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Abstract

This thesis reports the results of the analysis of the reliability of InAs quan-
tum dot (QD) lasers epitaxially grown on silicon and gallium arsenide. The
analysis has been carried out in close cooperation with the manufacturer of
the devices, the University of California, Santa Barbara (UCSB). The main
objective of this work was to identify the physical degradation mechanisms
that a�ect this new kind of semiconductor laser diodes, besides the inve-
stigation of the impact of extended defects dislocations in order to observe
the di�erent aging dynamics with di�erent substrate material. For this pur-
poses, the devices have been submitted to several accelerated degradation
experiments. By means of electrical and optical measurements we were able
to identify the degradation mechanisms and to study the role of extended de-
fects, proving high dependency from the dislocation density. Moreover, the
di�erent epitaxial structure between the GaAs-substrate and the Si-substrate
devices have highlighted di�erent e�ects on the degradation dynamics of the
lasers.
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Introduction

Silicon photonics is the study and application of photonic systems which uses
silicon as an optical medium. This is one of the most attractive discipline
within the �eld of integrated optics: its origin can be traced back to the
works of Soref, Schmidtchen and Petermann in 1980s and 1990s [1, 2, 3].
This technology has led to increased level of investments that are rapidly
growing over the years, as shown in Fig. 1.

Figura 1: Silicon photonics market over the years (source:
https://www.iebrain.com)

A point in favor of silicon photonics is its compatibility with the sili-
con integrated circuit (IC) manufacturing. Silicon wafers have low cost and
high crystal quality, compared with other semiconductor materials. Sili-
con photonics devices can be made using existing semiconductor fabrication
techniques and, because silicon is already used as the substrate for most
integrated circuits, it is possible to create devices in which the optical and
electronics compoents are integrated onto a single microchip. Another mo-
tivation for silicon photonics researches is the availability of high-quality
silicon-on-insulator (SOI) wafers, that supports the scaling of photonics de-
vices to the hundreds of nanometer level.
One of the most challenging aspect in silicon photonics is the creation of si-
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2 Introduzione

licon optical ampli�ers and lasers. Semiconductor lasers are on the verge of
becoming the backbone of modern information technology: they play a ma-
jor role in optical data communication networks [4, 5, 6] or as mode-locked
devices [7], all no longer based on electrical transmission through copper
lines. Some of the limitations of electrical circuits and interconnections in-
clude the limited transfer speed, i.e. the bit-rate, and the generated heat
due to the resistive impedance of the connections. One of the most promi-
sing approaches to overcome these limitations is the use of optical links for
data transfer both between and within microchips. High-throughput, high-
speed and low-energy optical links such optical interconnect are especially
demanded in data-centers, since data tra�cs are expansively increasing. The
expected evolution of future low-power, high-performance server system is
shown in Fig. 2: in such systems optical interconnects may improve the
operation speed and simplify the interconnect system, and silicon photonics
may prove particularly useful, once integrated on the standard silicon chip.

Figura 2: Expected evolution of future server sy-
stem with photonics-electronics convergence systems (from
http://www.petra-jp.org/pj_pecjs/en/index.html) [8]

In semiconductors, the recombination of carriers (electrons and holes) via
radiative transitions leads to luminescence, i.e. emission of photons, while
the energy emitted via non-radiative recombination transitions involves pho-
nons, i.e lattice vibrations, and will be ultimately dissipated as heat. Radia-
tive recombination with silicon-related material is di�cult. As a matter of
fact, silicon is an indirect bandgap material: this means that the minimum of
the conduction band (CB) is not directly above the maximum of the valence
band (VB) in the energy vs momentum (E-k) diagram (Fig. 3(b)). Thus,
in order to have photon emission, the carrier transitions must involve the
emission or absorption of phonons to satisfy energy and momentum conser-
vation requirement, as shown in Fig. 3(c). Furthermore, indirect transitions
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have a lower probability to occur than direct transitions. Consequently, the
photon emission rate is not high in an indirect bandgap material, as well
as not being energy-e�cient. Hence, direct bandgap semiconductors, such
as Gallium Arsenide (GaAs) and other III-V compound alloys, are the most
attractive and developed materials in the optoelectronics �eld: in direct-gap
semiconductors, the electron momentum does not change for transitions from
the minimum of the conduction band to the maximum of the valence band
(Fig. 3(a)).

Figura 3: E-k diagram of (a) direct bandgap material: the electron recombi-
nes and generates a photon without any change in its momentum value, (b)
and (c) indirect bandgap material: recombination of an electron and a hole
involves the emission of a phonon, for the momentum conservation.

Lasers based on Quantum Dots (QD) possess a variety of advantages
over other semiconductor systems and make them especially suited for these
kind of applications [9]. Quantum dots represent zero-dimensional, particle-
in-a-box-like quantum con�ned structures that can be formed through a
self-assembly process. III-V compound quantum dots can be used for pro-
ducing III-V laser diodes directly placed on silicon, with the advantages of
lower threshold current density and less sensitivity to defects relative to con-
ventional quantum wells.
A way to incorporate III-V materials with the silicon photonics platform
could be the hybrid integration that refers to co-packaged III-V and Si devi-
ces on native substrates: this technique requires precise alignment of the III-
V and Si chips that complicates packaging and limits scalability. A simpler
approach is called heterogeneous integration, that provides for the bonding
of III-V materials to a SOI substrate: in this case, the alignment procedure
is transferred to secondary and less complicated semiconductor processing
stages. For heterogeneous integration, III-V devices are grown on native
substrate, then the device is bonded to Si and the III-V substrate removed.
This clearly constitutes a cost that can be avoided through epitaxial growth
on Si followed by wafer bonding. However, the challenges associated with
mismatched epitaxy must be overcome: non-nitride III-V materials have lar-
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ger lattice constants and higher coe�cients of thermal expansion respect to
silicon, which can result in high densities of crystalline defects. Nevertheless,
the defect density can be reduced near native substrate level performances
through careful optimization of growth conditions [10] and dislocation �lter
layers (DFLs), that has been proved it is able to remove up to 90% of threa-
ding dislocations [11].
Room temperature lasing near the telecommunications wavelength of 1.3 µm
have been demonstrated with low threshold current densities for InAs/GaAs
quantum-dot lasers grown on Si, Ge and Ge-on-Si substrates [12, 13, 14].
The 1.3 µm - 1.5 µm emission wavelengths constitute the usual transmission
windows of the optical �ber due to the absorption characteristics of the glass
material used in it. An additional, but not less important factor is the ma-
ximum data transmission rate that can be achieved, in the order of tens of
Tbit/s [15].
The aim of this thesis work has been the study of the degradation processes
that a�ect state-of-the-art QD lasers epitaxially grown on silicon and gal-
lium arsenide substrates so as to highlight the di�erences that can arise in
the devices through the same stress conditions.
For this purpose, the lasers have been characterized and submitted to cur-
rent step-stress and constant bias stress experiments, at a temperature of
35◦C, in order to extrapolate electrical and optical variation trends during
time, thus hypothesizing the physical degradation processes in place. Deep
Level Transient Spectroscopy (DLTS) measurements have been performed
on a bonded sample to investigate the presence of deep active defects in the
depletion region of the device.
The structure of this thesis is organized as follows:

• Chapter 1: working principles of laser diodes, electrical and optical
properties.

• Chapter 2: quantum con�nement concepts and quantum dot growth
techniques

• Chapter 3: semiconductor defects and degradation processes

• Chapter 4: devices structure, experimental setups and preliminary
characterization

• Chapter 5: experimental results and comparison of the two di�erent
substrate material composition

• Chapter 6: conclusions and future works



Chapter 1

Basic concepts of Laser Diode

In this chapter the principles of laser diodes are discussed. In particular,
the formation of bands in semiconductor, the mechanisms that rules di�e-
rent types of recombination processes, electrical and optical characteristics.
Further material and explanations can be found in [24, 25, 18].

1.1 Formation of bands in semiconductors

Electrons in an isolated atom can only have discrete energy levels, according
to the Bohr model of an atom, that can be evaluated by solving Schrodinger's
equation using the appropriate electronic potentials. However, when atoms
are brought together as in crystalline solids, these degenerate energy levels
will split into many separated levels due to the atomic interaction. Because
the levels are so closely separated, they may be treated as a continuous band
of allowed energy states (Fig. 1.1). The two highest energy bands are the

Figure 1.1: Energy bands formation in crystalline solids.

valence band, EV, and the conduction band, EC. These bands are separated
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6 CHAPTER 1. BASIC CONCEPTS OF LASER DIODE

by a region which designates energy states not allowed (to electrons). This
region is called the forbidden gap, or bandgap Eg. This is the energy di�eren-
ce between the maximum valence band energy and the minimum conduction
band energy.
Unlike insulators, in which the valence electrons form strong bonds between
neighboring atoms, bonds in a semiconductor are moderately strong; there-
fore energy (at least Eg) can break these bonds. Thus, an electron can be
promoted to the conduction band while leaving a positive net chartge, a hole,
in the valence band. This process is called generation of and electron-hole
pair [19]. The opposite process, the recombination of and electron-hole pair,
occurs when electrons are transferred from conduction to valence band. This
implies the transfer of the electron excess energy to other particles (electrons,
phonons, photons).

1.2 Recombination processes

Recombination processes can be radiative, with the emission of a photon,
or nonradiative, without the photon emission. The emission process of a
photon can be:

• spontaneous, when a photon is emitted during the electron transition
from the upper energy state (E2) to the lower energy state (E1).

• stimulated, when an incident photon of matching energy h̄ω = E2 −
E1 perturbs an electron in the upper state and stimulates the decay
into the lower state. A second photon is then emitted with the same
direction, phase and frequency of the incoming photon, resulting in an
ampli�cation of the incident radiation. This is the mechanism that is
necessary for lasers to operate.

For sake of clarity, stimulated absorption is another processes that involves
a striking photon. In this case the photon promotes an electron from a lower
energy state to a higher energy state. The energy of the incoming photon
must be at least E2-E1. Figure 1.2 shows the processes described above.
Regarding semiconductors, there are two main non-radiative transitions that
can involve carriers:

• Shockley-Read-Hall (SRH) recombination involves semiconductor de-
fects mostly ascribed to the crystalline impurities, surface defects and
interfaces, whose interaction with the crystal lattice permits the for-
mation of allowed energy levels inside the forbidden energy gap of the
material (Fig. 1.3). Such levels act as recombination centers: carriers
do not contribute to the photon emission and, conversely, release their
energy by phonons (lattice vibration), that increase the heat inside the
material.
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Figure 1.2: Absorption and emission processes.

Figure 1.3: Schematic of density of states (a) in a perfectly periodic solid
and (b) in a material with defects. The presence of bangap states reduces
the radiative recombination rate in the material.

• Auger recombination, that involves the interaction of three carriers.
Two electrons collide which causes one to decay and recombine with
a hole in the valence band. Meanwhile, the energy released by the
recombination will cause the other electron to be promoted to a higher
state in the conduction band. It eventually transfers its energy to the
lattice, contributing to the general heat up of the material. The same
interaction can happen with two holes and one electron.

Figure 1.4 sketches the processes described above.
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Figure 1.4: Non-radiative recombination: (a) SRH, (b) Auger.

1.3 Population inversion

As mentioned in the previous section, a net ampli�cation of incoming light
can be achieved by stimulated emission. This only can happen with a high
concentration of photons and if more electrons are available for stimulated
emission than for absorption (when an electron is lifted into the upper state,
while the incident photon is consumed). This means that the population of
the upper energy state E2 is higher than of the lower energy state E1. This
phenomenon is called population inversion and is never reached in thermal
equilibrium. The system can reach population inversion through a process
called "pumping": this can be driven optically, electrically or even chemically
[19].
The analytic relations useful to explain the population inversion process has
been studied by Einstein. In a system with N1 and N2 number of atoms
per unit volume at E1 and E2, respectively, the rate of stimulated emission
Rstim21 , stimulated absorption Rstim12 and spontaneous emission Rspon21 can be
de�ned using the Einstein's coe�cients:

Rstim21 = B21ρ(hν)N2 (1.1)

Rstim12 = B12ρ(hν)N1 (1.2)

Rspon21 = A21N2 (1.3)

with ρ(hν) photon energy density and B21, B12 and A21 the Einstein's coe�-
cients for stimulated emission, stimulated absorption and spontaneous emis-
sion, respectively. It can be noted how Equations (1) and (2) depend on
the number of photons with su�cient energy to overcome the energy gap
(Eph = hν > E2 − E1).
In thermal equilibrium:
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• radiation from the atoms must give rise to an equilibrium photon
energy density ρν de�ned Planck's black body radiation distribution
law:

ρν =
8πhν3

c3
1

ehν/kBT − 1
(1.4)

• the number of upward transitions must be equal to the number of
downward transitions

Rstim12 = Rstim21 +Rspon21 ⇐⇒ B12ρ(hν)N1 = B21ρ(hν)N2 +A21N2

⇒ ρν =
A21N2

B12N1 −B21N2
=

A21/B21

(B12/B21)(N1/N2)− 1
(1.5)

• the population of energy levels follows the Boltzmann statistics:

N2

N1
= exp

(
−(E2 − E1)

kBT

)
(1.6)

from the previous equations it follows that:

B12 = B21 (1.7)

A21

B21
=

8πhν3

c3
(1.8)

The ratio between stimulated to spontaneous emission is

Rstim21

Rspon21

=
B21ρ(hν)

A21
=

c3

8πhν3
ρ(hν) (1.9)

and the ratio of stimulated emission to absorption is

Rstim21

Rstim12

=
B21ρ(hν)N2

B12ρ(hν)N1
=
N2

N1
(1.10)

Equations (1.9) and (1.10) con�rm what explained at the beginning of this
section: in order to increase the probability of stimulated over spontaneous
emission a high photon concentration is needed, while to have more stimula-
ted emission than absorption, the population inversion is needed (N2 > N1).

1.4 Photon generation and loss

The typical structure used to enhance the light in a certain direction using a
resonant cavity structure is called a Fabry-Perot cavity and is illustrated in
Fig. 1.5. It is made of a linear optical cavity with a high-re�ectivity mirror
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Figure 1.5: Schematic view of a Fabry-Perot resonator.

on one side and a low-re�ectivity mirror on the other, so that photons of the
cavity modes are re�ected and can pass through the gain medium multiple
times before being absorbed or escaping the cavity. The gain medium ampli-
�es light through the process of stimulated emission, as already explained.
The gain medium does not ampli�es all optical frequency equally, but pos-
sesses a gain pro�le. For lasers there are usually many cavity modes, given
by

nL =
mλ

2
(1.11)

where the mode numberm is an integer and refers to the cavity mode number
and n is the e�ective index of refraction, λ is the selected wavelength and L
the cavity length. The gain medium spectral response, in combination with
the cavity modes, will de�ne the ampli�ed cavity mode that will be coupled
out the resonator.(Fig. 1.6). A photon can be lost through its interaction
with an atom's bound electrons. In this way the photon is absorbed and
an EHP is generated. The electron will eventually recombine and return to
the lower state, but this process will not necessary occur radiatively or by
stimulated emission.
Free carrier absorption is another kind of optical absorption. It occurs when
an electron is the conduction band absorbs a photon and moves to a higher
state. The electron then moves to higher states and can cause lattice heating.
The photon can also be absorbed by the lattice structure and results in lattice
vibrations and consequence heating. Such an e�ect can increase the chance
of the same type of absorption, which will cause further heating.
There is also the probability of absorption by impurities and defects, as well
as by the non-ideality of the mirrors, resulting in absorption, di�usion and
di�raction of radiation.
To achieve lasing, optical gain must at least equal the losses. Increasing the
current injection level, there will be eventually a point at which the gain
will overcome the losses. Referring to Fig 1.5, the cavity of length L has
two re�ecting mirrors with re�ection coe�cients R1 and R2. Considering a
point and assuming that the starting radiation power of that point is Pi, then
the �nal power Pf , that is the radiation after being re�ected o� of surface
1 and 2 respectively, will become Pf = R2R1Pi. If g is called the optical
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Figure 1.6: Modes ampli�cation in the cavity due to the gain medium
spectral response.

gain coe�cient and is de�ned as the variation of the radiation power per
unit length, it will be increased according to eg·x. As radiation travels inside
the cavity it also stimulates more coherent emission. On the other hand
some emission will be absorbed: the losses can be represented for the same
distance as e−γ·x, where γ represents losses inside the laser. The optical
round-trip gain can be de�nes as:

G =
Pf
Pi

= R1R2e
2(g−γ)L (1.12)

From here one can calculate the threshold optical gain, gth, that is the value
of the optical gain for which the gain balances the losses (G=1):

gth = γ +
1

2L
ln

(
1

R1R2

)
(1.13)

For electrically-pumped laser diodes, this value corresponds to a current
injection value, called threshold current Ith (or referring to threshold current
density Jth): below threshold spontaneous recombination dominates, while
above threshold stimulated emission begins to take over, as shown in Fig.
1.7. However, increasing the pump rate above threshold will not increase
the carrier density or the gain, that will clamp at their threshold values.
What happens when the current is increased to a value above threshold
is that the carrier density and gain initially increase to values above their
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Figure 1.7: Optical power vs. injected current: below threshold the light
emission is due to spontaneous emission, above threshold stimulated emission
dominates

threshold levels and the photon density grows. Afterwards the stimulated
recombination rate increases rapidly, reducing the carrier density and gain
to a new steady-state value.
This relationship can be explained considering the de�nition of the optical
gain coe�cient de�ned above. Optical power is proportional to the coherent
photon concentration Nph and to its energy hν. The optical gain coe�cient
can be expressed as

g =
dP

Pdx
=

dNph

Nphdx
=
dNph

Nph

n

cdt
, (1.14)

since photons travel with velocity c/n, with n refraction index of the active
medium, so they cover a distance dx = (c/n)dt.
The rate of coherent photons can be seen as the di�erence between stimulated
emission and absorption:

dNph

dt
= (N2 −N1)B21ρ(hν) (1.15)

Therefore, the optical gain of the medium respect to the frequency g(hν)
can be calculated considering that ρ(hν) is the density of energy per unit
frequency. For photons with energy hν0:

ρ(hν0) =
Nphhν0

∆ν
(1.16)

where ∆ν is the spectral broadening of the emission and absorption mechani-
sms caused by the Doppler e�ect, collision with phonons or natural damping
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of the transition lifetime.
Finally, an expression for the optical gain of the medium at the center
frequency ν0 can be obtained from Eqs. 1.14 and 1.16:

g(ν0) = (N2 −N1)
B21nhν0
c∆ν

(1.17)

Substituting Eq. 1.17 into Eq. 1.13, the threshold population inversion value
is calculated

(N2 −N1)th = gth
c∆ν

B21nhν0
(1.18)

This relationship shows that, when population inversion reaches threshold,
its value do not increase if the pumping increases. What increases, however,
is the output power (Fig. 1.8).

Figure 1.8: Injected carrier concentration and optical power vs. current:
carrier concentration clamps at threshold.

1.5 Carrier and optical con�nement

A semiconductor laser can be seen as a pn junction. The simplest struc-
ture has the same direct bandgap throughout and is called homojunction.
However, this arrangement is characterized by poor carrier con�nement and
almost no optical con�nement. In a homojuction the population inversion
takes place on a distance proportional to the carrier di�usion length. Since
con�nement is poor, the threshold current density is usually very high and
such devices are ine�cient for practical values. High carrier con�nement can
be achieved using a double heterostructure (DH), composed of two junctions
between di�erent semiconductor materials with di�erent bandgaps. In DH
junctions carriers are con�ned into the material with the lower Eg, thus the
region where carriers recombine does not depend on carrier di�usion length.
Therefore, the "active" recombination region is much more reduced, which
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increases the carrier concentration for population inversion and the proba-
bility of radiative recombination. At the same time, placing the material
with higher refractive index (and lower bandgap) between two material with
lower index will create an optical dielectric waveguide necessary for a higher
optical con�nement. Further details are given in Chapter 2. The di�erences
between homojunction and heterojunction are summarized in Fig. 1.9.

Figure 1.9: Homojunction (left) and heterojunction (right): (a) material (b)
band diagram (c) refractive index (d) optical con�nement.

1.6 Electrical properties

1.6.1 Current-Voltage characteristics

From the electrical point of view, a laser can be considered as a pn junction
[20, 21] by making the following (simplifying) assumptions:
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• abrupt junction: the dopant concentration (ND and NA for donors
and acceptors respectively) is constant in the doped region and zero
elsewhere, without gradual transitions between the di�erent regions

• implanted dopants are entirely ionized and contribute to the free elec-
trons and holes (n = ND, p = NA)

Therefore, carriers di�use to the opposite zone, because of the di�erence in
the concentration gradient, where can recombine. The result is the creation
of a region depleted of free carriers, called Space Charge Region (SCR). An
external bias-voltage applied drops almost entirely across the SCR, modula-
ting the potential barrier through which electrons and holes can move (Fig.
1.10). The analytic relation that describe this phenomenon has been studied
by Shockley and shows how current saturates in reverse-bias regime and ex-
ponentially increases with forward-bias voltage. The characteristic does not

Figure 1.10: pn junction under (a) zero bias and (b) forward bias. The
potential barrier is modulated by the applied voltage VD.

follow the ideal trend because of parasitic resistances:

• the series resistance accounts for the metal contacts and the undoped
region of the junction. Its e�ect arises especially at high voltage values
and decreases the diode current.

• the parallel resistance originates from damaged regions or surfaces lea-
kage that generate conduction paths parallel to the diode. The e�ect
of the shunt resistance is to contribute to carrier �ow for reverse and
low-forward applied voltage
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Figure 1.11 summarizes the resistances e�ect on the ideal I-V curve. The

Figure 1.11: E�ect of the parasitic resistances on the ideal I-V characteristic.

electrical characteristic of the laser diode follows the classic Shockley equa-
tion

I = Is

(
exp

(
qV

nidealkBT

)
− 1

)
(1.19)

where Is is the reverse-bias saturation current, T is the junction temperature
and nideal is the ideality factor, that can be expressed from the evaluation
of the �rst di�erential conductance σD

σD =
∂I

∂V
=

Isq

nidealkBT
exp

(
qV

nidealkBT

)
. (1.20)

Finally, the ideality factor can be expressed as

nideal =
q

kbT

(
∂ln(σD)

∂V

)−1
(1.21)

An ideal pn homojunction has an ideality factor of 1, that can increase to
2 due to generation/recombination currents within the space-charge region,
while that of a DH junction is typically higher (2-3). [21].

1.6.2 Capacitance-Voltage characteristics

The capacitance-voltage characteristic of the devices provides important in-
formations of the devices such as the distribution of charge in proximity of
the junction and the extension of the SCR.
The charge (per unit area) in the SCR is only due to �xed donors and
acceptors:

Q = qNDxn = qNAnp (1.22)
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The second equality is true according to the principle of charge neutrality.
From here one can evaluate the capacity as

C =
dQ

dV
= qND

dxn
dV

= qNA
dxp
dV

(1.23)

The charge generates an electric �eld and a built-in potential drop, that acts
as a barrier for the di�usion of the carriers:

φi =
kBT

q
ln

(
NDNA

n2i

)
(1.24)

with ND and NA are the donor and acceptor concentrations, respectively, ni
the intrinsic carrier concentration of the semiconductor.
The width of the SCR can be expressed as the sum of the amplitude of the
depleted region at the n and p sides:

xd = xn + xp =

√
2ε

q
(φi − V )

(
1

ND
+

1

NA

)
(1.25)

with ε the dielectric permettivity of the semiconductor and V the voltage
applied to the junction.
We can �nally calculate the expression for the junction capacitance from
Equations 1.23 and 1.25:

C(V ) =

√
qε

2(φi − V )
(

1
ND

+ 1
NA

) =
ε

xd
(1.26)

From this result, the apparent charge pro�le can be expressed, hypothesizing
the case in which one region in much more doped than the other one. For
example, if the p-side is more heavily doped than the n-side (NA � ND)
then xp � xn and the SCR tends to extend entirely on the n-side. The Eq.
1.26, including the area of the junction A, becomes:

C(V ) = A ·

√
qεNA

2(φi − V )
(1.27)

The carrier concentration is simply

N(V ) =
−2

qεA2 d
dV

(
1
C2

) (1.28)

thus, knowing that C(V ) = ε/x(V ), the apparent charge concentration as
function of the apparent depth is:

N(x) =
−2ε

qA2 d
dV (x2)

(1.29)

As the name suggests, this is not the real doping pro�le since the hypothesis
NA � ND is not always veri�ed and the SCR can expand in the p-side of
the junction.
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1.7 Optical properties

As previously stated, lasing condition is reached when the optical gain of
the medium can overcome the cavity losses, which implies that the diode
current has to exceed a certain threshold value Ith. Below this value, the
light from the device is incoherent and mainly originated from spontaneous
emission. Above threshold the light is mainly composed of coherent photons
and the device is lasing. Figure 1.12 shows the output light intensity as
a function of diode current. The wavelength of emission depends on the

Figure 1.12: Laser output power vs. current with some spectra emission.

bandagap energy, the dopant concentration, the junction temperature and
the cavity. The spectral width of the laser emission depends on the number of
longitudinal modes excited. Above threshold, as the current increases, one of
the intense modes becomes prominent at the expense of less intense modes.
The prominent mode ends up using most of the injected electrons; there
are insu�cient electrons left for other modes to satisfy the threshold gain
condition at those frequencies. The slope e�ciency, in Fig. 1.12, is a very
signi�cant parameter for laser diodes. It can be expressed as SE = dP/dI
for I > Ith. The higher the slope e�ciency is the higher the power conversion
(from electrical power to optical power) e�ciency is. Real devices tend to
show a nonlinear optical power versus current characteristics above threshold
and can have some slope variations called kinks. In general, multimode
operation of laser is the most common mechanism limiting the e�ective power
for a single spatial mode radiation. A P-I kink is usually linked to a change in
the optical mode parallel to the active layer in the form of mode movement,
mode transition, or excitation of higher order modes. Also the turn-on of
current leakage paths at higher currents, which is usually due to ohmic losses,
may lead to a rollover of the P-I. Some examples are sketched in Fig. 1.13.
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Figure 1.13: Limitations of laser diode optical output power versus current:
(1) ideal output, (2) kink, (3) catastrophic optical damage (see Chapter 3)
and (4) thermal rollover.

1.8 Temperature dependence

The temperature can heavily impact on the laser diode output characteri-
stics. Fig. 1.14 shows the changes in the optical power vs. current with
temperature. The threshold of a laser typically increases with increasing
temperature and empirically follows an exponential law:

Ith = I0e
T/T0 (1.30)

with I0 a current constant and T0 the overall characteristic temperature,
that summarizes the temperature-dependent loss and the carrier redistribu-
tion due to the change of the Fermi distribution1 with temperature. With
increasing temperature, populated states below the quasi-Fermi level beco-
me unpopulated and nonlasing states become populated. Therefore, the
gain decreases with increasing temperature. This redistribution must be
compensated by an increase of the pumping rate. As previously mentio-
ned, the emission wavelength and, thus, the emission spectrum, changes
with temperature. Considering a single-mode laser diode, the peak emission
wavelength exhibits jumps (mode hops) at certain temperatures as shown in
Fig.1.15. At a di�erent operating temperature another mode ful�lls the laser
oscillation condition. Between mode hops the emission wavelength slightly
increases with temperature due to modi�cations with temperature in the re-
fractive index of the cavity and because of the decrease in the energy gap of
the material with temperature. Peltier-based temperature-controllers can be
integrated in the package of the lasers to improve wavelength/power stability.

1In thermodynamic equilibrium, the distribution function for carriers is given by the
Fermi-Dirac distribution f(E) = 1

exp
(

E−EF
kBT

)
+1

with EF the Fermi level that can be

considered to be a hypothetical energy level of an electron or hole. If the Fermi level is not
constant throughout the structure, for instance because of doping, then the quasi-Fermi
level describes the local carrier density
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Figure 1.14: Output optical power vs. diode current at three di�erent
temperatures. The threshold current shifts to higher temperatures.

Figure 1.15: Peak wavelength λ0 versus case temperature characteristics.
(a) Mode hops in the output spectrum of a single-mode LD. (b) Restricted
mode hops.



Chapter 2

Quantum dot structures

To truly achieve native substrate performance and reliability, quantum dot
active regions must be adopted over quantum wells. In this chapter, the
classi�cation of quantum structures is followed by some characteristics of
quantum dots, such as two-state lasing and ground state (GS) quenching.
Finally, the self assembled QD growth technique is described. Quantum dots
fundamentals are mainly taken from [22] and [23].

2.1 Classi�cation of quantum structures

Reducing the size of materials to the nanometer scale is related to the con�-
nement in the movement of electrons due to the quantum con�nement e�ect.
The consequence is the discretization of electron energy levels depending on
the con�nement size of the material [24, 25]. When the particle size approach
the Bohr radius [26]:

a∗0 =
εh̄2

m∗q2
(2.1)

with ε the dielectric constant of the material andm∗ the e�ective mass of the
particle, the quantum con�nement e�ect leads to a collapse of the continuous
energy bands of a bulk material into discrete, atomic-like energy levels.
Quantum structures are mainly classi�ed according to the number of degrees
of freedom experienced by electrons and holes inside the material. Accor-
dingly, quantum nanostructures can be divided into the following classes
(schematic diagram in Fig. 2.1):

• Quantum Well (QW): �lm structures usually deposited on rigid sub-
strates, in the order of a few nanometers. They are de�ned as two-
dimensional (2D) structures because the particle is free to move in two
directions, while quantized in the other. They can be experimentally
realized by ephitaxial growth of semiconducting materials.

21
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• Quantum Wire (QWr): one-dimensional (1D) structures in which elec-
trons are free to move in one direction and quantization occurs in the
remaining two. They appear like wires with diameters in the nanometer
range and lengths of several micrometers.

• Quantum Dots (QDs): zero-dimensional (0D) structures in which the
electron quantization occurs in all three directions.

Figure 2.1: Schematic representation of low-dimensional semiconductor
structures with the corresponding density of states.

The quantum con�nement e�ect, depending on the size of the nanostruc-
ture, can be estimated via the e�ective-mass approximation model, which can
predict the con�ned energy levels of nanostructures by solving Schrodinger
equation assuming the barriers have an in�nite con�ning potential. The ef-
fective mass solutions of the Schrodinger equation for electrons con�ned in
a QW, QWr and QDs are, respectively:

QW : En(x, y) =
π2h̄2n2

2m∗L2
z

+
h̄2

2m∗
(k2x + k2y), ψ = φ(z)eikxx+ikyy (2.2)

QWr : En(x) =
π2h̄2

2m∗

(
n2

L2
z

+
m2

L2
y

)
+
h̄2k2x
2m∗

, ψ = φ(z)φ(y)eikxx (2.3)

QDs : En =
π2h̄2

2m∗

(
n2

L2
z

+
m2

L2
y

+
l2

L2
x

)
, ψ = φ(z)φ(y)φ(z) (2.4)

where n,m, l are integer quantum con�nement numbers, ki is the wave
vectors of the electron along the i- direction, Lx, Ly, Lz are the con�ning
dimensions, ψ is the eigenfunction that can be expressed as the product of
wavefunctions describing the motion in the three direction.
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2.1.1 Quantum Wells

Quantum wells are heterostructures in which a thin layer of one semiconduc-
tor is sandwiched between two layers of a di�erent semiconductor material,
thereby forming a heterojunction. The central layer has the lower bandgap,
while the two layers sandwiching the center create the potential barriers as
shown in Fig. 2.2. Thus, materials are chosen so that electrons available

Figure 2.2: (a) a single quantum well, (b) the electron and hole energy levels
associated with (c) the density of states.

for conduction in the middle layer have lower energy than those in the outer
layers, creating an energy well that con�nes the electrons in the middle layer.
The thickness of the middle layers is comparable with the wavelength of the
electrons con�ned in it, thereby modifying the electron behavior, since they
are now con�ned whithin a plane than in a bulk sample.
As previously said, the energies of electrons in the well exhibit quantized
thresholds. Respect to a bulk semiconductor, where the density of allowed
states, i.e. the number of electrons that can exist within a range of energies,
is proportional to the square root of energy [27], the density of states in a
quantum well layer turns out to be constant with energy: a step-like func-
tion. There are not discrete energy states for carriers, but sub-bands that
start at the energies calculated for the con�ned states in Eq. (2.2). Thus,
radiative transitions occur much more readily in the quantum well for the
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same current as in the bulk device, where the carriers are spread more deeply
into the conduction band. The di�erences can be observed in Fig. 2.2(c).

2.1.2 Quantum Wires

Quantum wires are extremely narrow structures where electron transport is
possible only in a few transverse modes. Quantum wires can be fabricated
starting from a standard quantum well layer patterned with photolithogra-
phy for instance, and etched to leave a free standing strip of quantum well
material, as shown in Fig. 2.3.

Figure 2.3: Schematic of a quantum wire structure.

Quantum wires can be used as electron waveguides, switchable high-
speed lasers, nanotubes [28, 29].
The e�ects of electron-electron interaction become more pronounced when
the transverse size of the quantum wire is of the order of the electron wa-
velength, and there is a single propagating mode. The motion of electrons
along the longitudinal dimension is virtually 1D, and this leads to novel phe-
nomena. The reason is that in 1D, the interaction between electrons is only
weakly screened and interaction plays a central role. One of the most promi-
sing devices that exploit the fundamental properties of 1-D semiconductor
structures is the nanowire �eld-e�ect transistor (NWFET). In such devices,
quantum-wires provide smallness of the channel region, together with an
excellent gate control, to enable fast switching and low o�-currents [30, 31].

Quantum Dots

Quantum dots, due to the complete reduction of the remaining degree of
freedom of a quantum wire, are very small semiconductor crystals in the
order of nanometers. They con�ne electrons or electron-hole pairs called
excitons. In order to understand the concept of excitons, one can consider
the promotion of an electron from the valence band to the conduction band
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in a bulk material, caused by thermal excitation or absorption of a photon,
that leaves a hole behind. After a �nite time, the excited electron will even-
tually recombine with a hole with the release of energy. In the case of QDs,
when the size of the crystal material approaches its Bohr radius, the excited
electron tends to form a weak bond with its hole. This bound state between
carriers is called exciton (Fig 2.4). Every semiconductor material has its

Figure 2.4: Formation of excitons in quantum dot energy bands with
comparison respect to the QD size

own exciton Bohr radius below which the quantum con�nement is realized.
This property causes the band of energies to become discrete energy levels
in QDs, so they are sometimes referred to as "arti�cial atoms" because they
exhibit discrete electronic states as seen in atoms and molecules.
The optoelectronics properties of a QD are determined by their size and sha-
pe. For instance, larger quantum dots have a grater red spectrum-shift com-
pared to smaller dots. As a consequence, these properties can be speci�cally
tuned to have a desired output depending on the application �eld: in fact,
QDs �nd application in many �elds including solar cells, LEDs, transistors,
laser diodes, quantum computing and medical imaging [32, 33, 34, 35, 36, 37].
Fig 2.5 illustrates the variation in the bandgap (and thus in the emission) of
QDs as size varies.

To determine the emission energy of the �rst excited state (called ground

state GS ) of a quantum dot, the e�ective mass model leads to the expression [38]:

∆E = Ebulkg +
h̄2π2

2a2

(
1

m∗e
+

1

m∗h

)
− 1.8q2

4πεa
(2.5)

where a is the QD radius, m∗e and m
∗
h are the e�ective masses of the elec-

tron and the hole, respectively. The �rst term is the energy gap of the bulk
material of which the quantum dot is made, the second term is the particle-
in-a-box con�nement energy for an electron-hole pair in a spherical quantum
dot (this is the more convenient way to model real QDs), and the last term
represents the Coulombic interaction due to exciton formation.
Fig. 2.6 illustrates the possible radiative and non-radiative transitions insi-
de a quantum dot. Only optical transitions between energy levels with the
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Figure 2.5: Correlation between QD size and bandgap.

same quantum number are considered. Typically the mean capture time of
a quantum dot is in the picosecond range [39], which is very short compared
to the nanosecond range of the non-radiative recombination time. Therefo-
re, QDs also o�er a robust and e�ective solution to defects and threading
dislocations.

2.1.3 Two-States lasing

The existence of two-states lasing has been experimentally observed [40, 41].
The occupation of energy states rises with the injection of current, but then
saturates for value above Ith. In the case of QDs, when the ground state
starts lasing, its carrier population become clamped and GS inversion cannot
increase further as any additional carriers added will be converted into GS
lasing light. However, if the scattering process is included, as carriers are
injected into the QW, if the GS is clamped, they can accumulate in the upper
energy state (called excited state ES ) or above. In this case, ES can reach
inversion. Simultaneous emission is impossible to achieve for QW lasers,
as the carrier population instantly equilibrates. In [40] it is demonstrated
that the lower gain and the longer intersublevel relaxation compared to a
QW, can lead to interesting e�ects such as simultaneous lasing at two state
transitions.

2.1.4 Ground State quenching

Another interesting observation regarding two-state lasing is the complete
roll-over of GS intensity for increasing currents, that has been studied and
discussed in literature [42, 43, 44, 45]. This behavior is called GS quenching
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and can be described with self-heating or electron-hole dynamics.
Self-heating of the device raises the device temperature, increasing the scat-
tering processes and, thus, the carrier probability distribution. The ES gain
is higher than the GS gain, so carrier heating tends to suppress ground state
lasing and to lower the threshold of excited state lasing. When both levels
have similar occupation numbers, the ES will therefore be the only state left
lasing, as discussed in [46]. However, other authors report that GS quen-
ching also occurs in pulsed mode [47, 48].
Another explanation considers a current-dependent homogeneous broade-
ning, with consequent decrease ub the maximum gain [49].
Di�erent energy separation factors and di�erent transport time scales for ho-
les and electrons could be concealed behind GS quenching, according to [50].
In fact, energy spacing and occupation for electrons and holes are not sym-
metric (Fig 2.2(b)), thus leading to a competition for holes between GS and
ES in quantum dot structures. When holes occupation is low, ES will take
over GS because of its higher degeneracy in terms of energy level (capture
rate is faster, for instance).

Figure 2.6: Energy band diagram of a QD laser. The main processes
are: (1) carrier injection from the cladding layer to the optical con�ne-
ment layer (OCL), (2) carrier capture from the OCL into the QD, (3) car-
rier escape, (4)spontaneous radiative recombination in the OCL, (5) intra-
band relaxation, (6) upward transition in the QD, (7) excited state radiative
recombination and (8) ground state radiative recombination.
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2.2 Self assembled quantum dots

The quantum dots of the devices studied in this thesis are obtained by
the strain-induced self-organized growth technique called Stranski-Krastanov
growth (SK-growth), which provides the possibility of island formation on a
initially �at heteroepitaxial surface. Fig. 2.7 shows two typical growth mo-
des for semiconductor heterostructures. When lattice constant is di�erent
and surface energy of the second layer is relatively low, SK growth mode
occurs where growth mode changes from two- to three-dimensional. The

Figure 2.7: Typical growth modes for semiconductor heterostructures. (a)
2D growth, (b) from 2-D to 3-D growth.

surface is then covered by semiconductor islands without threading disloca-
tions. From such growth mode, it is known that InAs quantum dots can be
formed on GaAs. More in detail, one starts by sending �uxes of In and As on
a thick GaAs substrate. The huge lattice-period mismatch between the two
compounds (aInAs = 6.06 Å, aGaAs = 5.65 Å, ∆aInAs/aGaAs = 7 %) still
leads to 2D growth: an In plane grows, followed by an As plane, forming a
very thin InAs layer with GaAs lattice parameter in the layer plane, whose
formation introduces a distortion of the atomic orbitals and thus excess ener-
gy in the chemical bonds. However, beyond a critical InAs thickness (d ≈
0.7 monolayer, i.e. before the complete growth of one monolayer) the elastic
energy accumulated by the distorted orbital bonds becomes too large. The
nature of the growth changes spontaneously (thus the term "self-organized")
to become three-dimensional (3D), which leads to the formation of unstrai-
ned (or less strained) InAs islands �oating on a strained InAs "wetting"
layer (WL). Fig. 2.8(a) schematically shows this growth technique. In Fig.
2.8(b) such high-density InAs QDs on GaAs surface is characterized by ato-
mic force microscopy (AFM), resulting in a inhomogeneous distribution of
islands with an average areal density of 1010 − 1011cm−2. Thus, islands
are fairly separated from each other and they can be considered as isolated
QDs. Covering the strained InAs islands with GaAs allows the formation
on a second layer of InAs islands on top of the �rst one. This so-called
capping changes the shape of the QDs from purely pyramidal to truncated
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Figure 2.8: (a) Formation sequence of InAs self-assembled QDs. (b) atomic
force microscope image (0.5 µm× 0.5 µm)of high-density InAs QDs on GaAs.

pyramidal [51], as shown in Fig. 2.9. The modelling of quantum dots is quite

Figure 2.9: Schematic model for the capping process of the InAs QD structu-
re: (a) Deposition of InAs layer, (b) formation of the 3-D structures, (c)-(d)
deposition of GaAs capping layer and structure truncation.

complex for several reasons. Firstly, there is de facto a lack of precise sizes
and shapes. This arises from the fact that characterization techniques are
often destructive or are performed on samples that are di�erent from those
that have been used in optical measurements. It is well established that the
dots' parameters crucially depend on the growth conditions. Moreover, one
faces severe di�usion problems (e.g. In has a tendency to move towards the
surface during growth) that generate non-trivial composition pro�les inside
the islands. Other parameters, such as the substrate temperature, also play
an important part. Nowadays self-assembled quantum dots can be modelled
as cones [52], pyramids [53] and lens-like [54].
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Chapter 3

Defects in semiconductors

Crystalline solids exhibit a periodic crystalline structure. The positions of
atoms or molecules occur on repeating �xed distances, determined by the
unit cell parameters. However, the arrangement of atoms or molecules in
most crystalline materials is not perfect. The regular patterns are inter-
rupted by crystallographic defects. Even in good-quality crystals there are
defects, which break the periodicity of the structure (Fig. 3.1), leading to
the worsening of electrical and optical characteristics of the device. Defects

Figure 3.1: Structural and electronic properties of (a) an ideal crystal and
(b) material with a defect

can break the crystal lattice regularity, that constitute the basis of the band
theory on which the electrical behavior of the material is described, and can
change the local resistivity of the material, with a consequence regarding the
current distribution throughout the semiconductor. Moreover, defects usual-
ly act as non-radiative generation and recombination centers, decreasing the
e�ciency of the injected power.
In this chapter, the principal types of defects are presented. The main de-
gradation mechanisms occurring as a consequence of the presence of defects
will conclude the chapter.
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3.0.1 Lattice deformations

The lattice constant di�erence between substrate and grown material creates
strains inside the crystal lattice, that can change the length of the atomic
bonds. Such a changing modi�es the energy of the bonds, with variations
in the charge transportation and in the optical emission, and can ultimately
lead to the material breaking. Di�erent mismatch cases are shown in Fig.
3.2, where an overlayer with lattice constant aL is grown on a substrate with
lattice constant aS . If the strain between two materials is de�ned as

ε =
aS − aL
aL

(3.1)

then after every 1/ε bonds between the two layers, either a bond is missing
or an extra bond appear as shown in Fig 3.2(b). Another case is shown in
Fig. 3.2(c), where all the atoms at the interface of the substrate and the
overlayer are bonded because of the overlayer lattice constant modi�cation.
In this case the overlayer is being strained and the system has a certain
amount of strain energy.

Figure 3.2: (a) An overlayer with one lattice constant is placed without di-
stortion on a substrate with a di�erent lattice constant. (b) Dislocations are
generated at positions where the interface bonding is lost. (c) The overlayer
is distorted so that the material is free of dislocation and coherent with the
substrate.
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3.1 Point defects

Point defects arise from missing atoms, atoms at the wrong sites, unintended
impurities that only a�ect a region around their location. The simplest point
defect is a vacancy, a missing atom at an atomic position. Defects are present
in any crystal and their concentration is roughly given by

Nd

Ntot
= A exp

(
− Ed
kBT

)
(3.2)

where Nd is the vacancy density, Ntot is the total site density in the crystal,
Ed the defect formation energy, A is a dimensionless parameter and T the
crystal growth temperature.
If an atom is at a position that does not belong to the crystal structure an
interstitial (or Frenkel defect) is formed. These atoms can come both from
elements belonging to the material (intrinsic defects) and from impurities
(extrinsic defects), like elements of the deposition chamber. The electroma-
gnetic �eld generated by the electrons of these atoms can modify the atomic
shape and energy.
A substitutional impurity atom is an atom of a di�erent type than the bulk
atoms, which has replaced one of the bulk atoms in the lattice. Figure 3.3
sketches the point defects described above.

Figure 3.3: Schematic representation of point defects in a crystal

3.2 Dislocations

Dislocations, also called linear defects, are structures around which the atoms
of the crystal lattice are misaligned. A threading dislocation is one that ex-
tends from the surface of a strained layer system, goes through the layer
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and penetrates the substrate or bends at the interface into a mis�t disloca-
tion. The threading dislocations can be present in the heterostructure as a
consequence of the crystal growth process. Most of the threading disloca-
tions emerge from the substrate and thread through the epitaxial multilayer
structure. Two di�erent types of dislocation structures are shown in Fig.
3.4. The vector along the dislocation line is called line vector L and the
vector b is the vector of the di�erence between a closed path in an ideal
crystal and the dislocation core. An edge dislocation occurs if L and b are
perpendicular to each other. For a screw dislocation b and L have the same
direction. High concentrations of dislocations can act as non-radiative ge-

Figure 3.4: Model of (a) an edge and (b) a screw dislocation, with the
respectively positions of the vectors L and b

neration/recombination centers, increasing the leakage current and reducing
the optical e�ciency of the material

3.3 Stacking faults

Stacking faults are caused by the lattice mismatch: inside the lattice, ano-
malies in the stacking sequence of crystal planes, that disrupt the continuity
of a perfect lattice, occur in order to minimize the strain inside the material,
resulting in di�erent atomic layer sequences. Stacking faults present di�erent
characteristics respect on which direction they grow. Near the substrate, for
instance, they generate defects that propagate vertically inside the material.
However, the main e�ect of stacking faults is the modi�cation of electrical
characteristics such as the bandgap.

3.4 Degradation modes

The degradation processes are associated to the increase of defects and, the-
refore, to the non-radiative recombination processes. This mechanisms occur
in a laser diode have a strong e�ect on the electrical and optical properties of
the device, causing a reduction of the output optical power and an increase
of the threshold current, and leading in some cases to the premature failure
of the device. This modi�cations are mainly caused by the decrease of the
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Figure 3.5: Schematic diagram of a stacking fault defect, highlighting the
lattice modi�cation

injected carrier lifetime and by the increase of the optical losses inside the
active region. The degradation of the laser diodes occurs in di�erent modes,
which have their own characteristics depending on the substrate, layers and
interfaces of the device, defects and strain of the materials. These factors,
including external variables as temperature, current injection, optical po-
wer and ambient atmosphere, can lead to complex degradation mechanisms.
Reliability of optical devices is limited by these degradation processes. An
overview of the main degradation modes and the correlation between de-
gradation mechanisms and the electrical and optical characteristics of laser
diodes are presented in this section, further informations can be found in
[57, 58, 59, 60].
The degradation of a laser diode can be observed as the evolution with time
of either light output power at constant injection current or the operating
current at constant light output power (Fig. 3.6). Examining the power

Figure 3.6: Time evolution of rapid degradation, gradual degradation and
catastrophic degradation respect to (a) driving current and (b) output power

versus time and the current versus time plots, degradation can be classi�ed
as rapid, gradual and catastrophic, depending on the di�erent time scales:

• Rapid degradation happens in the �rst hundred hours of operation. It
appears as a quick decrease in the optical output power or increase in
the driving current.

• Gradual degradation is the usual failure mode of a device operating
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over its expected lifetime. In general, a gradual decrease in the quan-
tum e�ciency is observed.

• Catastrophic damage appears as a sudden failure after regular opera-
tion life of the laser and represents the end of the device lifetime [61].
Catastrophic degradation can occur inside the cavity or at the facet
mirror and appears suddenly without a previous sign.

These degradation processes are closely related to the existence, generation
and motion of defects within the laser structure: this means that defects
must be avoided to allow good quality heterostructures.

3.4.1 Rapid degradation

Rapid degradation is associated with the presence of extended defects that
destroy the active region of the laser and quench the optical emission. The
study of these dark regions [62, 63] reveals two main defect structures: Dark
Line Defects (DLDs) and Dark Spot Defects (DSDs), respectively shown in
Fig 3.7. These defects appear as dense three-dimensional networks of dislo-

Figure 3.7: Snap shots of EL images captured from a laser diode at �ve
di�erent times: (a) initial condition, (b) self-focusing of light occurs, (c) a
dark spot is developed, (d) dark line defects are developed and (e) dark line
defects are developed into dark area defects [80]

.

cations, resulting in regions of very low optical e�ciency: these clusters of
crystal defects develop around a dislocation crossing the active layer and are
found at the QW and the adjacent cladding layers.
The growth of the DLDs derives from the interaction between the disloca-
tion, point defects and the minority carriers introduced in the active region
by electric injection and optical generation due to self-absorption of the la-
ser light inside the optical cavity. These dislocations can grow into networks
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by non-radiative recombination processes with a growth rate promoted by
the presence of mechanical strain and thermal gradients. The formation of
DLDs is also sensitively dependent on the material system, and is much mo-
re pronounced in AlGaAs/GaAs than in InGaAsP/InP lasers: it has been
reported that the presence of indium in the active layer increases the resi-
stance of the material to dark-line defect (DLD) formation and propagation,
and hence improves the optical strength and reliability of these diode laser
types [65]. A DLD can act as a sink for injected carriers and as an absor-
ber of laser light in the cavity. These e�ects can cause a rapid degradation
of laser performance with �nal catastrophic failure in the active region due
to strong Joule heating. The generation of dark defects is closely related
to the reactions involving the generation, di�usion and motion of defects:
these processes are thermally activated and are normally very slow, but can
be accelerated by the energy released by non-radiative recombination of the
injected carriers [64]. This mechanism is called Recombination Enhanced
Defect Reaction (REDR). The dislocation motion proceeds by two di�erent
mechanisms, that eventually lead to the formation of DLDs:

• Recombination Enhanced Dislocation Climb (REDC)

• Recombination Enhanced Dislocation Glide (REDG)

Dislocation climb consists in the increase of the dislocation length mediated
by either the absorption or emission of point defects, leading to the forma-
tion of dislocation loops and helical dipoles along one direction.
Two mechanisms can explain the dislocation motion by climb: absorption of
extrinsic defects at the dislocation and emission of vacancies [63], emission
of point defects by absorbing vacancies, intrinsic defects [62, 66].
Dislocation glide is characterized by the generation of 60◦ dislocation along
the <100> direction of the crystal by a glide process from a dislocation sour-
ce in the presence of minority-carrier recombination events. The dislocation
velocity has been shown to depend on carrier injection rate and temperatu-
re, [67, 68] stress [69] and bandgap energy. It can also be in�uenced by the
energy of the particular deep level involved [70].
Dark Spot Defects are observed as dark spot-like regions in the Electrolu-
minescence (EL) images of the active region: large DSDs become e�cient
light absorbers, inducing a local increase in the cavity temperature around
the DSDs [71]. The generation rate of DSDs increases with injection current
[59], which can increase the non-radiative recombination process in the for-
mation of DSDs.
Elimination of rapid degradation can be achieved [60]:

• using dislocation-free substrates to avoid the dislocation propagation
into the active layer

• minimizing internal stress at the interface between the active waveguide
and cladding layers to reduce REDC and REDG formation
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• reducing the defects induced during fabrication processes such as dif-
fusion, dielectric and metal depositions, ion implantation.

3.4.2 Gradual degradation

Gradual degradation corresponds to a slow and progressive decay of the
optical output power throughout the device lifetime. The EL image shows a
homogeneous darkening of the active region (Figure 3.7 shows the progressive
darkening of the active region of a laser). The e�ect is due to the formation
of point defects, for instance, by REDR. Deep levels can be observed by
Deep Level Transient Spectroscopy (DLTS) and the concentration of these
levels increases with operation time of the device [72]. Gradual degradation
can be described as the following feedback mechanism: new point defects
are produced by non-radiative recombination at already existing defects,
assisted by REDR; these point defects further reduce the optical e�ciency
through non-radiative recombination phenomena, assisting the formation of
other new point defects. The rate of this sequence of events depends on the
concentration of defects and the quality of interfaces, as well as the stress
distribution around the material.
The gradual degradation is typically a thermally activated process, for which
the lifetime of the laser can be expressed by the following expression [73]:

τ = τ0 exp

(
Ea
kBT

)
(3.3)

with Ea the activation energy, that for the degradation of lasers has been
measured around 0.4-0.9 eV, lower than the required energy for defect for-
mation and di�usion (2.6 eV) [74]. This further underline the role of non-
radiative recombination in this degradation mode.
The elimination of deep-level defects, traps and impurities during the device
fabrication processes can reduce the gradual degradation.

3.4.3 Catastrophic degradation

Catastrophic degradation, usually associated with the Catastrophic optical
mirror damage (COMD), can also occur at the inner part of the cavity [75].
The degradation starts with a power reduction before any detectable degra-
dation of the optical cavity, followed by a very fast degradation caused by
dark defects. The degradation pattern is, thus, similar to rapid degradation,
with the di�erence of the di�erent time scale: in fact rapid degradation can
be observed within the �rst 100 hours of operation, while catastrophic de-
gradation appears after many hours of normal operation with a sharp output
power decrease.
Both degradation modes are caused by the formation of dense networks of di-
slocation, but the growth rate of dark defects for catastrophic degradation is
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considerably faster and appears without any previous warning. Dislocations
inside the depletion layer, but outside the active region, could be respon-
sible for this sudden degradation: they would approach the active region,
assisted by non-radiative recombination processes, and quickly elongate as
soon as they enter into the active region, causing the sudden degradation
[75]. This could be the consequence of high concentration of point defects
in lasers after long operation times that should activate the propagation of
DLDs. The role of impurities di�usion could also produce disorder in he-
terostructures [76], suggesting an active p-type impurity outdi�usion in the
case of AlGaAs/GaAs lasers in [77].

Facet degradation

Catastrophic optical mirror damage (COMD) consists in the destruction of
the mirror facets, an event that strongly limits the lifetime of high power la-
ser diodes. COMD is triggered by non-radiative recombination at the facet
mirror, that releases thermal energy to the lattice, increasing the local tempe-
rature. This induces a band gap narrowing in the region close to the mirrors
that leads the absorption rate to dominate over the stimulated emission rate,
which �nally leads to a thermal runaway with ultimate facet meltdown [78],
as sketched in Fig. 3.8. Therefore, the main cause of facet degradation is the

Figure 3.8: Generation mechanism and feedback loop leading to COMD

high temperature, which is the result of non-radiative recombination. Other
factors are the density of defects at the facet, the facet treatment and coa-
ting, the temperature dependence of the bandgap of materials forming the
active region, the thermal conductivities of the di�erent layers forming the
laser structure. The facet temperatures were found to depend on the surface
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recombination velocity1 showing the importance of the facet treatment for
COMD [79]. In order to reduce COMD, passivation layers and �lms can be
used to minimize the surface recombination velocity. Another solution can
be the use of nonabsorbing mirror structures. A TEM image of a COMD is
shown in Fig. 3.9

Figure 3.9: A melted-resoli�ed region containing some material defects

1The surface recombination velocity is given by [60]: vs = Nsvthσs, with σs the
minority carrier capture cross-section at the surface, Ns the surface state density.



Chapter 4

Experimental details

In this chapter, the epitaxial structures of the quantum dot laser diodes
studied in this thesis work are presented. Then, the di�erent experimental
setups and instruments are described, followed by the preliminary characte-
rization of the devices under test (DUTs).

4.1 Structure of the devices under test

The devices under investigation are Fabry-Perot laser diodes with an acti-
ve region composed of three or �ve stacks of quantum dot layers, provided
by the University of California, Santa Barbara (UCSB). Two bars (called
"Bar3" and "Bar4") of epitaxially grown devices on silicon substrate and
one bar (called "Die2 Bar4") in which the substrate is native (GaAs) were
tested. The devices are narrow-ridge waveguide quantum dots lasers, with
a cavity length of 1 mm. Every bar has 26 nominally identical devices: the
�rst 13 have a ridge width of 3 µm whereas the other 13 were processed with
a 6 µm ridge width. The bars are provided without packaging and pins for
the external connection to a single device.
Regarding the devices on silicon substrate, the epitaxial structure starts with
an on-axis (001) GaP/Si substrate. The pseudomorphic GaP layer is 45 nm
thick and has been grown by metal-organic chemical vapor deposition (MO-
CVD). The lattice mismatch between GaP and Si is very small, so it is
possible to deposit GaP on a Si substrate without any mis�t formation and
with an anti-phase domains (APDs) free surface. Anti-phase domain is a
type of planar crystallographic defect in which the atoms within a region of
a crystal are con�gured in the opposite order to those in the perfect lattice
system. These planar defects are similar to stacking faults in that they are
often created through slip of atomic planes and dislocation motion. The me-
tamorphic growth of the desired III-V layer can then follow: a n-type GaAs
bu�er layer was grown on the top of the GaP/Si substrate in a molecular
beam epitaxy (MBE) chamber with In0.1Ga0.9As/GaAs strained superlattice

41
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dislocation �lter layers, in order to reduce the threading dislocation density
(TDD).
The active region consists of 3 layers of InAs quantum dots embedded in
∼9 nm of In0.15Ga0.85As quantum wells, which are separated by Be-modulation-
doped (NA = 5 × 1017cm−3) GaAs barriers. The modulation p-doping ap-
proach increases the capture rate of holes from the QDs, thus partially sol-
ving the GS-quenching phenomenon mentioned in Chapter 2. The InGaAs
�lm beneath the QDs, also called wetting layer (WL), is used to form the
quantum-dot-in-a-well (QD-WELL) structure. When electric current is in-
jected into the active region, the WL constitutes a reservoir for carriers that
leads to a �lling or depletion of the con�ned quantum dots.
The active region is embedded in a waveguiding structure to con�ne the light
and enhance the stimulated emission inside the optical medium. Unlike con-
ventional heterostructures, where the band energy changes abruptly at the
active region, the waveguide is realized by growing a GaAs/AlGaAs graded-
index separate con�nement heterostructure: in other words, the cladding
materials are organized so that their bandgap is reduced so as to meet the
smaller bandgap material.
After the epitaxial growth, the material was processed into ridge-waveguide
lasers with a width of 3 µm and 6 µm, using standard dry-etching techni-
ques, corresponding to a device area of, respectively, 3000 and 6000 µm2.
The cavity length was de�ned by cleaving the end facets, in order to obtain
the two mirrors and thus realizing a resonant optical cavity.
A schematic representation of the epitaxial structure of the devices and a
sketch of �at-band diagram at 300 K is shown in Fig. 4.1.

Figure 4.1: Simpli�ed epitaxial structure of the silicon-substrate samples
under investigation. The right portion of the �gure shows the simulation of
a �at-band diagram of the active region at 300 K.
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A scanning-electron-microscopy (SEM) [81] front-view of one of the de-
vices is shown in Figure 4.2. The protruding semiconductor material on the
top of the n-GaAs bu�er layer, over which the n-contact metal is placed, is
called mesa and can be seen from the SEM image. In the image, it is possible
to observe the metal contacts, the quantum dot layers and the GaAs bu�er
layer.

Figure 4.2: Front-view of a single device highlighting (a) the n-contact metal,
(b) the p-contact metal, (c) the QD layers and (d) the SiO2 isolation

A top-view of the bar is shown in Figure 4.3, where the cathode and the
anode are the left and right strips, respectively, allowing the contact of the
device to the electrical instrumentation through tungsten probing tips. Each
probe tip is held on one end by a probe arm shaft which, in turn, is attached
to a micro-manipulator.

Figure 4.3: Top-view of a portion of the bar. The cathode strip (blue) and
the anode strip (red) can be seen.
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Regarding the native-substrate-device bar, the lasers follow the epita-
xial growth processes mentioned above with some di�erences respect to the
silicon-bar devices:

• the epitaxial laser stack is grown on a thicker substrate of gallium
arsenide and therefore is free of mis�t and threading dislocations
(7.3× 106cm−2) [82],

• the active region consists of 5 layers of InAs quantum dots embed-
ded in ∼7 nm of In0.15Ga0.85As quantum wells (3 layers in ∼9 nm of
In0.15Ga0.85As quantum wells for the silicon-substrate device),

• high-re�ection facet coating was applied on one side of the bar to
reduce optical carrier loss and improve light ampli�cation,

• an additional separate con�ned heterostructure made of Al0.2Ga0.8As
to further improve carrier con�nement.

Figure 4.4 illustrates the epitaxial structure of the lasers.

Figure 4.4: Simpli�ed epitaxial structure of the native-substrate samples
under investigation.

4.2 Stress and characterization at room tempera-

ture

To study the devices under test, a probe station, whose instruments will be
described in this section, was used and several stress-test experiments have
been performed. Electrical and optical parameters were monitored during
time at di�erent bias levels.
For the electrical characterization a source meter was employed: it integrates
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many di�erent source and measurement capabilities into one compact form
factor, being able to source and measure both voltage and current. To obser-
ve the optical characteristics of the laser, both a photodetector (PD) and an
optical spectrum analyzer (OSA) were used. A Thorlabs fg200lea bifurcated
�ber was able to redirect the light coming out of the laser cavity towards
both instruments: the �ber, also known as fanout or Y-cable, is constructed
from 19 high-grade optical �bers that are mapped to a 10-�ber end and a
9-�ber end.
A Thorlabs ACL12708U uncoated aspheric condender lens was placed in
front of the emitting facet of the device under test in order not to lose la-
teral optical beam emission. The bar was placed on top of a Peltier device,
driven by a precision temperature controller, in order to impose the ambient
temperature of the DUT. A picture of the probe station employed for the
stress-experiments is shown in Figure 4.5, with a detail of the Peltier cell, the
aspheric lens and the probe tips in Figure 4.6. As previously mentioned,

Figure 4.5: Picture of the probe station. A microscope is used for the precise
positioning of the tips through the arms of the manipolators, �xed on a
magnetic base.

the lasers are contacted by probe tips, each of which is �xed on a micro-
manipulator through a probe arm shaft. The manipulators are stabilized
by a magnetic base, thus enabling the �ne and precision positioning of the
tip. Every tip is connected to the inner conductor (the core) of a coaxial
cable. The probe station setup employs a 4-wire sensing technique, also kno-
wn as Kelvin sensing. This method uses separate pairs of current-carrying
and voltage-sensing electrodes to make more accurate measurements than
the simpler two-wire sensing. In particular, the current is supplied by a
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Figure 4.6: Detailed view of the probe station. (a) The copper Peltier cell,
(b) the aspheric lens and (c) the probe tip connected to the arm shaft of
manipulator.

pair of force connections (one denoted as high, for the anode, the other as
low, for the cathode), while the sense connections provide for the voltage
measurement. The sense measurement is more accurate because the voltage
leads do not include the voltage drop of the force leads or contacts, thus
eliminating cable resistance e�ects so that only the voltage drop across the
DUT is measured. A schematic representation of a 4-wire sensing technique
is shown in Figure 4.7.

Figure 4.7: Schematic sketch of a 4-wire Kelvin sensing technique
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4.2.1 Source meter

The source meter employed in the probe station is a Keysight B2912A. It
is a compact and bench-top precision instrument that employs two Sour-
ce/Measure Units (SMUs). SMUs are popular and widespread instrument
for performing measurements in many di�erent �elds and applications due
to their integrated voltage and current sourcing and measurement capabili-
ties. SMUs are extensively used for test applications requiring high accuracy,
high resolution and measurement �exibility. Such applications include I-V
characterizing and testing semiconductors and other non-linear devices and
materials, where voltage and current sourcing spans across both positive and
negative values. SMUs also possess a voltage and current limit (compliance)
feature that allows to set limits and to protect devices from damage caused
by excessive voltage or current.
The instrument is equipped with a GPIB interface to enable connection to a
computer, from where a LabView software allows the control of the automa-
ted test equipment. One of the two SMUs was used as a 4-terminal unit, thus
enabling the current-bias of the DUT and the simultaneous sensing of the
device voltage and viceversa. The second SMU was used for the connection
to the photodetector, which simply requires a voltage sensing.

Photodetector

To detect the light output power of the laser diodes, a Thorlabs PDA50B
Germanium-based Transimpedance Ampli�ed Photodetector (PD) was used.
A germanium junction photodiode generates a photocurrent when light is
absorbed in the depleted region of the junction semiconductor. An exter-
nal reverse bias needs to be applied to increase the width of the depletion
junction, producing an increased responsivity with a decrease in junction
capacitance. The output of the photodetector is a voltage signal (from 0 V
to 10 V) that is linearly proportional to the input optical power. To increase
the signal level, it is possible to adjust the gain of the transimpedance ampli-
�er, from 0 dB to 80 dB, by step of 10 dB. As mentioned before, the voltage
provided by the photodetector is monitored by the second Source/Measure
Unit (SMU) of the source meter.

4.2.2 Temperature controller

The DUTs were placed on top of a TEC cooler, that is a copper plate on
top of a Peltier cell whose temperature can be regulated with high preci-
sion by an Arroyo Instruments 5310 temperature controller. The Peltier
cell is cooled through external fans. The controller is able to stabilize the
plate temperature by means of a PID feedback system; the temperature sen-
sing is performed by a resistance temperature detector (RTD). It consists



48 CHAPTER 4. EXPERIMENTAL DETAILS

of a platinum resistance embedded into the cold plate which has an accu-
rate resistance/temperature relationship, and thus provides an indication of
temperature.

4.2.3 Optical spectrum analyzer

The Yokogawa AQ6370D optical spectrum analyzer (OSA) was used for the
spectral measurements of the DUTs. An OSA is a precision instrument
designed to measure and display the distribution of power of an optical source
over a speci�ed wavelength span, in this case nominally from 600 nm to 1700
nm. In this case, the OSA trace displays power in the vertical scale and the
wavelength in the horizontal scale.
The input to the optical spectrum analyzer is a FC/PC optical connector,
on which one end of the bifurcated �ber previously mentioned was attached.
The instrument uses a monochromator to spatially separate the wavelength
of the incoming light, with an optical detector placed at the output slit.
A schematic illustration of the Czerny-Turner monochromator employed in
the OSA is shown in Figure 4.8. It can be seen that the incoming light is
collimated by a �rst mirror, which re�ects the light to the di�raction grating.
The grating spatially separates the di�erent wavelengths of the incoming
radiation. A second mirror then focuses the light on the optical detector. As
the di�raction grating inside the monochromator moves, bands of di�erent
frequencies (wavelengths) are identi�ed by the detector.

Figure 4.8: Czerny-Turner monochromator schematic, showing how it is pos-
sible to separate di�erent wavelengths λ1 and λ2 through two mirrors and a
di�raction grating.
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4.3 Characterization at cryogenic temperatures

I-V and L-I measurements were performed on a silicon-substrate device in
order to extrapolate and analyze the device characteristics at low tempera-
tures. Additionally, Deep Level Transient Spectroscopy (DLTS) analysis was
also carried out, in order to analyze the presence of deep levels near/within
the space charge region.
Three devices of the bar were bonded on a PCB support and placed in an
open loop cryogenic chamber of liquid nitrogen, that was connected to a
system for capacitance DLTS by SULA Instruments: the main blocks of
this system are a Lakeshore 335 Temperature Controller, whose heater and
thermocouples were connected to the cryogenic chamber, and a capacitance
meter, that measures the small signal capacitance while biasing the device
to the proper DC bias voltage. The C-V measurements are carried out at
1 MHz. Figure 4.9 displays the bonded bar, ready to be mounted into the
cryogenic chamber shown in Figure 4.10. The instruments employed for

s

Figure 4.9: PCB board over which the bar is attached with (a) the pins
connected to the cathodes (K1, K2, K3) and anodes (A1, A2, A3) of the
three devices and (b) the paste solder process needed to place the bar over
the PCB support

the I-V and L-I characterizations were a HP 4155A Parameter Analyzer and
a Thorlabs PDA36A2, that is an ampli�ed, switchable-gain, silicon detector
designed for detection of IR light. To further analyze the devices behavior at
di�erent temperatures, an Agilent 8114A Pulse Generator was employed to
deliver precise voltage/current pulses, and a RIGOL DS4054 4-channel oscil-
loscope was used for data displaying and measurement. In the next section,
the fundamentals of DLTS are presented.

Deep Level Transient Spectroscopy

As already mentioned, impurities atoms and intrinsic defects can introdu-
ce energy levels in the bandgap of the material and act as non-radiative
recombination centers for carriers, thus lowering the electrical and optical
performances of the devices.
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Figure 4.10: Picture of the open loop liquid nitrogen in the setup for the pul-
sed measurements. In the image it is possible to recognize (a) the detector,
(b) the connection for temperature controller heater, (c) the vacuum pump
entrance, (d) the thermocouples, (e) the liquid nitrogen chamber entrance
and (f) the coaxial cable connection.

Defect states are referred to majority or minority carrier traps. A majority
carrier trap is one that is induced to capture a majority carrier in the relative
doped-type material and is then subsequently observed by the e�ect that the
emission of that carrier has on the junction capacitance.
Considering an abrupt p+-n junction diode, thus assuming that the SCR
only extends toward the n-side, the junction capacitance C has already been
calculated as

C =
Aε

W
(4.1)

with A the area of the junction, ε the dielectric constant of the semiconductor
and W the width of the depletion region, that is given by

W =

√
2ε(φi − V )

qNA
. (4.2)

Equations 4.1 and 4.2 suggest that a variation of applied voltage causes the
junction capacitance to change. This variation is closely related to the ther-
mal emission from a deep level, as shown in Figure 4.11: assuming a junction
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with a majority-carrier trap having its energy ET , in steady state condition
the traps under the Fermi level are �lled with carriers. However, varying
the voltage applied to the junction (in this case a reverse bias) causes the
traps to thermally emit carriers, to reach a new steady-state condition. Con-
sequently, if the concentration of trapped charge is changed, this variation
can be monitored by observing the corresponding change in the junction ca-
pacitance and can be only ascribed to deep levels, since carriers thermally
emitted from traps are swept out of the layer in a very short time, typically
10−10 - 10−12 s [83]. Capacitance transients can be obtained by holding the

Figure 4.11: Basic concept of thermal emission of carriers from a deep level.
The energy band bending due to reverse bias causes the emission of carriers
from traps above the Fermi level.

sample at constant bias and temperature and applying a single �lling pulse,
as shown in Fig. 4.12. The resultant isothermal transient reveals that, when
starting from a steady state value, the voltage is momentarily increased.
Additionally, part of the region which was formerly within the space-charge
region is now in neutral material, so that the traps are below the Fermi level:
they can capture carriers and tend to become �lled. Immediately after the
pulse, the deep levels that are again within the SCR start emitting carriers
and a capacitance transient will be produced. In the classic DLTS method,
the capacitance transient is measured at two di�erent times t1 and t2, and
the di�erence ∆C = C(t1)−C(t2) is plotted as a function of the sample tem-
perature to generate the DLTS spectrum. Scanning the sample temperature
varies the time constant of the thermal emission transient, and the resulting
signal is maximized when the emission rate matches the rate window of the
instrument. An typical result can be seen in Figure 4.13.
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Figure 4.12: Isothermal capacitance transient for thermal emission of the
majority carrier traps. The condition for the trap occupation during various
phases of the transient are shown.

Figure 4.13: Application of the rate window concept. The left-hand side
shows how the emission transient varies with temperature, while the right-
hand side shows the corresponding DLTS signal calculated as the di�erence
between the capacitance values at time t1 and t2
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DLTS can provide di�erent information about the deep levels, such as
the nature of majority/minoiry carrier trap: in fact, a capacity transient due
to majority carrier-emission is always negative [85]. Other characteristics
that can be drawn out of DLTS signals are the trap activation energy, i.e.
the thermal energy needed to free the carrier from the defect, and the trap
capture cross section.
The trap capture cross sections for capturing electrons and holes are σn and
σp, respectively. The electron capture rate is given by

cn = σnNCvth (4.3)

with NC the electron concentration and vth =
√

3kBT
m∗

e
the thermal velocity

of electrons, depending on the e�ective mass of electrons m∗e in the material.
Analogous for holes.
Thermal emission rates are proportional to a Boltzmann factor [84]

en = cnexp(−∆EA/kBT ) = (σnNCvth)exp(−∆EA/kBT ) (4.4)

where NC represents the e�ective density of states in the conduction band,
vth is the electron thermal velocity and ∆EA is the trap activation energy.
Therefore, the emission time constant is given by

τe = (σnNCvth)−1exp(∆EA/kBT ), (4.5)

By taking the temperature dependence of NC and vth into consideration, the
activation energy and capture cross section of interface traps can be derived
from the τe ∼ T curves. The electron thermal velocity and the e�ective
density of states in the conduction band are

vth =

√
3kBT

m∗e
, NC = 2(2πm∗ekBT/h

2)
3
2 , (4.6)

allowing the emission time constant to be written as the Arrhenius equation
[86]:

τeT
2 = (γnσn)−1exp(∆EA/kBT ), (4.7)

with γn =
(
vth√
T

)
·
(
NC√
T 3

)
.

A plot of the ln(τeT
2) values versus 1/kBT (the Arrhenius plot) enables a

straightforward determination of the activation energy and the cross section
of the traps. The slope of the curve indicates the activation energy, while
from the intercept of the �tted curve it is possible to calculate the capture
cross section.
Finally, the concentration of traps can be obtained directly from the capaci-
tance change [85]:

NT

N
= 2

∆C

C
1 (4.8)
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where NT is the trap concentration, ∆C is the capacitance change correspon-
ding to the maximum value of the DLTS spectrum, C is the capacitance of
the diode under quiescent conditions and N the net carrier concentration.

4.4 Preliminary device characterizations

All the 26 devices from each bar were characterized by I-V and L-I measu-
rements at an ambient temperature of 25◦C. At the time the preliminary
characterizations were carried out, the probe station was not yet equipped
with the aspheric lens and the optical spectrum analyzer was not used, thus
the photodetector was directly placed on front of the DUT, without the need
of the bifurcated �ber.
The I-V measurement provides the current-voltage characteristic between
the electric current through the device and the corresponding voltage across
it. To carry out such a measurement, the source meter is programmed to
perform a DC voltage sweep and simultaneously record the current �owing
through the device. For the L-I measurement the source meter acts as a
current source on the �rst SMU, and as a precision voltmeter on the SMU
connected to the photodetector, performing a linear current sweep.
From now on, all the measurements on the samples are to be considered as
4-wire sensing measurements. The I-V and L-I plots are separated for the
two groups of devices because of the di�erent laser cavity widths, 3 µm for
devices 1 to 13, and 6 µm for devices 14 to 26.

Silicon-substrate Bar4 devices

The I-V and L-I characteristics are plotted in Figure 4.14 and Figure 4.15,
respectively. The I-V plot is also shown in semi-logarithmic scale, in order
to evaluate the electrical behavior at small current values. It can be seen
that some devices have a higher leakage current with respect to the others,
in particular device QD9 and QD22 seem to have an unusual high parallel
resistance, which can be associated to an increased lateral conduction, maybe
due to a bad passivation process or a badly performed cleaving. Devices
QD6, QD18 and QD24 show an abnormally high reverse leakage current,
possibily associated to a high defect-density. Regarding the L-I plot, it can
be noticed that there are devices, like QD11 and QD17, that start to emit
light only at very high bias currents and, moreover, their optical power is
extremely low when compared to the other lasers. The low slope-e�ciency of
some lasers (QD6, QD13 and QD17) is probably related to poorly re�ecting
mirrors, which could have been damaged during the cleaving process of the
bar. The threshold current of every device was extracted by means of linear
�tting of the L-I curves and the overall electrical and optical characteristics
are summarized in Figure 4.16 As expected, the threshold current of the
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second group of devices is higher, indeed for their larger width ridge and,
thus, active region volume. A higher injection current is needed.

s

Figure 4.14: I-V characteristics of "Bar4" silicon-substrate devices, both in
linear and semi-logarithmic scale.
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s

Figure 4.15: L-I characteristics of "Bar4" silicon-substrate devices, both in
linear and semi-logarithmic scale.

s

Figure 4.16: Summary of the threshold current values obtained from the
preliminary characterization of the "Bar4" devices. Green values represent
healthy devices, yellow ones have bad electrical/optical features, red ones
have either very high threshold current or are not emitting at all.
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A second characterization of the devices from 14 to 26 of the same bar
was performed after the bonding process, in order to choose the three devices
to be bounded. The results are shown in Figure 4.17.

(a) I-V in linear scale (b) L-I in linear scale

(c) I-V in semi-logarithmic scale (d) L-I in semi-logarithmic scale

Figure 4.17: I-V and L-I characteristics of "Bar4" devices, both in linear and
semi-logarithmic scale.

Respect to the healthy devices of Figure 4.16, QD15, QD19 and QD25
now have higher reverse and low-forward leakage current, as well as QD26.
The L-I plot shows the major di�erences, probably ascribed to the solder
process. In general, there is a worsening in the optical emission. Respect
to the L-I curves, and excluding QD19 that was previously used for the
current-step stress discussed in the next chapter, QD16, QD18 and QD20
were chosen to be used for the bonding process.
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Silicon substrate Bar3 devices

The same characterization was performed on the other silicon-substrate bar
and the results are presented and summarizes in Figures 4.18, 4.19 and 4.20.
Regarding the I-V curve QD1, QD19, QD23 and QD25 show a very high
reverse current. All the devices, except QD1, QD7, QD17, QD22, QD24 are
healthy and show a good emission curve.

(a) Devices from 1 to 13. (b) Devices from 14 to 26.

(c) Devices from 1 to 13. (d) Devices from 14 to 26.

Figure 4.18: I-V characteristics of "Bar3" silicon-substrate devices, both in
linear and semilogarithmic scale.
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(a) Devices from 1 to 13. (b) Devices from 14 to 26.

(c) Devices from 1 to 13. (d) Devices from 14 to 26.

Figure 4.19: L-I characteristics of "Bar3" silicon-substrate devices, both in
linear and semilogarithmic scale.

s

Figure 4.20: Summary of the threshold current values obtained from the
preliminary characterization of the "Bar3" devices. Green values represent
healthy devices, yellow ones have bad electrical/optical features, red ones
have either very high threshold current or are not emitting at all.
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Native substrate Die2 Bar4 devices

The results of the I-V and L-I characterization of the devices are shown in
Figure 4.21 and Figure4.22. It must be noted that this bar was physically
divided into 8 di�erent pieces, therefore the unusual high number of the
devices in bad conditions can be ascribed to the cutting process. In fact,
QD1, QD2, QD3, QD6, QD7, QD9, QD10, QD18, QD20, QD21 and QD25
are not emitting because they are shorted, as can be noted in the I-V graphs.
Only QD11, QD14, QD16, QD17, QD22, QD23 and QD26 present a low
reverse current and a good emission, thus they can be considered healthy, as
summarized in Figure 4.23.

(a) Devices from 1 to 13. (b) Devices from 14 to 26.

(c) Devices from 1 to 13. (d) Devices from 14 to 26.

Figure 4.21: I-V characteristics of "Die2 Bar4" native-substrate devices, both
in linear and semilogarithmic scale.
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(a) Devices from 1 to 13. (b) Devices from 14 to 26.

(c) Devices from 1 to 13. (d) Devices from 14 to 26.

Figure 4.22: L-I characteristics of "Die2 Bar4" native-substrate devices, both
in linear and semilogarithmic scale.

s

Figure 4.23: Summary of the threshold current values obtained from the
preliminary characterization of the "Die2 Bar4" devices. Green values re-
present healthy devices, yellow ones have bad electrical/optical features, red
ones have either very high threshold current or are not emitting at all.
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In the next chapter, it will be presented di�erent current step-stress and
constant-current-stress experiments performed on the samples, focusing on
the comparison of the two di�erent substrates. The chapter will end with the
study of one device at cryogenic temperatures, including the DLTS results.



Chapter 5

Results

Following the results presented in the previous chapter, it was possible to
determine which of the lasers were properly working and, thus, the most
suitable for the stress experiments.
Before proceeding with the presentation of the results, a general description
of the stress test procedures will follow.

Characterization pre- and post-stress

Before and after the stress, a characterization of the device was perfor-
med, varying the junction temperature. For every temperature value, the
characterization was carried out by performing

• I-V measurement,

• L-I measurement,

• Electro-luminescence spectra at di�erent current values, with a delay
of 60 or 120 seconds between the end of a measure and the subsequent
one.

Current step-stress

In a current step-stress the DUT is biased at a given current for a �xed
amount of time, at the end of which the stress level (current) is increased and
held for the same amount as before. The step duration was set to 60 minutes,
with the bias current and step value chosen to compare di�erent devices on
equal current (or current density, depending on the cases). The experiments
were always conducted at an ambient temperature of 35◦C. Between each
stress cycle, a complete characterization of the DUT was carried out by
performing I-V, L-I, and spectral measurements at di�erent current values.
A delay of 300 seconds between the end of one step and the subsequent
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characterization was employed. 60 seconds between each characterization
measurement in order to stabilize the DUT temperature. During each step
of the stress cycle, at the actual step-current, three spectral measurements
were performed, at 1, 25 and 50 minutes from the beginning of the step.
The spectra were set to a narrow- and wide-span values, in order to obtain
high-resolution data. During the entire stress experiment, the device voltage
and the output voltage of the photodetector were constantly monitored by
the source meter.

Constant-current stress

In a constant-current stress, the device is submitted to a constant bias for
prolonged time, in order to observe the operating condition of the laser du-
ring the stress. The constant-current experiments were performed at 35◦C
and have been divided in di�erent stress-steps, this time each with the sa-
me bias-current. The duration of the steps was selected in order to get a
logarithmically spaced sampling, as degradation processes in constant-level
stresses are expected to show similar non-linear degradation kinetic.
Just like with the current step-stress, I-V, L-I and spectral measurements
were conducted between each step and the voltage and the optical power
were measured during the whole step duration, as well as additional spectra
measurements with the same time spacing logarithmic rule mentioned before.

In the following sections a �rst current-step stress will be presented, con-
taining some useful data interpretation and results for the following part:
the two di�erent substrates will be compared by means of a current-step
stress and a constant-current stress both performed on di�erent GaAs- and
Si-substrate devices. The chapter will conclude with the study of a silicon-
substrate device at cryogenic temperature and the DLTS results.

5.1 Silicon-substrate "Bar4" current step-stress

The current step-stress was performed on a 6 µm ridge width device (QD19)
of the so-called "Bar4" silicon-substrate bar. Stress current was increased
by 10 mA every hour, starting from 10 mA. The experiment was interrupted
at 600 mA, i.e. the double value chosen for the 3 µm channel width devices
that suggested to cause a signi�cant degradation of the device.

Laser characteristics during stress

The L-I characteristics, both in linear and in semi-logarithmic scale, measu-
red at di�erent stages of the stress, are shown in Figure 5.1. It can be noted
that the optical degradation becomes stronger for currents higher than 450
mA. The degradation kinetics can be clearly seen in Figure 5.2, that reports
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the relative threshold current Ith and the slope e�ciency SE trends as a func-
tion of stress time/current: in particular, when the current values are low,
the threshold current increases slightly, while for higher stress currents (I >
450 mA) a signi�cant faster degradation is observed. On the other hand,
the slope e�ciency, taken both near and far above threshold, shows a faster
decrease for current values higher than 450 mA. These two quantities were
extrapolated via linear �tting from the linear plot of Figure 5.1. The thre-

(a) Linear scale (b) Semi-logarithmic scale

Figure 5.1: L-I characteristic as a function of the stress-time (not all the
steps are shown for clarity). Due to the limited dynamic range of the
photodetector, the sub-threshold region is relatively noisy.

shold current increases from 100% to 115% of its unaged original value, up to
the 170% at 600 mA. The slope e�ciency gradually decreases from 100% to
90% for currents lower than 450 mA, with a rapid variation to 74-70% from
450 mA to 600 mA. Interestingly, this phenomenon occurs in correspondence
of the onset of the excited state ES emission, as shown later on.
To better understand the degradation process in place, it can be shown in
Figure 5.3 that the variation of Ith is inversely correlated to the variation
of SE. Both quantities can be calculated as function of the carrier injection
e�ciency ηinj , representing the fraction of the increment in current throu-
gh the active area of the device which results in an increment in the total
recombination current in the QD-WELL. In Chapter 1, the slope e�ciency
SE was de�ned as the optical power P in the lasing emission in terms of the
diode current I above Ith

SE =
∆P

∆I
. (5.1)

This quantity is directly related to the external di�erential quantum e�cien-
cy, de�ned as the increase in number of output photons per second respect
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(a) (b)

Figure 5.2: (a) Relative threshold current and (b) slope e�ciency variation
during the step-stress experiment.

to the increase in number of injected electrons into the diode per second:

ηext =
∆P/hν

∆I/q
= SE

q

hν
(5.2)

The external quantum e�ciency can be also expressed as

ηext = ηinj
αmirror

αmirror + αinternal
(5.3)

with αmirror and αinternal the mirror and internal losses, respectively. Sub-
stituting Equation 5.3 in Equation 5.2 it is possible to obtain:

SE = ηinj
αmirror

αmirror + αinternal

hν

q
(5.4)

This correlation can suggest that a decrease in SE can be caused by the
increase/decrease in mirror/internal losses or by a decrease in injection e�-
ciency, depending on the dominant factor.
Regarding the Ith, it can be found that this quantity is inversely proportional
to the injection e�ciency:

Ith =
qV Nth

ηinjτ
(5.5)

with Nth the threshold carrier density, V the volume of the active region and
τ the electron lifetime.
Therefore, a linear correlation between Ith and 1/SE may be related to a
decrease of the injection e�ciency ηinj . Carriers might not even reach the
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Figure 5.3: Relation between the variation of Ith and 1/SE.

active region due to the increase of potential barriers or electrostatic repul-
sion that occur at the boundary of the active region. The linear correlation
could also indicate a higher escape rate of the carriers or losses due to recom-
bination in the layer outside the active region. In either case, an increase of
the non-radiative recombination processes occurs, thus leading to a reduced
optical output power. Moreover, the reduction of the injection e�ciency can
conveniently be explained by a decrease of the non-radiative lifetime with
respect to the relaxation time, i.e. the average time for a carrier in a quan-
tum well to get captured by a quantum dot. It is therefore more probable
for an injected carrier to recombine in the QW rather than into a QD, where
it could recombine in a radiative manner.
The I-V curves taken at the beginning of each step of the stress are repor-
ted in Figure 5.4. The plots shows no signi�cant change in the electrical
characteristics of the sample during the experiment. From Figure 5.4(b) an
increase in the reverse leakage current can be appreciated, as well as a slight
increase in the low-forward bias current. As already mentioned in Chapter
1, a change with respect to the ideal characteristic of the diode is related
to conduction paths originated from defects and damaged regions. Additio-
nally, deviations in the ideality factor, indeed, indicate that either there are
defect-related recombination mechanisms taking place, for instance due to
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the generation of new defects that can increase the leakage current, or that
the recombination is changing in magnitude. The ideality factor was already
de�ned in Equation 1.21 as function of the applied voltage:

n(V ) =
q

kbT

(
∂ln(σD)

∂V

)−1
(5.6)

Figure 5.5 displays the ideality factory of the device under stress as a func-
tion of the diode voltage. The same calculation was done before and after
the stress experiment, at di�erent temperatures. It should be noted that
at low voltages the shunt resistance dominates the device performance, and,
together with the strong temperature dependence of the ideality factor, the
modeling of the I-V characteristic with the Shockley diode equation may not
be valid and thus the corresponding ideality factor values are not meaningful.
For voltage values between 0.3 V and 0.85 V, the ideality factor is around 2,
suggesting that the conduction is dominated by the defects-related recom-
bination currents within the SCR of the device. During stress the variation
becomes stronger for higher voltages, thus suggesting an increased contribu-
tion of defect-related conduction mechanisms. The region of voltages greater
than 0.85 V shows a signi�cant raise of the ideality factor: it is indeed the
region where the diode starts conducting. There is no signi�cant variation
of the diode "turn-on" voltage after stress.

(a) Linear scale (b) Semi-logarithmic scale

Figure 5.4: I-V characteristic as a function of the stress-time, at di�erent
currents (not all the steps are shown for clarity).
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(a) During stress.

(b) Before-stress. (c) After-stress.

Figure 5.5: Ideality factor extracted during the (a) step stress experiment,
(b) pre-stress and (c) post-stress characterization.

Electroluminescence measurements were useful to understand the di�e-
rent emission dynamics and to relate them with the degradation processes.
The wide-span spectra result is shown in Figure 5.6(a). The curves have been
smoothed for a better readability. It must be noted that, when performing
wide-span spectral acquisitions, the �ber response changes signi�cantly,. The
correction was performed by means of the point-wise multiplication between
the optical power (in linear scale) and the �ber attenuation. In addition,
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we had to take into account the spectral response of the photodetector. Si-
milarly as for the �ber attenuation, we corrected the optical power values
by multiplying the linear spectra by the photodetector responsivity, for each
wavelength value. The increase of injected current causes a red-shift of the
spectrum due to self-heating as a consequence of bandgap narrowing, in the
case of QDs.
Figures 5.6(b),(c) and (d) better show the device emission in three di�erent
regimes: ground state (GS) emission only, both ground state and excited
state emission (GS + ES), excited state (ES) emission only.

(a) (b)

(c) (d)

Figure 5.6: EL spectra (a) at increasing currents during the stress and (b),
(c), (d) at three di�erent current levels, corresponding to (b) ground sta-
te emission,(c) both ground state and excited state and (d) excited state
emission.
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The integral of GS and ES emission, in Figure 5.7 better helps to un-
derstand the emission dynamics. The onset of GS emission is followed by a
monotonically increase of the emission from 30 mA to 340 mA. From 340 mA
to 450 mA the emission shows a decrease in the GS emission, and carriers
start to populate the ES. At 450 mA the ES starts lasing and from there to
500 mA both GS and ES are emitting, with a decrease in GS and an increase
in ES. After 550 mA the device stops lasing, suggesting that a large portion
of carriers is escaping from the active layers to recombine non-radiatively
through defects, dislocations and other layers. This behavior can be explai-
ned with the two-state lasing and GS-quenching phenomenons analyzed, in
Chapter 2: when GS starts lasing, the carrier density will be clamped and
additional carriers will start �lling the ES; when ES reaches its current thre-
shold level it starts lasing as well, making two-state lasing possible (Figure
5.6(c) clearly shows that). GS-quenching can happen for factors: (a) at hi-
gh current levels, the di�erence in carrier occupation probability disappears
and, since ES has a higher degeneracy than GS, ES will be the only one
lasing; (b) self-assembled quantum dots show homogeneous broadening of
the optical gain as well as retarded carrier relaxation into the quantum-dot
discrete energy states [88]; (c) hole injection is low at higher currents: in this
bias regime, the carrier population of in the GS is clamped and, since the GS
and ES levels for holes are very close, holes are shared between the electrons
of the GS and ES, thus leading to their consumption only by ES due to its
higher degeneracy (that can be seen as the reduction of the radiative lifetime
associated to it).

Figure 5.7: Variation of the integrated spectrum with increasing stress
current and stress time. The GS, ES and their sum are plotted for
comparison.
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During the entire stress experiment, the device voltage and the output
voltage of the photodetector were constantly monitored by the source meter.
These two data sets are plotted as a function of the stress-time in Figure
5.8. The voltage clearly follows the I-V exponential relation of a typical
diode; the initial drop is due to the self-heating of the device. The optical
power follows the integrated spectrum trend of Figure 5.7, further con�rming
how the laser emission evolves with increasing current: it involves GS until
it reaches two-state lasing and ultimately ES only emission, ending with a
complete quenching of the elecroluminescence of the device. In particular,
starting from 340 mA, but in a more pronounced way after 450 mA, carrier
escape cannot be negligible: carrier escape and degradation are linked, in
the sense that once electrons/holes escape from the WL, they can reach
dislocations and extended defects and, hence, recombining non-radiatively.
This can enhance the propagation of defects near the active layers and cause
an increase in the degradation rate of the device.

(a) (b)

Figure 5.8: (a) Device voltage and (b) optical output power measured during
the step-stress experiment.

The spectral characterization performed between each stress-step is sho-
wn in Figure 5.9 In order to make the graphs easier to understand, a locally
estimated scatter plot smoothing (LOESS) has been performed on the da-
taset. First of all, it is clear that the optical spectrum is composed of two
distinct peaks centered at λ1 = 1268 nm and λ2 = 1274 nm. This could
be the result of di�erent interactions, such as absorption and stimulation
mechanisms, of ensembles of various properties. The estimated energy level
for the corresponding wavelengths are Eg1 = 0.977 eV and Eg2 = 0.973 eV .
Especially for the last two measurements (55 mA and 65 mA), it can be seen
that the optical power drop occurs mainly in the low-energy peak, while
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the high-energy region seems to be less a�ected by the degradation process.
This observations suggest a signi�cant carrier escape, as the most energetic
carriers are more likely to leave the quantum-dots and reach the surrounding
quantum-well.

(a) 35 mA (b) 45 mA

(c) 55 mA (d) 65 mA

Figure 5.9: Characterization spectra of device QD19 at four di�erent
currents. The spectra shown are smoothed.

Laser characteristics before and after stress

For the characteristics before and after stress, the temperature was varied
from 15◦C to 75◦C, with a step of 10◦C, performing I-V, L-I and spectral
measurements at �xed currents.
The L-I curves, as a function of the temperature, are shown in Figure 5.10.



74 CHAPTER 5. RESULTS

(a) Before stress, linear scale. (b) After stress, linear scale.

(c) Before stress, semi-logarithmic scale. (d) After stress, semi-logarithmic scale.

Figure 5.10: L-I characteristics as a function of temperature, both beforeand
after-stress.

(a) Absolute value. (b) Relative value.

Figure 5.11: Threshold current versus temperature, before- and after-stress.
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The stress degraded the sample to the point that it no longer emitted
stimulated radiation above 75◦C; however, a general emission worsening can
be noticed. From these, the threshold current-temperature relation, both
before- and after-stress, is presented in Figure 5.11 in absolute and relative
values.
The stress induced a general increase in the threshold current, with a stronger
variation for higher temperatures. This may be ascribed to carrier escape
from the quantum dots or to increase in non-radiative recombination caused
by an increase of the defect concentration in the active layer as a consequence
of the aging experiment.

(a) Before stress, linear scale. (b) After stress, linear scale.

(c) Before stress, semi-logarithmic scale. (d) After stress, semi-logarithmic scale.

Figure 5.12: I-V characteristics as a function of temperature, both before
and after-stress.

The I-V curves, both before and after stress are presented in Figure 5.12,
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as a function of temperature. The curves do not show signi�cant changes.
The anomalous trend of the curve at 15◦C can be explained by the formation
of a small leakage path on the device.
Finally, the spectra taken at �xed currents are shown in Figure 5.13. Only
the most signi�cative curves at 25◦C and 45◦ are presented. As expected,
a general decrease in the optical power emission can be noted, with the
disappearance of the secondary peaks.

(a) 25◦C, pre-stress (b) 25◦C, post-stress

(c) 45◦C, pre-stress (d) 45◦C, post-stress

Figure 5.13: I-V characteristics as a function of temperature, both before
and after-stress.
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5.2 Current-step stress: GaAs-substrate and Si-substrate

comparison

In the following section, a comparison between a silicon-substrate device
from the "Bar3" lasers and a native-substrate device from the "Die2 Bar4"
lasers is discussed. Both devices were submitted to a step-stress experiment
with the following conditions:

• stress temperature of 35◦C,

• stress current from 20 mA to 840 mA, with 20 mA increase every hour.

The only di�erences concern the currents chosen for the characterization
spectra and the current sweep values during the L-I measurements, to avoid
unnecessary stress and self-heating of the di�erent DUTs:

• bias current equal to 20, 40, 60, 80, 100, 120 mA were chosen for the
spectral characterization of the native-substrate device,

• bias current equal to 30, 50, 70, 90, 110 mA where chosen for the
spectral characterization of the silicon-substrate device,

• Current sweep from 0 to 150 mA for the native-substrate device and
from 0 to 100 mA for the silicon-substrate device.

The most signi�cative results are discussed below.

Characterization pre-stress

From the characterization before-stress, the e�ect of the di�erent temperatu-
re dependence due to di�erent substrate must be highlighted. The L-I curves
as a function of temperature of the unaged devices, in Figure 5.14, show how
the absence or presence of dislocations, due to the absence or presence of
lattice mismatch with a native and non-native substrate respectively, can
impact on the optical e�ciency of the devices. In particular, the L-I curves
of the GaAs-substrate device (Fig. 5.14(a)) show no shift with increasing
current, indicating that a high portion of carriers recombines radiatively and
is not lost due to leakage paths that can be caused by impurities. Also, the
stability of the curve with increasing temperature suggests that the carrier
escape and over�ow have a di�erent impact on the lasers: carrier capture
could also be improved by the two SCH additional layers in the epitaxial
structure of the GaAs-substrate device, that can also contain carriers in hi-
gh injection conditions. A further con�rmation can be found plotting the
Ith vs T and SE vs T curves, for both devices, as shown in Figure 5.15 in
relative scales.
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(a) GaAs-sub device, linear scale (b) Si-sub device, linear scale

(c) GaAs-sub device, semi-log scale (d) Si-sub device, semi-log scale

Figure 5.14: L-I characteristics as a function of temperature, before-stress.

(a) (b)

Figure 5.15: Relative (a) threshold current and (b) slope e�ciency with
varying temperatures for both GaAs- and Si-substrate devices.
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The threshold current and the optical e�ciency variation in temperature
are stronger for the Si-substrate laser above 55◦C, indicating an increase in
carrier losses. Interestingly, the silicon-substrate device shows an increase
in SE, maybe suggesting higher carrier injection. Afterwards, non-radiative
mechanisms like SRH recombination start dominating.
Figure 5.16 compares the spectra at three di�erent temperatures, for the
two devices at two similar currents. The characterization spectra at di�e-
rent temperatures shows, for a given current, an interesting behavior of the
native-substrate DUT: in Figures 5.16(a) and (c) the disappearance of the
right shoulder of the spectrum, from 25◦C to 75◦C, corresponds to a drop
for the low-energy side of the emission. In addition, a narrowing of the spec-
trum is found. These observations, together with the increased Ith and SE
values for higher temperatures that can be seen in Figure 5.15, might suggest
that, with increasing temperature, the subset of QDs responsible for the low-
energy emission cannot reach the threshold population inversion necessary
to emit.
The electrical characterization shows a similar behavior with varying tem-
perature, as shown in Figure 5.17. A comparison between two curves at the
same temperature is presented in Figure 5.18. The GaAs-substrate devi-
ce shows a higher series resistance that can be originated from the higher
number of layers, di�erent doping levels or from the annealing of the oh-
mic contacts. Moreover, the devices show di�erences in low-forward bias
condition.
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(a) GaAs-substrate device, 40 mA (b) Si-substrate device, 50 mA

(c) GaAs-substrate device, 80 mA (d) Si-substrate device, 90 mA

Figure 5.16: Characterization spectra at 25◦C, 55◦C and 75◦C, for (a), (c)
GaAs-substrate and (b), (d) Si-substrate devices.



5.2. CURRENT-STEP STRESS: GAAS-SUBSTRATE AND SI-SUBSTRATE COMPARISON 81

(a) GaAs-substrate, linear scale (b) Si-substrate device, linear scale

(c) GaAs-substrate device, semi-log
scale

(d) Si-substrate device, semi-log

Figure 5.17: I-V characterization as a function of temperature.

(a) (b)

Figure 5.18: I-V characteristics in (a) linear scale and (b) semi-logarithmic
scale, for GaAs- and Si-substrate devices.
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Step-stress experiments

The step-stress experiments highlight other di�erences: the L-I curves during
stress, reported in Figure 5.19, show how the degradation a�ects the devices
in di�erent ways. In particular, Fig. 5.19(a) shows an unexpected impact of
the degradation on the optical characteristics of the GaAs-substrate laser.
The onset of a stronger degradation can be noted at 520 mA, followed by
a slowdown at 600 mA. The Si-substrate device, in Fig. 5.19(b), after 380
mA presents a stronger curve right-shift, towards higher threshold currents,
indicating that the degradation rate of the device is increasing.
The Ith and SE curves, extrapolated from the L-I characteristics, are shown
in Figure 5.20, in absolute and/or relative scales.
Fig. 5.20(b) displays that for low-current values the GaAs-substrate devi-
ce seems to behave better than the Si-substrate device. However, once the
degradation mechanisms arise, the GaAs-substrate Ith value grows enormou-
sly, reaching the 370% of its initial value at 840 mA and showing a plateau
around 680 mA. The ES onset, GS and ES turn-o� are (Figure 5.21):

• ES onset: 400 mA for the GaAs-substrate device, 380 mA for the
Si-substrate device,

• GS quenching: 440 mA for the GaAs-substrate device, 400 mA for the
Si-substrate device,

• ES turn-o�: 620 mA for the GaAs-substrate device, 520 mA for the
Si-substrate device.

The GaAs-substrate device behaves better before its own ES emission turn-
o�. The threshold current of the Si-substrate device starts increasing after
the ES onset. Fig. 5.20(c) and (d) show the slope e�ciency trend, taken at
di�erent ranges, that shows a decrease in correspondence of the onsets of
stronger degradation at 520 mA for the GaAs-substrate device and 380 mA
for the silicon-substrate device.
The intermediate acceleration in the degradation process could be ascribed
to the excessive self-heating generated into the GaAs-substrate laser, due
to the lower conductivity of the substrate material (0.455 W(cm K)−1 for
GaAs vs 1.412 W(cm K)−1 for silicon), to the fact that the GaAs-substrate
is thicker.
The relationships between Ith and 1/SE are shown in Figure 5.22.
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(a) (b)

Figure 5.19: L-I characteristics during stress for (a) GaAs-substrate and (b)
Si-substrate devices.

(a) Absolute value of Ith (b) Relative value of Ith

(c) Relative value of slope e�ciency near
threshold

(d) Relative value of slope e�ciency at
higher currents

Figure 5.20: Ith and SE trends as a function of stress time and current.
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Figure 5.21: Relative Ith trend for GaAs- and Si-substrate devices, displaying
excited-state onset and turn-o�.

(a) GaAs-substrate (b) Si-substrate

Figure 5.22: Ith vs 1/SE trend.

For the GaAs-substrate device, the curve presents a di�erent slope for
ISTRESS > 680 mA, that could suggest that a di�erent degradation mecha-
nism is a�ecting the DUT. The correlation is lost in the last current steps
for the Silicon-substrate device.
In these two experiments, extended L-I measurements were performed right
after the usual L-I characterization, in order to observe the thermal roll-o�
of the optical power of the devices. The sweep range was increased at every
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step, following the ongoing current-stress value. The results are plotted in
Figure 5.23, with the dashed lines that correspond to the thermal roll-o� of
the GS and ES emission (left and right line of each graph, respectively).

(a) (b)

Figure 5.23: Extended L-I characteristics during stress for (a)
GaAs-substrate and (b) Si-substrate devices.

Figure 5.23(a) interestingly shows change in correspondence of 550 mA,
that could be a possible di�erent mode emission or the presence of the
excited-state 2 emission, as it is hypothesized later.
The EL spectra during the stress, taken after 25 minutes of each step are
reported in Figure 5.25. Interestingly, the silicon-substrate device exhibits,
right from the start, three bumps. The result of the corresponding energy
level of those emission can explain the origin of those bumps, as Figure 5.24
shows.
The two highest peaks correspond to the GS and ES emission, as demon-
strated from the band diagram on the right portion of Figure 5.24. The
lower peak, with an emission energy of 1.14 eV, is still localized inside the
QD, thus it can represent the so-called excited state 2, that ultimately is the
third lower peak that arises in Figure 5.25, around 1100 nm.
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Figure 5.24: Origin of bumps, related to possible band-to-band emissions.

(a) (b)

(c) Linear scale (d) Linear scale

Figure 5.25: Spectra taken after 25 minutes of each step for (a),(c) GaAs-
substrate device and (b),(d) Si-substrate.
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As previously seen in the �rst step-stress experiment description, two-
state lasing is present and GS quenching occurs with increasing currents.
Both graphs show a �rst jump of the spectra emission, from 20 mA to 40
mA, representing the operating regime reached by the laser; in particular, the
silicon-substrate device does not even crosses its threshold condition at 20
mA, since Ith is around 30 mA, as already seen in Figure 5.20(a). A second
jump of the emission spectra can be observed at 600 mA for the GaAs-
substrate device and 520 mA for the silicon-substrate device: this second
phenomenon needs to be further investigated; however, one hypothesis might
be related to carrier spreading into other semiconductor layers, that could
justify the overall high-energy emission increase and be related to the excited
state 2 emission. The low-energy portion of the spectra should always be
linked to the emission from QDs. The integrals of the spectra, shown in
Figure 5.26, suggest how degradation di�erently a�ects the two devices.

(a) (b)

Figure 5.26: Integrated spectrum of (a) GaAs-substrate and (b) Si-substrate
laser emission. Dashed lines distinguish between the three emission regimes:
GS only, GS+ES and ES only.
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(a) (b)

Figure 5.27: Optical power as a function of stress time and stress current for
(a) GaAs-substrate device and (b) Si-substrate device.

(a) GaAs-substrate, 120 mA (b) Si-substrate, 110 mA

Figure 5.28: Linear characterization spectra during stress.

Both devices exhibit the three regimes previously mentioned: GS emis-
sion only, both GS and ES emission and ES emission only. However, the
silicon-substrate laser shows a faster degradation, with absence of emission
from 520 mA. This can also be seen from the optical power versus stress time
plot in Figure 5.27. As soon as the ES emission is fully reached (420 mA
for the GaAs-substrate device and 400 mA for the silicon-substrate device)
there is a signi�cant drop in optical e�ciency: carrier escape and over�ow
become dominant and population inversion, necessary for the laser emission,
decreases. This phenomenon appears to be less rapid for the GaAs-substrate
device, possibly due to the larger active region and the two additional con-



5.2. CURRENT-STEP STRESS: GAAS-SUBSTRATE AND SI-SUBSTRATE COMPARISON 89

�ning layer, that help reducing the escape rate.
The characterization spectra during the experiments, taken at �xed cur-
rent values show unexpected results for the GaAs-substrate. Figure 5.28
reports the most signi�cative example, at 120 mA and 110 mA for the GaAs-
substrate and Si-substrate devices, respecitvely. It is immediate to see how
the spectra in Figure 5.28(a) changes with increasing current: a drop at the
high-energy side of the emission takes place for ISTRESS < 680 mA; this re-
duction in short-wavelength emission can be caused by a decrease in gain
related to an ensemble of QDs. Then, an unexpected shift towards high-
energy emission takes place: this phenomenon, in combination with the shift
shown in the spectra taken during stress, could suggest a progressive reduc-
tion of the QDs dimension, due to damages to the material edges.
Regarding the electrical properties variation during the stress, the I-V cha-
racteristics are plotted in Figure 5.30. The excessive self-heating of the device
could be the cause of the I-V trend in Fig. 5.30(a), showing an increase in
the series resistance (Fig. 5.31) and a decrease in the diode cut-in voltage.
Regarding Fig. 5.30(b) and (c), both devices show an increase in the reverse
leakage current, ascribed to defect-related conduction paths.
The GaAs-substrate DUT also shows a bigger series resistance, as it can be
noted from the di�erent slope of Fig. 5.30(a) and (b). Its di�erent e�ect
can be observed from the operating voltage during the stress experiments,
in Figure 5.29. A higher series resistance can increase the self-heating of the
device.

(a) (b)

Figure 5.29: Operating voltage as a function of stress time and stress current
for (a) GaAs-substrate device and (b) Si-substrate device.
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(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.30: I-V characteristics during stress.

Figure 5.31: Relative trend of the series resistance for the two devices.
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Summary

The current step-stress experiments on QD lasers with di�erent substrate
material composition highlighted some features in the two devices:

• a general increase in non-radiative recombination for both devices.
This can be explained with SRH recombination, due to an increase
of defects and di�usion processes in the active region, in combination
with an increase in carrier escape rate from the quantum dots,

• a lower temperature dependence for the GaAs-substrate laser, from
due to the much lower concentration of extend defects,

• an higher self-heating of the GaAs-substrate device, due to the GaAs
material parameters (lower thermal conductivity) and the epitaxial
structure of device itself (two additional separate con�nement layers),

• a faster degradation rate for the silicon-substrate device, related to the
presence of defects related to the substrate mismatch,

• similar dynamics regarding the spectra taken during the stress with in-
creasing currents, showing the presence of the excited state 2 emission.
The silicon-substrate device better shows this emission because of the
reduced number of QWELLs

• an unexpected shift toward shorter-wavelength emission for the GaAs-
substrate device at higher currents, possibly due to a progressive reduc-
tion in the QD dimensions as a consequence of damages in the edges
of the material.

5.3 Constant-current stress comparison

In the following section, the comparison of constant-current stress between a
6 µm ridge width GaAs-substrate and Si-substrate device will be presented.
Both devices were stressed at 300 mA, for 33970 minutes (566 h), i.e. when
the devices showed su�ciently optical degradation. The characterization be-
fore and after-stress, as well as the constant-current stress procedure, follows
the stages described in the �rst part of the chapter.

Characterization pre-stress

The optical characterization before-stress highlights the di�erent tempera-
ture dependence of the two devices. Figure 5.32 exhibits again the di�erent
e�ects arising from a native-substrate device, in which dislocation density is
low.
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(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.32: L-I characteristics before-stress at di�erent temperatures.

(a) Relative Ith (b) Relative SE

Figure 5.33: Ith and SE trend in function of temperature.
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(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.34: I-V characteristics before-stress at di�erent temperatures.

(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

Figure 5.35: I-V characteristics measured at 25◦C.
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Both devices show an increase in Ith with increasing temperature, caused
by carrier escape and over�ow. The slope e�ciency trend shows how the
silicon-substrate optical e�ciency drops for temperatures higher than 55◦C.
The additional SCH layers of the GaAs-substrate device could improve the
carrier con�nement inside the active region. The I-V characteristics do not
show particular di�erences besides the di�erent series resistance contribute
of the diode. The results are shown in Figure 5.34, while an I-V comparison
of the two devices at a chosen temperature in shown in Figure 5.35.

Constant-current stress

(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.36: L-I characteristics versus stress-time.
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The L-I characteristics taken at the beginning of each time-step are shown
in Figure 5.36.
Both devices show an increase in the threshold current, a decrease in SE and
a decrease in subthreshold emission. However, the variation from the silicon-
substrate device is found to be stronger. The di�erence can also be shown
by the Ith vs stress-time and SE vs stress-time, in Figure 5.37. In this case
the silicon-substrate device shows a better behavior for stress-time less than
1000 min. After this, both characteristics diverge from the GaAs-substrate
device trend, despite the junction temperature for the GaAs-substrate device
should be higher.

(a) Relative Ith (b) Relative SE

Figure 5.37: Relative Ith and SE vs stress-time.

In order to investigate the processes behind this faster degradation, it
is useful to �rstly observe the Ith vs 1/SE plot. It has already been shown
that a strong correlation between the increase in Ith and the decrease in
SE suggests that the optical degradation can largely be ascribed to a stress-
induced decrease in injection e�ciency. Figure 5.38 con�rm this assumption.
For the silicon-substrate device the linear correlation begins for ISTRESS >
660 mA. The GaAs-substrate device shows a less linear correlation, due to a
di�erent e�ect of the degradation mechanism on the device especially at the
beginning.
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(a) GaAs-substrate (b) Si-substrate

Figure 5.38: Ith vs 1/SE for (a) GaAs-substrate and (b) Si-substrate devices.
The inset shows the results with the slope e�ciency value taken for higher
currents.

A second analysis concerns the threshold current dependence on the squa-
re root of time (Figure 5.39). This relationship suggests that impurities are
di�using towards the active region of the device. A di�usion process can be
described through Fick's second law:

∂N

∂t
= D

∂2N

∂2t
(5.7)

with N is the impurity concentration per unit volume and D is the di�usion
coe�cient. Assuming a constant concentration of N0 in the material, Fick's
law can express the variation of concentration in terms of temporal variation
t and depth x of the material

N(x, t) = N0 erfc

(
x

2
√
Dt

)
. (5.8)

Additionally, the di�usion of defects has direct impact in the non-radiative
lifetime, so a decrease in non-radiative lifetime is supposed to have a square-
root dependence on time. Results in Figure 5.39 show the Ith linear depen-
dence on the square-root of time, suggesting the di�usion of non-radiative
recombination centers into the active region of the devices, that contributes
to the degradation of the device through SRH recombination processes. From
the slope of the curves in Figure 5.39(b) it can be seen how after 1000 min of
stress-time the degradation in the silicon-substrate device greatly increases,
as previously seen in the Ith and SE dynamics. This could be caused by
the existence of a higher concentration of dislocation respect to the native-
substrate device. Before 1000 minutes, the GaAs-substrate device shows a
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non-linear and faster increase in the threshold current. It is possible that
this initial phase is too fast to be observed in the silicon-substrate device.

(a) Ith vs sqrt(time) (b) Relative Ith vs sqrt(time)

Figure 5.39: Variation of the threshold current as a function of the square
root of stress-time.

The e�ect of SRH recombination can be observed from the correlation
between the sub-threshold slope emission (OPsub) and the threshold current.

(a) GaAs-substrate (b) Si-substrate

Figure 5.40: Variation of the sub-threshold slope as a function of the
threshold current.

Both quantities depends on the balance between radiative and non-radiative
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recombination

OPSUB ∝ N/τ ∼= N(A+BN)

Ith ∝
1

ηinj

Nth

τ
∼=

(A+BNth + CN2
th)Nth

ηinj

(5.9)

with A, B, C the SRH, bimolecular and Auger recombination coe�cients, Nth

the threshold carrier density. Thus, a correlated decrease of these quantities
could be ascribed to an increase in the SRH recombination.
The di�erence between the optical power during stress is massive between
the two devices and it is shown in Figure 5.41: the GaAs-substrate device
results stable in time, while the silicon-substrate device shows a degradation
in optical power up to the 85% of its initial value.

(a) GaAs-substrate (b) Si-substrate

Figure 5.41: Optical power trend at 300 mA, as a function of the stress-time.

The variation of the operating voltage as a function of stress-time is
displayed in Figure 5.42 and shows, simply observing both the Y-axis, a
massive decrease of voltage at the device turn-on, caused by the self-heating
due to minor thermal conductivity and thicker substrate. The di�erence in
absolute forward voltage can be ascribed to the di�erent doping values or
the annealing of the ohmic contacts.



5.3. CONSTANT-CURRENT STRESS COMPARISON 99

(a) GaAs-substrate (b) Si-substrate

Figure 5.42: Operating voltage trend at 300 mA, as a function of the stress-
time.

(a) GaAs-substrate (b) Si-substrate

(c) GaAs-substrate, linear scale (d) Si-substrate, linear scale

Figure 5.43: Spectra taken after 1 minute from the beginning of each time
step.
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The spectra taken after 1 minute of each stress step are shown in Figure
5.43 and show the same di�erences described in the step-stress comparison:
the silicon-substrate device exhibit a slight shift towards higher wavelengths
due to self-heating and consequent bandgap narrowing of the device, while
the native-substrate device seems having a rigid shift towards shorter wave-
lengths that needs deeper investigation. In Figures 5.43(a) and (b) it can
be seen how the excited state 1 and 2 emissions are slowly turning on even
in constant bias conditions, i.e. the carrier injection rate is constant. This
can suggest that degradation is a�ecting the GS and could eventually favor
the ES emission: the carriers that do not relax into the GS, and that do not
over�ow into the QWs, have to occupy other available states, such as the
ES.

(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.44: I-V characteristics versus stress-time.
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Finally, the I-V curve taken at the beginning of each time step (Fig. 5.44)
shows a similar variation of the electrical characteristics in reverse leakage
and low-forward current. This variation ca be related to carrier transport
mediated by defects, whose concentration is increasing near the active region
of the devices.

Characterization post-stress

The defects introduced by the degradation mechanisms during the stress
have mostly modi�ed the optical characteristics, resulting in a worsening of
the optical performances, and increase in the Ith as shown in Figure 5.45 and
Figure 5.46, where the results before-stress are added to better understanding
of the stress e�ects.

Summary

The constant step-stress comparison has raised the following discussions:

• the native-substrate L-I curves show a minor temperature dependence
due to less dislocations density,

• the native-substrate device starts with a faster degradation rate, that
changes after 100 minutes,

• both devices are a�ected by the di�usion of non-radiative recombina-
tion centers that are moving towards the active region of the device
and cause an increase in SRH recombination rate

• the GaAs-substrate device does not show a big variation in optical
power as a function of stress-time; however, the minor thermal con-
ductivity and the thickness of the substrate material cause a major
self-heating of the device. This di�erence can also be seen by the ope-
rating voltage trend during the experiment, that exhibit a bigger drop
at the device turn-on due to the presence of the two additional SCH
layers and the di�erent extension of the DWELL layers,

• the degradation at constant bias seems to have some e�ects on the
recombination dynamics within the active layers the devices: carriers
that cannot escape the WL will eventually recombine in the ES level
due to its higher degeneracy and to hole sharing.
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(a) GaAs-substrate, linear scale (b) Si-substrate, linear scale

(c) GaAs-substrate, semi-logarithmic
scale

(d) Si-substrate, semi-logarithmic scale

Figure 5.45: L-I characteristics as a function of temperature.

(a) GaAs-substrate (b) Si-substrate

Figure 5.46: Ith and SE variation with temperature, pre- ad post-stress.
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5.4 Characterization at cryogenic temperatures

In this section, I-V and L-I measurements were performed on a silicon-
substrate device in order to observe the e�ect of self-heating at cryogenic
temperatures and the evolution of the threshold current and the slope e�-
ciency.
The measurements were performed at longer and shorter integration time,
from 180 K to 340 K, with 10 K step. A third characterization was done
by means of voltage pulses: the pulse duration was 50 µm with a period of
9 ms, resulting in 0.56% of duty cycle; the pulse amplitude was increasing
with a step of 50 mV, from 1 V to 10 V. An external resistance of 98.55 Ω
was added to deliver precise current pulses.

(a) Long integration time, linear scale (b) Short integration time, linear scale

(c) Long integration time,
semi-logarithmic scale

(d) Short integration time, semi-
logarithmic scale

Figure 5.47: I-V characteristics as a function of temperature.
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The I-V plot for long and short integration time are shown in Figure
5.47, not all the curves are plotted for clarity. It can be noted how the
reduced carrier mobility at lower temperatures can impact on the current
diode, drastically lowering it.

Figure 5.48: Comparison between long and short integration time that
highlight the role of self-heating of the device.

Figure 5.49: L-I curves by means of pulsed measurements.

To better understand the device behavior as a function of the integration
time, Ith and SE vs T plots are extrapolated from the respective L-I curves
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and the results are shown in Figure 5.50.

(a) Absolute value Ith. (b) Absolute value of SE.

Figure 5.50: Ith and SE for di�erent integration time values.

A comparison of the L-I curve is shown in Figure 5.48, in which the
di�erence between two curves at the same temperature is massive, exhibiting
the high impact of self-heating. A low injection e�ciency might be the cause
of the higher Ith for 180 K respect to, for instance, 220 K.
The L-I curves at pulsed currents are presented in Figure 5.49: again, it is
possible to observe how the curves shift depending on the temperature and
how the optical e�ciency changes increasing with increasing temperature.
For low temperatures the device is a�ected by a low injection e�ciency, which
results in a unexpected high threshold current. For higher temperatures the
Ith increase because of carrier escape. Interestingly, Figure 5.50 shows a
localized minimum around 280/290 K, from which the threshold current
increases. The slope e�ciency shows a general improvement of the optical
e�ciency, that exhibits a drop after a plateau from 270 K to 320 K for the
long and short integration time, probably due to excessive carrier escape
in�uenced by self-heating.

5.5 DLTS results

Before proceeding with the e�ective DLTS measurements, a C-V characteri-
zation was performed at three di�erent temperatures, as Figure 5.51 shows.
From here, using Equations ?? and ??, it was possible to obtain the appa-
rent charge pro�le as a function of voltage (Fig. 5.52(a)) and apparent depth
(Fig. 5.52(b)).
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Figure 5.51: Capacitance-voltage characteristics for three di�erent
temperatures.

(a) (b)

Figure 5.52: Apparent charge pro�le as a function of (a) voltage and (b)
apparent depth.

Not being able to interpret the apparent charge pro�le trend, DLTS was
used to scan the device with di�erent voltage ranges at lower and high ap-
parent charge pro�le regions, biasing the device at Vbias and varying the
voltage till V�ll.
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The voltage ranges are the following:

• Vbias = -2.25 V, V�ll = -1.45 V,

• Vbias = -1.45 V, V�ll = -0.6 V,

• Vbias = -0.6 V, V�ll = 0.0 V,

• Vbias = 0.0 V, V�ll = +0.4 V,

and two signi�cant results are reported in Figure 5.53. There are three
negative peaks, that for a p-doped material means the presence of three
majority-trap type, from now on called H1, H2 and H3. Following the DL-
TS theory explained in Chapter 4, in order to extract the trap activation
energy and the trap cross section we need to individuate the ∆C/C peak for
every time correlator and then plot the results as a function of q/kBT . The
procedure was done by means of bigaussian deconvoltion for the �rst two
peaks, since they are very close to each other. The Arrhenius plot is shown
in Figure 5.54, where (a) and (b) are the plots corresponding to Fig. 5.53(a)
and (b), while Fig. 5.54(c) summarizes all the four scanning-region results.

(a) Vbias = -2.25 V, V�ll = -1.45 V (b) Vbias = -0.6 V, V�ll = 0.0 V

Figure 5.53: DLTS results.

The linear �t was useful to extract the slope and the intercept of the
curves of every trap, in order to determine the activetion energy Ea and the
cross section σn, whose results are summarized in Figure 5.55. Additionally,
the trap concentration NT is calculated starting from the ∆C/Cmax of every
Arrhenius plot and using the Equation 4.8.
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(a) Vbias = -2.25 V, V�ll = -1.45 V (b) Vbias = -0.6 V, V�ll = 0.0 V

(c) Total

Figure 5.54: Arrhenius plot of the energy levels detected.

Figure 5.55: Summary of the characteristics of traps H1, H2, H3 obtained
by means of Arrhenius plots.



Chapter 6

Conclusions

With this work we have presented a detailed analysis of the reliability of QD
Laser Diodes growth on di�erent substrate materials. The analysis has been
aimed at identifying the physical degradation mechanisms of QD lasers gro-
wn on silicon and studying the impact of extended dislocations, comparing
devices grown on GaAs and Si substrate. For this purpose, several current
step-stress and constant-current stress have been carried out, at constant
temperature of 35◦C. Before starting with the stress experiments, a preli-
minar current step-stress has been performed on the silicon-substrate device
in order to evaluate the short-term impact of DC stress at di�erent bias
currents on the electro-optical characteristics of the device. We found that,
depending on the current injection level, there are three operating regimes,
associated to di�erent spectral features. In particular, the laser spectrum
can consist of only ground-state emission, only excited-state emission, or
both types simultaneously. The ground-state is the lowest, or fundamental,
energy level inside the quantum-dot, and constitutes the normal operating
regime for commercial lasers.
The devices under investigation were InAs quantum dot lasers within an In-
GaAs quantum-well, tuned for an emission at 1.3 µm and epitaxially grown
on GaAs or Silicon substrate. The two types of lasers had some di�erences
in their epitaxial structure, in particular:

• the GaAs substrate was thicker than the Si-substrate,

• the active region of the GaAs-substrate device consisted of 5 layers
of InAs quantum dots embedded in 7 nm of In0.15Ga0.85As quantum
wells, while the silicon-substrate device) had 3 layers in ∼9 nm of
In0.15Ga0.85As quantum wells,

• high-re�ection facet coating was applied on one side of the bar to
reduce optical carrier loss and improve light ampli�cation,

109
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• an additional separate con�ned heterostructure made of Al0.2Ga0.8As
was grown outside the active region of the GaAs-substrate device to
further improve carrier con�nement.

Some common degradation processes have been found to a�ect all the tested
devices. In particular, with regards to the electrical properties, we obser-
ved a slight reduction in the diode turn-on voltage and the series resistance,
which can be ascribed to the annealing of the ohmic contacts or of part of the
dopant present in the quasi-neutral regions. A change in the carrier injec-
tion and escape mechanisms as a consequence of both thermal and electrical
stress can also be considered. Furthermore, an increase in the reverse leakage
current was detected, indicating a possible stress-induced increase of defect
density within the material. The optical characteristics of the various devi-
ces behaved in a similar way, showing a signi�cant increase in the threshold
current and a decrease in the slope e�ciency. The correlation between these
two parameters suggested a progressive reduction in the injection e�ciency,
indicating a decrease in the fraction of terminal current that generates car-
riers in the active region. This could be due to higher potential barriers or
electrostatic repulsion that occur around the active region. A higher escape
rate of the carriers could also be considered. In either case, an increase in
the non-radiative recombination processes occurs, thus leading to a reduced
e�ciency and output power. Moreover, regarding the constant-step stress
experiments, the square-root dependence of the threshold current with re-
spect to the stress-time also suggests the presence of an ongoing di�usion
process, possibly related to the relocation of impurities toward the active re-
gion. The behavior of the threshold current in the very �rst moments of the
stress, in which it takes some time for the square-root dependence to show
up, seems to con�rm this mechanism. However, this phenomenon is clearly
seen for the GaAs-substrate device, while it seems to be very rapid for the
silicon-substrate device. The spectral measurements have been a useful tool
to study the impact of the degradation processes on the energy of the emit-
ted photons. More in details, the devices show the so-called two state lasing,
in which both ground-state and excited-state are emitting. Afterwards, the
ES starts dominating and will eventually quench the GS emission. This has
been explained in di�erent ways: (a) at high current levels, the di�erence in
carrier occupation probability disappears and, since ES has a higher dege-
neracy than GS, ES will be the only one lasing; (b) self-assembled quantum
dots show homogeneous broadening of the optical gain as well as retarded
carrier relaxation into the quantum-dot discrete energy states; (c) hole in-
jection is low at higher currents: in this bias regime, the carrier population
of in the GS is clamped and, since the GS and ES levels for holes are very
close, holes are shared between the electrons of the GS and ES, thus leading
to their consumption only by ES due to its higher degeneracy (that can be
seen as the reduction of the radiative lifetime associated to it). The EL
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spectra also showed the presence of three bumps. Calculation relating the
wavelength with the energy emission brought out the existence of a higher
energy state over the ES, called excited-state 2.
The current-step stress performed both on a GaAs- and Si-substrate devices
highlighted important features and di�erences:

• the GaAs-substrate device is less sensitive to temperature variation: in
fact in the pre- and post-stress characterization, it shows good stability
and a less pronounced increase in threshold current,

• at high currents, the GaAs-substrate laser exhibits a non-negligible
self-heating, that has direct consequences on the degradation rate of
the device. In particular, the Ith shows a massive increase after the
GS-quenching,

• a faster degradation rate for the silicon-substrate device, related to the
existence of defects related to the substrate mismatch,

• an unexpected shift towards shorter-wavelength for the GaAs-substrate
device at higher currents, possibly die to a progressive reduction on
the QD dimensions as a consequence of damages in the edges of the
material.

The constant-current stress comparison, on the other hand, has raised the
following discussions:

• the presence of bumps and of the ES peak were observed even at con-
stant current, suggesting that the fraction of the population of injected
carriers undergoing recombination through the ES increases, whereas
the GS emission decreases. An increase in the temperature, to some
extent, can favor the quenching of the ground-state and the consequent
onset of the excited-state,

• the native-substrate device shows a faster degradation at the beginning
of the stress experiment with respect to the silicon-substrate device.
However, after 1000 minutes, the silicon-substrate laser exhibit a rapid
increase in threshold current.

• the decrease in injection e�ciency during the stress experiment, i.e.
the linear correlation between Ith and 1/SE, is not very clear for the
GaAs-substrate due to a di�erent e�ect of the degradation mechanism
on the device,

• the GaAs-substrate shows a robust behavior in optical power during
stress, that does not vary over the 0.3%, while the silicon-substrate
optical power decrease variation reaches the 15% from its initial va-
lue. However, the GaAs-substrate device shows a massive decrease of
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operating voltage during stress at the device turn-on, caused by the
self-heating due to minor thermal conductivity and thicker substra-
te. The di�erence in absolute forward voltage can be ascribed to the
di�erent doping values or the annealing of the ohmic contacts.

Furthermore, a characterization at cryogenic temperatures provided in-
formation about the impact of the self-heating on a silicon-substrate device,
showing that for low temperatures the device shows poor injection e�ciency,
thus having high threshold current values. DLTS measurements were use-
ful to identify the deep levels inside the active region of the device. The
Arrhenius plot provided data regarding the trap energy activation, cross sec-
tion and concentration. In future experiments, further investigation will be
needed in order to better explain some unexpecteed behavior of the lasers:
the spectra during the stress showed a overall jump in optical power; one
hypothesis might be related to carrier spreading into other semiconductor
layers, that could justify the overall high-energy emission increase and be re-
lated to the excited state 2 emission. The low-energy portion of the spectra
should always be linked to the emission from QDs. Another phenomenon
regards the characterization spectra of the GaAs-substrate device, as well
as its spectra taken during the constant-current stress: the device shows an
peak emission that shift toward higher energies; this could be seen as a rigid
shift of the emission shape or as the emission of a di�erent subset of QDs
that prevails and suppresses the other emissions.

In addition, the lasers will be stressed at higher temperatures, in order
to accelerate the degradation mechanisms and to better evaluate their de-
pendence on temperature. Finally, characterization measurements will be
carried out by varying the junction temperature, which will hopefully ena-
ble a comprehensive understanding of the physical processes regulating the
emission properties of such novel devices.
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