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ABSTRACT:
Over the past several decades, it has been firmly established that edge-emitting
semiconductor lasers are particularly sensitive to optical feedback. A
semiconductor laser acting under the influence of optical feedback can result in
any number of negative effects including mode hopping, coherence collapse,
strong excessive noise, and chaotic dynamics [3]. Fortunately, we know that the
amount of optical feedback can be quantified by examining the shift in threshold
current, and redshifting in the lasing wavelength [1,2]. Although easily applied in
open air systems, these techniques can not be used for circuits lacking direct
optical access — such as photonic integrated circuits (PIC). Due to the
semiconductors prominent use in PICs it has become apparent that a technique for
quantifying optical feedback which does not require direct optical access is
essential. In this work, we prove that through the precise monitoring of thermal
conditions surrounding a semiconductor laser we can accurately quantify the
amount of optical feedback without the necessity of direct optical measurements.
We examined the surface temperature (Ts), heat sink temperature (Tys), and
ambient temperature (T,) of a 5 quantum well InGaAsP/InP cleaved-facet laser

coupled to a 38 cm long external optical cavity using 25x25 pm’® NIST-traceable
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micro-thermocouples. We combined our experimental measurements with a total
energy balance model for the laser:

Prad = Pet = Peond = Peonv = IV = (Ts-Ths)/Z1 - Actth(Ts-Ta) (D
The electrical power (P¢) generated in the laser is dissipated through conduction
(Pcond), convection (Pgony), and radiative power (Prqg) due to photons emitted by
the laser [12]. The thermal impedance Zr=15.0K/W and area-weighted heat
transfer coefficient A.sh=2.8mW/K were determined experimentally while
operating the laser below threshold.

When the laser is exposed to optical feedback, a fraction p of the reflected
light is coupled into the lasing mode, while the remaining fraction (1-p) is
absorbed at the facet. Thus, the radiated power is:

Prad = Pout — PourRex(1-p) ()
where P, is the optical power emitted and Rex=91% is the reflectivity of the
external cavity.

Monitoring the measured difference, Ts-Ths, as the bias current to the laser
was increased, we observed the expected rise in the surface temperature
proportional to the electrical power below threshold with P;,¢=0. Above
threshold, reduction in the slope occurs as emitted photons remove energy from
the laser [12]. Through a close observation of this data we were able to determine
the threshold current for various attenuation of the optical feedback. These
threshold currents were then used to solve for the coupling efficiency (p) of the

back reflected light which is attempting to reenter the lasing cavity.
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Using equation 1 and 2 and our temperature measurements alone, we were
able to find the optical output power emitted by the laser without recourse to
direct optical measurements. From these optical output powers we were then able
to quantify the amount of optical feedback affecting the laser by examining the
shift in threshold current [1].

Ultimately, we provide various methods for quantifying optical feedback
through the close observation of the thermal measurements taken on and around a
typical edge-emitting semiconductor laser. Comparing the results from our
proposed thermal method and the traditional direct optical measurements, we

found a strong quantitative agreement for both cases, with and without feedback.



Chapter 1 - INTRODUCTION

LASER is an acronym for /ight amplification by stimulated emission of radiation.
Lasers come in a wide variety of shapes, sizes, and forms. There are solid state
lasers and gaseous lasers, lasers a few atoms thick and three stories tall, each built
of different materials and used for a different purpose. To children of the 90s,
lasers signify a world of fantasy where aliens shoot them out of UFOs, Darth
Vader uses them to blow up Alderaan in Star Wars, and Dr. Evil attaches them to
the head of sharks in Austin Powers.

In all seriousness the strength of lasers lies in their versatility. Lasers can
be found in CD and DVD players and laser printers. They are used in the grocery
store to read bar codes and in outer space to scan the exterior of the space stations.
Lasers are used in surgery for precision cutting around the heart and within the
eye. They are also used by the military for missile tracking and in rifle scopes.
However, the today’s most common use of lasers is in communications.

Currently the telecommunication industry uses pulsating lasers to produce
digital signals in the form of light waves. The most commonly used laser in

telecom is the edge-emitting semiconductor laser. The laser generated signal is



coupled into a network of fiber optic cables that is used to carry the signal around
the world. In order to control and protect the data stream throughout the journey,
the beam of light passes through a variety of optical devices, including optical
amplifiers and mulitplexers. In order to simplify the installation of these complex
circuits, engineers strive to miniaturize and integrate the circuits into a single
chip, a photonic integrated circuit (PIC). PICs provide a number of advantages
for the telecom industry including a smaller footprint, reduced cost, and
simplified optical alignment.

In addition to all of the PIC’s advantages, their small size produces a
number of less desirable consequences. One of the largest problems lies in PIC
debugging. Traditional optical debugging techniques involve placing a device for
measuring beam characteristics at various places within the free space optical
network in order to observe the output power, wavelength, and mode at that point.
The typical PIC is about the size of your fingernail while a typical photo-detector
or spectrometer can be as small as a can of tuna up to the size of a VCR, making it
difficult to fit them between the components of the PIC. Additionally, the light
beams within a PIC travel from device to device through a series of
interconnected waveguides, eliminating open air pathways and the use of typical
debugging techniques. Therefore, when a PIC chip begins to malfunction
engineers simply replace the entire chip.

There are a number of effects that can cause an optical circuit to

malfunction; one of the most common and destructive is optical feedback.



Optical feedback is the term used to describe the phenomenon of light being
reflected off a surface back into a laser or other optical device. Previous
investigations have shown that a laser under the influence of optical feedback will
show a shift in the initial lasing point [1] and wavelength [2], eventually leading
to coherence collapse and chaotic behavior [3,4]. These characteristics are
commonly quantified by using a photo-detector or spectrometer, devices we
already know can not be used for PIC debugging.

Over the last two years, our lab has been exploring the possibility of using
thermal measurements as a noninvasive technique for measuring the presence of
optical feedback within an optical circuit. By studying the change in temperature
along the top of an edge-emitting semiconductor laser for varying amounts of
optical feedback, we provide a solid argument for the use of thermal profiling for
optical feedback debugging in PIC and other complex optical circuits.

In the following chapter we will lay the foundation for our work by
establishing a good understanding of edge emitting semiconductor lasers, optical
feedback, and thermal profiling through the inspection of previous work in these
fields. In chapter 3 we begin looking at our experiment in particular, including
our experimental techniques and setbacks. Data and results are presented in
chapter 4. Finally, in chapter 5, we will look ahead to future projects resulting

from the success of our work.



Chapter 2 - BACKGROUND

2.1 — Semiconductor Physics

According to Merriam Webster’s dictionary, a laser is defined as “a device that
utilizes the natural oscillations of atoms or molecules between energy levels for
generating coherent electromagnetic radiation usually in the ultraviolet, visible, or
infrared regions of the spectrum [5].” This definition illustrates the complexity of
the laser while highlighting all of its essential elements — the most important
being the resulting beam of “coherent electromagnetic radiation”. A perfectly
coherent electromagnetic wave consists of photons with identical wavelengths
(monochromatic), phase, and direction. Unfortunately a perfectly coherent beam
is not a realistic possibility. A perfectly monochromatic beam is impossible due
to the noise introduced by spontaneous emission, while directionality will be
upset by diffraction at the laser facet [6]. Nevertheless it is important to
remember that the defining aspect of laser science lies in the fact that we are able
to produce a beam with a relatively narrow range of wavelengths, phases, and

directions [6].



2.1.1 — Edge Emitting Semiconductor Lasers (EEL)

The basic edge-emitting semiconductor laser (EEL) design consists of a carefully
constructed crystal lattice which is bonded to contact pads for electrical input.
The crystal is divided into three major regions: the p-cap, active region, and n-

substrate, as shown in Figure 1.

/ Electrical Contact

{ € Active Region

V\

n-cladding

Figure 1 - Typical EEL construction — Figure taken from [7]

Each of these regions is composed of a slightly different crystalline structure in
order to promote electron movement caused by their varying band gap energies,
which eventually results in photon production. The differing crystalline
composition of the p and n regimes results in different indices of refraction,
causing the produced photons to be confined to the active region. Therefore, a
highly efficient EEL must consist of elements which form the proper band gap
energy to produce photons and elements that will confine the protons because of

their respective indices of refraction [6, 7].



2.1.1.1 — Gain Mechanism

Now let us take a closer look at the actual mechanics behind photon production.
We begin with a discussion of atomic energy levels. With a clear understanding
of energy levels in place, one can begin to understand the properties of insulator,
conductors, and semiconductors. From there one can explore the phenomena of
spontaneous emission, stimulated emission, and stimulated absorption — the keys
to photon production within a laser.

It all starts in the EEL’s crystalline structure. The EEL crystal is
composed of carefully selected atom combinations. Each atom is surrounded by a
cloud of electrons which are arranged into discrete energy levels according to
their unique characteristics.

Consider the element silicon, which contains four electrons in its
outermost orbital, or valance shell. The atoms bond in order to fill their valance
shell. In silicon’s case a full valance shell contains 8 electrons. Therefore if a
silicon atom shares one of its electrons with four other silicon atoms, all of the
surrounding atoms will have full shells, forming a tight lattice like the one shown

in Figure 2.

Figure 2 - Silicon Crystal Lattice — Figure taken from [7]



This structure is great for silicon but bad for electron movement. Therefore
scientists replace one of the silicon atoms with an element containing one more or
one less electron than silicon, such as phosphorus and gallium; this process is
known as doping. If we dope silicon with an element containing five electrons in
its valance shell, we introduce free electrons to the system and create a n-type
material (Figure 3). On the other hand if we dope silicon with an element with
three electrons in its valance shell we create a positively charged lattice
containing “holes” (carriers or missing electrons) which we define as a p-type

material.

Figure 3 - Doped Crystal Structure containing a free electron — Image Taken from [7]

These n-type and p-type lattices are the crystals that make up the n-type and p-
type regions of our EEL. By placing these materials beside one another, scientists
have created a crystal structure which allows for easy electron movement. By
separating the p-n junction by a thin non-doped material the scientists create a
region where the electron movement and in turn photon production can be

contained and controlled. We call this the active region.



Since we wish to focus on electron movement, we can simplify our model
into the discrete energy levels through which electrons are moving: the valance
and the conduction bands. The amount of energy required to move an electron
from the valance band to the conduction band is called the band gap energy, E,,
which is determined by the materials electronic potential and the Schrodinger

wave equation [7].  Visually we can represent this as shown in Figure 4.

Electron Hole

E l l Conduction

Band

Valance
Band

Figure 4 - Energy Band Diagram

At this point we have simplified the complicated atomic structures to an
energy level diagram consisting of the valance and conduction bands with a given
E, for the particular atomic structure. With our energy diagram in place we can
easily examine the complex electron movement that is the foundation of lasing

action.



There are three basic types of materials’ — insulators, conductors, and
semiconductors. An insulator is defined by a valance band full of electrons and a
conduction band full of holes at the temperature absolute zero, separated by a
large band gap energy. These properties make it nearly impossible for electrons
to jump from the valance to conduction band energy even when energy is added
to the system in the form of heat, current, or injected light. A conductor, on the
other hand, has a small band gap energy and a practically full valance band,
allowing it to contain both electrons and holes, as seen in Figure 4. In this system
even small amounts of thermal energy will cause electrons to jump levels because
of the small band gap energy and the available space for electron movement
within the valance and conduction band. A semiconductor is a combination of the
two; like the insulator, the valance band in the semiconductor is full at absolute
zero, leaving no place for electrons in the conduction band to jump to. However,
like a conductor, it possesses a small band gap energy allowing for easy electron
movement with small amounts of external energy.

As an electron moves from one energy band to the other there must be a
transfer of energy equal to the band gap energy, E,. In lasers, this energy appears

in the form of photons.
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Conduction electron
Band
Y
AN
Valance
Band Q hole Q
(a) (b) (c)

Figure 5 - Photon Production & Destruction — Image taken from [7]

Consider Figure 5; as a photon with energy E; approaches an electron
configuration with a matching band gap energy (eg Ey = E,), one of two things
will happen. Ifthere are a large number of electrons in the valance band, an
electron can jump from the valance band to conduction band absorbing the initial
photon — or stimulated absorption (Figure 5a). This process requires that the
photon energy, E;, is equal to the band gap energy, E,, so that energy is
conserved. On the other hand, if there are a large number of electrons in the
conduction band, the photon can stimulate an electron to fall from the conduction
band to the valance band, producing an additional photon which is identical in
every respect (wavelength, phase, and direction) to the first. This process is
stimulated emission (Figure 5b) and is the essential component of laser gain.
Occasionally in a system where the conduction band contains electrons and there
is space (or holes) in the valance band, an electron may randomly fall from the
conduction band to the valance band. This produces a photon whose energy

matches the band gap energy of the system. This process is defined as
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spontaneous emission and is shown in Figure 5c. Photons emitted by spontaneous
emission have a wavelength fixed by the band gap energy, but have random phase
and direction.

At this point one may be asking how are the electrons getting to the
conduction band in the first place since at T=0, all of the electrons occupy the
valance band. By applying an electrical bias (or current), the conduction band is
loaded with electrons, increasing the probability of stimulated emission. When
the probability of stimulated emission equals the probability of stimulated
absorption, the system has reached the point of transparent gain. As the
conduction band continues to be loaded with electrons, the system will pass the
point of transparent gain and reach carrier/population inversion. At that point,
the probability for stimulated emission is greater than stimulated absorption,
creating a net gain (or photon production with in the cavity). The total amount of

gain within the lasing cavity is quantified by the gain spectrum shown in Figure 6.
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gain
Increasing bias current

4 >
¢ Photon Energy
Figure 6 - Typical Gain Spectrum
Gain is increased through the
= A
addition of electrons to the conduction 5
B
o
band. This is controlled experimentally e-»;
. % Threshold
with current. Therefore threshold, or the % Current (Iy)
2 '
r |
point when lasing begins, is thought of o) ' >
E Current (I)
in terms of current. If we plot output Figure 6 — Current versus

Output Power (LI)

power versus current, threshold is clearly

visible, as pointed out in Figure 7.

2.1.1.2 — Fabry-Perot Resonator

Laser action requires two events— a photon gain mechanism and internal optical
feedback [6]. This is due to the fact that the number of photons created in a single
pass through the active region will not be sufficient to create a visible lasing

output (approx 10" photons) [6]. Therefore we need a mechanism that will allow
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the photons to pass through the active region several times before being emitted.
This is accomplished by the presence of a Fabry-Perot resonator cavity
surrounding the gain region. A Fabry-Perot resonator is comprised of two highly
reflective mirrors which allow small portions of light pass through, while
reflecting the most of the light back through the active/gain region, where it can

be further replicated through stimulated emission; as seen as Figure 8.

Gain Region

Lasing Lasing
Mirror Mirror

Figure 7 - Fabry-Perot Resonator

One interesting point to note is the fact that not all wavelengths are able to exist
within the resonating cavity. Due to the cavity’s structure, only wavelengths that
contain a node at the end mirrors will not be destroyed by destructive interference
upon back reflection. This creates standing waves similar to those shown in

Figure 9.

RN
LSS S

Lasing
Mirror

Figure 8 - Standing Waves within a Fabry-Perot Resonator
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Knowing the total length of the lasing cavity (L) we can solve for the allowed
frequencies (f) for a given laser using by relating the velocity of light within the
lasing cavity, v to the wavelength of the standing wave (A) generated by the cavity
length. To find v, the speed of light in a vacuum (c) is divided by the index of
refraction of the lasing medium (n) in order to account for the lack of vacuum.
The wavelength within the cavity is dependent on the length of the cavity (L) and

the modal number of the wave (N).

=5 (1)
n
_2L

A= N (2)

Combining these elements we find that the space between frequencies is defined
as:

-_< (3)

v
ar =Y
y A 2nL

We can graph these frequencies against output power to easily view the possible

frequencies for a given laser as shown in Figure 10.

Outnut Power

Figure 9 - Ideal Frequency Spectrum of Fabry-Perot Cavity

A Af —p «—

Frequency
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In the ideal case, in which there were no photons lost through the mirrors, the
allowed resonator frequencies would appear as infinitely narrow spikes.
However, in the actual EEL frequency spectrum, the frequency spikes more
closely resemble slight peaks with a finite width, since the reflective surfaces
allow some light to pass through.

One way of looking qualitatively at the internal workings of the laser is to
examine the gain spectrum combined with the Fabry-Perot resonator frequency
graph. Plotting one on top of another, as seen in Figure 11, we see that certain
frequencies experience more gain within the cavity due to the natural shape of the

gain spectrum.

. A
Gain .
=== Resulting Laser Spectrum

LT

AT

N
s >

Photon Energy

Figure 10 — Laser Frequency Spectrum

due to the combination of the gain spectrum + Fabry-perot frequencies

This is important when we begin to look at the threshold current, the current at
which lasing begins. You may recall that lasing only occurs when gain equals

loss in the lasing cavity. Therefore, only the longitudinal modes which receive
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enough gain to equal the loss will lase, while all others will be die out due to

natural losses within the cavity. This is shown schematically in Figure 12.

Gain

————— Loss in lasing cavity
= [asing Mode

| ,
Eg Photon Energy

Figure 11 - Lasing Spectrum with Loss

Typically for a fixed amount of loss there is only one resonant mode that reaches
the loss line, producing a monochromatic output beam. This explains why there
is still a coherent output despite the presence of various Fabry-Perot frequencies.
Our solid understanding of Figure 12 will be particularly helpful once we begin

discussing the effects of optical feedback in the following section.

2.1.1.3 — Mirrors

Another key principle of lasing operation is the mirrors’ effect on the output
beam. When an electromagnetic wave approaches a boundary between two
materials of different refractive indices (Figure 13) such that the direction of
propagation is perpendicular to the index boundary, the wave will be reflected

according to the equation:
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r= Ereﬂ _nTnm
E, n +n,

mn

t= Etrans - /1 _l,.2 (5)

in

(4)

where 1 is the fraction of the incoming electromagnetic wave (Ej,) that is reflected
back off the surface (Erq), and t is the fraction of the electromagnetic wave is the

transmitted through the surface (Eans).

Etrans

Figure 12 - Reflection and Transmission at a Surface

In EELs we can use equations 4 and 5 to determine the amount of photons
that escape the lasing cavity to form the output beam. For a GaAs EEL in
particular, the photons will pass from the lasing cavity with an index of refraction
of'n; = 3.6 into the air, which has an index of refraction of n, = 1. By plugging
these values into the equation 4 and 5 we find the field reflectivity, r = 0.56 and t
= 0.82. Therefore for every encounter at the lasing mirrors, 68% (T = t*) of the
total power passes through the mirrors to create the output beam, while the other
32% (R =r7) is back reflected into the cavity to further stimulated emission.

One important thing to note about equation 4 is that when n; < n, r will be

negative, which physically implies an 180° phase shift between the initial beam
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and the back reflected one. Fortunately in EELSs this is not a factor, since the
beam is always going from a material of high refractive index (the laser material)

to one a material of lower refractive index (air) [8].

At this point we have wholly discussed the various elements of EEL
design and how each part affects the final coherent output. Unfortunately, the
EEL structure is not flawless, and when combined with the production process,
can result in a number of side effects. The first of these effects is relatively high
cost ($3-$100/laser), due to the inability to test EELs before the final stages of
production. During EEL production, the lasers are grown in long crystal strips that
are then cleaved to form individual lasers, at which point they can be tested.

Since there is no method for debugging until the lasers are cleaved, EEL
production allows for a high percentage of loss, increasing production price.
Secondly, due to the inability to shape the reflecting mirrors and asymmetric
geometry of the active region, the output beam of an EEL is elliptical in shape
with a slight divergence (10% or so) which must be corrected with a lens in order
to obtain a cylindrical collimated beam. Thirdly, due to the location of the
electrical connections and waveguides, EELs cannot be stacked to form 2D
arrays.

Although these effects limit the effectiveness of EELSs, laser science found
a number of ways to work around them (which will not be discussed here) until an

alternative could be made. This alternative was found in 1979 with the invention



19

of the vertical cavity surface emitting laser (VCSEL). Although it was invented in
1979, VCSELSs did not become a mainstream component until they were able to

produce threshold currents above ImA in 1989.

2.1.2 — Vertical Cavity Surface Emitting Lasers (VCSELs)

Today VCSELs are rapidy acquiring a share of the semiconductor laser market.
The chief difference between VCSELs and EELs lies in the VCSEL’s unique
structure. The VCSEL’s lasing cavity lies in the vertical plane, with the resonator
mirrors located on the top and bottom of the device rather than on either side. A

comprehensive diagram of a VCSEL can be seen in Figure 14 [6].

Light Out

n-InP Substrate

Region
Si0;

AulZn Circular
mirror and electrode

Figure 13 — VCSEL - Figure taken from [13]
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Due to differences in structure, the VCSEL corrects for many of the
imperfections in EELs mentioned in the previous section. During production
each VCSEL is a separate entity, allowing for testing during production,
decreased waste, and lower prices ( less than $1). Since the external mirrors are
on the top and the bottom, the bottom mirror can be designed not to emit light
(reducing loss out of that mirror), and the top mirror can be designed to minimize
diffraction and is shaped to produce a circular beam (or any other shape for that
matter). Stacking issues with EELs are also solved with VCSELs. Because
VCSELs emit light vertically, they are easily grown in 2D arrays in the horizontal

plane.

2.2 — Optical Feedback

Now consider an EEL under the influence of optical feedback. As mentioned
previously, optical feedback is defined as the “portion of the laser output [being]
fed back into the laser cavity after reflection from an external mirror, grating, or
fiber end [9].” Therefore by placing an EEL within an optical circuit we create an
environment teeming with the potential for optical feedback from each optical
surface. But is it really that bad? What will a little light reinjection do to the

overall function of an EEL? That is what we are here to find out.
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2.2.1 — Effects of Optical Feedback

The laser was invented in 1960. Within the next 10 years, scientists had already
begun to examine the effects of optical feedback, although it wasn’t until 1981
that optical feedback research really took off. In that year a number of important
papers were written by leading physicists in the field including L. Goldberg, K.
Petermann, A. Olsson, and D. Lenstra [3,4,9,10]. After 20+ years of research,
optical feedback is considered to be a well understood phenomenon in EELs.

Optical feedback has been shown to drastically affect the spectral
characteristics of the output beam. How it affects the spectral characteristics is
dependent on the amount of optical feedback present in the system. In order to
simplify the discussion five specific feedback regimes have been defined for the
various amounts of feedback and their corresponding spectral effects.

Before we look at each regime in detail, let’s begin with a quick review of
the spectral characteristics of EELs without optical feedback. Thinking back on
our previous discussion, we remember that a laser will only lase once the laser has
reached threshold current. This point is defined as the moment when the total
gain within the lasing cavity is equal to the cavity losses from scattering at the
mirrors, loss through the mirrors, and absorption due to material defects. This
point can be visualized by examining the gain frequency spectrum graph (Figure

12), where a single peak represents the single lasing wavelength. Threshold is
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defined as the current at which a single resonance frequency hits the loss line and
lasing begins in that wavelength alone, also known as the dominant lasing mode.
The lasing wavelength can be detected by spectral analysis and is commonly

displayed as an emission spectrum (Figure 15).
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Wavelength (1)

Figure 14 — Typical Emission Spectrum for EEL without Feedback

In this work, we shall refer to threshold current regularly although we define it in
terms of power (IV). Threshold current can be found from the threshold power by

dividing the power (IV) by the voltage (V).

2.2.1.1 — The Effect of Optical Feedback on the Spectral Characteristics of an
EEL (The 5 Regimes)

By introducing feedback to the system, we return some of the emitted photons to
back into the lasing cavity. The returning photons have wavelengths matching

those being produced within the lasing cavity; however their external trip has
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caused a shift in phase. When the returning photons enter the cavity they will be
replicated due to stimulated emission multiplying the number of photons with
different phases. This appears in the emission spectrum as a broadening or
narrowing of the dominant lasing mode depending on the returning phase of the
photons, as shown Figure 16. This stage in optical feedback is known as

feedback regime I [3].
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Figure 15 - Emission Spectrum — Feedback Regime I

As the optical feedback is increased, standing waves form between the
external reflection mirror and the internal lasing mirrors known as external cavity
modes. An example of these waves is shown in Figure 17. Initially these modes
act as noise in the system but as more and more feedback is added to the system,
the modes increase in strength appearing as tightly spaced additional frequencies.

When the additional modes match the strength (or height) of the dominant lasing
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mode, the laser will begin to jump between the lasing peaks causing the laser to
run at various different wavelengths. This phenomenon is known as mode
hopping (or frequency instability) and is the marker for feedback regime II.
Although the laser is now lasing in various wavelengths over time (the effect of
jumping between external cavity modes) it is still only lasing in a single

wavelength at a time, thus remaining coherent [3].

External Cavity Modes
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Reflecting Mirror

Figure 16 — External Cavity Modes - Feedback Regime 11

In feedback regime I11, the laser will begin to lase in the mode with the
narrowest linewidth rather the highest gain. This helps to restabilize the system
after a sudden transition from the dominant lasing mode to one of the external
lasing modes as they become narrower than the dominant peak. Feedback regime

III is defined by the stabilizing lasing emissions, as shown in Figure 18 [9].
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Figure 17 - Emission Spectrum - Feedback Regime 111

If feedback is increased beyond the stability of regime III, we reach a
point in which the multiple modes broaden to become a single envelope causing

the laser to lase in multiple modes at once, depicted in Figure 19.
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Figure 18 - Emission Spectrum - Feedback Regime IV
This sudden increase in linewidth is defined as coherence collapse, the
characterizing factor of feedback regime IV. The amount of feedback required to

create coherence collapse is defined as the critical feedback level. Coherence
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collapse is the beginning of a string of events that completely nullifies the
constructive use of the laser [3].

By increasing feedback further we enter feedback regime V, which is
characterized by chaotic dynamics in the lasing emission due to the increased
noise instabilities in the relaxation resonance frequency, the appearance of sub-
harmonics, period-doubling and the frequency locking phenomenon [3]. These
effects are studied in more detail in papers such as “Coherence Collapse in
Single-Mode Semiconductor Lasers due to Optical Feedback” by Daan Lenstra

[10].

2.2.1.2 — The Effect of Optical Feedback on Threshold Current
Beyond affecting the emission spectrum, optical feedback has also been shown to
affect the threshold gain. As photons renter the lasing cavity they will decrease

the total loss within the cavity, as seen in Figure 20.
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Figure 19 - Decreased Loss in a system under the influence of optical feedback



By lowering the amount of loss, we decrease the amount of gain required to

match the loss, causing the laser to turn on earlier or lowering the threshold

current, as shown in Figure 21.
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The amount of shift in threshold current is directly dependent on the total amount

of optical feedback and can be modeled using equations original derived by A.

Olsson and C.L. Tang in 1981, which were later simplified by S. Jiang in 1994.

Below is the model presented by Jiang.

1, = A[zal +

eff

1
In
{RlReﬁ,

1+/R,R

)

(6)

(7)
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In the equation, R; and R; are the reflectivites of laser end mirrors, R is the
effective reflectivity of the external feedback cavity (which will be discussed in
more detail in chapter 3), T=1-L,, where Ly, is equal to the laser power loss within
the EEL, / is the cavity length, a is the absorption and scattering losses, and A is a
proportionality constant [4,1]. Since we are working with EELs, Ly, is very small,

making T approximately equal to 1.

2.2.2 — Uses of Optical Feedback

Although optical feedback eventually destroys laser coherence it can be used in
measured amounts to control lasing output. It has been shown as an effective
method for mode selection, narrowing of the emission spectrum, reduction of

waveform distortion, electro-optical tuning, and self-pulsation [4,11].

2.2.4 — Quantifying Optical Feedback

Traditionally the strength of optical feedback into a laser has been identified by
directly observing the lasing output power using a photodetector or spectrometer
in the beam path. PICs feature the optical components scaled down to nanoscale
proportion and connected though integrated waveguides. Although PICs simplify
installation and reduce cost, they increase debugging difficulty by decreasing size
and removing all of the open air pathways. This in turn eliminates the use of
photodetectors and spectrometers for characterization. With the rapid growth of

these devices, it is becoming ever more important to find a way of quantifying
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optical feedback without direct optical access. We hope to achieve this through a
careful observation of fluctuations in the surface temperature of EELs with and

without optical feedback.

2.3 — Thermal Profiling
At this point, we have explored the properties of EELs with and without optical
feedback. We have also discussed the inability to characterize PICs using
traditional methods due to their size and lack of direct optical access. This
underscores the importance of having an indirect, non-optical technique for
characterizing optical feedback in lasers integrated into photonic circuits.

The aim of our research is to prove that optical feedback can be easily
quantified using thermal measurements. Before can do this, we must first
establish a clear understanding of how temperature is related to the physical and

spectral properties of EELs.

2.3.1 — External Heat Exchange Model

In April 2003, a team of researchers at the Massachusetts Institute of Technology
(M.LT.) constructed an accurate model of the external heat exchange for
semiconductor laser diodes. In this section the findings of K.P. Pipe and R.J.

Ram will be discussed in detail, since their work forms the basis of my research

[12].
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In our grade school physics classes, we learned that for a system in
equilibrium energy must be conserved: power in = power out. Pipe and Ram used
this basic principle when constructing their model.

In EELSs the primary source of heating arises from joule heating created as
an electrical bias current (I) is applied to the laser. This current is multiplied by
the voltage (V) in order to be expressed as power (P¢). Unfortunately, some of
the input power is lost due to resistance (R) in the wire that carries the current to
the laser. This term must be accounted for in our calculations, resulting in the
following expression for total input power:

P,=1V'=1V-I'R (8)

When considering output power, there are a number of mechanisms which
removed energy from a laser: conduction (Pcond), convection (Peony), and radiation
(Prag). Both conduction and convection deal with the removal of heat through
atomic vibrations. Conduction is typically seen in solids because heat is lost due
to stationary atomic collisions. In contrast, convection is typically a liquid
characteristic since heat is carried way through the ‘translational motion of
individual particles’ [12]. The final mechanism by which heat is lost from a laser
is through radiation (Prq). As photons leave the lasing cavity they take energy
away from the device, decreasing the amount of energy left for convection and
conduction, producing a measurable cooling. If we think about these three
mechanisms graphically, as shown in Figure 22, we can see that before threshold

we have a linear increase in temperature as electrical input power is increased.
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Then when the laser turns on, the radiation removes energy from the system,

which is seen a sharp kink in the temperature measurements above threshold.
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Figure 21 - Temperature vs Input Power

In EELs we see conduction as heat flow from the surface of the laser down
to the heat sink, a device used to prevent laser overheating and extreme
temperature fluctuations. Mathematically, conduction is simply the change in

temperature divided by the device’s geometrical impedance, Z.

p =2 (9)

where AT is equal to the surface temperature minus the heat sink temperature
(Tsure-Ths)-

Convection is described as the amount of heat escaping off the top of the
laser into the air. We quantify that by multiplying the surface temperature (Turr)
minus the ambient temperature (T,amb) by the surface area of the device (A) and

the heat transfer coefficient (h). Unfortunately, due to lateral heat spreading the
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heating area is not limited by surface area of the device. Therefore we must
consider the effective area instead, Acsr. In the end the equation which describes
convection is simply:

P = Aeffh(T'vurf - T;zmb) (10)

By combining equations (8), (9), and (10) and the fact that energy in
equals energy out, we can construct the total energy balance equation.

P,=P, +P, +P

cond conv rad

(1D

T, —T,
V' =8 ks 4oy
zZ

effh(T;””f _T;lmb) +1)md
T

In equation (11) all of the values except for Z; and A¢rh can be determined

through direct experimental observation.

Z: and A.sth can be solved for experimentally by using equations (11) and setting
the current to zero. In doing so can we find Ash in terms of Z; and temperature.

_ g

A h= (12)
7 Zt(Tmb - 7—;u;ff)0

In this equation, AT and (Tamb — Tsurf)o are the values for the various temperature
values when I = 0. By taking equation (12) and substituting it into equation (11)

we can solve for Z; in terms of experimentally measurable quantities.

Tvurf - Tamb
ZIV'= AT = AT, | Lo (13)
surf “Lamb 0
(T = L)
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By plotting the right hand side of equation (13) versus IV’, we can get Z; by
finding the slope of the line below threshold, an example of such a calculations is
shown in Figure 23. With a value for Z; we can plug it into equation (12) and

solve for Acsh.
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(Tsurf T )0

1/Z,

Electrical Input Powe?
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T'vurf - Tamb
Figure 22 —Theoretical IV' vs AT — AT (—

At this point you may be asking, why are we only calculating Z; below
threshold? This is due to our definition of A.sh, where we have no optical output
(Prag = 0), which only occurs below threshold. Therefore in our calculation of Z;
we must only observe the area below threshold.

With our values for Z; and Ach, in combination with our experimentally
observed values (Tsurf, Ths, Tamb), We have all of the components of the total
energy balance equation (11) except for Prag, our unknown. With the total energy

balance equation in place, we can begin looking at our experiment in detail.
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Chapter 3 - THE EXPERIMENTS

3.1 — Experimental Setup

The objective of our research is to observe the thermal effects of optical feedback
on EELs. To do this we need to design a setup that contains a) a method for
controlling the temperature around the laser, b) a feedback cavity with which we
can control the amount of optical feedback being injected into the laser, and c) a
method for measuring the temperature of the device (the thermal profiling setup).
For our experiment in particular we are working with a multiple quantum well
InGaAsP/InP cleaved-facet laser. This means we are working with a
semiconductor laser with a ridge wave guide and multiple quantum wells within
the active region. From here on we shall refer to this laser as laser #1, this laser

would resemble the one shown in Figure 24.
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Figure 23 — Example of the Laser use in our Experiment — Figure taken from [13]

The laser is thermally controlled by a peltier cooler placed under a heat sink in

order to prevent extreme temperature fluctuations. Throughout our experiments

the heat sink temperature is set to 18" C.

Figure 25 shows a schematic of our experimental setup.
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Figure 24 - Experimental Setup #1

Light that is emitted from the laser passes through a lens that collimates the beam.

From there the light passes through a set of attenuators, used to control the
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amount of optical feedback, to the 91% reflecting gold coated mirror. At this
junction most of the light is back reflected into the laser forming our 38 cm
feedback cavity. The remaining 9% of the light passes through the mirror and is
focused with another lens before entering the photodector.

During our time in lab we worked with another 5 quantum well
InGaAsP/InP cleaved-facet laser with a gain peak at 1.54 pm, which we call laser
#2. We used laser #2 in an alternative setup in which a beam splitter was used to
create the feedback cavity shown in Figure 26. In this setup the light is collimated
at the first lens. At the beam splitter, half of the output beam passes straight
through the beam splitter to the photodector, while the other half is reflected
upwards 90° towards a 99.8% reflecting mirror. The light incident to the
reflecting mirror is back reflected into the beam splitter. At the beam splitter, the
light is split again with half of it being directed towards the laser as optical
feedback, and the other half being lost as excess. In this setup, only 25% of our

total output beam is used for optical feedback.
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Figure 25 - Experimental Setup #2
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Although we eventually abandoned this setup in order to increase the total amount

of feedback (by switching to setup #1), it was used for a successful section of our

project in which we were able to plot P4 using our thermal calculations; this will

be discussed further in the results section.

With our feedback cavity in place, we can now focus on our techniques for

thermal profiling. Today one of the most common
methods for noninvasive temperature measurements
is the use of micro-thermocouples. A micro-
thermocouple is made up of two small wires
(typically copper and constantan) soldered together at
the tip, as shown in Figure 27.

When exposed to a temperature, a voltage
difference is generated between the wires according

to the Seebeck Effect:

U =y(AT) (14)
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Figure 25 — Detail of a
Mirco-thermocouple

where is the U is the voltage difference and vy is the Seebeck coefficient. For our

thermocouples in particular y = -35. This conversion of voltage to temperature is

easy thanks to thermocouple boxes which do the mathematical calculation

automatically. In our experiment, we used three 25x25 pum” NIST-traceable

micro-thermocouples with an accuracy of 200 mK and a precision of 10 mK,

depicted in Figure 28.
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Figure 26 - Actual Micro-Thermocouple compared to a Human Hair

The placement of the micro-thermocouples used for our experiment is shown in
Figure 29. One thermocouple was placed on the EEL ridge above the active
region to measure surface temperature (Tq,f). One was placed on the heat sink
surface to monitor changes in temperature (Tys). The final thermocouple hovered

above the setup to monitor changes in ambient temperature (Tamp).

Figure 27 - Experimental Placement of Thermocouples
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3.2 — Experimental Setbacks and Solutions

In the process of conducting a successful experiment one runs into a number of
problems that need to be solved before the project can move forward. Throughout
the duration of this project we encountered three major issues — the

thermocouples, laser selection, and back reflected light hitting the thermocouples.

3.2.1 — Thermocouples

The first major issue we encountered involved the micro-thermocouples. For
best results, the thermocouples must be calibrated to read within 0.1°C of each
other on the same temperature controlled device. Since each thermocouple is
soldered by hand in lab, we found this to be a challenging task. Finally, the issue
was solved by perfecting a technique for thermocouple construction described in
detail in Appendix A.

The second and more pressing issue encountered with the thermocouples
involved them picking up the current running through the laser and shorting out
the temperature box to which they were connected. This is clearly visible in the
AT graph shown in data Figure 30, when the heat sink thermocouple was picking

up a current.
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Figure 28 — Change in Temperature vs Current when the thermocouples are picking up a
current off the laser surface and shorting out the temperature box

In order to prevent the effects seen in Figure 30, we had to insulate the tip of the
thermocouple from the laser without decreasing the thermocouple’s ability to
detect temperature. Our solution was to coat the top of a thermocouple with a thin
layer of super glue. Procedures for the application of super glue are also included

in the thermocouple construction Appendix A.

3.2.2 — Laser Issues

In the world of lasers, there are various types of EEL. For our experiment, we
needed to find an EEL which was arranged in order to maximize our temperature
measurements by having heating elements within the device close to the laser

surface.
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Thinking back on our discussion of EEL construction we remember that
an ELL consist of two major regions: the cap and substrate, which are either
comprised of the positively (p-type) or negatively (n-type) doped materials. Due
to the p-doped material’s high resistance, large amounts of electrical heating
occur in that region during lasing. In order to maximize cooling in the laser,
EELs are usually mounted with the p-side adjacent to the heat sink. This
arrangement is called p-side down. In order to achieve the clearest thermal
measurements, we used a p-side up laser for our experiment, although this proved
more challenging than it sounds.

In a number of cases, when we were able to find a p-side up laser, we
found that they were either mounted poorly for cooling, or had such a low
maximum output power that they did not produce sufficient cooling to be detected
by our thermocouples. Most p-side up lasers we found were side mounted, as

shown in Figure 31.
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Figure 29 - Side Mounted p-side up Lasers
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By mounting the lasers to the front of our heat sink we achieved uneven cooling
along the device, producing much higher temperatures at the front of the device
and skewing our data.

In the end we found that EELs consisting of p-side up configuration,
which were mounted from below, while still processing a high optical output

power, performed best for our experiment.

3.2.3 — Back reflected Light striking the Thermocouples

Once we began taking data, we found that with feedback we were experiencing a
large amount of additional heating above threshold as shown in Figure 32. As
you may remember from our previous discussion, above threshold current we
expect cooling due to the photon emission. The drastic increase in slope in the

with feedback case implies excess heating above threshold.
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Figure 30 - Extreme Excess heating above threshold due to

back scattering light striking the Thermocouples
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When considering what was causing this extreme heating we had to consider how

back reflected light effected the overall heating and cooling of the system. When

back reflected light reaches the laser facet, the light has three options 1) to be
coupled into the cavity as optical feedback, which increases the optical output

power and eventually cools the system, 2) to be absorbed by the material

surrounding the laser facet, increasing the external temperature, or 3) passing over

the top of the laser. After some careful thought, we decided that this heating was

caused by photons hitting the thermocouple as they passed over the top of the

device face, as depicted in Figure 33(a).



44

Photons

Thermocouple Razor Blade

Thermocouple "

Heating at Laser Facet Heating at Laser Facet

[ Original Output Beam
s Optical Feedback

(2) (b)

Figure 31 - Detail of back reflected light's affect on the laser surface

Initially we attempted to correct for this problem by being more precise in
our optical alignment; this produced little change. We then attempted to move the
thermocouples to the back of the device, still producing little change. The
ultimate solution lay in a black painted razor blade. We positioned the razor
blade just above the laser surface to prevent excess back reflected photons from
striking the thermocouples. We found this technique was most effective when the

razor was positioned extremely close to the actual lasing facet, as shown in Figure

33(b).
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Chapter 4 - RESULTS

4.1 — Quantifying the Shift in Threshold Current using Thermal Profiling
From our previous discussions of the thermal behavior of EEL, we should see
cooling of the laser when it is biased above threshold. In our experimental data,
we observed a linear increase in the change in temperature (AT) below threshold
as current was increased, followed by a decrease in slope as photons were

emitted, taking heat away from the system. This phenomena is seen in Figure 34.
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Figure 32 - Change in Temperature vs Electrical Power for the without Feedback Case
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By adding optical feedback to the laser, we expect that more photons will leave
the cavity, taking more heat away from the system, producing additional cooling.
Unfortunately, this phenomena is difficult to observe since not all of the back
reflected light gets coupled into the laser cavity. The extra light is absorbed by
the front facet of the laser and causes additional heating of the device. Therefore,
in our experimental data in the with feedback case, we observed cooling above

threshold, although not enough to surpass the without feedback case, shown in

Figure 35.
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By closely observing Figure 35, one can see the clear demarcation where the
thermal measurements fall away from the linear fit. This point is of particular
interest since lasers exposed to optical feedback will reach threshold before lasers
without. Therefore if we hope to prove that thermal measurements can be used to
detect optical feedback, we should observe a threshold shift in the thermal data.
In order to highlight this point we have graphed AT’s deviation from the linear fit

below threshold for with and without feedback in Figure 36.
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Figure 34 - Deviation from the Linear Fit - With and Without Feedback

In Figure 36, the black line is the linear fit of the data above threshold, while the
green lines are the corresponding confidence bands. By observing this graph it is
apparent that we do have a shift in threshold with feedback. In this graph we see
that the threshold current without feedback is Iinwo-temp = 60 + 2.25 mW, while the

threshold current with feedback is Iinw-temp = 55 £ 2.25 mW. With quantitative
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numbers for threshold currents from our thermal data we can compare these to our
direct optical data. In Figure 37, we have graphed the optical output power (both
the directly measured6 and thermally calculated) versus the electrical input power

for the with and without feedback cases.
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Figure 35 - Optical Output Power vs Electrical Input Power

On this graph we see the clear threshold shift and the corresponding threshold
currents. We find threshold current with feedback is Iiyw = 58.0 + 0.5 mW, while
threshold current for the without feedback case is Iywo= 61.5+ 1.0 mW. A
summary of our observed threshold input powers for the optical and thermal data

are shown in Table 1.

Table 1 — Observed Threshold Input Powers

Thermal Optical

Without Feedback 60 £2.25 mW 61.5+ 1.0 mW
With Feedback 55+2.25 mW 58.0 £ 0.5 mW
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At this point we are already beginning to see how successful thermal
measurements are in the measurement of optical feedback. In order to strengthen
this argument we prove how by using thermal measurements in conjunction with

total energy balance model, we can solve for optical output power (Poy).

4.2 — Predicting Optical Output Power from Thermal Measurement

In chapter 2, we studied the external heat exchange model in detail and found that
it was easily adapted for thermal applications. Now it is time to put that equation
to use, in order to solve for optical output power (Poy). Rearranging the terms in

equation (11) we can set Pr,q equal to our experimental terms.

— ] Tvurf _Ths
Prad _IV _T _Aef[fh(zvvmff _T;zmb) (15)

T

It is important to note that P4 is not the same as the total optical output power,
Pou. Rather P4 is defined as the total power lost due to emission or absorption of
photons. In the without feedback case, Prag = Powr. While in the with feedback
case, we have some additional heating terms to account for, which we shall
explore in detail in the next section.

Also note that the total output power of the laser, Py, is not the same as
the optical power measured at the photodector (Ppp). Ppp only accounts for a
fraction of the total output power. First, EELs emit light from both ends,
decreasing the amount of optical power measured by the photodector by half.

Secondly, only a fraction of that light is transmitted through the attenuators and
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external reflecting mirror reaches the photodetector. In order to account for these
losses we must adjust our measured output power Ppp:

_2*p
out T T

Mirr™ Atten

(16)

In equation (16), Py is the total output power of the laser.

4.2.1 — Modification of External Heat Exchange Model to account for Optical
Feedback

Once optical feedback is introduced into the laser, we must redefine the total
energy balance equation (11) to account for optical feedback.

The fraction of output power that is back reflected into the lasing cavity is
defined as the equivalent reflectivity (Req), which is described by the components
of setup.

Req =T?ArrNRMIRROR (17)
where Ruirror 1S the total reflectivity of the external mirror and Tarrenis the
transmittance of the attenuators included in the setup. Tarren is squared in the
above equation to account for the initial and reflected trip of the light through the
feedback cavity.

The fraction of back reflected light that is successfully coupled into the
lasing cavity is defined by the coupling efficiency p. Therefore, the fraction of

the light lost as additional heating around the laser facet is (1-p). Combining
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these elements we can define the total optical output power for optical feedback
as:

P

rad = Pout _PoutReq(l _p) (18)
where P,y is the total optical power emitted from the laser. When we add this to
our total energy balance equation (11) and arrange the terms so that the heating

terms are on the left hand side of the equation and the cooling on the other, we are

left with the total energy balance equation under the influence of optical feedback:

(- T;wf - Ths

amb
T

)+, (19)

In order to use this equation to solve for P4, we must solve for it in equation (19),

resulting in:

' T;wf _7—;'”
IV _T _Agﬁ”h(zvvmff _Tamb)

S VR B )

(20)

4.2.2 — Calculating Thermal Impedance (Z)
Before solving for the output power (Pr.q) we must first solve for Z; and A¢h.
Remember back to Chapter 2, we can solve for Z; and A.gh using

e —r
. Zt(Tmb - 7—;u;ff)0

(10)

a

zv=ar-—20 (1 -7 ) (1)

(Tsurf -1, )0
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AT

0

T

amb

and plotting AT — ( ) (wa -T am,,) versus IV’ below threshold.
0

T

surf -
Figure 38 contains our experimental data for Z for laser #2. Calculating the slope

of the linear fit below threshold for Figure 38, we find Z; = 17.94 K/W. With this

value in hand, we use equation (10) to solve for A.gh = 6.98 mW/K.
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Figure 36 - Calculations for the Thermal Impedance of laser #2

4.2.3 — Direct optical measurement of Optical Output Power (P,y)
Taking our experimental values, Z;, and A¢h and placing them into equations
(15) and (20) for without and with feedback respectively, we were able to

calculate the optical output power (Poy) versus IV’ for our thermal data. In Figure



39 we have graphed our calculated P, along with our direct optical

measurements and found a convincing agreement.

5 . ; i . ' : ' .
Without Optical Feedback : %
—~ 4}
% P, (calculated from thermal data)
3L P_ . (direct optical measurement) )
—
)
=
o
o 2 |
5
=3
> 1L |
o | i ;
T [ & ' i
L 1 L] %
S | i ow ¥
-1 . 1 . ! , | ) . )
0 20 40 60 80 100

Electrical Input Power IV' = IV-PR (mW)

5 T T T T T T T T T %
A | With Optical Feedback |
g = P_, (calculated from thermal data)
é 3 P_, (direct optical measurement)
- - 4
3
]
o o 4
5
Qo
5 ]
5 1
o T T
) % i %;
_1 1 1 L % 1 L 1

0o 20 40 60 80 100
Electrical Input Power [IV' = IZR] (mW)

Figure 37 - Calculated Optical Output Power vs Direct Optical Measurements
- With and Without Feedback



54

Difficulty in producing Figure 39 occurs when back reflected light strikes the
thermocouples producing excess heating as discussed in section 3.2.3. If enough
light is being reflected onto the thermocouples that AT shows significant heating
above threshold, our calculations from the thermal measurements will result in a
negative value for P, although the kink at threshold will remain in the same
location.

From the information provided in Table 1 and Figure 39, it is apparent that
we can accurately predict optical feedback with thermal profiling. But in the labs
at Mount Holyoke College and the scientific community at large this is not
enough. To further strength this proof, it is important to test this hypothesis for

various amounts of optical feedback.

4.3 — Quantifying Optical Feedback with various amounts of Optical
Feedback

In this section we will prove that thermal profiling is an effective technique for

measuring optical Table 2 — Attenuator Transmission & the Effective
Reflectivities Values
feedback levels as low as Attenuator Number T .
(Attent) ransmission Req
2% of the original output Atten01 0.766 0.537
beam power. In order to Atten02 0.448 0.183
Atten03 0.437 0.174
achieve this we Atten04 0.217 0.043
introduced six attenuators Atten0> 0.189 0.033
Atten06 0.101 0.009

to our experimental setup.
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The attenuators ranged in transmission values as shown in Table 2.

Various problem arose during the attenuator testing, the most problematic
was thermocouple heating, a problem never solved due to time constraints.
Therefore, we will focus on quantifying threshold shift since it does not depend
on the appearance of cooling above threshold for accurate results. With a range
of threshold current we can solve for the coupling efficiency (p) for experimental
setup #1.

Let us begin by examining the direct optical measurements for P, for
each of the various attenuators, shown in Figure 40. As the amount of
transmission decreases for each consecutive attenuator there is less and less

optical feedback in the system.

6 T . ; .
with feedback
without feedback
Req =0.537

rad

Optical Output Power [P_] (mW)

30 32 34 36 38
Electrical Input Power [IV - IZR] (mW)

Figure 38 - Optical Output Power vs Electrical Input Power for
various amounts of Optical Feedback
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By observing the graph of AT for the various attenuators, Figure 41, there is a

clear place where each observation deviates from the linear fit.
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Figure 39 - Change in Temperature vs Electrical Input Power for

various amounts of Optical Feedback

Unfortunately with optical feedback the measured temperature rises above

threshold rather than cooling, pointing to back reflected light striking the

thermocouples. We can investigate these lines further by graphing each one’s

deviation from the linear fit. For simplicity only the attenuator #2’s deviation of

from the linear fit is shown in Figure 42.
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From the above figure, we can easily measure the threshold current form our
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thermal data. The threshold current for the additional attenuators can be found by

repeating the procedure described above for attenuator #2. A summary of the

threshold currents observed thermally and optically is shown in Table 3.

Table 3 — Observed Threshold Currents with Attenuators
Thermal Optical

With Feedback 30.3+0.2 mW 29.8+0.1 mW
Atten01 306 0.16 mW | 30.4+0.1 mW
Atten02 31.5£0.16 mW | 31.6+0.1 mW
Atten03 31.8 £ 0.1 mW | 32.2+0.14 mW
Atten04 326 £03mW | 324+0.12mW
Atten05 32.7+ 0.4 mW 329+ 0.1 mW
Atten06 329+02mW | 33.05+0.1 mW
Without Feedback 33.15£04mW | 33.6+0.1 mW
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The remarkable thing about this section of our research is our ability to easily
extract the threshold current from our temperature measurements despite the
excessive heating for these measurements, which prevented us from solving for

Pout experimentally.

4.4 — Solving for the Couple Efficiency (p)

In a paper written by Shijun Jiang in 1994 entitled “Influence of External Optical
Feedback on Threshold and Spectral Characteristics of Vertical-Cavity Surface-
Emitting Lasers,” he formulated a model for the shift in threshold current due to
optical feedback:

_2ai-n(RR,)
 2a/-In(RR,)

1)

where I 1s the threshold current of the laser without feedback, a is the
absorption and scattering losses inside the cavity, and / is the length of the laser
cavity [2]. R; and R; are the reflectivities of the laser mirrors, and R is the
effective reflectivity of the extended-cavity measured at the output mirror of the
laser. Regr wa previously defined in section 2.2.1.2 as:

:{\/R_2+\/§j (7)

T 1+JRR

where R is the fraction of back reflected light:
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P

R=— = pR =0 (T}, R,y ) (23)

rad

The variables a, [, Ry, and R, are relatively standard parameters for

semiconductor edge emitting lasers [1]. From the literature, we use the standard
values of a/ =0.125 and /R,R, =0.32 for our calculation of the feedback ratio.

Equation (21) is important because it relates threshold shift to coupling efficiency
) [7].

In Figure 43, we plot the feedback ratio versus the equivalent reflectivity,
Req, for our each of threshold currents. The figure shows both the shift in
threshold currents obtained from direct optical measurements in Figure 40, and
our threshold currents determined from our temperature measurements in Figure
42. We can solve for p by fitting equation (21) to the experimental data, using p

as a fitting parameter.
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Figure 41 - Using the feedback ratio to solve for p
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From Figure 43, we are about extract the value for the feedback coupling
efficiency for our particular setup. With this value we can quantify the fraction of

back-reflected light which is coupled back into the lasing cavity.
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Chapter 5 - CONCLUSION

The purpose of our research was to examine the effect of optical feedback
on the thermal characteristics of edge-emitting semiconductor lasers. In doing so
we proved that it is possible to accurately quantify the optical output power of a
laser with and without optical feedback. To accomplish this, we first had to
modify the total energy balance equation to account for the presence of optical
feedback. However, we also found that obtaining the measurements required to
solve for the optical output power thermally was extremely difficult. This was
due to the back-reflected light striking the thermocouples creating an erroneously
high value for AT.

Fortunately, we have also shown a way of working around this problem by
focusing on our ability to accurately measure the shift in threshold current through
thermal profiling. Threshold currents found experimentally were used in
conjunction with a modification of the model described by Olsson and Jiang, in
order to both quantify the total amount of optical feedback affecting an EEL and

calculate the optical feedback coupling efficiency, p [4,1].
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As aresult, we have provided two sound methods for quantifying optical
feedback in EELs using thermal profiling. We can calculate the optical output
power directly from the total energy balance equation. Alternatively we can
measure the shift in threshold current and use the modified model developed by
Olsson and Jiang to derive the optical output power.

By proving that we can accurately quantify minute levels of optical
feedback (as small as 1.34%) through thermal observations alone, we have
provided a non-invasive technique for monitoring optical output power. This
technique can now be implemented for use with devices which do not allow for
direct optical access such as photonic integrated circuits.

This technique will also open the door to a variety of new research topics,

in which optical phenomena can be studied using thermal measurements.
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Appendix A — Thermocouple Construction Guide

The critical component of accurate thermal measurements is a set of well
constructed micro-thermocouples. For our experiment, good construction is
defined as two (or more) thermocouples that read to within 0.1°C of one another
while measuring temperature of a thermally controlled device such as a heat sink.

However, this level of precision is easy to

Slight angles in thermocouple
placement can result in

. significant differences in
construction is wholly dependent on the temperature readings

soldered tip. <4+ - r:’_ >

obtain once we realize that good thermocouple

There are a number of reasons why two

thermocouples can produce dissimilar readings. Soldered ‘ J gr:llizn
tp—> Qi) \™

Heat Sink

The first lies in simple placement; any changes
in the angle at which the thermocouple is placed

on the device can significantly change the Figure 41 - Mirco-thermocouple

. L placement on a temperature
measured temperature, depicted in Figure 44. controlled device

The larger the tip the more sensitive the thermocouple is to slight variations in the

lean angle. Second, differing thicknesses in solder on one thermocouple tip
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compared to another can produce significantly different measurement readings.
From the above complications, the necessity for a thin, consistently made

thermocouple tip becomes obvious.

A.1 — Thermocouple Construction

A thermocouple is made up of two wires that are soldered together at the end. In
our lab, two different thicknesses of thermocouple wire were used; a thick
thermocouple wire which is connected to a plug for the thermocouple box, and the
precision thermocouple, which is smaller than a human hair, see Figure 45. For

our experiment we used copper-constantan thermocouples from Sable Systems.

Figure 45 - Thermocouple Wires

In order to work in lab, these two wires must be soldered together. We

begin by removing the insulation from one end of both types of wire. For the
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thick wire, one can simply take the soldering iron to the exterior plastic and melt

away a section in order to make it easier pull the desired length of insulation off.
Insulation removal for the thin

thermocouple wire is much more difficult.

For this pair of wires, the most important <« Bare Wires

thing is to separate the two wire. We can do

this by melting the insulation away by

Insulated
running one end of the wire through an open Wires
flame (typically from a cigarette lighter). Figure 46 - Bare Micro-thermocouple

Once this is done, simply scrape away the

charred section with your finger nail. In doing so look for two small wire ends,
like the ones shown in Figure 46. Now carefully pull on these wires in order to
separate the wires further. (Note: the fact that most of the wire is still covered in
insulation is fine, since the remaining insulation will be removed during
soldering.)

With both types of thermocouple wire separated, one can now solder them
together. The easiest method is to wrap the micro-thermocouple wire around a
loop of the bare thick thermocouple wire, as shown in Figure 48. Remember that
when creating these loops to wrap the copper micro-thermocouple wire around
the thick copper wire, and the constantan micro-thermocouple wire around the
thick constantan wire, or the device will not work as a thermocouple. The wires

can be easily distinguished by their bare wire color, copper will have an orange
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color while constantan is silver. Soldering of this junction should be done at a

temperature ranging from 750°-780° F.

Wrap the micro-thermocouple
of matching material around the
large wire loops — then solder
the loop

Thick Wire

Micro-Wire

Figure 47 - Thermocouple Wrappings

This arrangement ensures that the micro-thermocouple wire will be held in place
until it can be soldered. In order to protect this delicate junction, simply form a

protective sandwich for it with some electrical

- o Thick Wire
tape, like the one shown in Figure 48.

In order to test the junction, put a dab of Electrical
Tape covering

solder onto the end of the micro-thermocouple, Faretion

and attach the plug to a multimeter. If you T

experience a short on open, go back and resolder

Figure 48 - Soldering

the junction; testing this junction now will save Junction Protection

one time and headaches later.
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At this point, it is a good idea to mount your thermocouple onto a micro-
positioner (or similar device), which will be used to position your thermocouple
during the experiment, as seen in Figure 49. This will help to stabilize the tip
during soldering, as well as protecting your wires from accidentally snapping

during the construction of the thermocouple tip.

Figure 49 - Thermocouple on a Micro-Positioner

A.2 — Tip Technique
Now that the thermocouple is created and mounted on a micro-positioner, cut off
the test tip and place the thermocouple under a microscope so that the tip can be

seen easily. Also increase the temperature of the soldering iron to between 810°-

820° F.
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Now zoom in on the thermocouple tip, load the soldering iron with solder,
and move the soldering iron into the viewing area under the microscope. Now
with reptilian slowness, touch one of the outside edges of the solder (yes just the
edge of the solder) to the tip of the thermocouple and remove it. If done correctly,
there should be a thin line of solder across the front edge of the device. A

schematic of this procedure is shown

in Figure 50. If one sees any large
Thermocouple
uneven blob of solder on the tip,
simply cut off the tip and try again. It
is very important that the tip is
nothing more than a thin even strip Soldering Iron
across the two wires.

At this point, it is important to
test the thermocouple again. Testing
of the thermocouple is important
because there are times when solder is
on the tip but not making a clean
connection, leaving an open circuit.
We found it handy to just leave the
multimeter connected to the

thermocouple during tip soldering, in

order to allow for quick reference. A
Figure 50 - Schematic of Tip Creation
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good thermocouple should have a resistance ranging between 150 Q — 500 Q.

A.3 — Application of Electrical Insulation
The final step in the successful completion of thermocouple construction is in the
application of super glue to the thermocouple tip in order to prevent the
thermocouple from picking up unwanted current off the laser (or any other device
being measured).

Place the thermocouple under the microscope again and zoom in on the
tip. Now squeeze the super glue so a small bubble forms at the tip of the tube of

super glue and move it into the

viewing area under the microscope.

Super Glue
Similar to the technique used with 3

Smooth the
.. . Super Glue
the soldering iron, simply dab the with
k Tweezers
tip into the super glue. This should
Thermocouple

leave a series of small bubbles

along the length of the tip due to
the natural properties of the Even super glue
application over

the thermocouple
tip

material, as shown in Figure 51.
To create an even coating over the
tip, take a small pair of tweezers

and smooth the glue over the Figure 41 - Application of Super Glue
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length of the thermocouple making sure to pull the glue down over the metal tip,

since that is the area we need to cover, see Figure 51.

Once the tip is covered, let it dry of a few minutes, and then test the

resistance. This is done by attaching one end of the multimeter to one of the plug

ends and a probe to the other. This probe can be any metal object that can be

connected to the multimeter and run across the tip. We typically used a wire pin

that was held by a multimeter attachment, as shown in Figure 52.

Figure 52 — Probe used to
test Thermocouple
Resistance

The resistance was then tested by rolling the
probe across the surface of the thermocouple tip. Be
sure to roll the probe all the way around the
thermocouple tip, watching the multimeter closely, since
a tip has been shown to be insulated in some area and
not in others. If the circuit is shorted out during this test,
the thermocouple has been correctly coated, since we do
not want an electrical current to flow through the tip
with the coating present.

Following this technique, one should be able to
produce nicely constructed thermocouples, due to

careful creation of the soldered tip.
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A.4 — Thermocouple Testing

Once both thermocouples have been constructed, it is time to test the
thermocouples to see if they match to within 0.1°C. This is a fairly simple
procedure.

Begin by plugging the thermocouples into the Sable Systems
thermocouple box and connecting it to the computer. This box employs an
internal reference temperature and the Seebeck Effect to calculate the
thermocouple temperatures from their voltage.

The first test is to take both thermocouple tips at the same time and hold
them near to one another between your thumb and index finger. Squeezing your
fingers together around the thermocouple tips should result in very similar
readings although not 0.1°C. If the two temperatures are reading very differently,
go back and reconstruct the tip of one of the thermocouples.

Once the thermocouples have pasted the first test, place them close
together, but not touching, on a heat sink set between 18°-20°C. The positioning
of the thermocouples on the heat sink should be done under a microscope in order
to ensure that the tips are placed close to one another and setting upright on the
heat sink without much tilt, as shown in Figure 44. Once the thermocouple is
resting on the heat sink, small adjustments to the thermocouples, tilt position can
be made with the micro-positioner in order to get the thermocouples to read more

closely. However, if the tips are carefully constructed this will not be an issue.
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Once the thermocouples are placed in a satisfactory manner, this may take
sometime to achieve, turn off the microscope light and carefully place a dark
blanket over the experimental setup being careful not to knock the thermocouples
out of place. This process is called ‘ghosting.” With the experimental setup
ghosted, observe the thermocouple readings over time, at this time they should be
reading within 0.1°C. The easiest way to observe the difference in temperature
between the thermocouples is to write a LabView code which plots the
thermocouple temperature difference as (T;-T>) as a function of time. Once two
(or more) thermocouples have been constructed that read within 0.1°C of one

another, thermocouple construction is complete.
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