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First Report on Electroluminescence (First LED)

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 such 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 placed.

There seems to be some connection between the above effect
and the em.f. produced by a 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.
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Fig. 1.1. Publication report-
ing on a “curious phenom-
enon”, namely the first ob-
servation of electrolumi-
nescence from a SiC
(carborundum) light-emitting
diode. The article indicates
that the first LED was a
Schottky diode rather than a

p-n-junction diode (after H.

J. Round, Electrical World
49, 309, 1907).
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History of LED

1907 First report on LED

1955 GaAs LED (infrared emission)

1962 First practical visible-spectrum LED (General Electric)

1993 Blue LED based on InGaN (Shuji Nakamura, Nichia)

1996 First commercial white LED (Nichia)

The development of LED technology has caused the efficiency and light output

to increase exponentially, with a doubling approximately every 36 months
since the 1960s, in a way similar to Moore's law.
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History of LED (Applications)

Fig. 1.7. AT&T telephone set
("Trimline”” model) with the dial
pad illuminated by two green
N-doped GaP LEDs. The
illumina-ted dial pad was one of
the first applications of green
GaP:N LEDs.

www.Lightk 4] org

Fig. 1.8. Pulsar calculator watch
with LED display released in
g e e il 1975 by Hamilton Corporation.
@66 RXE § The first Pulsar LED watch
‘; L ‘imf :r: ; (without calculator) was offered

in 1972. It was based on GalnP
LEDs (after Seiko, 2004).
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Fig. 1.12. Green traffic signals are one of the ubiquitous
applications of GalnN/GaN green LEDs.

www.LightEmitting org

www. Lighicmitting org
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Applications of LED
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Applications of LED

HB-LED Opportunity...

Multi-Year Equipment Growth From Increased Adoption
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Growth Rates

Solid State Lighting Growth Opportunity...
Red, Green, Blue HB-LED / Wireless >20% CAGR
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Progress in Luminous Efficiency of LEDs
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Evolution of LEDVOLED performance. (Reprinted with permission from [24]: © 1906 American Association for the Advancement of Science. )
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Electron-Hole Recombination of p-n Junction
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Figure 18 Electron-hole recombination into photons, across a p-n junction.

BP

C. Kittel
Introduction to
Solid State Physics
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Double Heterostructure Injection Laser

Electron flow

Hole flow

Figure 17 Double heterostructure injection laser. Electrons flow from the right into the optically-

active layer, where they form a degenerate electron gas. The potential barrier provided by the C. Kittel

wide energy gap on the p side prevents the electrons from escaping to the left. Holes flow from :

the left into the active layer, but cannot escape to the right. Intr_oductlon 0 )
Solid State Physics

o ——
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White LED

Homojunction and Double Heterojunction

(a) Homojunction under zero bias
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(b) Homojunction under forward bias
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Fig. 4.6. P-n homojunction under (a) zero and
(b) forward bias. (¢) P-n heterojunction under
forward bias. In homojunctions, carriers diffuse,
on average, over the diffusion lengths L and Lp
before recombining. In heterojunctions, carriers
are confined by the heterojunction barriers.
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Double Heterostructure

- Current spreading layer
Contact”™ } Top confinement layer
= Active region
Bottom confinement layer
Double
hetero-
structure Substrate
(DH)
—— (Contact
Substrate

Fig. 7.1. Illustration of a double heterostructure consisting of a bulk or quantum well
active region and two confinement layers. The confinement layers are frequently called
cladding layers.

Wi Ji [ arg

=» Confinement of carriers in the active region of double heterostructure (DH).

=» High carrier concentration in the active region of DH.
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Multi Quantum Well Structure

Confinement Electron

layer blocking MQW CD"E;ZTEM
layer — active region
( ) A
M e
=[] |
(a)
Undoped — 0 — — o — Ep —
structure Fig. 4.12. AlGaN current-
blocking layer in an AlGaN/
|- I_IZ L GalnN Ey— GaN/GalnN multi quantum well
AlGaN AlGaN — GaN AlGaN structure. (a) Band diagram

without doping. (b) Band
diagram with doping. The Al
content in the electron-blocking
layer is higher than in the p-type
confinement layer.

(b) p-type
Doped
structure
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Structures of InGaN LED

p-electrode ——i |
p-type GaN, 120 nm —
p-type Alp,15Gag.gsN, 60 nm —

Fig. 13.2. Layer structure of

undoped GalnN, 40 nm—l GalInN UV LED grown on
o hire substrate emitting at
n-type Alg 1Gag 9N, 30 nm — | n-electrode  sap g
ol —— 370 nm (after Mukai et al.,
n-type GaN, 4.0 um 1998).

GaN nucleation layer —

Sapphire substrate

www. LightEmitt org
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Trapped Light Problem

LY

f Trapped light ray
\\ f///\\

R High-index semiconductor

(b) -

Fig. 9.3. “Trapped light” in a
rectangular-parallelepiped-shaped
semiconductor unable to escape for
emission angles greater than o
due to total internal reflection.

Fig. 9.4. Schematic illustration of
different geometric shapes for LEDs
with perfect extraction efficiency.
(a) Spherical LED with a point-like
light-emitting region at the center of
the sphere. (b) A cone-shaped LED.

Wi Lignit org

=» However, these structures are not practical. - High cost!!
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Truncated Inverted Pyramid (TIP) LED

f=— 025 mm —=| % n-type contact
CTTENEURETIR 090909020 e
o -y — tiveregion  Fig. 9.6. Die-shaped devices:

N
S ——

(a) Blue GalnN emitter on SiC
substrate with trade name
“Aton”. (b) Schematic ray
(b) traces illustrating enhanced

light extraction. (c) Micro-

graph of truncated inverted
\ n-type contact ! pyramld (TIP) AlGalnP/GaP

|=— 1.0 mm —=|

:., LED. (d) Schematic diagram
Xl 3 n-GaP illustrating enhanced extrac-
’ \S\ubmatf/ \ tion (after Osram, 2001;

k.
~,

Krames ef al., 1999).

. AlGalnP ac-
}\twe region
(d) p-type GaP
www.Light | org
(’9 60 T T . .
ol ’,_...—0~0-0-.\. Fig. 9.7. External efficiency vs.
5 S0~ TIPLED / \ - forward current for red-emitting
i Lo X ‘“1-4T ’\ (650 nm) truncated inverted pyra-
§ 40+ - * - mid (TIP) LEDs and large junc-
'S / Ll tion (LJ) LEDs mounted in
S 30F . N - power-lamp packages. The TIP
E LJ LED LED exhibits a 1.4 times improve-
L A]Gflipég’;“]) A LED |- ment in extraction efficiency com-
§ T =300 1I1<m pared with the LJ device, resulting
= o 4j=0.25 mm? ] in a peak external quantum
= 0 | 1 efficiency of 55% at 100 mA
] 10 100 1000 (after Krames ef al., 1999).
DC forward current / (mA)
www.LightEmitting .org
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Structures of OLED

Schematic illustration of multi layer structure of small molecule based OLED

White LED

LiF
Electron transport layer

Hole blocking layer

Hole injection layer

Electroluminescence

Jongmin

Function: Creates a resistive
contact between the metal and
the organic layers

Example: LiF

Function: Transports electrons
Example: Alg3

Function: Prevents diffusion of
hioles  into  the  electron
transport layer
Example: BCP

Function: Charge
recombination, light
generation

Example: Luminescent
material in an electronically

Function: Transports holes
Example: Triarylamines, TPD

Function: Controls injections of
holes, smooths the ITO surface
Example: CuPc

Ecole Polytechnique

http://bp.snu.ac.kr
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White LED Devices

- Nichia High-Power LED

. n-Electrode

. N-AlGaN Layer
Layer

e p-AlGaN Layer

p-Electrode - - Solder

White LED Bp

- UV LED & RGB Phosphor

Downconversion

(Phosphor)

White Light

T orxox RGB Light

o o wUVLight

InGaN LED
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Color and Energy

Color Wavelength Wavenumber Energy
Ultraviolet | <390 nm >1.61X<102nm? >3.18eV
Violet 390 — 455 nm 1.61-1.38<102 nm! 3.18-2.73eV
Blue 455 - 490 nm 1.38 - 1.28><102 nm'! 2.73-2.53eV
Cyan 490 - 510 nm 1.28 - 1.23%<102 nm'! 2.53-2.43¢eV
Green 515-570 nm 1.23-1.10<102 nm! 2.43-2.18eV
Color Wavelength Wavenumber Energy
Yellow 570 - 600 nm 1.10 - 1.05<102 nm? 2.18-2.07eV
Amber 590 - 600 nm 1.06 - 1.05<102 nm-? 2.10-2.07eV
Orange 600 — 625 nm 1.05-1.01<102 nm 2.07-1.98¢eV
Red 625 — 720 nm 1.01<102-8.73X10° nm? | 1.98-1.72 eV
Infrared > 720 nm < 8.73X103 nm? <172eV
Color Wavelength Wavenumber Energy

Blue ~460 nm ~1.37><102 nm-! ~2.70 eV
Green ~525 nm ~1.20<102 nm-! ~2.36 eV

Red ~670 nm ~9.38<102% nm-! ~1.83 eV

White LED  Jongmin http://bp.snu.ac.kr 19



Human Vision

Nerve
Inner : .
ihembrate: Doer Connecting Light receptors

layer  nerve tissue . ..
Cones: provide color sensitivity

Fig. 16.1. (a) Cross section through a human eye. (b) Schematic view of the retina

including rod and cone light receptors (adapted from Encyclopedia Britannica, 1994). ROdS . COIOr insensitive
y 437 nm §498 nm  y533nm y 564 nm
1 T L] L] I L] 1 L I I L] L] 1 Ll I 1 L] l 1 I 1 I 1 L] L] 1 I 1 1 L] 1 I
Fig. 16.3. Normalized
>, spectral sensitivity of
£ Red
& c?:i:l:s | retinal rod and cone
iz cells of the human eye
@ (adopted from Dowling,
z 1987)
= 4 B, i
] /
~ /
’
I’ ’ 4 ’
I/I L I—‘I”I 1 1 L lll’r I.-'I’ 1 1 l L 1 d d
350 400 450 500 550 600 650 700

Wavelength A (nm)

www.LightEmitting .org
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Eye Sensitivity Function and Luminous Efficiency

IUO:U!!HU!!!!U!!! U!!|!!!!'!ll!:683
= ' | cE918 [ F
| -| Photopic vision | |-
l 100
P [ R A =
‘:5, ] T T I I |—
- | - <
8 N N £
f..% Il — 10 =
= 1072 = 5
Z = B &
;. I -~ £ < Definition of Lumen:
SR =1 5 Green light (555 nm)
SEESS=EE F with power of 1 W has
H F luminous flux 683 Im
li = 0.1 .
10~ - * Among LEDs with
300 400 500 600 700 800
Wavelength A (nm) Same Output pOWGI’,

green LEDs are brightest

Fig. 16.7. Eye sensitivity function, V(A), (left ordinate) and luminous efficacy, measured
in lumens per Watt of optical power (right ordinate). V(L) is greatest at 555 nm. Also
given is a polynomial approximation for V() (after 1978 CIE data).

www.LightEmitting org
I ——
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CIE Color Triangle

CIE = COMMISSION INTERNATIONALE DE L'ECLAIRAGE
= INTERNATIONAL COMMISSION ON ILLUMINATION

0.9

CIE 1931 x, y chromaticity diagram

Fig. 17.4. CIE 1931 (x, )
chromaticity diagram. Mono-
chromatic colors are located
on the perimeter. Color satu-
ration decreases towards the
center of the diagram. White
light is located in the center.
Also shown are the regions
of distinct colors. The equal-
energy point is located at the
center and has the coordi-
nates (x, ) = (1/3, 1/3).

v - chromaticity coordinate

| r
«(13,173) glorange
l _Whlte '_ I_: 650 nm

0.3 0.4 0.5

x - chromaticity coordinate :
www. LightEmitting .org
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Color Gamut and Color Mixing
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« Color gamut; represents all colors that can be created by mixing primary
colors, e.g. red, green, and blue. Webster: n. the entire scale or range

« Gamut of Red-Green-Blue light source has triangular shape.

« Area of gamut matters for displays, color printers, etc.
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Black-Body Radiation

10 [ ultraviolet | visible | infrared
| ’ |
- I I Fig. 18.2. Spectral intensity distribu-
: I tion of Planck’s black-body radia-
ST E l tion as a function of wavelength for
z  F : different temperatures. The maxi-
- ! mum of the intensity shifts to shorter
-{?é 2T = wavelengths as the black-body tem-
i 6000 K perature increases.
i
E 4
=
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E -
oL 4000 K
M
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0 L 1 L L | L L 1 1 : 1 I I } ]
0 2.0 3.0
Wavelength A (um)
Temperature of Sun: ~ 6,000 K SN EpEmin °rg

White LED  Jongmin http://bp.snu.ac.kr 24



White LEDs

LED-Based Approaches

Phosphor-Based Approaches

(a) Di-
chromatic
white
source

(b) Tri-
chromatic
white
source

(c) Tetra-
chromatic
white
source

(a) Di-
chromatic
white
source

(b) Tri-
chromatic
white
source

(c) Tetra-
chromatic
white
source

a

O
o e () ) ()

Blue and
yellow LED

g

monolithic LED | i f
A

Di-chromatic

=

Tri-chromatic U

and red LED Iml monolithic LED Im
A A

@@@@

green, and

red LED
A

Blue LED plus
yellow phosphor

UV LED plus
three phosphors

UV LED plus
blue, cyan,
green, and
red phosphor

e ke Q@E

Phosphor based approaches: color stability

White LED  Dae-Ryong

Fig. 20.1. LED-based approaches
for white sources including
single-chip and multiple-chip,
di-chromatic, tri-chroamtic, and
tetra-chromatic approaches.

Fig. 21.1. White sources using phos-
phors that are optically excited by UV
or blue LEDs.

Blue and red E} @
LED plus green

A
Blue and red @ @
LED plus cyan :
and green phosphor -' " %

http://bp.snu.ac.kr
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Photon-Recycling Semiconductor LED

Blue light gYeHOW light
[0 Active region2 < Secondarysporce Fig. 21.12. Schematic structure of a
B (AlGalnP) ; ;
photon-recycling semiconductor LED
Sapphire substrate with one current-injected active region
L (Active region 1) and one optically ex-
_5 ) [ Primary source cited active region (Active region 2)
Active region 1 t; (GalnN/GaN LED) (after Guo et al., 1999).
n-type
contact
t p-type contact www. LightEmit org
Input: optical power, Output: long-wavelength

(IMy) R Py (R / Ay) _J, r optical power. P>

Photon recycling

source:
semiconductor Total optical
power: P| + Pp

(Efficiency m,)

i

=

Primary source:

LED .
. ptical power
1 (Efficiency 1) : A > ratio R = P / Py
!
Input: \ ‘\
electrical T_ L
power, P Output: short-wavelength Output: short-wavelength
optical power, NPy optical power, P

Fig. 21.13. Photon-recycling semiconductor LED power budget with electrical input
power P and optical output power P; and P,.

org
T
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Luminescence

The phenomenon in which electronic states of solids are excited by some energy from an
external source, and the excitation energy is released as light.

Luminescence is light not generated by high temperatures alone. It is different from
incandescence, in that it usually occurs at low temperatures.

Table 1. Different forms of luminescence.

Luminescence type Excitation source Application
cathodoluminescence  electrons TV sets, monitors
photoluminescence (| UNV) photons fluorescent lamps,
plasma displavs
Xeray luminescence X-ravs N-ray amplifier
electroluminescence  electric field LEDs, EL displays
sonoluminescence ultrasound
solvatoluminescence  photons detectors, analvtical
devices
chemoluminescence chemical reaction energy analvtical chemistry
bioluminescence biochemical reaction energy  analvtical chemistry
triboluminescence mechanical energy

Thomas Justel’s Group, Philips Research Laboratories
Angew. Chem. Int. Ed. (1998).
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Photoluminescence

Activator
» Absorption (Excitation) Photon (UV, Blue Light)

» Energy Transfer (Relaxation)

> Emission
Host

K

number of emitted photons rad

Quantum Efficiency # = =
number of absorbed photons k + k
rad

nonrad
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periodic table of the
H “lighting” elements He

Th|Pa| U Np/PulAmCm|Bk|Cf | Es Fm Md|No | Lr

q

) Thomas Justel’s Group, Philips Research Laboratories
d host lattice elements Angew. Chem. Int. Ed. (1998).
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White LED

New Developments in the Field of Luminescent Materials

for Lighting and Displays

Thomas Jiistel,* Hans Nikol,* and Cees Ronda*

While 1in the seventies and eighties the
field of luminescent materials seemed
to be fairly well covered, research In
the mineties has been revitalized both
in industry and academia. Improved
performance of allegedly mature “clas-
sical” materials has demonstrated 1im-
pressively the role of until then often
neglected parameters such as surface
and particle properties. In a business as
developed as the lamp market new
lamp features such as reduced mercury

ST LS il i 11

senerate two visible photons from one

consumption can lead to a competitive
edge and new phosphor research pro-

A

UV photon are the focus of research

again, for example, for plasma display
panels as huge flat and thin hang-on-
the-wall TVs. Promising new develop-
ments such as electroluminescent full-
color displays or the blue (laser) diode
have created excitement and numer-
ous research efforts in laboratones
around the world. The direct conver-
sion of electricity into hight, common to
both applications, challenges current
concepts and might eventually revolu-

tiomze the way we illuminate rooms,
car hghts, or tratfic signals, and how we
display wvideo information. A deep
understanding of the interaction of
hght and matter together with ad-
vanced material chenustry 1s the key
to both improved and new highting and
display products.

Keywords: displays - fluorescence
luminescence materials science
rarg-earth compounds

Dae-Ryong

Thomas Justel’s Group, Philips Research Laboratories
Angew. Chem. Int. Ed. (1998).
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Radiative Recombination and Nonradiative Recombination

(a) (b) o
Fiss alaat68 Vibrating atoms (phonons)

Fig. 2.5. (a) Radiative recombination of an electron-hole pair accompanied by the
emission of a photon with energy /v = Eg. (b) In non-radiative recombination events, the
energy released during the electron-hole recombination is converted to phonons (adopted

from Shockley, 1950).

oty
(a) (b) $ ()
= S 6 S
| EC
Thon-rad Thon-rad Trad
T e e e e e e S e | B e e = T ey i e EI"I
Y Photon
H)
Y Ey
@ ® GP @ @
Fig. 2.6. Band diagram illustrating non-radiative recombination: (a) via a deep level, (b)
via an Auger process and (¢) radiative recombination.
B—— ]
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Direct Bandgap and Indirect Bandgap

C. Kittel
Introduction to
Solid State Physics
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Measurement of Absolute Quantum Efficiency

— «— Expafimanl {a) :
& EhiE ]
= { *— Expariment (b)
2 2 g
2 [ E :
e o : ] L.
3. =F dcnue (o P 5 MEH-PPV thin film
3 o \5\ / .
-*E ! . g .

0.5 F . ]
g E | _ TN ] N = Nq(4n/ Q)

ﬂ-'—-—j" S e I

= = o= 3 T => Integrating sphere

Wavelength [nm}

Fig. 2. The complete spectra Lor the measurement of @ thin film of MEH
PPy The PL spectra bave heen enlarged by a Tactor of 200 for elariy.

Friend’s Group, Cambridge University

Adv. Mater. (1997).
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Measurement of Absolute Quantum Efficiency

I—b = La(l B M)

I—c = La(l ) A)(l ) M)
SA=(1-L,/L)

Lc + La = (1 'A)(Lb + Pb) + nLaA
> n={P.- (1-AP}/ LA

CCD Spevtromster |

Fibre Optie
Bafile

laser beam ST

CCD Spectrometer

FExperiment {(a) Experiment (b)

Friend’s Group, Cambridge University

Adv. Mater. (1997).

White LED  Dae-Ryong

L : # of photons in laser region

P : # of photons in PL region

u : sample absorption of scattered light
from sphere

A : sample absorption of incident light

CCB Spectrometer

o,

Fig, 1. Diggram fllustrating the threo con-
bgurulions of the sphere required for the
elliveney mussurcmend: o) the sphere is
emply; b) the sampls 15 m place angd the [a-
ser beam is direeted onto the sphere weall,
c) the sample is in place and the laser heam
ir dirgeted onto the sample,

Experient (c)

]
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Energy Level Diagrams for Rare-Earth Elements
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Figure 1. Energy-level diagrams for rare-earth elements emitting in the visible.
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Term Symbol

2S+1 |_\J

S : total spin quantum number (spin-up : s = +1/2, spin-down : s = —1/2)
L : total orbital quantum number (L=0, 1, 2, 3,4,5,.... =2 S,P,D,F, G, H,...)

J : total angular momentum quantum number (J =L + S)

ex) F : 1s22s5%2p°

S =+1/2
o L=1
Lol J=3/2,1/2
mo |yt |t

-~ F2| Ground Stateil M2l Term Symbol2 2I:)3/2
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Term Symbol

Ex) Eu : [Xe]4f'5d%6s?
Eus* : [Xe]4f®

m,
Eu®* w3 (+2 [+1 |0 |-1 |-2|-3
oo I N I S N O N A

L=3, S=3
< TFo, TPy, Ty, TR, TFy, 7Fs, TF,

m,
Eust +3|+2 |+1 |0 |-1|-2|-3
TV

=2, S=2
- °Dy, °Dy, °Dy, °Ds, °Dy
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Energy Diagram of Mn?* lon (4T, - °A; Transition)

White LED

Energy
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Crystal-Field
. —4t+—t
Splitting 4T, { £ e2
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4G \\\ \:‘ 4'21 M n2+
\\\\ 4T2 |
4'|'l """""
++ -t
Al ¢
68 6A1 Mn2+
>

 Characteristic emission of Mn?* ions: 4T, (excited) — ®A, (ground)
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Electronic Structure of CePO,

254 nm excitation

Tasre I. Quantum efficiencies ¢ for excitation into the lowest

m.._. Ce™ ahsorption level.
>
a
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THE JOURNAL OF CHEMICAL PHYSICS
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NUMEBER & 15 OCTOBER 1969

Energy Transfer in Th*+-Activated Cerium(III) Compounds

G. Brasse aND A. BriL
Philips Research Laboratories, N. V. Philips’ Gloeilam penfabrieken, Lindhoven, Netherlands
(Received 30 June 1969)

The luminescence of Th**-activated CeF;, CePQy, CeBO;, and CeAlO; has been investigated. Energy
transfer from the Ce** host lattice to the Th** ion occurs by Ce*-Ce’™ and Ce’*-Th*" transfer. From a
study of the Ce?* luminescence in the analogous La compounds it can be concluded that the probability of
the former transfer is different for these host lattices. An analogy with Eu**-activated host lattices is pointed

out.

I. INTRODUCTION

The Tb** ion is known to be an efficient activator in
several host lattices. This paper reports on some Th**-
activated cerium(III) compounds. It may be expected
that ultraviolet radiation is absorbed by the Ce®* ions,
followed by Ce**—Ce?* energy transfer and finally by
Ce**—Tb*" energy transfer. Energy transfer from Ce?t
to Ce*" has been considered by Botden® and ourselves
and occurs over distances of 15-20 A.3# Energy transfer
from Ce* to Tb* has been observed for many host
lattices, e.g., Ca(POs):% and yttrium compounds.?
Recently Denis and Loriers® described the efficient
fluorescence of CePO;~Th. The energy processes in
phosphors of this type will be described in this paper.

White LED Yejun

Optical measurements were performed as described
previously.” The quantum efficiency of the ultraviolet
emission of the samples Lap .Ce.F; (0<x<1) was
measured by using a cadmium vapor discharge lamp as
the excitation source. With the aid of a combination of a
chlorine gas filter (4 cm, 1 atm pressure) and a Barr and
Stroud broad-band interference filter peaking at 229 nm,
mainly 228.8-nm radiation was isolated from the emis-
sion of the lamp. The fluorescence radiation passed a
0.8-cm Schott WGS filter in order to absorb the reflected
ultraviolet excitation radiation.

40 111, RESULTS

The Th** fluorescence was studied in the following
Ce*+ compounds: CeFs, CePO;, CeBO;, CeAlO;. We also
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Even if the quantum efficiency of a phosphor is over 100%o,
the energy conversion efficiency is lower than 100%0!

Visible Quantum Cutting in
LiGdF :Eu®>" Through
Downconversion

René T. Wegh, Harry Donker, Koenraad D. Oskam,
Andries Meijerink*

For mercury-free fluorescent lamps and plasma display panels, alternative
luminescent materials are required for the efficient conversion of vacuum
ultraviolet radiation to visible light. Quantum cutting involving the emission of
two visible photons for each vacuum ultraviolet photon absorbed is demon-
strated in Eu®*-doped LiGdF, with the concept of downconversion. Upon
excitation of Gd®** with a high-energy photon, two visible photons can be
emitted by Eu®* through an efficient two-step energy transfer from Gd** to
Eu®*, with a quantum efficiency that approaches 200 percent.

Meijerink’s Group, Utrecht University, Netherlands
Science (1999).
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Quantum CUttlng (LiGdF4:EU3+) Meijerink’s Group, Utrecht University, Netherlands
] Science (1999).
Proposed Mechanisms of Quantum Cutting

A B cC D

') ‘:T T:_ T8
. i | vis
(I I
W | |
T @ | A
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i
I I
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¥
-II: —— E: —1
: :
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Fig. 1 (left). Energy level diagrams for two (hypothetical) types of lan-

thanide ions (I and 11}, showing the concept of downconversion. Type 1is an i, tha visible spectral region, giving a quantum efficiency of 200%. (C and D)
ion for which emission from a high energy level can occur. Type Ilis an o0 1he remaining two possibilities involve only one energy transfer step from
E;":ELEEEZ”;E%;{ aeﬁfi:;;k?f p&‘;e‘é‘;g}g“;ﬁ;gﬁ; uﬁ?%ﬁeﬂ ;ﬁi‘;ﬁ%ﬁ tI;.? lef jon | to ion II. This is sufficient to obtain visible quantum cutting if one of the

’ ¥ o two visible photons can be emitted by jon L Fig. 2 (right). Energy level
quantum cutting by a two-step energy transfer. In the first step (indicated by diagraln; of Ehe G+ FuRt Sy;tem, Eﬁc:wing the p:fgsibi[lig ﬂ; viSihl?quan—

@), a part of the excitation energy is transferred from ion | to ion Il by : It 3+
cross-relaxation. lon Il returns to the ground state by emitting one photon of tum cutting by a two-step energy transfer from Gd™ to Eu™™.

visible light. lon | is still in an excited state and can transfer the remaining
energy to a second ion of type Il (indicated by (@), which also emits a photon
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Quantum Cutting (LiGdF,:Eu3*) Gadolinium -> Europium
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in the visible spectral region, giving a quantum efficiency of 200%. (C and D)
The remaining two possibilities involve only one energy transfer step from
ion | toion I This is sufficient to obtain visible quantum cutting if one of the
two visible photons can be emitted by ion | Fig. 2 (right]. Energy level
diagram of the Gd**-Eu™* system, showing the possibility of visible quan-
tum cutting by a two-step energy transfer from Gd** to Eu®*,

Meijerink’s Group, Utrecht University, Netherlands
Science (1999).
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White LED

PL vs. PLE

PL Spectra
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Fig. 3. (A) Emission spectra of LIGdF :Eu®* (0.5 mol%) upon excitation in the ®I, levels of Gd**
at 273 nm (violet line) and upon excitation in the ®*G, levels of Gd** at 202 nmi (red line), both
at 300 K. The spectra are scaled on the °D, — ?FJ. emission intensity. (B) Excitation spectra
of LiGdF,:Eu*+* (0.5 mel%) monitoring the *D, — 7F, emission of Eu®* at 554 nm (violet
line) and the *D, — 7F, emission at 614 nm (red line), both at 300 K. The spectra are

scaled on the ®S, .

Dae-Ryong

— ®I, excitation intensity.

Meijerink’s Group, Utrecht University, Netherlands
Science (1999).
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A Quantum-Splitting Phosphor Exploiting the Energy Transfer
from Anion Excitons to Th** in CaSO,Th,Na**

By Arunachalam R. Lakshmanan, Seon-Bae Kim, Hyun M. Jang.* Bvung G. Kum, Bong K. Kang,
Soonveong Heo, and Dongsung Seo

Wide-bandgap materials doped with rare-earth ions are currently of great interest as new vacuum ultraviolet (VUV) phos-
phors for lighting and displays. This paper reports the development of a highly sensitive green phosphor, CaSOy: Th.Na, which
exhibits a quantum efficiency higher than 100% by exploiting the energy-transfer mechanism from anion excitons to the acti-
vator ions, Tb*. The VUV excitation spectra of CaSO,Tb™ with Na* as a charge compensator show two prominent excitation
bands at 147 and 216 nm. The former band is attributed to the charge-transfer excitations within 50O, complexes while the
latter was assigned to the 4% — 4f'5d transitions on Th**. The energy-transfer mechanism from anion excitons to Th** strongly
raises the possibility of two-photon emission via a second-order down-conversion under the VUV excitation, which is basically
a new approach in the goal of achieving a quantum-splitting phosphor.

Hyun M. Jang’s Group, Postech
Adv. Funct. Mater. (2007).
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Quantum Cutting (CaSO,:Th,Na)

Al Quantum Efficiency
= 104~ 117%

=>» Compared to YBO,: Th3*
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Figure 4. VUV excitation/emission (demi= 545 nm, i,;=147 nm) spectra of

TR + : LI ’
CESD4.T|:: :Na {madg w.lth MNaCl) and YED3.Tb phospheors. A and A’ de- Hyun M. Jang’s Group, Postech
note excitation and emission spectra (red lines) of CaSO ¢ Thi{4 %) Na(12 %), Adv. Eunct. Mat 2007
whereas B and B’ represent those (black lines) for the commercial green POP v. Funct. Mater. ( )-
phosphor, YBO,:Th*.
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Quantum Cutting (CaSO,:Th,Na)

8.44 ev S0O,* CT band

Figure 7. An energy-level diagram of Tb™ in a CaS0,:Th,MNa phosphor. The diagram shows various
energy levels of two Th* ions in the neighborhood of an SO,2 anion complex in CaS02Th™ MNa”,
participating in the SODC process following the VUV absarption at an SO, anion complex. Down-
ward arrows show the emission transitions from *Dy and "Dy to various ’F; energy levels. The green
arrow corresponds to the "Dy — 'Fs transition that results in the intense 545 nm green emission.
Other  transitions are: 5D3 —}?FE.—SS'I nm, ng—}3F5—413 nm, 5D3 —}3F4—435 nim,
D, —"Fe= 480 nm, *D, — "Fc— 545 nm, *D, — F,= 588 nm, and *D, —'F; =621 nm. These as-
sighments are based on the emission spectrum presented in Figure 4.
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Hyun M. Jang’s Group, Postech

Adv. Funct. Mater. (2007).
I
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Quantum Splitting Phosphors

(a) (b)

4f5d 5, T

L x (1) Recently, an effort in quantum-split-
i ting phosphors centered on the triva-
lent gadolinium ion has been described

in the literature.” Incident VUV pho-

perey transter tons are absorbed wvia the gd3+
887/2-°Gy optical transition (Fig. 3b). A
— cross-relaxation process excites the
L N ¥ D emission of the intentionally added
activator, Eu3+ (Step P1 in Fig. 3b).
During this cross-relaxation process the
v 3o DT Dy Gd3* ion relaxes to the lower P; state.
Energy migrating over the f'PJ levels is
Dy T_ trapped by a second Eu?+ ion (Step P2

2 photon T ) 2~ in Fig. 3b). Hence, two red photons
®iii ' photon may be produced per incident VUV

i) photon

) 1 ] photon. Indeed, internal quantum effi-
— i — F ciencies approaching nearly two in the

v F, Yooss, YYYY TF Li(Y,Gd)F;:Eu?* has been estimated.
:'H.;

1¥* photon

Dy

Eu®' Gd? Eu*'

pre C. R. Ronda, Caltech, Interface (2003)

Fic. 3. Schematic representation of multiphoton emission via the Pr3* ion and the Gd3+-Eut couple. Prageodymium
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Energy-Transfer Pumping of Semiconductor Nanocrystals

Figure 4a displays the schematics of energy transfer along with
other relaxation processes in the hybrid quantum-well/nanocrystal

T -0~ structures studied in this work. Following photoexcitation, carrier
- .&: thermalization, and cooling, the thermal distribution of free elec-

S trons and holes is established in the quantum well. Quantum-well

e e carriers can decay either gdiagivelv (time constant 7,,.) or gon-

crystal. Carriers generated in the nanocrystal by resonant QW-NC
energy transfer have significant access energies as measured with
respect to the nanocrystal bandgap. Extremely fast dntraband,
Jelaxation jn papocrvstals (subpicosecond time scales)'™' rapidly
removes carriers from resonance with the quantum-well transition
and prevents backtransfer. In well-passivated nanocrystals, relaxed

electron=hole Eairs recombine Erimarilg radiativclx with a time

constant of ~20ns, emitting a photon with an energy that is

Cv) ::K\\“K‘ determined by the nanocrystal size,

1-um p-type GaN

/@\ " Zadiatively (7,), or experience gnorgv transier (zoo) Inig . nanc.

2=nm n=type GaN

3-nm InGaN QW

Figure 4 Carrier relaxation and energy-transfer processes in the hybrid guantum-well/
nanocrystal structure and a schematic of an electrically driven energy-transfer device.
a, The QW-NC energy transfer competes with radiative and non-radiative decay
processes in the quantum well. High-energy excitations created in the nanocrystals

through energy transfer rapidly relax {time constants 7, and 7 to the nanocrystal band V I KI | mov LOS Alamos N atl Onal Labo rato ry
edge, which prevents backiransfer. Subscript e is electron and h is hole. b, An electrically o !

powered hybrid quantum-wel/nanocrystal device that can be used to realize the ‘energy- ( )

transfer colour-converter’ in the regime of electrical injection. It depicts an InGaN Natu re 2004

quantum well sandwiched between battom p-type and thin, top n-type GaN barriers with
attached metal contacts. Thetop contact only partially covers the quantumwell and leaves
open space for assembling the nanocrystals.

_2010_11_01 o T——
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Nanocrystal Applications to LEDs

@ Y
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Figure 4. a) UV.is absorption (circles) and PL emission (squares) spec- Figure 6. Photographs of a) an as-prepared NC-LED and b) a light-emit-
tra of CdSeS (open symbols) and CdSeS/ZnS (solid symbols) solutions. ting NC-LED operating at 20 mA. ¢) Luminescent spectra of four sam-
b) TEM (left) and HR-TEM (right) images of CdSeS/ZnS NCs. ples of NC-LEDs operated at 20 mA.

In this Communication, we introduce a facile one-pot meth-
od for synthesizing a CdSe/CdS/ZnS core/multishell structure.
The continuous crystal growth without core separation was
easilv scaled up to produce 3 g of NC powder in one pot.
Also, the photostability of the NCs and their applicability to
LEDs are described in detail.

E. Jang, SAIT, Adv. Mater. (2007)
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Indium-Composition Variations

a b
o1
; RT . o x‘ra {20
£, o 3 5
= 3 222 3 The_composnmn monoto-
e & '?._ g g nously increased from 25% on the (1120) side to 40% on the
% 500 N V 24 = (0001) side. Considering a 2-nm uniform well width and an
z - 1ae g mternal electric field due to the piezoelectric and spontane-
= 450 e R, NI £ ous polarization, the estimated QW transition energy ranged
- . : from 2.43 ¢V (510 nm) to 2.79 eV (444 nm).
400 = ] 3.0 This surprisingly large distribution of the In composition
Position in (1122) plane was caused by the growth characteristics of In,Ga;_,N on
FIG_. 2. (Color) Position dependence of the CL peak wavelength of the GaN microfacets. The STEM observation revealed that the
(1122) SQW. The error bars represent the emission line widths. The lower . i —
inset is a SEM image and monochromatic FLM images monitored at 458, g[‘O‘N[h rate hecame faster 1n the order (000 ]) = {l 122}
532, and 628 nm, while the upper inset shows a schematic sample structure — —
where the arrow indicates the measurement direction. :‘-"{1 120}, su ggESliﬂg that the atoms migrated from {l 120}
toward (0001) through the {1122} facet. Furthermore, since
30 Phg’fgn Enengy (eg}g an In atom possesses a higher diffusivity than Ga atom due
to a higher vapor pressure, the In composition gradually in-
R creased along the stream of In migration; that is, (0001)
>{1122}={1120}.

450 500 550 600 650 K. Nishizuka, Kyoto University

Wavelength (nm) Appl. Phys. Lett. (2007)

FIG. 3. (Color) PL spectrum of the {1122} SQWs measured at RT. The
background color 1s equivalent to the emission colors.

PL Intensity (arb. units)
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PL Enhancement and Surface Plasmon Dispersion

Metal fim Fhcton energy (ev)
e spacer 50 40 30 25 2.0
e s oo O[T T T T 1
Gan
sapphire -
subetrate o
2
: 10 I
ol A A A . .
/ \ 200 300 400 500 600 700 80
% III I'.I Ho metal mmm mm:'
5 /\ - Electron-hole pairs excited within the QW couple
n '5\ to electron vibrations at the metal/semiconductor
interface when the energies of electron—hole pairs
\ and of the metal SP are similar
i
P — A. Scherer, Caltech, Nat. Mater. (2004)

o ——
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PL Enhancement and Surface Plasmon Dispersion

We propose a possible mechanism of QW-5P coupling Metal layer
and light extraction shown in Fig. 3. First, excitons are gen- » A «B *
erated in the QW by photo-pumping or electrical pumping. \ f
For uncoated samples, these excitons are terminated by the -qw.sp \ Upper layer

radiative (k,,4) or nonradiative (k,,,) recombination rates, "'ghtm“"ﬂ““ 'W"P"“E

and ;,, 15 determined by the ratio of these two rates as n, [-\ QO O . Active layer
=k g/ (kg +kpon)- When a metal laver is grown within the

near-field of the active laver. and when the bandgap energy "ﬂd'“““ mﬂm‘g’m

[frwpg) of InGaN active layer is close to the electron vibra- mT:nmm k.

tion energy (fiwsp) of SP at the metal-semiconductor surface, o o
then the QW energy can ransfer 0 the SP. PL decay rates are £, Sk ST o o s i
enhanced through the QW-5P coupling rate (kgp). as kgp val-
ues are expected to be very fast. High electromagnetic fields
are introduced bv the large density of states from the SP
dispersion diagram, and this increases kgp. QW-5P coupling
in LED devices may be considered detrimental to the optical 3
efficiency, because the SP is a nonpropagating evanescent %
wave. If the metal surface is perfectly flat, the SP energy E

would be thenmal]v dissipated. Huwewer ﬂ]ﬂ_ﬂﬁﬂnﬂgy_cﬂn
structuring the metal laver. Such mughness allows SPs of
high momentum to scatter, lose momentum, and couple to
radiated light.zj The few tens of nanometer sized roughness
in the Ag surface layer can be obtained by controlling the ky ky

evaporation conditions or by microfabrication to obtain the Warevectur fmomentur)

high photon extraction efficiencies. A. Scherer, Caltech, Appl. Phys. Lett. (2005)
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Nanophosphors



Motivation for Nanophosphors

Energy (eV)
<* Nanophosphors 6 5 4
» Higher packing density 1.0 +«—8nm Y,0,:Eu®
» Lower scattering of light = ] '
> t ) ffect > 0.87 after 3 months With
Quantum-size effec g ) 50% humidity 1
-Ej-- 06- -
= : .
. = ] In water
* Issues e
8 04
> Low quantum efficiency: u—‘_l
« Large surface-to-volume ratio 5
 Surface adsorbates and defects

g0 ————

" : 200 250 300 350
» Characterizations of nanophosphor interface Wavelength (nm)
have been rare.

Schmechel’s group, J. Appl. Phys. (2001).

‘ Need to systematically characterize the luminescence
properties for developing high-efficiency nanophosphors.
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The Factors of PL Enhancement/Retardation

Nanocrystal
Size

Surface-to-volume ratio

Concentration

Radiative recombination center

Crystallinity

Nonradiative recombination center

Capping

Modification of Surface state
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Non-Uniform Distribution of Local Strain

|

dy |- -

Defect-Free
Single Crystal
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Thin Films
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Jongmin

Distortion of
Lattice
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Non-Uniform Local Strain

Point Defects, Off-Stoichiometry,
Stacking Faults, Dislocations, etc.

]
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Motivation

» Nanoparticles with monodispersity:
Technical challenge for luminescence applications
o Temperature dependence of ZnS:Mn nanocrystals:
In aspect of water/organic quenching and local strain

——

How to improve the luminescence properties?
What is the optimum condition?

—v-
The Goals:

v" Synthesis of nearly monodisperse ZnS:Mn nanoparticles
with a simple method

v" Doping-concentration effects

v Annealing-temperature effects for
both the water/organic quenching and the local strain
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X-Ray Diffraction for Various Doping Concentrations

(311)

10% %)

W2:6% (8%).....

0.2% (1%

Intensity (arb. unit)

w0, (0%0)

cubic zinc blende : | |
T T T

10 20 30 40 50 60 70
Scattering Angle 26 (degree)

* The values in the parentheses are Min precursor concentration during syntheses.

» XRD patterns with different Mn concentrations

» Cubic zinc-blende structure, no secondary phases
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Nearly Monodisperse Nanoparticles

7
Zy

. »

e
T . ‘h'l'i |
L

£
My

 TEM images show nearly monodisperse (7.3 £ 0.7 nm) ZnS:Mn nanoparticles.
» The inset represents diffraction patterns confirming crystalline ZnS.
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Bandgap Estimation of Nanoparticles

.Tg

—_ -

= o

5 8

S DI Fitted E: ~3.8 eV

o = (~7 nm ZnS)

D

_cgs 360 365 370 375 380 385

S Photon Energy (€V)

N

300 350 400 450 500

Wavelength (nm)

* The fitted E (~3.8 eV) is larger than that of bulk ZnS (3.7 eV).

* The calculated E, value by Brus equation: 3.79 eV.
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The Effect of Annealing Temperature on PL Properties

Photon Energy (eV)
24 23 22 21 20

The slope of Ak vs. k

450°C representing the local strain (4d/d)

. Annealing Temp. N R

= (Actual Mn Concent.| Local Strain SFi)ze

% =1 at. %)

fo)

< Room Temp. 1.18 £ 0.42% 57+ 05nm

N

2

g) 150°C 0.91 £ 0.34% 6.3 £ 0.4 nm

D

|=

— 300°C 0.76 £ 0.29% 6.9 £ 0.5 nm
450°C 0.53 £ 0.22% 7.2 0.4 nm

500 550 600 600°C Phase Transition | Phase Transition
Wavelength (nm)

* With the increasing annealing temperature, the local strain was reduced.
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Reduction of Water/Organics

Linoleic Acid: (C,;H,;;)COOH
Sodium Linoleate: (C,;H;;)COONa

S C (at. %)| H (at. %)
RT | 46 | 145
100 | Water 150°C | 45 6.6
. T T - 300°C | 3.0 4.9
(@) i 7
> RT | 06 | 19
- 9| -
<
L . M
%’ Region:B
2L -
88 1 ] 1 ] 1 ] 1 ] T
0 100 200 300 400 450°c 500

Temperature (°C)

* TGA result for the ZnS:Mn nanoparticles:
evaporation of water (Region A) + decomposition of organics (Region B).

» CHNS results show the presence of carbon and hydrogen quantitatively.
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Schematic Figure for the Annealing-Temperature Effect

300°C 450°C

Removal of Water + Organic Capping
Enhanced Crystallinity

—

Improvement of PL Intensity

Linoleic Acid: (C,;H;,)COOH

c * Density estimation from TGA at RT
C/C\C/C C/C CS C/C N C/C\C/ ol od C NO-H = (.82 organics per nm?
< > = 7.32 water molecules per nm?
~2.2 M

Nanophosphor  Dongyeon http://bp.snu.ac.kr 64



The Effect of Li Concentration for PL Properties

Photon Energy (eV) Quantum Efficiency
24 23 22 21 20
034%  (10%) 401
. 30
=) o I
I= 9\-’ 20+
S — 20n
g 9
‘?f %0 01 02z 03 04
-
& Li Concent.
i
Issue:
How to Confirm the Effect of
500 550 600 Passivation Layer?

Wavelength (nm)
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X-Ray Photoemission Spectra

Nanophosphor

Kinetic Energy (eV)
205 20 ) 230 2351080 1084 1088 1092 718 720 722 724 726
Zn 2p S O1s

XPS Intensity (arb. unit)

ZnS Zn0O

Z

n

SO,

Z

n

0.34%

0.18%

0%
S

5

n=43%

n = 33%

n=19%

1045 105 1020

172

168

164

160

Binding Energy (eV)

"534 532 530 528 52

» Peak shift in the Li-added samples is attributed to the surface passivation.

(from ZnS to ZnSO,)

» XPS results indicate the formation of zinc-sulfate layer.
 The thickness of passivation layer (ZnSO,) can be estimated from XPS data.

Dae-Ryong
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TEM Images

Without Li With Li (0.34%)
n=19% n = 43%

‘ Amorphous-Layer Coated
ZnS:Mn Nanoparticle
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Decay Curves (Time-Resolved PL)

i T: | |
= 3.6
= E_3.6 ns
A

[2.5Nns
< 2.3ns
— |[21ns
U) |
C |
L |
= |
I |

0 5 10
Decay Time (ns)

e Ratio of the radiative/nonradiative recombination rates.
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Contribution of Radiative/Nonradiative Recombination Rates

! ktotal = krad t knonrad |
| I Single exponential fitting
' Kk : — -1
| 5= rad a X7 | for decay time (7= K,y %)
. Kiag ¥ Knonrad .
. : With 0.34 at. % Li
UAes (10 at. % L.i precursor)
Quantum efficiency ~19% ~43%
Kiotal 4.5 x 108571 3.0x108s7t
cad 0.9 x 108571 1.3x108s71
k 3.6 x108s71 1.7 x 108 s71

nonrad

» Li-added samples
- Radiative recombination rate 1
- Nonradiative recombination rate ‘
» ZnSO, capping layer
- Restriction of nonradiative loss
- The passivation layer activates surface Mn?* ions.

Nanophosphor
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Hydroxyl Quenching

Energy (eV) 3+ i
6 5 4 Eu ho (O-H)
1.01 «—8nm Y,0,:Eud*]
after 3 months wjth

=
o

50% humidity |

—
(s

in water

o
o

PLE Intensity (arb. unit)

2
n

U U T ; :
200 250 300 350
Wavelength (nm)

= Strong drop of PLE intensities for » Nonradiative energy transfer to the

nanoparticles with water O-H vibration states

(Schmechel’s group, JAP, 2001) (Horrocks’ group, Acc. Chem. Res., 1981)
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Experimental Procedure

% Synthesis

- SnCl, & EuCl; (10 mol. %)
in ethylene glycol at 180°C, for 12 h & n
- Calcination: 700°C - 1000°C, for 3 h, air snCl, EuCl,

Y
]

/\
o _Ethylene 3 1g0°c 121
+» Characterizations Glycol Autoclave

— (C.H.O.)

- Photoluminescence (A, = 325 nm)
- UV Absorption

- XPS

- XRD, FT-IR, TGA

Calcination SnO,:Eu®* Nanoparticles
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PL Spectra vs. Calcination Temperature

Energy (eV)
2.3 2.2 2.1 2.0
1000°C—— A
A, =325nm Euyst
o |
900°C—— A 5D 7F

800°C——

Intensity (arb. unit)

1 | 1 | 1 | 1 | 1
520 540 560 580 600 620
Wavelength (nm)

» Reddish orange emission increased with the calcination temperature.

» Symmetry of octahedral oxygen sites is not significantly distorted
from 3D, - ’'F,/°D, - ’F, ratio.
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TGA Profile of As-Synthesized SnO,:Eu3* Nanoparticles

-Sn-0-Sn-OC,H,OH -Sn-0O-Sn-OH -Sn-0O-Sn-0O

100

10°C/min

= % :
= 1 TGA profile
GJ 3
= ol

%[

8| : : l i : | : :
2
= The first derivative of
2 weight
=
=
| -
8 % a0 w0 @0 100

Temperature (°C)
Water Residual solvent Removal of chemically-bonded
+ organic OH groups
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FT-IR Spectrum Showing Existence of Hydroxyl Groups

Energy (eV)
0.1 0.2 0.3 0.4
SN0,

ll 1000°C
E
s ||
)
2
5 OH bending _
= & water deformation  ©H streltchlng

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm)

» Hydroxyl groups still remain, even in samples calcined at 1000°C. ‘
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Hydrothermal Treatment

Energy (e
| PL ! 23 2.2gy(v) 21 20
PL Measurement g reheated r
T ry P before/
| & e |
b h drotherma
=) Y reatment
Reheating b5
at 700°C = . . . . . J | | |
520 540 560 580 600 620
XPS Wavelength (nm)
Hydrothermal treatment S |Sndd Ols
at 140°C £ 1\3%: | 30y, M
| | = ___J\./\ ._____/W
S
Calcination at 1000°C 480 485 490 495 500 526 528 530 532 534 536

Binding Energy (eV)

» PL spectra shows ~20% decrease after the hydrothermal treatment
and full recovery after reheating.

» This behavior with XPS confirms the hydroxyl-quenching effect.
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UV Irradiation with O, Bubbling

3h

ZnS0O,

12 h

~1.1 nm

ZnS0O,
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