I,
T

Potential of IlI-Nitride Photonic-Crystal Surface-
Emitting Lasers (PCSELs) for High-Power Visible
Light Sources

Daniel Feezell

Center for High Technology Materials
Department of Electrical and Computer Engineering
University of New Mexico
dfeezell@unm.edu

M CENTER FOR HIGH
M J1 TECHNOLOGY MATERIALS

Daniel Feezell 1


mailto:dfeezell@unm.edu

llI-Nitride Materials and Devices Group at UNM I{J}"I

Group: 1 postdoc, 6 Ph.D. students, 2 M.S. students, 2 undergraduate students

. e g High- LED
Nonpolar/Semipolar GaN =1 gh-Speed LEDs
140 = 29 |

polar (c-plane) semipolar nonpolar (m-plane) 8-4 caVIty g o
a2 m . —— o
0001 3 L 4 S
( ) (2021) (1010) 120 Nanoporous 27 3;, 1.0 KAJem? .
\ S 100  [7] 125 e 6
3, X \ < 2 8
- N - > =
3 S \ - \ %‘ 80 23 £ E -12 ' ——Nonpolar
. 5 g 3 —o— Semipolar
el e 60 1 21 ‘3 —o— Polar
= g RT3 10 10°
'g 40 {19 @ Frequency (Hz)
14
=
20 117
Nanostructures
1.5

0 A '
15 16 1.7 18 19 2.0 21 22 23 24 25 26 2.7 28 29
Position (um)

Power Electronics
Ni/Au

10 pm n- GaN
Al/Au drift layer Al/Au

300 nm n+ GaN
2000
1000 J\L A - = Nucleation layers
] H H s . FlE = ~ )
420 454 228 452 236 44‘10 N a n Ofa b rl Cat l O n L 5 L : Sapphire or GaN substrate

Wavelength (nm)

Daniel Feezell 2



llI-Nitride Materials and Devices

* Direct band gaps ranging from 0.7 eV (InN) to 3.4 eV (GaN) to 6.0 eV (AIN)

* High-performance UV, violet, blue, and green emitters

* Energy efficiency — solid-state lighting (LEDs, lasers, SLDs), power electronics

* Defense, security, communication, sensing — non-lethal optical distractors (dazzlers), LIDAR,

atomic clocks, ultraviolet and infrared detectors, radiation tolerant devices, chem/bio sensing
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Vertical-Cavity Surface-Emitting Lasers (VCSELSs)

Mode intensity (a.u.)
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S. Mishkat-Ul-Masabih, et al., Appl. Phys. Exp. 12.3, 036504 (2019)
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Nonpolar GaN-Based Violet VCSEL Results N1
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S. Mishkat-Ul-Masabih, et al., Appl. Phys. Exp. 12.3, 036504 (2019)
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GaN-Based Blue VCSEL Arrays

* Individual VCSEL output power maximum ~15 mW

* 16 x 16 VCSEL array output power ~1 W

* Further scale-up requires larger array with more elements

* No phase or polarization control between individual devices in array

* DBR formation is challenging in GaN-based VCSELs
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M. Kuramoto, Appl. Sci. 9, 416 (2019)
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Photonic-Crystal Surface-Emitting Lasers (PCSELs) Iil}I

e Power scale-up based on increasing active
region area

50 W output power demonstrated from 3
mm diameter. kW level requires larger
active area ~cm.

* Mode control using embedded photonic
crystal (single-mode operation)

* Good beam quality (low divergence)

* High brightness

* Polarization control

* Narrow linewidth (~70 kHz)

Noda, et al., IEEE Spectrum, April 2024.
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GaAs-Based PCSELs (Kyoto University) I@)"I
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* 50 W single-mode CW output
power

* Low beam divergence of 0.05°
(M? = 2.36) corresponding to a
brightness of 1 GW cm™2sr!

e 1 cm diameter PCSELs could
achieve 100s of Watts to ~ kW-
level operation

* Challenges are suppression of
higher order modes and thermal
management

Daniel Feezell



Blue GaN-Based PCSELs (Kyoto University) Iﬁf’l
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Double lattice to break symmetry and reduce destructive interference
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Single-mode emission with divergence 0.15°

K. Emoto, et al., Communications Materials 3, 72 (2022)
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Green GaN-Based PCSELs (Kyoto University)
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Summary 1@5’[

* |ll-nitride materials for UV, violet, blue, and green diode lasers

* PCSELs are potential candidates for power scale-up in llI-nitride lasers

50 W IR PCSELs have been demonstrated (Noda et al.) using GaAs (kW level possible)

Blue (1 W) and green (50 mW) PCSELs have been demonstrated (Noda et al.)

UNM will develop nonpolar llI-nitride PCSELs for higher power in blue and green

* Higher gain compared to polar c-plane
* Polarization pinning for coherent arrays

* Anisotropic in-plane gain may enable new asymmetric photonic crystal designs
for higher-order mode suppression and larger-area devices
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