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Summary

Tunable semiconductor lasers play an important role in numerous technologies for optical
communication and sensing systems. They are widely used in dense wavelength division
multiplexed (DWDM) systems and in other important markets such as trace gas detection
for environmental emission motoring. Tunable lasers are also becoming a key component
in optical packet and burst switching systems to reduce the latency and increase the
capacity of current optical transmission networks. These systems require tunable lasers
with wide wavelength tuning range >30 nm, a high side- mode suppression ratio (SMSR)
>30dB, a fast wavelength switching time, and a high output power >10dBm. Tunable
lasers have been used in optical networks for some years now, starting with devices with
small tuning range but moving toward devices with full- band coverage. So far, a number
of wavelength tunable lasers have been developed, however they are conventionally
fabricated with a grating that requires at least one re- growth step, complicating the
device fabrication and therefore increasing the device cost. Another issue related to the
laser operation is an optical feedback which is provided by cleaving the ends of the laser
to form two semi-reflecting facets. Due to the cleaving, it is difficult to integrate these
lasers with other optical components. The objective of this thesis is to show widely
wavelength tunable lasers, based on etched slots that are re- growth free, can be fabricated
by standard photolithography and are suitable for photonics integration. This kind of
slotted laser platform has several advantages: a significant reduction of cost, it enables
use of AlGalnAs materials for high temperature operation and also it is integrated with a

semiconductor optical amplifier (SOA) on a single chip to control the output power.



A group of slots provide the necessary reflectivity for the laser operation which is
completely independent of the cleaved facet. The loss introduced by the series of slots is
compensated by the gain in the laser. Also the laser mirrors are active. As there is no
cleaving needed, this laser can be easily integrated with semiconductor optical amplifiers
(SOA) or Mach- Zehnder modulators (MZI) and therefore significantly reduce the chip
cost and complexity. In this thesis multi-section tunable lasers integrated with
semiconductor optical amplifier (SOA) are described. The lasers have tuning range of ~
50 nm with a good SMSR> 30dB.

In this thesis a design and fabrication process of slotted tunable laser is presented.
Different slot periods were chosen to show how tuning parameters such as tuning range,
number of super- modes, free spectral range (FSR) and SMSR are influenced by this
parameter. We also presented various types of the slotted lasers: five-, six-, and nine
section lasers. The full tuning characterization of these lasers is presented here as well as
an investigation of the phase tuning of the six section laser. A further characterization of
the slotted tunable lasers is introduced in this thesis by determining the continuous tuning,
the temperature tuning and the linewidth measurements using the delayed self-
heterodyne method. The lasers have the linewidth in the range of MHz. Finally the
tunable lasers with short slot periods were characterized here showing very good
performance. The shortest slot period is 52um for the front mirror and 57 um for the back

mirror.
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Chapter 1. Introduction

The concept behind the laser was first proposed by Einstein who said that the light
consists of wave energies called photons and their energies correspond to the frequency
of the waves. The higher the frequency is, the greater is the energy carried by the waves.
The first laser action was demonstrated in microwave region in 1954 by Charles Townes
and his co-workers. They produced a beam of ammonia molecules through a system of
focusing electrodes. When microwave power of the desired frequency was passed through
the cavity, the amplification occurred. It was called Microwave Amplification by
Stimulated Emmission of Radiation or M.A.S.E.R. The term “laser” was first created in
1957 by Gordon Gould. The first practical laser, the ruby laser, was invented in 1960 by
Theodore Mainman. In 1962, laser action in semiconductor material was demonstrated
by Robert Hall although it took almost another decade for the first semiconductor laser
diode to be developed and to be able to operate at room temperature. A high- performance
AlGaAs/GaAs laser was demonstrated in 1970 and become a commercial product in the
late 70s. The structure had many advantages such as size, power-conversion efficiency,
direct- current pumping, reliability and wavelength flexibility. Semiconductor laser
diodes are now the most common laser types, with several million devices being
produced every month. They have many application in CD players, printers, gas sensing
devices, spectroscopy, and optical communication systems. Tunable laser diodes have
their applications mostly in optical communication systems and the research has mainly
been driven by increasing demand on transmission capacity in optical telecommunication
systems to increase the bandwidth and reduce latency. The networks operate with
wavelength division multiplexing (WDM) techniques and coherent optical detection
schemes [1] [2]. Single- mode laser diodes with electronically tunable wavelength are the
key components on the transmitter and receiver side. Tunable laser diodes that can be
monolithically integrated with other optical components on a single chip are the favored
devices.

The required tunable laser characteristics are the tuning range, side mode suppression
ratio (SMSR) of more than 30dB to consider the laser single mode operating, optical
power, spectral linewidth, the continuous tunability and FM modulation bandwidth. The

tuning range is the most specific parameter for a tunable laser as its width improves the
19



laser suitability for all practical applications. Also in many applications, the optical power
being constant throughout all tuning range is necessary. In FMCW (frequency- modulated
continuous wave) radar and spectrum analysis where high coherence is required, the laser
linewidth 1s the most important issue. As experience shows, an ideal performance of a
tunable laser diode cannot be obtained mainly due to the wavelength tuning mechanism
affecting the optical losses so that the optical power changes during tuning. Also the
optical power control by the injected currents affects the device temperature and therefore
the emission wavelength. Therefore, it is desirable to have a specific application in mind
to produce a tunable laser fulfilling the application’s requirements. Figure 1.1 shows an

overview of the tunable laser diodes applications and their specific demands.
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Figure 1.1. Major applications and specific demands on performance of tunable laser diodes from [1].

The purpose of this thesis was to understand the physics behind the slotted tunable lasers
that are integrated with a semiconductor optical amplifier (SOA) on a single chip. The
design process including optimization of the slot parameters and preparing of the laser
mask 1s presented in this thesis as well as fabrication details and characterization of the
slotted lasers. The thesis deals with characterization of various type of multi- section
slotted tunable lasers such as tuning range, SMSR, optical power, continuous tuning, and

linewidth measurements.
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Chapter 2 introduces the basic concepts behind semiconductor tunable lasers. Single
mode lasers like distributed Bragg reflector (DBR) laser and distributed feedback (DFB)
laser are described there. Tuning mechanisms to change the wavelength position are then
presented where continuous, quasi- continuous and discontinuous tunings are introduced.
Then the electronic and thermal control of the output wavelength is described as well as
the free carrier plasma effect as a mechanism used to achieve tuning in semiconductor
lasers. The Vernier tuning effect is then introduced to expand the laser tuning range.
Finally, various types of DBR tunable lasers are presented.

Chapter 3 deals with Fabry- Perot (FP) laser measurements which are important in
designing tunable lasers. The FP laser characteristic shown in Chapter 3 is based on
measurements of the amplified spontaneous emission spectrum (ASE) analysed using the
Fourier series expansion method. The parameters such as internal loss, quasi- Fermi level
separation, linewidth enhancement factor and geometric spontaneous emission factor are
extracted.

Chapter 4 introduces the scattering matrix method (SMM) which is used to optimize the
slotted tunable laser parameters such as slot number, slot depth, slot period. Details of the
laser simulations as well as simulated tuning maps are also presented. Finally laser mask
design and fabrication process is introduced.

Chapter 5 shows characteristic for five, six and nine section tunable laser and a five
contact laser with nine slots on the front mirror and five slots on the back mirror. The
lasers characterized in this chapter have different slot periods to show how tuning
parameters such as tuning range, number of super-modes, free spectral range change with
varying slot period. The output power, wavelength and SMSR maps of those lasers are
presented in this chapter. Also phase tuning of six contact laser is introduced.

Chapter 6 deals with further characterization of the slotted tunable lasers. Continuous
tuning for a laser with nine slots on both mirrors, a laser with nine/five slots and a laser
with nine contacts are analysed. The temperature tuning is also shown in this chapter.
Finally, the linewidth is measured using self- heterodyne method for the laser with the
longest and the shortest slot period.

Chapter 7 shows the characterization of the slotted tunable lasers from the second
fabrication run. All lasers presented in this chapter have short slot periods. The purpose of
using short slot periods was to investigate its influence on the wavelength tuning range.
The linewidth for the laser with the shortest slot period is also measured in this chapter.

14



Chapter 8 gives some conclusion and future work that can be done to improve the laser
design. Also possibility of further measurements is suggested there to achieve full

characterization.
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Chapter 2. Introduction to
tunable semiconductor
lasers

In this chapter, an introduction to semiconductor tunable lasers is presented. The
background of single mode laser operation and a grating concept is shown leading to the
realisation of two of the most popular single mode lasers: Distributed Bragg Reflector
laser (DBR) and Distributed Feedback laser (DFB). The electronic control of the laser is
then examined showing how changes in the injection current density and changes of the
laser temperature influence the laser wavelength output. Finally, the Vemier tuning effect
1s presented and its mechanism to extend the tuning range. Also various types of DBR
tunable lasers are introduced employing the Vernier tuning with different types of

gratings.

2.1. Wavelength propagation in periodic structures

Optical gain in semiconductors

Considering the propagation of a monochromatic plane wave in an isotropic medium

characterized by the complex propagation constant (or wave number)

,B:kon:k(,(n'+jn") 2.1)

where kg is the free- space propagation constant for wavelength A

kO:T:_ (22)

the optical gain (loss) for a plane wave propagating in a semiconductor in the z-direction

can be approximated by [1]

16



g=-a=——=2kn (2.3)

There are some important properties of the gain that are specific for semiconductor
lasers.
The first is that the values of the gain are extremely high. The magnitude of the gain is of
hundreds of cm™, which is orders of magnitude greater than in any other type of laser.
Due to this fact, semiconductor lasers can be small, much less than 1 mm long. The
second property is that the gain spectrum is wide, in the range of tens of nm. The reason
for this is that the optical transition is between a pair of energy bands, instead of between

well- defined states [2].

Side mode suppression ratio

Side mode suppression ratio (SMSR) [1] is simply the ratio of the output power in the
primary laser mode to that in the next strongest mode from one end of the laser. It can be
calculated by means of multimode rate equations. For the dominant mode N and the

second strongest mode N+1, these equations read under stationary conditions

ds, R
d;\ =0= Rsp (/l\ ) + S,\'Vgg(‘ (/1\ ) (24)

ds, B
d,\’H =0=R,, (Aya)+Sy1v,& (A1) (2.5)

where R,(1;) and S; are the spontaneous emission rate and the average photon density of

the i-th mode. The SMSR equals the photon density quotient of modes N and N+1:

SMSR = (2.6)

S N+l

After introducing gain and side mode suppression ratio, an overview of grating used to
achieve a single mode operation in semiconductor lasers over a wide tuning range will be
presented. A good analysis can be found in [1]. The aim of this analysis is to show the
reflection variation as the wavelength is varied about the Bragg frequency of a grating.

The refractive index varies periodically in the propagation direction according to
17



: An
n(z)=n, + 7cos(2,302) 2.7)
where An/2 <« n'ef,. The Bragg propagation constant is related to the grating period of the
structure A by

_M/t_z_fr :

Bi=— Ny = ky(2) (2.8)
B

where A, is the Bragg wavelength in free space, k,(4;)1s the free space propagation

constant for wavelength A, and M is the period order. For the first order grating we have

Ag
2n ;17

A= (2.9)

which means that the period is equal to a half wavelength in the structure. The effect of
the periodic structure is to couple forward- going (right) and backward- going (left)
waves 1n the structure. Suppressing the time factor exp(jot), and keeping in mind that all
transverse and lateral variations are neglected, we can write the equation of the electric
filed propagating with a wavelength A as

d*E

2

+[n(2)k,FE=0 (2.10)

If we neglect the terms containing (An)* and use = n;ﬁk0 we get

[n(2)k,)’ = B +4Bxcos(23,2) (2.11)

where x 1s known as the coupling coefficient given by

TAn

= 2.12

Considering only wavelengths near to the Bragg wavelength Ag, hence S = S, + A with

AP < . We can write the electric field as a sum of right- and — left- propagating waves:

18



E(z) = R(z)exp(—ifB,z) + S(z)exp(if,z) (2.13)

The functions R(z)and S(z) vary comparatively slowly with z because we have included
the rapidly varying phase factor in the exponential functions. Inserting 2.11 and 2.13 into
2.10 and neglecting the second derivatives of R and S as they are much smaller than the

first derivatives, a pair of coupled- mode equations are:

R

Ry jABR= S (2.14)
S

45 _ iABS = jxR (2.15)
dz

Considering the case shown in figure 2.3 below representing a periodic grating in which
the index varies in a stepwise manner between two values and where each subsection of
the structure has a length of a half a period, from the Fresnel formula the reflection

coefficient » from the first discontinuity is

= ey 2.16
_Zn;ﬁ, &4n)
—rexp(—i28A)
—rexp I,BA) —vexp( i3BA)
\,
I
1
I
Il
neff’-————--———---------—- An’
—A— —

Figure 2.3. Propagation and reflection in a ‘square’ grating.
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The field reflection of the next discontinuity is — because we are now going from a high

to low refractive index. When the wavelength is equal to the Bragg wavelength, the phase
change for a round- trip is a subsection i1s S,A =7, corresponding to a factor -1. All

reflections add up in phase, and the field reflectivity per unit length (with two reflections

per period) is:

Kv_z_ﬂ'}n;ﬂ _2Mn
A n, A A

B

(2.17)
eff

B

Therefore the coupling coefficient can be described as the amount of reflection per unit
length.

The coupled mode equations together with equation 2.13 describe the field in a structure
with a periodic index variation given by equation 2.7. If we know Rand S at a given

point, we can now find the general solution as

Riz)= [cosh(}/z)— JAB sinh()/z)} R(O)—j—Ksinh(}/z)S(O) (2.18)
¥ 7

S(z)= L’isinh(yz)R(O)+[cosh(}/z)+ JAB sinh(}/z)}S(O) (2.19)
i v
where

¥ =i —~A (2.20)
Introducing the length L for distance z

R(L)= [cosh(yL)—%sinh(yL)}R(O)—‘—jyfsinh(}/L)S(O) (2.21)

S(L) :j—Ksinh(yL)R(O)+[cosh(yL)+LA}/£sinh(7L):lS(O) (2.22)

Y

We can write the results in a matrix from:
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R(L) R[0]
{S(LJ:F"‘”'(L)liAS'(O)} (2.23)

where F, (L) can be written as

per

{Cosh(ﬂ)-jmsinh(ﬂ)} ~Lsinh(71) . The matrix elements of F, (L)
F,, = d i i
ﬂsinh(}’L) {cosh(yL)-r%sinh(yL)}
7

follow directely from 2.21 and 2.22.
This 1s a transfer matrix that relates the right- and left- propagating waves at one end of

the structure to the right- and left- propagating waves at the other end. Using a periodic

structure of length Z and having S(L) =90, the field reflection coefficient is

IR s
. —*—sinh(yL
. = .S(O) :__(FPL’I')N = 7 ( ) (2 24)
per - .
R(0)  (F. )23 cosh(yL)+‘f]——Afﬁ—sinh(yL)
Y

where (F ) land (FW,)“are the components of matrix £, (L).

‘)L’I' :
If kL 1s very close to ABL,yLis small and we get to the first order
e 2.25
l)(’l 1 + ./'Aﬂ[‘ ( * 4d )

Therefore r,, increases with increasing x/ (a higher coupling coefficient leads to a
stronger reflection), r,,, decreases with increasing ABL (the reflection becomes smaller

when the wavelength deviates from the Bragg wavelength). This is the basic of two of the
most successfully manufactured single mode lasers, the distributed Bragg reflector laser

DBR and the distributed feedback laser DFB.

Distributed Bragg Reflector Lasers

For wavelengths close to the Bragg wavelength, the reflections from the individual parts
of the grating are in phase and the reflection coefficients are high. Its value depends on
the value of the coupling coefficient x. For wavelengths away from the Bragg

wavelength, the reflections do not add up in phase and therefore the reflection will be
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low. This wavelength dependence can be used to achieve a wavelength — dependent
cavity gain for a laser by using a periodic structure as a reflector at one/both ends of the
laser structure. This 1s the basic principle of the distributed Bragg- reflector DBR laser.

The ‘coupling strength’ can be defined as a product of the coupling coefficient x and the

laser length L, and the deviation from the Bragg wavelength by the dimensionless

product ASL. The deviation A4 of the wavelength 4 from the Bragg wavelength 4, is
related to the deviation of the propagation constant g from the Bragg- propagation

constant /3 :

2zn, (A) 2zn, (A 27n
AB=pB-p,= /’1’( )_ f{( s) A (2.26)
B B

At the Bragg wavelength with a periodic structure of length L as a reflector for an

incoming wave with an amplitude R(O) at z=0, and no incoming wave and no

reflection at z =L thatis S(L)=0, the solutions of 2.21 and 2.22 are

" COSh[K‘(Z—L)]
R(z)= cosh(xL)

R(0) (2.27)

_ jsinh[/c(z—L)]
cosh(xL)

s(z) R(0) (2.28)

At the Bragg wavelength, the magnitude of the field and power reflection coefficients

only depend on xL:

| = tanh(xL) (2.29)

R, =|r.|" =tanh*(xL) (2.30)

per

P

For values of xZ of more than about 0.7 the reflectivities are similar to or higher than a

cleaved facet. The reflection bandwidth A can be found using 2.26 and approximating

AB=2k:
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= - (2.31)

which shows that the relative bandwidth is proportional to the relative index variation.
The mode spacing A4 for a laser of length L is given by

/{2
A, = : (2.32)
2ng_eﬁL

The phase ¢ of the reflected wave can be found using 2.24

rper o

I

per

g (2.33)

From the phase an effective length of the Bragg reflector can be defined as

d
20 = ﬁ (2.34)

For the case of S = f3,, the simple result can be found

- tanh (xL) :£tanh(KL) (2.35)
’ 2K 2 KL

This shows that for small values of s/ we have L, =1/2, and for large values of xL
we have L, =1/(2x). For high values of x/, the amplitude of the incoming wave
decreases by a factor of exp(0.5) at the point z =17 . If we define the penetration depth
as the point where the incoming power decreases by a factor e, the penetration depth is
simply given by L, .

Here the grating idea is extended to include periodic grating with a variation on the
refractive index also in the x and y directions. For the first order rectangular grating with

equal lengths of mark and space regions (shown in figure 2.4) we have

_ 2An;’f/’ _ z(n'eﬂ'.A _";»17‘.3)
= 5

B

” (2.36)

B
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where ”;fm and ”;[r,  are the effective refractive indices corresponding to the mark and

space regions, respectively.

Figure 2.4. Grating structure; A and B indicate ‘mark’ and ‘space’ regions.

If we consider the presence of the grating as a perturbation, the from the wave equation

An, =T (n,—n,) (2.37)

where 7, and n, are the refractive indices of the layers forming the grating, and I is the
confinement factor for the grating region of thickness d, . The first order grating with

equal mark and space periods gives the highest coupling coefficient. For other grating

shapes, the coupling coefficient is

2An,
x=[—"~’]f;w (2.38)

where f,, <1 is a reduction factor. For a rectangular grating with unequal length of the

mark and space, the reduction factor follows from the Fourier coefficient of the grating

shape:

Jrea = sin[ﬂ%) (2.39)

This result can be extended to gratings of higher order, where M denotes the order

|
.fred i H

. A,
Sm[ﬂTMJ| (2.40)
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Distributed Feedback Lasers

In DBR lasers, the active region which provides the gain and the grating which provides
the wavelength selectivity, are separated longitudinally. In distributed feedback lasers
both the grating and the active region are distributed along the laser cavity in the
longitudinal direction with the grating above the active region in an index coupled
structure making these lasers easier to fabricate as there is no integration of active and

passive sections required.

AR AR
coating p-contact coating
R R S S S S P T O T O R T SO o i
p-InP Bragg

grating
{

—— — =

InGaAsP active
n-InP

t

n-contact

Figure 2.5. Schematic structure of DFB laser.

The analysis of a DFB laser i1s not as simple as for DBR laser as the gain and phase
conditions cannot be separated. However, as the laser i1s essentially a single periodic
structure the transfer matrix theory can be used as in [1]. The oscillation condition can be

represented as

/(Aﬁ = ./.go)

cosh(yL)+: sinh(yL)=0 (2.41)

where we added /g, to allow for the presence of gain; g represents the gain of the field.
The parameter y is given by

5

¥ =K —(AB+ g, ) (2.42)
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where « is the coupling coefficient. The oscillation condition 2.41 can be rewritten as

yLcosh(yL)=—j(ABL+ jg,L) (2.43)

For the mode with the lowest value of g, the required intensity gain 2g,is equal to the

net gain

g =(Tg-a,) (2.44)

which must be supplied to compensate for the power emitted from the ends. Therefore the
quantity 2g,1s equivalent to the end mirror loss for a Fabry-Perot laser. Solving
numerically equation 2.43 for the defined products of coupling strength x and cavity
length L gives possible values of AfLand g,L as shown in figure 2.6. It can be seen that
no DFB modes exist at ASL =0 and therefore Af =0 as the cavity length L cannot be
0. This means that there is no propagation at Af =0 which 1s the Bragg wavelength. This

is the DFB stop band.
It 1s analogous to the forming of stop- bands in solid- states physics, with no propagation

exactly at the Bragg wavelength.
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Figure 2.6. DFB modes for various values of kL .
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At this exact Bragg wavelength AS =0

y=x'+g; (2.45)

It can be seen that there are two modes at the same distance from the Bragg wavelength
and hence single mode operation in this kind of DFB laser i1s not possible. For better

understanding let us consider a rectangular grating as shown in figure 2.7.

R

Standard DFB C
. R

Figure 2.7. Schematic structure of standard DFB grating with reflectivity R [3].

For this grating, the cavity can be taken to anywhere inside the DFB since all periods look
the same. The active length La is therefore a quarter- wavelength long taking the mirror
reference planes yielding a zero grating reflection phase at the Bragg wavelength.
Therefore this type of configuration is anti- resonant at the Bragg wavelength.
Introducing a cavity length increase of a half- wavelength long [4] [5] the device becomes
resonant at the Bragg frequency where the reflection phase is zero. It is called a quarter-
wave shifted DFB as a half wavelength mirror spacing corresponds to a quarter- wave

shift between the two gratings as shown in figure 2.8.
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\/4 Shifted DFB < o

Figure 2.8. Schematic of a quarter- shifted DFB grating with reflectivity R [3].

Other methods to achieve single mode DFB lasers are to leave one or both facets cleaved
rather than AR coating both faces [6]. Introducing the cleaving will destroy the
degeneracy of the modes and allow one to reach threshold first as the net reflection phase
from one end is shifted from that of the grating alone. This will introduce a yield problem
since the reflection from the cleave will have a random relative phase and the yield

depends on the required end loss differences [7].
2.2. Tuning mechanism

Current injection tuning
Depending on how the tuning is performed, and which device structure is used three basic
tuning schemes can be distinguished: (1) continuous tuning, (i1) discontinuous tuning, (iii)

quasi-continuous tuning. The schematic characteristics are shown in figure 2.9 below.
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Figure 2.9. Schematic of a) continuous tuning; b) discontinuous tuning; ¢) quasi- continuous tuning.

For most practical applications, the ideal tuning scheme is continuous tuning [8] [9] in
which the laser wavelength is tuned smoothly in arbitrarily small steps without mode
changes while all other laser parameters are kept constant as far as possible.

Achieving larger tuning ranges is possible by allowing for longitudinal mode to change
during tuning. Here, the tunability of the comb- mode spectrum has no limitation on the
total tuning range, which is now determined by the tuning range of the cavity gain
characteristics. Unfortunately, for the discontinuous tuning range it is impossible to
access all wavelengths within the tuning range.

The quasi-continuous tuning is accomplished by joining overlapping small regimes. To
achieve a large wavelength coverage each region is continuously tunable by a single
longitudinal mode. The total tuning range is limited by tunability of the gain
characteristics, while the tuning of the comb- mode spectrum occurs only over about one

longitudinal mode spacing.
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Tuning of the cavity gain, the comb mode and electronic control tuning.

Tuning of the cavity gain can be done by a spectral shift of the cavity gain curve g (1)
from its initial state g’ (A). Tuning of the g, characteristics means that the gain peak
wavelength 4 is shifted either by varying the wavelength dependence of the active

medium gain g, (A) or by using laser mirrors with a tunable wavelength- selective mirror

ge(L)
0

/"/ M )\.pn 7\.pn +1 \.\\ \
Wavelength  ———p
loss a,, (4).

Figure 2.10. Wavelength tuning via shifting the gain peak wavelength.

When A4, increase above A4, /2then a mode hop occurs and the mode at 4, | starts to

lase. Using this method the wavelengths in between the mode hops cannot be access and

so this is the discontinuous tuning scheme. From figure 2.10 A 1is the gain peak

pn
wavelength without tuning, A, is the laser wavelength for mode N.
Tuning of the comb- mode spectrum is done by keeping 4, fixed and changing the optical

length of the laser by adjusting which cavity mode is lasing. As shown in figure 2.11
below the difference between this method and the cavity gain method is that the mode

wavelengths change linearly within each mode jump.
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Figure 2.11. a) Wavelength tuning by shifting the comb- mode spectrum, b) laser wavelength versus comb-

mode shift.

In a simple Fabry- Perot laser above threshold the gain clamping mechanism prevents
significant carrier changes so that the variation of the semiconductor gain curve by

changing the injection current has very little impact on the lasing wavelength.

Electronic wavelength control
To have control of the output wavelength of a tunable laser it is needed to control the

position of the gain peak wavelength of the cavity round trip gain A, and/or the

longitudinal modes A,. The gain peak wavelength 1, depends on the injected carrier
density and as was mentioned before, in a Fabry- Perot laser the carrier density clamps
above the threshold therefore there is little wavelength tuning in Fabry- Perot lasers.

Widely tunable laser diodes rely on this mechanism for large wavelength tuning if there

are un- clamped carrier density regions such as passive gratings.
In order to shift the output wavelength it is needed to change the position of the
longitudinal modes A, by changing the real part of the effective refractive index as

shown in the phase condition

(2.46)
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where n;ﬁ is the effective refractive index, L is the cavity length and m is the mode

number. Therefore to control the output wavelength a waveguide with an electronically
controllable effective refractive index is needed, where the amount of tuning is
proportional to the product of the cavity length and the effective refractive index. In DBR
and DFB lasers the tuning of the cavity round- trip gain may be accomplished by tuning
the Bragg reflector and therefore changing the position of the comb modes. Looking at
the equation

AB
2n

eff

K=

(2.47)

it can be seen that the only element that can be changed is the effective refractive index as
the grating element is fixed during the fabrication of the Bragg mirror. As the effective
index is determined by confinement factor and the refractive index of the layers of the

laser and changes in the refractive index in any of these layers can change the effective
refractive index and therefore the end mirror loss «, (4). This type of tuning is used
commonly in many tunable lasers [10] [11].

The extent of the lasers continuous tuning when the same cavity mode lases across the

wavelength span can be determined from

248
’{0 ”g&f.ﬂ ( )

where AA is the wavelength tuning, A;1s the Bragg wavelength, An;ﬁ 1s the change in

the real part of the effective refractive index and 7, , is the group effective refractive

index. From this analysis it can be seen that the electronic control the wavelength of the
tunable laser depends on the ability to control the effective refractive index of the laser. In
practice the effective refractive index can be controlled by three different methods either
carrier induced effects- free carrier plasma effect, by applying an electric across the
device- quantum confined Stark effect, or by varying the temperature of the device-

thermal tuning.

Free- Carrier Plasma Effect
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The free- carrier plasma effect is the most popular and widely used mechanism for tuning
semiconductor lasers. It also achieves the largest tuning range [1]. The free carrier plasma
effect works by changing the refractive index caused by the injection of electron- hole
plasma into a semiconductor. This electron- hole plasma polarizes the free carriers and
spectrally shifts the absorption edge of the semiconductor [12] [13]. The effect of the
carrier polarization is much larger than the absorption edge shift in the case of a passive
wavelength control waveguide section when the bandgap energy is larger than the photon

energy. The refractive index change due to a change for a carrier injection is given by

, o I -1
An :—‘—,[————JN (2.49)

where c is the speed of light,  is the refractive index, ¢, is the free space permittivity, m,
is the electron effective mass, m, is the hole effective mass and N is the injected carrier

density. This implies a negative refractive index change and therefore a negative
wavelength change- a blue shift. There is also a change in the optical gain due to the

change in the imaginary part of the refractive index given by

. Z A’ 1 1
FAr == I (2.50)
dr cneg\ mop,  myu,

where 4, 1s the electron mobility and 4, is the hole mobility. The injection of carriers

also causes band filling and band gap shrinkage which have a refractive index change of
the same sign as the polarization effect and therefore increase the index change with
injected carriers. These are the main effects by which the tunable lasers described in this

thesis are tuned.

Quantum- confined Stark effect

While the electro-optic effect is rather weak in the usual III/V semiconductors [14],
enhanced refractive index changes can be achieved in multi-quantum well MQW
structures exploiting the quantum- confined Stark effect QCSE [15]. This effect is
observed by placing the quantum wells in an electric field that reduces the band gap

energy by effectively making the band edges inclined relative to each other and thereby
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reducing the energy between the lowest order wavefunction of the conduction band and
the lowest order wavefunction in the valence band as shown in figure 2.12.

a

Figure 2.12. The quantum- confined Stark effect, a) the band edges become inclined and the wavefunctions

are displaced with respect to each other and their energy difference is slightly reduced b).

The significant effects on the refractive index are achieved only for photon energies near
the bandgap energy, where absorption also occurs. The refractive index changes are still
very small typically of the order 107 to 107 even in multiple quantum well lasers where
the quantum well used in the tuning section matches the laser wavelength [10] [16].

However with asymmetric quantum wells the refractive change can be increased to ~0.01

[17] [18].

Thermal Tuning

Temperature changes may also control the emission wavelength of the laser diode as the
bandgap energy and the Fermi distribution are sensitive to temperature changes.
Therefore both the gain peak wavelength of the active medium as well as the refractive
index show a temperature dependence. For the laser with an emission peak at 1550nm a
change of 0.5nm/K for Fabry- Perot lasers and 0.Inm/K for DFB and DBR lasers are
observed [1] [19]. The Fabry- Perot lasers exhibit mode jumps while the temperature is
changing. Although the temperature dependence is quite weak for each longitudinal
mode, the Fabry- Perot laser on average show the same high temperature shift of around
0.5 nm/K of the gain peak wavelength. The wavelength of single- mode lasers changes
only by 0.1 nm/K over the whole temperature range. This is due to the fact that the
wavelength of Fabry- Perot and single- mode lasers are functions of the refractive index

and do not depend on the gain curve and also the gain peak of Fabry- Perot laser consists
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of several modes and each of those modes depends on refractive index. The wavelength
increases with temperature. The carrier injection and recombination processes in case of
the plasma effect is associated with a parasitic thermal tuning. Any heating of the laser
cavity will also increase the threshold current and decrease the differential efficiency of
the laser. This can limit the tunability of the laser diode by temperature tuning. In
wavelength tunable lasers diodes, an increase of the driving current will increase the
temperature which causes an increase of the refractive index. However the carriers effects
will decrease the refractive index and this leads to a limitation in refractive index

wavelength tuning.

Vernier Effect Tuning

DBR and DFB lasers can be tuned by either changing the injected current or changing the
temperature, however there is a limitation to these methods due to a limit in how much
the refractive index can be changed. The total tuning range using these methods is Snm-
10nm. There 1s a large amount of research in how to extend the tuning range of the laser
diode beyond the refractive index limits [20] [21] [22] [23] [24] [25] [26] [27] [28] [29].
In order to increase the tunability further, a technique that allows us to use a change in the
refractive index difference instead of the refractive index itself and therefore allowing a
relative wavelength change to be used which can be much larger than the wavelength
change due to a refractive index change. One method that exploits this refractive index
difference of semiconductor lasers is the Vernier tuning effect. This effect requires two
differing wavelength dependent mirror reflectivities to produce two spectrally different
comb mode reflection spectra. The comb mode reflection peaks will overlap at certain
wavelengths where the lasing will occur as the gain will overcome loss since the round-
trip loss is inversely proportional to the product of two reflectivities. Both mirror
reflection can be directly and independently controlled by controlling the effective
refractive index in those mirror sections. Any change in the effective refractive index in
the mirror sections will produce a shift in the comb mode reflection spectrum and allow
different reflection peaks to overlap and shift the wavelength accordingly. Using the
Vernier tuning effect greatly increases the tuning range and lasers such as Sampled
Grating Distributed Bragg Reflector SG-DBR laser have shown tuning ranges of up to 60

nm [30]. There some practical limitations to this effect in tunable lasers:
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» The coincidence spacing must be comparable to the width of the gain spectrum or
modes at the neighbour coincidences must be suppressed to keep high SMSR.

» The difference in the reflection periods should be comparable with the width of
the individual reflection maxima.

» The cavity gain difference must be sufficient to supress other modes.

Y

The phase condition must be satisfied so that the round- trip phase of the desired

mode must be multiple of 27 .
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Figure 2.13. Vernier tuning effect showing an overlap of two comb- mode spectrums at 1550nm.
2.4. DBR-Type Laser Structures

In the previous section it was shown how a comb- like reflection spectrum can be
achieved by using a cavity as a reflector, and how it could be used to achieve an external
tuning range. However the Vernier tuning is not suitable for implementation in a practical
laser structure as sufficiently high values of the reflectivity cannot be easily achieved in a
monolithic structure. Instead it is possible to use a structure with multiple cavities and to

use a short grating as reflector for each cavity. There are different ways to do so.

Sampled grating DBR laser
A comb- like reflection spectrum can be achieved by using a sampled grating [31] [32]
[33]. The sampled grating consists of several sections of interrupted grating and each

sampling period of the length L acts like a short cavity with the discrete reflector

replaced by a grating. The reflection peaks are separated by
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A, = (2.51)

where 7, 1s the group index of the structure [1]. By controlling the refractive index of

both mirrors separately and having differing sampling lengths in each mirror section the
wavelength output can be controlled by the Vernier mechanism as was described in the
previous section. To take advantage of the Vernier tuning, a laser with sampled gratings

at both front and back mirrors, with the sampling periods Z, ,and L, being different, can

be fabricated. By increasing the refractive index of the front section which has a long
sampling period, a discontinuous tuning toward longer wavelength is achieved. By
increasing the refractive index of the back mirror which has a short sampling period, a
discontinuous tuning toward shorter wavelength is achieved. When the front section is
tuned, the width of the wavelength jumps is determined by the reflection peak spacing of
the back section and vice versa. In order to get a higher fraction of the total emitted power
from the front, it is advantageous to use a design with a lower number of sampling
periods at the front than at the back.

A schematic structure of an SG-DBR laser is shown in figure 2.14.

SG-DBR
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‘ Laser
Amplifier| Front Mirror Gain Phase Back Mirror
(SOA)
Anti-
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Figure 2.14. A schematic structure of an SG-DBR laser.

The device consists of five independent sections, a semiconductor optical amplifier, a
front mirror, an active gain section, a phase section and the back mirror. For a
comparison of the performance of the slotted lasers described later in this thesis, we
checked the tuning behavior of a commercial packaged sampled grating distributed Bragg
reflector (SG-DBR) semiconductor laser. The current injected to the gain section was

kept constant with a value of 150 mA. Current injected to the front and back mirrors
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were scanned between 0-100 mA and 0-150 mA respectively. The phase section was left
unbiased. The temperature during the measurements was kept constant at 20°C. The
wavelength tuning map is shown in figure 2.15 below. Seven super-modes are clearly
visible over the tuning range of about 50 nm. The super- mode islands are found to

change from the small ones toward the big ones as the currents injected into the mirror

sections are increasing.

Wavelength map (nm)

Front Current (mA)

20 40 60 80 100 120 140
Back Current (mA)

Fig 2.15. SG-DBR laser wavelength tuning map versus the current injected to the front and back mirrors.

The SMSR map 1s shown in figure 2.16. It can be seen that the tuning islands have a
hexagonal shape and the highest SMSR value is placed in the center of each tuning island.

(dB)

Front Current (mA)

Fig 2.16. SG-DBR laser SMSR tuning map versus the current injected to the front and back mirrors.
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SMSR and output power versus wavelength are shown in figure 2.17 below. Seven
distinct super-modes can be clearly visible over the tuning range of 50 nm from 1520nm
to 1570nm. All modes exhibit an SMSR of up to 50dB. The output power versus peak

wavelength shown in figure 2.17 (b) is uniform, with variation within 2dBm.
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Fig. 2.17. (a) SMSR vs. peak wavelength; (b) output power vs. peak wavelength for SG-DBR laser

Superstructure- Grating (SSG) DBR Laser
Another design of widely tunable laser is the SSG structure. The SSG structure is based

on linear chirping in the grating pitches with a large period [34] [35] [36]. The linear
chirping results in a high- reflection band over a wide wavelength range. The grating

pitch in the SSG chirps continuously from A, to A, as one unit with a large period of A

. The periodicity of the modulated grating pitch results in a spectrum with high reflection

peaks in the wavelength range from 4, =2n,A, to 4, =2n,A,, where n,is the refractive

index of the waveguide. The two SSG reflectors have comb-shaped reflection spectra,
with slightly different peak spacing. For stable single-mode operation, a peak of each
reflection comb and a longitudinal mode have to be aligned. The SSG reflectors can be
tuned by current injection. A typical tuning characteristic is shown in figure 2.19. If one
of the reflectors is tuned, different pairs of reflector peaks will successively overlap and

the lasing frequency will jump by approximately the peak spacing [37].
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A schematic structure of a SSG-DBR laser is shown in figure 2.18.
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Figure 2.18. Schematic structure of SSG-DBR laser [37]
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Figure 2.19. An example of a typical tuning map for SSG-DBR laser [37].

Digital Supermode DBR lasers (DS-DBR)

Instead of using a sampled or superstructure grating as a front mirror, it is possible to use
a set of gratings having a relatively low reflection and a relatively broad bandwidth. The
reflection maxima for the gratings occur at different wavelengths [38] [39]. The laser
structure 1s shown schematically in figure 2.20 below. If current is supplied to one of the
front sections, the corresponding reflection maximum moves to a shorter wavelength.
This gives rise to an increased reflection over a certain wavelength range. A particular
wavelength in that range can then be picked out by tuning reflection comb provided by
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the back mirror. As the selection mechanism is partly digital — switching on a given

current, the laser structure is called digital super-mode DS DBR [40].

Front tuning section Rear tuning section
SOA Gain section  Phase section

AR coating —— AR coating
Figure 2.20. Schematic structure of DS- DBR laser [41].

An example of the wavelength tuning map of a DS-DBR laser is shown in figure 2.21.
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Figure 2.21. An example of a wavelength tuning map for a DS- DBR laser [42].
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Conclusion

In this chapter an introduction to tunable lasers was presented. First a typical single mode
lasers: distributed Bragg reflector (DBR) and distributed feedback (DFB) lasers were
described as an introduction to grating structures. Then various tuning mechanism were
introduced as well as the Vernier tuning effect to extend the laser tuning range. Finally,
various types of DBR tunable are described to give an idea how the slotted lasers fit in the

general tunable laser field.
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Chapter 3. Fabry- Perot
laser characterization.

Introduction

The Fabry- Perot laser is the simplest kind of semiconductor laser. It is very easy to
fabricate and widely used in laboratories and industry. As it 1s a multimode laser it is not
suitable for many applications such as optical communication systems, where the single
mode operation is desirable. Fabry- Perot laser are preferable in cases where the cost of
fabrication is crucial and when the bandwidth of the emission spectrum does not play a
very important role. The Fabry- Perot laser can be used as a cheap wavelength- division-
multiplexing sources in fiber- to the- home applications [1]. Also in laboratories FP lasers
are very useful to obtain the material and device information such as the modal gain,
internal loss, injection efficiency, linewidth enhancement factor. Various methods were
developed to extract those parameters from the fabricated FP laser. One of them is the
cutback method [2] which requires FP lasers with different cavity lengths. The internal
loss and injection efficiency can be estimated by measuring the relationship between the
output slope efficiency and the cavity length. To obtain the net modal gain the amplified
spontaneous emission spectrum of the FP laser operating below the threshold needs to be
recorded. There are various methods to extract the net modal gain, such as the Hakki-
Paoli method [3], the Fourier transform method [4] [5], the method proposed by Cassidy
[6], and the Fourier series expansion FSE method [7].

In this chapter a Fabry- Perot laser will be characterized based on its amplified
spontaneous emission spectrum and Fourier series expansion method as it was described
in [8]. The internal loss and quasi- Fermi level separation will be obtained and also
geometric spontaneous emission factor as well as injection efficiency and linewidth
enhancement factor will be calculated. The Fabry- Perot laser used for those
measurements has a length of 650um with a threshold of 19mA. All measurements were

carried out for the laser operating below the threshold current.
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3.1. Characterization method

Theoretical description of the ASE spectrum

A schematic of a Fabry- Perot laser is shown in figure 3.1. The theoretical ASE spectrum
output from the facet at zero can be obtained by integrating the small ASE contributions
from small sections along the whole cavity. From a section of unit length located at x, we
can separate the ASE contribution into two parts: (1) part initially propagating toward the
facet at zero F , (1) part initially propagating toward the facet at L, /. Then it is
possible to express those two parts as:

\/Eexp(—jknd,x),/l -R, exp((g / 2)x)

o — (311
1-bexp (—_j2kn£ﬁL)

. NSexp(—jkn, (2L-x))(1=R )R, exp(g/2(2L -x))
i 1-bexp ( -j 2knd,L)

(3.2)

where S is the spontaneous emission from the active region that is coupled into the
A . . 2z
waveguide mode per unit length and has a unit of mW/(nm*cm), k=7 1s the
wavelength number in vacuum, 7, is the effective index of the laser waveguide, R, is the
left facet reflectivity and R is the right facet power reflectivity. R, and R, are equal to

each other for a Fabry- Perot cavity with uncoated cleaved facets, »=exp(gL)(RR, )"’

is the round- trip gain, g is the net modal gain, L is the cavity length.
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0 x x+dx L
Figure 3.1. Schematic structure of a Fabry- Perot laser [8].

Summing those two parts, calculating the ASE contribution from the section is possible.
There are two ways to do the summation: first is the amplitude summation and the second
one is the power summation. Here we use an amplitude summation [9]. After neglecting a
small term the result is the same as it would be using the power summation. The ASE

contribution from this small section 1s obtained as follows

2 S(1-R,)exp(gL)
1+5° —2bcos(2kn,, L) (3.3)

><[exp(g(x—ll))wL R exp(g(l, —x))+ 2\/R_rcos(2knq,. (L —x))]

P+ F

By integrating the contributions from the whole laser cavity, the ASE emission from the

total laser cavity can be expressed as

_ S(l—R,)exp(gL)
145 —2bcos(2knqﬂ.L)

. (l +R exp(gL))(l —exp(—gL)) N sin(2kne__,,‘L)
g kn
S(I—R,)(1+R,, exp(gL))(exp(gL)—l)
g

@ (3.4)

~

§ 1
1+b° —2bcos(2kn,, L)

where kn_, is around 1.3*10°cm™. Because ghas a maximum value of 40 cm™ for a

Fabry- Perot laser with a cavity length of 300um, therefore a good approximation is to
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neglect the latter term in the square bracket in equation 3.4 along with assuming that §

and g are uniform along the cavity. This assumption can be made if the Fabry- Perot

laser 1s biased under threshold as then the stimulated emission causing the carried density
to vary along the laser cavity, is negligible. The spontaneous emission S can be written

as

ASYZ%';PAﬁg (35)

where / is the Plank constant, ¢ is the speed of light, 4 is the cross- section area of the

quantum wells in the active region, f, is the geometrical spontaneous emission factor
describing the ratio of the spontaneous emission from the quantum wells into the
waveguide mode In a single propagation direction, r,, in the total spontaneous emission
rate that has a unit of 1/(s*nm*cm’). B, described in [10] is defined as the fraction of the

spontaneous emission with the same polarization as the waveguide mode 1s coupled into
the waveguide mode. Equation 3.4 is describing the intrinsic ASE spectrum output from
the left facet of the laser. In practice, the ASE spectrum needs to be coupled with a lensed
fiber into the Optical Spectrum Analyser OSA and then measured. The measured

spectrum can be expressed as
1':_[]()L')f(/1—/1')d,1' (3.6)

where f(x) is the OSA response function with x of an unit of nanometer. By using the

OSA to measure a spectral line having a bandwidth narrower that the resolution

bandwidth of the OSA itself, the response function can be extracted. In this case the

spectral line can be written as B6(A—4,), where F, is the total power of the spectral

line and A, is the central wavelength of the spectral line. The Dirac function has a unit of

nm™'. The spectrum measured by the OSA can be written as
B(2)= R (2 ~A)f (12 A
=Rf(A-4)

(3.7)
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And therefore the response function of the OSA can be expressed as

f(x)z Pz(’lp_/lo)

1

(3.8)

Fourier series expansion method

More details about the Fourier series expansion method can be found in [7]. The Fourier
series expansion FSE method forks on individual modes of the amplified spontaneous
emission ASE spectrum. A schematic of a single longitudinal mode i1s shown in figure

e

Figure 3.2. Schematic diagram of a single longitudinal mode [8].

The round trip phase ¢ =2kn,; L of a single longitudinal mode is varying from -7 to 7

where the mode peak has a phase of 0. The two adjustment valleys have phases of —x
and 7, respectively. Carrying out the FSE operation, the following harmonics can be

obtained

~

=i I,, [(p)exp(—jmpPp)d (3.9)

which can be calculated as
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iozS(l—R,)(1+R,exp(gL))(exp(gL)—l) 12 _—

g 1-b

e 1~0b""| (3.11)

where m 1s an integer. The approximation that the net modal gain and the round- trip
gain are constant over the longitudinal mode range have to made to obtain those
equations. This approximation can be made because the gain varies slowly over tens of
nanometers while the longitudinal modes cover around 1 nm. The ratio between the first
harmonic and the zeroth harmonic results in the round- trip gain . In general, only the
zeroth and first harmonics are used because they have better signal- to- noise ratio (SNR)
[7]. By using the OSA, the ASE spectrum dependent on wavelength is always achieved.

The wavelength can be related to the phase ¢ in a small wavelength range covered as

Yy
AL

where AA is the longitudinal mode spacing expressed as: AA=A4 —4,. 4,4, are the

wavelength at the right and left valley of the longitudinal mode peak, respectively. Based
on equation 3.12, equation 3.9 can be re- written as
il % 2mr(A-4)

=—|1(A)exp| j e A (3.13)

The obtained harmonics and the round- trip gain are defined as being at the peak
wavelength of the longitudinal mode and this process can be repeated over the entire ASE
spectrum to get the round- trip gain spectrum. Using the convolution theorem, the

influence from the OSA response function can be solved resulting in

~

fm = imfm (3.14)

where



_/;m = If(x)exp(ﬂmirﬁ}lx (3.15)

The zeroth harmonic of the longitudinal mode of the intrinsic ASE spectrum can be

obtained by summarizing equation 3.15

s 4
I, == (3.16)
Jo
and the round- trip gain of the same longitudinal mode can be written as
i' »
h=—- —fé’— (3.17)
Iy /i

Therefore the net modal gain can be calculated as

i log ()~ log (R R, ) .

L

g

Method to obtain the internal loss and the quasi- Fermi level separation

To obtain the internal loss and the quasi- Fermi level separation an assumption is made
that the Fabry- Perot cavity is formed simply by two identical cleaved facets without any

coating so that R, =R =R. Having this the zeroth harmonic of the intrinsic ASE

longitudinal mode can be simplified and therefore the spontaneous emission coupled into

the waveguide mode can be calculated as

Io(1-h
S = g(1-b) (3.19)

(1-R)(exp(gL)-1)

From equation 3.5, § includes the factor of the spontaneous emission rate r,, that is

related to the material gain g, through the relationship [11]
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En= =, | |—exp (3.20)

A he! A—AF
8mren J

where AF is the quasi- Fermi level separation, k, is the Boltzmann constant, 7" is the

carrier temperature, and » 1s the refractive index in the active region. The material gain is

related to the net mode gain as

g = I_‘gm " ain (3.21)

where I is the optical confinement factor and ¢, 1s the internal loss. Combining

equations 3.20 and 3.21 we get:

g(g):(“ S.AS'[I_eXP[MH —a
kg

= ("q(/l,AF)—a

(3.22)

m

where

B I
SHhA,Bgcznz('

'
: !

(3.23)

An extra constant (" was added into equation 3.23 to include the coupling loss caused by

the mode mismatch between the lensed fiber and the laser waveguide. The relationship

between g(/l) and ¢(A,AF) is linear over different wavelengths [12] [13] , where g is

measured and ¢ is calculated based on S which is also measured and therefore the

quasi- Fermi level separation AF can be determined. In practice AF is treated as a

variable and is varying through a suitable range. For each of the variation a curve

g(A)—q(4) is fitted, where g(A) is treated as y and g(A) is treated as x, with a line
v=ax+d . The standard deviation D between the vector y and the vector from the

linear fitting y' is calculated for each variation of AF as
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e \/Z ; \/Z v

(3.24)

The minimum value of D states corresponds to the quasi- Fermi level separation. When

the quasi- Fermi level separation is obtained, the same fitting i1s used again and the
interception d gives the internal loss «, from 3.22 and the slope a yields (" as it was

defined in 3.23. In practice, the OSA influence is removed by the procedures in eq. 3.16
and 3.17.

Calculation of spontaneous emission factor

It was shown above that another product from the fitting in the coefficient " which

includes the geometrical spontaneous emission factor /3, . This factor can be calculated as

B N
£ 8rhAC *n*C

(3.25)

The optical confinement factor I' can be calculated through simulation. To calculate the
coupling coefficient C first a large area detector needs to be put very close to the laser
output facet to measure the total power P-I curve of the laser. Then another P-I curve is
measured by coupling the light using the lensed fiber. The coupling efficiency is the ratio
of the coupled power to the total power when the laser is biased highly above the
threshold.

Calculation of injection efficiency

The way to measure the internal loss was introduced in the third section and the injection
efficiency can be obtained from the slope efficiency of the laser. Having the total power
P-I curve, the slope efficiency can be calculated as * dP/dI ° which has units of mW/mA.
The njection efficiency is describing the fraction of the injected carriers contributing to

the stimulated emission above the threshold can be calculated as [14]
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(3.26)

where e is the electron charge. The factor 2 stands for the laser being measured from

only one uncoated facet.

Calculation of linewidth enhancement factor.

The ratio between the real index change and the imaginary index change is called the
linewidth enhancement factor. The imaginary index change is due to the change of the
gain or loss of the quantum wells change by the current injection. In Fabry- Perot laser
case the linewidth enhancement factor can be measured by measuring the ASE spectrum
at two slightly different injection current [15]. The real index change can be extracted
from the longitudinal mode wavelength change and the imaginary index change can be
extracted from the net modal gain change. The formula to calculate the linewidth

enhancement factor is

0 o A 2z
P log(b,)—log(b) AA

(3.27)

where 4, are the longitudinal mode wavelengths at two different current injections, b,

are the round- trip gain at those two injection currents for the same longitudinal modes,
AAZ 1s the longitudinal mode spacing. Various methods can be used to measure the round-
trip gain and the best one is the FSE method (3.17) as the OSA response function is just
giving the extracted round- trip gain a ratio correction that does not influence the

linewidth enhancement factor [16].
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3.2. Practical measurements

The measured Fabry- Perot laser has a cavity length of 650pum and a waveguide ridge has
a width of 2.5 pm. An active layer consists of five AlGalnAs quantum wells that have an
emission peak around 1550nm. During the measurements the laser was placed on a
thermoelectric cooler that kept constant temperature of 20°C. Figure 3.3 shows the power-
current P-I curve, from which the threshold current is 19mA with the slope efficiency of
0.35 mW/mA. The ASE spectrum was measured using an anti- reflection AR coated
fiber. The spectrum was recorded using an Agilent Optical Spectrum Analyser (OSA)
which has the lowest resolution of 0.06 nm. First, the measured ASE spectrum for OSA
resolutions of 0.06nm, 0.Inm, 0.2nm and 0.5nm for the injection current of 18mA. The
spectrum for different OSA resolution settings is shown in figure 3.4 below, where a 4nm
range around the emission peak is shown. When the resolution of the OSA is decreased
from 0.06nm to 0.5 nm, the longitudinal mode peak power increases by about 5dB while

the valley power increases of about 12dB. The modes are about 0.85 nm apart.

Output(mw)

rrent(mA

Figure 3.3. Power- current curve for the Fabry- Perot laser showing the threshold current.
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Figure 3.4. ASE spectrum measured with the OSA resolutions of 0.06, 0.1, 0.2, 0.5nm.

The response function of the OSA is shown in figure 3.5 below. The response function
was found by measuring the emission spectrum of an external tunable laser with an
emission wavelength of 1550nm. The linewidth of the emission line of the external laser
was 150kHz while the resolution of the OSA 1s around 7.5GHz at the highest resolution
of 0.06nm.

e 1 " 1 A 1

0.0 0.5 1.0
X (nm)

Figure 3.5. Response function of the OSA for resolution 0f 0.06, 0.1, 0.2, 0.5 nm.

To calculate the round- trip gain spectrum, first the ASE spectrum of the Fabry- Perot

laser was measured for different injection current from 15mA to 18mA with a step of
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0.5nm. The OSA resolution was set to 0.1nm. The step of 0.5 nm was chosen during the
measurements because then the wavelength shift due to the current injection is lower than
the mode spacing. The measured ASE spectrum of the Fabry- Perot laser for an injection
current of 18mA is shown in figure 3.6 below. The emission peak of the laser is around
1550nm. From these measured ASE spectra, the round- trip gain was calculated for

different injection currents from 15mA to 18mA as shown in figure 3.7.
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Figure 3.6. Measured ASE spectrum of Fabry- Perot laser for the wavelength of 1550nm and the resolution
bandwidth of the OSA of 0.1nm.
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Figure 3.7. Extracted round- trip gain.
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Figure 3.8. Extracted spontaneous emission coupled mnto the waveguide mode. Currents vary from 15 mA

to 18mA with the step of 0.5 mA.
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Next, the spontaneous emission coupled into the waveguide mode was calculated using
eq. 3.19. The results are shown in figure 3.8. From 3.8 it is seen that the spontaneous
emission spectrum is obtained only for the long wavelengths.

Based on the obtained spontaneous emission spectrum S, the spectrum of q(A, AF) at
different values of AF can be calculated and then the g(X)-q(A) curve 1s fitted. The fitting
effect is evaluated by the standard deviation calculated from eq. 3.24. The standard
deviation versus different values of AF is shown in figure 3.9 for the current of 16mA.
The estimated quasi- Fermi level separation for this particular current corresponds to the
minimum value of the standard deviation. For the current of 18mA the estimated quasi-
Fermi level separation is 0.8183 eV. At this value of AF , the g-q curve and the linear fit
are shown in figure 3.10 below. It is seen that a very good linear fit is achieved. The

intercept of the linear fit leads to the estimated internal loss which in this case i1s 18.72cm”
1
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Figure 3.9. Standard deviation between the linear fit and the original g-q curve versus different values of

AF.

61



20 + e Ori'gina'll D;a -

10 L Linear Fit d

of .

‘TE '10 .— =

S of [

2 30} :

40 L :

-50 - ]
-60 [t N 3 S o el SONC S ] S e R

-0.00004 0.00000 0.00004

q(x,AF)

Figure 3.10. g-q curve and the linear fit when AF equals the estimated quasi- Fermi level separation.

>

30822 v T ¥ T v T b T b T L 1 v 1 ¢

- | ' 119
%0.820.- D {18 —
s 0.818 | o f " =
8 L SRl | / 4117 \(;
» 0.816 | TN W 16 2
© I i =
E 0.814 — /" Y 4115 _g?
E0812F—w" 4114 9
— / =
()] g i —
U 0810F ° {13

N L

fo808l-—t——t ot D
3 15.015.516.016.517.017.518.018.519.0
Current (mA)

Figure 3.11. Extracted quasi- Fermi level separations and internal loss versus injected current.
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The measurements from above were then repeated to find the quasi- Fermi level
separation and internal loss for different injection currents as shown in figure 3.11 below.
The quasi- Fermi level separation increases with the injection current up to 18mA. The
internal loss varies from 13cm™ to around 19cm™ for different current injections.

The extracted quasi- Fermi has a standard deviation of 0.1 meV which is independent of
the injected currents. On the extracted net modal gain curve, the value corresponding to
the quasi- Fermi level separation is the internal loss as the gain at the position of the
quasi- Fermi level separation is zero. From 3.12 the slope of the curve at the position of
the quasi- Fermi level separation is -2.12 cm™'/meV for the current of 18mA. It means that
the deviation of the quasi- Fermi level separation by 0.1 meV will cause the estimated

internal loss to deviate by 0.21 cm™.
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Figure 3.12. Net modal gain versus photon energy for current of 18mA.

From the linear fit the coefficient C is also extracted. It is close to 600 mW ™' pum™. Based
on this coefficient the geometrical spontaneous emission factor can be calculated using
equation 3.24. The optical confinement factor I' is calculated to be around 5% and

therefore each quantum well possessing 1%. The cross- section area of the quantum wells
in the active region is 2.5x0.006x5 =0.075um’ . The geometrical spontaneous emission

factor 1s shown in figure 3.13 below. The value of the geometrical spontaneous emission

1s dimensionless and is around 0.00014 for the injected currents.
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Figure 3.14. Linewidth enhancement factor versus wavelength calculated between 17.5 mA and 18mA.

The linewidth enhancement factor for different wavelengths is calculated from the ASE

spectra using equation 3.27. The dashed line represents the average results. For this

InAlGaAs quantum well system, the gain peak is around 3.0.
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Conclusion

In this chapter a Fabry-Perot laser was characterized based on the ASE spectrum
measurements below the threshold current. The laser has a cavity length of 650um and
the threshold is around 19mA with the slope efficiency of 0.35mW/mA. Various
parameters were extracted such as the internal loss, quasi- Fermi level separation,
spontaneous emission, round- trip gain, linewidth enhancement factor. From the
measurement the internal loss of 18cm™ was obtained with the linewidth enhancement

factor of 3 for the wavelength of 1550nm.
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Chapter 4. Slotted tunable
laser design and
fabrication.

Introduction

Widely tunable semiconductor laser play an important role in optical communication
systems and other applications and have already demonstrated their potential to be
integrated with other optical components on a single chip [1] [2] [3] [4] [5]. It is a key
technology in the development of optoelectronic systems.

The strong interaction between electronic, optical and thermal effects makes the design of
the photonic integrated devices particularly challenging. With the help of numerical
models and various software for calculation and optimization, preparing the tunable laser
mask and simulating the laser performance, the time and cost of designing the laser can
be significantly reduced [6] [7] [8].

In this chapter, a slotted tunable laser design and its fabrication process is introduced step
by step. Also the scattering matrix method (SMM) is introduced here as we use it to
optimize the laser parameters. The simulated laser performance is also presented here to
give an idea about the future fabricated laser performance. For the optimization of slots
parameters and extracting modelled tuning maps, MatLab software was used. The tunable

laser mask design was completed using CleWin 4.
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4.1. Optimization of parameters

The key in designing a tunable laser is the optimization of the parameters such as slot
width, slot depth, slot period and slot number. To do so we use the Scattering Matrix

Method (SMM) is described below.

Detailed analysis of SMM used to characterize a slotted laser can be found in [11]. From
[11] we assume that 2- D slotted waveguide can be separated into N uniform sections
including input and output regions. The 2-D scattering matrix model 1s used to compute
the field reflected and coupled into the input waveguide and also the field transmitted and
coupled into the output waveguide, which are defined as the reflection and transmission
from the group of slots. A schematic structure of 2-D waveguide with slots is shown in

figure 4.1.1 below, where d; is slot width, d is slot spacing and d, is slot period.

Slot dg d, ,

| / [Slotde [T J E
n=3.1529 d=1.85p d, P || Ridge height

Lo Transmission
n=3.1681 Reflestion b o pctrate '

Figure 4.1.1. 2-D waveguide structure with slots [13]

A normalized amplitude a, having a magnitude equal to the square root of the power flow

is used to work with complex laser cavities. Then we can refer to the phase of the electric
field as
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E(x,y,z,t) = éEOU(x,y)ej<"”_B:) (4.1)

where ¢ is the unit vector, £ is the field magnitude, U (x, y) 1s the normalized electric

field profile, @is the angular frequency, /is time, B is the complex propagation constant

and z is the propagation distance . The normalized amplitude can be defined as

E, e—jﬁz
277],

aj =

(4.2)

377Q) . . L : .
where 7, =——— is the mode impedance which is the ratio of the transverse electric to

J

transverse magnetic field magnitudes of the mode. Thus if '“Urdxdy =1 then a,a, =P/,

the power is flowing in the positive z- direction in the mode. For some waveguides, there

are incident (inputs) and reflected (output) powers. The inputs can be defined as having

normalized amplitudes a,, and the outputs as having normalized amplitudes b, .

Therefore at port ;. the net power flowing into the port is
B =aa-bp 3

If the outputs can be linearly related to the inputs, a matrix formalism can be expressed as

a weighted combination of the inputs as
B=> Sa 4.9)
J

where S, are called scattering coefficients. To determine a particular S, , all inputs except

a, must be set to zero

A b
S S (4.5)
A
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In a more general view b = Sa, where ¢ and b are column vectors and § 1s a matrix. The

two port scattering junction is shown in figure 4.1.2 below and is given as an example in

4.6.
. Loty
Ibl S d,

Figure 4.1.2. Scattering matrix representation of a two port network.

2 |_‘al
= (4.6)
b| |8, S,| a,

the S values are called scattering coefficients. They are useful because they have direct
physical significance as they represent the ratio of a normalized output amplitude to a

normalized input amplitude. For example in the two ports shown above S, and S,, are
simply 7, and r, which are the amplitude reflectivities at junction 1 and 2. The power

reflection coefficients are in this case || and " . The off- diagonal terms represent

S} 2

the complex (amplitude to phase) output at one port due to the input at another. The
magnitude squared of a scattering coefficient |Sy|h is the fraction of power appearing at

the port i due to the power entering port j. For a lossless two port network, power

e

conservation yields |s,,|"+ =1 and " +]S,|"=1. Loss can be included by

SZ 1

‘S'Z 2

making these equalities less than 1.
Another important matrix that relates the normalized amplitudes is the transmission
matrix method. The transmission matrix method TMM is used for cascading networks
together as simple matrix multiplication can be used. The transmission matrix expresses
the inputs and outputs at a given port in terms of those and the others. The transmission of
two ports is defined as

Al Tll le Az

= (4.7)
L T LB,

7l



where instead of using the input and output amplitudes a, and b,, the forward- going and

backward- going waves 4, and B, will be used.

B e s e
B, T B,
s

Figure 4.1.3. Transmission matric representation of two port network.

The correspondence between the transfer matrix and scattering matrix amplitudes is as
follows: 4, =a,, B,=b, A, =b,, B, =a,. Therefore using TMM a series of two port
Junctions can be multiplied together using matrix multiplication as illustrated in figure

4.1.4 below.

AZ A’l

2
A 2
> TS

g > B, B, 1’

£11
——

B,
s e—)

Figure 4.1.4. TM representation of two networks cascaded together.

By putting 4, = 4, and B, = B, the fields on the left side can be related to the fields on

the right side as

A[0 w4 [n w6 w)[4] .
Bl Tzl Tzz B, Tzl Tzz Tzll 7;2 B;

The dielectric interface

A dielectric interface can be characterised by having different refractive indices », and

n, on each side of the interface as illustrated in figure 4.1.5.
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Figure 4.1.5. Dielectric interface.

The reference planes at the physical interface between the two dielectrics and the

scattering junction length is zero. Using 4.5

., b B ~an,
Shy=—= =-rn=——2 (4.9)
a, n, + n,
a,=0 =
the reflection is positive if n, >n, . The second port 5,, can be found as
b
— 2 e
Sy =—= _rz__(""l) (4.10)
a2 a,;=0
and
; y 2
S,=8, =t=yl-r (4.11)

The waves are assumed to be plane waves and have no loss at the interface as the
interface has a length of zero. For the waveguide modes power conservation suggests that

the mode profile are continuous across the dielectric interface. For the normally incident
1/2 - . s ..

plane wave case 1 =2(nn,) " /(m +n,). The scattering matrix for the dielectric interface

IS
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o JH ¥
b= (4.12)
rn
The corresponding transfer matrix is
1L =N
T=- (4.13)
17 1

Waveguide with no discontinuities
A network that is a length of waveguide L with no discontinuities is shown in figure

4.1.6. The network consists of two reference planes on a waveguide.

a0 _____ sal)b,
LU . b,(L)-a,
0 L 2

Figure 4.1.6. Waveguide with no discontinuities.

Because there is no coupling between the waves propagating in the forward and backward

directions S, =S,, =0 and therefore

b,=a,(L)=a,(0)e " =ae /" (4.14)
and

a, =b (L) =5, (0)e’® =" (4.15)

To employ the Vernier tuning [9], a set of the same number of slots with different periods
are etched on the front and back mirrors. It is also possible to introduce slightly different
number of slots on both reflectors as will be shown in Chapter 5 where this kind of laser

1s characterized.
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The reflection from a single slot is relatively weak [11] so a series of slots in both mirrors
1s needed to provide sufficient feedback for lasing. The reflection from the group of slots
will saturate and they will introduce some loss, therefore both mirror sections are active
to provide optical gain in order to compensate any loss introduced by the slots. The

reflection from N equally spaced slots can be described by

1—12" exp(gNI)exp(—j2kn,, NI)
w5 ’ e (4.16)
1 —1; exp(gl)exp(—j2kn,, 1)

where 7, and 7, are the reflection and transmission of a single slot, 7, is the total reflection

from the group of slots, gis the net modal gain of the active waveguide between the
- . 2r . . ; :
slots, /is the slot spacing, & = = is the wave number in vacuum, and 7, is the effective

index of the active waveguide. Equally spaced slots will produce a periodic reflection

spectrum with the free spectral range (FSR) determined by the slot spacing

A-
AL = 4.17
2ngl ( )
where
an
N, =N, — 7 (4.18)

is the group index of the active waveguide.
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Figure 4.1.7. (a) Penetration depth into the mirror section normalized to the slot period, FWHM of the
reflection peak normalized to the FSR, and maximum values of the reflection peak normalized to the single
slot reflection versus slot loss compensation factor for different number of equally spaced slots; (b) field
reflection and transmission of the single slot versus slot depth represented by the distance between the

bottom of the slot and the top of the waveguide core. N 1s the number of slots [10].

The maximum width and value of each reflection peak in the reflection spectrum is
determined by the number of slots and the slot compensation level. The slot compensation

level is determined as

y=1ted (4.19)
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For y=1 we have a full slot loss compensation when all loss introduced by the slot is
compensated by the gain in the region between the slots, resulting in the narrowest

reflection peak.

The penetration depth of the field into the slot region normalized by slot spacing in shown
in figure 4.1.7 (a) with the full-width at half maximum (FWHM of the reflection peak
normalized by FSR, and the maximum value of the reflection peak normalized by the
individual slot reflection versus slot loss compensation factor y for different number of
slots. It can be seen that when the slot loss in strongly undercompensated 1.e. y<0.6 , an
increasing number of slots results in little difference in the reflection. The field decays
quickly into the slot region. In case of the full compensation, the reflection peak has a
minimum normalized FWHM and the field penetrates halfway into the slot region. The
calculated reflection and transmission from a single slot changing with etch depth is
shown in figure 4.1.7 (b) [11] [12]. Using the results shown in figure 4.1.7 we chose nine
slots in both mirrors as a compromise between maximizing the reflectivity and
minimizing the width of the reflection peaks. We also want to keep the laser length to a
minimum. As it can be seen a laser with 11 slots in each mirror would provide narrower
bandwidth of reflection peak and a larger section reflection; however it would result in

having the mirror section over Imm long [10].

For a laser with the slot period of 97um for the front mirror and 108um for the back
mirror the penetration depth of both mirrors can be calculated as [13]:

(N-1)dp

dpem’lr - —2——— (420)

where N is the number of slots on the mirror and dp is the slot period in the mirror. The
slot period of 97um/108um was chosen to obtain a 300 GHz spacing between the
channels. Having nine slots on the front mirror with the slot period of 97um, the
penetration depth of the front mirror is 388um. Similarly, having nine slots on the back
mirror with the slot period of 108um, the penetration depth of the back mirror is 432um.
Therefore having the gain section with the length of 500um, the effective cavity length
Legwill be 1320um(=500+432+388). The mode spacing can be calculated as [13]:
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For A= 1550nm, n,= 3.5 and L. =1320um, the calculated mode spacing A\ is ~0.26nm.

For this design we set the slot width of 1um as then the laser can be fabricated by
standard photolithography. This parameter was not changed during the optimization and
simulation processes. The slot depth was chosen to be 1.85um as for this value the

lowestamplitude transmission was obtained (figure 4.1.8)
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Figure 4.1.8. Reflection and transmission versus slot depth from SMM.
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4.2. Tuning modelling

In this section, the simulated tuning behaviour for the tunable laser with different slot

period is presented. For the simulation a MatLab programme was used. The programme

was written previously and was modified to simulate the lasers performance presented in

this chapter. The model of the laser used in this simulation is simpler than the real

fabricated laser structure. Nevertheless it gives an idea about how the tuning behaviour

depends on the slot parameters. The main focus of those simulation is to show how tuning

of the laser is altered while changing the slot period. The following conditions have to be

taken 1nto account:

1.

A three section laser is used in the simulations. The sections are: the front mirror,
central gain section, the back mirror.

To reduce complexity of the calculations, both mirrors are considered as passive
structures, the active region is only underneath the gain section, which makes the
simulated laser similar to the industry standard SG-DBR laser.

The length of the gain section is S00um.

The reflection and transmission used in the simulations are set to 0.1 and 0.8,
respectively for each slot.

Temperature effects are not included.

The slot width and slot depth are set to lum and 1.85um, respectively. As
explained in the previous section, the sloth width of 1um was chosen to ease the
fabrication process, as then the laser can be fabricated using standard
photolithography. Having deep slots etched to just above the active region makes
the reflection arising from the slots stronger.

Since the mirrors experience a high level gain especially at high injection currents
and the reflectivity from the mirrors is high, therefore the current range set for the
simulation needs to be low.

There are nine slots in the front and the back mirrors.

The scattering matrix method was used to set up the modelling programme [4-5] [14]

[9]. To run the modelling programme first, the input parameters need to be chosen.

The slot number on both reflectors is set to nine. Then the different slot periods are
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implemented in the mirrors, for example 97 um in the front mirror and 108 pm in the
back mirror. For the modelling work presented here, the only parameter varying was
the slot period. The slot width and slot depth were set to 1 um and 1.85 pm,
respectively, and were not altered during the calculations. The length of the gain
section was kept constant at SO0 um with the simulated injected current of 100mA.
The gain data used in this programme were obtained experimentally in Tyndall
National Institute for the wavelength from 1535nm to 1565nm, with the central
wavelength peak of 1550nm.

The first laser structure considered has nine slots in the front and back mirror with the
slot period of 97um and 108 pm, respectively to employ the Vernier tuning. The
central peak wavelength is set to 1550 nm and the gain section is 500 um long. The
current injected into the gain section in this simulation is set to 100mA. The injection
currents are changing from 70mA to 10mA with a step of ImA.

Figure 4.2.1. below shows the simulated output power. The best values of the power
are achieved for high current injected into the back mirror section. The simulated
wavelength and SMSR maps are shown in figures 4.2.2. and 4.2.3 below. Ten distinct
super-modes are present over the tuning range of 30nm for the wavelength from
1535nm to 1565nm. Good SMSR values are achieved for almost the whole map as
seen in figure 4.2.3. The smaller SMSR values occur at the boundaries of the super-

mode hops.
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Figure 4.2.1. Simulated output power map for the laser with the slot periods of 97pum in the front mirror and
108 pm 1n the back mirror.
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Figure 4.2.2. Simulated wavelength map for the laser with the slot period of 97pum 1in the front mirror and
108 pm 1n the back mirror.
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Figure 4.2.3. Simulated SMSR map for the laser with the slot period of 97um in the front mirror and 108
pm in the back mirror.

Combining figures 4.2.2 and 4.2.3 SMSR versus peak wavelength can be plotted as seen
in figure 4.2.4. Ten super-modes are present, nine of them with SMSR values more than

30dB. The modes on the edge of the gain spectrum exhibit lower SMSR.
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Figure 4.2.4. SMSR versus peak wavelength for the laser with the slot period of 97pm in the front mirror
and 108 pm in the back mirror.

The second simulated laser structure has nine slots in both reflectors with the slot period
of 70um in the front mirror and 76um in the back mirror. The central peak wavelength is
1550nm. The currents injected into the mirror sections are changing between 70mA and
10mA with a step of ImA. The current injected into the S00um long central gain section
is set to 100mA.

As seen from figure 4.2.5, the output power reaches the best values for high current
injected into the back mirror section. From the wavelength and SMSR maps it can be
seen that for this region the laser tuning does not work well. No further super-mode hops
occur in the regions where one on the injected current is low. Clear super-mode bands and
islands can be observed from the wavelength tuning map. As seen from figure 4.2.7 lower

SMSR occur as the boundaries of the super-mode hops.
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Figure 4.2.5. Simulated output power map for the laser with the slot period of 70pum in the front mirror and
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Figure 4.2.6. Simulated wavelength map for the laser with the slot period of 70pum 1n the front mirror and
76 pm.
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Figure 4.2.7. Simulated SMSR map for the laser with the slot period of 70um 1n the front mirror and 76 pm.

From figure 4.2 8 six distinct super-modes can be observed over the tuning range of about

27nm for the wavelength of 1537nm to 1564nm. All modes have SMSR more than 30dB.
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Figure 4.2.8. SMSR versus peak wavelength for the laser with the slot period of 70pm 1in the front mirror
and 76 pm.
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The third simulated laser structure is a laser with the slot period of 52um in the front
mirror and 57 pm in the back mirror. Again the laser has nine slots in both reflectors. The
currents injected into the mirror section vary from 70mA to 10mA. The current injected
into the central gain section is set to 100mA.

The simulated output power, wavelength and SMSR maps are shown in figures 4.2.9,
42.10, 4.2.11, respectively. Again, the laser exhibit the best output power for the high
current injected into the back mirror section and the low current injected into the front
mirror section. From the wavelength map in figure 4.2.10 clear wavelength bands are
visible except the region where the back current is high. No mode jumps occur in this
region. As seen from the SMSR tuning map in figure 4.2.11, the tuning islands are clearly
visible with good SMSR values above 30dB. Low SMSR occur at the boundaries of the
super-mode hops.
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Figure 4.2.9. The simulated power map for the laser with the slot period of 52pum 1n the front mirror and

57um 1n the back mirror.
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Figure 4.2.10. The simulated wavelength map for the laser with the slot period of 52pum n the front mirror
and 57pum 1n the back mirror.

(dB)

13

-
> 41
aees
]

i
» Nu
Pee b

Figure 4.2.11. The simulated SMSR map for the laser with the slot period of 52pum in the front mirror and
57um 1n the back murror.
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Figure 4.2.12. SMSR versus peak wavelength for the laser with the slot period of 52um 1n the front mirror
and 57um 1n the back mirror.

As seen from figure 4.2.12 above, six distinct super-modes are present over the tuning
range of about 37nm for the wavelength from 1532nm to 1569nm. All modes have good
SMSR more than 30dB.

From the simulated results it can be seen that the region with poor laser tuning where the
back injection current is high grows bigger as the slot period is decreasing. The number of
the super-modes 1s decreasing with decreasing slot period. The longest laser with the slot
period of 97um/108um has ten distinct modes while the laser with the shortest slot period
of 52 um/57 pm has only six modes. Also as expected, the tuning range and the mode
separation are getting wider as the slot period is decreasing due to the larger mode
separation. From the simulation shown above, lasers with short slot periods were chosen
for the second fabrication run as they have wider tuning range as well as good SMSR
values for all super-modes. The results from those particular lasers are presented in

chapter 7.
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Slot period 97um/108um 70um/76pum 52um/57um
FSR 3.36nm/3.02nm 4 9nm/4.5nm 6.6nm/6.02nm
Tuning range 30nm 27nm 37nm
Number of super- | 10 6 6

modes

Number of super- | 9 6 6

modes with SMSR

> 30dB

Table 4.1. Tuning parameters for the laser with the slot periods of 97pum/108pum, 70pm/76 um, 52pum/57pum.
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4.3. Mask design

In this section, the tunable mask design process is presented. For the mask design CleWin
4 software was used. The first step is to set the mask size which in our case is 5 inches by
5 inches. The mask layout consists of 6 different layers: (1) the e-beam alignment marks
are required to control the correct position of the wafer during the e-beam lithography
process, (i1) the slots positions, (ii1) the waveguide layer and also the number of the lasers
on the bar, (iv) the window layer, (v) marks for scribing marks, (vi) waveguide cover and
contacts, cleaving marks.

All the lasers on the bars have the same length ~3110 um to ease the fabrication process.
Layer | of the mask with e-beam marks i1s shown in figure 4.3.1. The squares inside the

mask layout are the e-beam lithography marks.

Figure 4.3.1. The schematic structure of the tunable laser mask layout. The squares inside represents the e-
beam lithography marks The outer squares, vertical and horizontal lines represent the alignment marks for

placing the mask on the right position during the fabrication process.

The next step is to mark the slots on the mask. As was mentioned before, each laser has
nine slots with different periods on the front and the back mirror. The two mirror sets of
slots are separated by the 500um gain section. In the design described here, three multi
section type lasers are present: five contact, six contact and nine contact lasers. The six
section lasers have an extra angled slot to separate the phase and the gain section from
one another. The nine section lasers have four extra angled slots placed in front and at the
back of the mirror sections, to separate different laser sections from one another and to
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prevent the current leakage between different sections. Nine slots on the front and back
mirror act like reflection centres as was explained before. The mask layout with marked
slots positions and the slots for different multisection lasers are shown in figures 4.3.2 and

4.3.3, respectively.

Figure 4.3.3. Slots for five, six and nine contact lasers, respectively. All slots presented here have the same
width of 1 um but due to the small scale on the mask some of them look thicker than the others.

Once the slot positions are chosen on the mask, the laser waveguides can be placed. The
ends of the waveguides (marked in dark green colour) are angled at 7°. The waveguide

ridge is designed to be 2.5 um wide. The last layer is the metal cover ( green colour).
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Each laser on the bar has a number from one to eleven and each laser bar has its own
number by which it can be identified. Figure 4.3.4. shows a fragment of the ready mask
for a bar with five contact lasers. The blue numbers are the number of each laser on the
bar. The bar number is indicated by the green colour. It can be seen that each section of
the laser is naturally separated by the slots. Looking from the left hand side we have the
SOA section without the slots, the front mirror section with the slots, the gain section, the
back section and the photodetector (PD) section. All lasers on the bar have the same

length to ease the cleaving.
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Figure 4.3.4. Fragment of the laser mask for the bar with five contact lasers of different periods.

Figure 4.3.5. shows a fragment of a ready mask for a bar with a six contact laser. Again as
it was explained before, each laser on the bar has a number from one to eleven marked in
blue colour. The laser bar number is again marked by the green colour. Looking from the
left hand side we have the SOA section, the front section, the gain section, short phase
section, the back mirror section, and the PD section. The gain section in this case is 400

pum long and the phase section is 100 pm long.
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Figure 4.3.5. Fragment of the laser mask for the bar with six contact lasers.

Figure 4.3.6. shows a fragment of a bar with nine contact lasers. Small isolation contacts
are placed between the SOA and the front mirror, the front mirror and the gain section,

the gain section and the back mirror, and the back mirror and PD section.
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Figure 4.3.6. Fragment of the laser mask for the bar with nine contact lasers.

The ready mask is shown in figure 4.3.7. This shows the coverage of the mask with
varying designs. We move various designs around to maximize the number of different

designs we can accommodate on the mask.
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Figure 4.3.7. Final tunable laser mask with 462 devices.
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4.4. Fabrication process

The laser structure consists of five AlGalnAs quantum wells that have a emission peak
around 1550nm. The active region is surrounded by n and p doped InP cladding layers.
The waveguide ridge is 2.5 um wide and was formed by inductively coupled plasma
(ICP) dry etching using Cl,/N, gas. The slots are etched simultaneously with the ridge to
a depth just above the active layer. First a 0.5 pm high shallow ridge was formed with the
slot area being protected by SiO, during the dry etching. Afterward the protection layer
was removed and a second dry etching was used to form the slots and to etch the ridge to
a depth of 1.85 pm. The slots in the tunable lasers are about 0.5um shallower than the
ridge as was determined by this dry etching process. The ridge then was passivated and
metal contacted to finish the laser structure. The etched slot is sufficient to isolate
different sections of the laser allowing independent current injection. The devices are
cleaved to a desired lengths and an antireflection (AR) coating is applied to the facets.
The whole laser cavity is about 3 mm long, of which the gain section is set to 500 um
long to provide enough gain for the laser operation. The standard IQE wafer structure for
laser fabrication is shown in table 4.2. The wafer consists of 16 layers. Layers from 4 to

13 form waveguide core with 5 AlGalnAs quantum wells.

Layer| Materlal IGroup{Repeat|Mole Fraction (x)[Mois Fraction {y)|Strain (ppm)[ PL (nm) [Thickness (um)
16| Gain(x)As 0.530 0 0.2000
15 [Gain(xAs(yF 0710 0620 o] 1300+-50 0.0500
14 |InP 0.100C
TS | 1.5000
12 [GainxAsiy F 0.850 0330 o 1100+-20 0.0200
11 [InP 0.0500
10_[[AxGaliny As 2200 0.5% 0 0.0500
3 [[AxGalinyAs 0.720 10 0.900 0530 C 0.0500
3 [JAxGaliny As 0.440 749 -3000] 1100 +-20 0.0100
Waveguide 7 [jamGainyias | 1 s 0.240 0.710 12000 1530 0.0060
Core £ [[AxGalinyias | 1 B 0.440 3490 -3000| 1100 +-20 0.0100
£ [JAxGaliny As 0.900 10 0. 720 0.5830 0 0.0500
5-AlGalnAs | ¢ [mixGainyas 0300 0.530 ] 0.060C
3 [JAxGaling As 0360 10 0 200 0.530 0 0.0100
QWs 2 [P 1.2000
1 [inP 0.3000
SUBSTRATE

Table 4.2. IQE watfer structure used to fabricate tunable lasers.

The fabrication details shown in this section were provided by Thomas Slight from

Compound Semiconductor Technologies.
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The detailed fabrication process is described as follows: (i) a 300nm layer of Silicone

nitride is deposited on the top of the wafer

-

wafer

(11) then the spin resist layer is applied and positions of the slots are marked by e- beam
lithography. Here we show the etching process used for both shallow and deep slots. The

deep slots are those used in our Vernier lasers.

(111) the third step is the dry etching of the nitride. The slots are etched through the nitride

layer.
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(1v) the next step is to apply the strip resist and oxide layer (marked in blue colour)

(v) the patterned oxide layer is left to protect the shallow slots pattern and another spin

resist layer is applied to form the ridge of the laser

ridge

98



(v1) the next step is to dry etch the dielectric and another strip resist is applied to start
forming the deep slots and 0.5um high ridge. On the right hand side an end view of the

waveguide 1s depicted.

(vi) the first inductively coupled plasma dry etching (ICP) using Cl,/N, gas is used here

to form the deep slots

(vii1) the oxide layer is selectively removed. On the right hand side an end view of the

waveguide 1s depicted.
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(ix) the second dry of inductively coupled plasma etching is used to form the shallow
slots and the ridge to a depth of 1.85um. On the right hand side an end view of the

waveguide 1s depicted.

After forming the slots and the ridge, the p-metal is deposited on the structure and the p
contacts are formed by lift-off lithography. It is a method for patterning deposited films
and films which are difficult to dry etch. A pattern is defined on a substrate using
photoresist and standard photolithography. A film is blanket- deposited all over the
substrate, covering the photoresist and areas where the photoresist has been cleared.
During the actual lifting-off, the photoresist under the film is removed with solvent,
taking the film with it, and leaving only the film which was deposited directly on the

substrate.

To ease the fabrication process, the slot width is set to 1 pm, which makes it suitable for
the standard photolithography although in this case e-beam lithography was used to set
the slot positions. The slot depth is 1.85 um. Figure 4.4.1. shows SEM pictures of slots
and ridge, precisely. The slot are uniform and have vertical walls. All slots have

rectangular shape.
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Figure 4.4.1. SEM picture of slots and ndge.

-3415um

-3225pum

Figure 4.4.2. A picture of a ready submount of 5 contact lasers. Eleven laser are placed on a single laser
chip. From left hand side: Semiconductor Optical Amplifier-SOA section, front mirror, gain section, back
mirror, photo detector-PD section.
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Conclusion
The designing method and the fabrication process of a multi-section tunable laser were

presented in this chapter. Using MatLab software it was possible to complete the slot
optimization and to extract modelling tuning maps of the lasers. For the first fabrication
run detailed later, the laser with the shorter slot period was chosen as they show the
widest tuning range and good SMSR values for all super-modes. The tunable laser mask
design process was also described in this chapter. Three types of tunable laser were
placed on the mask: five contact laser, six contact lasers and nine contact lasers. Finally
the full fabrication process was described. From the first fabrication run we got four
submounts with eleven laser placed on each of them: one submount with five contact
lasers, one submount with six contact lasers and two submounts with nine contact lasers,
in total forty- four lasers. From the second fabrication run we got fourteen submounts
with eleven lasers on each of them: six submounts with five contact lasers, five
submounts with six contact lasers and three submounts with nine contact lasers. In total

154 lasers. The complete tunable lasers characterization is presented in chapter 5,6,7.
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Chapter 5. Tunable lasers
characteristics

Introduction

Widely tunable semiconductor laser are the key components in dense — wavelength
division multiplexed (DWDM) telecommunication systems [1] [2] [3]. Tunable lasers are
also needed in other important markets such as trace gas detection for environmental
emission monitoring [4] [S] . Semiconductor tunable lasers also play an important role in
wavelength converters [6] [7] and wavelength routing [8] where optical- electronic-
optical converters detect any input channel and convert it to any output channel. They can

also be used for phased array radar systems that use true- time delay beam steering [9].

So far, a number of monolithic wavelength-tunable lasers have been developed such as
the sampled-grating distributed Bragg reflector (SG-DBR) lasers [10] [11] [12], the
super-structure grating distributed Bragg reflector (SSG-DBR) lasers [13] [14] [15], the
digital supermode distributed Bragg reflector (DS-DBR) lasers [16] [17] [18] and tunable
DFB [19] [20] [21] and slotted laser arrays (TLAs) [22]. However, such structures apart
from that in [22] are conventionally fabricated with an embedded grating, which requires
at least one re-growth step complicating the device fabrication and therefore increasing
the device cost. To reduce the cost, complexity and to increase the wafer yield, our group
has recently demonstrated single mode lasers and wavelength tunable lasers based on
slots [22] [23]. The merit of this laser platform is that it 1s re-growth free, can be
fabricated by standard photolithography and is inherently suitable for photonic integration
due to the high reflectivity of the mirror sections. Such a laser platform has several
advantages: a significant reduction of cost, it enables the use of AlGalnAs materials for
high temperature operation and also enables the integration with other optical components
1.e. semiconductor optical amplifiers (SOA) to control the output power and with electro-

absorption and Mach-Zehnder modulators [24].
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In this chapter, five- section, six- section and nine- section widely tunable lasers are
presented and charcterized. The design of six- section laser includes a phase section for
fine tuning. A nine- section laser has extra contacts between the main laser sections to
improve the laser performance. A short section semiconductor optical amplifer (SOA) is
integrated with all lasers. The fabricated lasers has a very wide tuning range from ~40nm

to ~ 55 nm with 9 to12 supermodes with side mode suppression ratio over 30dB.

106



5.1. Five contact laser

Nine slots front mirror with the slot period of 97um, nine slots back mirror with the
slot period of 108 pm

The five section lasers presented in this chapter have the same epitaxial structure. The
only difference is in the slot periods varying from the long one for both mirrors, 97/108
um, towards the short one, 70/76 um, to extend the Vernier tuning range. As mentioned

in the previous chapter the tuning range depends on the slot period [25]

. A+

AL =
A =4

(= 8

where 4., A, are free spectral ranges FSRs for the front and back mirrors respectively.

The free spectral range (FSR) 1s determined as

o A
FSR = ———— (5.2)
2*ng *dp,,

where A is the central wavelength, in this case is set to 1550nm, », is the group index of
the active waveguide set to 3.5, and dp,.dp,are the slot periods in the front and back

mirror, respectively. Therefore shorter slot period results in bigger FSR and larger tuning

range.

In order to get a higher fraction of the total emitted power from the front, it is

advantageous to use a design with a shorter slot period at the front than at the back [26].

The schematic structure of the laser is shown in figure 5.1.1 below.
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Front
mirror

Back
mirror

Figure 5.1.1. Five section tunable laser schematic structure.

For the laser characterisation, four current sources were used independently to inject
current to the SOA, gain and two mirror sections. The device was mounted on heat sink
which was held to a constant temperature of 20 C using a thermoelectric cooling device.
The currents injected into the SOA and the gain sections were kept constant and set to 20
and 100 mA, respectively with the PD section left unbiased. The currents injected into the
two mirror sections were scanned from 0 to 300 mA with a step of 2 mA. The photodiode
and picoammeter were used to record the coupled output power to determine if the
coupling efficiency is stable. The output spectra, peak wavelength and side mode
suppression ratio (SMSR) were recorded using an optical spectrum analyser with a

resolution bandwidth of 0.01 nm and a sensitivity of -75dB.

The experimental set-up to measure the performance of the lasers is shown schematically
in figure 5.1.2. The same set-up is used for characterisation of all lasers described in this

chapter.
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Figure 5.1.2. An experimental set-up to characterize five section tunable laser.

First we characterised the laser with the slot periods of 97 pm and 108 pm for the front
and back mirror, respectively. With a group index of 3.5 this yields a FSR in both mirrors

of 3.36 and 3.02 nm, respectively. Using the formula to calculate the frequency:

. c
f—;

where f is freguency, ¢ is speed of light and A is wavelength. Substituting c=3*10* m/s
and L,=1.55*10°m we get the frequency f,=465GHz. The next channel is 3.5 nm apart
therefore the wavelength is A,=1.5535*10°m. Substituting again ¢=3*10° m/s and
A=1.5535*10"m into equation we get £=465.9GHz. the difference between the channel

frequencies is equal to
fd!_/y‘ = fz _fl

we get the channel spacing of about 400GHz.

The front and back reflectors length are 873 um and 972 pum, respectively.
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The output power map versus currents injected into the front and back mirror is shown in
Figure 5.1.3 below. It can be seen that the output power is dependent on the currents
injected to the mirror sections and it is increasing with increasing current injected to the
front mirror. The back mirror does not strongly affect the output power although as we
will see, tuning can still be achieved through adapting the back current. In this case the
higher power, marked in red colour on the map, is obtained for the front current from 270
to 300 mA. The scales for all tuning maps go from small values of output power, SMSR,

wavelength low values marked in blue toward high values marked in red.

Output power map (dBm)
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Front Current (mA)
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Back Current (mA)

Figure 5.1.3. Output power map versus currents injected into the mirror sections for a laser with the slot

periods of 97um for the front mirror and 108um for the back mirror.
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Figure 5.1.4. Wavelength map versus currents injected into mirror sections for a laser with the slot period of
97um for the front mirror and 108pm for the back mirror.

As mentioned before the currents injected into the front and back mirror sections are
scanned between 0 and 300 mA with the step of 2 mA. For each pair of the front and back
currents, the wavelength, SMSR and output power is recorded using an optical spectrum
analyzer OSA. The recorded values of wavelength, SMSR and power are then plotted
against the injected currents resulting in tuning maps to clearly see how these parameters

are changing with current changes.

As can be seen in figure 5.1.4 super-mode hopping occurs at the boundaries of each
colour within this map. SMSR at least over 30 dB is required for the lasing to be
designated as single mode output. As can be seen form figures 5.1.4 and 5.1.5, there are
very large regions indicated in red colour, where the SMSR is very high but there are also
some small region where the SMSR has a low value. The effect occurs due to the mode

competition, usually when one of the currents injected to the mirror sections is high.
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Figure 5.1.5. SMSR map versus currents injected into the mirror sections for a laser with the slot periods of
97um for the front mirror and 108pum for the back mirror.

Woavelength map

1600 -,

1580

1560

300
250

200

100 150

100
50

Front Current (mA) Back Current (mA)

Figure 5.1.6. Wavelength 3D mesh map versus currents injected into the mirror sections for a laser with the
slot period of 97um for the front mirror and 108pum for the back mirror.
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Figure 5.1.6. shows the mesh map in which it is easier to see the transitions from one
wavelength to another. It shows the wavelength plotted versus currents injected into the
front and back mirrors in the 3D view. The steps of colour on the map correspond to
different wavelengths.

Combining figures 5.1.4 and 5.1.5 the SMSR versus wavelength over all injected currents
can be found. To obtain the precise tuning range as well as the number of supermodes the
SMSR against peak wavelength is plotted. For each pair of scanned front and back
current from figures 5.1.4 and 5.1.5, the values for the peak wavelength as well as the
SMSR were extracted. Then the SMSR against peak wavelength for each front and back
current combination is plotted as shown in figure 5.1.7. A discrete tuning behaviour for
14 supermodes can be found over the tuning range of 50 nm from 1532 nm to 1580nm.
The first 3 modes on the blue side of the spectrum suffer from a low SMSR less than 30
dB. For the wavelength range from 1545nm to 1580 nm all modes exhibit SMSR values
higher than 40 dB.
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Figure 5.1.7. SMSR versus peak wavelength for a laser with the slot period of 97pum for the front mirror
and 108pum for the back mirror.

Again combining figures 5.1.3 and 5.1.4 the output power versus wavelength over all
injected currents is shown in figure 5.1.8. The output power is not uniform for all super-
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modes. The modes on the red side of the spectrum exhibit higher output power. Where
the SMSR s large the power is also large showing that there is good single mode lasing at

these wavelengths with a particular current injection combination.
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Figure 5.1.8. Output power versus peak wavelength for a laser with the slot period of 97um for the front
mirror and 108pm for the back mirror.
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Nine slots front mirror with the slot period of 86pm, nine slots back
mirror with the slot period of 97 pm

The next laser characterised here has the slot periods of 86 pm in the front mirror and 97
pm in the back mirror, which leads to FSR of 3.8nm and 3.36 nm, respectively. The

mirror lengths are 774 um and 873 um for the front and back, respectively.

The output power map is shown in the figure 5.1.9 below. As can be seen there are two
regions where the output power is in high: the first one for the front current from 280mA

to 300mA and the second one for the front current from 150mA to 200mA.

Output power map (dBm)
300

2508

N
o
o

150

Front Current (mA)

100

150
Back Current (mA)

Figure 5.1.9. Output power map versus currents injected into the mirror sections for a laser with the slot
period of 86pum for the front mirror and 97pum for the back mirror.

The wavelength and the SMSR maps are shown in the figures 5.1.10 and 5.1.11,
respectively. As seen in the figure 5.1.10, the wavelength is not changing smoothly with
the injected currents. Also as can be seen in the SMSR map in figure 5.1.11, the laser

suffers from the mode competition showing big regions with low SMSR.
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Figure 5.1.10. Wavelength tuning map versus currents injected into the mirror sections for a laser with the
slot period of 86pum for the front mirror and 97 for the back mirror.
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Figure 5.1.11. SMSR map versus currents injected into the mirror sections for a laser with the slot period of
86y for the front mirror and 97pum for the back mirror.
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Figure 5.1.12 shown below shows the extracted SMSR versus corresponding peak
wavelength for all injected currents. A discrete tuning range can be obtained for the
wavelength of 1535nm to 1580 nm. Modes for the wavelength from 1550nm to 1580 nm
show a good SMSR values over 40 dB therefore the tuning range is 30nm. The output
power versus peak wavelength is shown in figure 5.1.13. Where the SMSR is high the
power is also high showing that there is good singe mode lasing at these wavelengths

with a particular current injection combination.
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Figure 5.1.12. SMSR versus peak wavelength for a laser with the slot period of 86pum for the front mirror

and 97pm for the back mirror.
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Figure 5.1.13. Output power versus peak wavelength for a laser with the slot period of 86um for the back
mirror and 97um for the back mirror.

Figure 5.1.14 below shows a mesh wavelength map in which it is easier to see the

transitions from one mode to another.
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Figure 5.1.14. Wavelength mesh map versus currents injected mto the mirror sections for a laser with the
slot period of 86pm for the front mirror and 97pm for the back murror.

For a comparison we checked the device with the same slot periods of 86 um and 97 pm

as the one described above, but placed further down on a laser submount.

The output power is shown in figure 5.1.15 below. As it can be seen the output has a high

value for high front injection current.
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Figure 5.1.15. The output power map versus currents injected into the mirror sections for a laser with the
slot period of 86pum for the front mirror and 97um for the back mirror.

Wavelength map
300

250

N
o
o

150

Front Current (mA)

100

o 100 150 200
Back Current (mA)

Figure 5.1.16. Wavelength map versus currents injected into both mirror sections for a laser with the slot
period of 86 for the front mirror and 97um for the back mirror.

120



Front Current (mA)

50 100 150 200 250 300
Back Current (mA)

Figure 5.1.17. SMSR map versus currents injected into both mirror sections for a laser with the sot period
of 86pum for the front mirror and 97um for the back mirror.

The wavelength and SMSR maps are shown in the figures 5.1.16 and 5.1.17 above. The
wavelength bands in this case are smooth and clearly visible. It can be seen that there is
still some mode competition resulting in some low SMSR values. This effect here occurs
for high currents injected into the mirror sections which may be due to the heating

problem in the laser. Figure 5.1.18 shows mesh wavelength map.
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Figure 5.1.18. Wavelength mesh map versus currents injected into the both mirror sections for a laser with

the slot periods of 86pum and 97um for the back mirror.
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Figure 5.1.19. SMSR versus peak wavelength for a laser with the slot period of 86pum for the front mirror
and 97pm for back mirror.
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Figure 5.1.20. Output power versus peak wavelength for a laser with the slot period of 86 um for the front
mirror and 97um for the back mirror.

Figures 5.1.19 and 5.1.20 show plotted SMSR and power versus wavelength for all
injected currents, respectively. As can be seen in figure 5.1.19, 12 super-modes are
accessible for wavelength from 1528 nm to 1579 nm. 11 of the super-modes have the
SMSR greater than 30 dB for the wavelength from 1532nm to 1570nm. The tuning range
for DBR type lasers exceeds the longitudinal mode spacing, a continuous change in
tuning current will lead to a stepwise change in lasing frequency known as discrete tuning
[27]. Overall the discrete tuning range is 42 nm long. The output power versus
wavelength plotted in figure 5.1.20 1s uniform with a variation within 2dBm. It is clearly
seen that the performance of the laser with the same structure but placed further down on
the laser bar is much better. The reason for that is that the lasers placed on the edge of the

bar are more likely to be damaged during the fabrication process.
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Nine slots, front mirror with the slot period of 70pm, nine slots back
mirror with the slot period of 80 pm

The laser described in this section has slots periods of 70 um for the front mirror and 80
um for the back mirror. The FSRs are 4.9 nm and 4.3 nm for the front and back mirror,

respectively. The front mirror length 1s 630 um and the back mirror length 1s 720 um.

The output power map is shown in figure 5.1.21 below. The power reaches higher values
with increasing front and back current. The best output power is achieved for the current

combination of 150 mA for the front current and the back current for 50 mA to 300 mA.
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Figure 5.1.21. Output power versus currents injected into the mirror section for a laser with the slot period
of 70pum for the front mirror and 80pm for the back mirror.

The wavelength and SMSR tuning maps versus currents injected into the front and back
mirror are shown in figures 5.1.22 and 5.1.23, respectively. In figure 5.1.22 the super-
modes 1slands are clearly visible for all currents injected into the front and back mirror
sections. The SMSR map in figure 5.1.23 shows some regions with low SMSR for

increasing front and back currents. This effect occurs due to the temperature problem in
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the laser. Lower SMSR also occurs at the boundary of super-mode hopping. Figure

5.1.24. shows mesh 3 D wavelength map.

The SMSR and power versus wavelength for are shown in figures 5.1.25 and 5.1.26,
respectively. In this case, in figure 5.1.27, the discrete tuning range is 45 nm for the
wavelength range from 1530 nm to 1575 nm. This figure shows that ~ 13 distinct super-
mode positions are visible. Some of these are very broad (>1 nm) and it is difficult to
determine if this is one mode or two. The modes at the end of the range show low SMSR
values <25 dB.
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Figure 5.1.22. Wavelength map versus currents injected mto the both mirror section for a laser with the slot
period of 70pum for the front mirror and 80pm for the back mirror.
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Figure 5.1.23. SMSR map versus currents injected into the both mirror sections for a laser with the slot
period of 70pm for the front mirror and 80um for the back mirror.
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Figure 5.1.24. Wavelength mesh map versus currents injected into the both mirror sections for a laser with
the slot period of 70pum for the front mirror and 80pm for the back mirror.
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Figure 5.1.25. SMSR versus peak wavelength for a laser with the slot period of 70pum for the front mirror
and 80um for the back mirror.
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Figure 5.1.26. Output power versus peak wavelength for a laser with the slot period of 70pum for the front
mirror and 80pum for the back mirror.

In figure 5.1.25 modes on the blue side of the spectrum show lower SMSR. Generally

tunable lasers suffer from a lower SMSR on the blue side and the red side of gain
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spectrum due to their large gain differences [26]. Therefore the super modes on the red
side experience a higher gain comparing with those in blue side, which results in lower
SMSRs on the blue side compare with the red side. To increase the SMSR on the blue side
of the spectrum we increased the current injected to the gain section to 150 mA. Figure
5.1.27 shows SMSR for the gain current of 100 mA- marked in red and SMSR for the
gain current of 150 mA- marked in blue. It can be seen in the figure that increasing the
current injected into the gain section significant improved the SMSR values on the blue
and red side of the spectrum. SMSR for the first mode for the wavelength of 1530 nm
increased now from 25dB to 45dB. All super-modes now exhibit an SMSR over 40 dB.
Figure 5.1.28 shows the output power versus wavelength peak for the current injected
into the gain section of 100mA-blue and 150mA-red. The best SMSR value is about

48dB. The output power also increases with increasing gain current.

50

45+

40

35

Lo o odB

w
o
T
0 C
1

@ <

251

A e,
vy,
C
1

SMSR (dB)

20

T

15

=
o
T

o
RELOX TR

\

0 B - N L CUPOE
1520 1540 1550 1560
Wavelength (nm)

1570 1580

Figure 5.1.27. SMSR versus peak wavelength for the current injected into the gain section of: 100mA- red,
150mA- blue.
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Figure 5.1.28. Output power versus peak wavelength for the current injected into the gain section of:
100mA-blue, 150mA-red.
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Nine slots front mirror with the slot period of 70um, nine slots back
mirror with the slot period of 76 pm

The laser presented in this section has a slot period of 70 um for the front mirror and 76
um for the back mirror, which lead to FSR of 4.9nm and 4.5nm, respectively. The mirror

lengths are 630 pm and 684 pm for the front and back, respectively.

The output power is shown in figure 5.1.29. When the currents injected into the mirror

sections increase, the output power also increases.
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Figure 5.1.29. Output power versus currents injected into the both mirror sections for a laser with the slot
period of 70pum for the front mirror and 76pum for the back mirror.

Figures 5.1.30 and 5.1.31 show the wavelength and SMSR maps, respectively. From these
figures clear super mode positions with high SMSR are observed over a discrete
discontinuous tuning range of 55 nm. The wavelength bands are smooth and the
wavelength islands are clearly visible. The SMSR map shows big islands with high
SMSR values. Figure 5.1.32 shows a mesh wavelength map. Plotting the data as SMSR
and coupled output power versus wavelength shows the regions of high SMSR and power
at particular wavelengths as in figures 5.1.33 and 5.1.34 below. From figure 5.1.33 ~ 15
distinct super- modes are visible over a wide discontinuous tuning range from 1525 nm to
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1580nm. Fourteen of them show the SMSR greater than 30 dB. The highest SMSR value
1s around 45 dB. The output power shown in figure 5.1.34 is uniform for all super-modes

with the variation between them within 2dBm.
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Figure 5.1.30. Wavelength map versus currents injected into the both mirror sections for laser with the slot
periods of 70pm for the front mirror and 76um for the back mirror.
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Figure 5.1.31. SMSR map versus currents injected into the both mirror sections for a laser with the slot
period of 70um for the front mirror and 76pum for the back mirror.
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Figure 5.1.32. Wavelength mesh map versus currents injected into the both mirror sections for a laser with
the slot periods of 70pm for the front mirror and 76pum for the back mirror.
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Figure 5.1.33. SMSR versus peak wavelength for a laser with the slot period of 70um for the front mirror
and 76um for the back mirror.

(qfﬁ&f:}

*+¥ = -

1

o
L T
ha g
++
+

Power (dBm)
»
o

+ i 7
: £ 2
-40+ : : : * -
* -
-50f s } -
X
-60+ %4 -
- + ! i i

_7 1 | | 1 1 1
19520 1530 1540 1550 1560 1570 1580 1590
Wavelength (nm)

Figure 5.1.34. Power versus peak wavelength for a laser with the slot period of 70pum for the front mirror
and 76pm for the back mirror.
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Nine slots on the front mirror with the slot period of 97um, five slots on

the back mirror with the slot period of 108 pm.

The laser presented here has nine slots on the front mirror with slot period of 97um and
five slots on the back mirror with slot period of 108 pm. The mirror lengths are 873 um
and 540 pm for the front and back mirror, respectively. The output power map is shown
in figure 5.1.35 below. The super-mode structure is visible on the map. The output power
increases with increasing currents injected into the front and back mirror.
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Figure 5.1.35. The output power map for the laser with nine slots on the front mirror and five slots on the

back murror.

Figures 5.1.36 and 5.1.37 show the wavelength tuning map and the SMSR map,
respectively. The wavelength map does not have clear wavelength bands as the maps for
the lasers with nine slots on both mirrors. From figure 5.1.36 the wavelength tuning range

can be estimated as 40nm. Maps appear squashed compared with nine-nine slots case.
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Figure 5.1.36. The Wavelength tuning map for the laser with nine slots on the front mirror and five slots on
the back murror.
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Figure 5.1.37. SMSR map for the laser with nine slots on the front mirror and five slots on the back mirror.
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Figure 5.1.38. SMSR versus peak wavelength for the laser with nine slots on the front mirror and five slots

on the back mirror.
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Figure 5.1.39. Output power versus peak wavelength for the laser with nine slots on the front mirror and
five slots on the back mirror.

Figures 5.1.38 and 5.1.39 above show SMSR plotted versus peak wavelength and the
output power plotted versus peak wavelength, respectively. Thirteen super-modes are

present over the tuning range of about 40nm for the wavelength from 1528nm to 1568nm.
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Eleven super-modes exhibit the SMSR greater than 30dB for the wavelength from
1535nm to 1568nm. The first two modes placed on the edge of the gain spectrum have
SMSR lower than 30dB. From figure 5.1.39 the output power is observed not to be
uniform for all super-modes. The first three modes have lower output power. A

wavelength map in 3D 1s shown in figure 5.1.40 below.
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Figure 5.1.40. Wavelength tuning map in 3D for the laser with the slot period of 97pm and 108pum, and nine

slots 1n the front mirror and five slots in the back mirror.
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Conclusion

Lasers with different slot periods from long to short were presented in this section. Also
a laser with nine slots on the front mirror and five slots on the back mirror was
characterized here. All tuning maps for the laser with nine slots on the both mirrors show
similar trends: (i) two symmetry lines: one horizontal for a low current injected into the
front mirror, and one vertical for a low current injected into the back mirror, for SG-DBR
type lasers show a diagonal symmetry line (i1) the tuning islands go from big toward
small as the currents injected into the both mirror sections are increasing, where for SG-
DBR laser the tuning islands go from small toward big as the mirror currents are
increasing, (1i1) the widest tuning range of around 55nm was obtained for a laser with the
shortest slot period of 70um in the front mirror and 76um in the back mirror (figures
5.1.29-5.1.34). The biggest number of 15 super-modes is from a laser with the slot period
of 70/76um. The laser with slot period of 97/108um has 14 super- modes, the laser with
slot period of 70/80pum has 13 super- modes and the laser with slot period of 86/97um has
12 super-modes. We want to have a big number of super-modes to get wide tuning range
and also to cover as many wavelengths as possible. The super-mode spacing is controlled
by the distance between the slots etched on the laser waveguide. To boost the output
power and SMSR of the modes at the edge of the spectrum, we can increase the current
injected into the central gain section. The best laser of all presented in this chapter is the
laser with the slot period of 70/76um. It exhibits the widest tuning range of 55 nm with
the biggest number of super- modes. Only the first super- mode has a SMSR slightly
lower than 30 dB but it can be easily improved by increasing the current injected into the
gain. Also it has a good output power for almost all currents injected into the front and
back mirror as shown in figure 5.1.29. The wavelength and SMSR maps show clear

tuning islands and symmetry lines.

The laser with nine/five slots does not perform as well as the laser with nine slots on both
mirrors. The tuning maps do not show clear trends: there are no symmetry lines and no
order in placing the tuning islands. The laser has a tuning range of 40 nm which 1s about
10 nm shorter than the tuning range of the lasers with equal slot number. In future
designs this type of laser will not be considered due to its poor performance. Instead to
make the laser cavity shorter a laser with smaller number of slots on each mirror, for
example eight/eight, seven/seven will be considered.
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5.2. Six section tunable laser

Nine slots on the front mirror with the slot period of 70pm, nine slots on
the back mirror with the slot period of 76 pm.

Including another section between the gain section and one of the mirror sections can
improve the quasi-continuous tuning of the laser diode. From Chapter 2 the quasi-
continuous tuning is accomplished by joining overlapping small regimes which are
continuously tunable by a single longitudinal mode to achieve a large wavelength
coverage [26] . This 1s achieved as this addictional section can act like a phase section in
an SG-DBR laser [28] [29] [30] [31]. By changing the current injected into the phase
section of the laser, it is possible to re-tune the lasing peak to a new position with a high
SMSR value and therefore to improve that laser performance.

The laser consists of six independent sections: first the SOA- semiconductor optical
amplifier, the front mirror, the gain section, the phase section, the back mirror and the PD-
photodiode section. All sections are electrically isolated from each other by the slots
between them. The gain section in this case is 400 um long, and the phase section is 100
um long. For the experiment with the phase tuning we chose a device with the shortest
slot period of 70 um in the front mirror and 76 um in the back mirror as it shows the best
performance from the results above.

The first part of the experiment and experimental set up were the same as it was for the
five section lasers described in the previous section. In this case an extra current source 1s
added to inject the current into the phase section during the second part of the experiment.
The six section laser was mounted on an AIN carrier and placed on a copper heat sink
which was mounted on a thermoelectric cooler (TEC) to control the chip temperature.
The temperature was set constant to 20°C. Five independent current sources were used to
inject the current into the gain, phase, SOA, and both mirrors. For the first set of
measurements, the phase section was connected to the gain section. The currents injected
into the gain and SOA sections were set at 100mA and 20mA with the PD left unbiased.
The currents injected into the front and back mirror sections were both scanned between 0
and 300mA with a step of 2mA. The output spectra were recorded using an optical
spectrum analyzer with a resolution bandwidth of 0.1 nm and a sensitivity of -75dB. The

schematic structure of a six section laser is shown if figure 5.2.1 below.
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Figure 5.2.1. Schematic structure of six section tunable laser.

The output power map is shown in figure 5.2.2 below. As is can be seen the output power
increases when the current injected into the front mirror increases. The wavelength and
SMSR tuning maps are shown in figures 5.2.3 and 5.2.4, respectively. The super-mode
hoping islands are clearly visible for all modes over the discrete tuning range. Figure
5.2.4 shows that there are large regions of red colour indicating a very high SMSR. The
blue regions corresponding to low SMSR values can be eliminated by using the phase
tuning.
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Figure 5.2.2. Output power versus currents injected into the both mirror sections for a six section laser with
the slot period of 70um for the front mirror and 76pum for the back mirror.
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Figure 5.2.3. The wavelength tuning map versus currents injected into the both mirrors sections for a six
section laser with the slot period of 70pm for the front mirror and 76 for the back mirror.
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Figure 5.2.4. The SMSR tuning map versus currents injected into both mirror sections for a six section laser
with the slot period of 70pm for the front mirror and 76pum for the back mirror.

The extracted SMSR and output power are shown in figures 5.2.5 and 5.2.6, respectively.
Twelve super-modes around 1525-1570nm show good SMSR greater than 30dB. The
higher SMSR value is around 45 dB for the wavelength of 1560nm. From figure 5.2.6 it
can be seen that the output power 1s not uniform for all super-modes. Super-modes for the
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wavelength from 1540-1555nm exhibit lower output power. Comparing with the
wavelength tuning maps in figure 5.2.3 it can be seen that these are the modes with a
particular combination of high currents injected to the both mirrors. The output power
may be lower due to the heating dissipation problems. Figure 5.2.7. shows mesh

wavelength tuning map.
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Figure 5.2.5. SMSR versus peak wavelength for a six section laser with the slot period of 70um for the
front mirror and 76um for the back mirror.
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Figure 5.2.6. Output power versus peak wavelength for a six section laser with the slot period of 70y for the
front mirror and 76pum for the back mirror.
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Figure 5.2.7. Mesh wavelength tuning map versus currents injected into the both mirrors for a six section
laser with the slot period of 70pum for the front mirror and 76p for the back mirror.
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Phase tuning

Due to the mode competition, there are regions marked in blue in the SMSR maps
corresponding to low SMSR. To improve the laser performance and to get only single
mode operation we use the phase tuning. During the first part of the experiment the tuning
maps were taken and the gain and phase section were connected together. For the second
part of the experiment, the gain and phase sections were disconnected from one another.
The currents injected now to the gain and phase section were 80mA and 20mA,
respectively.

Figures 5.2.8-5.2.10 show examples of recorded output spectrum for three different
super-modes before and after changing the current injected into the phase section. Figure
5.2.8 shows the output spectrum for the super-mode with injected currents of 150mA for
the front mirror and 220mA for the back mirror. The spectrum before the phase tuning is
marked in blue colour. It can be seen that for this particular currents combination there 1s
strong mode competition: four strong modes are visible for the wavelength of around
1543nm, 1547nm, 1562nm, 1568nm, the strongest super-mode is for the wavelength of
1547nm. By changing the phase current from 20mA to 60mA, mode competition is

eliminated and a good single mode lasing 1s achieved for the wavelength of 1547nm.
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Figure 5.2.8. Output spectrum for the front current of 150mA and the back current of 220mA, with injected
phase current of: 20mA- blue, 60mA- red.
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Figure 5.2.9 shows the output spectrum for the mode with the injection current of 200mA
for the front mirror and 80mA for the back mirror. Three strong modes competing are
clearly visible for the wavelength of 1560nm, 1565nm, 1570nm. Decreasing the phase
current pushes the spectrum toward the blue side and now a mode for the wavelength of
1555nm 1s dominating, although the mode competition is not fully eliminated in this case

giving the SMSR value of about 20dB.
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Figure 5.2.9. Output spectrum for the injected currents of 200mA for the front mirror and 80maA for the
back mirror, with phase current of OmA- red, 20mA- blue.

Figure 5.2.10 shows the output spectrum for the current set of 220mA for the front mirror
and 220mA for the back mirror, with gain and phase currents of 80mA and 20mA,
respectively marked in blue colour. There are two strong modes for the wavelength of
1565nm and 1570nm, where the mode for 1570nm is dominating. Decreasing the phase
and gain currents to OmA and 48mA, respectively, pushes the spectrum toward the blue
side. The mode competition is fully eliminated and the lasing mode is now for the

wavelength of 1565nm.
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Figure 5.2.10. Output spectrum for the injected currents of 220mA for the front mirror and 220mA for the
back mirror, with phase current of 20mA and the gain current of 80mA-blue, and phase current of OmA
and the gain current of 48mA-red.

The next step was to run a scan for regions with low SMSR for the currents of:(1) front
current from 170 mA to 270 mA and back current from 50mA to 150 mA, (i1) front
current from 230mA to 300mA and back current 150mA to 230mA, and (111) for front
current from 280 mA to 300 mA and back current from 230mA to 300 mA. The SOA and
the gain currents were kept constant again with values of 20mA and 80mA, respectively.
The phase current was scanned between 0-50mA with the step of 1mA for every pair of
the front and back currents. Figures 5.2.11-5.2.13 show an example data taken from the
phase scan for the front current of 230mA and back current of 220mA. This current set
corresponds to a peak wavelength of 1535nm. Figure 5.2.11 shows how the peak
wavelength is tuned with injected phase current. As can be seen in this case the
wavelength is tuned by about 0.3 nm from 15354 to 1535.7 nm. Figure 5.2.12 show
SMSR plotted versus phase current. For the initial set of the phase current of 20mA, the
SMSR has a low value less than 10dB. It can be observed that the SMSR changes with
scanned phase current. For small current injected in to the phase section from 0 to 10mA,
the SMSR increases to 20 dB. For phase current from 32 to SOmA, the value of SMSR is
high, about 35dB. Figure 5.2.13 shows peak wavelength versus SMSR. The SMSR has

good values more than 30dB for the wavelength of about 153548nm, 1534.5nm,
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1335.53nm, 1535.54nm, 15.35.58nm, 1535.6nm, 1535.61nm, 1535.62nm, 1535.64nm,
1535.66nm.
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15356 . oo .t
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1535 4¢ e 1

1535.
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Figure 5.2.11. Phase Current versus peak wavelength of 1535nm for the fron current of 230mA and back
current of 220mA.
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Figure 5.2.12. Phase Current versus SMSR for the front current of 230mA and back current of 220mA.
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Figure 5.2.13. Wavelength versus SMSR for the front current of 230mA, back current of 220mA and the
phase current scanned from OmA to50mA.

The original SMSR map and new data taken from the phase scan are shown in figure
5.2.14. We chose the maximum SMSR values obtained from scanning the phase current
and plotted them against front and back current corresponding to a particular current
value and getting a new tuning map as shown in figure 5.2.14. It can be seen that the
phase tuning works well and it is possible to re-tune the lasing peak to get high SMSR for

almost all the scanned regions.
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Figure 5.2.14. SMSR map with phase scanned region.
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Conclusion
In this section, the performance and phase tuning of a six section laser was presented.

The regions with poor SMSR values can be improved by the phase tuning. By changing
the current injected into the phase section from OmA to SOmA is it possible to re-tune the
lasing peak to a position where it has a good SMSR value (>30dB). As seen from results
presented in this section the phase tuning works well for almost all scanned region. Very
small regions with low SMSR occurred due to the two-mode competition where two
modes are separated from each other by a super- period set from the Vernier effect. In the
future design we will solve this problem by adjusting the super period to place these low
SMSR regions on the edge of the tuning map. For now the solution is to further increase
the current injected into the phase and gain section. The temperature tuning can also be

used to shift the wavelength peak.
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5.3. Nine contact laser.

The laser presented in this section has the same structure as the lasers described in the
section 5.1. and 5.2. In this case an extra isolation contacts are introduced between the
SOA section and the front mirror, the front mirror and the gain section, the gain section
and the back mirror, and the back mirror and PD section. The purpose of the isolation
contact is to prevent the carrier leakage between different sections of the laser and
therefore to improve its performance.

The results presented in this section were taken for unbiased isolation contact. Biasing the
extra contact caused loss of the output power and therefore no laser action was observed.
The laser presented in this section has the slot period of 70um for the front mirror and 76
um for the back mirror. The output power is shown in figure 5.3.1 below.
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Figure 5.3.1. The output power for the laser with nine contacts with the slot period of 70/76pum. The

1solation contacts were unbiased.

A very low output power is observed for low values of the current injected into the front
mirror. This suggests that the back mirror has a very little influence on the tuning effect.

The drop of the power appears also for the high front current.
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The wavelength and SMSR tuning maps are shown in figures 5.3.2 and 5.3.3,
respectively.

Wavelength map
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Figure 5.3.2. The wavelength tuning map for the laser with nine contacts. The i1solation contact were left
unbiased.
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Figure 5.3.3. SMSR tuning map for the laser with nine contacts. The isolation contacts were left unbiased.
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The wavelength band structure and wavelength islands are visible on the wavelength
tuning map in figure 5.3.2. It can be seen that for the low values of the current injected
into the front mirror there is no tuning effect even though the back current is increasing.
This results in a very poor SMSR values in this region, as shown in the SMSR map. From
figure 5.3.3 clear SMSR islands are present with the highest SMSR placed in the centre of
each island. The overall structure of the SMSR maps looks more like the tuning maps
taken for the SG-DBR laser [26] [32] [33] [34]. It suggests that the extra slots etched
between the different laser sections provide themselves enough isolation to improve the
laser performance without biasing the isolation contacts.

The SMSR plotted versus peak wavelength is shown in figure 5.3.4 below. Nine super-
modes are clearly visible over the tuning of 40 nm for the wavelength from 1520nm to
1560nm. Eight modes have SMSR values over 30dB. The number of super-modes is
lower than for the lasers with five and six contact. Also the tuning range is about 10nm

shorter than for five and six contact tunable lasers.

40 T T i T % T T T

SMSR (dB)
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Figure 5.3.4. SMSR versus peak wavelength for the laser with nine contacts. The 1solation contacts
were left unbiased.

The output power plotted versus peak wavelength is shown in figure 5.3.5 below. The
output power is uniform for all super-modes with a variation within 2dBm. The

wavelength 3D tuning map is shown in figure 5.3.5 below.
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Figure 5.3.5. The output power versus peak wavelength for the laser with nine contacts. The 1solation
contacts were left unbiased.
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Figure 5.3.6. The wavelength 3D tuning map for the laser with nine contacts. The isolation contact were left
unbiased.
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Conclusion
In this section the performance of nine contact tunable laser was presented. During the

experiment the isolation contact were unbiased. The laser has a tuning range of 40nm
which is shorter by about 10nm than a tuning range for the laser with five and six
contacts. The laser does not tune well for small currents injected into the front section.
The wavelength map has a similar structure to the lasers presented in sections 5.1 and 5.2
although the tuning islands are not as clear and sharp as for the laser with five and six
contacts. Also the number of super-modes is lower. The laser has 9 super- modes. The
SMSR tuning map has a structure similar to an SG-DBR case in which the tuning island
have hexagonal shape with the highest SMSR values placed in the centre of the islands. In
our case the islands do not have a clear hexagonal shape but still the highest SMSR 1is
placed in the centre of each tuning island. This suggests that even though the isolation
contacts were left unbiased, the extra slots themselves were enough to provide an

1sclation between different sections of the laser.

Table 5.1 below shows all tuning parameters for the laser presented in this chapter: five
contact lasers, six contact laser and nine contact laser.

Five contact lasers Five contact laser- Six contact laser Nine contact
nine slots on the laser
front mirror, five
slots on the back
mirror

Slot period 97um/108um 86um/97um [ 70um/80um [ 70um/76um 97um/108um 70um/76um 70um/76pm
FSR 3.36nm/3.02nm  3.8nm/3.36nm  4.9nm/4.3nm | 4.9nm/4.5nm 3.36nm/3.02nm 4.9nm/4.5nm 4.9nm/4.5nm
Tuning range 50nm 47nm 45nm 55nm 40nm 50nm 40nm
Number of 15 12 13 15 13 14 9

super- modes

Number of 12 11 11 14 11 12 8
super- modes

with

SMSR>30dB

Table 5.1. Tuning parameters for five, six, nine contact lasers.
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Chapter 6. Tunable lasers —
advanced characteristics

Introduction

In Chapter 4 a design, fabrication process and simulated results of tunable laser diodes
with etched slots were presented. In Chapter 5 the tunable lasers were characterized
exhibiting a wide tuning range of up to S5nm with good SMSR values over 30dB. A laser
with the slot period of 97um for the front mirror and 108um for the back mirror exhibits a
400 GHz channel spacing which is useful in implementing wavelength division
multiplexing- WDM- a standard technique used in optical communication systems [1].
The international telecommunication union (ITU) standardised the channel frequencies of
WDM systems on a 100GHz (0.8 nm) grid in the frequency range of 186 to 196 THz
(1530-1612nm in the C and L bands). In this chapter, the tunable laser based on etched
slots will be further characterized. A continuous tuning of the laser over a short
wavelength range as well as the thermal tuning will be presented. A continuous tuning
range allows accessing all wavelengths in ~+/- 50GHz wavelength range around a super-
mode position. For the temperature tuning, a tuning of 3 nm (375 GHz) for a single super-
mode 1s observed while changing the temperature between 15°C and 40°C. Finally, the

linewidth of the laser will also be presented in this chapter.
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6.1. Continuous tuning

As was outlined in Chapter 2, in the continuous tuning scheme, the laser wavelength is
tuned smoothly in arbitrarily small steps and the cavity mode is lasing throughout the
entire tuning range. In the discontinuous tuning scheme, the tuning range is solely
determined by the cavity gain which means that longitudinal mode hops are allowed and
this provides a larger tuning range. Although it is impossible to access certain
wavelengths inside the tuning range because of the super-mode spacing [2].

From the wavelength tuning maps in Chapter 5 it can be seen that the tuning of the laser
shows small changes in the wavelength before the onset of a super-mode. These small
regions are the areas of the continuous tuning accessible for the laser as shown in figure
6.1 below. Here the continuous tuning for the lasers with the slot period of 70um/76pum

will be investigated.

Wavelength map
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Figure 6.1. Wavelength tuning map for the laser with the slot period of 70pm for the front mirror and 76pum

for the back mirror. Marked regions are an example of regions where the continuous tuning is accessible.

From the wavelength and the SMSR tuning maps shown in figures 5.32 and 5.33 four
modes with good SMSR more than 30dB were selected. The regions are: (i) for the front

current from 250 mA to 300mA and the back current from 140mA to 190mA. the
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operating wavelength is around 1566nm; (i1) for the front current from 100mA to 150mA
and the back current from 120mA to 170mA, the operating wavelength is around
1538nm; (1) for the front current from 100mA to 150mA and the back current from
170mA to 220mA, the operating wavelength is around 1543nm; (iv) for the front current
from 90mA to 140mA and the back current from 240 mA to 290mA, the operating
wavelength 1s around 1553nm.

Figure 6.2 shows the super-modes versus wavelength. Concentrating on the super-mode
operating at the wavelength of around 1566nm, two different tuning schemes can be
observed. Figure 6.3 shows the selected super-mode; the green line represents one current

tuning and the blue line represents two current tuning.

SMSR (dB)
ro
(8, ]

st /

ok W S R 6 ! b ¥ £
1520 1540 1550 1570 1580 1590
Wavelength (nm)

Figure 6.2 SMSR versus wavelength for the laser with slot period of 70pum on the front mirror and 76pum on
the back mirror.
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Figure 6.3 SMSR versus wavelength of 1566nm. The red dots represents the SMSR points for a different
front and back currents combinations.
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Figure 6.4 Linear injection currents for the wavelength of ~1566nm.

To tune along the green line one mirror section current is constant and the other mirror
section current i1s scanned over a particular current range that corresponds in turn to a
wavelength range. To tune along the blue line, both mirror section currents are scanned
simultaneously. For the continuous tuning both injected currents need to be increased or
decreased linearly as the wavelength 1s recorded. The mirror section injection current
dependence for the first selected super-mode 1s shown in figure 6.4 below.

The SMSR versus wavelength 1s shown in figure 6.5 below.
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Figure 6.5. SMSR versus wavelength for the front current from 250mA to 300mA and the back current
from 140mA to 190mA.

From figure 6.5 the mode shows continuous tuning of 0.4 nm (~50GHz). The rate for
changing the wavelength with the current for this mode is 0.008nm/maA .
The mirror section injection current dependence for the first selected super-mode is

shown in figure 6.6 below.
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Figure 6.6. Linear injection currents for the wavelength of ~1538nm.
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The SMSR versus wavelength is shown in figure 6.7 below.
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Figure 6.7. SMSR versus wavelength for the front current from 100mA to 150mA and the back current
from 120mA to 170mA.

From figure 6.7 that the continuous tuning for this mode is 0.6 nm (~75 GHz). The rate
for changing the wavelength with the current is again 0.012nm/mA.
The mirror section injection current dependence for the third selected super-mode i1s

shown 1n figure 6.8 below.
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Figure 6.8. Linear mnjection current for the wavelength of ~1543nm.
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The SMSR versus wavelength is shown in figure 6.9 below.
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Figure 6.9. SMSR versus wavelength for the front current from 100mA to 150mA and the back current
from 170mA to 220mA.

From figure 6.9 the continuous tuning for this mode is 0.6 nm (~75GHz). The rate for
changing the wavelength with the current is 0.012nm/mA.
The mirror section injection current dependence for the third selected super-mode is

shown in figure 6.10 below. The SMSR versus wavelength i1s shown in figure 6.11.

%
Pl ' -
[ ]

285 .
- i -
P " 1

23%5 90 9% 100 106 10 M5 120 125 130 135 140 145
Front Current (mA)

Figure 6.10. Linear injection currents for the wavelength of ~1553nm.
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Figure 6.11. SMSR versus wavelength for the front current from 90mA to 140mA and the back current
from 250mA to 290mA.

Figure 6.11 shows the continuous tuning range of 0.6nm (~75GHz). The rate for changing
the wavelength with the current 1s 0.012nm/mA.

The modes exhibit continuous tuning of 0.4nm (~50GHz) for the first mode and 0.6nm
(~75GHz) for the next three modes.This allows us to accurately set the laser to precise
optical frequencies with high SMSR such as required within the C-band [3]. The
continuous tuning of these modes by current injection suggests that full carrier clamping
does not take place in the mirror sections of this laser. In comparison, SG-DBR laser has
a continuous tuning range of <0.4nm for all discrete modes [4] [5]. In SG-DBR lasers the
continuous tuning range is limited by the available index change induced by pure current
injection [6]. In the device demonstrated here, both current variations and the temperature
change have contributed to the continuous tuning. The temperature may be the main
contribution factor in our devices considering the current variations in the mirror sections
are quite large and the device is unpackaged. This is the reason why a relatively large

continuously tuning range has been shown.
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Continuous tuning of nine contact laser

The continuous tuning of the laser with nine contacts was also investigated. As described
in Chapter 6, the isolation contact were left unbiased. The selected mode has a
wavelength of

~1537nm with a good SMSR of 30dB. The selected region is for the currents of SOmA to
100mA for the front mirror and 100mA to 150mA for the back mirror. The mirror section
injection current dependence for selected super-mode is shown in figure 6.12 below.
From figure 6.13, the continuous tuning of this mode is now only 0.2 nm (~25GHz). The
rate for changing the wavelength with the current i1s 0.004nm/mA.
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Figure 6.12. Linear injection currents for the wavelength of ~1537nm
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Figure 6.13. SMSR versus wavelength for the front current from 50mA to 100mA and the back current
from 100mA to 150mA.
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Continuous tuning of the laser with nine slots on the front mirror and
five slots on the back mirror.

The continuous tuning of the laser with nine slots on the front mirror and five slots on the
back mirror is shown here. The selected mode has a wavelength of ~1561nm with a good
SMSR of 40dB. The selected region is for the currents of 80mA to 120mA for the front
mirror and 200mA to 240mA for the back mirror. The mirror section injection current
dependence for a selected super-mode is shown in figure 6.14 below. As seen from figure
6.15 the continuous tuning of this mode is 0.3 nm (~37.5GHz). The rate for changing the
wavelength with the current is 0.0075nm/mA.
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Figure 6.14. Linear injection currents for the wavelength of ~156 1 nm.
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Figure 6.15. SMSR versus wavelength for the front current from 80mA to 120mA and the back current
from 200mA to 240mA.
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6.2. Thermal tuning

The lasing wavelength for semiconductor lasers is very dependent on the temperature of
the device as both the bandgap energy and the refractive index change with temperature,
the cavity length also changes due to thermal expansion however this is a small change
over the temperatures range used in our experiment. For the current of 30 mA, with a
device resistance of 4 Q and the photon energy of 0.8 eV (~1550 nm) there can be found
that a total of 19.6 mW of power supplied to the laser is lost giving a temperature increase
of around 2 K. Due to the thermal dependence of the bandgap energy a thermal
dependence of the gain curve and therefore the peak gain wavelength A, can be obtained.
The dependence of A, on the temperature gives a Fabry- Perot type laser their typical peak
gain wavelength temperature dependence of 0.5 nm/K which corresponds to -2.5*10™
eV/K. Due to the temperature dependence of the refractive index, the cavity modes and
therefore the above- threshold lasing mode will tune as 0.1 nm/K. Any heating of the
laser cavity will also increase the threshold current and decrease the differential efficiency
of the laser. This can limit the tunability of a laser by temperature tuning [2].

Here the temperature tuning of the laser with the slot period of 70um on the front mirror
and 76 um on the back mirror is investigated. Eleven channels were picked for the
wavelength of 1525nm, 1529nm, 1534nm, 1538nm, 1543nm, 1549nm, 1553nm, 1558nm,
1563nm, 1567nm, 1572nm. The channels were set manually by changing the currents
injected into the front and back mirror. The temperature of the heat sink was changing
with a step of 5°C from 15°C to 40°C. The temperature tuning of all eleven channels is

shown in Figure 6.16 below.
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Figure 6.16. The temperature tuning of eleven channels of the laser with the slot period of 70 pm/76 pm.
The temperature 1s changing from 15°C to 40°C with the step of 5°C.

The total range 1s 49.64nm from 1524.8nm to 1574.4 nm. It can be seen that for the first
channel of 1525nm for the high temperatures of 35°C and 40°C, the mode competition is
observed on the red side of the spectrum. For channels ten and eleven a big super-mode
hop more than 0.5 nm is observed while changing the temperature of 5°C from 15°C to 20
°C. It can be also observed that the SMSR is decreasing with increasing temperature. The
temperature tuning range is much smaller than the 4.6 nm super- mode spacing and
therefore cannot be used to complete full wavelength coverage over the entire wavelength
range accessible to the laser.

Figure 6.17. shows the change of the peak wavelength with increasing temperature for all

eleven channels. The wavelength is red shifted with increasing temperature.
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Peak wavelength vs. Temperature
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Figure 6.17. Peak wavelength for all eleven channels versus temperature from 15°C to 40°C.

The change in SMSR for eleven channels with increasing temperature is shown in Figure
6.18. SMSR values decrease with increasing temperature of the heat sink. The lowest

SMSRs are observed for the highest temperature of 40 °C for all eleven channels.
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SMSR vs. total Temperature
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Figure 6.18. SMSR versus temperature change from 15 °C to 40 °C for eleven channels.

Combining figures 6.17 and 6.18 SMSR versus peak wavelength for different temperature
can be plotted as shown in figure 6.19. For channel four with the wavelength of 1538nm,

SMSR values are more than 30 dB during the temperature tuning.
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Figure 6.19. SMSR versus peak wavelength for all eleven channels.
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6.3. Linewidth measurements

The laser linewidth is introduced and determined in this section. A good introduction to
linewidth theory can be find in [2] [7]. The linewidth of a laser diode in an important
parameter in optical communications as a broad linewidth will reduce the distance over
which the pulses from the laser can be transmitted due to dispersion in the optical fibre.
Single mode lasers have a finite linewidth caused by spontaneous emission entering into
the lasing mode. The spontaneous emitted photons will have a random phase with respect
to the coherent emission generated by stimulated emission within the laser structure. The
optical power and the number of photons in the laser cavity depends on the laser structure
therefore the linewidth depends on the laser structure. The number of photons in the laser

1s determined by:

“l
-~

S =- (6.1)

where S is the average photon density, ¥, is the active volume and I is a confinement
factor. The change in phase Ag, due to the addition of a photon with random phase 1s

given by

1
Ap, = Fsm(&) (6.2)

where 6. 1s taken from figure 6.20 below showing the result of a spontaneously emitted
photon. The filed can be represented by /- the field amplitude normalized so that the

average Intensity /= f* [ also equals the average number of photons in the cavity
B =1"exp(ip)where (1) and ¢(7) represent the intensity and the phase of the laser
filed. A basic assumption is that the ith spontaneous emission event change S by Af

where Af, has a unit magnitude and a random phase of AB =exp(ip+6,), where 6 isa

random angle.
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Imaginary p

Real B

Figure 6.20. Phasor representation of the field in the laser. p — the filed amplitude B=I’exp(i¢) increased by
AP, having amplitude of unity and phase 1¢p+6,.

When the spontaneous emission rate is

RV

spa

(6.3)
I

the accumulated phase change over time / and then

RV, /T

1

Ap, = Z \/—_S_',—sin(é?,) (6.4)

i=1

By equating the variance per time of ¢(f)to a change in angular frequency, an expression

for the laser linewidth can be found as:

RV IT
i %T“l -t (6.5)
var [A20)] _ (o)~ pO)T) _R VT (6.6)

! / oK

The distribution of A(1) is Gaussian which leads to a Lorentzian lineshape [2]. From
Einstein’s relations the spontaneous emission R,, can be described as
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6.7)

where v is the group velocity, g, is the modal gain and 7, is the spontaneous emission
coefficient. The power out of each facet is

vgamgVuhu
- 2r

(6.8)

where P is the power out of each facet assuming that both facets are equal. The linewidth

can be rewritten as

_hovi(e +a,

Av =
8P

mnsp (69)

a, 1s the mirror loss, «,is the internal loss and hvis the photon energy.This is the

Schawlow-Townes expression for the linewidth.
It was realized by Henry [8] that for the diode lasers a significant correction factor is
required in the linewidth expression. For a semiconductor laser there is an extra

enhancement to the linewidth called the linewidth enhancement factor «,, due to the

phase noise created when spontaneous emission from the laser cavity gain media changes
the laser frequency. This effect occurs when a spontaneous emission event changes the
photon density which changes the carrier density as the carrier and photon densities are
related through the carrier and photon density equations. In [8] this enhancement of the

linewidth is given and the linewidth can be written as

- hov, (a, +a, )amnsp (1 +a,2,) (6.10)
8P

which is referred as Schawlow-Townes-Henry linewidth.

As the linewidth is of the order of few MHz [2] [9] [10]normal measuring equipment
such as optical spectrum analyser OSA cannot determine it as an OSA has a its best
resolution at ~0.0lnm (~1""'m)~1.25GHz. To determine the linewidth another method

not relying on the OSA must be used. To determine the tunable laser linewidth the
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delayed self-heterodyne (DS-H) method [11] is used providing very high resolution from
about 10kHz to 1GHz. The basics of this method are presented below.

The laser needs to be operating in a single mode regime with SMSR > 30dB. In this
method interference between two optical fields are used. The two optical fields come
from the original beam and a time delayed portion of itself. Two beams must have spatial
overlap and polarization alignment. The spatial overlap is obtained by sending both
optical waves down the same single mode fiber which ensures good spatial overlap. The
polarization alignment is obtained by including a polarization controller PA in the set- up
to create a polarization overlap between the optical waves.

Here the delayed self- heterodyne DS-H method to obtain the optical linewidth of the
semiconductor tunable laser is presented. More detailed analysis can be found in [11].
Considering an optical field and its delayed self- incident on a photodetector after being

spatially combined, the optical fields take form of

E ()= P{)expli(2mv, + ¢, (1))] (6.11)

and

El(’):mem[i(zwz +‘/’2(’))] (6.12)

where the delayed field is denoted with an index 2,where ¢, 1s the optical phase and v, is

the frequency of the i field. Optical powers are the fields amplitude squared:

)=|E, () (6.13)

As the photodetector detects the power and not the optical field itself the detected power
IS

2

i(t)=RE, (o) =RE (1) + E, (¢) (6.14)

where N is the detector responsivity

_ 4
ho

€N (6.15)

n,1s the detector quantum efficiency and gand hwv are the electronic charge and the

photon

energy, respectively. For a wavelength of 1550nm ¢/hvhas a value of 1.24 eV.
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The final power detected at the photodetector 1s

i(1) =8B () + P,(0)+ 2B P, cosavyr, + Aplr.7,))]  (6.16)

where P, and P, are the powers measured by the photodetector from the optical field and
delayed self, 27v,7,is the average phase- setting of the interferometer used to where the
delay between both optical fields is 7,, and Ag(z,7)is the time varying phase difference
caused by any phase or frequency modulation and the intereferometric delay 7, .

The self- heterodyne experimental set up for the linewidth measurements is shown in

figure 6.21 below.
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Figure 6.21. Self -heterodyne experimental set up for the linewidth measurements.

A free space optical isolator giving 60 dB isolation between forward and backward
propagating light is included in the measurement system. This prevents backward
reflections of light into the laser cavity. 1% of the emitted light is coupled to the optical
spectrum analyser OSA to determine the wavelength of the super-mode. The 99% portion
of the light is split again in the interferometer and one half is sent through 12 km of
optical fiber to produce a delay of 60us, the delay must be more than the coherence time
of the laser. This means that the two beams will combine as if they originated from two
different sources giving incoherent mixing. The other path goes through a polarization
controller to ensure the polarization is closely matched to maximize the interference
between the two beams. This process is equivalent to mixing two lasers with the same
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linewidth and central frequency. The phase modulator shifts the signal to 2GHz to
increase the accuracy. The 50:50 coupler combines the two beams together. Then the
signal 1s sent to a fast photodetector. The linewidth spectrum was recorded using an
electrical spectrum analyzer (ESA) with the resolution bandwidth set to 100 kHz. A Voigt
function, which is a convolution of Lorentzian and Gaussian profiles, was used to fit the
linewidth spectrum. The Lorentzian profile is a contribution of frequency noise spectra
for spontaneous emission while the Gaussian profile is a contribution due to the technical
noise such as temperature fluctuation, mechanical vibrations or injected current noise
[12]. Due to measuring a bare device for high currents there i1s more temperature
fluctuations and therefore the Gaussian contribution dominates as we shall see below.

The linewidth of the lasers with the slot period of 97um/108um and 70pum/76um was
measured.

Fig. 6.22 shows an example of the spectrum of the tunable laser with the slot period of

97um/108um for a wavelength of 1543.27 nm with the linewidth of 4 MHz.
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Figure 6.22. Example of a spectrum of the tunable laser for a wavelength of 1543.27 nm for the laser with
slot period of 97pum/108pum
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Figure 6.23 below shows the linewidth versus peak wavelength for the laser with slot
period of 97um/108um.
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Figure 6.23. Linewidth versus wavelength for the laser with the slot period of 97pm/108um.

From the Voigt fitting we extracted an FWHM which 1s the total linewidth and the
Lorentzian part which is the intrinsic linewidth. FWHM shows how the Gaussian
contribution affects the total linewidth as the Gaussian part is related to the noise coming
from the current sources. A clear dependence of the spectral linewidth on wavelength 1s
observed. The linewidth 1s large at short wavelengths and is nearly constant from 1540
nm to 1570 nm. In the range from 1520 nm to 1540 nm the laser shows a low SMSR and
a large linewidth would be expected.

Figure 6.24 below shows an example of a spectrum for the wavelength of 1549.41nm for
the laser with the slot period of 70um for the front mirror and 76um for the back mirror.
The linewidth 1s 8.6 MHz.
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As seen from figure 6.25 the linewidth depends on wavelength. The linewidth increases
with increasing wavelength.

One limitation with this method is due to the current sources used to inject the currents
into four laser sections. As with any current source some noise fluctuations will be
present and the

laser was biased with four independent current sources, it was not possible to replace
them with low noise current sources, therefore the values determined here are larger as
seen by the difference in the Voigt and the Gaussian linewidths.

The spectral linewidth of a semiconductor laser should be increasing with increasing
wavelength values due to the increase of the linewidth enhancement factor [2] [13]. The
linewidth enhancement factor increases due to the fact that the density of states at the
long wavelength (lower energy) end is mostly filled compared to the short wavelength
(higher energy) end [14]. Therefore the change of gain with carrier density change at the
long wavelength end will be smaller than the change of gain at the short wavelength end.
Looking at the results for the laser with shorter slot period of 70um for the front mirror
and 76 pm for the back mirror we can see that the linewidth values increase with
increasing wavelength. The lowest recorded linewidth is about 8.6MHz.

The laser with a longer slot period clearly exhibits lower linewidth value that for the laser

with a shorter slot period. The difference is about ~4. 6MHz.
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Conclusion

The further characterization of the slotted tunable lasers was shown in this chapter. The
continuous tuning, temperature tuning and linewidth measurements were investigated to
provide more detailed laser characteristics. The tunable slotted laser exhibits the
continuous tuning range of 0.6 nm (~75GHz). The laser with nine contacts has the
contiuous tuning range only of 0.2nm (~25GHz) which is shorter by about 0.4 nm than
for the laser with five contacts. The laser with nine slots on the front mirror and five slots
on the back mirror exhibits a continuous tuning range of about 0.3 nm (~37.5GHz). The
total temperature tuning range is about 49.64 nm for twelve modes. Each mode was tuned
individually by about 2.5 nm(~313 GHz) while changing the temperature from 15°C to
40°C with a step of 5°C. The linewidth of two laser with the siot periods of 97um/i08um
and 70um/76pum was measured. The laser with the longer slot period has a narrower
linewidth of ~4MHz, while the linewidth for the laser with a shorter slot period was
~8.6MHz.
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Chapter 7. Tunable lasers-
second run.

Introduction

The design for the tunable lasers presented in this chapter was completed in February
2014 and the lasers were fabricated in May 2014. The purpose of this new design was to
focus on shorter slot periods to determine the effects on the laser tuning range and
SMSR. The lasers presented in this chapter have the same epitaxial structure as the lasers
described in Chapter 5. They are five contact lasers where the first section is the
semiconductor optical amplifier- SOA section, the second one in the front mirror section,
the next one is the central gain section with the length of 500 um, then the back mirror
section and the last one the PD section. All the lasers have the same length to ease the
fabrication process. From the previous design presented in Chapter 5, we concluded that
the best laser was the one with the shortest slot period of 70um for the front mirror anc
76um for the back mirror. The difference in the slot periods of both mirrors is 6um anc
the difference in FSRs is 0.4pum. For the second run of the laser presented in this chaptei
we decided to keep the difference between the slot periods of around 5-6pum and the

difference between the FSRs no less than 0.4pm.
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Nine slots front mirror with the slot period of 66um, nine slots back
mirror with the slot period of 72 pm

Not all results we have taken for the tunable lasers from the second fabrication run are
presented in this chapter. The results for the laser repeats from three other submounts with
five contact lasers are not shown here as there are no significant differences between
- them. In this chapter the lasers with the shortest slot periods are presented. The mirror

length for those lasers are comparable to the mirror lengths of SG-DBR laser [1] [2].

- To complete the characterisation, four current sources were used independently to inject
' current to the SOA, gain and two mirror sections. The experimental set up is the same as
i“the one shown in Figure 5.2 in Chapter 5. The devices was mounted on the heat sink
which was held to a constant temperature of 20 C using a thermoelectric cooling. The
‘current injected into the gain sections were kept constant and set to 120 mA. The PD
%section was left unbiased. The current injected into the SOA section was 30-40mA. The
currents injected into the two mirror sections were scanned from 0 to 300 mA with a step
iof 5 mA. During these set of experiments a bigger scanning step was used to achieve
faster tuning scan as there were many devices to study. The photodiode and picoammeter
jwere used to record the coupled output power to determine if the coupling efficiency is
stable. The output spectra, peak wavelength and side mode suppression ratio (SMSR)
were recorded using an optical spectrum analyser with a resolution bandwidth of 0.1 nm

and a sensitivity of -75dB.

The laser characterized here has a slot period of 66um in the front mirror and 72 um in
'the back mirror, which leads to FSR of 5.2 nm and 4.76 nm, respectively. The mirror
lengths are 594nm for the front mirror and 648nm for the back mirror. The SOA current
‘was set to 30mA.

' The output power map is shown in figure 7.1 below. As can be seen the output power
;increases with increasing front current which suggests as previously found that the back

‘mirror has very little influence in overall tuning effect.
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Figure 7.1. Output power map versus currents injected into two murror sections for the laser with slot period

of 66pum for the front mirror and 72pum for the back mirror.

The wavelength and the SMSR tuning maps are shown in figures 7.2 and 7.3,

respectively.
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Figure 7.2. Wavelength tuning maps versus currents injected into the mirror sections for the laser with slot

period of 66pm for the front mirror and 72um for the back mirror.

Figure 7.3. SMSR tuning map versus currents injected into the mirror sections for the laser with slot period

of 66pm for the front mirror and 72pm for the back murror.
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The wavelength bands are clearly visible on the wavelength map for all currents injected
into the front and back mirror sections. As shown in figure 7.3 there are big regions
marked in red colour which indicate good SMSR values. Low SMSR occur at the
boundaries of super-mode hops as well as for the region where the currents injected into
the two mirror sections are quite high as for this region there is a lot of heating involved.
Combining figures 7.2 and 7.3, the SMSR versus wavelength is plotted as shown in figure
7.4. Eleven super-modes are present for the tuning range of 48nm from 1520nm to
1568nm. The first mode at the edge of the gain spectrum for the wavelength of 1520nm
has an SMSR value below 30dB. The next ten modes exhibit SMSR values more than
30dB. The highest observed SMSR is around 45dB for the wavelength of 1560nm.
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Figure 7.4. SMSR versus wavelength for the laser with slot period of 66pum for the front mirror and 72pm

for the back mirror.
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Combining figures 7.1 and 7.2, the output power versus wavelength can be plotted as
shown in figure 7.5. below. As can be seen the output power is quite uniform for all

super-modes with a variation within SdBm.
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Figure 7.5. Output power versus peak wavelength for the laser with slot period 66pm for the front mirror

and 72pm for the back mirror.

193



Nine slots front mirror with the slot period of 64um, nine slots back
mirror with the slot period of 70 pm

The laser described in this section has a slot period of 64um for the front mirror and
70um for the back mirror, which leads to an FSR of 5.36nm and 4.9nm, respectively. The
front mirror length is 576pum and the back mirror length is 630pum. The current injected

into the SOA section was set to 30mA.

The output power map is shown in figure 7.6 below. The super-mode bands are visible on
the map. The output power decreases with increasing currents injected into the mirror
sections. For relatively high values of the current injected into the front mirror section,

there is a region where the power drops significantly.

(dBm)

Figure 7.6. Output power map versus currents injected into the two mirror sections for the laser with slot
period of 64pum for the front mirror and 70pum for the back mirror.

The wavelength tuning maps 1s shown in figure 7.7. The wavelength bands and
wavelength islands are clearly visible within the map.
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Figure 7.7. Wavelength tuning maps versus currents injected into two mirror sections for the laser with slot
periods of 64um for the front mirror and 70pm for the back muirror.

The SMSR tuning map is shown in Figure 7.8. below.

Figure 7.8. SMSR map versus currents injected mnto two mirror sections for the laser with slot period of
64um for the front mirror and 70pm for the back mirror.
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Comparing the output power map and the SMSR map it can be noticed that the sudden
drop of the power corresponds to a region with low SMSR visible on the SMSR map.
Looking at the wavelength map shown in figure 7.7, it is clear that the laser tuning in this
particular region does not proceed smoothly. There are sudden jumps causing a
competition between few different wavelengths. From figure 7.8 low SMSR values occur

at the boundaries of the super-mode hops.

SMSR versus peak wavelength and the output power versus peak wavelength are plotted
in figures 7.9 and 7.10, respectively. The wavelength tuning range is about 48nm from the
wavelength of 1520nm to 1568nm. 10 super-modes are present, all of them with SMSR
greater than 30dB. The SMSR is slightly decreasing with increasing wavelength.
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Figure 7.9. SMSR versus peak wavelength for the laser with slot period of 64pum for the front mirror and
70um for the back mirror.
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As seen in figure 7.10, the output power is uniform for all modes with variation within
2dBm.
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Figure 7.10. Output power versus peak wavelength for the laser with slot period of 64um for the front
mirror and 70um for the back mirror.
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Nine slots front mirror with the slot period of S7um, nine slots back
mirror with the slot period of 62 pm

The laser presented in this section has the slot period of 57um for the front mirror and
62um for the back mirror, which leads to FSRs of 6.02nm and 5.5nm, respectively. The
front mirror length is 513nm and the back mirror length is 558nm which is comparable
with an SG-DBR laser mirror length [1]. The current injected into the SOA section was
set to 40mA. The currents injected into the front and back mirrors were scanned between

300mA and OmA with a step of SmA.

The output power tuning map, the wavelength tuning map and the SMSR tuning map
versus currents injected into the front and back mirror sections are plotted in figures 7.11,

7.12 and 7.13, respectively.

Figure 7.11. Output power map versus currents injected into the front and back mirror sections, for the laser
with slot period of 57pum for the front mirror and 62pum for the back mirror.
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Figure 7.12. The wavelength tuning map versus currents mjected into two mirror sections for the laser with
slot period of 57pum for the front mirror and 62pm for the back mirror.

(éB)

Figure 7.13. The SMSR tuning map versus currents injected into two mirror sections for the laser with slot
period of 57um for the front mirror and 62pum for the back mirror.
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The super-mode band structure is clearly visible in the power map in figure 7.11 for the
laser described in the previous section, again for relatively high front current there is a
region of sudden power drop. Comparing with the wavelength and SMSR map, it can be
seen that in this particular region of low output power, the wavelength does not change
smoothly between the modes. A few different wavelengths that are competing are
observed. Also as shown in the SMSR map in this region, the SMSR values are very low

due to the mode competition.

The SMSR plotted versus peak wavelength is shown in figure 7.14, below. Fourteen
distinct modes are present over the tuning range of 55nm for the wavelength from
1520nm to 1575nm. First thirteen modes have SMSR values above 30dB. The last super-
mode for the wavelength of 1575nm placed at the edge of the gain spectrum shows the
lowest SMSR. The highest SMSR is about 45dB for the wavelength of 1542nm.

SMSR (dB

1540 ‘ 1580
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Figure 7.14. SMSR plotted versus peak wavelength for the laser with slot period of 57pum for the front
mirror and 62pum for the back mirror.
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The output power plotted versus peak wavelength is plotted in figure 7.15 below. The
modes on the red side of the spectrum exhibit the highest output power, which does not

correspond with the highest values of SMSR.
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Figure 7.15. Output power plotted versus peak wavelength for the laser with slot period of 57um for the
front mirror and 62pum for the back mirror.
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Nine slots front mirror with the slot period of S2um, nine slots back
mirror with the slot period of 57 pm

The laser presented in this section is the shortest laser in the current design. The slot
period is 5S2um for the front mirror and 57um for the back mirror, which leads to FSRs of
6.6nm and 6.02nm, respectively. The mirror lengths are 468nm and 513 nm for the front
and back mirror, respectively and the mirror length are comparable with an SG-DBR laser
mirror lengths. The current injected into the SOA section was set to 30mA. The currents
injected into the two mirror section were scanned between 300 and OmA with the step of

SmA. From the simulations shown in chapter 4, six super- modes are expected.

The output power, wavelength and SMSR tuning maps are shown in figures 7.16, 7.17,
7.18, respectively.

Figure 7.16. The output power maps versus currents injected into the two mirror sections for the laser with
slot pertod of 52pum for the front mirror and 57um for the back mirror.
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Figure 7.17. The wavelength tuning map versus currents injected into the two mirror sections for the laser
with slot period of 52pum for the front mirror and 57um for the back mirror.

Figure 7.18. SMSR tuning map versus currents injected mto the two mirror sections for the laser with slot
period of 52um for the front mirror and 57pum for the back mirror.
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As was seen In two previous cases, again a significant drop of the power is observed for
relatively high values of the current injected into the front mirror (Figure 7.16). Closer
inspection of the wavelength map shows that again in this particular region there is mode
competition resulting in low SMSR values. The wavelength bands and wavelength islands
are clearly visible on the wavelength map. Looking at the SMSR map in figure 7.18 we
observe that there is only one region with low SMSR values, corresponding to low output
power and the mode competition. Decrease of the SMSR is also observed at the

boundaries of the super-mode hops.

SMSR versus peak wavelength is plotted in figure 7.19 below. Eleven modes are present
over the tuning range of 50nm for the wavelength from 1520nm to 1570nm. All eleven
super-modes shows SMSR greater than 30dB. The modes on the edge of the blue and red

side of the spectrum show lower SMSR.
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Figure 7.19. SMSR versus peak wavelength for the laser with the slot period of 52pm for the front mirror
and 57pm for the back mirror.
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The output power versus peak wavelength is shown in figure 7.20. The power for the
modes on the edge of the spectrum is lower than for the modes in the centre. Lower

output power corresponds to lower SMSR as shown in figure 7.19.
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Figure 7.20. Output power versus peak wavelength for the laser with the slot period of 52um for the front
mirror and 57um for the back mirror.
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Table 7.1. below shows gathered tuning results for all laser from the new run presented in

this chapter.

Slot period

66um/72um

64um/70um

57um/62um

52um/57um

FSR

5.2nm/4.76nm

5.36nm/4.9nm

6.02nm/5.5nm

6.6nm/6.02nm

Tuning range

48nm

48nm

55nm

50nm

Number of
super- modes

11

10

14

11

| Number of

| super- modes
- with SMSR >

' 30dB

10

10

13

11

Table 7.1. Tuning results for the tunable lasers from the new fabrication run.
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Linewidth measurements of the laser with the slot period of S2um for
the front mirror and S7pm for the back mirror.

The delayed self- heterodyne technique [3] was used to measure the linewidth. The
experimental set-up is the same as described and shown in Figure 6.16 in Chapter 6. A
Voigt function, which is a convolution of Lorentzian and Gaussian profiles, was used to
fit the spectrum. The Lorentzian profile is a contribution of frequency noise spectra for
spontaneous emission while the Gaussian profile is a contribution due to the technical
noise such as temperature fluctuation, mechanical vibrations or injected current noise [4].
Due to measuring a bare device for high currents there is more temperature fluctuations
and therefore the Gaussian contribution dominates, especially for the wavelengths on the
red side of the spectrum as we shall see in figure 7.22 below. Also in this case a higher
current injected into the SOA and gain sections were needed to drive the laser therefore
more temperature and noise fluctuations were involved during this set of measurements.
Again found in Chapter 5, the laser was biased with four independent current sources and
it was not possible to replace them with low noise current sources therefore the values
determined here are larger as seen by the difference in the Voigt and the Gaussian
linewidths.

Figure 7.21. below shows an example of the spectrum of the tunable laser with the slot

period of 52um/57um for a wavelength of 1525 nm with the linewidth of 4.95 MHz.
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Figure 7.21. Example of a spectrum of the tunable laser for a wavelength of 1525 nm for the laser with slot
period of 52pum/57pm.

Figure 7.22 below shows the linewidth versus peak wavelength for the laser with slot
period of 52pum/57um. It can be seen that for wavelength of 1562.04nm and 1568.4 nm
there is a big difference between the intrinsic linewidth and FWHM. The intrinsic values
of the linewidth are about 3MHz while the FWHM 1s about 17MHz. This suggests that
Gaussian profile due to the technical noise is dominating for these particular wavelengths.

For other points, the linewidth is increasing with increasing wavelength.

s |ntrinsic linewidth
e FWHM

T T T T T T T T z T %

18 ° g

16

T
T (I

14 ¢ .

T

02

T
r—

10

T
1

Linewidth (MHz)
r
-

4

| (T |
| ]
1

2

1 " 1 A 1 il 1 i 1

1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 7.22. Linewidth versus wavelength for the laser with slot period of 52pum for the front mirror and

57um for the back mirror.
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Conclusion

The tunable lasers presented in this chapter were fabricated in May 2014. All devices
shown here exhibit wide tuning range of about 50nm with good SMSR >30dB for all
super-modes. Comparing with the lasers from Chapter 6, the spectrum for the new laser is
blue shifted. It is now possible to access the wavelength of 1520nm. The tuning range for
the new lasers is slightly shorter than for the laser from the first fabrication run. The
widest tuning range for the lasers from Chapter 6 was 55nm for the device with the slot
period of 70um/76um. For the lasers from the second run the widest tuning range is 50nm
for the laser with the slot period of 57um/62um and 52um/57um. Lasers from both runs
show similar trends in the tuning maps: characteristic symmetry lines and tuning islands
going from big toward small as the currents injected into the both mirror section is
increasing. Also the lasers from the second fabrication run have good SMSR values
bigger than 30 dB for all super- modes. The SMSR maps for all lasers from the new run
show a similar trend. The best wavelength and SMSR maps are from a device with the
shortest slot period of 57/62um. The linewidth of the shortest laser with the slot period of
52um for the front mirror and 57um for the back mirror was also measured. For two
wavelength of 1562.04 nm and 1568.4 nm the intrinsic linewidth i1s low about 3MHz
while FWHM have values about 17MHz. The Gaussian profile due to the technical noise

dominates in these two cases.
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Chapter 8. Conclusion and
future work.

There is no doubt that semiconductor tunable lasers can offer a good number of key
features in optical communications and have many applications there. In the work
presented in this thesis, a new approach to semiconductor tunable lasers has been shown
as an alternative to complex laser structures that exist in optical communication market.

In chapter 4, a design and fabrication process of slotted tunable laser have been presented.
Using the Scattering matrix method (SMM), the laser parameters such as slot depth, slot
number, slot width were optimized. Also different slot periods were chosen to get a
various number of lasers and see how tuning parameters such as tuning range, number of
super- modes, free spectral range (FSR), SMSR are influenced by this parameter. The
optimized slot parameters were then incorporated into the MatLab program to simulate
the wavelength and SMSR maps of the lasers. For the simulation a simple model of
tunable laser was used to give an idea how the tuning of the laser will be changing
depending on different slot period. The next step was to show how using CleWin 4
software, the tunable lasers mask can be prepared. On the laser mask three types of
slotted lasers were designed: five section laser, six section laser and nine section lasers.
Each laser bar consist of eleven lasers with different slot periods plus usually two or three
repeats. The final step was to show step by step the fabrication process of the slotted
tunable lasers.

In chapter 5 the laser from the first fabrication run were characterized. The wavelength
and SMSR tuning maps for different types slotted lasers were presented there. Also the
performance of a five section laser with nine slots on the front mirror and five slots on the
back mirror was shown in this chapter. The phase tuning of the six section laser was also
investigated. The nine section laser with an isolation contact was also characterized

showing that its tuning maps are similar to the tuning maps of an SG-SBR laser. The laser
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with the slot period of 70um on the front mirror and 76pum on the back mirror was shown
to be the best laser from the first fabrication run taking into account its tuning range,
SMSR and number of super- modes.

In chapter 6 a further characterization of the tunable lasers was introduced by determining
the continuous tuning of five contact laser with nine slots etched on both mirrors and with
nine slots in the front mirror and five slots in the back mirror. A continuous tuning was
also investigated for the nine contact laser. For the laser with nine slots in both mirrors
the continuous tuning range is about 0.6 nm (~75GHz) and for the laser with nine/five
slots is 0.3nm (~37.5GHz). The laser with nine contacts shows the continuous tuning of
0.2nm (25GHz). For the temperature tuning, the super- modes were shifted of about 0.5
nm for all eleven channels while changing the temperature from 15°C to 40°. Finally the
linewidth of the laser with the slot period of 97um/108um and 70pum and 76pum was
measured using self- heterodyne method. Both lasers have the linewidth in the range of
MHz.

In chapter 7 a characterisation of the slotted laser from the second fabrication run was
presented. The lasers shown in this chapter have short slot periods. The wavelength and
SMSR maps and the linewidth measurements for the laser with the shortest slot period of
52um/57um were presented there. The lasers from the second fabrication run show very
good performance and the best laser was shown to be the one with the slot period of
57um/62pum. It has the widest tuning range and the biggest number of super- modes.

All the lasers presented in this thesis are integrated with semiconductor optical amplifier
(SOA). The experimental results suggest that the slotted tunable laser can be used in
optical communication systems. The big advantage of those lasers is that they can be
integrated with other optical components and also they are easy to fabricate as was shown
in chapter 4. All lasers exhibit a wide tuning range ~50nm and more with good SMSR >
30dB for almost all super- modes. The SMSR and output power can be easily boosted by
increasing the current injected into the gain sections as was shown in chapter 5.

The future design could focus on decreasing the slot number on the mirrors which would
decrease the laser length. Also a program for the simulated tuning maps could be further
improved by incorporating the gain along the whole laser cavity and by incorporating the
temperature effects. Having the gain included for whole laser cavity would allow to
obtain more accurate tuning maps and use bigger current range during the simulations.
Including the temperature effects would allow us to investigate more how the change of
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the temperature of heat sink would affect the overall tuning performance of the laser such
as tuning range, number of super- modes and SMSR. Also a study of how the slot period
affects the laser linewidth and what is the best period to obtain the narrowest linewidth
could be considered. A future design could also include three different slot depths in the
laser mirrors to further improve a laser performance.

The laser should also be properly packaged which is essential for any possible
commercial development. The packaging of the devices will allow to further improve
their performance as then the laser will be isolated from the environment. Studies using

these lasers at system level in optical networks are planned.
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