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Eye sensitivity function and luminous
efficacy
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Efficacy of classical light sources
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LED Efficiency
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Internal and external quantum
efficiency

* Internal quantum efficiency n;.

Number of electron-hole pair recombination per second

Nint =

Number of electrons injected per second

« External quantum efficiency nq

Number of photons emitted per second

Next = Number of electrons injected per second

Typically it > Nex
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Evolution of LED performances
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GaAs LEDs IR

« GaAs is a direct bandgap semiconductor with Eq = 1.44eV (860nm)

« First demonstration in 1962 by Radio Corporation of America,
General Electrics, IBM and MIT

« Hereafter, small number of GaAs LEDs emitting at around 870nm
sold by Texas Instruments for 130$ a piece. External efficiency
r]ext=0-20/°

 Efficiency of GaAs can be improved by doping with silicon. Si is an
emphoteric dopant for GaAs (it can act as a p or n dopant)

* In Si-doped GaAs LEDs the main radiative transition is between the
conduction band and the Si acceptor level (A= 910-1020nm)

No reabsorption by GaAs
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GaP and GaAsP LEDs L
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GaP and GaAsP LEDs | || || |

« GaP is an indirect bandgap with Eg = 2.26eV
(549 nm = green)

 GaAs, P, is a direct semiconductor for x<0.45

« At x=0.35 the band gap is about 1.97 eV (630
nm = orange)

« Radiative recombination in indirect GaAs_P, can
be enhanced by introducing radiative deep
impurity levels (N complexes or Zn-O defects)!

* The spread of the impurity states in k-space allows transitions to
band edges without phonons

» Oxygen produces a deep donor level 0.8 eV below the CB, together
with Zn it forms a trap with a binding energy of 0.3 eV. Bound exciton
associated with this level produces emission at 640 nm.

* N-N complexes result in yellow emission at 590 nm.
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Deep level mediated radiative

recombination
Real space Reciprocal space
E e
small Ax . — large Ak \I/

Position x —=

Momentum p =%k —m
© E. Fred Schubert

Heisenberg uncertainty principle: AxAp > T
:> If a charge carrier is well localized (Ax small) then its
momentum can take a wide range of values
No phonons are needed for transitions between impurity states and
|::> band edges! - this increases the radiative efficiency of indirect
bandgap semiconductors



N-doped GaAsP and GaP:
band structure ][] 11N

Nitrogen complexes in GaAsP system form a radiative deep level or
recombination centers or isoelectronic traps.

N level

N level J
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GaP and GaAsP LEDs
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Fig. 12.2. Room-temperature
peak emission energy versus al-
loy composition for undoped
and nitrogen-doped GaAsP
LEDs injected with a current
density of 5 A/em?. Also shown
is the energy gap of the direct-
to-indirect (Ep-to-£x) transi-
tion. The direct—indirect cross-

over occurs at x = 50% (after
Craford et al., 1972).
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GaAsP and GaP LEDs [ ][ 1§

Fig. 12.3. Experimental external
quantum efficiency of undoped
and N-doped GaAsP versus the P
mole fraction. Also shown is the
calculated direct-gap (I') transi-
tion efficiency, N, and the calcu-
lated nitrogen (N) related transi-
tion efficiency, my; (solid lines).
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GaP and GaAsP LEDs L

The Texas Instruments
programmable pocket calculator
Model SR-56 was manufactured
O s for the first time in 1976. The
seven-segment numeric
characters of the display are
made of red GaAsP diodes

[ 2nd ST, Inx e [EN

LRN GTO sin cos tan

SST XU STO RCL SUM

RA RSL A2 EE

@ Displayed number were
not visible in daylight

@ LEDs consumed so much
power that rechargeable
batteries were required




GaP and GaAsP LEDs L

1968: first GaP:N LED emitting at 550nm.
External efficiency: 0.3%

AT&T telephone set "Trimline” has a dial pad
illuminated by two GaP:N LEDs



AlGaAs LEDs 0

« The ternary compound Al,Ga,_As has only a small lattice
mismatch with GaAs. Therefore AlGaAs diodes are grown on
GaAs. However GaAs is absorbing since it has a smaller
bandgap than Al,Ga,_,As

« Al,Ga,,As can also be grown on GaP at the cost of misfit
dislocations which reduce the internal efficiency

n-type AlGaAs
AlGaAs compensated active
|—p-type AlGaAs

Current-injected region

GaP substrate

..{--“UP‘

' B Region not injected
ﬂ‘% ® N i 1 | -
Cross section of a Luminescence from the AlGaAs active
AlGaAs/AlGaAs LED on GaP layer is visible through the transparent
(Woodall et al., 1972) GaP substrate
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AlGaAs LEDs L

« For Al ,Ga, gAs/Aly ;Gag sAs heterojunctions n,; ~ 100%, A ~
650nm. The emission from the p-doped Al, ,Ga, gAs layer is NOT
absorbed by the Al, ;Ga, 3As layer which has a larger bandgap.

« AlGaAs/AlGas are still used in video and audio remote
controls and as sources for short-haul communication

networks. . T T .
22 o -
> I e~ -~ I
2oo}t _ - A=624nm -
> L -
o2
- 1.8
GJ . B -
o I .\@6’\
> - QO
2 1671 x=0.45 -
m Z A=860nm -

1.4 | 1 1 N 1 N 1 1 1 1 _I
0.0 0.2 0.4 0.6 0.8 1.0

Al As all mposition X
A” Qg:fgolf':,iﬁ' ET:icttyrica| ELEC-E3210 Optoelectronics

Engineering



AlGainPLEDs ][]
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AlGainP LEDs [ ][]

» AlGalnP LEDs are the most powerful red, LEDs on the
market, they are used a lot in luminous signalisation. -

*(Al,Gaq )y 5lNg 5P is lattice-matched to GaAs

« However GaAs has a smaller bandgap than (Al,Ga_,)y 5N 5P,
therefore it is reabsorbing the emitted light in AIGalnP/GaAs LEDs

* The GaAs substrate can be removed and replaced by transparent
GaP by bonding

!

N

AlGalnP grown by epitaxy on AlGalnP wafer bonded on GaP
GaAs (absorbing substrate) (transparent substrate)
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A!! Aalto University ELEC-E3210 Optoelectronics




[1I-V Nitrides B v
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* 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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GalnN/GaN LEDs [

.............

GaN based blue LED was Green traffic lights made of
successfully produced by Nichia GalnN/GaN LEDs

| Chemicalof Japanin 1994 |
Applications: ® CD/DVD ¢ image scanners

¢ displays ¢ color printers

¢ white LEDs ¢ biomedical diagnostic

¢ remote sensing __instruments
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Luminous efficiency of visible-spectrum

LEDs
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Fig. 12.14. Overview of luminous efficiency of visible LEDs made from the phosphide,
arsenide, and nitride material system (adopted from United Epitaxy Corporation, 1999;

updated 2000).



Blue LEDs - structure

p-layer
active layer
n-layer

electron

wire bond
anode cathode

[p-electrode)  (n-electrode) post_
=), anvil

p-GaN - \ /‘/-I'f

-Al
Zinc-doped InGaN pEMIOAN /

n-AlGaN
GaN Buffer Layer

n-GaN

Mustration: © Johan Jarnestad/The Royal Swedish Academy of Sclences

S .
Sapphire Substrate anode l
cathode
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LED construction

p-doped contact laysr
active zone

n-doped contact layer

After the deposition process, the
wafers are processed into chips,
finally resulting in the production
of a finished LED. Depending
on the chip size, a 4 inch wafer
can deliver between 4,000 and
120,000 LED chips.

Power chip

(axample):
Immx1mm \
/ > P Lense

Metal
contact

LED Chip size:
1 mm- 10 mm
contact

Silicon carrier
Bond wire

Heat sink
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InGaN/GaN LEDs @ Micronova

P-electrode * Light emission

_ e—
P-GaN layer
InGaN/GaN MQW N-electrode
S—
N-GaN layer

GaN buffer layer

Sapphire substrate

» Sapphire substrate
* ICP etching of mesa structure
» Both electrical contacts on top side

* Emission from In,;Gag;N / GaN
quantum wells

Problems

* High dislocation density due to
sapphire / GaN lattice mismatch

- Different growth regimes for InGaN
and GaN

* P-type doping
* Non uniform current spreading

,, Aalto University
School of Electrical

Engineering
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2014 Nobel Prize in Physics

Akésaki Nakamura

- W o

2014 Y é{@  “for the invention of efficient blue light-
Nobel ', - 7 emitting diodes which has enabled
Laureatéfgﬁf 0 bright and energy-saving white light

‘r; B e Notll FoundStion, ‘\\// ,/'_/ = é sources "
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Outline

1| I-V’s for LEDs |
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Forward bias

nl Electron-hole pair
0o {* recombination
|

+ —
o—

In general LEDs are optimized so that radiative recombination
takes place on the p-side of the junction (injected minority
carriers, electrons, will recombine with the majority carriers,
holes, near the surface).

To be able to modulate the output, it has to be possible to
modulate the injected carriers.

A key issue in the device speed is the time taken to extract the
charge. The time is controlled by the carrier recombination time.
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Recombination rates in p-doped layers

» Shockley-Read-Hall recombination at defects and traps:

R __=An

traps |

Shockley-Read-Hall recombination coefficient (s)

 Radiative recombination rate:

1
BinO — L ’Z' e

R =
N2 | ’Z'

Coefficient for band-to-band |
recombination (cm3.s1)

* Auger recombination rate:

. 2
RAuger R Cp POn

Auger recombination coefficient (cm®.s1)
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Electron lifetime

R=R -I—RSp-I-RAuge,, =(A+BPPO+CP1290)”

traps
n n
=——+

Trad z-non—ma’
n

T, electron lifetime

| 1 1
= +

T T..a T

e non—rad

The radiative and non-radiative lifetimes are defined as:

1 1
T — T = 5
A+Cp;,

rad — non—-rad ~—
Bp o
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Spontaneous emission

—e
hv
V\ A
Ey
/4

Generates photons

Useful in Light Emitting
- diodes (LED)

1.

Transitions from many energy levels
contribute to the radiation - wide
spectral width | |
Photons radiate in arbitrary directions
- low efficiency of current-to-light
conversion and relatively low output
power

Photons propagate within a wide cone
(poor directiveness)

Photons are created independently of
one another - no phase correlation
and incoherent light

, , Aalto University
“ School of Electrical
Engineering
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Theoretical emission spectrum
I(E) < /E—Eg exp(—E /kT) Energy value at maximum: Eg + kT /2~ Eg

Bandwidth: AE =1.8kT or AA =

1.8kT A

he

\ -
// \ o \\
. -
Boltzmann '\ -

distribution N E T
\ ”
, ’\.

o< exp (—E/kT)

FWHM = 1.8 kT

Emission intensity I(E)

Density of states
/"2
oc (E - Eg)I

E Eg + kT/2

Energy E

at room temperature

For GaAs LED @ 870 nm
AE =46 meV or AA=28 nm

,, Aalto University
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LED emission spectra

100 T 1 T I I 1 I
GalnN/GaN | | | | GalnN/GaN m AlGalnP/GaAs

blue LEDs green LEDs red LEDs

80 | (470 nm) 1| (525 nm) : (625nm) |

60

Relative luminous intensity (arb. units)

0 | | | | |
400 450 500 550 600 650 700

Wavelength A (nm)

Green emitters have broadest emission lines and need further development.
Typical linewidths broader than the theoretical 1.8 KkT.
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PN-junction: carrier concentration under bias

Low-level injection Depletion region
o q (V=)
______________ Pp = Pro ISRl kyT
Ny = Ayo
q (Vbz‘ B VA)
k,T
;Y R || . A
_____________________________ . .-
- X
xp Xn
Equilibrium (V, = 0
g (V4 ) P A
_ kpT _ N =n. e kT
Holes: Pyxo = Ppo € Electrons: PO NO
A” éilfﬁo‘f';'f“ Efzi;ttyricm ELEC-E3210 Optoelectronics
Engineering



PN-junction: carrier concentration under bias

Quasi-equilibrium (V, # 0) (at the edge of the depletion region ONLY!!!)

Holes: Electrons:
edge
Py = Poexp(qV, 1 kyT) ny® =np,exp(qV, / k,T)
a(Vui=V4) q (V=)

School of Electrical
Engineering
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Minority carrier concentration profile under
forward bias

Depletion
region
4 5 Y
”P(X): Npo T Anp(x) | { pN(x) = PnoT APN(X)
ApyEe
Ansee
nPO .............................................. pNO
_xp X, :x
An,(x) = An%® exp(x/L Ap = Ap exp(—x/ L,
P P e N
Diffusion lengths: L, =./D.,z, L, =+D,z,
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Total current density

 The total current flow is constant over the junction
» Total current flow in the depletion region:

A A
J=J, +J,=qD, | _up, P
—X, dx X,
Forward | 5 J=J,+J,

——Q
X

X,

A!! Aalto University ELEC-E3210 Optoelectronics
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Total current density

dA dA
J=J,+J,=4D, " —qD, P
dx | dx |
Any(x) = Ange * Ap,(x)=apye "
| qD edge th edge
| J="—24An* + Ap5E
=) =T an e P apy

(9

FE= 9D, Pyo i qD,np, exp qV, 24
| L, L, | k,T

~ Saturation current density Jg
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|-V curve

e
V
I=1|exp| L4 |1
k,T
V,
lg--- T e ) @
(D
e g gD, P o b qD npo
Saturation current: s L L
h € y
~ (Shockley equation)
Diffusion lengths: L, =\/D,z, L =.Dr,
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|-V curve

I=1|exp

nideal kB T

@V, | 4

Deviations from ideal characteristics

IUII]IIIU'IIUI'UII

"Il’[]l"'

(a) : '
8.0 = GaAsdiode I /
r=300K I ! Ideal 1-¥
- | -haracteristic
i /?71, charactenstic
z 6.0 R i ,,
g - RP | /
~ i I,
e 40 Effect of shunt. H Effect of
N S K v R Wit
= | / SCrICS resistance
o , / o—AAA N o
) R i B,
20 - p >3 K, Re
o = ‘..—o”. J"
0.0 e
T.JJL e y.t-baa s by p g p-Fogn g gl g5
-0.5 0 0.5 1.0 1.5 2.0 2.

Diode voltage 17 (V)

5

(b) 1 1
P
R p—
é | Sub-threshold
5 turn on
b —
B \S\\’l
—
1 I

Diode voluage V

Fig. 4.4. (a) Effect of series and
parallel resistance (shunt) on
I=V characteristic. (b) /=1 with
clearly discernable sub-
threshold turn-on, caused by de-
tects or surface states.
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Continuity equation
on 1 dJ,

For electrons: — = —R4+ G

Ot ‘ Lq Ox

Electron recombination ‘ Electron generation

R:(A'l'Bppo'I'Cp;o)” =0 in our case

At quasi-equilibrium:

Total number of recombination per second in the p-layer:

R = [ 2 = | 54

p—layer e p—layer q ax

School of Electrical
Engineering
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Electron induced current density

p-layer (x)

Depletion
region
d /L edge
nP(x) =Np, + Any e /Anp
nPO ooooooooooooooooooooooooooooooooooooooooooooooo
0
dn D
— P _ edge ~e _x/L,
Je(x) o qDe d — qAnP 7 € Le — DeTe
x e
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Electron induced current density

We suppose that the p-layer is thick enough so that all injected
electrons recombine before reaching the contact layer.

l:'> Number of electrons recombining per R _.=587(0)/q
second: ’
D CIVA
J(0) =5 A Anl = { _1}
e | |
D
(0

SD o
:> Rp—laye,, — znPO e ks -1

—.—
A!! Aalto University ELEC-E3210 Optoelectronics

School of Electrical
Engineering



Output power
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Injection efficiency

The injection efficiency is the ratio between the number of electrons
injected in the active layer (p-layer) per second and the total current:
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Injection efficiency

Einstein relation: D, = D, = kT - ) :_h
lLle luh q
qu’ Pro _ Pro
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For high ny,: n,,>> pp, (highly doped n-layer)
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External quantum efficiency

Although the internal quantum efficiency of some LEDs may approach
100%, external efficiencies are considerably lower. It is because some of
the radiation remains trapped in the LED due to total internal reflection
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The light escape cone

A e Fig. 5.3. (a) lllustration of refraction and
T total internal reflection at a semiconductor-
Tolal air interface. (b) Definmtion of the escape
internal cone by the critical angle ¢c. (¢) Area
refiection clement d4. (d) Area of calotte-shaped
section of the sphere delired by radius r
and angle ¢..
(b) (¢) (d)
=¥ I
Mair b = 9
=Lk
. i1 y
( Arey = e (1 =cos 9)
:
1

/o2 Laght source

A” éi‘lf:,’o‘f’:,'f" ET:Lttyricm ELEC-E3210 Optoelectronics

Engineering



Lambertian emitter

Planar LED:
Luminous intensity (=brightness) %“} Eye response (has
; N R a peak around 555
=683 j VP, (0°)d) 0 nm)

Unit: Im/str = candela

(Lambertiin emitter)
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Far-field patterns

(a) Planar LED (b) Hemispherical LED (c) Parabolic LED
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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 occurring at ® = 0°.
The three emission patterns are normalized to unity intensity at ® = 0°.
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Temperature dependence of emission intensity

500

400 F l I ! l ! ' * Fig. 5.7. Characteristic tem-
BE 1o | T, =295K perature 71 of GalnN/GaN
E el B GaInN/GaN 1 blue, GaiN/GaN green, and
-PE' 200 | |&reen LFPS_(DL’D-l\IE) T, = 1600 K | AlGalnP/GaAs red LEDs near
g - - GalnN/GaN room temperature (after data
£ .:J:. | IOpi = bl ‘ blue LEDs (470 nm) from Toyoda Gosei Corp.,
:*..2 100 -8 ‘\é' ) | O ;()()O). N_lorc' recent data
z %0 E \:\3\,\ = (Tovoda Gosei Corp., 2004)
o \. 4 show the following values for
E 60 7\.\ 4 7: Blue GalnN LED, 460 nm,
ro R s 1 71 = 1600K; Cyan GalnN
= 40 [LEDlig ton T ‘ =9 - 2 S Ty = 832K:
= 30 A \fs.—T’;(l()K | AlGalnP/GaAs i}t::h 1(31133 Lll:']l) D;;;nKl
2 01 1=lyp0x exp- I3 |red LEDs (6250m) | | 7 _ 34 k. Red AlGalnP LED,

20 l I l l l l 625nm, T = 199 K.

=20 0 20 40 60 80 100

Ambient temperature 7 (°C)

* Temperature dependence is characterized in terms of a characteristic
temperature T,

" =], exp(-T/T,)
= High T, is desirable

School of Electrical
Engineering

A” Aalto University ELEC-E3210 Optoelectronics



