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The consumption of light
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e Human productivity is tied to light
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*The global demand for lighting is still
increasing

(PImh/yr)

Electricity

10 Total /_,[; \ 103

0.1 /—/;f?é‘%é?l\_\i
Candles ;Gas Kerosene 106
0.001 106 103 1
| | | | | .0072-GDP/ColL (PImh/yr)
1700 1800 1900 2000 | |
Year JY Tsao et al 2010 J. Phys. D: Appl. Phys. 43 354001 G$/yr S/M|mh

Fluorescent Tube
http://en.wikipedia.org/wiki/File:Leuchtstofflampen-chtaube050409.jpg

S\ o ——— e

[y

>

(®)

[ : : ’

.g 0.1 @ Discharge € 3 ) 89

:.."'u_i Incandescelx:ea (30> -0 G&EE
0.01 c c c c Bridgelux Helie Solid-St H’/‘

telamp.
http://www.bridgelux.com/products/helieon.html|

N,

N>/
[1I-Ni

103

Sandia
National
Laboratories



Benefits of Solid State Lighting (SSL)

It is estimated that switching to SSL over the next two decades could save

the country:

* $250 billion in energy costs over that period

e Reduce the electricity consumption for lighting by nearly one half

e Avoid 1,800 million metric tons of carbon emission.

eere.energy.gov
19% savings in 2020
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46% savings in 2030
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Lasers for lighting?

* The “efficiency droop”

— InGaN LEDs exhibit a decrease
in efficiency at high drive
currents

* This is worsened with In
content

— Limits the operating current
density

* Operated near peak IQE

— Increases the cost per lumen
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A. Neumann et al., "Four-color laser white illuminant
demonstrating high color-rendering quality," Opt. Express, vol. 19,
pp. A982-A990, 2011.

CCT 3,090K 85 Im/W
(Courtesy Lauren Rohwer)
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Nanowire lasers

End-Facet
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GaN core radius, ¥

— Greater range of alloy
compositions

- Easily integrated into two- In,Ga,_N shell thickness, 7
dimensional arrays
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Nanowire Scale | A size comparison
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Previous Nanowire Lasers

First demonstration of lasing from an
ensemble of nanowires (ZnQO)

Pump fluencs () cm=4)

I1I-Nitride Nanowire Lasers . 8 o Jeremy Wright |1'| ﬁgt"igﬁm

Laboratories




Top-down Nanowire
Fabrication | Patternin
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* Silica Microsphere Patterning
— Self-assembly
— Wafer-Scale
— Locally ordered
— Fixed diameter/spacing ratio

Q. Li, J. J. Figiel, G. T. Wang, Appl. Phys. Lett., 94,
231105 (2009).

Substrate being drawn

Monolayer of amphiphiles

Movable barrier

subphase
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Top-down Nanowire

Fabrication | top-down 2-step etch process — dry etch

I TG
i
\{

e Dry inductively coupled
plasma etch (ICP)

— Transfers pattern into the
epitaxial material

i
i

i

.
C. Y. Wang et al., Opt. Expr. 16, 10549—
10556,2008.

Nickel Mask

Dielectric
Cap
GaN
microcone
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Top-down Nanowire
Fabrication | top-down 2-step etch process — wet etch

I1I-Nitride Nanowire Lasers

The wet etch improves the
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TEM of a single nanowire taken from an array

e5x MQW InGaN Emission Centered at
430nm

* 2% In underlayer

e Slight taper from the InGaN quantum
wells

Ping Lu, Sandia
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Outline

e Motivation

*Single-mode lasing from single nanowires
e Geometric reduction
e Distributed feedback

e Photonic crystal laser “pixels”

e Conclusions and Outlook
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Motivation | Why single-mode nanowire lasers?

z

Multiple transverse modes
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Cavity Geometry of the Top-Down Nanowire

Since the C-plane is not
etched, the wires are uniform
in length and the length is fixed
to the thickness of the epitaxial
layer.

2/23/2011 . WD mag HV tit | HFW 4 pm

9:10:04 AM7.6 mm 13 000 x 20.00 kV 45 °/11.7 um Quanta FEG

3/29/2011 | WD mag HV | tilt | HFW 3 um
3:23:01 PM 6.6 mm 34 982 x/5.00 kV|42 °|8.69 pm Quanta FEG
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Modal Distributions for Circular Waveguides

1st Transverse Mode

O
gy
ARBN
A

Em’n,p(X, Y, 2)=Equ, (X, y)e_jkpz Simulations show two suppqrted
modes for a 130nm nanowire.
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Modal Reflectivity
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Spectral Characterization of Single Nanowires

Average Power: 5.2mW
Pulse Width: 0.4ns

Rep Rate: 9.08 kHz
Pulse Energy: 0.64uJ

Laser Below Threshold

Spatial Filter

Attenuatoré CCD Spect

rometer

(=)

Above Threshold

Subétrate

—»

* Pump power densities range from <1kW/cm? to
>10MW/cm?over a 5uym spot
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Lasing From a Large Diameter Single Nanowire

Intensity (counts/sec)
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Lasing from a 7um Long Single Nanowire

Intensity (counts/sec)

Multiple peaks appear
within the gain

bandwidth.
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Lasing from a Small Diameter Nanowire
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Locations of the Transverse and Longitudinal
Modes for a 130nm Nanowire

The location of the 130nm Diameter Nanowire
competing cavity 1.0
modes are calculated
relative to measured

peak laser emission. o
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Locations of the Transverse and Longitudinal

The gain spectrais
compared to spectral
mode distribution
and associated
confinement factors.

I1I-Nitride Nanowire Lasers
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Single-mode Single Nanowire Lasers | Achievements

10°

e Observed lasing from

o e« ® —~ 10*F -
individual top-down £ ]
fabricated nanowires S
*In a small diameter nanowire & .|

observed single-mode
operation 19 3525 300 3675 3750

Wavelength (nm)

e Modeling of the nanowire ] e Hode Locatons

130nm GaN Wire — Gain Spectra

modal properties H \ H

365 367.5 370 3725 375
Wavelength (nanometers)

T TN

/! n

Q. Li, J. B. Wright, W. W. Chow, T. S. Luk, I. Brener, L. F. Lester, et al.,
"Single-mode GaN nanowire lasers," Optics Express, vol. 20, pp. 17873-

17879, 2012.
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Outline

e Motivation

eSingle-mode lasing from single nanowires
e Geometric reduction
e Distributed feedback

e Photonic crystal laser “pixels”

e Conclusions and Outlook
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Previous Work — Nanowires with gratings
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Single nanowire with distributed feedback

e Single nanowires are coupled to a
silicon nitride grating substrate to
achieve distributed feedback

e Stop-band tuned via
nanomanipulation of the angular

alignment

e Modeling using mode solver and

TMM

I1I-Nitride Nanowire Lasers
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Model Development of DFB Nanowire

1. Ellipsometry

1. retrieve optical constants

2. Mode solutions
1. effective indices

3. Transfer Matrix Method
(TMM)

1. Stop band vs angle

Simulated Transmission
T T

Intensity (A.U.)

360.0 364.9 369.8 374.7
Wavelength (nm)

I1I-Nitride Nanowire Lasers

Photon Energy (eV}
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DFB Nanowire Simulations — Mode Theory

In Air

\ Nanowire On SiN

Si

The higher order modes are
suppressed by the SiN layer

The addition of the SIN in contact
breaks the degeneracy of HE11

o . . Sandi
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Distributed feedback transfer matrix method

e TMM- Transfer Matrix , T !
Method is used to estimate
the stop-ba nd — Simulated Transmission

Intensity (A.U.)

360.0 364.9 369.8 374.7 Effective Index
T T T T

Wavelength (nm)
On Substrate

24+

*The coupled system is treated
as a stack of dielectric layers 22}

The index of each layer is
extracted from the modal
mOdel 35 370 355 380

Wavelength (nm)

20}
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Stop-band vs. Alignment Angle

The alignment angle is varied in the model by changing the layer thicknesses.

0° m) 5° 15°

1 T T T X I T T T r
0.9 i
0.8 1
0.7 H 1
0.6 .
0.5n .
0.4
Ui U
0.2+
0.1

350 355 360 365 370 375 380 385 390 395 400

1

1

1

1
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Silicon Nitride Grating Substrate

FIB Cross Section

| w‘ ‘IUI
Jmm” mlm!ﬂ

90nm period
~50% duty cycle
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Out of Alignment — Multimode Operation

e As placed — No alignment between the grating and the substrate

10° &

10° 3

l

10* 3

10° 3

Intensity (Counts/Sec)

10°

10 3

10° &

1 N =
360 380
Wavelength (nm)

o Multi Mode - 5dB Mode Suppression Ratio
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SEM Manipulator Tool

* Inside of an SEM
» Two piezo actuated 3-axis stages

* Two probes used simultaneously

i‘
E
E
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Single-mode Operation

e After Rotation — the nanowire is rotated so that the designed
periodicity of the grating is used.

10°

10°

Intensity (Counts/Sec)

10t 3

10° 3

352.5 360.0 367.5 375.0

Wavelength (nm)

v Single Mode Lasing with 17dB Mode
Suppression Ratio
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Distributed feedback nanowire laser | Summary

Intensity (counts/sec)

17dB MSR

Wavelength (nm)

Wavelength (nm)

J.B. Wright et al., APL 104 (4), 041107 2014.

I1I-Nitride Nanowire

Lasers
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Outline

e Motivation

eSingle-mode lasing from single nanowires
e Geometric reduction
e Distributed feedback

1/

e Photonic crystal laser “pixels

e Conclusions and Outlook

12/2/2011 ‘ W mag HV tit | HFW | ——— 1 ym ————
11:40:30 AM [17.2 mm | 49 989 x |30.00 kV| 36 °[3.04 ym Quanta FEG
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Previous Work

Most work on PCLs has been limited to
Phosphides, Antimonides, and Arsenides.

Beam
i i Holes
Sideview ,_~°"_- Top contact
]fTop DBR
| Y ¥4 |- Oxide
Mp———. < QW active
region
'
; Bottom DBR
—_— Substrate
<“Bottom contact Active zone

_

Painter, O. et al. Science 284 (1999).

Ivanov et al...0268-1242 27 9 094010

[11-Ns

Previous tuning

Normalized PL Intensity

Lu, T.C.,(St al.. Applied Ph}ﬁics Letters 93 (2008).

(*]
§ 44;
p=contact

p=AlGaN cladding

InGaN MQW ——————————
[1 1 1 [1 1 1 [1]2D GaN/air PC

n=AlGaN cladding

[y |

[

n-GaN substrate
n-contact

N'_t{'%lﬂ NEP-GaN InGaNiGaN Subsirate

Matsubara, H. et al.. Science 319, 445-447, (2008).

I1I-Nitride Nanowire Lasers

results limited to <30nm

PL Intensity (a.u.)

Wavelength (nm)

B-panod
IniGak/GakM
MWs

GaN
MENGCoimn

d
Ti {5nm)

MOCVD cplane GaM

850 900 950 1000

Wavelength (nm)

late

Scofield, A. C. et al. Nano Lett. 11, (2011).

BS0nm

temp
Kouno, T. et al. Electron. Lett. 46 (2010)
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Photonic Crystal Nanowire Laser Pixels

e Fabricating an array of
photonic crystal lasers
that are composed of
nanowires instead of holes

e Wavelength selection is
decided purely by
photonic crystal geometry

e Lateral feedback with low
group velocity enables
multiple gain sections and
wide color tuning
bandwidth

o . : Sandi
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Designing vertically emitting photonic crystal lasers

* We desire low group velocity

— Enhances the light matter
interaction

— Forms standing waves within the
gain medium

— First described by Sakoda (1999)

« We designed high order bands
designed to have low
dispersion

6a’|
M

Iil 1223
K A

Plane Wave Expansion Super Cell
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Pump spot is tunable in size and power density. 20000 -
Laser (§§

2 20000 + i
Spatial Filter g
2

ND Filter® g 10000 - i
£

lens o Cameras ectrometer e = _ =
C D i 5kW/cm? - 1.8MW/cm?

360 380 400 420 440 460 480 500
Wavelength (nm)
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Below Threshold Spectra of a 2DPC Laser

Peak Intensity (Counts/Sec)

L aneee-o-— ]
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Above Threshold Spectra of a 2DPC Laser

Array Element Dimensions: d=145 nm and a=320 nm.

I1I-Nitride Nanowire Lasers
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Peak Intensity (Counts/Sec)
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Photonic crystal emission wavelength size dependence
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=N + ]
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Gain is contributed from multiple sections

MQW Gain
Section

Intensity

8

378 385
Wavelength (nm)

Incredibly the MQWSs do not absorb the underlayer emission!
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Photonic Crystal Laser Pixel | Achievements
Multi-color Laser Arra
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Intensity
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oF
380 390 400 410 420
Wavelength (nm)

e Spectral Coverage from 380-440nm on a single die.

e Color mixing by pumping multiple pixels.
e Incorporation of multiple gain media to extend the spectral coverage.

J. B. Wright, S. Liu, G. T. Wang, Q. Li, A. Benz, D. D. Koleske, et al.,
"Multi-Colour Nanowire Photonic Crystal Laser Pixels," Scientific Reports, vol. 3, 2013.
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Outline

e Motivation
— Solid state lighting

eSingle-mode lasing from single nanowires

e Geometric reduction
e Distributed feedback

e Photonic crystal laser “pixels”

e Conclusions and Outlook

o . . Sandi
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Future Work

Photonic crystal laser pixels

Reqrown active reqions

» Core-shell MQW stacks
« Higher field overlap -> lower
thresholds

* Non-polar QWs -> no QCSE
« Strain relaxed -> possible redd
wavelengths?

Polarization and far-field engineering

I1I-Nitride Nanowire Lasers .
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Possible Future Work

Electrical Injection

e Redesign the lattice for
planarization material

¢ Planarization and metallic
contact

e Growth of new material
with graded
p-layers to limit absorption

I1I-Nitride Nanowire Lasers .
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Au/Ti contact

Electrically pumped waveguide
lasing from ZnO nanowires

——T Nature Nanotechnology, vol. 6, pp.
0 200 4001 506510, Aug 2011.
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Outlook

e Nanowire displays e On chip light sources
— Ultra high resolution — Low power
— Direct emitter — Substrate agnostic

P. J. Pauzauskie, et al. Mat. Today 9(10), 36 (2006)
W. A. Challener, et al. Nat. Photonics 3(220), (2009)
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Summary

Intensity (counts/sec)

Grating Substrate

350 360 370 380 350 360 370

Wavelength (nm) Wavelength (nm)

Photonic Crystal Laser

385 Wavelength (nm) 435
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Lasers in lighting markets

BMW —i8

Laser Headlight

2013

Displays 2%
Sensors 5%

Medical & aesthetic 8%
R&D & military 7% —\

Printing 1%

Communications

31%
Lithography 8%’
Materials
Optical st 14% —+ processing
ptical storage 25%
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Multi-Mode Laser Theory Indicates Single-Mode Lasing

Single-mode lasing depends on two factors: oot} 5um T | Excitation = 215 4
(1) Suppression of modes (e.g. transverse E s — Excitaion - 195 ]
modes) close to the single lasing mode via Eal ]
mode competition, and s | —N 5
(2) Absence of net gain in the further lying £ Ll A __
modes because of large longitudinal mode 5 !
spacing and finite gain bandwidth. el __

359 360 361 362 363 364 365 366I3é7
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Evidence for high material quality.
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Diameter Dependent Emission for a given Lattice Constant
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