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ABSTRACT

Thomas Meric: Chracterization of GaSb edge-emitting devices in 2 - 3 µm wavelength
Master of Science thesis
Tampere University
Europhotonics programme
October 2021

This thesis is concerned with the theory, development and characterization of GaSb-based
mid-IR mode-locked laser diodes (MLLD) and superluminescent light emitting diodes (SLED).
MLLDs and SLEDs were grown by molecular beam epitaxy (MBE). The design process of the
devices has been discussed. Deeply etched MLLD were tested for more than 5mW output power
at about 2µm wavelength at room temperature under CW operation. A mode-locking operation
was confirmed by spectrum measurement. The electrical resistance of the isolation section was
found improved by the deep etching. 2.6µm wavelength SLEDs were tested for more than 31mW
output power with 30% DC pump current at room temperature. The effectiveness of the cavity
suppression design was confirmed by spectrum measurement. Instability of the beam profile for
2.6µm wavelength SLEDs was reported.

Keywords: Mode-Locked laser diode, superluminescent light emitting diode, edge-emitting laser
diode, Quantum well, Gallium antimonide, III-V semiconductor, Infrared, Characterization of optical
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1. INTODUCTION

Light sources emitting in mid-infrared (IR)(2-3µm) have been increasingly interesting over

the last years for many applications ranging from spectroscopic sensing to telecommu-

nication [1, 2]. As a lot of molecules such as greenhouse gases (CO, CO2, N2O) or

hazardous gases (NH3, HF) have a high absorbance at wavelengths around 2-3µm [3],

mid-IR wavelength devices are particularly used for environmental control, industrial pro-

cess monitoring and defense application [4]. Furthermore, those wavelengths are highly

absorbed by water. Thus, making mid-IR wavelength devices eye-safe as human eyes are

mainly composed of water. Mid-IR wavelength devices also show potential in telecommu-

nication. Nowadays, most telecommunications devices are using near-IR wavelengths

(1.3-1.55µm) [4]. To meet the continued steep growth in transmitted data volume, an

interesting solution would be to use new spectral bands at longer wavelengths.

The main emphasis of this thesis is the development and characterization of compact,

low-power consuming and efficient mid IR GaSb-based light emitting devices. Two device

categories in particular were studied: 2µm wavelength mode-locked laser diodes (MLLD)

and 2µm and 2.6µm wavelength superluminescent light emitting diodes (SLED). These

devices are grown by molecular beam epitaxy (MBE), an epitaxial technique mainly used

for its better control of the layer thicknesses and of the interface composition of the grown

layers. A double quantum wells (QW) structure was chosen for the devices studied in

this thesis in order to get a high output power and reduce the performance reduction due

to the temperature. 2µm wavelength devices are using AlGaSb active layer while 2.6µm

wavelength devices are using AlGaAsSb active layer. Two different waveguide geometries

for MLLD were also investigated. GaSb-based mid-IR light emitting devices have several

issues such as high rate of Auger recombination and free carrier absorption and high

temperature sensitivity [5]. Despite those problems, many successful GaSb-based Mid-

IR lasers have been grown [5].

MLLD are devices used to obtain ultrashort pulses (down to several fs) with high repetition

frequency (up to Thz) [6]. There are other pulse generation techniques like gain switching

or Q-switching but none of them can reach a pulse duration as short as with MLLD. The

generation of ultrashort pulses is particularly useful for high resolution measurements of

ultrafast processes like chemical reaction dynamics. MLLD emitting at 2µm wavelength

are eye safe and thus are incredibly useful in LIDAR systems to measure velocity and
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distance of object without wounding people [7]. In this thesis we studied a passive MLLD

with a deeply etched ridge waveguide (RWG). This device was compared to an other

passive MLLD with a more shallow waveguide geometry. Both devices have the same

epitaxial structure and emit at the same wavelength. We also studied SLED devices

with two different epitaxial structures, emitting at 2µm wavelength and 2.6µm wavelength

respectively.

SLEDs are laser diodes (LD) with removed optical feedback mechanisms (either by using

antireflective coating, RWG bending or both). This is done to prevent wavelength se-

lectivity and spectral gain narrowing [8]. The resulting output beam combines the high

power and beam directionality of LDs with the broad emission spectrum and low temporal

coherence of light emitting diodes (LED), thus preventing interference patterns like speck-

les. Those properties make SLEDs particularly useful for optical coherence tomography,

picoprojection or fiber optic gyroscopes [9, 10].

In chapter 2, we discuss the basic theoretical concepts required to understand this the-

sis. Chapter 3 present the designs of the devices studied. The emphasis will be on the

waveguiding methods used for the RWG and the light emitting processes of the studied

MLLDs and SLEDs. The epitaxial structure of those devices will be further discussed in

chapter 4, along with the processing steps. The results will be presented in chapter 5.

Finally, chapter 6 will summarize the most important results of this thesis and conclude

with the future developments in this research topic.
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2. THEORY

2.1 Introduction

In this chapter, we review the basic theoretical concepts required to understand this the-

sis. In section 2.2 we will present the band structure of semiconductor materials. In

Section 2.3 we will discuss both radiative and non radiative mechanisms present in light

emitting diodes. Some basic characteristics of laser operation will be presented in section

2.4. Finally, section 2.5 considers the effect of temperature on the performance of light

emitting diodes.

2.2 Band structure and conditions for lasing

Electrons in semiconductor materials can only access specific energy states determined

by Schrodinger’s equation and quantum physics [11] . In semiconductors, those energy

levels are very close to each other to the point we can approximate a package of possible

energy states as a wide energy band [12]. The Fermi level defines the limit between

bands fully occupied by electrons and the first empty band when the material is at a

temperature of 0K [13]. The valence band is the highest occupied atomic energy band at

0K and the conduction band is the following higher-lying energy band. The valence band

further consists of three sub-bands: heavy hole (HH), light hole (LH) and split-off (SO)

valence bands. A representation of a semiconductor band structure is shown in Fig. 2.1.

Valence and conduction bands are separated from each other by a gap of inaccessible

energy state called band gap Eg. In Fig. 2.1, the Semiconductor band structure is rep-

resented as the function of the crystal momentum associated to their electrons in the

crystal lattice. The crystal momentum is represented by a wave vector k. A bandgap

is called direct when the point with the lowest energy in the conduction band has the

same wave vector k as the point with the highest energy in the valence band. On the

other hand, when those two points are misaligned, it is called an indirect bandgap. The

nature of the bandgap is defined by the material. The materials used in this thesis, like

most III-V semiconductors, have a direct bandgap. Materials with a direct bandgap are

particularly useful for light emission as they have a higher radiative recombination rate

[15]. Light-emitting devices use recombinations of electrons from the conduction band
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Figure 2.1. Energy band diagram for semiconductors. Left: direct bandgap. Both va-
lence and conduction bands are aligned. Left: indirect bandgap. The conduction band is
misaligned with the valence bands [14]

with holes of the valence band to produce photons with an energy equal to the bandgap

[11]. Those recombinations can be classified into two categories: radiative recombination

and non-radiative recombination (see Fig. 2.2).

Figure 2.2. Emission process [11]. Left: spontaneous emission. Right: stimulated emis-
sion

Both radiative and non radiative recombination, along with their subdivisions, will be dis-

cussed in the next section.

2.3 Recombination Mechanisms in light-emitting devices

2.3.1 Radiative recombination

When an electron recombines with a hole, some energy is released in the form of photons.

This is called radiative recombination. The frequency of a photon depends directly on its

energy according to the Plank relation: E=hν with E the energy, h the Planck constant
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and ν the frequency. Other parameters such as carrier density, confinement factor or

temperature also affect the energy of the emitted photons. The two categories of radiative

recombination are spontaneous emission and stimulated emissions [16].

spontaneous emission

Spontaneous emission is the most basic recombination. A photon in the conduction band

moves spontaneously to the valence band by emitting a photon. The polarization and

direction of emission of the photon are random. Spontaneous photons are incoherent.

The rate of spontaneous emission can be increased by moving electrons from the valence

band to the conduction band. This is done through pumping. A pump can be either

optical by sending photons with energies larger than the bandgap or electrical by injecting

carriers in the device.

Stimulated emission

In stimulated emission, the radiative recombination is caused by an incident photon. The

generated photon has the same phase, direction and energy as the incident photon. Am-

plifying the rate of stimulated emission induces the emission of a high number of coherent

photons. This is the basis of laser emission. As the probability for stimulated emission

and photon absorption is the same, stimulated photons are susceptible to be reabsorbed

almost immediately by electrons from the valence band. An inversion of population is

required to enable the amplification of stimulated emission. Inversion of population is

done by exciting electrons from the valence band to the conduction band. In this con-

dition, there are almost no electrons in the valence band to absorb stimulated photons.

When the number of stimulated emissions is larger than the number of absorption in the

material, there is a net optical gain g.

Amplified spontaneous emission

Increasing the current of the injected pump has the effect of increasing the population

inversion. As the conduction band is filled with electrons, the probability of spontaneous

emission is increased. Photons that are produced by spontaneous emission induce new

stimulated emissions that create a positive gain and amplify the optical power of the de-

vice. This is called amplified spontaneous emission (ASE) [17]. When the injected current

reaches the threshold value, the number of electrons in the conduction band stops in-

creasing. Stimulated emissions become more important than spontaneous emission and

a lasing behavior appears instead of ASE. Some devices like superluminescent diodes

(SLED) which avoid lasing (to get a wider spectrum for example) are inducing losses in

their cavity in order to increase the threshold current and be able to increase further the

rate of spontaneous emission through ASE.
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2.3.2 Non-radiative recombination

There are several types of non-radiative recombination such as Shockley-Read-Hall (SRH)

and Auger recombination that are reducing the performance of a device [13]. In semicon-

ductor lasers emitting at longer wavelengths such as those we are studying in this thesis,

Auger recombinations are predominant. Therefore, the other non-radiative recombination

types will not be discussed. In the case of an Auger recombination, the energy lost by

the de-excited electron moving from conduction to valence band is used to excite another

electron from any energy band to a higher band. The high-energy electron eventually

thermalizes back down to the bottom of the conduction band, inducing thermal vibration

and increasing the temperature of the medium [12]. Auger recombination is separated

into three different categories in function of the bands involved: CCCH, CHHS and CHHL.

Fig. 2.3 represents the three different Auger recombination processes.

Figure 2.3. Auger recombination processes [12]

• CCCH: The energy of the first recombination is used to move an electron from the same

conduction band to a higher band. The name CCCH comes from the bands involved in

the process. Here, an electron moves from C to C (C for conduction band) and another

moves from C to H (H for HH band)

• CHHS: The energy of the first recombination is used to move an electron from SO band

to HH band, generating a hole in SO band.

• CHHL: The energy of the first recombination is used to move an electron from LH band

to HH band, generating a hole in LH band.

Auger recombinations result from the collision between two electrons which knocks one

electron down to the valence band and the other to a higher energy state. Therefore,

Auger recombinations are more likely to happen when there is a high density of carriers

inside the material. The Auger recombination rate is also increased when the bandgap is

narrow as electrons can be moved to an upper band even with a small amount of energy.

Temperature plays a major role too as a high temperature increases the agitation of the

carriers inside the material, which increases the probability of collision. The temperature
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dependence of Auger recombination is defined as [18]:

CT = C300K exp (
−Ea

k
)(
1

T
− 1

300
) (2.1)

With C the Auger coefficient, Ea the activation energy required to have an Auger recom-

bination, T the temperature and k the Boltzmann constant. CHHS recombinations are

negligible when the bandgap between the conduction and valence band is smaller than

the gap between SO and HH band as all the energy is used for recombination that re-

quires less activation energy like CCCH and CHHL [19]. That’s why CCCH and CHHL

recombinations are predominant in devices emitting in mid-IR. The rate of Auger recom-

bination Raug in laser is determined from the Auger coefficient as [20]:

Raug = C ∗N3 (2.2)

with N the concentration of free electrons which is also equal to the concentration of

free holes. Auger recombinations don’t contribute to the light output of the device and

therefore increase the current required to achieve an inversion of population and a lasing

behavior. This increase is given by the formula [12]:

INRth =
qV CN 3

th

ηi
exp (

3(αm + αint)

gm
) (2.3)

With INRth the contribution of Auger recombination to the threshold current (Itot=Ith+INRth),

q the electric charge of the carriers, V the volume of the active region, Nth the carrier den-

sity at the threshold, C the Auger coefficient, ηi the internal quantum efficiency, αm and

αint respectively the mirrors and internal losses and gm the modal gain equal to the gain

coefficient g multiplied by the optical confinement factor Γ.

2.4 Laser operation

2.4.1 Threshold current

It is important to empty and fill the valence and conduction band respectively to avoid

reabsorption of photons emitted by stimulated recombination and to get a lasing behavior.

By pumping the device (either with a photon flux or a current), electrons from the valence

band are moved to the conduction band. In this thesis, we only work with electrically

pumped laser diodes (LD). Compared to an optical pump, an electrical pump have a

higher efficiency [21]. It is also possible to modulate the current (pulsed or continuous,

pulse form and frequency, duty cycle, etc...). After a certain current called the threshold

current Ith, the inversion of population is achieved. In other words, the optical gain in the
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device is equal to the losses. The value of the threshold current is defined as [12]:

Ith =
qV BN 2

tr

ηi
exp (

2(αm + αint)

gm
) (2.4)

With Ith the threshold current, B the Einstein coefficient associated to stimulated emis-

sion and Ntr the transparency carrier density. Reducing the value of the threshold current

is one way to improve a laser.

2.4.2 Gain

While propagating through the active region, photons trigger new stimulated emissions

that amplify the total intensity of the light. The increase of optical power is represented by

a value called optical gain g which is defined as [6]:

g = δ(Nc −Nv) (2.5)

with δ the absorption cross-section, Nc the carrier number in the conduction band and Nv

the carrier number in the valence band. If the power saturation due to high temperature is

neglected, the photon density Np is amplified exponentially while propagating a distance

z through the active region, according to the relation [12]:

Np(z) = Np(0) exp
gz (2.6)

The gain also connect the photon density to the carrier density N by the formula [12]:

dN

dt
=

niI

qV
− N

τ
− vggNp (2.7)

With ni the injection efficiency, I the injected current, vg the group velocity, g the gain

coefficient, q the charge of the carriers, V the volume of the active region and τ the

carrier lifetime. Injecting more current increase the number of stimulated emission and so

the gain of the device. However, after a certain value called saturated current, the gain

saturates and power can decrease. This is the result of the rise of the temperature in the

active region which increases the losses (see section 2.5.1). The saturated power Psat is

the maximum power achievable by a laser diode. Managing the temperature rise in the

active region is a key step to improve the optical power of a device.
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2.4.3 Cavity

Optical power can be amplified by placing the gain medium inside a cavity called Fabry-

Perot(FB) cavity. Photons emitted in the gain medium by stimulated emission are reflected

by the mirrors and pass through the gain medium several time, amplifying the light at

each round trip. In most cases, one of the mirrors has a high reflectivity R (close to 1)

and the other is semitransparent to get a light output. Both mirrors must have negligible

absorption. A lasing operation is obtained when the modal gain of the gain medium is

equal to the total losses of the cavity [22]:

gm = αm + αint (2.8)

with gm the modal gain, αm the mirror losses and αint the losses due to the propagation

through the gain medium. A FP cavity creates interferences between the propagating

waves and the reflected ones. Only modes that have constructive interferences can ef-

fectively be amplified in a FB cavity. The wavelength of those modes, called resonant

wavelengths, depends on the length of the cavity according to the formula [23]:

ν =
c

2nL
m (2.9)

which can be simplified as

λ =
2nL

m
(2.10)

with ν the photon frequency, λ its wavelength, c the speed of light, n the effective index

of the mode, L the length of the cavity and m an integer. Resonant modes that have a

gain equal to their loss are called lasing modes and contribute to the optical output of the

laser.

2.5 Temperature dependence

The operation of a laser produces heat in the active region. The rise of temperature can

be attributed to several effects but the most important one is the Joule effect. Electrical

pumping of a laser diode induces a flux of electrons through the laser. During their motion,

some electrons transmit a part of their energy to the materials’ lattices in the form of

phonons that heat the material. This phenomenon is known as Joule heating, or ohmic

heating. It is described by the Joule-Lenz law [24]:

Pj ∝ V ∗ I = R2 ∗ I (2.11)
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With Pj the heating power, I and V respectively the current and the voltage, and R

the resistance of the LD. Joule heating is particularly effective in materials with a strong

electrical resistance. One way to reduce Joule heating is to use a pulsed electrical pump

rather than a continuous one. Under pulsed operation, the pulses are too short to effec-

tively transmit heat to the device.

2.5.1 Effect of heating on LD’s characteristics

Auger recombination

As seen previously, Auger coefficient is directly dependant on temperature [12]. Increas-

ing the temperature also increases the rate of Auger recombinations which in turn in-

creases the threshold current. Thus, it is important to keep a low temperature to have

a device with the best efficiency. It is worth mentioning that Auger recombination also

contributes to some extent to the heating of the device. After Auger recombination, the

second excited electron return to lower energy band almost immediately. Instead of re-

leasing photons, electrons diffuse thermic vibrations around them, leading to a rise in

temperature in the medium.

Carrier leakage

A second consequence of high temperature is carrier leakage [25, 26]. At high temper-

atures, charge carriers have more energy. Some can have enough energy to cross the

potential barrier at the edges of the QW and leak out of the active region. Such leakage

reduces the efficiency of recombination as more charge carriers are required to achieve

an inversion of population [27]. This results in a rise in the threshold current value and a

reduction in the gain value. The variation of the threshold current Ith as a function of the

temperature T is given by the formula [12]:

Ith(T ) = Ith(T0) exp(T/T0) (2.12)

With Ith(T0) the threshold current at the temperature T0. In addition to increasing the

threshold current, the temperature is also responsible for the saturation of the LD’s optical

power. After a certain current value, the heating in the active layer becomes too important

and reduces the gain to the point the optical power stop increasing and start reducing.

Bandgap shrinkage

A high temperature shrinks the bandgap between the conduction and valence band through

lattice vibration. The relation between the bandgap Eg and the temperature T is given by
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the empirical Varshni’s law [28]:

Eg(T ) = Eg(0)−
AT 2

B + T
(2.13)

with A and B material parameters. The operation of the laser induces a rise in temperature

around the active layer. The heat is mainly dissipated through the substrate because

metals have a bigger thermal conductivity than air. Defining an epitaxial structure with

the active region close to the submount is 1 way to reduce the deterioration of a device’s

properties due to temperature.

2.6 Mode locking

Mode-locked laser diode (MLLD) are devices that can emit high power pulses with ultra

short pulse duration (on the order of femtoseconds) and high repetition frequency (on

the order of terahertz) [7, 29, 30]. Two techniques are commonly used to achieve mode

locking: active and passive mode locking.

2.6.1 Active mode locking

For active mode locking, a modulator creates either loss or refractive index variations

through the devices in a periodic way. Those variations will modulate the amplitude of

electric field of each cavity mode [6]:

El(t) = E0[(1− (δ/2)(cos(ωmt))] cos(ωlt+ ϕl) (2.14)

with El(t) the electric field of mode l at time t, δ the depth of amplitude modulation, ωm

the frequency of the loss or refractive index modulation, ωl the frequency of the mode and

ϕl it phase. This equation can be written as [6]:

El(t) = E(t) + (E0δ/4)[cos ((ωm + ωl)t+ ϕl) + cos ((ωm − ωl)t+ ϕl)] (2.15)

with

E(t) = E0[1− (δ/2)− cos(ωmt)] cos(ωlt+ ϕl) (2.16)

Thus, as seen in eq (2.15) the variation of refractive index or loss add two terms to El os-

cillating at the frequencies ωl+ωm and ωl+ωm, creating two modulation side-bands around

the frequency of the mode ωl (see fig. 2.4).

These side-bands can contribute to the electric field of the adjacent modes if the following
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Figure 2.4. The time-varying loss or refractive index creates two sidebands around the
frequency of the mode [6]. When ωm = ∆ω, each sideband overlap with the neighboring
modes, coupling them together. In that case, phases are correlated such that ϕl+1- ϕl is
constant. Thus, the phase of each mode is locked with respect to the adjacent modes.

condition is met:

ωm = ∆ω (2.17)

with ∆ω the longitudinal mode spacing. If this condition is satisfied, the period of the

modulation is equal to the cavity roundtrip time:

T = τrt = 2L/c (2.18)

with τrt the cavity roundtrip, L the length of the cavity and c the speed of light. Therefore, a

pulse passing through the modulator when the loss is minimum will return to the modulator

when the loss is once again minimum. On the other hand, a pulse slightly shifted from

time of minimum loss will adjust itself back to the time of minimum loss as its wings will

experience different losses, resulting in a shift of the pulse center (see Fig. 2.5) [6].

Eventually, every pulses are passing through the modulator when the loss is minimum,

effectively locking the mode together. This results in the emission of ultrashort pulses with

high repetition frequency and peak power. Active mode locking offers much more stability

than its passive counterpart and generates pulses with less phase noises [4]. On the other

hand, active mode locking can’t produce pulses with picosecond pulse duration and has

a limited repetition rate between two pulses. This is due to the active external modulation

which is unable to achieve such high frequencies. Therefore, the MLLD devices studied

in this thesis are all using passive mode locking.
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Figure 2.5. Pulse shift due to loss variation. A misaligned pulse (solid line) will experience
different losses on its leading edge and tail, gradually shifting the pulse toward the time
of minimum loss where the pulse reaches a steady-state (in dashed line)

2.6.2 Passive mode locking

Passive mode locking achieves mode locking by adding a nonlinear optical element called

saturable absorber (SA) in the laser cavity. A schematic representation of the FP cavity

of a passive MLLD is shown in Fig. 2.6.

Figure 2.6. schematic of FP cavity of passive MLLD device

A SA introduces losses that are intensity dependant [6]. SA’s absorption is very high

when the intensity of the propagating mode is weak. On the other hand, losses are

negligible for high intensity modes. When a high intensity pulses reach the SA, almost all

the electrons from the valence band are excited to the conduction band. This depletes the

valence band and fill the conduction band to the point where almost no other absorptions

can occur, effectively reducing the losses for mode with high optical intensity. The cavity

single pass power-loss when a SA is present can be written as [6]:

γt = γ − γ′(
I

Is
) (2.19)

with γt the cavity single pass power loss, γ the unsaturable single pass loss, γ′ the low-
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intensity single-pass loss of the saturable absorber, I the beam intensity in the cavity and

Is the absorber’s saturation intensity. Since high powers are less attenuated by the SA,

the peak power of a pulse will experience a higher roundtrip gain than its low power tail,

eventually resulting in a shortening of the pulse. The shortening is limited by the relaxation

time of the SA and by the gain bandwidth of the gain medium [6]. As the pulse duration

decreases, its spectral bandwidth increases. When the spectral bandwidth exceeds the

gain bandwidth, the wings of the pulse are not amplified anymore.

Since the loss of the SA is modulated by the propagating pulses themselves, this method

can produce a higher repetition rate between pulses and shorter pulses than active mode

locking [4]. The drawback of passive MLLD is a less stable pulse emission. It is possible

to control the length of the emitted pulse by applying a reverse bias to the SA [31]. When

a negative voltage is applied to the absorber, its relaxation time becomes shorter [4]. This

leads to a shortening of the emitted pulses as it reduces the time window over which the

losses are minimum [32]. Therefore, using a reverse bias is an efficient way to change

the width of the emitted pulses at will.

2.7 Superluminescence

SLEDs are devices that combine a powerful spatially coherent beam like lasers and a low

spectral coherence like LEDs [33]. SLEDs have an emission bandwidth bigger than LD

while keeping the same beam quality. Those unique properties make SLEDs very useful

for optical coherence tomography and pico-projector.

Superluminescence, also known as amplified spontaneous emission (ASE) is a light emit-

ting mechanism that produces light with a powerful spatially coherent beam like lasers and

a low spectral coherence like light emitting diodes (LED) [33].

The structure of superluminescent light emitting diodes (SLED) is pretty similar to stan-

dard LDs but the feedback of the FP cavity has been reduced to increase the threshold

current. In LD, the number of spontaneous emissions stops increasing with the injected

current when the threshold is reached and after the threshold, spectral gain narrowing can

be observed in the device [8]. To avoid reaching the threshold, SLEDs have increased

losses in the optical cavity which reduces the cavity feedback.

As seen in equation (2.4), the threshold current is dependent on the mirror losses. In

order to increase the threshold current in SLED, it is possible to reduce the reflectivity

of the facets in the optical cavity, which increases the mirror losses and so the threshold

current. The condition to have a SLED operation is [33]:

√︁
R1R2 =

ms

2Gs

(2.20)
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with R1 and R2 the reflectivity of each facet, ms the spectral modulation and Gs the single

pass optical gain [34]:

Gs = exp ((Γg − α)L) >> 1 (2.21)

with Γ the confinement factor, g the gain coefficient, α the single pass losses and L the

length of the cavity. The condition presented in eq (3.12) is fulfilled if at least one of the

facets has a reflectivity almost equal to 0. If both facets have low reflectivity, the device is

called single pass. The output optical power of such device can be simplified as [34]:

P = PspGs (2.22)

with P the output power and Psp the guided spontaneous power inside the cavity. If only

one of the facets has low reflectivity, the device is called double pass. The light crosses

the gain section two times instead of one, doubling the effective gain length [3]. Such

devices focus all their optical power on the front facet that has low reflectivity, unlike single

pass devices that emit light from both facets. Its output power can be simplified as [9]:

P = PspR1G
2
s (2.23)

with R1 the reflectivity of the back facet. Double pass devices can reach higher power for

lower injected current than single pass devices but they are also more susceptible to have

a lasing behavior if the value of R2 is not well set. Both single and double pass operations

are represented in Fig. 2.7

Figure 2.7. Schematic presentation of amplified spontaneous emission in: (left) single
pass and (right) double pass devices. In single pass device, both facets have low reflec-
tivity whereas in double pass device the back facet has high reflectivity R1 which allows
light to be reflected and lengthens the amplification path. Thus double pass devices have
higher output power.
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3. DESIGN OF LASER DIODE

3.1 Introduction

The laser studied in this thesis includes MLLD emitting at about 2 µm wavelength and

SLEDs emitting at about 2 µm and 2.6 µm wavelength. Devices emitting at the same

wavelength are sharing the same epitaxial structure. The structure will be further dis-

cussed in section (4.3). MLLDs are devices exploiting stimulated emission and phase

locking to create high power ultrashort pulses. On the other hand, SLEDs exploit ampli-

fied spontaneous emissions (ASE) to create a focused high power beam with low temporal

coherence and high spectral width.

In section 3.2, we discuss the theory behind two kinds of waveguiding: gain guiding and

index guiding. The far-field will be briefly discussed in section 3.3. Section 3.4 and 3.5

will present the design of the studied mode-locked laser diode and superluminescent light

emitting diodes respectively.

3.2 Waveguiding

Edge-emitting light diodes (EELD) are generally comprising an active region and a res-

onator that provide optical feedback. The confinement of the mode in the active region,

where the gain is maximum, is done by waveguiding techniques. The mode confinement

in the vertical direction depends on the epitaxial structure of the device while the lateral

confinement along the width of the device depends on the structure designed during the

processing steps. In the following subsections, two main techniques used for lateral and

vertical mode confinement are presented.

3.2.1 Index guiding

In index-guided devices, structural variations of refractive index are used to achieve wave

confinement. An index guiding waveguide is made of a central confinement layer with a

high refractive index n2 surrounded by a cladding with a much lower refractive index n1.

By applying Snell’s law (n1 sin(θ1) = n2 sin(θ2)), total reflection is achieved, effectively

trapping the mode in the confinement layer [22]. In our devices, the active region act
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as a confinement layer. The transversal confinement depends on the refractive index of

the layers, the wavelength of the confined mode λ and the thickness of the active layer

d. Transversal confinement of the mode is achieved if the following condition is satisfied

[22]:

d <
λ

2

√︂
n2
2 − n2

1 (3.1)

With d the thickness of the active layer, n1 and n2 the refractive indexes of the cladding

and the active region respectively and λ the wavelength of the confined wave. In the same

way, the wave can be confined laterally by having a much larger refractive index in the

confinement region than the refractive index outside. A monomode can be successfully

laterally confined if the following condition is satisfied:

w <
λ√

8ne∆nL

(3.2)

with w the lateral width of the active layer, ne its effective index and ∆nL the lateral step

index defined as:

∆nL = n2 − n1 (3.3)

The confinement is increased at higher step index values. The lateral confinement is

achieved during the processing steps after the epitaxial growth. The most common way

to get lateral confinement of the mode is to etch a ridge waveguide (RWG) on the device.

A schematic of RWG is represented in Fig. 3.1 and the single-mode field is shown in Fig.

3.2

The width and depth of the RWG determine the number of modes propagating through

the device. A wide RWG could confine several modes in the active layer and we would

lose single mode operation. A multi-mode operation can also be observed for shallow

RWG. There are several possible combinations of RWG width and depth that give a stable

monomode operation. If the RWG depth is increased, its width should be reduced and

vice versa. Both transversal and lateral confinement are characterized by a factor called

confinement factor Γ. For fundamental mode, transversal confinement factor ΓT and

lateral confinement factor ΓL can be approximated as [35, 36]:

ΓT =
D2

2 +D2
(3.4)
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Figure 3.1. Design of a RWG. The optical power is amplified in the active region. The
claddings are used to confine the modes in the active region. They are p and n doped to
facilitate the conduction of current through the device and the pumping. The isolator layer
is used to force the injection of current through the top of the RWG. The pump current is
injected through the top electrode. The substrate is the layer supporting all the structure.

Figure 3.2. Single-mode field in RWG device. The mode is successfully confined in the
active region below the RWG.

with D the normalized waveguide thickness:

D = ko
√︂

n2
2 − n2

1 (3.5)

ko being the wavenumber in vacuum. And:

ΓL =
W 2

2 +W 2
(3.6)
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with W the normalized waveguide width:

W = w ∗ ko ∗
√︂

n2
2 − n2

1 (3.7)

The total confinement factor is obtained by multiplying ΓL with ΓT [22]:

Γ = ΓL ∗ ΓT (3.8)

Index guiding is the guiding method that was chosen for the devices studied in this thesis.

3.2.2 Gain guiding

In gain guided devices, the wave is confined in the active regions due to high localized

gain. The gain in the active region can be controlled by injecting charge carriers, accord-

ing to the formula [12]:

g = gdif (N −Ntr) (3.9)

with g the gain, gdif the differential gain, N the carrier density and Ntr the transparency

carrier density. The optical mode stays confined in the active region where the gain

is high. Gain guiding is pretty useful for lateral guiding as it does not require a RWG

structure to effectively work. The vertical confinement is always done by index guiding

due to epitaxial structure.

The main drawback of this method is that the injected current is not confined inside the

active layer as it would be with a RWG [37]. Because of that, less of the injected current

is used for the inversion of population, thus increasing the threshold current. Gain guiding

is used most of the time for devices emitting at high power with multimodes.

3.3 Far Field (FF)

In edge-emitting laser diode, the small lateral and vertical dimensions of the active re-

gion diffract the field emitted from the laser waveguide. The non-diffracted field right at

the output edge of the laser is called near field while the diffracted field some distance

away is called far field. The shorter vertical dimension of the active layer creates a wider

spreading of the beam along the axis, giving to the beam an elliptical cross-section. The

axis perpendicular to the semiconductor layers is called fast axis while the axis parallel to

the layers is called slow axis. It is most of the time desirable to have a stable beam shape

as circular as possible and a Gaussian power distribution over the output field to facilitate

the coupling with optical fibers and single mode waveguide.
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Figure 3.3. Far field of edge-emitting device. Left: beam profile compared to laser struc-
ture. Right: Ideal power distribution over the beam profile

3.4 Mode-Locked laser diode (MLLD) design

The MLLD studied in this thesis are passive mode-locked devices emitting at 2 µm wave-

length. Those MLLD are made of two sections: the gain section which has a classical

LD structure and the SA. Both sections are electrically isolated from each other by an

isolation section as we are injecting a negative voltage to the SA and a positive current

that induces a positive voltage to the gain section. If they were not isolated, the posi-

tive voltage in the gain section could reduce or even turn positive the voltage in the SA.

The isolation is done by removing most of the p-layer on top of the RWG in the isolation

section.

SA length is a major characteristic of the MLLD. If the absorber/gain length ratio is too

small, the nonlinear effect induced by the SA will be too weak and a phase matching

won’t be achieved. On the other hand, if the ratio is too large, the absorption of the SA

will be too strong and we won’t get any light output [29]. The length for SA that was used

in this thesis is about 10% of the total length of the FP cavity, similarly to other GaSb-

based MLLD reported until now [30]. A schematic of MLLD design is presented in Fig.

3.4 (side, front and top view).

Deep etched (DE) MLLD design

As mentioned in the previous section, the electrical isolation between the SA and the

gain section is essential to have a device with good performance. Unfortunately, there

is always some leakage through the isolation section as the current can pass through

the p-doped layer on the sides of the RWG. The current leakage has been simulated for

different etch depths. The results are shown in Fig. 3.5.

Fig 3.5 shows that increasing the etch depth of the RWG is a good way to keep the current

confined in the waveguide and to increase the electrical isolation between gain section
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Figure 3.4. Schematic of passive mode-locked device with important device parameters

and saturable absorber [38]. In this thesis, we study a MLLD design created to increase

the isolation between the gain section and the SA. The design is represented in Fig. 3.6.

This design is done by etching even more the trenches around the RWG. This prevents

the current to pass by the sides of the RWG through the p-layer (see Fig. 3.6) and bypass

the isolation [38]. Etching the sides of the RWG has two negative effects. Firstly, the deep

etching creates defects along the sides of the RWG. Such defects create scattering that

drastically increases the internal losses of the RWG [11]. Thus, the RWG is only etched

over a limited length. Only the portion of the RWG in the isolation section is deeply etched.

The other effect of etching is that it reduces the width of the RWG. The number of modes

propagating in the RWG depends on its width and height (see section 3.2). Reducing

the width of a monomode RWG causes the appearance of new modes. Increasing the

depth of the waveguide is a good way to counterbalance the thinner width and stay in

monomode.

3.5 Superluminescent light emitting diode (SLED) design

SLEDs are devices that combine a powerful spatially coherent beam like lasers and a low

spectral coherence like LEDs [33]. SLEDs have an emission bandwidth bigger than LD



22

while keeping the same beam quality. Those unique properties make SLEDs very useful

for optical coherence tomography and pico-projector. There are several ways to reduce

the reflection of the facets.

• Anti-reflective (AR) coating (see Fig. 3.7.(a)): The reflectivity of the facets can be

reduced by applying a coating made of a dielectric material [39]. AR coating is only

effective for a specific wavelength which is a problem for SLEDs that have a broad range

of emission wavelengths. It is still possible to use several AR coating to cover a broader

range of wavelengths but it makes the fabrication process much more complex.

• Passive absorption (see Fig. 3.7.(b)): The reflectivity of the facets can also be reduced

by putting a passive absorber before. The passive absorber can absorb the light before

it reaches the facets, preventing any reflection [40]. However, the passive absorber can’t

reduce the reflectivity of the facets as much as AR coating. Even after absorption, there

is still some reflection that contributes to the cavity feedback. Passive absorption was not

used in this thesis either.

• Tilted Waveguide (see Fig. 3.7.(c)): When the axis of the cavity is not perpendicular

to the facets, their reflectivity is greatly reduced due to destructive interferences [9]. the

optimal tilting angle α to have minimal reflectivity depends on the width of the waveguide

and its lateral step index. At optimal angle, the reflectivity of both facets can be reduced

up to 10−5. Since the waveguide is tilted in front of both facets, tilted SLEDs are always

single pass devices.

• Waveguide bending (see Fig. 3.7.(d)): Since double pass devices are more efficient

than single pass devices, a bent waveguide was preferably used. The part of the waveg-

uide near the output facet is tilted, effectively reducing its reflectivity [41]. However, the

part of the waveguide near the other facet is kept straight. Such J-shaped waveguide

turns the SLED into a double pass device. Waveguide bending is the method chosen for

our devices. A schema of the SLED design is presented in Fig. 3.8
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Figure 3.5. Current density through the device. The current leakage on the sides of the
central RWG is more important for shallow etch depth.



24

Figure 3.6. DE design. Left: shallow RWG. The current can bypass the isolation section
by going out of the RWG through the p-layer. Right: Deep etched RWG. By increasing
the depth of the RWG, the current is no longer able to bypass the isolation section.

Figure 3.7. Different SLEDs designs. (a) Anti-reflective coating. (b) Passive absorption.
(c) Tilted waveguide. (d) Bent waveguide

Figure 3.8. 2D schematic of SLED with important device parameters
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4. DEVICE FABRICATION

4.1 Introduction

In this chapter, we present the steps for laser fabrication. First, in section 4.2 we will

explain the strains that can appear in the materials during the growth of the device and

their effects. Section 4.3 will discuss the epitaxial structure of the studied devices. In

section 4.4, we will present the epitaxial method used to grow the light emitting devices.

Lastly, section 4.5 will explain the different processing methods used after the growth of

the epitaxial structure.

4.2 Effect of strain on LD’s characteristics

Semiconductors are materials with a periodic crystal structure. Their atoms are arranged

in a basic pattern called unit cell that is repeated again and again through all the material.

Most III-V semiconductor materials such as those used in this thesis have a face-centred

cubic (fcc) unit cell with an extra atom at (x/4;y/4;z/4) from each of the atoms forming the

corners of the cube (see Fig. 4.1).

Figure 4.1. Unit cell of GaSb

x, y and z being the vectors of a Cartesian coordinated system with a magnitude equal

to a, the length of the cube sides. Fcc crystal structure is defined by 8 atoms forming a

cube whose sides have a length a and with an extra atom in the middle of each of the 6
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faces of the cube. The length of the cube sides a is called the lattice constant of the unit

cell. The lattice constant of an alloy can easily be calculated from the lattice constant of

the materials that compose it with the Vegard’s law [11]:

a(AxBy) = x ∗ aA + y ∗ aB (4.1)

with aA and aB being respectively the lattice constant of the material A and B and x, y

their respective molar fraction in the alloy. The lattice constant is one of the most impor-

tant parameters of crystals and plays a major role when growing a material on top of a

substrate by epitaxy. In epitaxy, the grown material tries to match the lattice constant of

the substrate [12]. Therefore, if the two materials have a different lattice constant, the

crystal structure of the grown material will be distorted resulting in a tensile strain (if the

substrate has a bigger lattice constant) or a compressive strain (if the substrate has a

smaller lattice constant). Those distortions are represented in Fig. 4.2:

Figure 4.2. Schematic of unit cell shape change due to strain if the lattice constant of the
grown layer is different from the substrate lattice constant [12]

The strain induced by the epitaxial growth of material on top of a substrate is given by the

formula [11]:

s =
as − aL

aL
(4.2)

with as the lattice constant of the substrate and aL the lattice constant of the grown ma-

terial. Stress is a source of defects such as oval defects, dislocation lines or point defects

and affects the band structure of the materials [11]. Without stress, the light and heavy

holes are distributed the same way in the valence band. Their energy bands are de-

generated [42]. The stress induces an asymmetric change in the heavy and light hole

distribution in the valence band (see Fig. 4.3).

HH and LH energy bands are no longer degenerated. Compressive and tensile strain

respectively lower and lift the valence band of both HH and LH [42]. However, LH is much

more affected by stress than HH and thus, LH moves above HH under tensile stress and

below HH under compressive strain. When building a structure made of several materials,
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Figure 4.3. Effect of strain over valence bands [11]

it is important to consider the lattice matching in order to reduce strain and defects in the

product. However, it can be useful sometimes to create strain in the material. To reduce

Auger recombination by increasing the gap between light and heavy holes bands, for

example [43].

4.3 Epitaxial structure

The epitaxial structure of a device defines its vertical confinement and its emission wave-

length. In this study, devices emitting at (i) 2 µm and (ii) 2.6 µm wavelength were studied.

This section will present the two structures associated with those emission wavelengths,

the purpose of each layer and the materials used. Fig. 4.4 shows the band structure of 2

µm wavelength devices along with the vertical mode distribution.

Fig. 4.5 and Fig. 4.6 respectively summarise the epitaxial structure of 2 µm and 2.6 µm

wavelength devices.

4.3.1 GaSb substrate, buffer and cap

The two structures studied in this thesis are GaSb-based. The substrate, cap and buffer

of both structures are made of III-V gallium antimonide (GaSb) semiconductor. The sub-

strate is the layer that supports all the structure of the device. But because it might get
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Figure 4.4. Diagram of vertical mode distribution and band energy. The quantum wells
are surrounded by separated confinement heterostructure (SCH) and form the active layer
(AL). The cladding confines the charge carriers in the active region with its high bandgap
that creates potential barriers while the optical mode is confined by the difference in re-
fractive index between the cladding and the AL. The mode is maximum in the AL as it is
the region where radiative recombinations take place. The mode decreases rapidly in the
claddings and becomes neglectable after propagating 1 µm through it. This shows that
the mode is well confined in the active region.

Figure 4.5. Epitaxial structure of 2 µm wavelength device

damaged during its growth, a GaSb buffer was added to attenuate possible defects of the

substrate and serves as a base free from defects for the rest of the structure. The top

cladding of both structures contains aluminum and is therefore very sensitive to oxidation.

A thin GaSb layer called a cap was grown on top of the structure to isolate the cladding

from the oxygen in the air and prevent it from oxidizing. The cap layer is doped to not



29

Figure 4.6. Epitaxial structure of 2.6 µm wavelength device

create more ohmic resistance in the device. As mentioned in the previous section, the

lattice constant a of an alloy can be calculated from the lattice constant of its components

with Vegard’s law. This empirical law only gives an approximation of the real value of the

lattice constant of the alloy [44] but in our case, such precision is enough. Since GaSb is

present in the other ternary and quaternary alloys used in the structures, its parameters

are used to calculate the parameters of the alloys. When applied to a quaternary alloy,

the Vegard’s law is written as [28]:

a(AxB1−xCyD1−y) = (1−x)(1−y)∗aBD+x(1−y)∗aAD+y(1−x)∗aBC+xy∗aAC (4.3)

The bandgap of the ternary alloys can also be calculated similarly but with the addition of

a constant called bowing parameter Cbow [28]:

Eg(AxB1−xC) = x ∗ EgAC + (1− x) ∗ EgBC − x(1− x) ∗ Cbow (4.4)

with x the molar fraction of group III elements A and B in the alloy and y the molar

fraction of group V elements C and D. In our quaternary alloy AlxGa(1−x)AsySb(1−y), the

concentration of group III elements (Al and Ga) was set to get the desired bandgap while

the concentration of group V elements (As and Sb) was set to get a phase matching with

the other materials of the structure. The y molar fraction is obtained by solving Vegard’s

equation with the desired molar fraction for x [45]. The lattice constant a, bandgap Eg

and refractive index n of the materials used in this thesis are presented in table 4.1.
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Material Eg(Ev) a (Å) n

GaSb 0.727 6.096 3.92

Al0.5GaAs0.04Sb 1.39 6.096 3.48

Al0.3GaAs0.04Sb 1.11 6.096 3.59

In0.25GaSb 0.573 6.19 3.89

Table 4.1. List of parameters of main alloys used in this thesis.

4.3.2 InGaSb quantum wells (QW)

To increase the gain of a device, a QW is formed in the active region [46]. A QW is

a potential well (meaning the materials around it have a higher conduction band and

a lower valence band) with a thickness inferior to the De Broglie wavelength λb of the

carriers [47]:

λb =
h

m ∗ v
(4.5)

with h the Planck constant, m the mass and v the velocity of the carriers. Typically, the

width is between 5 and 20 nm wide. In QWs, electrons can access new sub-energy levels

above the conduction band and below the valence band. As a result, the bandgap in-

creases and the photons emitted have more energy (smaller wavelength) [48]. The value

of the bandgap can be modified by changing the width of the QW, which changes the

allowed energy level in it. The energy levels are quantified inside QW, unlike in the bulk

material. This results in a reduction of the emission spectrum as fewer different band

transitions are available. QWs are trapping charge carriers in the active region with high

efficiency and therefore the inversion of population can be achieved with low pumping.

The threshold current is greatly reduced and the extraction efficiency is increased. Quan-

tum wells can be flooded, which limits the output power of the device. If the number of

carriers in the QW is larger than the number of available states, the carriers might leak

out and the recombination efficiency would be reduced. A similar problem also happens

if the temperature of the electrons is too high. The electrons have too much energy and

can escape from the QW, thus reducing its efficiency. A device with a single QW has a

lower threshold current compared to multi QW structure. However, single QW structures

have lower gain/output power [4]. Furthermore, they are more sensitive to variations of

threshold due to temperature as single QW structures have a higher carrier concentration

in the active region which increases the number of non radiative Auger recombination and

the internal losses [43, 49]. To effectively confine the optical mode in the active region,

QWs are required to have a refractive index much higher than their surrounding. This

is mandatory to achieve index guiding (see section 3.2.1). We have chosen to use two
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QWs for both structures to get a strong optical power. The 2 µm wavelength structure

uses In(0.25)GaSb QWs. In(0.25)GaSb has a bandgap of 0.573 eV which is equal to an

emission wavelength of about 2 µm (according to the formula E=h*c/λ) and is therefore

a suitable choice for this structure. Increasing the molar fraction of indium reduces the

bandgap and thus increases the emission wavelength of the QW [42]. Therefore, the

extension of the emission wavelength up to 2.6 µm in the second structure was done by

increasing the molar fraction of indium to 0.46. Doing so induces huge strains to the QW

as In(0.46)GaSb lattice constant is much larger than GaSb lattice constant. An efficient

solution is to use indium gallium arsenide antimonide (InGaAsSb) instead. The addition

of arsenic significantly decreases the lattice constant of InGaSb [45]. Thus, arsenic is

used to achieve lattice matching.

4.3.3 AlGaAsSb cladding, separate confinement heterostructure

and barrier

The claddings are layers surrounding the active region whose purpose is to confine both

optical modes and charge carriers in the QWs. As explained in section 3.2.1 and illus-

trated in Fig. 4.4, the mode confinement is achieved by using a cladding with a lower

refractive index than the active region. On the other hand, the carrier confinement is

achieved by using a material with a bandgap higher than the QWs as carriers from the

QWs are required to have enough energy to pass through the potential barrier created

by the energy gap between QWs and cladding bands to leak out of the active region.

Both structures are using aluminum gallium arsenide antimonide (AlGaAsSb) for cladding

as this material has the desired refractive index and bandgap. The main difference be-

tween the two structures is the Al composition. The 2 µm wavelength structure uses

Al(0.5)GaAsSb while the 2.6 µm wavelength structure uses Al(0.6)GaAsSb. The compo-

sition of As and Sb was set to achieve lattice matching. The top and bottom cladding are

respectively doped with holes (p-doping) and electrons (n-doping) to create a p-i-n junc-

tion. The doping values are the same for both structures and are presented in Fig. 4.5 and

4.6. Because of the doping, the rate of free carriers absorption is very high in the cladding

[50]. To limit those absorptions that decrease the optical output of the device, a separate

confinement heterostructure (SCH) was added between the cladding and the active re-

gion. SCH is not doped and uses the same material as the cladding, but with a different

Al concentration: Al(0.3)GaAsSb for the 2 µm wavelength structure and Al(0.25)GaAsSb

for the 2.6 µm wavelength structure. The SCH was also made much larger in the 2.6

µm wavelength structure with a width of 270nm instead of 130nm. SCH act as a buffer

zone between the cladding and the active region where the optical mode can decrease

without absorption [50]. When reaching the cladding, the optical mode is much weaker

and thus the losses due to free carrier absorption are far less important. The two QWs

are separated by a thin barrier layer that uses the same material as the SCH layer for both
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structures. The barrier is used to separate the two QWs without reducing the intensity of

the mode in the active region.

4.4 Molecular beam epitaxy

The epitaxial structure of our devices was grown using epitaxial method MBE. It was pro-

cessed afterward with several methods in clean room. Lithography methods etch plane

layers to give shape to the device. On the other hand, Epitaxy methods grow the crys-

talline structure of a layer by molecular deposition over a crystalline seed layer. This

method shines for building plane layers and quantum objects like quantum wells and

dots. The principle of epitaxy growth is to send reactants on the surface of a crystal seed.

The transport of reactants can be done using gas flux, molecular beam or other methods

depending on the epitaxial method used. After reaching the surface, the reactants are

adsorbed and diffuse to an “equilibrium” position where they are incorporated into the

layer (some atoms may desorp back to vapor). The grown layer tries to match the crystal

structure and the lattice constant of the crystal seed. A difference of lattice constant be-

tween the two creates either a tensile or compressive strain. Strains have a huge impact

on the performance of a structure. The main advantage of this method is that it’s easy to

prevent any impurities in the final product. The growth process can also be changed at

any time.

Molecular beam epitaxy (MBE) is the main epitaxial method used to build the devices

used in this thesis [51]. MBE is an epitaxial method that works very well to grow III-V

semiconductor compounds. Its specificities compared to other epitaxy methods are the

growth at high temperature (around 600-700 C) in ultra-high vacuum and the use of Knud-

sen cells to project molecules on a wafer as a molecular beam. The high temperature is

used to remove impurities and oxide from the wafer. It also increases the adsorption rate

and the surface mobility of the atoms, allowing them to move easily on the wafer and

speeding up the growth rate. On the other hand, the Ultra High Vacuum is used to pre-

vent the appearance of impurities on the final product (unwanted particles in the growth

chamber could be adsorbed by the substrate) and to be sure that the molecular beam

interacts only on the wafer surface and not with the particles on its way. An MBE device

is mainly made of two parts: a preparation chamber and a growth chamber. A schematic

of the growth chamber is represented in Fig. 4.7:

First, the wafers are put inside the preparation chamber. There, they are heated to be

outgassed. This is an essential step to achieve the required ultra-high vacuum. The gas

in the wafer is released under high temperatures. Therefore, the wafer is heated before

the growth in order to release all the gases and avoid any outgassing inside the growth

chamber with ultra-high vacuum. After being prepared, the wafers are moved inside the

growth chamber and exposed to the molecular beam from Knudsen cells (or Effusion



33

Figure 4.7. Schematic of growth chamber

cells). In each cell are put high quality ingots of the materials we want to grow. The role

of those cells is to evaporate the ingots and to project them on the wafer as a molecular

beam. Once the atoms reach the wafer, they condensate and are adsorbed by the wafer.

Once adsorbed, atoms can move along the surface before getting adsorbed on favorable

locations such as step edges or nucleated islands. This step is improved by the high

temperature of the wafers. It is worth noting that while the inside of the growth chamber

is very hot, its walls are cooled by liquid nitrogen. This is done to condensate on the walls

any stray atom that would perturb the ultra high vacuum in the chamber. The growth is

controlled by various means such as Reflective High Energy Electron Diffraction (RHEED)

system.

4.5 Processing methods

4.5.1 Plasma-enhanced chemical vapor deposition (PECVD)

PECVD is a method used to grow thin films made with dielectric materials [52]. The wafer

is placed between two electrodes. The lower electrode is connected to a radio frequency

generator while the upper electrode is connected to the ground. The RF generator set a
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rapidly oscillating electric field between the two electrodes. The desired dielectric material

for the film is introduced between those two electrodes as a gas. The gas is then turned

into plasma by the electric field. This plasma contains reactive radicals that can easily

stick to the surface of the wafer, growing the thin film. In our study, PECVD was used to

grow SiO2 and SiN films.

4.5.2 Reactive ion etching (RIE)

RIE is pretty similar to PECVD in its principle. They both share the same 2-electrodes

structure with an RF generator creating a plasma between the two. The difference is

that in RIE, the ground electrode is connected to a capacitor that absorbs electrons from

the plasma [53]. Because of that, we end up with a plasma made of positive and heavy

protons. Those protons are bombarded on the surface by the voltage created by the RF

generator. The choice of the gas used for RIE depends on the material we want to etch.

In this thesis, RIE is used to etch the SiO2 film that was grown with PECVD and the gas

used for the etching was a mix of Argon and carbon hydro-trifluoride (CHF3). The first

one is used for the actual etching while the second is used to remove the non-volatile

debris of the etching.

4.5.3 Inductive coupled plasma reactive ion etching (ICP)

ICP works with the same principle as RIE but uses two generators to separately control

the generation of plasma and the bombarding rate [54]. ICP is particularly useful to reach

denser plasma without increasing protons bombarding. ICP was used to etch GaSb-

based layers in order to create the RWG. Since it’s crucial to create a RWG with the

correct dimensions, several etching times are performed on test samples to be sure to

have exactly the good RWG depth. The gases used are nitrogen N2 to protect the side

walls from lateral etching (passivation) and Chlorine Cl2 to prevent the etching rate of the

QWs that contains indium and do not damage this layer.

4.5.4 Electron beam evaporation (E-beam evaporation)

To successfully inject electric current through the device, the top surface of the RWG

must be covered by a metallic material. This is done by E-beam evaporation. Electrons

are accelerated by applying a strong voltage of about 10 kV and sent on the metal we

want to apply [54]. The shock of the electrons is strong enough to evaporate the metal.

The metallic vapor is then condensed on the surface of the device, forming a thin film.

Three different metals were used in our device. First, an extremely thin layer (about

30nm thick) of titanium is evaporated. This titanium layer serves to improve the adhesion

of the particles of the other metals. The second layer is made of platinum. This one
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is twice thicker than the titanium layer. It serves as a barrier to separate metals and

semiconductors. The last layer is made of gold, a metal very well known for its good

conductivity and its resistance against oxidation. That layer is twice thicker than the layer

of platinum. Since the sides of the RWG must also be metallized and not just the top and

bottom of the device, the laser is slightly tilted during the metallization.

4.5.5 UV lithography

The use of photoresist play a major role in the processing steps. During etching, the

photoresist act as a protection to keep some areas unetched. Photoresist is spread on top

of the semiconductor by spinning the device at high speed [54]. The photoresist is then

exposed to UV light which activates a photoactive compound present in the resist. The

activated photoresist becomes soluble and is easily removed during development. This

process is called UV lithography. By sending UV light through a mask, we can transfer

the pattern from the mask onto the photoresist [54]. Some photoresists called image

reversed photoresists have a photoactive agent that makes the resist almost insoluble

during development after baking at high temperature under UV exposure. Image reversed

photoresist are used for lift-off process.

4.6 Processing steps

The processing of the device after MBE is done in three steps: RWG etching, opening

and metallization.

4.6.1 RWG etching

Fig. 4.8 present a summary of the whole process. First, a SiO2 layer is applied on

the top of the device using PECVD. Then a photoresist is spread by spinning for UV

lithography. After UV exposure through a lithography mask, some parts of the photoresist

are dissolved and removed, leaving the SiO2 layer exposed. The exposed SiO2 is etched

with RIE while the rest is protected by the photoresist. Finally, the photoresist is fully

removed. Then, the etching of the exposed semiconductor is done with ICP while the rest

is protected by the SiO2 layer that acts as a mask. After the processing of the RWG, the

remaining SiO2 is removed by RIE etching.

4.6.2 Opening

When injecting current through the top of the device, all the flux of electrons must be

directed toward the RWG. To achieve that, the semiconductor is covered with an isolating

SiN layer with openings only on top of the RWG (as can be seen in Fig. 4.9). This is
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Figure 4.8. Processing steps of RWG etching. (a) Unprocessed device. (b) growth of
SiO2 layer (PECVD) and photoresist (spinning). (c) UV exposition through lithography
mask. The exposed photoresist is dissolved and removed. (d) Etching of SiO2 unpro-
tected by photoresist (RIE). (e) Photoresist removed. Etching of p layer unprotected by
SiO2 (ICP). (f) SiO2 remove (wet etching).

done in the same way as the RWG processing. SiN layer is grown using PECVD. Then

the photoresist is spread on the surface and dissolved after UV exposure. The exposed

SiN layer on top of the ridge waveguide is then etched, leaving an opening that let pass

current from the metallic layer to the semiconductor part of the device.

4.6.3 Metallization

Metallization is a process that covers the top and bottom of the device with a conductive

metal to allow the injection of current (see Fig. 4.10). As all the devices of a batch are

built on a same bar, it is important to not connect adjacent RWG with metallic layers as

it would hinder the dicing process. The process used during metallization is called lift-

off process [55]. The photoresist used contains a special agent that is activated at high

temperatures if the photoresist is also exposed to UV light. The area where the agent was

activated becomes almost insoluble during development and is no longer light sensitive.

On the other hand, the unexposed areas still behave like a normal positive photoresist

[56]. This is called image reversal photoresist. The image reversed photoresist is put

below the layer we want to remove. First, the photoresist is spread. Then by UV exposure

through a mask, we image reverse the photoresist on the areas where we don’t want

metals. The unreversed photoresist is removed and the metallic layer is then grown using

E-beam evaporation over the whole surface. Finally, the image reversed photoresist is

removed and the metallic layer grown on top of it with it. We end up with a metallic layer
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Figure 4.9. Processing steps of opening. (a) Unisolated device. (b) growth of SiN
layer (PECVD) and photoresist (spinning). (c) UV exposition through lithography mask.
Exposed photoresist is dissolved and removed. (d) Etching of SiN unprotected by pho-
toresist (RIE). (e) Photoresist removed. Top of the device isolated except the top of the
RWG which is opened. Only the current injected through the top of the RWG contributes
to the pumping.

only around the RWG as it is there that we want to inject current.

Figure 4.10. Processing steps of metallization. (a) Unmetallized device. (b) spreading of
negative photoresist (spinning). (c) UV exposition through lithography mask. The exposed
photoresist is image reversed. Unexposed photoresist is removed. (d) Growth of metallic
layer (E-beam evaporation). (e) Image reversed photoresist removed with the metallic
layers on top of it. RWG of devices from the same batch are then isolated from each
other.
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4.7 Last steps

4.7.1 Thinning

The wafer thickness play a major role in the diffusion of the temperature from the active

region to the submount and for the electric conduction of the device. A low thickness

has better electrical and thermal performance. But it also has a very low mechanical

resistance. Devices with a wafer thinner than several hundreds of µm would probably

break during the handling. To have the best performance, we can reduce the wafer width

by thinning. The thinning reduce the thickness of the wafer from several hundreds of

micrometer to only 100-150 um.

4.7.2 Dicing

Every device of a batch are built on the same bar. They must be separated before further

processing. A thin scratch is made on the junction between two different LD. Then a strain

is applied to break the junction along the scratch, effectively separating the two devices.

4.7.3 Mounting

Since the LDs are too small to be easily handled, they are fixed to a submount made of

aluminum nitrid (AlN). In addition to improving the handling, the submount is also used

to dissipate the thermal energy produced by the active region which increases the per-

formance of the LD. The fixation is made with an industrial electrically conductive glue

EPO-TEK MED-H20E. The glue is a thermosetting resin that becomes hard after being

heated.

4.7.4 Wiring

Figure 4.11. Processed device

The submount is used as a point of current injection into the device. To connect the top

part with the submount, we use gold wires. The tip of the gold wire is melted with an
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electrical arc and then gently pressed against the top of the LD. The other tip is fixed to

the submount. The wired device is shown in Fig. 4.11.
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5. RESULTS

5.1 Introduction

In this chapter, we are presenting the methods used to characterize the devices studied

in this thesis and their results. SLEDs and MLLDs were characterized by measuring their

optical power and extracting from the resulting I-P-V characteristic the threshold current,

peak power and saturation current. We also did far field (FF) and spectral measurements.

5.2 Devices studied in the analysis

This section presents the devices studied in this chapter. The studied devices include: (i)

3 long shallow MLLDs emitting around 2 µm wavelength, (ii) 3 mm long deeply etched

(DE) MLLDs emitting around 2 µm wavelength and (iii) 3 mm long SLEDs emitting around

2 µm and 2.6 µm wavelength. The design parameters of MLLDs and SLEDs are listed in

tables 5.1 and 5.2 respectively:

Parameter Value

Total length (L) 3000 µm

Length of gain section (Lgain) 2650 µm

Length of saturable absorber (LSA) 300 µm

Length of isolation section (Liso) 50 µm

RWG width (w) 3 µm

RWG depth (dRWG) 1.5 µm

Table 5.1. MLLD design parameters

The epitaxial structure and the theory of those devices were discussed in the previous

chapters. DE MLLDs have the same parameters as shallow MLLDs at the only difference

that their RWG height is equal to 4 µm (instead of 1.5µm) in the isolation section.
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Parameter Value

Total length of the device (L) 3000 µm

Length of straight RWG (Lstraight) 1500 µm

Length of bent RWG (Lbent) 1500 µm

tilt angle (α) 7.5°

RWG width (w) 5 µm

Reflectivity of back facet (R1) > 92 %

Reflectivity of front facet (R2) < 0.5%

Table 5.2. SLED design parameter

5.3 Characterization methods

This section summarise the experimental setups used for the characterization of the de-

vices. To make sure that all the measurements were done at the same temperature,

The devices were thermoelectrically cooled at room temperature (20°C) by a temperature

electronic controller (TEC).

5.3.1 Optical power measurement

I-P-V (current, optical power and voltage) measurement determines the device’s light out-

put power and the voltage through the gain section as a function of the injection current.

The device is driven with a range of currents and the output power and voltage are mea-

sured for each current point. Many useful parameters can be derived from the I-P curve.

This includes threshold current and saturation power. Fig. 5.1 shows an ideal I-P-V char-

acteristic.

Figure 5.1. Ideal I-P-V characteristic. P is the optical power measured and V is the
positive voltage through the gain section induced by the injected current I. The threshold
current Ith is defined to be the intersection between the extension of the I-P curve above
threshold and the current axis.
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The setup for measuring optical power under pulsed operation is presented in Fig. 5.2.

Figure 5.2. Setup for measuring optical power under pulsed operation

The light from the device is sent in an integrating sphere and collected by a photodetec-

tor. The integrating sphere is a hollow sphere with its surface covered with gold. Any light

sent inside is reflected by the golden surface until it exits from the other port where the

detector is placed. The integrating sphere is used to avoid variation of the detected power

depending on the beam shape of the device. The photodetector can be changed in order

to match the emission wavelength. A PVI-4TE-4 VIGO photodetector was used to detect

light with wavelength between 2.5 and 3 µm and a PDA10D2 Thorlabs photodetector for

wavelengths around 2 µm. The injection of pump current is done with a 2604B sourceme-

ter (Keithley) for CW operation and with a Laser Diode Driver (DEI) PCX-7410 combined

with a 33220A Arbitrary wave form generator (AWG) (Agilent) for pulsed operation. The

AWG is used to control the pulse length τp, repetition rate νp and duty cycle (DC) of the

injected current. Before the measurements, the setup was calibrated to take into account

the losses induced by the integrating sphere and the wavelength dependant photovoltaic

response of the photodetector.

5.3.2 Far field beam profile

Measuring the far field (FF) beam profile of a device as a function of the output angle gives

us precious hints on the stability of the device. It is desired for better coupling with optical

fibers to have a Gaussian beam shape with an evenly proportioned fast and slow axis.

Furthermore, a change in the beam shape at higher current could indicate an instability

of the mode, either because of low confinement in the active region or because of the

generation of new propagating modes. The setup for FF measurement is shown in Fig.
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5.3.

Figure 5.3. Setup to measure the FF. The arm is able to move horizontally and vertically.

The photodetector is fixed at one end of a mechanical arm. The arm is connected to

a motor that allows the detector to move both vertically and horizontally. A scan is per-

formed to measure the optical intensity of the output light as a function of the output angle

along both fast and slow axis. After measuring the FF of the device, the full width at half

maximum (FWHM) of the beam profile can be extracted.

5.3.3 Spectral measurement

The spectral measurement is done by coupling the output light to a bare single mode fiber.

The optical fiber guide the light into an optical spectrum analyzer (OSA). The spectral

measurement is done with an AQ6375 Yokogawa OSA. A schematic of the setup is shown

in Fig. 5.4.

Figure 5.4. Setup for spectral measurement

5.4 Characterization of 2µm wavelength mode-locked laser diode

The effect of reverse bias applied on the SA section of a MLLD over its performance was

investigated. Fig. 5.5(a) shows the evolution of the output power under CW operation as

a function of the reverse bias applied on the SA. The mount was kept at room temperature

with a TEC. As we can see, applying a reverse voltage to the SA increases its absorbance,
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Figure 5.5. Optical power measurement for 3 mm long shallow MLLD at room tempera-
ture under CW operation. (a) and (c) are respectively the I-P-V and the I-V characteristic
of the device as a function of the reverse bias applied to the saturable absorber. (b)
and (d) are respectively the I-P-V and the I-V characteristic before and after applying the
reverse bias. The I-V characteristics are also plotted in (a) and (b) (dashed line)

resulting in a reduction of the optical power under high reverse bias. The saturated power

is reduced from 29mW to 15mW when the reverse bias is increased from 0V to -2V. The

threshold current also increases consistently with increasing reverse bias, owing to the

stronger absorption [4]. The decrease in power with increased reverse bias is due to

electroabsorption [57]. When the SA is saturated, all the energy states of the conduction

band are occupied. Applying a reverse bias sweep the electrons out of the conduction

band, increasing the number of unoccupied states. This increases the absorption rate of

electrons from the valence band and thus, the absorption coefficient of the SA [58].

The I-P curve exhibits a turn-on jump at lasing threshold under high reverse bias (particu-

larly visible under -1.5 and -2V reverse bias). Such jump is common in devices with a SA

and is attributed to a reduction of the SA absorbance due to a rapid increase of the carrier

density in the SA QW region. As the lasing operation start, the photon density increases

quickly. The electric field generated by the reverse bias is not strong enough to sweep the
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carriers out of the SA QW region immediately. Thus, the carrier density in the QW region

increases, reducing the absorption of the SA and resulting in an output power jump [59].

As shown in Fig. 5.5(b), applying a reverse bias of -1V and above created catastrophic

degradation in the laser material. Such degradation was attributed to the heat gener-

ated by free carrier absorption in the top cladding of the isolation section. Due to carrier

leakage between the gain section and the SA, the carrier density is very high in the top

cladding of the isolation section. This results in a high rate of free-carrier absorption, gen-

erating heat. In case of high power devices, like the ones we are studying, the generated

heat can be strong enough to create defects due to local melting in the device, perma-

nently reducing its output power [60]. On the other hand, low power and deeply etched

devices (that don’t have current leakage) can withstand strong reverse bias without dam-

age, as can be seen in Fig. 5.8(b).

The voltage through the gain section was measured and plotted as a function of the

injected current. The results are shown in Fig. 5.5.(c) and (d). From Fig. 5.5.(c), we

can observe a shift of the I-V characteristic of the device with the reverse bias. This shift

can be explained by current leakage through the isolation section. As the reverse bias

applied to the SA increases, the voltage in the gain section drops due to poor electrical

isolation between the two, thus increasing the current required to maintain a given forward

voltage. In Fig. 5.5.(d), the voltage was measured when no reverse was applied. Unlike

Fig. 5.5.(c), there were no changes in the I-V characteristic, demonstrating that the shift

of the I-V characteristic is due to current leakage.
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Figure 5.6. Spectrum of shallow MLLD at different injected reverse voltage. The device
is under CW operation with 1A pump current
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The spectrum of emission of our device was analyzed to check if a mode locking behavior

was observable. The reverse bias was increased from -1.5 to -2V. The measured spec-

trum, shown in Fig. 5.6, has a FWHM of around 3 nm and more than 20 longitudinal

modes when the reverse bias is increased from 1.5V to -2V. Such spectrum shape is typ-

ical of mode-locked devices. This spectrum, as well as the turn-on jump in Fig. 5.5(a),

indicate mode-locking at these operation conditions.

0 500 1000 1500 2000

Current (mA)

0

0.5

1

1.5

2

2.5

3

3.5

4

A
v

e
ra

g
e

 P
o

w
e

r(
m

W
)

3mm

4mm

Figure 5.7. Optical power of shallow MLLD at different cavity lengths

The effect of the size of a device over its performance was investigated. The length

of the SA was kept at 10% of the total length of the FP cavity for both devices. Both

share the same epitaxial structure. The I-P characteristic of 3mm long and 4mm long

devices were plotted and are shown in Fig. 5.7. As can be seen, the saturation power is

almost multiplied by 2, going from 2mW to 4.5mW for 3mm long and 4mm long devices

respectively. This difference in optical power can be explained by the single pass gain that

increases exponentially with the increase in cavity length. The threshold current increases

from 41mA for the 3mm long device to 376mA for the 4mm long device. This is due to

the higher number of charge carriers in the gain section for longer devices, thus requiring

a stronger current to achieve an inversion of population. The saturation current is also

increased for longer devices as the higher active region volume requires more current to

reach the temperature of saturation. Therefore, a longer device has a stronger optical

power due to increased feedback gain but also requires more injection current in order to

reach the lasing threshold.

The I-V characteristic of the DE MLLD under CW operation at room temperature is shown

in Fig. 5.8(a). The reverse current applied to the SA was varied from 0 to -5V. As can be
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Figure 5.8. (a):I-V curve of DE MLLD as a function of the reverse bias applied to the
saturable absorber. (b): I-P curve of DE MLLD before and after application of a reverse
bias
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Figure 5.9. (a):I-P characteristic of shallow MLLD compared to DE MLLD. (b): Far field
of DE MLLD at different injected current

seen, the I-V characteristic of the device remains unchanged by the reverse bias. We can

deduce that the deep etching effectively increased the resistance of the isolation section

and prevented a current leakage between the gain section and the SA. Fig. 5.8(b) shows

the I-P characteristic of the DE MLLD before and after application of the reverse bias. We

can see that no catastrophic degradation occurred, due to the low power of the device

(5mW) and the reduced current leakage.

In Fig. 5.9(a), the I-P characteristic of shallow MLLD and DE MLLD were compared.

Both have the same epitaxial structure and length of 3mm. A CW injection current was

used for each and the temperature was stabilized at room temperature by TEC. Fig. 5.9(a)

shows that deep etching reduces the output power of the device from 15mW to 5mW. This

was attributed to the increased losses in the isolation section. The FF of DE MLLD was

investigated to check that the deepening of the RWG in the isolation section didn’t affect
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Figure 5.10. (a):Optical power of SLED at different injected DC. (b): Far field of 2.6µm
wavelength SLED device at different injected current

the stability of the device. The FF plot is shown in Fig. 5.9(b) and shows that the shape

and the FWHM of the FF stay unchanged for each different current value. Therefore, the

device remains stable despite the deep etching. We can observe that the slow axis is

shifted compared to the fast axis centered at 0°. This is only due to a misalignment of the

photodetector during the measurement.

5.5 Characterization of superluminescent diode

5.5.1 2.6µm wavelength emitting SLED

Fig. 5.10(a) shows the optical output of a SLED device as a function of the duty-cycle

(DC) of the injected pulsed pump current. The repetition rate of the injection current was

constant at 100KHz for every different DC. We can observe that the saturation current de-

creases consistently from 1400 at 10% DC to 670 mA at 50% DC. This can be explained

by the increase of self-heating due to Joule effect for increased pulse length. Due to that,

the active region reaches a critical temperature at lower current, effectively reducing the

saturation current. We can see from Fig 5.10(a) that the saturation power of the device

is increasing with the DC until 30% DC before decreasing. The reason for this is the in-

crease of current density at higher DC that also increases the output power of the device.

However, past 30% DC, the losses due to self heating exceed the gain due to high carrier

density, reducing the optical power of the device.

Presented in Fig. 5.10(b) is the FF of the 2.6µm wavelength SLED. As we can see, the

output beam of the device presents some instability, particularly along the fast axis. New

modes appear at higher injection current and widen the beam profile along the fast axis

from 52° at 300mA to 69° at 500mA. Such instability is a crucial issue as it hinders the

coupling of the beam with optical fibers and single mode waveguides.
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Figure 5.11. (a):Optical power of 2 µm SLED as a function of the type of injected current.
(b): Far field of 2 µm wavelength SLED device at different injected current. (c): Spectrum
of 2 µm wavelength SLED device at different injected current

5.5.2 2 µm wavelength emitting SLED

The output power of the device was measured as a function of the injection current for a

pulsed pump at 10% duty cycle (DC) and for a CW pump. The 10% DC pump has a pulse

width of 1µm and a repetition rate of 100KHz. The results are reported in Fig. 5.11(a)

As shown, the device exhibits power saturation at a saturation power of 12.3mW un-

der CW operation. The power saturation is attributed to self-heating in the active region

caused by Joule effect. Using a CW pump increases the self-heating compared to a

pulsed pump. Thus, the CW operation limits the saturation power of the device to 12.3mW

while an optical power up to 17.8mW was achieved under a 10% DC operation and no

power roll-over was observed. There is a slight inconsistency as the CW pump did not in-

crease the threshold current (which is exponentially dependant on the temperature in the

active region). This might be due to unknown damage to the device. The non linearity of

the output power at high current for pulsed operation could also be due to some unknown

damage.
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Fig. 5.11(b) demonstrates the quality of the beam shape and the stability of the mode

confinement in the device. The slow and fast axis remains stable no matter the current

used with the slow axis at 37° and the fast axis at 67°. Unlike 2.6µm devices, the shape

of the FF is not affected by the current and remain Gaussian. There are no new modes

appearing on the sides of the main peak and the FWHM stays constant for both axis.

Those measurements show that 2µm devices have a good beam profile and good stability

along the fast and slow axis.

Finally, the spectrum of the SLED device was measured to check that it has a proper

SLED operation and not a lasing operation. The device is expected to have a wide spec-

trum due to ASE behavior. Fig. 5.11(c) shows the measured spectrum at different current

values under CW operation. We can see that increasing the current shift the peak wave-

length toward higher values. The peak wavelength is equal to 1964nm for 1.4mA injected

current and equal to 1990mA for 1.8mA injected current which corresponds to a wave-

length shift of 26nm. This shift is due to the increase of temperature in the active region

that shrinks the bandgap between conduction and valence bands and so reduces the

energy of the emitted photons. It is also due, in a lesser way, to the increased carrier con-

centration at high injection current that induces bandgap shrinkage and thus increases

the emission wavelength (many-body effect) [13, 22]. The FWHM of the spectrum was

measured equal to 80nm for every current with more than 20 longitudinal modes. This

spectrum indicates superluminescent operation. The optical feedback was adequately

reduced to prevent lasing operation. Furthermore, the peak wavelength is close to 2µm,

which corresponds to our expectations.
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6. CONCLUSION

In this thesis, a set of GaSb-based mid-IR light emitting devices, including passive mode-

locked laser diodes (MLLD) and superluminescent light emitting diodes, were successfully

developed and characterized. Two epitaxial structures with an InGaSb and an InGaAsSb

active layer, emitting at 2 µm and 2.6 µm wavelength respectively, were designed. The

devices were grown on a GaSb substrate by MBE and were processed in to cleanroom.

SLEDs device emitting at 2 µm and 2.6 µm wavelength were developed and character-

ized.

Different straight waveguide lengths of MLLD were characterized. Two different waveg-

uide designs for 2 µm wavelength MLLD devices with variable etching depth were devel-

oped to get increased isolation between the gain section and the saturable absorber (SA).

Their performance was compared. Deeply etched (DE) MLLD were found to have higher

electrical resistance in the isolation section than shallow MLLD. Power up to 5mW was

achieved with DE MLLD compared to a saturation power of 15mW for shallow MLLD. The

optical power of MLLD was seen reduced when applying an increasing reverse bias due

to electroabsorption. A turn-on jump of the I-P characteristic was observed which could

be an indication of mode-locking operation. It was shown that the deep etching didn’t

affect the mode confinement stability of the device.

For SLEDs, a reduction of optical power under high pulse length of the pump current was

observed. The reduction of power was attributed to increased self-heating. An increase

of the emission wavelength was observed for increasing pump current due to heating

and many-body effect. Power as high as 31mW was achieved from 2.6 µm SLED with

a pulsed pump current of 30% DC. 2.6 µm SLEDs were found to have unstable mode

confinement and beam profile.

Future development includes the characterization of MLLD by measuring RF spectrum to

confirm the pulsed operation. Improved electrical isolation is needed between gain and

isolation section. In terms of SLED, the improvement comes from the reduction of Auger

recombination through new epi designs and the extension of wavelength towards 3µm.
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