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Featured Application: The application considered in this study is the real-time monitoring of
chamber purge performance after semiconductor processing for preventive maintenance.

Abstract: The purpose of this study was to determine the feasibility of using an electrical low
pressure impactor (ELPI) for analyzing residual particles in a Si epitaxial growth process chamber
and establish an application technique. Prior to experimental measurements, some preliminary works
were conducted, including an inlet improvement of a cascade impactor, vacuum fitting fastening and
flow rate adjustment, and a vacuum leak test. After that, residual particles in the process chamber
were measured during N2 gas purge using an ELPI due to its advantages including the real-time
measurement of particles and the ability to separate and collect particles by their diameters. In
addition, ELPI could be used to obtain particle size distribution and see the distribution trend for
both number and mass concentration. The results of the real-time analysis of the total particle count
revealed that the concentration at the endpoint compared to that at the beginning of the measurement
by decreased 36.9%. Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM–
EDS) analysis of collected particles was performed using two types of substrates: Al foil and a Si
wafer. The results showed that most particles were Si particles, while few particles had Si and Cl
components. ELPI has the clear advantages of real-time particle concentration measurement and
simultaneous collection. Thus, we believe that it can be more actively used for particle measurement
and analysis in the semiconductor industry, which has many critical micro/nanoparticle issues.

Keywords: semiconductor process; process particle; epitaxial growth; electrical low pressure impactor
(ELPI); particle size distribution (PSD)

1. Introduction

Due to recent increase in demand for personal mobile devices, the scale of the semicon-
ductor industry is expanding and competition among related companies is intensifying [1].
Accordingly, highly integrated chip production techniques on large-area wafers are rapidly
being developed and applied as methods to increase the yield and profits of semiconductor
companies. In the production of such high-performance semiconductor products, since the
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supply of high-quality silicon wafers is the most important requirement, an increasingly
higher-performance wafer manufacturing process is required. For the fabrication of a
high-quality wafer, the epitaxial growth process is used, which grows a desired single-
crystal thin film on a wafer for application to a device [2]. This process requires a high
level of chamber cleanliness because the influx of contaminated particles can interfere
with single-crystal growth, leading to defects such as dislocation [3]. For this purpose, it
is essential to identify and remove contaminant particles. Prior to that, various in-depth
analyses are required through the measurement and collection of particles in the process
facility [4].

Research and development of various equipment technologies have been conducted
for the purpose of identifying particulate contaminants in semiconductor process facili-
ties [5,6]. However, due to extreme process characteristics, such as a high temperature
and high vacuum environment and the use of corrosive and explosive gases, the actual
implementation and application of real-time measurement and collection of particulate
contaminants is difficult [7]. Currently, the best method is to collect and analyze particles
detected on the substrate after the process or through the detection of particles remaining
on the inner wall of the chamber by costly and inefficient dismantling of equipment [8].
Therefore, we attempted to introduce new measurement equipment based on the aerosol
engineering principle not yet used for particle measurement or collection in semiconduc-
tor facilities. Another purpose of this study was to establish a corresponding method
of application.

A scanning mobility particle sizer (SMPS) classifies particles based on their electrical
mobility and optically measures their numbers. It is a representative measurement device
used for the measurement of particulate pollutants in the atmosphere [9–14]. According
to its operational principles, it has the advantage of obtaining an accurate particle size
distribution (PSD). However, it is not possible to obtain PSD in every second because
it has time resolution of 1–2 min for each scan/each measurement. For a PSD measure-
ment at every second, a fast mobility particle sizer (FMPS) has been developed that can
simultaneously measure the number of all particles using multiple electrometers [15].
However, since SMPS has been used and studied for a longer period of time with high
reliability of measurement results, it is used more frequently even now [16]. Although
these electromobility-based particle measuring instruments can measure particles with
a size of at least several nm, they cannot measure particles of micron size due to their
upper detection limits of several hundred nm. Using a different principle, an aerodynamic
particle sizer (APS) and an electrical low pressure impactor (ELPI) that can measure PSD
based on aerodynamic diameters of particles [17,18] are also widely used. Of these two,
ELPI has the advantage of categorizing particles by size based on the multistage impactor
principle, thus enabling real-time PSD measurement. It also has a wide measurement range
from several nm to several µm particles. In addition, it can facilitate additional analysis
after collecting particles by size. Another excellent feature of ELPI is its robustness, which
makes it easier to use when collecting samples in very dusty atmospheres, which is not
possible with either FMPS or SMPS [19]. Due to this advantage, ELPI has typically been
used to analyze atmospheric particulate contaminants in a living environment [20–22]. The
application of ELPI has been expanded to the analysis of generated particles and the evalu-
ation of cleanliness in various industrial environments [23,24], and various experiments in
the laboratory [25,26]. Despite these advantages, no study has reported the use of ELPI
in the semiconductor industry where measurement and control of particles are important
because this industry has more micro/nanoparticle issues than any other industry.

Based on these aforementioned advantages, the objective of this study was to deter-
mine whether ELPI could be used for particle analysis in a Si epitaxial growth process
equipment for concentration measurement. Additional analysis was performed after
collection of particles to establish and present its utilization.



Appl. Sci. 2021, 11, 7680 3 of 10

2. Materials and Methods
2.1. Test Process Equipment and Experimental Setup

This study used a 300 mm ATM Si Epi-reactor of Applied Materials, Inc., of SK Siltron’s
silicon wafer manufacturing line located in Gumi, Gyeongsangbuk-do. Chemical reaction
of the Si epitaxy process for production of single-crystal thin film on a wafer is shown
as follows:

SiHCl3(gas) + H2(gas)→ Si(solid) + 3HCl(gas) (1)

Figure 1 shows the setup schematic of residual particle measurement during N2 gas
purge. The exhaust of the scrubber in the process chamber was used as the particle sampling
port. Due to extreme conditions of the in-process environment using toxic, ignitable, and
high-temperature gas, there were difficulties in real-time measurement during the process.
Therefore, residual particles were measured and collected for further analysis during
chamber inactivation and N2 gas purge before preventive maintenance. The purge flowrate
of the N2 gas inside the chamber was 25 LPM. The purge was performed every 1 min and
30 s at 20 s intervals. When using the ELPI, the flowrate incoming to the inlet of the cascade
impactor should be fixed to be around 10 LPM for correct measurement and collection
after separating particles by their sizes. The flowrate adjustment was performed using an
orifice gasket for a 10 LPM flow when fastening the VCR fitting connection between the
chamber exhaust and the ELPI inlet. When using an orifice, particles may inertially collide
with the front surface, resulting in particle loss. Although this could not be prevented,
all measurements were carried out by checking that the sampling was conducted under
constant velocity conditions.
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Figure 1. Schematic of the residual particle measurement setup during N2 gas purge.

2.2. Instrument for Concentration Measurement of Particles in the Process Chamber: Electrical
Low Pressure Impactor (ELPI)

Measurements of number concentration and mass concentration by particle size were
carried out using an ELPI+ (Dekati Ltd., Tampere, Finland). The instrument is capable
of real-time measurement of aerosol-phase particles with particle sizes of about 5 nm
to 10 µm [27]. Figure 2 shows a schematic and cut-off diameters (D50%) of the cascade
impactor employed in ELPI. D50% was the collection efficiency of an impactor, meaning a
particle diameter that resulted in 50% collection efficiency.

Detailed principles of measurement and collection are as follows. First, particles
introduced to the inlet were charged with a large number of cations generated in the
corona glow region when high voltage was applied to the needle in the middle. These
charged particles were then categorized and collected in 15 stages depending on the
aerodynamic diameter. The topmost stage, with a D50% value of 10 µm, simply acted as
a pre-separator to prevent inflow of large particles. At this time, the generated current at
the substrate was measured through electrodes connected to the impactor. The current
value was then converted into a number concentration through formulas [28,29]. If the
principal component of the incoming particle is known, the number concentration can be
converted to a mass concentration by entering the density value into the own program for
data processing.
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Figure 2. A schematic of the cascade impactor and cut-off diameters of each stage in the ELPI
cascade impactor.

Even within a clean room, the leakage of particles from the chamber and instrument
to the outside might affect the human body during measurement. Thus, prior to particle
measurement in the epitaxial growth chamber, the ELPI was improved to check and
prevent gas leakage to the outside during measurement. First, the inlet of the impactor was
improved to use international organization for standardization (ISO) quick flanges (aka
QF, KF, or NW) for vacuum fitting fastening. It was then confirmed that there was no gas
leakage factor between the equipment and the outside using Heliot 900 model (ULVAC,
Kanagawa, Japan), a pressurization-type vacuum leak tester. After that, the measurement
of particles in the epitaxial growth chamber was conducted for about 22 min and averaged.

2.3. Additional Analysis after Collecting Particles from the Epitaxial Chamber

The collection of particles was carried out using the cascade impactor in the ELPI as
described above at the same time as the measurement. Particles were separated by their
sizes and collected on each plate of the cascade impactor. Aluminum foil is generally used
as a particle collection substrate with an ELPI. However, varied types of substrates can be
used to ease additional analysis, distinguishing them from surface shapes and components
of the substrate for a more diverse and discriminative analysis of collected particles [30,31].
As shown in Figure 3, a 10 × 10 mm2 coupon Si wafer was used as the collection substrate
in addition to aluminum foil, the typical substrate of ELPI. If sizes of incoming particles
were too large for each stage, or if the incoming velocity was too high, particle bouncing
could occur. When bouncing occurs, recoiled particles can flow into a lower stage and
become deposited and unmeasured. By applying grease on the surface of the substrate, this
bouncing phenomenon can be somewhat prevented [19,32,33]. Thus, grease was applied
to the surface using a vacuum chamber cleaning wiper. It was then wiped off with another
clean wiper to leave a thin layer. The collection of particles in the epitaxial growth chamber
was carried out for about one hour during and after the measurement to improve the ease
of detection of particles on the substrate during further analysis.

Energy dispersive spectroscopy (EDS) and mounted scanning electron microscopy
(SEM) (JSM 7600F, JEOL, Akishima, Japan), (Quanta Inspect F; FEI Co., Hillsboro, OR, USA)
analyses were performed to check compositions, particle sizes, and shape of particles
collected from the chamber.
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3. Results and Discussion
3.1. Number and Mass Concentration

Figure 4 is a graph showing the ratio of the total number of particles by averaging
measurement results of residual particles in the epitaxial growth chamber after the epitax-
ial process. First, looking at the number concentration measurement results in (a), about
86% of particles were measured in the first stage and 11% of particles were measured in
the second stage. The total amount of particles measured in these two stages was 97%, con-
firming that most particles had a size of less than 20 nm. Looking at the mass concentration
measurement results in (b), the percentage of detected particles was found to be 79% at
the 15th stage and 14% at the 14th stage. Thus, a total of 93% of particles were detected at
these two stages. Contrary to the number concentration measurement results, the number
of detected particles was mainly measured at top stages, where micrometer-sized parti-
cles were mainly collected. The reason is that the cascade impactor uses an aerodynamic
diameter, which detects a virtual spherical particle having the same sedimentation rate
and unit density when separating each particle size and the volume of the sphere has
a cubic value of the radius. Thus, the difference according to particle size significantly
changed. This is a natural phenomenon. It is a limitation of mass-based particle measure-
ment techniques. Therefore, for the accurate analysis of nano-sized particles, techniques
for measuring number concentration are required.

Figure 5 shows the particle number concentration graph by time. The y-axis is the total
number concentration of all stages divided by the initial total concentration. The valleys
that occur regularly in the graph correspond to the purge interval. It was confirmed that
the number of measured particles gradually decreased with the passage of time for about
22 min, during which the measurement was possible. At the end of the measurement, the
particle number concentration decreased to 36.9% of the initial measurement value. The
measurement results confirmed that the number of residual particles was reduced well by
the purging operation in the chamber. The removal from the chamber of particles that can
directly adversely affect subsequent process results is essential. In order to confirm that the
particle amount was reduced to an appropriate amount and to find an appropriate purge
time for cost and time efficiency, such real-time monitoring technique was required. When
using an ELPI to measure particle concentration during the purging of the chamber after
the process and to confirm that the particle number falls to a certain level before proceeding
to the next process, it is important to prevent the effect that residual particles may have on
the process.

3.2. Image and Element Analysis of Particles Collected by ELPI

Figure 6 shows SEM–EDS analysis results of particles from the epitaxial growth
chamber collected on aluminum foil, the basic substrate of ELPI. The cutoff diameter
(D50%) was 0.101 µm for the 5th stage and 6.69 µm for the 14th stage. However, due to the
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high surface roughness of the aluminum foil used, it was difficult to identify the shapes of
the collected particles through the detection and separation of the particles collected from
the substrate during image analysis. In area-specific EDS analysis results, in addition to
substrate components and components arising from atmospheric exposure during sample
transfer, Si components were detected in all samples in significant amounts. This was
expected because component Si particles would inevitably occur during the Si epitaxy
process and remain in the chamber.
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Figure 7 shows the SEM–EDS analysis results of particles on the Si wafer substrate
collected from the epitaxial growth chamber. The cutoff diameter (D50%) was 0.637 µm
for the 9th stage and 3.97 µm for the 13th stage. To solve the difficulty of detecting
particles when using aluminum foil, a typical substrate, an alternative substrate with low
surface roughness was used to collect particles and conduct SEM analysis. By changing the
substrate, particle detection was facilitated and images were successfully obtained. In the
EDS analysis results of particles detected on the substrate on the 9th stage, it was confirmed
that particles had Si components, as in the analysis results of the particles on the aluminum
foil substrate. Likewise, the analysis results of particles detected at other stages were
mostly particles having only the Si element. In the EDS analysis results of particles detected
at the 13th stage, significant amounts of Cl components were detected, in addition to Si.
Particles containing these Si and Cl components at the same time were rarely found across
several stages. These detections were due to the use of SiHCl3 gas in the epitaxial growth
process. It is presumed that it was adsorbed into the inner wall of the chamber through
chemisorption of the SiCl2 formed through gas phase decomposition [34]. If sufficient
time is secured and various analyses are performed, such as quantifying components and
crystal structures after particle measurement and collection, it is possible to estimate and
control the generation/inflow path.
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4. Conclusions

In order to analyze the particles remaining in the epitaxial growth chamber after the
process, an ELPI was applied. As a result of measuring the concentrations of residual
particles in the epitaxial growth chamber during the N2 purge using ELPI, it was possible
to obtain particle size distribution and see the distribution trend for both the number
concentration and mass concentration. Using the advantage of real-time measurement, it
was confirmed that N2 purge operation was well performed after the process. The particle
shape and composition were confirmed by SEM analysis of particles collected at each stage
of the cascade impactor. Since various substrates could be mounted on each stage of the
cascade impactor of the ELPI, a substrate with a low surface roughness is recommended
when detecting particle shape images. To accurately identify the occurrence and inflow
paths of each component, after collecting a large number of particles using a sufficient
collection time, various in-depth additional analyses are required.

We performed a cornerstone study of the application of ELPI for particle analysis for
process equipment in the semiconductor industry and other industries. The first application
point found in this study is the real-time monitoring of chamber purge performance after
the process for preventive maintenance using the advantage of real-time measurement.
After confirming that the number of particles has fallen to a certain level before proceeding
to the next process, it is possible to prevent the possible influence of residual particles on
the process. This novel measurement mechanism provides critical information allowing
us to reduce impurities and increase the rate of crystal growth. In addition, as this is a
process that does not use explosive gas and which is conducted at normal pressure and
room temperature, the concentration of the particles generated during the process can be
monitored in real time. In addition, the ELPI method has a clear advantage of real-time
particle concentration measurement and simultaneous collection. Thus, it can be more
actively used for particle measurement and analysis in the semiconductor industry, which
is plagued by many micro/nanoparticle issues.
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