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~ Why Infrared Tunable Metamaterials? -2

We would like to have semiconductor based, planar, electrically tunable
IR filters that can be integrated with array detectors.
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Examples: hyperspectral imaging
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Mechanical filters!
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o Tunable interactions with planar Jc
metamaterials are needed i

Example, SRRs interact strongly le—“a' _
with thin layers underneath
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Metamaterials Science & Technology

« Tuning through interaction with Semiconductor
Free Carriers.

« Tuning through interaction with Intersubband
Transitions in Semiconductor Heterostructures
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" Interactions between metamaterials and
electrons in doped semiconductors
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'™ Demonstration of “static” tuning: fina..
SRRs on n+ InSb o

* Thin n-type doped layer grown on semi-insulating InSb wafer.
* SRRs are made by EBL+liftoff, Au/Ti

Appl. Phys. Lett. 96,

—_ 10 (2010)
8 L N —Simulation
I5 g 2. ® Experiment
? 0.8 2
Is = 1.5/
(9} (7))
s 0.6 8 4
:
N0.4 S 0.5
£ &
8 10 12 14 1016 1017 1018 1019
DT Wavelength (um) Carrier concentration (cm™)
=
Resonance shift of 1.15 um with no appreciable damping.
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~Tuning metamaterials by depletion of carriers' =

Al, ;Ga, ,As

30 :

E)arrr;g;) n+ GaAs Depletion
(N, =5x 1018 cm3) region

Increased reverse

bias
2
Changein ¢ As ~ 1 Nyq o N
increases with N G gm* d
1/2
Depletion width W | 2&gn80 (=)
decreases with Ny depletion ™ aN, s

Overall resonator capacitance change ~ v/ Ny
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. ~Mid IR (~=10pm) tunable metamaterial %
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Experimental Results e
Optics Express 20, 1903 (2012)
Theory Experiment
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Better tunability: coupled resonators ..o
Classical analog of EIT N e e
(N. Zheludev group) 0.9 | | |
i N U
. 3 0.8 AN /arrﬁ%irly
T 91 = 130:’ ,,,, % \\\ s tutenofenoyl—y
——____:::::42: ________ E 0.7 A U Lt
0,=160° T =
C
~ S 0.6 /
- \// \
(Radius = 770 nm, S = 150 nm) 0.5/ | swer “1 ;" Transparency window
armonly >V
¢ 3 . . . . .
Incident light 3800 1000 1200 1400 1600
polarized Wavenumber [cm-1]

» Scaled-down structure which is resonant at mid-IR
» Transparency window: destructive interference between two resonances
* Interference can be more sensitive to refractive index change
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Tunable coupled resonators —

Metamaterials Science & Technology

 We can electrically address each resonator arm separately
« Different biasing schemes produce different spectral changes

Both arms connected to
electrical bus line
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Numerical simulations

Only upper arm connected to

electrical bus line
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Y. C. Jun et al, submitted (2012)
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*Interaction with a thin Drude layer near g~0 ¥ l\—,és
(Berreman effect) = hoi

Transmission vs angle (p-pol)
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e Asharp dip is observed in transmission, where €~0
e Berreman effect, can be observed with plasmons or phonons

Berreman, Physical Review 130 (6), 2193 (1963).
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""" What happens when metamaterials Iy

resonate with e~0 Layer? e

Change SRR scaling factor
to tune resonance through
Berreman mode

-

Scale

30 nm n+ GaAs (5e18)

e Strong coupling between the metamaterial
resonance and plasmon resonance in the n+
epilayer
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e Strong coupling to &~0 layer: ﬁé&’%
theory vs. experiment S

Numerical simulation FTIR transmission
(EDTD) | measurement
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"_'Metamaterlal — plasmon strong coupling: %
electrical tuning e

Depletion moves the ¢~0 frequency - moves plasmon mode

Numerical simulation
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* V; =0V : double peak, coupling
* V5 = -5V : coupling almost destroyed

 Dotted black line: Complete depletion of 30 nm n+
GaAs layer

Optical coupling is bias controlled ) dtoa

LABORATORY DIRECTED RESEARCH & DEVELOPVENT Laboratories




A
\
USS
u I Metamaterials Science & Technology

« Tuning through interaction with Intersubband
Transitions in Semiconductor Heterostructures
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" _Coupling to tunable optical transitions: m.\f}'m%
Inter-subband transitions In quantum wellg-—

Scalable from far IR to near IR

el | Huge parameter space: Coupled QW
systems, parabolic wells, superlattices, etc.

Mature technology (MBE Growth)
Material versatility (GaAs, GaN, InGaAs)
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"_qbolarlzatlon selection rules for coupling to %
Inter-subband transitions o

Ecans (©) 0 0 00 O
Egans (@) = 0 Ecans (©) 0O |+/|0 0 O
0 0 Eeans (©) ) |0 0 (% (w))
growth

E Incident light: direction
kl\ E | QW plane

IST requires E-field LQWs

Coupling to ISTs requires longitudinal electric field

components:
» need to optimize metamaterial resonator near-fields
(strength & overlap)
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e How to achieve electrical modulation by »__,l"p\»g
= . 5. C A
coupling to intersubband transitions =~
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"ﬂ‘gxperlments Coupling to intersubband rt_

transitions
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SRR near-field contains correct polarization  Vj#ra..
|Ez|/|Einc|

-

Metamaterials Science & Technology
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New Result: Strong Coupling to ISTs /%
(Alex Benz) SR

Through optimization, we’ve achieved strong coupling to ISTs
» works for a wide array of resonator types (dipoles, SRRs, etc)
« models show significant E,
« splitting/center w ~ 15%

Transmission of scaled
metamaterial arrays on QW
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" Strategies for achieving tunable coupling P
to intersubband transitions

Stark tuning changes level splitting
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Conventional Approach:

In_Ga, As/Al In_As QW structure
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nextnano simulations
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Summary %ﬁf‘ s

Metamaterials Science & Technology

» Active tuning of metamaterials can be achieved using
voltage-controlled optical transitions in semiconductors
In the mid-infrared.

» We have demonstrated strong coupling to underlying
semiconductor structures.

» Full device operability requires:
« optimized electromagnetic coupling
* |ow leakage & good current — voltage behavior

Semiconductor Heterostructures
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