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Transverse mode control of a vertical-cavity surface-emitting laser (VCSEL) is
achieved by spatially filtered optical feedback. The spatial filter consisted of a pinhole,
either 42 pum or 81 pum, in the 5.8x magnified VCSEL image plane of a confocal lens
arrangement. The pinhole was translated to map out the voltage drop across the VCSEL
from spatially-selective feedback. For low injection currents, spatially filtered feedback
enabled single fundamental mode operation due to higher-order mode suppression by
appropriately locating the pinhole. For higher injection currents with five laser modes,
spatial selection of feedback enabled control of the relative mode intensities and
wavelengths. The maximum increase in mode intensity achieved was 1.8x for the 42 um
pinhole and 2.4> for the 81 um pinhole. The maximum frequency shift achieved
was -2.7 GHz and -7.1 GHz with the 42 pm and the 81 pm pinholes. The spatially-
selective optical feedback produced long-lived changes to the VCSEL even after the
feedback was blocked — results for two separate trials where the recovery time was 38

minutes are prescnted (although results varied for different bias and feedback conditions).
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Semiconductor lasers, developed in the 1960s, have found vast commercial applications
in CD and DVD players, telecommunications, optical storage and medical application.
With the advent of commercial optical fiber, such laser diode radiation properties, such as
brightness, directivity, narrow spectral width, and coherence made them the best light
sources for optical telecommunications. They are unique when compared to other types
of lasers, such as gas lasers, and pump solid-state lasers. They are small, they operate
with relatively low input power, and they are very efficient and inexpensive.

They also require the merging of two different materials and the laser action occurs in
the interface between those two materials. One of the materials has an excess of
electrons (n-type) and the other material (p-type) has a deficit of electrons, or, in another
words, an excess of holes (missing electrons). When a forward bias current is placed
across this junction, electrons are forced into junction from the n-type material and holes
are forced into the junction from the p-type material. These electrons with a negative
charge and the holes with a positive charge are attracted to each other, and when they
“collide” they neutralize each other and in the process emit recombination radiation. The
electrons in the n-type material exist (at normal operating temperatures) at a higher
energy (conduction band) than the holes (valence band). This energy difference is
designated as the bandgap of the material: the amount of energy per photon that is
released when the recombination radiative process occurs.  Different material
combinations have different bandgaps and thus emit different wavelengths of light [1].

Two types of semiconductor laser devices are edge-emitting lasers and surface-emitting
lasers. Edge-emitting lasers have the laser beam parallel to the surface of the junction

region. Typically the mirrors are produced by using the cleaved surfaces at the ends of



the laser crystal. The surface-emitting lasers have the laser beam emitting in a direction
perpendicular to the junction region with multilayer Bragg reflecting mirrors incorporated
into the crystal. Each of these laser types will be described later in Chapter 2.

Vertical-cavity surface-emitting lasers (VCSELs) are among the latest developments in
the technology of light sources. GaAs-based VCSELs operate mainly in the infrared
portions (850 nm) of the spectrum. They have been the dominant technology for optical
transmitters to achieve high performance for short-range data links and optical network
switches due to low cost, ease of fiber coupling, and straightforward fabrication of large
multi-element 2D arrays [1]. Having a size much smaller than conventional lasers,
VCSELSs have many advantages over the edge-emitting lasers, i.e. they are inexpensive to
produce, emit a circular beam, operate in single mode with a low threshold current, have
high output power and produce high modulation rates.

External cavity laser diodes are used to improve the spectral properties, i.e., to reduce
the linewidth or to tune the wavelength and frequency of the lasers. Figure 1 shows a
model of a laser diode with an external cavity. The external reflector can be a mirror or a

wavelength-selective grating.

Lexl

Facet \ T
mirrors ! Collimating
/ \ ! Lens

External
Reflector

T

Y ~"
Laser Cavity External Cavity

Figure 1 A model of a laser diode with an external cavity. Ry, R;and R; are the power
reflectivities of the mirrors and L., is the length of external cavity.



3

VCSEL applications based on the external cavity setup have been proposed and used in
diverse applications such as optical communications, optical spectroscopy, optical

information processing and optical sensors.

1.2 MOTIVATION

The motivation of the research undertaken here is initiated by an interest in the transverse
mode control of VCSELs. Understanding that spatial and spectral properties of the
multimode VCSELs, where interplay between the spatial distribution of the carriers and
the optical field affects the transverse mode properties of the VCSELSs, there exists an
opportunity to change the mode properties of a multimode VCSEL by exciting the

carriers distribution on part of its local gain region only with optical feedback light.

1.3 RESEARCH OBJECTIVES

The objectives of this study are as follows:

1) To design and analyse an external feedback optical scheme by means of a
spatial filter pinhole to a multimode VCSEL for controlling its transverse

modes.

i) To investigate the design parameters of spatially filtered feedback system,
such as the external cavity length, VCSEL’s injection current, external mirror
alignment, size and location of a spatial filter pinhole in the laser cavity to
spatially control the feedback strength in terms of varying the intensity

(amplitude) and frequency of the modes.

ii1) To study the performance of the system and propose the applications for this

design.



1.4 THESIS OUTLINE

The most important goal of the research in this thesis is to develop a scheme to control
the transverse modes of VCSELs for frequency tuning applications such as the tuning of
high-frequency mode-beating sources and may also enable transverse mode-locking
application.

In Chapter 2, the theory related to semiconductor lasers is reviewed. First, the basics of
semiconductor laser diodes are reviewed before going deeper into the semiconductor
laser rate equations, linewidth enhancement factor, and noise. Secondly, the type of
VCSEL used in this thesis is introduced and distinguished from its counterparts, the
edge-emitting lasers. The characteristics of VCSELs in terms of its transverse modes,
polarization properties and performance issues are also briefly discussed.

In Chapter 3, the literature review on the effects of external optical feedback on lasers
is presented. The drawbacks and benefits of external optical feedback on lasers are
explained. Previous designs of external optical feedback to control the characteristics of
VCSELs as well as the applications of such designs are discussed.

In Chapter 4, a detailed description of the methodology and the equipment used in the
experimental setup are given and discussed. The design parameters such as the injection
current, pinhole size and the external cavity length are varied in order to investigate the
effects of these parameters on the performance and characteristics of the VCSEL under
the light feedback condition.

In Chapter 5, the voltage change from spatially selective feedback is mapped out over
the image plane of the VCSEL for low and high injection currents are shown in the first
section. Next, higher-order mode suppression is demonstrated for low currents and
selective mode intensity control is shown for high currents. The frequency shift of
different modes by spatial feedback selection is presented. Mode control by changing the
alignment of the mirror is shown. Finally, the recovery time of the VCSEL after spatially
selective feedback is also discussed in this Chapter.

Chapter 6 draws the conclusion and future work of this study.



CHAPTER 2

SEMICONDUCTOR LASER THEORY

In this chapter, a brief introduction on the properties of semiconductor materials,
energy band, p-n junction and the Fermi distribution is given before going into how
semiconductor lasers work. Next, the important parameters and rate equations that
describe the characteristics of semiconductor lasers will be presented.  Then,
vertical-cavity surface-emitting lasers (VCSELs) will be introduced and the difference
between VCSELs and edge-emitting lasers will be discussed. Finally, the discussion on
VCSEL characteristics in terms of its polarization properties, transverse modes, mode

patterns and its performance issues will be given.

2.1 OPTICAL EMISSION FROM SEMICONDUCTORS

To gain an understanding of the light-generating mechanicsms within the semiconductor
lasers, it is necessary to consider both the fundamental atomic concepts and the device
structure. The review of the light-emitting mechanicsm in optical sources, the properties
of semiconductor materials and energy band, especially with regard to the p-n junction

will be presented.

2.1.1 Absorption and emission of radiation

Figure 2 illustrates a two energy state, £, and E,, where an atom is initially in the lower
energy state £,. These discrete energy states for the atom may be considered to
correspond to electrons occurring in particular energy levels relative to the nucleus.
When a photon with energy (E; - E;) is incident on the atom it may be excited into the
higher energy state [, through absorption of the photon. This process is sometimes

referred to as stimulated absorption. Alternatively, when the atom is initially in the
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higher energy state £, it can make a transition to the lower energy state £, providing the
emission of a photon at a frequency (f) corresponding to E= E, - E, = hf, where h is the
Planck constant. This emission process can occur in two ways, i.e., by spontaneous

emission and stimulated emission as illustrated in Figure 2(b) and (c) respectively.

E; r E; o E; =S
Photon i E E W
> : .: ! E Ve
E, 5 E; & E, s
(a) Stimulated absorption (b) Spontaneous emission (c) Stimulated emission

Figure 2 Energy state diagram showing: (a) absorption, (b) spontaneous emission and
(¢) stimulated emission. The black circle and dot indicate the states of the atom before and
after a transition respectively [2].

The spontaneous emission process, in which the atom returns to the lower energy state
in an entirely random manner, gives incoherent radiation. This similar emission process
in semiconductors provides the basic mechanism for light generation within the light-
emitting diodes (LED).

It is the simulated emission process, however, which gives the laser its special
properties as an optical source. Firstly, when a photon having an energy equal to the
energy difference between the two states (E; — E;) interacts with the atom in the upper
energy state causing it to return to the lower state with the creation of a second photon.
The second photon produced by stimulated emission is generally of an identical energy to
the one which caused it and hence the light associated with them is of the same
frequency. Secondly, the light associated with the stimulating and stimulated photon is in
phase and has the same polarization. Therefore, in contrast to spontaneous emission,
coherent radiation is obtained. To its advantage of the coherent radiation, the released
energy can add to the wave in a constructive manner, providing amplification. In lasers,
this radiation is amplified by mirrors within a resonant cavity. Stimulated emission of

lasers is coherent, intense and has a narrow linewidth.



2.1.2 Semiconductor materials and energy band

Many important properties of semiconductors are described by considering electrons in
the conduction band (CB) and holes in the valence band (VB). In order to promote
electroluminescence, it is necessary to select an appropriate semiconductor material. The
most useful materials (such as, GaAs, GaSb, InAs and InSb) for this purpose are direct
bandgap semiconductors in which electrons and holes on either side of the energy gap
have the same value of crystal momentum and thus direct recombination is possible.
This process is illustrated in Figure 3(a) with an energy-wavevector (E-k) diagram for a
direct bandgap semiconductor. The upper and lower E-k curves correspond to the states
in the CB and VB. Note that crystal momentum is related to the wavevector k for an
electron in a crystal by p = hk, where % is the reduced Planck constant [2]. Hence when
electron-hole recombination occurs the momentum of the electron remains virtually

constant and the energy released, which corresponds to the bandgap energy E,.

> ‘r
> . .
o Conduction band 5 Conduction band
4 )
£
* [
S c Phonon
= 2
5 E.____X Electron © | = S [C =< -
o 2
| T E
/Z/(/—P Photon
Hole: = | . = aR--seorscs=sess
Valence  Momentum or Valence  Momentum or
wavenumber k wavenumber k
(a) (b)

Figure 3 Energy-wavevector diagrams showing the types of transition: (a) direct bandgap

semiconductor and (b) indirect bandgap semiconductor. [4]



8

The electron-hole recombination could be either radiative or non-radiative.
Non-radiative recombination may be caused by recombination at traps or defects, surface
recombination, or Auger recombination [3]. In non-radiative recombination the energy
released is dissipated in the form of lattice vibrations and thus heat. However, in
band-to-band radiative recombination the energy is released with the creation of a photon
with a frequency where the energy is approximately equal to the bandgap energy E,, and
therefore, E, = hv = hc/\, where c is the velocity of light and A is the optical wavelength.

In the indirect bandgap semiconductors (such as Si and Ge), however, the maximum
and minimum energies occur at different values of crystal momentum (displaced on the
k-axis). For electron-hole recombination to take place, it is essential that the electron
losses momentum such that it has a value of momentum corresponding to the maximum
energy of the valence band. As illustrated in Figure 3(b), the recombination process in
these elemental semiconductors (Si and Ge) occurs via a recombination center at an
energy level £, within the bandgap. These recombination centers may be crystal defects
or impurities. The electron first captured by the defect at E,. The change in the energy
and momentum of the electron by this capture process is transferred to the lattice
vibrations, i.e., to phonons. The captured electron at E, can quickly fall down into an
empty state at the top of the VB and thereby recombine with hole. The conservation of
momentum requires the emission or absorption of a third particle, a photon. This
three-particle recombination process is relatively slower and less likely than the
two-particle process produced by direct bandgap semiconductors. In some indirect
bandgap semiconductors, such as GaP, however, the recombination of the electron with a

hole at certain recombination centers results in photon emission as shown in Figure 3(b).

2.1.3 The Fermi-Dirac distribution

For a semiconductor in thermal equilibrium the energy level occupation is described by
the Fermi-Dirac distribution function. Consequently, the probability P(E) that an
electron gains sufficient thermal energy at an absolute temperature 7 such that it will be
found occupying a particular energy level E, is given by the Fermi-Dirac distribution [5]

1
l+exp(E—E, )/k,T

P(E) (2.1)



where, kg is Boltzmann’s constant and Er is known as the Fermi energy or Fermi level.

The Fermi level is a mathematical indication of the probability distribution of carriers
within the material and is the energy level between E. and E, for which the probability of
a state being occupied by an electron is 1/2.

The most useful definition of Ef is in terms of a change in Er. If V is the potential
difference between two points, then

AE, =eV (2.2)

where ¢ is the electronic charge (=1.60218 x 107" Coulomb).

For a semiconductor system in thermal equilibrium, and with no applied voltage,

AE, =0 and Er must be uniform across the system as shown in Figure 4(a). Quasi-fermi

levels are energy levels used to specify the carrier concentration inside a semiconductor
under non-equilibrium conditions. For example, when the semiconductor is forward
biased, the equilibrium conditions are being disturbed and two energy levels are used, £,
(the quasi-level for electrons) and Ef, (the quasi-level for holes), which are by definition
related to the non-equilibrium carrier concentrations in the same way Ep is related to the

equilibrium carrier concentrations.

2.2 PRINCIPLE OF THE LASER DIODE

The laser is a device that amplifies, or generates, light by means of the stimulated
emission of radiation. For a semiconductor to function like a laser, three main conditions
should be met, that is, population inversion, stimulated emission and positive feedback.

Consider a heavily doped direct bandgap semiconductor p-n junction whose Fermi
level Ep, in the n-side is in the CB and that Ep, in the p-side is in the VB as shown in
Figure 4.

Without applied voltage, the Fermi level is continuous across the diode, £ rp = Ers. The
depletion region in such a p-n junction is very narrow. There is a built-in voltage V, that
gives rise to a potential energy barrier eV, that prevents electrons in the CB of n-side
diffusing into the CB of the p-side. There is a similar barrier stopping hole diffusion from

p-side to n-side.
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Figure 4 The p-n junction: (a) with no applied voltage; (b) with strong forward bias. [4]

When a voltage is applied to a p-n junction device, the change in the Fermi level from
end-to-end is the electrical work done by the applied voltage as expressed in
Equation (2.2). Suppose that this heavily doped p-n junction is forward biased by a
voltage V greater than the bandgap voltage; eV > E; as shown in Figure 4(b). The
separation between Ep, and Ep, is now the applied potential energy or eV. The applied
voltage diminishes the built-in potential barrier to almost zero which means that electrons
flow into the inversion region and flow over to the p-side to constitute the diode current.
There is a similar reduction in the potential barrier for holes from p to n-side. The final
result is that electrons from n-side and holes from p-side flow into the inversion region or
the active region. In other words, there is a population inversion between energies near
E. and those near E, around the junction and the condition for inversion in a

semiconductor laser is given by £, —E, =eV > E, .

2.2.1 Population inversion and stimulated emission

At the basis of the lasing process stands the phenomenon of spontaneous emission, which
initializes the stimulated emission of radiation from the population inversion.
When population inversion just starts, we say the diode is at transparency. In the case

of diode lasers, the population inversion is achieved by a sufficient number of



11

electron-hole pairs supplied by an electrically pumped current through the doped
sandwich layers. The population inversion layer along the p-n junction is called the active
region. An incoming photon with energy of (E. — E,) can stimulate an electron to fall
down from £, to E,. Population inversion is necessary because the greater the number of
excited electrons, the greater the number of stimulated photons that can be radiated. The
region where there is population inversion and hence more stimulated emission than
absorption, has an optical gain because an incoming photon is more likely to cause
stimulated emission than being absorbed. The optical gain depends on (Ef, - Ef,) which
depends on the applied voltage and hence on the diode current.

To achieve lasing action, sufficient population inversion must be present to overcome
all the losses in the cavity. Two main loss mechanisms are: First, many photons are
absorbed within the semiconductor material before they can escape to create radiation.
Secondly, mirrors do not reflect 100% of the incident photons. In other words, the loss
stems mainly from the absorption and transmission of the stimulated photons and to make
a laser diode generate light, gain must exceed loss. Loss is a constant for a given diode as
shown in Figure 5, but gain can be changed. Increasing gain is done by increasing the
forward current. Eventually gain becomes equal to loss, a situation called threshold
condition and the corresponding forward current is called threshold current, Iy,. At this
threshold condition, a semiconductor diode starts to act like a laser as shown in Figure 5

and Figure 9.

- Gain < Loss = 1 Gain = Loss
‘© — (Threshold condition)
o o
Loss Loss
Gain Gain
Frequency, w Frequenc'y, w
LED action .. Laser action

Figure S Gain and loss profiles in semiconductor lasers.
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'

When the current exceeds the threshold current, the excess carriers brought in by the
current recombine by stimulated emission increasing the intensity of the laser output
light. In other words, the gain and carrier density in the cavity at threshold are clamped
and further increase in carrier input goes over to the laser output by stimulated
recombination. Additional explanation will be given in the next Section on laser rate

equations.

2.2.2 Positive feedback

In addition to population inversion, we also need to have an optical cavity to implement a
laser oscillation, that is, to build up the intensity of stimulated emission by means of an
optical resonator. This would provide a continuous coherent radiation as output from the
device. To achieve this, two mirrors are designed to provide positive optical feedback —
positive because the feedback adds the output (stimulated photons) to the input (external
photons). For example, two photons — one external and one stimulated — are then
reflected back and directed to the active layer again. These two photons now work as
external radiation and stimulate the emission of two other photons. These four photons
are reflected back into the active layer by the mirror and this process continues ad

infinitum. These two mirrors, then, constitute a resonator.

CONTACT

METAL JCURRENT

FACET

Figure 6 Basic structure of an edge-emitting broad area semiconductor laser. [1]
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Figure 6 shows schematically the structure of an edge-emitting laser diode. The ends
of the crystal are cleaved to be flat and optically polished to provide reflection and hence
form an optical cavity. Photons that are reflected from the cleaved surfaces stimulate
more photons of the same frequency and so on. This process builds the intensity of the
radiation in the cavity. Therefore, two mirrors and the active medium between them form
a laser and this simple structure is also known as a Fabry-Perot resonator as illustrated in
Figure 7(a). The wavelength of the radiation that can build up in the cavity is determined
by the length L of the cavity because only multiples of the half-wavelength can exists in

such an optical cavity, as will be explain below.

Mirror Mirror

Light output Active region Light output

f\f\/\f\
AL ASALA

(b)

()

Figure 7 (a) A Fabry-Perot laser diode, (b) Fabry-Perot resonator with arbitrary wave,
and (c) Fabry-Perot resonator with standing wave

As Figure 7(b) shows, an arbitrary wave travels from left-hand mirror to the right-hand
mirror, this wave is reflected at the right mirror with the dashed-line showing the
reflected wave; hence, the wave experiences a 180° phase shift because reflection causes

a phase shift of 180° when the incident wave traveling in the medium of lesser index of



14

refraction (with greater speed) is reflected off a medium of higher index of refraction [6].
Since there is a break in its travel path, the resonator does not support this wavelength. In
the next diagram, Figure 7(c), after the wave experiences 180° phase shift and it
continues to propagate. Thus, the second wave yields a stable pattern called a standing
wave.

A resonator can support only a wave with a certain wavelength, the wave that forms a
standing-wave pattern as illustrated in Figure 7(b). This physical requirement can be
written as [1]

2L{A=N (2.3)
where L is the distance between mirrors and N is an integer.

What is important to discern here is that this resonator may support many wavelengths
that satisty Equation (2.3):2L/N, 2L/(N+1), 2L/(N+2), 2L/(N +3), and so forth.
Wavelengths selected by a resonator are called longitudinal modes. These modes are
composed of an EM field whose electric-field (E) and magnetic-field (H) vectors are
perpendicular to the direction of propagation — the centerline of a resonator. They are
distinguished only by their frequency or by the integer N mentioned above. When the
length of a resonator increases or decreases, the laser switches from one longitudinal
mode to another. This is called mode hop.

Although the resonator can support an infinite number of waves whose wavelengths
satisfy Equation (2.3), the active medium provides gain within only a small range of
wavelengths. Therefore, only several resonant wavelengths that fall within the gain curve
might be radiated as illustrated in Figure 8.

Eventually, only those resonant wavelengths that are within the gain-over-loss curve

will actually be radiated. Waves with4,,4,,,, 4,,, and 4,,, might be radiated, but
only waves with 4,, 4,,,and 4,,, will be actual laser output. The depicted shaded

modes, 4,.;, are not generated. The spacing between two adjacent longitudinal modes

can also be obtained as follows:

Ay =y, =2LIN? = 22/2L (2.4)
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Figure 8 (a) Gain-loss curve and possible longitudinal modes; (b) actual multimode
radiation

The coherence length of a laser is distance from a coherent source to a point at which
the electromagnetic wave can maintain its coherency, i.e., the standing wave pattern.
This means that for any temporal separation, all points within the coherence length of the
laser are predictable in terms of their phase. In practice, the coherent wave can exist only

over a finite time duration At that correspond to a coherence length expressed as [2]

! =cAt=— 2.5)
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2.2.3 Lasing effect and input-output characteristics

A Thermal
rollover

Light output power, P (mW)

Spontaneous
emission

I
1

>

: Itn Forward current, I (mA)

e B LED action—>:<—- Laser action
! 1

Figure 9 P-I diagram of a semiconductor laser showing three different regions:
spontaneous emission, lasing and damped by heating (rollover)

Figure 9 demonstrates the graph of output light power (P) versus input forward current
(1), P-I characteristics and is sometimes also referred to as an “L-/ graph”, where “L”
stands for “luminescence”. When a small current is applied, a number of electrons are
excited and the diode radiates like a light-emitting diode (LED).

When the current density becomes sufficient enough to create population inversion and
the threshold condition is reached (where gain equals loss), the diode starts to work like a
laser. After the threshold current, /;, has been exceeded, increasing output power
requires much less current to flow than before it was passed. In other words, the
slope, AP/AI, becomes much steeper than that for an LED.  The slope, AP/Alin
watts/amp above threshold, can be used to calculate the differential quantum

efficiency,n,, which is defined as the number of photons out per electron in from a

measured P-/ characteristic.
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The differential quantum efticiency equation is given by [7]

dP,
7, =(£) D (2.6)

hv ) dl
where, [ dP,/dI ] can be found by measuring the slope and then multiplying this number

by [e/hv] in Coulombs/Joule.

Continual increase in the current will cause ‘rollover’ behaviour due to current heating
in the cavity which exists from the current leakage paths that “turn-on™ at higher current.
The excessive heating of the gain materials will lead to laser performance degradation.
Further discussion on the temperature dependence of laser diodes will be presented in

Section 2.4.4.

2.2.4 Derivative analysis

The voltage vs. current (V-/) curve shows the voltage drop across the laser and is often
used in derivative characterization techniques that is acquired during electrical
characterization of the laser diode. In addition to the V-/ curve, it is common to plot the
1dV/dI vs. I curve (expressed in volts) and this derivative curve is a very important tool
for diode laser manufacturer. Analysis of / dV/dI data allows equivalent circuit models
for the specific diode laser under test to be created [7, 8]. These models will show series
and shunt, linear and nonlinear, resistive circuit elements. From this data, junction
ideality factor, contact resistance, leakage currents, and threshold can be calculated.

In fact, this method of characterization permits threshold calculation without the
time-consuming (and expensive) inconvenience of having to position the die in front of a
detector (for P-/ curve plotting). Thus, in production applications where a bare laser die
must be characterized before mounting and packaging, the derivative analysis method has
proven to be extremely convenient.

The diode V-1 is described by [7]

I=1, {exp[ ne:”T ]— 1] 2.7)
d"™ B

where I, is the saturation current, e is the electron charge, n, is the diode ideality factor,

kp 1s the Boltzmann’s constant and 7 is the temperature.
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I (dVidI) (V)

Voltage, V' (V)

I Current, 1 (mA)

Figure 10 Plots of terminal voltage, V, and I dV/dI vs. current I for a laser diode. The P-I
curve is overlaid here to show the threshold current.

As illustrated in Figure 10, voltage across the junction clamps at threshold with the
carrier density, a kink in the curve occurs at that point. The equation of total laser diode
current at threshold and further increase in current onwards with consideration that the
terminal voltage of diode is expressed as V' = V; +IR where V; represents the voltage

across an ideal diode and R is the parasitic resistance in series with an ideal diode.

Therefore, by rearranging Equation (2.7) we get:

Pe] expl EF K |
n k,T

IO+1]

o

elR +(ndkBT><ln

V=
e

: - : : dv . : :
Taking derivative of the equation above and solving for " with assumption that 7 is

much greater than /, but below threshold yield
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dv R4 n,k,T

dal o eI+1,)
19 gtk
dl o(1+1,)

k,T
2a%8% for I'n I, while above threshold ¥ is

Below threshold, we obtain / 6511_[[/ =IR+
e

2
4 =0. The

g

constant, so / % =[R. The kink at the threshold current results in this,

nk,T
e

equation / % = IR+ is in slope-intercept form (y = mx + ¢) and the magnitude of

this kink is n,k,T/e as shown in Figure 10. The slope above and below threshold

should be R.

2.3 SEMICONDUCTOR LASER RATE EQUATIONS - A DEEPER LOOK

The dynamics of diode lasers can be adequately described by the complex optical field
and the number of electron-hole pairs in the active layer. The temporal behaviour of the
optical field and the number of electron-hole pairs is governed by a set of coupled rate

equations.

2.3.1 Carrier dynamics

Consider a laser diode under forward bias as in Figure 4(b). The current carries the

electrons into the active region providing the generation term (G, ), and various

gen
radiative and non-radiative recombination process plus carrier leakage (due to thermionic
emission or by lateral diffusion if no lateral confinement exists) providing the
recombination terms (R, ).

Assuming charge neutrality (electron density equals the hole density) in the active

region, we can simplify the dynamics analysis of the electron-hole population by tracking

only the electron density n. In general form, the carrier-density rate equation is [7, 9]



on _
g — Moen T Rr'ec

= D(V‘?n)+i—R(n) (2.8)
ed

where 7 is the carrier-density in the active medium. The first term on the right-hand side
of (2.8) accounts for carrier diffusion (D the diffusion coefficient). The second term
accounts for the rate of carrier generation (J the current density, e the elementary charge,
and d the depth of the active layer) as a result of the pump-current. The last term
accounts for the carrier loss due to electron-hole recombination processes, both radiative
and non-radiative.

Due to the small dimension of the active layer compared to the diffusion length, the
first diffusion term can be neglected and dn/dt¢ can be replaced by dn/dt (n is spatially
independent). The last term can be split into four parts as [9]

R(n)= An+Bn’ +Cn’ + R ,N (2.9)

ph
i S . : o)
where An accounts for non-radiative recombination at defects, Bn accounts for

spontaneous radiative recombination, and Cn'is due to Auger recombination processes.
The last term is due to stimulated recombination that leads to coherent light emission.

N, is the intracavity photon density and R, is the net rate of stimulated emission given

ph
as [9]

R, =(c/pu,)g(n)=v,g(n), (2.10)
with ¢ being the speed of light, g(n) the optical gain, and y, the group index of the
dispersive semiconductor material given by [9]

U, =u+v(ou/ov), (2.11)
where s the refractive index of the active medium and v is the lasing frequency. In
Equation (2.10), v, =c/u, is the group velocity. The carrier lifetime 7, can be given by
[9]

7' = A+ Bn+Cn’. (2.12)



Equation (2.8) can then be rewritten as

dn J n
E=g———vgg(n)Np,,. (2.13)

n

The gain g(n) can be approximated by [9, 10]
9
g(n)za(n—no)=a—i(n—n0), (2.14)

where a =dg/dn is the gain coefficient and #, is the carrier density at transparency. By
introducing the differential gain §=v,a, along with Equation (2.14), Equation (2.13)

becomes

dn J n
'&‘;:Z———f(n_”o)]vph' (2.15)

n

As the current increases and provides more pumping, N, increases (helped by the

ph
optical cavity), and eventually the stimulated term dominates the spontaneous term (as in
Figure 9). The threshold electron concentration 7, and threshold current 7, refers to that
condition when the stimulated emission just overcomes the spontaneous emission and

total loss mechanism. When current exceeds threshold current, the output light power P,

is proportional to N, and the output optical power increases sharply with the current
(Figure 11) so we can just take N, =0 when /= Iy,

Initially, when the current is increased slightly above the threshold current, the carrier
density and gain increase to values above their threshold levels (for on the order of a
nanosecond), and the photon density increases. However, the stimulated recombination
term Ry, also increases, reducing the carrier density and gain until a new steady-state
dynamic balance occurs. In other words, stimulated recombination term in
Equation (2.15) uses up all excess carriers brought in by the pump current. Under steady
state conditions above threshold, the carrier density » in the active region remains at ny,

though the rates of carrier injection and stimulated recombination have increased. Thus,
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after threshold condition, n clamps ( dn/dt = 0) causing the gain to clamp also as shown in

Figure 11.
4 n, P,
A 'y
2
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/
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Figure 11 (a) Gain g vs. carrier density n, and (b) carrier density » and coherent radiation
output P, vs. current 1. [7]

2.3.2 Field dynamics

Starting from the Maxwell wave equation, it can be shown that the electric field in the

cavity for a single mode case satisfies the following equation [9]

i ix
(a)—Q)E+—[I“A,up+—2—Ig ’ (2.16)

dE_im
dt " .
where 7 is the mode index, € is the cavity-resonance frequency, I' is the confinement
factor [1, 9, 10], Au, is the carrier-induced index change, k, = @/c, and @ is the mode-

absorption coefficient given by [9]

@=-Tg+—, (2.17)

with 7, being the photon lifetime given as [9]

1

, 2.18
+ainl) ( )

5 =
v (&

m

where ¢,, is the mirror loss coefficient and ¢, is the internal loss coefficient.
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Expressing £ = Aexp(—i@) in (2.16), we get

Left-hand side= L = dA exp(=ig) =A ¢ explid) + exp(—i ¢)d—A
dt dt dt dt
dexp( ip) do d4
—d¢ ke 4B l¢)
=|-14%2 + M | xoii
—[ iA % + - }exp( i9), (2.19)
Right-hand side
7} g+ (1/
- Hﬁ(w— Q)+ 2 rau }A _ o Te+lvr,) }exp(—iq)) . (2.20)
U, U, U, 2w/ c

Equating the real and imaginary parts of (2.19) and (2.20), we find the amplitude and
phase equations as [9]

a4 |1 1

L v X PY 221
dt {2 Ye8 rj o
9 w-0)-Lray,. (2.22)
dip, g

Another useful form of the field equation is obtained as follows. Assume small

bandwidth, i.e., let @ —Q =0[9].

BAg  cB.Ag

A =— =- : 2.23
Mo ="k, 20 @2)

where the S, parameter is the ratio of the real to imaginary part of the pump-induced

susceptibility [9, 10] and is called the linewidth enhancement factor.

The imaginary part of dE/dt in (2.16) can now be approximated as

im{ 25 |- _ 9L Plg ,B Iv,AgE =—f,| Tv,g —— (2.24)
dt U, 2w

where we have defined G=Tv,g and used AG=Tv,Ag =G - 2’



While the real part of dE/dt in Equation (2.16) can be calculated as
Rel 9E | __ 0 E=lvg Tg - L lg=l rvgg—i . (2.25)
dt 2u,k, 2 v, T, 2 T,

Combining (2.24) and (2.25), we get

dE 1. . 1
—d?_g(lﬂﬁc)[rg(n-no)—z}y, (2.26)

where we have used the fact that v,g =v,a(n—n,)=&(n—ny).

For the case of external optical feedback to a laser, the normalized field dynamics rate
equation based on Lang-Kobayashi [11] becomes

‘;_f = é( 1+iB, )TEAN(t)E(t)+yE(t —t)e ™" | (2.27)

This model is illustrated in Figure 1 whereby the external optical feedback was provided

from an external mirror with power reflectivity R = r5* and is positioned at a distance

Lex = c1/2 from the right facet (R,), where 7 is the round-trip time in the external cavity.
The optical feedback is accounted for by two parameters: the delay time 7, and the

feedback-rate y which is defined for a symmetric cavity and is given by [10]

-7’
y= T’ i’f (2.28)

m

where 7, is the round-trip time of the field in the laser chip, r is the reflectivity of the

diode facet, and rs is the reflectivity of the external mirror.

The first parameter 7 has two roles in the feedback term; (1) in the delayed amplitude
E(t- 1) and (2) the phase factor, exp(-iw, 7), where w, is the angular frequency of the
solitary laser. In Chapter 3, by varying external cavity length and optical feedback level,

the five regimes of qualitatively different behaviour of laser will be discussed.
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2.3.3 Spectral linewidth and linewidth enhancement factor

Here, the two parameters: spectral width and linewidth, of a laser will be distinguished
first. The spectral width (AL) of the radiation from a multimode laser is essentially
determined by its gain curve because this diode radiates many modes (lines) inscribed in
the gain curve as illustrated in Figure 8. The spectral width of such a laser diode is
measured as the full width at half maximum (FWHM) of the pulse power. While, for
single mode laser diodes, the spectral width of light radiated is the linewidth because they
radiate only one mode, or line.

The shape of a radiated line is governed by the Lorentzian function and its FWHM
width is determined by the following equation [3]:

CR,(1+8.7)

Af o (2.29)

rad

where, R, is the rate of spontaneous emission, £, is the linewidth enhancement factor,

and N, is the number of photons radiated inside the laser cavity. N, can be related

to the output power, P, and we can express linewidth in terms of output power P and

other parameters of a laser diode [3]:

Rxp(1+,BCZ)M

Af = (2.30)

where, M =(E va, [87) and E, = h, = hc/A (photon’s energy), while va, is the rate at
which photons escape from a laser resonator. Here, v = c/ 4, 1s the group velocity of
light within the active region, whose refractive index is x,. Transmission loss, @, has

been discussed briefly in Section 2.2.1.
It is customary to measure linewidths of some laser diodes with very narrow linewidths
in Hertz (Hz) rather than in nanometer (nm). The relationship between A1 and Af follows

from the fundamental formula Af = c¢. So we can easily obtain

= [
Af = (A)M (231)

From Equation (2.30), there are three important parameters that determine the

linewidth of a laser diode. First, the linewidth is inversely proportional to output power,
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P, and this equation relationship holds for the low-power devices (up to 10 mW) and

tends to saturate when power increases significantly. Secondly, linewidth is proportional
to the rate of spontaneous emission, R, . Spontaneous transitions occur between different
energy levels and this results in the emission of different wavelengths. This emission
contributes to output-stimulated light and spreads the linewidth.

The third important parameter is the linewidth enhancement factor, ., (or more
commonly denoted by ‘o’ in some texts), which accounts for the coupling inside the laser
cavity of the EM wave amplitude with its phase. Another way to understand the physics

of this phenomena is to examine the following equation rearranged from

Equation (2.23) [3, 12]:
B. = —ZkO(Aﬂ” ) (2.32)

Ag
where k, =2x/A, is the wave number, ‘A, is the wavelength in free-space, Au , =0u/on
is the rate of change of refractive index, x4, as a function of the density of the injected

carriers, n, and Ag is the differential gain. The linewidth enhancement factor varies from

about 1.5 to 10 [12].

The refractive index of an active medium, ¢, is a function of the charge carriers’

density; this derivative changes with differential gain. Equation (2.32) also shows the

linewidth enhancement factor depends on lasing wavelength.

2.3.4 Laser noise

Light radiated by a laser diode fluctuates in its intensity, frequency and phase even when
biasing current is ideally constant. These fluctuations, caused mostly by spontaneous

emission, are random in nature. They are called laser noise.

Phase fluctuations

Also, known as chirp — result in broadening of a linewidth of radiated light. Chirp that
exists in lasers during modulation causes a change in light intensity leading to a change in

frequency of the light. 1In short, chirp is the deviation of laser frequency from its
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radiation-center frequency. The physical mechanism of a chirp is that a change in carrier
population — and hence, gain — causes a change in the refractive index of an active region.
This phase fluctuation during modulation due to the change in the refractive index is
associated with the change in the absorption coefficient and thus, results in spectral

broadening in semiconductor lasers [3].

Intensity fluctuations

The intensity noise of laser diodes is usually measured as relative intensity noise (RIN),
given by [13]:

(7)

RIN(I/Hz) = W

(2.33)

where <PN2> is the average noise power, <P> is the average output power and BW is

the bandwidth. Since measurement of a laser diode’s RIN requires a receiver and a link
between them, BW here is the bandwidth of the receiver and the link.

Two major mechanisms produce RIN in laser diodes. The first, as mentioned above, is
the spontaneous emission that is amplified within laser cavity. The second is back-
reflection, which can occur at any components at a fiber link (connectors, splices, and
even the fiber itself). Light reflected back into a laser diode is amplified by the active
region and is added to the main stream, resulting in intensity fluctuation. Several
research studies on the effect of feedback on the RIN of lasers will be presented in

Section 3.1.2.

2.4 VERTICAL-CAVITY SURFACE-EMITTING LASERS

The first vertical-cavity surface-emitting laser, namely, VCSEL, was invented almost 30
years ago by Soda, Iga and co-workers [14] and was first demonstrated in 1989 [15] in
room-temperature operated at low threshold current owing to the advances in epitaxial

technologies where semiconductor distributed Bragg reflectors (DBRs) with extremely
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high reflectivity could be made. Since then, VCSELSs have been manufactured drastically
and played an important role as transmitter sources in many applications.

VCSELs are essentially made by sandwiching a light emitting layer, (i.e., a thin
semiconductor of enhanced optical gain by quantum wells made within this active region)
between two highly reflective mirrors of distributed Bragg reflectors (DBRs) as
illustrated in Figure 12(a). The Bragg reflectors are made of stacks of layers with
alternate high and low refractive-index material as shown in Figure 12(a). Each of these
layers is A/4 thick and is made from GaAs (n =3.6) and AlAs (n=2.9). These layers
works like highly reflective mirrors. By spacing multiple high-to-low index interfaces a
distance A/2 apart, the reflectivity of each interface adds constructively to produce mirrors
with a maximum reflectance of > 99% [16]. Since the space within a resonator is called
the cavity, the words ‘vertical-cavity’ mean that the structure providing laser feedback is
arranged in the vertical direction. The words ‘surface-emitting’ mean, in this context,
that the laser’s beam is emitted perpendicular to the wafer as shown by the block arrow in
the figure below.

The gain-guiding mechanism can be realized by forming a circular metal contact close
to the active layer. The carrier concentration provided by the injection current defines the
gain region to confine the transverse mode. As shown in Figure 12(b), the implanted
region is defined selectively to control the flow of the injection current into the active
layer. Implantation of ions into the top distributed Bragg reflectors (DBR) mirror can be
used to provide the nonconductive material around the laser cavity. This is done by
bombarding ion species (H', O", N*, F") on the crystal vacancies to create damage for
free carriers’ compensation leading to regions of high resistivity. As a result, the injected
current concentrates into the active medium as depicted by the solid arrow lines in the

laser substrate in Figure 12(b).
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2.4.1 VCSELs versus edge-emitting lasers

A VCSEL is generally smaller than an edge-emitting laser, both in wafer area and in
active region volume, and one can fit many VCSELs on a two-inch wafer. Several

significant advantages of VCSEL diodes over edge-emitting diodes are [18]:

* As the size of the resonant cavity is very small (on the order of 2 um), this results
in huge spacing between two adjacent longitudinal modes as can be calculated
from Equation (2.5). For operating wavelength of a VCSEL, say A = 850 nm and
cavity length, L =2 pm, the longitudinal mode spacing is computed to be
180.625 nm. The spectral width of a gain curve is only a few nanometers;
consequently, not more than one mode can be within the gain curve. Thus, a
VCSEL diode operates in a single longitudinal mode.

* The small size of a VCSEL’s resonant cavity leads to its key advantage: low
power consumption and high-speed modulation with low driving current. The
first advantage results from the high quantum efficiency of the device. High
current density is reached with low current value of the small active area. The
second advantage stems from its high relaxation frequency. The highest
modulation speed reached for GalnAs VCSELs was reported at 25 Gb/s [18].

* VCSEL diodes have very small dimensions: A typical resonant cavity and
diameter of the active region are about 1 to 20 um, and the thickness of the active
layer is about 0.025 um [19]. This allows for manufacturers to fabricate many
diodes on one substrate, thereby making one- and two-dimensional array of laser
diodes, for multi-channel systems.

* A VCSEL diode radiates a circular output beam vertically, parallel to the
epitaxial growth direction in contrast to that radiated by edge-emitting lasers, thus
enables easy and efficient coupling to a fiber. Red arrows in Figure 13 show light
emission from the structure of the lasers.

* The fabrication technology for VCSELs is very similar to that for electronic
chips, a fact that gives them the enormous range of advantages that chips have,

such as low cost and small packaging capability (due to its planar configuration
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that simplifies fabrication process and packaging), on-wafer wavelength control

[20, 21], and wafer level testing for low-cost manufacturing (due to the geometry

of VCSELSs).
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Figure 13 [Illustration for (a) edge-emitting laser and (b) two-dimensional array of vertical-
cavity surface-emitting lasers (VCSELSs)

Although VCSELs have many advantages over the edge-emitting lasers, they have
their disadvantages as well. The performance issues of VCSELs will be discussed in

Section 2.4 .4.

2.4.2 Transverse modes of VCSELs

In the earlier Section 2.2.2, we have discussed the longitudinal modes of a laser diode.
However, the longitudinal modes are not the only patterns of an EM field that a laser
diode can support. EM waves whose E and H vectors are slightly tilted with respect to
the resonator centerline can also exist because not all practical lasers cavities have flat
reflectors at the ends. A better way of visualizing modes is to realize that a mode off-axis
self-replicating rays propagating along different paths within the laser-diode cavity and
form various radiation patterns. These patterns are called transverse modes. Transverse
modes represent amplitude distributions of the EM field that can replicate itself after one
round trip in directions transverse to the propagation of the laser beam within the
resonator. The greater the transverse size, the more of these off-axis modes can exist.
Note that transverse modes can also be described as spatial modes, whereas longitudinal
modes are associated with frequencies.

Transverse modes depend on the optical cavity dimensions, reflector sizes and other

size limiting apertures that may be present in the cavity. The modes either have Cartesian
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(rectangular) or polar (circular) symmetry about the cavity axis. The transverse mode
patterns can be numerically obtained from solving the Fresnel-Kirchhoff integral
equation in the rectangular (x-y) or cylindrical coordinates [2].

For x-y symmetry solutions, the distribution of electric field on the mirrors are

described as the products of Hermite polynomials and the Gaussian distribution function

of [2]:
e el ) 239
w w

where p and g are integers that designate the order of the Hermite polynomials. Thus,

every set of (p, g) represents a specific stable distribution of wave amplitude at one of the

mirrors. For instance,U(x,y)=TEM,,, U, (x,y)=TEM,, and U, (x,y)=TEM,,. It

is also possible to solve the Fresnel-Kirchoff integral equation using cylindrical
coordinates; however they lead to a complex set of Laguerre-Gaussian solutions, which
are not as simply described as the Hermite-Gaussian solutions and thus are not presented
here [2].

As a general rule for all lasers, if there are no radially nonsymmetric losses within the
cavity, the laser beam that develops within the cavity will have circular symmetry and the
evolving modes will have circularly shaped patterns [2]. Generally, most lasers will
develop modes that follow the Hermite-Gaussian pattern due to a slight astigmatism
within the cavity because the symmetry of most optical resonators is restricted by
polarizing elements.

Images of several mode distributions for various types of lasers are shown in the Figure
14 below as they might be observed if a laser beam were projected onto a screen. Figure
14(a) depicts Laguerre-Gaussian modes having circular symmetry; Figure 14(b) shows
Hermite-Gaussian modes with x-y symmetry. These mode patterns occur in the
directions transverse to the direction of travel of the laser beam. The lowest order mode
TEMy has an intensity distribution that is radially symmetric about the cavity axis and
has a Gaussian intensity distribution across the beam cross section everywhere inside and
outside the cavity. All parts of the propagating wavefront of TEMy) mode are in phase

and it also has the lowest divergence angle. This is not so, however, with higher order
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modes (TEM;o, TEM,, etc.) where phase reversals produce the various mode patterns.
Thus greatest degree of coherence, together with the highest level of spectral purity, may
be obtained from a laser which operates in only the TEMy, mode. These properties
render mode TEMy highly desirable and many single-mode laser designs optimize on
TEM while suppressing other modes.

It was proven experimentally that the VCSEL transverse mode behaviour is very
similar to that of edge-emitting lasers and complete families of both Laguerre-Gaussian
and Hermite-Gaussian optical modes have been shown to exist in VCSELs using
spectroscopically and polarization resolved near field emission [22-24]. VCSELs emit
single longitudinal mode, however the modal behaviour depends strongly on the
transverse dimension of the device and on the confinement mechanism. For small
VCSELs with transverse dimension, typically less than 5 pm, only fundamental
transverse mode is supported by the small cavity. In larger VCSELs of transverse
dimension more than 5 pm, single-mode is possible only over a limited range of bias
currents slightly above threshold [19, 22]. With a relatively large cavity diameter,
VCSEL emission consists of a single longitudinal mode, but with possibly multiple
transverse optical modes.

The transverse modes of VCSELs are nearly all TEM modes, because the laser’s
transverse dimension is typically significantly larger than its effective cavity length [22].
The number of transverse modes grows when gain increases. Since the current carrier
distribution determines the gain profile, gain can be increased by increasing forward
current and/or by increasing the dimension of an active layer. Chang-Hasnain et al. [22,
23] have reported a 5 um square-aperture VCSEL emits only the fundamental TEM,
mode, whereas a 15 pm square-aperture VCSEL starts to lase in the fundamental TEMy,
mode and at higher currents, the higher-order modes, TEMy,+ and TEM, successively
appear but only dominates for a small range of drive currents. At even higher current, the
laser emits both TEMyy and TEM;;. On the other hand, a 20 um square-aperture laser
supports transverse modes up to TEM»,. These modes patterns are presented in Figure 15
for comparison with the mode patterns shown in Figure 14 for all types of lasers. Notice
that the VCSEL mode patterns have both Laguerre-Gaussian and Hermite-Gaussian

solutions.
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Figure 15 The CW near-field patterns of a 15 square-aperture VCSEL emitting (a)
fundamental TEM,, at current near threshold, (b) TEM;+, (c) TEM,, at higher current, (d)
both TEMy, and TEM,; at even higher currents. The mode pattern in (d) is spectrally
resolved to show the near-field image in (e), where the TEMy, and TEM;; modes are clearly
separated due to their wavelength differences. [22, 23]
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It is worth mentioning that transverse mode characteristics of VCSELs were also
analyzed by the cylindrical dielectric waveguide theory in [17] because it was justified
that VCSELSs with cylindrical geometry have transverse confinement structures similar to
that of the optical fibre. Linearly-polarized (LP) modes were proposed to replace the
complete set of transverse-modes in a weakly guiding cylindrical waveguide. Here, LP
modes are treated as transverse modes because the longitudinal components of LP modes

are very small. Figure 16 depicts E field distribution of the LPo; and LP;; modes.

" /
~ LPq

Figure 16 Field distribution of the (a) LPy; mode, and (b) LP;; mode (both modes have two
polarization states) [17]
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2.4.3 Polarization properties of VCSELs

It has been shown experimentally that the unintentional anisotropy introduced during the
fabrication of VCSELs causes them to have two orthogonal linearly-polarized (LP) states
in the fundamental transverse mode [23]. As a result, two LP modes with slightly
different wavelengths and consequently with slight different gains are supported by the
VCSEL cavity [25]. Polarization switching occurs between the two orthogonal x- and
»-LP modes as the injection current increases [26]. The switching originated from the
current heating with increasing injection current that redshifts the spectral alignment of

the gain maxima in relation to the cavity resonances for the two polarization [27].

2.4.4 Performance issues of implanted VCSELs

lon-implanted VCSELs have advantages of planar device geometry with enhanced heat
sink and excellent reliability. Their performance drawbacks include a lack of inherent
optical confinement to support lasing modes, which can lead to varying thresholds and
modulation limitations [16, 17].

Although the configuration of the ion-implanted region in Figure 12(a) defines an
electrical current path into the optical cavity (active layer), there are several problems,
i.e., it has no control on the diffusion of carrier concentration along the transverse
direction of the active layer. Implanted VCSELSs require the creation of a ‘thermal lens’
at the centre of the cavity which is thermally induced refractive index gradient that will
support the lasing optical mode. The formation of the ‘thermal lens’ will determine how
various transverse modes arise during VCSEL operation. As discussed in the previous
section, a VCSEL typically exhibit multiple transverse optical modes. Near threshold
current, VCSEL emits the fundamental Gaussian mode initially and followed sequentially
by higher order transverse optical modes with increasing injection current. Even though
thermal lensing tends to promote the fundamental Gaussian mode, higher-order
transverse modes can be excited in the influence of spatial hole burning (SHB) [28-30]
of carrier concentration, which is an undesired characteristic of VCSELs. SHB is excited
by stimulated emission of carrier concentration inside the active layer, and the shape of

SHB follows the profile of the transverse fields. For high power operation, SHB
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depresses the gain in the centre of the device which allows it to rise at the edges, thus
forming the appearance of the higher-order transverse mode LP;, doughnut mode [28].
As a result, the wallplug efficiency (electrical to optical conversion) of VCSELs is
reduced and the corresponding threshold current is increased. The self-focusing [29]
effect narrows the beamwidth of the transverse modes so that the stability operation of
the fundamental mode is further reduced .

Threshold currents of VCSELs under pulsed and continuous-wave (CW) operation can
increase significantly if the carriers are injected into the active region faster than the
formation of the thermal lens due to greater diffraction loss in the cavity [31, 32].
Therefore, the relatively long time required to form a thermal lens (~ 1usec) will cause an
obvious switching turn-on delays of the VCSEL output under pulsed operation.

The other problem is the electrical resistivity of the DBRs, which increases the heat
generation inside the laser cavity. As temperature increases, both the cavity resonance
and laser gain shift to longer wavelengths in consequence of the refractive index and
bandgap temperature dependence. The laser gain spectrum shifts to longer wavelengths
faster than the cavity resonance, leading to spectral misalignment between the cavity
resonance and peak gain resulting in performance degradation of the laser [33].
Threshold current is also a function of laser substrate temperature [34]. Minimum
threshold was found to occur approximately at the temperature where the cavity
resonance overlaps the peak laser gain.

In addition, the spectral misalignment between the cavity resonance and laser gain can
impact other optical properties, include the high power operation [31] and the emission
polarization of the VCSEL [35].  As shown in Figure 9, the ‘rollover’ behaviour of the
VCSEL output occurs due to the increase of cavity temperature and the thermally
induced misalignment of the cavity resonance and laser gain during laser operation. As
discussed in Section 2.4.3, VCSELs exhibit unique polarization properties where its
lasing emission is distributed between two orthogonal transverse electric (TE)
polarization states [23, 35]. The dominant polarization state has been found to vary
depending upon the relative spectral alignment between the polarization cavity resonance
and the laser gain profile induced from wafer non-uniformity [35] or cavity temperature

[34].
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The resulting variation in the thickness of the optical cavity significantly changes the
cavity resonance wavelength. Therefore, usually during the epitaxial growth of VCSEL,
cavity resonance is often intentionally designed to be at a slightly longer wavelength
relative to the peak laser gain at room temperature, so that at higher operating
temperature, i.e., at higher injection currents, the peak laser gain shifts into alignment
with the cavity resonance for optimum VCSEL performance [36].

A recent innovation to improve the electrical and optical confinement was achieved in
oxide-confined VCSELSs which incorporated buried oxide apertures [18]. With the buried
selectively oxidized design, the DBR mirrors can be fully make use of by utilizing the
entire top mirror to conduct current into the active region. This will avoid the current
crowding effects from the ion-implantation damage in implanted VCSELs. Also,
positioning the current apertures immediately adjacent to the optical cavity minimizes
lateral current spreading outside of the laser cavity, which is prevalent among implanted
VCSELs. With improved electrical confinement, oxide-confined VCSELs produce
reduced threshold voltage and reduced threshold current as compared with implanted
VCSELs [37]. Moreover, the stronger index-guiding in oxide-confined VCSELs
contributes to the reduced threshold because of the reduced diffraction loss since
formation of a thermal lens is not required. Consequently, the reduced threshold current
and voltage reduces parasitic current heating [32]. The strong optical confinement of
oxide-confined VCSEL influences the optical characteristics such as transverse modes
and output beam stability. As reported in [32], during single-mode operation, the oxide-
confined VCSEL maintains a constant pointing direction and beam divergence, which
only increases slightly during multimode operation. On the other hand, implanted

VCSEL’s beam divergence and pointing direction varies with increasing current.
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2.5 SUMMARY

The principle of operation and the important parameters of a semiconductor laser were
presented in the earlier section of this Chapter. A semiconductor laser is essentially a
resonant cavity consisting of two mirrors with a photon-generating active material
between. The material has a thin layer of the so-called active region sandwiched between
a p-typed layer and an n-typed layer on top and bottom. When the p-n junction is
forward biased, electron-hole pairs are injected into the active layer where they
recombine to produce light. Cleaved facets at the two sides of the p-n junctions act as
partially reflecting mirrors; thereby forms an optical cavity.

Since this thesis work was done using a vertical-cavity surface-emitting laser, a
comprehensive theory on the differences between VCSELs and conventional edge-
emitting lasers, the VCSEL’s important characteristics such as its transverse mode
patterns, polarization properties and its performance issues was given.

In the next chapter, the background review as well as the previous works on the effects
of external optical feedback to semiconductor lasers and in particular, feedback effects on

VCSELs, will be presented and discussed.



CHAPTER 3

LITERATURE REVIEW: EXTERNAL OPTICAL
FEEDBACK ON SEMICONDUCTOR LASERS

In this chapter, the effects and benefits of external optical feedback on lasers will be
described. The various applications that utilize the feedback control of VCSEL
characteristics will be presented. In this work, we are concerned with the transverse
mode control of VCSELs through external optical feedback. Therefore, the background
review on the previous works related to transverse mode control of VCSELs will be

discussed.

3.1 EFFECTS OF OPTICAL FEEDBACK ON LASERS

The eftects of external optical feedback on semiconductor lasers have been studied in
detail both theoretically and experimentally since the early 1980s [11, 38-42]. Back-
reflection to lasers is common in fibre-to-laser coupling [43-45] and from external optical
components [46]. External feedback to lasers is known to change their behaviour.
Depending upon the strength, polarization, delay time and phase, feedback can cause
altered characteristics, such as, linewidth change [39, 44, 45, 47-52], intensity noise [53-
56], polarization switching [57, 58], polarization mode-hopping [59], and power
instabilities [60-62].

3.1.1 Linewidth change

When feedback is provided to a semiconductor laser, a change in the laser’s linewidth,
either narrowing or broadening, depending on the strength and phase of the feedback

were reported. It has been realized that with small amounts of feedback and proper phase
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matching, significant linewidth reduction can be achieved [63]. When feedback strength
is increase further, the linewidth broadens until a certain point, coherence collapse
occurs, where the spectral peak unexpectedly broadens dramatically and the coherence
length of the laser emission drops significantly. When feedback is provided to a
semiconductor laser, a change in the laser’s linewidth, either narrowing or broadéning,
depending on the strength and phase of the feedback were reported. It has been realized
that with small amounts of feedback and proper phase matching, significant linewidth
reduction can be achieved [63].

When feedback strength is increase further, the linewidth broadens until a certain point,
coherence collapse occurs, where the spectral peak unexpectedly broadens dramatically
and the coherence length of the laser emission drops significantly. Coherence collapse
happens because coherence mismatch exists between the feedback light and the output
light when feedback light re-enters the laser’s cavity, due to the longer round-trip time
taken by the feedback light to return to the laser’s cavity. The earlier work [12] has
proven theoretically that at relatively high feedback levels, the noise from increasing
phase fluctuation resulting from diminishing coherence, is more pronounced than the
noise from the quantum fluctuations from spontaneous emission, thus, resulting in
coherence collapse. This phenomenon was observed and reported both in edge-emitting
lasers [47, 64] and VCSELs [50].

Single-mode semiconductor lasers provided with various levels of feedback strength
have been classified into five distinguished regimes of feedback effect [42, 52, 65]. The
five regimes of feedback effects are summarized in the following and illustrated in Figure
17:

= Regime [: With very weak feedback, the linewidth can be narrowed or broadened
depending on the feedback phase.

= Regime II: As feedback is increased at out of phase, mode-hopping occurs due to
splitting of emission mode from substantial linewidth broadening. Further
increase in feedback will lock the laser to a single narrow maximum linewidth
operation.

* Regime IlII: Laser operates on a single narrow maximum linewidth with higher

feedback strength than regime II when mode-hopping is suppressed. Starting
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here, the spectral characteristic of the laser does not depend on the distance of the
reflector.

= Regime IV: This regime represents the ‘coherence collapse’ regime where the
linewidth of the laser shows drastic reduction with a relatively strong optical
feedback. -

= Regime V: Laser operates on a single narrow linewidth for all phases of feedback

at this strong optical feedback regime, also known as the stable operation regime.
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Figure 17 Five regimes of feedback effects, namely, I, II, III, IV and V, experimentally
investigated on a 1.5-um distributed feedback laser with various feedback strength as a
function of external cavity length. Regime I and V denote very low and high feedback,
respectively. [65]
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In the following figure, the feedback power ratio is defined as:

(3.1)

FB=10 log[ reflected power J [dB]

emitted power

where, the reflected power corresponds to the power re-entering the laser.

Although the classification of the feedback regimes was based on the edge-emitting
laser, Chung and Lee [52] have shown that the VCSEL spectral characteristics effects
subjected to optical feedback demonstrated well-defined regimes of feedback as that of
the conventional edge-emitters .

The VCSEL used in this thesis was operating at the border of regimes IV and V, i.e.,
between -3 dB and -11 dB with 81 pm and 42 pm pinholes as the spatial filter in the
laser’s external cavity. The linewidth of the VCSEL was stable and narrow as presented
in Chapter 5 because intentional good coupling to the laser was ensured. There was no
coherence collapse phenomenon observed although the VCSEL was operating at
regime IV. This could be explained by the high feedback levels of -11 dB being right at

the borderline close to the strongest feedback regime V.

3.1.2 Relative intensity noise

Since the relative intensity noise (RIN) and linewidth are strongly related as discussed in
Section 2.3.4, the external feedback to lasers also affects the RIN of lasers. Kallimani ef
al. [54] have shown a thorough study on the effects of various levels of feedback on the
noise characteristics of semiconductor lasers. For weak (regime I) to moderate feedback
levels (regimes III), the RIN is low, whereas in the coherence collapse regime (regime
[V), the RIN increases significantly [54]. Finally, RIN reduces drastically in the strong
feedback regime (regime V) with laser maintaining in the single-mode operation. Ho et
al. [53] had shown comparable trend of RIN when the experiment was performed on a
VCSEL as a function of their optical feedback strength. Later, another work investigated
numerically the RIN characteristics of VCSEL's under feedback conditions with a more
complete model that includes the spatial dependences of both the optical field and the

carrier density [55]. The spatial effects are essential in characterizing a VCSEL,



45

especially for the case of multimode operation where spatial hole burning plays a role in

the intermodal coupling that can influence the laser’s performance.

3.1.3 Polarization switching

Recent research work in lasers, especially VCSELSs, subject to optical feedback has
largely focused on the polarization dynamics of a single-transverse mode [59, 66, 67]. It
was mentioned in the previous Chapter that the free-running VCSELs undergo
polarization switching between two nearly degenerate LP modes when changing the
injection current. In general, polarization switching in VCSELSs happens through a region
of polarization mode-hopping or a region of hysteresis [25]. Here, in the case of optical
feedback, the existence of these modes has a major consequence. Sciamanna et al. [59]
have demonstrated anticorrelated hopping between the two LP modes induced by optical
feedback. Besnard et al. have reported that the optical feedback induces polarization
switching even when the solitary VCSEL is emitting light with a stable polarization [58].
This phenomena is perceived as a drawback as it reduces the length of the fiber link that
uses a VCSEL as the transmitter due to the polarization and chromatic dispersion [67].
The effects of optical feedback on the polarization bistability in VCSELs were studied
and reported by Hong et al. [68].

3.1.4 Power instabilities

A form of unstable dynamics in semiconductor lasers exposed to moderate amount of
optical feedback is low-frequency fluctuations (LFF). Abrupt power dropouts occurred
near the free-running laser threshold leading to a turnoff of the laser followed by gradual
recovery of the light emission, which is again followed by a dropout [69]. As reported by
Pan et al. [70], LFF was reported to take place everywhere along the boundary between
regimes IV and V of Figure 17. Later, Hong ef al. [61] observed experimentally that the
regularity of power dropouts increase with the increase of the external cavity length.
When external cavity length is close to the VCSEL coherence length, coexistence of LFF

and stable emission is observed.
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3.2 THE BENEFITS OF OPTICAL FEEDBACK ON LASERS

Feedback on lasers has been well-known not only for reducing the threshold of the lasers
[38, 49], but also for controlling laser emission, in particular, transverse modes [71-76],
linewidths [44, 48, 49, 51, 52], wavelength [20, 74, 77] and polarization states [59, 78,
79]. Some other research groups have also shown hysteresis phenomena in microcavity
lasers by providing external optical feedback [80-83].

Single-mode operation is desired for high-speed fiber-optic connections and a wide
variety of other applications requiring a high quality single wavelength source, in
particular, single-transverse-mode and stable polarization state emission. Providing
external optical feedback using an external mirror or a grating can be used to select a
distinct longitudinal mode, to attain significant linewidth narrowing or to tune the
emission frequency of a laser. Improved single-mode emission has been achieved
through the use of hybrid reflector structures employing spatial filtering [84], spatially
and frequency-selective fiber bragg reflector [85] and in devices which employ a passive
antiguiding structure [86].

There have been many studies on the polarization control and stability analysis of
lasers subject to external optical feedback [56, 66, 67, 79, 87]. An important study area
on the feedback effects of VCSELs in terms of its polarization dynamics was on the
polarization self-modulation to VCSELs with polarization-rotated optical feedback
[88-91]. The recent experimental work by Gavrielides et al. [88] showed the optical
feedback with polarization state that is orthogonal to the laser’s natural operating mode
via Faraday rotator, was able to force the laser to switch between the dominant
polarization mode and the orthogonal mode.  As described by Li et al. [92], the
polarization emission states of VCSELs follow the feedback polarization state by
enhancing the mode that has the same polarization direction as the feedback, while
suppressing the other mode. As proven by Hong et al. [79], polarization switching can
be eliminated by providing polarization-selective feedback because polarization stability
is achieved by ensuring that the injected light is of the same polarization as the dominant
lasing mode. Other similar work on polarization self-modulation of VCSELs employing

a quarter wave plate was used within the external cavity to switch the VCSEL’s
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polarization emission direction yielding polarization modulation of 9 GHz [90].
Polarization self-modulation of VCSELs has a myriad of useful applications, especially
in the production of optical pulses at multi-GHz repetition rates without the need for

high-speed electronics.

3.3 VARIOUS APPLICATIONS OF VCSELS BASED ON OPTICAL FEEDBACK

Studies have shown that the effects of feedback on VCSELs are similar to those of the
edge-emitters [52, 93]. Initially, the VCSEL was believed to have immunity to external
optical feedback due to the high reflectivity of its facet mirrors (>99%) [94]. Because of
the short internal cavity of VCSELs, the highly reflective feature of the mirrors is
required for extending the lifetime of photons within the VCSEL's cavity. However, the
feedback light that managed to enter the cavity will likely to stay in the VCSEL's cavity
for a while, thus, is able to change the characteristics of the laser. Thus, regardless of the
huge structural difference between VCSELs and the edge-emitters, VCSELs have the
same feedback sensitivity as the edge-emitters. VCSEL applications based on optical
feedback have been proposed and used in diverse applications such as optical
communications, optical spectroscopy, optical information processing and optical

Sensors.

3.3.1 Optical microscopy

Scanning near-field optical microscopy (SNOM) makes use of the voltage change that
occurs across the VCSEL when feedback is provided to map out the two-dimensional (2-
D) image of a sample. Feedback-induced voltage change of VCSEL was proposed for
2-D image probing by Hashizume et al. [95] and they demonstrated 2-D imaging of a
glass plate with gold mesh pattern by moving a metallic probe around the VCSEL output
aperture with a constant distance of less than 1 pm. Later, Heinis et al. [96, 97] extended
Hashizume’s work and proposed an integrated SNOM microscope with a feedback-

induced VCSEL as the detection principle.
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Multimode VCSELs are desirable transmitter sources for short-haul fiber-optic data
communication links [98, 99]. Imaging of spatial and spectral properties of multimode
VCSELs has been investigated by several research groups [23, 100-103]. Near-field
scanning optical microscopy [104, 105] was used to map out the spatial and spectral
characteristics of the transverse modes of a multimode VCSEL [103]. A later worI; used
spatial-spectral mode images to calculate the refractive index distribution within an

oxide-confined multimode VCSEL [106].

3.3.2 Optical disk readout

Study on the use of lasers in optical disk readout is initiated by Lau et al [107]. They
performed the experiment with an edge-emitting laser which acts as an integrated source
detector combination. Although edge-emitting lasers can achieve reasonable results, it
requires precise optical lens design for maximum allowable information density on the
optical disk. Hudgings et al. [108] then proposed using a VCSEL in the integrated
optical disk readout head. Using a VCSEL over an edge-emitting laser as an optical
pickup head has several major advantages. VCSEL has circular beam output, single
longitudinal mode emission and surface-normal geometry that allows for high density
data storage on the optical disk, intermodal noise elimination and increase in information
bandwidth due to the potential parallel readout of the 2-D array construction in the optical

disk device.

3.3.3 Optical information processing

Some experimental works [109-111] have demonstrated bistability effect on VCSELs
which showed that a hysteresis loop existed in the light output versus current (L-I) curve
switching from a non-lasing (‘off’) state to a lasing (‘on’) state at the threshold current
with increasing current. For decreasing current from above threshold to below threshold
the switching drops from lasing (‘on’) state to non-lasing (‘off”) state with the ‘on” stage
lasted a little longer resulting in a ‘window’ of bistable operation. The variation in the
amount of hysteresis was also reported from device to device and mostly observed at

threshold or at mode hops between transverse lasing modes. Understanding this
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phenomenon, Naumenko et al. [83] proposed a scheme of VCSEL coupled to an external
cavity with a diffraction grating as a frequency-selective element for control the VCSEL
to favour the possibility of bi- or multi-stability between different emission states.
Bistability between the stable non-lasing state and stable high amplitude external cavity
modes was observed. This bistability leads to abrupt switch-on at threshold to a high
amplitude state in this setup. Description and analysis of the transition scenarios
presented in [83] includes the possibility of switching events between external cavity
modes and the resulting hysteresis in amplitude and frequency. This scheme was
proposed for all-optical photonic switching devices.

Similar setup of a broad area VCSELs with frequency-selective feedback from a
grating [112] was used where bistability can be used to excite spatially localized emission
states known as spatial solitons or cavity solitons. These solitons [80, 82] viewed as light
dots or ‘bits’ are created by shining light pulses in the optical cavity of the broad area
VCSEL. The light pulses shined into the laser’s cavity can be reflected from a grating
coupled with pinhole [112] or injected by a secondary tunable laser source [80, 81].
Manipulation of cavity solitons (CSs) are of intense interest because of their ability to be
written and erased in any desired location on the laser cavity. A good analogy is drawn
by Spinelli and Lugiato [82, 113] between the transverse plane (orthogonal to the
propagation direction of the beam) of a laser and a blackboard. Light spots or CSs, can
be written or erased from the blackboard provided they are not too close together and are
not too close to the boundary. Cavity solitons are believed to have to potential for future

all-optically and massively parallel information processing schemes.

3.4 PREVIOUS WORK ON TRANSVERSE MODE CONTROL OF VCSELS

Among semiconductor lasers, vertical-cavity surface-emitting lasers (VCSELSs) have a
short optical cavity with a single longitudinal mode and a small number of transverse
modes lasing. VCSELs often operate in multi-transverse modes in orthogonal
polarizations. The onset of higher order transverse modes degrades the beam quality and

the coherence of the laser. The oscillations of higher transverse modes lead to complex
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dynamical behaviour of the lasers. Therefore, many researchers have sought methods to
control their modal behaviour and polarization. Recent works have attempted to use
optical feedback to control the mode properties of multimode VCSELs and to enable
ideal single-transverse-mode operation.

Marino et al. [76] showed control of transverse modes and polarization modes of a
VCSEL through frequency-selective feedback in the Littman configuration. Single
fundamental mode operation was maintained over a large range of injection current
(~2.51) and polarization control of the fundamental mode was achieved in the
frequency-selective feedback setup. Other previous schemes employing polarized,
spatially filtered feedback with a millimeter-size pinhole in an external cavity multimode
VCSEL have demonstrated stable single-mode operation [73, 74] and wavelength
tunability [74]. More recently, higher-order transverse mode suppression has been
demonstrated using preferential alignment of the external feedback mirror [75].

In this work, we demonstrate mode control by means of a micron-size, spatial filter
pinhole in the image plane of the VCSEL prior to the external feedback mirror. This
method allows for fundamental single transverse operation at low injection currents. At
higher injection currents, spatial selection can be used to increase the feedback to some
modes while reducing the feedback to others, which alters the intensity and wavelength

of the different modes.
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3.5 SUMMARY

External optical feedback on semiconductor lasers is known to change the linewidth,
intensity noise, polarization switching, polarization mode-hopping and power instabilites
of the lasers. The description of these effects was discussed in the beginning of this
chapter.

As mentioned earlier, external feedback can be beneficial for lasers in terms of
reducing the threshold, controlling the transverse mode, polarization states, wavelength
tenability and linewidth. Thus, VCSELs based on feedback scheme are use in various
applications such as optical microscopy, optical disk readout and optical information
processing.

In this thesis work, the transverse mode control of VCSELs was the objective. The
previous schemes that have taken the advantage of external optical feedback to control
the transverse modes of VCSELs were reviewed. The difference between this work and
the previous works was drawn out in the last section of this chapter. The next chapter
will discuss the methodology of our study of the proposed spatially filtered feedback

system.



CHAPTER 4

EXPERIMENTAL TECHNIQUES

In this chapter, the methodology used in this research and the approach taken to
achieve the objectives are described. A detailed description of the experimental
equipment used is given. The motivation in this work is to control the transverse modes
of a VCSEL through spatially filtered optical feedback. Also, the methods, precautionary
steps and recommendations for setting up the experiments are discussed in the final

section of this chapter.

4.1 THE SPATIALLY SELECTIVE FEEDBACK OF VCSEL SYSTEM

Previous works have described the spatial and spectral properties of multimode VCSELs
[23, 100-103]. The multi-transverse-mode characteristics in VCSELs originate from the
interplay between the spatial distribution of the carriers and the optical field, also known
as the spatial hole burning (SHB) effect [29, 30, 114, 115]. Numerical [116, 117] and
experimental [103] analysis has shown that spatial competition between modes occurs in
the optical field because some modes share the same local optical gain.

Consequently, there exists an opportunity to control the transverse modes of VCSELs
by providing optical feedback through spatial selection on the image plane of the
VCSEL. This is done by moving a micron-size pinhole around the transverse direction of
the VCSEL’s image plane within the laser’s external cavity, thus is named spatially
optical feedback selection. Previous works used spatially filtered method with milimeter-
sized pinhole for single-mode operation. There was no other published work that uses

the same method of controlling the transverse modes of VCSELSs as this work to date.
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Figure 18 Experimental setup: (a) schematic diagram and (b) at the Optical Systems and
Technology Laboratory, University of Victoria.
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Figure 18 shows the experimental setup with spatially filtered optical feedback, which
is defined by the plano-convex lenses, pinhole, and mirror. The optical chopper with
lock-in amplifier combination was added to map feedback efficiency with high-precision.

In the following sections, the main components used in the experiment are discussed.

4.1.1 The vertical-cavity surface-emitting laser

The VCSEL used in this experiment is a commercially available proton-implanted,
multimode VCSEL (Finisar’s Advanced Optical Components HFE4080-321) designed to
emit 850 nm. The schematic structure of the VCSEL shown in Figure 19(a) consists of
the top Bragg reflector (p-mirror stack), the bottom Bragg reflector (n-mirror stacks) and
the active region. The active region contains three GaAs quantum wells surrounded by
Alg25Gag 75As spacers to form a single wavelength cavity. The p-mirror comprise of 20.5
periods of alternating layers of AlAs/Alj 5GaggsAs, while the n-mirror comprise of 22.5
periods of AlAs/Aly15GaggsAs. The VCSEL has a 15 pm diameter window of metal ring
contact for coupling light out and a 20 pm inner diameter of proton-implanted active
region for current confinement. The VCSEL used in this experiment was also used in
other published work [45, 103].

The output emission of the VCSEL used in this experiment is typically multi-transverse
mode and a single longitudinal mode verified from the spectra taken by the spectrometer.
The fundamental mode (denoted by ‘Mode 0’ in this thesis) was found to be at 855.55 nm
wavelength at near threshold operating current. The expected coherence length of the
VCSEL is calculated to be 0.86 mm from Equation (2.5).

A laser diode controller (Newport Model 6000) was used to control the injection
current and to maintain the operational temperature at 20°C. The threshold current (/)
of the free-running VCSEL was 3.5 mA. Table 1 shows the output functions of the
VCSEL’s pins that are schematically labelled in Figure 19(b). The pinouts were
connected to the laser diode controller pinouts based on the following table, for example,
Pin 1 was connected to laser cathode pinout, LD(-), of the laser diode controller. Figure
19(c) shows the VCSEL was mounted on an x-y-z stage with a 20x microscope objective
for collimation. Further elaboration on the light collimation method of VCSEL will be

discussed in Section 4.2.
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Figure 19 Finisar Advanced Optical Components VCSEL (HFE4080-321): (a) schematic
diagram [118], (b) the actual VCSEL package used in the experiment, and (c) VCSEL light
collimation setup [119]

Table 1 Pinouts of VCSEL HFE4080-321

Pin number Function

] Laser cathode output, LD(-)

2 Laser anode output, LD(+)

3 Photodiode anode output, PD(-)
4

Ground (case)
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4.1.2 Spatial filter

Figure 20 shows the principle of operation of a spatial filter in this work. A spatial filter,
consisting of two identical plano-convex lenses and either a 42 um or a 81 um pinhole,
was used in this experiment. The focal length of both plano-convex lenses was 50 mm.
Notice the rounded sides of the lenses facing the collimated light. The pinhole location
was translated in the transverse (x- and y-axes) image plane of the VCSEL with an x-y-z
translation stage. There was a 5.8x magnification of the VCSEL image at the image
plane of the spatial filter, thus the VCSEL’s image on beam spot was 87 um. The
pinholes used in this work were smaller than the VCSEL’s image size because only the
modes on part of the laser’s local active region were provided feedback for mode control.
Pinholes smaller than 42 um, for example 30 pm and 20 um were used. However, the
feedback light intensity was too weak to change the behaviour of the VCSEL. Also, the
pinhole was used to map out the voltage drop across the VCSEL through spatially-
filtered feedback and these feedback-induced voltage drop maps are presented in

Chapter 5.

Magnification factor

The magnification factor at the image plane is given by

_f

image plane — f
1

(4.1)

where, f is the focal length of the microscope objective and f; is the focal length of the
spatial filter lenses as illustrated in Figure 20. The magnification factor at the object
plane, Mopjcct piane 1 the inverse of Equation (4.1).

The size of the VCSEL’s image projected on itself after going through the 42 pm and
81 um pinhole aperture in the external cavity is given by magnification factor multiplied
by pinhole aperture diameter. The following table shows the calculation for the
VCSEL’s image size based on the magnification factor at the object plane, pinhole sizes

and microscope objectives.
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Table 2 VCSEL's image size on the object plane through different pinhole sizes and
microscope objectives

Magnificati VCSEL's image size on
Microscope Numerical | Focal Focal oif'gi:::a'c:(::n object plane through the
l;. tcigs aperture | length, | length, obiect g Eshie pinhole aperture
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