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Abstract

Optical lenses are among the oldest technological innovations (3000 years ago) and they have
enabled a multitude of applications in healthcare and in our daily lives. The primary function of
optical lenses has changed little over time; they serve mainly as a light-collection (e.g. reflected,
transmitted, diffracted) element, and the wavelength and/or intensity of the collected light is
usually manipulated by coupling with various external optical filter elements or coatings. This
generally results in losses associated with multiple interfacial reflections, and increases the
complexity of design and construction.

In this work we introduce a change in this paradigm, by integrating both light-shaping and image
magnification into a single lens element using a moldless procedure that takes advantage of the
physical and optical properties of mesoporous silicon (PSi) photonic crystal nanostructures.
Casting of a liquid poly(dimethyl) siloxane (PDMS) pre-polymer solution onto a PSi film
generates a droplet with contact angle that is readily controlled by the silicon nanostructure, and
adhesion of the cured polymer to the PSi photonic crystal allows preparation of lightweight (10
mg) freestanding lenses (4.7 mm focal length) with an embedded optical component (e.g. optical
rugate filter, resonant cavity, distributed Bragg reflector). Our fabrication process shows excellent
reliability (yield 95%) and low cost and we expect our lens to have implications in a wide range of
applications. As a proof-of-concept, using a single monolithic lens/filter element we demonstrate:
fluorescence imaging of isolated human cancer cells with rejection of the blue excitation light,
through a lens that is self-adhered to a commercial smartphone; shaping the emission spectrum of
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a white light emitting diode (LED) to tune the color from red through blue; and selection of a

narrow wavelength band (bandwidth 5 nm) from a fluorescent molecular probe.

Graphical Abstract

Monolithic silicone lenses containing integral optical filters are prepared by casting of a liquid

silicone pre-polymer solution onto a porous silicon photonic crystal, whose surface nanostructure

has been engineered to form a near-perfect hemispherical lens. The self-adherent lenses can

convert a smartphone camera into a high-fidelity fluorescence microscope without complicated

fixturing.
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Introduction

The earliest known lenses, made from polished crystal, were fabricated by the Assyrians in
700 BCE. One example is the Layard/Nimrud lens [1], which is thought to have been used
either as an optical magnifier or as a means to start fires by concentrating sunlight. The
earliest verified optical microscope was invented in the 13th century; it made use of a single
lens magnifying glass and it provided relatively low magnification [2]. This time period also
marks the beginning of the optics industry, which involved grinding and polishing lenses for
use in spectacles. Galileo Galilei is sometimes cited as the inventor of the compound
microscope/telescope [3], though Antonie van Leeuwenhoek (1595) is credited for its
popularization by bringing the microscope to the attention of biologists [4]. In 1858 Joseph
von Gerlach performed the first histological staining of brain tissue, using solutions of
carmine dye to differentially stain and recognize the nucleus and nuclear granules.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Mariani et al.

Page 3

Fluorescent compounds (e.g. synthetic fluorescein) and fluorescence microscopes appeared
later, in 1871 and in 1911, respectively [5].

Three thousand years after its first appearance, commercial optical lenses are still prepared
by either mechanical polishing or molding of rigid materials, such as glass [6] or plastics [7],
and optical microscopes still rely on the use of lenses as a light collection element (for
reflected, emitted, and/or diffracted light) and discrete optical filters for light manipulation
(e.g. wavelength selection and/or intensity modulation) [8]. Moreover, novel manufacture of
lenses (e.g. microlens and metalens) and optical filter elements and their integration into
imaging systems (e.g. microoptics) though very promising, still relies on complex, time-
consuming processes [9,10].

Recent attempts to develop a hand-held optical/fluorescence microscope by coupling a
miniaturized version of both lens and filter into a smartphone have mainly relied on scaling
down the lens/filter components using standard fabrication techniques, coupled with
exploiting the computational and networking capabilities resident in the current generation
of smartphones [11-14]. These approaches have been very effective, and many useful
biological or medical applications have been demonstrated [11-14]. However, the
macroscopic manufacturing approach places limitations on both size (i.e. about 50—100 cm?)
and weight (i.e. 100-200 g) of add-on optical modules; these optical devices can be larger
than the smartphone itself, and widespread deployment is hindered by the significant costs
associated with fabrication of the miniaturized high-quality optical components [11-14].

To address these challenges, researchers have developed strategies to form lenses from
readily cast liquid [15] and polymeric (e.g. polydimethylsiloxane - PDMS) [16-18]
precursors that generate optical materials of high clarity and high refractive index, and they
have employed surface energy minimization techniques to provide the curvature necessary to
yield focal lengths in the range of a few mm to boost optical magnification [16—18] and to
further improve resolution [16—18]. For instance, moldless fabrication of PDMS lenses with
a focal length as small as 2 mm was demonstrated by curing a PDMS droplet hanging from a
curved plastic substrate [16]. In-situ curing of liquid PDMS droplets deposited with an inkjet
printing process on a preheated smooth surface was used to fabricate lenses with a focal
length of 5.6 mm on a glass substrate [16]. Using a moving needle extruder assisted by
thermal moldless curing, PDMS lenses with a focal length of 4.5 mm were formed on a
glass slab [17]. Finally, planoconvex PDMS lenses with a focal length of 3.4 mm were
fabricated by drop-casting of liquid PDMS onto a smooth circular disk of poly (methyl
methacrylate), taking advantage of the resistance to spreading of the liquid precursor by
incorporation of a sharp edge [18]. To date, none of these microfabrication methods have
been shown to allow incorporation of complex optical filters directly into the fabrication
process.

Here we report on the moldless preparation of lenses (focal length down to 4.7 mm) with an
embedded optical component (e.g. optical filter, resonant cavity, distribute Bragg reflector),
thus integrating the concept of both light-shaping and image magnification into a single lens.
The fabrication process has well defined parameters that can be adjusted to control lens
curvature and optical filtering parameters, with excellent reliability (yield 95%) and low cost
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[19]. The lens is self-assembled by drop-casting the PDMS precursor onto the surface of a
nanostructured porous silicon or porous silicon oxide film; the mesopores in the
nanostructure naturally direct the lens into a nearly hemispherical shape, and lens curvature
is controlled by the porosity of the film. The nanostructured porous silicon film is
engineered as an optical component during its preparation, and the cured PDMS lens
adheres to the nanostructure such that the PDMS lens contains the optical filter in a single
monolithic structure. This approach allows independent adjustment of the optical features of
both the lens (e.g. numerical aperture, focal length) and the optical filter (e.g. transmittance
spectrum). The filter-lens monoliths are self-adherent to the optical window of the
smartphone camera, and as a test case we demonstrate acquisition of fluorescence images of
tumor cells using a single filter-lens of diameter of 0.5 cm and weight of 10 mg attached to a
commercial smartphone. The lens provides magnification sufficient to image single cells,
and the integral nanostructured optical filter effectively rejects the blue excitation source
while transmitting the red/green fluorescence emitted from the live/dead cellular staining
reagents. Further, the lens allows the effective color tuning of a commercial white LED from
red to blue and the narrow wavelength selection of the emission of fluorescence dyes, which
are of interest in lighting and agriculture, forensic, and biomedical applications, respectively.

Results and Discussion

Moldless preparation of silicone lens on porous silicon

Figure 1(a) shows a sketch of the main steps involved in the preparation of PDMS lenses on
PSi. Prior to formation of the PSi samples, the wafer was cleaned using a sacrificial etching
procedure as previously described [20]. A PSi templating layer was prepared by application
of a constant anodic current to a clean, highly doped p-type silicon wafer in an aqueous HF-
ethanol electrolyte (details are given in the Materials and Method section). A calibrated mass
of uncured PDMS was then dropped onto the PSi surface using a small nozzle. Once it
contacted the PSi surface, the PDMS droplet formed an oblate spheroid cap due to the
balance of adhesive and cohesive forces involved in surface wetting and gravity [21-23]
(Figure 1a). After curing, the as-formed PDMS lens was easily peeled off the host PSi layer,
thus achieving a free-standing, nearly hemispherical PDMS lens retaining both mechanical
and optical characteristics of PDMS. Figure 1b shows a typical PDMS lens formed on as-
prepared PSi, before and after peeling it from the PSi substrate. Real-time movie of the
formation of PDMS lens on nanostructured PSi layer is provided as Supporting Information
(Movie S1).

A thorough investigation of the dependence of geometrical and, in turn, optical
characteristics of PDMS lenses formed on nanostructured PSi was carried out by preparing
PSi templating layers with different porosity and thickness values. Porosity and thickness of
porous silicon samples is readily controlled by the applied current density and duration of
the etch, respectively; etching current densities of 3, 30, and 300 mA cm~2 and etching times
of 6 s to 30 min were tested. The mass of PDMS used in the droplet was also systematically
varied.

The above-mentioned current density and etching time values generated PSi layers with
porosity values of 58.5+1.3%, 60.7+1% and 76.5£1.3%, and thickness values of 0.10+£0.02
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to 30£1 um, determined from optical reflectance measurements of the PSi layers [24]
(Figure S1). The pore morphology (by SEM and AFM measurements, Figure S2, S3)
featured randomly arranged cylindrical mesopores with relatively consistent average
diameter (about 30 nm) and root mean square (RMS) roughness (about 5 nm), regardless of
the etching current density value. This is consistent with the sacrificial etching procedure
used to clean the wafers prior to PSi formation, as it generates a nanostructured texture on
the silicon surface that serves to nucleate pore growth. The surface nanotexture is mainly
responsible for determining the average pore diameter of the PSi layer, whereas the current
density value used to etch the PSi layer is mainly responsible for the porosity of the PSi
layer [20].

Figure 1c (and Figure S4-S6) summarizes both geometrical (i.e., diameter, height, contact
angle) and optical (i.e. focal length, numerical aperture) characteristics of PDMS lenses
formed using a constant PDMS mass of 10 mg on as-prepared PSi layers with different
porosities and constant thickness (10 um). The optical characteristics of the lens elements
were calculated under the approximation of paraxial optics [25], that is, with the lens
operating on a narrow region around the lens axis relative to the lens diameter, using the
ellipse apex curvature obtained from the lens profile fitting (Figure S4a—d). In fact, Bond
number By, that is a measure of the gravity/surface force balance, is between 0.38 and 1
(calculation details in the Supporting Information) for PDMS mass ranging from 3.5 to 16
mg (0.75 for 10 mg PDMS drops), respectively, so that though surface forces still dominate,
gravity affects the lens profile that is deformed from a circle to an ellipse [22]. Plano-convex
lenses suffer from spherical aberrations that impact imaging fidelity (Figure S4e). The third
order aberration theory provides a valid analytical tool to take spherical aberrations of plano-
convex lenses into account [26]. The porosity value of the PSi layer strongly affected both
geometrical and optical features of the PDMS lenses. Moreover, exposure of the samples to
vacuum during casting/curing of PDMS and the temperature at which curing of PDMS was
carried out also played a significant role, especially for PSi samples of lower porosity
(Figures S5 and S6). The mean diameter of the lenses formed on the PSi layers showed an
inverse relationship to the porosity of the PSi template used: lens diameters ranged from 4
mm (contact angle 70°, height 1.1 mm) to 3 mm (contact angle 105°, height 1.5 mm) for PSi
porosity values of 60% and 77%, respectively. We propose that these diameters were
determined by the underlying nanostructure and the degree of infiltration of the liquid
PDMS resin into the nanopores of the PSi substrate, in accordance with the Wenzel/Cassie-
Baxter hybrid model of liquid wetting of rough surfaces. In this model, the curvature of a
droplet in contact with a surface is influenced by both roughness of the surface (via a
parameter known as roughness ratio, defined as the ratio of the actual area of the solid
surface to its apparent area) and degree of infiltration of the liquid inside the pores [23]. The
amount of resin infiltrated into the PSi layers was independently quantified from the optical
reflectance spectrum of the PSi layers. These layers display Fabry-Pérot interference, and
the interference spectrum is related to the fill fraction of the porous layer, as has been
established previously [27] (Figure S6¢c—d). Accordingly, the focal length (£) of the lenses
decreased from 6.5 to 4.7 mm as the porosity of the templating PSi layer increased from
60% to 77%, leading to an increase of the numerical aperture (NA) from 0.28 to 0.31.
Control experiments performed on both flat and oxidized silicon substrates showed no lens
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formation with PDMS; rather, the same volume of PDMS dropped onto a flat silicon wafer
spread over the substrate to form a relatively flat film.

We next evaluated the geometrical and optical characteristics of the PDMS lenses formed
when the porosity of the PSi layer was held constant, but the thickness of the PSi layer was
varied. Figure 1d shows the characteristics of lenses formed by dropping 10 mg of PDMS on
PSi layers with thickness values ranging from 0.1 to 30 um, where the porosity was
maintained at a value of 60% (Figure S7). The lens diameter was 4.6 mm on PSi layers with
thickness of 100 nm, and it steadily decreased with increasing PSi layer thickness, until a
value of 3.6 mm was obtained for a layer thickness of 10 pm. The lens diameter did not
change upon further increasing of the PSi layer thickness (up to 30 um). The free volume in
a PSi layer that is 60% porous, 10 um thick, and 3.6 mm in diameter is 60 nL, which
represents ~0.6% of the total volume of the PDMS droplet. Consistently, numerical aperture
(NA) increased with PSi thickness: for the 60% porosity PSi film, the NA attained a value of
0.31 (minimum was 0.2 for 100 nm-thick PSi film). The corresponding focal length
decreased from 10.5 mm for the 100 nm-thick PSi film to a value of 6 mm for films PSi
thicker than 10 um. These findings are consistent with the Wenzel/Cassie-Baxter hybrid
model to the extent that the increasing thickness of the PSi film in the range of 100 nm to 10
um generated an increase in entrapped air inside the structure, thus increasing the contact
angle. As the PSi film further increased in thickness, the polymer reached a limit where it no
longer completely infiltrated the porous layer, transitioning a Cassie-Baxter dominating
model [23]. The high viscosity and surface energy of the liquid PDMS allowed no further
infiltration into the ~30 nm pores, and the curvature of the droplet was no longer controlled
by PSi film thickness.

Next we investigated the effect of volume of the uncured liquid PDMS precursor on the
quality of the resulting PDMS lens for fixed values of PSi substrate porosity and thickness.
Figures le—1g gives the geometrical and optical characteristics of the PDMS lenses obtained
using a mass of liquid precursor ranging from 3.5 to 16 mg, deposited onto PSi layers of
thickness 10 um and porosity 60% (Figure S8). Remarkably, both diameter (height) and
focal length increased with PDMS volume, from 2.7 (0.95) to 5 (1.3) mm and from 4 to 9
mm, respectively. The numerical aperture decreased in this range from 0.31 to 0.25.
Therefore, changing the PDMS volume provided an additional parameter to control the
characteristics of the resulting PDMS lens.

The contact angle for a liquid often depends on the chemical nature of the solid surface, as
this plays a role in the free energy of the liquid-solid interaction. is consistent with the
hybrid Wenzel/Cassie-Baxter model, in which entrapped air in the PSi nanostructure after
PDMS infiltration plays a significant role. The lenses discussed above all used freshly
prepared porous Si films, which display a relatively hydrophobic Si-H surface. We thermally
oxidized some PSi substrates (750 °C in air for 120 min) in order to generate relatively
hydrophilic silicon oxide surfaces. The geometry and optical properties of the resulting
PDMS lenses differ up to 20% from lenses prepared from the as-etched, Si-H terminated PSi
substrates (Figure S9). Such a change in the optical properties (i.e. focal length and NA) has
to be considered when designing PDMS lenses on top of oxidized PSi. Changing the cross-
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linking ratio of the PDMS, by changing the ratio of base to curing agent from 10:1 to 20:1,
did not dramatically change the properties of the resulting lenses (Figure S10).

We next characterized the lenses in set of a high-resolution imaging tests. For these
experiments, free-standing PDMS lenses with focal length of 4.7 mm were prepared, using a
PSi layer with thickness of 10 um and porosity of 76.5%, and 10 mg of PDMS. The lens was
directly attached to the built-in camera of a commercial smartphone (Samsung Galaxy S5,
see Supporting Information for details). A detailed analysis on how direct coupling of a lens
to a smartphone camera affects the imaging performance can be found in [28,29]. The
excellent adhesive property of PDMS on glass surfaces allowed the PDMS lens to be firmly,
though reversibly (> 100 times), attached to the glass window of the camera without the use
of adhesives or supporting fixtures. A chromium-on-quartz optical resolution test pattern (5
mm x 5 mm) featuring an array of parallel lines with constant duty-cycle &=0.5 (6 defined as
the ratio between line width and line spacing) and width (spacing) sequentially reduced from
250 to 4 um was used to investigate quality and resolution of images acquired with the
smartphone equipped with the PDMS lens. Control images were acquired using the as-
received smartphone, that is without any external lens attached to the camera. Figure 1h
shows typical images acquired using the smartphone equipped with the PDMS lens; an
image acquired with the bare smartphone (i.e. without PDMS lens) at the maximum
allowable digital magnification (3x) is given in the inset for comparison.

The PDMS lens clearly resolved all the lines of the test pattern, from a maximum width of
250 pm to a minimum width of 15 pm. Application of 3x digital magnification to the
smartphone camera resolved features as small as 4 um (Figure 1i). The greyscale intensity
profiles extracted for the various lines in Figure 1h, 1i yielded a signal-to-noise ratio (SNR)
greater than 10 for all lines with width ranging from 250 to 15 pm (inset in Figure 1i and
Figure S11). Not all the 4-um-wide lines imaged over a length of 250 um were consistently
resolved; this can be attributed to non-uniform illumination of the pattern and lens
aberrations. On the other hand, all the lines with width of 8 um were well resolved (S/
N=15). The empirically determined 125 Ip mm™! (that is, 1 line-pair in 8 um) resolution
reported for the PDMS lens here is reasonable, considering the spherical aberrations
expected from a plano-convex lens and the limitations of the camera image sensor of a
smartphone (see Supporting Information) [28,29].

Monolithic silicone lenses embedding porous silicon optical components

With an optimized process to generate PDMS lenses in hand, we next developed a means to
incorporate optical filtering components (e.g. Bragg reflectors, rugate filters, resonant
cavities) into the lenses. This aspect of the work was enabled by the electrochemical
fabrication process used to prepare the PSi substrates, which is readily adapted to generate
one-dimensional porous optical filters [30-35] for a variety of applications [36—41].

The preparation is schematically depicted in Figure 2a. After cleaning of the Si substrate, we
prepared a PSi templating layer with porosity of ~77% and thickness of ~1 um (etch current
density = 300 mA cm™2; etch duration = 7 s) (Figure 2a-1) so as to guarantee the formation
of a PDMS lens with high contact angle and, in turn, short focal length (Figure 1c,d). The
formation of a porous layer is always initiated at the interface between the porous Si layer
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and the crystalline Si substrate; thus once this layer was formed, a subsequent
electrochemical etch could be used to generate the optical filter element, and this element
was physically located beneath the initial PSi template layer. This approach enabled separate
control over the morphology of the PDMS lens and the optical component to be integrated in
the lens. Once the PSi templating layer was prepared, we next etched a thin (200 nm) barrier
layer of PSi with lower porosity (58%) (etch current density = 3 mA cm™2; etch duration =
50 s) to inhibit flow of the liquid PDMS pre-polymer into the optical component (Figure
2a-2). The reason that the PDMS needed to be excluded from the optical filter was that the
refractive index of PDMS is similar to the refractive index of oxidized PSi; if it infiltrated
the PSi optical component, index matching would result in a significant loss of spectral
filtering ability of the PSi optical component.

We evaluated three types of spectral filtering elements in this work: a distributed Bragg
reflector (DBR), a rugate filter, and a resonant cavity. The optical element of interest was
sequentially etched underneath the PSi barrier layer using the appropriate current-time
waveform: a square wave for the DBR, a sine wave for the rugate filter, and two DBRs
separated by a 1/2 wave layer for the resonant cavity (Figure 2a-3) [24,42]. After the PSi
optical component was etched, the current density was increased to 700 mA cm™2 for 0.5 s
to produce a high porosity (porosity >90%) layer at the bottom of the PSi stack. The purpose
of this last layer was to act as a readily sheared release layer, to facilitate detachment of the
PDMS lens and the PSi optical component as a single monolith from the silicon wafer. The
total thickness of the PSi stack was set between 10 to 15 pum.

Prior to lens formation, the as-prepared PSi stack was thermally oxidized (750°C in air, for
120 min) to fully convert the elemental silicon in the component into silicon oxide (Figure
2a-5). This oxidation step had a twofold aim: first, it eliminated optical absorbance of the
silicon crystallites in the PSi stack by converting elemental Si to SiO,. Separate experiments
established that the broad absorbance of silicon throughout the visible spectrum exerted a
negative effect on light transmission through the PSi stack that substantially reduced the
fidelity of the spectral filter. Second, oxidation of the PSi structure reduced the overall
refractive index contrast between the barrier and the templating layers of the PSi structure;
these layers acted as Fabry-Pérot interferometers for white light that strongly affected the
reflectance/transmittance spectrum of the PSi component. Reduction of index contrast by
conversion of the high index Si component to a relatively lower index SiO, component
substantially reduced the Fabry-Pérot features in the transmission spectrum of the final filter-
lens hybrids.

The filter-lens hybrids were then prepared by contacting a 10 mg mass of the PDMS
precursor to the surface of the oxidized PSi stack. The PDMS precursor infiltrated both the
templating and the barrier layers, self-assembling into a hemispherical PDMS lens (Figure
2a-6). After thermal curing at 120 °C for 1h, the PDMS lens embedded with the PSi optical
component was peeled from the silicon wafer support by dropping a small volume (20 pL)
of a dilute aqueous hydrofluoric acid solution to dissolve the small quantity of silicon oxide
in the release layer surrounding and beneath the lens assembly (Figure 2a-7,8). The rest of
the PSi stack did not noticeably dissolve under these conditions, despite the fact that the
stack had been thermally oxidized to SiO,. Presumably, lower molecular weight PDMS
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oligomers had diffused throughout the structure sufficiently to mask the PSi structure,
making it less susceptible to attack by aqueous HF.

Figure 2b, c (and Figure S12) show cross-sectional and plan-view SEM images of a PSi
stack featuring a DBR filter etched underneath PSi templating and barrier layers. The as-
prepared DBR was designed with a photonic bandgap centered at 500 nm and consisted of
80 bilayers with porosity alternating between 65% and 80%, corresponding to a dielectric
stack with n = 1.57 and 1.29 (calculated using the Bruggemann equation) and thickness of
~62 nm and ~91 nm, respectively (Figure S13). Figure 2b shows a cross-sectional electron
microscope image of the as-prepared PSi stack, with total thickness of ~13.5 um, and Figure
2c provides a close-up view of the templating layer, the barrier layer, and a portion of the
DBR structure, with darker/brighter regions visible along the direction perpendicular to the
wafer surface corresponding to higher/lower porosity regions. The detailed morphology of
the barrier layer is shown in the inset of Figure 2c. The higher porosity templating layer
features columnar-like pores with diameter of about 20 nm running from top to bottom; by
contrast, the barrier layer (low porosity) features pine tree-like pores with diameter of a few
nm. The DBR structure has columnar-like pores with highly regular low and high porosity
layers with thickness of 62 and 91 nm, respectively, as obtained from the optical porosity
analysis of Figure S13, which are in good agreement with the design parameters.

Reflectance (and transmittance, when feasible) spectra collected at each preparation step of
the lens are reported in Figure 2e—g for a PDMS lens incorporating a PSi DBR filter of the
type reported in Figure 2b, c. A photograph of the integral PDMS lens-PSi filter assembly
after detachment from the silicon chip is shown in Figure 2g (inset).

The reflectance spectrum of the as-prepared PSi stack (i.e. before oxidation) showed a main
peak around 500 nm, where the photonic bandgap of the DBR was centered by design, with
multiple shoulders due to the presence of both templating and barrier layers etched on top of
the DBR structure (Figure 2b, c). These two layers act as back-scattering interferometers, so
that the resulting reflectance spectrum arises from the interference of the DBR spectrum
with the Fabry-Pérot interference spectrum coming from both the templating and the barrier
layer. On the other hand, the extended pattern of interference fringes at wavelengths longer
than 550 nm results from constructive/destructive interference of light within the entire PSi
stack. After thermal oxidation of the PSi stack, the reflectance spectrum was mainly
determined by the DBR structure, with a well-defined, high reflectance region
corresponding to the photonic bandgap of the structure, centered now around 400 nm, and
low reflectance regions outside the photonic bandgap (Figure 2f). The decrease in the
spectral interference shoulders observed upon oxidation of the samples is attributed to the
lower refractive index contrast of both the templating and the barrier layers, which become
transparent to visible radiation after full conversion of crystalline silicon into silicon oxide.
The position of the stop-band of the DBR blue-shifted by approximately 100 nm, from 500
to 400 nm, upon oxidation due to the lowered refractive indices of both high and low
porosity PSi layers.

Figure 2g shows both reflectance and transmittance spectra of the free-standing PDMS lens
embedded with the DBR filter, i.e. after the PDMS lens-PSi filter assembly was removed
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from the silicon chip (inset in Figure 2g). The lens featured geometrical and optical
characteristics that were in good agreement with those achieved for the bare PDMS lens (i.e.
without any PSi optical filter component) prepared on a similar templating PSi layer
(porosity 76%, thickness of 10 um) oxidized at 750°C (Figure S9). Remarkably, both
reflectance and transmittance spectra of the DBR structure were relatively well retained after
the lens assembly was removed from the silicon chip. This corroborates the hypothesis
above-made that diffusion of oligomers throughout the whole PSi stack underneath the
barrier layer protects the oxidized PSi skeleton from HF etching during the lens detachment
process. The photonic stop-band was clearly defined, with a transmittance intensity
approaching zero and the corresponding reflectance intensity >90% in the photonic bandgap
region of the spectrum; moreover, the lens displayed high transmittance (>90%) and low
reflectance (<10%) outside the photonic stop-band, with minimum optical scattering losses.
The high quality of the filter was apparent in the high rejection ratio observed (the ratio
between pass-band and stop-band intensity for transmitted light was >100). The quality
factor (Q) of the DBR was ~ 9, with a stop-band width of ~ 50 nm and center wavelength of
~ 450 nm. These values were 2x larger and 35 nm red-shifted, respectively, relative to the
oxidized DBR before lens formation. This is attributed to partial infiltration of PDMS in the
DBR structure, which can be expected to increase the effective refractive index of the
structure. Although the optical measurements indicated that both the PSi templating and
barrier layers were completely filled with PDMS by the process, and the majority of the
PDMS did not flow past the barrier layer, it is likely that smaller molecular weight oligomers
of lower viscosity were able to penetrate the barrier layer and coat the surface of the DBR
structure. As mentioned above, these lower molecular weight components are likely
responsible for the resistance of the DBR layer to attack by HF. The relatively small shift in
the stop band upon PDMS lens formation indicates that silicone only partially infiltrated the
DBR. The refractive index of silicone and silica are indeed sufficiently similar (1.43 and
1.46, respectively), that full infiltration of the nanopores of the DBR structure by silicone
would have led to a significant degradation of the spectral features of the DBR. Figure S14
shows the reflectance and transmittance spectra of an oxidized PSi optical component that
was prepared without and with a barrier layer on top, before and after PDMS lens formation.
The optical features of the designed PSi component were retained after lens formation (and
detachment from the optical substrate) in the presence of the barrier layer; conversely, the
spectral signatures of the PSi optical component vanished in the absence of the barrier layer
due to the considerable infiltration of PDMS in the PSi stack, which eliminated the refractive
index contrast in the porous nanostructure.

The experimental spectra were best-fit to theoretical spectra calculated using the transfer
matrix method in order to refine and validate the porosity/refractive index and thickness
relationships of the various PSi layers (Figure S15), and to estimate the extent of PDMS
infiltration in the different PSi layers as discussed above (Figure S16). Spectra at each step
in the preparation generally showed excellent agreement between experiment and theory.
The calculations confirmed that PDMS fully infiltrated both templating and barrier PSi
layers, and that only 50% (on average) of the DBR structure was infiltrated by silicone.

The optical filtering capability of the PDMS lens-PSi filter could be tuned over the UV-vis-
NIR range by setting the position of the photonic stop-band of the DBR embedded in the
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lens. In the porous Si system this can be readily achieved by appropriate selection of the
period, amplitude, and duty cycle of the square wave in the current density waveform used to
prepare the sample. Figure 3a shows the transmittance spectra of three PDMS lenses that
contained embedded DBR structures, where the stop-band center was systematically
adjusted to appear in different regions of the visible spectrum, from blue to red. The periods
of the square waves used to prepare the DBR structures were 4, 4.5, and 5 s for the blue,
green, and red filters, respectively. All waveforms used a constant duty-cycle (i.e. ratio
between duration of the etching time for the high porosity layer and the overall period of the
waveform). As the period of the waveform was increased, thicker high and low porosity
layers were prepared, which led, in turn, to a red-shift of the photonic stop-band. These DBR
structures were designed to act as stop-band filters centered in different regions of the visible
spectrum, so that they could selectively remove specific wavelength ranges (i.e. colors) from
the spectrum of light transmitted through the PDMS lens-PSi filter assembly.

The yield of the fabrication process for PDMS lens embedding PSi optical components,
defined as the ratio between the number of PDMS/PSi lenses that featured experimental
(measured) optical properties consistent (maximum change of 20%) with the design (i.e.,
focal length and NA for the lens and transmittance spectrum for the optical component) and
the total number (>100) of manufactured lenses, was ~ 95%.

We next explored a range of possible optical filter types for the PDMS lens-PSi filter
assemblies. The use of the templating and the barrier PSi layers in the design essentially
decoupled the geometric parameters of the PDMS lens (in terms of curvature, numeric
aperture, etc.) from the spectral filtering features of the PSi component. This enabled the
incorporation of a wide range of optical filter elements into the design without
compromising magnification. For instance, when a sine-wave current density waveform was
used to etch the PSi optical component, the resulting PDMS lenses incorporated a rugate
filter that displayed a narrow notch in optical transmittance (quality factor Q=26). Figure
S17 shows both transmittance spectra and images acquired with several PDMS lenses that
incorporated such notch filters centered at different wavelengths, from blue to red. The
central wavelength of the rugate filter was tuned by changing the period of the sine wave in
the current density waveform.

A microcavity type of optical filter was also designed into the PDMS lens-PSi filter element.
For this structure, two identical DBR waveforms (square-wave current density) with
constant duty-cycle were separated with a single cycle (in the middle of the profile) in which
the duty-cycle value was twice the value of the DBRs, generating a half-wave plate in
between the two DBR mirrors (ten bilayers each). Several of these resonant cavity types of
filters, operating at different wavelengths in the visible range and with an average Q-factor
of 140, were prepared. The DBR waveform period determined the color of the microcavity
as follows: 3.5 s (blue lens), 4 s (aquamarine lens), 4.25 s (green lens), 4.5 s (orange lens)
and 5 s (red lens) (Figure S18). The duty-cycle was maintained at a constant value for all of
these samples. Figure 3b shows transmission spectra of three PDMS lens-PSi filter elements
prepared with their resonant cavity centered at blue, green, and red wavelengths.
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Application of monolithic silicon lens embedding porous silicon optical elements to
fluorescence imaging and light shaping

We next explored the potential utility of the PDMS lens-PSi filter assemblies as compact,
low-cost, high-resolution imaging elements for a commercial smartphone, which could be of
interest for various in-field applications in low-resource settings.

As a first case study, simultaneous image magnification and separation of light into a single-
color component was investigated using three PDMS-PSi lenses with focal length 5.75 mm
that incorporated blue, green, and red PSi optical filter components (Figure 3a). A bare
PDMS lens, i.e. without the PSi optical filter, with similar focal length was used as a control
lens. Photos of both filtering and bare lenses placed on a black background are shown in
Figure 3c. The blue-filtering lens appears blue in these images, because that is the color of
the rejection band reflected from the DBR embedded within the lens; in a similar way, green
and red-filtering lenses appear green and red, respectively. The lenses were mounted onto a
smartphone camera (Samsung S5) and used to image a 4 mm X 4 mm grayscale picture of
Marie Curie (Figure 3d). The magnified image acquired with the control PDMS lens
appeared gray, consistent with the fact that no PSi optical component was embedded in the
lens (Figure 3d, top-left). Images acquired with the PDMS-PSi lenses were able to separate
the image into the CMY color components (Figure 3d). Thus, the image appeared magenta
with the green-filtering lens, cyan with the red-filtering lens, and yellow with the blue-
filtering lens, which are the complementary colors of those filtered by the lenses [43].

Similar experiments were carried out with different PDMS lenses featuring blue, green,
orange, and red-filtering PSi rugate-filters (Figure S17). Due to the higher Q factor (about
26) of the PSi rugate filters, only a small portion of a given color band was filtered out, so
that the effect of light filtering on the acquired images was not as marked as that achieved
with PSi DBR components (Q=9). Thus the rugate filter elements are more suitable as notch
filters for specific wavelengths. The notch filter is a common optical element used in Raman
spectroscopy and Raman imaging.

We next investigated a fluorescence microscope imaging application that utilized a
smartphone as the imaging system. For fluorescence microscopy, the optical path must
simultaneously filter out a specific excitation wavelength (e.g. either blue or green
excitation) and enable the collection of an emitted wavelength (e.g. either green or red
emission). We first characterized the optical transmission spectrum of the PDMS lens-filter
combinations in order to develop a lens optimized for the dyes and excitation sources we
planned to use. Experiments were carried out with PDMS lenses placed in the optical path of
a probe fed into an Ocean Optics CCD spectrometer/fluorimeter. Figure 3e shows a typical
white light transmittance spectrum of a PDMS-PSi lens containing an embedded DBR filter
(black trace). The spectrum shows strong rejection of wavelengths in the range 450 to 480
nm. We then replaced the PDMS-PSi lens with a bare PDMS lens (one containing no
embedded PSi filter) and acquired the emission spectrum of a thin film of the polymer
F8BT, which fluoresces in the green (550 nm) when excited with a blue (456 nm) LED.
When no PSi filter was used, the spectrum displayed the emission band of the polymer along
with the spectral emission of the LED excitation source (Figure 3e, blue trace). We then
acquired the same spectrum but with the PDMS-PSi filter lens in the optical path. This
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spectrum (Figure 3e, red trace), showed excellent rejection of the blue LED light while
retaining the strong green emission spectrum from the F8BT target.

After verifying the ability of the PDMS-PSi lens-filter assembly to reject the blue excitation
source and pass the green emission of the polymer test target, we then affixed a blue-filtering
PDMS-PSi lens to the front of the camera of a commercial smartphone (Samsung S5) and
collected fluorescence images (Figure 3f). We used green fluorescent polymer beads (Aep, =
515 nm) of diameter 53—63 um, in order to emulate the dimensions of mammalian cells.
Figure 3 compares images acquired using the smartphone equipped with a bare PDMS lens
(Figure 3g) and a PDMS lens embedded with a blue-filtering PSi DBR (Figure 3h). In both
cases, the microbeads were resolved by the lenses. The blue excitation light was not filtered
by the bare PDMS lens, and in this image the beads appear blue because the green
photoluminescence was almost completely obscured (Figure 3g, S19). By contrast, the
PDMS lens that contained the embedded PSi DBR blue filter effectively removed the blue
excitation light, and the green fluorescence from the microbeads was apparent (Figure 3h,
S19). Thus, the PDMS-PSi lens was able to effectively transform the smartphone camera
into a hand-held fluorescence microscope.

The capability of the fluorescence imaging system was next validated in a proof-of-concept
experiment involving the imaging of CAVO-3 ovarian cancer cells using a conventional live/
dead assay. The fluorescent dyes calcein AM (live stain, Aeyx/Aem = 494/517 nm) and
ethidium homodimer-1 (dead stain, Aex/Aem = 528/617 nm) were used, and a smartphone
equipped with a PDMS lens embedded with a PSi DBR filter was used to capture the
images.

For the dead cell assay, the CAVO-3 cells were treated with 10% DMSO prior to staining
and fixation. The optical setup mimicked an inverted microscope configuration (Figure 4a).
Briefly, the PDMS-PSi lens (with focal length 5.75 mm) was fixed to the camera on an Axon
7 (ZTE) smartphone (20 MP) and the laser excitation beam was positioned at a 60-70° angle
normal to the optical table. The PSi DBR filter was designed to exclude light from the
camera for wavelengths between 465-525 nm (Figure 4b). A bare PDMS lens (no PSi filter)
with comparable focal length was used for control experiments. The slides containing the
cells were mounted on a three-axis adjustable stage. The smartphone was controlled
remotely by computer using a commercial application (IP webcam) and the live-dead cells
were imaged sequentially using 495 nm and 517 nm excitation (Figure 4c, 4d and Figure
S20).

As expected, the bare PDMS lens allowed cells on the slide to be imaged, though it did not
filter out the excitation light at either wavelength. The cells strongly scattered the excitation
light and appeared as bright hotspots in the images. The scattering from the glass slide and
cells was much stronger in intensity than the fluorescence, so that red or green fluorescence
could not be consistently observed. With the bare lens the two-color channels are separated
by the built-in filters of the color camera in the smartphone, which are not as spectrally pure
as the bandpass filters used in a confocal microscope, so that light from the excitation source
provides a significant interference that overwhelms the information contained in the red or
green color channels (Figure 4d, “bare PDMS lens” images). The PDMS/PSi lens overcomes
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this limitation by removing the (495 or 517 nm) excitation sources, as the PDMS/PSi lens is
a single channel filter designed to reject both the 495 nm and 517 nm excitation sources,
allowing the fluorescence from the cellular stains to be readily visualized (Figure 4d,
“PDMS/PSi lens” images). The live and dead cells can now be clearly identified from the
respective green and red fluorescence images (Figure 4c and Figure 4d, “PDMS/PSi lens”
images). Although the smartphone camera is a full color imager, we did not select specific
digital color channels for the images shown in this paper, in order to more fully illustrate the
effects of the optical filters.

The excitation spectrum of the ethidium homodimer-1 was broad, and it overlapped with the
excitation spectrum of calcein somewhat (Figure 4b). Therefore, the shorter wavelength (495
nm) excitation source used in these experiments excited both dyes to some extent and it
could be used for both assays, without 517 nm excitation (Figure 4d, “PDMS/PSi lens
Aex=495 nm” images). For purposes of this paper and to be consistent with standard assays,
the images of Figure 4 were acquired using the two separate excitation sources (495 and 517
nm). The stop-band of the PSi DBR used for those images was configured to block both 495
nm and 517 nm excitation sources. This allowed the use of a single PDMS-PSi lens to image
fluorescence signals from both live and dead cells, without needing to switch lens/filter sets.
The image quality allowed standard cell counting using ImageJ software [44] (Figure S21).

As a control, the live cells were imaged using 450 nm excitation, which can excite the dye
but is just outside the filter cut-off (~465 nm). Therefore, this blue excitation light bled
through to the camera, degrading image fidelity substantially (Figure S20c, d). Confocal
images were collected using a laboratory-grade microscope, operating at comparable
magnification, in order to confirm live/dead status of the cells and to benchmark the quality
of images obtained with the PDMS-PSi lens-smartphone configuration (Figure 4d,
“Fluorescence microscope” images, and Figure S22). Relative percentages of live/dead cell
counts were comparable for the two imaging systems. Despite the obvious superiority of the
confocal microscope in terms of resolution, image contrast, and fidelity, the PDMS-PSi lens-
smartphone system performed surprisingly well considering its cost, portability, and ease of
use.

The ability of the monolithic PDMS/PSi lens elements to filter light with high spectral
fidelity led us to explore their applicability for lighting applications [45]. We found that the
color of a commercial warm-white LED could be adjusted from red to blue by engineering
the appropriate DBR or resonant cavity into the porous silicon filter portion of the
PDMS/PSi lens element (Figure 5a). For this configuration, the PDMS/PSi lens was placed
on top of a commercial white LED and the spectrum of light transmitted through the lens
was acquired. The experimental results are summarized in Figure 5b,c (and in Figure S23 for
resonant cavities). The emission spectrum of the bare LED (i.e. without any lens), was used
as reference spectrum; the emission spectrum of the LED coupled to a bare PDMS lens (i.e.
without any PSi filter embedded) was used as control (Figure S23). Transmission spectra in
Figure 5b show that the filter was capable of attenuating the spectrum of the LED emission
at specific wavelength intervals (those falling in the stop band of the DBRs), thus providing
a simple means to shape the color of light transmitted through the lens. Data from
representative samples are shown superimposed on a CIE 1931 diagram in Figure Sc.
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Finally, the ability of the elastomeric lens-optical filter composites to select very a narrow
wavelength slice from the relatively broad emission spectrum of a fluorescent molecular
probe was demonstrated. This is of interest in forensics or agriculture studies [46] or
narrowband vasculature imaging [47]. For these experiments, the porous silicon resonant
cavities embedded in the PDMS/PSi lens displayed a narrow resonance band whose
wavelength was within the fluorescence emission spectrum of fluorescein or rhodamine B.
The fluorescence spectrum from the relevant dye was then collected through the composite
lens assembly and compared to the spectrum of the dye measured with no PDMS/PSi lens
assembly, as a reference (Figure 5d,e). For both dyes, the intrinsic broad (> 100 nm)
fluorescence emission spectrum was effectively narrowed to 5 nm (full width at half
maximum — FWHM) at the resonant wavelength of the cavity. The high numerical aperture
of the lens used in collection mode increased the acceptance angle of the emitted light
relative to a detector that employed no lens.

Conclusions

In summary, the robust (yield >95%) and inexpensive method to prepare lens-optical filter
combinations using PDMS and porous silicon integrated two basic optical concepts of image
magnification and light shaping into a single lightweight lens. We demonstrated the potential
of this technology for compact, low-cost, hand-held microscopy using a smartphone, which
could make a substantial impact in low-resource settings.

This was achieved by leveraging the spontaneous self-assembly of PDMS into a
hemispherical lens, directed by a nanostructured porous silicon layer. The porous silicon
nanostructure was engineered as an optical component, which became fixed to the PDMS as
it cured. The process was optimized to set the optical parameters (i.e. focal length, NA) of
the lens independent of the optical characteristics of the filter; bandpass, notch, and resonant
cavity filters were demonstrated. The bandpass structures were utilized to demonstrate two
notional applications where high-fidelity spectral filtering is important--in a cellular
fluorescence assay and as a color filter for white LED lighting.

The main fundamental advance presented in this work is in the nanostructure design, which
allows self-assembly of a lens without a mold, control of both lateral and depth flow of a
pre-polymer solution, and a means to very inexpensively integrate a high-fidelity optical
component into a single monolithic structure. All of these elements represent fundamental
advances in nanoscale control of materials properties that have not previously been
demonstrated and dramatically simplify the process of preparing multi-functional optical
elastomeric elements at low cost and in a process with a low degree of complexity. Although
the approach was demonstrated using PDMS as the optical lens element, we envisage that
engineering polymers with different mechanical and optical properties, such as
polycarbonate, could also be used. Furthermore, because the anisotropic nanostructure of
porous silicon is capable of polarizing light [48], it may be possible to fabricate polarized
lens elements using the proposed approach.
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Figure 1. Preparation and characterization of PDM S lenses on nanostructured porous silicon.
(a) Sketch of PDMS lens preparation on nanostructured PSi: 1- etching of a PSi templating

layer; 2- drop of a prescribed mass of PDMS pre-polymer on PSi and subsequent thermal
curing; and, 3- free-standing PDMS lens obtained by peeling the lens off the PSi chip. (b)
Picture of a PDMS lens as-formed on the PSi chip (left) and after peeling it off the PSi chip
(right). (c) Main geometrical and optical characteristics of PDMS lenses for different
porosity values (and, in turn, etching current density values) of the PSi templating layer, for
constant PSi thickness of 10 ym and same PDMS mass of 10 mg. (d) Main geometrical and
optical characteristics of PDMS lenses for different thicknesses of the PSi templating layer,
at constant porosity of 60.7% and same PDMS mass of 10 mg. (e) Main geometrical and
optical characteristics of PDMS lenses for different PDMS masses, at constant thickness 10
um and constant porosity of 60.7%. (f, g) Optical photographs showing top and cross-
sectional views of PDMS lenses formed as in (g) for PDMS masses of 3.5 and 16 mg. (h)
Picture of a test pattern containing lines of width ranging from 250 to 4 um, captured
through a free-standing PDMS lens with focal length 4.7 mm adhered to a Samsung S5
camera. Inset (red box) shows the same test pattern captured with the same smartphone but
without the lens. (i) Same as in (d), with a 3x digital zoom applied to the Samsung S5
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camera. Inset shows the greyscale intensity profile of the picture in (i), from which it is
apparent that lines with width down to 4 um can be resolved. Lens was formed on a PSi
layer with porosity of 75% and thickness of 10 um by dropping 10 mg of PDMS. Data in c¢)
and d) are provided as average values of 6 and 3 replicates, respectively, with error bars
representing one standard deviation. All the lens images were taken after thermal curing,
which was performed with the lens facing upwards.
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Figure 2. Preparation of free-standing PDM S lenseswith embedded PSi UV-blue band-rg ection
filter.

(a) Key steps in the preparation of a PDMS lens with an embedded PSi optical filter
component: 1- a high-porosity PSi templating layer (orange) is etched. This layer is
designed to provide the correct surface interaction to direct the shape of the PDMS lens; 2- a
low-porosity PSi barrier layer (green) is etched beneath the templating layer. This provides a
barrier that minimizes infiltration of the liquid PDMS precursor into the subsequently etched
optical filter layers; 3- the PSi optical filter component (red) is etched beneath the barrier
layer; 4- a high-porosity release layer is etched beneath the optical filter; 5- the entire porous
structure is thermally oxidized. The conditions are set such that all the porous layers convert
to SiO,, but the crystalline silicon substrate remains; 6- a drop of predetermined volume of
the liquid PDMS pre-polymer material is deposited and thermally cured; 7- the silicon
dioxide surrounding the PDMS lens and porous optical filter assembly is dissolved with a
dilute aqueous HF solution; 8- the integral PDMS lens and optical filter component
assembly is removed from the silicon chip. (b) SEM cross-section of the PSi stack showing
the high-porosity templating layer (approx. 1 um thick) on top, the low porosity barrier layer
(approx. 100 nm thick), and the DBR structure consisting of 80 high-low porosity bi-layers.
The brighter/darker regions correspond to the lower/higher porosity layers, respectively. (c)
Higher magnification SEM image of the top portion of (b), from which the morphology of
templating and barrier layers is more apparent. Inset shows a detail of the PSi barrier layer.
(e, f) Reflectance spectrum of the PSi stack before thermal oxidation (step 4 of the
fabrication procedure) (e) and after thermal oxidation (step 5 of the fabrication procedure)
(). (g) Reflectance and transmittance spectra of the free-standing PDMS lens embedding the
PSi DBR (step 8 of the fabrication procedure). Inset shows a picture of the lens once
removed from the silicon chip. The PDMS lens features a highly reflective violet color at the
bottom due to the PSi DBR embedded in it.
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Figure 3. Optical microscopy with PDM S lenses containing integral PSi optical filter
components.

(a) Transmittance spectra of three PDMS lenses with embedded PSi DBRs prepared with
different visible wavelength pass-bands. (b) Transmission spectra of three PDMS lenses with
embedded resonant cavities prepared with different cavity resonances from blue to red. Q-
factor is 140. (c) Picture of the 3 PDMS/PSi lenses from (a) and a PDMS lens containing no
optical filter, on black background. Lens diameter is approximately 4 mm. (d)
Complementary-color pictures acquired on a greyscale Marie-Curie image using a
smartphone Samsung S5 camera equipped with the PDMS/PSi lenses in (a), highlighting the
simultaneous magnification and light filtering capabilities of the fabricated lenses. In
particular: the use of the blue lens results in the yellow picture, red lens gives rise to the cyan
picture, and the green lens gives rise to the magenta one. The greyscale picture was obtained
with a plain PDMS lens (with similar focal length), without any PSi optical component.
Marker is 1 mm. (e) Transmittance (black trace) spectrum of a blue-filtering PDMS/PSi lens
superimposed on the emission spectrum of a blue LED coated with a green-emitting FSBT
film, collected with a spectrometer probe without (blue trace) or fitted with the blue-filtering
PDMS/PSi lens (red trace). (f) Conceptual sketch of a fluorescence microscope system
(excitation band <450 nm, emission band > 500 nm) realized with a smartphone equipped
with a blue-filtering PDMS/PSi lens. (g, h) Picture of fluorescent microbeads (approx. 60
um in diameter) acquired with the setup sketched in (f) and blue laser excitation, using a
plain PDMS lens (g) and a blue-filtering PDMS/PSi lens (h); insets in (g), (h) show a digital
zoom of a single bead. Notice that the use of the blue-filtering PDMS/PSi lens in (g)
effectively filters out the laser excitation light, rendering the green emission with high
fidelity (marker is 150 um). All the lens images were taken after thermal curing, which was
performed with the lens facing upwards.

excitation bare PDMS lens PDMS/PSi lens
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Figure 4. Imaging of mammalian cellswith PDM S lenses containing an embedded PSi optical
filter.

(a) Setup employed for imaging fixed CAOV-3 ovarian cancer cells that were stained with

the live-dead assay reagents calcein AM and ethidium homodimer-1 (ThermoFisher 1.3224).
Cells were fixed on glass coverslips, mounted on glass slides, placed on a 3-axis stage and
illuminated with laser light at either 495 or 517 nm, as indicated. Focused cell images were
collected with an AXON 7 (ZTE) cell phone camera (back) and remotely controlled with a
computer. (b) Transmission spectrum of the PDMS-PSi lens employed for the fluorescent
cell imaging, featuring a DBR with stop-band rejecting in the wavelength range 465-525
nm. Absorbance and emission spectra of calcein AM and ethidium homodimer-1 used for
live and dead cell staining, respectively are also shown. (c) Image of dead cells acquired
with smartphone equipped with the PDMS-PSi lens, upon excitation at 517 nm. The
excitation light is effectively filtered out in the central area of the lens, enabling the red
stained cells on a black background to be clearly imaged. (d) Representative live-dead cell
images using a PDMS lens without (control lens) and with embedded PSi filter. Live (top
row) or dead (bottom row) CAOV-3 ovarian cancer cells were prepared and treated with the
calcein + ethidium staining solution and then fixed prior to imaging. Individual cells can be
visualized at the magnification achieved with this PDMS lens. The PSi filter embedded in
the PDMS lens effectively blocked the excitation light from entering the camera, such that
only the fluorescence from the stained ovarian cancer cells was captured. The fluorescence
reflects the live (green) or dead (red) state of the cells prior to fixation. Images collected
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with the control PDMS lens (without PSi filter) had high background luminescence and the
cells strongly scattered the excitation light. Analagous fluorescence images obtained with a
commercial, high-end (Zeiss LSM 710 NLO) confocal microscope (“Fluorescence
microscope”) are also reported for comparison. Marker is 200 um and applies to all images
in (d).
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Figure 5. Spectra of white LED or molecular fluorophore light sources obtained through PDM S
lensesthat contained an embedded PSi optical filter, demonstrating shaping of the color
spectrum and selection of specific, narrow wavelength bands.

(a) Transmission spectra obtained through composite PDMS/PSi lenses, where the stop-band
of the porous silicon DBR filters were tuned to pre-determined regions of the visible
spectrum. (b) Emission spectrum of a warm-white LED (black trace) superimposed on
spectra of the same light source but collected through the PDMS/PSi lenses from (a), which
were placed on top of the LED. The DBR embedded in the lens allowed the efficient
removal of the LED light falling within the DBR stop-band. (c) Spectral data from (b)
represented in a CIE 1931 diagram of the color perceived by the human eye. (d, e)
Transmittance spectra of composite PDMS/PSi lenses that contained an embedded PSi
microcavity whose resonant wavelength was engineered to fall within the emission spectrum
of fluorescein (d) or rhodamine B (d). The fluorescence spectra of the two dyes were
obtained without (“Bare Fluorescein” or “Bare Rhodamine”) or with (‘“Filtered Fluorescein”
or “Filtered Rhodamine”) the lens applied to the collection probe of the spectrometer. The
filtered spectra showed linewidth narrowing to 5 nm FWHM of the fluorescence from the
dye.
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