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Abstract
We have studied the reactive ion etching of Ru electrode using O2/Cl2 plasma. We have revealed that the Ru etch rate
and thus the Ru to SiO2 etch selectivity increase by increasing pressure, total gas ﬂow rate, temperature and decreasing
the HRF power and LRF power. The vertical Ru etching proﬁle is attained.
r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
As the dimension of devices decreases in size,
high dielectric materials, such as barium strontium
titanate (BST), tantallium pentoxide (Ta2O5), need
to be used for the fabrication of dynamic random
access memory (DRAM) capacitors [1–4].
Although platinum (Pt) has been usually investigated as an electrode material, Pt had an
etching problem. Several research groups have
reported that obtaining the sufﬁcient etching
selectivity of Pt to the mask material is very
difﬁcult [5–7]. On the other hand, ruthenium
(Ru) is expected to be patterned by chemical
etching because the volatile etch product can be
produced [8,9].
Even though there are some reports on the basic
characteristics of Ru etching using various plasma
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sources such as electron cyclotron resonance
plasma, helicon plasma [10], and inductively
coupled plasma [11], there are rare report on the
study of Ru etching using reactive ion etcher
(RIE).
In this study, we report the etching characteristics of Ru using O2/Cl2 plasmas in dual
frequency RIE tool. We investigate the Ru etch
rate and the Ru to SiO2 mask etch selectivity with
varied process conditions including pressure, RF
power, total gas ﬂow rate. We also evaluate the
effect of substrate temperature on the Ru etch rate
and etching proﬁle by varying the chiller temperature.

2. Experiments
The sample structure was Si substrate/TiN
(
(
600 A/Ru
4000 A/SiO
2 mask. SiO2 mask, instead
of photoresist (PR) mask, was used for patterning
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Ru, because oxygen gas was the main etchant in
our experiments. The SiO2 mask was patterned by
CF4/N2/Ar gas. After patterning SiO2, the PR
mask was removed. A storage node pattern was
used in our experiments. Top view of the storage
node pattern indicates that the storage node is an
oval type.
Schematic of a reactive ion etcher (RIE) for Ru
etching is shown in our previous report [12]. A
dual frequency Tegal 6540 RIE tool commercially
available from Tegal, Inc. has been used. The
combination of high RF (HRF) power
(13.56 MHz) and low RF (LRF) power (450 kHz)
results in high-energy ion bombardment. The
wafer substrate temperature during etching was
controlled by chiller and the chiller temperature
was varied from 25 C to 220 C. The Ru etch
process consists of a main etch step stopped at end
point detection (EPD) and an over etch step to
remove the Ru residues. Then the barrier TiN
layer was removed by etching with Ar and Cl2
gases.
After removing TiN barrier layer, the bottom
space between two adjacent nodes should be wider
than 80 nm, because the following steps of the BST
( in thickness
deposition (estimated to be X300 A
per side) and the top electrode Ru deposition need
to be accomplished in order to fabricate the Ru/
BST/Ru capacitor. At the same time, the top width
of the storage node should be maintained without
reduction by erosion, to ensure a sufﬁcient
capacitance area and thus satisfy a required
storage capacity per cell. For example, the
required Ru etch slope at the critical dimension
(CD) of 0.15 mm is calculated to be 86 (Fig. 1).
As Ru cannot be etched by halogen gases due to
high boiling point of their etch products, we used
O2 gas as a main etchant, expecting that the
volatile RuO4 is produced [9,10]. The Cl2 gas was
added to enhance the etch rate. The additive gases
including Cl2 gas is known to increase the etch rate
of RuO2 by increasing the concentration of oxygen
radicals [13] and it is surmised that the etchant
radicals react with RuO2, forming the volatile
RuO4 [14].
A scanning electron microscope (SEM) was
used to measure the Ru etching slope and the etch
rates of Ru and SiO2. As shown in Fig. 2, the Ru

Fig. 1. The required Ru etching slope for the fabrication of
Ru/BST/Ru capacitor.
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Fig. 2. The calculation of Ru to SiO2 etches selectivity (B/A).

to SiO2 etch selectivity is calculated to be B/A in
this work. In order to prepare a sample for SEM
observation, a wafer was cut along the short axis
of storage node patterns.

3. Results and discussions
We applied a Ru etching technique to stacked
storage node pattern with a CD of 0.17 mm, with
an expectation to apply the technique into future
devices. Fig. 3 shows the change of Ru etch
rate, SiO2 etch rate, and the Ru to SiO2 etch
selectivity by varying the pressure and the total gas
ﬂow rate. The HRF power, LRF power, and the
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In order to evaluate the effect of HRF power
and LRF power, we have changed the HRF power
from 700 to 500 W and the LRF power from 100
to 0 W. Fig. 4 shows the change of Ru etch rate,
SiO2 etch rate, and the Ru to SiO2 etch selectivity
by varying the HRF power and the LRF power.
The pressure, the O2 ﬂow rate, and Cl2 ﬂow rates,
respectively, are set to 30 mTorr, 480, and
120 sccm. When the HRF power decreases from
700 to 500 W, the Ru etch rate increases from 120
(
to 170 A/min.
When the LRF power decreases
from 100 to 0 W, the Ru etch rate increases from
(
120 to 300 A/min.
However, the SiO2 etch rate
does not change by varying the HRF power and
the LRF power. When the HRF power decreases
from 700 to 500 W, the Ru to SiO2 etch selectivity
increases from 0.33 to 0.57. When the LRF power
decreases from 100 to 0 W, the Ru to SiO2 etch
selectivity increases from 0.33 to 0.99. It is
noteworthy that Ru etch rate decreases by
increasing the RF powers. We surmise that the
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Cl2/(O2+Cl2) gas ﬂow rate were set to 700 W, 0 W,
and 0.2, respectively. In case of 15 mTorr (2 Pa),
when the total gas ﬂow rates are 200, 400, and
600 sccm, respectively, the Ru etch rates are 100,
(
190, and 207 A/min
and the SiO2 etch rates are
(
720, 417, and 360 A/min.
In case of 30 mTorr
(4 Pa), when the total gas ﬂow rates are 200, 400,
and 600 sccm, respectively, the Ru etch rates are
(
163, 221, and 300 A/min
and the SiO2 etch rates
(
are 311, 358, and 304 A/min.
We reveal that the
Ru etch rate and thus the Ru to SiO2 etch
selectivity increase by increasing the total gas ﬂow
rate regardless of pressure. We also reveal that the
Ru etch rate and thus the Ru to SiO2 etch
selectivity increase by increasing the pressure
regardless of the total gas ﬂow rate. Since the Ru
etching reaction is favored at higher pressure and
higher total gas ﬂow rate, we surmise that chemical
reaction plays a role in the Ru etching and it agrees
with the previous report [10,14].
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Fig. 3. Change of Ru etch rate, SiO2 etch rate, and the Ru to
SiO2 etch selectivity by varying the pressure and the total gas
ﬂow rate.
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Fig. 4. Change of Ru etch rate, SiO2 etch rate, and the Ru to
SiO2 etch selectivity by varying the HRF power and the LRF
power.
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chemical reactions thus the radical plays a crucial
role in the Ru etching using O2/Cl2 plasma and the
relative amount of radical decreases and that of
ions increases by increasing the RF power. In case
of small-CD pattern, some sputtered Ru atoms
cannot escape from the valley and are reattatched
onto the Ru sidewall. Furthermore, the accelerated
ions sputters Ru atoms in the sidewall into the
bottom surface of Ru ﬁlm. Further studies are
necessary to reveal the detailed mechanism.
In order to evaluate the effect of temperature,
we have changed the chiller temperature from
80 C to 220 C. The HRF power, LRF power,
pressure, O2 ﬂow rate, and Cl2 ﬂow rate were set to
600, 100 W, 30 mTorr, 80, and 20 sccm. Fig. 5
shows the change of Ru etch rate, SiO2 etch rate,
and the Ru to SiO2 etch selectivity by varying the
chiller temperature. When the chiller temperature
increases from 80 C to 220 C, the Ru etch rate
(
increases from 50 to 185 A/min
thus the Ru to
SiO2 etch selectivity increases from 0.28 to 1.01.

Etch rate (Å/min)

200

150

100

Ru etch rate
SiO2 etch rate

50

200
80

400
220

Ru to SiO 2 etch selectivity

Chiller temperature (˚C)

0.9

While the SiO2 etch rate does not depend on the
chiller temperature, the Ru etch rate increases by
increasing substrate temperature. We surmise that
elevating the substrate temperature helps to
proceed the chemical etching and it agrees with
the previous result indicating that the RuO4 is a
main etching product and the generation of RuO4
is favorable at higher temperature [14].
We have revealed that the Ru etch rate and thus
the Ru to SiO2 etch selectivity increase by
increasing pressure, total gas ﬂow rate, temperature and decreasing HRF power and LRF power.
We have applied the standard condition in which
the pressure, HRF power, LRF power, total gas
ﬂow rate, and the chiller temperature were set to
30 mTorr, 500, 100 W, 600 sccm, and 220 C,
respectively. The Ru etch rate and the SiO2
(
etch rate are 220 and 160 A/min,
respectively.
Fig. 6 shows the vertical cross section of the
storage node bottom electrode, along the shortaxis. Fig. 6b reveals that the Ru etching proﬁle
has a slope of 90 C after etching with a 30%overetch. The vertical proﬁle does not result from
the overetching, because the partial etching also
shows the vertical proﬁle during etching (Fig. 6a).
Fig. 6a indicates that the etch uniformity is less
than 5%, which is acceptable to sub-micron
technologies.
In his work, we have succeeded in obtaining
the completely vertical Ru etching proﬁle by
employing the reactive ion etching method.
However, the Ru etch rate is lower than using
ICP reactor being reported in our previous
experiments [11]. The detailed mechanism of Ru
etching should be revealed to seek a possibility
of obtaining the high etch rate and the vertical
proﬁle simultaneously.

4. Conclusions

0.6

Ru to SiO2 etch selectivity

0.3

200
80

400
220

Chiller temperature (˚C)
Fig. 5. Change of Ru etch rate, SiO2 etch rate, and the Ru to
SiO2 etch selectivity by varying the chiller temperature.

We investigate the characteristics of Ru electrode etching using O2/Cl2-based plasma in reactive ion etcher. We have revealed that the Ru etch
rate and thus the Ru to SiO2 etch selectivity
increase by increasing pressure, total gas ﬂow rate,
temperature. The RF powers need to be optimized
to prevent excessive ion bombardment. For the
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Fig. 6. SEM micrographs of Ru etching proﬁle using the standard condition, revealing that the vertical proﬁle is attained: (a) Before
end point detection (about 30% of EPD duration) (b) 30%-overetched after EPD. The left-hand side and the right-hand side of ﬁgures
represent the etching proﬁle of the top and the center part of the wafer, respectively.

ﬁrst time we have reported the Ru etching proﬁle
with an etching slope of 90 at a CD of 0.17 mm.
Since obtaining the vertical proﬁle is possible, the
Ru etching technique will be applicable to the very
small CD-pattern below 0.15 mm.
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