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Abstract: The feasibility of introducing optical nonlinearity in poly-dimethyl siloxane (PDMS) using
organic solvent swelling was investigated. The third-order nonlinear refraction and absorption
properties of the individual materials, as well as the PDMS/solvent compounds after swelling
were characterized. The well-established Z-scan technique served as characterization method for
the nonlinear properties under picosecond pulsed laser excitation at a 532 nm wavelength. These
experiments included investigations on the organic solvents nitrobenzene, 2,6-lutidine, and toluene,
which showed inherent optical nonlinearity. We showed that nitrobenzene, one of the most well-
known nonlinear optical materials, has proven suboptimal in this context due to its limited swelling
effect in PDMS and comparatively high (non)linear absorption, resulting in undesirable thermal
effects and potential photo-induced damage in the composite material. Toluene and 2,6-lutidine
not only exhibited lower absorption compared to nitrobenzene but also show a more pronounced
swelling effect in PDMS. The incorporation of toluene caused a weight change of up to 116% of
PDMS, resulting in substantial nonlinear optical effects, reflected in the nonlinear refractive index of
the PDMS/toluene composite n2 = 3.1 × 10−15 cm2/W.

Keywords: transparent Kerr materials; self-focusing; poly-dimethyl siloxane; swelling; nonlinear
solvents

1. Introduction

Nonlinear optical (NLO) effects play a crucial role in a variety of applications, in-
cluding ultra-fast laser technology, telecommunications, and nonlinear imaging [1–5].
Historically, inorganic crystals, such as lithium niobate (LiNbO3) or beta barium borate
(BBO), have been widely used as NLO materials due to their strong nonlinearities over a
broad range of optical frequencies [2]. However, integrating such crystals into photonic
systems can be challenging because of their mechanical fragility, complex fabrication con-
ditions, and their lack of scalability [6,7]. Semiconductors such as GaN and GaAs, which
are well-established in optoelectronic applications like light-emitting diodes, also manifest
nonlinear optical effects [8–11]. Over the past decade, a diverse set of promising alternatives
has emerged within the field of NLO materials. These alternatives include polymers [12],
as well as metal-halide perovskites [13], and two-dimensional (2D) materials [14,15], offer-
ing a more facile and scalable way of fabrication using solution-based methods at room
temperature. To achieve high efficiency of the nonlinear interaction of these materials with
light, it has become common practice to enhance the electromagnetic field locally using res-
onances supported by nanostructures. For the fabrication of such nanostructures on large
areas, bottom-up methods like block-copolymer self-assembly [16,17] and the alignment
of nanoparticles from suspension [18,19] or through wet-chemical synthesis [20,21] have
emerged as promising approaches, which harness the self-alignment of structural elements.
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Although resonances can enhance nonlinear optical effects, the increased light–matter inter-
action comes at a cost—it limits the operation bandwidth [22]. Resonant optical phenomena
occur only at particular frequencies, resulting in a reduced ability to uniformly enhance
the broadband NLO response of many materials. In addition, this selectivity may hinder
transparency, making it crucial to find a balance between enhanced light–matter interaction
and operation bandwidth. Especially, for applications where light must propagate over
long distances through the optical device, highly transparent and scalable NLO materials
are desperately sought today. For instance, such applications include optical waveguide
structures, in which light propagation properties can be controlled using slight variations
in the refractive index of at least one of the waveguide layers [23,24]. Various organic sol-
vents, notably carbon disulfide (CS2), nitrobenzene (C6H5NO2), as well as toluene (C7H8)
and acetone (C3H6O), exhibit promising nonlinear optical properties and often possess
considerable transparency [25]. However, handling liquids in optical systems is often
technologically challenging.

In this article, we present a method to facilitate the integration of nonlinear organic
solvents into optical device architectures based on solid films. The approach involves incor-
porating organic solvents into poly-dimethyl siloxane (PDMS), through a process known
as swelling, which has been used in microfluidic devices and lab-on-a-chip systems [26,27].
PDMS is a versatile and widely used silicon-based organic polymer. Renowned for its
optical transparency, flexibility, and ease of fabrication; PDMS has become a material of
choice in a variety of applications including optical devices such as waveguides or lenses,
as well as stretchable electronics [28,29]. In photonics, PDMS has proven its applicability
particularly for stretchable optical components, modulators, and sensors [30]. The inherent
biocompatibility of PDMS further extends its utility in biological and medical applications.
In the scope of incorporating optical nonlinearity into PDMS, various approaches have
been reported in the literature. Some methodologies involve the integration of nonlin-
earity through the introduction of chromophores [31,32], plasmonic nanoparticles [33,34],
perovskites [35,36], and 2D materials [37,38] into the PDMS. However, a prevalent chal-
lenge associated with these techniques is the simultaneous introduction of absorption,
particularly noticeable in the case of dyes. Notably, the absorption of light can limit the
applicability of these materials, especially in optical waveguide with high propagation
lengths. The method presented in this paper addresses this concern, as it allows for the
integration of nonlinearity into PDMS while preserving its transparency. Swelling of PDMS
with organic solvents refers to the phenomenon where liquids diffuse into the PDMS matrix
and alter its structure, leading to an increase in volume. When PDMS comes into contact
with certain organic solvent, it undergoes such a swelling process, while the degree of
swelling depends on factors such as the specific solvent used, time of exposure, and the
inherent compatibility between PDMS and the solvent [39]. The primary objective of our
paper is to facilitate the integration of transparent organic solvents with strong optical
nonlinearity into optical devices. Recognizing the potential of these solvents in nonlinear
optics, we seek to overcome challenges associated with their liquid nature by embedding
them within a solid polymer host matrix.

2. Materials and Methods

A two-component silicone elastomer (Mavom Sylgard 184) consisting of a precursor
component and a curing agent was used for preparing the PDMS films. The two com-
ponents were mixed at a ratio of 10:1 and were manually stirred. De-airing was carried
out in a vacuum chamber for 30 min. The optically transparent mixture was then cast
into a Teflon mould (30 mm × 30 mm) up to the desired film thickness. A glass slide at
the bottom of the Teflon mould ensured the formation of a smooth interface to minimize
light scattering in the optical experiments. The PDMS was then cured at 80 ◦C for 60 min.
The obtained film was cut into four samples of equal size The film thicknesses have been
measured without contact, using an optical microscope. The focus of the microscope was
subsequently aligned to the lower and upper boundary of the film and the height difference



Optics 2024, 5 68

of the objects has been measured. In the optical measurements, one sample was used as
a reference, the other samples were used for further processing. To incorporate organic
solvents into the PDMS host matrix, the PDMS samples were immersed in three different
solvents: nitrobenzene (NB), 2,6-lutidine (LT), and toluene (TL). After a swelling time of
3 h, the samples were removed from the solvent baths and the swelling was quantified
by measuring the weight change of the samples before and after swelling. For the optical
measurements, the samples were fixed between two quartz slides using a Teflon frame
(see insets in Figure 1) and then encapsulated using a chemical-resistant glue to prevent
solvent evaporation.
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For characterizing the nonlinear optical properties of the samples we used the well-
established Z-scan technique [40,41]. Figure 1 further shows the layout of the optical setup,
which was used in our experiments. A pulsed solid-state laser (frequency-doubled Nd:YAG,
Teem Photonics, Meylan, France) with a pulse width of 330 ps and a wavelength of 532 nm
was used as an excitation source. Firstly, a variable neutral density filter (VF) and a variable
iris (I1) are used to adjust the optical power and the beam size of the laser beam. The optical
power was monitored using a beam splitter (BS) and photodetector D1. The main beam
then passes through a biconvex lens (L2, f = 20 cm) and is focused to a position Z0. The
transmitted light was collected using an additional lens (L3, f = 15 cm). The variable iris I2
enables the performance of both open-aperture (OA) as well as closed-aperture (CA) Z-scan
measurements within the same beam path. The linear transmittance of the iris I2 was set to
S = 1 and S = 0.4 for OA and CA Z-scan measurements, respectively. Photodiode power
sensors (S151C, Thorlabs, Bergkirchen, Germany) were used as photodetectors D1 and D2.
For the measurements, the sample was moved along the z-direction using a linear stage
and a stepper motor.

The nonlinear optical indices of the samples were determined by fitting the experi-
mental data with the theoretical model. By considering a Gaussian beam excitation in the
low irradiance limit (small beam distortion) the normalized transmittance in a CA Z-scan
measurement for thick samples (sample thickness L > zR) is given using

T(z) = 1 + ∆∅F(x, l), (1)

where F(x, l) =
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Here, x = z
zR

and l = L
zR

, where L is the sample thickness, zR(=
πω2

0
λ ) is the Rayleigh

length with ω0, and λ are the beam waist radius at the focal plane focus and the vacuum
wavelength, respectively. ∆∅ = n2k0 I0Le f f is the on-axis phase shift caused by nonlinear
refraction. Here, n2 is the third-order nonlinear refractive index, k0 = 2π

λ the wave vector,

I0 the irradiance, and Le f f =
1−exp(−αL)

α is the effective path length, with α being the linear
absorption coefficient. If the sample is sufficiently thin (L ≤ zR), Equation (1) converges to
the following thin sample approximation:

T(z) = 1 +
4x∆∅

(x2 + 1)(x2 + 9)
(3)

Furthermore, we derived the real part of the third-order nonlinear susceptibility
Re
(

χ(3)
)

using the following equation [2]:

Re
(

χ(3)
)
=

4
3

n2
0ε0cn2 (4)

Here, n0 is the linear refractive index, ε0 is the electric constant, and c is the vacuum
speed of light. For the composite materials, a weighted mean of the refractive index was
calculated according to the mass ratios.

3. Results

In the first step, we investigated the nonlinear optical properties of pure PDMS as
well as various organic solvents using OA and CA Z-scan measurements at a pulse energy
of 5.6 µJ and a pulse repetition rate of 50 Hz. The results are shown in Figure 2 and
indicate a distinct nonlinear optical behaviour in different organic solvents. All solvents
exhibit a valley-peak profile, which corresponds to self-focusing (positive values for n2)
and originates from the optical Kerr effect. In NB, we observed the strongest Kerr effect
among all three candidates. Utilizing the parameters of the fitting curve (depicted as red
curve in Figure 2a), we quantified the Kerr effect in NB with a nonlinear refractive index of
n2 = 22 × 10−15 cm2/W. Additionally, we observed two-photon absorption (2PA) in NB,
as shown in the inset of Figure 2a displaying the results of an OA Z-scan measurement.
Also in the case of LT and TL, Kerr nonlinearity was observed (see Figure 2b,c), although it
was less pronounced than in nitrobenzene. The nonlinear refractive indices of both LT and
TL were found to be n2 = 7.1 × 10−15 cm2/W (approximately three-times smaller than for
NB). Multiphoton absorption effects were not observed in LT and TL. In addition, pure
PDMS did not show any detectable nonlinearity at a pulse energy of 5.6 µJ (Figure 2d).
The results presented in Figure 2 highlight the solvent-specific nonlinear optical responses,
with nitrobenzene demonstrating the most significant effect; this is, however, accompanied
by nonlinear absorption, which can lead to parasitic thermal contributions to nonlinearity
under increased irradiance which is discussed later in this paper.

In the next step, we evaluate the feasibility of introducing Kerr nonlinearity to the
PDMS using solvent swelling. Therefore, PDMS films were immersed into the three
different organic solvents. Depending on the solvent, the swelling of the PDMS happens on
different time scales, and different amounts of the solvents can be incorporated. Figure 3
illustrates the solvent-specific swelling behaviour of PDMS depending on the exposure
time. At the stage of saturated swelling, the thicknesses of the samples (initially 3 mm in
all cases) were found to be 3.1 mm (NB), 3.3 mm (LT), and 4 mm (TL). Thus, NB stands
out as the solvent with the least swelling effect among the three candidates, inducing a
mere 5.4% weight change in PDMS. On the other hand, LT shows a stronger effect, causing
around 36.5% weight alteration. Notably, TL emerges as the strongest candidate, generating
a substantial 116.3% weight change. Thus, despite NB exhibiting a stronger Kerr effect,
the data shown in Figure 3 reveal a significant limitation in the ability of NB to generate



Optics 2024, 5 70

swelling in PDMS. In contrast, Toluene, with an intrinsic nonlinearity only three times less
than NB, facilitates an incorporation into PDMS that is more than 20 times higher.
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Figure 3. Measured weight change of the PDMS samples over time due to solvent swelling.

In Figure 4, the closed aperture Z-scan profiles of the PDMS-TL and PDMS-LT samples
at 532 nm, measured with a pulse energy of 5.4 µJ are shown. Both samples show a
self-focusing behaviour like in the pure solvents. Compared to the PDMS-LT, PDMS-
TL exhibits a twice-stronger effect of third-order nonlinear refraction (see Figure 4) with
a nonlinear refractive index of n2 = 3.1 × 10−15 cm2/W. The OA scan measurements
confirm the absence of any nonlinear absorption processes for PDMS/TL and PDMS/LT.
In contrast, PDMS/NB shows a strong thermally induced nonlinear optical response for
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identical experimental conditions. This thermal effect results from linear absorption and
two-photon absorption (2PA) of NB at a 532 nm wavelength, which leads to the generation
of local heat. In fact, the effect was so pronounced that the measurement results were
significantly influenced by artefacts arising from strong beam distortion causing self-
diffraction rings (see Supporting Figure S1) and even photo-induced damage. Notably, for
pure PDMS, we could observe thermal effects only for higher pulse energies above 7.4 µJ.
Thermal effects caused by absorption are a well-known phenomenon in NB, with several
opportunities for efficient mitigation [42]. Therefore, we have reduced the pulse energies in
our measurements on PDMS/NB down to 0.8 µJ and also lowered the repetition rate from
50 Hz to 10 Hz, aiming to mitigate thermal effects. However, up to a pulse energy of 0.8 µJ,
we have not observed any nonlinear behaviour of the PDMS/NB samples. For higher pulse
energies, we only observed thermal effects in combination with photo-induced damage
caused by (non) linear absorption. Hence, it seems that the detection limit for the Kerr
effect is above the damage threshold of the PDMS/NB samples. Notably, both individual
materials do not show thermal effects at 1.2 µJ pulse energy. Thus, the thermal effects in
PDMS/NB cannot be explained with a superposition of the individual material properties.
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In addition to the inherent NLO properties and swelling behaviour, we can, therefore,
identify a third pivotal factor for material selection: the absorption properties. Besides
possible thermal nonlinearities or degradation of the material, one has to keep in mind
other potential limitations for the design of photonic devices arising from absorption. As
mentioned earlier, it is common practice to compensate for a relatively low NLO effect
in materials by increasing the light–matter interaction length, thus achieving the same
phase-shift of a wave passing through the material. For this argument to remain valid,
it is, of course, necessary to assume a sufficiently low material absorption, ensuring low
absorption losses on the desired interaction length. At a 532 nm wavelength, which was
used in this study, the linear absorption coefficient for NB is around α = 2 m−1, but only
α = 0.24 m−1 for TL [43,44].

At 400 nm wavelength, the disparity in linear absorption becomes even more pro-
nounced, showing a 30-fold difference between NB and TL, with an increasing trend for
shorter wavelengths. This tendency suggests a distinct advantage of the PDMS/TL com-
posite material across short wavelength applications in the ultraviolet (UV) regime. For
NB, one of the most well-known NLO materials, the composite material PDMS/NB not
only showed the highest thermal contributions but also exhibited the lowest swelling effect
in PDMS.
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To exclude any remaining thermal contributions to the nonlinear properties of the
PDMS/TL and PDMS/LT samples, intensity-dependent CA Z-scan measurements have
been performed. Figure 5 shows the CA Z-scan profiles of the samples illuminated with
varying pulse energy. The measured profiles were again fit using Equation (1) (see solid
lines in Figure 5), and the corresponding nonlinear refractive indices were derived. In both
cases, the corresponding nonlinear refractive index stays constant over the irradiance (see
insets in Figure 5). It is thus evident that the observed nonlinear refraction originates from
the optical Kerr effect, and the thermal contributions can be neglected.
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The third-order nonlinear refractive indices of all composite samples are derived using
Equation (1) and listed in Table 1. The nonlinear refractive index n2 for PDMS-TL and
PDMS-LT are 7 and 15 times smaller compared to pure NB, respectively.

Table 1. Nonlinear coefficients of the investigated samples derived from the data fitting.

Sample n2
(×10−15 cm2/W)

β2PA
(cm/GW)

Re(χ(3))
(×10−16 cm2/V2)

NB 22.8 0.36 1.97
LT 7.1 - 0.56
TL 7.1 - 0.57
PDMS/TL 3.1 - 0.26
PDMS/LT 1.5 - 0.11
PDMS/NB n.a. * n.a. * n.a. *

* Not applicable (n.a.) because of measurement results governed by significant artefacts caused by thermal effects
and photo-induced damage within the entire experimental parameter range.

To further verify the origin of the nonlinearity, we have performed optical experiments
on pure PDMS under uniaxial strain. In these experiments, we could only observe birefrin-
gence of the linear refractive index. In the z-scan measurements, we could not observe Kerr
nonlinearity in pure PDMS with and without mechanical strain. We, therefore, conclude
that the Kerr nonlinearity measured in our composite materials is not caused by strain,
which is induced by the isotropic expansion of the PDMS due to swelling. Firstly, long-time
stability tests have shown that the samples are stable up to certain photo-induced damage
threshold, which is governed by the irradiance and the repetition rate of the laser (for
details see Supporting Information).
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4. Discussion

We have demonstrated a method for introducing optical Kerr nonlinearity to PDMS by
utilizing the swelling of PDMS upon contact with various organic solvents. Investigating
solvent swelling in PDMS reveals varying effects, with NB inducing the least and TL
the most substantial swelling. These results emphasize that the material selection for
our composite materials involves not only intrinsic NLO effects but also considerations
regarding their distinct swelling behaviour. The swelling of polymers refers to an increase
in the volume or size of a polymer when it comes into contact with a solvent or other
liquids. The process of swelling involves the penetration of solvent molecules into a
polymer host-matrix, causing the polymer chains to separate and the material to expand.
The Flory–Rehner theory is a theoretical model that describes the swelling of polymers in a
solvent. Parameters that determine the swelling behaviour of a certain polymer/solvent
combination include the interaction parameter, the elasticity of the polymer, and the
statistics (e.g., chain lengths and orientation) of the polymer matrix [45].

The characterization of the composite materials using the Z-scan technique demon-
strates the general feasibility of introducing Kerr nonlinearity to PDMS. The resulting
composite materials exhibit solid film characteristics, allowing for further processing in
planar optical waveguide geometries. Hence, unlike liquid films, there is no need for spac-
ers to maintain film thickness. Surprisingly, despite the strong nonlinearity, NB proves less
feasible for PDMS integration due to increased thermal effects and photo-induced damage.
It is remarkable that these effects cannot be explained through a simple superposition of
the properties of the two materials. The ability of PDMS/NB to handle the thermal impact
is far lower compared to the individual materials, which renders PDMS/NB practically
unsuitable for high-power photonic applications. A comparison between PDMS/TL and
PDMS/LT demonstrates superior nonlinear properties in PDMS/TL, due to the larger
swelling effect of TL along with its high transparency, especially for short wavelengths. The
transparency of TL further allows for the utilization of its nonlinearity over large interaction
lengths, thereby enhancing the nonlinear effect on the passing light wave.

5. Conclusions

In summary, we have introduced a facile method for fabricating cost-effective and
scalable nonlinear optical composite materials, marked by a substantial nonlinear optical
effect along with high transparency. Our findings reveal that optical nonlinearity can be
introduced to PDMS through solvent swelling, and the NLO properties of the resulting
composite materials exhibit a linear dependence on the incorporated amount of solvent.
We additionally compare three distinct solvents as well as the resulting PDMS/solvent
composite materials concerning their nonlinear optical (NLO) properties and assess their
suitability in optical applications, considering various factors such as transparency and
photo-stability. In particular, the PDMS/TL composite material has proven itself as a
promising candidate with a nonlinear refractive index of n2 = 3.1 × 10−15 cm2/W and a
nonlinear susceptibility of χ(3) = 0.26 × 10−16 cm2/V2. From an application standpoint,
it is noteworthy that, in comparison to Nitrobenzene (NB), Toluene (TL), and 2,6-lutidine
(LT), they are considered less harmful as they are nontoxic. However, they still necessitate
encapsulation to prevent degassing and ensure long-term stability. We anticipate these
results to open up new possibilities for the implementation of nonlinear photonic systems,
especially on large areas in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/opt5010005/s1, Figure S1: Closed aperture Z-scan profiles of PDMS/NB
under various experimental conditions. (A–C): CA Z-scan profiles of PDMS/NB at 10 Hz repetition
rate and a pulse energy of 0.8 µJ (A), 1.2 µJ (B), and 5 µJ (C); (D): Closed aperture Z-scan profiles of
PDMS/NB at a repetition rate of 50 Hz and a pulse energy of 5.6 µJ; Figure S2: Long-time stability
investigations. (a) transmittance of PDMS/TL under intense laser illumination; (b) comparative

https://www.mdpi.com/article/10.3390/opt5010005/s1
https://www.mdpi.com/article/10.3390/opt5010005/s1
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z-scan profiles after different illumination durations at a repetition rate of 50 Hz; (c) z-scan profile
after the laser-induced damage threshold has been reached.
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