THE EOT EFFECT

Before the discovery of extraordinary optical transmission (EOT) in 1998, which spurred the field of plasmonics, subwavelength holesin optically
thick (~200 nm) metal films were expected to let through very little light. However, periodic nanohole arrays in plasmonic films, esp. silver
(Ag) and gold (Au), can far exceed the expected weak transmission at visible and infrared (IR) wavelengths. The EOT effect is caused primarily
by the excitation, interference, tunneling and scattering of surface-plasmon polaritons and quasi-cylindrical waves. Typical EOT spectra show
asymmetric peaks preceded by sharp minima—a hallmark of Fano-type interference between resonant and continuum transmission channels.
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VO, AS EOT MODULATOR

Measured EOT Through Hole Array in Gold-VO, on Glass

The VO, phase transition is one
of the few means to control
the EOT effect dynamically.

Previous experiments revealed

a surprising effect,

reverse

switching,
Au+VO, and Ag+VO, nanohole
arrays transmit more near-IR

dubbed
whereby

light when the VO, layer is in
the metallic phase—opposite to
what a plain VO, film does. The
current study seeks to explore
how the geometrical parameters of the array affect the reverse
switching, and to understand its electromagnetic origins.
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correlated-electron material that
undergoes phase changes induced
by temperature or light. Above
340 K (67 °C), VO, switches from a
semiconductor to a (“bad”) metal
before switching back upon cooling
with a hysteresis. Even a very thin
plain (i.e., no holes) film is much
opaquer to IR light in the metallic
phase than in the semiconducting

VO, PHASE TRANSITION

Measured Hysteresis of VO, Film (t ~ 20 nm) @ 1550 nm

Film fabricated at CNMS by E. U. Donev with help from C. Rouleau (PLD) and D. Briggs (RTP)
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FULL-WAVE 3D NUMERICAL SIMULATIONS

Using the finite-difference time-domain (FDTD; Lumerical) method and finite-element method (FEM; COMSOL Multiphysics), we have simulated
the optical response of nanohole arrays in bilayer films of Au+VO, and Ag+VO, while varying the periodicity (P), hole diameter (D), VO, thickness
(t). In the process, we uncovered intriguing “meta-Fano” trends in the ratios of the transmission peaks for the two VO, phases, implying
interactions between resonant and non-resonant contributions to the modulation mechanism. We suspect that a competition between field
penetration and absorption causes a pronounced dip in the transmission of the semiconducting VO, within a narrow range of each geometrical
parameter. We also identify a lossy Fabry-Perot resonance with variation in VO, thickness.

11x10™

10

Zero-order transmission

Glass

MetVO2 . F

Gold

Glass

M etVO2

Gold

FDTD | Hole Arrays in Silver on Plain VO,: Periodicity

>

Au/Ag Film (200 nm): EOT

— VO2 Film: Phase Change
Substrate: Glass/None

P.

array

=510 nm

Au+MetVO,:

A Simulated Ty
—— Fano fit, gt = 3.20

Au+SemiVO,:

o Simulated Ty
Fano fit, geemi = 5.74

Ratio: 9net / Gsemi = 0.56

560

580

600 620

Period =720 nm
Electric-field intensity

— Array Periodicity (P): 400 - 1400 nm

~ VO2 Thickness (t): 50 - 600 nm

— Hole Diameter (D): 50 - 500 hm

FDTD | Hole

FanoFit(A) = A+ B |1+

ql’

Arrays in Gold+VO, on Glass: Periodicity

Dhole = (1/3)Parray’ tAu+V02= 200+200 nm

2(1 -

] oo

Parray = 630 nm

Au+MetVO,:

A Simulated Ty
— Fano fit, Qe = 4.47
Au+SemiVO,:

e Simulated Ty,

Fano fit, ggemi = 3.89

Ratio: Get / Gsemi = 1.15

A

Au+MetVO,:

— Fano fit, gyet = 5.37
Au+SemiVO,:

Ratio: gpnet / Gsemi = 1.50

Pamay = 720 nm

Simulated Ty,

Simulated Ty,
Fano fit, gsem = 3.58

0 b ————— el dus,

640

620 640 660 680 700

720 740

Vacuum wavelength (nm)

YZ plane (orth.to E_)

Glass

1
In
= -1

o
¥ (nm)

Period =1000 nm

Electric-field intensity

Gold

£
c

DAg—hoIe = (1/3)Parray’ tAg+V02= 200+200 nm

1.0

0.8

0.6

0.4

1III|III|III|III|III

‘o~

©- - o

I /

-@- Ag-PlainVO,: MetPeak / SemiPeak ratios
Note: No holes in the VO, layer.

Zero-order peak transmission (bottom) & ratio (top)

10 -
-2 wy- V- V- —-w
10 = lmx 1‘ —
y X Y S
3 X -
10 7
//
- /
10°F X .
v/
-5 7/
10 v A _
" —a- Ag+MetVO,: Ty, peaks
10_6 — -v- Ag+SemiVO,: Ty, peaks | —
10'7 1 [ | L 1 I [ | L 1 1 I [ | L 1 1 I L 1 1 1
250 500 750 1000 1250

Hole array period (nm)

ID Glass

Gold

|| SemiVO, MetvO, .

Inc

760 700 720 740 760 780

Period =720 nm
Poynting vector, real part

-1 SemivO, Metvo, B

,,,,,,,,,,,,,,,

b/

Al A AG N
i 0]

8
== <

bedim i lll Liw 7w o N
EERSES, S
e o ¢ W o
I A
e—€— —> —>—>—>r—> —+
° e
f—e—— « — 33554~
T | e
[FrEe el i ity Il
(SRR RSO .
P

~
'épé,e\ S s

¥ (nm)

Period = 1000 nm
Poynting vector, real part

800 820 840

Glass

'-‘ {. SemiVO,

Gold

. Glass

., SemiVO,

Gold

VARYING ARRAY PERIODICITY

As the period of the hole array in Au+VO, or Ag+VO, increases,
the ratio of the EOT peak transmission T in the metallic phase
(MetVO,) rises sharply and then decreases relative to the
semiconducting phase (SemiVO,). The images of the electric-
field intensity and Poynting vector in YZ plane (orthogonal to
the incident polarization) show the extent of penetration of the
evanescent wavesinto theVO, layer. The peakratios as a function
of hole period follows very closely a Fano-type profile with either
plasmonic metal, with or without a substrate.

Intriguingly (see left figure for Ag+PlainVO,)), when the holes
perforate only the plasmonic metal but not the VO, layer, the
peak transmission in the semiconducting phase exceed that in
the metallic phase for all array periods.
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where q is the Fano asymmetry parameter related to the ratio of
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WhenthethicknessoftheVO, layerisincreased fromzero,theT

ratio exhibits sharp symmetric peaks of diminishing amplitude,
indicative of lossy Fabry-Perot resonances. Once again, as with variations in the array period and
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hole diameter, it is the semiconducting phase that behaves differently: The transmission dips in
a narrow range around a specific thickness/period/diameter.

WHAT’S GOING ON?

Semiconducting & Metallic VO,: Imaginary Part of Permittivity
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Of course, the VO_-induced modulation in the EOT through Au/Ag+VO, hole arrays can be
traced back to the markedly different optical constants of the two VO, phases. The FDTD and
FEM electromagnetic simulations reveal intriguing transmission trends—‘reverse switching’
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: of T, peaks and Fano-type profiles of peak ratios—but an explanation based on physical
intuition remains elusive. We “wave hands” that the optimal parameters for maximizing the
modulation are those for which the penetration of evanescent waves into the VO_ film is least/
most impeded by dissipation in the metallic/semiconducting phase. The goal of the CNMS
portion of this project is to fabricate and test some of the simulated hole arrays to determine
whether the Fano-type trends that seem so sensitive to the geometric parameters can survive
under real-world experimental conditions (e.g., conical hole shape, surface roughness, and
different optical constants). This work is currently underway at CNMS.
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