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ABSTRACT

Laser-induced breakdown spectroscopy (LIBS) has been increasingly used in recent years to rapidly detect the
elemental compositions of various materials in different media (i.e., solids, liquids, and gases). In this study, an aerosol-
LIBS system was developed for the real-time monitoring of process-induced particles generated during semiconductor
manufacturing. The developed system consists primarily of a laser, a spectrometer, optics, and an aerosol chamber; the last
element was constructed for the application of the aerosol-LIBS to various semiconductor manufacturing processes and
comprises exhaust tubes and low pressure and high temperature chambers. The system was evaluated for its sensitivity to
various elements using laboratory-generated aerosols and successfully detected P, Fe, Mg, Cu, Co, Ni, Ca, Na, and K
emission lines. Further evaluation of the aerosol-LIBS is ongoing.
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INTRODUCTION

It has been reported that the worldwide revenue generated
by semiconductor sales amounted to $333 billion in 2016
(Park et al., 2018), and market competition is expected to
gradually intensify as a result of recent growth in the
electronic devices industry, which has flourished with the
increased popularity of mobile phones and tablet PCs
(personal computers) (Chik et al., 2010).

Various process-induced particles are generated during
the semiconductor manufacturing process (Baltzinger and
Delahaye, 2010; Lee and Yook, 2015), and these are
responsible for approximately 75% of the total defects
observed in semiconductor products (Park ef al., 2018). To
minimize the occurrence of defective products, the
development of a real-time chemical element detection
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system, to detect any contaminant particles generated, is
recommended, where information on the elemental
compositions of any such particles is likely to be useful in
revealing their sources and the mechanisms by which they
are formed during the semiconductor manufacturing
process (Lee et al., 2018).

Conventional methods, such as inductively coupled
plasma-optical emission spectroscopy (ICP-OES) and atomic
absorption spectroscopy (AAS), are usually employed to
ascertain the elemental compositions of various analytes.
However, these methods are relatively expensive, dilatory,
and labor-intensive (Yamamoto et al., 1996; Gondal et al.,
2007; Srungaram et al., 2013). Moreover, the requisite
sample preparation for these methods necessitates the use of
high-purity solvents, resulting in the generation of chemical
waste (Bendicho et al., 2012).

In contrast, laser-induced breakdown spectroscopy (LIBS)
is a relatively inexpensive and simple analytical method,
requiring little or no sample pretreatment steps (Hahn and
Lunden, 2000; Park et al., 2009). LIBS has hitherto been
used for multi-element detection in various solid, liquid,
and gaseous samples (Hahn and Lunden, 2000; Baudelet ez
al., 2006; Ferioli and Buckley, 2006; Harmon et al., 2009;
Barreda et al., 2012; Hahn and Omenetto, 2012), and the
technique boasts the ability to detect almost all of the
elements of the periodic table (Cremers and Radziemski,
2006). Additionally, it has been demonstrated that the LIBS
technique is applicable to particle detection (Hahn and
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Lunden, 2000; Park et al., 2009) and can perform standoff
detection of hazardous materials (Lopez-Moreno et al.,
2006; Gottfried et al., 2008). Owing to its above-mentioned
advantages, LIBS is applied in various fields, including
environmental engineering, industry, geology, criminology,
military science and space science (Park ef al., 2009; Alvira
et al., 2015; Grifoni et al., 2015; Lennard et al., 2015;
Barefield et al., 2016; Maurice et al., 2016). Semiconductor
manufacturing processes are carried out under harsh
conditions (i.e., high temperatures and low pressure), and
the LIBS technique can be applied in these conditions with
minimal interruption to the ongoing semiconductor
manufacturing process (Lee et al., 2018).

For the purposes of this study, a newly developed
aerosol-LIBS system was used for the real-time monitoring
of various process-induced particles generated during the
semiconductor manufacturing process.

METHODS

Various laboratory-produced particles were used to
examine the performance of the aerosol-LIBS developed for
this study. Table 1 summarizes the experimental conditions
required for aerosol generation. As may be observed, a
variety of standard solutions (Sigma-Aldrich, USA) were
prepared in deionized (DI) water that contained the elements
P, Fe, Mg, Cu, Co, Ni, Ca, Na and K. Fig. 1 presents a
schematic diagram of the aerosol-LIBS system. Aerosols
were generated using an atomizer, and the droplets were
dried out as they passed through a series of diffusion
dryers. Subsequently, aerosols of specific sizes (nm) were
selected using a differential mobility analyzer (DMA 3080;
TSI Instruments; Shoreview, MN, USA) and their number
concentrations (cm ) were monitored in real time using a
condensation particle counter (CPC 3022a, TSI Instruments)
(i.e., using a scanning mobility particle sizer). The aerosol-

LIBS system comprises primarily a laser, a spectrometer,
optics, and an aerosol chamber. The aerosols generated
were introduced into the LIBS chamber, and the spectral
data obtained through the application of the aerosol-LIBS
were subsequently analyzed.

A 1,064 nm Q-switched neodymium-doped yttrium
aluminum garnet (Nd: YAG) laser (CFR 200; Quantel, France)
of 200 mJ pulse’ was used as an excitation source. The
laser beam was focused using a 25 mm focal length plano-
convex lens (diameter = 20 mm). Following irradiation of
the aerosol with a focused laser beam, which generated the
plasma, emission lines were observed as the plasma cooled.
These were transferred to a spectrometer (Aurora, Applied
Spectra Inc., USA) capable of analyzing the emission lines
between 190 and 884 nm. The emission lines of P (213.6 nm),
Fe (274.7nm), Mg (279.6 nm), Cu (324.8 nm), Co
(345.4 nm), Ni (361.9 nm), Ca (393.4 nm), Na (588.9 nm),
and K (766.5 nm) were thus observed and analyzed. The
detailed laser and spectrometer specifications and operating
conditions are summarized in Table 2.

The aerosol-LIBS system was developed to facilitate its
selective operation in either free-firing mode (Park et al.,
2009) or triggering mode (Maeng et al., 2017). The free-
firing mode can be operated in accordance with a relatively
simple configuration. In this mode, aerosols are randomly
ablated and then analyzed under laser firing at constant
repetition rate (1-10 Hz). For triggering mode, however, a
continuous wave (CW) laser and a photomultiplier (PMT)
are installed in addition to the fundamental LIBS system
required for free-firing mode. In triggering mode, a scattering
signal is detected, which is generated when the aerosol is
introduced into the chamber and passes through the CW
laser. A superior hitting rate (i.e., the number of aerosols
hit by pulse laser per time) may be achieved by irradiating
the pulse laser with the relevant particles according to their
arrival time. This is estimated by calculating the time of

Table 1. Experimental parameters for aerosol generation.

Solution Concentration 0.1% (w/v)
Volume 100 mL
Solute

Atomizer Operating pressure 20 psi

Atomizing gas

Filtered air

NazHPO4, FCClz, MgClz, CuClz, COClz, NlClz, CaClz, NaCl, and KCl

Laser Chamber Diffusion dryer
I
Pump
Power supply —{ Spectrometer Atomizer
Clean air
i supply
Computer

Fig. 1. A schematic diagram of the aerosol-LIBS (laser-induced breakdown spectroscopy) system.
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Table 2. Experimental parameters for LIBS analysis.

Equipment Parameter

Laser Wavelength 1,064 nm
Energy 200 mJ pulse
Pulse duration 8 ns
Repetition rate 1 Hz

Spectrometer Spectral coverage 190 to 884 nm

Resolution < 0.1 nm for UV to VIS
< 0.12 nm for VIS to NIR

Detector type CCD linear array

Delay time 1 us

UV, ultraviolet; VIS, visible; CCD, charge-coupled device.

arrival at the sensing point, where the pulse laser is focused
on the chamber and the plasma is generated. In this paper,
we present the detection properties of LIBS in free-firing
mode with a newly developed portable chamber.

RESULTS AND DISCUSSION

For this study, a portable aerosol-LIBS chamber for
exclusive operation in free-firing mode was developed
because of its ease of installation and operation in practical
application, its compatibility with various lasers, and its
ease of attachment and detachment to and from the
spectrometer optical cable. A sheath air-focusing nozzle
was used to direct the aerosol flow toward the center of the
chamber (Fig. 2).

As illustrated in Fig. 3, the path of the pulse laser was
optimized by comparing the hitting efficiencies of the
pulsed laser and the CacCl, particles according to the path
via which the pulsed laser was directed into the portable
aerosol-LIBS chamber.

To evaluate the simultaneous multi-element detection
properties of the aerosol-LIBS system, aerosols using
standard solutions of P, Fe, Mg, Cu, Co, Ni, Ca, Na, and K
were generated. The number concentration and size
distribution were determined by scanning mobility particle
sizer (SMPS), and a mode diameter of around 100 nm
(CaCl,) was detected (Fig. 4).

Detector 2 J_\ Detector 1
1 10 1
1 —— i
- 1 I 1
z | Hl == |
: N VAN :
L [ R ——— I

Fig. 2. Portable aerosol-LIBS chamber with two detectors.

Analysis of the LIBS system was affected by sampling
the laboratory-produced particles in the portable aerosol-
LIBS chamber. Consequently, the emission lines (with a
100-shot average), which were not observed in the aerosol-
free blank sample obtained from the HEPA filter, were
formed as in Fig. 5.

The data revealed that the P, Fe, Mg, Cu, Co, Ni, Ca,

N\
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Fig. 3. Particle hitting efficiency with laser location.
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Fig. 4. Number size distribution of laboratory-generated
aerosols (CaCly).
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Fig. 5. LIBS spectra showing (a) P, (b) Fe, (¢) Mg, (d) Cu, (e) Co, (f) Ni, (g) Ca, (h) Na, and (i) K in aerosol samples (100-

shot average).
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Na, and K emission lines were detected in real time, in
alignment with the element compositions detected in various
laboratory-produced particles. The portable aerosol-LIBS
chamber (Fig. 2) consists of two detectors. Detector 1 was
designed to have a detection efficiency higher than that of
Detector 2 by collimating and focusing the light emitted
from the laser-induced plasma using two 30 mm focal
length plano-convex lenses with diameters of 25.4 mm.
Detector 2 was coupled with a collimating lens (74-UV;
Ocean Optics Inc., USA) with a focal length of 10 mm
(diameter = 5 mm). In comparison to Detector 1, it required
less space in terms of its design structure. As such, either
Detector 1 or Detector 2 could be used selectively,
depending on the detection sensitivity and space required
for the installation. To determine whether the appropriate
detection efficiency could be attained, in line with the
design/production purposes mentioned above, we compared
the emission lines of the laboratory-produced particle
elements according to the different detectors under the same
conditions (polydispersed aerosol number concentration:
20,000 + 1,600 cm °). The results are presented in Fig. 6.

The bar graph in Fig. 6 represents the mean value of the
peak area of each element, obtained by analyzing 100
spectra, while the error bar indicates the standard deviation.
For the peak area mean values of Mg, Cu, Ca, Na, and K, a
scale adjustment was necessary for comparison with the
average values of the other elements. The value divisions
are shown separately in parentheses. Although the detection
efficiency varied according to each element (ranging from
1.1 to 3.9), the efficiency of Detector 1 was found to be
higher than that of Detector 2 with regard to all elements,
without exception. We measured the hitting rate in accordance
with a number concentration of 200 nm CaCl, aerosol
particles, using the relatively higher detection efficiency of
Detector 1. The results are presented in Fig. 7.

CONCLUSION

Based on the real-time detection results of various

1200

Detector 1
/7] Detector 2

LIBS peak area

P Fe Mg Cu Co Ni Ca Na K
(10)  (/2) (/10) (/200) (/10)

Element

Fig. 6. Comparison of the LIBS peak areas between the
two different detector systems.
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Fig. 7. Hitting rate for 200 nm CaCl, particles (Detector 1).

elemental components (P, Fe, Mg, Cu, Co, Ni, Ca, Na, and
K), this study verified the potential of the LIBS technique
for real-time monitoring of process-induced particles
generated during semiconductor production. Identification
of the chemical composition of contaminative particles in
real-time may help to identify the source of such particles,
thereby minimizing the occurrence of defective products.
The aerosol-LIBS can be used in either free-firing mode or
triggering mode, depending on the operational environment
and purpose. The performance of the free-firing mode, as
tested in this study, indicates that it can be easily used for
practical application with a relatively simple measurement
system configuration, and the detectors are constructed so
that they can be selectively used according to the sensitivity
requirements and installation. Various experiments aiming to
optimize the analytical system and improve its performance
are ongoing, with the goal of applying the aerosol-LIBS
technique during the semiconductor production process.
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