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Abstract: We demonstrate the multifolding Origami manufacture of
elastically-deformable Distributed Bragg Reflector (DBR) membranes that
reversibly color-tune across the full visible spectrum without compromising
their peak reflectance. Multilayer films composed of alternating transparent
rubbers are fixed over a 300 um wide pinhole and deformed by pressure
into a concave shape. Pressure-induced color tuning from the near-IR to
the blue arises from both changes in thickness of the constituent layers and
from tilting of the curved DBR surfaces. The layer thickness and color
distribution upon deformation, the band-gap variation and the repeatability
of cyclic color tuning, are mapped through micro-spectroscopy. Such
spatially-dependent thinning of the film under elastic deformation produces
spatial chirps in the color, and are shown to allow reconstruction of complex
3D strain distributions.
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1. Introduction

Distributed Bragg reflectors (DBRs), are used as spectrally selective mirrors in many different
optical systems, including lasers [1-5], light emitting diodes (LEDs) [6-8] sensing [9—12] and
photovoltaics [13—15]. The realization of a band-gap elastic DBR provides opportunities for the
development of novel emission devices such as tunable lasing [16,17] or LED [17] systems, and
mechanical sensing devices such as pressure or acoustic sensors. In this article we demonstrate
the manufacture of highly-flexible DBR membranes that exhibit a high reflectance stop-band.
The stop-band center can be tuned from 830 nm in the near-IR down to 400 nm in the blue,
without compromising the reflection intensity. Simple color-tuning is achieved by pressurising
elastic multilayer membranes stretched over a pinhole, deforming them into spherical shapes.
Detailed spatially-resolved spectroscopy allows analysis of the color variation across such con-
cavely deformed DBRs, the polarization rotation observed when light reflects off curved re-
gions, and the spatial distribution of the film thickness of the deformed multilayer. Such films
can thus be used to analyse the strain distribution in complex deformations of 3D objects.

2. Materials and methods

2.1. Fabrication of the elastic DBR

Elastic DBRs were assembled starting from an elastic bilayer, employing an ‘Origami’ folding
technique (Fig. 1), which improves over earlier approaches [17]. A thin polysulfonic acid (PSS)
layer was first spin-cast onto a silicon wafer. The PSS layer is marked with a set of orthogonal
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Fig. 1. (a) Illustration of the Origami technique. The elastic DBR is assembled by im-
mersing the Si wafer coated with a PSS-PDMS-PSPI trilayer into water. The PDSM-PSPI
double layer floats onto the water surface by dissolving an underlying PSS layer until it
reaches a scratch in the PSS film, stopping PSS dissolution. Further immersion causes the
PDMS-PSPI bilayer to fold back to the upper half of the wafer. The folding steps completes
by full submersion of the wafer. (b) Elastic DBR after 4 folding steps. (c) Illustration of the
home-made sample holder supporting an elastic DBR over a pinhole.

scratches which extend down to the substrate. A 90 nm thick polydimethyl siloxane (PDMS,
Dow Corning - Sylgard 184) film was then cast from heptane solution onto the PSS layer
followed by cross-linking at 120 °C for one hour. Polystyrene-polyisoprene triblock terpolymer
(PSPI, Sigma Aldrich) was subsequently cast from toluene onto the insoluble PDMS rubber
to form a 60 nm thick layer. The supported trilayer sample was then immersed into water,
dissolving the PSS, which causes the PDMS-PSPI layer to float onto the top water surface. PSS
dissolution stops as soon as the water reaches one of the scalpel scratches, where the PDMS
is pinned to the substrate surface . Continued immersion of the substrate into the water forces
the bilayer to fold back onto the upper-half of the substrate, forming a U-fold of the bilayer
(Fig. 1(a)). The sample was then rotated by 90° and the immersion process repeated. Repeating
the folding steps 5 or 6 times results in multilayers comprising 31 or 63 stacked alternating
PDMS and PSPI films of double the thickness compared to the initial spin-cast thickness. The
number of the PDMS and PSPI double layers, n, is given by

n=2"—1 (1)

where m is the number of the folding steps. The outmost PDMS single layers are not included
in this layer number because they do not contribute to the DBR interference (Fig. 1(b)). The
final resulting multilayers have low defect density. Given the refractive indices of 1.41 and 1.53
for PDMS and PSPI, respectively, the resulting multilayer stack forms a DBR with a stop band
that is centred in the infrared at ~ 800 nm, with a stop-band reflectance of around 80%.

2.2. Actuation of elastic DBRs

The DBR multilayers were floated onto thin stainless steel sheets containing a 300 ym-wide
pinhole. A 63 layer-containing DBR was employed for full color actuation tests, while further
spectroscopy was performed on DBRs comprising 31 layers. The pinholed sheet was fixed air-
tight onto a channel in a transparent plexiglass holder (Fig. 1(c)) and the channel connected to
a pump and a pressure gauge, allowing variable evacuation of the volume under the pinhole.
A pressure difference established across the air-impermeable multilayer membrane leads to an
elastic deformation of the DBR into a concave shape. The degree of deformation was controlled
by adjusting the pressure difference up to a maximum AP = 0.33 bar. The DBR membrane was
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Fig. 2. (a) Experimental and simulated reflection spectra of a flat elastic DBR still attached
to its Si substrate. Simulation parameters were dppys = 175 nm, dpspr = 123 nm, nppums =
1.41, and npgp; = 1.53. The inset shows an elastic DBR on a 300 ym-wide pinhole in its
initial flat state. (b) A deformed DBR under increasing pressure showing color shifts from
red (top left) to blue (bottom right). (c) Reflection spectra taken during actuation showing
shift of stop-band to 400 nm with pressure difference AP = 0.33 bar. (d,e) Stop-band tuning
of the DBR performed over ten cycles by repeatedly switching AP between O to 0.32 bar.
(f) Peak reflectance position extracted from a time resolved spectral measurement after
pressure difference was increased to AP = 0.25 bar.

observed by microscopy and confocal micro-spectroscopy throughout deformation and optical
micrographs of the deformed DBR taken in top- and side-view. The profile of the deformed
DBR extracted from side view images provides access to the shape of the film deformation.
In all cases a spherical curvature of the DBR membranes was found. For transmission spec-
troscopy and curvature evaluation, the deformed DBR was kept under a constant pressure dif-
ference for approximately 10 minutes before the measurement in order to allow the deformed
state to equilibrate.

3. Results
3.1. Full color DBR tuning

Images of the DBR membrane under deformation show a change in hue from red to blue
(Fig.2(a) and 2(b)). Reflection spectra from the cavity center reveal the dependence of the stop-
band peak wavelength on the applied deformation. The stop-band peak smoothly shifts from
800 nm in the near-IR to 400 nm in the blue without a variation in peak intensity (Fig.2(c)).
This indicates that the ratio of thicknesses of the PDMS and PSPI layers in the DBR remains
constant with increasing strain, which is the consequence of equal Poisson ratios of the two
elastic layers.

The change in peak reflectance wavelength induced by a variation in light incidence angle
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Fig. 3. (a-d) Observation of rotation by polarization microscopy and micro spectroscopy.
Images of the deformed DBR, both (a,b) without and (c,d) with crossed polarizers for (a,c)
AP =0.20, (b,d) AP = 0.30. Optical reflection from the center is blocked by the crossed
polarizer while regions near the rim remain bright, which is characteristic for a polarization
rotation by double reflection. The insets show images at the indicated wavelengths. (e-h)
reflectance along the path indicated by the arrows in (a-d), respectively.

and layer thickness upon deformation follows the simple relation

m?L/Z:dl\/n%fsinZGerz\/n%fsinzG 2)

where dy, d>, ny and ny are the thicknesses and the refractive indices of the two multilayer
materials, 0 is the incident angle of the light and m is a natural number. Analysis of these data
reveals a decrease in thickness to one-half of the unstrained value for AP = 0.33 bar.

A cyclic tuning test was performed in order to demonstrate the repeatability of stop-band tun-
ing. The elastic DBR peak wavelength was tuned from a starting value of ~800 nm to 400 nm
and back for 10 cycles (Fig.2(d)). Although a reflectance at 400 nm was attained a few seconds
after turning on the vacuum pump, returning to ambient pressure did not lead to immediate
restoration of the membrane to its original color. The layer was allowed to relax for 5 minutes
before starting the next cycle to allow the reflection peak wavelength to recover beyond 700 nm.
The reflection intensities remained stable throughout the 10 cycles of tuning (Fig.2(e)).

A time resolved spectral measurement was performed after applying a fixed pressure differ-
ence of AP = 0.25 bar. The peak reflectance shifted from 800 to 600 nm during the initial 100
seconds, followed by a gradual shift to 570 nm over the following hour. This is indicative of a
viscoelastic behavior of the rubber film. While every rubber shows viscoelasticity to a small de-
gree, it is likely that the substantial creep of Fig. 2(f) is dominated by the PSPI layer. In contrast
to the chemical cross-links of the cured PDMS layer, PSPI forms physical cross-links by PS
micro-phase separation which have been shown to enable creep at temperatures above 30° C,
where chain pull-out and PS reassembly take place if a sufficiently high force is applied [18].
This behavior is likely to affect the recovery speed upon elastic deformation. One possible way
to overcome this is to use a polymer with similar optical properties (e.g. pure polyisoprene) that
can be chemically cross-linked.

3.2. Polarization rotation

Polarization rotation by the pressure-deformed DBR was observed in a microscope with two
crossed polarizers (Fig.3(a)-3(d)). Light incident off-centre onto the concave multilayer sur-
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Fig. 4. (a-d) Spatial distribution of transmitted intensity at different wavelengths. The maps
were taken (a) in the initial non-deformed state, (b) the residual concavity state after de-
formation and relaxation, (¢) AP = 0.17 bar and (d) AP = 0.27 bar. (e-h) Spectra extracted
from (a-d), respectively. The small red shift in (f) is due to the permanent deformation of
the multilayer after actuation.

face can undergo more than one reflection within the concavity. Multiple bounces within the
concavity induce a polarization rotation caused by a different overall phase shift between TE-
and TM-polarized reflections, compared to singly-reflected light. Previous studies have demon-
strated that light reflected from hemispherical metal mirrors [19] and from the photonic struc-
tures on butterfly and moth wing scales give rise to a similar effect [20-22]. Concave cuticle-air
mutlilayers on the wings scales of Papilio blumei cause polarization rotation for blue light af-
ter a double bounce from the concavity edges [20,23]. Observation of the concavities between
crossed polarizers suppresses the yellow center reflection, rendering the butterfly scales macro-
scopically blue.

Similar to Papilio blumei, the deformed DBR shows a difference in color between the center
and the edge of the bubble DBR. The double bounce reflection of light from the cavity edges
is revealed by the observed differences in reflection color with and without crossed polariz-
ers which is characteristic for Papillo-like polarization rotation. Interestingly, light reflected
from the center of the deformed rubber DBR is blue-shifted compared to the edge reflection
(Fig.3(a) and 3(b)), in contrast to Papillo scale where the center reflection is red-shifted. This
microscopic observation is confirmed by the spectra (Fig.3(e)-3(h)) which show a clear blue
shift of the center stop-band peak. This observation is seemingly in contradiction with Eq.(2)
which predicts a red shift of the center reflection compared to the concavity edges. The reason
for this inverted colour performance for the elastic DBR is a systematic variation in PDMS and
PSPI layer thickness in the center compared to the edges upon deformation, resulting in a net
red-shift. This shift to shorter wavelengths from the edges to the center therefore indicates a
higher local strain of the polymer layers at the concavity center, as discussed below.

3.3. Spatial chirp

In order to confirm a radially inhomogeneous strain distribution within the concavely shaped
DBR, the sample was mapped spectroscopically in transmission with a resolution of 15 um
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(Fig.4). The elastic DBR in its non-deformed state has a homogeneous stop-band distribution
(Fig.4(a) and 4(e)). At AP = 0 after several actuation steps, it acquires slight permanent concave
form caused by the repeated tuning cycles. The spectrum taken at the center of the pinhole
shows a stop-band around 745 nm, compared to a stop-band peak of ~ 800 nm at the concavity
edge (Fig.4(b) and 4(f)). This is a clear indication of localized film thinning at the center. The
red shift becomes more pronounced when the elastic DBR is further deformed, with a stop-band
difference of up to 100 nm (Fig.4(d) and 4(h)).

Further evidence of the localized thinning was acquired by analyzing the film radial thickness
distribution. Micrographs taken through the side window of the custom-made sample holder
revealed the change in the curvature of the deformed multilayer for increasing pressure differ-
ences (Fig.5(a)-5(c)). The variation of incident angles across the spherically deformed DBR
membrane were calculated from the shape of the deformed DBR. The thickness distribution
along the deformed DBR as a function of horizontal distance from the pinhole center was then
calculated using Eq. (1) with A acquired from the spectral maps and 6 from angle distribution
maps (Fig.5(d)). The initial elastic DBR before actuation has a homogeneous thickness dis-
tribution. The hemispherical geometry of the actuated film concentrates the strain at the center,
thereby enhancing the observed spectral shift.

The spherical nature of the shape is further revealed when plotting the relative thickness
against the local deflection at different radial positions (Fig. 5(e)). Although the actual shape of
such an elastic bubble is a highly complicated non-analytic function, as the pressure increases
the bubble shape becomes more spherical and the thickness directly tracks the deflection [24].
This can also be seen in the linearity of the maximum strain found at the centre of the membrane
with the local deflection at that point (Fig. 5(f)). These features point to the robustly predictable
nature of suitable designed elastomeric optical components. Extraction of such data on de-
formed membranes has been previously difficult, and the use optically-functional membranes
opens up new capabilities for understanding 3D elastic deformations in detail.

Such non-uniform strain distributions suggest a new route to spectroscopic components.
Combining such non-uniformly strained dielectric multilayers yielding chirped thickness varia-
tions together with diode arrays and CCDs, allows reconfigurable hyperspectral imaging. While
the demonstration shown here was of a regularly-spaced DBR, the complete range of multilayer
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Fig. 5. (a-c) Images of a deformed DBR taken in the permanently deformed state, and with
applied pressures of 0,0.17 and 0.27 bar. (d) PDMS and PSPI layer thickness variation of
the elastic DBR across the pinhole extracted from the spectral maps, together with (e) its
dependence on the local deflection. (f) Extracted strain at the mirror centre vs the deflection
produced by different pressures.
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filter functions are possible, including high-pass, low-pass, bandpass, notch and dichroic ele-
ments. Applications include Raman edge filters for maximising laser rejection by elastic tuning,
as well as graded photonic bandgap systems useful for adjustable negative dispersions for pulse
compression. Improvements require control of the creep identified in such systems, through
better control of the cross-linking.

4. Conclusion

We have demonstrated the repeatable full color tuning of elastically deformable DBRs across
the entire optical spectrum without compromising the peak reflectance. Light reflected from the
edge of the deformed DBRs showed polarization rotation, while the center reflection was blue
shifted compared to the edge. These effects are caused by multiple reflection of incident light
at the edge and localized film thinning at the center of the deformed DBRs.

Future developments will allow acquisition of thickness and curvature data from the elastic
DBR to allow extention of this work to the study of inflation of micro-balloons [25]. Such
structures also provide prospects for the development of color displays, resonant cavities for
tunable lasing, tunable LEDs, and bio-inspired filters/reflectors for security applications. Using
chemically cross-linked polyisoprene instead of PSPI should enhance actuation sensitivity and
decrease the response time to pressure changes, enabling the development of accurate low-cost
optical acoustic sensors.
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