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Abstract 

The thesis deals with a novel type of solid-state lighting – laser diode 

lighting. Laser diode lighting is based on the use of a blue laser diode to 

excite a phosphor material that will generate white light. Laser diode lighting 

possesses unique characteristics of the generated light, enabling delivery of 

a high luminance output from small emitting areas. In the thesis, a novel laser 

based light source was demonstrated and investigated. 

Initially, saturation effects in ceramic phosphors are described. 

Saturation is among the key factors limiting performance of high power laser 

diode lighting systems. Subsequently, a propagation of laser light in a 

phosphor medium is studied. An experimental and a numerical investifation is 

presented. And lastly, an endoscopic light source based on a phosphor 

converted laser diode is designed and characterized.    
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Abstrakt 

Afhandlingen omhandler en ny type solid state belysning - laser diode 

belysning. Laser diode belysning er baseret på brugen af en blå laser diode 

for at excitere et phosphor materiale, der vil generere hvidt lys. Laser diode 

belysning besidder unikke egenskaber ved det genererede lys, hvilket 

muliggør levering af en høj luminans fra små emitterende områder. I 

afhandlingen blev en ny laser baseret lyskilde demonstreret og undersøgt. 

Indledningsvist beskrives mætnings effekter i keramiske phosphorer. 

Mætning er blandt de nøglefaktorer, der begrænser ydeevnen af laser 

belysning med høj effekt laserdioder. Derefter studeres udbredelse af laserlys 

i et phosphor medium. En eksperimentel og en numerisk undersøgelse 

præsenteres. Endelig er en lyskilde til endoskopi baseret på en 

phosphorkonverteret laserdiode designet og karakteriseret.  
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1. Introduction 

1.1. Brief introduction to the area 

In the work presented in my thesis the for  all the investigations was 

phosphor converted laser diode lighting technology. Phosphor converted laser 

diode (PC-LD) lighting is a type of solid state lighting and the principle of its 

operation lies in the conversion of an incident blue, violet or ultraviolet laser 

diode light using a phosphorescent material into longer wavelengths and 

generating white light. 

Laser driven light sources have a great potential, the main reasons are, first 

of all, that this method allows achieving high luminance levels at high input 

powers. In comparison with light emitting diodes, laser driven sources can 

already deliver 2-5 times more lumens of light from étendue-limited systems [1]. 

The second, PC-LD light sources enable miniaturization of the emission areas of 

the luminaires without sacrificing luminance of the source, something that 

cannot be achieved with a LED, due to “efficiency droop”. Below in Fig. 1 there 

is a visual representation supporting the fact mentioned above.  

 

Fig. 1 Emitter area as a function of phosphor area for the PC-LED and PC-LD. Insets 

display schematics of cross-section for the PC-LED (upper inset) and PC-LD (lower 

inset) [2] 
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All these factors will be described in greater details later on in the following 

chapters throughout the thesis. 

1.2. Motivation to the work 

Undoubtedly, laser diode lighting is the technology of tomorrow in lighting 

industry. Similarly to LEDs, the uses of laser driven light sources are endless and 

the field of a laser driven lighting is in high demand of researchers to explore the 

subject. Not only laser diode lighting can in some years replace LED technology, 

but also give solutions to not yet available lighting applications and, perhaps 

even create new applications.  

Laser diode lighting is a rapidly developing technology and by saying 

rapidly an interesting results can support this fact. Below in Fig. 2 there is a graph 

showing the amount of scholarly mentions of the term “laser lighting” on Google 

Scholar. From this data we can say that there is a 2.3 year doubling time, which 

gives us a very clear indication on a high demand on the investigation of the 

technology and the contribution to an upcoming lighting revolution. 

 

Fig. 2 Scholary mentions of the term "laser lighting" as a function of the year 

1.3. Structure of the thesis 

Following Chapter 1, being an introduction part to the thesis, Chapter 2 will 

send you back in time and get acknowledged with early days in lighting history: 

starting from fire, through development of an early electric lighting and finishing 

with the most novel light sources available nowadays. Special attention will be 

given to the solid state lighting. Later in Chapter 2 different photometric and 
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radiometric units that are used to characterize physical properties of 

electromagnetic radiation are described. Chapter 2 is concluding with a 

description of the colorimetric quantities used to characterize light sources. 

After that, the main theoretical information will be given in Chapter 3. Here, 

I will first talk about diode lasers and the basic principles of their operation. This 

will include basic structures of laser diode and heterostructures of a 

semiconductor. Types of radiative band-to-band transitions will be discussed. 

Besides this, the spatial characteristics of laser diodes will be introduced and 

emphasis on undesired effects and ways to correct them will be put. In the laser 

diode part of Chapter 3 I will also discuss spectral characteristics of a laser 

diode. In the second part of Chapter 3 I will focus on colour conversion materials 

(or phosphors). At this stage I will talk about multiple requirements that colour 

conversion material suitable for laser lighting has to meet. Afterwards, Chapter 3 

will be finalized with introducing different types of colour conversion materials 

and a brief description of their advantages and disadvantages in regards to the 

above-mentioned requirements. 

Chapter 4 is a chapter dedicated to the measurement of laser driven light 

sources, because a laser diode light source is a relatively new technology and it 

possess unique properties. During my PhD studies there were a lot of discussions 

on how to measure them, since there is no standard available. Chapter 4 deals 

with challenges with measurements of laser diodes, white light generated from 

laser diode light sources and describes the methods we used for measurements 

of phosphor converted laser diode light sources for different study lines of the 

project. 

Chapter 5 of my thesis is about saturation, luminescence saturation, and 

thermal quenching effects in ceramic phosphors. At the beginning of the 

chapter I define the terminology for all these effects mentioned above. The rest 

of the chapter is based on a journal paper and is dedicated to investigation of 

saturation behaviour of colour conversion materials, when illuminated by a high 

power density light source, e.g. laser diode. A laser driven light source was built 

for the purpose of the study together with a calibrated integrating sphere 

spectroradiometer setup. In Chapter 5, I also included some results, where the 

phosphor material was temperature controlled in order to study whether 

saturation effects are only thermal dependent processes. 

Chapter 6 summarizes another study line of my PhD project – investigation 

of the dependence of the input spot size diameter of the laser diode incident 

on the phosphor and output spot size diameter of white light generated upon 

phosphorescence. For this, I conducted an experimental and numerical 

investigation. At the beginning of the chapter the necessary theoretical 
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background on the Monte Carlo method will be given. This included both 

photon propagation and propagation of generated phosphorescence 

photons. Later on, results that are to be submitted to a journal are presented on 

the subject. A detailed description of the set-up built for the investigation 

together with a step by step explanation on the implementation of the 

MCmatlab program to simulate photon propagation in a phosphor medium will 

be given. Comparison of experimental data and simulation results be given. 

Finally, an investigation of the contribution of scattering and absorption 

coefficients and their effect on the size of the white spot in regards to the blue 

spot will be presented. 

In Chapter 7, information on coupling of white light generated by a 

phosphor converted laser diode light source into optical fibers will be presented. 

The chapter will be started with a description of two methods used for coupling 

of generated light into a thin optical fiber – employing two off axis parabolic 

mirrors or an elliptical reflector. Subsequently, a subsection on phosphor 

converted laser diode light source for endoscopic diagnostics will be 

introduced. I will talk about the development of the light source itself, afterwards 

a comparison with an existing standard in light delivery systems for endoscopy, a 

xenon based source, will be given. I will provide an analysis of the spectral 

characteristics and give preliminary conclusions on an expediency of additional 

research on laser driven based light sources for endoscopy. 
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2. Lighting and light sources 

2.1. Brief history of light sources 

Before talking about light sources we should answer on the question what 

light actually is. According to International Commission on Illumination (CIE) light 

is a radiation that is considered from the point of view of its ability to excite the 

human visual system, meaning that light is a part of electromagnetic spectrum 

that can be perceived by human eyes [3]. The word most often refers to visible 

light corresponding to visible part of the spectrum of 380 - 780 nm. Below in Fig. 3 

electromagnetic spectrum with emphasis on visible light is displayed.  

 

Fig. 3 Electromagnetic spectrum 

Early days 

With the development of human species the need for the first light sources 

appeared. Controlling fire for generating light and heat was a turning point in 

the cultural aspect of human evolution. Later on with the need to have portable 

light sources a torch – a branch or a bundle of sticks tied together with one end 

made of combustive material which is ignited was created. Very likely that after 

the wood animal grease became among the earliest fuels used for the first oil 

lamps. There are many different scientific points of view on when exactly it 

happened, what we know for sure is that around 15000 years ago cave 

paintings in Lauscaux, France were produced and more than 100 oil lamps were 

found in the cave. This leads us to a conclusion that most likely an illumination 

from burned animal grease in oil lamps was used in creation of cave 

paintings [4]. There were many stages and variations of the light sources around 

the globe before 3,000 B.C., when wicked candles started to be in use in 

Ancient Egypt and Rome [5]. Up to 19th century candles were used in lighting 
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purposes the most and even though they are not major source of lighting 

anymore candles are still widely used nowadays.  

Early electric lighting 

Probably the next big step in the history of light sources was taken in 

England in 1790s by William Murdoch with the invention of gas lamps using coal 

gas for illumination. Gas lamps could have had a brighter future, but almost at 

the same time, in 1800s, Humphry Davy introduced the first practical electric 

light – arc lamp, basically starting the history of electric lighting  [6]. In 1809 by 

connecting two wires to a state of the art 2,000 cells battery and using charcoal 

strips as electrodes he created arc discharge that gave sufficiently intense 

light [7]. This first electric lamp didn’t produce light for long time and with 

adequate strength, so it took another sixty to seventy years while several 

engineers tried to improve short lifetime, high production cost, high drawn of 

electric current to make large scale production of light bulbs. Probably the most 

famous among other scientists that contributed to development of a light bulb 

was American inventor and businessman Thomas Edison. Even though we can´t 

name Edison the inventor of a light bulb, he definitely contributed to its longer 

lifetime and commercialization. Drewing on the ideas of ones he worked with 

and making use of theory he was famous for his trial and error methods and over 

1000 of patents. In 1878 Edison filed patent application on “Improvement in 

Electric Lights” [8] and performed first successful test in 1879. Next year he and 

his team improved lifetime of incandescent lightbulb from 13.5 hours to 1200 by 

replacing carbon filament by carbonized bamboo and changing atmosphere 

inside the bulb, all this lead to another patent [9]. 

In Fig. 4 we can see a sketch of a typical incandescent light bulb.  

 

Fig. 4 Schematics of an incandescent light bulb 
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The working principle of an incandescent light bulb is that when the 

electric current supplied by terminals or wires embedded in the glass passes 

through the filament, it heats to a temperature that produces light. Even though 

invention of an incandescent light bulb was a huge success in its time, but 

during about 1885 to 1900 there was a growing dissatisfaction with carbon 

filament lamps. A former employee of Edison Daniel McFarlan Moore thought 

that incandescent light bulbs were “too small, too hot and too red” [10]. This 

made him start working on a light source that might give cool, closer to daylight 

- with stronger blue and weaker red parts of the spectra. This shift towards the 

blue part of the spectra would make a light source more efficient. Moore hasn’t 

been the one to invent electric-discharge tube, yet he made first practical 

application of the Geissler tube, that was the first prototype of a gas discharge 

tube. Geissler was an artist and a glassblower who in 1856 observed that when a 

high voltage alternating current was passed through a sealed tube, that 

contained air at low pressure, the tube would give very weak glow until vacuum 

would decay. The problem with Geissler tubes was their very short lifetime, due 

to the tendency of gasses to combine chemically with the electrodes.  As a 

result, they were applied only for creating theatrical effects and teaching 

purposes during scientific lectures. Moore, in his turn, introduced an automatic 

valve that allowed gas to flow into the tube when the pressure dropped, solving 

the main problem of the short lifetime of Geissler’s tube and making 

commercialization of gas discharge lamps possible. The joined efforts of Geissler, 

Arons, Moore, Hewitt, Cooper and other pioneers in the field through the 

research in gases and vapors lead to discovery and commercialization of many 

types of gas discharge lamps. Among them are neon tubes, high-pressure 

mercury-vapor lamps, sodium-vapor lamps.  

The first electric lamp involving fluorescent materials was introduced by 

Alexandre-Edmond Becquerel and in his book, La lumière  [11], he described it 

as low-pressure discharge tube containing various luminescent solids in 

fragments or in powder form. In chapter 3 more information on fluorescence as 

a phenomenon will be given, since there is only history of light sources 

introduced in this chapter. Becquerel was also the one to suggest the design of 

tubes or bulbs in which a thin layer of fluorescent material would be placed on 

the inner surface of the glass. Before fluorescent lamps became ready for 

commercialization a lot of experimental research on shapes and sizes of the 

lamps, gas pressures, fluorescence wavelengths, methods of deposition of 

powder onto glass etc [10].  
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Solid-state lighting    

Light emission from a solid-state material, created by applying electrical 

power to it, is a phenomenon called electroluminescence. The fundamental 

difference between electroluminescence and incandescence, which is 

emission of optical radiation by the process of thermal radiation [12], is that it 

can occur at room temperature and doesn’t require material to be heated up 

to above 750 ºC to emit visible electromagnetic radiation [13]. In 1927 Oleg 

Losev reported in his paper [14] for the first time investigation on luminescence 

from SiC metal-semiconductor rectifiers and provided theoretical explanation 

using Einsteins’s quantum theory [15].  

In 1962 Nick Holonyak presented first visible light-emitting diode (LED) made 

from a mixture of GaAsP semiconductor materials [13]. For quite long time LEDs 

were only used in calculators, wristwatches and as indicators. For about three 

decades the development of the blue LED was not successful, and only in 1993 

Shuji Nakamura reported fabrication of high-brightness InGaN/AlGaN blue 

LED [16]. He was awarded Nobel Prize in 2014 together with 2 other scientists for 

this achievement. The main reason why discovery of blue LED is so important is 

because with using blue LEDs highly efficient white light sources became 

possible.  

By converting part of the blue light emitted by an LED to yellow with the use 

of phosphorescent materials white light can be generated. Nowadays white 

LED based on a blue LED and phosphors is undoubtedly standard architecture 

for SSL and dominating technology for generating light. In Fig. 5 and Fig. 6 below 

you can see different ways of generating white light with the use of LEDs.  

 

Fig. 5 LED-based approaches for white light sources  [13] 
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In Fig. 5a the first way is based on dichromatic, trichromatic or 

tetrachromatic approaches, where two or more LEDs are used. In dichromatic 

white source two narrow emission bands, called complementary wavelengths or 

complementary colors, at certain power ratio are used. In the figure we see 

blue and yellow LEDs are used to generate white light. When the high quality of 

the generated light cannot be achieved by dichromatic white source, use of 

trichromatic can be a solution which is the second method displayed in the Fig. 

5b. Here three LEDs of complementary colors are used: blue, green and red. The 

same goes idea goes for the use of tetrachromatic white source, here blue,  

cyan, green and red LEDs are employed to generate white light source of high 

quality [13]. I will talk more of light quality and photometric and colorimetric 

quantitates used to evaluate the quality of a light source later in this chapter. 

Apart from using two, three and four LEDs to generate light by dichromatic, 

trichromatic and tetrachromatic approach, we can separate generation of 

white light by LEDs in two categories: where LEDs are used separately or as a 

monolithic LED. 

The second way of generating white light is to use both an LED and 

wavelenght converter materials displayed in Fig. 6. This method is again can be 

divided into several subcategories, depending on the amont of color convering 

matrial types used. For example, dischromatic approach required use of a blue 

LED as an excitation source and yellow phosphor material.  

 

Fig. 6 Wavelength converters and LEDs based approaches for white light 

sources  [13]  
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For trichromatic two options are available: UV LED excites blue,green and red 

phosphors or blue and red LEDs excite green phosphor. And finally, for 

tetrachromatic approach we can either use UV LED as an excitation source and 

blue, cyan, green and red phosphors or blue and red LEDs can excite cyan and 

green phosphors. 

2.2. Radiometric and photometric quantities 

Radiometric units are used to characterize physical properties of 

electromagnetic radiation. However, when there is a need to characterize 

visible light, as perceived by a human eye, radiometric units are not suitable 

anymore. Sensitivity of a human eye is not equal to all the wavelengths within 

visible spectrum and some regions have much higher response than the others, 

there is a need to introduce photometric units for light characterization. In order 

to convert between the quantities, eye sensitivity function has to be introduced. 

Below in Table 1 you can see photometric quantities and their 

corresponding radiometric quantities. In order to convert between radiometric 

and photometric units eye sensitivity function, 𝑉(𝜆) is used.  

Table 1 Photometric and radiometric units 

Photometric unit Dimension Radiometric unit Dimension 

Luminous flux lm Radiant flux (or optical 

power) 

W 

Luminous intensity cd Radiant intensity  W/sr 

Illuminance lux Irradiance(or power density) W/m2 

Luminance cd/m2 Radiance W/sr· m2 

    

There are several types of eye sensitivity functions being used, such as CIE 

1931 𝑉(𝜆), CIE 1978 𝑉(𝜆) and CIE 1951 𝑉(𝜆). The difference in eye sensitivity 

functions is in slight difference in shape of the function in blue and violet spectral 

regions. Below in Fig. 7 CIE 1978 𝑉(𝜆) function is introduced. It can be seen that 

in photopic region sensitivity reaches its maximum at 𝜆 = 555 nm. Corresponding 

luminous efficacy for this spectral region reaches 683 lm/W. 

In the Fig. 8 below there is a schematic of basic photometric quantities. The 

easiest way to approach them is to consider a point light source. Its luminance 

intensity then will be light intensity of an optical source as it is perceived by 

human eye. Luminance intensity Iv is measured in candela (cd), and this is a 

base SI unit.    
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Fig. 7 Eye sensitivity function CIE 1978 𝑉(𝜆) 

 

Fig. 8 Basic photometric quantities 

If we then introduce a solid angle of 1 steradian, which is an area of 1m2 at 

a distance of 1m from the source, and illuminate this area by a point source, its 
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luminous flux, v will be 1 lumen.  In other words, luminous flux is a quantity that 

represents the light power of a light source as perceived by a human eye. In 

order to obtain luminous flux from optical power  by integrating the product of 

the radiometric quantity by the spectral luminous efficiency function and then 

multiplying by the maximum of the stated spectral luminous efficacy function, 

with the integral being taken across the full optical radiation spectrum. 

Φ𝑣 = 683
𝑙𝑚

𝑊
∫ 𝑉(𝜆)𝑃(𝜆)𝑑𝜆 

where 𝑃(𝜆) is the power spectral density, i.e. optical power emitted  per 

wavelength. 

Illuminance is then defined as luminous flux per unit area and is measured 

in lux: 

𝐸𝑣 = Φ𝑣/А 

 Luminance can be obtained from the ratio of luminance intensity emitted 

in certain direction per projected area in that direction: 

  

𝐿𝑣 = 𝐼𝑣/А 

 Luminous efficacy K of a light source is a quantity of conversion efficiency 

of luminous flux divided by optical power emitted by a light source: 

    

𝐾 = Φ𝑣/𝑃 

For white light sources luminous efficacy needs to be calculated by integrating 

over all wavelengths in the spectral region.  

Luminous efficiency of a light source, in contrast, is luminous flux per 

electrical input power: 

𝑉 = Φ𝑣/𝑃𝑒𝑙 

where 𝑃𝑒𝑙 is electrical input power of a light source.  
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2.3. Colorimetric quantities 

Color rendering index 

According to the CIE color rendering index (CRI) is a measure of the 

degree to which the psychophysical color of an object illuminated by the test 

illuminant conforms to that of the same object illuminated by the reference 

illuminant, suitable allowance having been made for the state of chromatic 

adaptation  [17]. In other words, CRI can tell us how good a light source (test 

source) can render colors of an object accurately comparing to illuminant A 

(reference source), which is an incandescent tungsten filament lamp. The 

reference light source is supposed to render colors perfectly and have a CRI 

that is equal to 100. Together with introducing test and reference light sources 

CIE suggested test color samples being also instruments in defining CRI of a light 

source. CIE general CRI, 𝑅𝑎, is an average of 8 (or 14)different special CRIs, 𝑅𝑖, 

and is calculated using the formula: 

𝑅𝑎 =
1

8
∑ 𝑅𝑖

8
1      

where 𝑅𝑖 is calculated from: 

𝑅𝑖 = 100 − 4.6∆𝐸𝑖 

where  ∆𝐸𝑖 is the geometric distance in color space between the color of a 

test color sample illuminated by a reference light source and by the test light 

source.  

Correlated color temperature 

The correlated color temperature (CCT) of a white light source is defined as 

the temperature of a planckian black-body radiator, whose color is closest to 

the color of the white light source. In Fig. 9 we can see an example of the 

chromaticity diagram CIE 1931 with the planckian locus, where the axes 

correspond to CIE chromaticity coordinates x and y. To calculate CCT by 

Robertson’s method the crossover point on the CIE 1931 diagram of the x and y 

coordinates should be defined, thereafter the shortest geometrical distance to 

the planckian locus will give a point at the planckian locus. The correlated color 

temperature is then determined as the temperature of a planckian blackbody 

at that point. In this manner, a candle would have a CCT of around1500-2000 K. 
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An incandescent light bulb – 2700K and would be considered a “warm white” 

light source, in contrast “cool white” light sources will be considered in the range 

of 4000-5000K.  

 

Fig. 9 CIE 1931 chromaticity diagram with planckian locus 

 

 

 

  



25 

 

3. Phosphor converted laser 

diode lighting 

Starting from the beginning of 19th century tremendous progress was made 

in the field of electric lighting and even though solid-state lighting provides the 

most efficient white light sources with high color quality ever made, its key tech-

nology, phosphor converted light emitting diodes, is still limited in performance. 

The main reason for this is “efficiency droop” - limitation of efficiency at high in-

put current densities of InGaN light emitting diodes [18]. Many research groups 

are working on investigating “efficiency droop” in LEDs and coming to a 

conclusion that Auger recombination is a major factor contributing to a drop in 

efficiency [19].  

Meanwhile, a relatively new type of a solid state lighting light source, phos-

phor converted laser diode lighting, is becoming competitive to PC LEDs. The 

quantitative difference in power conversion efficiency of LEDs and LDs is illus-

trated in Fig. 10. There is a clear trend that LEDs are not efficient at higher input 

power densities, while LDs can reach up to 46% efficiency at 50 W of input 

power and their PCE continues to increase over time  [20], making the later ones 

a great choice for high power solid state lighting applications. 

 

Fig. 10 Power conversion efficiency for blue LED and LD 
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3.1. Diode Lasers 

Diode lasers or semiconductor lasers use a semiconductor material as the 

gain medium. Diode lasers can offer variety of wavelengths from UV to infrared, 

they are small in size, what is also important is that diode lasers have high 

electrical to optical power conversion efficiency, illustrated in Fig. 10. These 

advantages make laser diodes find applications within optical fiber 

communications, data recording and reading, sensing, measurements, material 

processing and lighting  [21].  

3.1.1. Basic principles of diode lasers 

Below in Fig. 11 schematics of a laser diode can be seen. As it is shown in 

the figure, laser diode consists of several layers of semiconductor material. An 

active layer in laser diodes, typically consisting of one or more quantum wells, is 

sandwiched between n- and p-type layers. This simple structure of the laser 

diode shown below is not very efficient and practical, due to high electrical and 

optical losses and threshold current that is extremely high. 

 

Fig. 11 Schematics of a laser diode 

More commonly used nowadays laser diode devices are double 

heterostructure laser diodes. The junction between different materials is called a 

heterostructure, in case of two heterostructures type of a laser diode is called 

double heterostructure. In double heterojunction lasers active layer is confined 

on both sides: top and bottom, which results in better optical amplification that 

gives lower threshold current for lasing and makes possible to operate laser 

diode at CW mode at room temperature without damaging it. A representative 
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example of a double heterostructure semiconductor laser is the one shown in 

Fig. 12.  

 

Fig. 12 Double heterostructure schematics 

Here a layer of a material with lower bandgap energy (e.g. GaAs) is 

sandwiched between two layers of materials with higher bandgap energy (e.g. 

GaAlAs). Since active layer is confined to a thin layer, more of free electrons 

and holes take part in amplification and less of them are located in periphery. 

There are many more types of semiconductor lasers, but among them another 

one worth mentioning is vertical cavity surface emitting laser or VCSEL. In 

contrast to two previous examples of semiconductor structures (or edge-

emitting lasers) where optical cavity is perpendicular to the injected current), in 

VCSELs optical cavity is along the axis of current flow. Because the cavity 

thickness is smaller than in two previous types, there is a need for higher 

reflectivity. Some of the major advantages of VCSELs are the possibility to 

produce thousands of VCSELs simultaneously on a small wafer and test them 

during production. Besides this, output beam from VCSEL is circular and has low 

divergence. 

As a result of atomic orbitals overlap, energy levels of semiconductors are 

broad energy bands. The bottom band, named valence band, and top band, 

named conduction band are divided by a band gap with energy Eg. Fig. 14 dis-

plays a simple band structure of a direct semiconductor. Direct bandgap 

semiconductors are preferable over the ones with an indirect bandgap, 

because they are more efficient, since electrons and holes recombine directly 

in the conduction band, meaning that recombination process is more efficient. 

Generally, the band gap energy of a semiconductor materials laser is in the 

range from 0.5 EV up to more than 6 eV.  
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The energy of a photon can be calculated as: 

𝐸𝑝ℎ = ℎ𝑣 = ℎ
𝑐

𝜆
, 

where h is Plank’s constant (h = 4.135·10-15 eVs), v  is the frequency, c is the 

speed of light (c = 3·108 m/s) and λ is the emission wavelength.  

One of the major advantages of semiconductor lasers is a wide selection of 

semiconductor materials that provide different emission wavelengths, so that by 

bandgap engineering wavelength from UV to infrared can be delivered. Below 

in Fig. 13, the band gap energies of some semiconductors is plotted as a 

function of lattice constant at 300 K. The connecting lines plotted between two 

semiconductor materials display the energy gaps of the ternary compounds of 

various ratios of the corresponding binary materials. 

 

Fig. 13 Bandgap and lattice constants of selected semiconductors at 300K [22] 

If external excitation is not applied to an undoped semiconductor at a 

temperature of T=0 K, the conduction band will be empty and the valence 

band will be filled with electrons. When the energy of a radiation applied to 

semiconductor is high enough, it excites an electron out of its energy level, thus 

leaving a hole at its former place. In this way, an electron-hole pair is generated. 

Upon electron-hole pair recombination the electron loses part of the energy 

that is larger than the bandgap. This energy is then radiated as photons or 

phonons, according to the law of conservation of energy [23]. 
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Fig. 14 Parabolic band structure of a direct semiconductor 

There are three types of band-to-band transitions taking place in semicon-

ductors, illustrated in Fig. 15. The first one is spontaneous emission, happening, for 

example, in light-emitting diodes. Spontaneous emission is the emission of a pho-

ton in randomized direction, phase and time, thus it is not coherent. This process 

requires an electron in the conduction band and a hole in the valence band at 

the same time and the transition rate for spontaneous emission then 

corresponds to the product of the electron density at higher energy level and 

the hole density at lower energy density. The second process is absorption, 

occurring when a photon is absorbed and an electron-hole pair is generated. 

The transition rate here is a product of particle density of the density of 

unoccupied states in the conduction band at energy E2, density of states 

occupied by electrons in the valence band at energy E1, and density of photons 

with energy Eph=E2 - E1.  

 
Fig. 15 Radiative band-to-band transitions in semiconductor materials: spontaneous 

emission, absorption and stimulated emission 
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The third band-to-band transition is stimulated emission, occurring in laser 

diodes and all the other types of lasers. Here an incident photon stimulates 

recombination of an electron-hole pair, so that another photon is generated 

simultaneously. The generated photon has to be coherent with the initial one, 

meaning that it has to have the same phase and direction. 

For a laser diode to operate stimulated emission needs to be amplified, 

and population inversion to be achieved. Population inversion is a state of the 

system, when the number of electrons in the upper energy level exceeds the 

amount of electrons in the lower energy level. Then with an optical feedback, 

achieved by placing the laser medium in a resonant cavity and when the gain 

is dominant over losses, laser oscillation is obtained. 

3.1.2. Spatial characteristics of diode lasers 

Along with multiple advantages of diode lasers, like wide range of 

wavelength, small size and high electrical to optical power conversion 

efficiency several drawbacks exist for high power laser diodes. One of them is 

the fact that single spatial mode diode lasers are limited to about 1 W of 

maximum power because of catastrophic optical damage at the output 

facet [24]. Other disadvantages of diode lasers beams include large 

divergences, ellipticity and astigmatism. All of them make diode lasers more 

difficult to manipulate and characterize compared to other types of laser 

beams [21].   

In Fig. 16 illustration of a laser diode is displayed. Here two facets, located 

at both sides of an active region, form a lasing cavity. Normally, light emitted by 

a laser is confined to a rather narrow cone. In laser diodes, in contrast, due to 

the fact that emission aperture is a quite narrow slit and diffraction effects that 

are taking place are much stronger in one direction, than the other, a strong 

ellipticity of a laser beam occurs. The axis, in which the beam divergence is 

larger, is called the “fast axis”, and in the axis, where the beam divergence is 

reduced, is called the “slow axis. Ellipticity in laser diodes is an undesired 

characteristic, but can be corrected with cylindrical lens pair, anamorphic prism 

pair or spatial filter.  
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Fig. 16 Schematics of a laser diode elliptical beam [21]  

Another undesired effect happening in laser diodes is astigmatism. 

Astigmatism is a condition, when the focal points of fast and slow axes do not 

overlap, for example, because the light emitted in the fast and slow axes are 

originating at different locations along laser cavity. Astigmatism can also be 

corrected by optimizing the distance between cylindrical lenses used for 

collimation. The large divergence is also among the undesired effects, but the 

use of lenses with high NA can efficiently collimate the output. 

In order to understand better propagation of laser diodes, some laser 

beam propagation theory needs to be introduced. Propagation of a Gaussian 

beam along its beam waist can be described by an equation  [25]: 

𝑤(𝑧) = 𝑤0√1 + (
𝑧

𝑧0
)

2

, 

where 𝑤0 is the beam waist radius in focus at z = 0, while the waist diameter 

2𝑤0 is called the spot size. z here is the distance from the waist of the beam 𝑤0. 

  Another important parameter to mention when talking about lasers is the 

beam parameter product (BPP). BPP is a parameter that evaluates quality of 

the beam and how well it can be focused to a small spot. BPP is equal to the 

product of radius of the beam at its narrowest point, the beam waist, and the 

beam’s far-field divergence half angle, and can be calculated: 

𝐵𝑃𝑃 = 𝜃 ∙ 𝑤0 

where 𝜃 is the beam’s divergence angle (half angle). 
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Since the beams of laser diodes are not exactly Gaussian beams and may 

contain higher order Gaussian modes, it is necessary to introduce the M2 factor. 

M2 tells us to what extend does the laser beam in each of the axis differ from a 

Gaussian beam, and since the product of its waist diameter and divergence 

can be given as 2𝑤0 ∙ 2𝜃𝑜 = 4𝜆
𝜋⁄ , 𝑀2 is equal to: 

𝑀2 =
2𝑤∙2𝜃

4𝜆
𝜋⁄

, 

 where 2𝑤 is the spot size and 𝜆 is the wavelength of the laser diode. 

Beams of HeNe lasers would normally have 𝑀2 < 1.1, for laser diodes the 

number can be much higher, especially when talking about broad area (BA) 

laser diodes.  

BA laser diodes are edge-emitting laser diodes that have an emitting 

region of a front facet shaped as a broad stripe. The dimensions of two axes 

can easily reach up to 1x100 m. This big asymmetry results into a big difference 

in beam parameters properties between two axes, and while fast axis is 

essentially small to operate in single mode and have M2 value slightly above 1, 

for slow axis, in turn, M2 will be many times higher. Apart from that, the beam 

profile in the slow axis is very likely to have multiple peaks and be highly 

dependent on injected current.  

Spectral characteristics of laser diodes 

 

Diode lasers can have two types of spectral mode structures: single-

longitudinal mode (SLM) and multi-longitudinal mode. Multi longitudinal mode 

(MLM) lasers may have one dominant spectral line corresponding to the desired 

wavelength and subsidiary modes with lower amplitude separated by 1 nm or 

so. In Fig. 17 both of the above-mentioned types of spectral behaviour of 

semiconductor lasers is displayed.  

 

Fig. 17 MLM and SLM spectra of laser diode [26] 
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The allowed number of modes is connected to the length of the optical 

cavity L with the following relation: 

𝐿 = 𝑞
𝜆

2
, 

where q is the order of the mode and 𝜆 is the wavelength. 

The output spectra are also dependent on the current level the laser diode 

is operated at, so that a MLM laser diode will have dominant peak at higher 

current and in contrast SML might have multiple peaks when operated below 

the threshold.   

3.2. Color conversion materials 

Fluorescence is a property of atom, molecule or nanostructure to absorb 

photon and consequently emit another photon with lower energy and longer 

wavelength. Photon absorption causes a transition of orbital electron from its 

ground state to the higher energy state, which is followed by relaxation to the 

ground state again. During the relaxation phase photon is emitted and, since 

part of the absorbed photon’s energy is spent on the change of electron 

charge distribution, the energy of emitted photon is lower [27]. A principal 

difference between fluorescence and phosphorescence is the time of electron 

transition from excited state to the ground state which for the phosphorescence 

is much longer (10-4 – 10 sec or more) than for fluorescence (10-9-10-6 sec).  

Requirements for laser phosphors 

With the rapid development of solid state lighting there is an increased 

demand on high quality color conversion materials (CCM). Trying to achieve 

higher power and higher luminance with remaining small size within laser-driven 

white light sources puts new requirements for CCM for laser lighting. The 

requirements on laser phosphors are displayed in Fig. 18  [28].  

First of all, it is important for CCM to have low luminescence saturation, 

meaning that with the increase of incident laser power density output luminous 

flux shall not drop. There are two main origins of luminescence saturation: 

thermal and optical. Thermal saturation is normally caused by thermal 

quenching. In order to avoid thermal saturation keeping phosphor temperature 

low enough will be the most efficient way. To keep phosphors temperature 

sufficiently low, phosphor should, first of all, have high quantum efficiency, which 
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will reduce non-radiative heat generation, and second, small Stokes shift, that 

will influence color conversion process. It is also necessary for the phosphors to 

have low thermal quenching, since this is what will help to control performance 

at high temperatures. In addition to this, both high thermal conductivity and 

effective heat dissipation are essential for effective thermal management.    

Optical saturation is often referred to activator or host lattice energy loss 

process. In order to avoid optical saturation CCM with short decay time of 

activators should be used. Optical saturation takes place when the decay time 

of activators is too long to be able to convert excited electrons, so that the 

population depletion of the ground states of activators occurs. 

Second, providing uniform light distribution and having high extraction 

efficiency is crucial for laser phosphors. Since incident laser light has high power 

density, scattering has a great influence on: 

 increasing extraction efficiency of converted light,  

 mixing incident and output light, 

 confining light. 

Proper scattering in phosphors can be achieved by having pores, 

secondary phases, grain boundaries, inhomogeneous particle size.  

Together with high quantum efficiency, high light extraction efficiency is 

needed for high quality laser phosphors. 

  
Fig. 18 Requirements for high quality CCM [28]. 

Third, in order to deliver high quality display devices based on laser lighting 

technology, both colorimetric and photometric quantities should have 
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corresponding values. For example, phosphors should have high CRI, which is a 

challenge for laser lighting technology, since in order to obtain high CRI broad 

and continuous spectrum is required. In Fig. 19 below, there is an example of a 

typical spectral power distribution (SPD) of PC-LD light source. It is clearly seen 

that emission from laser is represented by a much sharper peak, then the 

remaining light distribution. To get CRI as high as possible in this case emission 

from yellow or orange emitting phosphors should be very broad.   

 

Fig. 19 Typical SPD of a PC-LD. 

Finally, laser phosphors used for display devices are needed to have large 

color gamut. To attain large color gamut laser phosphors should both have very 

narrow emission band, especially in green and red, and sufficient emission 

maximum, which is quite challenging for PC-LD with an SPD shown above. 

 Types of CCM for PC-LD 

CCMs are playing a key role in achieving high luminance and high quality 

white light in high-luminance PC-LEDs. They also have significant influence on 

luminous efficiency, luminance, CCT and CRI of laser driven light sources. Since 

CCMs in PC-LDs are illuminated by much higher power densities, than in PC-

LEDs, there is an increased attention to the development of new durable 

materials that will be suitable for high-power laser driven light sources.  

The three main types of CCMs will be discussed here, since they are 

believed to be the most suitable for laser driven white light sources: phosphor in 

glass, ceramic phosphors and single crystal [29].  
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3.2.1.  Phosphor in glass (PIG) 

PIG is a mixture of phosphor and glass powders made through viscous 

sintering in a way that glass powder forms a matrix for phosphors  [30]. Within the 

last decade PIG became one of the most promising CCMs used for high-power 

lighting applications.  

The main advantages of PIG CCM are given below: 

 relatively simple fabrication, 

 has good reproducibility, 

 low cost, 

 chemical and physical stability [31,32] [33]. 

The most efficient synthetic way of producing PIG is firing phosphor powder 

and glass frits at middle temperature. Since this method, in contrast to glass-

crystallization, uses co-firing of phosphor powder and glass frits at relatively low 

temperature, it is much more likely to avoid oxidation of activators, e.g. Ce, Eu.  

YAG based PIGs is of high interest among researchers in the field, because of 

good thermal stability and optical properties when illuminated by high-power 

LEDs. The main drawback of YAG-PiGs is deficiency of red spectral component 

(that leads to poor colour rendering)  [34].  

3.2.2. Ceramic phosphors 

Due to poor thermal conductivity of glass matrix in PIG, it is still not the 

optimal choice as CCM for PC-LDs. Ceramic phosphors are among the most 

suitable CCMs when considering high-power and high-luminance SSL. The main 

reasons for this are: 

 stability and reliability of photoluminescence properties under high 

power densities illumination, 

  possibilities to tailor microstructure, that allows to control absorption 

and scattering, 

 accessibility to manipulate and engineer  [34].   

Ceramic phosphors can be an alternative CCM to PIG and a way to omit 

several of its disadvantages. Generally, ceramic phosphors can be divided into: 

garnets, silicates, sulfides, aluminates, nitrides  [35]. Some of the factors holding 

back development of ceramic phosphors are high production cost and poor 

reproducibility [36] together with lacking of a red-emitting component [29]. 
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3.2.3. Single crystal 

Ceramic phosphors and PIG enable encapsulant free packaging and 

deliver relatively high thermal conductivity. However, both of the above-

mentioned experience poor reproducibility, scalability. Apart from that, 

production of ceramic phosphors has high cost and PIG are not capable of 

delivering high luminous efficacy [36].  

Single crystal (SC) CCMs, in turn, have a regular atomic arrangement, 

hence possessing much lower crystal defects and impurities rate and associated 

with it emission quenching, this results in high conversion efficiency at room 

temperatures  [37]. Furthermore, single crystal growth offers high emission 

homogeneity and reproducibility. SC CCMs can also provide high conversion 

efficiency and thermal stability. Moreover, SC CCMs have as much as 2 orders 

of magnitude higher thermal conductivity, then for example, powder 

encapsulants, meaning that they have a big advantage in heat 

dissipation  [36]. And lastly, single crystal phosphors allow any shape, even 

powder [38]. All the above-mentioned advantages make single crystal 

phosphors very promising materials for phosphor converted laser diode lighting. 
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4. Phosphor conversion laser 

diode light sources measurement 

methodology 

4.1. Measurements of PC-LDs 

Use of laser diodes to generate white light opens up many new possibilities, 

owing to much smaller emitting area from a laser comparing to an LED reaching 

as small as tens of micrometers of a beam diameter in focus and to overcoming 

efficiency droop issue. Employment of incident sources with smaller scale 

emitting areas allows achieving smaller divergence angles from the smaller 

emitting converted white spot diameters. A large variety of applications has 

interest in miniaturization of emitting area that laser driven light sources are able 

to deliver us nowadays.  

As always, together with the new possibilities we are also facing some 

challenges. Different characteristics of laser driven light sources from 

standardized, well established technologies result in additional requirements on 

measurement procedures. Among the main difficulties are: 

 no standards exist in lighting metrology for measurement of laser 

driven light sources,  

 different terminology is used in the laser and lighting communities, 

 safety precautions have to be given special attention due to the use 

of lasers in general lighting, 

 since shape of the spectra of a PC-LD (narrow peak with broad and 

low signal from phosphorescent part) is different from standardized light sources, 

all the colorimetric quantities, used for measuring other light sources, is 

doubtfully to work properly and has to be reconsidered, 

 light distribution measurements of PC-LDs are challenging due to 

strong directionality from the laser, 

 measuring spot sizes of the phosphors and diode lasers and selection 

of the right beam width definition, 

 wavelength shift at higher currents, that leads to the shift of CCT, 

 luminescence saturation at high incident power densities, 

 thermal quenching because of input high power densities, 

 stability issues and high uncertainties on measurements. 
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Difficulties with measurements of laser diodes 

First of all, it is important to understand some of the unique properties of the 

laser diodes, in Chapter 3.1 a lot of emphasis was put on the spatial 

characteristics of a laser diode. As was mentioned before among the most 

undesired effects when working with laser diode are large beam divergences, 

ellipticity of the beam and astigmatism. What should also be explained clearly is 

why these effects are so important to be dealt with.  

In order to be able to use all of these advantages over other light sources, 

some undesired characteristics like large divergences, ellipticity and astigmatism 

have to be fixed. To correct for these effects additional optics should be used. 

For all the set-ups that were built for the different studies in this project, the basic 

set-up was similar to the one shown in Fig. 20. In such manner, a minimum of 4 

lenses are needed to collimate, get rid of ellipticity and focus both axis of laser 

diode. First of all, mounted to the laser diode lens L1 is used to collimate one of 

the axes of the LD, afterwards cylindrical telescope is made from L2 and L3. Two 

cylindrical lenses L2 and L3 make the beam circular and finally L4 lens focuses 

laser diode beam in two axes.  

 

Fig. 20 Optical scheme for collimation, circularization and focusing of laser diode beam 

Even though the set-up doesn’t look complicated for somebody working 

with lasers, for lighting researchers it is somehow uncommon to use so much 

optics to make light source ready for further measurements. BP here is a beam 

profiler, a device used to measure the spot size diameter. BP is both used for 

alignment of the set up and for measurement.  

In Fig. 21 below some examples of measurements are given of beam 

diameters of both axes of a broad area diode laser at different current levels: 

0.2 A to 1 A. There are several aspects to comment on. First of all, it is clearly 

seen that with an increase of current the spot size in the slow axis direction also 

increases, while the spot size in the fast axis remains almost constant. This leads 

us to the conclusion that the power density of a laser diode has to be 

calculated separately for each current level.  
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Fig. 21 Spot size diameters of two axes of laser diode at 1/e2 at current levels from 0.2A 

to 1A, where power level of a) P = 0.075 W b) P = 0.35 W c) P = 0.623 W d) P = 0.878 W e) 

P = 1.117 W 

Another observation we can make is that two sides of the focus do not 

always expand equally. For example, from the figures below we can see that 

the values of the left side of the slow axis are almost always higher comparing to 

the right side. At the same time, the fast axis has the opposite trend. Third, we 

can also see that, even though a lot of manipulations were conducted on the 
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beam already, it still has some ellipticity: the spot size values of the slow and fast 

axes do not overlap, especially when the distance from the focus increases. This 

effect is also amplified when working of higher current levels, so that, for 

example, when applied current in the range of 0.2 to 0.6 A difference between 

the axes is smaller, while higher currents of 0.8 and 1 A will have stronger effect 

on ellipticity of the laser diode beam.  

All these minor issues will be different from laser diode to laser diode. Thus 

working with every new laser diode will require some additional work, since 

before a laser diode can be applied in a PC-LD light source all the above-

mentioned alignment steps have to be performed. The fact that laser diodes 

can have big variations in their spatial and spectral characteristics makes it 

difficult to replace a laser diode and to not realign the set up completely. In a 

commercial setup, however, where a certain spot size is desired, an optical 

solution can be chosen where laser-to-laser variations become negligible. 

Another aspect we should look at is how the intensity profile of the beam, 

looks like in both of the axes at different currents and distances from the focus. 

In Fig. 22 the shape of the intensity profiles of a laser diode beam on both 

graphs look alike with slight variations, from this we can conclude, that distances 

closer to the focus, beam will have more of a Gaussian intensity distribution. 

However, if we analyze data shown in Fig. 23 we can observe a completely 

different scenario. 

 

Fig. 22 Intensity profiles of laser diode beam at 1/e2 (a) at 2 mm distance from the focus 

at 0.5 A of input current and (b) in the focus at 0.75 A input current  

In contrast to two previous graphs, where the difference between shapes 

of the intensity profiles was minor, here the change is tremendous. If we 

compare the slow axes in Fig. 22 and Fig. 23, we can see major change in the 
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shape of the intensity profile. At this the importance of choosing the right way of 

measuring the beam width should be introduced.  

 

Fig. 23 Intensity profiles of laser diode beam at 1/e2 at 14 mm distance from the focus at 

0,5 A input current 

There are various ways of defining width (or diameter) of the beam, in laser 

researchers community the most widely used width definition will be 1/e2. Apart 

from that 1/e and FWHM (full width half maximum) beam width definitions are 

common, while the second moments beam width is used in the standard ISO 

11146. For the 1/e2 method, the beam width is measured at the point where the 

intensity is 1/e2 = 0.135 times the maximum value, 1/e is equal to 1/e = 0.368 

intensity’s maximum. FWHM, in turn, can be calculated at 0.5 of the intensity’s 

maximum. 

Difficulties with measurements of white spot size diameters 

The choice of beam width definition is becoming even more important 

when we consider measurements of the spot size of the converted white light. In 

Fig. 24 a set-up for measuring spot size diameters of the white light generated 

from a PC-LD is displayed. The first part of the set-up is the same as the one 

shown in Fig. 20 with only one small change: the lens L4 focuses the laser diode 

beam onto the phosphor sample P, instead of a beam profiler BP, so that we 

know that the blue spot entering the phosphors material is corrected for 

ellipticity and focused.  

When the blue light is downconverted and white light is generated from 

the phosphors P, a 4f imaging system consisting of L5 and L6 is built to image the 

white spot generated from the phosphors, so that later on it can be measured 

with the BP.   
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Fig. 24 Optical scheme for measurement of spot size diameter of the white spot from 

PC-LD light source 

When we now look at the way intensity profiles look like in both axes at the 

distances from the focus and at different current levels we can observe a pretty 

different intensity distribution comparing to the ones shown in the previous 

section. For example, Fig. 25 a) illustrates the intensity profiles of both axes of a 

white beam generated from the phosphors in the focus under low current of 

0,36 A, while Fig. 25 b) displays the same beam under the same input current, 

but at 8 mm distance from the focus, thus with lower power density or larger 

spot size. 

 

Fig. 25 Intensity profiles of white beam at 1/e2 a) in the focus b) at 8 mm distance from 

the focus at 0,36 A input current 
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Fig. 26 for instance, depicts intensity profiles of two axes of a white beam 

measured at 2 mm distance from the focus and under operating current of 

0,75A. In all three images of intensity profiles given here there is another 

tendency than when talking about intensity profiles of a laser diode beam. Firstly 

and mainly, the shape of the profiles itself: instead of a well-defined narrow 

peak from the laser we get much broader shape with very high wings on both 

sides from the peak. Thus, the definition of the width measurement method can 

get tricky, because if you choose the 1/e2 or perhaps even the 1/e definitions, 

the values you will get from the measurements of a white spot diameter might 

not be representative and include quite a lot of noise at these levels.  

 

Fig. 26 Intensity profiles of white beam at 2 mm distance from the focus at 0,75 A input 

current  

Using the FWHM method to define width can also have its challenges, for 

example, splitting of the peak or appearance of secondary modes in laser 

diode.  

Spectral Power Distribution of a PC-LD 

Measurements of colorimetric properties of laser driven light sources is a 

separate side of the discussion within measurement methodology. In the 

previous chapter in Fig. 19 the spectral power distribution of PC-LD light source 

has already been shown. The shape of this SPD is quite unusual for a light source, 

if we make a comparison to an SPD of an LED or an incandescent lamp 

displayed in Fig. 27. When we look at the SPD of a PC-LD in Fig. 28 we can 

clearly see a narrow blue peak that corresponds to a wavelength of a laser 

diode and a broad shallow phosphorescent region. Even though the 

phosphorescent region seems to be negligible, it will contain 85-90% of the total 

luminous flux when integrated. 
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Fig. 27 SPD of a) LED and b) incandescent light bulb 

 
Fig. 28 SPD of an PC-LD with regions explained 

Since the reference for any light source is the spectrum of the 

incandescent light bulb with the spectrum as a function of a wavelength being 

very smooth, a lot of limitations are put on PC-LD’s performance characteristics. 

In the author’s opinion, it is necessary to reconsider methodology for 

measurement of colorimetric quantities, since laser driven light sources will find 

place in a variety of applications in the nearest future and might not be 

evaluated properly.  

Chromaticity coordinates shift 

Another aspect that has to be taken into account when considering 

separate measurement methodology for PC-LDs is chromaticity coordinates shift 

with increasing power density of the incident laser diode. Fig. 29 below displays 

CIE 1931 the chromaticity coordinates diagram with three different spot sizes of 

a) b) 
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the blue laser diode: 75m, 120m and 250m illuminating a phosphor sample. 

Here for all three spot sizes marked in different colors chromaticity coordinates 

were measured under a range of incident laser powers. We can see a clear 

trend regardless of the spot size: the higher the incident power the more the 

chromaticity coordinates shifted towards the blue corner of the diagram. 

To visualize it even better I marked the same input power of 0,125W with 

circles and what we can see is that the bigger the spot was, the closer to the 

center of the diagram it was located. All of this makes perfect sense when 

instead of thinking about spot sizes and input power we will use power density. 

We believe that this effect is indicating saturation of luminescence in the 

phosphor material, which will be discussed later on in chapter 5. 

 

Fig. 29 CIE chromaticity coordinates of a PC-LD light source a) normal view b) 

zoomed areas of interest view 

Correlated color temperature shift 

In line with the above-mentioned characteristics another value to consider 

is the calculation of correlated color temperature and whether it is suitable for 

light source like PC-LD. In Fig. 30 below data for two conditions are given: the 

red curve has higher power density (focused) and the blue has lower power 

density (5 mm distance from focus) display dependence of power on CCT. The 

general trend is that with the increase of power there is an increase of CCT. It is 

interesting to point out that both of the curves have the same trend with the 

difference in bending point, so that CCT increases faster for the higher density 

curve. 

a) b) 
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Fig. 30 Power Correlated Color Temperature relation 
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5. Saturation, luminescence 

saturation, and thermal quenching 

of ceramic phosphors 

As it was mentioned earlier, due to the high input power densities that are 

used in laser driven light sources, this field is facing significant challenges. Some 

of the main limitations of this technology, in the author’s opinion, are those CCM 

related. In general, in SSL when the incident power density is increasing, the 

output luminous flux of white light is expected to increase linearly. However, 

when talking about high power density light sources, e.g. laser diodes, this 

behaviour might become different: with increase of the incident laser power 

density the luminous flux after the threshold may stay unchanged or start to 

decline. This mechanism is happening because of luminescence saturation.  

The mechanism of saturation is currently under investigation by many 

researcher groups, but it still has not been clarified completely. Nonetheless, we 

do know that saturation may arise due to thermal and optical reasons. The first 

one, thermal saturation, is a consequence of thermal quenching, and can be 

avoided when phosphors are operated at sufficiently low temperatures. It can 

be a challenge in itself, if talking about high luminance laser lighting 

applications, although it can be solved through effective thermal management.  

Beside thermal saturation, non-thermal saturation processes may occur in 

CCMs used for laser diode lighting, optical saturation. Optical saturation is a 

process occurring at a high excitation density and is related to an activator or a 

host lattice energy loss. If the decay time of the activator ions is too short to be 

able to convert excited electrons, activators ground states population depletion 

occurs. This leads to optical saturation. This process is what will be discussed in 

the chapter and the presented results are based on the paper of the 

author  [39]. 
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5.1. Investigation of saturation effects in ceramic phosphors for 

laser lighting 

Introduction 

Over the course of almost two decades GaN-based LEDs demonstrated 

tremendous progress and owing to extensive investigation by many research 

groups around the globe they developed from an early technology in 1995 [40]  

to a SSL standard with luminous efficiencies of more than 300 lm/W. Today LEDs 

are undoubtedly among the most widely used lighting solutions employed for a 

variety of applications starting from general lighting and finishing with 

applications like automotive, street, entertainment, medical etc [41–44]. Light-

emitting diodes are a great alternative to incandescent and fluorescent lamps 

and because of their outstanding properties, such as long lifetime, high 

luminance efficiency, high luminance, and relatively small sizes [45,46], they 

were capable of replacing old-fashioned technologies so fast. 

There are different ways to generate white light using LEDs and the most 

commonly used are shown in Fig. 31. The first method here is based on using 

illumination from a blue LED to excite yellow phosphors. The part of the blue 

photons, being at the short wavelength end of the visible spectrum where the 

energy is higher, is downconverted to green, yellow, and red light, and together 

with not converted blue light is mixed, so that white light spectrum is achieved. 

Another way of creating white LED based light requires an ultraviolet LED in 

conjunction with phosphor mixture. The idea behind the method is the same as 

in the first method, described above. 

 

Fig. 31 Ways of generating white light in LEDs [45] 
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The third way to generate white light with the help of LED is using an RGB 

model. It doesn’t involve the use of CCM, though it requires 3 LEDs, so that one 

of them is located in the blue part of visible spectrum, the second – in green 

and the last one lies in the red region. White light here is produced by mixing the 

output from these three LEDs. All three schemes have their pros and cons. In the 

first one, e.g. we will have the highest theoretical luminous efficiency, but 

obtaining high CRI is tricky. An ultraviolet LED with mixed phosphors approach 

can provide higher CRI at a cost of lower efficiency. The last approach is 

probably the least desired option due to its being the most expensive one. 

Phosphor converted LEDs (PC-LEDs) have made an exceptional 

development since thediscovery of a blue LED, but they are still facing a 

significant obstacle, which limits their further advancement. An “efficiency 

droop” is coming into play with increasing input current density of a blue LED, 

thus creating a drop in efficiency, meaning that in order to operate PC-LED 

efficient, input current density have to be sufficiently low. The origin of 

“efficiency droop” is still unclear, but most research groups claim that Auger 

recombination is responsible for this  [19,47,48]. If high luminous flux together with 

high luminous efficiency is desired, increasing the amount of LED chips is the only 

solution within PC-LED available at the moment. While research on the increase 

of performance of PC-LED keeps being conducted, alternative technologies are 

being investigated with a view of resolving limitations of LED based lighting. 

A technology that might be able to replace white LEDs is another 

alternative offered by SSL – laser diode driven lighting that shows some 

advantages over LEDs. Since PC-LDs are using laser diodes instead of LEDs and 

are operated by stimulated emission, parasitic non-radiative recombination 

processes that lead to a non-thermal drop in efficiency in LEDs, are clamped 

above the threshold [18,44].  

Over the course of a couple of years laser driven light sources became a 

very promising field and currently lots of research is being conducted on both 

the technology itself and color converter materials used for laser lighting. PC-LDs 

have already found application within the automotive industry, where they are 

used for a high beam of the cars by, e.g. BMW and Audi  [49,50]. Strong 

directionality of the beam generated from a small spot, that became possible 

owing to PC-LDs, provides a lot of advantages for top-line car manufacturers. 

PC-LDs have also been introduced as a light source for projectors [51] and when 

used with ceramic phosphors they can offer better thermal resistance to high 

power densities compared to silicone based matrices [52].  

Despite the fact that PC-LDs can theoretically be operated at high power 

densities and will not be limited by efficiency droop, other significant obstacles 
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are on the way of this technology – saturation of the phosphors together with 

thermal quenching [52–54]. 

Materials and methods 

A phosphor converted laser diode PC-LD light source was built and 

consisted of an InGaN laser diode and a CCM made of Ce:LuAG and Eu doped 

nitride (Phoscera, NTK Ceratech). The CCM was a ceramic phosphor, deposited 

onto an aluminium substrate for better thermal management. To better 

understand the composition of the CCM, we performed a scanning electron 

microscopy (SEM) investigation of the Ce:LuAG and Eu-doped downconverting 

material. In Fig. 32, we can see the result of SEM of the sample with 2 scale bars: 

50 and 5 m, and, as it is seen in the figure, the average diameter size of the 

grains is 5-10 m and the shape is roughly circular.  

 

Fig. 32 a) SEM image of Ce:LuAG and Eu doped nitride with 50 m scale bar b) SEM 

image of Ce:LuAG and Eu doped nitride with 5 m scale bar 

At the point when blue photons from laser diode interact with the phosphor 

sample, downconversion of the part of the blue light happens resulting in 

emission of yellow, green, and red light and when the downconverted light is 

mixed with the remaining blue light, white light from the PC-LD is generated. This 

process is shown in Fig. 33 below, it is worth mentioning that this particular set-up 

is working in reflection mode, meaning that the generated light is reflected in 

the direction of the incident beam.  
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Fig. 33 White light generation in PC-LD set-up  

Fig. 34, displayed below, is depicting an optical scheme of the designed 

PC-LD set-up made for characterizing saturation effects in phosphor materials. 

Here, we can observe blue laser light emitted from an LD at 455 nm wavelength 

being collimated by an aspherical lens L1. The next step was to use a cylindrical 

telescope. Two cylindrical lenses, L2 and L3, form the cylindrical telescope, which 

makes the laser diode beam circular in the focus. Afterwards, the lens L4 with a 

focal length of 170 mm is used to focus the laser diode beam onto the phosphor 

material P, placed at the focus of L4. As soon as blue light excites Ce:LuAG and 

Eu doped nitride white light is generated.  

 

Fig. 34 PC-LD set-up used for saturation investigation  

The first step in the characterization of the PC-LD set-up was to measure 

output power and beam size diameter of the diode laser, so that the radiant 

density on the phosphor plate be calculated. The beam parameters were 

measured with a scanning slit beam profiler (BP) (Photon) at all operating 

conditions: at different focal positions and different operating current levels. To 

provide accurate measurements of the focus position of the phosphor, a laser 

distance meter was used. 

The second part of the characterization was to evaluate total spectral flux, 

emitted by a PC-LD set-up, for this purpose an integrating sphere (IS) 

spectroradiometer set-up was constructed. The laser beam enters straight 

through the 7.8 mm diameter entrance port of a 150 mm diameter integrating 
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sphere. The phosphor sample is mounted at the 25 mm diameter sample port on 

the opposite side of the sphere. For convenience, the sample port has a spring 

loaded sample holder which allows replacing phosphors samples without 

changing the position of other parts of the set-up. The spectroradiometer from 

Instrument Systems (CAS 140CT) is fiber bundle coupled and is attached to a 

port of an integrating sphere. It is important that fiber bundle be connected to a 

port at 90 degrees and baffled to both the entrance and sample port to lower 

the uncertainties of the measurements. The inner layer of an IS is Ba2SO4 coated, 

providing high reflectance, around 96%, over a wide spectral range, apart from 

that small entrance port area provides equal illumination on the surface of the 

sphere. 

The integrating sphere spectroradiometer set up was calibrated using a 

spectral irradiance standard from an accredited laboratory that is capable to 

deliver known spectral radiance in defined direction at 50 cm distance. For this, 

we positioned a 1000 W Quartz Tungsten Halogen lamp at 50 cm from the 

entrance port and used it to illuminate the sample port that was substituted to a 

white reference port during the calibration process. The integrating sphere 

spectroradiometer system is calibrated in the 2 geometry that is more suitable 

for directional light sources, to the total spectral flux entering through 7.8 mm 

diameter entrance port.  

To be able to change the position of the Ce:LuAG and Eu doped nitride 

surface relative to the focusing lens of PC-LD set-up position, IS was mounted on 

a linear translation stage with a micrometer drive. The change of the illuminating 

area of the laser spot on the phosphors is a function of distance from the 

focusing lens L4 and is achieved by moving the phosphor sample around the 

focal point of the laser beam. The actual size of the illumination area is taken 

from previous measurements, preformed with a scanning slit beam profiler. The 

laboratory, where all the measurements were performed is temperature 

controlled with T = (25±1.1)℃. 

Results 

At the beginning, the beam parameters of a blue LD were determined. 

Since a laser diode used in PC-LD set-up is a broad area laser its beam 

properties are dependent on the injection current. Beam spot size diameters at 

different current levels were calculated.  

Later on, beam propagation parameter M2 at different current levels was 

quantified based on the measured beam diameters, values for the fast axis are 

in the range from 1 to 2 and for slow axis they lie from 1.1 to 2.6 for the operating 
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current used for this investigation, which is a quite high quality for a broad area 

laser diode beam. The spot size diameter in the focus of L4 lens was about 148 

μm. 

For total spectral flux measurements of a PC-LD light source in the range of 

0.16 to 1A an integrating sphere and a spectroradiometer were employed. 

Attached to one of the ports of the integrating sphere Ce:LuAG and Eu doped 

nitride ceramic plate sample was positioned at different distances relative to 

the focus of the focusing lens. The focus was a starting point for this 

measurement, the beam size diameter is at its minimum here (148 μm), and thus 

intensity of the illumination is the highest. By moving the integrating sphere with 

the phosphor plate attached to one of the ports of the sphere in steps of 2 mm, 

the spot size on the phosphor increases so that for constant laser power, the 

intensity of the LD on the phosphor decreases. We measured a total amount of 

7 spot size diameter levels with this measurement and changed the laser power. 

The spectral power distribution of white light generated by a PC-LD light 

source is displayed in Fig. 35a. Fig. 35b is a zoom on the spectral components 

originating from the phosphor, which is shown to be able to see the better 

composition of the phosphorescent part of the spectra.  

 

Fig. 35 a) Spectral power distribution of a PC-LD light source b) Zoomed spectral power 

distribution of a PC-LD light source 

The emission spectrum of a PC-LD has an L-shape, it depicts a sharp blue 

peak from a laser diode that has a central wavelength of  = 455 nm and a 

broad region of phosphorescent emission from a CCM. In this investigation of 

saturation effects if ceramic phosphors, luminous flux and radiant flux emitted 

from the phosphor were calculated. Besides luminous flux and radiant flux, 

parameters like correlated color temperature (CCT) and color rendering index 

(CRI) at different power levels were determined. All the above-mentioned 

characteristics were calculated at different power levels and laser spot size 
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diameters and the analysis was carried out for measured spectral power 

distributions. Table 2 contains measured values of CCT, CRI together with 

calculated phosphor conversion efficiency values for two laser spot size 

diameter. 

Values of phosphor conversion efficiency, given in Table 2, are calculated 

by a formula: 

oP




 , 

where  is the total luminous flux of a PC-LD light source and P  is the input 

optical power of the laser diode. 

Studying the spectral power distribution displayed in Fig. 35 we can clearly 

see two components: a blue peak at 455 nm and a phosphorescent area 

above 465 nm. The formula below is used to calculate the luminous flux emitted 

from Ce:LuAG and Eu doped nitride CCM:  
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where ( )S   is the spectral power distribution of the light emitted from the 

Ce:LuAG and Eu doped nitride phosphor material and ( )V  is the eye sensitivity 

function. The luminous flux generated by the phosphor is calculated by 

integration over the wavelengths from 465 nm to 830 nm. 

 

Table 2 CCT, CRI and phosphor conversion efficiency values when illuminated with 337 

μm and 585 μm laser spot size diameter. 

 337 μm spot size diameter  585 μm spot size diameter 

Power 

[W] 

CCT 

[K] 

CRI Phosphor 

conversion 

efficiency, 

[lm/W] 

 CCT 

[K] 

CRI Phosphor 

conversion 

efficiency, 

[lm/W] 

0.025 8772 85.1 133.8  5800 89.4 140.8 

0.105 9547 86.6 121.2  5990 89.4 128.2 

0.165 10678 87.2 117.0  5986 89.5 126.8 

0.229 12088 87 112.9  6228 89.7 124.7 

0.390 - - 97.6  6740 89.5 118.1 

0.706 - - 58.9  10285 83.9 97.4 

1.148 - - 45.2  - - 73.3 
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It is interesting to mention the fact that all the above given parameters are 

highly dependent on the colour converter material that is used. Just by 

replacing the phosphor material different values of luminous flux, radiant flux, 

CCT and CRI can easily be attained. In Table 2 we can also notice that CCT 

and CRI values are missing at higher power, this is happening due to the fact 

that generated light emitted from the phosphors is no longer recognized as 

white.  

  

Table 3 and Table 4 represent CIE 1931 chromaticity x and y coordinates of 

the PC-LD light source under two illumination conditions: when illuminated by a 

smaller laser spot size diameter of 337 µm and by bigger one of 585 µm.  

From both of the tables an observation to be made is a shift of the 

chromaticity coordinates generated by a PC-LD light source with the increase 

of input power, which is a clear indication of the saturation behaviour in 

phosphor material.  

Table 3 CIE 1931 chromaticity coordinates values of PC-LD light source with 337 

μm incident laser spot size diameter 

Chromaticity 

coordinate 
Power [W] 

 0.025  0.105  0.165  0.229   0.390  0.706  1.148  

CIE x  0.2902 0.2873 0.2842 0.2809 0.2693 0.2339 0.2123 

CIE y 0.2950 0.2830 0.2718 0.2631 0.2348 0.1576 0.1248 

Table 4 CIE 1931 chromaticity coordinates values of PC-LD light source with 585 μm  

incident laser spot size diameter 

Chromaticity 

coordinate 
Power [W] 

 0.025 0.105 0.165 0.229 0.390 0.706 1.148 

CIE x  0.3268 0.3238 0.3239 0.3206 0.3147 0.2949 0.2661 

CIE y 0.3141 0.3096 0.3081 0.3023 0.2924 0.2573 0.2078 

Having performed measurements on laser beam parameters and 

characterized the generated white light from the PC-LD, an investigation of 

saturation effects was performed. Here, Fig. 36 illustrates the dependence of the 

luminous flux of a phosphorescent part of the spectrum and input power of a 

blue laser diode. This dependence, to the author’s opinion, indicates saturation 

of the light emission from excited CCM.  
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In Fig. 36, we can notice a common trend: regardless of the spot size that 

illuminates the phosphor plate, there is an increase in phosphorescence with the 

increase of power and a spot size independently. This tells us that we should 

consider incident power density of illumination, power and spot size, when 

studying saturation. The second observation is the fact that increment of the 

incident spot size results in the rise of the luminous flux, this trend might be of high 

interest within multiple lighting applications. Another trend to point out is that 

regardless of spot size at lower laser diode incident powers phosphorescent part 

of the spectrum increase close to linear, later on at higher powers we can 

observe a non-linear tendency. The exact point, when the dependence 

between these two quantities deviates from being linear, to the author’s 

opinion, is an indication that saturation of ceramic phosphors is happening. The 

fact that data shown in Table 2 is in perfect agreement with data displayed in 

Fig. 36 supports our conclusions.  

Since the origins of saturation are not studied to its fullest extend I made an 

additional investigation to examine whether the luminance saturation observed 

above is not a thermal effect and can be eliminated with proper thermal 

management.  

In Fig. 37 we present data where incident laser diode spot size of a PC-LD 

system was kept constant at 190 m while the back facet of the phosphors 

plate was attached to a temperature controller, on the figure we see 4 

temperature levels from a temperature controller: 20, 40, 60 and 80 °C. 

 

Fig. 36 Integrated luminous flux of a phosphorescent part of the spectrum vs input 

laser power at several laser spot diameters  
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These values shouldn’t be confused with absolute temperature values on 

the surface of the phosphors and, moreover with a localized temperature of the 

illuminated phosphors spot, we use them here as a relative difference between 

temperature levels. What we observe from this investigation is that with the 

lowest temperature level of 20℃ we obtain the highest values for luminous flux 

emitted the phosphorescence part of the spectrum and vice versa. This analysis 

provides us with the understanding that there is a strong correlation between 

the temperature of the sample and performance of the system, so that thermal 

quenching does take place when the sample is operated at higher 

temperatures, but apart from that there are also saturation effects, that are not 

entirely dependent on the temperature of the sample. 

 

 

Fig. 37 Integrated luminous flux of a phosphorescent part of the spectrum vs input laser 

power at several phosphor temperatures at a constant laser diode spot size diameter of 

190 m 

Conclusions and discussions 

For this investigation we designed a phosphor converted laser diode light 

source consisting of an InGaN blue laser diode and Ce:LuAG and Eu-doped 

nitride color converter material. Measurements of the total spectral flux emitted 

by the PC-LD light source were performed by a calibrated integrating sphere 

spectroradiometer setup. The objective was to investigate saturation effects in 
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ceramic phosphors when the phosphors sample is illuminated by seven different 

focusing conditions of the laser diode. 

The study showed several important insights. First of all, that is regardless of 

focusing conditions Ce:LuAG and Eu-doped nitride phosphor displayed the 

same trend of luminous flux output. We can clearly see a linear relation between 

input power density of a laser source and luminous flux arising from phosphor 

material before the saturation takes over and limit further conversion from the 

broad phosphorescent region of the spectrum. Another conclusion to draw is 

that regardless of the laser diode input power, we could get higher values of 

luminous flux generated by the phosphorescent part when larger incident spot 

size diameter was applied. This is an important observation and can be useful for 

applications within lighting.  

Moreover, in this investigation we have a definition of saturation in ceramic 

color conversion materials. We believe that saturation of Ce:LuAG and Eu-

doped nitride happens at a point where dependence between input power of 

the laser diode and luminous flux generated from phosphorescent part deviates 

from linear behaviour. Related results on saturation in YAG:Ce3+ phosphor 

materials was published in [53] where authors related saturation behaviour to 

thermally activated luminescence quenching. The connection between 

saturation of Ce:LuAG and Eu-doped nitride and thermal quenching in this 

material was investigated through additional experiments. The outcome of the 

above-mentioned set of experiments showed dependence between operating 

temperature of ceramic phosphor sample and luminous flux output emitted in 

the phosphorescent part of the spectrum. 
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6. Spot sizes differences 

investigation in ceramic phosphors 

In this chapter I will first discuss the theoretical background on the Monte 

Carlo (MC) method that is necessary to understand the second part of the 

chapter that deals with simulation of white light generation in laser driven light 

sources. 

In the second part of the chapter, based on [55], a brief introduction to MC 

modelling of the phosphors will be given. The introduction is followed by a 

materials and methods section, where I describe the experimental set-up, the 

measurement methods, materials and equipment used to perform the 

experimental part of the investigation. Later on, an explanation of setting up a 

numerical model of the investigation is given including the definition of 

geometry of the medium, optical parameters etc. The chapter is finished with 

both experimental and numerical data on spot size investigation and with 

additional simulation results on scattering and absorption coefficients. 

A detailed description of parts of the MCMatlab program used to simulate 

light propagation in the phosphor can be found in [56]. 

6.1. Monte Carlo Method theory 

Generally, the Monte Carlo method is a method for modelling light 

transport in homogeneous and nonhomogeneous turbid media, such as tissues 

or phosphor materials. The most widely used nonhomogeneous tissue model 

used is the multi-layered tissue model [57]. It is often employed to model 

biological tissues, assuming that all the layers are flat and have uniform optical 

parameters along with the layer, however in MCmatlab program there is a 

possibility to have complex geometries. The MC method is performed by tracing 

random walks of each photon packet that is traveling inside the medium model. 

In Fig. 38 the flow chart is displaying all the steps performed in the model during 

its run. The very first would be to launch a photon packet by randomly initializing 

its position and direction, in the simulations of this work, the initial positions and 

directions are calculated according to Gaussian distributions. The following step 

size until the next scattering event is based on optical properties of the 

propagating medium – the absorption and scattering coefficient μa, μs 

accordingly. The normalized probability density function for the photon’s step 

size s is given by Beer’s law [57]: 
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𝑝(𝑠) =
exp(−𝜇𝑠 ∙ 𝑠)

𝜇𝑠
⁄ . 

In the case where the photon packet hits a boundary of the material, 

between the material and the ambient medium, the photon may either be 

transmitted at the interface or be reflected internally. Snell’s law and Fresnel’s 

formula are used at this stage.  

 

Fig. 38 Flow chart of MC model for light propagation in phosphors 

If no boundaries are hit, a part of the propagated the photon packet will 

be absorbed and its weight will be decremented. For modelling scattering a 

deflection angle is used. The probability distribution of the cosine of the 

deflection is given by the Heyney-Greenstein function: 
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𝑝(𝑐𝑜𝑠𝜃) =
1 − 𝑔2

2(1 + 𝑔2 − 2𝑔𝑐𝑜𝑠𝜃)
3

2⁄
 

where g is the anisotropy factor and can have value -1 to 1.   

The photon packet propagates in the medium step by step until its weight is 

sufficiently decremented. When a sufficiently large amount of photon packets 

are launched, the calculated photon distribution will bring an accurate solution 

of the light transport inside the medium [58]. 

For a generation of phosphorescence in the phosphors some additional 

steps are required and a quantum yield parameter has to be defined. In our 

model, we neglected the difference between fluorescence and 

phosphorescence, the flow chart of fluorescence modelling can be seen in Fig. 

39. Initially the general MC simulation described above needs to be simulated 

with optical properties defined at the excitation wavelength b. Later, after the 

absorption distribution of excitation photons is known, phosphorescent photons 

at emitting wavelength are generated and propagated, and are finally either 

absorbed or escape the simulation volume. Here the propagation is dependent 

on the optical properties a, s at the emitting wavelength. 

 

Fig. 39 Flow chart of MC modelling of the propagation of light with phosphorescence 
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6.2. Limitations to emitting area in phosphor converted laser 

diode lighting – numerical and experimental investigation 

Introduction 

Another feasible alternative within the field of solid state lighting is 

becoming available. Laser driven light source technology is developing rapidly 

and starting to compete with the existing technologies. The very big advantage 

of a phosphor converted laser diode light sources is the possibility to collect and 

collimate white light more efficiently than in the most related technology, LED, 

for example or any other standardized technology. All this is achievable owing 

to the fact that white light generated from a PC-LD can have small emission 

area, thus can be focused to a small spot. Furthermore, employing laser diodes 

instead of LEDs solves the issue with a drop in efficiency at high current densities 

that was discussed earlier in Chapter 3.  

Many research groups and commercial companies are studying laser 

driven light sources, for instance, SLDLaser’s scientists developed a white light 

surface-mount device that delivers 500 lumens from a 300 m emitting area and 

enables 1-2º beam divergence angles from compact optics [59]. Great 

potential of focusability and high efficiency at high current densities make laser 

lighting highly interesting for applications like spotlight and automotive. Laser 

headlights from BMW Audi and other top car companies is another impressive 

development that is based on phosphor converted laser diodes. The use of the 

PC-LDs in BMWi8 and Audi R8 LMX, for example, enables high beam headlights 

to each up to 600 meters, instead of 300 meters with conventional LEDs [60]. 

Another company, SLDLaser, led by the Nobel Prize winning Shuji Nakamura 

claims that their technology LaserLight is capable of producing 100 times higher 

luminance, than LEDs, have 10 times narrower beam angles, 10 times longer 

throw distances and 10 times sharper light contrast [61]. Besides previously 

mentioned applications, a projector based on laser lighting is another promising 

field. Casio released several models of LampFree collection operated by laser 

diodes [62]. Comparing to standard high-pressure mercury lamps, projectors 

from LAmpFree collection deliver light output of up to 5000 lumens with 10 times 

longer lifetime together with being environmentally friendlier. 

Obviously, there is an increasing demand for extensive research within the 

field. The most common way of generating white light from a PC-LD was 

discussed in details earlier in the thesis: a blue laser excites a phosphor and the 

phosphor generates white light. Earlier a considerable amount of research was 

carried out within LED phosphors and impressive results in LED performance were 
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achieved. Cree presented an LED with 303 lm/W [63], but when working at 

higher incident optical powers like in the case of LDs, additional requirements 

are put on the phosphors. At the present moment, not enough research was 

carried out on the subject hence this chapter is dedicated to the investigation 

of the dependence between incident blue laser diode and generated white 

light spot sizes. This study includes both an experimental part and a numerical, 

based on the Monte Carlo method dealing with light propagation in the 

medium.  

Materials and methods 

For the experimental part of this investigation a PC-LD light source was 

assembled. An InGaN laser diode at nm wavelength and Ce:LuAG mixed 

with Eu doped nitride ceramic phosphors from NTK Ceratec were used. In the 

left side of Fig. 40 an illustration of the phosphor geometry is shown with a layer 

of ceramic phosphor (t=130 m) deposited on aluminum. Here the aluminum 

substrate is serving to dissipate heat, generated in the phosphorescence 

process. A general idea of the investigation is also shown schematically. Here an 

incident blue LD beam has a spot diameter of Db, and the output white spot 

diameter is illustrated as Dw. These two parameters are studied in order to find 

out the relation between them.  

 

Fig. 40 (Left) Schematic illustration of a phosphor illuminated by a blue laser diode with 

a Db spot size generating a white spot size diameter Dw. (Right) Scanning electron 

microscope image of phosphor surface 

The right side of Fig. 40 shows a scanning electron microscope image of the 

phosphor used in the investigation. It allows us to investigate the composition of 

the material and its structure of spherical shaped particles being 5-10 m in 

diameter. 
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An experiment was performed using a set up shown schematically in Fig. 

41. Light emitted from an LD was corrected for ellipticity and collimated in both 

axes by a lens L1 and cylindrical lenses L2, L3. Initially the laser beam was focused 

on the head of scanning slit beam profiler (Photon) to measure spot size 

diameters of the incident blue laser diode at different distances to the focusing 

lens L4. As soon as this is done, the beam profiler is removed and a phosphor 

sample is placed in the focus of lens L4. At this point white light is generated from 

a small emission spot. A 4f imaging system consisting of L5 and L6, is used to 

image the generated white spot 1:1 to a beam profiler or CCD camera and the 

white spot size diameter is measured. The phosphor position and the imaging 

system were kept constant, while the lens L4 was translated to change the spot 

size of the incident blue light. The measurements were repeated for different 

input laser powers. The imaging system was at 45° angle to the axis of the laser 

beam and the correction for the angled imaging in one axis was performed 

computationally. 

 
Fig. 41 Scheme of the experimental setup for blue and white spot size measurement 

Monte Carlo simulation on ceramic phosphors 

Even though the main idea for this subchapter is investigation of the 

dependence between incident and generated spot sizes, the MCmatlab 

program opens up many other possibilities. Thus, some additional subchapters 

will be included. 
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Firsty, I will introduce how the medium is defined, followed by light 

distribution of the blue light in the modelled medium. Later on, the spatial 

distribution of the phosphorescence emitters will be calculated taking into 

account the absorption distribution of the blue light and the local 

phosphorescence power yield. Subsequently, the distribution of the 

phosphorescent light will be calculated. Upon having simulated medium, 

propagation of blue and phosphorescent light, the analysis of spot size 

diameters will take place involving experimental and numerical results. Lastly, 

modelling results dependence on the influence of optical properties will be 

shown. 

Defining geometry 

For the simulation part of the study, firstly, geometry (or medium) was 

defined. As mentioned earlier, in the multilayered tissue model it is assumed that 

all of the geometry layers are flat and their optical parameters through the 

layers are uniform. From Fig. 42 we can see that a simulated cuboid consists of 3 

layers: air, phosphor and aluminum. The thickness of air and aluminum layers is 

not that important, while the phosphors layer was 130 m thick in this case. In 

the model, air is modeled as completely transparent and non-scattering while 

aluminum is modeled as a reflector. In the bottom left corner of Fig. 42 there is a 

scroll bar that allows us to translate along x, y and z planes, so that we can see 

2D cross section of a material like it is shown in Fig. 43.  

 

Fig. 42 3D Geometry of the phosphor sample simulated in MCmatlab 

At the same stage as defining the dimensions of the modelled medium, the 

absorption, scattering and anisotropy parameters should be assigned. These 

parameters will vary for different phosphor materials. In this work, ceramic 
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phosphor material is used and typical values for the parameters have been 

extracted from the literature  [64–66]. In the simulations, it is further assumed that 

the light generated by the phosphor has a single wavelength of 580 nm. 

Therefore, only a single parameter is used at this wavelength, while in a more 

exact model the spectral distribution and the corresponding dependence of 

the parameters should be included. All the simulations that will be shown in the 

next subchapters used the following parameters, unless specified differently: 

- absorption coefficient a at 450 nm : 130 cm-1 

- absorption coefficient a at 580 nm : 10-5 cm-1 

- scattering coefficient s at 450 and 580 nm : 400 cm-1 

- anisotropy coefficient 0.75. 

 

Fig. 43 Geometry of the phosphor sample simulated in MCmatlab 

Distribution of blue photons 

When the geometry of the simulation is defined, the actual propagation of 

incident light can be implemented. The excitation wavelength used for 

simulations was set to 450 nm. In Fig. 44 the normalized fluence rate of the blue 

light is displayed for an incident blue spot size of 100 µm and 1 W of power. From 

the figure we can see that the blue light doesn’t penetrate deep into the 

phosphor layer and is localized at the surface of phosphor and in the air. 

Regardless of the penetration of the light into the medium, the fluence, in the 

aluminum layer is always equal to zero, since it is modeled as a reflector. Below 

in Fig. 45 there is an example of a normalized blue laser power absorption in the 

medium of air and phosphor. It is also visible from this figure that the absorption 

coefficient is high enough, so that photons are absorbed mainly at the surface 

of phosphor material and there are only few photons reaching the aluminum 

layer.  
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Fig. 44 Normalized blue laser light fluence rate in the phosphor simulated in MCmatlab 

 
Fig. 45 Normalized blue laser power absorption in the phosphor simulated in MCmatlab. 

Note that the phosphor surface is at z = 10 µm 

Distibution of phosphorescence 

The MCMatlab program used for this study line of the project is able to not 

only simulate an incident packet of photons, but also to simulate 

phosphorescence. To achieve this, firstly the light distribution of the excitation 

light has to be found, afterwards the spatial distribution of phosphorescence 

emitters is being calculated. Calculations of the spatial distribution of 

phosphorescence emitters are dependent on absorption distribution of the 

excitation light and the local phosphorescence power yield. Lastly, the 

distribution of phosphorescence light can be calculated. MCmatlab program is 

able to generate phosphorescence at a single wavelength instead of the 
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broad range. For the simulations shown below phosphorescent wavelength is 

580 nm. 

Fig. 46 depicts the generated phosphorescence emitters distribution. 

 

Fig. 46 Phosphorescence emitters distribution simulated in MCmatlab 

It is clearly seen that phosphorescent emitters are located at the surface of 

the phosphor, which matches the absorption distribution of the blue light, as 

shown in Fig. 45. The phosphorescent emitters emit light in a random direction 

leading to the phosphorescent fluence rate, which can be seen in Fig. 47. Here 

it is observed, that the spatial distribution of the phosphorescent light is 

significantly wider than the distribution of the incident blue light. The reason for 

this is the random direction of the generated light and the high scattering 

coefficient of the phosphor material.  

Fig. 48 gives an example of the normalized phosphorescence absorption in 

the phosphor simulated in MCmatlab.  

 

Fig. 47 Normalized phosphorescence fluence rate in the phosphor simulated in 

MCmatlab 
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Fig. 48 Normalized absorbed phosphorescence power per unit volume  

From Fig. 48, we can also see that the absorption of phosphorescent light is 

quite low as expected from the very low absorption coefficient. This shows that, 

in contrast to the blue light that is absorbed in the surface of the phosphors 

layer, the converted light propagates longer before being absorbed and 

reaches the aluminum layer, where it gets reflected. 

Spot sizes investigation 

The main focus of the investigation that involves MCmatlab was to 

understand the dependence of the spot size diameter of the incident blue spot 

size and the generated phosphorescent spot size both experimentally and 

numerically. MCmatlab was used to investigate the intensity profiles and the 

spot sizes of the blue light and the generated phosphorescent light. To 

demonstrate this difference, the intensity profiles along the line of phosphors 

surface are given in Fig. 49 for an incident blue spot size of 20 µm. Here the 

displayed intensities are given at y = 0, z = 0.02 mm.  

Similar to the intensity profiles given in Chapter 4 we can observe that the 

distribution of the blue light is near-Gaussian. The phosphorescent light, however, 

has a wider distribution and is non-Gaussian, because of the isotropic emission 

and scattering. Another observation that can be emphasized here is the fact 

that depending on the definition of the width of the light, the dependence 

between the spots will be different, which is in perfect agreement with the 

experimental investigation and supports the importance of proper beam width 

definition described in Chapter 4. 
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Fig. 49 Intensity profiles of blue and phosphorescent spots on the surface of the 

phosphor simulated in MCmatlab 

Fig. 50 presented below is an intensity profile of a blue spot of the laser 

diode measured in focus with a Thorlabs CMOS camera, while Fig. 51 illustrates 

the intensity profile of the white spot generated with a Phoscera phosphor 

sample (Ceratech). The intensity profile of the white spot was also measured in 

focus and with a Thorlabs camera after filtering the remaining blue light. As it is 

easily seen from both experimental and numerical investigation, the white spot 

will have wider spatial distribution.  

The following Fig. 52 illustrates the results of MCmatlab simulation, where the 

input parameters are the optical properties of the layers and a range of spot 

size diameters of the input blue laser diode. Together with the simulation results 

different experimental data from several phosphor types are also plotted.  

The phosphors are all ceramic phosphors but with different substrate 

materials. The blue curve represents the blue light scattered back from the 

sample just above the phosphor surface, while the red and yellow curves 

represent the generated phosphorescent light and the combined white light, 

respectively. 

 

Fig. 50 Intensity profile of blue spot measured with camera in focus 
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Fig. 51 Intensity profile of Phoscera white spot measured with camera in focus  

 

Fig. 52 White spot size diameter at FWHM as a function of the incident blue spot size 

simulated in MCmatlab with corresponding experimental data 

From the results presented in Fig. 52, we can see that at FWHM level the 

relation between spots is quite linear. It is also obvious that the fit is less accurate 

at smaller input spots, where one of the possible reasons for this is higher 

measurement inaccuracies at smaller spots when using cameras due to the 

pixel size. Interestingly enough, we can see that the variability between different 

ceramic phosphor is quite small, but their composition is quite similar. Based on 

the same simulation run I made a comparison between FWHM and 1/e2 beam 

width definitions. As was expected from Fig. 49, the relation differs for them, 

which leads us to a conclusion that it is helpful to measure using several beam 

width definitions to get a more full picture. From Fig. 52 and Fig. 53, we also see 

that the model results and the experimental results are not in perfect 

agreement. This may be explained by differences between the model phosphor 

parameters and the actual phosphor and measurement uncertainties. 
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Fig. 53 White spot size diameter at 1/e2 as a function of the incident blue spot size 

simulated in MCmatlab with the corresponding experimental data 

Limitations to the minimal achievable spot size 

As a part of the spot size investigation it was interesting also to simulate the 

minimal achievable spot size. The idea behind was to send a pencil beam of an 

incident blue LD and see what happens with phosphorescence distribution. 

Optical parameters of the medium are remaining the same, as for the previous 

runs. In Fig. 54 an example of a fluence rate of a blue laser diode incident pencil 

beam is given, while Fig. 55 presents phosphorescence fluence rate generated 

from the incident pencil beam.  

 

Fig. 54 Normalized blue laser light fluence rate in the phosphor simulated in MCmatlab 

of a pencil beam 
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Fig. 55 Normalized phosphorescence fluence rate in the phosphor simulated in 

MCmatlab of a pencil beam  

From the figures below, we can see that the simulation results display a 

slight difference in spatial distribution of illumination, as expected, but it is 

uncertain how accurate the simulation is. Additional work needs to be carried 

out on the subject to be able to define the minimal achievable spot size of 

generated white light, since it is difficult to make an interpretation of the results 

as for now. 

Scattering and absorption coefficient investigation 

When modelling on the spot sizes was performed, it was interesting to focus 

more on the possible reasons contributing to the fact that the white spot is 

always enlarged compared to the blue one, when performing modelling in 

ceramic phosphors and to investigate the discrepancy between the model and 

experimental results. For this, a study on the dependence of the optical 

properties of materials on propagation of photons was conducted. 

I believe that the main parameter defining the white spot width is the 

scattering coefficients of the material so that the higher the scattering 

coefficient the wider the spot will be. Below in Fig. 56 modelling results including 

a range of input scattering coefficient from 1 to 1000 cm-1 are displayed. For this 

simulation the diameter of the input laser diode spot was 100 m and the 

absorption coefficient a was set to 130 cm-1. Within the range of 1 to 1000 cm-1 

ten intermediate steps were taken and for each of them simulation time was 12 

minutes for blue photons propagation and 6 minutes for luminescence 

propagation launching photons at a rate of approximately 5·106 photons per 

minute, thus causing some statistical uncertainty on the points. The figure shows 

us that in the region of 200 to 700 cm-1 the variability of the white spot size 
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diameter is not so significant, while below 200 cm-1 and above 700 cm-1 

numbers are slightly different. This is somehow unexpected, since it was 

expected that the scattering coefficient would have a major influence on the 

expansion of the white spot in comparison to blue and would be a parameter 

that gives us control over the enlargement of the spot. 

 

Fig. 56 White spot size diameter at FWHM as a function of the scattering coefficient at 

constant input spot size diameter of100 micron 

Another simulation that is interesting to look at is the investigation of 

contribution of the absorption coefficient of the excitation light to a change of 

white spot size diameter, illustrated in Fig. 57. 

 

Fig. 57 White spot size diameter at FWHM as a function of the absorption coefficient at 

constant input spot size diameter of100 micron 
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Here the absorption coefficient was in the range of 1 to 500 cm-1 with ten 

intermediate steps with simulation times 12 and 6 minutes for blue and 

phosphorescent photons correspondingly. The scattering coefficient was fixed 

to 400 cm-1. At this figure we observe almost no influence of the absorption 

coefficient on the white spot size diameter. 

To summarize this subsection, results of the simulations are contradictory to 

the expected results. It was expected that the optical properties of the layers 

are the key parameters defining light propagation in the medium and 

consequently output spot size diameters. However, modelling results don’t show 

a clear dependence. A possible reason for this might be the fact that the MC 

model assumes that the optical properties along the layers are uniform and 

layers are flat, while from Fig. 40 we can see this is not the case on a 

microscopic level. 
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7. Coupling of phosphor 

converted laser diode white light 

into an optical fiber 

Small emission areas from a phosphor converted laser diode light sources 

allow efficient focusing to small spots without significant losses. This, in turn, 

enables coupling of the generated white light into thin optical fibers. The 

possibility to transmit white light from PC-LD through thin optical fibers opens up 

many new applications, among them medical. In the second part of the 

chapter, I will focus on the development of a laser driven light source for 

endoscopic application.   

For coupling of white light generated by a PC-LD light source two types of 

coupling were used. The first set-up is displayed in Fig. 58. The first part of the set-

up is a usual configuration for collimating, correcting for ellipticity and focusing 

an LD. Here, a laser diode at a wavelength of 𝜆 = 447 𝑛𝑚 was chosen, to 

collimate and focus LD in both axes, lens L1, two cylindrical lenses L2 and L3 and 

a focusing lens L4 were used. The last lens L4 focuses the LD light onto the 

phosphor P.   

 

Fig. 58 PC-LD white light coupling into an MMF fiber system using two off-axis parabolic 

mirrors 

White light is generated when the focused LD light excites the phosphor P. 

Afterwards, light emitted by a phosphor P is collected and collimated by the first 
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off-axis parabolic mirror OAPM1. The second off-axis parabolic mirror OAPM2 

serves for focusing the collimated white light. This step of the alignment 

procedure is very sensitive and has to be done with a high degree of precision, 

to avoid high losses. Finally, the white light can be coupled into an optical fiber, 

in this case multimode fiber (MMF) of 200 - 800 m and NA of 0.39.  In the picture 

of this system in Fig. 59 we can also see additional alignment tools that were 

used, e.g. a micrometer stage was used to position the MMF at the focus of the 

OAPM2 to ensure maximal coupling efficiency. 

 

Fig. 59 Image of a PC-LD white light coupling into an MMF fiber system using two off-axis 

parabolic mirrors 

Another way of coupling white light from a PC-LD system to fiber is to use 

an elliptical reflector, instead of 2 off-axis parabolic mirrors, like it is shown in Fig. 

60. In this case the LD is focused onto the phosphor sample P with the 

dimensions 6mm x 6mm x 6 mm and a phosphor layer thickness of 130 m. At 

this stage positioning of the phosphor sample is crucial, as it has to be in the 

focus of lens L4 and also in the first focus of the elliptical reflector (ER). In the 

second focus of the ER white light is focused and is coupled into MMF. 

 

Fig. 60 PC-LD white light coupling into a MMF fiber system using an elliptical reflector 
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7.1. Phosphor converted laser diode light source for 

endoscopic diagnostics 

This subsection is based on a conference proceedings paper [67] and 

deals with the development of a laser based light source for the endourological 

application. 

Introduction 

Having introduced minimally-invasive surgery (MIS) in both diagnostics and 

surgical interventions enables to minimize procedure related trauma and 

significantly reduce recovery time in patients [68]. However, since a surgeon 

doesn’t have direct visual access in MIS, he is highly dependent on the quality of 

the imaging system. Moreover, because of the restricted access to the 

operative field, some additional requirements are put on the development of 

visual and mechanical aspects of the system. Key components are needed to 

ensure high quality of an endoscopic procedure: endoscope, an optical system 

to transmit an image of the patient’s internal organs to the viewer and a light 

delivery system. 

The standard for the light delivery system in endoscopy nowadays is either 

xenon lamp or white LEDs that are coupled into a fiber to deliver light from the 

source to an endoscope. Another method under investigation is positioning an 

LED at the distal end on the endoscope, so that it doesn’t require coupling into 

a fiber [69], but it does create excess generated heat, which is a problem for 

endoscopy. Due to a series of limitations in the standard technologies used as a 

light source for endoscopy there is a need in developing new light sources.  

Comparing with a xenon lamp, the biggest issue for it is it’s inefficiency in 

converting electrical power into optical, you can expect to get around 1 W of 

optical power from 300 W of electrical input [70]. Generated heat upon losing 

energy is the second problem for xenon lamps. Together with high running cost 

and short lifetime, xenon lamps are not the best choice as a light source for 

endoscopy [69]. When compared to an LED light source for endoscopy, there 

are two options available generally. The first one is the one where the phosphor 

is placed at the distal end of the endoscope, while the second one is a more 

traditional method – an LED is placed at the proximal end. The problem with the 

first one is in heat dissipation [68] and with the second is inefficient coupling into 

optical fibers due to the relatively big emitting area and large divergences. 
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Different light sources for endoscopy have been under investigation [71–

73], but not much is done on implementation of a PC-LD light source as a light 

delivery system. In this subsection, will focus on coupling of a PC-LD light source 

into thin optical fibers. I will discuss its chromaticity characteristics together with 

illuminance values. Special attention will be given to the discussion on use of PC-

LD as a light source in endourology, where anatomical restrictions do not allow 

surgeons to insert large diameter fibers into the body. For this investigation, 

testing of the phosphor converted laser diode light source and commercially 

available xenon arc based light source was performed at Gentofte Hospital in 

collaboration with medical doctors from the Urological Department. 

 Materials and methods 

For this study line set-up similar to the one that was described earlier in the 

chapter and shown in Fig. 60 was used, only some additional details are going 

to be added. An LD was selected at wavelength 𝜆 = 447𝑛𝑚, lens L4 had focal 

length 𝑓 = 125𝑚𝑚 and the elliptical reflector ER, used to focus white light, was 

silver coated. For this set-up a holder for elliptical reflector was designed and 3D 

printed. Besides, a solution for positioning phosphor cube in the first focus of the 

ER was developed. Afterwards, focused white light was coupled into a MMF 

with NA of 0.39. Below in Fig. 61 there is an image of a PC-LD light source for 

endoscopy coupled into a MMF fiber. 

 

Fig. 61 Image of a PC-LD white light coupling into an MMF fiber system using an elliptical 

reflector 

As a comparison to a PC-LD light source we used a commercially available 

light delivery system D Light C(Karl Storz) provided by medical doctors from 

Urological Department of Gentofte Hospital. D Light C is a xenon arc based light 
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source and can also be for photodynamic diagnostics. It requires up to 300W of 

input power and has dimensions 300 mm x 164 mm x 320 mm and weight of 

approximately 11 kg. The light output characteristics, presented in the following 

subsection, were measured at the distal end of the endoscope, because D light 

C was integrated in the endoscope. 

Measurements on D Light C light source were performed at the hospital, so 

an accurate handheld spectrophotometer was used. An additional 

requirement that is always put on spectrophotometers used for measurements 

on PC-LD light sources is relatively high resolution, otherwise, it is not possible to 

measure laser peak properly. For these purposes the spectrophotometer GS-

1150 (Gamma Scientific) was selected, having a resolution of 1 nm at FWHM. 

Measurement characteristics are: 

- Illuminance, lx, 

- CRI, 

- CCT, 

- CIE chromaticity coordinates. 

Results 

At the beginning of the investigation a PC-LD coupled into an MMF set up 

was built. At this stage, the beam characteristics of the blue laser diode were 

studied, the beam diameter in the focus of lens L4 was 150 m. White light 

generated from the phosphor sample was collected by an elliptical reflector 

and in the secondary focal point the white spot size diameter was 900 m. The 

difference between blue and white spot sizes is quite large, taking into account 

the results of Chapter 6, and it may be possible to achieve a smaller spot size 

diameter with more precise positioning of the phosphor material in both focus of 

the lens L4 and in the first focus of the elliptical reflector. Despite the not 

optimum focusing with an elliptical reflector, the PC-LD light source can be 

coupled into more than twice smaller fiber diameter compared to current fluid 

light cables with a diameter of 2 mm used in D Light C. This is a significant 

difference, because it will allow reducing the diameter of the light system in the 

endoscope and thus will allow expanding the working channel for the surgeon 

without sacrificing the light source quality.  

Spectral power distribution measurements of both light sources are shown 

in Fig. 62. For SPD measurement of both light sources, PC-LD and D Light C, GS-

1150 spectrophotometer was placed at the same distance from the source. The 

blue laser diode, used for the PC-LD light source, shown to the left of Fig. 62 was 

driven at a current of 0.4A corresponding to around 250mW of laser power. The 
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xenon arc based 300W D light C source, shown to the right of Fig. 62, was 

operated at 80% of maximal power. SPD of a PC-LD light source has a narrow 

peak at the input operating wavelength of the laser diode and a broad 

phosphorescent region from Ce:LuAG with Eu doped nitride from Phoscera. SPD 

of a xenon arc based light source has quite homogeneous distribution in the 

visible part of the spectra, having strong emission in green and blue regions. We 

can also observe a small part of energy in the infrared region. 

 

Fig. 62 SPD of a) PC-LD light source b) D-Light C light source from Karl Storz 

Since the primary interest is to use PC-LD light source for endourology, the 

spectral characteristics of light sources were measured at close distances 

relevant for urology - 1 cm and 4 cm. Measurements on a D Light C source were 

done in regards to the tip of an endoscope, while for PC-LD source distance of 1 

cm and 4 cm was measured from the focus of the elliptical reflector. Table 5 

below contains data on spectral characteristics for both light sources at 1 cm 

distance and illustrates these characteristics at 4 cm distance. 

Table 5 Spectral Characteristics of Endoscopic Light Sources at 1 cm Distance 

 
PC-LD at 

0.3 A 

PC-LD at 

0.4 A 

D-Light C, 40% 

power level 

D Light C, 100% 

power level 

Illuminance, lx 68271 107244 142847 201677 

CRI 79.3 82 79.1 81.8 

CCT, K 3958 3462 6842 8239 

As it was expected from the composition of SPDs, the xenon arc based 

source has higher CCT values compared to PC-LD at a smaller distance from the 

focus. From both tables we can also see that angular distribution for D Light C is 
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wider, this can be seen from the more rapid drop in illuminance, than for PC-LD. 

Numbers for CRI do not vary from a source to a source much, but PC-LDs values 

are still slightly higher. 

Table 6 Spectral Characteristics of Endoscopic Light Sources at 4 cm Distance 

 
PC-LD at 

0.3 A 

PC-LD at 

0.4 A 

D Light C, 40% 

power level 

D Light C, 100% 

power level 

Illuminance, lx 18677 28592 6324 15613 

CRI 83.3 85.3 77.7 75.4 

CCT, K 5976 7972 6772 7256 

uv - 0.0123 - 0.0432 + 0.0321 + 0.0366 

Fig. 63 displays CIE 1931 colour map with chromaticity coordinates of the 

two light sources. Here the PC-LD was driven by 0.3A and 0.4A current and the 

xenon D Light C was operated at 40% and 100% maximal power. For these 

measurements, the light sources were placed at 4 cm distance from the 

handheld spectrophotometer. From Fig. 63 we can see that PC-LD operated at 

lower current is located much closer to Planckian locus, while the xenon arc 

based source is shifted towards the green region. Another observation here is 

that there is almost no chromaticity shift in the commercially available source, 

while the PC-LD demonstrates a shift towards the blue region of the colour map. 

This is happening due to saturation processes discussed in the previous chapter. 

 

Fig. 63 Chromaticity coordinates of a) PC-LD and D-Light C light sources plotted on CIE 

1931 colour map b) zoomed region of interest 
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Summary 

In this chapter, firstly, general information on two types of coupling of white 

light from a phosphor converted laser diode light source into thin optical fibers 

was given. The first discussed method uses two off axis parabolic mirrors for 

collecting and focusing white light generated from a phosphors material. The 

second method, instead, employs the use of an elliptical reflector with double 

focus that requires positioning of a phosphors sample in the first focus of the 

reflector, so that the generated white light is collected and focused in the 

secondary focus of the elliptical reflector.  

Secondly, an alternative laser driven light source for endoscopy was 

developed and presented in the chapter. The PC-LD light source is still under 

investigation, but the achieved illuminance levels are comparable to the 

commercially available light source, e.g. xenon arc D Light C from Karl Storz. As 

the investigation showed, the C PC-LD, being capable of delivering sufficient 

illuminance is much more efficient than the D Light C. Apart from high 

illuminance and better efficiencies, spectral characteristics, like CCT, CRI and 

chromaticity coordinates were studied and also demonstrated good results, thus 

making the PC-LD light source an interesting subject for further investigations. 
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8. Conclusions 

The purpose of my PhD studies was to investigate the technology of laser 

diode lighting. At the beginning of the thesis I gave a brief introduction to the 

field and motivation to the work. In the next chapter, historical aspects of 

lighting were introduced and photometric and radiometric quantitates required 

for understanding of the further content of the thesis were explained. Chapter 3 

was focused on the theoretical background of laser diodes principles of work 

and on the colour conversion materials and requirements for them to be used in 

laser lighting. Chapter 4 was dedicated to the project challenges while 

characterizing phosphor converted laser diode light systems. I believe that the 

work done in this chapter is highly important and needs to be continued.  

In Chapter 5, I was talking about the issues we are facing with laser driven 

light sources, when actually applying high input power densities of a laser diode 

to a colour conversion materials. Saturation processes are contributing 

significantly to the performance of laser driven systems. Also, observations of 

saturation effects in ceramic phosphors, such as Ce:LuAG and Eu-doped nitride 

were discussed. Here, I illustrated the results of a linear increment of luminous flux 

with input power before saturation of the phosphors happen. After saturation 

effects come into play, limitation of conversion and drop in luminous flux is 

happening. In the same chapter I showed the results on dependence between 

temperature of the phosphors sample and conversion efficiency together with 

saturation power level. 

Chapter 6 was dedicated to the investigation of spot size differences of 

input and output spots. Here, I presented numerical and experimental data on 

the subject. Input beam widths of the laser diode were experimentally 

measured before hitting the phosphor and output generated white spots from 

the phosphor were presented. The results obtained have shown that there is 

dependence between size of input and output spots. For numerical study 

MCmatlab program was used to simulate medium, including air, phosphors and 

aluminium and first, launch blue photons and then phosphorescence photons. 

Collected data from the program have also shown the results close to the 

experimental data. The program was also used to present some additional 

investigations of optical properties of phosphor material, such as absorption and 

scattering coefficients. The idea behind was to study how a change in the 

optical properties affects the size of the white spot. Modelling results didn’t show 

that change in the optical properties has a strong correlation with the output 

white spot. These results require further investigation. 
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In Chapter 7, I considered one of the possible applications of a laser driven 

light source – a light source for endoscopy. Because of the small emitting areas 

achievable with PC-LDs coupling light into a thin optical fiber can be many 

times more efficient, if compared to current standard technologies. For this 

investigation a novel light source for endoscopic diagnostics was built and 

comparison with a commercially available xenon arc light source was done. It 

showed that the PC-LD light source is capable of delivering the same amount of 

light as the xenon lamp, while being much more efficient. Additional 

measurements of spectral characteristics didn’t show significant difference 

between the light sources.  

The field of laser lighting is rapidly developing and many areas need to be 

explored within it. One of them can be to use a violet laser diode together with 

blue and yellow phosphors for generating white light. Apart from diode lasers, a 

material study on phosphors truly needs to be investigated, since, to the author’s 

opinion, not optimized phosphor for laser lighting is the main stepping stone 

towards development of a PC-LD. Since single crystal phosphors have proven to 

have lower saturation levels, using them, instead of ceramic materials, for PC-

LDs can be a possible solution.  

Regardless of this, there is definitely a very bright future of laser lighting 

technology. 
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