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For the reactive ion etching of nanoscale semiconductor devices, it is very important to maintain
uniform etch rates over the wafer surface to the near-edge of the wafer, and, for the enhanced
etch uniformity, a focus ring which surrounds the silicon wafer is used. However, due to the continuous etching (that is, eroding) of the focus ring during the use of the etch system, the wafer
etch characteristics are drifted and particles are generated on the wafer surface. In this study, the
effects of structure and materials of the focus ring on the etch characteristics of the focus ring were
investigated to improve the lifetime of the focus ring. Among the materials investigated such as
polytetraﬂuoroethylene (PTFE), alumina (Al2 O3 , zirconia (ZrO2 , quartz (SiO2 , and yttrium oxide
(Y2 O3 , the material which as the lowest dielectric constant exhibited the lowest etch rate. In addition, when the materials were fabricated to contain more air gap in the structure, therefore, to have
less overall dielectric constant, less etching of the materials was obtained. The lowest etch rates
observed for the material with the lowest dielectric constant and for the structure with the lowest
dielectric constant structure were related to the lowest sheath potential developed over the focus
ring materials, therefore, the lowest ion bombardment energy to the focus ring surface. It is believed
that, by designing the lowest dielectric material/structure as the focus ring body with the lowest
sputter yield materials as the surface materials of the focus ring, the longest lifetime of the focus
ring for nanoscale semiconductor processing could be achieved.

Keywords: Focus Ring, Nanoscale Semiconductor, Etch Resistance, Plasma Sheath, Focus
Ring Lifetime.

1. INTRODUCTION
In manufacturing semiconductor devices, various plasma
etching tools such as inductively coupled plasma (ICP)
etcher, capacitively coupled plasma etchers, etc. are widely
used.1 2 In these etchers, as the semiconductor device size
is decreased to deep nanoscale, not only the good uniformity to the near-edge of the wafer but also the decreased
nanoparticle formation during the etching has become
important. To improve the etch uniformity over the wafer
area, a focus ring, which is installed around the edge of
the wafer for more uniform plasma all over the wafer area
by extending the plasma above the wafer edge to the focus
ring, is generally used.3–5 Also, the use of the focus ring
is known to improve the azimuthal uniformity of power
deposition in the etcher by conﬁning the electric discharge
in the chamber.6 7 However, when the etching process is
performed, not only the wafer to be etched but also the
∗
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focus ring is continuously exposed to the energetic reactive ions, therefore, the focus ring exposed to the plasma
is also etched and eroded.8 As the focus ring is a consumable part, the focus ring needs to be exchanged periodically with a new one whenever the accumulated time of
the etching process is longer than 500 hours due to the
change of plasma characteristics, the change of uniformity,
and increase of particles on the wafer which is caused by
severe erosion of the focus ring.9 10 To improve the lifetime of the focus ring and to decrease the particle issue,
considerable work and research has been done to develop
more etch resistant focus ring by developing materials with
less sputter yield and more reactive etch resistance.
For the improvement of the lifetime of the focus ring,
the improved material characteristics such as lower reactivity and lower sputter yield are important. However, for
the plasma etching, due to the electrical characteristics of
a plasma, a plasma sheath is developed on the focus ring
surface11 and the formation of a smaller plasma sheath
voltage in the plasma sheath over the focus ring can be
1941-4900/2017/9/024/006
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equally important in increasing the lifetime of the focus
ring because it can decrease the etch rates to the etch gases
signiﬁcantly by decreasing the reactive ion energy bombarding the focus ring. Therefore, in this study, to change
the voltage developed in the plasma sheath on the focus
ring while keeping the same ion bombardment energy to
the wafer surface, materials and structure of the focus ring
were varied while keeping the surface of the focus ring
with the same material (SiO2  to investigate the effect of
material and structure of the focus ring body on the erosion
characteristics of the focus ring by changing the dielectric characteristics of the focus ring body. The change of
dielectric constant of the focus ring body by the varying
the structure (for example, by adding air gap) and by using
different materials will change the impedance of the focus
ring and it will change the plasma sheath voltage on the
focus ring during the reactive ion etching, and which will
affect the lifetime of the focus ring by varying the ion
energy to the focus ring surface.

2. EXPERIMENTAL DETAILS
A schematic diagram of the experimental setup for the etch
experiment of focus ring material and structure is shown in
Figure 1. A cylindrical anodized aluminum chamber with
an inner diameter of 650 mm and a height of 400 mm ICP
reactor has been used in this study. To the top ICP source,
13.56 MHz rf power was connected through a matching
network to form high density plasmas and, to the bottom
electrode, 12.56 MHz rf power was applied through a separate matching network to generate bias voltage, that is,
ion bombardment energy to the wafer. The reactive gases
were evenly distributed in the vacuum chamber by using
a multi-hole shower ring located along the periphery of
the chamber as shown in Figure 1. The base pressure
less than 5 × 10−6 Torr was routinely achieved by using

Fig. 2. Structures and materials used as the focus ring in the experiment.
Three different structures including an air gap with the dielectric constant
of 1.0 were used and ﬁve different materials having different dielectric
constants such as PTFE, Al2 O3 , ZrO2 , SiO2 , and Y2 O3 were used.

a turbomolecular pump (Edwards STP-A3503) backed by
the dry pump (Alcatel ADP 122P).
To change the dielectric constant of the materials, three
different structures of material containing an air gap as
shown in Figure 2 were used. 1 cm × 1 cm × 0.5 cm
(height) material consisted of all solid material, 1/2 of
inside material ﬁlled with an air gap, all of inside material ﬁlled with air gap were used. As the material itself,
ﬁve different materials having different dielectric constants
such as polytetraﬂuoroethylene (PTFE), alumina (Al2 O3 ,
zirconia (ZrO2 , quartz (SiO2 , and yttrium oxide (Y2 O3 
were investigated. Table I shows dielectric constant of
materials using in this study. For the focus ring etch experiment, to investigate the effect of different dielectric constant, that is, different capacitance of the focus ring by
varying structures and materials, the surface of the focus
ring was covered with the same material (not to have
different reactivity and sputter yield for different focus
ring materials/structures), that is, with 400 nm thick SiO2
ﬁlm deposited glass wafer. This 400 nm thick SiO2 ﬁlm
was patterned by 2.0 m thick photoresist to measure the
etch depth after the etch experiment. The focus ring etching was carried out with Ar (200 sccm)/CF4 (45 sccm)/O2
(30 sccm), at the processing pressure of 75 mTorr, ICP
power of 800 W, and the bias power of 1200 W for all
experiments.
The etch rates of SiO2 samples mounted on the three
types of structures/ﬁve different materials were estimated
using a ﬁeld emission scanning electron microscopy
(FE-SEM, Hitachi S-4700) by taking cross-sectional
Table I. Dielectric constant of materials used in the experiment.
Material

Fig. 1. Schematic diagram of the ICP system used in this study for the
etch experiment of focus ring.
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Aluminum oxide, Al2 O3
Yttrium oxide, Y2 O3
Zirconia, ZrO2
Polytetraﬂuoroethylene (PTFE)
Air
Si
Quartz, SiO2

Dielectric constant (/0 )

Refs.

9∼11
9∼15
22∼45
2∼2.1
1
11.7
3.9∼4

[12, 18]
[13, 18]
[12, 14]
[15, 19]
[16]
[17]
[17, 18]
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Table II. SRIM input parameters for various dielectric materials.  is
the bulk material density, ED is the bulk atom displacement energy and
EL is the lattice energy, and U0 is the surface atom binding energy. Each
value was achieved in the reference.
Mat.

 (g/cm3 )

ED (eV)

EL (eV)

U0 (eV)

Refs.

Al2 O3

3.99
6.10

Quartz

2.65

Y2 O3

5.03

Al:3
O:3
Zr:7.70
O:6.74
Si:2.1
O:2.2
Y:3
O:3

Al:3.4
O:2.1
Zr:6.31
O:5.89
Si:3.1
O:3.2
Y:4.2
O:2

[20, 21]

ZrO2

Al:25
O:25
Zr:40
O:40
Si:21
O:22
Y:25
O:28

[22–25]
[26, 27]
[21, 28, 29]

images of SiO2 with the photoresist. To investigate the
effect of focus ring material itself on the etch resistance
which was not considered in this experiment, the stopping
and range of ions in matter (SRIM) simulation was conducted to investigate the sputter yield S of PTFE, Al2 O3 ,
ZrO2 , SiO2 , and Y2 O3 using energetic Ar ions. The type of
calculation for SRIM simulation was monolayer collision
steps/surface sputtering and, as the Ar ion energy, 1.2 keV
was used. Speciﬁc simulation conditions are described in
Table II.

3. RESULTS AND DISCUSSION
The use of focus ring in the reactive ion etch system
improves etch uniformity by extending the plasma over
the wafer surface and by focusing the electric ﬁeld within
the focus ring.30 However, as mentioned earlier, due to the
continuous reactive ion bombardment during the etching,
the focus ring is damaged and eroded. Especially, as shown
in Figure 3(a), when the focus ring height is located higher
than wafer height, the plasma sheath height for the focus
ring is higher than the plasma sheath on the wafer surface
and the edge of the focus ring is intensively bombarded
by the reactive ions. When the edge of the focus ring is
damaged and eroded by continuous and intensive reactive
ion bombardment, the uniformity of the plasma near the
edge of the wafer is changed and the number of particles
is increased signiﬁcantly, then, the focus ring has to be
replaced with a new focus ring.
The focus ring is bombarded by the ion accelerated by
the sheath potential developed on the focus ring surface.
When the same 12.56 MHz bias power is applied to the
substrate, and when the same bias voltage Vo is applied to
the substrate, depending on the capacitance of the focus
ring, the sheath voltage (Vp1 or Vp2  formed on the focus
ring can be changed. If one material with the capacitance
C is used as shown in Figure 3(b), the sheath voltage on
the focus ring will be as follows;
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Q = Cp1 Vp1 = CV

(1)

Vo = Vp1 + V

(2)

Vp1 = C/Cp1 + C × Vo

(3)

Fig. 3. Schematic diagram showing the control of the plasma sheath
voltage on a focus ring by varying the capacitance of the focus ring
material. (a) side view of the plasma sheaths on the wafer and focus
ring. Plasma sheath and capacitance of focus ring (b) when one material
was used and (c) when a multilayer material was used as the focus ring
material to change the capacitance of the focus ring.

Therefore, the sheath potential Vp1 is related to the
capacitance (C) of the focus ring material and the smaller
capacitance will give smaller sheath voltage on the focus
ring, which is more beneﬁcial in decreasing the etch rate of
focus ring by decreasing reactive ion bombardment energy.
The decrease of the materials capacitance can be achieved
by using the material with smaller dielectric constant from
the following equation;
C = 0 r

A
d

(4)

Fig. 4. Etch rates of SiO2 located on the top of focus ring fabricated
with various materials and various structures in Figure 2.
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Fig. 5. Comparison of sputter yield with various dielectric materials
using SRIM simulation.

where, 0 is the permittivity for air = 8854 × 10−12 F · m−1
and r = relative permittivity (or dielectric constant), A is
the area of the capacitor, and d is the distance between two
electrodes of the capacitor. However, materials with lower
dielectric constant are generally soft and easily etched by
the reactive ions. Therefore, when lower dielectric constant materials are used as the focus ring material, even
though the sheath potential on the focus ring can be
decreased, that is, the reactive ion bombardment energy
can be decreased, due to the higher etch reactivity and

Fig. 6.

high sputter yield, the focus ring is more easily damaged
and eroded. Therefore, as shown in Figure 3(c), to improve
the lifetime of the focus ring, two or multiple materials
with different dielectric constants cladded in series may
need to be used. By using the top material with the thickness d1 with a low sputter yield and low reactivity to the
etch gas and by using the bottom material with the thickness d2 with a low dielectric constant including the air gap
(because the air has the lowest dielectric constant of 1.0),
not only the low reactive ion bombardment energy to the
focus ring (that is, low sheath voltage on the focus ring)
but also lower sputter etch and low etch reactivity of the
focus ring surface material could be achieved.
Using ﬁve different materials such as PTFE, Al2 O3 ,
ZrO2 , quartz, and Y2 O3 with three different structures
shown in Figure 2 as the focus ring body, glass substrates
deposited with SiO2 were located on the top of the focus
ring body, the etch experiment was carried out and the
results on the SiO2 etch rates for different materials and
structures are shown in Figure 4. To etch SiO2 , 800 W of
13.56 MHz ICP source power, 1200 W of 12.56 MHz rf
power, 75 mTorr of operating pressure, and the gas mixture of Ar (200 sccm)/CF4 (45 sccm)/O2 (30 sccm) were
used. As shown in Figure 4, among the various materials,
PTFE which has the lowest dielectric constant among the
investigated ﬁve materials exhibited the lowest SiO2 etch
rate due to the lowest sheath voltage formed on the material surface. Also, quartz material which has the second
lowest dielectric constant exhibited the second lowest etch

Probability density function of dielectric materials sputtered by Ar atom using SRIM simulation.
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rate. In the case of other materials, due to the high enough
capacitances, the differences in the plasma sheath voltage
may not be signiﬁcantly different, therefore, no signiﬁcant
differences in SiO2 etch rates could be observed. In the
case of different structures, as shown in Figure 4, instead
of solid material, the structure with more air gap exhibited
the lower SiO2 etch rates due to the overall lower dielectric
constant by including air gap in the structure. In fact, in the
case of sample shape 3, all of the inside area is air gap, but,
due to the sidewall structure of the material, the overall
dielectric constant was also affected by the material body,
therefore, the etch rates were also affected by the material
itself. Therefore, from this experiment, it can be concluded
that, by using the focus ring material/structure to have the
lowest dielectric constant, the sheath voltage on the focus
ring is decreased and the reactive ion bombardment energy
to the focus ring can be decreased. SRIM simulation in
Figure 5 gives more information on the materials sputtered
by Ar bombardment from the surface.
Figure 6 shows the probability density function of sputtered atom from the surface of dielectric material after
1.2 keV Ar bombardment. Ar particle was bombarded to
the normal direction of the surface. As shown in Figure 6,
the focus ring material sputtered off from the surface was
distributed at the wider angle in the sequence of Al2 O3
(narrower), quartz, ZrO2 , and Y2 O3 (wider) similar to the
sequence of the sputter yield as shown in Figure 5. Therefore, when SiO2 or Al2 O3 are used as the top material
of the focus ring, especially for the sputter etching, it is
believed that, it will have the least chance to have the
sputtered material to be redeposited on the wafer surface
which could reduce the problems related to the particle
generation by the focus ring.

4. CONCLUSION
The material and structure of the focus ring, which is
required for the nanoscale semiconductor etch processes
for etch uniformity, have been investigated to increase the
lifetime of the focus ring by considering the capacitance
(dielectric constant) of the material on the ion energy bombarding the focus ring surface. Instead of using focus ring
material with high dielectric constant, by using the focus
ring material with low dielectric constant, the ion bombardment energy to the focus ring can be decreased while
keeping the same sheath voltage to the wafer during the
etching. Among the ﬁve different materials having different dielectric constants such as polytetraﬂuoroethylene
(PTFE), alumina (Al2 O3 , zirconia (ZrO2 , quartz (SiO2 ,
and yttrium oxide (Y2 O3 , the PTFE which has the lowest dielectric constant exhibited the lowest etch rate of the
focus ring due to the lowest sheath voltage. Also, for all
the materials, the focus ring structure with more air gap
exhibited less etch rates also due to the overall smaller
dielectric constant of the material. However, in general,
the material with the lower dielectric constant tends to
28
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have higher sputter yield and higher reactivity with etch
gases. Therefore, instead of using a single solid material
as the focus ring material, by using a multilayer cladded
focus ring material which is composed of a top material
having a low sputter yield and low etch reactivity and a
bottom materials having a low dielectric constant (including air gap which has the lowest dielectric constant of
1.0), it is believed that, the lifetime of the focus ring can
be signiﬁcantly improved, and which decreases the process variation and particle issue during the nanoscale semiconductor processing. The results were also conﬁrmed by
SRIM simulation.
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