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» A short history of visible light emitting diodes
» Recombination processes in LEDs

» Pushing the LED efficiency to its limits

» Pushing the wavelength limit: UVC-LEDs

» AlN/sapphire template technologies and their effect on the UVC-
LED efficiency

» Going deeper: Far-UVC LEDs
» Applications and state of the art of far-UV-LEDs

» What is limiting the efficiency of Far-UVC-LEDs and what to do
about it?
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White Light from a Blue InGaN

InGaN MQW LED
Emission wavelength
near 450 nm (blue)

Record WPE: 81%

MQW LED

Techmsche
Universitét

Berli

T]]

n

“White” LED Emission Spectrum

“Blue”.InGaN
MQW LED Chip

Intensity

Wavelength (nm)

Encapsulant

Phosphors

Cree Xlamp
Output: 3.600 lumen
Efficiency:150 Im/W

(= 4x ,60W* light bulbs)

Housing

Lead frame
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Efficiencies of White Light Sources 1' E
Technische
A
White LEDs Lab Record
300 T T Iﬁ:\z< :l (Cree, 2016)
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Quelle: U.S. Energy Information Administration

Electric Power Consumption (10° kWh)
Earth at Night Astronomy Picture of the Day
U : 2002 August 11
Coal fired powe http://antwrp.gsfe.nasa.gov/apod/astropix.htm

Lighting uses 20% of the world-wide electric
power, corresponding to 3.4*10'2 kWh per year

This is equivalent to 1100 Coal-fired Ppower
plant (500 MW each) or 3 billion t CO, per year

This is equivalent to the CO, emission of 1.7*10°
passenger cars per year

Application for visible LEDs ﬂE

Facebook To Invest $10B This Year In VR Berlin
And AR To Help Fuel The Metaverse CNET I

Facebook is spending a lot of money on its metaverse, all in the hopes that people will
eventually forget that it's a social media company.

Google Acquires MicroLED
Startup Raxium for Future AR
and MR Tech

Apple, Facebook, Sony, Samsung, LG etc.
investing many billion $ in micro-LEDs for AR &
VR displays, smart watches, phones, TVs ...

Michael Kneissl, TU Berlin (17.07.2025)



A Note on Carborundum.
To the Editors of Electrical World:

Sms :—During an investigation of the unsymmetrical passage
of current through a contact of carborundum and other sub-
stances a curious phenomenon was noted. On applying a poten-
tial of 10 volts between two points on a crystal of carborundum,
the crystal gave out a yellowish light. Only one or two speci-
mens could be found which gave a bright glow on siuch a low
voltage, but with 110 volts a large number could be found to
glow. In some crystals only edges gave the light and others
gave instead of a yellow light green, orange or blue, In all
cases tested the glow appears to come from the negative pole.
a bright blue-green spark appearing at the positive pole. In a
single crystal, if contact is made near the center with the nega-
tive pole, and the positive pole is put in contact at any other
place, only one section of the crystal will glow and that the
same section wherever the positive pole is ptaced.

There seems to be some connection between the above effect
and the em.f. produced by 2 junction of carborundum and
another conductor when heated by a direct or alternating cur-
rent; but the connection may be only secondary as an obvious
explanation of the e.m.f. effect is the thermoelectric one. The
writer would be glad of references to any published account
of an investigation of this or any allied phenomena.

New Yorg, N. Y. H. J. Rounn.

H.J. Round, "A note on carborundum”,
Electrical World, 49, 309 (1907)
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“... a bright glow” from a carborundum diode.” hh.'ﬁ

Henry Joseph Round
(1881-1966)

Electroluminescence from a point contact
with a silicon carbide (SiC) crystal

1907 Electrically excited light emission

History of Light Emitting Diodes (LEDs) J:fv“:,‘;izi"s

Berlin

100

from SiC crystals, by H.J. Round,
Marconi Corp.

1927 Demonstration of a SiC-based
light emitting device, O. Lossev

1962 First pn-junction LED (GaAsP)
by Nick Holonyak, GE Corp.

1968 First commercial production of
LEDs (GaAsP) by Monsanto
Corp.

Luminous Efficacy (Lumens/Watt)

1971 First “blue” emission from a GaN
MIS Diode, by Jacques Pankove

Best Device
‘Shaped AlGalnP/GaP
Red- o

Lumileds Lighting

& Herbert Maruska, RCA 10

1970 1980 1990 2000

Blue-white emission from a GaN MIS diode
(J. Pankove 1971)

Michael Kneissl, TU Berlin (17.07.2025)




Nobel Prize in Physics 2014
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Isamu Akasaki
Mejio University, Nagoya University, UC Santa Barbara,

Hiroshi Amano  Shuji Nakamura

Japan Japan USA

“... for the invention of efficient blue

Breakthroughs for lll-nitride LEDs

1989 Successful p-doping of GaN,
by Akasaki & Amano, Nagoya U.
First GaN pn-junction LED by

Akasaki & Amano, Nagoya U.

First blue InGaN DH LEDs
by Nakamura, Nichia Corp.

1992
1993

1994 First commercial blue InGaN

LED by Nichia Corp.

First commercial white InGaN
LED by Nichia Corp

1996

light-emitting diodes which has enabled
bright and energy-saving white light
sources”

"The Nobel Prize in Physics 2014“ (7 Oct 2014): www.no.

ize.org/nobel_pri:

2014
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- Group llI-nitrides cover the
> entire visible, UVA, UVB,
L and large portions of the
s UVC spectral range.
]
c
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f . Iny ,Ga, gN-based blue LEDs
lattice spacing (A) Memi%t{;ng near 450 nm
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InGaN/GaN quantum wells for blue LEDs h,,"E
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Transmission electron microscopy images of InGaN
quantum wells within a blue LED heterostructure

" InGaN Quantum Wells

D AIGAN/GaN . I .
S shortperiod R SN e
= supetlattice ]
S50 am
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Efficiency of Light Emitting Diodes (LEDs)
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Pt hw
WPE = I _°{'/ =Neae 7\ | Wallplug Efficiency (WPE)
Neae = Ny *Nrag “ Next External Quantum Efficiency (EQE)
——
=Niqe Blue InGaN LEDs [1]
Injection Efficiency: n,; >95%
1
Radiative Efficiency: n_, :1Aad1 >95% >~ EQE~81%
%rad * %nr
Extraction Efficiency: n_, ~90%

Braun
Institut

Current record for blue LEDs: EQE = 84%, WPE = 81% [1] @
Ferdinand

[1] Narukawa et al., J. Phys. D: 43 354002 (2010)
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SRH coefficient:

with N = defect concentration

Shockley-Read-Hall Recombination Processes
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i ()R,=CNh
(+1/0)-o-r
i (2)R, = CND

SRH recombination at a (+1/0) charge state defect
level. SRH process: (1) electron capture with

rate Rn followed by (2) hole capture with rate Rp.
C, and C, are the electron and hole capture
coefficients.

Shockley-Read-Hall recombination rate*:

Tory = A7 = us...ps

A=106...10"2 s
(SRH recombination time)

C.E. Dreyer et al., Appl. Phys. Lett. 108, 141101 (2016)

10" e T
f@ (b)
Vo3H 1 VerOy2H {107
Rsrn=An 'k i F 1
9 ~|
— F iF 110°
@ 108 €
210 Er 1 F i §
¥ i F H10" ©
10'F M 1
'g 1 F 110"
20 1 1 1 L
102022 2.4 26 28 3.0 20 22 2.4 26 28 3.0

Band gap (eV) Band gap (eV)
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Material (@)/A (c)/ A |Aala (%)
GaN 3.189 5.185 -
AIN 3.111 4.980 +2.50

Al203 4.758 12.991 +16.1
6H-SiC 3.08 15.12 +3.54

interface

(0001) sapphire

M. Kneissl | Institute of Solid State Physics
Page 14

GaN Heteroepitaxy on Sapphire Substrates
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Cross-Section TEM of a GaN layer on sapphire

Leibniz
Ferdinand
Braun
Institut
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Atomic Force Microcopy

Threading dislocations in GaN blue LEDs  (arm) image of a GaN layer
Cross-Section TEM of a GaN-based blue LED on sapphire

top surface

InGaN QWs

GaN layer

As a consequence of the large lattice mismatch
between GaN and sapphire a high density of
threading dislocations (TDD) is formed at the
GaN/sapphire interface

=>TDD in the range 10% ... 108 cm™

& S LY pon ¥
T ——— L i . Leibniz
i Ferdinand
U sapphire substrate Ferdinan
Institut
Page 15
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Radiative Recombination Rate J:;:::;;g:' 'E
Berlin
o o dn n
Radiative recombinationrate: | R =—-—=Bpn=——-o
(Spontaneous emission) dt Trad
. I . 1 E
Radiative recombination time: 7., =
Bp
Radiative (bimolecular) recombination coefficients*
Photon
Materials Egap [€V] | B [em3s] | 1,4 [S]™ -W>
(bulk) K
Si 1.12 1.8¥10"% 3.0*10%
GaAs 1.42 2.1*10710 5.1*10°
GaN 3.42 7.0*10-" 1.4*108
**assuming n = 108 cm-
*originally described by A. Einstein (1916) as spontaneous emission coefficient A,,
16
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Quantum-Confined Stark Effect

w/o polarization field with polarization field

= 2
coefficent in QWs: Baw = Bpuk [Fe

Electron-hole wave
function overlap:

ch = f WC(Z)w\'(Z)dZ

Radiative Recombination in Quantum Wells
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Al 5;Gag 4,N QW

wavefunction
overlap

1
N = 09
E /
° IZ:' \Z;\F/‘ g g,j
. i 5 06
NN ho, AN o, _% 05
P O E
\ / \__ 5 03
\/ = 02
E )
v S 0.1
Rad. recombination 0

1 2 3
quantum well width (nm)

*QW width = 15 nm **assuming p = 3*10'8 cm-3

B coefficient affected by

= Electron-hole wave-function overlap

= Phase space filling By

Quantum Well Bqw [cm®s™] |t 4 [s]**
InGaN (415 nm)* | 5*10" 6.6*109
InGaN (460 nm)* 5*10-12 66*109

n, = 3*10"% cm-3 B(n) = ——
0 1+ (n/ng)"

b=0.8

A. David et el., Appl. Phys. Lett. 97, 033501 (2010)
E. Kioupakis et al., New J. Phys. 15, 125006 (2013)
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Auger-Meitner
Recombination

—
N3
)
e
1020 L
» o -
= 50% _ qc,
> 2
3 E 2
S 40% s 2
a 1019 c t
z : )
E 30% -y [}
£ a o
3 @ E o
2
£ 20% N [
S ’ 0§ =]
I} E E]
T 10% S <
£
o
E 1017

108 104 108

102
Excitation density, q (Wcm)

Measured photo-excited EQE, IQE, and carrier density for InGaN

An ABC model fits yielded an Auger-Meitner coefficient of C= 1.4 -
2.0*10-30 cmé/s.

Auger-Meitner Recombination in Group llI-Nitrides

DH structures with different TDD densities (4E8 cm™2 vs. 2E7 cm2).
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Auger-Meitner recombination coefficients C for
direct and indirect bandgap semiconductors vs.

bandgap energy

107 T T T . T
25 r* InSdeH Te O , % direct | 1
107 9 ® indirect | 1
] GaSb 1
-27
10 I InAs ® 1
[ 1
107% 1 InGaAs GaAs GaP G?JN]
10fF Ge Sl AlGaas 6H/4H-SIC §
™) 1
10 1 1
10‘35 rl PR M PP 11
00 06 12 18 24 30 36

Bandgap (eV)

K. A. Bulashevich et al., phys. stat. sol. (¢) 5, 2066 (2008)
E. Kioupakis et al., Appl. Phys. Lett. 98, 161107 (2011)
Y. Shen et el., Appl. Phys. Lett. 91, 141101 (2007)
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Auger-Meitner Recombination in IlI-Nitrides ““'.E
Universitat

E £ Berlin
b,

(@ ®) Top: Schematic diagram
of direct (a) and phonon-
assisted (b) Auger-
Meitner processes.

(a)

B [cm?/s]
[ 8\
g

)
)

Bottom: Auger-Meitner
coefficients for InGaN
calculated from DFT.

£ hhe

4 total

316 -1
cms )
Lo aanul

=)
L1l

C [cm®/s]

S
L . . 1 honon =,
Radiative recombination P \

coefficient B and Auger-
Meitner recombination

0.0 Lee-h.a coefficients C for AIGaN 0%
2.0 2.5 3.0 3.5 alloys.

Auger coefficient (10

© 4l

T T T T
.0 02 04 06 08 1.0

K. A. Bulashevich et al., phys. stat. sol. (c) 5, 2066 (2008) Al content

E. Kioupakis et al., Appl. Phys. Lett. 98, 161107 (2011)
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ABC-Modell and IQE of Light Emitting Diodes mhm'"ﬁ

Berlin

T T T T T T T
B=24x10"cm%"

N
o

;@100 C=1.0x10%cm’™" | .
: A - parameter Simulated IQE for AIGaN QWs
-1

% 80 °s . { based on ABC-model

E —10°s"

® g —10's" | Internal quantum efficiency
10° s .

g 10 & Niqe given by

C 7 o1

T 40 —10"s |

=] 408 _ .

=2 189 s Niae = Ninj *Nrag

E —_— S

£

9L

£

with n;,; = injection efficiency
Naq = radiative efficiency

1E14 1E15 1E16 1E17 1E18 1E19 1E20 1E21 1E22

Carrier density (cm™)

1
R

rad Bn Crad

2
Radiative Effici : rad = = =
adiative Efficiency Nrag R +R. An+Br+Cr % +%
rad nr
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(ALGa)lnP

(a) Thin AS (b) Thick AS

(c) Thick AS + DBR (d) Thick TS

» Large refractive index step (semiconductor/air)

» Narrow light escape cone, small critical angle
©,~17.1° (GaAs, n = 3.5) => LEE = 2.2%
©,~23.6°(GaN,n=25) =>LEE=4.2%

(ALGa)InP + window layer

Light Extraction from ,Red* InGaAIP LEDs u“{’:' 'E

Berli
Outside

medium
(Moutsie)

— NW —A—f1_R
e o4
W e

Active region

(Mingice)
AuZn Contact La)‘e:
VPE GaP Window
(~ 50 pm)
AlGalnP PAIP
Active Layer AT
Wafer-Bonded P
Interface rr)

Transparent-Substrate
(“TS") AIGalnP

21

High-Power Chip
1998

1994

1991

Transparent Substrate

Absorbing Substrate

EXtraction \E
AN
o

Enhanced Light Extraction from InGaP LEDs ,thnithe'.E

Berlin

fficiency (%)
(6]
o

Thick AS
10 , i
17 @TinAs

1985 1995 2005
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Microcavity Flip-Chip (FC) LED with Ag Reflector

n-GaN

dﬁ't

Light Extraction Efficiency ng o | E

Universitét
Berlin

InGaN Thin Film Flip-Chip (TFFC) LED

~ o,
Light Emission MNext 60% Reflective Ag contacts °
Roughened n-GaN next >80 A)
Quantum i
Wells ALO; oo™ AANAAAAAAAAAAAAA

n-GaN Metal anode/cathode
contacts

Ceramic Submount

Submount

Y. Shen, et al., Appl. Phys. Lett. 82, 2221 (2003)
Shchekin et al., Appl. Phys. Lett. 89, 071109 (2006)

M iCrO'CaVity effects InGaN-GaN MQW heterostructure LED lamps
in InGaN LEDs

Increase radiative :
recombination due :
to Purcell effect

TFFC ‘ [ 1Y
g § Ry, .
)

b

External Quantum E

5 p~ 1 X 1 mm?
7,~25°C 10

04 0.6 08 1 12
Half-Cavity Length, d(x 4,)

23

Water Treatment

(point-of-use, point-
A of-entry, water
utilities, wastewater)

Air Disinfection

Applications of UV Light Emitters sl E

Berlin

M. Kneissl | Institute of Solid State Physics
Page 24

In-vivo (HVAC, upper air,
e : auto, trains, planes,
5 Disinfection i itars)
g (MRSA, viruses, L Phototherapy
o fungi) o (psoriasis, vitiligo,
s Sterilization dermatitis)
£ Communication (surfaces, medical Sensing
8 (NLOS, LiFi) equipment, food) Plant lighting | (blankophores, fluorescent
= . (phytochemicals, labels, biomolecules)
= Photoionization Appllanges pharmaceuticals,
= (TOF-Ms, MALDI) [ (Washer.fridge) ¥ £,nctional foods)
s it (bilirubin, blood
ecuri i
Sensing (banknotesy, ) gasanalysks)
(gases, liquids, bacteria, spores, biomolecules, DNA) cards)
AIN  AlpgGaN Al sGaN Alg,GaN GaN Ing4GaN
Il 1 ' 1 '
1 T T T | T T T | A
200 250 300 350 400  [nm]

Leibniz
Ferdinand
Braun
Institut
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How does UV disinfection work?

Relative Inactivation Efficiacy

4 —LP Hg-Lamp (254 nm)

Technische .
Universitét

Berlin
* UVC acts on C=C double bonds in thymine (T) Sara E. Beck et al., Water Research 70, 27 (2015)
<+ Formation of dimers and 6-4 photo products
<+ Replication of DNA prohibited 8 — 120
16 Tiv
. “T7
a8 100

7m
« Cryptosporidium

"4 —UVCLED (265 nm)

Hg-Lamp/UVC LED Intensities [rel. units]

= Disinfection band: 250nm - 280 nm
= Germicidal effectiveness curve peaking around 265 nm

UV radiation o8
effect
04
Requirements for UV disinfection T eengntm

= Required UV dosage 40 mWs/cm? (covering most organisms)

Ferdinand
Braun
Institut

25

The global drinking water dilemma

Population without access to safe drinking water

=4

Wo-6%
W77
e 32%

33.48%
49 63%
Wt -87%

NoData

= More than one billion people lack clean drinking water(!] "
= Water-born diseases claim the lives of 5000 children
every day!"!
— Point-of-Use UVC-LED water purification system

[1] Water for Life: Making it Happen, WHO and UNICEF, ISBN 9241562935 (2005)
[2] M.A. Wiirtele et al., Water Research 45, 1481 (2011)

Technische '
Universitat

Berlin

. UVC-LED point-of-use water disinfection
— Zero maintenance, rugged, solar-powered module with a 40x 50mW UVC-LED array

— 1 Watt of UVC light to provide 300 liters / hour [2

Leibniz
Ferdinand
Braun
Institut
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External Quantum Efficencies of UV-LEDs

Updated March 20, 2024, from M. Kneiss! et al., Nature Photonics 13, 233 (2019)
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oBolb
oCree
©Crystal IS/Asahi Kasei
©DOWA
@ Hexatech/Tokuyama
©LG Innotek
@ Mitsubishi
e Nichia
©Nikkiso
©Philips Lumileds
@ Seoul Semiconductor
®SETi
=Silanna UV
e UV Craftory
©UVphotonics
# CAS/Peking U.
+FBH/TU Berlin
*IAF
Texas Tech U.
*NTT
>PARC

100(%) 75_7 www.tu llaslupdfled 0-March-2024 g S
- Far-UVC ee® o
- Collapse o o0
o Ed
c I Y
S 10% ]
S :
&=
w
£
2
S 1%
>
<]
]
=
£ 01%
- L, .
e, AN ! AIGaN | GaN
~ " A EV VE v
0.01% ]
200 250 300 350 400

Emission Wavelength (nm)

*RIKI

< Sandia

4 Boston U.
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4Kansas State U.
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4 Tokushima U.

aucse
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A U. Wisconsin-Madison
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Wallplug Efficiency: | WPE = Pout

= EQE * Neject

~
<

External Quantum
Efficiency: { EQE = Traa * Minj* Nexer

[
Internal Quantum Efficiency: [QE Blue
y: 10 LEDs!!
Radiative efficiency (RRE):  Nra A 460 nm
Injection efficiency (CIE): Ninj e 96%
Extraction efficiency (LEE): Noextr N 98%
Electrical efficiency (V): N etect IQE 94%
Next 89%
[1] Y. Narukawa et al., J. Phys. D: Appl. Phys. 43, 354002 (2010) ©
[2] J. Zhang et al., Semicond. Sci. Technol. 37, 07LT01 (2022) n 95%
[3] J. Zhang et al., Appl. Phys. Lett. 122, 101106 (2023) o
[4] T. Kolbe et al., Appl. Phys. Lett. 122, 191101 (2023) 9
[5] A. Muhin et al., Ph.D. Thesis, TU Berlin (2024) =als i
WPE 81%

M. Kneissl | Institute of Solid State Physics
Page 28

Performance Comparison: Blue vs. UVC-LEDs M"E

Berlin

uveC- Far-UVC-
LED LED

2022 1231 [ 2023[45]
268 nm 233 nm

43%

26%
77% 11.2%
16% 8.8%
67% 63%

12.3% 0.98%
8.3% 0.63%

28
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Challenges for High Efficiency UV LEDs
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WPE=EQE-h7‘° ‘EQEzCIE-RRE-LEEJ

-GaN , _
o-AIGaN SPEL +—— Ohmic (V), UV-reflective p-contact (LEE)
p-AlGaN EBL +«——— Low resistance, UV-transparent (LEE)

+—— Efficient carrier injection (CIE)

AlGaN MQWs +—— MQW design (RRE), point defect density

(RRE), carrier confinement (CIE),
polarization control (LEE)

n-AlGaN +—— Efficient current spreading, n-contact (V)

Al Ga, N transition +—— Strain management (LEE, RRE)

+—— Low defect densities (RRE)

+—— UV transparency & light extraction (LEE)
+—— Heat extraction, high-power (P,

AIN base

rnax)

Sapphire substrate

29

Effect of Dislocations on the IQE of UVC-LEDs 1 ] E

P ETImW |

100 _r—-—.\ (@°§“60 mA, flip-chip + 1
L) encaps., LEE=12.8%) ]

Bulk AIN | — A N, ]

pe

Internal Quantum Efficiency (%)

10 AlGaN-QW LED i
E A =280 nm, j= 100 A/cm? ]
—B— simulation results w
% IQE from PL (our data) i
A From Ref. [1] * )
V From Ref. [2] AlN/sapphire -
1 P | PR R | M |
1E7 1E8 1E9 1E10

dislocation density (1/cm’ . .
v ( ) Simulation parameters/®l:
[1] Ban et al., Appl. Phys. Exp. 4, 052101 (2011) = AIGaN MQW LEDs
[2] Mickevicius et al., Appl. Phys. Lett. 101, 211902 (2012) _ . 2
[3] Karpov et al., Appl. Phys. Lett. 81, 4721 (2002) *A=280nm,j= 1_00 Alcm
pageso  [41A. Muhin et al., phys. stat. sol. (a), 2200458 (2022) = No SRH from point defects

30
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AIN on Sapphire Template Technologies

Threading Dislocation Densities on Sapphire

P MOVPE AIN
c 100
<
o sapphire ™)
MOVPE AIN
MOVPE AIN [ |
e} & 10k
= £
w sapphire . —_ . G
sapphire sapphire 2
o O L
HTA AIN o MOVPE m ELO
< Hideto Miyake ~— 1 - sputierediqy*HTA - NPSS.. & s
E O — e etal., APEX 9, +HTA% A 4 HHTA N
T Gl 025501 (2016) S N
DeAG & wELO
+HTA
MOVPE AIN
HTA AIN T DGA AIN ) . )
<« 1 10
8 sapphire sapphire sapphire AIN layer thickness (um)

[1] Sylvia Hagedorn et al., phys. stat. sol. (a)
217, 1901022 (2020)

sputter. AIN HTA AIN [2] Sylvia Hagedorn et al., phys. stat. sol. (b)

258, 2100187(2021)

sapphire sapphire Leibniz
o sapphire sapphire Ferdinand
Braun
Institut
Page 31

ELO+HTA

w
A

Technische

different AIN/sapphire templates Universitat

Berlin

Cathodoluminescence (CL) of AIGaN MQWs on ﬂa

Threading dislocation density (TDD) determined by panchromatic CL

- Non-radiative recombination resulting in dark-spots

- Distinction between edge and screw type threading dislocations possible
- Lowest dark-spot-density (DSD) on HTA ELO AIN/sapphire

planar HTA ELO AlN/sapphire HTAELO
AlIN/sapphire AlIN/sapphire

planar AlN/sapphire

DSD: 3.5 x 10° cm DSD: 1.1 x 10° cm? DSD: 1.4 x 10° cm? DSD: 0.9 x 10° cm2

Leibniz

Ferdinand

Braun

Institut
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RRE in 265 nm AlGaN MQWs from resonant PL '.E

Technische

Universitat

PL spectra of AIGaN MQWs at 6 K and RT Berlin
(a) Energy (eV) (b) Energy (eV) (a) Excitation power density (W/cm?)
51 5 49 48 47 46 45 51 5 49 48 47 46 45 10° 100 102 100 10t

g

6 K 1 293K S Saiecive
Non-selective et Pl lrteetes
30 kW/cm?
) —

2 = .
z ‘/,‘L ] . £ 80 s
5 5 Non-selective = .
] 3 0.3 W/em?| o
£ Vo & § o
z 2 b—1 & non-selective excitation
2 2 Selective S 4
2 Selective 2 30 kW/cm?) T
E 2 = .
= 30 kW/cm? ] s e?
a a 20 ¢ ¢ ¢ ¢
Selective
Selective 0.3 W/em?
0.3 W/cm? J 0
10" 10° 10' 10? 10°

240 250 260 270 280 240 250 260 270 280 Excitation power (uW)

Wavelength (nm) Wavelength (nm)
(b) Excitation power density (W/cm?)
= RRE from excitation-power-dependent PL at low (T = L L
6K) and room temperature (RT) T T T T I R
= Accurate determination of RRE under selective g e
excitation conditions g I 141114
= RRE = 50%-60% for 265 nm QWs on AIN ELO é t 11l T %]
= IQE ~30% from EQE of LEDs 2" ‘
— CIE not unity' 2 selective excitation
S. Tanaka, et al., Jpn. J. Appl. Phys. 61, 112002 (2022) 100 100 100 102 10
Page 33 Excitation power (1W)
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Fabrication technologies for UV-LEDs ' E

From wafer-level micro-
fabrication to flip-chip mounted
& packaged UV-LEDs

Leibniz
Ferdinand
Braun

Institut
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265 nm LEDs on HTA ELO AIN/Saphire e | E
Universitat
Berlin
80 ‘ . 140 T T T
70 ——— Flip-chip UVC-LED E L - 4 I
T o o
£ 2 100}F ES
g A =265nm . o
$ o H =
& w g sor ] % s
§ % 5 eof ] R T
2 3 8 01| 1 Smneo
£ 20 ° 40+ b E Lf;i?—im(aﬂerahbum—m
10 £ 20t 1 s 200 60 )
o [e) 4c
0 100 200 300 400 500 l%DO 250 300 350 400 %_1 4 10 100 1000 10000
dc current (mA) wavelength (nm) operation time (h)
= 265 nm flip-chip UVC-LED on AIN ceramic package
= Improved IQE and lifetimes on HTA ELO AIN/sapphire
= Absorbing p-side, UV-transparent encapsulant
- Increase in LEE by encapsulation
- CW power P, = 71 mW @500mA for 265 nm
> Ly, lifetimes ~ 10.000 hours
N. Susilo et al., Photonics Research 8, 589 (2020) ;igdi:and
J. Ruschel et al., Appl. Phys. Lett. 117, 241104 (2020) Institut
Page 35 35
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Measured output power & EQE vs. current density

Determination of RRE & CIE in 265 nm UV-LEDsUT:ﬂ::;:g:"E

Berlin

Measured EQE vs. normalized optical power p

= EQE from (pulsed) LIV measurements
= LEE from Monte Carlo ray-tracing simulation
= Titkov method: ABC-model fit of EQE vs.
normalized optical power allows determination FCLED &

of RRE (if CIE & LEE are independent of p) L cingzasutont.

PR, i i 50 5.0 [ . . . . r r r
s 1001 4 R HTA AlNisapphire 45 45 © on-wafer In
€ ELO AlN/sapphire g ) A mounted -— [ ]
S 8o/ |——O— HTA ELO AiNIsapphire (on wafer) 40} i
2 ; |—2— A £L0 ANsapptire (FC mounted) | 1 % mounted and encapsulated
% 6 | HTAELO AINIsapphire (FC & encaps.) | 3, 3.5 - —— ABC-fit 7
s B L 30 1
2 4] w 25 1= 1? 172 W-—112]
3 g - Q+p/t+p
= R s 20p R
g 2097 RRE Q R
5 g 15¢ Thmax = 575 18]
0 L L L 0,0 10} 5
0 50 100 150 200 pout -
. -2 05} P = pmax ]
current density j (Acm™) B
0.0 Lucs. p . . . . 1
1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10

Normalized optical power p

N (%) n°E (%) n*EE (%)
60+3 | 5848 | 12.8+1.3

= CIE from EQE/(RRE*LEE) FCLED"

58+4 5117 | 9.240.9

LED on-wafer* 6213 4817 6.7+0.7

A. Muhin et al., phys. stat. sol (a), 2200458 (2022)

LE. Titkov et al., IEEE J. Quantum Electron. 50, 911 (2014)
36

*all LEDs on HTA-ELO AIN
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Fighting Germs with far-UVC Emitters

Novel LED irradiation system aims to kill Jefhnisiﬂf '
Phy3Tcs microorganisms with UVC light Ews L
Zapping Germs with LEDs = -
Michael Kneiss! develops ultraviolet light.emitting diod| — § -
Ives, M.Psych. (Editor) May 25 2020

Oy Michae schiber

Anovel LED irradiation system developed by the Ferdinand-Braun-Institut aims to kill
microorganisms with ultra-short wave UV light - without side effects. Prototype handed

over to the Charité for initial testing.

4| According to the Robert Koch Institute, 400,000 to 600,000 infections with hospital germs
occur in Germany every year - about 10,000 to 20,000 people die from them. Since
multidrug resistant (MDR) pathogens often cannot be treated with antibiotics, alternative
approaches are needed. One promising physical principle is irradiation with UVC light,

Which can be Used o Gestroy Microorganisims WIthout allowing resistances to Gevelop.
4 Within the swork of their loint Lab GaN O the Ferdi \d-B Instit

UV light could reduce hospital-
acquired infections

3,
OEmio

A new study shows that ultraviolet disinfection technology

eliminates up to 97.7 percent of pathogens in the

operating room. Using this light wavelength might help
defeat superbugs.

(FBH) and - oo
“ | ScienceDaily

more than|  Your source for e latest research news

| worldwide | New type of ultraviolet light makes indoor air as safe as
| gallium nit outdoors

Date:  March 25, 2022
Source.

because of| ~ Using far-UVC light in places where people gather indoors could help prevent the

Summary: A

UVC LED irradiation could kill MDR pathogens, without side
eEeCtS

P. Zwicker et al., ,Application of 233 nm

Irradiation with UVC light can be used to destroy microorganisms without allowing resistances to [V¢ Minutes to -
1t study -
develop, and has potential use in preventing COVID-19 disease. ?';u:woy":y.m far-UVC LEDs for eradication of MRSA and

models”,

May 29th, 2020 lO
aopon E

Page 37

Optics [~

Scientific Reports 12, 2587 (2022)

MSSA and risk assessment on skin

37

CHARITE

Interaction of UV light with the human skin

Page 38

Far-UVC-LEDs for in-vivo disinfection

UNIVERSITATSMEDIZIN BERLIN

Simulated UV penetration depth into human skin (2

0 £ 100
pathogenic I
germs o 90
Epidermis: 1 80
Stratum corneum k%) 70
- Stratum lucidum ’é:: g 60
Stratum granulosum E qa)_ 50
% 1 40
Stratum spinosum © e 30
20
> 10
0 %0 %0 %0 ,0%0 50 9 stratumbasale 100
200 220 240 260 280 300 320
wavelength (nm)
= Strong increase in protein absorption for A < 240 nml']
= Light from far-UVC LEDs (<235 nm) does not penetrate living skin layers
= in-vivo disinfection without damage to human skin
= In-activation of multidrug resistant bacteria (e.g., MRSA) on skin surface
= No risk of developing resistance
= Required dose levels for MRSA: ~40 mJ/cm?
[1] Manuela Buonanno et al., PLOS ONE 8, e76968 (2013) Eeninand
[2] Lorin Busch et al., J. Photochem. & Photobiol., B: Biology 247, 112784 (2023) Institut

relative intensity (%)
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Performance of 233 nm LEDs on sapphire

10° T T T T 15

: : . 25

— Flip-Chip DUV-LED
g A, =233nm
£ 4 peak 2 0
S 10t E T=20"C g
2 10 E
5 S 115 5
R i o %
o 8 o
© 1= 100 mA (dc), 20 °C S 110 &
10"k Rpeny = 233 M 4 5F 8
g FWHM = 115 nm £
3 Jo5

. EQE =0.35%

102k . . ] ) P,,= 1.88mW @100mA
200 250 300 350 400 450 %20 40 s 80 109°
wavelength (nm) dc current (mA)

= Flip-chip UVC-LEDs with output power of 1.88 mW
@200mA (EQE,, .« = 0.35%)

= Emission peak @ 233 nm, FWHM = 11.5 nm

= Very little defect EL (<10-3), but 18% of UVC light
emitted wavelengths >240 nm

= Short-pass bandpass filter required

Page 39 N. Lobo-Ploch et al., Appl. Phys. Lett. 117, 111102 (2020)
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radiant intensity

polar angle ()

(@
without lens 90
1=20mA azimuth angle ()

radiant intensity
(uWisr)
3000

©
8

Y
3

-4

>

1000

polar angle (°)
P

o 8

2

3

120

90
azimuth angle (°)
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A spectrally pure 233 nm irradiation module

Irradiation module with an array of 120
far-UVC LEDs emitting at 233 nm

DRR filter transmission spectra

transmission (%)

- measurement §
LED wio filter| { 102
LED with filter

410°

norm. Intensitat

v

" L i) N L =

210 240 270 300 330 360 390
wavelength (nm)

spectral power density (arb. u.)

_—

. ©OFBHP. Immerz

Distance to reflector = 50 mm (mW/cm?)

y-position (mm)

Irradiance Distribution

35-28-21-14 -7 0 7 14212835
x-position (mm)

o
o
Q
@
IS
S

Technische '
Universitat
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LED spectra w/ & w/o filter

Abstand zum Strahler = 25 mm

1 | = Max., Tepme = 18°C
kein Filter
01
001
0.001 A
220 240 260 280 300

Wellenlange (nm)

= HfO,/SiO, DBR short-pass bandpass filter to
With DBR fiter iadiance eliminate emission >240 nm
= Modul with integrated DBR filter with irradiance

07

06 of 0.51 mW/cm? (uniformity >90%)

05

Z‘; = Dose levels of 40 mJ/cm? reached in <80s
- 0.2
E o1 J. Glaab et al., Scientific Reports 11,14647 (2021) i
: 00 Brogn |

Institut
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DNA damage (CPD) in human skin

In-vivo disinfection with far-UVC LEDs

MRSA disinfection test (bacterial suspension on blood agar)

Iradiation time (s)

peak'“::";s’e"g"‘ Control 10 30 60 120 240 360

233 nm
(50 pwicm?)

60mycm? | 12.0 myem? | 18.0 myfem?

233 nm
(120 pWicm?)

72myem? | 14.4 myem?| 288 mycm?

254 nm
(50 pW/om?)

osmyem? | 1.5mliem? | 3.0 myem?

= 3-log inactivation of MRSA with 29 mJ/cm?

= Clinical studies show minor DNA damage to human
skin, corresponding to ~0.1 MED

= No DNA damage detectable after 24h (natural
repair mechanisms of the skin)

= Successful in-vivo disinfection of MRSA

without skin damage Uni itit dizi
= Future: Application to other pathogens (e.g. fungi, A
virus) z
P. Zwicker et al., Scientific Reports 12, 2587 (2022) C hl vﬁMB‘JZIME
Page 41 J. Schleusener et al., Mycoses 66, 28 (2023)
41
Analysis of EQE collapse in Far-UVC-LEDs . '
Universidt
Berlin
102 = Steep drop in EQE for A <240 nm
= Drop in LEE for A <240 nm, but
10 less than 3x (change DOP)
9 100 = RRE drops from ~60% @ A = 265
g nm to <1% for A ~225 nm (Temp-
5 - & P,.-dependent PL)
é’ = Increase in point defect
o 102 density for high [Al] ?
EOE = LEE X CIE X RRE = CIE ~50% @ A = 265 nm, but
10°L LlE = LB ] strongly decreasing at DUV
wavelengths A <230 nm
10% 2 Increased carrier leakage

210 220 230 240 250 260 270 (smaII band-offset, Mg-doping)
emission wavelength (nm)

M. Guttmann et al., Jpn. J. Appl. Phys. 58, SCCB20 (2019)
S. Tanaka et al., Jpn. J. Appl. Phys. 61, 112002 (2022)
A. Muhin et al., phys. stat. sol (a), 2200458 (2022)

Page 42

42

Michael Kneissl, TU Berlin (17.07.2025)

21



Universitét
Berlin

Improving CIE & RRE in Far-UVC LEDs mhmvsche.'ﬁ

LIV characteristic of a 234 nm LED with a distributed
polarization doped (DPD) hole injection layer

10_k:234nm,¢:w 7’\_1.0
6 s
1° E
8r T 0.8
s 1% Oy
® 6 ' 14 3 {06=
=] 3 o w
3 s 13 e o
° 4 20! O 1 0.4W
> g lo®
8 2
2t 11 €1 0.2
e LY ®
0 I : S = B 00 sapphire substrate
0 50 100 150 200 25 25

current (mA)

= 31 generation of far-UVC LEDs with distributed polarization-doped (DPD)
p-AlGaN hole injection layer on DGA AlN/sapphire (TDD~2.1*108cm-2) []

P, =7 mW, EQE,,,, = 0.98% emitting @ 234 nm

F"e“r‘d’inand
[1] Tim Kolbe et al., Appl. Phys. Lett. 122, 191101 (2023) @ i
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Analysis of EQE collapse in Far-UVC-LEDs

Universitat

Berlin

= Improved EQE for A = 233 nm for
next generation of far UVC-
LEDs

= Est. LEE = 8.8+0.8% from Monte-
Carlo simulation (flip-chip
mounting, polarization control)

Analysis based on Titkov model:

3 EQE = LEE X CIE X RRE
10% ¢ 7 = Est RRE,,,, =43+4% (reduced

TDD, point defects)
210 220 230 240 250 260 270 " Est. CIE =26+8%

107
emission wavelength (nm)

M. Guttmann et al., Jpn. J. Appl. Phys. 58, SCCB20 (2019)
S. Tanaka et al., Jpn. J. Appl. Phys. 61, 112002 (2022)
A. Muhin et al., phys. stat. sol (a), 2200458 (2022)

Page 44 A. Muhin, Ph.D. Thesis, TU Berlin (2024)
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Light Extraction from UVC-LEDs

1]

pcontact Paths of created photons Jﬁfc:,':ft';f
A Berlin
E /\ Emission through the -
2 substrate backside 4 To .
= at ta”sﬂec ‘ /
@ AIN/Sap tion
\ Phirg ‘ N
AL
p-contact o tact - & ©
\[//A\ N Total reflection at
& otal reflection a . o .
bottom and sidewall = LEE is only 5-7% for a bare LED chip
surfaces
Enhanced light extraction by encapsulation
pooniat 4 S et s o
AN < sl [T high reflective D—conlact(RjQOﬂ%) i
z Emission through the g Lo mmearpnn o peonact (-40%)
9 |~ (transparent and g 3r R e
Eﬁ smooth) sidewall g o25) ./.,-—" ]
- surfaces 2 2l T aaaaatit ]
B ol 1
Measures for enhanced light extraction 3 Y, ._.,.ilz.-o-o-o-f‘-'
. . 2 lat e EFI.
> Encapsulation with UV-transparent polymers 2 1, o™ e
) ) 5F 7 =300 nm wom /)
» UV-reflective contacts (e.g. Rh, Ni/Al) o ‘ ‘ ‘ ‘
1.0 1.2 1.4 1.6 1.8

» Nano-patterned (sapphire) substrates

refractive index of encapsulant
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Light extraction efficiency in far-UVC LEDs

DOP vs. aluminum mole fraction in QW

Technische
Universitat
Berlin

1/

Simulated light extraction efficiency (LEE)

XX

Plan

ar

1+ ™ 4—’ TE

EL emission wavelength (nm) 8
24 264 248 239 228 220 — _ j
o .. T T T T N3 | £ = ' 5
I Mg s (0001) ™ < 7 @
C l cadirection (& ') 5, ol s s
5 3 c
=1 05 ; . B K}
‘. o
N 3 TE = 5
E i A
° I 1 TE put
Q 0.0f----mmmmmmmem @ il 5 4
=
5] s 2
2 . ¥ | BT 3
g % T o
o5 — “he E )
© - - - k-p calculation o
® ELon LEDs I T —
= PLon MQWs S
qol——————— | 1 Shan =
50 60 70 80 90 0 L
QW aluminum mole fraction (%) -1,0 -0,5

= LEE strongly affected by polarization of light emission

0,0

= Re-ordering and change of polarization of valance bands with
increasing aluminium mole fraction in Al,Ga, ,N QWs (I’; vs. I'y)

= Transition to TM polarized emission for A <240 nm
= Drop in LEE for far-UVC LEDs
M. Guttmann et al., Jpn. J. Appl. Phys. 58, SCCB20 (2019)

0,5

degree of polarization
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Impact of strain & AlGaN QW width on TE/TM emiss

larger compressive strain >
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240 nm 040
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07 08 09

Al content in QW Al content in QW Al content in QW

Simulated AlIGaN QW emission based on k-p perturbation theory
- Enhanced TE emission for compressively strained & thin QWs

Leibniz

;erdinand
raun
Seite 47 C. Reich et al., Appl. Phys. Lett. 107, 142101 (2015) Institut
47
Effect of strain on TE vs. TM emission ,Hhm.x,w'
TE vs TM polarized emission from AlIGaN MQW Umvear:r:ia:
LEDs grown different AIN/sapphire templates
LIV characteristic of a 231 nm LED grown
T T on a DGA AIN/sapphire template
MOVPE DGA
10 12 . . . —4 407
T ! 1 B " —TE N
2 ! | —TM™ =106
@ L ! 4 ! J S
Y . s Slos
- ] 1 o 6 3 9
0.6 | 1 4 L 1 . [e)) 0404
§ ! ! l| 2 4 = &
35 ' ' g S$40.3W
p L o4 1]
£ 04 1 \ 2 L
£ . £40.2
c 1 ol [0}
0.2 \ B o - 231nm, cw g i o 101
\ 0 50 100 150 200
L L n L current (A)
225 240 255 27 225 240 255 271
= 231 nm LEDs grown on AIN/sapphire with different a-plane lattice constants
=> Larger compressive strain for AlIGaN MQWs grown on DGA AIN/sapphire
=> DoP increases from -0.23 (on MOVPE) to +0.38 (on DGA)
=> Increase in LEE by 30% expected Leioi
Ferdinand
e Arne Knauer et al., Appl. Phys. Lett. 122, 011102 (2023) It
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Enhanced LEE in 233 nm p-LEDs

Light output of u-pixel array far-UVC-LEDs emitting at
233 nm with SiN, vs. SiO, dielectrics on mesa sidewalls

4 T .SlN'. T T .Sioz. T
2 =233nm -
3+ + ) T
s A 151
L 2=
ol N /4 1 &
[ =15—— w
3 — / [3 o 10 g
& 5 / 5 i—]| &
£ / § 20 e s |
(1] ©
0 L 16 ' ' L L .'ef' L
0 50 100 150 200 O 50 100 150 200 250 0-01 1‘0 7F -
current (mA) current (mA) ol

mesa diameter (um)

Far-UVC pn-LED arrays with slanted mesa sidewalls and SiO, dielectric
4x LEE enhancement for 233 nm LED with pixel diameters of d = 1.5um
=> Far-UVC p-LED arrays with EQE,,,, = 1.6%

Jens Rass et al., Appl. Phys. Lett. 122, 263508 (2023) @ ?;;‘:F?nd
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