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Introduction

Motivation

Adaptive and tunable optics, consisting in the correction of perturbed light wavefronts
by means of deformable optical devices, was first introduced in the 50’s by Babcock [1]
and developed in the 70’s by Buffington [2, 3] and Hardy [4] independentely. Nowadays
it represents a well established technology mainly exploited in astronomy in order to re-
duce the effects of atmospheric perturbations limiting the attainable resolution of large
astrophysical telescopes [5]. Adaptive and tunable optics is exploited in ophthalmol-
ogy, microscopy and photonics as well for the improvement of imaging performances.
However exploitation of adaptive and tunable optics is nowadays limited to high-level
or prototype-level instrumentation because of the high complexity and fabrication costs
of the deformable optical devices, responsible for the correction of aberrations in light
wavefronts. The fabrication of functional, simpler and cheaper deformable optical de-
vices is fundamental in order to apply adaptive and tunable optics in more commonly
available instrumentation.

Such deformable optical devices typically consist in deformable mirrors or gratings,
able to change their optical properties (shape, focal length or pitch) dynamically, ac-
cording to the perturbations of the wavefront or the wanted outgoing optical features.
The technologies on which such deformable optical devices rely (for example segmented
mirrors [6, 7, 8], reflective thin membrane [9], MEMS tunable gratings [10, 11]) suffer of
several drawbacks in terms of high weight and complexity or low deformability and
tunability of the optical properties. New technologies are required, aiming to overcome
these issues.

The fabrication of non planar diffraction gratings, required in a number of optical
mounts for the correction of spherical or higher order aberrations affecting the diffracted
beam or to add focusing to diffractive capabilities, is of concern as well for the necessary
high fabrication costs. The possibility to easily fabricate low-cost arbitrarily shaped re-
flective diffraction gratings would be a breakthrough for example in monochromoators
or spectral imaging techniques.

Elastomeric optics represents a promising technology for the fabrication of optical
devices on highly deformable and conformable elastomeric substrates [12]. Reflective
elastomeric optics, obtained by metallization of elastomeric substrates, is particularly
interesting because of the possibility to limit the dimensions of elastomeric device based
optical instruments [13] respect to devices working in transmission. However the metal-
lization of elastomeric substrates by classic coating techniques is problematic because of

ix



X Thesis overview

the low adhesion and resilience of the reflective metal layer deposited on the elastomer
surface [14, 15, 16].

Metal-elastomer nanocomposites may represent an alternative and effective approach
for the fabrication of reflective elastomeric optical devices since the reflective metal is
embedded in the elastomeric matrix and does not consist in a continuous rigid metal
layer, solving adhesion and resilience problems of coating techniques. However cur-
rently available nanocomposites synthesis techniques (chemical [17, 18] or metal ion
implantation [19, 20] approaches) do not guarantee the achievement of reflectivity and
surface smoothness required for deformable optical devices.

Driven by the motivations described above, the present thesis is devoted to the fab-
rication, characterization and exploitation of metal-elastomer nanocomposite based de-
formable optical components (mirrors and diffraction gratings) obtained by means of
Supersonic Cluster Beam Implantation (SCBI) [21]. SCBI allows implanting electrically
neutral metal nanoparticles (silver in this work) with low kinetic energy in elastomeric
substrates like Polydimethylsiloxane (PDMS). The optical and morphological character-
ization of the Ag/PDMS nanocomposite will demonstrate that the issues encountered
for the fabrication of reflective elastomeric optical components by currently available
nanocomposite synthesis techniques can be overcome by using SCBI.

In particular optical properties of reflective elastomeric optical components synthe-
sized by SCBI are affected by Surface Plasmon Resonance (SPR) characterizing silver
particles of nanometric size implanted in the elastomeric matrix. A characterization of
SPR in light of the theoretical model describing the optical behavior of metal nanopar-
ticles embedded in a dielectric matrix and upon applied strain is necessary for a better
understanding and control of the optical properties of the devices during the fabrication
process.

Thesis overview

This thesis consists of three parts, for a total of seven chapters. The introductory Part I,
composed by the first three chapters, describes the technology on which adaptive optics
systems are based and introduces nanocomposite-based elastomeric optics as a possi-
ble solution for the replacement of existing deformable optical devices. This section
ends with the description of the Supersonic Cluster Beam Implantation (SCBI) technique
used in this thesis work for the effective fabrication of the metal-polymer nanocompos-
ite based stretchable optical devices, overcoming the issues typical of nanocomposites
obtained by classical techniques. Part II, composed by chapter 4 and chapter 5, is dedi-
cated to the description of the results obtained in the field of stretchable reflective optics.
In part III, composed by chapter 6 and chapter 7, a theoretical overview of Surface Plas-
mon Resonance and our preliminary experimental results on the uv-vis absorption of
metal-polymer nanocomposites are presented.

Substantial fractions of this thesis appeared as refereed publications in scientific jour-
nals and resulted in the filling of a patent.

Chapter 1. Adaptive and Tunable Optics: applications, working principles and
current techniques used in tunable and adaptive optics are presented, followed by
a detailed analysis of the drawbacks characterizing the currently used deformable
optical devices.

Chapter 2. Nanocomposite-based elastomeric optics: elastomeric optics repre-
sents a possible solution to the fabrication of optical devices, specifically designed
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to be deformable. However optical elements working in reflection require the met-
allization of the elastomeric surface. Among different available metallization tech-
nologies, nanocomposites represent the ideal solution, matching all the require-
ments needed from both an optical and a mechanical point of view.

Chapter 3. Supersonic Cluster Beam Implanted nanocomposites: Supersonic
Cluster Beam Implantation (SCBI) of metal nanoparticles in elastomeric substrates
is introduced in details, in light of the optical and mechanical requirements needed
by elastomeric optical elements working in reflection. The state of the art on su-
personic cluster beam implanted elastomer is reported in a paper published on
Advanced Materials [21], while the morphological characterization of the implanted
elastomer in a paper published on Journal of Physics D: Applied Physics [22].

Chapter 4. Fabrication and characterization of elastomeric optical devices: the
characterization of the optical properties of nanocomposite-based reflective stretch-
able mirrors and diffraction gratings fabricated by SCBI is presented. In particular
we show that it is possible to apply the stretchable grating to non-optical grade
curved surfaces to add focusing properties to diffractive power. The results of the
characterization are the subject of a paper published on Laser and Photonics Reviews

([23D).

Chapter 5. A simple scanning spectrometer based on a stretchable reflective grat-
ing: stretchable gratings can be used in actual optical mounts and the spectrum of
a dye acquired and compared with tabulated data and with spectra acquired with
commercial spectrophotometers. This chapter is based on a paper submitted to
Applied Physics Letters ([24]).

Chapter 6. Surface Plasmon Resonance (SPR): metal nanoparticles are charac-
terized by Surface Plasmon Resonance (SPR), theoretically described by various
models. A brief overview of these models is reported in this chapter.

Chapter 7. SPR in SCBI metal-polymer nanocomosites: the experimental evi-
dences and analyses of the Surface Plasmon Resonance of the gold and silver im-
planted nanocomposites undergoing different treatments are reported. Prelimi-
nary SPR characterization of stretched nanocomposites is particularly interesting
and promising for a better understanding of the nanoparticles dynamics and topol-
ogy inside the polymer.






Part I

Deformable optical devices and
nanocomposites






CHAPTER 1

Adaptive and Tunable Optics

Adaptive optics is a technology used for the improvement of the performance of optical
systems by reducing the effect of wavefront distortions, first proposed in 1953 by Bab-
cock [1] for astronomical applications. The first realization of a working adaptive optics
system dates back to 1977, thanks to the availability and improvement of automatic pro-
cessing power needed for the real-time elaboration of the wavefront shape and control
of the correction system, by Buffington [2, 3] and Hardy [4] independentely. From then
on adaptive optics was exploited in different other applicative fields requiring the cor-
rection of wavefront distortions, in addition to astronomy.

The working principle of an adaptive optics system is depicted in Figurel.la. Wave-
front distortions can be corrected by using deformable optical devices (usually deformable
mirrors), able to dynamically change their optical properties according to the perturba-
tion of the incoming light. A wavefront sensor, typically a Shack-Hartmann mask con-
sisting of an array of lenses (also called lenslets) of the same focal length, and a CCD
camera or a segmented photodiode [20], reads the perturbation of the incoming light.
The local tilt of the wavefront across each lens can be then calculated from the displace-
ment of the focal spot on the sensor respect to the expected position for an unperturbed
wavefront. By sampling an array of lenslets, all of these tilts can be measured and the
whole wavefront distortion approximated (Figurel.lb). A computer elaborates the in-
formation obtained by the wavefront detector and subsequently controls mechanical or
electrostatic actuators applying proper distortions to the deformable optical device. The
interaction of the distorted wavefront with the deformed optical device results in an
outgoing planar unperturbed wavefront.

Deformable mirrors are typically used as corrective devices in adaptive optics, but
other devices able to dynamically change their optical properties were also developed.
Among them tunable diffraction gratings and lenses represent interesting devices. The
modification of the grating grooves spacing or height leads to a change in the diffraction
resolution and wavelength diffracted at a given angle or in the efficiency of the diffrac-
tion orders. Like the crystalline in eyes, the focal length of tunable lenses can be changed
by applying deformations to the device that modify the curvature of the lens. In these
cases we talk about tunable, rather than adaptive, optics.

Deformable optical devices and their complex actuation mechanisms represent the
main contribution to the high costs still characterizing adaptive optics systems. This
limits the exploitation of adaptive and tunable optics to niche applications like large as-
trophysical telescopes, ophthalmology, high-level laser systems and optical microscopy.
The use of cheaper, more reliable devices and simpler actuation systems could represents
a breakthrough in these fields, making adaptive and tunable optics commonly available
on wider markets.
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Figure 1.1: (a) Schematics of an adaptive optics system where the aberrated wavefront is reflected
off the deformable mirror resulting in a corrected diffraction limited wavefront passed on to a
downstream camera. The beamsplitter takes a sample of the corrected wavefront to monitor the
phase and send updates to the control electronics to close the loop to the deformable mirror. (from
[25]). (b) Schematic working principle of a Shack-Hartmannn wavefront sensor. The displacement
of the position of the perturbed wavefront focused by the lenslet array respect to the expected

position on the photon sensor (typically a CCD camera) gives the information on the distortion
affecting the wavefront.
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Figure 1.2: (a) The two most common approaches for the actuation of deformable mirrors: work-
ing scheme of segmented mirrors (top) and reflective membranes (bottom) [26]. (b) The 10.4m
segmented mirror of Gran Telescopio Canarias [25]. (c) MEMS based deformable mirror based on
a continuous faceplate (OKO® Technologies) [25].

1.1 Deformable optical devices for adaptive and tunable optics

A fundamental part of adaptive or tunable optics systems is represented by deformable
optical devices, typically consisting in deformable mirrors or diffraction gratings. Here an
overview of the main current technologies on which deformable mirrors or gratings are
based will be given.

1.1.1 Deformable mirros

Segmented mirrors, reflective thin metal membranes, and ferrofluids are the three main solu-
tions for the fabrication of deformable mirrors for adaptive optics [27].

Segmented mirrors [6, 7, 8] represent the most commonly followed approach for its
simplicity and the possibility to exploit existent technologies for the fabrication of each
segment. A segmented mirror consists in an array of small rigid hexagonal mirrors each
actuated by hydraulic or electric pistons for their orientation according to the perturba-
tion of the incoming wavefront (see Figurel.2a for the working scheme and Figurel.2b
for an example of a large segmented mirror). The number of segments can vary from
few units to few tens and its increase requires an exponential increase of the computing
power needed for the actuation. The maximum number of segments for a single seg-
mented mirror was achieved by Hulburd in 1989 [29] with an array of 512 mirrors and
over than 10000 constituting elements. Despite their simple concept, segmented mirrors
suffer of some drawbacks: they require a high number of expensive actuators and the
software needed for the reading of the wavefront and their control is complex. Moreover
the high weight of the elements needed for the mirror actuation requires robust support-
ing structures. Additionally the gap between the segments is of concern because of light
losses, extra infrared thermal emission and diffraction of light [27]. This last issue is of
particular importance when very high resolutions must be achieved, as in the case of
ophthalmology (blood capillaries or single cone cells) [30] and it can be overcome by the
use of continuous faceplate mirrors.

Continuous faceplate mirrors are typically based on reflective membranes (e.g. alu-
minized polymeric membranes) whose shape is modified by push-pull actuators based
on piezoelectric materials [9] (Figurel.2a). The spatial continuous deformation of the
membrane and the absence of gaps, typical of segmented mirrors, represent the main ad-
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Figure 1.3: (a) Ferrofluids without (left) and with (right) an applied external magnetic field: con-
trolling the magnetic field the mirror can assume the wanted shape (images from University of
Laval). (b) Actuating mechanism of a ferrofluid based mirror: the magnetic field is modulated by
a series of coils [33].

vantages of this class of deformable mirrors. However very thin membranes are required
for proper shape modification and wavefront correction, making these deformable mir-
rors highly fragile [27]. Thicker reflective membranes can be used and bent for the cor-
rection of low-order aberrations. MEMS based continuous faceplate mirrors are already
available on the market (Figurel.2c [25]) at a very high cost.

Novel techniques are emerging in the field of deformable mirrors: among them the
use of liquid mirrors is particularly attractive in terms of simplicity and fabrication costs.
Two approaches are followed: in the first a simple liquid metal like Mercury is used. A
perfect parabolic shape is assumed by the liquid metal contained in a vessel rotating
at a given angular speed. By changing the rotation speed the curvature, and thus the
focal length of the paraboloid, can be changed dynamically. A first telescope based on
a 4m diameter liquid mirror is under construction in India (International Liquid Mirror
Telescope, ILMT [31]). Despite the advantages in term of easy of fabrication and low
fabrication costs, issues concerning the toxicity and the weight of the liquid metals limit
their practical use.

Ferrofluids, whose shape can be modified by applying magnetic fields (Figurel.3)
represent the second approach for the fabrication of liquid deformable mirrors. [32, 33,
34, 35]. Ferrofluids consists in a ferromagnetic nanoparticles layer (size of approximately
10nm) in suspension on a supporting liquid. Differently than liquid metals, ferrofluid
based mirrors can correct higher order aberrations with a precision dependant on the
dimensions of the coils immersed in the liquid (Figurel.3). The difficulty of using both
liquid metals and ferrofluids based mirrors out of the horizontal plane represents the
main limitation for the exploitation of such systems in many applicative fields.

From this brief overview on the field of adaptive optics, it is evident the need of
new technologies for the fabrication of deformable mirrors, able to overcome the issues
presented above. In particular efforts are required in order to make adaptive optics
systems cheaper and available also for mass-market products. In certain applicative
fields a particular concern consists in the dimensions of deformable mirrors (and thus to
the compactness of the instrumentation [30]). In this context MEMS mirrors seems to be
the way to follow toward miniaturization of optical apparatus [13] but such devices are
still highly expensive.

1.1.2 Tunable gratings

Tunable gratings are currently based on MEMS micromachined on silicon substrates.
The first attempt to fabricate a deformable grating modulator dates back to 1992 by Sol-
gaard et al. [10]. The device consisted in a suspended silicon nitride/silicon membrane
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Figure 1.4: Scanning electron microscopy (SEM) picture of a fabricated micromechanical pitch-
tunable grating. In the central part of the image the grating beams [11].

and a voltage can be applied between the membrane and the substrate. When no voltage
is applied the membrane behaves as a mirror, while when the voltage is turned on the
membrane is attracted by the substrate because of the electrostatic force and a depression
is created; if depressions are periodic, the three dimensional structure of a grating arises.
It is thus possible to switch from mirror to grating behaviors by applying voltages of the
order of few Volts, however the control of the efficiency and of the pitch of the grating is
not possible.

Recently the control of the grating pitch in MEMS based devices was added, for ex-
ample, by Yu et al. in 2010 [11]. The grating consists in a sequence of connected silicon
bars with dimensions 500pm x 10um and 5um spaced. The bars are anchored to two
comb drives on the two opposite sides, able to increase the spacing between the bars
and thus to change the angle toward which the diffracted beam is directed. This pitch-
tunable diffraction grating can work both in reflection and in transmission since the op-
tically active area of the device is free standing. The tunability is quite limited (less than
4%) due to the stiffness of the silicon connection between the bars.

The well-established fabrication process, compatible with micromachining used in
microelectronics, and the limited size of the devices, ideal for the fabrication of com-
pact optical instrumentation, represent the main advantages of MEMS tunable gratings.
Nevertheless the range of tunability is highly limited by the stiffness of the materials
used, not designed to be deformable, and to the poor movement capability proper of the
actuation mechanisms currently employed.

1.2 Applications of Adaptive Optics

As already discussed at the beginning of this chapter, adaptive and tunable optics are
currently exploited in niche applicative fields. Here an overview of the applications of
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adaptive and tunable optics in astronomy, ophthalmology, photonics and microscopy
will be given. Disadvantages, open issues and requirements still not achieved by de-
formable optical devices will be highlighted.

1.2.1 Astronomy

Adaptive optics was first introduced in Astronomy [1] in order to increase the resolv-
ing power attainable with optical telescopes on Earth. Since their invention by Galileo
Galilei in 1609 and the development of theory of optics by Isaac Newton in 1704, the
increase of the resolving power of optical telescopes has been a driving force in the de-
velopment and design of new instruments. As known from basic optical theory, the
resolving power R of a telescope is related to the wavelength A of the light observed
and the aperture diameter D of the instrument, as described by equation 1.1 for circular

apertures:
A

R =122 D (1.1)
Since the wavelength is fixed, attempts to build telescopes with larger apertures during
the last three centuries have been made. The 102cm refractive telescope placed at the
Yerkes Observatory in Wisconsis, USA (1897) represents the largest refractive telescope
even built, but larger aperture diameters can be achieved following a mirror-based ap-
proach. In this direction it became soon evident that the attainable theoretical resolution,
due to the diameter of the aperture of the tube, is strongly limited by atmospheric turbu-
lence, even in the best sky conditions.

Assuming the atmosphere as steady and optically neutral, the planar wavefronts
coming from outer space would not be affected and could be focalized in just one single
point by an ideal optical focusing device, like an infinitely large lens or mirror. However
Earth atmosphere is not homogeneous: its density, temperature and composition vary
continuosly on a millisecond time scale. As a consequence, the wavefront coming from
space is perturbed accordingly and therefore is not focalized in a single point anymore.
The angular dimension of the light spot caused by atmospheric turbulence represents
the effective resolution attainable. This phenomenon limits the details observable in as-
tronomical objects and makes the construction of even larger telescopes unuseful.

The problem of atmospheric turbulence (also referred as seeing) in astronomical ob-
servations can be overcome by eliminating the atmosphere and sending telescopes in
space. This solution gathers the advantages of eliminating the problem of seeing and
increasing the wavelength window observable by instruments. With this aim, Hubble
Space Telescope (HST) was designed, built and launched, and in the last twenty years
provided us images unattainable with optical telescopes on Earth. Space telescopes are
an effective solution but they are highly costly: the construction and launch of HST re-
quired an expense of approximately 2.5 billion dollars, while its successor, James Webb
Space Telescope, estimated cost should be around 6.5 billion dollars [36].

An alternative cheaper solution consists in Adaptive Optics: the theoretical resolving
power of optical instruments can be achieved by removing the effects of atmospheric
turbulence from the wavefronts arriving on Earth by using deformable optical devices,
according to the scheme presented in Figurel.1. Atmospheric perturbations typically oc-
cur on a millisecond timescale, thus deformable mirrors must be actuated at frequencies
ranging between few tens and few hundreds Hertz [27].

Nowadays adaptive optics is exploited in all the largest astronomical observatories
of the world [5] as an effective solution for the problem of seeing. This technology led to
the design and construction of huge telescopes, up to 10.4m of diameter (Gran Telescopio
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€))

Figure 1.5: (a) Neptune observed with Keck II telescope equipped with adaptive optics. (b) The
same image of Neptune without the use of adaptive optics. (from [5]).

Canarias, GTC) with much lower required costs than space telescopes (130 million euros
needed for GTC [28]). The difference between an image acquired by Keck 1II telescope
with and without adaptive optics is shown in Figurel.5.

1.2.2 Ophthalmology

Spectacles for correcting eyes aberrations are used since thirteenth century but only in
the nineteenth century a full theoretical study of defects like defocusing and astigmatism
in eye vision were given by Young [37]. Higher order aberrations, referred as irregular
astigmatism, were later discovered by Helmoltz [38]. Such high-order aberrations are
caused by imperfections in the retina and can not be corrected by simple cylindrical
lenses. Retinal imaging is necessary for the detection of irregular astigmatism: the aber-
rated wavefront of light reflected by the retina is mapped [39] by measuring the phase
shift of light coming from different points of the retina. In the last two decades the tech-
nology on which retinal imaging is based underwent a rapid improvement thanks to the
application of adaptive optics in ophthalmoscopy [40] and of the Shack-Hartmann mask
sensor for the detection of the perturbed wavefront coming from the eye [41, 42]. Retinal
imaging became an easy task requiring only some milliseconds for a complete scan [26],
thanks to the development of faster computing systems able to quickly elaborate huge
amounts of data. These progresses opened the way to closed-loop adaptive optics sys-
tems for the eye and enabling the measurement of the time-dependant microfluctuations
in the eye’s wave aberration [43].

Closed-loop adaptive optics in ophthalmology is nowadays largely used both in ther-
apy and diagnostics. Retinal imaging can be highly improved: the wavefront reflected
by the retina can be corrected and aberrations up to the 10th order can be detected
through the analysis of the corrections imposed by the adaptive optics system [42]. This
represents a breakthrough in wavefront-guided refractive surgery for the permanent im-
provement of eye’s vision of a patient. For example an excimer laser, treating the affected
area of the retina and correcting defocusing, astigmatism and high-order aberrations, can
be controlled by the real-time measure of the retina-reflected wave aberration.

Adaptive optics applied to ophthalmology can serve also for the diagnosis of a num-
ber of diseases (see Figurel.6). For example accurate measurements of the blood vessels
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Figure 1.6: (a) 1 degree images of the same retinal location at two different focal planes in the right
eye of a living human subject taken by exploiting adaptive optics. In the left image, capillaries as
small as 6pum are resolved. By focusing deeper into the retina, the underlying photoreceptors are
resolved and the capillaries appear as faint shadows. (b) The left slide shows a sum of 5 images
of a patient with retinal dystrophy. The photoreceptor array is patchy compared with a set of 6
images from a healthy eye (from [30]).

structure and functionality are important for the detection and monitoring of some reti-
nal diseases like diabetic retinopathy, and are commonly done with injected contrast
agents or doppler methods, affected by a low lateral resolution and toxicity of the fluo-
rescein agent [26]. Adaptive optics provides non-invasive and high resolution imaging
of blood flow in vessels, avoiding the use of contrast agents [44].

The correction of eye’s aberrations also improves the imaging of the cone mosaic
[30]), the study of the arrangement of S, L and M cones [45] and the detection of indi-
vidual cone diseases. The high resolution attained with this technology will allow to
test the effectiveness of treatment interventions and learning more about the mechanism
of retinal diseases. Nevertheless some improvements are likely: deformable mirrors are
the most effective technology for adaptive optics, but they are usually characterized by
large dimensions and high fabrication costs.

1.2.3 Microscopy

Imaging capabilities of optical microscopes are often affected by aberrations, compro-
mising the resolution and the contrast achievable by the observer, particularly with high
resolution instruments like confocal or two-photon microscopes [46]

The sample and the optical setup represent the two main causes for aberrations in mi-
croscopy. In particular the large numerical aperture and the mismatch of the refraction
index between the lenses and the sample are the causes for the strong spherical aberra-
tion often present in microscopes. These low-order aberrations can be easily corrected
by applying field curvature correctors or by imaging with immersed objective in order to
create a continuum between the refractive indexes of the lens and of the sample. Never-
theless high-order or time-dependant aberrations are present, mainly when dealing with
living tissues, whose refractive index can be highly inohomogeneous in the vertical di-
rection and in time. In order to overcome these problems, adaptive optics in microscopy
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Figure 1.7: (a) Confocal microscopy inverted images of the focus spot on axis, for a right scanning
of 70 mm and a down scanning of 50 mm (top left). The off-axis spots are displayed uncorrected
and corrected (top right and bottom). All the corrected spots and the centered one correspond to
Airy patterns (from [47]). (b) Adaptive confocal fluorescence microscope images of labelled mouse
intestine. Aberrations were determined using sequential modal wavefront sensing (from [48]).

was introduced [47], allowing for high resolution dynamic imaging of living tissues or
reliable 3D scanning of semi-transparent biological samples. Figurel.7 shows the dif-
ferences between the images obtained with a classic and an adaptive optics equipped
confocal microscope.

Moreover while confocal microscopy allows obtaining a 3D reconstruction of the
sample, with two-photon microscopy only a bi-dimensional image can be acquired. This
issue can be overcome with the use of deformable lenses, able to change their curvature,
and thus their focal length, upon the application of an electric field or mechanical stress,
literally squeezing the lens in the plane orthogonal to the optical axis [49]. Deformable
lenses able to change their focal length in a range of up to Imm, allows investigating
quite thick samples with the high resolution proper of two-photon microscopy.

1.2.4 Photonics

Photonics can take advantage of adaptive optics as well, in particular for the correction
of perturbed wavefronts inside laser cavities. Efforts in improving the intensity of exit-
ing light have been concentrated on increasing the energy through the reduction of the
pulses duration and their temporal coherence. Moreover wavefront distortions of the
beam are often neglected, even if they play a fundamental role in the beam intensity.
Distortions in the wavefront affect the spatial quality and thus the beam ability to be
focused, reducing the attainable focused intensity [50].

More interesting, tunable optics may allow to adjust the wavelength of a laser sys-
tem. Usually laser cavities consists in a couple of mirrors continuously reflecting the
light passing through a gain medium, and are only able to provide monochromatic light
beams, with a wavelength depending on the design of the optical cavity. The high in-
tensity, collimation and coherence of laser light suggest its exploitation, for example,
in gas sensing application, since gases are commonly characterized by a strong absorp-
tion at given wavelengths ranging from 700nm to 3000nm [51]. Tunable lasers, typically
Distributed Feedback lasers (DFB), represent an effective solution for such applications,
avoiding the use of multiple monochromatic light sources. Mirrors of DFB lasers optical
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cavity are replaced with tunable gratings able to select a given wavelength resonating
in the cavity by changing their pitch. Fabrication techniques and costs of such tunable
gratings currently represent a limiting factor for the development and diffuse use of DFB
lasers.



CHAPTER 2

Nanocomposite-based elastomeric optics

The widespread exploitation of adaptive and tunable optics system is mainly limited
by the high fabrication costs and technical issues of the deformable optical devices and
by the complexity of their actuation systems as well. The main technological issues of
currently available deformable optical devices are related to the stiffness of the materials
used and the poor tunability and reliability of the devices.

2.1 Elastomeric optics

The introduction of the concept of Elastomeric Optics by Whitesides” group in 1996 [12]
represented an important breakthrough in the deformable optical elements fabrication
technology. Elastomeric optical devices consist in optical components prepared using
elastomers, defined by IUPAC as polymers that display rubber-like elasticity [52], and de-
signed to be reversibly deformable. A low Young modulus and a high failure strain in
comparison with other materials make elastomers the ideal choice as substrates for the
fabrication of deformable optical devices. Among them Polydimethylsiloxane (PDMS) is
one of the most popular because of its low cost, nontoxicity and biocompatibility. PDMS
is easy to process using standard microfabrication techniques, in particular replica mold-
ing of existing masters on a scale suitable for optical applications (0.1-10m size features)
with high fidelity is possible, as it will be demonstrated in this thesis work.

Low fabrication costs, large tuning capabilities of the optical properties, durability
and, in some instances, new types of performances generally characterize elastomeric
optical devices. Such optical elements may not be comparable with existing rigid optical
devices in terms of attainable optical quality, but the advantages due to their deformable
nature overcome these possible limitations [12].

2.1.1 Transparent elastomeric optics

Elastomeric materials are usually highly transparent in the UV-vis range (300-800nm
for PDMS). This property makes elastomers the ideal choice for the easy fabrication of
transparent deformable optical devices such as lenses or diffraction gratings working in
transmission. As already discussed in the previous section, deformable lenses can be
exploited in those applications where a tuning of the focal length is needed, for example
in a 3D scan of biological samples with a two-photon microscope. Lenses are not the only
obtainable transparent optical elastomer-based components: light valves [53], Fresnel
lenses [54], and transmission deformable gratings, both for scanning [55, 56, 57] (even
embedded in MEMS [58]) and sensing [59, 60] purposes, can be easily found in literature.

13
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2.1.2 Reflective elastomeric optics

Deformable optical elements such as mirrors or reflective diffraction gratings can be fab-
ricated with elastomers, however metallization of the elastomer surface is required in order
to reach a sufficient reflectivity. Reflective elastomer-based optical devices potentially
represent an effective solution for the drawbacks affecting deformable optical devices
needed in adaptive optics, opening new opportunities for different technologies.

Elastomeric mirrors may represent a simpler, cheaper, more compact and reliable al-
ternative to currently available deformable mirrors. The continuity of faceplate mirrors,
the robustness of segmented mirrors together with a low weight, a high degree of de-
formability and a low fabrication cost in a single elastomeric component may open the
way to the exploitation of adaptive optics in a wider range of applicative fields. High-
level amateur telescopes to novel optical components for satellites, where the weight of
each single component is matter of concern, or the production of more compact oph-
thalmoscopes [13] or portable and dynamic eye vision correcting instruments [61] rep-
resent just few examples of applicative fields in which elastomeric mirrors can be ex-
ploited. Moreover the high elasticity and conformability allow elastomeric mirrors to
be applied to arbitrarily shaped surfaces for the permanent correction of both low- and
high-order aberrations as well. In particular the problems of astigmatism, spherical aber-
ration and coma caused by off-axis alignment of optical components, typical of several
optical mounts [62, 63] can be solved by applying elastomeric mirrors to properly de-
signed curved surfaces. In addition elastomeric optical devices can be characterized by
an extremely smooth surface, as it will demonstrated in Section 3.4.4. This represents
a main breakthrough in the optical instrumentation fabrication process since an opti-
cal grade supporting curved surface is not required, considerately reducing the device
machining cost and complexity respect to the state of the art.

Similarly to elastomeric mirrors, reflective elastomeric gratings could represent a
breakthrough in the downscaling of optical analytical instrumentation in terms of di-
mensions and price as well. Reflective diffraction gratings are much more commonly
used in commercial optical mounts than transmission grating systems: the dimension
of optical systems can be reduced by folding the optical paths using reflecting devices.
Moreover, reflective gratings are not limited by the transmission properties of the trans-
parent substrate and can operate at much higher diffraction angles [63].

Elastomeric reflective diffraction gratings [12] represent the typical example of elas-
tomeric optical devices. In classic rigid gratings, currently available on the market, the
diffracted wavelength A at a given angle 6, is selected by rotating the grating. The change
of the incidence angle 6; of the impinging light selects the wavelength diffracted at the
angle 6,, according to the well-known law of planar gratings:

sinf, — sin 6;

A=d (2.1)

m

where d is the pitch of the grating and m is the diffraction order considered. This
approach, commonly used in most of monochromators and spectrometers, requires a
highly precise rotation mechanism, increasing the cost of the optical instrumentation.
Elastomeric gratings allow to keep the angle of incidence of the impinging light 6; fixed.
The diffracted wavelength A at a given angle 0, is selected exploiting the change of the
grating pitch d when the device is stretched, as shown in Figure2.1, requiring cheaper and
easier mechanisms.

The most appealing property of these devices consists in the possibility to easily and
conveniently add optical power to diffractive elements by applying elastomeric gratings
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Figure 2.1: Strain applied to an elastomeric diffraction grating changes its grooves periodicity and
alters the spacing of the diffraction pattern [12].

to arbitrarily shaped non-optical grade surfaces, as in the case of elastomeric mirrors.
The limited number of focusing and correcting components needed in optical mounts
and the aberration-free imaging capability of such devices would open the way to the
design, for example, of cheaper, smaller, and portable spectrographs available on a wider
market and applicable to a wider range of fields.

Despite the clear advantages elastomeric optical elements working in reflection would
bring in the design of optical mounts, this technology was poorly developed since their
first appearance in 1996 [12]. The lack of an effective technique for the metallization
of the elastomeric surfaces meeting the strict requirements needed for reliable reflective
elastomeric optical devices can be considered the main cause for this lack of develop-
ment of the technology.

2.2 Requirements for reflective elastomeric optics

2.21 Reflectivity

Reflective optical devices are usually designed to work in a given wavelength range
according to the application in which are supposed to be exploited. Commercially avail-
able mirrors or gratings are usually characterized by a reflectivity between 90% and
100% and by a uniform reflectance spectrum. The same performances in terms of reflec-
tivity are not strictly required by deformable optical devices since their high deformabil-
ity represents the real added value of such devices [12]. Although no reference data are
present in literature for the reflectivity required in elastomeric optical devices, we can as-
sume that a reflectivity greater than 60% should be sufficient for most of the applications
mentioned in the previous chapter.
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Figure 2.2: Scattered light patterns vs. surface roughness. (a) Light scattering pattern vs. rough-
ness. (b) light speckle pattern vs. roughness. Here Ra represents the arithmetic average of absolute
values roughness, defined as Ra = = Y7, |y;| (from [64]).

2.2.2 Surface morphology

Surface smoothness is a fundamental property of each optical component, working both
in reflection and in transmission, and is quantified by the surface roughness Rgq (in this
context only the root mean squared roughness will be considered) defined as:

2.2)

where y; represents the deviation of the measured vertical profile of the surface from
the mean vertical level and n the number of points measured for the real profile. Sur-
face roughness is responsible for the scattering of the incident light by the surface of the
optical device, as can be seen in Figure2.2.

Scattering consists in a random diffusion of the impinging light intensity by a rough
surface. Surface roughness must be therefore finely controlled and minimized. In 1961
Bennett and Porteus came up with a theoretical model describing the relationship be-
tween the reflectance of a surface and its RMS roughness [65]. Beckmann and Spizzichino
in 1965 introduced the concept of Total Integrated Scatter (T1S, the total power of light
scattered into the hemisphere above the surface divided by the power incident upon
the surface) in optics [66] and found an analytical relationship between TIS and surface

roughness:
47w Rq cos 6; \ 2
TIS(Rq)zl—Ezl—e_( ) (2.3)
Ry
where R is the reflectance of the scattering surface, Ry is the reflectance of the ideally
flat surface, 0; is the angle of incidence respect to the normal of the surface and A the
wavelength of light. As can be seen from equation 2.3, the fraction of scattered light
depends on the surface roughness, as expected, and on the angle of incidence of light as
well. Figure2.3 shows the trend of the TIS function as a function of both RMS roughness
Rq and the incidence angle 6;. Optical devices working in reflection should be charac-
terized by a TIS not larger than 5% in order to achieve a good optical quality. Extremely
low RMS roughnesses are thus required, especially for light impinging normally or with
low angles of incidence to the surface (Figure2.3a). Moreover, deformable optical de-
vices applied to highly curved surfaces and used in off-axis configurations requires a
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Figure 2.3: (a) Trend of the TIS function (fraction of light scattered by a rough surface) as a function
of the surface roughness for different angles of incidence. (b) Trend of the TIS function as a function
of the incident angle for different surface rougnesses.

uniform and limited (below 5%) scattering percentage for a wide range of light incident
angles. This requirement is again guaranteed by an extremely low surface roughness.
As reported in Figure2.3b, the scattering relative to a roughness of 10nm is below 6%
(upper limit with normal incident light) and is constantly below 5% for incident angles
larger or equal to 26°.

2.3 Resilience and stretchability

Reflectivity and surface smoothness are fundamental requirements easily satisfied by
classic coating techniques currently exploited for the metallization of reflective optical
elements. However the optical response of reflective elastomeric optical components
strongly depends on additional properties required for such devices and related to re-
flectivity and surface morphology: resilience and stretchability.

Elastomeric optical devices are designed to be deformable, thus to change their shape
and/or dimensions. Each deformation, even simple bending, can be led back to a stretch-
ing of the material, strictly related to the adhesion of the rigid reflective metal layers to
the polymer surface by means of the Young modulus mismatch between the two ma-
terials. Generally when a thin metal film on a polymer substrate is stretched, the rigid
metal film is not able to follow the deformations of the underlying elastomer and en-
counters rupture and delamination at strains ranging from few percents up to few tens
percents in best cases [67]. This range of variability of the rupture threshold depends on
the adhesion of the metal thin film to the polymeric substrate. In the case of no adhesion,
the maximum strain achievable by a freestanding thin metal film without encountering
breakage is less than 1-2% [68, 69, 70]. The delamination mechanism of the metallic film
when mechanically stressed is schematically shown in Figure2.4. When a strain is ap-
plied dislocations in the metal lattice arise leading to the formation of necks on the metal
layer [68, 71, 67], where all the stress caused by the applied strain concentrates. The neck
gets thinner and thinner yielding to the rupture of the metal layer where the neck arose.
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e
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Figure 2.4: (a) Free-standing thin metal film breakage takes place where the neck is formed, due
to the arising of dislocations in the metal lattice caused by the stress. (b) If the metal layer is
well adherent to the polymer surface, the stress on the metal layer is dissipated by the polymer,
increasing the stretchability of the former (image from [67]).

If the metal film is well adherent to the polymer surface, the stress accumulated on the
neck is partially dissipated by the subtending polymer (see Figure2.4b), increasing the
breakage threshold. However the formation of the neck gives rise to a point in which
the metal film is detached from the polymer surface and here delamination takes place.
The control on the formation of microcracks in metal layers on top of polymeric surfaces
[14, 72] can be useful in order to limit and improve the stretchability of such systems
[73, 74]. However microcracking and delamination dramatically increase the surface
roughness of the metallized polymer, thus affecting the optical quality of the device.
An optimal adhesion of the metal reflective layer is of fundamental importance in order
to avoid the formation of microcracks, preserving the optical quality of the elastomeric
reflective component when subjected to mechanical stress.

The breakage threshold of the rigid metal layer can be increased by improving its
adhesion with the elastomeric surface [71] thanks to deposition of a thin chromium or
titanium film between the polymer and the reflective coating [72, 75, 76, 77]. The better
affinity of Cr or Ti with the elastomer helps in avoiding delamination, while cracking
remains an issue since it causes a dramatic increase of the surface roughness on the
microscale, leading to scattering and other detrimental effects in the optical response of
the device [78]. The mismatch between the Young moduli of the elastomeric surface and
the rigid metal layer deposited on it also causes the formation of buckles and wrinkles
on the surface of the device [79, 80], independently on the adhesion between the two
layers. For example Guerrero et al. [81] observed the arising of unexpected diffracted
beams orthogonal to those due to the grooves of the grating. The formation of large
periodic cracks or buckles in the stretching direction is supposed to be the cause for
the appearance of such secondary diffracted spots. Thinner metal layers show a better
adhesion as well, and larger maximum stretching thresholds (up to 32%) [52].

Stability under stretching is also important: the optical response must be reliable and
stable in time and with the increase of the number of stretching cycles. A constant be-
havior of the reflected or diffracted spots shape or angular dimension during a single
or after a certain number of stretching cycles is fundamental in order to ensure the op-
tical quality of the device and to avoid continuous calibration procedures. Elastomeric
substrates and reflective layers must be then chosen accordingly.



Nanocomposite-based elastomeric optics 19

commercial grating ( b) M glass plano-concave lens

(a ) mounted on a glass slide

A —

mold PDMS using lens

mold PDMS using as template

' grating as master
|-— petri dish

PDMS
—
petri dish PDMS M‘_ lens

remove PDMS from petri
! dish; remove lens

cure PDMS,
remove grating

[Lnnf F—ons pous — 1 ]

invert
| place drop of gallium on

A A
| oreting surface Poms —p- |, [ ]
PDMS

replica from deposit Ga or Hg
petri dish encapsulate gallium in \
PDMS; remove replica
from petri dish PDMS |_H_| Ga or Hg
LV N |
|_L/wvvJ—| add PDMS to encapsulate
lasaan ===:Jejastomer Ga or Hg
elastomeric felastomeric
transmission reflective grating PDMS H GaorH
grating g

Figure 2.5: Fabrication process of (a) elastomeric gratings and (b) elastomeric mirrors with liquid
metals [12].

2.4 Metallization of elastomeric optical devices

2.4.1 Liquid metals

The first attempt to fabricate reflective elastomeric mirrors or gratings dates back to 1996
by Wilbur et al. [12]. The problems of cracking and delamination of reflective thin metal
films on or in elastomeric substrates were overcome by the use of liquid metals (mercury
or gallium) embedded in the elastomer. The fabrication process is similar for reflective
elastomeric gratings and mirrors as shown in Figure2.5.

The basic idea consists in replicating an existing rigid commercial grating or mirror
with PDMS (in particular Dow Corning Sylgard 184) by molding technique, covering
the optically active molded surface of the elastomer with mercury or gallium and finally
encapsulating the liquid metal by a second elastomeric layer. This technique completely
overcome the problems of metal adhesion and roughness of the reflective layer, how-
ever liquid metals have a considerable weight (the densities of mercury and gallium are
13.546g - ml~! and 5.907g - ml~! respectively) and a macroscopic thickness is needed to
ensure the complete coating of the surface, leading to deformations of the elastomeric
structure. These deformations affect the optical response of the device, as can be seen
in Figure2.6. The elastomeric structure of the device can be reinforced by increasing the
PDMS thickness, however thicknesses larger than 2mm are detrimental for the optical
quality of the components, introducing a considerable light scattering, as stated by the
same authors [12].

In the fabrication process discussed above, molding is generally a fundamental step
for the fabrication of elastomeric optical devices, however the metallization of the elas-



20 2.4 Metallization of elastomeric optical devices

@ S — 7 3.0
8 B. Transmission g 1| € Refiection !
& ) D 2.5 $
2 § % A ] 3
g Y £ 2.0 ¢
g 3.0 ; g 1 3
8 % 15 $
3 2.0] : g ¢
2 * o ] 3
a , 2 1.0
E 1.0 ’ _ 3
. 2 o081 |
) » E 1
< 00 E’ 1 *
0 2 a4 [ 8 10 0.0 — T
. R 0 2 4 6 8 10
% Strain (stretch) % Strain (stretch)

Figure 2.6: Optical response of an elastomeric grating working in transmission (left) and in reflec-
tion (b) with an encapsulated liquid metal (gallium) when subjected to stretching up to 10%. It is
worth noting the slightly non-linearity of the metallized grating due to the deformations imposed
by the weight of the liquid metal [12].

tomers surface for reflective purposes remains an open issue. In the following sections an
overview of the commonly available elastomer metallization techniques is given, with a
detailed analysis of the main advantages and drawbacks.

2.4.2 Physical Vapor Deposition

One of the most common and widely used techniques in elastomeric optics is physical
vapor deposition (PVD) of metal atoms on the top of polymeric surfaces [82, 83, 81, 78].
A liquid or solid metallic material is vaporized in atoms or molecules and transported
through a vacuum or low pressure gaseous environment, to the substrates where it con-
denses. PVD is usually characterized by a high deposition rate (tenths of nanometers
per second), allowing to deposit few nanometers up to few micrometers thick rigid and
continuous metal films on the elastomer surface.

PVD techniques differentiate according to the method use for the evaporation of the
metal:

e Thermal evaporation: Powders, pellets or wires of the metallic material are melted
in a tungsten or molybdenum crucible, whose evaporation temperature is much
higher than the metal to deposit, and heated by Joule effect by means of the high
current (tens of amperes) flowing in the crucible (Figure2.7a). Evaporated metal
atoms travel in vacuum toward the substrate to coat with an energy of approxi-
mately 0.1eV, thus not causing any damage to the polymeric substrate. The heat
generated by the crucible is of concern for the physical-chemical properties of the
elastomer, especially for substrates with a low melting point (100-120°C) and for
long deposition times.

e E-beam evaporation: An energetic electron beam (up to 15keV) is directed toward
the metal target that is locally heated beyond its evaporation temperature by the
high energy of the electrons (Figure2.7b). Changing the electrons energy the de-
position rate can be controlled (from tenths to some nanometers per second) while
the evaporated metal atoms energy is comparable to thermal evaporation. The lo-
cal heating of the metal target, and thus its reduced influence on the polymeric
substrate, represents the main advantage of this technique.
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Figure 2.7: The three PVD processes: (a) Thermal evaporation, (b) E-beam evaporation, (c) Sput-
tering.

e Sputtering: Ions are accelerated toward a metal target and the sufficiently high
ions energy (typically Ar", with energies of some keV) extracts metal atoms from
the target (Figure2.7c). Metal atoms reaching the elastomeric surface are character-
ized by energies higher than the previous methods, between 1 and 100eV, leading
to a better adhesion to the polymeric substrate [84]. However the deposition rate
is lower than thermal or e-beam evaporation.

The high deposition rate represents the main advantage of coating techniques like
evaporation, allowing reaching considerable thick metal layers on large areas in a rea-
sonable amount of time, as required for the scalability of the fabrication process. A
good reflectivity (0.7-0.8) can be achieved [85] with reasonable thin metal layers, how-
ever many are the drawbacks.

The stiffness of the continuous metal layer on the soft elastomer surface and the low
adhesion between the metal layer and the polymer are matter of concern because of its
cracking and delamination when mechanically stressed [14, 72]. The maximum stretch-
ing percentage after which cracking or plastic deformations of the metal layer take place
is limited to 7-8% of its original dimensions. Cracking arises even by using sputtering
[75, 15, 14], involving higher impinging energies and so better adhesion between the
metal and the polymer.

Condensation of metal atoms on the surface of elastomers and the subsequent forma-
tion of a continuous metal layer induces a stress on the polymeric surface, leading to the
formation of microwrinkles [79, 16] for deposition on prestretched substrates (in order
to improve the stretchability of the material) [76, 6] even without externally mechanical
deformations. Despite the attempts to exploit these ordered spontaneous structures as
stretchable optical devices (e.g. tunable diffraction gratings [87]), tunabilities larger than
3.6% are not achieved. Moreover the control over the formation of microwrinkles is not
trivial and their dimension and periodicity may negatively affect the optical response of
the evaporated elastomeric optical device.

In the end the high divergence and inhomogeneity of the atomic beam cause a strong
shadowing effect, representing a limiting factor for the uniform coating of three-dimensional
structures like gratings grooves. The highly irregular profile of an evaporated elas-
tomeric grating caused by cracking, wrinkling and shadowing, will be presented in the
next chapter.

From this extensive discussion it is clear that rigid thin metal layers deposited on the
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Figure 2.8: (a) Optical microscopy images of wrinkles on a thermally evaporated PDMS surface
with 5nm of Chromium and 50nm of Gold [79]. (b) SEM micrograph of evaporated PDMS surface.
It is worth noting the formation of cracks even without mechanical solicitations applied to the
sample. PDMS was e-beam evaporated with 5nm of Chromium and 25nm of Gold [72].

polymer surface do not represent an effective solution for the fabrication of reflective
elastomeric optical devices. The obtained material does not match the optical quality
required for functional and reliable deformable optical device. Adhesion and delamina-
tion can be improved by embedding a pre-formed metal layer inside the polymeric matrix,
however cracking remains an issue.

2.5 Metal-elastomer nanocomposites

Nanocomposite materials can represent an effective solution for the fabrication of reli-
able elastomeric optical devices overcoming the limitations of metal-polymer bi-layers
in terms of resilience of the reflective layer [21]. A metal-polymer nanocomposite is a
composite material consisting of metallic particles with nanometric size embedded in a
polymeric matrix. They were exploited in order to overcome the issues related to adhe-
sion, cracking and delamination due to the presence of two layers with different stiffness
in metal-coated elastomers in different fields like stretchable electronics. In nanocompos-
ites the metallic material consists in single metal nanoparticles able to slightly move far
away each other and re-arrange when a mechanical deformation is applied to the device,
and to restore their original position when the material is released.

Despite the several advantages related to resilience and mechanical properties nano-
composite materials could bring, no literature can be found in the field of nanocomposite-
based elastomeric optics. This lack is due to the different synthesis techniques, not
allowing to obtain nanocomposites characterized by appropriate optical properties in
terms of reflectivity and surface smoothness required for the fabrication of functional
elastomeric optical devices. In particular reflectivity and elasticity of metal-polymer
nanocomposites represent critical issues: in order to achieve reflectivities mentioned in
the requirements for elastomeric reflective optics, the polymer must be highly loaded
with metal nanoparticles. Such a high nanoparticle concentration is difficult to obtain
with nanocomposite synthesis techniques described below, and strongly affect the elas-
ticity of the obtained material. The Young modulus of metal-elastomer nanocomposites
increases with the nanoparticles concentration (or filling factor) according to Guth equa-
tion [88, 89], as shown in Figure2.9. A trade-off between a high loading of the polymeric
matrix, needed in order to achieve a good reflectivity of the nanocomposite, and the elas-
ticity of the obtained material, fundamental for deformable and stretchable applications,
must be found.
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Figure 2.9: Increase of nanocomposites Young modulus as a function of the concentration of the
metal filler for different filler aspect ratios (c« represents the ratio between the length and the
breadth of the filler particles) [89].

The main nanocomposites synthesis approaches are described in the following sec-
tions.

2.5.1 Chemical synthesis of nanocomposites

Chemical synthesis represents the most common and simple technique for the forma-
tion of metal-polymer nanocomposites and can be divided in two different approaches
depending on the way the nanoparticles are synthesized.

1. In-situ approach consists in the the simultaneous synthesis of metal nanoparticles
and the polymer by means of precipitation of polymer and nanoparticles starting
from metal salts [17], thermal decomposition of metal precursors dissolved in the
polymer [90, 91], coevaporation or copsputtering of polymers and metal atoms
condensating in metal nanoparticles [92, 93] or CVD and PVD with thermal treat-
ments for particles aggregation [94].

2. Inex-situ methods nanoparticles are first prepared by a controlled precipitation of a
colloidal precursor [90, 95, 96] or by other chemical or physical methods, and then
embedded in the polymer liquid monomer precursor by means of sol-gel methods
[18,97,98,99]. The mix of monomers and metal nanoparticles is then polymerized.
Chemically synthesized nanoparticles often present an inert shell (usually metal
oxide o functional groups) aiming to avoid clusters aggregation and deactivation

[91].

In both cases a uniformly filled bulk nanocomposite is obtained.

Three dimensional structures, like gratings grooves, can be easily obtained by mold-
ing technique of existing masters, the only requirement being the nanoparticles size
smaller than the features to replicate. The surface roughness of the nanocomposite co-
incides with the roughness of the elastomeric substrate (that in case of untreated PDMS
is few nanometers) and depends on the polishing of the surface on which the mirror or
grating is molded. In such a way light scattering can be easily controlled by choosing
the appropriate polymer and by a proper machining of the molding master.
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The granular nature of the reflective layer may also give rise to light scattering or ab-
sorption, depending on the nanoparticles size. Light scattering can be limited by using
nanoparticles with a diameter d much lower than the light wavelength A. Nanometric
sized metal particles also present a strong absorption in the visible range due to Sur-
face Plasmon Resonance (SPR) [100], whose wavelength peak depends on the size and
concentration of the nanoparticles.

The main drawbacks of the use of chemically synthesized nanocomposites consist
in the use of chemicals for the production of metal nanoparticles and the poor reflec-
tivity of the obtained nanocomposites. Many polymers, in particular elastomers, suffer
of chemical-physical degradation when exposed to acids, bases or other chemicals, also
used in the metal nanoparticles synthesis [101]. Some elastomers are also well known for
their considerable swelling following solvent absorption [102]: this can alter the physical
properties and affect the geometry of the elastomeric substrate.

Chemical synthesis (both-in situ or ex-situ) allows obtaining nanocomposites uni-
formly filled with metal nanoparticles and, for in-situ approaches, the wanted cluster
concentration can be reached with a proper concentration of metal precursor. The pre-
cursors must then be absorbed by the preformed elastomeric matrix, making thus very
difficult the achievement of filling factors larger than 30-50% [103]. If mixed with the lig-
uid pre-polymer, the high precursor solvents concentration may impede the elastomer
polymerization. Ex-situ techniques present similar problems: the high concentration
of metal nanoparticles inside the liquid monomers solution avoids the monomer poly-
merization because of the interaction between the polymer chains and the nanoparticles
surface [104, 105]. As a proof for the difficulty of obtaining highly loaded nanocom-
posites by chemical synthesis, no works on elastomeric optical devices are reported in
literature.

In conclusion, the advantages of the nanocomposite approach in the fabrication of
elastomeric reflective devices remains however superior to classic coating techniques in
terms of stretchability and resilience of the reflective layer to the elastomeric substrate.
A physical technique enabling the fabrication of metal-polymer nanocomposite charac-
terized by higher particles concentrations, and thus reflectivities, is likely to be used.

2.5.2 Ion Implantation

Ion implantation, widely used in the microelectronic industry for the doping of silicon
substrates, represents also an effective technique for the fabrication of metal-polymer
nanocomposites by means of implantation of metal ions or nanoparticles inside poly-
meric matrices. The working principle of this technique is schematically represented in
Figure2.10. An electric field accelerates metal ions or particles extracted from a source
and ionized with different methods (electronic ionization, electric discharges, radioac-
tive ion sources among them). Before a further acceleration and implantation in the
substrate, a magnetic field deflects the ion beam toward a slit thanks to the Lorentz law.
The exiting ions mass can be selected by tuning the intensity of the magnetic field. The
selected ions than undergo a second acceleration by a second electric field and get colli-
mated by a series of magnetic quadrupoles. Finally two couples of scanning electrodes
address the ions to the point of the polymer to implant.

The penetration depth of the ions in the polymer depends i) on the ions energy and
ii) on the polymer stopping power. The latter can be modeled by considering the processes
involved in the ions energy loss during the interaction with the polymer. The two main
contributions to the ions energy loss are represented by the electronic stopping and the
nuclear stopping. The dominant contribution depends on the acceleration voltage of the



Nanocomposite-based elastomeric optics 25

O0000

.j\(’()
)
00 j

(

00000

[ § |

Figure 2.10: Schematic of a typical Ion Implanter

ions. The main contribution for energies below 1-2MeV is due to the inelastic interaction
of the ions with the atoms of the polymeric substrate (nuclear stopping), while for larger
ion energies, excitation and ionization of the atoms of the substrate take place, leading to
electronic stopping. Implantation in elastomers can be achieved for very low ion ener-
gies, in the range between 2keV and 10keV [106] obtaining penetration depths between
few nanometers up to few tens of nanometers. In this regime nuclear stopping is the
main responsible for the ions energy loss.

Ion implantation in elastomers is extensively studied and exploited for the fabrica-
tion of electrodes for elastomeric actuators [107, , 57, ]. A Filtered Cathodic Vac-
uum Arc (FCVA) in which a metal target is vaporized by high-voltage pulses, produces
a plasma containing metal ions, undesired nanoparticles and electrons. Metal ions are
selected by a magnetic field and accelerated towards the polymeric substrate where they
get implanted with doses ranging between 0.9-10'® and 7-10'%at/ecm? in order to reach
a good conductivity [108]. It is worth noting that electrically charged atoms are im-
planted in a polymeric substrate behaving like an insulator, leading to a polymer charg-
ing, mainly in the first stages of the implantation process, and causing deformations
in the nanocomposite material. Polymer charging is limited by dissipation of electri-
cal charges across the sample once the conductive percolation threshold is reached (at
a minimum dose of 1.5 - 10'°at/cm? [106]). Metal ions inside the elastomer diffuse and
aggregate, forming metal nanoparticles whose size can not be directly controlled.

Reflectivity in ion implanted materials is not widely studied and only few works
[109, 110] consider the problem of ion implanted glasses. In these works reflectivities up
to 40% are achieved with doses larger than 4 - 10'%at/cm?, insufficient for the fabrication
of reflective optical devices. Also Rosset et al. [19, 111] considered the optical properties
of ion implanted PDMS for the fabbrication of arrays of tunable lenses, obtaining a trans-
mittance not below 60% (and thus reflectivities not larger than 40%, as in the previous
case).

The main limitation for the achievement of higher reflectivities in ion implanted elas-
tomers is the dramatic increase of the surface roughness following the implantation pro-
cess. The nuclear interaction of ions with the polymer atoms during nuclear stopping
leads to sputtering, local stress modification, charging and heating of the polymer itself
[20, 108]. PDMS surface is extremely smooth (RMS roughness below 2nm [112]) but in-
creases up to approximately 100nm after Titanium or Palladium ion implantation at low



26 2.5 Metal-elastomer nanocomposites

energies (5keV) [107]. As seen in the requirements needed for reflective elastomeric op-
tical devices, roughness is a fundamental parameter that must be controlled in order to
avoid light scattering. As shown in Figure?2.3, the scattered light fraction ranges between
50% and 60% for incident angles up to 30° in the case of a roughness of 40nm.

Furthermore a much larger increase of the nanocomposite stiffness (more than two
orders of magnitude) is observed respect to chemically synthesized nanocomposites and
Guth’s theoretical expectations. The high energies involved in ion implantation, dissi-
pated by the polymer nuclear stopping, cause the breakage and carbonization of the elas-
tomeric chains. Carbonization consists in the breakage of bonds between hydrogen and
carbon of the PDMS methyl groups, leading to an increase of carbon atoms concentra-
tion in the whole nanocomposite material. As a consequence, the chemical modification
of the polymeric chains leads to a deterioration of the physical and mechanical proper-
ties of the polymer itself. This hypothesis is supported by the molecular theory of rubber
elasticity [113] stating that the elasticity of a rubber-like polymer does not depend on the
polymeric chains interactions or arrangement, but only on the molecular composition of
the chains.

From these considerations it is clear that ion implanted elastomers do not represent
optimal materials for the fabrication of reflective optical devices and imaging purposes,
as stated in [19], because of issues concerning both the optical quality of resulting mate-
rials (reflectivity and light scattering) and mechanical properties.

2.5.3 Supersonic Cluster Beam Implantation (SCBI)

Recently Supersonic Cluster Beam Implantation (SCBI) of low energy electrically neutral
metal nanoparticles in soft polymers was developed by our group [114, 115] and ex-
ploited for the effective fabrication of highly deformable and stretchable nanocomposite-
based electrodes [21]. Successful results obtained in the field of stretchable electronics
suggest the exploitation of SCBI as effective nanocomposite synthesis technique for elas-
tomeric optical devices as well.

As it will be extensively described in the next chapter, nanoparticles energies in-
volved in this process ranges between tenths and few eV /atom, thus avoiding the poly-
meric chains breakage occurring for ion implantation because of nuclear stopping. As
a result SCBI overcome the drawbacks of ion implanted elastomeric optical devices
in terms of polymer deterioration, surface roughness and thus optical quality of the
nanocomposite surface, while achieving reflectivities required for elastomeric optical
devices, not obtainable by chemical synthesis approaches. The increase of the Young
modulus due to the loading of the elastomeric matrix typical of nanocomposites synthe-
sized by chemical techniques is here overcome by concentrating the implanted nanopar-
ticles in an extremely thin superficial layer, not considerably affecting the elasticity of
the whole material.



CHAPTER 3

Supersonic Cluster Beam Implanted nanocomposites

3.1 Supersonic Cluster Beam Deposition (SCBD) and SCBI

SCBI derives from a technology developed in the last decade for the deposition of nanos-
tructured thin films on rigid substrates and called Supersonic Cluster Beam Deposition
(SCBD) [116]. The low nanoparticles kinetic energy and the substrate properties play
a fundamental role in the production of porous nanostructured metal thin films. Ac-
cording to molecular dynamics simulations [117] if the ratio between kinetic energy per
atom of the metal cluster E{' and the cohesive energy between the cluster and the sur-
face E¢., is much lower than unity, the metal nanoparticles are not fragmented upon
impact with the rigid surface and the nanostructure preserved, as shown in Figure3.1
The low deposition energy proper of SCBD and the consequent maintaining of the
nanostructure upon deposition on hard substrates have effects, for example, on the elec-
tric properties of porous deposited thin films [119, 120] and exploited in different ap-
plicative fields: electrodes for supercapacitors [121, 122], humidity [123] and gas sensors

cluster
source

\ cluster
beam

Figure 3.1: Left: schematic representation of the two different (high and low-energy deposition)
regimes related to clusters impact on a rigid substrate substrate [118]. Right: molecular-dynamics
simulations of thin-film growth by cluster impact at different energies [117].
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[124] among them. Porosity of metallic nanostructured thin films also affects the wetta-
bility of deposited substrates [125] and helps in improving cell adhesion [126], useful for
the fabrication of systems for diagnostics.

Recently softer substrates such as SU-8 or PMMA were used and penetration of metal
nanoparticles observed. In particular electrical transport properties were analyzed and
exploited for the fabrication of deformable electronic devices [114, ]. More interest-
ing are the results of Supersonic Cluster Beam Implantation of metal nanoparticles in
PDMS [21] for the fabrication of highly stretchable elastomeric electrodes. The excel-
lent resilience properties obatined by SCBI metal-elastomer nanocomposites represent
a breakthrough in the field of stretchable electronics. Moreover the biocompatibility of
PDMS is preserved by the low-energy implantation process and makes SCBI an ideal
technique for the fabrication of implantable soft electrodes for neurostimulation. The
results on stretchable electrodes fabricated by SCBI are published in the paper Highly
Deformable Nanostructured Elastomeric Electrodes With Improving Conductivity Upon Cycli-
cal Stretching reported at the end of this chapter.

3.2 Working principle of Supersonic Cluster Beam Implantation

Supersonic Cluster Beam Implantation (SCBI) is a novel technique for the implanta-
tion of low-energy electrically neutral nanoparticles in soft polymers [21]. The electri-
cal nature and low kinetic energy (approximately four orders of magnitude lower than
ion implantation) of the nanoparticles avoid charging, carbonization and heating of the
elastomer. Supersonic Cluster Beam Implantation is a high vacuum process comprising
three main steps:

1. Metal nanoparticles are synthesized by a cluster source.

2. The flow of an inert gas (also called carrier gus), drags the nanoparticles out of
the source and passes through a set of aerodynamical lenses aiming to collimate the
cluster beam.

3. The energy gained by the nanoparticles in the previous step is sufficient for their
penetration inside a polymeric matrix, kept on a sample holder inside a second
differentially pumped vacuum chamber (deposition chamber), separated from the
expansion chamber by an electroformed skimmer.

A schematic view of the SCBI apparatus is reported in Figure3.2.

3.2.1 Supersonic Expansion

The mix of inert gas and neutral metal nanoparticles produced by the cluster source is
extracted by a difference of pressure between the source and the vacuum pumped in the
expansion chamber to which the source is attached. The high vacuum is necessary for the
achievement of the molecular regime in which the gas and cluster beam velocity behave
according to the kinetic theory of gases without further approximations. In particular
in a Supersonic Cluster Beam Implantation apparatus the difference between the gas
pressures in the expansion chamber P.,, and in the source Psoyrce is such to satisfy the
following condition:
P exrp

source

<0478 (3.1)
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Figure 3.2: Schematic view of a SCBI apparatus

under this condition the gas expansion is supersonic [116]. The term supersonic relative
to gas atoms or metal clusters in vacuum is critical and requires further clarification. A
particles beam is said supersonic when the particles velocity in the direction of propaga-
tion of the carrier gas is greater than the speed sound would have in the gas carrier itself.
In a supersonic beam the particles kinetic energy is all concentrated in the propagation
direction, avoiding brownian motion of the particles due to thermal energy and thus
further cluster aggregation. The clusters extracted from the source thus maintain their
properties until the implantation in the polymeric substrate [127].

Nanoparticles undergoing supersonic expansion are characterized by an increase of
the distribution of their radial velocity from the center of the beam (where it is null) to
the outer regions, and thus by a high divergence. As already seen for coating techniques
in section 2.4.2 the divergence of the metal clusters is critical for the patterning of the
polymeric substrate or the homogeneous metallization of three dimensional structures,
like the grating grooves, because of the so-called shadowing effect. The divergence of a
cluster beam can be reduced by exploiting the different behavior of particles with differ-
ent size (and so with different inertia) when subjected to an aerodynamical expansion.
Small nanoparticles having a sufficiently small inertia are able to accurately follow the
gas stream, while large particles trajectories are poorly affected by the gas expansion.
This behavior is exploited in the aerodynamic focuser, installed between the cluster source
and the expansion chamber and through which the mix of carrier gas and nanoparticles
expands. Its working principle is schematically presented in Figure3.5.

The aerodynamic focuser consists in a set of steel disks, called aerodynamic lenses,
through which the gas passes, undergoing subsequent expansions and compressions.
The large curvature of the gas streamlines strongly affect the trajectories of the nanopar-
ticles with different inertia. Small nanoparticles follow the gas stream and are expanded
with a large divergence at the exit of the focuser, large particles are not able to follow
the gas and are trapped in the focuser while intermediate particles deviate from the gas
streamlines and concentrate on the focuser axis, resulting in a highly focused beam. The
discriminant parameter quantifying the effect of particles inertia is the Stokes number,
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Stream lines
of gas

Figure 3.3: Detailed scheme of the effect of nanoparticles inertia when dragged through a small
aperture by the carrier gas expansion.

defined as [128, 129]:

v
St=rT1 g (3.2)
where v is the clusters mean speed, d the diameter of the drill in the aerodynamic lens
and 7 the relaxation time, representing the characteristic time the particle takes to change
its trajectory and calculated as:
dg ppCe
T = 187 (3.3)
where d,, is the diameter of the nanoparticle, p, its density, 7 the viscosity of the gas. the
Cunningham factor C, corrects the formula for sub-micrometric particles and depends
on the free mean path of the gas atoms and on the particle diameter. The cluster beam
exiting the aerodynamic focuser is characterized by unitary Stokes number particles at
the center and by particles with decreasing Stokes number towards the borders. So the
aerodynamic focuser acts also as a particles size selector, filtering only the particles with
a given size and speed. The high collimation (divergence lower than 1 degree) of the
cluster beam exiting the aerodynamic focuser allows the use of stencil masks, not in direct
contact with the polymer surface, for the micropatterning of the elastomeric substrate
with a high lateral resolution [116, 22], avoiding the use of chemicals needed for the
development of lift-off masks and the shadowing effect typical of traditional coating
techniques like PVD.

3.2.2 Implantation in soft polymers

Clusters accelerated in a supersonic regime by the carrier gas expansion gain an energy
of approximately 0.5-2.0eV/atom, sufficient for their implantation inside the polymeric
matrix but not in hard substrates like glass or silicon. The local decrease of the poly-
mer density upon implantation of the first nanoparticles suggest an easier implantation
of further nanoparticles at higher penetration depths thanks to the clearing the way ef-
fect already observed for ion implantation in hard substrates [130, 131, 132] and can be
considered one of the key ingredients of the implantation mechanism in SCBI.

The low kinetic energy gained by the nanoparticles during the supersonic expansion
guarantees their implantation in elastomers while maintaining the chemical and physi-
cal properties of the elastomeric substrate unaltered. Considering the number of atoms
N, reaching the polymer surface per second, the surface power density Pk, ¢ for cluster
implantation can be calculated as Ps,rf = N - E), where Ej, is the kinetic energy of the
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atoms. The power density is of the order of some W - em =2 in the case of SCBI, not suf-
ficient for a detectable heating of the elastomeric substrate above RT. As a comparison,
the power density for ion implantation is much larger than SCBI, of the order of tenths
of W [133].

3.2.3 Equivalent thickness and filler volume fraction

The determination of the amount of nanoparticles implanted in the polymer by SCBI is
not trivial. In PVD or ion implantation directly measurable parameters like the depo-
sition thickness or the implanted atoms dose are respectively used. In SCBI however
metal is implanted in the polymer, thus the concept of deposited thickness has no sense.
The measure of the equivalent thickness represents an effective way for the determination
of the amount of implanted nanoparticles in the polymeric matrix. A half-masked hard
substrate (silicon or glass) is placed next to the polymeric substrate to implant, inter-
cepting the same amount of nanoparticles implanted in the elastomer. Nanoparticles
reaching the hard substrate are deposited on its surface instead of getting implanted,
leading to a two-dimensional growth of a nanostructured layer on the non-masked free
substrate surface. The difference of height between the deposited and the masked hard
substrate regions, measured with a profilometer or an AFM, defines the equivalent thick-
ness teq. Equivalent thickness can be also monitored in situ by a quartz microbalance,
useful for the live control of the implantation process but whose measured value does
not directly coincide with the equivalent thickness measured after the implantation pro-
cess on the rigid substrate, because of the porosity typical of nanostructured deposited
films, as further discussed in section 3.1.

From the measure of the equivalent thickness and the penetration depth obtainable
by TEM images the filler volume fraction f of the nanocomposite can be obtained, defined
as the ratio between the total volume of the metal clusters implanted (the filler) Veiyster
and the total volume of the nanocomposite V/,.:

! cluster
f V nc ( )

The non-trivial distribution of the nanoparticles inside the nanocomposite makes the
filler volume fraction difficult to measure. If a uniform nanoparticles distribution in-
side the nanocomposite is assumed, the filler volume fraction can be rewritten, in first
approximation, as follows:

f = L (3.5)

where d,,. represents the maximum penetration depth of the nanoparticles in the poly-
mer matrix.

The filler volume fraction is important in determining the macroscopic physical prop-
erties of the whole nanocomposite. Considering the electrical properties,the knowl-
edge of the volume fraction is important in order to model the percolation curves and
so to extract physical parameters describing the electrical behavior of the metal-polymer
nanocomposite [21, 118]. The volume fraction also represents a critical parameter for the
description of the light absorption response of the nanocomposite, as it will be shown in
part I1I of the present work.
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Figure 3.4: Vertical trajectories (top graphs) and velocity (bottom graphs) of the nanoparticles with
different kinetic energies in the entangled melt (left) and cross-linked (right) polymeric substrates
(from [134]).

3.2.4 Molecular dynamics simulations of SCBI in PDMS

The implantation mechanism of electrically neutral metal nanoparticles by SCBI in Poly-
dimethylsiloxane (PDMS) was theoretically and extensively studied by means of molec-
ular dynamics simulations [134]. The PDMS substrate was simulated with a force field
accounting for all the possible vibrational and rotational modes of the PDMS molecules
subjected to a 9-6 Lennard-Jones potential and in two different configurations: entangled
melt and cross-linked. Entangled melt polymer consists in 100 monomers chains recip-
rocally twisted to form the polymeric matrix, while the cross-linked polymer consists
in polymeric chains covalently bonded by means of cross-linking molecules (Tetrakis
(dimethylsiloxy) silane in the case of PDMS). The simulated PDMS substrates were suffi-
ciently large for an efficient dissipation of the pressure waves generated upon the cluster
impact and stabilization of the cluster position inside the substrate. The substrate was
fixed at the bottom and thermalized with a Nosé-Hoover thermostat at 300K.

Metal clusters, with a diameter of 3nm, are shot toward the polymer at energies of
0.5eV/atom, leV/atom and 2eV/atom, in order to study the effect of the cluster energy
on the implantation process. The trajectories and velocities of the particle along the
vertical direction were recorded and plotted in Figure3.4.

Four phases in the cluster implantation process, named 51, S2, S3 and S4, can be well
distinguished. The response of the polymer after the implantation, both in the entangled
melt and the crosslinked substrate, dominate the behavior of the metal particle after its
implantation. During step S; the cluster moves freely in vacuum with a linear uniform
velocity, depending on the implantation energy, before reaching the polymer surface.
During step S the cluster impacts on the polymeric surface and gets implanted, loos-
ing its kinetic energy because of the friction forces between the nanoparticle and the
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PDMS matrix (the penetration depth reaches its maximum and the velocity decreases to
zero). In step S3 the response of the PDMS takes place: the PDMS is compressed upon
the cluster impact, the pressure wave reaches the fixed polymer atoms at the bottom
of the simulation cell and is reflected back to the surface. The nanoparticle undergoing
the reflected pressure wave is pushed upward toward the surface and the penetration
depth slightly decreases. A stable configuration in which the penetration depth remains
unchanged and the cluster velocity reaches a null value is achieved in step .

The effect of the implantation energy is clear in Figure3.4: by increasing the cluster
energy the penetration depth increases as well and the S; and S5 steps are longer, as ex-
pected. More interesting the differences between the entangled melt and the crosslinked
substrates. In the latter case the penetration depth is smaller and the polymer response
after implantation stronger. This is compatible with the breakage of bonds between the
polymeric chains in the case of the crosslinked substrate or their untwisting in the entan-
gled melt polymer. The bonds in crosslinked polymers are mainly covalent and 8% more
than the entangled melt configuration, in which the polymeric chains are dispersed and
the bonds are due to much weaker electrostatic forces. The penetration depth vs. implan-
tation energy follows a linear trend both in the case of entangled melt and the crosslinked
configurations, with a slope of 7nm/eV and 6nm/eV respectively. Moreover a swelling
of the polymer surface is observed in both cases and for all the implantation energies. In
the case of the crosslinked matrix the swelling is approximately 3nm independently of
the implantation energy, larger than in the case of the entangled melt polymer, because
of the larger amount of broken covalent bonds and to a stronger elastic response of the
substrate.

The formation of pressure waves and the breakage of bonds between the polymer
chains are not the only effects due to cluster implantation in soft polymers. A local heat-
ing of the polymer around the implanted particles and of the particle itself is observed.
Polymer atoms next to the particle are subjected to an increase of temperature from 300K
up to 600K but the mean temperature increase in the the first superficial 50nm thick slab
of the polymer is approximately 30-50K, not affecting its global physical properties.

Cluster implantation in soft polymers also creates a crater, slowly recovered in time
due to chains rearrangement. Surface morphology of the implanted polymer is affected
by the formation of these craters. Experimental measures of the surface roughness were
compared with the depth of the craters and the roughness measured by simulated AFM
experiments, as explained in [22].

In molecular dynamics simulations only a single particle implantation is considered.
A multiparticles implantation simulation requires a much heavier computing effort (for
the simulations analyzed 65536 CPU hours were required for each impact). However
the implantation of the first nanoparticles facilitates the implantation of further particles
thanks to the clearing the way effect previously discussed.

3.3 Supersonic Cluster Beam Implantation setup

In section 3.2 a general description of the working principle and main advantages of
the SCBI respect to other nanocomposite synthesis techniques were given, without any
detail on the cluster source, since SCBI is compatible with different available sources,
and of the SCBI apparatus.

The SCBI apparatus used in this thesis work is equipped with a Pulsed Microplasma
Cluster Source (PMCS) [135, ] for the synthesis of metal nanoparticles. Metal atoms
are sputtered by a metal rod through ionized inert gas atoms, and aggregate inside the
same gas forming electrically neutral metal nanoparticles. A more detailed description
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Figure 3.5: (a) Exploded view of the aerodynamical focuser used in the SCBI apparatus. (b)
Scheme of the streamlines of nanoparticles with St ~ 1 through subsequent focuser stages.

of PMCS will be given in the following. The mix of gas and nanoparticles then expands
in the expansion chamber, to which the PMCS is connected, through the aerodynamical
focuser. The high vacuum kept in the expansion chamber (approximately 10~5torr) by a
turbomolecular pump having a flow rate of 1900! - s~!, is responsible for the extraction
and supersonic acceleration of metal nanoparticles toward the elastomeric substrate. The
aerodynamical focuser, schematically reported in Figure3.5 is made of a series of cylin-
ders (the focuser stages) separated by aerodynamical lenses. These lenses consist in steel
disks with a central 2mm diameter drill (Imm diameter for the last lens). The abrupt
changes of direction of the gas-nanoparticles mixture expanding through each aerody-
namical lens allow both a selection of the nanoparticles with a certain size (in particular
nanoparticles characterized by St < 1, as extensively discussed in section 3.2.1) and their
collimation on the axis of the focuser.

The central part of the collimated cluster beam is intercepted by a 2mm small aper-
ture for the further spatial filtering of the nanoparticles. This device, called skimmer is
characterized by a low conductance and a swallow tail shape in order to keep a differ-
ential vacuum between the expansion and the deposition chambers, and limits the su-
personic shock waves caused by the supersonic expansion respectively. Supersonically
accelerated gas atoms exiting the aerodynamical focuser expand with a high divergence,
dragging metal nanoparticles with St < 1. As a consequence only the central part of the
beam, consisting of metal nanoparticles with St ~ 1 is able to pass through the skimmer
and to enter the deposition chamber.

Deposition chamber is kept at high vacuum (approximately 10~°torr by a second
turbomolecular pump with a flow rate of 500 - s—!. Here nanoparticles get implanted in
the elastomer, kept on a sample holder connected to a computer-controlled manipulator
and able to move orthogonally to the cluster beam direction for the implantation on
large areas. The sample holder is equipped with a quartz microbalance for the real-
time monitoring of the implantation rate and, if needed, with a heater for the controlled
heating of the sample during the implantation process.

The section of the nanoparticles beam intercepted by the sample holder in the de-
position chamber consists in a circle with a diameter of few centimeters. This circular
spot is inhomogeneous, since the nanoparticles density decreases from the center to the
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Figure 3.6: Front and rear schematic representation of the sectioned PMCS.

borders. The movable sample holder on which the elastomeric substrate is mounted
guarantees a homogenous implantation on larger areas, up to 20x20cm?. The relative
path followed by the nanoparticles beam through the movement of the substrate is re-
peated many times until the achievement of the wanted equivalent thickness throughout
the entire sample.

3.3.1 Pulsed Microplasma Cluster Source (PMCS)

The source (depicted in Figure3.6) consists in a ceramic body with a cylindrical cav-
ity and two openings at the opposite sides of the cavity. At the entrance a solenoidal
pulsed valve allows the injection of an inert gas, expanding and concentrating around a
rod composed of the wanted nanoparticles material (a conductive metal or metal alloy)
inserted in the source through a third aperture. Immediately after the valve, a drilled
copper disk acts as counter electrode in the functioning mechanism of the source. At
the opposite opening of the ceramic body, a nozzle characterized by a low conductance
is needed in order to maintain a differential pressure between the source and the vac-
uum chamber to which the source is applied. The whole system is inserted in an alu-
minum support electrically connected to the copper disk and grounded. A motorized
mechanism is connected to the aluminum support for the rotation of the rod during the
operation of the source.

Like most of the cluster sources, the working principle of the PMCS can be divided
in four phases, as shown in Figure3.7: gas injection, vaporization of the metal target,
nanoparticles condensation and nanoparticles extraction. The pulsed valve is opened
for few hundreds microseconds, letting the inert gas (typically Argon at a pressure of
40-50 bar) entering the ceramic cavity and concentrating around the metal rod, because
of aerodynamical effects due to the shape of the cavity and the rod diameter. After 80-
100us from the valve opening, an electrical discharge of about 800V between the rod
(acting as a cathode) and the copper disk (the anode) with a duration of some hundreds
microseconds takes place. The discharge ionizes the gas atoms that are thus attracted
by the biased metal rod and gain sufficient energy to sputter metal atoms from the rod
itself. Sputtered metal atoms thermalize and condensate in the gas forming electrically
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Figure 3.7: PMCS working principle. The inert carrier gas is injected in the source ceramic cavity
(a) and concentrates around the metal rod. A high voltage is applied between the rod and the
anode, and an electrical discharge sputters metal atoms from the rod (b). The metal atoms ther-
malize and aggregate in the gas forming electrically neutral metal nanoparticles (c) and the mix of
gas and nanoparticles is extracted by a difference of pressure with the vacuum chamber to which
the source is applied (d).

neutral metal nanoparticles, with sizes ranging from few up to tens nanometers, dispersed
inside the high pressure inert gas. The source is applied to a high vacuum chamber and
the difference of pressure, kept by the low conductive nozzle at the exit opening of the
source, causes the expansion of the gas dragging the synthesized nanoparticles. The
whole process is repeated at a frequency varying between 1 and 10Hz, producing high
intensity nanoparticles pulses.

The working parameters of the source are extremely important and must be adjusted
in order to control the nanoparticles sizes and extraction energy according to the rod
material. During the source operations the rod is kept in rotation in order to guarantee
a homogeneous erosion and a regular and constant functioning of the source, critical for
synthesis of nanocomposites with optimal and repeatable properties.

Similar cluster sources are available, differentiating only in the metal vaporization
mechanism. In Pulsed Laser Vaporization Sources (PLVS) [136, ] a laser beam im-
pinging on the metal target erodes metal atoms in a limited area, ensuring the time sta-
bility of the process. Intensity of the cluster beam is the major problem. In Pulsed Arc
Cluster Ion Sources (PACIS) [138] metal atoms are extracted from the target by means
of an arc discharge, allowing a larger intensity. The strong modification of the target
geometry and gas dynamics affects the time stability (see [135] and references therein).
In the PMCS the gas concentrated around the metal rod allows localizing the discharge
in a well defined region of the target, aiming to achieve both intensity typical of electric
arc based sources and the time stability of laser based sources.
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3.4.1 Size distribution of metal nanoparticles

The size distribution of the nanoparticles passing through the skimmer and implanted in
the sample was investigated by TEM. Metal nanoparticles (in particular silver nanopar-
ticles used for the metallization of elastomeric optical devices in this work) were de-
posited on a Formvar-coated nickel TEM grid metallized with a Carbon submonolayer
for three seconds in order to obtain isolated and uniformly dispersed nanoparticles on
the grid. During the analysis of the images only particles with an eccentricity greater
than 0.7 were considered, in order to exclude cluster aggregates. The results for silver,
presented in Figure3.8, show a median nanoparticle size of 9.05 + 0.53nm. A similar
characterization was carried for gold nanoparticles in [22]. In both cases nanoparticles
size distribution is small enough to avoid particles scattering phenomena.
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Figure 3.8: From left to right: TEM image of Ag nanoparticles deposited on the Formvar layer,
Probability distribution function (PDF) of the nanoparticles count and the corresponding Cumu-
lative Distribution Function.

3.4 Morphological and mechanical characterization of SCBI Ag/PDMS
nanocomposites

Morphological and mechanical properties of metal-polymer nanocomposites synthe-
sized by SCBI are analyzed in light of the requirements needed for elastomeric optical
devices, mainly in terms of light scattering, surface roughness and stretchability (or elas-
ticity).

3.4.2 Penetration depth of metal nanoparticles

The penetration depth of metal nanoparticles in PDMS can be investigated by TEM.
PDMS substrates are implanted for few seconds by SCBI, then cut by Cryoultramicro-
tomy in approximately 100nm thick slices and laid on a Formvar-coated TEM grid. Silver
nanoparticles, used in the following of this work for elastomeric optical devices, are well
visible in the TEM images (like, for example the one shown in Figure3.9) and are im-
planted up to a penetration depth of approximately 100nm. A similar characterization
for gold nanoparticles was presented in [22]: here a penetration depth of approximately
180nm was observed, independently on the implanted equivalent thickness. The attain-
able penetration depth is thus similar for different metal nanoparticles and of the order
of tens of nanometer.
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Figure 3.9: TEM image of the Ag/PDMS nanocomposite

3.4.3 Elasticity of SCBI nanocomposites

Preliminary results on the surface Young modulus of the SCBI nanocomposite were ob-
tained by AFM nanoindentation experiments on a nanocomposites library character-
ized by different equivalent thicknesses (and thus volume fraction) and reported in Fig-
ure3.10. The contact region of AFM indentation curves on the nanocomposite surface,
acquired with proper spherical micrometric colloidal probes, were analyzed exploiting
the Hertz contact model describing the interaction mechanism between a rigid sphere
and an elastic surface. The measured Young modulus varies from 2.5MPa of the bare
PDMS up to approximately 12MPa for a gold implanted equivalent thickness of 100nm
(corresponding to a volume fraction of about 0.20 if the polymer swelling upon implan-
tation is considered), two orders of magnitude lower than in the case of ion implanta-
tion. These nanoindentation measurements involve the first hundreds nanometers of the
implanted polymer, not considering the remaining part of the PDMS substrate that ex-
tends for tens of micrometers. Very preliminary results of the Young modulus obtained
by stress-strain simulated experiments on nanocomposite samples (nanocomposite plus
supporting PDMS) prepared by molecular dynamics are comparable to the results ob-
tained by AFM mesurements.

The much lower increase of Young modulus achieved by SCBI respect to other higher
energy implantation techniques can be explained again with the implantation mecha-
nism occurring in the two cases. SCBI only causes a slight local increase of the tempera-
ture of the polymer, leading to debonding of the polymeric network. Unlike ion implan-
tation, low energies involved in the SCBI process do not alter the structure and chemi-
cal composition of the polymeric chains and thus their elasticity, as predicted by [113].
Therefore the increase of the stiffness observed for SCBI could be explained just by con-
sidering the effect of the filler in the polymer, as predicted by Guth equation [88, 89]. As
a proof of this hypothesis, preliminary experimental data follow the same trend reported
in Figure2.9 and 3.10 for different aspect ratios, as expected because of the formation of
aggregates.
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Figure 3.10: Comparison between AFM data and expected data from Guth equation [88, 89] for
different filler aspect ratios a.

3.4.4 Surface roughness

Surface morphology is critical for the exploitation of metal-polymer nanocomposites for
optical applications. Surface roughness is responsible for the scattering of the imping-
ing light and must be therefore minimized and controlled. Moreover three dimensional
sub-micrometric features like the grooves of a diffraction grating must be perfectly re-
produced by the metallization process. The effect of SCBI of metal nanoparticles on the
morphology of PDMS in which they are implanted was extensively studied in the paper
[22] titled Patterning of gold-polydimethylsiloxane (Au-PDMS) nanocomposites by supersonic
cluster beam implantation, published on Journal of Physics D: Applied Physics, entirely re-
ported at the end of the chapter. In this paper PDMS was implanted with gold nanopar-
ticles, however few differences are observed by implanting different metal nanoparti-
cles. Morphological measurements on Ag/PDMS nanocomposites are presented as a
comparison

Au/PDMS nanocomposites surface roughness characterized by different equivalent
thicknesses was investigated by AFM investigation. The results show an increase of
the surface roughness, up to approximately 10nm for an equivalent thickness of 100nm.
From an optical point of view this translates to a very low nanocomposite light scatter-
ing. Recalling the results of equation 2.3, reported in Figure2.3, a roughness of 10nm is
responsible for a constant light scattering less than 6%, slowly decreasing with the light
incident angle.

Moreover from the measure of the step between the bare PDMS and the nanocom-
posite, a swelling of the implanted polymer is observed, as reported by the molecular
dynamics simulations. However the swelling phenomenon does not affect the lateral
resolution of a patterned region, the gradient remaining less than 1ym in extension.
Swelling is supposed to affect the geometry of implanted three-dimensional structures
like, for example, the diffractive structure of a grating, but since the sample is homoge-
neously implanted, the profile remains unaltered, as it will be shown in the next chapter.

These results regard Au nanoparticles with a mean size of 3.9 £ 1.4nm implanted in
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Figure 3.11: 2000pm x 1000pum AFM topographic maps of Ag/PDMS (a) and Au/PDMS (b)
nanocomposites with comparable equivalent thicknesses (87nm and 96nm respectively).

PDMS. However optical devices considered in the following chapters of this work, are
fabricated by implanting Ag nanoparticles, with a larger mean size, in the same poly-
mer. Nevertheless the attainable RMS roughness is similar or better than Au/PDMS
nanocomposites. The surface roughness of a Ag/PDMS nanocomposite implanted with
an equivalent thickness of 87nm was measured by AFM and results in 6.6 +£0.3nm, much
lower than the surface roughness of a Au/PDMS nanocomposite implanted with a sim-
ilar equivalent thickness (t.;, = 96nm, roughness 10.1 + 0.4nm in the case of gold). The
topographic maps of the two samples are reported in Figure3.11. According to these re-
sults the fraction of light scattered by the Ag/PDMS nanocomposite is even lower (few
percents) than in the case of Au/PDMS.
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Highly Deformable Nanostructured Elastomeric Electrodes
With Improving Conductivity Upon Cyclical Stretching

Gabriele Corbelli, Cristian Ghisleri, Mattia Marelli, Paolo Milani,* and Luca Ravagnan*

Many applications in biomedicine, prosthetics, wearable elec-
tronics, and robotics require the integration of electronic,
optical, and actuation capabilities on soft and conformable
polymeric substrates.l'! Much progress has been made in this
area, in particular in the fabrication of circuits and devices on
flexible substrates?) and those that utilize mass-production
manufacturing processes to produce flexible solar cells, flex-
ible displays,™ smart clothing,’! sensors, and actuators.®”]
For example, Rogers and co-workers recently reported a major
achievement towards stretchable and high-performance micro-
electronics capable of tolerating very large levels of strain by
integrating ultrathin silicon-based electronic circuits into elas-
tomeric substrates.®! This platform was used for the fabrication
of smart surgical tools that featured enhanced performances.”’)

Despite these achievements, stretchable electrodes consisting
of metallic paths on elastomeric susbtrates are still plagued by
drawbacks and failures that prevent their use, especially for
biomedical applications. Implantable devices for neurostimu-
lation and neuroprosthetics!'” can strongly enhance their per-
formances and enlarge their field of application by the possi-
bility of printing metallic microcircuits on biocompatible and
conformable substrates. Conceivably, the treatment of patholo-
gies including Parkinson’s disease, essential tremor, dystonia,
chronic pain, treatment-resistant depression, cluster head-
aches, and epilepsy"!! could benefit significantly from the use
of stretchable electrodes.

Efforts to fabricate stretchable metallic circuits and electrodes
are concentrated on the direct metallization of polydimethylsi-
loxane (PDMS), which couples biocompatibility with mechanical
properties and machinability suitable for rapid prototyping.!'?
At present the metallization of PDMS to produce micrometric
and well-defined conductive pathways is obtained by metal
vapor deposition (e.g., Au, Ag, Pt, Pd)["¥) or metal ion implan-
tation.'*1%] These techniques are in principle quite straightfor-
ward, however, in practice, the use of conformable electrodes
produced by the former approach is hampered by delamination
of the conducting layers even at very low deformations. The
use of adhesion layers such as Cr or Ti or the treatment of the
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PDMS surface with oxygen plasma improve the performance,
however the resilience is not adequate for the majority of appli-
cations.['>1%] Several attempts have been made to overcome the
deterioration of evaporated layers by the deposition of tortuous
wave-shaped traces!'”) or by the use of prestretched PDMS sub-
strates,[!8] but these solutions have considerable limitations in
terms of maximum applicable strain, the direction of the toler-
able strain, the density of attainable circuits, and scalability.

Better adhesion can be obtained by metal ion implantation
where noble metal ions are implanted at 4-10 keV atom™ into
a polymeric substratel'*!] forming a metal-polymer nanocom-
posite conductive layer below the substrate surface.') Stretch-
able electrodes fabricated by this technique show adhesion and
electrical conductivity degradation rates upon cyclical stretching
that are substantially superior to evaporated electrodes but,
nevertheless, this technique has several drawbacks, since it
induces charging and carbonization of the insulating polymeric
substrate.

Here we demonstrate that stretchable and compliant elec-
trodes on PDMS can be efficiently fabricated by the implanta-
tion in the elastomeric substrate of neutral metallic clusters
aerodynamically accelerated by a supersonic expansion. Super-
sonic cluster beam implantation (SCBI) is an effective method
for the microfabrication of conductive circuits on thermoplastic
polymers,*?] it is applicable at room temperature (without any
heating of the samples), and it does not induce any charging
or carbonization of the polymeric substrate. Using SCBI, we
fabricated deformable elastomeric electrodes that can withstand
deformation of 40% for more than 10° cycles and that decrease
their resistance upon cyclical stretching.

SCBI consists in directing a highly collimated beam of neu-
tral (i.e., with zero electric charge) metallic clusters (Figure 1la)
with a size distribution range of 3 nm to 10 nm and kinetic
energy of about 0.5 eV atom™ towards a polymeric substrate.
Although the kinetic energy per atom of the clusters is four
orders of magnitude lower than in the case of ion implanta-
tion, clusters (made of several thousand atoms) have sufficient
inertia to penetrate into the polymeric target, which is kept at
room temperature (RT), and to form a nanocomposite layer,
while avoiding charging and carbonization of the polymeric
substrate.'”]

Figure 1b,c show transmission electron microscopy (TEM)
images of cross sections of a PDMS substrate implanted at RT
with Au clusters at corresponding equivalent thicknesses!'! of
35 nm and 210 nm, respectively. Remarkably, the penetration
depth of the Au clusters in PDMS (90-136 nm, Figure 1b,c) is
approximately twice the penetration depth that was observed
for a Pd cluster in poly(methyl methacrylate) (PMMA) at RT
(approximately 50 nm!'%). This difference is expected because
of the lower hardness of PDMS in comparison with PMMA

Adv. Mater. 2011, 23, 4504-4508
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Figure 1. a) Schematic view of the apparatus used for SCBI (not to scale). The collimated supersonic beam of neutrally charged Au nanoparticles
(produced by the cluster source, mean cluster size 8 nm) impact the PDMS substrate forming an Au/PDMS nanocomposite layer. b,c) TEM images
of cross-sections (cut by cryo-ultramicrotomy, thickness 300 nm) of the produced Au/PDMS nanocomposite samples obtained at RT by implanting
an equivalent thicknesses of clusters of 35 nm and 210 nm, respectively. d) Measurement of the evolution of the conductance on three substrates
(glass, PMMA, and PDMS) simultaneously exposed to the cluster beam. Measurements are shown as a function of the equivalent thickness, which

was measured by a quartz microbalance.['?)

and is furthermore supported by the characterization of the
evolution of the electrical transport properties, i.e., the con-
ductance, of the samples as a function of the amount of depos-
ited clusters, i.e., the equivalent thickness. Figure 1d shows
the percolating behaviors measured by depositing clusters on
three different substrates simultaneously: glass (in which clus-
ters are not implanted), PMMA, and PDMS. As can be clearly
seen, on all three substrates the characteristic evolution from
insulating to conductive behavior occurs beyond a critical

Adv. Mater. 2011, 23, 4504-4508
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percolation threshold s, which is defined here, operatively,
as the equivalent thickness at which the sample conductance
exceeds 1071% Q1119 On glass, s, is about 5 nm, corresponding
to a coverage of approximately 50% of the substrate by the
clusters, which have a mean size of about 8 nm, and thus con-
sistent with a growth of a cluster-assembled film on the surface
of the substrate.’) In PMMA the percolation is reached for s.
of about 10 nm, clearly indicating the penetration of the cluster
in the polymer matrix, consistent with previous results.!!’!
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Figure 2. a) Schematic view of the experimental setup used for the characterization of the evolution of the transport properties during uniaxial strain
cycles. b) Electrical resistance as a function of applied strain recorded on the Au/PDMS nanocomposite film (size of the suspended portion of the
sample subjected to strain: 30 mm wide by 5 mm long) produced by SCBI, during cycle 2, 10, 100, 1000, 10 000, and 50 000 (maximum elongation:
40%). During measuring cycles the samples were stretched at an elongation rate of 20 um s7. c) Electrical resistance at 0% strain (R;,) and at 40%
strain (Rg,) as a function of the number of stretching cycle to 40% strain. d) Electrical resistance as a function of applied uniaxial strain. The failure at

97% strain is due to the PDMS substrate mechanically breaking.

Remarkably, on PDMS the film remains insulating up to a s,
value of 75 nm. Qualitatively, a value of s that is higher for
PDMS compared with PMMA confirms the larger penetra-
tion of the gold clusters observed by using TEM. Nevertheless,
quantitatively, the s. value of 75 nm for PDMS would sug-
gest a penetration depth much higher than the observed one.
This discrepancy can be understood in light of the fact that at
RT gold clusters have a low but not zero mobility in PDMS,
which has a glass transition temperature of about —120 °C,1?!]
and this allows them to aggregate due to an Ostwald ripening
process.?Zl The same does not happen for PMMA because it
has a glass transition temperature above RT. The substantial
shift in the percolation threshold can therefore be ascribed to
the formation, in the first stages of the nanocomposite growth,
of dendritic aggregates of gold clusters in the PDMS matrix.
Finally, it is worth noting that the conductance of the PDMS/
gold nanocomposite is always lower, by at least one order of
magnitude, than the conductance of the surface-deposited film

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(i.e., on glass), which is consistent with the nanocomposite
nature of the material.

We tested the performance of a conductive PDMS/gold nano-
composite obtained by SCBI against extensive uniaxial strain
cycles. To do this we produced the nanocomposite film across the
gap between two evaporated electrodes on a PDMS membrane
(Figure 2a, see details in the Experimental Section). The sample
was then mounted on a custom-built, computer-controlled,
motorized uniaxial stretcher, allowing automatic acquisition of
the nanocomposite electrical resistance (R) with cyclic strain
(€). At each strain cycle, the maximum applied strain was 40%.
The electrical resistance was recorded during “measuring” strain
cycles at an elongation rate of 20 um s, alternating with a series
of “fatigue” strain cycles, at a faster elongation rate (200 pm s!).

Figure 2b shows the resulting stretching cycles recorded
during cycle 2, 10, 100, 1000, 10 000, and 50 000 on a representa-
tive sample. The same evolution was observed over multiple
experiments on different samples.

Adv. Mater. 2011, 23, 4504-4508
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During cycle 2 the nanocomposite electrical resistance grew
almost linearly from an initial value of 23 Q (at 0% strain, Ry,)
up to 420 Q when the maximum strain was reached, ie., at
40% strain, Ry, recovering its initial value when the strain was
released. Remarkably, as the number of strain cycles grew, the
increase of R with & remained monotonous also after 50 000
cycles, maintaining an almost triangular response. This is the
first significant departure from the typical behavior observed
for evaporated metal films on polymers, where the formation of
cracks in the rigid superficial film induces a non-monotonous
increase in R with € after a few thousand strain cycles with max-
imum applied strain much lower than 40%.1% Furthermore,
the value of R;, for the nanocomposite exhibited only a slow
increase as the number of cycle increased and, most remarkably,
the value of Ry, progressively decreased. As shown in Figure 2c,
the value of Rg,, became almost half the initial value after 50 000
strain cycles, which is completely at odds with the usual huge
increase (by orders of magnitudes) of Rg, observed for evapo-
rated metal films.3 Those differences can be explained by the
nanocomposite nature of the conductive film, where the increase
of the R with strain application is mainly due to the increase
in the mean distance between the metal nanoparticles, which
causes the opening of several percolating paths.l'l Nevertheless,
when strain is released the percolating paths are reformed and
the electric conductivity is recovered. Moreover, the repetition of
uniaxial strain cycles allows the nanoparticles embedded in the
nanocomposite, which have a nonzero mobility in the polymer,
to progressively reorganize themselves and aggregate, leading
to a percolating network that is less affected by the strain and
consequently to the decrease of Rg,. Furthermore, the nano-
composite is not characterized by the supervening of an abrupt
electrical failure at a critical applied strain as is the case for
evaporated metal films,?3 but to a progressive increase in R.
This is shown in Figure 2d, where a “break test” is performed
by subjecting the film to growing strain up to the electrical
or mechanical failure of the sample, i.e., the breaking of the
polymer membrane. For the tested film, the occurrence of an
electrical failure before mechanical failure was never observed
and the film could withstand up to 97% strain.

SCBI is not only an efficient method for the production of
stretchable and durable metallic circuits but it also functions
as a micropatterning tool. By exploiting the high collimation
typical for supersonic cluster beams,?*! micrometric patterns
can be easily obtained by interposing a stencil mask in front of
the PDMS substrate (Figure 3a). Figure 3b shows an example
of a gold micropattern obtained using a TEM grid that is not
in contact with the substrate as a stencil mask. Figure 3c
shows the same micropattern under stretching to 35% strain.
No delamination is observed, although a few superficial micro-
cracks are present. Scanning electron microscopy (SEM)
images showing in detail the cracks formed after the uniaxial
stretching of the sample are presented in the Supporting Infor-
mation and show the superficial nature of the cracks, which
influences the electrical conductivity of our material in a mar-
ginal way. The fabrication process consists of one step and it
does not include any wet chemical treatment, thus avoiding
surface contamination.

In summary we have demonstrated a novel fabrication
process to obtain metallic electrodes and micropatterns on

Adv. Mater. 2011, 23, 4504-4508
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Figure 3. a) Schematic view of the process of stencil mask lithography:
a TEM grid from Agar (G2760N) is interposed between the cluster beam
and the PDMS substrate. b) A microscopy image of the obtained Au/
PDMS nanocomposite micropatterns (the bright hexagons). c) A micro-
scopy image of the same micropatterns stretched to 35% strain.

stretchable substrates. The approach is based on the accelera-
tion of metallic clusters by a supersonic expansion and their
implantation in PDMS substrates to form a conductive nano-
composite. The produced structures are characterized by their
superior capability to sustain very large deformation with
electrical conductance, which improves with cyclical deforma-
tion. This approach overcome the many limitations typical of
standard metallization approaches, in terms of performances
(delamination, etc.) and processing (sample heating, electrical
charging, carbonization, use of solvents, and use of adhe-
sion layers). Microfabrication of conductive nanocomposite
patterns on elastomers provide new perspectives for stretch-
able and conformable electrodes for biomedicine and smart
prosthetics.

Experimental Section

The cluster beam used for the implantation was produced using a
pulsed microplasma cluster source (PMCS)?l equipped with a cavity in
which a solid target made of the metals desired for the clusters (Au in
the present case) was vaporized by a localized discharge supported by a
pulsed injection of an inert gas (He or Ar) at high pressure (Figure 1a).
The vaporized metal atoms aggregated in the cavity to form metal
clusters, which were then driven out of the source cavity by the expansion
of the inert gas through a nozzle to a vacuum chamber (expansion
chamber, at a pressure of about 107 bar). Because of the high pressure
difference between the source cavity and expansion chamber and the
exploitation of aerodynamic focusing effects, the neutrally charged
clusters were emitted from the source in the form of a highly collimated
beam with a divergence lower than 1° and with the kinetic energy and
mass distribution previously described.?l The central part of the cluster
beam was then allowed to enter a second vacuum chamber (deposition
chamber) through a skimmer and it was intercepted by the polymeric
substrate, which was supported by a motorized substrate holder. The
holder allowed movement of the substrate in two directions orthogonal
to the cluster beam axis (rastering), permitting the cluster implantation
on an arbitrarily wide polymeric substrate. The substrates were exposed
for =180 min at a deposition rate of 0.2 A s~

The Au targets (99.99% pure) were purchased from the 8853 S. p.
a. company, and the PDMS substrates were prepared by spin-coating
an =80 um thick layer of the polymer precursor (Sylgard 184 Silicone
Elastomer Kit from Dow Corning, mixed in a 10:1 ratio) on a glass slide
covered by a thin layer of PMMA to reduce the adhesion of the elastomer
film, at 1000 rpm for 60 s. After spin-coating, the polymer film was cured
by heating at 100 °C for 35 min, as indicated by the producer.
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In order to test the conductive performances of the samples during
uniaxial strain cycles, the PDMS film, which was prepared as previously
described, was cut in rectangular 3 X 8 cm? stripes and attached to
two microscope glass slides, with the 5 mm long central portion
of the membrane suspended between the slides (see Figure 2a). In
the two extremities of the PDMS stripes, in the regions supported by
the glass slides, two rectangular gold electrodes with resistances of
~0.8 Q were deposited by a standard evaporation process. The Au/PDMS
nanocomposite film was implanted by SCBI across the electrodes and
through the suspended portion of the membrane (see Figure 2a). The
sample was then mounted on a custom-built motorized uniaxial stretcher
by clamping only the glass-supported portion of the membrane to avoid
the stretching of the gold-evaporated electrodes and to precisely define
the membrane’s portion subjected to strain as well as the percentage
of strain. Clamping was also used to connect the evaporated electrodes
to the contact pads, which, in turn, were connected to an Agilent
34410A multimeter. The stretcher and the multimeter were computer-
controlled by LabVIEW software, allowing automatic acquisition of the
nanocomposite electrical resistance with cyclic strain. The electrical
resistance was recorded during measuring strain cycles at an elongation
rate of 20 um s alternating with a series of fatigue strain cycles, at
a faster elongation rate of 200 um s7'. Initially, subsequent measuring
strain cycles were separated by a single fatigue strain cycle. As the total
number of stretching cycles increased, the number of fatigue strain
cycles between each measurement was progressively increased to 10,
50, 100, and 500.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract

Patterned gold—polydimethylsiloxane (Au—PDMS) nanocomposites were fabricated by
supersonic cluster beam implantation (SCBI) of neutral gold nanoparticles in PDMS through
stencil masks. The influence of nanoparticle dose on the surface roughness and morphology of
the micropatterned regions of the nanocomposite was characterized. Nanoparticle implantation
causes the swelling of PDMS without affecting substantially the lateral resolution of the patterns.
In order to have an insight on the mechanism and the influence of nanoparticle implantation on
the polymeric matrix, large-scale molecular dynamics simulations of the implantation process
have been performed. The simulations show that even a single cluster impact on PDMS
substrate strongly affects the polymer local temperature and density. Our results show that SCBI

is a promising methodology for the efficient fabrication of nanocomposite microstructures on
polymers with interesting morphological, structural and functional properties.

Keywords: nanocomposites, nanoparticles, stretchable polymers, micropatterning, AFM

(Some figures may appear in colour only in the online journal)

1. Introduction

Stretchable functional materials are enabling ingredients for
the fabrication of wearable electronics [1], smart prosthetics
[2,3] and soft robotics [4—6]. These applications require the
integration of electronic, optical and actuation capabilities
on soft, conformable and biocompatible polymeric substrates
[7,8]. In particular, the fabrication of stretchable patterned
microelectrodes is necessary for actuation [6,9], electrical
stimulation and recording in neuroprosthetics [10-12].
Poly(dimethylsiloxane) (PDMS) is a very popular
playground for the proof-of-principle of soft devices since
it couples biocompatibility with mechanical properties and
machinability suitable for the production of dielectric
elastomeric actuators [13]. Incorporation of metal
nanoparticles in PDMS thin films using reduction of chemical
precursors by superficial penetration or direct incorporation
of preformed clusters have been used for the fabrication of

0022-3727/14/015301+10$33.00

lab-on-chip and optical devices ([14] and references therein).
Particular efforts are also currently being concentrated on the
fabrication of stretchable metallic circuits and microelectrodes
integrated on PDMS [9, 15, 16].

A straightforward approach to the metallization (e.g.
with Au, Ag, Pt, Pd) of PDMS is metal vapour deposition
(MVD) [17], however, the use of MVD is hampered by the
weak adhesion of the metallic layer on the elastomer and the
subsequent delamination of the conducting layers even at very
low deformations [11, 18, 19]. The use of adhesion layers such
as Cr or Ti, or the treatment of the PDMS surface by oxygen
plasma improve the performances, however the resilience is
not adequate for a large number of applications [18, 20].

An alternative to MVD is ion implantation where noble
metal ions are implanted with energies in the range of
keV atom™!, thus forming a conductive layer just below the
polymeric substrate surface [21]; the diffusion of implanted
ions gives also rise to the formation of nanoparticles

© 2014 IOP Publishing Ltd  Printed in the UK
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Figure 1. (@) The SCBI apparatus. The mix of gas and clusters produced in a cluster source attached to the expansion chamber is
accelerated by a difference of pressure between the source and the expansion chamber and collimated by the aerodynamic focuser. Then the
nanoparticles enter the deposition chamber and they are implanted in the polymeric substrate held on a movable sample holder allowing the
deposition on large areas though a rastering technique. (b) Scheme of the rastering process: by moving repeatedly the sample holder
vertically and horizontally with respect to the cluster beam, it is possible to uniformly implant large samples.

via Ostwald-ripening phenomena [22,23]. Stretchable
electrodes fabricated by ion implantation show adhesion
and electrical conductivity degradation rates upon cyclical
stretching that are significantly better than evaporated
electrodes, however a substantial modification of the polymeric
matrix due to radiation-induced disruption of chemical
bonds, carbonization, bond reorganization and cross-linking
is observed [24-26]. The use of ions also results in the build-
up of electrical charges within the polymer substrate in the
initial stages of the implantation process: this can perturb
the trajectories of the incoming ions, thus lowering the lateral
resolution of patterning performed using shadow masks. For
this reason, shadow masks can be used only for structures
larger than 100 um; in general, micropatterning with high
lateral resolution is obtained with ion implantation through
photolithography steps or lift-off processes [21].

Recently we demonstrated that neutral metallic nanopar-
ticles produced in the gas phase and aerodynamically accel-
erated in a supersonic expansion can be implanted in a poly-
meric substrate to form a conductive nanocomposite with supe-
rior resilience and interesting structural and functional proper-
ties [27,28]. This approach is called supersonic cluster beam
implantation (SCBI) and it is based on the use of a highly
collimated supersonic beam carrying metallic clusters with a
kinetic energy of about 0.5 eV atom™'. Even if the kinetic en-
ergy is significantly lower than in ion implantation, neutral
clusters are able to penetrate up to tens of nanometres into
the polymeric target forming a conducting nanocomposite and
avoiding electrical charging and carbonization [27, 28].

Supersonic cluster beams can be efficiently used for
the production of micrometre-scale patterns through stencil
masks [29, 30]. In particular, SCBI can produce micropatterns
and microelectrodes on thin flexible polymeric substrates,
such as SU8 using lift-off techniques [31]. Preliminary
results showed also that electrically conducting regions can be
patterned on PDMS with SCBI using stencil masks [27]. High-
resolution patterning achievable with SCBI is a considerable
advantage for soft devices microfabrication compared to
chemical methods for functional nanocomposite production.

Here we present a characterization of 2D micropatterned
regions of Au-PDMS nanocomposite integrated on PDMS by
gold nanoparticle implantation through stencil masks. We have
focused our attention on the evolution of surface roughness
and morphology of Au—-PDMS patterned nanocomposites and
how this affects the lateral resolution attainable with SCBI.
In order to have an insight into the influence of nanoparticle
implantation on the polymeric matrix, we performed numerical
simulations of the implantation process.

2. Experimental section

2.1. Supersonic cluster beam implantation

The supersonic cluster beam used for the implantation was
produced by a pulsed microplasma cluster source (PMCS), as
described in detail in [27, 32, 33]. Briefly, a PMCS consists in
a ceramic body with a cavity where a metallic target (Au in the
present case) is sputtered by a localized electrical discharge
ignited during the pulsed injection of an inert carrier gas (He
or Ar) at high pressure (40 bar). The sputtered metal atoms
from the target thermalize with the carrier gas and aggregate
in the cavity forming metal clusters. The carrier gas—cluster
mixture expands out of the PMCS through a nozzle into a
low pressure (10~ mbar) expansion chamber (figure 1(a)).
The supersonic expansion originating from the high pressure
difference between the PMCS and the expansion chamber
results in highly collimated supersonic beam: a divergence
lower than 1° is obtained by using aerodynamic focusing
nozzles [27, 33].

The central part of the cluster beam enters a second
vacuum chamber (deposition chamber, at a pressure of
about 107> mbar) through a skimmer, and it impinges on
the polymeric substrate, supported by a motorized substrate
holder. During implantation, the holder displaces the substrate
in the two directions orthogonal to the cluster beam axis,
allowing implantation on an arbitrarily wide area with a high
homogeneity [31]. A typical scheme of this raster process is
sketched in figure 1(b).
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Figure 2. (a) AFM topography map (2 um x 1 um) of gold nanoparticles on silicon substrate; (b) Au nanoparticles size distribution

obtained from the AFM map.

The size distribution of the nanoparticles used for
implantation has been determined with atomic force
microscopy (AFM) [34], by imaging a sub-monolayer sample
obtained on a silicon substrate exposed to the nanoparticle
beam for 3 s at a deposition rate of 0.02nms~!. Figure 2(a)
shows a representative topography of a 1 um x 2 pum area
of gold nanoparticles deposited on Si. The diameter of
the nanoparticles (D;) has been determined as the height
of the objects. The distribution of heights (diameters) of
nanoparticles, calculated from the analysis of ten topographic
images, and the corresponding Gaussian fit are shown in
figure 2(b). A mean value D, = 3.9+1.4 nm (mean-=+standard
deviation) was obtained.

Supersonic expansion accelerates the clusters to a mean
velocity of approximately 1000 m s~!, meaning that the metal
clusters are accelerated towards the polymeric substrate with
a kinetic energy Ej of roughly 0.5eVatom™' [35]. This
energy is about four orders of magnitude less than the typical
kinetic energies for ion beam implantation in polymers [9, 20].
Considering the atomic deposition rate Ny, (number of atoms
reaching surface unit area per second), one can calculate the
surface power density for the cluster implantation: Py, =
Nam - Ex. This power density is of the order of some W cm™2
in the case of SCBI, thus not producing a significant increase of
the substrate temperature above room temperature (RT). This
should be compared with the power density for ion beams
which is typically of the order of tenths of watts [21].

While for atom or nanoparticle deposition on a hard
substrate one can define the thickness of the deposited material,
in the case of nanoparticle implantation in polymers this
quantity is not well defined. During implantation we placed
a rigid substrate (generally a half-masked silicon or glass)
on the sample holder together with the polymeric substrate
to be implanted so that both intercept the same section
of nanoparticles beam. Since the amount of deposited or
implanted nanoparticles on the two substrates is the same,
we can define the equivalent thickness t.q of nanoparticles
implanted in the nanocomposite as the thickness of the film
produced by the same amount of nanoparticles deposited on
the hard substrate.

2.2. Elastomeric substrates

PDMS substrates used in this work were produced with a
Sylgard 184 Elastomer Kit (Dow Corning) by mixing for about

15 min the base and the curing agent in a 10:1 ratio. The
mix was degased for 30 min in low vacuum in a desiccator
and casted in a 10 cm diameter Petri dish up to a thickness of
roughly 1 mm. After the polymerization at 100 °C for 1 h in
an oven in ambient air, the PDMS was cut into pieces of the
desired dimensions.

2.3. Patterning of the Au—PDMS nanocomposites

We used stencil masks for the nanocomposite patterning with
micrometric resolution by exploiting the high collimation
typical of supersonic beams. Three transmission electron
microscopy (TEM) grids B, C and D (respectively, G2760N,
G2786N, G220-8 from Agar Scientific) and a small piece
of steel mesh (pattern E) were placed in front of the bare
PDMS substrate at a distance of roughly 500 um from the
surface (figure 3(a)). The nickel grids have hexagonal, square
and round holes with micrometric sizes of 30 um, 7.5 um
and 36.5 um, respectively, while the steel mesh consists in
4pm x 90 um and 60 um spaced triangular apertures (see
insets of figure 3()). Next to the masks a uniform region (area
A in figure 3(a), size of 5Smm x 5 mm) was homogeneously
implanted as a reference. Implantation through the masks was
performed for 45 min at a rate of about 0.02 nms~!, reaching
an equivalent thickness of 59 nm.

2.4. Implantation of nanoparticles with a radial density
gradient

We characterized the effect of the dose of implanted
nanoparticles on the surface morphology of PDMS by
producing samples with a nanoparticles density gradient
(figure 4). By moving the substrate during implantation
only in the vertical direction (as schematically shown in
figure 4(a)) we obtained a homogeneous nanocomposite in
the direction parallel to the raster, with a gradient in the
dose of nanoparticles implanted in the direction perpendicular
to the raster. The deposition scheme of the sample with
density gradient is shown in figure 4(a): a glass slide is half
covered by a 13 mm wide and 76 mm long PDMS film, an
aluminum foil mask partially shadows the PDMS film and the
bare glass substrate. This configuration allows producing in
one step a sample where implanted regions can be compared
with pristine PDMS and cluster-assembled film on glass for
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Figure 3. (a) Scheme of the sample prepared for the morphological characterization. Three TEM grids (patterns B, C, D) and a steel texture
(pattern E) were used as stencil masks. The area A in the bottom left corner of the sample serves as reference for a non-patterned
nanocomposite. (b) The four patterns in detail: the pictures represent the patterned PDMS observed with an optical microscope (50x
magnification for pattern C, 20x magnification for the others), the insets in the top right corner in each picture represent the detailed scheme

of the respective pattern.

the exact determination of the equivalent thickness gradient.
The substrate underwent a SCBI process for 27 min with a
deposition rate of 0.06 nm s~ !, reaching a maximum equivalent
thickness (in the central position of the gradient) of 100 nm
(figure 4(b)). The equivalent thickness of gold nanoparticles
implanted in the PDMS follows a symmetric bell-shape trend
in the horizontal direction, as reported in figure 4(c).

2.5. AFM characterization

The surface morphology of the nanocomposites was
investigated using a Bioscope Catalyst/Nanoscope V. AFM
(Bruker Instruments). The AFM was operated in tapping mode
in air, using rigid cantilevers with resonance frequency 250—
350 kHz, equipped with single crystal silicon tips with nominal
radius 5-10nm. In the case of the sample produced with the
radial density gradient, several 2 um x 1 um (2048 x 512
points) topographic maps were acquired on each of 12 different
regions distributed along the gradient of the deposition and
separated by about 100 wm from each other. The images were
flattened by line-by-line subtraction of first- and second-order
polynomials in order to remove artefacts due to sample tilt and
scanner bow. AFM topographies are plotted using a colour
scale spanning a finite vertical height range (dark to bright).
On each flattened AFM image the RMS roughness R, was
calculated as the standard deviation of surface heights; R,
values have been averaged and standard deviation of the mean
has been calculated as associated error.

2.6. TEM characterization

TEM was used for the evaluation of the clusters penetration
depth d,. in PDMS. Small PDMS substrates (approximately
5 mm long, 2 mm wide and 1 mm thick) were implanted with
different increasing doses in order to evaluate the evolution

of the implantation process and nanoparticle organization in
the matrix. We used implantation times of 3s, 30 min and
120 min at a rate of about 0.02nm ™!, reaching an equivalent
sub-monolayer on a rigid substrate and equivalent thicknesses
of 40nm and 140 nm, respectively. Ultra-thin slices (with a
thickness of about 100 nm) of nanocomposite were cut with a
cryo-ultramicrotome at —160 °C and laid down on TEM grids
covered with a layer of carbon-coated Formvar. Images were
acquired with a Philips CM 10 (80kV) microscope.

2.7. Wettability characterization

The wettability of the nanocomposite surface was analysed
by contact angle measurements with First Ten Angstroms
FTA200. A milli-Q water droplet (volume: 3 x 107%1)
was deposited on the surface of area A of the patterned
nanocomposite sample and the contact angle value obtained by
averaging 150 measures from as many droplet images acquired
by a CCD camera immediately after the deposition.

2.8. Modelling

We performed large-scale molecular dynamics simulations
of the implantation process based on state-of-the-art force
fields [36]. While technical details of the present simulations
have been published elsewhere [37], here we remark on their
most important features. First of all, in order to keep the
present simulations on the relevant experimental length scale
we made use of very large-scale simulation cells containing
as many as ~4.6 million atoms. This system size corresponds
to 25.6 x 25.6 x 85.35nm?: indeed, a very large simulation
cell (demanding a very intense computer effort), is necessary
if the full process of surface impact, the propagation into
the substrate and the stopping of the Au clusters must be
reproduced. Such large systems have been aged for as many
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Figure 4. (a) Scheme of the sample prepared for the morphological
characterization of the nanocomposite as a function of the
equivalent thickness. The rastering in the vertical direction allows
obtaining a gradient of nanoparticle dose implanted in the PDMS
substrate. (b) Scheme of the sample after the implantation process:
the deposition on glass serves as reference of a cluster-assembled
film on a rigid substrate. (c¢) Equivalent thickness as a function of
the horizontal position of the analysed sample.

as 180 ps. Such a relatively long simulation time was indeed
necessary in order to allow the system to fully stabilize after
the cluster impact.

Furthermore, special care was taken to model the
interactions between the implanted Au clusters and the target
substrate, as well as the possible presence of molecular
linkers into the PDMS film. Accurate benchmark calculations
have been executed on well-known physical properties of
pristine PDMS (such as density and radial distribution
function), confirming the quantitative reliability of the present
computational set-up. Finally, the simulated protocol of
implantation was chosen so as to mimic as close as possible the
actual SCBI process; in particular, we implanted Au clusters
with radius of 3 nm with energies of 0.5, 1.0and 2.0 eV atom ™.

(a)

JaAejouow-gns

Figure 5. TEM images of thin slices (about 100 nm thickness) of the
PDMS implanted for 3 s (a), with an equivalent thickness of 40 nm
(b) and 140 nm (c) of gold nanoparticles. The penetration depth of
the nanoparticles is approximately 180 nm in each case.

3. Results and discussions

3.1. Cluster implantation depth

The implantation of gold nanoparticles for different . has
been characterized by TEM imaging of ultra-thin slices of
nanocomposite cut by cryo-ultramicrotomy. Figure 5(a)
shows the nanoparticles embedded in the polymer resulting
from a supersonic beam exposure of the substrate of 3s, the
implantation depth is roughly of 180 nm. A slight increase of
nanoparticles density towards the PDMS surface is visible: this
can be explained in terms of the limited dynamic range of the
CCD camera overexposing the polymer—vacuum interface. By
increasing the dose of implanted nanoparticles to equivalent
thicknesses of 40 nm (figure 5(b)) and 140 nm (figure 5(c)),
an increase of the volume filling factor (defined as the ratio
between the total volume of the nanoparticles and the volume
of the polymer in which they are implanted) is observed without
any significant change in the cluster implantation depth. These
observations indicate that implantation depth does not depend
on the dose of implanted nanoparticles. A further increasing
of the dose results in the surfacing of the clusters on top of the
polymeric substrate and in the formation of a cluster-assembled
metallic layer on the PDMS surface [27].

3.2. Patterning and swelling

Different nanocomposite patterns were produced and analysed,
as described in the experimental section: here we report the
results relative to hexagonal-shaped patterns; similar results
have been obtained for the other patterns. Figure 6(a) shows
the AFM characterization of the pattern, figures 6(b) and
(c) show an individual hexagon with a surface presenting
fractures. The equivalent thickness of implanted nanoparticles
is teq = 59 & 3nm, while the measured height of Au/PDMS
hexagon is larger, being 100 = 6 nm; this suggests that PDMS
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Figure 6. (@) AFM morphological map of the hexagonal patterns; (b) single hexagonal pattern, z scale ranges from —100 to 300 nm; (c¢) 3D
map of the same pattern; (d) topographic profile across the boundary between bare PDMS and Au-nc/PDMS indicated by the arrow in (b).

undergoes swelling upon cluster implantation. Swelling in
PDMS is reported as a consequence of solvent exposure [38];
far less studied is the effect of nanoparticle embedding on the
reorganization of polymeric chains in silicones, although the
formation of voids in polymers embedding inorganic particles
has been reported [39]. In our case swelling could degrade the
lateral resolution obtainable with patterning through stencil
masks. To check this aspect we performed an AFM analysis
of the boundary between bare PDMS and Au/PDMS hexagonal
pattern (as indicated by the arrow in figure 6(b)). The effective
lateral resolution of the pattern ranges from 0.5 to 1um
showing that good lateral resolution can be obtained by SCBI
in spite of the swelling phenomenon (figure 6(d)).

In order to clarify the relationship of the implanted
nanoparticle dose with the PDMS swelling, we systematically
analysed the evolution of the step between the bare PDMS
substrate and the Au/PDMS nanocomposite in the sample
with a nanoparticle density gradient (see section 2.4). The
equivalent implantation thickness and the height of the swollen
region of Au/PDMS nanocomposite with respect to the
bare PDMS substrate were calculated from the histogram
of the heights of AFM images acquired across sharp steps
at the ns-Au/glass or Au-nc/PDMS boundaries, accordingly,
produced by masking (figure 4(b)). The mean thickness/height
was extracted as the distance between the peaks of the height
distribution of the topographic maps; the errors associated with
the average quantities were calculated summing in quadrature
a statistical error (the standard deviation of the mean of step
values calculated from different images), and a systematic error
(7%), due to the non-linearity of the AFM piezo. The step
height is always larger than the corresponding f.,: the relation
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Figure 7. Thickness of the swollen gold nanoparticles PDMS
nanocomposite versus the equivalent thickness of implanted
clusters. The linear equation fit of the data is also shown.

between f.q and the swelling height is to a good approximation
linear as reported in figure 7. The swelling of PDMS grows
with f,q and even with 7oy = 100 nm it increases for more than
arigid offset without saturation in the investigated interval.

A possible origin of the observed swelling is the
modification of the links between polymer chains caused by
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Figure 8. (a¢) AFM topographic map of the Au-nc/PDMS, with a
detail of a crack on the surface. (b) Phase map of the hexagonal
pattern.

nanoparticle impact during implantation: in order to check
the presence of partial break up and reorganization of links at
the polymer surface, we measured the wettability of implanted
and pristine PDMS. For each of the two surfaces three series of
data were acquired by depositing droplets in different points,
in order to test the homogeneity of the sample. A contact
angle of (113 £ 3)° was measured on the bare PDMS, while
the PDMS implanted with an equivalent thickness of 59 nm
of gold nanoparticles (area A in figure 3) is characterized by
a contact angle of (112 £ 3)°. These measurements suggest
that gold cluster implantation does not significantly affect the
microscopic structure of the PDMS surface.

Numerical simulations (see below) confirm that chains
breakage is not occurring, whereas a local heating upon
implantation is produced; this might be the origin of a local
decrease of polymer density.

3.3. Surface morphology

Figure 6(b) and the 3D map in figure 6(c) show the presence
of scratches on the surface. In figure 8(a) a detail of one
of these surface defects, which appears like a fracture with
elevated rims, is shown. The depth of the fracture as measured
from the AFM image is 25 nm, although due to the limited
penetration of the AFM tip inside the high aspect ratio defect
this value must be taken as a lower limit for the actual
fracture depth. We analysed the Au/PDMS roughness in 12

Figure 9. AFM topographical maps of PDMS (a), and three
different samples of Au-nc/PDMS with equivalent thicknesses
~20nm (b), 40 nm (c) and 100 nm (d); z scale ranges from —20 to
20 nm.

different positions along the gradient of deposited material,
characterized by equivalent thickness foq ranging from 20 to
100 nm. Figure 9 reports the evolution of surface morphology
upon the increase of the implantation dose from a pristine
PDMS surface to three Au-nc/PDMS samples characterized
by increasing equivalent thicknesses (7. ~ 20 nm, 40 nm and
100 nm, respectively). Nanoparticles implantation in PDMS
produces an increasing corrugation as f,q increases, with the
appearance of craters and fractures which grow deeper and
larger as the Au cluster loading on PDMS increases. The
RMS roughness R, of Au/PDMS nanocomposite evolves with
fq: the quantitative analysis of the evolution of R, with foq
is reported in log—log scale in figure 10. For comparison
purposes, we report in figure 11 the AFM topography of a
Au/PDMS nanocomposite and that of a nanostructured film
obtained by deposited gold cluster on a silicon substrate
(ns-Au/Si) with the same equivalent thickness foq ~ 20nm.
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Figure 10. Log—log plot of the roughness of the swollen gold
nanoparticles PDMS nanocomposite versus the equivalent thickness.
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Figure 11. AFM topographical maps of Au-nc/PDMS (a) and
ns-Au/Si (b). z scale ranges from —10 to 10 nm.

Table 1. RMS roughness R, of the bare PDMS in different locations
of the patterned sample (see figure 3).

Sample Roughness R, (nm)
Isolated PDMS  0.56 £ 0.01
Pattern B 0.98 £0.01
Pattern C 1.18 £0.01
Pattern D 0.78 £0.03
Pattern E 0.84 £0.01

Despite the similar thickness, roughness is markedly different:
R, of ns-Au/Si = 6.8 £ 0.1 nm, while R, Au-nc/PDMS =
3.9+ 0.1 nm.

The implantation of gold clusters in PDMS induces a
change of morphology also in the PDMS regions close to the
implanted area, as reported in table 1. The increase in PDMS

Entangled melt Cross linked

0.5 eV/atom| 0.5 eV/atom

Depth (nm)

1.0 eV/atom| 1.0 eV/atom

Temperature (K)

R

2.0 eV/atom
120 160

2.0 eV/atom|
120 160 0 40 80

0 40 80

time (ps)

Figure 12. Temperature field (versus time and depth) of the EM-
(left) and CL- (right) PDMS for the implantation energies of
0.5eVatom™! (top), 1.0eV atom™' (middle) and 2.0eV atom™!
(bottom).

roughness could be due to the horizontal swelling of the PDMS
with implanted Au clusters or to the diffusion of Au clusters
in the PDMS polymeric substrate, even though in AFM phase
maps (figure 8(b)), a clear contrast between the bare PDMS
and the Au-nc/PDMS nanocomposite is not visible.

3.4. Numerical simulation of cluster implantation

Neutral metallic cluster implantation in polymers has
been discovered only very recently [26,27] and no
detailed physical models of this phenomenon are available.
Computer experiments are currently underway to gain deeper
understanding of the microscopic mechanisms and the
influence of the structural and mechanical properties of the
polymeric matrix on the implantation. Recent simulations
[36] provided evidence that for both entangled-melt (EM)
and cross-linked (CL) PDMS the Au cluster penetration depth
linearly depends on the implantation energy, having an angular
coefficient of 7nmeV~! or 6nmeV~!, respectively. These
results were explained in terms of the so-called clearing the
way effect [40] which also predicts an inverse dependence of
the same depth on the substrate cohesive energy.

In order to better characterize the implantation effect,
we investigated the temperature field (wave) generated
(propagating) inside the PDMS substrate upon cluster impact.
In particular, we calculated the time-dependent temperature
profile of the substrate during the implantation as a function
of the penetration depth from the PDMS surface. Results
are shown in figure 12 for the EM- (left) and CL- (right)
substrates, corresponding to implantation energies of 0.5 (top),
1.0 (middle) and 2.0 (bottom) eV atom~'. For both EM-
and CL-PDMS we observe a sudden temperature increase
ATppms in the surface region: ATppvs ~ 20, 30 and
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Figure 13. EM- (top) and CL- (bottom) PDMS surface height map for the implantation energies of 0.5eV atom™! (left), 1.0eV atom™!

(centre) and 2.0 eV atom™! (right).

50K for increasing implantation energy. The corresponding
temperature wave generated upon the impact is dissipated
within the bulk substrate. After 180 ps we identify two main
temperature spots in the PDMS substrate, namely: a kot region
(H) at T ~ 320-350K (figure 12, red—yellow shaded area)
close to the surface and a cold region (figure 12, blue shaded
area) at T ~ 300-310K deeper into the substrate. We
remark that the overall temperature increase is always larger
for the cross-linked substrate, as a consequence of the different
stiffness: the deformation upon the impact is larger in the case
of the EM-PDMS substrate, thus resulting in a comparatively
reduced increase of temperature.

The extension of the H region depends also on the
implantation energy: by increasing its value from 0.5 to
2.0eVatom~!, we observe an increase of the H region depth
from ~10nm up to ~25nm. Therefore, another effect of
a single cluster impact is to increase the PDMS surface
temperature up to 50K, thus generating a decrease of the
substrate density as large as ~5%. This feature is in good
agreement with the experimental finding of [41] that predicts a
PDMS density decrease of ~5% by increasing the temperature
from 300 to 350 K. Therefore, the next impinging clusters will
penetrate easily on a lower density PDMS substrate, further
enhancing the effect of the local polymer density. This density
decrease could explain the PDMS swelling experimentally
observed upon the implantation.

We have extensively investigated the effect of a single
cluster impact on the PDMS surface morphology by
performing a theoretical analysis of the surface roughness. By
analogy with the experimental AFM investigations reported
above, we analysed the PDMS surface and internal nanopores
by means of a spherical Au probe of radius 1.0 nm placed on
top of the substrate. The probe interacts with the substrate via
a 9-6 Lennard-Jones potential having the ¢ and o parameters
taken from the COMPASS force field. We spotted the PDMS

surface by a square grid of points with 0.5 nm spacing; at each
point of the grid we placed the probe and, by gently moving
it up and down, we determined probe height corresponding
to the minimum energy of the probe—substrate system. The
envelope of such heights provided the simulated surface
topography map, as shown in figure 13. The map, which
has been suitably smoothed by means of a spline procedure,
represents the surface height with respect to a conventional
zero set at the maximum atom vertical position in the
PDMS film.

Inall cases we notice the presence of a crater created on the
surface by the impinging Au cluster. The lateral dimensions
of the crater (as large as ~6nm) are almost unchanged by
increasing the implantation energy, while the crater depth
strongly depends on it. In fact, for EM-(CL-)PDMS, we
measure crater depths of ~6 (3) nm, ~8 (6) nmand ~10 (7) nm
for implantation energies of 0.5eVatom~', 1.0eVatom™!
and 2.0eVatom™', respectively. The overall root-mean-
square roughness (R,) of EM-(CL-) PDMS increases with the
implantation energy: R, = 1.1 £0.1 (0.9&1)nm, 1.840.1
(1.7£0.1)nm and 2.5+0.1 (2.3+0.1)nm for implantation
energies of 0.5eV atom~!, 1.0eVatom~! and 2.0eV atom™",
respectively.

Shallower craters and an overall smaller roughness have
been observed in the case of CL-PDMS. These results are
consistent with the reduced cluster penetration depth observed
for CL-PDMS [37]. This is due to the fact that in EM-
PDMS the polymer chains are bonded only via dispersion and
electrostatic interactions, while in the CL-PDMS the chains
are partially covalently linked via the cross-linker molecule.
Since the cluster penetration inside the PDMS matrix involves
the breaking of the inter-chains bonds, we conclude that
during the penetration inside the EM-PDMS substrate,
the cluster experiences a weaker friction with respect to
CL-PDMS.



J. Phys. D: Appl. Phys. 47 (2014) 015301

C Ghisleri et al

4. Conclusions

We demonstrated the micrometric 2D patterning of Au—-PDMS
nanocomposite by supersonic cluster beam implantation
through stencil masks on PDMS. The evolution of surface
morphology and swelling of the patterned substrate can
be quantitatively correlated to the dose of implanted
nanoparticles. The PDMS swelling upon implantation does
not substantially affect the lateral resolution of the pattern.

Atomistic simulations provide information on the PDMS
microstructural evolution upon cluster implantation: the
results show that even a single cluster impact on the PDMS
substrate remarkably changes the polymer local temperature
and density. Moreover, we observe the presence of craters
created on the polymer surface having lateral dimensions
comparable to the cluster radius and depths strongly dependent
on the implantation energy.

Our results suggest that SCBI is a promising methodology
for the efficient and easy fabrication of nanocomposite
microstructures on polymers with interesting morphological,
structural and functional properties.
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CHAPTER 4

Fabrication and characterization of elastomeric optical
devices

Elastomeric optical devices fabricated by Supersonic Cluster Beam Implantation of silver
nanoparticles in PDMS were optically and morphologically characterized. In particular
the performances of elastomeric nanocomposite-based mirrors and diffraction gratings
were studied and compared with the state of the art.

4.1 Fabrication of the devices

Polydimethilsiloxane (PDMS) represents the ideal substrate for the fabrication of elas-
tomeric optical devices, in terms of easy of processing, low cost, wide availability and
good mechanical properties [12].

The first step of elastomeric mirrors and diffraction gratings fabrication process con-
sists in the production of the PDMS substrate, following two approaches according to
the wanted device. For the fabrication of elastomeric mirrors liquid PDMS was simply
spin-coated on a glass slide, obtaining a uniform thin polymeric film. The surface of a
commercially available rigid diffraction grating was replicated with PDMS by molding
technique [12, 23] for the fabrication of elastomeric diffraction gratings.

PDMS substrates were implanted by SCBI of Ag nanoparticles with different equiva-
lent thicknesses, up to 290nm, in order to study the effect of the polymer filler loading on
the optical properties of the nanocomposite. Silver was chosen for its low cost and su-
perior and uniform reflectivity in the visible range compared to other metallic materials
(gold, for example).

Similar PDMS substrates were metallized by means of thermal evaporation for a
comparison of the optical and morphological properties with the nanocomposite-based
devices.

4.2 Morphological characterization

In the previous chapter the surface roughness was investigated in order to control the
fraction of impinging light scattered from the device surface. Here the morphological
properties relative to the devices were characterized, like the cracking of the reflective
layer and the profile of the metallized elastomeric diffraction grating.

The superior resilience of the nanocomposite reflective layer undergoing mechanical
stress was demonstrated by investigating the surface of SCBI and evaporated mirrors
and gratings with an optical microscope in different conditions: as deposited, after peel-
ing (i.e. removal of the nanocomposite from the supporting substrate) and after thou-
sands of 50% stretching cycles. Evaporated samples rapidly encounter a deterioration
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due to the breakage of the rigid conductive layer on top of the polymer surface, while
SCB implanted devices do not show significant changes in their surface morphology.

The different effects of the reflective layer behavior upon mechanical stress are par-
ticularly important in the case of diffraction gratings: here the formation of cracks, with
dimensions and periodicity comparable with the grooves of the grating, strongly affect
the performances of the optical device. For this purpose, the morphology of the elas-
tomeric gratings was further studied by acquiring AFM single-line scans of both the
bare and metallized grating profiles. The results show a very good agreement between
the profiles of the bare PDMS and the SCBI grating (also thanks to the high collimation
of the cluster beam, allowing to perfectly reproduce the three dimensional structure of
the grating), while a highly irregular profile is observed in the case of the evaporated
grating.

4.3 Optical properties

4.3.1 Reflectance

Reflectivity of the nanocomposite superficial layer represents the most important optical
property of the devices studied in this work. Samples with different equivalent thick-
nesses (30nm, 60nm, 120nm and 290nm) were analyzed in order to understand the effect
of different nanoparticles concentrations on the trend of the surface reflectivity. The
equivalent thickness maximizing the reflectivity of the device must be determined.

The optical setup for reflectance spectra measurement, shown in Figure4.1a, consists
in a halogen lamp as light source, positioned at a large distance from a diaphragm (ide-
ally at infinite distance) aiming to filter the white light generated by the lamp. The sam-
ple, held on a tilting stage for its fine alignment with the detector, immediately follows
the diaphragm. The white light beam impinges on the nanocomposite with an angle of
45° and the reflected beam is collected by a computer controlled monochromator. The
monochromator is equipped with a 600 lines/mm grating and a CCD camera (controlled
with the monochromator) for the spectra acquisition in the vis-NIR range (350-1100nm).
Reflectance R(w) was calculated as the ratio between the intensity Ir(w) of the light re-
flected by the sample and the intensity Iy(w) of impinging light:

_Ir (w)
Iy (w)

In order to acquire the spectrum of the impinging light while maintaining the optical
setup unaltered, I, was measured by replacing the sample with a commercial mirror.

The results, shown in Figure4.1b, present an interesting behavior. Reflectance of the
30nm-implanted PDMS is very poor, around 20% throughout the whole visible range,
as expected since the low number of implanted particles. Reflected light intensity is
strongly enhanced by the increase the equivalent thickness. Reflectivities between 60%
and 70% are achieved for an equivalent thickness of 60nm, however reflected light inten-
sity suddenly drops to 30%-40% for equivalent thicknesses of 120nm and 290nm respec-
tively. This deterioration of the reflectivity for high nanoparticles concentration in the
polymer depends on the complex behavior of the surface plasmon resonance (extensively
studied in chapter 7) and, for even higher equivalent thicknesses, to the cracking of the
cluster layer growing on the polymer surface once the implanted layer of PDMS is satu-
rated. As a result of this characterization, an equivalent thickness of 60nm was chosen as
a standard for the fabrication of all the samples and devices studied in this work (except
where otherwise specified).

R(w)

4.1)
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Figure 4.1: (a) Optical setup for the acquisition of reflectance spectra. (b) Reflectance spectra of the
Ag/PDMS nanocomposite with different implanted equivalent thicknesses. The best reflectivity
is achieved with an equivalent thickness of 60nm.

Reflectance of 60nm SCB implanted nanocomposite mirror was compared with a
silver-evaporated PDMS mirror and the state of the art in the field of tunable gratings,
consisting in gold-evaporated PDMS thin films [82]. Silver evaporated mirrors present
a reflectivity similar to silver implanted PDMS while gold-evaporated PDMS show a
much lower reflectivity (between 20% and 40%), dramatically dropping after few me-
chanical deformations.

4.3.2 Spot size and linearity

The effect of the irregular profile of the evaporated grating was quantitatively studied
by measuring the diffracted spot size (referred as the solid angle subtended by the spot)
when illuminated with monochromatic line (He-Ne laser, wavelength 632.8nm). Unlike
nanocomposite-based gratings, in which the solid angle initially decreases and then re-
main stable up to 50% stretching, a strong instability of the solid angle is observed for
gratings metallized by evaporation. Moreover, the formation of large cracks perpendic-
ular to the grating grooves on the surface of the evaporated grating gives rise to the ap-
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pearance of an unexpected and unwanted diffraction pattern orthogonal to the expected
one.

The linear behavior of the diffraction angle as a function of the stretching percentage
was tested too with good results for both the evaporated and SCBI gratings, leading to
the fabrication of stretchable-based spectrometers, as deeper explained in the next chapter.

4.4 Focusing properties

The high conformability and extremely low surface roughness of the obtained nanocomposite-
based optical devices suggest their application to non-optical grade curved surfaces in
order to add optical power to the diffracting one. This property is requested in a num-
ber of optical mounts [63] for the correction of aberrations like astigmatism or higher
order aberrations. In particular a SCBI elastomeric grating was applied to a roughly pol-
ished cylindrical surface and the focal length of the curved device measured both on the
reflected and on the diffracted beams. Results fully compatible with the expected val-
ues were obtained, opening the way to the application of elastomeric optical devices on
arbitrarily shaped non-optical grade surfaces for the correction of higher-order images
aberrations. Several imaging applications may take advantage of this superior capabil-
ity of nanocomposite-based diffraction gratings, hyperspectral imaging among them, as
extensively discussed in the Conclusions and Perspectives.
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Abstract Stretchable and conformable optical devices open
up very exciting perspectives for the fabrication of systems in-
corporating diffracting and optical power in a single element.
Supersonic cluster beam implantation of silver nanoparticles in
an elastomeric substrate grooved by molding allows effective
fabrication of cheap and simple stretchable optical elements
able to withstand thousands of deformations and stretching cy-
cles without any degradation of their optical properties. The
nanocomposite-based reflective optical devices were charac-
terized both morphologically and optically showing excellent
performances and stability compared to similar devices fabri-
cated with standard techniques. The nanocomposite-based de-
vices can therefore be applied to arbitrary curved nonoptical
grade surfaces in order to achieve optical power and to min-
imize aberrations like astigmatism. The high resilience of the
nanocomposite material on which the devices are based allows
them to be peeled and reused multiple times.

Nanocomposite-based stretchable optics

Cristian Ghisleri'-2, Mirko Siano?, Luca Ravagnan', Marco Alberto Carlo Potenza?,

and Paolo Milani'-2*

1. Introduction

Adaptive optics is a technology based on optical systems
that can dynamically change their shape to compensate for
optical artifacts (due to optical aberrations, for example)
introduced by the medium between the object and the im-
age [1]. In biological systems (like the human eye) this is
obtained by the capability of mechanically changing con-
formation to “accommodate” for the changes of the optical
conditions.

In view of a large number of applications in spec-
troscopy, microscopy [2, 3], optical telecommunications
[4], aerospace [5] and in vivo medical imaging [6, 7], a
very strong interest is focused on the fabrication of opti-
cal elements such as lenses [2, 8], gratings [9-11], mirrors
[3,4,6,7,12], able to change their geometrical shapes thus
improving the image quality. Different alternatives have
been proposed for the replacement of rigid optical ele-
ments (in particular gratings and mirrors) fabricated on
glass or metals with adaptive elements such as electrostati-
cally actuated suspended ribbons forming grating surfaces
[13], complex comb-driven diffraction gratings [14] and
piezoelectric-driven tunable gratings [15]. These technical
approaches are finding applications, however, they are still
considered too expensive and technologically complex to
allow for a widespread use of adaptive optics solutions [16].

Elastomeric substrates could represent simple, low-cost
and effective alternatives for the fabrication of optical el-
ements that can be stretched and deformed. Transparent
stretchable optical components operating in transmission
mode and made of silicone have been demonstrated for
the fabrication of lenses [17], light valves [18], transmis-
sion diffraction gratings and wave-front engineering de-
vices [19, 20]. Since these devices work in transmission,
light passing through the polymer undergoes absorption,
refraction and scattering due to defects in the polymeric
matrix.

Despite several attempts, the fabrication of reflective
stretchable optical elements consisting of an elastomeric
substrate covered by a reflecting metal film is affected
by several problems: the metallization of elastomeric sub-
strates by classical thin-film coating techniques (e.g. ther-
mal metal evaporation, e-beam metal evaporation, elec-
trodeposition, etc.) results in a poorly adherent reflecting
layer undergoing cracking and delamination, even upon
very small deformations [17,21-24]. The mismatch be-
tween the metal and the supporting elastomer mechanical
properties causes, also in static conditions, the formation of
buckling instabilities and wrinkles on the surface [25-27].

Here, we demonstrate the fabrication of stretchable re-
flective gratings based on metal-elastomer nanocomposites
obtained by supersonic cluster beam implantation (SCBI) in
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polydimethylsiloxane (PDMS). The implantation of elec-
trically neutral metallic nanoparticles accelerated in a su-
personic expansion is a very effective method to metallize
a polymer surface with stable and resilient layers [28]. Al-
though the kinetic energy per atom in supersonically accel-
erated neutral clusters is four orders of magnitude lower
than in the case of metal ion implantation in polymers
[29], clusters (made of several thousand atoms) have suffi-
cient inertia to penetrate inside the polymeric target and to
form a nanocomposite layer, while avoiding charging and
carbonization of the polymeric substrate [26, 30]. Metal-
lic electrodes and micropatterns on stretchable substrates
deposited by SCBI capable to sustain very large deforma-
tions with improving electrical conductance with cyclical
deformation have been recently reported [28].

We show that stretchable diffraction gratings obtained
by SCBI can easily withstand elongations up to 50% for
thousands of cycles with no deterioration of their optical
quality and dispersion performances. Moreover, their su-
perior flexibility and resilience allow fitting the gratings
upon surfaces of a given shape, thus making very simple
and cheap imposing optical power in addition to dispersion
properties, as it is currently needed in a number of optical
devices [31-35].

2. Grating fabrication and morphological
characterization

Transparent gratings were fabricated by making a PDMS
replica from a master consisting of a commercial glass holo-
graphic diffraction grating (1200 grooves mm™"); the mold-
ing procedure is schematically shown in Fig. la. PDMS
liquid precursor (Sylgard 184 Silicone Elastomer Kit from
Dow Corning, mixed in a 10:1 ratio) was cast on the glass
diffraction grating and then crosslinked at RT for 48 h.
After crosslinking the mold was carefully detached from

Position [pm]

ing, the 60-nm Ag SCBI and the 60-nm Ag
thermally evaporated gratings, respectively.

6 8 10

the master, resulting in a grating with dimensions of about
25 mm X 12 mm and about 1 mm thick.

The transparent PDMS grating was then made reflec-
tive by implanting silver nanoparticles by means of a super-
sonic cluster beam implantation (SCBI) apparatus equipped
with a pulsed microplasma cluster source (PMCS) [36,37].
PMCS consists in a ceramic body with a cavity in which
a solid silver target (purity 99.9%) is vaporized by a lo-
calized electrical discharge supported by a pulsed injection
of an inert gas (He or Ar) at high pressure (40 bar). The
metal atoms, sputtered from the target, aggregate in the
source cavity to form metal clusters; the mixture of clusters
and inert gas expands through a nozzle forming a super-
sonic beam into an expansion chamber kept at a pressure
of about 107 mbar. Electrically neutral nanoparticles exit-
ing the PMCS are aerodynamically accelerated in a highly
collimated beam with divergence lower than 1° and with
a kinetic energy of roughly 0.5 eV atom~! [28]. The cen-
tral part of the cluster beam enters, through a skimmer, a
second vacuum chamber (deposition chamber) where the
beam is intercepted by the polymeric substrate. A raster of
the nanoparticle beam on the PDMS grating is obtained by
a computer-controlled motorized substrate holder during
the implantation process. The measure of the quantity of
material implanted into the PDMS is obtained by placing
a half-masked hard substrate (glass or silicon) next to the
grating, during the implantation process, in order the inter-
cept the same number of nanoparticles. The thickness of
the cluster-assembled film deposited on the hard substrate
corresponds to the equivalent thickness fq in the case of
the metal-polymer nanocomposite. We metallized differ-
ent PDMS gratings and plane PDMS substrates with differ-
ent equivalent thic(l)(nesses, up to 160 nm, with a deposition
rate of about 0.08 A s~!. The deposition rate was calculated
as the ratio between the final equivalent thickness and the
overall implantation time on an area of 750 mm? required
for a homogeneous implantation of the substrate.
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A reflective grating with 7., of 60 nm is shown in Fig. 1b:
it can be stretched and deformed without altering the macro-
scopic optical quality of the surfaces (Fig. 1c). Figure S1
in the Supporting Information Section shows a scanning
electron microscopy image of the nanocomposite grating
surface. The surface roughness of the nanocomposite is
much smaller than the pitch of the grating and the light
wavelength in the visible range, thus not affecting the opti-
cal properties of the device.

In order to compare the performance of the nanocom-
posite grating with devices obtained with a traditional ap-
proach, we metallized PDMS gratings with silver and gold
films at different thicknesses using a standard thermal evap-
oration method. In particular, we produced PDMS gratings
with 26-nm and 60-nm thick silver and 26-nm thick gold
metallic layers with a deposition rate of about 0.6 A s~'.
We characterized the diffracting side of bare and metallized
PDMS gratings by atomic force microscopy (AFM): Fig. 1d
shows an AFM single line scan of the profile of the bare
PDMS grating, presenting a sinusoidal shape with a peak-
to-valley height of about 50 nm and a pitch of 833 nm,
exactly reproducing the features of the master, having a
groove density value of 1200 grooves mm™!. Figure le re-
ports the same single line scan taken on the PDMS grating
metallized by SCBI: an excellent reproduction of the bare
profile is observed, while the profile relative to the 60 nm
Ag thermally evaporated PDMS grating (Fig. 1f) shows
a more irregular profile compared to the nanocomposite
grating. The deposition rate used for classical metallization
produced surfaces with a better morphology (see Figs. S2
and S3 of the Supporting Information Section) compared
to what has been reported in the literature [21,26,27], how-
ever, the wrinkling of the surface has dimensions compara-
ble with the grating pitch.

The difference in the peak-to-valley height between the
two metallization techniques may be partly due to the high
divergence of the thermally evaporated metal atoms caus-
ing a shadowing effect and hence a nonuniform coating of
peaks and valleys. The very low divergence of nanoparticles
accelerated in a supersonic beam results in a high lateral
resolution of the implanted layer, allowing the very precise
reproduction of submicrometer grooves [38,39].

3. Optical characterization

In order to characterize the optical performances of the
gratings, we performed different experiments, aimed to test
i) the reflectance of the nanocomposite ii) the grating re-
sponse under controlled uniaxial stretching. For the optical
characterization three silver SCBI and two silver evapo-
rated gratings (respectively named C1, C2, C3 and E1, E2)
were tested.

The reflectance of the silver—-PDMS nanocomposite was
measured on plane, mirror-like, silver implanted samples. A
45° incident white-light beam from a halogen lamp was re-
flected by the sample into a monochromator (coupled with a
CCD camera for the spectral acquisition), while a standard
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Figure 2 VIS-NIR reflectance (350-1100 nm) with 45° incident
white light for the 60-nm Ag SCB Implanted (red line) and the
26-nm Ag evaporated (blue line) PDMS mirrors after peeling and
stretching. The lower green lines represent the reflectance of a
26-nm Au evaporated PDMS mirror before (dashed) and after
peeling and stretching (solid).

mirror was used as reference. Figure 2 shows the visible-
NIR reflectance of a SCBI silver nanocomposite (foq =
60 nm) compared with a thermally evaporated silver-PDMS
mirror (¢ = 30 nm) and gold-PDMS mirror ( = 26 nm).
A toq of 60 nm provides the best reflectance among all
the tested nanocomposites with different equivalent thick-
nesses. Larger amounts of implanted nanoparticles lead to
the increase of light absorption due to surface plasmon
resonance, thus modifying the reflectance spectrum of the
surface [40,41]. By further increasing the equivalent thick-
ness, nanoparticles saturate the polymer and begin to grow
on the surface of the polymer, forming a thick layer under-
going larger cracking and thus causing a loss of reflectance
of the device.

We also characterized stretchable devices obtained by
gold evaporation since in the literature the use of gold
coating has been reported for the fabrication of tunable
diffraction gratings [42]. All the mirrors underwent several
mechanical stresses due to manipulation and peeling from
the sample holder prior to the measurement, followed by
3000 cycles of uniaxial stretching at 50% of elongation.
The implanted and evaporated silver mirrors (blue and red
lines) exhibit a similar reflectance, not undergoing signifi-
cant modifications after stretching, whereas the gold mirror
showed a severe deterioration (green solid line), due to the
poor adhesion of gold on PDMS. In Fig. S2 we reported
optical microscope images of a 26-nm thick gold film de-
posited on a flat PDMS surface and on a PDMS grating.
The peeling of the gold evaporated polymeric film from
the sample holder is sufficient to cause deterioration of the

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (a) Schematics of the optical layout used to characterize the stretched gratings. (b) and (c) show results obtained by
stretching 60-nm Ag evaporated and 60-nm Ag SCBI gratings, respectively, after 10 000 stretching cycles. Horizontal scales show
the stretching imposed to the gratings (%). Left vertical scale represents the elongation of the grooves spacing; right vertical scale
represents the solid angle subtended by the diffracted spot. (d) and (e) show the surfaces of the evaporated and the SCBI gratings
respectively after ten thousand stretching cycles, as seen at the optical microscope (20x magnification). (f) Diffraction pattern of the
silver evaporated elastomeric grating. The two spots in the horizontal direction are due to the grooves of the grating, while the unwanted
vertical spots (the symmetric spot is present but hidden by the mirror mount) are due to the uncontrolled cracking of the superficial
metal layer of the grating. These vertical spots are not present in the case of the SCBI grating.

surface, while after 3000 cycles at 50% stretching the sur-
face is completely covered by cracks.

For the characterization of the behavior under uniaxial
stretching we only considered silver implanted (C2, tq =
60 nm) and evaporated (E2, t = 60 nm) reflective gratings.
The gratings were clamped on a custom-built motorized
uniaxial stretcher with the periodic structure of the grat-
ing perpendicular to the stretching direction. A monochro-

matic light beam (coming from a He-Ne laser, wavelength
A = 632.8 nm, power P = 1 mW) is sent through a cu-
bic beam splitter, normally to the entrance face. The 90°
reflected beam impinges normally onto the center of the
free-standing clamped elastomeric grating (Fig. 3a). The
position [ of the spot of the 1st-order diffracted beam re-
spect to the one relative to the Oth order on a screen at
a distance d from the grating is related to the diffraction
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angle 0 through the following equation, obtained from sim-
ple geometrical considerations:

6 = arcsin (é) (N

Both / and d were manually measured with a precision
ruler, the distances being of the order of 100 mm. The elas-
tomeric grating was stretched stepwise up to a 25% maxi-
mum extension, and for each step the corresponding value
of / has been determined. Both the size and shape of the
diffracted spot at the screen have also been characterized.

An example of the experimental results after 10 000
thousands stretching cycles for E2 and C2 is shown in
Figs. 3b and c. In both cases (evaporated and SCBI) they
show the expected linearity of the grating response as a
function of the stretching. Besides, the solid angle sub-
tended by the diffracted spot at the screen is reported for
each case, showing a good stability overall the elongation
range for the nanocomposite grating, while the evaporated
one shows large fluctuations. In both cases, a small elonga-
tion is needed to reduce the spread of the diffracted light at
rest position. Similar results have been obtained for all the
tested gratings.

The superior resilience of SCBI gratings compared to
evaporated ones is evident after thousands of stretching
cycles. The optical microscope image of the surface of
the evaporated grating after ten thousand stretching cycles
(Fig. 3d) shows an evident cracking of the rigid metal layer
both in the stretching and the orthogonal directions, causing
the rapid increase of stray light and the arise of unexpected
diffraction beams perpendicular to the stretching direction
(Fig. 3f). The surface of the SCBI grating (Fig. 3e) presents
only minor cracks, not affecting the optical quality of the
device. The grating mounted on the uniaxial stretcher can
be exploited to fabricate a very simple and cheap “linear”
alternative to traditional rotating grating monochromators
[31] as shown in the Supporting Information (Fig. S4 and
the videoclip).

After a few weeks from fabrication both the implanted
and the evaporated silver gratings underwent deterioration
due to silver oxidation. In order to avoid this problem we
deposited a very thin PDMS layer (about 10 pm thick) by
spin coating on the metallized gratings in order to reduce
oxygen exposure. The use of a capping layer is detrimental
to the optical quality of the evaporated silver grating, even
at very low metal thicknesses, as we report in Fig. S3 in the
Supporting Information.

The stretchability and good resilience of the silver
nanocomposite gratings allow them to be fitted to curved
surfaces, thus adding optical power to the diffracting ele-
ment. The following test, regarding the application of the
stretchable grating to a cylindrical surface, is a benchmark
for a number of possible applications in which the grat-
ings are used to modify the wavefronts of the emerging
beam, both in traditional and adaptive optics applications
[31, 32]. For example, this can be used to compensate for
aberrations, to limit the number of optical elements within

a device and to cut down the fabrication costs of concave
or arbitrary shaped gratings, currently used in a number
of grating mounts [31]. The breakthrough here is repre-
sented by the separate production of identical conformable
diffractive elements with an optical-grade surface to be sub-
sequently adapted to rigid substrates with different shapes
and curvatures. This can revolutionize the fabrication of
different optical systems: producing arbitrarily curved and
nonoptical grade shaping surfaces with traditional or com-
puter numerical control (CNC) machines is much easier and
cheaper than blazing a curved optical-grade surface [31].

For the proof-of-principle of this approach, we have
chosen cylindrical surfaces in order to preserve the spac-
ing between the grooves over all the grating extension. It
should be noted that this is rigorously true regardless of the
grooves’ orientation over the surface, thanks to the perfect
Euclidean geometry of cylindrical surfaces. The astigma-
tism of the system can be exploited either to compensate
for aberrations, or in connection with other cylindrical sur-
faces with optical power in the orthogonal direction to give
a spherical shape to the wave front.

The experiments were performed by sticking a SCBI
stretchable grating onto the surface of a cylinder of radius
R = 164 mm machined from an aluminum piece with no
optical finishing of the surfaces. Figure 4a shows a sketch
of the optical layout, with the grooves of the grating in
the vertical direction, parallel to the rotation axis of the
cylindrical surface. The plane wave front of a collimated
laser beam impinges onto the surface of the grating, from
which it is diffracted. In Fig. 4b a picture of the impinging,
reflected and diffracted beams is shown, where the beam
paths are evidenced by light scattered from vapors of liquid
nitrogen. Due to the cylindrical shape of the surface, the
system is endowed with a pure astigmatic optical power in
the tangential direction, the curvature being vanishing in the
other, so that the sagittal focal length is infinite (see Fig. 4a).
The Oth and 1st diffraction orders have been collected with
a CCD camera along the corresponding propagation di-
rections, and the intensity distributions recorded at several
distances from the grating. The sizes of the diffracted spots
have been measured and the divergence provided a measure
of the tangential focal length of the system. These results
are compared to that obtained from basic optics: with R
the cylinder radius, o and B the incidence and diffraction
angles, the tangential focal length is given by [31,43]:

2
feR—2P @
cosa + cos B

Note that, due to the finite thickness of the gratings,
the deformation determines a slight change in the grooves’
spacing, from 2.5 +0.2% to 3.5 £0.2% depending on the
grating thickness. In Table 1 we report the results of mea-
surements obtained from 20 positions for each grating, op-
erated at the Oth and the 1st diffraction orders, compared

with the theoretical expectations.
‘We have also performed an experiment where the laser
beam is spatially filtered and expanded up to a diameter of
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Table 1 The effective focal lengths compared to the expected theoretical ones for 5 gratings. E1 and E2 indicate Ag thermally
evaporated gratings (with 123 nm and 60 nm thick metal layers, respectively) while C1, C2 and C3 are the Ag SCBI gratings (with an
equivalent thickness of 85, 60 and 140 nm, respectively). These results are the averages of a number of measurements in different

positions of the gratings, from which we estimated the errors reported here.

Grating  Oth-order experimental [mm]  Oth-order theoretical [mm] Ist-order experimental [mm] 1st-order theoretical [mm]
El 9.48 £ 0.73 7.2 8.61 +0.89 8.2
E2 8.06 + 2.48 7.2 7.32+£2.53 8.3
Cl 7.22 +0.47 7.2 8.85 £ 1.11 8.2
Cc2 7.82 £ 0.90 7.2 8.56 + 1.46 8.2
C3 7.78 £ 0.62 7.2 8.95 + 1.57 8.2

(a)

Impinging light ]

e

Jopi0 uodRINIP st

Figure 4 (a) The optical layout for the characterization of the
optical power imposed by the cylindrical surface. (b) A picture of
the optical bench, showing the impinging beam, the reflected and
the 1st diffracted order.

10 mm approximately, then passed through a focusing lens
and finally impinging onto the grating well before the focal
region. The focusing conditions are chosen in such a way
that a beam collimated in the horizontal direction emerges

from the grating. The intensity profiles of the first-order
diffraction beam have been monitored by a CCD camera at
different positions along the optical axis, passing through
the focal plane of the lens. The transversal intensity pro-
files showed the expected behavior, the beam being sharply
focused along the vertical direction only.

4. Conclusions

In summary, we have shown that stretchable reflective op-
tical gratings can be easily fabricated by supersonic cluster
beam implantation in PDMS. The reflectance and resilience
of the coating resulting from the implantation of nanopar-
ticles in the elastomer guarantee the stability of the optical
performances upon thousands of deformations of the grat-
ing up to the 50% of the original dimensions. Stretchable
and conformable optical gratings open novel and very ex-
citing perspectives for the fabrication of optical devices
incorporating diffracting and optical power in a single ele-
ment. Starting from nonoptical grade curved surfaces, one
can fabricate optical elements by sticking stretchable grat-
ings or mirrors fabricated by SCBI metallization of cheap
replica molded and identical PDMS substrates. Further-
more, the superior stability and durability of the SCBI
stretchable optical elements allows the peeling and reuse
of the devices on different surfaces with arbitrary shape
and curvature without compromising their optical quality.
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CHAPTER 5

A simple scanning spectrometer based on a stretchable
reflective grating

Deformable optical elements (lenses, mirrors and gratings) are fundamental ingredients
for the fabrication of a novel class of compact, inexpensive and portable devices based on
adaptive optics. In particular the use of tunable gratings based on stretchable reflective
substrates could revolutionize the design of optical miniature spectrometers and widen
significantly the field of applications. In standard spectrometers a rigid grating spatially
separates spectral components of diffracted light which can be either detected simulta-
neously by an array of photodetectors, or swept through a photodetector slit by one or
more rotating elements. Both solutions are based on the so-called Czerny-Turner optical
configuration [63] allowing a compact design consisting of two concave mirrors and one
flat diffraction grating. This approach is very effective, however it requires the use of
a quite sophisticated and expensive solutions in terms of detectors and/or mechanical
mountings.

In this chapter a low-cost spectrometer operating in the visible range and based on
Supersonic Cluster Beam implanted elastomeric diffraction gratings is presented. The
mechanical properties of the elastomeric grating are exploited to select the wavelength
of the light diffracted at a given angle respect to the normal of the grating, simply by
imposing an increase of the pitch through a stretching of the device. This mount is
particularly demanding in terms of durability of the elastomeric optical element since it
needs to operate at huge number of cycles of strains up to approximately 100% of the ini-
tial size while maintaining diffraction efficiency, dispersion performances, and grooves
quality. This particular application of elastomeric optical devices can be considered a
good benchmark for an extended class of applications, including adaptive optics for
spectroscopy, microscopy, and ophthalmology, as seen in the first chapter.

5.1 Grating fabrication

The polymeric substrate for the stretchable grating (30 mm long and 10 mm wide) was
fabricated as described in detail in ref. [23]. Briefly the back of a commercial DVD
(grooves pitch 740nm) was used as a master for the molding of the PDMS (Sylgard
184 from Dow Corning, in a 1:10 ratio) substrate, obtaining a transparent elastomeric
diffraction grating. The transparent PDMS grating was then made reflective by Super-
sonic Cluster Beam Implantation of Ag nanoparticles at a rate of 8 - 107 3nm - s~ up
to an equivalent thickness of approximately 60nm. In order to avoid oxidation of the
silver nanoparticles and to facilitate the handling of the device, the metallized grating
was coated with a second thin layer of PDMS (capping layer) deposited by spin coating
at 3500rpm for 60s, reaching a thickness of about 10um, and cured at RT for 48 hours.
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Figure 5.1: Optical setup of the spectrophotometer based on the elastomeric grating

The stretchable reflective grating was then clamped on a homemade stretcher consisting
in a computer-controlled stepper motor coupled with a micrometric traslator, the whole
system able to minimum movements of 2.5um, as described in [21].

The optical properties of these gratings have been accurately characterized in [23]
and they proved to be stable enough for operating after a huge number of strain cy-
cles. Performances of these gratings were also compared to those of identical substrates
covered by means of traditional evaporation of silver (gold evaporation produces fast
deterioration due to a poor adhesion of gold on PDMS, as shown in [23]).

5.2 Optical setup

The scanning spectrometer based on the stretchable grating is schematically shown in
Figure5.1, with the aim of reducing the cost and the number of optical elements in-
volved, as well as its dimensions. A light source (LS) has been placed close to a vertical
slit (S1) 0.01x5mm? wide. An achromatic doublet (L1, f = 100mm) produces a beam
spatially coherent in the horizontal direction, impinging normally onto the surface of
the grating (G), with the grooves accurately placed in the vertical direction, after passing
through the sample (S). The first order diffracted beam, collected by a lens at an angle
of 27° (L2, f = 100mm), is focused into the collection slit (52: 0.5x5mm? wide, vertically
positioned) and then falls onto the detector (D). The detector consists in a cheap, multi-
purpose BPX65 photodiode equipped with a custom-made electronics aiming to amplify
the signal while filtering high frequency electrical noises. Such a layout determines an
ultimate resolution of about 2.5nm overall the wavelength range because of diffraction
limits. The grating is stretched by a stepping motor (M) controlled by a PC. Steps of
0.1% up to 100% of the overall grating length have been applied, the stretching being
continuously monitored to determine the wavelength of the collected light. The time se-
quence of the light intensity is measured synchronously to the stretching, thus obtaining
the sequence of wavelengths sensed by the system.

Note that this system does not need any rotating stage, at variance with traditional
monochromators, thus requiring a substantially simpler and straightforward mechani-
cal mounting. The capability of spanning the whole spectrum by simply stretching the
grating represents the main breakthrough of this system.
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] | pl[nm] | p2[nm] | 3 | R* ]
Extension | 5.504-10~% [ —0.1761 | —1.4137 [ 0.99986
Retraction | 5.096 - 10~* | —0.1331 | —12.0995 | 0.99989

Table 5.1: Fit parameters extracted from the quadratic fit of the calibration procedure. R? repre-
sents the regression coefficient.

5.3 Calibration

As a reference for the calibration of the spectrometer we acquired the spectrum of a Hg
lamp, whose spectrum and emission peak positions are tabulated in [139]. By stretching
the grating up to 100% all the 5 main emission peaks in the visible range are well de-
tectable and can be easily identified. In Figure5.2 we show the results obtained with our
spectrometer operated with the photodiode previously described. The showed spectra
are the average of 20 acquisitions, both for extension and retraction of the stretchable
grating. It is worth noting that the extension and retraction cycles do not perfectly co-
incide both in wavelength and in the relative intensities. This can be explained with
the relaxation time needed by the polymeric chains of the substrate to rearrange af-
ter stretching. As a consequence, different calibrations for the extension and retrac-
tion cycles are needed. Data showing the wavelength of the peaks as a function of the
stretching applied are reported in Figure5.2b and can be fitted with a quadratic equation
e = pl-A?+p2- A+ p3, where X indicates the wavelength, ¢ the percentage strain applied
to the grating. The results for the fit coefficient p1, p2 and p3 relative to the extension and
retraction cycles are reported in table 5.1 and are used for the determination of the wave-
length in the next measurements. The relationship occurring between ¢ and A is almost
linear since the quadratic term p; is very small respect to p, and ps. Unlike the most of
available commercial instruments, our spectrometer can be thus considered as a linear
monochromator. According to this calibration, by stretching the grating up to 100% we
are able to span a wavelength range between 350nm and 620nm with minimum steps of
0.3nm (i.e. 0.1% of strain).

The spectral resolution is approximately 4 — 5nm, close to the ultimate resolution of
the optical device. The resolution is limited by the non-perfect shape of the reflecting
surface that is affected by small local deformations changing with the stretching force.
Works are in progress to understand the limitations imposed by these features that are
ultimately related to the flexible nature of the elastomeric substrate. Moreover, since the
grating consists in the replica of a DVD surface, some defects on the grooves structure
can be present and the grooves are not linear but curved. The light spot impinging on
the grating has a diameter of 6 millimeters and thus the diffracted beams, entering the
photodiode through the vertical linear slit, are affected by the curvature of the grating
lines, limiting the final resolution of the spectrum.

5.4 Spectra acquisition

As a benchmark, we have performed the analysis of the extinction spectrum of Rho-
damine B dye, presenting a sharp and highly intense absorption peak at 543.6nm [140].
The extinction spectrum has been acquired and compared with the spectrum of the same
sample acquired with a commercial spectrophotometer (Jasco 7850) and with data re-
ported in literature [140]. A 3.2 - 10~*M solution of Rhodamine B in ethanol has been
prepared in a quartz cuvette with an optical path of 10mm for the analyses.
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Figure 5.2: (a) Hg lamp spectra taken with the SCBI grating stretched up to 100%. Extension and
retraction spectra are not coincident due to delay in the response of the polymer when released.
Square and circles highlight the peaks, for extension and retraction spectra respectively, used for
the calibration of the device while numbers indicate the reference wavelengths from [139] (b) Peaks
position in terms of grating stretching (black circles for extension, red squares for retraction) and
quadratic fit (solid black line for extension, red dotted line for retraction).

Extinction spectra of Rhodamine B have been acquired by stretching the grating up
to 100% and acquiring first the light intensity transmitted by the ethanol (Iy(w), the ref-
erence spectrum), then the light intensity transmitted by the dye (/(w)). The extinction
spectra A(w) have been calculated as follows:

A(w) = —logyg I{)(((:)) (6.1)

The intensities Ip(w) and I(w) used in equation 5.1 for the determination of the ab-
sorbance are the average of 20 spectra both for ethanol and rhodamine B solution. The
baseline values of the two spectra were measured as the mean of 1000 intensity values
acquired applying a 100% strain to the grating, and subtracted from Iy(w) and I(w). The
obtained absorbance spectra were then appropriately smoothed by means of a spline
procedure.

The results in Figure5.3a show peaks at 545.0nm and 545.3nm for the extension and
retraction cycles respectively, in good agreement with the data reported in literature
([140], black continuous line). Despite the differences in the spectra of the Hg lamp
shown in Figure5.2, the two spectra of the Rhodamine B acquired during the exten-
sion and retraction cycles coincides, thanks to the different calibrations used in the two
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Figure 5.3: (a) Absorption spectra for Rhodamine B dye with a concentration of 3.2 - 10™* M. Ex-
tension and retraction spectra acquired with the photodiode are perfectly coincident (solid green
and blue lines) and the peak wavelength of 545.0nm and 545.3nm are comparable with the wave-
length peak of reference spectrum [140] (dotted black line, 543.6nm). The same sample was also
analyzed with a commercial Jasco 7850 Uvvis spectrophotometer (dash-dot red line), showing a
peak position of 548.0nm. The broadening of the spectra taken with SCBI grating is mainly due to
the curvature and slight tilt of the diffracted lines caused by the geometry of the grating grooves
that is replicated from a DVD with curved lines. (b) The same extension and retraction absorption
spectra with the associated uncertainties (dashed red and blue lines).

cases. The spectrum acquired with the commercial spectrophotometer is characterized
by a shape similar to the one reported in literature, with a shift in the peak position
to 548.0nm. The slightly larger broadening of the spectra obtained with the stretchable
grating can be explained with the nature of the grating itself, as mentioned above.

Similar absorbance peak intensities are measured between the extension and retrac-
tion cycles and the spectrum measured with the spectrophotometer as well. The small
differences of the peak intensity abundantly fall in the uncertainty, showed in Figure5.3b.
Here only the extension and retraction spectra with the relative uncertainties are shown,
with the same scale of Figure5.3a, for sake of clarity. The uncertainties are obtained by
propagating the point-by-point standard deviation of the ethanol and rhodamine spec-
tra in the extension or retraction cases. It is worth noting that the uncertainties largely
increase for shorter wavelengths (and thus for low stretching percentages). This behav-
ior is due to the measure of the baseline subtracted from the original averaged ethanol
and rhodamine spectra and to the high electrical noise detected by the photodiode dur-
ing spectra acquisition. In Figure5.4a the averaged ethanol and rhodamine extension
spectra before the baseline subtraction are reported. At low stretching percentages the
two spectra should coincide since the transmittance of rhodamine is expected to be uni-
tary. However a slight difference is observed, as can be clearly seen in the magnification
of the first part of the spectra shown in Figure5.4b. This difference, of the order of ap-
proximately 2 - 10~*V/, can be eliminated by subtracting the baselines relative to the two
samples. Nevertheless the electrical noise read by the photodiode during the acquisi-
tion of the baseline, shown in Figure5.4c, is high, being the fluctuations of intensity even
larger than the difference between the two spectra, of the order of 4 - 107*V. This may
lead to larger uncertainties of the first part of the absorption spectrum, once the mean
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Figure 5.4: (a) Averaged extension and retraction spectra for ethanol (blue line) and rhodamine
(red line) before the baseline subtraction, and a magnification of the first stages (b) highlighting
the difference between the spectra. (c) The rhodamine baseline characterized by fluctuations of
the same order of magnitude of the difference of spectra.

value of the baseline is subtracted. The uncertainty on the absorption peak region is
much lower due to the larger difference between the ethanol and rhodamine spectra, at
least one order of magnitude larger than the baseline fluctuations (signal-to-noise ratio
of approximately 10). The same considerations can be applied to the retraction spectra.

In conclusion we have built an extremely cheap and simple spectrometer based upon
the novel technology of SCBI stretchable gratings, capable of spanning the entire visi-
ble range of wavelengths without any moving component except the grating stretcher,
and maintaining its optical performances for thousands of strain cycles. These results
suggest the possibility to develop a novel class of cheap spectrometers, proper for all
the applications where the resolution is not extremely demanding. The analysis of the
obtained results suggests the directions toward the improvement of the system. The op-
timization of the optical setup, the molding of gratings characterized by straight grooves
and their better clamping on the stretcher can lead to an improvement of the attainable
spectra resolution. The uncertainties can be minimized, and thus the intensity preci-
sion enhanced, simply by acting on the noise filter and signal amplification stages of the
electronics controlling the photodiode.
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CHAPTER 6

Surface Plasmon Resonance (SPR)

In the previous chapters peculiar behaviors of the optical properties were observed, in
particular regarding the non-monotone trend of reflectivity with the amount of nanopar-
ticles supersonically implanted in the Ag/PDMS nanocomposite used for the fabrication
of elastomeric mirrors or diffraction gratings. The interaction between the metal and the
oscillating external electromagnetic field affects the optical response of metallic mate-
rials [141]. The effect of this interaction is enhanced for metal particles with nanomet-
ric size [100], as in the case of metal-polymer nanocomposites used for the fabrication
of elastomeric optical devices, and can be responsible for the behavior observed in re-
flectance spectra. Electromagnetic radiation impinging on the nanocomposite excites
the free electrons of the metal, that begin to oscillate [142]. If the frequency of the inci-
dent light matches the characteristic frequency of the electrons-positive core interaction,
a propagating resonant effect called plasmonic resonance arises [143].

The surface-to-volume ratio of small metallic nanoparticles is much larger than of bulk
materials and the electronic states modify accordingly, with the arising of electronic sur-
face states. As a result the free electrons are excited at different (usually higher) frequen-
cies. This phenomenon is called Surface Plasmon Resonance (SPR) [100] or Localized Surface
Plasmon Resonance (LSPR) if the size of the nanoparticle is much lower than the wave-
length of the plasmonic wave, thus remaining localized on the particle, as depicted in
Figure6.1. Surface Plasmon Resonance phenomena can be clearly measured by means
of light extinction spectra in the visible range since resonances typically involve a large
absorption of energy and thus light intensity.

Plasmons provide the basis for color-changing biosensors [144, 145], photothermal
cancer treatments [146, ], improved photovoltaic cells efficiency [148, , ] and
nanoscale photonics circuitry [151, 152]. In these applicative fields the strong enhance-
ment of the electric field caused by the excitation of the plasmon resonance is exploited.
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Figure 6.1: Picture of the free electrons-light interaction casing the surface plasmon resonance for
metal nanoparticles.

79



80 6.1 Theoretical models

Surface-enhanced Raman spectroscopy (SERS) is a surface-sensitive technique enhancing
Raman scattering by molecules adsorbed on a surface properly functionalized in order
to present a plasmon resonance [153]. When the incident light in the experiment strikes
the surface, localized plasmon is excited and the strong electric field generated in turn
excites the molecules adsorbed on the surface. If the shift is small, the Raman signal
of the molecules excites again the plasmon resonance and a strong signal is emitted by
the surface. Thus the signal is amplified by a factor E*, allowing the detection of single
molecules [154]. This is particularly convenient in the biosensing applicative field [144,

, 156]. Gas sensing represents another interesting application of surface plasmon
resonance [157, , , ].

The strong electric field generated by the resonance can also be exploited in photonic
circuits [151] for the amplification of the emission of a gaining medium surrounding the
excited metal nanoparticle. Such systems represent a surface plasmon amplification by stim-
ulated emission of radiation (SPASER), that is the smallest laser source to date [161, 162].
Nano-light sources in plasmonic circuits can be coupled with plasmonic waveguides and
photodiodes or nanoantennas [163, 164, 165].

In order to finely tune the properties of functional plasmonic substrates for the cited
applications and to extract information on the metal-polymer nanocomposite system,
used in this thesis work, from optical characterization, a physical modeling of the reso-
nances is necessary. In this chapter an overview of the main models describing surface
plasmon resonance is given.

6.1 Theoretical models

Surface plasmon resonance causes the appearance of strong peaks in the light absorption
spectrum A(w) of the sample. Light absorption in a medium is related to the absorption
coefficient a(w) and the thickness ¢ of the medium by means of the Lambert-Beer law:

Aw) = a(w)l = No(w)¢ (6.1)

Where N is the number of absorber (in our case the number of particles) and o(w) the
extinction cross section, accounting for the plasmon resonances. The physical parameter
controlling the behavior of the extinction cross section is the global dielectric function e
of the absorbing mean [100], that must therefore be calculated in order to foresee or
understand the optical response of the material.

6.1.1 Drude model

Considering the free electrons like a classic gas moving freely and interacting with a
background of positive ions much heavier than electrons, and thus considered fixed,
represents the simplest approach for the calculation of the dielectric function of a metallic
material. Three main assumption are introduced:

1. Free electrons approximation: The interaction between free electrons and the pos-
itive ions background is negligible. The only role of positive ions consists in main-
taining the overall electrical neutrality of the material.

2. Independent electrons approximation: Interaction between electrons is neglected.

3. Relaxation time approximation: Collisions between electrons do not depend on
the result of previous collisions.
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These strong assumptions are however satisfied by materials with complete internal
electronic states and with a single electron in the outer shell contributing to conduc-
tion (that can be considered free). Alkali metals (Na, K, Rb, Cs) perfectly represent this
class of materials. This theory can also be exploited for noble metals, introducing proper
corrections accounting for intraband transitions.

The behavior of free electrons subjected to an external electrical field E(t) is described
by the following equation of motion [143]:
d*Z(t) di(t)

Me— meY =~ +eE(t)=0 (6.2)

where m. is the electrons mass and v = 1 represents the damping parameter, accounting
for electrons collisions, and proportional to the inverse of the electron relaxation time
7. The latter is the time between two subsequent collisions involving the considered

electrons. The electric field E(t) of an electromagnetic radiation oscillates at a given

frequency w and can therefore be written as E(t) = E, - exp(—iwt). If the mean free path
| of the electrons is much smaller than the wavelength A\ = 2Z¢ of the electromagnetic
radiation (I < \), the electric field felt by electrons can be considered constant and the
quasi-static approximation condition is satisfied.

If an oscillating electric field is considered, a particular solution of the equation of
motion is given by Z(t) = j(t) - exp (—iwt). Substituting this particular solution in
equation 6.2, one obtains:

. e -
Z(t) = o BN i'yw)E(t) (6.3)
e

e (@ ) o4

o —

From classic electrostatics, the electrical displacement ﬁ, the electric field E and the

macroscopic polarization P = —ne induced by the collective motion of the electronic
cloud, are bonded by the following relationship:

D =¢eoE + P =¢epeD (6.5)
Gathering equations 6.5 and 6.3, the following result can be easily obtained:
Boc(1- 3% ) Bzce) 66
= &0 —m —EoE(w) ( . )
where w, is called plasma frequency, the frequency at which the electromagnetic field is
resonant with the electrons oscillation and the absorption peak in spectra arises:

ne?

(6.7)

Wy =
b EpMe

with n the free electrons density per unit volume. This plasma frequency depends on
the density of free electrons in the conduction band and is therefore different for each
material. The quantity in brackets in 6.6 coincides with the complex dielectric function of

the material:
w? w? w2y
=12 12 )il 6.8
e(w) W% + 7w ( o2 +,Y2> T <w(w2 192) (6.8)
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Figure 6.2: The real and imaginary parts of £(w) for silver determined by Johnson and Christy
[167] (red dots) and a Drude model fit to the data [166].

This result well describes the behavior of metals in which electrons can be considered
as ideally free. The behavior of noble metals (Ag among them) differ substantially from
the theoretical expectations. These differences can be ascribed mainly to two effects: the
contribution of the positive ions background to polarization and the interband transi-
tions occurring at high frequencies. Moreover, corrections must be introduced in order
to consider the finite size of metal particles.

Core polarization

Free electron approximation is no longer valid for noble metals since the partially filled d
band close to the Fermi energy surface causes a highly polarized environment, affecting
the motion of the electrons in the conduction band [166]. From Figure6.2 a significative
difference of the experimental dielectric function e(w) respect to the expected theoretical
values calculated with the Drude model at high frequencies (higher than 3eV) is clear.
The effect of the polarized environment caused by the partially filled d band can be
accounted by adding a term &, to the macroscopic polarization vector:

—

Peore = €0 (5007‘6 - 1) E (69)

thus obtaining the following dielectric function:

OJ2

= Ecore — ——L— 6.10

£lu) = eore — g (610)

Ecore 15 usually determined by comparing experimental data of the real and imaginary

parts of the dielectric function ¢(w) with theoretical models, and it takes values in the
range 1 < ecore < 12.

Interband transitions

¢(w) in free electrons metals is governed mainly by electronic transitions within the con-
duction band or interband transitions from inner to conduction band or between the con-
duction band and higher unoccupied states. In particular noble metals represent mono-
valent metals in which both the types of transition take place and depend on the elec-
tronic structure of noble metals. Metallic materials like, for example, Cu, Ag, or Au, have
completely filled 3d, 4d and 5d shells and just one electron in the 4s, 5s and 6s bands re-
spectively. The interband transitions occur within the broad conduction band (derived
mainly from Ag 5s'p hybridized atomic orbitals), which onset at zero frequency [168].
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Interband transitions in noble metals can be accounted by introducing an additional
complex term to susceptibility x/Z = yIZ +ix4P (and as a consequence to the dielectric
function, since x = ¢ — 1). This term can be calculated by considering the transition
matrix element (f|M|i) between the initial and final states of the electron. From the
semiclassical model of Parravicini [169], the imaginary part of complex dielectric sus-
ceptibility of the interband transitions satisfies the following relation:

2 = — —
wixiP (W) x eri2/ d°kd | By (k) — E; (k) — hw 6.11
@ o o SNl (21 (F) - £ (F) — hw] (6.11)
(f ler] i) is the matrix element of the dipole operator between the initial and final states of
the electron, with energies E; and E respectively. The integration is done with respect to

the components of the wave vector  in the Brillouin zone. The real part of the dielectric
susceptibility for interband transitions can be obtained by using the Kramers-Kronig
transformations. The effects of the interband transitions on the dielectric functions can
be accounted in the €4, term, including the previously introduced for the effect of the
positive ions background, and obtainable by the comparison between the theoretical
expectations and experimental values [170].

Finite size effect

The model seen in this section is relative to an infinitely extended metallic material, or
with dimensions much larger than the free mean path of the free electrons, of the order to
few tens of nanometers. This assumption is no longer valid if nanometric-size particles
are considered, as in the case of the silver nanoparticles used in this work.

The relaxation damping term v appearing in the fundamental equation 6.8 concerns
the limitations of the electron mean free path due to collisions between the electrons and
of electrons with phonons o impurities of the material. In general the damping effect can
be written as: op

Y = Yoo = (6.12)

loo
where v is the Fermi velocity and /., the mean free path of electrons in the bulk metal
(approximately 52nm in the case of bulk silver [171]). If we have small particles, with
a size R < o the electrons mean free path is limited by the dimension of the particles
[172,173] and an effective mean free path lr < I, must be introduced. In general [y is
proportional to the nanoparticle size R [100, 166, 168] and thus we can write:

WR) = o+ AyY(R)  with  Ay(R) = A (6.13)
Here A is a proportionality coefficient accounting for the aspect ratio, the electrons scat-
tering isotropicity (for spherical particles is unitary) [168] and scattering from the par-
ticle surface [174]. This term can be added to the dielectric function 6.8, obtaining the
following result:

1 1 wh v(R) 72
_ 2 P
£, B) = puti(w) + <w2 L W +7(R)2> A <w2 TARE Pt

(6.14)
epuik (w), whose values can be found in [167, ], considers both the interband transi-
tions and the core polarization effect
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6.1.2 Mie theory

The Drude model can be exploited in the framework of the Mie electrodynamical the-
ory describing the optical response of non-interacting metal spheres irradiated by an
external electromagnetic field [176]. Maxwell equations are solved with proper bound-
ary conditions in spherical coordinates and exploiting the multipoles expansion of the
potential generating the external field [100]. Another assumption of Mie’s theory con-
sists in considering both the particles and the surrounding medium as homogeneous
and describable by their bulk optical dielectric functions [177, 178].

Since we deal with nanoparticles with a size of some nanometers (see section 3.2.1 for
a silver nanoparticles size distribution characterization), the condition R << A is satis-
fied and the quasi-static approximation can be applied. Only the first term of the multipole
expansion, due to dipole excitation, is considered. Out of the approximation higher
orders of the multipole expansion must be considered, introducing retardation effects
affecting the optical response of the system, in particular the plasmonic absorption peak.

Radiation-matter interaction can be modeled considering two main mechanisms:
light absorption with generation of heat, and light scattering. The sum of absorption and
scattering is equivalent to extinction. The two different interaction mechanisms are de-
scribed in terms of the interaction cross-sections, related to the radiation intensity loss
AI(z) through the Lambert-Beer law:

Algps(2) = Io (1 — e7"eee?) (6.15)
AIsca(z) = I (1 - efncasmz) (616)
Oeat = Oabs T Osca (617)

where 7. is the nanoparticles density and o4ps, 0scq and oe,: the absorption, scattering
and extinction cross-sections respectively. In the framework of the Mie’s theory, the
cross-sections can be expressed as follows [166]:

9 X
Oext = 72 Z 2L + 1 a'L + bL)] (618)

Ooca = =5 Z (2L +1) { (\aL|2+|bL|2)} (6.19)

2 depends on the particle size R and on the refractive index of the surrounding medium

T
2w Rn,,

w

z= (6.20)

ar, and by, are the scattering coefficients and can be expressed in terms of the Ricatti-
Bessel functions ¢, (z) and &7, (x):

mr(mz)yr (z) — Yr(x)Yr (mz)
mr(mz)ér (z) — & (x)r (me)

Yr(ma)yr (z) — myr(z)yr (mz)
Yr.(ma)€p (x) — m&p(x)r (mx)

(6.21)

ayp, =

by, = (6.22)
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and m = - the ratio between the refractive indexes of the particle and of surrounding
medium. The subscript L indicates the order of the spherical multipole excitation: L = 1
refers to dipole oscillation, L = 2 to quadrupole oscillation and so on. In quasi-static
approximation only the first term (i.e. the dipole approximation) is considered and thus
it follows [166]:

8w

2
E—Em
Osca = ?

&4 2e,

-

6

- e—¢
L= 4 ’ ‘ 3x m )
Oab 7 |k| R \s<€+2€m> (6.23)

Where ¢ and ¢, are the dielectric functions of the nanoparticle and of the surrounding

medium respetively, and |k| = 275 \/r the wave vector of the incident hght From the
different dependence of the two cross -sections from the particle size R it is clear that for
extremely small particles (i.e. nanoparticles) the scattering cross-section can be neglected
and thus the only contribution to extinction is due to absorption, oeg+ >~ o4ps. Hence for
small particles in dipole approximation and considering the complex dielectric function
€ =¢€1 +ieg:
&2

[e1 4 2em])” + €2

where Vy = 2mR? is the volume of the particle. From equation 6.24, the extinction cross-
section is characterized by a resonance in the case ¢;(w) = —2¢,, and does not directly
depend on the cluster size R but only indirectly through the size dependance of the
dielectric function e(w, R), as discussed in the previous section and shown in equation
6.14.

If w > ~, the damping term can be neglected, and substituting equation 6.8 in 6.24, a
lorentzian curve, typical of absorption peaks, is obtained:

1

(W —wnie)” + (%)2

Oext = Oabs = 986%‘/0 (624)

Oabs = 00 (6.25)

where wyy;. is the Mie’s resonance frequency than, in dipole approximation, can be ex-
pressed as:

Wp
fie = ——n— 6.26
M T T 2o (620)
If the polarization of the positive ion background is considered [100]:
' (6.27)

WMie = —FfF——5—
VEcore T 26m

Mie’s theory well describes the optical behavior of non-interacting metal nanoparti-
cles but is an electrodynamical model, giving no insight in the physics of the system. For
example, it does not take into account the effects due to the matrix and the polydisper-
sion of the particles size [168]. More important, in metal-polymer nanocomposites syn-
thesized by SCBI, metal nanoparticles are not well isolated as can be seen in Figure3.9,
but their concentration depends on the implanted dose [22]. Hence metal nanoparticles
feel the electrical field generated by the other particles and the non-interacting particles
assumption is no longer valid. Nanoparticles implanted in the polymer in high con-
centrations aggregate, leading to the formation of metal nanostructures with different
topologies and not uniformly distributed inside the dielectric. As a result, a different
model, considering the macroscopic behavior of the nanocomposite system as an effec-
tive medium instead of single particles, and giving an insight in the physics of the system,
is desirable.
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6.1.3 Maxwell-Garnett theory

In nanocomposite systems with a high concentration (or volume fraction, defined by equa-
tion 3.4) of nanoparticles, their reciprocal distance is such that reciprocal interactions can
not be neglected anymore [179, 168]. In particular if the distance between the nanopar-
ticles drops below 5R, a redshift and a broadening of the absorption peaks is observed
and enhanced by the formation of cluster aggregates. As an example, an increase of the
resonance peak position from 520nm up to 750nm is observed if two gold particles are
approached down to a distance of 0.5nm [180]. The Mie’s electrodynamical theory fails
to describe such a behavior.

Maxwell Garnett theory [181] is an effective medium theory describing the macro-
scopic behavior of a system from the knowledge of the physical properties of its con-
stituents. This theory is valid only in the quasi static approximation (2R <« A) and for
very small interparticles distance. In this context a statistical description of the system,
taking into account the distribution of the particles in the dielectric, their reciprocal dis-
tance and their aggregation status, is preferable, and the volume fraction f represents
the parameter discriminating the different configurations of the system. For f <« 1 clus-
ters are so diluted that the interactions between them can be neglected: in this limit the
theory coincides with the Mie’s model and the optical response of the whole material
is given by the sum of the contributions of each particle treated singularly. For larger
values of f it makes no sense to deal with single non interacting particles and neither the
dielectric function ¢, is no longer valid to describe the dielectric medium between the
clusters.

In the framework of the Maxwell Garnett theory, the dielectric medium between the
particles is conceptually replaced with an effective medium, with a dielectric function e.y,
accounting for all the electrostatic interactions between neighboring clusters. e.r¢ can
be inferred from the dielectric functions ¢ characterizing the metal particles and ¢, of
the dielectric matrix, and the volume fraction f. Extinction of the system is due to the
effective electromagnetic field Enjqqwens acting on a given particle and by the individ-
ual particle properties (i.e. its polarizability «), but if the concentration of the metallic
filler is sufficiently high the field felt at a given particle position is affected by the fields
generated by the other particles and by the polarizability of the medium until a certain
distance (see Figure6.3). Given a reference particle, the sphere containing all the parti-
cles contributing to the optical response of the former is called Lorentz sphere. Hence at a
given position the local electric field is:

Elocal = EMa:cwell + Es + Enear (628)

where E; is the field generated by the polarization charges at the Lorentz sphere and
E,eqr the electric field generated by neighboring particles. Under quasi-static assump-
tion, E; can be calculated and is equal to:

P
E, = (6.29)
3€0Em

with P representing the macroscopic polarizability of the dielectric:

P = Elocal Z N’fleéj =¢£o (5eff5m) E]VI(L.rwell (630)
j=1
n; is the number density of the j-th particle with polarizability:

ETEm ps (6.31)

a; = —"R?
T e 42, Y
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Figure 6.3: The Lorentz sphere concept applied to cluster matter. The signs of the charges corre-
spond to an empty sphere in the dielectric surrounding [100].

Thus, in the quasi-static approximation, the whole system can be considered homoge-
neous and as an effective medium with a dielectric function e.f5 = €1,cf¢ + i€2,c¢5 that,
combining these last results, is given by:

2 v
1+ 3€0Em Zj njag

6.32)
1 o 35015771 Z] n‘]a‘l

eff(W) = ém

This effective dielectric function can be rewritten in terms of physical measurable quan-
tities, like the volume fraction, obtaining the Maxwell Garnett formula:

1 +2fA 1 e—ep
Eeff = €m,m7 A= (633)

Em €+ 26m
This effective dielectric function reaches a maximum value (i.e. a resonance) if the fol-
lowing condition is satisfied [152]:

e(WMEY A~ f)+em@+f)=0 (6.34)

Exploiting the equation 6.8 for the dielectric function in the Drude model, the resonant
wavelength of the Maxwell Garnett theory can be obtained:

Wp

wWipr (f) = (6.35)
\/(ﬁ) €m + Ecore

that, for f — 0 coincides with the result obtained in the Mie’s theory, while it is clear that
the resonance wavelength strongly depend on the filler volume fraction.

In order to better understand and justify the experimental results that will be pre-
sented in the next chapter, a study of the effect of the different parameters on the optical
response of the system according to this model is necessary. The nanocomposite synthe-
sized by SCBI is characterized by nanoparticles with a given distribution size, as shown
in Figure3.8 and thus with different optical responses when irradiated with visible light.
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In general absorbance A, is the sum of all the contributions due to different cluster
sizes:
Apor = N> i (Ri) b, (Ri)t (6.36)

where N is the number of nanoparticles in the irradiated nanocomposite portion, n;(R;)
the fraction of nanoparticles with size R; and absorption coefficient ky, (R;), and ¢ the
nanocomposite thickness (i.e. the nanoparticles penetration depth). The absorption co-
efficient can be easily calculated from equation 6.24 [100] and expressed in terms of the
wavelength ) for a direct comparison with the measurements:

Seerr(N)

ky = 187‘1’ng 5
A((Reers ) +25m)* + Qg (V)?)

(6.37)

where the dielectric function in this case is the effective dielectric function e(X) = ecr¢(N)
obtainable from equation 6.33. In the effective dielectric function, the dielectric function
of the metal nanoparticle (in this case silver) is obtained by equation 6.8 re-expressed in
terms of the light wavelength:

2meT A2

e(A) = epur(N) — m

(6.38)

It is worth noting that the absorption coefficient k) in equation 6.37 does not depend on
the particle size, thus, according to the Maxwell Garnett theory, R does not affect neither
the position nor the shape of the plasmonic absorption peak in an absorption spectrum.

The parameters needed for the plot of the theoretical spectra are obtained from lit-
erature or from direct measurements part of this work. A silver nanoparticle - PDMS
nanocomposite is considered, simulating the system studied in this work and shown in
section in the TEM image in Figure3.9. PDMS is a highly transparent elastomer and thus
the imaginary part of the dielectric constant ¢,, is negligible. From the PDMS datasheet
[183], the (real) dielectric constant is €,, = 2.7. The plasma resonance peak for bulk silver
is calculated with equation 6.7 and turns out to be A, = 136nm [184], and the relaxation
time 7 = 8.6fs obtained from [185]. The bulk silver dielectric function was extracted
from an interpolation of data taken from Palik [175] in the range between 350nm and
900nm. The real and imaginary parts of ;. are reported in Figure6.4.

In Figure6.5 the simulated curves of the plasmon peak according to Maxwell Garnett
theory are reported for different values of volume fraction f. The curves are obtained
simply by using the absorption coefficient 6.37, since it does not depend on the clus-
ter size. By increasing the volume fraction a redshift of the resonance frequency is ob-
served, together with a sharpening and intensity increase of the peak. The trend of the
resonance frequency as a function of the volume fraction is reported in the inset of Fig-
ure6.5: data from [175] were fitted with a quadratic polynomial, obtaining the equation
Aspr = 277.76f? — 45.63 f + 397.73. The discontinuities of data in this graph are due to
the interpolation procedure of the bulk dielectric function.

6.1.4 Shell-core model

The models seen in the previous sections describe the optical behavior of homomolecular
particles, i.e. the behavior of particles constituted by just one element (in this case, sil-
ver). However it is well known that silver is subject to oxidation [186] even if implanted
in an elastomeric matrix, since PDMS is permeable to air [187]. In ambient atmosphere
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Figure 6.4: Plot of the interpolated data (taken from [175] for the bulk dielectric function epuix
relative to silver. Black circles represents experimental data, interpolated with the red line.
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Figure 6.5: Simulation results of the plasmon peak calculated according to Maxwell Garnett theory
(equation 6.37) for different values of the volume fraction f. The inset shows the trend of the
resonance frequency as a function of the volume fraction (black circles), fitted with a second-order
polynomial (red line).
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silver particles oxidize on the surface only [188, 189] according to the following reaction
[186]:
4Ag + Op — 2Ag20 (6.39)

and oxide layer creates a passivation film protecting the bulk against oxidation. This re-
action gives rise to the formation of eteromolecular clusters with a pure silver core and a
silver oxide shell growing on the surface with a lower density (7.14g/cm?) compared to
pure silver (10.49¢g/cm?) and thus increasing the total size of the nanoparticle. For such
systems classical Mie’s or Maxwell Garnett theories are not sufficient and a shell-core
model must be used [190]. Silver nanoparticles oxidation affects the cluster polarizabil-
ity oz if Rs, R, represent the radius of the particle (core + shell) and of the silver core
respectively, with dielectric functions ¢, and ¢, then it follows from [190]:

(gg )3 (253 + Z":c) (ES - 5m) B (63 - EC) (258 + 5m)
. (6.40)

o = 3V0€m 3
(%) (265 +¢e¢) (65 +2em) — (65 — €c) (€5 — €m)

This polarizability must be used in the following absorption cross-section in order to
describe the plasmon resonance peak of the shell-core particle:

2

Oabs — )\@

Sa (6.41)

This model was exploited in [191] for the modeling of the behavior of silver nanopar-
ticles dispersed in polystyrene and oxidized with thermal annealing treatments. In [191]
the oxidation of the silver nanoparticles gives rise to a two-peaks structure in the ab-
sorption spectrum: a first peak at a wavelength around 400nm due to pure silver par-
ticles, and a second contribution at higher wavelengths, convoluted with the first, due
to the oxidized particles and describable with the shell-core model. The contribution
of oxidized silver particles redshifts with the increase of the annealing temperature and
the consequent thicker oxide shell: this behavior was studied extensively in [192] by
FTDT simulations. The redshift of the oxidized particles peak is explained in terms of
the decrease of interparticle distance caused by the increase of the oxide shell, also in-
creasing the total volume of the cluster because of the lower density respect to pure
silver, as shown in Figure6.6a. By exploiting equations 6.41 and 6.40, absorption spectra
were simulated for different %Z ratios in order to better explain the results shown in the
next chapter regarding Ag/PDMS nanocomposites synthesized by SCBI. The same in-
put parameters used in the case of Maxwell Garnett theory were employed in this case
too. Additionally, the dielectric function of silver oxide ¢, was taken and interpolated
from [175] in the range between 350nm and 900nm (Figure6.6b), and the cluster radius
obtained from the TEM characterization of the size distribution reported in Figure3.8.
The results of the simulations, presented in Figure6.6c, show a redshift and intensity
decrease of the plasmonic peak with the growth of the silver oxide shell around the
particle, compatible with a decrease of the interparticle distance observed, for example,
in [182, , ]. The inset of Figure6.6c shows the results for the trend of the plas-
monic peak wavelength as a function of the %;‘ ratio, fitted with the quadratic polyno-

2
mial Aoy = ~91.97 (%) + 355,37 (£ ) + 218.15.

c
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Figure 6.6: (a) Shell-core model with decreasing interparticle distance due to the growth of the
silver oxide on the particle surface [192]. (b) Real and imaginary parts of the dielectric function
of Silver oxide Ag20 (black circles) interpolated with the red line. (c) Simulation results of the
plasmon peak calculated according to the shell-core model (equation 6.41) for different values of
the R* ratio. The inset shows the trend of the resonance frequency as a function of the particle/core
radius ratio (black circles), fitted with a second-order polynomial (red line).

6.2 Bergman model

In the previous sections we have seen that a dielectric matrix filled with metal nanopar-
ticles at a concentration such that the reciprocal interactions can not be neglected, can
be described by introducing an effective dielectric function e,y . The dielectric function
describing the behavior of a matrix filled with metal nanoparticles is obtained starting
from the dielectric functions of the constituents of the system, properly combined by
mixing formulas like equation 6.33 for Maxwell Garnett theory. According to this theory
only systems characterized by low concentrations can be considered, such that the recip-
rocal interactions between the nanoparticles can be neglected. Other theories have been
developed for the description of the optical behavior of metal-polymer nanocomposites.
In particular the Bruggeman theory overcomes the limits of the Maxwell Garnett the-
ory in terms of validity for volume fractions f > 0.3 and of the nanoparticles shape,
that is assumed to be spherical. However also the Bruggeman theory suffers of some
limitations: some resonances for % < 0 (with &1 and &, the dielectric functions of the
constituents of the nanocomposite) are not predicted and, more important, the effective
dielectric function sy can be calculated exactly only for very simple arrangements (or
topologies) of the two phases inside the composite material [194].

The Bergman representation [194] represents a more general approach for the effec-
tive description of two phases composite systems, independently on the nanoparticles
size, for arbitrary volume fraction and for each possible system topology or combination
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Figure 6.7: Schematic drawing of a parallel plate condenser of thickness L, filled with a composite
medium made of arbitrarily shaped homogenous grains with a dielectric function €2 embedded
in a homogeneous host with a dielectric function e1 [194]. E is the electric field across the sample
generated by the difference of potential ¢(0) — ¢(L).

of topologies. As in the case of the Mie’s theory, Maxwell’s equations are applied, in
the quasi-static approximation, to a system consisting in a metallic filler with dielectric
function 5 and volume fraction f inside a dielectric matrix with diglectric function ¢4,
sandwiched between two electrodes through which an electric field E(w) is applied (like
a capacitor, see Figure6.7). Thus the effective dielectric function .y is defined through
the expression for the electrostatic energy stored in the composite material:

%aoaeff(w) <E(w)>2 - % /V %505(7?, ) B2(7, w)dF (6.42)

where (7, w) represent the dielectric function of the constituent in a given position 7
of the system. This integral can be developed by integrating on the whole volume of
the composite material, applying the proper boundary conditions. All the geometrical
considerations and topology of the problem are mapped into a characteristic function,
the so-called spectral density g, while the optical behavior described by the function ¢. The
effective dielectric function €. ¢y can be written as:

_ e
e — (1 i t(w)_ydy) (6.43)

where
—{C) R (6.44)
e1(w) — e2(w)
If ¢ takes real values between 0 and 1 at some frequency, the integrand denominator
vanishes and the integral diverges. This situation is called electrostatic resonance.
The function ¢ only depends on the system topology and does not have anything to
deal with the dielectric properties of the constituents, all contained in the function t. g
can be considered as a non-negative distribution function of resonances corresponding

to the specific arrangement of the constituents. It is normalized:

1
/ g(y)dy =1 (6.45)
0
and in the case of statistical isotropic samples, the moment rule is:

1 —_
/ yg(y)dy = -7 3 f (6.46)
0
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Figure 6.8: Values of the real part of the ¢ function for Silver (solid lines) and Gold (dashed lines)
implanted in PDMS (e,, = 2.7, [183]) calculated with data taken from Johnson and Christy [167]
(blue lines) and [175] (red lines).

The spectral density g has a noticeable influence on . if ¢ is sufficiently close to the
interval [0, 1] on the real t-axis: in this case g can be obtained from measurements of €. ¢ .
If t is far away from [0, 1], . is not sensitive to the system topology and therefore must
be calculated with simple mixing formulas (e.g. Maxwell Garnett or Bruggeman). This
condition, also referred as rigorous bounds on e.5, is satisfied for silver or gold nanopar-
ticles implanted in PDMS: Figure6.8 shows the values assumed by the ¢ function in the
visible range by using data from different authors [175, ] for the metals dielectric
functions, and remains always in the range [0, 1] between 350nm and 900nm.

Only few approaches have been made to explicitly and exactly calculate the spectral
density g for realistic systems, like a dilute suspension of metal spheres [195], because of
the Fredholm integral form of the expression for e.¢s. In the other cases in which g can
not be explicitly calculated, it can be obtained from the measurement of . in an itera-
tive way since, in most cases, slight errors in €. sy may cause enormous numerical errors
in g. The spectral density is thus adjusted to measurements using genetic algorithms.
First an arbitrary starting function g, satisfying the normalization rules 6.45 and 6.46, is
discretized. A random number generator assigns three points of the spectral density to
be changed keeping the first two moments conditions satisfied. If the spectral density
still is non-negative, the new integrals are calculated from the old ones and the new spec-
trum is compared with the measures. If the agreement is better than before, the iteration
continues with the same variations. If not, different variations are tried. The resulting
spectral density is finally smoothed using a momentum-conserving algorithm.

Bergman representation represents a powerful approach for the non-destructive in-
vestigation of the arrangement of the nanoparticles inside the polymeric matrix by means
of optical measurements, mainly if the nanocomposite is subjected to a mechanical stress.
Moreover it is worth noting that the same spectral density g obtained from optical mea-
surements can be used to model other physical properties (always by using the Bergman
representation), like the electrical or thermal conductivity. the Bergman representation
will not be used for the description of the experimental results obtained and reported
in the next chapter, but is a fundamental brick for the development of the future work
deriving from the conclusions of this work.






CHAPTER 7

SPR in SCBI metal-polymer nanocomosites

The study of the plasmonic response of the Ag/PDMS nanocomposite synthesized by
means of SCBI is driven by the necessity of investigating the optical properties of the
material used for the fabrication of elastomeric mirrors or gratings and improve the fab-
rication process. Different processes are involved in the evolution of the optical response
of the Ag/PDMS nanocomposite (PDMS swelling and nanoparticles oxidation, diffu-
sion and aggregation among them) that must be investigated through nanocomposites
treated with different processes. Nanoparticles oxidation was catalysed by thermal an-
nealing at different temperatures and different times. The same treatments also enhance
nanoparticles diffusion and aggregation in the polymer matrix. The deposition of a sec-
ond PDMS layer after implantation was tried as a possible solution for the freezing of
the nanocomposite state both in terms of oxidation and diffusion/aggregation.

Moreover, since elastomeric optical devices are often used in applications where de-
formability is a requirement, the surface plasmon resonance was also characterized as a
function of sample elongation. Preliminary results will be presented at the end of this
chapter, showing interesting results regarding the nanocomposite internal dynamics.
These results also helps in better understanding the cluster topology and the electronic
transport properties of such systems.

All the samples have been characterized by the acquisition of absorbance spectra
in the uv-visible wavelength range (350-900nm) with a Jasco 7850 spectrophotometer.
The sample holder of this instrument was modified by adding a home made computer-
controlled motorized linear stage, enabling to measure different samples simultaneously
and repeatedly at given time intervals. The temperature of the measurement chamber
of the spectrophotometer was approximately 30°C. A reference spectrum of the bare
PDMS was acquired before each measurement and the absorbance nullified at 900nm,
far from the resonance peak, before mounting the nanocomposite samples.

7.1 Absorption with different equivalent thicknesses

In section 4.3.1 reflectance spectra of the Ag/PDMS nanocomposites with different im-
planted equivalent thicknesses were presented, showing an interesting non-monotone
trend. Highly filled nanocomposites exhibit a lower reflectance respect to nanocom-
posites with lower amounts of implanted nanoparticles, at odd with expectations. Re-
flectance is just one of the three components of the optical response of a material, to-
gether with transmittance and absorbance. The sum of these three quantities is uni-
tary, therefore reflectance can be attenuated by absorbance or transmittance. Of the two,
transmittance decreases with the amount of nanoparticles implanted in the polymer, be-
cause of the well-known Lambert-Beer’s law. Absorbance thus remains the only possible
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Figure 7.1: (a) Absorbance spectra of nanocomposites with different implanted equivalent thick-
nesses (b) Plot of the baseline absorbance for different equivalent thicknesses. The baseline was
calculated as the mean absorbance far from the resonance peak, in the wavelength interval 850-
900nm.

explanation for the reflectance behavior of metal-polymer nanocomposites with increas-
ing implanted equivalent thicknesses.

Absorption spectra of samples implanted with different equivalent thicknesses (290,
120, 60, 30nm, named c5, c6, ¢7 and c8 respectively) were acquired by uv-vis spec-
troscopy and the results shown in Figure7.1a. By increasing the equivalent thickness
an enhancement of the absorbance is observed, as expected. However the whole spec-
trum is shifted toward larger values of absorbance, at odd with the expectations of the
Maxwell-Garnett model, in which the baseline (the region of spectrum far from the reso-
nance, typically in the near-infrared in the current case) is expected to be null. The high
baseline of the reported spectra can be explained with the aggregation of a fraction of the
metal nanoparticles inside the polymer, forming a buried bulk metal layer with a plasmon
resonance shifted to the infrared region and causing a uniform absorbance in the whole
wavelength visible range considered for the measurements. This simple model, already
presented in [118] in order to conciliate optical and electrical measurements, is schemat-
ically reported in Figure7.2. An increase of the implanted equivalent thickness leads to
the growth both in density and thickness of this bulk layer, enhancing the absorbance
throughout the entire spectrum, as observed in Figure7.1. Additionally, as already seen
in section 3.4.4 and in [22], a swelling of the PDMS is observed upon implantation. This
phenomenon drags the non-aggregated metal nanoparticles far away from the bulk layer,
giving rise to the formation of a polymer layer with dispersed nanoparticles above the
bulk layer, responsible for the presence of the surface plasmon resonance.

Baseline levels were measured by averaging the infrared tails of spectra (in the region
between 850nm and 900nm), far from the resonance peaks. The results of this analysis
for the different values of equivalent thickness are reported in Figure7.1b. The increase
of absorbance with the amount of implanted nanoparticles justifies the non-monotone
behavior of the reflectance observed in Figure4.1b: the larger number of nanoparticles in
the polymer and the subsequent formation of thicker nanostructured bulk layers cause
an enhancement of absorbance, negatively affecting the reflectance of the material. On
the opposite, reflectance of nanocomposites implanted with a low equivalent thickness
is limited by the low number of metal nanoparticles. The trade-off between high values
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Figure 7.2: (a) Schematic picture of the evolution of the metal-polymer nanocomposite with in-
creasing implantation time and thus equivalent thickness, with the formation of a buried bulk
layer. (b) Final configuration of the metal-polymer nanocomposite after implantation and poly-
mer swelling: The upper region with dispersed nanoparticles is responsible for the surface plas-
mon resonance peak in the absorption spectrum, while the buried bulk layer affects the level of the
baseline. (From [118]).
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Figure 7.3: Absorbance spectra of samples c6, c7 and c8 with the subtracted baseline and with
different vertical scales for a direct comparison of the shape of the surface plasmon resonance
peaks.

of reflectance and limited absorbance is achieved for an equivalent thickness of approx-
imately 60nm, as already discussed in section 4.3.1.

In order to analyze the dynamics of the isolated nanoparticles in the upper region of
the nanocomposite, the baseline was subtracted from the spectra of the samples c6, ¢7
and c8, and the results presented in Figure7.3. Sample c¢5 was not considered because
of the high absorbance (near to the instrumental dynamic range) that avoids to obtain
a smooth resonance peak from which useful and reliable information can be extracted.
By subtracting the baseline, the contribution of the surface plasmon resonance is high-
lighted and exhibits a double-peak structure, mainly for nanocomposites implanted with
lower equivalent thicknesses. The first peak, at approximately 400nm, is due to the sur-
face plasmon resonance of pure silver nanoparticles and its shape can be well compared
with the Maxwell-Garnett simulated spectra (Figure6.5). The second peak, positioned be-
tween 500nm and 600nm, is supposed to be caused by the surface plasmon resonance of
oxidized silver nanoparticles, describable with the shell-core model introduced in sec-
tion 6.1.4 (Figure6.6).

The first peak, due to the pure silver nanoparticles, undergoes a blueshift with in-
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creasing implanted equivalent thickness, at odd with the Maxwell Garnett model and
the expected increase of the volume fraction. Similar results were observed and deeply
studied in Au/PDMS nanocomposites [21]. Blueshift can be explained with the decrease
of the filler volume fraction caused by aggregation of nanoparticles to the bulk layer and
to the increase of the nanocomposite total volume following the swelling of the poly-
mer, enhanced by larger implanted equivalent thicknesses (as observed and explained
in [22]).

More interesting, the behavior of the second peak due to the oxidized silver nanopar-
ticles. Its relative intensity respect to the intensity of the first peak is lower and shifts to-
ward longer wavelengths for larger implanted doses. According to the shell-core model
introduced in section 6.1.4 this trend is compatible with thicker oxide shell around the sil-
ver nanoparticles in the case of low implanted nanocomposite respect to high implanted
doses. As already stated in section 6.1.4, PDMS is permeable to oxygen and thus, in the
case of a low equivalent thickness, the few implanted nanoparticles are all exposed to
oxygen and they therefore undergo oxidation. If a larger amount of filler is implanted,
nanoparticles near the surface of the nanocomposite shield the underlying particles, thus
limiting their oxidation.

7.2 Time evolution of the nanocomposite at RT

Silver nanoparticles oxidation gives rise to a second resonance peak in the absorption
spectrum of the Ag/PDMS nanocomposite, also affecting the reflectance of the material.
It is thus necessary to investigate and control the time evolution of the surface plasmon
resonances, both at room temperature and after thermal annealing processes, in order to
improve the fabrication process of the elastomeric optical devices. Only nanocomposites
implanted with an equivalent thickness of 60nm were characterized.

Absorbance spectra of similar samples were acquired every 30 minutes up to 456
hours after implantation. The samples were kept in standard conditions, at room tem-
perature, between the measurements. Since all the samples show the same behavior,
in Figure7.4a only the results relative to one sample is shown after certain significative
times after implantation. The baseline was subtracted from spectra in order to directly
compare the shape of the resonance peaks with the theoretical models. The time evolu-
tion of the intensity relative to the pure silver peak and to the baseline (calculated as the
average of the spectrum between 850nm and 900nm) are reported in Figure7.4b, while
the position of the pure silver peak in time is shown in Figure7.4c.

From Figure7.4a we can see that after 1 hour the peak due to the oxidized particles
arises and reaches a steady shape after 12 hours. The position of this second peak is
difficult to determine, because of the superposition with the plasmonic peak of the pure
silver, that avoids to reliably distinguish the two contributes. In a similar way, the bulk
absorbance does not change significantly, meaning that at the measurements tempera-
ture (approximately 30°C) diffusion and aggregation of the silver nanoparticles to the
bulk layer is limited. Diffusion and aggregation between the nanoparticles take place in
the upper swollen region, causing a redshift of the pure silver peak that changes from
400nm to approximately 410-412nm after 144 hours and then remains stable.

Two sets of samples were measured at the same time after implantation, but one of
them was passivated after 36 hours and left at room temperature (approximately 20°C)
for 96 hours for the PDMS passivation layer crosslinking. In order to compare the evo-
lution data, also the first non-passivated set was kept in the same conditions, at a tem-
perature lower than the measurement chamber. This change of temperature could have
caused a temporary rearrangement of the nanocomposite or a change in the swollen
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Figure 7.4: (a) Absorbance spectra of the Ag/PDMS nanocomposite sample at eight significative
times after implantation. (b) Plot of the absorbance versus time of the intensity of the pure silver
peak (the first peak) and of the baseline, calculated as the average of the spectrum in the range
850nm-900nm. (c) First peak position in time

polymer density, affecting the optical response of that region of the sample. After having
resumed the measurements at 30°C, the sample recovered the behavior before the passi-
vation of the other set of samples. It is thus clear that the optical response of Ag/PDMS
nanocomposites is highly sensitive to slight changes in the environmental temperature.
This effect will be deeply investigated in the next section.

7.3 Thermal annealing

In order to investigate the effect of thermal annealing on the optical response of the
Ag/PDMS nanocomposites, a set of three samples were heated at different tempera-
tures (150°C, 100°C, and 50°C) for 1 hour and compared to a sample kept at room tem-
perature, all implanted with an equivalent thickness of 60nm. The results, presented
in Figure?7.5, show a different behavior between the two samples heated at 150°C' and
100°C, and the two samples heated at 50°C' and kept at room temperature. Samples
annealed at 100°C and 150°C present both the peaks due to pure silver and silver oxide
particles, while those annealed at 50°C and kept at RT are characterized only by a peak
around 400nm due to pure silver nanoparticles, meaning that a temperature of 50°C is
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Figure 7.5: Spectra of samples immediately after annealing at different temperatures, indicated in
the legend (a), and 24 hours after annealing (b). In (c) and (d) the wavelength and the intensity of
the pure silver resonance peak respectively versus the annealing temperature.

not sufficient to trigger an acceleration of the oxidation process. The intensity and po-
sition of this first peak for the four samples were highlighted in Figure7.5¢c and d: with
the increase of the annealing temperature the peaks redshift and attenuate. This trend
can be explained through the nanocomposite model introduced in the previous sections
and with a reduction of the thickness of the swollen region. The shrinking of the swollen
polymer region (already observed and measured in [118]) induces an increase of the
volume fraction (and thus a redshift) and an increase of the diffusion and aggregation
between the nanoparticles and of the nanoparticles to the bulk layer, enhanced by the
thermal energy of the annealing process. The reduction of the number of nanoparticles
in the swollen region causes a decrease of intensity of the first resonance peak while the
aggregation of particles to the bulk layer an increase of the spectra baselines, as clearly
visible in Figure7.5a.

24 hours after annealing the four samples were measured again: samples annealed
at 100°C and 150°C are identical to the first measures, while those annealed at 50°C and
kept at RT show the arising of the peak due to silver oxide, while the baselines of the four
samples present no variations (as already observed in Figure7.4b). From these results it
is clear that annealing processes at temperatures higher or equal to 100°C' accelerate
the oxidation of the silver nanoparticles and enhance the aggregation of nanoparticles
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Figure 7.6: (a) Time evolution of the surface plasmon resonance of the Ag/PDMS nanocomposite
system: the baseline was subtracted in order to directly compare the shape of spectra. (b) Evolu-
tion of the pure silver peak intensity and of the baseline level in time. (c) Time evolution of the
pure silver peak position.

to the bulk layer, contributing to a flattening (and intensity increase) of the absorbance
spectrum, thus affecting reflectance.

The high sensitivity of SCBI Ag/PDMS to temperature, due to the complex nanopar-
ticles internal dynamics, deserves a deeper study of the time evolution of the nanocom-
posite optical response under prolonged thermal annealing. A set of samples was an-
nealed at 100°C' and measured each 20 minutes in order to investigate the evolution of
the nanoparticles dynamics through surface plasmon resonances. All the samples be-
have identically, so only the results and analyses relative to one sample are reported in
Figure7.6 as representatives.

The silver oxide resonance peak arises after only 20 minutes of annealing at 100°C
and its intensity is higher than the intensity of the pure silver nanoparticles peak, that
decreases because of the strong oxidation reaction activated by the temperature. The
evolution shows a strong redshift of the silver oxide peak, accompanied by a decrease
in its intensity, as predicted by the shell-core model with an increase of the oxide shell
thickness, until its disappearing under the first peak.

Time evolution of the pure silver SPR peak intensity and of the spectrum baseline
level are plotted in Figure7.6b: the attenuation of the SPR peak intensity is accompanied
by an increase of the spectrum baseline. This confirms the hypothesis according to which
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thermal annealing improve the silver nanoparticles diffusion and aggregation to the bulk
buried layer supposed in the SCBI nanocomposite model.

Also the time evolution of the position of the silver nanoparticles peak, shown in
Figure?.6¢, is interesting. An initial redshift is observed, caused by the nanoparticles
aggregation and shrinking of the swollen polymer [118]. After approximately 1 hour a
trend inversion and a shift toward shorter wavelengths take place. This behavior can be
explained again with the aggregation of silver nanoparticles to the bulk layer together
with an adjustment of the polymer volume, causing a decrease of the swollen region
volume fraction.

The samples were kept at room temperature for one week and then measured again,
without any further significant variation in the absorbance spectra.

7.4 Effect of passivation on SPR

In section 7.2 and 7.3 we have seen that the nanocomposite optical properties change
with time and with thermal annealing because of the rearrangement and oxidation of
silver nanoparticles and the swelling or shrinking of the superficial layer of the poly-
meric substrate. A method for the freezing of the nanocomposite optical response in a
given state is required for the exploitation of the ns-Ag/PDMS system in practical appli-
cations. A possible solution relies in the passivation of the nanocomposite, consisting in
the spin-coating of a second PDMS layer on the implanted nanocomposite. This process
also helps in improving the handling and reliability of the nanocomposite based device,
since it protects the implanted surface from scratching or sweeping. Moreover, even if
PDMS is permeable to oxygen [187], a PDMS capping layer helps also limiting silver
nanoparticles oxidation.

Samples in different evolution states (c10 and c11 annealed and 25 kept at room
temperature) were passivated with a PDMS capping layer deposited by spin coating
at 1000rpm for 60 seconds and crosslinked at RT for 48 hours. Absorption spectra, ac-
quired by uv-vis spectroscopy, are reported in Figure7.7a. Once again the baseline was
subtracted from the spectra in order to directly compare the features of the resonance
peaks.

The same trend is observed for all the three samples: both the pure silver and the ox-
idized silver nanoparticles peaks shift toward shorter wavelengths, meaning a decrease
both of the silver particles volume fraction according to the Maxwell Garnett model, and
of the oxide shell thickness according to the shell-core model. Moreover, also the base-
line level decreases, as shown in figure 7.7b. These processes can be explained by means
of two different mechanisms. Regarding the decrease of the volume fraction, it is well
known that PDMS is highly sensitive to organic solvents present in the PDMS liquid
precursor spin-coated on the nanocomposite. Solvents are absorbed by the elastomeric
matrix causing a swelling of the polymer [101, 102], an increase of the nanocomposite
total volume and thus a decrease of the nanoparticles volume fraction. The swelling of
the nanocomposite polymeric matrix also drags silver nanoparticles away from the bulk
layer, causing a decrease of the observed spectrum baseline level.

The hypothesis at the basis of the silver oxide particles blueshift is more complicated.
The PDMS liquid precursor also containes silicone monomers that get cross-linked by
a Platinum-complex based catalyzer [196, 197]. PDMS liquid precursor diffuse in the
nanocomposite polymer matrix and both silver and silver oxide nanoparticles partici-
pate in the crosslinking reaction, causing a de-oxidation of the latter. An interaction be-
tween the polymer chains and metal nanoparticles was already observed for different
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Figure 7.7: Absorption spectra of the nanocomposite samples before and after the passivation pro-
cess. (b) Change of intensity of the silver SPR peak and of the spectra baseline level before and
after the passivation process.

systems [198, 199], in particular between silicon dioxide substrates and the oxygen of
unterminated PDMS chains, of which the liquid PDMS precursor is rich.

The same samples were kept at room temperature after the passivation process and
measured again after one week, showing no significant modifications in the optical
response. Thus we can conclude that passivation affects the optical properties of the
nanocomposite material but the new state achieved is freezed and does not undergo fur-
ther modifications.

7.5 Stretching measurements

Since elastomeric metal-polymer nanocomposites synthesized by SCBI are supposed to
be exploited in stretchable or deformable optical devices like mirrors or gratings, a study
of the behavior of the optical response of the material subjected to mechanical stress is
also necessary. In this section very preliminary results regarding a Au/PDMS stretched
nanocomposite system will be presented. Gold was chosen instead of Silver as nanocom-
posite filling metal, thanks to its inertness to oxygen (it does not suffer oxidation like
silver) and because the expected surface plasmon resonance peak falls in the middle of
the visible range, at approximately 550-600nm, thus large tunabilities can be observed.
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Figure 7.8: (a) Absorbance spectra of stretched Au/PDMS nanocomposite. A clear redshift of the
SPR peak position is evident. (b) SPR Peaks position and intensity plotted as a function of the
applied strain.

Moreover the behavior of the optical response of the Au/PDMS nanocomposite synthe-
sized by SCBI is already known, since it was characterized by uv-vis spectroscopy [118]
as a function of time, thermal annealing and implanted equivalent thickness.

A PDMS substrate was implanted by Supersonic Cluster Beam Implantation with an
equivalent thickness of approximately 100nm and then mounted on the uv-vis spec-
trophotometer modified sample holder. One extremity was clamped (with a Teflon-
covered aluminum bar) in a support fixed to the sample holder, while the other side
clamped in a moving support, coupled with a computer controlled stepper motor. On
the reference beam a freestanding bare PDMS layer serves as background for the mea-
surements. The Au/PDMS nanocomposite was measured two weeks after the implan-
tation process in order to limit the contribution of the SPR natural time evolution due
to the diffusion and aggregation of nanoparticles inside PDMS. The nanocomposite film
was stretched up to 40% and absorbance spectra acquired at stretching intervals of 3%.
The preliminary results are presented in Figure?7.8.

During a single stretching cycle a redshift and an attenuation of the SPR Peak is ob-
served. According to Maxwell Garnett theory, a redshift means an increase of the volume
fraction and this can be caused by two phenomena: a rearrangement and aggregation of
the nanoparticles driven by the stretching of the polymeric chains, and/or a decrease
of the nanocomposite total volume because of the shrinking of the polymer in the two



Conclusions and perspectives 105

directions orthogonal to the stretching direction, due to the Poisson ratio (that is 0.5 [200]
for PDMS). However an attenuation of the SPR peak intensity is observed, at odd with
the expectations of the Maxwell Garnett model. This decrease could be explained with
an aggregation of the gold nanoparticles to a bulk layer, similarly to the silver case seen
in the previous sections, but in this case the baseline can not be determined since gold
exhibits a much larger SPR peak, covering a range between 500nm and 900nm. A second
hypothesis for the SPR peak attenuation relies on the formation of aggregates oriented
in the stretching direction. According to this assumption the same number of nanopar-
ticles gives rise to a lower number of linear aggregates with a high aspect ratio, shifting
the SPR toward longer wavelengths, as observed in [201]. Nanoparticles aggregation
in structures with larger aspect ratio even without applied stretching was supposed by
the comparison of the measured nanocomposite surface Young modulus with theoretical
expectations of Guth model seen earlier in section 3.4.3. The formation of nanoparticles
aggregates in the stretching direction in deformed metal-polymer nanocomposites was
investigated in [202] and is at the basis for the explanation of the improvement of the
electrical conductance upon stretching measured in [21, 118].

The rearrangement of the nanoparticles inside the Au/PDMS nanocomposite in the
stretching direction may also linearly polarize the light passing through the nanocompos-
ite. This effect can be exploited for the direct investigation of the aggregation state of the
implanted nanoparticles with uv-vis spectroscopy, measuring the intensity attenuation
of transmitted incident light, polarized at different angles by means of a revolving linear
polarizer, both in the measure and in the reference beams.

The nanoparticles aggregation status can be also investigated applying the Bergman
model, introduced in section 6.2, to the obtained uv-vis absorption spectra. The spectral
density ¢ obtained from the Bergman model gives information on the distribution of
resonances and thus to the structure of the nanoparticle aggregates inside the polymer.
However, since the function g is obtained from a fitting procedure of the spectra, a non-
trivial genetic algorithm and computational effort are required.

The knowledge of the nanoparticles structure and its effect on the optical properties
of the nanocomposite is of great interest for the fabrication and tuning of the elastomeric
optical devices characteristics, but serves also for a better understanding of the electronic
transport mechanism of such materials.
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In this thesis I demonstrated the possibility to fabricate reliable nanocomposite-based
elastomeric optical components working in reflection by means of Supersonic Cluster
Beam Implantation. Unlike reflective elastomeric optical components fabricated by clas-
sical techniques the resilience of the metal-elastomer nanocomposite ensures a sufficient
elasticity of the reflective layer while maintaining an extremely low surface smooth-
ness, limiting the fraction of scattered light. The superior optical and mechanical prop-
erties of these devices compared to currently available elastomer metallization tech-
niques allowed to design and to build cheaper and simpler novel optical instruments
like monochromators and spectrometers, characterized by an easier and linear wave-
length selection respect to currently available commercial spectrophotometers. In partic-
ular SCBI elastomeric optical components applied to arbitrarily shaped and non-optical
grade surfaces can replace and add new features to existing concave diffraction gratings,
opening the way to the use of our elastomeric components in novel cheaper and easier
optical setups and instruments.

The optical properties of elastomeric optical devices can be finely tuned during the
nanocomposite synthesis and with post-implantation thermal treatments, as shown by
the study of the behavior of Surface Plasmon Resonance observed in the nanocomposite
absorption spectra. In particular I demonstrated that passivation of the nanocomposite
layer helps in preventing silver nanoparticles oxidation and mobility, and improving the
handling of the device. Preliminary results on the optical behavior of the nanocomposite
upon stretching, suggesting a re-arrangement of the nanoparticles inside the polymer,
are particularly encouraging in view of a better understanding both of the behavior of
elastomeric tunable gratings or mirrors.

The results obtained in this work open new research opportunities and possible ap-
plications of elastomeric optical devices. Among these applicative fields deformable mir-
rors for small adaptive optics systems and hyperspectral imaging systems, exploiting the
resilience of elastomeric mirrors and the imaging capabilities of arbitrarily shaped elas-
tomeric diffraction gratings respectively, are the most promising.

Reflective membranes, actuated by electrostatic forces, for cheap and reliable com-
pact adaptive optics systems can be easily fabricated by means of SCBI Ag/PDMS nano-
composites. The reflectivity of our nanocomposites can be combined with the possibility
to create conductive nanocomposite micropatterns [21, 22] by means of SCBI with stencil
masks without any deterioration of the elastomer. The result would be a single reflective
elastomeric device comprising patterned electrodes, representing the ideal candidate for
the replacement of currently available continuous faceplates mirrors, affected by a high
fragility and a complex (and expensive) piezoelectric-based actuation system.
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Finally, reflective elastomeric nanocomposite-based diffraction gratings synthesized
by SCBI may represent a significative breakthrough, making hysperspectral imaging sys-
tems commonly available and useful in everyday life. Our elastomeric devices would
overcome the limited focusing and imaging capabilities of existing diffraction gratings.
The high fabrication cost of concave gratings or the large dimensions and costs of alter-
native mounts, based on planar gratings and complex focusing and corrective systems,
limit the use of hyperspectral imaging in niche applications [203, 204]. Novel cheaper,
simpler and more compact hyperspectral imaging systems can be developed thanks to
the results relative to the applications of nanocomposite-based elastomeric gratings to ar-
bitrarily shaped non optical grade surfaces. Images can be thus diffracted, focused and
off-axis aberrations corrected by a single inexpensive elastomeric optical component.
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