities
of MTJ materials over W.

the duty percentage but were not significantly decreased
with decreasing the pulse duty percentage due to the use
of time averaged dc biasing (that is, for 50% duty percent-
age, −600 V of DC bias voltage was used when −300 V
was used for the CW biasing to have the time averaged
DC bias voltage of −300 V.) However, the etch selectivi-
ties of MTJ-related materials over W were improved with
the decrease of duty percentage and, at 30% of duty per-
centage, the etch selectivities of CoPt/W, CoFeB/W, Ru/W,
and MgO/W were 6.0, 4.4, 4.3, and 2.4, respectively. The
increased etch selectivities over W appear to be related
to the formation of more volatile compounds during the
pulse-off time and the removal of the compound more eas-
ily during the pulse-on time.
Using CoFeB, the chemical bonding states of the residue

remaining on the MTJ-related material surface during the
etching using CH3OH were investigated by XPS for the rf
CW biasing and the rf pulse biasing at 30% duty percent-
age (50 kHz duty frequency). Other etch conditions are
the same as those in Figure 2. Figure 3 shows the XPS
narrow scan data of Co 2p, Fe 2p, and B 1s measured as
a function of sputter time using an Ar+ ion gun (3 keV ion
energy and 2 �A ion current) for the XPS depth profiling

of the CoFeB etched with the rf CW biasing and the rf
pulse biasing at 30% duty percentage. The surface of the
etched CoFeB was sputter etched for 360 sec and the sur-
face was measured by XPS repeatedly after each 90 sec
of sputter etching. The XPS binding energies before the
etching were of 778.3 and 793.2 eV for Co 2p, 707 and
720.2 eV for Fe 2p, 188 eV for B 1s. After the etching, as
shown in Figure 3, additional peaks at 781 and 797.1 eV
for Co 2p, 710 and 723.5 eV for Fe 2p, and 192 eV
for B 1s were observed. The observation of the additional
higher binding energy peaks appears to be related to the
Co–O (or CO), Fe–O (or CO), and B–O (or CO) caused
by the oxygen and CO dissociated from CH3OH and both
CoFeB samples etched by the rf CW biasing and the rf
pulse biasing showed the same additional peaks. However,
the depth profiling showed that the CoFeB etched by the
rf CW biasing took longer sputter time to recover pure
CoFeB surface compared that etched by the rf pulse bias-
ing of 30% duty percentage even though the differences
were not significant.
The change of relative atomic percentages of the CoFeB

surfaces etched by rf CW biasing and rf pulse biasing
(30%) during the depth profiling in Figure 3 was mea-
sured and the results are shown in Figure 4. Before the
etching, the relative atomic percentage of Co:Fe:B was
51%:36%:13%. As shown in the figure, before the depth
profiling, the surface of the etched CoFeB was composed
of mostly carbon and oxygen in addition to a low percent-
age of Co, Fe, and B possibly due to the formation of CO
compounds remaining on the etched CoFeB surface. The
carbon and oxygen were decreased rapidly and Co, Fe, and
B were increased slowly with the increase of sputter etch
time for both CoFeB samples etched by the rf CW biasing
and the rf pulse biasing of 30% duty percentage. However,
the CoFeB etched by the rf CW biasing took about 360 sec
sputter time to recover the stoichiometric CoFeB compo-
sition while that etched by the rf pulse biasing recovered
the pure CoFeB composition after 180 sec. Therefore, the
residue remaining on the CoFeB surface etched by the
rf CW biasing was thicker than that etched by rf pulse
biasing. The thinner residue thickness remaining after the
etching of CoFeB by the rf pulse biasing compared to that
by the rf CW biasing using CH3OH appears to be related
to the easier formation of volatile etch compounds such as
metal carbonyls during the pulse-off time and the easier
removal of those etch products during the pulse-on time
by the rf pulse biasing.
The surface roughness of CoFeB and MgO etched by

the rf CW biasing and the rf pulse biasing with the duty
percentages of 70, 50, and 30% was measured using AFM
and the results are shown in Figure 5. As a reference,
the surface roughness of as-received CoFeB and MgO
was also measured. The etch conditions are the same as
those in Figure 2. As shown, the surface roughness of
as-received CoFeB and MgO was 0.81 nm and 1.26 nm,
respectively. After the etching of CoFeB and MgO, the

9682 J. Nanosci. Nanotechnol. 14, 9680–9685, 2014



Delivered by Publishing Technology to: Sung Kyun Kwan University
IP: 115.145.196.102 On: Mon, 01 Dec 2014 23:58:18

Copyright: American Scientific Publishers

Jeon et al. Effect of RF Pulsing Biasing on the Etching of Magnetic Tunnel Junction Materials Using CH3OH

Figure 3. XPS narrow scan data of (a) Co 2p, (b) Fe 2p, and (c) B 1s during the depth profiling of the etched CoFeB surface for the etching using
the rf CW biasing and rf pulse biasing with the duty percentage of 30%. The CoFeB sample was etched using CH3OH gas with substrate temperature
of 200 �C for three minutes.

Figure 4. Relative atomic percentages of the etched CoFeB measured
by XPS depth profiling as a function of Ar+ ion depth profiling time for
CoFeB samples etched using CH3OH gas by (a) rf CW biasing and (b) rf
pulse biasing of 30% duty percentage.

surface roughness was increased regardless of etch condi-
tions, however, the surface roughness of CoFeB and MgO
etched by the rf CW (100%) biasing showed the high-
est surface roughness of 3.93 nm and 6.39 nm. By rf
pulse biasing the substrate from 100 to 30%, the surface
roughness was decreased for both CoFeB and MgO and,
when 30% of rf pulse biasing was used, the surface rough-
ness of CoFeB and MgO was decreased to 1.56 nm and
3.27 nm, respectively. The smoother CoFeB and MgO sur-
faces after the rf pulse biasing and at the lower duty per-
centage appear to be related to the uniform chemical reac-
tion (especially for CoFeB, for MgO there is no known
volatile carbonyl compounds, therefore, MgO is generally
sputter etched.) during the pulse-off time and the non-
selective removal of the reacted species with higher instant
ion energy with decreasing duty percentage. For CoFeB,
the higher substrate temperature also showed lower sur-
face roughness at the same rf biasing condition possibly
due to the increased chemical reaction between CH3OH
and CoFeB and the increased removal of the chemically
reacted materials (not shown).
The MTJ stack consisted of CoPt(10 nm)/MgO(1 nm)/

CoFeB(10 nm) deposited on a Ta/Silicon wafer and pat-
terned with W(100 nm)/Ru(5 nm) was etched and the etch
profiles of the MTJ stack were observed by FE-SEM and
the results are shown in Figure 6. For the etching of the
MTJ stack, 500 W of the 13.56 MHz was applied to the
ICP source and −300 V of time-averaged DC bias voltage
to the substrate by using a separate 13.56 MHz rf power.
The pulse duty percentage to the substrate was varied from
100% (CW) to 30% while the duty frequency was fixed at
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Figure 5. AFM surface roughness of the etched CoFeB and MgO using
CH3OH gas as a function of rf pulse duty percentage. As references, the
surface roughness measured for pristine CoFeB and MgO was included.

50 kHz. The operating pressure was 5 mTorr with 30 sccm
of CH3OH. The substrate temperature was kept at 200 �C.
As shown in the figure, for the MTJ stack etched by the
rf CW (100%) biasing, due to a thick sidewall residue
formation during the MTJ stack etching using CH3OH,
the gap between the MTJ stack feature was decreased and
even merged for the small gap between two MTJ stack
features. As the rf pulse duty percentage is decreased to

Figure 6. FE-SEM images of the etched CoFeB as a function of
rf pulse duty percentage. 21 nm thick MTJ stack composed of
CoPt(10 nm)/MgO(1 nm)/CoFeB(10 nm) was deposited on a Ta/silicon
wafer and patterned with W hard mask. (a) CW, (b) duty percentage of
70%, (c) duty percentage of 50% and (d) duty percentage of 30%.

70, 50, and 30%, the MTJ stack feature became slimmer
and the gap between the MTJ stack was increased, and at
30% of rf pulse duty percentage, the most anisotropic MTJ
stack etch profile could be obtained. The improved MTJ
etch profile with less residue on the sidewall of the etched
feature by using the rf pulse biasing and with decreasing
the rf pulse duty percentage is believed to be related to
the stable volatile carbonyl compound formation during
the pulse-off time and the easier removal of those com-
pounds without severe redeposition on the sidewall of the
feature during the pulse-on time. Also, it is known that,
for the sputter etching, with increasing the ion bombard-
ment energy, the sputtered flux on the substrate changes
from undercosine distribution to overcosine distribution.
In our experiment, time-averaged DC biasing was used,
therefore, the instant DC bias voltage is increased with
decreasing the pulse duty percentage at the same time-
averaged DC biasing, therefore, less sputtered materials
are redeposited on the sidewall of the etched feature at the
higher ion bombardment energy. Therefore, by decreasing
the sidewall redeposition in addition to the stable volatile
compound formation (except for MgO), more anisotropic
MTJ stack etch profile could be obtained by using the rf
pulse bias condition.

4. CONCLUSIONS
MTJ materials such as CoFeB, CoPt, MgO, and Ru and the
hard mask material such as W were etched using CH3OH
gas in a pulse-biased ICP system while substrate heating at
200 �C and the etch characteristics of MTJ-related materi-
als were investigated as a function of pulse duty percent-
age. By rf pulse biasing the substrate, the etch selectivity
of MTJ materials over W was gradually increased possi-
bly due to the formation of stable volatile carbonyl-related
compounds between MTJ-related materials and CH3OH
except for MgO. In the etching of blank CoFeB using
CH3OH gas, the thickness of the etch residue remaining
on the CoFeB surface and the surface roughness were
decreased with the decrease of pulse duty percentage, and
it is believed to be related to the formation of volatile car-
bonyl compounds uniformly on the CoFeB surface during
the pulse-off time and non-selective removal of the reacted
species during the pulse-on time. The improved etch pro-
file of a MTJ stack consisted of CoPt/MgO/CoFeB could
be obtained at the lower pulse duty percentage possibly
due to the formation of more stable and volatile metal car-
bonyls during the pulse-off time and the decreased rede-
position on the sidewall of the MTJ feature for the higher
instant ion bombardment energy during the pulse-on time.
As a result, the most anisotropic etch profile of MTJ stack
could be observed by using the rf pulse biasing of 30%
duty percentage while etching using CH3OH gas and the
time-averaged DC bias voltage condition.
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