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ABSTRACT: The surface properties of silicone rubber can be modified by irradiation with light from the vacuum ultraviolet (VUV)
spectral range of less than 200 nm. After VUV-irradiation at 185 nm with a low-pressure mercury (Hg) lamp, a reduction in residual-
dust-coverage (PA fibers) of up to 80% was found. At the same time, the long wavelength UV-radiation at 254 nm of the Hg lamp
causes a reduction in the optical transmission properties of the silicone bulk. The near-surface and bulk modification of optically
highly transparent silicone rubber was analyzed using XPS, ATR, transmission measurements, and investigations into the reduction
of the residual-dust-coverage. A comparison was made between a Hg lamp and an excimer lamp at 172 nm. The results provide
valuable information for selecting the appropriate irradiation source, depending on the desired spectral range for a given application.
The results indicate that excimer lamps should be preferred for optical applications in the UV-spectral range, while Hg lamps are
equally suitable for applications in the visible spectral range despite low transmission losses of less than 0.5%. The irradiation dose
data were obtained using a ray tracing simulation as part of these investigations to overcome limitations of UV-sensors, such as their
accelerated aging and angular dependence.

B INTRODUCTION those of silicone rubbers. The quality of the optical properties
has reached such a high level that it can increasingly replace

Silicone rubber offers a versatile combination of properties that
glass in various applications, particularly in the automotive

make it suitable for various industries. It exhibits biocompat-

ibility, chemical inertness, high elasticity, and temperature sector for adaptive headlights.

stability. Some examples of its applications include medical Nevertheless, the surface properties of optical silicones are
products such as prostheses, everyday life products such as not always ideal. Its sensitivity to dust poses a challenge for
protective covers or masks, baking tins, door stoppers, and optical applications as dust particles can cause scattered
sports products. In the automotive sector, silicone is used in radiation. Aqueous cleaning is often required. Therefore, there
rain sensors and windshield wipers. is a significant need for a suitable surface modification process

Optical silicone is a special type of silicone rubber that
exhibits high transparency in the visible and UV-spectral
mnge.l_3 It is lighter, more flexible, and more resistant to
mechanical stress compared to common glasses such as
borosilicate or soda-lime, making it shatterproof. Optical
silicone belongs to the liquid silicone rubber (LSR) class,
known for its low viscosity in its uncured state. This enables
optical silicone to be processed using injection molding,
providing greater freedom in shape design.””® In summary,
optical silicones combine the advantages of optical glasses with

that can reduce dust attraction and facilitate easy cleaning
while maintaining the optical properties of the silicone bulk.
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Figure 1. Silicone samples were cyclically irradiated by translating them between positions —34 and 34 mm, at a distance d from the lamp with
radius r. One cycle corresponds to a travel distance of 68 mm. The ray tracing simulation also follows this model and calculates the accumulated
averaged irradiation distribution for 69 evenly distributed positions for the same range.

In the state of the art, various methods for surface
modification of optical silicones can be found. One common
approach is gas-phase fluorination, in which hydrogen atoms
are partially replaced by fluorine atoms.” ' However,
fluorination is increasingly being viewed critically due to the
use of fluorine and the formation of per- and polyfluorinated
alkyl substances (PFAS) offering limited prospects for the
future. Coatings such as parylene coatings have a different
refractive index in comparison to the bulk material and can
negatively affect the optical properties. A nonlayer-forming
low-pressure plasma treatment using oxygen or ammonia as
process gases can provide hydrophilic surface properties to the
silicone. However, this effect is not stable over a longer period
due to the migration of short-chain components.''

Alternatively, the surface of silicone rubber can be modified
by irradiation using light of a wavelength below 200 nm (VUV,
vacuum ultraviolet spectral range: 100—200 nm, VUV).">™'¢
By adjusting the irradiation dose, the haptics, the surface static
and dynamic friction, and dust adhesion can be specifically
modified. Depending on the wavelength, the penetration depth
of the radiation can reach several micrometers.'”

There are several papers that describe the underlying effects
and processes of photochemically induced conversion of
poly(dimethylsiloxanes) (PDMS) for thin films by using
incoherent or coherent VUV radiation. By irradiation, the
methylsilane groups can be photochemically converted into
silanol groups followed by degradation, resulting in the
development of quartz-like properties for a thin surface
layer.'»'>'%7*° The Xe*-excimer lamp>' with emission at
172 nm and the low-pressure mercury (Hg) lamp™® with
combined VUV- and UV-radiation at wavelengths of 185 and
254 nm are the main incoherent radiation sources used for the
purpose. The ratio between the radiation at 185 and 254 nm is
often specified as approximately 1 to 5. Excimer lasers with
emission at 193 nm (ArF) or 248 nm (KrF) are primarily used
as coherent radiation sources.”

Optical silicones are known to exhibit high stability against
UV-radiation in applications.s’6 In completion, this work
investigated the response of silicones during the modification
process to the emission of commonly used VUV- and UV-light
sources. A distinction was made between the changes in
transmission as a silicone bulk response and ATR measure-
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ments as near-surface responses of the irradiated surfaces. XPS
examinations of selected samples and microscopy were carried
out to evaluate and demonstrate the effect of reduced dust
adhesion, which is primarily determined by the topmost
surface.

As part of these investigations, VUV- and UV- irradiation
doses for 172, 185, and 254 nm were determined using ray
tracing simulations to overcome the limitations of available
sensors. These limitations include accelerated aging, requiring
permanent calibration, and angle-dependent sensitivity, which
impairs the sensor’s ability to detect the total radiation energy
particularly at close distances to extended light sources.
Although knowing the angle-dependent sensitivity can
moderate this circumstance, it still introduces some inaccuracy.
Additionally, the specification of the absolute radiant power is
influenced by unknown calibration conditions. Often, the
absolute measurement is only reliable for a fixed position and
orientation between the lamp and sensor. Finally, the ozone-
generating Hg lamp’s wavelengths of 185 and 254 nm
complicate direct measurements, as one wavelength must be
filtered out, leading to significant inaccuracies due to residual
transmission and changes due to filter aging. To avoid
metrological uncertainties, radiation doses given in this paper
were determined by using ray tracing simulation with
OpticStudio 15.5 software.

B EXPERIMENTAL SECTION

Irradiation. LSR silicones (Dow Chemical Company, type
Silastic TM MS-1002, thickness = 2.7 mm, diameter: 31 mm)
were irradiated using a Hg lamp (uv-technik Speziallampen
GmbH, Ilmenau; UVX 120 4C S 19/670 Co; radiant length
568 mm, emission at 185 and 254 nm, power at 254: 40.5 W,
power at 185 nm: 8.1 W). During irradiation, the samples were
moved between —34 and 34 mm relative to the lamp at a speed
of 1 mm/s as shown in Figure 1. Each run is considered as one
cycle. Irradiation took place in air at normal pressure and room
temperature. In this series, the distance between the lamp and
the silicone surface directly below the lamp at position zero
was set to S mm. An open setup with a central exhaust was
used to remove ozone. A direct ozone concentration
measurement showed 15 ppm for a distance of 10 mm
between the lamp and the silicone sample (ozone analyzer

https://doi.org/10.1021/acsomega.4c04823
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Table 1. Compilation of the Sample Labeling and the Irradiation Parameters”

distance time  averagel85/172nm-radiation VUV dose average 185 nm-irradiation =~ UV dose
sample  cycles  [mm] lamp [s] intensity [mW/cm?] J/em?] intensity [mW/cm2] [J/em2]
series 1 Si_0 0 UVX 120 S 0 0.0 0.0 0.0 0.0
Si_4 8 N UVX 120 S 544 6.4 3.5 35.7 194
Si 6 13 N UVX 120 S 884 6.4 5.7 35.7 31.6
Si_8 18 N UVX 120 S 1224 6.4 7.8 38.7 43.7
Si_10 23 N UVX 120 S 1564 6.4 10.0 35.7 55.8
Si_ 12 28 S UVX 120 S 1904 6.4 12.2 35.7 68.0
Si_14 33 N UVX 120 S 2244 6.4 14.4 35.7 80.1
series 2 Si_254 nm 22 S UVX 40 P 1469 33.6 49.4
Si_185_ 22 N UVX 40 S 1469 6.0 8.8 33.6 494
254 nm
Si_172nm 10 N Xeradex 680 3.5 2.4
series 3 Si_10 mm  static 10 UvXx 40 S 1000 7.8 7.8 44.5 44.5
Si_20 mm  static 20 UvXx 40 S 1592 4.9 7.8 30.6 48.7
Si_30 mm  static 30 UVX 40 S 2364 3.3 7.8 224 52.9
series 4 Si_ozone static 10 ozone at 250 ppm for 600 s

“The irradiance levels were simulated using ray tracing. The value “VUV dose” refers to the radiation output at the central wavelength of 185 nm
for the Hg lamp and 172 nm for the excimer lamp. “UV dose” refers to the radiation output at the central wavelength of 254 nm for the Hg lamp.
The samples of series one are labeled with the corresponding 185 and 172 nm dose, the samples of series two are labeled with the applied
wavelength, and series three samples are labeled with the distance between lamp and surface.
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Figure 2. Procedure for removing the PA fibers from the silicone samples by tapping. Tapping the sample five times on a table surface, in vertical
orientation. Rotation of the silicone by 90° each time and repetition of the tapping process.

BMT 965 ST, BMT Messtechnik GmbH, Stahnsdorf,
Germany). The duration of irradiation and the number of
cycles were varied. Table 1 provides an overview of the process
parameters of this first test series. Sample Si_0 represents the
untreated reference. The samples are labeled with the
corresponding VUV-dose.

A second series of irradiation experiments were conducted
using the same setup but different light sources. It involved the
use of a short ozone-generating Hg lamp (uv-technik
Speziallampen GmbH, Ilmenau; UVX 40 2C S 15/270 Co;
radiant length 202 mm, emission at 185 and 254 nm, power at
254:13 W, power at 185 nm: 2,6 W) as well as an ozone-free
Hg lamp that emits exclusively at 254 nm (uv-technik
Speziallampen GmbH, Ilmenau; UVX 40 2C P 15/270 Co;
power at 254 nm: 13 W). Additionally, an Xe*-excimer lamp
with an emission wavelength of 172 nm was used (Radium
Lampenwerk, Wipperfirth; Xeradex L40/175/SB-AZ48/93,
radiant length 175 mm, power on glass surface 35 mW/cm?).

A third series of irradiations were carried out statically at
three discrete distances between the silicone surface sample
and the lamp. The duration of irradiation was adjusted to
ensure that the resulting irradiation dose at 185 nm was the
same for all of the silicone samples. Since the sample width is
smaller than the travel distance of a cycle, the average

irradiance for this series is higher compared to the irradiation
during translation.

Finally, a single silicone sample as series four was exposed to
an ozl atm of 250 ppm in a closed box for 10 min in order to
get an impression of the surface changes of a pure ozone
treatment (ozone generator: MA10K, Airthereal, Las Vegas).

Ray Tracing. The irradiance values given in Table 1 were
determined using ray tracing simulations (Zemax OpticStudio
15.5). A constant air atmosphere with 21% oxygen was
assumed, taking into account the oxygen absorption with &
(185 nm) = 6.17 X 107 cm?, ¢ (254 nm) = 2.00 X 107** cm?,
and ¢ (172 nm) = 7 X 107" cm?2.?*7?° The simulation did not
account for absorption due to ozone formation and local ozone
accumulation. To simulate the irradiation distribution during
the translation of the silicone samples, the simulation
considered 69 positions with a constant distance of 1 mm
between each position. Position zero was directly below the
lamp, while the starting point was located —34 mm in front
and the end point 34 mm behind the zero position; see Figure
1. The simulated total irradiation distributions for the silicone
samples were accumulated for all 69 positions and finally
averaged. (For additional information, see appendix A).

Residual-Dust-Coverage. To evaluate the dust adhesion,
the irradiated silicone samples of the first series were
completely covered with PA fibers (KSL Staubtechnik

https://doi.org/10.1021/acsomega.4c04823
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Figure 3. Microscope images for the evaluation of the residual-dust-coverage. The proportion of black fibers on the total surface area was
determined. Top left: reference Si_0; top right: Si_6; bottom left: Si_10; bottom right: Si_14.

GmbH, Launingen, Germany, standard dirt polyamide fibers
3.3 dtex, 0.3 mm average length, black). Subsequently, the
fibers were removed by manual tapping of the silicone on a
table in such a way that the dirt-covered sample was aligned
vertical to the table surface, see Figure 2. The tapping itself was
repeated five times. This entire procedure is repeated four
times, rotating the silicone sample by 90° each time. Finally,
the percentage of the surface area still covered with residual
fibers is determined. Images were captured and analyzed using
a microscope (KEYENCE DEUTSCHLAND GmbH, Neu-
Isenburg, VHX600). The observed area measured at least 1
mm X 1 mm. The evaluation was performed at five different,
nonoverlapping positions on the irradiated silicone surface.

UV-vis-Transmission Measurements. A UV—vis meas-
uring device (SPECORD 210 PLUS, Analytic Jena GmbH,
Jena) was used to measure the transmission in the wavelength
range from 320 to 800 nm. This device is a dual-beam
photometer, where air was measured as a reference in the first
channel, while the transmission of the silicone sample was
measured in the second channel. The reference arm was
calibrated to air with a constant transmission value of 100%.
The measuring spot had a diameter of approximately 10 mm.
The measuring speed was set to S nm/s, and both the slit
width and step width were set to 1 nm.

ATR Surface Analysis. One method of characterizing
surface chemistry is given by the ATR (attenuated total
reflection) measurement. ATR utilizes total internal reflection
and provides a chemical fingerprint of the investigated surface
layer. The information depth is given by the penetration depth
and is approximately 0.5 to 2 pm. In this study, an ATR
instrument from Bruker (Bruker Corporation, Bremen, Bruker
Alpha II, Platinum ATR, and Diamond Crystal) was used. A

total of 32 spectra were recorded in the range of 4000—600
cm ™! with a spectral resolution of 1 cm™". Air was used as the
background.

XPS Analysis. The photochemical-induced conversion of
PDMS to a SiO,-like layer is subjected to a modification of the
chemical composition of the irradiated layer.'* X-ray photo-
electron spectroscopy (XPS) is a widely used technique for
surface-sensitive quantitative analysis of surface chemistry,
excluding hydrogen and helium. In this study, XPS was
performed using a Kratos Axis Ultra spectrometer (Kratos
Analytical Corp.). The method has high detection sensitivity
with an element-specific sensitivity of about 1,000 ppm. The
typical depth of information obtained is approximately 10 nm.
The peaks of O 1s, Si 2p, and C 1s were used to determine the
atomic amounts of oxygen, silicon, and carbon, respectively.
The results presented are the averages of two individual
measurements taken at different positions on the same sample.

B RESULTS

Reduction in Residual-Dust-Coverage. Figure 3 shows
representative microscope images of the silicone rubber surface
from the first irradiation series after tapping. The effect of a
reduced residual-dust-coverage for irradiated silicone surfaces
(185 and 254 nm) is evident. The reference sample exhibits a
residual-dust-coverage of approximately 40%, whereas it
decreases to 15.5% for a 185 nm irradiation dose of 5.7 J/
cm? (sample Si_6). At a 185 nm dose of 10 J/cm?, the average
residual-dust-coverage is approximately 9.8%, and at 14.4 ]/
cm?, it is 7.2%. The overall evaluation, illustrated in Figure 4,
demonstrates a consistent residual-dust-coverage reduction of
at least 60% for all irradiated samples compared to the
reference. The coverage decreases continuously with higher
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Figure 4. Residual-dust-coverage after tapping the PA fibers,
expressed as a percentage of the total surface area for the first
irradiation series. Each measuring point comprises five measurements
at different positions on the silicone rubber sample. The sample label
on the x-axis corresponds to the simulated 185 nm irradiation dose.

185 nm irradiation doses. For doses above 10 J/cm? the
reduction is 75% or higher. Figure 5 presents the results of the
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Figure S. Residual-dust-coverage after tapping the PA fibers,
expressed as a percentage of the total surface area for the second
and third irradiation series. The sample labels on the x-axis indicate
the applied wavelengths (series two) and the distance between lamp
and surface (series three). Si_0 is the untreated reference.

residual-dust-coverage for the second and third irradiation
series. The residual-dust-coverage after pure 254 nm
irradiation with a UV-dose of 49.4 J/cm® remains unchanged
and almost identical to the reference. In contrast, when
exposed at the identical 254 nm dose of 49.4 J/cm® but
combined with 185 nm/254 nm irradiation (185 nm dose: 8.8
J/em?), the residual-dust-coverage is significantly reduced by
92.6%. When irradiated with the excimer lamp at a wavelength
of 172 nm, the residual-coverage is even reduced by 94.0%. In
addition, the samples Si 10 mm, Si_20 mm, and Si_30 mm,
which were irradiated at the same VUV- but different UV-dose,
are at a comparable level within the measurement deviation
showing a residual-dust-coverage of 10%.

Transmission. In Figures 6 to 9, the transmission
measurements for the first three irradiation series are shown.
To ensure clarity, only the values of the samples Si 4, Si 8,
and Si_14 and the reference are shown representing the first
irradiation series in Figure 6. In the long-wavelength spectral
range, the transmission of the untreated reference compared to
air is approximately 93—94%. In the short-wavelength spectral
range, the transmission drops to approximately 87%. The
transmission decreases continuously with shorter wavelengths

wavelength [nm]

Figure 6. Absolute transmission for a selection of silicone samples
from the first irradiation series with variation of the 185 and 254 nm
irradiation dose. Air, with a constant transmission of 100%, serves as
the reference. The sample label corresponds to the simulated VUV-
irradiation dose.

and higher irradiation doses, as shown in Figure 6 and the
transmission data for 320 nm in Figure 7 for the complete first
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| 2
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Figure 7. Absolute transmission for the first irradiation series varying
the 185 nm and 254 nm irradiation dose at discrete wavelengths of
320, 380, and 680 nm.

series. At 745 nm, material-specific absorption is observable
but not relevant in this context. As shown in Figure 7 and in
Table 2 explicitly for the wavelengths 320, 380, and 680 nm,
the transmission decreases with higher 185 nm or 254 nm
irradiation doses. The lowest value recorded for a 185 nm
irradiation dose of 14.4 mJ/cm* (254 nm: 80.1 mJ/cm?) for
the wavelength 320 nm is 71.59%, representing a 15% decrease
compared to the reference. Table 2 also shows the average
absolute transmission in the visible spectral range from 380 to
780 nm and the relative transmission compared with the
reference in the same spectral range. The reduction in
transmission in the visible spectral range, compared to the
untreated silicone, is therefore less than half a percent.
Figure 8 displays the absolute transmission in the spectral
wavelength range from 320 to 350 nm of the silicone samples
for the second irradiation series, where the light source was
varied, and for the pure ozone treatment. It can be observed
that the transmission remains almost identical to that of the
reference after irradiation at 172 nm. The transmission under
combined irradiation with 185 and 254 nm closely matches the
transmission for pure UV-irradiation at 254 nm using the same
UV-dose of 49.4 mJ/cm? In contrast, in the third irradiation
series, applying the same 185 nm dose (7.8 J/cm?), the
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Table 2. Absolute and Relative Transmission Values for the First Irradiation Series Varying the 185 and 254 nm Irradiation

ACS Omega
Dose”
sample Si 0 Si_4
transmission at 320 nm 87.01 77.70
transmission at 380 nm 91.59 89.96
transmission at 680 nm 93.78 93.72
average transmission380—780 nm 93.26 93.07
relative transmission 380—780 nm 100.00 99.79

Si_6 Si_8 Si_10 Si_12 Si_14
75.46 73.54 72.62 72.15 71.59
89.71 89.41 89.28 89.25 89.11
93.74 93.72 93.72 93.72 93.72
93.10 93.07 93.06 93.06 93.05
99.82 99.79 99.78 99.79 99.77

“Lines 1 to 3 show the transmission for single wavelengths. Line 4 shows the average values of all single measurements in the specified spectral
range, recorded with a 1 nm step size and using air as the reference. Line S presents these values relative to the unirradiated silicone reference, Si_0.
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Figure 8. Absolute transmission in the spectral range from 320 to 350
nm for the second irradiation series varying the light source and the
irradiation wavelength for the pure ozone treatment. The transmission
curve for the samples Si_0 and Si_172 nm are almost congruent, and
the same applies to the transmission curve for the samples Si_254 nm
and Si_185_254 nm.

transmission data reveal a reduced transmission with increasing
254 nm dose, see Figure 9. A pure ozone treatment introduces
a small reduction in the transmission of 1%, see Figure 8.

—Si_ 0 —Si_ 8 ——Si_10mm ——Si_20mm ——Si_30mm
95.00
50.00
,o\? //
E 85.00
2
g 80.00
c
©
=]
75.00
70.00
320 325 330 335 340 345 350

wavelength [nm]

Figure 9. Absolute transmission in the spectral range from 320 to 350
nm for the reference Si_0 and sample Si 8 (first irradiation series)
compared to the samples of the third irradiation series, varying the
distance at a constant 254 nm irradiation dose.

ATR Surface Analysis. The ATR spectra are categorized
into different wavenumber ranges; see Figures 10 to 14. Figure
10 shows representative spectra for the first irradiation series.
The nonirradiated silicone rubber reference exhibits typical
symmetric and asymmetric stretching vibrations of the methyl
groups at wavenumbers 2906 cm™! (v,(CH,)) and 2963 cm™
(v(CH,))."> As the methyl groups are replaced by oxygen
during irradiation, the intensities of these bands decrease with
increasing 185 nm irradiation dose. Concurrently, a broad
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Figure 10. Exemplary ATR spectra for the first irradiation series
varying the 185 and 254 nm irradiation dose in the wavenumber range
from 2800 to 3700 cm™..

band emerges at 3300 cm™}, which intensifies with the 185 nm
irradiation dose. This band can be assigned to the symmetrical
stretching vibration v,(OH), indicating the formation of
hydroxyl groups.>*” Additionally, absorption bands in the
range of 2800—3500 cm™" are expected due to water trapped
in the layer.”**’

Figure 11 illustrates the wavenumber range from 950—1150
cm™!. Various asymmetric stretching vibrations of the Si—O—

—si0 —si 4 —si8 —si 14
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Figure 11. Exemplary ATR spectra for the first irradiation series
varying the 185 and 254 nm irradiation dose in the wavenumber range
950 to 1150 cm™". The sample label corresponds to the simulated 185
nm irradiation dose.

Si unit (v, (Si—O—Si)) are localized in this range.'”'®**3!

185 nm irradiation affects the intensity ratio between these
bands. As the irradiation dose increases, the absorbance of the
band around 1010 cm™" increases while the intensity of the
shoulder around 1060 cm™' decreases slightly. In a study
involving 200 nm thin PDMS films, the authors even observed
a shift from 1111 to 1231 cm™! through IRRAS measurements,
along with an increase in the intensity of the band with the
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highest absorbance, while the intensity of the shoulder
decreased sizgniﬁcantly, consistent with the available data of
Délle et al.'

Finally, Figure 12 presents the absorption band for the
symmetric deformation vibration 6,(CHj;), which is localized

—si0
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—si 4 —si 8 —si 14

absorbance

Figure 12. Exemplary ATR spectra for the first irradiation series
varying the 185 and 254 nm irradiation dose in the wavenumber range
1200 to 1300 em™.

around 1258 cm™' for the reference."”**** As the 185 nm
irradiation dose increases, the intensity of the band decreases,
and it shifts toward 1261 cm™. It is known that this band can
shift to 1280 cm™" for thin film irradiation.'*'® The shift of the
6,(CH;) vibration indicates a change of the structural unit
from —0-S8i(CH,;),—O— to —O—Si(CH;)(0O™), caused by
cross-linkage of chains and by the replacement of methyl by
hydroxyl-groups, as reported in the literature."” In thin silicone
films, a high irradiation dose can cause this band to disappear
completely once all CH; side chains have been removed by
fragmentation.

Figure 13 shows the ATR spectra for the second series of
measurements in the range 2800—3700 cm™". The spectra for
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Figure 13. ATR spectra for the second irradiation series and for pure
ozone-treated sample for different light sources in the wavenumber
range 950 to 1150 cm™". The spectra for the samples Si 0, Si 254,
and Si_ozone are almost congruent.

the reference and the Si 254 nm sample are almost identical,
even in the wavenumber range not explicitly shown. In
contrast, the spectra for excimer irradiation show more
pronounced typical changes of the first series of irradiation.
The third irradiation series shows three identical spectra within
the measurement accuracy, see Figure 14. All three spectra
show the same qualitative changes in the spectrum that were
observed for irradiation series one.
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Figure 14. ATR spectra for the third irradiation series for constant
185 nm irradiation dose in the wavenumber range 2800 to 3700 cm ™.
The spectra for the samples Si_10 mm, Si_20 mm, and Si_30 mm are
almost congruent.

XPS Analysis. In Table 3, the XPS elemental analysis of the
third irradiation series compared with the reference for the

Table 3. XPS Elemental Analysis of the Chemical
Composition of the Silicone Surfaces before and after
Irradiation with a Constant 185 nm Dose of 7.8 J/cm” but
Different 254 nm Dose (see Table 1)

Cls O 1s Si 2p
sample [at. %] [at. %] [at. %]
Si 0 43.4 + 0.14 29.6 + 0.28 27.0 + 0.00
Si_10 mm 22.1 + 0.28 49.6 + 0.42 284 + 0.07
Si_20 mm 21.7 + 0.14 50.0 = 0.00 283 + 0.14
Si_30 mm 214 + 0.28 50.3 + 0.42 284 + 0.07

elements oxygen, silicon, and carbon can be seen. The analysis
reveals a significant increase in oxygen by 20 at. %, while the
carbon content decreases from 43 at. % to approximately 22 at.
%. The silicon proportion remains nearly unchanged at around
28 at. %. All three irradiated silicone rubber samples exhibit an
element distribution that is identical within the measurement
accuracy.

B DISCUSSION

The UV- and VUV-irradiation doses at 172, 185, and 254 nm
were simulated using ray tracing due to the limitations of
available power meters for direct measurement as mentioned
before. It is important to acknowledge that simulation also has
specific limitations. Primarily, the used software does not
account for time dependencies, such as local or temporal
inhomogeneities within the gas discharge, nor does it capture
temperature fluctuations in the atmosphere, which can
significantly affect the output of the Hg lamp. Direct
measurement, in contrast, would always show real-time data.
On the one hand, for the simulation, it was necessary to
assume that the gas atmosphere composition stays constant,
specifically an air atmosphere with 21% oxygen content. Direct
measurement of the ozone concentration using the ozone
analyzer showed a time constant ozone level of 15 ppm at a 10
mm distance from the Hg lamp, which is much lower
compared to the oxygen concentration. The ozone concen-
tration theoretically reduces the irradiation power by
approximately 0.03% at 185 nm (¢ = 6.7 X 107" cm?) and
0.4% at 254 nm (o = 1.18 X 1077 cm?**°), which is
classified as a minor inaccuracy. For irradiation series one and
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two, the absolute radiant intensity is of minor importance
compared to the relative change. For the third irradiation
series, it is crucial to match the absolute values as accurately as
possible. To improve the simulation’s accuracy, further studies
should consider optimizing the gas composition. To enhance
the simulation accuracy, future studies should focus on
optimizing the gas composition. However, ozone formation
and depletion are considered strong dynamic processes, with
dependencies currently unknown to the authors.

On the other hand, to enhance accuracy, the simulation
software accounts for changes in spectrum distribution with
distance due to the spectral-depending absorption coeflicient
of oxygen. Therefore, the emission spectrum is always
simulated by using three wavelengths: the central emission
wavelength and the wavelengths at which the intensity has
dropped to 1/e. For the excimer lamp, the wavelengths are
158, 172, and 186 nm with the weighting 1/e:1:1/e. For the
Hg lamp, these wavelengths are 184, 185, and 186 nm.
Especially in the spectral range around 185 nm, this averaging
strategy will help to reduce the uncertainty in reading the
absorption values due to the strong changes in coeflicient in
the Schumann—Runge bands.

The XPS results in Table 3 confirm the light induced
transformation, which fits perfectly with the changes in
elemental composition and absorbance changes described in
the literature. The limited information depth of the XPS
analysis (10 nm) allows for a comparison between the data
presented here for thick silicone samples (2.7 mm) and the
data from the authors’ previous measurements on 200 nm thin
PDMS layers.'* The silicone samples modified here with a
residual surface carbon content of 20 at. % can be classified as
moderately cross-linked. Intense modified PDMS layers can
have a residual carbon content below 5 at. %."

The relative measurement deviation of up to 50% for
residual-dust-coverage is primarily attributed to manual
tapping. This method was chosen for reasons of simplicity
and is certainly not the most quantitative technique. Never-
theless, a significant reduction in residual-dust-coverage is
clearly detectable. Additionally, the results in Figure 4 show a
significant tendency for residual-dust-coverage to decrease with
higher 185 nm irradiation doses. Due to the higher silicone
absorption coeflicient at shorter wavelengths, it can be
assumed that a lower irradiation dose is needed when using
the excimer lamp at 172 nm compared to the Hg lamp to
achieve a comparable grade of surface cross-linking. Compar-
ing the Si_185_254 nm and Si_254 nm samples reveals that an
ozone-free Hg lamp with pure emission at 254 nm is ineffective
in reducing dust-coverage, even when applying the same 254
nm irradiation dose. Therefore, the hypothesis can be derived
that solely the 185 nm wavelength dominates the near-surface
modification of the silicone, which is crucial for its topmost
surface properties. This assumption is confirmed using an
excimer lamp, which does not emit UV-radiation but still
creates similar surface properties. The hypothesis is further
supported by the ATR analysis: Figure 13 shows the typical
changes in absorption bands toward a SiO,-like layer after
irradiation with 172 nm or the combined irradiation with 185
and 254 nm from the Hg lamp. In contrast, Hg lamp
irradiation exclusively at 254 nm shows no detectable changes
in band positions and intensities compared to the reference,
despite applying the same 254 nm dose. Further proof is given
by the highly surface-sensitive XPS analysis in Table 3: Despite
varying the working distance and the 254 nm dose, the results

consistently yield nearly identical results in accordance with
the constant 185 nm irradiation dose. Therefore, the changes
in ATR spectra, elemental composition detected by XPS, and
the decrease in residual-dust-coverage are directly correlated
with the 185 nm dose, not with the 254 nm dose. As an
example, Figure 12 depicts the correlation between the 185 nm
irradiation dose and changes in the absorbance for a
representative wavenumber region, indicating the formation
of a SiO,-like layer in accordance with the literature. The same
simultaneous decrease in residual-dust-coverage can be seen in
Figure S.

The difference in response of the silicone rubber to the 172,
185, and 254 nm light is reflected in the penetration depths
into silicone. The penetration depth for 172 nm is
approximately 0.1 ym (a ~ 7.7 to 104 ym™). It is 1 order
of magnitude higher for 185 nm at approximately 0.7—1.0 ym
(@ ~ 0.9 to 1.4 um™)."”*** Around 254 nm, the penetration
depth increases significantly to approximately 11 mm (a ~ 0.2
to 2 cm™'), several orders of magnitude higher.z"%’37

The analysis of the transmission provides further insight:
Looking at Figure 8, it is suggested that the reduction in
transmission is essentially determined by the 254 nm
irradiation dose. The transmission after irradiation with only
254 nm is almost identical to the transmission after irradiation
with combined irradiation of 185 and 254 nm. Irradiation with
172 nm shows no significant change compared with the
reference. Therefore, the second hypothesis is that reduction in
transmission of the silicone bulk is caused by the UV light.
This assumption is confirmed by Figure 9, where samples with
the same 185 nm dose exhibit different transmissions that
decrease with the 254 nm dose. The modification of the
silicone to an inorganic SiO,, by 185 nm irradiation is limited
to a thin surface layer due to the low penetration depth. This
thin layer, several micrometers thick, makes only a small
contribution to the transmission measurement compared to
the bulk, which had a thickness of 2.7 mm. In contrast, the 254
nm irradiation penetrates deeper into the silicone and interacts
with it, creating color centers that reduce transmission in
correlation with the applied 254 nm dose. The correlation is
clearly visible in Figures 6 and 7, and particularly in Figure 9,
where the 185 nm irradiation dose was held constant. The
reduction in transmission depends on the wavelength and
increases significantly with shorter wavelengths. According to
Table 2, in the visible spectral range from 380 to 780 nm, the
difference in the average transmission compared to non-
irradiated silicone is less than 0.5%, even at the highest 254 nm
dose. However, at 320 nm, the reduction in transmission can
be as high as 15%.

All observed changes in silicone properties result from either
direct light—silicone interaction or indirect interaction between
reactive oxygen species, such as ozone or atomic oxygen, and
the silicone surface. The dominant interaction cannot be
conclusively determined in these investigations. The reduction
in transmission by over 10% around 320 nm is already
observed for the ozone-free Hg lamp (see Figure 8), indicating
that irradiation at 254 nm is primarily responsible. No
additional effect is recognizable for the combined 185 and
254 nm irradiation, even though the identical 254 nm dose
with the ozone-generating Hg lamp within the measurement
accuracy was used and ozone was present. Both the generated
ozone and the 185 nm radiation do not appear to cause any
further reduction in transmission. However, an ozone-related
effect cannot be entirely excluded, as the pure ozone treatment
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results show a significant 1% reduction. The ozone
concentration at 250 ppm in this measurement is an order of
magnitude higher compared to the irradiation, potentially
amplifying the ozone effect, which cannot be clearly observed
at 15 ppm. No effect of pure ozone treatment was observed in
the surface-sensitive ATR measurement (see Figure 13).

Additionally, silicone may be modified by atomic oxygen.
The radiation at 185 nm of the ozone-generating Hg lamp
effectively generates ozone, which, following the Chapman
cycle describing the ozone generating and depletion, ensures
an increased ratio of atomic oxygen in interaction with 254 nm
radiation. This suggests that changes in surface-sensitive ATR
and XPS measurements may result from both direct light—
silicone interactions and indirect interactions with atomic
oxygen, or even a mixture of both reactions. Since XPS analysis
primarily indicates significant carbon reduction due to
fragmentation and an oxygen increase, it cannot be excluded
that both interactions might be responsible for the observed
silicone modifications. However, the results for 172 nm
radiation, which show very similar modifications but lack the
254 nm component accelerating ozone depletion and atomic
oxygen formation, indicate a dominant influence of the
radiation. Further analysis requires increased measurement
efforts due to the extremely short lifetime of atomic oxygen,
which, unfortunately, was not available.

B SUMMARY AND OUTLOOK

Optical silicones, known for their high transparency in the
visible spectral range, serve as an excellent alternative to glass
in various applications.”***™*" The investigations conducted
confirm that the surface properties of silicones can be modified
by light in the VUV-spectral range below 200 nm, resulting in a
significant reduction in residual-dust-coverage. It has been
demonstrated that there are distinct differences between 254,
185, and 172 nm irradiation when it comes to modifying
silicone rubber with light. These differences can be attributed
to the penetration depth of the light. VUV-light at 185 or 172
nm penetrates only a few micrometers into the silicone,
imparting glass-like properties to the topmost surface, which is
mainly responsible for the dust adhesion and residual-dust-
coverage. This modification can be quantitatively confirmed
and analyzed using surface-sensitive measurement techniques
such as XPS or ATR. On the other hand, 254 nm light
penetrates several millimeters into the silicone and does not
induce modification of the uppermost surface. Instead, a bulk
reaction can be observed, resulting in reduced transmission,
which is not observed with 172 or 185 nm light. For a precise
understanding, it will be necessary to analyze the color centers
and their formation in more detail.

The findings are highly valuable for users who need to
choose an appropriate irradiation source. Surface modification
cannot be achieved with pure UV-irradiation (254 nm). The
observed trends can guide a targeted selection between the
commonly used sources of a Hg lamp (185 and 254 nm) and
an excimer lamp (172 nm). The user must identify the best
compromise between surface effect, modification depth, and
transmission loss for their specific application. It should be
noted that a moderate 172 or 185 nm irradiation dose is often
sufficient to achieve desired surface effects. However, it is
important to consider that the modified surfaces may develop
crack structures under mechanical stress.*' In order to evaluate
the correlation among wavelength, irradiation dose, and the
development of cracks in optical silicone, further detailed

research is needed. However, there are existing papers that
provide initial insights.*"**

In the case of optical applications, it is important to consider
that 254 nm irradiation can result in a loss of transmission. In
the visible spectral range, the reduction caused by 254 nm light
is less than 0.5% compared to untreated silicone. In the UV-
spectral range, the reduction can be significantly higher, up to
15%. Therefore, the choice of the appropriate light source for
surface modification depends on the specific spectral require-
ments of the application. For optical applications located in the
visible spectral range, both light sources, Hg lamps and excimer
lamps, can be used. For applications in the UV-spectral range,
the excimer lamp is more suitable as it does not emit UV
radiation that causes transmission losses of the optical silicones
in the UV-spectral range. Unfortunately, conventional Hg
lamps have an unfavorable 254 nm emission that is almost five
times more intense than the 185 nm emission. It would be
desirable to control the 254 nm-to-185 nm ratio of a Hg lamp,
for example, by using filters or special process gases, or to
develop new pure VUV-light sources for future advancements.

Bl APPENDIX A

Some additional information for the ray tracing simulation.

The simulation software used was OpticStudio, version 15.5
(Zemax LLC, Ansys Inc.) running in nonsequential mode.
Lamps were modeled based on manufacturers’ specifications,
using Suprasil 110 as quartz glass with a thickness of 0.5 mm.
No radiation reabsorption occurred within the quartz cylinder
during simulation. To optimize calculation time, the simulated
lamp length was limited to 150 mm, adequate compared to the
31 mm silicone samples, allowing edge effects at the lamp
socket to be neglected. The radiant power per cm was adjusted
in the simulations for each specific lamp and wavelength:

UVX 120 (@ = 19 mm): 0.71 W/cm (254 nm) 0.14 W/cm
(185 nm)

UVX 40 (@ = 15 mm): 0.64 W/cm (254 nm) 0.13 W/cm
(185 nm)

Xeradex L40/175 (@ = 40 mm): 0.44 W/cm (172 nm)

Each lamp was classified as a volume radiator (object type:
Source Volume Cylinder) in the simulation, which assumed at
least 1,000,000 point light sources (Analysis Rays) within the
cylinder, emitting in random directions.

To simulate irradiance on the silicone sample, the sample
surface was modeled as a rectangular detector (object type:
Detector Rectangle) with a side length of 31 mm and a pixel
resolution of 1 mm, recording the incoherent irradiance using a
180° sensitivity angle. Finally, a rectangular volume of 240 mm
X 160 mm X 1500 mm in size was placed surrounding the
arrangement consisting of lamp and silicone to define the gas
atmosphere (object type: rectangular volume). The translation
path of the silicone sample between —34 and +34 mm was
divided into 69 single simulation steps, shifting the detector by
1 mm per step (see Figure 1). The simulation accumulated the
data from all steps, averaging the irradiation dose values by
dividing by 69.

Simulation (Ray trace) parameters included “Use Polar-
ization”, “Ignore Errors”, “Split NCS Rays”, and “Scatter NSC
Rays” to address beam refraction and scattering effects.
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