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Abstract
Advanced Process Control Using

Plasma Information (PI—APC) for
Improving Edge Uniformity of
Capacitively Coupled Plasma

Etcher

Jaemin Song
Department of Energy Systems Engineering

The Graduate School

Seoul National University

The advanced process control based on plasma information
(PI-APC) is developed to improve edge uniformity of SiO2 mask on
Si mold etch process in very high frequency driven capacitively
coupled etcher for Ar/O2/SFs plasma. In the PI-APC constructed
with a cascaded double—loop structure, the plasma information (PI)
variable has a key role as a bridging parameter that links these two
loops. Especially, the PI variable with the slope form along with
wafer radial direction 1s proposed to represent distribution
characteristics determining etch process uniformity. Including these
characteristics, the system for PI-APC essentially consists of (i)
sensor to monitor the PI based on phenomenology, (ii) equipment
component to be manipulated for varying the PI, (iii) model to
predict process results, and (iv) algorithms to compute control
action.

As the sensors for monitoring the slope of the Pls in two
different positions, the bare probe array with two tips and the VI
sensor connected through the power line of the bottom electrode

are adopted for ion density and DC sheath potential at each.
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Additionally, optical emission spectroscopy (OES) is adopted to
monitor the fluorine and oxygen radical density with actinometry
method. All these monitored PI parameters are candidates of the
controlled variable for SiOs and Si etching process, known from the
domain knowledge for a given equipment and target process. In
other words, the control objective in targeted equipment and
process determines PI sensors.

As the manipulated component, the edge ring, also called a
focus ring is presented to actively control the plasma distribution
near wafer edge. For active and in—situ manipulating, the edge ring
1s modified to be applied by RF power with simplified structured
anodized aluminum. Depending on the RF frequency, the effective
length defined by the region where the plasma distribution 1is
affected by the RF power applied to the edge ring is determined.
From three different RF frequencies of 400 kHz, 2 MHz and 9.8
MHz as used in this study, the RF power of 400 kHz and 2 MHz
frequencies, which are lower and similar toe the ion frequency,
affect the edge potential distribution with the effective length about
10 mm and 30 mm, respectively. With validation of relative gain
array (RGA) analysis, the RF power at 2 MHz frequency is selected
with providing the radial range criterion of 120 mm and 145 mm
positions to determine the slope formed PI of ion energy flux.
Controllable gain for the variation range of the ion energy flux slope
depending on the RF power degree can be estimated by the power
balance with the equivalent circuit model, with about —5.15x 10"
Vem W™ It is due to that the sheath thickness distribution
determined by the DC sheath potential distribution makes change of
60 MHz main RF power coupling distribution. In other words, with
higher 2 MHz edge ring power, more 60 MHz electrode power
coupling in the region covered with the effective length. This makes
RF powered edge ring adjust the slope of the PI even from a given
negative slope to positive slope.

Virtual metrology using PI variable (PI-VM) is used as the
process model for SiOo mask and Si mold etching with selection PI
features governing the process. As a common parametef,_l thelﬂ ion
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energy flux is dominant feature to determine both the etch rate of
Si02 and Si. The radical density is additionally selected as the
second important parameter, which are the fluorine and oxygen
radicals for SiOz and Si, of each. It means that etch process for both
materials mainly performed by energetic ions, but for SiOs, there is
enhancement with surface activation by fluorine radical, and for Si,
there is inhibition of oxidation by oxygen radial. Models from the
PI-VM analysis describe both SiO: and Si etching process with
linearized relation with summation of the multiple between selected
features and its weightings.

Model predictive control algorithm is adopted to control as the
control model for PI-APC. From the open loop set—point test, the
dynamic model for the slope form of the ion energy flux is
developed on the variation of the RF edge ring power with 2 MHz
frequency. The dynamic model for plasma control loop is described
with first—order dynamic response composed with the gain of —
3.27x10" Vem™@W™" and time constant of 2.02 sec. This model
means that it takes about 2.02 sec to reach the set value of the PI
from manipulating edge ring power, which is due to systematic
speed including time for the formation of the ion energy flux
distribution by changed edge ring power degree. For the process
control loop, required etch rate to compensate difference of mask
heights at two different position is calculated from PI-VM model
with the specific prediction window of 4, which 1s multiple value to
sampling time of the MPC for plasma control loop.

With PI-APC operation, edge uniformity is improved from 80
nm to 4 nm for the SiO2 mask height difference and 77 nm to 43 nm
for the Si edge depth difference in real process. Although the mask
height 1s set as a control target with resulting in about 95%
improvement of the edge uniformity, the etch depth is also
controlled with about 44% improvement. It is because the principal
process parameter is shared with ion energy flux which is used as
the controlled variable. Different degree of improvement can be
deduced from uncontrolled radical density and aspect—ratio—

dependent effect (ARDE) for mold profile. According to operation
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result of the edge ring power by PI-APC, there is slightly
increasing operation along the process time. This operating
characteristic reveals that there was a process drift making the
slope of the PI low, indicating lowering ion energy flux at edge
boundary than inner region.

The advanced process control based on the plasma information
was developed with double loop structure and the model predictive
control algorithm. It i1s key role for processing plasma—enhanced
process for semiconductor manufacturing to use plasma information
inherent in plasma distribution and process uniformity
characteristics. Unlike with the previous research for uniformity
control, PI-APC composed with the single input and single output
(SISO) scheme with the specific variable identifying plasma
distribution with the slope form. For development of plasma process
controller, it should be preceded to model the plasma and process to
figure out the dynamic properties of the given system. However, for
the improvement of control performance with disturbance rejection
ability, it is suggested from this thesis to consist multiple input and
multiple output (MIMO) scheme for more complex process control.
For this future work, system gains will be composed with matrix

formation for each relation.

Keywords : Plasma Information (PI), Advanced Process Control
(APC), Virtual Metrology (VM), Plasma Etching, Edge Uniformity
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depending on the process prediction window, k shows
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Chapter 1. Introduction

1.1. Advanced Process Control (APC) for Plasma
Process in Semiconductor Manufacturing

Advanced process control (APC) has been applied as a process
management technology to increase vyield in semiconductor
manufacturing processes [1—3]. APC has enabled active regulatory
and automated process management from conventional passive and
rigid process management technology for a repeated process units
such as Run, Lot, and Wafer. For development of APC, not only
controller for process but also various monitoring and metrology
techniques are involved into a system [4]. Typically, the APC has
been applied to Run—to—Run (R2R) control in which the process is
controlled inter runs [5].

Plasma—assisted process has high complexity with numerous
process knobs due to plasma and surface reaction dynamics having
multi—dimensional and multi—scale characteristics [6]. This makes
the APC have more than a single loop structure. Figure 1.1 shows
the adjusted configuration of the APC for plasma—assisted process
intertwined based on the existing configuration of the
semiconductor process for Run—to—Run (R2R) application [4]. By
adopting virtual metrology (VM) in semiconductor manufacturing,
APC for R2R has been developed with partially substituting VM for
real metrology [7—10]. For the plasma—assisted process, the
plasma information (PI) parameter should be included.

To monitor the PI variables, proper sensors, and algorithms to
calculate the PI from raw sensor data should be implemented to
APC system, as represented with red dotted box in Figure 1.1.
Through the PI variable, process is predicted, and plasma control
algorithm is driven. Unlike existing VM based on equipment, FDC,
and raw sensor data, by including PI variable in VM, so called PI—
VM, the process can be predicted with improved accuracy with

considering plasma phenomenon in given equipment [11].
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1.2. Plasma Information (PI) based Dual—Loop
Process Control Scheme

In the structure of the PI—APC, the controller computing and
adjusting to required variance of the MV and PI variable by using
predicted process variable, is shown in Figure 1.2. Since the
ultimate control target of the PI-APC is to maintain the stability of
the process result or to complete to given process target in time,
the PI parameter is determined by the predicted process variable in
real—time. In addition, there 1is relatively different dynamic
characteristics of the equipment variable to PI parameter and
process result wvalue accumulated by surface reaction rate.
Therefore, the structure of the plasma—assisted process controller
1s composed with intertwined structure of the plasma control and
process control loop [12]. This structure is also called a cascade
structure [13] depending on the different sampling time of each
loop, and in general, process control loop determines final control
target have a longer sampling time.

The plasma control loop performs control to reach and maintain
a desired plasma state by changing manipulated variable of the

actuator in equipment. Considering the error between the current

state of the PI variable, n.

n ,measure (

O,t) in time, ¢ and the set value of

that, n. (0,t+kAt) in next time, the variance of the MV is

rarget
determined and execute a control action. With interlocking with
process control loop, the PI variable is set with updating new set
value of the process variable. During the process time without
updating process variable, the plasma controller still operates to
maintain newest set value.

The process control loop performs control to regulate process
results in real—time with determining set value of the PI variable. In
the process control loop, the current status of the process variable
i1s predicted with PI-=VM model and compared with target value set
in advance, such as etch depth and process time. Due to the target
1s given with length scale of the process, the process result is

-
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calculated by multiplying the rate and given sampling time.

n.(0,1+Ar) Plasma
Control
At>
}’l measwe ’
PI v
ﬂ ,measure 0 t + kAt n * " (0’t+kAl)
n target
k A t Process
COl’ltl’Ol hetch (07 ttarget )
nn* (O’t) erch (0 t)
» PI-VM
hctch,targct letch,target

Figure 1.2. Dual—loop control scheme for plasma—assisted process.



1.3. High Aspect Ratio Etching Determined by
Mask Shape

Mold structure as a target material of etch process has a certain
pattern such as hole and trench which is transferred from mask
pattern covering on mold surface [14—16]. Depending on the kind
of product and design structure, the pattern and material of the
mask is differed. Usually, for high aspect ratio (HAR) etch profile
with narrow critical dimension (CD) and high etch depth, high
energy lons and narrow angle distribution is required. This harsh
process condition makes hard to maintain mask during HAR etching
process. To withstand its shape for transferring ideal pattern,
amorphous carbon material has been used as mask material. In
other words, mask having collimating role to transfer energetic ions
and neutral without distorting energy and angle distribution function
defined in sheath region should be controlled for HAR etching
process, as represented in Figure 1.3. Therefore, the mask shape

(height and width) should be controlled as well as profile shape.

Ion/Neutral

Figure 1.3. Mask transferring etch pattern with collimating ion/neutral flux
into mold region and shadowing of incoming flux in high aspect ratio
structure.
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1.4. Previous Research for Etch Uniformity
Management

To improve process uniformity, several research have been
studied with various management knobs for etch equipment in
semiconductor manufacturing industry. By dividing gas flow zone of
gas distributor in equipment, the feeding gas flow rate is adjusted to
control gas concentration distribution [17,18]. On the bottom
electrode, wafer i1s placed, the temperature distribution can be
controlled by susceptor heater adjustment [19,20]. These methods
focused on chemical surface reaction. Variation of the gas
concentration and surface temperature in mixed gas condition
affects to all the reaction correlated with source gas species, which
require complex control techniques. For controlling sheath potential
structure, effect of the design of edge ring, also called as focus ring,
has been researched in point of its geometry [21] and materials
[22]. Although, these design parameters cannot be adjusted during
processing, small change of height, angle and dielectric constant
make change of sheath potential structure near wafer boundary,
showing feasibility of local control knobs for edge uniformity
management. In this study, by assigning active knobs to control
sheath potential structure near wafer edge region, the edge ring is

used as manipulating parts for real—time process control.



Chapter 2. Experimental Details

2.1. Capacitively Coupled Plasma Etcher with RF
Powered Edge Ring

The experiments to investigate the effect of the RF powered
edge ring on plasma distribution and etch uniformity were carried
out with capacitively coupled plasma (CCP) etcher equipment
consisting of several parts, sensors, and diagnostic tools, as shown
in Figure 2.1. The CCP etcher with a narrow gap generates the
plasma by a very high frequency (VHF, 60 MHz) power. For
improving process uniformity, a narrow gap distance between the
showerhead electrode and the silicon wafer on the bottom electrode
is set to 22.5 mm. Sigle frequency RF power was delivered to the
bottom electrode through an RF matching system. Several low and
middle frequency RF powers were delivered to the edge ring
connected with vacuum RF feedthrough on the side. The operation
pressure was constantly set with 20 mTorr both for single Ar and
mixed gas with Ar, SFg, and O: for etching process.

Non—invasive sensors and Invasive diagnostic tools for
obtaining plasma information (PIs) were installed, carrying out
measurement with wvarious positions of the equipment. Optical
emission spectroscopy (OES, Avantes Avaspec ULS—2048L, 2
channel spectrometer) sensor was set to receive the emitting light
of the plasma through a quartz optical window. Voltage—current (VI,
Lab—made) sensor was set to receive the waveform of the RF
voltage and current flowing power rod connected to bottom
electrode. Langmuir probe (tungsten tip, 2.5 mm length and 0.2 mm
diameter), with RF chock filter for eliminating RF oscillation,
collected the ion and electron currents with probe bias. Retarded
energy analyzer (RFEA, Impedans Vertex) obtained surface
potential (floating potential) and the ion current filtered through 3
parallel grid structures on collector electrode depending on the ion

energy.
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Figure 2.1. capacitively coupled plasma etch with Rf powered edge ring.

In the narrow gap CCP with VHF power, the radial plasma
density distribution can be divided into four regions based on the
generation and diffusion physics of the plasma, as shown in Figure
2.2. From wafer center to chamber wall, regions are distinguished
depending on shape of density profile and dominant physics. In
region 1, from wafer center to certain radial position about 50 mm,
plasma density can be peaked with local electron heating by PSR—
SWE resonance resulting in non—uniform distribution in center
above specific VHF power [23—26]. In region 2, from the boundary
of the region 1 to wafer radius, plasma density distribution is
dominated by diffusion property with uniform source assumption
following heuristic solution of the diffusion problem [27. 28]. In
region 3, from wafer radius to outer radius of edge ring, plasma
density distribute with diffusion from inner region and uniform
ionization rate due to deviation from powered electrode. In this
region, plasma density decreases with radial direction even having
large slope. In region 4, from outer radius of edge ring to chamber
wall, there are not direct applied power but accumulation of long—
life particles such as metastable identifying grounded chamber wall
as third electrode leading to virtual source of plasma [29].

In this study, the region of interest is near the boundary of the
edge ring and wafer where the plasma density decreases in radial
direction leading to low etch rate at wafer edge. Note that, there
can be also etch profile tilt by sheath potential distribution caused
by the slope shape of density distribution.
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Figure 2.2. Plasma distribution of VHF—CCP with four divided regions by
governing transport physics.

For electrical connection with auxiliar RF power source, edge
ring which is also called focus ring was specially made of bulk
aluminum, but with oxide coated layer on surface to prevent un—
wanted electric connection with other parts, which 1s called
anodizing treatment. However, it can be coupled with other parts
with RF wave transmission due to the anodized coated layer can
only insulate electrical DC component. Figure 2.2 shows cross—
section view of the edge ring, used in this study, surrounding
bottom electrode and wafer. Unlike usual structures used in other
commercial equipment, it has plat top plane without any slope to

exclude sheath potential curvature by geometrical effect.

RF feedthrough
(Cuw)

Bottom electrode Edge ring Ceramic tube
(Anodized aluminum) (Anodized aluminum) (ALO;)

Figure 2.3. RF powered edge ring made of aluminum with anodized coating
layer.



2.2. Sensors for Plasma Information with
Distribution

For monitoring ion density distribution in real—time, an array of
two cylindrical Langmuir probes is placed at the radial edge position
of 120 and 145 mm from the wafer center where the ion density
distribution has a slope near the boundary between wafer and edge
ring. Two cylindrical probe tips were constructed from tungsten
wire (diameter 0.2 mm, length 2.5 mm). To avoid the shadow effect
by probe shaft, these tips were placed enough out of the floating
sheath area, 5 mm away from the main ceramic shaft body, as
shown in Figure 2.4 (a).

An electric circuit for biasing voltage and measuring current at
two different tips was constructed as shown in Figure 2.4 (b). Each
probe tips were biased with amplified dc voltage through amplifier
circuit consisting of single operational amplifier (PA15A, APEX)
and two resistors; the voltage gain was defined by the ratio of these
resistors. Current signal at the probe tip was measured through
isolation amplifier (AD210, Analog Devices) amplifying differential
voltage drop across the reading resistor (500 Q). Voltage signal
was only measured at one of the two tips through amplifier circuit
constructed with one isolation amplifier and two different resistors.
lon currents was monitored in real—time with probe bias of =50 V
which was smaller than the floating potential about 4 V. The probe
bias voltage was applied enough to avoid the effect of RF oscillation
without RF chock filter. For the validation of the same measurement
area of probe tips, [=V curve data acquired from each probe were
confirmed by the similar shape and the difference between
measured ion current was in about 3.2 % range at the same
measurement position and condition. The operation procedure of the
probe sensor is shown in Figure 2.5 (b). For eliminating the base
current signal due to stray circuit component, offset of the current
signal is calibrated at first. Then the probe voltage is applied to both
probe tips. After measuring both ion current at a time, the ion

density is calculated. :
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(a)

120 mm 25 mm

from radial center

I

5 mm

R

(b)

200k AD210 15V

O————a Probe |

Vprobe =50V

Figure 2.4. (a) Probe typed sensor with two positional tips and (b) electric
circuit for real—time monitoring of each current at both probes.

(b)

(a) Circuit calibration
0.004 : - . l
Same position @ 120 mm
0.003 o) 8 (SGt ;lé’f%‘;e)
< 0.002- g
3 0.001 g
o]
Ii,prl Ii,pr2
0.000 g l l
-100 -50 0 50 100
. n.
Voltage (V) nl,pr2 i,pr2

(120 mm) (145 mm)

Figure 2.5. (a) Validation of probe areas with two different probe tips and
(b) operating procedure of probe type sensor.
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For monitoring discretized sheath potential distribution in real—
time, VI sensor is installed covering RF power feed line of the
bottom electrode. From the oscillating RF voltage signal, the dc
component of the sheath potential is determined from Equation
(2.1) and (2.2) based on the Kohler’s capacitive voltage division
model [30, 31]

Vo=l n(ZﬂTm]+TelnI{]((l—pc)eVRF] (2.1)

kT

e

1 1

Pe=1icic (A J[;J
1+ — || =
A ) sw

where, Vsh 1s DC sheath potential, which is also called ‘self—bias

(2.2)

voltage’, I7RF is oscillating RF voltage obtained from VI sensor, T,

is electron temperature. Here, p,  is expressed as a function of the
electrode area, 4, and A4,, and the average sheath thickness, E,

and sy.

From monitored RF voltage signals and pre—obtained plasma
density and electron temperature, the dc sheath potential was
expected. Assuming that the dc sheath potential on overall wafer
region 1s mainly defined by 60 MHz RF voltage and on wafer near
the edge ring is defined by 2 MHz RF voltage flowed from the edge
ring, the measured RF voltage signal was distinguished with FFT
analysis to 60 MHz and 2 MHz signal intensity. In other words, the
dc sheath potential on the position of 120 mm was expected with
the 60 MHz voltage signal and 145 mm with 2 MHz voltage signal.
Figure 2.6 (a) and (b) shows that it is confirmed that there are
linear correlation between the expected sheath potential and the
measured one by RFEA. The operation procedure above description

is represented with Figure 2.6 (c).

12 "-:l:" | ""I-.|- 1_-“ ¥ L2



~~
feb}
~

)

130 o0 P ' ' ‘ 7
N m V(120 mm) . 110{ & V(145 mm) &
S 1201 e i < e

> .
> 110 .- n < 1004 -
o e o -

2 100 — © 9. e o
> // ™1 g P
@ 90 . - 3 &
[0} 4 [0 pd
= 801 .- = 80| -
rd .//.

o 0| %

70 80 90 100 110 120 130 70 80 90 100 110
Expected V (V) Expected V (V)

(c)

V waveform

FFT

Vsh,dc Vsh,dc
(120mm) (145mm)

Figure 2.6. Correlation between surface potential measured by RFEA and
2 MHz filtered RF voltage from VI sensor at the radial position of (a) 120

mm and (b) 145 mm and (c) operating procedure of Vi sensor for potential
distribution.
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The actinometry method measured the fluorine and oxygen
radical density in bulk plasma [32]. The concentration of neutral
atoms emitting light with a specific wavelength by the transition of
the excited state can be obtained from the intensity line ratio of two
atomic lines which is shown in the following relation. The F neutral
radical density, n, and n, is analyzed with

.[F

n =CfrnAr;;7oﬂ (2.3)

A=750.4nm

_ 0 ]/10:777 nm (2 4)
np = CArnAr TA ’

where, C' and C9 are the actinometric coefficient, n, is the

argon gas density and If 1s the intensity of the emission light from

the X atoms with the wavelength, A. The actinometric coefficient is
defined by the ratio of the reaction rate and branching fraction of

the transition. For a Maxwellian EEDF,

re ko
rii—> exc( —)l)

€} =t e (2.5)
X,g—k exc(g—)k)

where, T¥ _  is the effective branching ratio of the transition from

5

a to b state, and k__ is the excitation reaction rate of the transition
from ground, g to i state. The actinometric coefficient is a
function of electron temperature assuming the Maxwellian EEDF
because the variation of electron temperature with power is not
serious for the whole etch processes. Then the values of 2 and 1.75
following from reference of [33] were adopted as the actinometric

coefficient in monitoring the fluorine and oxygen radical density.
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2.3. Etch Process Condition

The target process of this study is silicon (Si) mold with trench
patterned silicon dioxide (SiO2) mask. Figure 2.7 shows the detailed
target pattern structure with dimension. SiO2 mask has aspect ratio
about 10 with 2,400 nm height and 235 nm critical dimension (CD)
of trench pattern (Figure 2.7 (a)). Figure 2.7 (b) shows the top
view of the trench. The trench length is about 5 mm with about 21
times larger than CD which is long enough to be assumed as infinite
space in the direction of trench length. Pristine pattern is shown in
Figure 2.7 (c) with space about 1,200 nm between each trench and
initial etch depth about 100 nm of Si mold which might be resulted
from over etch in mask etch process in before. In measurement of
Si mold etch depth after etching process in this study, the initial
etch depth should be considered.

Coupon having trench patterns is installed on the base Si wafer
placed on the bottom electrode. From the full patterned wafer, the
coupons were cut with 7 X 7 mm size square including trench and
hole patterns, as shown in Figure 2.8 (a). To prevent the effect of
sheath curvature at edge of the coupon structure resulting in
unwanted distortion of the ion direction, bare Si wafer pieces were
installed surrounding all sides of the square coupon (Figure 2.8 (b)).
Between the bottom of the coupon and base Si wafer, silicon cement
was pasted to guarantee heat and electric connection. In wafer
region, the coupons were installed in three different positions, O,

120, and 145 mm referenced by wafer center.
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(a) 235 nm (b) (c)

wu 00%¢

(Si) 500 nm

Figure 2.7. (a) Specification of process target with trench patterned
silicon oxide mask and Si mold with its (b) top and (c) cross—section view

by SEM image.

(b) (c)

Ion direction

(2) 7mm
—>
bare Si v&éafer pieces
4

1
=i
pasted with silicon cement

Section view

>

0 mm 120 mmi45 mm

Tmm
Hole

Top view
Figure 2.8. (a) Coupon type specimen with size about 7 mm X 7 mm and

(b) installation method to prevent from sheath curvature by coupon
thickness (c) with three different radial position, 0 120 and 145 mm on the

wafer electrode.
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Etching process is carried out in CCP etcher with Ar/SFe/O2
mixed gas plasma with 60 MHz RF source power on the bottom
electrode and 2 MHz RF power on the edge ring. The detailed
process condition is shown in Table 2.1. To exclude the PSR—-SWE
effect on the density distribution, 60 MHz RF power was constantly
applied with 500 W lower that the specific power revealing PSR—
SWE effect, which was determined in advance. As a etching gas,
mixed gas with fluorine containing SFs, O2 and Ar is used with
constant operation pressure with 20 mTorr. Detailed value of the

operation conditions is shown in Table 2.1.

Table 2.1. Etch process condition.

Equipment parameter Value
Bottom 60 MHz RF Power 500 W
Etch ring 2 MHz RF Power 0~150W

Pressure 20 mTorr
Ar flow rate 50 sccm
SFs flow rate 120 scem
Oz flow rate 75 scem
Process time ~ 300 sec

¥ b 3 211
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2.4. PI-APC System

For implementation of advanced process controller to CCP etch
equipment, manipulating parts of equipment and sensors for
monitoring PIs were systematically integrated with various real—
time data communication methods. RF power supplied with 60 and 2
MHz frequency are connected with LAN cable to the main control
PC. Probe current is sensed through Lab—made DAQ with analogue
signal and is transformed into digital signal in PCI—PXI board
(National Instrument) installed in the main control PC. VI sensor
obtain voltage and current signal waveform through BNC cable in
analogue signal by using oscilloscope (Tektronix, DPO 7104)
connected with LAN communication to the main control PC. OES
(Avantes, Avaspec ULS—2048L, 2 channel spectrometer) measures
the emission light from the plasma through quartz optical window at
sidewall of the equipment and sensing data is transmitted to the PC

with USB communication.

Plasmart

Matcher

At~0.05 s

Lab-made Anal()g

DAQ '—l

At~0.5 s

Avantes

Tektronics

Analog

Oscilloscope

At~0.1 s
LAN , ALAN At~0.05 s
USB X LABVIEW -_ XLAN

PCL-PXI MATLAB

L N ol I .
Analog and Digital CH{ &
10 board [ S >

Analog
Time sync
in software

Figure 2.9. PI-APC system consisting of VHF—CCP etch equipment and PI
uniformity sensors integrated in PC with LABVIEW® based software.
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Chapter 3. Characteristics of Plasma
Distribution with RF Powered Edge Ring

3.1. Determination of Control Region with RF
Frequency

Depending on the RF power specification on edge ring, plasma
distribution in wafer region near the edge ring has different dynamic
characteristics. Except for additional heating effect, low and
medium frequency RF power were chosen as a power source on
edge ring. These frequencies are in range of 0.05<w./ w<10, of
which the low limit is enough to simulate low frequency RF sheath.
For frequencies exceeding the above range, heating characteristics
over the entire wafer region bay be affected. Even higher
frequencies can exacerbate the plasma uniformity due to the
formation of the standing wave. In this study, the effect of RF
frequency on the plasma distribution is identified with three
different frequencies, 400 kHz, 2 MHz, and 9.8 MHz.

Figure 3.1 shows the ion density distribution depending on the
RF frequency of 400 kHz, 2 MHz, and 9.8 MHz and power degree on
the edge ring in Ar plasma with 60 MHz main source power of 300
W. Compared with the ion density distribution without edge ring RF
power, change of density distribution is clearly observed with
higher frequency of 9.8 MHz. For 400 kHz and 2 MHz RF power,
which are less or similar with ion plasma frequency of this condition,
ion density distribution has been little changed within about 5%
overall. However, for 9.8 MHz frequency about 3.8 times more than
the ion plasma frequency, ion density has been increased with
whole region, regardless of the power degree. This means that
middle frequency of RF power on edge ring affect to plasma heating
in overall region despite to the auxiliary power inducing to the
electrode surrounding to the main electrode. It may be helpful to
develop high density plasma source, but for improving plasma
uniformity, middle frequency RF is not proper as an auxiliary power

on the edge ring.
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For DC sheath potential distribution, the RF frequency
determined effective region. Figure 3.2 shows the measurement
results of the DC sheath potential distribution for three different RF
frequencies and various power. The edge region, where the edge
ring bias affects the sheath potential, extends toward the radial
center of chamber with respect to the increase of edge ring RF bias
frequency. While the 9.8MHz bias applied to the edge ring affects
the whole area on the wafer, 2 MHz bias only affects sheath
potential near wafer edge (~125 mm). In the case of 400 kHz bias,
the sheath potential on the wafer cannot be effectively changed by
edge ring bias, and only the sheath potential on the edge ring,
outside the wafer, is changed. This difference is caused by the
difference of coupling mechanism between the edge ring and the
bottom electrode. 9.8 MHz bias on the edge ring can be coupled
directly with the bottom electrode to change overall sheath potential
on the wafer. Meanwhile, 2 MHz and 400 kHz bias cannot be
coupled directly to the bottom electrode and only penetrate to
certain area from the wafer edge, which was defined as the edge

area.
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Figure 3.1. Ion density distribution measured by Langmuir probe in
condition of RF frequency of edge ring about (a) 400 kHz, (b) 2 MHz, and
(c) 9.8 MHz.
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—>  «— Effective length, 14

Figure 3.3. Definition of effective length of RF power on edge ring about
electron density and ion energy near boundary between wafer and edge
ring.

The effective length of the RF power on edge ring about
electron density and ion energy can be determined from ion power
balance with distinguishing two regions near the boundary between
wafer and edge ring. Figure 3.3. shows the definition of the

effective length, leﬁ in the schematic of the CCP with RF powered

edge ring. To distinguish the effective area of the power balance for
RF power on edge ring, plasma is divided by three different regions
with considering boundaries of electrode and edge ring and virtual
boundary defined by effective length. Region 1 is defined by the

radial range of O to the virtual boundary, R, —/,. Region 2 is

from the virtual boundary to the wafer edge, and region 3 is from
the wafer edge to end of the edge ring.

Plasma absorbed power from edge ring can be distributed
between the electron heating and the ion acceleration [34, 35].
Accounting for different electron heating mechanisms, the power

ratio of electron power to ion power can be written as
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P

edge

= ])e + 1)[ = Aeﬂ,tomlhluBneO (gT + EO) (31)
P S, S, tS

r stoc ohm,sh (8 ) 2)
Iz s,
where, S, , S, and § are the energy fluxes due to the

ohm,sh
ohmic heating in the bulk plasma, the stochastic heating and the
ohmic heating in the sheath respectively. §, is the energy flux due

to 1on acceleration in the sheath. These energy fluxes are

represented as [24],

Som =2K .. (m/2e) he v, T.°V,2d (3.3)
Sone =2K,,. (m/e)” 5,0’ TV} (3.4)
S = 2K, (m12€) g,0°v 5,V (3.5)
S, =2K,en hu,V, (3.6)

where, K, are numerical constants corresponding to each power
dissipation process [34], m is the electron mass, ¢, is the vacuum
permittivity, h, is 0.86(3+d/2/1i)71/2, where A is the ion mean
free path. V| is the fundamental rf voltage amplitude across a single
sheath and n, is the electron density. s, is the maximum sheath

width and 7, is the electron temperature.
For argon discharges, equation (3.2) becomes

2
K
iz 0] L+ K, (Te/Vl)m hld+ ohm,sh Sm_ (3.7)
Pi Fa)pi A 2K ﬂ,m

stoc e stoc

with parameter, F as for argon,

F:( K, MJzzo h, (3.8)

where, o, is the ion plasma frequency and A4, is the electron

mean free path. For this study, the power ratio between electron

24 .-:rxﬁ-! ':i' 1_-“ [ !_

T



power to ion power of this study is shown in Figure 3.4. As shown
in Figure 3.1 and 3.2, with low frequency RF power smaller than ion
plasma frequency, most of the absorbed power is used to accelerate
ions. For middle frequency about 9.8 MHz, the power ratio is about
1, which means the absorbed RF power is equally distributed to

electron heating and ion acceleration.

100g 0 v r

104

14 —

0.1 -~
- i

=" ol /1
QAQ 001 %/
1E-3 4
1E-4 4
1E-5 +——1— ;

0 2 4 6 8§ 10 12 14 16 18 20
RF frequency (MHz)

Figure 3.4. The ratio of electron heating power to ion acceleration power
depending on the RF frequency.

To analyze the effective length by edge ring bias frequency, ion
power balance model could be written as Equation (3.9) to link edge

ring power and sheath potential near the edge ring.

E,edge = Areg2 regZEi + Areg3

hugn .E,

hluBn reg3—i
_ ol 2
=hu,E, [nregﬂ(R

2 2 2
wafer - (R - lf;ff ) ) + nregSﬂ.( edge,out - Rwafer )

wafer

1s an absorption energy to ion, A___is an effective area

regx

where F .,

1s an electron density in

X

in region x, u, is the Bohm speed, n,,

region x, and E; is an ion acceleration energy. With considering

, the effective area of region 2 means rin
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the effective length, [,
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shape with inner radius of shrink radius from wafer radius and outer
radius of wafer size (150 mm). The effective area of region 3 is
calculated with the same as the edge ring. The loss area for each
region was set as top and bottom ring area.

From Equation (3.9), the boundary between region 1 and 2 can
be obtained for different edge ring bias frequency as Figure 3.5. For
2 MHz bias, Zeﬁ» 1s formed with 25 mm, and for 400 kHz bias, is

formed with 5 mm, in accordance with radial sheath potential
distribution data of Figure 3.2. From above analysis, by applying 2
MHz bias to the edge ring, the ion energy flux slope inside edge

region can be effectively controlled by edge ring bias power.

e
— 501 —=—2MHz |]
é ] - -o- - 400kHz| |
E 40+ ]

& ] P

-—4:’ 30 - ././. ]
'§o 0] gt —p—n—" ]
2 e e -0 -®
o 100 o o _e--0 -0 -0 -0 - o--¢ 4
£ - Wafer
S| RPN AP i
o ] 4
E -101 Edge ring|

0

20 40 60 80 100 120 140 160
Edge ring RF power (W)

Figure 3.5. Variation of the effective length with depending on RF power

and frequency on the edge ring.
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The optimal actuator specification of the edge ring RF power
for uniform ion energy flux can be determined with the contour map
consisting with RF power ratio and frequency, as shown in Figure
3.6. Only with low frequency below the ion frequency about 2.5
MHz, the energy flux ratio representing plasma uniformity can be
adjusted within variation of about 15 % applied power to main RF

power.

10

Energy flux ratio
(Region2/Region3)

o
=
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[\

0.4 T
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P Glge/PVHF ratio (a.u.)

Figure 3.6. Optimal condition for the uniformity between region 2 and 3.
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3.2. Validation of Controllability of RF Powered
Edge Ring with RGA Analysis

Electron density DC Sheath potential Energy flux
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Figure 3.7. Variation of electron density (a), (d), (g), DC sheath potential
M), (e), (h), and energy flux (c), (f), () with edge ring power variation
for 400 kHz, 2 MHz, and 9.8 MHz RF frequencies.

In the previous section, the plasma power balance model based
on the physical analysis of the experimental data defined the radial
region in the wafer which can be regulated by the RF power applied
to the edge ring. It was confirmed that most of the RF power with
lower than ion frequency is used for ion acceleration. And the lower
the frequency, the shorter the effective length of the edge ring
power. Based on these characteristics, the relative gain array
(RGA) analysis method using experimental data with multivariable
factors can be applied as a quantitative analysis method for
selecting manipulated (MV) and control variable (CV) pairs.

RGA analysis method identifies the most effective pair of
manipulated and control variable among the combinations of multiple
inputs and outputs in multivariable control system, which enable to
develop single—input single—output (SISO) control model [13, 36,
37]. As shown in Figure 3.7, the experimental data on the variation
of the outputs of the electron density, DC sheath potential, and
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energy flux for three different measurement positions of 0, 125 and
175 mm with varying inputs of the RF power ratio on the edge ring
to the bottom electrode with three different frequencies of 400 kHz,
2 MHz, and 9.8 MHz were used.

The steady—state gain matrix for the applied RF power on the
edge ring with three different frequencies in each column and three
different measurement positions is divided with row. The gain
matrix for the DC sheath potential variable is shown in Equation
(3.10), the electron density variable in (3.11) and the energy flux
variable in (3.12).

1.05 -0.09 0.07
K, ~=[157 1.05 0.19 (3.10)
1040 097 1.08

090 -2.36 —0.56
K, ={0.83 1.65 -0.57 (3.11)
045 2.88 -0.53

1.90 -1.50 —0.11]
K. =218 734 550 (3.12)
0.60 5.50 0.83 |

For multivariable control system, the value of the relative gain
ratio for two pairs of the steady—state gain is defined as Equation
(3.13), and the matrix of relative gain for all MV—CV pairs is

expressed as Equation (3.14).

P (ayi / Ou, )u _open-loop gain (3.13)
g (Gy,. / Ou j) closed-loop gain '

y

ul e un

D fAe A (3.14)
A=--| : Lo
yn ﬂ’nl ﬂ’nn

The RGA has several algebraic properties and control

properties. The sum of its each row or column is one so that it is -
11 O 1] = Ky
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normalized. Also, it is not affected by scaling and units of input and
output variables because of its dimensionless characteristics. In
addition, we can get information of control properties of the system;

When 4, is equal to 1, u; affects y, without any interactions. In
0< 4, <1 case, the interaction effect has the same direction with
the main effect. That is, the interaction assists u, in controlling y,.
In contrast, in 4; <0 case, the system becomes unstable. Thus, the

first rule is to avoid negative elements, and the second rule is to
select elements close to 1[13].
The relative gain array of the ion energy flux at three different
region is calculated with below.
P

9.8 MHz

P,

2MHz

P,

400kHz

I, (Rl) 0.86 0.20 -0.06

A =T (Rz) 0.10 0.85 0.05

I, (R3) 0.04 -0.04 1.01

According to the selection method, MV—CV pairs for 9.8 MHz

power for region 1, 2 MHz power for region 2 and 400 kHz power

(3.15)

for region 3 are selected as a proper pair.
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3.3. Theoretical Plasma Model with RF Powered
Edge Ring

Based on the characteristics of plasma distribution with RF
power on the edge ring, plasma model can be developed to be used
as model in control loop. From this theoretical model, control gain
defined by the ratio of the variation of controlled variable (CV) over
of manipulated variable (MV) can be estimated. In previous
chapters, we can use RF power degree as the manipulated variable
with constant frequency to control the difference of the plasma
variable between two regions near edge boundary in wafer region,
about 120 and 145 mm. If RF frequency is determined, it 1is
assumed that the effective length is constant with RF power
variation. In other words, the effective length can only be
determined by RF frequency.

Figure 3.8. shows equivalent circuit model for capacitively
coupled plasma with RF powered edge ring. There are three
different electrode components, bottom, and edge ring electrode
with coupling through gap capacitance between them and top
electrode covering whole range from center to near chamber wall.

The bottom electrode is sourced by 60 MHz main RF power, Py, ,,,
through blocking capacitor, C,,, . The edge ring electrode is

sourced by 2 MHz power, P, through the same blocking

fwd ,edg
capacitor and coupled to chamber wall with impedance component,

Z As a region of interest is two radial positions at 120 and 145

wall *
mm, between the top and bottom electrode, two parallel impedance
components, each composed of two series sheath impedance on top

and bottom sheath, Z

g and Zg with x 1is radial position. It is
assumed that, by changing RF power on edge ring, only sheath
impedance at r=145 mm and on edge ring region varied. The sheath
impedance is assumed only capacitance component as below,

1 S,

Zsh,k = = (3.16)
a)Csh’k we A,
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where, o 1s the rf frequency of coupled power, in this model, 60

MHz, and C,, is the sheath capacitance of k circuit component
defined by the vacuum permittivity, &,, the sheath thickness, s,,
and the effective area, 4,. The sheath thickness determined by dc

sheath potential, Izh‘k is assumed with Child—Langmuir law [24],

— 3/4
J2 LGh,kJ

T

(3.17)

where, A, is the Deby length, T, is the electron temperature, and

V., is the dc sheath potential induced at k circuit component.

- =120 =145
= T i i a imm Top electrode
1 1
Zsh,rl —— Zsh,tZ —— Zsh,t3 ——
Center €=
Z.vhJ?l rmm— ZSI)J)Z ;é Zsl1,h3 _é wall
#.l F*—l I
Bottom electrode Edge ring |_|
Chlock V,;f sap Chiock

P
fwd,btm, 60 MHz wad, edg, 2 MHz

Figure 3.8. Equivalent circuit model of capacitively coupled plasma with RF
powered edge ring.

The model based on the dc sheath voltage measured by RFEA
with variation of 2 MHz RF power on edge ring. It assumed that
induced RF power on the edge ring make change of surface
potential distribution from edge to in wafer region defined by
effective length in previous chapter. It is also confirmed by
measured dc sheath potential at radical positions of 120 and 145
mm, as shown in Figure 3.9. From these results, it is expected that
there can be two different operation regimes depending on induced

RF power. Up to about 90 W of RF edge ring power, Viesn increased

only at 145 mm with almost constant at 120 mm. However, when
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RF power exceed 90 W, ¥V, at 120 mm increased with more

rapidly than at 145 mm. It is due to LF power induced on the edge
ring coupled with the bottom electrode through the gap capacitance
at more than specific power degree, in this case, about 90 W, which

1s about 18% of bottom electrode power.

200 : . . . - . - T
— —8—r=120mm
> | —O—r=145mm -
= 1504 '.,I .
+~ ’-
g " o
o - .00
£ 100 oB000° |
= OOOQ
= O
= epefl Cans®
5 o 5... a-.
o S04 .
A

0 y T T T T T T T
0 50 100 150 200

RF edge ring power (W)

Figure 3.9. Variation of dc sheath potential at 120 and 145 mm position
measured by RFEA and Langmuir probe with RF power variation.

Figure 3.10 shows schematic of power balance of this system
with distinguishing two different region in wafer based on the

effective length. Total main power absorption on both region is

determined by the ratio of sheath capacitance, Z, over total
impedance including blocking capacitor,
P, =aP,, (3.18)
Z
=L (3.19)
Zabs + Z block

where, a 1s the power absorption efficiency. With assumption of
only stochastic heating dominant plasma generation, absorption

power is scaled with square of RF voltage of 60 MHz source power,

172
T 4,
stoc i Vrf 60 MHz
C

(3.20)
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where, V. 1S RF voltage induced on electrode and ¢, is

collisional energy loss. From this scaling, we can use divided RF
voltage from total RF voltage which can be measured by VI sensor

as divided power on each two distinguished regions, P, , and P, ,,

- YA -
Vi :$V,-f 60 MEz (3.21)
Zsh,hl + Zsh,tl '
- YA -
Voo :$Vrfﬁomﬁ (3.22)
Zsh,bZ + Zsh,tZ

where, I;'Sh)b, and Iih’bz are capacitively divided RF voltage induced

from 60 MHz RF power on bottom electrode with region 1 and 2.
Power balance model is assumed with that only 60 MHz RF power
coupling is considered because low frequency and its low power
degree could not directly affect to plasma generation(Figure 3.4.
and 3.9.) and physical constant considered Ar plasma. Power

balance equation is,

a

o = Ity Z Ay &1, (3.23)
7

where, P is the absorption power at region k , e is the

elementary charge, Ny is ion density at bulk plasma region, A is

the edge—to—center ratio, 0.86(3+d/22,i)_1/2, where d is the gap

distance and A is the ion mean free path, u, is the bohm velocity,

uB=(eIL/M)U2, where M is the ion mass, 4

i, and & 1is the

loss area and loss energy at region j. The energy loss per ion—
electron pair created, ¢, is defined by,

E=E+E+E =E.(T,)+2.5T,+V, (3.24)
where, the collisional loss, &. is & +K, /K.E, +(K,/K.)(3m/M)T,,
the electron power loss, & 1s 27, and the ion acceleration loss

energy, & is 05T +V,.

1
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Figure 3.10. Power balance of two discrete plasma region in wafer edge
region with different sheath thickness.

With these equivalent circuit model and power balance, 1on
density at two different regions can be calculated with measured dc
sheath potential varied with RF power on edge ring. In other words,
RF power on edge ring make change dc sheath potential distribution
on edge ring as well as in—wafer region into the effective length.
This potential distribution change induces sheath thickness
distribution near the edge boundary, occurring re—arrangement of
main power coupling depending on the radial position. It 1is
confirmed with RF voltage and current signal measured from VI
sensor at the bottom electrode. Figure 3.11 shows that FFT filtered
RF voltage and current with 60 and 2 MHz frequency from VI
sensor waveform with varying only 2 MHz RF power on the edge

ring.
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Figure 3.11. RF voltage and current signal extracted with FFT filter with 2

and 60 MHz frequency measured by VI sensor installed at the bottom
electrode.



Figures 3.12 and 3.13 show that the calculated results of ion
density and ion energy flux variation depending on the RF power on
edge ring. With edge ring power variation inducing electrode power
coupling model, ion density at both regions increases with
increasing edge ring power degree, while the difference between
two regions also increases. However, with considering ion energy
defined by dc sheath potential, the variation of the ion energy flux
variable has an intersection point between the variables of two
different regions, which make direction of the radial difference
variable. Therefore, within variation range below about 20 % of the
edge ring power over the main electrode power (500 W), the
difference at the edge region can be controlled with bi—directional

operation.
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Figure 3.12. Calculated ion density at each region and difference of ion
density between two regions.
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Chapter 4. Characteristics of Etching Process
for Trench Patterned SiO2 Mask and Si
Mold

4.1. Virtual Metrology using Plasma Information

Input data
PI :
distribution Equipment Sensor
. variables variables
variables

Output data

Mask height

Statistical Feature Selection [
(wrapper)

Preprocess of Input dataset

(Stepwise variable selection)

Training of prediction model

(Multiple linear regression) 1

Validation of prediction model

l

VM

Figure 4.1. Procedure of developing virtual metrology using plasma
information variables.

Figure 4.1 represents the procedure of PI-VM development
[38, 39]. The first step of VM development is the preprocess of
input dataset. Among the input data from equipment and sensors,
meaningless data such as null value from equipment dataset is
filtered and OES dataset has preprocessed with domain knowledge.
After calibration of OES, the integration of the selected emission
peak wused to the following process step shown in figure,
determination of PI variables and feature selection for the VM
development.

With input data and PI variables (mentioned in previous

session), the feature selection is carried out in next step. The
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stepwise variable selection (SVS) method is chosen, that was
proposed by Jang et al. [38]. This method constructs suitable
subset of the features from the input variables for multilinear
regression, so called wrapper. The strengthen of this method is the
combination of two separate stages, forward selection, and
backward elimination. By repeating selection and elimination on the
subset with increasing steps, the best combination of the features
that contribute to improve the prediction is determined in terms of
F—statistics [40].

Next is the training and validation steps. All of 48 datasets
shown in Table 1 is used as the training dataset, determining the
feature variables in this process. Statistical regression model,
multiple linear regression (MLR), is adopted to build the linear
relation between the selected features and output variables which is

the process results. The regression model of MLR is given by
Y =By Bxy +e+ BLx, (4.1)
where, y, is the /—th data of the output variable, x,, is the /—th
data of the p—th feature, and ,BP 1s the regression coefficient for
the p—th feature. The regression coefficients, pr are determined

by training result. Based on these coefficients, the standardized
regression coefficient is given by
. s
[)’p = ﬂp = (4.2)
K
y

where, s and s, 1s the standard deviation of input and output

dataset. As indication of the relative importance of the features, the

absolute value of the standardized coefficient can be used.
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4.2. Process Model with PI-VM for Mask and
Mold

Following the procedure for developing PI—VM introduced in
previous section, the PI-VM model for the remain height of the
Si0Os mask and the etch depth of the Si mold target is developed. A
total of 48 dataset were used for each process target to develop the
PI-VM model. Each experimental input dataset consists of 24 kinds
of EES data from RF matchers at the bottom electrode and the edge
ring and 17 kinds of PI data measured from Langmuir probe and
RFEA tools as shown in Table 4.1. Depending on the process
condition with RF power degree applied on the edge ring and the
position of the installed coupon, total 48 dataset were obtained from
RF power variation with 12 condition and installation position varied
with 4 different radial positions. Radial position was divided into O,
120, 145 mm in wafer region and 175 mm on edge ring surface.
Note that the etching at the 175 mm position is not interesting
region in the actual process, but it is an effective position where the
variation in sheath potential by manipulating RF power on edge ring
is clearly shown, resulting in distinct variation of the etching

characteristics due to varied ion energy.
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Table 4.1. Input dataset used to develop PI-VM for remain SiO2 mask
height and Si mold etch depth.

Category

Data source

Parameter

EES

RF Matcher at bottom
electrode

PFwd,master

PRe[,master

Cl,master

C2,mater

CB,master

Sll,Re,master

Sll,lm,master

Vmag,master

Imag,master

Phasemaster

Zr,master

Zi,master

RF Matcher at edge ring

PFWd,edge

PRef,edge

Cl,edge

CZ.edge

CB,edge

S11Reedge

Sll,Im,edge

Vmag,edge

Imag,edge

Phasecage

Zr,edge

Zi,edge

PI

Langmuir probe

s

Ie

Te

Ne

Ii

RFEA

Vdc,surf

Vdc,sheath

Langmuir probe, RFEA

Vdc_sheath I';

OES

Ne

Te

b factor

nr

no

NAr,1s2

NAr,1s3

NAr,1s4

NAr,1s5
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The PI-VM prediction results for the remain SiO2 mask height
after etching process and the standardized coefficients of the
selected features are shown in Figure 4.2. The PI-VM model with
prediction accuracy of R?=0.984 was developed (Figure 4.2. (a))
and two PI variables, ion energy flux [41, 42] and fluorine radical
density variables, were selected as the feature representing etching
model of SiOs mask (Figure 4.2. (b)). Considering that normalized
coefficients of selected both features have negative values and that
the prediction target of the process is the remain height value, both
ion energy flux and fluorine radical play a role in etching the mask
[43]. In other words, under the process condition in this study, SiO»
mask is etched with energetic ions assisted with F radical reaction.
Figure 4.3 also supports this etching mechanism with considering
higher radical density in radial direction from the wafer center. It
means that larger remain mask height (lower mask etch rate) at
wafer center than at edge 1s caused by different F radical
distribution. With similar radical density, the mask etch rate is

increased with increasing ion energy flux variable.
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Figure 4.2. PI-VM result for SiO2 mask height with (a) predicted and
measured values and (b) normalized weightings for the selected PI
features consisting of ion energy flux and fluorine density variables.
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Figure 4.3. Linear correlation between ion energy flux and mask height of
the process results depending on the radial position.
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The PI-—VM prediction results for the Si mold etch depth after
etching process and the standardized coefficients of the selected
features are shown in Figure 4.4. The PI-VM model with prediction
accuracy of R?=0.969 was developed (Figure 4.4. (a)) and two PI
variables, ion energy flux and oxygen radical density variables,
were selected as the feature representing etching model of Si mold
(Figure 4.4. (b)). Considering that normalized coefficients of
selected both features have positive value, the ion energy flux play
a key role in etching Si mold and oxygen radical having negative
valued coefficient plays a role in passivating. In other words, under
the process condition in this study, Si mold is etched with energetic
ions and inhibited with O radical reaction for formation of oxide or
SiOFy layer.

The linearized models for the remain mask height and etch
depth are described below with selected Pls and its coefficients.
From the PI-VM models for etch depth of SiO2 mask and Si mold
with constant process times about 300 sec, process model for the
etch rate of each target was developed with equation (4.3) and

(4.4) divided process time.

(Mask height) h

‘mask

=a,+a,ET, +a,n, (4.3)

(Mold etchdepth) h,,, =b,+bET, +b,n, (4.4)
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Figure 4.4. PI-VM result for Si mold etch depth with (a) predicted and
measured values and (b) normalized weightings of the selected PI features
consisting of ion energy flux and oxygen density variables.
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Chapter 5. Development of PI-APC for

Improving Etch Uniformity
5.1. PI-APC Structure for Edge Uniformity
Control

Plasma information based advanced process controller (PI—
APC) for process uniformity consists of tangled two control loops
for equipment—plasma and plasma—process at each. To construct
the PI-APC structure, along with the control target, it is needed to
develop additional sensor considering phenomenology  of
equipment—physics, select manipulated wvariable and controller
variable pair, construct control and process model algorithm with
domain knowledge or empirically and implement all of these to
control system with hardware and software.

Major procedure for development of PI—APC is shown in Figure
5.1, based on the usual procedure [13]. In this study, the etch
process edge uniformity in the capacitively coupled plasma etcher
was taken as the control target. From the previous research, the
edge ring parts surrounding electrode—wafer is selected as
manipulated parts due to its dynamic operation capability with
inducing RF power for changing potential distribution, as described
in Chapter 1.4. For monitoring variables related to process
uniformity, the plasma information especially with the formation of
the difference in radial direction was considered. Special sensor for
this PI was devised with Langmuir probe having two tips with
different radial position, as described in Chapter 2. The plasma
dynamic model was validated with theoretical model in Chapter 3. In
Chapter 4, CV is selected as PI variable of ion energy flux for

prediction of mask and mold etching process.
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Figure 5.1. Major procedure of developing control system.
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Figure 5.2 shows the constructed PI—APC structure with
capacitively coupled etch including RF powered edge ring. Before
operating controller, models for PI-VM and plasma control
algorithm were uploaded to the system. From the beginning of the
monitoring PI with ion energy flux at each point and the difference
variable between them, PI—APC starts to operate its loops.

With monitored Pls and other equipment variables, the current
status of the etch process is estimated with PI-VM model in

process control loop. In this case, the difference variable of mask

height, A H,.. (#) is estimated at time 7. To get the degree of

control action with CV, the difference of the PI, ion energy flux

variable, AT, , needed etch rate of the mask is calculated with

E b

several time step, k of given system sampling time, Af,
— Aerask (t)

mask ,set k A ¢

1s the set value of the difference variable of

A ER (5.1)

where, A ER

mask ,set
mask etch rate with counter directive action for improving etch
uniformity. The degree of the time step, k is considered for
marginal time for progression of surface reaction accumulation. If &
1s too short, the dual—loop controller become unstable due to
requirement of excessive control action over given operation
window. In this system, stable control with £>10 is achieved.
After the set—point of process variable is determined, the set—
point of PI variable is calculated to get the next operation degree of
MV in plasma control loop. In this step, invers function of PI-VM

model is used,

PI

w =AT, =VM ™' (AR, ) (5.2)

E set
where, PI, is the set—point of PI variable to get the improved

process uniformity at next step. In the plasma control loop, model
predictive control (MPC) algorithm is adapted. MPC is an advanced
control algorithm that predicts future moves of the output and
calculate optimized control moves [00]. Figure 5.3 shows that the

basic structure of MPC is composed with predictor and optimizer
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including cost function and constraints. Predictor contains an
internal model that describes dynamics between input and output.
Optimizer calculates the control moves to minimize quadratic
objective function which quantifies the importance of output error
and input variation. Internal model used in this study will be treated
in Chapter 5.2 and determination of objective function with output
error and weighting will be handled in Chapter 5.3. In any case, the
set—value of the MV, edge ring power, to adjust PI variable is

updated with forwarding it to RF power supply.
P =P,.(t)+AP

tdge.sr 2 (5.3)

Final sampling time for process uniformity control is determined
by tangled double loop between process and plasma controller,
while control time of each loop is different with the ratio of k. In
other words, during updating the set—value of the process variable
with 1 cycle, the set—value of the MV is updated with k cycles. This
means that plasma is controlled within constraints and maintained to
given set—value k times faster than process be. This makes

plasma process operate stable operation with drift disturbance.
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Figure 5.2. Control diagram consisting of dual loop with equipment—plasma
control and plasma—process control loops with capacitively coupled etcher
with RF powered edge ring.
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5.2. Open—Loop Data—Driven Plasma Dynamics
Control Model

Plasma dynamic model for equipment—plasma control loop can
be developed from open—loop control data, as shown in Figure 5.4
for the difference of ion energy flux between two different radial

position, AT, with RF power variation on edge ring. From the

developed theoretical steady—state model in chapter 3.3, the
control gain was estimated about —5.15x 10! Vem W ™! with zero
difference at about 30 W RF power. For a linear operation of RF
powered edge ring on edge uniformity control with bi—directional
action, an intersection point with zero difference should be included
in MV operation window. As show in Figure 5.5, linear correlation
between MV and CV variation within 90 W RF edge ring RF power
is confirmed similar with Figure 3. 13. Also, the model gain of about
—3.27x10" Vem *W ™! from open—loop test data is similar with the

gain from theoretical model.
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Figure 5.4. Time transition of MV (Pedge ring) and CV (A I',) operation in
open—loop test experiment.
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With open—loop test data, control dynamic model can be
developed with first—order transfer function in Equation (5.4). The
general first—order transfer function is given with the steady—stat
gain, G and the time constant, 7 . In this study, the dynamic
plasma model for the difference variable of ion energy flux to edge
ring RF power has —3.27 X 10" Vem W ™! gain and 2.02 sec time
constant. It means that after 2.02 sec of MV operation, CV value
reaches the set—value without delay within sampling time. Note that,
although the dynamic model was developed without time delay, it
can be existed but cannot be recognized with longer sampling time
about 0.2 sec. As the plasma dynamic control model, first—order
transfer function in Equation (5.4) was used as a predictor in MPC
algorithm to predict change of the difference value in ion energy
flux by manipulating RF power on the edge ring.

G

A(A,FE):E

~ —3.27x10"
2.02s+1 %

edg

(5.4)
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Figure 5.5. Linear relation between MV (Peqge ring) and CV(A I',) values

with negative gain from re—arranged data with averaged value of each
variation of conditions.
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5.3. Closed—Loop PI-APC Results of Mask Height
Uniformity

With PI-APC system in Figure 5.2 and developed plasma
dynamics model, the closed—loop controller operates to maintain
mask height uniformity represented by the difference of mask
height at the radial position of 120 and 145 mm on wafer. Although
control target is the difference variable of mask height, etch depth
with the same process was also monitored with the developed PI—
VM model in chapter 4.2. Operation results of PI-APC in short
process time is shown in Figure 5.6 within 80 sec. PI-APC
algorithm started at 10 sec after starting of the process due to
distinct control action with worsen uniformity environment. At the
time when PI—-APC started, the difference of mask height between

two edge position is about 2.5 nm. Just after PI-APC was involved

in the process, mask uniformity was exacerbated during about 5 sec.

This was due to not enough manipulation of edge ring power degree
in 5 sec to pass the operation regime of positive feedback, although
controller continuously increased edge ring power. After 15 sec in
process time, the difference value of the mask height started to be
decreased toward zero difference value. At about 25 sec of the
process time, the mask uniformity was satisfied with process
control target of zero difference value, while the controller could
not change the control direction to inverse trend. This is because
there was still the error between the set and the monitoring value

of the AI,, so the adjustment of the edge ring power to

compensate for this error even if the mask uniformity was achieved
in the process control loop. In other words, the weight of the error
for CV was less than that of the change for MV in the plasma
control loop. This control operation characteristics can be improved
by determining weighting values in MPC algorithm. Nevertheless,
the difference value of the mask height was converged to zero value
with attenuation vibration behavior, as the PI—APC continuously

operated in process.
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Figure 5.7 shows that there is no difference in mask height at
the end of the process as a result of the PI-APC continuously
operating for a given process time about 280 sec. Although the
stabilization was slow, the difference of the remain mask height
almost zero after the process time about 100 sec, and the oscillation
of the PI variable also was reduced. The amplitude of the oscillation
of the variable was larger for the RF power on the edge ring (MV)
than for the difference of the ion energy flux variable (CV) because
the weighting coefficients for the change of MV was set to
relatively larger than that for the error of CV. This is treated in
following section about control optimization.

The variation of the MV until the end of the process in Figure
5.6, the MV value slightly increased by about 4.7 W for 180 sec
after the stabilization time at 100 sec. This means that although the
PI-APC developed in this study did not have the model for
compensating drift effect of the equipment, the real—time process
control model worked to compensate for a subtle drift with unknown
cause. From the operation result of the PI-APC in which the RF
power of the edge ring was slightly increased, it can be inferred
that the drift which made the etch rate at the wafer edge slightly
reduced occur under the experimental conditions of this equipment.
While an exact cause analysis of this drift was not performed, it can
be inferred that there was a change in wall condition as the

operation time of the equipment accumulated.

55 A ‘._, ‘_]l



0 10 20 30 40 50 60 70 80

50 T T T T T I T I T I T
} 40 B \—I—Edge ringRFPower| _‘
f~ | ]
-ED B 30 f I
- 20 F )
10 ! —
0 1 ! L 1 L 1 1 Il
S\ > L —B—set o i
o 5 —D—monitoring | -
m g 1F -
~ o - 1
<o Op-- ' mﬂm
= af ]
X L ]
2k _
1.0 B —@— set ]
B —O— monitoring | T
M~ 0.5 — -
o D 0.0 el
= 8 osL 3
< £ ]
-1.0 | —
4 N — - set(zero) ]
2L monitoring |_|
1o — 1
g i - R L | e
< L i
4 L |
0 10 20 30 40 50 60 70 80

Process time (sec)
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As the PI-APC for controlling the difference of the mask height
in wafer edge is operated in real—time, the difference value of not
only the mask height but also the etch depth of the Si mold target is
controlled to near zero value. Variation of the predicted remain
height of the SiO2; mask and etch depth of the Si mold target during
process time with PI—=APC operation is shown in Figure 5.8 (a) and
(b). Compared with the result of process operation with PI-APC,
Figure 5.9 (a) and (b) also shows the time series process results,
remain mask height and mold etch depth.

With PI-APC operation, both edge uniformity (difference value
between 120 and 145 mm positions) of the SiO» remain mask height
and Si mold etch depth had obtained with similar results, although
the process control target was set to only mask height variable. It
means that trench pattern Si profile etch uniformity can be
improved just by controlling mask etch uniformity. Due to a common
control variable with PI of the ion energy flux, the mold etch depth
was also controlled.

Without PI-APC operation, both etch rate of SiO2 mask and Si
mold at outer position at 145 mm is lower than that at 120 mm. This
process condition was maintained during all process time resulting
in large differences in remain mask height and mold etch depth
about 148 nm and 64 nm at each with prediction model results.

Figure 5.10 shows the process results in real with the same
operation of Figure 5.8. As predicted in virtual operation with
process prediction model, the difference value of mask remain
height and mold etch depth between 120 and 145 mm was reduced
from about 80 nm and 77 nm without PI-APC to 4 nm and 43 nm
with PI—APC. Therefore, it is validated that the developed PI-APC
consisting of the plasma and process control loops intertwined in
cascade structure can improve the process uniformity by using the
difference value of PI between two different position as inter—

parameter.
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Figure 5.10. Process results of SEM images without PI-APC operation at
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5.4. Optimization of Developed Controller

As mentioned 1n previous section, performance of the
developed controller has dependency with weighting coefficients in
MPC control algorithm [44]. In Figure 5.3, MPC controller has the
predictor including internal model and the optimizer defining control
action. For generally used quadratic objective function, J 1is
expressed as [13]

P M
z)=. e (k+i)Qe, (k+i)+> u" (k+i)Ru'(k+i)  (5.5)
i=1 i=1
where, Q is the weighting for error for controlled variable, e, R is

the weighting for change of manipulated variable, u', P is the
prediction horizon and M is control horizon. The error of controlled

variable is calculated with,

ey(k+l) ym(k+l) f/(k )

=y (k+i) Z (k+i—j (5.6)

=1
+zSju'(k+i—j)+Snu'(k+i—n)
J=i+l
where, y, 1is the set—point of controlled variable, y 1is the
trajectory of controlled variable, S, is the step—response function

based on the linear control model.
As a performance index of controller, the integral of the

squared error (ISE) value can be used.
ISE = j t)dt (5.7)

Assuming that the same transfer function model obtained from
open—loop data previously described in Equation (5.4) and in—real
system, parameter study for the dependency of the Q and R
weilghtings by simulating set—point tracking test. Figure 5.11 shows
the simulation result. According to this result, the best performance
condition considering only ISE value is at highest Q and lowest R
like highest Q/R ratio. This means that the more weight to the error
of the CV than to the change of the MV, the more quickly stabilized

-
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within certain time. Figure 5.12 also shows the simulation results of
the plasma control depending on Q/R ratio. If Q/R ratio is set to a
value of 10, CV quickly reaches to a given set value but with
moving excessively having large amplitude. Unlikely, if Q/R ratio is
set to a value of 0.1, control action is sluggish nevertheless large
difference from the given set value at initial time with stabilizing
slowly but with small amplitude oscillation. Therefore, in
optimization procedure, there is trade—off between stabilizing time
for control speed and oscillating amplitude for a risk of exceeding

operation constraints.

2.760
3.504
4.248
4.992
5.736
6.480
7.224
7.968
8.712
9.456
10.20

Figure 5.11. Contour surface of integral of the square error (ISE) resulted
from simulation of set—point tracking test with linearized Q and R
combination.
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Following the simulation results, the developed PI—APC is
adjusted to 1improve control performance in reference of
performance index. Figure 5.13 shows different control movements
of PI depending on the Q/R ratio set in the MPC algorithm of PI—
APC. Unlike to the previous simulation result, the best performance
with lowest performance index values of IAE and ITEA is achieved
with the ratio value of 1 (Table 5.1). With Q/R ratio of 0.025, PI
variable followed set value with about 2 sec of delay time, during
which the performance index could be increased. In case of the Q/R
ratio with the wvalue of 1, excepting initial time about 5 sec, PI
variable quickly followed tightly with set value. However, with
highest value of Q/R ratio about 40, control action was unstable with
excessively moving to reach the given set value within sampling
time. As previously described, there was failure to find stable state

given trade—off relation.

Table 5.1. Performance index (IAE, ITAE) depending on Q/R ratio of MPC
algorithm in PI-APC.

Q/R ratio IAE ITAE
0.025 1.05x10" 1.22x10M"
1 8.58x10" 1.01x10%"
4 4.20x10" 9.78x10"
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Figure 5.13. Plasma control result of the difference value of ion energy
flux during process time of 50 sec with Q/R ratio of (a) 0.025, (b) 1 and

(c) 40.
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Different optimization value of the Q/R ratio between control
simulation and in—real control result could be from different gain
value between the control model and in—real condition. It is
simulated with introducing multiplier parameter, x to a gain in the
used control model and assumed to occur mismatched gain condition
between used control model and in—real situation. Figure 5.14
shows simulated results of set—point tracking test in Q/R parameter
study. With increasing difference in gain value between in control
model and real situation, the best performance condition moves

from highest Q/R value to certain value about 1.

(a) | (b)

(c) (d)

Figure 5.14. Contour surface of integral of the square error (ISE) resulted
from simulation of set—point tracking test with linearized Q and R
combination in case with mismatched model between control and plant for
multiple about (a) same, (b) 1.5, (¢) 2, and (d) 2.5.

65 2 A 2] 8

|

I

U



For improving control performance, the sampling time ratio, &
between two control loops can be adjusted. It is a distinct
parameter from cascade structure of the PI-APC. k is introduced
by considering process reaction rate relatively shorter than
sampling time in plasma control loop. Set value of the process rate
linearly relating set value of the PI is determined by kAt for a
given set value of length scale, such as mask height and etch depth.

For example, for a current predicted difference of mask height in

time, ¢, AH, ., (t) required mask etch rate which is set value to

compensate that difference value is calculated with below.

(t+kAt)=M (5.8)
kAt

where, A, means difference between two positions representing

A ER

mask ,set

uniformity, ER1is etch rate, H is etch depth or remain height, At
i1s the sampling time of plasma control loop.

Figure 5.15 shows control results of PI—APC to maintain zero
difference of the mask height depending on value of k. The Q/R
ratio is constant to 1. As the relation of the set value of the process
control loop, the difference of the remain mask height is quickly
reached to a zero set value with small value of k. However, an
amplitude of oscillation of the process also increases resulting in
large error between set value in oscillating duration at initial time.
Figure 5.16 shows control movement of the process with shorter
time in initial 50 sec operation. With increasing value of & ,
oscillating amplitude decreases but oscillating time Iincreases.
According to the performance index meaning accumulated error
during full process time, the best performance is achieved with the
set of £=20.
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Chapter 6. Conclusion

For the real—time control of the etching process uniformity in
the semiconductor manufacturing, the advanced process control
(APC) methodology was systematically established based on the
plasma information (PI) variables. In accordance with the control
objective of process uniformity in wafer edge region, the edge ring
surrounding the wafer electrode was adopted to make change on
plasma distribution with actively applied RF power. The plasma
power balance and the equivalent circuit model allow the
determination of the manipulating characteristics of operation
window and controllable region with efficient design of experiments
(DOE). Through the consideration of the basic characteristics on
the plasma density and sheath potential distribution correlated with
the process uniformity in plasma—assisted process equipment, the
ion energy flux variable with radial slope formation was featured as
the principal parameter to explain the etching of SiO2 mask and Si
mold. Until now, the control target for the plasma distribution and
process uniformity have been represented with just several
positional points and without correlation between radial directional
distribution of plasma and process uniformity. However, unlike the
previous studies regarding the process uniformity control, this
study presents the radial slope formation of the controlled variable
for representing edge plasma distribution determining etch process
uniformity. This approach makes the uniformity controller more
easily constructed with the single—input single—output (SISO) than
with the multiple—input multiple—output (MIMO) system requiring
identification of correlations between variables with many times.
Ultimately, APC has a dual—loop structure, also known as a cascade,
intertwining two SISO control loops each for equipment—plasma and
plasma—process with different sampling time due to that the
process results such as etch depth and mask height appears after a
certain period of the process time. Here, the PI is the significant
parameter to link the plasma and process control with being
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controlled by external knob and determining etch rate in each loop.
From this cascade structure, there are several tuning parameters to
determine the control performance and stability, which are the Q/R
ratio representing response performance about control action in the
plasma control loop and the k meaning the prediction window of the
etch depth in the process control loop. In cascade control structure,
too large k makes sluggish process control response for the
controlled PI and too small k results in control instability due to
similar or smaller prediction window for the plasma control. With
consideration of the mismatch between control and plant model, the
optimized Q/R ratio value is determined with specific value
depending on the system. For the more improved performance and
stability, gain scheduling and adaptive model predictive control
algorithm can be adopted to transition of the gain depending on
operation regimes. This thesis shows that the PI-APC for the
plasma—enhanced process not only enables real—time process
control based on plasma phenomenology, but also can suggests the
guide for tuning upcoming process run and maintenance. With the
accumulated time series database of PI-APC including the plasma
information governing process results, the dynamic characteristics
of the process and equipment environment during previous process
run, such as the drift analysis, can give insight to develop advanced
run—to—run (R2R) control, tool—to—tool matching (TTTM), and

next generation plasma equipment.
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FETS B @ ol & 729 PAPC &4 ool 34
F UA SYLES FUF = Uk o]t PI-APCE 8l A4sE
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