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is one of the widely adopted multivariate analysis techniques and its application to end-point 
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I. Introduction

Plasma processes were introduced into the film 

deposition and etching processes of micro- and 

nano-scale integrated circuits since mid-1980s. 

Plasma processes have been widely used in semi-

conductor device and display panel manufacturing 

including etch, chemical vapor deposition, and 

surface treatment processes [1-3]. As the degree of 

integration is increased and the minimum pattern 

size is reduced, it is getting more challenging to 

detect abnormal signals in plasma processing. 

Therefore, the demand for the sensitive plasma 

monitoring is increasing [4]. 

Plasma is a complex phase that requires under-

standing in physical and chemical aspects. The plasma 

properties are influenced not only by the process 

conditions but also by reactor configurations [5]. 

Plasma monitoring tools that provide physical 

information of plasmas include electrostatic probe, 

Langmuir probe, double floating probe, VI probe, 

ellipsometry, gas-phase electron paramagnetic re-

sonance and so on. Physical diagnostic techniques 

enable process engineers to determine the properties 

of charged species such as electron density, electron 

energy, ion flux, plasma potential, floating potential, 

and so on. The chemical diagnostic techniques are 

also required to understand chemical composition of 

plasmas. Recently the chemical composition of the 

gas mixture is getting more complicated and chemical 

monitoring becomes critical. The chemical monitoring 

techniques include optical emission spectroscopy 

(OES), self-plasma optical emission spectroscopy 

(SPOES), laser induced fluorescence, coherent anti- 
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Figure 1. An optical emission spectrum of the H2/Ar/ 
CH4 plasma with related major peak [16].

Stokes Raman spectroscopy, and quadrupole mass 

spectroscopy (QMS) [6-11]. 

Some of the plasma diagnostic techniques are 

invasive and perturb the state of plasma. For 

example, it is known that electrostatic probe, 

Langmuir probe, and double floating probe cause 

relatively large perturbation. Though it is impossible 

to apply the invasive methods to mass production, the 

invasive methods can provide the direct information 

on ion flux, electron density, temperature and other 

properties in early stage of the development [9-13]. 

Non-invasive techniques are limited in getting direct 

information of plasmas, but they are preferred in 

manufacturing because they do not perturb plasmas. 

These techniques include optical emission spectroscopy 

(OES), optical absorption spectroscopy, self-plasma 

optical emission spectroscopy (SPOES), laser induced 

fluorescence, ellipsometry, coherent anti-Stokes Raman 

spectroscopy, quadrupole mass spectroscopy (QMS), 

VI probe, ellipsometry, and gas-phase electron para-

magnetic resonance [4,6].

To enhance the sensitivity of plasma monitoring 

signals, multivariate analysis techniques are intro-

duced. The multivariate analysis techniques, known 

as data mining or big data analysis, can be classified 

into a few groups: prediction, classification, cluste-

ring, etc. Prediction is for estimating the output of 

the newly inputted records from the training data set, 

and it includes regression analysis, principal 

component analysis (PCA), and partially least square 

regression. Classification is defined as classifying the 

new data object according to the pre-determined 

categories based on the training data set and the 

classification category includes K-nearest neighbors, 

naive bayes, discriminant analysis, logistic regression, 

classification & regression trees, etc. Clustering is 

defined as grouping objects according to similarity, 

and it is composed of hierarchical clustering and 

nonhierarchical clustering and this category includes 

K-means, K-medoids, fuzzy K-means, and density 

based method. Among these various methods, PCA 

one of the popular approaches in plasma monitoring 

[14].

In this article, optical emission spectroscopy is 

reviewed as a representative non-invasive chemical 

analysis technique and RF V-I probe analysis as a 

physical analysis techniques. Principal component 

analysis is discussed and its applications to sensi-

tivity enhancement of end-point detection of plasma 

etching were reviewed. 

II. Optical Emission Spectroscopy (OES)

1. The principles of optical emission spectroscopy 

Optical emission spectroscopy (OES) is a non- 

invasive diagnostic method that can provide chemical 

information on plasmas. It is widely adopted for the 

various plasma monitoring in mass production 

because OES setup is relatively simple and does not 

cause any perturbation with low cost [2,4,15]. Optical 

emission spectra reflect the electron relaxation of 

energy levels of specific atoms and molecules. The 

emission and absorption of molecules are related to 

the quantized vibration and rotation of molecules and 
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Table 1. The optical wavelengths related to atoms, 
molecules and ions widely monitored for 
plasma etching endpoint detection [21].

Monitored 

species
Wavelength (nm)

Al 308.2, 309.3, 396.1

AlCl 261.4

As 235.0

C2 516.5

CF2 251.9

Cl 741.4

CN 289.8, 304.2, 387.0

CO 292.5, 302.8, 313.8, 325.3, 482.5, 483.5, 519.8

F 703.7, 712.8

Ga 417.2

H 486.1, 656.5

In 325.6

N 674.0

N2 315.9, 337.1

NO 247.9, 288.5, 289.3, 303.5, 304.3, 319.8, 

320.7, 337.7, 338.6

O 777.2, 844.7

OH 281.1, 306.4, 308.9

S 469.5

Si 288.2

SiCl 287.1

SiF 440.1, 777.0

Figure 2. The integrated intensity from 290 nm to 323
nm related to a poly-Si etching process by 
SiF4 plasma with begin-point and endpoint 
indicated [20].

the quantized energy levels of electronic states, 

momentum, and spin direction are defined with 

principal quantum number (n), azimuthal quantum 

number (ℓ), magnetic quantum number (mℓ), and spin 

quantum number (ms). Specific wavelengths of light 

emitted or absorbed in the plasma state provide 

information on the existence and amount of specific 

radicals and ions. Fig. 1 shows an example of an 

optical emission spectrum captured from H2/Ar/CH4 

plasma [16]. Typical OES monitoring systems are 

comprised of the lens and optical fibers for con-

densing light, monochrometers, and photo-multipliers 

[6,17]. Typically, optical spectra are collected in the 

range of 200∼1000 nm. Table 1 shows the optical 

wavelengths related to atoms, molecules and ions 

widely monitored for plasma etching endpoint detec-

tion [18].

2. Endpoint detection in plasma etching processes

The intensity of optical emission spectra from 

plasma reflects the density of radicals or ions 

qualitatively. For example, the fluorocarbon plasmas 

applied for SiO2 film etching show the rather 

noticeable change of signal intensities of by-products 

such as CO and SiF and they are decreased signi-

ficantly when the etching process ends. Thus, the 

endpoint detection of plasma etching processes can be 

achieved by monitoring the signal intensities of those 

by-products [19]. Fig. 2 shows the trend of integrated 

optical intensity related to SiF4 on poly-Si etching 

process in SF6 plasma. The progress of the poly-Si 

can be monitored with the signals from the reaction 

products [20]. 

The endpoint detection of the etching processes can 

be also achieved by monitoring reactants. The reactant 

molecules are consumed by etching reaction, and the 

optical signal intensities of those reactants drop 

significantly. Fig. 3 shows the example of tracing 

reactants gases in Al etching with BCl3. The AlCl 
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Figure 3. Comparison of TiN/Al layers etching EPD 
with 261.8 nm and 272.2 nm related to AlCl 
(By-product) and BCl (reaction gas) [21].

Figure 4. Actinometry for estimating F density: (a) The
intensity of F and Ar line versus RF power, 
(b) The relative density of F based on the ac-
tinometry calculated by eq. 1 [22].

(261.8 nm) is a by-product, and the BCl signal (272.2 

nm) reflects the reactant gas. During the etching 

process, the intensity of 272.2 nm wavelength gets 

reduced after etching endpoint [21]. 

3. Actinometry for estimating plasma density

The intensity of measured emission spectra reflects 

the density of specific elements. However, the inten-

sities of emission peaks do not reflect the element 

densities quantitatively because the emission peak 

intensities are also dependent on electron density. In 

general, the electron impact induces the excitation of 

the elements resulting in the light emission from the 

relaxation of the excited elements. A process called 

actinometry is a way to estimate radical density by 

removing the effect of electron density. In this 

technique, a small amount of an inert gas such as Ar, 

which serves as actinometer, is mixed into the feed 

gas to the plasma. To minimize the influence of the 

electron density, the wavelength intensity of target 

element and that of the inert gas are compared. It is 

assumed that inert gas does not affect the plasma 

properties in the actinometry technique. The collision 

cross-sections, the quantum yield of the reactive 

species and inert gas should have the similar energy 

dependence, or it is assumed that the excitation 

efficiency of reactive species and that of inert gas are 

same and the excitation threshold of reactive species 

is close to that of inert gas. For instance, 703.7 nm 

wavelength emitted by fluorine (F) and 750.4 nm 

wavelength emitted by argon (Ar) can be selected 

because the excitation thresholds are similar: the 

excitation threshold of 703.7 nm is 14.5 eV and that 

of 750.4 nm is 13.5 eV. The density of reactive species 

(nreactive) can be estimated with the following 

relation.

(1)

Where Ireactive is the emission intensity of reactive 

species, Iinert is that of an inert gas, ninert is the 

density of inert gas, and C is a coefficient that is not 

affected by plasma parameters [6,22]. Fig. 4 shows 

an example of actinometry for the F density esti-
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Figure 5. VI probe for poly-Si etching endpoint de-
tection on oxidized Si in a SF6 plasma using
magnetic multipole enhanced triode reactor 
[30].

mation. Ar is used as the actinometer, and the optical 

emission spectra related to Ar and F are measured 

[22]. Similarly, the density of other reactive species 

such as F, O, CO and CO2 can be measured by using 

Ar and N2 actinometer [23]. In actinometry, it is 

essential to choose the appropriate wavelength emitted 

from reactive species and actinometer, and radical 

density in plasmas can be analyzed by OES [24]. 

4. Limitations of OES

In general, viewports attached for plasma moni-

toring can partially absorb the light emitted from 

plasma. The viewports have to be made up of quartz 

or sapphire for UV transmittance. The viewports can 

be polluted by polymer film deposition or by surface 

etching by plasmas. This blurred viewports can induce 

the reduction of optical signal intensities, resulting 

in sensitivity reduction. For reliable measurement, it 

is necessary to maintain the clear viewport by 

removing the polymer films by cleaning or heating to 

prevent polymer buildup [25,26].

The second order diffraction is known to be another 

issue. Diffraction type monochrometers pass light in 

higher order modes. For example, a monochrometers 

calibrated at 500 nm wavelength will pass 250 nm as 

well as 500 nm wavelength light. This problem can 

cause incorrect analysis depending on the intensity of 

the shorter wavelength light. Thus, it is necessary to 

confirm the existence of higher order modes in the 

measured spectra. It can be corrected by placing a 

cut-off filter between the monochrometer and the 

plasma. Note that the second order diffraction below 

400nm does not have to be concerned because light 

below 200 nm is absorbed by the air inside the 

monochrometer [17,27].

III. RF Voltage-Current (V-I) Monitoring

1. The principle and configuration of the equipment

RF VI probe measures the voltage, current and 

phase angle typically in the RF connector between a 

matching network and an electrode (or a coil) and 

this approach is considered as a non-invasive method. 

The higher harmonics of voltage, current and phase 

can also be determined fast Fourier transform 

analysis. One of the earlier works on the VI probe is 

RF impedance monitoring reported by Ukai and 

Hanazawa in 1979 [28]. They monitored RF impedance 

and applied for the detection of aluminum etching 

endpoint. Other electrical signal measurements have 

been reported for plasma monitoring such as reflected 

power, RF current, phase angle, dc bias and peak- 

to-peak voltages, and so on. Fig. 5 shows VI probe 

signals applied for the etching endpoint detection of 

poly-Si on oxidized Si in an SF6 plasma. The end-
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Figure 6. The endpoint detection of SiO2 etching on Si
wafer in SF6 conductive coupled plasmas 
using VI probe: (a) 1st impedance, (b) 1st

phase angle [31].
Figure 7. The example of VI probe installed inductive

coupled plasma etcher [25].

point detection by VI probe was verified by an optical 

analysis technique, laser interferometer [29,30]. The 

combination of other analysis techniqeus with the RF 

V-I measurement have been reported such as RF 

harmonic anlysis [31,32], artificial neural network 

models [33], and equivalent circuit models [25] to 

extract physical information. Fig. 6 is the result of 

SiO2 etching endpoint detection achieved by first RF 

impedance analysis and phase angle harmonic com-

ponent. SF6 plasma is generated by reactive ion etching 

system, and the monitoring targets are the first four 

harmonics of RF voltage, RF current, phase angle, RF 

discharge power and RF impedance. Step I is the 

initial condition of plasma, step II is during etching 

process, step III shows the increasing Si exposed 

area, an step IV shows SiO2 is fully removed [31].

The plasma etcher system was modeled with a 

equivalent circuit consist of conductors, resistors, 

capacitors, and inductors. Fig. 7 shows an equivalent 

circuit model of a plasma and a reactor with a 

conductor and the sheath with a capacitor [25,34,35]. 

From physical models correlating the circuit elements 

and plasma properties, various plasma properties can 

be estimated such as plasma density, electron tem-

perature, reactor wall conditions, and wafer con-

ditions [25].

2. Applications

The RF V-I monitoring can be applied to the 

following applications.

Process monitoring: RF V-I probe can monitor the 

changes of RF power related properties such as the 

errors of the RF power line, plasma arcing, electro-

static chuck coupling. Electron density can be esti-

mated with appropriate equivalent circuit models 

[25,36].

RF power monitoring: The electrical energy supplied 

from the RF power generator is partially lost due to 

resistance of the matching box and electrical wires. 

VI probe can provide information on the electrical 

energy transmitted to generate plasma [37].
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Figure 8. The raw data-RF voltage, current, and 
phase-collected from 2.0% model wafer for 
SiO2 etching endpoint detection: (a) voltage,
(b) current, and (c) phase [38].

Endpoint detection of etching processes: RF 

impedance is affected not only by plasma and sheaths 

but also by thin film thickness on the wafer and 

chamber conditions. Therefore, the etching endpoint 

can be monitored by V-I probe. Fig. 8 shows endpoint 

detection of small area (2%) SiO2 film etching [38].

Cleaning endpoint detection: In the cleaning 

process impurities on the reactor walls affects RF 

voltage and current resulting in chamber impedance. 

Hence, RF V-I probe can be applied to the endpoint 

of cleaning process by the electrical signals.

3. The limitations

Higher harmonics of RF voltage, current and phase 

angle signals can be analyzed through Fourier trans-

form. The higher harmonics signals are believed to be 

also affected by plasma reactor configuration but 

their meaning is not clearly identified. Since RF im-

pedance is affected by plasmas and reactor configu-

rations, it is essential separate elements of plasmas 

from equivalent circuit models. No chemical information 

can be identified from RF V-I probe signals.

IV. Multivariate Analysis Techniques for 

Enhancing Sensitivity of Plasma Monitoring

1. Principal Component Analysis (PCA)

Large volume of data can be accumulated in short 

time because the sampling time of the diagnostic 

equipments is relatively short. Furthermore, as the 

critical dimension of the semiconductor devices is 

reduced and the manufacturing volume is increased, 

the demands for sensitive diagnostic technologies are 

increasing. For the sensitivity improvement the 

multivariate statistical techniques, also known as 

data-mining approach, are introduced. Principal 

component analysis (PCA) technique is one of the 

representative examples that is adopted to enhance 

the sensitivity of plasma diagnosis with real-time 

processes analysis [19,21,38]. Principal component 

analysis (PCA) is an effective technique for data 
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Figure 9. The principle of data compression from three
variables to two variables schematically by 
principal component analysis.

compression and feature extraction. PCA can reduce a 

large number of variables to a smaller transformed 

dimension by rearranging correlated variables in the 

transformed coordinates with minimizing the loss of 

information. PCA is widely adopted for statistical 

analysis, process system optimization, and pattern 

recognition. PCA has been applied to extract the 

trend of data from scattered data around the 

measured variables. Fig. 9 shows the principle of 

data compression from three-dimensional space to 

two-dimensional space.

In PCA algorithm, the score and loading vectors 

reflect process variation and they are determined by 

solving an eigenvalue decomposition of the covariance 

matrix (S):

            (2) 

where X is the raw data matrix of n times observed, 

and it is better that each variable is normalized. 

Through the eigenvalue decomposition of S (Eq. 2), it 

is confirmed that the loading vectors (pi) are defined 

as the eigenvectors of S and eigenvalues (λi) of S are 

same to the variance of principal components.

 

Spi = λipi    (3)

Besides, the loading matrix (P) is made up of the 

loading vectors (pi) defined as P=[p1, p2, p3, …, pk], 

and the projection of the raw data (X) into the 

reduced dimensional space is contained in the score 

matrix (T). T is composed of the score vectors (ti) 

defined as T=[t1, t2, t3, …, tk]; ti is also known as 

principal components.

T = XP (4)

The first principal component represents the largest 

eigenvalue (λ1), that is, accounts for as much of the 

variability in the data as possible; each succeeding 

component in turn has the highest variance possible 

under the constraint that it should be uncorrelated 

with the preceding components. In addition, the 

loading vectors (pi) have the information on how the 

variables relate to each other. Generally, X can be 

decomposed into a score matrix (T) and a loading 

matrix (P) by the singular value decomposition (SVD) 

algorithm:

(5)

Where  is the residual matrix [14,39]. In 

fact, most of the information is usually concentrated 

on a few principal components, and the residual 

matrix is usually discarded.

2. Real-time etching endpoint detection

Etching endpoint detection is essential in the 

plasma etching process of semiconductor device 

fabrication. For the real-time etching endpoint 

detection, the intensity of single wavelength is picked 

and monitored by OES. The endpoint can be determined 

by the drastic change of the specific wavelength. As 

the open area for etching is reduced below a few 
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Figure 10. Comparison the algorithms of modified prin-
cipal component analysis: (a) Choosing 
loading vector by Signal-to-Noise ratio, (b)
Choosing loading vector by contribution
ratio and normalizing raw data of target wafer
[19,38].

Figure 11. The result of applying modified PCA algo-
rithms : (a) Raw data signals of change of 
0.8% SiO2 open area etching, (b) 0.8%, (c)
0.6%, (d) 0.4% [19].

percent level, the etching endpoint detection gets 

challenging because the amount of generated by- 

products is decreased. Therefore, the approaches are 

needed to identify end point signals with high sen-

sitivity and multivariate analysis techniques have been 

introduced for enhancing sensitivity. Among them, 

principal component analysis (PCA) is one of the 

popular analysis techniques.

However, conventional principal component analysis 

cannot be applied for real-time endpoint detection 

because massive data are collected in short time. In 

typical OES, the data from whole wavelengths are 
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Figure 12. EPD using modified principal component
analysis: (a) 2.0% oxide area target wafer, 
(b) 0.5% oxide area target wafer [38].

collected ranging from 200 nm to 1000 nm. The 

number of wavelength is 1000 to 3000 in total, and 

the measurement interval is 100 milliseconds to 1 

second. Therefore, it is challenging to apply con-

ventional PCA for real-time plasma monitoring. 

Hence, PCA is modified for real-time plasma process 

monitoring. The flowcharts in Fig. 10 are the examples 

of modified PCA algorithms. Two-step approach is 

used to reduce computing load by separating the 

off-line modeling step and real-time EPD step. In 

the off-line modeling step, a raw data matrix was 

formed from monitoring tools. Normalization is required 

to compensate the difference scales of variables, and 

the loading vectors are calculated by the conventional 

PCA algorithm. Indexed are defined to quantify the 

enhancement such as signal-to-noise ratio (SNR) or 

contribution ratio. In the real-time EPD step, the most 

sensitive loading vectors were chosen, and principal 

components provide sensitive index for the endpoint 

detection. 

Fig. 11 is the result of applying modified PCA 

algorithms in Fig. 10(a). Fig. 11(a) is the raw data of 

small area SiO2 etching by OES, and no noticeable 

signal variation is detected. However, the etching 

endpoints can be detected on 0.6% and 0.4% open 

area when modified PCA technique was applied as 

shown in Fig. 11(b). The third principal component 

showed the most sensitive response in this case. Fig. 

12 shows the effectiveness of applying modified PCA 

algorithms. The raw data of 2.0 % SiO2 etching by VI 

probe shows weak signal variations. The principal 

component obtained from the modified PCA pro-

cessing shows improvement as shown in Fig. 12(b). 

The endpoint detection of small open area SiO2 

etching in 2.0% and 0.5% were achieved by OES and 

VI probe with the algorithm [19,21,38].

V. Conclusions

Optical emission spectroscopy (OES) and RF V-I 

probe were discussed in this article as non-invasive 

chemical and physical plasma monitoring tools. For 

the signal enhancement principal component analysis 

(PCA) was discussed. The demands for the sensitive 

plasma monitoring technology are expected to be 

increased due to the critical dimension reduction in 

nanometer scale and wafer size increase to 450 mm. 

For the increasing demand of sensitive plasma moni-

toring, more intensive development is expected on 

non-invasive plasma monitoring tools and multivariate 

analysis techniques.



Haegyu Jang, Hak-Seung Lee, Honyoung Lee, and Heeyeop Chae

338  Appl. Sci. Conv. Technol. 23(6), 328-339 (2014)

Acknowledgements

This work was supported by the Industrial Strategic 

Technology Development Program [10035225, Develop-

ment of Core Technology for High-Performance 

AMOLED on plastic] funded by Ministry of Knowledge 

Economy/Korea Evaluation Institute of Industrial 

Technology.

References

[1] R. Mohan Sankaran (Ed.), Plasma processing of 

nanomaterials (CRC Press, Florida, 2012), pp. 

1-54.

[2] S. J. Pearton. and D. P. Norton, Plasma Process. 

Polym. 2, 16 (2005)

[3] P. Mishra, Harsh and S.S. Islam, Superlattice 

Microst. 64, 399 (2013)

[4] J. M. Stilahn, K. J Trevino and E. R. Fisher, Annu. 

Rev. Anal. Chem. 1, 261 (2008)

[5] M. A. Lieberman and A. J. Lichtenberg, Principles 

of Plasma Discharges and Materials Processing 

(Wiley-Interscience, New Jersey, 2005), pp. 387-534.

[6] A. Grill, Cold Plasma in Materials Fabrication: 

From Fundamentals to Applications (IEEE PRESS, 

New York, 1994), pp. 114-150.

[7] C. M. Chou, C. C. Chuang, C. H. Lin, C. J. Chung 

and J. L. He, Surf. Coat. Tech. 205, 4880 (2011)

[8] V. Kudrle, P. Vasina, A. Talsky, M. Mrazkova, O. 

Stec and J. Janca, J. Phys. D: Appl. Phys. 43, 

124020 (2010)

[9] E. Karakas, V. M. Donnelly and D. J. Economou, 

J. Appl. Phys. 113, 213301 (2013)

[10] X. Z. Jiang, Y. X. Liu, S. Yang, W. Q. Lu, Z. H. 

Bi, X. S. Li and Y. N. Wang, J. Vac. Sci. Technol. 

A, 29, 011006 (2011)

[11] V. I. Demidov, S. V. Ratynskaia and K. Rypdal, 

Rev. Sci. Instrum. 73, 3409 (2002)

[12] J. Joo, Applied Science & Convergence Technology 

23, 161 (2014)

[13] H. Lee and J. Jung, J. Korean Vac. Soc. 21, 121 

(2012)

[14] A. J. Izenman, Modern Multivariate Statistical 

Techniques (Springer Science + Business Media, 

New York, 2008), pp. 107-313, 407-504, 597-632.

[15] Gil Su Son, Yong Han Roh, Geum. Young. Yeom, 

Su Hong Kim, Myoung Woon Kim, Hyung Chul 

Cho, J. Korean Vac. Soc. 20, 416 (2011)

[16] S. A. Linnik and A. V. Gaydaychuk, Vacuum, 103, 

28 (2014)

[17] G. S. Selwyn, AVS monograph series: Optical 

diagnostic techniques for plasma processing, edited 

by Woody weed (AVS Press, New Work, 1993), 

pp 27-80.

[18] Verity Instruments http://www.verityinst.com/pdfs/ 

Applications_Information.pdf

[19] K. Han, E. S. Yoon, J. Lee, H. Chae, K. H. Han 

and K. J. Park, Ind. Eng. Chem. Res. 47, 3907 

(2008)

[20] P. L. S. Thamban, S. Yun, G. Padron-Wells, J. W. 

Hosch and M. J. Goeckner, J. Vac. Sci. Technol. 

A, 30, 061303 (2012)

[21] K. Han, K. J. Park, H. Chae and E. S. Yoon, 

Korean J. Chem. Eng. 25, 13 (2008)

[22] J. W. Coburn and M. Chen, J. Appl. Phys. 51, 3134 

(1980)

[23] R. d'Agostino, F. Cramarossa, S. D. Benedictis and 

G. Ferraro, J. Appl. Phys. 52, 1259 (1981)

[24] T. Czerwiec, F. Greer and D. B. Graves, J. Phys. 

D: Appl. Phys. 38, 4278 (2005)

[25] M. Kanoh, M. Yamage and H. Takada, Jpn. J. 

Appl. Phys. 40, 1457 (2001)

[26] V. M. Donnelly and A. Kornblit, J. Vac. Sci. 

Technol. A. 31, 050825 (2013)

[27] G. Y. Yeom, Plasma Etching Technology, 

(Miraecom Press, Seoul, 2006), pp 380-394.

[28] K. Ukai and K. Hanazawa, J. Vac. Sci. Technol. 

16, 385 (1979)

[29] G. Fortunato, J. Phys. E Sci. Instrum. 20, 1051 

(1987)



Non-Invasive Plasma Monitoring Tools and Multivariate Analysis Techniques for Sensitivity Improvement

www.jasct.org//DOI:10.5757/ASCT.2014.23.6.328 339

[30] V. Patel, B. Singh and J. H. Thomas III, Appl. 

Phys. Lett. 61, 1912 (1992)

[31] M. N. A. Dewan, P. J. McNally, T. Perova and 

P. A. F. Herbert, Microelectron. Eng. 65, 25 (2003)

[32] P. Dubreuil and D. Belharet, Microelectron. Eng. 

87, 2275 (2010)

[33] H. L. Maynard, E. A. Rietman, J. T. C. Lee and 

D. E. Ibbotson, J. Electrochem. Soc. 143, 2029 

(1996)

[34] J. L. Kleber and L. J. Overzet, Plasma Source Sci. 

Technol. 8, 534 (1999)

[35] M. A. Sobolewski, J. Appl. Phys. 100, 063310 

(2006)

[36] M. A. Sobolewski and D. L. Lahr, J. Vac. Sci. 

Technol. A, 30, 051303 (2012)

[37] M. A, Sobolewski, J. Vac. Sci. Technol. A, 24, 

1892 (2006)

[38] H. Jang, J. Nam, C. K. Kim and H. Chae, Plasma 

Process. Polym. 10, 850 (2013)

[39] S. J. Qin, J. Chemometr. 17, 480 (2003)


