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LEDs - Introduction

First LED (1907)

A Note on Carborundum.

To the Editors of Electrical World: SiC
Sms :—During an investigation of the unsymme’éal passage
of jcurrent 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 s i

x Fig. 1.2. Band diagram of Schottky diode under (a) equilibrium conditions, (b) forward
gluw' In some Cl‘}fstals Oan" Edwave the bght md Dﬂlers bias, and (c) strong forward bias. Under strong forward bias, minority carrier injection

gave |instead of a yellow light green, orange or blue.| In all occurs making possible near-bandgap light emission.
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

First LED did not operate with a PN junction !

Key milestones:

and the em.f produced by a junction of carborundum and s ..
another conductor when heated by a direct or alternating cur- * 1962: first visible (red) LED - HoIonyak (GE: US)

rent; but the connection may be only secondary as an obvious . ) .

explanation of the e.m.f. effect is the thermoelectric one. The » 1972: first yellow/red-orange high-brightness LED — Craford (HP, US)

writer would be glad of references to any published account ) ) ) o
of an investigation of this or any allied phenomena. e 1993: first high-brightness blue LED — Nakamura (Nichia, Japan)

New Yorx, N. Y. H. J. Rounn.
H.J. Round, Electrical World 49, 309 (1907)



Basic properties of LEDs

LED: a p-n junction that emits light
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Heterojunctions allow for an efficient spatial trapping of injected carriers = increased radiative efficiency,
improved operating characteristics (L-/ & I-V curves)



Basic properties of LEDs

Multiple quantum well based LED

>

Zone type p + Zone type n

The active region consists of several QWs to enhance the carrier collection (efficiency) as they could overflow



Efficiency of LEDs

External quantum efficiency (EQE, n): [emitted photons from the LED]/[electrons]

1= iniTliTlext

n.,; - carrier injection efficiency (CIE) = [electrons injected in the QWs] /[electrons injected in the LED]
n, . internal quantum efficiency (IQE) = [generated photons from the QWSs] /[electrons injected in QWSs]
n.., - light extraction efficiency (LEE) = [emitted photons out of the LED] /[emitted photons from the QWs]

Wall plug-efficiency (WPE): [emitted power]/[injected power]

WPE =P

/P

out

Rem: WPE is THE relevant figure of merit. Most often not mentioned in publications as it strongly depends on device processing



Efficiency of LEDs

Carrier recombination in the active region

Different paths for electron-hole recombinations

* Non-radiative (Shockley-Read-Hall recombination) A4 n

* Radiative (spontaneous recombination)

* Auger (non-radiative recombination)
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Efficiency of LEDs

Internal quantum efficiency (IQE, 7))

n,= [generated photons from the QWs]/[injected electrons in the QWs]
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with 7,, non-radiative lifetime £05
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7. radiative lifetime y
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Rem: IQE can be as high as nearly 100% at 300 K for InGaN QWs 01

Carrier density (cm3)

The photon fluxis @ = {:ﬂinj}mJ/q with J the electron current density

7

Injection efficiency = capture of carriers by the active region (QWs)



Efficiency of LEDs

Carrier density in the active region
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—> Strong dependence on the thickness of the active region

Out of equilibrium carrier density :

Once n is known, one can derive the position of the quasi-Fermi levels £, and Ep,



Efficiency of LEDs

Position of the quasi-Fermi levels

* Both the valence and the conduction bands get more and more filled upon increasing current injection

* The carrier populations are described by the quasi-Fermi levels £ and £,

e
Density of electrons (n) £.(E) = 1
Ly, C £~ Lk, +1
c e
............ Ih " 1 P\ 5T
v ko= pe(E) dE
___________ _l_________. E. exp E = Pk, +1 fo(E) =
Ep, kT exp E— Ly, +1
VB Note that here f,(E) describes the
_ _ _ evolution of the electron population
idem for E, with p=n using p,(E) , f,(E), Ev in the valence band
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Emission properties

Spontaneous emission rate

/ \ J,=J,=J electrical neutrality

— " B and n,=n, =n
Je Steady-state = recombination in the active region
" The number of emitted photons is then given by
VB —— e
k J, / R, X Volume = J/g x § «— device active region area

with R, , the total recombination rate (per unit volume)

In an intrinsic bulk semiconductor, the spontaneous recombination rate between the CB and the VB
is given for a state with a wavevector k by

ry(k) = (1 zp) fAE(R) (IA(E(R))) | (87)
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Emission properties

Spontaneous emission rate

The spectral distribution of spontaneous recombination rate Rsp(h V) due to a quasi-equilibrium distribution of

carriers is given by
Spin-related

Rop() ={21) 1,00 = 2. s (1 = fo(R)O(E ~ By = h)
Tk K

The summation is performed over all k-vectors verifying the energy conservation condition (hence the Dirac delta)

h2k?
E, (k) — Ev(k) = hy = Eg + om Expression relying on the verticality of optical transitions in k-space
T
1 1 1
e + m Joint density of states (JDOS)
. . . 1 3 L
which leads (after integration over all energy states) to pj() = W(Zmrﬁ(hv — E,)2
Vs N\
Rsp(hv) = 15 (hv)\p i (hv)‘, < :

Rep(hv) = = fo(Ec(h) (1 = fu(Eo () p; ()

P Efy by
' ful®

Spectral distribution of spontaneous recombination rate
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Emission properties

Spontaneous recombination

rate : Boltzmann approximation

% w-gEN\ | .

Rsp(hv) = Ksp(hv — Eg) expl————| | | = -
_____________ B /o
| 1 s AER —E,\
with K, = PR, (2m,.) exp ________ kT

AEp = Ej — Epp\ ,,,,,,,,,,,,,
A depends on the voltage
Ry, (hV) Apeak applied to the p-n junction
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Emission properties

LED emission spectra
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Emission properties

External quantum efficiency (EQE, n7): 7 =[emitted photons]/[electrons]

= NiniMillext;

Ll

extraction
efficiency
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Emission properties

Extraction efficiency (7,,,)

Key issue: photons must escape the material

| , —
N T T,

Transmission: 6,=0 =T =1 —[(ny-1)%/(ny+1)?]
Critical angle for total internal reflection (TIR): 6, = arcsin(1/ng)

For GaAs, n,,=3.6 = 6,=16°and T=0.7

Solid angle leading to light —— Q. €2, 1
extraction Q..

d sin@dé@ =—(1-cosé,
4r -I:r'r£ ¢I -( )

For GaAs, only 2% of photons are extracted per facet

The extraction efficiency n,,; is very low for a simple geometry (planar one)

16



Emission properties

Extraction efficiency (7,,,)

How can we improve the EQE compared to the planar geometry?

1994 1998 2001
3x flux Improvement 15x% flux improvement 22x o improvement \

1991

After a 1st total
internal reflection,
photons reach the
}\‘i‘i‘v‘gﬂ::g‘?gg' second interface with
p-type GaP an incident angle < 6,

M. Krames et al., J. Display Tech. 3, 160 (2007)

irh ik W
A. David et al., Appl. Phys. Lett. 105, 231111 (2014) T. Fujii et al., Appl. Phys. Lett. 84, 855 (2004)
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Emission properties

Extraction efficiency (77,,.)

How can we improve the EQE compared to the planar geometry?

Nitride chip concepts for improved light extraction

Standard

Monte Varta Surmmer Schoel, August 27 - Sepember 1, 2006
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D. Feezell and S. Nakamura / C. R. Physique 19, 113(2018)
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