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History of LEDs

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 Yorx, N. Y. H. J. Rounn.
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Fig. 1.1. Publication re-
porting on a "curious
phenomenon", namely
the first observation of
electroluminescence
from a SiC (carbo-
rundum) light-emitting
diode. The article indi-
cates that the first LED
was a Schottky diode
rather than a pn-junction
diode (after H. J. Round,
Electrical World Vol. 49,
p- 309, 1907)



e
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Fig. 1.2. Band diagram of Schottky diode under (a) equilibrium conditions, (b) forward
bias, and (c) strong forward bias. Under strong forward bias, minority carrier injection
occurs making possible near-bandgap light emission.
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Origins of GaAs and AlGaAs infrared and red LEDs

(a) n-type AlGaAs (b)
AlGaAs compensated active
p-type AlGaAs
r GaP substrate

Current-injected region

. o GaP
Region not mjected

Fig. 1.3. (a) Cross section micrograph of a an AlGaAs LED grown on a transparent GaP
substrate. (b) Electroluminescence originating from a current-injected region located
under a stripe-shaped contact viewed through the transparent GaP substrate (after
Woodall er al., 1972).
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Fig. 1.4. This classic 1964 main-frame
computer IBM System 360 used high-
voltage gas-discharge lamps to indicate
the status of the arithmetic unit. In later
models, the lamps were replaced by
LEDs. The cabinet-sized 360 had a
performance comparable to a current
low-end laptop computer.



Origins of GaP red and green LEDs

(a) Real space (b) Momentum space
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Fig. 1.5. (a) real-space and (b) momentum-space illustration of optical transitions in GaP
doped with an optically active impurity level such as O or N, emitting in the red and
green, respectively. GaP LEDs employ the uncertainty principle (Ax Ap = fi) which
predicts that an electron wave function localized in real space is delocalized in
momentum space thereby making possible momentum-conserving (vertical) transitions.
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Substrate contact
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Soldered
contact

n-GaP
epilayer

p-GaP
substrate

Fig. 1.6. GaP light-emitting
diode grown by liquid-phase
epitaxy (LPE) emitting "brilliant
red light" from the Zn and O
doped pn junction region
(courtesy of Professor Manfred
Pilkuhn, 2000).



© E. F. Schubert — all rights reserved

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

the first applications of green
GaP:N LEDs.
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Fig. 1.8. Programmable pocket
calculators Model SR-56 of the
Texas Instruments Corporation
and Model HP-67 of the
Hewlett-Packard Corporation
both manufactured starting in
1976. Seven-segment numeric
characters composed of GaAsP
LEDs were used in the display.
The SR-56 came with a "huge"
program memory of 100 steps.
The HP-67 came with a
magnetic card reader and had
several freely programmable
keys.
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Early history of GaN blue light emitters
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Fig. 1.9. Blue light emission found in
1972 caused by recombining electron-
hole pairs created in a highly resistive
GaN structure doped with Si and Mg
(courtesy of Dr. Paul Maruska, 2000)
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History of blue, green, and white LEDs based on GalnN

Fig. 1.10. Array of GalnN / GaN blue
LEDs manufactured by Nichia

Corporation (after Nakamura and Fasol,
1997).
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Fig. 1.11. Green traffic signals are one of the ubiquitous
applications of GalnN / GaN green LEDs.
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History of AlGalnP visible LEDs

Fig. 1.12. Example of red and amber AlGalnP / GaAs LEDs used in signage applications.
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Radiative and nonradiative recombination
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Fig. 2.1.  Illustration of
electron-hole recombination.
The number of recom-
bination events per unit time
per unit volume is propor-
tional to the product of
electron and hole concen-
trations, i. e. R o< np.
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Radiative electron-hole recombination

n = nNg + An and P = pp + Ap
n free electron concentration
Ny equilibrium free electron concentration
AN excess electron concentration
dn dp
R = -— = -— = Bnp
dt dt
R recombination rate per cm? per s
B bimolecular recombination coefficient

© E. F. Schubert — all rights reserved
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Carrier decay (low excitation)

AN(t) = Ang e >(M0FPo)

v = [B(ng+pgy)]

T carrier lifetime

B bimolecular recombination coefficient

16



Radiative recombination for low-level excitation

A Light "on" ﬁ' rf Light "off"
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Fig. 2.2. Carrier concentration as a function of time before, during, and after an optical
excitation pulse. The semiconductor is assumed to be p-type and thus it is py >> ny.
Electrons and holes are generated in pairs, thus Ap = An. Under low-level excitation
shown here, it i1s An << p. In most practical cases the equilibrium minority carrier
concentration is extremely small so that ny << An.
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Recombination lifetime: Theory versus experiment
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Fig. 2.3. Minority carrier lifetime as a function of doping concentration in GaAs at 300
K. The lifetime was inferred from luminescence decay mesurements. The data points of
Nelson and Sobers (1978a and 1978b) and Ahrenkiel (1993) were measured on nominally
undoped material with a doping concentration << 1019 em ™3,
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Nonradiative recombination in the bulk

(a) (b)

Free electron

Vibrating atoms (phonons)

Hole

Fig. 2.5. (a) Radiative recombination of an electron-hole pair accompanied by the
emission of a photon with energy hv = Eg. (b) In non-radiative recombination events, the
energy released during the electron-hole recombination is converted to phonons (adopted
from Shockley, 1950).
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Fig. 2.6. Band diagram illustrating nonradiative recombination (a) via a deep level, (b)
via an Auger process and (c) radiative recombination.
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GaAs
T=300K

10 um

... dark spots are clusters of defects
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Fig. 2.7. Cathodoluminescence
micrograph of a GaAs epitaxial
layer. The dark spots are due to
large clusters of non-radiative
recombination centers (after
Schubert, 1993).
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Shockley-Read recombination

Po AN+ ny Ap + AnAp

RsrR = = =)
(Ntvpcsp) (no +ny + An)+ (Nyvpopn ) (Po + Py + Ap)
1 _ P, + N, +AN
r (Nv.o J'(ny+n,+A4n) + (Nv,0,)"(p, + p, + Ap)

Er — Ep;
T, = THO(IJF%] = T, {l+c0sh(%}}
1

Mid-gap levels are effective non-radiative recombination centers

© E. F. Schubert — all rights reserved
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Nonradiative recombination at surfaces
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Fig. 2.9. (a) Illuminated p-type semiconductor, (b) band diagram, and (c) minority and
majority carrier concentration near the surface assuming unifom carrier generation due to

illumination. The excess carrier concentrations are An and Ap.
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Surface recombination

1,9 exp(—Xx/L,)

n(x) = np+AnX) = ngp+An, | 1 —
(X) 0 +AN(X) 0 { L+ 1S

S surface recombination velocity
X distance from semiconductor surface
L, carrier diffusion length

Surface recombination velocities of some
semiconductors

GaAs S = 10%cm/s
GaP S = 10%cm/s
InP S = 103 cm/s
Si S = 10t cml/s

© E. F. Schubert — all rights reserved
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GalnAs/GaAs

T=300K Substrate

contact
Cleaved surface 40 um
11/2//
# _ _
/’?/’l
¥ Stripe

contact
Substrate
contact

Fig. 2.10. Micrograph of a GalnAs/GaAs structure with a stripe-shaped contact on the top
side and a contact widow at the substrate side of the device under current injection
conditions. The luminescence emanating from the active region located below the stripe
contact clearly decreases in the vicinity of the surface due to surface recombination.

... making surface recombination “visible”

© E. F. Schubert — all rights reserved
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Competition between radiative and nonradiative

© E. F. Schubert — all rights reserved
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internal quantum efficiency
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LED basics: Electrical properties

Shockley equation for p-n junction diodes

2 2
| _ eAL Dp  nf N Dy ”_1] (eeV/kT _1)
V ’Cp ND ’Cn NA

© E. F. Schubert — all rights reserved
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P-n junction band diagram

(a) PN junction under zero bias
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Fig. 4.1. P-N junction under
(a) zero bias and (b) forward
bias. Under forward bias
conditions minority carriers
diffuse into the neutral
regions where they

recombine.
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Diode voltage V (V)

T'=300K

(a) Ge Eg =0.7eV
(b) Si Eg=1.1eV
(c) GaAs Eg=14eV
(d) GaAsP Ey=20eV
(e) GalnN Eg =29eV

Fig. 4.2. Room temperature
current - voltage charac-
teristics of p-n junctions
made of different semi-
conductors.

29



4.0

Forward voltage

3.0

2.0

1.0

IIIIIIIIIIIIIIIIIII

Forward voltage at 20 mA V§ (V)

.UU. 1 1 1

Red-Orange AlGalnP—

IR GaAs (870 nm) ./

Blue AlGalnN
L

Green AlGalnN gy
Amber AlGalnN #

Green GaP
Amber AlGalnP —‘1

i tOAmI:)er AlGalnP
Orange AlGalnP
Red AlGaAs

L 4
IR InGaAs (1300 nm)

=

© E. F. Schubert — all rights reserved

1.0 2.0 3.0
Bandgap energy Ey (eV)

Fig. 4.3. Typical diode
forward voltage versus
bandgap energy for LEDs
made from different
materials (after Krames

et al., 2000).
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Deviations from ideal |-V characteristic

| = | o&V/(Nideal KT)
S

o VETR) e (VTR (Nigear KT)
_ S
Rp
Nigeal ideality factor
R, parasitic series resistance
R, parasitic parallel resistance

© E. F. Schubert — all rights reserved
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Non-ideal I-V characteristics
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Diode voltage V (V)

Fig. 4.4. Effect of series
resistance and parallel
resistance (shunt) on the
I-V characteristic of a p-
n-junction diode.
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Method to determine series resistance

] I I I
|| 1 dvidl = RgI +kT/e
3 | _/
= g
2t S
g
e /./
| | 1 |
%

Diode current {
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Fig. 4.5. Method for
evaluating the diode series
resistance. The equation
shown as an inset is valid
for forward bias (V' >> kT
/e)
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Carrier distribution in pn homo- and heterojunctions
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Fig. 4.6. P-N homojunction
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Carrier overflow in double heterostructures

= 7 [P L[, fe
AE T | “Ea AE FF“
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JL = Fo={) i -E=0
BA5v i e Wiy ——t by Ev

DH

Fig. 4.10. Fermi level ( Eg, ) and subband level ( £ ) in (a) double hetero-structure and
(b) a quantum well structure.

© E. F. Schubert — all rights reserved
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6 8 10 12 14 16 18 20

Diode current / (mA)

Fig. 4.11. Optical intensity
emitted by In, ,Gag g4As /
GaAs LEDs with active
regions consisting of 1, 4, 6,
and 8 quantum wells and
theoretical intensity of a
perfect isotropic emitter
(dashed line) (after Hunt et
al., 1992).
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Electron blocking layers

(a) Confinement t];?l]gglt{rii?r MOW Conlﬁnemem
structure (&/\_’—\l | g (‘*&_—\
e % | EC
| [ [
| TG U | SO Rt S O S SRS DY D | EF
W [ |
GalnN EV
LA]GaN LEA]GaN GaN LAlGaN
(b)
Doped
structure

Fig. 4.12. Mllustration of an AlGaN current blocking layer in an AlGaN / GaN / GalnN
multi-quantum well (MQW) LED 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.
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| R,

Diode voltage

resistive loss

AE. — E, electron energy loss upon injection into quantum well

AE,, — E; hole energy loss upon injection into quantum well

© E. F. Schubert — all rights reserved
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Temperature dependence of diode voltage

(eV)

g

Fundamental bandgap energy E
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400 600
Temperature 7T (K)

o T2

T+P

E, = E(0K) -

E0K) | e (1074 £5) B (K)

K
GaAs | 1.519 5.41 204
InP | 1.425 4.50 327
Si 1.170 4.73 636
Ge 0.744 4.77 235

Fig. 4.14. Fundamental bandgap
energy of GaAs, InP, Si, and Ge
as a function of temperature. The
bandgap energy is approximated
by a parabolic equation with the
fitting parameters o. and 3.
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Current / (mA)
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Fig. 4.15. Current-voltage
characteristic of a GaAsP /
GaAs LED emitting in the
red part of the visible
spectrum, measured at 77 K
and 300 K. The threshold
voltages are 2.0 V and
1.6V, at 77 K and 300 K
respectively.
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Constant current and constant voltage DC drive
circuits
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1.0
Voltage V (V)

1.5

2.0

Fig. 4.16. LED drive circuit
with series resistance Rg. The
intersection between the
diode /-Vs and the load lines
are the points of operation.
Small series resistances result
in an increased diode current
at high temperatures, thus
allowing for compensation of
a lower LED radiative
efficiency.
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)
LED basics: Optical properties

Internal, extraction, external, and power efficiency

_# of photons emitted from active region persecond P,/ (hv)

Mint = # of electrons injected into LED per second - | /e

# of photons emitted into free space per second

extraction # of photons emitted from active region per second
_# of photons emitted into free space persec. P /(hv)
Mext # of electrons injected into LED per sec. | /e Mint Tlextraction
I
npower IV
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Emission spectrum

A

S E=Ec+7K QmY)

hv+

Energy E

E=Ey—#% 1 QmY)

Wave vector %

Fig. 5.1. Parabolic electron and hole dispersion relations showing "vertical" electron-hole
recombination and photon emission.
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I(E) o JE-E; e /(D

I(E) emission spectrum

Maximum emission intensity
E = E, + kT

AE = 1.8 kT
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FWHM = 1.8 kT
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Theoretical
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Energy E

© E. F. Schubert — all rights reserved

Fig. 5.2. Theoretical
emission spectrum of
an LED. The full
width at half
maximum (FWHM)
of the emission line 1s
1.8 kT.
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The light escape cone

(a) (b) (c)

L d=90°
}-\

"«——2 — Light source

Fig. 5.3. (a) Definition of the escape cone by the critical angle ¢.. (b) Area element dA.
(c) Area of calotte defined by radius r and angle ¢ .

© E. F. Schubert — all rights reserved

46



Light escape in planar LEDs

~ — - = = - C
F%OUI'CC 2 | 2 . 4
bc critical angle of total internal reflection

Problem: Only small fraction of light can escape from semiconductor

Pescape B _1 ﬁairz
- =2
Fsource 4 N

© E. F. Schubert — all rights reserved
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The lambertian emission pattern

P [
SOUrce al
l;; = 5 —5— cosD
Anr Ng

air emission intensity in air

d angle with respect to surface normal

© E. F. Schubert — all rights reserved
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(a)

conductor

(d)

A (b)

Semi- Light-
emitting
region

Planar LED Parabolic LED
. 70°
Hemi-
80)° spherical 80°
Lambertian
pattern
90° 00°

1.0 0.8 0.6 04 0.2 0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5.5. Light-emitting diodes with (a) planar, (b) hemispherical, and (c) parabolic
surfaces. (d) Far-field patterns of the different types of LEDs. At an angle of @ = 60 °, the
Lambertian emission pattern decreases to 50 % of its maximum value occuring at @ =0 °,
The three emission patterns are normalized to unity intensity at ® = 0 °.

© E. F. Schubert — all rights reserved
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Fig. 5.6. (a) LED without and
(b) with dome-shaped epoxy
encapsulant. A larger escape
angle is obtained for the LED
with an epoxy dome. (c)
Calculated ratio of light
extraction efficiency emitted
through the top surface of a
planar LED with and without an
epoxy dome. The refractive
indices of typical epoxies range
between 1.4 and 1.8 (adopted
from Nuese et al., 1969).
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100

Fig. 5.7. Characteristic
temperature 7] of GalnN /
GaN blue, GalnN / GaN
green, and AlGalnP / GaAs
red LEDs near room
temperature (after data of
Toyoda Gosei Corp., 2000).
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6
High internal efficiency LED designs

Double heterostructures

== Current spreading layer
Contact Top confinement layer
—— Active region
Bottom confinement layer

Double

hetero-

structure Substrate

(DH)
—— Contact
Substrate

Fig. 6.1. 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.
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Homostructures versus double heterostructures

(a) Homojunction under forward bias

| —-—— Ln —

200000000000000
I im EC

00000000000000 E
0000000000000000000 ® Ly
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(b) Heterojunction under forward bias

000000000000000000000 E
000000000000000000000000000000000 -/
0000000000000 00000000000000000000

Fig. 6.2. Illustration of the free carrier distribution in a (a) homojunction and
(b) heterojunction under forward bias conditions. In homojunctions, carriers are
distributed over the diffusion length. In heterojunctions, carriers are confined to the well

region.

© E. F. Schubert — all rights reserved
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Efficiency versus active layer thickness
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Fig. 6.3. Dependence of the luminous efficiency of an AlGalnP double heterostructure
LED emitting at 565 nm on the active layer thickness. The figure reveals an optimum
active region thickness of 0.15 - 0.75 um (after Sugawara er al., 1992).
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Doping of active region
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Fig. 6.4. Dependence of the luminous efficiency of an AlGalnP double heterostructure
LED emitting at 565 nm on the active layer doping concentration (after Sugawara et al.,
1992).
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Non-radiative recombination and lifetime

50

40 Mesa-etched

RCLEDs

Intensity (LW / Steradian)
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20 I=75mA (DC)
A =930 nm
10 T=300K =
0 1 1 1 1 | | 1 | | 1 | 1
0 2 4 6 8 10 12 14

Time ¢ (1,000 hours)

Fig. 6.11. Emission intensity of two mesa-etched LEDs and two planar LEDs versus time
(after Schubert and Hunt, 1998)
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Lattice matching

Dangling bond

Lattice
> constant
ffl

Lattice
> constant
]

Fig. 6.12. Illustration of two crystals with mismatched lattice constant resulting in
dislocations at or near the interface between the two semiconductors.
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Fig. 6.13. Cathodoluminescence
image of a 0.35um thick
Gag gsIng psAs layer grown on a
GaAs substrate. The dark lines
forming a cross-hatch pattern are
due to misfit dislocations (after
Fitzgerald et al., 1989).
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Fig. 6.14. (a) Illustration of two cubic-symmetry crystals with equilibrium lattice constant
ay and agp. (b) Illlustration of a thin, coherently strained crystal layer with equilibrium
lattice constant a; sandwiched between two semiconductors with a equilibrium lattice
constant ag. The coherently strained layer assumes an in-plane lattice constant a; and a

normal lattice constant a,
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4;-(]{}'3
Lattice mismatch Aa/a

6x1073

8x10~3  10x1073

Fig. 6.15. Optical output
intensity of an AlGalnP
LED driven with an
injection current of 20 mA
versus lattice mismatch
between the AllnGaP active
region and the GaAs
substrate (after Watanabe
and Usui, 1987).
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High extraction efficiency structures

Absorption of below-bandgap light in semiconductors

Urbach tail
=g cxp[(ﬁ_ﬁg”g[lrhach]

Absorption coefficient

—— Absorption of ideal semiconductor
o o< lfJE—.‘Eg)”2 (direct gap)
oo (E-Eg)2  (indirect gap)

' ol

E, Energy

Fig. 7.1. Absorption coefficient of a semiconductor. No light is absorbed in an idealized
semiconductor for photon energies below the bandgap. The below-bandgap absorption in
a real semiconductor can be described by the "Urbach tail".

© E. F. Schubert — all rights reserved

61



Double heterostructures are optically transparent

Transparent Light-emitting Transparent
confinement region active region confinement region
i A e
- e Toan Y ™
E — e — . — — — — — — —
Fn (eeeeeceeeeee

© E. F. Schubert — all rights reserved

Ec

Fig. 7.2. Double hetero-
structure (DH) with
optically transparent con-
finement regions. Reab-
sorption in the active region
1s unlikely due to the high
carrier concentration in the
active region and the
resultiung Burstein-Moss
shift of the absorption edge.

62



Shaping of LED dies

] Trapped
< light ray

b

High-index
semiconductor

Fig. 7.3. Ilustration of "trapped light" that cannot escape from a cube-shaped
semiconductor for emission angles larger than o due to total internal reflection.
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LED die structures with high extraction efficiency

© E. F. Schubert — all rights reserved

(b)

Fig. 7.4. Schematic illustration of
different geometric shapes for
LEDs with perfect extraction
efficiency. (a) Spherical LED with
point-like light-emitting region in
the center of the sphere. (b) Cone-
shaped LED.
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Rectangular parallelepiped versus cylinder

(a) Top escape  Side escape
cone cone

Epitaxial
layer

Substrate

ide escape
ring

|

(b) Top escape
cone
S
Substrate

N

Fig. 7.5. Illustration of different geometric shapes of LEDs. (a) Rectangular
parallelepipedal LED dice with a total of six escape cones. (b) Cylindrical LED with top

escape cone and side escape ring.

© E. F. Schubert — all rights reserved
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Truncated inverted pyramid (TIP) LED

1.0 ] ‘
e mm —l'-| \‘ Substrate

\ n-type contact

n-GaP

GaAlInP active region
} p-GaP

Fig. 7.6. Truncated inverted pyramid (TIP) AllnGaP/GaP LED. (a) LED driven by an
electrical injection current. (b) Schematic diagram of the LED illustrating the enhanced
light extraction efficiency (after Krames et al., 1999).

© E. F. Schubert — all rights reserved
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Effect of current spreading layer

© E. F. Schubert — all rights reserved

Fig. 7.8. Effect of current
spreading layer on LED light
output. (a) Top view of LED
without current spreading
layer. Light emission occurs
only near the perimeter of the
contact. (b) Top view of LED
with current spreading layer
(after Nuese ef al., 1969).
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Current spreading layer

(a) (b)

: e Top
Top ohmic contact Current spreading | .., fine.
layer ment
=7/ /7 emission region X TT0) Active
Bottom
-onfine-
Substrate Substrate “}Ee'r?[c
contact
©) E P-contact (d) L P-contact p*-GaAs
2—-15um GaP window layer = Mg-doped AlGaAs p-doped
0.5-1um AllnP Mg-doped AlGalnP p-doped
0.5—Ium AlGalnP active undoped AlGalnP active undoped
1.0 um AllnP Te-doped AlGalnP n-doped
n-type GaAs substrate Te-doped n-type GaAs substrate

: N-contact : N-contact

Fig. 7.9. Current spreading structures in high-brightness AlGalnP LEDs. Illustration of
the effect of a current spreading layer for LEDs (a) without and (b) with a spreading layer
on the light extraction efficiency. (¢) GaP current spreading structure (Fletcher et al.,
1991). (d) AlGaAs currect spreading structure (Sugawara et al.,1992).
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10

Fig. 7.10. The effect of GaP
window thickness on current
spreading is illustrated by surface
light emission intensity profiles for
three different AlGalnP LED chips
with window layer thicknesses of
2, 5, and 15 pm. The profile is
indicated by the dashed line in the
inset. The dip in the middle of the
profiles is due to the opaque ohmic
contact pad. A microscope fitted
with a video camara was used in

the measurements (after Fletcher et
al., 1991a).
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Theory of current spreading

(a) Linear stripe-shaped top contact (b) Circular-shaped top contact
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i : i B
I i &
i L | i ;/ 2
- - . \
I I | \
I ! i 1
Top | : - } : —
view | | I ' '
P ———- b p I : 1"
I i /1
= | td._} I l A |
. — — — L | | P
! [ I IR
I - . [ i .
' | | ! |
! I | ! I |
| — . : e . i
I I ' Current spreading |4, ! | i Current spreading |4,
- | : : layer ! by | layer ]
section | : : |—p11 junction | | : |—pnjum:ti0n
view | I | i | :
I I I Substrate i ! i Substrate
[ t t | 1
i ' i N
' Y : I
: Jo S ()
l |
= = '
= = !
2z 2
= =
o ko
= b=
= =
e g
- e
= =
o &
x=0 Distance from stripe center x r=0 Distance from contact center r

Fig. 7.13. Schematic illustration of current spreading in structures with different top
©E. F. Schut contact geometries. (a) Linear stripe contact geometry. (b) Circular contact geometry.
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Theory of current spreading

Current spreading length

t = thickness of current spreading layer
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Current crowding in LEDs on insulating substrates

(a) —

— p-contact
n-contact ;
| p-type GaN ;];’

————————————————————— pn junction---
Current N-type GaN rn/
flow i
Insulating

x=10)

x direction

substrate

W

p-contact

Contact & p-layer
resistance

} Voltage drop = V]

Hﬁf\ :-|- dx‘ﬁL_ n-layer resistance
X >

Fig. 7.14. (a) [llustration of current spreading in a mesa-structure GaN-based LED grown
on an insulating or semi-insulating substrate. (b) Equivalent circuit consisting of n-type
and p-type layer resistances, p-type contact resistance, and ideal diodes representing the

pn junction.

© E. F. Schubert — all rights reserved
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Theory of current crowding in LEDs on insulating
substrates

Jx) = J(O0)exp(-x/Ly)

Ly = (Pc+Pptp) ty / pn

L, current spreading
length

© E. F. Schubert — all rights reserved
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Fig. 7.15. (a) Micrograph of optical emission from mesa-structure GalnN / GaN LED
grown on an insulating sapphire substrate. The LED has a stripe-shaped 800 pum x 100
um p-type contact. (b) Theoretical and experimental emission intensity versus distance
from the mesa edge (after Guo and Schubert, 2001).
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Cross-shaped contacts and other contact geometries

-
(a) _f (b) _f (c)
o 250 250 :’j.f,“
Lm m
' 1 !

Fig. 7.16. Top view on LED dice with (a) a circular contact also serving as bond pad and
(b) a cross-shaped contact with circular bond pad. (¢) Typical contact geometry used for
larger LED dies.

© E. F. Schubert — all rights reserved
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Transparent substrate technology

MOVPE AlGalnP
epi growth

VPE GaP GaAs substrate removal  GaP wafer bonding AlGalnP/GaP
window growth with with uniaxial pressure TS wafer
wet chemical etch  at elavated temperatures

Ty v

P wind GaP window GaP window P wrind

aP window aP window

[—AlGalnP DH AT AT T A 7

A A Ty A
Absorbing Absorbing Absorbing BE} Transparent Transparent

GaAs substrate GaAs substrate GaAs substrate GaP substrate GaP substrate

Fig. 7.17. Schematic fabrication process for wafer-bonded tarnsparent substrate (TS)
AlGalnP / GaP LEDs. After the selective removal of the original GaAs substrate,
elevated temperature and uniaxial pressure are applied, resulting in the formation of a
single TS LED wafer (adopted from Kish et al., 1994).

© E. F. Schubert — all rights reserved
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Small forward-voltage penalty for TS technology

30 - I . I .
AlGalnP LEDs
_ 25F A =590 nm il
';'E_ T=300K
- 20 -
= Absorbing substrate (AS):
5 15F V; @20mA=195V -
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3 10k -
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5t Vy @20mA =218V s
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OF _ _
] | I | ] | |
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Diode voltage V (V)

© E. F. Schubert — all rights reserved

Fig. 7.18. Current-voltage
characteristic, forward
voltage, and series
resistance of absorbing-
substrate  (GaAs) and
transparent-substrate (GaP)
LEDs with AlGalnP active
regions.
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AS versus TS technology

(a) (b)
AS LED TS LED

Fig. 7.19. (a) Amber GaP/AlGalnP/GaAs LED with GaP window layer and absorbing
GaAs substrate (AS). (b) Amber GaP/AlGalnP/GaP LED with GaP window layer and
transparent GaP substarte (TS) fabricated by a wafer bonding. Conductive Ag-loaded die-
attach epoxy can be seen at the bottom of the TS LED (after Kish and Fletcher, 1997).

© E. F. Schubert — all rights reserved

78



2
(ﬁs — rTai_r)

R — — — D)
(ns T nair)
Dielectric material Refractive Transparency
index range
Si0, (Silica) 1.45 >0.15 um
AL O; (Alumina) 1.76 >0.15 um
TiO, (Titania) 2.50 >0.35 pm
S1,N,, (Silicon nitride) 2.00 >0.25 pm
ZnS (Zinc sulfide) 2.29 > 0.34 pm
CaF, 1.43 >0.12 pym

(Calcium fluoride)

Table 7.1. Refractive index and transparency range of common dielectrics
suitable as anti-reflection (AR) coatings (after Palik, 1998)
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Epoxy dome

Hemispherical epoxy resin Contact point

Bond wire % Reflector

\ cup

LED dice

(a) - (b)

l Cathode

Anode

|

|

i

b

Fig. 7.21. Typical packages of LEDs. (a) LED with hemispherical epoxy dome. (b) LEDs

with cylindrical and rectangular epoxy packages.
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Distributed Bragg reflectors

th = Mn/4 = Ao/ (@ Ny)

. valid for normal incidence

tl,h = }\“l,h /(4 COS@l,h ) = 7\,0 / ( 4ﬁ1,h COS@l,h )

. valid for oblique incidence

© E. F. Schubert — all rights reserved

81



DH {
DBR {

I Top contact

Current spreading
layer

Substrate

: Substrate contact

Fig. 7.22. LED with distributed Bragg reflector (DBR) located between substrate and

lower confinement layer.

© E. F. Schubert — all rights reserved
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Fig. 7.23. Reflectance of two distributed Bragg reflectors (DBRs) versus wavelength.
(a) 4 pair Si-S107 reflector with high index contrast. (b) 25 pair AlAs-GaAs reflector.
The high-index-contrast DBR only needs 4 pairs to attain high reflectivity. Note that the

stop band of the high-index-contrast DBR is wider as compared to the low-contrast DBR.
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Material system Bragg _ _ Transparency
wavelength n, Ny An range

Al In, P/ GaAs 590 nm 3.13 3.90 0.87 | > 870 nm (lossy)

Al In, P/ Ga In P 590 nm 3.13 3.74 0.87 | > 649 nm (lossy)
Al In, P/ (Al ,Ga, ), sIn, P 615 nm 3.08 3.45 0.37 > 592 nm
Al In, P/ (Al ,Ga, ), sIn, P 590 nm 3.13 3.47 0.34 > 576 nm
Al In, P/ (Al Ga, ), In, P 570 nm 3.15 3.46 0.31 > 560 nm
AlAs / GaAs 900 nm 2.97 3.54 0.57 > 870 nm
Si0, / Si 1300 nm 1.46 3.51 2.05 > 1106 nm

Table 7.2. Properties of distributed Bragg reflector (DBR) materials used for
visible and infrared LED applications. The DBRs marked as ‘lossy’ are
absorbing at the Bragg wavelength (data after Adachi, 1990; Adachi et al.,
1994; Kish and Fletcher, 1997; Babic et al., 1999; Palik, 1998).

© E. F. Schubert — all rights reserved
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The GaAsP, GaP, GaAsP:N and GaP:N material system

(a) Direct-gap GaAs

38

(b) Crossover Gazﬁns[]L:-,C_Pﬂ_‘50

Visible-spectrum LEDs

(c) Indirect-gap GaP
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Fig. 8.1. Schematic band structure of GaAs, GaAsP, and GaP. Also shown is the nitrogen
level. At a P mole fraction of about 45 - 50 %, the direct-indirect crossover occurs.

© E. F. Schubert — all rights reserved
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Phosphor mole fraction x (%)

80

90

100

Fig. 8.2. Room temperature
peak emission energy versus
alloy  composition  for
undoped and nitrogen - doped
GaAsP light - emitting diodes
injected with a current density
of 5A/ cm?. Also shown is
the energy gap of the direct -
to - indirect (ET - to - Ex)
transition. The direct-indirect
crossover occurs at x = 50 %
(after Craford et al. 1972).
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Fig. 8.3. Experimental external
quantum efficiency of undoped
and N-doped GaAsP versus P
mole fraction. Also shown is the
calculated direct-gap (I")
transition efficiency, M, and
the calculated nitrogen (N)
related transition efficiency, My

.1

External quantum efficiency NMeyxt (%)

‘. (solid lines). Note that the
0.01 - % = nitrogen-related efficiency is
- B GaAs;_.P, ) . higher than the direct-gap
B OGaAsl_- IR ‘n g efficiency in the indirect
L 7= 30(”5 g S~ m | bandgap (x > 50 %) regime
(after Campbell et al., 1974).
0.001 I | 1 I L l I I L
0 20 40 60 80 100

Phosphorus mole fraction x (%)

Summary: The GaAsP, GaP, GaAsP:N and GaP:N material
system has the fundamental problem of lattice mismatch and is

not suitable for high-power LEDs

© E. F. Schubert — all rights reserved



The AlGaAs / GaAs material system
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Fig. 8.6. Bandgap energy and lattice constant of various III-V semiconductors at room
temperature (adopted from Tien, 1988).
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The AlGalnP / GaAs material system
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Fig. 8.9. Bandgap energy and corresponding wavelength versus lattice constant of
(AlyGaj—y)yInj—yP at 300 K. The dashed vertical line shows (Al Ga|—x)g 5Ing sP lattice
matched to GaAs (adopted from Chen et al., 1997).
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Fig. 8.10. Bandgap energy and emission wavelength of the unordered AlGalnP
quaternary semiconductor lattice-matched to GaAs at room temperature. £}~ denotes the
direct gap at the I" point and E, denotes the indirect gap at the X point of the Brillouin
zone (adopted from Prins et al., 1995 and Kish and Fletcher, 1997).
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The GalnN material system a
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Fig. 8.12. Bandgap energy versus lattice constant of III-V nitride semiconductors at room
temperature.

Summary: The GalnN material system is suited for UV, violet,
blue, cyan and green high-power LEDs. Efficiency decreases in
the green spectral range.
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General characteristics of high-brightness LEDs
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Fig. 8.13. Luminous performance of visible LEDs versus time. Also shown is the
luminous performance to other light sources (adopted from Craford, 1997, 1999, updated
2000).
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Fig. 8.14. Overview of luminous performance of visible LEDs made from the phosphide,
arsenide, and nitride material system (adopted from United Epitaxy Corporation, 1999;
updated 2000).

Note: The lack of high-power LEDs at 550 nm is sometimes
referred to as the “green gap”.
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Comparison: Light bulb versus LED

3 3 Fig. 8.15. LED lumi-
10 T 1 | 1 | T | 10

i nous flux per package

102 ~30 X increase/decade — . ] {2 and LED lamp purchase

price per lumen versus
year. Also shown are the
values for a 60 W incan-
descent tungsten-fila-

s =
f/
¥

'{P

@

XJ
%

s =

($/1m)

LED luminous flux per package {lm){‘:)
LED lamp purchase price per lumen

/é]\g ment light bulb with a

107! 9 AJa 107! lumi f
o A uminous performance
i o/ , T of about 17 Im/W and a
10 & ~ 10 X reduction/decade 107= lisirigiie O of 3000
10-3 °/ i | | ' | | | 103 Im with an approximate
1968 1978 1988 1998 2008 Q price of US $ 1.00 (after

Krames et al., 2000).

Year

... 10 to 20 more years are needed to compete with light bulbs
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Optical characteristics of high-brightness LEDs

100 [ [ I I I ( | |
Z GalnN/GaN . . | | GaInN/GaN AlGaInP/GaAs
5 blue LEDs green LEDs red LEDs
g 80 [-| (470 nm) ——+H (525 nm) (625 nm) |-
=
L
g T=25°
2 40 =
£
=
g 20 ! | | | | | | | | | |
2
L5
S | | | | |
400 450 500 550 600 650 700

Wavelength A (nm)

Fig. 8.16. Typical emission spectrum of GalnN/GaN blue, GalnN/GaN green, and
AlGalnP/GaAs red LEDs at room temperature (after Toyoda Gosei Corp., 2000).
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Light output power (LOP) versus current

1000

2 = 7=25°C ||| Unitydifferential | =
=] | — - - ! ! 1 ; & g . Il
S 500F ] qqamum efﬁuﬂﬂ_w 7 Fig. 8.17. Typical light
% 300k T LA T output power versus
- oy HE L1 injection current of
§ R ETERY 7 GaInN / GaN blue,
-
% 100 _ || blue LEDs ’,f EREEEEE GalnN / GaN green, and
" - (470 nm) | — AlGalnP / GaAs red
3 — | GalnN/GaN el T LED ]
2 50| ereenLEDs | .7 = i T T 1T s at room tem-
& — | (525nm) |-° i — perature (adopted from
=~ 30K 7 /" | AlGalnP/GaAs | Toyoda Gosei Corp.,
= n 211 LA red LEDs I O 2000
= P~ (625 nm) )i
-
& 10z V4NN | 1 111l
2 3 B 10 20 30 50 100

Forward injection current f; (mA)

. AlGalnP is more mature than GalnN
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Electrical characteristics of high-brightness

LEDsS

100 e . . — e e
< sof | GaInN/GaN r=25°C | 3
E i | green LEDs _ ]
g A= (525 nm) i
E RS _
= AlGalnP/GaAs
10k red LEDs |
= —— (625 nm) =
& L | GaInN/GaN _
P L "1 blue LEDs —
= 3 i
=]
=y

(470 nm)

1 I ] | | ] | ]

1.5 2.0 2.5 3.0 3.3 4.0 4.5
Diode forward voltage V; (V)

... AlGalnP is more mature than GalnN
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Fig. 8.19. Typical for-
ward current - voltage
(I-V) characteristic of
GalnN / GaN blue,
GalnN / GaN green, and
AlGalnP / GaAs red
LEDs at room tempera-
ture (after Toyoda Gosei
Corporation, 2000).
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10

Resonant-cavity light-emitting diodes

R . . .
Ny 1 Fig. 10.1. Schematic illustration of resonant
Cladding layer _+_ cavity consisting of two metal mirrors with
reflectivity Ry and R3. The active region has

Leay ' Active region  Lactive a thickness Lgactive and an absorption

_ T coefficient o. Also shown is the standing
Cladding layer optical wave. The cavity length is L¢gy is
X R, equal to A/ 2.
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RCLED design rules

First design rule
Rl << Rz

(Light-exit mirror should have lower reflectivity than back mirror)

Second design rule

Use shortest possible cavity length L __,. Typically L__, =2 /2

cav

Third design rule

28 o Lyctive < (1 - Rl)
(Absorption loss in active region should be smaller than the
mirror loss of the light-exit mirror)

© E. F. Schubert — all rights reserved
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Cavity modes

L
g
=Ry A/2 cavity
@) = 2 Leay = M2
ﬁ L ( cav — )
H= Finesse F
O 1
hvg hv
2 l=— VFSR —
S
E 2 3A/2 cavity
S 5 (Leay=3M/2)
b= Finesse F
O 1 1 1 1
hvg hvy hvo hvj hv
o
28
g
22 -
Eq hv
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Fig. 10.2. Optical
mode density for a (a)
short and (b) long
cavity with the same
finesse F (c)
Spontaneous free
space emission
spectrum of an LED
active region. The
spontaneous emission
spectrum has a better
overlap with the short-
cavity mode-spectrum
as compared to the
long-cavity  mode-
spectrum.
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VCSEL versus RCLED

20
B T=300K
E- RCLED
£ i I=2mA
o 15 -
s "} Z'=20pum
9 T VCSEL
§ - /=2mA
g 100 Z=8um
5 n 6.7 nm
E .
g N
o B 3.9 nm
g or
o B X 10 X1
oL I |
820 840 860 880 900 920 940 960

Wavelength A (nm)

Fig. 10.3. Spontaneous electroluminescence spectrum of a vertical-cavity surface-
emitting laser (VCSEL) emitting at 850 nm and of a resonant-cavity light-emitting diode
(RCLED) emitting at 930 nm. The drive current for both devices is 2 mA. The VCSEL
spectrum is multiplied by a factor of ten. The threshold current of the VCSEL is 7 mA
(after Schubert er al., 1996).
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(a)

Reflector = ..
« SiOy
Confinement pt-type GaAs
Active { — p-Alp 2Gag gAs
Region
. 4 GalnAs/GaAs
Confinement QWs
_  Dh-type
DBR Alg 2Gag gAs
reflector | |
10 Period
AlAs / GaAs
DBR

~ anon _

Fig. 10.4. (a) Schematic structure of a substrate-emitting GalnAs / GaAs RCLED
consisting of a metal top reflector and a bottom distributed Bragg reflector (DBR). The
RCLED emits at 930 nm. The reflectors are an AlAs / GaAs DBR and a Ag top reflector.
(b) Picture of the first RCLED (after Schubert ef al., 1994).
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Cavity mode and RCLED emission

-3 T T T T T T T T
| 10 pair AlAs / GaAs DBR and Ag
| T=300K

m
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I‘-'.T:: 15
8 s
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= | 1 1 | 1 | 1 L
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£ 8F I=5mA 5
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=
§ °f 1
- 4} 6.4 nm |
% L A
£ 2t .

0 i 1 1 Il
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Wavelength A (nm)

Fig. 10.5. (a) Reflectance of
a resonant cavity consisting
of a 10 pair AlAs / GaAs
distributed Bragg reflector
and an Ag reflector. (b)
Emission spectrum of a
RCLED consisting of a 10
pair AlAs / GaAs distribu-
ted Bragg reflector and an
Ag reflector (after Schubert
et al., 1994).
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RCLED spectrum

10 | Ll I I I 1 I 1 I | T T I 1 1 T T
GaAs LED GalnAs RCLED
8- (ODL50)7 =
‘é — =
>~ 6
3 — —
g
g B 50 nm . . jﬂn 7
o 4 | :- _
z ;
'(E | 'l -
= 2
o] .
E 2 — r" =
p--p"" l’ I | 1 A
800 850 900
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Wavelength A (nm)

Fig. 10.6. Comparison of the
emission spectra of a GaAs
LED emitting at 870 nm
(AT&T ODL 50 product) and
a GalnAs RCLED emitting
at 930 nm (after Hunt er al.,
1993).
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Intensity I (UWW / Steradian)
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Fig. 10.7. Light-versus-
current curves of a GalnAs
/ GaAs RCLED and of the
ideal isotropic emitter.
The ideal isotropic emitter
is a hypothetial device
emitting light isotropically
with a quantum efficiency
of 100 %. The shaded
region shows the intensity
of the best conventional
LEDs. The ODL 50 is a
commercial LED product
(after Schubert er al.,
1994).
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Reduced material dispersion with RCLEDs

10 prrowey ~ ;
) Graded index fiber with
6k 62.5 um core diameter _
- Length: 5m 3.4 km
z 4
=2
= 2
¥t
g oL
- 10
5
7 8
s I
g °f
A 4
2
-10 —3 0 5 10 15 20 25

Time t (ns)
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(a)

1 RCLED
A =930 nm

1 (b)

LED

1 A=870nm
1 ATT-ODLS50

Fig. 10.8. Signal detected at
the receiver end of a graded-
index multimode fiber with
a core diameter of 62.5 um
using an (a) GalnAs RCLED
and (b) GaAs LED source.
After a short transmission
distance of 5 m, no marked
difference i1s found for the
two sources. After a trans-
mission distance of 3.4 km,
the RCLED exhibits much
less pulse broadening than
the LED (after Hunt et al.,
1993).
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650 nm RCLED for plastic optical fiber communications

Light Ring-shaped
Current flow— emission contact
Ion-implanted
e region
p -type GaAs
AR T TTTTTITITIT . . . .
: : 3 3\\: 3\‘ Z 2 :5/5 Z ;” p;ype dlsftlnbuled Fig. 10.9. Schematic
ragg reflector
. Coobbbb06066 %TJBR) structure of an GalnP /
Ve £

AlGalnP / GaAs MQW

-t confi t 12 ..
e GalnP/AlGalnP RCLED emitting at 650

— MQW active region .
n-type confinement layer Q = nm used for plastic
optical fiber applications
n-type _ .
icniboted Basizg (after Whitaker , 1999)
reflector (DBR)

n*-type GaAs substrate
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Commercial RCLEDs

Fig. 10.10. (a) Packaged
(TO package) RCLED
emitting at 650 nm suited
for plastic optical fiber
applications. (b) Pig-tailed
RCLED (Mitel Corpo-
ration, Sweden, 1999).

Fig. 10.11. AlGalnP / GaAs
RCLEDs emitting at 650 nm. Note
the forward-directed emission
pattern similar to that of a
semiconductor laser (Mitel
Corporation, 1999).
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RCLEDs for plastic optical fiber (POF) communication

6.0

3.0

4.0

3.0

2.0

1.0

plastic multimode fiber (normalized units)

0.0

Electroluminescenec intensity coupled into

Active region:

GalnP/AlGalnP MQW

AlAs / AlGaAs DBRs
T=300K
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640 660
Wavelength A (nm)

680

700

Fig. 10.12. Spectra of
light coupled into a
plastic optical fiber from
an GalnP / AlGalnP
MQW RCLED and a
conventional GalnP /
AlGalnP LED at
different drive currents.
Note the narrower
spectrum and higher
coupled power of the
RCLED (after Streubel
et al., 1998).
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Human vision
(a) (b)

. Retina
\
i
Lens 1118 / /\ Blood

A
vessels
OO N

S
B

Blue cone .*—

B ———
Rod -
e
Red cone D-@=m—
P
B Gre—

Green cone P-@={m—

| Optic
nerve

4 Inner e : .
—" B e fiber  Connecting Light receptors

layer  nerve tissue

Fig. 11.1. (a) Cross section through human eye. (b) Schematic view of retina including
rod and cone light receptors (adopted from Encyclopedia Britannica, 2001).

Cones: Color sensitive
Rods: Color-insensitive
Color perception depends on light level:
» Scotopic vision regime: Low-light-level-vision regime
» Photopic vision regime: High-light-level-vision regime
© E. F. Schubert — all rights reserved 110



Sensitivity of cones and rods

¥ 437 nm

T 1 [T 7
¥
=
-
2
2
= I
S|/

4
f, ’ 7
AT T | L_.|=-""'r |..-i"|" I -
350 400 450 500 550 600 650

Wavelength A (nm)

Fig. 11.X. Normalized spectral sensitivity of retinal rod and cone cells of the human eye
(adapted from Dowling, 1987).
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Eye sensitivity function and luminous efficacy

Visible range:
390 — 720 nm

Among LEDs with
same power output,
green LEDs are the
brightest.

© E. F. Schubert — all rights reserved
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Fig. 11.2. Eye sensitivity function, (L), (left ordinate) and luminous efficacy, measured
in lumens per Watt of optical power (right ordinate). The eye sensitivity is greatest at 555

nm. Also given is a polynomial approximation for V(1) (after 1978 CIE data).
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Photopic and scotopic vision regime

1.0

= === T
¥
4 / 3 N Fig. 11.XX Comparison of
\1 CIE 1931 and CIE 1978 eye
0.1 X \ sensitivity function F(A) for
O ' ] s Y the photopic vision regime.
=y ! \ v Also shown 1s the eye
~ / {} A \ sensitivity function for the
g ,/ \ \ scotopic vision regime that
g / / applies to low ambient light
toi 0.01 FH levels.
El ¥ LY
= HHH 70 CIE 1931 (photopic) [k A
s / / V() CIE 1978 (photopic) |1 Y
=
= 0.001 f \ ; There are several
i 3 .
i CIE 1951 (scotopic) standards:
| \
\ Photopic:
0.0001 J \ CIE 1931
300 400 500 600 700 800
Wavelength A (nm) CIE 1978
Scotopic:
CIE 1951
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Luminous flux (unit Im)

Im
Prum = 683 j}\ V(L) P(L) d

Luminous efficacy (unit: im/w)

. B B Im ( )
Luminous efficacy = @y, /P = (683W jxvm P(L) dxj / jx P(L) dA

Luminous efficiency (unit: im/w)

Luminous efficiency = ®Oyyy / (IV)

Caution:
Some call the “luminous efficacy” the “luminous efficacy of radiation”

Caution:
Some call the “luminous efficiency” the “luminous efficacy of the source”
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Color matching functions

].8 1 | ! | T | T | T
16 1931 CIEXy2 =
ATl color matching functions | _|
B i
> a2 S Fig. 11.3. CIE (1931)
g 10} 7N — XyZ color matching
o = F X . e —_—
S 08k ;(\ \ . functu?nb. The y Lolgr
:ﬂ = \ = matching function is
g 0.6 N '*.‘ il identical to the eye sen-
E et ] T _# L3 = .I‘
2 04 [N\ N sitivity function F(A).
= ~ \\ \,\ -
= 021 N S —
=
S - \.,_‘::&_ i
= D | | | =ml:“-|

300 400 500 600 700 800

Wavelength A (nm)

The color matching functions are approximately equal to the spectral
sensitivity of the cones

Caution:
There are different standards for the color matching functions
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Color matching functions and chromaticity diagram

X = jk X(A) P()) dA

Y = .'K y(A) P(L) dh

Z = .'X Z(L) P(L) dA

X, Y, and Z are tristimulus values

Chromaticity coordinates

X Y
X = y_
X+Y + ~2Z X +Y + /2

Z chromaticity coordinate not needed, since X+y+z=1
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Chromaticity diagram

CIE 1931 x, vy chromaticity diagram

Fig. 11.X. CIE 1931 x, y
chromaticity diagram.
Monochromatic colors
are located on the peri-
meter. Color saturation
decreases towards the
center of the diagram.
White light 1s located in
the center. Also shown
are the regions of distinct
colors. The equal-
excitation point is located
at the center of the
chromaticity diagram and
has the coordinates (x, y)
=(1/3, 1/3)

y - chromaticity coordinate

] . .
00 01 £02 03 04 05 06 07 08 Strictly monochromatic
x - chromaticity coordinate sources are on perimeter

White light is in center
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MacAdam ellipses

0.9

— 520 nm

CIE 1931 x, y chromaticity diagram

330

08
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0.5 jom

04

0.3
490n

v - chromaticity coordinate

0.2

|
540 nm

380nm
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0.1 i -
| 470 nimy # Pl
450 nm
0.0 [
0.0 01 (702 03 0.4 0.5

x - chromaticity coordinate

0.6

0.7

0.8

Fig. 11.X. MacAdam
ellipses plotted in the
CIE 1931 x, y chromatici-
ty diagram. The axes of
the plotted ellipses are
ten times their actaul
lengths (after MacAdam,
1943; Wright, 1943;
MacAdam, 1993).
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Uniform u’ v’ chromaticity diagram

0.6 7—2%34—0550

510nm

a80nm

Fig. 11.X. CIE 1976 #/',
v! umiform chromaticity

diagram calculated
using the CIE 193] 2°

©
=
=
=
2
&
b
Fan
S 03
E
=
=
o
1
N

observer.
0.2
7 CIE 1976 +, v wniform | |
' 460 n chromaticity diagram
Color difference is
0.0 proportional to
0.0 01 02 03 0.4 0.5 0.6

' - chromaticity coordinate geometric distance
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Color purity and dominant wavelength

—520nm

0.6

y coordinate
=)
Lh

y - chromaticit

o

480 nm

Dominant '540' '
wa\!e]englh\\ hm |

®\Typical green,

Source (x, y)

LED

._/—Typica] blue
470 nm

LED

Source coordinates = (x, y)

Dominant wavelength = 515 nm

Color purity = a/(a + b)

[luminant

560 nm |

Caution:

0.3

0.4 0.5 0.6 0.7

x - chromaticity coordinate

Fig. 11.5. Chromaticity
diagram showing the
determination of the
dominant color and
color purity of a light
source with chroma-
ticity coordinates (x, y)
using the Illuminant C
as the white-light
reference. Also shown
are typical locations of
blue, green, and red

LEDs.

Peak wavelength and dominant wavelength can be different.
Peak wavelength is a quantity used in physics and optics

Dominant wavelength is used by in human vision

© E. F. Schubert — all rights reserved
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LEDs in the chromaticity diagram

InGaN LED 525 nm
(green)

InGaN LED 505 nm
(blue - green)

InGaN LED 498 nm
(blue - green)

(blue)

InGaN LED 450 nm —_|

AlInGaP LED
590 nm (amber)

AlInGaP LED
605 nm (orange)

AllnGaP LED
615 nm (red-orange)

CIE

o
"IMuminant C"
(White light)

AllnGaP LED
626 nm (red)

400 X - axis

Note:

Red and blue LEDs are near perimeter
Green LEDs are not at perimeter but are shifted towards center

© E. F. Schubert — all rights reserved

Fig. 11.6. Location
of LED light
emission on the
chromaticity diagram
(adopted from
Schubert and Miller,
1999).
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White illuminants

5 3 2 14 1.0 0.8 0.6 0.5 0.4 0.35 um
1000 - T | L L L L S I T ]
Tﬁ 500 N Incident spectrum —
— - above atmosphere
o 300 ——t .
'= Sea level spectrum
200 - o T ™\ (sunat zenith) ]
% *—Sea level spectrum
» (sunrise-sunset
£ 100 -y : —T—1 )
= - )
= L v || |
é E \\ L ;
i 1w —juv
o red violet
Q-' L]
20 | B -
10 1 | | 1 I | | | - 1 1 | 1 1 1 1
0 1.0 2.0 3.0

Fig. 11.7. Power spectrum of solar radiation versus photon energy and wavelength for

Photon energy hv (eV)

different conditions (adopted from Jackson, 1975).

Caution;

There are many ways to create white light
Sunlight is not a good way to create white light. Why?

© E. F. Schubert — all rights reserved
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Color temperature

0.8

510 nm
0.7

0.6

y coordinate
o
]

y - chromaticit

o

- Location of planckian
black-body radiators

0.2 0.3 0.4 0.5 0.6 0.7 0.8
X - chromaticity coordinate

[Nluminant A
(x.y) = (0.4476,0.4074)
(Incandescent source, T = 2856 K)

[lluminant B
(x,y) = (0.3484, 0.3516)
(Direct sunlight, 7= 4870 K)

[lluminant C
(x,¥) = (0.3101,0.3162)
(Overcast source, T'= 6770 K)

[Mluminant D
(x,y) = (0.3128, 0.3292)
(Daylight, T = 6504 K)

Fig. 11.8. Chromaticity
diagram  showing the
standardized white
Muminants A, B, C, and D
and their color temperature
(after CIE, 1978).

Planckian spectrum or black-body radiation spectrum.
Objects of “low” temperature glow in the red
Objects of “higher” temperature glow yellow or white

© E. F. Schubert — all rights reserved
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Color mixing

y - chromaticity coordinate

0.0 0.1 0.2 0.3 0.4 0.5 0.6 BT 0.8
x - chromaticity coordinate

* Color gamut

Fig. 11.9. Principle of
color mixing illustrated
with two light sources
with chromaticity co-
ordinates (x;, y,) and
(x5, ¥,). The resulting
color has the coordin-
ates (x, y). Also shown
in the area of the
chromaticity diagram
accessible with the
combination of a typical
red, green, and blue

LED.

» Gamut of Red-Green-Blue light source has triangular shape

 Area of gamut matters for displays, color printers, etc.

© E. F. Schubert — all rights reserved
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Example of color mixing

* Color gamut
» Gamut size increases with the number of light sources

© E. F. Schubert — all rights reserved 125



Color rendering index (CRI)

0.6
R —— CIE Reference 1
= B ] (light grayish red)
2 04 - | ==+ CIE Reference 2
2 B ] (dark greyish yellow)
o L ---- CIE Reference 3
5 0.2 7 strong yellow-green)
z L. - | —-— CIE Reference 4
= - . | . . . . 1 (moderate yellowish-green)
0.8 : | : | ' | : | : |
R 5 1 [— CIE Reference 5
2 0.6 7] (light bluish green)
2 - - | —— CIE Reference 6
o i L (light blue)
% e ---= CIE Reference 7
o B 7 (light violet)
2 o2k | | == CIE Reference 8
A ) p "
(light reddish purple)
0.0 e B . ¥ o ¥ . ¥ . 3

300 400 500 600 700 800 900
Wavelength A (nm)

Fig. 11.10. Reflectivity curves of eight sample objects used for the calculation of the

general color rendering index (CRI) of light sources used for illumination purposes (after
CIE data, 1978).
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Color rendering index (CRI)

The reference objects are illuminated with reference light source.
As a result, object will have a certain color.

The reference objects are then illuminated with test light source
As a result, object will have a certain, but different, color.

The CRI is a measure of the sum of the differences in color.

If color difference is zero, then CRI = 100

If color difference is > zero, then CRI < 100

Some applications require high and very high CRI. Examples ?
Some applications require low CRI. Examples ?

For some applications, CRI is irrelevant. Examples ?

Caution:

CRI depends on the selection of the reference light source.

Recommended for reference light source: Planckian radiator.
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Light source Color rendering index
Sunlight 100
Quartz halogen W filament light 100
W filament incandescent light 100
Fluorescent light 60 — 85
Phosphor-based white LEDs 60 — 85
Trichromatic white light LEDs 60 — 85
Hg vapor light coated with phosphor 50
Na vapor light 40
Hg vapor light 20
Dichromatic white light LEDs 10—-40
Green monochromatic light - 50

Table 11.1. Color rendering indices (CRI) of different light sources.
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12
White-light LEDs

Generation of white light
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Fig. 12.1. Complementary wavelengths resulting in the perception of white light at a
certain power ratio.
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Dichromatic white light sources

The most efficient way to create white light is be a dichromatic white light
source.

Luminous efficacy > 400 Im / W.
CRI is low.

Suitable for low-CRI sources.

Increasing the CRI is possible, however the luminous efficacy will decrease.

There is a fundamental trade-off between CRI and luminous efficacy.
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Creation of white light
* Dichromatic.
e Trichromatic
» Blue source + converter
UV source + converter

* What about luminous efficacy ?

 What about CRI ?

Converters

» There are different types of converters: Dyes, polymers, phosphors, and
semiconductors.
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Wavelength converter materials — phosphors

Type 4350 Phosphor
(Osram - Sylvania)
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Fig. 12.2. Absorption and emission spectrum of a commercial phosphor (after Osram-

Sylvania, 2000).
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Wavelength converter materials — dyes

]-U _I 1 | I L L L L | L L I LI L | | L I LI | | | L | L L L L r
- | Dye: Coumarin 6 Coumarin 6

~ 0.8 | Lasingat523 nm (Efficiency near 100 %)
E i
= . <A
S 061 Absorption Emission
S :
-
E 04+
2 (H5C2)2N
5 N
S 02k

(}'{)_IIIIIIIII|IlII|IIII|IIiI|III1|IIIi|IIII

300 400 500 600

Fig. 12.3. Absorption and emission spectrum of the commercial dye "Coumarin 6". The
inset shows the chemical structure of the dye molecule.

© E. F. Schubert — all rights reserved

Wavelength A (nm)

133



Wavelength converter materials — semiconductors

6.0
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Fig. 12.4. Room-temperature bandgap energy versus lattice constant of common
elemental and binary compound semiconductors.
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White LEDs based on phosphor converters

et

(a) (b) Phosphorescence
Phosphor /— ~— Blue luminescence
; # Bond wire .
[] LED chip —\

Phosphor

Fig. 12.5. (a) Structure of white LED consisting of a GalnN blue LED chip and a
phosphor-containing epoxy encapsulating the semiconductor die. (b) Wavelength-
converting phosphorescence and blue luminescence (after Nakamura and Fasol, 1997).
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Fig. 12.6. Emission spectrum of a commercial phophor-based white LED manufactured
by the Nichia Chemical Industries Corporation (Anan, Tokushima, Japan).
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Fig. 12.7. Chromaticity coordi-
nates of a commercial phophor-
based white LED manufactured
by the Nichia Chemical In-
dustries Corporation (Anan,
Tokushima, Japan).
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White LEDs based on semiconductor converters
(PRS-LED)

Blue Light Yellow Light

: : Secondary source
¢ Active region 2 (AIGalnP)

Sapphire substrate

K ) TR Primary source
Active region 1 A (GalnN/GaN LED)
p-type n-type
contact — N contact

Fig. 12.8. Schematic structure of a photon-recycling semiconductor LED with one
current-injected active region (Active region 1) and one optically excited active region
(Active region 2) (after Guo et al., 1999).
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Input: Output:

optical power, long-wavelength
(1My) RP| (hy/ X)) —L optical power, Py
Photon recycling r
A ﬂ source:
. U semiconductor Total optical
Primary source: (Efficiency m,) power: Py + P
- Optical
. ptical power
f (Efficiency ) : N }> ratio R = Py/ P|
]
Input: v U
electrical _T L
power, P Output: Output:
short-wavelength short-wavelength
optical power, 1 Py optical power, P

Fig. 12.9. Photon-recycling semiconductor LED power budget with electrical input power
P, and optical output power P, and P,.
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Calculation of power ratio of PRS-LED
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Fig. 12.10. Power ratio between the two optical output powers P, and P, required to
obtain white light emission.
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Calculation of luminous performance of PRS-LED
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Fig. 12.11. Luminous performance of dichromatic PRS-LED versus the primary emission
wavelength.
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Spectrum of PRS-LED
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Fig. 12.12. Emission spectrum of dichromatic PRS-LED with current-injected GalnN
blue LED primary source and AlGalnP photon recycling wafer (secondary source)
emitting in the red.
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