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Endpoint Detection in Low Open Area TSV
Fabrication Using Optical Emission Spectroscopy
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Abstract— Through-silicon via (TSV) technology is a key
enabler for 3-D and 2.5-D integration, which provides low-power
and high-bandwidth chip-to-chip communication. During TSV
fabrication, over-etching may cause notching at the base of the
TSVs, resulting in TSV diameter variations. Endpoint detection
(EPD) techniques are critical for controlling TSV diameter, and
detecting the endpoint for low open areas presents a serious
challenge to process engineers. In this paper, a hybrid partial
least squares-support vector machine model for optical emission
spectroscopy data are successfully demonstrated for an EPD of
low open area TSVs. Accurate EPD results are shown for 120,
80, and 25 µm diameter TSVs.

Index Terms— 3-D integration, endpoint detection (EPD),
optical emission spectroscopy (OES), through-silicon via (TSV).

I. INTRODUCTION

H ISTORICALLY, device scaling has driven low-cost and
high-performance computing systems, but its advantages

in system performance gains are gradually limited due to the
slower rate of development of system interconnection and
packaging technologies. Therefore, the demand for disrup-
tive interconnection and packaging technologies has increased
in recent years, with particular interest in 3-D and 2.5-D
integration of integrated circuits (ICs) [1]. Through-silicon
vias (TSVs) play a critical role in enabling 3-D and 2.5-D
integration. A schematic representation of an electronic system
featuring TSV-based 3-D ICs assembled on an interposer is
shown in Fig. 1. The dimensions of TSVs need to be accurately
controlled to meet the desired electrical and thermomechanical
specifications of a 3-D or 2.5-D system.

To fabricate TSVs, either blind vias are etched first in
silicon followed by back side silicon polishing [2], or vias
are etched through the wafer thickness with a thin suspended
SiO2 layer at their base [3]. The latter approach alleviates
the requirement for silicon polishing after via etching, and it
is the focus of this paper. TSV etching is performed using
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Fig. 1. System including 3-D ICs with TSVs on a silicon interposer with
TSVs and multilevel metallization.

Fig. 2. (a) Notching mechanism in TSV fabrication using Bosch process.
(b) Cross section of a 120 μm diameter via showing notching at the base.

the Bosch process, which consists of alternating etch and
passivation cycles [4]. SF6 is used as the reactive etch gas,
and C4F8 is used for fluorocarbon sidewall passivation. For
given TSV dimensions, the number of etch cycles needs to
be accurately determined during silicon via etching to avoid
under- or over-etch at the base of the vias. In the case of
overetching, positive ions accumulate over the SiO2 etch stop
layer at the base of the vias, causing repulsion to the incoming
positive ion flux. The repelled incoming positive ion flux can
attack the silicon sidewall at the base of the vias, resulting
in notching, as shown in [5, Fig. 2]. The instant during an
etching process when a material (silicon) is completely etched
without under or overetch is called the etch endpoint and the
process of identifying the endpoint and terminating etching
is called endpoint detection (EPD). Correct detection of the
etch endpoint in TSV improves the control of the critical
dimension.
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EPD has been demonstrated in the literature for the
etching of polymer films using a Langmuir probe [6], blan-
ket polysilicon using laser interferometry [7], and chrome
dry-etching using RF sensors [8]. However, it is difficult
to predict the endpoint during TSV fabrication for two key
reasons: 1) the Bosch process used for silicon etching involves
time division multiplexing of etch and passivation cycles,
requiring incorporation of multiplexing in an EPD methodol-
ogy and 2) the aggregated TSV area typically consumes <1%
of the die area, requiring an EPD methodology capable of
detecting a very low quantity of etch byproducts.

EPD for etching a silicon-on-insulator wafer has been
demonstrated in [9] by implementing an envelope follower
algorithm using optical emission spectroscopy (OES). The
EPD method using OES focuses on identifying the wavelength
corresponding to a chemical species that shows a pronounced
transition at the endpoint. However, the signals for demon-
strating the envelope follower algorithm using OES used
both the passivation and etch steps. Therefore, the envelope
follower algorithm was influenced by the passivation step,
where the SiFx (etch byproduct) intensity includes carbon
noise from C4F8. Additionally, with respect to EPD for TSV
etching using OES, low open areas and high TSV aspect ratios
can result in extremely low signal-to-noise ratios and weak
intensity of the selected wavelength to be detected.

To perform EPD during the etching of TSVs with low
open areas and high aspect ratios, this paper proposes and
experimentally validates a hybrid partial least squares-support
vector machine (PLS-SVM) model using OES that solely
focuses on the silicon etch step during the Bosch process.
The proposed hybrid model is successfully validated for the
EPD of TSVs with low open areas in their diameters of 120,
80 and 25 μm. This paper is organized as follows. Section II
describes the modeling techniques used. Section III describes
the sensor system setup and sample preparation. The hybrid
PLS-SVM EPD model is described in Section IV. Section V
presents the results and verification of the proposed EPD
model. While we emphasize TSVs in this paper, the results
of the research under consideration can be used in various
applications, including MEMS, microfluidics, and electronic
device fabrication.

II. PLS AND SVM METHODOLOGIES

A. Partial Least Squares

PLS regression is a well-known technique in many fields
of industrial process control as well as analytical, physical,
and clinical chemistry [10]–[12]. The pioneering work of PLS
was done by Wold in the field of econometrics in [13]. As a
1-D reduction method, PLS has special processing capability
in small sample cases. PLS also adequately employs infor-
mation independent variables, which is different from the
properties of principal component analysis [14]. PLS obtains
the most information from independent variables and depen-
dent variables separately and makes the correlation between
these two variables the greatest. The principle behind PLS
is to search for a set of components (called latent vectors)
by performing a simultaneous decomposition of two matrices,

X and Y, with the constraint that these components explain
as much as possible of the covariance between X and Y.
PLS is based on the following relationships for matrix
decomposition [15]:

X =
L∑

l=1

tlpT
l + E = TPT + E (1)

Y =
L∑

l=1

ulqT
l + F = UQT + F (2)

where l represents the number of latent variables retained in
the PLS model, t contains information related to the samples
of the input matrix X, u contains information related to
the samples of the output matrix Y, p contains information
related to the variables of the input matrix X, and q contains
information related to the variables of the output matrix Y the
vectors t and u are called score vectors, and the vectors p and
q are called loading vectors.

Furthermore, T, U, P and Q represent the score and loading
matrices describing the PLS decomposition, respectively; and
E and F are the residuals of the input and the output matri-
ces, respectively. The X components and Y components are
chosen so that the relationship between the successive pairs of
principal components is as strong as possible by manipulating
the inner relation. U is determined as

U = TB (3)

where the coefficient matrix B is a diagonal matrix of weights
optimized to maximize the covariance between the compo-
nents in U and T. An adjusted version of the nonlinear iterative
PLS (NIPLS) algorithm, described in [15], can be used to
calculate the PLS regression model. Predictions from PLS
models are obtained using the multivariate regression formula
[16], [17]

Ŷ = X · PBQT. (4)

B. Support Vector Machines

SVMs represent a machine learning method for both classi-
fication and regression problems based on statistical learning
theory [18], [19]. SVMs have been used in classification and
identification in [20] and [21].

A SVM attempts to create a hyperplane between the two
sets of data for classification. For example, consider Fig. 3,
where two different classes are shown (class A with circles
and class B with triangles). The SVM attempts to place a
linear boundary (represented by a solid line) between the
two classes. The nearest data points from the linear boundary
are used to define a margin between the classes [called the
support vectors (SVs)], as shown by the gray points in Fig. 3.
When the two classes are divided linearly, data classification is
accomplished by defining a hyperplane that divides the training
data set so that all the training data points of the same class
are on the same side of the hyperplane, while maximizing the
distance between the hyperplane and the SVs.

Given a training set or training samples S = {xi , yi } with
i = 1, 2, . . . , N , where xi denotes the components of the
N-dimensional column vector that are the classifier inputs,
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Fig. 3. Example of separation of two classes by an SVM.

Fig. 4. OES setup with sensor mounted on top of ICP etching tool process
chamber (closer image shown in the right).

TABLE I

BOSCH ETCHING PROCESS CONDITIONS

yi denotes the class labels that are the classifier outputs (and
can be 1, −1 for class 1, class −1, respectively), and N is the
size of the training set. The linear function [22] that separates
both classes is

D(x) = sgn [ f (x) ] (5)

f (x) = wT x + b (6)

where w is a d-dimensional column vector and has the same
dimension as the xcolumn, b is a scalar, sign(•) is the sign
function, the operator (•)T is the transpose operator, and D(x)
returns the label of the class that is classified x. The hyperplane
that separates both classes is given by f (x) = 0. Therefore, the
vector w and scalar b determine a position of the separating
hyperplane, w determines the orientation, and b determines

Fig. 5. Patterned open areas and aspect ratios of samples.

the hyperplane separation to the origin or reference. When the
training set is linearly separable

yi f (xi ) ≥ 1 ∀i = 1, 2, . . . , N. (7)

and samples of the training set become correctly classified.
The hyperplane that has the maximum distance between

itself and the closet samples is the maximum margin hyper-
plane, called the optimal separating hyperplane. The classifier
with the optimal separating hyperplane is the classifier with
the greatest generalization capability. To find the optimal
separating hyperplane, it is convenient to use three parallel
hyperplanes, as shown in Fig. 1, such that

Optimal hyperplane : f (x) = wT x + b = 0 (8)

Positive class’s hyperplane : f (x) = wT x + b = +1 (9)

Negative class’s hyperplane : f (x) = wT x + b = −1. (10)

The hyperplanes of the positive and negative classes must
consist of some training data, which are known as SVs that
contain all necessary information to create the classifier hyper-
plane. The Euclidean distance between the two hyperplanes
(8) and (9) is called a margin and can be expressed as 2/||w||,
as well as can be combined into (12). Thus, the objective of
the SVM is to maximize the distance between the hyperplanes
of the two classes. The maximum margin algorithm can be
described as follows:

min
1

2
‖w‖ 2 (11)

s. t yi (wT xi + b) ≥ 1, i = 1, 2, . . . , N. (12)

The above function can be minimized using Lagrange
multipliers [23]. Lagrange multipliers are used to solve
optimization problems with linear equality and inequality con-
straints. The function of a Lagrange multiplier is to incorporate
the constraints into the expression one wants to minimize or
maximize. A Lagrange equation can be defined as follows:

L(w, b, α) = 1

2
‖w‖2 −

N∑

i=1

αi (yi (wT xi + b) − 1) (13)

where α = [α1,…, αN ] and αi ≥ 0. The task is to mini-
mize (13) with w and b, and to maximize it with respect
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Fig. 6. Flowchart of the proposed PLS-SVM model.

to αi . At the optimal point, we have the following saddle point
equations:

∂L(w, b, α)

∂w
= w −

N∑

i=1

αi yi xi = 0 (14)

and
∂L(w, b, α)

∂b
= −

N∑

i=1

αi yi = 0 (15)

The other (inactive) constraints can be discarded without
changing the optimal point. It is consistent therefore to set
the Lagrange multipliers for the inactive constraints to zero.
This condition can be summarized as

αi [ yi (wT xi + b) − 1 ] = 0 ∀i = 1, 2, . . . , N. (16)

Substituting (14) and (15) into (13) gives the dual quadratic
optimization problem

Ldual(α) =
N∑

i=1

αi− 1

2

N∑

i=1

N∑

j=1

αiα j yi y j
(
xT

i x j
)

(17)

subjected to

N∑

i=i

αi yi = 0, αi ≥ 0 ∀i = 1, 2, . . . , N . (18)

Thus, by solving the dual optimization problem, one obtains
the coefficients αi , which are required to express w to
solve (11). Substituting (14) into (6) gives the dual form of
the decision function of the following classifier:

f (x) =
N∑

i=1

αi yi (xT
i x) + b. (19)

Fig. 7. (a) Passivation and etch step spectra for silicon etch process; the
plasma emission spectra of both steps are dramatically different. (b) Magnified
image (SiF group) of (a); selected SiFx species in etch step during silicon
etching.

In real-world applications, classification problems are
usually linearly inseparable. When classes are not linearly
separable, the training samples are transformed into a high-
dimensional space where linear class separation is possible.
The data transformation is accomplished via a function φ(•),
which takes the data from the input space to a feature space
where classes are linearly separable. To get a classifier with
good performance, we often solve the dual optimization prob-
lems for nonlinear soft margin algorithms and adjust the para-
meters using a cross-validation strategy. By introducing slack
variables to relax the hard margin constraints, an optimization
problem for a soft margin was proposed in [18] and [19]. Then,
the problem given by (11) and (12) becomes

min
1

2
‖w‖2 + C

N∑

i=1

ζi

subjected to ζi ≥ 0, yi (wT ϕ(xi ) + b) ≥ 1 − ζi

∀i = 1, 2, . . . , N (20)

where the constant C ∈ [0, ∞) is known as a penalty parame-
ter and creates a tradeoff between the number of misclassified
samples in the training set and a separation of the rest samples
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Fig. 8. Filtered intensity of SiF2 401.6 nm using the SG filter.

with maximum margin. The function φ is a feature map
associated with kernel function K (xi ,x j ) = φ(xi)φ(x j ) and
slack variable ζi is introduced to allow some of the training
patterns to be misclassified or to lie inside the classifier margin.
Given the kernel function, the dual optimization problem of
(20) is simplified as

max
N∑

i=1

αi− 1

2

N∑

i, j=1

αiα j yi y j K (xi , x j )

w =
N∑

i=1

yiαiφ(xi )

N∑

i=1

αi yi = 0 , 0 ≤ αi ≤ C,

∀i = 1, 2, . . . , N. (21)

Equation (21) shows that the optimal hyperplane, in feature
space, can be written as the linear combination of training
samples with αi �= 0. These informative samples, known as
SVs construct the decision function of the classifier based on
the kernel function [24]

f (x) = sgn

(
N∑

i=1

αi yi K (xi , x j ) + b

)
. (22)

III. EXPERIMENTAL SETUP

TSV etching was performed in an STS inductively coupled
plasma-reactive (ICP) ion etch system using the Bosch process
with an OES system installed on top of process chamber, as
shown in Fig. 4. The OES system used in this experiment is
a Korea Spectral Products SM440 optical sensor. The optical
fiber is fixed on the topside quartz window view port of the
chamber during the etching process to collect plasma glow
discharge directly through a 300-μm diameter fiber with the
detection range 200–050 nm.

To fabricate the TSV sample wafer, a silicon dioxide layer
was first deposited on one surface of an approximately 300 μm
thick and 4-in silicon wafer, followed by photolithography to
form a photoresist etch mask for silicon etching on the other
side of the wafer. The Bosch process conditions were kept
constant at the base values, listed in Table I, with varying
process cycles depending on TSVs feature size. The equipment

Fig. 9. Mean integrated values of SiFx intensity during etch cycles.

Fig. 10. Generated endpoint signal in 120-μm diameter TSVs from the first
run of back-to-back etching using a PLS.

included two independent 13.56 MHz RF power sources: one
for the coil around the etching chamber to create the plasma,
and the other connected to the wafer electrode to control the
RF bias potential of the wafer with respect to the plasma. Back
side helium pressurization was used to provide sufficient heat
transfer between the wafer and the electrode to maintain a
constant wafer temperature.

Three different sizes of TSV diameters (120, 80, and 25 μm)
were used to verify the accuracy of the proposed hybrid
PLS-SVM model to detect endpoint with varying open areas
and aspect ratios, as shown in Fig. 5. To avoid wafer-to-wafer
thickness variation in the samples for model establishment and
verification, TSV etching was performed on one half of the
wafer first while keeping the rest of the wafer was covered.
Once the etching of the first half was completed, the second
half was etched guided by the EPD prediction to verify the
accuracy of the suggested hybrid PLS-SVM model.

IV. PLS-SVM EPD MODEL

The proposed hybrid PLS-SVM model consists of six steps,
as shown in Fig. 6.

Step 1 (Data Acquisition Using OES): The OES sensor
detects plasma emission through a small quartz window
located on the top of the process chamber wall via a fiber-
optic cable. The OES sensor points to the center of the
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TABLE II

SELECTED EQUIPMENT VARIABLES FOR FAULT DETECTION AND CLASSIFICATION RESULTS OF SVM SIMULATION

WITH DIFFERENT PENALTY PARAMETERS AND KERNEL PARAMETER d = 2

Fig. 11. Endpoint prediction by applying PLS-SVM. Endpoint was detection
at 222 s cycle.

wafer. To acquire the OES signal during processing, the signal
integration time is very important. The detector in the OES
sensor captures light for a defined length of time (called the
integration time). A longer the integration time results in a
higher the intensity of the captured plasma signal. However,
in TSV fabrication, if the integration time is set longer than the
duration of the etch step, the OES signal will unintentionally
capture information from the passivation step, thereby making
the endpoint more difficult to determine. The integration time
in this paper was fixed at 100 ms. To verify the endpoint, the
first half of wafer was over etched to completely remove the
silicon. The first half of a 120-μm diameter TSV was etched
for 350 cycles, and then the acquired OES data were analyzed
after TSV etching to predict the endpoint for the second half
of the sample.

Step 2 (Selection of SiFx Wavelengths): In the Bosch
process, the gas used for silicon etching is SF6, while C4F8 is
the main gas used in the passivation step. Fig. 7(a) shows the
OES data from both steps. In the plasma, SF6 dissociates into
atomic fluorine and heavy SF+

5 ions [25], as shown in (23).
The resulting plasma leads to silicon etching as shown in
chemical reaction (24)

SF6 + e− → SF+
5 + F + 2e− (23)

Si (solid) + nF(gas) → SiFx(gas). (24)

Most of the EPD methods using OES focus on identifying
a single wavelength that corresponds to a chemical species

that shows a pronounced transition at the end point [26]–[28].
However, this single wavelength method is limited in detecting
an endpoint when the open area becomes small or the signal
is too weak in its magnitude.

The most significant byproducts of silicon etching using an
SF6 plasma are SiFx radicals, as shown in the Fig. 7(b), where
seven SiFx peaks have been obtained from [29] and [30].
In this paper, these major SiFx peaks were employed to extract
an endpoint signal.

Steps 3 and 4 (Noise Removal Using Savitzky–Golay (SG)
Filter and Representative Valve Generation): To extract a
meaningful endpoint signal during the Bosch process, the
spectra of SiFx signals were filtered using a SG filter [31]
to eliminate noise from the SiFx related peaks, as shown
in Fig. 8. In this method, a smoothing window width is
selected and the point located at the center of the window
is replaced with the estimated value obtained by the poly-
nomial curve fitting. The general equation of the simplified
least squares convolution for the acquired OES data are as
follows:

Y∗
j =

m R∑

i=−mL

Ci Y j+i (25)

where Y ∗
j is the replacing value, Y j is the respective resultant

OES data, Ci is the coefficient for the i th observation of OES
data, and the index j is the running index of the original
ordinate data table. The parameter mL is number of data points
to the left of j , and m R is the number of data point to the
right of j .

Note that for a coefficient Ci = 1/(mL + m R + 1),
(25) becomes a filter where the center point is the average
of the data in the window surrounding the point. The novelty
introduced by Savitzky and Golay lies in the approximation
of the underlying function by a polynomial of higher order
instead of the coefficient Ci . Therefore, for each data point
value Y j , mL ≤ j ≤ m R , we fit a polynomial to all
mL + m R + 1 points and set Y ∗

j to the value of that
polynomial at position j When the SG filter is applied to
SiFx wavelengths, there are two parameters that must be
determined. The first parameter is the size of the smoothing
window (mL = m R). Usually, a larger value of a smoothing
window produces a smoother result at the expense of flatten-
ing sharp peaks. The second parameter is a coefficient Ci .
In this paper, we set SG filter with a smoothing window
size 31 and a polynomial degree 4. After the seven selected
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Fig. 12. (a) Bottom view and (b) cross-sectional view of 120-μm diameter
TSVs after etching the first half of a wafer for 350 cycles. (c) Bottom view and
(d) cross-sectional view of 120-μm diameter TSVs after etching the second
half of a wafer for 222 cycles as predicted endpoint.

SiFx wavelengths were smoothed, the intensities of SiFx

were integrated over the etch cycles to generate the mean
representative intensity values, as shown in Fig. 9.

The variation of SiFx signals over the entire process cycles
is straightforward In particular the accuracy of EPD can be
improved using only SiFx signals of the etch step, excluding
passivation step.

Step 5 (PLS Modeling for Generating Endpoint Signal):
The aforementioned PLS model was used to reduce the
dimensionality the of SiFx peaks without information loss
as well as improve the transition region between the main
etch and over etch to predict the endpoint through the SVM
model. The X in (1) is comprised of the representative value
from seven SiFx peaks. The Y in (2) is constructed by the
one of SiFx peaks. Through the PLS decomposition, the
loading vectors P, Q, and coefficient matrix B are drawn
from X and Y, respectively. Therefore, the endpoint signal
can be generated using (4). Fig. 10 shows the endpoint
signal after etching the first half of the wafer contain-
ing 120 μm diameter TSVs. As shown, the first half was
etched for 350 cycles, and the result of PLS clearly draw
a distinction between the main and over etch at the transition
region.

Step 6 (SVM Modeling for Detecting Endpoint): The last
step of the proposed EPD method is to apply the SVM as
the classification method discussed in Section IIB. To train
an SVM classifier, the data points in the PLS score transition
region resulting from the first half wafer etch were applied as
inputs to the SVM. Using the data from the transition region
instead of the entire data, the computation time and complexity
of the SVM can be reduced as a result of the small training
sample set size.

Fig. 13. (a) Generated endpoint signal in 80-μm diameter TSVs from the
first run of back-to-back etching using a PLS. (b) Endpoint detection at three
hundred and ninetieth cycle.

At this stage, the SVM still has a few tunable para-
meters that need to be determined. SVM training includes
the selection of the proper kernel function parameters and
the penalty parameter C shown in (20). The selection of
the kernel function parameters is very important because
it implicitly defines the structure of the highdimensional
feature space where the maximal margin hyperplane is
found. For this EPD application, the following polynomial
kernel [32] is chosen because it is a popular method for
nonlinear modeling and it is simple to tune:

K (xi , x j ) = (xi · x j + 1)d (26)

where d is a parameter that controls the width of the poly-
nomial function. The choice of the kernel parameters is a
practical problem for training an SVM because the classifi-
cation result with a specific parameter is not known until after
simulation. Through several simulations, we chose d = 2 as
the optimal kernel parameter empirically.

In addition, the penalty parameter C controls the complexity
of the learning machine to a certain extent and influences the
training speed [33]. Since successful theoretical methods are
not available for parameter selection, the parameter C has been
trained with various values, and the results of training are



1258 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 4, NO. 7, JULY 2014

TABLE III

RESULTS OF THE TSVs BACK-TO-BACK ETCHING WITH 120, 80, AND 25 μm

Fig. 14. (a) Generated endpoint signal in 25-μm diameter TSVs from the
first run of back-to-back etching using a PLS. (b) Detected endpoint at six
hundred and forty sixth cycle.

shown in Table II. As shown in Table II, the optimal penalty
parameter C depends on the diameter of the TSV. Therefore,
the SVM model used C = 1 for the 120 μm diameter, C = 20
for the 80 μm diameter, and C = 5 for 25 μm diameter TSVs.

As shown in Fig. 11, using the hybrid PLS-SVM model, an
accurate endpoint (at 222 s cycle) computed from the transition

Fig. 15. (a) Bottom view and (b) cross-sectional view of 80-μm diameter
TSVs after etching the first half of a wafer for 480 cycles. (c) Bottom view
and (d) cross-sectional view of 80-μm diameter TSVs after etching the second
half of a wafer for 390 cycles as predicted endpoint.

region data of the first half wafer etch. The computed endpoint
was applied during the etching of the second half of the wafer.
Note that no matter which wafer half is etched, the other
half was always covered. Accurate EPD was obtained for the
etched 120 μm diameter TSVs using this method. Fig. 12
shows the top-view and cross-sectional images of the etched
TSVs in both halves of the wafer. The images of etched TSVs
in the second half of the wafer clearly illustrate accurate end
point prediction.

V. VERIFICATION OF THE PROPOSED EPD MODEL

To verify the robustness of the hybrid PLS-SVM EPD
algorithm, we conducted back-to-back etching of wafers
containing 80 and 25 μm diameter TSVs. The endpoint
obtained from the first half of the wafer was applied to
accurately predict the endpoint of the second half of the
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Fig. 16. (a) Bottom view and (b) cross-sectional view of 25-μm diameter
TSVs after etching the first half of a wafer for 680 cycles. (c) Bottom view
and (d) cross-sectional view of 25-μm diameter TSVs after etching the second
half of a wafer for 646 cycles as predicted endpoint.

wafer as described previously. The first half of the wafer with
80 μm was etched for 480 cycles. PLS was applied to the
representative value of SiFx group, and the results of PLS
are shown in Fig. 13(a), where the transition region between
350 and 420 cycles has been predicted. Based on PLS, the
endpoint was predicted at the three hundred and ninetieth cycle
using the SVM, as shown in Fig. 13(b). Using the predicted
endpoint of the first half of the wafer, the second half was
etched for the 390 cycles To verify these results, SEM analysis
was conducted, and the results are presented in Fig. 15. The
results confirm the accuracy of EDP. The back-to-back etching
of wafer containing 25 μm diameter TSVs was also conducted
in the same way as the wafer with 80 μm diameter TSVs, and
the results confirming accuracy are shown in Figs. 14 and 16.
Table III shows the average via diameters after the etching
of each half of the wafer with 120, 80 and 25 μm diameter,
respectively.

VI. CONCLUSION

EPD is an important method to control critical dimensions
in TSV etching. However, EPD is difficult for features like
TSVs that have low open area and high aspect ratio. To address
these challenges, a hybrid PLS-SVM model using OES has
been proposed for EPD, and the suggested method has been
successfully demonstrated for Bosch process etching of 120,
80 and 25 μm diameter TSVs. A minor difference (2.6 μm
in 120 μm TSVs, 1.61 μm in 80 μm TSVs, and 0.74 μm in
25 μm TSVs) between the top and bottom diameters of the
TSVs was observed after etching, but overall the PLS-SVM
based endpoint predictive model demonstrates good accuracy
in TSV fabrication.

The proposed EPD methodology is not fixed for a particular
TSV geometry or diameter, and it is expected that it can

be adapted for smaller diameter TSVs. The EPD method
with OES is also suitable for the recently suggested vertical
NAND flash memory process, which employs multiple pairs of
oxide/nitride layer deposition [34]. We are currently investi-
gating plasma processing monitoring of the multiple pairs of
oxide/nitride layer deposition process and monitoring it’s etch
process using OES.
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