NUMVER CAL ANALYSI S CF LASER D CCE ELECTRO CPTI CAL CHARACTER! ST1 CS
INTHE MANTY GF LASI NG THRESHOLD

OKUNADE, | BRAH M QLUSCLA

A THES'S SUBM TTED TO THE PGCBT- GRADUATE SCHOOL, AHVADU BELLO UN VERSI TY,
ZAR A IN PARTI AL FULFI LMENT CF THE REQU REMENTS FCR THE DEGREE CF MASTER
CGF SO BENCE | N PHYSI CS.

DEPARTMENT CF PHYSI CS

FACQULTY GF SO ENCE

AHVADU BELLO UIN VERSI TY
ZARA - NCER A



(i)

DECLARATION

1 hereby declare that the contents of this work are the original work
of the author and has not been accepted in any previous application
for higher degree. All the sources of information are properly

referenced.



(1i1)

This thesis entitled "Numerical Analysis of Laser Diode Electro-optical
Characteristics in the Vicinity of Lasing Threshold" by Okunade,
Ibrahim Olusola meets the regulations governing the award of the degree
of M.Sc. Physics of Ahmadu Bello University and is approved for its

contribution to knowledge and literary presentation.

S =Gron— (&)

Chairman, Supervisory Committee Date.

#}?@ pae..[0/00/ %7

Member, 'SGpervisory Committee @ Date.....

Dean, PoEtgraduiEE’§;hcﬁi Date.]:ZT::l:?Fiﬁj



(iv)

ACKNOWLEDGEMENTS

Firstly, I am most grateful to God Almighty for sparing my life and

making the completion of this work a reality.

My profound gratitude also goes to my supervisor, Dr. Z.0. Oyedokun for
initiating this research and for his guidance and assistance throughout
the duration of this work. 1 am also indebted to my co-supervisor,

Dr. J.0. Adetuniji, for his suggestions and critical review of this work.

Further, my appreciation goes to the Centre for Energy Research and

Training (C.E.R.T.) for the use of some of their facilities.

Finally, my special thanks go to all members of my family, friends and
working colleagues for their concern, love and encouragement during the

difficult times in the course of this work.



(v)

ABSTRACT

The behaviour of laser diode in the vicinity of the lasing threshold
was investigated using nurerical nethods. Pol ynom al equations were
fitted to the electro-optical characteristics of the laser and the
tenperature variation of the coefficients of these fits were related
to tenperature dependent paraneters of the |aser. The appr oxi mat e

val ues of the threshold current was al so determned fromthese coefficients.

A novel method of presenting |aser characteristics called Tenperat ure-
current characteristics was further derived fromlLight-current characteris-
tics by linear interpolation and approxinate val ues of the tenperature

sensitivity of the laser was determined fromthis characteristics.
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CHAPTER |

INTRODUCTION

The importance of semiconductor laser diodes in optical fibre

[8]

communication and research activities has led to the produc-
tion of several types based on various conditions of low
threshold current density, high peak power output, monomode
operation and narrow beam width. Each laser design must be

tested and testing involves spectral, spatial, thermal and

electro-optical characteristies.

The objective of this work is to study the behaviour of lasers
in the vicinity of the lasing threshold. This was done by
fitting polynomial equations to the light-current (L-T1), light-
voltage (L-V) and current-voltage (I-V) characteristics curves
of the lasers and investigating the relationships between the
coefficients of the fitting polynomial and laser design para-
meters. Such relationships are expected to help in the design
process since laser structures, compositions etc can then be

simulated.

The work is based on the data acquired from an auto logger at

UNISTlls].

This controller shown in figure l.lb consists of
a microprocessor automated system, which is used to control,
measure and record the drive current, light output and voltage
values for the diode at various temperatures. A typical sets

of L-I, L-V and I-V curves for a GCaAlAs ternary and a GalnAsP

quarternary lasers are shown in figures 2.1 to 2.3.

These series of curves cannot be easily fitted by a single
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equation because the coefficients of the fitting function vary

with temperature. The fitting function can be written as

L=f (I, T) (1-1)

A1

where f is the function which relates the light output to the
current and temperature, L is the light output, I the current

and T is the temperature.
For Isothermal conditions, the equation reduces to

L =g (I) (1-2)
where g is the new function which relates L. to I at constant

temperature.

The series of curves in figures 2.1 and 2.2 can be divided

into three regions:

(i) spontaneous emission
(ii) the curve around the threshold and

(iii) stimulated emission region.

Both (i) and (iii) are essentially linear and can each be

represented by the equation

L=A + A I (1-3)

where the A's are the coefficients of the linear equation

which will correctly fit each of these regions.



However, the threshold region is not linear and can therefore
be represented for various Isothermal conditions by polynomial

equation of the form

LeA + AT + AL IZ uue # AnIn (1-4)

where the A's are the coefficients of the polynomial which
will correctly fit this region and n is the degree of the poly-

nomial.

The task is to

(i) find n, the order of the polynomial that hest fits the
curve
(ii) establish goodness of fit
(iii) select correct points for the curve fitting and
(iv) interpret the coefficient values of the fitting poly-

nomial in terms of laser design parameters.

The numerical analysis in Chapter 3 showed that a polynomial
equation of order 4 will describe the threshold region for

L-I and L-V characteristics. This can be accounted for in
terms of the dependence of the light output on several para-
meters of the laser like active layer thickness, doping level,
material composition, geometrical design etc. In the case of
I-V characteristics, a polynomial equation of order 2 was
found to fit the data accurately. This is expected because

a well known simple relationship exists between current and

voltage values for Semiconductor laser diodes.



The coeftficients of the fitted equations were alsoc found to
vary with temperature and the threshold current was found to
be determinable from a combination of these coefficients.
Also each of the coefficients exhibits a well defined varia~
tion with temperature and may be related to such other laser
parameters as threshold voltage, junction resistance, active
layer thickness, material composition etc. This is expected

to aid laser design for different level of performance.

Further numerical analysis in Chapter 3 showed that another

way of presenting laser characteristics can be derived from

L-I characteristics. This characteristics called temperature-
current characteristics (T-1) showed clearly the effect of
current and temperature changes on the optical output of the
laser and is hence expected to find applications in the design
of temperature and current modulator for the laser. Also,

the temperature sensitivity T0 of the laser can be calculated

to a good approximation from the T-I1 characteristics.

For completeness, a review of physics of semiconductor lasers
operation and their electro-optical characteristics are
presented in Chapter 2, followed by the discussion and applica-
tion of numerical analysis to laser electro-optical characteris-
tics in Chapter 3. The discussion of the result obtained was
presented in Chapter 4 and finally, the conclusion in Chapter

5.
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CHAPTER 2

PRINCIPLE OF OPERATION OF SEMICONDUCTOR LASER DIODES AND THEIR
ELECTRO-OPTICAL CHARACTERISTICS

General Considerations

The semiconductor laser diode is a sandwitch of two or more
semiconductor materials which have different electrical proper-
ties. Like other forms of laser, it consists of an active
medium which is a semiconductor from II1/V family which are
direct energy gap semiconductors. The parallel cleavage planes
of these materials possess natural reflectivity which is used

as an optical feedback to produce optical amplification.

An important part of semiconductors is their heternstructures.[B]
These consists of layers of different materials having the same
lattice constant but different band gap energies. In a
conventional double heterostructure laser shown in figure 1.la,
the basic structure consists of three thin epitaxial single
crvstal layers grown on a single crystal substrate. The two
thicker confining layers are wider gap materials which are

doped p- and n- type.

When a forward current passed through the p-n junction becomes
large, the density of electrons and holes in the active layer
can become high enough to cause population inversion. At

this point, a photon produced by a recombination event will
trigger the emission of another photon having the same frequency
and phase as the first. This is laser action and the current

at which this occurs is the laser threshold current.

When the current is increased above this threshold value, light
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emission (by radietive recombination of carriers) exceeds

the losses du. to absorption within the crystal cavity and
light lost through the end mirrors. At this point, recombina-
tion is almost 100% efficient and the actual lasing starts.
Along p-n junction, the radiation will resonate back and forth
both in the transverse and longitudinal direction between the
two crystal facet mirrors, stimulating further emission with
each pass. In the end, an intense and highly directional

laser beam will be emitted.

The current density required to reach the threshold is often
very high, resulting in energy generation and heat dissipa-

[9] ‘

tion , and thus making it difficult to operate the laser at
high temperature. It is therefore necessary to confine both
the carriers and the light output in both the transverse and

longitudinal direction between the end mirrors.

Heterostructure Confinement

Mixed semiconductor materials are normally used for producing
heterostructure lasers. Any change in composition of these
materials produces a change in both the bandgap and the refrac-
tive index. Hence, it is possible to adjust the composition
of the outer layers with respect to the central layer so that

a potential barrier is created to confine the injected carriers
and at the same time an optical waveguide is created by refrac-

tive index distributions to confine the light.

In GalnAsP quarternary double heterostructure (DH) laser shown

(8]

in figure l.la, three thin single crystal layers of



GaInAsP are grown on InP substrate since GalnAsP can be
adjusted to have the same lattice constant as InP within a
certain range.[yj’ (3] Similarly, in GaAlAs ternary double
heterostructure laser, three thin epitaxial single crystal
layers of GaAlAs are grown on a single crystal GaAs substrate.
GaAlAs can be varied in composition over the entire range and
can therefore be considered to have the same lattice constant

s caaal2ls 13

However, it is essential that a constant lattice match exists
between the two semiconductor materials. 1f the lattice
constant mismatch is considerable, dislocation are formed at
the layer interface. These dislocations are undesirable as
they always result in rapid ron-radiative recombinations and

higher thresholds.[13]’ (3]

In GaAlAs/GaAs system, lattice
match is easily achieved but in GalnAsP/InP system careful

adjustment of the compositions of GalnAsP has to be made to

minimise lattice mismatch.

In both GaAlAs and GalnAsP lasers, the wider bandgap of the
passive layers form a potential well which prevents the diffusion
of injected carriers out of the active region. Also, the
refractive index in the confining layers is lower than in the
active region and this results in the formation of a narrow
waveguide which confines the light in the plane of the active

layer as it propagates within the cavity.

However, the disadvantage of this narrow waveguide is that

highly concentrated light interracts with surface states causing
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catastrophic degradation of the end mirrors in the cavity

and thereby limiting the possible optical output power of the
[7]

This can be prevented by using the separate confine-
(31, [23]

laser.
ment method. In this method, a very much wider
waveguide is grown with weaker refractive index steps to form
a five-layer structure. Thig results in a more effective
control of carrier leakage since there is an additional outer
heterojunction. The active layer, also with slightly weaker

refractive index steps is made narrower so that it does not

confine the light and thus allow a wider optical distribution.

Lateral Confinement

The iniected carriers and light output can be further confined

in the lateral direction by making the electrical contact a
narrow stripe and putting a cladding material of a different
refractive index on each side of the active region to act as

a lateral waveguide. This prevents the injected carriers

from spreading into the region beneath the stripe and therefore
lowers the threshold current, This confinement of laser
activity in the lateral direction has resulted in several differ-
ent types of designs and are known as stripe geometry lasers.
(31, 1181, 123} g0 jareral waveguide can be obtained by
depositing silicon dioxide insulating layer on the top surface
to form an oxide-defined stripe geometry laser, or by producing

high resistivity regions either by proton bombardment or oxygen

implantation on the two sides of the stripe.

In both the oxide stripe geometry and proton bombarded stripe

lasers, carrier confinement or light guiding is not satisfac-
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torily achieved because of lateral current spreading and
diffusion of carriers out of the region beneath the stripe.
However, carrier and optical confinement can be improved by
deliberate confinement of light in the lateral direction.
When there is deliberate lateral waveguide, then the lasers
are classified as advanced laser structures.{sl’ (23]
Three of these types of structures are the buried hetero-
structure; transverse junction stripe and the rib-lcaded

stripe lasers. In the buried heterostructure stripe lasers,
the change in composition of semi-conductor material is used

to achieve lateral current and optical confinement. In the
case of transverse junction stripe laser, a change in doping
level causec the ¢reation of one or more p-n juncticns inter-—
secting the active layer and provides a good meéns of injecting
or confining electrons to the p-region. Also, the light

is guided in the p- region by the virtue of dielectric constant
difference. In the rib-loaded stripes, any increase in the
thickness of the active layer or the adjacent passive layers

causes an increase in the dielectric constant and hence is used

for creating optical waveguide.

Feedback and Frequency Selection

Feedback for laser diode oscillator is provided by the natural
reflectivity of the natural cleavage planes of the active

layer of the chip. These parallel cleavage planes form a cavity
called Fabry-Perot Cavity{24lwhen the light resonates back and
forth along the length of the cavity, only those frequencles at

which an integral number of wavelength will fit between the twe

end mirrors will be positively reinforced. Other modes that
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are produced which are not positively reinforced are called
longitudinal modes. Similarly, in the transverse direction,
only those resonances with half integral wavelength which

will roughly fit across the transverse dimension are positively
reinforced and are called fundamental transverse modes.

Other frequencies having more than one peak (more than half
wavelength) which are not reinforced are called higher order
transverse modes and they have an effect of broadening the

laser beam. Laser diodes which emit both the fundamental trans-
verse mode and only one longitudinal mode are called single
frequency lasers and are mostly used as signal sources in optical

fibre communication.

It is however, essential to have a means of frequency selection
in order to produce a good mode control. One method of achiev-
ing this is to set an external diffraction grating opposite one
end facet of the laser. The wavelength of the radiation to be
reinforced can be selected by tilting the grating at a suitable
=z
angle. Another method, which is presently favoured involves
periodic variation of the refractive index within the waveguide
by substituting the end mirrors with a grating, and suitably
adjusting these gratings. When the period of this grating is
equal to half integral wavelength of light output, Bragg's
condition is satisfied and the light will be reflected exactly
back and forth. Those frequencies that do not satisfy Bragg's
condition are allowed to pass through with minimum loss.
Lasers that utilises Bragg's condition are called Distributed

Feedback (DFB) or Distributed Bragg Reflector (DBR) laaeraIZB]'

[25], [26] and their frequency selectivity helps to determine
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the frequency.

Semiconductor Materials for Lasers

The semiconductor material used in the active layer are direct
bandgap materials. These are materials which have spherical
energy bands with the extrema occuring at the zero value of
the crystal wave-vector k, and the transition of an electron
across the bandgap Eg does not involve momentum change. In
the indirect bandgap materials like Ge, Si and Ga¥ where the
conduction band minima are located at k # o, the combination
of an electron at k # o and a hole at k = o will give rise to
momentum change. Phonon participation is therefore required
for conservation of momentum. Also, the life time of an
electron in the indirect valley is relatively longer than in
direct valley and thus there is higher probability of non-
radiative recombination involving defects and impurities in
the inditect bandgap materials. This explains why direct
bandgap materials are used in semiconductor lasers.

There are many binary compounds such as GaAs which are direct
bandgap and are hence used as semiconductor materials for
lasers. The most important of these compounds are the

III/V semiconductor materials which comprise of Al, Ga, and

In in group III and P, As and Sb in group V. These binary

compounds are, used as substrates for epitaxial growth of
structure layers on these substrates often involves

composition grading in which the lattice constant of the
heterostructure layers are adjusted to be almost the same

as that of the substrate materials in order to attain lattice
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match.iz] This is very important as lattice mismatch often
gives rise to lattice defects recombination centres and
dislocations which are highly undesirable, The most impor-
tant ternary materials among the IT1/V semiconductors is the
GaAlAs/GaAs system in which the lattice mismatch is very low.
Other semiconductors materials of interest in the III/V

family are GalnAsP/InP and (GaAl) (AsSb)/GaAs quarternary
sysl:erus.[‘?‘!}1 Those that have been successfully used for laser
among the IV/VI compounds include Pb and Sn salts of Se and

Te and their mixed solid solutions. Among the II/VI com-

pounds only CdTe has been successfuliy used as a laser.[ZAJ

The cheice of lasers however depends un the wavelength that 1is
required. For example, if short wavelengths are required,
ternary lasers are the obvious choice but for long wavelength

requirement, quarternary lasers are the best choice.

Electro-Optical Characteristics of Laser Diodes

The increased use of semiconductor lasers as signal sources in

(8]

optical fibre communication and in research activities has
motivated a more detailed study of the characteristics of these
lasers. For this purpose, a special project has been set up
which uses an automated control and data acquisition system
where the drive current, applied voltage and light output are

measured at various temperatures and stored in the computer

memory.

In this work, four lasers, two of which are GaAlAs ternary DH

lasers and code named STC and LS and two of which are GalInAsP
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quarternary DH lasers and code named S, and LW were analysed

2

using numerical methods. The L-1, L-V and I-V characteris-
tics for STC ternary and 82 quarternary lasers are presented
in figures 2.1 te 2.3 using the data acquired from automatic

f i i
I N
testing of laser diodes.

Figures 2.1 and 2.2 showed that at lower values of drive current,

the L-1 and L-V characteristics are partly linear and corres-
pond to spontaneous emission. When population inversion
occurs in which the optiecal gain is equal to the optical less,
threshold current is reached. Above the thresheold current,
the optical gain exceeds optical loss and radiative recombina-
tion vecomes almost 100Z efficient. At this point, the linear
portion of the curves corresponds to stimulated emission. In
gome lasers, most especially stripe geometry lasers, the L-1
curve above threshold may not be linear because of formation

of kinks, These kinks consists of points of inflexions which
varies the near field distribution of the output. The forma-
tion of kinks can be reduced by suitably adjusting the width

of the stripe and by improving the growth of the variocus

heterostructure layers.

The threshold current can be determined by different methods

which include:

(1) extrapolation of the linear portions of the
spontaneous and stimulated emission region and the
current at the Iintersection 1s the threshold current,

{1i) extrapolation of the stimulated emission region to
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zero light output. The value of current at zero
light output is equal to threshold current provided
there are no kinks.

(iii) Observing the highest peak in the graph of d2L

2
against 1 in which case the current correspg%ding

to the peak value is equal to the threshold current.

The threshold current is affected by temperature changes.

The inserted tables in figure 2.1 show the variation of thres-—
hold current with temperature for GaAlAs and GalnAsP lasers.
The tables show that there is a more rapid increase in thres-
hold current with temperature for the GaInAsP quarternary
laser than for GaAlAs ternary laser and thus illustrates the

major difference between the two lasers.

The threshold current of semiconductor lasers show an approxim-

ately expomremntial variation with temperature according to

9]

equation:

L, = I, exp (TITO) (2-1)

where 1t is the threshold current, T is the temperature of the

h

heat sink on which the laser is mounted and To is the tempera-

ture sensitivity.

Between 0 and ?OOC, To has a value of 100 - 180°C for GaAlAs
[8]
and 50 - 80°C for GalnAsP lasers, thus showing that quarternary

lasers are more sensitive to temperature changes than ternary

lasers.
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The increase in threshold current with temperature can be
attributed to energy spread of injected carriers across the
conduction and valence bands. However, the much more rapid

increase of It with temperature for quarternary laser appears

h
to be a fundamental property of the laser and there had been
a suggestion that it may be due to non-radiative recombination

[10]

involving Auger process.

Another striking difference between ternary and quarternary
lasers can be seen in figure 2.2. The curves show that while
the threshold voltage increases with increasing temperature for
quarternary lasers, it decreases with temperature for ternary

lasers.
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CHAPTER 3

NUMERICAL ANALYSIS OF LASER,DIODE BLECTRO-OPTICAL CHARACTERISTICS

Numerical Analysis of Experimental Data

Numerical analysis most often involves fitting a function to
experimental data. Typically, when treating a set of data

by numerical methods, errors can arise in two areas: those
inherent in the mathematical formulation of the problem and
those that arise in finding solution numerically. The

former category includes the error incurred when the mathematic-
al statement of the problem only approximates the physical
situation and they are often negligible. The latter category
involves inaccuracies in the physical and experimental data.

In the case ol physlical data ihe ecror Is alsu negligible but
for experimental data, the errors may be considerable. Other
sources of errors include gross error, truncation error and
round-off error. However, one of the aims of numerical analysis

is to smoothen out these errors.

Most of the problems often encountered involves fitting a func-
tion to a set of points (Xi 'Yi)’ i=1, 2, ..... n which
approximates them as closely as possible. The type of func-
tions often considered are the polynomial and cubic splines.

The degree of the polynomial and the number of knots (the x-
values of points at which the cubic polynomials are joined
together) in the cubic spline determine the order of the fitting

function.

In fitting experimental data, both the smoothness and closeness

requirement is achieved by restricting the degree of the
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polynomial or the number of knots in a spline, while the
closeness requirement is achieved by ensuring that the devia-
tion of the approximating function from the data points is as

small as possible.

A measure of distance between the fitting function and data
can be achieved by summing the squares of the difference between
the experimental and theoretical points.
~
2 - £ 1)
i.e - £ = e (3-
=t

where Y, represents experimental data, Bi is the error and
f(X;) is the fitting function. This leads to the least squares
fit. It is however assumed that 'he random errors in Yi are

independent of one another and that errors in Xi are relatively

negligible.

In this work, the least squares polynomial fit was used because
the curves represented by the experimental data are simple
curves and the errors incurred in choosing the optimum number
of coefficients can easily be found by calculating the variance

of theoretical points with respect to experimental points.

Polynomial Representation of the Electro-optical Characteristics

of the Laser Diode

The sets of L~I and L-V curves in figures 2.1 and 2.2 can be
zoned into three parts:
(1) The spontaneous emission region which is partly linear
(ii) The threshold region

(1i1) The stimulated emission region which is essentially
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linear.

The fitted region consists of parts of spontaneous and
stimulated region in addition to the threshold region and for
various isothermal conditions may be represented by a polynomial

equation of the form

L=£(1) = A + AT + A B% 5 wnmms a1 (3-2)

where L is the light output, 1 is the current , n is the degree
of the approximating polynomial required to fit each curve, and

the A's are the coefficients of the fitting polynomial.

Theory of Polynomial Curve—-fitting by least squarss Method

The vicinity of the lasing threshold may be represented for

Isothermal conditions by the polynomial equation

£(x) = A+ AX + A, G S + Anx“ (3-3)
To obtain an equation of the above nature by numerical technique,
polynomial curve-fitting by least squares method is used to fit
the characteristics data obtained from integrated automatic
tester. In this method Yi represents experimental values and
f(x4) represents the value obtained from the fitting equation.

Then equation (3-3) becomes

2 n
f(X;) = Ac + Alxi + A2xi T Anxi (3-4)

where xi is a particular value assumed free of error.

The best values of the coefficients A, to An of the funetion

1
f(xt) that fits the data correctly can be determined by
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calculating the error e

i

between the experimental value Yi

and the theoretical value f(xi).

The least squares fit requires that for N values of X, Y, pairs

s = Z (Yi—AD-AIXi

must be a minimum.

ice 6SK6A »
o

65/6n1 —

2 n, 2 2
- AKX = ooes A XS Z €

os

Zero. This leads to ntl equations:

§s = o = ZE(Y - A
3A i 0
o
6s = o = ZZ(Yi—AO—Al}(i—
SA
1
_6-$-=0=
§A
n

- A X, - -AnX.) (-

%

n

Dividing by - 2 and re-arranging, we have

‘ 2
AN + A z X; + Azz Xp # eeect Anz

(3-6)

1
s e T Anxi ) (-xi)

‘ n
Z 204y = Ay = AX = e SAXD (X))

(3=7)
XN =

)
ntl _ c—
L
2n . :
s "}

/6An * « must be equal to



3.2.2

24

The n+l equations in equation (3-8) can be arranged in a matrix

form as
2 i n
’ Y
N Z Xy Z){i... z X, Z ;
% 3 n+l _ X Y

ZXi Z X in...in A Z ¥,

2 3 4 n+2 X2y
in Z %4 Z B e Z Xy Z 1 %4

.n n+l n+2 2n - &y
in Z 5y in---zxi Z g 4
_ _ _ -

vee (3=9)

where all the summations in equations (3-7) to (3-9) runs frem .

1 to N.
However, the round off errors in solving these equations simultane-
ously cause unusually large errors when the degree of the approxima-

ting polynomial is greater than 5.

Application of Polynomial Curve-fitting to Laser Electro-Optical

Characteristics

When the computer program designed for solving equation (3-9) was
applied to the characteristics curves shown in figures 2.1 to 2.3,
it was found that the fitting function approximates the curve to
reasonable accuracy when a small region in the vicinity of lasing
threshold was fitted and when the current was used as dependent
variable. In fitting the curves, the following steps were taken:
(1) The fitted regions in L-I, L-V and I-V characteristics
included parts of the spontaneous and stimulated emission

region
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in addition to the threshold region. Also, the same
region was fitted for all the characteristics at all
temperatures for a particular laser since the coeffici-
ents of the fitting function vary with temperature and
curve.

(ii) The chosen degree of polynomial was determined by
calculating the variance of the theoretical points with
respect to experimental points which must be a minimum.
For both L-1 and L-V characteristicss polynomial of
degree 4 gives minimum value of variance while degree 2
gives the minimum value of variance for I-V characteris-

tics.

Using the data for light output, drive current and
applied voltage from the automatic tester in the computer
program designed for solving equation (3-9), the
coefficients of the fitted equations at various tempera-
tures for L-1, L-V and I-V characteristics were obtained
for all the lasers. The variance of each fitted

curve with respect to experimental values were also
calculated. These are presented in tables 3.1 to 3.3

shown below.
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Variation of the coefficients of the fitting polynomial

with temperature for L-I characteristics for (a) GaAlAs (STC) laser

(b) GaAlAs (LS) laser (c) GalnAsP (52) laser (d) GaInAsP (LW) laser.

Temperature AO Al A2 A3 AQ Variance
(K)
298.3 -33.245 | 530.852 | ~586.697] 278.522| -47.961 0.40
283.2 -33.112 | 540.857 | ~593.483| 279.364| -47.655 0.38
288.1 -31.358 | 542.962 | -587.797| 272.648| -45.805 0.42
293,2 -31.959 | 556.675 | -599.830( 277.587| -46.601 0.40
298.2 -31.025 | 561,508 | =596.340| 272.055| -45.038 0.42
303.4 -30.420 | 568.504 | -596.999| 268.804] -43.865 0.41
307.9 -30.450 | 579.960 | -602.912| 268.869| -43.471 0.42
(a)

Temperature AO Al A2 A3 A& Variance
(K)
278.1 -50.236 | 830.694 | -1187.242| 731.235 | -163.805| 0.40
283.1 -48.621 834.791 ([ -1175,069 | 711.812 156.731| 0.39
288.2 -46.781 836.982 | -1156.168 | 687.347 | -148.520] 0,41
293.2 -44,205 | 846,792 | -1164.613 | 690.587 | -148.974]| 0.38
298.2 -46,105 | 859.699 | -1154.491 | 667.823 | -140.372] 0.35

(b)



Temperature (K) Ao Al Az A3 Aq Variance
277.9 -88.964 338.950 | -247.981 76.394 | -8.397 1.09
283.1 -93.504 352.860 | -252.055 | 75.891 | -8.172 1.29
288.1 ~115.042 411.828 | -297.318 | 90.558 | -9.863 0.87
293.1 -135.604 465.373 | -336.653 |103.438 |-11.416 1.34
297.8 -158.654 526.784 | -381.578 [116.990 [-12.844 0.79
303.2 -158.715 531.107 | =375.179 |112,281 |-12.061 1.08
308.0 -179.247 587.287 | -415.122 |124.509 |-13.413 Jiaild
3133 -197.761 636.811 | -446.145 |133.166 |-14.314 1.40
323.1 -243.635 755.409 | -518.268 |152,215 |-16.161 2.32

(c)

Temperature (K) Ao Ay A, A3 A, Variance
278.1 - 62.534 255.740 -147.473 | 37.771| - 3.581 0.08
283.3 - 59.573 252.606 -137.953 | 33.405| - 2.996 0.04
288.1 - 83.094 308.151 -172.853 | 42,881 | - 3.934 0.07
293.2 -106.915 368.416 -213.513 | 54.650| - 5.167 0.06
298.1 -123.069 410.864 ~239.298 | 61.484 ] - 5.830 0.11
303.3 -106.635 386.820 =215.105 | 52.666 | - 4.750 0.10
308.1 -151.835 487.396 -279.613 | 70.636 | - 6.586 0.20
313.2 =-171.177 539.805 -309.206 77.966 | = 7.247 0.25

(d)
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Table 3.2: Variation of the coefficients of the fitting polynomial with
temperature for L-V Characteristics for (a) GaAlAs (STC) laser (b) GaAlAs (LS) Laser

(c) GalnAsP (52) laser (d) GalnAsP (LW) laser

Temperature (K) AO A A, Aq A, Variance
278.3 1367.095 | 1009.803 | -1156.644 | 569.020| -101.453 | 0.75
283,2 1365.291 997.777 | -1136.557 | 555.298| - 98.225| 0.69
288.1 1367.862 966.001 | -1082.049 | 519.562] - 90.384 | 0.64
293.2 1363.275 973.287 | -1093.567 | 528.877] - 92.854] 0.58
298.2 1363.932 953.982 | -1053,968 | 500.994| - 86.473| 0.56
303.4 1359.745 959.139 | -1051.784 | 495.701| - 84.883| 0.56
307.9 1358.257 956.529 | -1041.502 | 488.956] ~ 83.567}) 0.58

(a)

Temperature (K) AO Al A2 AB Aa Variance
278.1 1343.706 | 1509.479 | -2258.756 | 1455,.998] -340.813 0.51
283.1 1345.076 | 1446.465 | -2134,179 [1355.678| -312.862 0.46
288. 2 1346.115 | 1384.263 | -2011.949 (1260.996] -287.501 | 0.50
293.2 1352.491 1322.102 | -1980.452 [1189.631| -270.019 0.32
298.2 1344.702 | 1309.791 | -1863.062 |1147.406| -257.928 0.30

(b)
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Temperature (K) Au Al A2 A3 A& Variance
277.9 752.026 703.110 [-516.644 | 159.332 -17.509 1.99
283.1 742,038 728.823 [-527.695 |160.663 -17.469 2.02
288.1 709.961 813.436 |-592,008 |181.303 -19.826 1.57
293.1 688.522 861.978 | -619,928 | 188.707 -20.612 L/
297.8 639.449 989.453 | -719.396 | 220.724 -24.214 0.82
303.2 642.394 986.425 | -702.652 | 211.658 -22.860 1.37
308.0 607.634 | 1078.021 |-768.769 | 232,108 -25.135 1.41
3333 583.925 | 1137.764 | -801.379 | 239.823 -25.806 1.58
3723.1 510.121 |1322.500 | -915.976 | 270.875 -28.909 1.36

(c)

Temperature (K) Ao A] A2 A3 Aa Variance
278.1 812.967 | 490.296 | -290.526 76.193 -7.378 0.36
283.3 824.146 463.834 | -258.716 63.708 ~5.797 0.19
288.1 786.079 549.485 | -315.384 79.903 -7.476 0.18
293.2 754.439 626.441 | =367.963 95.336 -9.118 0.18
298.1 732.936 678.646 | -398.721 103.127 -9.830 0.27
303.3 749.927 | 653.735 | -372.203 93.212 -8.600 0.10
308.1 684,589 796,287 | -465.877 119.911 -11.381 0.43
31542 661.623 857.776 | =500.042 128.181 ~12.107 0.43

(d)
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Table 3.3: Variation of the coefficients of the fitting polynomial

with temperature for I-V Characteristics for (a) GaAlAs (STC) laser

(b) GaAlAs (LS) Laser (c) GalnAsP {52) laser

(d) GalnAsP (LW) laser.

Temperature (K) A0 AI Az Variance
278.3 1407.014 2.3607 -0.0026 0.04
283.2 1403.715 2.2794 -0.0025 0.04
288.1 1400.694 2.2048 -0.0023 0.04
293.2 1399,291 2.1092 -0.0020 0.04
298.2 1394,813 2.0802 -0.0020 0.04
303.4 1388.094 2.0798 -0.0020 0.05
307.9 1389.180 1.9706 -0.0017 0.04

(a)

Temperature (K) AO Al A2 Variance
278.1 1402,150 2.3696 -0.0028 0.04
283.1 1398.753 2.2343 -0.0025 0.04
288.2 1395.148 2.1048 -0.0022 0.04
293.2 1392.429 2.0058 -0,0020 0.08
298.2 1388.180 1.9229 -0.0019 0.04

(b)
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Temperature (K) Ao Ai A2 Variance
277.9 887.1738 | 3.7106 -0,0136 0.08
283.1 891.4113 | 3.3959 -0.0106 0.03
288.1 899.2747 | 3.0430 -0.0078 0.04
293.1 907.7703 | 2.7168 -0.0056 0.05
297.8 912.0547 | 2.5137 -0.0041 0.04
303.2 910.7378 | 2.4649 -0.0038 0.05
308.0 912,1783 | 2.3595 -0.0031 0.03
33,3 912.8244 | 2.2803 -0.0027 0.03
323.1 912.4386 | 2.1566 -0.0020 0.03

(c)

Temperature (K) AO A A2 Variance
278.1 909.3577| 2.4898 -0.0042 0.06
283.3 910.5280| 2.3691 -0.0035 0.03
288.1 913.9809 | 2.1940 -0.0026 0.04
293.2 917.3940( 2.0530 -0.0019 0.05
298.1 919.4576 1.9486 -0.0015 0.05
303.3 904.5814| 2.1800 -0.0021 0.05
308.1 915.0526 1.8924 -0.0013 0.03
313.2 912.4277 1.8794 -0.0013 0.05

(d)
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In order to ascertain that the equations fit the experimental
data to reasonable accuracy, the values of current Ic were
regenerated from the fitted equations using the experimental
values of light output Le. These theoretical values were
compared with experimental values Ie in tables 3.4 and 3.5 for
L-1, characteristics for GalnAsP (52) at 10.1°C and GaAlAs (STC)
at 10.2°%. The tables show that the percentage differences
between experimental and theoretical values are extremely low,
The experimental and theoretical values are alsc compared
graphically in figure 3.1 for L-I characteristics. The graphs
show that most of the theoretical points coinclde with experi-
mental points except for 1 or 2 points. For I-V characteris-
tics, the variance of theoretical points are so small that all

the theoretical values are almost equal to experimental values.
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data with calculated values for GaAlAs at 10.2°C.

dzL/dI2 are also shown.

33

Comparison of experimental light-current characteristics

The calculated values of

Le (mW) Ie (mA) Ic (mA) 7 difference dZL/dIE(WZIAz)
0.300 83.44 82.89 0.66 0.011
0.317 87.76 87.12 0.73 0.012
0.329 90.28 89.98 0.33 0.013
0.340 92.74 92.52 0.24 0.013
0.352 95.17 95.19 0.02 0.014
0.370 98.84 99.01 0.18 0.015
0.390 102.56 103.02 0.45 0.017
0.416 107.44 107.86 0.39 0.019
0.461 114,82 115.31 0.43 0.023
0.477 117.28 117.70 0.36 0.025
0.495 119.74 120.22 0.40 0.027
0.520 123.39 123.45 0.05 0.031
0.540 125.82 125,83 0.01 0.034
0.559 128.26 127.92 0.27 0.038
0.607 133.23 132.53 0.53 0.051
0.650 136.06 135.91 0.69 0.067
0.691 139.34 138.55 0.57 0.090
0.719 140.56 140.06 0.36 0.112
0.762 141.78 141.96 0.13 0.162
0.860 142,99 144,71 1.20 0.483
1.110 144,21 145.73 1.05 15333
1.482 145.41 144.39 0.69 1.330
1.852 146.64 146.91 0.18 1.106
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Table 3.5: Comparison of experimental light-current characteristics
values with calculated values for GalnAsP laser at 10.1°%¢. The calculated

values of dszdI2 are also shown.

Le (mW) Te (mA) Ic (mA) 7 Difference dzL;’dT2 (W2XA2)
0.700 53.65 53,97 0.60 0.023
0.789 61.32 62.02 1.14 0.032
0.855 66.71 66.99 0.43 0.041
0.886 69.17 69.02 0.21 0.046
0.922 71.68 71.16 0.72 0.054
0.942 72.93 72,25 0.93 0.059
0.964 Td.l4 7337 1.03 U.065
0.988 75.28 74.56 0.96 0.073
1.017 76.58 15.17 1.05 0.084
1.061 77,82 77,45 0.47 0.107
1. 132 79.04 79.63 0.75 0+165
1.332 80.27 80.92 0.81 L, 152
1.979 81.40 80.46 1.15 0.352
2.907 82.71 83.28 0.69 0.152
3.400 83.35 83.23 0.14 0.391

Further justification of the goodness of fit was carried out

by generating the values of dzL!'dI2 from the fitting equation.
The variation of dzLx"dI2 with the drive current I, for GalnAsP
at 10.1°C and for GaAlAs at 10.2°C are also presented in tables

3.4 to 3.5 end figure 3.2. The graphs show that dZLIdI2

increases steadily with temperature up to a maximum value
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after which it starts decreasing, The value of the drive
current corresponding to the highest peak of this graph for
GaAlAs is 140 mA and for GalnAsP is 74 mA. These two values
are approximtely equal to the threshold current of the lasers.
It is therefore confirmed that the fitted equations fit the

experimental data to reasonably high accuracy.

Tableg 3.1 to 3.4 show that the coefficients of all the fitted
equations vary with temperature for all the lasers. It is
thus expected that a relationship exists between these coeffici-

ents and temperature dependent parameters of the laser.

Deduction of Temperature-current Characteristics from L-1

Characteristics by Linear Interpolation

As mentioned in Chapter 3, for various isothermal conditions,
the light output may be expressed in terms of current by the

equation.

L =f (I) (3-10)

If the temperature is not constant, then equation (3-10) becomes

L =g (I, T) (3-11)

At constant optical output, equation (3=11) reduces to

T=g"' (I) (3-12)

where g' is the function which relates temperature to current
at constant light output. The relation (3-12) can be generated
from L-I characteristics. This shows a new method of presenting

laser characteristics.
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The same program used for solving equation (3-9) was used to

fit linear equations between two appropriate consecutive
values of L-I characteristice data in which fixed values of
light output had been interpolated. The corresponding current
were then obtained from the fitted equation. This is repeated
for all the temperature values. Fﬂf each interpolated value
of light output, values of current and temperature were recorded
to obtain temperature-current (T-I) characteristics data.

These are presented in Tables 3.6 and 3.7 for GaAlAs ternary

and GalnAsP quarternary lasers.

The plots of T-1 characteristics for various values of light
output are also presented in figure 3.3 for a GaAlAs and =
GalnAsP lasers to illustrate the result obtained for various
laser diodes. The curves show exponential increase of current
with temperature for both lasers. The curves in fig 3.3 (a)
also show that if GaAlAs laser is operated above threshold, and
the current is kept constant at about 150 mA, a small change

in temperature of about 1.8 k (i.e from 282.2K to 284K) causes

a shift from light output locus of 3.0 mW to locus of 2.5 mW,
corresponding to about 177 decrease in light output. Similarly,
for GalnAsP laser, fig 3.3 (b) shows that if the current is kept
constant at 110 mA, an equal increase in temperature of about
1.8k (i.e from 300.4K to 302.2 K) causes a shift of light output
locus from 5.0 mW to 3.0 mW corresponding to about 407 decrease
in light output. This again confirms the higher temperature

sensitivity of quarternary lasers compared to ternary lasers.

The effect of current changes on the optical output can also be
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Table 3.6: Temperature-current Characteristics Data for GaAlAs ternary
lasers
Light (mW) LS STC
Temperature (K) Current (mA) Temperature (K) Current (mA’

278.1 150.18 278.3 117.09
283.1 154.96 283.2 120.50
288.2 160.00 288.1 124.22
0.5 293.3 165.65 293,2 127.96
298.2 170.42 298.2 131.47
= - 303.4 135.04
- - 307.9 139.28
278.1 160.82 278.3 139.26
.283.1 166.08 283.2 143,67
288.2 172.53 288.1 148.14
1.0 293.3 179.29 293.,2 153.50
298.2 186.19 298.2 158.77
- - 303.4 163.37
= = 307.9 169,37
278.1 162.99 278.3 140,98
283.1 168.35 283.2 145.47
288.2 174,95 288.1 149.91
1.5 293.3 181.91 293.2 155.29
298.2 188.78 298.2 160.57
= = 303.4 165.27
- - 307.9 171,31
278.1 165.38 278.3 142.61
283.1 170.86 283.2 147.14
288.2 177.64 288.1 151.56
2.0 293.3 184.73 293.2 156.96
298.2 191.48 298.2 162.22
- - 303.4 166.96
- - 307.9 173.01
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Light (mW) LS STC
Temperature (K) Current (mA) Temperature (K) Current (mA)

278.1 168.13 278.3 144,43
283.1 173.68 283.2 148.90
288.2 180.61 288.1 153.33

2.5 293.3 187.88 293.2 158.72
298.2 194.55 298.2 163.96
- - 303.4 168.73
- - 307.9 174,13
278.1 171.28 278.3 146.36
283.1 176.94 283.2 150.75 ’
288.2 183.93 288.1 155.24

3.0 293.3 191.23 293.2 160.64
298.2 197.93 298.2 166.14
= - 303.4 170.61
- = 307.9 176.58
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Table 3.7: Temperature-Current Characteristics data for GaInAsP Quarternary
Lasers
Light (mW) LW '52
Temperature (K) Current (mA) Temperature (K) Current (mA)

278.1 42.67 277.8 34.60

283.3 44.99 283.1 36.27

288.1 47.37 288.1 37.98

293.2 49.93 293.1 38.99

0.5 298. 1 52.63 297.8 40.54
303.3 56.44 303.2 43.57

308.1 58.75 308.0 45.54

313.2 62.74 313.3 47.89

- - 323.1 52.74

278.1 79.86 277.8 70.68

283.3 85.03 283:1 75.88

288.1 90.97 288.1 80.94

293.2 97.30 293.1 86.15

1.0 298.1 103.98 297.8 91.58
303.3 112.94 303.2 98.50

308.1 119.73 308.0 105.02

313.2 129.33 313.3 112.71

- = 323.1 130.28

278.1 98.66 277.9 74.66

283.3 102,84 283.1 80.57

288.1 115.26 288.1 86.68

293.2 123.79 293,1 93.42

1.5 298.1 133.14% 297.8 100.14
303.3 143,70 303.2 108.41

308.1 155.61 308.0 116.77

313.2 169.70 313.3 127.46

- - 323.1 151.83

278.1 103.78 277.9 75.56

2.0 283.3 110,91 283.1 81.53
288.1 121.49 288.1 87.65
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Light (mW) LW
Temperature (K) Current (mA) Temperature (K) Current (mA)
293.2 130,08 293.1 94.40
2.0 298.1 139.67 297.8 101.20
303.3 151.02 303.2 109.48
308.1 163.64 308.0 117.97
313.2 178.49 313.3 128.81
= - 323.1 153.64
278.1 107.10 277.9 76.84
283.3 116.00 283.1 82.83
288.1 124.81 288.1 89.01
293.2 133.63 293.1 95.84
3.0 298.1 143.52 297.8 102.64
303.3 155.42 303.2 110.97
308.1 167.59 308.0 119.56
313,72 183.61] 313.3 130.53
= = 323.1 155.58
2781 110.20 277.9 79.38
283.3 120.78 283.1 85.45
288.1 129.78 288.1 91.66
293.2 139.28 293.1 98.54
5.0 298.1 149,46 297.8 105.40
303.3 162.31 303.2 113.83
308.1 174.60 308.0 122,54
313.2 192,24 313.3 133.65
- - 323.1 158.97
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investigated by keeping the temperature constant. The sets

of curves in figure 7 show: that if the laser is operated above
the threshold at constant temperature, very small changes in
current result in significant changes in the optical output.
For example, for GaAlAs laser at temperature of about 300K, a
small change in current from about 140 mA to 143 mA, causes a
shift from light output locus of 1.0 mW to 2.0 mW corresponding
to about 507 increase in optical output. Similarly for GalnAsP
laser at temperature of 300K, an equal change in current from
about 74 mA to about 77 mA causes a shift from light output
locus of 1.5 mW to 3.0 mW also corresponding to about 507

increase in optical output.

This characteristics is therefore expected to find application
in the design of both current and temperature modulator for

semiconductor lasers.
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CHAPTER 4

RESULTS AND D1ISCUSSION
In the previous chapter, it was shown that the electro-optical
characteristics of a laser may be fitted with a polynomial
equation at any particular temperature. The coefficients of
these fits show remarkable variation with temperature. I%
is therefore expected that a relationship exists between these
coefficients, temperature dependent parameters of the laser

and the material composition and design of the laser.

Further analysis of L-1 characteristics show that another
characteristics in form of temperature-current characteristics
can be derived Thie characteristics clearly show the effect
of temperature and current on the optical output of the laser
and can therefore be used in designing temperature and current
modulator for the laser. Further, the temperature sensitivity

To can be calculated approximately from this characteristics,

Determination of Threshold Current from the Coefficients of the
Fitting Polynomial

In Chapter 3, it was shown that the value of current corresponding

2
to the maximum value of dzL/dl is approximately equal to the

threshold current, using the graph in figure 3.2. From this
graph, it is evident that the third derivative of light output
with respect to current be equal to zero at the peak where the
curve has a turning point. Hence, the threshold current can
be calculated by evaluating dBI/dL3 using the fitting function,
equating it to zerc and substituting the then calculated value
of light output back into the fitting function to obtain the

threshold current.



46

For example, for GalnAsP (52) laser at 4.9°C, the fitting

function is

I = - 88.964 + 338.95L - 247.98 L° + 76.39 L0 -
8.397 1.
(4-1)
a1
4L L 3,2 x76.394 - 4x3x2x8.397L=0
3
dL
(4-2)
o L = 3% 2% 76.3% = 76,39
4x3x2 x  8.397 4x8.397
= -Ag =2.274m¥
WA,
(4-3)

%‘ = - 88.964 + 338.95 (2.274) - 247.98 (2.274)2
gl .
+ 76.394 (2.2?4)3 - 8.397 (2.2?4)a
(4-4)
1 = 5 i
th 73.26 mA (4-5)

i.e., the threshold current is 73.26 mA which is approxim-

ately equal to the experimental value of 74.13 mA.

It can therefore be generalised that for any laser at any
particular temperature, the threshold current Ith is, using

equation (4-3), given by
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3
Ith = A -AA, 4 A f_ii - Ay [A) ¢
4A
4
i =R
4A,

(4-6)

where Ao, Al, AZ’ A, and A, are the coefficients of the fitting

3 4

polynomial at the temperature concerned.

It can therefore be concluded that a relationship exists between
the threshold current and the coefficients of the fitting func-
tion at a particular temperature as seen in figure 3.2 and
equation (4-6). Table 4.1 below compares the value of thresheld
current calculated from equation (4-6), (Itc) with experimental
values, Ite for GalnAsP and GaAlAs lasers at various tempera-

tures.

Table 4.1: Comparison of calculated value of threshold current from
equation (4-6) with experimental values at various temperatures for

(a) GaInAsP and (b) GaAlAs lasers.

Temperature (K) Ite (mA) Ite (mA) % difference
277.9 74.13 73.26 1.17
283.1 80.27 79.39 1.10
288.1 86.33 85.16 1.36
293.2 93.73 92.85 0.93
297.8 99.83 98.33 1.50
303.2 108.36 106.76 1.48
308.0 116.90 115.09 1.55
313.3 127.67 126.51 0.91

323.1 152.68 152,00 : 0.45
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Temperature (K) Ite (mA) Itc (mA) %Z difference
278.3 139.12 140,06 0.68
283.2 142,99 144,37 0.97
288.1 147.22 148,83 1.09
293.2 153.34 154,36 0.67
298.2 158.71 159.66 0.60
303.4 162,91 164.25 0.82
307.9 169.03 170.31 0.75

(b)
4.3

4.3.1

Variation of Coefficients Ai of the fitting Polynomial with

Temperature

The tables of coefficients of the fitting polynomial in Chapter
3 show that each of the coefficients varies with temperature.
The variation of the coefficients with temperature for L-I, L=V
and I-V characteristics are presented in figures 4.1 to 4.5.

The scales are unified so that the variation of each coefficient
with temperature for all the lasers can be compared. All the
graphs generally show that the variation of the coefficients
with temperature for GaAlAs is generally small compared to that
of GalnAsP lasers, again showing the higher temperature sensiti-
vity of GaInAsP quarternary lasers. The behaviour of the
coefficients for L-1, L=V and I-V characteristics is summarised

below.

Variation of Polynomial Coefficients with temperature for L-1

Characteristics

The variation of the coefficients of the fitting equation with

temperature for this characteristics are presented in figures
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4.1 and 4.2. The coefficients Ab’ Az and A4 increase with
temperature for ternary lasers but decrease with temperature
for quarternary lasers. The coefficient A3 however shows
opposite variation with tenperature for the lasers. Here,
the coefficient decreases with temperature for ternary lasers
but increase with temperature for quarternary lasers. The
behaviour of these coefficients may be attributed to material
composition and geometrical design of the lasers.

The coefficient A, shows the most significant behaviour out of

1
these coefficients. It increases exponentially with tempera-
ture for all the lasers. Also, its variation with temperature
for ternary lasers is very low compared to quarternary lasers
again indicating the higher temperature sensitivity of quarter-
nary“lasers. This coefficient may be related to threshold
current which also varies exponentially with temperature., It
may also be related to other laser parameters such as active
layer thickness, substrate doping level, facet reflectivity,

heterojunction spacing etc. which exhibit well defined varia-

tion with threshold current.

Variation of Polynomial Coefficients with Temperature for

L-V Characteristics

The graphs in figure 4.3 and 4.4 show that coefficients Al

and A3 increase with temperature for quarternary lasers but
decrease with temperature for ternary lasers. These
coefficients may therefore be related to the threshold volt-
age'which exhibit similar variation with temperature for

the two types of laser diodes. The coefficients A2 and A4

show the same behaviour if their absolute values are

considered (i.e without their signs), and hence may also
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be related to the threshold voltage.

Variation of Polynomial Coefficients with Temperature for I-V

Characteristics

The variation of the coefficients of the fitting polynomial

for this characteristics is presented in figure 4.5. The
coefficient Ao increases with temperature and later reach
saturation for quarternary lasers but decreases with temperature
for ternary lasers. The coefficient A] decreases with tempera-
ture for all the lasers. This may be indirectly related to

the junction series resistance which normally increases with
temperature. If the absolute value of A2 is considered, then
it shows similar behaviour as Al and the same interpretation

holds. 1f however the absolute value is not considered, then

it shows opposite variation with temperature as A, and may

1

have a direct relationship with the junction resistance.

Predictability of Temperature Sensitivity of Laser Diodes fromr

T-1 Characteristics

When the set of exponential curves in figure 3.3 were linearised
by calculating the natural logarithm of current, the sets of
linear graphs shown in figure 4.6 were obtained. The graphs
show that the light output loci are well separated for values

of current less than the threshold current and are close
together for values of current greater than the threshold curr-

ent.

The inserted tables in the graphs show the slope and the inter-
cepts for various light output loci. The slopes of these

graphs are approximately equal to the temperature sensitivities
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T0 of the lasers for values of current above the threshold
current. For example, for a GaAlAs laser, the experimental
value of TO is 151 * 4 while the average values of the slopes
when the current is above the threshold current is 161.29
corresponding to about 3.47 difference. Similarly, for a
GalnAsP laser, the experimental value of T0 is 63 * 1 while
the calculated value is 66.5 corresponding to about 3.97
difference. This method of presenting laser characteristics
is expected to find application in the design of temperature
modulator, current modulator and temperature sensing circuit

for the laser.

Many factors are responsible for the behaviour of laser diodes.
These factors include geometrical design, bonding, active

layer thickness, doping level etc. Unfortunately, comprehen-
sive details of these laser parameters are not available for a

more detailed interpretation of the results obtained.



CHAPTER 5

CONCLUSION

In Chapter 3, the electro-optical characteristics of lasers

were analysed numerically by fitting polynomial equations to
their respective threshold regions. It was also shown that

the fitted equations correctly approximated the data, by compar-
ing experimental data with theoretical data, in which case the
two data values are almost equal, and by investigating the
variation of dzLJ"dI2 with I in which the highest peak corres-

pond to the laser threshold current.

The coefficients of the fitted equations vary with temperature,
showing that the electro-optical characteristics of a laser

diode cannot be easily represented by a single equation at all
temperatures. The variation of these coefficients with tempera-
ture however has an interesting implication in that they can be
related to temperature dependent parameters of the laser.

1t was shown in Chapter 4 that the threshold current, which also
varies with temperature, can be calculated from a combination

of these coefficients.

Another method of presenting laser diode characteristics was also
derived from the L-I characteristics by linear interpolation.
This characteristics called Temperature-Current Characteristics
shows an exponential variation of temperature with current at
constant light output and clearly indicates that the optical
output of a laser is highly sensitive to current and temperature

when the laser is operated above the lasing threshold.
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Since the variation of threshold current with temperature is
also exponential and the temperature sensitivity of the laser
can be calculated from it, the temperature-current characteris-
tics was also linearised and the slopes of the graphs approxim-
ated the temperature sensitivity when the drive current is

above the threshold current. This method of representing laser
characteristics is expected to find application in the design

of temperature modulator and temperature sensing circuit for

the laser diode.

Further analysis can be carried out in future by selective
variation of the coefficients of the fitting function to change
the shape of the electro—optical characteristics. From the
new characteristics generated, certain laser parameters like
active layer thickness, doping level etc which influence the
operation and performance of laser are expected to be determin-

able.
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