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Luminous efficacy (Im/W/)
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3peHne — nasioyukn n Konbo4kun

[MaN10uKM — CKOTOMNYECKOoe 3peHME,
MaKCUMYyM YyBCTBUTENbHOCTU B
obnactn 498 HM, 3peHne B TEMHOTE

Konbo4ykn — LBETHOE 3peHune,
MakCuMasibHasi YyBCTBUTE/IbHOCTL B

....... Photopic vision (683 lm/W) 3e/1eHO |7| 0] 6” actu y

380 460 540 620 700 740
Wavelength (nm)
Feature Photopic Vision Scotopic Vision
Definition Bright light vision Night vision
Peak efficacy 683 Im/W 1700 Im/W

Woavelength at peak efficacy

555 nm or yellow green 510 nm or pure green




Luminous efficacy (Im/W¥)

1600 2000

1200

800

400

—

H OpPMAJIT3 0BAHHOE II0OTJI0IHeHHe

=
Ly
]

I_h
Lo )
]

BBeneHumne

)

— — — — Mesopic vision

Scotopic vision (1700 Im/W)

g
I|IIII|IIII|IIII|IIII|IIII|IIII|

400 500 600

HOMETOBEIE  CHHMIE IMAMOEME ~JENEHEE RENTHE

JmiHa BOJHEI (HM)

EpacHHH

700

Konboukn S-tnna 4yBCTBUTESbHbI B
dornonetoBo-cnHen (S ot aHr1. Short —
KOPOTKOBO/IHOBbIW CNekTp), M-Tuna — B
3enieHo-xenton (M ot aHri. Medium —
CpeAHEeBOTHOBbLIW), U L-Tnna — B
Xenrto-kpacHon (L ot aHr/i. Long —
AJIMHHOBOJIHOBbIN) YacTAX CnekTpa.
Hannune atnx Tpéx BnaoB Konboyek (1
nasioyek, YyBCTBUTESNbHbIX B
N3yMpPYLHO-3€/1IEHOI YacTn CnekTpa)
[AET YesloBeKY LBETHOE 3pEHME.


https://ru.wikipedia.org/wiki/%D0%A4%D0%B8%D0%BE%D0%BB%D0%B5%D1%82%D0%BE%D0%B2%D1%8B%D0%B9
https://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D0%BD%D0%B8%D0%B9
https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA
https://ru.wikipedia.org/wiki/%D0%97%D0%B5%D0%BB%D1%91%D0%BD%D1%8B%D0%B9_%D1%86%D0%B2%D0%B5%D1%82
https://ru.wikipedia.org/wiki/%D0%96%D1%91%D0%BB%D1%82%D1%8B%D0%B9
https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA
https://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B0%D1%81%D0%BD%D1%8B%D0%B9_%D1%86%D0%B2%D0%B5%D1%82
https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA

BBeneHne. dotomMeTpus

BennunHa
CseTtoBou notok  Cwuna ceeTa OcBelleHHOCTb  fpKOoCTb
(Luminous flux (Luminous (llluminance) (Luminance)
intensity)
OnpepneneHune KonnuectBo  cBeTa, KonnyecTtBo cBeTa, KonnuyecTtBo cBeTa, KonnuyecTBo cBeTa,
ncrycKkaemoro BbIXOAALLEro B nonagarllee Ha nagaroLiero Ha
MCTOUYHUNKOM, B 3a,£I,aHHbIl7I TEeNEeCHbIN NOBEPXHOCTb NMOBEPXHOCTb
BOCMPUATUN YesioBeKa  yros 3aZlaHHoI nowiaam 3aZlaHHo niowann B
3afjaHHOM TeJs1ieCHOM
yrne
Pa3smepHOCTb JllomeH, /im (Lm) Jim/cTepmnanaH Jim/kB.MeTp uim  KaHpgenna/ke.M.

nnn KaHgenna JItoKC




BBegeHue. LiBetoBad temneparypa

XapakTepucTuka xofa NHTEHCYBHOCTY U3/TyYEHNS UCTOYHUKA CBETa KaK PYHKUMMW A/IMHBLI BOSHbI B
onTuyeckom amanasoHe. CornacHo chopmyne lNnaHka, uBeToBas Temrnepartypa onpeaensieTcs kak
Temneparypa abcosIloTHO YEPHOro Tena, NPU KOTOPOI OHO UCNYCKAEeT U3yYeHne Toro xe
LIBETOBOrO TOHA, YTO U paccmaTpuBaemoe UsnyyeHme

TABLE 2.4 Color Temperature Chart of Familiar Sources of Light

Color Temperature

Color Temperature

Source on Kelvin Scale Source on Kelvin Scale
Flame of a match stick 1700-1800 K Sun at noon 5000-5400 K
High-pressure sodium lamp 1800 K Clear metal halide 5500K

lamp
Flame of a candle 1850-1930K Average summer 5500K

noon daylight
Sunrise or sunset 2000-3000K Electronic photoflash ~ 5500-5600 K
Domestic tungsten lamp 2500-2900K Sun through clouds 5500-6500 K
40 W Incandescent lamp 2680K Overcast sky 6000-6500 K
200 W Incandescent lamp 3000 K Shade in daylight 6500 K
Halogen lamp 3000 K Shade from blue sky 7500 K
Fluorescent lamp 3200-7500 K Partly cloudy sky 8000-10,000 K
1 h from dawn or dusk 3400 K Clear blue sky 10,000-15,000K



https://ru.wikipedia.org/wiki/%D0%98%D0%BD%D1%82%D0%B5%D0%BD%D1%81%D0%B8%D0%B2%D0%BD%D0%BE%D1%81%D1%82%D1%8C_%D0%B8%D0%B7%D0%BB%D1%83%D1%87%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%A1%D0%B2%D0%B5%D1%82
https://ru.wikipedia.org/wiki/%D0%94%D0%BB%D0%B8%D0%BD%D0%B0_%D0%B2%D0%BE%D0%BB%D0%BD%D1%8B
https://ru.wikipedia.org/wiki/%D0%9E%D0%BF%D1%82%D0%B8%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%A4%D0%BE%D1%80%D0%BC%D1%83%D0%BB%D0%B0_%D0%9F%D0%BB%D0%B0%D0%BD%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D0%B0
https://ru.wikipedia.org/wiki/%D0%90%D0%B1%D1%81%D0%BE%D0%BB%D1%8E%D1%82%D0%BD%D0%BE_%D1%87%D1%91%D1%80%D0%BD%D0%BE%D0%B5_%D1%82%D0%B5%D0%BB%D0%BE
https://ru.wikipedia.org/wiki/%D0%A2%D0%BE%D0%BD_%28%D1%86%D0%B2%D0%B5%D1%82%29
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Domestic tungsten lamp 2500-2900K Sun through clouds 5500-6500 K
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1 h from dawn or dusk 3400 K Clear blue sky 10,000-15,000K







BeBeneHune. Victopus

OTKpbITUE cBeTogmoaga — 1927 r. Oner Bnagnmuposuy Jloces.
DNEeKTPOIIOMUHECUEHUNA Ha KoHTakTe SIC — meTtanin u ZnO -

M eTa-nn CIL. Lumincus Carborundum Detector and Detection Tffect
and Oscitlations with Crystals. By 0. V. Lossev ®,
{Plates XVIT.-XX.]
AnSTRACT.

Ix this paper are deseribed further observations on the
phenomenon of the luminescence produced at the con-
tact of a carborunduin detector in connexion with & view on
luminescence as a consequence of the proeess in the contact
wwhich is very similar to cold electronic discharge.

A facsimile of the abstract of Losev's paper published in the Philosophical Magazine in 1928 (ref. 7). This work
describes detailed studies of LEDs.
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BeBeneHune. Victopus

TexHonorns NPoMbILLISIEHHOTO U3roTOBEHUA CBETOAMO/IOB -
Huk XonoHak — 1963 1. General Electric

Volume 1, Number 4 APPLIED PHYSICS LETTERS 1 December 1962

COHERENT (VISIBLE) LIGHT EMISSION FROM Ga(As, _, P x) JUNCTIONS*

Nick Holonyak, Jr. and S. F. Bevacqua

Advanced Semiconductor Laboratory

a} 1,000 Afcm?
b} 19,000 AscmZ
6 —
5 —
4 —
3 b —

L= ~i25 K
{b) {a)
o I f 1 i

6900 TOOQO TIOO 7200 T3I00 TAOQ
WAVELENGTH, A - A&

Fig. 1. Spectral distribution of Gu{AnlﬁxP’:) 2dio|:|¢
28A at FTTIK. {a) Below thresheold (11,000 A/ cm”) and
(5] abowe threshaeld (19,000 A cmZ). Different vertical

scales.



BeeneHune. VIctopus

e 1968 rog komnaHnsa MoOHCaHTO — MacCOBbI
Bbinyck ceetognonos GaAsP

1994 roa - nepsbIn 6enbin cBETOAMOA,.

1994 First WLED. Shuji Nakamura, Nichia Corporation, Japan, demonstrated
the first high-brightness blue LED based on InGaN; he is regarded as
the inventor of the blue LED.

2014 ron — Hobenesckada npemus no dpmsmke
HarpaxaeHbl 3a N306peTeHmne HOBOro
3HepProadpPeKTUBHOro 1 IKONOTUYECKM YNCTOrO
NCTOYHMKA CBETa — CUHEro ceetogmoaa



BeBeneHune. Victopus

* 1994 roa - nepsBbIn 6enbin cBETOAMOA,.

2014 ron — Hobenesckada npemus no domusmnke
HarpaxaeHbl 3a n306peTeHne HOBOro aHepProadOdeKTMBHOIO U
3KO/10rM4YeCcKn YNCTOro NCTOYHMKA CBETA — CUMHEro cBeTogmnoaa

p-layer
active layer
n-layer

electron

4 The heart of the LED. A light-emitting diode
consists of several layers of semiconducting
materials. Electrical voltage drives electrons
from the n-layer and holes from the p-layer to
the active layer, where they recombine and
light is emitted. The light's wavelength
depends entirely on the semiconducting
material used. The LED is no larger than a
grain of sand.

Isamu Akasaki
Meijo University, Nagoya, Japan Nagoya University, Japan
Nagoya University, Japan

Hiroshi Amano

Blue LED lamp. The light-emitting diode
in this lamp consists of several different
layers of gallium nitride (GaN]. By mixing
in indium {In] and aluminium [AL], the
Laureates succeeded in increasing the

lamp's efficiency. wire bond

anode cathode
|p-electrode]  [n-electrode] post ,l\

ji Y il
Shuji Nakamura o | 9\

. 5 . GaN — < .
University of California, P 1 A I
anode
I I cathode

Zinc-doped InGaN
Santa Barbara, CA, USA

GaN Buffer Layer
Sapphire Substrate
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Color of Light Wavelength (nm)

Semiconductor Material Year
IR 850-940 GaAs Mid-1970s
Yellow 585-595 GaP Mid-1970s
Red 630-660 GaAsP and AlGaAs Mid-1980s
Green 550-570 InGaN Mid-1990s
Blue 430-505 InGaN Mid-1990s
White 450¢ InGaN + phosphor (or Mid-1990s

red-green-blue-white)

TABLE 1.4 GaAs, GaAsP, and GaP LEDs: A Comparison

Property GaAs LEDs GaAsP LEDs GaP LEDs
Emission region Invisible (IR) Visible (red) Visible (yellow)
Forward voltage 1.4V 2V 3V

Rating Milliwatts Millicandelas Millicandelas

(1000 med=1 cd and
cd = lumen/beam
coverage)
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LED. MpuHuun paboThl

(a) Energy (E) (b)  Energy(E)
Conduction 0
band
Electron Conduction
Ec band
Photon 1
Eg hv, Phonon Electron
E
C
v, Photon
Photon 2
Ey Hole Ey
Wave vector (k) Wave vector (k)
~k € > —k >
k=0 k=0

FIGURE 4.1 Energy-band diagrams: (a) direct bandgap and (b) indirect bandgap semiconductor.
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LED. KpacHbin anon
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LED. KpacHbin anon
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F 3

M i
FTEETEEST ST TSI I TTTTEIIE,
B R P
FAEEEEILL SIS ST IS TSI IIIF,

RS d Rt R R d R RS S dd S

FAESEE LTI TETTT ST TITIE

FEFEEFEL LTI TEFFFIII TN
AAAPPPIREI LT FE TSI TIITITIL, (S A
B e e P FRERRFPRAEAAAA N - G a P I EEES
P L L L L L L L D L e L L
PELE PSS S LS ELLEEETIIFFIRFIEFFEFFIFIIFFPRFRE PR R PR IR PFGEEEL PP LIS IS EEIPIITIIIIE

I ————_—_—————_—_—
ko& £ £ &£ £ 2 £ £ 2 &£ & &£ & & & & & & & &£ 2 £ £ 2 £ £ &£ &
5 % % % % % 5 % % ¥ ¥ ¥ 3 3 3 % 3 3 5 K 3 5 5 5 B B kKB B K KB KK KB BB KB
£ & £ &£ &£ & £ £ £ £ £ £ £ 4 &4 2 4 4 4 @ 2 2 2 ¢ 2 2 &L 2 o2 L 2L ET LT EET TR
5k % F 5 5 KK FF ok B OB K OF K F :-‘:-‘:-4:
e & € £ € € € € € € € £ € & & & € £ € € €

RN NN] N-—G P b NN
k€ € € € € € € £ 4 € 4 ¢ a Su Strate 4 & 4 € € € € € € 4 4 4
¥ > > 3 F > FFOF OO 13 3 ¥ F > > F FOF S ’I’I}4=‘
e & & £ £ £ £ £ £ & £ £ . 5 d d 1 1{" - )4 £ & & & & & £ &

P PP OFOFFEFEEFF - o~ b PP OF R OFFFE PR
ARSI | ope x CINL )b b b 2 b p r 2 r e,
FoF R OF R OF OFOF T FoRF R F ¥R ¥ T
& € £ £ £ € < e ey ea ta e tatata ta ta ma ta ma ma = £ 8 € € € £ £ € € <
FoF R F > O R > ] P R
k£ € £ € £ € € § 6 6§ £ € £ € £ & %
¥ B ¥ FFOFFF > ] o R FFFFFR
g & € & 4 4 & 4 8 & € & 4 & € € 4

Si0,/5i3N,
Zn-doped

Ohmic N-contact

Solder



LED. KpacHbin anon

(@) Moldfd (b) Molded LED chip
epoxy lens epoxy lens mounted it
flect
Emitted light r?:aift;) '
Wire bond
Epoxy case
L Anvil
Epoxy case
Post
Flat spot Flat spot
A A

Cathode lead

Anode lead Anode lead
(c) (d) Light

Cathode //

Anode

Cathode




LED

(a) : (b) ()
Lot Flasrie dome
h . Domed
Laight e
\ SEIMOOIENCTOT
VAT
/P—u\ \
n* pr unenon
n
Substrate
Electrodes Electrades

(a) Some light suffers total internal reflection and cannot escape. (b) Internal reflections
can be reduced and hence more light can be collected by shaping the semiconductor info a
dome so that the aneles of incidence at the semiconductor-air surface are smaller than the

critical angle. (b) An economic method of allowing more light to escape from the LED is
to encapsulate it in a transparent plastic dome.
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LED. MpuHuun paboThl

(a) Energy (E) (b)  Energy(E)
Conduction 0
band
Electron Conduction
Ec band
Photon 1
Eg hv, Phonon Electron
E
C
v, Photon
Photon 2
Ey Hole Ey
Wave vector (k) Wave vector (k)
~k € > —k >
k=0 k=0

FIGURE 4.1 Energy-band diagrams: (a) direct bandgap and (b) indirect bandgap semiconductor.



LED. NpnHumn

Conduction band

Electron
Emitted photon
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(a)
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>
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Electron

W Emitted photon

Energy gap
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> Wave vector (k)
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Hole Light hole band
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@€ 7. Excited energy level E,
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LED. INMpuHuun paodoTsbl

bT [ _%J

E=iv=F-F=E+=-
=(E. - E,)+ T = E, + kT

T=300K, TemneparypHbIin BKNnam,

2. T=0.025887 ¢V = 25.887 meV,
E=/v=EFE

g



LED. Bnabl ntommHecueHuunw.

OKCUTOHHBI

(a) (b)

Conduction band Conduction band

R
S

T T
(K R KD
Epliet et

L

Valence band Valence band

InGaN

FIGURE 5.4 Different intrinsic radiative recombination routes: (a) free-exciton annihilation and (b)

recombination of excitons located at band ]:rurential fluctuations.



LED. Bnabl ntommHecueHuunw.
[ lpMecHas

(a) (b)
Conduction band Conduction band
S S
=5 LR TatE ]
AN e kAt VEATREAEY
s R R

Donor state

Acceptor state () G a P : N

AR AR
rjotess! () olaiele

)

gt

s
SRR SRAX A HHRS
foseletelelelelulatel

bo?

Valence band Valence band
(c) (d)
Conduction band Conduction band
AT AT T T LT AT AT T LT
R SRR
el FE SR SR
i : S
RERRRRIS SR
. Donor state = ",_ Donor state
W H
() Acceptor state % :

T o, A B
AN
LA I K )

"d#@”@”wf’
&ﬁp%’%’%’*#

I M M
bR

e

4

4

Valence band Valence band



LED. be3bi3nyyaresnibHas
pekoMounHaums

1) B HENPAMO30HHbIX NMOMYNPOBOAHNKAX C yyacTMemM (QOHOHOB

&

€

-

(48]
\ Conduction band
Electrons

Indirect radiative
recombination

Nonradiative recombination

Wave vector (k)
=

>

Valence band
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2) PekombnHauua Ha NpMMecHOM YPOBHeE

(b)

Conduction band

2

1

Energy gap
E,=111eV '>< ------

l

0

Valence band

Ec

Electron-hole recombination at
trap level/defect/recombination
centre

E,



LED. be3bi3nyyaresnibHas
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3) Oxe-mexaHn3Mm

(a) (b)

Energy (E)

Conduction band

Energy imparted
Electron

to another electron

1 N
Energy gap 'Eg: 1.11 Electrm“l—hc;jle
Auger frecombination 1 recombination
Wave vector (k) Y

Ey
Valence g Valence band
band

Hole'

Conduction band

(c)

Conduction band

f N
Energy gap Electron-hole
E;=111eV recombination

! o I E,,
Valence band

Electron

imparted to
another hole

FIGURE 5.7 Representation of indirect Auger nonradiative recombination in Si by: (a) Energy—
momentum (£—4) diagram, (b) and (c) energy—distance (E—x) diagram.



LED. be3bi3nyyaresnibHas
pekoMounHaums

The Auger recombination rate varies as the cube of the carrier concentration:
3
Uﬁuge.r = Cn (536)

where C is the Auger coefficient and » is the injected carrier density.

C=4-5 %1073 cmfs? for GaAs.
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