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Pushing the Size Limits of Photonics

» Controlling the flow of light in small volumes — optical memory, logic, switching, etc.

Photonic Crystals (>1 um)

Plasmonics (< 100 nm)

Slab/Slot Waveguides (<1 um)
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On-Chip Photonic Integration
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SOI fabrication approach

Heterogeneous Integration approach
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Vapor-Liquid-Solid Epitaxy

Si Nanowire Arrays GaN Nanowire Arrays

ZnO Nanowire Arrays

P. Yang, Adv. Mater. 15, 353, 2003.
Y. Wu et al. Chemistry, Euro. J. 8, 1260, 2002
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Growth Direction Control

<1 T 0 > Alignment: GaN
v-LiAIO, (100)

<001>Alignment: GaN
SiC or MgO (111)
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Interface within Nanowires %

Superlattice Core-Sheath Nanotube

Y. Wu et al.Nanolett, 2, 83, 2002.
et J. Goldberger et al. Nature, 422, 599, 2003 .
Q CoLLEGE OF CHEMISTRY H. Choi et al. J. Phys. Chem. B 107, 8721, 2003.
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Semiconductor Nanowire Microcavities
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Nanawire UV Nanolaser
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Intensity ( a.u.)

Lasing Single ZnO Nanowire
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Wavelength (nm) 3.C. Johnson et al. J. Phys. Chem B 105, 11387 (2001).

J. C. Johnson et al. J. Phys. Chem. B, 107, 8816, 2003.
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GaN Nanowire Nanolaser
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Complex far-field emission pattern /\I i
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» Evidence for coherent laser pulses (GaN
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Nanowire microcavity/laser ceceeey]
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»Highly Facetting/Single

Crystalline
» Lower limit A/2n: r > 60 nm i .
» G,,: 400 — 3000 cm™t R
L Pusrrgs Bgh
» High-Q: 500-1500 . =
; | e
» Lower lasing threshold: ~ 70
nd/cm? (sub-ps pulses)
J. Phys. Chem. B, 107, 8816, 2003
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Theoretical Simulation: Nanowire Lasers :%
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GaN Nanowire Transistor: n-type :%
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p-SOI/ n-GaN Nanowire Matrix LED

COLLEGE OoF CHEMISTRY H. Yan, J. Goldberger, Unpublished Results
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Addressable UV LED Array
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Subwavelength oxide Nanoribbon eeee
Waveguides and Optical Elements

A
||||

Dimensions: Length>1.5mm Width 200 - 500 nm Thickness 100 — 300 nm

> Aspect ratios > 1000
(©) CoLLeGE oF CHEMISTRY
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Low-Loss Optical Waveguiding
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Dimensions: 715 pm x 350 nm x 245 nm Propagation losses: 1 — 8 db/mm
@) (NSOM)
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M. Law and D.J. Sirbuly et al.
Science 305, 1269 (2004).
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Cavity Manipulation ceecer?] p
bu ath

Manipulation size limits:

Wires: < 3 um length
< 50 nm dia.

Particles < 50 nm dia.

Used to cut, flip, bend,
rotate, position, etc.

CoLLEGE OF CHEMISTRY
Uiniversify of Oahtorpig, ek e ey



-~
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Optical Heterojunctions: Evanescent wave coupling /\| ‘m|
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Subwavelength Optical Junctions and Networks

1— 28&3 2— 1&4

~ 50% of light energy couples through junction —
evanescent waves
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Cross-Bar Assembly — Coupling Scattered Light

Intensity Variations: 1>>6>4=7>3>5>2
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Size Effect on Waveguiding

Short-pass filters: }“cut-off Dimensions
580 nm | 375 x 140 nm (0.052 ym2)

580 nm

527 nm 527 nm | 250 x 225 nm (0.056 pm?)

514 nm

492 nm 514 nm | 350 x 115 nm (0.040 pm?)

465 nm

492 nm | 280 x 120 nm (0.034 um?)

300 400 500 600 700 800
Wavelength (nm)

465 nm | 310 x 100 nm (0.03 pm?)

Increasing pump -
probg.distance
3 . . m 2 25\1/2
E! / V-parameter: \/ _—(nco — cl)
E PL
1 Single-mode operation: ) <V <2.405
300 400 500 600 700 800
Wavelength (nm)
J 2 405/1 2 ~1/2
cut—off — T ( co cl)
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Filtering White Light (Multi-Channel) %

210 x 135 nm
A =478 nm

cut-off —

350 x 140 nm *260 x 175 nm
=543 nm o« =502 nm

cut-off — cut-off

single mode cut-off (cylindrical step-index fiber) | Diameter (nm) | Area (um?) | Exp. Area (um?)
543 nm 274 nm 0.05896 0.04900
502 nm 253 nm 0.05027 0.04550
s 478 nm 241 nm 0.045617 0.02835
(@) CoLLEGE OF CHEMISTRY
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Waveguiding Nanowire Laser Pulses - GaN  ~~<] "
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Dual Nanowire Laser Injection reecee p
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Waveguiding in Liquids — High Index Nanowires

- Local bio-medicinal probe/spectroscopy (in vivo)
- Micro/nanofluidics, PDT, chemical photo-release,
integrated bio-chip, etc.
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Nanowire Evanescent Subwavelength Spectrometry /\| ‘{.\.

BERKELEY LAB

T Excite 442 nm Local Fluorescence Scheme

* Inject resonant light to induce local
fluorescence at the end or along the
length of the ribbon.

* Probe direct or back-guided
fluorescence.

50 F
F direct fluorescence

40 +
; 30 -
n...(._ﬁ/ L
% 20 +

EJ I guided

< ol fluorescence

(x10)

0F
. 540 um x 240 nm x 260 nm ARN ﬁavelen;ﬁﬂ(nm) 650 700
(O) CoLLecE oF CHEMISTRY D.J. Sirbuly and M. Law et al. PNAS (2005).
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Nanowire Evanescent Subwavelength Spectrometry

Generate PL~

1.6 mM R6G # Local Absorption Scheme
o- | * Inject broad light source and probe
. V~1pL waveguided photons.
Detect
1 = Utilize evanescent field to detect
molecules.

430 pum x 240 nm x 260 nm

535 nm Dry Ribbon 1
Pure Solvent]
— 50 (M R6G |
— 16 mMMR6G]

= sub-picoliter probe volumes

» path lengths of 1-50 microns

Intensity (a.u.)

= detection of 103 molecules is achievable

400 500 600 700 800
Wavelength (nm)
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Subwavelength Photonics Integration |
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Semiconductor Nanowires as
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On-Chip Heterogeneous Photonic Integration
Pushing the Size Limits of Photonics

Precise 1-dimensional nanostructure synthesis and assembly
—> Self-Organized Optical Cavity

Nanowire based optical cavity, UV coherent light sources

From Fabry-Perot cavity to ring laser

From optical pumping to light emitting diodes, and laser diodes
Subwavelength optical waveguides

Optical waveguiding in solution, interface with microfluidics
Subwavelength optical spectroscopy (absorption, PL...)

HEMISTRY
-l 01112, 161K e |



Acknowledgements :%

Funding
DOE, NSF, DARPA

Beckman Foundation

Dr. Michael Huang
Dr. Yiying Wu

Dr. Heonjin Choi
Haoquan Yan
Dr. Justin Johnson

Dr. Don Sirbuly
Peter Pauzauskie
Matt Law

Josh Goldberger
Tev Kuykendall

Dr. Alex Maslov (NA

Collaborators g
Prof. Richard Saykally (UCB)

Dr. Cun-Zheng Ning (NASA Ames)

Universiby @f Oahioria, Berk el y




