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ABSTRACT Devices that manipulate light represent the future of information processing. Flat 

optics and structures with subwavelength periodic features (metasurfaces) provide compact and 

efficient solutions. The key bottleneck is efficiency, and replacing metallic resonators with 

dielectric resonators has been shown to significantly enhance performance. To extend the 

functionalities of dielectric metasurfaces to real-world optical applications, the ability to tune 

their properties becomes important. In this article, we present a mechanically-tunable all-

dielectric metasurface. This is composed of an array of dielectric resonators embedded in an 

elastomeric matrix. The optical response of the structure under a uniaxial strain is analyzed by 

mechanical-electromagnetic co-simulations. It is experimentally demonstrated that the 

metasurface exhibits remarkable resonance shifts. Analysis using a Lagrangian model reveals 

that strain modulates the near-field mutual interaction between resonant dielectric elements. The 

ability to control and alter inter-resonator coupling will position dielectric metasurfaces as 

functional elements of reconfigurable optical devices. 

KEYWORDS: nanophotonics · stretchable electronics · subwavelength 

structures · metasurfaces · dielectric resonators  
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Next generation optical devices require components that are compact, efficient, and 

reconfigurable. At visible wavelengths, conventional optical components are usually based on 

geometrical optics, rendering them bulky. Optical metasurfaces seek to revolutionize realization 

of optical components by utilizing planar thin film layers of sub-wavelength resonant elements.1, 

2 Metasurfaces allow us to engineer phase discontinuities across the thin film interfaces.3 This 

concept breaks the dependence on phase retardation arising from optical path length in bulky 

optics and thus allows us to realize exotic functionality, including anomalous reflection and 

refraction,4, 5 or broadband polarization conversion.6 As such, metasurfaces promise unparalleled 

applications in sensing,2 imaging,7 and communications.8 

To ensure that the functionality of metasurfaces can be harnessed for real-world applications, the 

ability to tune their response becomes important.9 The inherent resonant nature of metasurfaces 

allows their electromagnetic responses to be tuned in many different ways. For instance, 

different resonance modes10 can be tuned by changing resonators relative orientations11, 12 or 

their geometries.13 The metasurface tunability can also be achieved by manipulating the near-

field interactions via varying unit cell periods.14-17 Other methods to achieve tunable 

metasurfaces or metamaterials include the use of phase-change materials,18, 19 voltage-controlled 

coupling,20 and thermal stimulus.21 Incorporating resonant elements on stretchable substrates 

enables mechanical tuning of the optical responses of metasurfaces.22-24 Additionally, in many 

metasurface designs, nonlinear materials have been introduced into resonant electromagnetic 

fields to enhance tunable higher-order harmonic generation.25, 26 

Apart from the tunability, efficiency is another factor to consider for metasurface in real-world 

applications. In the last few years, a number of metasurfaces made of dielectric resonators have 

been demonstrated for efficient light manipulations.6, 27-31 Different from metallic resonators that 
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intrinsically impose considerable Ohmic loss in the optical regime, dielectric resonators 

operating via displacement currents can exhibit high efficiency32 even in the visible range. An 

array of dielectric resonator nanoantennas on a metallic substrate has been experimentally 

demonstrated as an efficient beam deflector at visible frequencies,27, 33 and a similar structure has 

been proposed for implementing plasmonic couplers.34 Also realized in the reflection mode, a 

uniform array of rectangular dielectric resonators on a silver substrate has been demonstrated as 

broadband polarization converter.6 It is known that high-permittivity low-loss dielectric 

resonators can support localized electric and magnetic resonances.35 By spectrally and spatially 

overlapping both resonances,29 a unidirectional scattering can be achieved and thus, a highly 

directional radiating Huygens’ surface31 can be realized. Recently, Sautter et al. have 

demonstrated an all-dielectric metasurface made of cylindrical silicon dielectric resonators 

covered by a nematic liquid crystal.36 By changing the operation temperature, the material phase 

of the liquid crystal and thus the near-field interactions of the resonators operating in magnetic 

and electric modes are altered, resulting in a demonstrated tunability of the all-dielectric 

metasurface. 

In this article, we propose a mechanically tunable metasurface design made of an array of 

uniform TiO2 (anatase) cylindrical dielectric resonators embedded in an elastomeric matrix. The 

elastomeric matrix, namely polydimethylsiloxane (PDMS), is commonly used in stretchable 

technologies22, 37 as a flexible substrate due to its remarkable elasticity and low optical losses. 

With recent advances in stretchable electronics fabrication,38 brittle oxides can be integrated into 

elastomers through a unique transfer technique allowing for high process temperatures.39 Using 

this technique, a very high resolution of the embedded features can be achieved, limited only by 

the lithographic patterning techniques. The deformation of the soft PDMS allows for tuning the 
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period of the array without altering the shape of the hard TiO2 resonators, thus providing a 

convenient and viable metamaterial tuning method. Such a tuning strategy has been recently 

reported for tunable coloration based on high-index non-resonant diffraction grating with multi-

mode interferences.40 To analyze the resonant-metasurface design, mechanical and 

electromagnetic finite-element co-simulations have been adopted and the results have been 

verified at visible frequencies with measurements performed on a fabricated prototype 

metasurface. To shed light on the underlying tuning mechanisms, we have analyzed the near-

field interactions among dielectric resonators with a Lagrangian model14-16 to interpret the 

observed resonance shifts. This work proposes an approach to achieve all-dielectric mechanically 

reconfigurable metasurfaces that enable the next generation optical devices and adaptive 

photonic systems. 

 

RESULTS AND DISCUSSION 

Design and fabrication of the dielectric metasurfaces. We propose a dielectric resonator-based, 

mechanically tunable metasurface design operating at visible wavelengths. The tunable dielectric 

metasurface consists of a uniform array of cylindrical TiO2 resonators embedded in an 

elastomeric PDMS matrix. In the considered frequency range from 450 THz to 600 THz, the 

measured average relative permittivity of TiO2 is 5.8, while PDMS has an isotropic relative 

permittivity of 2.41 As illustrated in Figure 1a, the cylindrical TiO2 resonators have a diameter of 

190 nm and an overall height of 102 nm (of which the cap height is 32 nm, an inherent property 

of the lift-off method used in fabrication). The designed periodicity in the x- and y-directions is 

408 nm. Figure 1b-g show a step-wise schematic of the fabrication process used to create the 
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tunable dielectric resonator array sample (a detailed description of the synthesis can be found in 

the METHODS). Figure 1h shows a scanning electron micrograph (FEI Verios 460L) of a 

partial view of the dielectric resonator array. 
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(b) platinum deposition; (c) electron beam lithography for nanopatterning and TiO2 deposition; 

(d) lift-off removal of TiO2 and resist with subsequent annealing; (e) spin-coating and curing of 

PDMS with subsequent peel from carrier substrate; (f) schematic of purple plasma plume 

indicating platinum layer removal by dry etching; and (g) release to create a tunable 

metasurfaces. (h) TiO2 resonators embedded in PDMS imaged with a scanning electron 

microscope and represented in false color, where blue indicates PDMS and green TiO2. 

Optical characterization of the metasurfaces. Transmission measurements are performed with 

a customized optical spectroscopic system to demonstrate tunability of the metasurface. We 

measure the transmission spectra of the fabricated sample under mechanical strain, applied 

uniaxially along the x-direction. The measurement schematic is illustrated in Figure 2, with full 

details provided in METHODS. During measurements, a halogen lamp is used to provide 

incident white light. In order to introduce mechanical strain, the sample is fixed on a stretching 

stage with displacement controlled by a graded micrometer screw. To examine polarization 

dependence of the response, a sheet polarizer controls the excitation polarization either along the 

x-direction (along direction of applied strain) or the y-direction (transverse to applied strain). The 

transmitted light is collected and measured by a fiber-coupled spectrometer. A bare PDMS 

substrate under the same amount of stretching is used as a reference. 
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field along the y-direction. Simulated (b) E-field on the y–z plane and (c) H-field on the x–z plane 

of the resonators in an infinite unstrained array corresponding to the resonance peak in (a). 

Mechanically-induced deformation and strain. In order to evaluate the effect of external 

strain, we have created a three-dimensional (3D) mechanical model to conduct finite-element 

method (FEM) analysis of the metasurface. Under applied strain, the amount of unit cell 

displacement depends on the mechanical interplay of the hard high-modulus TiO2 features 

embedded in the soft low-modulus elastomeric PDMS. To accurately analyze the mechanical 

deformations in the dielectric resonator array with reasonable computational complexity, we 

consider a 6×6 array of unit cells, and restrict the area of the PDMS substrate to 10×5 µm2 with a 

thickness of 2.5 µm. Details can be found in the Supporting Information.  

The PDMS substrate is then subjected to a simulated mechanical deformation with displacement 

of 0.6 µm in the x-direction, equivalent to 6% strain for the original length of 10 µm. The 

resulting total deformation is displayed as a color map in Figure 4a. Despite the presence of the 

embedded TiO2 features, the result suggests a uniform deformation with no observable distortion 

of the PDMS substrate in the direction perpendicular to the stretching direction. This response is 

identical to that of a control substrate without the embedded TiO2 features (see Supporting 

Information). Figure 4b shows the normalized strain, which is the change in dimension in 

percentage, occurring in the device. We can observe that the TiO2 disks themselves do not 

deform under applied strain due to their high modulus, whilst the soft low-modulus PDMS 

deforms around them. This mechanical behavior results in a seamless movement of the TiO2 

resonators with the substrate. The resulting unit cell period in the direction parallel to the applied 

strain can therefore be varied consistently across the sample and proportionally to the amount of 

strain. The associated change in the unit cell period orthogonal to the applied strain can be 
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attributed to the elastomer’s intrinsic Poisson’s ratio of 0.442 and is manifested in the simulation 

results as an induced compression of the unit cell size in the y-direction. 
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Figure 4. Mechanical and optical simulations of the metasurface of TiO2 resonators in PDMS. 

(a) Total deformation and (b) normalized strain for an applied displacement of 0.6 µm (6% 

strain) in the x-direction. (c,d) Orientation of the y-polarized and x-polarized electric dipoles with 

respect to applied strain. The large dark green arrow denotes the incident E-field direction. The 

modal fields in the cylindrical dielectric resonators are labeled with the green arrows for the E-

field component (parallel to the excited electric dipoles), while the red arrows indicate the 

circulating H-field component. Simulated resonances under the (e) y-polarized and (f) x-

polarized excitation for increasing applied strain, with the black arrow denoting direction of 

resulting resonance shift. 

Tunability of optical resonance under strain. The observable effect of strain from the 

mechanical simulation, with specific reference to an alteration of the unit cell periodicity, guides 

the investigation towards the optical response of the dielectric metasurface. Full-wave 

electromagnetic simulations are carried out to predict tunability of optical response under strain. 

The simulation is performed with CST Microwave Studio and employs the unit cell boundary 

conditions and Floquet excitation ports.43 The fundamental transverse magnetic (TM) and 

transverse electric (TE) modes, corresponding respectively to x- and y-polarized waves, excite 

the structure in the normal direction. All propagating Floquet modes are observed. The 

background material is set to PDMS with the non-dispersive relative permittivity of 2.41 In the 

simulations, the unit cell dimensions are changed in accordance with the FEM mechanical 

simulation (Figure 4a-b) to imitate the effects of applied strain (stretching) along the x-direction 

together with induced strain (compression) along the y-direction. 

As illustrated in Figure 4c, for the y-polarized incidence, the excited fundamental electric dipoles 

in the dielectric resonators have the E-field transversely coupled and the H-field longitudinally 
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Figure 5. Polarization-dependent transmission spectra of the metasurfaces with increasing 

applied strain. (a) y-polarization excitation transverse to applied strain. (b) x-polarization 

excitation parallel to applied strain. 

The resonance shifting behavior is verified via experimental characterization, utilizing 

nanofabricated samples (Figure 1) and using the test setup in Figure 2. Figure 5a presents the 

measured results under the y-polarized excitation with increasing applied strain. As expected, a 

clear redshift of the resonance by 30 nm (5.08%) is observed with the strain increasing from 0% 

to 6%. The transmission at 591 nm also increases from 47% to 78% as the strain varies from 0% 

to 6%.  Figure 5b presents the measured transmission under the x-polarized excitation. In this 

case, the resonance peak slightly shifts by 6 nm (0.96%) towards the blue and the transmission at 

587 nm rises from 48% to 77% when the applied strain increases from 0% to 6%. The 

contrasting shift towards red and blue is caused by the different transverse and longitudinal 

coupling strengths that will be analyzed in greater details in the next section. The observable 

resonance arises from the electric dipole mode, since the shifting complies with the simulated 

electric dipole resonance. Overall, the measured positions of the resonance are in good 

agreement with simulations. However, the measurement shows a broader resonance linewidth 

and gradually increased transmission as the applied strain increases. The resonance broadening 

and weakening is caused by (i) the divergence angle of the focused beam and (ii) the 

nonuniformity of the resonator shape, both of which result in slightly different modal field 

distributions among the resonators. The former cause is corroborated by experimental 

observations made during system alignment, where it has been found that the resonances are 

further broadened when using a 50× objective (instead of the 20× objective used in the presented 

results). Further resonance weakening during stretching is mainly attributed to the increased light 
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leakage from the sample edges.  It should be noted that the measured weakening strengths are 

similar in both y- and x-polarized excitations, but are obscured by the baseline variation.45, 46 

Quantitative analysis of near-field interactions among dielectric resonators. In this section, 

we establish a Lagrangian model to quantitatively investigate the near-field interaction 

mechanisms amongst dielectric resonators and interpret the numerical and experimental results. 

For this symmetrical and uniform dielectric resonator array, the long-distance in-plane 

interactions are balanced and their impact is significantly less than the near-field interactions.47 

Within the considered optical wavelength range, only the fundamental electric dipolar mode is 

excited due to the small dimensions and moderate permittivity of the TiO2. Thus, as depicted in 

Figure 4c, for the y-polarized excitation, the E-field component of the dielectric resonator 

fundamental resonant mode are longitudinally coupled in the y-direction and transversely 

coupled in the x-direction and vice versa for the H-field. By increasing the applied strain, it can 

be then inferred that mainly the E-field transverse coupling and the H-field longitudinal coupling 

are altered. On the other hand, under the x-polarized excitation, as shown in Figure 4d, mainly 

the E-field longitudinal coupling and the H-field transverse coupling are altered with increasing 

applied strain in the x-direction. Both the impacts of the applied strain and the induced strain are 

incorporated in the Lagrangian analysis. However, the induced strain has a weaker impact on the 

near-field couplings than the applied strain since the compression due to induced strain is very 

limited. 

To start the analysis, we first consider a single TiO2 dielectric resonator operating in its 

fundamental electric dipolar mode. It is known that the dielectric resonator operates via the 

displacement current. Therefore, the displacement currents and charges can be described as: 
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 displacement charge density: D∇⋅  (1)

 displacement current density: 
D

D
t

∂
=

∂
  (2)

where D is the electric flux density and equations (1) and (2) are linked with the continuity 

equation for the electric current density. From equations (1) and (2), the displacement charges 

and current can therefore be expressed as: 

 displacement charges: d
V

Q DdV= ∇ ⋅  (3)

 displacement current: ݅ௗ = ∮ ሶௌܦ ݀ܵ (4)
where V is the volume of the dielectric resonator and S is the area of the resonator cross-section 

orthogonal to the electric dipole direction. Equations (3) and (4) can be linked with 

d
d d

dQ
i Q

dt
= =  . The Lagrangian model of a single dielectric resonator is thus formulated as:14  

 ℒ = ௅ଶ ሶܳௗଶ − ଵଶ஼ ܳௗଶ, (5)
where L and C are effective inductance and capacitance of the dielectric resonator. The two 

terms in equation (5) represent the stored magnetic and electric energy, respectively. Applying 

the Euler-Lagrangian equation of motion48 

 డడ௧ ቀ డℒడொሶ ೏ቁ = డℒడொ೏; (6)
we arrive at 

 ( ) 0d dQ Q LC+ = . (7)
From equation (7), the fundamental electric dipole mode for a single dielectric resonator occurs 

at the frequency 0 1 LCω = . For the proposed dielectric resonator design, a value of 0 142.5ω =

THz is obtained from simulation by using unit cell size large enough to approximate a resonator 

in isolation. 
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(c) Resonance frequencies when the strain direction is parallel to the polarization. (d) Resonance 

frequencies for square unit cells. 

In the following, we analyze the effect of the electromagnetic near-field couplings on the electric 

dipole resonance in the dielectric resonator array. From Figure 6a, the Lagrangian of the coupled 

resonator system can be expressed as:15 

 
ℒ௫ = ෍ 2ܮ ൣ(ܳௗሷ )௨,௩ଶ − ு்(ܳௗሷߢ2 )௨,௩(ܳௗሷ )௨ାଵ,௩ + ு௅(ܳௗሷߢ2 )௨,௩(ܳௗሷ )௨,௩ାଵ൧௨,௩  

  − ܥ12 ൣ(ܳௗ)௨,௩ଶ − ா௅(ܳௗ)௨,௩(ܳௗ)௨ାଵ,௩ߢ2 + ா்(ܳௗ)௨,௩(ܳௗ)௨,௩ାଵ൧ (8)ߢ2

Equation (8) describes the electromagnetic near-field interactions under the x-polarized 

excitation. The coupling effects described in equation (8) only take the four nearest neighboring 

resonators, which are marked with red circles, into consideration as shown in Figure 6a, and the 

“ + ” and “ − ” signs represent the field attractive and repulsive interactions, respectively. The 

subscripts for the coupling coefficients HTκ , HLκ , ETκ  and ELκ denote the transverse (T) and 

longitudinal (L) coupling strengths of the magnetic (h) and electric (e) fields. For the y-polarized 

excitation, the transverse and longitudinal coupling coefficients together with their signs in 

equation (8) should be exchanged. By referring to the near-field expressions for the infinitesimal 

electric dipole, these coefficients can be linked to the unit cell sizes xa  and ya  as well as the 

wavenumber k in the PDMS via:49    

 
( )3

HT T xκ h ka= ; ( )3
HL L yκ h ka=  

2
ET T yκ e a= ; 2

EL L xκ e a=  
(9)

Equation (9) is for the x-polarized incidence, and it is noted that ܽ௫ and ܽ௬ should be exchanged 

for the y-polarized incidence. The constants Th , Lh , Te  and Le  represent the effects of an 

oscillating current source radiating as an electric dipole in the near-field along transverse and 
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longitudinal directions. Applying the Euler-Lagrangian equation in equation (6) to the coupled 

resonator system in equation (8) yields: 

( ) ( ) ( ) ( ) ( ) ( )
2 2

, 1, , 1, 1, , 1

1 0d HT d HL d d EL d ET du v u v u vu v u v u v
Q κ Q κ Q Q κ Q κ Q

LC + ++ +

   − + + − + =    
    (10) 

Since the plane-wave excitation is uniform across the array, the coupled dielectric resonator 

array operates in the symmetrical mode. Thus all the resonators have the same charge 

distributions and they oscillate collectively in phase yielding ( ) ( ) ( ), 1, , 1d d du v u v u v
Q Q Q

+ +
= =  and 

( ) ( ) ( ), 1, , 1d d du v u v u v
Q Q Q

+ +
= =   . Solving equation (10) yields the resonance frequency of the 

coupled resonator array:  

 0
1
1

ET EL
s

HL HT

κ κω ω
κ κ

+ −
=

+ −
 (11)

where the decoupled resonance frequency 0 142.5ω =  THz. The unknown constants ,T Lh  and ,T Le  

can be obtained by fitting equation (11) to the simulation and measurement results. From 

Figure 6b-c, in general, it can be seen that the Lagrangian results in equation (11) fits well the 

simulated and measured results. A small deviation of the measurement results from the 

simulation and Lagrangian results is seen in Figure 6c due to an inherent Poisson ratio variation 

along the y-direction,39 which affects the x-polarization results stronger since the dominant 

transverse coupling is along the y-direction. Figure 6d presents the simulated and Lagrangian 

model results for square unit cells with x ya a= . The simulated unit cell size ranges from 190 nm, 

where the resonators touch each other, to 1060 nm. It is seen the Lagrangian model results have a 

good agreement with the simulated results for moderate unit cell sizes ranging from 350 nm to 

600 nm. The divergence in the results for smaller unit cells is because the dielectric resonators 

(dipoles) have a finite size, and are not infinitesimally small as assumed in the theoretical model. 
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Figure 7. Influence of metasurface geometry on coupling coefficients. The coupling coefficients 

(in logarithmic scale) as a function of the square unit cell size (side length). 

CONCLUSIONS 

In this article, we have proposed a mechanically tunable all-dielectric metasurface made of a 

uniform array of TiO2 cylindrical resonators embedded in an elastomeric PDMS matrix. Subject 

to the uniaxial strain, the array shows a clear resonance shift towards longer wavelengths for the 

excitation perpendicular to the strain direction and towards shorter wavelengths for the excitation 

polarized along the strain direction. With only 6% applied strain, the measured resonance peak 

shifts 5.08% to red and 0.96% to blue from the base resonance wavelength under different 

polarizations. This spectral behavior of the TiO2 resonators is well predicted with mechanical and 

electromagnetic FEM modelling. The Lagrangian model provides an accurate near-field analysis 

and reveals quantitatively the dominant transverse E-field coupling mechanism in the optical 

dielectric resonator array. This work demonstrates an approach to effectively tuning the 

resonance in all-dielectric low-loss metasurfaces, which suggests a building block for high-

efficiency optical devices. The design and analysis provide fundamental understanding on the 

coupling mechanism of metasurfaces designed with dielectric resonators and pave the way for 

next generation photonic systems. 

 

METHODS 

Fabrication. The fabrication of the transparent PDMS-based TiO2 devices relies on the transfer 

technique described in detail in Gutruf et al.38 The simplified production process is depicted in 
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Figure 1. The process starts with a platinum layer deposited by electron beam evaporation on a 

standard, cleaned silicon wafer (Figure 1b). A 250 nm thick polymethylmethacrylate (PMMA) 

layer is applied to the platinum-coated silicon wafer via spin coating followed by a hard bake at 

180 °C. The electron-beam sensitive PMMA is subsequently exposed using an electron beam 

lithography system (Nabity EBL system on a FEI Nova SEM equipped with a field emission 

gun) by writing the negative mask of the dielectric resonator array in a serial process. The 

written structures are 190 nm diameter holes with a separation of 420 nm in both the x and y 

directions. The dielectric resonator array consists of 280×280 periods giving it a total dimension 

of 118×118 µm2. A subsequent immersion in a MIBK developer is used to wash away the 

regions exposed to the electron beam. The TiO2 dielectric layer of 102 nm thickness is then 

deposited by electron beam evaporation (Figure 1c). Subsequently, lift-off is performed in an 

acetone bath to remove the excess TiO2 (Figure 1d). The lift-off is followed by an annealing step 

of 600 °C for 2 h in vacuum27 to synthesize the anatase phase of TiO2 to ensure low loss. This is 

followed by the removal of the TiO2/Pt sandwich from its rigid carrier by casting PDMS (2 mm 

thick) onto the TiO2 layer, with a subsequent hotplate cure at 120 °C for 8 min and an immediate 

peel-off (Figure 1e). It is significant to note that the step depicted in Figure 1e results in a 

shrinkage of the PDMS substrate on release from the substrate, due to compressive strain 

introduced by the curing the PDMS at an elevated temperature (120 °C). This decrease in volume 

results in a multiaxial compression of ~2.9%. This phenomenon has been well characterized and 

accounted for in our work, by ensuring the nanofabrication pattern with unit cell dimensions that 

are larger (420 nm, in comparison to the 408 nm defined by the design). The wafer-sized 

TiO2/PDMS device is flipped over onto a silicon carrier and the Pt layer removed by reactive ion 

etching (7.5 min, 100 W, Ar atmosphere, 70 mTorr working pressure) leaving the dielectric 
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cylinders exposed (Figure 1f). The device is then carefully lifted off the carrier and diced into 

50 mm × 50 mm specimen for measurements (Figure 1g). 

Characterization. A schematic of the optical characterization setup is shown in Figure 2, with 

the component denoted by (i) to (ix) in the figure described below. 

A 20 W BWTEK BIP 2.0 Tungsten Halogen lamp (i) is selected as the white light source. To 

obtain sufficient incident power, the integration housing sphere is removed so that the lamp 

illuminates forward directly in a broad angle. A two-inch diameter, 60 mm focal length bi-

convex lens and a one-inch diameter, 25.4 mm focal length plano-convex lens (ii) are used to 

collect and collimate the broadly diverged light into a 40× 0.65 numerical aperture objective (iv). 

A Newport 5511 sheet polarizer (iii) on a rotating mount is positioned right before the 40× 

objective for polarization selection. Several black paper cards and an aluminum light housing 

box are utilized to prevent randomly scattered light. The 40× objective focuses the light beam 

into a 50 µm pinhole (v). The measured power of the light from the pinhole is 82 µW, ensuring 

sufficient signal power over the noise level. An Olympus RMS20X 20× 0.4 numerical aperture 

achromatic objective (vi) is used to focus the light down to ~140 µm to excite the dielectric 

resonator array sample in its center. The selection of the 20× objective takes both the beam 

divergence angle and focused beam size into consideration. The sample is mounted on a 

stretching stage (vii) with a minimum stretching step of 10 µm. The transmitted light is 

collimated by a one-inch diameter, 30 mm focal length plano-convex lens (viii) into a SMA905 

fiber coupler connected with a BWTEK FPC 600 µm core optical fiber. The fiber guides the 

transmitted light into the BRC115P Exemplar CCD spectrometer (ix) for measurement. During 

the measurements, a CS01-200 digital microscope is used for observing the sample and for 

focusing the incident beam onto the center of the dielectric resonator array. The sample is 
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measured under 0, 2%, 4% and 6% strain applied along the x-direction with both the x- and y-

polarized incident waves. 
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