
Ultra-High Cleanliness of ISO Class Minus 1

Measured in Triply Connected Clean-Unit System Platform

Md. Dalilur RAHAMAN, Hideo KAIJU, Nobuyoshi KAWAGUCHI, and Akira ISHIBASHI�

Laboratory of Quantum Electronics, Research Institute for Electronic Science, Hokkaido University, Sapporo 060-0812, Japan

(Received December 1, 2007; revised March 31, 2008; accepted April 6, 2008; published online July 11, 2008)

A clean environment ISO class minus 1 free of particulate contamination is realized in clean-unit system platform (CUSP),
made of airtight multiply-connected clean-box unit with an air feedback loop, by stepwise reducing particles coming out from
the high efficiency particulate air (HEPA) filter and a number of particles coming out through the filter of the particle counter
due to the imperfect air filtration. The particles coming out from the HEPA filter to the CUSP environment are minimized by
connecting the ultra low penetration air (ULPA) filter just after the HEPA filter. By decoupling the particle counter from the
advanced CUSP unit, the contribution of the particle counter for deteriorating the cleanliness is significantly reduced.
Experimental results from a double use of HEPA and ULPA filters and the separation of particle counter from the advanced
CUSP unit, demonstrate the ultra-high cleanliness of ISO class minus 1, which would be the key factor for increasing the
product yield and reliability in the burgeoning cross-disciplinary research. [DOI: 10.1143/JJAP.47.5712]
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1. Introduction

An ultra-high clean environment is a fundamental
production factor for many advanced high-tech manufactur-
ing industries, such as nanotechnology, nano-biotechnolgy
and high-care food factories.1–3) In the cross-disciplinary
research, the most important factor is to integrate the top-
down and bottom up systems.4) For integrating these two
systems, we have proposed tool-based and the device-based
approaches. The clean-unit system platform (CUSP), made
of airtight multiply-connected clean-box unit with 100% air
feedback through the feedback loop,5) is of the tool-based
approach. Cleanliness of International Organization for
Standardization (ISO) class 1–2 has been demonstrated in
our CUSP,5,6) whereas the super cleanroom has the cleanli-
ness of ISO class 3.7) Since the geometry of semiconductor
devices continues to shrink to nanometer scale and as the
next generation plant technology, the development of the
regenerative medicines and other biotechnologies are the
concurrent issues in the field of the booming nano-
biotechnology, still now, there is a strong demand to
improve the cleanliness of the CUSP unit much better than
the cleanliness of ISO class 1–2, for uniting the top-down
and bottom-up systems as well as the next generation
semiconductor device fabrication.4) Conventionally, the
cleanliness in LSI related Cleanroom and bio-related clean-
room are much different and LSI or top-down systems
researchers do not share their clean environment with bio-
related, or bottom-up systems researchers. But with the
CUSP, they can build up their own system like LEGO
blocks enjoying the cross-over as well as the synergy of
top-down and bottom-up systems.

In this study, we have investigated how to obtain much
better cleanliness in the CUSP unit. Although the cleanliness
of ISO class 1–2 has been obtained in CUSP unit, the
inconsistency in the particle diameter dependence of the
airborne particle concentration with the analytical expres-
sion of the ISO standard8) has not been well examined yet.
The cleanliness of CUSP unit largely depends on the number
of particles coming out from the interior of the CUSP.5)

Hence, two key factors are considered for the deviation of
the particle diameter dependence of the airborne particle
concentration from the analytical expression of the ISO
standard.8) One is the number of particles that passes through
the high efficiency particulate air (HEPA) filter and another
one is the particle coming out from the particle counter
installed in the CUSP for the experiment. The HEPA filter
medium is made of micro-glass-fiber.9) In the case of the
longer period measurement of the cleanliness, the cleanli-
ness of the CUSP unit is not good enough, because the
particles with the diameter of 0.1 mm, coming out from the
surface of the HEPA filter due to the glass fiber materials of
the HEPA filter, i.e., the self-dusting problem of the HEPA
filter is one of the most considerable issues for obtaining
the ultimate cleanliness of the CUSP unit. The installation of
the ultra low penetration air (ULPA) filter just beneath
the HEPA filter can considerably minimize the number of
particles coming out from the surface of the HEPA filter. In
this report, the particle counter is decoupled from the
advanced CUSP unit whose cleanliness is to be measured,
for reducing the number of particles coming out from the
particle counter by using the triply connected CUSP units
configuration.

2. Experimental Methods

2.1 Single filter CUSP unit system
The CUSP unit is a multiply-connectable clean box that

consists of a main chamber, a HEPA filter, a set of gloves, a
feedback loop and connection boxes at the sides and back as
shown in Fig. 1(a). The main chamber of the CUSP unit has
a 0:45� 0:8m2 rectangular top, a 0:55� 0:8m2 rectangular
bottom, and trapezoidal sides having 0.45-m-long top sides,
0.55-m-long bottom sides, and heights of 0.8m.6) The
particle reduction rate of the HEPA filter for the particle
diameter of 0.3 mm is 99.997%. The flow rate F of the single
filter system CUSP units (units 2 and 3) is 0.96m3 min�1.
The number of airborne particle is measured by the particle
counter PMS LASAIR 110 at room temperature. This
particle counter makes it possible to measure the number of
airborne particle count per one cubic foot for one minute
with respect to the particle diameters of 0.1, 0.2, 0.3, and
0.5 mm.�E-mail address: i-akira@es.hokudai.ac.jp
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Theoretically, the airborne particle density, nðtÞ, in the
CUSP unit with HEPA filter and the 100% air feedback
through the feedback loop is given by a solution of the
differential equation:5)

V
dnðtÞ
dt

¼ S� � nðtÞF þ nðtÞFð1� �Þ

¼ S� � nðtÞF�;
ð1Þ

where V is the volume of the chamber, S is the area of the
inner surface of the clean unit, � is the number of particles
emitted from the wall of the CUSP unit per unit time per unit
area, F is the flow rate, and � is a reduction rate of particles
by the HEPA filter. The solution of eq. (1) under the
boundary condition, nð0Þ ¼ N0, is given by5)

nðtÞ ¼
S�

�F
þ N0 �

S�

�F

� �
exp �

�F

V

� �
t; ð2Þ

where N0 is the ambient dust density.
At t ! 1, the steady state airborne particle density in the

CUSP unit with the HEPA filter is

nð1Þ ¼
S�

�F
: ð3Þ

The time dependence of airborne particle count in the CUSP
unit with HEPA filter is investigated using eqs. (2) and (3).

2.2 Double filters CUSP unit system
For better cleanliness, as shown in the schematic

illustration of Fig. 1(b), our advanced CUSP (CUSP unit
1) is equipped with ULPA filter just beneath the HEPA filter
to minimize the number of particles coming out from the
HEPA filter into the advanced CUSP unit interior volume.
The particle reduction rate of the ULPA filter for the particle
diameter of 0.15 mm is 99.99999%. The flow rate of F in the
advanced CUSP unit (CUSP unit 1) is 0.96m3 min�1. The
number of airborne particle count in the double filters CUSP
unit system is also measured with the LASAIR 110 particle
counter. Theoretically, the airborne particle density, nðtÞ, in
the advanced CUSP unit, this time, i.e., with the double use
of HEPA and ULPA filters in the air feedback loop, is
obtained by a solution of the differential equation:

V
dnðtÞ
dt

¼ S� � nðtÞF þ nðtÞFð1� �1Þð1� �2Þ

¼ S� � nðtÞFð�1 þ �2 � �1�2Þ;
ð4Þ

where �1 and �2 are the particle arrest efficiency of the
HEPA and ULPA filters, respectively. The solution of
eq. (4) under the boundary condition nð0Þ ¼ N0, is obtained
as

nðtÞ ¼
S�

Fð�1 þ �2 � �1�2Þ
þ N0 �

S�

Fð�1 þ �2 � �1�2Þ

� �

� exp �
Fð�1 þ �2 � �1�2Þ

V

� �
t: ð5Þ

At t ! 1, the steady state airborne particle density is

nð1Þ ¼
S�

Fð�1 þ �2 � �1�2Þ
: ð6Þ

For the simplification, we have assumed that 1� �1 ¼ � and
1� �2 ¼ ", where 1 � � � ". Therefore, the denominator
of eq. (6) becomes F½�1ð1� �2Þ þ �2� ¼ Fð�1"þ �2Þ !
�2F as �1" ! 0.

So, we can write eq. (5) as

nðtÞ ¼
S�

�2F
þ N0 �

S�

�2F

� �
exp �

�2F

V

� �
t: ð7Þ

At time t ! 1, the steady state airborne particle density
is

nð1Þ ¼
S�

�2F
: ð8Þ

Indeed the expression is the same as that in eq. (3), but the
meaning of the parameters in obtaining high cleanliness is
different, because � and �, especially the particle diameter
dependence of �, are different for HEPA and ULPA filters.
Also, clogging is decreased in the HEPA/ULPA tandem
system. The time dependence of airborne particle count in
the CUSP unit with the double filters is investigated using
eqs. (7) and (8).

2.3 Triply connected CUSP unit system
Figures 2(a) and 2(b) show the top view and front view of
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Fig. 1. Schematic illustrations of conventional CUSP unit with (a) HEPA filter and advanced CUSP with (b) HEPA and ULPA filters.
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the schematic illustration of the high precision experiments’
setup, which consists of three CUSP units, named as the
advanced CUSP unit (CUSP unit 1), the system whose
cleanliness is to be measured, conventional CUSP’s (CUSP
unit 2 and CUSP unit 3), the measurement system,
connected through the connection boxes at the sides. Each
of the connection boxes has the dimension of 0.08m
(height) � 0.15m (width) � 0.165m (length) with the
openings at the both sides.10) In the advanced CUSP unit,
the ULPA filter is installed just beneath the HEPA filter. The
CUSP unit 2 acts as the buffer zone and the CUSP unit 3
performs as the clean environment for the particle counter
LASAIR 110. The interior environment of the CUSP 3
is relatively dusty compared to the CUSP units 1 and 2,
because the particles coming out from the LASAIR 110
particle counter due to the imperfect air filtration by the filter
of the particle counter. When the dusty air of the CUSP unit
3 passes through the connection box between the CUSP units
2 and 3, the dusty air is buffered through the buffering zone
CUSP unit 2. As a consequence, the dusty air coming from
the CUSP unit 3 does not affect the cleanliness of the
advanced CUSP (CUSP unit 1) whose cleanliness is to
be measured. A 3-m-long flexible tube is used to connect
the advanced CUSP unit and the air inlet of the particle
counter installed inside the CUSP unit 3 through the CUSP
unit 2, for sampling the air volume of the advanced CUSP
unit. The time dependence of the airborne particle count
in the advanced CUSP unit is analyzed using eqs. (7)
and (8).

3. Results and Discussion

3.1 Cleanliness of the single filter CUSP unit system
Figure 3 shows the cleanliness classes of single filtered

CUSP systems. Cleanliness of a conventional cleanroom is
denoted by solid triangles, our prototype CUSP5) (a clean-
unit box without an air feedback loop) by open triangles, a
super cleanroom by open diamonds, and the conventional
CUSP unit6) by open squares. The conventional clean room
we meant is the system without the 100% feedback loop.
The time dependence of the airborne particle count in the
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Fig. 2. Schematic illustration of high precision experiments’ setup for measuring the airborne particle count in the advanced CUSP unit

1 by decoupling the particle counter from the CUSP unit: (a) top view and (b) front view.

0.01 0.05 0.1 0.5 1 5 10
10-4

10 -3

10 -2

10 -1

100

101

102

103

104

105

1

2

3

Particle size(µm)

A
ir

bo
rn

e 
pa

rt
ic

le
 c

on
ce

nt
ra

tio
n 

(m
-3

) 4

0

-1

-2

ISO class
Conventional 
cleanroom

Prototype 
CUSP

Super cleanroom

CUSP with
HEPA & ULPA
filters

CUSP with
HEPA filter

Fig. 3. Cleanliness of the single filtered CUSP systems and that of

advanced CUSP when the particle counter inside the CUSP unit.

Jpn. J. Appl. Phys., Vol. 47, No. 7 (2008) Md. D. RAHAMAN et al.

5714



conventional CUSP unit with single filter is found else-
where.6) The result denoted by solid circles is to be described
in §3.2. According to the definition of airborne particulate
cleanliness classes in ISO standard 146441-1,8,11,12) the
classification of air cleanliness in cleanrooms is defined in
terms of concentration of airborne particles within the space.
The relationship among the maximum-permitted particle
concentration, ISO cleanliness, and the associated diameter
of the concern particles is based on the following expression:

Cn ¼ 10N �
0:1

D

� �2:08

; ð9Þ

where Cn is the maximum-permitted concentration (in
particles/m3 of air) of airborne particles that are equal to
or greater than the considered particle size and it is rounded
to the nearest whole number, using no more than three
significant figures. N is the ISO classification number which
shall not exceed that the value of 9, and intermediate ISO
classification numbers may be specified, with 0.1 the
smallest permitted increment of N. D is the considered
particle size in mm and 0.1 in eq. (9) is constant with a
dimension of mm. The conventional cleanroom has the
cleanliness of ISO class 5. On the other hand, our prototype
CUSP and the super cleanroom have the cleanliness of ISO
class 4 and class 3, respectively. The cleanliness of our
prototype CUSP is one order of magnitude better than the
conventional clean room. The CUSP unit, described in §2.1
with single HEPA filter, has shown the cleanliness of ISO
class 1–2.6) However, from eq. (9), it is found that the
concentration of the airborne particle in the cleanroom and
the associated controlled environments should be inversely
proportional to the square of the particle diameter (D), but
in CUSP with the single HEPA filter, as depicted in Fig. 3
by open squares, the particle diameter dependence of the
airborne particle concentration increases much faster than
D�2, and is inconsistent with the analytical expression of the
ISO standard for defining the cleanliness classes of clean-
room and the associated controlled environments.8) This
inconsistency in the particle diameter dependence of the
airborne particle concentration in CUSP unit is considered to
be due to the large number of particles coming out from the
HEPA filter itself, and here comes the need of double filters
as shown below.

3.2 Cleanliness of the double filters CUSP unit system
measured in the configuration of Fig. 1(b)

The solid circles in Fig. 3, represent the cleanliness of the
advanced CUSP, i.e., the CUSP unit equipped with an ULPA
filter just beneath a HEPA filter. It reveals that the apparent
cleanliness, compared to that of the CUSP unit with single
filter (open squares), is not improved unfortunately. The
observed particle count of the advanced CUSP unit, surely,
is not reflecting the real cleanliness. This is because of
the imperfect air filtration through the filter of the particle
counter in the configuration Fig. 1(b), and here comes the
need of high precision measurement.

3.3 Cleanliness of the double filters CUSP unit system
after decoupling the particle counter

For high precision measurement in the triply connected
CUSP units, the particle counter, in the configuration shown

in Fig. 1(b), is removed from the advanced CUSP unit and
installed in the CUSP unit 3. The cleanliness of the advanced
CUSP unit whose cleanliness is to be measured, now, can
not be deteriorated by the particles coming out from the
imperfect air filtration through the filter of the particle
counter, thanks to the buffer zone, CUSP unit 2, as well as
the isolation of the particle counter to the CUSP unit 3 as
shown in Fig. 2.

Figure 4 shows the time dependence of the airborne
particle count in the CUSP unit with double filters after
decoupling the particle counter from the CUSP unit for the
particle diameter of 0.1 mm. The solid circles represent the
experimental results. When the fan filter unit is switched
on, at t ¼ 0, the particle count is the same as the ambient
environment and the number of airborne particle count is
measured continuously for one week. The inset in Fig. 4
shows the time dependence of the airborne particle count in
the early stage after the CUSP is switched on, representing
the particle count decay behavior, where the solid circles and
the solid line represent the experimental and the theoretical
results, respectively. The theoretical results are obtained by
using V of 0.32m3, F of 0.016m3 s�1, �2 of 0.9999999, and
N0 of 1:6� 109 m�3. The particle count goes to zero count
within 10min. The particle count decay time is given by the
relation, � ¼ V=�F.5) By fitting the experimental results, we
have found the particle count decay time, �, which is 14 s. By
using the value of V of 0.32m3, F of 0.016m3 s�1, �2 of
0.9999999 in the relation, � ¼ V=�2F, the calculated theo-
retical value of the particle count decay time, �, is 20 s. The
theoretical and the experimental results are in the same order.

The double circles with error bars, in Fig. 5, show the
cleanliness of CUSP unit with double filters after decoupling
the particle counter. It is found that the airborne particle
concentration almost varies as D�2, which is consistent with
the analytical expression of the ISO standard.8) Based on the
analyses of the experimental results; we have succeeded in
obtaining the ultra-high cleanliness of ISO class minus 1 in
the CUSP. This performance is four orders of magnitude
better than the super cleanroom (ISO class 3). By decoupling
the particle counter from the advanced CUSP unit and
minimizing the number of particle coming out from the
surface of the HEPA filter, the summation of the number of
all particles that have diameter greater than or equal to
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0.1 mm is less than 0.1 particle per cubic meter.13) From this
result, it can be inferred that even if the volume of the CUSP
unit is increased by ten times, the number of airborne
particle count is as small as one.

Two important aspects of triply connected CUSP are to
obtain the ultra-high cleanliness of ISO class minus 1 in the
advanced CUSP with the isolation of the contamination
source, i.e., the particle counter to the second nearest
neighbor CUSP unit 3 and the other is the potentiality of
connecting the CUSP units in three directions. In Fig. 2,
three CUSP units are connected in series. With the
connection of multiple CUSP units in three directions in
general, we can obtain the ultimate cross-disciplinary
experimental platform like the configuration of Fig. 6. The
experiment which is performed in the triply connected
CUSP units demonstrates that relatively dusty interior
environment of the CUSP unit 3 as depicted in Fig. 2 has
no major impact on the cleanliness of the advanced CUSP
unit. Thus, the multiply connected CUSP units, being
extension friendly, and as clean as ISO class minus 1, will,
definitely, expedite the nanotechnology and biotechnology
research in terms of the clean environment and also be an

important factor for uniting the top-down and bottom-up
systems.

4. Conclusions

Ultra-high cleanliness of the advanced CUSP unit with the
feedback loop has been studied. We have succeeded in
realizing an extremely clean environment ISO class minus 1
in the CUSP unit which is four orders of magnitude better
than the cleanliness of super cleanroom. The number of
penetrating particles through the HEPA filter and the number
of particles coming out from the particle counter to the
advanced CUSP unit environment are the hindrance for
obtaining the cleanliness much better than ISO class 1–2.
The influence of the number of particles coming out from the
surface of the HEPA filter is minimized with the use of
ULPA filter just beneath the HEPA filter. The problem of the
particles coming out from the particle counter itself is solved
by decoupling the particle counter from the advanced CUSP
unit. Furthermore, by minimizing the number of particles
coming out from the surface of the HEPA filter and the
particle counter, it is possible to measure the intrinsic
cleanliness and to obtain the more stringent degree of
cleanliness class of ISO class minus 1. With the clean
environment ISO class minus 1 free of particulate contam-
ination, the integration of nano-biotechnology and the next
generation plant technology in one experimental platform
is realized. Thereupon, we believe that the study of the
cleanliness of ISO class minus 1 in the CUSP unit will open
broad opportunities for the cross-disciplinary research such
as uniting the top-down and bottom-up systems in the field
of nanotechnology.
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