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CHAPTER IV

USING THE METAL-SEMICONDUCTOR TRANSITION OF VO2 TO

CONTROL OPTICAL TRANSMISSION THROUGH SUBWAVELENGTH

HOLE ARRAYS

Abstract

This chapter describes a novel configuration in which the extraordinary optical trans-

mission effect through subwavelength hole arrays in noble-metal films can be switched by

the metal-semiconductor transition in an underlying thin film of vanadium dioxide. In

these experiments, the transition is brought about by thermal heating of the double-layer

film. The surprising reverse hysteretic behavior of the transmission through the subwave-

length holes in the vanadium-dioxide layer suggest that this modulation is accomplished

by a dielectric-matching condition rather than plasmon coupling through the double-layer

film. The results of this switching, including the wavelength dependence, are qualitatively

reproduced by a transfer matrix model. The prospects for effecting a similar modulation on

a much faster time scale by using ultrafast laser pulses to trigger the metal-semiconductor

transition are also discussed.

4.1 Introduction

4.1.1 Motivation

Ever since its initial description in a much-cited letter by Ebbesen et al.,6 the phe-

nomenon of extraordinary optical transmission (EOT) has generated intense interest re-

garding both the fundamental physics of the transmission mechanism as well as potential

applications. In brief, the EOT effect refers to the observations that light transmission

through periodic arrays of subwavelength holes in opaque thin films can be much larger
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than the combined transmission for isolated holes predicted by standard diffraction the-

ory,142,143 and that the spectral profile of the transmission follows a sequence of dips and

peaks peculiar to the materials involved and the detailed geometry of the hole array. This

effect has been described predominantly in terms of light waves coupled to collective oscil-

lations of the free electrons, the so-called propagating surface plasmons or surface-plasmon

polaritons (SPPs), although recent theoretical developments have identified another surface-

wave contribution to the EOT effect in addition to SPPs.144

Numerous applications of EOT have been proposed and, in some cases, realized in

practice. Specific applications of subwavelength holes8 include SPP-activated lithographic

masks, bright point sources, SPP couplers/decouplers, near-field optical storage heads,

molecular sensors, and so on. Recent work145 has shown that the electroluminescence effi-

ciency of an organic light-emitting diode (OLED) can be significantly enhanced by use of a

perforated anode, which allows for light emission from both the back and the front of the

device. Control of EOT through a hole array could make it possible, for example, to mod-

ulate selectively in wavelength and time the light emitted by an OLED or other sources, or

the propagation of light in a waveguide, in effect serving as a subwavelength optical switch.

However, there are few reports on methods for post-fabrication modulation of the EOT at

visible and near-infrared wavelengths, and both involve varying the refractive index of the

input side dielectric. In one case, the authors146 used different index-matching liquids to

vary the degree of asymmetry between the dielectric layer above a perforated gold film and

the quartz substrate. The other scheme7 entailed sandwiching a layer of liquid crystal be-

tween a transparent indium-tin-oxide electrode and a perforated chromium film on quartz,

then varying the applied electric field. Ultrafast switching of THz signals through metallic

subwavelength hole arrays has also been reported.147

Here we recount another recently demonstrated method to control the amount of light

transmitted through perforated double-layer thin films on transparent substrates, as de-

scribed in our publications in References [124,125,148]. The structures consist of an optically
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opaque silver (Ag) or gold (Au) film on top of a vanadium dioxide (VO2) film deposited on

a glass substrate, with a periodic array of subwavelength holes penetrating the double layer.

The intensity of transmitted light is controlled by means of a reversible metal-semiconductor

phase transition, thermally induced in the VO2 layer, which undergoes drastic changes in

its electrical and optical properties.
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Figure 4.1: (a) Real and imaginary parts of relative permittivity of VO2 (data extracted
from Reference [57]). (a) Experimental normal-incidence transmission spectra of non-
perforated 200-nm thick VO2 film on glass.

Briefly, the phase transition of VO2 is a first-order transformation that occurs at a critical

temperature Tc ≈ 67oC, from a high-temperature metallic phase to a low-temperature

semiconducting phase.21 The precise mechanism of the phase transition has long been a

topic of controversy,25–29 and the cause-and-effect debate over the relative roles of lattice

distortion and electron-electron correlations in triggering the VO2 phase transition has
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lately received renewed theoretical30 and experimental1–3,31,32 attention. The presence

of thermal hysteresis, attributed to variations in the phase-equilibrium temperatures for

film grains of different sizes,81 allows for potential applications in memory devices and

optical data storage, while the speed of the transition—about 80 fs according to Cavalleri

et al.31—makes VO2 a candidate for applications in ultrafast optical switching.54 Above Tc,

VO2 exhibits metallic character with relatively high opacity in the infrared (IR) wavelength

range. Below Tc, the dimerization and tilting of the V–V pairs result in the opening of a

narrow band-gap;22 in this semiconducting phase, films thicker than 100 nm are markedly

more transparent in the (near-)IR range with respect to the metallic phase (Figure 4.1).

Surprisingly, however, our metal-VO2 structures exhibit larger near-IR transmission with

the VO2 layer in the metallic state as compared to transmission in the semiconducting

state—quite the opposite of the conventional behavior of a “plain” (i.e., no metal overlayer

or holes) VO2 film of the same thickness. This reverse switching can be understood in

terms of a simple model that takes into account the losses due to leaky evanescent waves

in the plane of the VO2 layer and diffuse scattering from the holes at the entrance and

exit apertures. Numerical simulations based on the transfer matrix formalism for photonic

crystals149 provide qualitative support for the experimental findings.

4.1.2 Extraordinary optical transmission (EOT) and the surface-plasmon polariton (SPP)

A short account of the EOT phenomenon follows in this section. One of Ebbesen et

al.’s initial EOT results6 is reproduced in Figure 4.2. It shows a typical zero-order (i.e.,

the incident and detected light beams being collinear) transmission spectrum for a Ag film

perforated by a square array of cylindrical subwavelength holes. Ebbesen and his colleagues

termed the transmission “extraordinary” partly because of the very large enhancements

at the observed IR peaks over the theoretical prediction for the transmission efficiency

of a very small circular aperture in a thin screen of a perfect conductor. The theory,

first developed by Hans Bethe142 in 1944 and later extended by others,143,150 circumvents
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Figure 4.2: EOT spectrum, at normal incidence, from square array of subwavelength
holes in Ag film. Parameters: periodicity, a0 = 900 nm; hole diameter, d = 150 nm; film

thickness, t = 200 nm; hole coverage, f ≡ π(d/2)2
/

a20 = 2.2%. After Reference [6].

the fundamental inconsistencies in Kirchhoff’s formulation of diffraction116 by treating the

transmitted radiation as if originating from two virtual dipoles: an electric dipole normal

to the aperture and a magnetic one in the plane of the aperture. This distribution of

“fictitious magnetic charges and currents” in the diffracting hole ensures the fulfillment of

the boundary conditions on the opaque screen and in the aperture itself. The influence

of Bethe’s calculation in coining the phrase “extraordinary optical transmission” can be

easily appreciated by considering in Figure 4.2 the maximum observed transmission at λ

= 1370 nm (neglecting the sharp leftmost peak for now)—about 4.5%/f , where f is the

areal coverage of the holes—and comparing that to the very weak transmission predicted

by the Bethe’s theory for an aperture of the same diameter and at the same wavelength.

The enhancement factor speaks for itself:

Tobserved per hole

TBethe
=
Tobserved/f

64π2

27

(

d
λ

)4 =
Tobserved

π
4

(

d
a0

)2
× 64π2

27

(

d
λ

)4 =
0.045

16π3

27
(150 nm)6

(900 nm)2(1370 nm)4

≈ 614

(4.1)
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Transmission enhancements like the one in Equation 4.1 were one of the reasons to

call the phenomenon “extraordinary”. The other was the peculiar spectral profile of the

observed transmission, which typically consists of a series of peaks separated by valleys

of low transmission. For instance, the sharp leftmost peak in Figure 4.2 corresponds to

the bulk plasmon of the silver metal and disappears with increasing film thickness.6 The

bulk or volume plasmon in a metal is the quantum of collective longitudinal oscillations of

the conduction electron gas.61 The energy of the bulk plasmon, characteristic of the given

metal, can be calculated from the Drude model for the response of the free-electron gas to

an applied electric field, extended to account for the polarizability of the bound electrons

by a constant offset (ε∞) to the dielectric function of the metal61,112 and leading to an

expression for the plasma frequency ωp (or wavelength λp) of the collective oscillation:

ωp =

√

Ne2

ε∞ε0m∗
e

, λp =
2πc

ωp
(4.2)

Substituting in Equation 4.2 for the density110 (N = 5.86 · 1028 m−3) and effective mass

(m∗
e ≈ me) of the free electrons in Ag, as well as for the background dielectric constant151

(ε∞ ≈ 6) and the remaining natural constants (e = 1.602 · 10−19 C, me = 9.109 · 10−31 kg,

c = 3 · 1017 nm · s−1), yields the theoretical bulk-plasmon wavelength for Ag: λp = 338 nm.

This value matches reasonably well the observed position, 326 nm, of the leftmost peak in

Figure 4.2.

However, what really intrigued Ebbesen and colleagues about an EOT spectrum like

the one in Figure 4.2—and continues to occupy many researchers a decade since the origi-

nal EOT report—were the other high-transmission peaks, especially those at wavelengths

greater than the array periodicity. Based partly on the lack of extraordinary transmission

from a hole array in nonmetallic germanium, and partly on angle-dependent EOT measure-

ments for noble-metal samples, Ebbesen et al.6 attributed the EOT effect to the excitation

of propagating surface plasmons, which arise from the coupling between optical radiation

and the collective longitudinal oscillations of the free-electron charge density at the bound-
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Figure 4.3: Left: Surface-plasmon polaritons (SPPs) at the interface between a metal
of relative permittivity εm and a dielectric of relative permittivity εd have a combined
electromagnetic-wave and surface-charge character, which causes the electric-field compo-
nent perpendicular to the surface (Ez) to become enhanced near the surface and decay
exponentially with away from it. Right: The Ez-field is evanescent, reflecting the bound
nature of SPPs on a flat surface, so power does not propagate away from the interface. In
the dielectric medium above the metal, typically air or glass, the decay length δd of the
field is of the order of the wavelength of the excitation light, whereas the decay length δm
into the metal is determined by the skin depth (e.g, about 25 nm for Ag). After Reference
[152].

ary between a metal and a dielectric.153 When an electromagnetic wave impinges on a

good metal, it penetrates only a short distance into the material127 (δm < 50 nm for Au or

Ag at optical wavelengths) because of the high absorption coefficient, which results in high

reflectivity; therefore, only the free electrons very close to the surface can interact with the

incident wave. Such interaction of surface electrons with the electric field of the incident

light can lead to a collective displacement of the free electrons with respect to the lattice

of fixed positive ions and give rise to a charge-density wave propagating across the surface,

known as a surface-plasmon polariton (SPP) (Figure 4.3a). Conceptually, SPPs can be

thought of as “light waves that are trapped on the surface because of their interaction with

the free electrons of the conductor”.154

Surface-plasmon polaritons are surface-bound modes: SPP waves can propagate along

the metal-dielectric interface for tens or even hundreds of micrometers for noble metals,

limited only by the low Ohmic losses embodied in the imaginary part k′′SPP of the SPP
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wavevector, but suffer strong attenuation away from the surface (Figure 4.3b). The dis-

persion relation between the angular frequency ω and the in-plane wavevector kSPP of the

surface waves for a flat metal-dielectric interface can be obtained by seeking surface-mode

solutions of Maxwell’s equations under appropriate boundary conditions. Continuity of

the normal component of the displacement field Dz = εEz requires that the real part of

the relative permittivity of the metal ε′m and the relative permittivity of the dielectric ε′d

have opposite signs, in order to allow for charges to be sustained at the metal surface.152

In other words, materials surrounded by dielectrics can support SPP modes only in those

spectral regions where <e [εm(ω)] ≡ ε′m(ω) < 0. The SPP dispersion relation is then derived

as:112,153

kSPP =
ω

c

√

εdεm
εd + εm

, with kSPP ≡ k′SPP + ik′′SPP (4.3)

The relative permittivity of the metal can be approximated using a Drude-model expression

for the frequency dispersion:112

εm(ω) ≡ ε′m(ω) + iε′′m(ω) = 1− ω2p
ω2 + iΓω

(4.4)

where ωp is the plasma frequency of the metal (Equation 4.2) and Γ is the rate of dissipation

of the electron motion through scattering (for silver,152 ΓAg = 1.45 · 10−13 s−1). For weak

damping, |ε′′m| ¿ |ε′m|, the SPP wavelength λSPP (Figure 4.3) can be obtained from the real

part of the SPP wavevector k′SPP:

k′SPP ≈
ω

c

√

εdε′m
εd + ε′m

⇒ λSPP =
2π

k′SPP
≈ λ

√

εd + ε′m
εdε′m

(4.5)

where λ is the wavelength of the excitation light in the dielectric medium. In Figure 4.4,

the SPP dispersion curve for a flat metal-air interface (solid line), when compared to the

light line in air (dotted line), reveals a crucial characteristic of SPPs that reflects their

bound nature on a flat, undecorated interface: a wavevector mismatch between the SPP

mode and light, that is, the surface-plasmon polariton always carries greater momentum
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the wavevector (momentum) mismatch, k′SPP > k0.

than a free-space (air) photon of the same frequency.153,154 The physical reason for the

increased momentum of the SPP is that the light field has to “drag” the electrons along the

metal surface.112 For large values of the wavevector, the SPP dispersion relation approaches

the asymptotic frequency ωsp of the non-propagating plasma oscillations at the interface,

the electrostatic surface plasmon (SP): ωsp = ωp
/√

1 + εd. At the opposite limit of small

wavevectors, SPPs are more “light-like”, hence the designation “polaritons”. Nevertheless,

light of any frequency impinging from a dielectric medium onto a flat metal surface cannot

directly excite the SPP modes at the same interface, unless the missing wavevector mismatch

is somehow compensated. This is precisely where the periodic structuring of a hole array

begins to shine.

According to the model of SPP-mediated EOT, the periodic surface structure of the hole

array serves a triple purpose (Figure 4.5): (i) coupling of the incident light into surface-

plasmon excitations, via scattering/diffraction at the input interface, to produce bound
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7

Figure 4.5: Schematics of light-SPP-light coupling. (a) SPP excitation by diffraction of
incident light from perforated surface region and subsequent surface-bound propagation on
smooth region; (b) SPP excitation, propagation, interference, and eventual scattering back
into light from perforated surface region. After Reference [155].

SPP modes; (ii) selecting the wavelengths of allowed SPP modes via SPP-SPP interference;

and (iii) scattering/diffraction of the bound SPPs at the output interface into propagating

light, whose zeroth diffraction order becomes the observed transmission.155 For a structured

metal film bounded by dielectrics, light readily interacts with the surface charges because

the structure can bridge the photon-SPP momentum gap through scattering/diffraction

(Figure 4.5). Conservation of momentum for a square-lattice hole array of periodicity a0

takes the following form:155,156

~kSPP = ~kxy ± p~Gx ± q~Gy , with (4.6)

~kxy = ûxy
√
εd

(

ω

c

)

sin θ and
∣

∣

∣

~Gx

∣

∣

∣ =
∣

∣

∣

~Gy

∣

∣

∣ ≡ 2π

a0
(4.7)

where ûxy is the unit vector in the direction of the in-plane wavevector kxy of the light

of frequency ω incident at an angle θ; εd = {ε1, ε2} is the relative permittivity of either

dielectric medium; pGx and pGy are the magnitudes of the reciprocal-lattice vectors, with

integers (p, q) designating the different SPP modes. At normal incidence (θ = 0◦), com-

bining Equations 4.5 and 4.6 yields a first approximation for the spectral positions λmax of
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the EOT peaks:

λmax(p, q) ≈
a0

√

p2 + q2

√

εdε′m
εd + ε′m

(4.8)

Figure 4.6 illustrates the use of Equation 4.8 for peak designation, whereby transmission

peaks are attributed to different SPP modes corresponding to different substrates and four-

fold degenerate (±p, ± q) pairs.7 The peak widths, although partly due to inhomogeneous

broadening from irregularities in the holes,7 are mostly governed by the lifetime of the SPP

modes before they scatter back into light.157

Figure 4.6: Peak designation according to SPP model for experimental EOT spectra of
perforated Ag films on quartz (Q) and sapphire (S) substrates, with air (A) on opposite
side. Parameters: a0 = 600 nm, d = 150 nm. After Reference [7].

Matching the resonant wavelengths on both sides of a perforated metal film presents

one way to control the EOT effect.146 In general, two sets of resonances appear in the

transmission spectra because each surface of the hole array borders on a different dielec-

tric, typically the solid substrate and air, each with a different permittivity εd. Replacing

air, for instance, with various index-matching liquids allows for tuning of the transmission
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spectra, as varying the dielectric environment on one side of the structure influences the

SPPs associated with both interfaces. The apparent coupling between the two interfaces is a

form of evanescent Fabry-Perot resonances that re-circulate energy inside the holes and thus

serve to amplify to an “extraordinary” extent the inherently weak transmission in the sub-

wavelength regime, where cylindrical cavities cannot sustain propagating modes.146,158–160

A key result of this resonant interaction is that minimizing the energy difference between

SPP modes on opposite sides of the perforated metal film maximizes the peak transmission

intensity (Figure 4.7); numerical simulations also confirm the experimental observations.146

Therefore, within the framework of the surface-plasmon model, the EOT effect arises owing

to a combination of SPP resonances at either or both interfaces and evanescent Fabry-Perot

resonances inside the holes.158

Many authors146,156,161–164 have elaborated on the initial explanation given by Ebbesen

et al.6 that the excitation of surface-plasmon polaritons at either or both metal-dielectric

interfaces mediates the EOT effect. A small group of researchers had previously dismissed

the role of SPPs and put forth a model of non-resonant generation and interference of

composite diffracted evanescent waves (CDEWs);165 however, a recent exchange of arti-

cles,166–170 comments,171,172 and responses to comments173,174 between proponents of the

SPP and CDEW models has led to a tacit consensus that surface plasmons must be involved

in the extraordinary transmission at visible and near-infrared wavelengths. Although most

workers in this field now regard the excitation of SPP modes as the dominant mechanism

for mediating the EOT effect, some very recent theoretical work144 has given further evi-

dence of another contribution to the EOT, namely a “quasi-cylindrical wave creeping along

the interface over several wavelength distances”; in fact, in the thermal-IR region, where

SPPs are only weakly excited by the array of holes, the cylindrical wave dominates the

scattering process.144 Moreover, other recent studies158,175 have also identified an addi-

tional plasmonic contribution to the observed transmission: the localized surface-plasmon

resonances153 (LSPRs) that originate on the metallic ridge of each aperture. Revealing
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Figure 4.7: EOT effect in asymmetric vs. symmetric dielectric environment. Transmission
spectra and (left insets) optical images of the same hole array in Ag film on quartz
substrate (n1 ≡

√
ε1 = 1.46), with (a) air (n2 = 1) and (b) glycerol (n3 = 1.47 ≈ n1) as

the output-side dielectric. Parameters: tAg = 200 nm, a0 = 250 nm, d = 130 nm. After
Reference [8].

the role of LSPRs in the EOT phenomenon may also help to explain why hole arrays in

good metals such as Ag and Au invariably exhibit the largest EOT effects.175 Other re-

searchers176–178 interpret the EOT effect in a purely phenomenological fashion—in terms of

Fano-type spectral profiles that result from the interference of two distinct contributions:

a resonant channel (e.g., SPPs and/or other surface modes) and non-resonant scattering—

and account for the observed spectral shapes without explicitly specifying the nature of the

resonant channel.
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4.2 Experimental details

The nanostructures investigated in this work were: (i) hole array in a plain VO2 film

(Figure 4.8a); (ii) hole arrays in Au-on-VO2 and Ag-on-VO2 double layers (Figure 4.8b);

(iii) plain VO2 film. All the VO2 layers were prepared simultaneously on fused-silica

(“glass”) substrates in a pulsed-laser deposition system (PLD: KrF excimer laser at λ =

248 nm, fluence ≈ 4 J·cm−2) by ablating a V-metal target in a 12-mtorr O2 atmosphere at

550 oC. The resulting film thickness was 200 nm, as determined by Rutherford backscat-

tering spectrometry (RBS). The Ag and Au overlayers were deposited in a bell-jar thermal

evaporator. The RBS-measured thickness was 160 nm for Ag and 230 nm for Au. The hole

arrays, consisting of 60-by-60 circular apertures of 250-nm nominal diameter and 750-nm

pitch, were milled down to the substrates using a focused ion beam (FIB: 30-keV Ga+,

90-pA beam current). Figure 4.9 shows a FIB micrograph of the VO2 array (structure

(i) above), while Figure 4.8c shows a portion of the same array imaged in transmission

with a scanning near-field optical microscope (SNOM: λ = 532 nm, aperture ≈ 100 nm);

a schematic of the SNOM setup is given in Figure 4.10a. We note here that the air-

filled holes in the SNOM image of the VO2 hole array (Figure 4.8c) appear darker—that

is, transmit less—than the surrounding VO2 film, whereas the contrast is reversed in the

case of holes in Ag-VO2 (Figure 4.8d) or Au-VO2 (not shown) double-layer hole arrays.

We shall return to this observation shortly. Spectral measurements at normal and oblique

incidence were performed using nearly collimated white light delivered through a multimode

optic fiber to a stopped-down micro-objective (Figure 4.10b). The incident-beam spot was

slightly smaller than the size of the array, with a beam divergence of about ±1o. The

transmission spectrum through each sample was collected in the zero-diffraction-order (i.e.,

detected beam collinear with incident beam) by another micro-objective, stopped down to

reduce outgoing-beam divergence to about ±1o, and coupled to another multimode fiber.

The fiber was fed into a spectrometer equipped with a cooled charge-coupled-device (CCD)

detector. The substrates were attached to a resistor-heated sample holder, mounted on a
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Figure 4.8: Schematics of hole arrays in (a) single VO2 layer and (b) Ag/Au-VO2 double
layers. SNOM transmission images (λ = 532 nm) of hole arrays in: (c) single layer of
VO2 (semiconducting phase) and (d) Ag-VO2 double layer. All nanostructures are on
fused-silica (“glass”) substrates.

translation-rotation stage, with a precision thermocouple placed in contact with the top

surface of the sample. The position of the hole array with respect to the incident-beam

spot was monitored in reflection via a CCD camera connected to a video display.

4.3 Results and discussion

4.3.1 Periodic double-layer hole arrays: EOT modulation and reverse hysteresis

Figure 4.11 presents the main experimental results of our work in Reference [125]: (i)

controlled switching of the EOT effect through periodic arrays of subwavelength holes via

the temperature-induced metal-semiconductor transition of VO2; and (ii) counterintuitive

transmission behavior of the VO2 layer in these nanostructures. Figure 4.11a shows the

transmission spectra for a hole array in a silver-VO2 double layer on glass, at two different

temperatures that correspond to the two phases of the VO2 layer. It is immediately obvi-
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Figure 4.9: FIB micrograph of periodic array of 3600 circular holes in single layer of
VO2 on glass. Parameters: d = 250 nm, a0 = 750 nm, tVO2

= 200 nm.

ous that, for wavelengths greater than about 600 nm, the high-temperature, metallic-phase

transmission dominates. The transmission contrast in the visible range is rather small, at

some points even slightly in favor of the low-temperature, semiconducting-phase transmis-

sion, since the optical properties of the two VO2 phases only begin to differ significantly

in the near-IR range, as evidenced by the spectral dependence of the complex permittivity

(Figure 4.1a) and transmission (Figure 4.1b). Figure 4.12a shows the EOT intensity for the
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Figure 4.10: Schematics of (a) SNOM setup and (b) optical setup for transmission
spectra.

Ag-VO2 hole array as a function of temperature at a wavelength of 800 nm. Comparing

the shape of this hysteresis curve to that of a plain VO2 film (Figure 4.12b), it becomes

clear why we call our observation reverse switching of VO2. As explained later on, it is the

permittivity contrast between the content of the holes (air) and the surrounding material

(VO2) that brings about this effect.

The controlled switching of EOT in the near-IR range stands out even more prominently

in the case of a perforated gold-VO2 double layer on glass (Figure 4.11b)—for example,

the high-temperature, metallic-phase transmission at 800 nm exceeds the low-temperature,

semiconducting-phase transmission by an order of magnitude. The magnitude of the EOT

effect through the gold-VO2 hole array is smaller than the magnitude in the corresponding

phase of the silver-VO2 nanostructure, partly because of the larger metal-layer thickness179

and smaller hole diameter180 for the gold-VO2 structure, and partly due to gold being

more dissipative than silver. The relative sharpness of the maximum transmission peak for

the Au-VO2 structure may also be related to hole size: Smaller holes, being less efficient

scatterers of surface modes into far-field light, diminish the radiative damping and hence

increase the lifetime of these modes, which in turn reduces the width of the peak.157 Overall,

the key observation holds for both types of structures, namely that EOT in the metallic
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Figure 4.11: Experimental zero-order, normal-incidence transmission spectra for peri-
odic hole arrays in (a) Ag-VO2 and (b) Au-VO2, in each phase of the VO2 layer. (c)
Demonstration of spectral splitting of Wood’s anomaly minima with deviation from the
normal (0o) angle of incidence (lower/upper set of three curves corresponds to the semicon-
ducting/metallic phase of the VO2 layer in the Ag-VO2 nanostructure). Note the reverse
switching trend, whereby transmission is higher in the metallic phase of the VO2 layer,
contrary to the regular switching of a plain VO2 film of the same thickness.
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Figure 4.12: (a) Reverse hysteresis for periodic Ag-VO2 hole array, normalized to high-
est transmission in metallic phase of VO2 layer; upward/downward arrow denotes heat-
ing/cooling branch of thermal cycle. (b) Regular hysteresis for plain VO2 film, normalized
to highest transmission in semiconducting phase; downward/upward arrow denotes heat-
ing/cooling branch of thermal cycle.

phase of VO2 is enhanced over EOT in the semiconducting phase.

Most EOT spectra exhibit sharp minima in the transmission profile, usually preced-

ing the transmission peaks. These minima have routinely been attributed to the so-

called Wood’s anomaly for diffraction gratings,181 which amounts to the disappearance

of a diffracted order as it becomes tangent to the plane of the grating, caused by the ac-

cumulation of in-phase scattering events.182 The spectral positions of the minima are also

known as Rayleigh wavelengths. At normal incidence, the first-order Rayleigh wavelength

(λR) coincides with the grating spacing,183 that is, with the periodicity of the array. The

sharp normal-incidence minima for our samples occur close to 750 nm (Figure 4.11a and

4.11b), which corresponds to the nominal lattice spacing of the hole arrays. As the angle

of incidence is increased, the Rayleigh wavelengths for grazing orders should become longer

on one side of the sample normal and shorter on the other side.183 Consequently, we expect

the sharp minimum at λR to split into two separate minima: one occurring at λR− < λR

and the other at λR+ > λR. The experimental observations confirm this prediction. Figure
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4.11c shows the splitting of the normal-incidence Wood’s anomaly as the sample plane is

rotated with respect to the optic axis. The incident light was polarized with the electric

field oscillating parallel to the rows of the Ag-VO2 hole array. Both VO2 phases exhibit

two sharp dips in each of their transmission curves for nonzero angles of incidence (θinc):

for instance, the zero-order transmission at θinc = 2o has one dip at 730 nm and another at

760 nm, as opposed to the single dip at 750 nm for zero-order transmission at θinc = 0o. In

addition, we find once again that EOT in the metallic state of the VO2 layer exceeds, for

all pairs of curves, EOT in the semiconducting state.

4.3.2 Numerical simulations

Numerical simulations of the relevant optical quantities (transmission, reflection, scatter-

ing) were undertaken to gain some insight into the origin of the observed reverse switching of

the EOT effect. The simulated zero-order transmission spectra for perforated Ag-VO2 and

Au-VO2 structures are given in Figure 4.13, and those for a perforated single layer of

VO2 (see Section 4.3.4) are given in Figure 4.14(c, d).

The computational scheme used here stems from a numerical method for modelling the

properties of patterned photonic crystal slabs, and is described in the work of Tikhodeev et

al.149 We also used the complex frequency-dependent permittivity of VO2 from Reference

[57] (Figure 4.1a), and those of Ag and Au from Reference [184]. The transfer-matrix

formalism employed in the simulations contains the following basic elements:149 (i) in-plane

periodicity of the hole array is represented as a Fourier decomposition of the piecewise

complex permittivity within each layer in terms of reciprocal square-lattice vectors; (ii)

the solution of Maxwell’s equations in each layer is decomposed into sets of eigenvectors

propagating in both directions along the normal to the surface of the structure; (iii) transfer

matrices connect the amplitudes of partial waves at different planar slices of the structure

inside the same layer; (iv) interface matrices connect the partial-wave amplitudes across

successive layers of the structure (e.g., crossing from Au into VO2) by imposing continuity
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Figure 4.13: Numerical simulations of zero-order, normal-incidence transmission spectra
for periodically perforated (a) Ag-VO2 and (b) Au-VO2 double layers on glass, in each
phase of the VO2 layer. The simulated spectra also exhibit the surprising trend of reverse
switching of VO2 observed in the experiments.

conditions on the in-plane components of the electric and magnetic fields at the interface;

(v) material matrices convert the partial-wave amplitudes at a given point into in-plane

components of electric and magnetic fields at that point. In essence, the goal is to construct

a total transfer matrix that connects the field amplitudes at different dielectric planes.

From knowledge of the total transfer matrix at a given frequency of the incoming light,

the reflection, transmission, scattering, and absorption can be computed from the output

electromagnetic field components; the computation is then repeated throughout the spectral

range of interest.

Despite several simplifications to the model, such as square instead of circular apertures,

infinite instead of finite arrays, and a limited number of Fourier components used in repre-

senting the in-plane dielectric variation, the simulation results show reasonable qualitative

agreement with the corresponding experimental findings. Crucially, the simulations corrob-

orate the key experimental observation of this work, namely, that EOT through perforated

Ag-VO2 and Au-VO2 nanostructures receives a further enhancement in the near-IR range
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when the VO2 layer becomes metallic. Even though the simulated spectra differ in shape

and absolute magnitude from the corresponding experimental curves, they unequivocally

demonstrate the effect of reverse switching of VO2.

4.3.3 Why is transmission higher in the metallic phase?

Regarding the reverse-switching effect, we propose the following heuristic explanation.

Since the Ag and Au films are optically thick, the incident light cannot traverse the non-

perforated areas in the metal-VO2 hole arrays, as evidenced, for example, by the black

regions in Figure 4.8d. Therefore, transmission can only occur through the holes in the

metal layer, in the form of evanescent waves generated by diffraction of the incident light at

the metal-air interface and mediated mostly by SPPs. The waves emanating from the holes

in the metal overlayer undergo additional scattering at the metal-VO2 interface and must

then travel through the perforated VO2 layer, where they become leaky evanescent waves,

that is, surface-bound waves that lose intensity as they propagate.108 The VO2 material

acts as a lossy medium: The evanescent waves penetrate the side walls of the air-filled

holes and “leak” into the plane of the VO2 layer, where partial absorption occurs. As a

result, the leakage channels a portion of the light away from the zero-order transmission

path and thus renders it undetected in the far field. As discussed in Section 4.3.4 below,

the amount of light that penetrates into the VO2 material between the holes evidently de-

pends on the optical constants of metallic or semiconducting VO2 and, in particular, on the

permittivity contrast between the hole content (air) and its surroundings (VO2). Besides

mitigating the leakage of evanescent waves into the VO2 layer, a lower permittivity contrast

also seems to reduce the diffuse scattering from the holes at the air and glass interfaces;185

conversely, higher permittivity contrast increases those losses. In the near-IR wavelength

range, the permittivity of metallic VO2 differs considerably from its semiconducting coun-

terpart (Figure 4.1a): at λ = 850 nm, for example, ε̃ {VO2−met.} = 2.67 + 2.98i, while

ε̃ {VO2−semi.} = 8.17 + 2.65i. Therefore, because the permittivity contrast between the
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air interior and the VO2 exterior of the holes is lower in the case of metallic VO2, the

high-temperature EOT receives an enhancement over the low-temperature EOT.

4.3.4 Periodic single-layer hole array: Role of perforated VO2

In order to bring out the significance of the VO2 layer for the metallic-phase enhancement

of EOT in the Ag-VO2 and Au-VO2 hole arrays, we also examined the optical properties

of a hole array in a single VO2 film on glass (Figure 4.8a), that is, without a noble-metal

overlayer, as described in our Reference [124]. It must be noted that transmission observed

through this type of structure is not extraordinary in the sense used thus far, owing to the

insufficient opacity of the VO2 layer for direct transmission and its inability to support SPP

modes in the wavelength region of interest, since <e [ε̃met.(λ < 1.2 µm)] > 0 (Figure 4.1a).

Figure 4.14a compares the zero-order transmission of a hole array and a non-perforated

(plain) area nearby, in the semiconducting phase of the same VO2 film. The hole array

transmits less than the intact film throughout the wavelength range because the array

diffracts some of the incident intensity away from the detector path, which then cannot

contribute to the zero-order transmission. Similarly to the loss mechanisms discussed above

(Section 4.3.3), a portion of the diffracted field becomes trapped as leaky waves in the plane

of the VO2 layer, while some of the light that persists in the zero order inside the holes

undergoes additional diffuse scattering at the glass interface. Also, since direct transmission

through the partially transparent VO2 film overwhelms the transmission emerging from the

holes, the exit apertures appear darker than their surroundings in the aforementioned SNOM

image of semiconducting-phase transmission through the VO2 array (Figure 4.8c).

Figure 4.14b presents the corresponding transmission curves for the metallic phase of

the VO2 layer. Here, something intriguing happens in the near-IR range: Despite diffrac-

tion/scattering, the zero-order transmission through the hole array exceeds the direct trans-

mission through the plain film. This subtle observation prompted further exploration of the

optical behavior of perforated VO2.
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Figure 4.14: (a, b) Experimental and (c, d) simulated zero-order transmission spectra for
plain and periodically perforated single layer of (a, c) semiconducting and (b, d) metallic
VO2 on glass. Note the crossover region in the metallic-phase spectra.

Using the numerical technique described earlier (Section 4.3.2), we also performed sim-

ulations of transmission, reflection, scattering, and absorption for a perforated as well as

plain VO2 film. The zero-order transmission spectra are shown in Figure 4.14c for the

semiconducting phase and 4.14d for the metallic phase of the VO2 film. The simulations

reproduce the experimental data quite well; in particular, the simulated curves for the

metallic phase show the characteristic crossover in the near-IR region, where the perforated
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Figure 4.15: Schematics of (a) green (λ = 532 nm) and (b) near-IR (λ = 980 nm)
light propagation through a hole in metallic-phase VO2 film on glass. Simulated optical
quantities for perforated (hatched bars) and plain (solid bars) metallic-phase VO2 film for
(c) green and (d) near-IR light. According to our model, lower dielectric contrast between
the interior (air, ε = 1) and exterior (VO2, ε

′ ≈ 1) of each hole for metallic VO2 in the
near-IR range reduces the losses from leaky-waves absorption (part of Iabs) and diffuse
scattering (Tscatt + Rscatt), to the extent that T00 through the array exceeds T00 through
the film (direct transmission). Legend : T00 ≡ zero-order transmission; R00 ≡ specular
reflection; Tscatt ≡ forward diffuse scattering; Rscatt ≡ backward diffuse scattering; Iabs ≡
absorption (right-side scale) = 100%− T00 −R00 − Tscatt −Rscatt.
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VO2 film transmits more per unit area than the plain film. In fact, it was these simula-

tions for perforated vs. plain VO2 that led us to the explanation (Section 4.3.3) that the

reverse switching of the EOT effect results from the permittivity contrast (∆ε) between the

air-filled hole interiors and the surrounding VO2 material, which differs considerably not

only for the two VO2 phases but also for different wavelengths in the metallic phase alone

(Figure 4.1a).

Thus, higher ∆ε brings relatively large losses due to scattering (Tscatt + Rscatt) from the

apertures185 and leakage of evanescent waves108 into the plane of the VO2 layer (part of Iabs),

as depicted schematically in Figure 4.15a for metallic-phase VO2 at a visible wavelength (λ

= 532 nm). Conversely, lower ∆ε reduces these losses—hence the smaller leaky-wave and

scattering arrows in Figure 4.15b, which refers again to metallic-phase VO2 but at a near-IR

wavelength (λ = 980 nm). Therefore, when surrounded by a material of similar real-part

permittivity, such as metallic VO2 in the near-IR, the air-filled holes tend to “funnel” light

along the forward direction by reducing the losses due to undetected components of the total

optical field, namely leaky waves and diffuse scattering, all to the benefit of the detected

zero-order transmission (T00). Furthermore, in comparison with the plain film, the hole

array experiences smaller specular reflection (R00) and smaller direct absorption (the rest

of Iabs) in either phase, since a portion of the incident light encounters apertures instead of

VO2 material. Ultimately, when the scattering and absorption losses for the hole array have

decreased enough with respect to those for the plain film, T00 through the holes prevails over

T00 through the non-perforated area of the film, and a crossover occurs in the transmission

spectra (Figure 4.14(b, d)).

The relative magnitudes of T00, R00, Tscatt, Rscatt, and Iabs (right-side vertical axes) are

charted in Figure 4.15(c, d) for plain and perforated VO2 in the metallic phase, each at the

visible and near-IR wavelengths mentioned above. As also noted above, R00 for the plain

film exceeds R00 for the hole array. Conversely, Iabs for the array is appreciably greater

than Iabs for the plain film at the visible wavelength (Figure 4.15c), while in the near-IR the
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two absorption magnitudes are very similar (Figure 4.15d) because the effect of the leaky

waves is reduced. In the latter case, since the plain film reflects specularly (R00) more than

the hole array and since the total diffuse scattering of the array is rather small (Tscatt only,

as Rscatt = 0 for λ ≥ 750 nm), conservation of energy requires that the hole array transmit

more in the zero order than the plain film (cf, T00 bars in Figure 4.15d).

Figure 4.16: Top half: SNOM images of far-field transmission through VO2 hole array
under near-field illumination with (a, b) green (λ = 532 nm) and (c, d) near-IR (λ =
980 nm) laser, during (a, c) semiconducting and (b, d) metallic phase of VO2. Bottom
half: For each image above, plot of intensity as a function of position along part of a row
of holes and extending into non-perforated area; rightmost hole indicated by arrow in each
plot. Note that it is only in (d) that the holes “light up”, that is, transmit more than the
surrounding areas.

Perhaps most revealing of all are the SNOM image scans (Figure 4.16) of far-field trans-

mission through individual holes and non-perforated areas, obtained under near-field inci-

dent illumination with green (λ = 532 nm) and near-IR (λ = 980 nm) laser light. Below

each image in Figure 4.16 is a plot of the detected intensity along part of a row of apertures

and extending outside the array into the plain, non-perforated film. The relative position of

the rightmost aperture is marked by an arrow in each plot. For semiconducting VO2 (Figure

4.16(a, c)), the intensity reaches local minima within the apertures relative to the intensity
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through the plain film, indicating a leakage path through the film at both wavelengths.

These observations corroborate the spectral measurements and simulations of T00 for semi-

conducting VO2 (Figure 4.14(a, c)) by demonstrating that the air-filled holes transmit less

than the plain film for both visible and near-IR illumination. For metallic VO2, the holes

transmit less than the surrounding film only under visible-light illumination (Figure 4.16b).

In the near-IR range, however, the intensity contrast is reversed, so that more light emerges

from each hole than from an equal-area spot on the intact film (4.16d). The overall effect of

this behavior manifests itself in the transmission spectra for metallic-phase VO2, discussed

earlier in reference to Figure 4.14(b, d), where the crossover signifies that T00 through the

hole array exceeds the direct transmission through a non-perforated area of the film.

4.3.5 Randomized double-layer hole array

Finally, we return to one of the perforated double-layer structures (Section 4.3.1), but

with a twist: randomly distributed holes in gold-VO2 (Figure 4.17), with the same nom-

inal hole diameter and areal hole coverage as in the periodic Au-VO2 array (Figure 4.9).

The purpose of measuring the transmission of a randomized hole array was to reinforce

our claim that the reverse switching we observed in the case of periodic metal-VO2 arrays

was caused by reduction in the permittivity contrast inside the holes and not between the

two interfaces of the noble-metal film. The effect of the latter was discussed earlier in

connection with Figure 4.7, where matching the refractive indices of the input and output

interfaces produced a stronger EOT effect. On the other hand, a randomized hole array

cannot sustain coherent surface modes due to the lack of periodicity, and hence no ex-

traordinary transmission is expected as the EOT effect relies on in-phase multi-scattering

and interference processes between neighboring rows in a periodic hole array.144 Indeed,

the transmission spectra of our randomized Au-VO2 holes (Figure 4.18) differ qualitatively

from the EOT spectra of the periodic array in the same double-layer film (Figure 4.11b).

Instead of a sequence of relatively sharp dips and peaks, the random-holes spectra exhibit
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Figure 4.17: FIB micrograph of randomized array of 3600 circular holes in Au-VO2 double
layer on glass. Parameters: d = 250 nm, tAu = 230 nm, tVO2

= 200 nm.

a rather broad peak reminiscent of the transmission of an isolated hole in a metal film,

which can be attributed to the excitation of a localized surface-plasmon resonance (LSPR)

at the aperture ridge.175,186 The crucial finding here is that the random-holes transmission

is also reversed—the holes transmit more in the metallic phase of the VO2 layer (Figure

4.18), independently of the EOT phenomenon. To recapitulate, our model attributes this

reversal to the reduction of losses from diffuse scattering and leaky waves for metallic-phase
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VO2 at near-IR wavelengths, by virtue of the lower permittivity contrast between air and

VO2 (Figure 4.19).
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Figure 4.18: Experimental zero-order, normal-incidence transmission spectra, in each
VO2 phase, for randomized hole array in Au-VO2 double layer. Note that the random holes
also exhibit the reverse switching effect.

4.3.6 Prospects for all-optical modulation of EOT

Since the electronic response of the plasmonic material in these structures is fast on

the femtosecond timescale, it is logical to ask whether the EOT effect can likewise be

modulated on an ultrafast timescale. Experiments by Cavalleri et al. on VO2 films show

that hole doping effected by a femtosecond laser pulse can initiate the semiconductor-to-

metal transition (SMT) within a few hundred femtoseconds.187 The details of the ultrafast

response, however, are dependent on the thickness of the film. More recent X-ray studies

seem to indicate that for 800-nm incident laser light, the turn-on response of the film is
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Figure 4.19: Schematics of transmission through hole in Ag/Au-VO2 structure dur-
ing the (a) semiconducting and (b) metallic phase of the VO2 layer. The zero-order
transmission is higher in the metallic-phase of the VO2 layer because of the lower per-
mittivity contrast between the hole interior (εair = 1) and the surrounding VO2 (e.g.,
ε′ {met. VO2 @ 980 nm} ≈ 1 vs. ε′ {semi. VO2 @ 980 nm} ≈ 9).

extremely fast for film thicknesses of 70 nm or less, but diffusive after that.31 This ultrafast

response depth is, of course, a function of the excitation wavelength, and it is possible

that a laser wavelength with greater penetration depth in VO2 could achieve ultrafast SMT

initiation for thicker films. The response time also appears to be a function of fluence, with

important dynamical features showing a differentiated response below the 100-fs timescale.69

The more challenging question for ultrafast modulation is whether or not the SMT can

be turned off at a fast timescale. Evidence so far indicates that the return from the metallic

to the semiconducting phase occurs on nanosecond or sub-nanosecond time scales, governed

essentially by thermal diffusivity.188,189 While the metallic state relaxes on a sub-picosecond

timescale for near-threshold densities of photo-initiated electron-hole pairs, the relaxation

times increase significantly with increasing electron-hole plasma density, even for rather thin

VO2 films on diamond substrates.1 In the case of our double-layer plasmonic structures, it

is nevertheless plausible that the thermal conductivity of the noble metal would assist the

cooling transition back to the semiconducting state. Hence the question of possible ultrafast

turn-on and turn-off of plasmonic effects remains open.
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4.4 Summary

In generic terms, the future of optoelectronic devices relies on the ability to manipulate

light on a subwavelength scale, where diffraction-limited optical components lose their util-

ity. Here we have presented a novel way to control the extraordinary optical transmission

through subwavelength hole arrays in structures composed of a VO2 thin film sandwiched

between an opaque metal layer and a transparent substrate. The control mechanism relies

on the thermally induced metal-semiconductor transition of VO2, but the transition can

take place on a sub-picosecond timescale if triggered by a laser pulse, which opens the pos-

sibility for ultrafast switching devices. The present work has uncovered a counterintuitive

trend in the near-IR transmission properties of the perforated VO2 layer when compared to

a continuous VO2 film of the same thickness, which we call reverse switching. Under these

conditions, the zero-order transmitted intensity from perforated Ag-VO2 or Au-VO2 double

layers on glass is, in fact, considerably higher during the metallic phase of the VO2 mate-

rial than it is during the semiconducting phase. A simple heuristic model seems sufficient

to account qualitatively for this effect, based on the idea that the losses in the zero-order

transmission are caused by evanescent waves with varying leakage into the VO2 layer, de-

pending on the VO2 state; in addition, diffuse scattering at the entrance and exit apertures

also contributes. The magnitude of these losses increases with higher permittivity contrast

between the interior and exterior of the holes. The role of metallic VO2 in further enhancing

the EOT from perforated silver or gold films has been emphasized by comparing measure-

ments on perforated and non-perforated areas of the same VO2 film, which showed that the

zero-order high-temperature transmission through a VO2 hole array can exceed the direct

transmission through the flat film. A major point in the qualitative model is that the holey

films with nanoscale dimensions, with or without the metal, constitute a very large effective

interfacial area for the incident photons. The observed effects are thus directly related to

the ability to construct such nanoscale structures.
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