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Data about the chemical status of poly(dimethylsiloxane) (PDMS) after nanosecond Q-switched Nd:YAG
laser treatment with near infrared, visible and ultraviolet radiation are presented. The l-Raman spec-
troscopy analyses reveal as irradiation result a new sharp peak of crystalline silicon. In addition, broad
bands appear assigned to D band of amorphous carbon and G band of microcrystalline and polycrystalline
graphite. The l-Raman spectra are variable taken in different inspected points in the trenches formed by
laser treatment. The XPS surface survey spectra indicate the constituent elements of PDMS: carbon, oxy-
gen and silicon. The spectra of detail XPS scans illustrate the influence of the laser treatment. The position
of Si 2p peaks of the treated samples is close to the value of non-treated except that irradiated by
1064 nm 66 pulses, which is shifted by 0.9 eV. Accordingly, a shift by 0.4 eV is noticed of the O 1s peak,
which reflects again a stronger oxidation of silicon. The curve fitting of Si 2p and O 1s peaks after this
particular laser treatment shows the degree of conversion of organic to inorganic silicon that takes place
during the irradiation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Poly(dimethylsiloxane) (PDMS) is optically transparent, dur-
able, non-fluorescent, biocompatible, chemically inert and nontox-
ic. Only strong acids or strong bases are capable to depolymerize
the siloxane chain. As a result, the PDMS polymers are not very
susceptible to oxidation or thermal degradation and they can be
sterilized by heat. Besides its well-known superior elasticity and
flexibility in mechanical applications, PDMS has become a popular
choice for biological studies because of its non-toxicity to cells and
high permeability to gases [1,2]. Thus PDMS is an important mate-
rial for the development of microelectromechanical systems
(MEMS) or long-term, biocompatible implants [3].

After polymerization solid PDMS samples will present an exter-
nal hydrophobic surface [4]. Thus, it is difficult to be wetted by
polar solvents (such as water). Many of the applications of PDMS
are connected with the modification of the PDMS surface in order
to change the morphology and chemical composition. The most
used method is a plasma oxidation (atmospheric air plasma,
oxygen and argon plasma) for altering the chemical properties of
the surface, i.e. creation of superficial silanol (SiOH) groups [5]. A
number of investigations show that after a certain amount of time
following the plasma treatment, recovery of the surface’s
hydrophobicity is inevitable, regardless of whether the surround-
ing medium is vacuum, air, or water [6]. The temporal evolution
of the contact angles between the deionized water and PDMS trea-
ted with O2 plasma could be seen in Fig. 3 of Ref. [7].

An alternative method for modifications of PDMS is the laser
treatment. The ablation by laser pulses is always a mixture of pho-
tochemical and photothermal reactions, where the ratio between
them is a function of the polymer properties and the laser param-
eters [8]. The changes of the irradiated parts of the surface depend
on the type of fluence source: UV-generated Nd:YAG laser or
KrF-excimer laser [9,10]. Several common features and some speci-
fic differences can be summarized. (i) At similar wavelength,
energy density, number of subsequent pulses and repetition rate,
the ablation depths are larger in case of UV-generated Nd:YAG
laser. (ii) At lower pulse numbers swelling of PDMS is observed
only when excimer laser is used. (iii) The ablation depth increases
with repetition rate when the excimer laser is applied at the same
energy density and pulse number. (iv) An increase of Si in the EDS
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spectra was observed acquired on PDMS irradiated with Nd:YAG
laser in comparison with those on native PDMS [10]. Laser treat-
ment is used in order to facilitate selective metallization of the
areas activated in this way [11–15].

After irradiation of PDMS with a Nd:YAG laser, the l-Raman
spectrum presents a new peak at 516 cm�1, which can be assigned
to nanocrystalline silicon [9,10,13,14]. The sharp peak between
512 and 518 cm�1 appears also in the case of processing with
visible light (VIS) of nanosecond Nd:YAG laser (532 nm) and
femtosecond laser (527 nm), which is the first observation of c-Si
formation by irradiation of PDMS with VIS femtosecond pulses
[15]. This can be ascribed to mono and/or polycrystalline or only
to monocrystalline silicon (c-Si) [16]. Its intensity increases with
the number of the pulses and the laser fluence. Moreover, in the
l-Raman spectra broad bands appear between 1320 cm�1 and
1603 cm�1 depending on the experimental conditions, which can
be assigned to D band of the amorphous carbon and the G band
of polycrystalline and microcrystalline graphite, respectively
[9,10,14,15].

Investigations with X-ray photoelectron spectroscopy (XPS) of
the modification of PDMS films induced by UV irradiation are
reported [17]. It is obtained that the binding energies (BEs) of the
Si 2p and O 1s increase and reach the values corresponding to
SiO2. After spin-coated films of PDMS exposure to microwave
oxygen plasma XPS data show, that a significant proportion of
the oxidized layer contained silicon bonded to 3 or 4 oxygen atoms
(SiOx) [18]. The degree of conversion of organic to inorganic silicon
(SiOx) increased with increasing microwave plasma dose. A similar
result is obtained for samples exposed to corona discharges [19].

We did not find any XPS data about the chemical transforma-
tions after laser treatment of PDMS. Nevertheless there is informa-
tion that the PDMS surface layer after other types of irradiation
becomes enriched in oxygen and depleted in carbon [20,21,17]. It
is supposed also, that the methyl group CH3 could be replaced
not only by oxygen, but by hydroxyl group OH also [20,21].

The aim of the present paper is to provide complex data of the
chemical status of PDMS after near infrared (NIR), visible (VIS) and
ultraviolet (UV) radiation of the nanosecond (ns)-laser treatment.
It emphasizes the XPS investigations in conjunction with the addi-
tional data taken by SEM and l-Raman spectroscopy analyses.

2. Experimental

2.1. Material and treatment

PDMS-elastomer sheets (KCC-corporation, South Korea)
(800 lm thick) are irradiated with basic harmonic (k = 1064 nm),
as well as second harmonic (SHG) (k = 532 nm), third harmonic
(THG) (k = 355 nm) and fourth harmonic (FHG) (k = 266 nm) of
Fig. 1. Tracks produced by nanosecond laser
Q-switched Nd:YAG laser (pulse duration s = 15 ns and pulse rep-
etition rate of 10 Hz) in air at ambient temperature. The samples
are mounted on a microcontroller-driven, stepper-motor operated
X–Y table. The minimum step size of the translation stage is
12.7 lm. Laser beam is focused by a lens with 22 cm focal length.
The micro-channels (trenches) are produced in ‘‘scanning mode’’
by simultaneously moving the samples perpendicularly with
respect to the laser beam. The number of the consecutive pulses
(from 11 to 110) per laser beam spot on the material surface is con-
trolled by the moving speed of the table. Continuous trenches with
lengths between 3 and 10 mm and widths between 50 and
500 lm, depending on the laser parameters, are produced. Larger
widths are produced especially for the samples prepared for XPS
analyses.

2.2. Measurements

Different experimental techniques are applied to characterize
the native PDMS-elastomer, as well as the irradiated tracks: JEOL
JSM-7000F field emission Scanning Electron Microscopy (SEM);
l-Raman spectrometry (LabRAM HR Evolution-Horiba Scientific),
equipped with 100� magnification objective and excited by solid
state laser source operating at k = 532 nm. The l-Raman spectra
of the laser treated PDMS surface are acquired from different
sections at the bottom of each trench and compared to the
Raman signals of the native material.

X-ray Photo electron Spectroscopy (XPS) studies are performed
in a PHI model 5600 system equipped with an Omni Focus Lens III
using a standard Mg Ka X-ray source at a high voltage of 15 kV,
300 W. The PHI Multipak 9 software is used for data treatment
and interpretation.

3. Results and discussion

Typical picture of the trench formed after the laser ablation by
NIR laser radiation is exposed on Fig. 1. It is clear that the profile of
the trench is characterized by extremely developed surface with
caves, which can ensure good adhesion of the metal coating depos-
ited on it.

Fig. 2 (a and b) display the l-Raman spectra of the processed by
NIR laser pulses as well as non-processed (native) PDMS. One can
see that a sharp peak of crystalline silicon (c-Si) adjacent to the
peaks of native PDMS is observed as result of laser treatment. Its
intensity increases with laser fluence and number of subsequent
laser pulses at all applied laser wavelengths. At higher fluence
and number of pulses broad bands assigned to the D band of amor-
phous carbon and the G band of polycrystalline and microcrys-
talline graphite also appear (Fig. 2a), confirming findings
described before [9,10,14,15]. Moreover, spectra variations are
with k = 1064 nm, 66 pulses, 6.4 J cm�2.
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Fig. 2. l-Raman spectra of native and ns-laser processed PDMS-elastomer. Irradiation with k = 1064 nm and 66 pulses was applied. Laser fluence is 6.4 J cm�2 (a). For a
comparison the spectra in 3 different points (m1, m2, m3) are presented (b).
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observed in different points inspected in a trench: Fig. 2b. This can
be explained by the inhomogeneity of the laser: ‘‘hot spot’’. In fact
the laser spot has multimode structures.

XPS and l-Raman analyses are conducted about a month after
the laser treatment. The surface survey spectra indicate that the
deposits contain carbon, oxygen and silicon, i.e., the constituent
elements of PDMS. The spectra of detail scans are shown in
Fig. 3, where the influence of the laser treatment is illustrated.

As it is well known during the XPS experiments on
non-conducting materials a charge compensation technique
should be applied. Despite this the exact BEs of spectral peaks in
an insulator might be open to question. Since the shift of all lines
in a spectrum due to the charging is the same, if the energy of
one line can be established on an absolute basis, the rest of the
lines can be calibrated with respect to that one. Carbon is often
used for calibration because the carbon peak is found on all sam-
ples exposed to the environment [22,23]. In our case we adjust C
1s at a binding energy of PDMS 284.38 eV [24,25]. In this way
the differences in O 1s and Si 2p positions could be clearly dis-
played in Fig. 3, whenever they appear.

The symmetry of the hydrocarbon component of the C1s peak
presented in Fig. 3a confirms the validity of this assumption. The
peak’s full width at half maximum (FWHM) however obviously
depends on the treatment regime and varies in each case due to
geometrical reasons. There is some ablation difference in areas
and complicate shape of the trenches, which is the reason for the
observed variations in the peak intensity and their FWHM (see
Fig. 1).

It is accepted that even following all recommendations uncer-
tainties between the local measurements and published data about
BEs could be reduced to ‘‘0.1–0.2 eV’’ [26]. Detailed analysis of the
number of factors affecting the accuracy of BE determination one
can find in Refs. [26–28]. In this work we will consider the BE
changes in Fig. 3(b and c) comparatively to the BE of non-treated
(native) PDMS. The reference values for PDMS BE of O 1s and Si
2p [24,25] are given just for information. One can judge about
the reproducibility from comparison of the data of two samples
after the exposure to same irradiation 355 nm 110 pulses, which
are practically coinciding.

The position of Si 2p peaks in Fig. 3b are close to the value of
non-irradiated except the sample treated by NIR irradiation
1064 nm 66 pulses, which is shifted by 0.9 eV with respect to the
native. This can be caused by the introduction of oxygen as it is
shown after plasma treatment in [29]. It will be discussed in details
later. One can find a tendency in an increase of the peaks shift due
to the number of pulses: in the case of NIR 1064 nm it is from
101.9 eV for 11 pulses to 102.9 eV for 66 pulses.

The O 1s peaks presented in Fig. 3c are symmetrical. One can
notice that at sample treated by irradiation 1064 nm and 66 pulses
the peak is shifted by 0.4 eV, which is beyond the possible inaccu-
racy. This peak position reflects a stronger oxidation of Si. This will
be analyzed also later. Again, one can see the effect of the number
of pulses for NIR irradiation 1064 nm: from 532.0 eV for 11 pulses
to 532.6 eV for 66 pulses.

The O 1s and Si 2p peaks of the sample treated by NIR irradia-
tion 1064 nm and 66 pulses are deconvolved using the mixed
Gaussian/Lorentzian function (PHI Multipak 9) in order to assess
the oxidation degree of silicon.

The curve fitting of Si 2p peak after this particular laser treat-
ment is presented in Fig. 4 and Table 1. From these data it is clear
that during the irradiation oxidation in different degree takes
place. For pure silicon (Si) it is claimed a peak at 99.5 eV corre-
sponding to Si(–OH)x could exist [32]. In our case it is hard to iden-
tify such a peak neither in Fig. 3b nor in Fig. 4. In the case of PDMS
it looks the chemical condition of Si is determined mainly by its
position in the polymer chain and during the oxidation process
first of all by bonding with oxygen. In other words, one can expect
very low influence of H through O on the BE of Si 1s in this case.

The deconvolution of O 1s peak is presented in Fig. 5 and
Table 2. For SiOH in as-received pure Si one could see BE of about
530.4 eV in Fig. 5 of Reference [29]. In the case of special treatment
of Si in condition of humidity the BE of Si(OH)x is about 1 eV higher.
[[29], and references therein]. Also for other substances, different
from PDMS, it is reported that BE of O 1s for SiO1.8 is 532.20 eV
[33], for SiO1.9 is 532.6 eV [34]; and for SiO2 533.20 eV [35]. All
these data make expectable the peak shift to higher values of BE,
when the oxidation degree of Si in PDMS is increased. However,
it is hard to make exact predictions. From the data shown in
Fig. 5 and Table 2 one can see the BE values of the peaks after
the deconvolution are close to the mentioned above for oxidation
forms of the pure Si. The areas under the three peaks in Fig. 4
and Table 1 are of the same order as the respective three peaks
in Fig. 5 and Table 2.

The silicon–oxygen–silicon linkage in silicones is similar to the
linkage in quartz and glass. Laser radiation can’t break Si–O bond-
ing but can split Si from carbon. Photodecomposition of PDMS pro-
duces volatile carbonaceous cycle, thus being the reason for carbon
loss observed by quantitative XPS and EDS after treatment. The
remaining Si is bonded with atmospheric oxygen to produce an
enrichment in non-stoichiometric oxygen deficient SiO2. The
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Fig. 3. Comparisons of XPS of PDMS treated by ns laser radiation with different wave length (k) and pulses number (p). All spectra are after shifting C1s to 284.38 eV. The
reference values are from [24,25]: (a) C1s; (b) Si 2p; (c) O1s.
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Fig. 4. Curve fitting of XPS spectra of Si 2p for 1064 nm 66 pulses 6.5 J/cm2. The dashed line is the fitting curve. Blue line Si(–O)2 101.8 eV; green line Si(–O)3 102.6 eV; orange
line Si(–O)4 103.3 eV. The areas under the curves are as follows: Si(–O)2 10.0%, Si(–O)3 46.8%, Si(–O)4 43.2% – Table 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Silicon chemical environments and the corresponding Si 2p (see also [24,25,29–31]).

Structure

Abbreviation Si(–O)2 Si(–O)3 Si(–O)4

Experimental BE (eV) 101.8 102.6 103.3
Reference BE (eV)/ 101.79 102.67 103.3
Source PDMS [24,25] [30] SiO2 [31]
Calculated from fitting in Fig. 4 (%) 10.0 46.8 43.2

Fig. 5. Curve fitting of XPS spectra of O 1s for 1064 nm 66 pulses 6.5 J/cm2. The original peak is displayed by a red line, the dashed line is the fitting curve. The areas under the
curves are as follows: dark orange (Si(–OH)) 4%, purple (Si(–O)2) 14.4%, green (Si(–O)3) 44.6%, orange Si(–O)4)) 36.9% – Table 2. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 2
Oxygen chemical environments and the corresponding O 1s BE.

Structure

Abbreviation Si(–OH) Si(–O)2 Si(–O)3 Si(–O)4

Experimental BE (eV) 530.6 531.6 532.4 533.0
Calculated from fitting in

Fig. 5 (%)
4.0 14.4 44.6 36.9
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reason to observe a noticeable silicon oxidation only in one case
could be a possible recovering of the surface after the laser ablation
during one month similar to the development after plasma
treatment.

It is interesting now to comment the comparison between the
l-Raman spectra and XPS data. One should keep in mind the differ-
ence in the sampling depth wherefrom the information is coming
in these spectroscopic methods. The difference of this value for
XPS and l-Raman is about three orders of magnitude (103):
nanometers and micrometers, respectively. This is making very dif-
ferent the sampling volume also. It could not be surprising to iden-
tify crystalline Si inside the layer affected by laser ablation and
oxides on the top of this area. The presence of OH groups on the
surface is responsible for hydrophilic behavior of laser treated
areas being one of the factors enabling electroless metallization.

4. Conclusion

After the ns-laser treatment of medical grade PDMS in the
l-Raman spectra a distinct peak of crystalline silicon (c-Si) is dis-
played, whose intensity increases with laser fluence and number
of subsequent laser pulses at all laser wavelengths used. In addi-
tion, at higher fluence and number of pulses broad bands assigned
to the D and G bands are seen. XPS investigations displayed clearly
distinct chemical changes in the trenches only in one case: sample
treated by NIR irradiation 1064 nm 66 pulses. These changes
identify occurrence of silicon oxidation in different degrees and
presence of some quantities of OH group. In this case a possible
influence of the number of the pulses is observed: an increase of
oxidation degree at their higher number.
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