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Resumen

El tremendo crecimiento de Internet y de la transmisión de datos a alta velocidad están
elevando los requerimientos de ancho de banda de las redes de fibra óptica a un ritmo sin
precendentes. Las fibras ópticas han sustituido en buena medida a los cables de cobre y
han pasado de ser una curiosidad a ser la tecnoloǵıa dominante. El objetivo de esta tesis
es la investigación de nuevos materiales para la fabricación de dispositivos emisores de luz
basados en GaAs que operen en las longitudes de onda de la segunda y tercera ventanas
de telecomunicaciones por fibra óptica, alrededor de 1.3 y 1.55 µm, respectivamente. Para
alcanzar ese objetivo se utilizan paralelamente dos estrategias basadas en heteroestructuras
semiconductoras, de modo que esta tesis está dividida en dos grandes bloques. Por un lado,
el primer bloque estará dedicado al estudio de dispositivos basados en pozos cuánticos de
GaInNAs/GaAs. Por otro lado, el segundo bloque se centra en los dispositivos basados en
puntos cuánticos de InAs cubiertos con capas de GaInNAs o GaAsSb.

Dispositivos basados en pozos cuánticos de GaInNAs/GaAs. El primer bloque de
la tesis está dedicado a los dispositivos basados en pozos cuánticos de GaInNAs/GaAs. Es
bien sabido que la incorporación de una pequeña fracción molar de N en un cristal de InGaAs
produce un fuerte desplazamiento al rojo de la longitud de onda de emisión. En este bloque
se muestra una serie de diodos láser en los que, mediante la variación del contenido de N en
el pozo cuántico, se consigue sintonizar la longitud de onda de emisión láser en todo el rango
entre 1 y 1.5 µm. Asimismo, se demuestra cómo el aumento de la concentración de N también
provoca una degradación de las figuras de mérito de los dispositivos, concretamente, un
aumento de la densidad de corriente umbral, Jth, y una disminución de la eficiencia cuántica
diferencial externa, ηd. El papel que juega el N en dicha degradación es estudiado en detalle,
prestando especial atención a varias de las magnitudes implicadas en el funcionamiento del
láser. Aśı, se encuentra que la eficiencia cuántica diferencial interna, ηi, disminuye en un
∼35% con la incorporación de N, aunque es prácticamente independiente de la concentración
de este elemento. Esta degradación se atribuye a que los portadores no alcanzan la región
del pozo cuántico donde se produce la radiación láser, posiblemente por un aumento en la
recombinación en las barreras o en las capas que forman la gúıa de onda, o también por una
distribución inhomogénea de los portadores en el pozo cuántico. Las pérdidas ópticas de la
cavidad, αi, aumentan al aumentar la concentración de N. Este aumento se atribuye a una
mayor dispersión de luz en las inhomogeneidades de composición del pozo cuántico, y a una
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mayor absorción intrabanda de valencia a las longitudes de onda más largas. Por último, se
observa que la densidad de corriente de transparencia, Jtr, aumenta con la concentración de
N, efecto que se atribuye a un aumento en la fracción de portadores inyectados que acaban
recombinándose no radiativamente en el pozo cuántico.

Una de las caracteŕısticas por las que los pozos cuánticos de GaInNAs/GaAs se con-
sideran una opción prometedora para obtener luz láser alrededor de 1.3 y 1.55 µm es la
potencial baja dependencia de sus figuras de mérito de la temperatura de operación. Sin
embargo, como se muestra en esta tesis, las temperaturas caracteŕısticas de Jth y ηd, T0 y
T1, respectivamente, tienden a degradarse al aumentar el contenido de nitrógeno en el pozo
cuántico. El posible origen de este comportamiento y, en particular, el papel que pueda
jugar el escape de huecos del pozo a la barrera se analiza en detalle. Se observa que la
degradación de T0 se debe principalmente al aumento de αi, y a la disminución tanto de
la ganancia modal, Γg0, como de la temperatura caracteŕıstica de Jtr, Ttr. Por otro lado,
el aumento de αi es el principal responsable de la degradación de T1. Además, se realiza
un cálculo del tiempo de vida medio efectivo de los portadores en el pozo cuántico y de su
dependencia con la temperatura. Los resultados de este cálculo, junto con el hecho de que
la temperatura caracteŕıstia de ηi, Tηi, tiene una contribución pequeña tanto a T0 como a
T1, sirven para descartar la fuga de portadores del pozo cuántico como el proceso dominante
en la degradación de T0 y T1.

Por último, y teniendo en cuenta que la disminución de ηi es una de las causas de
la degradación de las figuras de mérito de los diodos láser basados en pozos cuánticos de
GaInNAs/GaAs al aumentar el contenido de N, se realiza un análisis del papel que juega la
eficiencia diferencial de distribución de portadores, ηs, en la degradación de ηi. En primer
lugar, la homogeneidad del perfil de inyección de portadores a lo largo de la cavidad del
láser se evalúa observando la dependencia de Jth de la posición sobre la superficie del láser
donde se inyecta la corriente, para todo el rango de contenidos de nitrógeno considerados.
Se obtiene que Jth es fuertemente dependiente del lugar donde se inyecta la corriente en
los dispositivos con N debido a una pobre distribución de los portadores a lo largo del láser
que se mitiga si la corriente se inyecta en varios puntos separados una cierta distancia. Se
propone un modelo para explicar este fenómeno, en el que el calentamiento local causaŕıa
variaciones en la enerǵıa del gap a lo largo del láser que impediŕıa que la mayor parte de la
luz emitida se reabsorbiera por el pozo cuántico, haciendo aśı más dif́ıcil alcanzar inversión
mediante bombeo óptico. Por otro lado, se demuestra que la corriente inyectada no se
distribuye del mismo modo a lo largo de los láseres en dispositivos con N o sin él cuando se
inyectan corrientes cercanas a la corriente umbral.

En segundo lugar, se analiza el perfil de inyección de portadores en la dirección perpen-
dicular al eje óptico de la cavidad. Con este propósito, se estudia la evolución de la emisión
espontánea del pozo cuántico en función de la corriente, tanto por encima como por debajo
del umbral, para evaluar el anclado de los niveles de Fermi por encima del umbral. A partir
de estos resultados se observa que ηs se degrada en ∼18% al añadir N. Esta degradación
puede explicar parte de la degradación en un 35% que se observa en ηi con la incorporación
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de N. El resto de la degradación de ηi puede ser producido por otro mecanismo de recombi-
nación que podŕıa consistir, probablemente, en recombinación no radiativa en defectos en la
barrera superior, producida por la presencia inintencionada de átomos de N en esas capas.

Además de esta serie de diodos láser de pozo cuántico de GaInNAs/GaAs, y como primer
paso hacia la fabricación de dispositivos de cavidad vertical, se presenta una serie de dio-
dos emisores de luz de cavidad resonante basados en pozos cuánticos de GaInNAs/GaAs.
Dichos dispositivos emiten luz a 1.3 µm a temperatura ambiente, y sus figuras de mérito
se estudian en función de la temperatura de crecimiento de los reflectores de Bragg que
forman la microcavidad, y del aleado de los contactos eléctricos. Se observa que la eficiencia
externa, ηext, y la anchura a media altura de los picos de electroluminiscencia se degradan
según disminuye la temperatura de crecimiento de los reflectores de Bragg, junto con una
degradación paralela de las caracteŕısticas corriente-tensión de los diodos. Comparando los
dispositivos con los contactos metálicos aleados o sin alear, se observa que la anchura a me-
dia altura del pico de electroluminiscencia aumenta al alear, probablemente por una pérdida
de la lisura del reflector metálico superior debida a la difusión del metal en el GaAs. Los
mejores resultados se han obtenido cuando la temperatura de crecimiento del reflector de
Bragg es 750 oC y los contactos metálicos se dejan sin alear.

Dispositivos basados en puntos cuánticos de InAs. La segunda parte de la tesis se
centra en dispositivos basados en puntos cuánticos autoensamblados de InAs. Se presen-
tan dos series de diodos emisores de luz (LED, por sus siglas en inglés) basados en puntos
cuánticos de InAs cubiertos por capas de diferente composición. Por una parte, se de-
muestran LED basados en puntos cuánticos de InAs cubiertos por una capa de GaInNAs.
Siguiendo esta estrategia, se obtiene electroluminiscencia a temperatura ambiente a 1.5 µm
con una composición del 15% de In y el 2% de N en la capa que cubre los puntos. Se observa
que la incorporación de N no sólo produce un desplazamiento el rojo de la longitud de onda
de emisión, sino que también produce una degradación de la eficiencia externa de los LED.
Dicha degradación puede ser parcialmente solventada si se somete a los dispositivos a un
recocido térmico rápido posterior al crecimiento, aunque dicho proceso también resulta en
un desplazamiento al azul de la longitud de onda de emisión que debe ser tenido en cuenta
a la hora de diseñar el dispositivo. Se observa que los espectros de electroluminiscencia de
los dispositivos con N presentan dos transiciones radiativas diferenciadas, una de las cuales
corresponde a emisión desde el punto cuántico, y la otra a emisión desde la capa que cubre
los puntos. El escape de portadores desde el punto cuántico hasta la capa de cobertura
se identifica como el mecanismo dominante de pérdida de portadores. El recocido térmico
rápido resulta en una fuerte reducción de la enerǵıa de activación para el escape de los por-
tadores en los LED de InAs/InGaAs, sin embargo, tiene un efecto despreciable en el caso
de los LED de InAs/GaInNAs.

La segunda estrategia para obtener dispositivos emisores de luz a 1.3 y 1.55 µm basados
en puntos cuánticos de InAs consiste en cubrir dichos puntos con una capa de GaAsSb.
Esta estrategia permite obtener electroluminiscencia a temperatura ambiente a longitudes
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de onda entre 1.1 y 1.5 µm. Como se muestra en esta tesis, el valor de ηext aumenta con el
contenido de Sb en la capa que cubre los puntos hasta alcanzar una concentración de este
elemento a la que ηext disminuye. A dicha concentración, el alineamiento entre las bandas
electrónicas de los puntos cuánticos y la capa de GaAsSb pasa de ser tipo I a ser tipo II.
Esta transición se confirma experimentalmente mediante la observación del desplazamiento
al azul de los picos de electroluminiscencia en función de la corriente inyectada. Se pueden
resolver varios picos en los espectros de electroluminiscencia de los dispositivos tipo I, que
se atribuyen a emisión desde estados confinados de los puntos cuánticos. Las emisiones de
los LED tipo II, al inyectar corrientes bajas, se atribuyen a recombinación entre electrones
confinados en los puntos cuánticos y huecos confinados en la capa de GaAsSb. Sin embargo,
si se aumenta la corriente, una intensa banda centrada en 1100 nm domina el espectro. Esta
banda es debida probablemente a la transición tipo I entre electrones confinados en el punto
cuántico y huecos confinados en un estado extendido del pozo cuántico compuesto por los
puntos cuánticos y la capa de GaAsSb que cubre los puntos.
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Abstract

The tremendous growth of the Internet and high speed data transmission pushes the band-
width requirements for fibre networks at an unprecedented pace. Optical fibres have largely
replaced copper wire in communications and have developed from a curiosity status to be-
ing the dominant technology. The goal of this thesis is the research of new materials for
the fabrication of light-emitting devices based on GaAs for operation at the second and
third optical fibre telecommunications windows, at wavelengths around 1.3 and 1.55 µm,
respectively. In order to achieve this goal, two parallel approaches based on semiconducting
heterostructures are employed. Thus, this thesis is divided in two main parts. On the one
hand, the first part is dedicated to the study of GaInNAs/GaAs quantum well (QW)-based
devices. On the other hand, the second part focuses on the study of devices based on InAs
quantum dots (QDs) covered either by GaInNAs or GaAsSb capping layers.

GaInNAs/GaAs QW-based devices. The first part of the thesis is dedicated to the
study of GaInNAs/GaAs QW-based devices. It is well known that adding a small molar
fraction of N into an InGaAs matrix results in a strong red-shift of the emission wavelength.
In this part, a series of laser diodes is presented from which, by varying the N content in
the quantum well from 0 to 3.3%, laser operation from 1 to 1.5 µm is achieved. Moreover,
it is demonstrated how the increase in N concentration also results in a degradation of the
figures of merit of the devices, namely, an increase of the threshold current density, Jth,
and a decrease of the external differential quantum efficiency, ηd. The role played by N in
such degradation is analysed in detail, paying special attention to several of the magnitudes
involved in the performance of the laser diodes. It is found that the internal quantum
efficiency, ηi, degrades by ∼35% with the addition of N, although it is roughly independent
of N concentration. This is attributed to failure of the carriers to reach the area of the QW
where lasing is taking place, probably due to an increased recombination at the barriers or
cladding layers, or by an inhomogeneous spreading of the carriers. The optical losses of the
cavity, αi, increase as the N content is increased. This is attributed to an enhanced light
scattering due to compositional inhomogeneities in the QW, and to a higher intra-valence
band absorption at the longest wavelengths. Finally, the transparency current density, Jtr,
is found to increase with the N concentration, which is attributed to an increase in the
fraction of injected current that results in non-radiative recombination in the QW.

One of the characteristics by which GaInNAs/GaAs QWs are considered a promising
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option to obtain laser light around 1.3 and 1.55 µm is the expected low sensitivity to tem-
perature of the figures of merit of the laser diodes based on this material system. However,
as it is demonstrated in this thesis, the characteristic temperatures of Jth and ηd, T0 and
T1, respectively, tend to degrade as the N content in the QW is increased. The possible
origin of this behaviour is analysed in detail and, in particular, the role played by the escape
of holes from the QW to the barrier is addressed. It is found that the degradation of T0

is mainly due to the increase of αi, and a decrease of both the modal gain, Γg0, and the
characteristic temperature of Jtr, Ttr. In turn, the increase of αi is the main responsible for
the degradation of T1. In addition, a calculation is made of the effective lifetime of carriers
in the QW and its temperature dependence. The results of this calculation, taken together
with the fact that the characteristic temperature of ηi, Tηi, has a small contribution to T0

and T1, rule out carrier leakage from the QW as the dominant process limiting T0 and T1.

Finally, and taking into account that the degradation of ηi is one of the causes for the
degradation of the figures of merit of GaInNAs/GaAs QW laser diodes upon increasing of
the N content, an analysis of the role played by the differential carrier spreading efficiency,
ηs, on the degradation of ηi is performed. Firstly, the homogeneity of the carrier injection
profile along the laser cavity is evaluated by the observation of the dependence of Jth on
the location on the surface of the laser where the current is injected, for all the range of
N contents considered. It is found that Jth is strongly dependent on the current injection
location in N-containing diodes, due to a poor carrier spreading along the length of the
laser diodes, which is alleviated if the current is injected at several points separated by a
certain distance. A model is proposed as an explanation for this phenomenon, in which local
heating would cause band gap energy variations along the stripe which will prevent most
of the emitted light to be reabsorbed by the QW, thus making it more difficult to reach
inversion by optical pumping. On the other hand, it is shown that the injected current
is not distributed similarly along the laser stripe in N-containing and N-free devices when
injected at currents near threshold.

Secondly, the carrier injection profile in the direction perpendicular to the cavity optical
axis is analysed. With that purpose, the evolution of the spontaneous emission from the QW
is studied as a function of the injected current, both above and below threshold, in order
to evaluate the above-threshold Fermi level pinning in the QW. Based on the results of this
experiment it is found that ηs degrades by a ∼16% upon addition of N. This degradation can
explain part of the previously found degradation by ∼35% of ηi with the addition of N. The
rest of the degradation of ηi could be accounted for by another recombination mechanism
which could probably consist on non-radiative recombination at defects in the top barrier
caused by the presence of non-intentional N atoms in these top layers.

In addition to this GaInNAs/GaAs QW laser diodes series, and as a first step into the
fabrication of vertical cavity devices, a series of GaInNAs/GaAs QW-based resonant cavity
light-emitting diodes is presented. Room-temperature 1.3 µm electroluminescence (EL) is
demonstrated from these devices, and their figures of merit are studied as a function of
the growth temperature of the distributed Bragg reflectors (DBRs) which define the cavity,
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and as a function of the alloying of the electrical contacts. It is found that the external
efficiency, ηext, and the full width at half maximum (FWHM) of the EL peak degrade as
the DBR growth temperature decreases in parallel to a degradation of the current-voltage
characteristics of the diode. This degradation can be explained to arise from an enhanced
roughness in the low temperature DBRs. By comparison of devices with alloyed and non-
alloyed contacts, it is observed that the FWHM of the EL emission increases with alloying,
probably due to the loss of flatness of the top metallic reflector upon diffusion of the metal
into the GaAs. The best results have been obtained when the growth temperature of the
DBR was 750 oC and the metallic contacts were left unalloyed.

InAs QD-based devices. The second part of the thesis focuses on InAs self-assembled
QD devices. Two series of light-emitting diodes (LEDs) based on InAs QDs covered with
capping layers of different composition are presented. On the one hand, LEDs based on
InAs QDs covered by GaInNAs capping layers are demonstrated. Following this strategy,
room-temperature EL at 1.5 µm is demonstrated with a capping layer composition of 15% In
and 2% N. As it is shown, the incorporation of N not only yields a red-shift of the emission
wavelength, but it also results in a degradation of ηext. Such degradation can be partially
alleviated if the devices are subjected to a post-growth rapid thermal annealing, although
this process also results in a blue-shift of the emission wavelength which must be taken into
account at the design of the device. It is observed that the EL spectra of the N-containing
devices present two distinct radiative transitions, one of them corresponds to emission from
the QD, whereas the other is attributed to emission from the capping layer. Carrier escape
from the QD to the capping layer is identified as the dominant carrier loss mechanism.
RTA results in a strong reduction of the activation energy for the escape of carriers in the
InAs/InGaAs QDLEDs, but has a negligible effect in the case of InAs/GaInNAs QDLEDs.

The second strategy to obtain light-emitting devices around 1.3 and 1.55 µm based on
InAs QDs consists on covering these dots with a GaAsSb capping layer. This strategy allows
to obtain electroluminescence at room temperature at wavelengths between 1.1 and 1.5 µm.
It is demonstrated that the value of ηext increases with the Sb content in the capping layer
until a concentration of this element at which ηext decreases. That is the Sb concentration
at which the band alignment between the dots and the capping layer changes from type I to
type II. This band alignment transition is confirmed experimentally through the observation
of the EL peak wavelength blue-shift as a function of the injected current. Several peaks
have been resolved in the EL spectra of the type I QDLEDs which have been attributed to
emission from QD confined states. The emissions from the type II QDLEDs, when injected
at low currents, are attributed to recombination between electrons confined in the QD and
holes confined in the capping layer. However, as the injected current is increased, a strong
band centered at around 1100 nm dominates the spectra. This band is probably due to type
I recombination between electrons in the QD and holes in an extended state of the QW
composed by the QD and the capping layer.

xi
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Chapter 1

Introduction

The purpose of this thesis is the research of new GaAs-based approaches for fabricating
semiconductor light sources for optical communications through silica fibres at wavelengths
around 1.3 and 1.55 µm. The light sources that will be presented in this work are light-
emitting diodes (LEDs) and laser diodes (LDs) based on two main approaches: quantum
well (QW) and quantum dot (QD) heterostructures. In this introduction, the role of LEDs
and LDs in fibre optical communications will be addressed in Section 1.1. Next, in Section
1.2, the characteristics and advantages of GaAs-based light emitting devices at the long-
wavelength optical fibre windows around 1.3 and 1.55 µm will be pointed out. Section 1.3
is devoted to the description of the characteristics of QWs and QDs and their advantages
as active materials for light emission. Once that the quantum heterostructures utilised in
this work have been introduced, the different material systems proposed for obtaining light
emission at the desired wavelengths, i.e. the use of dilute nitrides on one hand, and antimony
compounds on the other, will be described in Section 1.4. Finally, the structure of the thesis
will be outlined in Section 1.5.

1.1 LEDs and laser diodes for optical communications

The tremendous growth of the Internet and high speed data transmission pushes the band-
width requirements for fibre networks at an unprecedented pace. Optical fibres have largely
replaced copper wire in communications and have developed from a curiosity status to be-
ing the dominant technology. Fibres made of silica (SiO2), with excellent optical properties
including long-term stability, have several optical “windows” for communications. These
communications windows are located at wavelengths around 850, 1300, and 1550 nm (see
Figure 1.1). Initial local area networks (LAN) in the 1970s and early 1980s could utilise
GaAs-based 850 nm-emitting LEDs and LDs for bitrates up to 100 Mbps and distances up
to 7-8 km. This first window was attractive because of a local dip in the attenuation profile
and, mainly, because of the low price of the sources and detectors in this band [1]. However,
at 10 Gbps, the transmission distance is roughly 50 m due to the material dispersion and to
the high attenuation of silica fibres at that wavelength, which makes it unsuitable even for
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2 1. Introduction

Figure 1.1: Optical fibre transmission windows. The upper curve corresponds to a 1970s
fibre, whereas the lower one corresponds to a modern day fibre. Adapted from Cisco System’s
Fiber Types in Gigabit Optical Communications White Paper [7].

a small intra-building LAN [2]. The 1.3 µm communication window is also well suited for
communication with LEDs and LDs. This window has relatively low loss (about 0.4 dB/km)
and zero dispersion, allowing high-bit-rate transmission, in particular in graded-index and
single-mode fibres. It came into use in the mid 1980s and, since then until the late 1990s, it
has been the band in which the majority of long distance systems worked [1]. The mainstay
of modern communications LEDs and LDs operating at 1.3 µm are InGaAs(P)-based de-
vices [3, 4, 5]. The 1.55 µm communication window is characterised by the lowest loss of all
three windows, only about 0.26 dB/km. In addition, there are optical amplifiers available in
this band. Consequently, this window is used for long-distance high-bit-rate communication.
Almost all new systems since the late 1990s work in this window. However, dispersion is not
zero and it is difficult to fabricate light sources and detectors which operate in this band [1].
To allow for high bit rates, single-mode fibres must be used. Since it is difficult to efficiently
couple light emerging from an LED into a single-mode fibre, lasers are preferred over LEDs
at 1.55 µm [6]. InGaAsP/InP-based Bragg grating and distributed feedback (DFB) lasers
are the backbone of present communications over this window [2]. The second and third
windows were originally separated by a pronounced loss peak around 1.4 µm, as shown in
Figure 1.1, but they can be effectively joined with advanced fibers with low OH− content
which do not exhibit this peak. The need for light-emitting devices at such long wavelengths
is illustrated in Figure 1.2, taken from the work of J. S. Harris Jr. [2]. This figure shows
the transmission distance as a function of the modulation bit rate for various combinations
of fibres and laser diodes.

All the light sources in optical communications today are based on semiconductors.
Semiconductor LEDs and LDs operate by the radiative recombination of charge carriers
(electrons and holes) that are electrically injected into the so-called active layer. The wave-
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Figure 1.2: Transmission distance as a function of the modulation bit rate for various com-
binations of fibres and laser diodes. Taken from the work of Harris [2].

length of the emitted light depend thus on the band gap energy of this layer. In this thesis,
both LEDs and LDs have the structure of p-i-n diodes, with the active layer located in the
intrinsic region. LEDs work by the spontaneous recombination of carriers in the active layer,
which results in the emission of photons at random direction and phase. On the contrary,
LDs work by placing the active layer in an optical resonator, which produces a feedback
of photons into the active layer that can generate light by the stimulated recombination of
carriers. This recombination mechanism generates photons that have the same direction and
phase as the incident photon. This results in an amplification of the light beam along the
optical axis of the cavity. If the density of available electron-hole pairs in the active layer is
high enough, and the gain in the active layer exceeds the losses of the cavity, the so-called
threshold is reached and a highly coherent and monochromatic beam is emitted out of the
resonator.1

LDs present several advantages with respect to LEDs. For example, coherent light is
emitted from LDs with high directionality, which makes it easy to couple the light into a
fibre. Moreover, the linewidth of laser light is much narrower than that of the light emitted
by a conventional LED. In addition, LDs can be modulated at much higher speeds than
LEDs and yield higher light powers. However, LDs also have some disadvantages with
respect to LEDs. Amongst them it is worth to note that their fabrication is more complex
and can be more expensive than that of LEDs. There must be a precise control of the
operating temperature and the emitted power. Therefore, additional electronics, such as a
thermoelectric Peltier effect cooler to maintain a stable temperature, and a photodetector
to measure the emitted power and control the bias current, are normally required in the
final package, which increases the production costs [1].

Long-wavelength communications LEDs and LDs are required to be operated in uncooled

1For more details on the working principles of LEDs, the reader is referred to the book Light-Emitting
Diodes by F. E. Schubert [6]. For additional details on LDs, see, for example, the book Diode Lasers and
Photonic Integrated Circuits by L. A. Coldren and S. W. Corzine [8].
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environments, easily packaged and coupled to fibres, and fabricated at low cost. In addition,
LDs are required to present single mode operation [2]. In terms of ease of coupling of the
laser output to the fibre, vertical cavity surface-emitting lasers (VCSELs) are ideally suited
[9]. The cost of the nowadays established InGaAsP/InP-based Bragg grating and DFB
lasers at 1.55 µm is far too high to meet the demands of tens of million lasers that might be
present in a modern metro area network (MAN) or LAN architecture [2]. As an illustration,
the cost of an InP wafer can be ∼10 times higher than the cost of an equivalent GaAs wafer.
This is one of the reasons why there is a need to investigate long-wavelength GaAs-based
LEDs and LDs, as will be pointed out in the next section.

1.2 Advantages of GaAs-based devices

Systems based on GaAs substrates have several advantages with respect to the nowadays
well-established InP-based technology at 1.3 and 1.55 µm. These advantages include the
possibility to exploit the high refractive index contrast between GaAs and the quasi lattice-
matched Al(Ga)As to grow highly efficient GaAs/Al(Ga)As distributed Bragg reflectors
(DBRs) for resonant cavity LEDs (RCLEDs) and VCSELs. This is a great advantage with
respect to the established InP-based technology, in which the low refractive index contrast
between InP and the lattice matched InGaAsP makes it necessary to increase the number
of layers in the DBRs in order to achieve a high reflectivity, thus making the growth of the
structures more complicated and expensive [9, 10]. Because of these issues, there have been
alternative approaches to fabricate vertical cavity devices with InP-based active regions, like
bonding of AlAs/GaAs DBRs with InP-based active layers (see [9] and references therein),
which is an expensive process non suitable for mass production, or growth of metamorphic
and Sb-based DBRs. In this case the results have been inferior to those with GaAs-based
systems (see [11] and references therein). It is also worth to recall that, as stated above,
that GaAs substrates are much cheaper than InP ones.

On the other hand, conventional InP-based LDs are inherently temperature sensitive.
Conduction band offsets for InGaAsP/InP structures are typically around 200 meV (see [11]
and references therein). This results in strong carrier leakage out of quantum wells (QWs) [5]
and Auger-assisted carrier leakage [12]. These factors make InP-based LDs highly sensitive
to temperature changes and make it necessary to incorporate thermoelectric cooling in the
package to maintain the operating temperature, increasing significantly the laser packaging
costs [5, 11]. On the contrary, effective conduction band offsets exceeding 350 meV can be
obtained in GaAs-based QWs [13]. These higher conduction band offsets allows to reduce the
electron leakage out of the QW and to decrease the temperature sensitivity of the devices.

The issues presented above show that GaAs-based material systems with light emission
at 1.3 and 1.55 µm have great potential, and thus, they should be explored.
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Figure 1.3: Progress on the threshold current density of laser diodes based on bulk, QW
and QD structures as reported by Bimberg in [14].

1.3 Quantum wells and quantum dots

As pointed out above, the devices that will be presented and studied in this thesis are based
on QW and QD heterostructures. In this section, the characteristics of these quantum
structures and the advantages of their use in light-emitting devices will be described. As an
illustration of those advantages, Figure 1.3 shows the worldwide progress on the threshold
current density of laser diodes based on bulk, QW and QD structures [14]. The data shown
in the figure suggests that LD performance becomes better as the dimensionality of the
system is reduced. In what follows, some basic notes about QWs and QDs will be given.

QWs consist on a thin layer of a semiconductor material with a certain band gap energy,
such as InGaAs, surrounded on both sides by a different material with larger band gap, such
as GaAs. In order to show quantum confinement effects, the thickness of the QW must be
of the order of the de Broglie wavelength of the charge carriers in the semiconductor, i.e. 10
nm or less. In this kind of structures, the energy distribution of the conduction and valence
bands of the QW changes from a continuum to a set of confined, discrete energy levels, with a
step-like density of states (see Figure 1.4). These quantum effects can now be easily observed
in semiconductor structures due to the growth control of modern epitaxial techniques, such
as molecular beam epitaxy (MBE) or metalorganic chemical vapour deposition (MOCVD).

Using QWs as active areas in semiconductor devices, particularly LDs, was theoretically
predicted to improve the performance of the devices in terms of temperature stability [16]
and gain [17] in the eighties. Since those days, QWs have grown in importance until they
are preferred today for most semiconductor light emitting applications. While the first
QW lasers operated at around 0.8 µm, they have now been demonstrated from the visible
through the infrared.2 In almost every aspect, QW active layers are somewhat better than
bulk active layers: the emission wavelength can be tuned by merely changing the width of

2For an exhaustive review on the origin of the quantum well laser, see [18]
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Figure 1.4: Dependence on energy of the density of states for different degrees of confinement.
Taken from [15].

the QW; QW lasers deliver more power per injected current, have lower threshold currents
(as shown in Figure 1.3), and are more efficient; linewidth is narrower in QW lasers, too
[18]. Threshold current densities as low as 45 A cm−2 have been reported in QW lasers [19].

Further confining of the charge carriers in the three dimensions of space leads to improved
characteristics of the devices due to the potential of 3D confinement, such as the δ-like density
of states and the ultranarrow homogeneous broadening (see Figure 1.4). QD-based systems
should be less temperature sensitive provided that the separation between the ground state
and the first excited state is larger than kT , where k is the Boltzmann’s constant and T

is the temperature3. They have more features that result in advantages specific to LDs.
Since the gain is concentrated on a limited spectral range, they have reduced threshold
currents (see Figure 1.3). Transparency is also attained at lower currents [20]. However,
some issues regarding the performance of QDs in actual optoelectronic devices remain open.
For example, the output power of the devices is limited by the low density of dots, and
also by the low aspect ratio that InAs self-assembled QDs usually show, which results in a
reduction of the radiative efficiency [21]. Moreover, QD size dispersion must be low enough
to avoid a high inhomogeneous broadening of the emission linewidth.

The QD heterostructures presented in this thesis are grown by the Stranski-Krastanov
growth mode, which is nowadays an almost standard procedure for the growth of InAs
QDs on GaAs substrates. QDs grown by this growth mode are usually referred to as self-
assembled QDs. This method takes advantage of the 7% latice mismatch between InAs and
GaAs. First, when the InAs starts to grow, as its lattice constant is higher than that of
GaAs, it adjusts its interatomic distance to accomodate on the GaAs substrate, forming a
two dimensional wetting layer. At a thickness of about 1.7 monolayers, the accumulated
strain is relieved by the formation of three dimensional islands. With this technique, 15-
30 nm-wide and 2-5 nm-high QDs have been achieved. Uniformity in size distribution has

3kT ' 25 meV at 20 oC.
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Figure 1.5: Atomic force microscopy image of some of the self-assembled InAs QDs grown
on GaAs presented in this thesis (Chapter 6). QDs in this image are ∼26 nm wide and ∼7
nm high, with a density of ∼ 2× 1010 cm−2.

been achieved by varying the growth temperature and reducing the growth rate [15, 20, 22].
Figure 1.5 shows an atomic force microscopy image of a layer of InAs self-assembled QDs
grown on top of a GaAs wafer.

By choosing the appropriate material system, light emission from 1000 to 1600 nm can
be achieved. A common method to reach the desired wavelengths with InAs self-assembled
QDs grown on GaAs substrates consist on covering the QDs with a thin layer of a certain
composition, which results in a red-shift of the emission wavelength. Several mechanisms
can be at the origin of this red-shift, such as a reduced compressive strain in the QDs [23],
preferential decomposition of the QD and capping layer during overgrowth [24], changes in
the island size [25] and changes in the conduction and valence band offsets between the dot
and the capping layer [26, 27]. In this thesis, this is the approach that will be used to obtain
long-wavelength light emission, employing dilute-nitride and antimony compounds for the
capping layers, as described in the following section.

1.4 Strategies for reaching 1.3 and 1.55 µm

Once that the advantages of using QWs and self-assembled QDs have been described, the
material systems employed to obtain light at 1.3 and 1.55 µm with such quantum structures
will be introduced in this section. Two main approaches will be followed in this thesis
to obtain light emission at those wavelengths. The first one consists on using the so-called
dilute nitrides: alloys that incorporate a small molar fraction of N in an InGaAs host matrix.
In the second approach, the band gap of the active region is tuned by the addition of Sb to
the quantum confinement structure.
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Figure 1.6: Dependence of the band gap energy on the lattice constant of several III-V
semiconductors. Taken from [28].

1.4.1 Dilute nitrides

It is well known that the addition of a few percent of N to an InGaAs host matrix results in
a strong red shift of the emission wavelength (see, for exhaustive reviews, [29, 30, 31]). This
approach was first proposed by Kondow et al. in 1996 [28]. Figure 1.6 shows the giant band
gap bowing present in GaAsN alloys, which show a much narrower band gap than what
would be expected from the virtual crystal approximation model [32]. As it can be seen in
the figure, if In is added to GaAsN, its lattice constant can be adjusted to that of the GaAs
substrate.

Substitution of a small amount of As atoms by N atoms in (In)GaAs alloys results in the
splitting of the conduction band into two subbands E− and E+. The valence band remains
roughly unaffected, as shown experimentally by Galluppi et al. [13]. The explanation of
this behaviour has been addressed through a number of approaches. For example, ab initio
calculations performed for GaAsN by Kent and Zunger [33, 34], Gonzales Szwacki et al. [35]
and Gorczyca et al. [36] have confirmed such splitting and attributed it to N atoms breaking
the Td symmetry of the lattice, which leads to a mixing of the electronic states from Γ, X,
and L points of the Brillouin zone. This results in the formation of the E− and E+ bands.
On the other hand, Shan et al. have explained the formation of these two bands within the
framework of the band anticrossing (BAC) model [37]. In their approach, the splitting of the
conduction band results from an anticrossing interaction between the extended conduction
band states of the InGaAs matrix and localised, nitrogen induced, a1 symmetry states.

The giant band gap bowing of GaInNAs has been exploited during the last decade to
fabricate LEDs and LDs [30, 31]. However, there are still plenty of open issues regarding
the optimal performance of these devices, as will be pointed out in Section 1.5, such as
the generation of non-radiative recombination centers due to the presence of N atoms. QWs
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based on alloys with In contents of 15-30% and N contents of 1-3% allow to obtain emission at
the wavelenghts of interest [38, 39]. Dilute nitride-based devices present certain advantages
with respect to their InP based counterparts. Among these it is worth to mention the
higher conduction band offset in (Ga,In)(N,As)/GaAs quantum wells, which should lead to
a better confinement of the electrons and thus a better thermal stability of the devices, as was
stated in the previous section. Indeed, high quality VCSELs based on dilute nitride alloys
have been already demonstrated with better performance at 1.3 µm than their InP-based
counterparts [40, 41, 42, 43]. The main dilute-nitride based structures that will be used in
this thesis are (Ga,In)(N,As)/GaAs QWs and InAs self-assembled QDs with (Ga,In)(N,As)
capping layers.

1.4.2 Antinomy GaAs compounds

In recent years, antimony has been used in several ways to redshift the emission of GaAs-
based devices to the telecommunications wavelengths of 1.3 and 1.55 µm. For example, it has
been used as surfactant in the growth of GaInNAs QWs, improving the growth morphology,
crystalline quality, and radiative efficiency of the QWs. The addition of Sb reduces the
surface diffusion length of the group-III elements, thus suppressing phase segregation and
roughening. This improves the compositional homogeneity and enables growth at elevated
temperatures, which could result in a reduction in the generation of point defects in the
active layers ([44] and references therein). Thus, GaInNAsSb has been found to be superior
to GaInNAs for these device applications since high quality QWs can be grown over the
entire wavelength range, and in particular, at the longest wavelengths, which were previously
unattainable. Promising devices near 1500 nm have been demonstrated (see, for example,
[44, 45, 46] and references therein).

GaAsSb(N)/GaAs QWs have also been the subject of a number of works in which the
type II band alignment shown by these structures has been exploited in order to extend the
emission wavelength to 1.3 and 1.55 µm (see, for example, the works of Harmand et al. [47],
Peter et al. [48], Teissier et al. [49], and Anan et al. [50]). Indeed, room-temperature lasing
at wavelengths around 1.3 µm from GaAsSb/GaAs QW-based LDs have been demonstrated
[50, 51].

Besides, long-wavelength emission has been recently demonstrated from Sb-containing
QD structures. For example, room-temperature light emission has been obtained around 1.3
and 1.6 µm using InAs QDs covered with Ga(As)Sb strain reducing layers [26, 27, 52, 53, 54].
The red shift of the emission from InAs/GaAsSb self-assembled QDs is believed to originate
from a combination of several effects. First, a reduction of the compressive strain of the QD
with the addition of Sb to the capping layer, since the lattice constant of GaAsSb is closer to
that of InAs than the lattice constant of GaAs (see Figure 1.6) [26, 27]. Second, a reduction of
the confinement potential of the QDs. Third, a suppression of the decomposition of the InAs
QDs during the growth, which yields higher QDs [55]. Finally, at Sb contents above ∼ 14%,
the band alignment between the QD and the capping layer becomes type II, wich results in
a further red-shift of the emission wavelength [26, 56]. Room-temperature continuous wave
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lasing at 1.3 µm has been obtained using these structures, showing a threshold current of
188 A cm−2 [26]. It is this last approach of InAs self-assembled QDs with GaAsSb capping
layers that will be used in this thesis.

1.5 Goals and structure of the thesis

The main goal of this thesis is to analyse the feasibility of GaAs-based QW and QD LEDs and
LDs for emission at the optical telecommunications windows of 1.3 and 1.55 µm following the
material approaches described in the previous section. The difficulties arising when reaching
those long wavelengths will be addressed. Moreover, it is also a goal of this thesis to explore
the material properties of the active regions by studying the properties of the fabricated
devices, taking advantage of the high charge carrier densities attained when operating the
devices at high currents. In the following two sections, the structure of the thesis will be
outlined.

1.5.1 Quantum well approach

The first part of the thesis will be devoted to the analysis of light-emitting devices based
on QW heterostructures. All the QW-based devices presented in this work are based on
dilute-nitride materials. Firstly, a set of edge-emitting GaInNAs/GaAs QW LDs will be
analysed in Chapter 3. Next, and as a first step into the demonstration of vertical-cavity
devices, a set of GaInNAs/GaAs QW RCLEDs will be demonstrated in Chapter 4.

Long wavelength edge-emitting GaInNAs/GaAs QW LDs

In Chapter 3, a series of edge-emitting GaInNAs/GaAs QW LDs with N content ranging
from 0 to 3.3% is studied. Firstly, it will be shown that the addition of N results in a
red-shift of the lasing wavelength, but also in a degradation of the figures of merit of the
devices, namely, the threshold current density, Jth, and the external differential quantum
efficiency, ηd. The origin of this degradation and its relation to the presence of N atoms in
the structure will be analised by means of the study of all the physical parameters involved in
the operation of a LD: the internal losses of the cavity, αi, the internal differential quantum
efficiency, ηi, the transparency current density, Jtr, and the modal gain, Γg0.

Next, the temperature characteristics of this series of laser diodes will be analysed.
GaInNAs/GaAs QWs were proposed as active materials for LDs in part because of the
large conduction band offset that results after the addition of N, which can exceed 350 meV
[13]. This would result in a better confinement of the electrons in the QW and is expected
to increase the thermal stability of the devices. However, several groups have reported an
increase of the temperature sensitivity of dilute-nitride lasers upon addition of N, and while
some propose hole leakage from the QW as the dominant process in this increase [11], other
rule out this mechanism at room temperature [57, 58]. This point will be investigated by
determining T0 and T1, the characteristic temperatures of Jth and ηd, respectively, of the
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GaInNAs/GaAs QW LDs series. The degradation of the characteristic temperatures with
the addition of N will be investigated and the mechanisms responsible for that degradation
will be explored in this chapter.

Finally, the causes for the degradation of the figures of merit of the LDs with the addition
of N will be further explored by examining in detail the injection mechanisms of carriers
into the active layer of the devices. As shown in this chapter, one of the mechanisms
responsible for the degradation of the figures of merit of the LDs is a decrease in ηi with the
incorporation of N. This decrease in ηi is in turn attributed to an increase in the fraction
of injected carriers that fail to reach the region of the active area where lasing is taking
place. To shed more light into the problem of the internal quantum efficiency degradation in
GaInNAs/GaAs QW LDs, and taking into account that ηi = ηsηinjηr [59], where ηs is the
differential current spreading efficiency in the junction plane, ηinj is the differential current
injection efficiency into the QW, and ηr is the differential radiative efficiency, the role of the
differential current spreading efficiency on the degradation of ηi upon addition of N will be
determined.

GaInNAs/GaAs QW-based resonant cavity LEDs

As a first approach to the fabrication of VCSELs, a set of 1.3 µm-emitting RCLEDs based
on GaInNAs/GaAs QWs is fabricated. RCLEDs consist of an active area inside a microcav-
ity (that is, a cavity whose longitudinal dimension is of the order of the wavelength of the
emitted light) with such high losses that lasing is prevented. In other words, the structure
of the device is similar to that of a VCSEL, but with less AlAs/GaAs pairs in each of the
DBRs [6]. In addition to be a first approach to the fabrication of VCSELs, RCLEDs are
interesting devices themselves: RCLEDs have several advantages over conventional LEDs,
such as the directionality of the emitted light beam, the higher spectral purity and the
higher temperature stability. On the other hand, RCLEDs have the advantage over VC-
SELs that the number of DBR periods needed for operation is much smaller, thus making
the fabrication of the devices easier and cheaper. Moreover, RCLEDs offer thresholdless
operation and robustness [6, 10]. Room temperature electroluminescence at 1.3 µm from
this set of RCLEDs will be demonstrated in Chapter 4. In addition, the impact of DBR
growth temperature and of the alloying of the metallic contacts will be addressed.

1.5.2 Self-assembled quantum dots approach

The devices presented in the second part of this thesis are based on self-assembled InAs
QDs. As was stated in Section 1.3, a common method to reach the desired 1.3 and 1.55 µm
wavelengths using InAs QDs consists on covering the QDs with layers of different composi-
tion. In this work, two material systems will be utilised to cover the QDs in order to reach
the desired wavelengths. First, dilute nitride GaInNAs alloys will be utilised in Chapter 5.
The addition of N to the capping layer results in a reduction of the band gap of this layer.
This results in a reduction of the confinement potential of the QDs which, in turn, yields a
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red-shift of the emission from the QDs. Second, GaAsSb capping layers will be addressed
in Chapter 6. In this case, the incorporation of Sb to the capping layer yields an increase
in the QD height, which, together with a reduction in the QD strain and a transition from
type I to type II band alignment at high Sb contents, results in a red-shift of the emission.
In what follows, some details of these two approaches are given.

InAs/GaInNAs QDLEDs.

A set of QDLEDs based on the dilute nitrides approach are fabricated and demonstrated. As
it will be shown in Chapter 5, room-temperature EL around 1.5 µm is obtained using In and
N contents of 15% and 2%, respectively. It will be shown how the external efficiency, ηext,
degrades with the addition of N. However, a post-growth rapid thermal annealing at 700 oC
for 30 s has a strong impact on this figure of merit, which recovers partially. Unfortunately,
this thermal process also results in a blue-shift of the emission wavelength. A discussion of
this issue will be given. Taking advantage of the high charge carrier densities that can be
attained in LEDs, the emission from excited states of the QDs and from the capping layers
will also be investigated. Finally, the carrier loss mechanisms responsible for the degradation
of the external efficiency upon addition of N will be analysed by looking at the dependence
of the EL intensity on the temperature.

InAs/GaAsSb QDLEDs

The other approach that will be followed in this thesis to reach the communications wave-
lengths of 1.3 and 1.55 µm is the use of InAs QDs capped with GaAsSb layers. Room-
temperature EL will be demonstrated in Chapter 6 from a set of LEDs based on InAs/GaAsSb
QDs with varying Sb content in the capping layer. This set of devices covers the light emis-
sion range from 1.1 to 1.5 µm. The band alignment of InAs/GaAsSb QDs is known to switch
from type I to type II at a certain concentration around 14% [26, 53, 56], and the conse-
quences of this transition on the EL characteristics of the devices will be addressed. Indeed,
the external efficiency of the QDLEDs is observed to increase with Sb content up to a con-
centration of this element where the transition from type I to type II band alignment takes
place. For higher values of the Sb concentration, the external efficiency starts to decrease.
An analysis of the origin of the different peaks present in the EL spectra will be performed.
An EL blue-shift with increasing injected current, characteristic of type II structures, is
observed for the longest-wavelength devices. This blue-shift is studied in detail.



Chapter 2

Experimental techniques

In this chapter, the experimental techniques employed in this thesis for both the fabrication
of the devices and their subsequent characterisation will be described. Firstly, the techno-
logical methods utilised for the fabrication of the devices will be presented. The detailed
description of the growth of the structures is beyond the scope of this thesis, so it will only be
briefly addressed. The methods employed to process the structures after the growth will be
shown in detail in Section 2.1, including optical photolithograpy, evaporation of the metallic
contacts, etching of the mesa structures that define the geometry of the devices, back-side
processing, and scribing and dicing of the final pieces of wafer that will be packaged and
tested.

Second, the experimental techniques utilised for characterising the processed devices will
be detailed in Section 2.2. Firstly, the optical charaterisation techniques will be addressed.
This techniques comprise electroluminescence spectroscopy, photocurrent spectroscopy, and
measurement of the light-current characteristics of the diodes. Next, the charaterisation
technique employed to image the devices, i.e. scanning electron microscopy will be pre-
sented. Finally, the techniques employed for the electrical characterisation of the devices
will be described, including the measurement of the I-V characteristics of the diodes and
the measurement of the sheet and contact resistance by means of the transmission line
measurement method.

2.1 Device fabrication methods

The technological methods employed for the fabrication of the devices presented in this thesis
are described in the following sections. First, some words will be said about the growth of
the structures in Section 2.1.1. Next, the fabrication methods employed for processing the
light-emitting diode (LED) structures are presented in Section 2.1.2. The fabrication of
resonant cavity LEDs (RCLEDs) is similar to that of the conventional LEDs although it
requires some particular steps which are described in Section 2.1.3. Section 2.1.4 will be
devoted to the description of the fabrication methods employed in the processing of the laser

13



14 2. Experimental techniques

Figure 2.1: Schematic view of the layer structure of the quantum dot-based LEDs presented
in this thesis.

diode (LD) structures.1

2.1.1 Growth of the structures

All the structures presented in this thesis are grown by molecular beam epitaxy (MBE) at the
Instituto de Sistemas Optoelectrónicos y Microtecnoloǵıa (ISOM) and also through scientific
collaborations with other groups abroad, namely the Paul Drude Institut für Festkörperelek-
tronik (PDI) in Berlin, Germany, and the Centre de Recherche sur l’Hétéro-Epitaxie et ses
Applications (CRHEA) in Valbonne, France. The reader interested in more details of this
techinque is referred to the book Molecular beam epitaxy: fundamentals and current status
by M. A. Herman and H. Sitter [61].

2.1.2 Fabrication of the light-emitting diodes

LEDs are the simplest devices presented in this thesis. They consist on a p-i-n structure in
which the active region is placed in the intrinsic region of the diode. These structures are
grown on n+-doped GaAs (see Figure 2.1). The processing steps employed in their fabrica-
tion are described in some detail below and are summarised in Figure 2.2. Some of these
steps, such as the cleaning of the wafers or the wet chemical etching of the mesa structures,
are not exclusive to the fabrication of LEDs and they are also used in the processing of the
different devices presented in the next sections.

Cleaning of the wafers. A very good cleanliness of the surfaces of the wafers is essential
for the processing of any electronic device. Cleanliness allows for a good adherence of the
photoresists and metals that will be deposited on the surface. It also eliminates small
particles that can cause faults in the processing of the devices.

1For a comprehensive guide to the most common fabrication techniques of GaAs based devices, the reader
is referred to the book Modern GaAs Processing Methods by R. E. Williams [60].
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Figure 2.2: Schematic drawing of the fabrication steps in the processing of an LED. (a)
Original piece of wafer. (b) The wafer after cleaning and spinning of the photoresist. (c)
First lithography. (d) Evaporation of the p-type metal. (e) Lift-off of the photoresist and
alloying of the contacts. (f) Spinning of photoresist. (g) Second lithography. (h) Wet
chemical etching. (i) Evaporation of the n-type contact using the same lithography. (j)
Lift-off of the remaining photoresist and alloying of the contacts.

After cleaving a piece of wafer suitable for processing (typically a square with ∼1 cm-long
sides) a three-step cleaning of the sample is performed. This three-step cleaning consist on
immersing the piece of wafer for a few seconds in 1-Methyl-2-pyrrolidone (1MP), followed
by immersion in acetone, and finally in methanol. All these solvents are kept warm, close
to their respective boiling points, in order to enhance their solving capability. Any remains
of methanol are removed by means of a dry-nitrogen jet. Cotton buds impregnated with
1MP are also used if necessary to remove dust particles and debris from the cleavage step.
Whenever the cotton buds are used, the three-step cleaning process must be always repeated
to ensure the cleanliness of the sample. The surface of the sample is explored then by means
of a microscope and, in case the surface of the wafer is not clean enough, this three-step
process is repeated as many times as necessary until satisfactory cleanliness is attained.

First photolithography: p-type ohmic contact. Once the piece of wafer is clean, the
first photolithography step is performed in order to define the top, p-type, metallic contact
of the diodes and also the window through which the light will exit the device. (see Figures
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Figure 2.3: Top view microscopic image of a 200 µm-diameter LED.

2.2(a) to (e)) These contacts have the shape of a metallic ring connected to a soldering pad
located at its centre (see Figure 2.3). The photolithography mask is designed in such a
way that circular devices 200, 400, 600 and 800 µm in diameter are fabricated, although in
this thesis only the results from 200 µm-diameter LEDs will be shown. The p-type metallic
contact consist of a thin layer of Au (10 nm-thick) followed by 80 nm of AuZn alloy, and
then 350 nm of Au. The different metallic layers are evaporated using a Joule effect coating
system. After the evaporation, a lift-off step is performed, immersing the wafer in 1MP for
several hours, in which the photoresist is removed and the metallic pattern of the contacts
is defined. If that is not enough to remove the remaining photoresist, streams of 1MP are
also utilised, and, only if strictly necessary, the wafer could be immersed into a sonic bath.
Once the lift-off process is finished and the photoresist is removed completely, the contacts
are alloyed for 1 minute at 360 oC in H2/N2 atmosphere to make the Zn atoms diffuse into
the GaAs and thus ensure a low contact resistance.

Second lithography: etching of the mesas and n-type ohmic contact. The next
step serves to isolate the devices from each other and to confine the current to the area
below the metallic contact. A second lithography step is performed in which circular disks
of photoresist are deposited on top of the metallic contacts in order to protect them from
the subsequent wet chemical etching (Figures 2.2(f) and (g)). Etching was performed with a
mixture of H2O:H2O2:H3PO4 (in proportions of 8:1:1) which yields an approximate etching
speed of 500 nm per minute. The devices are etched until the n-doped substrate is exposed
(see Figures 2.2(h) and 2.1).

Right after the etching of the mesas, and before removing the photoresist, the n-type
contacts are evaporated in the exposed top surface of the n-type substrate. The purpose of
this top-side contacting is to allow us to test the devices at low temperatures with the LEDs
being electrically isolated from the cold finger of the cryostat and the rest of the experimental
set-up. The n-type metallic contacts consist on an 80 nm-thick layer of AuGe followed by
a 300 nm-thick Au layer (Figure 2.2(i)). Right after the evaporation, the photoresist was
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Figure 2.4: (a) Schematic drawing of the RCLED structures used in this work. (b) Top view
of a 200 µm-diameter RCLED.

removed by a lift-off with 1MP, as was explained above. After that step, the contacts were
alloyed by means of another oven step at 360 oC for 1 minute in H2/N2 atmosphere (Figure
2.2(j)). Figure 2.3 shows a top view of a single 200 µm-diameter LED at this step of the
fabrication process.

Dicing and packaging of the devices. At this point of the fabrication process, small
pieces of the wafer are diced so they can fit into a TO-5 package. LEDs are usually glued on
top of a semi insulating piece of GaAs which, in turn, is glued to the surface of the TO-5.
This is done, as was mentioned before, to electrically isolate the LEDs allowing floating
ground measurements to be performed. Wires are then bonded to several 200 µm-diameter
LEDs.

Now the LEDs are ready for the electroluminescence measurements. As will be pointed
out later, this devices are typically injected with currents from hundreds of pA to a few mA
in DC regime, and from a few mA to up to 1 A in pulsed current conditions.

2.1.3 Fabrication of the resonant cavity

light-emitting diodes

The RCLEDs presented in this thesis consist on a microcavity which has the active layer
located inside it. The cavity is defined by a distributed Bragg reflector on one side and
by a metallic mirror on the other side. Figure 2.4(a) shows a schematic diagram of the
structure of the RCLEDs presented in this thesis. RCLEDs are processed in a very similar
way to that of the LEDs. The main difference is that, in the RCLED, the light is extracted
through the back side of the wafer, and, consequently, there is no need for a window on
the top p-type contact. Thus, instead of evaporating a ring-shaped p-type ohmic contact to
allow for extraction of light, a solid opaque p-type contact is evaporated in such a way that
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Figure 2.5: Schematic drawing of the laser diodes used in this work.

it also acts as a mirror to define the microcavity together with the DBR at the bottom of
the structure. See Figure 2.4(b) for a top view of a finished 200 µm-diameter device. The
rest of the processing is exactly the same as that of the LEDs. In this case, the mesas are
defined by a wet chemical etching down the DBR layers. These devices are also glued on
semi-insulating GaAs to isolate them from the rest of the experimental set-up. As the light
from the RCLEDs is extracted through the back side of the wafer, a hole is drilled in the
TO-5 mount to allow light extraction.

2.1.4 Processing of the laser diodes

The LDs presented in this thesis are grown on n+-GaAs (100) and consist on a single QW
surrounded by undoped 150 nm-thick GaAs barriers. This active region is in turn surrounded
by 2200 nm-thick AlGaAs cladding layers doped to form a p-i-n structure. These structures
have a total thickness of around 5 µm (see Figure 2.5).

First lithography: p-type ohmic contacts. LDs are processed in a very similar way
to LEDs, with the corresponding changes in the photolithograpy masks. The LDs presented
in this thesis are Fabry-Perot edge-emitting lasers, in which the Fabry-Perot optical res-
onator is defined by cleavage of the wafer along the (011) or (011) crystallographic planes.
After cleaning of the wafers with the three-step cleaning process described above, the first
lithographic step is performed. In this step, the top p-type contacts of the laser diodes are
defined. These contacts have the shape of long stripes 15, 25, 50 and 100 µm in width,
which define the optical axis of the cavity. This fabrication step is depicted schematically
in Figure 2.6(a) to (e). As the Fabry-Perot cavities will be defined by cleavage of the wafer
perpendicularly to these metallic stripes, special care must be taken in order to align as
good as possible the laser stripes with the edges of the wafer in order to make sure that
the as-cleaved facets will result in mirrors perfectly perpendicular to the optical axis of the
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Figure 2.6: Schematic drawing of the fabrication steps in the processing of a laser diode.
(a) Original piece of wafer. (b) The wafer after cleaning and spinning of the photoresist.
(c) First lithography. (d) Evaporation of the p-type metal. (e) Lift-off of the photoresist
and alloying of the contacts. (f) Spinning of photoresist. (g) Second lithography. (h) Wet
chemical etching. (i) Stripping of the remaining photoresist and back side thinning. (j) Back
side evaporation of the n-type contact and alloying.

cavity.

Once the lithography is completed, the p-type contact is evaporated on the surface of the
wafer. The composition and thicknesses of the different layers on the contact are the same
as those utilised for the processing of the LEDs: 10 nm of Au followed by 80 nm of AuZn
alloy, and then 350 nm of Au. After the evaporation of the metals, a lift-off is performed to
remove the remaining resist and the unwanted metal, followed by an alloying step at 360 oC
for 1 minute, in a H2/N2 atmosphere. Figure 2.7 (left) shows a top view of a set of finished
devices in which the shape of the laser stripes can be observed.

Second photolithography: etching of the mesas. After the evaporation of the p-type
metallic stripes, a second photolithography step is performed in order to define the mesas
that will isolate the devices from one another and that will define the width of the cavity, pro-
viding current injection confinement in the lateral direction. In this photolithography step,
photoresist is placed on top of the previously evaporated metal in order to protect it from
the etching process. Wet chemical etching using the same etching mixture as that employed
in the LED process is used to define the mesas (see Section 2.1.2), i.e. H2O:H2O2:H3PO4
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Figure 2.7: Left: Top-view of a piece of cleaved wafer in which several laser stripes can be
observed. Right: SEM image of a laser diode showing one of the as-cleaved mirrors that
define the cavity through which the light exits the device.

(8:1:1). All the devices presented in this thesis are etched passed the waveguide region in
order to avoid current spreading out of the stripe region (Figures 2.6(f) to (h)).

Back side processing. The next step after the etching of the mesas consist on mechani-
cally thinning the wafers until they have an approximate thickness of 100 µm to aid in the
cleavage of the mirrors and to enhance the heat extraction efficiency. First, the back side
of the devices is thinned with grinding paper. Then, once the desired thickness is achieved,
the back surface of the wafer is smoothed by means of a series of diamond compounds of de-
creasing grain size. After the thinning and polishing of the back side of the wafer, the n-type
contact is evaporated on the whole piece of the wafer, using the same metallic multilayer
structure employed in the fabrication of the LEDs: 80 nm of AuGe followed by 300 nm of
Au (see Section 2.1.2). Once the n-type metallic contact is evaporated, the metal is alloyed
at 360 oC for 1 min in a H2/N2 atmosphere.

Cleavage of the devices. The laser cavities were defined at last by cleavage of the
material perpendicularly to the laser stripes through cleavage planes (011) or (011), leaving
the facets as-cleaved. This results in a mean mirror intensity reflection coefficient, R ∼
0.32. Cavity lengths from 500 to 1500 µm are obtained this way. Figure 2.7 (left) shows a
top view microscopic image of a set of finished devices. The LDs can be distinguished as
thin metallic stripes oriented vertically. Figure 2.7 (right) shows a cross sectional scanning
electron microscopy (SEM) image of the facet of a finished device. The top p-type contact
is clearly visible, as well as the mesa structure. Moreover, the AlGaAs cladding layers (dark
regions) can be clearly distinguished from the GaAs barriers (light regions).
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Figure 2.8: Schematic diagram of the electroluminescence setup employed for the tempera-
ture dependent experiments with LEDs.

2.2 Characterisation techniques

In this section, the techniques employed for testing the processed devices are described. First,
the optical characterisation techniques will be described in 2.2.1. Next, the use of SEM in
this thesis will be outlined in 2.2.2. Finally, the electrical characterisation techniques will
be detailed in Section 2.2.3.

2.2.1 Optical characterisation

Electroluminescence spectroscopy

Electroluminescence (EL) spectroscopy is the major characterisation technique used in this
thesis since it allows to test the actual devices. It consist on the spectrally resolved mea-
surement of the light emitted by radiative recombination of carriers which are electrically
injected into the active layer. All the devices presented in this thesis have the structure of
a p-i-n diode, in which the active layer is located in the middle of the intrinsic region (see
Figures 2.3, 2.4(a), and 2.4). Thus holes and electrons are injected through the p and n
sides of the diode, respectively, and captured by the active layer, where they can eventually
recombine radiatively. With this technique, the emission wavelength of the devices can be
tested. Moreover, the FWHM of the peaks and their integrated intensity can be measured.
It also allows us to analyse the origin of the different peaks that can be present in the EL
spectra. The EL from the devices can be excited under DC and pulsed current conditions,
with current ranging from microamperes to roughly 1 A. Light from the devices can be
recorded using two different experimental set-ups that will be described next.

First, EL spectroscopy can be measured using the set-up shown in Figure 2.8. The devices
are placed in a closed-cycle Helium cryostat equipped with a set of electrical feedthrough
connectors that connect the cold finger of the cryostat to the outside, so current can be
injected to the devices at low temperatures. The light emitted from the devices is collected
by a set of lens, dispersed by a 1 m-long monochromator, and then detected with a nitrogen-
cooled Ge detector. The signal from the detector is recorded by a standard lock-in amplifier.
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Figure 2.9: Schematic diagram of the electroluminescence setup employed for the LDs.

This set up is mainly used for measuring the EL spectra of both conventional and resonant-
cavity LEDs. If DC current conditions are used in this set up, a mechanical chopper placed
in front of the window of the cryostat is used to chop the emitted light, and its chopping
frequency used as a reference for the lock-in amplifier. If, on the contrary, pulsed current
conditions are utilised, the TTL trigger signal from the pulsed current source is used as a
reference (see Figure 2.8, in which the setup for pulsed current is depicted).

The second experimental set up (shown schematically in Figure 2.9) is employed mainly
for the measurement of the EL spectra of LDs. The LDs are placed p-side up on a
thermoelectrically-cooled copper heat sink, which can be tuned between 15 and 90 ◦C. Tem-
peratures lower than ∼15 ◦C are not used to prevent ambient water from condensing on the
heat sink. The current is injected by means of one or two fine probes (7 µm tip radius)
under pulsed or DC conditions. In this setup, the light emitted from the devices is collected
and collimated by a microscope objective. Then it is coupled to a single mode optical fibre
by means of an optical fibre coupler. This fibre is connected to an optical spectrum analyser
(OSA) with which the EL spectra can be recorded. The OSA can record EL spectra with a
resolution of up to 0.02 nm.

Photocurrent spectroscopy

Very valuable information about the band structure of semiconductor heterostructures is
obtained by means of photocurrent (PC) spectroscopy, in which the electrical current gen-
erated in a LED when it is illuminated is measured. This technique allows to probe the
energy and relative intensity of the allowed optical transitions in the structure of the de-
vice. A schematic diagram of the experimental PC setup employed in this thesis is shown
in Figure 2.10. The light emitted by a quartz halogen lamp is dispersed by a 0.34 m-long
monochromator and then focused on the surface of an LED. The light is then absorbed by
the different layers of the LED structure, generating electron-hole pairs than can separate
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Figure 2.10: Schematic diagram of the photocurrent set-up.

Figure 2.11: Schematic diagram of the experimental set-up for measuring LD light versus
current curves.

and be collected at the electrical contacts of the device. A pair of probes is used to contact
the p and n type contacts of the LEDs, so the photogenerated current can be then measured
with an electrometer and recorded in a computer as a function of the wavelength of the
incident light. In this thesis, only PC spectra measured at zero bias are shown, although
the photocurrent intensity can be enhanced if a negative bias is applied to the device.

Light-current characteristics

Sometimes it is more interesting to focus only on the dependence of the integrated emission
intensity on the injected current, without resolving all the individual transitions that may
compose the electroluminescence emission. In this case, it is more convenient to use a large
area photodetector placed face-to-face to the facet of the device in order to collect all of the
emitted light.

The set-up employed to measure the light versus current characteristics of the LDs is



24 2. Experimental techniques

 
d

dP
dJ

 

O
pt

ic
al

 p
ow

er

Current density

Spontaneous emission

Stimulated emission

P

J

Jth

Figure 2.12: Schematic drawing of the light vs current characteristic curve, showing how to
extract the threshold current, Jth, and the external differential quantum efficiency, ηd

Figure 2.13: Schematic diagram of the experimental set-up for measuring LED light versus
current curves.

similar to that utilised to measure their EL spectra, described in the previous section. In
this case (see figure 2.11), the light emitted by the LDs is detected by a 5 mm-diameter
InGaAs photodetector placed face-to-face to the laser facet. This photodetector has a 1 MHz
bandwidth and is calibrated for wavelength. As the current is usually injected under pulsed
conditions (typically 1 µs pulses with a 0.1% duty cycle), a box-car averager is employed to
record the signal from the detector. The TTL trigger signal of the current source is used
as a reference for both the box-car and the control oscilloscope. This control oscilloscope is
used to monitor the injected current pulse, and to ensure that it has a shape as close to a
square pulse as possible. From the light-current curves, the threshold current density, Jth

and the external differential quantum efficiency, ηd, of the LDs can be extracted performing
a linear fit of the curve above threshold: ηd is extracted from the slope of the curve and
Jth is extracted from the intersection of the linear fit with the horizontal axis, as shown
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esquematically in Figure 2.12.
The set-up described above is not sensitive enough to measure the light versus current

characteristics of conventional and resonant cavity LEDs. For this type of devices, the set-up
shown in Figure 2.13 is employed. The current is injected to the device, which is packaged
in a TO-5 mount, and a 4 mm×5 mm PbS thermoelectrically cooled photodetector is placed
face-to-face to the light emitting side of the device. This PbS detector is more sensitive that
the InGaAs photodiode described above. For conventional LEDs, the light emitting side
is the top side, whereas, as was mentioned in Section 2.1.3 and will be shown in Chapter
4, the RCLEDs presented in this thesis emit light through the back side of the wafer. The
signal from the detector is recorded by a lock-in amplifier. The spectral response of this PbS
detector is essentially flat in the wavelength range of interest, so we can perform absolute
power measurements.

2.2.2 Imaging of the devices

Scanning electron microscopy is a technique widely used to obtain images at a micrometric
scale. It works by focusing an electron beam onto the surface of the sample. This electron
beam, which has been emitted from a heated filament and accelerated towards the sample
with a potential of the order of tens of kilovots, causes the emission of the so-called secondary
electrons from the surface of the sample by inelastic scattering. These secondary electrons
are then collected and detected with a scintillator. By scanning the surface of the sample,
a micrograph of a certain area can be obtained.

This technique is mainly used in this thesis to obtain pictures of the devices during
the fabrication, and to evaluate or measure several features, such as the thickness and
roughness of epitaxial layers, as distributed Bragg reflectors (DBRs) and particular layers
of the structure of laser diodes. It is also employed here for the a posteriori determination
of the actual depths and vertical profiles of etching processes, for the measurement of the
metallic contacts thickness, and for the measurement of the actual widths of the active layers
in LDs. A sample SEM image can be seen in Figure 2.7(b).

2.2.3 Electrical characterisation

Current-voltage characteristics

Measurement of the current-voltage characteristic of a diode is one of the fundamental
methods of charaterisation of such a device. By means of this measurement, very valuable
information of the electrical characteristics of the diodes can be obtained, such as the parallel
shunt resistance Rp, the series resistance, Rs, the ideality factor, nideal, and the turn on
voltage, Von. Rp, which represents the resistance of current paths parallel to the diode,
is calculated as the slope of a linear fit to the I-V characteristic near V =0 V. Von, which
represents the forward bias at which the current starts to flow through the diode, is extracted
from the x-axis intercept of a linear fit to a plot of the I-V curve in the region where current
flows through the diode. Rs and nideal are extracted from a semilogarithmic plot of the
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Figure 2.14: Representative I-V characteristic of a diode at forward bias. The red dashed
line is a linear fit to the ideal region of the curve. The deviations from the ideal region at
high positive bias are used to calculate Rs as shown in the figure.

characteristic curve, as shown in Figure 2.14. nideal is a measure of how close to ideal is
the characteristic of the device (nideal = 1 in an ideal diode). It is extracted from a linear
fit of the curve at the region of higher slope, as depicted in Figure 2.14. Rs represents
the resistance introduced by the ohmic contacts and the bulk layers, which can become
significant at high injections currents. It is obtained measuring the voltage drop from the
ideal value, ∆V = IRs, for several values of the current. Thus, the value of Rs can be
extracted from the slope of a linear fit to ∆V against the injected current [62].

Four probe transmission line measurements

The electrical resistance of the metallic contacts, Rc, is a parameter which needs to be
as low as possible in order to ensure a good injection of electrons and to achiveve high
performance devices. Moreover, the sheet resistance of the topmost layers where the contacts
are deposited, Rsh, should be low enough to allow for a good spreading of the injected current
across the whole area of the device, specially in areas that do not have a metallic contact on
top, for example, the windows opened in the top p-type contact of the LEDs (see Section
2.1.2 and Figure 2.3). These two parameters, Rsh and Rc, have been obtained through
the transmission line measurement (TLM) method. This method consist essentially on
measuring the electrical resistance between two identical square-shaped 50×50 µm2 metallic
contacts on the surface of the wafer, R, which are separated by a certain distance, L. This
measurement is then repeated for values of L ranging from 10 to 30 µm in 5 µm steps, and
the values of Rc and Rsh are extracted from a linear plot of R against L.

In order to neglect the parasitic resistances of the probes employed in the measurement,
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Figure 2.15: Schematic diagram of the four-point TLM measurement. (a) Definition of the
different resistances. (b) Schematic diagram of the experimental set-up. (c) Equivalent
circuit of the experimental set-up.

Rp, and the probe-to-metal resistance, Rcp, the so-called four point TLM measurement
has been performed. Figure 2.15 shows a schematic diagram of the experimental set up
employed. In this method, a current is made to flow between two metallic pads with a pair
of probes. Then the voltage drop between those pads is measured using a different pair of
probes. As the resistance of the voltimeter is very large (ideally infinite), Rp and Rcp of the
probes used for the measurement of V can be neglected. Then, the measured resistance is
(see Figure 2.15(c))

R = Rsh + 2Rc =
V

I
. (2.1)

If an I-V curve is measured in this congifuration, the value of the resistance at I=0 A
can be calculated. Then, the values of Rc and Rsh are obtained from a linear fit of the plot
of R against L. Rc is half the value of the y-axis intercept. It is usually multiplied by the
width of the metallic pad and given in units of Ω mm. Rsh is obtained form the slope of
the linear fit. It is usually multiplied by the width of the metallic pad and given in units of
Ω per square (Ω/sq) [63].
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Chapter 3

1 to 1.5 µm-emitting
GaInNAs/GaAs quantum well
laser diodes

The first part of the thesis, devoted to the study of light-emitting devices based on quantum
well (QW) heterostructures for operation at 1.3 and 1.55 µm, starts with this chapter, in
which a set of GaInNAs/GaAs QW laser diodes (LDs) with varying N content is analysed.
This series covers the entire wavelength range from 1.3 to 1.5 µm. The results obtained are
compared to those of a set of reference InGaAs/GaAs QW LDs, with a lasing wavelength
of 1 µm. First, it will be shown in Section 3.1 how the addition of N to the QW results in
a red-shift of the lasing wavelength of the devices. However, as the N content in the QW
increases, the threshold current density, Jth, and the external differential quantum efficiency,
ηd, tend to degrade progressively. A cavity-length analysis is performed in order to elucidate
the origin of this degradation. It is found that the internal differential quantum efficiency, ηi,
degrades upon addition of N, but remains roughly unaffected by the actual N concentration.
It is concluded that the cause for this effect is that, in N-containing LDs, carriers fail to
reach the area of the QW where lasing is taking place. Some of this carriers are probably lost
by non-radiative recombination at defects in the barrier or cladding layers, which are most
probably caused by the presence of residual N atoms in these layers. The internal cavity
losses, αi, are also extracted. It is found that this parameter increases with N content. This
effect is attributed to an increase in scattering from compositional inhomogeneities and
intra-valence band absorption. The transparency current density, Jtr, is found to increase
with N content. The cause for this increase is most probably an increase in the fraction of
the injected current that results in non-radiative recombination for high N contents.

Next, the characteristic temperatures of Jth and ηd, T0 and T1, respectively, are analysed
as a function of N in Section 3.2. It is found that both T0 and T1 strongly decrease with
increasing lasing wavelength. The origin of this degradation is shown to be, in the case of T0,
mostly dominated by a decrease in the characteristic temperature of Jtr, Ttr, the increase
in αi, and a decrease in the modal gain, Γg0. The degradation of T1 is mainly due to the
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increase in αi. Carrier leakage from the QW is ruled out as the dominant process degrading
T0 and T1 on the basis of the temperature dependence of the effective carrier recombination
lifetime.

Finally, the injection of carriers into the QW is studied in some detail in Section 3.3.
It is found that, in N-containing devices, Jth is strongly dependent on the current injec-
tion location along the stripe. This is attributed to a poor spreading of carriers along the
length of the laser stripe when N is present in the diodes. If the current is injected using
two parallel probes, Jth turns out to be nearly independent on the position of the cur-
rent injection sites and carrier distribution along the laser stripe is similar in N-free and
N-containing devices. A model is proposed to explain this phenomenon in which the low-
populated portions of the QW are pumped optically by reabsorption of the photons emitted
by the high-populated portions of the QW. Local heating and a more inhomogeneous in-
jection profile in N-containing devices would cause a temperature gradient along the stripe
that hinders this optical pumping of the lowly-injected portion of the cavity. The value of
the lateral component of the differential current spreading efficiency ηs, ηlat

s , is evaluated by
measuring the degree of above-threshold Fermi level pinning in the QW using two probes so
any variation in ηs will arise from variations in ηlat

s only. To do so, the partially amplified
spontaneous emission from the laser diodes is measured above and below threshold, and
the result is used to calculate ηs. It is found that ηs decreases by ∼16% upon addition of
N. This reduction can account for roughly one half of the observed reduction in the inter-
nal differential quantum efficiency, ηi, in N-containing LDs with respect to N-free devices.
The physical mechanisms responsible for the degradation of ηs are discussed and various
alternative models are proposed.

3.1 Long wavelength GaInNAs/GaAs quantum well laser

diodes: impact of N on the figures of merit

It was stated in the introduction to the thesis (see Section 1.4.1) that the addition of N to
an InGaAs/GaAs QW can extend its emission wavelength to the 1.3 and 1.55 µm telecom-
munications windows. In this section, a series of GaInNAs/GaAs QW LDs with varying N
content will be demonstrated. Room-temperature lasing in all the wavelength range from
1 to 1.5 µm is obtained. It will be shown that the figures of merit of the LDs degrade as
the N content is increased. This degradation has been also observed by some other groups,
but its origin is under some controversy [38, 39]. Several mechanisms have been proposed to
explain this behaviour, such as an increase in non-radiative centre density induced by the
presence of N atoms [38, 39], or an increased escape of holes from the QW to the barrier
due to a reduced valence band offset at high N contents [64].

Thus, the purpose of this section is to introduce the devices that will be the subject of
the present chapter and to analyse the mechanisms responsible for the observed degradation
of the figures of merit of the LDs with the addition of N.



3.1. Impact of N on GaInNAs/GaAs QW laser diodes 33

Figure 3.1: Schematic drawing of the laser diodes used this chapter (a), their band structure
(b), and their refractive index profile together with the distribution of the optical field (c).

3.1.1 Description of the devices and the experimental set-up

The LDs used in this thesis were grown by molecular beam epitaxy on GaAs n+ (100)
substrates by the group of B. Damilano at the Centre de Recherche sur l’Hétéro-Epitaxie et
ses Applications in Valbonne, France. They consist of a GaInNAs single QW (SQW) with
39% In and 1.4 to 3.3% N, surrounded by 150 nm-thick GaAs barriers. QW thicknesses of 7
and 10 nm are included in this series. The active layers were surrounded by 2200 nm-thick
Al0.30Ga0.70As cladding layers. The innermost 200 nm of the cladding layers close to the
active layer are left undoped, whereas the 2000 nm left are doped to form the p-i-n structure.
The p-type cladding layer is doped with Be at a concentration of 9.9×1017 cm−3, whereas the
n-type cladding layer is doped with Si at a concentration of 3.3× 1017 cm−3. An additional
series of InGaAs/GaAs SQW LDs with 20% In were grown for comparison using the same
structure, both by the group of B. Damilano, and also by Dr. J. Miguel Sánchez at the
Instituto de Sistemas Optoelectrónicos y Microtecnoloǵıa, in Madrid. The stripe-geometry
devices were defined by the evaporation of the ∼400 nm-thick p-type stripe contacts on top
of a 150 nm-thick, highly Be doped (2 × 1019 cm−3) p-type GaAs top layer, followed by
a wet chemical etching deeper than the QW, producing ∼15 µm-wide stripes. The wafers
were then mechanically polished down to a thickness of 100 µm and the n-type contact was
evaporated on the back side of the wafer. Figure 3.1(a) shows an schematic drawing of the
structure of the LDs along with the band structure (Figure 3.1(b)) and the refractive index
profile (Figure 3.1(c)) of the devices. The Fabry-Perot cavities were defined by cleavage of
the material, producing 500 to 1500 µm-long stripes. Further details on the LDs growth,
fabrication and performance can be found in Section 2.1.4 and in refs. [38, 65, 66]. The
LDs were mounted p-side up on a temperature controlled copper heat sink, accessed with
a fine probe (7 µm tip radius) and measured under pulsed conditions (1 µs-long pulses
and 0.1% duty cycle). See Section 2.2.1 for more details on the experimental setup. This
series of LDs covers the 1-1.5 µm spectral region. As an illustration, Figure 3.2 shows the
eletroluminescence spectra of several LDs from this series with different N content in the
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Figure 3.2: Normalised electroluminescence spectra of the (Ga,In)(N,As)/GaAs LDs for
different values of the N content, indicated on top of each spectra. Recall that the In-
GaAs/GaAs reference LD has an In content of 20%, whereas in the N-containing series the
In content is 39%.

QW, measured above threshold.

3.1.2 Cavity length study of the GaInNAs/GaAs quantum well

laser diodes

Representative power versus current density curves of several LDs from this series are shown
in Figure 3.3. It can be readily seen that Jth and ηd depend strongly on the N content in the
QW. In order to better quantify this dependence, Figure 3.4 shows the room-temperature
values of Jth and ηd for 1000 µm-long devices, and for all the N contents under considera-
tion. As shown in the figure, increasing the N content in the QW results in longer lasing
wavelengths. It can be readily observed how both Jth and ηd degrade as the N content (i.e.
the lasing wavelength) is increased. The N content in a GaInNAs/GaAs QW can be calcu-
lated using the method explained next. For a known QW width and In content, the lasing
wavelength of a GaInNAs/GaAs QW LD can be used to calculate the N content in the well
by means of a program developed by Dr. J. M. Ulloa and Prof. Sánchez Rojas, which makes
use of the Band Anticrossing (BAC) model, proposed by Shan et al [37]. This model is used
to calculate the effective electron mass in the growth direction and the band gap energy of
bulk GaInNAs. These two parameters are then used as an input in a program that solves
self-consistently the Schrödinger and Poisson equations along the well and barriers by means
of the finite difference method. The conduction, heavy hole and light hole bands are consid-
ered to be uncoupled, so they are described by a one-dimensional Schrödinger equation in
the non-degenerate effective mass approximation. The interaction between heavy holes and
light holes is not considered, and the effect of strain is taken into account. In this model,
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Figure 3.3: Representative power versus current density curves for several values of the N
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Figure 3.4: Dependence of Jth and ηd on the lasing wavelength of the GaInNAs/GaAs LDs.

it is assumed that the presence of N only affects the conduction band of the QW. The N
content is extracted by matching the measured lasing energy with the calculated e1 − hh1

energy [67].

In order to gain insight on the physical mechanisms responsible for the behaviour ob-
served in Figure 3.4, the room-temperature values of the optical losses in the cavity, αi, the
internal differential quantum efficiency, ηi, the transparency current density, Jtr, and the
modal gain, Γg0, have been extracted through cavity length studies of the devices. To do
so, the room-temperature values of Jth and ηd have been averaged from six to seven devices
of each cavity length between 500 and 1500 µm for all the N contents under consideration.
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Figure 3.5: Representative plots of 1/ηd versus L (a) and ln (ηiJth) versus 1/L (b). The
dashed red lines are linear fits to the data. These data belong to the 1.4% N LDs.

0.0 1.5 1.8 2.1
0

20

40

60

80

100

0.0 1.5 1.8 2.1
0

2

4

6

8

10

12

 

 

 

i (%
)

 

i  (cm
-1)

N content (%)

Figure 3.6: Dependence of ηi and αi on the N content of the QW. Solid and hollow symbols
indicate GaAs and GaAsN barriers, respectively.

Jth and ηd depend on the cavity length, L, as [8, 68]

1
ηd

=
1
ηi

+
αi

ηi ln 1/R
L (3.1)

ln (ηiJth) =
αi

Γgo
+ ln Jtr +

1
Γg0

1
L

ln
1
R

, (3.2)

where R is the mean mirror intensity reflection coefficient of both facets.1 For cleaved facet
GaAs-based lasers R ∼ 0.32 [8]. Figure 3.5 show representative plots of 1/ηd versus L and
ln (ηiJth) versus 1/L for the LDs with 1.4% N in the QW. Using Eq. 3.1, αi and ηi can be
extracted from a linear regression of 1/ηd against L. Figure 3.6 shows the values of αi and

1R = r1r2, where r1 and r2 are the amplitude reflection coefficients of each of the mirrors that define the
cavity [8].
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Figure 3.7: Internal transparency current as function of the N content in the QW.

ηi thus obtained as a function of the N content in the QW of the LDs. The first observation
that can be made is that ηi decreases from the ∼75% value of the N-free control devices to
roughly ∼50% upon addition of N. Moreover, it seems to be independent of the particular N
concentration in the QW. On the other hand, αi is observed to increase with the N content.
So, it seems clear that the N-related degradation of ηi and αi are two of the factors that
affect the degradation of the figures of merit of the GaInNAs/GaAs QW LDs with increasing
N content.

Once that αi and ηi are known, the value of Jtr can be extracted from a linear regression
of ln (ηiJth) against 1/L, with the aid of Eq. 3.2 (see Figure 3.5). The values of Jtr obtained
by this procedure are shown in Figure 3.7 as a function of the N content in the QW (i.e.
the lasing wavelength). It is worth to note that this is the internal value of Jtr: this is
not the value of total injected current needed to reach transparency, but rather the amount
of current that must reach the QW in order to reach transparency. In other words, this
internal Jtr is related to carrier recombination processes in the QW only. Jtr has a value
around 150 A cm−2 in the control InGaAs/GaAs LD. It can be observed in the figure that
the addition of 1.4% N to the QW has little impact on Jtr, which keeps a value near 200 A
cm−2. However, as the N content is increased further, Jtr increases strongly, reaching about
1 kA cm−2 for the longest wavelength devices. This increase in Jtr is mostly responsible
for the observed increase in Jth with the addition of N (Figure 3.4). Γg0 is also observed to
decrease with the addition of N. The origin of the degradation of ηi, αi, and Jtr with the
addition of N will be discussed in the next section.

3.1.3 Discussion of the physics behind the degradation of ηi, αi, and

Jtr

It was shown in the last section that both Jth and ηd degrade as the lasing wavelength
is increased, i.e. as the N content in the QW is increased. It has been observed that
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this degradation with N content is mostly caused by three factors: a ∼39% decrease in ηi

independent of the N concentration, a monotonous increase in αi from 2 to 8 cm−1, and an
increase in Jtr from 200 to 1000 A cm−2. In this section, the origin of these three phenomena
will be adressed.

Firstly, the focus will be on the decrease in ηi upon addition of N. As the value of this
figure of merit is obtained from measurements above threshold, it can be assumed that the
differential radiative efficiency is unity [59], and that ηi represents the fraction of an increase
in the injected current that results in an increase in the current that reaches the region of
the QW where the Fermi levels are pinned and lasing is taking place.

It could be argued that ηi degrades upon addition of N because of an increase in hole
leakage out of the QW to the GaAs barrier [64, 69]. Previous experimental results from
Galluppi et al. [13] showed that the valence band offset of single GaInNAs/GaAs QWs is
not strongly affected by the N concentration in the QW for a fixed In content, at least in the
N range considered here. Conversely, they also showed that the valence band offset slowly
increases for a fixed N content and increasing In content. No variation is observed in Figure
3.6 for ηi as the N concentration in the QW is increased. Thus, a model in which ηi is
dominated by the escape of holes from the QW to the GaAs barrier will be consistent with
the results of Galluppi et al. for the N containing LDs. However, the decrease in ηi observed
when N is added to the InGaAs control device cannot be explained through the hole leakage
mechanism. Recall that the InGaAs/GaAs QW LDs used here as a reference has only a
∼20% In in the QW, whereas all the N series has a ∼39% In concentration. Based on the
same results from Galluppi et al., the valence band offset of the QW should increase from the
reference InGaAs/GaAs LD to the N-containing device. That should result in a decrease of
the hole leakage out of the QW and, consequently, a increase in ηi. The opposite is observed,
so hole leakage must be ruled out as the mechanism responsible for the degradation of ηi.

It is plausible that ηi degrades as the N content is increased because of the loss of
carriers that recombine in the barrier or cladding layers, due to an increase in the non-
radiative center density caused by the incorporation of N atoms to those layers, as has been
previously observed in GaAsN/GaAs QWs by cross-sectional scanning tunneling microscopy
(X-STM) [70]. In order to verify this point, a 1390 nm-emitting GaInNAs QW LD with
3 nm-thick unoptimised GaAsN barriers (2.7% nominal N content) has been analysed. The
value of ηi obtained for this diode is shown in Figure 3.6 as a hollow circle. It can be readily
observed that ηi in this LD is lower than in the other devices, with non-intentional N in the
barriers. This result supports the picture of N in the barrier at the origin of the degradation
of ηi. Such degradation of ηi with the addition of N could also be caused by an increase
in the fraction of carriers that fail to reach the region where lasing is taking place and the
Fermi levels are pinned, due to a more inhomogeneous injection profile in N-containing LDs.
More details on the mechanisms that cause the reduction of ηi upon addition of N can be
found in Section 3.3.

With regard to the observed increase in αi with increasing N content, an explanation
based on the concurrence of two phenomena is proposed. First, an increase in the intra-
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valence band absorption. This is a phenomenon that becomes stronger as the wavelength is
increased, and which can be quite significant at the longest wavelengths of the LDs presented.
Second, as the N content in the QW is increased, the QW compositional fluctuations become
stronger [71], and thus, scattering of the light travelling along the optical axis increases
consequently.

Now attention will be paid to the increase of the internal Jtr with N content. Assuming
Boltzmann’s statistics, the value of Jtr can be decomposed in the fraction that results in ra-
diative recombination, and the fractions that are lost through non-radiative monomolecular
recombination and through Auger scattering [5, 8, 11],

Jtr = qV (Antr + Bn2
tr + Cn3

tr). (3.3)

In this equation, q is the electron charge, V is the active area volume, A is the monomolec-
ular recombination coefficient, B is the radiative recombination coefficient, and C is the
Auger recombination coefficient. ntr represents the transparency carrier density, i.e. the
carrier density in the QW necessary for obtaining population inversion.

According to Equation 3.3, the increase of Jtr could be caused by an increase of ntr with
N. To check this possibility, a calculation of ntr as a function of the N content in the QW
has been performed, with the aid of the BAC model [37] and using the approach described
in [72]. This calculation has been done for an In content in the QW of 39% and a N content
ranging from 0 to 3%. In addition, ntr was also calculated in a device with 20% In and 0%
N, which is the composition of the QW in the InGaAs/GaAs reference devices. The results
of such a calculation can be seen in Figure 3.8. It is readily observed that, for an In content
of 39%, ntr increases with the addition of N from 6 × 1011 to 8 × 1011 cm−2, and that it
is roughly independent on N concentration. This does not agree with the N-concentration
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dependence of Jtr shown in Figure 3.7, which increases monotonically as the N-concentration
is increased. Morevoer, it is shown in Figure 3.7 that Jtr is not strongly affected when we
go from the N-free device to a N concentration of about 1.4%. On the contrary, it is shown
in Figure 3.8 that the calculated value of ntr decreases as we go from the reference device
to the 1.4% containing LDs. Thus, it must be concluded that the dependence of ntr on the
N content is not at the origin of the increase of Jtr with N.

Looking again at Eq. 3.3, it is clear that another possible origin of the increase in Jtr

with the addition of N could be an increase in the fraction of Jtr that results in radiative
recombination at the QW, Jrad

tr = qV Bn2
tr. Figure 3.8 shows that the calculated value of

this magnitude actually decreases as the N content in the QW is increased. Thus, Jrad
tr must

also be ruled out as the mechanism responsible for the degradation of Jtr with increasing N
content.

Based on the results of Feshe et al. [73], at room temperature, the fractions of the injected
current that results in non-radiative (monomolecular), radiative and Auger recombination,
Jmono, Jrad, and JAuger, respectively, are in the proportion Jmono ∼55%, Jrad ∼20%, and
JAuger ∼25% of the total injected current at threshold. The contribution of the radiative
component has been just ruled out before, so only the monomolecular and Auger components
are left. The LDs employed in the work by Feshe et al. have a structure, QW composition
and Jth similar to the 1.4% N LD presented here. Using their results, it is estimated that
the Auger coefficient, C, should increase by a factor of ∼15 to account for the observed
increase in Jtr upon addition of 2% N to the QW. Such an increase is unlikely. Indeed, an
increase by a factor as high as 4 is found in InGaAsP when the wavelength shifts from 1.3 to
1.55 µm [8]. Thus, in conclusion, C could also be ruled out, and A would be the dominant
coefficient in the degradation of Jtr and, thus, Jth. This is in agreement with the observed
reduction in photoluminescence efficiency of GaInNAs/Gas QWs when N is increased [39].

3.2 Analysis of the characteristic temperatures of the

laser diodes

It was stated in the introduction to the thesis (Section 1.4.1) that one of the key features
that make GaInNAs so attractive as an active material for QW LDs is its higher conduction
band offset compared to the InP family materials [11, 74]. This should enhance electron
confinement in the QW and thus improve the temperature performance of GaInNAs/GaAs
QW LDs compared to that of the InP family [5, 74, 75]. Devices using this quaternary alloy
would not need any extra thermoelectric cooling in order to operate, thus making packaging
simpler, cheaper, and more compact. However, it is well known now that increasing the
N content in order to reach the desired 1.3 and 1.55 µm wavelengths tends to degrade the
figures of merit of the LDs, as was shown in the previous section, and also the sensitivity
to temperature of the devices [38, 39, 76]. Nevertheless, the origin of this behaviour is still
under controversy, and while some groups propose hole leakage as the dominant process
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Figure 3.9: Dependence of Jth and ηd on temperature for 1000 µm-long (Ga,In)(N,As)/GaAs
QW LDs with N contents ranging from 0 to 1.9%.

[69, 76], others rule out this mechanism at room temperature [57, 58]. In this section, light
will be shed into the problem of the temperature degradation of the figures of merit of
GaInNAs/GaAs QW LDs and the role that hole leakage plays into it.

3.2.1 Degradation of T0 and T1 with increasing N content

The experimental set up used in this section is the same as that employed in Section 3.1.1.
It is just worth to recall that the LDs are placed p-side up on a thermoelectrically-cooled
copper heat sink, whose temperature can be tuned. The values of ηd and Jth of the LDs
were recorded from 5 to 7 devices of each length at heat sink temperatures ranging from
15 to 45 oC (see Section 3.1 for results at 22 oC) [38]. Figure 3.9 shows the dependence of
the average values of ηd and Jth on the temperature for 1000 µm-long GaInNAs/GaAs QW
LDs with N contents ranging from 0 to 1.9%. It is readily seen from the figure that the
temperature dependence of these two figures of merit increases with the N content in the QW.
Assuming an exponential dependence of ηd and Jth with T of the form ηd ∝ exp(−T/T1)
and Jth ∝ exp(T/T0), respectively, the characteristic temperatures T0 and T1 of the LDs
can be extracted [11]. Figure 3.10 shows the dependence of T0 and T1 on lasing wavelength
for 1000 µm-long (Ga,In)(N,As)/GaAs LDs. As it can be seen in the figure, T0 decreases
from 107 to 37 K, whereas T1 falls from 360 to 32 K when the wavelength increases from 1
to 1.5 µm, i.e. as the N content in the QW is increased from 0 to 3%. Similar T0 and T1

values have been previously reported for other (Ga,In)(N,As)-based laser structures, with
a similar dependence on lasing wavelength [39, 76]. The reduction in these characteristic
temperatures in GaInNAs compared to InGaAs has been attributed by some groups to a
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Figure 3.10: Dependence of T0 and T1 on lasing wavelength for 1000 µm-long
(Ga,In)(N,As)/GaAs LDs.

higher and more temperature dependent carrier leakage, particularly hole leakage, from the
active region [69, 76].

Since the series of GaInNAs/GaAs QW LDs analysed here have higher In content than
the InGaAs reference, and to rule out the relaxation of the QW as the origin of the degrada-
tion observed in Figure 3.10, the LDs have been analysed by transmission electron microsopy
(TEM) by Dr. A. Trampert at the PDI in Berlin, Germany. This analysis (not shown here)
indicates that none of the QWs are relaxed, and thus, any degradation of T0 or T1 must
be linked to a different origin. In addition, the changes in the electron and hole effective
masses [72, 77, 78], due to the increase in In content and the decrease in QW width in the
GaInNAs/GaAs QW LDs compared to the InGaAs LD, are such that the calculated ntr, and
its derivative with respect to T , are lower in the GaInNAs devices (see Figure 3.11) [38, 76].
These lower values for ntr and its derivative should yield better figures of merit and higher
T0 and T1 values in the GaInNAs/GaAs QW LDs than in the InGaAs/GaAs reference QD
LDs but, as shown in Figure 3.10, the opposite is observed. Thus, the degradation of T0 and
T1 should be linked to the presence of N and/or the longer emission wavelengths. Therefore,
a detailed analysis of the temperature behaviour of these LDs has been performed in order
to identify what mechanisms are involved in this degradation.

3.2.2 Temperature dependent multi-length study

The InGaAs reference LDs and the GaInNAs/GaAs LDs with the smallest N content, i.e. the
one lasing at 1.29 µm, have been analysed following the temperature-dependent multilength
approach used by Tansu et al. in ref. [11]. The longest wavelength devices could not be
included in the analysis due to the failure of some diodes after repetitive measurements
at the highest temperatures. Note that such multi-length studies assume that the internal
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Figure 3.11: Calculated dependence of ntr and its derivative with respect to T on N content.

differential quantum efficiency is constant with cavity length. Both Auger and leakage
contributions will be different for different cavity lengths, i.e., different carrier densities.
Thus, for this approach to be valid, Auger recombination and carrier leakage must not be
the dominant processes present in the devices. We make the initial assumption that Auger
is not the dominant recombination process, in agreement with the results of ref. [73] for
temperatures below 50 oC at similar wavelengths. Recall from Section 3.1.3 that, according
to ref. [73], Jmono, Jrad, and JAuger are in the proportion Jmono ∼55%, Jrad ∼20%, and
JAuger ∼25% of the total injected current at threshold. On the other hand, there are several
theoretical and experimental results that indicate that carrier leakage, in particular hole
leakage, does not increase for GaInNAs and that it is not the dominant process. Indeed,
based on the experimental results of Galluppi et al., the differences in structure between
our InGaAs and GaInNAs LDs should yield an increase in the valence band offset as stated
in Section 3.1.3 [13, 79]. Thus, the temperature dependence of the hole leakage mechanism
should be smaller for the GaInNAs/GaAs LDs than for the InGaAs/GaAs LD. Moreover,
Healy et al. have recently shown that the electrostatic attraction of electrons significantly
increases the binding energy of heavy holes in the QW region of GaInNAs QW LDs due to
the increased conduction band offset, thus reducing the hole leakage effect [58]. So, based
on these initial assumptions, we apply the multi-length approach used in ref. [11] to our set
of LDs.

Based on Tansu´s work [11], the T0 and T1 characteristic temperatures can be expressed
in terms of ηi, Γg0, Jtr, αi, and their characteristic temperatures (Ti, TΓg0, Ttr, and Ti,
respectively). Taking the derivative of Eqs. 3.1 and 3.2 with respect to T and rearranging,
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Table 3.1: Physical parameters and their characteristic temperatures for the λ=1007 and
λ=1291 nm LDs at T=32 oC, for a cavity length of 900 µm. Measured values of T0 and T1

are included.
λ = 1007 nm λ = 1291 nm

Jth=243 A cm−2 Jth=617 A cm−2

Tαi(K) 59± 24 76± 36
Ttr(K) 150± 22 125± 6
Tηi(K) 741± 550 794± 629
TΓg0(K) 205± 84 215± 46
αi(cm−1) 2.5± 0.2 5.7± 0.8
Γg0(cm−1) 50± 15 34± 5

Measured T0(K) 103± 2 83± 8
Measured T1(K) 231± 32 198± 27

Table 3.2: Partial contribution to T0 and T1 of the individual terms of equations (3.4) and
(3.5) for the LDs with a cavity length of 900 µm emitting at 1007 and 1291 nm. T0 and T1

values calculated through these two equations are included.
λ = 1007 nm λ = 1291 nm

(A) 1/Ttr(K−1) 1/150 1/125
(B) 1/Tηi(K−1) 1/741 1/794

(C)
αi + αm(L)

Γg0

1
TΓg0

(K−1) 1/636 1/398

(D)
αi

Γg0

1
Tαi

(K−1) 1/1133 1/461

(E)
αi

αi + αm(L)
1

Tαi
(K−1) 1/365 1/249

Calculated T0(K) 96± 18 72± 15
Calculated T1(K) 245± 120 190± 72

yields:

1
T0

=
1

Ttr
+

1
Tηi

+
αi + αm(L)

Γg0

1
TΓg0

+
αi

Γg0

1
Tαi

(3.4)

1
T1

=
1

Tηi
+

αi

αi + αm(L)
1

Tαi
. (3.5)

Here, a temperature dependence of the form x ∝ expT/Tx is assumed for αi and Jtr,
whereas Γg0 and ηi are assumed to depend on T as x ∝ exp−T/Tx. Performing a cavity
length analysis similar to that shown in Section 3.1 in all the temperature range from 15
to 45 oC, the temperature dependence of ηi, αi, Γgo, and Jtr can be measured, and their
characteristic temperatures can be extracted by means of these exponential expressions.
The results of this analysis are summarised in Table 3.1 at T=32 oC and for a cavity length
L=900 µm. As shown in Table 3.1, the most significant changes take place for the value of
the cavity optical losses, αi, which increase by a factor of 2.3 and for the modal gain, Γg0,
which decreases by a factor of 0.5. However, further insight can be obtained by looking at
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the partial contributions of each of the terms on the right side of equations (3.4) and (3.5).
These partial contributions are shown in Table 3.2. The equation for T1 comprises the terms
labeled (B) and (E). The term labeled (B) has a significantly smaller contribution to T1 in
both N-free and N-containing samples than the term labeled (E), which increases by ∼50%
mostly due to the increase of αi when N is incorporated. Thus, the decrease of T1 is mainly
due to the increase in αi. The decrease in T0 is primarily due to a decrease in Ttr (term
(A)), which is the dominant term, and also by an increase in (C) and (D), which is in turn
caused by the increase in αi and the decrease in Γg0 as N goes from 0 to 1.4%. Thus, it can
be concluded that the prevailing phenomena in the degradation of T0 when N is added to
InGaAs are the decrease in Ttr, and, to a lesser extent, the increase in αi and the decrease in
Γg0. Such increase in αi when N is present could be ascribed to a larger light scattering from
compositional inhomogeneities of the QW, or an enhanced intra-valence band absorption as
mentioned in Section 3.1.3. The causes of the decrease in Γg0 could be related to the reported
drastic reduction of peak gain for the N containing alloy [80]. Finally, the relatively high
values of Ttr indicate that Auger recombination is not the dominant recombination process
on both LDs [11], in agreement with our previous assumption based on what is reported in
ref. [73] for temperatures below 50 oC. Table 3.2 includes the values of T0 and T1 calculated
through (3.4) and (3.5). Note that these calculated values of T0 and T1 are in fair agreement
with those directly measured in the devices (shown in Table 3.2).

On the other hand, as shown in Table 3.2, the partial contribution of Tηi to T0 and
T1 is much smaller than that of all the other terms, both in N-containing and N-free LDs.
Moreover, the value of Tηi does not seem to change significantly when adding N. This would
suggest that hole leakage does not increase for GaInNAs/GaAs QW LDs and that it is not
the dominant process in the degradation of T0 and T1, as was assumed at the beginning
of the analysis. However, due to the high uncertainty in the Tηi values (Table 3.1) it is
not possible to draw any conclusions regarding the role of hole leakage on the temperature
behaviour of the LDs. Further insight into this issue can be obtained through the analysis
of the effective carrier recombination lifetime in the QW, τ .

In a recent work, Anton et al. determined τ in the QW of MOCVD-grown 1.3 µm
InGaAsN-GaAsP-GaAs QW LDs. They found a decrease of τ when N is added to the
QW, and they concluded that this effect is mainly due to an increase in the non-radiative
monomolecular recombination at defects in the GaInNAs alloy [57]. Assuming Jtr = e ·ntr/τ ,
the effective carrier recombination lifetime in the QW can be obtained using the measured
values of Jtr and the calculated transparency carrier density, ntr. This last calculation was
carried out using the BAC model as in ref. [72] (see Figure 3.8 of Section 3.1.3). Recall from
Section 3.1 that the values of Jtr used in this analysis are internal values (namely, the effect
of ηi was taken into account), so τ is an effective carrier lifetime within the QW only. Figure
3.12 shows the calculated values of τ at 22 oC for the LDs emitting from 1007 to 1435 nm.
The effective lifetime decreases from 1.2 ns in the InGaAs LD, to 0.5 ns for the 1291 nm
LD, and to 0.2 ns for longer wavelengths. These values are in good agreement with those
reported by Anton et al. at threshold [57], which are of the order of 0.5 ns for a 1.3 µm LD.
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Figure 3.12: Calculated effective carrier recombination lifetime at transparency, τ , at 22 oC
as a function of lasing wavelength for the (Ga,In)(N,As)/GaAs LDs. The inset shows the
temperature dependence of τ for the λ=1291 nm LD.

In addition, these values are much higher than the hole thermionic escape times of 0.1 and
0.01 ns calculated for InGaAs and GaInNAs, respectively, in the work by Tansu et al. [69].
This suggests that hole thermionic escape is not the dominant mechanism. Moreover, if this
were the case, the temperature dependence for τ should be of the form τ ∝ T 2 exp−Eact/kT ,
where Eact is the barrier energy and k is the Boltzmann’s constant. To check this possibility,
we have calculated ntr(T ), which together with the measured Jtr(T ), yields τ(T ) (inset of
Figure 3.12). This analysis produces a negative activation energy for the λ=1291 nm LD,
further ruling out the hole thermionic escape mechanism, as was assumed at the beginning
of the analysis. It is worth mentioning that since none of the LDs analyzed here are relaxed,
the reduction of τ with N could be linked to non-radiative recombination originated at point
defects, or clusters of point defects, formed by the presence of N.

3.3 Current spreading efficiency and Fermi level pin-

ning in GaInNAs/GaAs quantum well laser diodes

It was shown in Section 3.1 that the incorporation of N results in a degradation of the figures
of merit of GaInNAs/GaAs QW LDs. The origin of this degradation with the incorporation
of N has been previously attributed to an increase in the density of non-radiative recombi-
nation centres in the QW [38, 39] and to a degradation of the current injection efficiency
into the QW, probably due in part to non-radiative recombination at defects in the barriers.
These centres might be caused by the presence of N atoms in the barriers of the QW [38],
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which have been previously observed in GaAsN/GaAs QW structures by X-STM [70].

The aim of this section is to address in more detail the problem of the degradation of the
internal differential quantum efficiency, ηi, in GaInNAs/GaAs QW LDs. In particular, and
taking into account that ηi can be expressed as ηi = ηsηinjηr [59], where ηs is the differential
current spreading efficiency, ηinj is the differential current injection efficiency, and ηr is the
differential radiative efficiency, we focus here on the contribution of the differential current
spreading efficiency to the degradation of ηi. The differential current spreading efficiency
represents the fraction of an increase in the injected current that results in an increase in the
current that enters the geometrical area of the device where the Fermi levels are pinned above
threshold [59]. It can be expressed as ηs = ηlat

s ηlon
s , where ηlat

s is the differential spreading
efficiency in the direction perpendicular to the optical axis, and ηlon

s is the differential
spreading efficiency in the longitudinal direction. First of all, the value of ηlon

s will be
evaluated in Section 3.3.1 by measuring the dependence of the threshold current, Jth, on
the location on the surface where the current is injected in the series of stripe geometry
GaInNAs/GaAs QW LDs for all the N content range considered in this chapter. If the
injected current spreads evenly through the whole length of the device, Jth should be roughly
independent of the current injection site. If, on the contrary, the injected current does not
spread to the whole length of the device, Jth should depend strongly on the location of the
current injection site, yielding the highest values when the current is injected at each of
the edges of the laser stripe. To quantify the differential spreading efficiency in the lateral
direction, the degree of pinning of the Fermi levels above threshold is investigated in a second
experiment using the same devices (Section 3.3.1). Once the threshold current is reached,
Fermi levels should pin in the QW. This means that every additional carrier injected into
the QW should only contribute to stimulated emission [8, 59], and the spontaneous emission
from the QW should not increase further with current. Thus, measuring the dependence
of the spontaneous emission from the QW on current above threshold we can quantify the
degree of pinning of the Fermi levels in the QW. The lack of clamping of the Fermi levels
is usually attributed to poor spreading efficiency: if the current is not evenly distributed
across the whole width of the device there are certain regions of the device which are above
threshold and lasing, whereas other are still below threshold [59, 81].

3.3.1 Experimental determination of the inhomogeneous injection

profile

In this section, both QW thicknesses of 7 and 10 nm were included in both the N-free
and N-containing series of LDs. The temperature of the copper heat sink is kept at 20
oC throughout the experiment, and the LDs were accessed with one or two fine probes (7
µm tip radius) and measured under the same pulsed conditions as in the previous sections
(1 µs-long pulses and 0.1% duty cycle). All the experiments described in this section are
performed on 1000 µm-long and 15 µm-wide stripe-geometry LDs.
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Figure 3.13: Dependence of the normalised Jth on the location of a single probe along the
LD stripe (a) and on the separation between two probes symmetrically located around the
centre of the LD stripe (b). The Jth values are normalised to the minimum value measured in
each LD (shown in Figure 3.14). Solid and hollow symbols indicate N-free and N-containing
devices, respectively. The legend shows the lasing wavelength and N content for all the LDs.
The lines connecting the data points are a guide to the eye. The vertical axis scale is the
same in both figures for easy comparison.

Longitudinal current spreading: dependence of the threshold current on probe

location

In order to determine whether the differential current spreading efficiency in the longitudinal
direction, ηlon

s , degrades with the addition of N, the threshold current density has been
analysed as a function of the position of a single probe that is moved along the whole length
of the laser stripe. The light emitted from the facet of the LDs was detected with an InGaAs
photodiode (see Figure 2.11 of Chapter 2).

Figure 3.13(a) shows the variation of threshold current in terms of the location of a
single probe on the top surface of the device. The location of the probe is measured from
the facet which is farthest from the detector (i.e. the detector is placed at the 1000 µm
position in Figure 3.13(a)). The values of Jth are normalised to the minimum value of each
device, which, in all cases, is attained when the probe is placed at the centre of the stripe
(see Figure 3.14). As it can be seen in the figure, the threshold current density increases
as the probe is moved towards the edges of the stripe, as expected. The variation in Jth

is fairly weak in N-free devices, but it is very strong in N-containing devices, where the
threshold current can increase by 70% when the probe is located at the edges of the laser
stripe, compared to the values of Jth when the probe is located at the centre of the stripe.
These results suggest that the injected carriers are not being properly spread through the
whole length of the device in N-containing lasers. If this were indeed the case, the variation
of Jth with the position of the probe should be partially overcome if the current is injected
using two probes separated by a certain distance.

In order to verify this point, Jth is recorded as a function of the distance between two
probes symmetrically placed around the centre of the stripe. The results of such an experi-
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Figure 3.14: Absolute value of the minimum threshold current density of the devices shown
in Figures 3.13(a) and 3.13(b) as a function of the lasing wavelength for both one and two
probe contacts.

ment are shown in Figure 3.13(b). Under this configuration, Jth has a minimum when each
probe is halfway between the centre and the corresponding edge of the stripe. The total
variation of Jth with the separation between the probes is strongly reduced for N-containing
devices. Indeed, appreciable differences between N-containing and N-free devices can only
be observed when the probes are located at extreme positions, close to the edges or to the
centre of the LD stripe. In this case and for N-containing LDs, Jth can increase by 20%
compared to the more symmetrical disposition of the probes in which the minimum is at-
tained. This shows that ηlon

s is reduced upon addition of N. Moreover, these results also
show that when using two probes to inject the driving current ηlon

s recovers partially, and
that, for separations of the probes near the optimum separation, values of ηlon

s are similar
in both N-free and N-containing devices.

As a reference, the minimum values of Jth when the current is injected with both one
and two probes are shown in Figure 3.14 for all the devices analysed in Figures 3.13(a) and
3.13(b).

Lateral current spreading: Fermi level pinning in the QW

In order to quantify the lateral differential current spreading efficiency, ηlat
s , the degree of

clamping of the Fermi levels above threshold in the QW was investigated. To do so, the
spontaneous emission from the LDs was collected at an angle of 45 ◦ off the optical axis to
avoid the intense laser emission from the QW. Figure 3.15 shows a schematic diagram of
the experimental setup. In this experiment, the optics image an entire cross section of the
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Figure 3.15: Schematic diagram of the geometry of the PASE measurement.
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Figure 3.16: PASE spectra measured at different currents. For every PASE spectrum, the
wavelength chosen for the analysis is such that the measured light power is one quarter of
the maximum power of the spectrum recorded just below threshold.

laser stripe, so only Fermi level pinning in the transversal direction along the junction plane
will be quantified [59, 81]. The light thus collected does not come from pure spontaneous
emission, but rather from partially amplified spontaneous emission (PASE), because some of
the light collected has travelled some length through the cavity and has thus undergone some
amplification. However, this does not pose a problem for our purposes because any amplified
emission that is not laser should have its intensity pinned once the lasing threshold is reached
[81]. The light was collected with an optical fibre coupled to an optical spectrum analyser
using the experimental set-up described in Figure 2.9 and the PASE spectra were measured
as a function of current below and above threshold (see Figure 3.15 for a schematic top
view of the experimental setup). The PASE intensity at a certain wavelength, λP/4, shorter
than the lasing wavelength is extracted from each spectrum. This wavelength is chosen so
the measured light power is one quarter of the maximum power of the PASE spectrum just
below threshold, as it is illustrated in Figure 3.16. This choice of wavelength allows us to
get rid of the intense scattered laser radiation in the remaining analysis. Moreover, λP/4

is taken from the high energy side of the PASE spectra as in ref. [59] instead of from the
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Figure 3.17: PASE power against current for varying N contents measured at λP/4 < λmax.
All currents are normalised to the corresponding threshold current.

low energy side since, due to the asymmetric shape that most of the spectra present, this
wavelength at the high energy side is farther from the lasing wavelength while keeping a
good signal to noise ratio.

Figure 3.17 shows representative plots of PASE intensity versus injection current for
varying N contents at this wavelength. The observed change in slope at Jth is due to the
pinning of the Fermi levels in the QW at the onset of lasing. In order to quantify ηlat

s , we
need to measure how much the PASE intensity increases above threshold for an increment in
the injected current, since that is a measurement of an increase in carrier density in the QW.
As it can be observed in Figure 3.17, the change in slope in the PASE power versus current
curves is less abrupt as the N content increases. In order to quantify the dependence of PASE
on the injected current, we compare the slope of these curves above and below threshold for
each device. This measurement provides us with a figure of merit that quantifies the degree
of pinning of the Fermi levels: a zero value of the above to below PASE slope ratio means
total pinning of the Fermi levels, whereas a unity slope ratio means no pinning at all [59].

Figure 3.18 shows the PASE slope ratio as a function of the lasing wavelength (i.e. as a
function of the N content) when the driving current is injected with a single probe located
at the centre of the device. It can be readily seen from the figure that the PASE slope
ratio increases by an average factor of ∼4 with the addition of N. Moreover, in spite of
the high dispersion of the data points, the slope ratio seems to be roughly independent of
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Figure 3.18: PASE slope ratio as a function of lasing wavelength for a single probe contact.

the N concentration. The lack of above-threshold Fermi level pinning in QW LDs has been
previously observed in other material systems such as GaInP [59] and GaInNAsSb QW LDs
[81], and it has been attributed to a lateral current spreading efficiency lower than unity. In
our case, and taking into account that the stripes are etched passed the waveguide region,
that would mean that the carrier density diminishes as we move further to the edge of the
stripe in the lateral direction. Thus, while the central part of the stripe is above threshold
and lasing and the Fermi levels in that area are pinned, there are some other areas at the
lateral edges of the stripe which are still below threshold and in which the Fermi levels are
not pinned.

Using the measured values of the PASE slope ratio we have calculated the value of the
lateral current spreading efficiency using ηlat

s = 1 − [(dPASE/dJ)above / (dPASE/dJ)below]
(see [59] for a deduction of this expression). Recalling the definition of the differential
spreading efficiency given in the introduction, ηlat

s represents the fraction of an increase in
the injected current that results in an increase in the current that goes through the central
portion of the laser stripe, where the Fermi levels are pinned. The results of this calculation
are shown in Figure 3.19(a) as a function of the lasing wavelength. It is readily seen from
the figure that ηlat

s is reduced with the addition of N. The high dispersion of the data points
in the figure makes it difficult to determine a trend of ηlat

s with N content, nevertheless it
seems to be roughly independent of N concentration. Comparing the mean value of ηlat

s from
the LDs without N with that from the N-containing LDs we find a reduction of ∼18% upon
addition of N. The same experiment was repeated by using two probes separated 500 µm and
located at 250 µm from the corresponding facet of the LD stripe. As was shown above, this is
the configuration that yields the lowest value of the threshold current when using two probes
(see Figure 3.13(b)). The results of this experiment are plotted in Figure 3.19(b). Similarly
to the experiment done with one probe, the addition of N results in an average reduction of
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Figure 3.19: Dependence of the lateral differential current spreading efficiency on lasing
wavelength using one probe located at the centre of the LD stripe (a) or two probes separated
500 µm (b).

ηlat
s of ∼16%. As was stated in Section 3.3.1, under the two probe configuration the charge

is injected quite homogeneously along the LD stripe, and ηlon
s in this case is similar in N-free

and N-containing devices. This implies that, in this configuration, differences in ηs between
N-free and N-containing devices will arise only from the differences in ηlat

s in the two cases.
So, it can be concluded that ηs is degraded by ∼16% by the addition of N.

3.3.2 Models for the current spreading in GaInNAs/GaAs quan-

tum well laser diodes

As we have seen in Section 3.3.1, Jth is strongly dependent on the location along the laser
stripe where the current is injected in N-containing LDs, whereas it is much less sensitive
to the probe location in N-free devices. This result suggests that the charge carriers are not
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being properly distributed along the whole length of the laser stripe in N-containing LDs.
Indeed, when two probes are used to inject the current, Jth becomes much less dependent
on the separation of those probes, and the situation becomes similar for N-containing and
N-free devices. Although the mechanism responsible for this phenomenon is still not clear,
a model is proposed in the following.

The injected current is not expected to distribute homogeneously along the whole length
of the device when it is injected by means of just one probe in any of the LDs considered,
both with and without nitrogen. Thus, the highest current density will be attained just
below the probe, whereas, at regions far from it, the current density would be somewhat
lower. That would imply that portions of the QW with lower current injection density,
i.e. regions far from the probe, have lower electron-hole pair density, and they need to be
optically pumped in order to reach inversion, acting thus as a saturable absorber. In other
words, a fraction of the carriers injected near the probe will recombine radiatively and some
of the emitted photons can be absorbed again by the QW, increasing thus the carrier density
at other locations of the device. The regions far from the probe can thus reach population
inversion. The overall effect of this mechanism would be to increase Jth. As the probe is
moved towards the edge of the stripe, there are larger regions where the current density
is lower; consequently, the absorption increases further and so does Jth. This mechanism
would be responsible for the weak variation in Jth as the probe is moved in N-free devices
that can be observed in Figure 3.13(a).

However, there must be an additional process that causes the strong variation of Jth

with the position of the probe observed in Figure 3.13(a) for N-containing LDs. A plausible
explanation would be that the absorption of photons responsible for the optical pumping of
the low-populated areas of the QW is reduced because of varying band gap energy along the
length of the laser stripe. Thus, some regions would be transparent for a significant fraction
of the emitted photons, making it more difficult to optically pump the whole cavity. Such a
mechanism would be consistent with the behaviour shown in Figure 3.13(a) for N-containing
LDs. Two mechanisms that could cause this gradient are discussed in what follows.

One possibility is that the band gap gradient could be caused by long-range composi-
tional inhomogeneities of the GaInNAs/GaAs QWs. In order to check this possibility, the
spontaneous emission from the region near the facets of the LDs was measured at currents as
low as possible, maintaining a good signal to noise ratio. In this experiment, the detector is
placed at the side of the stripe in which the current is being injected, to avoid amplification
from the cavity. It was found that, for a given N content, the variation in spontaneous
emission wavelength was negligible over the cavity lengths under consideration, as it can be
observed in Figure 3.20. So, variations in In and N content along the device must be ruled
out as the origin of the observed features.

An additional possibility is that the variation of energy band gap in devices with N is
due to local heating of the LDs. As was stated in the introduction, and is apparent from
Figure 3.4, N-containing LDs present much higher values of Jth than N-free devices (see [38]
and [39]). Taking into account again the results from [73] by Fehse et al., it is observed
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Figure 3.20: Normalised spontaneous emission spectra for LDs with varying N content, i. e.
with varying peak wavelength. Black solid lines indicate emission from one end of the LD,
whereas red dotted lines indicate emission from the other end of the LD.

that, at room temperature, the fraction of the injected current that results in non-radiative
monomolecular recombination in the QW, Jmono, can represent a fraction of ∼55% of the
total injected current in GaInNAs QW LDs. This result, together with the high values
of Jth of N-containing devices imply that these LDs will suffer from strong local heating,
which will result in an increase of the temperature of the QW, mostly concentrated below
the probe, where the current density is higher. It is plausible that there is a temperature
gradient along the QW, decreasing as we move farther from the probe. This temperature
gradient would result in a band gap energy gradient: as we move farther from the probe
and the temperature is lower the band gap energy would be consistently higher. This slight
change in band gap energy would make the optical pumping mechanism described before
difficult, which could explain the behaviour of the N-containing devices observed in Figure
3.13(a). When two parallel probes are used to inject current in the devices, the local heating
decreases as the value of the current passing through each probe is reduced by half the
original value, which implies that the band gap energy gradient is lowered. Moreover, under
this configuration two local band gap minima would be attained. These two phenomena
together lower the total band gap variation along the cavity, and thus, it would be easier
to optically pump the low-populated sections of the cavity. However, the local heating
model poses some problems. Namely, the effect observed in Figure 3.13(a) does not seem to
be strongly dependent on N concentration, while Jth and non-radiative recombination are
observed to increase monotonically and strongly with N content (see [38, 39] Figures 3.4 and
3.14).
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An alternative model that could solve this issue is that the injected current is not dis-
tributed similarly along the laser stripe in N-containing and N-free devices. To check this
possibility, the voltage drop across the devices, V , has been measured as a function of the
distance from the current injection probe, which is located at one end of the stripe, in both
N-free and N-containing devices. A current near threshold is injected using 1 µs pulses and
a 0.1% duty cycle in each device. This measurement has been repeated in several diodes of
each sample. It is observed that the mean value of V tends to decrease as we move farther
from the current injection probe in both N-free and N-containing devices. Thus, V is ∼8%
lower in the opposite edge of the laser stripe than close to the current injection probe in
N-free devices. On the other hand, V decreases by up to ∼15% in N-containing devices
when moving apart from the current injection probe. These results most probably indicate
that the current density decreases as we move farther from the probe, and thus, the voltage
drop becomes weaker. Moreover, this effect is somewhat more pronounced in N-containing
devices, which would mean that the current is more strongly localised below the probe in
these devices. A possible explanation for this phenomenon is that, as N-containing devices
need much higher injection currents in order to reach threshold, the current tends to concen-
trate below the probe, a phenomenon known as current crowding (see, for example, Chapter
8 of [6]). In order to check this possibility, the variation of V along the laser stripe has been
measured in the GaInNAs/GaAs QW LDs at a lower injection current, near the threshold
value of the N-free devices. It is found that the variation of V under this situation is similar
in both cases. This result indicates that the current is more inhomogeneously distributed
along the laser stripe in N-containing devices due to crowding of the current at the high
values of Jth in these devices.

In order shed more light into this phenomenon, the spreading resistance of the topmost
layers of the structure, as well as the contact resistance of the metallic contacts, have been
measured by means of the four-point transmission line measurement technique described in
Section 2.2.3, in both N-free and N-containing devices. It is observed that the sheet resistance
has the same value of around 110 Ω/sq regardless of the N content in the QW. Additionally,
the contact resistance has values between 0.2 and 0.3 Ω mm in all the devices considered.
Thus, no correlation with the N content is observed in either the contact resistance or the
sheet resistance of the topmost layers. This supports the picture mentioned above in which
the inhomogeneity of the current injection in N-containing devices near threshold is due to
current crowding.

With regard to the current spreading efficiency in the lateral direction, it was stated in
Section 3.3.1 (see Figure 3.19(a)) that ηlat

s decreases by ∼18% when N is present in the
QW. The origin of this degradation is not clear, and several mechanisms will be discussed
next. One possibility is that the inhomogeneus carrier profile in the lateral direction would
be caused also by local heating. In this case, using two probes instead of one should yield a
significant improvement of ηlat

s in N-containing devices, since half of the current is injected
through each probe. As it is observed in Figures 3.19(a) and 3.19(b), no such improvement
is found when injecting the current with two probes, which excludes local heating as the
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mechanism responsible for the degradation of ηlat
s . Another possibility is carrier recombi-

nation on the surface of the mesa structure. The inhomogeneus carrier profile in the lateral
direction of mesa ridge-waveguide LDs etched below the active area is originated from the
loss of carriers that recombine in the exposed surface of the mesas (see, for example, [82]).
In order for this model to be consistent with our data, it will require that GaInNAs/GaAs
devices have a higher surface recombination velocity than their N-free counterparts. If this
were the case, this model would be consistent with a value of ηlat

s which is independent of
how many probes are utilised to inject the current. The mechanism by which the surface
recombination velocity would increase with the addition of N remains unknown.

Recalling that ηi = ηsηinjηr, and taking into account that ηr is unity above threshold
[59], we find that the observed reduction of ηs can account for a ∼16% reduction of ηi upon
addition of N. It has been previously observed that the presence of N in GaInNAs/GaAs QW
LDs [38] causes a reduction of ηi by around ∼35%, regardless of the N concentration (see
Section 3.1). So, the observed reduction of ηs can account for a fraction of this degradation.
The ∼19% reduction in the internal differential quantum efficiency left must be accounted
for by a decrease on the differential injection efficiency, which represents the fraction of an
increase in the current through the active area of the device which results in an increment
in the recombination current in the QW [59]. A residual concentration of N atoms has been
previously observed by X-STM [70] in the top barrier of GaAsN/GaAs QWs, which come
probably from N background in the growth chamber. This effect will probably occur also in
our case, which will yield an increase in the non-radiative recombination at defects caused
by presence of N in the top barrier, so this might be the cause for the decrease of ηinj upon
addition of N, which might account for the rest of the degradation of ηi.

3.4 Conclusions

In summary, room temperature lasing is demonstrated in the wavelength range from 1 to
1.5 µm from a set of GaInNAs/GaAs QW LDs. A lasing wavelength as long as 1515 nm has
been obtained with 39% In and 3.3% N in the QW. It has been observed that both Jth and
ηd degrade as the N content is increased, and the physical mechanisms responsible for that
degradation have been investigated. It has been found that the internal differential quantum
efficiency degrades on ∼35% with the addition of N, although it is roughly independent of N
concentration. This is attributed to failure of the carriers to reach the area of the QW where
lasing is taking place. This phenomenon could be caused by an increased recombination at
the claddings or barriers or by an inhomogeneous spreading of the carriers. The optical
losses of the cavity have been found to increase monotonically from 2 to 8 cm−1 as the N
concentration is increased, probably because of an enhanced scattering due to compositional
inhomogeneities and a stronger intra-valence band absorption. Moreover, the transparency
current density has been found to increase with N concentration from 150 to 1000 A cm−2,
and this behaviour has been attributed to an increse in the non-radiative compontent of the
current as the N-content is increased.
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Besides, the T0 and T1 characteristic temperatures of the LDs have been studied as a
function of the N content. We have found that both figures strongly degrade with increasing
lasing wavelength up to 1.51 µm. This degradation has been related to the decrease of Ttr

and Γg0, and the increase of αi when N is present, in the case of T0, and the increase of
αi in the case of T1. In addition, the effective recombination lifetime in the QW decreases
down to 0.2 ns for the devices lasing at λ=1435 nm, but its temperature dependence does
not follow a thermionic escape model. This result, taken together with the fact that Tηi has
a small contribution to T0 and T1, rules out carrier leakage from the QW as the dominant
process limiting T0 and T1.

Finally, the injection of carriers into the QW and its dependence on N content have been
analysed in detail. It is found that the threshold current density is strongly dependent on
the location of the current injection site on the surface of the laser stripe in N-containing
devices. This effect is attributed to a poor carrier spreading along the length of the devices.
This phenomenon implies that the poorly-injected portions of the cavity must be optically
pumped by the highly-injected portions in order to achieve population inversion, which, in
turn, causes an increase in Jth. If the driving current is injected at two different sites in a
highly symmetrical fashion this problem is almost completely solved and the longitudinal
differential spreading efficiency reaches a value close to that of the N-free LDs. Two possible
mechanisms have been proposed to explain this behaviour. A model based on local heating of
the N-containing devices is proposed as an explanation for this phenomenon. This heating
would cause band gap energy variations along the stripe which will prevent most of the
emitted light to be reabsorbed by the QW, thus making it more difficult to reach inversion
by optical pumping. On the other hand, it has been shown that the injected current is not
distributed similarly along the laser stripe in N-containing and N-free devices when injected
at currents near threshold.

With the two-probe configuration, the lateral current spreading efficiency is evaluated
measuring the above-threshold Fermi level pinning by looking at the dependence on current
of the partially amplified spontaneous emission. It is found that ηlat

s decreases by ∼16%
when N is incorporated into the active layer. Since, under the two-probe configuration, ηlon

s

is similar for N-free and N-containing LDs, we can conclude that ηs itself degrades by a ∼16%
upon addition of N. This degradation can explain part of the previously found degradation
by ∼35% of ηi with the addition of N. The rest of the degradation of ηi could be accounted
for by a degradation of the differential current injection efficiency by another recombination
mechanism which could probably consist on non-radiative recombination at defects in the
top barrier caused by the observed presence of N in these top layers. Although the origin
of the degradation of ηlat

s with N incorporation remains unclear, several alternative models
that would explain this phenomenon have been discussed.



Chapter 4

1.3 µm-emitting
GaInNAs/GaAs quantum well
resonant cavity LEDs

The previous chapter was devoted to the study of GaInNAs/GaAs quantum well (QW)
edge-emitting laser diodes (LDs). Now the focus will be on the study of devices emitting
in the vertical direction. This is interesting as a starting point towards the realisation of
vertical cavity surface emitting lasers (VCSEL), whose importance from the applications
point of view was already stressed in Section 1.1. In this chapter, the electrical and optical
characteristics of a set of MBE-grown 1.3 µm-emitting GaInNAs/GaAs QW resonant cavity
light-emitting diodes (RCLEDs) are analysed as a function of the growth temperature of
the distributed Bragg reflectors (DBRs) and the contact alloying. The RCLEDs consist of
a λ-long microcavity oriented in the growth direction, which is delimited on one side by an
8-pair AlAs/GaAs DBR, and on the opposite side by a metallic mirror, with the QW located
at one of the antinodes of the standing wave. The structures are designed for extraction
of the light through the substrate. Room temperature electroluminescence (EL) at 1.3 µm
is demonstrated with 38% In and 1.3% N in the QW. It is found that the RCLEDs with
the DBR grown at the lowest temperature of 670 oC show a lower external efficiency and
degraded current-voltage characteristics, i.e. higher ideality factor, lower shunt resistance
and lower threshold voltage. This degradation can be explained to arise from the higher
roughness observed in the DBRs grown at 670 oC, which likely enhance the formation of
point defects and compositional inhomogeneities in the quantum well. Alloying of the ohmic
contacts also results in a widening of the EL emission, probably due to the degradation of the
top metallic mirror sharpness caused by the diffusion of the metal into the GaAs. The best
results in terms of external quantum efficiency and electrical characteristics are obtained
when the DBRs are grown at 750 oC and the contacts are left non-alloyed.

59
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4.1 Introduction

One of the advantages of GaAs-based light emitting devices, as stressed in the introduction
to this thesis, is the possibility to exploit the mature AlAs/GaAs DBR technology, which
can be used to fabricate RCLEDs and VCSELs. As mentioned in that section, this is a
great advantage with respect to the established InP-based technology, in which the low
refractive index contrast between InP and InGaAsP makes it necessary to increase the
number of layers in the DBRs [10]. Indeed, high quality VCSELs based on dilute nitride
alloys have been already demonstrated with better performance at 1.3 µm than their InP-
based counterparts [40, 41]. Buried Tunnel Junction 1.3 µm GaInNAs VCSELs operating at
10 Gb/s at temperatures up to 85 oC have been demonstrated [42]. Moreover, oxide confined
GaInNAs VCSELs are commercially available for bit rates up to 10 Gb/s and over 10-20
km at this wavelength [43]. In this chapter, the focus is on GaInNAs/GaAs QW RCLEDs
for emission at 1.3 µm. To the best of the author’s knowledge, little, if any, has been
reported in the literature about RCLEDs based on this dilute-nitride alloy. RCLEDs are a
starting point in order to eventually fabricate VCSELs. However, from the point of view
of optical communications, RCLEDs are very interesting devices themselves. RCLEDs have
several advantages over conventional LEDs, such as the directionality of the emitted light
beam, the higher spectral purity and the higher temperature stability. On the other hand,
RCLEDs have the advantage over VCSELs that the number of DBRs periods needed for
operation is much smaller, thus making the fabrication of the devices easier and cheaper. In
addition, RCLEDs offer thresholdless operation and robustness [6, 10]. Transmission rates
of RCLEDs are similar to those of conventional LEDs, and thus limited to roughly 1 Gb/s,
due to the spontaneous emission lifetime of about 1 ns in highly excited semiconductors.
These transmission rates are enough for many local-area applications [6, 10]. In this work we
demonstrate 1.3 µm room temperature emission from a set of GaInNAs/GaAs QW RCLEDs
and analyse their optical and electrical performance as a function of the growth temperature
of the DBRs and the alloying conditions used for the ohmic contacts.

4.2 Device design and fabrication

The devices presented in this work were designed for the emission of light at 1.3 µm through
the substrate (see Figure 4.1(a)). They consist of a λ-long GaAs microcavity which is
delimited on one side by an 8-pair AlAs/GaAs DBR, through which the light exits the
device. The number of pairs was chosen so that the maximum reflectance of the DBR
stop band is around 90% and the reflectance at 1.3 µm is around 70% in order to increase
the extraction efficiency of the device [83] (see Figure 4.1(b)). The opposite side of the
microcavity is delimited by a metallic reflector, which also acts as an ohmic contact. The
overall reflectance of this structure was calculated through the Abèles matrix formalism (see,
for example, [84, 85, 86, 87]), and it shows a single cavity mode centered at 1.3 µm, as can
be seen in Figure 4.1(b). The effect of the metallic mirror has not been taken into account
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Figure 4.1: (a) Schematic drawing of the RCLED structures used in this work. (b) Calcu-
lated reflectance spectrum of the RCLED structure.

Figure 4.2: Top view of an unalloyed 200 µm-diameter RCLED.

in this calculation.

The devices were grown by molecular beam epitaxy on n+-GaAs (100) substrates by
A. Guzmán at the facilities of the Paul Drude Institut für Festkörperelektronik in Berlin,
Germany. The structure consists of a 500 nm-thick n+-GaAs buffer layer, followed by a 8-
period n-doped AlAs/GaAs DBR (n=2×1018 cm−3), followed by a 380 nm-thick microcavity.
This microcavity is composed of a 95 nm-thick undoped GaAs layer, followed by a 7 nm-
thick GaInNAs/GaAs QW with In and N contents of 38% and 1.3%, respectively. The QW
is located at one of the antinodes of the cavity standing wave, in order to maximise the
coupling strength between the optical mode of the cavity and the emission from the QW
[10]. Finally, a 190 nm-thick undoped GaAs layer served as the top QW barrier, followed by
a 95 nm-thick p+-GaAs layer to ensure a good electrical ohmic contact even if the metal is
not alloyed. Three different RCLEDs were grown using this same structure, with the DBRs
grown at different temperatures: 750, 720 and 670 oC. The RCLEDs were processed using
the procedure described in more detail in Section 2.1.3: first, the top Au/AuZn/Au p-type
circular contact was evaporated, followed by the electrical isolation of the devices with a
wet chemical etching down to the n+-GaAs buffer layer, producing circular mesas 200 µm
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Figure 4.3: (a) Representative room-temperature electroluminescence spectrum of the
RCLEDs measured at 50 mA (160 A cm−2). (b) Representative current-voltage charac-
teristic of the same device.

Table 4.1: EL main peak wavelength of the RCLEDs as a function of DBR growth temper-
ature and contact alloying.

EL main peak wavelength (nm)
DBR growth T Unalloyed contacts Alloyed contacts

750 oC 1320 1320
720 oC 1258 1246
670 oC 1224 1238

in diameter. The bottom n-type AuGe/Au contact was evaporated on the n-doped exposed
top surface of the buffer layer, to allow light extraction through the substrate (see Figure
4.1)(a). At this point the RCLEDs were cleaved in two pieces: one of them was subjected
to an alloying of the ohmic contacts at 360 oC for 1 minute in H2/N2 atmosphere, and the
other was left as-processed. Figure 4.2 shows a top view of a RCLED without alloying of
the contacts.

4.3 Room-temperature electroluminescence

EL spectroscopy measurements were performed under pulsed current conditions, with 50 µs-
long pulses and 50% duty cycle, employing the experimental set-up described in Section
2.2.1. The EL extracted from the back surface of the RCLEDs was collected and dispersed
with a 1 m-long monochromator. Then the light was detected with a nitrogen cooled Ge
photodetector connected to a lock-in amplifier. Measurements were performed at room
temperature with injection currents ranging from 2 to 250 mA (i. e. 6 to 800 A cm−2).

Figures 4.3 (a) and (b) show a representative room-temperature EL spectrum and a
current-voltage curve of the RCLEDs, respectively. The EL spectrum shown was taken at
50 mA (∼160 A cm−2) and is from a device with the DBR grown at 720 oC and with
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Figure 4.4: Cross sectional SEM images of the distributed Bragg reflectors of the RCLEDs.
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Figure 4.5: Full width at half maximum of the EL main peak of the RCLEDs as a function
of the DBR growth temperature for alloyed (hollow) and non-alloyed (solid) contacts.

non-alloyed contacts. As it can be seen in the figure, there is a single EL mode around
1.3 µm. Table 4.1 gathers together the wavelengths of this main EL peak for all the DBR
growth temperatures considered as well as for alloyed and non-alloyed contacts. The appar-
ent differences in wavelength between as-processed and alloyed samples are attributable to
compositional inhomogeneities across the wafers. In addition to the main EL peak around
1.3 µm, some extra EL peaks appear at around 1.1 and 1.4 µm, which are probably re-
lated to a wide emission from the QW. As a result, different modes from the cavity can be
seen, as well as EL emission from outside the stop-band of the DBR at longer wavelengths.
The inhomogeneous width of the emission from the QW is most probably caused by the
well known compositional inhomogeneities present in GaInNAs/GaAs QWs and by the non-
abrupt interface between the QW and the barriers [71, 88, 89, 90]. This effect has probably
become more pronounced in these RCLEDs since the QW is grown on top of a DBR, which
shows a clear roughness formation (see discussion below) and can induce the appearance of
compositional fluctuations in the QW.

Cross sectional scanning electron microscopy (SEM) images of the DBRs were taken
for all the non-alloyed RCLEDs (Figure 4.4). It can be seen by inspection of Figure 4.4
that the average roughness of the layers is higher in the case of the sample grown at the
lowest temperature, 670 oC, than in the other two cases. This increase in roughness will be
reflected on the full width at half maximum (FWHM) of the EL peaks, as will be discussed
below. Analysis of the thicknesses of the DBR layers reveal that they are somewhat thicker
in the reflector grown at the highest temperature of 750 oC, which could explain the longer
emission wavelength from this RCLED.
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Now, attention will be paid to the FWHM of the main EL emission from all the RCLEDs.
Figure 4.5 shows the FWHM of the main EL peak measured at 50 mA as a function of the
DBR growth temperature. The FWHM from the RCLED with the DBR grown at the lowest
temperature is much larger both in the alloyed and non-alloyed cases, in agreement with
what was expected based on the higher roughness of the DBR layers in this RCLED. From
Figure 4.5 we also observe that alloying degrades the FWHM of the main EL peak. This
is probably due to the loss of sharpness of the metal/semiconductor interface of the p-type
mirror due to the diffusion of the metals into the GaAs top layer upon annealing.

4.4 Analysis of the external efficiency

In order to compare the performance of the RCLEDs, light-current curves were measured
placing a thermoelectrically-cooled broad area (4×5 mm2) PbS photodetector face-to-face to
the back side of the devices, in order to avoid any potential effect on the collection efficiency
from the different far fields of the devices. The external efficiency of the RCLEDs, ηext,
was extracted by calculating the emitted power per unit current, and was analysed as a
function of the injected current (Figure 4.6(a)). It is observed that ηext decreases steadily
for increasing current in all the range considered. The rate at which ηext degrades seems to
be somewhat stronger in the devices with non-alloyed contacts, at least in the low current
regime. This effect is most likely due to self heating of the device. Indeed, a red shift
of the EL wavelength of up to 10 nm is observed when increasing the current from 64 to
640 A cm−2, indicating heating of the devices. In order to avoid the effect of self heating,
the same experiment has been performed at a lower duty cycle of 5% (Figure 4.6(b)). In
this case, all the devices show external efficiencies roughly independent on the injected
current, indicating absence of self heating. Overall, the RCLED with the DBR grown at
high temperature and with non-alloyed contacts shows the highest external efficiency.

For a clearer comparison, the external efficiency at 64 A cm−2 is plotted against the
DBR growth temperature in Figure 4.7. It is clear that ηext increases with the DBRs growth
temperature, and that contact alloying does not produce a significant change on ηext, except
for the RCLED with the DBR grown at the highest temperature, where a strong decrease
takes place after alloying of the contacts. Alloying at 360 oC for 1 minute is not expected to
affect the crystalline quality of the GaInNAs/GaAs QW. Indeed, to observe changes in the
crystal structure of this type of QW one needs to use much higher annealing temperatures
[88, 91]. However, the alloying of the contacts will in fact cause a diffusion of the top contact
metal which serves as the top cavity mirror, and thus can explain why the external efficiency
is degraded.

4.5 Electrical characterisation

Finally, the current-voltage characteristics of the RCLEDs were analysed in 4 to 6 devices of
each sample, and the mean values of the ideality factor, nideal, the turn-on voltage, Von, and
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Figure 4.6: External efficiency as a function of the injected current density for the different
GaInNAs/GaAs RCLEDs for duty cycles of 50% (a) and 5% (b). Solid symbols indicate
unalloyed contacts, whereas hollow symbols indicate alloyed contacts in both figures.
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Figure 4.7: External efficiency of the RCLEDs as a function of the DBR growth temperature
at 64 A cm−2. Solid symbols indicate unalloyed contacts, whereas hollow symbols indicate
alloyed contacts.

the parasitic shunt and series resistances, Rp and Rs, respectively, were evaluated (Table
4.5). It is readily observed that the values of Rp are quite high on all the RCLEDs, on the
order of 106 to 109 Ω, so we can consider that there are no parallel current paths on these
RCLEDs and we can neglect the effects of this parasitic resistance. Decreasing the growth
temperature of the DBR causes a degradation of the current-voltage characteristics, with
nideal increasing from 1.6 to 2.2, and the turn on voltage decreasing from 1.6 to 1.3 V. This
degradation of the current-voltage characteristic correlates very well with the lower external
efficiency and broader emission observed in the RCLED with the roughest DBR (grown at
low temperature). On the other hand, alloying of the metallic contacts produces an increase
of nideal by a factor of two and, as expected, a decrease on Rs (by a factor of 0.5). This
decrease of Rs is not observed in the RCLED grown at the intermediate temperature of
720 oC, suggesting that the contacts may not be properly alloyed in this RCLED. A similar
effect happens to Von, which decreases by 0.2-0.3 V in all the RCLED except the one grown
at 720 oC. Taken together, all these results indicate that the main effect of decreasing the
DBR growth temperature on the performance on our GaInNAs/GaAs QW RCLED is to
widen the EL peaks and to degrade the ideality of the current-voltage characteristics. In
addition, alloying results in a further degradation of nideal and a widening of the EL.

4.6 Conclusions

Room temperature 1.3 µm electroluminescence from a set of GaInNAs/GaAs QW RCLEDs
with different DBR growth temperatures has been demonstrated. It is found that the
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Table 4.2: Measured values of the ideality factor, nideal, the shunt resistance, Rp, the series
resistance, Rs, and the turn on voltage, Von, of the RCLEDs.

Unalloyed contacts Alloyed contacts
DBR growth T nideal Rp(Ω) Rs(Ω) Von(V) nideal Rp(Ω) Rs(Ω) Von(V)

750 oC 1.61 5.6×109 84 1.63 2.01 8.2×107 45 1.40
720 oC 2.31 1.2×109 64 1.66 5.15 2.7×109 75 1.62
650oC 2.23 2.2×106 66 1.33 4.35 6.0×106 32 1.01

external efficiency and FWHM degrade as the DBR growth temperature decreases in parallel
to a degradation of the current-voltage characteristics of the diode. This degradation can
be explained to arise from an enhanced roughness in the low temperature DBR, as observed
by cross sectional SEM. By comparison of devices with alloyed and non-alloyed contacts,
it is observed that the FWHM of the EL emission increases with alloying, probably due to
the loss of flatness of the top metallic reflector upon diffusion of the metal into the GaAs.
Thus, the best values of the external efficiency, FWHM, and current-voltage characteristics,
have been obtained when the growth temperature of the DBR was 750 oC and the metallic
contacts were left unalloyed.
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Chapter 5

InAs/GaInNAs quantum dot
LEDs

The second part of the thesis, devoted to the study of light-emitting devices based on quan-
tum dot (QD) heterostructures, starts with this chapter, which concentrates on the study
of light-emitting diodes (LEDs) based on InAs QDs with GaInNAs capping layers. The
addition of N to the InGaAs capping layer reduces its band gap energy. This results in a
reduction of the confinement potential of the QDs which, in turn, yields a red-shift of the
emission from the InAs QDs. In this chapter, the electroluminescence (EL) characteristics
of a set of InAs/GaInNAs QD light-emitting diodes (LEDs) with varying In and N contents
are analysed. Room-temperature EL around 1.5 µm is obtained with 15% In and 2% N in
the QD capping layer. It is shown that the addition of N results in a degradation of the ex-
ternal efficiency, ηext, probably due to an increase in the non-radiative recombination in the
QD heterostructure and an increase in the carrier escape from the QD to the capping layer,
which yield a degradation of the current injection efficiency into the QD. Nevertheless, ηext

can be partially recovered if a post-growth rapid thermal annealing (RTA) is performed to
the wafers, although this also results in a blue-shift of the EL peak wavelength. The origin
of the different emissions present in the EL spectra is also analysed and identified, looking at
their dependence on injected current and temperature. It is found that N-containing devices
show two radiative transitions. The lowest energy transition has been ascribed to the QD
ground state recombination, whereas the higher energy transition has been attributed to re-
combination of carriers confined in the capping layer. Moreover, the carrier loss mechanisms
responsible for the quenching of the EL in the dilute nitride-based devices are studied. It
is found that the EL thermal quenching has an activation energy which can be ascribed to
carrier escape from the QD to the capping layer.

5.1 Introduction

There have been a great variety of approaches in the last decade aimed at getting highly-
efficient and cost-competitive GaAs-based light emitting diodes and lasers emitting at 1.3

71
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Figure 5.1: (a) Schematic view of the layer structure of the QDLEDs. (b) Top view micro-
scopic image of a processed 200 µm-diameter QDLED.

and 1.55 µm. Amongst these approaches, the use of InAs quantum dots (QDs) has received
a great deal of attention due to the unique properties of the 3D carrier confinement of QDs,
as the δ-like density of states and the ultranarrow homogeneous broadening [14, 92, 93].
High performance devices based on InAs/InGaAs QD heterostructures have been already
demonstrated at 1.3 µm [14, 94, 95, 96]. Nevertheless, it is desirable to reach the 1.55 µm
absorption minimum of silica optical fibres.

The use of a GaInNAs capping layer grown on top of the InAs QDs has been recently
proposed as an approach for reaching 1.55 µm with an intensity and linewidth comparable
to that of 1.3 µm-emitting InAs/InGaAs QDs [97]. It is well known that the incorporation
of N red-shifts the emission of InGaAs QW-based structures, but it also results in a degra-
dation of the radiative efficiency. A post growth rapid thermal annealing (RTA) becomes
then necessary in order to partially cure the defects generated by the presence of N although
it also results in a blue-shift of the emission wavelength [88, 98, 99]. Thus, a compromise
between N and In contents on one hand, and post-growth RTA conditions on the other hand,
must be found when designing the devices. Following this approach, room temperature pho-
toluminescence (PL) at 1.42 µm with a full width at half maximum (FWHM) of 38.5 meV
has been obtained from annealed samples [97]. The aim of this chapter is to analyse the
characteristics of a series of light-emitting devices based on this approach, addressing the
difficulties that arise when the N content in the capping layer is increased in order to get
light emission at around 1.55 µm, and focusing on the carrier loss mechanisms limiting the
performance of these dilute nitride-based QDLEDs. With this purpose, the electrolumines-
cence (EL) of a series of InAs/(Ga,In)(N,As) QDLEDs with varying In and N content will
be analysed. The structure of the devices and the experimental set up will be described in
Section 5.2. Section 5.3 presents the experimental results, including the effect of N incorpo-
ration on the performance of the devices (Section 5.3.1), the identification of the QDLED
emissions (Section 5.3.2), and a measurement of the activation energy for the quenching of
the EL (Section 5.3.3). Taking all these results together, the origin of the radiative emissions
and the carrier loss mechanisms are discussed in Section 5.4.
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Figure 5.2: Room temperature EL spectra of the as-grown QDLEDs measured at
480 A cm−2. The legend indicates the nature of the capping layer.

5.2 Device description and experimental details

The InAs/Ga1−xInxNyAs1−y QDLEDs presented in this work were grown by molecular
beam epitaxy on (100) GaAs-n+ substrates, by the group of Dr. B. Damilano, at the Centre
de Recherche sur l’Hétéro-Epitaxie et ses Applications in Valbonne, France, and by Dr. J.
M. Ulloa at the Instituto de Sistemas Optoelectrónicos y Microtecnoloǵıa. They consist of a
p-i-n structure with the active layer located at the centre of the 400 nm-thick GaAs intrinsic
region. The active layer is composed of a single 2.4 monolayer-thick InAs self-assembled
QD layer capped with a 5 nm-thick Ga1−xInxNyAs1−y layer. QD density was estimated to
be (3− 4)× 1010 cm−2 from atomic force microscope measurements on surface QDs grown
in the same conditions on a separate GaAs wafer. More details on the growth conditions
can be found in ref. [97]. The p and n-type regions consist of 500 nm-thick GaAs layers
doped with Be and Si, respectively. The doping level was 2 × 1018 cm−3 in both cases.
In this chapter, three different capping approaches are presented: GaAs, In0.15Ga0.85As,
and Ga0.85In0.15N0.02As0.98. An additional set of devices was fabricated from samples with
InGaAs and GaInNAs capping layers after a RTA at 700 oC for 30 s. Figure 5.1(a) shows
a schematic diagram of the QDLED structure. A top view optical microscopy picture of a
finished diode can be seen in Figure 5.1(b).

The structures were processed by means of the procedure detailed in Section 2.1.2 and
tested under pulsed current conditions (1 to 20 µs-long pulses at a 1 to 10% duty cycle). The
EL spectroscopy was measured using the experimental set-up described in Section 2.2.1, and
the room-temperature light-current curves were obtained with a thermoelectrically-cooled
4×5 mm2 PbS photodetector placed face-to-face to the device, as detailed in the same
section.
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Figure 5.3: Room temperature light power (a) and external efficiency (b) as a function of the
injected current density. Solid symbols indicate as-grown devices, whereas hollow symbols
indicate annealed devices in both figures. The legend indicates the nature of the capping
layer in each case.

5.3 Electroluminescence from the InAs/GaInNAs quan-

tum dot LEDs

5.3.1 Impact of N on the external efficiency: the need for rapid

thermal annealing

Figure 5.2 shows the room-temperature EL spectra of all the as-grown devices. It can be
readily observed in the figure that the addition of a 15% of In to the capping layer results
in a red-shift of the EL peak wavelength to 1326 nm. If a 2% of N is incorporated in the
capping layer, the EL peak wavelength red-shifts further, reaching a value around 1500 nm.
It also becomes apparent from Figure 5.2 that the addition of N to the device structure
results in a widening of the EL peaks. Indeed, the full width at half maximum (FWHM) of
the peaks increases from the 32 meV of the lowest energy peak of the InAs/InGaAs devices
to 100 meV in the case of the InAs/GaInNAs QDLEDs.

It can also be noticed in Figure 5.2 that the incorporation of N results in a decrease in the
EL intensity of the devices. This is better quantified through the analysis of ηext, defined as
the emitted power per unit injected current as measured with a PbS photodetector placed
face-to-face to the devices, in the same way as it was previously quantified for resonant
cavity LEDs in Chapter 4. Figure 5.3(a) shows the power versus current curves for all the
devices under consideration, whereas Figure 5.3(b) shows the value of ηext as a function
of the injected current. It is clear from Figure 5.3(b) that the addition of In results in a
degradation of the external efficiency of the QDLEDs. The incorporation of N to the capping
layer results in a further degradation of ηext by an order of magnitude.

The low values of ηext obtained for all the devices are probably due to the fact that
the LEDs (in particular the top p-type contact) are not designed for optimum extraction
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Figure 5.4: Normalised room temperature EL spectra of the InAs/InGaAs (a) and
InAs/GaInNAs (b) devices measured at 480 A cm−2. A thin black line indicates as-grown
devices, whereas a thick red line indicates annealed devices. Annealing-induced blue-shifts
of the different transitions are indicated.

efficiency of the light emitted by the active area. Please note that these devices are fabricated
with the purpose of testing the different approaches employed in the active area to reach
long wavelenght emission. One possibility to increase the extraction efficiency from these
devices would be to redesign the top p-type contact in order to increase the size of the
windows through which the light exits the device, for example moving the soldering pad to
the edge of the mesa.

It is well known that the radiative efficiency of dilute nitride-based structures is enhanced
if the samples are subjected to a post-growth thermal annealing [88, 98, 99]. Indeed, as can
be noticed in Figure 5.3(b), ηext recovers partially after a RTA at 700 oC for 30 s in the
dilute-nitride device. On the contrary, RTA strongly degrades the value of ηext in the
InAs/InGaAs QDLEDs. The possible causes for this behaviour will be addressed in Section
5.4.2.

It is also well established, however, that RTA results in an undesirable blue-shift of the
emission wavelength of dilute nitride structures [88, 98, 99]. The annealing-induced blue-
shift of the EL peaks of the devices with InGaAs and GaInNAs capping layers is shown in
Figure 5.4. Focusing first on the N-free device, it can be observed that the lowest energy
peak shifts by ∼88 meV and that the higher energy peak blue-shifts by ∼76 meV. On the
other hand, the lowest energy peak of the InAs/GaInNAs QDLED blue-shifts by ∼47 meV
whereas the higher energy emission shifts by only ∼12 meV. The results for the low energy
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Figure 5.5: Low temperature EL spectra of the InAs/InGaAs (a) and InAs/GaInNAs (b)
QDLEDs as a function of the injected current from 16 to 800 A cm−2.

peak are in rough accordance with those obtained previously in similar structures using
PL spectroscopy, where a ∼70 meV blue-shift was observed in InAs/InGaAs QDs, and ∼25
meV in InAs/GaInNAs QDs [97]. The different behaviour upon annealing of the high energy
emission in the InAs/GaInNAs QDLEDs suggests that this peak originates from a different
recombination mechanism from all the other emissions. The physical mechanisms at the
origin of these shifts will be discussed in Section 5.4.1.

5.3.2 Identification of the QDLED emissions

In order to acquire information about the QD carrier injection and escape mechanisms, it is
necessary first to identify the radiative paths corresponding to the different peaks observed
in Figure 5.2. To do so, the EL spectra of the devices have been recorded as a function of the
injected current in the range from 16 to 800 A cm−2. This experiment has been performed
at low temperature (15 K) in order to have higher emission intensity and to better resolve
the different peaks. It is observed that in all cases additional high-energy peaks appear
progressively as the injected current is increased (Figure 5.5). In order to help elucidate
their origin, a fit is performed to each peak, and their integrated area and peak energy are
extracted. These magnitudes are displayed in Figure 5.6 for the devices with InGaAs and
GaInNAs capping layers as a function of the driving current.

Focusing first on the N-free devices, it is observed that the energy of all the peaks
is independent of the injected current, which is characteristic of emission from the QD
confined levels [100, 101]. Taking into account the wavelength of the lowest energy peak,
the composition of the structure, and based on previous results [97], this peak is attributed to
the emission from the QD ground state (GS). If now we pay attention to the EL integrated
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Figure 5.6: Peak energy and integrated intensity of the EL emissions of Figure 5.5. Squares
represent the lowest energy peak, circles the second peak and triangles the third peak in
case it is present in the spectra.

intensity, it is shown in Figure 5.6 that the intensity of the lower energy peaks tend to
saturate as the injected current is increased, whereas the intensity of the higher energy peaks
increases progressively. Moreover, all the peaks present in the EL spectra have comparable
intensities. Taking all these results together, it can be concluded that all the peaks present in
the EL spectra of the InAs/InGaAs device come from recombination between confined levels
in the QDs: GS, first excited state (1ES), and second excited state (2ES) (see, for example,
[100, 101, 102]). The results for the InAs/GaAs device are the same as those presented for
the InAs/InGaAs device, so they are not included here for the sake of conciseness.

If now we turn to the InAs/GaInNAs device, we observe a different situation. First, the
energies of the two transitions present in the EL spectra tend to blue-shift as the current
is increased, as opposed to the case of the N-free device. Both peaks blue-shift by roughly
50 meV in the current range considered.

Second, it can be noticed by inspection of Figure 5.5 that the low energy emission strongly
widens as the injected current is increased. It is plausible that this band is composed by
two peaks, the lowest energy one corresponding to emission from the ground states, and the
higher energy one corresponding to emission from an excited state. Indeed, if the energy
difference between those two emissions were small enough and their respective widths large,
one may not be able to resolve the individual peaks. However, no evidence for this structure
of the emission is noticed in the peak shape for any value of the injected current. Moreover, it
would be expected that the shape of the compound emission would become more asymmetric
as the injected current is increased, since its high energy tail would increase its intensity
due to the increasing contribution from the excited states. On the contrary, it is observed
that the contribution to the FWHM by the low-energy and high-energy sides of the spectra,
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measured from the peak energy of each spectrum, is roughly the same at all currents. That
is, the shape of the observed emission tends to keep its symmetry throughout the current
range considered. Thus, this possibility can be ruled out.

Third, no evidence of saturation of the lower energy peak intensity is observed in the
current range considered. Moreover, the intensity of this peak is much higher than the
intensity of the high energy peak, which increases quite slowly with increasing current.
Taking into account again the composition of the capping layer and the results by Richter et
al. [97], the low energy emission is attributed to the GS transition of the QDs. The observed
blue-shift with increasing injected current density could be caused by redistribution of the
injected carriers into QDs with different ground state energies. This effect could be related
to composition inhomogeneities in the capping layer, as will be discussed later.

On the contrary, several features suggest that the high energy peak could have a different
origin from recombination between confined levels of the QDs. First, its integrated intensity
is much lower than that of the ground state peak (see Figure 5.6) and it does not seem to
increase rapidly with the injected current. Second, the slope of the integrated emission versus
injected current curve seems to increase as the injected current is increased in opposition
to what is observed for all the emissions of the InAs/InGaAs QDLED (Figure 5.6). One
plausible possibility is that this peak has its origin at recombination between confined levels
of the capping layer. Moreover, and as it will be seen in Section 5.4.3, its emission energy,
and its behaviour with annealing and with temperature, all point at the capping layer as
the region responsible for this emission.

5.3.3 Carrier losses and electroluminescence quenching

Once the origin of the different radiative transitions has been identified, an analysis of
the QD carrier loss mechanisms can be performed. In order to do so, the EL spectra of
the devices with InGaAs and GaInNAs capping layers have been recorded as a function of
temperature ranging from 15 K to room temperature at an injection current of 160 A cm−2,
with 10 µs-long pulses and at a 1% duty cycle. The integrated intensity of the GS transition
is shown in an Arrhenius plot in Figure 5.7 for both as-grown and annealed devices. As
we want to address the carrier loss mechanisms that dominate near room temperature and
since we are interested only in relative changes in the EL intensity, the curves have been
normalised so they have the same value at 20 K. The EL integrated intensity is observed to
depend on temperature as

I =
I0

1 + C exp
(−EGS

act /kT
) (5.1)

where I0 is the 20 K value of the integrated intensity, C is a proportionality constant, EGS
act

is the activation energy for the EL quenching mechanism, k is the Boltzmann’s constant
and T is the temperature. Performing a linear fit to the high temperature region of the
Arrhenius curve where the exponential factor dominates, i.e. at temperatures higher than
∼200 K, the value of EGS

act can be extracted. These values are shown in Table 5.1.
The value of EGS

act corresponding to the InAs/InGaAs device as-grown, ∼249 meV, is
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Figure 5.7: Arrhenius plot of the integrated EL intensity against the inverse of the temper-
ature for the GS transition of the InAs/InGaAs and InAs/GaInNAs QDLEDs (squares and
circles, respectively) both as-grown and annealed. The dotted and dashed lines are a guide
to the eye, whereas the solid lines correspond to linear fits in the strong quenching regime.

Table 5.1: Activation energy in meV for the quenching of the GS transition of the
InAs/InGaAs and InAs/GaInNAs QDLEDs, both as-grown and annealed.

Device EGS
act (as-grown) EGS

act (annealed)

InAs/InGaAs QDLED 249 157
InAs/GaInNAs QDLED 125 115

in very good agreement with the ∼260 meV found by Hugues et al. from the analysis of
the temperature dependence of the PL of a similar structure. This value of EGS

act has been
identified in that work as the escape energy of carriers from the QD to the capping layer
[103]. The carrier injection mechanism in their work is somewhat different from the one we
present here, as in their case both electron and holes are generated optically in the GaAs
barriers and then diffuse to the QD through both sides, whereas in our case, electrons are
injected into the QD through the back-side of the QD layer, and holes, in turn, are injected
through the capping layer. Nevertheless, we can also ascribe the value obtained for EGS

act to
escape of carriers from the QD to the capping layer. In contrast with the N-free device, the
InAs/GaInNAs as-grown QDLED presents a much lower EGS

act of only 125 meV. This result
is consistent with the reduction in the capping layer band gap energy upon addition of N,
as will be discussed below.

From the results shown in Table 5.1 it can be observed that RTA results in a strong
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Figure 5.8: Schematic band diagram of the QDLEDs presented in this chapter. Addition of
In to the capping layer results in a reduction of both the valence band and conduction band
offsets between the QD and the capping layer. The subsequent incorporation of N reduces
further the conduction band offset, leaving the valence band offset almost unaffected.

reduction of EGS
act , from ∼249 to ∼157 meV, in the InAs/InGaAs QDLEDs. On the contrary,

in the InAs/GaInNAs QDLEDs, the value of EGS
act only seems to decrease slightly with the

post-growth RTA.

We have also calculated the ratio of the GS transition integrated EL intensity at T =
20 K to the intensity at room temperature. The addition of N to the InGaAs capping
layer of the devices results in an increase of the low-to-room temperature intensity ratio
by a factor of ∼3.7, indicating an increase in the non-radiative recombination at room
temperature in N-containing devices. However, after RTA, this intensity ratio decreases
by a factor of ∼0.6, indicating that annealing reduces the non-radiative recombination in
InAs/GaInNAs QDLEDs. On the contrary, annealing of the N-free devices increases the
low-to-room temperature intensity ratio by a factor of ∼1.3. In this case RTA enhances the
thermal quenching of the EL as discussed below.

5.4 Electroluminescence results discussion

5.4.1 Nitrogen incorporation and the energy of the radiative tran-

sitions

We have seen in Section 5.3.1 how the addition of In to the GaAs top barrier of the QDs
results in a red-shift of the EL. This effect has been previously attributed to a reduction of
the QD strain, since InGaAs has a lattice constant which is closer to that of InAs than GaAs,
and to a decrease of the confinement potential of the QD due to the band gap reduction
of the capping layer [23]. Subsequent addition of N results in a further red-shift of the EL.
This red-shift of the EL wavelength with the incorporation of N has been attributed mainly
to a decrease in the confinement potential of the QD due to the reduction of the band gap
of the capping layer (see Figure 5.8).

Moreover, it is known that GaInNAs alloys present compositional fluctuations which
indicate preferential In-As and Ga-N bonds [71]. This tendency to composition modulation
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would be enhanced in our case by the presence of the QD strain fields, since the growth of
In and As-rich GaInNAs preferentially on top of the QDs would reduce the strain of the
QD-capping layer system. Strain-induced inhomogeneities in the capping layer have been
previously observed in InAs/InGaAs QDs [104], but they can be expected to be stronger in
the quaternary GaInNAs alloy. The observed increase in the FWHM of the EL peaks upon
addition of N is most probably due to compositional inhomogeneities of the capping layer,
which in turn cause variations in the confinement potential of the QDs as well as in their
strain fields. These variations are reflected in the recombination energy and result in an
increased inhomogeneous broadening of the EL.

It was concluded in Section 5.3.1 that post-growth RTA is necessary because it strongly
improves the external efficiency of the N-containing devices. However, it also results in a
blue-shift of the EL. It was observed that, in accordance with the results of Richter et al.
[97], the GS transition of the N-free devices experiences a much stronger blue-shift than
in the N-containing case. Such a strong blue-shift upon annealing in InAs/InGaAs QD
structures has been previously attributed to In/Ga interdiffusion, where the In content in
the QD decreases and conversely the Ga content increases. Consequently, the band gap of
the QD increases [105, 106].

In the case of N-containing devices, the combination of two mechanisms could be at the
origin of the observed blue-shift after RTA: In/Ga interdiffusion and an increase in the QD
confining potential. On the one hand, In/Ga interdiffusion would cause a blue-shift of the EL
as explained above. However, the presence of N atoms could partially hinder the annealing
induced In/Ga interdiffusion. As was mentioned earlier, phase separation of the quaternary
GaInNAs results in the preferential growth of an In-rich alloy on top of the QDs [97, 104].
Thus, the GaInNAs capped QDs have a reduced Ga concentration around them. This high
In to Ga concentration ratio around the QDs would hinder the In/Ga interdiffusion. This
would be consistent with the results shown in Figure 5.4, in which it is observed that the
blue-shift experienced by the EL of the N-containing device is much smaller than that of
the N-free device, which was attributed to In/Ga interdiffusion.

On the other hand, RTA is known to increase the band gap of dilute nitride QWs
[88, 98, 99]. This blue-shift of such structures after annealing at conditions similar to those
employed in the present work is usually ascribed to reorganisation of the N nearest neighbour
atoms [107, 108]. This phenomenon is probably also at the origin of the observed blue shift
in the N-containing QDLEDs: RTA would increase the band gap of the GaInNAs capping
layer, which results in an increase in the QD confinement potential and in a blue shift of
the emission from the QD.

With regard to the high energy peaks, we observe that, in the N-free device, the blue-
shift of the 1ES peak is somewhat smaller than that of the GS peak (Figure 5.4). This can
be explained within the framework of In/Ga interdiffusion. After the thermal treatment,
the transition energy between the confined levels of the QD blue-shifts as a result of the
decreased In content and the increased Ga content in the QD, as stated above. However, the
capping layer bandgap decreases because of the increased In content, producing thus a band
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offset decrease that pushes the confined levels of the QD closer together. The combined
effect of these phenomena is to lower the blue shift of the first excited levels transition with
respect to that of the ground state.

Figure 5.4 also indicates that the higher energy peak of the N-containing devices expe-
riences a blue-shift of only ∼12 meV. This small blue-shift adds further evidence for the
different origin of this high-energy peak. The implications of this result will be discussed in
Section 5.4.3.

5.4.2 Nitrogen and the external efficiency of QDLEDs

Figure 5.3 shows that the incorporation of N to the capping layer of the QDLEDs results in
a degradation of the external efficiency. This degradation can be attributed to an increase
in the escape of carriers from the QD to the capping layer due to the decrease in the
confinement potential of the QD. In addition, the presence of non-intentional N atoms on
the GaAs barrier layers, which has been previously observed by cross-sectional scanning
tunneling microscopy in GaAsN/GaAs QWs [70], could result in an increase of the non-
radiative recombination of carriers at point defects in the capping layers which would in
turn prevent a good injection of carriers to the active region.

After RTA, ηext recovers partially, as expected, since annealing is known to partially cure
the point defects in dilute-nitride structures [88, 98, 99]. Indeed, the integrated EL intensity
per unit current of the high energy transition, whose origin was suggested above to be at
recombination of carriers in the capping layer, strongly increases. This is an indication of
the reduction in the non-radiative recombination centre density in this layer. On the other
hand, RTA results in a strong degradation of the external efficiency of the N-free device.
This is attributed to the generation of dislocations and the consequent degradation of the
structure [97, 109].

5.4.3 Radiative recombination at the GaInNAs capping layer

The results from the analysis of the EL as a function of the injected current presented in Sec-
tion 5.3.2 suggested that the origin of the higher energy peak of the EL of the InAs/GaInNAs
QDLEDs is not the recombination between confined levels of the QDs. Indeed, as discussed
in Section 5.4.1, the small annealed-induced blue-shift experienced by this transition com-
pared to the shift found in the transition between confined levels in the QD provided ad-
ditional evidence of its different origin. It was proposed above that the origin of this peak
could be the recombination between confined levels of the capping layer. This attribution is
consistent with some additional observations that will be discussed next.

First, note that the capping layer is 5 nm thick, whereas the wetting layer in InAs/Ga(In)As
QD structures has typically a thickness of only a few monolayers [110]. Moreover, the
large strain-enhanced compositional inhomogeneities mentioned earlier (Section 5.4.2) are
expected to be present in the area close to the QDs only. This implies that in the capping
layer areas which are separated from the QDs the compositional inhomogeneities are much
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weaker and the In and N contents are closer to the nominal values of 15 and 2%, respectively.
Therefore, the capping layer can be modelled as a 5 nm-thick Ga0.85In0.15N0.02As0.98/GaAs
QW in order to calculate the transition energy between the first electron and hole levels. The
band gap energy and the electron effective mass in the growth direction have been calculated
for bulk Ga0.85In0.15N0.02As0.98 with the aid of the band anticrossing (BAC) model [37]. Us-
ing these parameters as input, the one-dimensional Schrödinger equation for a 5 nm-thick
Ga0.85In0.15N0.02As0.98/GaAs QW has been solved on the non-degenerated effective mass
approximation through the finite element method [72]. The transition energy between the
first electron and heavy-hole levels has been thus calculated to be 1.078 eV. This calculation
is in good agreement with the observed EL peak energy of 1.011 eV.

An additional calculation has been performed in order to take into account the effect of
the wetting layer. It is expected that this layer is largely mixed with the capping layer after
the growth of the heterostructure. Thus, a model is proposed in which the In content in
the wetting layer is distributed homogeneously across the entire QW thickness. This homo-
geneous profile has been chosen since our simulator can only deal with QWs with a single
composition which is homogeneous across the entire QW. The effective thickness and In
composition reported by Hugues et al. [110] (3.6 monolayers and 43% In, respectively) have
been employed to estimate the In content in the wetting layer. Then, it has been assumed
that the In is distributed homogeneously in the whole capping layer thickness. This esti-
mation yields an extra In concentration of 9.1% in the capping layer. Thus, the calculation
of the recombination energy has been repeated for a Ga0.759In0.241N0.02As0.98/GaAs QW,
yielding a value of 1.017 eV, which agrees even better with the experimental EL peak energy
of 1.011 eV.

Second, we have seen in Section 5.3.1 that RTA at 700 oC for 30 s results in a blue-shift
of the QW EL by 12 meV. Indeed, there are a number of reports in the literature on the
annealing induced blue-shift of the emission wavelength of GaInNAs alloys. Some of them
report on GaInNAs alloys with high In contents around 30-40%, which typically show blue-
shifts of the order of 100 meV (see, for example, [88, 107]). On the other hand, those works
that focus on low In containing GaInNAs, with In contents around 10%, shown annealing-
induced blue-shifts on the order of a few tens of meV (see, for example, [98, 108, 111]).
Thus, the blue-shift observed in the capping layer EL peak upon annealing is consistent with
what would be expected in a 5 nm-thick Ga0.85In0.15N0.02As0.08/GaAs QW, supporting the
validity of the model.

Third, the temperature dependence of the high energy emission in the InAs/GaInNAs
QDLEDs is clearly different from the behaviour of the GS peak, contrary to what is observed
in the InAs/InGaAs QDLEDs where the emission energy of both the GS and the 1ES
transition have a similar dependence on T (see Figure 5.9). In order to better resolve the
high energy peak of the N-containing QDLED in the whole temperature range considered,
Figure 5.9 shows the results of annealed devices. To quantify this dependence of the EL
peak energies on the temperature, we perform a fit of the Varshni equation, E(T ) = E0 −
αT 2/ (β + T ), to the experimental data. This fitting procedure gives α=0.5 meV/K and
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Figure 5.9: EL peak energy as a function of the temperature for the InAs/InGaAs (top)
and the InAs/GaInNAs (bottom) devices annealed. The dotted lines represent Varshni fits
to the experimental data.

β '200 K for both the GS and 1ES transitions of the N-free QDLEDs. This values are in
rough agreement with those observed by Torchynska et al. in the PL energies of InAs/InGaAs
dot-in-a-well structures (α=0.43 meV/K, β=181 K) [112]. In the case of the InAs/GaInNAs
QDLEDs, very different values of α and β are obtained for the two EL peaks: α=0.53
meV/K and β=104 K for the GS, and α=0.75 meV/K and β=724 K for the high energy
transition, once again indicating its different nature.

Finally, the integrated EL intensity per unit of injected current of this transition increases
after RTA, as was mentioned in Section 5.4.2. This is the behaviour that would be expected
in a GaInNAs/GaAs QW.

5.4.4 Carrier escape mechanisms

As it was shown in Section 5.3.3, the thermal quenching of the GS emission in the as-
grown InAs/InGaAs QDLEDs has an activation energy of ∼249 meV, which is reduced to
∼125 meV in the InAs/GaInNAs QDLEDs. This decrease of the activation energy can be
well understood within the framework of the results from Hugues et al. [103], who have
proposed that every percent of N leads to a reduction of the confinement potential of the
QD by ∼60 meV. This reduction originates essentially from the decreased bandgap energy
of the GaInNAs capping layer. For our 2% N devices, this reduction would be by ∼120
meV, in good agreement with the reduction we see from 249 to 125 meV. Thus, the carrier
escape from the QD to the capping layer is likely responsible for the thermal quenching of
the GaInNAs QDLEDs emission.
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As shown in Section 5.3.3, RTA results in a strong reduction of EGS
act in the N-free

reference QDLED. This finding is consistent with the previously mentioned model of In/Ga
interdiffusion caused by annealing, which yields an increase in the Ga content of the QD as
well as an increase in the In content of the capping layer. This results in turn in an increase
in the band gap of the QD and a decrease of the band gap of the capping layer. Thus, the
difference in energy between the QD and capping layer band-gaps is strongly reduced. This
reduction is reflected in the value of EGS

act presented in Table 5.1.
In contrast to the N-free QDLEDs, RTA results in a small decrease of EGS

act on the N-
containing device. As was stated above, RTA results in a blue-shift of both the QD and
capping layer emissions. Taking into account the relative values of these shifts, it is observed
that the energy difference between those two transitions is reduced upon annealing. Thus,
the activation energy for the escape of carriers from the QD to the capping layer would also
be somewhat reduced, in qualitative agreement with the measured reduction of EGS

act upon
annealing.

5.5 Conclusions

Room temperature EL from 1.1 to 1.5 µm has been demonstrated from a set of LEDs based
on InAs QDs with GaInNAs capping layers. An EL peak wavelength as long as 1.5 µm has
been obtained with a 15% In, and a 2% N in the capping layer. It has been found that
the incorporation of N to the structure degrades the external efficiency, probably due to an
increase in the non-radiative recombination in the active layer, yielding a degradation of
the current injection into the QD. Nevertheless, the external efficiency is partially recovered
after a post-growth rapid thermal annealing. It has been observed that the EL spectra of the
N-containing devices present two distinct radiative transitions, one of them corresponds to
emission from the QD, whereas the other has been attributed to emission from the capping
layer. Carrier escape from the QD to the capping layer has been identified as the dominant
carrier loss mechanism in these N-containing QDLEDs. RTA results in a strong reduction
of the activation energy for the escape of carriers in the N-free device, but has a negligible
effect in the case of InAs/GaInNAs QDLEDs. The causes for this behaviour have been
discussed.





Chapter 6

InAs/GaAsSb quantum dot
LEDs

The purpose of the previous chapter was to study the first of the two approaches pre-
sented in this thesis to obtain light-emitting devices at 1.3 and 1.55 µm using InAs self-
assembled quantum dot (QD) heterostructures: light-emitting diodes (LEDs) based on InAs
self-assembled QDs with GaInNAs capping layers. That approach aimed at achieving a red-
shift of the emission from the QD by the reduction of the band gap of the capping layer. An
alternative approach to get a red-shift of the QD emission is to increase the size of the QDs.
This can be done by increasing the Sb content in the capping layer of InAs/GaAsSb QDs,
as has been observed previously by cross-sectional scanning tunneling microscopy (X-STM)
[113]. This increase in QD size, toghether with a reduction of the QD strain with increasing
Sb content in the capping layer, and also a transiton from type I to type II band alignment
at an Sb content around 14%, produce a strong red-shift of the QD emission wavelength.
This is the approach that will be addressed in this chapter, in which room temperature
electroluminescence (EL) from 1.1 to 1.5 µm is demonstrated by varying the Sb content
in the capping layer from ∼4 to ∼20% in a series of InAs/GaAsSb QDLEDs. The set of
devices can be divided in two main groups, based on the Sb content in the capping layer,
i.e. the EL wavelength. The devices that present an EL peak wavelength below 1.3 µm (Sb
contents below ∼14%) show EL features typical of type I band alignment. Conversely, the
devices emitting at wavelengths above 1.4 µm (Sb contents above ∼14%) show EL features
characteristic of type II band alignment.

The external efficiency of the QDLEDs, ηext, is observed to increase with Sb content in
the type I devices. However, at higher Sb contents, ηext drops as a consequence of the type
II band alignment. All the emissions observed in the EL spectra of the type I QDLEDs are
attributed to recombination between QD confined states, whereas the EL from the devices
with type II band alignment shows a more complex structure. The group of lower energy EL
emissions is attributed to recombination between electrons confined in the QDs and holes
confined in the capping layer. Besides, a strong emission at around 1100 nm dominates the
spectrum at moderate to high injection currents. It is proposed that this strong peak could
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originate from type I recombination between electrons in the QD and holes at extended
levels of the quantum well (QW) constituted by the QDs and the capping layer.

A steady blue-shift of the EL is observed as the injected current is increased in the longest
wavelength devices. This feature, characteristic of type II band alignment, is studied in some
detail.

6.1 Introduction

As was mentioned in Section 1.4.2, antimony has been used in a wide range of different
approaches in order to obtain light emission at 1.3 and 1.55 µm. For example, promising
devices near 1500 nm based on GaInNAsSb/GaAs QWs have been demonstrated [44, 45, 46],
and room temperature lasing at 1.3 µm from GaAsSb/GaAs QWs [50, 51] has been reported.
As stated in the introduction to the thesis, the approach that will be addressed in this
chapter consists on InAs QDs covered with a thin layer of GaAsSb. Room temperature
laser emission at 1.3 µm has been already demonstrated using this approach [26, 114], and
it is expected to extend the wavelength of these devices to the 1.55 µm band. However,
at an Sb concentration of ∼14%, the band alignment of the structure becomes type II. In
order to achieve 1.55 µm emission, Sb contents higher than 14% should be used. This would
lead to a reduction in the radiative efficiency due to a weaker wavefunction overlap between
electrons and holes in type II structures, which should be overcome. The aim of this chapter
is the study of a series of InAs/GaAsSb QDLEDs, with varying Sb content in the capping
layer, emitting from 1.1 to 1.5 µm. After the description of the structure of the devices in
Section 6.2, the effect of Sb on the EL wavelength and the external efficiency of the QDLEDs
is addressed in Section 6.3. Next, the origin of the different EL emissions will be examined
for both the type I and type II structures in Section 6.4.1 and Section 6.4.2, respectively.
Finally, in Section 6.5, the results will be summarised and discussed. The results presented
in this chapter were obtained with the cooperation of Miguel del Moral Ortega, and some of
them were presented as a part of his Telecommunications Engineering degree’s final project.

6.2 InAs/GaAsSb quantum dot LED structure

The devices presented in this chapter were grown at the Instituto de Sistemas Optoelectró-
nicos y Microtecnoloǵıa by Dr. J. M. Ulloa. They have a design and structure similar to the
InAs/GaInNAs QDLEDs analysed in Chapter 5 (see Figure 6.1(a)). In this case, the active
region consists on a single 2.7 monolayer-thick InAs QD layer covered with a 5 nm-thick
GaAsSb capping layer, in which the Sb content has been varied between ∼4 and ∼20%
(devices Sb1 to Sb4). In addition, an extra LED was grown in which the Sb content is the
same as in device Sb4 (i.e. ∼20%), but with a thicker 7 nm-thick capping layer (device Sb5).
The Sb contents and capping layer thicknesses of the devices presented in this chapter are
summarised in Table 6.1, in which the Sb contents shown are estimated values based on the
room-temperature EL wavelength of each device. Atomic force microscopy measurements
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Figure 6.1: (a) Schematic drawing of the structure of the devices presented in this chapter.
The details on the composition and thickness of the capping layer can be found in Table
6.1. (b) Top view of a 200 µm-diameter QDLED.

Table 6.1: Description of the GaAsSb capping layers of the InAs QDLEDs presented in
this chapter. The Sb contents are approximate values based on the room-temperature EL
wavelength of each device.

Sb1 Sb2 Sb3 Sb4 Sb5

Sb content (%) 4 7 13 20 20
Capping layer thickness (nm) 5 5 5 5 7
RT-EL peak wavelength (nm) 1162 1236 1300 1457 1517

of surface QDs grown on a separate GaAs wafer show that the uncapped QDs are ∼26 nm
in height and ∼7 nm in width, with a density of 2× 1010 cm−2. The room temperature EL
from this series of devices covers the entire range from 1.1 to 1.5 µm. Moreover, as will be
shown below, this series includes devices with both type I (devices Sb1 to Sb3) and type
II (devices Sb4 and Sb5) band alignment. A top view of the devices can be seen in Figure
6.1(b).

6.3 Effect of Sb on the electroluminescence wavelength

and the external efficiency

The normalised room-temperature EL spectra of this series of InAs/GaAsSb QDLEDs is
plotted in Figure 6.2. All these spectra are measured at 160 mA cm−2 except for device
Sb1, in which a current of 640 mA cm−2 was necessary to obtain detectable EL. As can
be seen in the figure, the EL peak wavelength red-shifts as the Sb content in the capping
layer is increased. Taking into account the EL peak wavelength of the QDLEDs, and the
previous results by Liu et al. [53], Akahane et al. [27], and Jin et al. [56], it is expected
that the devices Sb1 to Sb3 show type I band alignment, whereas the devices Sb4 and Sb5
are expected to show type II band alignment. This change of band alignment will indeed be
experimentally confirmed in Section 6.5.2. Note that the spectra presented in Figure 6.2 have
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Figure 6.2: Normalised room-temperature spectra of the InAs/GaAsSb QDLEDs. Spectra
taken at 160 mA cm−2 unless otherwise specified.

been measured at the lowest current that provides detectable EL in order to obtain emission
from the ground state transition only and to avoid emission from higher energy transitions.
In addition, using this low current allows to avoid the EL blue-shift that InAs/GaAsSb type
II structures show with increasing carrier injection [53, 56]. Thus, the EL spectra shown in
Figure 6.2 present the longest wavelength that can be obtained from the type II devices.
This blue shift with increasing injection current in type II devices will be analysed in more
detail in Section 6.5.2.

Inspection of Figure 6.2 reveals that the EL from devices Sb3 to Sb5 present a full width
at half maximum (FWHM) higher than that of the two devices with the lowest Sb content.
Nevertheless, room-temperature EL at 1.52 µm with a FWHM of ∼45 meV is obtained from
device Sb5. This is a much narrower EL peak than that obtained from an InAs/GaInNAs
QDLED, emitting at roughly the same wavelength, with a 2% N and a 15% In content in the
capping layer (around 100 meV, see Chapter 5 for comparison; recall from that chapter that
the InAs/InGaAs reference device yielded a 1.3 µm peak with a 35 meV FWHM). Moreover,
these Sb-containing devices yield a higher intensity than the N-containing counterparts for
the same wavelengths and injection currents. This feature will be addressed in more detail
later.

In the same way to how it was done in Chapters 4 and 5, the external efficiency, ηext,
has been determined for the InAs/GaAsSb QDLEDs as a function of the injected current.
Figure 6.3(a) shows the power versus current curves of the QDLEDs. The effect of the
Sb incorporation in ηext can be observed in Figure 6.3(b). It can be seen how, for all the
devices, ηext increases first with injected current, until it reaches a maximum and starts to
decrease. This maximum value of ηext increases with increasing Sb content for devices, Sb1,
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Figure 6.3: (a) Measured light power as a function of the injected current density. (b) Ex-
ternal efficiency as a function of the injected current density. (c) Maximum (solid circles)
and 1.6 A cm−2 (hollow triangles) values of the external efficiency as a function of the EL
peak wavelength.
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Sb2 and Sb3 (i.e. the type I devices), and it decreases for Sb4 and Sb5, i.e. the two devices
with type II band alignment. Furthermore, the current at which this maximum is attained
decreases with Sb content for both type I and type II devices.

For an easy comparison, the maximum values of ηext are shown as a function of the
EL wavelength in Figure 6.3(c). It can be observed that ηext increases as the Sb content
is increased while maintaining the type I band alignment. For higher Sb contents, the
external efficiency degrades, although it seems to be somewhat higher for the QDLED with
the thicker capping layer. The current at which ηext is maximum is different in each device,
so the values of ηext at a fixed current of 1.6 A cm−2 are also shown as hollow triangles in
Figure 6.3(b)1. It can be readily noted that the result is similar as that obtained for the
maximum values of ηext.

As mentioned in Section 5.3.1, the low values of ηext obtained for all the devices are
probably due to the fact that the LEDs (in particular the top p-type contact) are not designed
for optimum extraction efficiency of the emitted light, since these devices are fabricated only
with the purpose of testing the different approaches employed in the active area to reach
long wavelenght emission.

6.4 Origin of the QDLED emissions

The devices studied in this chapter show different EL features, depending on whether the
structures present type I or type II band alignment. An analysis of the origin of these
different emissions and their characteristics is presented in this section. The EL spectra of
all the devices have been measured as a function of the injected current in the range from
0.03 to 800 A cm−2. Distinct features can be observed in the EL spectra of the QDLEDs
with high Sb content in the capping layer (devices Sb4 and Sb5, which are expected to show
type II band alignment) when compared to those devices with low to moderate Sb content
(devices Sb1, Sb2, and Sb3, which are expected to show type I band alignment). As the
features of the EL as a function of the injected current are similar for all the devices of
each group, only two representative devices will be addressed in this section for the sake
of conciseness: device Sb3 from the type I band-alignment group, and device Sb5 from the
type II band-alignment group. This choice is made on the basis that these QDLEDs emit
around the wavelengths of interest: Sb3 emits at ∼1.3 µm, whereas Sb5 emits at ∼1.55 µm.

Figure 6.4(a) shows the EL spectra as a function of the injected current from device
Sb3, with moderate Sb content in the capping layer, and close to the type I to type II band
alignment transition. It is observed how additional peaks to the ground state transition
appear as the injected current is increased, all of which have comparable intensities at the
highest currents. Figure 6.4(b), in turn, corresponds to device Sb5, with high Sb content.
A similar picture can be observed in this figure, in which peaks of comparable intensity to
that of the GS transition appear progressively. In addition, a strong emission appears at a
wavelength around 1100 nm, which dominates at the highest currents. In what follows, the

11.6 A cm−2 is the minimum current at which there is data from all the devices.
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Figure 6.4: Room-temperature EL spectra of devices Sb3 (a) and Sb5 (b) as a function of
the driving current.

origin of these different transitions will be investigated.

6.4.1 Type I band alignment

Firstly, the focus will be on the analysis of the origin of the EL peaks of device Sb3. Per-
forming a gaussian fit to each peak of the EL spectra, the emission energy as well as the
integrated intensity of each transition are extracted as a function of the injected current. It
can be seen in Figure 6.5(a) that the energy of the different peaks is roughly independent
of the injected current. This is characteristic of recombination between confined levels in
QDs with type I band alignment [53, 100, 101]. In Figure 6.5(b) it is shown that the in-
tegrated emission area of each peak tends to saturate progressively as the injected current
is increased. This indicates that all the peaks can be attributed to recombination between
confined levels of the QD: ground state (GS), first excited state (1ES), and second excited
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Figure 6.5: Peak energy (a) and integrated area (b) of the different peaks of Figure 6.4(a)
(device Sb3) as a function of the injected current density.

state (2ES) [102, 106, 112].

In addition, the energy difference between the EL peaks has been measured in the current
range in which all four peaks are present. It has been found to decrease as we move higher
in energy, i.e. the separation between the GS and 1ES peaks is ∼76 meV, and that between
the 1ES and 2ES peaks is ∼63 meV. These separations are independent of current, within
our experimental error, similarly to the photoluminescence peaks corresponding to excited
state transitions previously found in InAs/InGaAs dot-in-a-well structures [112]. Thus, we
can univocally assign these emission to the GS, 1ES, and 2ES transitions within the QD.

6.4.2 Type II band alignment

The energy and integrated area of the different EL peaks of device Sb5 presented in Figure
6.4(b) are analysed next. As was stated above and is apparent from Figure 6.4(b), at high
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levels of injection current, a strong emission around 1100 nm dominates the spectra, making
it difficult to resolve the lower energy peaks. In order to make the comparison easier, the
analysis will be divided in two parts: first, the low to moderate current regime will be
addressed in order to resolve and analyse the lower energy peaks. Next, the focus will be on
the high current regime, in order to study the strong emission around 1100 nm.

Low to moderate current regime.

Figure 6.6 shows the room temperature EL spectra at currents ranging from 0.02 to 16
A cm−2. It can be observed how a number of features appear progressively in the high
energy side of the spectrum. Performing a gaussian fit to each of these emissions, the
energy and the integrated area are extracted and presented in Figure 6.7 as a function of
the injected current. It is readily seen in Figure 6.7(a) that all of the EL peaks tend to
blue-shift as the injected current is increased. As will be analysed in more detail later (see
Section 6.5.2), this is a typical feature of type II band alignment [27, 53, 56]. Figure 6.7(b)
shows the integrated intensity of the first three peaks of the EL spectra as a function of
the injected current. It can be readily observed that, as was the case for device Sb3, the
integrated intensity of the EL peaks tends to saturate as the injected current increases,
whereas additional peaks appear progressively at higher energies. This is characteristic of
state filling in QDs [101], and would suggest that these emissions originate at recombination
between electrons confined in the QD and holes confined in the capping layer, as shown
schematically in Figure 6.8 [27, 53, 56]. These holes are most probably located on top of
the QDs [56].
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Figure 6.8: Schematic band diagram of the devices with type II band alignment showing
the type II recombination between electrons in the QD and holes in the capping layer, and
the type I transition between electrons in the QD and holes in the extended levels of the
QD and the capping layer.

High current regime

In what follows, the strong emission appearing at around 1100 nm will be studied, performing
an analysis of the EL spectra at currents higher than 16 A cm−2 (Figure 6.9). As becomes
apparent from the figure, a very strong band around 1100 nm dominates the spectrum. The
energy and integrated intensity of this emission have been extracted from a gaussian fit to
the peak as a function of the injected current. It is worth to note here that this band appears
to be composed of several peaks that become apparent as the temperature is varied from 15
to 300 K. However, at room temperature, no evident features of this structure are observed,
so, only a single gaussian fit to the EL band is performed for this analysis. The rest of the
peaks that lie in the low energy side of the spectrum, and that correspond to the GS, 1ES
and 2ES transitions (see Figure 6.7), are also fitted for comparison.

The results of such a fitting procedure are presented in Figure 6.10. The peak energy of
all the transitions present in the EL spectra of Figure 6.9 blue-shift steadily as the current
is increased (see Figure 6.10(a)). Indeed, the rate of blue-shift is similar for all the peaks
under consideration: between 17 and 27 meV per decade of injected current density. On
the other hand, as the current increases, and as was stated above (see Figure 6.7(b)) the
integrated area of the first three lower energy peaks tend to saturate, whereas the integrated
area of the large peak on which we are focusing now tends to increase strongly and does
not show evidence of saturation in the current range considered, as shown in Figure 6.10(b).
Thus, the results shown suggest that the origin of this strong 1.1 µm emission is different
from that of the rest of the transitions.

Taking into account the wavelength and the strong intensity of this band, it could be
argued that it has its origin in recombination between electrons confined in the QD, and
holes confined in the quantum well composed by the QD and the capping layer, as depicted
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Figure 6.9: Room-temperature EL spectra the device Sb5 for high values of the driving
current.

schematically in Figure 6.8. However, if that were the case, the emission should not expe-
rience such a strong blue-shift with injected current [53]. Nevertheless, as it can be seen in
Figure 6.8, the hole levels involved in this emission are only weakly confined spatially, which
can lead to some blue-shift of the EL with increasing current. In other words, that would be
a type I recombination which would still hold some type II character. For a discussion on
the origin of this blue-shift with increasing current in type II structures, see Section 6.5.2.

6.4.3 Photocurrent spectroscopy of the InAs/GaAsSb QDLEDs

In order to gain more insight into the band structure of the InAs/GaAsSb QDLEDs as
a function of the Sb content, the photocurrent (PC) spectra of all the devices have been
recorded at room temperature and zero bias using the experimental set-up described in
Section 2.2.1. Figure 6.11 shows the results of this experiment. It can be observed in
Figure 6.11(a) that, just below the GaAs band edge, a strong PC band appears that is
most probably due to absorption of photons by the capping layers. Indeed, the absorption
edge wavelength of this band tends to red-shift from ∼955 to ∼975 nm (∼1.293 to ∼1.348
meV) as the Sb content in the capping layer is increased (Table 6.2), as expected. Moreover,
no strong differences in the wavelength of this band for devices Sb4 and Sb5 are observed,
which is consistent with the fact that this two devices have the same Sb content in the
capping layer. Interestingly enough, these absorption energies are quite far from the 1100
nm feature observed by EL, and thus it can clearly be stated that radiative recombination
of electron-hole pairs found at the capping layer is not responsible for this EL band.

However, a relatively intense shoulder around 1100 nm can be distinguished in the PC
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bias. The two figures focus on the regions of the spectra where the capping layers (a) and
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obtained by EL.

spectra of the type II devices. This feature most probably corresponds to the strong tran-
sition that can be seen in the EL spectra of the type II devices as the current is increased
above ∼30 A cm−2. This PC feature is much stronger than the PC bands corresponding
to absorption from the QDs, as it can be noticed by comparison of Figures 6.11(a) and
(b) (see discussion below). This observation supports the attribution of the ∼1100 nm EL
band to an origin different from recombination of carriers confined in the QDs. Indeed, and
taking into account the intensity of the PC feature, this result is also consistent with the
attribution of this band to type I recombination between electrons confined in the QDs and
holes confined in the quantum well composed by the QD and the capping layer.

Focusing now on the 1100-1500 nm region of the spectra (see Figure 6.11(b)), the PC
bands corresponding to absorption by the QDs can be observed. Unfortunately, the dark
current of the Sb1 devices was so strong that the absorption from the QDs was masked and
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Table 6.2: Transition energies (in eV) for the QDLEDs obtained through the analysis of the
second derivative of the PC spectra.

Sb1 Sb2 Sb3 Sb4 Sb5

GS — 1.000 0.971 0.872 0.818
1ES — 1.096 1.057 0.925 0.876
2ES — — 1.131 — —

Capping layer 1.348 1.346 1.303 1.287 1.293

thus cannot be shown here. Nevertheless, it can be observed that devices Sb2 and Sb3 show
two PC peaks (Table 6.2), most probably corresponding to absorption fro the GS and 1ES
transitions of the QDs. Indeed, the EL peak energy of the first two transitions of devices
Sb2 and Sb3, which is indicated with arrows in Figure 6.11(b), agrees well with the PC band
energies, supporting this attribution.

The PC spectra of devices Sb4 and Sb5 show a band at wavelengths around 1400 and
1600 nm, which is attributed to absorption from the GS transition between electrons in
the QD and holes in the capping layer. The figure shows with arrows the longest EL peak
wavelength for these two devices (i.e. the EL wavelength measured at low currents), which
are in good agreement with the PC band wavelengths. Note that the photocurrent intensity
of these two peaks is much lower than that of the PC bands from the type I QDs. This
observation is consistent with the weak wavefunction overlap between electrons and holes
in type II structures. Moreover, the intensity of the PC of device Sb5 is even weaker than
that of device Sb4. This is consistent with the fact that, as the capping layer of Sb5 is 2nm
thicker than that of Sb4, the spatial confinement of holes is lower in this case, which would
result in an even lower wavefunction overlap, which is reflected in the PC intensity.

6.5 Discussion of the InAs/GaAsSb QDLEDs results

6.5.1 Impact of the Sb content on the wavelength and external

efficiency

It was shown in Section 6.3 that increasing the Sb content in the capping layer of the
InAs/GaAsSb QDLEDs results in a red-shift of the EL wavelength. Such an EL red-shift
can be ascribed to the combination of three phenomena. First, a decrease in the confinement
potential of holes in the QDs: as the Sb content is increased, the valence band offset between
the QDs and the capping layer decreases, whereas the conduction band offset remains roughly
unaffected. Second, a reduction of the QD strain due to the fact that GaAsSb has a lattice
parameter closer to that of InAs than GaAs [26, 27, 53, 56]. Third, an increased QD size
in GaAsSb covered QDs. As it has been observed previously by cross-sectional scanning
tunneling microscopy, covering the QDs with GaAsSb results in a suppression of the InAs
QD decomposition during the growth of the capping layer. This, in turn, yields higher
QDs than in the InAs/GaAs case [55, 113]. Moreover, as the Sb content is increased, the
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Figure 6.12: Schematic band diagram of the InAs/GaAsSb band structure as a function of
the Sb content.

valence band edge of the GaAsSb gets closer to that of the InAs QDs, until they eventually
merge at an Sb composition of ∼14%. At higher Sb contents the structure becomes type II
[27, 53, 56]. If the Sb content is increased further, the hole levels in the GaAsSb capping
layer are pushed closer in energy to the electron levels in the InAs QDs. This results in a
further red-shift of the EL wavelength [53] and in a reduction in the EL intensity, due to the
reduction in the wavefunction overlap of electrons in the InAs QDs and holes in the GaAsSb
capping layer [26]. Moreover, it has been observed by X-STM that at high Sb contents, the
capping layer show Sb clusters that can act as GaAsSb/GaAs QDs and trap holes, reducing
even further the wavefunction overlap with the electrons in the QD [113]. The evolution
of the band structure of InAs/GaAsSb QD structures is depicted schematically in Figure
6.12, which shows a schematic band diagram for Sb contents lower than 14% (type I band
alignment), close to 14% (i.e. close to the type I to type II band alignment transition) and
higher than 14% (type II band alignment).2

As shown in Section 6.3, as the Sb content increases while maintaining a type I alignment
of the QD and capping layer bands, i.e. when going from devices Sb1 to Sb3, ηext increases
steadily. This result is in agreement with what has been previously observed in the radiative
efficiency, ηrad, of InAs/GaAsSb QD structures probed by photoluminescence spectroscopy
[113]. This would mean that the increase in ηext comes mainly from an increase in the
radiative efficiency from the QDs, being the injection efficiency and the extraction efficiency
independent of the Sb content. It has been proposed that the radiative efficiency of the QD
structure increases steadily with the Sb content until it reaches a maximum at the critical
composition at which the band alignment changes from type I to type II. In other words, the
maximum of ηrad is attained when the valence band edges of the InAs QDs and the GaAsSb
capping layer coincide. In this situation, the decomposition of the QD during capping is

2Notice that the conduction band offset in Figure 6.12 does not depend on the Sb concentration. This
is an oversimplification that can be seen sometimes in the literature. However, the conduction band offset
between the GaAsSb capping layer and the GaAs does indeed depend on the Sb content, although almost
all the band offset takes place in the valence band. See, for example, the work by Teissier et al. in which a
value of the valence band offset ratio Qv = 1.05 is extracted from the photoluminescence of GaAsSb/GaAs
quatum wells. This value is found in that work to be independent of the actual Sb content in the capping
layer. In other words, for any Sb content, the GaAsSb/GaAs band alignment is type II, and the conduction
band offset is a 5% of the valence band offset [49].
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Figure 6.13: Schematic band diagram of the type II structures showing the recombination
between electrons in the QD and holes in the capping layer.

completely suppressed, and the InAs/GaAsSb QDs have the same height as uncapped InAs
QDs [113]. This results in a stronger carrier confinement which leads to the observed increase
in ηext [21].

However, it was also shown in Section 6.3 that ηext decreases as the Sb content increases
above ∼14%. This is most probably caused by the reduction in the wavefunction overlap
between electrons in the QD and holes in the capping layer after the transiton from type I
to type II band alignment. Moreover, as stated above, Ulloa et al. have recently shown that
at high Sb contents the capping layers show Sb clusters that can act as GaAsSb/GaAs QDs
and trap holes [113]. This would prevent a good injection of holes to the top of the QDs,
reducing thus even further the wavefunction overlap between electrons and holes. Also, it
was shown in Section 6.3 that, as the capping layer thickness is increased (i.e. when going
from Sb4 to Sb5), ηext increases slightly. This effect might originate at the further reduction
in the compressive strain of the QD with increasing capping layer thickness, which would
lead to an increase of the confinement potential of the carriers in the QD heterostructure
[27].

6.5.2 Electroluminescence blue-shift in type II structures

It has been mentioned throughout this chapter that the light emission from heterostructures
with type II band-alignment experiences a blue-shift as the carrier density in the structure is
increased. In the present section, this blue-shift will be analysed in detail. Figure 6.13 depicts
schematically the band structure of a type II InAs/GaAsSb QDLED. In this structure, the
electrons are confined in the conduction band of the QD, whereas holes populate the valence
band of the capping layer. The electrostatic interaction between the two kinds of carriers
yields a bending of the bands near the interface between the QDs and the capping layer.
As the carrier density is increased further, electrons and holes accumulate in the QD and
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Figure 6.14: (a) Relative value of the GS blue-shift as a function of the injected current
density. (b) Absolute value of the GS blue-shift at a current of 318 A cm−2 as a function of
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capping layer, respectively. This results in an increase in the electrostatic potential and
a further bending of the bands. As the bands bend, the effective width of the triangular
potential well becomes narrower, and the confined levels are pushed to higher energies. The
consequence of this mechanism is to blue-shift the recombination energy between electrons
in the QD and holes in the capping layer [56, 115].

Indeed, it was shown in Section 6.4.2 that sample Sb5 presents a blue shift of the EL
peak energy as the current is increased. This feature is a clear indication that the structure
presents a type II band-alignment. In order to make the comparison clearer, Figure 6.14(a)
shows the EL energy blue-shift relative to the EL energy at the minimum currents employed
for each of the QDLEDs. It can clearly be seen that the EL peak energy of samples Sb1, Sb2
and Sb3 remains constant within a ∼1% throughout the current range under consideration.
On the contrary, samples Sb4 and Sb5 present an steady blue-shift of roughly ∼2.7% per
decade of injected current density. In other words, a maximum blue-shift of ∼8% is observed
in type II devices, whereas in type I QDLEDs, the EL energy remains roughly unchanged.
The absolute value of the blue shift at 318 A cm−2 is depicted in Figure 6.14(b) as a function
of the EL peak wavelength. As can be observed in the figure, for emission wavelengths below
1.35 µm there are no shifts stronger than 5 meV, whereas, for EL peak wavelengths above
1.45 µm, the blue-shift is strong, around 70 meV. From these data it is clear that the first
three samples of the series, namely Sb1, Sb2, and Sb3, present a type I band alignment. On
the other hand, samples Sb4 and Sb5 present type II band alignment. It is worth to recall
that samples Sb4 and Sb5 have the same nominal Sb content, and that the only difference
in their structure is the width of the capping layer. Thus, the band-bending induced by the
Coulomb interaction between electrons and holes is expected to be the same in Sb4 and Sb5
for the same carrier concentration: i.e. the band-bending, and thus the blue-shift, should
be dependent only on the carrier concentration.

6.6 Comparison of GaInNAs and GaAsSb capping lay-

ers in terms of ηext

In order to compare the performance of the InAs/GaAsSb QDLEDs with the InAs/GaInNAs
QDLEDs shown in Chapter 5, Figure 6.15 shows the external efficiency of all the QDLEDs
presented in this thesis, measured at 32 A cm−2, as a function of the EL peak wavelength.
This value of the injected current is the lowest for which we have data in all the cases. It can
be readily seen that in the series of InAs/GaAsSb QDLEDs ηext (shown in solid circles in
Figure 6.15) has a value within an order of magnitude for all the EL wavelengths, which is
much higher than the value obtained for the dilute-nitride-based QDLEDs. At this current
of 32 A cm−2, the EL of the two type II devices (i.e. the two devices that have the EL
at the longest wavelengths) is blue-shifted with respect to their low-current value. In order
to compare the devices with GaInNAs and GaAsSb capping layers emitting at 1.5 µm, the
low-current value of ηext for Sb4 and Sb5 is also shown in the figure as hollow circles. It can
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be seen that ηext in this case is comparable to the value obtained for 32 A cm−2, and still
much higher than in the dilute-nitride case.

6.7 Conclusions

In this chapter, a series of InAs/GaAsSb QDLEDs with varying Sb content in the capping
layer has been presented. Room temperature EL from these devices has been demonstrated
in the wavelength range from 1.1 to 1.5 µm. It has been shown how the external efficiency
increases as the Sb content in the capping layer is increases up to an Sb content at which the
band alignment between the QD and the capping layer becomes type II and ηext degrades.
This band alignment transition has been confirmed experimentally through the observation
of the dependence of the EL peak wavelength as a function of the injected current. Several
EL peaks have been resolved in the EL spectra of the type I QDLEDs which have been
attributed to emission from QD confined states. The EL from the type II QDLEDs show a
similar structure when injected at low currents. The emissions are attributed in this case
to recombination between electrons confined in the QD and holes confined in the capping
layer. However, as the injected current is increased, a strong band centered at around 1100
nm dominates the spectra. This band is probably due to type I recombination between
electrons in the QD and holes in an extended state of the quantum well composed by the
QD and the capping layer.



Chapter 7

Conclusions and future work

7.1 General conclusions

A series of GaAs-based light-emitting devices at wavelengths ranging from 1 to 1.53 µm
using different approaches for the active layer has been evaluated. This devices have been
presented in an effort to obtain light emission at the telecommunications wavelengths around
1.3 and 1.55 µm. This chapter, which summarises all the results obtained in this thesis, will
be divided in two parts: the results obtained from GaInNAs/GaAs quantum well (QW)-
based devices and the results from the series of InAs self-assembled quantum dot (QD)-based
devices.

7.1.1 Quantum well-based devices

The first step into the investigation of QW-based light-emitting devices at 1.3 and 1.55 µm
was the study of a series of GaInNAs/GaAs QW laser diodes (LDs). Room-temperature
lasing from 1 to 1.5 µm has been demonstrated by varying the N content in the QW from
0 to 3.3%. It has been shown how the figures of merit of the devices, namely the external
differential quantum efficiency, ηd, and the threshold current density, Jth, degrade as the N
content in the QW is increased. The causes for this degradation were analysed and found to
be, mainly, an increase in the optical losses of the cavity, αi, and the transparency current
density Jtr, and a decrease in the internal differential quantum efficiency, ηi.

The role of N in the degradation of these three parameters was analysed. It was found
that Jtr degrades most probably due to an increase in the fraction of the injected current
that results in non-radiative recombination in the QW. In turn, the increase in αi after the
incorporation of N was attributed to two factors. First, an increase in the intra-valence
band absorption as the lasing wavelength is increased. Second, stronger compositional in-
homogeneities in the QW as the N content is increased that cause an enhanced scattering
of the emitted light. Finally, it has been found that ηi degrades because the fraction of
injected carriers that reach the portion of the QW where lasing is taking place is lower in
N-containing LDs.
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The origin of the degradation of ηi with the addition of N has been analysed in further
detail. It has been found that the addition of N results in a more inhomogeneous carrier
injection profile. The effect of this phenomenon on the performance of the laser and, in
particular, on the value of ηi has been studied separately for the longitudinal and lateral
directions of the device.

With regard to the current spreading in the longitudinal direction, it has been found
that the current that flows through the laser diode diminishes as we move farther from the
point where the injection is taking place. This situation can be overcome if the current is
injected at several locations on the surface of the device separated by a certain distance. The
origin of this behaviour has been discussed. It has been found that the current injection
inhomogeneity in the longitudinal direction is stronger in N containing LDs than in the
InGaAs reference devices near threshold, due to the crowding of the injected current below
the probe at the high current densities neccesary in order to reach threshold in N-containing
devices. In addition to the current injection inhomogeneous profile, local heating would
cause a band gap variation along the cavity that would make it difficult to optically pump
the lowly injected parts of the QW by the photons emitted by the highly injected regions.

The inhomogeneous carrier profile has been observed also in the direction perpendicular
to the optical cavity. By the observation of the dependence of the partially spontaneous
emission on the injected current above and below threshold, it has been found that the
differential current spreading efficiency decreases by ∼16% upon addition of N. This, in
turn, causes part of the observed degradation of ηi by ∼35% as N is added to the QW. The
other part of such degradaton must be accounted for by another carrier loss mechanism,
such as recombination in the barrier or cladding layers.

Finally, the characteristic temperatures of Jth and ηd, T0 and T1, respectively, have been
measured and discussed. It has been found that both characteristic temperatures degrade
with the addition of N. The origin of such degradation has been discussed, by examining the
characteristic temperatures of the rest of physical parameters involved in the operation of
the laser diode. It has been shown the the degradation of T0 upon addition of N is mainly
caused by a decrease in the characteristic temperature of the transparency current density,
Ttr, and the modal gain, Γg0, and the increase of αi. On the other hand, the degradation
in T1 is mainly caused by the increase in αi. It has been found that hole leakage from the
QW to the barriers should be discarded as the dominant mechanism on the degradation of
T0 and T1, based on the value of the effective lifetime of the carriers in the QW and its
temperature dependence.

Besides, a set of GaInNAs/GaAs QW resonant cavity light-emitting diodes (RCLEDs)
has been studied. Room-temperature light emission at 1.3 µm has been demonstrated. The
effect of the growth temperature of the distributed Bragg reflectors (DBRs) that define
one side of the cavity, and the impact of contact alloying have been analysed. It has been
observed that, as the growth temperature of the DRBs is lowered, the quality of the reflectors
decreases, as well as the electrical characteristics of the diodes. Moreover, the line width
of the emitted light increases with decreasing DBR temperature. Alloying of the electrical
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contacts of the devices results in an enhancement of the electrical characteristics of the
device, but also in a degradation of the external efficiency, probably due to a degradation
of the quality of the top metallic mirror. The best results have been obtained for RCLEDs
whose DBR are grown at 750 oC and in which the metallic contacts are left non-alloyed.

7.1.2 Quantum dot-based light-emitting diodes

A series of light-emitting diodes (LEDs) based on QD heterostructures has been analysed.
Two approaches have been followed in order to achieve light emission at 1.3 and 1.55 µm.
First, the use of InAs QDs with GaInNAs capping layers, and second, the use of GaAsSb
capping layers to cover the QDs.

Focusing first on the dilute-nitride approach, room-temperature electroluminescence
(EL) has been demonstrated at around 1.5 µm with an In and N content in the capping
layer of 15% and 2%, respectively. The external efficiency of the devices, ηext, decreases with
the addition of N, compared to that of an InAs/InGaAs QDLED. However, a rapid thermal
annealing of the N-containing device improves the value of ηext, which recovers partially,
although it also results in a blue-shift of the EL peak wavelength. It has been found that the
main mechanisms limiting the performance of the InAs/GaInNAs QDLEDs are an increase
in the non-radiative recombination in the capping layer, and also an increase in the escape
of carriers from the QD to the capping layer.

The second QD-based approach has made use of Sb instead of N in the capping layer.
By varying the Sb content, room-temperature EL has been achieved in the wavelength
range from 1.1 to 1.5 µm. The external efficiency of the devices has been measured and
found to increase with the Sb content in the capping layer up to a certain Sb content which
corresponds to the band alignment transition from type I to type II, which happens at an
emission wavelength of ∼1.4 µm. At higher Sb contents ηext decreases, probably due to the
poor wavefunction overlap between electrons and holes in type II structures. Nevertheless,
room-temperature EL at 1.53 µm has been obtained from these devices with a full width at
half maximum (FWHM) of ∼45 meV, which is less than half of the FWHM of a 1.5 µm-
emitting InAs/GaInNAs QDLED. Moreover, the value of ηext in the InAs/GaAsSb QDLEDs
is roughly four orders of magnitude higher than that of equivalent InAs/GaInNAs devices.

7.2 Future work

In this section, some hints about the research paths that should be followed in order to
continue the investigation that has been the subject of this thesis are outlined. Once again,
the GaInNAs/GaAs QW and the InAs self-assembled QD approaches will be addressed
separately.
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7.2.1 GaInNAs/GaAs quantum wells

Several issues remain open in the fabrication of GaInNAs/GaAs QW-based devices. In this
section these issues will be enumerated, together with a proposed approach for their solution.

• Increase in non-radiative recombination with the addition of N. An accurate
control of the growth must be achieved in order to reduce to the maximum extent
possible the appearance of defects with the addition of N that result in an increase in
the non-radiative recombination in the QWs. A possible way to improve the growth
would be the incorporation of Sb to the structure, in order to take advantage of its
surfactant effect. On the other hand, a growth strategy must be developed in order to
avoid the incorporation of N atoms on top of the QW due to the residual N pressure
in the growth chamber.

• Inhomogeneity of the carrier injection. Taking into account the results shown
in this thesis, the carrier injection inhomogeneity is only important in edge emitting
lasers, since the in-plane dimensions of the vertical cavity devices are much smaller.
Injection at several points on the surface of the laser separated by a certain distance
seems to be necessary. In order to reduce the inhomogeneity in the lateral direction,
buried laser structures are proposed, in order to avoid carrier spreading outside the
mesa structure, and to prevent an excessive carrier recombination at its surface.

• Problems in vertical cavity devices. The main problem found in the develop-
ment of vertical cavity devices has been the growth of high quality QWs on top of a
distributed Bragg reflector (DBR) structure. One way to improve the surface smooth-
ness of the DBRs, would be to leave the layers undoped. This would require to dope a
GaAs-barrier layer of a certain thickness, in order to make intra-cavity contacts. Once
the QW emission is narrow enough and tuned to the resonant mode of the cavity, the
number of DBR layers could be increase in order to achieve vertical cavity surface
emitting lasers. At this point it would be necessary to start fabricating oxide confined
structures.

7.2.2 InAs self-assembled quantum dots

Several approaches to improve the performance of the InAs QD-based devices are proposed
next.

• As the growth of GaInNAs capping layer seems to be very difficult, I propose to include
Sb in the structure. Thus, both the N and Sb contents can be lowered, avoiding the
problems that appear at high N contents, and probably also avoiding the transition to
type II band alignment, which results in a decrease of the efficiency of the devices.

• In the case of GaAsSb capping layers, it has been shown that 1.55 µm can only be
achieved with type II structures under a low current injection. In order to fabricate
lase diodes based on this approach, it would be necessary to increase the number of
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QD layers so each dot can be lowly injected, but the emitted light is intense enough
to achieve net gain and lasing at 1.55 µm. Stacked QDs would probably be a good
option, since, if the QD layers are close enough to each other, the aspect ratio of the
3D confinement structure would increase.
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