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Outline

e Introduction UV-devices and substrates

e Dislocation reduction of Al, ;Ga, ;N grown over etched trenches
- Processing and growth

- Effect of mesa & trench geometry on dislocation reduction
— Improvements in PL and EL

e UV Lasing
— Optical pumping

— Electrical injection

e Dislocation reduction of Al, ;Ga, ;N grown over etched trenches

e Summary
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AlGaN Alloys Span UV-A, -B and —-C Spectrum

Raman Spectroscopy e Wavelength (nm)
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V J
“Ilaterial challenges in realizing AlGaN based

UV optical emitters and detectors

UV (AlGaN) LED /LD

2. P-type doping of AlGaN is difficult
®» Large acceptor ionization energies

®» Thermal ionization ineffective for holes for X > 0.4

_J
Ec
AlGaN Multi- g kT =26 meV
Quanatlum Vl:IeIIIs Xal ~ 30(y0
Mg &-®
; & > 300 meV!

(1. Lack of AlIGaN Substrates results in crystalline defects b

®» High densities of extended defects (threading dislocations)

Sapphire \ ®» Reduced device efficiency and operational lifetime y
substrate

TEM image of AIN,
AlGaN on sapphire
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'AIGaN Alloys and applications for UV-devices

Wavelength (nm)

6-5 .|II|||||III|III|III AIComposition
o -==-1.0 AIN
l Pseudomorphic limit (Hexatech)
5.5 (relaxation by dislocation generation)
240 ~0.7
S ------
< 50
&
‘i 5 e Ternary (AlGaN) “substrate” needed for
> emitters at many UV wavelengths
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®» How to fabricate a low dislocation
template for mid-alloy UV-emitters?
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' UV-A laser emission on GaN (0001)

Nagahama, SPIE4995 (2003)
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“)Iutions to substrate and strain challenges

) . 30 0 383.6 nm 16
Metamorphic” Approach =

20nm p-GaN:Mg contact 20 g | 1

2 10

375 3825 390
Wavelength (nm)

Voltage (Volts)
o

-
o

Sx 5}!‘1111 Ing ;sGag qsN

co
Light Output (mW)

5x1500 pm

J, =167 kA/cm®

V =137V
th

1.9um GaiN

_ 0 0.5 1 1.5
(2021) GaN Substrate Current (A)

UCSB: Haeger et al. APL 100 161107 (2012)

e Relax strain, defects confined below active layers
e Utilize dislocation glide not possible in c-plane orientation
e AlGaN on semi-polar GaN substrate
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e Laser at 384nm, Jth = 15.7 kA/cm2 @ Sandia



Previous Work (H. Amano)

Tsuzuki (PSSA, 2009) Laser Diode on grooved Al, ,sGa, ;5N

p-Al, -Ga; ;N cladding layer
p-Al;sGag N blocking layer,
Al, Ga, N guide layer
GaN/AlGaN MQW

Align laser bar lida (PSSC, 2008)

Al, ,Ga, ;N guide layer

n-Aly G ag 5N cladding layer

Aly ,5Ga, 75N
S5um, S5um, 1um

Cathodoluminescence of MQWs
on grooved Al, ,sGa, 75N

e Template layers are transparent

e e Dislocations reduced only over trench
(necessary for bottom emitting LEDs)

» 50% of LED area has high dislocations
®» Laser ridge aligned to trench

e Grooves in Al ,;Ga, ,sN:  Tsuzuki (PSSA, 2009) e Grooves in GaN: lida (JCG, 2004)
e 356 nm, 13.9 kA/cm?, (w/o mirrors) e 350.9 nm, 7.3 kA/cm?
e 358 nm, 4.3 kA/lcm?, (w/ mirrors) e Cleaved facets

National

e a,=4.6cm’, o =7.6cm’ e 18%AlGaN claddings @ Sandia
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Previous Work (Yoshida)

Yoshida (Nat. Photonics, 2008)

p-elecirode p-GaN |
Sil;

p-Aly 462, N cladding layer

p-AlGaN electron-blocking laye No ¢ P lane

Aly 44Gag ;N quiding kayer

surfaces

Aly 44Gag 5N guiding kayer
n-Alg 5Gag 7N cladding layer

n-Al, »Ga, ;N contacting layer

Al 56aq 7N overgro T
Ga N 5i0,
LT-huffer layer

{0001) Sapphire substrate

Pyramids by ELOG-GaN
(pattern: 3 x 3 um, 6um tall)

e Dislocations uniformly reduced over wafer

e Utilizes GaN layer
» Not useful for bottom-emitting UV LEDs
®» Can’t use ELOG for AlGaN

Yoshida (APL, 2008)

Ill[ll[llll'l'lllllll

336.0 nm

ey
N Pulse width, 10 ns
. Pulse frequency, 5 kHz
ﬁ Room temperature
=
]
c
Q
et
z [ x1 530 mA
x20 7 S 300mA
x 200 50 mA

llllllll]lllllllill

330 335 340 345 350
Wavelength (nm)

e EL OG-GaN with Al, ;Ga, ;N claddings:
e 336 nm, 17.6 kA/cm?
e 342 nm, 8.7k A/cm?
e Etched facets, 10 ns,

Y| fiona

Laboratories



I ‘
Dislocation reduction with Al ;,Ga, ;sN overgrowth of
etched trenches

Mesais 385nm attop!
Trench: ~1.3 um
Mesa (top): ~0.4 um

1. Pattern & etch trenches

<1-100>,6an

Mesa width: 1,2 um I
Trench width: 1, 6 um
Etch Depth: 0.4 -0.7 um Trench

Alignment

AGIN £ wonch |:> ICP etch
AIN
Sapphire » Sub-micron features are key for
uniform reduction of dislocations
2. Overgrow with AlGaN JCG 76 388 (2014)
Al,,Ga, ;N Overgrowth: 6-10 pm / Reactor: Veeco D-125 \
Chamber: 75 torr, 1060 °C

Al/lll & V/Ill Ratio: 0.32, 1040

trench Group-lll: 34 umoles/min

Sapphire \GTOWth rate: 0.6 pmlhr ﬁ Sandia

AIN
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Cathodoluminescence of AlIGaN Overgrowth
of Patterned AlGaN (2/5)

AlGaN Overgrowth of Patterned AlGaN

Mask: 2(mesa) / 5(trench) um
Etch Depth: 0.4 um

. m | )
oy Trench |9 .
e -
5& g Overgrowth — 9um
%«s o8 (Si) Alg 3Ga N
'-‘.&. ‘._' | '- :: oM | 4.8 mm | 500 kv | 15 o |y 3,4186 mm iova NanoSEM

' ey Overgrowth: 9 um
t‘ e s Starting AlGaN

oy

Sapphire

e No dislocation reduction over 2 um mesas

e Dislocation density is reduced over
trenches.

=5 x 108 cm2

ptrench avg.
(Si) Alg 3Gag 7N

3.0pm

e Dislocations “collect” at center of trenches

Sapphire

Non-patterned AlGaN @ ﬁaa?igir?al
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V |
'Dislocation Bending Near Edges of Posts

e Not necessary to form complete pyramids (11-22) to turn dislocations

e Dislocations will bend when near a free surface (image force)

Cantilever Epitaxy: AIN on SiC

Cantilever Epitaxy: Nanowires

GaN on sapphire

Colby, Nano
Lett. 2010

Sapphire
Post

[lb Expect dislocations emerging from sub-micron wide mesas to bend.]

@ Sandia
National
Laboratories



Cathodoluminescence of AlIGaN Overgrowth
of Patterned AlGaN (1/1)

5 f-"' '?‘ ij- ,.A e

, 6ve'rgi"_6wc' d}l .

S iMask:” “(1 /’ﬁum | e Narrow Trench to
¢ Etch D’Epfh 0. 66 P‘h‘%‘f . ~1.2-1.4 um

g e, ¥ ‘ "{h

HV [ ﬂ‘ij' det UC7 4mm — 1 um
m | 5.00 kV | 50 000 x TLD) -1.8 mm| Nova NanoSEM

e Narrow Mesa
(< 1um)

e Spatially uniform reduction in dislocation

density 5 o =2.5x 108 cm?

e Doped with Si, 2-4 x 1077cm-2
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National
Laboratories



-jdﬁi. ..' :'"‘ ‘ - ay ..:.‘
w A -, r :" ™, “‘ ..li
oy M

of Patterned AlGaN

Cathodoluminescence of AlIGaN Overgrowth

Alj 5,Ga, 6N

A s i
. " .#-' : ..?' |
L ." ' ]
...‘ “J.'h_- i

(lb Spatially uniform reduction in dislocation density

» Si-doped, N, =2-4 x 10"7cm-2

\lb Transparent template for bottom emitting LEDs

J

W)
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' Two-Beam BF-STEM of Al ;,Ga, 4sN Overgrowth
of Patterned Al,;,Ga, gsN (1/1)

B. Clarke

(Si) Alg 3,Gag ggN (7 pm)

Etch — 0.66 um

A Alp:2GapeN, P = 2-3

Sapphire

» Introducing surface roughness
drives dislocation reduction

e Overgrowth of etched trenches

Etched pattern
e Strain induced 3D islanding

e Roughened, transitional layer
with voids

Laboratories



Surface Morphology of Al ;,Ga, ;sN Overgrowth
of Patterned Al ;,Ga, gsN - (1/1)

AFM
10 pm x 10 um

RMS: 1.2 nm
- ®» No correlation between
morphology and pattern

Overgrowth: 6 um
Mask: (1/1) um
Etch Depth: 0.56 um

AFM
3umx 3 um
RMS: 0.37 nm




PL Intensity (arb. units)
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Photoluminescence and electroluminescence of GaN-

I AlGaN QWs on patterned and non-patterned templates

Photoluminescence
(Quantum Wells)

*

> oo ® ,

Patterned

EL Intensity (arb. units)

Non-patterned

Sample

Electroluminescence
(LD structure, ~13 A/lcm?)

Patterned
(1/1) 7
(1/6)

Non-Patterned

| e
—

N

300 320 340 360 380 400 420 440 460
Wavelength (nm)

-

»
»

With AlGaN overgrowth of patterned templates:

~7-8x increase in PL

~15x increase in EL

7 (M)
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' Optically pumped lasing at 346nm

| I ' | ’ LI | | LI |
32000 4 1 mm cavity -
— 30000 346 nm ]
m
> . |
S 250001 -
1 . | Threshold |
T s T T L g
Etched Facets 5 o004 ~50 kW/em? ]
§' 15000 Pump: 266 nm
2 Pulse: 5ns
GaN-AlGaN MQW & 10000 - _
Wave guide layer \ i= Cavity: 1 mm
5000 - : :
(Si) Alp3Gag ;N (7pm) 800A, 20%-AlGaN _ Stripe width: 50 pm
N-Claddina 0 |
- - ~==: 6X GaN /20%-AlGaN — T T T T T T T
] P i 0 25 50 75 100 125 150 175 200
(Si) Al, :Gag N (3um) 800A, 20%-AlGaN Laser Pump Intensity (kW/cm?)
Thick (1.3 mm) Sapphire » [ ow lasing threshold

~50 - 150 kW/cm?
OP laser structure @ Sandia
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Reduction of wafer bow and cracking using
3x thicker sapphire substrates

AlGaN template

AlGaN -
Overgrowth
(9-12 pm)

Jgtched Trenches

AIGaN

1.3mm thick
sapphire

1.3mm thick sapphire

» Tensile strain in thick AlGaN overgrowth causes wafer to
bow and epilayers to crack.

» 3x thicker sapphire reduces wafer bowing and cracking.

» Photolithography over larger areas is enabled with less bow.

®» 3x thicker sapphire reduced wafer bow
and epilayer cracking,

Optical Image of AlGaN surface

0.4mm thick sapphire
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Doped waveguide laser design

Doped Waveguide Laser Structure
Optical mode 0.5um - (Mg) Al 5,Gag 6N
P-Cladding
Al Ga,,N

800A, (Mg)20%AIGaN Wave guide layer

3x GaN/
20%AIGaN GaN-AlGaN MQW
. Wave guide layer
800A, (Si)20%AlGaN

0.30
= 0.20
0.00

(Si) Aly 3,Ga, 6N

N-Cladding
e Improved carrier injection -==n = -
| S I | S I
(Si) Alg 3,Gag 65N

e Higher optical losses due to doping

Thick (1.3mm) Sapphire

Sandia
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Ridge waveguide laser processing

[ Ridge waveguide laser process lb]

Etched Facet HfO, /SiO, Facet Coating

e E-beam evaporation at elevated temp.

e Combine Cl,-based plasma etch and

crystallographic wet etch ' ' ' ' '
1.0- —— model _
-~ ——data
0.8- =
;/ g 5 period stack
. " & 06- R=0.92 @ 320 nm
Vertical_—| 3 n = 2.063 (HfO,)
= .
mirror l X g4l n =1.505 (SiOy)
_ — 0.2-
0.0 — T T T 71—
‘ 51172008 ‘ WD H‘ mag | det |x24468mm| _—1um— | ™ - - — 200 250 300 350 400 450 500
10:18:12 AM | 4.4 mm | 5.00 KV [42 029 x| TLD |y: 2.4791 mm | Nova NanoSEM 4 4.5 mm | .00 Ky " ¥ - Nova ManoSEM Wavelength (nm)

®» Demonstrated R > 0.90 @ 320nm
|'I'| National _
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' Doped waveguide design:
spectra and Ll-data (pulsed)

Ridge waveguide process with etched, coated facets

150 ns, 10 kHz 3
12000 - Ridge: 4 um !
Cavity: 1 mm ;'[
1
[
"= 9000 - i
> 352.4 s 2] |
= 4 nm s Jin = 22.5 kAlcm?
5 £ "
= 6000 @ '
2 2 "
= 3 '
c > :
5 =1 '
x v
£ 3000 - B '
0 1
d o
1
)
0 T T T T 1 0 l’
325 335 345 355 365 375 0 5 10 15 20' 25 30
Wavelength (nm)

Current Density (kA/cm?)

®» Lasing from devices with 2-4um ridges, 0.7- 1.3 mm cavities

» Similar thresholds from lasers without facet coating @ gﬂa;}gi:a,

Laboratories




Doped waveguide design:
Temperature dependent LI and polarization ratio

150 ns, 10 kHz

3, Ridge: 3um 8000 - 150 ns, 10 kHz
Cavity: 1 mm o Ridge: 4 um
o Cavity: 1 mm
—-20C m TE/TM
£ "7 >100:1
, | o 20C repeat < > 100
— >
2 ~-30C g
= = .
s —40C ; 4000 - —TE (Horiz., 90)
S =
3 . = —TM (vert. 0)
i ;| 50C %
® —60C £ 2000
m —
-l
000 m
0 ‘AA‘AAA-A‘A“‘- T T T T T T T T T T T 1 0 T 1
0 5 10 15 20 25 30 35 4 330 340 350 360 370
Current Density (kA/cm?) Wavelength (nm)

®» Devices are robust to 60°C and 37 kA/cm?
» TE / TM polarization > 100:1 @ Nofiowl
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Doped and undoped waveguide laser
designs and electroluminescence

Electroluminescence

Undoped Waveguide (Amano) (~ 13A/cm?)
6
. QWs: l
Optical mode 5 346nm |
Al,Ga,,N 0 Doped
= Waveguide
0.30 S 4
X= 020 N P 2
0.00 w-‘.“— 3
oy
‘»
c , Undoped
B 0
. £ WG: / Waveguide
e Lower optical losses ol 328nml A
0 . }U KL] ‘

e Reduced carrier injection efficiency 275 300 325 350 375 400

Wavelength (nm)

425

W)
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National
Laboratories



' Undoped waveguide design:
Spectra and threshold (pulsed)

Ridge waveguide process with etched, coated facets

e, 10 ke "1 150 ns, 10 kHz ,
12000 - - au ; .
Cavity: 0.7 mm 6 - gfv?te L(l)L;mmm I:I
— 355.6 nm y:- U
2
c i — O -
= 9000 ;
2 Current Density £,
8 (kA/cm?) =
2 0% —21.7 23 Jy=222KkAIcm?
(72)
S —21.1 e
- © 2 -
£ 3000 - —20.7 o
O o
Ll 1 -
0

325 335 345 355 365 375 0 5 10 15 20 '25 30 35
Wavelength (nm) Current Density (kA/cm?)

®» Threshold current densities are similar for both doped
and undoped waveguide laser structures. @ Sandia
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Cathodoluminescence of AlIGaN overgrowth

of patterned AlGaN

280nm QWs

AIN (Higher dislocation)
Sapphire (1.3mm)

e 0.7um etch
e ~12 um overgrowth

Al, 70Ga, 30N
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®» Spatially uniform reduction in dislocation density
®» Transparent template for bottom emitting LEDs

®» Approach is successful all AlIGaN compositions
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Normaski DIC of Al, ;Ga, ;N overgrowth

' Etched

trenches

AIN (Higher dislocation)

1.3 mm thick
sapphire

e Cleaning of patterned template
critical for good morphology

» Overgrowth of pattern AlGaN is
similar to non-patterned growth
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%mic Force Microscopy of Al, ;,Ga, ;JN overgrowth

Mask: 1/1 (um)
Etch Depth: 0.56 um Overgrowth: 9 pm

Group-lll: 32 pumoles/min.
V/IIl Ratio: 1820
Sapphire

AFM
10 x 10 (um?)
RMS: 2.2 nm

AFM
3 x 3 (um?)
RMS: 0.57 nm
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Cathodoluminescence of Al,Ga, N overgrowth
of patterned Al,Ga, N (1/1)

9

(Si) Alo_GGa0_3N
1.2pum

®» Overgrowth of etched AlGaN templates is effective in
reducing dislocation density (~10-30x) in Al,Ga, xN epilayers
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Summary

e Reduced dislocation density of Al,Ga,_N epilayers by growing over
trenches etched in Al, Ga, N.

p=2-3x108cm? (x=0.3, 0.7)

— Transparent template ®» bottom emitting LEDs
— Spatially uniform reduction ® no device alignment to template
— Doped with Si » simplifies vertical structure

e Optically pumped lasing at low thresholds ( Jth ~ 50 kW/cm-2)

e Diode lasing at 352-355nm from doped and undoped waveguide
structures.
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