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Abstract

Electronics played a great role in storing, computing, and transmitting data. However, electronics
had certain limitations in bandwidth, speed, power consumption, and electromagnetic interfering.
Conversely, photonic provides advantages like large bandwidth, lower power consumption, and
immune to electromagnetic interference. Therefore, to overcome the electronics limitations,

electronics and photonics integration developed.

Despite many advantages of the integration of electronics and photonics, the presence of an
external magnetic field in photon-electron interfaces influences the performances of lasers and
photodiodes. Those effects are well studied when lasers and photodiodes are separately subjected
to the magnetic field in previous studies. However, the difference in the magnetic field effects on
the output signal when both transducers are concurrently exposed to the field needs further study.
Additionally, the influence of change in input signal frequency to the magnetic field effect on
output signal when laser and photodiode are separately and simultaneously exposed also needs

further study.

To demonstrate the difference in magnetic field effect on the output signal when the frequency of
input signal varies as well as both laser and photodiode concurrently exposed to magnetic field
relative to separately subjected; experimental setup was prepared in the laboratory by connecting
VCSEL and PIN photodiode with other devices. Then experiments were conducted at around
room temperature. During experimentation, both transducers were individually and concurrently
exposed to the static magnetic field oriented B//n and B-Ln, at 3 kHz & 10 kHz. Then output
voltage was measured and recorded at 0, 400, 600, 800, and 1000mT.

The results were compared based on the rate of change in output voltage at different magnetic
flux densities and frequencies. The magnetic field effect on output signal was found higher at 3
kHz compared to at 10 kHz for both VCSEL and PIN photodiode individually and concurrently
exposed. Additionally, the comparisons made at a fixed frequency showed that the magnetic
field effect on output signal was much higher when VCSEL and PIN photodiode concurrently

exposed relative to individually exposed.

Key words: Photon-electron interface, Semiconductor Lasers, Photodiodes, Magnetic field
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Chapter 1
Introduction

1.1 Background

1.1.1 Electronics

The field of electronics was born in 1883 at the time Thomas Edison discovered an electron tube.
In his experimentation, Edison put a strip of metal inside a vacuum glass bulb with filament
between metal strips and connected an ammeter to one of the filament contacts and found that
electrons would flow by ammeter when the filament remained hot and stopped when the filament
get cooled. The white-hot filament in the lamp was freeing electrons into the vacuum. Those
electrons were returning to the metal strip through the galvanometer and back to the filament
[1].

Later, Lee De Forest developed a sort of vacuum tube that was able to amplify radio signals
based on the Thomas Edison principle in 1906. This invention endorsed the development of
radio broadcasting, the telephone, television, and the first digital computers. These primary
electronic computers were large-size vacuum-tube systems, and the best-known type is the

Electronic Numerical Integrator and Computer [1].

When engineers tried to build multifaceted circuits using the vacuum tube, they quickly became
conscious of its limitations. These inadequacies interested scientists at Bell Laboratories to seek
an alternative to the vacuum tube, and that led to the development of the transistor; William
Shockley and his colleagues invented the transistor in 1947 at Bell Laboratories [2]. This
invention enabled electronic circuits to become smaller, lower power, and more reliable than
vacuum tube technology. For this invention, Shockley and two Bell Labs colleagues John Barden
and Walter Brattain awarded the Nobel Prize a decade later. This breakthrough was quickly
followed by the invention of planar transistors by Jack Kilby, a research engineer at Texas
Instruments, in the late1950s [3]. He introduced the concept of integrating device and circuit
elements onto a single silicon chip, and it was the origin of the density doubling law known as
Moore’s Law [4]. Integrated circuits with planar transistors extended operating and cost benefits
of transistors to mass-produced electronic circuits laying the foundations for the field of

microelectronics [5].
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As the requirement of electronic applications increased, Gordon Moore recognized that product
developments were needed for transistor integration. Metal-oxide semiconductor (MOS)
technology [6] appeared as the most effective technique for achieving scales of integration [7].
During this time, the most significant product to be introduced was the microprocessor [8] and
started the tremendous coupling of integrated circuit (IC) and software. However, power
dissipation was becoming a significant issue by the mid-1980s, and the solution was to use a
complementary metal-oxide-semiconductor (CMOS) technology. This technology reduces the
reserve power loss in logic circuits to almost zero [7] and quickly became the standard for a
very-large-scale- integration (VLSI). Following Moore's Law, over the years, the dimensions of

the transistor have reduced from 10s of microns to 10 nanometers [9].

1.1.2 Photonics

Photonics is a technology related to signal generation, processing, transmission, and detection
where the signal is carried by photons [10]. The word photonics is first used to elect a field of
research part accountable to do tasks using light that is conventionally associated with the
traditional field of electronics like telecommunications, information processing, and so on. The
researches in the photonics field were initiated in 1960, after the discovery of laser. The
advancement followed, with fiber optic communication, laser diode in the 1970s, and erbium
fiber amplifiers. These developments made the foundations for the industrial revolution in the
telecommunication sector during the last 20th century and delivered the internet infrastructure
[10]. Fiber optics has played the main role in initiating the information age and changed the way

information receive and communicate [5].

1.1.2.1 Photonic Integrated Circuit

The photonic integrated circuit (PIC) is a device that incorporates many photonic functions to
perform certain operations into optical signals. In PIC for chip-to-chip as well as on-chip
photonic interconnect communication, various components are needed. Those are lasers,
modulators, waveguides, optical amplifiers, Wavelength-Division Multiplexing (WDM), photo
detectors, and so on [11]. WDM applies many data channels in the same fiber or waveguide at
different wavelengths [12]. The figure below shown Multi-wavelength rays propagated in a

single waveguide by wavelength division multiplexing (WDM).
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Most photonic integrated circuits, either for signal processing or data transfer, use the same
fundamental components. The components used for optical signal processing are waveguides,
splitters, fiber couplers, and so on. In photonic integrated circuits, electro-optic modulators,
Mach Zehnder Interferometer (MZI), and ring resonators use to build photonic switches, filters,
and modulators [14]. Figurel.2 shows, a voltage (Vgae) induced free carrier change (Ncarrier) leads
to a shift of the active material's relative permittivity (Ag, (w), with o the angular frequency) and

consequently shift the real and imaginary part (Ax) of the propagating modal index.

ST Veate
!
tace: [ dpEipfpEgE
.
A V‘.q. Anunhr AS,((D) 9 AK
Free Carrier change Plasma Frequency Shift

Figure1.2: Optical Modulation of data switching for integrated circuits with electro-optic modulator. **

1.1.3 Integration of Electronics and Photonics

Electronic-photonic integration deals with the application of electronic integrated circuits as well
as photonic integrated circuits. Electronic devices are concerned with applying the properties of
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electrons, and optical devices are used to process, transport, and generate photons. In electronic-
photonic integrated systems, electronic devices offer extremely high density, and memories are
easily constructed. Photonics enables high bandwidth and can operate at frequencies of several
orders of the scale higher than electronics. It has enabled the demonstration of circuits with
record functionalities such as high-speed internet, wireless communication with ultra-high data
rates, and high-performance computing, some of the advanced achievements through the unique

combination of both technology [5].

Light detector
Light source .hoise” (receiver)

(transmitter) \

Electrical output signal

Electrical input signal Lightguide

Figure 1.3: Schematic diagram of fiber optic system. [**!

1.1.3.1 Electronic-Photonic Integrated Chip

The scaling of CMOS transistor technology in the past few decades has led to significant
enhancement in the speed of microprocessors. However, the bottleneck begins to change towards
the data transport aspects from board to board, chip to chip, to continue with speed to feed the
information. Therefore, as the demand for such on-chip functionality continues to grow, it is
recognized that electronics technology increasingly requires integration with photonics to keep
up with Moore’s Law scaling [16], either through monolithic or heterogeneous integration.
Today, high-speed data transmission over a bit rate of 10 GB/s makes photonic interconnects a

calmer approach to implement than electrical interconnects [17].
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Figure 1.4: Schematic illustration of optical interconnects technology using the Si photonics platform and its
convergence with an electronic integrated circuit.

In an electro-photonic integrated chip, the photonic micro-waveguide made of Si core and oxide
cladding is used to route the optical signal with low propagation loss. To upsurge the
interconnect capacity, wavelength division multiplexing (WDM) provides multiple channel
transmission for parallel data processing. The optical filter filters selected wavelength (A,) into
the photonic waveguide data bus. While Silicon shows weaker electro-optical coefficients
because of its central symmetry in the lattice structure, the free carrier plasma dispersion effect
enables effective optical modulation in a phase-shifter. The modulated optical signals are
channeled through the photonic waveguide data bus, and multiple wavelength signals deliver on
the same channel without interfering with each other. At the receiver side, a signal with a
specific wavelength is filtered and fed into a high-performance photo detector for enabling
effective optical-to-electrical conversion. Then the electrical signal passes through CMOS logic

circuitry for data processing [17].

1.2 Statement of the Problem
Several types of research have been done on electronics, photonics, and their integrations highly
contributed to currently existing technologies used in various applications (telecommunication,

military, space, medical, and so on). Those many technologies that have the photon-electron
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interface consist of different types of transducers (lasers and photodiodes) to convert the
electrical signal to an optical signal and vice versa and waveguides to carry an optical signal.
However, the presence of a magnetic field on those interfaces influences the performances of
transducers and causes changes in the laser’s output signal characteristics (intensity, frequency,
and wavelength) [18] - [21] and both dark and light currents of photodiode [22]. The effects

depend on transducers type, the magnetic field strength, the field direction, and temperature.

The many research findings showed that the external magnetic field influences the performances
of transducers used in photon-electron interfaces and causes effects on output signal
characteristics. However, the difference in the magnetic field effects on the output signal
relatively when both transducers (laser and photodiode) are concurrently exposed still requires
further study, and this thesis study presented the difference in the effects. Additionally, the
changes in input signal frequency could influence the rate of magnetic field effect on output
signal when both laser and photodiode are individually and concurrently exposed to the magnetic

field, and this scenario is also studied.

1.3 Objectives
1.3.1 General Objective

The main goal of this thesis is to investigate the phenomena at photon-electron interfaces and to

identify the effect of the presence of a magnetic field on the photon-electron interface.

1.3.2 Specific Objectives

1. To identify the effect on the output signal when laser exposed to magnetic field.

2. To analyze the influence of changes in input signal frequency to magnetic field effect on
output signal when laser exposed to magnetic field.

3. To identify effect on output signal when photo diode exposed to magnetic field.

4. To analyze the influence of changes in input signal frequency to magnetic field effect on
output signal when photodiode exposed to magnetic field.

5. To identify the difference in magnetic field effect on output signal when both laser and
photodiode are concurrently exposed to magnetic field relative to individually exposed.

6. To study the influence of changes in input signal frequency to magnetic field effect on
output signal when both laser and photodiode are concurrently exposed to magnetic field.

7. To extract measuring parameters for comparison.
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8. Comparison and analysis based on the result obtained from each experiment and giving

the concluding results.

1.4 Significance of the Thesis

Nowadays, the combination of photonics and electronics technology becomes crucial in various
applications due to its advantages and is expected to advance in the future. The outcome of this
study identifies the magnetic field effects on the transducers used in the photon-electron
interface. Especially the difference in output signal when both laser and photodiode concurrently
exposed relative to individually exposed is analyzed. Additionally, the influence of change in
input signal frequency to the magnetic field effect on output signal when laser and photodiode
simultaneously and separately subjected to magnetic field studied. Moreover, this study gives
insight for further research to analyze the magnetic field effect on different types of transducers

used in photon-electron interfaces.

1.5 Scope and Limitations of the Thesis

This thesis focused on experimentation to identify the effect on output signal when transducers
(laser and photodiode) are used in the photon-electron interface exposed to the magnetic field.
Furthermore, the influence of change in input signal frequency to the magnetic field effect on
output signal when laser and photodiode simultaneously and separately subjected to the magnetic
field demonstrated. The awareness of this thesis study is to identify the magnetic field effect on

output signal when the transducers used in the photon-electron interface are exposed.

Even though different types of lasers and photodiodes are being used in the photon-electron
interface, only VCSEL and PIN photodiode was used in the experimentation due to resource

limitation.

1.6 Literature Review

In various literatures described that the presence of the magnetic field in the photon-electron
interface influences the performances of transducers (lasers and photodiodes) and causes a
change in output signal characteristics. This section presented the effect of the magnetic field on

semiconductor lasers and photodiodes.

Y. Yamagishi et al. studied the effects of the external magnetic field on Vertical Cavity Surface

Emitting Laser (VCSEL) to identify the changes in output signal wavelength and frequency [18].
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They experimented by exposing 850nm VCSEL to a field oriented perpendicular as well as
parallel to VCSEL’s layered surface at room temperature, the magnetic field strength 0.1 - 0.5T.
Their results from the field-oriented perpendicular to VCSEL’s layered surface showed that
when field strength higher above 0.3T, a wavelength shifted toward the shorter wavelength side
and intensity increased, and at 0.5T frequency shifted by 1.2 GHz toward the higher frequency
side. The authors stated that the magnetic field oriented perpendicular to VCSEL layered surface
boosts the carrier density in the active region, and that caused a shift in both wavelength and
frequency. For magnetic field oriented parallel to VCSEL’s layered surface, neither wavelength

shift nor frequency shift was evident.

The study made on the performance of a Distributed Feedback (DFB) laser under the external
magnetic field demonstrated by J. Troska et al. indicated that the DFB laser is sensitive to the
external magnetic field [19]. They subjected a 1310nm DFB laser to an external magnetic field
oriented perpendicular to the DFB laser’s layered surface between O - 2T and at 0.7T parallel to
the DFB laser’s layered surface. Their result showed that the optical power decreased when the
strength of the magnetic field perpendicular to the DFB laser’s layered surface increased, and no
change in optical power was observed for the field directed parallel to the DFB laser’s layered

surface.

Tho-Alfigar and Aurangzeb Khurram studied the effects on the output power of around 668nm
AlGalnP MQW laser under the influence of a low external magnetic field at the range of 0 - 2T
[20]. The results from their experiment at T = 35°C showed that output power dropped from
574.2 to 481.4 uW for the magnetic field directed perpendicular to the MQ plane and 574.2 to
555 pW for the magnetic field direction parallel to the MQ plane. The authors specified that the
reason for decreasing in output power was the magnetic field suppresses the recombination rate
of the diffusing charge carriers due to thermal agitation having momentum in the direction

normal to the magnetic field.

Later, another study made by Samer and Atef to demonstrate the influence of magnetic field in
pulse distribution and intensity of 670 nm AlGalnP MQW laser also showed that significant
changes in the pulse form and intensity [21]. The experiment was conducted at T = 300K by
varying magnetic field between 0 to 0.55T, oriented perpendicular and parallel to the laser’s

layered surface. The result showed that dropping in the top of the pulse, pulse form distortion by
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the appearance of the number of peaks and dips of the pulse, and decreasing intensity for both
perpendicular and parallel orientation of the magnetic field. The authors stated that the magnetic
field suppressed the propagation current due to the Lorentz force. That induced change in the
current flow and increased current density in the active region resulted in a change in pulse form.
The magnetic field influenced the mechanisms of loss in the laser gap and led to changes in the
current density and thus affected the temperature near the active area and resulted in intensity

reduction.

The research has been done to identify the responsivity of a silicon photodiodes dark and light
current under the influence of the magnetic field and temperature by Sawsan Ahmed et al. [22],
shown that the external magnetic field and temperature affect the performances of a silicon
photodiode. They subjected silicon photodiode to the magnetic field and measured output
voltage and current varying magnetic field strength. Their results showed that both dark and
light current increased while the magnetic field increased and decreased, whereas temperature
increased. The authors stated that the magnetic field raised the energy gained by the free carriers,

and that caused increases in both dark and light current in silicon photodiodes.

Several types of research presented the effect of the presence of a magnetic field on the
performances of different types of transducers used in the photon-electron interface when they
are individually exposed to the magnetic field. In the present thesis work, the difference in the
effects on the output signal when both transducers (laser and photodiode) are concurrently
exposed to the magnetic field comparative to both transducers individually exposed studied.
Additionally, the difference in magnetic field effect on output signal when both laser and

photodiode individually and concurrently exposed at a different frequency studied.

1.7 Organization of the Thesis

The rest of this thesis is organized into the following chapters; in Chapter-2, the fundamentals of
optical devices and waveguides are discussed. Chapter-3 explains waveguides loss and the
effects of magnetic field on semiconductor lasers and photodiodes, and Chapter-4 describes the
method, experimental setup arrangement, and experiments conducted for effective measurement.
Chapter-5 presents results accompanied by useful discussions. Chapter-6 offers a conclusion and

recommendations for possible future work.
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Chapter 2

Optical Devices and Waveguides

2.1 Semiconductor Lasers

Light amplification by stimulated emission of radiation (LASER), as its name suggests that the
stimulated emission is the basic phenomenon involves in the operation of the laser. In
semiconductor lasers, mainly three processes occur. The first process is absorption, and in which
electrons in the valance band are excited by absorbing a photon with energy equal to the optical
band gap and promoted to the conduction band. In the second process, spontaneous emission
occurs when an electron in the conduction band with energy E, recombines with a hole in the
valance band at a lower energy E;. The difference in E,-E; radiated in photon form. This process
is random, and photons are emitted in any direction with arbitrary polarization. The third process
is stimulated emission and happens when photons of energy E,-E; interact with an electron in the
conduction band and recombine with a hole producing a photon. The photon released by this

process has identical energy, phase, and momentum to that of the incident photon [23].

2.1.1 Fabry-Perot (F.P.) Laser

Fabry-Perot laser is a sort of semiconductor laser in which the two parallel ends of the
semiconductor are cleaved lengthwise crystal axis, creating reflective mirrors forming the laser
cavity with the semiconductor as the gain medium. The optical coating applied to the mirror
surfaces to optimizing the output power with the laser emission taken from the low reflectivity
front facet and high reflectance on the back to decrease the total mirror loss. The gain spectrum
is quite wide and supports lasing over many longitudinal modes of the laser cavity.

Consequently, this kind of laser typically operates with multiple longitudinal modes [24].

p-type cladd layer  active layer

/ Laser output

\ \ Laser spectrum

cleavage surface n-type cladd layer cleavage surface

Figure 2.1: Fabry-Perot laser diode. !
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2.1.2 Vertical Cavity Surface Emitting Laser (VCSEL)

In a VCSEL, the cavity length is made very short, and the laser beam is emitted perpendicular to
the wafer and in the same direction as the injected current. Because VCSEL emits from its
surface and the optical cavity in which optical field experience gain is very short. The optical
field requires making several passes through the active region and needs highly reflective end
mirrors to reach the threshold gain level [23]. In this sort of laser, the active layer is sandwiched
among a stack of Bragg mirrors, which are alternate layers of high and low refractive-index
materials, designed to be quarter wavelengths thick at the desired laser wavelength. The Bragg
mirrors provide very high reflectivity of the light back into the active region, allowing the
VCSEL to generate a sufficient gain [26].

a) Light output b) Light output
p-contact p-contact p-contact p-contact
p-doped
IS oton i :
roton implanted messssm Proton implanted
region = region
MQW active region
H-SGBI;{ECI n-contact n-contact

E—— S R T B —
n-doped substrate

n-doped substrate

n-contact n-contact

Figure 2.2: Cross-sections of two common cylindrical VCSEL (a) a proton-bombarded top-bottom contact design
and (b) an oxide confined side-contact design. **!

2.1.3 Distributed Feedback (DFB) Laser

In the DFB laser, there is a corrugated structure overhead of the laser active layer, which is a zig-
zaggy composition. This combination of refractive index and the space of corrugations serve to
reflect only a specific wavelength of light. Light traveling in the active layer goes in all
directions and finally strikes the upper surface of the active layer hits zig-zag. In this way, the
corrugations act as a grating and reflect only a particular wavelength into the cavity but allow

others to pass through. The feeding-back the wanted wavelength into the cavity takes place over
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the whole length of the laser, and the only light that builds up in the active layer with a specific

wavelength is outputted [27].

Electrical Current

Power

Grating /q Light out
Cavity [ROSAAAMAAMANMMAME )
LV Wavelength

Figure 2.3: DFB laser. *"!

2.1.4 Quantum Well Laser (QWL)

A quantum well is a potential well that confines particles that are initially free to mobile in three
dimensions to two and force them to inhabit a planar region. The quantum confinement happens
when the QW thickness becomes equivalent to or smaller than the de Broglie wavelength of the
carriers. In a QW, the energy band leads to energy levels termed energy sub-bands, and which
means the carriers can only have discrete energy values perpendicular to the potential well and

parallel to the well [28].
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Figure 2.4: Quantum well structure. %)

In a QW laser, the group of electrons and holes with nearly the same energy recombines. For
example, the recombination of the level E; in the conduction band and the level Epp in the
valence band is shown in figure 2.4. QW lasers offer a significant improvement in laser
performance, such as the reduction in the threshold current, high output power, and high speed,

compared with the conventional DH lasers [29].
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Figure 2.5: (a) Quantum well laser and (b) Multi-Quantum well laser. %!

2.2 Photo Detectors

2.2.1 PN Photodiode

In PN photodiode, a depletion region is empty of free charge carriers consists of a large built-in
electric field that opposes the movement of electrons from the n side to the p side and holes from
p to the n. When the p-n junction is illuminated with light, electron-hole pairs are generated
through absorption. Then due to a large built-in electric field in the depletion region, electrons
and holes generated in a depletion region drifts to n and p sides, respectively. The flow of

current is relative to the incident light energy [31].
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Figure 2.6: (a) p-n photodiode under reverse bias, (b) variation of optical power inside the photodiode, and (c)

energy-band diagram . !

The transit time 1y Of p-n junction photodiode can be written as [31]:
Ter = W/vg (2.1)

Where W is the width of the depletion region, and vy is drift velocity. W depends on the acceptor
and donor concentrations, and v4 depends on the applied voltage and material used for the photo-
diode.

The resistor and capacitor (RC) time constant zRC [31]:

Tre = (R + Rs)Cp (2.2)

Where R is the external load resistance and Rsis a series of resistance that arises from the
resistance of the contacts, and the undepleted semiconductor material. Cpis the parasitic
capacitance created due to junction and directly proportional to the diffused area and inversely

proportional to the width of the depletion region.

2.2.2 PIN Photodiode

A simple way to raise the depletion-region width is by introducing a layer of undoped or lightly
doped semiconductor material among the p-n junctions. The middle layer consists of nearly
intrinsic material, and such a structure is referred to as a PIN photodiode. Because of its intrinsic
nature, the mid-layer offers high resistance. As a result, most of the voltage drop happens across
the middle layer. As a result, a large electric field occurs in the middle layer, and the depletion
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region spreads throughout the i region; the depletion width Wis controlled by changing the

thickness of the central layer [31].

Electric
field

Distance

Figure 2.7: A p-i-n photodiode together with the electric-field distribution under reverse bias. *!

2.2.3 Avalanche Photodiode (APD)

The phenomenon behind the internal current gain in APD is recognized as the impact ionization
[32]. Under certain conditions, accelerating electrons acquire sufficient energy and give a part of
its kinetic energy to other electrons in the valence band, and end up in the conduction band by
leaving holes behind. The net outcome of impact ionization is the single primary electron
produced through the absorption of a photon, which generates numerous secondary electrons and

holes, all of which contribute to the photodiode current [33].
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Figure 2.8: Separate absorption and multiplication (SAM) APD structure and electric-field distribution under
reverse bias. ¥
Under reverse bias, a high electric field occurs in the InP n-p™ junction and refers to the
multiplication layer since secondary electron-hole pairs are generated here through impact

ionization. The InGaAs n*-n” junction region is used as an absorption region in which most of
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the incoming photons are absorbed and primary electron-hole pairs created. Electrons created in
the absorption region cross the gain region and produce secondary electron-hole pairs liable for

the current gain at the multiplication region [34].

2.3 Optical Fiber

Optical fibers made from glass or plastics materials and as thin as human hair and designed to
guide light through their length. The optical fiber commonly has three coaxial regions. The
innermost region is a light-guiding region known as the core, the middle section is cladding
confines light into the core, and the outermost part is cover and shields cladding and core from
abrasions, contamination, harmful influences of moisture, and so on. Optical fiber basically
works based on total internal reflection. The light signal entered into fiber reflects from the
sidewall and travels through the fiber length. A minor fraction of light can escape through

sidewalls, but a majority reaches the other end of the fiber [35].

Cladding Cover
Figure 2.9: Optical fiber structure. 1%l

The total internal reflection occurs when the rays of light striking a distance boundary separating
an optically less dense medium and optically dense medium at a proper incident angle rather than
passing through reflected [36].

Total internal reflection at the
border core-cladding

Figure 2.10: Total internal reflection. ™ Figure 2.11: Total internal reflection in fiber. &
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If the incident angle denoted by the symbol o and the angle of refraction as B, considering Snell’s

law of refraction as follows [10]:

sina ng

(2.3)

sin 8 o ng
Sinf cannot be greater than one,

. n
SIN A eyitical = i <1 (2-4)

Where, n is refractive index, ny is air refractive index, ng is glass refractive index, n;is core

refractive index, and n, is cladding refractive index.

2.3.1 Single Mode Step-Index Fiber

It has a significantly smaller core diameter than any other multimode fiber. The light that entered
optical fiber either propagates through the core or reflected only a few times. All rays
approximately follow equal time to travel the fiber length [37]. Figure 2.12 shows the optical
signal propagating through single-mode step-index fiber, and n;&n; are the refractive indexes of

core and cladding.

7. n

Figure 2.12: Single-mode step-index fiber. ¢!

2.3.2 Multimode Step-Index Fiber

The refractive index of the core is constant all over and goes through a step change at the core-
cladding boundary. Because of its bigger core size, more lights are coupled into this kind of
optical fiber. However, there is typically more signal loss as well as more signal distortion
because the light signal proceeds with multiple paths in the optical fiber [39]. Figure 2.13 shows
the optical signal propagating through Multi-mode step-index fiber, and n;&n, are refractive

indexes of core and cladding.
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Figure 2.13: Multi-mode step-index fiber. ©*®! F
2.3.3 Multimode Graded-Index Fiber
It is an improved multi-mode step-index fiber in terms of signal loss as well as signals distortion.
The core refractive index of this fiber is constructed to change in a parabolic way and maximum
at the core center [37]. Figure 2.14 shows the optical signal propagating through Multi-mode
graded-index fiber. The n;& n; are refractive indexes of core and cladding.

m1

Figure 2.14: Multi-mode graded-index fiber. **!

2.4 Channel Waveguides

The optical waveguides are made to confine light by fabricating specific waveguide structures on
a layer of low refractive index material, such that light is guided through the process of total
internal reflection [40]. The most common channel waveguides are buried waveguide, strip-
loaded waveguide, ridge waveguide, rib waveguide, and diffuse waveguide [41]. Figure 2.15
shows different types of channel waveguides, and n is the refractive index, h height, d is
thickness, w is width, x & y are the directions of optical confinement, and z is the direction of

optical signal travel.
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Figure 2.15: Channel waveguides. !

A buried channel waveguide is made with a high refractive index wave guiding core buried in a
low-index surrounding medium, and its core can have any cross-sectional shape, and it is often a
rectangular shape. A strip-loaded waveguide is made by loading a planar, which previously
delivers optical confinement in the x-direction, with a dielectric strip of refractive index nz<n; or
a metal strip to facilitate optical confinement in the y-direction. The core of a strip waveguide is
the n; section, with its thickness d resolute by the n; layer thickness and its width w demarcated
by the width of the loading strip. A ridge waveguide has high optical confinement. The reason is
surrounded by the three sides with low refractive index material (air). A rib waveguide contains a
structure like a strip or a ridge waveguide, but the strip has the same index as the high index
planar layer beneath and is a portion of the wave guiding core. A diffused waveguide is made by

forming a high refractive index area in a substrate by diffusing dopants [41].
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Chapter 3

Waveguides Loss and Magnetic Field Effect on Semiconductor
Lasers and Photodiodes

3.1 Optical Fiber Losses

An optical signal propagating through a fiber gets continuously attenuated. The signal
attenuation (ogg) IS the ratio of the optical output power (P,) from fiber length L to the input
power (P;) and is expressed in decibel per kilometer dB/km [42].

1

_ 10 Pj
Ogg = Tlog

s, (3.1)
3.1.1 Dispersion

Dispersion is pulse expansion in optical fiber, and constituent such as numerical aperture, core
diameter, refractive index, wavelength, and laser line-width in the optical fiber cause pulse
broadening. The dispersion increases when fiber length increases and the total effects on the
fiber optic system are known as Inter-symbol Interference (ISI) and happen when the pulse

broadening due to dispersion makes the output pulses to overlap and become undetectable [43].

3.1.1.1 Material Dispersion

Light with unlike wavelength travels at different speeds in a medium; the long-wavelength
waves travel faster than the short-wavelength waves. Consequently, a narrow pulse of light tends
to expand as they travel down the optical fiber. The source spectral width determines the extent
of material dispersion (D) [35]:

A(4A2) , d2

Dm - c daz

(3.2)

Where, the peak wavelength (4), spectral width (A4), the length of the core (L), and n is the

refractive index of the core.

3.1.1.2 Waveguide Dispersion

The modes group velocities depend on wavelength, and the waveguide dispersion results from
the dependence of filed distribution in optical fiber and the ratio between the core radius and
wavelength (a/A,). If the ratio changed due to the altering, the relative portions of optical power

in the core and cladding changed. Since the phase velocities in core and cladding are different,
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the mode group velocity changed, and that causes waveguide dispersion [38].

3.1.1.3 Intermodal Dispersion

The pulse spreading as the result of this type of dispersion arises from the propagation delay
variances among modes in multi-mode fiber. In this type of fiber, pulse with unlike modes
travels at dissimilar group velocities across the channel. The pulse spreading is reliant on the

slowest and fastest modes of transmission times [34].

3.1.1.4 Polarization Mode Dispersion

Optical fiber is basically modeled through two polarized orthogonal axes that named as principal
state of polarization (PSP). The signal spreads in optical fiber divided into two components axes
PSP; any polarization axis (fast and slow) spread at different speeds, and this is due to the

difference in refractive indexes caused by inhomogeneous material [44].

Components of an optical pulse propagating at different speeds lead to spreading in making
impulse for the optical receiver is insensitive to the polarization of light downward. The rate of
expansion of impulses in time by polarization axis is known as the differential group delay
(DGD), and it is an instant value that changes arbitrarily with fiber length and is measured in a
picosecond. Polarization mode dispersion (PMD) is the rate of the linear average value of group
delay to a wavelength A and measured in picoseconds [44].
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Figure 3.1: Polarization mode dispersion. 4

3.1.2 Absorption Loss
Absorption is the process of transferring energy from the propagating light beam to the material

structure and results in excitation in the charge carriers to a higher energy state [45].
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3.1.2.1 Intrinsic Material Absorption Loss

This type of loss occurs from electronic absorption bands in the ultra-violate (UV) region and
atomic vibration bands in the near-infrared (IR) region. The electromagnetic (EM) wave near
infrared light forces ions to vibrate, and then certain energy is lost by being coupled into lattice
vibrations (heat). Ultraviolet absorption happens when light interacts with an electron and give

rise to a higher energy state [46].

3.1.2.2 Extrinsic Impurity lons Absorption Loss

The extrinsic absorption happen due to the presence of impurities such as Fe, Cu, Co, Ni, Mn,
and Cr absorb powerfully in the wavelength range 0.6-1.6pum. The main source of extrinsic
absorption in state-of-the-art silica fibers is the occurrence of water vapors. A vibrational
resonance of the OH" occurs around 2.73um. Its harmonic and mixture tones with silica produce
absorption at the 1.39, 1.24, and 0.95pum wavelengths [31].

3.1.3 Scattering Losses
Scattering losses happen when a wave interacts with a particle in a route that removes energy in

the way of propagation, and light just is directed into other directions [47].

3.1.3.1 Rayleigh Scattering Loss

Rayleigh scattering happens at arbitrary when there are small changes in the refractive index of
materials in which the light signal travels. In this condition, it changes the refractive index of the
core and cladding of the fiber optic cable. This loss occurred in a mini scale difference in the
composition and density of the optical glass material itself, which is associated with the fiber
manufacturing process. Rayleigh scattering accounts for around 96% of attenuation in optical

fiber [47].

Light Scattering
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Figure 3.2: Rayleigh scattering.
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It is the scattering of light by particles that are much smaller in size than the light wavelength.
The Rayleigh scattered radiation raises quickly as the ratio of particle size to wavelength
increases and proportional to A™* and decreases rapidly with an increase in wavelength. This type
of scattering model is not used when the size of particles higher 10% of incident radiation
wavelength. In this circumstance, Mie’s scattering model is used to determine the scattered
radiation [47].

The Rayleigh scattering loss expression in dB/km and approximated as follows [36]:
4
L=17 (E) (3.3)
y)
Where, L is the Rayleigh scattering loss, and 4 is the wavelength.
3.1.3.2 Mie Scattering Loss
It is the scattering of light by the particles, which are 10% bigger than the light wavelengths. Mie

scattering happens due to inhomogeneity, such as core-cladding refractive index variation over

fiber length, impurities at the core-cladding boundary, and diameter variations [48].

3.1.3.3 Brillouin Scattering Loss

This sort of scattering occurs because of the nonlinearity of a medium and causes a modulation
of light by the thermal molecular vibrations fiber. The scattered light exists as upper and lower
sidebands and separates from the light entered by the modulation frequency. The incident photon
generates phonon of acoustic frequency and scattered photon. The combination of optical fields
and acoustic waves happens via electrostriction in this type of scattering [49]. It causes an optical

frequency shift. This type of scattering is only important above threshold power density [42].

3.1.3.4 Raman Scattering Loss

This type of scattering is a nonlinear scattering, and it can severely limit the performance of a
multichannel field, and its frequency is shifted down. Near the right end, a significant part of the
power shifted into longer-wavelength components by stimulated Raman scattering. The incident

light generates the frequency-shifted radiation called Stokes waves [50].

3.1.4 Bending Loss
3.1.4.1 Macro Bending Loss

The radiation losses occur at the bending of optical fibers; when the energy in the evanescent
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field at the bending exceeds the velocity of light in the cladding, the guidance mechanism is
inhibited, and the light energy is discharged from the fiber. The portion of the mode on the
exterior of bending is essential to travel faster than on the inside. So, a wave front perpendicular
to the direction of propagation is maintained, as shown in figure 3.3. Hence, the portion of the
model in the cladding needs to travel quicker than the velocity of light in that medium, and this is

not likely the energy associated with this portion of the mode lost through radiation [34].

Cladding

Figure 3.3: Fiber bending loss.

The loss can generally be represented by a radiation attenuation coefficient (o) [51].
a, = cie C2R (3.4)

Where R is the radius of curvature of the fiber bend and c; & c, are constants which are

independent of R.

Furthermore, large bending losses occur in multimode fibers at a critical radius of curvatures Rc
[52].

2
R, ~ L’ls (3.5)

4m(n3-n3)?

Where A is operating wavelength, n,is core refractive index, and n,is cladding refractive index.
The critical radius of curvature for a single-mode fiber R.s can be estimated as [53].

-3
Ry ~—222 (2748 — 0.996%) (3.6)

(ny—ny)2
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Where, /. is the cutoff wavelength for the single-mode fiber, A is operating wavelength, n,is core

refractive index, and n;is cladding refractive index.

3.1.4.2 Micro Bending Loss

A micro bend is a microscopic curving, crack, or irregularity in the cladding and core of an
optical fiber cable line that induces small distortions ultimately causes signal attenuation and
foster power losses in the optical fiber [54].

3.1.5 Return Loss

It is the loss of the light signal and happens when light is reflected off the connector and travels
back to the light source along with fiber. This phenomenon is known as Fresnel reflection. It also
happens when there are changes in the refractive index of materials in which the light travels,

such as fiber core and the air gap between fibers interconnection [55].

3.2 Silicon on Insulator (SOI) Waveguides Loss
Light propagating through waveguides experiences several types of loss. Some of them are
related to the media itself, technological processes, and some imperfections. Equation 3.7 shows

different types of losses that occur in the Silicon on Insulator (SOI) waveguides [56].

Liot = Lg+ Lgs+ Lys + L (3-7)

Lot IS a total straight waveguide loss, expressed in dB/cm. L, is a material absorption loss that is
wavelength dependent and increases based on silicon doping [57]. Ls is the interface-induced
scattering, and it depends on the field propagating in the material. The scattering amount is
relative to Es® (n;® - ny?), mainly the intensity of the electromagnetic field on a waveguide
surface and the difference between squared refractive indexes of waveguide core and cladding
[58]. It also depends on the roughness of the waveguide surface associated with sidewall etches,
interfaces between Si and SiO; [59]. Lys is related to volumetric variations of the refractive index
and intrinsic in the process of wafer manufacturing since implanting and growth have the
potential of producing islands of impurities and crystals defects. L is the type of loss caused
because of the coupling of propagating modes with substrate modes [58]. An additional source of
loss is bending loss and the mode-mismatch between a mode in the straight waveguide and bend.
This mismatching causes reflection at the interfaces between straight and bent waveguides and

results in power dissipation; the effect is more intense for small curvature bends [60].
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3.3 Magnetic Field Effect on Semiconductor Lasers
Many types of researches have done show that the external magnetic field influences the
performances of lasers. The effects depend on the laser types, the strength of the magnetic field,

the field direction, and temperature.

3.3.1 Magnetic Field Effect on VCSEL at Room Temperature

When the magnetic field is applied in the direction B//n (field and current flow the same
direction) to the VCSEL, Lorentz force alters the flow of the outward-bound current.
Subsequently reduces the diffusing current. So, carrier density increases, and that causes an
increase in intensity, higher side shifts in oscillation frequency, and lower side shifts in

wavelength. Figure 3.4 shows the overhead outlook of the laser and its current flow in

the B//n direction [18].
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Figure 3.4: Change in current flow by Lorentz force B//n top view. &

3.3.2 The Influence of Magnetic Field on Multi Quantum Well Laser

A Quantum Well is formed when well material which has a lower band gap inserted between two
barrier materials with a higher band gap provided the thickness L of well materials less than the
de-Broglie wavelength [29]. In quantum well, the charge carriers can no longer move freely in
three dimensions but two dimensions. The electrons in the third direction are bound to a state
with a characteristic wave function and energy. Only a discrete set of such a bound state exists as

given in the following equations [29], [61]:
E(n ky ky) = (h?/2m;) (k2 + k2) + E, (3.8)
= h%/2m}(nn/L,)? (3.9)

Where E, is the n™ confined-particle energy level for carrier motion normal to well and m, is the
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effective mass of the carrier in the level n, L; is the thickness of well material, kyx & ky are wave

vectors in x and y-direction A = h/2m is called a modified Planck’s constant.

3.3.2.1 Landau Effect

In the MQW laser, the strong magnetic field oriented perpendicular to charged particles causes to
create a ladder of Landau levels connected to each sub-band [62]. As a result, inter sub-band
Landau resonances arise proportional to the field strength. The Landau levels of each sub-band
line up with a corresponding Landau level at the different sub-band, producing a level index-
change 6, = 1, 2, 3--- [62].

Etrans = On - hw, (3.10)

Where, Eyans IS the inter sub-band transition energy, o = qB/m*, is the cyclotron frequency, q is

charge, m* is effective mass, and B is magnetic field.

The Landau effect causes a frequency shift to a higher frequency side on MQW laser output [20].
The necessary condition for the formation of Landau levels is KT<< hw., where o, is the angular
frequency of the cyclotron orbit. This condition is achieved at low temperatures (T<100K) and
strong magnetic fields and around the room temperature; the thermal agitation is high enough to

wash out Landau splitting [20].

3.3.2.2 Effects on Recombination Rate of Charge Carriers

In semiconductor structures, the band-to-band optical transition obeys the k-selection rule [63].
The electron-hole recombination process obeys momentum conservation; both charge carriers
possessing identical wave-vectors can recombine to produce a photon. When the static magnetic
field is applied perpendicular to the QW planes (B//n), the charge carriers traveling along the
injection current direction remain unaffected. But the charge carriers that diffuse out of the
injection current as a result of thermal agitation having a component of momentum in the
direction normal to the magnetic field direction (parallel to the QW planes) experience magnetic
confinement. The cyclotron frequencies (o, = Bg/m*) for electrons and holes that had the same
momentum differ due to the difference in the effective masses (m*)and charges (q). As a
consequence, the output optical power decreases while the magnetic field increases [20]. Around
room temperature and low magnetic field values, the gain of the MQW laser shifted to the lower
frequency side [64]. The magnetic field sweeps away some of the diffusing charges carriers from
recombining in the quantum wells even though they are confined magnetically and quantum
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mechanically. It leads to a reduction in the band filling of the lasing state of the QW laser and
changes in the oscillating wavelength of the MQW laser towards the lower frequency side. But
when the field is applied parallel to QW planes (B-Ln), it pushes a small number of charge
carriers out of the well related to the strength of quantum confinement and Lorentz force [20].

3.4 Magnetic Field Effect on Silicon Photodiodes
The main function of photodiodes is converting an optical signal to an electrical signal. During

its operation, when a photodiode subjected to the light, the net output current [65]:
ev
=1, (ext — 1) -1, (3.11)

Where V is applied voltage, |, is reverse saturation current, kg is Boltzmann constant, T is

absolute temperature, and I._is the light current.
According to the laws of statistical physics, the current is related to the energy E gained by the
free carriers [22].
E
I =1, (ext — 1) +1;, (3.12)
When a magnetic field of flux density B affects the electron of velocity v is given by:

E = BevL + eV
Thus:

BevL+eV

I=1,(e  —1)+I, (3.13)

When the magnetic field and the potential are weak [64]:

x =2 1 (3.14)
kT
In this case:
1= 1, (2= + (3.15)

When the silicon photodiodes are subjected to the magnetic field, the charge carriers gain energy,
and both dark current and light current rise depending on magnetic field strength [22]. The dark
current is the output current produced without optical radiation to the photodiode. The light

current is generated when the photodiodes illuminate to optical radiation.

Addis Ababa Institute of Technology (AAIT), November 2021 Page 28



Chapter 4
Methodology

4.1 Description about Experimentation

This thesis experimentation mainly focused on two scenarios. The first scenario is concerned
with the influence of change in input signal frequency to magnetic field effect on output signal
when laser and photodiode concurrently as well as separately exposed to the magnetic field. The
second scenario is concerned with the effect on the output signal when both laser and photodiode
are concurrently exposed to the magnetic field and how the effect differs comparatively from
each transducer separately subjected to the magnetic field. Finally, the effects considered in each

scenario were analyzed by comparing the results measured from all experiments.

First Experiment:

The first experiment was organized to identify the effect on the output signal when a laser is
subjected to a magnetic field oriented B//n and how the magnetic field effect on the output signal
differs when the frequency varies. In this experiment, the optical signal outputted from VCSEL
was reflected by the mirror and coupled to a PIN photodiode. During experimentation, the
VCSEL was exposed to a static magnetic field at 0T, 400mT, 600mT, 800mT, and 1000mT, and

then the output voltage was measured and recorded at 3 kHz and 10 kHz.

Second Experiment:

The second experiment was prepared to detect the effects on the output signal when a photodiode
is subjected to the magnetic field oriented B//n and how the magnetic field effect changes when
the frequency varies. The same as experiment one, in this experiment, the optical signal
outputted from VCSEL reflected by a mirror and coupled to PIN photodiode. Then PIN
photodiode was subjected to the static magnetic field at 0T, 400mT, 600mT, 800mT, and

1000mT, and then output voltage was measured and recorded at 3 kHz and 10 kHz.

Third Experiment:

The third experiment was organized to identify the effect on the output signal when both
transducers (laser and photodiode) are simultaneously subjected to the magnetic field
oriented B//n and the change in magnetic field effect on the output signal when the frequency

changes. Likewise experiment-1 and 2, in this experiment, the optical signal outputted from
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VCSEL is reflected by the mirror and coupled to the PIN photodiode. During experimentation,
both VCSEL and PIN photodiode were concurrently exposed to the static magnetic field at OT,
400mT, 600mT, 800mT, and 1000mT. Then output voltage was measured and recorded at 3 kHz
and 10 kHz.

Fourth Experiment:

The fourth experiment was prepared to identify the effect on the output signal when a laser is
subjected to a magnetic field oriented BLn and how the magnetic field effect on the output
signal differs when the frequency varies. In this experiment, the optical signal outputted from
VCSEL was directly coupled to the PIN photodiode. During experimentation, the VCSEL was
subjected to a static magnetic field at 0T, 400mT, 600mT, 800mT, and 1000mT, and then output
voltage was measured and recorded at 3 kHz and 10 kHz.

Fifth Experiment:

The fifth experiment was organized to detect the effects on the output signal when a photodiode
is subjected to the magnetic field oriented B-Ln and how the effect changes when the frequency
varies. In this experiment, the optical signal outputted from VCSEL was directly coupled to the
PIN photodiode. Then PIN photodiode was subjected to the static magnetic field at 0T, 400mT,
600mT, 800mT, and 1000mT, and output voltage was measured and recorded at 3 kHz and 10
kHz.

4.2 Materials and Experimental Setup Arrangement

Initially, all the necessary materials for the experimental setup were collected. The VCSEL (850
nm) and PIN photodiode were collected from Ethio-Telecom. The standard laser’s protective
cover consists of ferromagnetic material [20]. So, the VCSEL’s and PIN photodiode’s covers
were removed for experimentation. The electromagnet was constructed in the laboratory
generates up to 1000mT at 20A with proper clearance between two poles to insert VCSEL and
PIN photodiode in both B//n and B-Ln alignment. All the other materials were collected from the
advanced optics laboratory where the experiments were conducted. Even though the magnetic
field effect differs based on transducers type [18] - [22], in this experimental setup, only VCSEL
& PIN photodiode were able to find and used.

4.2.1 Transmitter
The transmitter part contains 3.36V & 5V DC power supply, a laser driver circuit, and VCSEL
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(850nm). The laser driver circuit was constructed using NE555 timer, field-effect transistor

(FET), resistors, variable resistor, and capacitors, as shown in figure 4.1 below. The laser driver

was connected to 5 VDC, and VCSEL connected to a 3.36 VDC power supply. Then laser driver

produced a square wave signal with a frequency range from 3 kHz to 10 kHz. The frequency was

adjusted using the variable resistor in the circuit. During experimentation, the VCSEL supplied

an 8.5 mA input current at 3 kHz and 10mA at 10 kHz from the source.
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& SZy, vese €3
-|— DC oV = I1nF
_ 5V ].]EV]_
K 1] % TH =& FET
-| NESs5 T)MER UE
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+ 3\ DC
— ] 336V

4.2.2 Receiver

Figure 4.1: Laser driver circuit.

The receiver part contains 3.36V DC, 10kQ resistor, and PIN photodiode. The cathode of PIN

photodiode connected to 3.36 V DC and anode to 10kQ resistor. The photocurrent produced by

PIN photodiode flowed through a 10kQ resistor and converted to voltage for measurement. Then

output voltage was measured across a 10kQ resistor using both multi-meter and oscilloscope as

shown in figure 4.2 below.
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Figure 4.2: Receiver circuit.

4.2.3 Mirror
During the experimentation, for B//n alignment, the optical signal outputted from VCSEL was
coupled to a PIN photodiode using a mirror.

4.2.4 Electromagnet

For magnetic field generation, we have constructed an electromagnet that was capable of
generating 1000mT. In doing so, initially, two pieces of iron rods used as a core in the
electromagnet were prepared in suitable size and shape using a lathe machine. After that,
insulating materials were placed over both irons, and then 2.5mm? copper wire was wound over
them, as shown in figure 4.3. Once the coiling was completed, then all the necessary testing was
carried out. Then electric power supplied to the electromagnet to measure the maximum
magnetic field can be produced with 20A available power supply in the lab. The electromagnet
produced up to 1000mT at 20A, with a suitable range of clearance between two iron rods (poles)

to insert laser and photodiode for B//n and B-Ln alignment to conduct experiments.

Winding

Figure 4.3: Electromagnet
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4.2.5 Magnetic Field Alignment with VCSEL and PIN Photodiode

The following figure 4.4 & 4.5 show the magnetic field orientation. The symbols B represented
magnetic flux density and n the normal direction of VCSEL’s and PIN photodiode’s layered
surface area [19]. The magnetic field oriented perpendicular to VCSEL’s & PIN photodiode’s

layered surface represented as B//n and parallel to VCSEL’s & PIN photodiode’s layered surface
denoted as B-Ln.

nf o,
%Tl %@@

Figure 4.4: The direction of magnetic field orientation with VCSEL.

nf ot
%N %@@

Figure 4.5: The direction of magnetic field orientation with PIN Photodiode.

4.2.6 Complete Experimental Setup

Generally, under this experimental setup arrangement, five experiments were conducted.
Materials and components used in whole experiments were the same except for B//n alignment
in the first three consecutive experiments mirror was used to couple the VCSEL output to PIN
photodiode. Rather than that experimental setup arrangement remained the same for all
experiments during the whole experimentation.
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Figure 4.6: Full experimental setup.

The setup shown in the above fig.4.6 contains the transmitter and receiver parts. The laser driver
circuit in the transmitter was connected to 5V DC and VCSEL to a 3.36V DC power supply.
Then laser driver produced a square wave signal with an intended frequency of 3 kHz and 10
kHz, and then VCSEL converted it to an optical signal equivalent to an electrical square wave
signal. For B//n alignment, the optical signal outputted from VCSEL was reflected by the mirror
and coupled to the PIN photodiode. But, for B-Ln orientation, the optical signal outputted from
VCSEL was directly coupled to a PIN photodiode. At the receiver, the PIN photodiode converted
the optical signal to an electrical signal. Then the photocurrent from the PIN photodiode was
converted to a voltage by the 10 KQ resistor for measurement. The electromagnet is generated a
maximum static magnetic field up to 1000mT at 20A with proper clearance between two poles to
insert laser and photodiode in both B//n & B-Ln alignment. The magnetic field strength was
controlled by adjusting the magnitude of the electric current supplied to the electromagnet
between 0 to 20A. Then VCSEL and PIN photodiode were separately and concurrently exposed
to magnetic field oriented B//n & B-Ln, at 3 kHz and 10 kHz, around room temperature (20
°C). Finally, the output voltage was measured and recorded at different magnetic flux densities

and frequencies using an oscilloscope and multi-meter at the receiver across a 10kQ resistor.
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4.3 Measurement

For output voltage measurement, in experiment-1, VCSEL was exposed to the static magnetic
field oriented B//n. Once the measurement was completed with the first experiment, experiment-
2 was conducted by exposing the PIN photodiode to the static magnetic field oriented B//n and
output voltage measured. In the third experiment, both VCSEL and PIN photodiode was
concurrently exposed to the static magnetic field oriented B//n. Then output voltage was
measured. In the fourth and fifth experiments, both VCSEL and PIN photodiode were separately

subjected to the static magnetic field oriented B-Ln and output voltage measured.

All experiments were conducted at around room temperature. Then the output voltage is
measured and recorded at 0, 400, 600, 800, and 1000mT at both 3 kHz and 10 kHz.

Experiment -1

Procedures:

v" Set input voltage first and supplied to laser driver circuit and VCSEL.

v Coupled VCSEL outputted optical signal to PIN photodiode using mirror.

v Adjusted the magnetic field strength by varying the magnitude of electric current supplied
to electromagnet.

v" VCSEL exposed to the static magnetic field oriented B//n at 0, 400, 600, 800, and
1000mT.

v" Output voltage and current measured and recorded at 3 kHz & 10 kHz.

Transmitter Part Receiver Part Measurement
r-—-----—1==7% = St - T m
z 8 ;
7 PIN Photodiode — ,g Oscilloscope
= ki g
. -1 A ‘B
B | g g EHE
8 = Current ﬁu
LE!SET MCSE B — to Voltage EaSRssENzs!
driver - convertor oo
VCSEL Multi-meter P
@
Magnet driving current coe

Figure 4.7: Output voltage measurement when only VCSEL exposed to magnetic field oriented B//n.
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Experiment -2
Procedures:
v' Set input voltage first and then supplied to laser driver circuit and VCSEL.
v Coupled VCSEL outputted optical signal to PIN photodiode using mirror.
v Adjusted the magnetic field strength by varying the magnitude of electric current supplied
to electromagnet.
v PIN photodiode exposed to the static magnetic field oriented B//n 0, 400, 600, 800, and
1000mT.
v Output voltage and current measured and recorded at 3 kHz & 10 kHz.

Transmitter Part Receiver Part Measurement
e - i - T T
= = "
& B £
'ﬁ' % v Oscilloscope
= " ™
ol o o
E: ror’ & B SIS
2 . Current v .
Laiser 5 —"—t0 Voltage = ER AR
driver convertor GG
Multi-meter —
. @
Magnet driving current| . . _ _ __ _ _ coo

Figure 4.8: Output voltage measurement when only PIN photodiode exposed to magnetic field oriented B//n.
Experiment -3

Procedures:

v" Set input voltage first and then supplied to laser driver circuit and VCSEL.

v Coupled VCSEL outputted optical signal to PIN photodiode using mirror.

v Adjusted the magnetic field strength by varying the magnitude of electric current supplied
to electromagnet.

v' Both VCSEL and PIN photodiode concurrently exposed to the static magnetic field
oriented B//n at 0, 400, 600, 800, and 1000mT.

v Output voltage and current measured and recorded at 3 kHz & 10 kHz.
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Figure 4.9: Output voltage measurement when both VCSEL and PIN photodiode concurrently exposed to the
magnetic field oriented B//n.

Experiment -4

Procedures:

v’ Set input voltage first and supplied to laser driver circuit and VCSEL.
v Directly coupled VCSEL outputted optical signal to PIN photodiode.

v Adjusted the magnetic field strength by varying the magnitude of electric current supplied
to electromagnet.

v VCSEL exposed to the static magnetic field oriented B-Ln at 0, 400, 600, 800, and
1000mT.

v Output voltage and current measured and recorded at 3 kHz & 10 kHz.
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Figure 4.10: Output voltage measurement when only VCSEL exposed to magnetic field oriented B-Ln.
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Experiment -5

Procedures:

v" Set input voltage first and supplied to laser driver circuit and VCSEL.

v" Directly coupled VCSEL outputted optical signal to PIN photodiode.

v Adjusted the magnetic field strength by varying the magnitude of electric current supplied

to electromagnet.

v" PIN Photodiode exposed to the static magnetic field oriented B-Ln at 0, 400, 600, 800, and
1000mT.
v Output voltage and current measured and recorded at 3 kHz & 10 kHz.
Transmitter Part Receiver Part Measurement
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Figure 4.11: Output voltage measurement when only PIN photodiode exposed to magnetic field oriented B-L1n.
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Chapter 5
Results and Discussion

To study the effects on the output signal, totally five experiments were conducted. During
experimentation, input voltage and current were supplied to VCSEL, as shown in fig.4.6. Then at
the receiver, the photocurrent from PIN photodiode converted to a voltage by 10K resistor and
measured at 0, 400, 600, 800, & 1000mT of the magnetic field applied to VCSEL and PIN
photodiode oriented B//n & B-Ln at 3 kHz and 10 kHz as shown in the following tables. The V.
and Vp denoted output voltage measured when VCSEL and PIN photodiode individually
exposed to the static magnetic field oriented B//n & BLlnat 3 kHz and 10 kHz. The V.p
represented output voltage measured when both VCSEL and PIN photodiode concurrently

exposed to the static magnetic field oriented B//n at 3 kHz and 10 kHz.

5.1 Output Voltage Measured

Initially, the VCSEL was exposed to the static magnetic field oriented B//n & B-Ln at 3 kHz and
10 kHz, and then output voltage was measured from the experimental setup and recorded. The
following table 5.1 and 5.2 show the output voltage measured at different magnetic flux densities

and frequencies.

Table 5.1: Output Voltage measured when VCSEL exposed to the static magnetic field @ 3 kHz.

Vin (V) Iin(mA) | Magnetic Flux Density (mT) | Vi (mV) for B/n | VL (mV) for BLn
3.36 8.45 0 44 62
3.36 8.45 400 45 62
3.36 8.45 600 46 62
3.36 8.45 800 47 62
3.36 8.45 1000 47 62
Table 5.2: Output Voltage measured when VCSEL exposed to the static magnetic field @ 10 kHz.
Vin (V) | Iin(mA) | Magnetic Flux Density (mT) | V. (mV) for B/n | V. (mV) for BLn
3.36 10 0 27 34
3.36 10 400 28 34
3.36 10 600 29 34
3.36 10 800 29 34
3.36 10 1000 29 34
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The fig.5.1 and fig.5.2 show the output voltage (V\), measured when VCSEL was exposed to the
static magnetic field oriented B//n. When the magnetic flux density increased, the output voltage
increased at both frequencies. The magnetic field affected the current flow within and around an
active layer of VCSEL, and the charge carrier density increased in the active region and resulted
increasing in optical signal intensity [18]. Proportionally the output voltage increased.

For B-Ln, when the flux density increased, V, remained constant at both frequencies, as observed

by [18].

VCSEL @ 3 kHz (Voltage Vs Magnetic Flux Density)
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5.1: VCSEL exposed to magnetic field @ 3 kHz (V Vs B).
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VCSEL @ 10 kHz (Voltage Vs Magnetic Flux Density)
40
el O O O |
30 —— o ¢
25
2
= 20
-
>
15
10
5
0
0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)
—o— BJ//n ~@- Bln

Figure 5.2: VCSEL exposed to magnetic field @ 10 kHz (V. Vs B).

To demonstrate the magnetic field effect on the output signal when the photodiode was exposed,
the experiment was conducted by exposing the PIN photodiode to the static magnetic field
oriented B//n and BLn. Then output voltage (Vp) was measured and recorded at different
magnetic flux densities and frequencies, as shown in tables 5.3 and 5.4.

Table 5.3: Output Voltage measured when PIN photodiode exposed to the static magnetic field @ 3 kHz.

Vin (V) Iin(mA) | Magnetic Flux Density (mT) | Ve (mV) for B//n | Vp (mV) for BLn
3.36 8.45 0 59 68
3.36 8.45 400 61 70
3.36 8.45 600 62 72
3.36 8.45 800 63 74
3.36 8.45 1000 63 77

Table 5.4: Output VVoltage measured when PIN photodiode exposed to the static magnetic field @ 10 kHz.

Vin (V) | Iin(mA) | Magnetic Flux Density (mT) | Ve (mV) for B/in | Vp (MV) for BLn
3.36 10 0 36 40
3.36 10 400 37 42
3.36 10 600 38 43
3.36 10 800 38 44
3.36 10 1000 38 45
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The output voltage (Vp) measured for both B//n and B--n showed that V/p increased when the
magnetic flux density increased at both frequencies, as shown in fig.5.3 & fig.5.4. The charge
carriers in the PIN photodiode active region gained energy due to the magnetic field effect and
contributed increasing in photocurrent [22], and that resulted rising in Vp.
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Figure 5.3: PIN photodiode exposed to magnetic field @ 3 kHz (Vp Vs B).
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Figure 5.4: PIN photodiode exposed to magnetic field @ 10 kHz (V5 Vs B).
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To analyze the difference in the magnetic field effects on the output signal, when laser and
photodiode concurrently exposed to the magnetic field relative to individually exposed, both
VCSEL and PIN photodiode were simultaneously subjected to the static magnetic field
oriented B//n in the experimental setup. Then the output voltage was measured and recorded at

different magnetic flux densities and frequencies, as shown in table 5.5 and 5.6.

Table 5.5: Output Voltage measured when both VCSEL and PIN photodiode concurrently exposed to the static
magnetic field @ 3 kHz.

Vin (V) Lin(MA) Magnetic Flux Density (mT) Vip (MV) for B//n
3.36 8.45 0 66

3.36 8.45 400 81

3.36 8.45 600 96

3.36 8.45 800 108

3.36 8.45 1000 113

Table 5.6: Output Voltage measured when both VCSEL and PIN photodiode concurrently exposed to the static
magnetic field @ 10 kHz.

Vin (V) In(MA) Magnetic Flux Density (mT) Vip (MV) for B/in
3.36 10 0 39
3.36 10 400 49
3.36 10 600 56
3.36 10 800 63
3.36 10 1000 65

The following fig.5.5 and fig.5.6 show the output voltage (V.p) measured when both VCSEL &
PIN photodiode concurrently subjected to the magnetic field oriented B//n at 3 kHz and 10 kHz.
The result showed that V p increased when the magnetic flux densities increased at both
frequencies. The charge carrier densities increased in the VCSEL active region due to the
magnetic field effect, and that resulted increasing in optical signal intensity [18] as well as the
charge carriers in PIN photodiode active region gained energy as a result of the magnetic field
effect and contributed to increasing photocurrent [22]. Those combinational effects on VCSEL
and PIN photodiode caused increasing in Vi p much higher relative to both transducers
individually exposed.
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Figure 5.5: Both VCSEL and PIN Photodiode concurrently exposed @ 3 kHz (V» Vs B).
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Figure 5.6: Both VCSEL and PIN Photodiode concurrently exposed @ 10 kHz (V» Vs B).
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5.2. Comparison of Magnetic Field Effect on Output Signal at Different
Frequencies

The difference in the initial value of output voltage V. measured at OT for both B//n & BLn
arrangementat 3 kHz & 10 kHz came from the frequency effect. During experimentation,
VCSEL supplied 8.5mA at 3 kHz and 10mA at 10 kHz due to the laser driver arrangement. At a
fixed frequency, when the input current feed to VCSEL increases, the optical signal intensity
increase [19], and that causes to increase in the output voltage. However, the initial value of
output voltage measured at OT was smaller at 10 kHz relative to 3 kHz due to the frequency
effect even with 1.55mA addition in current supplied to VCSEL at 10 kHz. Similar influences
occurred in both Vp and V p. However, the objective of this study was not to compare the initial
value of voltage measured. It was to compare the rate of changes in output voltage due to the
magnetic field effect at different frequencies. Even with those differences in the initial values, it
was possible to identify the rate of change in output voltage, and comparisons were made.

To study the influence of change in input signal frequency to the magnetic field effect on the
output signal when laser and photodiode individually and concurrently exposed to the field, the
change in output voltage (AV, AVp, and AV p) at different flux densities and frequencies were
compared. The upper case delta (A) donated the change in output voltage values when the
magnetic flux densities varied from 0 to 400, 600, 800, and 1000mT. To calculate the AV, AVp,

and AVp, the output voltage (V, Vp, and Vp) measured at OT were used as a reference.

5.2.1. VCSEL Exposed to Magnetic Field

The output voltage measured from the experimental setup exposing VCSEL to the static
magnetic field at different magnetic flux densities and frequencies were compared to study the
effects. The comparisons were made based on the rate of change in output voltage (AV\) when
the magnetic flux density varied from 0 to 400mT, 600mT, 800mT, and 1000mT at 3 kHz and 10
kHz for B//n as shown in the following table 5.7.
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Table 5.7: Comparison of magnetic field effect on output voltage at different frequency when VCSEL
exposed to magnetic field oriented B//n.

Change in Magnetic Flux Density (mT) AV (mV) @ 3kHz | AV, (mV) @10 kHz
0 to 400 1 1
0 to 600 2 2
0 to 800 3 2
0 to 1000 3 2

VCSEL B//n (Change in Voltage Vs Magnetic Flux
Density)

3.5
3 / o
2.5
2 / = =
1.5
1 v

0.5

AV, (mV)

0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)

Figure 5.7: Comparison of AV at 3 kHz & 10 kHz when VCSEL exposed to magnetic field oriented B//n.

As shown in the above fig.5.7, at 3 kHz, when the magnetic flux density increased from 0T to
1000mT the AV increased by 3mV. However, the frequency increased to 10 kHz, AV increased
by only 2mV when magnetic flux density increased from OT to 1000mT. The overall change in
output voltage at 3 kHz was higher by 1mV than at 10 kHz. That indicated the effect of magnetic
field on output signal when VCSEL exposed to the magnetic field higher at 3 kHz than at 10
kHz.

5.2.2 PIN Photodiode Exposed to Magnetic Field

To identify the influence of change in input signal frequency to the magnetic field effect on
output signal when photodiode exposed, the rate of change in output voltage (AVp) measured
from the experimental setup when PIN photodiode exposed to the magnetic field were compared.

The comparisons were made based on the AVp when the magnetic flux density varied from 0 to
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400mT, 600mT, 800mT, and 1000mT: for B//n and BLn at 3 kHz & 10 kHz, as shown in table
5.8and 5.9.

Table 5.8: Comparison of magnetic field effect on output voltage at different frequency when PIN photodiode
exposed to magnetic field oriented B//n.

Change in Magnetic Flux Density (mT) AVp (MV) @ 3 kHz AVp (mV) @ 10 kHz
0 to 400 2 1
0 to 600 3 2
0 to 800 4 2
0 to 1000 4 2

PIN Photodiode B//n (Change in Voltage Vs Magnetic
Flux Density)

4.5

3 /
2.5

1.5
1 /

0.5

AVp (mV)

0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)

—¢— AVp @ 3kHz —g— AVp @ 10 kHz

Figure 5.8: Comparison of AVp at 3 kHz & 10 kHz when PIN photodiode exposed to magnetic field oriented B//n.

For B//n, at 3 kHz, the change in output voltage (AVp) increased by 4mV when the magnetic flux
density increased from OT to 100mT, as shown in fig.5.8. But, the frequency increased to 10
kHz, the AVp augmented by 2mV for the same magnetic flux density. So, overall AVp at 3 kHz
was higher by 2mV than at 10 kHz. The result showed that the magnetic field effect on the
output signal was higher at 3 kHz than 10 kHz when the PIN photodiode was subjected to the

magnetic field.
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Table5. 9: Comparison of magnetic field effect on output voltage at different frequency when PIN photodiode
exposed to magnetic field oriented B-Ln.

Change in Magnetic Flux Density (mT) | AVp (mMV) @ 3 kHz AVp ((MV) @ 10 kHz
0 to 400 2 2
0 to 600 4 3
0 to 800 6 4
0 to 1000 9 5

PIN Photodiode B--n (Change in Voltage Vs Magnetic
Flux Density)

10
X 7
8
g /
=
Zi /
3
2
1
0

0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)

=¢=— AVp @ 3 kHz —f— AVp @ 10 kHz

Figure 5.9: Comparison of AV at 3 kHz & 10 kHz when PIN photodiode exposed to magnetic field oriented B-Ln.

Similarly, for BLn, the rate of change in output voltage (AVp) at 3 kHz increased by 9mV when
the magnetic flux density increased from OT to 1000mT, as shown in the above fig.5.9. However,
when the frequency increased to 10 kHz the AVp increased by only SmV. The total AVp at 3 kHz
was higher by 4mV than at 10 kHz. So, the influence of magnetic field effect on output signal
was also greater at 3 kHz than 10 kHz when PIN photodiode subjected to the magnetic field
oriented B-Ln.

5.2.3 VCSEL and PIN Photodiode Concurrently Exposed to Magnetic Field
To analyze the impact of change in the input signal frequency to the magnetic field effect on
output signal when laser and photodiode concurrently subjected, the rate of change in output

voltage (AVp) at 3 kHz & 10 kHz were compared. The comparisons were made based on the
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amount of change in output voltage when magnetic flux density oriented B//n varied 0 to 400mT,
600mT, 800mT, and 1000mT at both frequencies, as shown in table 5.10.

Table 5.10: Comparison of magnetic field effect on output voltage at different frequency when both VCSEL and
PIN photodiode simultaneously exposed to magnetic field oriented B//n.

Change in Magnetic Flux Density (mT) | AV p(MV) @ 3kHz | AV p(mV) @ 10 kHz
0 to 400 15 10
0 to 600 30 17
0 to 800 42 24
0 to 1000 47 26

VCSEL & PIN Photodiode B//n (Change in Voltage Vs
Magnetic Flux Density)

50

45 i
2 ~
35 /

20 ///./

AV p (MV)

0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)

—— AVLP @ 3 kHz == AVLP @ 10 kHz

Figure 5.10: Comparison of AV p at 3 kHz & 10 kHz when both VCSEL and PIN photodiode exposed to

magnetic field oriented B//n.

For both VCSEL and PIN photodiode concurrently exposed to the magnetic field, the change in

output voltage (AVyp) increased by 47mV at 3 kHz and 26mV at 10 kHz when magnetic flux

density increased from 0T to 1000mT at both frequencies, as shown in fig.10. The overall AV p

at 3 kHz was higher by 21mV than at 10 kHz. The results showed that the magnetic field effect

on output signal when VCSEL and PIN photodiode concurrently exposed to the magnetic field

was higher at 3 kHz than at 10 kHz.
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5.3 Comparison of Magnetic Field Effect on Output Signal VCSEL and PIN
Photodiode Individually and Concurrently Exposed at Fix Frequency

To study the difference in the magnetic field effect on the output signal at a fixed frequency

when laser and photodiode concurrently exposed to the magnetic field relative to individually

exposed, the rate of change in output voltage was compared. The following table 5.11 & 5.12

show the amount of change in output voltage AV, AVp & AV pwhen VCSEL and PIN

photodiode individually and concurrently exposed to the magnetic field oriented B//n at 3 kHz

and 10 kHz.

Table 5.11: Comparison of magnetic field effect on output voltage when both VCSEL and PIN photodiode
individually and simultaneously exposed to magnetic field oriented B//n @ 3 kHz.

Change in Magnetic Flux Density (mT) | AV, (mV) AVp (MV) AVip(MmV)

0 to 400 1 2 15

0 to 600 2 3 30

0 to 800 3 4 42

0 to 1000 3 4 47

VCSEL & PIN Photodiode Concurrently and Individually Exposed
B//n @ 3 kHz ( Change in Voltage Vs Magnetic Flux Density)
50
45
40
35
Z 30
5 25
20
15
10
5
" .
0 | —
0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)
—— AV}, - AVp AVipp
Figure 5.11: Comparison of AV, AVp, and AV p at 3 kHz for B//n.
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As shown in the above fig.5.11, at 3 kHz, when the magnetic flux density increased from 0T
to1000mT, the overall change in output voltage AV, increased by 3mV, AVp increased by 4mV,
and AV p increased by 47mV. The results indicated that the rate of magnetic field effect on
output signal when the VCSEL and PIN photodiode concurrently expose to the field was much
higher than separately subjected. The magnetic field caused increasing in V and Vp when both
transducers were individually exposed. But, the contribution of magnetic file effect on output
voltage was relatively much higher when both VCSE and PIN photodiode were concurrently
subjected to the magnetic field.

Table 5.12: Comparison of magnetic field effect on output voltage when both VCSEL and PIN photodiode
individually and simultaneously exposed to magnetic field oriented B//n @ 10 kHz.

Change in Magnetic Flux Density (mT) | AV, (mV) AVp (MmV) AV p (mV)
0 to 400 1 1 10
0 to 600 2 2 17
0 to 800 2 2 24
0 t01000 2 2 26

VCSEL & PIN Photodiode Concurrently and Individually
Exposed B//n @ 10 kHz ( Change in Voltage Vs Magnetic
Flux Density)

30

25

20

AV (mV)

15

10

0 B —{1 i i

0 200 400 600 800 1000 1200
Magnetic Flux Density (mT)

—— AV, —=— AVp AVyp

Figure 5.12: Comparison of AV, AVp, and AV pat 10 kHz for B//n.

In the above fig 5.12, the blue line represented AV in the graph is hidden behind the brown line
because AV and AVp have the same values. So, it is important to consider still there. Similarly,
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at 10 kHz, when magnetic flux density increased from OT to 1000mT, AV increased by 2mV,
AVp increased by 2mV, and AV p increased by 26mV. That indicated the contribution of the
magnetic field on the output signal when the VCSEL and PIN photodiode concurrently exposed
was much higher than individually exposed.
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Chapter 6
Conclusion and Future Works

6.1 Conclusion

In this thesis work, experimentation-based analyses were made to identify the influence of
change in input signal frequency to the magnetic field effect on output signal when both laser
and photodiode are concurrently and separately exposed to the magnetic field. Additionally, the
differences in magnetic field effect on the output signal when laser and photodiode are
concurrently exposed to the magnetic field relative to individually exposed were analyzed. The
experimentation was made by exposing 850nm VCSEL and PIN photodiode up to 1000mT

magnetic flux density at around room temperature.

The results were compared based on the rate of change in output voltage measured at different
magnetic flux densities and frequencies. For B//n, when the magnetic flux densities increased
from 0 to 1000mT, the AV, AVp, and AV p were higher by 1mV, 2mV, and 21mV respectively
at 3 kHz compared to at 10 kHz. Similarly, for BLn, when magnetic flux density increased from
0 to 1000mT, the AVp was higher by 4mV at 3 kHz compared to at 10 kHz, but AV remained
constant at both frequencies. The overall results showed that when the input signal frequency
increased from 3 kHz to 10 kHz, the magnetic field effect on the output signal decreased for both
VCSEL and PIN photodiode individually and concurrently exposed to the magnetic field except
when VCSEL was exposed B-ln orientation. For magnetic field aligned parallel to VCSEL’s

layered surface, no change in output signal was observed.

The comparisons carried out at a fixed frequency for B//n, at 3 kHz, showed that when magnetic
flux density increased from 0 to 1000mT, the AV, AVp, and AV p increased by 3mV, 4mV, and
47mV, respectively. Similarly, at 10 kHz, the AV, AVp, and AV p increased by 2m, 2mV, and
21mV, respectively. Based on the results from comparisons taken, the contribution of magnetic
field effect on output signal was found much higher when both VCSEL and PIN photodiode

were concurrently exposed compared to individually exposed at both 3 kHz and 10 kHz.

6.2 Future Works

This thesis focused on the effect of change in input signal frequency to the magnetic field effect

on output signal when laser and photodiode individually and concurrently exposed. Additionally,
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the difference in magnetic field effect on the output signal when both laser and photodiode
simultaneously exposed relative to individually exposed was analyzed. The experiments were
conducted by connecting VCSEL and PIN photodiode with other materials in the experimental
setup to study the effects. However, some experiments were conducted by repositioning the
VCSEL and PIN photodiode in the setup. There was a difference in optical signal loss during
coupling from laser to photodiode from experiment to experiment and has a certain impact on the
accuracy of results for comparisons purpose even though comparisons were possible with those
effects. In future work, the experiments conducted by placing laser and detector at a fixed

position will give a more accurate result suit for comparisons.

Moreover, the input current supplied to VCSEL at 3 kHz was 8.5mA, and at 10 kHz was
supplied 10mA due to laser driver arrangement. Even though the effects were able to observe
with different input currents, the experiments conducted supplying the same input current to
VCSEL at both frequencies will have a more visible difference in the output signal which results

due to the magnetic field effect.

Furthermore, the experimentation was made using only VCSEL and PIN photodiode. However,
in the photon-electron interfaces, different types of lasers and photodiodes are being used. The
effects also depend on the transducers type. So, in future work, the experimentation using the

other type of transducers used in photon-electron interfaces are expected.
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