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Abstract—An endpoint detection algorithm based on multi-way principal component analysis (MPCA) is devel-
oped for plasma etching processes. Because many endpoint detection techniques use a few manually selected wave-
lengths, noise renders them ineffective and it is hard to select important wavelengths. Furthermore, process drift and
faulty condition should be considered for more robust endpoint detection at the same time. In this paper, MPCA with
the whole optical emission spectra is used for effective endpoint detection using a large set of data. And the fault de-
tection was achieved by concept of ‘product’ and ‘mean deviation value’ chart with the result of each wafer’s endpoint
detection. The product was defined by the multiples of OES data with loading vector and mean deviation chart was
defined by a chart of the difference between the product value of the target wafer and mean value of previous wafers.
Therefore, a robust model for endpoint detection can be developed by excluding faulty wafers. This approach is suc-
cessfully applied to the metal etch process of TiN/Al-0.5%Cu/TiN/Oxide stack in an inductively coupled BCL/CI, plas-
ma. The optical emission signal intensities of the 129 wavelengths were measured and saved in a four-dimensional
(wavelengths, time, intensity, and wafers) matrix for the subsequent data processing. With this approach the endpoint
signal was improved with the whole emission spectra and the process drift was considered by MPCA after information
of faulty wafers was discarded.
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INTRODUCTION

In semiconductor processing, plasma etching is typically em-
ployed to define the micro- and nano-scale patterns on a silicon wa-
fer. When the target layer is cleared, it is critical to stop the plasma
etching to avoid excessive over-etching, an event called endpoint
detection (EPD). Typically, the uniformity of film thickness should
be maintained within 5% or so and it is inevitable to over-etch to
ensure that all the lines, contacts and vias are completed. However,
excessive over-etching may remove the film underneath the target
layer, and too much over-etching can cause device failures and sub-
sequent yield reduction. Therefore, it is critical to determine the end-
point without damaging of the underlayer.

The most widely used method for end point detection is to mon-
itor the optical emission trace of reactive species in plasmas by us-
ing an optical emission spectrometer (OES) [1]. By measuring op-
tical emission signal intensities at specific wavelengths, one can iden-
tify the neutral particles and ions present in the plasma. Most end-
point detection methods using OES focus on identifying a single
wavelength corresponding to a chemical species that shows a pro-
nounced transition at the endpoint [2-4]. When the open area is less
than 1%, the single wavelength analysis shows its limitation due to
weak signal intensity [8].

Biolsi et al. [5] demonstrated an advanced endpoint system for
small open-area etching by applying threshold signal processing
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with single wavelength signal. This single wavelength method can-
not avoid the noise problem or time delay associated with filtering.
Furthermore selection of appropriate wavelengths requires signifi-
cant experience of process engineers. So these methods usually re-
liably work only for the large open area wafers (typically larger than
10%). White et al. [6] proposed T and Q statistics for the endpoint
detection of low open-area wafers using PCA in conjunction with
T? detection and recursive mean update. They improved signal sen-
sitivity, but their model cannot include the drift of the process. To
overcome this limitation, recursive mean and covariance updates
are needed for real-time adjustment. Yue and co-workers [8] ex-
tracted a reliable endpoint signal using the principal component analy-
sis (PCA). In this algorithm, loading vectors are used for the wave-
lengths selection, and principal component (PC) values are monitored
for the EPD. They suggested the sphere criterion method using the
loading vectors for the wavelength selection, but this method also
does not consider abnormal process conditions. The drift or abnor-
mal process conditions should also be excluded for the exact EPD
modeling when the information from the multiple wafers is uti-
lized.

In this paper, the entire optical emission spectra were used for
the EPD and fault detection. And the multiple wafer algorithm was
also presented for the EPD prediction in real time with normal wafer
data.

MULTI-WAY PRINCIPAL COMPONENT ANALYSIS

PCA [8] is a famous tool for data compression and information
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extraction. PCA decomposes the data matrix (X) as the sum of outer
product of vectors t; and p; plus a residual matrix (E):

X=tpi+tpi+... +tp+E M

Here, k must be less than or equal to the smaller dimension of
X. The t; vectors are defined as scores, and contain information on
how the samples relate to each other. The p; vectors are known as
loadings and contain information on how the variables relate to each
other.

In the PCA decomposition, the p; vectors are the eigenvectors of
the covariance matrix, i.e., for each p;:

Cov(X)p=Ap, @

Here, is the A, is the eigenvalue associated with the p; and Cov(X)
means covariance matrix of X. Note that for X and any t,, p; pair:

Xp=t; 3

The score vector (t,), is the linear combination of the original X
variables defined by p,. For the endpoint detection, the reduced PC
variables and score vectors can be used for the prediction of EPD
time.

Because this simple PCA method cannot consider the process
drift among the wafers, mean and covariance estimation was nec-
essary for the dynamic process condition. In MPCA, the array X is
decomposed into the summation of the product of the score vec-
tors (t) and loading matrices (P), plus a residual array (E), which is
minimized by least squares.

R
X=Yt,®P,+E @

r=1
Here, ® is the outer product operator. This decomposition, which
is achieved in accordance with the principles of PCA, optically sepa-
rates the data into two parts. The systematic part, the sum of t.®P,
expresses the deterministic variation as part (t), which is only re-
lated to batches. The second part (P) is related to variables and their
time variation. The noise or residual part (E) is a set as small as pos-
sible, which is associated with non-deterministic variation in the data.
MPCA is equivalent to performing PCA on a large two-dimen-
sional matrix, which is formed by unfolding the three-way array (X).
For example, one might unfold X (samples Ixvariables Jxbatch
K) in such way as to position each of its slices (IxJ) with a batch
interval (K) as shown in Fig. 1. This particular unfolding allows the
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Fig. 1. Algorithm for performing MPCA [10].
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variability among batches in X with variables and their time varia-
tion. As the same way for principal component prediction, MPCA
prediction can also be made with a three dimensional matrix using
the scores of X.

ALGORITHM FOR EPD WITH MPCA

In this paper, a single wafer model was defined when the EPD
time of the second wafer was predicted by the PCA loading vector
of the first wafer. And a multiple wafer model was also defined when
the EPD time of the last target wafer was predicted by the MPCA
loading vector of the previous several wafers.

1. Single Wafer Model

In a process, the decision for endpoint call is often made with
little information. The OES information from the former wafer is
typically used to decide the endpoint of the next target wafer with
the same process recipe. In the single wafer model, the loading vec-
tors of the first wafer were used as the predictor. And then these
loading vectors were multiplied with the real time OES data of the
second wafer during the plasma etching process, as shown in Fig, 2.

This multiplying operation between the OES data and loading
vectors was defined as product in this paper.

Y=XP, Q)

Y, means product value of i* sample time and X' means the data
matrix without normalization. The normalization means centered
and divided by its standard deviation for each column in this paper.
So there can be the product lines as the same numbers as the set of
loading vectors. Because this product method uses data without scal-
ing or preprocessing, it can be adjusted to a real-time process. Fur-
thermore, these product lines also can be used for fault detection,
because the product line itself (actual product line) shows the over-
all process conditions.

The EPD time can be determined in this algorithm by using these
products (estimated product line) as the following procedures. Ini-
tially, the entire range of OES signals from the first wafer was cap-
tured and normalized. The covariance of this normalized data was
obtained and a singular value decomposition (SVD) performed. The
loading vectors were obtained from solving the eigenvalue problem
of the result of its SVD. Finally, the entire range of OES signals of
the second wafer was captured in real time for multiplying with the
loading vector of the first wafer. Over 80% of information can be
represented only with three products of the first three PCs in most

Wafer 1 Wafer 2
(o
Normalization l Real time
Covariance -
Singular Value > Actual >_ Estimated
Decomposition Product Product
Eigenvector,
eigenvalue solving U' JJ'
Loa‘;ling ) Fault detection EPD decision
Vector

Fig. 2. Algorithm of single wafer model for real time EPD.
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cases. The sensitivity can be enhanced further by using the ratios
of these three products.
2. Multiple Wafer Model
2-1. Fault Detection Using the Single Wafer Model

If there are some problems or faults in the first wafer, its infor-
mation cannot be useful for the second wafer’s EPD. This abnormal
situation can be distinguished by definition by the mean deviation
value (MDYV).
ZYR/

Y i=k

MDV =Y, — 2

(©)

Here, Y,,; is the product value of n” wafer and j* sample time.
Because the product line already was acquired in the single wafer
model, these MDYV lines can be drawn directly. And the faulty sit-
uation can be decided by the counting of MDV numbers which is
over a limit value as shown in Fig. 3. The limit can be absolute values
or multiples of standard deviation.

2-2. Endpoint Detection Using the Multiple Wafer Model

Now a multiple wafer model was developed with normal wafers
after above faulty wafer filtering as shown in Fig. 4. The single wafer
model is used for the real time EPD from the first wafer to the (n—1)"
wafer with two wafers. However, a database can be compiled with
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Fig. 3. Mean deviation value (MDYV).

EPD

.

MPCA with reduced wavelengths H MPCA
prediction

o

Ranking & selection of wavelengths|
by the loading vectors

" MDC

PCA database PCA

15t znd coo (I’l-])"l nlh
wafer wafer wafer wafer

Fig. 4. Algorithm of multiple wafer model for real time EPD.

real time PCA information from each wafer. And the variables (wave-
lengths) are ranked by the loading vectors, which provide for max-
imum variability, as shown in the following equation [8]:

n
2

L= X0 @]

Jj=1
Where, /; denotes the loading vectors for the i wavelength and j’h
PC. MPCA prediction was performed with selected high ranking
wavelengths for the n” target wafer in the same way as PCA pre-
diction. And this model can be updated by the previous MDV fault

decision with n” wafer after its EPD.

APPLICATION TO THE END POINT DETECTION
OF METAL ETCH

For the case study, the open data source of the monitoring prob-

o
3 ICP
Al-0.5%Cu
TIN
Sio,
Fig. 5. Wafer composition for the metal etch [11].
Table 1. Wafer set with the intentional faults
Exp Wafer numbers Deviation Detection
29 15 TCP +50 O™
29 16 RF +10 X
29 17 Pr+3 OF)
29 35 TCP +10 O™
29 36 BCl, +5 O®>)
29 37 Pr-2 O
29 38 Cl, -5 O
29 39 He chuck X
31 62 TCP +30 O™
31 63 CL+5 O )
31 64 RF +8 X
31 83 BCl, -5 O™
31 84 Pr+2 O™
31 85 TCP -20 O
33 102 TCP -15 OF)
33 103 Cl,-10 OE)
33 104 RF -12 X
33 122 BCl, +10 O®F)
33 123 Pr+1 O
33 124 TCP +20 O™

Korean J. Chem. Eng.(Vol. 25, No. 1)
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lem in the semiconductor processing was used. ([9], Eigenvector
Research Inc.) The goal of this process was to etch a TIN/AI-0.5%Cuw/
TiN/oxide stack to form a metal line employing an inductively cou-
pled BCL,/Cl, plasma, as shown in Fig. 5. Our focus was only on
an Al-stack etch process, which was performed on the commer-
cially available Lam 9600® plasma etch tool. The OES data were
collected, which consisted of 40 process set points and the mea-
sured variables sampled at 1 second intervals. This experiment was
done at three different times considering the condition drift, and
consisted of 126 wafers with 20 faults totally. Several intentional
faulty conditions were applied in three experiments: the changes of
the transformer coupled plasma power (TCP), RF bias power (RF),

3
¥ 25 )
= — Actual ratio
’E 2 |7 Estimated ratio
o
=
E 1.5
g R
= 1
2
-9
0.5
1 3 5 7 9 11 13 15 17 19 21 23 25 27
Time (s)
Fig. 6. Endpoint detection with estimated ratio curve of single wa-
fer model.
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Fig. 7. Comparison of EPD with (a) several single wavelengths and
(b) single wafer model.
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Fig. 8. MDV comparison of normal and faulty wafers (a. 14-17, b. 61-64, c. 82-85, d. 121-124 wafer numbers).
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pressure (Pr), Cl, or BCL, flow rate, and the He chuck pressure, as
described in Table 1.

For the single wafer model, the ratio of PC1 product over PC2
product is used for the explicit behaviors (PC1 contains 48.92%,
PC2 contains 25.33% of the variance). This % variance is the ratio
of each PC value over the total sump of PC values. In Fig. 6, the
estimated product ratio (dotted line) shows the product ratio of the
first wafer’s loading vector as predictor and the second wafer’s data.
The actual ratio (solid line) shows the real product value by the load-
ing vector and data of the second wafer itself. They show good cor-
relation with our single wafer model estimation. And this estimated
product ratio was compared with two important single wavelengths
(261.8 nm of AlCl and 272.2 nm of BCl), which are commonly used
for the EPD method, as shown in Fig. 7. In this diagram, an EPD
of TIN/AI-0.5% layer was decided about 13 s from the simple clear
estimated curves, which were no different from the actual curve
because the curve significantly changed. It is not needed to consider
which wavelength should be collected for using the whole optical
emission data. And some filters also are not needed for denoising,
which brings time delays.

To verify our fault detection algorithm, MDV with previous 10
wafer’s product lines were used for the 11" target wafer as shown
in Fig. 8 (e.g., from wafer 4 to wafer 13 for the wafer 14 at (a)).
The limit was set at a value of £1,000 (arbitrary unit) for the de-
cision of the process condition and this value can be changed by
the times of standard deviation generally. The MDV shows the nor-
mal wafer is almost located within the limit values (about 86% in
case of wafer 82 at (c)), but the faulty wafers were not (0% in case
of wafer 85 at (c)). Furthermore, the location of the deviation (“+
means located upper than the upper limit, ‘—" means lower than the
lower limit) can explain the trend of the deviation. Because the in-
creasing of (TCP, Cl,) and decreasing of (Pr, BCl;) bring more plas-
ma intensity, these conditions correspond with “+” deviation in MDV
very well. Changes in the RF power and He chuck pressure were
not detected because their change is localized in the chuck area and
does not affect much the signal intensity of bulk plasma optical emis-
sion spectra. So the information of faulty wafers could be discarded
for more robust endpoint detection of the multiple wafer model.

For the verification of our multiple wafer model, the ranking of
the wavelengths was conducted by using the two loading vectors
(of PC1, PC2) from the previous five normal wafers (e.g., from wa-
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Fig. 9. EPD of 18" wafer from the multiple wafer model.

Table 2. Percent captured by PCA of OES data

Principal component % Variance % Variance cumulative
1 48.92 48.92
2 25.33 74.25
3 3.18 77.43
4 2.40 79.83

fer 1 to 5 for the wafer 6). The 60% highest ranked wavelengths
(79 wavelengths from 129) were selected, and then MPCA predic-
tion was performed. Fig. 9 shows the result of the MPCA predic-
tion for the 18" target wafer EPD. Previous five normal wafers (11,
12, 13, 14, and 16) were used whereas two wafers (15, 17) can be
discarded by our MCD. The line with circles (O) shows the PCA
curve for the entire spectra of the 18" wafer itself (actual product
line of 100%). The solid line shows the PCA with 60% reduced
variables (actual product line of 60%), and the MPCA predictive
dotted line shows a good estimation when compared to this solid
line. There was the same time change of these three curves, which
confirmed the EPD time to be about 18 sec.

CONCLUSIONS

In this paper, an endpoint detection algorithm for the plasma etch-
ing process was developed based on the MPCA prediction methods.
Because the existing single wavelength method shows its limita-
tion for the small open area endpoint detection, we developed the
endpoint detection algorithm with the whole wavelengths signals
effectively. This algorithm includes a single wafer model and a mul-
tiple wafer model. The single wafer model uses real time OES data
of the second wafer with the PCA loading vector of the first wafer.
And the multiple wafer model uses the piles of the previous wafers
for the more robust EPD. The multiple wafer model could be up-
dated with a new wafer’s PCA information after its normality is
checked by MDV fault detection method. In the case study, this algo-
rithm was applied to the metal etch to verify its effectiveness. So the
smooth PCA predictive line could be acquired by the single wafer
model. And a more robust MPCA predictive line also could be ac-
quired by the multiple wafer model, because it can include process
drift and extraction of a faulty wafer’s information. This more robust
EPD algorithm can give us more reliable information of the etching
systems for process monitoring and run-to-run control.
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