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a b s t r a c t
Organic contamination may decrease the targeted performances of coated surfaces. To study the contamination induced by surrounding materials, a method using a thermal extractor is presented in the ﬁrst
part of this work. Besides its normal operation (analyses of outgassing compounds from a material), this
device is used in an original way to contaminate and decontaminate samples. Efﬁciency of contamination
and decontamination protocols are assessed by automated thermal desorption and gas chromatography
coupled with mass spectrometry and by secondary ion mass spectrometry coupled with a time of ﬂight
mass analyzer. This enables to study the contamination induced by a bulk material outgassing and to
take in consideration the possible competition between outgassed species. This method is then applied
to investigate contamination of Laser MégaJoule sol–gel coated optics by a retractable sheath. The impact
of the temperature on the outgassing of the sheath has been highlighted. Increasing temperature from 30
to 50 ◦ C enables the outgassing of organophosphorous compounds and increases the outgassing of oxygenated compounds and phthalates. Chemical analyses of contaminated optics have highlighted afﬁnities
between the sol–gel coating and phthalates and organophosphorous, and low afﬁnities with aromatics
and terpens. Finally, samples with increasing levels of contamination have been realized. However a
saturation phenomenon is observed at 90 ng cm–2 .
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Surface coatings allow the optimization of the performances
of a solid surface to a speciﬁc application. However, particle or
molecular contamination can affect the targeted performances.
Contamination generally comes from manufacturing processes
(residues of solvents, detergents, or polishing products. . .), from
human activities, from environment (molecules outgassed from
packaging [1], or from surrounding materials [2]). Therefore, from
the outset until nowadays, several activity ﬁelds – spatial [3–5],
microelectronic [6–9], coating technologies [10], laser applications [11–14] – look for reducing contamination sources and
study their impact on the surface properties. For example, for
laser applications, contamination may impact the transmittance,
the reﬂectance, or the laser-induced damage threshold (LIDT)
of optics [15], limiting the development of high power lasers
[16,17]. Therefore, several studies deal with intentional contamination of functional surfaces. For example, to study the impact of
toluene on the LIDT of coated optics for space applications, Ling
et al. [18–21] or Riede et al. [22] have developed protocols to
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contaminate some optics which consists in introducing toluene
in the vacuum cell containing their samples. Riede et al.’s further
studies [23] have also investigated laser induced contamination
in vacuum in presence of bulk materials (silicone, polyurethane
and epoxy based materials). In this way, for atmospheric pressure
studies, a new method using a thermal extractor (Micro-Chamber
Thermal Extractor: M-CTE250, Markes International) is here presented. Although the M-CTE is designed to study the molecules
outgassed from a material [24], this paper presents a particular
use of this system as a tool to contaminate and decontaminate
samples. It enables in particular to use a bulk material for the
optics contamination instead of one class of molecules to take
into account possible competition and combinations between
molecules. The molecules outgassed from a material are identiﬁed and quantiﬁed by automated thermal desorption and gaseous
chromatography coupled with mass spectrometry (ATD/GC/MS)
analyses that also enable to determine the afﬁnity of outgassed
molecules with a coated surface. In the ﬁrst section of this paper,
the M-CTE250 system and how it can be used to study contamination is described. Then, to illustrate this method, an application
to the Laser MégaJoule optics (LMJ, a French multi beam facility) is performed: contamination of sol–gel coated silicate optics
by outgassing of a retractable sheath is investigated in a second
part.
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2. Experimental
2.1. Experimental setup
The intentional contamination test is realized in a qualiﬁed
Micro-chamber/Thermal Extractor (M-CTE250 Markes International). The M-CTE250 is a quality control tool for screening the
volatile and semi-volatile organic compounds (VOCs and SVOCs)
coming out of organic materials. The system consists in four
micro-chambers operating between ambient temperature and a
maximum of 250 ◦ C. Conditioned sorbent tubes are attached to
each micro-chamber and a controlled ﬂow of dry clean air passes
throughout all four chambers simultaneously (Fig. 1). Organic compounds, which are not adsorbed on receptive surfaces, are swept
from the chamber and collected onto attached sorbent tubes.
Depending on the aim of the experiment, chambers are kept empty
(to perform a blank procedure, Fig. 1a) or are ﬁlled with a contaminant alone (normal use, to determine the VOCs and SVOC outgassed
from a material [24], Fig. 1b) or with a sample and a contaminant
(to contaminate the sample, Fig. 1c) or with a sample alone (to
desorb or to decontaminate it, Fig. 1d). This new use of the M-CTE
has already been discussed in authors’ previous work [25,26]. In
the four cases, the outgassed molecules are trapped in the sorbent
tubes which can be analyzed later.
2.2. Extraction and collection of contaminant molecules
Before any use of the M-CTE, it is cleaned to remove any residual contamination. The chambers of the M-CTE, the o-rings and
the sample holders are ﬁrst rinsed with ethanol (more than 99.9%
pure from VWR Prolabo) and cyclohexane (analytical reagent grade
more than 99.95% pure from Fisher Chemical) and then are heated
for 4 h at 250◦ C with a ﬂow rate of 100 mL min–1 (conﬁguration a.
in Fig. 1).
For the contamination conﬁguration, the desired quantity of
contaminant is placed in the chambers. The sample is placed on
the sample holder that avoids direct contact between the sample and the contaminant (conﬁguration c. in Fig. 1). The chambers
are heated at the desired temperature (30 or 50 ◦ C in this study)
with a controlled ﬂow rate. The air ﬂow enables to homogenize the
atmosphere in the chambers and to simulate the air exchange that
occurs in cleanrooms. Once the required test duration is elapsed,
the M-CTE is cooled for 30 min to reach ambient temperature and
the samples are conditioned in low-outgassing boxes in PET-G
(polyethylene terephthalate glycol). The contaminant can also be
placed alone (without the sample) in the M-CTE for the outgassing
material study (conﬁguration b. in Fig. 1). At each step, the air ﬂow
circulates though the sorbent tubes and outgassed molecules are
trapped.
The M-CTE is also used to analyze the contaminated samples.
They are placed on the chambers (one per chamber) and are heated
at 150, 200, and 250 ◦ C with a ﬂow rate of 100 mL min–1 during two
hours per temperature to extract volatile and semi-volatile compounds from the sample (conﬁguration d. in Fig. 1). These molecules
are trapped in the absorbent tubes.
2.3. Absorbent tubes analysis
Sorbent tubes used for these experiments are 250 mg Tenax
TA (60–80 mesh). Once the molecules are trapped, sorbent tubes
are thermally desorbed and analyzed by gas-phase chromatography (GC) coupled with mass spectrometry (MS) Turbomass-Clarus
500, PerkinElmer. The ATD/GC/MS analysis method is based on the
ISO 16000-6 recommendations but has been modiﬁed to improve
the detection of semi-volatile organic compounds, especially the
phthalates. The exact parameters cannot be disclosed here. The
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quantiﬁcation is calibrated by external calibration method using
a reference compound, namely hexadecane (C16 H34 , CAS registry
number: 544-76-3), which means that the masses and concentrations of the outgassed compounds are expressed in hexadecane
equivalents.
2.4. Application on Laser MégaJoule optics
To provide an example of this contamination–decontamination
protocol, contamination of sol–gel coated optics of the Laser MégaJoule, a French multi laser beam facility by a retractable sheath is
now studied.
2.4.1. Sol–gel coated optics
7000 m2 of the 10,000 large-sized optical components of the LMJ
are coated with a sol–gel antireﬂective layer [26]. However, due to
its high porosity (∼57%) [27], the coating may be very sensitive to
molecular contamination. Therefore, such sol–gel coated surfaces
are chosen to assess the contamination and decontamination protocols. 50 mm-diameter, 5 mm-thick, plano-parallel Corning 7980
fused silica polished samples are used. Substrates are double side
polishing and ﬁnished with ﬁne polishing. A single antireﬂective
coating made of nanosized spherical particles of amorphous silica is
deposited by dip-coating in a colloidal suspension. After deposition
and solvent evaporation, the nanoparticles of silica do not pack perfectly together and give rise to a porous ﬁlm. Deposited onto both
sides of the substrate, this antireﬂective coating allows to reach
practically a transmission value of 100% at a single wavelength of
351 nm. The absence of chemical bond between independent silica particles and with the substrate caused for coating to be very
sensitive to scratch. To improve the coating scratch resistance, a
treatment with ammonia vapors is realized. A particle-to-particle
surface base-catalyzed condensation generates shrinkage of the
coating thickness, but the porosity and hence, the refractive index
remains unchanged [28].
2.4.2. Contaminant
The contaminant selected for this study is a polyurethane coated
polyester retractable sheath used on the LMJ facility as a ventilation shaft (Aero Textile Concept). This material is chosen because
huge amount of this sheath is used close to the optics in LMJ. Moreover, as many polymers with additives, it may outgass some organic
compounds that could be adsorbed on the sol–gel coated surfaces.
3. Results and discussion
3.1. Highlight of initial contamination
Analysis by ATD/GC/MS of a dry extract has highlighted a contamination of the colloidal silica bath mainly by phthalates and
oxygenated compounds. Indeed the sol–gel solution used for the
antireﬂective treatment has been used for several years and may
contain some contaminants. This contamination may come from
the outgassing or migration of species from the polypropylene
container of the colloidal silica solution and is transferred to the
samples during the treatment. Thus, to remove this contamination,
a cleaning by thermodesorption is done. The cleaning protocol is
close to the thermodesorption protocol used for the samples analyses. It consists in heating the optics at 150, 200, and 250 ◦ C during
an hour per temperature, with a ﬂow rate of 100 mL min–1 . The
outgassing products gathered during the thermodesorption of two
different antireﬂective treated optics are exposed in Table 1.
After this cleaning procedure, ATD/GC/MS analyses are done to
check the efﬁciency of the cleaning. Only 2 ng cm–2 for sample 1
and 8 ng cm–2 for sample 2 of phthalates are detected.
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Fig. 1. Schematic representation of one micro chamber of M-CTE250 a. blank procedure, b. outgassing of a material, c. contamination of a sample, d. desorption of a sample.
Table 1
Molecules gathered during the cleaning process.
Sample 1
concentration
(ng cm–2 )

Sample 2
concentration
(ng cm–2 )

Phthalates

454

614

Oxygenated compounds

13

12

Other compounds

3

3

Sum of quantiﬁed compounds

470

629

To conﬁrm the results obtained by ATD/GC/MS, i.e., the presence
of initial contamination and the efﬁciency of the thermodesorption,
analyses of initial and residual compound present on the optics are
realized by secondary ion mass spectrometry coupled with a time
of ﬂight mass analyzer (ToF-SIMS).
Analyses of residual compounds present on the optics are also
realized by secondary ion mass spectrometry coupled with a time
of ﬂight mass analyzer (ToF-SIMS). Primary ions (Bi3 + ) with energy
of 25 keV are produced by a pulsed source and sent on optical
coating surface. The collision induces secondary ions which are
focalized and accelerated inside the time of ﬂight mass analyzer.
The obtained mass spectra represent the intensity of secondary
ions in function of their masses. Areas of 200 × 200 m2 are used
for the acquisition of each kind of ions (positive and negative ions).
The static mode is chosen to inform on the extreme surface layer
(about 1 nm). Five areas of analysis by polarity were realized (ﬁve
spectra for positive ions and for negative ions).
Intensities of the more signiﬁcant peaks are summarized in
Table 2. These values correspond to the average intensities,

normalized by the total emission of secondary ions, obtained on the
ﬁve analysis points (ﬁve spectra for positive ions and for negative
ions). The standard deviation (SD) gives the dispersion of the analysis assessment inside each sample. Only the results on the same
ion can be compared and represent a trend because ToF-SIMS is a
semi quantitative method. Results are quite similar between the
samples. The molecular analysis of positive ions reveals an initial
contamination by phthalates, hydrocarbonated, and oxygenated
compounds. The thermodesorption enables to decrease this contamination (from 32,000 to 11,000 for Cx Hy + and from 5300 to about
300 for the phthalates). However, oxygenated compounds were
not detected by ATD/GC/MS, meaning that the cleaning process
does not remove the whole contamination desorption but strongly
decreases it. After the thermodesorption, as less contamination
hides the surface, some values are enhanced (Siw Hy Oz – , SOx – , Na+ ,
POx – , F– , and Tinuvin 328). The negative ions Siw Hy Oz – comes from
the treated silica substrate itself. Analysis of an uncoated sample
has also revealed the presence of Na+ , POx – , SOx – , and F– , suggesting that these compounds are present on the bare silica sample
(residues of polishing or cleaning processes, as it has already been
observed [29,30]). These impurities might have been diffused in the
sol–gel coating or might have gradually contaminated the sol–gel
solution as the same bath is used for consecutive treatment for
years. Otherwise, Tinuvin 328 is only found on coated samples and
thus comes from the sol-deposition process (sol–gel solution or
dipping though).
Although it is not the aim of the present study, it is essential to
outline that the optical performances of the optics (transmittance
and laser-induced damage threshold) have been tested before and
after the cleaning procedure. These characteristics have not been
modiﬁed [25,26].
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Table 2
Results of ToF-SIMS analysis on sol–gel anti reﬂection coatings.
Before cleaning (arbitrary units)
Sample 1

Cx Hy

+

After cleaning (arbitrary units)
Sample 2

Sample 1

Sample 2

Mean

SD

Mean

SD

Mean

SD

Mean

SD

31,947

434

31,929

829

10,691

245

11,250

359

Aromatic

1215

12

1208

17

881

25

869

64

Cx Hy O+

1596

51

1634

88

2984

59

2537

175

Phthalate

5359

377

5333

386

290

29

408

14

Tinuvin 328

17

2

10

2

150

12

80

7

Na+

51

6

56

3

143

12

183

108

POx –

204

7

197

12

1457

174

1488

282

SOx

–

17

5

16

2

65

7

152

191

Siw Hy Oz –

7713

387

7539

404

10,628

558

10,096

803

F–

49

3

50

4

6214

895

6479

1342

Consequently the thermodesorption can be considered as a good
sol–gel coating decontamination technique. An important part of
the contamination is removed and above all, a reference state of
surface cleanliness is reached for all the optics before intentional
contamination study by the sheath outgassing. Thus, this decontamination protocol is applied on each sol–gel coated optic prior to
any analysis or intentional contamination.
3.2. Outgassing of contaminant
The contaminant selected for this study is a textile retractable
sheathing used on the LMJ facility as a clean isolator. 2 g of this
material have been placed during 48 h at two temperatures, 30
and 50 ◦ C with a ﬂow rate of 100 mL min–1 with and without a
desorbed (according to the protocol explained Section 3.1) optical
component i.e., the conﬁgurations c. and b. in Fig. 1. The temperatures have been chosen to enhance the desorption of the sheath
while remaining close to the cleanroom temperature (20 ◦ C) and
to simulate local temperature rises (50 ◦ C). Fig. 2 recapitulates the

outgassed compounds for the different temperatures and conﬁgurations.
The analysis of the sheath alone shows that as expected, increasing temperature increases the desorption of the sheath. Desorption
is three times more important at 50 ◦ C than at 30 ◦ C. Although
the outgassed compounds are same at 30 and at 50 ◦ C, the ratio
differs. At 50 ◦ C, oxygenated compounds are mainly outgassed
(nearly 30,000 ng/tube), then phthalates (about 10,000 ng/tube)
and organophosphorous compounds (5000 ng/tube). Otherwise, at
30 ◦ C, aromatics/terpens and phthalates are the most gathered
compounds (almost 5000 ng/tube). Only few organophosphorous
compounds are found (about 200 ng cm–2 ).
Once an optical component is added, molecules are adsorbed on
it, so fewer molecules are gathered in the sorbent tube. It provides
information about the molecules adsorbed on the sample. By comparing the full and the hatch columns of Fig. 2, it can be expected
that at 50 ◦ C, the sample would be contaminated by oxygenated
compounds, phthalates, and organophosphorous, whereas at 30 ◦ C,
the contamination would be essentially caused by the phthalates.
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Fig. 2. Outgassed compounds from the textile sheath with and without an optical
component.

Sheath at 50°C
Sheath and optic at 50°C

Fig. 3. Molecules outgassed from the textile sheath as a function of their boiling
point.
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Fig. 4. Organic contamination as a function of the mass of textile sheath.

As Tenax TA tubes have low breakthrough values for organic
compounds with a low boiling point and a low vapor pressure
[31], it was checked that breakthrough volumes have not been
reached after 48 h. For this purpose, two Tenax TA tubes were linked
together tanks to a perﬂuoroalkoxy join. The tubes were used for
an outgassing experiment for 48 h at 50 ◦ C with 2 g of textile sheath
in the chamber and a ﬂow rate of 150 mL min–1 (>100 mL min–1 to
compensate the air resistance due to the second tube). Analysis of
both tubes revealed that no organic compounds were trapped in
the second tube, meaning that breakthrough phenomenon did not
occur.
Molecules outgassed from the sheath can also be classiﬁed as
a function of their boiling point to differentiate VOCs and SVOCs
(Fig. 3).
Whatever the temperature is (30 and 50 ◦ C), outgassed compounds are mainly compounds with a high boiling point (above
300 ◦ C). When a sample is added in the micro-chamber, desorption of high boiling point molecules signiﬁcantly decreases whereas
few variations are observed for medium and low ebullition point
molecules, meaning that the sol–gel coating is more sensitive to
the SVOCs than to the VOCs.
This ﬁrst part shows how the desorption is enhanced by the
temperature. In particular, important desorptions of oxygenated
compounds and organophosphorous are observed at 50 ◦ C. Thus,
although cleanrooms are regulated at 20 ◦ C, local rises of temperature have to be avoided. Thanks to Figs. 2 and 3, a ﬁrst idea of
the molecules adsorbed on the sample has been established. Then,
the chemical analyses by thermodesorption of the optics enable to
know accurately the nature and quantity of contamination on the
surface of the optics and to conﬁrm the trends.
3.3. Contamination of the optical components
Optics alone are analyzed in this part (conﬁguration d. in Fig. 1)
by ATD/GC/MS to determine nature and quantity of the contamination adsorbed. To investigate the inﬂuence of the quantity of
contaminant, different masses of sheath have been introduced in
the chambers of the M-CTE to pollute the samples (conﬁguration c.
in Fig. 1). The results are presented in Fig. 4.
As expected, the contamination increases when more textile
sheath is added. However, at 50 ◦ C, the contamination of the sample is close for 2 and 10 g of textile sheath (80.4 versus 86 ng cm–2 ).
Moreover, a contamination process during 168 h instead 48 h has
shown that increasing time of contamination does not enable to
increase the contamination adsorbed on the optic component.
Therefore, a saturation of the optic surface is here observed.
As it was suggested in Section 3.3, at 30 ◦ C, contamination is
made up of more than 80% of phthalates whereas at 50 ◦ C, the

contamination is more heterogeneous. One can see that although
the sum of quantiﬁed compounds is similar at 50 ◦ C between 2 and
10 g of textile sheath introduced, the ratio differs. Adsorption of
phthalates on the surface of the component still increases whereas
less oxygenated compounds and organosphosphorous are found,
underlining the afﬁnities between the sol–gel coating and the
phthalates. It can also be noticed that the aromatic and terpens are
outgassed from the sheath (Fig. 2) but only traces (<1 ng cm–2 ) are
found on the samples.
It also appears that molecules adsorbed on the surface of the
samples are mainly molecules with a high boiling point, as it could
be predicted by Fig. 3: whatever the temperature of the contamination process and the mass of textile sheath introduced are,
molecules with a boiling point up to 300 ◦ C represent more than
90% of the detected contamination.
4. Conclusion
A method to study the organic contamination induced by a
bulk outgassing material is here introduced. A thermal extractor
has been diverted from its conventional use to contaminate and
to decontaminate surfaces. Chemical analyses are then performed
by automated thermal desorption and gaseous chromatography
coupled with mass spectrometry to know the nature and the quantities of organic compounds. To illustrate this method, the study
of the contamination of Laser MégaJoule sol–gel coated optics by a
retractable sheath has been exposed. The impact of the temperature
on the outgassing material and the afﬁnities between sol–gel coating and the organic compounds outgassed has been highlighted.
Finally, by introducing different masses of textile sheath, samples with different levels of organic contamination (between 20
and 90 ng cm–2 ) have been realized. At 50 ◦ C, a saturation phenomenon does not enable to perform a contamination layer more
than 90 ng cm–2 . This method will then be applied to assess the
inﬂuence of organic contamination on the performances (transmission and LIDT) of the Laser MégaJoule optics.
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