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etamaterials provide a unique op-
portunity to create highly custom-
izable refractive index-engineered
thin films that will enable optical devices
with entirely new physical properties,
optical functions, and form factors. By
optimizing the geometry of artificially en-
gineered metallodielectric nanostructures
to give a specific electric and magnetic re-
sponse to incident electromagnetic waves,
the effective refractive index of the compo-
site materials can be varied from negative,' >
through zero,®® to large positive values.'
Negative-index metamaterials (NIMs) have
been the subject of intense investigation
since Pendry's proposal of a flat NIM lens
with sub-diffraction-limited resolution.’
However, far less research has focused on
the equally important class of low- and zero-
index metamaterials (LIMs/ZIMs), which
provide quasi-infinite phase velocity and
infinite wavelength for the light propagat-
ing inside.""'? These optical properties can
be exploited to produce a variety of new
and exciting electromagnetic devices with
unique functionalities, including electro-
magnetic cloaks,'"'® beam self-collimators,'
flat far-field focusing lenses,”">'® low-index
mirrors,® electromangnetic field enhancers,"”
and compact zero-phase delay lines.'®
Along with providing the required low-
to-zero refractive index values, many meta-
material-enabled devices must have nearly
ideal optical transmission, with minimal re-
flection and absorption loss. To minimize
reflection loss, the interfacial impedance of
the metamaterial should be well matched
to the impedance of its surroundings. The
effective refractive index (n.s) and interfa-
cial impedance values (Z.¢) of a metamater-
ial are given by

Neff = \/Eeftlletts Zeft = \/ Ut/ et (1)

where eq¢r and uegr are its effective permit-
tivity and permeability, respectively. Conse-
quently, the metallodielectric nanostructures
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Metamaterials have dramatically expanded the range of available optical properties, enabling
an array of new devices such as superlenses, perfect absorbers, and ultrafast switches. Most
research has focused on demonstrating negative- and high-index metamaterials at terahertz
and optical wavelengths. However, far less emphasis has been placed on low-loss near-zero-
index metamaterials that exhibit unique properties including quasi-infinite phase velocity and
infinite wavelength. Here, we experimentally demonstrate a free-standing metallodielectric
fishnet nanostructure that has polarization-insensitive, zero-index properties with nearly ideal
transmission at 1.55 zem. This goal was achieved by optimizing the metamaterial geometry to
allow both its effective permittivity and permeability to approach zero together, which
simultaneously produces a zero index and matched impedance to free space. The ability to
design and fabricate low-loss, near-zero-index optical metamaterials is essential for new

devices such as beam collimators, zero-phase delay lines, and transformation optics lenses.

KEYWORDS: optical metamaterial - zero/low-index - zero-phase delay -
impedance-matched - free-standing

must be optimized to give an electromag-
netic response that simultaneously bal-
ances Eefillessr aNd Ut/ Eesr tO produce the
desired refractive index and impedance match
across the wavelength band of interest.
Earlier experiments on optical meta-
materials primarily investigated structures
with specific negative-index or high-index
values but with uncontrolled interfacial im-
pedance. For most device applications, the
metamaterial structures must have nearly
ideal optical transmission with minimal
reflection and absorption loss. In the zero-
to-low-index regime, it has been shown
theoretically that the low e produced by
volumetric wire arrays® or wire meshes’ yield
metamaterials with low neg. A low index can
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Figure 1. Schematic of a zero-index metamaterial and FESEM images of the fabricated device. (a) Left: Diagram of the
optimized fishnet structure that produces a near zero refractive index at 1.55 um. One unit cell is enclosed within the red
dotted square. The inset shows a 3D view of the unit cell with w =365 nm, p =956 nm, and t = 381 nm. The top and bottom Au
layers (yellow) are 39 nm thick, and the polyimide layer (red) is 303 nm thick. Right: Top-view FESEM image of the fabricated
ZIM. Scale bar, 500 nm. (b) FESEM image of the free-standing, flexible ZIM structure. Scale bar, 2 um. (c) Cross-sectional FESEM
image showing the Au and polyimide layers. Scale bar, 500 nm.

also be created using artificial magnetic resonators
with near zero ,ueff.s Because the low index is obtained
by manipulating only one of the effective medium param-
eters (eqfr OF Uesr), the interfacial impedance is limited to
either Zg— oo or Zg— 0 and cannot be easily tailored
to match the impedance of surrounding layers. For
example, if the metamaterial structure is surrounded
by air, its effective impedance should be matched to
that of free space,®'® which is given by

Zett = Zyp = \//lo/go (2)

where g is the permittivity and u, is the permeability
of free space. This condition can only be satisfied by
tailoring both the eq¢ and the ug of the metamaterial
structure.

In this paper, we demonstrate a polarization-insen-
sitive optical ZIM with a nearly perfect transmission
fabricated in the form of a mechanically flexible, free-
standing thin film. This was achieved by optimizing the
geometry of the metallodielectric fishnet structure to
give ge — 0 and ueg — 0 at a wavelength of 1.55 um,
which provides a matched impedance with free space
(Zes/Zy ~ 1). The nanofabricated ZIM samples accu-
rately replicated the optimized, axially symmetric fish-
net design, thereby minimizing degradation in optical
properties (increased loss) due to bianisotropy from
substrate loading'® and/or from feature asymmetry.*°
The experimentally retrieved effective medium param-
eters obtained by inverting the complete set of scatter-
ing parameters (amplitude and phase) measured using
spectral holography confirmed the targeted design
properties, giving an neg = 0.121 4 0.032i and Z.¢/Z =
0.861 — 0.049i.

RESULTS AND DISCUSSION

Electromagnetic Design Optimization. The impedance-
matched metamaterial with a near-zero-index band
at 1.55 um was designed using a free-standing
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symmetric fishnet nanostructure consisting of two
gold (Au) screens separated by a polyimide spacer
with square air holes perforating all three layers (see
Figure 1a). The air holes were aligned in a doubly
periodic arrangement with identical periodicity in both
the x- and y-directions, thus making the structure
polarization insensitive to incoming light at normal
incidence. With the combination of the resonant mag-
netic paired strips and nonresonant electric strips, the
fishnet structure can be regarded as being composed
of an array of magnetic dipoles embedded inside a
diluted metal, which yields a resonant u¢r and a Drude-
like eqf. By carefully tailoring the nanostructure geom-
etry to give terr — 0 and e — 0 at the same wave-
length, the desired impedance-matched ZIM can be
obtained.

Due to the challenging design criteria for an im-
pedance-matched ZIM, a powerful stochastic genetic
algorithm (GA)*' technique was employed to optimize
the fishnet nanostructure to satisfy the performance
goals—a near-zero effective refractive index and an
impedance matched to free space. The optimizer
determined the geometric dimensions of the fishnet,
including the unit cell size, air hole size, and layer
thicknesses, to provide optical properties that best
satisfied the design criteria. The measured optical
properties of the constituent materials (i.e., Au and
polyimide) and the applicable nanofabrication con-
straints were incorporated into the optimizer to accu-
rately model the material dispersion and to ensure that
the resulting structure could be readily fabricated
without further modification. In the numerical simula-
tions, Au was modeled as a dispersive dielectric with
complex permittivity that was determined by spectro-
scopic ellipsometry measurements of the deposited
films. For each candidate design in the GA optimiza-
tion, the complex transmission and reflection coeffi-
cients were predicted using a full-wave periodic finite-
element boundary-integral (PFEBI) solver.?? The effec-
tive refractive index (ne¢) and normalized effective
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Figure 2. Simulated and measured complex transmission and reflection coefficients validate the predicted zero-index
metamaterial properties of the fishnet nanostructure. Amplitude (a) and phase (b) of the transmission (blue, light blue
(resimulated with adjusted dimensions)) and reflection (red, light red (resimulated with adjusted dimensions)) coefficients. A
high transmission amplitude and near-zero-phase delay is observed at 1.55 and 1.5 um for both the simulated and the
measured ZIM structures. Real (blue, light blue (resimulated with adjusted dimensions)) and imaginary (red, light red
(resimulated with adjusted dimensions)) parts of the inverted effective refractive index (c) and normalized effective
impedance (d). The nanofabricated fishnet structure has a near-zero refractive index and a near-unity normalized effective
impedance with extremely small imaginary parts at 1.5 um. Real (blue, light blue (resimulated with adjusted dimensions)) and
imaginary (red, light red (resimulated with adjusted dimensions)) parts of the inverted effective permittivity (e) and effective
permeability (f). The measured structure has a near-zero permittivity and a near-zero permeability with negligible imaginary

parts at 1.5 um.

impedance (Zet/Z,) were then inverted from the
scattering parameters using an established retrieval
method**~2°> and compared with an ideal ZIM re-
sponse to determine the candidate's cost defined by

cost = |neff _ntar|2+ ‘Zeff/ZO _Ztar/ZO‘2 (3)

where n,, =0 + 0i and Zy,,/Zy = 1+ 0i are the target
effective refractive index and normalized effective
impedance, respectively. The GA minimized the cost
and evolved a ZIM structure with a cost (deviation)
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of only 0.008 from the design criteria specified in
eq 3.

Symmetric Fishnet for Zero-Phase Delay. The geometry
and dimensions of the optimized ZIM design are
shown in Figure 1a. The width and length of the
three-layered crossed strips in the unit cell are 365
and 956 nm, respectively. A 303 nm thick polyimide
layer separates the 39 nm thick top and bottom Au
screen layers. The predicted transmission and reflection
coefficients of this GA-optimized fishnet nanostructure
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Figure 3. Numerical simulations of current distribution on the Au screens in the zero-index band. Distribution of volumetric
current density on the top (a) and bottom (b) Au layers of the ZIM excited with a normally incident beam having the
polarization shown. The antiparallel currents induced by the incident magnetic field create the resonant magnetic response in
the three-layer fishnet structure. (c) Cross-sectional view of a snapshot of the electric field. The nearly identical field vectors
throughout the fishnet structure confirm that the metamaterial has a near-zero-phase delay with high transmission.

are shown in Figure 2a,b. Because the effective im-
pedance is well-matched to free space and the absorp-
tion loss in the metamaterial is low, the transmission
amplitude remains remarkably high at ~95% around
the target ZIM band at 1.55 um. In addition, the
transmission phase is in the vicinity of zero degrees
and possesses a positive value (which is required, e.g.,
in cloaking devices),”?%%” indicating a near-zero-phase
delay as a normally incident wave travels through the
metamaterial. Considering the physical thickness of
the structure, which is approximately A/4, this near-
zero absolute transmission phase provides confirma-
tion that a near-zero optical path length can be
achieved using this metamaterial.

The inverted theoretical effective material param-
eters are shown in Figure 2¢,d. A zero-index band with
an extremely small extinction coefficient (nef=0.072 +
0.051i), which is indicative of the low absorption losses
in the structure, is observed exactly at 1.55 um. The
near-unity normalized effective impedance with small
imaginary part (Z.¢/Zo = 1.009 — 0.021/) substantiates
the low reflection loss as exhibited in the transmission
and reflection amplitudes. To quantitatively evaluate
the ZIM performance, two figures-of-merit (FOMs) are
defined for the zero-index band:

FOM, = 1/|netl, FOMz = 1/\Zet/Z0 — 1|  (4)

where FOM,, evaluates how closely the effective re-
fractive index approaches zero, and FOM; evaluates
how closely the normalized effective impedance ap-
proaches unity. For this specific optimized design, the
achieved FOMs have high values of 11.3 and 43.8,
respectively. This represents a new benchmark in the
state-of-the-art for optical ZIMs.

Electromagnetic Properties. To acquire a clear under-
standing of the optical response of this ZIM, the current
distributions on the top and bottom Au layers at a
wavelength of 1.55 um are plotted in Figure 3a,b with
an incident electric field linearly polarized along the
x-direction. The array of long Au metal strips, which is
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aligned to the x-axis along the incident electric
field, provides a diluted Drude-type response (see
Figure 2e).?® The antiparallel currents induced by the
incident magnetic field along the y-axis produce a
resonant magnetic response, resulting in a Lorentzian
line-shaped resonance in the effective permeability
(see Figure 2f).%° In this design, the geometry of the
fishnet was optimized to give near-zero values of
£ef =0.068 + 00517 and e = 0.072 + 0.049j at 1.55 um,
leading to a low-loss, impedance-matched ZIM (see
Figure 2c,d). The near-zero-phase delay of this ZIM is
clearly shown in the snapshot of the field evolution in
Figure 3c. Specifically, the amplitude and phase of
the electric fields are nearly identical on the top and
bottom interfaces as well as everywhere inside the
metamaterial.

Nanofabrication. The optimized low-loss ZIM proper-
ties are only valid for an ideal symmetric nanostructure,
which has air holes with perfectly vertical (90°) side-
walls and is surrounded by air on the top and bottom
surfaces. Previously reported fishnet-based optical
metamaterials'*%2° were fabricated by defining the
nanometer scale air holes in multilayer metal/dielectric
stacks deposited on optically transparent substrates
using either focused ion beam (FIB) etching' or lift-off
techniques.>*?° These structures suffer from process-
induced nonidealities that degrade their optical prop-
erties. Specifically, the physical FIB etching process
causes the air holes in the topmost stack layers to
widen and the sputtered materials to redeposit onto
the etched sidewalls." The lift-off process limits the
sidewall angle to <80° for multilayer stacks that are in
the range of 100—300 nm thick.?° The slight deviation
in the sidewall angle of 10° from vertical leads to
asymmetry that introduces coupling between the
electric and magnetic fields which is not present in
the symmetric fishnet structure.”® As presented in the
Supporting Information, S1, this coupling would result
in a significant decrease in the transmission ampli-
tude from 95 to 77% in the optimized ZIM structure

VOL.6 =

NO.5 = 4475-4482 = 2012

WWww.acsnano.org

4478



Figure 4. Optical characterization of the free-standing fish-
net nanostructure. (a) Schematic of the Mach—Zehnder
interferometer used to find the complex transmission coef-
ficients of the ZIM. (b) Schematic of the Michelson inter-
ferometer used to find the complex reflection coefficients of
the ZIM. M, mirror; L, lens; BS, beam splitter; OSA, optical
spectrum analyzer. (c) Photograph of the 3 mm x 3 mm
fishnet structure (yellow) and reference mirror (black)
mounted on an Al frame for optical characterization.

(see Figure S2). This underscores the importance of
fabricating nanostructures that approach the ideal
designed geometry to experimentally realize the the-
oretically predicted properties.

In this work, a top-down nanofabrication process
that employed high-aspect-ratio dry etching to form
air holes in the thick metal/dielectric/metal stack was
developed to overcome the inherent limitations of the
FIB and lift-off processes. The optimized ZIM design
was made by first sequentially depositing the three-
layer stack using electron-beam evaporation and spin-
coating for the Au and polyimide layers, respectively.
The individual evaporation, coating, and thermal treat-
ment steps were optimized to produce films with high
optical quality (see Methods).*° To create the fishnet
nanostructure, a sacrificial silicon dioxide (SiO,) hard
etch mask was added on top of the Au—polyimide—Au
stack using low-temperature plasma-enhanced chemi-
cal vapor deposition (PECVD), and the air hole array
pattern was defined in the hard mask using electron-
beam lithography and fluorine-based reactive ion
etching (RIE). This pattern was transferred through
the Au and the polyimide layers by anisotropic dry
etching using an inductively coupled chlorine-based
high-density plasma process. In the final step, the SiO,
hard mask was removed by low-power dry etching,
and the Au—polyimide—Au fishnet structure was re-
leased from the Si handle substrate to give the sym-
metric ZIM structure.

Figure 1 shows field-emission scanning electron
microscope (FESEM) images of the fabricated fishnet
structure. These images demonstrate that this process
accurately reproduced the optimized ZIM design with
air hole dimensions of 590 nm x 590 nm (measured on
top and backside), nearly ideal vertical sidewalls (>89°),
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and no visible redeposition of Au on the etched
polyimide sidewalls. Additionally, because the con-
stituent Au and polyimide materials are ductile,
the free-standing fishnet structure is flexible and
can be deformed without fracturing. As shown in
Figure 4c, the symmetric ZIM was mounted on an
aluminum frame for optical characterization. The
topmost Au layer present in the areas surrounding
the ZIM was used as a reference mirror for reflection
measurements.

Optical Characterization. The zero-index properties of
the nanofabricated fishnet structure were verified by
experimentally measuring the amplitude and phase of
the transmission and reflection coefficients using a
spectral holography technique.?'3? First, transmission
measurements were made using a Mach—Zehnder
interferometer with a white-light supercontinuum in-
put source (see Figure 4a, solid red). Interferograms
were collected over a broad range of wavelengths from
1.2 to 1.7 um before and after inserting the free-
standing ZIM in one of the two optical beam paths.
The complex transmission coefficient t of the ZIM was
calculated by taking the ratio of the reconstructed
signal terms of the two measurements (see Figure
S1). Next, reflection measurements were made on the
same sample using a Michelson interferometer (see
Figure 4b, solid blue). Interferograms were collected
for the ZIM as well as the adjacent reference mirror,
and the complex reflection coefficient r was deter-
mined from the ratio of their reconstructed signals
(see Figure S2).

The measured transmission and reflection coeffi-
cients are compared to the simulated values in
Figure 2a,b. The distinguishing spectral features pres-
ent in simulation are blue-shifted by 50 nm in the
fabricated structure, and the prominentincrease in the
simulated reflection phase near the designed reso-
nance is missing. Despite these differences, the aver-
age values of measured transmission and reflection
amplitude remain above 95% and below 18% within
the zero-index band around 1.50 um. In addition, the
transmission phase passes through zero at 1.50 um,
which results in a near-zero optical path length, that
is, quasi-infinite phase velocity. This confirms that
the fabricated ZIM has a nearly ideal impedance
match to free space (low reflection loss) and has a
low absorption loss with the desired near-zero-index
value.

To explain the small discrepancies between experi-
ment and theory, the optical properties of the ZIM
structure were resimulated with several different poly-
imide layer thicknesses around the optimized values.
This analysis revealed that the best agreement is
obtained for a structure having a slightly thicker poly-
imide layer of 321 nm, which is within the ~10%
variation in polyimide layer thicknesses measured on
a series of planar test samples. As shown in Figure 2a,b,
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all of the simulated transmission and reflection coeffi-
cient features now match the measured values and
have negligible shift over the entire wavelength range.
This further demonstrates that the impedance-matched
condition of this fishnet structure is robust against small
variations in dielectric thickness because the infinite
wavelength in the zero-index band is preserved. This is
in sharp contrast to the strong dependence on air hole
sidewall angle, which resulted in a significant decrease
in transmission amplitude.

The effective medium properties of the fabricated ZIM
that were retrieved using the measured transmission and
reflection coefficients are plotted in Figure 2b—e. As
expected from simulation, the real and imaginary parts
of eefr and e are close to zero within the zero-index
band of the structure. The dielectric properties give a
complex effective refractive index of nggs = 0.121 +
0.032i and a normalized effective impedance of Z.¢/Z, =
0.861 — 0.049i at the zero-phase crossing wavelength of
1.50 um. These values agree well with the target design
values of neg=0.072 + 0.051i and Zes/Zo = 1.009 — 0.021i
and give a measured FOM,, = 8.1 and FOM_ = 17.2 for this
structure. The measured data verify theory and show
that high-performance optical metamaterials can be

METHODS

Nanofabrication of the ZIM Structure. The process began by
depositing the three-layer metallodielectric stack on a thermally
oxidized Si substrate, which served as a sacrificial handle wafer
during fabrication. The bottom 39 nm thick Au layer was
electron-beam-evaporated (Kurt Lesker LAB-18) onto the han-
dle wafer at a rate of 1 A/s and at a substrate temperature of
25 °C. This process produced a smooth and continuous Au film
with a 0.8 nm rms roughness as measured by atomic force
microscopy. The optical constants of the Au film used in
numerical simulations were determined from spectroscopic
ellipsometry (SE) measurements over the wavelength range of
300 nm to 33 um (J. A. Woollam VASE-160 and IR-VASE). The
intermediate polyimide dielectric layer was then deposited by
spin-coating the polyimide precursor (HD Microsystem PI2556
resin diluted by 50% with HD Microsystem T9039 thinner) onto
the Au film at 2400 rpm for 40 s. The film was imidized by
heating the sample at 150 °C for 30 min and then at 250 °C for
2 h in a nitrogen-purged convection oven. The polyimide optical
constants used in the numerical simulations were determined
from SE measurements (300 nm to 33 um) of films deposited on
bare fused silica or Si substrates. During ZIM structure fabrica-
tion, additional polyimide films deposited on separate Au-
coated test samples were also calibrated by SE measurements,
and the polyimide layer thicknesses were consistently found to
be within 10% of the target value of 303 nm. The top 39 nm thick
Au layer was electron-beam-evaporated using the same condi-
tions as the bottom Au layer. Finally, plasma-enhanced chemi-
cal vapor deposition (Applied Materials P-5000 PECVD Cluster)
was used to add a 200 nm thick SiO, hard mask layer on top of
the stack. The process temperature was maintained at 150 °C to
minimize changes in the optical properties of the Au and
polyimide layers.

The optimized fishnet structure was defined by electron-
beam lithography and reactive ion etching. A 300 nm thick layer
of positive electron-beam resist (ZEON ZEP 520A) was applied
by spin-coating at 5000 rpm for 1 min and soft-baking at 180 °C
for 3 min. A3 mm x 3 mm array of the 591 nm x 591 nm square
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experimentally realized with proper control over the
nanofabrication process.

CONCLUSIONS

In summary, a polarization-insensitive, impedance-
matched ZIM with nearly perfect transmission at
optical wavelengths was designed, fabricated, and
characterized. This was achieved by optimizing a meta-
llodielectic fishnet structure to simultaneously balance
the electric and magnetic response to give e.¢— 0 and
Uess — 0 at a wavelength of 1.55 um, which resulted in
ner ~ 0 and Z.g/Zy ~ 1. The nanofabricated free-
standing, Au—polyimide—Au ZIM accurately repro-
duced the designed geometry and provided an axially
symmetric structure that eliminated bianisotropy-
induced degradation in optical properties. Mea-
surements of the complex transmission and reflec-
tion coefficients acquired using spectral holography
agreed well with the theoretical predictions and ver-
ified the near-zero-index and highly transmissive prop-
erties of the fabricated metamaterial. This demon-
stration of a low-loss ZIM paves the way to more
advanced metamaterial-enabled devices that require
a range of low-index values (e.g., 0 < Neg < 1).

air holes was patterned by exposing the resist at a dose of
180 uC/cm?, developing the resist in n-amyl acetate for 3 min,
and rinsing the sample in methyl isobutyl ketone and isopropyl
alcohol (8:1) for 1 min. The lithographically defined pattern was
transferred into the SiO, layer by dry etching in an inductively
coupled plasma (ICP) RIE system (Trion Technologies Orion)
using CF3 (35 sccm) and O, (5 sccm) at a pressure of 20 mTorr, a
substrate power of 100 W, and an ICP power of 50 W. Using the
SiO, layer as a hard mask, the top and bottom Au layers were
etched in the same system using Cl; (35 sccm) and Ar (5 sccm) at
a pressure of 20 mTorr, a substrate power of 200 W, and an ICP
power of 50 W. The polyimide layer was etched in a magneti-
cally enhanced (ME) RIE system (Applied Materials P-5000
Cluster) with helium backside cooling using O, (90 sccm) at a
pressure of 10 mTorr, a substrate power of 150 W, and a
magpnetic field of 45 G. The SiO, hard mask was removed using
a low-power CHF3 and CF, plasma. The patterning and etching
process resulted in air holes with nearly vertical sidewalls and no
visible redeposition of Au onto the etched polyimide surfaces.

Prior to optical characterization, the three-layer fishnet
structure was released from the Si handle substrate by selec-
tively etching the thermal oxide in diluted buffered oxide etch
(BOE). The free-standing structure was mounted onto an Al
frame by positioning the Au reference mirror and the ZIM within
a 10 mm diameter opening in the frame (see Figure 4c).

Measuring Complex Transmission and Reflection Coefficients Using
Spectral Holography®'32. The supercontinuum light source used in
the Mach—Zehnder and Michelson interferometers was gener-
ated using a subnanosecond pump laser (JDS Uniphase NP-
10620-100) and a highly nonlinear photonic crystal fiber
(BlazePhotonics SC-5.0-1040).>3 Transmission and reflection
interferograms were collected using an optical spectrum analy-
zer (Ando electric). The complex transmission (t = |t|e'”) and
reflection (r = |r|e'”) coefficients of the free-standing ZIM
structure were calculated from the measured data as follows.
The transmission interferograms without () and with (/) the
ZIM inserted in the beam path are given by

I = [R+S]> = |RI> +|S|* + SR* + RS* (5)
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and

Iy = [R+St]” = [R]” +|St|” + StR* + RS*t* (6)

where R and S are the respective field amplitudes of the
reference beam and the signal beam in the frequency domain
(see Figure S1a). The inverse Fourier transforms (IFT) of these
two interferograms are shown in Figure S1b. The center peaks in
each spectrum correspond to the IFT of the first two terms on
the right-hand side of eqs 5 and 6, and the sideband peaks
represent the IFTs of the remaining terms in these equations. In
our experiments, the signal beam path length was longer than
that of the reference beam path. Therefore, the sideband peaks
on the right in each spectrum correspond to the SR™ and StR”
terms. The complex transmission coefficient t was obtained by
taking the ratio of the Fourier transforms of the sideband peaks.

The reflection interferograms from the reference mirror (/,)
and the ZIM (/') can be expressed as

Ir — ‘R_,'_Smei(w/c)AL‘Z
= [RP*+ [sm[* 4 Sme'“/IMRx 4 RSxmre /ML (7)

and

I = |R4Sr|> = [R]* +|Sr|* + SrR* + RS*r* 8

where mis the mirror reflection coefficient that is approximately
1 (based on the measured value of 0.995), AL is the beam path
length difference between the two measurements, w is the
angular frequency, and c is the speed of light. The value of AL
was calculated by knowing that the phase difference between
transmission and reflection measurements in the off-resonance
long wavelength end (~1.65 um) is 7/2 (assuming the structure
is lossless and possesses time reversal symmetry)** and was
found to be AL ~ 8 um. The IFTs of the interferograms are
shown in Figure S1d. Here, the sideband peaks on the right in
each spectrum correspond to the Sme"“/92LR* and SrR” terms,
and the complex reflection coefficient r was obtained by taking
the ratio of the Fourier transforms of these peaks.
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