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Analysis and Modeling of the Optical Endpoint Signal for Precision Etching
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Endpoint detection is an essential methodology for process control in dry etching for modern
semiconductor manufacturing technology. In this paper, an analysis has been performed on the
factors, such as the local etch rate, the local film thickness differences, and the open area and the
global uniformities of the etch rate and film thickness, affecting the change in the optical emission
endpoint signals on a patterned device wafer. Also, a model of the endpoint signal evolution, which
includes an effective open ratio, the ratio of the relative open area after considering the local
difference in the etch rate and the film thickness to the total open area at the very beginning
of the etch process, has been established. Compared to the conventional open ratio, which is the
ratio derived from the reticle used for lithography, the effective open ratio is better in explaining
and predicting the endpoint signal change. The effective open ratio can be used to design dummy
patterns that are used to improve endpoint detection in critical dry etch processes such as gate cuts
in logic gate formation, etc.
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I. INTRODUCTION

As the design rule for semiconductor devices shrinks
to nanometer scale, complicated schematics for device
fabrication, which require not only the development of
high-performance process and equipment but the precise
process control, have been introduced. The ‘cut process’
is one of example of a scheme requiring precise process
control [1]. To fabricate smaller-area static, random ac-
cess memory (SRAMs), narrow short-length gate lines
are formed by cutting the narrow, long lines with small,
open-area, bar-contact-type patterns. If precise control
of the recess amount of conducting material beneath the
mask dielectric is not possible in the cut etching of the
mask dielectric, process excursions such as gate-oxide
(GOX) pits occur gate conducting material is etched. In
this respect, endpoint detection (EPD) for precise pro-
cess control becomes more critical in modern semicon-
ductor device fabrication.

Many research efforts were performed using various
kinds of methodology such as electric signal monitoring,
mass spectroscopy, optical interferometry, optical emis-
sion spectroscopy (OES) etc. [7-27]. The endpoint detec-
tion concept has also been utilized in the microelectronic
fabrication other than dry etching, such as in-situ cham-
ber cleaning of plasma-enhanced chemical vapor deposi-
tion (PECVD) equipment [2], a-Si:H removal by using
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H2 plasma [3] etc. Interference signals obtained with-
out an external light source were reported to be useful
for endpoint detection for ion-beam etching [4]. Also, re-
search using mass spectrometry was performed for the
endpoint uniformity sensing and analysis [5].

In the case of conventional endpoint detection on a
patterned wafer by using optical emission during the
plasma etching, from the early stage of dry etch utiliza-
tion in the semiconductor fabrication, endpoint detection
for a small, open-area pattern has been studied [6] even
though various factors affecting the endpoint signal were
not examined thoroughly. In addition, many studies have
been conducted to obtain endpoint signals with a high
signal-to-noise ratio or to establish new techniques, re-
sulting in endpoint signals different from traditional op-
tical emission signals, especially for the small, open-area
pattern. However, there are very few papers in which the
factors determining the signal change, hence the possi-
bility of the process endpoint detection itself, are inves-
tigated in detail for various processing situations. In this
paper, analysis and modeling are suggested for the fac-
tors that determine the endpoint signal intensity change
in optical emission spectroscopy, especially during the
etching of patterned wafers.
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Fig. 1. Emissions from by-products molecules are collected
by the focusing lens and enter an optical fiber through which
they are delivered to the endpoint detection system.

II. MODELING AND ANALYSIS OF
ENDPOINT SIGNAL

An endpoint signal is obtained by monitoring the emis-
sion intensity of by-products or etchant species. In every
case, the emission intensity is proportional to the con-
centration of the corresponding species.

1. Model for the Number of By-product
Molecules

Figure 1 shows the volume from which the emissions
of by-products molecules are collected into the endpoint
detection system via a lens and an optical fiber. The
number of by-products molecules in the signal collection
volume is determined by the balance between the genera-
tion on the wafer surface via etch reactions of the etchant
and the material to be removed, and the loss by pumping
out. The change in the number of by-products molecule
number can be described as follows:

dN

dt
= RAnδ − N

τ
, (1)

where N is the total number of by-products molecules,
R is the etch rate, A is the total open area on the wafer
surface where the material is being etched out, n is the
number density of the material being etched, δ is the
yield of by-products molecules per single etched material
atom removal, and τ is the characteristic pumping time
or residence time of the by-product molecules. Recent
etch processes require highly anisotropic profiles, which
implies no significant enlargement of the total open area
and thus no significant contribution due to the genera-
tion of by-products from the surfaces of the sidewalls.

At steady state, i.e., when the material being etched
is exposed everywhere on the open area, dN

dt = 0 can
be assumed. Figure 2 presents the etching amount at
various etch times. The assumption of dN

dt = 0 can be
used for the etch time when the etching layer is exposed
everywhere such as in Fig. 2(a). In Fig. 2(b), at the etch

Fig. 2. Etch amount according to etch time: (a) before
exposure of under-layer, (b) beginning of exposure of under-
layer and (c) full exposure of under-layer.

Fig. 3. Typical endpoint signal for Gate mask etching:
A is RF power turn on, B and C and the 1st and the 2nd

intensity decreases, respectively, and D is the RF power turn
off.

time when the under-layer is exposed for fast-etch-rate
patterns or for fast-etch-rate area, the number of by-
products molecules will be different from that in Fig.
2(a), but the assumption of dN

dt = 0 still can be used
with a decreased open area A. In Fig. 2(c), at the time
when the under-layer is exposed everywhere, there will
be no generation of by-products molecules, so the num-
ber of by-products molecules will decrease monotonically.
Thus, for the etch times of Fig. 2(a) and 2(b), the total
number of by-products molecules can be given as follows
from the assumption of dN

dt = 0:

N = RAnδτ, (2)

Thus, the number of by-products molecules at steady
state increases with increasing rate and open area, and
the emission intensity, which has a linear dependency on
the number of molecules increases with increasing etch
rate and open area. This is a well-known characteristic
of the optical endpoint signal.

2. Basic Analysis of Endpoint Signal

In Fig. 3, a typical endpoint signal obtained during
the etching of a gate mask pattern wafer is shown. The
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Fig. 4. (Color online) Endpoint signal changes at (a) pad
pattern wafers and (b) gate poly-pattern wafers.

overall change in the endpoint signal intensity strongly
depends on the pattern formed on the wafer. In the case
of a gate pattern that has a large open area, the difference
in the signal intensities before and after the endpoint
becomes as high as several tens of percent. Conversely,
in the case of a pad pattern that has a small open area,
the difference in the signal intensities is as low as a few
percent. These are displayed in Fig. 4.

At time A, the radio-frequency (RF) power is turned
on, and a plasma is generated. The instantaneous forma-
tion of by-product molecules over the entire open surface
results in a rapid increase in the corresponding emission
intensity. For the time region A-B, the etch reaction and
thus by-product formation occurs over the entire open
surface on the wafer being etched. This time region A-B
is the steady state during which the open area and the
etch rate do not change: therefore, the generation of by-
products molecules does not change, and the emission
intensity is also constant.

At time B, even though the process conditions such
as the RF power, pressure, gas flow rates, etc. are not
changed, the emission intensity of by-product molecules
decreases. This decrease comes from the decrease in the
total area for by-product molecule generation because, at
a certain position on the wafer, the material being etched
is removed and the underlying layer material starts to be
exposed. As the open area where the underlying layer is

Fig. 5. EPD intensity signal according to global unifor-
mity: (a) material thickness, (b) etch rate, and (c) etch time
as functions of wafer position of the wafer being etched. (d)
shows the temporal change of the optical emission intensity
of the by-product molecule.

exposed becomes larger, the area of the material current
by being etched gets smaller, which results in a grad-
ual decrease in the emission intensity of the by-product
molecules. This can be clearly seen in Fig. 5.

The global uniformity or the distribution of the film
thickness and the etch rate can be given Figs. 5(a) and
(b), respectively. The etch rate is well known to be lin-
early proportional to the product of the plasma density,
the bias voltage and the etchant radical flux density. The
plasma density has a uniform distribution on the wafer
surface, but, the neutral etchant flux has a distribution
where uniformity is worse than that of the plasma den-
sity, so a conventional dry etcher has an etch-rate unifor-
mity of a few percent, which can be represented as the
distribution shown at Fig. 5(b).

If the distribution functions of the thickness and the
etch rate at wafer position r are denoted as Θ(r) and
R(r), respectively, the removal time of the material
being etched at r, T (r), can be calculated simply as
T (r) = Θ(r)/R(r), which is displayed in Fig. 5(c). The
by-product molecule generation at a wafer position r will
continue as long as material to be etched exist, i.e., as
long as the process time does not exceed the removal time
of the material, that is, for t < T (r). A step-function-
like contribution function can be introduced as S(r, t) to
account for the emission intensity at a wafer position:

S(r, t) =
{

1, t < T (r)
0, t ≥ T (r).

}
(3)

The temporal change in the emission intensity of the by-
product molecules can be derived from the accumulation
of the contribution from the entire wafer as follows:

I(t) =
∫

Ω

i(r)S(r, t)dr, (4)
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Fig. 6. Open size difference at different positions on a chip:
(a) patterned wafer and the collection volume of the emission
for the EPD system (dotted box), and (b) a simplified struc-
ture of the pattern in a photo shot composed of dense pattern
blocks (c) and (d) a sparse pattern.

where Ω is the volume for the intensity accumulation
and i(r) is the emission at the wafer position r, where
i(r) = kne(r)N(r) is determined from the electron den-
sity ne(r) and the by-product molecule density N(r).
With the given profiles of the film thickness and the etch
rate, Θ(r) and R(r), and thus the removal time, T (r),
the temporal change in the emission intensity of the by-
product molecules is shown in Fig. 5(d).

In the usual case of commercially-acceptable unifor-
mity of the film thickness and the etch rate, the emis-
sion intensity change shows a rapid decrease at the pro-
cess time when almost all the material to be etched has
been removed. After all the material to be etched has
been removed, the emission intensity of the by-product
molecules goes to zero after the characteristic residence
time. However, as can be seen in Fig. 4, the 2nd flat in-
tensity region exists after the intensity decrease following
the 1st steady-state intensity. This 2nd flat intensity re-
gion is caused by local differences in the etch rate and
the film thickness.

3. Analysis of Endpoint Signal by Using the
Differences in Local etch rates and Film Thicknesses

In Fig. 6(a), a patterned wafer is drawn schematically.
Exactly the same pattern from the reticle is repeated over
the entire wafer by using photo-lithography. The collec-
tion volume of the emission for the EPD system is drawn
as a dashed box. In Fig. 6(b), a simplified structure of the
pattern in a shot is displayed. It is composed of dense-
pattern blocks and separating regions where sparse pat-
terns exist, as shown in Figs. 6(c) and (d), respectively.

The etch rate in a sparse pattern is well known to
be higher than that in a dense pattern in the gate etch
process. Thus, the endpoint signal emitted from the by-
product molecules is affected not only by the global uni-
formity but also by this local etch rate difference. From

Fig. 7. For sparse and dense patterns, (a) etch rates, (b)
etch or removal time, and (c) respective emission intensity
changes.

the local differences in the etch rates caused by the pat-
tern density, the open area in the wafer can be considered
to be shrunk. That is, even at the time when the mate-
rial being etched is entirely removed at the sparse pat-
terns, some of the material being etched still remains at
the dense patterns, so the change in the endpoint signal
comes only from the removal of the material being etched
at the sparse patterns. In Fig. 4, the intensity of the op-
tical emission coming from the dense pattern with the
lower etch rate corresponds to the 2nd flat value in the
region B-C. The endpoint signal intensity, Is2, is deter-
mined by using the open area of the dense patterns while
the 2nd flat signal time, tBC , is related to the etch time
of the material remaining at the dense patterns. Thus,
if the ratio of the sparse patterns to the whole open area
is known, the intensity change, ∆I, can be estimated.

The profiles of etch rates across the wafer can be as-
sumed to be those in Fig. 7(a), where a higher etch rate
at each position corresponds to a sparse pattern and a
lower etch rate to a dense one. By assuming that the
film thickness is uniform globally, the etch-time profiles
for the respective patterns show an offset in Fig. 7(b).
In the case of two different pattern densities and thus
etch rates, the overall emission intensity accumulated in
the endpoint system can be derived as the sum of the
contributions from the two patterns:

I(t) =
∫

Ω

[iS(r)SS(r, t) + iD(r)SD(r, t)] dr. (5)

In the endpoint signal simulated for the case of local etch-
rate difference, two flat regions are observed as shown
in Fig. 7(c). The 1st flat intensity value corresponds to
the entire open area while the 2nd flat intensity comes
from the low-etch-rate pattern. Thus, if the area ratios
for the different etch rate patterns are known, estimat-
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Fig. 8. Various cases of local thickness or depth differ-
ences of the material to be etched: (a) as-deposited thickness
difference due to the underlying pattern density, (b) film de-
position followed by chemical mechanical polishing (CMP)
process and simultaneous contact formation on gate and ac-
tive regions, which results in an etch depth difference among
the contact holes, (c) etch time differences to the endpoint
due to the differences in the local thicknesses or depths, and
(d) resultant endpoint signal.

ing the endpoint signal intensity change at the moment
when the material at high-etch-rate pattern is entirely
removed all while the etch reaction and by-product gen-
eration continues at the low-etch-rate pattern is possible.
Conversely, the area ratio of the low-etch-rate pattern to
the entire open area can be estimated from the endpoint
signal change. The etch time for the first drop of the
endpoint signal is determined by the etch rate of the
sparse pattern while the etch time for the second drop is
determined by the low dense pattern etch rate. Hence,
from the two respective etch times, the ratio of the etch
rates at two different density patterns can be estimated.
For example, if the etch rate at the dense pattern is 70%
that at the sparse pattern and the ratio of the dense pat-
tern to the whole open area is 75%, then the resulting
endpoint signal intensity decreases about 25%, and the
time of 2nd intensity region is about 43% of the time of
the 1st intensity region.

The analysis of the endpoint signal in the case of lo-
cal thickness differences can be performed in a similar
way. Local thickness differences occur during dielectric
film deposition with a varying underlying pattern den-
sity. Also, there is a contact-etching process in which the
contact depth varies with the location where the contact
hole is formed. These cases are shown in Figs. 8(a) and
(b), respectively. The etch time to the endpoint will be
higher for a thicker local thickness as shown in Fig. 8(c):
therefore, the resulting endpoint signal resembles that of
the local etch-rate-difference case, as shown in Fig. 8(d).

From analyses of the optical emission endpoint signals
in the cases of local-etch-rate and thickness differences,
as well as global uniformity considerations, we can sug-
gest that the literal open area is not enough to explain
or predict a realistic endpoint signal. Hence, an effec-
tive open ratio, which can be defined as the ratio of the

area with a different etch rate or thickness to the entire
open area at the very beginning of the etch process, is
suggested.

4. Effective Open Ratio

The possibility of endpoint detection at the interface of
two layers is mainly determined by the amount of signal
change at that point. Although the signal intensity itself
is a function of the total open area during the etching of
the first layer, the change in the signal intensity strongly
depends on the change in the area where the material
being etched remains. If various types of patterns with
different etch rates are considered, the continuity equa-
tion of the by-product molecules would be modified as
follows:

dN

dt
= nδ

∑
i

RiAi − N

τ
, (6)

where Ri is the etch rate at the pattern with open area
Ai. If we introduce the open ratio γi ≡ Ai/A, the equa-
tion can be rewritten as follows:

dN

dt
= Anδ

∑
i

Riγi − N

τ
. (7)

For a two-pattern case composed of a sparse pattern and
a dense pattern, therefore, in the gate-pattern etching
composed of fast and slow etch rates, the effective open
ratio, which is the open ratio of the fast etch rate, i.e.,
the sparse pattern density, to the whole open area, will be
a good index for the change in the number of molecules
or the endpoint signal intensity:

dN

dt
= Anδ [RSγ + RD(1 − γ)] − N

τ
, (8)

N =
{

Anδ [Rsγ + RD(1 − γ)] , t < T
AnδRD(1 − γ), t ≥ T

, (9)

where T denotes the time when all the sparse pattern
or the high-etch-rate pattern is etched out. From this,
the endpoint signal change, which is proportional to the
change in the number of by-products molecule, shows a
linear dependence on the effective open ratio:

∆I ∝ ∆N = N(t < T ) − N(t ≥ T ) = AnδγRS . (10)

III. CONCLUSION

In nanometer-scale semiconductor device fabrication,
endpoint detection in the dry etching process is very
critical. Thus, dummy patterns to enlarge the endpoint
signal change are often inserted in the layout drawing.
However, without careful considerations of the local etch
rates or depth differences, it may not result in the wanted
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endpoint signal improvement. In this paper, a model-
ing and analysis for the optical endpoint signal are sug-
gested, and the effective open ratio, the area ratio of
the short-removal-time pattern to the whole pattern, is
proposed as a promising index for the endpoint signal
change.
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