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ABSTRACT
The thesis presents the modelling and simulatidn free running
semiconductor laser. The rate equations which wered on the basis of the fact
that there must be a balance between carriersuhadérgo transition and the
photons generated and annihilated were simulateddmine what laser looks like
when ran without positive optical feedback nor apjical injection. The result
shows the photons get amplified due to stimulategks&on but no oscillation of

the output is obtained. Such a set up is therefeea as an optical amplifier.
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CHAPTER ONE
Background

1.1 Introduction

The word laser is an acronym for the most sigarfideature of laser action:
Light Amplification by Stimulated Emission of Ratian®. The basic component of
laser is the material with ability to amplify ratien. Such materials are referred to
as active medium. The amplification process reduli: the phenomenon known
as the stimulated emission (this will be explainadchapter two) which was
discovered by Albert Einstein in 1916. The firstda was constructed by T. H.
Maiman in 1960 and different types have been iregrgver since. Common
among the different types of laser are the sobidieslasers, gas lasers, dye lasers,
chemical lasers and semiconductor lasers.

Semiconductor lasers were first demonstrated 6218/ two US groups led
by Rober N. Hall at the General Electrical Rese&@ehtre and by Marshall Nathan
at the IBM T. J. Watson Research Cehttrhas applications in a number of areas.
It serves as sources as well as amplifiers and iptexers for optical
communications. Semiconductor lasers also seryaua® sources for solid state
lasers and sources of beams for spectroscopy.rédfrand red laser diodes are
commonly used in CD players, CD-ROMs and DVD ted¢bgyp Diodes lasers
areused in instruments such as laser scannerstemmirbarcode readers and

printers.



The attributes of semiconductor lasers which hmage them useful in
several areas include their relatively small inesand low cost. They are also
efficient and require low power current source aasie been shown to operate at
wide range of wavelengths; from the near ultravitidehe far infrared.

The operation of semiconductor lasers is simathtit of other lasers with
semiconductor material serving as the active medilime p-n junction is forward
biased to produce the pumping process necessattyef@timulated emission or the
pumping can be done using another laser, a pr&eesgn as the optical pumping.

The more detail physics of the semiconductor |laspresented in chapter two.

1.2 Aimsof theThesis

The semiconductor lasers have found a wide rarfgapgplications as
highlighted above. As such, they underwent an sitenresearch and development
since the time of their first operational regimeswachieved in 1962. This thesis
aims at simulating the free running semiconducéset using the Matlab as the
computational tool. This is done using the ratea¢igns which are represented two
systems of coupled ordinary differential equatitmrscarrier density and photons.
This gives the continuous wave and the dynamic\aebraof the laser from which

the output power of the laser can also be obtained.



1.3 Overview of the Thesis

Chapter two reviews the basic processes involnethe laser action. The
processes discussed include spontaneous emissioniased emission, optical
absorption, population inversion, the thresholddton for lasing and pumping.
Homojunction and double-heterojunction lasers dse aiscussed. The chapter
concludes with a brief overview of related previousk.

Chapter three presents a detailed derivationeofdke equations followed by
a brief description of the Matlab code used ingimeulation.

In chapter four, the results obtained from theusation were presented and

discussed. Conclusion is also given in chapter. four



CHAPTER TWO

Physics of Semiconductor Lasers

“A laser is a device that emits light (electromatm radiation) through a
process of optical amplification based on the dSlitead emission of photons. The
term “laser” originated as an acronym for Light Argation by Stimulated
Emission of Radiation™”

The technical terms involves in the laser actimdiscussed hereafter. The

operation principles of semiconductor laser are alslined?

2.1 Spontaneous Emission

Consider two levels 1 and 2 of energy and E, respectively of an atom
(Fig.2.1). SupposE;<E, and that the atom is initially at level 2. Therattends to
decay to level 1. If the decay is accompanied byemassion of photon whose
energy g equals the energy difference
E, — &, that is,

hv, = E, — E; (2.1)

the process is called spontaneous (or radiativayseon. In Eq. (2.1)h is the

Plank's constant ang is the frequency of the emitted wave.The decayatsm be



non-radiative in which case the energy differenes foe released as either kinetic
or internal energy of the surrounding atoms.
Let N; be the number of atoms per unit volume in a givesrgy leveli, at a timd.
the quantityl; is called the population of the level.

For spontaneous (radiative) or nonradiatve emmsglte rate of decay of the
upper state population must be proportional tgptbygulation, that is;

W AN, (2.2)
The minus sign accounts for the negative time dékie, A is the Einstein’s
coefficient (so called because it was first obtdibg Einstein from thermodynamic
considerations), a positive constant also calledrtite of spontaneous emission.
The physical dimension of A is apparensigc’ — inverse time. It is convenient to
introducet,, = 1/A andt,, = 1/A , the spontaneous and nonradiative decay lifetime,
respectively. It should be noted thgt depends only on the particular transition

considered, whilé,,, depends on the characteristics of the surroundiedium as

well.
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Fig.1.1: Schematic illustration of the Spontanesunsssion



2.2 Stimulated Emission

Consider two levels 1 and 2 with the atom inijialit level 2. If an
electromagnetic wave (em) of frequeney=v, (i.e., equal to that of the
spontaneously emitted wave) is incident on the nate¢here is a likely-hood that
this wave will force the atom to undergo the tréasi2 to 1. When this happen the
energy differencée, —E is released in the form of an em wave that add#do
incident wave. This process is called a stimulat@ission.

For stimulated emission process, we have theatatehich transitiorg - 1

takes place as % = —W,,N,, (2.3)

where W, is the rate of stimulated emission.,Mdepends on the particular
transition as well as on the intensity of the ircidlem wave.
For plane wave, we can write

W,, = 0,,F, (2.4)
whereF is the photon flux of the wave and, is the stimulated emission cross
section, which has physical dimension of an arebdmpends on the characteristics
of the given transition.

The basic difference between the spontaneous tmdligted emitted em
wave is in their phases. In the case of the speptsily emitted wave, there is no

relation between the phase of the wave emittedngy aiom and that by another.



Also the wave is emitted in any direction. In trese of the stimulated emission,
since the process is forced by the incident em ywdneeemission of any atom adds

in phase to that of the incoming wave and propagatéhe same direction.

ﬂ hv E>

E.

Fig.1.2: Schematic illustration of the Stimulatedigsion

2.3 Absorption

Consider the two levels 1 and 2 with the atomaltyt at level 1. If this is the
ground level, the atom remains in this level unlesesne external stimulus is
applied. Assume that an em wave of frequaney, is incident on the material. In
this case there is a finite probability that thenatwill be excited to level 2
absorbing a photon of the energy equal to the lé¥ierenceE, — E;. This process

is called absorption.



For stimulated absorption rate, we can have tteeahtransition 1 to 2 due
to absorption
—L =W, (2.5)
with
Wi, = 01,F, (2.6)
wherecy,is the absorption cross section (dimension of alepending only on the
particular transition.
As revealed by Einstein at the beginning of therttieth century, if level 1 is
g:-fold degenerate and level 2 isfgld degenerate, then
92Wa1 = g1 W2, (2.7)
which implies
92021 = g1012 - (2.8)
From equation (2.7), we can see that if the tweleware non-degenerate or have
the same degeneracy, then
W5, = Wi,andoy; = 04, (2.9)

E>

=

Fig.1.3: Schematic illustration of absorption



2.4  Population Inversion

Fig.1.4 below shows a plane wave with the photox F travelling in, say,
z-direction in a material. Stimulated absorptiord @&mission phenomena in the
material result in an elemental changeof the flux along the wave direction. The
change in number between the outgoing and incopitagons as it passes through
the material per unit time isiF, where S is the cross sectional area of the beam.
From the equations (2.3) and (2.5) above we have,

SdF = (W5 N,—W,;,N;)(Sdz) (2.10)
That is, the difference between the stimulated teshiend absorbed photons per
unit time, wheresdz is the volume of the shaded region. Substitutiggagions
(2.4), (2.6) and (2.8) into (2.10), to obtain

dF = 65, F[N, — %] (2.11)

The spontaneous decays are not considered ingihatien above. This is
because the photons created by radiative decagnaiteed in any direction and so
have negligible contribution to the incoming photitlux while the nonradiative
decay does not even add new photons. Boltzmanmststat described the
populations at thermal equilibrium as

N§ g2

Ne = g1 %P [— (E;—E1)/kT] (2.12)



whereN¢ and N are the populations at the thermal equilibriunthef two levelsk
Is the Boltzmann's constant and T is the absoértgerature of the material.

From equation (2.11), the material behaves asvgiifeer if N, > g,N; /9,
and as an absorber N, < g,N,/g,. Since the exponential factor in (2.12) is
always less than 1, the material therefore, inntla¢requilibrium behaves as an
absorber at frequenay. If the levels are in nonequilibrium conditionaitts as an
amplifier. When this happen we say there is a i inversion in the material

and the material is said to be an active medium.

F+dF
F \AW

Figure 2.4An em wave travelling through a material
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25 Maser and Laser Amplifier

From the foregoing discussion,uf falls in the microwave region this type
of amplifier is called a maser amplifier, with maseeing an acronym for
microwave amplification by stimulated emission efdiation. Ifv, falls in the
optical region this type of amplifier is calledasér amplifier, with laser being an
acronym for light amplification by stimulated emds of radiation.

In the microwave region, an oscillator is maderfran amplifier by placing
the active material in a resonant cavity with thgonant frequency of. This is to
produce a suitable feedback. The feedback is pestlircoptical region by placing
the active material between two highly reflectingrors such as plane parallel
mirrors. The plane em wave is amplified on eachs@gs as it travels back and
forth perpendicular to the mirrors. An output igaobed by making one of the two

mirrors to be partially transparent.

2.6 Threshold Condition for Lasing

The threshold condition for the laser is that ¢fagn of the active material
compensates the losses in the laser (e.g., lossetdutput coupling). The gain
per pass in the active material, that is, the ifiee between output and input
photon flux is given by integrating equation (2.IMhis gives

F = exp{o[N, — (g2 N1/ g1} (2.13)

11



wherel is the length of the active material and we #se= ¢. Given thatr is the
photon flux in the cavity leaving mirror 1 and teding toward mirror 2 at a given
time, then the photon flu¥’ reflecting from mirror 1 after one round of trip i

F' = Fexp{o[N; — (g2N1/9:)]1} X (1 — LR, X exp {o[N, — (g2N1/g)]1} x (1 — LRy

(2.14)

Where R and R are the reflectivities of the two mirrors (Fig.R.Aespectively and
L; is the internal loss per pass in the laser cavity.
At threshold we must have= F’ and soEquation (2.14) implies that the population
inversion N = N — @N1/g; must reach a critical inversion, ffor the threshold to be
reached. Nis given by:

In R{InR, + 2In(1 — L;
Nc:—[n 1in zzaln( )] (2.15)

Simplifying equation (2.15), we define

Y1 =—-InRy = -In(1-T)) (2.16)
Y2 = —InRy = —In(1 - Ty) (2.17)
Yi = —[in(1 - L] (2.18)

where T, and T, are mirror transmissions where we have assumeddhbamirror

absorption is negligible. Therefore we can write

N.=L (2.19)
Where
y =y, + 82 (2.20)

12



The quantityy;, defined by eq.(2.18), can be called the logaiithimernal
loss of the cavity. In fact when<d<1, as usually occurs, one haspproximately
equals L. Similarly, since both Tand T, represent a loss for the cavify,andy,,
defined above can be called the logarithmic losddke two cavity mirrors. Thus
the quantityy defined by eq. (2.20) can be called the singlesp@ss of the cavity.

Once the critical inversion is reached, oscillatiuilds up from spontaneous
emission. Photons spontaneously emitted along dh#ycaxis in fact initiate the

amplification process.

2.7 Pumping

An external stimulus is required to produce steedl emission in lasers. In
four-level lasers, atoms have to be excited withveawe with frequency, from
the ground level to level 3. The process of dohg s known as pumping.
It must be noted that it is not possible to prodpoeulation inversion with just
two-level scheme. This is because at thermal dujin, N>g;N./g, and
absorption is predominant over the stimulated donssThe idea is, more
transitions 1 to 2 than the transition 2 to 1 sduced by the incident wave.
If however, the level are say at least three 1(gdpu2 and 3, and the atoms are

excited by some process to level 3, from where tthegay fast to level 2 (for

13



example by nonradiative decay), a population ineargan be achieved between
levels 1 and 2.

Semiconductor lasers are four-level lasers (graundl, 2 and 3) in which
atoms are excited from ground level to the higlhestl 3. If the atom then decay
from level 3 to 2 rapidly (e.g. by rapid nonradratidecay), a population inversion
can be obtained between levels 2 and 1. Atomsransferred to level 1 through
stimulated emission soon after the commencementsaitlation in the four-level
laser. It is also necessary that the transitiomfioto ground level be very rapid for
a continuous wave operation.

The sketches below give the three and four- lesdalemes. In general

population inversion is easier in four-level tharthree-level laser.

3
A Fast decay
2
()] Lasi
2 asing
Q
£ v 1
ol
Fast decay
0

Fig. 2.5(a) Four- level laser scheme
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A Fast decay

v 2
g’ Lasing
o
£
S
(a

A4 1

Fig. 2.5(b) Three- level laser scheme

2.8 Operation Principles of Semiconductor Lasers

Conduction

Band IFTT"I‘TT“TT‘E’FC

hv

—_—— —_—_ ———& —_<—E’FV
Valence band ‘ [ ‘ —‘ ‘ ( ‘

Fig. 2.6 Operation principle of semiconductor laser

A semiconductor with a conduction band and valdraed separated by the
energy gap Hs shown schematically in Figure 2.6. At tempemtdK the valence

band is completely filled with electrons while thenduction band is completely

15



empty. If the electrons in the valence band arsedhiby pumping into the
conduction band, they will drop to the minimum ucwgied levels of the band
after a very short time (~1 ps). Also the electronsthe top of the valence band
will drop the lowest unoccupied levels of the vakerand. This result in what is
referred to as the quasi-Fermi levels. The quasnHevel for the conduction band
Er. is the highest energy level occupied by electinortee conduction band and it
Is higher than what we had before pumping procBss.quasi-Fermi level for the
valence bandky,,, is the highest energy level occupied by eledtiarthe valence
band and it is lower than what we had before pumpnocess.

Light is emitted when an electron in the conductand falls to the valence
band to recombine with a hole. This is the prodgssvhich light is emitted in
light-emitting diodes (LED). If the condition beldwolds:

E, < hv < Ep.—Ep, (2.21)
then the photon will be amplified with the gain egding absorption losses. The
values ofE.. andEr,depend on the density of electrons raised to tmelwction
band, that is, the satisfaction of equation (2.@4pends on the intensity of the
pumping. The electron density N must exceed sontealrvalue given by the
condition:

Erc(N)—Ep,(N) = Ej (2.22)

16



Where the injected carrier density satisfying2@2) is known as the carrier
density at transparency,N-or lasing to occur the transparency densjtyrdst be
exceeded by some value of the injected carrieritfehgh enough to result in a
net gainThe gain will make up for the cavity losses whea #ttive medium is
placed in a suitable cavity. Thus the injectedieesrmust reach some threshold
value N.

Forward biasing the semiconductor diode has beendf to be the most
convenient pumping mechanism for the semicondutdsers. Other ways of
pumping include using beam of another laser orwailiary electron beam. Laser
action in a semiconductor was first observed in2lI9% using a p-n junction diode.
Four groups made the observation with three of theimg GaA<.

We call homojunction lasers the lasers in whighghme material is used for
both the p and n type semiconductor. These wereloged at the early stage of
semiconductor laser research. The homojunctionrdagere superseded by the
double-heterostructure (DH) laser in which we haeéve medium sandwiched

with a different material between p and n sidethefjunction.

2.9 Homojunction Semiconductor Lasers
In the homojunction laser, both the p-type anglpetregions are of the same

material. The donor and acceptor concentrations areo

17



larg€(about 108 atoms/cm?)that the Fermi level, & of the conduction band in the
n-type falls in the valence band of the p-type #m&l Fermi level of the valence

band in the p-type, & falls in the conduction band of the n-type.

: population
conduction P type inversion N type
band conduction

Fermi level

electrons

| valence
valence band
band .
forward bias V
no bias, V=0 Carriers can diffuse and are poorly
confined

Figure, 2.7 (a) band structureof p-njunction(b) Forward biased p-n
junction

If no junction voltage is applied the two Fermvéés across the barrier
aligns see Fig. 2.7a. If the junction is forward biaséth avoltage V, the Fermi
levels are separated by the energy g&p= eV, Fig.2.7b. Electrons from the n-
type region are injected into the conduction barlemhe holes from the p-type
region are injected into the valence band. Thesparency and laser threshold can

therefore be reached with appropriate value oferurdensity.

18



The homojunction laser operates at a very highectiiglensity at room temperature
Jen = 10°A/cm?. This is due to the very low potential barrier @actron in the
conduction band encounters on reaching the p regfitime junction. The electrons
therefore penetrate in to the p-type and combirik twles. The penetration depth
is d =+/Dr according to the diffusion theory, where D is thifusion coefficient

andrt the electron lifetime, i.e. the time needed tammebine with a hole. A typical
2
values for these parameters ar® = 10% and 7 = 3 ns (for GaAs),

which gives d = 1 um. Hence, the width of active region is determingdtlbe
penetration depth being thicker compared with tepletion layern= 0.1um). Due

to the high threshold frequency it is not posstbl®perate the laser as cw at room
temperature without suffering destruction in a velngrt time. Thus, homojunction
laser can operate a cw only at cryogenic temperattir typically at a liquid

nitrogen temperature, T = 77 K.
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Cleaved surface mirror

Electrode
»* GaAs
< L >
' —”\ﬂ
& GaAs
Electrode

Active region
(stimulated emission region)

Figure 2.8 Homojunction Semiconductor Laser

2.10 Double-Heterostructure Lasers

A schematic diagram of Double-Heterostructure rlg® DH) is shown
below. In DH, we have the active medium between different materials. It is
operated at about two order of magnitude of curdamisity less than that of the
homojunction devices and hence the cw operatigossible at room temperature.
This is achieved due to the features of photoninenient, carrier confinement and

reduced absorption by the material.

20



The heterostructure widths can be chosen to proditker a bulk, or a quantum-
well gain medium.

In the sketch below, GaAs acts as the active |lageween AlGa,,As as the
p-type and n-type material.

Photon confinemens achieved as the refractive index of the adiyer, n

= 3.6 is larger than that of the p-side and n-sidelding-layers. This confines the
photon to the active region.

Carrier confinemenis achieved in the sense that the band gap cadtiee

layer is significantly smaller than that of the ddang layers. This forms energy
barriers at the two junction planes and therebyiges the injected carriers within
the active layer.

Reduced absorptias also achieved by carefully arranging the déferes in

the band gaps between the active and the claddyregd. The smaller value of the
active layer band gap and consequently that offriaguency of the laser beam

made the absorption by the cladding layers to ¢paifstantly smaller.

_II.|.

n P P

e AlGaAs (GaAs

<(~0.1 pm) >
Figure 2.9°": Double-heterostructure Semiconductor Laser
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2.11 Rate Equationsand Semiconductor Laser

Since its first operation in 1962 further developments and improvements
have been made to semiconductor lasers. On thestiead side, the rate equations
have been particularly important reference point tfee study of dynamics of
semiconductor lasers. Hereby, | present a reviesome of the key issues related
to these equations.

In 1974, the light output and the electron denwiiyhin the active layer of a
semiconductor laser were calculated from the stestdye solution of a rate
equation approach by R. Salathe ef. arhey found a simple analytical
approximation formula which was found to be in goagreement with the
numerical results from the rate equations. A. aRihik and F. R. Ruiz-Oliveras
studied the dynamic of semiconductor laser with wwbernal cavities. In their
paper, the complex dynamics of the semiconducsarlavith one and two external
cavities were examined numerically. It was showat tihe dynamical regimes of
the laser could be controlled with the additioracdecond external cavity.

The ICUE report presented by Toby Schaer & mlesented a dynamics
simulation model for semiconductor laser. The wpr&sented a method of using
MATLAB and simulink to simulate thedbehaviour of distributed feedback

guantum-well semiconductor laser diodes using #te equations. The technique

22



used is suitable for investigating both analogue digital modulation performance
of frequency and pulse response.

A host of other researchers have also used tbeegaiations for the study of
the semiconductor laser* Rate equations have therefore been used extgngive
study the dynamics of the semiconductor laserss Wif@sis presents the MATLAB
simulation of the rate equations with the aim o&mining the qualitative basic
transient behaviour of semiconductor laser withthagi external optical injection

nor optical feedback.
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CHAPTER 3
Modelling and Simulation

3.1 TheRateEquations

In this chapter | derive the rate equations forfthe-level laser. The rate equations
are derived on the basis of the assumption that lsea balance between the atoms
undergoing transition and the photons emitted sodied. Examples of four-level
lasers are He-Ne laser, Argon laser and the sechimbor laser, the latter being the
main focus of my work. Other lasers are classifisdeither three-level e.g. gas
lasers (examples are £dCu vapour, N Ar*, He-Ne, He-Cd and HF) or quasi-
three-level lasers (examples are rare-earth iomsystal or glass hosts eg. Yb,Ho,

Tm:Ho, Tm, Er, and Nd).

3
AN Fast decay
2
> .
2 Lasing
o
£ v 1
(ol
Fast decay
0

Figure. 3.1 Four- level laser scheme
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An idealized scheme is shown in Figure 3.1. In ttiealisation, it is assumed that
there is only one pump level/band 3 (from the gbuevel 0). The analysis,

however still holds even if there is more than Inpuevel provided the transition

from this level (say 4) to level 2 is still verypid. And the decay from level 3 to 2
as well as 1 to 0 is very fast. Within this approation, we can assume that=

N; = 0 for the populations of level 1 and 3. The consatlens are therefore limited

to the population Nof level 2 and Nof the ground level.

It is also assumed that the laser is oscillatingmly one cavity mode.

3.2 Deriving The Rate Equations.

In this case we assume that the laser is osntjatn a single mode and
pumping and mode energy densities are uniform withe laser material. In this
simple case the equations are referred to as spdependent rate equations. The
treatment that follows only applies to a unidirentl ring resonator, with uniform
transverse beam profile, where pumping is uniformigtributed in the active
medium. It is a simplified case which helps in ustEnding many basic properties
of laser behaviour.

The rate of change of carrier density is given by

dnN
ar Rin — Rout, (3.1)

25



whereR;, = R, = é with V denoting the volume of the active region.

Ri, is referred to as the rate of carrier generatiod &, the rate of carrier

dissipation. The rate of carrier dissipation i€@mted for by the spontaneous
emission, non-radiative recombination, leakage famtive region and stimulated
emission. The dissipation due to the non-radiateemmbination and leakage from

the active region is ignored in favour of the ottisssipations. So we have

N
Rout = Rgtim + .

Where Ryn Is the rate of stimulate emission and dtcount for the spontaneous

emission witht being the lifetime of the upper-laser level. Traguation (3.1a)

becomes

dN I N

at eV 1 Rstim (3.1a)
The populatiorN in Equation (3.1b) is coupled to the photon dgngid Ry, the
rate of stimulated recombination.

The photon density generation rate is given by

|4
Rph =V Rgtim = TRgtim,
ph

where \};, is the volume occupied by the photons. It is lathan the active carrier
volume in guided structure and the ratio is knowrhee optical confinement,

The rate of change of the photon density with tisherefore given by

d
d_‘f = [Rgtim + l—‘,BspRsp _% (3.1b)
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Whereq)

- Is the loss of photons from the ends of the cavisythe photons lifetime.
The latter accounts for the removal of photonstduzavity losses.
Further, the terni'f;,, R, accounts for the spontaneously emitted photons.
The spontaneous emission is random and does ntribeda to laser output. The
fraction emitted into the lateral mode of the lagbat is, in the same angular
direction and spectral bandwidth of the mode i$ wisich does. That explains the
introduction off, the spontaneous emission coupling factor.

In both (3.1a) and (3.1b),sR is given by BN where B is defined as the
stimulated emission coefficient per photon per mddige that in equation (3.1b),

the rate of photon generation due to the spontaneniission is ignored compared

to that obtained by the stimulated emission. Theriate equations can therefore be

written as
dN I N
E—J—?—BQJN (31C)
dp . i
o = BON = (3.1d)

These equations give the cw (continues wave) amérdic behaviour of

semiconductor laser.
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Stimulated Emission Coefficient per Photon per Mdgle

Simulation of the laser behaviour requires the iekpéxpressions for the
stimulated emission coefficient B as well as foa tlietime 1. and the volume of
the mode in the active medium Which are obtained next.

Let| be the intensity of the beam at a given cavity tomsiat time t = 0.
Let L denotes the length of the resonator in which aweabtedium of length and
refractive index is inserted.
The intensity’, after one cavity round-trip,3s
I' = Iexp(aN,l) X (1 — L;)R, X exp(aN,l) X (1 — L;)R;.
This gives:

I' = IR;R,(1 — L;)? exp(20 N, 1) (3.2)
WhereRr,and R, arethe power reflectivities of the two mirrors argis the single-
pass internal loss of the cavityl — L;)? is the round-trip cavity transmission,
(20N,10) is the round-trip gain of the active medium.

Using Ry=1-—a,—TyandR, =1—-a,—T, Where T, and T, are the power
transmissions of the two mirrors aiag and a, are the corresponding fractional
mirror losses.

The change of intensity,l’ — I for a cavity round-trip is then:

Al =[(1—a; =TI —a, — T,)(1 — L)% exp(2oN,1) — 1]1 (3.3)
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It is assumed that the mirror losses are equdl,ish&, = a, = a and so small that
we can setl—a—-T) =1 -a)(1-T)and(1 —a—T,) = (1 —a)(1 - T,). Equation
(3.3) therefore becomes

Al =[(1-T)(A - T,)(1 — a)2(1 — L)? exp(2aN,1) — 1]I (3.4)

For future convenience, the logarithmic lossespasss are introduced:

Y1 =—-n(1-Ty) (3.5a)
Yy, = —In(1-T,) (3.5b)
i =—[In(1—a)+In(1-1L;)] (3.5¢)

Wherey; and vy, are the logarithmic losses per pass due to thentiansmission
andy; is the logarithmic internal loss per pass.dnd y, are called mirror losses

for short and;; the internal loss).The total logarithmic loss pass is defined as:

Y1ty
y=v;+ 12 Z, (3.6)

I now substitute equation (3.6) into (3.4) takingpiaccount (3.5a), (3.5b) and (3.5c) to obtain:

Al = [exp(—2y) exp(20N,1) — 1]1 (3.7)
This gives
Al = [exp [2(aN,l — )] — 1)1 (3.8)

Using the additional assumption:

(N, —y) K 1, 3.9
and expanding the exponential function in equa(®8) retaining the linear term
only results in:

Al = 2(oNyl — )1 (3.10)
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The time taken for the light to make one cavityrmarip is
At = 2Le/,, 3.11)
WhereL, is the optical length of the resonator given by

L,=L+Mn-1l (3.12)

Dividing eq.(3.10) by (3.11) and using the appraadion,

A, d
At T dt
gives
a_ (glen _xe
i (Le N2 Le)’- (3.13)

But However, since the number of the photons in thetycas proportional to the

intensity, if we compare eq.(3.13) with (3.1b), eleserve that

olc

B =" (3.14)
and
Le
=10 (3.15)
Putting
Le
V==V, (3.16)
eq.(3.14) becomes
B==, (3.17)

%4

The guantity is called the mode volume within the laser cawviipally the rate

equations used in the next subsections to infelaer dynamics are written as:
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dN I N ochNI
at eV 1t LV,

@ _ ocdNl ¢ (3.19)
dtc L)V, 1, '

(3.18)

3.3 Matlab Smulation of The Rate Equations
Matlab was used to simulate equations (3.1c) aridlj2ising the codes below:
% THE FUNCTION DEFINING THE DIFFERENTIAL EQUATION&OR

%  POPULATION AND THE PHOTON

function dNdt = eqN(t,N)

global gammacnlL | e Va sigma taou % the simulation parameters

Le =L+ (n-1)*I; V = Le*Va/c; Rp = l/(e*V);,

B = sigma/V; taouc = Le/gamma*c;

dNdt = zeros(2,1); % this creates an array of two rows and one
% column for the solution
% of the diffat@l equations

% THE DIFFERENTIAL EQUATIONS
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dNdt(1) = Rp — B*N(2)*N(1) — N(1)/taou, % the differential equation for
% population
dNdt(2) = (B*Va*N(1) — 1/taouc)*N(2); % the ddfential equation
%for the photon

% THE CODE FOR SOLVING AND PLOTING THE DIFFERENTIAL
%EQUATIONS ABOVE

% Declaring the parameters

global gammacnlL | e Va sigma taou

gamma = 0.443; ¢ = 3*10"8; n = 3.6; | = 8*10"-3716*10"-3; | = 3*10"-6;
e = 1.6*10"-19; Va = 22*107-10; sigma = 3.6*10"-1dou = 10"-10;

% THE INITIAL CONDITIONS AS WELL AS THE FINAL TIME OF
%SIMULATION
finaltime = 5*107-18;

N10 =0; % The initial condition for cigr density is zero
N20 =1, % The initial condition for tiphoton is 1

% SOLVING THE DIFFERENTIAL EQUATION

[t,N] = ode45(‘odeq’, [0 finaltime], [N10 N20]);

% PLOTING THE SOLUTION

plot(t,N(:,1), t, N(;,2)/Va, 'red"), axis([0 3*1018 -2*10"14 3*10714])

xlabel('t"), ylabel('carrier and photon densityitje('Laser dynamics')
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Symbol Parameter Value

e Electronic charge 1.6e-19C

Y Single pass loss of the| 0.443
cavity

C Speed of light 3e8m

N 3.6

L L ength of resonator 6e-3m

I Pumping current 3e-6A

c Absor ption cross section | 2.6e-14m

T Effective lifetime of the| 10e-10s
upper-laser level

Va Volume of the mode in | 22e-10m
the active medium

/ L ength of active medium | 3e-6m

Le Optical length of the

resonator
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CHAPTER 4
The Results Obtained and Discussions
4.1 ThePlotsof the Dynamics

The code in chapter 3 was used to generate th¢4=ig.below:

< 10" Laser dynamics

3 I

T
\

1.5¢
Photon Density

\————Carrier Density
0.5

-0.5-

-1.5-

x 10

Figure 4.1: Photon and Carrier Density
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4.2 TheCarrier density

To obtain the carrier density plot below, the samée in chapter 3 was used
with only the plot replaced by the plot code;
plot(t,N(:,1)), xlabel('t"), ylabel('carrier dengit

13
12xl(l)

10

carrier density
»
T
|

4l |
2 L _

0 | [
0 2 4 6
t x10™

Fig. (4.2): The Plot of Carrier Density with time
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4.3 ThePhoton Density
To obtain the plot for the photon below, thesaméecin chapter 3 was used

with only the plot code replaced by the code:
plot(t,N(;,2),'red"), xlabel('t"), ylabel('photdn’

14

photon density
N

N ol w

T T T

| | |

=
o1
\
|

0.5 -

t X 10

Fig. (4.3): The plot of photon emitted with time
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4.4 Discussion of Results

Figure 4.1 gives a clear picture of the transiitaviour of the laser.

The initial carrier density was set at zero. As plaienping commenced, the carrier
density increased with time. This is what is expdcdis electrons were excited to
the conduction (higher) band of the active medidtns interesting to note that the
photon density remains constant as the carrierityenmecreased and before it
reaches its threshold value requires for amplifbcadf stimulated emission. Before
the threshold, the major photon interaction wite #ttive medium is absorption
and spontaneous emission. At threshold value dfietadensity, the stimulated
emission dominates and the photon density increesmgslly while the carrier
density decreases. The surge of stimulated emidsmgms to rapidly deplete the
carrier density, causing it to decrease. The phatensity got amplified with
increase in stimulated emission. The carrier derntinues to deplete while the
photon density continues to increase due to theirthorh stimulated emission of
photon.

The result obtained shows that the optical feekldacsuppressed. This
account for the reason why optical oscillation amild be observed with optical
feedback is not obtained (see Fig. 5 below). Thngs amplification of photons
observed is mainly due to the domination of thewglated emission of the photon

attained to due to the pumping and not optical baeld from the laser cavity and
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hence the qualitative transient behaviour of “freening semiconductor laser” is

observed.

Figure 4.4: Laser dynamic
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Conclusion
The rate equations describing the density of eaundergoing transition and
the photon generated and dissipated were simulatedvas observed from the
results that if laser is operated with the suppoassf positive optical feedback, the
photons get amplified due to stimulated emissionnouoscillation of the output is
obtained. It can therefore be concluded that ‘lasghout a positive feedback is
rather an amplifier. If the photon falls in the nowave region, it's called a maser

amplifier and a laser amplifier if it falls in thogtical region.
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