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ABSTRACT
Thanks to the development in nanotechnology, artificially engineered nanostructures have
been exploited to manipulate the behavior of light. These nanostructures have critical dimensions
on the same order of or smaller than the wavelength of interest and have unique properties other
than naturally occurring materials. This research investigates novel approaches of applying metallic
nanostructures for advanced optical materials. Both plasmonic quasiparticles and optical
metamaterials were utilized to achieve exotic properties and exciting functionalities. The structures
used in this research were carefully designed and fabricated and the physics for the observed optical
response of the experimental devices were thoroughly discussed. First, a one-dimensional photonic
crystal (1D PC) was coated on top of a two-dimensional metal grating to facilitate excitation of
multiple surface-plasmon-polariton (SPP) waves and waveguide modes. The structures were found
to be able to couple light into the guided-wave modes over a broad wavelength range in the visible
spectrum regime over a broad incidence direction for both s- and p-polarization states. The
individual excitations of the guided-wave modes were also theoretically predicted using the Floquet
theory, surface-multiplasmonics theory, and the transfer-matrix approach with results wellmatched to the experimental trends of the measured absorbance of the PC-metal structure. Second,
the ability of the PC-metal structure to collect light efficiently and transport it over macroscopic
distance were applied to realize a planar solar concentrator. The plasmonic concentrator was built
as arrays of 1D PC coated 1D silver gratings, and micro-solar cells were attached to them to test
their performance. The solar cells attached to the plasmonic concentrators had efficiencies three
times higher than those not attached, validating the effectiveness of the plasmonic concentrators.
In addition, the fabricated plasmonic concentrators showed optical transfer efficiency as high as
24% over the wavelength range of 450nm to 800nm and a concentration factor around 2X.
Although these performance numbers were modest comparing to the state-of-art solar harvesting
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devices, the results open up new engineering opportunities to exploit the well-developed
plasmonics theory for broadband, high-efficiency solar concentration devices. Moreover, the
performance of the plasmonic concentrators was found to be insensitive to the angle of incidence
of light, which makes them potentially applicable to stationary tracker-free roof-top solar
harvesting devices. Finally, a self-sufficient reconfigurable hybrid optical metamaterial integrated
with vanadium dioxide was demonstrated. The reflection spectrum of the hybrid metamaterial can
be tuned electrically and the modulation contrast at the resonance frequencies can be as large as
~7500% and 500% at 3.05 and 3.85μm, respectively. Advanced functional meta-devices were
demonstrated based on the drastic change in the optical response of the hybrid metamaterial. An
electro-optical modulator was first demonstrated, with on-resonance reflectance controlled by subsecond electrical pulse-train input. The device was also shown to function as an electrically erasable
and programmable read-only memory (EEPROM) with “0” and “1” reflectance contrast of ~10%.
Finally, more sophisticated spatial modulation schemes of IR signals were demonstrated with this
platform for IR display and surface emissivity control applications.
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Chapter 1
Introduction

1.1 Background and motivation
From atoms and molecules to thin films and bulk components, optical materials has been
utilized in different scales to interact with light.1 Naturally, the light-matter interaction depends
strongly on the composition and microscopic structure of the material – types of atoms and
molecules and lattice structures, etc., to modify the local distribution and propagation of the
electromagnetic wave, which results in the modification of the macroscopic properties of light,
including its intensity, phase, polarization, and even frequency.1-2 Thanks to the advances in
nanotechnology, people have been able to create artificial optical materials with engineered
nanostructures on the same scale of or smaller than the wavelength of interest to better manipulate
the behavior of light.3-6 These artificial optical materials serve as building blocks for advanced
functional optical and opto-electronic devices to harness the potential of light.
Exploiting engineered nanostructures for optical materials has been of great research and
commercial interest for decades.3-6 The development of optical nanostructures has yielded many
successful examples of novel optical components that have been widely used to generate numerous
functionalities, from the conventional effects such as light scattering7,8 and absorption,9-12 to more
advanced nonlinearity,4,13-15 anisotropy,16-18 and wave-guiding effects.19-23
The advanced functionalities of the optical nanostructures are enabled by carefully tailoring
the compositions and geometries of the nanostructures,24 both of which have become more subtle
and complex as the field advances.24-36 The design of such nanostructures is usually helped with
the use of computational software to perform numerical simulations.27-30 In addition, as precise and
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cost-efficient replication of the designed structures is highly desired in experimental
demonstrations, development of novel nanofabrication techniques is also heavily involved in this
field.31-35
Various materials have been exploited in optical nanostructures, among which, metals are
of particular interest.36-39 Conventionally, the employment of metal in optical systems is limited to
only a few applications like mirrors and optical thin films. However, in optical nanostructures,
metallic composites have been very popular components because of the sharp contrast of the optical
response of metals comparing to that of the dielectrics.40 Recently, a variety of metallic
nanostructures have been incorporated in optical materials to achieve exciting properties that are
not possible in naturally occurring materials, which results in numerous advanced applications such
as subwavelength light confinement,22,41-43 zero and negative refractive index materials,25,35,44-48
thin-film light absorption,9-12 and meta-surfaces.17,28,49,50 The use of metals in nanostructured optical
materials will be better discussed in the following subsections, Sec. 1.1.1 to Sec. 1.1.3.

1.1.1 Optical Property of Metal
In visible and infrared wavelength regime, the optical property of metal is usually
approximated with a Drude model:51
𝜖̃(𝜔) = 1 −

𝜔𝑝2
𝜔 2 + 𝑖𝜔𝛾

(1-1)

where 𝜖̃(𝜔) is the complex permittivity of the metal, 𝜔 is the angular frequency of light, 𝛾 is the
collision frequency of the free electrons in the metal (also called the damping constant), and 𝜔𝑝 is
called the plasma frequency. The plasma frequency for a given metal can be calculated as 𝜔𝑝2 =
𝑁𝑒 2
,
𝜖0 𝑚

where N is the free electron number density in the metal, e is the elementary charge, 𝜖0 is the

permittivity of vacuum, and m is the mass of free electrons. Values of 𝜔𝑝 for metals are usually
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above the visible frequency range, as can be seen in Table 1-1 for the values of 𝜔𝑝 and 𝛾 for some
popular metals in optical applications.52 Therefore, according to Eq. (1-1), the real part of the
permittivity of metal is negative in the visible and infrared spectra regimes. The negative
permittivity is a signature property of metal which give rise to a number of exotic and exciting
optical phenomena such as plasmonic quasiparticles and optical metamaterials. Brief introductions
of these two optical phenomena are given in the following subsections, Sec. 1.1.2 and Sec. 1.1.3.
Table 1-1. Values of 𝜔𝑝 and 𝛾 for some representative metals which are commonly used in optical
applications.
Material
10 𝜔𝑝 (𝑐𝑚−1 )
10−2 𝛾(𝑐𝑚−1 )
−4

Au
7.28
2.15

Ag
7.27
1.45

Al
11.9
6.60

Pt
4.15
5.58

Pd
4.40
1.24

1.1.2 Plasmonic Quasiparticles
Plasmonic quasiparticles are collective oscillations of free electrons at the interface
between a metal and a dielectric driven by electromagnetic field.51 They have been of great research
interest for decades because of their capability to confine electromagnetic energy into volumes
smaller than the diffraction limit (𝜆/2𝑛)3 .22,41-43, The high confinement leads to a concomitant field
enhancement, and enables a vast variety of applications in optical sensing,53-55 energy
harvesting,37,56-58 waveguiding,22,23 and light absorption,11,12 etc. A few examples of the applications
of plasmonic nanostructures are given in Fig. 1-1.
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Figure 1-1. Three examples of applications of plasmonic effects. (a) A plasmonic light absorber
designed to work in the visible range with a wide angle of view. Top panel: a schematic of the
structure comprising two metal layers sandwiching a dielectric spacer, with the top metal layer
patterned as a tapered rectangular mesh net. Bottom panel: absorbance of the structure as a function
of wavelength and incidence angle of light.11 (b) A photonic/plasmonic waveguide. Top panel:
experimental setup: a semiconductor nanowire waveguide of diameter d placed on top of a metal
surface with an air gap h. Bottom panel: field distribution of the supported photonic waveguide
mode and plasmonic waveguide mode. When h is large, the nanowire guides light in conventional
photonic waveguide mode and the volume of the mode is on the same order of the area of the
nanowire (bottom left). However, when d is decreased to subwavelength, the air gap supports an
SPP mode and the mode volume is much smaller than the scale of wavelength of light (bottom
right).22 (c) A real-time tunable laser with a plasmonic nano-cavity array. The wavelength of the
output laser can be actively controlled by injecting liquid gain medium with different refractive
index into the nano-cavity array. Top panel: experimental setup; bottom panel: wavelength of laser
emission with different gain medium.59 Copyright of (a), (b), and (c): Nature Publishing Group.

Figure 1-2. Two fundamental excitations of plasmonic quasiparticles: (a) SPP wave excited with
grating coupled configuration; (b) LSP excitation with metal nano-spheres. Copyright of (b):
Willet’s Lab, Department of Chemistry and Biochemistry, The University of Texas at Austin.
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There are two fundamental excitations of plasmonic quasiparticles: surface plasmon
polaritons (SPPs) and localized surface plasmons (LSPs).51 Schematic illustrations of the SPP and
LSP excitations are presented in Fig. 1-2. SPPs are electromagnetic excitations propagating at the
interface between a dielectric and a conductor, evanescently confined in the perpendicular
direction. By solving Maxwell’s equation at the interface of a metal and a dielectric, one can obtain
the propagation constant 𝛽 of the SPP wave along the interface as
𝜖𝑑 𝜖𝑚
𝛽 = 𝑘0 √
,
𝜖𝑑 + 𝜖𝑚

(1-2)

where 𝑘0 is the free-space wavenumber, 𝜖𝑑 , 𝜖𝑚 are the relative permittivities of the dielectric and
the metal. Fig. 1-3 plots the dispersion relation of the SPP wave (solid blue line) obtained by solving
Eq. (1-2). The dielectric was chosen to be air with 𝜖𝑑 = 1, and permittivity of metal was obtained
using Eq. (1-1) with negligible damping constant (𝛾 = 0). The frequency and wavenumber of the
SPP wave are normalized to the plasma frequency of the metal. The dashed red curve plots the
imaginary part of 𝑘𝑧 𝑐/𝜔𝑝 , with 𝑘𝑧 defined as 𝑘𝑧 = √𝑘02 − 𝛽 2 . 𝑖𝑚𝑎𝑔(𝑘𝑧 ) describes the evanescent
confinement of the SPP wave propagating on the interface because the field decays exponentially
from the interface as 𝑒𝑥𝑝(𝑖𝑘𝑧 𝑧), where 𝑧 is the distance from the interface, and the decay length is
1/𝑖𝑚𝑎𝑔(𝑘𝑧 ) . Take an example point from the plotted red dashed curve in Fig. 1-3:
0.5 &

𝜔
𝜔𝑝

= 0.57. In this case, the decay length

1
𝑖𝑚𝑎𝑔(𝑘𝑧 )

=

1
0.5
∙𝜔/𝑐
0.57

=

𝜆0
0.5
∙2𝜋
0.57

𝑘𝑧 𝑐
𝜔𝑝

=

= 0.165𝜆0, is much

smaller than the free-space wavelength, validating the high field confinement of plasmonic effects.
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Figure 1-3. Dispersion relation of the SPP wave supported by the interface of air and a metal with
plasma frequency 𝜔𝑝 and negligible 𝛾. The dashed blue line plots the dispersion relation of light
propagation in air, and the dashed red line plots the normalized imaginary part of 𝑘𝑧 .
The dashed blue line plots the dispersion relation of light propagation in air, or the ‘light
line’. The dispersion curve of the SPP wave lies to the right of the light line, indicating that the
propagation constant of SPP waves is larger than that of free-space light propagation. Thus, direct
coupling of light from propagating waves in the dielectric material into SPP wave is not possible
unless some phase matching techniques are used. Practically, the phase matching can be achieved
by using either a prism or gratings. The prism-coupled configuration is also called the Kretschmann
configuration and is discussed elsewhere.51,60,61 The grating-coupled configuration is schematically
presented in Fig. 1-2(a), and the phase matching is achieved by compensating the phase-speed
difference with the additional reciprocal vector of the grating. According to Flouquet theory,62,63
the phase-match condition in the grating coupled configuration is:
𝛽 = 𝑘0 𝑠𝑖𝑛𝜃 + 𝑚

2𝜋
,
𝐿

(1-3)
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where, L is the period of the grating, and 𝑚 ∈ {±1, ±2, ±3, … } is the grating order. An example of
the solution to Eq. (1-3) is plotted in Fig. 1-4 using air as the dielectric, Ag as the metal, and a
grating period of 350 nm. It is worth noting that at a certain wavelength, only one SPP wave can
be excited on the interface with TM polarized incident light (magnetic field perpendicular to the
incidence plane) unless special dielectric stack is used, which will be discussed in Chapter 2. The
blue and red curve in Fig. 1-3 correspond to the same SPP mode but coupled with grating order
𝑚 = 1 and 𝑚 = 2 at different coupling angles.
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Figure 1-3. A plot of [𝜆0 , 𝜃] values satisfying equation 1-3 with different grating orders.
Unlike SPPs, LSPs are bounded excitation of the conduction electrons of metallic
nanostructures coupled to the electromagnetic field.51 LSPs can be excited naturally on small metal
nanoparticles exposed in electromagnetic wave. The restoring force caused by the curved surface
of the nanoparticle drives the excited electrons, resulting in their resonance behavior, which lead
to field amplification both inside and in the near-field zone outside the particle.57,64-66 The excitation
of LSPs causes the metallic nanoparticles to have scattering cross sections and extinction cross
sections much larger than their geometric size, which makes them applicable to local field
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enhancement67,68 and light management.7,30,57 More detailed analysis and discussion of LSPs can be
found in Ref. 55.

1.1.3 Optical Metamaterial
Optical metamaterial refers to a new class of artificially engineered materials composed of
well-arranged functional electromagnetic nanostructures with subwavelength dimensions.40 The
optical metamaterials should be treated as homogenous materials optically because although the
inhomogeneity of optical metamaterials is a few orders larger than atomic or molecular scale, the
sizes of their nano-components are still much smaller than the wavelength of incident light.40 Just
like the optical properties of naturally occurring materials relying on the types and arrangement of
atoms and molecules, the effective permittivity and permeability of optical metamaterials depends
on the design of the meta-atoms – unit structures that interact with incident light.69-71 By
customizing the material composition and geometry of the meta-atoms, the metamaterials can be
designed to suit specific applications.
Metal nanostructures support strong electrical and magnetic resonances and therefore are
very widely used in optical metamaterials.40 By utilizing the negative permittivity of metal and
adopting proper magnetic resonators, such as split ring resonators (SRR), metamaterials with zero
or negative refractive index have been demonstrated in a wide wavelength range.25,35,44-48
Metamaterials that work in optical spectra regime usually use multi-layered structures, such as
metal/insulator/metal (MIM) architectures,9-11 to construct the electric and magnetic meta-atoms.
In MIM architecture, the bottom metal layer is usually optically thick and can be either flat11,14 or
patterned9,10. The dielectric layer can also be either patterned11,14 or flat9,10 but the thickness needs
to be precisely controlled. The top metal layer is usually patterned so that when light incident
normally on the MIM structure, the patterned top metal surface can support electric resonance in

9
the transverse plane. The magnetic resonance is achieved by generating asymmetric currents in the
top and the bottom metal layers which induces magnetic field that oscillates in the dielectric layer.72
When more complex structures are utilized in the metamaterials, more exotic properties can be
obtained, but the fabrication complexity would also be increased.25,31,35 The excellent versatility
and customizable performance make optical metamaterials a hot research topic for the past a few
decades and potential applications of optical metamaterials in a variety of optical devices has been
reported, such as optical absorbers,9,10,24 subwavelength imagers,73-75 and cloaks.76-78 Representative
examples are given in Fig. 1-5.

Figure 1-4. Examples of applications of optical metamaterials. (a) A metamaterial broadband light
absorber designed to work in infrared wavelength range with wide angle of view. Top panel: a top
view SEM image of the metamaterial; the scale bar corresponds to 600 nm. Bottom panel:
absorptivity of the metamaterial absorber as functions of wavelength and angle of incident light.24
Copyright: American Chemical Society. (b) A metamaterial super lens. Top panel: experimental
setup of the super lens: the metamaterial super lens is inserted between the sub-wavelength object
and the far-field imaging system. Bottom panel: SEM image of the object, optical image of the
object without the super lens, and optical image with the far-field super lens (FSL). The imaged
object is a double line pattern with size far below the imaging wavelength (377nm). When the FSL
is absent, the image is blurred because of the light diffraction. However, when the metamaterial
super lens is applied, the object becomes clearly resolved.75 Copyright: American Chemical
Society. (c) A theoretical demonstration of a metamaterial cloak. Top panel: geometry of the ringshaped cloak and light incidence angle and polarization. Bottom panel: light field distribution (color
contour) and Poyting vectors (black arrows) due to a plane wave incidence onto the cloak. The
cloak exhibit no scattering as if it’s not present.76 Copyright: American Physical Society.
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1.2 Overview
This dissertation presents novel approaches to construct functional optical materials with
metallic nanostructures. The metallic nanostructures are designed to support plasmonic
quasiparticles or as an optical metamaterial for applications in the fields of solar energy harvesting
and reconfigurable optics. This section provides an overview of each chapter along with brief
summaries of the discussed concepts and results.
In chapter 2, excitation of multiple surface-plasmon-polariton (SPP) waves and waveguide
modes over a broad spectral regimes and a wide range of incidence directions for both p- and spolarization states is experimentally demonstrated and discussed. The excitation of these guidedwave modes was enabled by coupling incident light into a structure comprising a one-dimensional
photonic crystal (PC) on top of a two-dimensional metal grating. The individual excitations of these
guided-wave modes were also theoretically predicted using the Floquet theory, surfacemultiplasmonics theory, and the transfer–matrix approach for multilayered waveguides. The
theoretical results agrees with the experimental trends of the measured absorbance of the PC-metal
structure, identifying and validating each excitation of the guided-wave modes. This novel SPP
excitation approach allows for broadband, high-efficiency, and large-angle-of-view light
absorption and may help design plasmonic solar harvesting devices.
In Chapter 3, the concept of exciting multiple guided-wave modes discussed in Chapter 2
was applied at the proof-of-concept level to demonstrate a plasmonic planar solar concentration
device. The plasmonic planar solar concentrator was constructed as two periods of a photonic
crystal on top of a 1D silver grating and micro-solar cells were integrated next to the concentrators
to test their performance. Broadband light concentration effect was observed with this structure in
the solar spectrum between 450nm and 800nm. An optical transfer efficiency as high as 24% and
a concentration factor around 2X were found to be possible with the plasmonic concentrators.
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Although these are modest performance numbers, they demonstrate the concept of this new kind
of concentrator for micro-solar cell arrays. The performance of the plasmonic concentrator were
also shown to be stable when light was obliquely incident in a wide angular sector, unlike
conventional SPP architectures.
Chapter 4 discusses a vanadium dioxide (VO2) integrated photonic metamaterials absorber
as a new platform for multifunctional electro-optic control. VO2 undergoes an insulator-metal
transition (IMT) which can be triggered by thermal, electrical or optical stimulus. Accompanying
the IMT, the optical property of VO2 changes drastically. By integrating VO2 as an active material
into the hybrid metamaterial, the optical response of the metamaterial can be dynamically tuned.
In this chapter, exciting applications including reflectance switching, rewritable memory processes
and manageable localized camouflage were demonstrated at wavelengths around 3 μm. With the
nanostructured metals simultaneously supporting the photonic resonance and the electrical active
control of the integrated natural constituent, the proposed hybrid metamaterial provides a universal
template approach to self-sufficient and versatile electro-optic systems.
Chapter 5 summarizes the accomplishments and contributions in each chapter and proposes
possible directions of future research. Strategies to improve the efficiency of the multiplasmonic
light absorber and concentrator by introducing randomness into the metal grating design are
proposed with preliminary results demonstrated. The potential to use VO2 hybrid optical
metamaterial platform to achieve a smart thermal emitter is also discussed.

12
1.3 Reference
1. Freeman, M., Hull, C. C., and Charman, W. N. (2003). Optics, 11th ed. ButterworthHeinemann.
2. Flory, F., Escoubas, L., & Berginc, G. (2011). Optical properties of nanostructured
materials: a review. Journal of Nanophotonics, 5(1), 052502-052502.
3. Markel, V. A., & George, T. F. (2001). Optics of nanostructured materials.
4. Shalaev, V. M. (2002). Optical properties of nanostructured random media (Vol. 82).
Springer Science & Business Media.
5. Delerue, C., & Lannoo, M. (2004). Nanostructures: theory and modelling. Springer
Science & Business Media.
6. Lakhtakia, A., & Messier, R. (2005). Sculptured thin films: nanoengineered morphology
and optics (Vol. 122). Bellingham, WA: SPIE Press.
7. Derkacs, D., Lim, S. H., Matheu, P., Mar, W., & Yu, E. T. (2006). Improved performance
of amorphous silicon solar cells via scattering from surface plasmon polaritons in nearby
metallic nanoparticles. Applied Physics Letters, 89(9), 93103-93103.
8. Kelly, K. L., Coronado, E., Zhao, L. L., & Schatz, G. C. (2003). The optical properties of
metal nanoparticles: the influence of size, shape, and dielectric environment. The Journal
of Physical Chemistry B, 107(3), 668-677.
9. Landy, N. I., Sajuyigbe, S., Mock, J. J., Smith, D. R., & Padilla, W. J. (2008). Perfect
metamaterial absorber. Physical review letters, 100(20), 207402.
10. Tao, H., Landy, N. I., Bingham, C. M., Zhang, X., Averitt, R. D., & Padilla, W. J. (2008).
A metamaterial absorber for the terahertz regime: Design, fabrication and characterization.
Optics express, 16(10), 7181-7188.
11. Zhang, B., Zhao, Y., Hao, Q., Kiraly, B., Khoo, I. C., Chen, S., & Huang, T. J. (2011).
Polarization-independent dual-band infrared perfect absorber based on a metal-dielectricmetal elliptical nanodisk array. Optics express, 19(16), 15221-15228.
12. Hall, A. S., Faryad, M., Barber, G. D., Liu, L., Erten, S., Mayer, T. S., ... & Mallouk, T. E.
(2013). Broadband light absorption with multiple surface plasmon polariton waves excited
at the interface of a metallic grating and photonic crystal. ACS nano, 7(6), 4995-5007.
13. Creighton, J. A., Blatchford, C. G., & Albrecht, M. G. (1979). Plasma resonance
enhancement of Raman scattering by pyridine adsorbed on silver or gold sol particles of
size comparable to the excitation wavelength. Journal of the Chemical Society, Faraday
Transactions 2: Molecular and Chemical Physics, 75, 790-798.
14. Kauranen, M., & Zayats, A. V. (2012). Nonlinear plasmonics. Nature Photonics, 6(11),
737-748.
15. Wurtz, G. A., Pollard, R., Hendren, W., Wiederrecht, G. P., Gosztola, D. J., Podolskiy, V.
A., & Zayats, A. V. (2011). Designed ultrafast optical nonlinearity in a plasmonic nanorod
metamaterial enhanced by nonlocality. Nature nanotechnology, 6(2), 107-111.
16. Elser, J., & Podolskiy, V. A. (2008). Scattering-free plasmonic optics with anisotropic
metamaterials. Physical review letters, 100(6), 066402.
17. Yu, N., Aieta, F., Genevet, P., Kats, M. A., Gaburro, Z., & Capasso, F. (2012). A
broadband, background-free quarter-wave plate based on plasmonic metasurfaces. Nano
letters, 12(12), 6328-6333.
18. Jiang, Z. H., Lin, L., Ma, D., Yun, S., Werner, D. H., Liu, Z., & Mayer, T. S. (2014).
Broadband and Wide Field-of-view Plasmonic Metasurface-enabled Waveplates. Scientific
reports, 4.

13
19. Centeno, E., & Felbacq, D. (1999). Guiding waves with photonic crystals. Optics
communications, 160(1), 57-60.
20. Foresi, J. S., Villeneuve, P. R., Ferrera, J., Thoen, E. R., Steinmeyer, G., Fan, S., ... &
Ippen, E. P. (1997). Photonic-bandgap microcavities in optical waveguides. Nature,
390(6656), 143-145.
21. Notomi, M., Yamada, K., Shinya, A., Takahashi, J., Takahashi, C., & Yokohama, I. (2001).
Extremely large group-velocity dispersion of line-defect waveguides in photonic crystal
slabs. Physical Review Letters, 87(25), 253902.
22. Oulton, R. F., Sorger, V. J., Genov, D. A., Pile, D. F. P., & Zhang, X. (2008). A hybrid
plasmonic waveguide for subwavelength confinement and long-range propagation. Nature
Photonics, 2(8), 496-500.
23. Stockman, M. I. (2004). Nanofocusing of optical energy in tapered plasmonic waveguides.
Physical review letters, 93(13), 137404.
24. Bossard, J. A., Lin, L., Yun, S., Liu, L., Werner, D. H., & Mayer, T. S. (2014). Near-ideal
optical metamaterial absorbers with super-octave bandwidth. ACS nano, 8(2), 1517-1524.
25. Valentine, J., Zhang, S., Zentgraf, T., Ulin-Avila, E., Genov, D. A., Bartal, G., & Zhang,
X. (2008). Three-dimensional optical metamaterial with a negative refractive index.
Nature, 455(7211), 376-379.
26. Gansel, J. K., Thiel, M., Rill, M. S., Decker, M., Bade, K., Saile, V., ... & Wegener, M.
(2009). Gold helix photonic metamaterial as broadband circular polarizer. Science,
325(5947), 1513-1515.
27. Sullivan, D. M. (2013). Electromagnetic simulation using the FDTD method. John Wiley
& Sons.
28. Lalanne, P., & Silberstein, E. (2000). Fourier-modal methods applied to waveguide
computational problems. Optics Letters, 25(15), 1092-1094.
29. Chan, J., Eichenfield, M., Camacho, R., & Painter, O. (2009). Optical and mechanical
design of a “zipper” photonic crystal optomechanical cavity. Optics Express, 17(5), 38023817.
30. Hao, F., & Nordlander, P. (2007). Efficient dielectric function for FDTD simulation of the
optical properties of silver and gold nanoparticles. Chemical Physics Letters, 446(1), 115118.
31. Burckel, D. B., Wendt, J. R., Ten Eyck, G. A., Ellis, A. R., Brener, I., & Sinclair, M. B.
(2010). Fabrication of 3D Metamaterial Resonators Using Self ‐ Aligned Membrane
Projection Lithography. Advanced Materials, 22(29), 3171-3175.
32. Hall, A. S., Friesen, S. A., & Mallouk, T. E. (2013). Wafer-scale fabrication of plasmonic
crystals from patterned silicon templates prepared by nanosphere lithography. Nano letters,
13(6), 2623-2627.
33. Shiu, J. Y., Kuo, C. W., Chen, P., & Mou, C. Y. (2004). Fabrication of tunable
superhydrophobic surfaces by nanosphere lithography. Chemistry of materials, 16(4), 561564.
34. Lu, X., Au, L., McLellan, J., Li, Z. Y., Marquez, M., & Xia, Y. (2007). Fabrication of cubic
nanocages and nanoframes by dealloying Au/Ag alloy nanoboxes with an aqueous etchant
based on Fe(NO3)3 or NH4OH. Nano letters, 7(6), 1764-1769.
35. Chanda, D., Shigeta, K., Gupta, S., Cain, T., Carlson, A., Mihi, A., ... & Rogers, J. A.
(2011). Large-area flexible 3D optical negative index metamaterial formed by nanotransfer
printing. Nature nanotechnology, 6(7), 402-407.
36. Sun, Y., Mayers, B., & Xia, Y. (2003). Metal nanostructures with hollow interiors.
Advanced Materials, 15(78), 641-646.

14
37. Linic, S., Christopher, P., & Ingram, D. B. (2011). Plasmonic-metal nanostructures for
efficient conversion of solar to chemical energy. Nature materials, 10(12), 911-921.
38. Wang, F., & Shen, Y. R. (2006). General properties of local plasmons in metal
nanostructures. Physical review letters, 97(20), 206806.
39. Hartland, G. V. (2011). Optical studies of dynamics in noble metal nanostructures.
Chemical reviews, 111(6), 3858-3887.
40. Cai, W., & Shalaev, V. M. (2010). Optical metamaterials. Berlin, Germany:: Springer.
41. Savage, K. J., Hawkeye, M. M., Esteban, R., Borisov, A. G., Aizpurua, J., & Baumberg, J.
J. (2012). Revealing the quantum regime in tunnelling plasmonics. Nature, 491(7425),
574-577.
42. Ozbay, E. (2006). Plasmonics: merging photonics and electronics at nanoscale dimensions.
Science, 311(5758), 189-193.
43. Gramotnev, D. K., & Bozhevolnyi, S. I. (2010). Plasmonics beyond the diffraction limit.
Nature photonics, 4(2), 83-91.
44. Enoch, S., Tayeb, G., Sabouroux, P., Guérin, N., & Vincent, P. (2002). A metamaterial for
directive emission. Physical Review Letters, 89(21), 213902.
45. Silveirinha, M., & Engheta, N. (2006). Tunneling of electromagnetic energy through
subwavelength channels and bends using ε-near-zero materials. Physical review letters,
97(15), 157403.
46. Ziolkowski, R. W. (2004). Propagation in and scattering from a matched metamaterial
having a zero index of refraction. Physical Review E, 70(4), 046608.
47. Dolling, G., Wegener, M., Soukoulis, C. M., & Linden, S. (2007). Negative-index
metamaterial at 780 nm wavelength. Optics letters, 32(1), 53-55.
48. Shalaev, V. M. (2007). Optical negative-index metamaterials. Nature photonics, 1(1), 4148.
49. Kildishev, A. V., Boltasseva, A., & Shalaev, V. M. (2013). Planar photonics with
metasurfaces. Science, 339(6125), 1232009.
50. Zhao, Y., & Alu, A. (2011). Manipulating light polarization with ultrathin plasmonic
metasurfaces. Physical Review B, 84(20), 205428.
51. Maier, S. A. (2007). Plasmonics: fundamentals and applications. Springer Science &
Business Media.
52. Ordal, M. A., Bell, R. J., Alexander, R. W., Long, L. L., & Querry, M. R. (1985). Optical
properties of fourteen metals in the infrared and far infrared: Al, Co, Cu, Au, Fe, Pb, Mo,
Ni, Pd, Pt, Ag, Ti, V, and W. Applied optics, 24(24), 4493-4499.
53. Liu, N., Mesch, M., Weiss, T., Hentschel, M., & Giessen, H. (2010). Infrared perfect
absorber and its application as plasmonic sensor. Nano letters, 10(7), 2342-2348.
54. Kubo, W., & Fujikawa, S. (2010). Au double nanopillars with nanogap for plasmonic
sensor. Nano letters, 11(1), 8-15.
55. Im, H., Shao, H., Park, Y. I., Peterson, V. M., Castro, C. M., Weissleder, R., & Lee, H.
(2014). Label-free detection and molecular profiling of exosomes with a nano-plasmonic
sensor. Nature biotechnology, 32(5), 490-495.
56. Catchpole, K. R., & Polman, A. (2008). Plasmonic solar cells. Optics express, 16(26),
21793-21800.
57. Nakayama, K., Tanabe, K., & Atwater, H. A. (2008). Plasmonic nanoparticle enhanced
light absorption in GaAs solar cells. Applied Physics Letters, 93(12), 121904.
58. Atwater, H. A., & Polman, A. (2010). Plasmonics for improved photovoltaic devices.
Nature materials, 9(3), 205-213.

15
59. Yang, A., Hoang, T. B., Dridi, M., Deeb, C., Mikkelsen, M. H., Schatz, G. C., & Odom, T.
W. (2015). Real-time tunable lasing from plasmonic nanocavity arrays. Nature
communications, 6.
60. O'Hara, J., Averitt, R., & Taylor, A. (2005). Prism coupling to terahertz surface plasmon
polaritons. Optics express, 13(16), 6117-6126.
61. Takeuchi, K., Uehara, Y., Ushioda, S., & Morita, S. (1991). Prism‐coupled light emission
from a scanning tunneling microscope. Journal of Vacuum Science & Technology B, 9(2),
557-560.
62. Waterman, P. C. (1975). Scattering by periodic surfaces. The Journal of the Acoustical
Society of America, 57(4), 791-802.
63. Lakhtakia, A., Varadan, V. K., & Varadan, V. V. (1985). Scattering by a partially
illuminated, doubly periodic, doubly infinite surface. The Journal of the Acoustical Society
of America, 77(6), 1999-2004.
64. Hutter, E., & Fendler, J. H. (2004). Exploitation of localized surface plasmon resonance.
Advanced Materials, 16(19), 1685-1706.
65. Haes, A. J., & Van Duyne, R. P. (2002). A nanoscale optical biosensor: sensitivity and
selectivity of an approach based on the localized surface plasmon resonance spectroscopy
of triangular silver nanoparticles. Journal of the American Chemical Society, 124(35),
10596-10604.
66. Sherry, L. J., Chang, S. H., Schatz, G. C., Van Duyne, R. P., Wiley, B. J., & Xia, Y. (2005).
Localized surface plasmon resonance spectroscopy of single silver nanocubes. Nano
letters, 5(10), 2034-2038.
67. Marinica, D. C., Kazansky, A. K., Nordlander, P., Aizpurua, J., & Borisov, A. G. (2012).
Quantum plasmonics: nonlinear effects in the field enhancement of a plasmonic
nanoparticle dimer. Nano letters, 12(3), 1333-1339.
68. Zou, S., & Schatz, G. C. (2005). Silver nanoparticle array structures that produce giant
enhancements in electromagnetic fields. Chemical Physics Letters, 403(1), 62-67.
69. Menzel, C., Rockstuhl, C., Paul, T., Lederer, F., & Pertsch, T. (2008). Retrieving effective
parameters for metamaterials at oblique incidence. Physical Review B, 77(19), 195328.
70. Liu, Y., & Zhang, X. (2011). Metamaterials: a new frontier of science and technology.
Chemical Society Reviews, 40(5), 2494-2507.
71. Smith, D. R., Pendry, J. B., & Wiltshire, M. C. (2004). Metamaterials and negative
refractive index. Science, 305(5685), 788-792.
72. Shalaev, V. M. (2007). Optical negative-index metamaterials. Nature photonics, 1(1), 4148.
73. Fang, N., & Zhang, X. (2003). Imaging properties of a metamaterial superlens. Applied
Physics Letters, 82(2), 161-163.
74. Zhang, X., & Liu, Z. (2008). Superlenses to overcome the diffraction limit. Nature
materials, 7(6), 435-441.
75. Liu, Z., Durant, S., Lee, H., Pikus, Y., Fang, N., Xiong, Y., ... & Zhang, X. (2007). Farfield optical superlens. Nano Letters, 7(2), 403-408.
76. Chen, H., Wu, B. I., Zhang, B., & Kong, J. A. (2007). Electromagnetic wave interactions
with a metamaterial cloak. Physical Review Letters, 99(6), 063903.
77. Schurig, D., Mock, J. J., Justice, B. J., Cummer, S. A., Pendry, J. B., Starr, A. F., & Smith,
D. R. (2006). Metamaterial electromagnetic cloak at microwave frequencies. Science,
314(5801), 977-980.
78. Cai, W., Chettiar, U. K., Kildishev, A. V., & Shalaev, V. M. (2007). Optical cloaking with
metamaterials. Nature photonics, 1(4), 224-227.

16

Chapter 2
Experimental Excitation of Multiple Surface-Plasmon-Polariton Waves and
Waveguide Modes in a One-Dimensional Photonic Crystal atop a TwoDimensional Metal Grating
This Chapter presents the experimental demonstration of the excitation of multiple surfaceplasmon-polariton (SPP) waves and waveguide modes in a structure fabricated as a onedimensional photonic crystal (1D PC) on top of a two-dimensional (2D) metal grating. In contrast
to conventional SPP excitation at the interface between a homogenous dielectric material and a
metal, broadband, angular and polarization insensitive light coupling into guided-wave modes (i.e.,
SPP waves and waveguide modes) can be realized with this PC-metal architecture.
Theoretical study of the excitation of the guided-wave modes is also presented. The
individual excitations of the SPP waves and waveguide modes were theoretically formulated using
the Floquet theory, surface-multiplasmonics theory, and the transfer–matrix approach for
multilayered waveguides. The theoretical results agrees well with the experimental trends of the
measured absorbance of the PC-metal structure, identifying and validating each excitation of the
guided-wave modes. Both the theoretical and experimental results indicate broadband coupling of
incident light of either linear polarization state to the guided waves of both types over a broad range
of the angle of incidence. This research was enabled through the collaboration of multiple research
groups. The sample fabrication was performed by Dr. Anthony S. Hall and Dr. Greg D. Barber
under the guidance of Dr. Thomas E. Mallouk; the theoretical calculation for the SPP dispersion
relation was performed by Dr. Muhammad Faryad and optical characterization was performed by
Sema Ertin under the guidance of Dr. Akhlesh Lakhtakia.
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2.1 Background and Motivation
Surface-plasmon-polariton (SPP) waves are electromagnetic surface waves guided by the
planar interface of a dielectric material and a metal.1 These waves are commonly exploited for
optical sensing2 and biosensing,3 optical filtering,4 and photo detection.5 Of particular interest, in
recent years, has been their application for photovoltaic6 and photoelectrochemical7 energyharvesting devices, because their excitation can offer light-absorption enhancement exceeding the
Lambertian limit.8
Although absorption enhancement by SPP waves in photovoltaic devices has been studied
for more than three decades,9–12 significant improvements in device performance have not been
reported yet. This is because the SPP waves can only enhance the absorption by a small amount—
since (1) only incident p-polarized light (magnetic field perpendicular to the incidence plane) can
excite SPP waves and (2) only one SPP wave can be excited at a specific free-space wavelength
when the dielectric material is homogeneously normal to the interface.13 In addition, the field is
confined in a subwavelength region near the interface, leading to high absorption in the metal and
limited enhancement in the active device region that is usually quite far from the interface.12 More
detailed discussion of the conventional SPP excitation can be found in Sec. 1.1.2.
When the dielectric material is of finite thickness, the air/dielectric/metal structure can act
as an open-face slab waveguide.14,15 The fields of the waveguide modes are largely confined to the
dielectric slab and depend on the thickness of that slab. These waveguide modes can also enhance
the electric field and, therefore, the electron–hole pair generation rate, in photovoltaic solar cells.16–
18
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2.1.1 Excitation of Multiple SPP Waves on a PC/Metal Interface
When the dielectric material is periodically nonhomogeneous in the thickness direction,
multiple SPP waves can be guided by its interface with the metal.13,19 The excitation of the multiple
SPP waves has been experimentally confirmed

20–22

over a broad range of incidence angles and

wavelengths. Furthermore, the underlying surface-multiplasmonics theory19 shows that light
absorption in thin-film solar cells can be increased by introducing periodic nonhomogeneity in the
semiconductor material.23 Finally, because the propagation length of some of the multiple SPP
waves in this structure is predicted to be as long as millimeters, the interface can be potentially
exploited as a planar solar concentrator.24
Most often, experimental excitation of SPP waves requires either the use of a coupling
prism or the periodic corrugation of the metal/dielectric interface.25 For a solar-energy-harvesting
application, the use of a prism9 is impractical but the periodic corrugation of the interface has been
investigated for three decades10,11 and is very practical. Of course, these investigations were
confined to the traditional case of optically homogeneous semiconductors.
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Figure 2-1. (a,b) Theoretically predicted values of (𝜃, 𝜆0 ) of the incident light for the experimental
excitation of multiple SPP waves of p- and s-polarization states on the interface of the 1D grating
and 1D PC. (c,d) Experimental absorbances of the fabricated structure measured as functions of
𝜆0 and 𝜃 for p- and s-polarization states. The high absorbance curves agreed well with the
theoretical predictions, validation the excitation of multiple SPP waves. Copyright 2013 American
Chemical Society.
The first experimental demonstration of the excitation of multiple SPP waves with metal
gratings was demonstrated with a multiplasmonics light absorber, which was constructed as a
periodically multilayered material—i.e., a one-dimensional (1-D) photonic crystal (PC)—on a 1-D
metallic grating. The specular reflectances of this structure was measured for both polarization
states over broad ranges of the angle of incidence θ (with respect to the thickness direction) and the
free-space wavelength λ0.22 The incidence plane was made to coincide with the grating plane in the
optical experiments. The theoretically predicted values of (𝜃, 𝜆0 ) for the excitation of multiple SPP
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waves and the experimentally measured absorbances as functions of (𝜃, 𝜆0 ) are presented in Fig.
2-1. The experimental findings were consistent with theoretical predictions. Most importantly, it
was confirmed that, at a fixed value of λ0, the same SPP wave can be excited as Floquet harmonics
of different orders by light incident at different values of θ. Waveguide modes can also be excited
as prolifically.16,18,24
If the 1-D grating were to be replaced by a 2-D grating, many more Floquet harmonics
would exist,26 leading to increased possibilities of exciting multiple SPP waves and waveguide
modes. Accordingly, guided-wave propagation could occur in several directions that are not
restricted to lie in the incidence plane. Although the theoretical formulation to obtain rigorous
solutions exists, [Ref. 19, Sec. 3.8], it requires computational resources that are still not easily
available. Fortunately, in order to analyze the results of corresponding experiments, full-scale
theory is nonessential and just a simple consequence of Floquet theory suffices. This has been
demonstrated for multiple SPP waves when 1-D22 gratings are used.
This chapter presents the excitation of the multiple SPP waves and waveguide modes with
a structure constructed as a 1-D PC of finite thickness on top of a 2-D metal grating. To the author’s
best knowledge, this is the first experimental demonstration of the excitation of multiple SPP waves
with 2-D gratings.
The orgnization of this chapter is as follows. Experimental work is described in Sec. 2.2.
Surface-multiplasmonics theory to calculate the SPP wavenumbers is presented in Sec. 2.3.1, the
transfer–matrix approach to determine the wavenumbers of waveguide modes is provided in Sec.
2.3.2, and predictions for the experimental observation of SPP waves and waveguide modes are
discussed in Sec. 2.3.3. The obtained experimental results are presented and compared with the
predictions in Sec. 2.4. The chapter ends with final remarks in Sec. 2.5.
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2.2 Description of Experiments

2.2.1 Description of the Fabricated Structure
Figure 2-2(a) provides a schematic of two unit cells in both the x and y directions of the
fabricated structure. The fabricated structure comprises of a gold (Au) 2D grating and a 2-period
PC. The grating has a period 𝐿 = 350 𝑛𝑚 in both the x and y directions. Each square unit cell of
the grating contains a circular step of height of 90 nm and cross-sectional diameter of 190 nm. The
complex refractive index of gold, which was calculated from data obtained using an RC2
spectroscopic ellipsometer (Woollam, Lincoln, Nebraska), is presented in Fig. 2-3.
The PC on top of the 2-D gold grating has two periods, although only one period is shown
in the figure. Each period consists of nine silicon oxynitride (SiO2)a(Si3N4)(1-a) layers of different
compositions identified by a∈[0,1]. The refractive index 𝑛𝑗 of the j’th layer, 𝑗 ∈ [1, 9], was
measured in the same way as that of the gold layer. The refractive indices of all nine layers are
provided in Fig. 2-3. The transmission-electron microscopy image shown in Fig. 2-2(c) was used
to measure the thickness 𝑑𝑗 of the j’th layer, 𝑗 ∈ [1, 9]. The measured thicknesses are as follows:
𝑑1 = 58 , 𝑑2 = 𝑑5 = 𝑑6 = 60 , 𝑑3 = 46 , 𝑑4 = 59 , 𝑑7 = 67 , 𝑑8 = 71 , and 𝑑9 = 78 nm. It is
worth noting that the compositions of the nine layers were merely chosen for ease of fabrication,
and other materials that are virtually nondissipative in the solar spectral regime could be used
instead of silicon oxynitride.
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Figure 2-2. (a) Schematic of a one-dimensional (1-D) photonic crystal (PC) deposited on top of a
two-dimensional (2-D) metal grating. Only one period of the PC is shown. The wavevector of the
incident light is inclined at θ with respect to the z axis, and (b) at ϕ with respect to the x axis in the
xy plane. (c) Transmission electron microscopy image of the fabricated sample with two periods of
PC.

Figure 2-3. (a) Spectrums of the refractive indices of the nine silicon-oxynitride layers in each
period of the 1-D PC. The imaginary parts of the refractive indices were on the order of 10−4 (Ref.
22) and were therefore ignored. (b) Spectrums of the real and imaginary parts of the refractive index
of gold.
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2.2.2 Fabrication Process flow for the Experimental Structure
The fabrication process for the experimental structure is shown in Fig. 2-4. The grating
was made using a template-stripping process. A silicon wafer was patterned by electron–beam
lithography on ZEP520A photoresist (Zeon, Tokyo) with the inverse pattern of the metal grating.
The pattern in the photoresist was transferred into the silicon by inductively coupled reactive-ion
etching on a Versalock 700 (Plasma-Therm, St. Petersburg, Florida) with pure chlorine gas (step
1). The photoresist was dissolved in a commercially available resist remover named Nanostrip
(Cyantek Corp., Fremont, California) with the assistance of a bath sonicator. Gold was evaporated
using an e-gun evaporator (Semicore E-Gun Thermal Evaporator, Semicore Equipment Inc.,
Livermore, CA, USA) on the patterned silicon wafer at room temperature with a base pressure of
<10−6 Torr at a deposition rate of 0.075 nm/s (step 2). The gold film was then attached to a glass
slide using EpoTek 377 epoxy (Epoxy Technology, Billerica, Massachusetts). The epoxy resin was
cured at 100 °C for 7 days (step3). Then, the gold film was released from the silicon wafer with a
razor blade, yielding a 6 ×6 mm2 gold grating glued to a glass slide (step 4).

Figure 2-4. Fabrication process flow for the experimental 2D grating/PC structure (dimensions of
the features not drawn to scale).
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After the Au grating was prepared, the silicon oxynitride layers were deposited using
plasma enhanced chemical vapor deposition on a cluster tool (Applied Materials, Santa Clara,
California) at a susceptor temperature of 220 °C (step 5). Ammonia, silane, and nitrous oxide were
used in varying ratios to deposit layers with specific refractive indices. All layers were deposited
at a pressure of 3.5 Torr and a power density of 0.955 Wcm−2.

2.2.3 Optical Characterization Methods
The specular reflectances Rs0 and Rp0 of the structure were measured for 𝜃 ∈
[8 𝑑𝑒𝑔, 55 𝑑𝑒𝑔] and 𝜙 ∈ {0 𝑑𝑒𝑔, 45 𝑑𝑒𝑔} , as shown in Figs. 2-2 (a) and (b), on a custom
spectrometer for incident light of s- and p-polarization states, respectively. The measurements were
carried for 𝜆0 ∈ [600, 1000] 𝑛𝑚. A schematic diagram of the custom spectrometer is presented in
Fig. 2-5. A halogen light source (HL-2000, Ocean Optics, Dunedin, Florida) is connected to an
optical fiber (f1) (QP400-2-VIS-NIR, Ocean Optics, Dunedin, Florida) which guides light toward
a linear polarizer (GT10, ThorLabs, Newton, New Jersey) and an aperture (D20S, Thorlabs,
Newton, New Jersey) to be incident on the sample. The reflected light is collected by another optical
fiber (f2) (FT600EMT, Thorlabs, Newton, New Jersey) that guides light to a charge-coupled device
spectrometer (HRS-BD1-025, Mightex Systems, Pleasanton, California). The sample is mounted
on a rotatable stage that controls the incidence angle θ and the collecting end of f2 is mounted on a
rotatable arm that moves to the angle 2θ to collect the specularly reflected light. The total
transmittance of the structure is null valued in the chosen spectral regime because the metal is
thicker than the penetration depth, which was experimentally verified as well. In addition, all
nonspecular reflectances are also null valued for the chosen values of λ0∕L, θ, and ϕ. Therefore, the
corresponding absorptances of the structure can be calculated as 𝐴𝑠,𝑝 = 1 − 𝑅𝑠0,𝑝0 . The measured
values of the absorptances As and Ap are presented and discussed in Sec. 2.4.2.
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Figure 2-5. Schematic of the custom spectrometer used for reflectance measurements.

2.3 Theory in Brief

2.3.1 Surface-Plasmon-Polariton Wavenumbers
The SPP wavenumbers 𝛽 were obtained by solving a canonical boundary-value
problem.13,19 Suppose the half space 𝑧 > 0 is occupied by a metal and the half space 𝑧 > 0 by the
1-D PC. The interface can guide the propagation of an SPP wave parallel to the unit vector 𝑢̂𝑝𝑟𝑜𝑝
such that 𝑢̂𝑝𝑟𝑜𝑝 ∙ 𝑢̂𝑧 = 0, the associated fields varying in the x-y plane as exp[𝑖𝑞𝑢̂𝑝𝑟𝑜𝑝 ∙ (𝑥𝑢̂𝑥 +
𝑦𝑢̂𝑦 )], where the Cartesian unit vectors are denoted by 𝑢̂𝑥 , etc. The dependences of the fields on z
are in consonance with the Floquet theory, but are too complicated to be discussed here.19
The procedure to determine 𝛽 for the excited multiple SPP waves on the PC-metal interface
is described in detail elsewhere.13,19 It is worth noting that (1) 𝛽 does not depend on the direction
of 𝑢̂𝑝𝑟𝑜𝑝 since all materials are isotropic and the structure is transversely isotropic with respect to
the z axis and (2) multiple values of 𝛽 for any specific 𝜆0 are possible.
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2.3.2 Wavenumbers of Waveguide Modes
As the 1-D PC is thicker than the free-space wavelength 𝜆0 ∈ [600, 1000] 𝑛𝑚, it supports
multiple waveguide modes that trap light and play a very significant light-management role for
solar harvesting applications.16–18,24 The wavenumbers 𝛽 of these modes can be obtained using a
transfer–matrix approach27 that yields the following matrix equation for a two-period PC bounded
by air on one of its two faces and a perfect electric conductor (PEC) on its other face:
𝑎𝑝 𝛼0 /𝑘0
0
𝛽𝑠
0
.
[ ] = {exp(𝑖[𝑃]9 𝑑9 ) ∙ exp(𝑖[𝑃]8 𝑑8 ) ∙ ⋯ ∙ exp(𝑖[𝑃]1 𝑑1 ) ∙
𝑎
𝛼
1
𝑠 0 /𝑘0 𝜂0
1
[ −𝛽𝑝 /𝜂0 ]

(2-1)

Here, the 4 × 4 matrices

[𝑃]𝑗 =

0
0
0

0
0
2
−𝜔𝜖0 𝑛𝑗 + 𝛽 2 /𝜔𝜇0

0
−𝜔𝜇0
0

2
[𝜔𝜖0 𝑛𝑗

0

0

−𝛽 2 /𝜔𝜖0 𝑛𝑗2 + 𝜔𝜇0
0
. 𝑗 ∈ [1,9]. (2-2)
0
0

]

where 𝜔 = 𝑘0 𝑐0 is the angular frequency and 𝑐0 = 1/√𝜖0 𝜇0 is the speed of light in free space;
𝜖0 is the permittivity, 𝜇0 is the permeability, and 𝜂0 = +√𝜇0 /𝜖0 is the intrinsic impedance, of free
space; 𝛼0 = +√𝑘02 − 𝑞 2 is either positive real or positive imaginary; while 𝑎𝑝 and 𝑎𝑠 are the
complex amplitudes of the p- and s-polarized plane wave components of light in the air side of the
PC. The replacement of gold by a PEC is a reasonable simplification. Equation (2-2) can be cast as
an eigenvalue problem to yield the wavenumbers 𝛽 of p- and s-polarized waveguide modes. More
details about this transfer-matrix formulism can be found in Appendix A.
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2.3.3 Predictions for a One-Dimensional Photonic Crystal atop a Two-Dimensional Metal
Grating
According to the Floquet theory,28,29 when a plane wave is incident on a finitely thick 1-D
PC atop a 2-D metal grating, all fields must be decomposed everywhere in terms of Floquet
harmonics. For the problem under consideration here, a Floquet harmonic of order (𝑚, 𝑛) varies
with respect to 𝑥 and 𝑦 as exp[𝑖𝑘0 (𝑥𝑐𝑜𝑠𝜙 + 𝑦𝑠𝑖𝑛𝜙)𝑠𝑖𝑛𝜃} ∙ exp[𝑖2𝜋(𝑚𝑥 + 𝑛𝑦)/𝐿], where 𝑚 ∈
{0, ±1, ±2, ±3} and 𝑛 ∈ {0, ±1, ±2, ±3}; see Chap. 3 of Ref. 19. An SPP wave or a waveguide
mode with wavenumber 𝛽 is excited as a Floquet harmonic of order (𝑚, 𝑛), provided that
1

±𝑅𝑒(𝛽) ≅ 𝑘0 {[𝑠𝑖𝑛𝜃 + (𝑚𝑐𝑜𝑠𝜙 + 𝑛𝑠𝑖𝑛𝜙)(𝜆0 /𝐿)]2 + [𝑚𝑠𝑖𝑛𝜙 − 𝑛𝑐𝑜𝑠𝜙)(𝜆0 /𝐿)]2 }2 .

(2-3)

2.4 Results and Discussion

2.4.1 Theoretical Results and Predictions
The normalized wavenumbers 𝛽/𝑘0 of SPP waves guided by a planar metal-PC interface
are presented in Fig. 2-6 as functions of 𝜆0 . These wavenumbers are organized in this figure into
three branches for p-polarized SPP waves and two branches for s-polarized SPP waves.
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Figure 2-6. (a) Real and (b) imaginary parts of the normalized wavenumbers 𝛽⁄𝑘 0 of surfaceplasmonpolariton (SPP) waves obtained after solving the canonical boundary-value problem.
The normalized wavenumbers 𝛽/𝑘0 of the waveguide modes in the air/2-period-PC/PEC
structure are presented in Fig. 2-7. These wavenumbers are organized into five branches for ppolarized waveguide modes and four branches for s-polarized waveguide modes.

Figure 2-7. The normalized wavenumbers 𝛽/𝑘0 of waveguide modes calculated using the transfer–
matrix approach.
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The values of 𝛽 provided in Fig. 2-6 for SPP waves and in Fig. 2-7 for waveguide modes
were inserted into Eq. (2-3), and the triplets {𝑠𝑖𝑛𝜃, 𝑚, 𝑛} were obtained for each value of q when
𝜙 ∈ {0 𝑑𝑒𝑔, 45 𝑑𝑒𝑔}. Of course, a triplet can be considered as physically acceptable only if −1 <
𝑠𝑖𝑛 𝜃 < 1. The results are plotted in Fig. 2-8 for 𝜆0 ∈ [600, 1000] 𝑛𝑚, where the branches indicate
the conditions (i.e., the values of 𝜆0 and θ) at which the SPP and waveguide modes can be excited.
It is possible for a specific SPP wave or waveguide mode to be excited as two different Floquet
harmonics at the same value of 𝜆0 ; likewise, it is also possible for an SPP wave or waveguide mode
of a specific polarization state to be excited by incident light of a different polarization state.19

Figure 2-8. Predicted values of θ obtained from Eq. (2-3) and Figs. 2-6 and 2-7 for the experimental
excitation of SPP waves and waveguide modes of (a,c) s-polarization state and (b,d) p-polarization
state for (a,b) 𝜙 = 0 𝑑𝑒𝑔 and (c,d) 𝜙 = 45 𝑑𝑒𝑔.
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2.4.2 Experimental Results and Correlation with Predictions
As stated in Sec. 2.2.3, the specular reflectances Rs0 and Rp0 of the fabricated structure for
𝜆0 ∈ [600, 1000] 𝑛𝑚, 𝜃 ∈ [8 𝑑𝑒𝑔, 45 𝑑𝑒𝑔], and 𝜙 ∈ {0 𝑑𝑒𝑔, 45 𝑑𝑒𝑔} were measured. Figure 2-9
presents the color maps of the absorptances 𝐴𝑠 and 𝐴𝑝 as functions of θ and 𝜆0 for the two chosen
values of 𝜙. Higher absorptances are shown as reddish colors, lower absorptances are shown as
bluish colors.

Figure 2-9. Absorptances (a,c) 𝐴𝑠 and (b,d) 𝐴𝑝 of the fabricated structure measured as functions of
𝜆0 and θ for (a,b) 𝜙 = 0 𝑑𝑒𝑔 and (c,d) 𝜙 = 45 𝑑𝑒𝑔.
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The color maps show broadband light absorption over the chosen range of θ, and one can
clearly observe reddish ridges of high absorptance corresponding to the excitation of SPP waves
and waveguide modes. Overall, the high-absorptance ridges overlay with the theoretically predicted
curves in Fig. 2-9. However, one SPP wave is not observed in our experimental plots and the
positions of some of the high-absorptance ridges are slightly shifted from the theoretically predicted
curves. These discrepancies might be due to the distortion of the silicon-oxynitide layers in the
fabricated structure. This is because these layers are conformally coated on the grating and are not
necessarily perfectly planar. Another possible reason for the discrepancies is that some SPP waves
are less localized than others and require that the 1-D PC be more than two periods in thickness.
Comparing the theoretical and experimental results with those for the 1-D grating shown
in Fig. 2-1, the 2-D grating indeed leads to the excitation of more guided waves. The 2-D grating
structure exhibits broader-band light absorption (high absorptance for 𝜆0 < 850 𝑛𝑚) which is less
sensitive to the incidence angle θ. The structure shows similar light-coupling characteristics for
incident p- and s-polarized light, indicating that the absorption in the structure with a 2-D grating
is less dependent on the polarization state of the incident light. A comparison of the results of 𝜙 =
0 𝑑𝑒𝑔 and 𝜙 = 45 𝑑𝑒𝑔 reveals that a rotation of the structure about the z axis will not greatly
influence the absorption of light. Accordingly, the use of 2-D gratings instead of 1-D gratings as
metallic back-reflectors should be more efficient for harvesting solar energy.

2.5 Summary
In this chapter, a 1-D photonic crystal was deposited on top of a 2-D metal grating and
experimental excitation of multiple SPP waves and waveguide modes were demonstrated. The
absorptances of this structure for incident p- and s-polarized light were measured and mapped
against the free-space wavelength and the incidence angle with respect to the thickness direction.
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The Floquet theory,28,29 surface-multiplasmonics theory,19 and the transfer–matrix approach for
multilayered waveguides27 were used to predict the excitations of SPP waves and waveguide modes
as Floquet harmonics. The excitations of guided waves of both types were found to agree well with
theoretical predictions.
Both the theoretical and experimental results demonstrated broadband coupling of light of
any linear polarization state over a broad range of the angles of incidence. Thus, the fabricated
structure can be potentially useful as a planar solar concentrator24 and light-management approach
for thin-film solar cells.23
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Chapter 3
Planar Light Concentration in Micro-Si Solar Cells Enabled by a Metallic
Grating-Photonic Crystal Architecture
In this chapter, a novel approach for planar solar concentration based on the excitation of
multiple surface-plasmon-polariton waves and waveguide modes is demonstrated and discussed.
The plasmonic planar solar concentrator was constructed as 2 periods of a photonic crystal on top
of a one-dimensional silver grating. In contrast with the conventional grating-coupled configuration
for SPP excitation, this plasmonic architecture couples broadband, unpolarized light into multiple
guided-wave modes with relatively long propagation lengths. As a proof-of-concept study, this
chapter provides the experimental validation of the light concentration effect with this structure in
the solar spectrum between 450nm and 800nm. The plasmonic concentrators were found to have
an optical transfer efficiency as high as 24% and a concentration factor around 2X. Although these
are modest performance numbers, they demonstrate the concept of this new kind of concentrator
for micro-solar cell arrays. A stable performance of the plasmonic concentrator were also shown
when the incidence angle of light varied in a wide angular sector, unlike conventional SPP
architectures. This research was enabled through the collaboration with other research groups.
Numerical simulation was performed by Dr. Mikhail V. Shuba under the guidance of Dr. Akhlesh
Lakhtakia. The photonic crystal was deposited by Dr. Greg D. Barber, who also helped with the
optical and opto-electrical characterization of the performance of the concentrator-solar cell
devices. The process flow was designed with the help of Dr. Yu Yuwen. Dr. Thomas E. Mallouk
have provided guidance throughout the process of this research.
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3.1 Background and Motivation

3.1.1 Planar Solar Concentration
Solar concentrators concentrate sunlight onto solar energy-harvesting devices.1-3
Conventional concentrators use parabolic mirrors to focus light on high-efficiency solar cells.
These concentrators are usually mounted on single- or double-axial trackers to maintain alignment
with incidence solar flux, 4-6 which increases their complexity and made them less attractive for
roof-top applications.
Luminescent solar concentrators (LSCs), in contrast, offer nonimaging, tracker-free light
concentration.7 Luminophores in LSCs absorb sunlight and re-emit at longer wavelengths. The reemitted light then travels in waveguides until collection by attached photovoltaic solar cells.8 For
the past three decades, research has focused on the minimization of propagation loss in the
waveguides using materials with large Stokes shifts between the absorption and the emission
spectra of the luminophores,9-12 but the efficiency of LSCs in monolithic flat-panel architectures
remains modest.8 This is because the large Stokes shift in luminophores require LSCs to have
narrow absorption bands and inherently limits their ultimate efficiency. Recently, LSCs have been
combined with arrays of micro-structured photovoltaic cells (μ-cell). An example of the LSC-μcell architecture is given in Fig. 3-1.9 Because these architectures decrease the length scale over
which light propagates from centimeters to hundreds of micrometers, they are more forgiving with
respect to the optical properties of the luminophores, and relatively efficient solar modules have
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been realized.9,10,13-16 However, the narrow absorption spectra of the lunimophores still limits their
ultimate efficiency (Fig. 3-1 (c)).

Figure 3-1. (a) Schematic illustration of a LSC-μ-cell architecture. The Si μ-cells are imbedded in
the LSC media. Absorbed incident sunlight are absorbed and re-emitted by luminophores in the
LSC media, and guided to the Si μ-cells. (b) Top-view optical microscopic images of fabricated
LSC-μ-cell architecture (scale bar: 500μm). Inset, cross-sectional SEM image (colored) showing
the structure (scale bar: 25um). (c) Absorption and emission spectra of the LSC layer used in this
study (green: absorption of the polyurethane matrix; red: absorption of the luminophores; blue:
emission of the luminophores). Copyright 2011 Nature Publishing Group.
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3.1.2 Application of Multiple Guided-Wave Excitation for Planar Solar Concentration
As described in Chapter 1, plasmonic light absorbers can be engineered to have high
efficiency, broad operation band, and wide field of view.17-19 These properties are highly desirable
for solar energy-harvesting devices and have led to the incorporation of plasmonic light absorbers
in the active regions of thin-film solar cells.20 For instance, integration of metallic nanoparticles 2123

and gratings24-26 has been reported to enhance the performance of thin-film solar cells by

increasing light absorption in active region of the cells. However, high ohmic loss in the metals
used in these plasmonic structures causes dissipation of light and limits their effectiveness in
delivering high-efficiency photovoltaic devices.27
A new strategy for broadband plasmonic absorption with low dissipation have been
demonstrated in Chapter 2. The absorber was constructed as a one-dimensional (1D) photonic
crystal (PC) made of lossless isotropic dielectric materials, which was placed on top of either a
1D28 or a 2D29 gold grating. Incoming unpolarized light was efficiently coupled into guided-wave
modes (i.e., SPP waves and waveguide modes) of both linear polarization states over a broad range
of incident direction. The experimental results were in agreement with theoretical predictions of
electric-field concentration in the PC and low attenuation of the guided-wave modes (the
propagation length of the guided-wave modes can be as long as millimeters).30 The ability of these
plasmonic architectures to collect light efficiently and transport it over macroscopic distances raises
the question of whether such structures can be useful in solar concentration applications.31
In this Chapter, the ability of a 1D-PC-loaded metallic 1D grating to concentrate light in a
planar concentrator-micro-solar cell architecture was demonstrated at proof-of-concept level.
Although the structures used in this study have modest efficiencies compared to conventional
planar concentrator devices,9,32-34 the results allow us to validate the theoretically predicted long
propagation length of light in PC-coupled plasmonic structures. The plasmonic-concentrator
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approach thus opens up new engineering opportunities for researchers to implement well developed
plasmonic theory into the design of broadband solar concentrating devices.

3.2 Experimental Structures of Plasmonic Solar Concentrator

3.2.1 Description of the Experimental Structures
As proof of concept, the plasmonic solar concentrator structures were fabricated on
monolithic Si wafers, as shown in Fig. 3-2. Although they are simple to fabricate, the solar cells
have low efficiency because of the high doping density and the radial p-n junction architecture
used. Nevertheless, the measured enhancement factors allowed assessment of the optical
characteristics of the planar plasmonic solar concentrators.
Three test structures (labeled 𝑆1 to 𝑆3) were fabricated as 1D arrays of equally spaced
solar cells. Each array was 5𝑚𝑚 × 5𝑚𝑚 in area, and every solar cell in both arrays had a length
𝐿 = 5 𝑚𝑚, width 𝑤 = 4.5 ± 0.3𝜇𝑚, and thickness 𝑡 = 1.3 ± 0.2𝜇𝑚. The Si solar cells in each
structure were constructed in radial-junction configuration shown in Fig. 3-2 (b). The n-type emitter
was formed by thermal diffusion with peak doping density of 1 × 1021 𝑐𝑚−3 at the surface of the
arrays, and the p-type base with doping density of 5 × 1018 𝑐𝑚−3. After patterning the solar cells,
a p-contact (Fig. 3-2a) was formed at the bottom of the substrate and an n-contact (not shown) was
fabricated around each array. An optically thick (150 nm) silver (Ag) film was deposited on the top
of the solar cells to block normally incident light so that (1) light absorption in each cell could be
attributed solely to light concentration and (2) the thick Si substrate would not generate a photo
current to complicate the situation. The fabrication techniques are described in detail in Sec. 2.2.1.
Schematics of the devices in arrays 𝑆1 to 𝑆3 are presented in Fig. 3-2 (a) and (b). In these
arrays, a plasmonic concentrator of fixed length 𝑑 and grating period 𝑝 = 400 𝑛𝑚 was interposed
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between every pair of adjacent solar cells so that the center-to center distance between adjacent
solar cells was 𝑑 + 𝑤. Each plasmonic concentrator consisted of a 1D Ag grating and a two-period
PC with each period comprising nine silicon-oxynitride layers of different compositions (Fig. 3-2
(c) and (d)). The grating had a height ℎ = 86 𝑛𝑚 and a trough width of 0.6𝑝. The concentrator’s
length was 𝑑 = 5.89 𝜇𝑚 in 𝑆1, 𝑑 = 10.25 𝜇𝑚 in 𝑆2, and 𝑑 = 13.77 𝜇𝑚 in 𝑆3. The refractive
indices of the silicon-oxynitride layers and Ag35 are provided in Fig. 3-3 as functions of the freespace wavelength 𝜆0 . It is worth noting here that the choice of materials for the PC is flexible as
long as the chosen materials are virtually non-dissipative in the solar spectral regime.
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Figure 3-2. (a) Schematic of a device, consisting of a Si solar cell attached between two plasmonic
concentrators supported on a thick Si substrate with bottom p-contact. The n-contact surrounds the
device active area and is not shown here. (b) Cross-sectional schematic of a device in arrays labeled
S1 to S3 with geometric parameters listed and light-coupling mechanisms illustrated. The Si solar
cell is constructed as a radial p-n junction with the junction indicated by the dashed blue lines. (c)
Top-view SEM image of the device before the deposition of the PC, showing the arrangement of
the solar cell and the 1D Ag grating at the bottom of a plasmonic concentrator. (d) Cross-sectional
TEM image showing the structure of a plasmonic concentrator constructed as a 2-period-thick PC
on a 1D Ag grating. Each period of the PC comprised the same nine-layer stack of silicon
oxynitrides.
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Figure 3-3. (a) The refractive index 𝑛𝑗 of the jth layer, where j varies from 1 at the bottom to 9 at
the top of the period as a function of the free-space wavelength 𝜆0 . The thicknesses d1 = 55 nm, d2
= 50 nm, d3 = 58 nm, d4 = 53 nm, d5 = 49 nm, d6 = 49 nm, d7 = 68 nm, d8 = 66 nm, and d9 = 69
nm of these layers were determined from the TEM image shown in Fig. 3-2 (d). (b) Real and
imaginary parts of the complex refractive index of Ag as a function of 𝜆0 .

3.2.2 Fabrication Process of the Plasmonic Solar Concentrator Devices
The fabrication process of the plasmonic solar concentrator structures are schematically
illustrated in Fig. 3-4. A heavily doped p-type silicon wafer (0.01-0.02 Ω∙cm, University Wafer,
Boston, MA, USA) was used to fabricate the solar cells. The wafer was first cleaned with the
standard RCA cleaning process. A 200-nm-thick SiO2 layer was then grown on the wafer with
thermal oxidation (wet) at 1000℃ (step 1) right after the cleaning process. Silicon solar-cell
microarrays (with geometries described in the paper) were then patterned by optical lithography
(MA/BA6, Suss MicroTec, Garching, Germany) and etched into silicon using a deep reactive ion
etching (DRIE) system (Speeder 100Si, Alcatel Micro Machining Systems, Nashua, NH, USA)
(step 2). The sample was then cleaned with piranha solution for 12 hours followed by standard
RCA cleaning process. A 400-nm-thick SiO2 layer was grown on the sample right after the cleaning
process by thermal oxidation (wet) and then removed by a buffered oxide etch 10:1 (BOE 10:1,
Avantor Puerformance Materials, Center Valley, PA, USA) to remove the damaged surface layer
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of the sample resulting from the DRIE process. A 200-nm-thick SiO2 layer was then thermally
grown on the sample again to serve as a diffusion barrier for the following doping step (step 3).
Square-shaped (6×6 mm2) diffusion windows were then opened on top of the microarrays by
optical lithography and the thermal SiO2 layer inside each diffusion window was etched away in
BOE 10:1. The remaining photoresist was removed by immersion in piranha solution for 12 hours.
The sample was then cleaned with the standard RCA clean process and then dipped in BOE 10:1
for 30 seconds and water rinsed to remove the chemical SiO2 formed in the piranha cleaning step.
Phosphorus was diffused into silicon in the diffusion windows at 1000℃ for 10 min to form a radial
junction on each microarray (step 4). 250 μm-wide square rings were then patterned around the
microarrays on the edge of the diffusion windows by optical lithography. The SiO2 layer in the
rings was etched away in BOE 10:1. Then, 10-nm-thick Ti and 100-nm-thick Au layers were
consecutively deposited in the ring areas using e-gun evaporation (Semicore E-Gun Thermal
Evaporator, Semicore Equipment Inc., Livermore, CA, USA) and lift-off process in 1165 developer
(Shipley, Marlborough, MA, USA). SiO2 on the backside of the wafer was removed in the BOE
10:1, and 10-nm-thick Pt and 150-nm-thick Au layers were consecutively deposited using the same
evaporation equipment on the backside (step 5). At this step, the radial junction micro-Si solar cell
structure is constructed.
After the micro-solar cells are constructed, the multi-plasmonic solar concentrators were
fabricated in the trenches between adjacent micro solar cells arrays. ZEP520 photoresist (Zeon,
Tokyo) was spin coated on top of the micro arrays and e-beam lithography (EBPG5200, Raith
America Inc., Troy,NY) was used to define the geometry of the 1D grating arrays in the trench
centers. A 90-nm-thick titanium (Ti) layer was deposited on top of the sample by e-gun evaporation
(Semicore E-Gun Thermal Evaporator, Semicore Equipment Inc., Livermore, CA, USA) followed
by a lift-off process in 1165 developer (Shipley, Marlborough, MA, USA) to form a Ti grating in
the trenches (step 6). A 150-nm-thin layer of Ag was then coated on top of the sample by e-beam
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deposition to cover the top of the silicon solar cells and the Ti grating (step 7). Finally, the 2-period
PC was coated on top of the structure by plasma-enhanced chemical vapor deposition (PECVD) on
a cluster tool (Applied Materials, Santa Clara, CA, USA) (step 8).

Figure 3-4. Schematic illustration of the fabrication process flow for the solar concentrator-micro
solar cell architecture.

3.2.2.1 Ebeam Lithograph on Trenched Surface
It is worth noting that step 6 in Fig. 3-4 -- performing ebeam lithography on the trenched
surface, is an unconventional fabrication process and deserves some more discussion. Firstly, the
gratings needed to be patterned accurately at the center of the trenches, and the alignment offset
had to be controlled below ±200 𝑛𝑚, half of the period of the patterned grating, in order to
maximize the grating coverage. At first glance, the required alignment accuracy should be easily
achieved with a standard ebeam process. However, at this step, the alignment offset is not
determined by the alignment precision of the ebeam lithography process but that of the contact
lithography process at step 5. This is because the alignment markers for the ebeam process were
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patterned at step 5. The alignment offset of the markers were found to be on the order of 2-3 µm,
as reflected in Fig. 3-5 (a) of the ebeam patterned grating lines aligned to the markers, which is
obviously unacceptably large for the grating definition. As a result, two steps of ebeam lithography
were required to pattern the gratings: the first ebeam writing step to quantify the offset of the ebeam
marker for each die on the wafer, and the second ebeam writing step to pattern the gratings with
the adjusted alignment position according to the results obtained from the first step (result shown
in Fig. 3-5 (b)).

Figure 3-5. SEM image of ebeam resist profiles of the grating patterns after (a) the first ebeam
writing step without the alignment position adjustment and (b) after the second ebeam writing step
with the alignment position adjustment. The alignment offset in (a) is 3.710 µm, almost half of the
trench width.
The second challenge in step 6 involves the un-flat resist profile. This can be observed
from a closer look at Fig. 3-5. In Fig. 3-5 (b), the grating lines at the center of the trench had a
darker color than those near the edges. This is because the resist was significantly thicker near the
edges of the trench than at the center. The thicker resist at the edges is also evident from the collapse
of the grating lines near the edge of the trench in Fig. 3-5 (a). It has been found that the resist near
the edges of the trench was almost as thick as the trench depth (1.3 µm), and the resist at the center
of the trench was about 120 nm thick. This un-flat resist profile raised challenges in the following
lift-off process.
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The metal grating pattern was formed by a lift-off process: depositing metal using e-gun
evaporation on the patterned ebeam resist and then dissolving the ebeam resist in a solvent to
remove the excess metal covering the resist. However, the highly energetic electron beam that was
used in the deposition process also exposed the patterned ebeam resist and caused the resist to reflow, which tapered side walls of the grating patterns. This caused the deposited metal to cover
both the top and the tapered side walls of the resist pattern, encapsulating the resist and disabling
the lift-off process. This effect is more pronounced with thinner ebeam resist (at the center of the
trench) and higher e-gun energy. To eliminate this effect, several materials was tested for the liftoff process including Ag, Au, Cr, SiO2, and Ti, and Ti was found to be the best material as it
provides robust grating pattern with low e-gun evaporation power. Figure 3-6 shows the lift-off
results for Ag and Ti gratings as examples to show this effect.

Figure 3-6. SEM image of (a) the metal grating pattern after the lift-off process using 90-nm Ag
and (b) the final metal grating pattern after the lift-off process using 90-nm Ti and covered with a
blank 150 nm-thick Ag film to convert the pattern into a Ag grating. The e-gun evaporation power
for Ag and Ti deposition were ~900W and ~480W, respectively.

47
3.3 Understanding the Light Concentration Effect in the Plamonic Solar Concentrator
Architecture

3.3.1 Effectiveness of the Plasmonic Concentrator
In order to validate the light concentration effect in the plasmonic-concentrator approach,
we fabricated three control structures (labeled 𝐶1 to 𝐶3) as 5𝑚𝑚 × 5𝑚𝑚 arrays of equally spaced
solar cells. The control structures were constructed with the same 𝑤 and 𝑑 as 𝑆1 but did not have
the complete plasmonic concentrators, as shown schematically in Fig. 3-5 (a). Every concentrator
in 𝐶1 lacked the 2-period PC. In 𝐶2, every planar concentrator was replaced by a 2-period PC on
top of a 150-nm-thick Ag layer. Finally, 𝐶3 was the same as 𝐶2, except that the PCs were absent.
The values of 𝑡 were close enough in array 𝑆1 and the control samples: 1.4 𝜇𝑚 for 𝑆1 and 𝐶1, and
1.1 𝜇𝑚 for 𝐶2 and 𝐶3.
The effectiveness of the plasmonic concentrator were evaluated by comparing the short
circuit current density 𝐽𝑠𝑐 and efficiency 𝜂 of the solar cells in arrays 𝑆1, 𝐶1, 𝐶2, and 𝐶3. Figure 35(b) shows the current density 𝐽 = 𝐼/𝐴0 (where 𝐼 is the current and 𝐴0 = 𝐿2 𝑤/(𝑤 + 𝑑) is the
combined isolation area of all solar cells in the array) as a function of the applied voltage 𝑉 for
these four arrays. Measurements were carried out for normal illumination using a standard solar
simulator (Oriel Sol3A Class AAA, Newport, Irvine, CA, USA) with the irradiance set to one sun
using a calibrated NREL certified reference cell.
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Figure 3-7. (a) Schematics of the devices in arrays 𝑆1 and the control samples. (b) Measured 𝐽 − 𝑉
curves of these devices.
Blocked from receiving direct normal illumination due to the 150-nm-thick Ag film at the
top, 𝐶3 could only receive light that has been diffracted by the periodically arranged solar cells in
the array. Indeed, diffraction of light by 𝐶3 was experimentally evident from the observed
diffraction pattern generated when 𝐶3 was placed under normal light illumination. In addition, the
edges of the solar cells facilitate light scattering that could also contribute to the absorption of
photons. Therefore, the 𝐽 − 𝑉 curve of 𝐶3 shows only these two contributions and has the lowest
values of 𝐽𝑠𝑐 ( 3.32 𝑚𝐴 /𝑐𝑚2 ) and 𝜂 (0.88%).The control structure 𝐶2 had slightly higher
efficiency than 𝐶3 because of the incorporation of the 2-period PC. As the refractive indices of all
layers in the PC lay between those of air and crystalline Si, the PC functioned as an imperfect antireflection coating that enhanced the efficiency 𝜂 from 0.88% for 𝐶3 to 0.99% for 𝐶2. 𝐶1 differed
from 𝐶3 only in having the 150-nm-thick Ag film between adjacent solar cells replaced by an Ag
grating. These gratings can couple p-polarized (magnetic field parallel to the grating lines) incident
light into SPP waves30,36 that travel towards the sidewalls of the solar cells. The additional light
entering the solar cells enhanced 𝜂 from 0.88% for 𝐶3 to 1.38% for 𝐶1, the enhancement factor
being 1.57.
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Finally, 𝑆1 had both the Ag gratings of 𝐶1 and the 2-period PC of 𝐶2, i.e., 𝑆1 had the
complete plasmonic concentrator between every pair of adjacent solar cells. Multiple SPP
waves28,29 and waveguide modes29,37 were excited to steer even more light towards the sidewalls of
the solar cells in 𝑆1. Accordingly, the efficiency of 𝑆1 rose to 2.84%—about 3.2 times the
efficiency of 𝐶3—validating the light-concentration effect in this plasmonic architecture.
The efficiencies of array 𝑆1 and the control structures are strongly correlated to the
respective values of 𝐽𝑠𝑐 . Thus, 𝐽𝑠𝑐 of 𝑆1 was the highest at 9.28𝑚𝐴/𝑐𝑚2 , while that of 𝐶3 was the
lowest at 3.32𝑚𝐴/𝑐𝑚^2, the ratio being 2.98 in favor of 𝑆1. The fill factor 𝐹𝐹 38 can be extracted
from the 𝐽 − 𝑉 curves in Fig. 3-5 (b). Structures 𝑆1, 𝐶1, and 𝐶3 had quite similar fill factors
(63.5 ± 3.5%); while that of 𝐶2 was significantly lower (51%). Nevertheless, the progression of
the values of 𝐽𝑠𝑐 , which is proportional to the absorption of photons in the solar cells, clearly
demonstrates the efficacy of the plasmonic concentrator.

3.3.2 Simulation of Light Transport in Plasmonic Concentrator
In order to understand the light-concentration effect, the light transport in the plasmonic
concentrator alone was evaluated by simulating light transport therein using COMSOL
Multiphysics software, after assuming that unpolarized light is normally incident on the
concentrator with infinite extent in the transverse plane. The cross-section of one unit cell of the
concentrator is shown in Fig. 3-6 (a). The grating was assumed to have semicircular features
consistent with the TEM image shown in Fig. 3-2 (d). The planar 2-period PC of total thickness
𝐷 = 2(𝑑1 + 𝑑2 + ⋯ + 𝑑𝑁 ) was separated from the grating by a spacer of maximum thickness ℎ
(Fig. 3-6 (a)).
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Figure 3-8. (a) Schematic of one unit cell of the plasmonic concentrator. The simulated optical
transfer function 𝜉 was calculated as the normalized bidirectional optical power flux crossing the
plane 𝑥 = (3/4)𝑝 shown by the purple dashed line. (b) Spectrum of 𝜉 with peaks marked with
black arrows. (c) Spatial distribution of the magnitude (in 𝑉/𝑚) of the electric field at 𝜆0 ∈
{596,641,652} 𝑛𝑚, in the unit cell of the planar concentrator when the incident light is unpolarized
and 𝑆𝑖𝑛𝑐 = 1𝑊/𝑚2.
With 𝑆𝑖𝑛𝑐 denoting the monochromatic incident time-averaged power density, the xdirected component 𝑆𝑥 (𝑥, 𝑧, 𝜆0 ) of the monochromatic time-averaged Poynting vector 𝑆(𝑥, 𝑧, 𝜆0 )
was computed everywhere in the concentrator for 𝜆0 ∈ [400,800]𝑛𝑚. Then, we computed the
normalized bidirectional optical power flux
𝜉(𝜆0 ) =

ℎ+𝐷
1
3𝑝
∫
|𝑆𝑥 ( , 𝑧, 𝜆0 ) |𝑑𝑧
𝑝𝑆𝑖𝑛𝑐 0
4

(3-1)

crossing the plane 𝑥 = (3/4)𝑝 (shown as the purple dashed line in Fig. 3-6 (a)) as a measure of
the efficiency of the redirection of the normally incident optical energy towards the sidewalls of
the solar cells. The spectrum of this simulated optical transfer function 𝜉 is useful for identifying
resonances.
The spectrum of 𝜉(𝜆0 ) is presented in Fig. 3-6 (b) with 11 peaks marked with black arrows.
These peaks indicate that the incident light is highly coupled at multiple resonances in the spectral
range 400 nm to 670 nm. 10 of the 11 peaks were identified to correspond to the excitation of
guided-wave modes of either the p-polarization state or the s-polarization state (electric field
parallel to the grating lines). The peak at 𝜆0 = 596 𝑛𝑚 is due to a p-polarized SPP wave28,29 guided
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by the metal/PC interface. Likewise, the peaks at 528 nm and 624 nm are due to s-polarized SPP
waves,28,29 with the one at the shorter wavelength less localized to the metal/PC interface than the
one at the longer wavelength. The peaks at 467 nm, 569 nm, and 641 nm are due to the p-polarized
modes29 of a planar metal/PC/air waveguide. The peaks at 458 nm and 652 nm are due to the spolarized modes29 of the same waveguide. Finally, each of the peaks at 497 nm and 530 nm is due
to closely spaced p- and s-polarized modes of the same waveguide. The reason for the peak at 421
nm in Fig. 3-6 (b) is unknown.
The intensity profile of light inside the plasmonic concentrator is also crucial for its
performance. The electric field of a conventional SPP wave guided by the interface of a metal and
a homogeneous dielectric material is concentrated near the interface, resulting in high dissipation
in the metal and a short propagation length.34 In addition, as the thin-film solar cells attached to the
concentrators usually have their lowest collection efficiency in the heavily doped regions at the top
and the bottom,39 it is desirable to have light either concentrated at the center of the planar
concentrator or distributed evenly along the height of the solar cells for better performance.
The simulated spatial profiles of the magnitude of the electric field inside the unit cell of
the plasmonic concentrator are plotted in Fig. 3-6c for three resonance wavelengths: 596 nm, 641
nm and 652 nm. Each of these peaks is due to the excitation of a different kind of guided-wave
mode. The electric field has high magnitudes in the central region of the nondissipative PC in all
three cases. In the other cases, the electric field is distributed evenly along the z axis.

3.3.3 Determination of Optical Transfer Efficiency 𝜼𝒐𝒑𝒕 of Plasmonic Concentrator
In order to describe the efficiency of the plasmonic concentrators to couple incident light
into guided-wave modes, the wavelength-dependent optical transfer efficiency 𝜂𝑜𝑝𝑡 (𝜆0 ) was
defined as the ratio of the measured external quantum efficiency 𝐸𝑄𝐸𝑎𝑟𝑟𝑎𝑦 (𝜆0 ) of the arrays 𝑆1
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and 𝑆2 and the simulated average external quantum efficiency 𝐸𝑄𝐸𝑐𝑒𝑙𝑙 (𝜆0 ) of the solar cells. This
normalization by the latter quantity eliminates the effect of the performance of the solar cells in the
spectrum of 𝐸𝑄𝐸𝑎𝑟𝑟𝑎𝑦 (𝜆0 ) and reveals the optical transfer efficiency of the plasmonic
concentrator alone. The same characterization were also done for the control structure 𝐶2 in which
a 150-nm-thick film of Ag was present instead of the Ag grating.
For the experimental determination of 𝐸𝑄𝐸𝑎𝑟𝑟𝑎𝑦 (𝜆0 ) , the arrays were illuminated
normally by monochromatic light whose wavelength 𝜆0 was swept from 400 nm to 800 nm. Both
the power density 𝑆𝑖𝑛𝑐 of the light source and the short-circuit current density 𝐽𝑠𝑐 of the arrays were
measured as functions of 𝜆0 to determine
𝐸𝑄𝐸𝑎𝑟𝑟𝑎𝑦 (𝜆0 ) =

2𝜋ℏ𝑐 𝐽𝑠𝑐 (𝜆0 )
,
𝑒𝜆0 𝑆𝑖𝑛𝑐 (𝜆0 )

(3-2)

where ℏ = 1.054 × 10 − 34 𝐽/𝑠 is the normalized Planck constant, 𝑐 = 3 × 108 𝑚/𝑠 is the speed
of light in free space, and 𝑒 = 1.6 × 10−19 𝐶 is the elementary charge. Accordingly,
𝜂𝑜𝑝𝑡 (𝜆0 ) =

𝐸𝑄𝐸𝑎𝑟𝑟𝑎𝑦 (𝜆0 ) 2𝜋ℏ𝑐
𝐽𝑠𝑐 (𝜆0 )
=
,
𝐸𝑄𝐸𝑐𝑒𝑙𝑙 (𝜆0 )
𝑒𝜆0 𝑆𝑖𝑛𝑐 (𝜆0 )𝐸𝑄𝐸𝑐𝑒𝑙𝑙 (𝜆0 )

(3-3)

The values of 𝐸𝑄𝐸𝑐𝑒𝑙𝑙 (𝜆0 ) were determined by simulating a 4.5-μm-thick crystallinesilicon solar cell of infinite transverse extent using wxAMPS software.40 The thickness of this solar
cell was set equal to the width 𝑤 of the solar cells in the arrays to mimic light entering through the
sidewalls of the latter. The n-layer was chosen equal to 𝑤 = 4.5𝜇𝑚 thick and the p-layer 4.25μm
thick. Other detailed parameters for the simulation are provided in the Table 3-1. The spectrum of
𝐸𝑄𝐸𝑐𝑒𝑙𝑙 is plotted in the inset of Fig. 3-7.
Due to fabrication imperfections, the actual external quantum efficiencies of the solar cells
in the arrays should not exceed 𝐸𝑄𝐸𝑐𝑒𝑙𝑙 values yielded by the simulation; thus, the spectra of
𝜂𝑜𝑝𝑡 (𝜆0 ) of the arrays 𝑆1, 𝑆2, and 𝐶2 presented in Fig. 3-7 represent conservative estimates. In
most of the [400; 800] nm spectral regime, 𝜂𝑜𝑝𝑡 (𝜆0 ) hovers around 15%—with the highest value
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of 24% at 𝜆0 = 645 nm for 𝑆2 and 21% at 𝜆0 = 653 nm for 𝑆1. The optical transfer efficiency of
the planar concentrators in 𝑆1 is generally lower than that in 𝑆2. This is because the longer Ag
gratings between two adjacent solar cells in 𝑆1 lead to greater optical attenuation in the planar
concentrators of 𝑆1, in comparison to 𝑆2. Corroboration of that conclusion also comes from the
decrease of 𝜂𝑜𝑝𝑡 for 𝜆0 ≤ 500 𝑛𝑚 due to stronger absorption in Ag at shorter wavelengths.35
Table 3-1. Electrical parameters used in wxAMPS simulations
parameter

unit

Dielectric Constant

n-layer

P-layer

11.9

11.9

Band gap

eV

1.12

1.12

Electron affinity

eV

4.05

4.05

Effective density of states in conduction band

𝑐𝑚−3

2.8 × 1019

2.8 × 1019

Effective density of states in valence band

𝑐𝑚−3

1.04 × 1019

1.04 × 1019

Doping density

𝑐𝑚−3

5 × 1020

5 × 1018

Electron mobility

𝑐𝑚−2 𝑉 −1 𝑠 −1

71

270

Hole mobility

𝑐𝑚−2 𝑉 −1 𝑠 −1

120

85

Figure 3-7 also presents the very low optical transfer efficiency of the 2-period PC on top
of a 150-nm-thick Ag layer in 𝐶2, highlighting the significant role of the Ag grating in the
plasmonic concentrators. The roughly tripling of 𝜂𝑜𝑝𝑡 by use of the metal grating in comparison to
the planar metal layer is due to the excitation of guided-wave modes at multiple wavelengths by
the former. Evidence for the excitation of these modes in the plasmonic concentrators in the arrays
is provided by the excellent agreement of the occurrences of the peaks in Fig. 3-7 for 𝑆1 and 𝑆2
with the occurrences of the peaks in Fig. 3-6b. As discussed for the simulated spectrum in Fig. 36b, the peaks arise from the excitation of multiple SPP waves28,29 and waveguide modes29 in every
plasmonic concentrator between adjacent solar cells.
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Figure 3-9. Spectra of 𝜂𝑜𝑝𝑡 of arrays 𝑆1, 𝑆2, and 𝐶2 as functions of 𝜆0 . Inset: Simulated spectrum
of 𝐸𝑄𝐸𝑐𝑒𝑙𝑙 .
If the corrugations of the grating are planarized, not only will these peaks vanish but also
𝑆𝑥 ≡ 0 which implies that 𝜉 ≡ 0. No peaks are evident in the spectrum of 𝜂𝑜𝑝𝑡 in Fig. 3-7 for 𝐶2.
The non-zero (but small) values of 𝜂𝑜𝑝𝑡 at shorter wavelengths for 𝐶2 are very likely due to surface
imperfections of the Ag layer. The somewhat larger values of 𝜂𝑜𝑝𝑡 at longer wavelengths for 𝐶2
are due to the visually observable optical diffraction by the exposed sidewalls of the periodically
arranged solar cells in that array.
The same diffraction is responsible for the excess of 𝜂𝑜𝑝𝑡 for 𝑆1 and 𝑆2 in Fig. 3-7 over 𝜉
in Fig. 3-6b when 𝜆0 ≥ 700 𝑛𝑚, no solar cell being present in the simulation for Fig. 3-6b. The
diffraction by the periodic array of solar cells even couples into guided-wave modes in the
plasmonic concentrators, as is evident from the peaks of 𝜂𝑜𝑝𝑡 for 𝑆1 and 𝑆2 in Fig. 3-7.
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3.3.4 Concentration Factor of Plasmonic Concentrator
The performance of a solar concentrator is often evaluated in terms of the concentration
factor 𝐹,41 defined as the ratio of the efficiency of a solar cell used with the concentrator to the
efficiency of the same solar cell used without the concentrator. The experimentally measured
concentration factor of a particular concentrator often depends strongly on the geometry and
arrangement of the concentrator and the attached solar cells.
In our experiments, as the solar cells were blocked from top by the 150-nm-thick Ag layer,
their efficiency was close to zero when used without the plasmonic concentrators. Therefore, the
concentration factor would be artificially exaggerated if determined solely by measuring the
efficiencies of the solar cells with and without the concentrator. Therefore, the efficiency 𝜂𝑐𝑒𝑙𝑙 of
the solar cell alone were simulated by using wxAMPs software,40 in the same way as 𝐸𝑄𝐸𝑐𝑒𝑙𝑙 (𝜆0 )
was determined in Sec. 3.3.3. Assuming that the actual solar cells performed as well as the
simulated ones, we determined the semi-experimental estimate 𝐹̃ of 𝐹 as
𝐹̃ = 1 +

𝜂

(3-4)

𝜂𝑐𝑒𝑙𝑙

Table 3-2. Semi-experimental estimate 𝐹̃ of the concentration factor 𝐹 in relation to the geometric
gain 𝐺 for arrays 𝑆1 and 𝑆2.
array
𝐺
𝐹

S1
3.2
1.97

S2
2.6
1.76

The wxAMPS simulation yielded 𝜂𝑐𝑒𝑙𝑙 = 3.06% for a crystalline-silicon solar cell of
thickness 𝑡 = 1.3 𝜇𝑚. Similar measured efficiency with Si solar cells of close structures justified
the used of this value as a reasonable estimation of 𝜂𝑐𝑒𝑙𝑙 .42 Substituting 𝜂𝑐𝑒𝑙𝑙 = 3.06% into Eq. 34, values of 𝐹̃ for arrays 𝑆1 and 𝑆2 are presented in Table 3-2, where 𝐺 = 𝑑/𝑤 is the geometric
gain. Optical-only simulations of the plasmonic concentrator with the similar 1D-grating
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configuration indicate that 𝐹 = 2.5 should be possible for 𝐺 = 3.0,31 which is higher than the value
of 𝐹̃ . This difference is likely caused by the differences in the geometries of experimental arrays
and the simulated planar concentrator:31 for the simulations, the width 𝑤 of the attached solar cells
was taken to be very small (400 nm) due to the limit of computational power; therefore, the width
𝑑 of the plasmonic concentrator was also small for the same values of 𝐺 (𝑑 = 400 and 1200 nm
for 𝐺=2 and 3, respectively). In contrast, the fabricated structures presented in this paper have
tenfold larger values of 𝑑 and 𝑤. As discussed for Fig. 3-7, an increase in 𝑑 reduces 𝜂𝑜𝑝𝑡 and
therefore 𝜂 , thereby making 𝐹 smaller than theoretical predictions. Moreover, fabrication
imperfections could also reduce the performance of the plasmonic concentrator. For example, the
profile of the 2-period PC close to the edge of a solar cell has significant distortion due to the
limitations of plasma-enhanced chemical vapor deposition used to deposit the PC, as is evident
from Fig. 3-8. Unlike the simulated structures wherein the PC layers were assumed to uniformly
fill the space between adjacent solar cells, the PC layers in the fabricated devices were thin near
the edge of the cells and followed the surface topography to be coated around the cells. The
distorted PC could guide light over the solar cells and/or increase light reflection at the interface of
the PC and the solar cells, and thus decrease the light collection of the device.
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Figure 3-10. Cross-sectional TEM image of an array, showing the distortion of the 2-period PC in
the vicinity of a solar cell. There is no material in the white areas. The gray box highlights the
distortion of the profile of the 2-period PC.

3.3.5 Angular Response of Plasmonic Concentrators
The performance of planar concentrators should remain constant even as the direction of
incident light changes. The angular dependence of the performance of our planar plasmonic
concentrator was investigated by mounting each of the arrays 𝑆1 and 𝑆2 on a rotatable sample stage
and measuring their 𝐽 − 𝑉 curve on the solar simulator for different incidence angles 𝜃 ∈
{0°, ±10°, ±30°, ±50°} (Fig. 3-2 (d)). The estimated concentration factors 𝐹̃ determined thereafter
using Eq. (3-3) are presented in Fig. 3-11. To determine the values of 𝜂𝑐𝑒𝑙𝑙 under oblique incidence
conditions, the measured power output of the solar cells was divided by 𝑃0 𝑐𝑜𝑠𝜃, where 𝑃0 is the
power of the incident light at normal incidence. The inclusion of the factor 𝑐𝑜𝑠𝜃 accounts for the
reduction in photon flux from the solar simulator when 𝜃 ≠ 0. From the figure, we conclude that
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𝐹̃ of all three arrays are quite stable with respect to the incidence direction and may even be higher
for quite oblique incidence than for normal incidence.

Figure 3-11. Semi-experimentally estimated concentration factors 𝐹̃ of arrays 𝑆1 and 𝑆2 for
oblique incidence.
Previous experimental and theoretical results29 indicate that numerous guided-wave modes
exist in different portions of the 𝜆0 × 𝜃space. As the angle 𝜃 increases from 0° different modes will
turn on and off so that peaks in a diagram of 𝜂𝑜𝑝𝑡 vs. 𝜆0 will shift and change in magnitude. The
excitation of several different guided-wave modes appears responsible for the stability of 𝐹̃ over a
broad range of 𝜃.

3.4 Summary
A one-dimensional photonic crystal on top of a metal grating can efficiently couple
incoming broadband, unpolarized light into multiple guided-wave modes (surface-plasmonpolariton waves and waveguide modes). These properties make this plasmonic architecture
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potentially attractive for solar concentration over length scales of tens to hundreds of micrometers.
In this chapter, we have experimentally demonstrated this idea at the proof-of-concept level using
a 1D-PC-loaded metallic grating to guide light into silicon microcells fabricated in the same plane.
These results validated theoretical predictions of long propagation lengths for guided-wave modes
in coupled plasmonic-photonic crystal architectures.
Solar cells attached to the plasmonic concentrators were found to have a factor of three
times higher photocurrent than cells that were not attached. From the simulated optical transfer
function, we predicted the resonances of the plasmonic concentrators. The optical transfer
efficiency spectra of experimentally fabricated plasmonic concentrators exhibited the predicted
resonances. Broadband light concentration effect over the solar spectrum and an optical transfer
efficiency (𝜂𝑜𝑝𝑡 ) of 24% were observed.
The highest concentration factors of the structures tested in this preliminary study were
around 2X, but higher values should be possible by using different architectures for the arrays.
Interestingly, the performance of plasmonic concentrators did not degrade when light was obliquely
incident in a wide angular sector, indicating possible utility in stationary light-concentration
applications.
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Chapter 4
Hybrid Metamaterials for Multifunction Electro-optic Control
Despite the exotic material properties that have been demonstrated to date, improving the
versatility and practicality of metamaterials, a prominent representative of artificial
electromagnetic media remains a challenging problem. The concept of metadevices has been
proposed in the context of hybrid metamaterial-composites: systems in which active materials are
introduced to advance tunability, switchability and nonlinearity, etc. In contrast to the successes
seen at low frequencies, limited exploration of hybrid optical metamaterials has been carried out
due to a lack of available constituent materials with nontrivial activity, together with difficulties in
regulating responses to external forces in an integrated manner. In this chapter, vanadium dioxide
(VO2), a naturally active material which undergoes a insulator-metal transition at a temperature
around 67 °𝐶 , was integrated into a photonic metamaterials absorber as a new platform for
multifunction electro-optic control including reflectance switching, rewritable memory processes
and manageable localized camouflage at wavelengths around 3 𝜇𝑚. With the nanostructured metals
simultaneously supporting the photonic resonance and the electrical active control of the natural
constituent integrated, the proposed hybrid metamaterials provide a universal template approach to
self-sufficient and versatile electro-optic systems. This study was enabled by a close collaboration
with Dr. Lei Kang from Dr. Douglas H. Werner’s group, who carried out theoretical simulations
for the device, and proposed the photonic memory and infrared imaging applications.
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4.1 Background and Motivation

4.1.1 Introduction to Metamaterials
Optical metamaterials refer to a new class of artificially engineered materials composed of
well-arranged functional electromagnetic nanostructures with subwavelength dimensions.1 The
research of metamaterials has sprung up in recent two decades. The resonating nature of these
sophisticated materials governed by their geometric arrangement and material composition grants
them an unprecedented ability to manipulate light in the sense of intrinsic features such as
polarization2,3 and wavelength4-6, and creates unusual light-matter interaction properties of
refraction7 and absorption (emission)8-10, etc. Besides the high-κ dielectric recipe11,12,
implementations of these exotic behaviors are usually achieved by geometrically shaping the
subwavelength metallic subunits that specifically interact with electric or/and magnetic field of
optical waves. Facilitating unique flexibility in light control, this characteristic of metamaterials
have given rise to new frontiers in physics and engineering, such as invisibility cloaks 13,14, metaholograms15,16, orbital angular momentum (OAM) manipulation17-19, etc., and may, to some extent,
redefine optics.

4.1.2 Reconfigurable Metamaterials
Considered as the other side of the coin, the resonant behaviors of the metamaterials
determined by the metallic constructs inextricably lead to fixed responses. Metamaterials that can
be dynamically tuned by means of external stimuli, such as electric or magnetic field, temperature,
optical pumping, etc., in both the linear and nonlinear regimes have been vying for the attention of
the research community20, 21. Furthermore, the direct monolithic integration of both control and
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active components is highly desired for versatile metamaterials that offer potential for selfsufficient devices.
Multiple approaches have been reported to realize reconfigurable metamaterials. These
approaches generally involve the incorporation of microelectromechanical systems (MEMS)22-24 or
the integration of active materials25-29. The MEMs approach is enabled by the external control of
the shape of individual meta-atoms or the near-field interaction of adjacent meta-atoms in the
metamaterials. For example, in Fig. 4-1(a), a tunable metamaterial working in near infrared
wavelength (1.2 𝜇𝑚) is demonstrated. The reconfigurable bridges consisting of materials with large
(orange, such as gold) and small (blue, such as silicon nitride) thermal expansion coefficient bend
in response to temperature changes, while bending is inhibited for the symmetric layer sequence in
the non-reconfigurable bridges. The bending of the reconfigurable bridges under thermal control
creates a tunable optical response of this device.
As the size of MEMS structures decrease to sub-micron range, as the elastic forces and the
forces of inertia in the MEMS structures scale down faster than their size, the switching frequency
of such metamaterials can reach high values such as several GHz.20 However, engineering
dynamically reconfigurable MEMS structures in nanometer scale still remains a challenge.
Another approach to achieve reconfigurable metamaterials is to integrate active materials
into the devices. The properties of the active materials can be tuned with carrier injection,25,26 or
induced molecular structural change such as the modulation in the crystal structures (e.g., phase
change materials27,29) or the molecular orientation (e.g., liquid crystal28,30). An example of
reconfigurable metamaterial integrated with an active material is given in Fig. 4-1(b). In this
example, graphene, which was chosen to be the active material, was patterned into a micro-ribbon
array. The carrier concentration in graphene was controlled using the ion-gel gate, which then
resulted in the change of the plasma frequency of graphene. The optical transmission of the device
was therefore a function of applied gate voltages.
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Integrating active materials into metamaterials to build hybrid metamaterials has yielded
many successful examples in low frequency regime,28,31-33 however, the lack of options for active
materials in optical and infrared frequency has precluded the progressive improvement of hybrid
optical metamaterials. Therefore, exploring new active materials for optical and infrared
wavelength regime is particularly interesting and significant.

Figure 4-1. Examples of reconfigurable metamaterials. (a) A thermally controlled MEMS based
reconfigurable metamaterial. Top panel: illustration of the structure and the working principle;
bottom panel: configuration of the reconfigurable/non-reconfigurable bridges.22 Copyright:
American Chemical Society. (b) A graphene based reconfigurable metamaterial. Top panel: top
view and side view schematics of the device; bottom view: control of terahertz resonance of
plasmon excitations through electrical gating. Terahertz radiation was polarized perpendicular to
the graphene ribbons for polarization perpendicular to the graphene ribbons (and inset: parallel to
the graphene ribbons).25 Copyright: Nature Publishing Group.

4.1.3 VO2 Integrated Reconfigurable Hybrid Optical Metamaterials
In the visible and IR spectral regimes, a promising group of active materials is the phase
change materials because they offer high index contrast in different phases and their properties can
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be controlled with thermal, electrical, or optical stimulus.20,34 In particular, vanadium dioxide
(VO2), a typical transition metal oxide, is very attractive for offering an extremely broad spectrum
with a drastic change in optical properties thanks to its near room temperature (Tc ~ 67°C in bulk
crystals) insulator-metal transition (IMT), a crystallographic transformation.35-38 Fig. 4-2(a) shows
the lattice change of VO2 during the reversible IMT. During the IMT, the crystal structure of VO2
changes from monoclinic to tetragonal39, causing a large change in its resistivity40-42 (up to four or
five orders of magnitude, Fig. 4-2 (b)) and distinct refractive index change43,44 (Fig. 4-2 (c)).
Moreover, the IMT can be triggered with various stimulus, including thermal 42, electrical45 and
optical46, at time scale below picosecond47, which allows integration of VO2 into vast and versatile
active devices.
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Figure 4-2. (a) Crystal structure of VO2 in its metal phase and insulator phase.39 (b) Electrical
resistivity change of VO2 during the IMT.42 (c) Optical permittivity of VO2 at insulator phase and
metal phase.43
There has been extensive effort in exploring the large IMT-induced resistivity change of
VO2 in electrically rectifying two-terminal and three-terminal devices48,49. During the past a few
years, integrating VO2 to realize reconfigurable optical devices has also attracted substantial
research attentions. Thermally43,50,51 and optically52 active responses have been observed in hybrid
metamaterial systems employing VO2. Even more interestingly, thermally controlled infrared
thermal emitter with negative differential emittance has been reported recently in a VO2 film which
is, in a sense, a natural metamaterial53. Nonetheless, compatible to current CMOS technology,
metamaterials with electrically controllable response are always preferred. Therefore, the reported
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electrical switching phenomenon in VO2 thin films with a favorable gigahertz response frequency
seems to be rather promising.48,49 However, it has been learned that this effect is hinged on electrical
current filaments54,55 and accordingly, may only cause extremely localized phase transition that
might not be necessarily sufficient for significant variation in the corresponding hybrid
metamaterials. On the other hand, nano-engineered metals very recently have been
comprehensively utilized in the integrated metamaterials and plasmonics systems, which has
enabled, e.g. electrical voltage controlled harmonic generations6, 56 and photon-dragging effect57.
In these works, electrical conductivity and/or carrier injection characteristics of metals advanced
the complex functionalities for plasmon-enhanced nonlinear optics. Beyond that, metals actually
offer a wide range of conventional physical properties, such as thermal conductivity, electrical
resistance, etc., which could readily afford exquisite meta-devices performing electrically
controllable optical functions. In this chapter, by integrating VO2 thin film into an optical
metamaterial absorber, a hybrid metamaterial platform was experimentally demonstrated for
multifunction electro-optic control in the mid-infrared (mid-IR) region. The proposed selfsufficient and versatile metamaterial is a subtle combination of active natural materials and
photonic structures: acting as part of the resonating structure, VO2 enables the tunable nature of the
device, while the nano-engineered metals simultaneously support the optical resonances and the
electrical control of phase transition actuated through Joule heating effect.

4.2 Description of Experiments

4.2.1 Experimental Structure
Figure 4-3(a) shows a schematic of the hybrid metamaterial absorber that consists of two
continuous metallic layers sandwiching a VO2 thin film instead of the inactive dielectric in a typical
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configuration10. In this design, besides supporting the resonant absorption modes, the top meshpatterned Au layer is extended and connected to external circuit, which, simultaneously, allows
Joule heat arising from the in-plane electrical current flowing through. The high thermal
conductivity of Au facilitates the Joule heat conduction to the VO2 thin film, leading to the
thermally induced IMT. In consequence, the reflection characteristics at the resonances are
expected to be tuned as a function of the electrical current applied. Note that reflectance,
transmittance, and absorption properties of the metamaterials satisfy the relation 𝑅(𝜔) = 1 −
𝐴(𝜔) and 𝑇(𝜔) = 0 . The optimization of the design started with the measurement of the
temperature dependent dielectric permittivity (𝜀 = 𝜀1 + 𝑖𝜀2 ) of VO2 film grown on Au, rather than
on the typical sapphire substrate (see Sec. 4.2.2). As illustrated in Fig. 4-3(b), the VO2 thin film
behaves like a low-loss dielectric at room temperature but a Drude-like metal at 85 °C, indicating
the thermally induced phase transition. Then, utilizing the measured dielectric properties of VO2,
the reflection spectrum of the unit-cell comprising the hybrid metamaterials for normal incidence
was simulated. A thin (50 nm) Al2O3 spacer is introduced at both VO2 and Au interfaces for two
reasons, i.e., first, lower the impact of the loss of VO2 in insulation phase to achieve shaper resonant
absorption modes and, second, to serve as diffusion barrier between Au and VO2 layers to allow
crystallization of the VO2. In contrast to past tunable metamaterials embodiments that have relied
on active materials serving as bulk substrate, the design here leverages the photonic enhancement
to the greatest extent by involving the subwavelength-thick VO2 thin-film (~ 260 nm that < res/12)
in the resonating structure (see electric field profiles depicted in the inset of Fig. 4-3(c)), and could
become a viable option for highly sensitive and ultra-compact electro-optic devices. As illustrated
in Fig. 4-3(c), a drastic variation of reflection takes place around the wavelengths of 2.95 and 3.58
m, i.e., the two absorber modes of the metamaterial at room temperature, respectively. Fig. 4-3(d)
depicts the photo and scanning electron microscope (SEM) images of the fabricated device that is
electrically functionalized via on-chip connections. It is worth noting that, despite a variety of VO2
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thin film preparation procedures such as molecular beam epitaxy (MBE), pulsed laser deposition
(PLD) and sputtering, growing of thick single phase VO2 on metal substrate remains a challenge.
In this study, mediated by an atomic layer deposition (ALD) deposited Al2O3 barrier layer, the
single phase poly-crystalline VO2 thin film was achieved with a two-step sputter/anneal process on
top of Au ground plane. The detailed fabrication process of the device will be discussed in the
following section.
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Figure 4-3. Insulator-to-metal transition (IMT) enabled electro-optic meta-device. (a) Threedimensional illustration of the metamaterial device consisting of a sandwich system with the 100nm-thick patterned-mesh top gold layer, 260-nm-thick active VO2 layer and an optically thick (200
nm) gold ground plane. A 50-nm-thick Al2O3 layer is applied in between both gold/VO2 interfaces
for optimized device performance. Unit cell of the metamaterial absorber is depicted in the inset
where P = 1550 nm and w = 600 nm, respectively. The top patterned gold layer connected to
external circuit simultaneously supports optical resonances and electrical functionality for Joule
heating. As a result, reflection of incident light at normal incidence would be tuned as a function
of the electrical current flowing through, thanks to the IMT in the active VO2 layer. (b) Measured
permittivity of VO2 thin film on top of Au at room temperature (RT) and 85 °C clearly indicate the
phase transition. (c) Simulated reflectance spectra of the metamaterial absorber with VO2 layer at
insulator (blue curve) and metallic (red curve) phases. Insets: calculated electric field profiles (|𝐸|2 )
within the VO2 layer for a unit cell (inset of a) at the wavelengths of 2.95 and 3.58 m. (d) Photo
of the device and scanning electron microscope (SEM) image of the metamaterial, with the inset
illustrated the enlarged SEM image of a unit cell.
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4.2.2 Fabrication Process for the Hybrid Metamaterial Absorber
The Fabrication process flow for the VO2 metamaterial absorber is presented on Fig. 4-4(ak). The device was fabricated on a cleaned silicon substrate (Fig. 4-4(a), p-type, 100 orientation,
1.0-10Ω∙cm, Addison’s engineering, San Jose, CA). Firstly, a 150nm-thick SiO2 was grown on the
Si substrate by thermal oxidation (wet) (Fig. 4-4(b)) to serve as a diffusion barrier between the
silicon substrate and the bottom metal layer of the metamaterial (described in the following step).
20nm titanium (Ti) and 150nm gold (Au) was then deposited on top of the SiO2 with e-gun
evaporation (Fig. 4-4(c), Semicore E-Gun Thermal Evaporator, Semicore Equipment Inc.,
Livermore, CA). Ti serves as an adhesion layer between SiO2 and Au. 50nm-thick Al2O3 was then
deposited on top of the 150-nm Au layer by atomic layer deposition (ALD) (Fig. 4-4(d),
ALD150LE, Kurt J. Lesker, Jefferson Hills, PA). A layer of vanadium oxide VOx (x<2) was
deposited on top of the sample using pulsed DC reactive ion sputtering with a vanadium metal
target at 5 mTorr in 2.5% oxygen and 97.5% argon atmosphere (Fig. 4-4(e), CMS-18 sputter, Kurt
J. Lesker, Jefferson Hills, PA). The VOx film was further oxidized and crystallized in a rapid
thermal annealing furnace at 640°C for 10 minutes in 1‰ oxygen and 999‰ argon atmosphere to
form single phase VO2 (Fig. 4-4(f)). This step is critical and the quality of the VO2 film depends
strongly on the thermal condition and oxygen partial pressure in this annealing step. Scanning
electron microscopy (SEM) and X-ray diffraction (XRD) were used to characterize the VO2 film
(see Fig. 4-4(i,j)) and optimize the conditions. After the single phase VO2 film was formed, the
sample was coated with a second layer of Al2O3 with the same ALD process (Fig. 4-4(g)) and then
ZEP 520 ebeam resist (Zeon, Tokyo) was spin-coated on top of the sample. E-beam lithography
(EBPG5200, Raith America Inc., Troy, NY) was performed to define the inverse pattern of the
5𝑚𝑚 × 5𝑚𝑚 Au-mesh structure on the resist. 3nm Ti and 100nm Au was deposited on the sample
using the same evaporator and finally the metal covering the ebeam resist was removed using a lift-
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off process in 1165 developer (Shipley, Marlborough, MA) to form the Au mesh structure and the
electrical contact pads (Fig. 4-4(h)). The final device was imaged with SEM (see Fig. 4-3(d)).

Figure 4-4. (a-h) Fabrication process for the hybrid metamaterial. (i) XRD spectrum of the VO2
film taken after step (f), with VO2 peaks marked by the purple arrows. The rest of the peaks on the
XRD spectrum corresponds to the X-ray diffraction from the Si substrate and the Au layer. (j)
Cross-sectional SEM image of the structure after step (f), the VO2 film show clear polycrystalline
nature.

4.2.3 Optical characterization method
The normal reflectance of the hybrid metamaterial was characterized with Fourier
transform infrared (FTIR) spectroscopy. A customized accessary (schematically illustrated in Fig.
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4-5) was used with the integrated Bruker IFS 66/s spectrometer in the FTIR system to realize the
normal reflectance measurement. The hybrid metamaterial sample was attached on a microscope
slide with two layers of parafilm (Bemis Company, Inc., Oshkosh, WI) in between. The parafilm
under the 5mm×5mm absorber area was cut away to create thermal isolation between the Si
substrate and the microscope slide. The microscope slide was then mounted on the sample holder
in the customized FTIR accessary for optical characterization.

Figure 4-5. Light path of the normal reflectance accessary. Labeling of each components are listed
as following: M-- mirror; S-- sample; BS-- Beam splitter.

The switching of the hybrid metamaterial was enabled by applying external stimulus to the
sample. The IMT transition can be triggered by applying an electrical current through the Au mesh
(electrical switching) or heating up the sample with an external heater (thermal switching). The
electrical switching method was realized by attaching the self-supporting electrodes (Fig. 4-3d) on
the sample to an external electrical power supply. The power supply consisted of a function
generator (Agilent 33120A, Agilent Technologies, Inc., Wilmington, DE) and an amplifier (Model
BOP 100-4M, Kepco, Inc., Flushing, NY). The applied current signal was controlled by setting the
output of the function generator (DC output for steady current measurement or programed pulse
train output for transient switching measurement) and monitored using the build-in Amp meter in
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the amplifier. A thermocouple was attached on the top surface of the sample 1mm away from the
metamaterial area and a handhold thermometer (Model HH21A, Omega Engineering, Inc.,
Stamford, CT) was used to monitor the temperature of the absorber. The thermal switching was
realized by attaching the microscope slide to a thermoelectric peltier heater (TEC1-12706, Hebei
I.T. (Shanghai) Co., Ltd, Shanghai, China). The peltier heater was powered by the same power
supply as discussed above and fixed on the sample holder of the FTIR accessary. The temperature
of the sample was tuned by changing the power input of the peltier heater and monitored using the
thermometer.
Finally, in Sec. 4.3.2, the reflection spectrum of the sample was spatially mapped out using
a 128×128 focal plane array detector integrated in the hyperion 3000 microscope in the FTIR
system. The objective lens of the microscope was a 15X condenser with average incidence and
collection angle of light ~20°. The imaging area of the focal plane array was 340×340 𝜇𝑚2 , which
is smaller than the sample text area. In order to acquire complete image of the text area, at each
experimental condition, six imaging measurements were carried out sequentially to obtain images
of a part the text area, and the six partial images were stitched together using Matlab software to
represent a complete image of the text area.

4.3 Results and Discussion

4.3.1 Experimental Switching Behavior of the Hybrid Metamaterial Absorber
By collecting normal reflection spectra of the absorber at different electrical currents (I)
applied to the top mesh-patterned Au layer (Fig. 4-3(a)), electrical tuning of the metamaterial’s
optical response in thermal equilibrium was firstly determined, as illustrated in Fig. 4-6(a). In
particular, relative to the static reflectance (when I = 0 A), an absolute tuning (𝑅𝐼=𝐼0 (𝜆)/𝑅𝐼=0 (𝜆))
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as large as ~7500 % and ~500 % is observed at wavelength of 3.05 and 3.85 m, respectively, when
I increases to 1.20 A, which reveals a good agreement with the prediction from the simulations
(Fig. 4-3(c)). For I in between, the tuning showed a continuous manner. This is because that, in
sharp contrast to some other abrupt phase transitions, such as those of liquid crystals revealed in
typical relationship between order parameter and temperature, percolation progress, i.e., the phase
coexistence over a certain temperature range within the transition region dominates the effective
permittivity of VO258 and thus the response of the metamaterials. This is further verified by the
spectroscopic results obtained by directly controlling the device temperature with external heating
system (Fig. 4-7). Furthermore, by collecting data for a circle change of the electrical current, in
Fig. 4-6(b), the on-resonance reflectance as a function of increasing and then decreasing I was
illustrated. It can be seen that the modulation becomes obvious only when intensity of I exceeds ~
0.5A, a threshold subject to the overall thermal condition of the device, and saturates when the
intensity of I exceeds 1.0A. More interestingly, a hysteresis behavior is identified with its maximum
at I = 0.8A where the slope of the reflectance as a function of current is the steepest, which coincides
with the hysteresis nature of VO2. In addition, the resonance frequencies of our hybrid
metamaterials are also regulated, as shown in the insets of Fig. 4-6(b,c). Representing the intrinsic
behaviors of the active responses of the metamaterials, Fig. 4-6 is helpful to understand the
underlying physics of the tuning mechanism and provide the basis for constructing a self-sufficient
electro-optic platform. Based on the results shown in Fig. 4-6, a series of proof-of-concept
demonstrations are presented in the following section to suggest the versatility of the proposed
meta-device for multifunction electro-optic control.

78

Figure 4-6. Electrically tuning the spectral responses of the hybrid metamaterials. (a) Measured
reflection spectra for various intensities of electrical current applied. A drastic but continuous
spectrum tuning is achieved before saturation. (b-c) Hysteresis dependence of the on-resonance
reflectance on the applied electrical current (I) with a sweeping rate of 0.1 A min-1. The
corresponding resonance wavelength (𝜆𝑟𝑒𝑠 ) as a function of I is shown in the inset.

Figure 4-7. Thermally tuning the spectral response of the hybrid metamaterial. (a) Measured
reflection spectra for various sample temperature. (b-c) Hysteresis dependence of the on-resonance
reflectance on the temperature with a sweeping rate of 2℃/min.

4.3.2 Demonstration of Versatile Applications of the VO2 Integrated Hybrid Metamaterial
The electrical current dependent reflectance immediately offers two types of electro-optic
functionality, i.e., reversible reflection switching, which can be obtained by applying I at low (or
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zero) and saturated levels, and that associated with the memory effect due to the hysteresis of VO2
IMT59. By applying a series of electrical current pulses as shown in Fig. 4-8(a) while recording the
reflectance spectra of the device, the electrical switching effect was experimentally studied. A
remarkable amplitude switching capability as large as ~ 4000 % and ~ 500 % of absolute tuning is
observed at the two resonances, respectively, as shown in Fig. 4-8(b,c), when the rectangularshaped current pulse is applied. The slight fluctuation of the maximum tuning magnitude is
attributed to the limited time-sampling rate (~10 Hz) of the FTIR spectroscopy system. Other than
the saturating current observed in Fig. 4-6(b), in this study, the ‘trigger’ was implemented by
applying a 4.0A-high and 0.25s-wide electrical current pulse train (Fig. 4-8(a)) to improve the
dynamic response because given the same thermal environment, the VO2 film experiences faster
temperature rise with higher input Joule heating power. The measured results indicate a rising and
falling edge of ~ 0.2 s and ~ 0.5 s, respectively, in the time-trace of on-resonance reflectance. It is
postulated that finer thermal engineering which reduces thermal capacity of the device may yield
better dynamic performance.
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Figure 4-8. Reflectance switching and rewritable memory effect observed in the hybrid
metamaterials. (a-c) Observation of electrical switching of reflectance at the two resonant modes.
Electrical current pulses of width of 0.25 s are utilized to ‘trigger’ localized MIT in VO2 film, which
enables time resolved reflectance of the meta-device at a sub-second time scale. (See Appendix 2
for the dependence of the switching operation on the electrical current intensity). (d-f) Electrically
rewritable memory effect observed in the metamaterial device. As the vertical dashed lines in Fig.
4-6(b) and (c) indicated, a bias current of 0.8A was applied to achieve the maximum hysteresis. On
top of that, an additional 0.25s (0.75s) current pulse of 0.8A (-0.8A) is utilized to ‘write’ (‘erase’)
the rewritable photonic memory in the reflection signals.

In contrast to the optical switching which relies on a complete phase transition of VO2, in
the electro-optic memory effect study (illustrated in Fig. 4-8(d-f)), a bias current of 0.8A is chosen
to bring the condition of maximum hysteresis (Fig. 4-6(b)), and on top of that, a positive (0.8A,
0.25s) and a negative current pulse (-0.8A, 0.75s) were applied alternatively. The measured results
in Fig. 4-8(e,f) reveal a flip-flop operation in reflectance, unambiguously manifesting an
electrically erasable and programmable read-only memory (EEPROM) effect. In particular,
indicated by the dashed lines, the ‘1’ and ‘0’ states, the device offered an absolute reflectance
contrast of ~ 10% (~5%) at the resonant wavelengths for given experimental conditions, allowing
for reading of the programmed reflectance as long as the information is stored. Accordingly, the
positive and negative current pulse is referred to as the ‘write’ and ‘erase’ input of this memory
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process, respectively. The temperature fluctuation of the device during the measurements was
controlled within 0.3°C and was mainly due to the environmental temperature change. Compared
with the previously reported memory effect in metamaterials26,59, the proposed photonic metadevice has achieved, at least, three competitive advantages, biasing without an external temperature
control, operating in mid-infrared wavelength region, and the dual-wavelength clear binary contrast
for storing and reading information. Moreover, considering the planar and compact configuration
of the metamaterials, the above modulations can be conducted in an energy efficient manner. For
instance, the input power level in the switching measurements was ~1 J per unit cell per pulse
which could be further reduced. It is also worth noting that the transition temperature of VO2 can
be tailored to room temperature by various materials engineering approaches 60,61, which would
potentially eliminate the requirement of bias and facilitate nonvolatile memory applications.
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Figure 4-9. Electrically controlling the spatially dependent infrared image. (a) Microscopic image
of the fabricated metamaterials with the area of removed top Au layer forming letters of ‘PSU’.
Geometrical dimensions of imaging: 900×500 m2. (b-c) SEM images of a corner of the patterned
letter ‘U’. Connected to external circuit, the top gold meshes correspond to the olive area in (a),
while bare VO2 forms the letters in dark green in (a). (d, g, j) IR images at a wavelength of 2.67
m of the metamaterials with various electrical current applied. Interestingly, as illustrated in g,
the letters became invisible in the IR image at a proper electrical current intensity. (e, h, k) The
corresponding reflectance distribution across each of the letter at locations labeled by ‘1’, ‘2’ and
‘3’. (f, I, l) IR images of the device at wavelength of 10.0 m. No obvious imaging tuning effect is
observed.
In addition to the spatially selected absorptivity previously demonstrated with static
metamaterial absorber9, the proposed electrically active meta-device can enable even more
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sophisticated spatial modulation schemes of IR signals. In order to demonstrate this versatility, as the
optical microscope and SEM images illustrated in Fig. 4-9(a-c), we fabricated the same structure
as was utilized for the measurements discussed in Fig. 4-6, but removed top mesh-patterned Au
layer in some area that forms three letters, ‘PSU’. Again, the top Au layer was extended and
connected to external circuit (not shown) for an electrical control. The measured two-dimensional
IR images reveal that, when I = 0A (Fig. 4-9(d)) the letters of ‘PSU’ stand out with high reflectance,
comparing with the low-reflective metamaterial regions. Very interestingly, with the current of
certain intensity applied (I = 2.03A), the ‘PSU’ text faded out in the IR image (Fig. 4-9(g)) or, in
other words, became invisible. When I was further increased, the encoded ‘PSU’ text was observed
as an intaglio on a highly reflective background (Fig. 4-9(j)). Plotting the spatial distribution of
reflectance across each of the letter, Fig. 4-9(e,h,k) quantitatively indicate the IR display contrast
in these three scenarios. On the contrary, the IR image of the sample at the off-resonance
wavelengths is not closely correlated with the electrical current applied. It is worth noting that, the
off-normal incidence effect causes deviation of spectroscopic response during the imaging (with
effective N.A. = 0.5) from the results shown in Fig.4-6 (see Fig. 4-10 for details). Moreover, the
reflection from the letters’ regions, i.e., roughly a plane VO2 thin film on optically thick Au ground
plane decreases with current applied (temperature) due to the dielectric properties-variation in
VO253, which actually introduces an extra degree of freedom in the spatial modulation engineering.
By virtue of Kirchhoff’s law, emissivity of a thermal emitter at equilibrium should be equal to its
absorptivity. Therefore, the metamaterials can also serve as an infrared emitter with spatial and
temporal emissivity that can be purposely controlled by electrical current. In this regard and from
the point of view of thermal detectors, the meta-device, counterintuitively, will look cooler when
electrically heated due to negative differential thermal on-resonance emittance53 indicated by
results in Fig. 4-6. A detailed study on this phenomenon that suggests many relevant applications
such as active thermal chameleon coatings would be desirable, but is beyond the scope of this work.
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Figure 4-10. Measured reflectance spectra of plane VO2 film on Au and the VO2 hybrid
metamaterial collected with the FTIR imaging microscope at room temperature. The reflectance
spectrum of the hybrid metamaterial changes a lot from that shown in Fig. 4-6 because of the large
angle of light incidence and collection. The images presented in Fig. 4-9 are measured at the
resonance with shorted wavelength at 2.67 𝜇𝑚.

4.4 Summary
In summary, this chapter demonstrates that electrified metamaterial absorbers integrated
with vanadium dioxide (VO2) could form self-sufficient versatile meta-material whose temporal,
frequency and spatial characteristics of reflection can be purposely controlled by applied electrical
current signals. The hybrid metamaterial absorber was constructed as two continuous metallic
layers sandwiching a VO2 thin film with the top metallic layer patterned as a mesh net. The top
mesh layer was extended and connected to electric contact pads which are attached to external
circuits functioning as electric control. When the VO2 undergoes an insulator-metal transition

85
(IMT), the reflectance spectrum of the device changes dramatically. The absolute tuning of the
reflectance at the two resonance frequencies were found to be as large as ~7500% and ~500% at
3.05 and 3.85μm, respectively. Advanced functional meta-devices were demonstrated based on the
drastic change in the optical response of the hybrid metamaterial. An electro-optical modulator was
first demonstrated, with on-resonance reflectance controlled by sub-second electrical pulse train
input. The same device can also function as an electrically erasable and programmable read-only
memory (EEPROM) with “0” and “1” contrast ~10%. Finally, more sophisticated spatial
modulation schemes of IR signals were demonstrated with this platform for IR display and surface
emissivity control applications.
The unification of the conventional and plasmonic properties of metals and the phase
transition of natural active materials may establish a new routine of metamaterials based
multifunction systems for electro-optic information processing, storing and display. The unit-cell
nature of metamaterials and the active tuning capability demonstrated in this chapter would provide
unprecedented flexibility in pixelated light manipulation in the subwavelength regime.
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Chapter 5
Summary and Future work

5.1 Summary
The goal of this research was to explore engineered metal nanostructures for functional
optical materials. First, the excitation of multiple surface-plasmon-polariton waves (and waveguide
modes) at the interface of a one-dimensional dielectric photonic crystal and a metal was studied
and discussed. In contrast to conventional SPP excitation, this novel approach provides possible
access to broadband SPP excitation for both linear polarization states. This concept was
theoretically and experimentally investigated in a broadband absorber and then applied at the proofof-concept level to demonstrate a planar solar concentration device. Second, a phase change
material, vanadium dioxide, was integrated into a hybrid optical metamaterial absorber to build a
meta-device with active control. The demonstrated meta-device can serve as a platform to achieve
various advanced functionalities.
In chapter 2, excitation of multiple SPP waves and waveguide modes (guided-wave modes)
were experimentally demonstrated and theoretical analyzed. The experimental structure was
constructed as a one-dimensional photonic crystal on top of a two-dimensional gold grating. The
absorbances of this structure for incident p- and s-polarized light were measured and mapped
against the free-space wavelength 𝜆0 and the incidence angle 𝜃 with respect to the thickness
direction for two azimuthal angles 𝜙 = {0°, 45°}. The Floquet theory, surface-multiplasmonics
theory, and the transfer–matrix approach for multilayered waveguides were used to predict the
excitations of SPP waves and waveguide modes as Floquet harmonics. The excitations of guided
waves of both types were found to agree well with theoretical predictions. Both the theoretical and
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experimental results demonstrated broadband coupling of light over the wavelength regime of 𝜆0 ∈
[400, 800] 𝑛𝑚 of any linear polarization state which is insensitive to the incidence directions 𝜃
and 𝜙.
In Chapter 3, the concept of exciting the guided-wave modes discussed in Chapter 2 was
applied to realize a planar solar-concentration device. The plasmonic concentrators were
constructed as arrays of 1D-PC-loaded metallic gratings which can couple incident sunlight into
guided-wave modes, and micro solar cells were attached to the concentrators to test their
performance.
Solar cells attached to the plasmonic concentrators were found to have a factor of three
times higher photocurrent than cells that were not attached, validating the effectiveness of the
plasmonic concentrators. In order to understand the light concentration effect, the optical transfer
function 𝜉(𝜆0 ) of the plasmonic concentrators were simulated and compared to the semiexperimentally obtained optical transfer efficiency 𝜂𝑜𝑝𝑡 (𝜆0 ). According to the spectrum of 𝜉(𝜆0 ),
resonance frequencies at which the guided-wave modes can be excited were predicted. 𝜂𝑜𝑝𝑡 (𝜆0 ) of
experimentally fabricated plasmonic concentrators exhibited the predicted resonances, validating
the excitation of the guided-wave modes in the experimental structures. Broadband light
concentration effect over the solar spectrum and 𝜂𝑜𝑝𝑡 (𝜆0 ) as high as 24% were observed.
The highest concentration factors of the structures tested in this preliminary study were
around 2X, but higher values should be possible by using different architectures for the arrays. In
addition, interestingly, the performance of plasmonic concentrators did not degrade when light was
obliquely incident in a wide angular sector, indicating possible utility in stationary lightconcentration applications. The results presented in this chapter validate theoretical predictions of
long propagation light lengths for guided-wave modes in coupled plasmonic-photonic crystal
architectures, and could improve the understanding of the plasmonic light-concentration effects.
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Chapter 4 demonstrates that electrified metamaterial absorbers integrated with vanadium
dioxide (VO2) could form self-sufficient versatile meta-device whose temporal, frequency and
spatial characteristics of reflection can be purposely controlled by applied electrical current signals.
The hybrid metamaterial was constructed as two continuous metallic layers sandwiching a VO2
thin film with the top metallic layer patterned as a mesh net. The top mesh layer was extended and
connected to electrical contact pads which are then attached to external circuits functioning as
electric control. When VO2 undergoes an insulator-metal transition (IMT), the reflectance spectrum
of the device changes dramatically. The absolute tuning of the reflectance at the two resonance
frequencies were found to be as large as ~7500% and ~500% at 3.05 and 3.85μm, respectively.
Advanced functional meta-devices were demonstrated based on the drastic change in the optical
response of the hybrid metamaterial. An electro-optical modulator was first demonstrated, with onresonance reflectance controlled by sub-second electrical pulse train input. The device can also
function as an electrically erasable and programmable read-only memory (EEPROM) with “0” and
“1” contrast ~10%. Finally, more sophisticated spatial modulation schemes of IR signals were
demonstrated with this platform for IR display and surface emissivity control applications.
The unification of the conventional and plasmonic properties of metals and the phase
transition of natural active materials may establish a new routine of metamaterials based
multifunction systems for electro-optic information processing, storing and display. The unit-cell
nature of metamaterials and the active tuning capability demonstrated in this Chapter would provide
unprecedented flexibility in pixelated light manipulation in the subwavelength regime.
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5.2 Recommendations for Future Work

5.2.1. Optimizing the Metal Grating Structure for Plasmonic Light
Absorption/Concentration
As discussed in chapter 2 and chapter 3, the interface of a PC of finite thickness and a metal
can support multiple SPP waves and waveguide modes with both p- and s-polarization states. The
dispersion relation of these guided-wave modes is determined by the material properties in the PCmetal architecture and the thickness of the layers constructing the PC.1,2 The geometry of the metal
grating, on the other hand, determines the coupling wavelength 𝜆0 and angle 𝜃 of incident light into
the supported guided-wave modes. By improving the design of the metal gratings, more light can
be coupled into the guided-wave modes without any change in the PC-metal stack.
Excitation of the guided-wave modes with a one-dimensional (1D) grating and a twodimensional (2D) grating was discussed in Chapter 2. The advantage of using a 1D metal grating
is its ease of fabrication and simple physics because of the small number of Flouquet harmonic
modes it supports. This simple structure was also used in Chapter 3 for the proof-of-concept solarconcentration device.
Comparing to the 1D grating case, Chapter 2 demonstrated that by using a 2D metal
grating, more Flouquet harmonic modes were provided and light-coupling in the PC-metal light
absorber were enhanced. The 2D metal grating used in Chapter 2 was chosen to be a nano-disk
array arranged in a square lattice with periodicity of 350nm. Clear experimental evidence was
demonstrated to show the much higher absorbance with this 2D grating structure over the 1D
grating predecessor.
However, 2D nano-disk array with a square lattice might still not be the optimum grating
design for light coupling and absorption because of its simple resonance modes. The reciprocal
lattice of a 2D square lattice can be obtained by performing a Fourier transform on the original
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lattice, and the result is a 2D square lattice in reciprocal space.3 Each point in the reciprocal lattice
can be associated with a vector referred as a “reciprocal vector” (RV) which corresponds to a
Floquet harmonic resonance mode.4,5 When used in the PC-metal plasmonic light absorber, the
discrete RVs of the metal grating with a 2D square lattice lead to discrete and narrow absorption
bands.6
The state-of-art broadband light absorbers use more complex metal grating designs. These
designs either use aperiodic grating lattices7,8 or irregularly shaped unit cell structures9,10. The idea
behind these designs is to induce denser RVs and to broaden the points into bands in reciprocal
space.

Figure 5-1. Lattice structure of (a) AmmannBeenker, (b) Penrose, and (c) Danzer quasi-periodic
tiling.
This concept also applies to the PC-metal plasmonic absorber. For example, 2D quasiperiodic metal gratings can be applied to introduce more Floquet harmonic modes and broaden the
absorbance bands, comparing to the 2D square lattice.11 Fig. 5-1 shows lattice structures for three
different 2D quasi-periodic grating lattices. These lattices lack translational symmetry but possess
rotational symmetry: eight-fold rotational symmetry for AmmannBeenker lattice (Fig. 5-1 (a)),
five-fold rotational symmetry for Penrose lattice (Fig. 5-1 (b)), and 7-fold rotational symmetry for
Danzer lattice (Fig. 5-1 (c)).12 Besides providing more complex RVs, the high order rotational

95
symmetry of these quasi-periodic lattices also allows better azimuthal angular acceptance in light
absorbers employing them.13,14,15
Figure 5-2 presents SEM images of fabricated Au gratings with AmmannBeenker lattice
and Penrose lattice and the measured absorbance of the corresponding plasmonic light absorbers
with these metal gratings. The minimum spacing of the grating lattice was taken as 350nm and PC
consisting the same silicon oxynitride layers as described in Sec. 2.2.1 were coated on top of these
gratings. Figure 5-2 (c-f) presents the preliminary experimental absorbances of the fabricated
absorbers. The absorbance for p- and s- polarization was obtained by measuring the specular
reflectances of the samples in the same way as in Sec. 2.2.3. The absorbances were calculated as
𝐴𝑠,𝑝 = 1 − 𝑅0𝑠,𝑝 , where 𝑅0𝑠,𝑝 is the specular reflectance with p- or s-polarized incident light. Note
here that non-specular reflected light was observed during the measurement so the plotted data is
an overestimation of the absorbance of the samples. Nevertheless, because the non-specular
reflection was relatively weak16 — less than 10% of the incident light, Fig. 5-2 still provide useful
qualitative estimate of the absorbances of the samples.
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Figure 5-2. SEM images of Au gratings for the PC-metal light absorbers with (a) AmmannBeenker
lattice and (b) Penrose lattice. (c-f) Measured absorbances for the multiplasmonic light absorbers
with the quasi-periodic Au gratings for p- and s-polarizations.
Comparing with the results shown in chapter 2, the absorbers with quasi-periodic Au
gratings exhibited better angular insensitivity and better polarization insensitivity. In addition, in
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the high absorbance bands in Fig. 5-2(c-f), clear high-absorbance ridges as in Fig. 2-9 were not
present. This is because of broad absorption bands induced by the richer and less discrete RVs of
the quasi-periodic lattices of these gratings. An example of the reciprocal space of the
AmmannBeenker lattice is shown in Fig. 5-3.12 The reciprocal space show Bragg-like peaks which
are associated with the RVs. In contrast to periodic lattices, the RVs densely fill the entire reciprocal
space of the AmmannBeenker lattices.

Figure 5-3. Reciprocal space of AmmannBeenker lattice with tile side a. The arrows indicates a
few RVs in the reciprocal space.
Although the preliminary results of the PC-metal plasmonic light absorbers with quasiperiodic Au gratings does not show improved overall absorbance comparing to those with regular
2D periodic Au gratings in chapter 2, the quasi-periodic design for metal gratings is still very
promising and worth pursuing because of the greater flexibility in design, better angular and
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polarization insensitivity and even potentially higher coupling rate in broader band. The challenge
in implementing quasi-periodic metal gratings for multiplasmonic light absorbers lies in the
theoretical design. Due to the lack of translational symmetry, common numerical simulation tools
cannot be directly applied to the design and optimization of such structures. In addition, as the RVs
of these lattices fill the entire reciprocal space, it’s also not possible to find primitive RVs whose
linear combinations form the entire reciprocal space to help perform theoretical calculations basing
on Floquet theorem as was done in Chapter 2. However, it has been proposed that a basic RV set
can be constructed by omitting spots with intensity below a certain threshold, as indicated by the
arrows in Fig. 5-3. Therefore, it is possible to develop computational algorithms to approximate
the behavior of the PC-metal plasmonic architectures to help design and optimize such structures.
Future studies in this field is highly desirable for realizing more efficient multiplasmonic light
absorbers.
The same idea also applies to the plasmonic solar concentrator. In chapter 3, the proof-ofconcept plasmonic solar-concentration structure shows much lower efficiency comparing to stateof-art solar cells. The reason for this low efficiency was identified to be the combination of having
both low quality solar cells and low efficiency plasmonic concentrators.
The quality of the solar cells can be improved by using lower doped silicon and grid metal
electrodes,17 or even switching from Si to a different active material that is more suitable for thinfilm solar cells such as a-Si:H.20 On the other hand, the plasmonic concentrators described in
chapter 3 used a 1D metal grating and therefore had low light coupling efficiency.16 As discussed
earlier in this section, using a properly designed 2D metal grating can significantly enhance the
light coupling efficiency into guided-wave modes and therefore should be able to enhance the light
concentration of the plasmonic concentrators. However, using a 2D metal grating implies that the
guided waves could propagate in any direction in the transverse plane and therefore requires the
use of a 2D aligned µ-solar cell array which increases the design and fabrication complexity. Thus,
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as a first step to improve the efficiency of the plasmonic solar concentrator, future study can start
from replacing the periodic 1D metal grating with a quasi-periodic 1D metal grating, such as a
silver grating with a Fibonacci lattice,19,20 and designing a 2D concentrator-𝜇-cell array can be a
long-term research goal.

5.2.2 Hybrid Metamaterial Integrated with VO2 as Smart Thermal Emitter
Thermal radiation is light that is emitted by an object at a temperature above absolute
zero.21 The spectrum and intensity of the thermal radiation is determined by the object’s
temperature and emissivity
𝐼(𝜈, 𝑇) =

2ℎ𝜈 3
1
∙ ℎ𝜈/𝑘𝑇
𝜀(𝜈),
2
𝑐
𝑒
−1

where I is the thermal radiation spectrum, 𝜈 is the frequency of the radiation, T is the temperature
of the object, h is Plank’s constant, k is Boltzmann constant, and 𝜀(𝜈) is the frequency-dependent
emissivity of the object. The factors before 𝜀(𝜈) in Eq. (5-1) is known as Planck’s law that
describes the thermal radiation of a black body. The emissivity 𝜀(𝜈) for most objects is largely
independent of temperature.22
Kirchhoff’s law indicates that the absorptivity of an object equals to its emissivity.23
Therefore, optical metamaterials with tailored absorptivity can be exploited to control 𝜀(𝜈) of an
object. Researchers have followed this path to construct emissivity-controlled surfaces for various
applications.24,25
Chapter 4 of this dissertation described an optical metamaterial absorber integrated with
vanadium dioxide (VO2). In its insulating phase, VO2 behaves optically as a low-loss dielectric
material and the metamaterial exhibits two sharp resonance bands near 3 µm with near unity
absorptivity/emissivity (Kirchhoff’s law). When VO2 undergoes an insulator-metal transition
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(IMT), the resonance bands of the metamaterial vanishes. Therefore, the hybrid metamaterial can
naturally work as a “smart” thermal emitter because its 𝜀(𝜈) can be modified. Such smart thermal
emitter can be designed to work as a passive device when no external control is applied and its 𝜀(𝜈)
is modified just as a function of its temperature, or alternatively as an active device when external
control is integrated.22 The smart thermal emitter can be useful for applications such as temperature
control devices.26-28

Figure 5-4. (a). Emitted power of the VO2-sapphire sample integrated over 8-14 𝜇𝑚 atmospheric
transmission window for heating (solid line) and cooling (dashed line), compared to the emitted
power from black soot. (b) The integrated emissivity of the VO2-saphire sample over the 8-14 𝜇𝑚
wavelength range. (c) infrared camera images of the sample (diameter=1 cm) for increasing
temperature.22 Copyright: American Physical Society.
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A VO2 integrated passive smart thermal emitter has been reported with a plane VO 2 film
grown on a sapphire wafer.22 The VO2 film serves as a Fabray-Perrot cavity with a resonance
wavelength in the Infrared regime and the device is reported to have a negative differential thermal
emittance in 𝜆0 ∈ [8,14] 𝜇𝑚. In other words, as shown in Fig. 5-4, the device looks cooler under
an infrared camera when it’s real temperature rise up (in a certain temperature range). This very
unusual behavior could make VO2 potentially applicable as a camouflage coating against thermal
cameras.29
This idea can be extended to the next lever with our hybrid metamaterial approach. The
metamaterial design can be much more versatile than the simple VO2 film. Instead of a simple
Fabrey-Perrot resonance, 𝜀(𝜈) of the device can be customized to target more complex and
practical purposes. The device can be designed to have near-unity 𝜀(𝜈) in a broader-band regime,
or have larger contrast of 𝜀(𝜈) at the wavelength of interest. In addition, active control can be
integrated into the device to enable external temporal and spatial modulation of the 𝜀(𝜈), just as
shown in Sec. 4.2.4. Future study can focus on the theoretical design and experimental realization
of VO2 integrated hybrid metamaterials for active thermal emissivity control. In such hybrid
metamaterials, VO2 can serve as either the dielectric composition or the metal composition to suit
different applications.
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Appendix A
Transfer Matrix Formulism
The dispersion equations of the waveguide modes were solved using the transfer matrix
formalism. Figure A-1 shows a schematic of the structure used for the calculation with m periods
of PC on top of a gold film. As the structure is symmetric in the xy plane, we can choose the
direction of the guided-wave propagation in the x-plane without loss of generality. The region z <
0 is occupied by air, the region 0 < 𝑧 < 𝐷, 𝐷 = 𝑚(𝑑1 + 𝑑2 + ⋯ + 𝑑9 ) is occupied by the m
periods of PC, and the region z > D is occupied by Au. The electric and magnetic field in air is
described as
𝐸⃗ = (𝑎𝑠 𝑠̂ + 𝑎𝑝 𝑝̂ )𝑒 𝑖𝛽𝑥 𝑒 −𝑖𝛼𝑎𝑖𝑟 𝑧
⃗ =
𝐻

∇ × 𝐸⃗
1
= (−𝑎𝑝 𝑠̂ + 𝑎𝑠 𝑝̂ )𝑒 𝑖𝛽𝑥 𝑒 −𝑖𝛼𝑎𝑖𝑟 𝑧 ,
𝑖𝜔0 𝜇0 𝜂0

(A-1)
(A-2)

where 𝜂0 is the free-space impedance; 𝜔0 is the angular frequency of light; 𝜇0 is the vacuum
permeability; 𝑎𝑠 and 𝑎𝑝 are arbitrary numbers representing the complex magnitude of the electric
field of the s- and p-polarized light at 𝑧 = 0− ; 𝛽 is a complex number denoting the wave number
in x-direction at 𝑧 = 0−; and similarly 𝛼𝑎𝑖𝑟 denotes the wave number in z-direction. Because the
light is confined in the PC for the waveguide modes, the field is evanescent at 𝑧0− , i.e., the
imaginary part of 𝛼𝑎𝑖𝑟 must be larger than 0. 𝑠̂ and 𝑝̂ are unit vectors for s- and p-polarized light
and
𝑠̂ = 𝑦̂
𝑝̂ =

𝛼𝑎𝑖𝑟
𝛽
𝑥̂ + 𝑧̂ .
𝑘0
𝑘0

(A-3)
(A-1)

(A-4)

)
Now let us consider the field in the PC. The tangential electric and magnetic field (field in the xy
plane) can be written in the form
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𝑒𝑥 (𝑧)
𝑒𝑦 (𝑧)
𝑓(𝑧) =
.
ℎ𝑥 (𝑧)
(ℎ𝑦 (𝑧))

(A-5)

The tangential fields in the jth layer is linked to those in the (j-1)th layer using the transfer matrix
formulism:
𝑓(𝑧𝑗− ) = exp (𝑖[𝑃]𝑗 𝑑𝑗 ) 𝑓(𝑧(𝑗−1)+ ) = exp (𝑖[𝑃]𝑗 𝑑𝑗 ) 𝑓(𝑧(𝑗−1)− ).

(A-6)

The matrix [𝑃]𝑗 is the transfer matrix of the jth layer of the PC:

[𝑃]𝑗 =

0
0
0

0
0
2
−𝜔𝜖0 𝑛𝑗 + 𝛽 2 /𝜔𝜇0

0
−𝜔𝜇0
0

2
[𝜔𝜖0 𝑛𝑗

0

0

−𝛽 2 /𝜔𝜖0 𝑛𝑗2 + 𝜔𝜇0
0
. 𝑗 ∈ [1,9]. (A-7)
0
0

]

By applying Eq. (A-7) on each layer of the PC, the tangential fields at the air/PC interface and the
PC/Au interface can be linked as:
𝑓(𝑧𝐷− ) = [exp (𝑖[𝑃]9 𝑑9 ) ∙ [exp (𝑖[𝑃]8 𝑑8 ) ∙ … ∙ [exp (𝑖[𝑃]1 𝑑1 )]𝑚 ∙ 𝑓(𝑧0− ).

(A-8)

𝑓(𝑧0− ) can be found by substituting Eq. (A-4) and Eq. (A-5) into Eq. (A-2) and Eq. (A-2), and
then substituting the results in to Eq. (A-5):
𝑎𝑝 𝛼𝑎𝑖𝑟
𝑘0
𝑎𝑠
1
𝛼𝑎𝑖𝑟 .
𝑓(𝑧0− ) = 𝑎
∙
𝑠
𝜂0 𝑘0
1
−𝑎𝑝
𝜂0 )
(

(A-9)

We assume Au is a perfect conductor, therefore 𝑓(𝑧𝐷− ) can be written as
0
0
𝑓(𝑧𝐷− ) = (ℎ )
𝑥𝐷
ℎ𝑦𝐷

(A-10)
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Where ℎ𝑥𝐷 and ℎ𝑦𝐷 are arbitrary values representing the complex magnitude of the magnetic
fields at the PC/Au interface. Substituting Eq. (A-10) and Eq. (A-11) into Eq. (A-9), the transfer
matrix formulism Eq. (2-1) for the PC/metal structure can be reached. We repeat Eq. (2-1) here:
𝑎𝑝 𝛼0 /𝑘0
0
𝛽𝑠
0
.
[ ] = {exp(𝑖[𝑃]9 𝑑9 ) ∙ exp(𝑖[𝑃]8 𝑑8 ) ∙ ⋯ ∙ exp(𝑖[𝑃]1 𝑑1 ) ∙
𝑎𝑠 𝛼0 /𝑘0 𝜂0
1
1
[ −𝛽𝑝 /𝜂0 ]

Figure A-1. Schematic of the PC-metal structure with coordinates used in the calculation.

(A-11)

107
Appendix B
Dependence of Switching Operation of the VO2 Integrated Hybrid Metamaterial on the
Electrical Current Intensity
The switching speed and contrast of the VO2 integrated hybrid metamaterial is a function
of the applied current intensity and duration. The current intensity controls the Joule heating
power and therefore the heating speed of the VO2 film. The duration of the current pulse controls
the total power applied to the device and the final temperature of the film. In addition, when the
VO2 film heats up, the thermal energy also dissipates to adjacent environment (silicon substrate,
surrounding atmosphere, microscope slide used for mounting the sample, and even the sample
holder in the FTIR accessary). The thermal dissipation is related with the thermal gradient and
more importantly with time. Thus, with higher and shorter current pulses, the Joule heating effect
is more localized (to the sample area); with lower and longer current pulses, the environmental
temperature rise up significantly, so the total power required to reach the IMT temperature
becomes higher. In addition, as the temperature gradient around the VO2 film decreases with
lower current pulses, the device cools down slower when the current pulse is turned off.
This effect is demonstrated in Fig. A2. The resistance of the Au mesh is 𝑅 = 1Ω, and the
Joule heating power is simply 𝑃 = 𝐼 2 𝑅. Therefore, in the measurements for Fig.A2(a-h), the
Joule heating powers were P=[0.64W, 1W, 1.44W, 2.25W, 3.24W, 4W, 9W, 16W], respectively.
When the applied power was increased, the “on” and “off” switching became significantly faster.
Fig. A2(a-f) were obtained by sequentially measuring 50 reflectance spectrum of the
metamaterial during the heating-cooling cycle. For the measurement of Fig. s4(g,h), the time
resolution of the FTIR were not sufficient to resolve the shape of the time-dependent reflectance.
Therefore, to obtain Fig. A2(g,h), a pulse train with on-current of I, pulse duration of 𝑡𝑜𝑓𝑓 − 𝑡𝑜𝑛
(listed on the Fig. s4), and periodicity of 5s was applied, and 200 sequential measurements of the
reflection spectra 𝑅(𝑡, 𝜆) were carried out with the highest possible sampling rate of 7.87Hz,
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where t is the time when the measurement was carried out with 𝑡 = 0𝑠 at the first measurement.
The 200 measured data were then overlay in the same 5s window to better reproduce the
switching operation according to the following relation:
𝑅(𝑡/5 − 𝑓𝑙𝑜𝑜𝑟(𝑡/5), 𝜆) = 𝑅(𝑡, 𝜆),
where 𝑓𝑙𝑜𝑜𝑟(𝑡/5) returns the closest integer smaller than t/5.
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Figure A-2. On-resonance reflectances of the VO2 hybrid metamaterial as functions of time at
different applied current pulse. In the figures, I is the current intensity of the pulses, ton is the time
when the current pulse is turned on, toff is the time when the current pulse is turned off.
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