friried applied
e sciences

Article

Factor Design for the Oxide Etching Process to Reduce Edge
Particle Contamination in Capacitively Coupled Plasma
Etching Equipment

Ching-Ming Ku *

check for
updates

Citation: Ku, C.-M.; Cheng, S. Factor
Design for the Oxide Etching Process
to Reduce Edge Particle
Contamination in Capacitively
Coupled Plasma Etching Equipment.
Appl. Sci. 2022, 12, 5684. https://
doi.org/10.3390/app12115684

Academic Editor: Katarzyna Antosz

Received: 28 April 2022
Accepted: 27 May 2022
Published: 3 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Stone Cheng *

Department of Mechanical Engineering, National Yang Ming Chiao Tung University, Hsinchu City 30010, Taiwan
* Correspondence: chingming ku@nycu.edu.tw (C.-M.K.); stonecheng@mail.nctu.edu.tw (S.C.);
Tel.: +886-3-5712121 (ext. 55132) (C.-M.K. & S.C.); Fax: +886-3-5720634 (C.-M.K. & S.C.)

Abstract: During the oxide layer etching process, particles in capacitively coupled plasma etching
equipment adhere to the wafer edge and cause defects that reduce the yield from semiconductor
wafers. To reduce edge particle contamination in plasma etching equipment, we propose changes
in the voltage and temperature of the electrostatic chuck, plasma discharge sequence, gas flow, and
pressure parameters during the etching process. The proposed edge particle reduction method was
developed by analyzing particle maps after wafer etching. Edge particle adherence in plasma etching
equipment can be reduced by decreasing the voltage and temperature changes of the electrostatic
chuck and generating a plasma sheath with a continuous discharge sequence of radio-frequency
plasma. The gas pressure and flow rate also affect the number of wafer edge particles. Experimental
results were used to optimize the equipment parameters to reduce edge particle contamination and
improve edge wafer defects after dry etching.

Keywords: oxide layer etching; edge particle; plasma dry etching

1. Introduction

Plasma etching is a key processing technology that is widely used in the semiconduc-
tor industry. Particle contamination in the plasma etching process can cause defects on
the wafer surface [1-8]. In the plasma etching process, the particles per wafer pass test
is periodically performed to reduce chamber contamination. If the number of particles
exceeds a predefined threshold, the chamber must be wet-cleaned [9]. In situ particle mon-
itors have been used in the semiconductor industry for many years to monitor chamber
conditions before and after preventative maintenance [10]. Controlling particle defects is
key for achieving the high-yield requirements of semiconductor manufacturing [11]. The
generation and behavior of particles in etching systems were demonstrated to be related to
the operating characteristics of the etching equipment [12] and can be monitored using the
laser scattering method [13]. Particles may be generated from chamber walls; consumables,
or electrostatic chucks in the chamber [14-17]; or from related process recipes, including pro-
cess characteristics or imperfect process design [18,19]. Particle contamination persists [20]
despite regular chamber cleaning and maintenance activities, including circulating the
chamber, wiping the electrostatic chuck (ESC), and replacing the consumable parts of the
chamber. A particle contamination analysis and ESC inspection revealed that the deposition
of by-products generated during the etching process during the ESC discharge step is the
root cause of particle generation. Therefore, the deposition of suspended particles on the
ESC during discharge steps is the main source of particle contamination, and the modi-
fication of discharge steps can reduce the rate of defect formation caused by suspended
particles [21]. Gas viscous forces or electrostatic forces generated during the etching process,
the shock wave generated by the applied voltage, and radio-frequency (RF) discharge cause
particles comprising silicon, carbon, oxygen, fluorine, or aluminum to be suspended in
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the wafer or stick on wafer [22] (Figure 1). This deposition frequently occurs during the
process steps or when chamber by-products are insufficiently cleaned [23]. Particle maps
generated after the oxide layer etching process reveal that the particle distribution on the
edge of the wafer is a major problem [24,25]. We analyzed a mechanism that may generate
edge particles during the wafer etching process and optimized the process conditions with
an experiment to reduce edge particle deposition on the wafer and improve edge defects in
the plasma dry etching process.

The rest of this paper is organized as follows. Section 2 introduces the basic parameters
of plasma and the theory of dust in the plasma sheath. Section 3 describes the main
experimental equipment and methods. Section 4 describes the effects of different process
parameters on the wafer particles in the dry etching equipment. Finally, Section 5 presents
the conclusions of this study.

(b)

Figure 1. Cont.
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Figure 1. Results of scanning electron microcopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) analyses of the edge particle residue on a 12-inch (30.48 cm) wafer as well as relevant infor-
mation related to by-products. (a) SEM and EDX maps of particles adhering to a wafer surface after
etching. These particles are often visible around the edges of etched wafers in the chamber. Particles
(A—C) in three positions are selected to check the shape, as shown in (b). (b) SEM images of particles
(A—C) in (a) with a scale bar of 6 micron. (c) EDX spectra used to analyze silicon, fluorine, and
aluminum concentrations in the particles. The y-axis indicates the number of X-rays, and the x-axis
indicates the energy of the X-rays. The yellow peaks in the spectra correspond to different elements
of the particles (carbon, fluorine, and aluminum), and the peak heights can be used to quantify the
concentration of each element.

2. Basic Principles of Particle Transport in Plasmas

This section describes the theory used to design our method. The proposed approach
involves optimizing RF plasma parameters on the basis of plasma sheath theory. The effect
of the force acting on the charged dust particles in a suspended plasma sheath is described.

2.1. RF Plasma

RF plasma is one of the types of application technologies commonly used in semi-
conductor manufacturing. RF plasma is generated by applying a high frequency (MHz)
sinusoidal voltage, which creates an electric field in which charge carriers are accelerated
and participate in the ionization of the gas. Because this study was performed using
capacitively coupled plasma (CCP), the plasma is created by applying an electric field
between two electrodes. In an RF CCP discharge, while the plasma is nearly equipotential,
it forms a sheath with the transition region between adjacent dielectrics (including vacuum
chamber walls, electrodes, substrates, etc.). This sheath is characterized by large potential
changes and low electron density. There is a strong electrostatic field in the sheath; the
direction is from the plasma area to the electrode surface. The electric field of the sheath
can confine electrons to a certain extent, accelerating positive ions to attack the electrode
plates. Another critical part of an RF plasma source is the matching network. The matching
network allows an impedance of 50 () between the generator and the load impedance
(plasma) and creates resonance in the power transfer from the generator to the plasma to
reduce the occurrence of power losses.

2.2. Debye Length

In this section, we introduce the key parameters used to define plasma. Not all particles
in plasma are ions; many particles are neutral. The characteristic distance of electrostatic
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interactions in plasma is called the Debye length. The Debye length for electrons and ions
(AD, ) is defined as follows:

SokTe’i

1o

AD,; = )
where g is the dielectric constant in vacuum, k is the Boltzmann constant, T, , is the electron
and ion temperature, ¢ is the electron charge, and 7, is the plasma density. In a typical
low-pressure capacitively coupled RF plasma, the electron temperature is T, ~ 3 eV, the
ion temperature is T; 2 0.03 eV, and the plasma density is 71, =5 x 101> m~3,

2.3. Dust in the Plasma Sheath

In capacitively coupled RF plasma, negatively charged particles are affected by elec-
trostatic forces. Gravity also affects plasma particles. In the plasma sheath, ions accelerate
toward the electrode because of the electrostatic field [26]. These moving ions exert a
force called ion resistance on the dust particles. Plasma typically contains gas flow that
produces neutral resistance. Even without gas flow, neutral resistance still acts on the
moving particles in plasma.

2.3.1. Gravity
Every dust particle in plasma is subject to gravitational force. For spherical particles,
this force is defined as follows:

- - 4 —
Fg=mypg = 37rppg )

where m), is the dust particle mass, ¢ is the gravitational acceleration, p is the particle
density, and rp is the particle radius. The gravitational force acts downward on the particles
and has a cubic dependence on the particle radius.

2.3.2. Electric Force

The dust particles in the plasma are negatively charged. For the electric force acting
on such particles, which causes the trapping of the dust particles in the plasma, the
expression is

?E = QPE 3)

where Qp is the dust particle charge, and E is the applied electric field. The electric force is
directed inward (i.e., toward the plasma glow) and traps dust particles within the plasma.
The electric field mainly refers to radio frequency plasma and electrostatic field, including
radio frequency power and ESC voltage output.

2.3.3. Gas Viscous Force

Gas viscous force causes particles to suspend when they continuously collide against
gas molecules. Resuspended particles are accelerated in the direction in which the gas is
flowing. The gas viscous force is expressed by the following equation

fn = P’Un'mn'UR'T”’%; 4)

where vy, is the thermal velocity of a gas molecule, 1, is the mass of the gas molecule, vg
is the relative velocity between a particle and the gas, and r), is the radius of the particle.
Gas-induced particle resuspension is therefore not only due to shock waves, but also to gas
viscous forces [18].

3. Control Strategy and Experiment

A CCP etching system was used in the experiments conducted in this study. This system
could generate high-density plasma and free radicals for dry etching. The bottom electrode
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was connected to an RF power output to generate plasma for the etching process and to
control the acceleration of ions on the wafer surface. The upper electrode was applied with a
DC voltage, and the plasma density was controlled by adding the DC voltage (Figure 2).

Top DC Voltage(V)

N — Process Gas

Top Electrode
=]

Plasma

Figure 2. Diagram of the adopted capacitive coupled plasma dry etching system.

The operating range of the chamber pressure was 10 to 800 mTorr. The pressure
was regulated by controlling the gas flow from a gas diffusion plate by using a flow
control system. The temperature of the top electrode could be set to a maximum value of
approximately 150 °C. As shown in Figure 3, an ESC was used to fix the wafer during the
dry etching process, and an electrode plate with a high DC voltage was used to generate the
chucking force. Helium gas was allowed to flow through holes distributed on the surface of
the ESC into the back side of the wafer to control the wafer’s temperature. A liquid flowing
through the ESC cooling path was used for external temperature control to regulate the
process temperature.

(a) Wafer into chamber

(b) Plasma Discharge (c) Etch Process Finish

5 Plasma Plasma
= e ,. - L
0 0 sheath M& N ore00ee
| 4O D
| I 13
Pin down than ESC HV on Chuck Off
(d) Wafer Discharge (e) Clean Out
—e—e— B
I ﬁ ®©0 0 e
| |
I |
Pin up

Figure 3. Plasma etching process. (a) Wafer in the chamber. (b) The pins are pushed down, the
plasma is generated, and high voltage is applied to the electrostatic chuck (ESC) to chuck the wafer.
(c) The wafer etching process is completed, and the ESC is turned off, followed by the plasma flow.
(d) After the wafer has completed discharging, the pins are pushed up. (e) The wafer is removed,
and the chamber is cleaned.
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The chucking force is a key factor affecting the performance of the ESC. This force
is influenced by the voltage applied to the ESC, the properties of the dielectric layer of
the ESC, and the geometric structure of the ESC. The Coulomb force of the ESC (i.e., the
chucking force) is expressed as follows:

1 KU \?

where A is the electrode area, ¢ is the permittivity of free space, k is the relative permittivity,
U is the applied voltage, and h is the distance between the bottom surface of the wafer
and the top surface of the ESC [27]. The distance h is equal to the combined thickness of
the dielectric layer d with a relative permittivity of ky and the gas layer g with a relative
permittivity of k. The sandwich structure formed by these layers can be considered as a
structure containing two capacitors connected in series. By substituting for h in Equation (5),
the chucking force can be expressed as follows:

1 kakgU )2
F= 2£OA(kgd+kdg) ©

where kg ~ 1 if g > d, which occurs in most cases. By using this approximation, the
following equation is derived:

1 kU \?
Fo zeoA(d+kdg> @)

Equation (7) reveals that the chucking force is directly dependent on the properties of
the dielectric material (kq) and the layer thickness (d). Thinner dielectric layers can be used
to achieve a higher chucking force.

In the conducted experiments, the effects of polluting particle sources and driving
forces were investigated. We first opened the chamber with the most wafer particles
for maintenance to identify the parts of the chamber in which particle sources caused
deposition. Powder was then collected from the by-products in the turbo pump exhaust
line, as shown in Figure 4a. Next, we sprayed powder (fluorine and titanium) on the
surfaces of related parts (i.e., the top electrode, edge ring, chamber wall, exhaust plate
in the chamber, and other parts) to simulate a worst-case particle deposition scenario.
A silicon wafer was used to check the particle contamination in the chamber. The wafer
experiment method was performed through the wafer transfer only condition, and then
using the following process parameter conditions as an N2 gas flow rate of 200 sccm (wafer
chucking step using gas), a maximum RF power of 500 W, and an ESC voltage of 2500 V
(Figure 4b). In all conditions except that involving the wafer transfer only condition, the
chamber pressure was adjusted to 50 mTorr within 60 s through gas flow control. The
process was then performed in the etching chamber for approximately 10 s, the effects
of the number of particles caused by gas flow on the wafer surface, a high ESC voltage,
and the RF plasma driving force were verified over more than 200RFhrs in the chamber
(Figure 4c). After the wafering process was completed, the number of particles on the
silicon wafer was measured using an optical wafer surface inspection device (KLA-Tencor
Surf-scan SP2). The particle measurements were set as 0.06 pm.
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Figure 4. Cont.
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Figure 4. Experimental process flow for powder spray positioning and process control factor design.
(a) Powder collection from deposition by-products inside the turbopump exhaust line. (b) Experi-
mental process flow for the spraying of powder separately on the (1) top electrode, (2) edge ring,
(3) chamber wall, (4) exhaust plate. Wafer process check flow was performed under wafer transfer
only, N2 flow rate of 200 sccm, Top RF power 500 W, and ESC voltage of 2500 V. (c) Verification of the
process parameters affecting the experimental flow in the chamber for more than 200 RF hours.

4. Results and Discussion

The results obtained in eight experimental procedures under 12 particle test conditions
are described in the following text.

4.1. Particle Sources Verified through Chamber By-Product Deposition Analysis

Figure 5a presents the chamber by-products deposited around the ESC and edge ring
after 225 h in the RF chamber. The deposited chamber by-products were analyzed through
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX), as
displayed in Figure 5b. Surface deposition areas from 6 to 30 um could be detected through
SEM. The EDX spectra were used to analyze the percentage concentration of each element
in the deposition. In Figure 5, the y-axis indicates the number of X-rays, and the x-axis
indicates the energy of the X-rays. The EDX spectra contained yellow peaks corresponding
to all the elements in the deposited by-products. The positions of the peaks revealed that
fluorine, aluminum, and oxygen were present in the deposited by-products, and the peak
heights were used to determine the concentration of each element. The composition of the
deposited by-products was similar to the edge particle composition. We determined that
the particles originated from the deposition occurring at the ESC side wall and edge ring.

= By-product deposition position

(a)

Figure 5. Cont.
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Figure 5. Chamber deposition position analysis for the ESC and edge ring. (a) By-product deposition
positions around the (1) ESC side wall and related parts, (2) inner side of the edge ring, and (3) surface
of the edge ring. (b) SEM images and EDX spectra for the deposited by-products. The most common
elements in the deposited by-products were fluorine, aluminum, and oxygen. The composition of
these by-products was similar to that of the edge particles.

4.2. Particle Results for Each Wafer Test Condition in Which Powder Was Placed on the Surface of
Each Part in the Chamber

Figure 6 reveals that numerous wafer particles were formed under the wafer transfer
only, an N; gas flow rate of 200 sccm, a maximum RF power of 500 W, and an ESC voltage of
2500 V when powder was sprayed on the top electrode’s surface. Particles were suspended
and fell onto the wafer because of the turbulence of the flow field caused by the gas, or the
electric field generated by the RF plasma and ESC. For powder sprayed on the surface of
any part in the chamber, the number of wafer particles produced when the ESC voltage was
2500 V was higher than that produced under any other condition. The particle and edge maps
revealed a random particle distribution when the ESC voltage was 2500 V. The ESC voltage
appeared to affect the movement of particles to the wafer surface. As presented in Figure 7,
the maximum particle count on the wafer was 1205 when the ESC voltage was 2500 V.

Each Parts Particle Result

1400
1200
1000

800

600

400

200 I -
o LH_. —

Wafer transfer N2 gas Top RF 500W ESC HV 2500V
only 200sccm

Particle Count

mTop Electrode wEdgering = Chamber Wall Exhaust Plate

Figure 6. Wafer particle counts when powder was spread over the surfaces of four chamber parts.
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| ESCHV 2500V | Top Electrode Edge Ring Chamber Wall Exhaust Plate

Particle
Map

Particle Count

A
Electrostatic chuck :

Particle size>0.06um

1205 820 207 244

Figure 7. Particle distribution on the wafer in each chamber part when the ESC voltage was 2500 V.

4.3. ESC Voltage and Helium Pressure Control

To verify that the ESC voltage caused a large number of particles to be generated on
the wafer surface, we sprayed powder on the surface of the edge ring around the ESC
to simulate worst-case particle deposition conditions. In the experimental process, the
ESC voltage was set to four conditions of 2500 V, 2000 V, 1700 V, and 1500 V to reduce the
chucking force of the wafer to analyze and verify the number of particle contamination, as
shown in Figure 8. The experimental results are shown in Figure 9. As the setting of the ESC
voltage output parameter decreased, the particle contamination on the wafer also reduced.
Therefore, the electric field, which varies with the ESC voltage output, is closely related
to the number of suspended particles. Therefore, not only the electric field generated by
the radio frequency discharge will cause the particles to be suspended. In the case of the
ESC output voltage, particles also caused a suspension mechanism. On the other hand, in
order to verify whether the number of particles is also related to the helium pressure of the
ESC voltage, we performed experiments at the same ESC voltage of 2500 V using helium
pressures of 0, 15, and 30 Torr. From the particle map results in Figure 10, it is shown that
the size of the helium pressure does not affect the number of particles. Therefore, using a
lower ESC voltage (i.e., lower chucking force) during wafer processing can reduce particle
deposition on the wafer.

~

v ia s Powder

T

v

Edge Ring

l

(1)ESC Voltage

Electrostatic

X chuck
t

-> Spray Powder Position

(2)He Pressure

Figure 8. (1) ESC voltages (2500, 2000, 1700, and 1500 V) and (2) helium pressures for the ESC (30, 25,
20, and 15 Torr).
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Figure 9. Particle distributions under different ESC voltages and helium pressures.

Particle size:>0.06um
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Figure 10. Particle distributions under different helium pressures at an ESC voltage of 2500 V.

4.4. Particle Distributions for Different Gas Flows and Pressures

The particles deposited on the wafer were analyzed under different gas flow and
pressure control conditions. To control the argon gas flow (wafer process step using
gas), the chamber pressure was set as 0.075 mTorr, with the argon gas no flow as 0 sccm.
Alternatively, the chamber pressure was set as 50 or 400 mTorr, with the argon gas flow set
as 1000 sccm. The process time was 10 s. Figure 11 presents a partial particle map for the
wafer edge. This map reveals that the particle count was high when the chamber pressure
was 400 mTorr and the argon flow rate was 1000 sccm. Thus, a higher chamber pressure
and gas flow rate result in higher particle counts when the process time is fixed as 10 s.

4.5. Particle Distribution Results under Different RE Plasma Discharge Conditions during
Wafer Processing

The effect of different RF plasma discharge conditions on wafer particles was analyzed.
The RF plasma power was set as no output, high RF (high frequency) at 500 W, or BTM
RF (low frequency) at 500 W. The chamber pressure was set as 200 mTorr, the argon gas
flow rate was set as 1000 sccm, and the process time was 10 s. Figure 12 reveals that
discharge without an RF power output resulted in the production of more particles than
did discharge with high- or low-frequency RF power. The results indicate that the plasma
sheath generated during high- and low-frequency plasma output may prevent particles
from falling onto the wafer.
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Particle size:>0.06um

Argon gas No flow{0sccm) 1000sccm 1000sccm

Particle
Map
1st 2nd 1st 2nd 1st 2nd

Particle Count

519 347 656 158 1017 2964
Average 433 407 1991

Figure 11. Particle flow distributions under different gas flow rates and chamber pressures.

Particle size:>0.06um

RF Plasma RF Plasma Not Top RF BTM RF
Condition Output High Frequency Lower Frequency

ESC Voltage 2500V
RF Output Setting No Top RF:500W BTM RF:500W
Particle
Map
1st 2nd 1st 2nd 1st 2nd
Particle Count

1008 500 190 338 149 200

Average 754 264 174

Figure 12. Particle distributions under the following RF settings: no plasma output, top RF (high
frequency) output, and BTM RF (low frequency) output.

4.6. Particle Distribution Results for Different RF Plasma Discharge Sequences

We examined the effects of intermittent or continuous plasma discharge on the particles
on the wafer, as shown in Figure 13a. The particle map in Figure 13b presents a comparison
of the particle numbers under intermittent and continuous discharge. The particle result
shows that the continuous discharge by the RF plasma method reduces the number of
particles. Step transitions within the plasma sheath suppress the particles. Intermittent
plasma discharges result in higher particle counts than do continuous plasma discharges
because particles are attracted to the wafer’s positive potential surface when the RF plasma
flow is turned off. We observed that the plasma sheath prevented the particles from being
attracted to the wafer surface when the particles were negatively charged and suspended
in the plasma-on chamber. Therefore, the continuous discharge sequence of RF plasma can
reduce particle adhesion to the wafer, as depicted in Figure 13c.
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(1) Intermittent Discharge (2) Continuous Discharge
Recipe step transition == RF plasma Recipe step transition ——— RFplasma
without plasma R reflect within plasma SPUe
v —
(a)
RF Plasma Intermittent Continuous
Condition Discharge rge
ESC Voltage 2500V
ESC Temp Change 20°C>60°C->20°C
Particle
Map
Particle Count
32 94 17 14
Average 63 15
(b)
(1) Intermittent Discharge (2) Continuous Discharge
Particles are suspended to avoid
fall on the wafer surface
when RF plasma sheath exists ¥ * ‘;
Particles are attracted to Particles Plasma Particles
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(c)

Figure 13. Distribution of particles under intermittent and continuous RF plasma discharges.
(a) Graphs by intermittent and continuous radio-frequency (RF) plasma discharge. (1) The in-
termittent discharge sequence is a process recipe with no plasma during step transitions. (2) The
continuous discharge sequence is a process recipe that keeps the plasma on during step transitions.
(b) Particle counts under intermittent and continuous plasma discharge. (c) (1) Particles are attracted
to the wafer surface because of the wafer potential. These particles originate from around related
parts when recipe transition without plasma. (2) When the plasma flow is turn on, the plasma sheath

prevents particles from being attracted to the wafer.



Appl. Sci. 2022, 12, 5684

14 of 20

4.7. Temperature of the ESC

The correlation between changes in the temperature of the ESC and particle contami-
nation during the etching process was analyzed. The ESC had a fixed voltage of 2500 V, and
its temperature was set as 20, 40, 60, and 80 °C in the experiments. Four temperature cycles
were tested in each experiment, and no plasma was produced. For each temperature condi-
tion, two wafers were used, as displayed in Figure 14. Figure 15a reveals that relatively few
particles were produced under temperature changes of less than 20 °C. If the temperature
change was higher than 20 °C, edge particles were generated on the wafer. These particles
are attributed to the scratches on the back side of the wafer caused by thermal expansion
during the ESC heating cycle. The particles were attracted to the wafer surface because of
the positive potential of the ESC and finally adhered to the edge of the wafer, as depicted
in Figure 15b. The aforementioned thermal expansion can be expressed as follows:

L=Lo(1+a-AT) ®)

where L is the length after expansion, L is the length before expansion, AT is the tempera-
ture difference, and a is the coefficient of thermal expansion (2.6 x 10~% K~! for silicon).
The related frictional force is expressed as follows:

F=pxw 9)

where y is the coefficient of friction, and w is the normal force (=mg + F, where m is the
weight of the silicon wafer, and g is the chucking force). Thermal expansion and contraction
of the wafer results in friction between the wafer and the surface of the ESC. The effects
of temperature on the ESC were analyzed, and temperature was found to be a key factor
affecting the particle count. The particle map presented in Figure 16 reveals that decreases
in temperature resulted in increases in the particle count. This result is attributed to particles
on the backside of the wafer traveling to the front side when the temperature was reduced.

( Wafer

Temp Up/Down  ( wafer

*4 Cycle o

20deg. 40deg~80deg.

Temp

Temp

> _—

Figure 14. ESC heating cycle for the particle deposition test.
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Figure 15. Particle deposition under various temperature changes for the ESC. (a) Particle distribution
results under different temperature changes for the ESC. (b) Thermal expansion of the wafer because
of the heating of the ESC, which resulted in scratches on the backside of the wafer.
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Figure 16. Particle deposition under increases and decreases in the temperature of the ESC.
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4.8. ESC Voltage Reversal during the Wafer De-Chucking Step

A reverse voltage was used to neutralize the remaining charge in the wafer de-
chucking step. The effect of different reverse voltages in the neutralization step on particle
deposition was investigated. The reverse voltage was set as —2500, —1000, or —100 V. The
opening time was set as 5 s, and the wafer residual charge was neutralized by applying a re-
verse voltage. Figure 17 illustrates the neutralization process in the wafer de-chucking step.

Plasma Plasma
» soteny ..
00.0® Oogog() @ ? g
ESC esc 000000 sc 000000
ESC Voltage on ESC Voltage 0V Reverse ESC Voltage

Figure 17. Neutralization process in the wafer de-chucking step.

Figure 18 reveals that a reverse voltage of —100 V resulted in marginally higher particle
deposition than did the other reverse voltages. Nevertheless, the particle deposition results
for the three reverse voltages were similar, and whether particle counts are correlated with
changes in the reverse voltage is unclear.

» Recipe table
Step Time Pressure | HF Power | LF Power |ESC Voltage|He Pressure| N2 Flow |Argon Flow| Lo Temp
g Chucking 4sec S50mT 100W 2500V 20Torr 200scem Oscem 20°
= Process 10sec 50mT 100W ow 2500V 20Torr 0sccm 1000scem 60°
g 10sec 50mT 100W 50W 2500V 20Torr 0sccm 1000sccm 20°
-2500V
De-chucking Ssec 250mT ow ow -1000V 0Torr Osccm 1200sccm 20°
-100V

Particle size:>0.06um

Reverse ESC

Time(sec)

Particle
Map

Particle Count

Figure 18. Particle distribution results under different reverse ESC voltages.

In accordance with the aforementioned results, the reverse voltage was set as —1000 V,
and the voltage application time was set as 1, 5, or 10 s to analyze the effects of this time on
the particle distribution on the wafer surface. Figure 19 reveals that a longer application
time for the ESC reverse voltage resulted in higher wafer particle deposition. A longer
application time for an ESC reverse voltage caused higher potential changes, and the
particles were first suspended before adhering to the wafer.
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Process flow

» Recipe table
Step Time Pressure_| HF Power | LF Power |ESC He Pressure| N2 Flow Flow| Lo Temp
Chueking 4sec 50mT 100W ow 2500V 20Torr 200scem Oscem 20°
p 10sec 50mT 100w ow 2500V 20Torr Osccm 1000sccm 60°
rocess 10sec 50mT 100W 50W 2500V 20Torr Osccm | 1000sccm 20°
1sec
De-chucking Ssec 250mT ow ow -1000v 0Torr Osccm 1200sccm 20°
10sec

Particle size:>0.06um

Reverse ESC
Voltage (V)

Time(sec)

1sec Ssec 10sec
Particle
Map
5 8 16

Particle Count

Figure 19. Particle deposition results under different application times for an ESC reverse voltage.

4.9. Gas Purge Discharge Pressure Control during Wafer De-Chucking

In addition to using the different reverse voltages used in the wafer de-chucking step
for the effect of particle analysis, this experimental condition to use the control of gas purge
discharge pressure was also controlled to perform for conducting a particle effect analysis.
An experiment was conducted in which the gas purge discharge pressure was controlled
during the wafer de-chucking step (Figure 20). First, the purge pressure was set as 20, 250,
or 500 mTorr, and the process time was fixed as 10 s. Figure 21 reveals that the highest
particle count was observed at 20 mTorr; higher pressures resulted in lower particle counts.
On the basis of this result, the effects of discharge times of 1, 10, and 60 s at 250 mTorr were
investigated. The particle count was marginally higher under a discharge time of 1 s than
under the other discharge times, as shown in Figure 22.

Gas purge self-discharge

e .©® ©

I A—

ESC

Figure 20. Gas purge discharge pressure during wafer de-chucking.
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» Recipe table
Time MMMMLMM
Chucking 4sec 50mT 100W ow 2500V 20Torr 200scem Oscem 20°
g Process 10sec 50mT |  100W ow 2500V 20Torr Oscem 1000sccm 60°
= 10sec S50mT | 100w 50w 2500V 20Torr Oscem 1000sccm 20°
e 500mT
g 10sec 250mT ow ow ov O0Torr Osccm 1200sccm 20°
a De-chucking rLull
Pressure
3sec setting as ow ow -1000V OTorr Osccm 1200sccm 20°
above step

Particle size:>0.06um

Purge Time

Pamde - . .

Particle Count

Figure 21. Particle distribution results under different gas purge discharge pressures.

# Recipe table
Step Time | Pressure | HF Power | LF Power Voltage|He Pressure] N2 Flow |Argon Flow| Lo Temp |
__Chucking dsec 50mT 100W ow 2500V 20Torr 200sccm Dscem 200 |
é process | 10sec | somT | 100w | ow | 2500v_| 20Tor | Oscom | 1000sccm |  60° |
10sec 50mT 100W £ 2500V | 20Torr Oscem 1000sccm 200 |
1sec
5 __l0sec | 250mT ow ow ov OTorr Oscom 1200sccm 200
a De-chucking _mm_
Time setting
as above 250mT ow ow =1000V OTorr Oscom 1200sccm 20°
step

Particle size:>0.06um

| PugeTime | sec | osec | 60sec

Purge Pressure 250mTorr
Pamde - - -
Particle Count

Figure 22. Particle distribution results under a gas purge discharge pressure of 250 mTorr for different
discharge times.

5. Conclusions

In this study, we investigated the effects of the voltage and temperature of an ESC
on the number of edge particles produced. We compared the effects of intermittent and
continuous plasma discharge sequences, various gas flow rates, and pressure changes
on edge particle contamination on silicon wafers during the etching process, as shown
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in Figure 23. The particle map results revealed that if the RF power was turned off at
process step transitions, particles were attracted to the remaining positive charge on the
wafer surface. When RF power was applied during process step transitions, a plasma
sheath was generated. This sheath prevented particles from being attracted to the wafer
surface. During the wafer chucking process, high chuck voltages and large differences in
the temperature of the ESC promoted the generation of edge particles. Thus, the source
of edge particle contamination is a by-product existing around the ESC. The particles of
this by-product are suspended on the wafer surface because of imperfect process settings.
Negatively charged particles are attracted by the positive potential of the ESC, and the
number of attracted particles depends on the magnitude of the positive charge potential.
Therefore, differences in the wafer surface potential result in edge particle contamination.
We conclude that optimizing the wafer chucking step and process conditions by controlling
the temperature changes of the ESC and the sequence of the RF plasma discharge can
effectively reduce the number of edge particles generated on dry etching equipment during
the oxide layering process.

Chamber condition:225 RF hours
| Group | Factorimpact | Previous | Optimize
Wafer chucking ESC voltage 2500V 1500V
) RF plasma sequence Intermittent Continuous
During Process
ESC temp change sequence >20° <20°
Wafer De-chucking Gas discharge pressure 250mT 500mT

Particle size:>0.06um

64 7

Figure 23. Particle distribution results by previous/optimized setting condition.
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