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Abstract: Airborne molecular contamination (AMC) represents a wide range of gaseous contaminants
in the cleanroom air environment. It is difficult to monitor AMC in the cleanroom air using
conventional methods in real-time due to its ultra-low concentrations, such as part-per-billion or
-trillion (ppb or ppt). In this study, AMC in the real university cleanroom air environment was
investigated to figure out hot spots through portable soft X-ray radiolysis detector, which converts
gaseous AMC into nanoparticles (gas-to-particle conversion) under the soft X-ray irradiation. A
soft X-ray was connected to a clean stainless steel chamber to convert the introduced AMC into
nanoparticles, and the size distributions of nanoparticles were measured through a scanning mobility
particle sizer, which consists of a differential mobility analyzer and a condensation particle counter.
By converting the size distribution information into total particle volume concentrations, equivalent
AMC concentrations can be calculated using an appropriate calibration curve between AMC and
the total particle volume concentration. The volume concentration of nanoparticles were converted
into an equivalent sulfur dioxide (SO2, a major acidic AMC in the cleanroom air) concentration by
a calibration curve between SO2 and the particle volume concentrations. AMC levels at different
locations in the cleanroom at the University of Minnesota were measured by the soft X-ray-assisted
AMC detector, and revealed that several tenth-order of pptV (lower than 15 pptV) in terms of the
equivalent SO2 concentration existed in the cleanroom air environment.

Keywords: airborne molecular contamination (AMC); soft X-ray radiolysis; nanoparticle; portable
gas detector; cleanroom air quality

1. Introduction

Airborne molecular contamination (AMC) represents a wide range of gaseous contaminants in
the cleanroom air environment at part-per-billion or -trillion (ppb or ppt) levels [1,2]. When AMC
is exposed to ultraviolet light sources of lithography tools (e.g., extreme ultraviolet lithography,
EUVL), it can form particle and haze contamination on wafers and photomasks during semiconductor
manufacturing processes, thus increasing defects of the products [3–6]. Therefore, detecting and
controlling AMC have been big issues for enhancing the product yield in the semiconductor industry.
However, it is difficult to detect due to its extremely low concentration of AMC in the cleanroom
air [7,8]. Even though gaseous contaminants generally have been captured using porous media [9–11],
such as activated carbons, through adsorption, it is difficult to remove AMC totally from the air, and
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the unfiltered AMC can cause the secondary contamination problems (e.g., particles or haze) in the
semiconductor manufacturing processes [12]. In addition, different physicochemical properties of
various AMC require multiple gas filter layers for different kinds of AMC, which increases maintenance
cost for the semiconductor manufacturing.

Conventional methods for quantifying AMC in the cleanroom air are mostly conducted by
sampling AMC in the cleanroom air and analyzing the samples at off-site laboratories using precise
instruments [1,13–15]. Due to the ultra-low concentration of AMC, certain sampling-time periods
(e.g., hours to days) are normally required to get enough AMC concentration higher than the lower
detection limits of the analysis instruments. In this case, we may lose the critical time for taking care
of AMC in emergency cases due to the time difference between the sampling and analysis. In other
words, the analyzed data show average values in the past, which cannot represent real-time data. This
makes it difficult to find the locations where AMC is dominantly originated or the AMC concentration
is higher than surrounding (called as hot spots) in the cleanroom immediately. If a portable method
for determining the concentration of AMC in the cleanroom air in real-time is available, the AMC
problems would be mitigated substantially. AMCs in the cleanroom should be more than a species
such as sulfate, nitrate, ammonia, condensable organics, dopants, etc. For analyzing the chemical
compositions of AMCs, expensive instruments are required. Although the instruments, such as proton
transfer reaction-mass spectroscopy (PTR-MS) [16,17] for organic AMCs, are ready in the cleanroom
for monitoring, it is difficult to move them and detect hot spots in real-time.

Kim and his colleagues have developed a detection method for AMC, which deploys a
gas-to-particle conversion under the soft X-ray irradiation (soft X-ray radiolysis) and tested its
feasibility to detect the ultra-low gaseous air pollutants in the lab. Then, the method was applied
to different kinds of AMC-related issues, including evaluating the gas filtration performance of
granular activated carbons [7,8,11]. Although the method has been deployed in the previous laboratory
experiments with fixed positions, it can be used to determine the real-time AMC concentration in
the cleanroom as well by configuring a portable system using the method, because the method was
originally designed to detect AMC hot spots in the cleanroom in real-time, which was difficult to
conduct by conventional techniques before.

In this study, we investigated AMC levels in the cleanroom air environment deploying a portable
soft X-ray radiolysis detector, which consists of a soft X-ray radiolysis chamber and a scanning mobility
particle sizer (SMPS, a combination of a nano differential mobility analyzer (nano DMA) and an
ultra- condensation particle sizer (UCPC), Model 3936N76, TSI Inc., Minneapolis, MN, USA). The
measurements were conducted at different sub-locations in a cleanroom at the University of Minnesota,
MN, USA.

2. Materials and Methods

2.1. Portable AMC Detector Deploying Soft X-Ray Radiolysis

Figure 1a shows a schematic diagram of the portable detector for AMC in the cleanroom air
deploying soft X-ray radiolysis [7,8,11]. A cylindrical stainless steel chamber was prepared for
converting AMC into nanoparticles under soft X-ray irradiation (soft X-ray radiolysis chamber) and
sealed using a copper gasket to prevent airborne contaminants in the cleanroom air from entering the
chamber. The dimension of the chamber was Φ 127 mm × 203 mm (5 in × 8 in) and the bulk residence
time of AMC in the chamber was 100 s at 1.5 L per minute (LPM). The inner surface of the chamber
was electro-polished and baked at 200 ◦C before the measurements in the cleanroom for minimizing
background signals caused by outgassing from the chamber wall. A soft X-ray emitter (SXN-10F, Sunje
Ltd., Busan, Republic of Korea) was installed to the top of the chamber and irradiated soft X-ray inside
the soft X-ray chamber through a Kapton film window, which allows only soft X-ray to penetrate
through it. A small-size high-efficient particulate air (HEPA) filter capsule was connected to the inlet of
the soft X-ray radiolysis chamber for removing the error caused by primary particulate contaminants
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in the cleanroom air and monitoring only gaseous AMC. In the soft X-ray chamber, AMC coming from
the cleanroom air was converted into nanoparticles through the soft X-ray radiolysis. The nanoparticles
synthesized in the chamber were charged with a Boltzmann distribution by a neutralizer (Po-210) and
then transported to the SMPS for measuring the size distributions of the synthesized nanoparticles.
The aerosol inlet and sheath flow rates for the SMPS were set at 1.5 and 15 LPM, respectively. In
addition, the scan and the retrace times were set at 120 and 15 s, respectively). Based on the SMPS
setting, the number size distribution of nanoparticles synthesized in the soft X-ray radiolysis chamber
was measured from 2.5 to 65 nm. To make a portable detector for investigating AMC hot spots in the
cleanroom, the components of the AMC detection method were organized on a portable cart with
three stages as shown in Figure 1a. Due to the size of the cart, the UCPC was stored below the nano
DMA and the tubing length between two instruments was kept as short as possible to minimize the
particle loss between them. A small-sized laptop PC on the electrostatic classifier (Model 3082, TSI Inc.,
Minneapolis, MN, USA) was deployed for controlling the SMPS and acquiring measured data.

2.2. AMC Monitoring Sites in A Cleanroom at the University of Minnesota

Figure 2 depicts the different monitoring sites in a cleanroom at the University of Minnesota for
the measurements of AMCs through the portable soft X-ray radiolysis detector. The cleanroom air
was well conditioned at 40% relative humidity (RH), 21 ◦C and consisted of 4 different bays with a
common corridor as shown in Figure 2a. Among the bays, Bay 1 and 2 had different facilities used for
semiconductor manufacturing processes. Bay 1 had a wet bench, chemical vapor deposition (CVD)
furnace, and some analysis instruments including microscopes, and Bay 2 mainly had instruments
for photoresists (PR) coating processes. Therefore, Bay 2 equipped yellow lamps, instead of normal
cold cathode fluorescent ones installed in Bay 1. Bay 3 and 4 were used for the cleanroom utility and
post processing of semiconductor products. In this study, the portable AMC monitoring system was
operated in Bay 1 and Bay 2, where main semiconductor manufacturing processes were conducted and
most personnel worked in. The several sub-locations for the AMC measurements in Bay 1 and 2 are
shown in Figure 2a,b, where AMC can be emitted and suspended in the cleanroom air environment,
such as an ellipsometer (Bay1-1), a wet-bench (Bay1-2), a CVD furnace (Bay1-3), and a nanoparticle
deposition system (Bay1-4) in Bay 1; PR drying station (Bay2-1) and spincoater (Bay2-2) in Bay 2.
Bay 1 may have acidic and basic AMCs from the wet bench and CVD furnace as well as personnel
working with the analysis instruments, but Bay 2 was expected to have organic AMCs from the PR
processes [18–20]. In addition, 2 sub-locations of the common corridor were also monitored (Corridor-1:
at the entrance of the cleanroom, Corridor-2: at the opposite end of the corridor).

2.3. Estimation of AMC from the Measured Size Distributions of Nanoparticles Synthesized through Soft
X-Ray Radiolysis

AMC in the cleanroom air is measured in terms of number size distributions of nanoparticles by
the SMPS of the portable AMC detector. To compare the relative AMC levels at different sub-locations in
the cleanroom, total particle number concentration (Np,total) was calculated for each sub-location in the
cleanroom by integrating the measured number size distributions. Total particle volume concentration
(Vp,total) was also calculated by converting the number size distributions into volume ones and
integrating the volume size distributions. In addition to Np,total and Vp,total, AMC concentration can
be estimated using calibration curves between AMC and the particulate properties [7,8]. Due to soft
X-ray radiolysis being a mass- (or volume-) based gas-to-particle conversion, Vp,total is appropriate for
calculating equivalent AMC concentrations in the air. In this study, the equivalent AMC concentration
was obtained in terms of the sulfur dioxide (SO2) (ppbV) from Vp,total (nm3/cm3) of the nanoparticles
through an equation obtained by Kim and his colleagues [7] as

[SO2] = 4.452× 10−10
[
Vp,total

]
− 7.162× 10−19

[
Vp,total

]2
+ 1.006× 10−27

[
Vp,total

]3
(1)
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Even though the cleanroom air can contain various kinds of gaseous compounds in addition to
SO2, we use the calibration curve for SO2 because SO2 is one of the major contributors to secondary
particle formation [21–23] through gas-to-particle conversion under irradiation, and can infiltrate into
the cleanroom after passing through particle filters. Later, more precise and systematic analyses will be
conducted for investigating the chemical composition of AMCs converted into nanoparticles through
soft X-ray radiolysis and developing better calibration curves to estimate the AMC concentration in
the cleanroom air environment.
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Figure 2. Details of the sub-locations as the monitoring sites for AMC in (a) Bay 1 and (b) 2 of the
cleanroom at the University of Minnesota. The cleanroom air was well conditioned at 40% relative
humidity (RH), 21 ◦C.

3. Results and Discussion

Figure 3a shows Np,total and Vp,total calculated from the number distributions of particles measured
by the portable AMC monitoring system at different sub-locations in the university’s cleanroom. All
the Np,total are less than 1 × 105/cm3, which represents very low AMC concentration in the cleanroom
air, compared to that for 1 ppb SO2 reported in our previous publication [7]. Based on the results in
Figure 3a, most sub-locations in Bay 1 generally show more AMC concentrations in terms of Np,total

than other locations (Corridor and Bay 2). However, Bay 1-3 has the lowest Np,total than all other
sub-locations, which can be understood that the sub-location, Bay 1-3, was the cleanest one in the
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cleanroom during the measurements. An open door next to Bay 1-3 for entering to the utility area with
lower air pressure than Bay 1 might cause the lowest value.
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Figure 3. (a) Total particle number and (b) volume concentrations measured at different sub-locations in
the cleanroom at the University of Minnesota by the portable AMC detector through soft X-ray radiolysis.

Figure 3b depicts Vp,total calculated from the volume distributions of particles converted from
the measured number distributions of particles. In this case, Bay 1-3 shows higher value than the
sub-locations in Corridor and Bay 2, even though it was still the cleanest one in Bay 1 in terms of Vp,total.
This difference of the trends in the relative AMC concentrations among the sub-locations between
Np,total and Vp,total was caused by the particle size converted from AMC. Although the total number
concentration for Bay 1-3 was lower than those for the sub-locations in Corridor and Bay 2, the sizes of
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particles converted from AMC through the soft X-ray radiolysis in Bay 1-3 were larger than those in
Corridor and Bay 2. As the soft X-ray radiolysis is a gas-to-particle conversion, which is a mass- (or
volume-) based conversion, using Vp,total (the density for the particles are unknown) in Figure 3b is
more appropriate for estimating AMC concentration in the cleanroom air [7].

Figure 4 represents the equivalent SO2 concentrations corresponding to Vp,total in Figure 3b, which
were calculated through the Equation (1) and all of them are lower than 15 pptV. Interestingly, Bay 2
for PR processing shows lower concentration than Bay 1. Even though many chemicals were used in
Bay 2 areas, the total number concentrations of nanoparticles converted from AMC in the cleanroom
air were not exceeding those measured in Bay 1. This can be explained that the air with AMC was
well-evacuated, thus reducing Np,total and Vp,total in Figure 3a,b. Especially, the difference between
Bay 1 and 2 was more apparent in terms of Vp,total, because the size of the nanoparticles converted
from the AMC in Bay 2 was smaller than Bay 1. This might be achieved by the hood system for the
PR processes, which was well equipped and operated. If the chemical properties of AMC in Bay 2
were all organics and Bay 1 had more acidic and basic AMCs than Bay 2, the conversion rates from the
organic AMCs in Bay 2 could be slower than AMCs in Bay 1. Then, the particle or haze formation
problems could be lower in Bay 2 than Bay 1, even though Bay 2 had more AMC sources. We developed
this portable AMC monitoring system for determining AMC hot spots in real-time, and analyzing
the chemical composition of the AMC was out of the scope of this study. In addition, one of the
main issues of AMC is gas-to-particle or haze conversion due to photochemical processes with UV
in the lithography processes. Therefore, AMCs, which cause the particle and surface contamination,
were more concerning in this research. Calculating the equivalent SO2 concentration can be a facile
method to estimate the AMC concentration levels in the cleanroom air. As shown in Figure 4, the AMC
concentration in the cleanroom air was very rare, as low as 15 pptV equivalent SO2 concentration.
The cleanroom seemed to be well maintained with the hood system for evacuating the AMC that
originated from the materials used in the semiconductor manufacturing processes and personnel
working in the cleanroom. Even though the cleanroom did not show high AMC concentration, the
portable AMC monitoring system could measure AMC in the cleanroom air in real-time, i.e., different
AMC concentrations at different locations.
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4. Conclusions

We investigated the AMC levels at different sub-locations in the cleanroom air environment
through a portable AMC detector deploying soft X-ray radiolysis, which consists of (1) soft X-ray
chamber for converting AMC into nanoparticles and (2) SMPS for measuring the size distribution
of the converted nanoparticles. The portable AMC detector showed different AMC concentrations
at the different sub-locations in the cleanroom. By calculating the equivalent SO2 concentration
(one of the major AMCs), we could determine the AMC level roughly in the cleanroom air, even
though the concentration was as low as 15 pptV SO2. This study showed that the portable soft X-ray
radiolysis-assisted AMC detector was a good candidate for determining AMC hot spots in real-time,
which can help the semiconductor industry increase the production yield by tackling AMC issues in
the semiconductor manufacturing processes promptly. Further research for upgrading this technique is
required for quantifying multiple AMCs other than SO2 and developing a cheap and battery-operated
hand-held AMC monitor through soft X-ray radiolysis in cleanrooms.
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