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Version abrégée

Les diodes électroluminescentes visibles offrent un vaste champ d’applications qui vont des panneaux
d’affichage a haute brillance, aux signaux lumineux de controle en passant par les télécommunications
(interconnexions optiques).

Un des problemes fondamentaux des diodes électroluminescentes n’est pas ’émission de lumiére
par le semiconducteur, mais son extraction hors de celui-ci. En effet, un photon émis dans un semi-
conducteur standard n’est émis dans ’air qu’avec une probabilité de 2% du fait de la réflexion totale
interne. Différentes approches existent pour contourner cette limitation physique. Parmi celles-ci figure
Putilisation des microcavités. L’idée est de faire entrer en résonance la lumiére émise a 1’aide d’une
cavité optique dont la dimension est de I'ordre de grandeur de la longueur d’onde des photons émis.
En accordant de fagon appropriée les propriétés intrinséques de la source de photons aux propriétés de
la cavité, il est possible d’augmenter d’un ordre de grandeur le coefficient d’extraction de lumiére.

Le but de ce travail a été d’appliquer ce concept aux longueurs d’ondes visibles en utilisant le systeme
de matériau quaternaire (Al,Gaj-z)o.5/n0.5P en accord de maille avec le GaAs pour la conception de
la zone active. Les substrats de GaAs utilisés étant absorbants a la longueur d’onde souhaitée (650 nm),
il a été nécessaire d’intégrer a la structure des mirroirs de Bragg diélectriques & base d’Aly 5Gag 5As
et d’AlAs, afin d’avoir un contraste d’indices de réfraction suffisant et une faible absorption.

La premiére étape de ce projet a été d’étudier I'influence des parameétres de la structure (réflectivités
des deux mirroirs, épaisseur de la cavité et propriétés spectrales de I’émission spontanée des puits quan-
tiques) sur le rendement d’extraction. A cet effet, un modéle numérique a été utilisé pour déterminer
les valeurs optimales de ces paramétres maximisant le rendement d’extraction de ce type de structure.
Dans ce modéle, I’émission d’un puits quantique est calculée en décomposant le rayonnement d’une
distribution de dipoles oscillants sous forme d’ondes planes et d’ondes évanescentes. La propagation de
ces ondes dans une structure planaire multicouche est calculée en utilisant le formalisme des matrices
de transfert. Des approximations analytiques de ce modéle ont été dérivées et ont permis d’exprimer
simplement le rendement d’extraction. Il a été démontré que le rendement d’extraction maximal pou-
vant étre atteint par ce type de structure était inversement proportionnel a I’ordre de la cavité physique
corrigée d’un coefficient dépendant de la variation angulaire de la phase des coefficients complexes de
réflectivité des mirroirs diélectriques. De ces calculs il est également apparu que le principe de base
de la microcavité (en régime de couplage faible) était une redistribution angulaire du rayonnement

de la source par la cavité. L’effet du ”detuning” (défini comme la différence entre la longueur d’onde
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d’émission des puits quantiques et celle du mode de la cavité défini & incidence normale) sur la forme
du diagramme de rayonnement et sur le rendement d’extraction a été étudié.

Une vérification expérimentale de ces résultats théoriques a été effectuée en épitaxiant des couches
a microcavité a partir desquelles des dispositifs ont été fabriqués en salle blanche. En modifiant de
fagon controllée les flux de gaz dans le réacteur chimique utilisé pour I’épitaxie (de type MOCVD), il
a été possible d’obtenir des gradients d’épaisseur et par conséquent une variation continue et connue
du detuning. Les prédictions théoriques ont été confirmées et il a été possible d’estimer a 56% le
rendement quantique interne de ces structures.

Afin d’étudier en détail les propriétés d’émission des diodes & microcavités, des mesures spectrales
résolues en angles ont été faites & partir desquelles le spectre d’émission spontané des puits quantiques a
été obtenu par un procédé de déconvolution. Des mesures similaires sur des diodes électroluminescentes
sans cavité ont permis de confirmer I’exactitude de ces calculs. Le spectre d’émission intrinséque étant
connu, il a été possible de calculer précisément le rendement d’extraction des diodes. Une valeur de 11%,
approximativement indépendante de la densité de courant injectée, a été déterminée. 1l a été démontré
que pour cette structure les effets d’élargissement spectral étaient compensés par le décalage spectral
vers le rouge de la longueur d’onde d’émission des puits quantiques (lié a des effets de chauffage).

Ces calculs ont permis de calculer le rendement quantique interne de la diode & microcavité en
fonction de la densité de courant injectée. Une valeur de 40% a été déterminéde a une densité de
50 [A/cm?] pour une diode ayant un mesa carré large de 262 [um].

Les différents facteurs physiques contribuant au rendement quantique interne ont été étudiés. Il a
été montré que le rendement quantique externe pouvait s’exprimer comme le produit: d’un rendement
d’extraction lié a la structure microcavité, d’un rendement d’extraction lié & la géométrie de la grille
de contact, d’un rendement d’injection et d’un rendement radiatif.

La fin de ce travail a été consacrée a ’étude de chacun de ces facteurs. Le rendement d’extraction
lié 3 la structure microcavité ayant été étudié en détail au début de ce travail, il a été possible d’évaluer
Veffet de la géométrie de la grille de contact sur le rendement en comparant des diodes de méme taille
mais ayant des géométries différentes pour leurs contacts. Il a été montré que la géométrie optimale
était un compromis entre une forte interconnexion des lignes de contacts (permettant un bon étalement
du courant sur la surface active) et une distance suffisante entre celles-ci pour minimiser le masquage de
la surface émettrice du dispositif. Un rendement quantique externe de 5.1% a été obtenu & une densité
de courant de 40 [A/cm?] pour une diode large de 262 [um] ayant une grille de géométrie optimisée.

La dépendance en courant du rendement radiatif a été étudiée a I’aide d’un modéle simple tenant
compte de la taille de [a zone active. Un modéle empirique a été proposé pour expliquer effet du
rendement d’injection. Ces modéles faisant apparaitre la taille de la zone active comme paramétre, il
a été possible de vérifier expérimentalement cette dépendance. Un mauvais confinement des électrons
dans la zone active a pu étre mis en évidence et expliquer les faibles valeurs de rendement quantique

interne mesurées.
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Abstract

Visible light-emitting diodes (LED’s) offer a wide range of applications like high brightness displays,
indicator lights or optical interconnects. The fundamental problem of light-emitting diodes is not the
emission of light but its extraction from the semiconductor. Indeed, for one photon emitted inside a
standard semiconductor diode, the probability of escape is only 2% because of total internal reflection.
Several approaches exist to overcome this physical limitation, and among these ones, the microcavities.
The idea is to embed the active layer in a small cavity with dimensions of the order of the wavelength of
the emitted light. By appropriately matching the intrinsic spectrum properties to the cavity properties,
it 1s possible to enhance the extraction efficiency by an order of magnitude. The purpose of this work
was to apply this concept to visible wavelengths, using for the active region, (Al,Ga1_z)o.sIngsP
quaternary compounds which are lattice-matched to GaAs. Since the GaAs substrates are absorbant
at the desired wavelength of emission (650 nm), it was necessary to integrate to the structure two
dielectric mirrors (Distributed Bragg Reflectors) based on periodic sequence of Alg5GagsAs/AlAs
layers so as to get reasonable refraction index contrasts and small absorption.

The first step of this project was to study the effect of structure parameters (mirror reflectivity,
cavity thickness and spectral properties of the quantum wells) on the extraction efficiency. For that
purpose, a numerical model was used to determine the optimal structure so as to maximize the extrac-
tion efficiency. In this model, the quantum well emission is calculated by using a plane and evanescent
wave decomposition of the radiation which is described by a distribution of oscillating electric dipoles.
Propagation of plane waves inside a planar multilayer structure is calculated by using the transfer
matrix formalism. Some approximations of this model are proposed in this work, allowing one to
analytically express the extraction efficiency. It was shown that the highest extraction efficiency which
could be obtained from this kind of structure was inversely proportional to the physical cavity order,
corrected by a factor which depends on the angular variation of the phase of the mirror reflectivity. In
these calculations, it also appeared that the basic principle of operation of microcavity light-emitting
diodes (in the weak coupling regime) was the angular redirection of the source emission due to the
cavity. The wavelength detuning between the quantum well electroluminescence and the cavity mode
defined at normal incidence was shown to influence strongly the extraction efficiency and the pattern
of emission.

An experimental verification of these results was performed by growth and processing of MOCVD

AlGalnP LED’s. By modifying carefully the gas fluxes in the reactor, it was possible to get controlled
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gradient of thicknesses and hence continuous and controlled variation of the detuning. Measurement
on the devices confirmed theoretical predictions and allowed one to estimate at 56% their internal
quantum efficiency.

Angle-resolved spectral measurements were performed in order to investigate the optical emission
properties of the microcavity light-emitting diodes. The intrinsic spontaneous emission spectrum of
the quantum wells could be deconvolved from comparison between these measurements and numerical
simulations. Similar measurements were done on conventional light-emitting diodes (without cavity)
so as to confirm the accuracy of this method. The intrinsic emission spectrum being known, it was
possible to accurately calculate the extraction efficiency of these diodes, which was found to be of 11%
and approximately independent of the injected current density. It was shown that in these structures,
the spectral broadening was counterbalanced by the red-shift of the quantum well emission wavelength
due to heating effects. This results enabled calculation of the internal quantum efficiency with respect
to the injected current density. A maximum of 40% was found at 50 [A/cm?] for a large size diode
(squared mesa of 262 [um]).

The different physical mechanisms responsible for the variation of the internal quantum efficiency
with the current were identified and studied. It was shown that the external quantum efficiency could
be expressed as the product of four terms: the extraction efficiency related to the optical design of the
structure, the shadowing efficiency related to the geometry of the grid contact, the injection and the
radiative efficiencies.

The final part of this work was devoted to the study of each of these factors. The shadowing
efficiency was studied by comparing devices having same sizes but different grid contact geometries.
It was shown that the optimal geometry was a trade-off between strong interconnection of the contact
stripes (allowing a good current spreading), and a large distance between each of them (so as to
minimize the masking of the emitting surface). An external quantum efficiency of 5.1% was found at
50 [A/cm?] for a large size diode (squared mesa of 262 [um]) having an optimized contact geometry.

The current dependence of the radiative efficiency was studied by using a model taking into account
the size of the emitting region. An empirical model was proposed to describe the effect of injection
efficiency on the internal quantum efficiency. The effect of the device size on the external quantum
efficiency was experimentally studied and confirmed the general trends predicted by the simple models.
These measurements show that the low injection efficiency is due to a poor confinement of the electrons

in the active region.



Chapter 1

Introduction

The main topic of this thesis is the fabrication and the investigation of the optical and electrical proper-
ties of red microcavity light-emitting diodes (MCLEDs). This project was carried out in collaboration
with the Zurich laboratories of the Centre Suisse d’Electronique et de Microtechnique (CSEM), for-
merly Paul Scherrer Institut (PSIZ). Experimental work (growth and characterization of the wafers,
clean-room processing and electrical measurements) was done in Zurich whereas theoretical studies and
optical measurements were performed in Lausanne. Part of the work presented here was performed
in the framework of the ESPRIT-SMILED european project. We received from one of the participant
(Mitel Semiconductors) some wafers which were processed in Zurich and characterized in Lausanne.
Section 1.1 presents a general survey of the existing methods used to extract light from semicon-
ductors LEDs. Basic principles of MCLEDs are presented and their advantages compared to other

structures are discussed. Section 1.2 gives the general layout of this thesis.

1.1 Extraction of light from semiconductors

Light-emitting diodes (LEDs) are solid-state semiconductor devices that convert electrical energy di-
rectly into light. The basic structure consists of a semiconductor p-n junction: when it is forward
biased, light is emitted due to radiative recombination processes occurring inside a sequence of semi-
conductor layers called the active region. The energy of the emitted photons, which determines the
color, is approximately equal to the energy gap of the semiconductor material in the active region of
the LED [32]. Most of the materials used for visible and infrared LEDs are compounds of elements
from columns IIT and V of the periodic chart, also called III-V compounds [77].

The efficiency of the electrical to optical energy conversion is an important factor of merit for
LEDs. Two coefficients are defined for that purpose. The wall-plug efficiency 7y, is defined as the

ratio between the optical output power Pop: and the injected electrical power Pg:

P,
Twp = Pzt (1.1)

corresponding to a power conversion efficiency.
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The second coefficient, the external quantum efficiency 7.4 1s defined as the ratio of the externally

produced photon flux to the injected electron flux:

4

Tew = opt _ € Popt
o (I)el hv 1

(1.2)

where hv is the energy of emitted photons, e the electron charge, ¢ the injected current and P,
the optical output power [130].

Since P, includes electrical power dissipated as heat in the device through its series resistance, the
two efficiencies are different (74, is normally greater than 7).

The emission properties of LEDs are governed by the recombination processes of excess carriers
injected in the active layer. The external quantum efficiency is the product of the internal quantum
efficiency 7;,: and the extraction efficiency 7. Optimizing these two parameters involves different
approaches. The internal quantum efficiency describes the conversion efficiency of electron-hole pairs
to photons inside the semiconductor. Its optimization is a material purity as well as a bandgap
engineering problem (for the design of the active zone). When optimizing 7;,:, several problems have
to be addressed such as the efficiency of carrier injection into the active zone, the capture efficiency by
quantum wells, material quality and all competing non-radiative mechanisms. The evolution of LED
technology has followed the development of 7;,,+ and 7. The first visible LEDs were based on indirect
gap GaP materials with isoelectronic impurities. A simple cube geometry gives 7 & 10 — 15%, while
int Was in the low percents. The advance of direct bandgap quaternary meant that 7, of the order of
unity could be easily achieved (the penalty was absorbing substrate reducing the extraction efficiency
for cube geometry). The emphasis thus rest with changing 7).

The extraction efficiency is defined as the fraction of the light generated inside the semiconductor
which is extracted out of the device. It depends on the optical properties of the structure and of its
microscopic (layer sequence) and macroscopic (device size and shape) geometries. This parameter is
strongly dependent upon the difference in index of refraction between the LED chip (nsemiconductor =
3.5) and the surrounding medium which is usually air (n4i; = 1) or epoxy (nepory = 1.5). Because of
Snell’s law, light emitted outside the escape cone (defined by its half angle 8, = asin(noutsidge /Pinside))
suffers from total internal reflection and can not escape to the outside medium. Assuming that the
spontaneous emission is isotropic in the semiconductor (which is usually the case when electrons and
holes recombine in bulk material), only a fraction 7 of the total 4 7 solid angle can be emitted [31]

with

7= 5 (1 cos(0)). (1.3)

Hence about 4% (2%) of the light which impacts the chip surface escapes into epoxy (air): even if

the internal quantum efficiency is close to unity, 96% (98%) of the photons are lost.
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Figure 1.1: Simplified schematic illustration of light extraction from various LED structures: photons
emitted the escape cones with critical angle 6. are trapped inside the chip, due to total internal
reflection and can not be extracted.

Several structures were proposed to overcome this severe limitation and to improve the LED ex-

traction efficiency.

A first simple solution is to increase the number of extraction cones [151], [32]: the extraction
efficiency per side is not changed but the light is collected from several facets (see figure 1.1). Growing
a thick transparent window layer above the emission layers can be used to improve the extraction
efficiency, by a factor of three (one cone plus four half side cones) if the substrate is absorbant [61]. A
factor of six can be obtained provided the substrate is transparent to the emitted light: wafer bonding

techniques were successfully used for that purpose [44], [47], [57], [79], [151].

Another method to reach high efficiency is to use geometrically deformed chips. The geometry
displayed on figure 1.2 improves light extraction by redirecting totally internally reflected photons
from the sidewall interfaces towards the top surface of the chip near normal incidence, allowing them to
escape. Photons that are totally internally reflected at the top surface are redirected for escape through
the beveled sidewalls [92], [91]. Truncated-inverted-pyramid structures based on this principle leads

to measured external quantum efficiency higher than 50% [84].

Another mechanism (which can be exploited so as to increase the extraction efficiency) is to use
surface textured thin-film LEDs. This solution consists of roughening one LED surface and using a
back mirror. Light which is not coupled outside of the structure is internally reflected at the top

surface, scattered at the rough surface and thus changes its angle of propagation. After reflection at
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active layer

electrode

Figure 1.2: Geometrically deformed chip: photon trajectories are randomized and this can be controlled
by chip deformation angles o and .

Textured surface Air

Semiconductor

Al Al A A AT Al A TSN AT AT T Reflector

Figure 1.3: In the textured film, angular randomization is achieved by strong surface scattering.
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Air

Semiconductor

self-absorption / re-emission event

Figure 1.4: Photons’ trajectories are randomized by self-absorption / re-emission events represented
by dots.

the back mirror, it gets a second chance to escape from the semiconductor. This technique lead to
efficiencies as high as 30% [135], [156], [155]. Note that randomization is also present in the structure
displayed on figure 1.1 which increases its extraction. As mentioned in reference [31], the extraction
obtained from a transparent substrate LED encapsulated in epoky is about 30%, which suggests that
randomization at the sawed chip edges is significant.

Another way to reach high extraction efficiency is to recycle the photons which are internally
reflected in the structure. The idea is to make them undergo as many reabsorptions and reemissions
as necessary (in the active layer) until a favorable angle is found. It was demonstrated in reference
[136] that in a very high-quality semiconductor, this mechanism (known as photon recycling), could
lead to a dramatic increase of the extraction efficiency (72 %) in spite of the modest (2 %) bare
extraction efficiency (the device was optically pumped). This result corresponds to around twenty
five or more reincarnations of the photons which demands a large internal radiative efficiency (the
reincarned photons has twenty five or more times the possibility to recombine non-radiatively), and
negligible optical losses in the structure. As mentioned in reference [135] angular randomization by
photon recycling is not a practical approach for electrically injected devices since this mechanism is
vulnerable to the slightest deterioration of material or mirror quality, to parasitic losses or to non-
radiative defects. As indicated in reference [12] however, MCLED structures are better suited to
exploit photon recycling compared to conventional LEDs because of their intrinsic high extraction
efficiency. There is some evidence that photon recycling is significant in large size MCLEDs [114] and
in single mirror LEDs [36].

For some devices single facet emission is preferred (high-brightness applications and planar tech-
nology for instance). In this case, macroscopic solutions like cubes or pyramids are no help. One
way of improving single-facet extraction efficiency is to use interference effects. For example, placing
the active region in front of a mirror allows multiple interference effects between light emitted from
the active region and light reflected by the mirror. Depending on the distance between the active
region and the mirror, a factor of two (far-mirror case) or four (close-mirror case) can be achieved
[13]. Top-emitting LEDs based on single dielectric mirrors (Distributed Bragg Reflector) can be found
in the literature [42], [41], [59] as well as single-mirror bottom-emitting LEDs [36]. Tn the latter
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case, the emission reflected by the top-side (metallic) mirror interferes constructively with the emission
through the substrate, giving a fourfold increase in power per facet. Theory shows that it is possible
to go one step further in the extraction efficiency improvement by adding a second mirror [13]. This
structure corresponds to the resonant cavity LED (RCLED) also called microcavity LED (MCLED)
[137], [138]. The basic idea is to modify the spontaneous emission by placing the source inside a mi-
crocavity, so as to redirect the emission into the escape cone. Besides high extraction efficiency and
high brightness, MCLEDs offer a number of advantages over conventional LEDs such as improved
directionality and higher spectral purity. They can compete with VCSELs for short and medium dis-
tance (< 5km), medium bit-rate (< 1Gb/s) optical fiber communication systems [137] because of
their higher reliability, lower cost and simplicity of fabrication. They moreover do not suffer from any
threshold behavior. The first MCLEDs studied were based on InGaAs/AlGaAs materials emitting in
the infrared. Different designs are reported in the references [67], [18], [114], [113], [22], [65], [153].
Fabrication of red-visible (650 nm) MCLEDs was pursued by several groups [97], [98], [71], [70],
[146], [127]. These devices have potential applications in local area networks based on polymer optical
fibers (POF) [40], [115], [146] with a minimum attenuation at 650 nm and a wide core diameter
(0.75-1 mm) [81]. Furthermore these devices have potential applications in printing or fabrication
of densely packed two-dimensional arrays for monochromatic display applications which require high
brightness capabilities. The purpose of this thesis is to better understand the emission properties of

these devices.

1.2 Thesis layout

The target of this thesis is to study top-emitting MCLEDs. The structures we studied consist of
two dielectric mirrors (Distributed Bragg Reflectors, DBRs) surrounding a cavity in which the active
material is placed. The basic building block of a top-emitting microcavity is the DBR mirror which is
a complex dielectric multilayer. Describing its behavior is fundamental so as to understand the optics
of microcavities. For that purpose, chapter 2 reviews some fundamental optical properties of dielectric
multilayers and presents new analytical approximations for the calculation of DBR properties.

Chapter 3 describes how to model the spontaneous emission of a quantum well by a distribution
of classical dipoles. This formalism allowed numerical simulations of the optical properties of complex
one-dimensional multilayers to be performed.

Combining results of preceding two chapters, chapter 4 presents analytical approximations for the
calculation of the MCLED extraction efficiency. Results obtained are compared with exact numerical
simulations and design rules are given so as to optimize the MCLED extraction efficiency.

Chapter 5 presents the experimental characterization of red MCLEDs. By using a sophisticated
growth procedure, it was possible to produce diodes with different optical performance on the same
wafer. After explaining the processing steps performed, we explain how emission pattern measurements

combined with numerical simulations can validate the theoretical predictions of previous chapters. We
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also show that an estimate of the internal quantum efficiency is possible with this method.

Chapter 6 is devoted to extensive characterization of top-emission red MCLEDs that we compare
with those of a conventional p-i-n LED. We show that angle-resolved spectral measurements bring a
wealth of information on the diode emission properties. By a deconvolution procedure we demonstrate
that it is possible to deconvolve the intrinsic spontaneous emission spectrum of the MCLED, which is
an important and difficult parameter to measure. The effect of the current injection on the intrinsic
emission spectrum is also investigated. Moreover, thermal heating effects are discussed.

Chapter 7 focuses on the study of the external quantum efficiency in MCLEDs. We discuss the
effects of device size, grid contact geometry and internal quantum efficiency on the roll-over which is
observed in the measurements of the MCLEDs external quantum efficiency.

Finally, chapter 8 presents the conclusions of this work and an outlook for further development.
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Chapter 2

Optics of dielectric multilayers

The target of this thesis is to study top-emitting microcavity light-emitting diodes (MCLEDs). The
structures we will study consist of two dielectric mirrors (Distributed Bragg Reflectors, DBRs) sur-
rounding a cavity in which the active material is placed. The purpose of the first three chapters is
to understand how to optimize the extraction efficiency of MCLEDs, and hence will be mainly con-
cerned with the calculation of the optical properties of the structure. The basic building block of a
top-emitting microcavity is the DBR mirror which is a complex dielectric multilayer. Understanding
its behavior is fundamental to study the optics of microcavity. For that purpose, section 2.1 recalls
some basics of plane wave propagation in one dimensional multilayer dielectric stacks and section 2.2
reviews the optical properties of the DBRs. Some new analytical approximations are also proposed
and will be used for a full analytical calculation of the MCLEDs light efficiency in chapter 4. Finally,
section 2.3 presents the basic properties of the Fabry-Pérot resonator which is the base of the MCLED

structures.

2.1 Transfer matrix formalism

The method we used to calculate the spontaneous emission of a quantum well embedded inside a planar
multilayer structure is based on the plane wave expansion of electric dipole emission [14]. To describe
the propagation of plane waves inside such a structure, it is very convenient to use the transfer matrix
formalism [80], [93]. The purpose of this section is to recall the basics of this formalism. Since we
will use explicitly this formalism in the following chapters, it is important to clearly define the transfer
matrix expressions which are defined in a lot of different ways in the literature [80], [93], [29], [19],
[51], [26]. We will define a plane wave by its complex vector phasor E = Eg €' (F7=wt) where F is the
propagation vector of the plane wave which can be complex. The frequency of the plane wave is given
by v = w/2x. The electric field £ is simply given by the real part of the vector phasor: & = Re(E).
With these definitions, the Maxwell equations reduce to the following expressions for the vector phasors

of the plane wave:
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VAE=iwB (2.1)
VAH=J-iwD (2.2)
V-D=p (2.3)
V-B=0 (2.4)

where J is a current density, p a density of charge, E is the electric field, H is the magnetic field,
D is the electric displacement and B is the magnetic flux density. The general boundary conditions at

the interface between two media labelled 1 and 2 are given by the following expressions:

s A (B — B1) =0 (2.5)
fia A (Hz - ﬁl) = J, (2.6)
ﬁm(@-ﬁgzm (2.7)
g (éz - 51) = (2.8)

where J, and ps are surface densities of current and charge respectively [141], and 72 is a unit vec-
tor pointing from region 1 to region 2. These equations are local. If one wants to describe macroscopic
material as 1t will be the case in this work, then the Maxwell equations can be simplified, expressing
D and B with respect to E and H via constitutive relations D = f(E, H) and B = g(E, H) where
f and g are suitable functionals depending on the considered medium [82], {128]. The structures
investigated in this work are based on semiconductor materials. These media are generally linear,
homogeneous and dispersive. In some particular cases it is possible to find anisotropic semiconductors,
like in ordered GaluP for instance [158]. If we assume that the media are homogeneous and isotropic

then the constitutive relations reduce to

D=¢Ww)E (2.9)
B=poH (2.10)

where ¢ = €; + i€s is the complex permittivity and ug the vacuum permeability. If there are no

source terms, the electric vector phasor satisfy the Helmholtz equation [46]:

V2E +w?poeE = 0. (2.11)

Introducing E=E,¢ (F#-wt) in this last equation we find that kk=w? Lo € where the propagation
vector k can be complex: k= Er + iEi, Er and Ei being real vectors. It follows from the last equality

that k, and k; are not necessarily parallel: these waves are called inhomogeneous or non-uniform plane
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Figure 2.1: Reflection and refraction at the boundary between two dielectric media.

waves [39], [38] because the equiphase and equiamplitude planes are not the same. Uniform plane
waves correspond to the case where Er and Ei are parallel. If the medium is lossless (¢2 = 0), then
the plane waves are uniform (same equiamplitude and equiphase planes) but great care must be taken

when dealing with absorbing media.

In the MCLEDs structures studied here, the index of refraction is piecewise constant. It is then
necessary to describe the propagation of a plane wave inside a homogeneous layer and at the interface

between two such layers.

Since we consider plane waves with arbitrary orientation, it is necessary to take into account
the polarization of light. For monochromatic light, the three components of the electric field vary
sinusoidally with time, with amplitudes and phases that are generally different: at each position of
space the electric field vector moves in a plane and its endpoint traces an ellipse. The wave is said
elliptically polarized. When the ellipse degenerates into a straight line, the wave is said to be linearly
polarized. It is always possible to decompose any elliptically polarized wave as the sum of two linearly
polarized waves with orthogonal polarization [130]. The choice of the direction of these two linear
polarizations is arbitrary, but in layered structures it is convenient to make the choice of two well-
defined polarizations known as TE and TM polarizations. In the TE case, the electric field is parallel
to the interface plane and for the TM polarization this is the case for the magnetic field (see figure
2.1). This decomposition is very convenient since the TE an TM polarizations are conserved upon
refraction or reflection at a planar interface, which means that it is possible to analyze the propagation
of any plane wave in any multilayer structure by solving two uncoupled systems corresponding to the

TE and respectively TM polarizations [9].

From the continuity relations and the Maxwell equations, it is possible to relate the fields amplitudes
of the medium 1 with the ones of the medium 2, using the definitions given in figure 2.1 where we have

considered that the axis e, was perpendicular to the planes of interface of the optical structure.
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Figure 2.2: Propagation inside an homogeneous medium.

-0 (3

with

1 tkoa+ ko koa—ka
I = 2.13
[ 1"] 2]\722 [kz2 — ks kao+4 kzl ( )
for TE polarization and
Et Ef
[E]-ma-[3] =
with
[Ip ] _ 1 %f kzl + % kzg gjl‘ kzl — %’2‘ kzz (2 15)
12] = .
Zhoy 1(22) kpy— (2) koy (22) kot 4 (22) kao

for the TM polarization. The indexes of refraction n; and ny are indicated on figure 2.1, and k1,
ko are the z components of the complex propagation vector El,z.

Note that with this formalism, Efz correspond to the complex amplitudes of their vectors phasors:
Efz = Ef2 € where € is a normalized vector describing the orientation of the field (|€] = 1). Great
care must be taken so as to use the right signs in the expressions of the matrix given above: the
fields directions must coincide at normal incidence. Many different definitions can be found in the
literature for the [I;4] matrixes expressions. The definition we choose has the following property:
Det[I;,] = Det[I},] = k;1/k.> where Det[A] is the determinant of the [A] matrix. This is very
convenient since it will allow us to get formally the same matrix expressions for TE and for TM
polarizations.

The matrix of propagation between two planes spaced by a distance L (see figure 2.2) is independent

of the polarization and given by the following relation:

215 2] (][]
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Figure 2.3: Definitions of the complex reflection and transmission coefficients for an arbitrary optical
structure.

Using the transfer matrix formalism, it is then possible to express the matrix of an arbitrary
structure by the product of interface [Ifjfp ] and propagation [P;] matrices [93], [80]. The matrix
elements of [I$,], [I1,] and [P,] depend on the projection of the wave vectors k1 and ks onto the axis

& ko = ky I ky - &, with |I;:1| =2mn;/A and |E2| = 2mny/A. It is possible to relate k,; and

k12 by using the Snell’s law:

ki 6 =ky -6 © ki = kio (2.17)

where

2 _ 2 2
{|k1| = lkeal* + Jkaa (2.18)

[kal* = [keal” + [kl
Note that (2.17) is a generalized Snell’s law and that matrices given in (2.12), (2.14) and (2.16)
are equally valid for evanescent and propagating plane waves [93]. Since we can calculate the global
transfer matrix [m] of an arbitrary multilayer structure (by multiplying interface and propagation
matrices, for both polarizations), it is possible to define some complex reflection and transmission
coefficients and to relate them to the matrix elements of [m]. In this work we will assume that the
optical structure is limited by two semi-infinite lossless dielectric media with indexes of refraction ng
(left side) and np (right side). This structure is described on figure 2.3, where the arrows indicate
whether the wave is a propagating (k, > 0) or a contrapropagating one (k, < 0). The direction of the
k vector is arbitrary and its amplitude can be complex.
The optical structure is made of an arbitrary sequence of dielectric layers whose index of refraction
can be complex i1 = n+1i & with K = o A/4 7 where «, in units of [cm‘l], corresponds to the absorption
coeflicient if o > 0 or to the gain if @ < 0, and A is the wavelength of the plane wave. The layers are

assumed to be infinite in the planes perpendicular to &,.
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The phasors of the plane waves propagating in each outside media are related by the matrix

expression:

EFl _ [mu ma] [EF
[Eb—:l - {mm ma| [E7] (2.19)
It can be verified [131] that:
kza
Det [m] =TMmM11 Mos — Mg M1 = k_ =A (220)
z2b

where k,, = k_;, - €, and kg = 27 ng/A. From the relation (2.19), we can define and express the

transmission and reflection coefficients for the vector phasors:

-
re = —% =2 (2.21)
Ea E, =0 M2z
Et A
1, = i = — (2.22)
Eq E; =0 ma2
E+
ry = =2 = Tz (2.23)
Eb E;":O ma2
- 1
iy = -Ez_— = —. (2.24)
By lgg=o ™22

It is then possible to rewrite (2.19) using the reflection and transmission coefficients:

Ef] _ 1 [tate—rare 70| [EF
= - 2. 2.25
[Eb ] tb [ —Tq 1 Ea ( )

Since we are interested in calculating the optical power of the fields propagating in the structure,
we need to introduce the complex Poynting vector S, = % E A H* where E and H are the electric and
respectively magnetic complex vector phasors. It can be demonstrated [141] that the real part of the
complex Poynting vector is the time average over one period of oscillation T' = 2 7 /w of the Poynting

vector 5: f/\ ’}2:

Re (3.) =(8) = —:]l: /OT St (2.26)

Taking the real part of the complex Poynting theorem one get :
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[ resross [f M a [l me(ed)woo

where J, is a conduction current (null in our case) and J; is an impressed current (related to a
dipole emission for instance). The volume of integration is V' and is delimited by the closed surface
S. If we apply (2.27) to a box enclosing the interface between two lossless dielectrics without any
sources, an expression representing the energy conservation is found, from which it is possible to define
reflection and transmission coefficients for the power carried by the plane wave. These coeflicients are
generally defined as the reflectance R and the transmittance 7' [29]. Generalization of this result to

any arbitrary optical structure is straightforward and gives:

Ry = |ra|? (2.28)

Ry = |ny|* (2.29)
1, 5

T, = = |ta]? 2.30

X [tal (2.30)

To = A [ty (2.31)

and we see that T, = T, which means that the transmittance of the structure does not depend
on the direction in which it is considered. This property is very general and only requires that the
structure is reciprocal [29]. This is no longer true for reflectance: R, = Ry is true for lossless media
only. In lossy media, we have R, + T, + Ay = Ry + Ty + Ay = 1 where A, and A, are the absorption

coefficients.

2.2 Periodic structures and the Distributed Bragg Reflector
(DBR)

For the optoelectronic devices we want to simulate, we will have to calculate the optical properties of
distributed Bragg reflectors (DBRs) made of periodic sequence of layers. We present here a way to
analytically express the transfer matrices of such periodic structures. The structure we first consider
consists of N times a given and arbitrary multilayer structure which is described by its transfer matrix
[m]. The outside medium is assumed to be the same on both sides of the structure (see figure 2.4).

We have then
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Figure 2.4: Periodic multilayer structure: definitions.

5] 2]

a
where N is the number of periods in the structure and [m] is the transfer matrix of one period. Our
purpose is to convert the product of the N matrices [m]N into one single matrix [fm]. The method we
use here is discussed in [29] and [129]. The idea is to find the eigenvalues and eigenvectors of the

matrix [m] and then to decompose the input vector on the eigenvectors basis. We define:

mi1 Miz| |T1,2
' 2.33
o ][] =0 [ 239
where (1,2 are the eigenvalues of the matrix [m] and [7’11,2] its eigenvectors. After simple manipu-

lations, we find:

§12=7 Tr \/ (T'r [m])® — Det [m] (2.34)

where Det [m] is the determinant of [m] and T'r [m] its trace. In the structure we consider here,
the outside media are the same on the left and right hand sides. Using (2.20), the last expression can
be simplified by setting Det [m] = 1.

It is simple to show that we also have:

LLLDY

C1,2 — My (2.35)

1,2 =

and that

G-G=1 (2.36)

We can now decompose the input vector on the eigenvectors basis:
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Figure 2.5: Symmetrical Distributed Bragg Reflector: definitions.

[?‘L] -F [rll] ta [71] (2.37)

where p and ¢ are given by:

p= rgE;'——E;*”
{ Bl (2.38)

" = )= i = [0 2] (2.39)
N
with
1 raCy =il riry CN—CQN)]
[m] -1 ( ZV— {V)l r2 (] i r1 (év ' (2'40)

Note that this matrix is very general: 1t is possible to utilize it to calculate the transfer matrix of a
lossy structure at any wavelength and any angle. The only condition is that the medium is reciprocal,
which is the case for the media we consider.

We can utilize these results to calculate the complex reflection and transmission coefficients (ry
and tx) of the layer sequence presented on figure 2.5.

This structure is referred to as a Distributed Bragg Reflector (DBR). It is a stack of semiconductor
layers with two alternating indices of refraction that we call n; and n2 with na > ny, N being the
number of layers of index n;. We define the layers thicknesses as L; and Ly and we assume that
the whole structure is lossless (n; and ny are real). Let us consider an incoming plane wave of

wavelength Ay with a wave vector ko. As the plane wave propagates into the structure, it undergoes
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multiple reflections. The multiple interferences (at normal incidence) will be constructive if the phase
shift corresponding to one period is a multiple of 2 7: i—: ny Ly + i—: ny Ly = 27m where m is an
integer [9]. This is equivalent to write the Bragg condition for diffraction in periodic structures:
Ediff,acted = Eincident + m ¢ where ¢ is oriented along the direction of periodicity (axis €;). It is
possible to show that the highest reflectivity is obtained when the high and the low refractive index
layers are each a quarter wavelength thick [93], thus: Ly = Ag/4n; and L = Ag/4 ny. If the number of
pairs is high enough, this result is valid for a range of wavelengths different from the Bragg wavelength

Ag, which defines the stopband width of the mirror. Using the formalism presented above for periodic

structures, the reflection coefficient of the DBR defined on figure 2.5 is given by:

N N _ N
L N (S (2.41)
Mas ra (N —r N

ry = lrn| e

where ( = 2 Tr[m]++/5 (Tr [m])*> — 1 and [m] is the matrix corresponding to one period of the
stack (see figure 2.5). Note that the positions of the planes limiting the DBR structure correspond to
the first interfaces between high index outside media and low index layers. The method presented leads
to analytical expressions for the complex reflection and transmission coeflicients of symmetrical DBRs.
They will be used to derive simple analytical approximations in chapter 4. The other advantage of
this method is that a product of N matrices can be converted into a single matrix. This allows very
efficient and rapid numerical simulations, especially in the case of top-emitting MCLEDs which require
a high number of DBR periods as we will see.

The detailed calculations of the rn and ¢x properties are given in the Appendix A. We summarize
here the important results. Let us first examine the properties of the DBR at normal incidence. It is
possible to demonstrate that |ry (1 — 6)| = [ (1 +6)| and @n (1 —6) = —pn(1+6) where 6 = 32 can
be considered as the normalized energy of the plane wave. This means that the reflection (and also the
transmission) coefficients have symmetry properties with respect to the energy (and not wavelength).
As an example, we give in figure 2.6 the amplitude and the phase of rn in the case of n; = 3.1 and
ny = 3.5 for N = 50 pairs. We will use these indexes values throughout the chapters 2 and 4 because
they correspond to the refractive indexes of Aly 5Gag.5As and AlAs respectively (see appendix B). The
DBRs used in practice for the red MCLEDs presented in this work are indeed made of such materials.
It must be strongly emphasized that the theoretical results obtained for DBRs in this chapter assume
that all the layers are lossless. In practice, these assumptions are correct for Aly 5Gag.5As/AlAs based
DBRs operating at 650 nm like it will be the case in this work. Note also that we neglect the material
dispersion.

The reflectivity is almost constant within the interval [J{V LN ] which defines the stopband of the
mirror. The phase varies almost linearly with respect to é and is zero at the center of the stopband
(at the Bragg frequency defined by § = 1). As N converges towards oo, then the reflectivity converges
towards unity in the stopband defined by [65°,85°]. It is possible to analytically calculate the stopband
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Figure 2.6: Amplitude and phase of the reflection coefficient ry calculated at normal incidence for a
DBR with N=50 pairs and refraction indexes n; = 3.1 and ny = 3.5.

width of an infinite DBR [93]:

-1)*-4
050 -6 =2— 2 arccos (n_)__?_ﬁ (2.42)
. (n+1)
where n = 22 > 1.
ny
We calculate this formula using the condition 3 7'r [m] = 1, which defines two different regimes

for ¢. It is straightforward to show that if %Tr [m] < 1 then ¢ is imaginary which corresponds to
d < 8§° or §5° < 4, hence to propagating waves. If 2 Tr[m] > 1 then ( is real and 63° < § < 65°: this
corresponds to evanescent waves [129]. We are then in the case of a photonic bandgap (the light is
not allowed to propagate in the DBR, hence the name stopband).

For a finite number of pairs N, the stopband width (exact formula) is given by:

(n— 1)2 —4ncos (%)

(n+1)°

o —6N=2- %arccos (2.43)

which converges towards (2.42) when N increases towards infinity (n = 22 > 1). Equation (2.43)
shows that the stopband width decreases rapidly as the number of pairs in the DBR increases, and
saturates to the value given in (2.42). Note that this definition of the stopband is based on the properties
of the ¢ parameter. In practice, the DBRs used in MCLEDs are made of a periodic sequence of I11/V
semiconductor layers grown on a substrate and ended by air. The periodicity is then not perfect and
the definition of the stopband used here, is no longer useful. Usually the stopband width is defined
as the range of energy corresponding to a minimal reflectivity and then increases with the number of

periods.
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Figure 2.7: Amplitude of the complex reflection coefficient 7 calculated at the Bragg wavelength and
plotted versus angle 65 for a symmetrical DBR with N=50 pairs.

It is interesting to note that the stopband width 6 — 6 is exactly equal to two for N = 1. This
is because rp is periodic with respect to 8, § = 2 being the period. We demonstrate in the appendix
A that the Bragg condition occurs at § = 1+ 2p (p integer).

We can calculate the amplitude and the phase of the complex reflection coefficient rpy for different
angles and at a fixed wavelength. We choose to do the calculations at the Bragg frequency ¢ = 1 and
for angles 6, varying between 0 and 7/2 in the medium of index ny. We consider the same structures
as before. The amplitude ]rNIQ is plotted on figure 2.7 (for TE and TM polarizations) and the phases
are given on figure 2.8.

One can see that the reflectivity is high within an angular stopband and that the corresponding
phase varies almost linearly with respect to the cosine of #5. Outside this range, the amplitude of the
reflection coefficient is rather small until total internal reflection occurs. The waves emitted in this
angle range can ”"leak” inside the mirror. This is especially true for the TM polarization for which the
transmission is unity at the Brewster angle (tanfp = n1/n3). The critical angle between layer of index
ns and layer of index n; is given by sinf; = n1/ny: if @ > 6, the plane wave coming from the medium
of index ns is totally reflected and an evanescent wave is transmitted in the layer of index ny. In the
DBR, the layer of index n; is followed by another layer of index ns: there is then the possibility for
the evanescent wave to tunnel through the layer of index n; so as it is transformed into a plane wave
in the next layer of index ns. This explains why the amplitude of the reflection coefficient is not equal

to one at the critical angle. This effect is known as the total internal frustrated reflection [80)].
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Figure 2.8: Phase of the complex reflection coefficient ry calculated at the Bragg wavelength and
plotted versus angle 65 for a symmetrical DBR. with N=50 pairs.

As it 1s shown in the Appendix A, the reflection coefficients ry depend on the wavelength via
the normalized energy. The angular dependence is held in the coefficients v,; which appear in the
calculation of ry with ¢ being an index referring to the different dielectrics which make the structure.

The =,; parameter is simply the normalized projection of the wave vector l_s:,- onto the axis z:

= cos (6;) (2.44)

with

= (2.45)

ki
A

Since there are as many angles as there are different indexes of refraction in the structure, it is
convenient to define an observation angle #; and an observation index ng, such that the Snell’s law

(2.17) is satisfied. It is then possible to express all the v,; with respect to v, = cos (,) and ng:

1
Vi = n? — n% + ni cos (6’0)2. (2.46)

As it will be shown in chapter 3, it is interesting to evaluate the emission properties in the outside

medium (so as to evaluate the extraction efficiency), or in the cavity medium (so as to calculate the
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fraction of emitted light which is lost in leaky and guided modes). The observation index ny will then
be equal to the outside medium index, respectively, to the cavity medium index. Considering equation
(2.46), 7.i can be either real (for propagating plane waves) or complex (for evanescent waves), which
Jjustifies the generalized transfer matrix expressions we chose at the beginning of this chapter.

The results shown on figures 2.6, 2.7 and 2.8 lead us to approximate the amplitude of the reflection
and transmission coefficients by a constant value for coordinates (4, ) not too far from the Bragg
condition (6 =1, §p =0). We show in Appendix A that the phase can be developed around the
(6 = 1, 6 = 0) coordinates at the first order with respect to the § and cos(6y) variables. We find then

the following exact relations (for lossless layers):

ry = |rn| €N (2.47)

tn = |t et (P +3) (2.48)

Irn 2+ Jin)* = 1 (2.49)

I (6 = 1,80 = 0)] = ———zzz; i =9 (2.50)

%]Y_ (6=1,60=0) - g [(Zji> N 1} =07 (2:51)
di(i;\;o (5=100=0) gﬁz [<2n2n_—nl+ 1) i 1] =07 (252)

where n = na/n; > 1 and # = ng/ny < 1. It is interesting to note that when fi = 1, D{,V and Dév

are simply related by the relation:
DY — DY =znn+y. (2.53)

We can use these relations to approximate the complex coefficients of reflection and transmission

around the (6 = 1,6y = 0) coordinates:

ry = 18 ¢ [P (cos bo=1)+DF (6-1)] (2.54)
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Figure 2.9: Contour plot of the phase ¢y of the reflection coefficient rx for a symmetrical DBR having
N=35 pairs. Indexes of refraction are n; = 3.1 and n, = 3.5 and the observation index is ng = 1.

tn = /1= (%) ¢ [P (eon do-1)4DF (3-1)+ 5] (2.55)

These relations are very important, and will be used throughout the rest of this work. For angles

close to normal incidence it is then possible to approximate the phase @ of the reflection coefficient
rn by the following expression: gy = Dév (cosbp —1) + Dév (6 = 1). The contour lines of ¢p in the
(0, 60) plane are plotted on figure 2.9. A DBR with N = 35 pairs and the same indexes of refraction
as before is considered. The index of observation is chosen to be ng = 1, which means that if the
observation angle #y runs from 0 to 7/2, then the angles in the layer of index ny will be scanned from
0 to #2 = asin (1/ny) = 16.6°. The normalized energy § is chosen to vary inside the stopband limits
of the reflectivity curve measured at normal incidence. The points (6pp, o) for which the phase of
the reflection coefficient is zero are plotted on dotted line. Since these points correspond to the Bragg
condition, the stopband of the reflectivity shifts towards smaller wavelengths as the angle is increased:
dpp —1 = (DY /DY) (1 - cosfy) which gives an analytical approximation of the DBR, angle-energy
dispersion relation.

It is now possible to consider a more complex structure (shown in figure 2.10) which is very useful
in practice: an interface with an outside medium different from n, is added on the left side of the DBR
considered in figure 2.5.

The outside medium are n, on the left side and ns on the right side. We define their ratio as n = 2«

ng’

We define the complex reflectivity coefficients on both sides of the structures as: r, = |r,| ¢!¥* and
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Figure 2.10: Asymmetric Distributed Bragg Reflector: definitions.

7o = |rp| €' ¥®. The amplitude of the reflection coefficient r, calculated for the angle # in the medium
of index ny and for the Bragg wavelength is plotted on figure 2.11. Air is assumed to be the outside
medium (left side), so n, = 1 and the mirror has 50 periods.

Because of the semiconductor/air interface, the plane waves propagating with an internal angle 65
greater than the critical angle 65 (defined as sinf$ = n,/n2) are totally reflected. Hence |ry|® is equal
to 1 for cos(f) varying between 0 and cosf5. For angles smaller than the critical angle, the reflectivity
of the DBR varies with respect to the angle, displaying the same kind of behavior as the one displayed
on figure 2.7. In our case, the angular stopband width of the DBR (without the air interface) is larger
than the escape window defined by the range [cos(#5), 1]: the stopband part of figure 2.7 is then only
visible, the rest of this curve being cut by the total internal reflection. The reflectivity at the center of
the stopband is very high because of the high number of pairs chosen (N = 50): for TE polarization
the reflectivity is then close to the maximum for the whole angle range. We must point out that the
displayed curve was calculated at the Bragg wavelength. We saw in figure 2.9 that the center of the
stopband shifts with respect to the angle. Hence for a wavelength out of the wavelength stopband,
the amplitude of 7, will vary significantly in the escape window. For TM polarization a clear dip
is observed: the angular stopband width is smaller than for TE polarization and smaller than the
escape window width. The dip simply corresponds to the edge of the angular stopband of the DBR
in TM polarization. For higher outside medium index n,, the escape window width is larger and first
oscillations outside of the stopband appear as can be shown on figure 2.12 describing the case of epoxy
(nq = 1.5). Our purpose is now to derive some simple approximations for r, and r; close to the Bragg
condition.

The interface between the outside medium of index n, and the first high index layer in the DBR is
taken into account by using the coefficients @ = 3 (1+ @) and g = 1 (1 — 7).

Complete calculations of the following expressions can be found in Appendix A:
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Figure 2.11: Amplitude of the reflection coefficient 7, defined from the right side of the structure and
plotted versus the angle in this medium at the Bragg wavelength. The outside medium is air.
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plotted versus the angle in this medium at the Bragg wavelength. The outside medium is epoxy with

ng = 1.5.
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Figure 2.13: Amplitude of the reflection coeflicient plotted versus the number of pairs N of a DBR
with and without interface with air.

ar?\,-i-ﬁ: o

Ira(0=1,00 = 0)| = ST = 00 (2.56)
lry (0= 1,00 =0)| = rd = 7P (2.57)
-n [1 - (r?\,)z]
o (0= = = 4 =40 2.
|t ( 1)00 0)| a+,8r})v a ( 58)
1 0 — 40
|tb(5:1,90:0)|:%ta:tb. (259)

Energy conservation (for lossless media) gives the following relations:

1
Iral* + = Jtal* = Il + 72 [to]* = 1. (2.60)

Figure 2.13 displays the reflectivity of the structure presented on figure 2.10 (interface with the air).
One can see that adding this interface to a symmetrical DBR with N pairs increases significantly its

reflectivity: with the chosen parameters it has the same effect as adding six pairs to the symmetrical

DBR.
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First derivatives of the phases with respect to the (4, 0p) coordinates are given below and calculated

in Appendix A:

dga (o® = B°) 1} N
Df = =+ = Dy +r 2.61
° 48 |52100=0) [ ra + 8] [+ BrY] [Ds ) (2.61)
Dy = 22 (2.62)
dé (6=1,80=0)

_20B+ (@) oy, P [1- 03]
Tl A A e+ 8] Tlark+ Bl et A%

(02 = 5°) s

(6=1,60=0) T far%+ 8 [a+ B}

a _ dq
9 ™ dcos b

(D} + 7 ?] (2.63)

s _dpp
D€ - d60590 (6=1,60=0) (2'64)
012
_2aB4 (P4 82}y “ﬂ[ - (%) } ey (2.65)

Tl B a4 8% T [ard + 8l [a+ Br]]

Figure 2.14 shows the dependence of DY, D¢, D%, DY, D¢ and D} with respect to the number of
pairs for the DBR structure previously shown on figure 2.10, and for an observation index ng = ns.
We choose this index of observation, because we will use these results in chapter 4.

The parameters plotted on figure 2.14 increase rapidly with respect to the number of pairs in the
DBR, to reach an asymptotic value which corresponds to the case of the infinite DBR. The presence
of the air interface makes Dg and Dg increase faster than Dj and Dj. It can be shown that the Ds
parameters can be related to the concept of penetration depth into the DBR provided the number of
pairs is high enough [29], [8]. We will not use this concept in our work since we will be interested
in calculating the phase of DBRs with some small number of pairs and also because it is difficult to
give a physical interpretation of Dy. We will rather consider Ds and Dy as convenient mathematical
parameters which will be useful to approximate the phases near the Bragg resonance. As we did
it previously, we can use these relations to approximate the complex coefficients of reflection and

transmission around the (§ = 1,6 = 0) coordinates for the structure described on figure 2.10:

r = 10 ¢ [D§ (cos60=1)+D5 (6=1)+] (2.66)

¢ =/ [1 _ (T2)2] ¢ [D§ (cos 8o—1)+Dg (6-1)+27] (2.67)
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Figure 2.14: First derivative of the phase of the complex reflection coefficient with respect to the
normalized energy and the angle cosine, versus the number of DBR pairs N.

ry = 10 ¢ [D§ (cos fo=1)+Dj (6-1)] (2.68)

[1- 97

tp = -
i

ei [DZ (cos 8o—1)+D% (6~1)+ %] . (269)

These equations will be used in chapter 4, and will be very useful to take into account the existence

of the air to semiconductor interface at the end of the top DBR of the MCLED structure.

2.3 Study of the Fabry-Pérot resonator

Basic properties of DBRs being presented, we can study the properties of the dielectric Fabry-Pérot
resonator. This structure is made of two DBRSI surrounding a dielectric cavity and has the properties
to confine light at certain resonance frequencies. In practice, the DBRs used in our structures are
made of Al 5GagsAs/AlAs layers. The MCLED will be made of one such DBR grown on a GaAs
substrate, followed by a given sequence of AlGalnP-based layers (defining the cavity of the resonator),
and by a second DBR coupling the emission to an outside medium (air or epoxy typically). The generic

structure is shown on figure 2.15. The purpose of this section is to describe the optical properties of the
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Figure 2.15: Fabry Pérot resonator: definitions.

passive structure: we will consider a plane wave of wavevector k polarized either TE or TM, incoming
from the left outside medium of index n, and we will be interested in calculating the transmittance of

the structure.

In order to calculate this parameter, we will use the following transfer matrices:

EF] _ L [th—rk r~] [BF (2.70)
Ef] 1 At —r,ry 1| [EF
AR @1y

E-l- eQitpc 0 E+

=[] [ o

where 75 and ¢ty correspond to the reflection and transmission coefficients of the bottom DBR
(with N pairs), and r,, rp, t, and ¢, are related to the top DBR (with P pairs) including the interface
with the outside medium of index n,. We assume that the DBR stopbands are centered at the Bragg
energy Foy ~ Agiagg such that their thicknesses are given by 4ny L1 = 4n9 La = Apragg. The thickness

of the cavity is for the moment arbitrary and equal to L.. We can define the order of the cavity by

the number:

_ 2nmaLe (2.73)

me

>\Bragg

A cavity for which ny Lo = Apragg 1s called a lambda cavity and its order is m, = 2. We recall that

A=k,u/k.2, and o, = k.2 L./2.
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The transmission coefficient of the whole structure (considered from the left side), is given by:

1= B o _twteete (2.74)
EF E;=0 1—ryrpedive
Using (2.30), the transmittance of the structure is:
12
T= N . (275)

If we consider normal incidence, T' can be calculated using the approximations proposed in the

previous section:

T T;“P (2.76)
L+ (2F)" sin? (%)
with
N (12)? (19)2
Tep = ("_) ( N) 0( bo) 5 (2.77)
n2/) (1—=ryry)
and

AL
F= R (2.78)
L—ryry

For a given structure, Tpp and F are constant. 7" varies only with respect to the phase ¢ which is

given by:

p=49.+pNn+ps = (27m. + DY + D}) 6 — (DY + DY) (2.79)

where Dév and D8 were calculated in the previous section. On figure 2.16 is plotted the transmit-
tance T calculated for a structure with P = 15 and N = 35 pairs in the top and respectively bottom
DBRs. The indexes of refractions are n; = 3.1, ne = 3.5, n, = 1 and we assumed that the cavity was
a lambda cavity.

The low transmittance window around d = 1 originates from the stopbands of the two DBRs. One
can observe a resonance centered on d = 1 which is called the Fabry-Pérot (FP) mode. As we explained
it in the previous section, the DBR can be considered as a photonic bandgap. If the cavity thickness
is equal to the thickness of the high index DBR layer, then the whole structure is a DBR with P + N
pairs. If the cavity thickness is different, then the cavity can be considered as an impurity in a large

DBR structure. The Fabry-Pérot mode can then be regarded as an impurity level in a one-dimensional
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Figure 2.16: Transmittance of the Fabry-Pérot resonator plotted versus the normalized energy. The
top and bottom DBRs have P=15, respectively N=35 pairs. Indexes of refraction are n; = 3.1 and
ns = 3.5 and an interface with air ends the top DBR.

photonic bandgap [145], [161], [73], [72]. Using the periodicity properties of the DBRs, it is clear
that T is periodic with respect to §: T(6) =T (& + 2).

QOutside the stopband appear some periodic and narrow peaks of transmission which are called
leaky modes. The explanation of this denomination will be explained in the chapter 4. Figure 2.17
displays the variation of Trpp with respect to the number P of pairs of the top mirror, assuming a fixed
number of pairs for the bottom DBR. As expected Trp increases with respect to P until the reflectivity
of the top mirror equals the one of the bottom DBR. If P increases further, then Trpp decreases. This
point will be important in the design of efficient top-emitting MCLEDs. In order to have efficient top
emission, the number of pairs of the bottom DBR, will have to be as high as possible. In the rest of this
section we will fix the number of pairs of the bottom DBR to N = 35, and we will vary the number of

pairs P of the top DBR only.

The parameter F is known as the finesse of the resonator and describes the ”width” of the trans-

mission mode. Figure 2.18 shows how F' varies with P for the considered structure.

The finesse increases rapidly with respect to the number of pairs of the top DBR and saturates to
a value F;p, = w/rn /(1 — ry) limited by the bottom DBR reflectivity. It is clear that the finesse
increases towards infinity with the reflectivity of both DBRs. Considering equation (2.75), it is possible

to approximate T by a Lorentzian lineshape by developing the sin function around § = 1:
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Figure 2.17: Amplitude of the Fabry-Pérot mode versus the number of pairs P of the top DBR. The
bottom DBR has N=35 pairs and indexes of refraction are n; = 3.1 and n, = 3.5. An interface with
air ends the top DBR.

6 10° r . . T .
E N=35
51°F n-=
B a
[ n0=1
s [
M R
= f n,=3.5
2310
£
[ L
2 1¢° 5
110° F
0 8 L L {
0 10 20 30 40 50

Number of pairs P

Figure 2.18: Finesse of the Fabry-Pérot resonator plotted versus the number of pairs P of the top DBR.
The bottom DBR has N=35 pairs and indexes of refraction are n; = 3.1 and n, = 3.5. An interface
with air ends the top DBR.
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Figure 2.19: Fabry-Pérot mode linewidth plotted versus the number of pairs P of the top DBR. The
bottom DBR has N=35 pairs and indexes of refraction are n; = 3.1 and ny = 3.5. An interface with
air ends the top DBR.

T
T = 1—@ (2.80)

It is then possible to calculate the mode linewidth A8 = §%p — 6 p where T (61p) = T (§3p) =

TFP/23

27 1
Ad = — .
F 2xm.+ DY + D}

(2.81)

The mode linewidth is inversely proportional to the finesse, the order of the cavity and the Ds
parameters. Figure 2.19 shows the dependence of A§ with respect to the number of pairs of the
top DBR, using equation (2.81) and compares it to the linewidth exactly calculated by numerical
simulations.

As expected the linewidth decreases rapidly with the number of pairs P and we also see that the
approximation given by equation (2.81) is good for high reflectivity mirrors. When the number of pairs

is small, the error coming from the Lorentzian approximation (2.80) starts to be significant.
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Chapter 3

Description of quantum well
spontaneous emission by a
distribution of oscillating dipoles

3.1 Dipole emission in a multilayer structure (discrete dipoles)

The problem we want to solve is a generalization of the case studied by Lukosz in references [102],
[103], [100], [99], [58]: we consider a single electric dipole of moment [ placed inside an arbitrary
multilayer structure, surrounded by two lossless semi-infinite media of refractive indexes n, and n,.
The dipole has an arbitrary orientation for the moment and is supposed to be placed in a lossless
semiconductor of refractive index n,. Figure 3.1 displays the structure investigated: the planes of the
multilayer are called interface planes, and perpendicular to them is the plane of observation in which

we want to calculate the dipole radiation. The axis €}, is perpendicular to the interface planes.

The optical structures surrounding the dipole on its left and right sides can be described by their
transfer matrix [m°] and [m?]. These matrices can be expressed in terms of the complex reflection
and transmission coefficients as explained in chapter 2. The definitions of these complex coefficients
are displayed on figure 3.1. Using plane wave expansion of the dipole emission, Lukosz demonstrates
in his papers [102], [103], [100], [99] that the power per unit of solid angle II, (emitted in the
outside medium of refractive index n,) by a dipole placed inside the optical structure, can be related
to the power per unit of solid angle Il emitted by the same dipole radiating in an infinite medium of

refractive index n;. The corresponding mathematical expression is given below:

L e (5.)-&ds 40,

" Re (§oo) 6,ds 9%

(3.1)

The ratio d Q,/d 2, relates the solid angles in both media and can be calculated using Snell’s law,

which gives:
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Figure 3.1: Structure investigated: definitions.

dQ,
dQ,

= Naksa (3.2)

ng kys

The expressions Re (§a) -&, dS and Re (goo) -€, dS correspond to the luminous intensities radiated

by the dipole through a surface unit dS of the interface plane. From equation (3.1) we conclude that

I, df;
Re(S:)-&. dS
considered).

is constant across an interface (i is an index referring to the refractive index n; of the layer

The vector S, which appears in the expression (3.1) is the Poynting vector of the electromagnetic
field emitted in the medium of refractive index n, for each plane wave of the decomposition. To
determine S, we need to calculate the electric field emitted by the source in this medium. We use the
transfer matrix formalism for that purpose with the vector phasors defined on figure 3.2.

The arrows indicate the direction of the plane wave with respect to the axis &, only, and not the
orientations of the propagation vector which can be arbitrary. We call AT and A~ the phasors of the
normalized fields emitted by the dipole in an infinite medium. We have At = A~ =1 for all the angles
since the angular dependence of the dipole emission is held in the I, term of expression (3.1). Very
close to the dipole we define EE and E;tb as the phasors on the left and respectively right sides of the
structure. Since the source is located inside the structure, the inward pointing vector phasors £} and
E" are zero in the outside media of refractive indexes n, and n,.

Because of the symmetry of the problem, we can decompose any dipole on three fixed dipoles fj,
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Figure 3.3: Definitions of horizontal and vertical dipoles.
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fip and fi, which are defined on figure 3.3 and which form a base. We call horizontal dipoles the ones
which are placed in the planes of interface, and vertical dipoles the ones perpendicular to these planes.
If we consider the directions of these three dipoles with respect to a fixed plane of observation, we
observe that the horizontal dipole perpendicular to the plane of observation emits TE waves in this
last plane. The horizontal dipoles parallel to the plane of observation and the vertical dipoles emit
TM waves in the plane of observation. The dipole we will consider in the following calculations is
one of the three dipoles forming the orthonormal base: the waves emitted by the dipole in the plane
of observation will then be either purely TE or purely TM. Using the transfer matrix formalism 1t is

possible to relate the phasors using the [mo] and [mz] matrices:

E(-zl-s _ m?l m(l)z 0
[E_] - [mgl m3,| |E7 (8:3)

as

- =16

E, mz; Miyy

From continuity considerations, one can link the phasors Efb to the phasors EX, by the relation:

[giﬂ - [gf] + [i,f] (3.5)

as

where +A7T has to be used for horizontal dipoles and —A™ for vertical ones.
Using equations (3.3), (3.4) and (3.5), one can easily find the expressions of the phasors defined on
figure 3.2:

_tp [1 % rgo]

FEFr=—— 3.6

N 1— 7271 (3.6)

gy =tz £ [ro2 £1] (3.7)

1—raary

_ 1 + Tan

E = — 3.8
as 1 _ ra2 T‘bl ( )
+ _"n [1:!:ra2] 3.9

Foo = 1 —7ra27p1 (3:9)
_ Pa2 [Tbl + 1]

g a2 3.10
BTl —raarm (3.10)

+1

Et=_T01E° 3.11

T —raa i (8.11)

The plus sign has to be used for horizontal dipoles in the previous expressions, whereas the minus
one corresponds to vertical dipoles. Formula (3.6)-(3.11) are intuitively clear: the extracted field
E; for example, has a contribution coming from the field transmitted directly from the source (¢1)
and a contribution coming from the field reflected by the right side of the structure and transmitted

through its left side (¢51 r42). The sum of these two factors is sometimes called the antinode factor.
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The denominator 1 — r49 751 gives the multiple beam interference contribution due to the reflections
between the left and the right sides of the structure. This last factor is characteristic from Fabry-Pérot
interferometers and is often called Airy factor.

The last step before getting the detailed expressions for I is to express the Poynting vector s
in terms of the electric field phasors EX. We are interested in calculating the Poynting phasors in
the media of refractive indexes n,, ny and n, which were assumed to be real. In the transfer matrix
formalism, the fields are decomposed into a wave propagating in the €, direction with a propagation
vector k* with k* - & > 0 (its phasor being called E¥), and a wave propagating in the —¢, direction
with a propagation vector k= with k. €, < 0 (its phasor being called E‘) Because of Snell’s law,

- . - . K . - - e
we have kT . €, = —k~ - &,. The two plane waves are characterized by their phasors F* = Eg: etk T

for the electric field and H* = n"—o ETEA::ii for the magnetic field, with 7 the vacuum impedance and n

the refractive index of the medium. The Poynting phasor is then given by S, = (1/2) (E+ + E_'") A
<ﬁ+ + ﬁ‘) which finally gives:

S..& = k

T [1E** = B[] (3.12)

One should be very careful using this last relation which is strictly correct for lossless media only.
If one wants to calculate the Poynting phasor in a lossy medium, then an expression of the form
S, =(1/2) (E/\ ff*) e=2Im(E)7 must be used [39], [38].

Using (3.1) and (3.12), we finally get for a lossless medium:

nak?, | 12 na k2, |te1]? |1 % rasl?

M, = 228 |p—|* [, = —%-28 i 3.13

¢ s k?s ' ¢ l ® s kgs |1 — Ta2 7'bl|2 = ( )
ny k2 2 ny |ty 2 Tp +1°

Iy = —= |Ef | T :-"""—IJHOO. (3.14)
Ns R Ng ll_TaQTbll

Using (3.1) we can calculate the power per unit solid angle emitted on each side of the dipole:

2
O (L - O L et
“ T ngk? —z | e ; o0 (3.15)
na ko 0- |Ea l |1 — 7a2 761
2 — 2 _ 2 2
H - g k?s |E:;> -— |E3b| _ [1 |7'42| ] |’)”b1 :l: ]_I H 3 16
sb — k2 +12 - 5 oo ( . )
e Bz |ES " -0 1 —razre|

We can check that for a symmetrical structure, II, = Il because 740 = rp1, tp1 = 140 and tp; =
%j:’tbg (see chapter 2). The powers per unit of solid angle II,, Ily, Ils; and I, depend on: 1) the
orientation of the dipole which fixes the angular dependence of T, 2} the polarization to be considered
in the calculation of the reflection and transmission coefficients, and 3) the sign of the |1 &+ r|> terms

as mentioned at the beginning of this section.
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Figure 3.4: Angles definitions of an arbitrary dipole.

3.2 Dipole emission in a multilayer structure (3D distribution
of dipoles)

In the previous section we have shown how to calculate the powers per unit of solid angle of the
three discrete dipoles oriented in such a way that they form an orthogonal base. Because of the
correspondence principle, it is possible to model the spontaneous emission of a semiconductor by
the radiation of a collection of classical electric dipoles. We will assume in this section that we
know the distribution of these dipoles which is described by a probability function ¢ (e, ) where
g {a, ) sin(a) dadp is the probability per unit of solid angle that an electron-hole recombination

radiates like an oscillating electric dipole with a moment oriented along fi (o, ¢). We have of course :

/”/ wg (o, ) sin (o) dadp =1. (3.17)
o Jo

where the angles are defined on figure 3.4.

We assume that an orthonormal base (é;, &, €;) is fixed with respect to the planes of interface. In
this base we consider a plane perpendicular to the planes of interface, making an angle ¥ with respect
to the axis ;. This plane is the plane of observation in which we want to calculate the dipole emission
for all the €, directions with ¢ being the angle between €, and €,. We know that for an arbitrary

dipole of moment f, the electromagnetic far fields are given by:

~—

A= Hy (& Nf) (3.18)

E =Ey (& AG)NE,. (3.19)
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For the chosen plane of observation we define a dipole moment base (fi, fiy, [i,) as shown on figure
3.4. The angle ¢ (varying between 0 and 27), is chosen in such a way that we have ji; = €, and
fip = € when ¢ = 0. We calculated the emission of each of these dipoles in the previous section. If

we decompose ji on the (g, fiy, fi,) base, we have:

-

g = sin(p — ¥) sin(a) fi; —cos (¢ — ) sin (o) fip + cos (a) fy (3.20)

and for the electromagnetic fields:

H = sin (¢ — ) sin (o) Hy — cos (¢ — ¥) sin(a) I;'p + cos (a) H, (3.21)
E = sin (¢ — ) sin (a) E, — cos (¢ — ¥) sin () Ep + cos (a) E, (3.22)

where Es,p,v and I:—fs,p,v are the fields (perpendicular to each other) radiated by the dipoles of

moments fis , ,. The Poynting vector S, is given by S, = %E/\ H* which gives after a few calculations:

S, =sin® (¢ — ¢) sin® (a) S, + cos® (¢ — ¥) sin® () S, + (3.23)
cos? (a) S, — cos (¢ — V) sin () cos () S;,,, (3.24)
where
- 1 - g
Sspw = 3 EspuNH,, (3.25)
and
al 1 al 7 nl [7 *
S =35 (E,,/\HU +E,,/\Hp). (3.26)

The Poynting vectors 5’;, gs,p,v and §pv are oriented along the €, vector and it is possible to

calculate the averaged value of S, with respect to the dipole distribution, which gives:

< S >=a; (%) S5 + op (V) Sy + oy (%) Sy — oy (¥) S (3.27)
with
27
- / / g (e, ) sin® (¢ — §) sin® (a) dady (3.28)
o Jo
27
_ / / @) cos” (¢ — ) sin® (a) da dy (3.29)
o Jo
PA
=/ / ) cos? (@) sin (@) dady (3.30)
o Jo
27
opy (Y) = /o /o g (o, ) cos(p — 1) sin? (a) cos (o) dade. (3.31)
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It is interesting to note that:

A cross term 5’;,0 appears in the chosen decomposition because the dipoles of moments fi, and f,
emit both TM waves. The cross terms involving two different polarizations cancel in the calculations
since ETE A ﬁ,}M = E_"TM A I-T}E = 0. We will show further that a;, (¥) is zero in a lots of cases
provided the g (o, ¢) function displays some symmetry properties.

We saw on section 3.1 that:

Re (§'7) -2 dS gq, e (3.36)
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After a few manipulations we can finally calculate the power per unit of solid angle II emitted by

the dipole distribution g (a, ¢) in the plane of observation defined by the angle ¢:

I1(0,¢) =a, (¥) I’ () + o () TIP (6) + o (v) TI" (9)

— oy (¥) /TP (0) T (0). (3.37)

In order to calculate IT, we need to explicitly give the powers per unit of solid angle II3:P'¥ emitted
by the dipoles of the chosen base in an infinite medium of refraction index n;. The powers per unit of

solid angle emitted by discrete dipoles in an infinite medium are given by [99]:

m, =10, (3.38)
2, = 1%, 2, (3.39)
m, =1, (1-2,) (3.40)

where k,; = (27/A) ns4,s. The constant 12, is a normalization constant that we can calculate by

normalizing to one the power emitted by the dipole distribution:

/7r /”nm (6, ) sin (8) dody =1 (3.41)
0 0

with
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e (8,4) =a, () T, (6) + oy (¥) TE, (6) + o (¥) 1T, (6)
— apy (¥) /II% (6) TIY (6). (3.42)
After some simple calculations, we find that IS, = 3/ (8 7). As expected, this parameter depends

neither on the dipole distribution nor on the position of the observation plane.

We finally have:

, 3

Hm_87r (3.43)
3

P 2 3.44

I, PR (3.44)
3

m == (1-+%). 3.45

% 87r( v2,) (3.45)

We can now calculate completely the power per unit of solid angle emitted by any dipole distribution
(which has to be given), using equation (3.37) with II** given in section 3.1 and [P given in (3.43),
(3.44) and (3.45).

It is interesting to calculate the oy, and oy, coefficients for some special distributions. If we
consider a 3D isotropic distribution of dipoles, we have g («, ¢) = 1/ (4 w) which gives a; (¢) = a, (¥) =
ay (¥) = 1/3 and ap, = 0. We have then:

1 1 1
O3p = =00, + = Z11,. 4
3D 3H +3Hp+3 (3.46)

If we consider a 2D isotropic distribution of dipoles, we have g (o, ¢) = 1/ (2 7) which gives a; (¢) =
ap (¥) = 1/2 and a, (¥) = apy (¥) = 0. We have then

1 1
_Hs+_

II,p =
2D 9 9

0. (3.47)

If the dipole distribution displays a rotational symmetry around the €, axis of the structure, we have
then ¢ (a, ¢) = g (@) independent of the angle . This assumption is reasonable for bulk or quantum
well emission in most of the semiconductors used to fabricate LEDs. We must point out that in some
cases (depending on the growths conditions) the ternary compound GalnP (used for red LEDs) can
display some ordering effects inducing some strong polarization anisotropies [48]. For that particular
case the assumption g (a,p) = g (a) is not valid. Using equations (3.28) with g {(a,¢) = g(a), we

easily calculate that:

T

as (V) =ap () =m i g9 (@) sin® (o) da = oy, (3.48)

ay(Y) =27 /7* g (@) cos? (a) sin(a) do = oy (3.49)
0
ape (%) = 0. (3.50)
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The o/ and a1 are simply connected by the relation (3.32), which gives:

201//+Of_L:1. (351)

The power per unit of solid angle is then given by:

H:a// [HS-I-HP]-I-CY_LHU. (352)
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Chapter 4

Top-emitting MCLEDs with two
DBRs: analytical formalism and
design rules

The objective of this chapter is to give some general design rules to optimize the extraction efficiency
of top-emission MCLEDs based on two DBRs. We present a new analytical model which takes into
account the source lineshape, the polarization and the number of pairs of the DBRs. These calculations

generalize the model of Benisty [13].

4.1 Extraction efficiency of top-emitting MCLEDs: exact for-
mula

The purpose of this work is to study red MCLEDs grown on GaAs substrates. Because of the GaAs
being strongly absorbant at wavelengths below 700 nm, it is clear that a top-emission structure can be
considered only. The realization of a bottom emission MCLED would require the use of transparent
substrates (such as GaP for example). Conventional LEDs based on such transparent substrates exist
[79], [88] but they require rather sophisticated wafer bonding techniques [57] which are not easy to
implement. The basic MCLED structure which is extensively studied in this work is displayed on figure
4.1.

It consists of two distributed Bragg reflectors (DBRs) surrounding a cavity. The DBRs are made of
alternating high (n3) and low (n) index layers of thickness Ly and Ly with Apragg = 4n1 L1 = 4n3 Ly
where Apragq is the Bragg wavelength of the mirrors. We define the index ration = = >landn= 2=
where n, is the refractive index of the outside medium in which we want to calculate the emission
properties of the MCLED. We will restrict our study to the cases of n, = 1 (air) and n, = 1.5 (epoxy)
which are of practical interest for packaging reasons. In this chapter we will assume that the materials
are not absorbant (n,, n; and ny are then real parameters). We assume that the top (respectively
bottom) DBRs are made of P (respectively N) periods where P and N correspond to the number of low
index (n1) layers. The case of one-lambda cavities will be investigated in this work: as explained in

reference [13], [143], the effective order of the cavity must be as small as possible so as to extract the
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Figure 4.1: Basic structure investigated.

maximum of light in the outside medium. The cavity thickness L. is then given by Apragq = n2 Le.

We define two planes of observation perpendicular to the planes of interface: one in the outside
medium of index n, (in which we will calculate the power per unit of solid angle II,) and one in the
cavity medium of index ny (in which we will calculate the power per unit of solid angle T5). These
planes are displayed on figure 4.2.

The angles 8, and 65 are defined in the same figure and are related by the Snell’s law (ng sinfy =
ng sind,). In order to simplify the notations, we introduce the parameter -,, with I:a €, = kg =
ZT” Tg Yza Where kq is the propagation vector of the plane wave travelling in the medium of refractive
index n, with a wavelength A/n, (the same definition applies for 7,5). As done in previous chapters we
introduce the normalized energy § = '\—B—;\—“—ﬂ, where Aprqqq 15 the Bragg wavelength which is assumed
to be fixed. The parameters ~,, and 7,2 are related by the Snell’s law:

Yoo = \/1 - (n—) (1—2,). (4.1)

When the angle 6, scans the range [0,7/2] (7.4 scans the range [0, 1]), then the angle 6, scans

2
[0,65] (and +,2 scans [0,7%5]). The critical angle 65 is defined by cosf§ = 75, = /1 — (:—‘l-‘;) . The

solid angle element in the medium of index n, is given by

dQq = sin(6,) dl, dp = dy.q de. | (4.2)

It is related to the solid angle element in the medium of index ny by the relation

nz Yzad§lq = ng Y22d §22 (43)
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Figure 4.2: MCLED structure: definitions.

which can be derived by using the Snell’s law. This means that when d {2, scans the half-solid angle
27 in the outside medium of index n,, then d 2y scans the extraction cone defined by the angle 6§ in
the medium of index ns. Since we will always have ny > n; > n,, we will not have to deal with the

propagation of evanescent waves emitted by the dipole distribution.

We have defined on figure 4.2 the complex reflection (7p, #n) and transmission (fp, {n) coefficients
of the two DBRs, seen from inside the cavity. These coeflicients can be calculated exactly by using

results of chapter 2.

In MCLED structures, the source is generally made of one or several quantum wells. Several
fundamental reasons impose the use of quantum wells rather than bulk active regions. First, it is
necessary to place the source at the maximum of the electric cavity field in order to maximize the
coupling between the cavity and the source fields [13]. For a one-lambda cavity this means that the
source must be localized at the center of the cavity which justifies the use of a quantum well active
region. We will show in this chapter that the extraction efficiency decreases as the source spectral width
increases. It is then necessary to use a source for which the spectral width is as small as possible. A
quantum well is then to be preferred to bulk material since its emission linewidth is smaller, due to the
reduced dimensionality [122]. We will also show that the extraction efficiency can be maximized by
carefully adjusting the wavelength detuning between the cavity resonance (defined at normal incidence)
and the source emission wavelength (for which the spectral density is maximum). It is then important
to have a source with a stable emission wavelength in terms of current injection or temperature.
The reduced dimensionality of quantum wells is once again an advantage compared to bulk regions.
Quantum wells emission wavelength can be precisely tuned by controlling the thickness, the depth or

the strain of the well, allowing an accurate and easy control of the cavity-source detuning [29], [164].
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We will then consider that the source is a quantum well placed in the center of the one-lambda cavity.

In order to calculate the emission properties of the MCLEDs, we first calculate the power per unit
of solid angle T, emitted by the source in the center of the cavity. We know from chapter 3 that this
parameter is related to the power per unit of solid angle ﬁ;o emitted by the same source in an infinite
medium of refractive index ny. The emission of the bare quantum well is described by II; which can
be expressed as the product of a term describing the interaction of the light with the medium and by
another term describing the spectral density of the emission. The spectral density rypon: varies with
respect to the normalized energy (defined by d = )‘B—;"ﬂ), and is peaked at a normalized energy called
do. If Agpont 1s the peak wavelength of intrinsic spontaneous emission, we have then §, = % The
full width at half maximum of 7;pon: is called o, and r,pon; is normalized to one when integrated from
minus to plus infinity. For mathematical reasons we will use in this chapter a Lorentzian lineshape
to describe the source broadening (this function offers the possibility to analytically approximate the
extraction efficiency). In fact we will see in chapter 6 that the spontaneous emission spectrum of
conventional LEDs (without cavity) is better approximated by a combination of two exponential tails

(at low current density at least), but this will not change the general results derived in the present

chapter. The spontaneous spectral density is then given by:

2
rspont((s - 50; Uo) = 7r200 . (4'4)
1+ (2) (-4

It must be pointed out that the rspont(d — &y, 0,) is normalized to one when integrated between

minus to plus infinity since it is a spectral density. It follows from the previous considerations that:

H2(7z2> 67 da, Uo) =TI, (722; 6) rspont((s - 50, 0'0) (45)

where II5(7,2, 6) is calculated for a monochromatic dipole distribution (with a rotational symmetry

around the axis €;) by the relation:

M2 (Y22,0) = ayy Mas(vz22,0) + Iap(v22, )] + oy Moy (v22,6). (4.6)

The parameters oy, and a refer to the horizontal and vertical dipole proportions in the dipole
distribution respectively, and are related by the relation 2 ;; + oy =1 as derived in chapter 3.
By using equation (3.13) derived in chapter 3, we can calculate explicitly the power per unit of

solid angle Iy, (7.2, 8), Map(7.2,6) and sy, (122, d):

Mos(Y22,8) = CF B (722, 6) ATE (722, 0) I (722) (4.7)
Mop(v:2,8) = ¢ M (722, 8) ATM (7,2, 6) I157 (722) (4.8)

Moy (Y22,6) = CTM (122, 8) ATM (7,2, 6) TS (722). (4.9)
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The ¢ parameters correspond to the antinode factors which quantify the coupling of the cavity field
with the dipoles. They are expressed by:

TE(y.2,6) = |1+ 74E e2iee? (4.10)
CFM (v22,8) = |1+ #RM 2192 (4.11)
CIM (v22,8) = |1 = FRM 270 ? (4.12)

where ¢, describes a phase shift related to the position of the source with respect to the cavity

edges

@ =T Va2 (4.13)

for a source placed at the center of a one-lambda cavity. The superscripts TE and TM indicate that
the reflection coefficients have to be calculated for the corresponding polarization by using transfer

matrices given in chapter 2. The terms fﬁE,TM

correspond to the reflectivity of the bottom DBR
defined from the cavity at its right edge (see figure 4.2). This explains why a phase term 2! ¥+ appears
in the expression given by equation (3.13) for which r,» was defined at the center of the cavity.

The A factors correspond to the Airy functions describing the optical properties of the passive

cavity. They can be calculated according to:

TETM
1-|fp |2

TETM _
A (722,0) = TE.TM TETM (4.14)
[1— TN

7L edige|2

The 1153, 1157 and I3 factors describe the source terms of the dipole distribution. They were
calculated in chapter 3 and are given by equations (3.38) to (3.40).

If the complex reflection coefficients #p and #x are known, the power per unit of solid angle
2(v:2,4,6,,0,) emitted at the position of the source can be calculated for various cavity angles and

different energies. As mentioned in chapter 3, the power per unit of solid angle 1, (Yza,0, 00, 7o) emitted

in the outside medium can be simply calculated by:

04(Y2a,6,00,0,) = %ﬁg('yﬂ,é, 0o, 00). (4.15)
This term is nothing else than the angle-resolved emission spectrum of the MCLED. We will show

on chapter 6 some experimental measurements of I4(7.4, 6, 80, 7).
We want to calculate the extraction efficiency # of the MCLED in the outside medium. This
parameter is given by the ratio of the optical power emitted in the outside medium to the total optical

power emitted at the source (in the cavity). We have then:
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0+1 fj:oo ﬁa(')’za )9, do, ‘70) dé d7yza

(60, 0,) = — . (4.16)
S 28 M2, 8,60, 00) d dyz
By using (4.2) and (4.15), we find:
f,ylc fjooj ﬁz(')'zZ;J: 50:0'0) dé d7z2
(6o, 00) = —1 (4.17)

-1 j-ooooﬁQ('YZZ;a,éo,O'o) d(sd’)’zz

As it was extensively studied in references [105], [101], [100], [16], [126], [62], [35], placing an
oscillating dipole inside a microcavity leads to a change of the dipole radiative lifetime, which can be

expressed as:

7.00(5) +1
=A7(d) =2~ II5(7:2,0) dv.2 (4.18)
7(d) -1

where II5(7y,2,0) has to be calculated in the cavity and is given by equation (4.6). The radiative

lifetime of the dipole distribution in an infinite medium and in the cavity are defined as 7, and 7
respectively.

After a few manipulations, we can express the extraction efficiency by:

1 1 +oo_
(80, 0,) = m?ﬂ'/ / (722, 6,80,0,) db dv,» (4.19)
oyYo ¥

c
2 YV —O0

where AT(d,,0,) is the averaged radiative lifetime modification given by:

+o0
AT(d,,0,) = AT(8) Pspont (6 — 6o, 0,) dé. 4.20
P

-0

Without justifying it in this section we set this parameter equal to one. As pointed out by references
[1], [152] radiative lifetime modification A7(§) is quite small for monochromatic dipoles placed in
dielectric one-dimensional cavities. We will also see in section 4.4 that because of spectral broadening
of the source emission, it is reasonable to consider that A7(d,,0,) &~ 1. We will then calculate the

extraction efficiency in the next two sections by using the following expression:

1 400
1(00,0,) =2 / / I3 (v;2,9, 80, 00) d6 dyso (4.21)

c
Yz2 oo

4.2 Extraction efliciency of top-emitting MCLEDs: analytical
approximations

In order to calculate the extraction efficiency #(d,, 0,), we need to evaluate the complex coefficients of

reflection #p and 7y (see figure 4.2). We showed in chapter 2 how to analytically calculate them by
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using diagonalization techniques. It is then possible to directly introduce these expressions in equations
(4.10)-(4.12) and (4.14). From such calculations, it is possible to accurately evaluate 7(d,, o,), but
it does not offer the possibility to really understand the physical mechanisms which influence the
extraction efficiency. For that purpose a simple model of MCLED emission is required. To reach this
goal we will use the approximations derived in section 2.2 to calculate the reflection coefficients of
DBRs. We remind the reader that 7p and 75 depend on the parameters § = ’\B—;\‘”’i and v,2. We
showed in section 2.2 that it was possible to develop the phase of the reflection coefficients around the

Bragg condition (6§ = 1 and 4,2 = 1) and to assume that their amplitudes were constant. We set then:

FpN =rpN € PPN (4.22)

where rp y, and @p n are real constants (as mentioned in the previous section, we assume that all

the layers are made of non-absorbing materials). The amplitudes are given by:

_arp+p

= 4.23
rp P (4.23)
n2f 1
o _ 4.24
Tp n2P 11 ( )
n?N -1
_ 4.95
NN 4 (4.25)
with
1 _
o= 5(1 +n) (4.26)
8= %(1_7-1). (4.27)
The phases are given by:
op =D (y:2 - 1)+ Df (6 - 1) (4.28)
PN = Dév (‘yzg - 1) + Dg;v ((5 -~ 1) (429)

with

PN _ T 2n2—n+1\ ,
P,N D n+ 1
D6 = 5 [(m) T;)’N - 1] (431)

—p_ 2aB+(@*+)rp _p afl—(rp)?] m
YT lars +B) (a4 Bre) T (ary + ) (a+Bry)

These approximations are reasonable provided that:

(4.32)
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1) the normalized energy varies around the Bragg condition (§ & 1) and is still in the DBR stopband:
this assumption is reasonable here since we will be interested in calculating the extraction efficiency
for emitters whose emission wavelength will be close to the Bragg wavelength

2) the incidence angle is close to the normal (y,2 &~ 1): as can be shown in equation (4.21), we only
need to calculate ﬁz('}’zg, 8,8,,0,) for v, values between +¢, and 1; since we are mainly interested in
studying MCLED structures based on AlGaAs DBRs (3 < ny < 4) and since the outcoupling medium
was chosen to be air (n, = 1) or epoxy (n, = 1.5), we conclude that we have at worst 5, = 0.9 which
leads to reasonable approximations.

Note that the approximations of the TE and TM reflection coefficient give the same expressions.
The reason is that the two polarizations are degenerated at the Bragg condition. The polarizations
will be indirectly accounted for in the source terms and in the sign of the antinode factors (4.7)-(4.9).

With these approximations, we can apply formula (4.7)-(4.9) with

T (132,8) = (FM (722,8) = Cu(:2,8) = |1+ 1y & Beeton))? (4.33)

CTM (v,5,8) = Co (22, 8) = |1 — 1y €t (2oeton) |2 (4.34)

and

2
1—7'P

ATE(')/zQaJ) - ATM(7Z2:6) = A(‘)/ZZ;(;) = R (435)

|1 —rpryé (4<Pc+<PN+‘PP)’

We can easily check that for a source placed in the center of a one-lambda cavity and close to the
Bragg condition, we have (4(7,2,6) & 4 and {,(7.2,0) & 0. We immediately conclude that the vertical
dipole contribution of the source distribution will not be extracted from the microcavity. It can be
shown that for a quantum well, the vertical dipole contribution comes from the recombination between
light holes and electrons [164], [11], [10]. Hence it will be necessary to minimize this recombination
mechanism and to favour recombinations between heavy holes and electrons so as to maximize the
extraction. By using equations (4.6) and (3.38)-(3.40), we can approximate the power per unit of solid
angle emitted by a 3D distribution of monochromatic dipoles (with a rotational symmetry along the

€, axis):

3
H2(722,5)24a///4(7z2,5)8—7r [1+73]. (4.36)

We can explicitly calculate the Airy function by using the previous results:

1—7’% 1

A(yz2,0) =
(2.9) (1=rvrp)’ 14 (28) sin2(£)

(4.37)

where the phase ¢ is:
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p=4p.+ N+ ¢pP :47”5722 +D9(7z2 - ]-) +D5(5— 1)| (438)

with

Dy s = Df 5+ Dj's. (4.39)

The parameter F' is the cavity finesse given by:

F= mT\/TNTP

=T (4.40)

The Airy factor displays some periodic resonances which can be found setting that ¢ = 2 7 p where
p is an integer. We find at the resonance (labelled by the sub/superscript FP) the following relation

between the normalized energies and the angles:

27p+ Ds — Dy(vEF ~ 1)

4.41
471")/5;,13 + Ds ( )

dpp =

Since we must have dpp = 1 at the Bragg condition, we conclude that p = 2. This result was to be
expected since p corresponds to the order of the physical cavity (which is here a one-lambda cavity).
This relation gives the angle/energy relation for the Fabry-Pérot mode around the Bragg condition.
By converting the internal angle 6, into the external 8, (using (4.1)), one can easily check that épp
increases with 0,, meaning that the Fabry-Pérot wavelength is blue-shifted as the angle 6, increases.

The resonances of the Airy function occur then around the condition ¢ = 4 7. Since the energy
linewidth of the Airy function is usually smaller than the stopband width and since its angular linewidth
is smaller than the escape window, we can develop the Airy function around its resonance (by a first

order Taylor development), which gives after some manipulations:

1—7'%. 1

(1—rnrp)’ 14 (Z)? (6 —6rp)°

A(7:2,0) = (4.42)

where Ad is the full width at half maximum (FWHM) of the Lorentzian evaluated at v,o, given by:

_2m 1

A= — ———— | 4.43
F ir72+ Ds (143)

One should notice that this FWHM formally varies with the angle. As already mentioned, we are
interested in calculating the power per unit of solid angle for 7,5 values close to one. We can at first

approximation neglect this dependence, fixing the value of 4,5 to one which gives:
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27 1
= — —————. .44
A F 47+ Ds (444)
For a broad spectrum source with a Lorentzian lineshape we can use (4.4) and (4.5) to calculate
the power per unit of solid angle IT2(vs2, 4, d,, 7,). This expression which depends on the angle and on

the energy can be integrated over the energies which gives formally:

+00
Ty (123, 60, 00) = / o (722, 8) Tspont (6 — B9, ) . (4.45)
-0
This integral is nothing else than the convolution product of two Lorentzians which can be analyt-
ically calculated. We find an other Lorentzian whose linewidth 1s equal to the sum of the linewidths

of the two convolved Lorentzians. We find:

1-7r3 Ad 1
2 2 :
(1—rpry)” 0o+ A 14 <00—|2—A6> (60 — 6pp)?

- 3
Ma(Yz2, 80, 00) = 40y g (1++%) (4.46)

The angular dependence of the Lorentzian is hidden in the §pp factor (by (4.41)). We can reorganize

the terms so as to make appear the -,2 variable which gives after a few manipulations:

_ 3 5 1—r%  Av, 1
T (132,80, 00) = 4oy g (14 9) 7= =% T = (4.47)
where we have defined:
_ 47T—D5((50—1)+Dg
Yo = Tr6. T D : (4.48)
2r 1
A% = F §75, 7 Dy (4.49)
and
2 (00 d
g = A% (00 + A9) (4.50)

Ad
The A«, parameter is the full width at half maximum of the Airy function A(v.s,4d) developed
around its resonance with respect to the v, variable. By doing the same kind of manipulations which

lead to (4.42), we can calculate:

Ay, 8) = ——"F ! (4.51)

- 2 2 2’
A=rwre) 14 (22) (o2 = 25P)
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Like we noticed it for the normalized energy full width at half maximum Ad, Ay, formally varies
with respect to the normalized energy §,. Since §, varies very few around § = 1, we can at first
approximation neglect the normalized energy dependence by fixing the value of §, to one from which

it follows that:

27 1

Ay, =22 ° 452
T F 4n+ Dy (4.52)

We conclude from these results that the effect of broadening the spectral width of the source of
emission is to broaden the angular dependence of the Airy function. We check that we retrieve (4.36)
when we set 0, = 0 (corresponding to a monochromatic source).

For an ideal Fabry-Pérot cavity, the mode linewidth is conversely proportional to the order of the

cavity times its finesse [130]. We can then define an angular and an energy cavity order:

1 Dy
= =92 — 4,
My F Ay -1-27r (4.53)
1 Ds
= —— =24 —| .54
™= FAs T 9. (4.54)

It must be noticed that for ideal mirrors (Dy = Djs = 0), we have my = ms = 2 equal to the order
of the physical cavity as expected.

We can then express the Lorentzian linewidth o by:

¢ =0, (@) 4 (4.55)

my Fmg.

We can now calculate the extraction efficiency by using (4.21), (4.45) and (4.46):

1-72 Ay, [} 1++2
» 27 / ki A (4.56)
v, 1+ (;) (722 - 70)“

This integral can be analytically evaluated [2] and after some approximations, one finds that:

- 1-1p Ay > 1-7% Yz = Yo
= 1 1 - 2= .
n=3aqy T—rrra)? 2 (1++2) |arctan o7 arctan o7 (4.57)

The integral term of (4.56) indicates how much of the Airy function enters in the escape window.
This term is mainly responsible of the high extraction efficiency of the MCLED structure. It is clear
that if the FWHM of the Lorentzian is small enough, then all the mode will have the possibility to
fit in the escape window, hence to be extracted. We define then the parameter .4 which indicates the

fraction of the Airy mode which enters the escape window:
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—_l 1_70 _ 752_7‘7
A= - [arctan ( o7 ) arctan (———0_/2 >] . (4.58)

This term converges towards 1 when o converges towards zero (monochromatic source) which means

that all of the mode is extracted.
We have calculated in section 2.3 the transmission coefficient Ty, of the Fabry-Pérot cavity at the

Bragg condition. We found:

(=) (=r3). )

Ty, =
ip (1-rp rN)Q

The transmission coefficients of each DBR are simply given by Tpy = 1 — r%’ n- It is then possible
to use these expressions to simplify the relation (4.57).
We define a factor IS which represents the source term of the dipole distribution evaluated at the

angle corresponding to v,:

3
II%° = — ). .
0 87Ta// (1+7o) (4 60)

We can finally express the extraction efficiency as:

(o]
o

LIPS
=

(4.61)

21

7=4r? .
n ™ —

The next section is devoted to the study of equation (4.61) which takes into account the dipole
distribution, the number of pairs of each DBR, their indices, the escape window angular size and the
source linewidth. We will also compare the results given by equation (4.61) to the exact calculations

(performed by numerical simulations).

4.3 Optimization of the extraction efficiency

The purpose of this section is to discuss the dependence of the extraction efficiency with respect to the
source and the structure properties. We will compare the approximations described on previous section
to the exact solution found by numerical simulations. The parameters of interest are: the indices of
refraction ng, n1, ny (see figure 4.1), the number of pairs of each DBR P and N, the collection angle &
in the medium of refractive index n,, the FWHM of the source o,, the normalized energy J, at which
the source spectrum is maximum and the fraction of horizontal dipoles a/;.

We have shown in the previous section that the fraction of horizontal dipoles a,, in the source
distribution appeared only in the source term given by (4.60). We know from chapter 3 that o/,

is related to the fraction of vertical dipoles a; in the source distribution, according to the relation
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Q= % (1 —oy). As mentioned in chapter 4 e) is related to the proportion of light hole/electron re-
combinations. It appears from (4.60) and (4.61) that it is necessary to minimize the light hole/electron
recombinations so as to optimize the extraction efficiency. The corresponding vertical dipole emission
is inhibited at angles close to zero because of the antinode factor (4.34).

In the rest of this section we will assume an isotropic 2D dipole distribution, hence a; = 0 and
ay; =0.5.

The second parameter of interest is the collection angle £. This angle is defined in the outside
medium of refractive index n,. We consider that all the light emitted in the cone defined by this angle
can be detected. This definition is useful for calculating the extraction efficiency of a diode placed in
front of an optical fiber. We have then ¢ = sin™!'(N.A.) where N.A. corresponds to the numerical
aperture of the optical fiber (we typically have N.A. = 0.2 for glass optical fibers and N.A. = 0.5
for polymer optical fibers). If the light can be collected in the half-hemisphere defined in the outside
medium (as it can be done by placing a bonded diode inside an integrating sphere), then ¢ = 3
Equation (4.16) assumes implicitly this last case. For the general case (£ # Z), the results presented

in the previous section still hold provided +¢, is calculated according to:

- \/1 _ (%)2 (1 - cos2€). (4.62)

The escape window width (in terms of the v, variable) is obviously determined by the collection

angle £. The array below gives the values of 45, for the case of air (n, = 1) or epoxy (n, = 1.5) with

ny = 3.5 (GaAs at red/ infrared wavelengths) and for three realistic numerical apertures.

| ¥Es | N.A.=1 [ N.A.=0.5 [ N.A.=0.2 |
n, =1 (air) 0.9583 | 0.9897 | 0.9984
nge = 1.5 (epoxy) |} 0.9035 | 0.9768 0.9963

As expected, the escape window size increases as the numerical aperture increases. The ~¢, param-
eters appears only in the A expression given by (4.58). Figure 4.3 displays A plotted with respect to
the v, variable for two different values (y5, = 0.9583 and ¢, = 0.9897), and for the spectral widths
oc=1e—3and o= le—4.

This figure shows that A is defined on the escape window range [v%,, 1] and is symmetrical around

its maximum A, given by:

_ 1 —~C
Amas = 2arctcm <—72—2> . (4.63)

™ o

From this last relation it appears that A4, increases as the spectral width o decreases. When o
converges towards zero, A converges towards a unity function in the escape window. A describes how
much of the Airy function enters in the escape window: when ¢ is far smaller than the escape window

width, the Airy mode can then be completely extracted.
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Figure 4.3: A parameter plotted versus 7, representing the cosine of the angle corresponding to the
maximum of the source emission. .4 is represented for two different escape window widths v¢, and two

different source linewidths o.

This figures also shows that decreasing the escape window width while keeping the spectral width

o constant has the effect of decreasing the maximum value of A: the Airy mode fits better in a
large escape window than in a smaller one. It comes immediately from these considerations that the
extraction efficiency decreases when the spectral width ¢ increases. When the escape window width
decreases, 1t is more and more difficult to make the Airy mode completely enter the escape window,
hence the spectral width o is required to be smaller. The other factor of expression (4.61) varying
with respect to 7,, is the source term II° which increases slowly from 12— (7¢,)% to 2= as 7, scans
the escape window. Since 7%, is generally very close to one, II increases very slowly as 7, increases.
From the previous considerations, it follows that the product AII° describes completely the depen-
dence of the extraction efficiency 7 with the §, parameter because v, and 4, are related by the relation
(4.48). Note that 4, is the emission energy corresponding to the maximum of the source spectrum,

m) It can easily be checked that J, decreases from 4. to 1

normalized to the Bragg energy (6, = =Z5

as 7, increases from v¢, to 1 with . given by:

5= A7t Ds— Dolyi, = 1) (4.64)

This equation simply represents the Fabry-Pérot dispersion relation between energy and angles. The
d, parameter can be understood as a detuning between the cavity mode (fixed at normal incidence by

the Bragg wavelength) and the source emission wavelength. In the literature, the detuning parameter is

usually defined as A X = £(A—Ap,agg) [22], [37], but we keep our definition which is more appropriate
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to the analytical formalism we are presenting.

Since ¥¢, is generally very close to one, II3° increases very slowly as v, increases. We define v,,; as
the v, value for which the extraction 7 is maximal. This value is found by determining the maximum
of the product ATII® with respect to the parameter v,. This unfortunately leads to a transcendental

equation. If we neglect the v, dependence of the TI%° term, we easily find that A is maximum for

(g
Yopt = 512 (4.65)

corresponding to the center of the escape window. This means physically that 4 is maximum when
the Airy mode is centered in the escape window as previously mentioned by Benisty [13]. From this
approximation it follows that y22¢ = ﬁ = cos(0,) giving 0, = 45° as calculated in reference [13]. The

corresponding optimal detuning is given by:

87+ 2Ds — Dy(v, — 1)

bopt = 4.
TR ET Y (469
With this approximation, the optimal extraction efficiency is finally given by:
_ 3rTs, 11 -
Nopt = T—T{T\Zf) Fm_g(l + ’ngg) Amaz. (467)

In fact neglecting the v, dependence of the II3° term can not be justified if one wants to find yop;:
the parabolic dependence given in (4.60) is enough to shift v,,; somewhere between v, and 1—2’&
The optimal detuning is then between 1 and d,,; given in (4.66). Since the optimal detuning d,,; must
be greater than one, it follows that in order to get an optimal extraction efficiency, the source must
emit at a smaller wavelength than the Fabry-Pérot wavelength.

On figure 4.4 is plotted the extraction efficiency 7 with respect to the detuning d,, calculated with
(4.61) (dotted line) and calculated by numerical simulation (solid line). We have assumed a structure
with P = 5 and N = 35 pairs, indices of refraction n, = 1, ns = 3.5 and n; = 3.1, and different source
linewidths (¢, = 0,0.02,0.04,0.08).

We observe that the agreement between the simplified model and the exact calculation is good for
any value of the source linewidth o,.

The same structure was simulated using a refractive index in the outside medium n, = 1.5 corre-
sponding to epoxy instead of air. The result is displayed on figure 4.5.

The agreement is still qualitatively correct. The escape window width calculated with epoxy is twice
the one with air (see table 4.3). Developing the Airy function into a Lorentzian lineshape leads to some
significant errors far from the resonance (the tails of the Airy function are not well approximated by
the Lorentzian). Our model agrees well with numerical simulations for values close to §, = 1 for which
the approximations of the DBR reflectivities are the best. It is clear that when §, moves away from

the Bragg condition the approximation becomes less and less correct.
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Figure 4.4: Extraction efficiency plotted versus the normalized energy corresponding to the maximum
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It is evident from what precedes that the escape window width expressed in v, variable translates
into an escape window width in §, variable. This interval corresponds to the detuning range for which
the extraction efficiency is high (see figures 4.4 and 4.5). Outside of this interval, only the tails of the
Airy mode are extracted, which leads to a poor extraction efficiency.

After having discussed the effect of «;/, &, 0, and &, on the extraction efficiency, we will study the
effect of the number of pairs P and N on #jop;.

In what follows we consider a structure with n, = 1, no = 3.5 and n; = 3.1, N =25 or N = 55
pairs for the bottom DBR, and we make the number of pairs P of the top DBR vary between 1 and
50. The parameters Ty,, Ty, F and mipeiqa depend only on P and N.

The orders of the cavity my and ms depend on the parameters Dy and Ds as given by (4.39) and
(4.30)-(4.32). When the numbers of pairs P and N increase, my and ms also increase to saturate to

the values (calculated for P and N infinite) given by:

oo_nz-f-n—l

4,
My n—1 (4.68)
o  2n-—1
m = ——3 (4.69)
these two parameters being simply related by the relation:
mge — m$° = n. (4.70)

The dependence of my s with the number of pairs P is displayed on figure 4.6.

We observe that the phase effect induced by the DBRs on the cavity order is very important: mg s
are close to ten whereas the cavity order of the physical cavity is equal to two.

The term %5_ appears in the expression of the extraction efficiency. This factor increases to reach
a maximum when the condition ry = rp is fulfilled, then it decreases towards zero when rp converges
towards one. This behavior is displayed on figure 4.7 for the cases of N = 25 and N = 55 (the curves
were normalized to one at their maximum).

The maximum of % occurs for P = N — 5 pairs which corresponds to the situation rp = ry
(P # N because the air-semiconductor interface adds its reflectivity to the top DBR reflectivity). This
factor has a simple physical meaning: it describes how much of power is directed towards the top of
the structure compared to the substrate. When rp > rpn this factor decreases with P because the

emission i1s mainly directed towards the substrate.

The product —1— is simply equal to the FWHM A~ of the Airy function A(~,2, §) which completely

moF

describes the properties of the passive cavity. For a finite number of pairs N of the bottom DBR and
for an increasing number of pairs P of the top DBR, A~, decreases continuously to saturate to a value
given by m%’% The dependence of A+, with respect to the reflectivity rp comes mainly from the

finesse F', since my saturates rapidly to a constant value as mentioned previously. It is important to
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Figure 4.6: Effective angular my and spectral ms cavity orders plotted with respect to the number of
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bottom DBR.
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Figure 4.8: FWHM of the Airy function plotted versus the number of pairs of the top DBR, assuming
25 and 55 pairs for the bottom DBR.

bear in mind that the highest finesse value obtained by increasing the number of pairs P is determined
by the reflectivity of the bottom DBR. This behavior is displayed on the figure 4.8.

The last term of equation (4.67) which depends on P and N is Amar which indicates how much
of the Airy mode enters in the escape window. This dependence comes from the linewidth o which is
given by (4.55). We have o = 0'0;'%‘9? + A~,. Tt is clear then that A,,qe will continuously increase with
respect to 7p and will saturate to a value determined by the highest finesse value. We have plotted
Apmar for various source linewidths ¢, = 0, 0.1, 0.3, 0.5 on figure 4.9.

For a monochromatic source (¢, = 0), the linewidth & is simply equal to Ay,. If the bottom
DBR reflectivity is equal to one (N is infinite), then for P converging towards infinity, we find that
. converges towards one. In this case the finesse becomes infinite and the Airy function converges

towards a delta Dirac function. It is then possible to completely make all the Airy mode enters in the

escape window. The factor Liz_ then simplifies into 2 giving an optimal extraction efficiency of
T~ F 7 gving p

HOO
fopt(rp =71y =1,0,=0) =87 o (4.71)
6
Since 5, is usually higher than 0.9, this result can be simplified to fop:(rp = vy = 1,0, = 0) = m?%o

for a monochromatic source without vertical dipole contribution.
It is interesting to consider the case of a pure TE polarized source. In this situation the normal-

ization constant of % calculated in chapter 3 must be recalculated such that:

41
271'/ % (4.72)

-1
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Figure 4.9: Maximum of the A parameter plotted versus the number of pairs of the top DBR for
various source linewidths ¢y assuming 55 pairs at the bottom DBR.

which gives 153 = II° = Zl—"—. We find then an optimal extraction efficiency of fps(rp = rn =
1,0,=0) = % which is the same result found by Stanley [143] who used a mode counting approach.
This result shows the consistency of our approximations with existing methods used to describe the
behavior of MCLEDs. If the source has a broad spectrum with a linewidth o, # 0, then the optimal

extraction is given by:

i I 1 — 4%, m
Nopt(rp =N =1,0,#0) =167 m%o arctan (sz—ﬁ) . (4.73)

In order to check our approximations, we have numerically calculated the optimal extraction effi-
ciency for different conditions and compared the result to the optimal value found by using equation
(4.61) (we used this expression rather than (4.67) which is less accurate). In figure 4.10, we plotted
Tlopt With respect to the number of pairs P and for three given number of pairs N for the bottom DBR
and for a monochromatic source.

We observe that the agreement between our model and numerical simulations is good. As expected
the optimal extraction efficiency saturates to a constant value when the bottom mirror reflectivity is
high. When N is small, the effect of %f appears for a small number of pairs P (when rp approaches
to rn). This is particularly clear for the case N = 25 pairs: the effect of 77:—“;’,’ dominates j,5¢, and the
extraction efficiency drops very rapidly with P. If a high number of pairs is required on the top DBR
(for any reason like having a high spectral purity of the MCLED emission for instance [67}}, it is then
necessary to repel the maximum of %’V—" as far as possible, hence to have a high bottom reflectivity.
We observe that the agreement between our simple model and the simulations is not very good for P
varying between 1 and 5 pairs. This comes from our approximation of the amplitude of the complex

reflection coefficients within the DBR stopbands. For a small number of pairs, the reflection coefficient
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Figure 4.10: Optimal extraction efficiency plotted versus the number of pairs of the top DBR for
a monochromatic source, assuming 25, 35 and 55 pairs at the bottom DBR: comparison between
analytical approximation and exact simulations.

amplitude can not be assumed to be constant (as done in our model) for § and 4,2 values close to the
Bragg condition (0 = #,2 = 1). In fact, for such small reflectivities, the DBR stopband is not well
defined. We could then wonder if taking into account the number of pairs P and N dependence in the
calculation of my and ms was necessary, since these parameters saturate rapidly towards mg® and m3°
when P increases (see figure 4.6). The answer to this question is yes and this is illustrated on figure
4.11 below.

The extraction efficiency was calculated by using (4.61) with mg and ms depending on the DBR
pairs numbers P and N (represented by the solid line). We used the same equation but we replaced the
my and ms; parameters by their asymptotic values mg® and m§® which lead to the result represented
by the dotted line on the figure. The solid circles represent the exact calculation obtained by numerical
simulations. It is clear that taking into account the P and N dependence in the my and mg is very
important, which was to be expected simply by looking at figure 4.6: the cavity order varies between
7 and 10 for the chosen parameters which has a very significant effect on the linewidth ¢ hence on the
extraction efficiency.

On figure 4.12 is plotted 7j,p¢ for a broad spectrum source (o, = 0.05). We obtain the same kind of
result as in figure 4.10, but with a smaller saturation value for #,,: as expected from our simple model.

Figure 4.13 shows the extraction efficiency calculated for N = 55 pairs and for different source
linewidths o, .

As explained previously, the extraction efficiency is limited by the A4, value as shown on figure 4.9.

We calculated the detuning corresponding to the optimal extraction efficiency for the same structure.
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Figure 4.11: Optimal extraction efficiency plotted versus the number of pairs of the top DBR for a
monochromatic source, assuming 55 pairs at the bottom DBR: comparison between analytical approx-

imations and exact simulations.
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Figure 4.12: Optimal extraction efficiency plotted versus the number of pairs of the top DBR for
a broad spectrum source, assuming 25, 35 and 55 pairs at the bottom DBR: comparison between
analytical approximation and exact simulations.
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Figure 4.13: Optimal extraction efficiency plotted versus the number of pairs of the top DBR. for a
broad spectrum source with different linewidths oy, assuming 55 pairs at the bottom DBR: comparison
between analytical approximation and exact simulations.

The result is displayed on figure 4.14. We observe that once again the agreement between exact
calculations (solid circles) and our simple model (solid lines) is good.

The results presented in this section were calculated for a collection angle £ = 90°. Considering
a smaller collection angle would lead to a smaller angular escape window. The optimal detuning 4,
would then be smaller than for a larger escape window width (,p: increases with £ because of (4.65)
and (4.62)).

To conclude this section, the analytical formula (4.61) agrees very well with exact numerical sim-
ulations. This formula can then be used to design a MCLED structure with an optimized extraction
efficiency. The model takes into account the source properties (dipole distribution, emission wavelength
and linewidth), the number of pairs of the Bragg mirrors, the outside medium index of refraction and

the collection angle.

4.4 Guided modes, Purcell effect and photon recycling

In the previous section we have extensively studied the MCLEDs extraction efficiency by examining
how much of light could be redirected within the semiconductor escape cone by adjusting the cavity
parameters. We saw that approximatively 30% of the light emitted at the source could be extracted in
the outside medium. This section explains where the remaining 70% goes. We will assume a structure
with the same indices of refraction as before, 5 pairs at the top DBR and 55 pairs at the bottom.
We first assume that the source is monochromatic (cg = 0). In this section we will use the exact

formalism presented in chapter 3, so as to calculate exactly the power per unit of solid angle TI,, and
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Figure 4.14: Optimal detuning plotted versus the number of pairs of the top DBR for a monochromatic
and for a broad spectrum source, assuming 55 pairs at the bottom DBR: comparison between analytical

approximation and exact simulations.

II,, emitted at the source location (see chapter 3). We saw that I, and Il,, could be expressed as the
product of an antinode factor and an Airy function by (4.7)-(4.9). There is then the possibility that
singularities occur for discrete values of +,» such that rpry ! (4¥eten+¢P) = 1 The corresponding
modes are called guided modes: the unity round-trip condition allows self-sustained waves to exist in
the structure (116}, [14]. A necessary condition for such waves to exist is that the structure is lossless:
the unity round-trip condition implies that |rp| = [ry| = 1. As we will see further, these conditions
can exist in our generic MCLED structure even for finite number of pairs. Usually there is a finite and
nonzero amount of power radiated into these modes which makes the calculation of guided modes very
important for the determination of the total amount of power radiated by the source (which will give
useful information on the radiative lifetime modification of dipoles placed inside a microcavity as will
be seen further). One way to overcome this difficulty is to intentionally introduce a thin and weakly
absorbing layer close to the source [12]. The power injected into guided modes goes then necessarily
to the absorbers: the delta-Dirac guided modes are then converted into sharp peaks which can be
numerically resolved by adaptive maximum search algorithms. It is important that such damping
layer is placed close to the source: this ensures that the coupling between radiated modes and cavity
modes is the same as the one of the source. A damping layer placed at a node of the cavity field would
of course not allow detection of the guided modes. We have then assumed that a thin (1 nm thick)
absorbing layer (i = na + 0.014) was placed 4 nm from the source, on the top side of the structure.
We plotted on figure 4.15 the power per unit of solid angle Il,; (solid line) emitted by the source
in the cavity medium and at the source position. The source was an horizontal dipole emitting TE

polarized monochromatic radiation at a wavelength A, smaller than Aprqgy. With A, = 640nm and
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Figure 4.15: Power per unit of solid angle radiated towards the top of the MCLED at the position of
an horizontal TE dipole (left axis) and reflectance of the top DBR calculated from the cavity (right
axis).

ABragg = 660nm, we have a normalized energy of §, = 1.0156. The angle 65 is defined in the cavity
medium of refractive index n,. Since n, = 1 and na = 3.5, the critical angle 85 is 0.29 rd (16.6°) which
defines the angular escape window (see figure 4.15). Since §, > 1, we observe a resonance inside the
escape window at #; = 0.167d. For angles greater than 65, I1,; drops abruptly to very small values

except at 5 = 1.30rd where a very sharp and intense resonance is found.

In order to make this behavior clearer, we also plotted on ﬁgﬁre 4.15 (dotted line) the amplitude of
the top DBR reflectivity Ry, = |rp|2 calculated at §, = 1.0156. Since this mirror has very few pairs
(P = 5), the DBR displays a moderate reflectivity close to normal incidence (2 = 0°). At 65 > 65,
R; .y is equal to one because of total internal reflection between semiconductor (high index) and outside
medium (low index n, < ns). Plane waves are then totally reflected by the top mirror (Ri,p = 1).
There is then a possibility to find some guided modes provided the condition rn = 1 is also satisfied.
We plotted on figure 4.16, the power per unit of solid angle I,; emitted towards the substrate (solid
line) and the reflection coefficient Rpotiom = |rn|? calculated at 6, = 1.0156 (dotted line).

Since the bottom DBR ends up with a high index layer (corresponding to an infinite substrate of
index n3), Rpottom displays an angular stopband which (with the parameters we chose) is larger than the
escape window width. For angles between 8, = 0.35rd and 63 = 1.18rd the DBR reflectivity is poor and
the mirror leaks. Most of the light emitted towards the substrate is then lost through the leaky modes.
It is interesting to note that the leaky modes display a high frequency modulation corresponding to
the DBR sidelobes on which is superposed a second modulation with a smaller frequency. This gives

rise to a periodic inhibition of the leaky mode intensity. It can be shown that this effect comes from
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Figure 4.16: Power per unit of solid angle radiated towards the bottom of the MCLED at the position
of an horizontal TE dipole (left axis) and reflectance of the bottom DBR calculated from the cavity
{right axis).

the antinode factor of the power per unit of solid angle terms.

For angles greater than #; = 1.187d, the DBR behaves like a perfect mirror because of the total
internal reflection. The critical angle corresponding to total internal reflection between layers of high
and low index in the DBR is given by 65, = asin(ni/n2) = 1.097d. As we mentioned it in chapter 2,
the effective total internal reflection occurs for a higher angle due to total internal frustrated reflections
(also called optical tunnel effect [80]). As expected, the guided mode of figure 4.16 is found at an
angle for which the condition |rp| = |ryx| = 1 is fulfilled. Since the damping layer is placed on top of
the source, the guided mode is not displayed on figure 4.16. A resonance is found in the escape window
of this last figure but with a very small amplitude compared to the one of figure 4.15. This is simply
due to the fact that the emission is mainly directed towards top of the structure: |rn |2 >> |rp|? (see
section 4.3). We also clearly observe the existence of leaky modes which represent the major part of
the light emitted towards the substrate. One can see on figure 4.15 sort of such leaky modes but with
two orders of magnitude smaller amplitude. Theoretically, there should be no light emitted at these
angles because of total internal reflection due to the outside medium semiconductor boundary. The
observed oscillations come simply from the small absorbing layer placed on top of the structure which

makes the reflectivity not strictly equal to one.

We can now evaluate the fraction of light emitted in the extracted (ng), leaky (n) and guided

(ne) modes. These terms were calculated according to the following formulas:
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Figure 4.17: Extraction efficiencies for extracted, leaky and guided modes plotted versus the detuning
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1
nE(Jo) =27 / [Has (')’zZ, 60) + Hsb(7z2; 60)] d7z2 (474)
Yiz
Vi2
L (60) =27 Hsb(')’zZ; 60) dv:a (475)
0
Yi2
nG(‘io) =27 / Has('Yz?;éo) d')'z?' (476)
0

The overall power emitted by the dipole distribution is given by:

Mot (80) = 18 (d0) + nL(80) + 16(S0)- (4.77)

These extraction efficiencies are displayed on figure 4.17.

We have delimited three regions called I, IT and III depending on the values taken by the source
normalized energy d,. In regions I and III, the extraction efficiency ng is very small because the
cavity resonance is not in the escape window (hence not extracted). As calculated in section 4.3,
ng approaches 30 % in region II. The leaky mode contribution 7 to the total power is very large
since it represents approximatively 50 % of the emitted light. This light is then completely lost in
the substrate. The guided mode efficiency 7 is more or less constant in regions I and IT (30 %) and
jumps to a higher value in region III (55 %). This is due to the fact that the Airy mode shifts from
small angles 6, to higher ones as d, increases as explained in section 4.3. When it goes out of the

escape window, the Airy mode is transformed into a guided mode which explains the step in the ng
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Figure 4.18: Total emission plotted versus the detuning d¢ for a broad spectrum source with various
linewidths.

which occurs at the limit between regions II and III. The total emission 7, is represented on the
same figure. One can observe that its value is not constant and differs from one, which is the value
we calculated for the total emission of any dipole distribution in an infinite medium (see chapter 3).
Physically, a change in the total power emitted by a dipole distribution representing radiative electron-
holes recombinations, is related to a change of recombination rate, hence in lifetime [9], [105], [104],
[87]. Many authors studied this effect in details [100], [56], [17], [162], [64]. Our results confirm
those of references [1}, [152] demonstrating that in one dimensional DBR-based microcavities, the
radiative lifetime modification is limited. The change of radiative lifetime due to the presence of a
cavity is known as the Purcell effect and is given by 7;,; which also corresponds to A7(8) (see equation
(4.18)). In the case of a broad spectrum source (with a Lorentzian lineshape), the averaged Purcell
factor is given by equation (4.20) and is displayed on figure 4.18 for various linewidths o,.

As expected, the effect of enlarging the spectral width is to average out the normalized energy
dependence of the Purcell factor. These results justify the assumption we made in section 4.3 to
neglect the radiative lifetime change. We can conclude this chapter by observing that a significant
part of the source emission is lost in the guided and in the leaky modes. One solution to increase
the extraction efficiency is to convert the leaky modes into guided modes and to recycle them by
using reabsorption mechanism [114], [135], [136] or to extract the guided modes on the edges of the

structure [132], [155]. These solutions are examined in great detail in the reference [117].
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Chapter 5

Effect of the detuning on the
extraction: theory and experiments

The purpose of this chapter is to show experimentally the critical role that the detuning has on external
quantum efficiency. Section 5.1 discusses the different possibilities which can be used to experimentally
change the detuning across a wafer. Section 5.2 briefly presents the growth system which was used and
explains how it is possible to control the thickness gradients on the wafer. Then section 5.3 describes
the processing steps as well as the characteristics of the mask designed (5.4). The last section (5.5) of
this chapter presents the MCLED structures fabricated. The influence of detuning on the extraction
efficiency as well as on the pattern of emission is shown. Finally, we exploit these results to estimate

the internal quantum efficiency of these devices.

5.1 Controlled detuning in MCLEDs

In the previous chapter we discussed in detail the importance of the detuning parameter for the
optimization of the extraction efficiency. The detuning was defined as the ratio between the electrolu-
minescence peak wavelength Agw of the quantum well emission and the Fabry-Pérot wavelength App
defined at normal incidence. Agw can be controlled by modifying the thickness, the composition or
the strain of the quantum wells [29], [122]. App can be modified by changing the optical thicknesses
of the layers. Usually the physical thicknesses are more easily modified than the indices of refraction.
In this chapter we will assume that the indices of refraction are fixed. Their values are given in section
2.3. We will assume that the structure has P = 5 pairs on the top DBR and N = 35 at the bottom. For
the structure presented in figure 2.15, we have App = 4ny L1 = 4 ns Ly = ny L. where the subscripts
717,727, 7¢” refer respectively to the high and low indices DBR. layers and to the cavity layer. For
device production, a good layer uniformity is required for the wafer: fixing the detuning to a given
value can easily be done by adjusting Agw or App. For some applications, it is important to be able to
make vary the detuning across the wafer surface and to control this non-uniformity. The experimental
investigation of the effect of detuning on the MCLED external quantum efficiency is an example of such

an application and is the object of this chapter. Another example is the realization of densely-packed
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2D arrays of multiwavelength emitting devices which can find applications in wavelength diviston mul-
tiplexing (WDM) [43], [60], [90], [157]. In this chapter we consider the structure presented in figure
2.15. The normalized energy 6 = ﬁ/\l is defined with respect to the fixed wavelength Ag = na L.. The
Fabry-Pérot mode of the structure corresponds then to the normalized energy dpp = 1. We examine
in this section the effect of changing one growth parameter only: we can choose to change L 2 or L,
which will clearly modify App. However, it is necessary to check that the properties of the structure
remain the same. For that purpose we focus on the properties of the Fabry-Pérot mode (linewidth and
amplitude).

In the study of the Fabry-Pérot resonator (chapter 2), we introduced the phase ¢ equal to the sum
of a phase shift term 4 ¢, due to the cavity and of two phase shifts ¢, and @y related to the dielectric
mirrors. We want to determine how dpp is modified when the physical thickness of the DBR layers
L}iﬁ and of the cavity L.q, differ from L; » and L, respectively. For that purpose, the parameters &gy

and &.q4, are introduced with:

Lcav = Ecaz/ Lc (51)

Lyy = Eapr L3 (5.2)

For the reference structure we have €., = £4r = 1. The phases ¢, and ¢, + pn are given at

normal incidence by:

Pe = 7r(5£cav (53)
b+ on = Ds (Egpr 0 — 1) (5.4)

where we defined Ds = D§+ D). We remind the reader that D§ and DY can be calculated by using
equations (2.62) and (2.51). These parameters depend on the indices ng4, ny, no and on the numbers
of pairs N and P only. Note that the DBR stopband is centered around the normalized Bragg energy
Eabr 0.

Considering equation (2.76), one sees that the Fabry-Pérot resonances are found when ¢ = 27 p

with p integer, which gives the Fabry-Pérot normalized energy:

27p+ Ds

= . 5.5
4 ﬁfcau + D& fdbr ( )

Srp

This equation takes into account the fact that we consider a lambda cavity for the reference struc-
ture, hence p = 2 such as dpp = 1 when £.qy = 4 = 1. This expression shows that the Fabry-Pérot
wavelength varies linearly with respect to the normalized thicknesses &4, and Egp.. Considering figure
2.14, one sees that Ds = D§ + Df;v is of the order of 50 which has to be compared to 47 = 12 (1% of

variation on the DBR thickness will shift the Fabry-Pérot wavelength more efficiently in comparison
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to 1% of variation on the cavity thickness). In figure 5.1 are plotted §pp(£cqv) versus the normalized
thickness £cqy for €45 = 1 (dotted line) and dpp (£qbr) versus the normalized thickness €45, for €eqy = 1
(solid line). These values were calculated by using the transfer matrix method (see chapter 2). The
solid dots represent dpp calculated with equation (5.5). The accuracy of this analytical approximation
is very good.

The shaded areas represent the stopband positions for the two kinds of structures. The stopband
position does not change with £.4, while keeping &4, constant. This is to be expected since the DBRs
transmittances are centered at the normalized energy dprogg = 1. The stopband position changes
rapidly with respect to the normalized thickness &g, even if the cavity thickness is kept constant (this
can be easily understood considering that the DBRs transmittances are centered at the Bragg energies
0Bragg = W‘ﬁm = 51;,7) Note that the FP mode remains approximatively at the center of the
stopband in this case. Therefore, the properties of the FP mode (i.e. linewidth and amplitude) should
not be affected by changing €4p,.

In figures 5.2 and 5.3, we plot the parameters Tp,q, and Ad as function of £cq and Egpr. The exact

solutions are compared with the analytical formulas (2.77) and (5.6).

2 5FP
A= ——— . 5.6
F 47+ D;s (56)
We see clearly that the analytical formulas are correct when €4, changes but not with £.4,. The
reflectivity of the DBRs varies across the stopband, so by changing €4, the Fabry-Pérot mode remains

in the center of the stopband, hence the mirror properties remain constant.
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Chemical Sources

Figure 5.4: Design of the vertical Emcore reactor.

In conclusion, modifying the DBR layers thicknesses while keeping the cavity thickness constant
is to be preferred to the contrary: the Fabry-Pérot energy shift is large while the Fabry-Pérot mode
remains in the center of the stopband which has the effect to not distort the Fabry-Pérot mode shape
too much (especially its amplitude and its linewidth). This is the solution we then chose for the

following experiment.

5.2 Description of the growth system used

The samples studied in this chapter were grown by Metal-Organic Vapor Phase Epitaxy (MOVPE)
with an Emcore reactor. The purpose of this section is to briefly present the characteristics of this
reactor. More detailed information concerning the MOVPE growth can be found in [30]. Figure 5.4
presents a schematic of the vertical reactor used.

In this system the metal-organic compounds are provided by six apertures connected in pairs,
symmetrically placed in the center, in the middle and at the edge of the top of the reactor. Their fluxes
can be controlled by three mass flow controllers which control the gas distribution in the reactor, and
hence the growth rates. Since growth is performed during rotation of the substrate, it is possible to
achieve a variation of layer thickness with a rotational symmetry around the growth direction. In order
to demonstrate the controllability, three test AlAs/GaAs DBRs were grown opening one of the three
pairs of gas inlets and closing the two others. We measured the reflectivities of these mirrors from the
center of the wafer to its edges and observed a wavelength shift of the stopband. Assuming that the
Bragg condition was fulfilled over the whole surface of the wafer, we fitted the measured reflectivity
spectra by transfer matrix calculations and extracted the physical thicknesses of the mirrors layers.
The thickness variation of the AlAs layer as a function of position is shown on figure 5.5.

The GaAs layer displays a similar variation. The results indicate that it is possible to get concave
or convex (best fit) thickness profiles. By adjusting the three gas flows, it is then possible to achieve

either very uniform growth rates [109] (deviation < 0.3%), or a controlled thickness variation as we
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Figure 5.5: Dependence of AlAs layer thickness on gas inlet opening. Solid line: center gas inlet.
Dashed line: medium gas inlet. Dotted line: outer gas inlet.

did here. In the latter case, the growth rate varies according to a parabolic law with respect to the

position on the wafer as can be seen on figure 5.5.

Since we wanted to grow visible red MCLEDs, we used non-absorbing DBRs. Thus the mirrors
were made of Alg 46Gags4As and AlAs materials. We grew several calibration DBRs before growing
the whole MCLED structure, changing only the fluxes of the three gas inlets. As shown on figure
5.4, the mass flow controllers called O (for outer), M (for medium) and C (for center) control the gas
fluxes we call a, # and respectively v. The sum of these three fluxes was kept constant to the value
@+ f+ v=1200 ccm and the middle flux was fixed at =600 ccm. We grew three calibration DBRs
changing the center and outer fluxes only with =60, 96 and 135 ccm. We measured the reflectivity
spectra of the three corresponding wafers from their centers to their edges. By using conventional
transfer matrix formalism we fitted these curves, from which we extracted the Bragg wavelengths

displayed on figure 5.6.

These curves were fitted by a parabolic law of the form: A(z) = az + Ao where Ay is the Bragg
wavelength at the center of the wafer (in nanometers), a the bowing coefficient of the parabola (in
nanometers per millimeters) and  the position measured from the center of the wafer in millimeters.
On figure 5.7 are plotted the parameters Ay and a with respect to the gas flux o for the three runs

which were grown.

We observe that Ap and a are linearly dependent of a:
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{,\O[nm] = 628.14 + 0.88 afcem] (5.7)

a[nm/mm] = —3.468 10~% — 0.068 10~ 2 a[cem].

We are interested in having a large absolute value of the bowing parameter a in order to change
significantly the detuning of the MCLED on the wafer. This requires a high gas flux a. Considering
the graph above we see that increasing the gas flux o also increases the Bragg wavelength Ag to values
larger than the ones desired for red light emission. One way to control Ag without affecting a is to
change the growth time ¢ (which was held to the constant value ¢¢ in the previous experiment). The
general dependence of the Bragg wavelength with respect to the position in function of the growth

parameters can be written as follows:

ABrage(2) = afa) z + %/\O(a). (5.8)

We used two inches wafers for this experiment. It is then possible to estimate the shift of the
Fabry-Pérot mode of a MCLED grown with some given growth parameters o and ¢ {(we can estimate
that for such a wafer the useful position range is from z = 0 to # = 25 mm).

If the fluxes o, # and v are kept constant during the growth of the whole structure, then the
layer thicknesses of the active region will also change with the position on the wafer. This influences
the quantum well emission wavelength and the injection properties of the cavity. Although it is
theoretically possible to calculate the emission wavelength dependence of the quantum well emission
with the quantum well thickness [122], it is difficult to correct this effect with a good accuracy. Because
of these considerations, the active region was grown with the gas fluxes giving uniform growth rates
across the wafer. In addition, we observed experimentally that the growth of AlGalnP compounds
with a thickness gradient leads to bad surface morphology. The three gas inlets fluxes («, 8 and =)
of the metal-organic compounds were set during the mirror growth to give a parabolic profile of the
DBR layer thicknesses, but were changed during the growth of the cavity so as to achieve uniform layer
thickness, ensuring a constant emission wavelength as well as similar injection conditions across the
whole surface of the wafer. The gas fluxes a = 250, § = 600, v = 350 ccm were chosen for the growth
of the DBRs and the gas fluxes o = 24, § = 300, v = 876 ccm ensured a very uniform growth of the
active region [109]. The MCLED structure was grown on a n-doped GaAs substrate. The n-doped
DBR. consists of 34.5 pairs of Si-doped Aly 46Gag 54As and AlAs quarter wavelength layers. The active
layer, consisting of three GalnP quantum wells and (Alg 3Gag 7)0.5Ing 5P barriers nominally undoped is
surrounded by two (Alg 7Gag 3)o.5Ing 5P spacer layers (Si-doped and Mg-doped) to form a one-lambda
cavity. The outcoupling DBR consists of three pairs of Mg-doped Aly 46Gag 54As and AlAs quarter
wavelength layers. A 30 nm thick GaAs cap layer highly p-doped concludes the structure and is aimed
at helping in having a good ohmic p-contact. Figure 5.8 summarizes the important parameters of the

MCLED structure. The vertical axis shows the indices of refraction of each layer.
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Figure 5.8: Description of the MCLED structure investigated in this chapter.

5.3 Description of the processing

The first step of processing consists of depositing the n-type bottom contact on the back side of the
substrate. First, photoresist (S1818) was deposited on the top side of the wafer (so as to protect it),
at 4000 rpm during 30 seconds. A hard bake was performed at 115 °C during 90 seconds. A solution
of HCl:H20O with the ratio 1:1 was used during 5 seconds to remove the oxides of the back side of
the substrate. The back side of the wafer was then metallized by e-beam evaporation. A sequence of
Ge:Auw:Ni:Au (23:47:30:150 nm) was deposited at a rate of 1 nm/s. The photoresist was removed in
acetone (5 minutes), and the wafer was dipped in isopropanol (1 minute) and finally rinsed with water.
The contact was then annealed in a nitrogen atmosphere at 410 °C for 30 seconds.

In a second step, mesas were formed on the top side of the wafer by Electron Cyclotron Resonance
(ECR) plasma etching. Standard photolithography process was used (with a Carl Siiss mask aligner)
to define squared shape mesas. Photoresist S1818 was deposited at 4000 rpm during 30 seconds and
prebaked at 115 °C during 90 seconds, before being exposed 6.5 seconds through the first level pattern
of the mask. After developing the resist 45 seconds in a standard developer (MF319), the sample was
postbaked 60 seconds at 120 °C then etched through the active zone, once the photoresist was removed
with a standard hot (100 °C) remover solution of Microposit 1165 (see figure 5.9).

Etching rates and a detailed description of the ECR system can be found in [48]. Before performing
the third processing step, the sample was cleaned by using Reactive Ion Etching (RIE) in an oxygen
plasma in order to get rid of the residual photoresist.

In a third step, the whole surface of the structure was passivated with 120 nm of SizN4 deposited

by Plasma Enhanced Chemical Vapor Deposition (PECVD). This layer is used for electrical isolation
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and for passivation of the etched sidewalls of the mesa.

The fourth processing step consists of defining a window on top of the mesa in the SigNy layer.
For that purpose S1818 photoresist was deposited 30 seconds at 4000 rpm and prebaked 60 seconds
at 115 °C before being exposed 3.6 seconds through the second level of the mask. After 45 seconds
of developing in the developer MF319, the sample was postbaked 30 seconds at 115 °C' to harden the
resist. The windows were then opened by RIE dry etching in a C'Fy plasma. An end-point detection
system was used to stop the RIE etch of the SigNy layer: we observed that with the parameters used to
tune the plasma, the (usually thin) GaAs cap layer could be etched at a slow rate of 2.5 nm/min, which
made the end-point detection required. After removing the photoresist with hot (100 °C*) Microposit
1165 remover, the processed device resemble to what is depicted on figure 5.10.

In the fifth step, non-alloyed p-contacts were evaporated on top of the mesa and patterned using the
lift-off technique. These contacts were extended on the un-etched surface of the mesa in order to serve
as a bond pad. Photoresist AZH2I4E was deposited at 3000 rpm during 30 seconds on the sample, and
prebaked 90 seconds at 00 °C' before being exposed 2.5 seconds through the third level of the mask
A reversal bake was then performed 150 seconds at 120 °C' and the sample was exposed without any
mask (flood exposure) during 12 seconds. After 80 seconds of developing in MF319 developer, the
sample was prepared for the final step of p-metallization: a short dip in HCLH20 (1:1) solution so as

to remove any oxide before the p-metal evaporation. A sequence of Ti:Pt:AuiPt (40:10:200:30 nm) was
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Figure 5.11: Processing step number 3: top contact deposition and lift-off.

deposited at a rate of 1 nm/s by e-beam technique. The processed wafer was finally placed at least
one hour in hot (100 *C) remover (Microposit 1165) to perform the lift off, with the help of ultrasonic
if necessary (not longer than 60 seconds, in order to not damage the p-contacts). The final processed
device is represented on figure 5.11.

The current is injected in the mesa through the contacts evaporated at the edges of the mesa, and
through a grid which covers the surface of the mesa. This grid is required for large mesa diameters be-
cause of current crowding near the contacts as explained in chapter 7. Different contact grid geometries

and sizes were tested across the mask.

5.4 Description of the mask

The mask allows the fabrication of the following nominal device sizes: Dy,00r = 20, 40, 60, 80, 100,
150, 200, 250, 500, 1000, 1500 and 2000 pm. The larger sizes (greater or equal than 500 pm) are
distributed near the top of the quarter wafer shape (see figure 5.12.

The smaller devices are distributed lower down on the mask in cells which have translational
symmetry in the horizontal direction, Figure 5.13 shows one third of such a cell which consists of three
times the pattern represented (hence twelve devices are available in one cell).

Alignments marks are placed on each device cell (as can be seen on figure 5.13), as well as in some
specially designed alignment cells in which some test structures like Transmission Line Model (TLM)
structures [15] are available. Several kinds of grid contacts were used in order to investigate the effect
of current crowding on the external quantum efficiency of MCLEDs. Figure 5.14 shows examples of
four contact geometries (the darker line surrounding the mesa corresponds to the mesa grooves). The
spacing between the metal stripes are given on the figure. The stripe width varied between 3 and
o (o] depending on the geometry. Some devices were designed without any grid covering the mesa’s
surface: the current is then injected through the edges of the mesa only, as can be seen on figure 5.15.

Figure 5.16 displays a cross section of a mesa, with some geometry definitions. We used as a general
design rule that Dg, . n, = Dot + 6pm and Dyeye = Diyrar + 12 pm. Note that in practice the

sidewalls of the mesa are not vertical as shown (the directivity of the dry ECR etch depends on the
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Figure 5.12: General description of the photolithographic mask.

Figure 5.13: Optical microscope picture of processed devices.
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Figure 5.14: Optical microscope pictures of processed devices having different top contact geometries.
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Figure 5.15: Optical microscope picture of a processed device. The current is injected through the
edges of the mesa.
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Figure 5.16: Definitions of the top contact parameters. An etched mesa is represented with the Sig Ny
passivation layer and the top p-contact.

Table 5.1: Characteristics of the contacts.

Contact type: l 2 3 4 5

M = Sopen/Smesa | 0.710 | 0.720 | 0.817 | 0.851 | 0.910

tuning parameters of the plasma [48]).
The ratio between the unmasked surface of the mesa to its overall surface is defined as n, =
Sopen/Smera- Table 5.1 gives the values calculated for large size diodes (mesa width of 262 [um])

corresponding to the devices displayed on figures 5.14 and 5.15.

5.5 Characterization of the MCLED structure

After having processed a quarter wafer, we characterized 14 devices equally spaced by 1.5 mm along
one radius of the wafer, at a current density of 20 A/cm® injected with probes in continuons mode.
Each diode belonged to one of the 14 cells arranged horizontally on the bottom of the mask (see figure
5.17). The mesa width of the devices was 112 um and one example of the grid contact used can be
seen on figure 5.13: the diodes we measured are identical to the diode labelled " 100@06B”. The grid
covered 41.8% of the mesa surface and was designed in order to allow an efficient current spreading.

We measured the top emission spectra of each of the 14 devices at normal incidence. The maximum

emission wavelength (corresponding to the Fabry-Pérot mode) is plotted in figure 5.17 with respect to
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Figure 5.17: Emission wavelength versus wafer position of the measured devices. Dashed line: mean
value of source emission wavelength A;ource (measured). Solid circles: cavity mode position Acqvity
measured at normal incidence under electroluminescence excitation. Solid line: parabolic fit of Acavity.

its position on the wafer.

As expected the wavelength of emission follows a parabolic law. In order to determine the quantum
well emission without the influence of the microcavity, we measured the edge emission spectra. It
was found to be centered at 678 nm for a current density of 20 A/cm? (continuous mode). From
figure 5.17 we see that the source-cavity detuning ranges from negative to slightly positive values for
the 14 different devices. Zero detuning occurs when the maximum of the spontaneous emission is in
resonance with the cavity mode at normal incidence. The resulting emission pattern is bell-shaped
and highly directional in the normal direction. When the detuning is negative, the resonance between
spontaneous emission and cavity is found at a larger angle and produces a heart-shape emission pattern
when plotted in polar coordinates [37], [22]. Figure 5.18 displays the experimental angular emission
profiles measured with the same experimental set up as described in reference [118].

The angle corresponding to maximum of emission increases as the detuning decreases. As explained
in chapter 4, the spontaneous emission pattern can be redistributed in the microcavity such that the
Fabry-Pérot mode is forced to fit in the escape cone. This is done by changing the source-cavity
detuning and we showed that the optimal extraction efficiency occurs when AX = Asource — Acavity < 0.
The powers emitted by our diodes were measured by a square silicon photodetector (1 cm?) placed 6
mm above the devices (which corresponds to a collection half-angle of 40° or to a numerical aperture
of 0.64). The normalized external quantum efficiencies are plotted on the left axis of figure 5.19 with

respect to the emission wavelengths given by figure 5.17.
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A maximum external quantum efficiency of 1.2 % was reached for a detuning of -11 nm. Note that
this gives the highest efficiency for a collection angle of 40°. The optimal detuning for an acceptance
angle of 90° is slightly greater (=% —15nm) as explained in chapter 4.

We simulated the structures corresponding to the 14 measured devices with the method we pre-
sented in chapter 3. We calculated the thicknesses of the DBRs layers from the results of figure 5.17,
and kept the source wavelength constant over the whole wafer. Edge emission measurements give an
emission wavelength of 678 nm and a full width at half maximum of 20 nm. The extraction efficiencies
were calculated by the program assuming a numerical aperture of 0.64. The results of these simulations
were normalized and are displayed on figure 5.19 (solid line). We see that the simulation agrees very
well with the experiment and that the parameters used to model the source were reasonable. From
these results, after having multiplied the extraction efficiency by 100 / 58.2 to take into account the
shadowing of the mesa surface by the grid top contact, 7;,; was calculated to be 56% + 5% independent
of the position on the wafer within experimental uncertainty. This confirms that the dependence on
the external quantum efficiency with respect to the position on the wafer is due to change in detuning
and not to device inhomogeneities.

It is then possible to take advantage of the microcavity light emitting diodes characteristics to
estimate the internal quantum efficiency of devices based on spontaneous emission. The accuracy of
the method we used to measure 7;,; depends mainly on the simulation accuracy. For a conventional
LED, a precise description of the source is essential. In our simulations, the source was modeled by
an isotropic distribution of dipoles oriented in a plane parallel to the interfaces of the structure. This
was justified by the fact that for small current densities, the contribution of heavy holes is dominant
in the recombination processes. In addition, vertical dipoles (perpendicular to the planes of interface)
contribute only weakly to the extraction efficiency since these dipoles do not couple well to the escape
modes of the cavity. For structures without a cavity this is no longer true and it is necessary to
describe the source by a more complex distribution of dipoles whose characteristics depend also on
temperature and injection. In addition, interface imperfections between the outside medium and the
semiconductor can lead to severe uncertainties for the calculations of LEDs contrary to MCLEDs
for which this interface is screened by several pairs of DBRs. The influence of this interface on the
extraction efficiency can in fact be used to enhance luminous performances of LEDs [156].

Several conclusions can be obtained from the experiment presented in this section. First we observed
that the simulations agreed very well with the measurements demonstrating the critical role of the
detuning parameter on the external quantum efficiency and on the shape of the emission patterns. The
second important information is that the internal quantum efficiency limits significantly the external
quantum efficiency of red MCLEDs due to its small value compared to similar infrared devices. The
purpose of the next chapter is to extensively study the optical properties of the MCLED emission so
as to accurately determine the extraction efficiency of MCLEDs. The chapter 7 will then be devoted
to a detailed study of the internal quantum efficiency in red MCLEDs.
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Chapter 6

Emission properties of red MCLEDs

In this chapter the optical emission properties of MCLEDs are presented and compared to those of
conventional p-i-n LEDs. We show in section 6.1 that spectral angle-resolved measurements of MCLED
emission provides important information: by comparing them to numerical simulations, it is possible
to experimentally determine the whole intrinsic spontaneous emission spectrum of the MCLED. This
deconvolution procedure is also performed on a conventional LED in order to confirm the results
obtained on the MCLED. Knowledge of the intrinsic emission spectrum allows a precise numerical
calculation of the wavelength integrated pattern of the emission. For display or telecommunication
applications, the emission pattern is an important property of the device. We present in section
6.2 some measurements of this parameter for both kind of devices and for various current densities.
Since LEDs have the same active region as MCLEDs, their top-emission spectra correspond with a
good approximation to the intrinsic spontaneous emission spectrum of the MCLED. In section 6.3
some experimental results showing how these spectra modify with respect to the current injection will
be presented. This information will be useful to understand the emission properties modifications
of MCLEDs with respect to the current injection. They will allow us to study the current density
dependence of the extraction efficiency and of the internal quantum efficiency as it will be done in the

chapter 7.

The structures investigated in this chapter were grown by MOVPE on {100) substrates misoriented
10 degrees towards (111), and are presented on figure 6.1 and 6.2. The real parts of the refractive indices
(given at a wavelength of 650 nm) are given on the left axis of the figures, and their imaginary part
(also called extinction coefficient) on the right axis. These figures describe the structures which were
simulated by our program. The refraction indices dispersion was taken into account using references

[3] for AlGaAs compounds and {110] for AlGalnP.

Figure 6.3 is a Transmission Electron Microscopy picture of the LED taken by a Philips EM430
Twin Microscope. The two (Aly.7Gao.3)osIngsP cladding layers are clearly visible on this figure,
as well as the cavity structure with the quantum wells. This picture was taken so as to measure
accurately the thicknesses of the (Alg 7Gap 3)0.51n0 5P and Al 5GagsAs layers (and thus to perform

precise simulations on the optical emission properties of this structure).
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Figure 6.4: Description of the set-up used to measure the angle-resolved emission spectra.

and plotted as contour lines in the bottom part of figures 6.5 (for LEDs) and 6.6 (for MCLEDs).

In the top part of these two figures are displayed the contour plots of the power per unit of solid
angle II,(6, ) simulated for a white source. We neglected the contributing vertical dipoles in our
source model. This assumption is well justified for MCLEDs because the absolute value of II% (6, A)
is at least one order of magnitude smaller than II3?(f,A). As we saw it in chapter 4, the vertical
dipole emission is not well extracted for a MCLED because of the very small corresponding antinode
factor. For LEDs this assumption is reasonable provided light-hole recombination is small compared
to heavy-hole recombinations, which is the case at small current densities (recombination energy of
light-holes is higher than those of heavy holes for the compressively strained quantum wells which were
grown here).

On figures 6.5 and 6.6 the light grey color corresponds to high spectral intensity whereas it is the
contrary for the dark grey color. Examining the LED measurements we observe that I:Ia(ﬁ,)\) does
not vary much with respect to the angle and that the amplitude is maximum for wavelengths centered
around 650 nm. Looking at IT, (6, A) we see a much more complex behavior on which is superposed
a wavelength modulation. Although the reflection from the AlysGagsAs/(Alo7Gag 3)o.sInesP and
GaAs/(Alo 7Gag 3)o5In0 5 P interfaces are weak, they are similar in magnitude, leading to Fabry-
Pérot effects, resulting in a weak modulation, whose periodicity is sensitive to the lengths of the
(Alg7Gao.3)o.5Ino5 P and Alp 5GagsAs layers. Since 1, (8, A) varies continuously with respect to the
angle and the wavelength, we conclude that II,(d,)) is mainly determined by the intrinsic source
emission spectrum rpon¢(A).

Considering the MCLED, we observe that the maxima of II,(#, A) (calculated) follows a cosine-like
shape in the (6, A) plane and that the absolute maximum of I1, (6, A) is found at (# = 0°, A = 658.5nm).

These coordinates correspond to the Fabry-Pérot mode, which shifts towards smaller wavelengths as
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Figure 6.5: Simulation of TI,(f, ) (top plot) and measurement of I1,(6,A) (bottom plot) for the
conventional LED.
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Figure 6.7: Angles corresponding to the local maxima of II;(6,)) and TI,(6, \) plotted versus the
wavelength.

the angle increases. This cosine-like behavior was calculated in chapter 4 and describes the angle-
wavelength dispersion relation of the Fabry-Pérot (equation (4.41)). Looking at the local maxima of
the measurement II,(f, \), we observe the same kind of dispersion relation with the very important
difference that two absolute maxima are found at the coordinates (6 = £39°, A = 648.5 nm). To better

understand this, we plotted on figure 6.7 the angles corresponding to the local maxima of I, (6, A) and

ITa (6, A) versus the wavelength (left axis). The absolute values of these maxima are given on figure

6.8.
) ORI

¢ OTa(6,))
86— o0

We call 0,5 and f,in, the angles (represented on figure 6.7) solutions o

The two partial derivatives must be equal because of equation (6.1), hence we must have O,e5 = b5
which is what we observe.
This result is very important because it experimentally justifies the relation (6.1). By using this

equation, we can deduce the intrinsic emission spectrum:

ﬁa (ames 5 ’\)

Tspont()‘) - m, (gsimy /\)

(6.2)

where I1,(65im, A) and ﬁa(emes,/\) are given on figure 6.8.

This procedure is formally equivalent to a deconvolution. The result is displayed on the solid line
of figure 6.9 and corresponds to what we call the method 1. Since 6,,¢, is limited between —90° and
+90°, rspont(A) can be calculated with this method over a limited wavelength range related to the
escape window of the structure (see chapter 4).

Since I;(fmes, A) varies slowly with respect to A, we can directly estimate the MCLED detuning
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by considering the bottom part of figure 6.6. The detuning is approximatively given by the differ-
ence between the wavelength corresponding to the absolute maxima of II,(6, ) and the Fabry-Pérot
wavelength. We have then A§ = 648.5 — 658.5 = —10[nm]. This methods gives useful information
provided the detuning is negative (the peak wavelength of the intrinsic emission spectrum must then
be maximum in the wavelength range related to the escape window).

Considering equation (6.1) we see that for a fixed wavelength Ao, the curves II; (6, Ag) and I, (8, Ao)
must have the same angular dependence. Some examples are given on figure 6.10 for the LED and
on figure 6.11 for the MCLED. One can see the very good agreement between measurement and
simulations, confirming the accuracy of our numerical simulations.

In order to determine the intrinsic source emission spectrum, we calculated the ratio:

o Ta(0,X) d6

rspont ()‘) = F80° .
T I1.(8, \) dO

(6.3)

As it can be seen on figure 6.11, the MCLED spectrum II,(#, A) displays very sharp peaks in angles
which are not well resolved by the measurements: more than one hour of measurements was required to
take 64 angular points for the range [-80°, +80°]. We would then need several hours of measurement
so as to precisely resolve the spectra. By using equation (6.3) we can get rid of this problem: the integral
averages the errors related to the bad angular sampling. The result of this procedure is given in dotted
line on the figure 6.9 presented above. One can observe that the two spectra rypon:(A) calculated with
equations (6.2) and (6.3) are in very good agreement. The two small peaks observed on the dotted
line curve of figure 6.9 correspond to the bounds of the wavelength escape window (the limits of the
solid line curve of the same figure). These two peaks appear because of numerical uncertainties and
have no physical meaning. For wavelengths outside of this range, the MCLED spectrum TI,(6, A) has
a poor signal to noise ratio which leads to some noticeable errors in the deconvolution procedure.

The same deconvolution technique was performed on the LED structure. The result is displayed on
figure 6.12 which shows the intrinsic source emission spectrum of the MCLED (solid line) compared
to one of the LED (dotted line). The LED spectrum was blue-shifted by two nanometers so as to
compare the shapes of both spectra.

The agreement between these two curves is very good for wavelengths between the two local maxima
of the solid line curve. The result is less satisfactory for others wavelengths because of the angle
resolution as previously explained. We must point out that the two devices were measured in the same
conditions and at the same current density. Their active regions being theoretically the same, one
should expect their intrinsic spectrum to be the same. This is what we experimentally demonstrate.
This deconvolution is to our knowledge the only way to determine accurately the intrinsic spectrum
of MCLEDs, which is of primary importance for precise calculation of the extraction efficiency of
these devices. We will use this information to determine the MCLEDs internal quantum efficiency
in chapter 7. An other important conclusion is that the intrinsic spectrum of the LED is not very

different from the spectrum measured at normal incidence. We can then conclude that the shape
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Figure 6.12: Intrinsic emission spectra deconvolved from angle-resolved spectral measurements for the
LED (dotted line) and for the MCLED (solid line).

of the MCLED intrinsic spectrum is reasonably well described by the shape of the LED spectrum
measured at normal incidence. Note that this does not diminishes the usefulness of the deconvolution

method which accurately gives the wavelength position of the intrinsic spectrum maximum.

6.2 Angular emission profiles of LEDs and MCLEDs: compar-
ison

In this section we compare the angular emission profiles II, (f) of MCLEDs to those of LEDs. The
emission pattern, is of great interest for the characterization of (MC)LEDs performances, since it indi-
cates how much (wavelength integrated) power is emitted by the device with respect to the angle, and
determines the coupling efficiency of (MC)LEDs to optical fibers for telecommunication applications.
It can also be used to estimate the brightness of (MC)LEDs when display applications are concerned.

The emission pattern can be numerically calculated according to:

,(6) = fj;o Tspont (A) Ia (8, A) dA
’ f_+oo Tspont(A) dA

o0

(6.4)

(provided the intrinsic spectrum 7spont(A) is known), and measured by using a modified version of
the set-up presented on figure 6.4. For this measurement the optical fiber mounted on the rotating
arm is replaced by a photodetector connected to a lock-in amplifier according to the schematic given
on figure 6.13. An aperture followed by a focusing lens is placed in front of the photodetector to reduce

the solid angle of the detection system.
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Figure 6.13: Schematic of the emission pattern measurement set-up.

A lock-in is used to detect the light emitted by the device which is driven by a pulsed voltage
source. A second lock-in measures the injected current from the voltage drop at a calibrated resistance
of 10[Q2].

Figures 6.14 and 6.15 display respectively the emission patterns of the LED and of the MCLED. The
solid lines represent II,(#) calculated by using (6.4) with the deconvolved intrinsic spectra determined

in previous section. The dotted lines correspond to the emission patterns measured with the set-up

described on figure 6.13.

The measurements were performed on large size diodes and at low current density. Both experiments

and simulations agree confirming the consistency of our previous results.

Figures 6.16 and 6.17 show the emission patterns of small diameter LED and MCLED. The mesa
width is of 32 [um] and the top-contact consists of a metal ring leaving an open window of 20 [um] on

top of the mesa. The different current densities are displayed on the right side of these figures.

The shape of the LED emission pattern does not change with respect to the injection while that
of the MCLED changes dramatically. Indeed the full calculation of I1,(6, A) (shown on top of figure
6.5) does not display rapid variations versus the wavelength. This is not surprising considering that
the LED structure can be mainly regarded as a dipole source placed in front of a semiconductor-air
interface. One should not expect an important wavelength dependence in this case because there are
no strong resonance effects. Hence even if the intrinsic spectrum properties vary strongly with respect

to the current density, the emission pattern I, (#) will not change a lot.

These observations are no longer valid for the MCLED. We saw in section 6.1 that the detuning
was negative implying a heart shape emission pattern. Two parameters can characterize this kind of
pattern: the angle at which the emission is maximal (that we call 6,4, ), and the ratio of the intensity
emission at normal incidence to the one at the angle 8,4, that we define as: a = I:Ia(H =0) /ﬂa(ﬁmaz).

This last parameter is equal to one when the pattern is bell-shape and varies between 0 and 1 when it
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zero. This is due to the superposition of different Airy modes due to the finite linewidth of the intrinsic
emission. Hence measuring a single lobe emission on a MCLED does not necessarily imply that the
detuning is positive, as it would be the case for a monochromatic intrinsic spontaneous emission. One
example of this can be seen on figure 6.17. For very high current density the heart shape pattern
broadens and becomes a single lobe. For fixed detuning values 6,,,, decreases slowly as the detuning
increases and «g increases slowly towards one. By comparing the different figures, we conclude that
@mae and ap are more sensitive to the detuning than to the source linewidth. This is not surprising
since a modification of the cavity-source detuning implies a direct modification of the Airy modes
positions, whereas a modification of the source linewidth induces broadening effects on these modes.
We conclude then that the emission pattern of MCLED is sensitive to changes in the intrinsic emis-
sion spectrum in comparison to conventional LEDs. The consequences of this for MCLED extraction

efficiency will be discussed on chapter 7.

6.3 Current density dependence of the intrinsic spontaneous
emission spectrum

Let us examine how the spontaneous emission spectrum of conventional LEDs changes on a function
of current density. These measurements were carried out under pulsed voltage operation with varying
duty cycle on devices with different mesa widths. The emission was detected at normal incidence by
using a multimode optical fiber connected to an optical spectrum analyzer (OSA). Figure 6.23 shows
the spectra of a 72 [wm] diameter large LED recorded for various current densities. The pulse width of
the applied voltage was of 500 [us] for a period of 1[ms] (duty cycle of 50%). The spectra are displayed
on logarithm scale and normalized in order to compare their shapes. Figure 6.24 displays the spectra
measured for the same device but for a duty cycle of 10%.

We observe in both cases a red-shift of the peak electroluminescence spectra with respect to the
current density. Three basic effects are found to significantly alter the peak wavelength of r,pons(A)
in semiconductors [122]. Bandfilling effect blue shifts the spontaneous emission: since electrons and
holes are fermions, they obey to Pauli exclusion principle. Each k state in a semiconductor band can
be occupied twice only (due to spin degeneracy). Because of the principle of energy minimization,
the carriers in quasi-equilibrium occupy the available states from the bottom of the band so that the
energetically lowest states are occupied first. This results in filling the states near the bottom of the
conduction band by electrons and the top of the valence band by holes implying a blue shift of the
emission. The second effect is a consequence of Coulomb correlations for the particles and results in a
bandgap shrinkage (also called bandgap renormalization), hence to a red shift of the emission as the
carrier density increases. The third effect is due to temperature: when electron-hole pairs recombine
non-radiatively, they give their energy to the crystal through phonon emission, which corresponds to
lattice heating. For most materials this leads to a bandgap reduction and, hence to a red shift of

the emission [120]. For electrically injected devices, heating of the lattice is also produced by Joule
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Figure 6.23: Electroluminescence spectra of a conventional LED (mesa width = 72 [um]) measured at
different current densities. Duty cycle of the pulsed voltage is 50 %.
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Figure 6.24: Electroluminescence spectra of a conventional LED (mesa width = 72 [um]) measured at
different current densities. Duty cycle of the pulsed voltage is 10 %.
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Figure 6.18: Characteristic parameters 6y, (left axis) and ag (right axis) of the wavelength integrated
emission patterns measured on a small MCLED (mesa width = 32 [um]) measured at different current
densities.

is heart-shape. Figure 6.18 shows that the parameters 8,,,, and ag vary significantly with respect to
the current density.

The angle 8,4, decreases almost linearly with respect to the current density whereas o increases as
a power law with respect to the same parameter. It is clear that these effects are due to a modification
of the intrinsic emission spectrum as the current density increases. Similar observations were reported
for the case of infrared MCLEDs [37]. In order to quantitatively study the influence of the detuning
and of the source linewidth on the emission pattern characteristics, we performed numerical simulations
on the structure given on 6.2. The angular emission profile TI;(#) was calculated assuming an intrinsic
spectrum shape given by equation (6.7) (see section 6.3). We plotted 8,4, and ag versus the detuning
A¢ for different fixed values of ¢ on figures 6.19 and 6.20. The same parameters were calculated for
fixed detuning values and plotted versus the source linewidth o on figures 6.21 and 6.22. Note that
if 0,0 and ap are known, then Ad and o can be determined. This method will be used in chapter
7. These graphs are useful for choosing the A§ and ¢ parameter of a MCLED, depending on the kind
of application for which this device is to be used. For fiber coupling applications for instance, it is
clear that 8,,4, Wwill have to be smaller than the acceptance angle of the optical fiber. For that kind
of application, and for a spectral width of 40 nm, the detuning will have to be slightly negative, such
that the extraction efficiency is good and the angle 8,4, small.

As the detuning increases from negative values to positive ones, 8,4, decreases, whereas ag increases
to saturate at ap = 1. For a monochromatic source (¢ = 0), 04 is zero and ag is one when Ad is
greater or equal to zero. This behavior was predicted in the simple model we presented in chapter
4: as the detuning changes, the Airy mode shifts in the escape window. For a polychromatic source

(¢ > 0), 6mas is zero and ag is one when Ad is greater or equal to a detuning value slightly lower than




6.2. Angular emission profiles of LEDs and MCLEDs: comparison

107

80_ I I | I I I

10f

ok

/G=10nm

! 1 1 1

¢ = source linewidth (FWHM)

-30 -25 -20 -15 -10 -5 0

Detuning [nm]

Figure 6.19: Parameter 6,,,; plotted versus the detuning Ad for different intrinsic source linewidths o

(FWHM).

1.2

0.8f

0.6

0.4
0.2f

o 5

1 ) 1 1 1 1
o = source linewidth (FW

1
HM) ]

30 -25 -20 -15 -16 -5 0

Detuning [nm]

10

Figure 6.20: Parameter o plotted versus the detuning Aé for different intrinsic source linewidths o

(FWHM).



108 6. Emission properties of red MCLEDs

[°1

AN = -10 nm

max

[ AL = Detuning [nm]

0 ] ] ] i ] 1 !
0 5 10 15 20 25 30 35 40

¢ = source linewidth (FWHM) [nm]

Figure 6.21: Parameter 6,,,, plotted versus the intrinsic source linewidth o (FWHM) for different
detuning Ad values.

1'2 1 1 1 1 | 1 1
[ AA = 0, +10 [nm]

E

AX = Detuning [nm]]

A A\ = -30 [nm]
0.8}

(xo 0.6
0.4l Ar=-10 Inm]

0.2 AM = -20 [nm]

[ ]
0 L
0 5 10 15 20 25 30 35 40
¢ = source linewidth (FWHM) [nm]

Figure 6.22: Parameter o plotted versus the intrinsic source linewidth o (FWHM) for different de-
tuning A4 values.



6.3. Current density dependence of the intrinsic spontaneous emission spectrum 109

zero. This is due to the superposition of different Airy modes due to the finite inewidth of the intrinsic
emission. Hence measuring a single lobe emission on a MCLED does not necessarily imply that the
detuning is positive, as it would be the case for a monochromatic intrinsic spontaneous emission. One
example of this can be seen on figure 6.17. For very high current density the heart shape pattern
broadens and becomes a single lobe. For fixed detuning values 6,,,, decreases slowly as the detuning
increases and «p increases slowly towards one. By comparing the different figures, we conclude that
Omazr and ap are more sensitive to the detuning than to the source linewidth. This is not surprising
since a modification of the cavity-source detuning implies a direct modification of the Airy modes
positions, whereas a modification of the source linewidth induces broadening effects on these modes.
We conclude then that the emission pattern of MCLED is sensitive to changes in the intrinsic emis-
sion spectrum in comparison to conventional LEDs. The consequences of this for MCLED extraction

efficiency will be discussed on chapter 7.

6.3 Current density dependence of the intrinsic spontaneous
emission spectrum

Let us examine how the spontaneous emission spectrum of conventional LEDs changes on a function
of current density. These measurements were carried out under pulsed voltage operation with varying
duty cycle on devices with different mesa widths. The emission was detected at normal incidence by
using a multimode optical fiber connected to an optical spectrum analyzer (OSA). Figure 6.23 shows
the spectra of a 72 [um] diameter large LED recorded for various current densities. The pulse width of
the applied voltage was of 500 [us] for a period of 1[ms] (duty cycle of 50%). The spectra are displayed
on logarithm scale and normalized in order to compare their shapes. Figure 6.24 displays the spectra
measured for the same device but for a duty cycle of 10%.

We observe in both cases a red-shift of the peak electroluminescence spectra with respect to the
current density. Three basic effects are found to significantly alter the peak wavelength of ry;.n¢(2)
in semiconductors [122]. Bandfilling effect blue shifts the spontaneous emission: since electrons and
holes are fermions, they obey to Pauli exclusion principle. Each k state in a semiconductor band can
be occupied twice only (due to spin degeneracy). Because of the principle of energy minimization,
the carriers in quasi-equilibrium occupy the available states from the bottom of the band so that the
energetically lowest states are occupied first. This results in filling the states near the bottom of the
conduction band by electrons and the top of the valence band by holes implying a blue shift of the
emission. The second effect is a consequence of Coulomb correlations for the particles and results in a
bandgap shrinkage (also called bandgap renormalization), hence to a red shift of the emission as the
carrier density increases. The third effect is due to temperature: when electron-hole pairs recombine
non-radiatively, they give their energy to the crystal through phonon emission, which corresponds to
lattice heating. For most materials this leads to a bandgap reduction and, hence to a red shift of

the emission [120]. For electrically injected devices, heating of the lattice is also produced by Joule



110 6i. Emission properties of red MCLEDs

— = 250 [Alem’]
w— 1 = 1003 [Aiem’]

Duty cycle = 50 % F o 1Y 1A
-40 r — JENE (A cm
: J = MT2 Alem® =1 = MT72 [Alem’]
) b
< -50: 1
3
8 !
= i d
-  -60F -
= 4
= E
3 -
¥ 70 o
. 1 = 250 Alem’
£ s} ]
7] I
90 = ' s 1 i I

600 620 640 660 680 700 720
Wavelength [nm|

Figure 6.23: Electroluminescence spectra of a conventional LED (mesa width = 72 [um]) measured at
different current densities. Duty cycle of the pulsed voltage is 50 %.
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Figure 6.24: Electroluminescence spectra of a conventional LED (mesa width = 72 [um]) measured at
different current densities, Duty cycle of the pulsed voltage is 10 %
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Figure 6.25: Electroluminescence spectra of a conventional LED (mesa width = 262 [pm]) measured
at different current densities. Duty cyele of the pulsed voltage i1s 50 %.

heating: the devices present a significant series resistance which acts as a heating source when current
is injected. We clearly see on figures 6.23 and 6.24 that decreasing the duty cycle of the pulsed applied
voltage reduces the red shift of the emission, indicating that the dominant effect in these structures is
the thermal heating due to the series resistance of the device. An other consequence of imereasing the
current density is the spectral broadening of the emission because of the energetic modification of the
carrier distribution. We observe this effect on the low and on the high energy tails of the spectra. We
also note that the spectra become flatter as the current density gets larger. Broadening at low energy
comes from heating (phonon tail) and collision broadening, while broadening at high energy is due to

heating, band filling and contribution of other bands (second level of quantum wells and light holes).

Figure 6.25 shows the electroluminescence spectra of a 262 [pm] diameter LED for various current

densities. Duty cycle of the pulsed voltage is of 50 %.

We observe that the emission linewidth of these large diodes is smaller than for the smaller devices,
which is normal since the current density is one order of magnitude smaller. The red shift is however

still present.

Figure 6.206 shows (right axis) the electroluminescence peak wavelength A,,,. versus the current
density of two LEDs having different sizes (72 [pm] and 262 [um]). Duty cyele of the pulsed voltage
was of 50 %. One can show that A, .- increases rapidly with the current density, and that this effect
is more important for large size diodes: at same current density the large size diodes dissipate more
heat than small ones. I we call R the total resistance of the device (including series resistance and

contact resistance), we can express the total injected power in the device P, as:
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Figure 6.26: Electroluminescence peak wavelength (right axis) and spectra linewidths (left axis) plotted
versus the current density of two LEDs having different sizes (72 [um] and 262 [gm]). Duty cycle of
the pulsed voltage is 50 %.

Piot = Uy I+ Ry I? (6.5)

with I the injected current and Uy the ideal diode voltage which is related to the injected current

density J = I/S by:

J = J,enih (6.6)

where S is the diode surface. A fraction 7, (called wall-plug efficiency) of the total power Py,
is optically radiated by the device whereas (1 — #yp) Pror is dissipated in the device. The resistance
R4 is conversely proportional to the diode surface S. The power dissipated as heat in the structure
will then scale with the surface of the device, for a constant current density. This agrees with what
is observed in figure 6.26: the wavelength shift of the electroluminescence peak is larger for the large
diode than for the small one, indicating more heating for the same current density. Note that for the
same reasons, the small diodes dissipate more heat than the large one at constant current.

On the left axis of figure 6.26 the linewidth o (full-width at half maximum) of the spectra is plotted.
The linewidths of both diodes overlap and increase with the current density. The dependence of ¢
with respect to the current density J is found to vary according a law of the form o(J) = o9 J* with
0<ax 1.

Calculation of the intrinsic emission spectrum is beyond the scope of this work [164], [28]. Never-

theless it was found [144] that the emission spectra (at low current densities) could be approximated
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Figure 6.27: Electroluminescence spectrum measured at normal incidence (solid line) for a large LED
(mesa width = 262 [pm]) and at a current density of 36 [A/em?]. Duty cycle of the pulsed voltage is
50 %. Dotted line represents an empirical fit of the emission spectrum.

by the following empirical relation:

9 ecm (A=Aqw)

Tspont ()\) (67)

= 2—0—{-662'"()‘")‘4"')

where Ag, 1s the peak emission wavelength of the spectrum, and m, ¢ some fitting constants.
This function presents two exponential tails for wavelengths far from Ag,,, with different slopes. This
function displays a maximum at A = Ag,. The parameter ¢ describes the asymmetry of the function
whereas m is related to its full-width at half-maximum (FWHM). When ¢ = 1, r5pont(A) is symmetrical
and its FWHM is of 2{n(2++/3)/m. An example of such an empirical fit is given on figure 6.27 showing
an excellent agreement with the measurement taken at a current density of 36 [4/cm?] on a large diode.

We conclude from this section that the lineshape of the intrinsic spontaneous emission is very
sensitive to the intensity of the injected current density. An empirical function was found to well

describe the intrinsic spontaneous emission lineshape, and will be used in the next chapter.
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Chapter 7

Study of the external quantum
efficiency of red MCLEDs

In chapter 5 we showed that comparing the extraction efficiency (calculated) with the external quantum
efficiency (experimentally determined) gave indication of the internal quantum efficiency. Clearly this
approach is very simplified. In chapter 6 we saw the complex dependence of the MCLED emission on
the linewidth and on the detuning. We also showed how these parameters in turn depend on the current
density. In addition, surface-emitting devices are injected through a grid, so current density will vary
laterally in the structure. In this chapter we put these ideas together: we first identify the different
physical mechanisms which determine the internal quantum efficiency. Then, each contribution is

studied and discussed.

7.1 Factors determining the external quantum efficiency

In this section we follow the general definitions given by Coldren in the reference [29]. The electrical
(MC)LED structures are basically made of a p-i-n junction (see for example figure 5.8). The active
region consists of Ny, quantum wells of thickness eg,,, placed in the nominally undoped region of the
diode. Under high injection levels (relevant to the devices studied here) charge neutrality dictates that
the electron density N (in units of [cm™3]) equals the hole density P = N in the active region. When
current is injected in the structure, some carriers are generated at a rate Ggen, Whereas some others

recombine radiatively or non-radiatively at a rate R,... The corresponding rate equation is given by:

dN
_Cﬁ— = Ggen — Rrec- (71)

We define 7; as the injection efficiency, corresponding to the fraction of terminal current that

generates carriers in the active region. The generation rate is given by

_mdl
Ggen = 6‘/qw
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where d/ is an increment of the injected current, e the electron charge, and V,, the volume of the
active region. The total recombination rate R, is the sum of a spontaneous recombination rate R,p,
a non-radiative recombination rate R,,, a carrier leakage rate R;, and a stimulated recombination rate
Ryt Rree = Ryp + Ry + Ry + Ryt

The band-to-band radiative recombination rate R,, varies as [85]:

Ry, =BNP=BN? (7.3)
where B is the bimolecular recombination coefficient in units of [cm®/s]. The non-radiative recom-

binations rate can be expressed as:

4 v, 3
D ) N+CN (7.4)

Rnr = (AO +

where v, is a recombination rate velocity (in units of [ems™!]) describing surface and interface
non-radiative recombination mechanisms [55]. The parameter D represents the diameter of an active
region having a square geometry (as it is the case for our devices). The term Ay (in units of [s~1])
is the inverse of a capture rate describing non-radiative recombinations related to bulk defects and
impurities. The cubic dependence is due to Auger non-radiative transitions. For high bandgap alloys
like AlGalnP, this effect is usually negligible because the split off valence bandgap (Ag ~ 0.1eV) is
much smaller than the direct band-gap energy (Er ~ 2eV) [21] resulting in small Auger coefficients
[29]. The term R; describes carrier leakage rate out of the active region. This effect can not be neglected
when the potenti_al barriers confining the carriers in the active region are not sufficiently high as it is
the case for AlGalnP-based active regions. Electron confinement is a problem known from a long time
in realization of red VCSELs [133], [134], [21], [68], [160], [53], [24], [108], [149]. Analytical
expressions can be found in references [21] and [29] for calculation of the corresponding carrier leakage
rate. The stimulated recombination rate R,: can be neglected in most of the devices which operate in
the spontaneous regime, as it is the case for (MC)LEDs.

Under steady-state conditions (dN/dt = 0) the generation rate equals the recombination rates:

Ggen = Rsp + R, + R;. (75)

The optical power d P;oyrce Spontaneously generated inside the structure by a monochromatic emit-
ter of energy hv is obtained by multiplying the number of photons generated per unit time per unit
volume R,;, by the energy per photon kv and the volume of the active region Vg, .

After some simple manipulations, one finds:

hv
AP ource = b "'e_ 1, df (76)
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where 7, is defined as the radiative efficiency and given by:

R,p

= e 7.7
g Rsp + Rnr + Rl ( )

We calculated in chapter 4 the extraction efficiency of a polychromatic source characterized by a
spontaneous spectral density rspon:(0): the extraction efficiency 7 is given by equation (4.19). The
optical power dP,,; spontaneously generated outside the structure by the broad spectrum source is

then given by:

dpout = ﬁdpsource (78)

where the optical power dP;oyrce spontaneously generated inside the structure by the broad spec-

trum source is calculated by averaging (7.6):

_ «  h
dPyoyrce = / i _Z Tr di Tspont (5) ds. (79)
€

— o0
The parameter J is the ratio between the photon energy hv and a given (and fixed) energy k v,:
d = ,:‘T" We can choose for instance hv, as the electroluminescence peak energy of the intrinsic
spontaneous spectrum r;,(4).

Combining equations (7.8) and (7.9), one gets:

dpgut = ﬁnzdjh

:O/ 807 (8) Tspont(8) dé. (7.10)

The radiative efficiency 7, depends on R,, which is modified by microcavity effects, according to

reference [105]:

= = A1(d) (7.11)

where A7 is the radiative lifetime modification due to the microcavity (see equation (4.18)) and
Rg; the spontaneous emission rate for a source placed in an infinite medium (without cavity effects).
We can assume that the non-radiative recombination rates are not influenced by microcavity effects.

We can define in this last case a radiative efficiency 92 with:

_ Rsp
R?§+ Rnr +Rl.

(o)

m; (7.12)

From equations (7.7) and (7.12) it follows that:
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At

;@7 (7.13)

=

Counsidering equation (7.10), one can define an averaged radiative efficiency taking into account the

radiative lifetime modifications:

7 —/Oo IATTsponild) s (7.14)
i = T 4. :
—-00 A7—+ (Tﬁ"L)

Note that the averaged radiative efficiency 7, is simply equal to 92° if no microcavity effects are
present (Ad = 1) and if the source is monochromatic and emits at the frequency v,.

The spontaneously emitted power can then be expressed as dPoy; = 1; 77y ﬁeﬂl dI.

It must be pointed out that this expression is calculated for an infinitively wide active region which
emits photons towards a given outside medium (air or epoxy for instance). The actual (MC)LED
devices were processed by etching square shape mesa through the active region as described in section
5.3. The voltage is applied between the top contact deposited on the surface of the mesa (see figure
5.16 for example) and the bottom contact covering the substrate. It is then reasonable to estimate
that only a fraction 7, of the optical power dP,,; will be output in the outside medium. We define
Nsh as the shadowing efficiency since this parameter describes grid contact effects. Photons impinging
on the grid contact and emitted at the (z,y) position of the active plane will be either absorbed or
reflected back in the structure. If we neglect reabsorption effects, we can consider that 7,,(z,y) = 0in
this case. Far from the contact stripes, it is clear that n,,(z,y) = 1. Close to the edges of the stripes,
Nsh(2,y) is between zero and one because the output photons must lie in the escape cone and because
the grid contacts are deposited relatively close to the active region (1 to 1.5 [um] as it is typically the
case for (MC)LED).

The optical power spontaneously generated outside the structure is then expressed as:

— _ hv
dPous = 1 17 Dsh T dI (7.15)

in each point (z,y) of the active region.

As it will be discussed in section 7.3, the current is not uniformly distributed across the surface
of the active region because of current crowding effects. Hence the current density J (in units of
[A/em?]), defined as dI = J dS (where dS = dx dy is a surface element of the active region in cartesian
coordinates) varies strongly with respect to the coordinates J = J(z,y).

If we define Spesq as the total surface of the active region, we can calculate the total power emitted

by the device by integrating equation (7.15):

-Pout = // dpout~ (716)
Smesa
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The external quantum efficiency 7., of a LED is defined by [29], [130]:

— hv
Pout:nez‘ 2

I (7.17)

where h v, is the peak energy of the emission.

We can then explicitly calculate 7,,:

—_ ffsmesa ni(J) 9(J )nr(J) nsh{z,y) J(2,y) dxdy
T T, J(ey)dedy

(7.18)

The LED external quantum efficiency 7., is traditionally defined as the product of an internal
quantum efficiency 7, (related to the electrical properties of the structure) by the extraction efficiency
7 (related to the optical properties of the structure): 7e; = nin: 7). Because the injection efficiency 7,
the radiative efficiency %, and the extraction efficiency 7 depend on the current density J, they also
depend on the coordinates (z,y). If 7;(J), 7(J) and 7,(J) do not vary too rapidly with respect to
J, they can be taken out of the integral (7.18) and estimated at the averaged value J, of the current
density with I = fmeesa J(z,y)dedy = J, Smesa:

s

nsh(z, y) J(z,y)dzdy

=(Jo) = 0i(Jo) 1(Jo) Br(Jo Smess 19
B e e FRVF Py (7.19)
We can then define an integrated shadowing efficiency 7, by:
(o) = T Ss, .. nenlz, y) J(z,y)dz dy (7.20)
Nsh\Jo) = ffsmesa dw dy . .

This parameter depends on the injection level since the (z,y) dependence of J is related to current
spreading effects which depend strongly on the applied voltage (see section 7.3). We can finally express

the external quantum efficiency as:

7783:(‘] )= nffff(J )7_7(‘]0) = ni(Jo) - (Jo) ﬁsh(*]o) 7(Jo) (7.21)

where 7;F? is an apparent internal quantum efficiency. We define the internal quantum efficiency

Nint a8:

nint(Jo) = ﬂi(Jo) ﬁr(JO)

(7.22)

in order to get rid of the contact geometry dependence. Hence 1;,:(J,) is mainly determined by
the electrical characteristics of the structure.
The next section is devoted to the study of n;ff (J,) for (MC)LEDs in the case where the current

int

1s assumed to be uniformly spread.



120 7. Study of the external quantum efficiency of red MCLEDs

Voltage [V]
Optical power [mW]

0 20 490 60 80 100
Current [mA]

Figure 7.1: Voltage-current characteristics (left axis) and power-current characteristics (right axis) for
the LED (dotted line) and for the MCLED (solid line). The mesa width is 262 [wm] and the contact
has a honeycomb shape.

7.2 Determination of the internal quantum efficiency

The purpose of this section is to study the output characteristics of large diameter LEDs and MCLEDs,
and to determine the current density dependence of the extraction efficiency 7(J,). The mesa width
1s of 262pm and the current is injected from the top-contact through a honeycomb grid. A picture of
such a processed device is displayed on the top right corner of figure 5.14. The diodes were measured in
quasi-continuous mode: voltages pulses of 500 [ps] were applied at a frequency of 1 [kH z] (duty cycle of
50%). As the injected current varied between 0 and 100 [mA], the maximum injected current density
was of 145[A/em?]. The optical power and the current were measured by using the electrical set-up
described on figure 6.13. The devices were bonded on TO-46 headers, and an integrating sphere was
used to collect all the emitted light. Results of such measurements are given on figure 7.1.

The measured external quantum efficiencies of both devices are displayed on figure 7.2. A maximum
of 4.5 % is reached at 37 [mA] for the MCLED whereas 1.75 % is obtained at the same current for the
LED.

Our purpose is first to calculate the current density dependence of the MCLED extraction efficiency
7(J) so as to determine its internal quantum efficiency 7in:(J). The geometry of the contact was
chosen such that we can assume that the current is homogeneously spread in the active region. We
explained in chapters 3 and 4 how to numerically calculate 77(J). Knowing the structure parameters
(the composition and the thicknesses of the layers), it is simple to calculate the extraction efficiency of
any monochromatic source. Knowledge of the intrinsic emission spectrum is required for the evaluation
of §{J). We saw in chapter 6 that for large mesa widths and for small current densities, the intrinsic

emission spectrum is very well fitted by the phenomenological function given in relation (6.7). This
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Figure 7.2: Measured external quantum efficiency plotted versus current for the LED (dotted line) and
for the MCLED (solid line). The mesa width is 262 [pm] and the contact has a honeycomb shape.

function is completely determined by three parameters: the peak electroluminescence wavelength gy,
and two coefficients ¢ and m describing respectively the asymmetry and the linewidth of the spectrum.
By measuring the spontaneous emission spectrum of the LED at current densities up to 145 [A/em?],
and by fitting the spectra with the analytical function (6.7), we observed that the asymmetry parameter
was reasonably constant and equal to ¢ = 1.5. This left us with two unknown parameters Ag, and
m, which have to be determined so as to evaluate 7. One way to determine them is to measure the
(spectrally integrated) emission patterns and to numerically fit them with the simulations so as to
minimize an error function [118]. We used here a slightly modified and simplified version of this
method. The patterns of emission were simulated for different detuning values and different spectral
linewidths. By angle-resolved measurements we determined that the detuning was negative (see chapter
6), hence we can characterize the emission patterns by two parameters ag and 0,4, (defined in section
6.2). For each couple of detuning-linewidth value, we reported the contour plots corresponding of a

given value of ag and 0,,,,. Figure 7.3 displays the result of this procedure.

We observe that the contour plots of ag and 4, intersect only once: hence for a given couple of
source linewidth-detuning value, it corresponds a single couple of ag-,,4 parameters. The patterns of
emission were measured every ten milliamperes from 10 to 100 [mA] (hence from 15 to 145 [A/cm?]).
We reported on the figure 7.3 the measured values of ag and #,,,, for each pattern. As we observed
it on figure 6.18, 0,4, decreases and ayp increases as the current density increases. From figure 7.3,
the source linewidth and the detuning corresponding to each current density can be determined. Note

that these parameters increase with the current density, confirming the results presented in section 6.2.
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Figure 7.3: Contour plot of the oy parameter (dotted line) and of the 8,4, parameter (solid line)
numerically calculated for different values of cavity-source detuning and intrinsic source linewidth.
Solid circles represent the same parameters measured at different current densities.

The parameters determining the intrinsic lineshape (6.7) are then completely known and it is possible
to calculate the extraction efficiency of the MCLED as well as its angular emission profile. An example
of such a (normalized) pattern is given on figure 7.4 (black dots). The solid line represents the angular
emission profile which was numerically simulated. We observe an excellent agreement between mea-
surement and simulations, indicating that the numerically calculated values of the extraction efficiency

are very accurate.

Figure 7.5 displays in solid line the optimal extraction efficiency (left axis) which can be theoret-
ically obtained for a given intrinsic spectrum linewidth. The corresponding optimal detuning value
which is shown in solid line on the right axis. As predicted by our simple model (see chapter 4) the
optimal detuning is negative and the optimal extraction efficiency decreases as the intrinsic spectrum
broadens. Black dots represent the parameters calculated for the source linewidth and for the detun-
ing values extracted from our fits. It is interesting to observe that the structure is overdetuned at
low current density. As the current density increases the source linewidth broadens and the detuning
red-shifts, converging towards the optimal value. At 145[A/em?] the extraction efficiency is optimal

and approximatively equal to 11 %.

Figure 7.6 shows the contour lines of the extraction efficiency which were numerically calculated
for different detuning and source linewidth values. The extraction efficiency calculated from the fits is

displayed on the same plot for the measured current densities.

It is very interesting to observe that the measured extraction efficiencies follow approximately the
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Figure 7.4: Angular emission profile (spectrally integrated) plotted versus the angle: solid circles
represent measured values and sohd line corresponds to the numerical simulation.

Optimal extraction efficiency [%]

o Fitted parameters

20

18

14}

1 T T -'5

J = 145 [A/em?)

J = 15 [A/em?]

12} 1 .15
: o o o0es
L J = 15 [Alem?] T

10}
5 J = 145 [A/em?]

8 1 L 1 ] 220
10 15 20 25 30

Source linewidth (FWHM) [nm)]

Optimal detuning [nm]

Figure 7.5: Optimal extraction efficiency calculated numerically (left axis) and corresponding optimal
values of detuning (right axis) plotted versus the intrinsic spectrum linewidth. The parameters obtained
by numerical simulations are represented as solid circles.
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Figure 7.6: Contour plot of the extraction efficiency numerically calculated for different values of
detuning and source linewidth. Solid circles represent the values estimated from the fits at different
current densities.

11% contour line of the figure. One concludes that it is possible to compensate the effect of spectral
broadening on the efficiency, by blue shifting the detuning. On the contrary, one sees that if the cavity
was not enough detuned, then the measured extraction efficiencies would have followed the gradient of
the contour lines, implying a significant drop of the efficiency with respect to the injected current.
The ratio of the external quantum efficiency 7., (measured) by the extraction efficiency 7 (calcu-
lated) is plotted on figure 7.7 with respect to the current density. We performed the same calculation

on the LED. Considering equation (7.21), the parameter plotted corresponds to the apparent internal

app

quantum efficiency n;7?.

7.3 Effect of the current spreading on the external quantum
efficiency

The purpose of this section is to study the influence of the grid contact geometry on the external
quantum efficiency 7.;. Estimation of the apparent internal quantum efficiency was performed in
the previous section on large size diodes (diameter of 262 [um]). For these devices the current was
injected through a honeycomb grid. We measured four other devices with the same mesa width but
different contact geometries. Details of the contact geometries can be found in figures 5.14 and 5.15.
We measured the LED and the MCLED devices based on the structures shown on figures 6.1 and
6.2. Conditions of measurements are described in section 7.1 of this chapter. The external quantum
efficiencies measured on the five considered MCLEDs are displayed on figure 7.8. The numbers 1 to 5
correspond to the contact types which are defined on figure 5.15.
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Figure 7.7: External quantum efficiency divided by the extraction efficiency plotted versus the current

density for the MCLED and the LED. The mesa width is 262 [um] and the contact has a honeycomb
shape.
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Figure 7.8: External quantum efficiency measured on five large size MCLEDs with different contact
geometries.
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Figure 7.9: Maximum external quantum efficiency (left axis) and corresponding current density (right
axis) measured on five large size LEDs having different contact geometries.
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Figure 7.10: Maximum external quantum efficiency (left axis) and corresponding current density (right
axis) measured on five large size MCLEDs having different contact geometries.



7.3. Effect of the current spreading on the external quantum efficiency 127

On figures 7.9 (LED) and 7.10 (MCLED) are plotted the maximum of external quantum efficiency
Nex (left axis) and the current density at which this optimum is reached (right axis). The horizontal
axis corresponds to the ratio of the unmasked surface of the mesa to its overall surface. LEDs and
MCLEDs exhibit the same general behavior: the extraction efficiency is maximum for the contact
type 3. The improvement of external quantum efficiency (absolute value) is of 0.2% for the LED and
0.8% for the MCLED, which corresponds to a relative improvement of 12% (respectively 19%) with
respect to the lowest efficiencies. The current density at which this optimum is reached decreases as

the unmasked surface of the mesa increases.

The devices having the same mesa width and being processed on the same part of the wafer, the
differences observed on the external quantum efficiency curves are then due to the different distributions
of the current density J(z, y) across the mesa. This will give different values for the shadowing efficiency
(see equation (7.20)). Because of current crowding, the current density distribution J(z,y) will depend
on the applied voltage, hence the shadowing efficiency and the external quantum efficiency also (by

equation (7.19)).

Current spreading in stripe-geometry semiconductor lasers is a well known phenomenon. It occurs
whenever contacts supply current to a vertical semiconductor junction. Because of the voltage gradient,
a horizontal component of the current density exists which tends to spread the current outside the
contacts. Current spreading refers to the case where this effect is large, whereas current crowding
refers to the opposite situation (the current is mainly injected below the contacts in this last case).
This problem was studied in detail in the seventies (see references [50], [49], [74], [75] for example)
and several techniques were proposed to laterally confine the current and prevent current spreading:

oxide-confined structures, proton implantation, etched mesa are some examples [29].

For top-emitting devices, the problem is different, since one wants to efficiently spread the current
across the surface of the active zone so as to minimize the radiative recombinations below the contacts.
Several solutions were proposed in the following references to optimize the current spreading of LEDs:
[44], [20], [7]), [96], [148], [147], [107]. Current spreading is also required for VCSELs: because
of the high current density at which they operate, current crowding can be responsible for spatial
hole burning increasing the threshold current [140]. Current spreading is moreover highly desired for

realization of intracavity contacted VCSELs [139], [66], [63].

In order to qualitatively understand the origin of the current spreading, it is necessary to calculate
the current density distribution J{z, y) across the surface of a mesa. For that purpose, several models
can be found in the literature: the model of Joyce [76], [74] takes into account the ohmic current
which flows horizontally in the top p-doped layer and the diffusion of the carriers in the nominally
undoped active region. This requires five coupled differential equations to be solved and knowledge
of the radiative recombination rates and applied voltage as function of the carrier concentrations. A
simplified version of Joyce’s model can be found in references [54], [55] and [139]: it describes

the device structure by a network of diodes and resistances. This model is a generalization of the
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Figure 7.11: Sketch of the device geometry used in the model.

transmission line model (also called TLM) used to measure the contact resistances [15], (154]. We
use this model in this work because of its simplicity and because of the good agreement with our
experiments. The geometry of the problem investigated is given in figure 7.11.

The structure is assumed to be infinite in the direction perpendicular to the cross section of the
device and we restrict our study to a one-dimensional geometry. The bottom contact covers the whole
surface of the n-doped region, whereas the top contacts ends at the positions x = f£xg.

A voltage V; is applied at the top contact. Thicknesses of the p-doped and active regions are
respectively h, and h;. The material resistivity p, (in units of [Q m]) corresponds to the p-doped
region. If this region is made of several layers with different material composition, it is possible to
calculate the effective resistivity p, by calculating the parallel equivalent of the multilayers.

The horizontal current density is given by Ohm’s law:

dV(z)
dx

= — P Jh (:L') (7'23)

The vertical current density can be expressed by using the current continuity equation:

hy d—‘]a"i—“:) = —J, (). (7.24)

The semiconductor junction is described by an ideal heterojunction diode:

V(=)

Jo(z) = Jyenve (7.25)

where n is the ideality factor of the diode and V; = 2T = 25.875[mV] at T = 300 [K].

e

The potential V() is then given by Ohm’s law:

V(z) = po hy Jo(2) + Va(z) (7.26)
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where p, and h, are respectively the resistivity and the thickness of the whole vertical structure
(the vertical resistances are displayed in the p-doped region on figure 7.11 for drawing convenience
only).

Resolution of equations (7.23) to (7.26) leads to a second order differential equation with the

following boundary conditions:

V(z = ta0) = Vo (7.27)
dV(z) _
ol =" (7.28)

In the general case, the solution of equations (7.23) to (7.26) is very complex and has to be solved
numerically. It is however possible to analytically solve the problem in two simple cases.
If we do not take into account the voltage drop due to the junction (V4(x) = 0), we are left with

the TLM resistance network problem. The vertical current density is then given by:

Vo cosh(z/L,)
Ju(z) = 7.29
@) = o, coshioo/ L) (7.29)
where L, is a decay length (in units of [m]) given by:
Ly =42 ho iy (7.30)
Ph

From this equation it appears that the decay length is large (hence the current spreading is good) if
the sheet resistivity of the p-doped region is small and if the vertical resistance is high. We remind the
reader that the sheet resistivity is expressed in units of [(?/U]. It is given in our case by Rsp = pn/hy.
It is possible to use this simple model in the case of a semiconductor junction by assuming that the
vertical resistance corresponds to the differential resistance of the diode. Hence as the diode becomes
forward biased, the low dynamic resistance of the diode shunts the lateral resistance of the top layer,
resulting in an increase of the current crowding.

We can calculate this effect more accurately by solving the equations (7.23) to {7.26) in the case
where the vertical resistance is neglected.

After some simple calculations, the vertical current density is found to be:

J(z)= — D0 (7.31)

0032(,/%]%)

where L, is a decay length (in units of [m]) given by:

[2h, nV; 2nV;
L, = P = . 7.32
¢ Pr Ji Ji Rsn ( )
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The current density Jo = J, (¢ = 0) is related to the applied voltage V; by the following relation:

Yo _ e (7.33)

cos?( %ﬁ-)

Equation (7.31) shows that the effective decay length is \/% Lg, implying that the current crowding
increases as the applied voltage increases, which confirms the result of the simple resistance network
model. Considering relation (7.32) one sees that the smaller is the sheet resistance and the best is the
current spreading (at a fixed bias).

We measured the near field patterns of devices without any grid contact (see figure 5.15 for instance).
For that purpose we imaged the mesa surface onto a CCD camera by using a microscope objective
and some appropriate filters so as to avoid camera saturation effects. An example of such a pattern is
displayed on top of figure 7.12.

Bottom of figure 7.12 shows the near field emission pattern sampled at the center of the mesa in
the vertical direction of the figure and displayed along the horizontal direction. The dots represent the
measurement and the solid line corresponds to a fit using equation (7.31). This approximation is good
because of the linear dependence between the current density and the emitted optical power which is
measured in the experiment (see equation (7.15)). In fact, drift and diffusion of carriers in the active
region (not taken into account in our model) deplete the region below the contacts as shown by Joyce
[74]. This means that in reality, less optical power is emitted below the contacts than in the model. It
must also be pointed out that a one-dimensional model was applied to a two-dimensional one. Since
we scanned the near field pattern at the center of the mesa, we assume that this effect is small. Figure
7.12 shows that the agreement between the fitted and the measured curves is good.

The same measurements and fits were performed on the LED and MCLED at different current
densities. We report on figure 7.13 the effective decay lengths \/% L, extracted from the fits. As
expected this value decreases as the injected current density increases. Since Jy can be also extracted
from the fit, it is possible to determine the decay length L, which should not depend on the injected
current density according to expression (7.32). We find /J; L, = 146 £ 3[V/A] for the LED and
VI Ly =189+ 10 [\/Z] for the MCLED. The current spreading is better in the MCLED than in the
LED.

To check this, we measured the sheet resistance on the two wafers, using TLM (transfer length
method) structures available on our mask. We found R, = 650[Q/0)] for the LED and R;p, =
310 [©2/0] for the MCLED. The decay length being given by equation {7.32), we conclude that (provided
J is the same for both devices) the decay length of the MCLED should be /650/310 = 1.45 times
larger than the one of the LED. We experimentally found out a ratio of 189/146 = 1.3 by near field
measurements, which is reasonable, considering the simple model used.

We conclude that the effective decay length significantly decreases as the current density increases

and that the current spreading is better for the MCLED than for the LED. Since top grid contacts
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Figure 7.13: Effective decay length 4/ j—;— L, plotted versus the injected current density for both kind
of devices (LED and MCLED).

of type 2 are strongly interconnected (honeycomb shape), we can assume that the corresponding
devices are uniformly injected. If we define f;5(c) as the shadowing efficiency of the device having a
c-type contact (with ¢ = 1, 2, 3, 4, 5), we can then assume that 7,,(2) is independent of the injected
current density. Since the product 7; 7}, does not depend on the contact shape, the ratio 755 (c)/7sn(2)
gives the current density dependence of the shadowing efficiency, normalized to the constant shadowing
efficiency 755(2). These parameters are displayed on figures 7.14 and 7.15 for the LED and the MCLED
respectively. They were calculated by simply dividing the external quantum efficiencies of the devices
having c-type contacts by the external quantum efficiency of the device having contact of type 2
(e (6)/Mea (2) = e (6)/T5n(2)).

We observe that the shadowing efficiencies generally decrease with the current density which was
to be expected from the simple model. The type 1 and type 2 contacts have approximately the same
effect on the current spreading. We observe that 7,5(5) decreases very rapidly with respect to the
current density with has to be related to the absence of any grid covering the mesa, hence to a very
strong current crowding. Current crowding occurs also for contact types 3 and 4, but with less intensity.
Comparing figures 7.9 and 7.10 with figures 7.14 and 7.15, one can conclude that the external quantum
efficiency 7.5 of devices having type 1 and 2 contacts is limited by the large fraction of the mesa which
is masked by the contacts. Since the current spreading is good, the current density at which 7., is
maximum (the position of the roll-over) is determined by the product #; 7.

The opposite situation corresponds to the case of the type 5 contact (no grid and injection through

the edges of the device). In this case the current is severely crowded, and the rapid decrease of 7;4(5)
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Figure 7.14: Current density dependence of the shadowing efficiencies for different grid contact geome-
tries (for LED). These parameters are normalized to the constant shadowing efficiency of the type 2
contact. The curves were calculated by taking the ratio between the external quantum efficiency of
the devices with contacts types c=1, 3, 4, 5 and the external quantum efficiency of the device with
contact type c=2.
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Figure 7.15: Current density dependence of the shadowing efficiencies for different grid contact geome-
tries (for MCLED). These parameters are normalized to the constant shadowing efficiency of the type
2 contact. The curves were calculated by taking the ratio between the external quantum efficiency of
the devices with contacts types c=1, 3, 4, b and the external quantum efficiency of the device with
contact type c=2.
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Contact type 1 Contact type 2

Contact type 4

Figure 7.16: Near field patterns of different top contact geometries (measured at a current density of

50 [A/em?]),

with respect to the current density is responsible for the small external quantum efficiency and for the

small current density value at which the roll-over occurs.

The contact geometries of type 3 and 4 have a good masking coefficient (given in table 5.1), and
cover the whole surface of the mesa, leading to a good current spreading. Current crowding occurs as

the current density increases but at a smaller rate than for the type 5 contact.

Figure 7.16 displays the near field patterns of four of the MCLEDs devices, It is seen that the current
spreading is better for structures with type | and 2 grid shapes, than for the others. Comparing near
field patterns of figure 7.16 with the optical microscope pictures given in figure 5.14, one sees that
there is more light generated close to the pad of the top contact than elsewhere. This is simply due
to the finite resistivity of the contact stripes: the current flows across a smaller resistance close to the

contact pad.

To summarize these results, the external quantum efficiency is optimized when i, is high (which
requires that the contact surface is minimized), and when dr,y, /d.J is small such that the roll-over due
to the current crowding ocecurs after the rollover due to 5 7j,. This last requirement is unfortunately
incompatible with the first one since the more the contact is inferconnected (hence the larger is the
masking of the mesa) and the best is the spreading. A trade-off has to be found between small contact

masking and good current spreading. The web-shape geometry (contact type 3) is then optimum in
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Figure 7.17: External quantum efficiencies measured on MCLEDs having different mesa widths D and
plotted versus the injected current. The top contact geometry is of type 3.

this respect.

7.4 Effect of the device size on the external quantum efficiency

In this last section, the influence of the device size on the external quantum efficiency is investigated.
Devices having mesa widths of 32, 52, 72, 92, 112, 162, 212, 262 [um] were measured under pulsed ex-
citation: voltage pulses of 80 {uus] were applied at a frequency of 1.25 [kH 2] (duty cycle of 10%). The
top contact have the same geometry as the device displayed on the bottom left corner of figure 5.14
(contact type 3). The diodes being bonded on TO-46 headers, it was possible to accurately measure the
emitted power with an integrating sphere. We measured LED and MCLED devices with the structures
displayed on figures 6.1 and 6.2. The external quantum efficiencies were calculated by using relation
(7.17) and are represented on figure 7.17 for the MCLED. For each diode, the maximum of external
quantum efficiency 7J.*® and the current I,,, at which this maximum is reached were determined.
The parameters n72%" and I, are displayed on the figure 7.18, respectively figure 7.19 with respect
to the mesa surfaces expressed in units of [cm?].

These coefficients increase with the device surface. In order to understand these characteristics,
we propose a simplified model of the external quantum efficiency .. Let first consider the radiative
efficiency #,. This parameter is the ratio between radiative recombination rate and total recombination

rate in the active region (see equation (7.7)), which can be expressed with respect to the carrier density

in the active region by:
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BN?
p = = 7.34
= AN+ BN? : (7.34)
with
4,
A=Ay + . (7.35)
0 V Smesa
Definitions of Ay and v, were given on section 7.1. Equation (7.5) can be written as:
%1 _ 4N+ BN? (7.36)
e Vow

where [ corresponds to the current injected in the device. Solving equation (7.36), it is possible to

express N as function of I and to inject it in equation {7.34), which gives:

_ Io i L 2mi 1
I = 1 /14— 7.37
777'( ) 7]1' I [ + IO + IO ( )

where I; has units of a current and is given by:

eequ A3 g 4y ? (7.38)
Iy = Y S esa |1+ —s] . 7.38
° 2 B [ AO \/Smesa

Since the injection efficiency depends on the current (1; = 7;([)), the current dependence of the
radiative efficiency is unfortunately quite complicated. If 7;(I) does not vary too much with respect
to the current (which can be reasonably assumed), we can write the following approximation which

decouples the injection efficiency from the radiative efficiency:

I / 21
14— — £
+fo 1+I

This expression continuously increases with the current and saturates to one. When the carrier

(1) = I_O

7 . (7.39)

density is large enough, the radiative recombination rate (varying as N?) dominates the non-radiative
recombination rate (varying as N). The smallest is the current Iy, and the quickest 7,(I) converges
towards one. This behavior is displayed on top part of figure 7.20 for two different currents Iy; and
Toz > Io1.

Since the external quantum efficiency is given by equation (7.21), we need to express the current
dependence of 7;(I)7jsx(1) (/) that we define as 79(f/). These three efficiencies decrease with the

current as shown in sections 7.2 and 7.3. We use the following empirical function to describe this

current dependence:
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Figure 7.20: Plots of the efficiencies (1), 1o(]) and 7e;(I) with respect to the current I and for
different parameters I and I,.
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Figure 7.21: External quantum efficiency measured on a MCLED device (mesa width is 92 [um]) and

plotted versus the injected current (open circles). The solid line represents the result of the simple
fitting model.

mo(D) = ni( D) r (D (1) = o7 (7.40)
I,

where 7o = 1o(I = 0) and I, are two constants. The function 79(I}/70 is close to one at very small
current, and decreases with respect to I. The higher is I, and the slower the function decreases. Figure
7.20 shows this behavior for 779 = 1 and for two different parameters I5; and ;5 > I;;. The product

of 7, (I) by no(I) gives the external quantum efficiency

New(1) = (1) 0(1) | (7.41)

which 1s displayed on the bottom part of figure 7.20. From this figure it appears that the higher
are Iy and I; and the higher is the current at which the roll-over on the external quantum efficiency
curve occurs.

We have used the product of equation (7.39) by equation (7.40) to fit the experimental data on the
LED and MCLED structures. Figure 7.21 shows that this simple model produces a good fit, with a
small number of fitting parameters, which are 1y, Iy and 1.

Figure 7.22 displays values of the Iy parameter which were extracted from the fits as black (MCLED)
and empty (LED) dots. These parameters are plotted versus the surfaces of the mesa. The surface
dependence of the Iy parameter is explicitly given in equation (7.38) and was used to fit results displayed

on figure 7.22. It appears that Iy increases continuously with respect to the mesa surface Speqq. It
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Figure 7.22: Values of the I; parameter which were extracted from the fits of the external quantum
efficiency are plotted as solid (MCLED) and open (LED) circles. The solid lines represent fits on Ig.

can be observed that if no surface recombinations are present, then Iy varies linearly with respect to
Smesa- On the contrary, if v, is large enough, then Iy is independent on Spesq. It is clear that Iy has
to be as small as possible such that 7, saturates rapidly towards one. This means that at constant
current, a small device will have a higher radiative efficiency compared to a larger one. Because of the
Smesa dependence of equation (7.38), this is the contrary if one compares 7, at a fixed current density
(in this latter case the surface recombination rate decreases with the mesa’s surface). For a given
surface Smesq, o Will be small if the bimolecular recombination coefficient B is high, the non-radiative
recombination rate Ag small and the surface recombination velocity vs; small. In conclusion, for fixed
parameters B, vy, Ao, 7-(J) will shift towards small current densities and 7,(I) will shift towards high
currents as Sp,esq Will increase. From the fits performed on the data displayed on figure 7.22 we get:
”%%‘21 = 22 [mA/em?] for the LED and 5—62"—’”%21 = 184[mA/cm?] for the MCLED. The ratio % is
equal to 470 [um] for the LED and 84 [pm] for the MCLED. We will discuss these values in the last
section of this chapter.

Figure 7.23 displays values of the I, parameter which were extracted from the fits as solid (MCLED)
and open (LED) circles. These parameters are plotted versus the surfaces of the mesa. We clearly
observe on figure 7.23 that I; increases with respect to Spesq. It is reasonable to assume that the
Smesa dependence of this parameters comes only from the shadowing efficiency 7;5,. We indeed saw in
section 7.3 that 75 decreases as the injected current increases because of current crowding (especially

for the kind of contact geometry we have here).

Figure 7.24 shows the ratio of the unmasked surface of the mesa to its overall surface Spesq,
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Figure 7.23: Values of the I, parameter which were extracted from the fits of the external quantum
efficiency are plotted as solid (MCLED) and open (LED) circles. The solid lines represent measurements
interpolations by using power law.

plotted versus Sp,esq for the 8 devices measured. One sees that Soper, /Smesa increases with Spesq. The

shadowing efficiency 75 is then expected to increase with Sp,es54, Which is what we observe on figure

7.23.

We observed that no(/) varies according to a dependence of the form no(I) = I¢ S¥ where £ < 1

mesa>
1s a power and I? is a constant. It follows that the higher Sp,e54, the slower 79(I) decreases with I.
This is the contrary for the current density because k < 1. We can then conclude that increasing Spesq
shifts #,(I) and 7g(J) towards high current. Hence the current at which the roll-over on the external
quantum efficiency curve is found, increases with the device size. This i1s what we experimentally
observed on figures 7.18 and 7.19. This behavior goes into the opposite direction when current density

is considered: the current density at which the roll-over on the external quantum efficiency curve is

found, decreases as the device size increases.

Figure 7.25 displays values of the 1y parameter which were extracted from the fits as solid (MCLED)
and open (LED) circles. These parameters are plotted versus the ratio of the unmasked surfaces of the
mesas to their overall surfaces. It appears that 7y depends more or less linearly on Sopenencd/Smesa
which means that the masking of the mesa’s surface by the grid contact has a significant effect on the

size dependence. This is what we observed on the external quantum efficiency (figures 7.18 and 7.19).
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7.5 Conclusions

By using a model to describe the current dependence of the radiative efficiency we determined the
parameters ee%%g and 47“;- for both LED and MCLED. From these values it is possible to calculate
Iy, hence the radiative efficiency (using equation (7.37)). For the device measured in section 7.2, we
find that at a current density of 55[A/em?] (corresponding to the position of the roll-over on figure
7.7), the radiative efficiencies are 5, = 0.92 for the LED and 5, = 0.90 for the MCLED. This implies
that the small apparent internal quantum efficiency which is found for the MCLED (and displayed
on figure 7.7) is clearly not due to a bad material quality, as it could have been thought consideriﬁg
measured values of e—eéﬂ%a and 47”:. We conclude then that the apparent internal quantum efficiency
1s limited by the injection efficiency in the MCLED.

The problem is probably due to a poor confinement of the electrons in the active region, which leak
outside of it. The problem of electron confinement in AlGalnP-based devices was studied many years
ago: it was observed that in red-emitting lasers, the threshold current increased super-linearly with
temperature and that the external differential efficiency (above threshold) decreased with increasing
temperature [52], [134]. This behavior is supposedly due to the small conduction-band discontinuity
inherent in the AlGalnP material system (see appendix B). Leakage of electrons thermally activated
from the active region through X-band of the p-cladding layer [21], [142] was proposed to explain the
poor characteristics of red-laser, and was experimentally confirmed by references [160], [159]. The large

difference of internal quantum efficiency between LED and MCLED is probably due to the difference
in the active regions designs and especially to the presence of the AlGaAs-based DBR in the MCLED.
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Chapter 8

Conclusion

The purpose of this work was to design and fabricate high efficiency MCLEDs emitting at 650 nm.
These structures offer a number of advantages over conventional LEDs such as improved directionality,
high spectral purity and enhanced extraction efficiency. They can compete with VCSELs for short and
medium distance (< 5km) optical fiber communication systems because of their higher reliability, lower
cost, simplicity of fabrication and thresholdless operation. Since red-emitting VCSELs are difficult to
fabricate, MCLEDs are a viable alternative light source for local area network applications, where either
silica or plastic optical fibers are used. Furthermore, red emitting MCLEDs have potential applications

in printing, distance measurements, gas sensing or as densely packed arrays for monochromatic displays.

The first part of this work was devoted to the study of the optical properties of top-emitting
MCLEDs (based on two DBRs). We found that the ultimate limit for the extraction efficiency is set
by the DBR properties. If we assume an infinite number of pairs for both DBRs, and a monochromatic
linewidth, the maximum extraction efficiency is roughly equal to three times the inverse of the effective
cavity order, whose value is only determined in this case by the refractive indexes of the DBR layers.
A limit value close to 11 was found for AlGaAs/AlAs based DBRs, leading to an ultimate efficiency of
3/11 = 27%. Hence, in order to significantly improve the extraction efficiency of this kind of structure,
it is absolutely necessary to change the DBR materials. This task is difficult, because the DBR
layers must have a good refractive index contrast,a reasonable conductivity, a small absorption and
be lattice-matched to the rest of the structure. It was shown in this work that extraction efficiencies
of 11% could be obtained and it is reasonably possible to reach 15% to 20% by finely optimizing the
number of DBR pairs, reducing the absorption of the GaAs cap layer, improving the detuning, limiting
the spectral broadening or encapsulating the structure in epoxy. If bottom emission can be considered,
then transparent substrate structures based on metallic mirrors as top contact can be a good candidate
for improved extraction efficiency. The cost of this solution is the requirement of complex wafer bonding

techniques to replace the GaAs absorbant substrates by GaP ones.

In the second part of this work we showed that the apparent quantum efficient of the MCLEDs
was only of 40%. This value is quite low, and we tried to separate the different physical mechanisms

influencing the external quantum efficiency. It was first shown that depending on the geometry of
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the grid contact, current crowding effects could severely decrease the external quantum efficiency.
It was demonstrated that, by carefully designing the top contact geometry, an improvement of 20%
of the external quantum efficiency could be obtained in comparison with a non-optimized contact.
The optimal geometry is a trade-off between strong interconnection of the contact stripes (allowing a
good current spreading), and a large distance between each of them (so as to minimize the masking
of the emitting surface). A alternate approach could be to use selective oxidation so as to avoid
current injection at the edges of the mesa and emission of light below the lateral contacts. With
this solution, shadowing efficiencies higher than 95% can be expected. Going deeper in the study of
the apparent internal quantum efficiency we investigated the effect of the diode sizes on the external
quantum efficiency. From a simple model, we found out that the radiative efficiency was good and
that the low apparent internal quantum efficiency measured on the MCLED was due to a bad current
injection, and especially to electron leakage current. This problem is known from a long time in the red
laser community, but at that time no satisfactory solution exist since the problem is mainly material
related (weak electron confinement due to small bandgap energy difference between the active and the
p-type cladding layers and high p-doping difficult to achieve). It appears that a factor of two could
be obtained by improving the electron confinement of these structures. In conclusion, it appears that
external quantum efficiencies higher than 15% can be reasonably expected at this wavelength from top-
emitting planar MCLEDs, so three times that of the devices measured during this work. Nevertheless,
the current generation of red MCLEDs have become a commercially viable option for plastic optical

fiber systems [146].
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imations on DBR

complex reflectivity.

In this appendix we want to calculate the complex reflection and transmission coefficients (ry and tx)

of the structure given on figure A.1.

The number N corresponds to the number of layers of index ny and we define n = ns/n;. The

input and output fields are related by:

EF] _ [N
Ey| T [

The reflectivity coefficient is given by:

N N
ry = — 2L = 112
=" N T N
g Taz

In order to explicitly give the expressions of |ry| and e’V we will use the formalism presented in

e
a9l 1ET

|

— erl elenN

(A.2)

2. For that purpose we need to diagonalize the transfer matrix [m] associated with one period of the

structure (see figure A.2).

outside medium (left)

Periodic structure outside medium (right)
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Figure A.1: Symmetrical Distributed Bragg Reflector: definitions.



148 A. Analytical approximations on DBR complex reflectivity.

nz
)
- ' >+
EN —, — K
a . b
1
—>_ : —>_
Ea «, n - Eb
]
] 1
] ]
—— } } >
L LIy z

Figure A.2: One period of a symmetrical Distributed Bragg Reflector: definitions.

We examine the case of the TE polarization only, since we are interested in approximations around

the normal incidence.

Using matrices given in section 2.1, it is easy to show that

)=t [22)

with
m m
= [t ]
M1 My
where
myp = Aet¥ — Be 'Y my=C [e‘”‘ e“’]
with
A= §n7;2+7z1)2 B= Sﬂ'Yﬂ—’Yzl}z C = "2‘/';2— 2“
4nvyz1 V22 41921 Y22 . 4N vz1 Y22
and

u=30 (itm2)  v=350 (Y1 - 2)

Vo1 = EIJ.TelL =cos{01) 7.2 = El’j‘fr = cos (62)

(A.3)

(A.5)

(A7)
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The reflection coefficient ry depends on the wavelength via the § = % parameter, where ) is the
Bragg wavelength defined by Ao = 4L1n; = 4Lyns, and A is the wavelength to be considered. The
angular dependence is held in the coefficients =,; which appear in the calculation of rny with ¢ being
an index running over the different dielectrics which make the structure. Since there are two different
angles #; and 0> in the structure, it is convenient to define an observation angle 6y and an observation
index ng, in such a way that we express all the angles with respect to #y and ng. We use the Snell’s

law for that purpose:

1
Yzi = — y/n? —nd + nd cos? (o). (A.8)

1

In what follows we will consider that n; > ng, then v,; will always be real for 6y € [0, 7/2]. Using

the relations given in section 2.1, we find that

mis @ (]V) 'I{1| ei X1
- = ; A.
- (N+1)—m ®(N)  |Kgf efx2 (A.9)
where

1t is possible to show that ( is purely real in the stopband, which means that we can always define
the real number ¢ as { = ¢¥. We have then & (N) = 2sinh (¢ N) real.

We want to calculate DY and D} with

DN = den

) = (A.11)
d cos 90 (6=1,60=0)
and
d
DN = Z¥N : (A.12)
dé (0=1,60=0)
We calculate that at the center of the stopband we have:
u(d=1,0=0=m
v(6=1,6=0)=0
A(6=1,00=0)=F (A.13)
B((5:1,9020)——-@4;;L
C(0=1,60=0)=2"1

We introduce the variable £ which designs either cos(fp) or §. It is simple to find that:
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don _ [m _ dX‘z]

4z |(521,60=0) S lde 4z [ (521,00=0)
_ 1 dtan (x1) 1 dtan (Xz):|
~|1+tan (x1)®? de " 14tan (x2)? d= (6=1.0020) ’

After simple calculations we have,

sinu 4 sinv

1 = —
an (x1) coOS U — cOSV
from which we get:
2
1 dian (x1) _ £X) (%121) if £ = cosfy
1+tan (X1)2 dlL' ((5:1’90:0) g‘ lfil? = (5
In the same way:
XY
tan (x2) = ———

z

where X = tanh (Y N), Y = Asin{u) + Bsin(v) and Z = sinh (¢).
We can easily check that Y (6 = 1,6y = 0) = 0, then:

1 dtan (x2) X dY

1+tan(x2)° d=z

{6=1,60=0)

From equation (A.9), we can verify that

IN _
|7'N((5:1,90:0)|ET’?V:—20[-X—] I 1
(6=1,60=0)

After some long but not difficult manipulations we finally get:

don T |/n+1\ 4 N
—_ = — -1l =D
dd |(52160=0) 2 K"— 1> N s
doN =I5 ___an—n+l ra — 11 = DY
dcos by (6=1,00=0) 2 n—1 N e

T [7 dz](5=1,90=0) .

nZN 41’

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

If we consider the case where § can vary and where the angle is fixed to zero (normal incidence),

then we have v = #d and v = 0. It is clear from previous relations that ry depends on § via the

terms et % This means that the properties of ry are unchanged if we add a multiple of 2 7 to u, then
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Figure A.3: Asymmetrical Distributed Bragg Reflector: definitions.

u=mnd+27p=nb where § = +2p and p is an integer. We see that rx is periodic with respect to
4, 2 being the period.

on figure A.3.

From the previous calculations it is rather easy to determine the properties of the structure given

With the phasors definitions given on the figure A.3, we have the following matrix relations:

E:;F] [pll Pm] [ES']
ol 2 A.23
[Eg P21 pa2| [Eq ( )
and

EFXl [N N [Ef

[E;] = [év | Ler] (429

Using the relations given previously for the symmetrical DBR, we have:

miy ®(N) |K| eix2  (rmxa) o
B = e Pl = : A2
™ ® (N +1)—my; &(N) K| eix2 Irnl e lrnl e (A.25)
@ (1) - d(1)rn  _,
= Y= smma A2
N q)(N'f‘l)—mll(I)(N)e @(N) mlge ( 6)

where ¥ = Z .20 and § = )\iﬂ

As we know that:

miz = —2C sin (gé'yzl) RICEZRRET Y (A.27)
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where C is real, we finally find that:

tn = |ty el (tpw+%). (A.28)

From this result we get that (rN)2 — (tn)? = €279~ which is used to finally find the expressions

given below:

P12 _ @ Irn| — B et 2rten)

ioN
T a-Blrn| @ Crien) © (A.29)

pa1 _ ary| e Grten) — g

T paa a—f|rn] el @rten) (A.30)
i(’Y+<PN+%) i
= = e eion (A.31)
D22 a—p IT‘NI et (2v+en)
kza
ta= 0 (A.32)

We can now calculate the first derivative of the reflection and transmission coeflicients phases with
respect to a parameter that we call z, which will correspond to either & or cos (dy).

We set:

;o1
[xa| €7

= = |ry| €' ¥ (A.33)
|x2| e ¥ @

Ta

from which it is simple to calculate that:

a ry| sin ()

¢ )= A.34
an (S%) alry|cos ()-8 ( )
2y _ _—Blrn| sin(Q)
tan (p2) = oA jrn] cos () (A.35)
with = 24 + pn. Derivating the tan function with respect to x, we have:
de, 1 t a
L dtan (o) (A.36)

dr ——1+(tan(pa)2 dz

and
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2 2
dtan (po) _ |1+ (tangd)’] [1 + (ang)’] 1 [d%ﬁ dﬂ"g] (A.37)
dz [1+tan (¢} 02))° 1+ (tang,)” Ldz  da ] '
Since Q (§ = 1,6p = 0) = m, we have tan (p}) =tan (p2) = tan (ps) = 0 and it follows that:
dq _ [M _ %] (A.38)
de (6=1,60=0) de de (6=1,80=0) '
After tedious but not difficult manipulations we finally get:
, - d
dpa __ (@®=8) Irn [dszw +2_7] (A.39)
dz (6=1,80=0) [ Irnl+ Bl la+ B Irn]] | da da (6=1,00=0)
and
% _ 2(1,3+(0’2+ﬁ2) Irn | don (A.40)
3 lismr gy @ INITA 48wl dz |,
208 [1"|er2] dy
+ _—
[o |rvl+ 8] [+ B Irnl] d=
(8=1,80=0)

It is obvious from equations (A.29) and (A.30) that r, and r, are periodic with respect to § (at

normal incidence), 2 p (p integer) being the period.
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Appendix B

Material Parameters

Note that all the parameters which are given in this section were measured at a temperature of 300 K,

and that (Al;Gai-¢)o.5In0 5P compounds were assumed to be in their disordered phase.

B.1 Indices of refraction

The refractive indices of Al;Ga;-yAs and (Al;Ga1_3)o.5Ing 5P compounds which were used in our
numerical simulations are presented in this section. For Al,Ga;_;As compounds, the experimental
values given in reference [3] were used. Figure B.1 shows the real part of the index of refraction (left
axis) and its imaginary part on the right axis. Analytical expressions based on a single oscillator model
can be found in reference [5].

For (Al,Gai_z)o.5Ino s P compounds, the experimental data of reference [110] were used. An
analytical model is used in this reference to fit the experimental data. The absorption due to phonons
is described by a single delta-shaped oscillator with the frequency of the TO phonon. The fundamental
absorption edge is approximated by two oscillators at energies E; and Ep and constant absorption
between the bandgap F, and E;. The refractive index n(E) is then determined by applying the

Kramers-Kronig relations:

Gro A E% — E? G, G2

= 1% 4
Bl E% 7 "Eg—E2+Ef-E2+E§—E2

n*(E) -1 (B.1)

where F is the energy in units of [eV] and:

Fi(x) =3.354+0.38z [eV] Energetic position of oscillator 1
E3(z) =5.204+0.352 [eV] Energetic position of oscillator 2
Eg(z) = 1.904+ 0.48x [eV] Bandgap energy

Alz) =072+ 0.35z Dispersion relation

Gro = 441073 [eV?] Oscillator strength of the TO phonons
G1 = 34.7[eV?) Oscillator strength of oscillator at £
Go =140 [eV?] Oscillator strength of oscillator at E»
Ero = 40 [meV] Energetic position of the TO phonons.

Note that this description of n(E) is reasonable only below the band edge. The bandgap resonance
was numerically smoothed out in figure B.2. Reference [150] presents simpler analytical expressions

for this refractive index.
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Figure B.1: Real (left axis) and imaginary (right axis) parts of complex indices of refraction for

Al;Gai_,As compounds.

Index of refraction n
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Figure B.2: Refractive indices of (Al;Gai_;)o.5/n0.5P compounds.
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B.2 Lattice constants

The lattice constants a of the binary III-V compounds are given in the table below [89]:

GaP InP AlP GaAs | AlAs
a [nm] | 0.5451 | 0.5869 | 0.5451 | 0.5653 | 0.5660

In ternary III-V solid solutions, the lattice constant of the crystal generally scales linearly with com-
position (Vegard’s law), and this behavior can be reasonably assumed to occur also for the quaternary

solutions [23].

The lattice constant a(z) of Gaglng., P is then given by:

a(z) = a(InP)+ z[a(GaP) — a(InP)] (B.2)

showing that GazIn;_,P can be grown lattice matched on GaAs substrates for a composition
z = 0.52. Applying Vegard’s law to Al;In,_, P, one can see that Algsaing4gP and Gagselng g P
have about the same lattice constant. It follows that (Al,Gai—y)o.52In0.4sP alloys can be grown
lattice matched to GaAs substrates at all aluminium contents (2 = 0..1), which makes this quaternary
compound very appealing for large bandgap heterostructure devices. Note that GazIn;_, P quantum
wells are grown tensile strained with respect to (Al;Ga1_z)o0.521n0.48 when & > 0.52, and compressively

strained when z < 0.52 [27].

B.3 Bandgap energy and band discontinuity

The bandgap energy Eg4(z) of the ternary and quaternary compounds used in this work are given on
the table below and are displayed on figure B.3. All the energies given in this section are expressed in

units of [eV].

Material Eg(z) Reference

Al,Ga,_.As El(x)=1.424+41.155z + 0.37 22 r <043 [94]
E%((:c)z 1.940.1242+ 0.144 22 z > 043

GagzIni_. P El(z) = 1.351+1.429 2+ 0.786 (e2-2z) | £<0.73 | [112]
Eg'(x) =2.311-0.0522 + 0.207 (z>— ) | = > 0.73

(Aleal_z)0,521n0.4g EF(IL’) =194061z z < 0.58 [106]
Eg((z') =2.20440.085z z > 0.58

The band offset between (Al,Gai—¢)o.5In05P and Gag5IngsP is given by [106]:
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Figure B.3: Bandgap energies of (Al,Gai_;)o5Ino 5P and Al,Ga;_,As compounds.

ET ((Al;Gai—z)o5Ino s P) — EL (GagsInosP) | 0.547x — 0.157 2 z < 0.58

Eg( ((Aleal_x)o‘g,]no,g,P) — ECX (G(lo‘5]no,5p) 0.304 + 0.022« — 0.157 .’L‘z z > 0.58

Eu ((AlzGal_x)0‘5[n0,5P) - Ev(Ga0,5]n0‘5P) —~0.063 z ~ 0.157 ICZ

The band offset between Gag sIng 5P and GaAs is given by [45]:

EC(GCL(),sInojP) - EC(GCLAS) 0.12

Ev(Gao_5ITL0,5P) - EU(GCLAS) —0.37

The band offset between Al,Ga;_,As and GaAs is given by [45]:

ET(Al,Gay_y As) — EV(GaAs) | 0.695z +0.37 «? z < 0.43

EX(Al,Gay_,As) — EX (GaAs) | 0.476 — 0.336 2+ 0.1422 | z > 0.43

E,(Al;Gai—zAs) — E,(GaAs) —046z

Composition dependence of conduction and valence band offsets in lattice-matched (Al Gai—g)o 51105 P/
Gap 5Inp 5 P heterostructures, compared to those in Al,Ga;_,As/GaAs heterostructures is displayed
on figure B.4.

Some more information concerning the characterization of (Al;Gaj_;).5/ng 5 P band structure can
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Figure B.4: Conduction and valence band offsets in (Al; Gay_)o.5/n0.5P/GagsIng 5P (solid line) and
Al;Gay_zAs/GaAs heterostructures (dotted line).

interpolation techniques between binary, ternary and quaternary compounds is presented in [86]. For
some more information concerning band-offset determination, the reader is referred to the references

be found in the following references: [112], [119], [6], [4], [111], [34], [123], [69]. Discussion of
[78], [33], [125], [121], [4B], [25], [99], [83], [163].
|

B.4 Effective masses

Effective masses of Al,Gai_,As compounds given in reference [94] are presented below.

Al,Ga,_.As

Electrons | Effective mass of density of states | Conductivity effective mass

T valley mr = (0.063 + 0.083 z) mg Mee = M

L valley | mz = (0.56+0.1z)mg me. = (0.11+0.03 2) mg

X valley | mx = (0.85—0.142) mg me. = 0.26 my
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Al,Gay_,As

Holes Effective mass

Heavy holes | my = (0.51 4+ 0.25 ) myg

Light holes | my = (0.082 + 0.068 ) my

Split-off ms, = (0.154+ 0.09 ) mg

Effective masses for the density of state of (Al Ga;~4)o.5/n0.5P compounds are given in the table

below.
Ga0,5ln0.5P [95] (Al(),eGaoA)ojIno,sP [95] (Al,;Gal_x)oﬁfno_sP
Electrons 0.105 mg 0.11mg (0.092 + 0.146 z) mo [124]
Light holes | 0.14my 0.15 mg
Heavy holes | 0.48 mg 0.51 mg (0.62+0.05z) my [52]
Split-off 0.226 mq 0.244 my
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