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Abstract

As device dimensions of microelectronic circuits continue to shrink, process control
becomes even more important to ensure high yields. Plasma etching is a critical step in the
microelectronic fabrication process, and key concerns are spatial uniformity of etch and
reduction in over-etching. Recently, a full wafer interferometry system has been developed
which enables simultaneous monitoring of many sites on the wafer during an etch in real-
time. The sensor relies on the plasma emission to provide the interferometric signals. Since
the average intensity of the light emission varies from one process run to another, there is a
need to develop specific algorithms to utilize these signals for process control. This work is
aimed at extracting key information from the signals, i= particular, etch rate, endpoint detec-
tion (clearing of etching film), and endpoint prediction (or film thickness estimation), which
is essential for implementing real-time process control.

Etch rate is found to be readily obtained from the periodicity of the signals. Four
algorithms, namely the Fourier Transform, model matching, Kumaresan-Prony, and multi-
ple signal classification methods, are examined for the accuracy of their estimates under
various conditions. It is found that the Fourier Transform can provide an accurate result
despite its simplicity and computational efficiency.

Two endpoint detection algorithms have been examined. The first algorithm relies on
modeling matching and is applicable for etching non-absorptive films. The second algo-
rithm is applicable for films with high refractive indices, and takes advantage of reduction in
signal variations at endpoint. Both algorithms are found to be effective experimentally.

A new model associating the phase of interferometric signals to film thickness is pro-
posed. The accuracy of the remaining film thickness estimates is examined with respect to
drifting etch rates, variation in film stack structure, and choice of signal wavelengths. Simu-
lation results show that short wavelength signals are more robust. Experimental results also
verify the robustness of the algorithm for monitoring spatial uniformity of an etch in real-
time. The accuracy of film thickness estimation is about +100A for etching polysilicon.
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Chapter 1

Introduction
1.3 Motivation

Plasia etching is an important part of microelectronic fabrication processes. In
plasma etching, one of the important objectives is to etch away the film while minimizing
undercut or other effects of overetch, which is typically used to ensure complete etch in the
face of topography differences and wafer nonuniformity. In general, a uniform etch will
result in uniform clearing of the film, so that overetch can be reduced. In the past, effort has
focused on designing etch chambers that could provide a uniform plasma density over the
wafer; one result of uniformity requirements has been the shift from batch fabrication to
single wafer processing where better control is possible. Off-line design of experiments
have been used to optimize the productivity and robustness of the process, and statistical
process control charts are used for rapid detection of process deviations [49]. As competi-
tion for high quality and variety increases, the design and implementation of new and flexi-
ble fabrication processes becomes an important issue.

In recent years, more emphasis has been placed on controlling the process on-line.
Contrary to robust design, on-line control requires that the control parameters can modify
the process outputs effectively. Various run-by-run control methodologies have been devel-
oped, such as an exponentially weighted moving average control or predictor corrector con-
trol, which adjust equipment settings to compensate for process drifts and/or process shifts
[13,62,67]. In addition, real-time control has been investigated for providing consistent
equipment states, such as the control of the RF power [77]. However, most of these efforts
have not been focused on the monitoring and control of wafer states measured in real-time.
Recently, a full wafer interferometric system has been developed [16,17]. It facilitates
simultaneous monitoring of etch performance at many sites over the wafer surface. How-
ever, since the sensor utilizes the plasma emission as the source of signals, a number of
challenging issues need to be tackled before the sensor can be fully used for real-time
process control. In this thesis, topics regarding etch rate extraction, endpoint detection, and

endpoint prediction (or film thickness estimation) will be examined, with the goal of obtain-
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ing accurate feedback for real-time control of the etch process.

1.2 Plasma etching

Plasma etch is an important step for patterning films on a wafer [74]. Before an etch,
a layer of patterned photoresist is first coated on the film surface to protect specific areas
from being removed. During the etch, a glow discharge is generated by an applied electric
field, which produces highly energetic electrons, reactive ions, and reactive atoms from the
etching chemicals. Combining the effects of chemical reaction of the reactive species, and
the physical bombardment of the ions, various degrees of anisotropic etch can be produced.
In addition, emission at various wavelengths can be observed from the glow discharge when
orbital electrons or atoms return from excited states to lower energy levels. These emissions
are unique with respect to the etch, and can be used for process diagnostics. Figure 1-1

shows the etch process.

Figure 1-1: The etch process

wafer

(a) deposit film to be etched (b) coat with patterned photoresist

(c) etch the unprotected area (d) dissolve the photoresist
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Figure 1-2: Some undesired etch results

mEEmEe

(a) undercut (b) overetch (c) uneven etch

If an etch is isotropic, part of the film underneath the protective photoresist layer will
react with the plasma, resulting in line width reduction, as shown in Figure 1-2a. Other
undesirable etch results include over-etching (Figure 1-2b), and uneven etching (Figure

1-2¢) in which the etching rate could be higher (or lower) towards the edge of a wafer.

1.3 Previous work

Process control methodology in the field of semiconductor fabrication has been pro-
gressing from static process optimization to feedforward/feedback control. In this section,
relevant work in semiconductor process optimization, run-by-run control, and reai-time
control will first be discussed. Specific work regarding the control of plasma etching will

then be reviewed.

1.3.1 VLSI fabrication process control

In process optimization, response surface methods have been used to niodel process
outputs as polynomial functions of process parameters, so that the conditions for attaining
target outputs can be determined {10,50]. To reduce process variation, Taguchi methods
have been applied [56). For fabrication processes where spatial variation of product output
is important, various spatial models have been developed. Guo and Sachs examined the use

of a multiple response surface method. By combining separate low-order site models, they
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are able to predict the spatial uniformity of an etch, which is usually a very complicated
function of the control parameters [23]. Mozumder and Loewenstein developed a two-lay-
ered hierarchical spatial model for etch uniformity and selectivity. The first layer creates a
spatial model of the etch, while a second layer relates the coefficients of the spatial models
to the equipment settings [51].

In receat years, sensors and algorithms for both run-by-run monitoring and modifica-
tion of control settings have been developed. Sachs et al. have proposed a modular frame-
work for process control systems, which divides the process control domain into three
modules: the flexible recipe generator, the run-by-run controller, and the real-time controlier
[61]. Each module is responsible for providing control action at different time scales. Also,
sequential optimization techniques, such as evolutionary operation [9] and Ultramax [71],
have been applied to improve process outputs on-line by refitting polynomial models after
each run. Ha suggested using design of experiments to classify the process variations into
both tunable variations and non-tunable variations [24]. Non-tunable variations are reduced
by an off-line experimental approach, while tunable variations are regulated by adjusting
suitably chosen control parameters on a run-by-run basis. Hu proposed using a Bayesian
statistical method to detect process drifting and shifting for on-line process improvement
[37]. Control algorithms utilizing mopitor wafers combined with site models for uniformity
improvement has been shown in [63]. Exponentially weighted moving average [67] and
predictor corrector control [13] have been proposed to compensate for process shifts and
process drifts given noisy feedback signals. Because of the complexity of the microelec-
tronic fabrication processes, in particular for plasma etch, artificial neural networks are sug-
gested for process modeling, which will be described in the next section. Methodologies for
applying expert system for process control can also be found [14,47].

In all cases, the application of run-by-run or real-time process control depends both
on the availability of feedback signals and the flexibility of modifying processing control
parameters accordingly. Real-time statistical process control and diagnosis can be imple-
mented once good sensor signals become available; an example can be found in [41].
Examples of real-time control in the field of plasma etching and rapid thermal processing
can be found in [20,64].
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1.3.2 Sensor and process control for plasma etching

Reliable sensor information is the fundamental key to plasma process control. An
introduction to plasma characterization and process control diagnostics can be found in
[35]. In general, feedback signals can be categorized into machine state, process state, and
wafer state information. Throttle valve opening size is an example of machine state infor-
mation. Process state and wafer state information can be connected to the process output
more directly, and so they have been the main research focus.

In plasma etch, process state feedback can be obtained from optical emission spec-
troscopy (OES), which is widely used for endpoint detection of an etch [74]. This technique
relies on the changes in the optical emission spectrum of the plasma. In general, a specific
signal wavelength will be observed and a sudden shift in the emission intensity will suggest
the clearing of a film. Mozumder and Barna considered etch rate and etch uniformity extrac-
tion from OES signals [52]. The etch rate is determined from the endpoint time, while the
etch uniformity is determined from the slope of the OES signals at endpoint. This informa-
tion is then incorporated into a control system for statistical process control and run-by-run
process adjustment. For the analysis of non-uniform etch, a spatially resolved optical emis-
sion system has also been developed [5].

Other common process state sensors include pressure gauges, and RF power monitor.
Use of these sensors for predicting etch properties can be found in [41]. In particular, for the
purpose of endpoint detection (an important etch quality), other sensor possibilities include
mass spectroscopy, impedance monitoring and Langmuir probe. Since the Langmuir probe
may disrupt the plasma density, it is less preferred for on-line production monitoring. Mar-
coux and Foo [43] provide a general introduction to endpoint detection.

Wafer state feedback can be obtained from sensors such as interferometers or ellip-
someters. Interferometer uses the constructive and destructive properties of light signals
created due to the reduction of film thickness. The light source can come from the plasma
emission or a laser. The intensity of laser interferometric signals is more steady, but it can
only be applied to a small area over a wafer. The period of an interferometric signal can be
used for etch rate determination, and a sudden change in the signal pattern will indicate etch
endpoint. More details regarding interferometry will be given in Chapter 2. Since the sensor

is non-intrusive, it is very suitable for process control, and has been extensively studied
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[1,3,4,18,31,32,69].

By measuring the polarization of transmitted and reflected laser signals, an ellipsom-
eter can provide both film thickness and refractive index information. Haverlag et al.
applied ellipsometry to measure film thickness [26], and Haverlag and Oehrlein examined
endpoint detection with it [27]. In [33], Henck developed real-time ellipsometry for film
thickness measurement and etch control with accuracy up to 4 A. Further work has
been done to extend the method for multilayer film stacks [34]. By measuring the etch rates
at the wafer center using the real-time ellipsometer, etch rates at other sites can be inferred
from spatial response surface models [68]. In addition, by combining with run-by-run con-
trol, the sensor can provide real-time endpointing at a targeted film thickness, while main-
taining a maximum non-uniformity in the etch [13]. Currently, other real-time control
systems for plasma etch focus mainly on process or equipment variables. Some examples of
feedback control for power and DC bias can be found in [8,12,19,75]. A multivariable con-
trol system for reactive ion etching has been implemented for etch rate control [20]. A
dynamic model was first constructed relating throttle positions and RF power to DC bias
voltage and etchant concentration (fluorine in [20]), which are then used for real-time con-
trol of etch rate. It was shown that such a system will result in more stable etch rates even in
the presence of various disturbances.

The control of plasma etching is a complicated process because many parameters are
involved. Since artificial neural networks are capable of approximating functions with
unknown structures, it is increasingly popular for both process modeling and process char-
acterization. Himmel and May investigated the learning and prediction capability of neural
network process models for plasma etch rate and selectivity based on RF power, pressure,
and gas flow rates [36]. Huang et al. focused on constructing neural network models for
etch rate and selectivity given a limited amount of experimental data. Their results indicate
that neural network models can predict process behavior more accurately than classical
regression methods at the limits of the operating range [38]. In general, the structure of a
neural network model is very arbitrary. In [39], Kim and May suggcst a systematic proce-
dure for proper adjustment of neural network parameters for general modeling applications.
In addition to process modeling, the pattern recognition property of neural networks has

been used for real-time process control. Rietman [57,58], and Rietman and Patel [60] sug-
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gested using neural network models to relate process parameters, such as applied RF power,
chamber pressure, flow rate, and the optical emission trace to predict the thickness of film
left, and determine the time for overetch. However, in their cases, a large amount of data are
available for modeling building. To reduce the number of data required for training a neural
network, Mundt developed a simple endpoint model to generate optical emission training
data {53], and Allen et al. developed a multiresolution training method for model building
[2]. In terms of the monitoring of RF power, Maynard et al. developed neural network mod-
els for endpoint detection. The output of the network is a classification of whether the pro-
cess has reached endpoint. However, they indicate that the model has to be retrained if there

is a change in the process recipe [46].

1.4 Sensor and control

Application of real-time control depends on the availability and accuracy of sensor
signals. In general, without the necessary feedback signals, it could be more productive to
monitor a process by statistical quality control charts and interrupt the process only when
out-of-control status is recorded. In designing a control system for a process, such as plasma
etching, the quality of the sensor information should always be examined before choosing
the type of control strategy. Hence, the focus of this thesis is on the extraction and the accu-
racy of feedback information that would be useful for real-time control of plasma etching.
The implication of accuracy for simple control strategies, such as adjusting the control set-

tings once in a single process run, will be considered in Sections 3.5 and 3.6.

1.5 Thesis outline

In Chapter 2, the physics behind full wafer interferometry will be described. The sen-
sor relies on the light source from plasma emission. Because the intensity of the plasma
emission may fluctuate from one run to another, and strong signal noise is present, signifi-
cant difficulties are encountered in the extraction of wafer state information from the inter-

ferometric signals. For the purpose of both run-by-by control and real-time adjustment of
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control parameters, accurate etch rate extraction from the signal is necessary. In Chapter 3,
four methods for determining the etch rate will be examined, including the Fourier Trans-
form, model matching, Kumaresan-Prony and multiple signal classification methods. The
influence of the different lengths of signal and sampling rates on estimation accuracy will
be considered. Simulations regarding the application of accurate etch rates to real-time
process control will also be illustrated.

Since the reduction of overetch is an important goal of etch control, two new algo-
rithms for detecting endpoint will be proposed in Chapter 4. The first one is applicable for
non-absorptive films, and relies on the deviation of the interferometric signal from the peri-
odic signal trend. A new model! based on fitting the interferometric signal with two sinuso-
ids is suggested. The second algorithm is applicable for etching films with a high refractive
index. It exploits the increase in periodicity of the interferometric signal when the etching
film is cleared. Both algorithms are proposed because of their low computation require-
ments, enabling their use in real-time computation. Experimental data are used to show the
efficiency of the algorithms.

One very important etch sequence today is to perform a bulk etch, followed by a final
selective etch. This is particularly common among polysilicon gate etching. Thus, a method
of measuring film thickness to determine when to switch chemistries is extremely useful for
improved product quality. In Chapter 5, the phase of the interferometric signals will be used
for estimating the film thickness left or for endpoint prediction. Sensitivity analysis with
respect to small drifting etch rate and small variation in film structure will be examined. The
choice of signal wavelengths for robust estimation will also be considered. Experimental
data will be used to verify the accuracy of film thickness prediction, the reliability of the
algorithm, and the possible drifts in the etch rate. Finally, the algorithm is applied to the sig-
nals from the full wafer interferometer for real-time monitoring of film thickness.

A summary of this thesis and future research suggestions will be given in Chapter 6.
To facilitate understanding this thesis, the listing on the next page summarizes the main

points in each chapter.
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CHAPTER

SUMMARY

Full wafer inte m
— a sensor capable of monitoring etch on entire wafer in real-time
— signals can be utilized for obtaining etch rate estimation, endpoint

detection, and endpoint prediction

tch rate estimation
Methods: - Fourier transform
— Model matching
— Kumaresan-Prony method
— Multiple signal classification

Method recommended: Fourier transform

Endpoint detection
Methods: — model deviation (for non-absorptive films)

— slope fitting (for films with high refractive index)

Endpoint prediction (film thickness estimation)

Required parameters: - signal phase at endpoint (a prior information)
— film thickness etched per signal cycle
— instantaneous phase
— number of signal cycles remaining

Phase calculation method: Fast Fourier Transform

Short wavelength signals: robust with respect to film structure variation

Long wavelength signals: robust with respect to initial thickness variation
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Chapter 2

Full wafer interferometry

2.1 Optical emission interferometry

During an etch, light emission from the plasma strikes the etching film surface. Part
of this illumination is reflected at the top surface of the film, while part of it is transmitted
into the film and reflected at the lower surfaces. As the thickness of the film decreases due to
the etch, the difference in the length of the optical paths, as shown in Figure 2-1, varies and
results in different levels of constructive or destructive interference. When a CCD camera
with an appropriate band pass filter is used to monitor the intensity of light at each location

on the wafer, each pixel acts as an individual interferometer for that location.

Figure 2-1: Fuli wafer interferometry for a 2-film structure

CCD camera
incident light

air

layer 1

fe—— ——

layer 2

The optical path difference, 8, between the two light rays can be calculated as [30]:
d=q+r+s-p = 2ndcos(0,). (2-1)

where n, is the refractive index of layer 1, d is the thickness of layer 1, and 0, is the angle

of refraction. Other successively reflected signals are weak comparatively and can be
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neglected. The interference varies with a period of A (the signal wavelength) in the optical
path difference, and leads to a cyclic signal, as shown in Figure 2-2a. The thickness of film

etched corresponding to two successive signal maxima or minima is:

A

Ad = 2n,cos(8,)

(2-2)

Assuming a constant etch rate, if the time elapsed between the two successive maxima or

minima (At ) is known, the etch rate (ER ) can be determined:

Ad_ A1

ER = At~ 2ncos(8,)At’ (2-3)
In terms of the angle of incidence, 6, Equation 2-3 can be rearranged as:
A . 3.7
ER = M(Jl _[sin(8p)/n,]%) . 2-4)

For a two-layer film structure as shown in Figure 2-1, if the film is non-absorptive,

the reflectance (R) will be [29):

(no2 + nlz)(nl2 + n22) —4ngyn lzn2 + (no2 - n,z)(nl2 - rzzz)cos(%z—tn,dcos(el ))
R = ; 2 (2-5)
("02 + n,z)(n1 + n22) + 4n0n12n2 + ("02 - nlz)(nl2 ~ nzz)cos(%tnldcos(ﬁl ))

where n; and n, are the refractive indices for layer O and layer 2 respectively. Following
[17], the correction factor for the non-zero angle of refraction is not critical, and for our

analysis normal incidence will be assumed. At endpoint, d = 0, and

a g —-—
WR(d =0) =0, (2-6a)
2 4 2 2.2 2
izR(d =0) = —64m ngn ny(ng —ny)(ny —ny) (2-6b
ad* 20,02 2.2 2 2 2 2., 2 2.2 -6b)
A. [(no +nl )(Il] +n2)+4nonl n2+ (no —nl )(nl _n2 )]
82

Since n; >n, a—de(d = 0) will be positive if n; <n,, and negative if n, > n, . This
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Figure 2-2: Examples of different interferometric reflectance
(a) 7534A reflectance of etching 5000A poly on 1000A(-) or 250A(—-) oxide
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(b) 4800A reflectance of etching 5000A poly on 1000A oxide
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means that the endpoint will occur at the maximum of signal or minimum of signal depend-
ing on the relative refractive index of the two-layer film structure.

For a multiple-layer film structure, the general shape of the interferometric signal is
the same but the endpoint is not necessarily at the maximum or minimum of the signal, as
pointed out in [6,15]. In [29], a matrix approach for deriving the interference reflection for
multiple-layer film structure has been derived. In Figure 2-2a, the interferometric reflec-
tance for etching S000A of polysilicon over 1000A and 250A of silicon oxide over a silicon
substrate is shown. It can be observed that the endpoint for the 1900A-oxide case is almost
at a signal minimum while the 250A-oxide is not.

In addition to the difference in underlying film structure, the signal absorption rate of
the etching layer also modifies the signal pattern. For example, the absorption rate of a
4780A wavelength signal by a polysilicon layer is substantial. Hence, as shown in Figure
2-2b, the amplitude of reflectance is very low when the film is thick, and it increases as the

film thickness reduces.

Another aspect of interferometric signals involves lateral interference caused by light
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reflection from surfaces with different heights, e.g. the photoresist surface and the etching
layer surface. If the light source is coherent, such as a laser, the signals as shown in Figures
2.2a,b will be distorted. Other concerns include non-uniform underlying film thickness and

diffraction at step edges. Discussion of these topics can be found in [6,15,31,32].

2.2 System setup of the current full wafer interferometer

System setup of the full wafer interferometer for this work is very similar to that
described in [17]. Figure 2-3 shows a rough outline of the system. A CCD camera
(Hamamatsu C4742) is located over the viewport on the top of the etcher. There are a total
of 1040x1024 pixels. When the CCD camera is used to monitor a 100mm wafer, each pixel
approximately corresponds to a 100umx100um area on the wafer. The camera can capture
signals at the wavelength from 400nm to 1600nm, and can produce ten-bit outputs per pixel.
However, in order to reduce the demand on storage memory and sensor noise, only the high-

est eight bits are used. From the experimental data, it is found that such a resolution is suffi-

cient.
Figure 2-3: Simplified system setup for full wafer interferometry
I
interferometric
CCD camera signal inputs
optical filter—s~ == SR = S
C—-——-=—"1 | S EE = T = =N\
-_— T I .
- ~ control signals
/ plasma \
AN - _ e
wafer
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After getting a frame, the CCD camera will transfer the interferometric data to an
Alacron acquisition system via DMA (direct memory access). The Alacroa system is situ-
ated inside an 80486-based host computer. It consists of an acquisition board, a processing
board with two Intel i860 processors, and a display card. It is used for controlling the CCD
camera and analyzing the interferometric signals. When the etch chemistry needs to be
switched, or when endpoint is detected, the host computer can send control signals to the
etcher. A detailed description of the machine/sensor communication system can be found
in [15,22].

An optical band pass filter is required in front of the CCD camera lens so that only a
narrow wavelength signal is captured. The experiments in this thesis will focus on the etch
of polysilicon, and the etching chemistry will be a mixture of fIBr and Cl,. Hence, the band
pass filters selected are centered at 4800A, 6100A and 7534,&, with half bandwidths of at
least 150A [17]. These signals capture bromine, chlorine and bromine lines in the plasma
emission spectrum respectively. An example CCD image of an etching wafer is shown in

Figure 2-4.

Figure 2-4: CCD image of an etching wafer
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With the current setup, the maximum frame rate is approximately eight frames per
second. However, as described in [17], the sampling rate of the CCD camera should be syn-
chronized with the etcher’s magnetic field rotation to reduce extra frequencies in the inter-
ferometric signals. In our experiments, the magnetic field of the etcher rotates at about 0.72
second per revolution. For simplicity, 0.72 sec will be considered as one “time unit” in this

thesis.

2.3 Applied Materials Precision 5000 etcher

The Applied Materials Precision 5000 plasma etcher (AME 5000) is built for low
pressure reactive ion etching. It is a multi-chamber system for single wafer processing. On
the top of each processing chamber, a 50mm diameter viewport has been incorporated so
tnat the full wafer interferometer can be set up for real-time monitoring. The etch is per-
formed with a rotating magnetic field for improved etch uniformity. Some of the important
control parameters of the etcher include chamber pressure, RF power, magnetic field
strength, and the flow rate and composition of etching gases. The etcher can be connected to
a host computer using SECS I (SEMI equipment communication standard II) protocol [66]
via an RS-232 line for equipment monitoring and etch recipe download. In [22], the use of

SECS II for run-by-run control and recipe update on the AME 5000 is examined.

2.4 Summary

Full wafer interferometry is an exciting new sensor that provides wafer state informa-
tion across the entire wafer in real-time. The physics behind the sensor is similar to that of
the laser interferometer. However, laser interferometry can be used only to obtain wafer
state information for a limited portion of the wafer. On the other hand, the CCD camera in
full wafer interferometry has thousands of pixels; each pixel functions like an individual
interferometer. At present, full wafer interferometry is used for off-line analysis of etch rate
only. In the following chapters, the focus will be on extracting essential informaticn from
these interferometric signals to facilitate real-time control of plasma etching, namel,, the

etch rate, endpoint detection and endpoint prediction.
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Chapter 3

In-situ etch rate extraction from interferometric signals
3.1 Introduction

In plasma etching, accurate in-situ estimates of etch rates are needed for run-by-run
and real-time control. The full wafer imaging system developed by Dalton et al. [16] facili-
tates in-situ etch rate extraction on multiple sites over the wafer surface. This chapter exam-
ines the accuracy and robustness of four algorithms for etch rate extraction from the
interferometric signals. The algorithms considered are described in Section 3.2, and include
Fourier transform, model matching, Kumaresan-Prony, and multiple signal classification
methods. To directly improve etch uniformity with real-time control, instantaneous infor-
mation on etch rate is indispensable, and so short lengths of signals are emphasized in this
chapter. Simulation studies will be presented in Section 3.3 to compare method robustness
against sensor noise, short data windows, and low sampling rates. In Section 3.4, experi-
mental results of in-situ etch rate estimates corresponding to real-time modifications of con-
trol setiings are given. The necessity of accurate etch rate determination for successful real-
time process adjustments will be illustrated by simulations in Section 3.5, and an example
justifying mid-course adjustment of control parameters will be provided in Section 3.6.

Instantaneous etch rate estimation from laser interferometric signals has been exam-
ined by Mishurada et al. [48] and Bushman et al. [11]. When the signal source is a laser, the
baseline signal intensity is known and constant. However, applying laser interferometry
over the whole surface of the wafer would be a difficult task. Full w: r interferometry
using the emission from the plasma can obtain simultaneous interferometric signals at many
wafer sites. However, the intensity of the plasma emission is weaker and can vary from run
to run. In addition, any modification of the control parameters in the mid-course of a single
process run will alter the emission intensity. Hence, we concentrate on algorithms that
impose fewer assumptions on the sensor signal than are typically true in laser interferome-

try (e.g., strong constant light source intensity).
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3.2 Etch rate estimation algorithms

In Chapter 2, it has been shown that the etch rate (ER) is inversely proportional to the

periodicity (At) of the interferometric signal:

A "
ER = 5 (1 - [sin(8g)/n,1%) (3-1)

where A (signal wavelength), n; (film refractive index), and 8 (angle of incidence) can be
pre-determined before an etch. Hence, the problem of etch rate estimation is transformed
into that of determining the periodicity of the signal.

Signals from individual pixels in full wafer interferometry suffer from three compli-
cations compared to laser interferometry. First, the baseline intensity depends on plasma
emission conditions. Second, care must be taken to deal with noise due to sensor and multi-
ple light reflections within the chamber. Third, sampling rates could be very low (e.g. <15

samples/cycle) as shown in Figures 3-1a,b. Due to these issues, direct selection of coarsely

Figure 3-1: Examples of low sampling rates of interferometric signals
(a) @6100A wavelength, etching 5000A polysilicon
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sampled extrema points is often ineffective. Therefore, effective estimation algorithms are
needed to overcome these difficulties in full wafer interferometry. The algorithms consid-
ered here are the Fourier transform, model matching, Kumaresan-Prony (or Kumaresan-
Tufts), and multiple signal classification (MUSIC) methods. These estimation methods all
seek to determine the dominant frequency of the signal which can then be used for calculat-
ing etch rates. In particular, we compare the robustness of different algorithms against

noise, their accuracy for small data sets, and their effectiveness for low sampling rates.

3.2.1 Fourier Transform Method

The Fourier transform is a well-known non-parametric tool for reconstructing the
power spectrum of a signal [55]. As used here, we first subtract a linear trend from the sig-
nal. The data set is then multiplied by an appropriate window shaping to reduce the win-
dowing edge effect. In this work the Hamming window is used {55]. The discrete Fourier

transform of the data x[1], ..., x[ V] can then be calculated as:

N-1
Xtk+11= ¥ x[n+ 17e{/2mkn/ K (3-2)
n=0

where K is the number of desired divisions of the angular frequency axis. This work uses

K =2048. Squaring the magnitude of X[k] and dividing it by N gives the power spectrum of
the data, and the fundamental frequency can then be identified as the frequency with the
highest power. However, a limitation is that the reconstructed spectrum can be distorted if
based on only a small amount of data. Let F be the fundamental frequency number, and T be

the sampling interval, the periodicity (At ) can be determined as:
At = —. (3-3)

In Chapter 5, the phase of the fundamental frequency (8 ,,) at x[N] will be needed for

film thickness estimation, and its calculation is included here also. The phase at x[1] ( 9, ) is:

- imag (X (F)) _
O = ata“( rcal(X(F)))’ G4
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where imag and real represent the imaginary and real part of X(F) respectively. Let w f be

the fundamental frequency in radians per time unit,

Oy = 6, +wp(N-1). (3-5)

3.2.2 Mode! Matching Method

In model matching, an ideal interferometric signal is first generated by using a multi-
layer interferometric model [29). The ideal signal will be an array of reflectance R(t) with a
known fundamental frequency (Q) in radian per time unit, and a known initial phase (6).
Then, the array is fitted to the acquired signal (x[1], ..., x[V]) to determine the relative fre-
quency parameter (w,), bias (b), amplitude (A), and relative phase shift (8,), by minimizing

the sum of square difference (D):

N
D(wry b, A’ er) = E Ix[n]-AR(wrn_'_er)_blz. (3‘6)

n=1

A very coarse Fourier Transform solution can be used to provide the initial guesses of
the signal frequency and phase for this algorithm. Initial guesses of the signal bias and
amplitude can be obtained from the maximum and minimum value of the signal stream. To
determine the fit coefficients, a non-linear optimization is required. Given a fixed length
data array, we use a simplex method to determine the parameters [21]. In generating the
ideal signal array, the refractive index of the film to be etched, and the thicknesses and
refractive indices of the underlying layers must be known.

The estimated fundamental frequency (wf) is:
we= 0w, (3-7)
and the phase angle of x[N] can be determined easily as:

Oy = 9R+9r+wa. (3-8)
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3.2.3 Kumaresan-Prony Method

Both the Kumaresan-Prony method and multiple signal classification are regarded as
modern spectral estimation methods [44). These methods are of interest because their focus
is on estimating the power spectrum with high resolutions from short length data sets. One
main group of these methods models the data as autoregressive and moving average pro-
cesses, of which the Kumaresan-Prony method is one example. This method is considered
here because it is capable of modeling sums of damped exponentials, and our signals often
exhibit a growing amplitude envelope (Figure 2-2b). Another type of spectral estimator is
based on eigenanalysis of the autocorrelation matrix. The multiple signal classification
approach is one such example, and will be considered in Section 3.2.4. These methods are
used for frequency detection but do not reconstruct the real power spectrum for the signal.
A detailed list of references for spectrum estimation can be found in [70].

The Kumaresan-Prony method [40,44] can be applied to determine the frequencies of
the harmonics by assuming that the interferometric signals (x[1], ..., x[N]) consist of a sum

of m growing complex exponentials:

xnl = Y Az, (3-9)

i=1
where A_; = A,exp(j9;),
z; = expl(o;+ j2nf)T ].

A,; contains information of the initial amplitude and phase of the signals, while z; is related
to the frequencies and growth rate of the signals. Equation 3-9 is in the form of a solution

for a constant coefficient difference equation:

m

x[n] = =Y alklx[n-k] . (3-10)
k=1

Substituting x[n] = Z" into Equation 3-10 and dividing both sides by 2", we get:

m

1=-Y alkls™. (3-11)
k=1
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Moving the right side of Equation 3-11 to the left side and factoring, a{k] and z; are found to
be related by:

m m
1+ Z a[k]z"k = H (l—Z,-Z-l) . (3-12)
k:l i=1

The autoregressive coefficients a[k] for the data can be determined by arranging the data in

the form of:
— - — =
x[1] x[2]) x[p] alp] x[p+1]
x[2] alp-1] x[p+2]
: = - . 313)
x[N-p+1] x{N-11 || al1] x[N]

where p > m is arbitrary. The autoregressive coefficients a[k] are determined by applying
singular value decomposition (SVD) to the matrix above and retaining the components cor-
responding to the m largest eigenvalues, which filters out more noise. After solving for a[k],

the frequencies are:

arg(z,')
fi= =0 (3-14a)
ar .
or w; = gT(z'), (3-14b)

where z; are the zeros from Equation 3-12 and T is the sampling interval. A rough estimate
of the fundamental frequency can first be obtained based on a coarse scale FFT result. The
correct fundamental frequency (w £ ), which should be close to the rough estimate, can then
be selected easily.

After determining z; ‘s, A_; can be obtained from Equation 3-9 using linear regres-

sion. The initial phases corresponding to f; (¢,) are the angle of A ;, and the phase of the

ci’
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fundamental frequency (8, ) at x[N], can be calculated easily:

3.2.4 Multiple Signal Classification Method
The multiple signal classification (MUSIC) method [44,65] starts by obtaining an

autocorrelation matrix, Ry, for the data (x[1], ..., x[N]). We use the sample autocorrelation:

P
1 L
R, =~ X XX, (3-16)
Pr=

where X, = [x[l] x[2] ... x[N—p+l]:|‘L and

1 is used to indicate vector transpose.

Applying eigendecomposition on R, gives:

m P
= H H

i=1 i=m+1

where H is used to indicate complex conjugate vector transpose. The A; ‘s are the m largest
eigenvalues corresponding to both the signal and the noise subspace, while the o, ‘s are the
p-m smaller eigenvalues (which are identical theoretically) corresponding only to the noise
subspace. The eigenvectors (v;) corresponding to the m largest eigenvalues (A;) span the

signal subspace. With r(f) defined as the eigenvectors for exponentials:
Py " . Iy - _L
r(f) = [1 L) JUART) L2 (P l)T)] , (3-18)

m
P(f) = Y, |’HV.- : (3-19)

i=1

|2

where T is the sampling interval. P(f) can be treated as the sum of the magnitude of the pro-
jection of r(f) onto the signal subspace. The fundamental frequency and its harmonics

would correspond to peaks of P(f), and P(f) at various frequencies can be computed effi-
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ciently with the Fast Fourier Transform. Multiple signal classification method is useful only
for frequency detection, and cannot be used for phase estimation.

Both the Kumaresan-Prony and the multiple signal classification methods give funda-
mental frequency estimates and those of the higher harmonics. A rough estimate of the fun-

damental frequency can be obtained from prior knowledge, or from coarse FFT results.

3.3 Simulation results

Simulations have been performed to compare the above algorithms. Figure 3-2 shows
an ideal and a noise contaminated simulation signal during the etch of 5000A of polysilicon
over 1000A of silicon dioxide on a silicon substrate. The 4780A-wavelength signal is con-
sidered because this gives more cycles of signal during the etch of a thin film, which will be
showr: to improve the accuracy of the estimates. In addition, the strong absorption rate at
this wavelength gives rise to a more complicated signal, and enables study of estimation in a
more difficult scenario. Sensor noise is added to the interferometric signal to examine the
robustness of different estimation algorithms. Noise due to the sensor hardware and its out-

put guantization may have a constant variance; this is already very small and can be mini-

Figure 3-2: Reflectivity of ideal interferometric signal and simulated noisy readings
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mized with more sophisticated camera hardware [17]. Noise due to internal reflection
within the chamber, on the other hand, is significant, and may be proportional to the inten-
sity of the signal. In this chapter, the type of noise examined is normally distributed with a
standard deviation proportional to signal amplitude.

In Figure 3-3, the dependence of estimates based on different number of cycles of
signals is shown (with constant sampling rate). Windows of both 14 data points (2.4 cycles
of signal) and 29 data points (3.3 cycles of signal) are slid through the interferometric signal
as shown in Figure 3-2. All frequencies of tae signal within each data window are assumed
to be constant. The outputs are the dominant frequency normalized by the actual value
(known for the simulation); thus 1 is the ideal output. The figures show that the longer the
data window, the more accurate the outputs.

To obtain statistics for the estimators, a total of 50 simulations similar to those shown
in Figure 3-3a to d are performed, and the means and standard deviations of the estimates
are obtained under different scenarios. Table 3-1 summarizes the results of the simulations.
Case A is a baseline reference in which a 2.4 cycle window is used. Case B extends the sig-
nal window to 3.3 cycles. In case C, the noise level is increased. In case D, both the number
of cycles is reduced and the noise level is increased. In case E, the sampling rate is doubled;
the data window still contains 2.4 cycles of signal.

Results show that the mean etch rate estimates of all four methods are very close to
the actual value. Although reducing the data window size decreases the etch rate acquisition
delay, accuracy will deteriorate greatly. Among the estimators, the model matching method
gives a smaller variance. However, since the physical model used in this method requires
values for various properties of the films underneath the etching film, its application can be
limited. Although the Fourier transform method has low resolution and is computationally
simple, its accuracy is comparable to the other two methods, particularly when the data
length is sufficient. In addition, it can be observed that the accuracy of all methods increases
with the sampling rate. The total number of cycles of signal is a function of the light source
and the film properties and cannot be increased. Therefore, increasing the sampling rate is

an important avenue for improved estimation.
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Figure 3-3: Example of moving windew etch rate estimates for different algorithms.
Shown are normalized etch rate (1 is perfect estimate).

(a) FFT estimates (normalized)
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Table 3-1: Normalized mean and (std. dev.) of etch rate estimates (ideal mean=1)

case A case B case C case D case E

sh. win., | samp. rate

ref. lg. win. | more noise more noise | doubled
—— -

FFT 0.9997 0.9994 0.9993 0.9925 0.9990
(0.0170) (0.0116) (0.0331) (0.0565) (0.0119)

model 0.9983 0.9984 0.9981 0.9993 0.9994
matching (0.0157) (0.0106) (0.0289) (0.0470) (0.0135)
Kumaresan- 0.9988 0.9976 0.9995 0.9992 1.0006
Prony (0.0200) (0.0149) (0.0398) (0.0624) (0.0155)
multiple sig. 0.9998 0.9987 0.9996 0.9957 1.0005
class (0.0173) (0.0113) (0.0348) (0.0530) (0.0125)
sq. rt. of CRLB |  0.0096 0.0058 0.0192 0.0355 0.0070

A (reference) ......ccoceeeeeveeeeececeinnne 14 data point window (~2.4 cycle window)
......................................................... noise ~ 0.15*N(0,1)*signal amplitude
B (large data window) .................... 19 data point window (~3.3 cycle window)
......................................................... noise ~ 0.15*N(0,1)*signal amplitude
C (MOTe NOISE) ...ooeeevvrererreencreeenennes 14 data point window (~2.4 cvcle window)

......................................................... noise ~ 0.3*N(0,1)*signal amplitude

D (shorter window, more noise) ..... 10 data point window (~1.7 cycle window)
......................................................... noise ~ 0.3*N(0,1)*signal amplitude

E (sampling rate doubled) .............. 27 data point window (~2.4 cycle window)
......................................................... noise ~ 0.15*N(0,1)*signal amplitude

The Cramer-Rao lower bound (CRLB) provides a theoretical limit on the smallest

variance that can be achieved from any unbiased estimation. Consider a process y[r], which

is composed of m complex exponentials,

yln] = x[n] + €[n] (3-20)

where x[n] is defined in Equation 3-9, and €[n] is normally distributed independent noise
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with variance o[n]z. The logarithmic likelihood function is defined as:

L(Y|T) = -N log(2m)-2log(o[1]1 X 6[2] X ... x SIN)-(Y - X)R"' (Y - )7, 3-21)

where Y = [y[1] y[2] ... y[N1],
X=[x{1] x[2] ... x[N]}],
r-_- (Al’ (!I, ¢|, f], ceey A"p am! ¢m’ fm) ’

R = diag(o{1]%, o[2]%, ..., O[N]?).

The CRLB is defined as the inverse of the Fisher information matrix (I):
0
I(T) = var a_rL‘ Y|iry| . (3-22)

The diagonal terms of the resulting inverse are the lower bounds on the variance of the esti-
mates. Yao and Pandit provide a detailed development of the bound in [76]. By assuming
that the interferometric signal is composed of two growing sinusoids, the square-root of the
CRLBs calculated for various scenarios are provided in Table 3-1. Since the second and
higher order harmonics of an interferometric signal are of very low power (less than ~1%),
including these terms will only increase the CRLBs. It can be seen that the Fourier trans-

form method gives estimates with variance less than twice the lower bound.

3.4 Experimental resuits

Figure 3-4a shows a plot of experimental data during the etch of 5000A of polysili-
con. The experiment was performed on an Applied Materials Precision 5000 plasma etcher.
The wavelength of the signal is at 4780A. An important control parameter is the magnetic
field strength. Starting with a setting of 50 gauss (50 gauss), the magnetic field strength was
modified to 79 gauss and then to 59 gauss during the course of the etch. The average inten-
sity of the signal changes with the magnetic field strength and so does its periodicity.

By examining local signal extrema from the interferometric signal, a rough approxi-

mation of the eich rate can be obtained. During the first etching stage, minima of the signals



occur at 5.66 sec and 11.04 sec. Therefore, the etch rate is approximately:

A1 _ 4780 1

In At~ Ix441611.04-566 ~ 100604/ sec, (3-23)

which is close to the estimates obtained from the four methods considered. In Figure 3-4b,
the calculated etched rate using the four methods examined is plotted against magnetic field

strength. It can be seen that the performances cof the methods are comparable.

Figure 3-4: Etch rate estimation from an etch with changing control settings
(a) CCD signal @ 4780A with magnetic field changes
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3.5 Effect of etch rate estimation accuracy

In general, an etch process can be carried out as a bulk etch and an over-etch. To
improve the etch uniformity so that damage to the underlying film can be minimized, etch-

ing chemistry may be switched from an anisotropic and fast etch to a niose selective and
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slower etch. A second approach could be a change of control settings in the mid-course of
an etch to improve the etch uniformity. Chapter 5 will focus on sensor-based methods to
determine the appropriate time for chemistry switching or predicting endpoint; these meth-
ods facilitate the bulk/selective etch approach. On the other hand, it will be shown in this
section, by simulations, that accurate etch rate estimation will be essential for successful
mid-course modification of control settings. In Section 3.5.1, the model used for simulating
etch performance will be described, and in Sections 3.5.2 and 3.5.3, simulation results to

evaluate control alternatives will be presented.

3.5.1 Neural network etch model

A neural network etch model is built which relates the single control (recipe) parame-
ter to the etch output for an Applied Materials Precision 5000 etcher. The data used for
building the model was obtained from [24]. Some of the key control parameters of the etch
are the magnetic field strength, the RF plasma power, the chamber pressure, and the etching
chemistry. In the original experiment design, the power was fixed at 375 watts, the pressure

was fixed at 100 mtosr, and the etchants were HBr/Cl, at 10/30 sccm. Magnetic field

strength was adjusted from 20 gauss to 100 gauss te produce different etch outputs. Figure
3-5 shows the patterns on the wafer. Average etch rates within the holes of the numbered
dice were obtained by pre-etch and post-etch thickness measurements of incompletely
etched polysilicon films [24], and are listed in Appendix A.

One way of building an etch model for the process is training an artificial neural net-
work with the data [28,36]. An artificial neural network is a form of non-parametric data fit-
ting which consists of an input layer, an output layer, and selected levels of hidden layers.
Figure 3-6 shows the structure of the neural network used in this exercise. The magnetic
field is first multiplied with the weights w{; and wy,. The output is then added with the bias
term by, and b;,, and passed through the function I". The computation for the second layer
is performed similarly. By using error backpropagation to minimize the sum of squared
error between the experimental data and the model output, the weight constants can be
determined. The resulting network predicts the etch rates for each of die 1 through die 12 in

Figure 3-5.
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Figure 3-5: Pattern of wafer selected for etch model building
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3.5.2 1-mid-course correction control

In the following simulations, radial etch rate and etch thickness non-uniformity will

be considered. Define Y, Y, and Y as the average etch rate of ER, to ER,, ERg to ERg, and
ERg to ER, respectively. Also, define Y, to be the overall average of ER to ER),. Then the

radial etch rate non-uniformity (RN) can be defined as:

Y,-Y,

RN = =3¢

% 100. (3-24)

m

Correspondingly, the radial etch thickness non-uniformity (TN) for an etch from time O to

time f,,, can be defined as:

_ j; (Y5-Y,)dt

TN X
m
2_r0 Y, dt

100. (3-25)

Here, etch thickness is the amount of material removed as opposed to remaining film thick-
ness. For simplicity, following [24], it can be shown that RN can be modeled as a first order
function of the magnetic field strength (B), as illustrated in Figure 3-7. The fitted equation

1s:

RN(B) = 3.6297 - 0.0501B. (3-26)

If the etch rate does not change, RN and TN are equivalent. However, they are lifferent if
control parameters are to be modified in the middle of a run. By using new incoming data
during a process to update Equation 3-26, radial etch rate uniformity can be improved to
reduce final overall etch thickness non-uniformity. For the simulations in this section, mid-
course correction will be used, i.e., the control setting will be adjusted only very few times

during a process run. In particular, only one process adjustment will be considered.



Figure 3-7: Radial etch rate non-uniformity from experiments
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Two scenarios are examined. In the first case, assume that the etch was initially run
for 25 seconds. From the etch rates received, the radial etch rate non-uniformity is deter-
mined and the constant coefficient in Equation 3-26 is updated. Then, the magnetic field
strength is modified so that the subsequent radial etch non-uniformity will be zero, i.e. the

new setting can be calculated as:

(RN, +0.0501B,)
new ~ 0.0501

B (3-27)
where RN, is the radial etch rate non-uniformity determined from the initial etch period,
and B, is the initial magnetic field strength.

The second case is similar to the first case, except that the final magnetic field
strength is to be selected to compensate for part of the non-uniform etch thickness. After the
first etch period, the constant coefficient is modified. The thickness of the remaining film at
the same twelve selected sites is obtained. The determination of the unetched film thickness

will be discussed in more detail in Chapter 5. From the film thicknesses left (TH;, THj, ...,
TH,,), the radial film thickness left non-uniformity (LN) is calculated:
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N mean(THy, ..., TH,) -mean(TH, ..., TH,) 100 3.28
= 2 xmean(TH,, ..., TH;,) St (5-28)

The final magnetic field is adjusted to achieve LN in RN or:

~(LN - RN, -0.0501B,)

Brew = 0.0501 ’

(3-29)

so that the film will be cleared uniformly. During the etch simulation, machine noise is
incorporated into the control setting, which is equal to 1.5xN(0,1) (a normal random vari-
able with variance 2.25). Also, to simulate the effect of measurement noise and etch rate
estimation error, various levels of gaussian noise are added. A flow diagram for the simula-
tion is shown in Figure 3-8. Ideally, the overall etch thickness non-uniformity should be

zero. However, the output deteriorates because of the presence of noise.

Figure 3-8: Flow chart for 1-mid-course correction control
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Figure 3-9 shows the results for the no-control case, 1-mid-course correction without
compensation, and 1-mid-course with compensation. It is assumed here that the starting
film thickness is uniform, and that all simulations were started with the same non-optimal
setting at 45 gauss. The first etch lasts for 25 seconds, while the final etch is stopped when
the mean of the total etch thickness is SO00A. At each level of measurement noise, 40 simu-
lations were performed and the upper bounds, the means, and the lower bounds of TN
(removed thickness) are shown. For the no-control case, variation about the mean is due
solely to fluctuation in equipment settings. At low measurement noise levels, both 1-mid-
course correction algorithms are able to reduce the radial etch thickness non-uniformity.
Furthermore, mid-course correction control with compensation is able to bring the process
closer to the zero target value. However, if the measurement noise is too high, mid-course
adjustment of the control setting may result in poor etch uniformity. In Figure 3-10, the sim-
ulations were started at the optimal setting. It can be observed that even though the perfor-
mance of the initial process is fine, large errors in etch rate information have driven the etch

to be non-uniform. Hence, accurate estimates of etch rate are essential for effective real-

Figure 3-9: RN of total etch for 1-mid-course control w/ non-optimal
start as a function of etch rate estimation error.
(showing means, upper hounds, and lower bounds)
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Figure 3-10: RN of total etch for 1-mid-course control w/ optimal
start as a function of etch rate estimation error
(showing means, upper bounds, and lower bounds)
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time control of plasma etching. In Section 3.5.3, simulation results regarding 2-mid-course
correction control (where process conditions are modified in two stages during the etch) are

discussed.

3.5.3 2-mid-course correction control

In 2-mid-course correction control, the control settings of a process are adjusted only
twice during a single run. Similar to the last section, the radial etch rate non-uniformity

(RN) is modeled as a linear function of the magnetic field strength (B):

RN = Cy+C,B. (3-30)

After the first etch, based on RN determined from the interferometric signals, Cj, is

updated. The magnetic field strength for the second stage is chosen to achieve more uniform

etch rates. After the second etch stage, both Cy and C; are updated, and a new magnetic

field strength is again selected to achieve an overall uniform etch after the last stage.
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In selecting new operation settings for a mid-course adjustment, non-uniform etching
at the initial stages within the same run could also be compensated if such settings are
allowed. For example, the required magnetic field must not go beyond the equipment capa-
bility, nor should it be high enough to damage the gate oxide. In our simulations, the 2-mid-
course correction control with compensation is also examined. Here, both the first and sec-
ond etch segments are of the same duration. The first mid-course adjustment is chosen such

that the RN is set to -RN; determined from the first etch stage. After the second etch stage,
since both Cy and C, are more accurately determined, the final magnetic field strength is

then selected such that RN equals LN of the remaining film thickness, i.e., the etch rate will
be higher where the film is thicker. Figure 3-11 illustrates the trends of RN and 7N for 2-
mid-course correction control with compensation, and Figure 3-12 shows what the film may
look like under a 2-mid-course correction control.

Similar to the simulations shown in Section 3.5.2, the magnetic field inputs are super-
imposed with gaussian noise to simulate the equipment parameter fluctuation, while the
outputs are superimposed with gaussian noise to simulate the etch rate information errors.
The flow chart for the simulation is shown in Figure 3-13. The control parameter fluctuation

is selected to be 1.5xN(0,1), where N(0,1) is a normally distributed random variable. Each

Figure 3-11: Goal of RN and TN for 2-mid-course control w/ compensation
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Figure 3-12: An example of film surface under 2-mid-course control
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Figure 3-13: Flow chart for 2-mid-course correction control etch simulation
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of the first etch stage and the second etch stage last for 25 seconds, while the final etch is
stopped when the mean of the total etch thickness is 5000A. For each level of etch rate vari-
ation, a total of 40 simulations are performed. Figure 3-14 shows the upper bound, the
mean, and the lower bound of the overall TN when the initial magnetic field strength is non-
optimal (selected to be 45 gauss). Figure 3-15 shows the performance for the case when the
initial magnetic field strength is optimal. It can be observed from the figures that accurate
etch rate information is essential for successful mid-course correction control. In fact, if the
etch rate estimates are extremely inaccurate, it is shown that mid-course correction control
with 100% compensation can performance worse than the corresponding non-compensating

case.

Figure 3-14: RN of total etch for 2-mid-course contro! w/ non-optimal start
as a function of etch rate estimation error
(showing means, upper bounds, and lower bounds)
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Figure 3-15: RN of total eich for 2-mid-course control w/ optimal start
as a function of etch rate estimation error
(showing means, upper bounds, and lower bounds)
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3.6 Analysis of etch rate estimation for mid-course correction control

Based on the simulation results from Section 3.3, it was found that the accuracy of
etch rate estimation is a function of the number of cycles of signals available, the amount of
noise in the signal, and the sampling rate. The usefulness of this etch rate information for
real-time control is determined by its accuracy, as illustrated in the last section. If the esti-
mates are not reliable, static process optimization may be more appropriate. In this section,
an example justifying mid-course correction control for achievable etch rate estimates is
presented.

Consider the etch of a polysilicon film over silicon oxide similar to the case in the last
section. Assume that the polysilicon film thickness is 3500A, and the signal wavelength for
full wafer interferometry is 4780A. The film thickness etched off corresponding to a cycle
of the interferometric signal is about 545A. As mentioned in Section 2.2, the sampling rate
should be synchronized with the rotating magnetic field of the etcher and is at 0.72 sec.
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Using the neural network model constructed in Section 3.5, the radial etch rate non-unifor-
mity is zero at a magnetic field of 72 gauss, which corresponds to a nominal etch rate of

approximately 70A/sec. The total number of signal cycles available is:

3500A
= 6.4 cycles. 3-31
544Ecycle cycles ( )

The total number of signals cycles available suggests a 1-mid-course control adjustment

after about 3 to 3.5 cycles of signals are received. The number of samples per cycles is:

544 A/cycle + 70 A/sec + 0.72sec/sample = 10.8 sample/cycle. (3-32)

Compared to the simulation performed in Section 3.3, this rate is close to the doubled sam-
pling case. However, the estimation accuracy of using 3.3 signal cycles with a doubled sam-
pling rate has not been specifically examined. By doubling the sample, the standard
deviation in estimation error for 2.4-cycle-window decreases by about 20%, as shown from
case A and case E of Table 3-1. Similar reduction in error is assumed for the case with 3.3
signal cycles. With a nominal etch rate of 70A/second, the standard deviation in etch rate

estimation (using FFT method) is approximately:

0.0116 x 80% x 70A/sec = 0.65A/sec. (3-33)

If the etch rate started non-uniformly as shown in Figure 3-9, the 1-mid-course correction
control could improve the final etch, at the etch rate estimation error level of 0.65A/sec.
However, if the etch started at the optimal setting as in Figure 3-10, a mid-course adjust-
ment of control parameters would deteriorate the final performance, resulting in a radial
etch depth non-uniformity of 0.2. Based on the definition of Equation 3-25, this corresponds

to an etch depth variation of:

0.2 x 3500A + 50 = 14A. (3-34)
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If this non-uniformity can be toierated, 1-mid-course correction control can still be applied
since the etch will be adjusted in case of a process drift.

Mid-course control adjustment will be more fruitful if the error in etch rate estimation
can be reduced. Its application also depends on the variations in the control parameters. In
addition, a no-action zone can be defined such that the control parameters are not adjusted if

the etch rate non-uniformity is within some prescribed values.

3.7 Summary

Etch rate estirnation from interferometric signals is becoming more important if the
etching process is to be automated and improved. In this chapter, four different etch rate
estimation methods are first examined that are applicable to the signals generated by in-situ
full wafer interferometry. It is shown that despite its simplicity, a method based on the Fou-
rier transform is robust and efficient. Although the estimates can be improved by increasing
the number of cycles of signal, the number of cycles is limited by the thickness and proper-
ties of the films to be etched. On the other hand, it is also shown that increasing the sam-
pling rate is another alternative to achieve better estimates. By using the Cramer-Rao lower
bound, a measure of the possible improvement in estimation accuracy can be determined.
Experimental data verify the feasibility of obtaining etch rates while the control parameters
are modified during a process run.

Finally, the potential application and accuracy requirements for etch rate estimation
to be used in a feedback control scheme have been explored, indicating that sufficient esti-
mation accuracy exists for future use in run-by-run and real-time control, in particular,
when a sufficient number of signal cycles are available. However, for the etch of very thin
films, mid-course estimation of etch rates for process adjustment may not be feasible and
the chemistry-switching type of etch must be used; process control for such an etch will be
described in Chapter 5.

To constitute a good etch, both uniformity in etch rate and minimization of excess
overetch are necessary. While the extraction of etch rate and its application has been exam-
ined in this chapter, detection of the clearing of the etching film will be considered in Chap-

ter 4.
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Chapter 4

Endpoint detection of plasma etching
4.1 Introduction

In plasma etching, the detection of film clearing is important for consistent peifor-
mance. Even if an etch rate is uniform, excess amount of overetch may increase undercut
of the etching layer and may damage the underlying film structure. An efficient endpoint
detection scheme reduces over-etching, and the time to endpoint can be used for process
improvement via run-by-run control [7]. Various endpoint detection algorithms using laser
or plasma emission signals have been reported [1,2,3,4,59]. Power has also been monitored
for endpoint detection [46]; a general introduction to endpoint detection can be found in
[43]. In general, these methods all focus on obtaining a single endpoint signal that repre-
sents the overall etch. Using full wafer interferometry, it is possible to perform multiple
endpoint detection in real-time at many sites over the wafer. Compared with laser interfero-
metric signals, the signals generated from plasma emission are often contaminated with
high levels of noise, and the average signal intensity may vary from run to run. In this chap-
ter, the use of phase information for endpoint detection is suggested to reduce false endpoint
signals. Two endpoint detection methods are presented. For the model deviation approach, a
simple model is proposed that is appropriate for interferometric signals with minimal
absorption rate. The second algorithm is applicable for etching films when the refractive
index of the etching film is higher than that of the film immediately underneath it, and can
accommodate a large optical absorption rate.

In the following sections, the two proposed eudpoint detection algorithms will be

described, and verification with experimental data presented.

4.2 Model deviation endpoint algorithm

Interferometric signals resulting from film etch are cyclical, as shown in Figure 4-1.

For etching a specific film structure, the number of signal cycles is constant from one run to

55




another. In typical endpoint detection practice, one desires to focus attention on the last
stage of the etch (to minimize early “false alarms”), and thus “cycle counting” by observing
the maxima or minima of the signal is often employed. A more robust approach is proposed
here which uses the phase of the dominant frequency of the signals, as obtained by a Fast
Fourier transform. The number of signal cycles is then counted by noting the phase changes
from -wt to . From previous simulations, we find that approximately two cycles of signal
are sufficient for a relatively accurate determination of the phase. In Chapter 5, the actual
phase will be used to predict film thickness which could then also be used as a measure for
endpoint prediction. In the next subsection, 2 new model for the interferometric signal will

be proposed, followed by a description of the model deviation endpoint algorithm.

Figure 4-1: 7534A signals for etching 5000A of bare polysilicon on oxide
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4.2.1 New model for interferometric signal

Since the interferometric signals for etching a non-absorptive film are periodic, end-
poir. can be detected if the signal deviates tremendously from its periodic pattern. As sug-

gested by [42], some potential models for the interferometric signals are:

Y, = A+ Bcos(Ct + D) (4- la)
y, = A+ Bcos(Ct+ D) + Et (4-1b)
¥; = (A+ Bcos(Ct + D))/ (1 + Ecos(Ct + D)) (4-1c)

where y, is the fitted value of the signal obtained from the CCD camera. These three func-

tions are applicable for modeling signals with minimal absorption rate (i.e., small imaginary

component of the refractive index). In general, the coefficients for models la-c are deter-
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mined initially by Fast Fourier transform, and then more accurately by non-linear regression
methods. Despite their simplicity, models 4-1a and 4-1b can be used only for films with rel-
atively low refractive index. On the other hand, fitting to model 4-1c is difficult and compu-
tationally inefficient for real-time use. Since interferometric signals for films with relatively
iow absorption rates are very close to sinusoids, they can be well approximated by the dom-

inant frequency and its first harmonic. Hence, we propose to use the following model:

y, = A+ Bt+ Ccos(Et+F) + Dcos(2Et + 2F). 4-2)

Initial values for E and F can be obtained by applying a Fast Fourier transform to the signals
and extracting the dominant frequency. The remaining initial values can then be determined
by simple linear regression. The initial estimates of the parameters obtained in this way

should be close to the overall least square solution. This solution can be refined as follows.

Define J as the Jacobian of the least square fitting problem:

i ]
ay l ayl see ayl
9A OB oF
ay2 ay2 se e ay2
J=|2A OB oF |. (4-3)
dy, 9y, ay,
| 9A 0B oF |

Using the model suggested in Equation 4-2, the Jacobian (J) can be computed relatively
easily. Then, the least square solution can further be improved by performing a few (e.g., 2

or 3) Gauss-Newton iterations [21], i.e.

-1
o(new) = a(old)~(yTy)y JH(Y-D), (4-4)
L
where: o = [A BCDE 1::_] , Y and D are column vectors of y, and the data d, respec-
tively, and L is used to indicate vector transpose.

Figure 4-2a shows the 7534A signal for etching 5000A of polysilicon on 1000A of
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silicon oxide and Figure 4-2b shows the periodogram of the reflectance curve with its mean
removed. From Fourier analysis, it is well know that a periodic signal can be approximated
by a sum of sinusoids. In particuiar, if a signal is close to a sinusoid, only a small number of
sinusoids is required to well-represent that signal. From Figure 4-2b, it can be seen that only
two or three of the frequencies should be required for accurate approximation, since only

three main frequencies are above 0 dB.

Figure 4-2: Spectrum of a non-absorptive interferometric signal
(a) 7534A interferometric reflectance for etching S000A poly on 1000A oxide
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In the following, the reflectance curve is to be approximated with four models:

) _ A+ Bcos(Ct+ D) . i
Ay = 1+Ecos(Ct+D)+Ft+G' (4-5a)
B: y, = A+ Bcos(Ct+ D) + Et; (4-5b)
C: y, = A+Bt+Ccos(Et+ F) + Dcos(2Et + 2F); (4-5¢)

D: y, = A+ Bt+Ccos(Et+ F)+ Dcos(2Et +2F)+ Gcos(3Et+3F). (4-5d)

To simplify the computation, only the reflectance at 25A, 504, . . ., 5000A will be fitted.
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Figure 4-3: Different model fitting of interferemetric reflectance for
etching 50004 of polysilicon on 1000A of oxide
(a) Ideal reflectance (- -) and fitted model A (-}
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Figures 4-3 a to d show the original reflectance curve and the fitted models. Tabie 4-1
shows statistics regarding the fit of the models to the interferometric reflectance. The statis-

tics are defined as follows:

ssT0 = ¥ (d;-3)’, (4-63)
i
SSE = 3.(d;-3p)", (4-6b)
i
R2 = l-%, (4-6¢)
R, = 1-(":—:—11))%. (4-6d)

where d,, d, d ; are the reflectance data, the mean of the reflectance, and the fitted values of
the reflectance respectively; n=200 is the total number of reflectance data; and p is the
number of parameters in the model. SSTO measures the magnitude of the variation about
the mean of the signals, and R2 measures the proportionate reduction of total variation due
to model fitting. R ; is sometimes preferred over R2 because it adjusts for the different
number of parameters in each model [54].

Since model A is derived from physics, it results in the best fitting. Model B uses

only one cosine term in the model and so the error is the largest of all the models. Model C

Table 4-1: Statistics from the model fitting

Model A Model B Model C Model D

SSTO 12.8335 12.8335 12.8335 12.8335
SSE 0.0061 1.8777 0.2816 0.0472
R2 0.9995 0.8537 0.9781 0.9963
Ra2 0.9995 0.8491 0.9774 0.9962

# of coef. 7 5 6 7




is capable of capturing a large percentage of the function. Model D is still better in terms of
the reduction in the fitting error, and its performance is close to the physically derived
model A. However, it requires more computation because it has one more parameter than
model C. When more accuracy is needed, model D is preferred. In the following, model C is
considered because it should be sufficient in most cases and enables extremely fast compu-

tation.

4.2.2 Endpsint detection algorithm
Given a set of data x; t0 X,,, 4heads X tO X, are used for model building, while the devi-
ation between x,,, zp.qq and the fitted model is examined for endpoint. To reduce the effect

of noise in data, the smoothed data at x,,, 4.4 is preferred, i.e.

X X X
— n+ahead -1 n +ahead n+ahead + 1
X n+ahead = 4 + 2 + 2 4-7)

The use of a smoothed version may delay the detection of endpoint. However, the reduction
of false alarms justifies this procedure.
Assuming that the error from fitting data to Equation 4-2 can be modeled as normal

white noise, the mean of squared errors (MSE) is an estimate of the variance of the noise.
The +3.5/MSE bounds should thus include 99.96% of the random error. If the observed

error between X, 4+ ahead and the fitted model is outside the allowable error bounds, end-
point is determined to have been reached. To reduce the effect of rising overall plasma emis-
sion intensity near the end of an etch, the interferometric signal at the site of interest can be
normalized by the signal at a non-etching site [42], or at a site with very slow etching rate,

such as a large photoresist area.
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Figure 4-4: Endpoint for etching S000A patterned poly on 1100A oxide (Model Dev.)
() 7534A signal {-) for etching pclysilicon on 1100A oxide, and the photoresist signal (--)
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The model deviation endpoint algorithm can be sumimarized as:

a) Smooth background signal (at an unetched site) with 3-time-point
averaging;

b) Normalize the signal of interest by the smoothed background signal;

c) Perform Fast Fourier Transform (FFT) to obtain the dominant fre-
quency and its phase;

d) Apply linear regression to determine the remaining parameters of
Equation 4-2, and the allowable prediction bounds;

e) Improve parameter estimates with Gauss-Newton iterations.

d) If the required number of signal cycles have been received, and

X n+ahead is outside the allowable error bounds, endpoint is

detected. Otherwise, repeat from step (a) for new incoming data.

Two sets of experimental signals are examined with the suggested approach. These
data were obtained by etching 5000A of patterned polysilicon over 1 100A and 450A of sil-
icon oxide. The signal wavelength is selected to be at 7534A for its low absorption rate. For
the cases considered here, a moving window of about 2 cycles of data is used for signal
modeling, and the value of ahead is 2. Figures 4-4a,b,c,d show the normalized signal, the
estimated phase, the allowable error bounds, and the endpoint for the etch with 1100A of
underlying oxide. In Figure 4-5, only the normalized signal and the detected endpoints are
shown for the etch with 450A of underlying oxide. From these two cases, it can be observed
that the model deviation endpoint algorithm works well for low absorptive film signals with
moderate amount of noise. If the noise level is extremely high, then the endpoint detection
algorithm may be less effective. For example, Figures 4-6a,b,c depict a 7534A signal for
etching patterned polysilicon on 250A oxide. Both the original and the normalized signals
contain a high level of noise. No endpoint was detected initially by the original model devi-
ation endpoint algorithm, due to the high level of noise and the steep sloping trend of the
signal. A rough endpoint was obtained by detrending the data within the 2-cycle data win-
dow with a linear polynomial before determining the initial estimates of E and F. Neverthe-
less, from the error plot of Figure 4-6¢ it can be seen that the algorithm is not as effective if

the noise level is extremely high.
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Figure 4-5: Normalized 7534A signal and endpoint for etching

patterned poly on 450A oxide
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Figure 4-6: Endpoint for etch of 5000A patterned poly on 250A coxide (Model Dev.)
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4.3 Slope detection endpoint algorithm

The model deviation endpoint algorithm in the previous section is proposed for sig-
nals with uniform amplitude envelopes over time. The suggested model is not well-suited
for high absorption cases (where light is attenuated rapidly within the film), such as occurs
for a short wavelength signal obtained from etching polysilicon. In this section, an endpoint
detection algorithm is introduced for monitoring films having high refractive indices. Fig-
ures 4-7a,b show the theoretical reflectance of light from a wafer surface during an etch of
50004 of polysilicon over 1000A of silicon oxide, highlighting the effect of high absorption
at the 4780A wavelengih. The reflectance of the signal will be constant after the endpoint if
the oxide layer is not etched at all. In practice, despite the high selectivity of an etch the film
immediately beneath the cleared layer could still be etched away slowly. However, the slow
etch rate, combined with a lower refractive index, will usually guarantee a relatively flat sig-
nal pattern immediately after the etching layer is completely consumed. Here, similar to the
model deviation endpoint algorithm, the total number of expected signal cycles is used to

reduce false endpoint alarms.

Figure 4-7: Idea interferometric reflectance for etching 5000A poly on 1000A oxide
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The algorithm can be summarized as:

a) Count the number of cycles of signals.
b) If the signal cycle equals the known number of

cycles, stop etching when the signal flattens out.

The flattening of the signal can be detected by fitting local first order linear models for the
most recent incoming signals, e.g., the last five data points. A number of criteria can be used
to determine if the signal slope is flat. One simple method is to keep a record of the maxi-
mum slope, and regard the current signal as flat if it is less than a specified fraction of the
maximum slope, e.g., one sixth.

Another precaution is also proposed to reduce false alarms. The maximum sum of
squared errors during the determination of the slope is also recorded. Endpoint is assumed
to occur with a small sum of squared errors, e.g., one quarter of the maximum value. This
criterion is used to reduce false alarms at the minima of the signals where the sum of
squared errors are usually quite large.

Figures 4-8 to 4-10 show the interferometric signals for etching SO00A of polysilicon
on 11004, 450A and 250A of silicon oxide respectively. These signals correspond to the
patterned areas examined previously. However, instead of the normalized data, the original
data is considered here because a low noise level is preferred for the current algorithm.
If the noise level is too high, premature endpoint may be detected. Figure 4-11 shows a
4780A signal for etching S000A of bare polysilicon over 1100A of oxide. Since the sam-
pling rate is rather low in this experiment, the slopes are determined from every consecutive
four data points. It is found that the slope detection endpoint algorithm still performs well in
this highly absorptive case.

On the other hand, if the etching layer has a lower refractive index than the underly-
ing layer, the flattening of the signal may not occur. This is because the slower etch rate may
be counteracted by the high refractive index of the underlying layer, and the slope of the sig-
nal will not be flat as a result. In cases where endpoint is not easily determined from inter-
ferometric signals, [42] suggests using the change of the overall emission level from a non-

etching site to decide endpoint.
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Figure 4-8: 75344 signal and endpoint for patterned area of poly (Slope Detection)
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Figure 4-9: 7534A signals for etching 5000A patterned poly on 4504 oxide
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Figure 4-10: 7534A signals for etching 5000A patterned poly on 2504 oxide
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Figure 4-11: 4780A signal and endpoint for an unpatterned site when etching 5000A
polysilicon on 1100A oxide (Slope Detection)
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4.4 Summary

Two endpoint detection algorithms for optical emission interferometric signals have
been suggested. These algorithms can also be applied to laser inteferometry. They are espe-
cially important, however, for use in full wafer interferometry where the average emission
signal varies from run to run and may suffer from substantial noise. In both algorithms, the
phase of the signal is used to reduce false endpoint alarms. The model deviation endpoint
algorithm is useful for detection in low-absorption cases. It is based on fitting a double-sinu-
soid curve to the interferometric signal, and endpoint is reached when the data deviate from
the fitted model. The second algorithm is based on slope detection, and is applicable when
etching a film with a higher refractive index than that of the layer immediate underneath it.
From the experimental data considered, these two endpoint detection approaches are found
to be effective for full wafer interferometry with polysilicon etch processes.

In cases where the noise in the sensor signal is exceedingly large, the interferometric
signal obtained after endpoint could be very distorted and the detection of an endpoint sig-
nal is not feasible. In addition, for some etch processes, the etch chemistry is to be switched
right before the film clears. Hence, algorithms are needed for estimating the approximate

film thickness left, or the time-to-endpoint, and this topic will be examined in Chapter 5.
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Chapter 5
Endpoint prediction via phase angle of interferometric

signals
5.1 Introduction

In previous chapters, works relating to the determination of etch rates and detection
of endpoint from optical emission interferometric signals have been analyzed. The empha-
sis in this chapter will be on film thickness estimation (or endpoint prediction). Currently,
the etch of some material, such as polysilicon, involves multiple steps. For etching polysili-
con, the first of a three-step etch is the descum step which removes the top thin oxide layer.
The second step is the bulk etch. In general, the bulk etch is a timed process so that when a
thin layer of the film is left, the chemicals are switched to a slower but more selective final
etch. If the thickness of the film left for the final etch can be controlled more precisely,
overetch of the underlying film could be minimized, which is particularly useful for incom-
ing films with varying film thicknesses. In the next section, the use of phase angle as a
measure of film thickness is discussed. In [25], the use of number of signal fringes for
etched film thickness and endpoint has been suggested. However, the association of signal
phase to extract film thickness has not been analyzed. Sensitivity of the measurement with
respect to non-constant etch rate and variations in the film structure is discussed in Sections
5.3 and 5.4. Some practical issues for implementation will be discussed in Section 5.5. In
Section 5.6, the proposed film thickness measure will be verified with experimental results.
In Section 5.7 the use of signal phase for endpoint prediction will be exzimined, and in
Section 5.8 the use of endpoint prediction versus endpoint detection will be compared. The

conclusion will be given in the last section.

5.2 Film thickness estimation using interferometric phase information

Figure 5-1a shows the ideal reflectance of a 4780A interferometric signal for etching

5000A of polysilicon over 1000A of silicon oxide at a constant etch rate. A short wave-

71




length signal is considered here because more cycles of signal are available for more accu-
rate etch rate determination. The signal is sinusoidal-like with an exponentially growing
amplitude. Following the definition of cosine, the phase is defined as zero at the local max-
ima, and it increases linearly. In Figure 5-1b and the subsequent analysis, the phase is
normalized to the range (-1,1). In etching a fixed film structure, the pattern of the
interferometric signal at any specific wavelength should be unique, i.e, with the same
number of signal cycles and the same phase at endpoint. Since the thickness of film corre-
sponding to a cycle of signal can be pre-determined, the amount of film unetched can be
revealed by the number of signal cycles detected and the instantaneous phase estimates. The
Fast Fourier Transform (FFT), the model matching, and the Kurmaresan-Prony (KP)
methods are some of the methods that can be applied to calculate the phase. In this section,
the performance of these methods will be examined with respect to different noise levels

and data window sizes by simulations.

Figure 5-1: Interferometric reflectance and the corresponding phase angles
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Figure 5-2: Phase estimation from interferometric signal via different methods
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First, phases from the noiseless data from Figure 5-1a are obtained, and are shown in
Figures 5-2a,b,c. The variance of errors in these estimates is due either to insufficient cycles
of data used for determining each estimate or to numerical errors. For the FFT and the KP
methods, there is a bias of approximately 0.01. In Figure 5-3, the same reflectance curve is
plotted with a sine curve with similar periodicity and the same sine curve multiplied with an
exponential envelope. The maxima of the normal sine curve occur at time units 427, 968,

1509 ... while those of the sine with exponential envelope are at time units 431, 972, 1513
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... With a period of 541 time units, this shift corresponds to a normalized phase shift of

54120 414 5 = 0.015, which is very similar to the bias found in Figures 5-2a,c. Therefore, it

can be seen that the FFT and KP methods are more robust against exponential growth in sig-
nal, and are more suitable for general applications.

Figure 5-3: Reflectance of etching poly over 10004 of oxide
and the sinusoidal approximation
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Table 5-1: Phase estimation error for interferometric signals

data window size 2.5 cycles 3.5 cycles 4.5 cycles
(equivalent thickness) | (1350A) (1950A) (2450A)
FFT 0.0186 0.0176 0.0171 <&—— mean
method (0.0584) (0.0505) (0.0453) <a|— std. dev.
Model -0.0082 -0.0093 -0.0108
matching (0.0548) (0.0506) (0.0453)
K-P 0.0174 0.0163 0.0165
method (0.0613) (0.0507) (0.0465)
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Table 5-1 summarizes the results of the phase estimates when the interferometric sig-
nal has a signal-to-noise ratio of approximately 11dB. The noise added tc the simulation is
normal white noise. After the 0.01 constant bias for the FFT and KP method is taken into
consideration, FFT is shown to give estimates comparable to the other two methods. In

addition, the more cycles of data used for calculation, the smaller the variance.

Figure 5-4: Experimental data for film phase estimation
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Figure 5-4a shows a set of experimental data resulting from etching 5000A of poly-
silicon over 1000A of silicon oxide. By using the FFT method, ard using a 17-data (about
3 signal-cycle) moving window, the normalized phases of the signal at the end of the mov-
ing window are calculated as shown in Figure 5-4b. Assuming that the etch rate is relatively
constant, a linear model is fitted for the unwrapped phase as shown in Figure 5-5a. Figure
5-5b show the differences between the fitted phase and the original values determined by
three different methods. The maximum absolute phase difference is approximately 0.1,
which corresponds to +28A error in thickness estimation for the 4780A signal under consid-
eration. In the next sections, the accuracy of using the phase of the signal as a measure of

film thickness will be examined.
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Figure 5-5: Fitting error of the unwrapped phase
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5.3 Sensitivity analysis of endpoint phase angle with respect to etch rate
drifting

In this section, the accuracy of obtaining the phase as a measurement of film thick-
ness is examined when the etching rate is drifting. In particular, it is assumed here that the
etch rate is increasing linearly. The case of a linear decreasing etch rate can be deduced
directly. First, a preliminary analysis will be performed on a simple sinusoid to analyze the
general change in phase angle estimation due to etch rate drifting. A graphical method will
be used to assess the relative magnitude of phase error with respect to different data window
lengths, different levels of etch rate drifting, and different signal wavelengths qualitatively.
Then, phase estimation error for interferometric signal will be examined quantitatively by
using simulations. In our simulations, the signals at a wavelength of 4800A will be our
focus because the high signal absorption rate facilitates a more general study. Signals at the

wavelengths of 7534A and 6100A will also be examined for comparison.
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5.3.1 Drifting rate effect and data window length effect

Consider Figure 5-6a. The dashed line corresponds to a sinusoid with constant angu-
lar frequency, and the solid line corresponds to a sinusoid with increasing angular fre-
quency. Using a 20-data-point moving window, the argument (or phase) for the last data is
estimated by least square method (or model matching method). In Figure 5-6b, the errors
between the estimated and true phase angle are shown. The mean of estimated phases are
smaller than the true phase. In the following paragraph, the bias in mean of phase estimation
error wili be examined via a graphical method qualitatively.

Figure 5-7 shows the phase of a sinusoid with increasing angular frequency for a sin-
gle data window. The fitted phase, denoted by the dashed line, must have a constant slope
larger than the minimum slope and smaller than the maximum slope of the drifting fre-
quency phase. Also, it can be expected that the true phase and the fitted phase must be equal

at some point within the data window. Figure 5-7 then shows that at both ends of the data

Figure 5-6: Example of phase error for a drifting sinusoid

(a) Sinusoids with constant (- -) and increasing (—) angular frequencies
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Figure 5-7: Qualitative analysis of fitted phase
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Figure 5-8: 4800A reflectance for etching 5000A poly on 1000A oxide
(etch rate increasing)
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window, the fitted phase must be smaller than the true phase. It also suggestc that the longer
the data window, the larger the deviation; and the larger the frequency drifting rate, the
larger the deviation also. Since the interferometric signals can be decomposed into a sum of
sinusoids using Fourier analysis, such results are alsn expected for the interferometric sig-
nals. However, this simple graphical method does not show the preference of any particular
signal wavelengths. Similarly, for a decrsasingly drifting etch rate, the true phase in Figure
5-7 will be curving in the opposite direction, i.e., with a negative second derivative. Hence,
the fitted phase is expected to be larger than the true phase.

Figure 5-8 shows a 4800A wavelength interferometric reflectance for etching 5000A
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of polysilicon over 1000A of silicon oxide where the etch rate is increasing. Model match-
ing is used to fit a constant etch rate model to the data to determine the phase. Figure 5-9
shows that the phase estimated by using different numbers of data cycles will lead to differ-
ent means of errors. As predicted by the simple sinusoidal model, the mean error is negative

and it increases with the length of the data window.

Figure 5-9: Normalized phase estimation error with different numbers of data cycles
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Figures 5-10a,b,c show three different 4800A interferometric reflectances. The etch
rates accelerate at different rates. Figure 5-11a shows the error in phase estimates using a
fixed length of data window. It can be seen that the faster the etch accelerates, the larger the
phase error. Hewever, the phase error is both due to different etch accelerations as well as
different numbers of data cycles included in the fixed-length data window for phase estima-
tion. In order to decouple the results from both effects, Figure 5-11b shows the phase esti-
mation error at the selected sites, which are numbered in Figure 5-10a,b,c. For each selected
site, approximately 2.5 cycles of signal are used for phase determination using the model
matching method. It can be seen that although different etch accelerations may produce

different error means, the data length effect is more responsible for magnifying the error.
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Figure 5-10: 4800A signal for etching polysilicon over oxide
(etch accelerates at different rates)
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Figure 5-11: Phase estimation error due to different etch acceleration
(a) Normalized phase est. error with fixed data window for diff. etch acceleration
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(b) Normalized phase est. error with 2.5-cycle data window for diff. etch accsleration
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5.3.2 Signal wavelength selection

In etch rate estimation, it was shown that short wavelength signals are preferred
because they provide more cycles of signals which will improve the accuracy of the esti-
mates. In this section, phase estimation using different wavelengths will be examined. Fig-
ure 5-12a,b,c shows the reflectance for etching S000A of polysilicon over 1000A of oxide
for the signals at 75344, 6100A, and 4800A respectively for etches with the same drifting
etch rate. For the 7534A and 6100A signals, the polysilicon layer is minimally absorptive.
However, the film is very absorptive for the 4800A signal. Therefore, the reflectance for a
4800A signal without signal absorption is also considered, which is shown in Figure 5-12d
so the effect due to the high absorption rate can be decoupled. In all these cases, the etch
rate accelerations are the same. Model matching methed will first be applied to examine the

phase estimation error. Then, the use of Fast Fourier Transform method will be considered.
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Figure 5-12: Reflectance for etching 5000A poly on 10004 oxide at
different wavelengths

(a) 7534A signal / etch rate increases from 40A to 80A per time unit
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(c) 4800A signal / etch rate increases from 40A to 80A per time unit
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(d) 4800A signal(no absarption) / etch rate increases from 40A to 80A per time unit
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Figure 5-13a,b shows the error of phase estimates determined using different signal

wavelengths. Since the phases for different wavelengths correspond to different film thick-
nesses, they must be converted back to the actual thickness. The mean and standard devia-
tion of the thickness estimation error are shown in Table 5-2. It can be seen that the cases

with minimal signal absorption give very close means of error. The standard deviations of
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the error is smaller for the short wavelength signals because more cycles of signals are
included for a fixed data window. The short wavelength signal with high absorption rate
gives the curious result of having the smallest mean of error and the smallest error standard
deviation. This may partly result from the minimization of mean square data fitting error at
the high ampiitude end of the data window, and will be examined in the next section. Since

the FFT method is more robust against exponential growths in signal amplitude, as shown

Figure 5-13: Phase estimation error using model matching method
(a) Error of phase estimates for 7534A and 6100A signals
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(b) Error of phase estimates for 4800A signals: w/ and w/o absorption
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Table 5-2: Phase estimation error for different signal wavelengths (model matching)

signal wavelength | mean of thickness std. dev. of film etched in one
(A) error (A) thickness error ( A) signal cycle (A)
7534 -23.51 13.56 1010
6100 -24.58 11.21 777
4800(w/ abs.) -16.93 3.64 544
4800(w/o abs.) -23.76 7.78 544

83




in Section 5-2, the phase estimation is repeated with the FFT method and the results are
shown in Figure 5-14a,b. The corresponding errors in thickness estimates are listed in Table
5-3. It can be seen that the mean of thickness estimation error is the same for all signals.
Similarly, the error variance for longer wavelength signals are larger because fewer cycles
of signals are included for a fixed data window.

From the simulations, it was shown that although the means of thickness prediction
error may be the same for all signal wavelengths, shorter wavelengths are preferred because
the error variances are smaller. In particular, estimation with more cycles of data are more
robust when the data are contaminated with sensor errors. For a short wavelength signal
with a high absorption rate, the mode! matching method seems to provide more accurate
estimates; however, the number of parameters that need to be determined may not make it

as widely applicable as the Fast Fourier Transform method.

Figure 5-14: Phase estimation error using FFT method
(a) Error of phase estimates for 7534A and 6100A signals
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Table 5-3: Phase estimation error for different signal wavelengths (FFT)

signal wavelength | mean of thickness std. dev. of
A) error (A) thickness error (A)
7534 -27.30 31.26
6100 -24.48 6.05
4800(w/ abs.) -21.24 2.32
4800(w/o abs.) -24.30 2.26

5.3.3 Signal absorption rate on least square estimation of phase

In using model matching (or least square method) for fitting data, if the data values
are doubled, the variance of the fitting error will be quadrupled. Therefore, if part of the data
and the fitting model is multiplied by an exponential envelope, the effect is like increasing
the magnitude of the error where the multiplier is larger. This is equivalent to a weighted
least square fitting. In an extreme case, if the multipliers for various data differ greatly, the
result will be similar to neglecting the data with small multipliers. Therefore, using the sim-
ple graphical analysis as in Section 5.3.1, the fitted phase should be modified as shown by
the arrows in Figure 5-15 because the first part of the signals, which are associated with
smaller multipliers (larger attenuation), have reduced contribution to the phase fitting.
Hence, it is shown that the estimated phase at the end of the data window, via least square
fitting, should be more accurate for the absorptive films than for the non-absorptive film. On
the other hand, the error for the estimated phase at the beginning of the data window should
be larger for the absorptive case.

In Section 5.3.2, errors of phase estimates at the end of a moving data window were
examined. Using the same set of data, Figures 5-16a,b show the errors in phase estimate at
the beginning of the moving data window, which has a length of 25 time units. In order to
compare the errors between different wavelength signals, the mean and standard deviation
of the errors in thickness estimation are shown in Table 5-4. It is found that the means of the
phase errors for the non-absorptive cases remains relatively unchanged. However, the mean

error of 4800A absorptive case increases and is the largest, as expected.
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Figure 5-15: Qualitative analysis of fitted phase for absorptive
and non-absorptive signals
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Figure 5-16: Phase estimation error for data window beginning (model matching)

(a) Phase estimate errors at beginning of data window for 7534A and 6100A signals
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Table 5-4: Thickness estimation error at beginning of data window

for different wavelengths
signal wavelength | mean of thickness std. dev. of
(A) error (A) thickness error (A)
7534 -26.43 13.77
6100 -24.73 10.62
4800(w/ abs.) -31.95 3.64
4800(w/o abs.) -23.83 8.39

5.4 Sensitivity analysis of endpoint phase angle with respect to film struc-
ture variations

In this section, the accuracy of using the phase as an endpoint prediction measure-
ment is examined with respect to variations in film structure. Figure 5-17 shows the interfer-
ometric refiectance for etching 5000A of polysilicon over slightly different thicknesses of
oxide. Since the reflectance curves differ, the phases at endpoints will differ. The sample
interferometric reflectance is calculated from the etch of polysilicon over silicon oxide on a
silicon substrate. The variations to be considered are the refractive indices of the etching
films, and the reflective indices and thicknesses of the underlying films. Similar to the previ-
ous sections, the performances of three differeni wavelengths are considered.

As an example, consider the interferometric signals at 7534A with a thick oxide

layer with the following film layer structure:

* refractive index of polysilicon: 3.73
» refractive index of oxide: 1.45
« thickness of oxide: 1000A

* refractive index of silicon substrate: 3.73

Assuming a 5% variation in the nominal values of the film structure, and assuming the

absence of measurement error, endpoint phase is determined at both the high (H) and low

(L) levels of the properties in a 2% factorial design, as shown in Table 5-5. The parameters’
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levels are shown in Table 5-6. The largest prediction error using the fixed endpoint phase
will lead to an error of 17.5A. Other simulation results are included in the appendices. Table

5-7 summarizes results from all the cases considered.

Figure 5-17: Interferometric reflectance for etching 5000A of polysilicon

on different oxide thicknesses over silicon substrate
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Table 5-5: Error of film thickness estimation from designed experiments

Experiment | Poly refrac. oxide oxide refrac. | sub. refrac. A thick.
number index thickness index index pred. A)
1 L L L L 15.5
2 L L L 8.4
3 L H L L 0.5
4 H H L L -3.1
5 L L H L 4.0
6 H L H L -1.1
7 L H H L -12.5
8 H H H L -0.3
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Table 5-5: Error of film thickness estimation from designed experiments (cont.)

Experiment | Poly refrac. oxide oxide refrac. | sub. refrac. A thick.
number index thickness index index pred. (A)
9 L L L H 17.5
10 H L L H 99
11 L H L H 25
12 H H L H -2.1
13 L L H H 5.5
14 H L H H 04
15 L H H H -11.5
16 H H H H 13.1

Table 5-6: Parameter levels for the design of experiments

level L level H
poly. refrac. index 3.5435 3.9165
oxide thickness 950A 1050A
oxide refrac. index 1.3775 1.5225
sub. refrac. index 3.5435 3.9165

Table 5-7: Maximum errors in endpeint prediction w.r.t. film structure variations A)

nominal oxide thickness

80A 220A 1000A
go 4800A 20.8 11.63 -18.9
3
§ 6100A 45.8 20.8 13.5
=
& 7534A 77.5 33.52 17.5
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From the simulation results, it can be seen that when the oxide layer is thick, such as
1000A, 5% variation in film properties will introduce only a small error in endpoint predic-
tion. However, when the oxide layer is extremely thin, the short wavelength signal is pre-
ferred because the error introduced by the 5% variation is much smaller. Response surfaces
have been fitted to the different cases, and interactions among the four parameters are found
to be small. The primary factor responsible for the variations in endpoint phase is the refrac-

tive index of the etching layer, which will lead to errors in endpoint prediction.

5.5 Practical issues

Given the endpoint phase, and the film thickness per cycle of signal (which can be
determined experimentally or by simulation), the total number of cycles and the initial
phase can be calculated. Determining the right number of cycles of signals to be received is
essential for the correct film thickness estimation or endpoint prediction. If the toial number
of cycles is counted incorrectly, the estimated film thickness or endpoint position will be off
by a thickness equivalent to at least one cycle of signal. One proposed method is counting
the sudden change of the wrapped phase from +x to -%t. This is equivalent to observing the
number of minima of the signals. However, because of variation in initial film thickness, the
total number of signal minima may vary also. Hence, it will be more robust to assume that
the initial phase of the signal could be different from the expected value by *x. As a result,
the allowable variation in the initial film thickness is then equivalent to one cycle of signal.
Since a cycle of short wavelength signals corresponds to a thinner layer of films, it can
accommodate a smaller variation in initial film thickness. In an extreme case, if one cycle of
signals corresponds to a very small thickness of film, a slight film thickness difference will
result in false endpoint prediction.

Consider Figure 5-18a. The solid line represents the 6100A interferometric reflec-
tance for etching 4500A of polysilicon on 1000A of oxide, while the dotted line corre-
sponds to the etching of an extra S00A of polysilicon (i.e. a total thickness of S000A).
Assuming that the expected initial polysilicon film thickness is 4500A, the normalized
initial phase should be -0.5448. The £0.5-cycle bounds are at the normalized phase of
(1-0.5448)=0.4552, which is shown as the dashed lines in Figures 5-18a,b. For a particular |

90



Figure 5-18: Selection of initial phase using allowable thickness bounds
(a) Ideal 6100A signal reflectance for etching 5000A poly on 1000A oxide
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film, if the initial normalized phase is determined to be 0.3130, it could represent locations
1 or 3 as shown in Figure 5-18b. However, since location 3 is within the allowable bounds
of the initial film thickness, it is preferred and the film is assumed to be thinner than
expected. Similarly, consider an initial normalized phase of 0.7359. Although it could be at
locations 2 or 4, location 2 is assumed because it is within the allowable film thickness
bounds. For location 2, six +7 to -7 phase transitions will be counted before predicting
endpoint, while only five transitions are assumed if the film is exactly 4500A thick. For the
experiments in this chapter, the 6100A wavelength signal for etching 5000A of polysilicon
on 1000A of oxide will be examined. This wavelength is selected so that enough cycles of
signals will be obtained, while the signal absorption rate will not be too large.

A MATLARB script file [45] for endpoint prediction is included in Appendix D. From
past experiments, two cycles of signals were found to be essential for moderately accurate
estimation of frequency and phase. Hence, starting with approximately a cycle of signal
data, the algorithm first determines the number of data point equivalent to two cycles of sig-

nals before calculating the phase. This step is used for seiting up a frequency bound on the

91




periodicity of the etch signal, which will improve the robustness of endpoint prediction. The
2-cycle specification is selected because its only effect is incrementing the total number of
cycle count by an integer of 2. When new data are received, the subsequent phases will be
extracted from a sliding data-window of about 2-signal-cycle (or from all the previous data
as explcined in Section 5.7.5). If the initial available signal is less than one cycle, noise in
the signal may lead to incorrect frequency and phase calculation. However, in routine pro-

duction, the approximate length of data for one cycle of signal should be available.

5.6 Experiments on film thickness prediction

In this section, experiments are performed to verify the prediction capability of the
proposed algorithm. These experiments are performed in an Applied Materials Precision
5000 etcher. They are designed for verifying the estimation of film thickness left after an
etch. In later sections, experiments for testing endpoint prediction when the estimated film
thickness is zero will also be considered.

For film thickness estimation, a total of eight experiments are performed. Four exper-
iments are designed for film thickness calibration and four other experiments will be used
for testing purpose. Some of the main control parameters for etching of polysilicon film

include power, pressure, magnetic field strength, and etchant gas ratio. In our experiments,

Figure 5-19: Design parameters for film thickness experiments
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Figure 5-20: Pixel pattern selected for five-pixel averaging

X X

the pressure and etchant gas are fixed at 100 mtorr and 10 sccm HBr / 30 sccm Cl, respec-
tively. The initial four calibration experiments correspond to the design center in Figure 5-
19. They are run at the power level of 250W and magnetic field strength of 60G. The etch
times are selected to be at 36, 44, 52 and 60 seconds to produce different lengths of interfer-
ometric signals. In order to reduce the level of noise in the interferometric signal, five-pixel-
averaged signals are used, which corresponds to areas of 300um X 300m on the wafer
approximately. For a group of 3 x 3 pixels, the five pixels selected for averaging are marked
by “x” as shown in Figure 5-20. Figure 5-21 shows the interferometric signals correspond-
ing to the four cases at a bare polysilicon site; the phase at the last data points were calcu-
lated via Fast Fourier Transform. From the Nanospec, thicknesses of polysilicon left after
the etches are measured. A linear function can be established to estimate film thickness left
from the calculated phase, as shown in Figure 5-22.

After the phase/film thickness relation has been established, four other testing exper-
iments are performed. The power, magnetic field strength, and etch times were selected as
the four corner designs in Figure 5-19. The power, magnetic field strength, and etch time are
varied to obtain interferometric signals with different periodicities and signal lengths. Simi-
larly, for the same four selected bare polysilicon sites, the phase at the end of the interfero-
metric signals are calculated, and the film thicknesses are obtained. All eight film thickness
data and the fitted phase-to-thickness linear model are shown in Figure 5-2Z. Table 5-8
shows the fitting errors for the modeling building experiments and the estimation error for

the testing experiments. The largest error for film thickness estimation is about 100A.




Figure 5-21: CCD signals for the calibrating experiments
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Figure 5-22: Experimental data and fitted model for polysilicon thickness estimation
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Table 5-8: Fitting and estimation errors in film thickness using
phase of interferometric signals
pt. 1 pt. 2 pt. 3 pt. 4
o<t:: -13.37 -5.83 1.79 2.30
‘g 34.29 36.71 432 13.00
a0 -22.22 -46.52 -11.73 -26.97
& 1.30 15.64 5.62 11.67
- 75.76 88.66 70.72 78.76
=153 89.67 106.12 85.19 86.06
% :@: 44.75 25.45 34.70 44.40
>

-34.33 3.85 -44.99 -14.55

5.6.1 Endpoint prediction versus timed etching

In this section we compare the effect of conventional timed etch with endpoint pre-
diction on film thickness variation. First, consider the possible variation in a timed etch.

Assume that the nominal etch thickness is Th, the nominal etch rate is ERy, the fractional
variation in etch rate is f,, and the fractional variation in initial film thickness is fy. To esti-
mate typical etch rate variations (f,,), consider the four experiments useg/i, for modeling

building in Figure 5-19. Using Fast Fourier Transform method, the etch rates at pt. 1 are

found to be 52.74, 51.03, 50.84, and 52.36 A/time unit. The amount of variation, with pro-

cess mean centered, is approximately:

1 _ range(52.74,51.03,50.84, 52.36) _ _ )
5% mean(52.74. 51,03, 50.84, 52.36) ~ 00184 = 1.84%. (-
The nominal etch time is:
Th, )
to = E-—,k:) ( - )

Due to the variation in etch rate, the actual etch thickness (Th) is:
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Th = tgx ERyx (11 £, ). (5-3)

The variation in etching thickness (ATh ) due to the fluctuations in etch rate is:

Including the initial film thickness variation (AT h ) of the incoming wafer, the total

incoming

possible error in etched endpointing is:

ATh = ATh Thy. (5-5)

endpoint incoming t fer
Consider the etch of 2500A of polysilicon. It is not unreasonable to assume a 2%
variation in the etch rate and the incoming film thickness, which leads to a possible etch

thickness error of:

= 10.02 x 2500 £ 0.02 x 2500 (A),
= +100 (A). (5-6)

ATh

endpoint

In this case, the error is comparable to the worst-case of endpoint prediction error presented
in Table 5-8. However, the experiments for film thickness estimation in Table 5-8 were per-
formed at very different equipment settings and for very different film thickness. For mass
production with the same equipment setting and similar film thickness, the film thickness
estimation error should be much smaller. In addition, the use of endpoint prediction should
be more robust against larger incoming film thickness variations or larger eich rate drift or

step variations after routine maintenance work.

5.7 Experiments on endpoint prediction

In this section, the use of endpoint phase to predict the end of an etch is examined.
For etching 5000A of polysilicon on 1000A of silicon oxide, it has been found from theory
that six cycles of signals will be received and the endpoint occurs at a normalized phase
angle of 0.9851. Or, the endpoint phase can be determined from a number of representative

runs to accommodate more complex layer stacks. Then, the following endpoint prediction
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algorithm is applied to predict endpoint of an etch:

a) Count the number of cycles of signals;
b) Signal endpoint if the number of required signal cycles, and the

endpoint phase angle are reached.

A linear trend was subtracted from the signals before the phase calculation to reduce
interference caused by the photoresist. In some cases, the interferometric signals are first
normalized by an overall emission level, obtained from a non-etching area such as the
clamping pins, before prediction algorithms are applied. However, the crude data will be
emphasized in this thesis, which wili be explained in Section 5.7.2.

A set of designed experiments are performed for analyzing different aspects of end-
point prediction using signal phase angle. The same four control parameters are considered,
i.e., RF power, magnetic field strength, pressure and HBR/Cl, gas flow rates. A Box-
Behnken design for the four variables was selected because the design is suitable for
exploring a broad operating region using only a few experiments. The design levels for the
four parameters and the design array are listed in Tables 5-9 and 5-10 respectively. The lev-
els of the control parameters are deliberately selected to cover wide operating ranges.

The wafers were deposited with 5000A of polysilicon on 1000A of silicon oxide. A
CCD snapshot of the pattern on the wafer is shown in Figure 5-23. The five features on each
of the dice are bare polysilicon area, vias (rows of square holes), lines with various line
widths, serpentines (meandering lines), and series of diffraction gratings. The stepper used
for patterning could print features as low as 1 pm. Refer to [17] for a detailed description of
the mask. Similar to Section 5.6, the signals used for phase determination are five-pixel

averaged signals as shown in Figure 5-20 to reduce sensor noise.

Table 5-9: Design levels for the four control parameters

design levels RF power HBr/Cl, pressure mag. field
(W) (sccm/sccm) (mtorr) (gauss)
-1 150 5/35 50 20
0 250 10/30 100 60
1 350 15/15 150 100
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Table 5-10: Design array for 4-parameter Box-Behnken design
Experiment # | RF Power HBr/Cl, Pressure Mag. Field

1 -1 -1 0 0
2 1 -1 0 0
3 -1 1 0 0
4 1 1 0 0
5 0 0 -1 -1
6 0 0 1 -1
7 0 0 -1 1
8 0 0 1 1
9 0 0 0 0
10 -1 0 0 -1
11 1 0 0 -1
12 -1 0 0 1
13 1 0 0 1
14 0 -1 -1 0
15 0 1 -1 0
16 0 -1 1 0
17 0 1 1 0
18 0 0 0 0
19 -1 0 -1 0
20 1 0 -1 0
21 -1 0 1 0
22 1 0 1 0
23 0 -1 0 -1
24 0 1 0 -1
25 0 -1 0 1
26 0 1 0 1
27 0 0 0 0
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Figure 5-23: CD image of an etching wafer

5.7.1 Endpoint prediction with phase (without emission level normalization)

In Section 5.7.3, the statistics for verifying the endpoint prediction algorithm with the
design of experiments will be given. For each wafer a total of thirty-six measurement sites
are considered as shown in Figure 5-24. However, specific properties regarding the algo-
rithm are first discussed here and in the following sub-section.

Figures 5-25a,b and 5-26a,b show the etching signal and the corresponding endpoint
for the bare polysilicon at site #15 for experiments #10-13. The settings for these four
experiments are repeated in Table 5-1! for easy reference. These four experiments are
selected for illustration because the RF power and magnetic field strength are the primary
factors affecting the etch rate, and they vary substantially in these experiments. The phase
angle of the signals were determined using a sliding data window of two signal cycles. The
computations repeat until condition (b) of the above algorithm was reached. For each etch,
the plasma was first ignited for a few seconds so that the desired CCD pixels can be

selected; in this case we seek to predict or signal endpoint at OA thickness remaining. As a
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Figure 5-24: Selected endpoint analysis dice
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Figure 5-25: Endpoint prediction for bare poly areas I
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Figure 5-26: Endpoint prediction fer bare poly areas I

(a) Interferometric signals and endpoint prediction
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Table 5-11: Selected equipment settings from 4-parameter Box-Behnken design

Soinen s | K || M | pror | g o
10 150 10/ 30 100 20
11 350 10 /30 100 20
12 150 10/ 30 100 100
13 350 10/30 100 100

result, the initial phases of the signal are shown to be different due to the initial short period
of etching. In addition, the periodicities of the four interferometric signals are not the same
due to different etch rates. From the plots, the endpoints were shown to be predicted with
very good accuracy for the case of experiment #10-12 by using the endpoint phase. For
experiment #13, although the endpoint selected satisfies the cycle-number and phase
requirement, it is not obvious that endpoint is predicted correctly. Such phenomenon is due

to the change in overall optical emission level when the film starts clearing up, and its effect

on endpoint prediction will be explained in the next section.
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For etching S000A of polysilicon, an error of one time unit for experiment #13 corre-
sponds to the etching of about 100A of polysilicon. On the other hand, one time unit error
for experiment #10 corresponds to etching 20A of polysilicon. Similarly, Figures 5-27 to
5-34 show the predicted endpoints and estimated phases for different features for the same
dice. It can be observed that the endpoints can be predicted fairly accurately for the case of
experiments #10-12 also. In addition, Figures 5-35 to 5-39 show additional signals and the
predicted instance at zero film thickness. These examples are difficult cases and are selected
to illustrate the robustness of using phase for endpoint prediction.

In Figure 5-40, the endpoint time for the line regions of the selected thirty-six dice
from experiment #10 is shown to illustrate an application of the endpoint prediction algo-

rithm and how non-uniform the etch is.

Figure 5-27: Endpoint prediction for via areas I
(a) Interferometric signals and endpoint prediction
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Figure 5-28: Endpoint prediction for via areas I1

(a) Interferometric signals and endpoint prediction
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Figure 5-29: Endpoint prediction for line area I
(a) Interferometric signals and endpoint prediction
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Figure 5-30: Endpoint prediction for line area II

(a) Interferometric signals and endpoint prediction
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Figure 5-31: Endpoint prediction for serpentine areas I
(a) Interferometric signals and endpoint prediction
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Figure 5-32: Endpoint prediction for serpentine areas Il

(a) Interferometric signals and endpoint prediction
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Figure 5-33: Endpoint prediction for diffraction gratings I
(a) Interferometric signals and endpoint prediction
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Figure 5-34: Endpoint prediction for diffraction gratings II

(a) Interferometric signals and endpoint prediction
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Figure 5-35: Endpoint predictien for noisy dats I
(a) Interferometric signal and endpoint prediction (exp. 5; site 10; via)
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Figure 5-36: Endpoint prediction for noisy data II

(a) Interferometric signal and endpoint prediction (exp. i4; site 11; serpentine)
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Figure 5-37: Endpoint prediction for noisy data III

(a) Interferometric signal and endpoint prediction (exp. 17; site 7; bare poly)
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Figure 5-38: Endpoint prediction for noisy data IV
(a) lnterferometric signal and endpoint prediction (exp. 27; site 1; diff. grating)
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Figure 5-39: Endpoint prediction for noisy data V
(a) Interferometric signal and endpoint prediction (exp. 2; site 14; line)
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Figure 5-40: Endpoint time for line regions from Exp. 10
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5.7.2 Endpoint prediction with phase (with emission level normalization)

When a film is cleared at the end of an etch, the plasma emission level varies because
of a change in the composition of the plasma. Such a change of plasma emission has been
used by optical emission spectroscopy for endpoint detection [74]. However, since the emis-
sion level starts to change even when only part of the film is clear, such a variation will dis-
tort the signals at other part of the wafer. The uncertainty of the endpoint locations in the
interferometric signals are caused by the rise in emission level. As suggested in [42), the
distortion of the signal can be reduced by dividing it with an est:mate of the overall emis-
sion level, namely, signals obtained from an unetched site such as a wafer clamping pin. In
order to reduce the noise from the emission level. Three-time-point averaging is applied to

the emission level (s,,) before the division:

(sn_l+sn+s
3

’-\—
Sp =

n+ l) . (5-7)

Figure 5-41 compares the original signal from a bare polysilicon etching area (experiment
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Figure 5-41: Comparison of original and normalized data
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#13 site # 15) to its normalized version. From the normalized data, endpoint can be recog-
nized more easily. The normalized data and the predicted endpoints (*) for experiment #13
site #15 are shown in Figure 5-42. The endpoint times predicted from the original data (o)
are also shown for reference. It can be noted that the predicted endpoint times determined
from the original and normalized data are at most one time unit apart for the cases consid-
ered. If an etch is very non-uniform, the interferometric signals at the slowly etching area
will be affected to a greater extend. However, signal normalization may not always be nec-

essary for the following reasons:

i) An etch will not be very non-uniform;
ii) A major use of endpoint prediction is for facilitating etching chemistry
switching, where a film does not clear;

iii) Division by emission signal introduces more noise to the interferometric signals.

Hence, for the rest of the analysis, the original signals will be considered instead.
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Figuie 5-42: Endpoint prediction for Exp, 13 using normalized data

(8) NormaNized signal and endpoint predictions for bare poly area
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Figure 5-42: Endpoint prediction for Exp. 13 using normalized data (cont.)
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5.7.3 Etching chemistry switching

Instead of stopping an etch when the etching film is cleared, a change of chemistry is
sometimes desired for a more selective etch for the last few hundred angstroms of the film,
e.g., Angell and Oehrlein has proposed a “flexible endpoint” method to facilitate the switch-
ing of etch chemistry [3]. For our experiments, by translating the specific thickness to the
total number of signal cycles and phase angles, the switching of chemistry can be performed
more consistently. For illustration purpose, it is intended to signal a chemistry-switching
spot when the film thickness left is 382.65A. This specific spot corresponds to the last max-
ima of the interferometric traces. Figures 5-43 and 5-44 show the selected chemistry-
switching spot for the bare poly areas in site #15 for experiments #10 to #13. In these exper-
iments, the processes were not changed so that the selected chemistry-switching spot could
be observed more easily. It can be seen that the spots are detected very consistently,
although the algorithm is unaware of and does not use the signals afterward the switching
point.

To further verify that signal normalization by optical emission level may not be nec-
essary, Figure 5-45 gives the predicted chemistry switching point based on both the original
signals and the normalized signals of experiment #13 site #15. It can be observed that the

predicted times from these two different kinds of data are at mosi one time unit apart.
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Figure 5-43: Predicted etch switching time for bare poly areas I
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Figure 5-44: Predicted etch switching time for bare poly areas Il

(2) Interferometric signals and etch switching point
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Figure 5-45: Predicted etch switching time for normalized signals

(a) Normalized signal and predicted chemistry switch spots for bare poly area
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Figure 5-45: Predicted etch sw itching time for normalized signals (cont.)

(e) Normalized signal and predicted chemistry switch spots for diff. grating
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5.7.4 Film thickness estimation and time-to-endpoint

By knowing the phase at endpoint, the current phase, the total number of signal min-

ima and the signal minima that are received, the film thickness left can estimated as:

(eendpoinl - enow)) x A (5-8)

Lfilm = (Cyczelolal - cyCIerww + 2

where Ly, is the film thickness left, cycle,,, is the total number signal minima, cycle,,,, is
the number of cycle minima detected, 6,,4p,in, is the endpoint phase, 8,,,,, is the current cal-

culated phase, and A is the thickness of film etched per cycle of signals. In addition, given a

constant etch rate, the calculated time-to-endpoint (T, 4,0in) can be determined by dividing

Equation 5-8 by the etch rate, which is then reduced to:

C) int = Onow)
endpoint no )+ ®, (5-9)

Tfilm = (Cyelelotal - cyCIenow + )

where ,,., is the angular frequency of the interferometric signals. Figure 5-46a shows the
film thicknesses determination based on several selected signals, and Figure 5-46b shows
the corresponding time-to-endpoint.

Since the periodicities of the interferometric signal calculated using Fast Fourier
Transform method are quantized, the limited amount of data will lead to fluctuations in the
frequency (or the etch rate) estimates, which will affect the endpoint time accuracy. In Fig-

ure 5-47a, the quantization in etch rate estimation is shown. However, by averaging the
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Figure 5-46: Film thickness and time-to-endpoint estimates for line area in Site #5

(a) Film thickenss estimation of line areas using phase
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Figure 5-47: Etch rate and time-to-endpoint estimates for a drifting etch

(a) etch rate and its average determined by FFT (Exp. 10)
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FFT calculated frequencies over the most recent half cycle of the interferometric signals,
fluctuations in etch rate estimation and time-to-endpoint can be reduced, as shown in Fig-
ures 5-47a,b. In Figure 5-47b, since the actual time at endpoint is known, the actual time-to-
endpoint line is also plotted. The calculated time-to-endpoint assumes that the etch rate is
constant. Since the etch rate is increasing, the calculated time-to-endpoint is always shown
to be larger than the actual one. If the etch rate for a site is constant, than the calculated and
the actual time-to-endpoint will coincide. Figure 5-48a shows the etch rate for a line area
for site #8 from experiment #1. The etch rate is very steady despite the quantization effect
due to the Fast Fourier Transform method. In Figure 5-48b, the calculated and actual time-
to-endpoints are plotted, and are shown to be nearly the same. In Figure 5-49, the differ-
ences between the calculated and actual time-to-endpoints are found to be within the +1

time unit bound in the constant etch rate region. Again, it can also be observed that the aver-

aged etch rate method can provide more accurate results.

Figure 5-48: Etch rate and time-to-endpoint estimates for a “more” steady etch
(a) etch rate and its average determined by FFT (Exp. 1/site #3)
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Figure 5-49: Error in time-to-endpoint estimates for a “more” steady etch
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5.7.5 Modified algorithm for noisy data

In general, the signals could be contaminated with noise and the phase cannot be
obtained easily. Figure 5-50a shows the signal from a bare polysilicon area in dice #31 from
experiment #1. The signal to noise ratio is very low. In addition, there is an extra low fre-
quency component to the signal. It is suspected the extra frequency is due to incorrect align-
ment of the CCD pixel with the selected sites and the photoresist effects become dominant.

As aresult, the phases as shown in Figure 5-50b are unreliable for predicting the endpoint.

Figu: : 5-50: Example for incorrect phase estimation using 2-cycle window
(a) Interferometric signal with high noise level
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One way to improve the successful rate of phase estimation at time ¢ is to use all the
signals available up to time ¢ instead of a sliding window of 2-cycle-signal. A coarse esti-
mate of the signal frequency can first be obtained from the initial two cycles of data. In the
subsequent estimations, the frequency for etch rate and phase calculation are then deter-
mined within a bounded range of the initial coarse estimate, which will reduce the chance of
picking up wrong frequencies due to noise contamination or the photoresist effect. Since
more data are used, more signal distortions can be tolerated. In Figures 5-51a,b, the phase
estimations using the all-data window are plotted, which give more accurate results. How-
ever, the accuracy of the phase estimate may also be compromised if the etch drifting rate is
large, as mentioned in Section 5.3. Table 5-12 gives statistics for the failed endpoint predic-
tion rate for designed experiments listed in Table 5-9 using the all-data window. For each of
the 27 experiments, 36 dice are considered, and five pattern features are examined per die;
hence, there are altogether 36x27=972 signal traces for each feature. A few results using a
sliding window of 2-cycle-signal are also shown in Table 5-13. By comparing these results,

it can be seen that the all-data window method produces more robust endpoint prediction.

Figure 5-51: Example for correct phase estimation using all-data window
(a) Interferometric sigral with high noise level
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Table 5-12: Number of endpoint prediction failure using all-data window

dif. gratings

15

serpentines

12

lines

vias

14

12
10

bare poly

Exp. #

10

11

12
13
14
15
16
17
18
19
20
21

22
23

24
25

26
27
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As an example, for the bare polysilicon area, there are 18 failed cases out of a total of 972
cases, i.e., 2%. Percent failure for other features are shown in Table 5-14. It should be noted
that the selected CCD pixels could have been mis-aligned in experiments #6 and #19, and
that the vias give more failed cases, which is due to the smaller ratio of etching-to-unetching

film area.

Table 5-13: Number of endpoint prediction failure using 2-cycle-signal sliding window

Exp. # bare poly vias lines serpentines | dif. gratings
3 2 2 1 0 0
5 5 7 3 7 11
7 2 9 4 8 15
9 11 15 9 9 12

Table 5-14: Percent failure of endpoint prediction using all-data window method

bare poly vias lines serpentines | dif. gratings
total # of signals 972 972 972 972 972
# of failed cases 18 92 13 37 66
% failure 1.85 9.47 1.34 3.81 6.79

The causes for incorrect endpoint prediction even for the all-data-window method

can be classified into three categories:

a) The photoresist interference is very large at the beginning of the etch, and its
amplitude is even larger than that of the polysilicon etching signal. As a result, the number
of data corresponding to the initial two cycles of etching signal, as explained in Section 5.5,
cannot be found (using Fast Fourier Transform). An example is shown in Figure 5-52 for the
via area signal from site #7 in experiment #5. If the effect due to the photoresist if similar to

just adding a linear trend to the etching signals, endpoint prediction will not be affected.
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Figure 5-52: Incorrect initial cycle countmg due to strong photomnst interference
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b) The initial two cycles of etching signals are detected, but the phase calculation is

distorted by the photoresist etching signals. As a result, the phase is no longer an increasing

function (except when it is wrapped around). An example is illustrated in Figure 5-53.

Although the film clearing point can still be detected, this case is regarded as a failure

because the film thickness (as a function of the phase) has been incorrectly determined dus-

ing part of the etch.

Figure 5-53: Incorrect phase estimation due to photoresist interference
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In general, random sensor noise on the signal will not affect the signal tremendously
because they will be filtered in the phase calculation. If better signal processing algorithms
are available to obtain the phase of the etching film independent of the photoresist effect,
endpoint prediction failure can be reduced. In addition, the signal could be so noisy that the
signal periodicity cannot be recognized. This is more common for the dice close to the edge

of the wafer, and not for the inner thirty-six dice considered in this section.

5.7.6 Etch rate drifting

Etch rate drifting was shown to affect the accuracy of phase estimation. In addition,
the estimation error will increase as the number of data cycles used for the calculation
increases. Although reducing the size of the data window will reduce the magnitude of
error, it was shown in the previous section that a large data window size will improve the
robustness of phase and film thickness estimation. In this section, the amount of etch rate
drifting is determined from the experiments. From the 27-experiment design of experi-
ments, dice #15,16,21,22 are considered, because they are at the center of the wafer and
have a good signal-to-noise ratio. Using the endpoint prediction algorithm from Section
5.7.3, endpoints for the five patterns in each of the four dice are obtained. Then for each sig-
nal, a ratio of the etch rates for the second half of the etching versus the first half of the etch-
ing is obtained. Figures 5-54(a-e) are histograms for the etch rate ratio for the bare
polysilicon area for the twenty-seven experiments. From these histograms, it is shown that
the etch rate drifting is about 10%. However, since the ratio is on the averaged etch rates
between the first and second half of the etch, the actual drifting bounds should be doubled,
i.e., about £20%. In Table 5-15, the means and standard deviations of the etch rate ratios are
given. Since the etch drifting rate is small compared with the cases analyzed in Section 5.3,
the use of the all-data-window in the previous section for film thickness estimation and end-

point prediction is more justified.
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Figure 5-54: Ratio of the second half etch to initial half etch for different areas

(a) Etch rate ratio for bare poly
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Table 5-15: Statistic of etch rate ratio
Bare Poly Vias Lines Serpentines | Gratings
mean— 1.0378 1.0361 1.0388 1.0359 1.0361
std. dev. 0.0339 0.0441 0.0282 0.0386 0.0359
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5.8 Full wafer endpoint prediction

Because not all the signals have a high signal-to-noise ratio which allows accurate
estimation of the phase, it will be more fruitfil to obtain phase and endpoint estimation
from several sites from a wafer and rely on those that give accurate phase estimations. As a
result, a full wafer endpoint prediction algorithm is developed. This algorithm is very simi-
lar to the single interferometric signal endpoint algorithm, except that it checks if the sig-
nals are sirong enough for accurate cycle counting and phase estimation. As with the sing}-
interferometric signal algorithm, the data required for two cycles of data are first extracteu
from the multiple sites (e.g., a total of M sites). Since it is assumed that not all signals are
good enough, it would be more robust to require that only M-1 (or M-2) of this 2-cycle-data
information is required. Then, as moic data are received, either the 2-cycle-signal sliding
window, or all-data window, will be used for determining the phase. During the phase esti-

mation, the phase must be non-decreasing except when it is wrapped around. It is reason-

Figure 5-55: Full waver fiim thickness estimation
(a) after 50 time units (b) after 75 time units
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able to assume that if the phase change is negative, the specific interferometric signal is
unsuitable for providing valid phase estimation, and shouid be neglected for reliabie thick-
ness estimation or endpoint prediction. Hence, the etch should be stopped or chemistry
should be switched based on information provided by the valid interferometric signals.
Figures 5-55a,b,c,d show the film thickness for the line areas for experiment #11. The film
thicknesses are determined using the all-data window. It can be observed that the etching is

not very uniform using the current control setting.

5.9 Endpoint prediction versus endpoint detection

In Chapter 4, algorithms for endpoint detection based on the interferometric signals
have been examined. It was found that endpointing could be delayed if the sensor signals
contain high levels of noise. Given the availability of endpoint prediction, one alternative
can be stopping an etch when the predicted film thickness is zero, followed by a short final
etch io ensure film clearing. Figure 4-6 is repeated in Figure 5-56 for reference. This signal

is very noisy and the detection of endpoint using the model deviation approach was delayed.

Figure 5-56: Endpoint detection of etching 5000A poly over 1000A oxide (Model dev.)
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In Figure 5-57, the ideal reflectance is shown. The normalized phase at endpoint is found to
be at -0.7041 using the Fast Fourier Transform. Figure 5-58 indicates the endpoint predicted
using the endpoint phase based on the original data. It can be seen that accurate endpoint is
predicted instantaneously. Figure 5-59 indicates the endpoint predicted based on the nor-
malized data. The same endpoint time is concluded based cn the original data or the nor-
malized data. Compared to Figure 5-56, the predicted endpoint was found more quickly,
indicating that the prediction algorithm is very robust even for very noisy signals, and may

be preferred over endpoint detection for use in plasma etch processes.

Figure 5-57: Reflectance of etching 5000A polysilicon over 250A oxide
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Figure 5-58: Predicted endpoint for etching 5000A polysilicon over 250A oxide

(a) Interferometric signals and endpoint prediction
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Figure 5-59: Normalized signal and predicted endpoint for etching

5000A polysilicon over 2504 oxide
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5.10 Summary

In this chapter, the use of phase is proposed cs a measure of film thicknesses. Given
the phase at endpoint and the refractive index of the etching film, the thickness of the film
left during etch can be estimated; such endpoint prediction can be used for chemistry
switching in an etch process. Sensitivity analysis has been performed with respect to drift-
ing etch rate and small variations in film structure. It has been found that short wavelength
signals produce more robust results. The proposed algorithm has been verified with experi-
mental results. It has been found that it can be accurate to about 100A in terms of polysili-
con etch film thickness estimation. The robustness and limitation of using phase to signal
etch chemistry switching time or the film clearing time have been examined. Compared to
endpoint detection, endpoint prediction using the signal phase may indeed have signifi-

cantly better robustness accuracy.
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Chapter 6

Conclusions and future work
6.1 Conclusions

Plasma etching is an increasingly important step in the fabrication of deep-submicron
microelectronic circuits. Motivated by the need to improve the consistency and uniformity
of the process, various types of run-by-run and real-time control systems are being devel-
oped. Recently, full wafer interferometry has been developed to facilitate spatial monitoring
of an etching wafer in real-time. This thesis focuses on obtaining accurate extraction of etch
rate, efficient detection of endpoint of the process, and endpoint prediction (or film thick-
ness estimation) based on the interferometric signals from the sensor.

Accurate etch rate information is useful for run-by-run improvement of an etch, and
for real-time adjustment of the equipment parameters. The etch rate can be determined from
the periodicity of the sensor signal readily, and four algorithms (the Fourier Transform,
model matching, Kumaresan-Prony, and multiple signal classification methods) are exam-
ined for their accuracy, with respect to different levels of noise in the signals, different
lengths of data available, and different sampling rates. It is found that despite its simplicity,
the Fourier Transform method is able to produce estimates with accuracy comparabie to the
more sophisticated methods.

Endpoint detection using the signals from full wafer interferometry is also examined.
Such information is essential for minimizing the over-etch of the underlying layer. Two end-
point detection algorithms have been developed. The first is applicable for etching non-
absorptive films. It takes advantage of the signal deviation from its periodic pattern after
endpoint. A model for fitting the periodic etching signal is proposed, the parameters of
which can be determined with few computations. The second model is applicable for etch-
ing films with high refractive indices. If the etch has a relatively high selectivity, a flat slope
in the signal will suggest endpoint. In both algorithms, the signal phase and the tctal number
of signal cycles received are used to reduce false endpoint alarms.

By using the phase information determined from the interferometric signals, and a
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prior value of phase at endpoint, the approximate film thickness left during an etch can be
determined in real-time. Simulations have been performed to examine the sensitivity of
such a measure of film thickness with respect to small drifting in the etch rate and small
variations in the film stack structure. It was found that estimates determined from short
wavelength signals are more robust against different types of variations. Although simula-
tion results indicate that using long data length for phase computation may produce larger
errors in face of large etch rate drift, experimental data show that the etch rate varies less
that £25 %, and the use of all possibie interferometric data for phase calculation is more
robust than using only a 2-cycle moving data window. Using the interferometric signals
from the full wafer interferometer, accurate time-to-endpoint or thickness-to-endpoint can
be estimated for appropriate etch chemistry switching or etch stopping. Experimental data
show that the accuracy of film thickness estimation is about 100 A for the etch of polysili-

con.

6.2 Future work

The work of this thesis on etch rate estimation, endpoint detection and endpoint pre-
diction will facilitate the use of rull wafer interferometry for real-time assessment and con-
trol of single-wafer plasma etching process. However, in order to fully utilize the
potential of the sensor, further improvements in the development of the sensor and the con-
trol algorithms are required. A critical procedure in obtaining data for analysis is to align
the pixels of the CCD camera to the appropriate areas on the wafer. Without correct align-
ment, a pixel may pick up signal from the photoresist region and lead to incorrect estimates.
The re-orientation is currently performed manually by using the scribe lines as references.
In the future, a computer pattern recognition algorithm should be developed for full automa-
tion of the process.

In Chapter 5, it was found that increasing the data sampling rate can improve the
accuracy of etch rate estimation. However, when a fast sampling rate is not synchronized
with the rotating magnetic field, the signal will be contaminated with extra high frequency
componernts. Dedicated signal processing algorithms should be developed to filter out the

unwanted signal for extracting useful information in real-time.
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As the dimension of devices continues to shrink, the percentage of etching area over a
wafer surface may decrease, and the full wafer interferometric signals may suffer from low
signal-to-noise ratio. Algorithms that map out the etch profile, even if only a few strong sig-
nals are available, should be developed. On the other hand, if the computation of signals
from a lot of pixels is feasible, efficient algorithms should then be developed to extract the
useful wafer level variation.

The various algorithms investigated take advantage of the signals from only a single
wavelength. If signals from more wavelengths can be analyzed, their estimates could be
combined to produce more accurate results. In addition, for very thin films, the signals from
an etch may be very short, and there are not enough cycles of data for accurate phase esti-
mation or curve fitting. However, if the etch is selective and the etching film has a higher
refractive index than the underlying layer, simultaneous “flat” signals in different wave-
lengths may be used for endpoint detection.

Only the transparent film has been examined in this work. However, full wafer inter-
ferometry can also be extended to metal etch. For example, as a metal layer is being etched,
the distance between the slowly etching photorzsist surface and the etching metal surface
gradually increases. Light reflection from these surfaces of different heights will result in
lateral interference, which can be examined for relative etch rate determination. In addition,
when a metal layer is cleared to expose the underlying transparent film layer, the signal con-
tent may change suddenly. Such a change in the signal should be explored for endpoint
detection.

In terms of control algorithms, the emphasis of the thesis has been on extracting vari-
ous measures of the performance of an etch for simple real-time control. This information
should provide more improvement for an etch if combined with more sophisticated control
strategies. For example, given the film thickness measure, the chemistry could be switched
for the final etch when the mean thickness of the film is at a predefined threshold value, e.g.,
500A. On the other hand, the threshold value can also be determined either as a function of
the spatial uniformity of etch rate or film topology in real-time, or it can be modified
according to a run-by-run algorithm. Finaily, an effective strategy that integrates real-time
control and run-by-run control to reduce process variation at different stages of the control

system will significantly improve the quality of process outputs.
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Appendix A

Etch rate data used for neural network model building [23]:

Table A-1: Selected etch rate data from AME-5000 (A/sec)

st‘:’:fg'tﬁ"(‘g) Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
20 45.6 46.1 458 453 46.8 477
30 51.2 51.6 51.3 51.4 51.5 52.9
40 59.9 60.1 59.8 60.0 60.1 61.8
50 66.6 66.8 67.4 66.3 67.8 68.6
60 73.1 73.1 73.6 73.1 73.8 74.1
70 75.7 75.5 75.6 75.9 77.3 774
80 85.0 84.7 84.5 84.8 85.7 85.9
90 90.0 90.2 90.3 89.9 90.3 91.0
100 95.6 95.8 95.8 95.3 95.8 95.7

Table A-1 (cont.): Selected etch rate data from AME-5000 (A/sec) (cont.)

sgffétg“('g) Site7 | Site8 | Site9 | Site10 | Site11 | Site 12
1
20 47.4 46.8 473 48.7 48.7 43
30 52.7 522 53.6 54.7 55.2 53.3
40 60.5 59.6 60.8 62.1 60.9 59.6
50 68.2 67.5 68.4 70.0 68.6 66.3
60 734 73.5 73.9 74.3 73.4 721
70 77.4 76.4 76.7 776 76.8 76.5
80 85.3 85.4 84.4 85.6 82.2 82.3
9 903 90.0 89.3 90.2 88.3 87.9
100 95.8 953 93.6 93.7 922 919
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Appendix B
Neural network etch rate model:

Define the weighting and bias matrices as:

W, = Fo.lzlm],

0109943

8.380024 2.085767
W, = 15344423 3.020160|
2.804355 3.463502

24.901555 24.643514 26.689213 ]
24.510650 24.111219 26.823810
24798275 24.742980 26.604534
24.970044 24.712073 26.389683
25.360973 24.873498 25.721146
_ |24.956380 24.884695 24.516553
24665267 24.410614 25.317460
24.768859 24.300637 25.715382
24.562290 24.981187 22.264304
24.665568 25.207638 20.991318
23.167616 23.907994 20.248619
23.154596 23.102468 22.112291 |

The etch rates (ER) for the twelve selected sites at the magnetic field strength (B) are:

_ |25.267554
25.140868

_ [~11.089601]

| —4.063199

_1.418143]

-3.971616

23.368223)
24.185688
23.533226
23.292254
23914814

24.552058
25.457248
26.628703
27.863031

27.113608

139

0.123218 | 5




Appendix C

Sensitivity analysis of film thickness estimation error at film
clearing due to film structure variation:

The film to be etched is polysilicon, which is deposited over silicon oxide on a silicon
wafer. If the film structure varies, such as a slight change in the oxide thickness, the phase at
endpoint of the interferometric signal will change accordingly. The difference between the
prescribed phase (phase from the nominal film structure), and the actual phase will result in
error in film thickness estimation. For example, even when the signal reaches the prescribed
endpoint phase, a thin polysilicon layer is still present. The follow tables shows the error
due to such a difference in endpoint phase with respect to small variations in film structures.
The differences have been converted to polysilicon film thickness so that the result frem dif-
ferent signal wavelengths can be compared. Table C-1 shows that 9 cases that are consid-
ered. For each case, the refractive index of polysilicon, oxide, and silicon substrate are
varied at £0.05, and the oxide thickness are also varied at £0.05. Table C-2 shows the 2-

level full factorial design array, and Table C-3 lists the thickness errors for each case.

Table C-2: Film structures for sensitivity analysis

signal poly / sil_icon oxide gxide
case # wavelength refractive . thickness

( A) index refractive ( A)
1 4800 442 1.55 80
2 4800 4.42 1.55 220

3 4800 442 1.55 1000
4 6160 3.93 1.46 80
5 6100 3.93 1.46 220

6 6100 3.93 1.46 1000
7 7534 3.73 1.45 80
8 7534 3.73 1.45 220

9 7534 3.73 1.45 1000
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Table C-2: 4-parameter 2-level full factorial design array (L: low level; H: high level)

Experiment | Poly refrac. oxide oxide refrac. | sub. refrac.
number index thickness index index
1 L L L L
2 H L L L
3 L H L L
4 H H L L
5 L L H L
6 H L H L
7 L H H L
8 H H H L
9 L L L H
10 H L L H
11 L H L H
12 H H L H
13 L L H H
14 H L H H
15 L H H H
16 H H H H
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Table C-3: Film thickness estimation error (A) due to film structure variation

E’;I:fg:)ne:m case 1 case 2 case 3 case 4 case 5
1 1.8 5.6 12.1 2.8 6.8
2 -16.6 -3.2 11.8 -38.3 -11.1
3 -0.2 0.6 0.1 -0.2 0.8
4 -17.6 -1.2 1.8 -37.3 -15.1
5 1.8 4.6 -1.9 1.7 4.8
6 -17.6 -5.2 0.8 -40.3 -13.1
7 -0.2 -14 -16.9 -0.2 -1.2
8 -17.6 9.2 -11.2 -38.8 -17.1
9 20.8 11.6 11.1 448 20.8
10 04 1.8 11.8 0.2 1.9
11 16.8 5.6 -0.9 38.8 13.8
12 -1.6 -3.2 1.8 -2.3 -3.1
13 20.8 10.6 -2.9 45.8 19.8
14 -0.6 0.8 -0.2 -0.3 04
15 16.8 4.6 -18.9 393 12.8
16 -2.6 4.2 -13.2 -23 -5.1

Note: “-16.6” means at the prescribed endpoint, 16.6A of polysilicon is still left.
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Table C-3: Film thickness estimation error (A) due to film structure variation (cont.)

E’:S;i;neim case 6 case 7 case 8 case 9
1 13.5 2.5 6.5 15.5
2 9.7 -67.1 -22.0 8.4
3 1.0 -0.02 0.5 0.5
4 -0.3 -63.1 -25.0 -3.1
5 1.5 1.5 4.5 4.0
6 07 -69.1 -25.0 -1.1
7 -12.5 -0.5 -1.5 -12.5
8 -113 -65.1 -28.0 -0.3
9 13.5 76.5 335 17.5
10 10.7 -0.1 20 9.9
11 1.0 67.5 24.5 25
12 0.2 -2.1 -4.0 -2.1
13 1.5 77.5 325 55
14 0.7 -0.1 0.03 04
15 -13.0 68.5 235 -11.5
16 -11.3 -2.2 -6.0 13.1
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Appendix D
A Matlab script file for endpoint prediction:

% This is a simple algorithms for endpoint prediction, (using all data,

% not just a moving window)

%

% Phase at endpoint is pre-determined (theorectically or from experiments)
% which is used for endpointing.

%

% Important variable definitions in the program:

%

% cycle_end: number of minima of signals before endpoint

% an_end: phase at endpoint (pre-determined)

% thick_tot: total film thickness

% thick_per: film thickness per cycle of signal

% rule: phase at the first signal received, or its +/- pi bound

% junk: signals to be analyzed

% alarm: the data number at endpoint

% N: number of data point equivalent to 2 cycles of signals

% an: the (AN)gle or phase for the last signal received; an(1) is asscciated
% with the Nth data point.

% Initialize some arrays
clear an
alarm = 0;

% This is the normalized endpoint phase for etching polysilicon on 1000A oxide
an_end = 3.094836682/pi;

% The initial thickness is less than 5600A because I need an intial short etch
% to orient the CCD camera to select the right pixels.

thick_tot = 4750,

thick_per = 776.875;

% Calculate the total number of signai minima
cycle_end = floor(thick_tot/thick_per - (an_end+1)/2) + 1;
rule = 1 - rem(thick_tot/thick_per-(an_end+1)/2,1)*2;

% Pick a random number of signal data point to start with, which should be

% between 1 and 2 cycles of signals. The sensor noise may dominate the signal
% if N is too small, and incorrect cycle count will be got if N is too large.

N = 20;

N_new = 10000;
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% Calculating the number of data points equivalent to 2 signal cycle as new
% data are received.
while (N < (fix(N_new*1.999999)))
sb = junk(1:N);
% Remove a linear trench from the signal before determining the periodicity
xx = [ones(N,1) [1:N]’];
sb = sb - xx*inv(xx’*xx)*xx’*sb;
ft = (fft(hamming(N).*sb,2048));
{m nn1] = max(abs(ft(1:1024)));
N_new = 2048/(nn1-1);
N =N+1;
end

% This is used to determine is the estimated phase wrapped whether it
% crosses over the +/- pi region, or it is just fluctuating about zero.
flip = 1-4/N;

sb = junk(1:N);

xx = [ones(N,1) [1:NT’};

sb = sb - xx*inv(xx’*xx)*xx’*sb;

ft = fftthamming(N).*sb,2048);

[m nnl] = max(abs(ft(1:1024)));

nn2=nnl;

nn = (nn1-1)/2048;

an(1) = rem(angle(ft(nn1))/pi+1+rem((N-1)*nn, 1)*2,2)-1;

% The fundamental frequency from the first 2 signal cycle will
% set up a bound for frequency detection later, to reduce the
% photoresist interference.

nn_old = nnl;

nn_b = ceil(nn_old/3);

% Adjust the number of cycles to be expected before endpoint
% Refer to Section 5.5 of the thesis.
% It took me quite a while to figure this part. If the cycle counting is
% incorrect, it could be due to a scenario that I haven’t considered here;
% or the initial N is too big/small.
cycle_now =2;
if (rule > 0)

rule =rule - 1;

if (an(1) < rule)

cycle_now = cycle_now + 1;

end
else

rule = rule + 1;
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if (an(1) > rule)
cycle_now = cycle_now - 1;
end
end

% Analyze new data one after another
for kk=2:(length(junk)-N+1)

% The all-data window is used.
sb = junk(2:kk+N-1);
xx = fones(kk+N-2,1) [1:kk+N-2]’};
sb = sb - xx*inv(xx’*xx)*xx’*sb;
ft = fit(hamming(kk+N-2).*sb,2048);

% The last four lines will be replaced by the following lines if a 2-signal-cycle
% sliding window is used for phase calculation:

% sb = junk(kk:kk+N-1);

% sb = sb - xx*inv(xx’*xx)*xx’*sb;

% ft = fft(hamming(N).*sb,2048);

[m nn1] = max(abs(ft(nn_old-nn_b:nn_old+nn_b)));
nnl = nnl+nn_old-nn_b-1;

nn = (nn1-1)/2048; _
% 1 want to get the phase at the end of the data window, not at the beginning
an(kk) = rem(angie(ft(nn1))/pi+1+rem((kk+N-3)*nn,1)*2,2)-1;
% Increment cycle count if a signal minimum is detected
if((an(kk)*an(kk-1) < 0) & (an(kk)<-flip | an(kk-1)>flip))
cycle_now = cycle_now + 1;
end

if (((cycle_now>=cycle_end) & (an(kk)>=an_end-0.75*nn) ) | (cycle_now > (cycle_end)))
alarm = kk;
% Endpoint is reached. Stop the etch!
break
end
end
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