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Résumé en français 

Mots-clés en français : extraction de lumière, directionnalité, force de couplage, intégration, 

200mm, émission spontanée, FDTD, modes de Bloch, puits quantiques, conversion de 

couleur, microled, microécran. 

Les lunettes à réalité augmentée emplissent de plus en plus notre quotidien au travers de diverses 

applications à la fois militaires, médicales, éducatives, etc. Pour réaliser des microécrans couleurs pour 

lesdites lunettes la stratégie la plus viable reste pour le moment la conversion de couleur, suivant laquelle 

on part de matrices de μ-LEDs bleues sur lesquelles on dépose (ou colle) des convertisseurs de couleur 

vert et rouge. Les convertisseurs de couleurs à l’état de l’art sont à base de boîtes quantiques, souffrant 

de problème de photostabilité à haute luminance ainsi que d’une faible absorption dans le bleu. 

L’objectif de cette thèse est la conception, l’intégration & fabrication ainsi que le test de nouvelles 

couches de conversions à base de puits quantiques offrant plus de photostabilité à haute luminance et 

une très forte absorption dans le bleu. Il s’agira en particulier de lever les verrous liés à leur faible 

extraction de lumière (~3%), leur diagramme d’émission pas directionnel (émission quasi-

Lambertienne) ainsi que leur intégration sur les matrices de μ-LEDs bleues sur silicium (transfert sur 

des matrices bleues, process and pixellisation). 

Durant cette thèse nous avons d’abord conçu, fabriqué et testé les premières couches de conversions à 

base de multi-puits quantiques InGaP/AlGaInP et de cristaux photoniques complètement optimisées 

pour la conversion du bleu vers le rouge dans les lunettes à réalité augmentée. Avec lesdites couches de 

conversion, nous avons obtenu des exacerbations de l’extraction pouvant aller jusqu’à des facteurs 9 sur 

des longueurs d’extraction très faibles (~2µm). 

Nous avons ensuite développé un nouveau formalisme matriciel 3x3 pour la modélisation de la 

modification de l’émission spontanée dipolaire dans des milieux stratifiés. Ledit modèle a été appliqué 

à des structures en géométrie de couche mince émettant de la lumière incohérente. Avec ce modèle, 

nous avons pu réaliser (design et démonstration expérimentale) des couches de conversions rouges avec 

des émissions ultra-directionnelles (~5 fois plus directionnelles qu’une émission Lambertienne). 

Avec cette démonstration, nous avons aussi proposé une nouvelle méthodologie pour la conception de 

structures multimodes à émission très directionnelle en se basant à la fois sur le contrôle de l’émission 

spontanée et le mécanisme de repliement de bande en 2D.  

Comme l’efficacité d’extraction de lumière augmente avec la longueur du cristal photonique, les pixels 

avec des longueurs faibles ont toujours des efficacités d’extraction faibles. Pour pallier ce problème, 

nous avons développé une nouvelle approche basée sur la réplication des modes de Bloch permettant 

d’augmenter virtuellement l’extension latérale des pixels pour laisser aux photons la possibilité de faire 

plusieurs allers-retours dans la cavité avant d’être extraits. Ce principe a été modélisé et démontré 

expérimentalement sur des pixels rouges montrant qu’on pouvait atteindre des efficacités d’environ



 

 

40% (sachant qu’on partait de ~3%) tant que les tailles de pixels sont maintenues au-dessus de 2µm, ce 

qui correspond aux exigences pour les applications visées. De plus, un process flow robuste et 

compatible à la fabrication en salle blanche 200mm a été développé pour la fabrication de tels 

composants. 

Ces travaux sont en train d’être utilisés au LETI pour faire les premiers microécrans microled couleur à 

bases de couches de conversion en multi-puits quantiques. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

English summary 

Keywords in English: light extraction, directionality, coupling strength, integration, 200mm, 

spontaneous emission, FDTD, Bloch-modes, quantum wells, color conversion, microled, 

microdisplay. 

Augmented reality glasses are expanding in various applications of our daily lives such as military, 

medical, educational, etc. As of now, the most viable strategy for realizing full-color microdisplays for 

these glasses is color conversion, which starts with blue μ-LED arrays on which green and red color 

converters are deposited (or bonded). The state-of-the-art color converters are based on quantum dots, 

suffering from photostability issues at high luminance as well as a low absorption in the blue spectral 

range. The aim of this thesis is the design, integration & fabrication as well as testing of new quantum-

well based conversion layers offering more photostability at high luminance and a very high absorption 

efficiency in the blue spectral range. In particular, we tackle the issues related to their low light extraction 

(~3%), their non-directional emission pattern (Lambertian-like emission) and their integration on blue 

μ-LED arrays on silicon (transfer onto blue arrays, process and pixelization). 

During this thesis, we have designed, fabricated and tested the first color conversion layers based on 

InGaP/AlGaInP multi quantum wells and photonic crystals, fully optimized for blue-to-red color 

conversion in augmented reality glasses. With said conversion layers, we have obtained extraction 

enhancement that can go up to factors of ~9 within very short extraction lengths (~2µm). 

We have then developed a new 3x3-matrix formalism for modeling the modification of the dipolar 

spontaneous emission in layered media. This model has been applied to structures in thin-film geometry 

emitting incoherent light. With this model, we have been able to realize (design and experimental 

demonstration) red conversion layers with ultra-directional emission (~5 times more directional than 

Lambertian emission). 

Along with this demonstration, we have also proposed a new methodology for the design of multimode 

structures with directional emission based on both spontaneous emission control and 2D band-folding 

mechanism.  

In addition, as the light extraction increases with the length of the photonic crystal, pixels with short 

lengths still have low extraction efficiencies. To overcome this problem, we have developed a new 

approach based on Bloch-mode replication in order to virtually increase the lateral extension of the 

pixels to allow non-extracted photons to make several round trips in the cavity before being extracted. 

This principle has been modeled and experimentally demonstrated on red pixels showing that 

efficiencies of ~40% (we recall that we have started from ~3%) can be achieved as long as the pixel 

sizes are kept above 2µm, which corresponds to the requirements for the targeted applications. In 

addition, a robust and 200mm-compatible process flow has been proposed for the fabrication of such 

devices. 



 

 

This work is currently being used at CEA-LETI to achieve the first full-color microdisplays based on 

multiple quantum well conversion layers. 
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Introduction 

The early twentieth century has surely been the birth period of modern physics, with a plethora of major 

emerging scientific breakthroughs that helped us sharpen our grasp of the world around us. Among 

them, there was Einstein’s quantum theory of radiation1 in 1916 commonly known as the “mother of 

modern quantum electrodynamics and optics”. This theory later paved the way for the first prediction 

of the spontaneous emission (SpE) process, which was then known to occur when an excited quantum 

mechanical system transitioned from a high-energy state to a lower one by emitting quanta of the electric 

field called photons. Subsequently, using all the advances made in quantum mechanics by Heisenberg 

and Schrödinger, Dirac provided a more precise description of the rates associated with this SpE 

mechanism in his famous quantum theory of radiation. This has marked a crucial cornerstone in the 

history of physics, because SpE is the ubiquitous phenomenon responsible for most of the light emission 

we perceive around us, ranging from light emitted by fireflies to candles.  

Thereafter, it was not until the 1960s that Texas Instruments2, later followed by the SERL3, 

manufactured the first practical semiconductor light-emitting devices in SpE regime (GaAsP-based), 

commonly referred to as light-emitting diodes (LEDs). However, those devices, emitting a low power 

infrared or red light at the time, were labelled as “nice but useless” and only dedicated to indicators on 

circuit boards. This appeared to be a hasty denomination later on, considering the so-called “Haitz’s 

law” (similar to Moore’s law for microelectronics) established by Roland Haitz in 2000. This law 

forecasted4 that every decade the amount of light emitted by an LED would increase by a factor of 20, 

while the cost per lumen (unit of useful light emitted) decreases by a factor of 10. Due to a wealth of 

continuous research efforts, the efficiency of LEDs has greatly been improved, over-fulfilling the former 

prediction. These endeavors have even culminated to the invention of a new energy-efficient and 

environnement-friendly blue LED, which was awarded the 2014 Physics Nobel prize and then labelled 

as “an invention of greatest benefit to mankind”. Indeed, those blue-LEDs combined with yellow 

phosphors enabled white LEDs with efficiencies over 70%, outmatching the so-far used incandescent 

light bulbs that converted only 5% of the electrical energy they used into light. Modern LED-based 

lighting was then born. Therefore, LEDs became present in almost every aspect of our lives being 

involved in various types of applications, ranging from UV light for water purification to solid-state 

lighting and display. 

 
1 A. Einstein, “Zur Quantentheorie der Strahlung,” Physikalische Zeitschrift, 18, 121 (1917). 
2 Texas Instrument Incorporated is an American Technology Company that manufactures semiconductor devices. 
3 The Services Electronics Research Laboratory (SERL) is a British research and development establishment 

working in the military electronics. 
4 Nature Photon 1, 23 (2007). 
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Particularly, the display market has rapidly evolved. Initially, it was mainly about large-panel displays 

such as home TVs and projectors, seeing various display technologies arising one after another. 

Traditional ones used to feature a cathode-ray tube (CRT), before being replaced in the 2000s by liquid-

crystal display (LCD) and plasma display panels afterwards, which enabled better portability. With rapid 

advancements in cost-reduction and performance improvements in LCD technology, the plasma display 

technology became rapidly uncompetitive. Thus, despite the necessity of using color filters for colored 

images (see Chapter I), their slow response time and very low contrast due to their non-self-emissive 

nature, LCD technology has dominated the display market for several years now, at least for large-size 

displays. 

However, the future of the display market might be mainly driven by an increasing demand of 

augmented-reality (AR) headsets (head-mounted or head-up) for various applications ranging from 

industry to healthcare including education. Indeed, human interaction with both physical and digital 

worlds is now to be changed in those aforementioned areas. This technology is based upon the overlay 

between computer-generated information (CGI) from a cm2-size display (referred to as microdisplay), 

magnified afterwards, and the physical world. Large-panel displays are now miniaturized. In order to 

keep resolutions as high as those of large-size displays, the light emitters also needed to be miniaturized 

into micro-sized light-emitters (with lateral sizes less than 5µm). As we will see in Chapter I, AR 

headsets additionally require very bright microdisplays to keep the image readable with a good contrast. 

From all the display technologies available at the time, only micro-sized inorganic light-emitting diodes 

(µ-LEDs) seem to be the next promising candidates being able to undergo the required level of 

luminances with a long lifetime as well as a high dynamic range and a quasi-infinite contrast5. Now, 

what about color? 

Having a colored image from those microdisplays can be tricky. Indeed, one needs the three primary 

colors (Red, Blue and Green). In the beginning of this PhD thesis in November 2019, the most efficient 

blue and green µ-LEDs were relying on InGaN/GaN grown on sapphire substrates while the most 

efficient red µ-LEDs were made up of AlGaInP/GaInP grown on GaAs substrates. Since those material 

systems stem from different native substrates and have different properties, then it is not a simple task 

to achieve full-color microdisplays by integrating those three primary colors directly on a single wafer. 

In this regard, color conversion was gaining a lot of ground as a credible alternative to native RGB 

emission, particularly for the red spectral range.  

In a standard color conversion process, an incoming pump light (often blue) is absorbed by a color 

conversion layer (CCL), converted into the color light (say red for blue-to-red color conversion) and 

extracted out of the CCL. Following that, state-of-the-art full-color microdisplays are mainly dominated 

by quantum-dot (Q-dot) color converters (see Chapter I), which are failing to meet the demands for 

 
5 Due to their self-emissive nature, the contrast values of µ-LEDs could theoretically be infinite. 
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photostability (lifetime issues) and blue-light absorption (requirements for compactness and resolution) 

in AR headsets. Therefore, the next generation of very bright and high-resolution AR microdisplays 

could rely on multiple quantum well (MQW) color converters due to their better photostability and 

higher blue-light absorption. However, until now and to the best of our knowledge, there has not been 

any practical implementation of these MQW color converters in real-life RGB microdisplays yet, 

whether in academia or in released industrial products. Focusing on blue-to-red color conversion, we 

can see that this is due to the various challenges related to their low light-extraction efficiency (LEE) 

inherent to their high refractive indices, which drastically limits their conversion efficiencies to ~3%. 

Additionally, their Lambertian-like emission patterns as well as the challenges related to their integration 

on on-Silicon blue µLED arrays make the matter trickier. Due to their unique ability to diffract guided 

light out of high refractive-index materials and provide a simultaneous control of their radiation patterns, 

photonic-crystals (PhCs), periodic dielectric modulations, are used as light-extractors to solve the two 

former issues. 

In that context, this work overall aims at investigating all the issues related to the design, integration & 

fabrication, as well as the testing of novel blue-to-red MQW based CCL to pave the way for their use to 

achieve full-color microdisplays on a single wafer. This work was achieved at CEA-LETI 

(DOPT/SNAP/LITE) in collaboration with INL (i-lum team). I was in charge of all the design aspects 

from initial modeling to final ready-to-fab tapeouts. For that purpose, I employed rigorous 

electromagnetic-simulation methods, herein-developed model- and simulation-frameworks as well as 

commercially available layout tools. Next, I defined all process flows used in this work, with the help 

of Ahlem Ghazouani (process integration engineer at CEA-LETI) and in collaboration with process 

engineers. As for the fabrication, all the devices (on transparent and silicon substrates) utilized here have 

been fabricated during this work in CEA-LETI’s 200mm cleanroom facilities, where I monitored every 

step of the flow by performing in-line metrology. I finally performed all the device-testing procedures: 

measurements in real-space for evaluating the photoluminescence enhancement factors by the PhCs (at 

CEA-LETI) and Fourier imaging (at INL) for farfield-pattern measurements. 
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I.1 Introduction 

This chapter describes the technological context of this work while highlighting its research objectives. 

First, we present the specific requirements of augmented reality (AR) headsets and the available display 

technologies to achieve them. Then, we focus on the different strategies that are currently being 

investigated to realize full-color emission on a single wafer with a special focus on color conversion. 

Afterwards, the challenges related to multiple quantum well (MQW) color converters follow. To finish 

with this chapter, the overall integration strategy and research objectives of this work are specified.  

I.2 Microdisplay requirements for augmented reality applications 

The future of the display market might be dominated by head-mounted displays such as AR headsets, 

which have been attracting significant endeavors and attention [1]. Indeed, this technology has gained a 

great momentum in various types of applications, ranging from military purposes [2] (to help pilots in 

cockpits display additional information on their windshields) to medical [3], industrial [4] and even 

educational applications [5]. In Figure I-1-a, a typical scene is depicted where the user displays 

additional information from Google Maps related to the time, temperature, geographic location, etc. on 

glasses for navigation purposes. 

 

Figure I-1 : a) Use-case example of AR glasses for navigation purposes1. b) Basic elements embedded in a typical AR 

headset [1]. 

The specificity of this technology relies on its ability to enrich human interaction with both the physical 

and digital worlds by overlaying a computer-generated information (CGI) displayed on a transparent 

surface and the physical environment. In this see-through configuration, a schematics of the basic 

elements embedded in a typical AR glass is provided in Figure I-1-b. The digital information is encoded 

into light emitted by the microdisplay, which is only a few cm2-size. This image needs then to propagate 

through a dedicated optical system represented here by the projector and combiner before being reflected 

back to the viewer’s eyes. The roles of the optics are to magnify and shape the digital image for it to be 

 
1 https://www.queppelin.com/ar-glasses-for-navigation/ 
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adequately perceived by the user. Thus, to provide an acceptable user-experience, one needs to make 

sure that these so-formed images are readable enough with bare human eyes.  

A standard feature to assess this readability is the ambient contrast ratio (ACR), which is the ratio of the 

luminance of the CGI relative to the real-world background. It reads as [1]: 

 
𝐴𝐶𝑅 =

𝐿𝑣𝑑𝑖𝑠 + 𝑇𝑐𝐿𝑏𝑎𝑐𝑘

𝑇𝑐𝐿𝑏𝑎𝑐𝑘
   𝑤𝑖𝑡ℎ   𝐿𝑣𝑑𝑖𝑠 =

𝜂𝑅𝑐

𝐸𝐹
∙ 𝐿𝑑𝑖𝑠. 

(I-1) 

Here, Lvdis and Lback are the luminances of the CGI collimated to infinity and perceived by the observer 

and the one of the real-world background, respectively. Tc, Rc and η account for the optical transmittance 

and reflectance of the combiner, as well as the efficiency of the projection optics, respectively. EF is the 

expansion factor of the exit pupil of the combiner, which can range from one for classical combiners to 

10 for combiners including optical waveguides. Ldis is then the luminance of the light emitted by the 

microdisplay before it goes through the optical system. Under typical illumination conditions, ACRs of 

3:1, 5:1 and 10:1 are required for recognizable images, adequate readability and appealing qualities, 

respectively [6]. Following those considerations, one can find that values of Lvdis of ~20,000 cd/m2 are a 

good compromise under 34,000 cd/m2 of background luminance (very bright sunlight) to ensure 

adequate readability. Taking into account standard values for the overall throughput of the optics [1], 

this translates into values of Ldis as high as 1,000,000 cd/m2. This ultimate luminance requirement at the 

display level is technologically very demanding, since it sets some constraints on the technology control 

and the material quality. 

Therefore, the ultimate light sources able to meet those requirements would need to be efficient enough 

to reach those high luminances and stable enough to undergo those conditions for a long lifetime 

(>10,000 hours at their operating points [7]). Nevertheless, it is not quite all! Indeed, in addition to those 

luminance requirements, the microdisplay also needs to have very high resolutions (sometimes >2000 

pixel per inch) for the devices to be compact and portable, as well as high color purity which translates 

into narrow emission peaks [1].  

Finally, as we have seen in Figure I-1-b, light generated at the microdisplay level propagates through 

optical elements, each of them having a limited numerical aperture (NA). As a result, only a part of the 

light emitted at the display level will go into the optical systems. Standard implementation of AR 

headsets often include additional collimating refractive lenses to reshape the output beams and thereby 

help alleviate this issue, but they tend to be very bulky and heavy [8]. Hence, light emitted by the 

microdisplay also needs to be as directional as possible to avoid using additional optics. 

It thus appears that the display technology embedded in AR glasses needs to be efficient enough, stable 

under constraining conditions, highly resolved for better compactness and image quality, directional 

enough to avoid using additional external optics and with high color purity. In the following, a brief 
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benchmark study of the available display technologies for AR headsets is performed, based on the 

aforementioned considerations. 

I.3 Available display technologies: LCD vs OLED vs µ-LED 

State-of-the-art microdisplays rely on three main technologies: liquid-crystal display (LCD), organic 

light-emitting diode (OLED) and micro-size inorganic light emitting diodes (µ-LEDs) [9]. In this 

section, we benchmark all the three different technologies regarding the aforementioned requirements 

for AR headsets. In Table I-1, basis of this study, we report on the main characteristics of those 

technologies. 

Table I-1 : Benchmark study of the existing display technologies [9]. 

Display technology LCD OLED µ-LED 

Emission mechanism Backlight + color filters Self-emissive Self-emissive 

Luminance < 3x104 cd/m2 < 2x104 cd/m2 ~106 

Lifetime  Medium Short  Long 

Contrast 5x103 : 1 105 : 1 106 : 1 

Resolution (pixel per inch) < 8x102 PPI <103 PPI ~ 6x103 PPI 

Response time ms µs ns 

Operating temperature ~20 to 80°C ~30 to 70°C ~100 to 120°C 

Color gamut Medium Excellent Excellent 

Technological maturity High High Low 

Cost Low Low High 

 

I.3.1 Liquid-Crystal Display (LCD) 

Currently utilized in a wide range of applications (mostly large-panel displays) such as LCD televisions, 

computers, etc., LCD is a flat-panel display that relies on the light-modulating characteristics of liquid 

crystals. Schematics of the basic elements comprised in a LCD are provided in Figure I-2.  

 

Figure I-2 : Overall architecture of a TFT-LCD display. The transmission coefficient values of each of the embedded layers 

are provided [10]. 

There are generally four main elements embedded in this type of technology: the backlight panel, the 

polarizers, liquid crystals with the thin-film transistor (TFT) layers and color filters. Liquid crystals do 

not emit light; rather depending on the polarization of the incoming light, they are either transparent or 

dark. Light is generated by a backplane standardly composed of blue LEDs covered with yellow 

phosphors, which act as color-converting materials. The resulting white light propagates through a 
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polarizer allowing often only ~42% of the light to be transmitted. This polarized light then goes through 

the TFT layer, which controls the orientation of the liquid crystals by applying a voltage difference. 

Depending on the matching between the polarization of the incoming light and the orientation of those 

molecules, the pixel state is either dark (no transmission) or white (transparency). Subsequently, in order 

to obtain a colored image, the resulting light needs then to go through color filters. Despite its 

indisputable advantage related to its technological maturity, the implementation of this technology for 

AR glasses is hindered by lots of drawbacks. First, because the molecule orientation is electronically 

controlled, their contrast is limited to 5,000:1 considering their poor black level. Besides, every layer 

embedded in this technology has a limited transmittance, which usually leads to an overall throughput 

of ~7% (see Figure I-2), clearly limiting the reachable luminances to ~30,000 cd/m2 in most advanced 

implementation schemes. Moreover, their low resolution and response time clearly do not match the 

requirements of AR glasses (see Table I-1). All these performances can hold for head-mounted display 

applications such as virtual reality (VR), but they are clearly not enough for the aforementioned 

requirements of AR applications.  

I.3.2 Organic Light-emitting Diodes (OLED) 

Contrary to LCD-based technology, OLED microdisplays are self-emissive technologies that do not rely 

on a backlight for light emission. The standard architecture of mainstream OLED stacks is displayed in 

Figure I-3-a. 

 

Figure I-3 : a) Schematics of the basic elements composing mainstream OLED displays [11]. b) Example of an OLED 

microdisplay from the company Microoled2. 

Carriers (holes and electrons) are injected into the structures through electrical contacts (anode and 

cathode). They are subsequently transported by electron- and hole-transport layers (ETL and EHL, 

respectively) to the active region where they can recombine radiatively while emitting photons. The so-

 
2 https://www.dpreview.com/articles/1543086327/microoled 
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generated light is generally emitted outside through the backside of the structure (bottom emitting 

OLED) by using the cathode as a top reflector [12]. Due to this self-emissive nature, OLEDs (initially 

developed in the early 90s) now seem to overcome many challenges of LCD-based technologies. Indeed, 

they have a far better contrast approaching the requirements of AR headsets. In addition, they exhibit a 

faster response time, a higher resolution, a larger color gamut and a very good technological maturity 

(see Table I-1). Hence, they have rapidly become the mainstream technologies for smartwatches, 

smartphones and some head-mounted displays (see Figure I-3-b, already commercialized by the 

company Microoled through their AR division ActiveLook).  

Nonetheless, despite all those advantages, their utilization in AR headsets is hindered by issues inherent 

to their organic nature. Indeed, since they are made up of organic materials, they cannot undergo the 

high luminances required for outdoor usage for so long [13]. In fact, they experience a rapid decrease 

of their efficiencies under high-luminance conditions with maxima of 20,000 cd/m2 and 3,000 cd/m2 for 

best performing commercial monochrome and bicolor OLED-based microdisplays [14], respectively, 

which does not meet the lifetime requirements of AR applications. In addition to those lifetime issues, 

they also need very advanced encapsulation schemes for long-term environmental stability, which 

generally also limits their brightness [13]. 

Those stability and lifetime issues do not make them suitable candidates for AR microdisplays. 

I.3.3 Micro-size inorganic Light-Emitting Diodes (micro-LED or µ-LED) 

Like OLED-based technology, µ-LED displays are also self-emissive with a similar architecture to those 

of OLED displays. As a result, they also dispose of a very high contrast and a very high resolution, 

which are paired with a nanosecond response time and a very wide color gamut (see Table I-1). In 

addition, due to a wealth of research efforts, they have rapidly evolved from “nice but useless” to the 

“ultimate lamp”, capable of delivering very high luminances within a very long lifetime. Indeed, for 

instance at CEA-LETI, gallium nitride (GaN) based µLED arrays exhibiting luminances as high as 106 

and 107 cd/m2 have been demonstrated for blue and green arrays, respectively, operating within a 

reasonable number of hours [15]. 

 

Figure I-4: “Bright and tiny” µ-LED display from the company Mojo Vision with a resolution of 14000 PPI [15]. 
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Other technological developments of such “bright and tiny” µ-LED display have continued and more 

recently, the company Mojo vision has unveiled its monochrome green µ-LED display with a resolution 

of 14000 PPI as displayed in Figure I-4. With a size of only half a millimeter across, the whole 

microdisplay is only barely bigger than a single pixel from the µ-LED large-panel display prototyped 

by Samsung in 20183! 

In summary, notwithstanding their still low maturity4 compared to OLED- and LCD-based technologies, 

the rapid expansion of µ-LEDs seems to make them the only technology that could help meet all the 

constraining requirements of AR applications as of now. The AR headset that we aim at developing in 

this work will then be based on this approach. 

The next question that arises is the following: how does one efficiently realize full-color emission from 

µ-LED arrays? 

I.4 Strategies for full-color realization 

To develop a full-color µ-LED display for AR glasses, one needs to integrate at least the three primary 

colors per pixel (R for red, B for blue and G for green) on a single wafer. This monolithic integration is 

a bit tricky. 

Indeed, one of key parameters to control the color of the light emitted by a µ-LED is its bandgap, which 

partly depends on the concentration of the different atoms composing the layers of its epitaxial stack. 

For red µ-LED, the initial choices could be epitaxial structures based on the AlxGa1-xAs material system. 

These ternary alloys have the advantages of being grown lattice-matched on GaAs across the entire 

possible Aluminum (Al) molar fraction and could span wavelengths from infrared (GaAs, 870nm) to 

red (Al0.45Ga0.55As, 621nm). However, below the latter wavelength (x>0.45), their bandgap becomes 

indirect and their radiative rates rapidly decrease. Those drawbacks, paired with the large Al 

concentration required to reach red emission (~45%), lead to the increasing use of quaternary alloys 

based on the AlGaInP material system [17,18]. Those alloys can also be grown lattice-matched on GaAs 

substrates ((AlxGa1-x)0.52In0.48P) with lower Al fraction and cover a large part of the visible spectrum 

ranging from red (G0.52In0.48P, 650nm) to yellow ((Al0.53Ga0.47)0.52In0.48P). Therefore, there have been 

extensive studies on AlGaInP based red µ-LEDs and AlGaInP is being foreseen as the material of choice 

for devices emitting at the long wavelength range [18]. However, due to the still-present direct-to-

indirect bandgap transition, their external quantum efficiencies (EQE) abruptly decrease as we approach 

the green and blue spectral ranges. 

 
3 https://displaysolutions.samsung.com/led-signage/the-wall 
4 Since the µ-LED epilayer comprises materials that are scarcer and whose fabrication is still an issue, µ-LEDs are 

not yet widespread in many applications. On the contrary, OLEDs, which are easier to fabricate, are mainly 

employed in all the current applications. However, for high-luminance AR applications such as in this PhD work, 

only µ-LEDs seem to be promising. 
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For blue and green emission on the other hand, state-of-the-art µ-LEDs mostly rely on InxGa1-xN alloys. 

Theoretically, the entire visible spectrum could be spanned from infrared (0.69 eV) to ultraviolet (3.42 

eV) by varying their Indium (In) composition. Following that consideration and thanks to a wealth of 

research efforts, quite efficient blue and green InGaN/GaN based µ-LEDs have been 

demonstrated [15,19,20]. However, in the red spectral range (x ≥ 40%), the EQE of those µ-LEDs start 

to rapidly decrease. This decrease has mainly been attributed to two phenomena. On the one hand, the 

high indium content in the active region increases the lattice mismatch between the different epitaxial 

layers, which leads to a poor crystal quality: this phenomenon actually starts to become compelling in 

the green spectral range [7]. On the other hand, a high indium content increases the so-called quantum-

confined Stark effect (QCSE) resulting in a decrease of the overlap integral of the electron and hole  

wave-functions and, therefore, a decrease of the radiative recombination efficiency [21]. 

Hence, InGaN/GaN material systems are used for blue and green µ-LEDs, while AlGaInP/InGaP 

material system is dedicated to the red emission. Since those material systems stem from different native 

substrates and have different properties, it is not an easy task to achieve a full-color µLED-based 

microdisplay. There are four main technological routes for that purpose: optical lens synthesis, white 

light combined with color filters, direct color generation and color conversion. In Figure I-5, we provide 

a summary of those four strategies, which will serve as a basis for the analyses of the following 

subsections. 

 

Figure I-5: Summary of the main strategies for full-color emission with µLED-based microdisplays5. 

I.4.1 Optical lens synthesis 

The first and most straightforward way to obtain full-color emission is to fabricate three different µ-

LED chips for each primary color and to combine those colors using optical systems.   

 
5 https://www.idtechex.com/en/research-report/micro-led-displays-2020-2030-technology-commercialization-

opportunity-market-and-players/738 
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To the best of our knowledge, the most advanced prototype-implementation of this scheme was realized 

in 2013 by Chong et al. [22] from the Hong Kong University of Science and technology (HKUST), 

where blue, green and red µ-Led chips were separately fabricated and attached to signal boards. Those 

signal boards were then mounted on a trichroic prism, which combines the three primary colors (see 

Figure I-6-a). Although a 15’’ full-color HKUST logo has been successfully projected on a wall (see 

Figure I-6-b), this approach is not a viable solution for µ-LED displays, due to its bulkiness and its low 

technological maturity. There is thus a need for more monolithic approaches where RGB emission is 

achieved on a single wafer. 

 

Figure I-6: a) “3LED system” with a trichroic mirror for optical lens synthesis and signal boards with RGB µ-LED chips. b) 

Demonstration of the world first full-color “3LED” projection system (the logo of the Hong Kong University of Science and 

Technology is displayed) [22]. 

I.4.2  White light + color filters 

Another route to develop full-color µ-LED display within a monolithic integration scheme is to start 

with white light and use color filters. This strategy is inspired by what used to be done in LCD-based 

technologies as mentioned before. A very recent realization of this strategy has been achieved by Gou 

et al. in 2019 [23] and is depicted in Figure I-7. The architecture consists of a GaN-based blue µ-LED 

array, which pumps red and green phosphor downconverters to obtain white light first. Next, color filters 

are fabricated on top along with a black matrix to obtain RGB subpixels. One of the main issues inherent 

to this strategy was the crosstalk between two subpixels due to the diffusive nature of phosphors [24]. 

However and very surprisingly, Gou et al. managed to eliminate this crosstalk by incorporating their 

phosphor-based converters in an array of tapered funnel tubes, whose inner sides have been covered 

with a reflective coating (see Figure I-7). The implementation of this strategy in AR glasses would 

however be hindered by some technological challenges. First, due to the use of color filters, roughly two 

thirds of the incoming light is lost per subpixel, which would increase the energy consumption of the 

resulting device. Besides, phosphors (similarly to OLEDs) cannot undergo very high luminances within 

a reasonable lifetime. Indeed, they can experience a rapid luminescence quenching (decrease of the 

emitted intensity) under high-luminance conditions. Finally yet importantly, phosphors and particularly 
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red ones suffer from a very low absorption efficiency in the UV/blue spectral range [25]. One way to 

overcome this challenge would simply be to increase the thickness of the color-converting layer. 

However, roughly more than 100µm would be needed for complete blue light absorption, which would 

definitely lead to aspect ratio issues for pixel lateral sizes below 5µm (target in AR glasses). Other 

research groups even tried to include distributed feedback reflectors (DBR) to recycle the non-absorbed 

blue light, but this would definitely degrade the brightness of the overall device as shown in [26]. 

 

Figure I-7: Schematics of a full-color µ-LED display based upon white light + color converters. Funnel tube arrays are filled 

with RG phosphors to generate white light from a blue incoming pump and suppress the crosstalk between subpixels [23]. 

Thus, albeit an improved conversion efficiency and vivid colors with this novel approach, this strategy 

would not be viable for AR applications. 

I.4.3 Direct color generation 

Instead of converting the blue incoming light into white light first, recent technological developments 

have been focused on straightforward approaches based on mass transfer methods [27,28]. Direct color 

generation (DCG) gathers all the techniques that consist of having three native color emitters as 

subpixels on a single wafer. A description of the standard way to realize that is provided in Figure I-8.  

 

Figure I-8: Standard mass-transfer approach for fabricating full-color microdisplays [27].  
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It can be roughly seen as a three-step process. Blue, green and red µ-LED chips are initially fabricated 

separately. They are then diced either into individual pixels or into a group of them and afterwards 

transferred onto a backplane driving circuit. The driving circuit can be based on either TFT technologies 

or novel CMOS electronics depending on the level of brightness needed [27]. µ-LEDs can be fabricated 

separately on different chips with quite reasonable efficiencies but one the main bottlenecks of this 

approach is to obtain an efficient transfer-method. For a transfer-method to be actually technologically 

viable, there are three important factors: yield (number of pixels transferrable without defects), speed of 

the transfer (which determines its costs) and easiness to repair when a pixel is “dead”. The ideal 

technique has been evaluated6 to need a speed of a least 100 million units of pixel per hours, a yield over 

99.9999% and a placement accuracy of +- 1µm. 

Different transfer techniques are currently being investigated but the most standard one is based on the 

massive parallel pick-and-place approach. In this approach, a transfer head is used to pick over 

thousands of pixels from the native chips and transfer them to the backplane driving circuits. As a result, 

its resolution is for now limited to 100-400 PPI level display applications such as smart watches, TVs, 

etc., but their use for high-resolution displays such as AR displays is still under investigation [27]. 

Further improvements are also needed in terms of its speed and transfer yields. Let us however note that 

even if all those challenges were overcome, one main issue would remain which is that AlGaInP and 

InGaN material systems have different properties. Although they work separately quite efficiently for 

blue-green and for red, once on the same chip their driving conditions would be very challenging due to 

the mismatch between their threshold voltages as show in [7]. 

Despite the various efforts many companies such as Ostendo [29] as well as a plethora of research 

groups [30,31] are currently putting into finding new approaches for DCG, these techniques are still 

failing to comply with the requirements of AR glasses in terms of feasibility. 

I.4.4 Color conversion: benchmark comparison of mainstream color converters 

 

Figure I-9: Schematics depicting the color conversion process from blue to red. 

 
6 https://www.idtechex.com/en/research-report/micro-led-displays-2020-2030-technology-commercialization-

opportunity-market-and-players/738 
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Due to all the aforementioned issues, color conversion is gaining a lot of ground as a credible alternative 

to mass-transfer techniques and optical lens synthesis. We use this technology in this PhD thesis, 

particularly focusing on blue-to-red color conversion. 

Color conversion has already been a key-technology strategy in many applications in the field of 

optoelectronics, e.g., solid-state lighting [32], optical communication [33] and more recently 

information display [34]. Particularly in microdisplays, its core mechanism is quite clear-cut as 

portrayed in Figure I-9. The incoming pump light comes from a blue µ-LED array. This pump light 

needs to be efficiently absorbed by the color-converting layer (CCL), converted into red light in the 

active region and then extracted out of the CCL. The efficiency of this conversion process is often 

assessed by the external photoluminescence quantum yield (EPLQY) which is the ratio between the 

number of down-converted photons extracted out of the CCL and the number of blue incoming 

pumping-photons [34]. It can thus read as: 

 𝐸𝑃𝐿𝑄𝑌 =  𝜂𝑎𝑏𝑠 × 𝐼𝑄𝐸 × 𝐿𝐸𝐸.  (I-2) 

Here ηabs, IQE and LEE account for absorption efficiency, internal quantum efficiency and light 

extraction efficiency, respectively. Hence, an ideal CCL would maximize those three factors.  

Various types of CCL have already been implemented in the literature, particularly in the red spectral 

range. Phosphor-based color conversion is the first route at hand, since it has already been widely applied 

in LED-based solid-state lighting [32]. However, due to their very low absorption efficiency in the blue 

spectral range, they need to be thicker than 100µm to maximize the absorption of the pump and thus the 

EPLQY [25]. This would clearly be challenging and lead to aspect ratio issues for AR glasses, since 

pixel lateral sizes can be less than 5µm. Thereupon, state-of-the-art RGB microdisplays mainly rely on 

colloidal quantum dots (Q-dots) pumped by blue µ-LEDs. Q-dots are nanosized semiconductor crystals 

whose most compelling characteristic is the tuneability of their bandgap as a function of their size. Due 

to their narrow emission linewidth and low fabrication costs, various prototypes and even 

commercialized products exist [35,36]. However, they have not been extended to AR glasses yet for 

various reasons. To begin with, like phosphors Q-dots also suffer from a low absorption efficiency in 

the blue spectral range, which drastically limits their EPLQY. This could also lead to aspect ratio issues 

since they need to be thicker than 10µm for complete blue light absorption [37]. Moreover, one of the 

most serious concerns related to their implementation is their lack of photostability, meaning that they 

cannot undergo the high luminances required by AR glasses without experiencing a photoluminescence 

quenching (large intensity decrease) [1]. Additionally, they raise serious questions as far as their toxicity 

is concerned. In fact, despite the emerging InP-based Q-dots, their CdSe-based counterparts [7],which 

remain the most efficient ones, contain heavy metals that can be toxic to living beings [38]. All these 

considerations are summarized in Table I-2. 
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Table I-2: Benchmark study of the different blue-to-red conversion strategies and challenges. 

Color 

conversion 

route 

Blue absorption 

(absorption coefficient α) 
 

Conversion 

efficiency 

limitation factor 

Photostability 

Phosphors Poor (α <0.01 µm-1) 
 

 

 

𝜂𝑎𝑏𝑠 
 

 

 

Photoluminescence 

quenching under  high 

incident flux 

QDs Moderate (α ~0.1 µm-1) 
 

 

𝜂𝑎𝑏𝑠 
 

 

Photoluminescence 

quenching under  high 

incident flux 

MQW (InGaP/ 

AlGaInP) 
High (α >1µm-1) 

 

𝐿𝐸𝐸 
 

Stable by nature 

(epilayer) 

In this regard, inorganic multiple quantum well (MQW) CCL could therefore gain a great momentum 

as an alternative to Q-dots for AR microdisplays. Within this approach, the CCL would comprise an 

epitaxial structure with an active region composed of quantum wells and able to efficiently in-couple all 

the incoming blue light. InGaP/AlGaInP material system would thus be a great choice for these blue-to-

red color converters. They have already been implemented in several applications in optoelectronics 

ranging from solar cells [39] to electrically pumped LEDs [40], because they offer a very high blue light 

absorption (thus they could be made thinner than 1µm and exhibit no transmission of the incoming blue 

light) and exciting performances. Besides, due to their epitaxial nature, they can undergo very harsh 

conditions without degrading and in this way have a far better photostability than Q-dots [1]. Due to all 

these considerations, MQW color converters might be the only alternative to Q-dots in AR applications 

involving very high luminances (need for photostability) and compact integration schemes (need for 

CCL thinner than 1µm). However, until now and to the best of our knowledge, there has not been any 

practical implementation or investigation of these MQW color converters for real-life RGB 

microdisplays yet, whether in academia or released industrial products due to some challenges they are 

facing. 

That is the reason why in this work, we investigate the possibility of implementing this novel approach 

for blue-to-red color conversion in AR microdisplays. 

I.5 Overall integration strategy and challenges 

As mentioned before, MQW color conversion layers (CCL) could be the next “big thing” in AR 

microdisplays, since they could substitute state-of-the-art Q-dot color converters when the required 

luminances are too high (photostability issues) and when high resolutions are at stake (need for compact 

integration schemes). However, their implementation is still hindered by some challenges that we are 

going to tackle in this PhD thesis, particularly for blue-to-red color conversion. The first one is related 

to their low LEE inherent to their high refractive indices. Indeed AlGaInP has refractive indices over 

three in the red spectral range, so most of the emitted red light will couple to the available guided modes 

inside the so-formed membrane and drastically limit their maximum reachable EPLQY to ~3%. It has 
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recently been evaluated that for a CCL to be able to reach the targeted luminances in AR microdisplays, 

its efficiency must reach values between 40 and 50% [34]. These light-extraction issues need then to be 

dealt with and there is still a large gap to bridge. 

A schematic side view of a possible integration strategy of those MQW color converters on on-Silicon 

blue µ-LED array is displayed in Figure I-10.  

A GaN-based blue µ-LED array is used to pump blue-to-green and blue-to-red MQW CCL. In this work, 

we focus on blue-to-red color conversion. As we can see in this integration strategy, not only must light 

extraction issues be solved, but also additional application-driven requirements need to be taken into 

consideration. 

 

Figure I-10: Schematic side view of a possible integration strategy for monolithic RGB emission using MQW color converters 

(not at scale). 

To begin with, the resolution is a key-element in the product development for AR microdisplays. Indeed, 

in this application, pixel lateral sizes denoted Lpixel can be less than 5µm. This means that not only must 

most of the emitted light be extracted, but also the extraction length Lext (the lateral extent needed to 

extract most of the guided light) needs to be shorter than Lpixel. Besides, as we have mentioned in section 

I.2, the light source needs to be as directional as possible in an AR headset to avoid the use of additional 

optics such as collimating refractive lenses. This is not met yet due to the Lambertian-like farfield 

emission patterns of AlGaInP MQW CCL. Finally but yet importantly, the technological integration of 

those red CCL on on-silicon blue µ-LED arrays in 200mm cleanroom facilities can be tricky, since those 

epitaxial structures are initially on 3-inch diameter GaAs substrates and need then to be efficiently 

transferred onto the receiving substrates as well as pixelated. All the above-mentioned issues are 

summarized in Table I-3 and need to be circumvented to ensure that this strategy becomes a credible 

alternative to Q-dots in AR microdisplays for outdoor usage. 
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Table I-3: From display requirements to challenges for blue-to-red MQW color converters. 

 Luminance 

 

Resolution 

 

Compactness Integration 

technology 

Pixels for AR 

microdisplays 

Between 105 

and 106 cd/m2 

 

Lpixel<5µm 

 

Avoid additional 

external optics 

Feasibility 

Challenges to 

overcome for 

AlGaInP/InGaP 

CCL 

LEE between 

40 and 50% 

 
 

Lext< Lpixel 

 

 

 

Directional emission 

through control of 

the emission pattern 

Transfer of 

epilayers + 

pixelization 

 

Photonic-crystals (PhCs), which are periodic dielectric modulations at wavelength-scale, have already 

been widely applied to reach high LEE in high refractive-index materials [41]. Due to the coherent 

nature of their diffraction process, they also have the unique ability to outcouple guided modes and 

provide a superior control of the farfield emission patterns all at once [42]. In addition, with a proper 

design and associated with thin-film devices, they could exhibit a strong interaction with guided Bloch-

modes, which has been suggested to lead to short extraction lengths [43]. They could thus be an 

interesting route to mitigate the issues in Table I-3 related to light extraction, extraction length and 

directionality. Therefore, in this PhD work we implement them as light-extractors for our AlGaInP blue-

to-red CCL as depicted in Figure I-10. 

I.6 Research methodology and objectives  

 

Figure I-11: Schematics depicting the research methodology. 
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The main goal of this PhD work is thus to develop those novel photonic-crystal-based InGaP/AlGaInP 

MQW color converters for blue-to-red color conversion in AR glasses by alleviating all the 

aforementioned issues in Table I-3. As we have seen, the overall integration scheme can be very 

intricate. To properly grasp and decorrelate all the physical phenomena at play here, we have divided 

our study into three major parts that will eventually represent three sets of fabrication lots in CEA-LETI 

200mm cleanroom facilities (Lots I, II and III) and define the different parts of this PhD work. The 

architectures of these devices are displayed in Figure I-11. In that regard, the investigations carried out 

herein are organized in five main chapters. 

In the second chapter, all the basic physics required to understand light emission processes in a planar 

high-index MQW color-converting layer (CCL) is provided. Since the spontaneous emission process 

(SpE) is the mechanism underlying light emission in those incoherent light-emitting structures, we 

propose a novel full-matrix algebraic framework for modeling dipole radiation-dynamics modification 

in layered media. This formulation generalizes the standard 2x2 transfer-matrices into a compact 3x3 

framework, which allows us to treat dipole radiation directly into the matrix formulation as a source 

matrix. Its accuracy has been confirmed by incoherent 3D-Finite-Difference-Time-Domain (FDTD) 

simulations and its applicability demonstrated through various configurations of MQW CCL, while 

highlighting the fact that light extraction and directionality cannot be optimized all at once using 

standard planar strategies and thus pointing out the need for photonic-crystals (PhCs). Subsequently, all 

the material required to understand how light diffraction by PhCs works is detailed. 

The third chapter deals with a preliminary investigation of the opto-geometrical properties of the bare 

PhCs (lattice symmetry, pattern type, lattice period, filling factor, lateral extent, etch depth) and the 

challenges related to the transfer of the MQW CCL on receiving substrates as well as the fabrication of 

those PhCs (Lot I). For these studies, AlGaInP CCL were first bonded on transparent substrates but not 

pixelated, and then various PhCs were designed and fabricated. The blue-to-red color conversion was 

demonstrated using room-temperature photoluminescence measurements along with innovative ways to 

circumvent the issues related to light extraction and extraction lengths as well as radiation-pattern 

control. All the obtained experimental results are coupled to analyses based on a herein-developed model 

derived from coupled-mode theory, the preceding SpE model, modal analyses and rigorous 

electromagnetic simulations to set novel design guidelines that could pave the way for the use of 

inorganic MQW CCL for full-color AR microdisplays. 

The fourth chapter is dedicated to the “fully integrated” pixels. It starts with the investigation of the 

possibility of harnessing the light that is diffracted towards the transparent substrate by studying the 

interplay between light diffraction and a metallic back-reflector (Lot II). In the full integration scheme 

(see Figure I-10), this back reflector and the tunable oxide layer mimic the electrical contact at the 

bottom of the blue µ-LEDs and all the layers embedded between the contact and the CCL, respectively. 
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We will subsequently go on with the process to singularize the pixels representing AlGaInP MQW CCL 

(LOT III). The overall objective of this part is threefold. First, it aims at understanding the impact of the 

electromagnetic environment of the pixel on the previous performances we obtained on transparent 

substrates. Secondly, since AR microdisplays can involve pixels whose lateral sizes are short and still 

need to be larger than the extraction lengths, we will investigate the possibility of virtually extending 

the lateral size of pixels using a principle we refer to as Bloch-mode replication. Finally yet importantly, 

the whole process flow of these devices will be given, while highlighting all the challenges we have 

encountered during the integration of those PhC-based MQW CCL in 200mm cleanroom facilities on 

Silicon.  

In the fifth and final chapter of this manuscript, we conclude this PhD work by summarizing all the 

results and opening some perspectives for full color microdisplays based on MQW CCL. 

I.7 Conclusion 

µ-LED-based display is a promising technology that enables AR glasses, which could be utilized in a 

plethora of applications ranging from healthcare to industry, including education. However, color is still 

an issue. In this regard, this thesis aims at investigating a novel strategy based on MQW color converters 

for monolithic full-color realization. The challenges related to the design, integration & fabrication as 

well as testing of those MQW color converters are studied for efficient, compact, directional and 

technologically-feasible blue-to-red color conversion. We believe that this work could pave the way for 

the use of those color converters in the next generation of very bright and high-resolution AR 

microdisplays. 
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II.1 Introduction 

Multiple quantum well (MQW) color-converting layers (CCL) are thin epitaxial films, whose light 

emission is ruled by spontaneous emission (SpE) from radiating electric dipoles, stemming from 

radiative electron-hole recombinations inside the quantum wells [1]. Understanding the behavior of SpE 

in those layered media is thus of crucial interest to optimize the key figures of merits (FoM) of those 

devices such as light extraction efficiency (LEE), directionality, brightness, etc. The main modeling 

frameworks have so far relied on 2x2 transfer-matrices with dipole source terms [2], which requires to 

treat dipole emission separately as a discontinuity of the field across the source plane. This often leads 

to complex analytical calculations and could require additional computation efforts [3]. In this chapter, 

we first propose a novel SpE modeling framework where 2x2 transfer-matrices are generalized into 3x3 

ones enabling a more convenient treatment of dipole emission, which makes it easier to implement 

numerically. The model is then thoroughly developed and its accuracy as well as its validity have been 

demonstrated, highlighting the need for photonic-crystals (PhCs). Eventually, the basic physics required 

to understand light diffraction by PhCs is presented. 

II.2 Modeling light emission processes in planar MQW color converters 

In this section, we start by introducing SpE in unbounded media, before coming back to our 3x3 

modeling framework. Next, the model is thoroughly developed and applied to various configurations of 

MQW CCL. 

II.2.1 Spontaneous emission in an unbounded medium 

Our modeling framework is based upon generalized 3x3 transfer-matrices with source terms, so the 

starting point is to write the emission patterns of the radiating electric dipoles representing the electron-

hole recombinations. As shown by Lukosz [4], a suitable way to represent those patterns is to consider 

a basis of horizontal and vertical dipoles emitting s- and p-polarized plane and evanescent waves. This 

basis as well as the corresponding radiation shapes are depicted in Figure II-1. In that framework, the 

powers per unit solid angle emitted by vertical (denoted v) and horizontal (denoted h) dipoles in an 

unbounded medium express as [5,6]: 

 
П∞

𝑣,𝑝 =
3

8𝜋
𝑠𝑖𝑛2(𝜃𝑒) 

(II-1) 

 
П∞

ℎ,𝑠 =
3

16𝜋
, П∞

ℎ,𝑝 =
3

16𝜋
𝑐𝑜𝑠2(𝜃𝑒). 

(II-2) 

 

Here θe is the off-normal emission angle and e refers to the emission’s medium. Those emission patterns 

are normalized using the factors 3/8π and 3/16π so that the total power emitted by vertical dipoles in p-

polarization through 4π sr as well as the one emitted by horizontal dipoles in (s+p) equal unity. In the 

next section, the 3x3 modeling framework will be introduced for the simple case of dipoles in an 
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unbounded medium using normalized source terms, which are the square roots of the above-given 

radiation patterns. 

 

Figure II-1: Normalized emission patterns of horizontal dipoles in a) s- and b) p- polarizations and of c) vertical dipoles in p-

polarization, all lying in an unbounded medium. 

II.2.2 Generalized transfer-matrix formulation in an unbounded medium 

In this section, we establish our modeling framework in the basic case of an emitter in an unbounded 

medium. In that regard, let us consider two arbitrary positions z1 and z2 where the electric fields are 

denoted E1 and E2, respectively, as described in Figure II-2-a. The superscripts + (-) denote the forward- 

(backward-) propagating electric fields. 

 

Figure II-2: a) Schematics diagram of a dipole placed at a position zp in an unbounded medium. z1 and z2 are 2 positions at 

distances of d1 and d2 from the source, respectively. SA and SB are the amplitudes of the forward- and backward-propagating 

source terms. b) Expressions of the electric-field amplitudes on both sides of the dipole. 

II.2.2.a Without light source 

When there are no light sources, we can write the following relationships between the electric fields at 

those two arbitrary positions and a position zp in-between using the standard 2x2 transfer-matrices: 

 
(

𝐸1
+

𝐸1
−) = (

𝑒𝑥𝑝(𝑖𝑘𝑧𝑑1) 0

0 𝑒𝑥𝑝(−𝑖𝑘𝑧𝑑1)
) (

𝐸𝑝
+

𝐸𝑝
−). 

(II-3) 
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(

𝐸𝑝
+

𝐸𝑝
−) = (

𝑒𝑥𝑝 (𝑖𝑘𝑧𝑑2) 0
0 𝑒𝑥𝑝 (−𝑖𝑘𝑧𝑑2)

) (
𝐸2

+

𝐸2
−). 

(II-4) 

II.2.2.b With light source 

The presence of a light source changes the previous expressions. Let us consider an emitter positioned 

at zp and whose electric-field amplitudes are SA and SB as displayed in Figure II-2-a. The fields at any 

position on the left and right sides of the emitter are now set by the source terms (electric fields emitted 

from the source) and are expressed in Figure II-2-b. Particularly, at z1 and z2 the electric fields E1(2)
+(-) 

become E’1(2)
+(-), which read as: 

𝐸1
+ → 𝐸′

1
+

= 𝐸1
+ 𝐸2

+ → 𝐸′
2

+
= 𝐸2

+ + 𝑆𝐴 𝑒𝑥𝑝(−𝑖𝑘𝑧𝑑2)  

(II-5) 𝐸1
− → 𝐸′

1
−

= 𝐸1
− + 𝑆𝐵 𝑒𝑥𝑝(𝑖𝑘𝑧𝑑1) 𝐸2

− → 𝐸′
2

−
= 𝐸2

− 

Those previous analytical formulas can be rewritten in a 2x2-matrix formulation as follows: 

 
(

𝐸′1
+

𝐸′1
−) = (

𝑒𝑥𝑝(𝑖𝑘𝑧𝑑1) 0

0 𝑒𝑥𝑝(−𝑖𝑘𝑧𝑑1)
) (

𝐸′𝑝
+

− 𝑆𝐴

𝐸′𝑝
− ), 

(II-6) 

 
(

𝐸′𝑝
+

𝐸′𝑝
−) = (

𝑒𝑥𝑝 (𝑖𝑘𝑧𝑑2) 0
0 𝑒𝑥𝑝 (−𝑖𝑘𝑧𝑑2)

) (
𝐸′2

+

𝐸′2
−

+ 𝑆𝐵𝑒𝑥𝑝 (𝑖𝑘𝑧𝑑2)
), 

(II-7) 

 

By combining Eq. (II-6) and Eq. (II-7), we can obtain a direct relationship between the electric fields 

across the dipole source in a single 3x3 framework, which reads as1: 

 

(
𝐸′1

+

𝐸′1
−

1

) = 𝑃𝑒(𝑑1)𝑆𝑃𝑒(𝑑2) (
𝐸′2

+

𝐸′2
−

1

), 

(II-8) 

Here Pj(dj) and S designate the propagation matrix in the layer (or medium in this case) denoted j over 

a distance dj and the source matrix, respectively. They are expressed as: 

 

𝑃𝑒(𝑑𝑗) = (

𝑒𝑥𝑝(𝑖𝑘𝑧𝑑𝑗) 0 0

0 𝑒𝑥𝑝(−𝑖𝑘𝑧𝑑𝑗) 0

0 0 1

), 

(II-9) 

 
𝑆 = (

1 0 −𝑆𝐴

0 1 +𝑆𝐵

0 0 1
). 

(II-10) 

 

For the three basic dipole configurations described in the beginning of this section, the normalized 

source terms are provided in Table II-1 where kz,e (k//,e) accounts for the z- (in-plane) -wave-vector 

component inside the emission layer. 

In the next section, we are going to use the framework of Eq. (II-8) in the case of dipole emission in 

layered media, which depicts our MQW CCL. 

 

 
1 The third component of the electric field vector 1 is merely a mathematical trick to enable the generalization. 
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Table II-1: Normalized source terms for horizontal and vertical dipoles. 

Dipole orientation s-polarized light p-polarized light 

Horizontal 

𝑆𝐴
ℎ,𝑠 = 𝑆𝐵

ℎ,𝑠 = √
3

16𝜋
 𝑆𝐴

ℎ,𝑝 = 𝑆𝐵
ℎ,𝑝 = √

3

16𝜋
𝑐𝑜𝑠(𝜃𝑒) = √

3

16𝜋

𝑘𝑧,𝑒

𝑘𝑒
 

Vertical  

𝑆𝐴
𝑣,𝑠 = 𝑆𝐵

𝑣,𝑠 = 0 
 

𝑆𝐴
ℎ,𝑝 = 𝑆𝐵

ℎ,𝑝 = √
3

8𝜋
𝑠𝑖𝑛(𝜃𝑒) = √

3

8𝜋

𝑘//,𝑒

𝑘𝑒
 

II.2.3 Dipole emission modification in stratified media 

As mentioned above, MQW CCL are epitaxial layers whose light emission processes rely on SpE. In 

this section, those devices are modelled as multilayer structures comprising a stack of layers supposed 

homogeneous, infinite along the xy plane and with finite thickness along z. The emitters representing 

quantum wells are embedded into a single region named emission layer, where the dipoles are modelled 

as source planes2. The electric fields EA(B) designate the source terms modified by the optical 

environment on the right (left) side of the source plane. The multilayer structure is enclosed with two 

semi-infinite ambient media (denoted 1 and 2) that can be either air, substrates or superstrates. The 

matrices R and L depict the propagation from the ambient medium 2 up to the right interface of the 

emission layer and from the left interface of the emission layer to the ambient medium 1, respectively. 

In this configuration, the boundary conditions read as 𝐸1
+ = 𝐸2

− = 0.  

 

Figure II-3: Schematics depicting a multilayer structure enclosed with two semi-infinite ambient layer. 

Figure II-3 reports the multilayer structure as well as all the necessary parameters. Using the 

considerations of the previous subsection in Eq. (II-8), we can now write a compact link between the 

electric field vectors in the ambient media as follows: 

 

(
0

𝐸1
−

1
) = 𝑀 (

𝐸2
+

0
1

) = (
𝑀11 𝑀12 𝑀13

𝑀21 𝑀22 𝑀23

0 0 1
) (

𝐸2
+

0
1

), 
(II-11) 

 
2 In the planar case (unpatterned), a dipole source plane at a position z is equivalent to a single dipole placed at z 

for symmetry reasons. In the last sections of this manuscript, we will see that for devices with photonic-crystals, 

we need many dipoles in the same source plane along one period of the device for FDTD simulations. 
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Here M is the equivalent matrix of the MQW CCL and reads as: 

 𝑀 = 𝐿𝑃𝑒(𝑧𝑒𝑥𝑡)𝑆𝑃𝑒(𝑑𝑒 − 𝑧𝑒𝑥𝑡)𝑅. (II-12) 

In the next sections, we are going to calculate the electric fields outside and inside the multilayer for 

determining key figure of merits (FoM) of MQW CCL such as LEE, directionality through the farfield 

radiation patterns, Purcell factor, etc. 

II.2.3.a Determination of the external fields 

The electric fields in the ambient media are the starting points of this model development. For a given 

external angle θ1(2) corresponding to an internal angle θe, one can easily infer using Eq. (II-11) that they 

can be written as: 

 
𝐸2

+ = −
𝑀13

𝑀11
, 𝐸1

+ =
𝑀23𝑀11 − 𝑀21𝑀13

𝑀11
. 

(II-13) 

Although these expressions are easy to implement, they do not portray the physics inside the multilayer 

structures. Another way to express the outside fields is to consider the Fresnel reflection and 

transmission coefficients, which by definition (see Figure II-3) and using L and R read as: 

 
𝑟1 = −

𝐿12

𝐿11
,  𝑟2 =

𝑅21

𝑅11
, 

 

(II-14) 

𝑡1 =
𝐿22𝐿11 − 𝐿12𝐿21

𝐿11
, 𝑡2 =

1

𝑅11
. 

After some calculations by combining the two previous equations, we obtain new formula for the 

external fields: 

 
𝐸2

+ =
𝑡2(𝑆𝐴𝑒−𝑖𝑘𝑧,𝑒(𝑑𝑒−𝑧𝑒𝑥𝑡) + 𝑟2𝑆𝐵𝑒−𝑖𝑘𝑧,𝑒(𝑑𝑒+𝑧𝑒𝑥𝑡)   )

1 − 𝑟1𝑟2𝑒−𝑖𝑘𝑧,𝑒2𝑑𝑒
, 

 

(II-15) 

 
𝐸1

− =
𝑡1(𝑟2𝑆𝐴𝑒−𝑖𝑘𝑧,𝑒(2𝑑𝑒−𝑧𝑒𝑥𝑡) + 𝑆𝐵𝑒−𝑖𝑘𝑧,𝑒𝑧𝑒𝑥𝑡    )

1 − 𝑟1𝑟2𝑒−𝑖𝑘𝑧,𝑒2𝑑𝑒
.  

The physical meaning of these fields can now be easily captured. For instance, the outgoing field on the 

left (E1
-) stems from the left-going source term propagated into the left side the emission layer, added to 

the right-going source term reflected off the right side of the structure, which are both transmitted 

through the left side of the structure.  

Furthermore, the common denominator of the fields in Eq. (II-15), generally noted Δ carries the modal 

properties of the multilayer structure. Particularly for some discrete angles where the unity round-trip 

condition is satisfied, Δ equals zero and all those fields diverge. To properly evaluate the fields at those 

angles (corresponding to guided modes), the trick is to introduce ultrathin absorbing layers called 

damping layers at each side of the source plane as suggested in [2]. More details about this point will be 

provided in Subsection II.2.6.a.1). 
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II.2.3.b Derivation of the internal fields and power  

From the previous external electric fields, one can deduce the internal fields at each side of the source 

plane. They express as follows: 

 
(

𝐸𝐴
+

𝐸𝐴
−

1

) = 𝑃𝑒(𝑑𝑒 − 𝑧𝑒𝑥𝑡)𝑅 (
𝐸2

+

0
1

), 
 

(II-16) 

   

 
(

𝐸𝐵
+

𝐸𝐵
−

1

) = (𝑃𝑒(𝑧𝑒𝑥𝑡))−1𝐿−1 (
0

𝐸1
−

1
). 

 

(II-17) 

Those fields are key elements to grasp the physics of light emission inside our MQW CCL. Indeed, by 

calculating the fluxes of the corresponding Poynting vectors, one can obtain the angular distribution of 

the internal emission on each side of the source plane as: 

 
П𝐴 =

𝑑𝑃𝑖𝑛
𝐴

𝑑𝛺𝑖𝑛
𝐴 = |𝐸𝐴

+|2 − |𝐸𝐴
−|2, 

(II-18) 

 
П𝐵 =

𝑑𝑃𝑖𝑛
𝐵

𝑑𝛺𝑖𝑛
𝐵 = |𝐸𝐵

+|2 − |𝐸𝐵
−|2. 

(II-19) 

As we will see in the next chapter dedicated to the design, fabrication and test of real-life MQW CCL, 

those angular distributions are key elements in designing directional light emission. Particularly, they 

can be rewritten as follows3 (see [7]): 

 П𝐵 = 𝜉𝐵 × 𝒜𝐵 × П∞, (II-20) 

Here ξB is the antinode factor, which governs how dipole emission couples to the available cavity modes. 

It is given in Eq. (II-21). 𝒜B is the Airy function, which on the other hand accounts for the resonant 

behavior of the bare Fabry-Perot (FP) cavity and is expressed in Eq. (II-22). Its denominator is Δ whose 

zeros provide the discrete angular positions of the guided modes inside the membrane. The last factor is 

the emission pattern in an unbounded medium. 

 𝜉𝐵 = |1 + 𝑟2exp (−𝑖𝑘𝑧,𝑒2(𝑑𝑒 − 𝑧𝑒𝑥𝑡))|2 = |1 + 𝑟2exp (−𝑖𝜑𝑐)|2. (II-21) 

 
𝒜𝐵 =

1 − |𝑟1|2

|1 − 𝑟1𝑟2exp (−𝑖𝑘𝑧,𝑒2𝑑𝑒)|2
=

1 − |𝑟1|2

Δ2
. 

 

(II-22) 

More details about the roles of these factors will be provided in Subsection II.2.6.a.2). 

Finally, it is well known that in some structures SpE can be strongly impacted by the optical environment 

leading to the so-called Purcell effect [8]. The associated Purcell factor (modification of total SpE rates 

of a structure as compared to SpE rates of dipoles in unbounded media) can be written as: 

 
𝐹𝑃 = ∫ ∫ (П𝐴 + П𝐵)sin (𝜃𝑒)𝑑𝜃𝑒𝑑𝜑

𝜑=2𝜋

𝜑=0

𝜃𝑒=
𝜋
2

𝜃𝑒=0

. 
(II-23) 

We can note that there is no need to divide by values in unbounded media because all the electric fields 

are already normalized. 

 
3 A similar expression can of course be provided for ПA.  
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II.2.3.c Radiation patterns and extraction efficiency 

The main objectives of this PhD work are to circumvent light extraction issues in planar MQW CCL 

and to reshape their farfield patterns from Lambertian-like shapes to directional ones. It is therefore of 

key interest to evaluate the radiation patterns as well as the LEE in our modeling framework. By 

definition, the emission shape in the ambient medium 1 can be expressed as: 

 
П𝑜𝑢𝑡

1 =
𝑑𝑃𝑜𝑢𝑡

1

𝑑𝛺𝑜𝑢𝑡
1 =

𝑑𝑃𝑜𝑢𝑡
1

𝑑𝑃𝑖𝑛
𝐵 ×

𝑑𝛺𝑖𝑛
𝐵

𝑑𝛺𝑜𝑢𝑡
1 ×

𝑑𝑃𝑖𝑛
𝐵

𝑑𝛺𝑖𝑛
𝐵, 

(II-24) 

The power transmission efficiency between the emission layer and the outside medium 1 is the first 

factor and reads as: 

 𝑑𝑃𝑜𝑢𝑡
1

𝑑𝑃𝑖𝑛
𝐵 =

 𝑆𝑜𝑢𝑡

1
.  𝐴𝑜𝑢𝑡

1

 𝑆𝑖𝑛

𝐵
.  𝐴𝑖𝑛

𝐵 =
𝑛1|𝐸1

−|2𝑐𝑜𝑠 (𝜃1)

𝑛𝑒(|𝐸𝐵
+|

2
− |𝐸𝐵

−|2)𝑐𝑜𝑠 (𝜃𝑒)
, 
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Here 𝑆𝑖𝑛

𝐵
(𝐴𝑖𝑛

𝐵
) and 𝑆𝑜𝑢𝑡

1
( 𝐴𝑜𝑢𝑡

1
) designate the Poynting vectors (unit vectors normal to the surface) 

in the emission layer and the outer ambient medium 1, respectively. Then, one also needs to account for 

the change in solid angles when light goes out of the emission layer to the ambient medium. After an 

angular differential of the Snell-Descartes’ law 𝑛𝑒 𝑠𝑖𝑛(𝜃𝑒) = 𝑛1 𝑠𝑖𝑛(𝜃1), one can get: 

 
𝑑𝛺𝑖𝑛

𝐵 = 𝑠𝑖𝑛(𝜃𝑒) 𝑑𝜃𝑒𝑑𝜑𝑒 =
𝑛1

2𝑐𝑜𝑠 (𝜃1)

𝑛𝑒
2𝑐𝑜𝑠 (𝜃𝑒)

𝑑𝛺𝑜𝑢𝑡
1, 

(II-26) 

The last factor is provided in Eq. (II-19). The farfield radiation patterns can subsequently be obtained 

in either ambient medium by combining the three previous equations4: 

 
П𝑜𝑢𝑡

1(2) =
𝑑𝑃𝑜𝑢𝑡

1(2)

𝑑𝛺𝑜𝑢𝑡
1(2)

= |𝐸1(2)
−|2

𝑛1(2)
3𝑐𝑜𝑠2 (𝜃1(2))

𝑛𝑒
3𝑐𝑜𝑠2 (𝜃𝑒)

. 
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LEE will then naturally express as: 

 

𝐿𝐸𝐸1(2) =
∫ ∫ П𝑜𝑢𝑡

1(2)sin (𝜃1(2))𝑑𝜃1(2)𝑑𝜑
𝜑=2𝜋

𝜑=0

𝜃1(2)=
𝜋
2

𝜃1(2)=0

𝐹𝑃
. 

(II-28) 

II.2.4 Incoherent combination for extension to complex emitter regions 

We now have the formulas for the internal emission distribution, the radiation patterns and LEE but only 

for the monochromatic single-emitter case. Real-life devices such as MQW CCL can often include 

polychromatic light emitters, multiple quantum wells (spatially distributed source planes along z) and 

many emitter’s orientations. Since the SpE process is by nature incoherent, we propose post-processing 

formula for incoherent combination to treat these cases. 

 
4 If the external fields have been calculated within complex angles (evanescent waves) as well, then one needs to 

drop those evanescent waves and only consider outside angles θ1(2) ranging from 0 to π/2 for the farfield patterns. 
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II.2.4.a Spatially-distributed incoherent dipoles 

This is the case when the emitters or equivalently source planes lie within a layer whose thickness (along 

z, see Figure II-3) is non-negligible compared to the emission wavelength. One needs then to consider 

light emission from each of those dipoles. For the simplest case of a uniform carrier distribution5, the 

combined values of the angular internal emission and LEE (over all dipoles) express as follows using 

simple arithmetic averages6: 

 
П𝑖𝑛𝑡(𝑜𝑢𝑡)

𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
∑ П𝑖𝑛𝑡(𝑜𝑢𝑡)

𝑧𝑒𝑥𝑡=𝑧𝑒𝑥𝑡,𝑁
𝑧𝑒𝑥𝑡=𝑧𝑒𝑥𝑡,1

(𝑧𝑒𝑥𝑡)

𝑁
. 

 

 

(II-29)   

 
𝐿𝐸𝐸𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =

∑ 𝐿𝐸𝐸
𝑧𝑒𝑥𝑡=𝑧𝑒𝑥𝑡,𝑁
𝑧𝑒𝑥𝑡=𝑧𝑒𝑥𝑡,1

(𝑧𝑒𝑥𝑡)

𝑁
. 

Here, N is the number of dipole emitters along z and zext,j designates the spatial position of the dipole 

labelled j. 

II.2.4.b Emitters with spectral distribution 

For most of the incoherent light-emitting devices, the emission linewidth is not negligible and needs to 

be accounted for in our model. Considering the source intrinsic spectrum Iin and an emission between 

λmin and λmax, we only need to perform the weighted averages of the internal emission, farfield and LEE 

to obtain their combined values over the whole emission spectrum: 

 

П𝑖𝑛𝑡
𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑(𝜃𝑒) =

∫ 𝐼𝑖𝑛(𝜆)П𝑖𝑛𝑡(𝜆, 𝜃𝑒)
𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

∫ 𝐼𝑖𝑛(𝜆)
𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

. 
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П𝑜𝑢𝑡
𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑(𝜃1(2)) =

∫ 𝐼𝑖𝑛(𝜆)П𝑜𝑢𝑡(𝜆, 𝜃1(2))
𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

∫ 𝐼𝑖𝑛(𝜆)
𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

. 

  

 

𝐿𝐸𝐸𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
∫ 𝐼𝑖𝑛(𝜆)𝐿𝐸𝐸(𝜆)

𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

∫ 𝐼𝑖𝑛(𝜆)
𝜆=𝜆𝑚𝑎𝑥

𝜆=𝜆𝑚𝑖𝑛
𝑑𝜆

. 

For some cavity work, the spectral distribution of the emission patterns can offer good insight into the 

behavior of the Fabry-Pérot modes. In that regard, one could exploit the spectrally resolved farfield 

(SRF) patterns evaluated as follows: 

 
𝑆𝑅𝐹(𝜆, 𝜃1(2)) =

𝐼𝑖𝑛(𝜆)П𝑜𝑢𝑡(𝜆, 𝜃1(2))

∫ 𝐼𝑖𝑛(𝜆𝑖)
𝜆𝑖=𝜆𝑚𝑎𝑥

𝜆𝑖=𝜆𝑚𝑖𝑛
𝑑𝜆𝑖

, 
(II-31) 

 
5 The uniformity of the carrier distribution depends on multiple factors such as the epitaxial design, the current 

density, carrier diffusion lengths, etc. For non-uniform carrier distribution, those averages need to be weighted by 

the carrier concentration along z as in [9]. 
6 SpE process is incoherent, thus there are no interference effects between light waves generated by different 

dipoles. 
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Using the previous formula, one can easily obtain the expression of the output spectrum: 

 
𝐼𝑜𝑢𝑡(𝜆) = ∫ ∫ 𝑆𝑅𝐹(𝜆, 𝜃1(2)) sin(𝜃1(2)) 𝑑𝜃1(2)𝑑𝜑

𝜑=2𝜋

𝜑=0

𝜃1(2)=
𝜋
2

𝜃1(2)=0

. 
(II-32) 

This formula can be useful in structures with strong cavity effects, where SpE redistribution can induce 

a spectral redistribution, which can change the output spectrum of the device (compared to the intrinsic 

spectrum). 

II.2.4.c Completely isotropic emitter’s distribution 

Depending on the dipole moments, emitter’s orientations in semiconductor devices can be neither only 

horizontal nor only vertical, but rather a complex combination of those two depending on the 

confinement conditions. For the simple case of bulk semiconductors, the emitters are arbitrarily oriented 

leading to an isotropic distribution, where one third of the dipoles are vertical. In that regard, we can 

write for the internal emission and farfields that: 

 
П𝑖𝑛𝑡(𝑜𝑢𝑡)

𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
1

3
П𝑖𝑛𝑡(𝑜𝑢𝑡)

𝑣 +
2

3
П𝑖𝑛𝑡(𝑜𝑢𝑡)

ℎ , 
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 П𝑖𝑛𝑡(𝑜𝑢𝑡)
𝑣 = П𝑖𝑛𝑡(𝑜𝑢𝑡)

𝑣,𝑝, 

  

 П𝑖𝑛𝑡(𝑜𝑢𝑡)
ℎ = П𝑖𝑛𝑡(𝑜𝑢𝑡)

ℎ,𝑠 + П𝑖𝑛𝑡(𝑜𝑢𝑡)
ℎ,𝑝. 

On the other hand, for LEE, one needs to account for the different radiation dynamics between s- and p-

polarized light through their Purcell factor and write Eq. (II-34). 

 
𝐿𝐸𝐸𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =

1

3
𝐿𝐸𝐸𝑣 +

2

3
𝐿𝐸𝐸ℎ , 

 

(II-34) 
 𝐿𝐸𝐸𝑣 = 𝐿𝐸𝐸𝑣,𝑝, 
 

𝐿𝐸𝐸ℎ =
𝐿𝐸𝐸ℎ,𝑠 × 𝐹𝑃

ℎ,𝑠 + 𝐿𝐸𝐸ℎ,𝑝 × 𝐹𝑃
ℎ,𝑝

𝐹𝑃
ℎ,𝑠 + 𝐹𝑃

ℎ,𝑃
. 

For quantum-well-based devices such as MQW CCL, most of the emitters are generally in-plane 

polarized [10]; consequently the contribution of vertical dipoles could be dropped. For more complex 

confinements conditions such as in Q-dots, the factors 1/3 and 2/3 need to be replaced by the proper 

dipole concentrations. 

II.2.5 Flow chart summary of the implementation procedure 

All the equations required for the implementation of the herein-developed model have now been 

provided. To help make its numerical implementation less tricky, we provide in Figure II-4 a detailed 

flow chart pointing out at the equation needed at each step of the process. The full-matrix formalism 

helps make it very convenient. The equivalent matrix M is to be calculated for both polarizations. Hence, 

when the dipole orientation is switched from vertical to horizontal, only the source matrix S needs to be 

changed.  
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This model can give good insight into LEE, farfield emission patterns (and therefore directionality), 

Purcell factors, photonic weights (fraction of the guided energy carried by each guided mode), etc, which 

qualifies it as a key tool for designing incoherent light-emitting devices. 

 

Figure II-4: Detailed flow chart of the implement procedure of the generalized transfer-matrix model. 

In the following section, we first perform a convergence study and verify the accuracy of the model 

compared to rigorous electromagnetic simulations. Subsequently, we demonstrate its applicability 

through various configurations of MQW CCL mimicked by high-index slabs. This way, we will better 

understand light emission processes in incoherent light-emitting structures and highlight key design 

rules that are going to be crucial to the design choices that we make in this PhD thesis. 

II.2.6 Application examples: high-index slabs to mimic MQW color-converters 

To mimic MQW CCL, we consider a high-index slab (ne=3) enclosed within semi-infinite ambient 

media. Guided modes are accounted for by introducing two identical damping layers (ultrathin absorbing 

layers) on each side of the source plane, which need to be thin enough (e.g. λ/103) not to modify direct 

light emission7 and close enough to the source (e.g. λ/106) to have the same coupling to guided 

modes [2]. All the opto-geometrical parameters are described in Figure II-5. Let us recall that in the 

planar case, a single dipole in a source plane can account for all the dipoles in it due to the system 

symmetry, whereas in the case of patterned devices many dipoles need to be distributed in the source 

plane along one period of the pattern (see Subsection II.3.7). 

 
7 Direct light emission is the part of the emitted light that is directly extracted in air or towards the substrate. 
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Figure II-5: High-index slab enclosed with semi-infinite ambient media (not at scale). 

II.2.6.a MQW color-converters in vacuum 

In this first case, we study the behavior of the bare slab placed in vacuum (n1=n2=1). 

1) Convergence study and accuracy  

Let us consider the simplest case of a single monochromatic horizontal8 (h) dipole (or equivalently 

source plane) centered in the slab (zext=de/2).  

 

Figure II-6: s-polarized light from a single monochromatic horizontal dipole centered in a high-index slab. a) Extracted and 

guided fractions of the total emitted light as a function of the extinction coefficient of the damping layers. b) Angular internal 

emission before and after the damping layers damping layers with an extinction coefficient fixed at 10-1. 

We start by a convergence study to determine the extinction coefficient of the damping layers required 

to properly account for guided modes. The results are reported in Figure II-6-a where guided and 

extracted fractions of the total (top and bottom) emitted power in s-polarization are plotted as a function 

 
8 Since our MQW are quantum-well-based, light emission is mostly in plane polarized. 
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of the extinction coefficient of the damping layers. When the extinction coefficient is less than ~10-4, 

the damping layers are not sufficiently absorbing. Therefore, LEE artificially equals unity (no guided 

power) which leads to incorrect results. Then, the guided power progressively increases until it reaches 

saturation for values over 10-1. LEE saturates as well around 21%, which corresponds to values found 

by Benisty et al. in [2] for the same structure. This highlights the importance of the damping layers. 

We confirm these considerations by plotting the angular distribution of the internal emission before and 

after the damping layers in order to analyze their impact for an extinction coefficient fixed at 10-1. The 

shape of the internal emission will be thoroughly explained in the next subsection, but we can already 

see that, as expected, dipole emission couples to two guided modes displayed as the two sharp peaks 

outside the air light cone (θe>20°) located at ~52.6° and 78.2°. After passing through the damping layers, 

all the power in those modes is absorbed (peaks’ intensities decrease from ~102 to 10-10 before and after 

the damping layers, respectively), while the internal emission inside the air cone (θe<20°) remains 

unchanged, which confirms our previous considerations. The guided power is thence calculated by 

evaluating the power imbalance before and after the damping layers. 

 

Figure II-7: Single horizontal dipole centered in a high-index slab. s- and p-polarizations are combined. a) LEE and b) Purcell 

factor as a function of the reduced thickness. The blue dashed line indicates the asymptotic values of LEE and Purcell factor. 

We now verify the accuracy of our model by comparing its results to rigorous electromagnetic 

simulations with 3D Finite-Difference Time-Domain (FDTD) from commercially available software 

(FullWAVE and LED Utility from the Rsoft Design Suite). More details about the FDTD simulation 

method can be found in Appendix A.1. The simulation domain for FDTD was surrounded by perfectly 

matched layers (PML) and was 4µm-sized. Additionally, the mesh sizes along all spatial directions were 

chosen to be 10nm. The results are displayed in Figure II-7, which reports both total LEE and Purcell 

factor as a function of the reduced optical slab thickness. Both s- and p-polarizations have been 

combined9. The results are quite in accordance with each other, which confirms the accuracy of our 

modeling framework. Spontaneous emission dynamics strongly depends on the slab thickness as it was 

 
9 Both s- and p-polarizations need to be combined for our model to be comparable to 3D-FDTD, because 

Maxwell’s equations are coupled and cannot be separated for 3D-FDTD simulations.  



SpE modeling and basics of photonic-crystals for light extraction and farfield-pattern engineering 

39 

 

already well established in various reports [2,11], which translates into the oscillations we can see. For 

very high values of slab thickness (e.g. nede/λ>20), the modes would become so numerous that these 

oscillations would smear out and reach the asymptotic values of LEE. LEE can be approximated only 

in those cases to the fraction of solid angles below the critical angle [1]. Besides, it is worth noticing 

that the maximum LEE is reached for ultrathin slabs (nede/λ~1). 

This highlights the key importance of damping layers in order to reach convergence in this modeling 

framework. In addition, the generalized transfer-matrix model can provide quite accurate results in 

accordance with those of rigorous electromagnetic simulations. In the following, we use this model to 

examine light emission processes in planar MQW color converters. 

2) Physical origins of spontaneous emission distribution: antinode factor, Airy function 

In this section, we wish to explain the origin of the SpE angular distribution and its role in the 

performances of real-life devices. We still consider a single monochromatic horizontal dipole centered 

inside the high-index slab. 

 

Figure II-8: s-polarized light from a single horizontal dipole centered in a slab. a) Antinode factor and zeros of the denominator 

of the Airy function as well as the b) internal emission as a function of the emission angle. 

As we have shown in Eq. (II-20), SpE is set by the antinode factor, the Airy function and the internal 

emission in an unbounded medium. In Figure II-8, we plot the zeros of the denominator of the Airy 

function and the antinode factor as well as the corresponding angular distribution of the internal emission 

for s-polarized light. As already mentioned, those zeros correspond to modes, which satisfy the unity 

round-trip conditions. These self-sustained modes called guided modes propagate along the xy plane and 

do not contribute to light extraction in planar MQW CCL. In the results, we see that the slab supports 

four guided modes with effective indices10 of 2.94 (fundamental mode labelled 0), 2.74, 2.38 and 1.8. 

 
10 We have introduced a useful variable called the effective index, which gives information on the refractive index 

experienced by the guided mode. It is the ratio between the in-plane wavevector and the wavevector in vacuum. 

In this particular case, it reads as neff=ne sin (θe). 
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However, the odd ones fall at the minima of the antinode factor, thus they do not appear in the SpE 

distribution outside the air cone (neff>1). Indeed, since the dipole is centered, only the even modes couple 

to the dipole emission. Thus, the Airy function governs the behavior of the bare cavity while the antinode 

factor sets the coupling between the emitters and the available cavity modes. Looking at the internal 

emission, we see that dipole emission excites different types of modes. Part of the emitted light is directly 

extracted into air (neff<1). This is called the direct light emission and accounts for the shape of the farfield 

emission and thus the values of directionality in planar cases. A very large part of the emitted light (over 

70%) will excite the available guided modes inside the membrane and eventually set the LEE. These are 

the modes we aim at extracting. 

It thus appears that SpE is the key element for controlling LEE along with directionality. Its origin has 

also been elucidated with the Airy function that sets the discrete angular positions of the guided modes 

and the antinode factor, which controls the coupling of each mode to dipole emission. In the following, 

we will see how SpE distribution is modified when implementing parameters of real-life devices 

(emission spectrum and emitter’s distribution) and how it affects LEE and directionality.  

3) Monochromatic distributed dipole source planes 

In this part, we implement a source plane distribution and study its impact. We consider five 

monochromatic horizontal regularly spaced (along z) dipole source planes (10nm between one another). 

In Figure II-9, we report on the internal emission as a function of the effective index for the two cases 

of five emitters or dipole source planes and a single dipole as a comparison. 

For the single dipole, only even modes are coupled to light emission as seen before. However, when the 

five emitters are implemented, additional peaks corresponding to the odd modes start to appear. Indeed, 

the antinode factor depends on the dipole emission, thus any position-shift will change the coupling 

conditions between light emission and guided modes. 

To quantify this phenomenon, we plot their photonic weight11, which is the fraction of the guided energy 

carried by each mode, in Figure II-9-b. If we note Pi the peak intensity of the guided mode labelled i 

and θi its angular position, then by taking into account the solid angle, the photonic weight of the mode 

can simply be expressed12 as 𝑃𝑖  𝑠𝑖𝑛(𝜃𝑖)/ ∑ 𝑃𝑗  𝑠𝑖𝑛(𝜃𝑗)𝑗 . We can note that as we go from a single dipole 

to five emitters, the photonic weights of even modes remain quasi intact, whereas the additional odd 

modes only carry a negligible fraction of the guided energy (~1%). This can be understood by 

differentiating the phase shift φc of the antinode factor over the source position (see Eq. (II-21)). We 

can find that 𝑑𝜑𝑐 = −𝜋𝑐𝑜𝑠(𝜃𝑒)
𝑑𝑧𝑒𝑥𝑡

𝜆/4𝑛𝑒
. Consequently, as a rule of thumb, we can see that as long as the 

emitters are embedded into a region small enough compared to λ/4ne, the whole emitter’s region is 

equivalent to a single centered dipole, which is the case in our simulation. 

 
11 We will see in the next chapter that the photonic weight is of crucial interest for directional emission in 

multimode corrugated structures. 
12 In the case of broader modal distributions, the integral form of this expression needs to be used instead. 
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Figure II-9: s-polarized light from horizontal dipoles. a) Internal emission as a function of the effective index and b) the 

corresponding photonic weights for a single centered dipole and combined results over five emitters. 

 

Figure II-10: Horizontal dipole (s- and p-polarizations combined). a) Farfield emission patterns and b) directionality 

enhancement over Lambertian emission for a single centered dipole and combined results over five emitters. 

Furthermore, we can notice that the dipole position only slightly influences the internal emission inside 

the air cone. In terms of directionality13 on the other hand, we can see in Figure II-10 that despite the 

farfield intensity is changed when we consider all the five emitters, its shape does not change compared 

to a Lambertian emission.  

We finally plot the resulting LEE and Purcell factors as a function of the dipole position in Figure II-11. 

Notwithstanding their dependency on the emitter’s position, their combined values for the five emitters 

can be approximated by the value for the single centered dipole. 

 
13 Directionality will be mathematically defined in Chapter III. For now, one must keep in mind that a directional 

emission is an emission where most of emitted light is close to normal incidence (vertical emission). The 

Lambertian emission pattern is broad and unsuitable for AR applications, which is why we take it as a reference. 
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Figure II-11: Horizontal dipole (s- and p-polarizations combined). a) LEE and b) Purcell factor as a function of the dipole position. On each 

figure, the red dot represents the incoherently combined results. 

It thus appears that for structures whose emission regions are thinner than a quarter-wavelength, 

increasing the number of dipoles does not help much in improving LEE or directionality of the emission. 

The single-centered-dipole approximation holds. Moreover, for devices with larger emission regions, 

all dipoles need to be accounted for. Either way, our modeling framework enables the implementation 

of any type of emitter’s spatial distribution. These considerations will help in the choice of the number 

of quantum wells inside our MQW CCL. 

4) Spectrally-broadened single-plane emitters 

In this section, we seek to grasp the impact of the emission spectrum on LEE and directionality. To do 

so, we consider a single polychromatic horizontal red emitter with an input spectrum centered at 640nm 

and a full width at half-maximum (FWHM) of 20nm as shown in Figure II-12-a.  

 

Figure II-12: s-polarized light from horizontal dipoles. a) Input emission spectrum. b) Internal emission per unit solid angle as a function of 

the effective index for the peak emission wavelength and for combined results over the input spectrum. 

As we will see in the next chapter, these parameters are close to the ones of our red MQW CCL. 

The internal emission is displayed on the right for both the monochromatic (peak emission wavelength) 

and polychromatic cases. We observe that the sharp peaks representing the guided modes are now 
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broadened into Lorentzian-shape functions, with a broadening that seems to decrease as the order of the 

guided modes decreases. This is because both antinode factor and Airy function are wavelength-

dependent. 

Similarly to the previous case of distributed emitters, by differentiating the phase shift of the antinode 

factor over wavelength, one can easily find that: 𝑑𝜑𝑐 ∝ −
𝑐𝑜𝑠(𝜃𝑒)

𝜆2 𝑑𝜆. This broadening is clearly cosinus-

dependent on the emission angle, which explains why low-order modes14 are less affected than high-

order ones. Besides, since the internal emission shape inside the air cone is also altered, the radiation 

pattern and thus directionality are impacted, albeit very slightly as displayed in Figure II-13. 

 

Figure II-13: Horizontal dipole (s- and p-polarizations combined). a) Farfield emission patterns and b) directionality enhancement over 

Lambertian emission for a monochromatic and polychromatic light source. 

 

Figure II-14: Horizontal dipole (s- and p-polarizations combined). a) LEE and b) Purcell factor as a function of the emission wavelength. 

On each figure, the red dot represents the incoherently combined results. 

Similarly, the combined values of LEE and Purcell factor over the whole emission spectrum are also 

quite close to the one at the peak emission wavelength as displayed in Figure II-14. 

 
14 Low-order guided modes (starting from the fundamental mode) correspond to the high emission angles and 

therefore low cosinus values.  
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More generally, as we have seen in the differential before, as long as the FHWM of the source is 

negligible, the single monochromatic dipole approximation holds. For structures with much broader 

sources, it is worth considering in the modal analysis that low-order modes are less modified than high-

order ones. 

This concludes our discussion on the opto-geometrical parameters of the bare MQW color-converters 

and their quantum wells along with their impact on LEE and directionality. In the following, we 

investigate the impact of the optical environment around the color-converters on spontaneous emission. 

II.2.6.b On a substrate 

The MQW color converters will lie in asymmetric optical environments all along this PhD work. In the 

first set of devices that we are going to investigate (Lot I), they are bonded on transparent substrates to 

study the behavior of the bare photonic crystals. In this section, we wish to evaluate the impact of the 

substrate on spontaneous emission (SpE). A single monochromatic horizontal dipole source plane is 

centered inside the slab which is now surrounded by a transparent substrate (n2=1.45) and an air 

superstrate (n1=1). The total internal emission distribution for both s- and p-polarized light is displayed 

in Figure II-15. 

The asymmetric environment imposed by the transparent substrate completely redistributes SpE. Part 

of the emitted light (directly emitted light), which now totals up to ~17%, is still directly extracted into 

air (neff<1). Another fraction (substrate light), which amounts to ~12%, is propagative in the substrate 

but not in air (1<neff<1.45). Finally, a very large portion of the emitted light (~71%) excites the four 

available guided modes inside the so-formed membrane (neff>1.45). This guided light is still a major 

efficiency bottleneck and innovative strategies need to be devised to reduce its amount (increase LEE) 

while keeping a very directional emission. What strikes most is that compared to what we have seen in 

the previous subsections, the asymmetric optical environment created by the substrate has redistributed 

SpE changing the balance between the guided and extracted powers. 

 

Figure II-15: s- and p- polarized light from horizontal dipoles. Internal emission per unit solid angle as a function of the effective index. 

E=directly emitted light, S=substrate light, G= guided light. 
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In the following and last example section, we are going to investigate the possibility of alleviating both 

LEE and directionality issues at the same time by a controlled SpE redistribution. 

II.2.6.c With a distributed Bragg reflector: LEE vs directionality 

We wish to investigate the extent to which it is possible to improve both LEE and directionality by 

benefiting from controlled cavity effects that can happen inside the color converters. In that regard, the 

high-index slab is placed on top of a distributed Bragg reflector (DBR) whose parameters are indicated 

in Figure II-16. In-between those two, we interleave a tuning layer whose thickness will be varied to 

control the cavity effects. Let us recall that a cavity is tuned when its opto-geometrical parameters are 

so that the main Fabry-Pérot (FP) mode occurs at normal incidence. 

 

Figure II-16: Schematics of the high-index slab with a bottom Distributed Bragg reflector consisting of 3 pairs of alternate indices 1.45 and 

2. The emitter is a horizontal dipole centered inside the cavity. 

A single monochromatic horizontal dipole source plane is placed at the center of the slab.  

 

Figure II-17: Horizontal dipole (s- and p-polarizations combined). a) LEE and b) farfield patterns as a function of the thickness of the tuning 

layer. Blue and red dashed lines indicate gaps corresponding to a tuned and detuned cavity, respectively. 

In Figure II-17, both LEE and the radiation patterns are plotted as a function of the thickness of the 

tuning layer. When there is no tuning layer, LEE is at its lowest (~4%) while the farfield pattern is very 

directional with a peak emission angle at normal incidence. As the gap is set to reach the maximum LEE 

of ~16% at λ/4ne, the peak emission angle is shifted to ~42° leading to a non-directional emission pattern. 

Afterwards, both LEE and farfield patterns oscillate with a periodicity of λ/2ne, with the emission 

patterns exhibiting the standard “boomerang”-shaped lines typical of Fabry-Pérot interferences. Let us 
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note that more generally we see that the maxima of the LEE (at (2p+1) λ/4ngap) correspond to the non-

directional farfields while the minima of LEE (at (2p) λ/4ngap) occur with directional patterns, p being 

an integer.  

 

Figure II-18: Horizontal dipole (s- and p-polarizations combined). a) Angular internal emission distribution within the extraction cone and 

b) normalized farfield patterns for tuned and detuned cavity. 

We now focus on two values of gaps (0 and 1) to better our understanding of the previous considerations. 

In Figure II-18, we show the corresponding internal emission inside the air cone for these two gap 

values as well as the corresponding normalized emission patterns. As we can see, without tuning layer 

(gap=0), the cavity is already tuned so that the main FP lobe occurs at normal incidence, which leads to 

a directional farfield shape, albeit the lowest LEE (~4%). As the gap is optimized to increase LEE (~16% 

at gap=1), SpE is redistributed so that the main FP lobe is shifted from normal incidence to ~13°15. The 

emission patterns, often referred to as “rabbit’s ears”, loses its directionality as we see in Figure II-18-

b. This maximum LEE is still far below the required values described in the previous chapter. 

It therefore seems that with this planar strategy of SpE redistribution, LEE and directionality cannot be 

optimized simultaneously. This strategy is then not viable for the AR microdisplays targeted in this PhD 

thesis, since both high efficiency and directional emission are required. 

II.2.7 Conclusion on the SpE modeling framework and planar strategies 

Spontaneous emission (SpE) is the key physical phenomenon underlying light emission in MQW CCL. 

In the previous sections, we have developed a novel SpE modeling framework based on generalized 3x3 

transfer-matrices, whose accuracy compared to rigorous electromagnetic simulations with 3D-FDTD 

and applicability have been demonstrated. This model has thus been pointed out to be a key tool for 

designing incoherent light-emitting structures. In particular, it has enabled us to highlight that in MQW 

CCL, light extraction is drastically hindered by the coupling between dipole emission and the available 

 
15 Using the Snell-Descartes’ law, we can find that 13° as an internal angle corresponds to an external angle of 

~42° as we have seen in the farfield patterns. 
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guided modes (more than 70% of the emitted light), which is one the main efficiency bottlenecks of 

those devices. The importance of SpE in that matter has also been emphasized as well its origin through 

the antinode factor and the Airy function, since it eventually sets LEE and the directionality of the 

emission. To alleviate the light extraction issues, we have evaluated different routes ranging from 

epitaxial design (controlling the thickness of the color-converters, the number of quantum wells, their 

positions, the emission spectrum) to SpE redistribution (through tuning and detuning the total optical 

thickness of the CCL), but none of them allows the simultaneous optimization of both LEE and 

directionality. 

There is thereby a need for photonic-crystals (PhCs) which so far have been demonstrated to possess 

the unique ability to provide a superior control of the guided-mode diffraction out of high-index 

materials, thus increasing LEE and directionality at the same time [12]. They have yet to be properly 

designed and implemented in MQW CCL! That is the reason why it is the strategy we adopt in this PhD 

thesis. In the following, we present the basic physics required to understand light diffraction by PhCs. 

II.3 Principle of operation of photonic-crystals for light diffraction 

II.3.1 Starting point: extraction issue in a single-mode waveguide 

In order to understand the basic physics of the diffraction process of PhCs, we consider a single-mode 

waveguide operating in transverse-electric (TE) polarization at 640nm. The refractive index of the layer 

is close to the one of red MQW CCL (n=3.49). In a photonic-crystal membrane, each guided mode 

experiences its own diffraction conditions. Therefore, despite our fabricated MQW CCL are multimode 

structures (see the next chapter); we restrict the demo to a single-mode case for the sake of simplicity, 

which can later be applied to other modes as well. 

To determine the height of the waveguide for single-mode operation, we use the FemSIM tool from the 

Rsoft Design Suite, which is a mode solver based on the finite element method (FEM).  

 

Figure II-19: a) Schematics of the AlGaInP thin-film surrounded by air and b) the associated refractive index profile.                                 

c) Effective index calculation of the existing wave-guided modes as a function of the height of the AlGaInP-slab (Hslab). 
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As displayed in Figure II-19-c, the number of guided modes supported by the slab decreases with its 

height, until single-mode operation is reached for heights under ~110nm. In this preliminary study, we 

then choose Hslab=100nm. 

For starters, we perform FDTD simulations (see Appendix A.1 for details about the FDTD method) to 

determine the electric field maps of the transitory and stationary regimes as well as quantify the 

evolution of the flow of light. The results are reported in Figure II-20 for a single y-oriented dipole 

centered inside the slab. 

 

Figure II-20: FDTD simulation of a dipole centered in a 100nm-thick AlGaInP slab. Contour map of the electric field (Ey) in: 

a) the transitory regime and b) the stationary regime. 

We can see that only 1% of the emitted light is directly and symmetrically extracted upwards and 

downwards, while 98% is coupled to the only available TE0 guided mode. As we have seen in the 

previous section, this is worst-case scenario in terms of light extraction (Hslab near λ/2n). In addition, the 

farfield pattern (not shown here) is almost as directional as a Lambertian emission. 

In the following, we investigate how light diffraction by PhCs works for one mode and how it could 

improve the performance of MQW CCL. 

II.3.2 General overview of photonic-crystals 

II.3.2.a Foreword 

 

Figure II-21: Examples of a) 1D, b) 2D and c) 3D photonic-crystals [13]. 

Photonic crystals (PhCs) are a class of optical media represented by natural or artificial structures with 

periodic modulations of the dielectric constant. Depending on the number of spatial directions in which 
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the modulations occur, they can be divided into three broad categories, namely one-dimensional (1D), 

two-dimensional (2D) and three-dimensional (3D) structures as displayed in Figure II-21. 

Understanding the physics of PhCs is clearly a matter of analogy. Similarly to an electron propagating 

within crystals such as semiconductors, when a photon propagates within a PhC lattice, its “interaction” 

with the periodicity of the dielectric constant can introduce photonic band gaps (PBG), frequency gaps 

in which no mode, regardless of k, can propagate. In Figure II-22, we can see the plot of dispersion 

relations of an unpattern medium (simple band folding of the uniform free-photon dispersion relation of 

light: 𝑤 = 𝑘//𝑐) and the one of a PhC where we can observe the PBG. In the latter (right plot), we can 

see that the dispersion curve just below and above the band gap is flatter than the free-photon dispersion 

(left plot). The higher density of photonic states at these frequencies can be utilized to enhance the 

radiative recombination rate (Purcell effect). The reduced group velocity of the light vg = ∂ω/∂k near 

those band-edges enables “slow light propagation” – a regime where non-linear effects are 

enhanced [14].  

 

Figure II-22: Photonic band structure for on-axis propagation in the case of a) bulk and b) layered media [15]. 

The reader is referred to [16] for a more detailed description of photonic crystals and its applications. In 

this PhD thesis, photonic-crystals are etched inside a slab (MQW CCL) as we will see later. 

II.3.2.b Photonic crystal parameters 

A photonic crystal is described by its lattice symmetry, pattern type, lattice period (a), surfacic air-filling 

factor (FF), lateral extent (L) and etch depth. In this PhD thesis, we focus on 1D and 2D lattices (square 

and hexagonal ones16) with two types of patterns (holes and pillars). Those lattices are displayed in 

Figure II-23 and their behavior and interest will be thoroughly studied in the next chapter. 

All the other parameters of the PhCs are shown in Figure II-24 for a color converter on a substrate. 

The air-filling (FF) factor is defined as the ratio of air to total volume of a unit cell. It thus depends on 

the symmetry of the lattice. For 1D, square and hexagonal lattices, it is defined as follows17: 

 
𝐹𝐹1𝐷 =

𝐷

𝑎
,    𝐹𝐹𝑠𝑞𝑢𝑎𝑟𝑒 =

𝜋𝑅2

𝑎2
,     𝐹𝐹ℎ𝑒𝑥𝑎 =

2𝜋

√3
(

𝑅

𝑎
)

2

    
(II-35) 

 
16 A detailed study of the lattice symmetry and its impact will be performed in Chapter III. 
17 For pillars, this corresponds to the “material” filling factor. 
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Figure II-23: SEM images of the different lattice symmetries and pattern types. a) 1D lattice, b) square lattice of air holes, c) 

square lattice of pillars and d) triangular lattice of pillars. 

 

Figure II-24: Description of the parameters of the photonic crystals etched in a color converter on a substrate. 

II.3.2.c Different photonic-crystal integration for increasing light extraction 

There could be different design strategies for increasing light extraction in a MQW color converters 

using photonic crystals [17]. Let us consider a slab within the different cases described in Figure II-25 

with its emission region in red. 

 

Figure II-25: Possible PhC designs. a) Strongly coupled PhC with the active region within the PhC. b) Strongly coupled PhC 

with the emission region separated from the extraction region. c) Weakly corrugated PhC with PhC above the active layer. 

The first case (see Figure II-25-a) is the initial implementation of photonic crystals with complete 

etching of the slab all the way through the active region for SpE control [18]. By operating within 

frequencies inside the PBG or near the band-edges, emission into guided modes could be totally 

inhibited forcing light emission into radiating modes that can escape the color converter. Although this 

strategy seems appealing, we are going to see in the next chapter that etching though the active region 

is very detrimental since it creates non-radiative recombination centers. 

The second approach consists in separating the emission and extraction regions. Due to the reduction of 

the effective emission region and the size of the pixel targeted in AR microdisplays, this strategy would 

not be viable.  

That is the reason why in this PhD thesis, we will adopt the strategy where the photonic crystals are 

etched above the active regions. For those relatively weakly corrugated PhCs (low filling factors and/or 

etch depths), we end up in the “free-photon approximation regime” where band bending or splitting is 

hardly observed [19–21]. In this case, PhCs are merely used for light diffraction with a dispersion related 
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to the band folding of the free-photon dispersion shown in Figure II-22-a. In the following, we 

demonstrate how light diffraction by PhCs works. 

II.3.3 Bragg’s law in a basic 2D problem: case of a single-mode waveguide 

In a PhC, light diffraction is ruled by the vectorial Bragg’s law, which reads as [19]: 

 𝑘⃗⃗𝑑 = 𝑘⃗⃗𝑖 + 𝐺⃗ = 𝑘⃗⃗𝑖 + 𝑚𝐺0
⃗⃗⃗⃗⃗ (II-36) 

In the presence of a PhC whose reciprocal lattice vector is 𝐺⃗, an incident guided mode with an in plane 

wavevector 𝑘⃗⃗𝑖 becomes Bloch-modes by coupling to other harmonics (𝑘⃗⃗𝑖 + 𝑚𝐺0
⃗⃗⃗⃗⃗). When the parameters 

of the PhCs satisfy the diffraction condition in Eq. (II-37), the guided light is diffracted into air [12]. 

 
|𝑘⃗⃗𝑖 + 𝑚𝐺0

⃗⃗⃗⃗⃗| <
2𝜋

𝜆
 

(II-37) 

The Bloch-modes are then referred to as leaky modes, since their power leaks to air as they propagate.  

 

Figure II-26: Principle of operation of a corrugated waveguide. The incident mode (with a wavevector k1) interacts with the 

grating that out-coupled it toward free space with an angle θc. The Bragg law determines the out-coupling angle. 

In the simple 2D case described in Figure II-26, this vectorial Bragg’s law that determines the out-

coupling angle to free space becomes: 

 
𝑘⃗⃗𝑑 . 𝑥⃗ = 𝑘⃗⃗𝑖. 𝑥⃗ + 𝐺⃗. 𝑥⃗    𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑡𝑜   𝑘𝑑𝑠𝑖𝑛(𝜃𝑐) = 𝑘𝑖 +

2𝜋𝑚

𝑎
  

(II-38) 

Here m is the diffraction order and G0=2π/a. The in-plane wavevector ki of the guided mode interacting 

with the grating is defined as a function of the average refractive index18 of the grating 𝑛̅𝑒𝑓𝑓: 

 
𝑘𝑖 =

2𝜋

𝜆
𝑛̅𝑒𝑓𝑓  𝑤ℎ𝑒𝑟𝑒  𝑛̅𝑒𝑓𝑓 =

𝑛𝑒𝑓𝑓1 + 𝑛𝑒𝑓𝑓1

2
 

(II-39) 

Here neff1 and neff2 depend on the local height of the etched slab as depicted in Figure II-26 and their 

values are determined with the modal calculations in Figure II-19-c. We will investigate next the 

necessary conditions to obtain efficient out-coupling of a guided mode to free space with a high 

directionality. 

 
18 This formula for the average effective index holds in the simple effective medium approximation [22] with a 

filling factor of 50%. 
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II.3.4 First-order Bragg lattice: reflection of the guided mode 

A schematic overview of the reflectivity process in a first-order Bragg grating as well as the photonic 

band structure in the first Brillouin zone calculated using the Plane Wave Expansion (PWE) algorithm 

are depicted in Figure II-27.  

The latter shows that the optical mode operates within the first photonic band gap where light 

propagation is strictly forbidden. The interaction with free-space is not allowed. The first propagation 

constant ki corresponding to the incident mode is connected to the propagation constant kd of the 

reflected mode via the grating constant G. 

 

Figure II-27: a) Schematic overview of the reflectivity process in a first-order Bragg grating and b) the associated photonic 

band structure shows that the optical mode operates within the first photonic band gap where the propagation is strictly 

forbidden. 

Following the Bragg relation in Eq. (II-38), we end up with the following relation for the lattice period: 

 
{

|𝑘⃗⃗𝑖| = |𝑘⃗⃗𝑑|

|𝑠𝑖𝑛 (𝜃𝑐)| = 1
    𝑤ℎ𝑖𝑐ℎ 𝑙𝑒𝑎𝑑𝑠 𝑡𝑜   𝑎 =

𝜆

2𝑛̅𝑒𝑓𝑓
  

(II-40) 

This mode of operation is widely used in lasers where photonic-crystals are implemented as DBRs [23], 

but will not be our focus in this PhD thesis. 
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II.3.5 Second-order grating: total extraction and vertical beaming to free space 

The second order gratings, and more generally the higher even-order grating-periods, are structures that 

will be implemented in practical devices since they operate at the Γ-point, i.e. vertically or at normal 

incidence. In Figure II-28, we present the principle of operation of the vertical extraction process in a 

second-order Bragg grating as well as the photonic band structure showing that the optical mode 

operates in the middle of first Brillouin zone.  

 

Figure II-28: a) Principle of operation of the vertical extraction process in a second-order Bragg grating and b) the associated 

photonic band structure showing that the optical mode operates in the middle of the first Brillouin zone, at the Γ-point. 

In this configuration, the first propagation constant ki corresponding to the guided mode interacts with 

the propagation constant kd (θc=0, Γ) of the extracted mode via the grating constant G=2π/a. Since the 

relative energy frequency falls above the light line, then only for the Γ-point, and not for other Γ± m2π/a, 

vertical-emission is the only way to communicate with free-space. According to the Bragg’s law, we 

can write: 

 
𝑠𝑖𝑛(𝜃𝑐) = 0  𝑤ℎ𝑖𝑐ℎ 𝑙𝑒𝑎𝑑𝑠 𝑡𝑜 𝑎 =

𝜆

𝑛̅𝑒𝑓𝑓
 

(II-41) 
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We use additional FDTD simulations to validate the previous semi-analytical approach. In Figure II-29, 

we report on the layout of the corrugated structure as well as the initial conditions. The height of the 

slab and the etch depth are 110nm and Hslab/3. In order to prevent from diffractive-effects occurring at 

the edges of the structure, we choose a device length Ldevice higher than the free-space coupling length19 

Lcoupling so that the structure can be considered quasi-infinite. The fundamental TE0 mode, the only 

available mode in this single-mode waveguide, is launched from the left side of the waveguide. 

 

Figure II-29: Layout of the device and initial conditions used for FDTD simulations. 

 

Figure II-30: FDTD simulation results. a) Contour map of the electric field (Ey) in the stationary regime and b) farfield. 

In Figure II-30, we show the FDTD simulation results. We can see in the left plot that all the power 

carried by the waveguided-mode is equally extracted upwards and downwards (50%). As shown in the 

right figure, the emission is highly directive and its FWHM is ~3°20. It is worth noticing that for the 

same lattice period, one cannot diffract at the Γ-point two different effective indices. In the next chapter, 

we will propose a novel methodology for shaping the radiation patterns into directional ones even in 

multimode waveguides (sustaining more than one effective index). 

 
19 The coupling or saturation length is the device length necessary for all the guided light to be extracted in air. It 

is different from the extraction length, which is the 1/e decay length. 
20 In the next chapter, we will see that this value strongly depends on the grating strength, which fixes the “natural” 

penetration depth in the grating before being out-coupled. 
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II.3.6 Higher order Bragg gratings 

For higher even-order (m>2), other free-space Bloch modes are available above the light line, thus the 

guided mode can be diffracted within different angles. Using FDTD simulations with a grating period 

of 474nm (2λ/𝑛̅𝑒𝑓𝑓) corresponding to the 4th Bragg order, we obtain (see Figure II-31-a) that all the 

power carried by the waveguided-mode is equally extracted upwards and downwards (50%) as for the 

second-order grating. However, we can observe in the electric field map distribution that the penetration 

depth is significantly lower. This can be understood as follows: for vertical extraction, the penetration 

depth is higher because the associated grating strength is lower and for other diffraction angles, 

especially large ones, the extraction process occurs faster since the grating strength is higher. This 

particular point will be further investigated in the next chapter. 

In Figure II-31-b, we see the resulting farfield emission pattern, which, as predicted, present additional 

peaks at ±69°. This thus results into a less directional farfield than the one of the second Bragg order. 

 

Figure II-31: FDTD simulation results. a) Contour map of the electric field (Ey) in the stationary regime and b) farfield pattern 

showing with three peaks at 0° and at ±69°. 

II.3.7 Incoherent multiple-dipoles emission in a second-order grating 

We have explained the principle of operation of the interaction in-between a guided mode and a free-

space mode through a grating. In particular, we saw that interaction with radiation modes occurs for 

even orders. In the case of a quasi-infinite structure, the directionality of the emission is ensured with a 

grating operating at the second-Bragg order. In this subsection, we will investigate the emission of an 

incoherent source distributed along the device similar to conditions of our MQW CCL. To simulate 

the incoherence, FDTD simulations of dipoles were combined (see Appendix A.1) and the 

convergence was obtained with a single source plane comprising 50 dipoles (or equivalently 50 

simulations) homogeneously distributed along one period of the PhC patterns. 

In Figure II-32 and Figure II-33, we show the electric field plot (Ey component) and the extraction 

ratio (light extraction efficiency) as a function of the number of periods, respectively. From these 

simulations, we can extract the coupling length defined by the asymptote highlighted in red. More than 

130 periods are needed to extract all the light. We can also notice that light extraction is equally 

distributed, upwards and downwards. 



SpE modeling and basics of photonic-crystals for light extraction and farfield-pattern engineering 

56 

 

 

Figure II-32: FDTD simulation of one dipole located in the middle of the slab: contour map of the electric field (Ey) in the 

stationary regime. 

 

Figure II-33: 50 dipoles FDTD simulation: Extraction ratio convergence as a function of the domain size (number of periods). 

 

Figure II-34: 50 dipoles FDTD simulation: farfield emission diagram (Cartesian and polar plot). 

The farfield emission diagram is presented in Figure II-34. The pattern is different from the previous 

study (see Figure II-30-b) since its shape is now the result of a combination of direct emission to free-

space and the extraction of the guided-mode. However, the emission remains highly directive compared 

to unpatterned structures. 

This concludes our discussion on how diffraction by PhCs works. 
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II.3.8 Conclusion on the analytical and numerical analysis 

We have seen in the previous 2D analysis that a photonic-crystal light extractor has a coupling length, 

which is set by its coupling strength and partly depends on the grating depth. Theoretically, all the light 

can be extracted if the lateral extent of the device is higher than its coupling length. The second important 

feature of the gratings concerns their ability to shape at the same time the Lambertian-like radiation 

patterns into directional ones depending on their lattice period: a second-order grating ensures a vertical 

beaming at the wavelength-scale. The link between the grating strength and the FWHM has also been 

pointed out.  

II.4 Conclusion 

Spontaneous emission (SpE) is the key physical phenomenon underlying light emission processes in 

MQW color-converters. We have developed a novel SpE-modification modeling framework based on 

generalized 3x3 transfer-matrices. Its accuracy and validity have been demonstrated. Using this model, 

light extraction issues have been thoroughly analyzed, emphasizing the fact that standard planar 

strategies ranging from epitaxial design to SpE redistribution fail to optimize simultaneously both LEE 

and directionality. On the other hand, we have seen that when properly designed, photonic-crystals have 

the unique ability to alleviate the light extraction issues while shaping the radiation patterns into 

directional ones. 

In the next chapter, we deal with the investigation of the roles of opto-geometrical properties of bare 

PhCs  (lattice symmetry, lattice period, filling factor, lateral extent, etch depth) in real-life MQW color 

converters bonded on transparent substrates in order to devise innovative routes to circumvent the issues 

related to light extraction and extraction lengths as well as radiation-pattern control. 
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III.1 Introduction 

The overall integration strategy presented in the first chapter is very intricate, which is why we have 

devised strategies aiming at decorrelating all the physical phenomena at play through three fabrication 

lots. In this chapter, we deal with the LOT I, where AlGaInP/InGaP MQW color-converting layers 

(CCL) are bonded on transparent substrates and then etched for photonic-crystal (PhC) fabrication. We 

will start with the device fabrication from the bonding of the CCL on substrates to the PhC fabrication. 

Next, we use photoluminescence (PL) measurements for proof-of-principle demonstration of blue-to-

red color conversion. We ultimately tackle the challenges related to MQW CCL before highlighting 

design guidelines to pave the way for their implementation on RGB microdisplays [1,2]. 

III.2 Device fabrication 

Red MQW CCL are grown lattice matched on 3-inch diameter GaAs substrates. One of the critical 

technological steps of their integration on blue µ-LED arrays is their transfer on receiving substrates. 

This transfer is done on the same technological basis as used for bonding hybrid III-V lasers onto SOI1 

substrates in integrated photonics and will be demonstrated on transparent substrates. 

The MQW CCL are epilayers from Landmark2 and the technique used for their development will not be 

detailed here. Its structure is provided in Table III-1, with its peak emission wavelength at ~640nm and 

a full width at half-maximum (FWHM) of ~20nm. Layers from 0 to 3 will be removed during the 

integration process. The device fabrication was achieved in CEA-LETI’s 200mm cleanroom facilities. 

Process development was performed on most of the steps of the flow before obtaining a functional 

process flow for these devices, but we only highlight here the main ones. 

Table III-1: III-V epitaxial growth layer structure and characteristics. 

Layer Material 
 

Thickness 
 

Refractive indices at 

λ=640nm 

0: Substrate GaAs 625 µm  

1: Buffer layer U-GaAs 200 nm  

2: Etch-stop layer U-InGaP 300 nm  

3: Sacrificial layer U-GaAs 50 nm  

4: Cladding U-(Alx2Ga1-x2)0.52In0.48P 200 nm n=3.4 

5: MQW barrier U-(Alx1Ga1-x1)0.52In0.48P 70 nm n=3.44 

6: MQW region 4⨯U-InyGa1-yP/ 

5⨯U-(Alx1Ga1-x1)0.52In0.48P 

4.4 nm/ 

8.7 nm 

naverage=3.49 

7: MQW barrier U-(Alx1Ga1-x1)0.52In0.48P 70 nm n=3.44 

8: Cladding U-(Alx2Ga1-x2)0.52In0.48P 200 nm n=3.4 

9: Bonding interface U-GaAs 20 nm  

The first step is to transfer this epilayer onto a transparent substrate. The receiving substrate is a 200mm 

transparent borosilicate wafer encapsulated with a 1.2µm-thick SiO2 layer deposited by PECVD, 

 
1 Silicon On Insulator 
2 Landmark Optoelectronics Corporation is a major supplier in GaAs and InP epitaxial wafers using MOCVD 

reactors. 
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followed by chemical-mechanical polishing (CMP) to enable planarization of the wafer and limit the 

interface roughness3. Since SiO2 does not adhere well on GaAs, we use a 10nm-thick alumina 

intermediate bonding layer deposited by atomic layer deposition (ALD) on layer 9. The two surfaces 

are then cleaned and oxygen plasma ensues to activate them by creating a high density of hydroxyl 

groups (-OH) [4], which will allow the formation of covalent Al2O3-SiO2 bonds. We then achieve the 

bonding by putting the wafers in contact at room temperature. Subsequently, to reinforce it they are then 

annealed at 200°C for 2 hours, which enables to release the gasses produced and trapped during the 

bonding reaction [4]. This post-bonding annealing will thus limit the formation of bonding interface 

voids [5], which could be detrimental to the remaining process steps4. A scanning acoustic microscopy5 

(SAM) image of the bonded red MQW CCL is shown in Figure III-1-a, where we can observe that we 

achieved a successful transfer of the epilayer with a high bonding yield (>90%). 

 

Figure III-1: a) Scanning acoustic microscopy (SAM) image of the bonded epi-layer before substrate removal. b) Picture of 

the bonded epi-layer (in red) after substrate and sacrificial layer removal. 

Thereupon, the GaAs substrate and the sacrificial layers (layers 0 to 3) are removed by highly selective 

wet etching processes. The GaAs substrate and GaAs buffer layer (layers 0 and 1) are both removed 

using NH4OH (1) / H2O2 (1) / H2O (5) heated solution. Afterwards the InGaP etch-stop layer (layer 2) 

is removed using HCl (1) / H3PO4 (1) solution at ambient temperature, and then the last GaAs sacrificial 

layer (layer 3) is removed using the same NH4OH-based chemical solution. All those wet etching 

processes are followed by a water rinse. In Figure III-1-b, we show a picture of the bonded epi-layer 

after substrate and sacrificial layer removal on the 200mm transparent substrate6. The remaining epi-

layer thickness is ∼600nm, which is enough for complete blue-light absorption as mentioned before. 

We then define the PhCs using a top-down pattern transfer method. First, a hard mask comprising a 

150nm-thick PECVD SiN and a 10nm-thick PVD TiN has been deposited. The SiN hard mask is used 

because of selectivity issues between the photoresist and the III-V material while the additional TiN 

 
3 To make the bonding possible, interfaces’ roughness for both the epilayer and the transparent substrate needs to 

be less than 0.5nm root-mean-square (RMS) [3]. 
4 During the PECVD-SiN hard-mask deposition at high temperatures, the voids in the unbonded regions can cause 

delamination of the III-V red epilayer. 
5 In an acoustic analysis, the parts in white correspond to places where the bonding energy is not strong enough. 
6 The transparent substrates were made opaque with a SiN-TiN bilayer to be able to adapt to 200mm cleanroom 

facilities. 
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layer is for charge evacuation during e-beam lithography. After a 400nm-thick photoresist7 was spun on 

the hard mask, PhC patterns were defined using e-beam lithography, preceded by an exposure dose 

sweep across the wafer to determine the optimal dose for the fabrication of patterns with the most critical 

dimensions. The said patterns are then transferred into the hard mask by chlorine-based and by 

fluorocarbon-based RIE for TiN and SiN layers, respectively. After hard mask etching, the photoresist 

residues were stripped by O2 plasma in nitrogen atmosphere. The PhC patterns were subsequently 

transferred into the epi-layer. This transfer was performed using chlorine-based ICP-RIE (Cl2 /Ar), 

where the etch rate was controlled in-situ using laser end-point detection. The hard mask was then 

removed by SF6-based RIE to preserve the surface of the epilayer.  

 

Figure III-2: Scanning electron microscopy (SEM) images of the fabricated photonic-crystal structures. a) 1D lattice (top) and 

hexagonal lattice of air holes (bottom) with a lattice period of a=500nm and lateral extents Lextent of 3 and 5 periods, respectively. 

b) Square lattice of nanopillars with a=500nm and Lextent of 3 (top) and 25 periods (bottom). c) Square lattice of air holes with 

a=700nm and Lextent of 3 (top) and 50 periods (bottom). 

We have fabricated PhCs with different opto-geometrical parameters. The lattice symmetry order has 

been increased from two- to six-fold (1D, square and hexagonal), with two pattern-types for the square 

lattice (air holes and nanopillars) and only air holes for others. Square lattice of air holes, square lattice 

of nanopillars and hexagonal lattice of air holes will be referred as SLAH, SLNP and TLAH, 

respectively. For each lattice and pattern-type, different structures with different lattice periods have 

been fabricated: lattice periods from 400nm to 700nm with a step of 50nm. The lower and upper limits 

are to ensure that each of the guided modes supported by our CCL can be prone to diffraction into air8 

and there can be enough diffractive elements in pixel sizes compatible with microdisplay applications, 

respectively. For a given lattice period, PhC structures with different lateral extents (lateral sizes in 

number of periods of the photonic crystals) have been fabricated: 3, 5, 10, 25, 50 and 100 periods. For 

 
7 During e-beam lithography, the thickness of the photoresist needs to be low enough to be able to write the patterns 

with the most critical dimensions (CDs) on the layout and high enough for the hard-mask etching. The value of 

400nm has been chosen according to that. 
8 With very low lattice periods, guided modes with high effective indices might not be diffracted outside. 
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all those fabricated structures, variants with two different etch depths have been fabricated: etch depths 

of ∼188nm (∼82nm above the emission region) and ∼288nm (when PhC patterns are etched in the 

active region). The air-filling factor (FF) defined in the previous chapter was kept around 20% for 1D 

lattice, SLAH and TLAH, whereas it was around 60% for the SLNP, due to technological constraints. 

We additionally fabricate SLAH with FF~50% to better our understanding of the effect of this 

parameter. SEM images of some of the fabricated structures are displayed in Figure III-2 along with 

the detailed process flow of the devices in Figure III-3. Moreover, in order to be able to perform 

statistical analyses and rule out fabrication errors, we fabricated arrays of structures (>5 × 5) for each 

set of opto-geometrical parameters as shown in Figure III-4.  

 

Figure III-3: Detailed flow chart of the device fabrication process. 

 

Figure III-4: GDS design (left) and optical microscope image of the fabricated devices at the end of the process (right). 

We have thus demonstrated a robust process flow based on an oxide-mediated molecular bonding with 

high bonding yield (>90%), which is promising for the transfer of those MQW CCL on blue µ-LED 
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arrays. The PhC patterns have also been successfully fabricated with quite controlled opto-geometrical 

parameters (variations of ±10nm depending on the pattern type) over the whole wafer. 

III.3 Characterization procedures 

In this section, we present the two characterization setups used in this PhD work. 

III.3.1 Micro-photoluminescence  

To evaluate the photoluminescence enhancement factors by the PhCs, we performed micro-

photoluminescence (µ-PL) measurements with a LabRAM PL setup from Horiba described in Figure 

III-5. An incoming laser line (405nm or 514nm for blue or green excitations, respectively) is focused at 

normal incidence by an excitation microscope objective. The same objective was also used to collect 

the emitted PL signals, which are then dispersed by a spectrometer. The resulting spectra are then 

collected with a CCD camera.   

 

Figure III-5: a) Schematics and b) annotated picture of the micro-photoluminescence setup at CEA-LETI. 

For LEE enhancement factors, we use an excitation objective whose numerical aperture (NA) is 0.9, 

which is enough9 to collect all the emitted light. Simultaneously, both reference spectra (for unpatterned 

MQW) and spectra of the patterned structures were measured to evaluate PL enhancement factors by 

the PhCs and thus LEE enhancement. 

We also conducted time-resolved PL measurements (TRPL) to analyze the variations of the internal 

quantum efficiency (IQE) induced by the PhCs. This was performed using the aforementioned setup, 

albeit slightly modified. For the excitation, we used instead a picosecond laser-diode head with an 

excitation wavelength of 376nm10, a FWHM of 50ps with a repetition rate of 5MHz for pulsed operation. 

 
9 Additional 3D-FDTD simulations of the farfield patterns shown in the Appendix B.2 help us determine that more 

than 85% of the emitted light is collected with a NA of 0.9. 
10 This was the only pulsed laser available in our lab. Carrier dynamics and thermalisation processes are not the 

same for UV and visible (blue or green) light, however these TRPL measurements provide us with a good insight 

of IQE variations. 
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TRPL signals were collected using the single photon avalanche diode (SPAD) displayed in Figure III-5-

a, that counts photons emitted at the peak emission wavelength ~640nm. 

III.3.2 Back focal plane imaging for radiation-pattern measurements 

To analyze the directionality of the fabricated MQW CCL, we also performed azimuthal and spectrally 

resolved (SR) farfield measurements using back focal plane (BFP) imaging. An overview of the core 

principle of BFP imaging from a geometric optics point of view is sketched in Figure III-6 along with 

an annotated picture of the setup.  

A 405nm laser line was focused at normal incidence by a microscope objective (MO) with NA=0.75 

that also collected the emitted PL signals. Light emitted in a certain direction θ is focused into a point 

in the BFP of the MO. We re-image the back focal plane by using a Fourier lens and a focus lens. The 

Fourier lens is placed so that its object-side focal plane corresponds to the BFP of the MO. Thus, light 

rays coming out of the Fourier lens are parallel. Subsequently, light is focused into a point at the BFP 

of the focus lens. 

 

Figure III-6: Sketch of the back focal plane imaging setup at INL (top) and annotated picture of it (bottom). 

Concerning azimuthal radiation measurements, the image of the BFP is directly collected with a 1024 x 

256 CCD camera Syncerity, Horiba. We thus obtain the 2D momentum space (kx, ky) distribution of 

the PL signal emitted from the CCL, integrated over the whole emission spectrum. For better 

visualization, the obtained patterns will be plotted in polar coordinates where the polar radius and angle 
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correspond to the acceptance angle (θ) and the azimuthal angle (φ), respectively, as displayed in Figure 

III-7-a.  

For the SR farfield measurements, the image of the BFP is projected onto the entrance slit of a 

spectrometer microHR, Horiba. The sample needs to be positioned so that the high symmetry direction 

along which we wish to perform the measurements is aligned with the entrance slit. In this scheme, the 

grating inside the spectrograph disperses the incoming signal along the energy axis. The spectrometer 

output signal is then captured in the CCD camera. This setup eventually provides the energy-momentum 

dispersion diagram along a selected direction as shown in Figure III-7-b. 

 

Figure III-7: a) Image of the BFP (azimuthal patterns). b) Setup for acquisition of spectrally resolved farfield measurements. 

III.4 Extraction lengths 

In this section, we establish some key design guidelines regarding the optimization of the extraction 

lengths.  

 

Figure III-8: Emitted PL spectra from a laser excitation at 514nm, for the microscope objective with NA=0.9, for 10-period 

structures. a) SLNP and b) SLAH (FF~20%). PL spectra of the unpatterned structures are also added. 

In Figure III-8, some of the measured PL spectra for the MO with NA=0.9 are reported. These 

measurements were performed using the micro-PL setup presented in the previous section. Since we 

obtain similar results for both excitation lasers at 405nm and 514nm, only results with the 514nm laser 
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line are shown here for the sake of clarity. Moreover, for sections III.4, III.5, III.6 and III.8, we only 

investigate devices with an etch depth of ~188nm. Both PhC and reference structures have spectra with 

the same Lorentzian shapes (emission peak at ~640nm, FWHM of ~20nm) with much higher peak 

intensities for patterned structures depending on the opto-geometrical parameters of the PhC structures. 

To better quantify those PL gains, we rely on LEE enhancement factors, which are the ratios between 

spectrally integrated PL signals for the patterned and unpatterned structures. It thus reads as: 

 

𝜂𝐿𝐸𝐸 =
∫ 𝐼𝑃ℎ𝐶(𝜆)

750𝑛𝑚

550𝑛𝑚
𝑑𝜆

∫ 𝐼𝑢𝑛𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑(𝜆)
750𝑛𝑚

550𝑛𝑚
𝑑𝜆

. 
(III-1) 

Here IPhC and Iunpatterned are PL intensities collected by the microscope objective with NA=0.9 for 

patterned and unpatterned structures, respectively. 

In Figure III-9-a, we present the experimental LEE enhancement factors as a function of the lateral 

extent for SLNP with a lattice period of 400nm.  

 

Figure III-9: a) LEE enhancement as a function of the lateral extent for SLNP with a=400nm. b) Experimental extraction 

lengths as a function of the lattice period for SLAH with FF of ~20% and ~50% and for SLNP. 

As the lateral extent increases, the amount of extracted light increases as well which increases LEE 

enhancement until it saturates at ~7.75 for SLNP with a=400nm. To extract the corresponding extraction 

lengths for each of our devices, we propose a phenomenological model derived from the standard 

coupled-mode theory11, which expresses LEE enhancement as a function of the PhC lateral extent L. In 

the framework of our model, LEE enhancement reads as: 

 𝜂𝐿𝐸𝐸(𝐿) = 𝜂𝐿𝐸𝐸 0 + η𝐿𝐸𝐸𝑚𝑎𝑥,𝑃ℎ𝐶 × 𝑡𝑎𝑛ℎ2(𝜘̅ × 𝐿). (III-2)               

Here 𝜂𝐿𝐸𝐸0 accounts for direct light emission without guided Bloch-mode extraction (see the previous 

chapter), while 𝜂𝐿𝐸𝐸𝑚𝑎𝑥,𝑃ℎ𝐶 accounts for the maximum light extraction of guided Bloch-modes. The 

tanh function takes into account both propagating and counterpropagating guided Bloch modes, 𝜘̅ is the 

 
11 This phenomenological model is derived from the standard formula that links the reflectivity of a distributed 

Bragg reflector (1st order Bragg grating) to the associated coupling strength and grating length. 
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mean coupling strength (strength of the coupling between the guided Bloch-modes inside the CCL and 

the radiated modes in the air) over all the diffracted modes and L is the PhC lateral extent [6]. 

We implemented this model to fit the measured LEE enhancement factors as a function of the lateral 

extent of the PhC structures. The fitted curve is displayed in Figure III-9-a along with fit details in the 

inset, which allows us to determine the mean coupling strength as a function of the lattice period. We 

subsequently repeated this procedure for each lattice type, pattern and period to obtain the coupling 

strengths of all the fabricated devices12. Thereupon, from those mean coupling strengths, we calculate 

the mean extraction lengths using the equation below [7]: 

 
𝐿𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

1

𝜘̅
. 

(III-3)      

The results are displayed in Figure III-9-b for SLNP (FF~60%) as well as SLAH (FF~20% and 

FF~50%). The nature of the diffracted mode (effective index and order) depends on the lattice period 

through the Bragg’s law. Since each of the guided Bloch-modes possesses its own coupling strength 

depending on its interaction with the phC patterns [8], then the extraction lengths strongly depend on 

the lattice period as we can observe.   

For SLAH with FF~20%, the extraction lengths are the highest (between ~3 and up to ~13µm). This 

suggests that the coupling strength between the guided Bloch-modes and radiated modes is not 

optimized at this low FF. SLNP on the other hand (FF~60%) exhibits a far better interaction with the 

guided Bloch-modes and therefore displays shorter extraction lengths between ~2µm and ~7µm. 

Moreover, by increasing the FF of SLAH from ~20% to ~50% near the ones of SLNP, we end up 

shortening the extraction lengths down to values between ~1.6 and 6.5µm. A further increase of FF 

would have a detrimental impact on the coupling strength as explained in [8,9]. Indeed, higher FF values 

over ~50% decrease the squared Fourier transform of the PhC dielectric map, which is proportional to 

grating strength [9]. Therefore, FF values of ~50% are enough to provide quite efficient coupling 

between guided Bloch-modes and PhC patterns. 

On a device point of view, there are thus two main conclusions from this brief analysis. On the one hand, 

it appears that the extraction lengths can be optimized (made shorter than the lengths of our devices) 

with a proper choice of the lattice period and etch depth. In this study, we have maintained the etch 

depth at around the third of the epilayer thickness, which ensures an efficient coupling between the 

guided modes and the PhC patterns13. In addition, we have seen that the air-filling factor is another key 

lever to optimize the coupling strength and shorten down the extraction length. It appears that keeping 

it around 50% could help reach extraction lengths as short as 1.6µm, which is clearly suitable for our 

targeted AR applications. 

 
12 Since for each set of opto-geometrical parameters, arrays of structures have been fabricated, statistical analyses 

were also performed by randomly choosing four PhC structures for each measurement. The resulting standard 

deviations between measurements are very small (<0.05), which shows very good repeatability of the fabrication 

process in the 200mm clean room facilities and consistency of the measurements. 
13 A thorough discussion on the role of the etch depth will be conducted in Section III.7. 
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III.5 Light extraction efficiency enhancement  

It appeared from the previous observations that the extraction lengths for all the fabricated devices are 

between ∼1.6 and ∼13μm. Hence, the structures with a lateral extent of 100 periods can be considered 

“infinite” since their lateral extents are far longer than the extraction lengths in the range of our lattice 

periods. The LEE enhancement factors are displayed in Figure III-10 as a function of the lattice period 

for the structures with a lateral extent of 100 periods. For SLAH, due to similar values for the two 

different air-filling factors, only devices with FF~20% are displayed for the sake of clarity. 

 

Figure III-10: Light extraction efficiency enhancement as a function of the lattice periods for 1D lattice, SLAH, SLNP and 

TLAH with a lateral extent of 100 periods. 

For SLNP, LEE enhancement only weakly depends on the lattice periods with high enhancement factors 

between ~7 and ~9. For the other lattices on the other hand, there is a slight increase of LEE enhancement 

with increasing lattice period from ~1.5 for a=400nm to ∼3 for a=700nm. Thus, the highest values of 

LEE enhancement are obtained for SLNP.  

Light extraction is generally in competition with absorption processes such as metal absorption or QW 

re-absorption. However, typical QW re-absorption lengths in our structures are ~100μm [10], which is 

much larger than our found extraction lengths and there is no metallic layer in our structures. We can 

therefore safely say that light extraction plays the preponderant role in our structures. Excitation-power 

dependent PL measurements have also been performed (see Appendix B.1) to verify that the 

experimental enhancement factors do not vary with the excitation power, which confirms the previous 

considerations. The remaining part of the light is then diffracted toward the substrate, since PhC 

structures with large lattice periods (larger than second Bragg order, which is around 200nm in our case) 

can open many diffraction channels toward the transparent substrate [8]. Therefore, the highest LEE 

enhancement obtained for pillars means there is more diffraction toward the substrate for holes than for 

pillars [1]. In the next chapter, we will investigate the possibility of benefiting from the electrical contact 
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at the bottom of the blue µ-LED as a back reflector, to harness this light diffracted toward the substrate 

and thus favor top emission. We will then see that, in terms of LEE enhancement, pillars and holes, no 

matter the lattice symmetry, can reach similar values. 

Therefore, it appears that we can obtain high LEE enhancement factors up to x9 paired with very short 

extractions down to ~2µm, which is compatible with our targeted AR applications. It was also found 

that LEE enhancement could be quasi-independent on the lattice period. Moreover, we have highlighted 

the importance of harnessing light diffracted toward the substrate to grasp the ultimate performances of 

our devices. We can finally note that increasing the lattice symmetry order over four-fold (more than a 

square symmetry) does not seem to help much in the optimization of light extraction. Even 1D lattices 

only lead to a slight decrease in LEE enhancement compared to square lattices. These considerations 

will be further examined in the next chapter for on-silicon devices with a back-reflector. 

In the next section, we tackle the directionality issues. 

III.6 Directionality 

In this section, we provide novel design guidelines for directional emission from our MQW CCL through 

an in-depth analysis of the measured azimuthal and spectrally resolved farfield radiation patterns as well 

as a modal analysis based on coupled-mode theory and the herein-developed spontaneous emission 

(SpE) model. The first three subsections will only concern square lattices (SLAH with FF~20% and 

SLNP with FF~60%). The impact of the lattice symmetry and FF on the farfield shape will then be 

further examined in Subsection III.6.4. Besides, we only consider structures with lateral extent of 100 

periods so that the MQW CCL can be considered laterally “infinite”.14 

III.6.1 Azimuthal radiation patterns and directionality 

The measurements were performed using the BFP imaging setup described in Section III.3.2 and the 

resulting azimuthal radiation patterns (each of them normalized with its maximum value) are displayed 

in Figure III-11. 

For the unpatterned CCL, we unsurprisingly obtain shapes with concentric rings and the highest 

intensities emitted at θ~45°, since only directly emitted light inside the air cone, which exhibits a circular 

symmetry in the planar case, appears in the farfield pattern. However, for the patterned CCL, the farfield 

shapes are more intricate. Indeed, both pattern types exhibit emission shapes where bands corresponding 

to the diffraction of guided Bloch-modes by the PhC are superimposed on a homogeneous background 

corresponding to the directly emitted light [11]. The previous circular symmetry is now broken into a 

four-fold symmetry, which is inherent to the square symmetry of the PhC lattice. 

 
14 It is a bit a tricky to measure farfield patterns of devices with a short lateral extent. Indeed, since our 

measurements are based on BFP imaging, the Heisenberg uncertainty principle applies. It implies that structures 

with a short lateral extent (in the real space) will result into farfield shapes with high Δk in the Fourier space. As 

a result, with short-sized pixels, we often end up with farfield patterns without any diffracted bands making the 

band-structure analysis impossible. 
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Regarding SLAH, the radiation patterns are strongly lattice-period dependent. For example, while the 

structures with lattice periods of 400 and 450 nm reveal highly directional emission patterns with most 

of the diffracted light inside a cone with an apex angle of ∼9° for a=450 nm, the radiation pattern for 

a=500 nm exhibits almost no diffraction close to normal incidence. For a=550 nm, the radiation pattern 

is more intricate with emission close to normal incidence and at the periphery of the farfield shape15. 

 

Figure III-11: Normalized azimuthal farfield emission shapes for the a) unpatterned CCL, CCL with b) SLAH and c) SLNP. 

For SLNP on the other hand, there is light diffraction close to normal incidence for all lattice periods 

with farfield shapes different from those of SLAH. Particularly, for a = 500 nm, the radiation pattern 

exhibits two sets of four diffraction bands rotated by an angle of 45°, yielding a four-branch-star-shaped 

farfield pattern. This corresponds to the azimuthal angle difference between the ΓX- and ΓM-directions 

of the square lattice and, therefore, suggests that both first and second order diffraction (first and second 

nearest sets of four neighbors in the reciprocal lattice)16 contribute to the light extraction processes at 

this lattice period [11,12]. The same behavior can also be observed for SLNP with lattice periods of 450 

and 550 nm and for SLAH with a lattice period of 550 nm. Additional 3D-FDTD simulations of these 

 
15 As we have seen in the numerical analysis of the second chapter, increasing the lattice period allows additional 

diffraction orders to occur. 
16 In the reciprocal lattice, the first nearest set of neighbors are responsible for the first diffraction order, the second 

nearest neighbors for the second diffraction order, etc. Thus, in the case of a square lattice, the first diffraction 

order corresponds to ΓX, the second to ΓM, the third to 2. ΓX, etc. 
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farfield patterns have been performed for the sake of comparison. The corresponding results can be 

found in Appendix B.2, with shapes that are in close agreement with the measured ones. 

As we have already mentioned in the introductory chapter, directionality is a key figure of merit (FoM) 

for our targeted AR applications. It then needs to be quantified from the above-displayed farfield 

patterns. The total integrated intensity within the acceptance angle θ can be calculated as follows: 

 
𝑃(𝜃) = ∫ ∫ 𝐼(𝜃′, 𝜑) sin(𝜃′) 𝑑𝜃′𝑑𝜑

𝜑=2𝜋

𝜑=0

𝜃′=𝜃

𝜃′=0

, 
(III-4) 

Here I is the emitted intensity (integrated over the whole emission spectrum), θ is the acceptance angle 

[apex angle of the acceptance cone related to the numerical aperture (NA) by NA= sin (θ)], and φ is the 

azimuthal angle. In this framework, directionality reads as: 

 
𝐷(𝜃) =

𝑃(𝜃)

𝑃(90°)
, 

(III-5) 

For a Lambertian emitter [2], the directionality is DLambertian (θ) = (sin (θ))2. In particular, it means that 

only 25% of the emitted light is concentrated into a cone with an apex angle of 30°, which would imply 

light losses in the whole AR devices. In the following, we use the measured azimuthal farfield radiation 

patterns to evaluate directionality enhancement as the ratio between directionality of the PhC structures 

and directionality of a Lambertian emitter used as a reference. It reads as:  

 
𝜂𝐷(𝜃) =

𝐷𝑃ℎ𝐶(𝜃)

𝐷𝐿𝑎𝑚𝑏𝑒𝑟𝑡𝑖𝑎𝑛(𝜃)
. 

(III-6) 

This quantity needs to be optimized for our targeted AR applications, particularly close to normal 

incidence (θ→0°). 

The results are given in Figure III-12 on a semi-log scale. For the sake of comparison, the directionality 

enhancement of the unpatterned CCL is also displayed. As expected from the azimuthal farfields, 

directionality enhancement depends on both the pattern type and the lattice period. 

For SLAH, while directionality enhancement depends only weakly on the lattice period at high 

acceptance angles, it becomes lattice-period dependent for decreasing acceptance angles as a result of 

the strong variations of the azimuthal farfield patterns observed previously. Although almost all lattice 

periods exhibit a substantial increase in directionality enhancement for decreasing acceptance angles, 

the optima for SLAH are a = 400 nm and a = 450 nm, offering the highest directionality enhancement 

factors close to normal incidence (∼4.25 and ∼4.75, respectively), as expected from their highly 

directional emission patterns in Figure III-11. The lattice period a = 500nm, on the other hand, exhibits 

the lowest directionality enhancement close to normal incidence, even lower than that of the unpatterned 

CC, with a decrease from ∼2 at 49° to less than ∼1.5 at ∼5° before reaching ∼2.7 close to normal 

incidence. This stems from the quasi-absence of light diffraction close to normal incidence in the 

corresponding farfield pattern (see Figure III-11). The lattice period 550 nm, on the other hand, exhibits 

an intermediate value of ∼3.25 close to normal incidence (still higher than the unpatterned CC), as a 

result of the light diffraction close to normal incidence and at the periphery of its farfield shape. 
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For SLNP, directionality enhancement depends similarly on the acceptance angles with lower values for 

some lattice periods. Nonetheless, contrary to SLAH, it only weakly depends on the lattice period: e.g., 

close to normal incidence, it is between ∼3.4 for a = 500 nm and ∼3.6 for a = 450 nm. Besides, we can 

note that all lattice periods exhibit higher directionality enhancement than the unpatterned reference 

CCL. 

 

Figure III-12: Directionality enhancement for patterned CCL with a) SLAH and b) SLNP along with unpatterned CCL. 

From this analysis, it appears that by correctly choosing the pattern type and the lattice period, 

directionality can be significantly enhanced over Lambertian emission. For our fabricated structures, 

SLAH with lattice periods of 400 and 450 nm are the optima, exhibiting sizable gains in directionality 

in the range of the measured acceptance angles (up to ×4.75 close to normal incidence). Besides, we 

have seen that increasing the lattice period to higher order diffraction leads to a directionality decrease 

in our structures due to additional diffraction angles occurring away from normal incidence. We can 

also note a peculiar behavior of SLAH with a lattice period of 500 nm whose directionality enhancement 

is even lower than that of the unpatterned reference for low acceptance angles because of the quasi-

absence of light diffraction close to normal incidence. For the same lattice type and the same lattice 

period, SLNP did not exhibit this type of behavior.  

All these points will be analyzed in next subsection. 

III.6.2 Spectrally-resolved farfield emission profiles 

In this section, we further investigate the diffractive properties of the PhC structures and their impact on 

the directionality of our CCL by using spectrally resolved farfields. The experimental setup is the one 

described in Section III.3.2. A polarizer was used to detect selectively s- and p-polarized light [13]. For 

the sake of comparison, we also performed similar measurements for the unpatterned CCL. 

The results are displayed in Figure III-13 for the unpatterned CCL in a λ-θ representation, θ being the 

acceptance angle, each of them being normalized with its maximum value. As expected, the farfield 

shapes are polarization-dependent due to the polarization dependency of the directly emitted light inside 

the air cone. From the p-polarized light, a quite homogeneous farfield shape arises except for high 
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intensity broad lobes around θ=±45°. These lobes become more visible for s-polarized light and 

correspond to angular modulations of the internal emission inside the air cone due to Fabry-Pérot 

interferences inside the CCL membrane (see Chapter II). 

 

Figure III-13: Normalized spectrally resolved farfields from the unpatterned CCL for s- and p-polarized light. 

The spectrally resolved farfield shapes for SLAH and SLNP along the ΓX-direction are displayed in 

Figure III-14 and Figure III-15, respectively. Contrary to the unpatterned CCL, oblique bands are now 

superimposed on top of the directly emitted light. Each of them corresponds to the diffraction of a guided 

Bloch-mode into air by the PhC patterns according to Bragg’s law, which explains why their angular 

position shifts with the wavelength [11]. As explained in the second chapter, the CCL acts as a 

multimode waveguide (∼600 nm-thick). Due to its rather low thickness, all those guided modes are 

prone to an efficient interaction with the PhC patterns and thus diffraction into air, leading to intricate 

spectrally resolved farfield patterns. 

For SLAH, the emission patterns are strongly lattice-period dependent. The lattice period a = 400 nm, 

for instance, can exhibit farfield shapes with a strong light diffraction close to normal incidence, 

particularly for the p-polarization. It can be observed that this arises when the most intense diffraction 

band crosses the Γ-point close to the peak emission wavelength. Similar conclusions hold for a = 450nm, 

which resulted in the large directionality enhancement factors obtained previously for those two lattice 

periods. For a = 500 nm, on the other hand, there is a quasi-absence of guided light diffraction close to 

normal incidence for both polarizations. With a closer look at the most intense band of the farfield 

patterns at this lattice period, we can note that this low light diffraction close to normal incidence arises 

from its slight detuning with the emission spectrum near the Γ-point. It actually crosses the Γ-point at 

the short-wavelength edge of the emission spectrum (near λ = 634 nm, with low PL intensity) as 

indicated by the white dashed line, resulting in the lowest directionality enhancement factors. For the 

lattice period 550 nm, additional diffraction bands tend to appear, with the most intense ones overlapping 

the emission spectrum away from the Γ-point, near θ = ±20°. This is consistent with the azimuthal 
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farfield shapes in Figure III-11. Still, it results in intermediate values of directionality enhancement 

factors since some of the less intense bands cross the Γ-point close to the peak emission wavelength. 

 

Figure III-14: Normalized spectrally resolved farfields for the SLAH with lattice periods from a=400nm to a=550nm and in 

the ΓX-direction. Both s- and p-polarized light are measured. The white dashed line for a=500nm indicated the most intense 

band crossing the Γ-point at the short-wavelength edge of the emission spectrum near λ = 634 nm. The said white dashed line 

is not an actual calculated band. 

On the other hand, SLNP exhibits light diffraction close to normal incidence for all lattice periods and 

light polarizations with farfield shapes different from those of holes. Particularly, for a = 500 nm, there 

can be a strong light diffraction close to normal incidence as opposed to SLAH with a lattice period of 

500 nm, which exhibited an absence of light diffraction near the Γ-point close to the peak emission 

wavelength. The fact that at the same lattice period some of the diffracted bands of pillars can cross the 

Γ-point close to the peak emission wavelength suggests that pillar- and hole-based CCL have different 

effective index distributions inside their membrane, as we will see in next section. Moreover, we can 

observe that the diffraction bands for SLNP are broader in the k//-space (corresponding to the θ-axis in 

Figure III-14 and Figure III-15) than those of holes, which makes them trickier to distinguish. Indeed, 

the stronger coupling between the guided Bloch-modes and the air radiated modes for pillars results in 

shorter extraction lengths. Since for a given guided Bloch mode the broadening in the k//-space is 
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inversely proportional to its extraction length [7] [Δk//∼ (Lextraction)
-1], then the latter yields broader 

diffraction bands for SLNP. Due to those broader bands, the farfield shapes of pillars can exhibit strong 

light diffraction within a broader angular range, resulting in lower directionality than for holes close to 

normal incidence as previously observed. Thus, a compromise needs to be made between the extraction 

length and directionality through the broadness of the diffracted bands.  

 

Figure III-15: Normalized spectrally resolved farfields for the SLNP with lattice periods from a=400nm to a=550nm and in 

the ΓX-direction. Both s- and p-polarized light are measured. 

We can hitherto conclude from the analysis that emission directionality is ultimately not only determined 

by light diffraction according to Bragg’s law, but also depends on the relative intensities of the diffracted 

bands arising from each mode. The highest directionality is achieved when the lattice period is fine-

tuned so that the most intense diffraction bands cross the Γ-point close the peak emission wavelength. 

In the next subsection, we devise a novel design strategy for achieving directional emission from this 

latter point. 
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III.6.3 Novel design approach for highly directional emission from MQW CCL  

We have previously seen that the highest directionality is achieved when the lattice period is tuned so 

that the most intense diffraction bands cross the Γ-point close to the peak emission wavelength. In the 

following, we devise a design approach to reach this fundamental condition combining spontaneous 

emission (SpE) control and band-folding mechanism in a 2D (1D) configuration for 2D (1D) PhCs. The 

so-devised approach will then be used to analyze the experimental photonic band-structure of one of the 

fabricated devices.  

III.6.3.a Tailoring spontaneous emission distribution 

As previously mentioned, directionality depends on the relative intensities of the diffraction bands 

arising from each mode, which will ultimately depend on the fraction of the guided energy carried by 

the mode as compared to the other modes [14]. To investigate how light emitted by the MQW is shared 

among the guided modes in our CCL, we performed numerical simulations using the SpE model 

developed in the second chapter of this manuscript for planar cases. The schematics of the architecture 

used in this simulation for our MQW CCL is depicted in Figure III-16. The corresponding optical and 

structural parameters for each layer are taken from the literature [15–17]. The PhC patterns are treated 

as a homogeneous layer with a filling-factor-weighted average refractive index17. 

 

Figure III-16: Schematics of the architecture used for the numerical simulations. 

The internal emission distribution is displayed in Figure III-17 as a function of the effective index for 

a CCL based on SLAH with FF~20%. As we can see, the radiation dynamics depends on the light 

polarization, which explains the polarization-dependency of the farfield shapes in Figure III-13, Figure 

III-14 and Figure III-15. As already detailed in the second chapter of this manuscript, light emitted 

inside the CCL can couple to different types of modes. A fraction of the emitted light which is in the air 

cone (neff <1) directly radiates in the air or towards the substrate. This is the so-called directly emitted 

light and features the background farfield observed in Figure III-14 and Figure III-15. Another fraction 

of the emitted light is propagative in the transparent substrate but not in air (1< neff <1.45). Most of the 

 
17 This approximation stems from the effective medium theory [18] and holds for weakly corrugated 

gratings [19,20] as we have seen in the second chapter of this manuscript. 
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emitted light excites the available guided modes supported by the CCL, which are represented by sharp 

peaks outside the air and substrate cones (neff ≥1.45) [2].  

The intensity of those peaks sets the fraction of the guided energy carried by each mode, which we will 

refer to as the photonic weight of the mode. If we note Pi the peak intensity of the guided mode labelled 

i and θi its angular position, then by taking into account the solid angle, the fraction of the guided energy 

carried by the mode (its photonic weight) can be simply evaluated18 by 𝑃𝑖 𝑠𝑖𝑛(𝜃𝑖) / ∑ 𝑃𝑗 𝑠𝑖𝑛(𝜃𝑗)𝑗  . In 

Figure III-17, the corresponding photonic weights of each of the guided modes are given in the bar plot 

on the bottom.  

 

Figure III-17: Internal emission per unit solid angle as a function of the effective index for PhC-based CCL with SLAH with 

FF~20% and the corresponding photonic weights of each mode for both s- and p-polarization. 

For instance, for p-polarization the guided mode with neff =1.6 (mode III) carries more than half of the 

guided energy. Therefore, if the lattice period is tuned so that the band arising from this mode crosses 

the Γ-point close to the peak emission wavelength, then the resulting spectrally resolved farfield patterns 

should have high directionality close to normal incidence. We can note that, since SLNP have different 

air filling factors than SLAH, their guided-mode distribution is different from that of holes, which 

 
18 For SpE distribution where guided-modes’ angular widths are broader, the integral form of this formula needs 

to be used. 
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explains the different farfield shapes previously observed for the same lattice period when we change 

the lattice pattern from holes to pillars. The air-filling factor is thus another lever to control properly 

SpE distribution. 

It thus appears that the relative intensity of the diffracted bands depends on the spontaneous emission 

distribution between the guided modes supported by the CCL. Each guided mode has a photonic weight, 

which corresponds to the fraction of the guided energy that it carries. This photonic weight can be 

quantified using our herein-developed SpE model. As we have seen in the second chapter of this 

manuscript, it depends on all the opto-geometrical parameters of the MQW CCL. We can thus identify 

two main levers that can help tailor the guided mode distribution to have suitable photonic weights: 

epitaxial design (controlling the thickness of the CCL, the number of quantum wells, their positions, the 

emission spectrum, etc.) and controlling certain parameters of the PhCs (air-filling factor and etch 

depth). 

In the following, we will discuss the second step of our design approach: fine-tuning the lattice period 

so that those modes with high photonic weights give rise to diffraction bands that cross the Γ-point close 

to the peak emission wavelength. 

III.6.3.b Fine tuning the lattice period 

Now that we have devised a way to determine the effective indices of the guided modes with the highest 

photonic weights, we go on with the second step of the design approach: fine-tuning the lattice period 

to target the corresponding modes at the Γ-point. This step will only be investigated for square lattices, 

but similar methodology could be adopted for 1D and hexagonal lattices. Light diffraction is ruled by 

the vectorial Bragg’s law from which we can derive the 2D grating equation that reads in the case of a 

square lattice as [21]:  

 
𝑠𝑖𝑛(𝜃𝑚𝑛) 𝑐𝑜𝑠(𝜑𝑚𝑛) = 𝑛𝑒𝑓𝑓𝑖 𝑐𝑜𝑠(𝜑𝑖) + 𝑚

𝜆

𝑎
, 

 

(III-7) 
 

𝑠𝑖𝑛(𝜃𝑚𝑛) 𝑠𝑖𝑛(𝜑𝑚𝑛) = 𝑛𝑒𝑓𝑓𝑖 𝑠𝑖𝑛(𝜑𝑖) + 𝑛
𝜆

𝑎
, 

Here neffi is the effective index of the incident guided mode (the one with the high photonic weight in 

our case), θmn and φmn are the polar and azimuthal angles of the diffracted wave with m and n 

corresponding to the diffracted orders along the x and y directions (see Figure III-18) and a is the lattice 

period. In this framework, the effective indices that couple to the Γ-point (θmn=0°) satisfy the following 

equations: 

 
0 = 𝑛𝑒𝑓𝑓𝑖 𝑐𝑜𝑠(𝜑𝑖) + 𝑚

𝜆

𝑎
, 

 

(III-8) 

 
0 = 𝑛𝑒𝑓𝑓𝑖 𝑠𝑖𝑛(𝜑𝑖) + 𝑛

𝜆

𝑎
, 

For measurements along the ΓX-direction (x or y in Figure III-18), an effective index propagating in a 

2D PhC structure gives rise to two types of Bloch modes [13]: A- and B-type Bloch-modes stemming 
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from guided modes propagating along the ΓX-direction (φi=0 or π) and off the ΓX-direction (φi ≠0 and 

φi ≠π). Those modes can be coupled either to GΓX or to GΓM vectors described in Figure III-18. For a 

given incident effective index, the normalized frequencies at which A-type Bloch-modes couple to the 

Γ-point can be expressed as: 

 
𝑎 = 𝑚

𝜆

𝑛𝑒𝑓𝑓𝑖
, 

 

(III-9) 

 𝑛 = 0. 

Thus, A-type Bloch-modes have properties close to a “plane wave” (nearly free photon dispersion folded 

by periodicity) and behave as if they experience the 2D PhC as a superposition of independent 1D PhCs. 

For our measurements along the ΓX direction, they are then coupled to the GΓX-type reciprocal lattice 

vectors (m, 0).  

 

Figure III-18: Reciprocal lattice vectors along the high-symmetry directions of a square lattice. 

For B-type Bloch-modes on the other hand (φi ≠0 and φi ≠π), coupling to both vectors (0, n) and (m= 

±n) is possible. B-type Bloch-modes that are coupled to vectors (0, n) cross the Γ-point at the same 

normalized frequencies as A-type Bloch-modes. However, for B-type Bloch-modes coupled to vectors 

(m=±n), the normalized frequencies at the Γ-point can be expressed as: 

 
𝑎 = 𝑚

𝜆

𝑛𝑒𝑓𝑓𝑖
√2, 

 

  (III-10)  

 𝑚 = ±𝑛. 

B-type Bloch-modes are therefore specific to 2D PhC structures. The two previous equations describe 

the 2D band-folding mechanism at the Γ-point for a square lattice and the basis for the fine-tuning of 

the lattice period. Similar formula could be found for hexagonal lattices by considering their high-

symmetry directions ΓM and ΓK. For 1D lattices, only A-type Bloch-modes exist and thus only Eq. 

(III-9) is needed. 

Thereupon in our spectrally resolved farfield patterns along the ΓX-direction, the strong coupling to the 

Γ-point observed for some lattice periods can arise from two sets of Γ-points (corresponding to different 

normalized frequencies) for a given effective index. The first set (odd diffraction orders) will be referred 

to as ΓA+B,m. It stems from A- and B-type Bloch-modes coupled to GΓX-type reciprocal lattice vectors 

and its normalized frequencies are given by Eq. (III-9). The second set (even diffraction orders) on the 
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other hand will be referred to as ΓB,m and arises from B-type Bloch-modes coupled to GΓM-type 

reciprocal lattice vectors. The corresponding normalized frequencies are given by Eq. (III-10).  

We confirm these analytical considerations by calculating the band structure of a square lattice of air 

holes for a TE mode with an effective index of 1.6 using the Plane Wave Expansion (PWE) algorithm 

of the Rsoft Design Suite in the free-photon approximation regime [22]. 

 

Figure III-19: Band structure of a SLAH for a TE mode with neff=1.6 in the free-photon approximation regime. 

As we can see in Figure III-19, ΓA+B,1 and ΓA+B,2 have been identified as well as ΓB,1 and the 

corresponding normalized frequencies match those given in Eq. (III-9) and Eq. (III-10), which 

confirms our previous analysis. 

It thus appears that for a given effective index corresponding to a mode with high photonic weight and 

at a given peak emission wavelength, the lattice period has to be properly tuned so that it matches Eq. 

(III-9) and Eq. (III-10) based on the simple band folding mechanisms in the case of square lattices. A 

slight detuning between the most intense bands at the Γ-point and the emission spectrum can lead to a 

large decrease of the directionality (see SLAH with a=500nm). The lattice period therefore needs to be 

properly controlled during fabrication.  

This concludes the development of our design approach for directional emission. In the next subsection, 

we confirm this design strategy by analyzing the experimental photonic band-structures of one the 

fabricated devices.  

III.6.3.c Analysis of a measured photonic band-structure 

In this section, we confirm the previously devised design-approach for directional emission by analyzing 

the results for SLAH with a=400nm (high directional enhancement close to normal incidence). The 

corresponding experimental photonic band structure is directly obtained from the spectrally resolved 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

B

B

B

A

A

A

A+B,2

B,1

MX

a
/



A+B,1

A



Photonic crystals for light extraction from MQW III-V membrane on transparent substrate 

83 

 

farfield patterns in Figure III-14 by converting the wavelength and angle into the normalized frequency 

and in-plane wave vectors, respectively [23].  

The resulting photonic band structures for p- and s-polarized light are reported in Figure III-20.  

 

Figure III-20: Measured photonic band structures for SLAH with a=400nm for p- and s-polarized light. Calculated band 

structures for modes with neffa=1.6 (white dashed lines) as well as with neffb=1.64 (black dashed lines for p-polarization) and 

neffb=1.67 for s-polarization. 

We have identified the intense band crossing the Γ-point at a/λ≈0.62 to stem from the guided mode with 

neff=1.6 arising from the first diffraction order19. The corresponding calculated band using the plane-

wave expansion (PWE) algorithm in the free-photon approximation regime (white dashed line in Figure 

III-20) is superimposed on the measured band structures. The calculated bands are in good agreement 

with the measured ones, which confirms our identification procedure. We can also note the presence of 

a second closely spaced parallel band arising for both s- and p-polarized light. Indeed, albeit the weakly 

corrugated regime, the PhC pattern will induce for each guided mode a slight modal index-

contrast [23,24] giving rise to two different modes with very close effective indices. This slight index-

contrast will result into a mini-band-splitting that can be modelled using the standard coupled-mode 

theory. In this framework, the spectral width between the two resulting bands reads as [6,25]: 

 
∆𝑢𝑎𝑏 =

𝑎

2𝜋
×

4𝜅𝑒𝑥𝑡

𝑛𝑒𝑓𝑓𝑎 + 𝑛𝑒𝑓𝑓𝑏
 

(III-11) 

Here, u is the normalized frequency, Δuab accounts for the spectral width between the two bands, κext is 

the modal coupling constant between the Bloch-mode and the air radiated modes, neffa and neffb are the 

effective indices of the two modes. The previous free-photon approximation needs then to be “corrected” 

using coupled-mode theory. For p-polarization, we found that the second diffracted bands (labelled “b”) 

 
19 For the identification, we take the corresponding normalized frequency, calculate the possible effective indices 

(in the range of those in Figure III-17) using Eq. (III-9) and Eq. (III-10) and then we compare the obtained values 

with those that couple to spontaneous emission in Figure III-17. 
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crosses the Γ-point at ub=0.61, which gives neffb=1.64 using Eq. (III-9) and Δuab=0.01. The 

corresponding calculated bands using PWE (black dashed line in Figure III-20) are superimposed on 

the measured ones showing very good agreement, which supports our analysis. Similar treatments are 

performed for s-polarization as displayed. Let us note that using the values extracted from the measured 

band structure, we obtain a modal coupling constant of κext≈0.1µm-1 (corresponding to an extraction 

length of about 10µm), which is consistent with the values found in Section III.4. 

From this analysis of the photonic band-structure, it has appeared that the spectrally resolved farfield 

patterns in Figure III-14 for SLAH with a=400nm are dominated at the Γ-point by the guided mode 

with neff≈1.6 arising from the first diffraction order (ΓX). For p-polarization, we have evaluated that this 

mode (mode III) can carry more than half of the guided energy (see Figure III-17). Since the lattice 

period is properly tuned so that the corresponding band crosses the Γ-point close to the peak emission 

wavelength, we obtain an enhanced directionality close to normal incidence, which is characterized by 

a strong light diffraction at the Γ-point for p-polarization. We have seen that the guided energy for s-

polarized light on the other hand is shared among more modes, which tends to mitigate the previously 

mentioned effect. This results into a less directional emission close to normal incidence than for p-

polarization, as evidenced by some very intense bands away from the Γ-point, near  θ=±30° (see Figure 

III-14). This confirms our above-devised design methodology for achieving directional emission in our 

PhC-based MQW CCL. 

Overall, throughout Subsections III.6.1, III.6.2 and III.6.3 we have highlighted a fundamental 

condition necessary to achieve directional emission in our MQW: the lattice period needs to be properly 

tuned so that the most intense diffraction bands cross the Γ-point close to the peak emission wavelength. 

From this condition, we have devised a design approach for such structures resting on a simultaneous 

control of SpE distribution between the guided modes to identify the ones with the highest photonic 

weights and an optimized choice of the lattice period based on the 2D band-folding mechanism. This 

approach has been experimentally confirmed helping us reach directionality enhancement over x4 close 

to normal incidence as compared to standard Lambertian emission, which is promising for our targeted 

AR applications. 

Furthermore, we have emphasized that epitaxial design (thickness of the CCL, the number of quantum 

wells, their positions, the emission spectrum)  as well as controlling some PhC parameters such as the 

air filling factor and etch depth could be levers to tailor suitable SpE distributions and photonic weights. 

In the following subsection, we further investigate the impact of some of the PhC parameters such as 

lattice symmetry and air-filling factor (FF) on the farfield shapes before concluding Section III.6. 

III.6.4 Additional levers to control the directionality of the farfield patterns 

In this section, we briefly describe the impact of the air-filling factor and the lattice symmetry on the 

directionality of the farfield patterns. 
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III.6.4.a Air-filling factor 

As we have seen in the previous sections, in addition to its impact on the coupling strength, the air-

filling factor (FF) also changes the effective refractive index of the PhC. It thus changes the farfield 

shape for a fixed lattice symmetry and lattice period. To illustrate this particular point, we measure the 

azimuthal radiation patterns of the SLAH with FF~50% and compare them to the ones with FF~20%. 

The corresponding farfield shapes are displayed in Figure III-21 along with the associated values of 

directionality in Figure III-22. 

 

Figure III-21: Azimuthal farfield radiation patterns for square lattice of air holes with a) FF~20% and b) FF~50%. 

 

Figure III-22: a) Directionality enhancement as a function of the acceptance angle for SLAH and b) directionality enhancement 

near normal incidence as a function of the lattice period for FF~20% and FF~50%. 

Since the FF changes the effective refractive index of the PhC, then it also influences the SpE 

distribution inside the MQW CCL. These changes of effective indices will afterwards lead to different 
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diffraction angles and to a change in the shapes of radiation patterns as evidenced by the patterns above. 

The four-fold symmetry is still preserved. However, for low diffraction orders (low lattice periods below 

500nm), increasing the FF leads to a directionality decrease. Particularly, for a=400nm, this 

directionality decrease can amount to 20% as shown in Figure III-22-b. For higher diffraction orders, 

increasing the FF actually improves the directionality to more than 20% for a=550nm. Either way, it 

appears that if the PhC-based MQW CCL are designed at fixed values of FF to achieve directional 

emission, one should make sure that these values are preserved during the fabrication process. For 

instance, the tapered profiles at the sidewalls of the PhC patterns can lead to local changes of the air-

filling factors, which can affect the shape of the farfield patterns (see the 3D-FDTD simulations in 

Appendix B.3). All these considerations need then to be accounted for during the design process. 

III.6.4.b Lattice symmetry 

Spontaneous emission is by nature an azimuthally omnidirectional process, thus an efficient PhC light-

extractor needs to be able to diffract guided Bloch-modes within most of the in-plane directions. The 

ability to diffract different in-plane directions is set by the lattice symmetry, since the symmetry order 

tells how many nearest-neighbor reciprocal-lattice points the crystal has [12]. 1D, square and hexagonal 

lattices20 have a symmetry order of 2, 4 and 6, respectively. As we have seen in Section III.5, we have 

experimentally demonstrated that for our fabricated devices, increasing the symmetry order over 4 does 

not seem to help in the optimization of light extraction. We now turn to the impact of lattice symmetry 

on the directionality. In Figure III-23, we display the azimuthal farfield patterns of some of the 

fabricated PhC-based MQW CCL with 1D and hexagonal lattices. 

 

Figure III-23: Normalized azimuthal farfield patterns for some of the fabricated 1D lattices and triangular lattices of air holes. 

As expected, the azimuthal farfield patterns of 1D lattices exhibit sets of 2 diffraction bands typical to 

the two-fold symmetry of the lattice, while the ones of the hexagonal lattices exhibit sets of six 

diffraction bands. Increasing the lattice symmetry definitely improves much the azimuthal uniformity 

of the radiation patterns as already explained in [8,12]. 

 
20 Lattice symmetries with higher symmetry orders do exist. For instance, there are Archimedean tilings, which 

are quasi- or non-strictly periodic crystals and have twelve nearest reciprocal lattice points. However, it has been 

experimentally demonstrated that using those kinds of quasi-crystals does not bring any advantage in terms of light 

extraction compared to hexagonal lattices [12]. That is why our investigations have been limited to hexagonal 

lattices. 
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Figure III-24: directionality enhancement as a function of the acceptance angle. For each lattice symmetry (FF~20%), only 

the structure with the highest values has been displayed. 

Figure III-24 reports on the corresponding directionality enhancement factors for the structures with 

the highest directionality per lattice symmetry. On the contrary to light extraction where increasing the 

lattice symmetry order over four did not seem to help, directionality, particular close to normal 

incidence, is improving for higher symmetry order. The directionality increases by ~10% from 1D to 

square lattices and by ~8% from square to hexagonal ones. 

Thereupon, increasing the lattice symmetry order enables a better azimuthal uniformity as well as a 

moderate directionality increase in the case of color-converters on transparent substrates. 

Additional investigations of the impact of lattice symmetry on the coupling strength will be performed 

in the next chapter. 

III.6.5 Conclusion  

Throughout Section III.6, we have highlighted a fundamental condition necessary to achieve directional 

emission in our MQW: the lattice period needs to be properly tuned so that the most intense diffraction 

bands cross the Γ-point close to the peak emission wavelength. From this condition, we have devised a 

design approach for such structures resting on a simultaneous control of SpE distribution between the 

guided modes to identify the guided modes with the highest photonic weights and an optimized choice 

of the lattice period based on the 2D band-folding mechanism. This approach has then been 

experimentally confirmed helping us reach directionality enhancement over x4 close to normal 

incidence as compared to standard Lambertian emission, which is promising for our targeted AR 

applications. Furthermore, we emphasized that epitaxial design (thickness of the CCL, the number of 

quantum wells, their positions, the emission spectrum) as well as controlling some of the PhC parameters 

such as the air filling factor and etch depth could be levers to tailor suitable SpE distributions and 

photonic weights. It has eventually been pointed out that increasing the symmetry order of the lattice 

brings a certain advantage in terms of directionality (~10% increase from 2 to 4 and from 4 to 6 close to 

normal incidence), which could be of use for color converters on transparent substrates. 
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All along our analyses on the extraction length, LEE and directionality, we have pointed out that the 

etch depth could play a significant role on the optimization of the three former FoM. In that regard, we 

further investigate its impact in the next section before opening some perspectives on a system point of 

view. 

III.7 Identification of the different contributions in the experimental LEE enhancement 

The experimental enhancement factors embed light absorption efficiency, internal quantum efficiency 

(IQE) and light extraction efficiency (LEE) as described in the first chapter of this manuscript. This 

section aims at investigating separately those three figure of merits (FoM) to have a better insight of 

their actual contributions. 

We start by performing additional incoherent 3D-FDTD simulations (see Appendix A.1 for details on 

the FDTD method) in a pulsed regime to evaluate LEE for some of the fabricated structures. The lateral 

dimensions of the computational domain were fixed at 10 lattice periods for computing time issues and 

surrounded by perfectly matched layers (PML). The PhC etch depth is ~188nm. The input spectrum is 

Gaussian-shaped with a center wavelength at 640nm and a FWHM of 20nm as in our PL measurements. 

The MQW region was represented by a source plane of 50 transverse electric (TE)-polarized dipoles in 

the middle of the CCL. As a reference, we also performed calculations for flat structures to evaluate 

LEE enhancement factors. Figure III-25 displays the measured and simulated LEE enhancement factors 

for 10-period structures with varying lattice periods. Only SLAH with FF~20% and SLNP are 

considered. 

 

Figure III-25: Measured and simulated LEE enhancement for PhC structures with a lateral extent of 10 periods. 

For SLNP, both measured and simulated LEE enhancement only weakly depend on the lattice periods 

whereas for SLAH both measured and simulated LEE enhancement increase for increasing lattice 

periods. 3D-FDTD is therefore in agreement with our measurements in terms of variations, which 

supports our previous analysis. However measured LEE enhancement factors are lower than the 
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simulated ones, which means there are other contributions (either absorption efficiency or IQE) that tend 

to decrease the measured enhancement factors.  

Regarding light absorption efficiency, we performed numerical simulations based on the rigorous 

coupled-wave analysis (RCWA) method from the Rsoft Design Suite [1] (see Appendix B.4 for the 

simulations results) showing that the PhCs enhance light absorption by factors between ~1.4 and ~1, 

which is clearly not responsible of the discrepancies in Figure III-25. 

Moreover, quantitative determination of the IQE would require further extensive studies and 

experiments that are out of the scope of the present discussion [26]. Instead, we conducted time-resolved 

PL measurements (TRPL) to estimate the decay lifetime of the PhC compared to the reference structures 

using the µ-PL setup described in Subsection III.3.1. The IQE is given by the ratio of probabilities of 

radiative (1/τR) and total recombination (1/τ=1/τR +1/τNR), where τR and τNR are the radiative and non-

radiative recombination lifetimes [27]. Since the radiative lifetimes do not vary between the PhC 

structures and the reference structures in this case21, the ratios of the total lifetimes for PhC and 

unpatterned structures directly give the IQE ratios between those two. 

 

Figure III-26: TRPL results for two etch depths as a function of the lattice period. a) Transient curve for SLNP with a=400nm. 

b) IQE ratios between PhC and unpatterned structures. 

The TRPL results are shown in Figure III-26. The left plot shows one of the TRPL transient curves 

with the fitting function. All the transient curves were best fit with a single exponential decay function, 

given by ITRPL=A⨯exp (-t/τ), where A is the amplitude and τ the total recombination lifetime as in [28]. 

The right plot displays the IQE ratios for holes and pillars as a function of the lattice period. We also 

added the IQE ratios for devices with an etch depth of ~288nm to have a better insight on the role of the 

PhC depth on the overall conversion efficiency. 

Depending on the lattice periods and the etch depth, we can observe an IQE decrease of the PhC 

structures compared to the reference structures. For instance, the IQE of the PhC structures decreases 

down to half of the one of the unpatterned regions for SLNP with a=400nm and an etch depth of 188nm. 

We also notice that when PhC patterns are etched in the active region (etch depth ~288nm in Figure 

 
21 3D-FDTD simulations show that the Purcell factors are around 1 for both patterned and unpatterned cases. 



Photonic crystals for light extraction from MQW III-V membrane on transparent substrate 

90 

 

III-26-b), the IQE of the PhC structures strongly decreases (almost five times lower compared to etch 

depth ~188nm). For the samples with etch depth ~288nm, the experimental LEE enhancement factors 

(not shown here) are in fact less than 1, meaning that the IQE decrease is so high that PL gains cannot 

be observed and PhC patterns actually decrease the PL intensity. This is a result of the large number of 

surface defect states created at the sidewall of the PhC patterns combined with high surface 

recombination velocities and high carrier diffusion lengths in AlGaInP [28]. It thus appears that to 

fabricate highly efficient color converters with the InGaP/AlGaInP material system, the active region 

should not be etched at all unless efficient passivation techniques are developed. 

It should however be noted that in our experiments, the incoming excitation light is focused on the top 

side of the PhC structures and so carrier generation mostly occurs in the etched regions. For example in 

the sample with etch depth ~188nm we could expect that carrier generation would preferentially happen 

in the unetched zones, with a pump on the bottom side of the CCL, which would then mitigate the IQE 

ratios in Figure III-26-b. Thereupon, a more robust design rules would be twofold. On the one hand, 

the etch depth should be high enough to ensure efficient coupling between the guided Bloch-modes and 

the PhC patterns as explained in [8]. On the other hand, it should not be so high that the carrier generation 

happens in the etched zones. Additional 3D-FDTD simulations (see Appendix B.5) combined with our 

experimental results help us determine that in our MQW CCL an etch depth around one third of the 

epilayer thickness is enough, as evidenced by our short extraction lengths paired with high LEE 

enhancement factors. 

We have thus devised ways to alleviate issues related to the extraction length (Lextraction) and LEE as well 

as directionality. However, as of now for Lextraction and LEE, all our experiments have been performed 

with a numerical aperture (NA) high enough so that all the emitted light is collected by the microscope 

objective. As mentioned in the introductory chapters, our targeted AR applications often include optical 

systems with limited numerical apertures (NA).  In the next section, we examine in that regard how LEE 

and Lextraction evolve when coupled to those kinds of optical systems. 

III.8 Coupling to an optical system with limited numerical aperture (NA<1) 

Our targeted AR applications may involve optical systems with limited numerical apertures (NA), thus 

common LEE is not enough anymore to assess the performances of the PhC-based MQW CCL [1]. 

Indeed only part of the emitted light couples to the optical system and this quantity depends on both 

LEE and farfield emission pattern. Therefore a new figure of merit (FoM) needs to be defined taking 

into account both LEE and radiation pattern shape. We call it directional light extraction efficiency 

(DLEE). Using the integrated intensity within the acceptance angle θ provided in Eq.(III-4), DLEE 

reads: 

 
𝐷𝐿𝐸𝐸(𝜃) =

𝑃(𝜃)

𝑃𝑖𝑛𝑡
=

𝑃(𝜃)

𝑃(90°)
×

𝑃(90°)

𝑃𝑖𝑛𝑡
= 𝐷(𝜃) × 𝐿𝐸𝐸. 

(III-12) 
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Here Pint is the emitted intensity inside the structure (in our case the CCL) and D (θ) is the directionality 

of the radiation patterns of the CCL (see Eq.(III-5)). For θ=90°, this definition corresponds to the 

common LEE expressed in Eq. (III-1). More generally, it accounts for light extraction inside a cone 

whose apex angle is θ. The directional light extraction efficiency enhancement is then given by the ratio 

between DLEE of PhC structures and DLEE of the unpatterned reference structures and expresses as: 

 

𝜂𝐷𝐿𝐸𝐸(𝜃) =
𝐷𝐿𝐸𝐸𝑃ℎ𝐶(𝜃)

𝐷𝐿𝐸𝐸𝑢𝑛𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑(𝜃)
=

𝑃𝑃ℎ𝐶(𝜃)

𝑃𝑢𝑛𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑(𝜃)
=

∫ 𝐼𝑃ℎ𝐶(𝜆)
750𝑛𝑚

550𝑛𝑚
𝑑𝜆

∫ 𝐼𝑢𝑛𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑(𝜆)
750𝑛𝑚

550𝑛𝑚
𝑑𝜆

. 
(III-13) 

Here Iunpatterned and IPhC refer to the emitted intensities for the reference and PhC structures respectively 

integrated within the acceptance cone with an apex angle of θ. 

Subsequently, we follow the same experimental procedure as in Section III.4, albeit using different 

excitation objectives with different NA: NA=0.9 (~64°), NA=0.75 (~49°), NA=0.6 (~37°), NA=0.5 

(~30°) and NA=0.25 (~14°). Those numerical apertures allow us to scan acceptance angles between 64° 

(high acceptance angles where most of the emitted light is collected) and 14° (very low acceptance 

angle). Only SLAH with FF~20% and SLNP are considered in this analysis.  

III.8.1 Extraction length vs acceptance angle 

Figure III-27 displays the experimental DLEE enhancement factors as a function of the lateral extent 

for the PhC structures with a lattice period of 600nm and for the excitation objective with NA=0.6.  

 

Figure III-27: Experimental DLEE enhancement as a function of the PhC lateral extent for a) SLNP and b) SLAH (FF~20%) 

with a lattice period a=600nm. NA=0.6. Experimental points are fitted with the proposed phenomenological model derived 

from the standard coupled-mode theory. Fit details are given in the inset. 

We can observe that similarly to LEE enhancement, DLEE enhancement also increases with the lateral 

extent of the PhC until it saturates at ~5.5 and ~1.9 for SLNP and SLAH, respectively. Using the same 

phenomenological model derived from the standard coupled-mode theory as in Eq. (III-2), we fit our 

experimental points and then derive the mean coupling strength (over all the guided Bloch-modes 

diffracted within the cone with an apex angle θ). The corresponding extraction lengths as a function of 

the acceptance angle are provided in Figure III-28. 
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Figure III-28: Mean extraction lengths as a function of the acceptance angle for a) SLNP and b) SLAH (FF~20%). 

We notice that for both lattices the extraction lengths strongly depend on the acceptance-angle, which 

results from the variations of the mean coupling strengths as a function of the acceptance angle. This 

dependency can be understood by conventional diffraction theory. Each of the guided Bloch-modes 

supported by the multimode CCL has its own coupling strength depending on its interaction with the 

PhC patterns. Since all those modes are diffracted to air within different angles according to Bragg’s 

law, the modes collected by the microscope objective are not the same when the acceptance angle 

changes. This induces strong variations of mean coupling strengths as a function of the acceptance angle 

and therefore leading to strong variations of mean extraction lengths [1]. 

For SLNP, the optimal lattice period is a=400nm offering the shortest extraction lengths (between 2 and 

6µm). In addition, we notice that for almost all lattice periods, there is an increase of the mean extraction 

lengths with decreasing acceptance angles: for a=400nm, there is almost a three-time increase from 64° 

to 14°.  

For SLAH however, the optimal lattice period shifts to a higher lattice period (a=700nm) with extraction 

lengths between ~5µm at 64° and ~10µm at 14°. The dependency of extraction lengths on the acceptance 

angles are similar to those observed for pillars with longer extraction lengths obtained for SLAH as 

explained before. As SLNP, there is large increase of the extraction length for decreasing acceptance 

angles (e.g. for a =450nm, Lextraction goes from ~5µm at high θ to up to 30µm for low θ). 

On a device point of view, there are two main conclusions that can be drawn from this analysis. On the 

one hand, it appears that the extraction lengths can be optimized (made shorter than the lengths of our 

devices) with a proper choice of the lattice period and pattern as already emphasized in Section III.4. 

On the other hand, for applications including optical systems with very low numerical apertures, CCL 

with longer lateral extents are needed. That last remark is of crucial interest since it sets the final pixel 

size in our RGB microdisplay, which is dependent on the acceptance angle of the external optical system 

within the AR headset. We can also note that it matches the preliminary numerical analyses we made in 

the second chapter. 
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III.8.2 Directional light extraction efficiency enhancement 

As aforementioned, LEE is not enough anymore to assess performances when dealing with systems with 

limited numerical apertures. Figure III-29 displays DLEE enhancement for structures with a lateral 

extent of 100 periods (when all the guided light is extracted) as a function of the acceptance angles. 

 

Figure III-29: DLEE enhancement measured for different lattice periods as a function of the acceptance angle. a) For SLNP 

and b) SLAH with a lateral extent of 100 periods.         

DLEE enhancement takes into account both LEE as well as directionality of the emission patterns as 

described before and accounts for light that effectively couples into the external optical system. Since 

the shape of the emitted patterns from our CCL can exhibit strongly intricate shapes due to the 

multimode nature of the CCL, then DLEE enhancement depends on the acceptance angle. 

At high acceptance angles, DLEE enhancement corresponds to LEE enhancement. Therefore, for SLNP, 

DLEE enhancement only weakly depends on lattice periods at high acceptance angles as seen 

previously. However, DLEE enhancement becomes lattice-period dependent for decreasing acceptance 

angles, because of strong variations of the emission pattern. The optimal lattice period for pillars is 

a=400nm offering at the same time high DLEE enhancement factors at all the measured acceptance 

angles (from ~8 at 64° to ~6 at 14°). 

For holes on the other hand, the optimal lattice period clearly depends on the acceptance angle with a 

shift to lower lattice periods for decreasing acceptance angle because of stronger variations of the 

emission pattern than for pillars. Particularly, for a=400nm and a=450nm the DLEE enhancement 

factors go from ~2 at 64° to ~5.5 and ~3 respectively. The highest DLEE enhancement factors for the 

measured angles are obtained for a=400nm at low acceptance angle (~5.5 at 14°) and for a=700 nm at 

high acceptance angles (~4 at 64°). We can note that despite the fact that at high acceptance angles 

SLNP exhibit better DLEE enhancement (LEE enhancement), at low acceptance SLAH catch up due to 

their better directionality close to normal incidence.  

It thus appears that the choice of the optimal lattices is then not an easy task, since it also depends on 

the acceptance angle of the external systems. For a given acceptance angle, both the extraction length 

and coupling efficiency to external optical systems with limited numerical apertures can be optimized 

by correctly choosing the lattice type and the lattice periods. 
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III.9 Preliminary design guidelines 

Table III-2 provides an in-depth compilation of the design guidelines drawn from all our previous 

analyses. 

Table III-2: Summary of the preliminary design guidelines of photonic-crystals for directional light emission, enhanced LEE 

and short extraction length from AlGaInP/InGaP MQW color-converters. 

Photonic-crystal parameter Preliminary design rules 

Lattice symmetry *Square lattice can provide good extraction efficiency, short 

extraction length and directional emission 

*Increasing the symmetry order over 4 does not help much in 

terms of light extraction but enables moderate directionality 

increase (~10% from 4 to 6). 

Air filling factor (FF) *Should be kept around 50% to reach high coupling strengths 

*Is also a lever to control spontaneous emission distribution 

through the effective refractive index of the photonic-crystal 

Pattern type *Holes or pillars 

*Pillars could induce directionality decrease by ~20%. 

Lattice period (a) *Should be fine-tuned to target guided Bloch-modes with high 

photonic weights near the Γ-point with low diffraction orders 

*400-450nm are the optima in the range of the fabricated devices 

in terms of directionality 

Lateral extent *Depends on the acceptance angle θ of the external optical system 

*Needs to be longer than the extraction length, which depends on 

θ: directional emission implies longer extraction lengths. 

Etch depth *Should allow efficient interaction between photonic-crystal 

patterns and guided Bloch-modes  

*Should not affect the IQE: carrier generation must happen in 

unetched regions 

*Depends on the epitaxial structure: ~1/3 of the epilayer thickness 

A further investigation of the impact of the lattice symmetry on the coupling strengths will be performed 

in the next chapter with on-silicon devices. 

III.10 Conclusion 

Optimizing a photonic-crystal (PhC) for efficient MQW CCL appears to be a tricky endeavor, due to 

the large parameter-space of PhCs and the incoherent nature of spontaneous emission. To do so we 

started by developing a robust process flow based on an oxide-mediated molecular bonding with high 

bonding yield (>90%), which is promising for the transfer of those MQW CCL on blue µ-LED arrays. 

The PhC patterns have also been successfully fabricated with quite controlled opto-geometrical 

parameters over the whole wafer. Afterwards, using micro-photoluminescence measurements we have 

emphasized the main roles played by the opto-geometrical parameters of the PhCs on the performances 

of our devices and modelled them when necessary. For each of those parameters, we have proposed 

precise preliminary design guidelines (see Table III-2) that helped us realize PhC-based MQW color-

converters on transparent substrates exhibiting unique characteristics: enhanced light extraction 

efficiency and directional emission, both within ultra-short extraction lengths. All these considerations 
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could help pave the way for the use of inorganic MQW epi-layer color-converters to achieve a 

monolithic integration of full-color microdisplays on a single wafer. 

To go further, we have studied how the aforementioned figure of merits (FoM) vary as a function of the 

acceptance angle. We particularly highlighted that the extraction lengths can be strongly increased when 

coupling to an external optical system with a very limited numerical aperture. Thus, the levers that we 

have studied for optimizing the coupling strength (etch depth, FF, etc.) might not be enough for pixels 

with very short lateral sizes and thus additional strategies need to be devised. Moreover, once the color-

converters are transferred on blue µ-LED arrays, they will be pixelated. Their optical environment will 

then drastically change. First, they will interact with the electrical contact at the backside of the blue µ-

LEDs, which will act as a back reflector for the red light. Next, they will also be surrounded by lateral 

mirrors on their sidewalls, which could affect their performances. 

In that regard, the next chapter of this manuscript is dedicated to the “fully integrated” pixels, where we 

investigate ways to benefit from the electromagnetic environment of the CCL as a pixel in order to 

improve its performances. It starts with an investigation of the possibility of harnessing the light that is 

diffracted towards the transparent substrate by studying the interplay between light diffraction and a 

metallic back-reflector (Lot II), mimicking the electrical contact at the bottom of the blue µ-LEDs. 

Secondly, we go on with the process to singularize the CCL into pixels, where we examine the possibility 

of virtually extending the lateral size of pixels (particularly the very short ones) using a principle we 

refer to as Bloch-mode replication. Finally yet importantly, the whole process flow of these pixelated 

MQW CCL will be given, while highlighting all the challenges we have encountered during the 

integration of those PhC-based MQW CCL in 200mm cleanroom facilities on Silicon, which could help 

during the fabrication of the final RGB microdisplay. 
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IV.1 Introduction 

In the previous chapter of this manuscript, we have proposed preliminary design guidelines that helped 

us realize unpixelated PhC-based MQW color-converting layers (CCL) on transparent substrates 

exhibiting promising characteristics: enhanced light extraction efficiency (LEE) and directional 

emission, both within ultra-short extraction lengths. In real-life RGB microdisplays, the CCL are 

pixelated and often surrounded by an environment comprising back- and lateral reflectors (see Figure 

I-10). The aim of this chapter is thus to devise strategies for benefiting from that electromagnetic 

environment in order to improve the performances of the MQW CCL. It starts with preliminary design 

principles using FDTD simulations before coming back to the whole process flow of the MQW CCL 

from the metal-metal bonding to their pixelization. Next, we examine the possibility of harnessing the 

light diffracted towards the transparent substrate by studying the interplay between light diffraction and 

a metallic back-reflector (Lot II), mimicking the electrical contact at the bottom of the blue µ-LEDs. In 

addition, we have highlighted in the previous section that photons are not completely extracted by the 

grating during their first pass in pixels with short lateral sizes (shorter than the saturation lengths), due 

to their low number of diffractive elements. Therefore, in the last section of this chapter (LOT III), we 

investigate the possibility of virtually extending the pixel lateral sizes using the lateral mirors, allowing 

the non-extracted photons to be reflected back and given other chances to escape. This latter principle 

will be referred to as Bloch-mode replication (BMR). 

IV.2 Design principles 

In this section, we use FDTD simulations to examine the impact of the optical environment of the CCL 

on its performances and devise strategies to benefit from it. In the typical final integration strategy (see 

Figure I-10), this electromagnetic environment often comprises back- and lateral mirrors as depicted in 

Figure IV-1.  

 

Figure IV-1: From the full integration strategy to our fabrication lots. a) Interplay between light diffraction and a metallic 

back-reflector (LOT II). b) Demonstration of Bloch-mode replication (LOT III). The gap mimics all the layers embedded 

between the CCL and the electrical contact, while the back-reflector represents the contact. Lateral mirrors on the other hand 

enables the optical isolation of the pixels between on another. 

LOT II investigates the possibility of harnessing the bottom emitted light in MQW CCL with a back-

reflector (see Figure IV-1-a). The gap mimics all the layers embedded between the CCL and the 

electrical contact at the bottom of the blue µ-LEDs (bonding layers, blue epilayer, etc.), while the back-
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reflector represents said contact. On the other hand, lateral mirrors first enable the optical isolation of 

the red pixels between one another to avoid optical crosstalk1. In LOT III, they are used to take advantage 

of the Bloch-mode replication principle, as we will see later on. 

IV.2.1 Preliminary investigations with 2D-FDTD 

To define preliminary design guidelines regarding the back- and lateral-reflectors, we start by 

performing 2D-FDTD simulations in the basic case of a single-mode waveguide2 operating transverse-

electric (TE) polarization at 640nm. The other parameters are the ones used in the Section II.3 of the 

second chapter of this manuscript (lattice period corresponding to the second Bragg order and etch depth 

at the third of the membrane thickness). 

IV.2.1.a Influence of a back-reflector (LOT II) 

In this section, we analyze the impact of the bottom reflector and the gap on LEE, directionality and 

extraction length of a single-mode PhC-membrane. Let us recall that if a second-order Bragg grating 

structure is implemented in a lossless single-mode thin-film layer, we can theoretically extract almost 

all the guided light in each vertical direction (50% upwards / 50% downwards) as seen in the second 

chapter of this manuscript. Figure IV-2 displays the layout of said membrane including the bottom 

reflector.  

 

Figure IV-2: Layout of the device and initial conditions used for 2D-FDTD simulations. Excitation mode: multiple dipole 

emission. The bottom reflector is a Perfect Electric Conductor (no losses). A varying air gap separates the MQW CCL and the 

back reflector. 

For the sake of simplicity, the back reflector is a perfect electric conductor (PEC)3 which is separated 

from the CCL by an air-gap. This gap thickness is variable in order to evaluate its impact on both farfield 

and LEE, as well as the extraction length. For each FDTD simulation run, a single source-plane 

enclosing 50 dipoles is used to reach the convergence (see Appendix A.1 for more details on the FDTD 

method). 

 
1 Due to short pixel lateral sizes in microdisplays, optical crosstalk has become an issue of paramount importance. 

Indeed, it can disrupt the image fidelity, deteriorate the color gamut and affect the final resolution of the display [1]. 
2 Although our MQW CCL are multimode, for the sake of a better understanding of the physics inside those 

devices, we start by the simplest case of a monomode waveguide with 2D-FDTD. Multimode operation will be 

implemented in the 3D-FDTD simulations to define the “real” set of parameters that we choose for our fabricated 

devices. 
3 In a perfect electric conductor (PEC), the skin depth becomes so small that the electromagnetic wave hardly 

penetrates. It is thus a lossless reflector. 
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Figure IV-3 shows a parametric study of the farfield emission diagram (Phi is the acceptance angle in 

the 2D framework) as a function of the gap size. 60 runs of 50 FDTD simulations were done to cover a 

range from 0 to 0.6μm. Two phenomena can be observed: 

• For low gap size (from 0 to 50nm typically), the farfield diagram is strongly altered and it 

exhibits two peaks around ±35°. This can be attributed to near-field effects where a strong 

interaction occurs between the evanescent tail of the guided mode and the bottom reflector, 

which also affects the light extraction process. 

• For higher gap sizes, where the strong near-field coupling effect does not occur anymore, we 

observe that the emission diagram oscillates with a periodicity of λ/2 (unity round-trip 

condition). The farfield is highly directive for gap values around ~ (2p+1) λ/4 and less directive 

for gap values of ~ (2p) λ/4, which can be attributed to destructive/constructive interference 

processes. 

 

Figure IV-3: Farfield patterns obtained for different gap sizes ranging from 0 to 0.6µm. Phi is the acceptance angle in the 2D 

framework. 

Figure IV-4 presents the light extraction efficiency (LEE) convergence as a function of the domain size 

(in number of periods) for different gap sizes ranging from 0 to 0.6μm.  

We can clearly observe that the gap influences the coupling length (Lcoupling) and LEE. As for the farfield-

pattern study, we can spot two different regimes: 
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• Near-field coupling regime: for lower gap sizes (in the range of 0 to 50nm), LEE is close to 

100% and the coupling length is around 40 periods. The simultaneous interaction of the guided 

mode with both the grating and the reflector enhances light extraction. We can however note 

that we considered a lossless back reflector. In the case of a real-life mirror, guided-modes’ 

evanescent tails could slightly penetrate the metal and absorption could become so strong that 

only a small amount of the guided light is extracted, which could be very detrimental for the 

overall performances of the devices [2]. 

• For higher gap sizes, we have the same periodicity of λ/2 as before. LEE varies between 75% 

and 100%, which can also be attributed to destructive/constructive interference processes. 

 

Figure IV-4: LEE convergence as a function of the domain size (in number of periods) for different gap sizes ranging from 0 

to 0.6µm.  

It thus appears that two interaction regimes have been identified. On the one hand, there is the near-field 

regime (low gap sizes), where a strong interaction between the evanescent tail of the guided mode and 

the bottom reflector occurs. This regime can be very detrimental for the LEE of the CCL in the case of 

real back-reflectors, which includes absorption losses. On the other hand, for higher gap values, this 

strong interaction does not occur anymore and light extraction is mainly ruled by interference processes.  

In our case of interest (MQW CCL transferred on blue µ-LED arrays), the gap embeds bonding layers 

and thick blue µ-LEDs4 (see Figure IV-1), so that the bottom reflector is sufficiently away from the 

MQW CCL for the near-field regime not to occur. This can consequently enable us to enhance 

simultaneously both LEE and the directivity of the emission with a judicious design of the gap, mainly 

 
4 The typical thickness of blue µ-LEDs is within the order of magnitude of the micron [3]. 



Pixelated photonic-crystal MQW III-V membrane with back- and lateral reflectors 

104 

 

ruled by interference processes. We can note that the coupling length is also modified by the bottom 

reflector. 

IV.2.1.b Red color converters with vertical and lateral mirrors: Bloch-mode replication 

We have previously evaluated the impact of the implementation of a back mirror in the device and we 

saw that LEE, extraction length and directionality could be significantly altered. These strong emission 

modifications depend on the position of the mirror with respect to the dipole source planes (optical 

distance between the dipoles and the reflector). In this section, we study the possibility of benefiting 

from the lateral mirrors to virtually extend the lateral size of pixels for enhancing LEE.  

To do so, we first consider the same single-mode membrane as before; albeit with a lateral extent of 

only four periods and with a back-reflector well positioned to reach maximum LEE, as explained in the 

previous subsection. Without lateral mirrors, the numerically evaluated LEE of such devices is ~ 45% 

(see Figure IV-4), limited by the short lateral extent of the PhCs. Next, we wish to obtain the same LEE 

as a quasi-infinite structure by properly positioning lateral mirrors in order to recycle photons that are 

not extracted by the grating during a roundtrip (see Figure IV-5-a). Those photons will then have a 

“chance” to escape out of the 3D structure by interacting with the grating during the next round-trip. 

Considering the case of perfectly phase-matched lateral mirrors (without losses and whose induced 

phase-shift is compensated), this would mean that the coupling length equals the pixel lateral extent 

(Lcoupling= Lextent) and that the LEE can theoretically reach 100%. This quasi-3D confinement strategy is 

achieved through a 2D+1D optical engineering. 

 

Figure IV-5: Schematic of the laterally and vertically confined MQW microstructure. The lateral extent of the device is four 

periods. The lateral Cu-mirrors are exactly located at two periods away from the center of the structure. FDTD simulation, Ey 

electric field profile, showing the vertical beaming process at the wavelength scale in a quasi-3D structure. 
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From a photonic band-structure standpoint, the aforementioned process can be seen as a “perfect” Bloch-

mode replication thanks to the mirror effect. Phase and amplitude distribution should be conserved by 

placing the mirrors in an appropriated way, as shown in Figure IV-5-b. 

Micro-devices with and without gratings are studied in order to evaluate LEE enhancement as well as 

the impact of the patterning on the directivity. For the sake of completeness, we also include Cu-mirror 

losses so that the efficiency will be limited by the effective reflectivity of the lateral mirrors (<1). 2D-

FDTD simulation results for both configurations are presented in Figure IV-6: 

• Configuration without grating: The LEE is limited 8.6% with a good directivity. 

• Configuration with a grating: The LEE is now 63% and is enhanced more than six times 

compared to case without grating. The farfield analysis shows that the patterning brings a 

vertical beaming at the wavelength scale and almost all the light is now contained in a solid 

angle of +/- 30°. 

 

Figure IV-6: FDTD simulation results with and without gratings. NB: frequency is expressed in unit of 1/λ [µm-1]. 

The LEE enhancement factors can be further improved if we take into account the phase-shift induced 

by the penetration depth inside the lateral Cu mirrors by shifting them ~45nm (~λ/4nmembrane) away from 

their initial position. In that case, as depicted in Figure IV-7, LEE increases up to 80% and the farfield 

emission become more directive. Overall, Bloch-mode replication has thus helped increase LEE by a 

factor up to 2 compared to the same structure without lateral mirrors. LEE is however still limited due 

to the Cu-mirrors losses.  

It is thus possible to benefit from lateral mirrors to virtually extend the lateral sizes of the MQW CCL 

using Bloch-mode replication. Within this framework, LEE could be significantly enhanced compared 

to structures without lateral mirrors while keeping a directional emission. We have also highlighted that 
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for this principle to properly work, the lateral mirrors need to have high reflectivity values and their 

reflection phase-shift needs to be matched. 

Even if the aforementioned preliminary design rules with 2D-FDTD in the single-mode case are helpful 

to understand the underlying principles of this quasi-3D light-harnessing strategy, one needs to resort to 

full 3D-FDTD simulations to have a good insight into the behavior of “real” 3D devices. This will be 

conducted in the next subsection. 

 

Figure IV-7: FDTD simulation results of the optimized configuration. Lateral mirrors are shifted ~45nm away from their initial 

position to take into account the phase-shift induced by the penetration depth inside the copper material. NB: frequency is 

expressed in unit of 1/λ [µm-1]. 

IV.2.2 Full 3D-FDTD simulations 

Now that we have better understood the roles of the back- and lateral mirrors, we wish to determine the 

set of opto-geometrical parameters of the “real” devices that we will fabricate as a proof-of-principle 

demonstration of the aforementioned quasi-3D harnessing of light. To do so, we perform additional 

incoherent 3D-FDTD simulations in a pulsed regime to calculate LEE and farfield patterns (see 

Appendix A.1 for details on the FDTD method). The simulations are performed on the real-life MQW 

CCL fabricated in this PhD thesis (see previous chapter). The photonic crystals (PhCs) are square lattice 

of nanopillars with a lattice period of a=400nm, a lateral extent of 5 periods (for computing time issue), 

an etch depth of 188nm and an air-filling factor of 50% (for better coupling strengths as explained in 

the previous chapter). The input spectrum is Gaussian-shaped with a center wavelength at 640nm and a 

FWHM of 20nm. The MQW region is represented by a single source plane of 50 transverse electric 

(TE)-polarized dipoles in the middle of the CCL.  

We use Al as a bottom reflector to mimic the electrical contact at the bottom of the blue µ-LEDs in the 

final integration strategy5. As explained above, one needs lateral mirrors with high reflectivity values 

for the Bloch-mode replication (BMR) to be optimal. Therefore, we opted for Cu lateral mirrors instead 

due to their higher reflectivity values in the red spectral range. In addition, we also interleaved a SiN 

layer on the sidewall surface, between the MQW CCL and the Cu mirrors in order to limit internal 

 
5 Ti/Al based metallization schemes have been widely employed to form Ohmic contacts for GaN µ-LEDs [4]. 
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quantum efficiency (IQE) decrease for pixels with short lateral sizes [5], but also, as we will discuss the 

next subsection, to control the reflection phase shift.  

IV.2.2.a Phase-matching layer 

As explained before, it is of paramount importance to ensure that the reflection phase-shift induced by 

the penetration inside the Cu lateral mirrors is compensated. In that regard, we use the SiN passivation 

layer as a phase matcher (PM) to overcome this issue. For this simulation, the MQW CCL lie on a 

transparent substrate (to decorrelate the effect of back- and lateral-mirrors) and are surrounded by Cu 

lateral mirrors. To determine the optimal values of the PM thickness, we performed 3D-FDTD 

simulations on the devices described in Figure IV-8 and with the above-mentioned conditions. 

 

Figure IV-8: Full 3D-FDTD simulations to determine the phase-matching layer thickness. a) Description of the MQW color-

converter on a transparent substrate surrounded by lateral Cu mirrors and SiN phase-matching layer to compensate the reflection 

phase-shift. b) 3D view and c) top view of the refractive index profile used in the simulation software. The parameter s 

represents a technological oversizing (s > 0) or an under-sizing (s < 0) of the mesa and a is the lattice period.  

Figure IV-9 reports on LEE on the top side of the device as a function of the optical thickness of the 

SiN PM. We see that in the near-field regime (low optical thicknesses) LEE has intricate variations but 

overall increases as the PM optical thickness increases. It then reaches a first maximum of ~24% for 

nPMdPM/λ=0.75 where near-field effects do not seem to occur anymore and reflection phase-shift appears 

to be matched. It subsequently continues to oscillate due to interference processes with a λ/2 periodicity 

and decreasing amplitudes. 

These variations can be easily understood by considering the case of an ideal reflector. If we note φmetal 

the phase-shift induced by the lateral mirror and φPM the additional phase stemming from the propagation 

in the PM, we can write that for a perfect BMR the following condition needs to be satisfied:  
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𝜑𝑚𝑒𝑡𝑎𝑙 + 2𝜑𝑃𝑀 = 2𝑝𝜋, 𝑤𝑖𝑡ℎ 𝑝 𝑎𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑒𝑟 𝑎𝑛𝑑 𝜑𝑃𝑀 = 2𝜋

𝑛̃𝑃𝑀𝑑𝑃𝑀

𝜆
 

(IV-1) 

Here dPM is the thickness of the PM and 𝑛̃𝑃𝑀 is a mean effective index, taking into account the multimode 

nature of the structure. For an ideal mirror (φmetal=π), the previous condition implies that the maxima of 

LEE are reached for: 

 𝑛̃𝑃𝑀𝑑𝑃𝑀

𝜆
= 0.25 × (2𝑝 − 1) 𝑤𝑖𝑡ℎ 𝑝 𝑎 𝑛𝑜𝑛 − 𝑧𝑒𝑟𝑜 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

(IV-2) 

 

Figure IV-9: 3D-FDTD simulation results for determining the phase-matcher (PM) thickness. a) Light extraction efficiency as 

a function of the PM optical thickness. b) Azimuthal farfield radiation patterns for a PM optical thickness of 0.75. 

In Figure IV-9-a, the first maximum at ~0.25 is not reached due to near-field effects, however the 

second (0.75, p=2) and third (1.25, p=3) ones appear located closely to the positions predicted in the 

former equation. As the lateral thickness increases to very high values, the amplitudes of the maximum 

values decrease suggesting a reduced interaction between the guided light and the lateral mirrors. It is 

worth noting that due to the multimode nature of the MQW CCL (many different effective indices) the 

phase-condition in Eq. (IV-1) is not ideal, which is why the oscillations after the near-field regime are 

not clear-cut. 

Either way, the optimal value for the optical thickness of the PM (in the case of Cu lateral mirrors) is 

~0.75λ, which would correspond to a SiN thickness of 240nm. This very thick layer can be 

technologically tricky6 to deposit on the sidewall surface of the MQW CCL. Consequently, as we will 

see in the fabrication chapter, we only deposit a ~70nm-thick SiN layer (~0.2λ) on the sidewalls and the 

remaining optical thickness (~0.55λ) will be compensated by slightly increasing the mesa size. At this 

optimal condition, directional emission can also be reached as shown in the calculated azimuthal 

radiation patterns in Figure IV-9-b, where most of the emitted light is concentrated into a ±15° cone. 

The maximum LEE on the top side of the structure is ~24% because part of the emitted light (~50%7) is 

 
6 To obtain 240nm-thick SiN layer on the sidewall of the MQW CCL, one needs to deposit more than ~350nm on 

the top side. Because of selectivity issues between the photoresist and SiN, this could be detrimental later in the 

etching process for the SiN-layer removal. 
7 We evaluated the bottom emitted light by placing a monitor inside the transparent substrate during the FDTD 

simulations (see Appendix A.1 for more details) 
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extracted inside the transparent substrate and another one is lost due to absorption in the lateral mirrors. 

An additional study of the robustness of the design (not shown here) has also been performed using 3D-

FDTD simulations to evaluate the impact of a technological oversizing or under-sizing of the mesa (s>0 

or s<0, see Figure IV-8) due to a misalignment between the mesa and grating levels. It has been found 

that as long as s is kept under 30nm both LEE and directionality are only slightly impacted. 

IV.2.2.b Gap between the MQW CCL and the bottom reflector 

In real-life RGB microdisplays (see Figure I-10), the MQW CCL are bonded on blue µ-LED arrays 

with intermediate oxide bonding layers in-between. For the sake of demonstration, a SiO2 gap layer is 

interleaved between the MQW CCL and the Al back reflector in the fabricated devices to mimic the 

blue µ-LEDs and said bonding layers. The SiN thickness is set to the optimal value found in the previous 

subsection. We conduct 3D-FDTD simulations to determine the optical thickness of the gap to be added.  

The simulated structure (see Figure IV-10-a) is the same as the one before, albeit on an Al back reflector 

and with a SiO2 gap in-between. Figure IV-10-b displays LEE on the top side of the device as a function 

of the SiO2 gap optical thickness. Similarly to before, LEE increases in the near-field regime until it 

reaches its first maximum of ~45% at ngapdgap/λ=0.63. It then continues to oscillate due to interference 

processes with also a λ/2 periodicity (unity round-trip condition) and decreasing amplitudes. Since 

dipolar emission is omnidirectional, the oscillations after the near-field regime are not as clear-cut as 

they would be for a plane-wave impinging on the back reflector at normal incidence. 

During the fabrication, we will thus choose a 350nm-thick SiO2 gap, which is close to the 

aforementioned first maximum. 

 

Figure IV-10: 3D-FDTD simulation results to determine the optimal gap (SiO2) thickness. a) Cross section of the final devices 

comprising MQW CCL surrounded by Cu lateral mirrors with a SiN phase matcher as well as Al back reflector with a SiO2 

gap. b) Light extraction efficiency as a function of the gap optical thickness. 

IV.2.3 Conclusion 

It appears that one could efficiently benefit from the electromagnetic environment of the MQW CCL to 

increase its LEE in two ways, while keeping a directional emission. FDTD simulations have first helped 

us show that using a 350nm-thick SiO2 gap between an Al back reflector and the MQW CCL, one could 

harness some of the bottom emitted light to favor top emission. Moreover, when the reflection phase-
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shift induced by the penetration inside the lateral mirrors is matched, Bloch-mode replication could be 

a promising way to increase the LEE further. This latter requires an additional phase matching medium 

with an optical thickness of ~0.75λ in the case of Cu lateral mirrors, which can be performed with a 

simultaneous adaptation of the SiN passivation layer thickness and the lateral size of the mesa structure.  

In the following section, two sets of devices (LOT II and LOT III) will be fabricated on metallized 

silicon substrates with a 350nm-thick SiO2 gap between the CCL and the bottom reflector as proof-of-

concept demonstration of the two above-mentioned principles. 

IV.3 Device fabrication 

All the devices are fabricated on metallized silicon substrates with a 350nm-thick SiO2 gap between the 

CCL and the bottom reflector. LOT II, where MQW CCL are not pixelated, aims at demonstrating the 

possibility of harnessing the bottom emitted light using back reflectors. On the other hand, in LOT III 

MQW CCL are pixelated and their trenches are successively filled with SiN passivation layers and Cu 

lateral mirrors to investigate Bloch-mode replication (BMR).  

The red epitaxial layers are the same as the ones from the previous chapter (see Table III-1) and the 

fabrication was achieved in CEA-LETI’s 200mm cleanroom facilities. The complete and functional 

integration flow described in Figure IV-11 is a result of extensive process development on most of the 

technological steps, but we only highlight here the main ones. 

The first step is to transfer the red epilayer onto the receiving substrates, which are 200mm Si substrates 

metallized with Ti bonding layers deposited by PVD and followed by CMP to enable planarization. The 

350nm-thick SiO2 is deposited on the layer 9 of the epitaxial structure, preceded by a 10nm-thick ALD 

alumina intermediate layer to favor optimal adherence. Next, a PVD-deposited 150nm-thick Al on top 

of the SiO2 gap acts as a back reflector. A 5nm-thick PVD-Ti layer was interleaved between the SiO2 

and the back reflector for adherence purposes and then followed by an additional Ti bonding layer. The 

two surfaces are cleaned and oxygen plasma ensued to active them. We then achieve the bonding by 

putting the wafers in contact at room temperature, followed by a 300°C annealing for 90 minutes to 

reinforce the bonding interfaces. 

Scanning acoustic microscope (SAM) images of the bonded red MQW CCL before and after annealing 

are displayed in Figure IV-12-a and Figure IV-12-b showing that it helps reach high bonding yield 

(>95%).  

Thereupon, the GaAs substrate and the sacrificial layers (layers 0 to 3) are removed by highly selective 

wet etching techniques as in the previous chapter. Figure IV-12-c reports on the bonded epilayer after 

substrate and sacrificial layer removal on 200mm metallized silicon substrate. The remaining thickness 

of the red MQW CCL is around 600nm. 

After the bonding and substrate removal, the next steps of the process are achieved throughout a 3-

etching-level lithography (see Figure IV-11): texturing level for photonic-crystal (PhC) fabrication, 

trench level for mesa definition and open level after metallization to uncover light-emitting areas. 
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Figure IV-11: Complete fabrication process flow of MQW CCL on metallized silicon substrates in 3 etching levels to 

demonstrate the harnessing of the bottom emitted light (LOT II) and Bloch-mode replication (LOT III). LOT II ends after the 

texturing level and LOT III goes on to the pixelization, metallization and opening. A screenshot of the GDS design with the 

texturing and trench etching levels is shown in the inset. 

 

Figure IV-12: Scanning acoustic microscopy (SAM) image of the bonded epilayer a) after it is put in contact with the silicon 

substrate and b) after a 300°C annealing during 90 minutes to reinforce the bonding interface. c) Picture of the bonded epilayer 

(in red) after substrate removal. 

The texturing level was achieved similarly to the previous chapter using e-beam lithography and a top-

down pattern-transfer approach through a SiN hard mask, which is however not removed after epilayer 

etching. 1D lattices as well as square and hexagonal lattices of air holes and pillars (later referred to as 

SLAH, SLNP, TLAH and TLNP) have been fabricated with varied opto-geometrical parameters. For 

each one, lattice periods have been varied from 400nm to 700nm with a step of 50nm. In addition, for 

each lattice period, PhC structures with different lateral extents have been fabricated: 3, 5, 10, 25 and 

40 periods. The etch depth and air-filling factor have been set to the optimal values found in the previous 
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chapter (~180nm and ~50%, respectively). SEM images of some of the fabricated structures are 

displayed in Figure IV-13. We can note the presence of SiN blisters8, which are some defaults resulting 

from the non-conformity of the low-stress PECVD-SiN on GaAs. The process flow of the devices of the 

LOT II, which only aim at demonstrating the possibility of harnessing the bottom emitted light, ends 

here. For the devices of LOT III on the other hand, which are to be used for the experimental 

demonstration of Bloch-mode replication (BMR), we need to go on with the process to the trench and 

open etching levels. 

For the trench level, we opted for UV lithography followed by RIE etching, since the critical dimension 

(CD) of the trenches is 1µm. The etching process is similar to the one used during PhC-pattern definition, 

albeit with a thicker SiN hard mask9 (250nm). In Figure IV-14, we display a focused ion beam (FIB) 

image of the 1D lattice during the etching process for the trench level right after the hard-mask opening.  

 

Figure IV-13: Scanning electron microscopy (SEM) images of some of the fabricated devices after texturing (end of LOT II). 

a) Square lattice of air holes and b) nanopillars. c) Triangular lattice of air holes with a lattice period of a=500nm and a lateral 

extent of 5 periods. Due a non-conformity of the PECVD-SiN on GaAs, we notice the presence of SiN blisters mostly outside 

the emitting regions. 

 

Figure IV-14: Focused ion beam (FIB) image of the 1D lattice after hard-mask etching for the trench level. The trench sidewalls 

are almost vertical while the ones of the photonic-crystal patterns are a bit tapered. 

 
8 In the previous chapter, these blisters were not visible because the SiN hard mask was removed after III-V 

etching. 
9 The AlGaInP:SiN etching selectivity is around 3:1 within our technological conditions. 
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As we can see the trench’s sidewalls (at least in the hard mask) appear almost vertical, whereas the ones 

of the PhCs are slightly tapered. Subsequently, the structure is etched all the way through the remaining 

600nm-thick red epilayer with a stop inside the SiO2, which has been confirmed by additional energy 

dispersive X-ray (EDX) analyses (not shown here). SEM images of some of the devices of LOT III after 

the trench etching levels are shown in Figure IV-15. It is worth pointing out that during the UV 

lithography, the overlay measurements showed that the misalignment between the texturing and trench 

levels was kept under 10nm, which is of paramount interest for phase matching during BMR as pointed 

out in the previous section. In addition, the trench symmetry follows the ones of the PhC lattice to ensure 

efficient Bloch-mode replication (hexagonal trenches for hexagonal lattices and square ones for square 

lattices). 

Afterwards, the trenches were filled10 by a 100nm-thick PECVD-SiN passivation and phase-matching 

layer as well as 150nm-thick PVD Cu lateral mirrors, preceded by 5nm-thick PVD-Ti for adherence 

purposes. Following this metallization, we opened light–emitting areas using UV lithography followed 

by ion-beam etching (IBE) for removing the Cu layer on top of the device11. 

 

Figure IV-15: Scanning electron microscopy (SEM) images of some of the fabricated devices after the trench etching level. a-

b) 1D lattices with lateral extents of 3 and 10 periods, respectively. Square lattices of c) air holes and d) nanopillars. Hexagonal 

lattices of e) air holes and f) nanopillars. 

Figure IV-16 shows SEM-EDX analyses performed on 1D lattices before and after metal etching, 

confirming that Cu has been completely etched on top of the light-emitting areas. The photoresist was 

then stripped, which concludes the process flow for the devices of LOT III.  

 
10 Following the trials made in our lab, around 70% of the thickness deposited on top of the device will be found 

on the sidewalls. 
11Another possible integration could have been to use CMP at this stage, but we did not pursue this route due to 

issues related to the availability of the equipment in CEA-LETI cleanroom facilities. 



Pixelated photonic-crystal MQW III-V membrane with back- and lateral reflectors 

114 

 

 

Figure IV-16: SEM-EDX analysis of 1D lattices before and after metal etching focusing on the presence of copper.  

We eventually performed additional scanning transmission electron microscopy (STEM) analysis on 

some of the final devices of LOT III to better visualize all the layers deposited during fabrication, 

particularly the SiN phase-matching layer and the lateral mirors. Figure IV-17 reports on high-

resolution high-angle annular dark-field (HAADF) STEM images of a square lattice of air holes with 

a=700nm and a lateral extent of 3 periods, along with images with a zoom on the trenches. In addition, 

we conducted STEM-EDX analysis (see Figure IV-18) to have a better insight on all the atoms and 

layers present in our final devices. The SiN phase-matching layer and Ti-Cu lateral mirors, as well as 

the atoms composing the epitaxial structure (Al, Ga, As, In, P) have been well identified with thicknesses 

matching those we expected during fabrication.  

 

Figure IV-17: HAADF-STEM images of the square lattice of air holes with a=700nm and Lext=3a.  
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Figure IV-18: STEM-EDX analyses of the trenches along with a quantification in terms of atomic percentage. 

IV.4 Harnessing the bottom emitted light using back reflectors: LOT II 

In this section, we wish to perform an experimental investigation of the possibility to harness the bottom 

emitted light using Al back reflectors. The devices are those of LOT II (unpixelated but patterned MQW 

CCL on metallized silicon substrates, see Figure IV-11). We first analyze LEE enhancement, extraction 
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lengths and directionality, before having a closer look into 1D lattices. Next, we conduct an evaluation 

of the experimental LEE and compare it to the targeted values provided in the first chapter of the 

manuscript. 

IV.4.1 Extraction lengths, LEE enhancement and directionality 

For the extraction lengths, we follow the same procedure as in the previous chapter. Micro-PL 

measurements are performed using a MO with NA=0.9. For each lattice symmetry, pattern and period, 

we evaluate PL gains with respect to the unpatterned surfaces as a function of the PhC lateral extent. In 

Figure IV-19-a, we display LEE enhancement factors as a function of the lateral extent for SLNP with 

a lattice period of 400nm. As expected, the amount of extracted light increases with increasing lateral 

extents until it saturates at ~4. Similar measurements were also achieved for other devices and the 

extraction lengths are obtained using the same model derived from coupled-mode theory as in the 

previous chapter. 

 

Figure IV-19: a) LEE enhancement as a function of the lateral extent for SLNP with a=400nm. b) Experimental extraction 

lengths as a function of the lattice period for 1D lattice, SLAH, SLNP, TLAH and TLNP with FF~50% and an etch depth of 

about 180nm. 

Figure IV-19-b shows the extraction lengths for all the fabricated structures as a function of the lattice 

period. As explained in the previous chapter, we observe a strong lattice-period-dependency. However, 

since all the air filling factors (FFs) are kept around 50%, the obtained extraction lengths are very short 

and range between ~2µm and ~4µm. Thus, increasing the lattice symmetry does not seem to bring any 

significant advantage in terms of coupling strengths, nor does changing the pattern type as long as the 

FFs are maintained around 50% . This confirmed the conclusions drawn in the previous chapter, 

highlighting the fact that the FFs and etch depths are the main optimizing levers for the grating strength 

at a fixed lattice period. 

Since the extraction lengths are between ~2µm and ~4µm, the devices with a lateral extent of 40 periods, 

whose LEE enhancement factors are provided in Figure IV-20 as a function of the lattice period, can 

be considered quasi-infinite.  
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Figure IV-20: Light extraction efficiency enhancement as a function of the lattice periods for 1D lattice, SLAH, SLNP, TLAH 

and TLNP with a lateral extent of 40 periods. 

LEE enhancement is found to depend only weakly on the lattice period. For 1D lattices, there is a slight 

increase of LEE enhancement factors from ~1.5 for a=400nm to ~2.25 at a=600nm and ~2 at a=700nm. 

For other lattices, we observe similar variations but LEE enhancement is kept between ~3 and ~4. The 

highest value of ~4 is obtained for SLNP with a=400nm, which confirms that increasing the lattice 

symmetry order over four-fold (square lattice) does not seem to bring any advantage in terms of light 

extraction. In addition, the lowest values for 1D lattices could be attributed to their intrinsic inability to 

extract guided modes incident from all in-plane directions as already discussed in [6]. It is worthy 

noticing that contrary to the devices on transparent substrates, where there were high discrepancies 

between LEE enhancement for holes and pillars due the higher diffraction towards the substrates for 

holes, the obtained values with a back reflector are quite close. This validates an efficient harnessing of 

the bottom emitted light by the Al back reflector and the interleaved SiO2 gap. 

 

Figure IV-21: Measured normalized azimuthal farfield patterns for some of the fabricated devices of LOT II with a lateral 

extent of 40 periods a) 1D, b) SLAH and d) TLAH with a lattice period of 550nm and a lateral extent of 40 periods. c) SLAH 

with a lattice period of 550nm. 

We now wish to examine whether this harnessing of the bottom emitted light is achieved while keeping 

a directional emission. To do so, we use the BFP imaging setup described in Section III.3.2 of the 

previous chapter to measure the azimuthal farfield patterns of all the fabricated devices with a lateral 
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extent of 40 periods and lattice periods between 400nm and 550nm. Some of them are shown in Figure 

IV-21 and normalized with their maximum values. We can observe two-, four- and six-fold symmetries, 

which are inherent to the symmetry orders of 1D, square and hexagonal lattices. 

 
 

  

 

Figure IV-22: Directionality enhancement for 1D lattices, SLAH, SLNP, TLAH and TLNP as a function of the acceptance 

angle and the lattice period. 

From those farfield patterns, we evaluated directionality enhancement factors with respect to Lambertian 

emission (see previous chapter) to quantify the emission directionality and compared it to what we 

obtained on transparent substrates. The results are provided in Figure IV-22 on a semi-log scale. As 

expected from the azimuthal farfield patterns, directionality enhancement depends on both the pattern 

type and the lattice period. The highest values are obtained for SLAH with a=550nm, SLNP with 

a=400nm and TLNP with a=450nm. With those structures, directionality enhancement reaches values 

of ~4 close to normal incidence and ~1.8 at 30°. 1D gratings on the other hand exhibit lower 

directionality enhancement values than higher-order lattices. Let us note that on transparent substrate 

and for the same opto-geometrical parameters, SLAH with a=450nm had the highest directionality 
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values which is now the other way round. Indeed, due to the presence of the back reflector, light 

diffracted downwards is now reflected back upwards and redistributed, which induces a change in the 

emission shape. Besides, now that all the FFs are kept around 50%, the coupling strengths do not differ 

much between holes and pillars as seen in Figure IV-19-b. Since the directionality losses observed for 

pillars compared to holes stemmed from the broadening of the diffracted bands in the k//-space of the 

associated guided Bloch-modes, those discrepancies are now mitigated. This explains why highest 

values of directionality enhancement are also achieved with pillars. Thus, similarly to light extraction, 

increasing the lattice symmetry order over four or even changing the patterns does not seem to bring 

any improvement in terms of directionality. 

Therefore, it appears that by harnessing the bottom emitted light using Al back-reflector coupled with a 

SiO2 gap, one could achieve high LEE enhancement factors, paired with ultra-short extraction lengths 

and directional emission. The best performing devices are SLNP with a=400nm exhibiting LEE ~4 times 

higher than those of unpatterned references, along with an ultra-short extraction length of ~2.5µm and 

a directionality ~4 and ~1.8 times better than lambertian emission, close to normal incidence and at 

~30°, respectively. Due to their lack of in-plane omnidirectionality, 1D lattices were found to have the 

lowest LEE and directionality enhancement factors. However, they could be of key interest for certain 

applications, as we will briefly investigated in the next subsection. 

IV.4.2 Towards polarized light emission with 1D lattices 

In display applications such as LCD, which operate through spatial modulation of polarized light, µ-

LEDs emitting polarized light are of paramount interest [7]. However, conventional incoherent light 

sources are usually unpolarized because the electric fields do not have a preferred orientation. Using 

PhC light extractors help enhance LEE as demonstrated above, but 1D lattices have the particularity of 

better extracting electric fields aligned with their grating patterns [8], which could increase the 

polarization ratios of the emitted light from our MQW CCL. The polarization ratio is defined as the ratio 

between the difference and sum of the intensities emitted perpendicular (⟘) and parallel (//) to the 

grating lines and expresses as (Figure IV-23): 

 
𝜌 =

𝐼// − 𝐼⟘

𝐼// + 𝐼⟘
 

(IV.3) 

To evaluate the polarization-ratio difference between 1D and other lattices, we use the micro-PL setup 

described in the previous chapter and inserted a rotating polarizer before the CCD camera to acquire the 

parallel and perpendicular intensities for each devices. We did the measurements for all lattices with 

a=400nm and a lateral extent of 40 periods and then evaluated the polarization ratios. Similar 
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measurements were also performed for unpatterned surfaces for the sake of comparison. A bar plot of 

the obtained polarization ratios is displayed in Figure IV-23. 

 

Figure IV-23: Measured polarization ratios of the fabricated devices with all the different lattices, lattice periods of a=400nm 

and lateral extent of 40 periods. The conventions for the orientation for the electric field are described in the inset. 

Unpatterned structures have a certain degree of polarization, which is here found to be ~20%, as 

evidenced by the spectrally resolved farfield patterns measured in the previous chapter. We observe that 

this 20% polarization ratio value is unchanged for structures with 2D lattices (square or hexagonal 

lattice, no matter which pattern type). For 1D lattices on the other hand, the polarization ratio increases 

from 20% to 50%, which corresponds to a 2.5 gain, due to their preferential light extraction along the 

direction parallel to their grating lines. This highlights the promising interest of 1D lattices for polarized 

light emission from MQW CCL.  

IV.4.3 Experimental evaluation of light extraction efficiency  

Before concluding Section IV.4, we wish to evaluate experimental values of LEE for the best 

performing devices so far (SLNP with a=400nm) and see where we are at as compared to the initially 

targeted values for AR microdisplays. To do so, we use the LEE of the unpatterned structures and the 

LEE enhancement factors in Figure IV-19-a. Let us recall that LEE of MQW CCL on transparent 

substrates without PhCs was evaluated to ~3% in the previous chapters. Comparing the PL spectra of 

unpatterned MQW CCL on transparent and metallized-silicon substrates (see Figure IV-24-a), we find 

that the use of back-reflector with a SiO2 gap helps enhance LEE ~4 times without PhC. This means 

that LEE of the reference unpatterned MQW CCL on metallized-Si substrates is around 12%. By 

multiplying this reference value with the LEE enhancement factors obtained in Figure IV-19-a, we 

evaluated experimental values of the LEE of SLNP with a=400nm as a function of the lateral extent. It 

is worth reminding that these values are naturally underestimation of the real values of LEE, since IQE 

decrease due to PhC is embedded within, as explained in the previous chapter, but they still could give 

us a good insight into the performances reached. 
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Figure IV-24: a) PL spectra of unpatterned CCL on transparent and metallized-silicon substrates with NA=0.9. b) Experimental 

LEE evaluated from the LEE enhancement factors above for SLNP with a=400nm. 

We can observe that the initially targeted LEE values to reach the high luminances required for AR 

microdisplays (between 40 and 50%) are achieved as long as the pixel lateral sizes are kept over 4µm 

(for the sake of simplicity, we do not consider IQE decrease in this evaluation). In the devices with very 

short lateral sizes, there can be two light loss factors. The first ones are the absorption losses due to the 

Al back reflector, whose reflectance values have been measured to be around 65% (see Appendix C.1) 

and could potentially be further improved with more suitable deposition conditions. Besides, the short 

lateral extents of those devices are not enough to extract the remaining part of the guided light, which is 

the second source of light loss. This latter one could be alleviated by virtually extending the lateral size 

of those pixels and allowing the photons multiple round-trips inside the cavity using Bloch-mode 

replication (BMR), as explained in Section IV.2.  

This latter concept will be investigated experimentally in Section IV.5 using the devices of LOT III. 

IV.4.4 Conclusion 

The potential of harnessing the bottom emitted light using back reflectors has been experimentally 

demonstrated with the devices of LOT II. In this framework, LEE has become only weakly dependent 

on the lattice period and pattern type. As long as the lattice symmetry order is kept over four, LEE close 

to 50% can be reached for pixel sizes over 4µm, which fulfilled the requirements of AR microdisplay 

applications. Although the low in-plane omnidirectionality of their light extraction processes resulted 

into low LEE and directionality, 1D lattices could be promising candidates in applications where µ-

LEDs with polarized light emission are required. 

We have also emphasized that the targeted LEE values are not reached anymore when pixel sizes 

become very short (<4µm), which could be alleviated by implementing the BMR principle and will be 

investigated in the next section. 
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IV.5 Enhancing light extraction efficiency using Bloch-mode replication: LOT III 

In this section, we deal with an experimental demonstration of the potential interest of Bloch-mode 

replication (BMR) to overcome the light extraction limit of pixels with very short lateral sizes. We start 

by a proof-of-concept demonstration of this principle using micro-PL experiments on the devices of 

LOT III, before taking a closer look into the lateral-mirror losses. We then conclude on this strategy. 

IV.5.1 Proof-of-principle experimental demonstration of Bloch-mode replication 

Using the micro-PL setup described in the previous chapter, we evaluate LEE enhancement for the 

devices of LOT III. For the sake of comparison, the reference structures to evaluate LEE enhancement 

factors are the unpatterned and unpixelated devices. The results are shown in Figure IV-25 for some of 

the most performing devices in terms of LEE (SLNP with a=400nm and a=700nm). LEE enhancement 

values for the unpixelated devices of LOT II are also added to observe the LEE improvement due to 

BMR. 

 

Figure IV-25: LEE enhancement as a function of the lateral extent for SLNP with a=400n and a=700nm. The results for 

unpixelated and pixelated devices are provided for the sake of comparison. 

For SLNP with a=700nm, we can see that LEE enhancement follows the same variations for pixelated 

devices as those of unpixelated devices, albeit with different values. For pixelated devices, LEE 

enhancement increases from ~1.4 to ~2.55 when the lateral extents go from 2.1µm to 3.5µm, 

respectively, before reaching saturation values close to those of unpixelated devices. As shown in Figure 

IV-25, those two former values are ~33% and ~24% better than those of unpixelated structures, 

respectively, which confirms the key interest of BMR in increasing LEE for pixels with short lateral 

sizes. These variations can be understood as follows. For pixels with short sizes (shorter than the 

saturation lengths), photons are not completely extracted by the grating during their first pass. Thus, 

they continue to propagate within the cavity and are eventually lost for unpixelated devices, whereas for 

pixelated ones they are reflected off by the lateral mirrors and given other chances to escape, which 

improves the LEE enhancement, as explained before. Subsequently, as the pixel sizes increase over the 
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saturation lengths, the PhC lateral extent becomes sufficient to extract photons, which is why both 

pixelated as well as unpixelated devices reach the same saturation values. 

SLNP with a=400nm exhibit similar variations, albeit with lower values. For instance, we can notice 

that with BMR LEE enhancement of pixelated devices can be ~16% and ~7% better than those of 

unpixelated ones for lateral extents of 2µm and 4µm, respectively. Thus, the target LEE values for AR 

microdisplays can now be reached even for pixels with lateral sizes of 2µm, which also confirms the 

key interest of the BMR principle. Nonetheless, we notice a peculiar behavior of pixels with a lateral 

size of ~1.2µm (<2µm) where pixelization actually decreases LEE enhancement by factors up to ~18%. 

 

Figure IV-26: IQE ratio estimated by TRPL for pixelated and unpixelated patterned CCL with respect to unpatterned and 

unpixelated references. (Left) transient curves for pixelated structures with lateral extents of 1.2µ and 16µm. (Right) IQE ratio 

as a function of the lateral extent. 

Let us recall that the experimental LEE enhancement embeds both absorption efficiency and IQE. As 

explained in the previous chapter, absorption efficiency does not change much in this case. Therefore, 

the size-dependency of the IQE needs to be further investigated. We do so by conducting TRPL 

measurements on the micro-PL setup presented in the previous chapter. We evaluate the total 

recombination lifetimes as a function of the lateral extent for unpixelated (and patterned with PhC) as 

well as pixelated (and patterned) devices. The total recombination lifetime of the unpatterned and 

unpixelated devices is used as a reference to evaluate the size-dependency of the IQE in our structure. 

The results are displayed in Figure IV-26 (right plot) along with transient curves (left plot), which were 

best fit with a single exponential decay function. For the unpixelated devices, IQE ratios are only slightly 

size-dependent, with an overall decrease (for all sizes) of ~20% stemming from the photonic-crystal 
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patterns as explained in the previous chapter. For pixelated devices on the other hand, IQE ratios rapidly 

decrease when pixel lateral sizes reach values under 4µm because of non-radiative recombinations at 

the pixel’s sidewalls. This limit of 4µm in terms of pixel lateral sizes matches the standard values of 

carrier diffusion lengths reported for AlGaInP-based devices [9]. We can recall that these phenomena 

are more detrimental in AlGaInP-based devices than for example in GaN-based devices, because the 

former have a larger number of surface defect states at their sidewall combined with higher carrier 

diffusion lengths as well as higher recombination velocities [10]. This is thus the reason why the 

potential of BMR is hindered for pixel lateral sizes under 2µm as seen for SLNP with a=400nm and a 

lateral size of ~1µm. Further extensive experiments that are out of the scope of this PhD thesis would 

be required to tackle this issue. In that regard, we can conclude that for now, unless efficient passivation 

techniques are developed, pixel sizes need to be kept at least over 2µm. In that framework, BMR could 

help improve LEE by factors up to ~33%, for instance for pixel lateral sizes of ~2.1µm (SLNP with 

a=700nm). It is also worth noting that the difference between the saturation values of unpixelated and 

pixelated devices can be attributed to differences of etch depths wafer-to-wafer due to the technological 

variations during fabrication. 

It thus appears that BMR could help us benefit from the lateral mirrors isolating the pixels between one 

another. Its potential has been experimentally demonstrated, helping us improve LEE by ~33% for pixels 

with very short lateral sizes (~2µm), which is promising for the final integration of the MQW CCL on 

blue µ-LED arrays. It has also been emphasized that, unless efficient passivation techniques are 

developed, pixel lateral sizes need to be kept at least over 2µm, otherwise IQE decrease would hinder 

said efficiency improvements. 

In addition to the importance of matching the reflection phase-shift due to the lateral mirrors, we have 

pointed out that the core principle of BMR relies on an interplay between the light-extraction processes 

by the grating (characterized by the coupling strength) and the reflection by the lateral mirrors 

(characterized by the lateral-mirror reflectance values). In the next section, we model this interaction to 

have a better understanding of our results. 

IV.5.2 Modeling the impact of lateral-mirror losses 

We wish to model the dependency of LEE on the coupling strength and the lateral-mirror reflectance to 

have a good insight into the interplay between light extraction and reflection and understand its role on 

BMR. To do so, we herein propose a four-wave intensity model whose operating principle is depicted 

in Figure IV-27. We start by assuming that the reflection phase-shift induced by the penetration depth 

inside the lateral mirrors is matched. In that framework, light emitted inside the CCL is either extracted 

outside by the grating, characterized by its coupling strength κ (mean coupling strength over all the 

guided Bloch-modes), or lost via lateral-mirror losses due to their reflectance values denoted R (<1). We 

note L the lateral extent of the grating, Iint
z the intensity of the emitted light remaining inside the CCL 

after z half round-trips, Iout
z the intensity of the portion of the emitted light extracted outside after z half 
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round-trips and I0 the initial emitted light inside the cavity (Iint
0= I0). The final light extraction efficiency 

at the end of this process is denoted LEE (on the top and bottom sides). 

 

Figure IV-27: Overview of the principle of the four-wave intensity model. 

Within that framework, the light intensity extracted outside after the first half roundtrip can be expressed 

using the same couple-mode-theory-derived model as in the previous chapter: 

 𝐼𝑜𝑢𝑡
1 = 𝐼0𝑡𝑎𝑛ℎ2(𝜅𝐿) (IV.4) 

From that, we derive the remaining intensity inside the cavity, which writes as12: 

 𝐼𝑖𝑛𝑡
1 = 𝑅(𝐼0 − 𝐼𝑜𝑢𝑡

1) = 𝑅(𝐼0 − 𝐼0𝑡𝑎𝑛ℎ2(𝜅𝐿)) = 𝑅1𝐼0(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿))
1
 (IV.5) 

We can thus more generally write that the remaining light intensity inside the cavity after z half 

roundtrips reads as: 

 𝐼𝑖𝑛𝑡
𝑧 = 𝑅(𝐼0 − 𝐼0𝑡𝑎𝑛ℎ2(𝜅𝐿)) = 𝑅𝑧𝐼0(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿))

𝑧
 (IV.6) 

To determine LEE, we need to evaluate Iout
∞ which is the total light intensity extracted outside at the end 

of the process. Using the previous equations, we can write: 

 𝐼𝑜𝑢𝑡
𝑧+1 = 𝐼𝑜𝑢𝑡

𝑧 + 𝐼𝑖𝑛𝑡
𝑧 × 𝑡𝑎𝑛ℎ2(𝜅𝐿) = 𝐼𝑜𝑢𝑡

𝑧 + 𝑅𝑧𝐼0(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿))
𝑧

× 𝑡𝑎𝑛ℎ2(𝜅𝐿) (IV.7) 

By summing this previous equation over all the roundtrips, we obtain: 

 
∑(𝐼𝑜𝑢𝑡

𝑧+1 − 𝐼𝑜𝑢𝑡
𝑧)

∞

𝑧=0

= ∑(𝑅(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿)))𝑧 × 𝐼0 × 𝑡𝑎𝑛ℎ2(𝜅𝐿)

∞

𝑧=0

 
 

(IV.8) 

This expression can be simplified using a geometric-progression sum on the right side of the previous 

equation within which we end up with the following relationship: 

 
𝐼𝑜𝑢𝑡

∞ = 𝐼0

𝑡𝑎𝑛ℎ2(𝜅𝐿)

1 − 𝑅(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿))
 

(IV.9) 

The final light extraction efficiency can then be expressed as a function of the lateral extent of the PhC, 

the grating strength and the reflectance of the lateral mirrors: 

 
𝐿𝐸𝐸 =

𝐼𝑜𝑢𝑡
∞

𝐼0
=

𝑡𝑎𝑛ℎ2(𝜅𝐿)

1 − 𝑅(1 − 𝑡𝑎𝑛ℎ2(𝜅𝐿))
 

(IV.10) 

 
12 A half roundtrip also includes reflection by one lateral mirror. 
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As we can notice, for devices with high lateral extent (L>>Lext and then κL→+∞), 𝑡𝑎𝑛ℎ2(𝜅𝐿) reaches 

values close to unity and the denominator becomes quasi-independent on R. Therefore, the light 

extraction values for pixelated (R>0) and unpixelated (R=0) devices become the same. This matches 

with the measurement results plotted in Figure IV-25, where LEE enhancement for both pixelated and 

unpixelated devices have the same saturation values for high pixel lateral sizes. For pixels with short 

lateral sizes (L<Lext), the denominator is reflectance-dependent and less than unity. Thus, for given 

coupling strength κ and lateral extent L, LEE is higher when the devices are pixelated (R>0), which 

supports the validity of this four-wave model to have a better understanding of our experimental results.  

We now wish to understand how LEE is impacted by the reflectance values for a given device. The 

coupling strengths of our devices can be deduced from the extraction lengths provided in Figure IV-19 

(e.g., for Lext of ~3µm, we obtain κ~1/[3µm]). Using Eq. (IV.10), we evaluate LEE as a function of the 

lateral extent for different reflectance values (R). 

 

Figure IV-28: Simulation results using the herein-developed four-wave model. (Left): LEE as a function of the PhC lateral 

extent for different values of the lateral-mirror reflectance. (Right): ratios between LEE enhancement factors of pixelated (R>0) 

and unpixelated (R=0) devices to evaluate the improvement factors due to BMR. 

As we can observe in the left plot of Figure IV-28, when saturation is not reached yet (pixel with short 

lateral sizes), increasing the reflectance of the lateral mirrors directly improves LEE at a given lateral 

extent, which tends to be more significant for reflectance values over ~50%. On the right plot of the 

same figure, we focus on three particular lateral extents close to those of the short-lateral-size pixels we 

measured in Figure IV-25 (2µm, 3µm and 4µm). We then plotted LEE enhancement factors of pixelated 

devices over unpixelated (but patterned with PhC) ones as a function of the reflectance values. As we 

can see, the reflectance values have a significant impact on the efficiency of the BMR principle. For 

instance for pixels with a lateral extent of 2µm, LEE enhancement over unpixelated devices is close to 

1 for low reflectance values (meaning that BMR doesn’t have any impact on LEE), reaches ~1.5 for 

reflectance around 50%, before going over ~2.5 for high-reflecting mirrors. We measured the reflectance 

values of our lateral mirrors (Ti5nm-Cu150nm) and obtained ~50% (see Appendix C.1), which shows 

that the potential of BMR within our fabricated devices is drastically hindered by losses in the lateral 

mirrors. Those low reflectance values were found to be the result of absorption losses within the thin Ti 

layer, used for optimal adhesion of Cu on the SiN layer. Additional reflectance measurements (see 
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Appendix C.1) performed on bare Ti and Cu layers showed us that reflectance values of Ti mirrors are 

around 50%, while Cu itself reaches reflectance values over 90%. By eliminating this thin Ti layer one 

could hence expect the improvement factors in Figure IV-25 for pixelated devices to be even higher, as 

evidenced by the herein-developed model. 

IV.5.3 Conclusion on the Bloch-mode replication principle 

To sum up, Bloch-mode replication (BMR) could be a viable strategy to increase the LEE further by 

benefiting from the lateral mirrors initially employed to isolate the pixels.  

 

Figure IV-29: Experimental LEE evaluated from the LEE enhancement factors above for SLNP with a=400nm as well as 

back- and lateral mirrors (final devices of LOT III). 

Figure IV-29 displays the experimental LEE evaluated from the LEE enhancement factors above for 

SLNP with a=400nm as well as back- and lateral mirrors. As we can see, within the BMR principle, we 

were able to design and fabricate devices exhibiting LEE values over ~40%, which is compatible with 

the initial requirements to reach high luminances for AR microdisplays. Next, it has been emphasized 

that those high LEE values are maintained provided the lateral extents of the pixels are kept over 2µm, 

due to large IQE decrease that hinders the overall efficiencies of the devices and which occurs unless 

efficient passivation techniques are developed (see Figure IV-29). Eventually, using a herein-developed 

four-wave intensity model, we have pointed out that there is further room for improvement within the 

BMR principle by increasing the reflectance values of the lateral mirrors. The 3D-FDTD simulations 

performed in the design section indicates that BMR is compatible with directional emitters, but it should 

be further investigated experimentally using back-focal plane measurements. 

IV.6 Conclusion 

A quasi-3D harnessing of the emitted light can be performed by benefiting from the electromagnetic 

environment of the MQW CCL. In the typical final integration strategy (see Figure I-10), the said 
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environment comprises the electrical contact at the bottom of the blue µ-LEDs and all the layers 

embedded in-between the CCL and said contact (blue epilayer, bonding layers, etc.) as well as lateral 

mirrors. We mimicked the former with an Al bottom reflector following a SiO2 gap (for harnessing of 

the bottom emitted light), while the latter was represented by Cu lateral mirrors combined with a SiN 

phase-matching layer (for Bloch-mode replication), all suitably designed using FDTD simulations. 

Next, by implementing all these design principles, we fabricated MQW CCL on metallized silicon 

substrates exhibiting promising characteristics, which meet the initial targeted requirements for AR 

microdisplays: light extraction efficiencies over 40% (as long as the pixel lateral sizes are kept over 

~2µm), short extraction lengths and emission patterns with high directionality. The whole process flow 

has also been detailed, which could pave the way for the integration of those devices on blue µ-LED 

arrays. Eventually using TRPL measurements and a herein-developed four-wave intensity model, we 

emphasized that there is still further room for improvement in terms of light extraction efficiencies 

within an increase of the reflectance values of both back- and lateral-mirrors, as well as a development 

of efficient passivation techniques particularly for pixel lateral sizes under 2µm. 

IV.7 References  

1.   P.-X. Zeng, W.-J. Guo, C.-D. Tong, R.-Z. Zhang, L.-L. Zheng, G.-L. Chen, Y.-Y. Chen, W.-P. 

Zhu, Y.-L. Gao, Y.-J. Lu, and Z. Chen, "Optical Crosstalk Among Mini-LEDs Packaged in a Four-

in-One Integrated Matrix Device," IEEE Trans. Electron Devices 69, 4366–4370 (2022). 

2.   A. David, T. Fujii, B. Moran, S. Nakamura, S. P. DenBaars, C. Weisbuch, and H. Benisty, 

"Photonic crystal laser lift-off GaN light-emitting diodes," Appl. Phys. Lett. 88, 133514 (2006). 

3.   M.-C. Wu, M.-C. Chung, and C.-Y. Wu, "3200 ppi Matrix-Addressable Blue MicroLED 

Display," Micromachines 13, 1350 (2022). 

4.   W. Y. Fu and H. W. Choi, "Development of chipscale InGaN RGB displays using strain-relaxed 

nanosphere-defined nanopillars," Nanotechnology 33, 285202 (2022). 

5.   B. O. Jung, W. Lee, J. Kim, M. Choi, H.-Y. Shin, M. Joo, S. Jung, Y.-H. Choi, and M. J. Kim, 

"Enhancement in external quantum efficiency of AlGaInP red μ-LED using chemical solution 

treatment process," Sci. Rep. 11, 4535 (2021). 

6.   A. David, H. Benisty, and C. Weisbuch, "Optimization of Light-Diffracting Photonic-Crystals for 

High Extraction Efficiency LEDs," J. Disp. Technol. 3, 133–148 (2007). 

7.   H. J. Cornelissen, H. J. B. Jagt, D. J. Broer, and C. W. M. Bastiaansen, "Efficient and cost-

effective polarized-light backlights for LCDs," in Eighth International Conference on Solid State 

Lighting (SPIE, 2008), Vol. 7058, pp. 187–196. 

8.   E. Matioli, S. Brinkley, K. M. Kelchner, Y.-L. Hu, S. Nakamura, S. DenBaars, J. Speck, and C. 

Weisbuch, "High-brightness polarized light-emitting diodes," Light Sci. Appl. 1, e22–e22 (2012). 

9.   J.-T. Oh, S.-Y. Lee, Y.-T. Moon, J. H. Moon, S. Park, K. Y. Hong, K. Y. Song, C. Oh, J.-I. Shim, 

H.-H. Jeong, J.-O. Song, H. Amano, and T.-Y. Seong, "Light output performance of red AlGaInP-

based light emitting diodes with different chip geometries and structures," Opt. Express 26, 

11194–11200 (2018). 

10.   Y. Boussadi, N. Rochat, J.-P. Barnes, B. B. Bakir, P. Ferrandis, B. Masenelli, and C. Licitra, 

"Investigation of sidewall damage induced by reactive ion etching on AlGaInP MESA for micro-

LED application," J. Lumin. 234, 117937 (2021). 

 



Conclusions and outlook 

129 

 

 

 

 

 

 

 

 

 

 

 

Chapter V  

Conclusions and outlook 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions and outlook 

130 

 

Table of contents 

V.1 Work overview .................................................................................................................... 131 

V.2 Perspectives towards the integration of MQW CCL on blue µ-LED arrays ....................... 134 

V.2.1 Near-field coupling between the color converters and the blue pump for mode-to-mode 

absorption: proof of concept ........................................................................................................ 134 

V.2.2 Does further thinning the MQW epilayer help? .......................................................... 136 

V.3 References ........................................................................................................................... 137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions and outlook 

131 

 

V.1 Work overview 

MQW color conversion layers (CCL) could be the next “big thing” in AR microdisplays, since they 

could substitute state-of-the-art Q-dot color converters when the required luminances are too high 

(photostability issues) and/or high resolutions are at stake (need for compact integration schemes). 

However, in the beginning of this PhD thesis, their implementation was still hindered by some 

challenges, particularly for blue-to-red color conversion.  

The first one was related to their low light extraction efficiency (LEE) inherent to their high refractive 

indices. Indeed AlGaInP has refractive indices over three in the red spectral range, so that most of the 

emitted red light couple to the available guided modes inside the so-formed cavity and drastically limit 

their maximum reachable overall conversion efficiency to ~3%. It has recently been evaluated that for 

a CCL to be able to reach the targeted luminances (between 106 and 107 cd/m2) in AR microdisplays, its 

LEE must reach values between 40 and 50% [1]. These light-extraction issues needed then to be dealt 

with and there was still a large gap to bridge. In addition, the extraction length Lext (the lateral extent 

needed to extract most of the guided light) needs to be shorter than the pixel lateral size Lpixel in order to 

reach the required resolutions in AR microdisplays. Moreover, the final light emitter needs to be as 

directional as possible in an AR headset to avoid the use of additional optics such as collimating 

refractive lenses, which is not met yet due to the Lambertian-like farfield emission patterns of 

unstructured AlGaInP MQW CCL. Finally yet importantly, some technological steps needed to be 

further developed to efficiently transfer the said MQW CCL on blue µ-LED arrays and then pixelate 

them. 

Thus, the main goal of this PhD work was to devise strategies to alleviate of the aforementioned issues 

in order to pave the way for monolithic RGB AR microdisplays based on MQW CCL. 

We started by investigating spontaneous emission (SpE) in layered medium, which is the key physical 

phenomenon underlying light emission in MQW CCL. For that matter, we have developed a novel SpE 

modeling framework based on generalized 3x3 transfer-matrices, where dipole emission is directly 

treated in the matrix formulation as a source matrix, on the contrary to standard 2x2 transfer-matrix 

method with dipole source terms [2]. The accuracy of the said model has been validated using rigorous 

electromagnetic simulations with 3D-FDTD and its applicability has been demonstrated through various 

examples, which pointed it out to be a key tool for designing incoherent light-emitting structures. In 

particular, it has enabled us to highlight that in MQW CCL, light extraction is drastically hindered by 

the coupling between dipole emission and the available guided modes inside the medium (more than 

70% of the emitted light), which is one the main efficiency bottlenecks of those devices. The importance 

of SpE distribution among guided modes in that matter has also been emphasized as well its origin 

through the antinode factor and the Airy function, since it eventually sets LEE and the directionality of 

the emission. To alleviate the light extraction issues, we have subsequently evaluated different routes 

ranging from epitaxial design (controlling the thickness of the color-converters, the number or positions 
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of quantum wells, the emission spectrum) to SpE redistribution (through tuning and detuning the total 

optical thickness of the membrane), but none of them allows the simultaneous optimization of both LEE 

and directionality. 

Therefore, we used photonic-crystals (PhCs) as light extractors, which then had been demonstrated to 

have the unique ability to provide a superior control of the guided-mode diffraction out of high-index 

materials, thus increasing LEE and directionality at the same time.  

Optimizing PhC patterns for efficient MQW CCL is a tricky endeavor, due to the large parameter-space 

of PhCs and the incoherent nature of spontaneous emission. To do so, we then designed, fabricated and 

tested blue-to-red InGaP/AlGaInP MQW CCL bonded on transparent substrates and unpixelated (LOT 

I) to have a good insight on the behavior of the bare PhCs. A robust process flow starting from an oxide-

mediated molecular bonding with high bonding yield (>90%) has been developed in 200mm cleanroom 

facilities, followed by a top-down pattern-transfer to fabricate PhC patterns with controlled opto-

geometrical parameters over the whole wafer. Afterwards, using micro-photoluminescence, 

measurements we have emphasized the main roles played by the opto-geometrical parameters of the 

PhCs on the performances of our devices and modelled them when necessary. For each of those 

parameters, we have proposed precise design guidelines (see Table III-2) that helped us realize PhC-

based MQW color-converters on transparent substrates exhibiting enhanced light extraction efficiency 

within ultra-short extraction lengths. 

Regarding directionality, we have highlighted a fundamental condition necessary to achieve directional 

emission in our MQW: the lattice period of the PhC needs to be properly tuned so that the most intense 

diffraction bands cross the Γ-point close to the peak emission wavelength. From this condition, we have 

devised a novel design approach for such structures resting on a simultaneous control of SpE distribution 

between the guided modes to identify the guided modes with the highest photonic weights (that carry a 

larger fraction of the guided energy) and an optimized choice of the lattice period based on the 2D band-

folding mechanism. This approach has then been experimentally confirmed helping us reach 

directionality enhancement over x4 close to normal incidence as compared to standard Lambertian 

emission, which is promising for our targeted AR applications. Furthermore, we emphasized that 

epitaxial design (thickness of the CCL, the number of quantum wells, their positions, the emission 

spectrum) as well as controlling some of the PhC parameters such as the air filling factor and etch depth 

could be levers to tailor suitable SpE distributions and photonic weights.  

Finally yet importantly, we implemented a quasi-3D light harnessing strategy to benefit from the 

electromagnetic environment of the MQW CCL to improve LEE, while keeping a directional emission. 

In the typical final integration strategy (see Figure I-10), the said environment comprises the electrical 

contact at the bottom of the blue µ-LEDs and all the layers embedded in-between the CCL and said 

contact (blue epilayer, bonding layers, etc.) as well as lateral mirors. We mimicked the former with an 

Al bottom reflector following a SiO2 gap (LOT II) for harnessing of the bottom emitted light, while the 
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latter was represented by Cu lateral mirors combined with a SiN phase-matching layer (LOT III) for 

Bloch-mode replication, all suitably designed using 3D-FDTD simulations.  

Devices of LOT II are unpixelated MQW CCL with a back-reflector and aimed at experimentally 

investigating the possibility of harnessing of the bottom emitted light. Those of LOT III on the other 

hand are pixelated and seek to demonstrate Bloch-mode replication for a virtual extension of the lateral 

sizes of the pixels. By implementing all these design principles, we fabricated MQW CCL on metallized 

silicon-substrates exhibiting promising characteristics, which meet the initial targeted requirements for 

AR microdisplays: light extraction efficiencies over 40%, short extraction lengths and emission patterns 

with high directionality. In addition, we have pointed out that the targeted LEE values are reached as 

long as the pixel lateral sizes are kept over ~2µm due to IQE large IQE decrease for short sizes (increase 

of non-radiative recombination on the pixel’s sidewalls).  

Furthermore, using TRPL measurements and a herein-developed four-wave intensity model, we 

emphasized that there is still further room for improvement in terms of light extraction efficiencies 

within an increase of the reflectance values of both back- and lateral-mirors, as well as a development 

of efficient passivation techniques particularly for pixel sizes under 2µm as in [3]. The whole process 

flow has also eventually been detailed, while highlighting the key technological challenges for the 

integration of those devices on blue µ-LED arrays as well as the compatibility between the design 

requirements and the fabrication capabilities. 

Figure V- depicts a summary of the main light extraction efficiency improvements made during this 

PhD work, while keeping a directional emission along with short extraction lengths. Let us recall that 

these experimental LEE are underestimation of real LEE values, evaluated from the measured 

enhancement factors taking also into IQE decrease.  

 

Figure V-1: Summary of the light extraction efficiency improvements made during this PhD work starting from the bare MQW 

color converters on transparent substrate, while keeping directional emission and short extraction lengths. 
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All these results are currently being used on ongoing projects to develop the first RGB AR microdisplays 

based on MQW color converters, which could pave the way for monolithic integration of full-color 

displays. 

V.2 Perspectives towards the integration of MQW CCL on blue µ-LED arrays 

Let us recall that the overall efficiency of the color-conversion process is often assessed by the external 

photoluminescence quantum yield (EPLQY) which is the ratio between the number of down-converted 

photons extracted out of the CCL and the number of blue incoming pumping-photons. It reads as: 

 𝐸𝑃𝐿𝑄𝑌 =  𝜂𝑎𝑏𝑠 × 𝐼𝑄𝐸 × 𝐿𝐸𝐸. (V-1) 

Here ηabs, IQE and LEE account for absorption efficiency, internal quantum efficiency and light 

extraction efficiency, respectively.  

As explained throughout this manuscript, the main efficiency bottleneck of red MQW CCL was their 

low LEE, which has been extensively investigated in this work. IQE decrease due to photonic-crystal 

patterning and pixelization have also been examined, highlighting the need for efficient passivation 

techniques for pixels with very short lateral sizes. Thus, the aim of this last section is to address briefly 

additional steps towards the integration of MQW CCL on blue µ-LED arrays and further improvement 

their performances, particularly regarding their absorption efficiency. 

V.2.1 Near-field coupling between the color converters and the blue pump for mode-

to-mode absorption: proof of concept 

While the subject was not directly dealt with in this manuscript, it has been pointed out that a 600nm-

thick red InGaP/AlGaInP MQW CCL is enough to observe no transmission of the blue incoming light 

during a single pass. Thus, the overall absorption efficiency of the system blue pump / MQW CCL will 

be limited by the extraction efficiency of the GaN blue pump. Let us consider the simplified case of a 

single-mode GaN waveguide (n=2.47) operating in TE polarization at 460nm. FDTD simulations (see 

Figure V-2) of centered dipole emitter shows that only 6% of the emitted light is extracted in air upwards 

and downwards, which limits the amount of blue light that could be absorbed by the red CCL to ~12% 

at most. 

A straightforward route to overcome this limit could be to pattern the blue µ-LEDs with photonic crystals 

as we did with the MQW CCL. In the following, we propose a second and more compact way to do so 

without patterning based on the same operating principle as hybrid III-V lasers on silicon for integrated 

photonics [4].  

Figure V-3 depicts the two possible coupling regime between the single-mode blue pump and the red 

MQW CCL. When the two epilayers are far from each other (farfield regime), only blue light extracted 

out of the pump can be absorbed by the CCL. This limits the overall EPLQY of the CCL to ~12%. 

However, when the two epilayers are brought close enough together that the two guided modes start 
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overlapping, one could benefit from a strong mode-to-mode coupling leading to direct energy exchange 

between those two. This could significantly enhance the absorption efficiency of the CCL. 

 

Figure V-2: FDTD simulation of a dipole centered in a single-mode blue GaN slab emitting at λ=460nm. Contour map of the 

electric field (Ey) in the stationary regime. 

 

Figure V-3: Possible coupling regime between the GaN blue pump and the red AlGaInP color converter. a) Farfield regime 

where only light extracted out the blue pump can be absorbed by the red MQW color converter. b) Near field regime where 

direct mode-to-mode absorption occurs. 

To confirm this latter strategy, we perform additional FDTD simulations on the system described in 

Figure V-3. We placed a TE polarized dipole emitter in the middle of a single-mode GaN (n=2.27) 

emitting at λ=460nm. A red absorbing AlGaInP epilayer (n=3.4, k=0.36) is placed on top of the former 

blue pump at a distance we will refer to as gap. The former imaginary index accounts for the absorption 

of AlGaInP in the blue spectral range. Then, we vary the gap between the two epilayers and measure 

the absorption efficiency inside the red epilayer using an absorption monitor (see Appendix A.1 for 

more details about the FDTD method). The results are shown in Figure V-4. 

As we can see, when the MQW CCL is far away from the pump (ngapdgap>λ/4), the absorption efficiency 

is limited to ~4%, which corresponds to the 6% extracted out of the blue pump multiplied by the 

transmission of the air-CCL interface (~70%). However, in the near field regime, the absorption 

efficiency rapidly increases until it reaches values over 90% because of a direct energy-exchange 

between the two guided modes supported by the pump and the CCL. This emphasizes the paramount 

importance of the near-field regime for an overall efficient microdisplay. 
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In the case of real-life devices, the blue µ-LEDs and MQW CCL are separated with oxide-like bonding 

layers. For instance, for a SiO2 gap layer, the previous analyzes would mean that the SiO2 thickness 

should be kept below 0.3 λ/ngap≈95nm, which is technologically feasible. 

 

Figure V-4:  FDTD simulation results. Absorption efficiency of the red MQW color converter in the blue spectral range as a 

function of the optical thickness of the gap between said color converter and the blue pump.  

V.2.2 Does further thinning the MQW epilayer help? 

Although it has only been briefly addressed in this manuscript, we have emphasized that epitaxial design 

is of key interest in the performances of the final devices. Indeed, it sets the number of guided modes as 

well as their coupling to spontaneous emission (important for the directionality of the emission) and to 

the PhC patterns (which sets the grating strength). Different design rules have been highlighted in this 

work regarding the epilayer and the main ones are as follows: 

• The red MQW color converters need to thick enough to absorb all the incoming blue light during 

a single pass. 

• The PhC patterns must be etched at around the third of the total epilayer thickness to keep 

reasonable values of grating strength.  

• To avoid IQE decrease, carrier generation should not happen in etched regions. Thus, the 

epilayer thickness before the PhC need to be enough for complete blue light absorption. 

The initial red epilayer used in this PhD work and labeled as “Design 1” is depicted in Figure V-5. As 

already discussed, it is a multimode membrane supporting more than 6 guided modes. Although high 

directionality values have been achieved as well as high LEE, thinning this epilayer towards a single-

mode color-converter could provide a further increased directionality and LEE control [5]. 
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In Figure V-5, we propose different possible designs meeting the requirements cited before. The design 

corresponds to 1.5λ-cavity with still no transmission of the blue light as a PhC etch depth that needs to 

be ~100nm to have good coupling strength. In that framework, the CCL would support less guided 

modes are the directionality could be better controlled. As for LEE, 3D-FDTD simulations (not shown 

here) help us found that when patterned “Design 1” and “Design 2” achieve the same LEE. “Design 2” 

could thus be interesting in terms of controlling the emission pattern. 

As for “Design 2”, “Design 3” is a 1λ-cavity supporting thus less guided modes (~2). With a PhC etched 

at around ~66nm, one reaches the same LEE and has a better control of the directionality, while not 

affecting IQE. 

For the “Design 4” on the other hand, there is not enough room for the PhC to be etched while not 

affecting IQE. This corresponds to the single-mode case, which could be interesting in terms of 

directionality but could be detrimental for the overall efficiency of the color converter, since carrier 

generation could happen in etched regions. 

With this quick analysis, thinning the MQW color converter could be envisioned up to a 1λ-cavity, 

which could improve the directionality while keeping similar LEE. Thinner cavities do not leave enough 

room for PhC patterning without decreasing the IQE.  

 

Figure V-5: Possible epitaxial designs for an AlGaInP/InGaP blue-to-red MQW color converters. The different values of the 

transmission efficiency at 460nm are provided below each design. They were evaluated using RCWA simulations. 

All the levers for improvements defined above along with the present work in this manuscript could 

help integrate MQW CCL on blue µ-LED arrays. 

V.3 References 

1.   E. Quesnel, A. Lagrange, M. Vigier, M. Consonni, M. Tournaire, V. Le Marchand, A. Suhm, P. 

Demars, J.-C. Pillet, B. Ben Bakir, N. Olivier, E. Feltin, J. M. Lamy, M. D’Amico, E. Cao, G. 

Haas, L. Charrier, and P. Coni, "Dimensioning a full color LED microdisplay for augmented 

reality headset in a very bright environment," J. Soc. Inf. Disp. 29, 3–16 (2021). 

2.   H. Benisty, R. Stanley, and M. Mayer, "Method of source terms for dipole emission modification 

in modes of arbitrary planar structures," JOSA A 15, 1192–1201 (1998). 



Conclusions and outlook 

138 

 

3.   J. Flemish, Z. Ren, W. Soer, R. Armitage, H. Lofti, R. Pathak, H. J. Kim, S. Banna, W. Sillevis-

Smitt, J. C. Tan, Y. M. Tio, R. Distor, S. Lim, and K. B. Lim, "MicroLED architectures for low 

power wearable displays," in Light-Emitting Devices, Materials, and Applications XXVI (SPIE, 

2022), Vol. 12022, pp. 5–10. 

4.   B. B. Bakir, A. Descos, N. Olivier, D. Bordel, P. Grosse, E. Augendre, L. Fulbert, and J. M. 

Fedeli, "Electrically driven hybrid Si/III-V Fabry-Pérot lasers based on adiabatic mode 

transformers," Opt. Express 19, 10317–10325 (2011). 

5.   K. Bergenek, Ch. Wiesmann, H. Zull, R. Wirth, P. Sundgren, N. Linder, K. Streubel, and T. F. 

Krauss, "Directional light extraction from thin-film resonant cavity light-emitting diodes with a 

photonic crystal," Appl. Phys. Lett. 93, 231109 (2008). 

 

 



Appendix A 

139 

 

 

 

 

 

 

 

 

 

 

 

Appendix A  

Description of the rigorous electromagnetic 

simulation techniques utilized in this work. 
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A.1 Incoherent light emission with the Finite-Difference Time-Domain technique 

In the manuscript, we employ 2D- and 3D-FDTD from commercially available software: LED Utility 

from the Rsoft Design Suite. The underlying coherent simulation performed by the LED Utility is 

Rsoft’s FullWAVE simulation tool, which uses the well-known Finite-Difference Time-Domain 

(FDTD) technique. The FDTD method is a rigorous solution to Maxwell's equations and does not have 

any approximations or theoretical restrictions. Since FDTD is a direct solution of Maxwell’s curl 

equations, it can be used to model arbitrarily complex LED structures. Moreover, the LED utility can 

utilize the clustering feature of FullWAVE to distribute the simulation workload over several cores and 

computers on a network resulting in faster and larger simulations. 

Incoherent and isotropic light emission 

Numerical simulation of a light emitting diode (LED) is tedious since LEDs are inherently incoherent 

and unpolarized light-emitters. The cost of including incoherence in a FDTD simulation is very high 

because the time-scale for a dipole’s phase variation is much larger than the optical period (T = 2π/ω) 

and would require prohibitively long simulations (nanoseconds vs. few ten femtoseconds). 

In addition, a simulation model of this type of source requires a group of dipole sources with: 

• Temporal Incoherence: The phase of each dipole varies over time 

• Spatial Incoherence: The phase variation of a specific dipole is independent from the phase 

variation of any other dipoles 

• Random Polarization: A large number of dipoles with random polarization are required to 

achieve unpolarized radiation, typically 50/200 dipoles for 2D/3D simulations.  

The active region within a LED is then modelled as a series of incoherent dipole sources. This type of 

source can be created by separately simulating a series of ‘unpolarized’ light sources within the source 

plane and then incoherently combining the results. 

Creating a single ‘unpolarized’ light dipole with FDTD 

An ‘unpolarized’ dipole source can be created by incoherently combining the simulation results from 

three orthogonal dipoles. Figure A-1 shows the radiation patterns from three orthogonal dipole 

sources radiating in free space along X, Y and Z directions, respectively. We can see that the radiation 

patterns are strongly dependent on the dipole orientation. 

 

Figure A-1: Farfield patterns of a radiating dipole along X, Y and Z directions. 
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The radiation pattern from an unpolarized light source can be obtained by combining incoherently the 

individual results from the three orthogonal dipoles, as shown in Figure A-2. As expected, for an 

unpolarized dipole the resulting radiation pattern is spatially uniform. 

 

Figure A-2: Farfield pattern obtained by incoherently combining three orthogonal results. 

Indeed, light is generated in the active layer of a LED as the electrons and holes recombine to create 

photons. The photons are created by a process called spontaneous emission and each photon has a 

random direction, phase and polarization. While in principle, the exact description of this process must 

involve quantum mechanics, in practice, it is possible to describe the generated light classically using 

electromagnetic point dipole (or current) sources. The latter approach is easier to model and simulate. 

Therefore, the average electromagnetic field intensity of an ensemble of incoherent, isotropic dipole 

emitters in a small spatial volume can be calculated by: 
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(A-1) 

Here Ex, Ey and Ez are the electromagnetic fields generated by a single dipole along the x, y and z-axes. 

Creating a spatially incoherent unpolarized LED 

The spatially incoherent nature of the light generated by LEDs is handled as follows: the source in the 

active region is treated as a collection of single ‘unpolarized’ point current sources as shown in Figure 

A-3. Spatial incoherence of these multiple sources is created by simulating each of these sources 

separately (coherently) using FDTD, and then combining the individual results incoherently. 

It should be noticed that for quantum-well based LEDs, since the confinement is in the z direction, the 

dipoles are oriented in the 2D epi-growth plane so that only x & y dipoles are considered in the 

simulations. In addition, for photonic-crystal structures, one only needs to distribute dipoles within a 

lattice period. 

 

Figure A-3: Point current source scan for an incoherent LED simulation. 
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Decay rates  

FDTD based simulations of LED devices often involve measuring enhancements to the radiative decay 

rate of the emitter. The following definitions are generally used: 

• γrad: The decay rate of excitations to photons that can be collected and used in the device. For a 

LED structure, this would be the decay rate of excitations to photons that propagate from the 

LED structure into the air within a useful range of angles. Calculations involving the radiative 

decay rate are within the scope of an FDTD simulation. 

• γloss: The decay rate of excitations to photons that are absorbed or otherwise lost in the device. 

Photons absorbed in lossy material, trapped by TIR (total internal reflection) in high index 

layers, or radiate outside a desired range of angles are included in this category. Calculations 

involving the loss decay rate are within the scope of an FDTD simulation. 

• γem= γrad+ γloss: the total electromagnetic decay rate. This is simply the sum of γrad and γloss. This 

is within the scope of an FDTD simulation. 

• γnr: the decay rate of excitations to non-radiative processes (SRH, Auger, etc.). Calculations 

involving the non-radiative decay rate of an emitter are beyond the scope of an FDTD 

simulation. 

• Γexcitation: The excitation rate of the emitter. The emitter is typically excited electrically. 

Calculations involving the excitation rate are beyond the scope of an FDTD simulation. 

Light extraction efficiency and farfields 

The light extraction efficiency (LEE) for a LED is defined as the fraction of optical power generated in 

the active layer of the LED that escapes into the air above the LED within a ‘desired’ range of angles: 

 𝐿𝐸𝐸 =
γ𝑟𝑎𝑑

γ𝑟𝑎𝑑 + γ𝑙𝑜𝑠𝑠
=

γ𝑟𝑎𝑑

γ𝑒𝑚
 (A-2) 

We can also define the light extraction efficiency enhancement (𝜂𝐿𝐸𝐸) as the ratio of the light extraction 

efficiency for two different designs, such as a patterned vs un-patterned LED structure: 

 
𝜂𝐿𝐸𝐸 =

𝐿𝐸𝐸𝑝𝑎𝑡𝑡𝑒𝑟𝑛

𝐿𝐸𝐸𝑤𝑜/𝑝𝑎𝑡𝑡𝑒𝑟𝑛
 

(A-3) 

When calculating the light extraction efficiency, we measure the fraction of useful power emitted from 

the LED device relative to the total power emitted from the active layer. We may consider the fraction 

of useful power to be the light that escapes to the air (or to the substrate), or we may consider the light 

escaping to the air within a particular solid angle. 

The following are the steps for analyzing the light extraction efficiency, once the simulations have 

completed: 

• Simulate three (or two / in the case of the quantum-well based emitters) polarizations separately 

• Scan position of point source 

• Each simulation contains one point source 
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• Sum up far-field and extraction ratio, incoherently, for each wavelength 

• Sum up far-fields and extraction ratios weighted by radiation spectrum, for combined results. 
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Appendix B  

Photonic crystals for light extraction from 

MQW III-V membrane on transparent 

substrate: additional information. 
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B.1 Excitation-power dependent photoluminescence measurements 

Until the transparency regime, quantum wells also act as saturable absorbers, which means that QW re-

absorption process depends on the pumping levels. In particular, it should be greatly reduced at high 

excitation intensity. However, due to the short extraction lengths of our structures (between ~1.6µm and 

13µm at high acceptance angles, far shorter than typical re-absorption lengths in said devices), light 

extraction plays the preponderant role. Therefore, DLEE enhancement factors should be independent on 

the excitation levels for a given PhC structure. 

 

Figure B-1: Photoluminescence spectra from a laser excitation at 514nm with different excitation levels (1.08µW, 11µW, 

54µW, 110µW and 352µW) for holes with a lateral extent of 25 periods and a lattice period of 500nm. NA=0.25. 

 

Figure B-2: Measured DLEE enhancement as a function of the excitation levels for holes with a lattice constant of 500nm and 

a lateral extent of 25 periods. 



Appendix B 

146 

 

To investigate that last conclusion, we performed excitation-power dependent photoluminescence (PL). 

We chose the PhC structure with the lowest DLEE enhancement factors (square lattice of air holes with 

a lattice period of 500nm and a FF~20%) and the microscope objective with the lowest collection angle 

(NA=0.25) to avoid saturating the detector. The experimental setup is the micro-PL setup described in 

Chapter III. The excitation levels were increased from 1.08µW to 352µW and the measured spectra 

are displayed in Figure B-1. 

We evaluated DLEE enhancement factors with the formulas provided in Chapter III and the results 

are displayed in Figure B-2. It shows that DLEE enhancement factors are quasi-independent on the 

excitation levels (quasi-constant as a function of the excitation levels) which supports our conclusion 

that light extraction plays the preponderant role in this our structure. 

B.2 Measured vs simulated azimuthal farfield emission patterns 

We have performed additional incoherent 3D-FDTD simulations for comparing some of the emission 

patterns measured for the devices of Chapter III to the calculated ones.  

 

Figure B-3: Simulated and measured azimuthal farfield emission patterns for square lattice of air holes with a FF~20% and 

lateral extents of 10-period (simulation) and 100periods (measurements). 

The lateral dimensions of the computational domain were fixed at 10 lattice periods for computing time 

issues and surrounded by perfectly matched layers (PML). The input spectrum is Gaussian-shaped with 

a center wavelength at 640nm and a FWHM of 20nm as in our PL measurements. The MQW region 

was represented by a source plane of 50 transverse electric (TE)-polarized dipoles in the middle of the 

CCL. We only consider devices with a FF~20% and an etch depth ~180nm. Let us recall that on the 

contrary to measured farfield patterns (with NA=0.75), the simulated ones are collected in the complete 

half-sphere (2π sr) with an equivalent NA=1. 
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The results are displayed in Figure B-3 showing that the shapes of both measured and simulated farfield 

patterns are in very close agreement. In addition, using the simulated farfield patterns, we evaluate the 

directionality values at all angles. We found that more than 85% of the emitted light is comprised into a 

±50° cone (D (50°)>85%), which confirms that a numerical aperture (NA) of 0.75 is enough to collect 

most of the emitted light and validates the use of an objective with NA=0.75 for back focal-plane 

imaging. 

B.3 Vertical vs tapered profiles of the PhC patterns: simulation study 

In this section, we wish to visualize briefly the impact of the non-vertical sidewalls of the PhC patterns 

on the farfield emission shapes. To do so, we performed incoherent 3D-FDTD simulations on some of 

the devices of Chapter III with the same parameters used in the previous subsection. We compare the 

emission for devices patterned with PhC having vertical sidewalls to the ones having tapered ones. A 

tapered angle of 18° is chosen to be consistent with FIB measurements performed in Chapter IV. The 

results are displayed in Figure B-4 showing the emission patterns are impacted because of local changes 

of air filling factors due to non-vertical sidewalls.  

 

Figure B-4: 3D-FDTD simulation results for square lattice of air holes with a FF~20% and an etch depth ~180nm. Vertical 

and 18° tapered sidewalls for the PhC patterns are implemented. 

However, an evaluation of the directionality close to normal incidence and at ±30° shows that these 

impacts are slight for a tapered angle 18°. In any case, the etching parameters should be controlled 

during fabrication not to have large tapered angles, which could create discrepancies between the 

designed PhC and the fabricated ones. 
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B.4 Impact of the PhC patterns on the absorption efficiency: simulation study 

In this section, we wish to assess the impact of the PhC patterns on the absorption efficiency of the final 

patterned devices as compared to unpatterned structures. To do so, we performed 3D-RCWA 

simulations using a commercially available software (DiffractMOD from the Rsoft Design Suite). The 

absorbed light is deducted from the reflected and transmitted light. The refractive indices and extinction 

coefficients used for the simulations are provided in Table B-1. 

Table B-1: Refractive indices (n) and extinction coefficients (k) used for the RCWA simulations. 

Layer Thickness λ=405nm λ=514nm 

Cladding 200 nm n=3.86, k=1.098 n=3.66, k=0.08 

MQW barrier 70 nm n=3.9, k=1.83 n=3.7, k=0.22 

MQW region 

 

4.4 nm (QW) / 8.7 nm 

(Barrier) 

naverage=3.49, k=1.23 naverage=3.38, k=0.051 

MQW barrier 70 nm n=3.9, k=1.83 n=3.47, k=0.22 

Cladding 200 nm n=3.86, k=1.098 n=3.66, k=0.08 

Structural parameters of the PhC patterns (lattice periods, etch depth ~188nm and filling factors~20%) 

are the ones measured in the fabricated devices of Chapter III. For the sake of simplicity, only square 

lattices are considered. As a reference, we also performed calculations for flat structures to evaluate 

absorption ratios between PhC and unpatterned structures. Results for both blue and green excitation 

wavelengths are displayed in Figure B-5. 

 

Figure B-5: Absorption ratios between PhC and unpatterned structures for excitation wavelengths of a) 405nm and b) 514nm. 

In terms of light absorption efficiency, pillars and holes do not behave the same way. For hole-type PhC, 

light absorption efficiency increases by less than 20% compared to the unpatterned structures for both 

excitation wavelengths.  

For nanopillar-type PhC, the tendencies are slightly different. For an excitation at 405nm, light 

absorption variations are similar to those of holes except for an increase of light absorption efficiency 

by ~40% for a lattice constant of 400nm. For an excitation at 514nm, we observe an increase by less 

than 30% for a lattice period of 400nm and 450nm, by ~40% for lattice period of 500nm and by less 

than 10% for higher lattice periods.  
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Roughly speaking, for both lattices and both excitation wavelengths, PhCs tend to enhance light 

absorption by factors between ~1 and ~1.4. Therefore, IQE decrease is mostly responsible of the 

discrepancies between measured and simulated LEE enhancement factors in Figure III-25 of Chapter 

III. 

B.5 LEE and farfield emission patterns vs etch depth: simulation study 

In this last and final section of Appendix B, we wish to study briefly the impact of the PhC etch depth 

on LEE and farfield shapes using incoherent 3D-FDTD simulations as in the previous subsections. We 

consider devices of Chapter III on transparent substrates comprising SLAH with a=450nm, FF=50% 

and a lateral extent of 10 periods for computing-time issues. The PhC etch depth is varied from 0 

(unpatterned surfaces) to 250nm (20nm away from the MQW). As explained in Chapter III, etching 

deeper will lead to a rapid decrease of IQE and therefore of the overall conversion efficiency due to non-

radiative recombinations.  

Figure B-6 reports on LEE as a function etch depth. As we can see, LEE increases for increasing etch 

depths starting from ~1% for unpatterned structures before saturating at ~10% after 150nm. 

 

Figure B-6: 3D-FDTD simulation study of the impact of the etch depth on the light extraction efficiency of devices on 

transparent substrates. Structural parameters are in the inset. 

This can be easily understood by considering the model derived from coupled-mode theory proposed in 

Eq. (III-2) of Chapter III. Indeed, a deeper etching implies a better interaction between the guided 

Bloch-modes and the PhC patterns as explained in Section III.4 of Chapter III. This increases the 

coupling strength and thus the LEE until it saturates (see also Ref. 8 of the third chapter for a more 

detailed discussion on this topic). In our devices, we have shown that a deeper etching (>200nm) 

becomes detrimental to the overall conversion. We can conclude that the etch depth should be kept 

between 150nm and 200nm (around the third of the total epilayer thickness).  

Furthermore, as explained in Chapter III, increasing the etch depth will also change the effective index 

distribution inside the color converter and thus affect the azimuthal farfield patterns.  
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Figure B-7: 3D-FDTD simulations of the impact of the PhC etch depth on the azimuthal farfield patterns for devices on 

transparent substrates. SLAH are considered with a=450nm, FF=50% and a lateral extent of 10 periods. 

As displayed in Figure B-7, increasing the etch depths can heavily reshape the farfield radiation 

patterns. This shows that this parameter also needs to be properly controlled during fabrication in order 

to obtain farfield patterns corresponding to the designs. 
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Appendix C  

Pixelated photonic-crystal MQW III-V 

membrane with back- and lateral reflectors: 

supplemental information. 
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C.1 Reflectance measurements for the back- and lateral reflectors 

Figure C-1 shows reflectance measurements for the back-and lateral mirrors as well as bare Ti and Cu 

reflectors. 

 

Figure C-1: Measured reflectance spectra for the lateral- and back reflectors (left plot) as well as for the bare Ti and Cu mirrors 

(right plot). 

As we can see, the back reflector has a reflectance of ~65% at 640nm while the reflectance values for 

the lateral mirrors amount to ~50%. 

The right plot shows that without the thin Ti layer the lateral mirror (bare Cu) reflectance values could 

amount to ~95%, which would definitely better the effects of the Bloch-mode replication and enhance 

light extraction efficiency for pixel with short lateral sizes. 
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The end… 
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