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Our new plasma source "ISM-duo" enables the across-wafer etching rate uniformity of our uGmni etching module

to be controlled. ISM-duo consists of an RF current distribution unit and two separate ICP antennas placed coaxially

so as to control the spatial distribution of plasma generated in the process chamber. The RF current distribution to each

antenna is performed at an arbitrary ratio without depending on process parameters such as gas type, and changing

the distribution ratio does not disturb impedance matching. These features enable a stable operation of the etching

rate uniformity control through the optimization of the RF current distribution ratio for various processes. ISM-duo

delivers a new process tuning knob that enlarges the process window in our etching module.

Since before the launch of our uGmni etching module, our
NE series etching systems have been widely used in etching
applications, including compound semiconductors such as
GaAs, InP, GaN, and SiC; metal thin films for SAW/BAW,
power devices, etc.; and piezoelectric films such as PZT and
Sc-doped AIN for piezo-MEMS. As we progress towards
Society 5.0, a future society based on ICT/IoT, the demand
for these electronic devices is expected to increase, which
means larger diameter substrates and mass production will
be needed. Meeting the processing requirements will also
become more difficult, as exemplified by the miniaturization
of the processing dimensions of radio-frequency devices™?
due to the broadening of communication frequencies*®. As
aresult, there is a strong need to expand the process window
to improve the yield rate.

In the dry etching process, across-wafer uniformity
depends on process parameters such as gas type, process
pressure, and input power. The etching rate, selectivity, and
fabrication shape also depend on the process parameters,
and trade-offs are likely to occur between the across-wafer
etching distribution and the other process requirements
mentioned above. To address this issue, in order to enlarge

the process window, we developed a new plasma source
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"ISM-duo" that enables the across-wafer etching distribution
to be controlled without depending on process parameters
(ISM: ICP with Static Magnetic field, duo: distribution
uniformity optimizable).

Inductively coupled plasma (ICP) is generated by passing
an RF current through a coil. The ICP equivalent circuit
can be represented as a transformer. A fluctuating magnetic
field generated by passing an RF current through an ICP
antenna causes an eddy current to flow through the plasma.
As a result of the eddy current generation, radio-frequency
power is transmitted to the plasma, sustaining the discharge.
In other words, the spatial distribution of the plasma can be
controlled by adjusting the spatial distribution of the intensity
of the radio-frequency fluctuating magnetic field in the
process chamber. The ISM-duo plasma source consists of an
RF current distribution unit and two ICP antenna networks,
where antennas are placed concentrically at the top of the
process chamber. By distributing RF current to the inner
and outer ICP antennas at the desired ratios, it is possible to
control the spatial distribution of the intensity of the high-
frequency fluctuating magnetic field, and thus the spatial
distribution of the plasma. This makes it possible to control
the across-wafer etching distribution simply by adjusting
the RF current distribution ratio, while keeping the process
parameters such as gas type, process pressure, and input
power fixed. In this paper, we explain the design philosophy
and electrical operation of the RF current distribution unit?”,
which is the core technology of ISM-duo, and introduce
the controllability of the across-wafer distribution based on

actual etching process data.
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2. | Design considerations

Changes in the RF current distribution ratios to multiple
networks connected in parallel can be made by adjusting the
impedance of each network. As shown in Fig. 1(a), a variable
impedance element (e.g., a variable capacitor) is introduced
into each parallel network, and the RF current is distributed
on the basis of the difference in impedance of each network.
Here, L., Ls are the inductances and R., R; are the resistive
components of the respective ICP antennas. In the case of
the circuit in Fig. 1(a), for example, the capacitances of the
variable capacitors C1, C2 connected in series to each ICP
antenna are negatively proportional to each other as shown in
Fig. 1(b). As aresult, the relationship between the impedances
of each network changes in such a way that they intersect as
a function of C1 capacitance, as shown in Fig. 1(c). Since
the RF current flowing through each network is distributed in
accordance with the relationship between the impedances of
each network, the RF current as a function of C1 capacitance
results in the characteristics shown in Fig. 1(d). The above is
the basic principle of variable distribution of RF current to

multiple networks.

In an actual plasma processing system that discharges
under various process conditions, the impedance of each
network changes from the unloaded state by coupling with
the plasma. This can result in an unexpected situation where
the distribution ratio deviates from the value set in light of
the theoretical impedance under no load. Below we describe
in detail the phenomenon of impedance change during

plasma generation.
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Fig. 1 Example of (a) an RF current distribution circuit comprised of two antenna networks, where the impedance and RF current
distribution ratio of each network is determined by the C1 and C2 capacitance, and (b-d) electrical characteristics thereof:
(b) the relationship between C1 and C2 capacitance; (c) the impedance characteristics of each current-distributed network
Za and Zs as functions of C1 capacitance; and (d) the RF current of each current-distributed network as functions of C1
capacitance




Fig. 3 Equivalent circuit of inductively coupled plasma®

When considering the electrical circuit diagram of an RF
circuit for ICP generation, as in Fig. 2, the ICP antenna can be
regarded as the primary coil of a transformer with a resistive
component R; and an inductance L,, and the discharge can
be regarded as the secondary coil with inductance L.*. Here,
R is the resistive component of the plasma load impedance.
Note that for simplicity, the matching box and the RF current
distribution mechanism are not included in the schematic.
When an RF current /; with angular frequency o flows
through the ICP antenna, an RF magnetic field is generated
in the discharge space. As a result, eddy current /; flows into
the plasma, which is the secondary circuit. The system can
therefore be understood as a composition in which plasma
is generated and maintained by transmitting RF power. The
circuit model of the ICP represented by the transformer
in Fig.2 can be represented by the series equivalent
circuit in Fig. 3%, Thus, it can be seen that the resistive
component R: and the inductance L. due to the coupling
to the plasma are added as constants to the impedance of
the RF circuit including the ICP. In addition, it should be
noted that when two ICP antenna networks are placed
in the vicinity of each other, apparent reactance changes
occur due to mutual induction. During discharge, these
impedance changes invalidate the distribution ratio setting
determined from the theoretical impedance value under
no load. Moreover, the impedance change depends on the
discharge conditions, including the type of gas. Therefore, in
order to guarantee stable distribution operation, i.e., similar
distribution characteristics and impedance matching under

various discharge conditions, what is needed is a structure
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Fig. 4 Electrical circuit diagram of the RF current
distribution unit of ISM-duo. The capacitances C1
and C2 determine the impedance and RF current
distribution ratio of each network, while C3 and C4
are employed to minimize the impedance change
of each network due to coupling to plasma and
mutual induction

that incorporates dynamic control to offset the constant

impedance change.

Structure of the RF current distribution
unit and its electrical operation”

The ISM-duo's RF current distribution unit is designed
to operate stably without the distribution ratio and total
impedance depending significantly on the process conditions.
To ensure similar distribution performance under all process
conditions, we developed the RF current distribution unit
as a C (L) C series connection. The circuit structure is
shown in Fig. 4. Variable capacitors C1, C2 are provided
on the power input side (matching box side) to adjust the
impedance of each network and determine the distribution
ratio, and variable capacitors C3, C4 are provided on the
return (GND) side to offset the impedance change of the
ICP antenna caused by the coupling to the plasma. Similar
to the circuit in Fig. 1, the capacitances of C1 and C2 have
a negative proportional relationship, as shown in Fig. 1(b).
The position (capacitance) of C3 and C4 is automatically
controlled dynamically so as to be in LC series resonance
with the concentrically arranged inner annular ICP antenna
L, and the outer annular ICP antenna L, respectively. This
ensures that the impedance of the series of ICP antenna and

return capacitor (C3 or C4) in each network is always only
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the resistive component R, or R;. As a result, it is possible
to minimize the difference in impedance due to differences
in the discharge state. This dynamic and automatic LC
series resonance control has the advantage of minimizing
changes in impedance even when the distribution ratio is
changed in the entire circuit, improving the stability of
impedance matching. Resistive components R, and R, are

not large, and the circuit can be regarded as effectively a

Fig. 6 shows the test results of the RF current distribution
characteristics and the total impedance (c) of the inner
annular ICP antenna (a) and the outer annular ICP antenna
(b) at the time of discharge. Fig. 6(c) compares the results
when the star electrode, which is described in the next
section, is turned ON and OFF. Fig. 6(a) and (b) show that

the RF current flowing to the inner and outer annular ICP

parallel circuit of C1 and C2. In other words, only C1 and Va N
C2 contribute to overall impedance as main elements. Since
C1 and C2 are in a negative proportional relationship, the
combined capacitance is always constant. Therefore, even
when the distribution ratio is changed, no significant change
in impedance occurs. In addition, since C2 automatically
operates in a negatively proportional relationship to Cl,
and C3 and C4 are automatically controlled as described
above, the distribution operation can be easily handled by
setting only the capacitance or position of C1. The user can
perform the desired current distribution by setting only the
position (capacitance) of C1 while referring to a distribution
characteristic graph (for example, Fig. 1-d) prepared in
advance. Fig.5 uGmni-200 system with a single etch module
We performed discharge operation testing of ISM-duo
after installing it in the uGmni-200E etching module (Fig. 5). . J
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Fig.6 Electrical characteristics of our RF current distribution unit: RF current distributed to the (a) inner and (b) outer annular
antennas, respectively, as functions of the C1 position for discharges of several process gases; and (c) a corresponding
impedance chart of the entire load including the RF current distribution circuit and both inner and outer antennas
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antennas can be distributed at the desired ratio by using the
C1 position (capacitance) as the input (variable), and that the
current distribution to the inner and outer ICP antennas can
be performed with similar characteristics, even with different
gastypes. Inaddition, Fig. 6(c) shows that the total impedance
did not change significantly even when the distribution ratio
was changed, confirming the operational stability of ISM-
duo. Here, the total impedance is the impedance of the actual
load, including the distribution unit, the ICP antenna, and
the plasma, as seen from the output terminal of the matching
box. In other words, the results show that it is the impedance
itself that is matched and controlled to 50 Q, and that high
matching stability was obtained without much dependence
on the gas type or distribution ratio. As noted earlier, the
LC series resonance control of C3 and C4 always offsets
the reactance component of the corresponding ICP antenna,
which depends on the discharge conditions, thus suppressing

the overall impedance change.
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Fig. 7 ISM-duo (ICP with Static Magnetic field -
distribution uniformity optimizable) plasma source

ICP antenna designed specifically for
ISM-duo

The ICP antenna that we designed specifically for ISM-
duo is designed to be able to control the across-wafer
etching distribution while maintaining the magnetic field
ICP characteristics of conventional ISM plasma sources”
(Fig. 7). To control the spatial distribution of the plasma, we
arranged the inner annular ICP antenna and the outer annular
ICP antenna concentrically at the top of the atmosphere
side of the process chamber. We then connected those two
independent ICP antennas to the RF current distribution,
as illustrated by L, and L, in Fig. 4, which enabled spatial
distribution control of the plasma by changing the RF current
distribution ratio. The magnetic field assist can generate
plasmas with lower pressure, lower electron temperature,
and higher density than other ICP methods, enabling a wide
range of plasma control from ionic etching to radical etching.

The adhesion of conductive deposits to the RF input
window reduces the RF power transmittance, causing
process shifts such as a drop in the etching rate. We therefore
equipped ISM-duo with a "star electrode'™" for preventing
this adhesion of conductive deposits to the RF input window
so that the system can continue to support etching processes
that produce a lot of residue in the chamber, such as PZT
and Pt, in which deposit adhesion to the RF input window
is a concern. Fig. 6(c) shows the total impedance when the
distribution ratio is changed when the star electrode is turned
ON and OFF. The results show that the impedance change due
to turning the star electrode ON or OFF is small, and that high
matching stability was obtained without much dependence

on the distribution ratio even when it was ON. In this way,
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Fig. 8 Etching rate distributions of polysilicon across a @200-mm wafer obtained at several RF current distribution ratios to the
inner and outer annular antennas
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Fig. 9 Etching rate distributions of aluminum across a @200-mm wafer obtained at several RF current distribution ratios to the
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we have added a function to control the across-wafer etching
distribution while maintaining the conventional technology

represented by ISM and the star electrode.

Process case study; Across-wafer
etching distribution control

We installed ISM-duo in the uGmni-200E etching
module and evaluated its control of the across-wafer
etching rate distribution. Fig. & shows the across-wafer
etching distribution of polysilicon obtained at several RF
current distribution ratios. This is the result of etching a
200 mm wafer with chlorine plasma. The figure shows
that it is possible to control the unevenness of the across-
wafer etching rate distribution by changing the distribution
ratio. It is possible to optimize the across-wafer etching
rate distribution simply by changing the distribution ratio
without adjusting the process parameters such as pressure
and input power. In this example of polysilicon etching, an
across-wafer etching distribution with a concave shape can
be obtained by increasing the RF current distribution ratio
to the outer annular ICP antenna, while a convex shape can
be obtained by increasing the distribution ratio to the inner
annular ICP antenna. By optimizing the distribution ratio, an
across-wafer uniformity of +£1.3% was obtained at an edge
cut of 3 mm.

Next, we conducted actual process tests of Al etching to
verify the controllability of the across-wafer distribution

in various processes. Fig. 9 shows the resulting across-

wafer etching distribution. As in the case of polysilicon, the
across-wafer uniformity of Al could be optimized simply by
adjusting the distribution ratio, without changing the process
parameters such as pressure and power input. For this result,

we used a 5 mm edge cut for the sake of pattern convenience.

6. | Conclusion

In this paper we reported on the features of our new "ISM-
duo" plasma source, which is equipped with a mechanism
for adjusting the across-wafer etching distribution, and its
ability to control the across-wafer distribution. The ISM-duo
is equipped with an RF current distribution unit capable of
distributing the RF current to the two ICP antenna networks
with high impedance matching stability without relying
on process conditions such as gas type. Combining the
distribution unit with an ICP antenna designed specifically
for ISM-duo allows the spatial distribution of the plasma
to be controlled under all process conditions. As a result,
we were able to demonstrate that the across-wafer etching
distribution could be controlled over a wide range of
processes. The controllability of the across-wafer etching
distribution obtained by the introduction of ISM-duo
contributes to the enlargement of the process window,
helping users deal with increasing process complexity due
to smaller device processing dimensions and larger substrate
diameters. By supporting the electronics industry with our
technology, we hope to help realize a more prosperous, safe,

and secure future.
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