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. Consider a semiconductor laser operating at 900 nm. If the spectral width over which the
gain is available is 15 nm. What is the maximum cavity length for single longitudinal
mode operation ? Assume the refractive index 7 = 3.6,

. Dzwminetheslopeefﬁciemyofahsadiodeopemﬁng:t),= 1300 nm if its external
quantum efficiency of n_ = 0.1.

‘What are stimulated emission and spontaneous emission ? Explain the principle of laser
action, [UPTU 2003-04]
What are the advantages of semiconductor lasers over light emitting diodes for
communication ? [UPTU 2003-04]

. Explain the working principle of a non-semiconductor LASER using suitable diagram. \
[UPTU 2004-05)

. What is meant by optical and electrical confinement in a LASER ? How is it achieved ?
Explain. [UPTU 2004-05]
‘What is inversion ? Explain the ism of population inversion in a three
level or four level system. [UPTU 2007-08]

. Derive an expression for the threshold value of gain for laser oscillations. [UPTU 2007-08]

g Whnisinmﬂqtmnmdﬁcimy.dﬁaenﬁdqmnmaﬁciuwyndmﬂleﬂkimcy
of semiconductor laser ? [UPTU 2007-08]

- Explain the necessity of carrier confinement and optical confinement in semiconductor
laser. How these confinements are achieved 7 Explain the structure of any one double
heterojunction semiconductor laser. [UPTU 2007-08]

. Explain semiconductor injection laser, Find its internal quantum efficiency and show how
itis related to the differential external quantum efficiency. [UPTU 2008-09]
The threshold current of a particular laser diode doubles when its temperature is increased
by 50°C. De ine the ch isti of the laser.
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i sou:cas for fiber communication should satisfy some desirable properties
in terms of :
® intensity
m radiation pattern
m emission wavelength
m spectral characteristics
® response time.
Semiconductor diode sources of the LED and
fiber optic systems due to :
= high efficiency
® compact size
= Jow power consumption
= high reliability. e
A l'gh;':mitting diode (LED) is a semiconductor diode that gn'uts mcoherel?t narrow
spectrulm light when electrically biased in the forward direction of the p-n junction.
is effect is a form of electroluminescence. : :
Th‘sAn LED is usually a small area source, often with extra optics added to the chip

i iati lour of the emitted light depends on the
o ‘:;c;‘m e p:;‘:hr:‘ o i ial used, and can be infrared,

LD types are a natural choice for

visi!;le, or near ultraviolet. "
Semiconductor materials can be classified as :

= Direct bandgap materials

® Indirect bandgap material
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In dlrec?!nndgﬁpmterhlschargccanimcan
make;; from th duction to the valance J
band same K value i.e., without a change in | | Eps their light
£ : project all their light
mo:lenmm. For this reason direct bandgap materials | forwards whereas mgst
such as GaAs are the most appropriate and efficient | common light sources emit
materials for generation of light. light in all directions.

lndimcthpdmmhls(ﬁx.si),ifusedwiﬂ
need photon asstswdtmnsiﬁonswconserveﬂ!emomenm
There are several by of which semicond i itting di
(LED) are preferred light sources and these are : e e
1. They give adequate power.
2. They give adequately low noise,
3. The dimensional characteristics of LED’s are i i
. compatible with those of opti
ﬁber,. which means that coupling of fibers with light source will be ea;p:cal
4. The light from LED can be variedormodu!awdbyvar&ingﬂ:eappliedvoluge
or current through the device which is essentially the information to be

transmitted.
" In tl}ecaflyZOﬂ.menmry.HenryRoundofMamniLlhsﬁrstnowdthata
; could produce light. Russi Oleg Vladimirovich
thLosev lm‘iepAewentl.y cmeled the first LED in the mid-1920s; his research,
: g::;;:d distributed in Russian, German and British scientific Jjournals, was
Ru!wianunsteinoftheRadio(‘ poration of Ameri d on infrared
t]:l;l;;sion from gallium arsenide (GaAs) and other semic(;nductor alloys in
ngg]em at Texn‘s Instruments, Bob Biard and Gary Pittman, found in
o el e (e r el
was applied. e s % ;
BiardandPimnanwereablemeshblishﬂn iori i
of their i
the patent for the infrared light-emitting diod:n s e
Nick Holonyak Jr., then of the General Electric X
ck He I, Company and later with the
University of lllmms at U@naChampaim developed the first practical visible-
HspecuumLH)m l962and|sseenasﬂ1e”hﬂn'nﬂhellght-enﬁumgdiode”
L] olonyak’sfom:ergmduatesmdem,M George Craford, i i A
g A ord, invented
first yellow LED, brighter red and red-orange LED’s, i
Shuji Nakamura of Nichia of Ja i
pan demonstrated the first high-bri
LED‘based‘ Lon InGaN, borrowing on critical devel in (‘ig:ll‘lbngh‘mes's b'::
ion of p-type doping of GaN which were
agoya. The existence of the blue LED led
I yed aY3A15012:Ce, or “YAG”,
ght v'vith blue to produce light that appears
Mill logy Prize for his i ion.
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LEDs that emit light of different colour are made of different semiconductor
materials. The semiconductor materials that are used for the active layer of an optical
source must have a direct band gap. Various binary, ternary and quaternary
semiconductors are used for optical sources. Binary semiconductor contains a single
anion and single cation, that are used in LED includes : SiC, ZnSe, GaN, GaP, GaAs,
InP, InAs, GaSb. The first three are wideband gap icond and are used to
generate blue light. But presently they are of very little use because they are very
inefficient. More lightly nitrogen doped material is used for yellow emitter. When
GaP is doped with both zinc and oxygen, it emits red light.

® Ternary semiconductors such as GaAsP, GaAlAs and InGaAs are used
because they can adjust the energy gaps to a desired wavelength by choosing
the appropriate composition.

® Ternary LEDs have the advantage that they can be tuned at a specific
wavelength when energy gap varies with the composition. At a first level
approximation, it varies linearly and is given by :

E (A B.C) = E,(AC) +[E, (BC) - E,(AC)]x w(T.1)
But a more accurate representation is
£y (A1_:B.C) = E,(AC) +[E( (BC)~ E, (AC)Ix — b, x(1 - x) T2y

‘where x = Fraction of component B
. b,y = bowing parameter (experimentally determined parameter
i.e., always positive)

The direct semiconductors are those in which electrons and holes on either side
of the forbidden energy gap have the same value of crystal momentum and therefore
direct bination is possible. In direct bandgap iconds 1 lumi
is possible and this process is shown in Fig. 7.1.

ELECTRON T
ENERGY

Fig. 7.1. Energy of direct
energy of val band occurs at the same value of electron
crystal as the energy of the condition band. Thus when
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electron hole recombination take place, the

1 virtually
and bandgap energy E, may be emitted as light. This | LEDs have a life time of
direct transition of an electron across the energy gap | detween 25,000-50,000
provides an efficient mechanism for photon emission | "'

and average time before the recombination, the minority
carrier remains in a free state is short i.e., 107 to 107 sec.
In indirect bandgap semiconductors the i and

occur at different values of crystal momentum, as shown in Fig. 7.2.

ELECTRON 4
ENERGY

Fig. 7.2. Electron: of indirect b

Electron hole recombination occur when electron loses momentum such that
the value of occurs ponds to the energy of valence
band. The conversion of quires the or absorpticln of a third
particle known as photon. The three particle recombination process is for less
probable than the two particle process. Thus the recombination in indirect bandgap
semiconductors is relatively slow. b

The . bination coefficient is obtained from the d absorption coefficient
of thc mic d For low infected minority carrier density relative to the majority
carriers, it is related approximately to radiative minority carrier lifetime 7, by

where, B, = Recombination coefficient
Nand P = Majority carrier concentrations in the n and p type regions.
The formula relating electron energy to wavelength is given below :
e che 124
=em Em(EY) A(74)
A = Wavelength in microns
h = Plancks constant = 6.63 x 107 = 4.14 x 10™° eV.s
¢ = Speed of light = 3 x 10° metres.sec
€,, = Photon energy in eV
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Thismeensﬂwtﬂ}emtcrialsofwhichdeEDismsdedetemﬂneﬂwwavelengthof
lightemiued.mfelluwingmbleshows gies and lengths for ly used
materials in semiconductor LED’s and lasers :

Table 7.1. Bandgap Energy and Possible ‘Wavelength Ranges
in Various Materials.

Indium Phosphide
Indium Arsenide
Gallium Phosphide
Gallium Arsenide
Aluminium Arsenide
Gallium Indium Phosphide
Aluminium Gallium Arsenide
Indium Gallium Arsenide
Indium Gallium Arsenide Phosphide 0.73-135

A heterojunction is a junction in which the p and n type materials are different
semiconductors.

A heterojunction is not unlike an ordinary p-n junction. The difference in bandgap
energies creates a one-way barrier. Charge carriers (electrons or holes) are attracted
over the barrier from the material of higher bandgap energy to the one of lower bandgap
energy.

The two basic LED configurations being used for fiber optics are :

(1) Surface emitters (also known as burrus or front emitters)

(2) Edge emitters ;

® One major advantage of heterojunction LED is that it can be an edge emitter.

® In GaAlAs heterojunction the LED’s light is created in a central region
sandwiched between two regions that in more i B
there is a heterojunction on either side of the active region, this structure is
known as double hetrostructure DH.

m It’s easy enough to construct a p-n junction that will emit light of the required
wavelength.

As illustrated in Fig. 7.3, p-
n junctions are necessarily very
thin, flat and need.lo cover a TR
relatively large area if they have |P e é&CﬂON
to produce any meaningful | <eviconpucTor
amount of light. Further, light is

spontaneously emitted in all
directions and since the

Fig. 7.3. Simple p-n Junction LED.




=

semiconductor material is

transparent over the band of

wavelengths produced, the

light will disperse in all “ e eresouncrions
directions. It is very difficult to

getany mean-ingful amount of “

light into a fiber from a regular

Pp-n junction, Fig. 7.4. Double Heterojunction LED,

What is needed is a way of producing light in a more localized area, with a greater
intensity and with some way of confining the light produced such that we can get it (or
alot of it), into a fiber. The heterojunction is the answer to this problem.

Double Heterojunction : When a la

heterojunctions present—one on each side of the active material. The double
heterojunction forms a barrier which restricts the region of electron-hole recombination
to the lower bandgap material. This region is then called the active region. An energy
diagram of a double h junction is shown in Fig. 7.5.

nP ¢ ninGaAsP p-InP

: ELECTRONS :

ENERGY
LEVEL

Fig. 7.5. Energy Bands in a Double Heterojunction.
The diagram: shows the energy levels for the three sections of the double
heterojunction. 4
® On the left is n-InP. The lower dotted line represents the energy level of the
valence band in this material, The upper dotted line represents the lowest
energy in the valence band for this material. Thus there is a bandgap difference
of 1.35eV.
In the middle section of the diagram we see n-InGaAsP. Here the valence
band is at a higher energy than the valence band of the adjacent n-InP. The
conduction band is at a lower energy level.
® On the right we notice that
n-InP but the bandgap is the same.
Electrons are attracted across
InGaAsP. Holes are attracted across

p-InP has higher energy levels than

the left-hand junction from the n-InP to the n-
the right-hand junction from the p-InP into the n-
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InGaAsP. Recombination takes place in the n-InGaAsP and spontaneous emission (or
lasing) occurs.

The internal quantum efficiency of the device is limited by the absense ?f optical
lification th h stimulated emission in the LED. The power generated internally
P . d ined iderati 1 d holes in
by an LED may be by the ofexc?ss and holes
tlfe p and n-type material respectively, when it is forward biased and carrier injection
takes place at the device contacts. S
i i i ers
The excess density of electrons A, and holes A, is equal since the injected carrier
are created and recombined in pairs ;uch that charge neutrality is maintained within
the structure. . : A
In extrinsic materials one type of carrier will have much higher Foncentrauun.thnn
other type, example. In the p-type region the hole concentration will be much higher
than the electron concentration.
Generally the excess minority carrier density decays exponentially with time ¢
according to the relation

An = An(0)exp (’T') .(15)

where, An(0) = Initial injected excess electron density.
t = Total carrier recombination life time.
An = Small fraction of the majority carriers and comprises all of the
i ion diodi ilibrium
i flow of current into the junction diode, an equ
cond‘;\:hi:: i‘shz?u:;l?s::;s.(?:tthis case the total rate at which carricr§ are generated
will be the sum of the externally supplied and the thermal generation rates.
The current density J in amperes per square meter may be written as
in electrons per cubic meter per second.
where, e = Charge on an electron.
d = Thickness of the recombination region.
A rate equation for carrier recombination in the LED :

didn) s T s m>s™) ...(1.6)
dt ed T
‘The condition for equilibrium is obtained by setting the derivative if‘ Eqn. .(7.6_) o
zero. Hence the steady state el density when a current is g into
the junction region is :

i)

In steady state the total number of carrier recombinations per second or the
recombination rate r, :
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o ) -

n = ren b, m ) -(7.8)
where r, is the radiative recombination rate per unit vol i nonradiati
recombination rate per unit volume. o i -

From Eqn. (7.8) the total number of recombinations per second R, :
5

Internal Quantum Efficiency : The LED internal
ratio of the radiative recombination rate to the total recombination rate) : T (the

T Lo OK

T ..(7.10)

where R, is the total number of radiative recombinati Rearrranging
ations i

Eqn. (7.10) and substituting from Eqn. (7.9) gives : e

Nint

LSl
R-= s (7.01)

The optical power generated internally by the LED, P, is :

For the exponential decay of excess carriers :
The radiative minority carrier lifetime is

-

The nonradiative minority carrier lifetime is

Therefore from Eqn. (7.10) the internal quantum efficiency is :

1 1

Nine = P
l+(ﬁ’-] I:“{ T, ]:I ..(7.14)
iz R

The total recombination lifetime T can be written as T = o which, using
n
Eqn. (7.8), gives ;

-(7.15)
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Hence ..(1.16)

External Quantum Efficiency

To find the emitted power, one needs to consider the external quantum
efficiency (n,,)- Itis defined as the ratio of the optical power emitted externally P, to
the electrical power provided to the device P or

P,
= = x100%
e = x
Also the optical power emitted P, into a medium of low refractive index 7 from
the face of a planar LED fabricated from a material of refractive index n, is given by

where P, = Power generated internally
F=T ission factor of the semi ternal interface

\/Ooupllng Efficiency

‘When coupling the light output into a fiber, a further loss is enountered. The
consideration of this coupling efficiency is very compl i it is possible to use
an approximate simplified approach.

Let us assume that,

For step index fibers, all the light incident on the exposed end of the core within
the acceptance angle 0, is coupled then for a fiber in air :

6, = sin” (nf —m)"? AL
=sin' (NA) ..(1.18)

Also, incident light at angles greater than 6, will not be coupled. For a Lambertion
source, the radiant intensity at an angle 0, 1(0) is given by

1(8) =1I,cos® (7.19)
where, I, = Radiant intensity along the line
6 =0 ,

Cmﬂdﬂingamwhﬁhissmllamn,ammdosepmxinﬁtym,meﬁbermA

By ing cylindrical sy y, the coupling efficiency (1) is given by
[0 1@).5in 0..d0
e e et
(7 1@).5in0.d0
From the above equation, we get

N = .(7.20)

0, : s
s [0t -cos0.5in0.d0 [ 1o-sin20.d8

/2 5 = ral2 5
[0 1y -cos0.5in 8.0 Jo%1.5in20.d6

MNe




High power LEDs can be
driven at currents from
hundreds of mA to more than
an ampere and can emit over
thousand lumens.

Therefore, from Eq. (7.21)

fle (1.22)

Above equation is for the coupli i o
: upling efficiency allows estimates
of optical power coupled into the step index fiber relative to the amfm'o!he it
power emitted from the LED. unt of optical

i e
e s o e LD st bt v e i

® Planar LED

® Dome LED

® Surface emitter LED

® Edge emitter LED

® Superluminescent LED,
7.6.1. Planar LED

.It is the simplest of the

OHMIC
CONTACTS

nTYPE SUBSTRATE
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(i) Forward current flow through the junction gives Lambertian spontaneous
emission and the device emits light from all surfaces.

(ii) Only a limited amount of light escapes the structure due to total internal
reflection, and therefore the radiance is low.

7.6.2. Dome LED
The structure of a typical dome LED is shown in Fig. 7.7.
LIGHT OUTPUT

kS -

P

Fig. 7.7.
(i) A hemisphere of n-type GaAs is formed around p-region.

(ii) The diameter of the dome is chosen to maximize the amount of internal
emission reaching the surface within the critical angle of the GaAs air interface.

(iii) The device has a higher external power efficiency than the planar LED.

(iv) He , the g y of the is such that the dome must be far
larger than the active recombination area, which gives a greater effective
emission area and thus reduces the radiance.

7.6.3. Surface Emitter LED’s

A method for obtaining high radiance is to restrict the emission to a small active
region within the device. The technique pioneered by Burrus and Dawson with
homostructure devices was to use an etched well in a GaAs substrate in order to prevent
heavy absorption of the emitted radiation and physically to date the fiber.
These have a low tk 1 imped: in the active region allowing high
current densities and giving high radiation emission into the optical fiber.

The structure of a high radiance etched well DH surface emitter for the 0.8 to 0.9
pm wavelength band is shown in Fig. 7.8.

The power coupled into a multimode step index fibre :

P, = n(1-r)ARy (NA) (123)

r = Fresnel reflection coefficient at the fibre surface.
A = Smaller of the fibre core cross section or the emission area of the
source.
R, = Radiance of the source.

IMIC
CONTACTS
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MULTIMODE OPTICAL FIBER

EPOXY RESIN

PROTON
BOMBARDED
REGIONS
Fig. 7.8.
The power coupled into the fiber is also dependent on many other factors
including;
= the distance
B ali b the
® the SLED emission pattern
® the medium between the emitting area and fiber.
The addition of resin in the etched well tends to reduce the refractive index mismatch
and increase the external power efficiency of the device.
7.6.4. Edge Emitter LED’s
Another basic high radiance structure currently used in optical communications is
the stripe geometry. This device has a similar geometry to a conventional contact stripe
injection laser as shown in Fig. 7.9.
(@) It takes advantage of transparent guiding layers with a very thin active layer
(50 to 100 um) in order to reduce self absorption in the active layer.
(ii) The q iding the beam diverg 1o a half power
width of around 30° in the plane perpendicular to the junction.
(iii) However, the lack of waveguiding in the plane of the junction gives a
Lambertian output with a half power width of around 120°,
The enhanced waveguiding of the edge emitter enables it in theory to couple 7.5
mes more power into low NA fiber than a comparable surface emitter. Coupling

efficiency may be achieved into low NA fiber with surface emitters by the use of a
lens.

The stipe geometry of the edge emitter allows very high carrier injection densities
for given drive Thus it is possible to couple 'pproaching a milliwatt of optical

40 MICRON WIDE

area and the fiber

power into low NA (0.14) m

.al Sources 2 : The Light Emitting Diode

ultimode step index fiber with edge emitting LED’s
operating at high drive currents i.e., 500 mA.

T

STRIPE

Fig. 7.9. :
i lation
Edge emitters have also been found to have a subsumtmllyL Il:mml' modu_ i
ge h Ared: A= [hm
bandwidth of the order of of meg surface

structures with the same drive level.

t LED’s
.6.5. Super Luminescen CLames i
3 Amhddevicegwmcwywhichisﬂmdy?mymipnﬁcm:lsl{em e
SLED’s and ELED's for communication applications is the super uminescen
SLD. This device gives several advantages :
1. A high output power.
2. A directional output beam.
St igni i levels into
:il :f Iltlhe which prove useful for coupling significant optical ::::SLD.
optical fiber to single mode fiber. Figure 7:10 shotlf‘::it: smwunes. e
2 e ' is hi end of the device, no
3 aml;)liﬁmﬁmoeuns.hubmusethaelshlghlossmone
optical feedback takes place. e
® Although there is amplification of the spontaneous emission.
oscillations builds up.

no laser
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STRIPE

INCOHERENT
BEAM

Fig. 7.10.

® However the operation in the
0 ] i current region for stimulated emissi i
gain caus i o currel
il w;:{g}hedevnf:eoulgmwmusempid]y wiﬂ)incmasci.ns::: e
: : is effectively single pass amplification 2 =
L] Hfjgh optical output power can therefore be obtaj i i
o the spectral width which also resuls from stimulaed e T "8
: erdrawhncksassodatedwlththeSLDhmmw-hon '°mmn"-
i with tional
® The nonlinear output isti
5 v e tpu cham::tensnc

e i

7.7.1. PR =3
o IOpﬂcnl Output Power-Current Characteristics
ideal light output power
against current cha Gl
: " racteristic  (power,
or an LED is shown in Fig.7.11.
I.t is linear corresponding to
the linear Ppart of the injection
laser optical power output
characteristic before lasing
oceurs. Basically LED is a very
:;,near device in comparison with
€ majority of injection lasers Fi Oll!pu' Against Wm"ﬂi"f
ty. 711,
:::l hen:le it is more suitable for s Anm [:ED- i
o 0 =
og lnsmmsion. n. Practically LEDs exhibsit nonlinear beh i
on configuration utilized. e e
Therefore it is necess;
ary to use same form of Ii
thelinear performance . quali mmussmn.
of the device to allow its um dl:glfn:::mqm w -

systems Fig. 7.12 (a) and (b) shows i current characteri.
the against
good surface and edge emitters respectiilegl}; Gt o

pendence of the output power.

0

© 3 ®

LIGHT OUTPUT (mW)
s ©

~

w0 20 300 SN 200 300
CURRENT (mA) —— CURRENT (mA) =
(a) (b)
Fig. 7.12. Light Output Power Into Air Against d.c. Driven Current.
(a)AnAlGnAsSnﬂmEmlltawhhSﬂmehmemDMCmm
(b)AnAIGnAsEdgeEmhtzr‘mhlGSmeldeStrlpemd 100 pm Length.

.7.2. LED Output Spectrum
The spectral linewidth of an LED op ing at room in the 0.8 to
0.9 ym wavelength band is usually between 25 and 40 nm at the half maximum

intensity points.
For materials with smaller band
gth region the linewidth tends o i

types of output spectrums are shown in Fig. 7.12.

gap energies operating in the 1.1 to 1.7 pm
to around 50 to 160 nm. Two such

RELATIVE
INTENSITY RELATIVE
INTENSITY

12 125 13 13 14
WAVELENGTH (pm) ——

o7 o0 085 080

WAVELENGTH (ym) ——
(b) Output spectra for an InGaAsP surface

emitter showing both lightly doped and
heavily doped cases.
Fig. 7.13. LED Output Spectra.
Figure 7.13(b) shows the increase in linewidth due to increa

There is a shift to lower peak emissi length through reduction in doping
and hence the active layer position must be adjusted if the same centre

length is to be maintained
7.7.3. Modulation Response

mmunication the modulation bandwidth may be defined in either

In optical col
electrical or optical terms. Normally electrical terms are used because the bandwidth can
be determined via electrical circuitry.

(a) Output spectra for an AlGaAs surface
emitter with doped active region.

sed doping levels.
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Flg.:.ﬂ. Frequency response of the optical source,
d lllhandrlseﬁmeisgivenas

There is a difference bef
¢ twee: i
;:eoreucgl value of BW. This d?s::hr:;ar::; ‘:::lcam
cause if the forward current js modulat; durs
angular frequency (w), an LED" Hght

LED performance is tem-
: ; 5 perature differe
intensity /(w) will vary as follows S S -

Iw) = 1,1 EI
where o) = [ +(M) ]

Detected electric power is

sl : <A T25
LED’s light intensity at constant current. :

proportional to /°. By taking

Ty oy ’
) 2

-3 dB decline. Hence bandwidth becomes,

That is an LED modulati idth is i
s S ion bandwidth is limited by the recombination lifetime of

Another important characteristics
; of
TheproductofLEDspoweroutpulpower nd

P BW x P = Constant
Le., by il i i
Y increasing bandwidth, the output power will decrease and vice versa.

which is a

LED is power
and its modulati
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.4. Life Time, Rise/Fall Time
Life time T of the charge carriers
s the time between the moment they
ited and the moment they
ecombine. This is also known as
ation life time and it ranges
nanoseconds to milliseconds.
sically there are two recombination
times :
(a) Radiative ()
(b) Nanoradiative (t,)- =
Thus total carrier lifetime is & ]
givenas : Fig. 7.15. Rise Time/Fall Time.

Rise/fall time (t,) is defined as 10 to 90% of the maximum value of the pulse as
shown in Fig. 7.15.

Rise/fall time is determined by an LED's capacitance (C), input step current with
amplitude (/) and total recombination life time (7).

-4 0

Ip

where T = absolute temperature in K.

7.7.5. Light Output Temp
The internal quantum efficiency
of the LED’s decreases exponentially
with increasing temperature.
The edge-emitting device
exhibits a greater temperature
ce than the surface emitter
and the output of SLD is strongly
dependent on the junction temperature.
Figure 7.16 shows the variation
of optical output power with
temperature for different LED’s.

7.7.6. Reliability
LED’s are generally not affected
by the catastrophic degradation.

They do exhibit gradual gradation
(defects).

Depend

OPTICAL

OUTPUT 49

POWER
(mW).
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. The optical output power P,
time r: power F(1) may be expressed as a function of the operat  LED’s can emit light of an intended color
3 without the use of color filters that

P = iti ighti: uire. Commercially available
where, P = Im ..(7.30) L] m:':ldl:ng m'moislg < is | LEDs ars5ﬁm£sasamciem
an B - tial output power : required, LED's do not change their color tint. | g 40 >F i A

» = Degradation rate. ® LED's are ideal for use in applications that = -
The degradation rate is characteri ; A ;
degiaditicn ® dnd ate o acterized by the activation energy of homo are subject to freguem on-off cycling. ; :
a of temp : geneous ® LED’s, being solid state components, are difficult to damage with external
shock. Fl and i d bulbs are easily broken if dropped on
B, =B;exp [—ﬂ] the ground.
KT -(7.31) m LED’s light up very quickly. A typical red indicator LED will achieve full
By = Proportionality constant, brightness in microseconds.

K = Boltzmann’s constant, ® LED’s used in communications devices can have even faster response times.
T = Absolute temp S fleri 3 m LED's can be very small and are easily populated onto printed circuit boards.

7.7.7. Low Cost g, Disadvantages of Using LED’s
LED’s have bee : m LED's are currently more expensive, price per lumen, on an initial capital
highly eontmversial.nczem?n:zivcal:oim[fgcnolnw {0 communication lasers. This is cost basis, than more ional lighti hnologi
tructures and are comparable in <ED's and lasers are not too different in their m LED performance largely depends on the ambi p of the operating
(pigtailing) is significantly more cost] mmg Sa ing to single mode fiber environment. Driving an LED difficult in high ambi p _may
4 : result in overheating of the LED package. Ily leading to device failure.

are commonly used with single m; connecting to multimode fiber and si
i ode D i Since
difference here. and LED's with multimode there is a cost ® LED’s must be supplied with the correct current. This can involve shunt

or regulated power suppli
m LED’s cannot be used in applications that need a sharply directive and
collimated beam of light. LED’s are not capable of providing directivity below
a few degrees.

where,

Cost Its cost is cheap 1t is costly.
Lifetime Small Very large
Coh h Beam is coherent
Power output Low output High output
7.7.9. Analogue Modulation 2 Linearity Tt gives linear light output | Linearity range is smaller as
) !‘ED’s can also be analogue modulated quite < : over large current range | compared to LED.
bias just larger than the bandgap energy (since t‘}]‘:‘:e::‘:cply by maintaining a forward 7 Directionality :wca:dns broader and Bcﬁm is ‘:'i’:ectional and highly
ing collimat

flow). This is one advantage o response is linear with current Fabricati Simple structure Complex because of double
m e S cation impl
‘€ commercial situations, this is not an easy thing to do,
el W = — 2 Less High temp
Advantages of Using LED’s s .| Cooling system No
® LED's produce more Ij roauingd

s ver lasers. Whil,
are indeed used this way in sor e lasers can be analogue modulated o 2
. 5 hetros|
Yes
; ight per watt than do — 7
in bal incande: e Suitability for long Yes, because of single
tery powered or energy saving devices, scent bulbs; this is useful ) S e |




10 Gb/S to 1000 Gb/s
600 Mb/s
Reliability Hfgh but less than laser Very high MTBF (mean time
diode. between failure).
Slightly complex because of
integration of various feedbacks

Driving electronics | Simple circuitry

from photodiodes etc. /

B3 summary o

\/Examplo 7.1. A double heterojunction InGaAsP perating
has radiative and non-radiative recombination ﬂmuotl:'i?nn.:i 100ns m:m
The injected current is 40 mA. Calculate : i
(@) Bulk recombination life time.
(b) Internal quantum efficiency.
(c) Internal power level.
Solution. Given that,
A =13100m=1310x 10° m
T, =30nsec
7, =100 n sec
i =40 mA
(@) Bulk recombination life time T is given by

(b) Internal quantum efficiency is given by
n., =% - 2307
= ===

T 30

Ans.
(c) Internal power level is given by

i -34
Py = Ning %’ = 0.769x6.62 x107™ x 3% 10* x 0.04
\ 1.6x107"° x1.31x10°6

Py = 2913mW | Ans.

Example 7.2. Determine the power radiated by an
LED
efllciem:yhl:\!'ii:nn(ltl:evr«lnmvelengmknﬂl)mn.‘y oy e
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Solution. Given that,
1 A =670nm=670x 10" m

: h =662x107"
c =3x10°
Typically values of I for LED's are in the range of 50 to 150 mA. Hence taking i =
50 mA
Radiated power is given by
PmW) = [N Ep(eV)] 1(mA)

[ 5]

-34 8
= ixwxsoxm‘3
100 670x107°

1 -3
= —x1.86x50=0.93x10"" W
1 x1.86

P = 093mW | Ans.

\/Example7.3. A LED emits the light having a peak wavelength of 890 nm have
radiative recombination time of 100 ns. If the bulk recombination life time is 130

ns and drive current is 14 mA. D the non-radiati bination ti

Solution. Given that,
A =890 nm =890 x 10° m

1, =100 ns
T =130ns
i =14mA
The bulk recombination life time T is given by

Ans

Example 7.4. Determine the power internally generated within the device

wllenthepeakemlssionwavelengthlsomnmstadﬂvemmmnfwmme
internal quantum efficiency of the device is 0.625. ;

Solution. Given that, v
A =087um=087x 10" m




B

Optical Communluﬂonl
Ny = 0625 f
i =40 mA
The internally generated power is given by
hei
eh
_ 0.625x6.62x 107 x3x10° x40x 107
1.6 X107 x0.87 x1076
=356x10° W

[P = 356mW] Ans

Example 7.5. A planar LED is fabricated from GaAs
< which has a refracti
index of 3.6. Calculate the optical power emitted into air as a % of the intern::

optical
ispo.“' power for the device if the transmission factor at the crystal air interface

Solution. Given that,

F =0.68

n, =36
Refractive index (n) for air = 1.
The optical power emitted is given by

Pigy = Mint -

P, = -————ﬂ:‘ppgz
”.X
3 P, x0.68x1
T 4x(36)°
Thus emitted power is only 1.3% of the optical power generated internality.
Example 7.6. The light output from the GaAs is coupled into a step index

fiber with a numerical aperture of 0.2, a core refractive diamete;
ind
larger than the diameter of the device. Determine : ey -

(a) Coupling efficiency into the fiber.

(b) Optical loss relative to the power emitted from the LED.
Solution. Given that,

NA =02
n =14
(a) Coupling efficiency is given by
N, =(NA) = (0.2)* = 0.04
Aus.

(b) The optical loss is determined by

=0013 P,

P
Loss = —log;y TZ = —logjg (1) = ~logy, (0.04)
Ans.
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Example 7.7. ADHmfmeemmerhasmemlsshnamdhmeurolso pm
andhhutjolnedloan%pmcorempindexﬂhtrwnhannmeﬁml aperture of
&lS.Thendiancenl’device‘mSﬂWSr" cm™ at a operating drive current of
40 mA. Determine the optical power coupled into the fiber if the Fresenl reflection
coefficient at the index matched fiber surface is 0.01.

Solution. Given that,

r =0.01
NA =0.15
R, =30W st em”
i =40 mA

Radius, (R) = -Szgum=25x10'°m =25%10™ cm.

Optical power coupled into the fiber is given by
: P, = n(l-nAR, (NA)
and the emission area (A) is calculated
A = m@25%107)?
=1.96 % 107 cm’”.
Therefore, P, =3.14 (1-0.01) 1.96 x 107 x 30 x (0.15)
411 x10°W
[F=4LTaW] Ans.
/ Example 7.8. A surface emitting LED launches 150 pM of optical power

into a millimode step index fiber. Calculate the overall power conversion efficiency
if the 25 mA forward current is flowing the device and the corresponding forward

voltage across the diode is 25V.

Solution. Given that,
P, =150 pW =150 x 10°W
Forward current =25 mA
Forward Voltage drop =2.5V
The overall power conversion efficiency of may be given by
P
N
and P = Forward current x Forward voltage drop
Z25x10°x25=625x10° W
150%10°°
it The = G25%107
N, =24% 10

Ny = 024%] Ans.
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Internal power level = Mg - %

(6.625%107) x (3x10%) x (0.035)
_ 1.6x107?)(1.31x10°°
Py =300 pW =300 x 106 w _25 )( )

f =20MHz =20 x 10° 1 o 543.99x10n

T, =5ns=5x10"¢ 2096 x 10~

The optical output &
tput power P (W) of the device is given by Npower =2:60mW | Ans.
T 2 ~1/2
e = Puft+ (o)) ] (if) Power emitted from the device,
= I’ill
n(n+1)

= 0.784 x

= 300x10° [l+(21:x20x10°x5x]0’)2IW

=300x10-6[l+(2x3.l4x103x10_9)2-]4/2 Lol
0.026 0.026

= 300x10~¢ 1/2 = ——= = ———=0.000366 W
il 35(35+1) 70875

= 2542x10° w
— i P =0.366 mW | Ans.

\/Examp|g 7.10. A d Example 7.11. The external power efficiency of an InGaAsP/InP planar LED
wavelength of .10, louble hetrojunction InGaAsp LED emitting is 0.75% when the internally generated optical power is 30 mW. Determine the
25 and 10 ns 1310 nm has radiative and non-radiative recmnhimﬁo:t i transmission factor for the InP-air interface if the drive current is 37 mA and the

respectively. The drive current is 35 mA. times of mﬁddﬂmmmmkl.ﬁ‘ﬁmwvemnmeaybe
taken as 3.46.
Solution. Given that,

Ppower emitted from the device. 2 1 =37mA
Solution. Given that, bt
n,, =075%

Py, =30mW

n, =3.46
The external power efficiency of planar LED is given by

T, =25ns
Tar =90ns
n =35
A =1310nm =131 x 10°
i =35mA P
Bulk recombination life time is given by e S 18
TS gERtal oe where, P =IxV=3Tx16x107"=592x 10" W
: T, 4T, 25490 115 - 196ms : e
(0) Internal quantum efficiency T 2 e = 592x107
P, = 0.75%59.2x107 x100

, =44 x 107 W
Transmission factor is given by
_ P4l _ 44x107 x4x(346)°
T Puxn®  30x107x1

[F =07] Ans.

_mia
Mr =7, =75§=0.7s4
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./ Example 7.12. A GaAs planar LED emitting at a wavelength of 0.85 ym has
an internal quantum efficiency of 60% when passing a forward current of
20 mA s~ Estiamte the optical power emitted by the device into air and hence
determine the external power efficiency if the potential difference across the device
is 1 V. It may be assumed that the transmission factor at the GaAs air interface is
0.68 and the refractive index of GaAs is 3.6.

Solution. Given that,

A =085 pm

Ny =0.6
i =20x 107 As™!
v =1
f =068

n, =36
Internal power of an LED is given by

hei
P;,;:nimx

_ 0.6x6.62x10 x2.998 x10% x20x107
1.602 x 107 x 0.85 x10°°
=175x 107 W =175 mW
Thus the optical power emitted by the device will be
Py, Fv
fhtigee

_ 17.5x107 x0.68 x1
4% (3.6)%

P, =230 uW | Ans.

External power efficiency is given by

=230x10°W

P,
g, = -I-;-xxoo

230x10°°
1x20%107°

n, =115% Ans.

m Summary

1. Light emitting diodes (LED's) are semiconductor p-n junction operating under proper
forward biased conditions and are capable of emitting external spontaneous radiations
in the visible range (370 nm to 770 nm).

2. LED’s are special diodes that emits light when connected in a circuit. They are
frequently used as “pilot” light in electronic appliances.

3. In a regular diode the electron hole recombinations release energy in the thermal
rather, than the variable portion of the spectrum.

| optical Sources 2 : The Light Emitting Diode

4. The internal quantum efficiency is given by
RY
T = 4Ry
5. The bulk recombination life time t is given by
trmgneliog 21
T % : : o
£ its different colours are made of different semiconductor material
g LTEMDssenTiz::‘mfnr ‘materials that are used for the active layer of an optical source
; g i i different
7 Tls\:::_ienramﬁon is a junction in which the p and n-type materials are
semiconductors.
ically two LED's g
* ®m Surface emitters.
" AEdge s i imes used for for window for surlf:oe en;nr!;er;
l:: a,sl;ﬁ:m heterostructure (AH) the upper and lower oonﬁnemand d\u:notonf ‘);le:smc 2
designed because they have a lower index of refraction
by reflection at the interface. g &
11. The two different types of LED emission pattern
m Surface emininggl‘.)ED,
emitting LED. ; K % i
12. T;e E:l%: power coupled into a step index fiber having a numerical operture
be given by

are used for fiber optics

P, =PNAY
Py = P, sin® 0A
13. mﬁselfallﬁmofanLEDisgivenby
17x107 xT°KXC
1, =22|1T+ .————"———— :
14. In electronics the general relationship between bandwidth and rise time is given by
0.35
BW = -'—
& .
15. The external power efficiency of an LED is given by

P
N, = ?x:oo%

16. Ttmeueﬁvemqim‘typesofLEDsmlcmm.
® Surface emitter LED
® Edge emitter LED
L Snpedum'nmnllm
® Planar LED
e T:w:wn:iuzledPcinwamulﬁmodempmdﬂxﬁbamybegmnby

P.= 7(1-r) ARp (NA) e
i dcgradaﬁoninLED'sissimﬂarwminainje?ﬁonhfeerwnnseo groy
l:f.dislocaﬁonsmdpwcip'mtypedcfms in the active :e'glon.f St
3 mopﬁcalouwpawerP,(r)mybeexpmssedasufumumo operating
given by




