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Light Emitting Diodes  
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Radiometry, Photometry and Colorimetry

Radiometry 
physical measurement of EM radiant energy transfer
EM radiation characterized by radiometric units ( deals mainly with 
physics aspect )

Photometry 
deals with the visual sense of brightness
light intensity of an optical source perceived by human eyes 
( deals with both physics and Physiology aspects )

Colorimetry
science of colors and human vision 
deals with measurements of color 

Radiometry, Photometry and Colorimetry
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Radiometric Units 

Radiometry science of measuring radiant energy transfer in any portion 
of the EM spectrum. In practice, this term is usually limited 
to the measurement of IR, visible, and UV light using 
optical instruments. 

Typical radiometric units :

quantity symbol definition unit

radiant energy Q ∫ Φ dt J
radiant flux (power) Φ

 
dQ / dt W

irradiance (object) E dΦ

 
/ dA W/m2

radiant exitance (source) M dΦ

 
/ dA W/m2

radiant intensity I dΦ

 
/ dΩ

 
W/sr

radiance L d2Φ

 
/ dAproj dΩ

 
W/(m2sr)

radiosity W/m2

Radiometry, Photometry and Colorimetry
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Solid Angle 

Many of these energy transfer quantities are built around a core of basic 
geometric ideas. One of the important geometric ideas is the solid angle. 
Radian – the angle that subtends one radius of arc
Steradian – the solid angle that subtends 1 squre radius of area
A sphere of radius 1 m has a surface area of 4π

 
square meters

One sphere contains 4π

 
staradians

Radiometry, Photometry and Colorimetry

r

r
1 radian

ω (solid angle)
= A/r2
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p

Solid Angle 

If the area is not on the sphere, then the solid angle subtended by the area 
is equal to the area projected onto the unit sphere.
θ, the angle subtended by a curve on the plane, is the length of the 
corresponding arc on the unit circle.
ω, the solid angle subtended by an object from a point P, is the surface 
area of its projection onto the unit sphere centered at P.
If I am at point P, and I look out, 
solid angle tells me how much 
of my view is filled, or blocked, 
by the object. 
( total area of the 

unit sphere : 4π

 % of blocked view = ω/4π

 
)

Radiometry, Photometry and Colorimetry
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Photometry   

Photometry deals with the visual sense of brightness 
light intensity of an optical source perceived by human eyes

Photometry : a quantitative science based on a statistical model of the 
human visual response to light, i.e. our perception of light, under carefully 
controlled conditions. 
Human visual system is a very complex and highly nonlinear detector of 
EM radiation with wavelengths ranging from roughly 380 to 770 nm. 
The sensitivity of the human eye to light varies not only with wavelengths 
but also with the amount of radiant flux, whether the light is constant or 
flickering, the spatial complexity of the scene being perceived, the 
psychological and physiological state of the observer, and a host of other 
variables.
Nevertheless, the subjective impression of seeing still need to be 
quantified for “normal” viewing conditions. 

Radiometry, Photometry and Colorimetry
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Luminous Efficiency Function    

In 1924, the Commission Internationale d’Eclairage ( International 
Commission on Illumination, or CIE ) asked over 100 observers to visually 
match the “brightness” of monochromatic light sources with different λ
under controlled conditions CIE photometric curve the photopic
luminous efficiency of the human visual system as a function of λ

CIE photometric curve ( luminous efficiency function ), V(λ) : a weighting 
function representing the average human spectral response and is used 
to convert radiometric quantities 
into photometric quantities

Eye is most sensitive to  
λ

 
= 550 nm

Radiometry, Photometry and Colorimetry
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Photometry vs. Radiometry    

A set of photometric quantities can be derived from radiometric quantities 
by integrating them against V(λ)

Radiometry, Photometry and Colorimetry

Radiometric Quantity Photometric Quantity ( unit )

radiant flux (power), Φ
 

( W ) luminous flux or power, Φv ( lumens, lm )
Φv = 683 (lm/W) ∫ Φ(λ) V(λ) dλ

radiant intensity, I ( W/sr ) luminous intensity, Iv ( candelas, cd, lm/sr )
( for point light source ) Iv = 683 (lm/W) ∫

 
I(λ) V(λ) dλ

irradiance (object), E ( W/m2 ) Illuminance, Ev ( lux, lm/m2 )
Ev = dΦv / dA

radiance, L ( W/m2sr ) luminance, Lv ( cd/m2, lm/m2sr ) (nit) 
Lv = 683 (lm/W) ∫

 
L(λ) V(λ) dλ
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Luminous Flux and Luminous Intensity      

Luminous flux : flow of illumination ( Φv )
Luminous flux : measured in lumen ( lm )
The unit of luminous intensity ( Iv ), cd, 
is one of the seven base SI units. 
Historically, 1 cd was the luminous intensity 
from the standard candle.
1 standard candle can produce a flow 
( luminous intensity ) of 1 lm/sr (cd) Φv = 4π

For an isotropic point light source with Iv
Φv = 4π Iv ( lm )

Currently, 1 cd : 1/60 the out put from cm2

of Th2O3 at the freezing point of platinum 
( 1769oC )

Radiometry, Photometry and Colorimetry

Total flux output 
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Illuminance

Illuminance, Ev = dΦv/dA or Φv/A ( lux, lm/m2 )
For an isotropic point light source : Ev ≈

 
Iv / r2 ( lm/m2 ) 

r : distance from the point source

Radiometry, Photometry and Colorimetry

At d = 1 m :
Iv = 1 cd Ev ≈ 1 ( lm/m2 )
Iv = i cd Ev ≈ i  ( lm/m2 )

Ev ≈ Iv ( lm/m2 ) @ 1 m

Within a fixed solid angle, the 
spherical surface area ∝

 
r2

Ev = Φv / A ∝
 

1/r2

At any distance r : 
Ev ≈ Iv/r2 ( lm/m2 )
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For an Isotropic Point Source      

Φv : total luminous power of the source in lumens
dΩ

 
= dA/r2 , Ω

 
= A/r2 : solid angle in steradians

Iv = Φv/4π

 
: luminous intensity in lm/sr

Φv = 4π

 
Iv

Ev( r ) = dΦv/dA : illuminance in lux ( lm/m2 )
Ev( r ) = Iv/r2

Radiometry, Photometry and Colorimetry

r

dA, A
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Examples     

Ex. 1. What is the illumination on a book located 2.5 meters from a 50 cd
light source?     
Ans:  Ev = Iv/r2  , Ev = 50 cd / (2.5m)2  , Ev = 8 lx

Ex. 2. A 25 cd source is placed in the center of a sphere having a radius of 
4.5 m.  What is the luminous flux on the surface of the sphere?
Ans:  Φv = 4πIv = 4π

 
x 25 ( lm )   ,   Φv =  314.2  lm

Ex. 3. 150 lx of illumination is needed to properly see a given task.  The 
ceiling in the room is 3.5 m from the work table.  What should the 
luminous intensity of each of 6 lamps be in order to provide the light ?
Ans : Ev = Iv/r2    so   Iv = Ev x r2   and  each lamp = Iv /6

Iv = 150lx x (3.5m)2 =  1840 cd
each lamp = 1840 / 6 = 306 cd

Radiometry, Photometry and Colorimetry
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Luminance     

單位：坎德拉每平方米 (cd/㎡ , nit )
一光源或一被照面之輝度 ( luminance ) 指其單位表面在某一方向上的光強度密

度，也可說是人眼所感知此光源或被照面之明亮程度。

Radiometry, Photometry and Colorimetry
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Human Vision of Brightness and Color       

The human visual system seems to treat brightness and color separately   
Physically separated pathways in the visual cortex (brain).
Some crossover, but weak.
Perception of shape and form seems to be based on brightness, not color
Much more sensitive to changes in brightness than to changes in color

Radiometry, Photometry and Colorimetry
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Physiology of Human Vision

Radiometry, Photometry and Colorimetry
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Retinal Photoreceptors

Outer segments contain the photopigment rhodopsin
Light absorption induces conformal changes in rhodopsin
Second messenger cascade ( reduced cGMP concentration )
Closing of cation channels leads to hyperpoarizaiton of photoreceptor
Receptor currents evoked by decreased neurotransmitter at synaptic 
terminals

Radiometry, Photometry and Colorimetry
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Cones 

High illumination levels ( Photopic vision )
Less sensitive than rods
5 million cones in each eye
Density decreases with distance from fovea
Have 3 kinds of color-sensitive pigments : 

L-cones, most sensitive to red light ( 610 nm )
M-cones, most sensitive to green light ( 560 nm )
S-cones, sensitive to blue light ( 430 nm )

Radiometry, Photometry and Colorimetry
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Cone Spectral Sensitivity  

The three types of cones each responds to different ranges of wavelength
The combination of the responses of these different receptors gives us 
our color perception
This is the base of the tri-stimulus model of color

Radiometry, Photometry and Colorimetry
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3-D Color Space

Two lights that appear the same visually. They might have different SPDs
(spectral power distributions )
Three types of cones suggests that the 
proper way to represent color is by using
a 3D quantity. 
How to define a 3D color space?
Trichromatic : “Tri” = Three  
“chroma” = color 

Radiometry, Photometry and Colorimetry
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Tristimulus Color Representation

Theoretically, any color can be matched by using three independent 
reference colors or primary colors
“Color matching functions” ( CMF ) describe the amount of each primary 
color needed to match a monochromatic spectral colors of equal intensity 
In actual experiments, some monochromatic test source can not be 
matched with any combination of the red, green, and blue light, unless red 
color is added to the test source negative values in CMF
Some colors therefore can not be generated by the RGB monitor

Radiometry, Photometry and Colorimetry

RGB color matching function

r
g

b

r
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Representing Any Color With  RGB Primary Colors 

color of any spectral distribution can be represented by 3 values of R, G, B 
(color) = R•(red)+G•(green)+B•(blue) RGB color space 

Spectral distributions with same (R, G, B)  eyes perceive same color
For monochromatic color of standard brightness or intensity 
R, G, B obtained directly at the corresponding wavelength on CMF curves
e.g. monochromatic light at 500 nm -0.09red + 0.09green + 0.09blue

R = - 0.09, G = 0.09, B = 0.09
monochromatic light at 600 nm R = 0.35, G = 0.05, B = 0

Radiometry, Photometry and Colorimetry

RGB color matching function

r
g

b

r
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Representing Any Color With  RGB Primary Colors 

For a color which consists two wavelengths, e.g. 500 nm and 600 nm, 
with standard intensities, it can be matched by : (0.35-0.09)red 
+(0.09+0.05)green+(0.09+0.0)blue = 0.26red+0.14green+0.09blue

R = 0.26, G = 0.14, B = 0.09
For a color which has a continuous spectral distribution with the spectral 
power distribution of S(λ) R = ∫ S(λ) r dλ ,   G = ∫ S(λ) g dλ

B = ∫
 

S(λ) b dλ

and this color can be matched by 
R•(red) + G•(green) + B•(blue)
Problem with this RGB color space 
or color coordinates : 
possibility of a negative R

Radiometry, Photometry and Colorimetry

RGB color matching function

r
g

b

r
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Standard CIE-XYZ Color Space 

1931, The Commission Internationale de I’Eclairage (CIE) defined a 
standard system for color representation, based on color matching exp.

CIE-XYZ Color Coordinate System
CIE Experiments ( Guild and Wright, 1931 )
- color matching experiments
- group ~ 12 people with “normal” color vision ( from London area )
- 2 degree visual field ( fovea only )
- another experiment 1964

• 10 degree visual field, ~ 50 people ( with foreigners )
• more appropriate for larger field of view but rarely used

transformation to another set of virtual ( imaginary ) primary colors 
( instead of traditional monochromatic R, G, B colors )

all matching factions are positive

Radiometry, Photometry and Colorimetry

( 實際上不存在的一組三原色? )
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Primary Colors and CMF of CIE Standard 

For this set of virtual ( imaginary ) primary colors always-positive CMF
any color is represented by 3 positive values 

Can match all physically realizable color
One of the matching functions defined to match V(λ) ( luminous efficiency 
curve)
Integral over the CMF gives equal values
Equal amount of primary colors produce 
white
The 3 primary colors associated with 
x y z color matching functions are 
actually unrealizable ( negative power 
in some λ

 
)

Radiometry, Photometry and Colorimetry

Color Matching Functions 
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CIE Chromaticity Diagram 

For any color with the spectral power 
distribution S(λ), its tristimulus values 
X, Y, Z, i.e. the amount of each primary 
color needed to match the specific color, 
are obtained by : 
X = ∫

 
x(λ) S(λ) dλ

Y = ∫
 

y(λ) S(λ) dλ

Z = ∫
 

z(λ) S(λ) dλ

For normalization, to concentrate on
color and not on light intensity 

x, y, z z = 1 – x – y 
chromaticity diagram simplified 
to a 2-D plot of x and y 

Radiometry, Photometry and Colorimetry
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Different CIE Chromaticity Diagrams 

Radiometry, Photometry and Colorimetry
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Pure Color and Color Naming 

Pure colors lie on the curved perimeter
All visible colors lie in convex hull of curved perimeter

Radiometry, Photometry and Colorimetry
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Black Body Radiation and Standard Illuminants  

Radiometry, Photometry and Colorimetry

A blackbody is an ideal absorber that 
absorbs all radiation at all λ

 
and θ

A blackbody is also an ideal emitter, 
i.e., no other source at the same 
temperature emits more radiation 
at any λ

 
and to any θ
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Blackbody Radiation and Color Temperature  

Radiometry, Photometry and Colorimetry
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Linear Superposition Principle in Colorimetry

An important result of the usage of CIE linear superposition principle

Color gamuts define for a two-color and a three-color system of primaries 

No three primary-colors spans the full space of perceivable colors. 
( CIE chromaticity diagram spans of the gamut of human color vision )

Radiometry, Photometry and Colorimetry
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Complementary Wavelength

Radiometry, Photometry and Colorimetry
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Dominant Wavelength

Radiometry, Photometry and Colorimetry
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Evolution of LEDs

development of LEDs are mainly material-driven 
structures of LEDs are also affected by the choice of materials

Basic Structures of LED

LPE , VPE MOCVD

LPE : Liquid Phase Epitaxy

VPE : Vapor Phase Epitaxy

MOCVE : Metal Organic 
Chemical Vapor 
Deposition 
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Choice of Light Emitting Materials 

choice of light emitting material
usually based on the following
initial considerations :
(1) Eg of the material 
(2) appropriate substrate
(3) availability of heterostructures

Basic Structures of LED

LED Chip Design

Epitaxial Growth

Chip Process

LED Package

System and 
Applications

Choice of Light 
Emitting Material 

Epitaxy Structure

Chip Structure

Choice of Substrate
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Typical Choice of Materials for LEDs

Basic Structures of LED
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Radiative Transition Through Isoelectronic Centers  

for indirect band-gap semiconductors use recombination of bound   
excitons at isoelectronic centers to generate radiative recombination 

isoelectronic center : produced by replacing one host atom in the crystal 
with another kind of atom having the same number of valence electrons

isoelectronic center attract electron and hole pair exciton
radiative recombination can occur without phonon assistance 
hυ slightly smaller than Eg

common isoelectronic centers : 
N in GaP 565 nm 
N in GaAs0.35P0.65 632 nm 
N in GaAs0.15P0.85 589 nm 
ZnO pair in GaP ( neutral molecular center ) 700 nm 

LED Basic Characteristics 
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Choice of Substrates for Red and Yellow LEDs

Basic Structures of LED
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Material System for High Brightness Red/Yellow LEDs

Basic Structures of LED
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Choice of Substrates for Blue LEDs

choices of light emitting material 
for blue LEDs ( before 1994 ) : 
GaN system, ZnSe system, SiC

and, the winner is : GaN

potential substrates for 
growing GaN : 

Basic Structures of LED

Al2 O3 GaN 6H-SiC Si ZnO AlN

結構 Hexagonal Hexagonal Hexagonal Cubic Hexagonal Hexagonal

晶格常數(a) 4.758 3.189 3.08 5.431 3.252 3.11

晶格常數(c) 12.991 5.815 15.12 - 5.313 4.98

熱膨脹係數

 
(10-6/K)

7.5 5.59 4.46 3.59 2.9 5.27

熱傳導率

 
(W/cmoC)

0.27 1.3 4.9 1.51 0.6 2.2
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Earlier LED Structures   

Basic Structures of LED
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Basic Structures of High Brightness Visible LEDs

HB red/yellow LEDs : InGaAlP

HB blue/green LEDs : InGaN

Basic Structures of LED

p-contact

n-GaAs (Si)

n-AlInP (Si)

p-AlGaP(Mg)

n-contact

MQW

GaP-p(Mg)

Sapphire,Al2O3
Substrate

n-type GaN
MQW
p-type GaN

p-contact

n-contact

SiC, substrate

n-contact

p-contact

*Cree
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Transparent Substrate Red/Yellow LEDs

Basic Structures of LED

• Eg of GaAs=1.424eV (870nm)
• Eg of GaP=2.24eV (553nm)
• visible (AlxGa1-x)0.5In0.5P 
• LEDs typical operating 

wavelengths of 560~660nm are 
grown lattice-matched on GaAS
substrates



OPTOELECTRONICS 43 Prof.  Wei-I Lee 

Window Layers  

without window layer

with window layer   

Basic Structures of LED
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High Brightness Blue LEDs

Basic Structures of LED

Sapphire Substrate
( ~100μm)

P-GaN

MQWs

Transparent Contact Layer 

N-Contact

P-Contact

N-GaN
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High Brightness LEDs on CIE Chromaticity Diagram

Basic Structures of LED

λp
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Double Heterostructure Characteristics

active layer thickness ( e.g. 0.2 – 2 μm ) < carrier diffusion length 
injected carriers distributed uniformly  in the active layer 

Δn = Δp ( charge neutrality ) 
active layer usually undoped or lightly doped n ≈ Δn , p ≈ Δp
for p-type active layer : 

for n-type active layer : 

at steady state :  ( d /dt = 0 )

extra carrier density 
∝

 
injected carrier lifetime 

LED Basic Characteristics 

Ref : “Optical Semiconductor Devices” Chap. 2 
Mitsuo Fukuda 
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Efficiencies of LEDs

external power efficiency ( conversion efficiency ) : ηcv = Pout/Pe-in x 100%

external quantum efficiency, ηext :  
# of photons emitted from LED per second  

# of injected electrons per second  
internal quantum efficiency, ηi : 

# of photons generated in active region per second
# of injected electrons per second

ηext = ηi ηout , extraction efficiency, ηout : 
# of photons emitted from LED per second

# of photons emitted from active region per second 
slope efficiency ( or responsivity) : 

LED Basic Characteristics 

Sact : area of light emitting region 
dact : thickness of active layer 
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Simplified DH LED Characteristics 

,  τn : injected carrier lifetime 

low level injection : 

high level injection : 

actual P vs. J relation 
is often more 
complicated

surface-emitting 
1550 nm-band 
InGaAsP/InP LED   

LED Basic Characteristics 
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Reasons to Use Multiple Quantum Well Structures 

strong electron and hole wave function overlap
higher radiative recombination efficiency

used when active region in DH structure has big lattice mismatch with the 
cap or cladding layers 

avoid defects in active region when lattice relaxes
effectively increase emission photon energy 

reduce Al percentage of the material in active region 
( semiconductors with high Al 
percentage usually have worse 
radiative recomb. efficiencies ) 
thinner active region ( < 50 nm ) 

reduce internal absorption  
less temperature sensitivity, more 
stable emission wavelength and I-V 
characteristics 

LED Basic Characteristics 
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Total Internal Reflection and Escape Cones

total internal reflection 

LED Basic Characteristics 
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Spherically Shaped Surface 

LED Basic Characteristics 
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TIP Structure 

TIP red/yellow chip structure 

LED Basic Characteristics 
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HB Red/Yellow LED Evolution  

by Hewlett Packard Agilent Luxeon

LED Basic Characteristics 
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HB Blue/Green LED on SiC

by CREE 

LED Basic Characteristics 

SiC

N-GaN

P-GaN

CB

N-GaN

P-GaN

SiC

UB

N-GaN

P-GaN

SiC

MB

N-GaN

P-GaN

SiC

XB
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Textured Surface to Improve Light Extraction  

LED Basic Characteristics 
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Extraction Efficiency of GaN LED on Sapphire  

LED Basic Characteristics 
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Flip Chip GaN LED Design 

LED Basic Characteristics 
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LED Current-Voltage Characteristics   

general I-V relation in operating bias range (diffusion current dominates):

when Vb > Eg IF ↑↑

differential resistance : 

IF ↑ differential 
resistance 
approaches Rs

surface-emitting 
1550 nm-band 
InGaAsP/InP LED   

LED Basic Characteristics 
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Current-Voltage Characteristics at Low Bias 

at low bias, nonradiative recombination currents dominate 
nonradiative recombination current ∝

 
exp ( qV/2kBT ) 

nonradiative recombination current caused mainly by 
1. surface recombination
2. generation-recombination 

current via deep levels in 
depletion region 

LED Basic Characteristics 



OPTOELECTRONICS 60 Prof.  Wei-I Lee 

Current-Voltage Characteristics of Different LEDs

LED Basic Characteristics 



OPTOELECTRONICS 61 Prof.  Wei-I Lee 

Forward Voltage of LED 

forward voltage of typical size ( ~ 300 μm x 300 μm ) LEDs, Vf : 
operating voltage at 20 mA
Vf has been widely used a standard LED parameter 

LED Basic Characteristics 
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Typical HB Visible LED Testing Parameters 

For a typical 300 μm x 300 μm LED 

LED Basic Characteristics 

項目 符號 測試條件* 單位

順向電壓 VF 20 mA V

逆向電流 IR -5V uA

主波長 λd 20mA nm

峰值波長 λp 20mA nm
光譜輻射帶寬 (半高寬) Δλ 20mA nm
光通量 ΦV 20mA mlm

發光強度 Iv 20mA mcd

色度範圍 x , y 20mA --

發光效率 ηV 20mA lm/W
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Junction Temperature and Band-gap

junction temperature, Tj : temperature of the active layer 
Tj mainly affected by : 1. ambient temp. and 2. Joule’s heating by current
Tj affects :
1. I-V characteristics 
2. emission peak wavelength
3. light output power 
one major reason for dependence 
of I-V and λp on Tj is Eg
around room T 
αa ( eV/K ) : temp. coefficient of Eg

Other LED Characteristics 

( Eg approximated by the Varshni’s formula 
from Schubert’s book  )
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Junction Temperature and I-V  

junction temperature, Tj : temperature of the active layer 
Tj mainly affected by : 1. ambient temp. and 2. Joule’s heating by current
Tj and I-V characteristics 

Other LED Characteristics 

( ambient temp. ) 
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Junction Temperature and Peak Wavelength   

factors to move λp to shorter λ
 

: band-filling effect at high level injection
factors to move λp to longer λ : Eg reduction at high Tj
for DH LEDs : λp ≈1.24/Eg (μm) , Eg : band-gap of the active layer material

Other LED Characteristics 
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Junction Temperature and Output Power   

as Tj ↑ Bsp ( radiative recomb. coef.) ↓
ηi ↓ [    ] 
output power ↓

as Tj ↑

carrier overflow from active layer ↑
output power ↓

Other LED Characteristics 

( ambient temp. ) 
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Junction Temperature and Auger Recombination  

Other LED Characteristics 

Auger recombination rate :                     or

around room T , αa ( eV/K ) : temp. coefficient of Eg

Tj ↑ Eg ↓ carrier conc. ↑ ( n or p ∝ ) 
Auger recombination ↑

Auger recombination more 
important in narrow bandgap
active layers

temp. depend. of current-output 
power determined mainly by : 

overflow of injected current  
@ room T

Auger recomb. and intraband
absorption at higher T 
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Junction Temperature and Thermal Resistance 

Tj increased by Joule’s heating from injected current 
Tj can be indirectly estimated 
(1) from λ

 
shift  of the emitted light

( because Eg changes with temp. ) 
(2) by comparing output power 

under dc and pulsed operation 
(3) from temp. dependence of 

junction voltage

Rth : thermal resistance, oC/W
Rth ↓ Tj ↓ LED output power ↑
Ex. AlGaAs/GaAs DH LED Rth 100 oC/W

IF = 100 mA @ Vj = 1.8V @ 25 oC
ΔTj = 18 oC ,  Tj = 43 oC

Other LED Characteristics 



OPTOELECTRONICS 69 Prof.  Wei-I Lee 

Emission Spectra Width ( FWHM )

Other LED Characteristics 

?
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LED Modulation for Data Transmission  

IR LEDs ( 780 – 1550 nm ) often used as sources in fiber optic networks
in transmission systems and data links, emitted light is modulated by 
superimposing on the injected current a signal current 

intensity modulation 
modulation freq. ↑ response  ↓
upper limit of the operation frequency 
determined mainly by the lifetime of 
the injected minority carriers in the 
active region ( τn )

Other LED Characteristics 
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LED Modulation Frequency Response   

when required response time of the modulation signal < τn response ↓
injected carrier density : 

,  ω
 

: modulation angular freq. 

total freq. response : 
optical bandwidth 
(output power drop 50%) : 

electrical bandwidth : 

Other LED Characteristics 
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Evolution of LEDs

development of LEDs are mainly material-driven 
structures of LEDs are also affected by the choice of materials

Basic Structures of LED

LPE , VPE MOCVD
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