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Ozone (O3 ) is a strong oxidising agent
that is formed daily in the near-surface
layers of the atmosphere under the influ-
ence of UV light from solar radiation in a
NOy /VOC-assisted cycle in the presence
of abundant atmospheric oxygen (O, ).
[Fishman & Crutzen, 1978; Finlayson-
Pitts & Pitts, 2000; Seinfeld & Pandis,
2016].

In an environment in which NOx (nitrogen
oxides, NO + NO,) and oxidisable hydro-
carbons are present, the build-up rate is
significantly controlled by the radiation in-
tensity and the relative concentrations of
NOyx and VOCs. The build-up rate is well
researched and the contributions to it are
well described by reaction equations and
model calculations. [e.g. Crutzen, 1971,
Finlayson-Pitts & Pitts, 2000]
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With decreasing or absent UV radiation
(sunset), the formation rate drops below
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the loss rate for ozone. The ozone con-
centration in the lower atmosphere de-
creases again. This is due to loss reac-
tions in the NOx cycle, in particular the
rapid loss reaction of ozone with nitrogen
monoxide (NO + Oz = NO; + Oy), as well
as other reactions in which the reactive
and unstable ozone molecule acts as an
oxidising agent and is consumed. Of par-
ticular importance here is the contact of
ozone-containing air masses with the
ground or other surfaces where the loss
takes place. [e.g. Jacob, 2000].

Due to the combination of the above-
mentioned formation and depletion pro-
cesses, It is not surprising that ozone
concentrations in the ambient air gener-
ally show a strong day-night difference,
with peak values of up to 100 - 150 ppb,
in the early afternoon and at the same
time potentially low values of 10 - 15 ppb,
before sunrise in the morning. [Monks et
al., 2015].

Examples of typical ozone concentra-
tions in Switzerland during the summer
months are shown by outdoor air meas-
urements at the NABEL stations (Figure
1) and in the vicinity of the artemis con-
trol AG laboratory in the greater Zurich
area, Switzerland. The parallel measure-
ments of ozone, NO and NO; (NO,) show
the interaction of ozone concentrations,
the morning entry of NO into the cycle
and the distribution of NO and NO; over
the course of the day(Figure 2). Figure 3
shows past ozone measurement values
from the fresh air supply of a prototype
production facility for nanoelectronic ma-
terials with partial fresh air filtration.
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Figure 1: Ozone in outdoor air - typical concentration values & daily variations in the summer
months in Europe - examples at the NABEL measuring stations in Switzerland and at the labora-

tory of artemis control AG, ZH, Switzerland

One can subjectively assume that the
ground-level ozone values and the daily
peak concentrations are highest in the
tropics due to the high number of "sunny
days". This is correct insofar as the sea-
sonal fluctuations in solar radiation and
UV intensity are lower in the tropics than
in higher latitudes in the northern or
southern hemisphere. [Cooper et al,
2014, Monks, 2000] However, in late
spring and early summer - i.e. around the
so-called solstice - the day length and du-
ration of light irradiation in the respective
hemisphere is generally considerably
longer than at the same time in the trop-
ics. If, in addition to this long irradiation
period, a high radiation output under a
clear sky meets a favourable NO, /VOC

mix, the peak ozone concentrations in
the high latitudes quickly exceed the typ-
ical average daily peaks in the tropics.
[Monks, 2000].

In addition, favourable micrometeorolog-
ical conditions, such as low air move-
ment during the night or low NO inputs,
can mean that the ozone formed during
the day is not broken down at night and
a "base" of 30 - 40 ppb, remains, on which
ozone formation continues to build up
the next day (see also Figure 3). A similar
mechanism led to a significant net in-
crease in ground-level ozone production
during the COVID-19 lockdown in east-
ern China, for example. [Chen et al,
2021].
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Figure 2: Parallel measurements of ozone, NO and NO: (NOx ) at the laboratory of artemis
control AG, Zurich region, Switzerland. The curves show the interactions of the ozone
concentrations, the morning entry of NO into the cycle and the distribution of NO and
NO. over the course of the day.
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In these situations, it is not uncommon
for regional ozone limit values to be ex-
ceeded [Monks et al., 2015], which are
set and issued taking into account the ef-
fects on the respiratory system, espe-
cially in older people or people with im-
paired health [Bell et al., 2005, Jerrett et
al., 2009]. If the limit values are ex-
ceeded, people at risk are advised to
avoid strenuous outdoor activities and to
stay indoors instead. This is due to the
generally lower ozone concentrations in-
doors, where practically only loss reac-
tions take place.

The manufacturing processes in nanoe-
lectronics can also be affected by ozone
in the ambient air of the nanoelectronic
structure and its oxidising effect. [Park et
al., 2001]

This is easiest to understand for the still
young and small field of polymer elec-
tronics or organic polymer conductors
and semiconductors. This is because the
basic structure of polymer conductors
are conjugated polymer main chains,
which consist of a strictly alternating se-
qguence of single and double bonds. The
polymers therefore have a delocalised

' Ozone initiated polymer cleavage was already
observed in the 19™ century on chemically unsta-
bilised natural rubber/rubber. Other redox reac-
tions with ozone have been used, for example, in
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("mobile") electron system, which ena-
bles semiconductor properties and, after
chemical doping, conductivity.

However, unsaturated (C=C) double
bonds are favoured points of attack for
the oxidising agent ozone and lead to ox-
idative chain breakage as part of "ozonol-
ysis" and thus to destruction of the (con-
ductive) polymer." [Petrick & Dubowski,
2009] Depending on the type of conduc-
tive polymer and its processing and stor-
age process, ozone concentrations of >
5 ppby in the ambient air are already clas-
sified as process-critical and damaging.

In silicon-based semiconductor technol-
ogy, the effect of ozone (in addition to
other oxidising agents) is held responsi-
ble for the unwanted, uncontrolled for-
mation of silicon oxide layers on pure Si
surfaces. Native metal surfaces of easily
oxidisable metals are also classified as af-
fected.

Park et al. (2001) report on a Si-O growth
of 0.015 - 0.07 Angstrom/minute when
exposed to ozone in the concentration
range of 20 - 200 ppb, . This Si-O growth
leads to an unwanted change in the ca-
pacitive properties of a storage cell and
should be avoided.

electrochemical processes to probe the vertical
distribution of ozone in the atmosphere, see ref-
erences in [Kames & Schmidt, 1992].
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Means for limiting ozone concentrations
in the cleanroom air

The main process for the formation of
ozone is the photolytic formation in the
outside air described above. The main
source of ozone in the cleanroom air is
the entry of outside air into the clean-
room through the make-up air system.
Localised source reactions for ozone
from the use of UV light or high voltage
can occur in the cleanroom, but these are
limited.

With daily peak values of 60 - 150 ppb, in
the outside air over several hours, active
ozone separation from the make-up air is
required in order to comply with thresh-
old values of no more than 5 ppb .,

It is true that an ozone content of e.g. 60
ppb, in the outside air does not immedi-
ately lead to a corresponding concentra-
tion in the cleanroom due to the limited
fresh air rate of 5-7% of the recirculated
air rate. This is prevented - in addition to
the wall loss of ozone in the air duct sys-
tem - by further back reactions and low
exchange rates and loss reactions in the
recirculated air circuit. Typically, in a
cleanroom without active ozone separa-
tion, a peak forms within two hours after
such peak occurred on the level curve in
the outside air.

The use of AMC filters in the make-up air
system is recommended to reduce the
ozone content in the make-up air. In
state-of-the-art outdoor air systems for
cleanrooms for the production of nanoe-
lectronics, at least one and preferably
two stages are usually provided for clean-
ing the make-up air from AMC.
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However, the focus is often on reducing
and stabilising the levels of acids or acid
formers, organic and organosilicon air
constituents and alkaline components.

For the filtering removal of ozone from
the air, the mechanism is generally used
which, in addition to the reactive loss
with NO, represents the main loss path-
way in the outside air. This is the reactive
loss with surfaces and the re-formation
of ozone to oxygen.

An AMC filter based on activated carbon
is commonly regarded as a filtering sys-
tem with a large surface area. As a highly
porous material, activated carbon does
indeed have an 'inner surface area" of
900 - 1200 m? /g of sorbent. Activated
carbon suitable for trace gas filtration has
a system of transport pores and micro-
pores that are easily accessible to a
small, mobile molecule such as ozone.

In indicative laboratory tests, almost all
state-of-the-art AMC filters based on ac-
tivated carbon have therefore proven to
be suitable. In such tests, filtration effi-
ciencies of >98% can be easily demon-
strated for short periods on new filters
and at elevated concentrations. These
tests are often also carried out at very
high ozone concentrations and extrapo-
lated in terms of "capacity performance’
via the size of a dose in ppb/h to a usable
period of use under typical outdoor air
pollution.
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Ozone removal by AC-1 in the month of May
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Figure 3: Tracking the measured ozone values ("Os in" in the outside air, "Os out" on the
downstream side of the filter barrier) and ozone removal on an outside air system
equipped with type AC-1 filters (nanoelectronic material pilot production). The days with
constantly increased concentrations of ozone in the outside air lead to the formation of a
'base" of approx. 40 ppb., which also remains at night, resulting in a 'memory effect" and
reduced performance for ozone separation for this filter type (AC-1). The effect is reversi-
ble but undesirable, as the course of outdoor air concentrations cannot be actively influ-
enced or predicted.

Unfortunately, separation efficiencies Comparative investigation of AMC filter

found in tests designed in this way often
do not materialise in practice. The reason
for this lies in the combination of the sep-
aration mechanism and the performance
requirements for lower but periodically
occurring peak concentrations in prac-
tice.

systems for the separation of ozone -
material variants and service life

The loss of ozone on solid surfaces is,
among other things, a recombination to
oxygen (2 O; ® 3 O, ) as well as a reac-
tion with substances on the surfaces in
the sense of a sorptive reaction.
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A reaction with the material of the sur-
face itself or a combination of the mech-
anisms mentioned can also occur.

Accordingly, it is clear that there are ma-
terials and surfaces that degrade very lit-
tle ozone and are used in this sense
(glass, PTFE [Cano-Ruiz et al., 1993]) as
well as materials that degrade ozone ef-
ficiently and continuously (e.g. heated
ozone filters with metal/metal oxide
structures on systems and appliances).

In the field of AMC filtration, it only
makes sense to use systems that guar-
antee that the concentration in the out-
flow area of the filter is permanently be-
low the limit values of 2 - 5 ppb, at low,
but dynamically changing concentrations
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without added thermal power and taking
into account other AMC present in the
air. The systems should be free of by-
products, e.g. from the removal of ozone.

Table 1 shows a comparison of the initial
separation efficiency of ozone on four
AMC filters. The AMC filters AC1 - AC4
have in common that the sorption mate-
rial in the base body is activated carbon.
The characteristics of the inner surfaces
of the activated carbons are different.

For comparison, the separation of ozone
on AMC filters made of functional poly-
mers (FP-B and FP-A) is shown, which -
in line with expectations and the material
design - should not and do not show any
separation of ozone.

Table 1: The initial separation efficiency of ozone on various AMC filters, the AC (‘acti-
vated carbon’) types are all based on activated carbon composite materials, the FP ("func-
tional polymer") types on porous organic polymer structures

AC-1 AC-2 AC-3 AC-4 FP-B FP-A
Entry [ppb 1, 10-75 10-75 10-75 10-75 10-75 10-75
Outlet [ppb ], 1-15 15 1-4 1-5 10-75 10-73
Distance 90-70% 96-85% 98-94% 96-90% 0% 0-2%

Table 2: The ozone removal efficiency of AMC filters after only 6 000 ppb.h input dose

AC-1 AC-2 AC-3 AC-4 FP-B FP-A
Entry [ppb 1, 10-75 10-75 10-75 10-75 10-75 10-75
Outlet [ppb I, 10-20 1-5 1-4 1-5 10-75 10-73
Distance 90-60% 96-80% 98-94% 96-84% 0% 0-2%

In a continuation of the investigations,
we show the behaviour of various AMC
filters under a continuous controlled cy-
clic day-night load in a long-term test un-
der realistic operating conditions (Figures
4and5).

It can be seen that the AMC filter type
AC-2, a filter with the target application
"VOC & Condensables", initially achieves
a high separation efficiency under realis-
tic test conditions, which can guarantee
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compliance with the < 5 ppb, criterion. separation efficiency decreases and no
This picture changes after prolonged use longer complies with the limit value at
of - in this test - three months under con- peak concentrations (compare "as new"
sistently high exposure (corresponds to a and "aged" states in Figure 4).

total dose of approx. 100°000 ppb.h). The
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Figure 4: Comparison of initial removal efficiency of ozone at the AMC filter AC-2 with
the removal efficiency of this filter in the aged state (up to a dose of 100°000 ppb,h ozone)

At the same time, the separation effi- case in the periods of decreasing concen-
ciency determined compared to the input tration that follow the daily peak load. We
concentration decreases again at lower attribute this behaviour to a temporary
concentrations. This is particularly the saturation of the reactive surface when

PAGE 9



the reaction is inhibited, which can be re-
garded as a "memory effect". The filter re-
tains an influence from the previous
phase, which proportionally prevents the

artemisscontro
decomposition of newly inflowing ozone
of lower concentration and leads to a

measurable reduction in the spontane-
Ous 0zone output.
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Figure 5: Comparison of initial removal efficiency of ozone at the AMC filter AC-3 with
the removal efficiency of this filter in the aged state (up to a dose of 100°000 ppb.h ozone)

The "memory effect" is a basic character-
istic of many common activated carbon
types and has been repeatedly observed
during the operation of AMC filters. This
occurs in particular where no specific ma-

terial selection is required and imple-
mented for the criterion of stable ozone
separation. (See the example of the use
of AC-1 for a fresh air supply (pilot plant
nanoelectronics) in figure 3).

PAGE 10



In comparison, the AMC filters of type
AC-3 (and AC-4) do not show this unde-
sirable characteristic - neither after a
longer period of operation nor in detailed
temporal resolution of the performance
in a phase of increasing or decreasing
ozone input concentrations. A progres-
sive inhibition of the reaction is not rec-
ognisable and is based on the specific
material selection adapted to the task
(Figure 5).

When analysing and investigating AMC
filters used in cleanroom operation (oper-
ation in outdoor air systems, imposition
of different AMC sum loads determined
by the local conditions of the system de-
sign, the natural and imposed AMC
sources in the environment), the investi-
gations described above can be con-
firmed throughout.

The filter type AC-2 - a filter designed for
the treatment of VOC & Condensables -
experiences a loss of VOC separation ef-
ficiency during system operation under
the influence of organic & inorganic AMC
and ozone, which, expressed as a per-
centage, occurs primarily during peak
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loads and in periods with high ozone lev-
els during the day/night cycle. In relation
to the assessment of performance at
lower concentrations, the filter appears
‘used up" and "no longer effective". How-
ever, it can be shown that the removal
efficiency increases again some time af-
ter these episodes. However, as the du-
ration and frequency of the episodes can-
not be predicted and influenced, safe
compliance with the cleanroom limits
cannot be guaranteed with AC-2, VOC &
Condensables filters alone.

In comparison, the loss of separation ef-
ficiency with filter type AC-3 is low to un-
detectable even after more than 18
months of continuous operation. The use
of this filter type enables compliance
with the requirement for a low outlet-
side concentration at all times and under
all foreseeable circumstances. For AMC
filters based on the AC-3 and AC-4 filter
materials, these performances are
stated, specified and guaranteed by arte-
mis control AG in the product infor-
mation. Such AMC-filters can be recog-
nised by the user by their product codes.
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Conclusions

Ozone (O3) is an airborne molecular con-
taminant (AMC) in a number of process
steps in  semiconductor production,
which leads to the unwanted and uncon-
trollable formation of oxide layers. In the
case of polymer conductors, the effect of
ozone can lead to chain scission and a re-
duction in conductivity.

For the reasons mentioned, there are
specific specifications for the maximum
tolerable ozone concentration in the
cleanroom air or in the process system
for a large number of processes and stor-
age situations, in which the material
properties and cycle times of the pro-
cesses are taken into account.

The tolerable limit values for ozone con-
centrations in the process are generally
in the range of a few ppb,, but in any case
far below the typical concentrations in
the outside air in sunny weather.

As the source of ozone concentrations in
cleanrooms is essentially the ambient air
or fresh air supply, the control of ozone
concentrations often begins with the
AMC filtration of the fresh air and can be
extended to cleanroom zones or specific
process systems.

Although almost all porous materials
such as activated carbons, zeolites, etc.
show a reduction effect against the un-
stable ozone molecule in orientating and
short-term material tests. However long-
term effects, such as the “memory
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effect to elevated peak exposure” can-
not be ruled out on a short-term test sce-
nario.

Further long-term effects, such as a pas-
sivating change of the surfaces can also
not be identified by short-term tests.
These long-term effects can remain un-
noticed for a long time, but lead to a sud-
den drop in separation efficiency in
phases of increased continuous load and,
in the worst case, to a violation of the
specified process limit values. These vio-
lations can occur spontaneously and dis-
appear again due to the aforementioned
cause, leading to a "phantom phenome-
non" and causing many distraction and
uncertainties regarding the process sta-
bility. Basically AMC filters for the broad-
band separation of VOC & Condensables
from the air are not long-term stable
AMC filters for ozone.

The use of specific sorbents with modi-
fied and stabilised surfaces in AMC filters
specified in this way prevents the afore-
mentioned loss of performance. If the
operating instructions are followed, this
leads to compliance with the process
limit values over a very long operating pe-
riod and over a wide range of inlet con-
centrations including daily peaks.

artemis control offers AMC filters that
are specially designed for the task of ef-
ficient and long-term stable ozone reduc-
tion from the air.

Please contact us if you require further

information, advice or an AMC filter solu-
tion for this task.
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About artemis control

artemis control is a leading provider of
contamination control solutions, includ-
ing AMC filters, particulate filters and an-
alytical services for the semiconductor
and general nanotech industries. artemis
control is ISO 9001:2015 certified and
has manufacturing, customer service
and/or research facilities serving key
global locations in these industries. For
more information, please visit www.arte-
mis-control.com
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artemis control - Contacts

Europe - Headquarters
Switzerland

artemis control AG
Seestrasse 147
CH-8610 Uster
Switzerland

Telephone: +41 43 366 40 10
Fax: +41 43 366 40 11

E-mail: info-eu@artemis-control.com

www.artemis-control.com

Germany

artemis control GmbH
Magdeburger Strasse 38
D-47800 Krefeld
Germany

Telephone: +49 2151 74 77 800
Fax: +49 2151 74 77 801

E-mail: info-eu@artemis-control.com

www.artemis-control.com

Content and disclaimer

artemis control assumes that the information in this document is correct at the time of publication. All
specifications and designs are subject to change without notice. artemis control shall not be liable for any
errors or omissions in this document. artemis control assumes no obligation to update the information
contained in this document. You may not use this document in connection with any infringement or other
technical or legal analysis relating to the artemis control products described herein. This document does
not grant any licence, express or implied, by estoppel or otherwise, to any intellectual property rights.

The content and structure of this technical report of artemis control AG are protected by copyright. The
reproduction of information or data, in particular the use of texts, parts of texts or images, logos requires
the prior written consent of artemis control. The respective trademark rights and copyrights of the images

North East Asia
Taiwan

artemis control Co., Ltd.

N° 241-3, Sec 1, Youth Rd.

Youth Industrial Park

Yang Mei, Taoyuan, Taiwan 326, ROC

Telephone: + 886 3 496 23 45 ext. 606
Fax: + 886 3 496 39 97

Mobile: + 886 97 522 30 90

E-mail: info-nea@artemis-control.com

South East Pacific
Singapore

artemis control Pte Ltd
21 Bukit Batok Crescent
#12-79 WCEGA Tower
Singapore 658065
Singapore

Telephone: + 65 6631 48 54
Fax: + 65 6826 43 32
E-mail: info-sea@artemis-control.com

used remain with the owners. Should any trade marks or rights be infringed, please inform us.

PAGE 14


mailto:info-eu@artemis-control.com
http://www.artemis-control.com
mailto:info-eu@artemis-control.com
http://www.artemis-control.com
mailto:info-nea@artemis-control.com
mailto:info-sea@artemis-control.com

