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Introduction 

Light is one of the essential ingredients for life on Earth. The life forms exist due to natural 

lighting and solar radiation. During evolution people realized that the heat energy can be 

converted into light, and we can assume that when people learned to get fire the development 

of artificial lighting also started. Mankind invented and used a lot of different artificial 

lighting technologies, starting with splints, oil lamps, kerosene, and - with the invention 

electricity - electric lamps. It should be noted that artificial lighting is one of the less useful 

forms of energy consumption, because consumed energy does not do any real work, but is 

simply transformed into the atmosphere as heat or with the development of Light Emitting 

Diodes – directly in light (photons). 

Pollution problem still remains an issue throughout the world, therefore, in accordance 

with the state policy in the energy management sector, it is important to improve energy 

efficiency and reduce energy consumption, thus indirectly reducing the amount of harmful 

emissions that would result from the production of electricity in thermal power plants. 

The term "Effective lighting" means best new technologies combining high performance 

and low power consumption. Advanced technology is developing fast in all sectors equally, 

thus it promotes also faster development of separate industry fields that happened rapidly in 

LED industry during last few years. As the lighting industry introduced new LED 

technologies, it also encouraged improvements to the existing technologies, like gas 

discharge lamps and their ballasts, that became more efficient and economical solutions than 

those before. Market and political decisions also influence the research fields and industry, 

for example, if in past incandescent lamps were used in indoor lighting applications and 

mercury bulbs were widely used in street lighting applications, now the halogen, fluorescent 

bulbs  and lately LED bulbs are found to be more efficient in indoor application, and street 

lighting moved towards high pressure sodium vapour lamps with electronic ballasts 

(changing eoectromagnetical ballasts) or LED based luminaries. If we look much closer, 

then the tendency is also to use the most important advantage of LED – its controllability 

(dimming range from 0 -100%), therefore also lighting control systems are implemented 

more and more nowadays, allowing to save energy up to 50-60% comparing to previous 

solutions. The future is for the smart lighting system implementation, which means to add 

the movement detection sensors in the control system that can be realized by means of Power 

Line Communication or some wireless solutions based on Radio Frequency, ZigBee or WiFi 

communications. One of the main tasks in this field is to search for new ideas and 



technologies allowing keep the illumination source radiation characteristics, which help us 

to perceive the world with artificial lighting it looks in natural sunlight, reducing at the same 

time the energy consumed during light creation process. 

The textbook "Efficient lighting" is designed for the students of electrical engineering 

specialties of all levels as well as construction, designing and other related professions 

focusing on lighting issues. The book can be recommended also for energy and electrical 

engineering industry professionals. The book briefly summarizes the current lighting and 

electrical systems, as well as explains their operating principles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Terms in lighting (former Introduction) 
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1.1. Terms of Photometry 

(cd, Lm, Lux, etc, max theoretical values)  SI photometry and radiometry units 

Light source itself is the main element of any lighting fixture or lighting system, thus its 

characteristics and parameters greately influence the result – the color, light amount, 

efficiency, controllability and the comfort for the end-user. Therefore different SI 

photometry and radiometry units are necessary, in order to avoid measurement data 

misunderstanding and incorrect interpretation. 

    

a) point-like (LED) light source      b) gas-discharge light source 

Figure 1-1. Light source types. 

1.1.1. Luminous flux 

Luminous flux (also common as luminous power) is the total light output coming out of 

a light source, for example it can be a candle, incandescent bulb (wolfram filament), gas 

discharge in a vapour lamp (compact fluorescent buld), light emmiting diode (LED) or 

plasma.  

 

Figure 1-2. Luminous flux. 



The SI unit of luminous flux (symbol : ) is Lumen « lm » or « Lm », where lumen = 

« candela » multiplied by « steradian ».  

Definition: One lumen is defined as the luminous flux of light produced by a light source 

that emits one candela of luminous intensity over a solid angle of one steradian. 

Thus the measure of the power of visible light is a Luminous flux. The Photopic flux, also 

expressed in lumens, is weighted to match the responsivity of the human eye, and is most 

sensitive to yellow-green color, but Scotopic flux is weighted to the sensitivity of the human 

eye in the dark adapted state. 

Luminous flux can be measured by using integrating sphere (also known as an Ulbricht 

sphere). 

 

Figure 1-3. Integrtiang sphere (Ulbricht sphere). 

1.1.2. Luminous intensity 

Luminous intensity is luminous flux per unit solid angle, expressed in candela (lumens 

per steradian). 

In photometry, luminous intensity is a measure of the wavelength-weighted power 

emitted by a light source in a particular direction per unit solid angle, based on the luminosity 

function, a standardized model of the sensitivity of the human eye.  

The SI unit of luminous intensity (symbol: I) is the candela « cd », and it is a SI base unit. 



 

Figure 1-4. Radiant intensity 

Thus the luminous intensity is the light flux of a lamp or light bulb emitted in a specific 

direction and type of reflector or lens of a lamp or luminaire determines the light intensity 

distribution. 

1.1.3. Illuminance 

Illuminance is a measure of photometric flux per unit area, or visible flux density. In other 

words, it is a measure of how much light falls on the illuminated surface (area), wavelength-

weighted by the luminosity function to correlate with human brightness perception. Therfore 

Illuminance is typically expressed in lux « lumens per square meter ». 

The SI unit of illuminance (symbol: E) is measured in lux « lx » or « lumens per square 

metre » (lm/m²). 

 

Figure 1-5. Illuminance. 

 



1.1.4. Luminance 

Luminance is often used to characterize light emission (or reflection) from flat, diffuse 

surfaces, for example a road in street lighting, or wall in room. Thus the Luminance is a 

photometric measure of the luminous intensity per unit area of light travelling in a given 

direction. 

The SI unit for luminance (symbol: L) is candela per square metre (cd/m2). 

 

 

Figure 1-6. Luminance. 

1.1.5. Luminous efficacy 

One of the key parameters in order to compare different light sources, bulbs, lamps or 

luminaries, is the luminous efficacy, which is measure of the efficiency with which the light 

source provides visible light from electricity. Thus, if more light is produced from an input 

power, the better the economy (less costs).  

The SI unit for Luminous efficacy (symbol: ) is Lumen per Watt (Lm/W) 

Similarly, the luminous efficacy of radiation describes how well a given quantity of 

electromagnetic radiation from a source produces visible light. 

This is one of the most important parameters of LED luminary, therefore many companies 

try to give different data or speculate by not telling all technical parameters in product 

datasheets.  

As this parameter is obtained from both (Lm) and P(W) lets look what determines these 

two parameters, and where are the losses that can influence them. 



The total luminous output of luminary [Lm] is obtained as shown Figure 1-7. 

F(Lm)(luminary)=F(LED chips) – F(1) – F(2) – F(3) – F(4)

loses @ LED secondary 

optics (lenses, difusers or 

reflectors)

2-15%, decreases “glare”

loses @ LED luminary 

cover (acryl/ glass/ 

polycarbonate/ borosilicate)

Up to 2-15%

Includes loses @ LED device primary optics 

Cannot be affected (up to 6%* or more)

*-when designed as 2ndary optics for street 

lighting

loses @ LED device 

assembly on PCB 

Assembly tools can 

affect lenses

loses @ LED 

luminary sides 

(vary up to 2%)

 

Figure 1-7. Possible losses that affect total Lumenous output of LED luminary. 

 

 

Figure 1-8. Example of LED device structure (source Lumileds). 

To compare different luminaries, ask for both – total luminous output of luminary and 

luminous output of LED devices (light source, seeFigure 1-8), if you have doubts, ask 

documents that prove the given values (test reports of certified LAB or LED device 

manufacturer home page official data (like Cree)). 

Total Power consumption (in Watts) of luminary [W] is shown in Figure 1-9. 

Source: Lumileds

Lighting Luxeon diode

LED chip

or die

LED 

device



Additional loses @ other LED luminary electronics, like 

comunication module for dimming, dimming device, 

sensor module

P(W)(luminary)=P(LED chips) – P(1) – P(2)

loses @ LED ballast. 

Efficiency 85-92%

Different for USA and EU main voltages

Includes LED device 

power consumption

 

Figure 1-9. Possible losses that affect total powerconsumption of LED luminary. 

1.1.6. Colour temperature 

Another characteristic of the light source is the color temperature of emmited visible 

light.Color temperature is stated in the unit of absolute temperature – “Kelvin”, (symbol: K), 

as the blackbody radiator changes its color as temperature is increasing (first to red, then to 

orange, yellow, and finally bluish white at the highest temperature. There also comes the 

terms for color temperature description “warm”, “cool”, “warm white”, as it more describes 

persons feelings in words, thus “warm light” is supposed for relaxing, but “cool light” – to 

enhance concentration.  

As the color temperature comes from blackbody radiator, thus it does not make sense to 

speak of the color temperature of e.g. a green or a purple light, see Plankian locus.  



 

Figure 1-10. Plankian locus in the CIE 1931 chromaticity diagram. 

Correlated color temperature CCT dimming for LED technology is regarded as a quite 

difficult task, since binning, age and temperature drift effects of LEDs change the actual 

color value output. The CCT parameters are hard to evaluate, and they are typically given in 

approximate values (+/- 7%) by LED device manufacturer, specified for each LED device 

part-number, as the more precise measurements increase the costs of an LED. 

For example, LED luminaire should have a CCT in range of 3,500K (warm) to 6,500K 

(cool). 

– Cooler colors give better Lm/W values, but are less pleasant to human eye. 

– High Pressure Sodium vapour lamp (HPS) color is around 2200K, people are used 

to it, 6500K will be shock to them. 

– Different Latvian street lighting luminary retrofitting (HPS to LED) project 

experience shows that the most choosen LED luminary color temperature was 

~4000K (closer to daylight). 

 

1.1.7. Colour rendering index 

 



The color rendering index (CRI) is a relative scale for indicating (by average values) how 

close the artificial light sources illumination of various color sample patches reproduces the 

colors in comparison with an ideal (reference source) or natural light source. It means that 

the higher the color rendering index (ranging from 0 – 100), the less color shift or distortion 

occurs. As the CRI is based on eight average values, then it is possible that two different 

light sources can have same CRI values, but colors will appear different. 

The color rendition index (CRI) should be 65 or greater (can be up to 85). Higher CRI 

values decreases lm/W value. 

1.1.8. Lifetime 

Lifetime is next one of the most important parameters of LED luminary, typically when 

speaking of luminary 2 lifetimes must be taken into account – LED device lifetime (currently 

claimed @50000-70000 hours) and also LED ballast lifetime (not always claimed the same 

operating hours). 

What affects lifetime: 

• LED chip p-n junction t (oC) – if higher than tnominal = less lifetime (color shifts etc.) 

• LED driving current – higher current=higher lm output = higher t (oC)  

• Thermal management – materials used for thermal dissipation of LED devices 

– PCB plate + thermally conductive adhesives or tapes 

– Radiator – luminary body and material  

– Ambient temperature 

For LED luminary lifetime L70* and L90 tests are typically carried out, that can predict 

luminary lifetime, testing the luminary only 3000-5000 working hours, thus such test reports 

can be asked for whole luminary, to be sure if manufacturer can reach that lifetime he claims. 

 



1.2. Normative aspects 

1.2.1. Optics for street profile 

There are different street profiles in the cities, where the distance between poles can vary 

even on the same street, and current HPS luminaries doesn’t fulfill the requirements of EU 

standardsEN 60598-1 “Luminaires, general requirements and tests” and  

EN 60598-2-3 “Luminaires, Particular requirements, Luminaires for road and street 

lighting”. 

LED luminary with appropriate optics can solve the problem in main cases; still limits 

are placed by simple geometry rules. 

Example: there is no luminary that could comply with standards if mounting height is 8m 

and distance between poles is 50m... 

 Typically most of LED luminary manufacturers have done different tests in EU acredited 

laboratories for their main products. Those tests are quite expensive and take time.But if 

custom solution asked (like different optics), it is not correct to ask laboratory test-reports 

and certificates for each luminary type. 

It is important to evaluate each LED luminary in exact street profiles (including 

maintenance, tarmac, road class, etc) in a Dialux/Relux project, to obtain data about 

conformity to normative aspects. Therefore different street profile parameters for 

Dialux/Relux Project should be obtained (see Figure 1-11 and Figure 1-12) 

 

Figure 1-11.Averaged street profile – single type luminary. 



 

 

Figure 1-12.More detailed street profile – different optic luminaries. 

1.2.2. Body of luminary 

Body of luminary defines thermal management issues (LED lifetime) and such 

mechanical properties like IP class and IK. L70 and L90 test reports show the impact on 

lifetime. 

Thermal management can be passive or active (uses fans, additional power consumption) 

by design. The use/not usage of fans or other mechanical devices should be specified. 

In case of passive cooling - the heat sink material should be specified, for example 

aluminum or other material of equal or lower thermal resistance. 

Additionally the luminaire may contain circuitry that will automatically reduce the power 

tothe LEDs to a level that will insure that the maximum junction temperature is not exceeded, 

when the ambient, outside air temperature is 37oC or greater. 

Another aspect is that the housing should be designed to prevent the buildup of water/ice 

on the top of the housing. Exposed heat sink fins should be oriented so that water can freely 

run off the luminaire, and carry dust and other accumulated debris away from the unit. 

Mechanical properties like IP class are defined acording to EN 60529 “Degrees of 

protection provided by enclosures” 

 IP6X: full protection against dust and dirt 



 IPX5: protection from water spray from any direction 

 IPX7: protection from immersion 

The optical assembly of the luminary shall be protected against dust and 

moistureintrusion per the requirements of IP-65 (minimum). 

The electronics/power supply enclosure shall be protected per the requirements ofIP-43 

(minimum) if located inside the luminary. 

IK code is defined acording to EN 62262 “Degrees of protection provided by enclosures 

for electrical equipment against external mechanical impacts” 

 IK8 (impact energy 5J) 

– Affects optics – protective glass  

– Affects locking system of luminary  

– Affects pole fixture 

1.2.3. PSU quality and Dimming 

LED luminary is a electronic device, therefore LED ballast or power supply unit (PSU) 

is also one of key elements which has also to comply to different norms and standarts 

according to various EU Directives (see Table1). 

Therefore different PSU parameters should be specified: 

• Operation Voltage - The luminaire shall operate from a 50 HZ ±%HZ AC power 

source. Thefluctuations of line voltage shall have no visible effect on the 

luminousoutput.The operating voltage may range from 120 VAC to 240 VAC.  

• Power Factor - The luminaire shall have a power factor of 0.90 or greater.PFC circuit 

needed. 

• THD - Total harmonic distortion (current and voltage) induced into an AC power 

line bya luminaire should not exceed 20 percent. (EN 61000-3-2) 

• Surge Suppression - The luminaire on-board circuitry should include surge 

protection devices (SPD) towithstand high repetition noise transients as a result of 

utility line switching, nearby lightning strikes, and other interference. 

• Operational Performance - The LED circuitry shall prevent perceptible flicker to the 

unaided eye over thevoltage range specified. 



• EMC compatibility – radio emission max values according EN 55015-A1 and A2, 

EN 61547:2010, etc  

• IEC protection Class – isolation Class I (need grounding) or Class II or double 

insulated electrical appliance is one which has been designed in such a way that it 

does not require a safety connection to electrical earth (ground) (IEC 60950 

standard)  

Should comply with directives and have CE label, ROHS & WEEE, Directive 

2002/95/EC, 2002/96/EC 

TABLE 1.1 EU DIRECTIVES AND THEIR SCOPE 

EU Directive Scope 

2004/108/EC Electromagnetic compatibility 

2006/95/EC Low voltage devices (LVD) 

1999/5/EC 
Radio devices and electronic 

comunication network devices 

 

 

Figure 1-13.  CE Mark that is used for label products with conformity declaration to EU norms. 

 

 

 

 

 

 

 



2. Fundamentals of LEDs 
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2.1. History of LEDs 

In the first decade of the 20th century, many researchers studied crystal-metal point 

contacts to find a less expensive and less power-consuming alternative for vacuum-tube 

diodes, introduced in 1904 by Fleming and used for demodulation in early radios. In 1907, 

a radio engineer and inventor H. J. Round (1881–1966) made a try to study such point 

contacts with silicon carbide. SiC does not occur naturally but can be synthesed from SiO2 

and carbon. Because of its high hardness (up to 9.5 on the Mohs Hardness Scale with its 

maximum value of 10 for diamond) and low price, SiC became produced commercially as 

abrasive material under name carborundum. H. J. Round observed a strange phenomenon: 

the SiC crystal at the point contact emitted bluish light. Though not understanding its origin, 

he described the phenomenon in a very short paper published in the journal Electric World 

(see the entire text of this paper in Figure 2-1). This SiC-metal contact was actually the first 

LED with a Schottky diode. In spite of decades long attempts, SiC-based LEDs were never 

substantially improved, because SiC is an indirect band gap semiconductor. Blue SiC LEDs 

were sold commertially in the early 1990s, before introduction of blue InGaN-based LEDs, 

but were not viable on the market.  

 

Figure 2-1. The paper of H. J. Round reporting on observation of light emission in metal-SiC 

contact that can be considered as the first LED. 



The first commercially viable LEDs were based on AlGaAs family of III-V 

semiconductors. These semiconductors are not available naturally. Growth of bulk GaAs 

was introduced in 1954. The first GaAs-based infrared LEDs and laser diodes emitting in 

the spectral rage from 870 to 980 nm were reported in 1962. The infrared GaAs/AlGaAs 

LEDs became widely used in video and audio remote controls and local-area communication 

sources. High brightness AlGaAs/AlGaAs red LEDs are available since 1983. 

The first LEDs emitting in visible were introduced by Holonyak and Bavacqua in 1962 

and were based on GaAsP. Since then, many types of LEDs based on phosphide 

semiconductors GaP and GaAsP have been developed. However, LEDs based on quaternary 

phosphide (AlxGa1-x)0.5In0.5P, which is lattice matched with GaAs substrate, turned out to be 

the most viable on the marked. These LEDs emit in the central part of visible spectrum, in 

the range from 650 to 540 nm. 

Fabrication of high-brightness blue LEDs has been a difficult challenge for decades. 

Extensive efforts have been devoted to fabricate blue LEDs by using II-VI semiconductors. 

However, the lifetimes of these LEDs were by far too short for any applications. Finally in 

1992, professsor’s I. Akasaki research group at Nagoya University and Shuji Nakamura at 

Nichia, Inc., Japan, independently and nearly simultaneously solved two major problems in 

fabrication of LEDs with InGaN as the active region. Before, this material was considered 

unprospective due to extremely high density of dislocations (1010 cm-2 while a typical value 

for other semiconductors used in electronics and optoelectronics is 1 cm-2). Though the 

dislocation density is still difficult to diminish below 1010 cm-2, efficiency of the InGaN-

based LEDs has been substantially improved. The InGaN-based blue LEDs were also 

successfully exploited for development of phosphor-conversion white LEDs, which are 

currently penetrating various applications including general lighting. Thus, the development 

of the InGaN-based blue LEDs is often referenced to as the Blue Revolution, and the inventor 

of a blue LED Sh. Nakamura is awarded a prestigious Millenium Technology Price in 2006. 

By changing composition, the band gap of InGaN can be, in principle, tuned through the 

entire visible spectrum, however, introduction of large indium content into the ternary 

compound InGaN is a difficult technological problem that is still being solved up to now. 

2.2. Basics of LEDs 

Semiconductors are usually decribed as materials having conduction and valence bands 

separated on the energy scale by a band gap. In ideal semiconductor at low temperatures, the 

conduction band is empty, while all energy states in the valence band are completely 



populated by electrons. At elevated temperatures, some electrons are thermally excited from 

valence to conduction band and find sufficient energy states there to move under the 

influence of driving forces, both external (e.g., electric or magnetic field) or internal (e.g., 

diffusion). Corespondingly, the thermal excitation results in formation of free states enabling 

certain moving of the electrons in the valence band under the influence of the driving forces. 

For understanding electric and optical properties of semiconductors, is is more convenient 

to consider two types of carriers: negative electrons in conduction band and positive holes 

corresponding to the free states without electrons in valence band (instead of considering 

many electrons of the valence band hoping in and out of these free states). In ideal crystalline 

semiconductors, the influence of strictly periodically arranged atoms or atom groups on the 

motion of electrons and holes can be described by substituting their mass by an effective 

mass properly calculated taking into account the composition and arrangement of the strictly 

periodic atom matrix. Thus, in this effective mass approximation, we can treate only 

electrons in the conduction band and holes in the valence band with their effective masses 

free to move under the influence of external fields as quasiparticles (particle-like objects) 

obaying the Newton’s laws. The excitation of an electron from valence to conduction band, 

i.e., the creation of an electron-hole pair, can occur due to thermal energy, the transition 

being more probable with increasing temperature. Such carriers are called equilibrium 

carriers, because they are in thermal equilibrium. The electron-hole pair can also be created 

by absorbing external energy, e.g., the energy released in chemical reaction or acquired by 

absorbing a photon. These electrons and holes are called nonequilibrium carriers, since they 

vanish (recombine) after the external energy source ceases to generate them. 

Impurities and structural defects might introduce discrete localized energy states in the 

band gap. An interchange of electrons and holes between the localized states and the valence 

and conduction bands can occur, first of all, under the influence of thermal energy. Some 

defect states (mostly those closer to conduction band) tend to donate their electrons to the 

conduction band and are called donors, while other defect states (mostly those closer to 

valence band) tend to generate holes by accepting electrons from the valence band and are 

called acceptors. Thus, introduction of donors increases the number of electrons, while 

introduction of acceptors increases the number of holes. Semiconductors containing more 

free electrons than holes are called n-type semiconductors, p-type semiconductors contain 

more holes than free electrons. Certain concentrations of donors and acceptors occur in any 

semiconductor unintentionally (due to structural defects and contamination by impurities), 

however, the donors or acceptors can be introduced intentionally to make n- or p-type 

material. 



The energy of quasiparticles in respect to the bottom of the conduction band for electrons 

or to the top of the valence band for holes depends on their quasimomenta. In contrast to 

particles in free space, the dependence for the quasiparticles in the crystal is periodic and 

quite difficult. However, the quasiparticles tend to relax to the states with minimal energy 

(close to the band gap). The energy versus quasimomentum dependence in close proximity 

of those extreme points can be described in the first approximation to be parabolic. These 

dependences (dispersion curves) for conduction and valence bands are illustrated in Figure 

2-2 a and b. Bold lines there depict the dispersion parabolas and indicate states available for 

electrons and holes. All semiconductors can be grouped into direct band gap semiconductors 

with the minimum points in dispersion curves for electrons and holes at the same point on 

the quasimomentum scale (Figure 2-2a) and indirect band gap semiconductors with the 

minima at different points (Figure 2-2b). 
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Figure 2-2. Energy dispersion curves near band edge for direct band gap (a), indirect band gap 

(b), and doped indirect band gap (c) semiconductors. 

Electrons and holes can recombine and transfer their energy, which equals the band gap 

plus the kinetic energies of electrons and holes (energies in respect to the band minima), 

either to a photon in radiative recombination or to the phonon system or other quasiparticles 

in nonradiative recombination. In radiative recombination, the momentum conservation 

should be maintained as well as the energy conservation. The momentum of photon on the 

scale of the dispersion curve for electrons and holes is negligible (thus, the arrow indicating 

the the radiative electron-hole recombination in Figure 2-2 is vertical). This feature has a 

consequence that the probability of radiative recombination in indirect semiconductors is 

considerably smaller than that in direct semiconductors. In Figure 2-2b, the vertical line 

indicating the radiative recombination would hit the dispersion curve for electrons at a point 

corresponding to a state with low occupation probability, since the holes predominantly 

occupy the states close to the band minimum. The probability of the radiative recombination 



increases by involvement of a phonon. If the momentum of the phonon matches the 

difference between quasimomenta of electron and hole populating the minima of the 

corresponding dispersion curves, the total momentum in the transition of electron plus hole 

plus phonon to photon is conserved, and the transition probability is enhanced. The 

probability can be also enhanced in doped indirect semiconductors. As illustrated in Figure 

2-2c, the doping results in a discrete state. An electron in this state is strongly localized in 

real space. Thus, according to the Heisenberg uncertainty principle, the state is dispersed in 

momentum space. The momentum of an electron in this localized state spreads in the range 

encompassing band minima both for electron and hole. As a result, the probability of such 

transition is enhanced. Anyway, the enhancement of radiative recombination in indirect 

semiconductors, either due to interaction with phonons or involvement of localized states, is 

insufficient to make its rate comparable to that in direct semiconductors, though doping of 

GaP and GaAsP with nitrogen has been employed in early attempts to fabricate III-

phosphide-based LEDs (Figure 2-3). 
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Figure 2-3. Optical transitions due to different types of radiative recombination: band-to-band 

(1), donor-to-band (2), band-to-acceptor (3), and donor-acceptor-pair (4) recombination. 

Direct recombination of electron and hole by emitting a photon is the main light emission 

mechanism in LEDs. For this band-to-band electron hole recombination to occur, electron 

and hole have to be at the same place at the same time. Probabilities of these two conditions 

are proportional to electron and hole densities, n and p, respectively. Thus, the rate of band-

to-band electron hole radiative recombination, often refered to as bimolecular 

recombination, can be written as Bnp, where the bimolecular recombination coefficient B is 

a temperature dependent material parameter. The parameter B can be calculated by 

exploiting quantum mechanical approach using Fermi’s Golden Rule and introducing 

material-dependent transition matrix element, by applying the van Roosbroeck-Shockley 

model, or estimated experimentaly. A simplistic quantum mechanical calculation gives an 

approximate value and the functionally correct dependence of the bimolecular recombination 

coefficient on the band gap Eg (in eV) and temperature T (in K):  



s

cmE

T
B

g
3

2
2

3

10

5.1

300
103 
















   .    (2-1) 

Thus, the rate of the electron-hole radiative recombination depends on carrier density. 

The carrier densities for electrons and holes can be decribed by rate equations. A generalized 

rate equation for electron density ncan be expressed as:  

RG
dt

dn
  ,      (2-2)  

whereG and R are the electron generation and recombination rates. If the generation rate is 

large enough to generate the density of nonequilibrium carriers considerably exceeding the 

densities of equilibrium electrons and holes, the densities of electrons and holes are 

approximately equal, n  p, and a single rate equation is sufficient to properly describe the 

carried dynamics.  

In addition to the band-to-band radiative recombination, there exist several other types of 

radiative recombination schematically illustrated by arrows in Figure 2-2: donor-to-band (D-

band), band-to-acceptor (band-A), and donor-acceptor-pair (DAP) recombination. 

Probability of these optical transitions involving impurity levels is usually lower than that of 

band-to-band transitions. The recombination rate for all these recombination mechanisms 

depends on the density of the corresponding defects, which is a constant for any specific 

material and is linearly proportional to carrier density. These mechanisms are not employed 

in LEDs. Moreover, this kind of radiative recombination is harmful for LED operation for 

two reasons: i) this is a parasitic recombination channel draining carriers from the main 

recombination channel (band-to-band recombination), and ii) results in undesirable emission 

in spectral region outside the main LED emission band.  

Having charges of opposite sign, electron and hole attract each other via Coulomb 

interaction. Because of this attraction, their bound state, an exciton, can be formed. In most 

inorganic semiconductors, Wannier-Mott excitons are formed. Since the effective mass of 

hole is considerably larger than that of electron, the exciton can be thought off as a 

quasiparticle consisting of an electron circling around a hole, like electron around a positive 

nucleous in hydrogen atom. The typical distance between electron and hole in Wannier-Mott 

exciton considerably exceeds the lattice constant of the semiconductor. The exciton moves 

in the crystal as a neutral quasiparticle and has certain probability to recombine radiatively. 

The radiative exciton recombination is important at low temperatures but the excitons at 

room temperature are usually thermally ionized. Exciton binding energy, i.e., the difference 

between the energies of uncorrelated electron and hole pair and exciton, is usually 5-30 meV, 



thus, comparable with the thermal energy at room temperature (25 meV). Up to now, the 

radiative exciton recombination has not been exploited in LEDs. Prospects of such 

exploitation are currently being intensively investigated in ZnO, since the exciton binding in 

this semiconductor is 60 meV.  

As mentioned before, the electrons and holes can recombine nonradiatively. Direct 

transfer of energy from recombining electron-hole pair to the lattice by emitting phonons is 

negligible, since the phonon energy (usually well below 100 meV) is considerably lower 

than the band gap in most semiconductors (well above 1 eV), and the probability of 

simultaneous emission of more than 10 phonons is very small compared with probabilities 

of recombination via other mechanisms. The energy transfer to the lattice in semiconductors 

occurs mainly by nonradiative recombination involving defects. The most common 

mechanism of nonradiative recombination is Shockley-Read (sometimes refered to as 

Shockley-Read-Hall) recombination via energy levels within the band gap. In the Shockley-

Read approach, the levels serve for capture of of electrons and holes and enable the transfer 

of their energy to the lattice. The rate of the carrier capture to the nonradiative recombination 

center is expressed as σvN, where σ and v are the capture crosssection and the thermal 

velocity of electron or hole, and N is the density of the nonradiative recombination centers 

of this type. Several types of nonradiative recombination centers with different σ and N 

related to different types of defects might exist in the same crystal. The defect centers are 

the more efficient for nonradiative recombination the close their energy level is to the middle 

of the band gap. One of the mechanisms of the energy transfer from carrier to the lattice is 

illustrated in Figure 2-4 where energy of the center is plotted agaist the so-called 

configurational coordinate introduced by taking into account displacement of both electron 

and phonon systems at the center. Electron from the uppermost parabola can relax down to 

the lowest parabola by cascade emission of phonons. The relaxation to the lowest parabola 

corresponds to disappearance (recombination with the hole) of the electron. Note that the 

initial transfer of the electron from one parabola to the other proceeds over certain energy 

barrier. Thus, the probability of such process exponentially increases with temperature and 

is negligible (enabled only via small probability of tunnelling through the barrier) when the 

thermal energy is considerably lower than the barriers. 

The periodic arrangement of atoms in the crystal lattice is disrupted at crystal surface. 

Thus, the surface can be considered as a big defect, and many centers of nonradiative 

recombination can be formed on it. The influence of the surface with enhanced nonradiative 

recombination depends on ability of carriers to move from the bulk of the crystal, where 

their density is higher to the surface, where their density is reduced due to surface 



recombination, i.e., on the rate of their diffusion to the surface. This feature is usually taken 

into account by introducing the diffusion term into the rate equation: 
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while the surface recombination rate is taken into account by the boundary condition: 
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Here, e is the elementary charge, D is the diffusion coefficient, and S is the surface 

recombination velocity dependent on material and surface conditions. 

Another mechanism of nonradiative recombination is Auger process, when electron and 

hole recombine and transfer their energy to the third quasiparticle (electron or hole). Later 

on, the third quasiparticle relaxes to the band bottom and transfers the large excess energy 

acquired in the Auger recombination to the lattice by gradually emitting phonons. The 

process on Auger recombination is sketched in Figure 2-5. Since theenergy and momentum 

conservation laws have to be maintained simultaneously, the probability of the Auger 

process nearly exponentially decreases with increasing band gap. Thus, it is quite important 

in narrow-band-gap semiconductors. The probability of Auger recombination is enhanced 

by interaction with phonons and impurities. The probability drastically increases if the 

semiconductor has higher energy levels with energy distance from the bottom of the band 

equal to the band gap. In this case, the third carrier has a real energy state to occupy after 

accepting the energy of the recombining electron-hole pair. The material-related influence 

to the Auger recombination rate is expressed in the Auger coefficient C. The Auger 

recombination rate is also proportional to the densities of all three quasiparticles participating 

in the process. For example, in Auger process with energy transfer to the second electron, 

the recombination rate can be expressed as Cnpn2, where p andn are hole and electron density, 

respectively, and the subscript n refers to the type of the Auger process.  

Summing up the recombination mechanisms, the rate equation at high generation rate 

(n  p) can be detalized as follows: 
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If the diffusion term can be neglected, this approach is usualy refered to as ABC model. 
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Figure 2-4.  Configurational diagram of deep 

center acting as nonradiative recombination 

center. 

Figure 2-5. Auger recombination via 

energy transfer to the second interacting 

electron. 

The generation of nonequilibrium carriers can be of different origin: impact ionization, 

chemical reactions, sound wave, friction, ionizing radiation, and, most important for 

semiconductors, excitation by absorbing a photon and carrier injection by electric current. 

In general, the light emission due to recombination of these nonequilibrium carriers is called 

luminescence. Sometimes, especially in organic materials and biological objects, two terms – 

fluorescence and phosphorescence – are used for fast and slow types of luminescence, 

respectively. In LED, the light is emitted via electroluminescence, i.e., by radiative 

recombination of electrons and holes injected into p-n junction. 

p-n junction is basically a contact between p- and n-type semiconductors, intensionally 

doped by acceptors and donors, respectively. As depicted in Figure 2-6a, p-type 

semiconductor contains high density of holes (thus, the holes are majority carriers here) and 

small density of electrons (minority carriers). In the n-type part, electrons are the majority 

carriers, and holes are the minority carriers. As a result of this concentration gradient in the 

vicinity of the physical contact between p and n parts of the junction, the majority carriers 

move to the other side of the junction. Thus, in n-type part the positive charge of donors 

becomes partially uncompensated by free electrons donated to the conduction band after a 

part of these free electrons moved to the p-type side of the junction. Similarly, p-type 

material in the vicinity of the junction is partly depleted of holes, and uncompensated 

negative charge of acceptors occurs there, as depicted in Figure 2-6b. As a result, region with 

lower density of free carriers and uncompensated donors and acceptors occur on both sides 

of the junction. Since the charge is separated at the junction, electric field should emerge 

(seeFigure 2-6c). This field acts in direction opposite to the direction of the diffusion of the 



majority carriers and increases up to the point when this diffusion is compensated by drift 

current. A potential barrier, say V0 in height, between lower potential value in p-type material 

to its higher value in the n-type material is formed in the depleted region of the junction 

(Figure 2-6 d). The corresponding energy barrier eV0 inhibits further diffusion of holes from 

p- to n-type side, while the corresponding energy barrier for electrons –eV0 prevents 

diffusion of electrons in the opposite direction (Figure 2-6 e). 

-eV
0

eV
0

X

P
o
te

n
tia

l e
n
e

rg
y

P
o
te

n
tia

l

X

E
le

ct
ri

c 
fie

ld

X

S
p
a
ce

 c
h
a
rg

e

eN
D

eN
A

X

+
+ +

+

-
-�

-

-

lo
g
(c

a
rr

ie
r 

d
e
n

si
ty

)

p
p0

n
p0

X

n
n0

p
n0

dp dn

 

Figure 2-6. Spatial distribution of carrier densities (a), space charge (b), electric field (c), 

potential (d), and potential energy (e) in the vicinity of p-n junction. 

Thus, the p-n junction has a depletion region where the carrier density is low in 

comparison with the rest of p and n regions. If electrons and holes are injected into this 

depletion region, they recombine there. Since the rate of the radiative band-to-band 



recombination, which results in photon emission and is seeked for in LEDs, is proportional 

to carrier density squared, while the rate of the competing nonradiative recombination 

linearly depends on the carrier density, a higher carrier density in the depletion region, which 

acts as an active region in LEDs, is favourable for a better efficiency of LEDs. The width of 

the depletion region can be decreased by a higher doping of the adjacent p and n regions. 

Technological capabilities to increase the doping level without significant deterioration of 

crystal structure and, consequently, without introduction of undesirable structural defects at 

unacceptable level are limited. This limitation is the more severe the wider is the band gap. 

A common trick to increase the densityof nonequilibrium carriers in the active regions that 

is used in paractically all high brightness LEDs is using heterostructures instead of the p-n 

junctions of the same semiconductor. The energy diagram of such heterojunction is depicted 

in Figure 2-7. p and n regions of the heterojunction are made from semiconductor with a 

broader band gap than that of the semiconductor forming the active region. Using 

contemporary technologies, the thickness of the lower energy band semiconductor can be 

diminished down to several monolayers, i.e., down to the thicknesses when quantum 

confinement of the carriers occur. Such structure is called a quantum well (QW). Since the 

thickness of the QW becomes shorter than the spatial extend of the wave function describing 

electron and hole, the corresponding quasiparticle becomes quantum confined, and its energy 

spectrum becomes discrete with separation between the adjacent energy levels proportional 

to the reciprocal of the QW thickness squared. Introduction of a QW in the active region of 

an LED enhances the efficiency of the LED emission, however, reduces the total emission 

intensity due to reduced active volume. To solve this problem, multiple quantum wells 

(MQWs) are used instead of a single QW. The number of the quantum wells in the MQW 

structures for LEDs has an optimum, since the increase of the number imposes an 

increasingly inhomogeneous distribution of the injected carriers among the quantum wells. 
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Figure 2-7.Energy diagram of a single quantum well acting as the active region in a LED. 



In equilibrium, only a small current of minority carriers can flow through the junction. 

This situation is depicted in Figure 2-8. Here the energy diagram is drawn in respect to the 

Fermi level. The Fermi level is introduced in statistical description of carrier distribution and 

corresponds to a real or virtual energy level with occupation probability of ½. That means 

that at low temperatures all the energy levels below the Fermi level are occupied, while all 

levels above are empty. Thus, the higher is the doping level, the closer the Fermi level is to 

the corresponding band (closer to conduction band in n-type semiconductors and to valence 

band in p-type semiconductor. Without external fields, the Fermi level is constant in both 

sides of the junction. 

A reverse bias, i.e., the positive and negative voltages of an external source applied to p- 

and n-type sides of the junction, respectively, results in an increased barrier height and has 

no significant influence on the small current of minority carriers through the junction until 

reaching a threshold for breakdown of the junction. Meanwhile, the voltage of opposite 

polarity – a forward bias – decreases the barrier enabling the current of majority carriers to 

flow through the junction. The situation is depicted in Figure 2-9b. Note that application of 

external voltage results in differenciation of the Fermi level positions in different sides of 

the junction.  

The influence of the voltage of any polarity can be described by I-V characteristic linking 

the current through the junction I with the voltage V applied. The I-V characteristic can be 

expressed by Schockley equation: 
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Figure 2-8. p-n junction at zero bias. EC , 

EV , EF ir VD are energies of conduction and 

valence bands, Fermi level, and diffusion 

voltage, respectively. 

Figure 2-9.  p-n junction at zero (a) and 

forward (b) bias. 



whereIs is the saturation current meaning the small, actually constant current of 

nonequilibrium carriers under riverse bias. The saturation current depends on temperature 

and semiconductor parameters (carrier diffusion coefficients, recombination rates, band gap, 

and donor and acceptor densities in n- and p-type parts). Since typical voltages for forward-

biased junctions in LEDs eTkV B , approximation    TkeUTkeU BB exp1exp  can 

be applied. Then, the Schockley equation can be rewritten to show the dependence on band 

gap explicitely: 

      TkVVe
s

BDeII


 *  .     (2-7)  

Here, VD is the diffusion voltage characterizing the potential barrier at the junction. Its 

dependence on densities of donors and acceptors in n- and p-type parts ND and NA, 

respectively, and the intrinsic carrier density (carrier density expected without any doping) 

ni, which depends on the band gap: 
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The value of the diffusion voltage is indicated in Figure 2-7. If the semiconductors making 

the junction are doped strongly, the conduction band in n-type side and the valence band in 

p-type side are close to the common Fermi level, and gD EeV  . As it is clear from equation 

(2-7) and the typical I-V characteristics for p-n junctions made from several semicondustors 

in Figure 2-10, to reach a considerable forward current, the forward bias has to be higher 

than VD.  
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Figure 2-10.I-V characteristics for p-n junctions made from GaAs with Eg  1.4 eV, GaAsP 

with Eg  2.0 eV, and InGaN with Eg  3.0 eV. 



The Schockley equation (2-6) is derived under assumption that the diffusion lengths both 

for electrons and holes exceed the extent of the depletion region, and the diffused carriers 

recombine predominantly outside the depletion region. This is by far not always the case. 

Under an opposite assumption that all the diffused carriers recombine within the depletion 

region, the I-V is decribed by a similar formula as in (2-6) except that the exponent is divided 

by 2. The situation in real junctions is usually between these limiting cases, and the 

Schockley equation is usually expressed as  

 TkneU
BideII 0  ,    (2-9)  

where a junction parameter nid – the ideality factor – is introduced. As discussed above, 

its value should vary in the limits between 1 and 2. Sometimes, nid values well above 2 are 

experimentally observed, e.g. in junctions of III-N semiconductors. In those cases, nid has no 

definite physical meaning but nevertheless is often used as an emphirical parameter. 
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Figure 2-11.Equivalent scheme of a real LED. 
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Figure 2-12.Schematic I-V characteristic of ideal p-n junction (solid line) and exaggerated 

influence of series resistance (dotted line) and parallel resistance (dashed line). The equivalent 

scheme of real p-n junction is presented in the inset. 



Real p-n junctions have series and parallel parasitic resistances. The current flowing 

through the junction has to pass from one contact to the other. Thus, contact resistances and 

resistances of all p and n layers passed by the current act in series with the junction and 

constitute the series resistance. It is parasitic to the ideal junction, since a part of the applied 

voltage drops on this series resistance. Improvement of the Ohmic p and n contacts and 

stronger doping of the semiconductor layers forming the junction are the main means for 

reducing the series resistance. The parallel parasitic resistance is caused by carrier leakage 

through the side surfaces of the junction. The parallel resistance becomes increasingly 

important when the junction size is decreased. Passivation of the side surfaces is usually 

applied to reduce the parallel resistance. The equivalent scheme of a real p-n junction is 

depicted in the inset in Figure 2-11. The I-V characteristic with parasitic resistances of a real 

p-n junction taken into account can be expressed as follows: 
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The influence of the series resistance is illustrated in Figure 2-12 by dotted line. Since a 

part of the applied voltage drops on the series resistance, the increase of the current with 

increasing voltage proceeds slower; the slower the larger is the series resistance. The dashed 

line demonstrates the influence of the parallel resistance (exaggerated in the picture). This 

resistance is important at low voltages when the junction resistance is high. In the vicinity 

of V = 0, the parallel resistance is the main channel for current, and its magnitude defines the 

slope of the I-V curve at low voltages. 

2.3. Materials for LED 

Since the emission band of an LED is peaked at the wavelength corresponding to the band 

gap of the semiconductor used for active region, the choice of appropriate semiconductors, 

first of all, is based on its band gap. As discussed in section 2.2, direct band gap 

semiconductors are much more suitable for fabrication of LEDs. In principle, there are many 

semiconductors with different band gaps covering a wide energy range that corresponds to 

the spectral range from IR to UV. The band gaps of several binary direct band gap 

semiconductors at room temperature are presented in Figure 2-13. Moreover, the band gap 

of ternary AxB1-xC or quaternary AxByC1-x-yD semiconductors can be changed by changing 

the composition x or x and y. 
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Figure 2-13.Band gaps of several direct-band-gap binary semiconductors. 

The choice of the appropriate semiconductor for LED fabrication is strongly limited by 

feasibility to develop the technology for growing certain semiconductor and its structures. 

Structural quality, unintentional doping, capability for intentional doping, contacts, chemical 

and structural stability are a few of the major issues to be addressed in view of application 

of certain semiconductor for LED fabrication. After attempts to produce LEDs from many 

different semiconductors and in parallel to the research of new options going on, three 

semiconductor families are currently exploited on commercial scale: AlGaAs, AlGaInP, and 

AlInGaN.  

AlGaAs family.The first family of LED materials is based on gallium arsenide. GaAs is 

a direct-band-gap semiconductor with the band gap of 1.424 eV at room temperature. In 

addition of the  valey (a minimum in the dispersion curve at zero quasimomentum point), 

GaAs has other two valeys, which are close in energy and shifted on the quasimomentum 

axis (See Figure 2-14.) At room temperature, L and X valeys are 290 meV and 476 eV above 

the  valey, respectively.  

Incorporation of aluminium into the GaAs crystal increases the band gap of the ternary 

compound AlxGa1-xAs. However, the energies of the three valeys move up the energy scale 

by increasing Al content x at a different rate, as illustrated inFigure 2-15. At approximately 

x = 0.45, the energies of all three valeys become nearly equal. AlxGa1-xAs with higher Al 

content (at x > 0.45) becomes an indirect band gap semiconductor. This feature limits the 



spectral range where efficient LEDs can be produced using AlxGa1-xAs. The band gap of 

Al0.45Ga0.55As is 1.98 eV (624 nm). Thus, the AlGaAs-based LEDs are efficient in the near 

infrared to red spectral region in the the range from 870 nm to ~657 nm, since an increasing 

part of electrons is thermally transferred to the indirect valeys X and L as the Al content 

approaches x = 0.45.  
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Figure 2-14. Energy dispersion curves for , 

X, and L valeys in GaAs. 

Figure 2-15. Dependence of the band gap 

for three lowest valeys in AlxGa1-xAs on 

aluminium content x. 

The band gap increases with increasing Al content mainly as a result of decreasing lattice 

constant, since Al atoms are smaller than Ga atoms. The lattice constant in at least of most 

of ternary semiconductors decreases linearly with compound content changing from one 

binary to other binary constituances. This conclusion is called Vegard’s law. Meanwhile, the 

composition dependence of the band gap is often nonlinear and is usually described by 

introducing an emphyrical bowing parameter b. In case of AlxGa1-xAs, the band gap can be 

described by the following expression: 

     )1()1( xbxxExEE AlAs

g

GaAs

g

AlGaAs

g  ,   (2-11)  

where 𝐸𝑔
GaAs and 𝐸𝑔

AlAs are band gaps of GaAs and AlAs, respectively. The numerical values 

of band gap (in eV) for AlxGa1-xAs, taking into account the change of the lowest valley from 

 to X, can be approximated by the following expressions: 

xEg  247.1424.1  (direct band gap) for x < 0.45    (2-12)  

2143.0125.0900.1 xxE X
g   (indirect band gap) for x > 0.45  (2-13)  



The short wavelength limit for AlGaN-based LEDs can be shifted by using a quantum 

well as the active region instead of a bulk p-n junction. This is usually the case in high 

brightness LEDs. The quantum confinement shifts the lowest energy state in the discrete 

energy spectrum up, so that the effective band gap is increased as the well width a is 

dereased: 
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 (2.3.4) 

Here h is the Planck constant, me and mh are effective masses of electrons and holes, 

respectively, and i = 1, 2, 3, … is a positive integral number. 

Two types of AlGaN-based heterostructure are used for production of LEDs on 

commercial scale: AlxGa1-xAs/GaAs/AlxGa1-xAs and AlxGa1-xAs/AlyGa1-yAs /AlxGa1-xAs. 
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Figure 2-16. Band gaps versus lattice constants in AlGaAs compounds of different composition. 

Since the atomic radii of Ga and Al are very close, 1.81 Å for Gaand 1.82 Å for Al, the 

lattice constants of AlxGa1-xAs with different compositions (x) are also very close. This 

lattice matching enables growing heterostructures of high structural quality. The relationship 

of the band gap and the lattice constant of AlGaAs is presented in Figure 2-16. 

Since the lattice of AlxGa1-xAs is matched with the lattice of GaN quite well, high quality 

AlGaN-based heterostructures can be fabricated by deposition of corresponding epitaxial 

layers on substrates of bulk GaAs. Currently 6-inch GaAs wafers are used. The commercial 

bulk GaAs is usually grown as boules of 6 inch (150 mm) in diameter using liquid 

encapsulated Czochralski technique. The AlGaAs/GaAs heterostructures for LEDs are 

deposited on the GaAs substrates using the liquid phase epitaxy (LPE) technique, which is 



comparatively inexpensive and ensures high quality of the structuressufficient for production 

of high brightness LEDs. AlGaAs compounds are doped n type by introducing impurities of 

tin and tellurium and p type by doping with zinc and magnesium.  

The lifetime of the AlGaAs based LEDs, especially those with a high aluminium content 

currently produced on commercial scale, is limited mainly by a reaction of aluminium with 

oxygen, which is an undesirable impurity in AlGaAs that is difficult to completely avoid. 

Another process considerably deteriorating the performance of AlGaAs LEDs is hydrolysis, 

i.e., a reaction of aluminium hydroxyde with water. Thus, a hermetic encapsulation of 

AlGaAs-based LEDs is cucial for their performance, though it does not save from the 

deteriorating influence of oxygen inside the crystal. Thus, reduction of oxygen in AlGaAs 

layers is another important issue in improvement of AlGaAs-based LEDs. 

AlGaInP family. LEDs emitting in the range from red to yellow are produced from 

quaternary AlGaInP epilayers deposited on GaAs substrates. Many compositions of 

phosphide semiconductors have been studied in view of their application as active layers in 

LEDs. The band gap versus lattice constant plot for the semiconductor family (AlxGa1-x)yIn1-

yP is presented in. Figure 2-17.  

Currently, (AlxGa1-x)0.5In0.5P compounds are generally accepted as the best choice for the 

phosphide semiconductors, because the lattice constant of this compound at any ratio of Al 

and Ga atoms matches the lattice constant of GaAs, and, thus, GaAs substrates are good for 

epitaxy of (AlxGa1-x)0.5In0.5P layers. These compounds are indicated in Figure 2-17 by a 
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Figure 2-17. Band gaps versus lattice 

constants in AlGaInP compounds of different 

composition. 

Figure 2-18. Dependence of the band 

gaps corresponding to  and X valeys on 

composition x of quaternary compounds 

(AlxGa1-x) 0.5In0.5P. 



vertical line. The band gap range covered by changing the ratio of Al and Ga atoms in the 

compound is illustrated in Figure 2-18.  (AlxGa1-x)0.5In0.5P is a direct band gap semiconductor 

unless the Al content x is less than 0.53. The band gap (in eV) can be estimated by the 

following expression: 

xEg  61,091,1  .      (2-15)  

At x > 0.53, the direct band gap at  valey becomes broader than the indirect band gap at X 

valey, since X
gE increases with increasing x faster than 

gE : 

xE X
g  085,019,2      (2-16)  

Accordingly, the efficiency of LEDs based on (AlxGa1-x)0.5In0.5P decreases as the content of 

aluminium approaches 53%. The band gap of (Al0.53Ga0.47)0.5In0.5P corresponds to the 

emission wavelength of 555 nm. 

Metal Organic Chemical Vapor Deposition (MOCVD) technique is used for growing 

(AlxGa1-x)0.5In0.5P epilayers. This technique is more expensive than LPE used for growing 

AlGaAs epilayers, however, MOCVD is necessary for better control of parameters in 

deposition of (AlxGa1-x)0.5In0.5P epilayers. Te and Si are used to dope AlGaInP n type, while 

Zn and Mg are used for p type doping. As for other wide-band-gap semiconductors, high 

carrier density in p-type material is a considerable challenge. Since the acceptor levels in 

wide-band-gap semiconductors are deep in respect of the thermal energy at room 

temperature, only a small fraction of acceptors is activated (i.e. with accepted electron to 

generate hole in the valence band). Moreover, a fraction of the activated acceptors is 

compensated by unintensional donors, first of all, the inpurities of oxygen and hydrogen. To 

reach the desirably high hole density, very high density of acceptors is necessary to be 

introduced. However, this is possible only at the expense of crystal structural quality. The 

higher is the aluminium content, the more difficult is to avoid the unintentional doping by 

oxygen. The oxygen can be partially removed from the crystal by thermal annealing of the 

crystal under appropriate condition. 

AlInGaN family. The LEDs fabricated from III-nitride semiconductors most efficiently 

emit in the blue region. Importance of these LEDs is especially increased due to their 

exploitation as the primary light source in phosphor conversion white LEDs. Emission of 

blue InGaN LEDs is used for phosphor excitation and as a component to mix with the 

phosphor emission to obtain the white light. The band gaps of III-nitride semiconductors 

cover a wide range from 0.7 eV in infrared region for InN to 6.2 eV in UV region for AlN. 

The band gaps versus lattice constants in III-nitride compounds of different composition are 



plotted in Figure 2-17. The band gaps (in eV) of InGaN and AlGaN can be estimated using 

the following expressions: 

Eg = 0.77 + 2.65x – 2.4x(1 – x)    (2-17)  

Eg = 3.42 + 2.8x – x(1 – x)     (2-18)  

Here, the values of the bowing parameters are under strong discussion, and vary in various 

reports drastically. It is feasible that the bowing parameters determined in different 

experiments performed on different samples depend on growing conditions. 
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Figure 2-19. Band gaps versus lattice constants in AlInGaN compounds of different 

composition. 

As evident in Figure 2-19 a distinct feature of this semiconductor family is a strong 

dependence of the lattice constant on compound composition. The absence of inexpensive 

and large native substrates for growing III-N homoepitaxial layers is another problem. GaN 

and AlN have very strong chemical bonds. Therefore, growing of these semiconductors can 

be accomplished at relatively high temperatures and pressures. Several methods for growing 

bulk GaN and AlN are being developed but still do not ensure growth of large size bulk 

crystals suitable for making substrates for homoepitaxy on commercial scale,though the 

recent developments in production of the native III-N substrates encourage hopes to have 

these substrates in the nearest future. Moreover, no foreign bulk crystals with lattice constant 

matching that of III-N materials are available for heteroepitaxial growthon commercial scale. 

Meanwhile, over 90% of commercial III-N LEDs are currently grown on sapphire substrates, 

in spite of the lattice mismatch between sapphire and GaN of 13.8%. The lattice constant of 

hexagonal silicon carbide 6H-SiC is better matched to the lattice of III-nitrides but the 



mismatch is still very large (see Figure 2-19). The price of 6H-SiC is considerably higher 

than that of sapphire, while the difference in quality of III-N epitaxial layers on both these 

substrates does not differ much. Thus, sapphire is by far the number one in the choice of 

substrates for III-N epitaxy. The problem of lattice mismatch between substrate and the 

heteroepitaxial layer is partially solved by introduction of a buffer layer grown at lower 

temperature. The buffer layer serves as a nucleation layer, and the structural quality of the 

subsequent epilayer grown at higher temperature is considerably improved. Search for more 

effective buffers (e.g., intentionally patterned buffers or buffers containing superlattices) and 

optimization of conditions for buffergrowth are still going on. Anyway, III-N epilayers 

contain very large density of dislocations. The density in commercial LEDs is currently 

reduced down to 108 cm-2 from 1010 cm-2 contained in the first blue LEDs. Before successful 

fabrication of blue InGaN-based LEDs, such high dislocation densities were considered 

definitely inappropriate for production of any electronic or optoelectronic device. 

Phase separation in III-N ternary compounds is another challenge for development of III-

N LEDs. When the average In content in InGaN exceeds ~20%, regions containing different 

In percentage might occur. This phase segregation can be avoided by appropriate choice of 

layer deposition conditions but this issue is a very big challenge, especially for InGaN with 

In content above25%. The phase separation practically limits penetration of efficient InGaN-

based LEDs into green region. 
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Figure 2-20.Band gap fluctuations acting as localization centers. 

Small-scale composition fluctuations are an inherent property of III-N semiconductors of 

any composition and cause carrier localization. For example, incorporation of indium into 

InGaN diminishes the band gap of this ternary compound. This effect acts also localy: at a 

point in InGaN with a higher indium content, the band gap is smaller. Thus, the band gap is 

not flat buth rather has spatial fluctuations (see Figure 2-20). The carriers occupy 



predominantly the lowest energy states and become localized there. The localization partially 

prevents them from moving free throughout the crystal to reach nonradiative recombination 

centers (at dislocations or at point defects or defect complexes) and recombine 

nonradiatively there. It is generaly accepted that the carrier localization serves for reduction 

of nonradiative recombination and, consequently, for improvement of emission intensity in 

III-nitride LEDs, though it is still not clear how the localization should be optimized. 

Since the dependence of the lattice constant on material composition in III-nitrides is 

strong, considerable strain is introduced due to an abrupt change in composition at 

heterojunctions fabricated to form quantum wells for the active regions of LEDs. Unless the 

thickness of certain layer deposited on top of the material with different lattice constant is 

below a critical value, the layer can grow isomorphically with the beneath layer accepting 

the lattice constant of the latter. Above the critical thickness, cracks and other extended 

defects are formed, and the lattice constant relaxes to its value corresponding to the 

compound composition. A typical critical thickness for III-N epilayers is of the order of 

10 nm. 
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Figure 2-21.Potential profile in a quantum well without (a) and with (b) built in field. 

III-N semiconductors are piezoelectric materials. Thus, strain results in formation of 

electric field at the heterointerface. In addition to piezoelectric field, electric field due to 

spontaneous polarisation of the heterointerfaces might be quite strong. The spontaneous 

polarisation is caused by different polarization (dipol moments) in the adjacent materials. 

The electric fields due to piezoelectric effect and spontaneous polarization might be of the 

same or of the opposite sign. This built-in electric field changes the potential profile in the 

quantum well: instead of a rectangular quantum well, as schetched in Figure 2-21a, a 

triangular quantum well, like in Figure 2-21b, is formed. As a result, the wave functions of 

electron and hole are shifted towards the opposite walls of the well, their overlap becomes 

smaller, and the probability of electron-hole radiative recombination decreases. The effect is 



stronger in wider quantum wells. Thus, narrow quantum wells (typical thickness of 2-3 nm) 

are commonly used in the active regions of LEDs to avoid this effect. To increase the total 

volume, multiple quantum wells rather than single quantum wellsare formedin the active 

region. On the other hand, selection of compound composition is optimized to minimize the 

built-in field. 

The recent advance in technology of AlGaN epilayers enabled a considerable increase in 

efficiency of AlGaN-based UV LEDs emitting at efficiency above 10% at wavelengths as 

short as 280-250 nm, what is of importance for many applications of UV light. However, up 

to now only a single company, Sensor Electronic Technology, Inc., offers such deep UV 

LEDs on commercial scale. The main issues to be addressed in development of AlGaN-

based UV LEDs are: i) strong contamination of high-Al-content AlGaN with oxygen, 

ii) difficulties in p-type doping, iii) low carrier mobility due to hig density of defects, 

iv) difficulties in making Ohmic contacts, and v) migration of Mg atoms from p-type 

material into the active region. 

All commercial AlInGaN-based LEDs are currently fabricated using MOCVD technique, 

though Molecular Beam Epitaxy (MBE) technique is exploited in a few research 

laboratories. Silicon is predominantly used for n type doping. Magnesium is used to make a 

p type material. The p-type doping is a challenge, since the acceptor level due to Mg impurity 

lays 200 meV above the valence band, and only ~2% of these acceptors are thermally ionized 

at room temperature with corresponding thermal energy of 25 meV. Moreover, a 

considerable fraction of Mg acceptors are passivated by being involved into complexes with 

hydrogen atoms. The complexes can be destroyed by an appropriate thermal annealing. Two 

decades ago, the invention of the techniques to depassivate Mg atoms in p-type III-nitrides 

was one of the two major breakthroughs (together with invention of a buffer layer) enabling 

exploitation of III-material family in optoelectronics and electronics. 

 

The market share of LEDs by material and power range is illustrated in Figure 2-22. 

The total market worldwide was $12.5B in 2011. The market is dominated by InGaN-based 

LEDs. For packaged InGaN LEDs with power ratings from low-power (0.01-0.1 W) to mid-

power (0.1-0.5 W), to high-power (0.5-5 W), to super-high-power (>5 W), the total share is 

80%. The rest of the marked is taken by LEDs based on InGaAlP material system. The share 

of LEDs based on AlGaAs is marginal. 

The recent advances in efficiency and lifetime of organic LEDs (OLEDs) prove good 

prospects of this extensive type of LEDs, at least, in certain applications. There are two major 

groups of materials for OLEDs: organic componds with small molecules and polymeric 



materials. OLEDs based on the first group exhibit a high emission efficiency, while 

technology of polymeric OLEDs is comparatively inexpensive and enables fabrication of 

large area devices. The OLEDs are under intense research and their development proceeds 

on a very fast pace, however, discussion of OLEDs is out of scope of this book. 

 

Figure 2-22. Worlwide revenue of packaged LEDs in 2011 by type. [After Strategies Unlimited] 

2.4. Efficiency of LEDs 

LED is an ultimate light source, since there are no physical limits for its efficiency to 

reach 100%. However, there are many technological problems to fabricate an LED with 

100% efficiency. The effects limiting the efficiency of a real LED can be grouped in three 

categories, and the total efficiency t can be expressed as a product of three specific 

efficiences: 

extinjt   int  .     (2-19)  

Here, the injection efficiency, inj , is equal to the number of carriers injected within a certain 

period of time into the active region divided by the number of carriers passing the entire 

LED structure within the same time period. The internal quantum efficiency, int , equals the 

number of photons emitted in the active region divided by the number of electron-hole pairs 

injected into this active region within the same period of time. The light extraction efficiency,

ext , is equal to the fraction of the photons, which are emitted in the active region, escaping 

outside the LED structure. For practical purposes, power efficiency or wallplug efficiency 



are sinonimously used and defined as: P Plum/Pel , wherePlum is the power of light emitted 

by LED and Pel is the electrical power consumed by the LED.  

The injection efficiency is limited by parasitic resistances. The driving current flows 

through all the layers in the LED structure and experiences the serial resistance. Thus, some 

electron hole pairs recombine, predominantly nonradiatively, outside the active region and 

do not contribute to the light emission of the LED. The contact resistance is diminished by 

selection of contact metals and optimization of contact formation conditions, specifically 

tailored for different semiconductors. Several layers of different metals are often used to 

improve the contacts. The resistivity of passive layers can be decreased by stronger doping, 

however, this approach encounters considerable difficulties, especially in p-type wide-band-

gap semiconductors, as discussed above. The injection efficiency is also reduced by all 

mechanisms enabling the carriers to pass the active region without recombining there. The 

first of such mechanisms is carrier leakage via the side surfaces of the junction. This feature 

is described by the parallel junction resistance. Moreover, a fraction of electrons and holes 

can pass the depletion region of the p-n junction and recombine in the bulk of p and n regions, 

where their density, and, consequently, their radiative recombination rate are lower. As 

mentioned before, quantum wells (QWs) are formed between p- and n-type regions to 

confine the carriers. However, the injection efficiency in QWs might be decreased by the 

overflow of carriers. At strong injection currents, the density of carriers in the QW increases, 

the Fermi level rises up to the top of the potential barrier, the QW becomes flooded with 

carriers, and a further increase in injection current does not increase the carrier density in the 

QW. Fabrication of QWs with higher barriers and introduction of multiple quantum wells 

(MQWs) increases the threshold injection current for the overflow of carriers to occur. Even 

the carriers injected into the QW tend to escape from it to the adjacent layers. Due to lower 

effective mass, this effect is more important for electrons than for holes. To prevent this 

escape, an electron-blocking layer is introduced. The electron-blocking layer is a thin layer 

with a considerably larger band gap deposited between the active region consisting of a 

single QW or MQWs and the adjacent p-type region. This blocking layer has an otherwise 

minor influence on the current through the LED structure but forms a higher potential barrier 

for elctrons to escape from the active region. 

For most commercial LEDs, the injection efficiency is currently improved to be above 

90%. 

The internal quantum efficiency can be expressed as a ratio between the rate of radiative 

recombination to the total recombination rate consisting of the rates of both radiative and 

nonradiative recombination: 
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int                   (2-20) 

The most straitforward way to increase int  is to decrease the number of nonradiative 

recombination centers. The LED design and fabrication technologies are being constantly 

improved to reduce the densities of unintentional impurities and structural defects.  

In general, all measures to increase the carrier density in the active region are in favour 

of a better internal quantum efficiency. However, the rate of nonradiative Auger 

recombination (see section 2.2) increases faster (as n3) than the rate of radiative band-to-

band recombination. Thus, the Auger recombination might decrease the internal quantum 

efficiency at high carrier density, especially in narrow band gap semiconductors, where the 

Auger recombination has a higher probability. The Auger processes are also claimed to be 

responsible for the efficiency droop observed in InGaN-based LEDs, where the effect is 

observed as a decrease in luminescence efficiency at strong injection current or intense 

photoexcitation. The droop effect is very embarrasing for development of high brightness 

III-nitride LEDs. Intense study and debates are going on to clearly understand the origin or 

origins of the efficiency droop effect. Meanwhile, producers of high brightness InGaN-based 

blue and white LEDs solve the problem by adopting multichip designs. Matrixes of 

nominally identical small LED chips packed close together on the substrate and driven by 

comparatively weak current to avoid the efficiency droop are fabricated instead of one chip 

operated at high injection current. Thus, a high luminous flux can be achieved by this 

multichip design at a higher efficiency than the efficiency of a single chip driven to emit the 

same luminous flux. 

The nonradiative recombination is more efficient at higher temperatures. Thus, 

prevention of heating of the active region in an LED in operation is one the major concerns 

in improving the internal quantum efficiency. Actually, the reduction of the influence of 

nonradiative recombination and, consequently, the increase of the internal quantum 

efficiency results in reduced heat release in the junction and, consequently, is a measure with 

a double effect. Meanwhile, the internal quantum efficiency is far from being 100% to solve 

the heating problem, and heat management on the chip level is one of the major challenges 

for LED producers.  

The light extraction efficiency has been in a focus of LED producers whithin the last 

decade and is improved significantly as a result of these efforts. The basic problem with the 

light extraction from the active region is that the radiative recombination occurs in a crystal 

with a high refraction index. The light propagating through the surface of the crystal (with 



refraction index n1) into the air (n2) at an angle exceeding the critical angle αc =

arcsin(n2 n1⁄ ) )arcsin( 12 nnac   experiences the total internal reflexion (see Figure 2-23).  
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Figure 2-23. Light rays in the vicinity of the 

critical angle for the total internal reflection. 

Figure 2-24.Light escape cone. 

The refraction index in semiconductors used for LED fabrication is rather large (e.g., 3.4 

for GaAs). Therefore, the critical angle is small, e.g., only 170 for GaAs and 240 for GaN. 

As a result, only the light propagating towards the crystal surface within a narrow solid angle 

can escape from the LED structure. The rest of the light is reflected back to the crystal, 

experiences multiple reflections inside the LED structure, is reabsorbed, and the major part 

of this light becomes lost. 

The escape cone is depicted in Figure 2-24. The ratio of powers of the light emitted inside 

and escaped outside the flat surface equals the ratio of areas of the sphere segment 

corresponding to the critical angle and the entire sphere, corresponding to the solid angle of 

4. This ratio  

 cesc rSPP  cos15.04 2
int  .    (2-21)  

Since the angle c is small, cosc can be expanded in series and the higher terms in the series 

can be neglected. This leads to the final result: 
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As follows from (2.4.4), only 2.2% and 4.2% of light escapes from a flat surface of GaAs 

and GaN, respectively. 

The first approach to increase the extraction efficiency attaining widespread recognition 

was covering the crystal by a dome of optically transparent material with refraction index 

intermediate between those of the LED chip and air. The light propagation in such an 

encapsulated LED chip is sketched in Figure 2-25. The smaller difference in refraction 

indices at the surfaces are favourable for broadening of the escape cone, while the spheric 

shape of the dome increases the fraction of light hitting the surface between epoxy and air at 

smaller angles. Transparent varieties of epoxy with refraction index between 1.5 and 1.8 are 

commonly used for the domes. These epoxies are stabile at room temperature but their 

optical transparency degrades at temperatures above ~1200. This is an issue for high power 

LEDs. To solve this problem, silicone encapsulation thermally stabile up to ~1900 was 

introduced instead of epoxy for the high brightness LEDs in 2000. The dome shaped 

encapsulation is technologically simple and inexpensive but increases the light extraction 

only by a factor of 2 to 3 in respect to the few percents escaping the flat surface. 

Epoxy

Substrate

Active 

layer

 

Figure 2-25.LED chip with an epoxy dome to increase the light extraction. 

The extraction can be nearly doubled by reflecting the light propagating in the substrate 

direction. Since the entire LED structure has to be deposited on the top of this mirror, simple 

metal layers are not suitable as the mirrors here. Distributed Bragg Reflectors (DBR) 

consisting of multiple layers with alternately changing high and low refraction indices and 

thickness equal to the quarter of the central wavelength emitted by the LED. The reflection 

coefficient can be increased by selection of materials with possibly larger difference in 

refraction indices and by increasing the number of the layers. This is a difficult problem, 

since lattice matching within the DBR and with the subsequent layers forming the LED chip 

is of considerable importance. DBRs consisting of related materials are usually employed. 

For example, AlInP/AlGaInP or AlInP/GaAs DBRs are used for AlGaInP LEDs. Another 



problem with DBRs is that their refection coefficient strongly decreases for light hitting the 

mirror at angles deviating from normal incidence. This effect can be mitigated by using 

hybride DBRs with two pairs of materials with different refraction indices or DBR structures 

with a slight deviation from periodicity, however, such sophisticated DBRs are difficult to 

fabricate and expensive. Omnidirectional reflectors efficiently reflecting the light with any 

incident angle were demonstrated by using materials with very large difference in refraction 

index, e.g., polistirene with n = 1.8 and tellurium with n = 5 or material with double light 

refraction. However, this approach had no development towards commercialization.  

Even an ideal reflector adds only one escape cone to that depicted for flat surface in Figure 

2-25. Six escape cones could be ensured for large crystal surrounding the active region as 

depicted in Figure 2-26. Such LEDs with thick transparent window layers (see Figure 2-27) 

are difficult to grow. This approach is better suited for AlGaAs-based LEDs grown by PLE 

technique but is unacceptable for III-phosphide and III-nitride LEDs deposited using 

MOCVD technique, first of all because of low deposition rate in MOCVD process. 

For LEDs deposited on transparent substrate, the substrate can be used as the window 

layer. Flip-chip configuration is used to utilize this feature (see Figure 2-26 and Figure 2-27). 

This configuration is also convenient for effective heat removal from the active region to a 

heat conductive substrate. 
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Figure 2-26.Six escape cones from cube-

shaped crystal. 

Figure 2-27.Design of an AlGaAs/GaAs 

LED with thick window layer. 

 

The flip-chip configuration was introduced for AlGaInP/GaP LEDs. To decrease the 

number of reflections inside the crystal before escaping outside, the chip side walls at the 

angles of 350 to vertical were fabricated using beveled dicing blade. This truncated-inverted-

pyramid configuration is depicted in Figure 2-28. Using this configuration, external quantum 



efficiency of 55% was achieved for AlGaInP/GaP LEDs. The flip-chip configuration was 

later adopted for InGaN/GaN LEDs deposited on spphire (see Figure 2-29). 
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Figure 2-28.Truncated-inverted-pyramid 

LED configuration. 

Figure 2-29. Flip-chip configuration for 

InGaN/GaN LED deposited on spphire. 

 

 

2.5. White LEDs 

White light can be produced in LEDs basically in two ways : i) by mixing the light of 

three or more LEDs emitting at different, appropriatelly selected wavelengths, or ii) by using 

emission of a blue LED as one spectral component and emission of one or several phosphors 

excited by the blue LED.  

The first approach is usually referred to as a multichip design. Note, however, that the 

term multichip design is also used to characterize white or colored LEDs consisting of many 

small closely packaged LED chips to ensure a higher luminous flux. The main disadvantage 

of making white LEDs by mixing emission of several colored LED is in difficulty of their 

fabrication. As discussed in section 2.5, efficient LEDs emitting in red, green, and blue are 

currently produced using different materials. Consequently, the growth technologies for the 

different kinds of the LEDs are incompatible, and it is not feasible to fabricate the LEDs of 

all necessary colors closely packed on one substrate. Thus, the multichip white LED has to 

be assembled from discrete colored LEDs. Moreover, the emission bands of the colored 

LEDs are quite narrow (approximately 20 nm wide). Thus, the color rendering of the white 

light obtained by mixing the components of two or even three LED is insufficient for many 

applications. The color rendering can be improved by mixing appropriate spectral 



components emitted by four of more LEDs, however, this improvement is achieved at 

expense of efficiency and significantly increases the production costs.  

The multichip white LEDs have certain advantages. First of all, the separate driving 

circuits for LEDs of different colors enables easy changing the color temperature of the white 

LED or even selection of a necessary color corresponding to the needs of current application. 

The capability of tuning the driving current individually for all collors enables an easy 

adjustment of the white light to optimize the white LED for better color rendering or 

efficiency. An easy feedback between output parameters and driving current can be pointed 

out as another advantage of multichip white LEDs. This feature can be utilized for 

compensation of the changes in output parameters caused by temperature variations, aging, 

etc. Recent developments of technology for fabrication of InGaN epilayers with indium 

content above 25% to shift the emission wavelength to the green region and considerable 

improvement in quality InN epilayers and ternary InGaN with considerable Ga content to 

have emission in red make the hopes to fabricate a trichromatic white light source in one 

InGaN-based chip increasingly realistic.However up to now, the disadvantages overweight 

the advantages of multichip white LEDs and they are not produced on commercial scale. 

The second approach exploits wavelength conversion of a primary LED to produce the 

white light. Efficient phosphors are currently being used for the wavelength conversion. The 

least expensive white LEDs on the market now consists of a blue LED surrounded by 

transparent medium containing phosphor material. The phosphor absorbs a part of the light 

emitted by the blue LED and emits in the yellow region. Appropriate selection of spectral 

positions of the primary blue emission and the phosphor emission allows one to obtain the 

white light. The blue LEDs based on InGaN MQWs are most efficient at 465 nm. This 

emission is well absorbed by cerium-doped ittrium aluminum garnet (Y3Al5O12 :Ce3+ or 

YAG :Ce, for short). YAG :Ce is an efficient phophor with emittion efficiency close to 

100%. The emission of YAG :Ce occurs due to optical transitions in Ce3+ ions from the 

lowest excited level to two final levels with close energies. As a result, the phosphor emits a 

broad band in yellow region (see Figure 2-30a). Technology of YAG :Ce production is quite 

mature, since this phosphor has been previously used cathode ray tubes (CRTs) including 

TV screens. Design of the white LED consisting of a blue LED and YAG :Ce phosphor is 

depicted in Figure 2-30b. The producers of white LEDs modify the design to improve mixing 

of blue and yellow components, increase efficiency, and inhibit aging of the chip. One of the 

most substantial modification is the concept of remote phosphor. According to this approach, 

phosphor is not distributed in the encapsulation covering the LED chip but is placed as a 

layer at certain distance from the chip. The key advantage of remote phosphor approach is 



moving the phosphor material away from the LED where heat is generated and can cause 

the phosphor to shift in color over time. 
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Figure 2-30. Design (a) and spectrum (b) of phosphor conversion LED based on InGaN blue 

LED and YAG :Ce phosphor. 

Currently, the blue InGaN LED and YAG :Ce phosphor is the couple of choice in 

practically all bichromatic LEDs on sale. The choice is based on appropriate positions of the 

emission bands, high efficiency, matching of emission and absorption of LED and phosphor, 

and comparatively low price.  

The efficiency of the bichromatic phosphor-converssion white LEDs offered by the 

leading LED producers exceeded 100 lm/W approximately in 2006s. Thus, the efficiency is 

currently better than that of the compact fluorescence lamps. However, the color rendering 

of the bichromatic white LED (CRI = 80) is too low for certain applications. The color 

rendering could be slightly improved by introduction of a phosphor with emission spectrum, 

which is redshifted in respect to the spectrum of conventional YAG :Ce phosphor. However, 

no such phosphors with sufficient efficiency has been found up to now.  

The color rendering of the phosphor conversion white LED is substantially improved by 

using two intead of one phosphor. In currently common warm-white LEDs, a phosphor 

emitting in red is used in addition to YAG :Ce. However, the introduction of the second 

phosphor decreases the efficiency and price of a white LED, such LEDs are of demand on 

the market. 

It would be easier to find efficient phosphors, if a UV LED would be used instead of the 

blue LED currently in use. However, efficiency of UV LED si still well below the efficiency 



of blue LEDs. Thus, this approach has currently no prospects in the nearest future. Moreover, 

the increase in efficiency of such white LEDs based on UV LEDs has physical limits. The 

difference between the energy of the UV photon emitted by the primary LED and the photon 

in visible emitted by appropriate phosphors after absorption of the UV photon is transfered 

to the lattice. These energy losses of 1 eV or more per one photon (consequently, per one 

electron-hole pair injected into the active region of the UV LED) are quite substantial in 

comparison with the energy of the photons in the useful emssion of white LED (mainly in 

the range 2–2.5 eV).  

The progress in improvement of white LED is quite fast due to strong international 

competition. It is worth noting that the LED efficiency strongly depends on temperature. 

This is important when comparing the products offered by different companies. For example, 

in 2013 the US-based company Bridgelux announced an industry-leading efficacy of their 

Vero white LED family as high as 122 lm/W. However, this efficacy was estimated at 25°C, 

while many other companies usually characterize their LEDs at operating temperature of 

85°C. At the higher temperature, the efficacy of Bridgelux LEDs should be close to 100 

lm/W. This is in the same range as white LEDs from Cree, Philips Lumileds, and other 

leading companies. 

 

 

 

 



3. Application of LEDs 
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3.1. Introduction 

LED applications are increasing in volume and expanding in variety. The main 

constituencies of the total LED market by applications are presented in Figure 3-1. 

 

Figure 3-1.Worlwide revenue of packaged LEDs in 2011 by applications. [After Strategies 

Unlimited] 

As expected in forecasts published five or more years ago, LEDs used in cell phones had the 

largest marked share in 2011. However, other market segments also showed recently a very 

rapid growth. The share of backlights for TV and computer monitors increased from the 

forecasted 10% to the currently observable 21%. Increasingly larger market share is taken by 

LEDs for lighting applications.  

The biggest LED market is general lighting. Since introduction at the verge of 20th century, 

the electric lighting industry has been a very conservative, stabile and traditional industry with 

slow but steady rate of innovation, high degree of standardization and four major types of 

gradually improved products: incandescent, fluorescence, halogen, and high intensity discharge 

lamps. All these lamps can serve as an example of a mature technological product with 

optimized materials and designs well adapted to application conditions. Introduction of 

phosphor conversion white LEDs on commercial scale in 2008 and subsequent improvement 

of the performance of the white LEDs initiated a burst of innovations and changes in this 

previously conservative market. Up to now, the main progress in application of LEDs in general 

lighting is based on development of retrofit lamps for replacement of conventional lamps in 

existing lighting systems. This is a simple approach that does not require substantial changes 

in the lighting systemsalready available. However, this approach does not utilize certain 

advantages of LEDs, like small driving current and low voltages, DC operation, small size 



enabling versatile composition of luminaires, etc. Another approach utilizing the entire 

spectrum of LED advantages by introducing novel LED-adapted lighting systems is more 

promising in view of energy safety and other consumer benefits but is still to come. Currently, 

the bottleneck in the introduction of LED-based technology in general lighting shifts from 

improvement of white LED performance to development of LED-based lamps and luminaires. 

High-power (0.5-5 W) and super-high-power (>5 W) LEDs are the trailing edge of LED 

technology. However, in 2011, they comprised approximately 33% of the revenue of all 

packaged LEDs (both InGaN and InGaAlP LEDs in total). Thus the market is still favourable 

for producers of lower power rating LEDs, which are less demanding for novel technologies 

and quality. This is strongly in favor of Chinese producers developing very rapidly in 

production volume and LED performance, though still laging slightly behind the state of the art 

in LED efficiency and lifetime. With the current strong research and development support, 

especially from Taiwan, LED production in mainland China have very good prospectives, 

especially for a high performance and price ratio. The development is strongly supported by a 

large domestic market. For example, the Chinese domestic market in 2012 for indoor lighting 

is $4B. Nevertheless, the technologically leading companies in LED business are still based in 

Europe, US, Japan, and South Korea. The top 10 LED producers worldwide by revenue are 

Nichia, Samsung LED, Osram Opto Semiconductors, LG Innotek, Seoul Semiconductor, Cree, 

Philips Lumileds, Sharp, TG, Everlight. In 2012, the revenue of these 10 companies accounted 

for 68% of the global LED revenue. The ways leading these companies to the elite of LED 

producers was quite different. Initially, Japanese company Nichia was mainly selling florescent 

tubes for TVs, invented blue LED in 1993 and took the lead as a LED manufacturer afterwards. 

Nichia LEDs have a good customer reputation for high quality, their patents also provided a 

significant revenue share.OSRAM Opto Semiconductor GmbH of Regensburg, Germany, a 

wholly owned subsidiary of OSRAM GmbH, was founded in 1999 as a joint venture between 

Osram and Siemens subsidiary Infineon Technologies. Currently, the company provides 5 000 

products and has sales and distribution offices in 140 countries. Seoul Semiconductor was 

established in 1987. In 2006 the company introduced the world’s first commercially-produced 

AC LED. Currently, Seoul Semiconductor produces 4 billion LED packages per month. Cree, 

Inc., Durham, North Carolina, is a multinational manufacturer of LEDs, as well as materials 

and devices. As a worl-leading supplier of silicon carbide based semiconductor materials, Cree 

provided successful technological solutions for development of InGaN LEDs on SiC 

substrates.Philips Lumileds is a world-leading manufacturer of high-power LEDs. The 

company pioneered in production of high-power (>1 W) LEDs with the brand Luxeon 

exhibiting superior performance and lifetime of 50,000 hours. Everlight, established in Taipei 



in 1983, is an example of a company gradually increasing its capacities and markets to join the 

top 10 LED manufacturers. 

The LED lamps have many advantages over the conventional lamps. 

Im principle, LED is an ultimate light source, i.e., there are no physical limitation for 

increasing the efficiency of an ideal LED up to 100%. Naturally, there are technological 

problems limiting the efficiency, however, these limits are pushed up to approximately 90% for 

certain kinds of colored LEDs and up to ~30% for blue and white LEDs. There are still feasible 

prospects for further improvements of LED efficiency. 

The lifetime of LEDs is up to 100 000 hours and exceeds that of all other artificial light 

sources in use. It is worth noting that the lifetime of 100 000 hours is currently ensured only for 

LEDs of worldwide leading LED producers. However, many new LED producing companies 

all over the world significantly are currently improving the lifetimes of their products 

significantly. On the other hand, these 100 000 hours are excessive in many applications, since 

most of LED containing devices have considerably lower expected lifetime. Meanwhile, aging 

of LEDs is still an important issue in many applications. Decrease of luminous flux by 10-30% 

can be observed for certain types of LEDs during the first thousands of their operation. 

Low voltages (few volts) and weak driving currents tens of miliamperes) are attractive, first 

of all, in portable and autonomous applications. They also are important for safety of certain 

LED-containig dfevices. These advantages are currently not utilized in such big applications as 

general lighting. To ease the transformation from conventional to LED-based light sources, 

retrofit LED lamps to fit the existing alternating current (AC) ligting installations are still the 

main LED-based lighting products. However, the low voltage weak current driving of LEDs, 

together with their direct current (DC) operation, are promising for developing and wide-scale 

installation of local DC electricity supply systems, which are also appropriate for computers 

and many other devices (especially, home and office devices). Fully-integrated LED luminaires 

seem to be the dominant option in the future. Dimming is an easy feature to accomplish for 

LEDs just by changing current, when in DC driving, or off-on-time ratio at pulsed driving.  

LEDs are mechanically rigid and, if properly encapsulated, can work in harsh chemical 

conditions. They are small, thus offering a wide flexibility for customized grouping, mounting, 

assembling, and suitable for various designs of LED-based lamps and luminaires.  

LEDs emitting in a wide spectral range from IR to UV are available, though their maximum 

power and efficiency significantly depends on emission wavelength. Anyway, various spectra 

can be composed combining an appropriate number of appropriate LEDs. For many 

applications, it is important that the emission spectra of LEDs are comparatively narrow, with 



their typical band width of approximately 20 nm, and high quality LEDs do not emit any light 

outside this band, in contrary to many other types of light sources having broad spectra and 

undesirable emission either in IR or UV regions. 

LEDs is an environment friendly technology. The current tests on hazardous waste contained 

in LED lamps (by grinding and testing for toxic elements) show that the content hazardous 

materials does not exceed that typical of other electronic devices like cell phones, and the 

impact of LED lamps on the environment is considerably smaller than that of incandescent and 

compact fluorescence lamps. This advantage is significantly enhanced by considerably longer 

lifetime of LEDs. 

LEDs have also certain disadvantages or, to be more exact, problems that currently are being 

solved. In certain applications, prices of LED-based lamps are higher than the prices of 

conventional lamps. However, the prices decrease in average exponentially within the last two 

decades and have good chances for further decrease. In many applications, e.g., general 

lighting, the LED technology offers considerable savings throughout the entire lifetime of the 

LED-based lamp but customers are reluctant to purchase the LED lamp because its price is 

higher than the prices of conventional lamps. Thermal management is another issue, both for 

LED chips and for LED-based lamps and luminaires. This problem is being solved but the most 

straightforward solution is increasing the efficiency of LEDs, so that less power would dissipate 

as heat. For white LEDs used in general lighting, a large luminous flux per LED chip is desired. 

However, III-N based LEDs suffer from the droop effect – a decrease in LED efficiency as the 

driving current is increased to increase the luminous flux. 

Color rendering is still a big issue for white LED lamps implemented in general lighting. 

The problem is being solved with continues progress, however, at expense of efficiency and 

costs. A reasonable trade-off between color rendering and other parameters important for white 

LEDs’ performance seems to be continuously a permanent problem. Cost of white LED lamps 

is one of their major disadvantages and an important issue for implementation of LEDs in 

general lighting, their largest market. The exponential decrease of lumen per watt emitted by 

LEDs, which is observed during the last two decades in parallel with an exponential increase 

in illuminance of a single-chip or multichipLED package, enables the leading lighting 

companies to offer LED 60 W-incandescent-equivalent lamps for less than $15 in 2013. It is 

forecasted that $10 price target should be sufficient for fast penetration into the general lighting 

market. Under the slogan The Biggest Thing Since the Light Bulb™, Cree, Inc., introduced a 

retrofit lamp containing 20 LEDs with an omni-directional light distribution. A similar in 

performance 800 lm lamp with remote phosphor configuration offered by Philips, also at sub-



$15 price, as well as recent products by other companies approach the $10 target, ensures color 

rendering index exceeding 80, offer a 10-year warranty and promis a payback period of 1 year. 

Two approaches for replacement of conventional lamps by LEDs are being developed: DC 

and AC LED lamps. Basically, an LED is a diode type device needing one voltage polarity for 

its operation. Thus, DC driving current seems to be a natural option. However, the conventional 

230V/50Hz and 110V/60Hz power supplies provide AC current, and AC/DC converters are 

necessary for DC LEDs. In parallel, AC-LED driving schemes are being developed. These 

activities several years ago were pioneered by Seoul Semiconductor, Korea, Epistar, Taiwan, 

and Lynk Labs, USA. A little bit in contrary to the name AC-LED, current flowing in one 

direction is used in a single chip but the chips are grouped to use both half-cycles of the driving 

AC: one group emits light during one half-cycle and is dark during the other half-cycle of the 

sinusoidal AC waveform. The AD versus AC competition for LED driving is still not decided. 

Finally, it is worth noting that the performance and lifetime of organic LEDs (OLEDs) are 

being successfully improved, and OLEDs evolve to a competitive light source, at least for 

certain applications. Touch screens of cell phones as well as TV screens and computer monitors 

are probably the first targets for implementation of OLEDs on a large commercial scale. 

3.2. Street lighting 

The street lighting ingeneral encompasses highway, road, tunnel, parking, residential, and 

amenity lighting applications. It is an important segment of outdoor lighting. Architectural 

lighting was the early adopter of solid state lighting technology, however the street lighting 

currently becomes the main driver in the market of outdoor lighting. At the end of 2012, 

approximately 2% of street lights (1 mln units) in US are already replaced by LEDs. As a result, 

3.5 trillion BTU1 per year is being saved. According to the forecast of Yole Development (see 

Fig. 4-2), the worldwide marked of LED luminaire for road and street lighting currently 

experiences a rapid growth until its climax in 2016 at approximately $520M. Tunnel lighting 

will be the first driver for this growth and will be followed by highway, road, residential, and 

amenity lighting applications. Saturation and a slight decline of the market beyond 2016 will 

be influenced by decreasing replacement market and by decrease in the average selling price of 

LED luminaires expected with expanding production volumes. 

                                                 

1 TheBritish thermal unit is the amount of energy needed to heat one pound of water by one degree Fahrenheit and equals 

1055 J. 



 

Figure 3-2.Worlwide marked of LED luminaires for road and street lighting. [After Yole 

Development] 

To the end of 2012, Los Angeles city has istalled LED-based luminaires in more than 

115,000 streetlights. During the period of this installation, the price of the LED fixtures has 

dropped from $432 in 2009 to $245 in 2012. As a result of this conversion from the incumbent 

high-pressure sodium (HPS) streetlights to LED-based fixtures, the city is already saving more 

than 60% in energy for street lighting. The annual savings of 60,000 MWh of electricity is 

worth $5.4M and reduces carbon emissions by 35,600 metric tons. In addition, $2.5M per year 

is saved in maintainance costs, due to considerably longer lifetime of LED fixtures (10-15 

years). However, Los Angeles city is still just an outstanding example. A survey of 1.1 million 

street lights in 212 cities across California (LA was not included) shows that the penetration of 

LEDs is 2-3% in California, while 76% of the street lights there contain high-pressure sodium 

lamps. The LED penetration estimates for all US cities in 2011 were below 1%. Costs are the 

main concern for faster penetration. Typical average prices in 2012 were $360, $490, and $345 

for 100 W, 150 W, and 250 W replacements, respectively. Though 10 years is a common 

payback period for many municipal products, the period of few years is expected for LED-

based street ligting to be introduced on a large scale. Naturally, the payback period strongly 

depends on energy costs now and in the future. 

High-mast lights used at freeway interchange installations, transportation terminals and 

other outdoor maintenance and storage areas is a specific type of lights, quite different from 

more common street or road lights. The high-mast lights are regulary fixed above 20 m, 



ocationally up to 80 m, while typical street or road luminaires are fixed between 10 and 20 m 

above the ground. Instead of typically rectangular light pattern in conventional street and road 

lighting, high-mast luminaires are usually designet to evenly light a maximum-diameter circular 

or squared pattern. The high light output necessary for high-mast lights increases the costs of 

LED luminaires and, consequently, extends the lifecycle payback periods beyond attractive 

limits. Thus, it was generally accepted that metal-halide (MH) or high-pressure sodium (HPS) 

light sources are favourable for the high-mast lights. However, typical a 1000 W HPS lamp 

with balast currently used in high-mast installations consumes 1200 W. The LED replacement 

saves 600 W or more. As a result, the $1200-$1300 currently payed for a complete LED-based 

kit should pay off in approximately four years. In addition, more savings might be expected due 

to reduction of maintenance costs, since HPS lamps annually require a replacement, which is 

technically quite difficult for high-mast lights. The LED luminaires for high-mast lights still 

lag behind of the corresponding HPS luminaires but is by far superior in color rendering. 

Trafic safety is the major concern in road lighting. Thus, an increase in safety is expected as 

a significant benefit, side by side with expected energy savings. I addition, the LED based urban 

lighting installations might contribute to security in urban areas at night. A better visual comfort 

and more flexible landscape integration can be also pointed out as expected benefits of the 

LED-based street lighting. 

Introduction of LED lamps should boost lighting of higways and other non-urban road. This 

is an important safety issue, since 55% road accidents with fatalities and 37% of all road 

accidents occur at night, though night traffic represents only 25% of the total traffic. Statistical 

studies indicate that half of all drivers feel considerable stress when driving at night. In 1931, a 

road near Eindhoven, the Nederlands, became the first non-urban road lighted with electricity. 

In the same year, it was followed by an 18 km section on the road between Marseille and Aix-

en-Provence, which was equipped with four hundred 200-W tungsten filament incandescent 

lamps mounted at a height of 9 m at a distance of 45 m from each other. More energy efficient 

sodium lamps were introduced for lighting of non-urban road between Paris and Versailles in 

1933. Currently, LED-based lamps are also being introduced for country road lighting, though 

their advantage of easy control is less important on country roads than on urban streets. 

However, thse installations have other benefits. For example, solar powered LED-based road 

lighting installations might be more attractive than comparable grid-based lighting solutions, 

first of all, for their lower total costof ownership due to bill-free electricity, practically no need 

for re-lamping, and no need for expensive electric grid lines, which are a major cost driver for 

lighting installation on certain country roads. 



Requirements for lamp properties in different outdoor lighting applications are quite 

different. For example, lighting in parks should be planned in view not only of security but also 

of visual comfort at night. Side by side with energy savings, the latter feature is usually 

seriously considered when replacing incumbient luminaires or making new installations in 

parks. For example, in 2012 US Department of Energy carried out a Gateway study of LED 

luminaires provided by four companies to retrofit the 1588 post-top luminaires in the New York 

City’s Central Park. Spring City luminaires were the only option providing warm-white lamps 

(at correlated color temperature of 3000 K), and this feature was a very important advantage to 

win the competition, though other companies provided luminaires with lower lifecycle cost. 

Two illuminances are important for walkway illumination: the horizontal illuminance 

characterizes the amount of light available for navigating along the path and to light the adjacent 

grass and other plants, while the vertical illuminance has to be sufficient to identify the faces 

of approaching persons and see the color of their clothing. Compared with incumbient metal 

halide (MH) luminaires, most of the LED luminaires for walkway lighting currently on sale 

exhibit better vertical and horizontal illuminances at lower overall lumen output of the LED 

luminaire and ensure energy savings of 50-80%. 

The major advantage of LED luminaires in tunnel illumination is their long lifetime, since 

replacement of lamps in tunnels is costly and often induces heavy traffic interuptions. Currently, 

the LED luminaires are most suitable for transit and interior zones in a tunnel. Lighting in 

access, threshold and exit zones require a higher light output and further development of LED-

based lighting technology is necessary to make LEDs economically viable for applications in 

these tunnel zones. 

A large potential for energy savings by introduction of LED-based lighting is expected in 

parking garages. Due to safety and security demands, these buildings have to be lighted 24 

hours 7 days per week, regardless their actual usage. The installation results show that the 

replacement of HPS luminaires by LED luminaires ensures energy savings above 50%, due to 

reduced power draw. The savings can be further substantially increased by using the 

occupancy-sensor controls. The total savings in the low state might reach 95%. The savings 

due to introduction of occupancy-sensor controls strongly depend on the sensors’ default delay 

setting, i.e., on the time between the last detected motion and switching back to the low state. 

This time has to be sufficient for the vehicle to enter the area and park and for the occupants of 

the vehicle to conveniently exit the parking area. Typical energy savings by replacing HPS 

lamps by LEDs were calculated to amount 76% at a 10-minute delay and 88% at a 2.5-minute 

delay. The attractiveness of the LED-based lighting combined with occupancy-sensor controls 

is obscured by rather long payback period of 5 to 7 years, which is mainly caused by relatively 

high cost of LED luminaires. 



It is generally accepted that the maximum energy savings enabled by LED based luminaires 

can be utilized by developing adaptive controls of the outdoor lighting systems. Static 

occupancy sensing is insufficient. For example, the lighting installation should not only detect 

a moving object inside the lighted field but also estimate the direction of travel of the object. 

Summing up the first results of implementation of the LED-based lamps in city street lights, 

it could be concluded that the energy saving achieved by introduction of this lighting 

technology might exceed the initial expectations of 40% and reach beyond 60%.  

The LED lights significantly outperform their competitors, including the modern high-

intensity discharge lamps (HID), also by the average failure rate with 0.2% for LEDs and 10% 

for HIV. On the other hand, the extremely long lifetimes of LEDs (up to 100 000 hours) are 

excessive, since they correspond to the lifetime of a LED-based luminaire in realistic conditions 

up to 30 years that is not feasible due to expected modernization of streets and street lighting. 

For 24-hour, 7-day per week operation, lifetimes of 50-60 thousand hours is a reasonable 

lifetime. Thus, the LEDs in streets lights might be run at higher temperature gaining light output 

at certain expence of their lifetime. Color rendering issues in street lighting should be addressed 

more specifically, taking into account energy saving as well as safety and security. 

3.3. LED-based lighting in remote areas 

The major problems related to energy supply and consumption can be arranged into 

fourmajor groups: i) a drastic reduction in fossil fuel reserves, ii) environment pollution due to 

increasing exploitation of the fossil fuel, iii) increasing dependence of countries poor in energy 

resources on energy-rich countries, and iv) strongly inhomogeneous distribution of energy 

availability for the nearly 7 billion inhabitants of our planet. According to the estimates of the 

International Energy Agency for 2005, nearly a third of the population in the developing non-

OECD countries (excluding non-OECD Europe and Eurasia), i.e. about 1.6 billion people, do 

not have access to electricity [2]. In sub-Saharan Africa, even more than 75% of the population 

still has no access to electric power. There are at least two features important for the future 

development of access to electricity in developing countries: i) products and services related to 

electricity generation and consumption in non-OECD countries have large and rapidly growing 

markets, ii) most of those 1.6 billion people without access to electricity live in remote areas, 

where electricity supply lines are definitely not expected in the foreseeable future. These 

features make application of LEDs for lighting in remote areas not only technically favourable 
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but also economically feasible. The LED-based lighting in developing countries might take a 

considerable share of those $38 billions, which are spent annually worldwide for fuel used for 

lighting [3]. Consumption of electricity for lighting in countries with underdeveloped industry 

reaches up to 95%. Thus, the introduction of the LED-based lighting might turn out to be more 

efficient in developing countries than that in developed ones. The growing demand for 

electricity in developing countries is and will be met by exploiting the least expensive energy 

sources available, predominantly by burning fossil fuel. The resulting CO2 pollution might be 

diminished by introducing efficient LED-based lighting. Thus, the financial aid of the leading 

industrial states for introduction of LED-based lighting in poor developing countries might turn 

out to be very efficient in comparison with other possible measures to reduce the global 

greenhouse gas emission.On the other hand, a substantial contribution in spreading the LED-

based lighting technology to remote areas might be expected from countries currently 

exhibiting fast economical and technological development, especially from China.  

The LED-based lamps have extraordinary advantages due to energy-efficiency, long 

lifetime, durability, and, in a long run, a high performance per price ratio. Combination of white 

LEDs (WLEDs) with renewable energy sources (solar, wind and small-scale hydropower) 

offers a unique chance to fabricate off-grid lighting systems suitable for using in remote areas. 

The major technical problems of LED-based lighting are basically the same for on- and off-

grid lighting systems anywhere around the globe. One of the major problems is a tradeoff 

between color rendering, efficiency, and price. Efficient and low-price LED lamps exhibiting 

a lower color rendering might be less attractive for consumers in developing countries but quite 

acceptable for population in remote areas of developing countries, where any electric lighting 

was not available before (e.g., in sub-Saharan African countries like Kenya, where the 

overwhelming majority of the population lives in the rural areas, and the penetration of grid 

electrification is of the order of 1% [4]). The households in those remote areas have a chance to 

get a modern though not yet well optimized LED lamps by leapfrogging such conventional light 

sources as incandescent and fluorescence lamps and, sometimes, also candles and kerosine 

lamps. 

Fireplace, splints made of resinous wood, torches made of a rope impregnated with tallow, 

pitch, or resin, wick lamps, primitive candles5 are still in use as light sources by a considerable 
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part of world population, in spite of being very inefficient and harmful for health. Up to now, 

in high-altitude Nepalese Himalayan villages, the only light source for indoor lighting, in 

addition to open fire used for heating and cooking, is a resin-soaked pine stick jharro. To 

produce the jharro, a notch is made in the bark and top-layer wood of higly resinous Himalayan 

pine (Pinus Wallichiana). Within a week or so, the intentional wound results in accumulation 

of pine resin around it. Then the resin-soaked wood is split out of the tree trunk. After the first 

harvest of the resin-soaked sticks, the wound is made deeper and new sticks are split off step 

by step until the tree dies. In Figure 3-3, you can see how the Himalayan pine is being gradually 

destroyed by production of jharro, while Figure 3-4 depicts jharro in action. To light a room 

using jharro, one end of the stick is usually fixed on elevated stone or mud pile at a height of 

40-50 cm from floor, and light is set to the other end of it. The luminous flux ofjharro is quite 

low : an average illuminance on the floor at a horizontal distance of just 1 m from the burning 

jharro is typically 2 lx [6]. Thus, the jharrolighting is not adequate for visually oriented tasks 

such as reading. It is important that the burning resin-soaked wood emits smoke containing a 

lot of CO, CO2, and particulates, which are hazardous for health of the people living in the 

room, especially for women who spend more time indoor than men do. 
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Figure 3-3.Himalayan pines being 

gradually destroyed by production 

of jharro [7]. 

Figure 3-4.Room with open fire for cooking and jharro 

for lighting in remote Nepali village. [Courtesy of Alex 

Zahnd] 

Lamp oil was introduced in Abaside Caliphate around the year 850. This lamp oil (kerosene) 

was produced from crude oil using an apparatus similar to the pot still, which is used for 

distilling whisky and brandy nowadays. Nevertheless, kerosene did not become a dominant 

lighting liquid until the 19th century. Instead, whale oil was used as a convenient combustible 

liquid in wick lamps for both indoor and outdoor lighting. However, in the second half of the 

19th century the demand for lighting liquid substantially increased, while the number of whales 

drastically decreased. Canadian geologist A. Gesner demonstrated a new kerosene production 

process discovered by him in 1846 and coined the name kerosene (a contraction of keroselaion, 

meaning wax-oil [8]). Kerosene (kerosine) is produced predominantly of crude oil and consists 

of hydrocarbons having 11 or 12 carbon atoms. Kerosene production initiated drilling oil wells 

after the first wells were drilled close to Oil Creek in Pennsylvania, USA, in 1959. A 

considerable share of kerosene is still used for lighting. For example in India, 600 million 

people have no access to electricity, only higher-income families, aprroximately 35% of 

households, in electrified  villages can afford electric lighting [9], while many electrified 

households use electric lighting only in living rooms and outer verandahs, while kerosene-based 

lighting is being used in the kitchen and for other miscellaneous activities. Luminous efficiency 

of kerosene wick lamps is low: the total annual light output of a simple wick lamp 

(~12,000 lumen-hours) is equivalent to the output of a 100-watt incandescent bulb within 10 

hours [3]. Most of the wick lamps used in developing countries are homemade using a glass 

bottle as a kerosene container and a scrap of cloth as a wick. More sophisticated hurricane 

lanterns, kerosene petromax, and non-pressure mantle lamps have a higher luminous efficiency. 

Anyway, kerosene lighting is still too expensive for many poor families. A village family using 

1 liter of kerosene per week at a typical price of $0.5 – $1 per liter in remote areas has to pay 

$30-50 a year. This is comparable to the capital costs of an inexpensive lighting system based 

on photovoltaic cell (PVC) and LEDs (approximately $100). The LED-based system serves 
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supposedly for ~20 years with one or two battery substitutions as practically the only item of 

maintenance costs.  

Incandescent lamps dominated the market of lighting sources for a century. However, 

political decisions are already made to ban selling the incandescent lamps, since only ~5% of 

the electric energy they emit as visible light (luminous efficacy equals ~15 lm/W). The current 

decent of the incandescent bulbs in the markets in industrialized countries might temporary 

increase their supply to the lighting markets in developing countries. However, any 

considerable discount in their price can hardly be expected due to the higly optimized 

technology of the incandescent lamp production. Thus, the incandescent lamps seem to have 

no sustainable future in the markets of developing countries.  

Fluorescence lamps and, currently, compact fluorescence lamps (CFLs), currently are 

coming into market as a more efficient alternative for incandescent bulbs. Advantages (higher 

efficiency, longer lifetime) and disadvantages (higher capital costs, poorer color rendering) of 

CFLs are identical with those of WLEDs. CFLs have an advantage of comming first into 

market, while WLEDs outperforms CFLs in efficiency. Due to physical restrictions, efficiency 

of CFLs is limited at approximately 90 lm/W. The efficiency of commercial WLEDs already 

surpassed this value and has a good prospective for increasing further. Thus, the LED-based 

lamps had a chance to be more attractive option than CFLs, at least in developing countries, 

where the penetration of CFLs is still not high. The low lumen-per-watt price, long lifetime, 

ruggedness and low voltages and currents needed are additional advantages of LEDs over CFLs 

for electrification in off-grid remote areas. 

The first attempts to develop local lighting systems for remote areas were carried out before 

commercial high-brighteness LEDs came to marked and were based on CFLs. In 1997, 

professor of Electrical Engineering at the University of Calgary Dr. Dave Irvine-Halliday, while 

on sabbatical at the Tribhuvan University in Kathmandu, Nepal, realized a great need for 

simple, safe and healthy, rugged, and affordable electric lighting for remote villages in 

developing countries and started developing CFL-based autonomous lighting systems. The 

emerging technology of high-brightness white LEDs gave an additional impact for the design 

of autonomous lighting systems suitable for remote rural areas [10]. The first prototype WLED 

lamps were tested in Nepalese villages by Dr. Dave Irvine-Halliday and his wife, Jenny, in 

1999. In 2000, four Nepalese villages became the first worldwide to get WLED-based lighting. 

These activities evolved into a global lighting initiative Light Up The World (LUTW, 
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www.lutw.org), which was established as a legal entity in 2002. Since then, LUTW has grown 

to a highly professional, global humanitarian organization providing links between academia, 

industry and civil society in developed and developing countries. As for 2013, through generous 

support from individuals, corporations, international foundations, host country organizations, 

and industrial partners, LUTW has brought light to more than 30 000 homes and directly 

impacted over 1,000,000 people in over 50 countries. The current LUTW strategy is targeted 

on extensive seeding of the LED-based lighting worldwide and fostering further development 

of this new lighting technology by NGOs (Non-Governmental Organizations) and local 

companies. 

Many advantages of LEDs over the conventional light sources are of especial importance 

when the LEDs are exploited in autonomous systems for lighting in remote areas. First of all, 

LED is an ultimate light source, since LED efficiency might be increased up to 100% without 

physical limitations. The reasonable technological limits are lower but most of the leading 

WLED producers exceeded the luminous efficiency of 100 lm/W already in 2007. In remote 

villages, the higher efficiency enables a decrease of the capital costs for a lighting system per 

household, since more households can be electrified using the same capacities of battery banks 

and power generators (PVCs, wind, or hydro). The tradeoff between efficiency and price is 

substantial, since the cost of WLEDs comprises a large share in the price of the total lighting 

system. Nowadays, the WLED development encounters the efficiency droop phenomenon : the 

LED efficiency decreases when the driving current is increased to obtain a higher luminous 

flux. WLEDs with lower luminous flux (and, correspondingly, with higher efficiency) can find 

a large popularity in the less-lumen-demanding markets in developing countries. Moreover, the 

LEDs have a long lifetime, 100 000 hours for LEDs of leading producers. This is of especial 

importance for use in remote vilages without any qualified maintenance services for long 

periods of time. The anticipated lifetime of the PVC-based lighting systems currently installed 

in remote areas is limited by PVC lifetime of 25 years. Low voltages (1.5-3 V) and low currents 

(tens of mA) might be pointed out as another advantage ensuring safety of inexpensive 

installation wiring inside primitive houses and for simple transmission lines outdoor. Finally, 

small and rugged LEDs have an advantage of mechanical resistance in comparison with all 

other light sources. 

A specific feature of lighting in remote areas is lower requirements for color rendering. 

Currently available cost-efficient phosphor conversion WLEDs consisting of InGaN-based chip 

and a single YAG:Ce phosphor have quite sufficient color rendering for electrification of 

remote villages. Moreover, the optimal power of the lamps to be used in remote villages is quite 

low, thus the problems of heat dissipation are not as important as in the high-power LED-based 

luminaries designed to replace conventional lamps. Minimum power rating of 100 W (2 or 3 

http://www.lutw.org/


incandescent bulbs per household, each consuming 25-60 W) per household hase been assumed 

by government institutions and rural electrification agencies in developing countries as a target 

but such a power rating is obviously too high for remote areas with limited power generation 

capacities by PVCs, simple wind turbines or picohydrogenerators [11]. The optimal illuminance 

there has to be selected as a tradeoff between need for better visual environment and 

affordability. Human eyes can adapt to illuminance within a wide range between starlight at 

night at approximately 10-4 lx and blinding illuminance of 108 lx. The initial target by LUTW 

was at the lighting level of 50 lx in reading areas, 25 lx in major working areas used for cooking, 

food preparation etc., and 5 lx in areas of occasional use [6]. For comparison, the average 

illuminance available on the floor in a typical Nepali room lighted by jharro is approximately 

2 lx [8]. Illuminance of 5-15 lx was suggested as a target for introduction of LED lighting. The 

minimal illumination for reading tasks ~25 lx might be ensured by reading in close proximity 

to the LED lamp. 

 

Figure 3-5.Two types of LED luminaires for installation in remote areas manufactured by local 

Nepali company Pico Power Nepal. 

Since the energy consumption of the LED-based lighting is quite low, even pedal generators 

might be considered as a viable option for electricity generation [12]. Approximately 30 minutes 

of slow pedaling is sufficient to charge a battery enough to light a room for entire evening. The 

battery charging system consists of a low rpm DC motor/generator, a speed-increasing pulley, 
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poly-fiber belts, a voltage regulator, and a digital multi-meter. To prevent premature failure of 

the batteries due to deep discharges, they are equipped with a low-voltage disconnecting switch. 

One charging generator system can be shared between several households, several batteries can 

be charged in parallel.  

Hydro power plants providing power as low as 100-300 W (sometimes called pico hydro 

power plants) can be sufficient for lighting of a small village in remote areas. Dams previously 

used for water mills can be used for installation of the pico hydro power plants. Wind generators 

are also a good option for many romote locations. Their penetration is easier in regions, where 

wind mills were traditionally used for water pumping and other purposes. 

Solar panels are attractive options in desert and mountain areas with low nebulosity, 

especially within the “solar belt” between the latitudes of approximately 400N and 400S. The 

solar belt is created by atmospheric circulation due to solar heating. The heated air rises from 

the equator area moves polewards high near the tropopause, then sinks at the latitudes of 300 

and returns equatorward near the earth surface. This atmospheric circulation pattern is called 

Hadley cell. As a result, the air pressure at the latitudes of 300 increases and creates favorable 

conditions for solar radiation to reach the Earth surface. At the latitudes of 250N, the yearly 

daylight time is ~4500 h; 70% of this is the sunshine time with hourly power densities of solar 

radiation of 1 kW/m2 and more. High-quality silicon PV panels have warranty for 25 years. 

Current experience proves that the lifetime of 25 years can be expected even for the PV panels 

exploited in extreme and harsh conditions with minimal maintenance [13].  

PVC-based village electrification systems can be implemented in three configurations: solar 

home, centrally-located, and clustered systems. Solar home systems including solar panel, 

charge controller, mounting hardware, wiring, and a 600 Wh lead acid battery are designed for 

one household. They are convenient to install one by one, but their price at $250-$350 is too 

high for many households in remote areas. Solar-powered LED lanterns with wattages and 

storage capacities an order of magnitude lower can be packaged into a single unit for $25–50 

affordable for considerably larger part of families without external financial support [14]. The 

costs per household might be reduced by installing centrally-located solar PV system containing 

one or several solar modules (typically 75 W each). A centrally-located battery bank is designed 

to ensure reliable power supply for several days of no sunshine and has the life expectancy of 
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8-10 years [15]. Clustered electrification using several PV-based systems is more cost-effective 

in large or fragmented villages. 

3.4. Emergency lights and signage 

Exit signs were the first LED-based application to conquer the dominant share in the decades 

long dominance of conventional light sources. Penetration of up to 80% for exit signs in US 

was reached in 2002, just in the down of introduction of high-brightness-LED technology. The 

market of EXIT signs is limited but rather considerable. In US, approximately 30 mln of 

emergency exit signs are being used in commercial buildings, 3 mln more are installed in 

industrial buildings. Before introduction of LEDs, 10 to 24 W fluorescent lamps were used in 

emergency signs. They were equipped with color filters ensuring the color of the exit sign, e.g., 

green in US. These lamps can be substituted by 2-10 W LEDs. Thus, the substitution results in 

energy savings of ~15 W per each Exit sign. For entire US, the savings are 4 TWh annually. 

According to population proportions (300 mln in US, 490 mln in European Union), ~6.5 TWh 

annually is saved in EU. This approximately equals the amount of electricity annualy produced 

by an average nuclear power station. The typical life of the exit LED lamp is 10 years, and no 

relamping is needed. 

 

Figure 3-6.Emergency exit sign used in the EU with the emergency escape route indicated. The 

arrow can be pointed up, down, right, and left indicating the escape direction. 

The low energy consumption of LED-based exit signs, however, is important not so much 

for saving recources but more for ensuring safety of people in the buildings equipped with the 

signs. The exit signs are usually most important when the grid electricity disappears in 

emergency conditions. In such cases, the backup electricity sources are activated. However, the 

capacities of the backup energy sources are limited, so that the low energy consumption is very 
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important for exit signs. For the same reasons, LEDs are introduced into emergency lighting. 

Efficiency of the light source becomes the top priority in emergency lighting, while such issues 

as color rendering has very small importance, in contrast to general lighting. LEDs provide 

currently the best choice, especially in view of capability to be tuned for enhanced efficiency 

at certain expense of color rendering. 

Most exit signs in the world, except in countries such as the US, Canada, Australia, Hong 

Kong, Philippines, and Singapore are of pictogram type. See the exit pictogram in Figure 3-6 

In addition, installation of simple and inexpensive alphanumeric displays can serve for 

providing additional information important for safety in emergency situation. 

3.5. LEDs in traffic lights and automotive industry 

The first forerunner of traffic lights – a semaphore-like installation with three arms equipped 

with red and green gas lamps for night-time use and operated by a police constable – was 

installed outside the British Houses of Parliament in Londonin 1868, well before the 

introduction of the first motor car (in 1886) and electric lamp (in 1879). Electrically powered 

traffic lights gradually came into use in the 1920s. Since then, the traffic lights did not change 

much up to the beginning of the third millennium. Efficiency of the incandescent lamps is ~5%, 

thus a 140 W incandescent bulb with total emission of 2100 lm at its efficacy of 15 lm/W 

delivers, after color filter, a flux of approximately 200 lm. They serve 1000 hours at best, their 

failure imposes significant danger for traffic safety, and replacement of the bulb takes a 

considerable share of its total cost of ownership. To direct the light, mirrored glass or polished 

aluminium reflector bowls were used in conventional traffic lights. Unfortunately, sunlight 

hitting the fixture at a certain angle can pass the filter, bounce off the reflector and be directed 

to the eyes of an approaching driver creating a ghost light – an illusion of burning false signal.  

LEDs in traffic lights emit directly in required spectral range at considerably higher 

efficiency than that of incandescent lamps. Instead of 140 W incandescent lamp, a 14 W LED 

module is sufficient to deliver the 200 lumens at certain color. Thus, the modern LED-based 

street lights ensure higher brightness at energy consumption 10-20% of that consumed in 

incumbient traffic lights. The re‐lamp cycles typically increase to 5 years for red modules and 

10 years for yellow and green modules compared to 2 years for incandescent lamps used in 

traffic lights before. The payback of 2-3 years and very high return on investment (ROI) are so 

attractive that many municipalities use the LED fixtures not only for new installations but also 

to replace the traffic lights already in use.  



In addition of considerable savings in energy consumption and maintenance costs, lower 

chance of indication failuring, absence of ghost lights, ability to use backup systems 

economically are other benefits of LED-based trafic lights.  

Two types of LED-based traffic lights are currently in use. The first fixtures consist of many 

LEDs located side by side on the front surface of the module. After further development of 

high-brightness LEDs, the second type of the module design turnet out to be more efficient. In 

these modules, a few high-brightness LEDs are placed on the central part of the back wall of 

the module, and the module is equipped with a front lense to form the beam of the outcomming 

light.  

Since long, low-brightnes LEDs are being used as indicator and warning lamps in 

dashboards and other parts of car interior. In the last decade of 20 century, the colored LEDs 

became popular for decoration of car exterior, especially, for their low energy consumption, 

rigidity, and low-voltage-weak-current driving. Though exterior decoration is not a desired 

option of choice for many car users, quite a lot of cars with such decorations are being sold 

worldwide, especially personal cars in Japan and trucks in US.  

Approximately since 1986, red LEDs were introduced in stop lights, first of all in the center 

high-mounted stoplights. Statistical analysis evidenced a reduction of road accidents achieved 

by introduction of these stop lights. Short turn-on time was primary the main advantage of 

LED-based stop lights. As illustrated in Figure 3-7, it takes approximately 200 ms until an 

incandescent lamp previously used in stop lights reaches its nominal brightness. An LED 

reaches its nominal brightness in 3 ms. This difference results in a considerable reduction of 

the time between brake application and reaction of the driver in a car behind. Correspondingly, 

the replacement of incandescent to LED in stop lights add 5 meters to the stopping distance of 

the second car moving at 90 km/h. 
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Figure 3-7. Turn-on kinetics of incandescent (solid line) and LED (dashed line) stop lights 

Currently, high-brightnes LEDs outperform the incubient light sources used in vehicles 

before and become the lamps of choice in all car signal lights: stop, frontand rear turn,tail, and 

side markers. The lifetime of LED lamps exceeds that of any vehicle. Thus, perfectly seeled 

signal lights without costly capability of lamp replacement can be manufactured. Heat 

management is, however, an issue in such sealed car lights. AlGaInP-based LEDs are used in 

all red and amber automotive signals in new cars. Usually, red 610 nm LEDs are used for stop, 

rear turn, and tail lights, while amber 590 nm LEDs are used for rear and front turn lights. White 

LEDs are extensively exploited in daytime running lamps, required in many countries. 

Transition to LED technology for daytime running lamps and combination rear lamps saves a 

huge amount of energy during the day, e.g., 95% for Audi A8. 

Energy saving is an important issue encourraging application of LEDs in automotive 

industry. According to estimates made by Stanley Electric Co., Ltd., a modern automobile in 

full lights consumes electricity at up to 400 W. Introduction of LEDs might reduce the 

consumption down to 70 W. This would results in considerable savings, since every car in US 

consumes for conventional lights in average as much electricity per year as an average 

household per month. The 30 kWh electricity per yearsaved by introduction of LEDs would 

save a considerable amount of gas. Combustion of 1 L of gas generates 9 kWh of thermal 

energy, however, efficiencies of the car engine and electric generator are 25% and 70%, 

respectively. Thus, burning 1 L of gas results in 1.6 kWh of electricity. Consequently, annual 

gas savings due to LED introduction would be 19 L. For approximately 1 billion cars currently 



in use worldwide, the savings would be 19 billion liters per year, i.e., approximately a half of 

the annual gas consumption in Belgium16. 

The introduction of white LEDs in car headlights is impeded by insufficient luminance 

(luminous flux propogating from unit area in certain direction within unit solid angle) of LEDs. 

This parameter is being improved, and leading car manufacturers started installation of the LED 

headlights in their high-end models (e.g. Toyota’s Lexus 600H, Audi R8) since 2007. The LED-

based headlights compete with high-intensity discharge (HID) lamps, also known as xenon 

lamps, which were introduced in the early 1990s. The HID lamps replaced the tungsten halogen 

lamps, which proved to have a higher luminous flux and a longer lifetime than those of bulbs 

with tungsten filament in vacuum or inert gas atmospheres, which were used in headlamps 

before the early 1960s. 

A small additional advantage is that the white LEDs used in headlights do not emit UV light, 

which is attractive for insects. Thus, the LED headlights are less contaminated by insect 

residues.  

It is estimated that the number of cars with LED headlights would grow from 1.5 mln (out 

of ~85 mln) in 2013 to 5 mln in 2015. Accordingly, the value of the LED components used in 

this application should grow from $130 mln to $300 mln. Though the LED headlights are still 

a matter of future, they offer many qualitatively new opportunities to improve the traffic safety. 

These opportunities might be well introduced by the latest developments of German company 

Hella, one of the leading manufacturersof lighting technology and electronic products for 

automobile industry.  

The first development of Hella for advanced headlights is the Adaptive Frontlight System 

(AFS) based on dynamic bend lighting (see Figure 3-8). Steering angle and vehicle speed are 

used in this system as parameters for illuminating the road. Town light, country light, adverse 

weather, motorway light and other types of light distribution are created in accordance with 

these parameters. The adaptive cut-off line (aCOL) also utilizes the data gathered from the 

vehicle’s surroundings to generate the light distribution. A camera monitors cars ahead and 

oncoming traffic and a stepper motor directsthe headlightswithin a few miliseconds to the 

position optimal for ensuring that the light cone always ends just behind the car aheador directly 

in front of oncoming traffic. The glare-free high beam function enables the driver to use the 

high beam all the time. The light pattern from the high beams is adjusted to mask the area where 

the camera detects any other traffic on the road. The LED headlights are also convenient for 
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targeted spotlighting certain types of objects like children playing at the road edge. This 

function draws the driver’s attention to the risky spot ahead and enables a faster response. 

  

Figure 3-8. Dynamic bending of headlight 

ligting pattern by the Adaptive Frontlight 

System. [After http://www.hella.com] 

Figure 3-9.Vertical redistribution of headlights 

beam in response to traffic on the road by the 

adaptive cut-off line [After http://www.hella.com] 

In summary, the LED light sources are currently coming of age to replace the conventional 

light sources for all types of automotive lamps: headlamps, both high and low beam, daytime 

running lamps, fog lamps, brake lights, center high-mount stop lamps, turn signals, rear 

combination lamps, interior reading lamps (map lights), dome lamps, position and marker 

lamps, and dashboard and instrument lighting. They ensure considerable energy savings and 

enable new safety-increasing functions. 

3.6. Displays and panels 

LEDs are very attractive for fabrication of various dispays, both monochrome and colored. 

If necessary, small LED size ensures good spatial resolution of the displays. High brightness, 

rigidity, longevity, and easy control are important advantages for fabrication of large outdoor 

displays as well as small portable message signs or alphanumeric displays. Orange or amber 

AlGaInP LEDs are usually employed in alphanumeric dispays. Characters are displayed by 

matrixes of pixels, e.g., by 5 x 7 pixel matrixes. The size of a matrix depends on the predominant 

viewing distance. For example, 150 cm high matrix is used for viewing distance of 1 km. The 

number of LEDs per pixel depends on the matrix size, correspondingly. LED-based variable 

message signs might be considered as further development of alphanumeric displays. They can 

are used to display time, temperature, parking or other information. An increasing number of 



the variable message signs is used for traffic control. The LED-based variable message signs 

are convenient to incorporate in intelligent transportation systems. Low power consumption is 

a convenient feature to couple the devices with autonomous PV-based energy sources and is 

indispensable for portable applications. 

The switch-on time, as well as switch-off time, of LEDs is short enough to dispay moving 

pictures. Since long, the NASDAQ Display in Times Square, New York, has been an 

outstanding example of a LED-based display. This ~800 m2 display contains 16.8 mln LEDs. 

In large displays like this, instead of controlling each LED separately, several adjacent LEDs 

are grouped into a cluster to make a trichromatic image pixel. A single pixel usually contains 

two red, three green, and two blue (or 3 red, 3 green, 2 blue) LEDs to make a single pixel. By 

changing the driving current for the LEDs of each color three primary colors are mixed together 

to create any color to be dispayed by the pixel. Each LED group in a pixel is driven by 10- or 

12-bit drivers ensuring 1024 or 4096 intensity levels, correspondingly. This capability ensures 

pixel colors with millions of chromaticities and thousands of brightness levels. 

A large and still increasing assortment of LED colors enables a wide gamut of the dispayed 

picture. In Figure 3-10, the typical gamut provided by LED dispay is compared with the gamuts 

used in TV systems EBU (European Broadcasting Union) and NTSC (National Television 

Standards Committee) used in US, Canada, Japan, South Korea and several other countries. 

The colors reproduced in each system correspond to the cromaticity coordinates within the 

corresponding triangle, while the vertices of triangles correspond to the three primary colors to 

be mixed. As evident in Figure 3-10, application of LEDs ensures larger gamut than those 

specified by existing TV standards. A quadrichromatic system with four primary LEDs offers 

further prospectives to improve the gamut. 

LEDs are well suited for entertainment displays like Viva Vision in Las Vegas. To attract 

more people to hystorical downtown of Las Vegas after ~80% of the Las Vegas casino market 

moved to the Strip, Fremont Street Experience attraction was developed in 1994. A 460 m long 

part of the Freemont Street was covered by a barrel vaultcanopy, 27 m high at the peak and 

38 m wide, and 2.1 mln individually dimmed incandescent bulbs were initially installed on the 

vault. In 2004, the project Viva Vision was completed and all the incandescent lamps were 

replaced by 12.5 million red, green and blue LEDs ofToyoda Gosei (Japan). The LED-based 

installation enabled showing moving pictures on this huge dislay screen (see Figure 3-11). 



  

Figure 3-10. Gamuts used in EBU and NTSC 

TV systems and in one of standards for LED-

based displays. 

Figure 3-11. Light show on the 460 m long 38 m 

wide barrel vault canopy above the Freemont 

Street, downtown Las Vegas. 

3.7. Medical applications 

Light technologies increasingly find and expanding applications in medicine. Many of the 

medical applications are based on photochemical reactions. There are basically three types of 

photochemical reactions: photodissociation, photosensibilization, and photoizomerization. 

Photopolymerization can be considered as a kind of photoizomerization and is a chemical 

reaction of monomermolecules to form polymer chains or three-dimensional networks. A 

photochemical reaction resulting in toughening or hardening of polymer material by 

polymerization or cross-linking of polymer chains is called curing and finds many applications 

in various technologies like resin, ink, dye, and surface coating curing. Curing is currently a 

usual technology for treatment of dental fillings. Most modern composite resins used for dental 

restoration are light-cured photopolymers, i.e. they harden under light exposure.  

The dental composites typically consist of a resin-based oligomer matrix and an inorganic 

filler such as silica (silicon dioxide) giving the composite wear resistance and translucency. 

Coupling agents like silane are used to enhance bonding between these two components. 

Initiator components (such as camphorquinone, phenylpropanedione or lucirin) begin the 

polymerization reaction under exposition to curing light. Finaly, catalyst components control 

the reaction speed. The wavelength of the curing light should be tuned to the absorption peak 

of the initiator material. The light required for dental curing is between 360 to 500 nm. For 

camphorquinone, which is a common initiator in dental praxis, the light in the vicinity of 



470 nm is optimal. The photoexcited camphorquinone reacts with an amine-reduction agent to 

form free radicals initiating the resin polymerization. 

According to Yole Development report for 2012, ~90% of the overall UV LEDs were used 

in applications requiring a light source in UVA and UVB spectral regions. The most important 

LED market in this spectral region is UV curing. Recent development LED-based UV sources 

proved their significant advantages over traditional UV lamps due to energy saving, lower cost 

of ownership, small size, low voltages and weak currents, etc. The UV LED adoption stimulated 

the entire supply chain to support fabrication of UV LED based systems. All major UV curing 

system manufacturers switch to UV LED technology.17 

An LED-based curing unit is less expensive than halogen lamp curing unit and has lifetime 

of 10 000 hours. It delivers relatively stable light flux in a narrow spectral range that is optimal 

for curing without any other UV components. Due the narrow emission band and relatively 

high LED efficiency, the heat generation of the unit is low enough to dissipate the heat 

passively, without any fan. Low energy consumption enables the cordless operation. The device 

is light, rigid, can flowless resist significant mechanical shocks and vibration. Integrated 

microprocessors ensure stabile, reliable and covenient operation: maintains contant flux 

irrespective of device aging or of whether the battery is freshly charged or already running 

down. The LED-based units can be operated both in standard and exponential modes. The 

standard mode provides a constant light intensity throughout the entire curing period, while the 

light intensity is exponentially increased after switching on in the exponential mode. The 

exponential mode allows for soft-start polymerization that has been demonstrated to be 

advantageous due to reduced stress development and marginal adaptation. These advantages 

resulted in gradual replacement of dental curing lights based on halogen lamp or plasma light 

sources (xenon arc discharge lamps) by LED-based devices. 

Photosensibilization is used in cancer treatment. Photodynamic therapy (PDT) is already 

proved to be a phototherapy technique effective for treatment of several malignant cancers, 

especially skin cancer. PDT is also used to kill microbial cells including bacteria, fungi, and 

viruses. PDT is based using nontoxic light-sensitive compounds that selectively excited by light 

become toxic to targeted malignant and other diseased cells.  

To achieve the selective destruction of the diseased cells while leaving normal tissues 

untouched, either the photosensitizer has to be be applied locally to the target area or the target 

area has to be excited locally. In certain cases (acne, psoriasis, skin cancer), the photosensitive 

                                                 

17 UV LED Technology & Application Trends report, Yole, 2 April 2013 



material can be applied directly and exclusively on the target area and directly excited by light. 

In the treatment of internal tissues the light can be delivered locally to the target area using 

endoscopes and fiber opticcatheters. However, in most cases of internal treatment direct 

delivery of photosensitizers exclusively to the target erea is a difficult task. Disposition of some 

photosensitisers to naturally accumulate in the tumour cells is used. These photosensitizers are 

administered intravenously. Targeted delivery of photosensitizers to the tumor area using 

antibodies is being currently intensively developed. During 24 to 72 hours necessary for the 

photosensitizer molecules to accumulate predominantly in the target areas, the patient is 

retained in dark. Then the light is applied predominantly to the target areas, where the 

ptotosentizer is excited. Then the excited photosensitize molecule transfers the energy to 

molecular oxygen to convert it from a triplet into a singlet state. The singlet oxygen rapidly 

attacks any organic compounds it encounters. Thus, the cells in the areas with high density of 

singlet oxygen (in this case, in the tumor area) are destroyed. For long, porfimer sodium, sold 

as Photofrin, was the most popular photosensitizer used in photodynamic therapy. Its absorption 

in peaked at ~630 nm. Currently, aminolevulinic acid (ALA) having absorption bands in blue 

and red regions are increasingly being used for treatment of skin deseases. Traditionally, lasers 

are used in photodynamic therapy. However, the high excitation intensities achievable with 

lasers are well too high for the treatment, and LEDs might be a favourable alternative due to 

availability of practically any emission wavelength to match the obsorption of certain 

photosensitizer and their low price enabling a better penetration of the phodynamical therapy 

into clynical praxis.  

Phototherapy can be used to counteract the seasonal affective disorder (SAD). 

SADmanifests as depressive symptoms in the winter or summer experienced by people who 

have normal mental health throughout most of the year. This condition is quite a common 

disorder experienced, e.g., by 1.4% inhabitants of Florida, 9.7% of New Hampshire, 8.9% in 

Alaska, 10% of the Netherlands, and 20% of Ireland, mostly women and young people. Though 

exact origins of SAD are still under study and debates, the relatioship of DAS with seasonal 

light variations is generally accepted. Attempts to heal SAD by subjection the patient to an 

ambient with bright lighting of certain spectrum date back to the early 1980s. It was 

demonstrated that light in blue-yellow range is therapeutically more effective than violet or red. 

Phototheraphy under appropriate lighting conditions in a purposefuly designed light box for 

30–60 minutes usually gives tangible results. Many people affected by SAD use light boxes for 

30 minutes or longer each morning. Variable chromaticity, color temperature, and intensity of 

LED-based lighting installations for healing SAD are important advantages over conventional 

light sources, side by side with usual LED advantages, such as high efficiency, long lifetime, 



etc. Quite a wide variety of LED-based light boxes for treatment of SAD are commercially 

available at $100-300 per box. 

Neonatal jaundice or Neonatal hyperbilirubinemia is yellowing of the skin and other tissues 

of a newborn infant due to high level of bilirubin in the blood. Bilirubin at high levels is toxic 

to the brain of a newborn, however, the hyperbilirubinemia usually disappears during their first 

week of life. Hyperbilirubinemia persisting beyond the first week should be treated. Light in 

the spectral range from 420 to 480 nm is usually employed for the treatment. The blue light 

changes trans-bilirubin to the more water-soluble cis-form which is excreted in the bile. LED-

based lamps for treatment of the neonatal jaundice are more flexible, safe, and easily 

controlable.  

3.8. Plant cultivation 

The basic light-related functions of plants might be grouped into three categories: 

photsynthesis, phototropism, and photomorphogenesis. 

Photosynthesis is a process performed by most plants, algae, and cyanobacteria to convert 

light energy into chemical energy by synthesizing carbohydrates, such as sugars, from carbon 

dioxide and water. The chemical energy can be used to fuel any other processes in the 

organisms. The charge separation necessary for photosynthesis occurs in photosystem II and 

photosystem I, where the light is absorbed mainly by green photosynthetic pigment chlorophyll. 

The absorption spectra of the main two types of chlorophyll – chlorophylls a and b – are 

presented in Figure 3-12. Since the sun light contains considerably less intensity in violet that 

in red, photosynthesis mainly requires light in the vicinity of the absorption peaks of 

chlorophylls a and b at 662 nm and 642 nm, respectively. The second important group of 

photosynthetic pigments in plants is carotenoids absorbing in green region. However, the total 

spectrum of photosynthetic efficacy is dominated by chlorophyll absorption (see Figure 3-13). 

Absorption in green is weaker. As a result, the green plants are green, because the light in the 

green region is predominantly reflected or partially transmitted. The light absorptionby 

carotenoids becomes important for leaf color in autumn, when chlorophylls are transferred from 

leafs to sap and is stored until the next spring. Thus, stricktly speaking, saying that the leaves 

in autumn become yellow or red is incorrect. The leaves in autumn cease to be green. 
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Figure 3-12. Absorption spectra of chlorophyll a 

and b. 

Figure 3-13. Spectrum of photosynthetic 

efficacy in plants. 

Phototropic processes control motion of plant organs in response to light and ensure 

optimization of biophysical and biochemical reactions. They are triggered mainly by light with 

the wavelengths in the range from 400 to 500 nm.  

Plant morphogenesis encompasses the processes of shooting, pigment synthesis, healthy 

plant development, etc.This process depends on far-red radiation in the range between 730 nm 

and 735 nm. This emission affects the phytochromic system of a plant. The phytochomes have 

two isoforms absorbing at ~730 nm and 660 nm, respectively. Transitions between the isoforms 

are switched by the absorbed light. Inhibition or enhancement of certain physiological 

processes in the plant depend on the concentration of the active isoform. 

Only three main photophysiological processes are shortly discussed above. A plant is a 

difficult biochemical system, and light is the main energy source as well as an important factor 

influencing the processes in the system. The plants are adapted to sunlight. However, 

appropriate selection of illumination spectrum might save energy and improve nutritional and 

decorative properties of plants cultivated under artificial lighting. 

For long, scarce attempts to study and exploit these opportunities have been impeded by a 

lack of light sources enabling compilation of a necessary illumination spectrum. LEDs offer 

tremendous potential, both for study the influence of light on plant growth and properties and 

for plant cultivation on commercial scale. The first LED-based light sources for plant 

cultivation consisted of three types of LEDs: blue (peaked at 450 nm), red (640-660 nm), and 

far red (~735). Later on, more LEDs of different colours were installed into those light sources, 

and light in other spectral regions was found to have importance on specific plant properties. A 

properly composed spectrum for specific plant species was shown to result in enhanced 

photosynthetic productivity, increased concentration of vitamins or reduced concentration of 



nitrates. Recent studies evidence numerous possibilities to use the LED-based lamps to improve 

desired plant qualities in their cultivation under artificial lighting. 

Assembling LEDs currently available covers the entire range important for plant cultivation 

and enables tailoring the spectrum for optimal growth. Introduction of LEDs offer also 

considerable energy saving in greenhouses. Efficiency of LEDs has no physical limitations up 

to 100%, whilemany LEDswith efficiencies above 50% are already commercially available. In 

addition, the LED-based lighting technology offers completely new lighting features in plant 

cultivation, e.g. pulsed illumination, dynamic adaptation of the spectrum within circadian cycle 

and at different growth phases. 

Prices of LED-based lamps for plant cultivation are still an important issue inhibiting fast 

penetration of this technology into plant cultivation praxis. Combination of conventional 

greenhouse lighting for most of the growth period and transferring the plants to the areas 

illuminated by LED lamps with appropriate spectrum to enhance certain qualities (e.g. increase 

the vitamin content) might be pointed out as at least a temporal measure to diminish expenses. 

For nearly two decades, human vision related applications were targeted by developers and 

producers of LED, while LED of specific wavelength important for plant cultivation attracted 

less attention. In the second decade, the situation changed, and the large LED manufacturers 

such as Philips and Osram Sylvania already offer LED lamps spectrally tuned for horticulture 

applications. 

 

 

  



4. Power supplies and circuits for LED driving 
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4.1. Important Features of LED Applications 

4.1.1. LED applications 

 

Currently LEDs are widely used in various lighting applications, although only 15-20 years 

ago these were used mainly as indicators and warning devices. In several years due to rapid 

technological development and good properties, these become an excellent replacement for 

traditional light sources. LEDs have many advantages named in previous sections. At the same 

time, the power supply of LEDs and the construction of whole lighting fixture must comply 

with the certain requirements in order to achieve all the benefits of LEDs. For example, the 

lifespan of the LED directly is affected by the temperature of the junction, which, by the hand, 

is affected by heat sink of LED lamp (lamp construction) and the operating conditions: LED 

current (power supply properties), ambient temperature and dustiness. Thus, poor designs may 

significantly decrease the lifespan of the LED lamp. 

The requirements for the LED lamp power supplies depend on application. The most 

common LED applications are summarized in Table 4.1. 

Input voltage determines the topology and overall structure of power supply. From this point 

of view, the power supply for portable lighting devices as well as automotive LED lamps has 

the simplest construction – single-stage DC/DC converter complying LED needs. Power 

supplies for other LED applications (connected to the power grid) have more complicated 

structure (will be discussed in following sections).  

In most applications light regulation (dimming) feature is required, so the power supply 

(LED driver) should be equipped with a control interface. In most cases, this function can be 

executed by a separate module, which does not impose special requirements for the power 

supply. 

TABLE 4.1 THE MOST COMMON LED APPLICATIONS AND THE REQUIREMENTS FOR THE BALLAST  

Application Input Control interface* Special Requirements 

Street Lighting 85…265VAC 
Analog 1…10V, 

DALI** 

Operation under high/low temperature 

terms, long-life 

Indoor, Retrofit 85…265VAC Triac dimmer, ELV** Small size, high efficiency 

Automotive LED Lamps 6…24VDC 
LIN** bus, CAN** 

bus 

High reliability, special EMC 

requirements 



Portable Lighting 1.2…12VDC – 
Small size, high efficiency, 

accumulator protective functions 

Architectural Decorative 

and Stage Lighting 
85…265VAC DMX512**, Ethernet Multicolor LED driver 

Horticultural Lighting 85…265VAC Analog 1…10V 
Operation under high temperature 

terms, separate color LED driving 

* Optional feature, not for all applications. 

** DALI – Digital Addressable Lighting Interface; ELV – Electronic Low Voltage dimmers; LIN – Local Interconnect 

Network; CAN – Controller Area Network; DMX512 – Digital MultipleX. 

4.1.2. Electrical Properties of LED 

Electrical model of LED is necessary to define the properties of the load connected to the 

power supply. LED is semiconductor device the electrical properties of which in the best way 

can be described by voltage-current (V-A) curve. An LED V-A curve is shown in Figure 4-1(a). 

 

a)                                                                         b) 

Figure 4-1 Definition of mathematical model of LED: a) typical LED voltage-current curve; b) 

equivalent substitution circuit 

LED equivalent circuit is shown in Figure 4-1(b), and then voltage-current relationship of 

LEDs can be presented by the expression: 
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where IF – forward current, IS – reverse bias saturation current, VLED – diode forward voltage, 

nd – diode ideality factor (for ideal diodes it is equal to 1, for real diodes the value of this factor 

is between 1,1 to 1,5), k – Boltzman’s constant, Tj – temperature. RP is equivalent parallel 

resistance of LED (Figure 4-1 b), which in fact is slope of V-A curve in range of 0…VLED0 that 

can be expressed as 
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But RS is equivalent series resistance of LED. Resistance RS is slope of V-A curve in range of 

VLED1…VLED2 that can be written as follows: 
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In some cases polynomial fitting function also can give a good result for experimentally 

measured points of V-A curve. 

If V-A curve of one LED is expressed by the equation in form ILED=f(VLED), then the 

relationship for the matrix connection of these LEDs can be found from 
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Where m is the number of LEDs connected in series, but n is the number of LEDs connected in 

parallel.  

4.1.3. Light Amount Produced by LED 

LEDs are stated as current consumers rather than voltage consumers. This means the 

dependence of relative light output (RLO) of LED from its forward current is more pronounced 

than from LED voltage. RLO is value in relative units or percent’s, which is normalized at test 

point of LED. In the same time the parameters for the test point usually are well defined in 

datasheets, thus the lumen-ampere (Lm-A) dependency easily can be found. The typical 

relationship between LED forward current and produced light amount is given in Figure 4-2 

It is clearly seen from Figure 4-2 that light amount produced by LED is not proportional to 

the forward current of LED. If the appropriate heat sink is applied, then LED easily can operate 

at higher current. However, due to nonlinearity of Lm-A relationship (deviation of blue Lm-A 

curve from dashed linear function in Figure 4-2) the efficacy (the ratio of total produced light 

amount to the input electrical power) as well as the lifespan of LED decreases at the higher 



current operation. Mostly this effect appears due to increased LED junction temperature (Figure 

4-3 and Figure 4-4). 

 

Figure 4-2 Lumen-ampere relationship of typical high power LED (blue curve) [107] 

 
SW

DM

S

PPP

OUT
T

t

N

NI
I 

2

(max)
. (4-35)

SW

DM

S

PPP

OUT
T

t

N

NI
I 

2

(max)
. (4-35)  

4.1.1. LED Junction Temperature 

LED junction temperature depends on applied power (forward current) and the ability of the 

heat sink to transfer heat from junction to ambient. In the same time the temperature of LED 

junction has significant influence on LED performance (Figure 4-2). On the one hand it is 

possible to drive fewer LEDs at higher current decreasing initial costs in this way. 
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Figure 4-3 Dependency of relative light output of typical high power LED to the junction 

temperature [107]  

 

Figure 4-4 Influence of the junction temperature on the lifetime of LED [19]  
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Figure 4-5 Heat transfer way from LED junction to the ambient 

In the other hand, when the temperature of LED junction increases at higher currents, the 

efficiency and the lifetime (Figure 4-4) decreases, thus increasing maintenance costs.  

The search of trade-off between initial and maintenance costs is not a trivial task for lighting 

engineer. The reference point at the beginning of design could be foreseen life of LED lamp, 

and then the maximal allowable junction temperature can be determined from the relationships 

given in LED datasheet (Figure 4-4).  

The allowable power applied to the LED can be determined knowing desired LED junction 

temperature Tjmax, the properties of the LED lamp (Figure 4-5) and the operation conditions 

(ambient temperature Ta): 
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wherek is coefficient that characterizes efficacy of LED (k ≈ 0.8…0.9), Pheat is power released 

by LED in heat form, Rj-ais thermal resistance of whole heat transfer system. 
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4.2. Configurations of LED Light Sources 

Usually one LED isn’t capable to deliver necessary light amount for the particular 

application, therefore one lighting fixture incorporates several LEDs. Three different 

connection types are possible: parallel connection, series connection and matrix connection.  

Parallel connection (Figure 4.6 a) is the least suitable for any type of LEDs. Theoretically 

parallel connection of the LEDs may be used to increase allowable forward current of the light 

source combined of these LEDs (Figure 4.6 b).  

   

a)                                                                    b) 

Figure 4.6 Parallel connection of LEDs: a) circuit; b) V-A curve for one two and three LEDs in 

parallel connection. 

Practically there are a lot of restrictions for parallel connection. LED production is 

complicated industrial process and it is very difficult to achieve the same V-A characteristics 

for all LEDs (Figure 4.7 a). Even for the same model and color LED V-A characteristics may 

vary significantly. Different V-A curves leads to no-uniform distribution of current between 

parallel branches. The branch with lower voltage drop (LED forward voltage) will conducts 

more current. This in turn will increase the temperature of the LED junction thus decreasing 

voltage drop across the LED even more (Figure 4.7 b) and increasing forward current. 

Described above process can damage lower voltage drop LED rapidly. Depending on failure 

type the current may increases for all leftover LEDs (open circuit failure) and the process is 

repeated as long as all the LEDs will fail, or in case of short circuit failure all the current will 

flows through failed LED. In any case for parallel connection failure of one LED will leads to 

failure of whole light source.  
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Above-described problems can be circumvented by several methods. First of all 

manufacturers are sorting LEDs in bins by forward voltage drop, efficacy and color 

temperature. LEDs in parallel connection should be selected from the same voltage bin. But 

even the same voltage bin does not give the insurance from un-uniform current distribution, if 

junction temperatures of LEDs are different (Figure 4.7 b). Thus pure parallel connection 

(Figure 4.6 a) usually is used only for the connection of several LED chips in one enclosure (in 

this way forming high power, high current and low voltage LED). In this case all chips are 

located closely to one another on one substrate, thus insuring the same temperature for all LED 

chips (Figure 4.8). 

 

a)                                                                                       b) 

Figure 4.7 The difference of V-A curves: a) different V-A curves for some LEDs of the same 

model; b) different V-A curves of one LED at different junction temperatures. 

 

 a)       b) 

Figure 4.8. Seoul Semiconductor W724C0 P7 LED: a) high power LED enclosure; b) internal 

circuit – parallel connection of four LED chips and protective zener diode. 



   

 a) b) 

Figure 4.9. Additional resistance in series with LED in each parallel branch: a) circuit; b) resulting 

V-A curve for one parallel branch.  

The second approach is additional resistance in series with LED in each parallel branch 

(Figure 4.9 a). Additional resistance makes LED V-A curve less steep (Figure 4.9 b) thus 

making LEDs less sensitive to voltage changes. Despite this, it is almost impossible to achieve 

the same current for all LEDs. In general case it is necessary to pick up resistance for each 

parallel branch which is unacceptable for industrial production. Additional resistance leads also 

to additional power losses.  

Series connection is the most common and the most suitable for high power LEDs. The 

current is the same for all LEDs connected in one string (Figure 4.10) regardless of the voltage 

drop differences across the LEDs. 
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Figure 4.10 Series connection of LEDs: a) circuit; b) V-A curve for one two and three LEDs 

connected in series. 

Series connection is common configuration in high power (>30W) LED light sources 

(Figure 4.11). The only restriction is maximal voltage that can deliver LED driver.  

 

Figure 4.11 Common configuration of high power (>30W) LED light sources 

For smaller power LED light sources the trade of between the good current distribution and 

price may be combined series parallel connection with additional resistance in each parallel 

branch (Figure 4.12).  
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Figure 4.12 Combined series parallel connection with additional resistance in each parallel branch 

Matrix connection is the combination of two previous described connections. It is most 

suitable for small and middle power LED light sources. The failure of one LED has not such a 

critical influence on the operation of whole LED light source. In the worst case failure of one 

LED will lead to failure of all LEDs connected in parallel.  However, some precautions must 

be taken when using this connection type. For the best performance LEDs connected in matrix 

should be selected from the same voltage bin. Common configuration of LED light source 

combined of LEDs connected in matrix is shown in Figure 4.13. 
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Figure 4.13 Common configuration of LED light source with matrix connection of LEDs 

 

4.3. Light Regulation Techniques 

4.3.1. Light patterns in time domain 

As it has been previously stated, the amount of light produced by a LED lamp is proportional 

to the current of its LED elements. This brings forward two light control methods: 1) fluent 

regulation mode when LED current remains constant for the same value of the control 

command; 2) pulse regulation mode when the current is either maximal or zero but its average 

value is constant for the same value of the control command. The third light regulation method 

is possible with LEDs because their power is rather small. For this reason, LED lamp usually 

includes a number of LEDs and it is possible to divide them into groups and control each group 

separately utilizing some kind of Pulse Code Modulation (PCM). Also a combination of the 

step mode and fluent mode or step mode and pulse mode is possible for minimization of 

negative effects and regulation within steps. The practical implementation issues of different 

light regulation techniques are revealed in [87]. All the methods are possible with voltage fed 

(VF) or current fed (CF) LED drivers. Generalized solutions for such drivers a discussed below. 

  

(a) fluent mode (b) pulse mode 
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Figure 4-14 Time lighting pattern of different light regulation techniques 
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4.3.1. Methodology for comparison of driver’s control performance 

A set of criteria that relates to the regulation curve of an LED lamp has been chosen in [34] 

providing a clear base for comparison of drivers and modulation methods. The regulation curve 

is a functional relationship of the relative output of the lamp and control parameter – duty cycle 

(Figure 4-15). In turn, the relative output (RO) is either normalized output current or current 

expressed in {%} of the maximal current of the driver or a lighting parameter expressed in {%} 

of its maximal value for given LEDs at maximal current of the driver.  
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Figure 4-15. General definition for comparison of control performance 

The first one is nonlinearity of the regulation curve. The nonlinearity has a strong effect on 

the stability and dynamic performance of the control system. It is an integral criterion that is 

equal to the root-mean-square declination ΔS of the regulation curve from a line connecting its 

border points to the root-mean-square value S of the curve itself: 
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where S is defined as in Figure 4-15(a) 
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In (1-1) to (1-3) typically DLEDmax=Dmax=100%, ROmax=100%, but ROmin=10%. 

The second parameter is the gain of light regulation chain - Figure 4-15(b). It can be 

dynamically expressed as a duty cycle derivative of relative output: 
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Two values of this parameter are of special importance. The first one is the maximal gain 
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which is typically achieved at DLEDmax=Dmax=100%. Higher value of this parameter may lead 

instability of closed loop of light regulation. 

The second important value of this parameter – is averaged gain: 
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Its ideal value is 1. If this parameter <1 then the full range (10…100%) of relative output 

cannot be achieved, but if >1 then the full range of RO corresponds to a narrow range of D. 

One more parameter reflects practical utilization of the duty cycle. It can be defined as a 

difference of maximal and minimal usable values of the duty cycle or from (1-6): 
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The latest part of this equation reflects the relationship of this parameter and averaged gain.  

The last, but not the least parameter is the practical inaccuracy of the relative output. It may 

be expressed based on (1-4) written in finite differences – as a ratio of relative RO changes per 

technically achievable inaccuracy ΔD of the duty cycle: 

 )()()( DgDDDRO  or aGDDDRO  )()( . (4-13) 

This parameter reflects the tolerance of regulation taking into account not only the regulation 

curve of LED lamp (Figure 4-15), but also the impact of modulation techniques. 

4.3.2. Fluent mode light regulation 

With the fluent mode light regulation technique, any value of luminous flux from zero to the 

maximum is achievable at any time instant and in the fluent mode it changes proportionally to 



a control command without significant steps – Figure 4-14(a). This method has two significant 

disadvantages. Firstly, LED brightness is not completely proportional to the current. Secondly, 

the luminous flux, the wavelength and, therefore, the colour of light are different at different 

values of LED current. Figure 4-16 provides functional schemes of fluent mode VF and CF 

drivers which are basically SM circuits with different supply sources. 

  

(a) voltage fed driver (b) current fed driver 

Figure 4-16 Functional schemes of fluent mode drivers 

Various DC choppers are usually discussed as the power supplies for LED luminaries:   buck, 

boost, buck-boost and Cuk. The particular schematic and control method have strong impact 

on the efficiency and accuracy of the light regulation as well as on the weight and size of the 

regulator. 

The comparative estimation of widely used DC/DC choppers is presented below. 

Experimentally estimated static regulation curves of voltage-fed buck, boost and buck-boost 

drivers for laboratory LEDs luminaire (consisted of 7 series connected LEDs type W724C0 

produced by Seoul Semiconductor) were analysed. The drivers’ schematics and its regulation 

curves at different input parameter values are observed from the Table 4.2. 

TABLE 4.2 TRADITIONAL VOLTAGE-FED LED DRIVERS FOR LIGHT REGULATION 

 Driver schematic Regulation curve 
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The buck driver was tested with two levels of input voltage – 25 V that is nearly nominal 

voltage of tested set of LEDs, meaning that nominal current value is achievable at 

approximately 95% of duty cycle. The second voltage level is slightly higher than previous - 

35 V, so that static regulation curve shrinked and moved to the middle of control parameter 

range. The boost driver was tested with two voltage levels below the nominal value, where 17 V 

represents minimal operating voltage for tested set of LEDs, while second (11 V) slightly lower 

than that. The static curve of buck-boost scheme was tested for three input voltage levels – 15, 

20 and 25 V that were selected in the range between nominal and total blocking voltage. The 

comparative analysis of system’s non-linearity, practical span of duty cycle and systems’ 

averaged gain are presented in the [Table 4.3]. 

 

TABLE 4.3MEASURED NONLINEARITY AND ACCURACY OF LED LUMINAIRE SUPPLIED BY DIFFERENT DRIVERS 

 Buck Boost Buck-boost 

25 V 35 V 11 V 17 V 15 V 20 V 25 V 

NL 12 % 12 % 9 % 14 % 7 % 8 % 11 % 

ΔDSPAN 17 % 11 % 16 % 19 % 8 % 7 % 7 % 

Ga 5.9 9.1 6.3 5.3 12.5 14.3 14.3 

 

As it can be noted from the table above, the type of LED driver has a significant effect on 

the overall control performance. The nonlinearity of regulation curve in the case of boost-type 

driver is more significant due to the higher nonlinearity of the converter itself. It must also be 



noted that the nonlinearity of the V-A curve of LEDs has the most significant contribution in 

the total nonlinearity of the system. All the discussed drivers show narrow span of active 

(practically useful) values of the duty cycle. In the case of buck (especially with the input 

voltage equal to maximal operating voltage of LEDs) and boost (especially with the input 

voltage equal to minimal operating voltage of LEDs) the practical span is acceptable, but in the 

case of buck-boost driver – it is too narrow for practical utilization with traditional pulse-width 

modulation technique. 

4.3.3. Pulse mode light regulation 

Many LED drivers use pulse width modulation (PWM) to regulate the amount of power to 

the LED. At this method, the value of a luminous flux can be either of the maximum value or 

zero – Figure 4-14 (b). The average brightness of LEDs depends on the ratio of on-time to the 

switching period of the LED – duty cycle. It is obvious that this method provides a pulse pattern 

of an instantaneous luminous flux. When the frequency of modulation is low, the pulsating 

character of light becomes visible to a human eye. When the frequency is high, a stroboscopic 

effect may appear. The driver for this method (Figure 4-17) is very simple and consists of an 

electronic switch. In the case of VF driver this switch commutates the supply voltage and LEDs 

during light pulses – Figure 4-17(a), but in the case of CF – it shunts the supply current during 

light pauses. 

 
 

(a) voltage fed driver (b) current fed driver 

Figure 4-17 Functional schemes of pulse mode drivers 

4.3.4. Step mode light regulation 

Concerning that fact that LEDs are small power light sources, almost any luminaire 

constitute of multiple LEDs, that allows to dividing them into several groups that can be equal 

or different (most practical – binary weighted) and supply separately implementing step 
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changes of luminous flux. In the step mode a luminous flux undergoes stepwise changes over 

a range of fixed values between maximum and zero – Figure 4-14(c). See Figure 4-18 for 

schematic examples. In this case VF circuits also contain commutating switches, but CF circuits 

– shunting switches. 



Voltage fed drivers Current fed drivers 

 

 

(a) separately controlled LEDs 

 

(d) symmetrical groups 

 

(b) symmetrical groups 

 

(c) binary-weighted groups (e) binary weighted groups 

Figure 4-18 Functional schemes of step mode drivers 
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4.3.5. Controllability in fluent mode 

Controllability (the resolution of regulation and its nonlinearity) are well stated in [34]. With 

the VF buck regulator, the measured nonlinearity is about 12% and is mostly defined by the 

nonlinearity of V-A and A-E [Lx] curves of LEDs – Figure 4-19(a). 

 

(a) 

 
(b) 

Figure 4-19 Fluent mode light regulation with VF (a) and CF (b) drivers 

The buck topology of DC/DC driver is considered for this study avoiding any non-linearity 

caused by power supply, as the output value of the voltage or current buck drivers is 

proportional to control parameter – duty cycle of transistor’s control signal. 

The resolution of the regulation depends on the resolution of PWM that, in turn, depends on 

the performance of the control system. With the MCU based system, it can be expressed based 

on the system clock frequency fCLK as 

 avg

PWM

CLK
avgFMLR G

f

f
GPWME  %100  (4-14) 

wherefPWM is the switching frequency of the regulator, but Gavgis averaged gain of the LEDs as 

the regulation system, which is calculated as ratio of practically usable range of PWM values 

to the full range of output value (current or luminous flux of the LEDs). The gain of voltage-

fed buck driver is approximately 6 for common LEDs, but current-fed buck driver has unity 

gain, as it regulates the current in full range. At fPWM =100kHz and fCLK=10MHz, the resolution 
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of PWM is 1% but the resolution of voltage-fed buck driver regulation is 6% (that is equal to 

17 steps of illuminance). 

In the case of CF driver the nonlinearity of V-A curve is excluded and overall nonlinearity 

is lower – Figure 4-19(b). 

4.3.6. Controllability in pulse mode 

In the pulse mode, the resolution of regulation is also defined by the PWM resolution of the 

control system. However, in this case all the PWM values are possible. Therefore 
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Since the modulation frequency is much lower with this method, the resolution is high. In 

the pulse mode light regulation (like in the step mode), LEDs are either fully on or off. That is 

why nonlinearities of LEDs are not included in the control loop and overall nonlinearity is 0. 

4.3.7. Controllability in the step mode 

In the step mode, if the commutated branches are equivalent, the resolution is reverse 

proportional to the number of branches Beq: 
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If the branches are binary weighted (and their number is Bb), then the expression for 

resolution is as follows: 
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bBSMLRE  (4-17) 

In the step mode, LEDs are run at full power. Their nonlinearities, therefore, have no 

influence on the lighting parameters. For this reason, total power is proportional to the 

regulation command, but the regulation is linear. 

4.3.8. Comparison of light regulation techniques 

With real data (100kHz switching PWM, 1kHz light regulation PWM and 10MHz control 

clock), the expressions (4-1)…(4-4) above produce the results given in Table 4.4. Thus, it can 



be concluded that in terms of control performance, the fluent mode and the step mode regulation 

are quite close. The pulse mode technique is better, but it produces undesirable effects. 

TABLE 4.4.  CONTROLLABILITY (NONLINEARITY AND RESOLUTION) WITH DIFFERENT LIGHT REGULATION METHODS 

Method Ga NL  

Fluent 
VF buck 6 12% 6% (17 steps) 

CF buck 1 5% 1% (100 steps) 

Step (x3 LEDs) 1 0% 20% (5 steps) 

Step (binary + reg) 1 0% 7% (15 steps) 

Pulse 1 0% 0.01% (104 steps) 

 

A series of experiments were made to analyse the controllability of the LED luminary at 

fluent, step and pulse modes of light regulation by using 15 10 W LEDs W724C0. The results 

are summarized in Figure 4-20. These results mostly confirms the calculations from Table 4.4 

and shows that in the fluent regulation mode, the range of the control parameter (that is the duty 

cycle for the fluent and pulse modes and % of the maximal number of LEDs for the step mode 

of regulation) is quite narrow in comparison with the step and pulse modes. Also, nonlinearity 

in the fluent mode is higher, which is related to the LED V-A curve. Hence, from this point of 

view, it is reasonable to implement LED luminaries utilizing the pulse and step modes. 

 

Figure 4-20 Performance of different light regulation techniques 

The advantages and disadvantages of three light regulation techniques are summarized in 

the table below. The LEDs controlled with fluent light regulation mode have higher efficacy 

due to nonlinearity of A-E curve, which has bigger tangent at smaller current values. The LEDs’ 

lifetime increase under fluent and pulse control, as the operation temperature decreases at 
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reduced luminous flux levels. The step mode light regulation is preferable over the other modes 

in the case of rather small number (10…20) of illuminance levels with good linearity. Pulse 

mode regulators are even more attractive, but they have also significant drawbacks (flickering, 

stroboscopic effects).Practical implementation of the step mode regulators for binary weighted 

LED groups is preferable due to the lower number of the groups and switches. However, this 

approach in practice requires additional hardware like dedicated DC/DC converters or a specific 

transformer.  

TABLE 4.5  CONTROLLABILITY (NONLINEARITY AND RESOLUTION) WITH DIFFERENT LIGHT REGULATION METHODS 

Method Source Advantages Disadvantages 

Fluent 

mode 

Current 
 One source 

 Higher efficacy 

 Reduced operation temperature 

of LEDs 

 Lifetime increases 

 Regulated current source 

Voltage 
 Regulated voltage source 

 Narrow usable duty cycle range 

Pulse 

mode 

Current 
 One source 

 Increased operation temperature 

of LEDs 

 Lifetime increases 

 Implementation of current source 

 Switch is needed for dimming 

Voltage  Switch is needed for dimming 

Step 

mode 

Current  One source 

 Implementation of current source 

 Requires N number of switches 

 Operation temperature of LEDs 

does not decrease with dimming 

Voltage 
 Voltage source for each group of 

LEDs 

 Requires N number of switches 

 Operation temperature of LEDs 

does not decrease with dimming 

 

4.4. Basics of LED Power Supplies 

Having good potential in energy minimization by moving towards solid state lighting (SSL), 

the regulators reacted with strict standards, trying to avoid unmanaged power factor, that 

potentially could eliminate major benefits of SSL utilisation. Bad power factor, caused by 

reactive power or unsinusoidal current form consumed by power supply block negatively 

influence the power grid, causing distorted voltage form, high neutral currents that requires 

power grid overdimensioning.  

Thus, the requirements for power quality are defined, varying by region and sector of use. 

Some basic parameters are summarized in the Table 4.6. 



TABLE 4.6 REGIONAL STANDARDS FOR POWER QUALITY FOR LIGHTING EQUIPMENT 

Sector Parameter Europe 
USA 

(Energy Star) 
China Japan 

Residential 

φ/P [lm/W] - >50 - - 

PF >0.7 >0.7 - - 

THD [%] - - - - 

Commercial 

φ/P [lm/W] - >55 - - 

PF >0.9 >0.9 >0.9 >0.9 

THD [%] <20 <20 <30 <30 

 

The power supply unit (also called ballast) of LED luminaire can be splitted into functional 

parts presented in the figure below (Figure 4-21). There are primary power supply unit (PSU) 

– responsible for efficient primary energy conversion (AC/DC, DC/DC) within the restriction 

of input current quality levels providing nominal output voltage; dimmer – constituted of 

DC/DC converters supplying LED strings; control node – used for remote control and 

monitoring of LED luminaire. 
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Figure 4-21. Functional diagram of LED power supply 

The EMI filter is used for common mode noise reduction, avoiding interference with other 

electronic equipment. Depending on the power of LED luminaire the rectifier (diode bridge) 

may be directly connected with DC link capacitor, if the lamp is low power (<2 W) and power 

quality does not meter. Simple diode-capacitor rectifier (Figure 4-22 (a)) has PF about 0,5, 

which is not acceptable for higher power ratings. Thus, either passive PFC circuits (Figure 4-22 

(b) with PF>0,8), or active PFC circuit has to be utilised, in order to match power quality 



requirements for appropriate power ratings. There are various active PFC schemes representing 

boost-family circuits, where the most popular is conventional boost type circuit (Figure 4-22 

(c)) that shape the current form in sinusoidal way (with PF>0.9) using only one controllable 

switch. 
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(a) no PFC (b) passive PFC (c) active PFC (boost) 

Figure 4-22. Rectifier circuits  

The DC/DC converter of primary power supply usually is based on Flyback topology 

represented in wide range of power. The outdoor lighting applications with the power range 

around 100 W often use LLC quasi resonance DC/DC converter with multiple IC solutions 

available on the market. The type of feedback circuitry defines output characteristic: constant 

voltage (CV), constant current (CC) or square characteristic (CV/CC).  

In no dimming applications the primary power supply directly supplies the LED luminaire, 

while the dimming function is required for flexible and energy efficient applications. Dimmers 

are usually represented by additional DC/DC converter that controls LED current in full range 

from 0 till nominal LED current, consequently the full range of luminous output is covered. 

Control node reacts on data received from sensors, either communicates with control system 

via available data transmission mediums to generate the reference signal for LED drivers. 

Bidirectional data transfer with remote control system allows monitoring the state of health of 

the luminaire, providing additional flexibility in planning of maintenance works. 

The solutions available from the market can be divided into two groups – monolithic and 

custom ballasts. The first one considers to be ready-to-use solution, which will match all 

requirements in most of the cases. It is selected by input voltage parameters, nominal output 

voltage or current values, dimming possibility and any other technical requirements 

(dimensions, weight, efficiency, IP code, voltage and current surge protection, dimming 

protocol etc.) that is necessary to meet certain application – streetlighting, swimming pool 

lights, architectural lighting etc. 



The custom solutions are intended to meet special requirements, like extended lifetime of 

the ballast, compensation of LED luminous decay, thermal compensation, highly stabilized 

output voltage or current, multiple outputs with different voltages etc. In this case custom LED 

ballast is designed by using special integrated circuits, passive components, additional 

feedbacks etc., in order to provide necessary solution. 



4.5. Dimmable LED Drivers with Linearised Regulation Curve 

4.5.1. Introduction – Possible Ways of Obtaining of Linear Curve 

Previously described static regulation curves of fluent mode LED drivers (see “Fluent mode 

light regulation” on p. 103) revealed high averaged gain of the control system mainly caused 

by V-A curve of the LEDs as well as features of chosen DC/DC converter, that resulted in 

narrow span of duty cycle ( <20%) is as well as relatively high nonlinearity (~10%).  

This section deals with approaches for improvement of controllability parameters that can 

be implemented in one of the following ways. 

Utilization of current-fed drivers exclude non-linear V-A curve from the regulation chain of 

the system, as it was shown in the Figure 4-19. Resulted non-linearity of regulation chain is 

influenced mainly by driver’s output current regulation curve, while A-lm curve of LEDs is 

nearly linear. However, practical implementation of current source requires additional passive 

components and switches, as most of energy sources are voltage sourced. 

Second approach is based on utilisation of traditional voltage-fed LED drivers with modified 

regulation curve, which non-linearity can compensate non-linearity of V-A curve of LEDs.  

Last, but not the least, approach considers to use frequency modulation technique to control 

switches of conventional VF LED driver. So that, the precision of relative output (current of 

LED dimmer) can be improved in the most nonlinear region of the regulation curve. 

4.5.2. LED Drivers with Linear Regulation Curve (or Close to that) 

High non-linearity of voltage-fed DC/DC choppers, as well as narrow span of duty are 

influenced mainly by V-A curve of the LEDs that can be eliminated if current-fed drivers are 

utilized (light regulation chain for CF buck driver is shown in the Figure 4-19 (b)).  

The generalized topology of CF driver can be synthesized utilizing the rules given, for 

example in [109]. A version of these rules simplified for typical VF converters is presented in 

Table 4.7. 

TABLE 4.7. RULES OF TRANSFORMATION OF VF CIRCUITS INTO CF CIRCUITS 

 Voltage-fed Current-fed 

Source Voltage Current 

Energy storage element Capacitor Inductor 



Idle state Open chain Short-circuit chain 

Connection 
Star Connection  

(in particular T-connection) 

Ring connection  

(in particulat Π-connection) 

Energy transfer Switches ON Switches OFF 

 

The current source has been implemented from voltage source accordingly to the scheme 

seen in the Figure 4-23. 
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Figure 4-23 Practical implementation of current source for CF drivers (a) with inductor based current 

source (b) and pulse mode voltage shaper (c) 

4.5.2.1. CF Buck Driver 

//Circuit, Description, Regulation curve  

The simplest approach to synthesize CF converter is to derive it from the corresponding VF 

circuit, utilizing the rules given in Table 4.7. Thus, transforming VF buck driver into 

corresponding CF circuit, the scheme (seen in the Figure 4-24) has been obtained. 
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Figure 4-24. Current-fed buck driver 

Static operation of CF converters is based on the charge-discharge balance of their capacitors 

(like operation of VF converters is mostly defined by the energy changes of their inductors). 

Meaning, when its transistor VT is on, the supply is short-circuited, but its capacitor is being 



discharged by the load current ILED. Then the voltage decrease of the capacitor can be expressed 

by the following equation: 
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Similarly, when the transistor VT is off, but the current path is provided by the diode D1, 

the capacitor is charged by the difference of the supply and load currents. The corresponding 

voltage increase is the following: 
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In (4-11) and (4-12) T is the switching period of the converter, but D is the duty cycle of its 

switch operation. In the static mode ΔVC–+ΔVC+=0 that gives the equilibrium: 

 )1()( DIIDI LEDINLED  , (4-20) 

which after simplification gives the current transformation expression of the CF buck converter: 

 
)1( DII INLEDcbuck 
, (4-21) 

meaning, that linear regulation of current is possible by changing duty cycle value. 
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Figure 4-25 Analytical (red) and experimental (red) regulation curves of CF buck driver 

The analytical waveforms of system’s overall performance, as well as experimental 

investigation of studied CF buck driver are observed from the Figure 4-25. The polynomial 

approximation was used for describing A-lm curve of utilized set of LEDs, that in conjunction 

with driver’s current regulation formula (4-21) provided analytical regulation curve. The 

experimental curve was obtained from laboratory prototype of CF buck driver. 



4.5.2.2. CF Boost Driver 

The CF boost driver (Figure 4-26) is synthesized from corresponding VF boost driver by 

using the same transformation rules described in Table 4.7. The output current relation with 

duty cycle is obtained similarly, as it was done for buck driver, providing the result as follows: 
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This type of CF driver has practical limitation due to simple power balance between source 

and load. For example, if 0.7 A current source is selected for CF boost driver, than in order to 

supply nominal LED current that is 2.8 A, the current source should be able to provide 100 V.  
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Figure 4-26. Current-fed boost driver 

The regulation curve of the CF boost driver cannot provide light regulation in full range due 

to natural boost capability of the circuitry (see Figure 4-27), where the minimal LED current 

should be selected that corresponds to minimal value of luminous flux. The non-linearity of the 

regulation curve is influenced by boost converter itself, providing increasing dynamic gain at 

higher luminous output. 
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Figure 4-27. Regulation curve of CF boost driver 



4.5.2.3. CF Buck-Boost Driver 

The CF buck-boost driver, observed form the Figure 4-28, is implemented with 1.4 A current 

source that corresponds to half of the nominal LED current. 
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Figure 4-28. Current-fed buck-boost driver 

The output current control function is defined by equation below: 
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The regulation curve of the CF buck-boost driver is located in the middle of duty cycle range 

(see Figure 4-29). The dynamic gain of the system increases closer to nominal luminous output, 

while non-linearity is much lower than in CF boost driver. 
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Figure 4-29. Regulation curve of CF buck-boost driver 

4.5.2.4. Comparison of CF drivers 

The comparative analysis of CF drivers with corresponding VF drivers is presented in the 

Table 4.8. Measured regulation curves of CF and VF drivers are drawn in the Figure 4-30. 



TABLE 4.8 CALCULATED / MEASURED CONTROL PARAMETERS OF LEDS WITH CF AND VF DIMMABLE LED DRIVERS 

(FOR ΔRO WORKING RANGE 10…100%) 

 VF CF 

 Buck Boost B-Boost Buck Boost B-Boost 

Gmax, [%/%] 7/6 9/6 25/16 1/1 20/19 3/3 

NL [%] 11/11 17/11 14/5 7/13 107/115 22/16 

ΔDSPAN [%] 16/18 15/18 7/7 90/94 45/79 53/55 
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Figure 4-30 Graphical comparison of measured regulation curves of CF driven laboratory set of LEDs 

The figure above shows that the regulation curves of VF drivers are more “vertical”, but 

those of CF drivers are more “horizontal”, meaning that CF drivers provide lower maximal 

dynamic gain and wider span of usable duty cycle span in comparison with corresponding VF 

drivers. In particular, the CF buck driver has best performance due to nearly unity gain that 

provides usable duty cycle span in full range, while its non-linearity can also be estimated as 

good. The parameters of buck-boost static operation are also good. The controllable switch in 

CF drivers is ground-tied that simplifies placement of the current sensor and building of a closed 

loop system. This allows CF buck and buck-boosts drivers to be recommended as a part of 

dimmable electronic LED ballasts 

4.5.3. Compensation of Nonlinearities of LED’s VA Curve with tapped 

inductors 

Non-linear behaviour of the V-A curve of LEDs supplied by traditional voltage-fed driver 

can be compensated by converter with non-linear unified voltage gain, where the family of 



tapped-inductor DC/DC converters (buck, boost and buck-boost converters oresented in the 

Table 4.9) are considered to match the specific application. Six LED drivers derived from these 

topologies were discussed in [111]. Parameter λ=N1/N2 has been introduced in order to unify the study 

of all converters, which has significant influence on dependency of the output voltage from the control 

parameter (duty cycle).  

 

TABLE 4.9. Summary OF THE FAMILY OF TAPPED-INDUCTOR CONVERTERS 

 0 < λ ≤ 1 λ > 1 Control law Regulation curve 
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4.5.3.1. Tapped-inductor VF Buck Driver 

The preliminary analysis of the unified voltage curves of the tapped-inductor converters 

shows that fitter buck converter (0 < λ ≤ 1) has possibilities to compensate LED nonlinear load, 

what for analytical controllability curves has been drawn combining equations from Table 4.9 

with the A-V curve of the set of LEDs. Resulted curves of fitter buck converter for several λ 

values are shown in the Figure 4-31. It is clearly seen, that usable duty cycle span increases at 

smaller λ values. 



 

Figure 4-31. Analytical regulation curves for fitter-buck converter for different λ values (input voltage 

equals to maximal operating voltage of selected set of LEDs) 

In order to find out optimal value of parameter λ a set of plots with controllability parameter 

curves at three different input voltages have been constructed (Figure 4-32). The graphs 

demonstrate that better performance of the system is achievable at input voltage closer to 

maximum operation voltage of the LEDs, because at higher input voltage controllability 

parameters become worse. The optimal value of parameter λ for fitter-buck converter is selected 

to be 0.1, as this value matches with extreme points of best performance in controllability 

graphs. 

   

(a) (b) (c) 

Figure 4-32. Controllability parameters of the buck tapped-inductor converter connected to the LED 

load at different input voltages and tapped-inductor turns ratio λ values 

4.5.3.2. Tapped-inductor VF Boost Driver 

The tapped-inductor boost topology has been analysed in wide range of λ value for three 

input voltages that are lower than minimal operating voltage for selected set of LEDs (Figure 

4-33). Smaller NL values appears at smaller λ values (Figure 4-33 (a)), while usable duty cycle 



span and relative inaccuracy of LED current (Figure 4-33 b and c) have the best values in the 

range λ = 2…4. Thus, the λ is selected to be equal 2 keeping trade-off between all controllability 

parameters. 

   
(a) (b) (c) 

Figure 4-33. Controllability parameters of the boost tapped-inductor converters connected to the LED 

load at different input voltages and tapped-inductor turns ratio λ values 

The influence of turns ratio on the regulation curve (current and voltage) of fitter-boost 

converter has been analytically estimated and presented on the picture below (Figure 4-34). The 

non-linearity of the voltage curve do not compensate the V-A curve of the LEDs, but introduce 

even bigger non-linearity, resulted in steep current form.  

 

Figure 4-34. Analytical regulation curves for fitter-boost converter for different λ values (input voltage 

equals 18 V) 

4.5.3.3. Tapped-inductor VF Buck-Boost Driver 

Tapped-inductor buck-boost driver has lower controllability dependency on input voltage 

variations (tested for three voltages 20, 22, 24 V). Similarly to previous topology, this type of 

driver has smaller NL value at smaller λ values (Figure 4-35 (a)), but the usable duty cycle span 



and the relative inaccuracy of LED current (Figure 4-35 (b) and (c)) have their best values at λ 

= 1. This is similarly to conventional buck-boost converter, that is the reason why the further 

evaluation of tapped-inductor buck-boost converter is not considered in this analysis. 

   
(a) (b) (c) 

Figure 4-35 Controllability parameters of the buck-boost tapped-inductor converters connected to the 

LED load at different input voltages and tapped-inductor turns ratio λ values 

The analysis of modified regulation curve (current and voltage presented in the Figure 4-36) 

of buck-boost tapped-inductor converter revealed similar properties, as for boost converter, 

where it introduces even higher NL that decreases its controllability. 

 

Figure 4-36 Analytical regulation curves for buck-boost tapped-inductor converter for different λ 

values (input voltage equals 18 V) 

4.5.3.4. Comparison of VF Drivers with Tapped-inductor 

Two tapped-inductor drivers were considered for analysis - fitter-buck (λ = 0.1) and fitter-

boost (λ = 2), for which the analytical and experimental controllability parameters are presented 

in the Table 4.10. 



TABLE 4.10.  COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 

 Topology NL % ΔDSPAN, % ΔRO, % 

Theoretical 

Fitter-Buck (λ=0.1) 4 42 4 

Conventional buck (λ=1) 25 16 14 

Fitter-Boost (λ=2) 42 20 14 

Conventional boost (17 V) 22 14  

Experimental 

Fitter-Buck (λ=0.1) 2 67 2 

Conventional buck (λ=1) 20 20 8 

Fitter-Boost (λ=2) 35 29 10 

Conventional boost 14 19  

 

The regulation curve of fitter-buck converter for selected input voltage 1.04*VLEDmax and λ=0.1 

significantly improved non-linearity (Figure 4-37 (a)) in comparison with conventional VF buck driver. 

Usable duty cycle span that is equal to 65% has been extended more than 4 times in comparison with 

conventional buck converter, as well as relative inaccuracy of LED current ΔILED has been reduced. 

The experimental regulation curve of the fitter-boost prototype at Vin = 0.95VLEDmin is 

presented in the Figure 4-37 (b). The results are not as good as in case of fitter-buck converter, 

but still slightly better than with conventional VF boost driver, that resulted in increase of duty 

cycle span till 29% (19% in case of VF boost), while NL has been also increased till 35% (14% 

in case of VF boost). 

  
(a) - fitter-buck (b) - fitter-boost 

Figure 4-37.  Experimental regulation curves of fitter-buck (λ = 0.1) and fitter-boost (λ = 2)  

tapped-inductor drivers 

4.5.4. Compensation of Nonlinearities of LED’s VA Curve with FM 

There are several approaches of generation of pulsed signal depending on a control 

command. The most widely used is pulse-width modulation (PWM) (Figure 4-38 (a)), which 



provides the required duty cycle with constant period of the pulse signal. Another approach is 

frequency modulation (FM) at which the required duty cycle is obtained with variable period 

or frequency. At FM either pause (Figure 4-38 (b)) or pulse (Figure 4-38 (c)) may be constant 

or both of them may be variables (Figure 4-38 (d)). 

  
(a) pulse-width modulation (PWM) (b) constant pause frequency modulation (CZFM) 

  
(c) constant pulse frequency modulation 

(CPFM) 

(d) variable pulse variable pause frequency 

modulation (VPZFM) 

Figure 4-38. Pulse modulation methods for LED drivers 

The duty cycle for each of mentioned modulation techniques is calculated differently (see 

Table 4.11), as well as inaccuracy of two closest values of duty cycle depends on chosen 

modulation technique. 

TABLE 4.11 DEFINITION OF DUTY CYCLE AND ACCURACY OF DIFFERENT MODULATION TECHNIQUES 
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Where N is the number of elementary steps (Δt) of duty cycle at PWM (constant for defined 

frequency of PWM); n – is integer number that is defined by control system; P – is number of 

elementary steps that defines constant pulse duration; Z – is number of elementary steps that 

forms constant pause duration. 

4.5.4.1. CZFM and VF Buck Driver 

In the case of buck converter applicable values of the duty cycle are from the range 

68…100% (for the input voltage equal to the minimal LED voltage 17V). Higher accuracy of 

  

  



the duty for such range can be achieved with fixed value of the pause and variable value of the 

pulse width. This modulation method is described in [34] as a Constant Pause Frequency 

Modulation (CZFM –Figure 4-38 (b)). 

 

4.5.4.2. CPFM and VF Boost Driver 

In the case of boost converter range of the duty cycle is range 0…32%. Higher accuracy of 

the duty cycle for this range is possible with fixed value of the pulse and variable value of the 

pause. This modulation method is described in [34] as a Constant Pulse Frequency Modulation 

(CPFM –Figure 4-38 (c)). 

4.5.4.3. VFM and VF Drivers 

In the case of buck/boost converter its input voltage is 21V that for output voltage range 

17…25V requires the values of duty cycle 45…54%. The output voltage 21V is obtained at 

D=50%. Then the higher accuracy of the duty cycle for D>50% is achieved with rising pulse 

width, while D<50% requires rising pause width. This brings forward more complicated 

Variable Pulse and pause FM (VPZFM – Figure 4-38 (d)) that produces the maximal switching 

frequency at 50% but the minimal at the ends of the working range (at 45 and 54%). 

4.5.4.4. Comparison of FM usage 

It is obviously now, that FM provides nonlinear control of LED drivers, because the 

switching frequency is being changed with the change of duty cycle, increasing the accuracy of 

control system at longer periods. The numerical comparison of mentioned frequency 

modulation techniques presented in the Table 4.12, showing that accuracy of the duty cycle is 

less than 1% at n values above 10 and tends to zero at higher n values, while PWM accuracy 

remain constant at full range of duty cycle. 

TABLE 4.12.  COMPARISON OF DUTY CYCLES AND ACCURACY VALUES FOR DIFFERENT MODULATION TECHNIQUES 

n PWM CPFM (P=1) CZFM (Z=1) 

 D(n) ΔD(n) D(n) ΔD(n) D(n) ΔD(n) 

10 10% 1% 10% 1.1% 90% 0.91% 

20 20% 1% 5% 0.26% 95% 0.24% 

100 100% 1% 1% 0.01% 99% 0.01% 

 



The Figure 4-39 demonstrates that CZFM applied in a buck dimmer provides higher 

accuracy of the relative output (current) especially close to the rated point of LED operation.  

 

Figure 4-39.  Accuracy of buck LED driver controlled with CZFM and PWM modulation technique 

4.5.5. Overall Conclusions 

The comparison of above mentioned approaches used to improve controllability parameters 

of the LED driver are summarized in the Table 4.13. 

TABLE 4.13 COMPARISON OF THREE APPROACHES FOR IMPROVEMENT OF CONVENTIONAL VF LED DRIVER 

Approach Advantages Disadvantages 

Current-fed driver Excludes the most non-linear V-A 

curve from regulation chain 

Implementation of current source 

Modified 

regulation curve 

Based on conventional VF drivers Requires additional passive 

component 

Frequency 

modulation 

No additional components in LED 

driver 

Variable switching frequency, 

requires special control system 

 

In conclusion, it should be mentioned that CF drivers perform better, at a price of complexity 

of implementation of current source. They allow regulating output current (consequently, the 

luminous output) directly, showing outstanding performance for CF buck converter.  

The fitter-buck LED driver is being sole of the tapped-inductor family converters that 

showed good controllability performance at an optimal λ value equals to 0.1. The practical duty 

span has improved 4 times in comparison with conventional VF buck driver, demonstrating nearly linear 

regulation curve. 
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The frequency modulation technique doesn’t require any changes in power circuitry, as only 

control algorithm of commutation is being modified. The CZFM method allows extending the 

precision of regulation at higher duty cycle values that is suitable to use in VF buck converter. 

It allows reducing current step between neighbour duty cycle values in comparison with 

conventional PWM control signal. 



4.6. Typical LED Drivers with ICs Available on Market 

4.6.1. Classification of LED Driver ICs 

Today LEDs are widely used in various fields: LED indicators and displays (for stationary 

and portable devices), projectors, different kind warning lights, in portable lighting applications 

(torches, headlamps, bicycle lamps etc.), automotive lighting, interior and exterior light etc. 

Also on the market there is a wide offer of various LED driver ICs appropriate for these specific 

applications. In scope of this book only the ICs for lighting applications (i.e. high brightness 

LED Driver ICs) will be considered. By the principle of operation HB LED driver ICs usually 

are divided in two main groups:  

 Linear HB LED Driver ICs; 

 Switch mode HB LED Driver ICs. 

Both types have their advantages and drawbacks. Linear drivers have not electromagnetic 

radiation which is the main advantage of this type of drivers. Due to this property linear LED 

drivers are widely used in automotive lighting, sometimes also in portable devices. The main 

drawback of linear drivers is low overall efficiency which is associated with high power losses 

on current-limiting element. Also the input voltage of linear driver always should be higher 

than maximal voltage drop across the LED string connected to this driver. Increase of input 

voltage of driver dramatically increases power losses. 

In contrast with linear drivers the main drawback of switch mode LED driver is possible 

problems with electromagnetic interference (EMI). However, there are many advantages of 

switch mode LED drivers over linear drivers. Switch mode LED drivers are highly efficient in 

wide input voltage range. The input voltage of the driver can be higher, lower or approximately 

equal to the maximal voltage drop across the LED string connected to this driver. Therefore 

switch mode LED driver by ratio of input and output voltages can be divided in:  

 Step-down (buck) drivers;  

 Step-up (boost) drivers; 

 Step-down/step-up drivers (buck-boost, SEPIC, Čuk, flyback, ZETA etc.).  

In some applications galvanic isolation of the output and the primary energy source is 

obligatory. Therefore by the necessity of galvanic isolation LED drivers can be divided in 1) 

non-isolated LED drivers and 2) isolated drivers.  

In the market there are available specific topology LED driver ICs or more or less universal 

ICs compatible with several topologies. There also are available alternating current LED power 



supply ICs which are supporting all necessary functions (for example power factor correction 

function). 

Specification and properties of driver IC largely depends on the application. The ICs with 

different functioning features may be available for one application providing engineers with the 

opportunity to find a more suitable solution, depending on specific requirements (if any).  

4.6.2. Examples of Linear LED Driver ICs 

Any adjustable linear voltage regulator can be configured as a current source. Therefore any 

adjustable linear voltage regulator can operates as a LED driver. Let's consider LED driver built 

on LM317 positive voltage regulator. In common operation mode schematic is configured for 

constant voltage at the output (Figure 4.40 a). Output voltage feedback signal VADJ (which is 

output voltage divided by 1+R2/R1) is taken from resistive divider R1, R2. However, VADJ also 

is slightly affected by adjustment pin sink current IADJ, that flows through resistor R2. Therefore 

the feedback signal is equal to VADJ = (VOUT – IADJ·R2)/(1+R2/R1). If the voltage VADJ across the 

resistor R1 is smaller than internal reference voltage VREF = 1.25V, then internal bipolar 

transistor is open. If the value of VADJ increases above 1.25V, then internal bipolar transistor 

tends to be close (it operates in active mode and can be imagined as a variable resistance).  

CIN (usually 0.1μF) is required when the regulator is located an appreciable distance from 

power supply filter. COUT (approximately 1μF) is not needed for stability; however, it does 

improve transient response. Since IADJ is controlled to less than 100μA, the error associated 

with this term is negligible in most applications [30]. 

 

 VOUT = 1.25(1+R2/R1)+IADJ·R2 ILED = IADJ+1.25/RSENSE ≈ 1.25/RSENSE  

 a)  b) 

Figure 4.40. Use of adjustable linear voltage regulator as a LED driver: a) common operation of linear 

voltage regulator; b) constant output current configuration 
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This schematic can be reconfigured for constant output current operation. In this case output 

current feedback signal is taken from the current sense resistor RSENSE, which is connected in 

series with LEDs (Figure 4.40 b). Feedback signal is equal to VADJ ≈ 1.25/RSENSE. If LED current 

ILED is smaller than 1.25/RSENSE value, then internal bipolar transistor is open. If LED current 

ILED increases above 1.25/RSENSE value, then internal bipolar transistor tends to be close [7]. 

There also is a plenty of linear LED drivers designed especially for this purpose, for example 

adjustable linear HB LED driver MAX16800 (Figure 4.41).  

The operation principles are the similar as in case of common adjustable linear voltage 

regulator. The reference voltage value for MAX16800 is equal to VREF = 204mV. Therefore 

LED current for this driver is equal to ILED = VREF/RSENSE = 0.204/RSENSE . The sense resistor 

power rating must be higher than its power dissipation. The required power rating can be 

calculated (in Watts) as follows: 

 2
. LEDSENSELEDREFSENSER IRIVP  . (4-24)  

Additional functionality blocks are appended in this IC: internal fixed +5V output regulator 

for low power applications (4mA), thermal protection block and enable circuitry, which allows 

implementing low frequency dimming by turning device on and off at low frequency (several 

hundred hertz). 

 

Figure 4.41. Example of linear LED driver built on specialized IC MAX16800 

It is worth to mention that all linear regulators behave as a regulated resistors. Therefore 

most of the circuitry losses dissipate in this device. These losses can be calculated using 

expression 

   LEDLEDIN IVVP  , (4-25) 

whereVLED is the voltage across the LEDs operating at ILED current. It is clearly seen from this 

equation that power losses increases dramatically at higher difference of input and output 

voltage. 
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4.6.3. Examples of Switch Mode LED Driver ICs 

Even the same topology LED driver can be implemented using different control approaches. 

This section about the switch mode LED Driver ICs is organized trying to show common 

examples not only for different topologies, but also for different control approaches. Of course, 

it is impossible to show all possible applications of LED driver ICs in scope of one small section 

of this book.  

4.6.3.1. Step-Down LED Driver ICs 

A good example of step-down (buck) LED driver IC is LM3401. It utilizes hysteretic control 

which is simple and fast. This provides continuous conduction mode of inductor L1 and 

constant current of LEDs. However, the problems with the selection of EMI suppression 

components may accrue due to changeable switching frequency [139]. The typical application 

circuit as well as functional block diagram is shown in Figure 4.42 a.  

The LM3401 uses comparator-based voltage mode hysteretic control, which relies on output 

conditions to directly control switching. The IC controls LED current within the adjustable 

hysteresis window by monitoring peak and valley voltage at the SNS pin, which is proportional 

to the LED current ILED (Figure 4.42 b).  

The LED average current is programmed using a resistor between SNS and GND, shown as 

RSENSE in Figure 4.42 a. This resistor can be calculated as follows: 
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 , (4-26)  

whereVSNS is 200 mV typically [139].  



 

a) 

  

 b)  c) 

Figure 4.42. Example of step-down (buck) hysteretic control LED driver built on LM3401 IC: a) block 

diagram and a typical application schematic b) hysteretic switching waveforms c) LED ripple current 

reduction with a 1 µF output capacitor [139]. 

The hysteresis window can be adjusted via hysteresis resistor RHYS (usually hysteretic control 

ICs have fixed hysteresis window). This provides direct control over the LED ripple current as 

well as some control over the switching frequency. The hysteresis window must be set small 
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enough to keep the peak LED current below its maximum rating. Required hysteresis window 

VSNS.hys can be determined from desired LED current ripple ΔILED 

 SENSELEDhysSNS RIV . . (4-27)  

The typical HYS pin source current is 20 µA. Also the HYS pin voltage is internally 

multiplied typically by 0.2 therefore RHYS value can be found as 
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Care must be taken to select components which will provide the desired frequency range. 

The best approach is to determine a nominal switching frequency for the application and then 

select the inductor accordingly. Inductance can be found from 
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whereD is duty cycle that can be found as (VOUT+VDIODE)/VIN, VANODE is 200mV plus the sum 

of LED forward voltages, and delay is the sum of the LM3401 propagation delay time (46 ns 

typically) and the P-FET delay time. Although peak-to-peak ripple current is controlled by the 

hysteresis value, there is some variation due to propagation delay. This means that the 

inductance has a direct effect on LED current line regulation. More detailed description can be 

found in [139] [   

LED ripple current can be reduced without altering the inductor current by using a bypass 

capacitor placed in parallel with the LED string (shown as COUT in Figure 4.42 a). This allows 

larger hysteresis values to be used while significantly reducing ripple current in the LED string 

(Figure 4.42 c). With output capacitor switching frequency may shift slightly. A typical value 

greater than 100nF is recommended. Smaller capacitance values will be less effective, and large 

ESR values may actually increase LED ripple current.  

Despite its effectiveness to smooth LED ripple current, there are two notable disadvantages 

to using a ripple reduction capacitor: 

 Short circuit at the output will force a large negative voltage spike at the SNS pin 

which could damage the IC. 

 This capacitor will limit the maximum PWM dimming frequency because it takes 

some additional time to charge and discharge. Ceramic capacitors can generate 

audible noise due to fast voltage changes during dimming (can be solved using 

dimming frequencies below 500 Hz, or using a non-ceramic ripple reduction 

capacitor) [139].  



PWM dimming can be implemented by applying dimming signal to the DIM pin. Any 

DIM signal pulse width longer than 100ns can be used. In most cases, the maximum 

dimming frequency is limited by the inductor size and input voltage to anode voltage ratio. 

Less inductance and higher VIN/VANODE ratios will allow the inductor and LED current to 

increase faster, thus allowing for a faster PWM frequency, or lower dimming duty cycle. 

Typical PWM operation waveforms are shown in Figure 4.43 a. 

   

 a)  b) 

Figure 4.43. PWM dimming: a) typical waveforms and LED current with inductor L = 22μH; 

b) alternative dimming implementation for higher frequency and lower dimming duty cycle [139] . 

Higher dimming frequency and lower dimming duty cycle can be achieved by using a FET 

switch in parallel with the LED string Figure 4.43 b. 

Another interesting feature of LM3401 is current limiting operation. Current is sensed across 

the on state resistance RDS.on of the P-FET at the CS pin. An internal 5.5 µA (for calculations 

minimal value 4μA should be used) current sink at the ILIM pin creates a voltage across the 

setting resistor. This voltage is compared to the sensed voltage at the CS pin. Current limit is 

activated and latched when the voltage at the CS pin drops below the voltage at the ILIM pin. 

Then the resistor RLIM value can be found from the expression: 
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whereIL.pk is the peak inductor current threshold. It should be set somewhat higher than the 

maximum LED current to avoid false current limit triggering. 

The similar step-down (buck) topology hysteretic control IC is AP8800. In comparison with 

previous this IC provides less flexibility: the hysteresis window cannot be adjusted, the main 

switch is internal, which limits maximal LED current to 350mA. Despite this, the IC requires 
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less external components, which allows creating simple designs (smaller printed circuit boards 

or even locate driver on the same board with LEDs, which also gives some advantages: better 

thermal management and less required space), as shown in Figure 4.44. 

An interesting feature of this IC is dual function dimming control pin CTRL. It is possible 

to implement conventional PWM dimming applying PWM signal to this pin (pulse mode light 

regulation) as it shown in Figure 4.45a and c. Also it is possible to implement amplitude mode 

light regulation Figure 4.45 b and d. Using filter shown in Figure 4.45 b it is possible to convert 

PWM signal to analog signal, which is proportional to the duty cycle. According to the [22] a 

variable analog voltage between 0.3V and 2.5V to the CTRL pin adjusts the output current 

between 25% and 200% of the current set by RSENSE resistor. However, the experiments 

summarized in Figure 4.46 shows slightly different results. Figure 4.46 shows the relationship 

between the LED current (amplitude mode light regulation) and the control signal. 

 

Figure 4.44. Example of step-down (buck) hysteretic control LED driver built on AP8800 IC [22].  
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 a)  b) 

  

 c)  d) 

Figure 4.45. Two different versions of dimming implementation for LED driver built on AP8800: a) 

recommended circuit for PWM dimming; b) circuit example for analog dimming implementation; 

c) PWM waveforms; d) analog dimming waveforms 

 

Figure 4.46. Dependency of output current (in percent from current set by resistor RSENSE) from the 

duty cycle of PWM signal for circuit shown in Figure 4.45 b 

NCL30100 is fixed off time (off time can be changed via CCT capacitor) switched mode 

LED driver IC. Typical application circuit is shown in Figure 4.47. It operates in continuous 

conduction mode and implements a peak current Ipk mode control scheme (measures transistor 
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Q1, therefore also inductor L1 current and LED current via CS pin on resistor RSENSE). There is 

some propagation delay between sensed Ipk via CS pin and low level signal (switch off signal) 

on DRV pin (usually 220ns). There’s also some delay in transistor operation. Therefore the 

current error between the intended peak current and actual peak current appears (Figure 4.48). 

An optional input feedforward voltage control (IVC pin) is provided to enhance regulation 

response with widely varying input voltages [98] . 

 

Figure 4.47. Typical application circuits for LED driver built on NCL30100 IC 

 

Figure 4.48. Inductor L1 current waveform in case of fixed off time control 

The driver built on this IC is the typical example of the ballast for the LED lamp used for 

replacement of older designs (12V and 24V halogen lamps), where low frequency (50-60Hz) 

isolation transformer is used. 

Low voltage step-down drivers (all described above) usually are used in portable devices, 

LED torches, automotive applications, for retrofitting of older lighting systems (for example, 

replacement of 12V and 24V halogen lamps with LEDs), or with other switch mode primary 

power supplies.  
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Slightly modified (with appropriate component values) the typical circuit shown in Figure 

4.47 can be used also at higher input voltages (without isolation transformer directly connected 

to the grid line). This can be used only in applications where user safety is not an issue, and the 

LEDs are isolated in some type of protective enclosure. However, high difference between the 

input (rectified voltage on DC link and capacitor CIN) and output (voltage across the LED string) 

voltages leads to very small duty cycles: 
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for the worst case scenario. For a nominal input of VIN(VAC) = 230 V and an output of 24V the 

required duty cycle is approximately 7%. This is a very small duty cycle, which for a switching 

frequency of 100 kHz (Tsw = 10μs), amounts to an on time of 700 ns. This short on time duration 

is actually not much larger than the controller’s internal propagation delay and leaves little 

room for pulse width dynamic range for load changes, and will certainly result in a 

sub−switching frequency pulse skipping mode of operation when the load drops below the level 

where current of L1 becomes discontinuous. Also small PWM duty cycle will have an 

efficiency impact on the buck converter. Operation with low duty cycles also requires the 

inductance of the main output choke L1 to be higher if discontinuous conduction mode (DCM) 

is to be avoided [16].  

The solution might be the utilization of tapped inductor (Figure 4.49).  

 

Figure 4.49. Example of offline buck with tapped inductor and current boosted output [16] 

Buck modification with tapped inductor resolves the problem with low duty cycle and even 

allows a higher output current. The relationship for the extended duty cycle D` is [16]: 
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and the peak current boosting capability is given by [16]: 
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whereN is e turns ratio of the two windings on either side of the tap.  

The dc voltage input-to-output transfer function can be written as   [16]   
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More detailed description of NCP1014 IC is given in [16]. 

Connected to the grid line switch mode power supplies (SMPS) consumes non-sinusoidal 

current which leads to higher consumed reactive power and higher losses in transmission lines. 

In fact, this problem is caused by the capacitor (capacitive lode after the bridge rectifier) 

connected after the rectifier (Figure 4.50 b, d, f). There no problems with resistive load after 

the bridge rectifier (Figure 4.50 a, c, e). Power factor (PF) is the parameter which describes the 

grade of similarity of the form of consumed current to the form of input voltage of the device 

(PF can vary from 0 to 1, 1 means full compliance of the input current form with the input 

voltage form). High power SMPS have long been equipped with special converter stage to 

improve power factor – so called power factor corrector (PFC). The tendency of the last few 

years is to equip with PFC also small power devices. 



 

 a) b) 

   

 c) d) 

   

 e) f) 

Figure 4.50. Power factor and SMPS: a) bridge rectifier loaded with resistive load; b) bridge rectifier 

loaded with capacitive load; c) input voltage and current of the bridge rectifier loaded with resistive 

load; d) input voltage and current of the bridge rectifier loaded with capacitive load; e) load voltage 

and current for circuit a; output voltage and current for circuit b. 

The popular power factor correction approach for small power devices (such as LED driver 

on NCL30100 IC or NCP1014 described above) is so called “passive” PFC (Figure 4.51).  
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a) 

   

 b) c) 

Figure 4.51. “Passive” PFC: a) “passive” PFC principal circuit; b) input voltage and current of this 

circuit; c) output voltage and current of this circuit. 

“Passive” PFC allows improving power factor significantly. However, output voltage 

pulsations are approximately by 20% higher with “passive” PFC than in case of single capacitor 

(capacitance is the same in both cases: CDC = 22uF; CDC1 = CDC2 = 44uF). Thus, allowed input 

voltage range of the SMPS should be carefully studied to ensure stable operation of LED driver. 

There is a plenty of approaches to implement active power factor correction. Here we will 

consider only the most popular – boost converter which is used as a pre converter in ballasts 

and SMPS. The main tasks of this pre converter is provision of constant voltage to the DC link 

and consumption of sinusoidal current from the input utilizing special control strategy. The 

typical circuit of the PFC pre converter built on TDA4862 IC is shown in Figure 4.52. 

Boost converter choke in Figure 4.52. is shown as transformer Tr1. The secondary winding 

has two functions: 1) it provides power supply (making auxiliary power supply together with 

elements C3, C4, R8, D1) to the IC in this way minimizing power losses on the start-up resistor 

R3; 2) it is a part of zero current detector (ZCD) circuit (Tr1 secondary winding and resistor 

R9). Pre converter shown in Figure 4.52 operates in discontinuous conduction mode (DCM). It 

means that current IL in boost choke (transformer Tr1 primary winding and resistor R9) and 

diode D2 reaches zero in each switching cycle (Figure 4.53 a). This allows avoiding high-loss 

reverse recovery currents of the diode. 
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Input voltage is monitored via MULTIN pin through resistive voltage divider R1, R2, but the 

output voltage can be specified by the resistive voltage divider R5, R6 which provides output 

voltage feedback to Vsense pin. The current in the transistor Q1 is monitored via resistor R7, thus 

transistor is protected from critical operation. 

 

Figure 4.52. Example of active PFC built on TDA4862 IC [59] . 

a)  b)  

Figure 4.53. Input voltage and current as well as choke current waveforms of the PFC pre converter: a) 

operating in DCM [157]; b) operating in CCM [100].  

By changing the control strategy boost converter can operates also in continuous conduction 

mode (CCM) as shown in Figure 4.14 b. NCP1653 IC is a typical example of PFC converter 

controller that operates in CCM. CCM allows minimizing EMI, however, the efficiency in 

comparison with DCM is lower due to reverse recovery currents of the diode. 



4.6.3.2. Step-Up LED Driver ICs 

The example of typical step-up (boost) LED driver built on TS19371 IC is shown in Figure 

4.54. 

Similarly to previously described drivers LED current is defined by sense resistor. PWM 

dimming also can be implemented easily. Alternative interesting dimming method is described 

in [59]. As the DC voltage increases, the voltage drop on R2 increases and the voltage drop on 

R1 decreases (Figure 4.55 a). Thus, the LED current decreases. Adjustable DC voltage can be 

replaced by the filtered PWM signal (Figure 4.55 b and c). 

 

 a) b) 

Figure 4.54. Step-up (boost) LED driver on TS19371 IC: a) typical application circuit b) functional 

block diagram of TS19371 [157]. 

   

 a) b) c) 

Figure 4.55. Amplitude mode dimming approach for the LED driver built on TS19371: a) dimming 

control using a DC voltage; b) dimming control using a filtered PWM signal; c) relationship between 

the control signal and output current [ 157] . 



Step-up LED drivers usually are used with energy storages (batteries) as a primary power 

supplies to deliver high enough voltage for the LED from the low voltage source. So, the 

common applications of boost LED drivers are portable devices: mobile phones, laptops, 

torches. It is worth to mention that the efficiency of boost converter in general case is worse 

than the efficiency of buck converter. Therefore if there is choice (voltage of the primary source 

or the number of LEDs are selectable), then better option is buck converter. 

4.6.3.3. Step-Up/Step-Down LED Driver ICs 

Step-up/step-down drivers usually are used in applications, where the input voltage is 

approximately equal to the voltage drop across the LED string: again in portable devices as 

well as in general purpose lighting for triac dimmable drivers.  

A typical example of triac dimmable non-isolated buck-boost LED driver built on TPS92075 

IC (mixed analog and digital IC!) is shown in Figure 4.56.  

The power converter stage generates an analog current reference and uses it to regulate the 

output current. It is used to compare with current in main choke L4. The inductor current is 

controlled by peak inductor current and cycle off-time. The form of the analog reference 

depends on operation mode. For no dimming operation when the conduction angle is greater 

than 70%, the controller creates a triangular ramp on reference signal (Figure 4.57 a). 

Conduction angle (triac dimming) is detected via ASNS (angle sense) pin (which is the only 

input to the digital controller). The time between the rising edge and the falling edge of the 

signal determines converter functions (Figure 4.57 b). When the conduction angle is reduced 

below the 70% threshold the output is controlled with a DC reference level based on: (angle 

sense rise to fall length count) / 2 + 35, ≤ 63. The transition of reference signal between dimming 

and no dimming condition is shown in Figure 4.57 [140], [142]. 



 

Figure 4.56. Application circuit of non-isolated buck-boost LED driver with active PFC built on 

TPS92075 IC [142].  

  

a) b) 

 

c) 

Figure 4.57. Controlled reference signal of TPS92075: a) no dimming condition; b) conduction angle 

detection waveforms; d) transition from dimming to no dimming condition [140].  



The hallmark of this type of the converter is bulky capacitor at the output (C3 in Figure 4.56) 

which is provided to eliminate most of the ripple current seen in the LEDs (Figure 4.58). More 

detailed description can be found in [140], [142].  

 

Figure 4.58. Output current of LED driver built on TPS92075 (no dimming condition) 

Isolated LED drivers can be identified as a separate category. However, the drivers that has 

isolation transformer can be a step-down or step-up, or step-down/step-up converter. Turns ratio 

of the isolation transformer determines the ratio between the input and output voltage.  

A very popular topology for isolated LED drivers is flyback converter. There are several 

advantages over other isolated topologies: the converter needs only one main switch (eliminates 

costs) and the transformer can be considered as a choke (makes calculations easier). The typical 

application circuit for flyback controller IC TPS92315 is shown in Figure 4.59.  

 

Figure 4.59. Typical application circuit for TPS92315 IC (flyback converter) [141].  
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Usually this type of converters uses the LED current monitoring on the secondary side in 

order to ensure constant current, but the monitored signal is decoupled via optical coupler. An 

interesting feature of TPS92315 is indirect LED current control that eliminates necessity of 

optical coupler. The devices process operating information from the primary power switch and 

an auxiliary flyback winding to provide precise output current control. The control law dictates 

that the secondary average output current is determined by primary-peak current IPPmax, turns 

ratio, secondary demagnetization time (tDM), and switching period (TSW). Without taking into 

account leakage inductance effects the average output current can be found from [141]: 
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Figure 4.60. Flyback transformer currents: dashed – in primary winding; solid – in secondary winding 

[141].  

To decrease power losses during switching process and increase overall efficiency of LED 

power supply there are a plenty of interesting soft switching approaches (zero current, zero 

voltage switching). A good description (for self-study) and reference circuit of LLC resonant 

LED driver built on LFS1700XS IC is given in [31] and [32]. 



4.7. Protection of LEDs and Their Power Supplies 

LEDs as a low voltage semiconductor devices are vulnerable to electrical overstress events, 

such as electrostatic discharge, overcurrent, reverse voltage. The effect of electrical overstresses 

might be critical, when the LED brakes down immediately, either latent, which might become 

critical in thousands of hours after the event. 

The thermal management of LEDs also requires attention, as exposing them to relatively 

high temperature, influences not only the efficacy of the LED, but also its lifetime, having 

negative effect on semiconductor structure causing increased aging and degradation of die 

structure. 

4.7.1. Electrical overstress protection 

4.7.1.1. Overvoltage protection 

The protection from overvoltage and electrostatic discharge is implemented by means of 

parallel connection of metal-oxide varistors (MOV) or transient-voltage suppressors (TVS), 

which are designed to conduct current if voltage is increased above certain threshold (see Figure 

4-61). MOVs are voltage-dependent resistive devices, while TVS typically are silicon- based 

diodes. These devices are selected in wide range of voltage thresholds, so that they can match 

variety of LED devices. 

 

 

 
 

(a)  (b)  (c) (d) 

Figure 4-61 Overvoltage protection devices: (a) connection of overvoltage protection devices; 

(b) metal-oxide varistor; (c) unidirectional transient-voltage suppressor; (d) bidirectional transient-

voltage suppressor 

4.7.1.2. Inrush current protection 

The current above nominal value may occur on the output of the driver during start-up 

moments, when the primary power supply or driver are powered up, exposing LEDs to harmful 



influence of inrush current. The low-resistance NTC (negative temperature coefficient) 

resistors are intended to mitigate this problem (see Figure 4-62). While system is cool, the 

resistor absorb start-up current by heating-up, than its resistance is decreased that minimizes 

the voltage drop on it. However, in small power applications this element can cause noticeable 

efficiency drop, forcing trade-off between safety and efficiency. Another disadvantage is 

related with inertia of cooling that results in delay, when NTC resistor would be possible to 

absorb inrush current again. 

NTC

 

Figure 4-62. Inrush current protection with NTC resistor 

4.7.1.3. Overcurrent 

The complementary device to NTC resistor is PTC (positive temperature coefficient) resistor 

that is used in current limiting applications. When LED is overdriving (current above nominal) 

it dissipates more energy and heats up closely located components. Increased temperature of 

PTC resistor connected in series with LEDs limits the current and protect the LEDs. 

4.7.1.4. Reverse voltage 

LED are also vulnerable to reverse voltage applied to them that can be overcome by 

additional barrier diode attached to string of LEDs (see Figure 4-63). The Schottky diode is 

advantageous due to its small voltage drop in direct current flow, having minimal impact on 

efficacy of LED luminaire. 

 

Figure 4-63. Schottky diode protection from reverse voltage 



4.7.1.5. Active protection 

In contrast to passive devices that have inherited delays related with thermodynamics of 

cooling down as with NTC and PTC resistors, active protection system has higher efficiency 

ratings and eliminates delays, reacting instantly on abnormal current values. This circuit 

contains current sensing and PMOS driving circuit (see Figure 4-64) protecting LEDs from 

inrush currents and overcurrent, while body diode protects from reverse voltage. 
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Figure 4-64. Active LED protection circuit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. Devices and systems for LED lighting control 
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5.1. Dimmers (0-10V,  …) 

5.1.1. Dimmers preface. 

Dimmer controls reduce the brightness of light, which saves energy. 

This is because  dimmers automatically dial back the energy used, but without diminishing 

light quality. Dimmers are solid-state devices with a processor that switches the lights on and 

off. 

 A dimmer turns light on and off 120 times a second; the eye just can’t see it. The more you 

dim, the more cycles the bulb is off. If you are dimming 50 percent, the lights are off 50 percent 

of the time. The more you dim, the more it’s off, and the more energy you save. 

Dimmer makes lighting controls for every type of light source, from incandescents to 

fluorescents, LEDs, and more. With all lights, the more you dim, the more energy you save, 

and the longer you extend the life of the bulb. 

A dimmer is one of the best energy-saving devices, and they also make your home more 

beautiful.  You’re not sacrificing; you’re choosing the light level that’s best for you.  

A number of different dimmer design have been used since the late 1800s, including 

saltwater dimmers, coil-rotation transformers, rheostats, thyristors, and various digital products.  

Unfortunately, 90 percent of the lighting circuits in the world still use basic on-off switches. 

5.1.1. How modern lght dimmers work. 

Solid-state light dimmers work by varying the "duty cycle" (on/off time) of the full AC 

voltage that is applied to the lights being controlled. For example, if the voltage is applied for 

only half of each AC cycle, the light bulb will appear to be much less bright than when it get 

the full AC voltage, because it get's less power to heat the filament. Solid-state dimmers use 

the brightness knob setting to determine at what point in each voltage cycle to switch the light 

on and off. 

Typical light dimmers [55] are built using thyristors and the exact time when the thyristor is 

triggered relative to the zero crossings of the AC power is used to determine the power level. 

When the thethyristor is triggered it keeps conducting until the current passing though it goes 

to zero (exactly at the next zero crossing if the load is purely resistive, like light bulb). By 

changing the phase at which you trigger the triac you change the duty cycle and therefore the 

brightness of the light. 



 Here is an example of normal AC power you get from the receptacle (see Figure 5-1, the 

picture should look like sine wave) [55]:  

 

Figure 5-1 Sine wave AC 

 

And here is what gets to the light bulb when the dimmer fires the triac on in the middle of 

AC phase (see Figure 5-2): 

 

 

Figure 5-2 Sine wave AC by varying the turn-on point 

As you can see, by varying the turn-on point, the amount of power getting to the bulb is 

adjustable, and hence the light output can be controlled.  

The advantage of thyristors over simple variable resistors is that they (ideally) dissipate very 

little power as they are either fully on or fully off. Typically thyristor causes voltage drop of 1-

1.5 V when it passes the load current.  



 

Figure 5-3 Wiring example for 0-10V dimming application.  [55] 

5.1.1. 0-10 V dimming. 

Used as an early fluorescent dimming system and still used today, 0-10V dimming has been 

adapted to become a reliable LED dimming control protocol.  

0-10 V is one of the earliest and simplest electronic lighting control signaling systems; 

simply put, the control signal is a DC voltage that varies between  

zero and ten volts. The controlled lighting should scale its output so that at 10 V, the 

controlled light should be at 100% of its potential output, and at 0 V it should at the lowest 

possible dimming level.  

What should I look for when picking a 0-10V controller? Often, dimming ballasts and 

dimming LED power supplies use 0-10V control signals to control dimming functions. In many 

cases, the dimming range of the power supply or ballast is limited. If the light output can only 

be dimmed from 100% down to 10%, there must be a switch or relay available to kill power to 

the system and turn the light completely off.  

 



5.2. Sensors 

5.2.1. Sensors  preface. 

The term sensor is used for the element that produces a signal related to the measured value. 

Sensors and measuring systems are used to provide the required information on the measurable 

process in mechatronic systems. 

Sensors that measure mechanical or thermal quantities and transform them into an electrical 

signal are of special importance for mechatronic systems. The sensors are a device that receives 

a stimulus and responds with an electrical signal. 

Sensors that measure the mechanical or thermal values and convert them into electrical 

signals, are of particular importance for mechatronic systems. Sensor - a device that receives 

the influence of the environment and transform it into an electrical signal. 

The sensor output signal may be a voltage, current or charge. These values can be described 

in terms of amplitude, frequency, phase, or a digital code. This set of characteristics is called 

the output format. The sensor converts the input signal has the properties of any kind in signals 

having electrical properties. 

The term sensor is to be distinguished from the transducer. The latter is an energy converter 

of one species into another, whereas the first converts any type of electrical energy into 

electrical. 

5.2.1.1. Measuring systems. 

 

 A measurement system may use transducers, in addition to the sensor, in other parts or the 

systems to convert signals in the one form to another form. The first element of this system is 

the sensor or sensing element or this system. 

An ideal or theoretical output–stimulus relationship exists for every sensor.The ideal 

function may be stated in the form of a table of values, a graph, or a mathematical equation. An 

ideal (theoretical) output–stimulus relationship is characterized by the so-called transfer 

function. This function establishes dependence between the electrical signal S produced by the 

sensor and the stimulus s [63]: 

S =f (s).            (5-1) 



That function may be a simple linear connection or a nonlinear dependence, for example, 

logarithmic, exponential, or power function. In many cases, the relationship is unidimensional 

(i.e., the output versus one input stimulus). A unidimensional linear relationship is represented 

by the equation [63]: 

S =a +bs ;       (5-2) 

where: 

a-  is the intercept (i.e., the output signal at zero input signal); 

b-  is the slope, which is sometimes called sensitivity.  

S is one of the characteristics of the output electric signal used by the data acquisition devices 

as the sensor’s output. It may be amplitude, frequency, or phase, depending on the sensor 

properties. 

Logarithmic function: 

S =a +b ln s;      (5-3) 

Exponential function: 

S =a eks;       (5-4) 

Power function: 

S =a0 +a1sk;      (5-5) 

Where: 

 k-  is a constant number. 

For a nonlinear transfer function, the sensitivity b is not a fixed number as for the linear 

relationship. At any particular input value, s0, it can be defined as: 

 

b=(dS(S_0))/ds ;      (5-6) 

5.2.1.2. Hysteresis. 

A hysteresis error is a deviation of the sensor’s output at a specified point of the input signal 

when it is approached from the opposite directions (see Figure 5-4).  



 

 

 

 

 

 

Figure 5-4.Transfer function with histeresis 

For example, 63] a displacement sensor when the object moves from left to right at a certain 

point produces a voltage which differs by 20 mV from that when the object moves from right 

to left. If the sensitivity of the sensor is 10 mV/mm, the hysteresis error in terms of displacement 

units is 2 mm. Typical causes for hysteresis are friction and structural changes in the materials. 

5.2.1.3. Saturation 

Every sensor has its operating limits. Even if it is considered linear, at some levels of the 

input stimuli, its output signal no longer will be responsive [63]. A further increase in stimulus 

does not produce a desirable output. It is said that the sensor exhibits a span-end nonlinearity 

or saturation   ( 

Figure 5-5). 

 

 

 

 

 

 

 

Figure 5-5. Transfer function with with saturation 
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5.2.1.4. Repeatability 

A repeatability (reproducibility) error is caused by the inability of a sensor to represent the 

same value under identical conditions. It is expressed as the maximum difference between 

output readings as determined by two calibrating cycles (Figure 5-6). 

 
 

Figure 5-6.The repeatability error. 

The same output signal S1 corresponds to two different input signals [63]. 

 

Unless otherwise specified. It is usually represented as % of FS: 

 

𝛿 =
∆

𝐹𝑆
 ∙ 100%;     (5-7) 

 

Possible sources of the repeatability error may be thermal noise, buildup charge, material 

plasticity, and so forth. 

5.2.1.5. Dead Band 

The dead band is the insensitivity of a sensor in a specific range of input signals (Figure 5-7). 

In that range, the output may remain near a certain value (often zero) over an entire dead-band 

zone. 

 



 

Figure 5-7. The dead-band zone in a transfer function. 

5.2.1.6. Damping 

Damping is the progressive reduction or suppression of the oscillation in the sensor having 

higher than a first-order response [63]. When the sensor’s response is as fast as possible without 

overshoot, the response is said to be critically damped (Figure 5-8). 

 

 
 

Figure 5-8. Responses of sensors with different damping characteristics. 

 

 An underdamped response is when the overshoot occurs and the overdamped response is 

slower than the critical response. The damping ratio is a number expressing the quotient of the 

actual damping of a second-order linear transducer by its critical damping. For an oscillating 

response, as shown in Figure 5-8, a damping factor is a measure of damping, expressed (without 

sign) as the quotient of the greater by the lesser of a pair of consecutive swings in opposite 

directions of the output signal, about an ultimately steady-state value. Hence, the damping 

factor can be measured as Damping factor K: 

 

𝐾 =
𝐹

𝐴
=

𝐴

𝐵
=

𝐵

𝐶
= ⋯;     (5-8) 

5.2.2. Classification of sensors. 

Because of the broad spectrum of metrology, it is difficult to classify sensors and the 

corresponding signal processing devices. Important feature for the classification of sensors are 

[113]: 



− Measured quality; 

− Sensor principle; 

− Manufacturing technology;  

− Signal type and interfaces; 

− Fields of application; 

− Quality class;  

− Cost. 

A rough classification might be: 

− Mechanical quantities; 

− Thermal/caloric quantities; 

− Electrical quantities; 

− Chemical and physical quantities. 

All sensors may be of two kinds: passive and active.  

A passive sensor does not need any additional energy source and directly generates an 

electric signal in response to an external stimulus; that is, the input stimulus energy is converted 

by the sensor into the output signal. The examples are a thermocouple, a photodiode, and a 

piezoelectric sensor. Most of passive sensors are direct sensors as we defined them earlier.  

The active sensors require external power for their operation, which is called an excitation 

signal. That signal is modified by the sensor to produce the output signal. The active sensors 

sometimes are called parametric because their own properties change in response to an external 

effect and these properties can be subsequently converted into electric signals. It can be stated 

that a sensor’s parameter modulates the excitation signal and that modulation carries 

information of the measured value. 

Depending on the selected reference, sensors can be classified into absolute and relative. An 

absolute sensor detects a stimulus in reference to an absolute physical scale that is independent 

on the measurement conditions; whereas a relative sensor produces a signal that relates to some 

special case. An example of an absolute sensor is a thermistor: a temperature-sensitive resistor. 

Its electrical resistance directly relates to the absolute temperature scale of Kelvin.  

Another very popular temperature sensor – thermocouple - is a relative sensor. It produces 

an electric voltage that is function of a temperature gradient across the thermocouple wires. 

Thus, a thermocouple output signal cannot be related to any particular temperature without 

referencing to a known baseline. Another example of the absolute and relative sensors is a 

pressure sensor. An absolute-pressure sensor produces signal in reference to vacuum - an 

absolute zero on a pressure scale. A relative-pressure sensor produces signal with respect to a 

selected baseline that is not zero pressure. 



TABLE 5.1. SURVEY OF THE CLASSIFICATION OF IMPORTANT MEASURING QUANTITIES [113]. 

Mechanical quantities geometrical quantities 

 

displacement, angle, level, 

gradient.  

kinematic quantities Speed, asseveration, 

oscillation, flow. 

stress quantities force, pressure, torque. 

material quantities mass, density, viscosity. 

acoustic quantities Sound velocity, sound 

pressure, sound frequency 

Thermal quantities temperature temperature of contact, 

temperature of radiation. 

Electrical quantities Electrical state variable voltage, current, power. 

Electrical parameter resistance, impedance, 

capacity, inductance 

Field variable magnetic field, electrical field. 

Chemical and physical 

quantities 

concentration pH value, humidity, heat 

condition 

size of particle content of suspended matter, 

content of dust 

kind of molecule gas molecules, fluid molecules, 

rigid body molecules 

optical quantity Intensity wavelength, color  

5.2.2.1. Units of Measurements 

TABLE 5.2 SI SYSTEM BASIC UNITS [113]. 

Quantity Name Symbol Defined by 

Length meter M The length of the path traveled by light in vacuum 

in 1/299,792,458 of a second 

Mass kilogram Kg After a platinum–iridium prototype 

Time second S The duration of  9,192,631,770 periods of the 

radiation corresponding to the transition between 

the two hyperfine levels of the ground state of the 

cesium-133 atom 

Electric current Ampere A Force equal to 2*10−7 Nm of length exerted on two 

parallel conductors in vacuum when they carry the 

current 



5.2.3. Sensor properties 

The transformation of non-electrical quantities into electrical ones depends on physical or 

chemical effects. These may be divided into main and side effects. The main effect is 

responsible for generating the desired measurement signal converted into an electrical voltage. 

The most important criteria for evaluating sensors are: 

− static behavior; 

− dynamic behavior  

− quality class, measuring range; 

− overload capacity; 

− compatibility with associated components; 

− environmental influences; 

− reliability.  

A sensor’s static behavior is described by the characteristic of the sensor. It defines the 

sensitivity of a sensor, the ratio of the change of the electrical output signal to the change of the 

measured variable. 

The dynamic behavior is described by a sensor’s frequency response or simple characteristic 

values, cut-off frequencies or time constants. The sensor dynamics have to be adjusted to the 

process and the measuring tasks.     

The quality class gives a basic measure about a sensor’s accuracy. It is the percentage 

maximum error of a measurement with reference to the full scale. Industrial applications, on 

the other hand, require a much higher precision (0.005% to 1%). 

The overload capacity specifies the range in which a sensor may be operated without changes 

in the sensor’s characteristics or damage to itself. Typical overload capacities are between 

200% and 500%. 

A sensor’s compatibility depends on the output signal type.   

Environmental influences, temperature, acceleration, contamination, wear and tear, are 

especially important. 

The reliability of a sensor is described by characteristic parameters, the “mean time between 

failures”. 

Other important properties of a sensor are linearity, hysteresis, and repeatability.  



5.2.4. Signal types 

The type of signal supplied by the sensors depends on both the measuring principle and on 

the associated signal transmission and signal processing devices. Signal types may be 

subdivided into the following categories [113]: 

− amplitude-modulated; 

− frequency- modulated; 

− digital.  

Amplitude-modulated signals are characterized by a proportional relationship between the 

signal amplitude and the measured quantity. 

If the signal frequency is proportional to the measured quantity, the signal is called a 

frequency–modulated signal.  

Digital signals encode a measured quantity using serial or parallel binary signals. 

TABLE 5.3 SIGNAL TYPES [113]. 

            Signal  type 

Properties 

Amplitude-modulated Frequency- modulated Digital  

Static accuracy Large large limited by word length 

Dynamic behavior very fast limited through 

transducer 

limited through 

sampling 

Noise sensitivity medium / large small small 

Galvanic separation Costly simple simple 

Interfacing to a digital 

computer 

Analog-digital 

converter 

simple (frequency 

counter) 

simple 

Computational 

operation 

very limited limited simple 

5.2.5. Sensing elements types 

5.2.5.1. Resistive sensing elements. 

They are potentiometers made of electrically conductive plastics or metal wire. 

Potentiometers are wired as voltage dividers and are offered as linear or rotational sensing 

elements, in the later form as multiplex potentiometers. The measuring ranges of linear sensing 

elements start a few millimeters and up to about two meters.  

Encapsulation of the sensor housing enables the deployment of the sensor in rough 

environments. Safety rails ensure a movement of the brush free of lateral forces. Sensing 



elements made out electrically conductive plastic have a very high resolution off 0.01 mm. 

However, a high accuracy requires a very precise voltage source. 

 

 
Figure 5-9. Illustration of the principle of resistive sensing elements. 

5.2.5.2. Inductive sensing elements  

Inductive sensing elements rely on the dependence of change in the self and mutual 

inductance on the elements position. The inductance of coil arrays is changed by variation of 

the air gap. A lattice network consisting of differential coils ensures an almost linear 

characteristic. 

 

Figure 5-10. Illustration of the principle of inductive sensing elements 

5.2.5.3. Differential transformers 

Differential transformers exploit the relationship of the mutual inductance between the 

primary and secondary coil is and displacement of the iron core. The primary coil is subjected 

to a carrier frequency. The difference in the voltage of the secondary coil acts as a displacement 

–dependent output signal. Inductive sensors are non-contact sensing  



 
 

Figure 5-11. Illustration of the principle of inductive sensing elements 

elements. Their measuring range starts at a few millimeters and goes up to about one meter. 

Other designs are displacement angle sensing elements.   

5.2.5.4. Capacitive sensing elements. 

A change in plate distance, plate area of the dielectric material between plates influences the 

capacitance of a capacitor. The signal processing circuits consist of AC lattice networks .They 

has to be operated with a high carrier frequency (0.5…1 MHz) because of small capacitances. 

 
Figure 5-12. Illustration of the principle of capacitive sensing elements 

5.2.5.5. Strain dauge 

Strain gauge transforms small linear deformations into electrical signals. They are based on 

the effect that a change in the length of an electrical conductor results in a change in the 

electrical resistance. If one expands a wire of length 𝐿 by ∆L, the electrical resistance of the 

wire of changes due to changes in the specific electrical resistance. 



The strain gauge is the most common device for the electrical measurement of static 

deformation. They rely on a proportional linear variance of resistance (∆R) due to variance in 

gauge length (∆L) along its longitudinal axis referred to as Gauge Facture (GF) and is typically 

no greater than 2.  

Gage Factor is expressed in equation form as: 

                                                     𝐺𝐹 =
∆𝑅/𝑅

∆𝐿/𝐿
;                                              (5-9) 

A strain gauge is made of a continuous electrical conductor (bonded metallic or foil) called 

the grid, deposited on a very thinflexible in sulating maerial carrier. Figure 5-13  shows a 

magnified strain gauge. 

 

 

Figure 5-13. Block diagram of basic elements of strain-gauge instrumentation system 

5.2.5.6. Encoders 

Encoders use code rulers or code discs on which the discrete displacement data is encoded. 

The allocation is absolute because they do not need an external reference. Unit-distance codes, 

Gray code, are often used for coding. The sampling is performed optically. In order to 

distinguish between different discrete positions, one needs n sampling tracks. This makes kind 

of sensing elements relatively complicated. Codes sensing elements are mainly used in 

industrial metrology for numerically controlled tools and robots.   



5.2.5.7. Incremental sensing elements 

Incremental position and angle sensors count the number of so-called notches or slots, 

relative to an initial point. Sampling is performed either by optical or inductive methods, 

resulting in pulse trains that are counted. The initial point can be chosen arbitrarily [156]. 

 

 

Figure 5-14.  Illustration of the principle Incremental sensing elements 

 If a failure occurs, the initial point gets lost and must therefore the reset by moving to a 

reference position. A fault while counting the increments influences all the following reading. 

Additional circuitry with two samplers per scale enables detection of movement direction and 

a pulse multiplication. 

The sensor housing often contains a pulse-shaping circuitry. Incremental sensors are mainly 

used in industrial metrology, manufacturing.    

5.2.5.8. Hall Effect sensors 

If a voltage is applied to a conductor or semiconductor located in a magnetic field 

perpendicular to the applied voltage, the Hall voltage is generated, which is perpendicular to 

both the current flow and the magnetic field. The dependence of the hall voltage on the 

magnetization is now used for proximity or position measurement. If the semiconductor is a 

silicon Hall plate, the voltage has to be amplified [156]. 

 



 
Figure 5-15.  Illustration of the principle of Hall sensor. 

Were: 

1,2 -  contacts; 

3,4 – contacts between which is measured the Hall voltage ; 

L - lenght; 

b - width;  

d - thickness ; 

I1 - current ; 

BZ - magnetic field ;  

V20 - The hall voltage.  

 Integrated Hall sensors exist, which incorporate amplification, stabilization, and 

temperature compensation. A rotational position sensor now consists of a permanent magnet 

and a soft magnetic field tooth wheel moving through a gap between the magnet and the Hall 

IC. 

This type of sensor is used, for example, for rotor position sensing of brushless DC motors 

and for ignition triggering of engines   

5.2.5.9. Occupancy and Motion Detectors 

The occupancy sensors detectthe presence of people and sometimes animals in a monitored 

area. Motion detectorsrespond only to moving objects. A distinction between the two is that the 

occupancysensors produce signals whenever an object is stationary or not, whereas the 

motiondetectors are selectively sensitive to moving objects. The applications of these 

sensorsinclude security, surveillance, energy management, electric lights control, 

personalsafety, friendly home appliances, interactive toys, novelty products, and so 



forth.Depending on the applications, the presence of humans may be detected through 

anymeans associated with some kind of a human body’s property or body’s actions. For 

instance, a detector may be sensitive to body weight, heat, sounds, dielectricconstant, and so 

forth. The following types of detector are presently used for theoccupancy and motion sensing 

of people: 

− Air pressure sensors: detects changes in air pressure resulted from opening doors and 

windows; 

− Capacitive: detectors of human body capacitance; 

− Acoustic: detectors of sound produced by people; 

− Photoelectric: interruption of light beams by moving objects; 

− Optoelectric: detection of variations in illumination or optical contrast in the protected 

area; 

− Pressure mat switches: pressure-sensitive long strips used on floors beneath the 

carpets to detect weight of an intruder; 

− Stress detectors: strain gauges imbedded into floor beams, staircases, and other 

structural components; 

− Switch sensors: electrical contacts connected to doors and windows; 

− Magnetic switches: a noncontact version of switch sensors; 

− Vibration detectors: react to the vibration of walls or other building structures, also 

may be attached to doors or windows to detect movements; 

− Glass breakage detectors: sensors reacting to specific vibrations produced by shattered 

glass; 

− Infrared motion detectors: devices sensitive to heat waves emanated from warm or 

cold moving objects; 

− Microwave detectors: active sensors responsive to microwave electromagnetic 

− signals reflected from objects;  

− Ultrasonic detectors: similar to microwaves except that instead of electromagnetic 

radiation, ultrasonic waves are used; 

− Video motion detectors: video equipment which compares a stationary image stored 

in memory with the current image from the protected area; 

− Video face recognition system: image analyzers that compare facial features with a 

database; 

− Laser system detectors: similar to photoelectric detectors, except that they use narrow 

light beams and combinations of reflectors; 

− Triboelectric detectors: sensors capable of detecting static electric charges carried by 

moving objects; 



One of the major aggravations in detecting the occupancy or intrusion is a falsepositive 

detection. The term “false positive” means that the system indicates an intrusion when there is 

none. In some noncritical applications where false-positive detections occur occasionally, e.g., 

in a toy or a motion switch controlling electric lights in a room, this may be not a serious 

problem: The lights will be erroneously turned on for a short time. In other systems, especially 

used for security and military purposes, the false-positive detections may become a serious 

problem. While selecting a sensor for critical applications, considerations should be given to 

its reliability, selectivity, and noise immunity. It is often a good practice to form a multiple-

sensor arrangement with symmetrical interface circuits. It may dramatically improve the 

reliability of a system, especially in the presence of external transmitted noise. Another efficient 

way to reduce erroneous detections is to use sensors operating on different physical principles, 

e.g., combining capacitive and infrared detectors is an efficient combination, a as they are 

receptive to different kinds of transmitted noise. 

5.2.5.10. Encoders Microwave Motion Detectors 

The microwave detectors (see Figure 5-16) offer an attractive alternative to other detectors 

when itis required to cover large areas and to operate over an extended temperature rangeunder 

the influence of strong interferences, such as wind, acoustic noise, fog, dust,moisture, and so 

forth. 

 

 

Figure 5-16.  Microwave occupancy detector: a circuit for measuring Doppler frequency [63]. 

The operating principle of the microwave detector is basedon radiation of electromagnetic 

radio-frequency (RF) waves toward a protected area.The most common frequencies are 10.525 

GHz (X band) and 24.125 GHz (K band).2These wavelengths are long enough (λ=3 cm at X 

band) to pass freely through mostcontaminants, such as airborne dust, and short enough for 

being reflected by largerobjects.The microwave part of the detector consists of a Gunn 

oscillator, an antenna, anda mixer diode. The Gunn oscillator is a diode mounted in a small 



precision cavitywhich, upon application of power, oscillates at microwave frequencies. The 

oscillatorproduces electromagnetic waves (frequency f0), part of which is directed through 

aniris into a waveguide and focusing antenna which directs the radiation toward theobject. 

Focusing characteristics of the antenna are determined by the application. Asa general rule, the 

narrower the directional diagram of the antenna, the more sensitiveit is (the antenna has a higher 

gain). Another general rule is that a narrow-beamantenna is much larger, whereas a wide-angle 

antenna can be quite small. The typicalradiated power of the transmitter is 10–20 mW. A Gunn 

oscillator is sensitive to thestability of applied dc voltage and, therefore, must be powered by a 

good qualityvoltage regulator. The oscillator may run continuously, or it can be pulsed, 

whichreduces the power consumption from the power supply.The smaller part of the 

microwave oscillations is coupled to the Schottky mixingdiode and serves as a reference signal 

(Figure 5-17) [63].  

𝜃 

Figure 5-17.  Microwave occupancy detector: a circuit with a threshold detector. 

In many cases, the transmitterand the receiver are contained in one module called a 

transceiver. The target reflectssome waves back toward the antenna, which directs the received 

radiation toward themixing diode whose current contains a harmonic with a phase differential 

betweenthe transmitted and reflected waves. The phase difference is in a direct relationship 

tothe distance to the target. The phase-sensitive detector is useful mostly for detectingthe 

distance to an object. However, movement, not distance, should be detected.Thus, for the 

occupancy and motion detector, the Doppler effect is the basis for theoperation of microwave 

and ultrasonic detectors. It should be noted that the Dopplereffectdevice is a true motion 

detector because it is responsive only to moving targets. 

Here is how it works. 

An antenna transmits the frequency f0 which is defined by the wavelength λ0 aswhere c0 is 

the speed of light:  

𝑓0 =
𝑐0

𝛾0
 ;      (5-10) 



wherec0 is the speed of light.  

When the target moves toward or away from the transmitting antenna, the frequency of the 

reflected radiation will change. Thus, if the target is moving away with velocity v, the reflected 

frequency will decrease and it will increase for the approaching targets. This is called the 

Doppler effect. However, in contrast to sound waves that may propagate with velocities 

dependent on the movement of the source of the sound, electromagnetic waves propagate with 

the speed of light, which is an absolute constant.  

 

5.2.5.11. Capacitive Occupancy Detectors 

Being a conductive medium with a high dielectric constant, a human body develops a 

coupling capacitance to its surroundings. This capacitance greatly depends on such factors as 

body size, clothing, materials, type of surrounding objects, weather, and so forth. However wide 

the coupling range is, the capacitance may vary from a few picofarads to several nanofarads. 

When a person moves, the coupling capacitance changes, thus making it possible to 

discriminate static objects from the moving ones. In effect, all objects form some degree of a 

capacitive coupling with respect to one another. If a human moves into the vicinity of the 

objects whose coupling capacitance with each other has been previously established, a new 

capacitive value arises between the objects as a result of the presence of an intruding body. 

Figure 5-18 shows that the capacitance between a test plate and earth is equal to C1. 

 

 

Figure 5-18.  A human brings in an additional capacitance to a detection circuit [63]. 

When a person moves into the vicinity of the plate, it forms two additional capacitors: one 

between the plate and its on body Ca, and the other between the body and the earth Cb. Then, 

the resulting capacitance C between the plate and theearth becomes larger by ∆𝐶 :  

 



𝐶 = 𝐶1 + ∆𝐶 = 𝐶1 +
𝐶𝑎𝐶𝑏

𝐶𝑎+𝐶𝑏
 ;      (5-11) 

 

With the appropriate apparatus, this phenomenon can be used for occupancy detection.What 

is required is to measure a capacitance between a test plate and areference plate. 

5.2.5.12. Encoders Triboelectric Detectors  

Any object can accumulate static electricity on its surface. These naturally occurring charges 

arise from the triboelectric effect. Usually, air contains either positive or negative ions that can 

be attracted to the human body, thus changing its charge. Under the idealized static conditions, 

an object is not charged: Its bulk charge is equal to zero. In reality, any object which at least 

temporarily is isolated from the ground can exhibit some degree of its bulk charge imbalance. 

In other words, it becomes a carrier of electric charges. Any electronic circuit is made up of 

conductors and dielectrics. If a circuit is not shielded, all of its components exhibit a certain 

capacitive coupling to the surrounding objects. In practice, the coupling capacitance may be 

very small—on the order of 1 pF or less.Apickup electrode can be added to the circuit’s input 

to increase its coupling to the environment. The electrode can be fabricated in the form of a 

conductive surface which is well isolated from the ground. An electric field is established 

between the surrounding objects and the electrode whenever at least one of them carries electric 

charges. In other words, all distributed capacitors formed between the electrode and the 

environmental objects are charged by the static or slow-changing electric fields.  

Under the no-occupancy conditions, the electric field in the electrode vicinity is either 

constant or changes relatively slowly. If a charge carrier, a human or an animal, changes its 

position, moves away or a new charge carrying an object enters into the vicinity of the electrode, 

the static electric field is disturbed. This results in a redistribution of charges between the 

coupling capacitors, including those which are formed between the input electrode and the 

surroundings. The charge magnitude depends on the atmospheric conditions and the nature of 

the objects. An electronic circuit can be adapted to sense these variable charges at its input. 

In other words, it can be made capable of converting the induced variable charges into 

electric signals that may be amplified and further processed. Thus, static electricity, which is a 

naturally occurring phenomenon, can be utilized to generate alternating signals in the electronic 

circuit to indicate the movement of objects. 

 Figure 5-19 shows a monopolar triboelectric motion detector. It is composed of a conductive 

electrode connected to an analog impedance converter made with a MOS transistor Q1 a bias 

resistor R1, an input capacitance C0, a gain stage, and a window comparator. Whereas the rest 



of the electronic circuit may be shielded, the electrode is exposed to the environment and forms 

a coupling capacitor Cp with the surrounding objects.  

In Figure 5-19 static electricity is exemplified by positive charges distributed along the 

person’s body. Being a charge carrier, the person generates an electric field, having intensity 

E. The field induces a charge of the opposite sign in the electrode. Under static conditions, 

when the person does not move, the field intensity is constant and the input capacitance C0 is 

discharged through a bias resistor R1. 

 

 
Figure 5-19.  Monopolar triboelectric motion detector [63]. 

That resistor must be selected of a very high value, on the order of 1010 or higher, to make 

the circuit sensitive to relatively slow motions. When the person moves, the intensity E of the 

electric field changes. This induces the electric charge in the input capacitor C0 and results in 

the appearance of a variable electric voltage across the bias resistor. That voltage is fed through 

the coupling capacitor into the gain stage whose output signal is applied to a window 

comparator. The comparator compares the signal with two thresholds, as is illustrated in a 

timing diagram in Figure 5-19. A positive threshold is normally higher than the baseline static 

signal, and the other threshold is lower. During human movement, a signal at the comparator’s 

input deflects either upward or downward, crossing one of the thresholds. The output signals 

from the window comparator are square pulses which can be utilized and further processed by 

conventional data processing devices. It should be noted that contrary to a capacitive motion 

detector, which is an active sensor, a triboelectric detector is passive; that is, it does not generate 

or transmit any signal. 

5.2.5.13. Optoelectronic Motion Detectors 

By far the most popular intrusion sensors are the optoelectronic motion detectors. They rely 

on electromagnetic radiation in the optical range, specifically having wavelengths from 0.4 to 



20 μm. This covers the visible, near-infrared and part of the far-infrared spectral ranges. The 

detectors are primarily used for the indication of movement of people and animals. These 

detectors operate over distance ranges up to several hundred meters and, depending on the 

particular need, may have either a narrow or wide field of view. 

The operating principle of the optical motion detectors is based on the detection of light, 

either visible or not, emanated from the surface of a moving object into the surrounding space. 

Such radiation may be originated either by an external light source and then reflected by the 

object or it may be produced by the object itself in the form of natural emission. The former 

case is classified as an active detector and the latter is classified as a passive detector.  

Hence, an active detector requires an additional light source, for example, daylight, electric 

lamp, an infrared light-emitting diode LED, and so forth. The passive detectors perceive mid- 

and far-infrared emission from objects having temperatures that are different from the 

surroundings. 

 

Figure 5-20.  General arrangement of an optoelectronic motion detector [63]. 

Alens forms an image f a moving object. When the image crosses the optical axis of the 

sensor, it superimposes with the sensitive element. The element responds with the signal, which 

is amplified and compared to two thresholds in the window comparator. 

5.2.5.14. Sensors Structures 

The general structure of an optoelectronic motion detector is shown in Figure 5-19. 

Regardless of what kind of sensing element is employed, the following components are 

essential: a focusing device, a lens or a focusing mirror, a light-detecting element, and a 

threshold comparator. An optoelectronic motion detector resembles a photographic camera. Its 

focusing components create an image of its field of view on a focal plane. 



 Although there is no mechanical shutter like in a camera, a light-sensitive element is used 

in place of the film. The element converts the focused light into an electric signal. Let us assume 

that the motion detector is mounted in a room. A focusing lens creates an image of the room on 

a focal plane where the light-sensitive element is positioned. If the room is unoccupied, the 

image is static and the output signal from the element is steady stable. 

 When an object enters the room and keeps moving, his image on the focal plane also moves. 

In a certain moment, the object’s body is displaced by an angle α and the image overlaps with 

the element. This is an important point to understand: The detection is produced only at the 

moment when the object’s image either coincides with the detector’s surface or clears it; that 

is, no overlapping — no detection. Assuming that the object’s body creates an image whose 

electromagnetic flux is different from that of the static surroundings, the lightsensitive element 

responds with a deflecting voltage V. In other words, to cause detection, a moving image must 

have a certain degree of optical contrast with its surroundings [63]. 

 

 
 

Figure 5-21.  The output signal is compared with two thresholds in the window comparator. 

 

 Figure 5-21 shows that the output signal is compared with two thresholds in the window 

comparator. The purpose of the comparator is to convert the analog signal V into two logic 

levels: 

voltage 0 -  no motion detected; 

voltage 1 -  motion is detected; 

 In most cases, the signal V from the element first must be amplified and conditioned before 

it becomes suitable for the threshold comparison. The window detector contains both the 

positive and negative thresholds, whereas the signal V is positioned in between. 

 Whenever the image of a moving object overlaps with the light-sensitive element, the 

voltage V deflects from its baseline position and crosses one of two thresholds. The comparator 

generates a positive voltage 1, thus indicating a detection of movement in the field of view. The 



operation of this circuit is identical to the threshold circuits described earlier for other types of 

occupancy detector. 

 It may be noted from Figure 5-21 that the detector has quite a narrow field of view: If the 

intruder keeps moving, his image will overlap with the sensor only once; after that, the window 

comparator output will a produce steady signal. This is a result of the small area of the sensing 

element. 

5.2.5.15. Ultrasonic Sensors 

For noncontact distance measurements, an active sensor which transmits some kindof a pilot 

signal and receives a reflected signal can be designed. The transmittedenergy may be in the 

form of any radiation—for instance, electromagnetic in theoptical range electromagnetic in the 

microwave range, acoustic, and soforth. 

Transmission and reception of the ultrasonic energy is a basis for very popular ultrasonic-

range meters, and velocity detectors. Ultrasonic waves are mechanical acoustic waves covering 

the frequency range well beyond the capabilities of human ears (i.e., over 20 kHz)..  When the 

waves are incident on an object, part of their energy is reflected. If an object moves, the 

frequency of the reflected waves will differ from the transmitted waves [63].  

This is called the Doppler effect. 

 

Figure 5-22.  Ultrasonic distance measurement: (A) basic arrangement; (B) impedance 

characteristic of a piezoelectric transducer. 

The distance L0 to the object can be calculated through the speed v of the ultrasonicwaves in 

the media, and the angle, 𝜃  (Figure 5-22): 

 

𝐿0 =
𝑣𝑡 𝑐𝑜𝑠 𝜃

2
 ;      (5-12) 

 



where t is the time for the ultrasonic waves to travel to the object and back to thereceiver. If a 

transmitter and a receiver are positioned close to each other as comparedwith the distance to 

the object, then cosK≈1. 

Ultrasonic waves have an obvious advantage over the microwaves -  they propagate with the 

speed of sound, which is much slower than the speed of light at which microwaves propagate. 

Thus, the time t is much longer and its measurement can be accomplished easier and less 

expensively. To generate any mechanical waves, including ultrasonic, the movement of a 

surface is required. This movement creates compression and expansion of a medium, which 

can be gas, air, liquids, or another. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. II - III2 -VI4 - (II - Ca, Sr, Ba; III - Ga, In, Al; VI - S, Se, 

O) Luminoohors 
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Foreword 

The technology of synthesis of especially un-doped ternary alkaline-earth (AE) chalcogenides 

and also doped with rare-earth elements (REE), as well as their spectral luminescence properties 

is described. The materials synthesized are II – III2 - VI4  type compounds (where II - is for Ca, 

Ba  and other bivalence cations; III2 - Ga, In, Al-triple valence cations and VI4 – is for S, Se, 

Te). Ternary CaGa2S4  and BaGa2S4  chalcogenides activated by REE (such as Eu, Ce, Nd etc.) 

reveale effective luminescence (both photo-, and electro- luminescence (EL)). The 

luminescence intensity and kinetics  have been studied in the temperature  range of 4.4  400 

K. The important parameters of the activators and electron transitions related to the 

luminescence  have been determined.  

The performed research allowed to make a conclusion, that by using synthesized materials it 

will be possible to create different color light sources combining them with the commercially 

existing semiconductor light-emitting diodes. 

  



Introduction 

Nowadays the study of inorganic materials – is an up-to-date scientific and technical 

direction relating to a complex problem of a number of issues in the quantum electronics, 

spectroscopy, crystallography and chemical technology. In some areas this trend has already 

reached the industrial level. The main objects of the present study are the activated crystals with 

impurity of the rare-earth ions (REI). Introduction of the REE in various matrixes allows to 

resolve the issues connected with increase in a quantum efficiency of radiation, effective 

transmission of energy of the excited charge carriers to 4f- electrons, creation of the radiative 

centers by identifying the modes of the excitation transfer to the luminescence centers, the 

definition of electronic transitions corresponding to these or those types to radiations and etc. 

Manufacturing of high-performance visualization devices and lighting which are able to 

compete with conventional systems, is required  to produce luminophors with specific 

properties. This need promoted the development of new materials or optimization of the 

available luminophors. In this aspect, the ternary alkaline-earth chalcogenide semiconductors 

II - III2 - VI4 (II - Ca, Sr, Ba; III - Ga, Al; VI - S, Se, O) activated by rare earth ions are very 

perspective . One of the qualities which, from practical point of view, beneficially distinguishes 

the ternary compounds, when comparing with the binary - is their resistance to hydrolysis and 

good implementation of rare earth ions in their crystal lattice. The high linearity of the 

cathodoluminescence with high current densities, makes them suitable for use as luminophors 

in television displays and field ionization devices. Selection of appropriate activators and 

sensitizers can change the conversion efficiency of the various types of energy into light and 

color luminescence of these compounds. However, there is a fundamental difference between 

the visualization of short - and long-wave radiation. In the range used in fiber optics (1530  

1560 nm), doped Er3+- of  studied materials demonstrated a highly efficient luminescence with 

decay time of the order of several milliseconds, which is perspective for use in 

telecommunications, in order to visualize and in laser technology. 

Currently, there are the devices being at very various steps of technological readiness: from 

products which have already widely adopted in the market to the products being at a stage of 

research and development. So, for example, now in the field of screens for visual display of 

information traditional screens - the electron beam tubes (EBT) are subject to strong 

competition with flat screens. Now luminophors of II - III2 - VI4 : REI are a subject of a great 

interest as they possess the qualities demanded for the relatively new technologies of flat 

screens, the screens of inorganic electroluminescent devices, including color televisions and 

lights sources. In addition, application of II - III2 - VI4 : Eu2+ in liquid crystal displays is 

represented the advanced research. As for the lighting sphere, the new types of light sources on 



the basis of electroluminescent diodes and phosphors investigated by us were recently offered 

to widespread introduction as more reliable, economically and ecologically expedient in 

comparison with traditional systems. 

Thus, the study of the radiative properties of inorganic phosphors II - III2-VI4 : REI is relevant 

in the fundamental applied research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6.1. Rear Earth ions in the II - III2 - VI4  (II - Ca, Sr, Ba; III - Ga, 

In, Al; VI - S, Se, O) compounds 

Screening of inner 4f shell by outer shell electrons are a main reason for discrete spectra of 

REE and besides this decreases the dependence of their properties from outer conditions.   

Protection of the internal 4f- shells with outer electron shells of the atom specifies typical 

nature for REE discreteness of the spectrum and moreover, it decreases the dependence of their  

optical properties on the environment. La (lanthanum) and Lu (lutetium) are excepted to reveal 

these properties, because they do not have unpaired electrons in the initial and final forms. 

Luminescence of REE was discovered in crystals (films, quantum fibers, porous crystals). 

The luminescence of several compounds activated by the REI, distinguishes from the extensive 

production of excitation output. Fluorescence duration () of REE is in the range of  10-410-2  

s. Characteristic  properties  of the REE  spectrum in  the crystals of pure salts and, in the 

solutions  represent the narrow bands in the infrared, visible and ultraviolet regions, where the 

broad bands  transfer  through  the continuum is observed.  The discrete spectrum of the REE 

ions is specified with the quasi-forbidden transition in the interior of 4f- shells.  In the ultraviolet 

regions, the complete absorption should be concerned to the energy  transmission  of  electrons 

with 4f- shells of the outer shells which exposed to strong  influence of environment. 

Luminescence spectrum of elements located in the middle group of the periodic table (Sm, 

Eu, Gd, Tb, Dy), maintains the linear character, but the elements standing at the beginning and 

end of groups, have more diffused spectra. In the crystals, the bands are becoming much 

narrower and they usually split into separate lines depending on the force and symmetry of 

electric fields. 

The structure of the luminescence bands, as well as the absorption change slightly depending 

on the environment of the REE ions in the solutions and crystals. 

The interaction of ion with the environment shifts both the upper and lower energy levels. As 

the shifting of the upper levels is generally greater, the spectrum is shifted, as a rule, toward the 

long-wavelength side. At low temperatures the structure of bands are detected better, because 

both the discrete spectrum and the intensity of the bands usually increase, so this is explained 

with degradation of electric fluctuations. 

The luminescence excitation of the REE can occur during both absorption of the narrow 

spectra, and absorption of the broad bands which transfer through continuum in the ultraviolet 

range of spectrum. The position of the luminescence bands does not depend on the mode of the 

excitation (photoexcitation, the cathode, X- ray, etc.). However, the intensity of the bands can 



vary sharply and this specifies the different probability of quenching for the different states of 

ions, as well as different values of the absorption coefficient of ions, depending on the 

wavelength of the excitation light. 

A great interest is taken in the “chelate” compounds of the REE. The main objective of this 

research is mainly to study the mode of energy transfer of the exciting light from the organic 

component of the complex to the REE ions. It is explained that the excitation of the 

luminescence occurs due to the light energy absorbed by the organic part of the complex and 

then transformation this energy to the REE. The efficiency of energy transmission is high at 

low temperatures, and due of this the probability of non-radiative transitions decreases. The 

energy distribution in the spectrum and the nature of the splitting depends on the nature of the 

ligand.  

In the crystalline state the “chelate” compounds constitute the luminescence state, provided 

that the resonant level of the REE ion is the lowest of all the excited levels of the system, 

because only in this case, the energy transmission from the organic ligand to the REE ion can 

occur. Crystal-phosphor allows obtaining the intense emission with a characteristic linear 

spectrum, almost for all REEs and also acts as activator - a small impurity including the 

composition of the basic substance and determining the nature of the phosphorus glow. 

Photoluminescence of crystal phosphors can be excited both the light absorption by activator 

itself and  during transmission  it  from the light energy absorbed by the base substance. 

Phosphors activated by REE with a well expresed line spectrum  can be produced on  the basis   

of the cations which have ionic radii, commensurable with the radius of activator. In this case, 

the activator ions can isomorphically enter into the crystal of base substance. Properties of the 

crystal phosphors activated by REE, especially their glows and the nature of the luminescence 

centers in the example of CaS, SrS, BaS systematically are studied in numerous works [ 3 ,4, 

40,72, 53, 58,  97, 158, 164, 168] . 

   Investigations led to the conclusion about the nature of luminescence centers and allow to 

associate one or other types of the forming center with the synthesis conditions (the charge of 

activating ion can vary depending on the synthesis conditions) [165]. The luminescence 

spectrum and the value of   depend on the charge of the activator ion. For the doubly charged 

REE ions, the wider bands and the smaller t (10-6 s) are characteristic than the three-charged 

ones. The spectrum and intensity of luminescence depends on both the type and concentration 

of the activator and the nature of substrate. 

    The splitting character of the levels which specify one or the other form of the spectrum is 

associated with the crystal lattice, its symmetry determining the symmetry of the electric field 

in which the luminescent center is found. 



    In general, the influence of the crystal lattice in the absorption and emission spectra are 

shown as the following states: 

1) shifting of the separate or groups lines associated with the changes of the lattice 

parameters;  

2) splitting the separate lines, which is determined by the symmetry of crystal lattice of the 

base substance of the crystalline phosphor (the greater splitting component counts, the 

lower field symmetry); 

3) changing of the line intensity for the various crystalline structures; 

4) appearance of new lines caused to the electronic transitions with the vibrational levels of 

the crystal lattice itself; 

5) splitting lines  specified  by possible irregular atomic arrangement in a crystal near the 

radiating ion, which results in the static allocation of electric field for the luminescence 

centers (in the case of isomorphic implantation of the activator in the lattice);  

 If the system contains more than one REE this may lead to arising of non-additive properties 

as the result of their interaction [12, 49, 64, 65, 82, 134, 144]. The interaction of REE appears 

more clearly in the crystal phosphors at high concentrations.  Due to restructuring the system 

of the energy levels, the interaction become apparent in the changes of  the  absorption and 

emission spectra, the  duration of excited state, the probability of energy transitions, and a 

number of other properties. The typical example of interaction of the activators can be 

considered the sensitization and quenching of the luminescence of another activator, and also 

the concentration quenching. In high concentrations, or in case of deviations from the statistical 

distribution of the  REE in the crystal lattice the signs of interaction can also be observed: such 

as shifting and redistribution of energy therein, appearing of new lines and disappearing of the 

old and some other properties.  

In relatively low concentrations, the interaction is expressed mainly in the transmission of the 

energy from one REE to another, in consequence of that the quenching of one or both  

interacting ions are observed, particularly the concentration quenching, damping one of them 

and sensitizing them with other REE or only with sensitizing of the other one ,  and as a rule, 

with changes of glow duration. Depending on the internal structure of the studied system and 

the specific conditions, the luminescence excitation can be made possible with any of the 

mechanisms proposed. In the case of presence of crystalline phosphor, the photoconductivity 

is quite possible to transfer the energy through the zones of charge carriers; during overlapping 

the radiation spectrum one of REE with the absorption spectrum by other one it gets to transfer 

energy by excitation. But more often, evidently, the inductive resonant process of the energy 



transfer takes place. The theory of the resonant energy transfer are stated in details in the 

research of Dexter’s, in which special attention is paid to the issue of sensitized luminescence 

of solids.  In the case of sensitized luminescence, the energy transfer usually occurs with the 

resolved level of the sensitizer in a restricted level of the activator. Some authors [108, 148] 

consider that the probability of such a transition is determined by the overlapping of the wave 

functions of the sensitizer and the activator, but the transition is possible, provided that the 

activator and sensitizer occupy adjacent places in the grid [155]. The energy transfer can occur 

in a random distribution of sensitizer and activator of the ions in the crystal.   In the case of 

their proximity (~5 Å) , the direct transmission of energy may  occur    from the sensitizer to 

the activator  by resonance. If the excited ion of the sensitizer is far from the ion activator, then 

the excitation energy can be transmitted through other ions of the sensitizer to the ion of the 

activator by resonance. Thus, the compulsory generation of sensitizer-activator pairs are not 

required.  The role of sensitizer may be  understand as the additional impurities to the base 

substance of the crystal and  the  base  substance itself  if the excitation energy is transferred to 

the activator directly from the main substance - energy donors. 

The supposition about the resonant process of the energy transfer is not in contradiction with 

the influence of various factors to the energy transfer. These factors include the followings:  

1) The distance between the ions, mainly determined by the bonds of the REE. The probability 

of the  dipole-dipole interaction is inversely proportional to the six degree of the distance 

between the interacting ions , when dipole-quadrupole interaction   - to eighth degree; 

2) The degree of the overlapping zones or difference of the energy between the interacting 

levels, and the energy levels of the excited sensitizer should be approximately equal to or 

greater than the resonance level- energy of the activator , in this case, the  probability of 

energy transfer decreases with increasing   between these levels. The changes of the 

luminescence properties, in this case, the  greater will be the more completely will overlap 

the energy levels of interacting ions ; 

3) Category of  forbidden interacting transitions; 

4) The probability of the energy transfer increases at least with the increment of total orbital 

momentum 4f – electrons. 

5) Temperature. As the temperature decreases, in most cases, the probability of energy transfer 

drops, which can be explained as a degradation of overlapping energy levels. 

The interaction between the REI in the crystals is usually very weak due to electrical and 

mechanical shielding of the structures 4f- orbitals. However, these interactions lead to some 

substantial effects, such as a resonance energy transfer and distinct cooperative processes. In 



such phenomenon, the sensitized luminescence is investigated in detail for a long time because 

of its both practical and theoretical importance. Interest in this phenomenon was recommended 

in connection with detection of the transformation processes of the IR radiation into the visible, 

including series excitation and cooperative energy transfer [150,167, 171, 6, 80, 94, 103]. Under 

the cooperative optical phenomena is such phenomena in which the interaction of the radiation 

involved several particles interacting with each other 

The simplest cooperative phenomena, which was observed in the most various organic, in the 

inorganic systems (including activated crystals) during the interaction of excited particles  with  

unexcited,  is well known. First of all, this is a migration of excitation energy [136] in the system 

of identical particles, which leads to the socialization of the energy absorbed during excitation 

systems.  

Migration of the excitation energy provides the development as the luminescence 

sensitization, in which all of the energy of electronic excitation and its significant part moves 

from one sort of particle to the different sort of the particles. If the particle transfers a part of 

this energy to neighboring, it will remain in the excited (lower) electronic state (cross 

relaxation), both states gained in the act of energy transfer, become radiative, then the exchange 

of photons occur. Such phenomenon has been observed in crystals with rare earth activators 

[90] and in molecular crystals [153]. 

However, the excitation mechanism of high-energy states of the system may be different. If 

we exclude, actually, from the  consideration of  the two-photon processes progressing  without 

the participation of real intermediate excited state and requiring significantly higher powers of 

the exciting radiation than those processes which are in question, then it will be important to 

note the series (stepped) excitation mechanism and the accumulation of excitation energy 

according to the cooperative processes [133]. 

At step excitation the first absorbed quantum transfers a system  to some intermediate (rather 

long) states, where in the result of absorption of the second photon  the system reaches a state 

in which the energy was sufficient to carry out a given reaction and emit short-wave quantum.  

The processes of series excitation of the high-energy states, of course, appear in   the series 

systems, however it is not always, this elementary diagram allows to explain all block of the 

observed phenomena. In some cases, the excitation process has a distinct, cooperative nature, 

i.e. associated with the interaction of two or more excited particles [104]. 

For the first time the radiation Er3+ in the compounds of  EuGa2S4 was studied in detail and 

the energy transfer from ion to ion, and vice versa was analyzed in this work [5]. The effective 

luminescence in the visible spectrum is observed along with infrared radiation in this material. 



Amplification of energy transfer between the sensitizer and activator can be obtained by 

reducing the distance between them. It is shown that the excitation in the wavelength interval 

of 300 = 350 nm, produced from the radiation corresponds to the wavelength of 1530nm, which 

is specified by effective energy transmission from Eu2+ to Er3+.  In this case, the resonant 

transfer moves from the level of 4S3/2 (Er3+) to the level of 4f6 5d (Eu2+). It is shown that at low 

temperatures, the efficiency energy transfer is high and with elevation of temperature the Eu2+ 

radiation amplifies. In this work  the authors represented the energy diagrams showing the 

mechanisms of  process of the energy transfer of Er3+  Eu2+ and anti-Stokes luminescence  at  

excitation of 976nm. Then there will be two processes: either the two-photon absorption of 

(4I15/2  4I11/2  4F7/2) or a process in which  two excited ions of Er3+ interact with each other, 

as a result of that, one ion with high energy  is produced. The first mechanism depends on the 

laser power, but the second depends on the ion concentration of Er3+.  The processes progressing  

on the stepped schemes and cooperative mechanisms of the excitation have phenomenological 

in common and with equal achievements   explain the basic fact of the generation of high-

excited states while absorption of photons with energy which is not sufficient for direct 

excitation. Though, there are several experimental capabilities for distinguishing the processes 

of stepped and cooperative of the excitation, while some of the criteria are completely  single-

valued and strict: 

1. The linear character dependence of  the excitation intensity  cannot be a decisive argument 

against the two-photon nature of the  process for any excitation mechanism; 

2. Studies of the dependence on the excitation intensity, in general, does not allow to 

distinguish the stepped and cooperative mechanisms of excitation; 

3. Dependence on the concentration of active particles, in some cases can be a decisive 

argument for benefit of cooperative mechanism of excitation.   

All these criteria are separately or totality used by analyzing the mechanisms of the two 

quantum excitations. 

As it is known, in the crystal matrices the RE ions possess a developed system of electronic 

states associated with the basic state of forbidden transitions. The availability of a large number 

of such metastable states, often having a long order of milliseconds or more, allows to create 

and retain a significant share of these activating ions, without resorting to high-capacity 

excitations. This allows to observe in the crystals with rare-earth activators of the various 

phenomena, related to the interaction of the excited ions with unexcited (energy migration, 

sensitization luminescence) or each-other’s (cooperative luminescence).The elementary 

cooperative phenomenon which was observed in crystals, activated by the RE ions, can be 



considered  as the  energy cumulating of the two or more excited ions one of them. With this 

phenomenon for example, the possibility for exciting the visual   (green, red) glow of the  

crystals activated by erbium, irradiating them with infrared light is explained [145]. 

It was defined that these compounds can  effectively convert the ultraviolet radiation into 

visible, and the major electrical and optical characteristics were identified and  it was also found 

out that the PL  of the given compounds was specified by  intra-center transitions of  the  REE 

, but electroluminescence was excited in results of impact ionization of the  luminescence 

centers [127, 37].  We  studied   the  cathode-luminescence  compounds of II - III2 - VI4 [130] 

and also discovered that these semiconductors due to the high efficiency conversion of energy 

into light which for short lifetime of the excited states can be used as effective luminophors for 

displays. Authors [110] discovered the phenomenon of the injection and the field-ionization of 

the traps of MnGa2S4, CaGa2S4, CaIn2S4, CaGa2Se4, EuGa2S4.  It was defined that in the electric 

fields of less than 103 V/cm, occurs the monopolar injection of charge carriers which are 

captured by deep traps with an activation energy of  0.2  1.0 eV, the concentration of 1012  

1016 cm-3 and the capture cross-section  of  10 – 14  10 - 16 cm2 in strong ionization of these 

traps, in this case the transfer of charge carriers was specified by Poole-Frenkel effect. When 

studying the method of current of the thermo-stimulated depolarization, the parameters of traps 

(Et = 0.33 eV, the capture cross-section  of  S = 10-18 cm2) were defined  and it was shown that 

in the compound of  CaIn2S4, a bimolecular mechanism of conductivity with a strong re-capture  

was  observed.  

It was discovered that there are two types of recombination levels in the forbidden band of 

MnGa2S4 single crystals: rapid (s-centers) and slow (r-centers). In this work, the absorption 

spectra and electrical properties of single crystals  was researched  in order to determine the 

mechanism of energy transmission to the ions of  Nd  during  energy excitation of  hv  >  Eg  

and it was concluded that the energy transfer in the SmGa2S4 : Nd3+ was  carried out by the  

non-radiative transfer of excitation Nd+3  through trapping levels. Stark structure of the  levels 

Nd3+ was defined and  there, the induced radiation was produced in the region of 1077 nm, as 

well as the  availability of producing of  the induced radiation in these compounds  at 970 nm 

(4F5/2  4I11/2) was presented. 

In the visualization field the organic materials occupy a secondary position for a long time with 

respect to the inorganic materials. The glow of organic compounds is provided by electronic 

transitions between molecular orbits. Organic electroluminescent materials are frequently used 

for visualization purposes in the electroluminescent light-emitting diodes and polymer light-

emitting diodes. Last but not least, it results from the economic and technological 

considerations, namely, the relative simplicity and cheapness of such deposit methods, such as 



sol-gel and vacuum deposition which allow to use plastic substrates. All these factors led to 

intensive development of production technologies and applied usage of the organic 

luminophors, which it took about 10 years from laboratory tests to fabricated commercial 

products. The application field of these luminophors are numerous: TV (set), remote control 

systems and lighting for transport, aeronautics and the automobile industry. Though the  

realization of invention, the development of  this competitive market deserves additional study 

which concerns, firstly, the lifetime of organic materials, and secondly, the optimization 

methods for their preparation.  

In this aspect, the ternary alkaline- earth chalcogenide semiconductors with the general 

formula of II - III2 - VI4 : REE, to which include the compounds of CaGa2S4, SrGa2S4, BaGa2S4, 

BaAl2S4,  present themselves perspective. These ternary chalcogenides crystallize in different 

crystal structures and depending upon the cation they represent various physical properties. The 

most part of these materials can act as effective bases for luminescent centers and is the subject 

matter of numerous studies due to the large variety of compositions and possible structures, 

suggesting the capability to change the symmetry and strength of the crystal field, which 

controls the radiative properties of the activating ions.  

 Although the study of materials combining the bivalent cation with more covalent cation 

had been started in 284] and [27], but the much more detailed research for them  was only began 

in the seventies. The glow of these compounds activated  by REE Eu2+ and Ce3+, was began in 

1972 by authors [106] with the studies of  general formula of  the thiogallate of II - III2 - VI4 

REE. As a result of this study, the compounds of  SrGa2 S4 : Eu2+  were  suggested  as a green 

luminophor for the color cathode screens and projection systems. In 1974 Donohue and Hanlon 

[24] completed the investigation with studying the photo-luminescence of the new complex 

compounds   of Yb (Ga, Al) 2 (S, Se) 4, II - In2 (S, Se) 4, BaAl2S4, and (Ca, Ba) Ga2Se4 activated 

by Eu2 + and Yb2 + compounds.  In 1979  Roques  et al.  determined the crystal structure of 

EuGa2S4 [116], and  the structures of SrIn2Se4 and BaIn2Se4  was discovered by Klee et al [76].  

Since 1982, the glow of thiogallates  of II-Ga2S4 activated by Er3 +  have  been  studied by 

Fouassier et al [35]. The study of the crystal structure of certain compounds of (CaAl2S4, 

CaGa2S4, SrAl2S4, SrGa2S4, BaIn2S4, BaAl2S4, BaGa2S4) were developed by Eisenmann et al 

[46, 49] in 1982.  In 1988 Kapias and Edwards [70] discovered a new phase of the ternary of 

Sr2Ga2S5 which derived from the systems of SrS-Ga2S3. In 1989 Davolos et al  when studying  

the glow properties of the ion  of Eu2+ in the compounds of  the systems of SrS-Ga2S3 and BaS-

Ga2S3 confirmed the structure of Sr2Ga2S5 and found out the existence of some phases of the  

different compositions of  BaGa4S7, Ba2Ga2S5, Ba3Ga2S6, Ba4Ga2S7, Ba5(GaS4)2  in the system 

of  BaS-Ga2S3.  For the system of CaS-Ga2S3 were noted four distinct phases: CaGa2S4, 

Ca2Ga2S5, Ca3Ga2S6, Ca4Ga2S7 [131]. 



The phase diagrams of SrS - Ga2S3 [67] and CaS-Ga2S3  [ systems were published in 2000 

and 2001. Melting temperature of the complex compounds of  SrGa2S4 and CaGa2S4 is at 1230 

°C and 1132 °C, respectively [69]. 

Recently, we have carried out some studies [39], concerning the glow of the compounds of  

II - III2 - VI4, activated by REE ions of Eu2+, Ce3+, Yb2+, Er3+, Tm3+, Pr3+, Sm3+. Currently, 

these materials attracted great interest, because they have high qualities which are demanded   

in new technologies of flat screens and in lighting. Apart from their PL and cathodoluminescent 

properties, the EL of these ternary compounds activated by ions of Eu2+ and Ce3+, was 

discovered in the early nineties. Fabrication of the thin-film inorganic electroluminescent 

devices activated by ions of Eu2+ and Ce3+, was performed in 1993 [8, 11]. 

One of the main requirements for semiconductors used for visualization and lighting 

purposes, is to  have a high-band-gap which does not allow the matrix to absorb photons in the 

visible region.                                                                        

Radiation of ions Eu2+ on the bases of I - III2 - VI4 : REE compounds is connected with the 

d  f transition. Thus, the wavelength of the radiation affects the environment in which the 

luminescent centers are located, that is the nature of atoms II, III and VI groups. The wavelength 

increases with increasing size of the cation group of III (Al < Ga < In). Thus, for thioaluminates 

the wavelength of the optical transition of Eu2+   was enclosed between 467 ÷ 516 nm, for 

thiogallates - between 495 ÷ 560 nm,  and finally, for  thioindates  it was located more than 600 

nm [25] in the red portion of the spectrum.  

The wavelength of the radiation increases with decreasing radius of the cations of (Ba >  Sr 

>  Ca) and the anions of (Se > S). The temperature of the thermal quenching increases with 

increasing energy of the matrix, i.e.  in the order of In < Ga < Al. Thus, thermal quenching 

thioindate activated by Eu2+, appears at the temperatures below the ambient temperature. 

Hygroscopicity of the thiogallate increases in the order of  Ba < Sr < Ca. The toxicity 

consequence some  of materials  on basis of selenium are studied less than the sulfides.  

Critical analyses of the existing literature allows us to conclude that the ternary II - III2 - VI4 

compounds remain quite attractive  object  for  researchers due to their various physical 

properties. Anti-site defects on the basis of mutual substitution of cations significantly affect 

the optical properties of a number of II - III2 - VI4. It is a real possibility for controlling the 

various physical properties of these materials by ion doping. The literature contains information 

about creating heterostructures based on the II - III2 - VI4 compounds [12]. A detailed study of 

these processes attracts interest in both studying of physical processes point of view and purely 

from practical point of view. 



Thus, the efforts of scientists who produce new luminophors  for visualization and 

illumination systems, focused  essentially on the ternary compounds of  CaGa2S4, SrGa2S4, 

BaGa2S4 and BaAl2S4. Numerous publications certify  the great interests  in the compounds of 

CaGa2S4, SrGa2S4 activated  by Eu2+ and Ce3 for the application purposes of  the thiogallates in 

cathodoluminescence devices with high current density [92, 136] both  in the electric devices 

and light sources.  

In 1999 noticeable achievements  were obtained by the technologists of the company «iFire», 

which for a relatively new EL – phosphorus of BaAl2S4,  activated by  Eu2 +,  succeeded in 

producing  high brightness  at 65 cd / m2 at 50 Hz with good color coordinates (x = 0.12 and y 

= 0.10) [60, 89, 125, 135]. Even higher brightness at 700 cd/m2 at 120 Hz was achieved using 

thick-dielectric technology [160].  By 2006 these successes allowed the representatives of 

«iFire»  company to announce the production of full-color (technology "the color from blue") 

EL television screens by diagonal up to 34 inches [162].  

Thus  the analysis of the literature review shows that in the ternary compounds type of  II -    

III2 - VI4 (II - Ca, Sr, Ba; III - Ga, Al; VI - S, Se) is not studied sufficiently.  

On the surrounding of  the rare earth ions in the matrix, the energy transfer between activator 

and sensitizer , the location of the energy levels of rare earth ions in the band gap of the main 

matrix and practical recommendations of these materials  as efficient luminophors in the visible 

and infrared regions of the spectrum. In connection with it, the radiative properties (emission 

spectrum, excitation, and luminescence kinetics and conversion of the IR radiation into visible) 

at different temperatures (77 - 550 K ) and various external excitations (photo, electrical, 

cathode and streamer luminescence) represent  the great significance in the research. 

6.2.  Growth of II - III 2 - VI4 compounds investigation their 

luminiscence and optical properties 

The synthesis methods of II - III2 - VI4 : REI compounds and  the growth of their single 

crystals and the effects influencing  on the radiative characteristics of ternary phosphors, and 

also the role of the ionic radii and the valence of the activators and cations, as well as the 

position of individual atoms and REE ions in the crystal matrix is determined. It is shown that 

in the compounds of Ca(Sr)Ga2S4 ,the atoms of Ca(Sr) occupy the antiprismatic portion of 

square formed with eight sulfur atoms and gallium atoms, tetrahedrally coordinated with four 

sulfur atoms, and the sulfur atoms are located in the center of the deformed tetrahedron. It 

specifies that unlike  the Ca(Sr)Ga2S4  the  compounds of  BaGa(Al)2S4 have a cubic 



structure with space group of 3PaTh . Measurement techniques are also determined for 

studying of luminescent, streamer discharges, diffusion reflection, Raman and radiographic 

analysis which gained by phosphors. 

It was determined  that the II - III2 - VI4 compounds might be produced by two ways: in a 

graphite crucible under a layer of  the activated carbon in the air atmosphere and  in an 

evacuated quartz ampoule.  Obtained compounds, are  activated by the  REEs, and in the case 

of triple-charged ions of REE, the   formulae of Na is used for charge compensation.  It was 

found, that the effects significantly affect the non-linear emission characteristics of the 

activator, in which the expansion of the electron cloud of luminescent transition of the activator 

occurs. The role of the co-activator is determined for the improvement of different 

characteristics of the available phosphors.  

6.2.1.  Synthesis and growth of II - III2 - VI4 single crystals 

For the first time the compounds of  II - III2 - VI4 were synthesized  in the  1950s [42, 43], 

but their active investigations started in the 1970s and 1980s.  In our opinion, one of the reason 

for such delays is due to the complex structure of materials and technological features. The II - 

III2 - VI4 compounds have broad homogeneity ranges [41]. The large number of various 

structural modifications, possible inclusion of conveyor while growing from the vapor phase 

and uncontrolled impurities (particularly, compounds of silicon and carbon used in the crucible 

synthesis) result in  spreading  the values of some parameters of the same crystal. 

In this investigation, binary components of Ca(Sr, Ba)S, Ga2(In2, Al2)S3 were taken for the 

synthesis of  II - III2 - VI4 compound. 

Synthesis of Ca (Sr, Ba)S were brought from the calcium carbonate, CaCO3 (BaCO3, 

SrCO3), placed in a quartz tubes in the presence of dehydrated  thiocyanate ammonium 

NH4CNS. The synthesis of CaS (SrS, BaS)  were performed in a gas stream comprising a 

mixture of inert gas and the reactants of H2S, CaS2. The feed rate of the inert gas controlled by 

a needle valve, provided with a pre- calibrated flowmeter - rheometer composed of  2  2.5 

liters / hour. Synthesized temperature  was controlled by Rt – Rt / Rh thermocouple at 720  

770 К,  and the duration - 24 hours. Synthesis established as the following formulas: 

SrCO3 + H2S  SrS + H2O + CO2 

                                              SrCO3 + CS2  SrS + CO + COS                (6-1) 

CaCO3 + H2S  CaS + H2O + CO2 



CaCO3 + CS2  CaS + CO2 + COS 

 Ga2(In2,Al2)S3 compound was synthesized in quartz ampoules by using high purity Ga (In, 

Al) and S taken in  the stoichiometric ratio. The components were placed in a quartz ampoule, 

and the  Ga and S were at opposite ends. Ampoules pumped and placed in a horizontal single-

temperature furnace. 

Synthesis was performed at a temperature of 1150 K during 6 hours. Since the reaction of 

the compound of Ga (In, Al) , and S is highly exothermic, the heat balance disturbance due to 

the rapid penetration of the melt sulfur into the reaction zone , moreover, also leads to an 

explosion of the ampoule by a sharp increase in the vapor pressure of sulfur. Partition  was  

made in a manner that the entrance of sulfur could be dosed in the reaction zone.  Then the 

temperature was gradually reduced to 600 K and the reacted products were annealed for 18 

hours , after which oven was switched off and cooled together with the ampoule. It resulted in 

getting polycrystalline material Ga2S3 yellow color with a characteristic odor. According to 

reports,  the Ga2S3 crystallizes in three modifications. Khan and Klinger [47] initially identified 

two modifications of  Ga2S3, but later in the samples which were  annealed for several days at 

1000 oC, the superstructure line was observed which was assigned to the third modification of 

Ga2S3.  According to the first study it was found out that the structure of Ga2S3  was defect, 

sphalerite-like. 

 Hereby, the In2S3, is synthesized which is the substance of a red- brown color, crystallizing 

in two models: the low-temperature of - form at fusion temperatures (up to 3000 oC) and high-

temperature - form.  The  -  In2S3 partially hydrolyzes in the air, and а  - In2S3 in the air is 

stable.  The closest cubic packing of atoms of S  lies in the base structure of the  modifications 

of In2S3 , in this case, In locates in the atoms of - In2S3 2/3 in the tetrahedral vacuum, similar 

to package of   - Al2O3. The period of the cubic lattice of  - In2S3  a = 5.3 Å, in the atoms of 

 - In2S3, In arranges in good order and forms the structure of  - Al2O3  (spinel) , with the 

period of the cubic lattice a = 10.72 Å  

 As mentioned above, the compounds of II - III2 - VI4 might be gained by two ways: in a 

graphite crucible under a layer of the activated carbon in the air atmosphere and  in an evacuated 

quartz ampoule.   

In the first case, the binary compounds taken in the stoichiometric ratios were placed as a 

fine-dispersed powder in a graphite container. The container fell into the vertical single-

temperature furnace. After completion synthesis the annealing was reached at 6000 oC for 24 

hours, then the furnace cooled and disengaged with the container to the room temperature. 



In the second case, the components of CaS (BaS, SrS) and Ga2S3 were placed in a quartz 

ampoule, which was then sealed and pumped-out to 10-4  10-5 Torr.  At this temperature regime 

the first case was observed.  BaAl2S4 was synthesized from the individual components of  BaS, 

Al and S, taken in  the stoichiometric ratios. Synthesis were performed in an evacuated quartz 

ampoule at 1000 ° C for one hour and at 840 ° C for 20 hours. After synthesis, the ampoule was 

opened in a special box under an argon atmosphere. Obtained compounds were activated by 

REE ions and in the case of triply charged ions of REE, the  Na was used for charge 

compensation.  

For the growth of II - III2 - VI4 single crystals the method of pulling from the melt [85, 95, 

123] and the method of chemical transport reactions were used in our work. It is known that the 

growth of single crystals of the ternary semiconductor compounds is very difficult. In this case, 

the situation is complicated by the circumstance described below. 

It is a known fact that, at a temperature above 865 oС the quartz, being inert with respect to 

the vast majority of the chemical elements, interacts actively by with gallium in the reaction of 

                                       5SiO2 + 4Ga = 2Ga2O3 + 5Si + 2O2                 (6-2) 

Thus, an uncontrolled contamination with silicon of the synthesized material appears ; 

gallium oxide embedded on walls of the quartz ampoule, and the generated oxygen- in the 

ampoule volume. Furthermore, the explosion of  ampoule is unavoidable at excess oxygen 

pressure above the critical point To eliminate these negative processes on the walls of the quartz 

ampoules was applied a layer of amorphous silica, which has pronounced inert properties - so-

called "carbon white". In addition, we were proposed another way to eliminate the above-

mentioned problems. 

Polycrystalline powder of CamGa2Sn (m = n-3) was placed in a graphite crucible with 

convergent at bottom of cone, at the top which starts the crystallization process . This crucible 

was inserted into a thick-walled of large diameter quartz ampoule. Moreover, the ampoule 

eliminates the undesirable temperature gradients when moving the crucible. The ampoule with 

the crucible was introduced into a vertical furnace in which there were three temperature zones 

:the upper - most hot (1400 K) , middle and bottom - the coldest (600 K) . The furnace  by 

means of  electromotor gear travels along a vertical axis. The most optimal travel speed 

determined by experimental ways was 0.3 cm / h. 

The growth of single crystal  with the pulling from the melt was carried out for 148 hours. 

The method of transport reactions is one of the most important methods for the production of 

high-purity metals, semiconductors, and many substances. 



Chemical transport reactions (CTR) are called reversible heterogeneous reactions with gas 

phase, by means of which the transfer of solids from one site to another reaction space can be 

implemented in consequence of the balance shifting  

In the simplest case a reversible reaction with the gas phase may be represented by the 

equation: 

                                                           ГАЗГАЗTB СBA                                                   (6-3) 

If this reaction is conducted in a tube placed in an furnace with a temperature gradient,  then  

at the same temperature, the solid A in response to gaseous В, will form a gaseous substance 

С, in which another part of the furnace at different temperature decomposes and as a result of 

it the solid A separates. The reaction may be transport, if the solid substance is placed on one 

side of the reaction equation. The direction of transport depends on the sign of the enthalpy of 

reaction. 

With increasing temperature, the equilibrium shifts towards endothermic chemical reactions. 

Therefore, if the reaction proceeds with evolution of heat, the transfer of  the  solid or liquid 

substance A will descend from the cold zone to the hot: from T1 to T2.   In the case of reactions, 

the transfer implementing with absorption of heat is performed from the hot zone to the cold - 

from T2 to T1. Taking into consideration the above principles, and the result of numerous 

experiments we have developed the following mode of CTR for reaching the Ca(Sr, Ba)Ga (Al, 

In) 2S4.  

After degassing in vacuum (10-4  10-5 Torr) at 720  850 oС in ampoules (length 160  200 

мм), with diameter (10  20 mm) the polycrystalline of CaGa2S4 (1  2 gr) was charged with 

iodine (3  5 mg per 1 cm3 volume of the ampoule) and the ampoules were sealed. Crystalline 

iodine is used as a transporting agent. When pumping one end of the ampoules containing 

iodine was cooled with dry ice ethanol.  The transfer was carried out from a zone at high 

temperature of T2 to a zone at  low temperature of T1. Ampoule prepared was located in the 

middle of the horizontal two-zone furnace so that all the source materials were in one end. In 

all experiments, the temperature of crystallization zone in the furnace was controlled by means 

of platinum-rhodium thermocouple readings which were recorded by electronic automatic 

potentiometer EPR-09M3 for checking the temperature with an accuracy of no more than  2 
oС. The transfer was mainly carried out by diffusion. After termination of the process the 

furnace is turned off and the ampoule was cooled with the furnace till room temperature. In 

order to form a vapor mixture, chalcogenide and iodides, the reactions proceeded as follows: 

                                         CaGa2S4 (ТВ) + 2I2 (Г) = GaI2 (Г) + 2GaS (Г) + S2 (Г)_ 



                                         GaI2 (Г) + 2GaSI (Г) = CaGa2I4 (Г)S2                     (6-4) 

                                         CaGa2S4 (Г) + S(Г) = CaGa2S4 (ТВ) + 2I2 (Г) 

Thus, as aforesaid, the reaction proceeds to form a vapor mixture of chalcogenides and 

iodides. The transition to appropriate temperature gradient occurred for 20 - 30 min. As it is 

known, the super-saturation is directly proportional to the temperature gradient between the 

source zone and the crystallization in chemical transport reactions of crystallization at a given 

temperature [137]. Therefore, the gradient must be carefully selected . The best results for 

compounds of II - III2 - VI4 were gained at the temperature difference  of 100  130, as in this 

case, a small number of crystallization center  are created and the more beneficial conditions 

are generated  for the perfect crystal growth . The excess of iodine from the surface of the 

crystal is transferred to the  source zone. 

6.2.2. Effects affecting radiative characteristics of ternary II - III2 - VI4 

phosphors 

One of the effects that significantly affects the non-linear radiative characteristics of the 

activator is nephelactic effect. This effect includes the extension of electron cloud of 

luminescent transition activator [119]. It is known that, the size of electron cloud is bound with 

the covalence composition [74]. Since the more electron cloud expands, the more electron-

electron repulsion reduces and the area of charge transport is shifted towards lower energies. 

This promotes the extension of the wavelength emission with increasing the covalence of the 

main phosphorus. Since the luminescent transitions usually occur with external levels of ion, 

the nephelactic effect, particularly, is observed in the nonlinear emitting activators that, like 

Stokes’ shift. The nephelactic effect finds its application in the production technology of crystal 

with radiation in a specified interval of wavelength range, which is reached by changing the 

local environment activator. It should be noted that, as far as, the nephelactic effect is in the 

connection with the covalence degree of luminescent ion of the local environment, then the 

choice of the activator can have an influence on the radiation spectrum of the phosphor when it 

includes the co-activator or defects. 

There are several bright and efficient luminophors, where the ionic radii of the activator and 

substituted atom in the lattice (usually the cation), differ substantially. However, the 

discrepancy of the ionic radii of the cations and the activator may have advantages for several 

reasons. First of all, the explicit differences between the ionic radii of the activator and the 

cation result in stretching of the lattice caused by defects, poor crystallinity and stability 

problems of the device.  The defects caused in this way, can allow nonradiative transition of 



the excited ions to the base state of the activator and consequently reduce the brightness and 

efficiency of the device on the basis of them. Activators, which are far larger in size than the 

substituted atoms, can prevent the diffusion of ions during annealing and thus inhibit the growth 

of polycrystalline grains [101]. In addition, it was difficult for  the activators  which are large 

in size to diffuse into the proper position in the lattice during the annealing process. Activators, 

which are much smaller in size than the substituted cations are potential of the intermediate 

impurities, which can also cause to problems with the stability of the device. Furthermore, small 

ion of activator, substituting with the large cation could enter into the lattice as a result of high-

temperature effect or action of high fields typical for phosphors. 

The valence of the activator is widely adopted within the chemistry of materials defects. As 

a result of conditions of the charge neutrality and ionization, the majority of the base 

luminophors are often energetically favorable to self-compensate the impurities which are not 

monovalent atoms with the basic lattices. In most materials with a noticeable ionic nature, the 

self-compensation occurs by initiation of Schottky’s defects, and it is also known as a vacancy 

in the literature. Therefore, if the initiation of Schottky’s defects is undesirable, then the valence 

of the cation activator must coincide. Otherwise the mismatching of valences of the activator 

and cation should be compensated by adding supplementary agents, called the co-activators in 

the luminophor terminology. Although the coinsidence of the valences is one of classical 

criteria to determine the appropriate base luminophors for given activator, but in many and 

well-known luminophors, this rule is not took place. 

In some cases for controlling the luminescent properties of the luminophors co-activator is 

included, so-called, in addition to the activator. Applying the method of the phosphoric co-

activation is particularly widely used for the development of the devices and thin-film 

electroluminescent devices in alternating current (AC). In fact, many of the recent advances in 

the technology for producing such luminophors can be considered to improve the methods of 

the phosphoric co-activation. The co-activators are quite different in nature and therefore they 

may be used to improve various characteristics available for phosphors. The phosphorus co-

activators are usually divided into three different classes according to the functions to be 

performed: melting agents, compensators and fluorescent co-activators. Moreover, under 

certain conditions, one co-activator can perform two or more functions at the same time. 

The most important class of the phosphorus co-activators are melting agents.  The purpose 

of using the co-activators as melting agents in the luminophors is to improve the crystallinity 

of the luminophor lattice by means of diffusion during the temperature processing. Melting 

agents is very important to apply in the luminophors, because they provide the production of 

much higher crystallinity even at low temperature processing of crystals necessary for their 



deposition process on the glass substrate. Melting agents are typical for the non-isovalent with 

composite atoms of luminophor and for easily diffusing into the luminophor lattice or 

interacting with them. The most effective melting agents are non-isovalent with composite 

atoms of luminophor, as their effect is based on their capability to form vacancies to compensate 

their lacking. These are the vacancies which enhance the atoms passing through the matrix, 

improving the crystallinity of lattice. The most effective melting agents have an easy diffusion 

capacity because these types of atoms penetrate most easily into the luminophor lattice. Taking 

this into consideration, we can say that the most effective element for application in the melting 

agents are the luminophor elements of Li, Na, K, Cu, Ga, F, Cl [79, 97, 128, 123]. 

In the most highly effective and well-known contemporary luminophors, the activators 

become non-isovalent with the atom which they substitute in the main lattice. When the 

activator of luminophor are non-isovalent with the atom which substitutes it in the main lattice 

of luminophor, the charge compensation is implemented by means of vacancy formation in the 

composition of the clearly-expressed ionic character. Features of the electrical and optical 

characteristics of devices and apparatus, based on such luminophors allow to suggest that these 

defects greatly affect the performances of these devices. By means of controlling the defects- 

the output of the devices can be advanced adding compensating co-activators [44, 118]. In 

addition to the above, it should be noted that the radiation spectrum of the luminophor can also 

be modified by adding the compensating co-activator. These activators very often lead to a 

significant shift in colors in connection with defects.  

Existance of certain types of atoms in the luminophors can seriously interfere or even smooth 

its luminescent properties. These atoms, so-called "killer centers", being presented even in 

small quantities, can cause to reduce the overall efficiency of the luminophors. Some "killer 

centers", affect the strongly absorbing visible part of the luminophor spectrum and consistently 

attenuated infrared photons [78]. Other killer centers quench luminescence properties of the 

luminophor due to existence of the deep levels that provide non-radiative path to the base states 

for the excited ions of the activator. In luminophors which have the most known killer centers, 

the zinc sulfide are the elements of subgroups iron of Fe2+, Ni2+  and  Co2+, which are capable 

of strongly absorbing the visible light. The presence of these atoms, apparently, may also cause 

the degradation of the luminophor activity. Preventing the occurrence of killer centers is often 

problematic, because most of the standard manufacturing equipment are made of stainless steel, 

which is rich with the elements of the iron subgroup. Moreover, the heating elements are often 

constructed from a nichrome wire, which can allocate nickel at elevated temperatures. So many 

technological systems are necessary to produce the specific demands of phosphors deposition 

which occurs due to the presence of killer centers. 



6.2.3. X- ray analysis of II - III2 - VI4 single crystals 

The sulfides and selenides with the general formula of II - III2 - VI4, where the II - Ca, Sr, 

Ba, Pb, Eu, Yb; III - Ga, In, Al, - the bivalent and trivalent cations, form various structures. In 

this system, the most common types are Ag2HgI4, the spinel of Th3p3 and CaFe2O4. The first 

type, wherein all cations are  tetrahedrally  coordinated, are preferable for the small cations  

while the types of Th3p3 and CaFe2O4 are preferred  for the electropositive large cations, for 

example,  for the  rare earth elements. In the result of the transcripts and analysis of published 

data on these compounds it was determined that three types of structures are implemented for 

them that consist of different polymorphs modifications (Table 2.1).One of the first studies 

initiated by the representatives of this class on the structural studies, particularly, the 

compounds of PbGa2Se4 [50], showed that these compounds had an orthorhombic structure. 

The data on the parameters of the crystal lattice and paramagnetism of the compounds of II - 

III2 - VI4 were represented [26]. 

Table 6.1. CONTROLLABILITY SUMMARIZING THE STUDY ON THE COMPOUNDS OF II - III2 - (S, Se)4. 

Year  Authors Compounds Crystal structure 

1967 

 

Romers et al. MgGa2S4 Monoclinic 

C 2/c   z = 12 

1971 Eholie  et al. PbGa2Se4 

EuIII2VI4 

SrIII2VI4 

PbIII2VI4 

(III - Al, Ga; VI - S, Se) 

Pseudo-orthorhombic 

Z = 16; Bbmb 

1972 Peters and Baglio IIGaS4 

(II - Ca, Sr, Eu, Pb) 

Orthorhombic 

Fddd 

Z = 32 

1974 Donohue and   

Hanlon 

II - III2 (S,Se)4 

(II = Yb, Eu, Ca, Sr, Ba) 

(III - Al, Ga, In) 

Pseudo-orthorhombic 

 

Z = 4 

1979 Reques  et al.. EuGa2S4 Orthorhombic 

Fddd 



Z = 32 

1979 Klee and Schaefer SrIn2Se4 

BaIn2Se4 

Orthorhombic 

Fddd 

Z = 32 

1982 Eisenmann et al.. BaGa2S4 

BaAl2S4 

Cubic 

Pa3 

1983 Eisenmann  et al. CaGa2S4, CaAl2S4 

SrGa2S4, SrAl2S4 

BaIn2S4 

Orthorhombic 

Fddd 

Z = 32 

 

 It was shown that they had an orthorhombic structure with the simultaneous presence of 

twinning and superstructure with the space group of 𝐷2ℎ
24 − 𝐹𝑑𝑑𝑑 except BaGa (Al)2S(Se)4.

      X-ray diffraction analysis of the compounds of BaGa(Al)2S4 showed that they had a 

cubic crystalline lattice with the space group symmetry of  𝑇ℎ − 𝑃𝑎3  (Figure 6-1). Barium ions 

are located in two different crystalline states. As the rare earth activators substitute these 

cations, they must also be in two different positions as shown in matrix. To carry out the phase 

analysis of samples which were synthesized by us, were subjected to X-ray diffractometry 

studies. For this purpose, the samples were ground into a powder and in the diffractometer 

 

Figure 6-1. The crystal structure of BaGa(Al)2S4. 



 

of Philips X’Pert - MRD, in K - 1.54 Å radiation at room temperature in the range of angles 

of 10 < 2 < 90  the diffraction patterns were  stored.  In Figure 6-2 (a, b) the diffraction 

records which we gained from the crystals of  CaGa2S4, SrGa2S4.  

To determine the lattice parameters, the Bragg formula was used:  sin2dn  ; where -  

- wavelength; n  - order of interference;  -  the Bragg angle; d   interplanar spacing.  

In Table 6.2 the physical data of the above compounds are listed. As a result of crystal analysis, 

the location of the atoms in the structure of II - III2 - VI4 was determined. 

Table 6.2. CONTROLLABILITY PHYSICAL AND CRYSTALLINE PARAMETRS 

Compounds  Atomic   

weight 

II 

Ionic  radius (Å) 

II 

Lattice  

parameters, (Å) 

Distance  between 

atoms (Å) 

SrGa2S4 87.62 1.26 a = 20.840 

b = 20.495 

c = 12.21 

Ga - S 2.29 

Sr - S 3.12 

CaGa2S4 40.08 1.12 a = 20.087 

b = 20.087 

c = 12.12 

Ga - S 2.28 

Ca - S 3.00 

CaGa2Se4, 40.08 1.12 a = 21.324 

b = 21.012 

c = 13.638 

Ga - Se r(Ca2+)+ + 

r(Se-2) =3.10 

BaGa2S4, 137.34 1.35 a = 12.68 

 

Ga - S 1.17 

Ba - S 3.17 

BaAl2S4, 137.34 1.35 a = 12.65 

 

Al - S  1.15 

Ba - S  3.15 

 

In the compounds of Ca(Sr)Ga2S4, the atoms Ca (Sr) occupy a antiprismatic portion of square 

formed by eight sulfur atoms (Figure 6-3). Gallium atoms tetrahedral coordinated with four 

sulfur atoms (Figure 6-4), and sulfur atoms are in the center of the deformed tetrahedron (Figure 

6-5). 



 

Figure 6-2.  The XRD pattern of: a) CaGa2S4, b) SrGa2S4. 

 

Figure 6-3. MII atoms are in the center of antiprisms formed by eight atoms of sulfur or 

selenium, consisting of MII(S, Se)8 formula units. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 6-4.  Gallium atoms are coordinated to the four positions of sulfur atoms. 

 

Figure 6-5. Sulfur or selenium atoms are in the centers of deformed tetrahedra. 

 



6.2.4. Measurement procedure of the luminescence properties in the visible 

and infrared region and diffusion reflection. 

Photon excitation of  λ = 337.1 nm and 420 nm were obtained respectively from the two 

types of laser systems: a pulsed nitrogen laser (Laser Photonics LN 1000, the energy pulse -1.4 

mJ, pulse rate is 0.6 nsec.) and a dye laser (Laser Photonics LN102, Coumarine 420). The 

reflected light beam from the sample,  which was gathered in the receiver with the optical fiber 

and  installed perpendicular to the sample surface at a distance of 10 mm, was analyzed by 

means of  spectrometer Yvon HR460 and Jobin Yvon multichannel detector CCD.  The curves 

of spectral decomposition were analyzed using PM Hamamatsu R928 and spectroscope Nicolet 

400 with a constant time sequence of 10 ns. 

Spectra of the diffused reflection were gained using a Gary 50 spectrophotometer, equipped 

with an integrated spherical accessor which was coated with a  white material PTFE (poly-tetra-

fluo-ethilene). The emission and excitation spectra were recorded by means of 

spectrophotometer Flurolog -3 using a xenon lamp with a power about 450 Wt. The curves of 

the photoluminescence were recorded by means of PM Hamamatsu R5600U and Tektronix 

TDS 784A with a constant time sequence of 10 ns. The temperature dependence of the radiation 

was filmed in the range 77 ÷ 500 K using an optical cryostat (JANIS ST -100) in a vacuum. 

Signal from a Ti: sapphire laser with a power up to 80 mW was used for excitation at 

wavelength λ = 980 nm. 

     Reflected beam from the sample was gathered by means of receiver with an optical fiber, 

which is located at a distance of 10 mm, perpendicular to the surface of the sample and analyzed 

with the help of spectrometer (Jobin-Ivon Spectrometer HR 460) and the multi-channel charge-

CCD detector for visible and near-infrared regions of the spectrum, as well as, with the aid of 

TRIAX 320 PDA detector and multi-channel Hamamatsu for the infrared region of the 

spectrum. The attenuation spectrum were analyzed by means of  spectrometer Hamamatsu 

R928 for the visible region , but  the detector based on InGaAs, coupled with a spectroscope 

Nicolet -400, having a constant time sequence 10 ns and 100 µs was used for investigations in 

the infrared regions . 

6.2.5. Measurement procedure of streamer discharge of II – III2 - VI4 

compounds 

 In semiconductors the streamer discharge is excited either by the pulses of electric field, or 

by charging the high-current electron beam in a vacuum. The test samples are placed in a vessel 



filled with a dielectric fluid (Figure 6-6). for the excitation of  the electric field. Thin samples 

are attached to a sapphire or glass substrates. The liquids with different values of dielectric 

constant ж: transformer oil, acetone, liquid nitrogen, etc are used. Such a set of liquids allow 

to conduct experiments at the temperature changes over a wide range of values of l  both 

smaller and larger values of the dielectric constant  crystal. Pulse voltage is applied to the 

sample through an electrode in the form of the point at a distance of 0.1  0.3 mm. To avoid 

the complete breakdown and flow of a large current through the crystal, the second source 

electrode voltage is not supplied to the sample and the grounded. When voltage reaches a 

certain threshold value in the gap between the point and the surface of the plate arises a grid of 

brightly luminous streamers. 

For each given value of voltage there is an optimal value of the spark gap, in which the length 

and brightness of the streamer are maximum. If the voltage generator provides a sufficiently 

steep leading edge, the streamers are excited without a dielectric liquid in direct contact with 

the sample needle electrode. The described excitation mode of streamers is more often used in 

experiment because it is very simple and does not require a vacuum. 

 

 

 

 

 

 

 

 

 

 

Figure 6-6. The elementary scheme of excitation streamers high-voltage pulse: 1-sample, 2-

substrate, and 3-cell and 4-dielectric fluid, 5-needle electrode, 6-spark. 



6.2.6. The method of X-ray analysis and Raman spectra 

measurements 

The X-ray method of phase analysis is the most versatile and accurate method for studying 

of the complex multi-component and multi-phase objects. 

In these studies, we used the diffractometer of Philips X'Pert-MRD, the principle of which is 

shown in Figure 6-7. The К-1.54Å.was used as a source of X-rays. The measurements were 

taken with respect to the method based on the geometry of the Bragg-Brentano,  - 2.  The 

samples on the substrate can be rotated about a vertical axis around which a detector could 

move too. When the angle of incidence beam on the sample   change by rotating the sample, 

the detector will turn round towards the angle of 2. If the counter detects  the photons passing 

through the sample, the peak will appear on the diffraction pattern. The rotation of detector was 

stepping (0.05), the exposure time at each point - 40 seconds. Crystal structures can be 

identified by the peaks of the gained diagram refraction. The database developed by a group of 

"American Society for Testing and Materials" (ASTM) and the international organization "Joint 

Committee for Powder Diffraction Standards" (JCPDS),combine more than 60,000 diagrams 

of inorganic and organic compounds. 

Stokes and anti-Stokes spectra were fixed between - 500 and + 500 сm-1 in order to 

distinguish the Raman spectrum lines from the luminescent and caliper pins and  gain much 

more accuracy in determining the energy vibration. Position of the lines are determined by 

calculating the average arithmetic quantities of two values of the Stokes and anti-Stokes spectra. 

The spectra of Raman scattering of the thiogallate strontium and calcium were measured using 

a double monochromator Jobin-Yvon U 1000 photomultiplier S20 at room temperature in the 

backscattering configuration. 



 

Figure 6-7.The principle of operation of the Philips X'Pert-MRD diffractometer. 

The dye laser was used with a wavelength of 676.4 nm and a density radiation of 500 W / 

cm2 as the excitation source. The spectral resolution of the spectrometer was about 1 cm-1. The 

Raman spectra of the other compounds were recorded on a spectrometer Dilor XY with a dye 

laser and a CCD detector. The Raman spectra of the other compounds were recorded on a 

spectrometer Dilor XY with a dye laser and a CCD detector. Measurements were carried out at 

room temperature in configurations of the microscope and backscatter. The dye laser line with 

a wavelength of 647.1 nm at a power level of 0.6 mW was used as the excitation source. The 

power density of focused laser line with a diameter of about 5 µm was about 10 kW / cm2. 

Some measurements were completed at lower power densities (reduced to 200 W / cm2) in 

order to evaluate the impact of laser power on the Raman spectrum.  We were unable to observe 

any significant changes in position of the lines of Raman spectrum, but the heat radiated with 

the high-power laser source, the density of which was 10 kW/cm2, resulted in broading the 

lines of the Raman spectrum  approximately 20-30% compared with the laser power density of 

200 W / cm2. Spectral resolution of the spectrometer was about 2 cm-1. 



6.3. Radlative properties of II-III2-VI4 compounds activated by 

ions (REI) 

The radiative properties of II-III2-VI4 compounds doped by REI, the PL properties of 

CaGa2S4 : Eu2+, SrGa2S4 : Eu2+, BaGa2S4 : Eu2+, BaAl2S4 : Eu2+ compounds, and the occurance 

of laser oscillations in the single crystals of CaGa2S4 : Eu2+ and CaGa2S4 : Ce3+, as well as the 

energy transfer between the Eu2+ and Ce3 ions in CaGa2S4 are described. The results of 

ellipsometry and Raman investigations of CaGa2S4, and orthorhombic II - Ga2(S, Se)4 are also 

described. The results of infrared luminescence and anti-Stokes luminescence measurements in 

CaGa2S4:Er3+ are represented and the PL properties of the red phosphorus  of Ca4Ga2S7 : Eu2+ 

are described. The explanation of the PL kinetics in the II - III2 - VI4 : REI compounds is 

detailed. The basic principles of luminescence on the basis of model of the configuration 

coordinates and the processes of emission and absorption of light with impurity atoms, are 

theoretically described and the procedures for determining the parameters characterizing the 

decay curves, are  defined as well as. The relationship between the probabilities of non-radiative 

multiphonon transitions and vibrations of crystal lattices and their effects on the luminescent 

properties of luminophors are represented.  

6.3.1. Luminescent properties of the calcium thiogallate doped by 

Eu2+ ions 

It is known that the Eu2+ ion gives luminescence at the f → d transition. The energy position 

of the radiation depends on the base material and varies from the near-UV region to the visible 

red region of the spectrum (Figure 6-8). 

  



 

Figure 6-8. Energy diagram of the ion Eu2 + in the crystal field. 

1) With increasing strength of the crystal field, the wavelength position of the emission 

maximum is shifted. PL spectrum of CaGa2S4 : Eu2+, represents an extremely broad 

band that overlaps a wide range of the visible spectrum (Figure 6-9). The observed 

excitation spectrum is explained by the  absorption of Eu2+ ions, so that the non-

activated compound of CaGa2S4 does not absorb in this range of the spectrum.  

2) The emission spectrum at 300 K presents a band with a maximum at 2.21 eV  at half-

width of 0.23 eV. The transition is   realized  from the lower excited level 4f65d  to the 

main  4f7 (8S7/2)  level. The quantum efficiency of radiation  ( )  with excitation at 2.81 

eV is 30 % at 300 K. A large value of  and the maximum position makes this 

phosphorus very interesting from a practical point of view. In the excitation spectrum  

sharp increase is observed from  2.29 eV, with a peak at 2.42 eV, which extends to 4.4 

eV.   For the value of the quantum efficiency  9%  gained  with the  excitation at 4.88 

eV  is described  in  this  investigation [39]. Figure 6-10 shows the PL spectrum of 

CaGa2S4 : Eu2+ monocrystals at the temperature range  of  77  480 K  with excitation 

at 337.1 nm. At room temperature, with wavelengths of excitation both at 420 nm and 

337.1 nm,  a broad yellow band of luminescence is centered at 562 and 565 nm in the 

case of the monocrystal and polycrystalline samples, respectively. Radiation band from 



the monocrystal could be characterized by the chromaticity coordinates of x = 0.43 and 

y = 0.56.   

3) When excited at a wavelength of λ = 337.1 nm the PL intensity was proportional to the 

laser power. At the temperature range of 77  480 К, the  half - width of  peaks  

broadened from 40 to 67 nm.  The band relating to  the polycrystal (38÷59 nm at the 

same temperature intervals) is asymmetric with a shiftting towards the regions of the 

high energies. Reabsorption towards the high energies of the photoluminescence 

spectrum from polycrystalline samples could be explained with the different behavior 

of the spectra gained from polycrystals and monocrystals due to the overlapping the 

emission spectra and absorption. 

 

Figure 6-9. Emission (a) and excitation (b) spectra of CaGa2S4 : Eu2+ at  77 К. 

 



 

Figure 6-10. The emission spectra of CaGa2S4 : Eu2+ single crystals at different 

temperatures. 

 Intensity of the PL peaks C:\Users\Iney\AppData\Local\Temp\-1506627780 from the 

monocrystals and polycrystals are practically constant up to the temperature of 350 K with 

excitation at 420 nm and up to the temperature of 250 K with excitation at the wavelength of 

337.1 nm.  In the second case, i.e. for excitation with the wavelength of 337.1 nm, the relative 

change of  intensity due to the thermal  decay consists of  about 10% at 300 K, but it reaches 

the 90% at 480 K  (Figure 6-11).  

 



 

Figure 6-11. The temperature dependence of the PL intensity for mono-and 

polycrystalline- CaGa2S4 : Eu2+ (the excitation  at 337.1 nm). 

A large quantity of thermal  decay when excited at the wavelength of  λ = 337.1 nm  can be 

explained by two factors: 1) the effect of photoionization of the europium ions Eu2+ ,  arising 

due to the proximity  of 5d  level to the bottom of the conduction band, and 2) increasing the 

absorption of the main matrix. The excitation in the absorption band of the host lattice is not 

effective. The reflection spectra of un-doped thiogallate calcium are shown in Fig. 3.5.  

According to Figure 6-12 the absorption occurs at a wavelength of 337.1 nm. Due to the fact, as 

the temperature increases, the absorption edge of the main matrix is shifted towards the  low 

values of  energy, the absorption of the main matrix for the wavelength of 337.1 nm also 

increases causing a jump in the intensity of luminescence.  

 



 

Figure 6-12. The reflection spectrum of CaGa2S4 crsytal at 300 K. 

Under excitation the  intensity of the luminescence increases to a maximum value, as shown 

in Figure 6-13. At excitation energies lower than the band gap energy the absorption band of 

concerned ion, the slightly excited   luminescence centers in the matrix of the base material 

could  be considered as isolated,  but do not interact with each other. Therefore, the number of 

centers which are de-excited radiatively, are proportional to the number of the excited centers 

N*  at instant time t:   

                                                      
** / NdtdN   ;                                                   (6-5) 

 

Figure 6-13. The luminescence decay curves as the function of time. 

 



 The decay curve of the luminescence after excitation is represented in exponential form: 
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where, 0   represents the lifetime of an isolated ion,  tB  - the intensity of the luminescence at 

instant time t, 0B
  - the intensity of the luminescence after ceasing the excitation  0t , is 

proportional to the number of excited centers at 0t . 

At higher concentrations, the interaction between the luminescent ions can not be neglected. 

In this case, the gained decay curves can be exponential or non-exponential, and the time е  of 

luminescent centers can no longer be considered as time, at the end of which the intensity 

decreases e times;  
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The total light energy emitted by excited centers, is proportional to the area under the curve 

of decay and is given by formulae: 

                                       
 
 


0 0

0 )()( dttIBdttBS

                  (6-8) 

                                                0

)(
)(

B

tB
tI 

,                                 (6-9) 

where,  В(t)  describes the intensity of luminescence at a given time; I(t) –  normalized 

luminescence intensity. 

At the same time, the area of  SN ,  can be determined normalized by the decay curves: 
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For the excitation at the lower-energy part of the band gap the exponential decay of the 

luminescence center S and SN  is established as follows: 
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 In the case of highly activated samples, the quantum yield  , which represents the ratio of 

total number of the emitted photons to the number of the absorbed photons of the exciting 

emission, can be determined. The quantum yield of the luminescence can be calculated on the 

relation 
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For weak concentrations of the activating ion 1 . 

PL kinetics did not differ from each other for the different samples, but only a decay time 

increases slightly for single crystals. Under excitation at 420 nm, the time dependence are 

exponential above two orders of magnitude in the temperature range 77  350 К  for single 

crystals. At 300 K, the decay time   consists of 610 ns at the wavelength of maximum. For a 

polycristalline samples, the decay curve increases by one order of magnitude in the temperature 

range and produces the afterglow (Figure 6-13). For polycrystals, the decay curves  are 

characterized with the value of the normalized of SN , located under the decay curve. In this 

region, the value of the lifetime is about 480 ns at 77 K and increases up to 590 ns, with 

increasing the temperature up to about 300  350 К. Then, the decay time increases, and the 

value of SN greatly reduces up to 230 ns at 460 K (Figure 6-13). Similar behavior is observed for 

the single crystals. 



 

F Figure 6-14. Time dependence of the Eu2+ emission at different temperatures for 

polycsrystalline CaGa2S4. The area SN under the curve is presented in the inset. 

When excited at 337.1 nm the decay curves are no longer exponential. The value of SN  is 

about 400 ns at 77 K and increases  up to 500 ns at room temperature. This value is then reduces  

up to 125 ns at 480 K. 

The value of SN decreases at a high temperature due to appearance of thermal decay.  The 

intensity of decay at λexc = 337.1  nm (Figure 6-4) is more clearly defined than decreased  value 

of the normalized field of SN. This indicates that at this wavelength of excitation, the thermal 

decay   does not increase a probability of non-radiative decay and it is a result of increasing 

absorption by atoms of the host crystal lattice.  

Increasing of τ at the temperature range between 77 and 300 K, is compared with increasing 

the lifetime of τ, which was observed by Meijerink and Blacce for europium luminescence of 

the ions of Eu2+  in crystals galosilicate Ba5SiO4X6 (X is for Cl, Br) [86]. The authors explained 

such behavior as a   4f65d thermal population of the state, which has a low probability of 

radiative transition. This, apparently, can be one sectet state for which the transition to the base 

state is forbidden in accordance with selection rules. At low temperature, the radiation is 

produced from the lowest level of 4f65d . The transition from the octet state to the base state 

4f7(8S7/2) is allowed on spin. With increasing temperature the sectet state becomes populated. 

This leads to increasing the lifetime of the radiation relating to 4f65d. The increase may also be 

due to the octet state, for which the transition to the base state would be forbidden on the 

symmetry. In the chlorides of (MCl2 (M = Ca, Sr, Ba) the lifetime of carriers is much more at 

300 K, than  at 78 K [77]. 



For both excitation levels, the value of SN  changes from 400 ns to 550 ns at λ = 520 nm and 

λ = 620 nm at room temperature in the case of  λexc = 337.1 nm (Figure 6-15). This defines the 

existence of different environments of europium ions  of Eu2+. In CaGa2S4 , the Ca2+  ions are 

at square antiprism [46]. Since they differ little from each other by shape, and the radiating 

bands of the europium ions in three possible states are arranged close to each other. The 

observed emission band can be a superposition of these bands, as they are inhomogeneous 

expanded the existing differences in the magnitude of sizes of the europium ions and calcium: 

Eu2+ - r = 1.25 Å, Ca2+ - r = 1.12 Å. 

 

 

Figure 6-15.  Normalized field of SN under the curve at different analyzed 

wavelengths for CaGa2S4 : Eu2+ single crystals. 

 

Because of the overlap of the emitting and absorption bands, the transfer of energy from the 

high energy to low-energy causes to a significant decrease in the normalized area of SN for 

radiation at wavelengths λ below 560 nm, (see Figure 6-15). 

Thermo-luminescence spectrum of polycrystalline CaGa2S4 : Eu2+ (Figure 6-16) consists of a 

broad band - peak at 130 K with a half-width of 80 K.  The analysis of this spectra [36, 46, 170, 

5, 88] showed that the corresponding spectra associated with electron traps  have a quasi 

continuous distribution of levels at the energy interval En (0.1 ÷ 0.3)  eV relative to the 

conduction band (Table 6.1 ). In accordance with this method, the determination of  values of 

the ionization energies En and the parameters of  cross-section of electron capture  σе of  these 



centers do not require any preliminary knowledge about kinetics for releasing and 

recombination of charge carriers. The parameters of the ionization energies and cross-section 

of the electron capture are approximate values because of the strong overlap of elementary 

zones associated with these type of traps. 

Table 6.3. THE IONIZATION ENERGY (En), AND CAPTYRE CROSS-SECTION OF ELECTRON σе FOR POLYCRYSTALLINE  

CaGa2S4 : Eu2+. 

Number of curve En (eV) σе (cm-2) 

1 0.10 3.6  10-22 

2 0.125 2.0  10-21 

3 0.15 4.7  10-21 

4, 5, 6, 7 0.17 7.7  10-22 

8 0.18 2.7  10-22 

9 0.22 6.5  10-22 

 

Thermoluminescence spectrum of single crystals is different from that for polycrystalls and 

has two well-resolved bands: high-intensity band with a peak maximum at 120 K and a weaker 

band at 185K (Figure 6-16).  

 



Figure 6-16. TL spectrum of mono-and polycrystalline CaGa2S4 : Eu2+. 

These bands correspond to the electron traps with the values of the ionization energies of 

0.10 and 0.20 eV, respectively (Table 6.2).The ionization energy (En), and cross-section of 

electron capture σе for single crystal of CaGa2S4 : Eu2+. 

Table 6.4. IONIZATION ENERGY AND CAPTURE CROSS-SECTION FOR CaGa2S4 : Eu2+. 

Тmax (К)            En (eV)            σе (cm-2) 

120             0.10          3  10-20 

185             0.20           2  10-19 

 

At the excitation with λ = 337.1 nm and at 90 K in the europium ions absorption processes 

predominate. The photoionization processes can occur because of the proximity to the 

conduction band. Electronic traps may be vacancies of the sulfur atoms. For example, the 

luminescence of undoped and doped samples (with cerium) of CaS predominates by the 

emission peak at 226K, which can be considered as due of  sulfur vacancies acting as electron 

traps [40].  

In thiogallate calcium of the sulfur ions of CaGa2S4, are divided into four types of 

crystallographic plane surrounded by two planes of gallium ions and two calcium ions from 

[28]. Because both of these planes are very similar, the depth of trap levels should not be much 

different either.  Another possible center of the electron traps are the ions of trivalent gallium 

of Ga3+, because this element, like the other elements located below the aluminum in Group III 

on the Periodic Table of Mendeleyev Elements, may be only in monovalent state. It showed 

that the excitation of the cerium ions of Ce3+ in fluorides indium they transfer to the level of 

5d.  Next, the electron transfer can happen to India In3+ ions with the restoration of the latter by 

the following reaction: (2Ce3+ + In3+ → 2Ce4+ + In+) [17]. Gallium ions are distributed into two 

types of tetrahedral vacuum-that is very similar in form. 

Thus, the investigation of thermo-luminescence spectra for mono-and poly-crystals showed 

the clearly marked differences in the structures of the surface levels of traps. For example, in 

polycrystalline samples the energy spectrum of traps with the energy values in the range of 0.1 

 0.3 eV has a quasi-continuous nature. To explain this fact, we can assume that these stated 

levels are occupied by non-equilibrium electrons in the domain of attraction of the traps located 

in the macro-inhomogeneous regions of the crystal lattice. Creation of these traps can be 

considered the various defects of the crystal lattice such as dislocations, faults of crystals 

packing and also twins and boundaries of granules. In the crystal lattice these non-homogeneous 



regions create   potential barriers cumulatively and spatially separated from each other, 

regenerating impulse of great bulk of the carriers and preventing their capture in the trap. In the 

single crystals, the thermo-luminescence spectrum is mainly related to the traps on the energy 

levels of 0.1 eV. The growth of the crystal leads to reduction of density of the defects and a 

more homogeneous distribution of doped ions.  

 If the system contains more than one REE, there may occur non-additive effects which are 

the results of  their interactions.  In one of the developing theories in this field [61, 171, 152], 

the main attention is focused on the issue of sensitized luminescence in which the energy 

transfer occurs from the resolved level of the sensitizer to the restricted level of the activator. 

Strong overlap of the excitation spectrum of Eu2+ and emission of Ce3+ may be cause to the 

energy transfer from Ce3+ to Eu2+.  The spectra of the photoluminescence excitation and 

emission of the crystals CaGa2S4: Ce3+ is shown in Fig. 36-17. The excitation spectrum consists 

of the short-wave of 3.45 (359 nm) and 2.9 eV long-wavelength of (427 nm) peaks. 

 

Figure 6-17. Emission spectra (1) and PL excitation (2) of the crystal CaGa2S4: Ce3+ 

crystals  at  T = 300 K. 

 

Non-activated phosphorus has no active absorption nearby the wavelength peak, as the same 

time, as the activated ions of Ce3+ the crystal strongly absorbs in this area.  At 3.45 eV the active 

absorption is observed both activated and non-activated phosphorus. It can be considered that 



if in the long-wavelength region (2.9 eV) the absorption occurs on the ions of Ce3+, then in the 

short- short-wave it is implemented with matrix luminescent substance. 

The emission spectrum consists of two bands with maxima at 2.65 eV (467 nm) and 2.4 eV 

(516 nm). When the temperature changes in the range of 77 ÷ 150 K, the position of the maxima 

does not change, and further temperature rise changes the intensity of the peaks so that the 

integral intensity becomes approximately constant. In this case, the emission bands are 

established, by electronic transitions 5d2F5/2 and 5d2F7/2. the PL spectra CaGa2S4 : (Eu2+, 

Ce3+) at 77 and 300 K  is shown in Figure 6-18.  It is apparent that the spectrum consists of one 

of the peak at 2.21 eV (560 nm) with a half-width of 0.08 and 0.10 eV at 77 and 300K, 

respectively.  Maximum, typical for the spectrum of CaGa2S4 : Ce3+, in this case are not 

detected. According to the theory [114], the resonance transfer of energy occurs when the 

overlap integral is not equal to zero, i.e.  
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where 



 - is the medium frequency in the region of overlap of the emission spectra and ()-

absorption coefficient, is referred to one center, I()- is the intensity of the emission (accepted 

to be unit). 

The probability of energy transfer WSA in the approximation of the dipole interaction centers, 

located at a distance of RSA, is proportional to
6

SAR
.  



 

Figure 6-18. PL spectra of  CaGa2S4: (Eu2+, Ce3+) crystals at T = 300K (1) 

and 77 K (2). 

 

Thus, WSA sharply decreases due to increasing the distance between the interacting centers: 
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where S -lifetime in the sensitizer in the absence of activator, RSA-distance between the 

sensitizer and activator ions, K- dielectric constant of crystal, E presents the energy transfer, 
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and is  determined by the overlap of normalized spectrum of the emission of Ce3+ 
 Ef S  and 

the absorption spectrum of Eu2+  Ef A . 

In most of the crystals activated by Eu2+ ions, the first excited level of the configuration 4f7 

(6PJ), position of which is 27500 сm-1 [115], cannot be detected in the optical spectra. The 

reason is that a group of broad levels of 8H, 8G, 8F,  mixed 4f65d- configuration related to the 

base state of 8S7/2 / 2 with allowed optical transitions is located in this same area. 

As noted in [10], while reducing the crystal field, the levels of  8H, 8G, 8F  shift to  the region 

of higher energies, creating  the same  environment applicable for observation of narrow-band 

f-f transitions. Only one electron has the   ion of Се3+ in the electron shell 4f protected with 

filled shell 5d . 

The spectrum of the free ion of Ce3+ was studied in this work [126]. It is mainly determined 

by three terms 2F, 2D и, and 2S, of which the first – is base, the other two –are excited. The 

values of the excitation energy correspond to 51000 and 87000 см-1. The spin-orbit interaction 

are split  the terms  of 2F and 2D  on the two pairs of levels -  2F7/2, 
2F5/2 и 2D5/2, 

2D3/2,  at the 

intervals of 2250 and 2500 cm-1.   In the configuration of 5d,   the  influence of the crystal field 

is much stronger than in the 4f -electrons on the excited electrons, i.e. crystal field greatly 

reduces the energy position of the excited 5d-levels, as a result of which the electron easily 

reaches this level. The interaction of the centers exerts substantial influence on the kinetics of 

the luminescence decay. The lifetime of the excited levels at the same time is 228 ns. The 

efficiency of energy transfer, which is calculated by the formula  = 1- /0 [65], is 0.43.  Here 

0 -the observed lifetime of Eu2+ ion in the absence of Ce3 Ce3+, - the observed lifetime of 

Eu2+ ion in an excited state in the presence of Ce3+ ion. 

Excited levels of Eu2+ were strongly split in the crystal field. The absence of the lines in the 

spectrum of CaGa2S4: (Eu2+, Ce3+) inhering in the CaGa2S4 : Ce3+, may be due to the transfer of 

the non-radiative energy to the states of the excited level of Eu2+. Then a non-radiative transition 

to the luminescent layer happens, and a transition of 4f65d  4f7 accompanied by radiation is 

observed. 

6.3.2. Ellipsometric investigations of CaGa2S4 

 Spectro-ellipsometric investigation of crystalline and amorphous of CaGa2S4 were carried 

out in the spectral range of  1.5  5.0 eV and in the temperature interval of 280  400К. The 

spectra of dielectric function were gained. It was shown that the two interband critical points 

of (CP) E0 (4.4 eV) and E1(4.75 eV) affect the direct interband optical transitions nearby the 



absorption edge of the polycrystalline of  CaGa2S4. In an amorphous CaGa2S4  the CP is not so 

influential and has much lower energies with a large displacement of- E0- CP ( 0.58 eV). 

 The energy difference between the E0 and E1 is approximately equal to ~ 0.40 eV. The 

temperature coefficient is dE / dT for E0 ~ 2.7  10-4 eV / K. Preliminary investigations of 

CaGa2S4  single crystals confirmed that the energy of CaGa2S4 E0 - CP in the polycrystals of 

CaGa2S4  becomes a width forbidden gap of the direct transition of this material, which is highly 

polarized..  

Existing data about the band structure nearby the absorption edge of CaGa2S4 is 

controversial because of capability of this material to perform certain functions for the rare-

earth ion Eu2+ and Ce3+. However, in spite of the difficult calculations in the case of an 

orthorhombic material with a primitive cell containing 56 atoms, there are enough reasons for 

its establishment. In fact, the spectroscopic ellipsometry is regarded as the best in this sense, 

because it gives directly the parameters of the interband critical points. 

The ellipsometric angles  and   were determined in the energy region of photons of 1.5  

5.0 eV, in the temperature range of 290  350К  using Jobin-Yvon’s and vacuum cryostat 

evacuated up to spectro-ellipsometer 10-6 Torr. Although the single crystal sample of CaGa2S4, 

is supposed to be a biaxial material, but its amorphous and polycrystalline phases - an optically 

isotropic, and in such an approximation it may be possible for the ellipsometric measurements. 

However, these measurements do not allow the surface superlayers to be left to the discretion. 

Therefore, we used the simplest  two-phase approach to calculate the optical constants at 

different angles of i . In order to make the application of this model possible, the special 

attention was given to the surface of samples. Figure 6-19 shows that, the variation of refractive 

index n, extinction coefficient к, calculated from the equations that must be in force, if the 

above mentioned model is real. 
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Figure 6-19.  The refractive index and extinction coefficients in the amorphous 

CaGa2S4 at 300 K before (dotted line) and after (solid line) surface treatment. 

 

Obviously, the optical constants gained dramatically improves  for the considered surface, 

Therefore, we believe that the issues of  surface superlayers was minimal in our experiments. 

The selected angles of 640, 670, 68.50 and 700  allowed us to get - angle as close as possible 

to /2 and a reasonably small  -corners in the whole area of the studied photon energies, as 

shown in Figure 6-20. Thus, the ellipsometric angles were gained close to the corners of the 

principal ones, where the sensitivity of the optical constants к was very small with changes of 

i
,  and  was highest. For the most accuracy of the procedure the reduced square was 

applied to data collected at different angles of incidence.  

 The error function is selected as 
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 On the basis of the used model the accuracy of result for  the optical constants is 0.01. The 

gained dielectric function spectra are shown in Figure 6-20. The vertical arrows indicate the 

structure in the real and imaginary parts of spectra of the dielectric function of the crystalline 

and amorphous of CaGa2S4.  The structures are designated in the same sequence in which they 



appear in the spectra, i.e. E0 and E1, where a small index indicates the number of structures, 

starting from zero, for the transition with the lowest energy. We combine the structure in the 

polycrystalline and amorphous  of CaGa2S4 with the same transitions, and the symbols of E0 

and E1 are reserved for the amorphous phase. Due to the fact that the signal / noise ratio is above 

the photon energy of 4.7 eV, the data on Е1 in polycrystalline CaGa2S4 are not the same as in 

other structures. However, this structure is definitely presented in the dielectric function spectra 

CaGa2S4. Preliminary investigation of the monocrystalline CaGa2S4 confirms that it can be defined 

as Е0 structure. 

 

Figure 6-20. Ellipsometric angles of  and  as a function of photon energy in the 

amorphous CaGa2S4 at 300 K, at different angles: 64, 67, 68.5 and 70. 

 

Because of the samples we had were not large enough to study the orientation dependence 

of the spectro-ellipsometric measurements we were not able to identify the major components 

of the dielectric function tensor. We found out  that the structure of the E0 and E1 were polarized 

in different ways. In whole, they may be formulated as follows: 

 Two structures, E0 (~ 4.40 eV) and E1 (~ 4.75 eV) are observed in the spectrum of the 

polycrystalline dielectric functions of CaGa2S4 (Figure 6-21). In the amorphous CaGa2S4, these 

structures are rather broken and lay at low energies with a large shift of the order of 0.58 eV 

for E0. The energy difference between E0 and E1 is ~ 0.40 eV. The temperature dependence of 

real part of the dielectric function of the amorphous of CaGa2S4 in the vicinity of structure E0 

is shown in Figure 6-22. Maximum value r , starting from 340 K does not change, while both at 

room temperature, this value is slightly reduced and the maximum is shifted  to relatively high 



temperatures. Permanent or inverse behavior of r depending on the temperature would be more 

reasonable in point of view of the conventional physics. Despite all efforts, including the 

heating of the entire system of the cryostat, we were not able to gain the desired values of r. 

The temperature behavior r between 290 and 340 K (see Figure 6-22) indicates an adsorption 

process on the surface with activation energy of ~ 26 meV. Obviously, at 290 K there are certain 

condensations appear from surroundings, even though the high value of the vacuum of 10-6 Torr 

that led to a slight surface contamination which, however, was found in our ellipsometric 

system. 

However, the temperature change r is still within the margin of error for the optical 

constants, and we can very reliably monitor temperature changes in the structure E0. It follows 

the linear law with temperature coefficient of ~ 2.7  10-4 eV / K. 

In Figure 6-23 the dielectric function spectrum of the polycrystalline samples of CaGa2S4 are 

presented with the second derivative. It is known that the characteristics of inter-band density 

polycrystalline state of the crystal are described in terms of critical points. 

 

Figure 6-21. Real r and imaginary i parts of the dielectric function of polycrystalline 

(solid line) and amorphous (dotted line) CaGa2S4 at 300 K. 



 

Figure 6-22. The real part of the dielectric function of amorphous CaGa2S4  in the 

vicinity of Eo structure of at different temperatures. 

In the vicinity of the critical point the complex dielectric function of    is given by the 

formulae given in Ref. [154]: 

                                                   
   niEiAeC  

,                              (6-20)  

where , A, E and  - phase angles, force, energy, and the expanding parameter of the critical 

point, respectively. We found out that the best approximation to the experimental data relative 

to the real and imaginary parts of the second derivative in the vicinity of the structure the Е0 

corresponds to the optical transition of the forbidden zone (Eg) CaGa2S4 for direct optical 

transitions. We could not make a definite conclusion relative to the dimension and type of the 

critical point, liable for the Е1- structure.  

On the basis of the crystal structure of CaGa2S4, the Brillouin zone (BZ) of the material, as 

supposed, is considered to be a f
0 –type of с: 
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 where a, b, c- the lattice parameters. A case of zero slope for the electron spectrum , as 

supposed, which is located at points of  -, ,  и  - line and at the point of symmetry Сi ,  is  

most interesting for us. Our note is divided by Bir and Pikus [9]. 

The spin-orbit interaction should be split levels along the lines of symmetry on the edge of 

the Brillouin zone, leaving the degeneracy of all the other levels unchanged. Therefore, if the 

structures of Е0 and Е1 occur between uncorrelated bands with one electron (n = 0), then it can 

be considered that the shape of  the line of M0 2D of the critical point with the critical energy 

4.40 eV, reproduces the experimental data as shown in Figure 6-23. Obviously, if this energy is 

- the width of the splitting of the valence band, the suitable transitions should be considered to 

originate from the center to the point of BZ edge. On the other hand, the observed difference of 

energy (~ 0.4 eV) between the critical points of E0 and E1 is quite large to explain  the spin-

orbit effects for the CaGa2S4 with light atomic weights of the elements.   

 

Figure 6-23. Real and imaginary parts of the dielectric function spectrum of 

polycrystalline CaGa2S4 at 300 K and their second derivatives. 

Some more information is necessary to determine the location of this material width. In this 

sense, it could be useful to take measurements in monocrystal and to determine reliably the 

selection of rules for the above-mentioned transitions. Although we found no signs of indirect 



transitions in CaGa2S4, in our experiments and we left the question open until taking the 

measurements at low temperatures. 

For the amorphous CaGa2S4 the expression (6-21) was not a good approximation, because 

the concept of a critical point, which is valid for solid crystals, could not produce positive results 

for disorderly of CaGa2S4. The studies of the first and second derivatives show that the density 

tails of the states inside the forbidden band are made a significant contribution to the dielectric 

function of the amorphous of CaGa2S4 right up to 1.5 eV. The absorption coefficient follows an 

exponential law at the energies below about ~ 2.8 eV. In our opinion, a very large red shift of 

energy of the critical points in the order of ~ 0.58 eV, could be easily explained if the 

disturbance would occur not only in the large, but also in the little capacity of amorphous of 

CaGa2S4. Indeed, if we had taken a large and rather unreal value of the potential deformation 

in the order of 10 eV, even at the same time we would get quite a big change (~ 5%)  of the any 

characteristic parameter, say, ll /  or  / , where l   , or   - the bond length and angle in the 

compound of CaGa2S4. Taking into consideration that the real value could be much less than 

the order of (~ 1 eV), the suggestion about the change in the little capacity may be reasonable. 

  



7. Technology of visualisation and illumination  

The technology of visualization and illumination, determines the requirements of qualities 

necessary for effective visualization. The application of the luminophors investigated in various 

technologies, such as: a liquid crystal display technology; inorganic electroluminescence (EL) 

devices, as well as in the light-emitting diode display (LED) devices- are detailed. The 

explanation for the concept of the "the color from blue", which is based on the principle of 

«down-conversion» (conversion of energy from the vacuum  UV to UV)  are provided and the 

specific facts  on the application of the compound of BaAl2S4: Eu2 + in the color of flat screens 

are described. The principal criteria of selection for investigated luminophors, designed for 

visualization: a high light yield, the effective transmission of color, saturation of the green and 

blue or red colors and de-excitation time ( ms.) are represented. 

It was found out that the studied compounds of CaGa2S4, SrGa2S4, BaAl2S4 can be used in 

realization of full-color displays. It was determined that the advantages of the company's 

technology "iFire", until which the technology of "color-from the blue" was developed recently, 

applying the color conversion technology that converts the blue color into the red  and  green 

ones  using  versicolor materials. The compound of BaAl2S4:Eu2+ with its  magnificent  

photoluminescence (PL) and EL  properties allowed to use  the technology to the concept of 

the "color from blue"  in inorganic EL displays. 

7.1. The properties necessary for effective visualization. 

1) This chapter describes the emission characteristics required for applications in 

visualization, as well as the properties of luminophors of II - III2 - VI4 : REE (rare-earth-

element), which prove to be used in this area. Further, the current and potential 

applications of II - III2 - VI4 : REE as colored phosphors using for visualization are 

described. In addition to the general properties stated earlier, the other qualities of the 

luminophors will be presented below. 

2) In the visualization systems all colors are obtained with a mixture of the three primary 

colors: red, green and blue. In the radiative systems, producing of these primary colors 

is provided through appropriate luminophors or specially colored filters. Three main 

criteria are mainly followed when selecting luminophors .  

3) The first concerns to the brightness of the screen, directly related to the effectiveness of 

the  luminophor  radiation. For example, the energy yield of the Re device is determined 



by the ratio of the emitted energy flux Fe in the form of radiation to the applied power 

P (W): 

4) Re = Fe/P   

5) To evaluate the integral emitted luminous flux, it is necessary to determine the energy 

yield of Re. In fact, the effectiveness of the eye perception at different wavelengths in 

the visible range is unequal. Therefore, the International Commission of Illumination 

(C.I.E.) is the written abbreviation of the Commission Internationale de L'Eclairage-in 

French)) in the wavelength range from 360 to 830 nm determined the relative luminous 

efficiency function V(), with a maximum at 555 nm in the green in 1931 (Figure 6-24). 

6) The luminous flux of Flum (lm) is estimated as a function of the spectral luminous flux 

of  Fe e,  (W / nm): 

7)                                                         
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8) here, Km - the maximum value of the spectral luminous efficiency is equal to 683 lm / 

W at 555 nm. 

9) The light yield of Rlum (lm / W) is estimated as the ratio of the luminous flux emitted by 

the source of Flum (lm) to its power consumption P (W): Rlum = Flum / P. 

 

Figure 6-24.  Calorimetric function x() y() and z(),, specified by ICI for the 

specification of  colors sensed  at an angle of 2 °. 

 



10) Energy and light yields are related by equation of (4.2), which includes the value of  

Elum, expressed in lumens / watt. The following equation describes the visible part of 

the radiation: 

11)                               





830

360
e,λ

830

360
e,λ

m

e

lum

lum

dλ)(λF

dλ)V(λ)(λF
K

R

R
E

                   (6-23)          

This allows to be compared the efficiency of the luminophors, taking the spectral       

sensitivity of the eye into consideration. 

In the tasks of visualization the brightness concept is also very important: it is about a 

flow of light energy per unit solid angle and unit area. In terms of the energy unit, the 

flow is expressed in W / (m2), and in terms of the visual unit, the flow of light is 

measured in cd / m2.  

12) When considering the tasks of visualiztions the brightness understanding is also very 

important: 

13) the colors that can be reproduced by displays are determined by the selection of  

luminophors;  

14) the calorimetric reading of the  system offered by (C.I.E) in 1931 for the characteristic 

of colors by means of coordinates of  x and y (Figure 6-25) is  given below in order to 

illustrate this situation;  

15) On this diagram the colors produced by a mixture of the three primary, are placed in the 

interior of the triangle determined by coordinates of primary colors. Much wider area 

of colors the screen can generate the more points of the primary RGB will be removed 

on the diagram. Therefore the colors should  be saturated (with high degree of purity), 

that is  be close to a curve describing a place of monochromatic colors in zones of red, 

green and blue colors.  

16)   The last criterion will concern the time of the luminophors afterglow after the 

excitement termination when the value of the radiating intensity becomes lower than 

10% of the maximum intensity value.  

17) It has to be such that the residual luminescence couldn't be sensed by an eye. As a rule, 

industrial luminophors possess times afterglow of the order of microsecond.  

18)    



 

Figure 6-25.  Calorymetric diagramm (x, y), proved by C.I.E. in 1931 for color 

specification determined at an angle of observation 2o. 

Summarizing all aforesaid, we can call the main selection criteria of luminophors for 

visualization once again: the high light yield, adequate color transfer, saturation in green, blue 

and red flowers and  the time of a de-excitation of   µs. 

7.1.1. Basics of colorimetry 

     It is known that the color- is the subjective sensation, arising because of distinctions in the 

visible light spectrum. As a result of an essential role of a retina of an eye and visual shares of 

brain in formation of color sensations, besides objective physical properties of light, it is 

necessary to take physiological features of perception of electromagnetic waves of visible 

range, namely existence of the maximum spectral sensitivity zone of a human eye into 

consideration. There are two different types for formation of color sensation: the additive 

(additional) synthesis which appears during formation the color of the luminous objects and 

conjunctive (subtractive) synthesis, being observed when forming the color of the objects in the 

reflected light. he phenomenon is connected with subjectivity of physiological perception of 
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color at conjunctive synthesis when two samples look equally on color under one source of 

lighting and differently under another one.  

1) Metameric color stimuli are the color stimuli with identical color coordinates, but with 

various spectral structures. The corresponding property is called as a metamerism, but 

the two metameric color stimuli – metamers pairs.  

2) The concept «metameric color stimuli" concerns the psychophysical color terms which 

are used for exact determination of color and giving clear explanation of  a number of 

color problems. The color stimulus is also included into the number of these terms. For 

full understanding of  the  problem we will give its definition: the color stimulus is a 

radiant energy with the defined physical characteristics, penetrating  into eye and 

causing to color sensation. 

Metameric stimuli are divided into three groups:  

1) generated by various radiations (self-luminescent stimuli), for example, a daylight and an 

artificial source of lighting its imitating;  

2) created by the various objects lighted  with one radiation (non self--luminescent stimuli), i.e. 

two samples with different spectral addition  under one source looking identical;  

3) created by various objects and radiations (non self - luminescent stimuli), i.e. two samples 

with different spectral addition  under different sources of lighting  looking  identical. 

n this respect, the metrological measurement of color in defined units is represented an 

absolute necessity.  

Colorimetry uses two main systems for measuring of color: 

the first one – is the colorimetric system - consists in determination of color coordinates, that is 

the numerical characteristics according to which it is possible not only to describe color, but 

also to reproduce it; 

the second – is the system of specifications - represents a set of colors in which the color 

identical to the reproduced  is chosen. 

The first standard colorimetric system was accepted in 1931 in Session VIII of the International 

Commission on lighting. 

According to the requirements of C.I.E  as the tri-linear  independent colors were chosen the 

following monochromatic radiations: red R ( = 700 nm easily evolved by the red optical filter 

from the incandescent lamp spectrum); green G( = 546,1 nm - the line е in the mercury lamp 

spectrum); blue ( = 435,8 nm in the line g in in the mercury lamp spectrum). 



The colorimetric system using these colors was given  the name of  RGB as a particular 

name (It is the abbreviation of the R, red - red; G, green - green; B, blue – blue ; the RGB 

originates with the English letters). In the session of  C.I.E. in the same  year (1931)  another 

system was adopted. Its components of color were more saturated, than spectral. As such colors  

do not exist in the nature,  so it was given the name of XYZ  as a particular name. This 

colorimetric system was created  artificially  from  the color coordinates of RGB by means of  

recalculation. 

The selection of XYZ colors followed from the tasks put for the development of this system. 

The main task of them were simplification of calculations and lack of negative coordinates that 

is inevitable if the RGB colors are taken for the main. Now the international colorimetric system 

of XYZ is  considered  most operational. The results of measurements are usually expressed in 

it but the RGB system becomes  ancillary, sometimes control function. Nevertheless it should 

be noted  once again that  exactly the RGB system made up  the basic system of XYZ.  

In case of additive synthesis Grassmann's laws appears: 

1. law of three-dimensionality:  any color is definitely expressed by three if they are 

linearly independent.  Linear independence contains  that none of these three colors can 

be produced  by addition of two others;  

2. law of continuity: during continuous change of the radiation color of  the  mix also 

changes continuously. There is no such a color to which it would be impossible to pick 

up the infinitely close. 

Additivity law:  the color of radiation mixture depends only on their color, instead of on 

spectral structure. The consequence becomes the additivity of the color equations: if the colors 

of mixed radiations are described by the color equations, then the color of the mixture is 

expressed by the sum of the color equations.  

Thus, if: 

C1 = R1R + G1G + B1B,                                                                                                      

C1 = R2R + G2G + B2B,     

....................................         

Cn = RnR + GnG + BnB,         

           

 Csum = (R1 + R2 +... + Rn)R + (G1 + G2 + ... + Gn)G + (B1 + B2 + ... + Bn)B           (6-24) 

 



This law has paramount  value for the color theory. 

In color system of coordinates each color is expressed through base colors of this system, 

and they have to be linearly independent (that is none of them should be produced by addition 

of two others). The position of a point in the space, characterizing this or that color is set by 

three coordinates. The same point can be considered as the end of the vector which was taken 

from the beginning of coordinates. 

The position of the same color vector in the color space and its length don't depend on the 

selection of the bases, but they are defined by chromaticity and color brightness. The color 

vector of any radiation can be presented by color equation. 

Let's consider what the color space represents on the example of the RGB system.  Let's express 

some color C in the form of the color equation. Color equation is an equation that indicates in 

what quantities of the basic colors can be needed due to a result of mixture to produce the color, 

visually indistinguishable from the expressed equation.  

Let’s suppose in our case of C – is a expressed equation of the color; R, G, B - color coordinates 

of  the color C in system of the RGB bases or, in other words, quantities of the bases, necessary 

for producing the color C; R, G, B - the colors of radiations accepted as main. Then, in our case, 

the color equation can be written in the following formula: 

                                                  C = RR + GG + BB                                        (6-25)         

Having compared this equation to the equation of a free vector in the space, considered in 

vector algebra, 

                                                Cfree  = xi + yj + zk,                            (6-26) 

where i, j, k - the triple of  unit vectors, it is easy to be convinced that they are almost identical. 

(We chose the colorimetric system of RGB, but for consideration as a fact of the matter we 

could take the XYZ system with the same success.)  

       In our case, the coordinates of the color of RGB will determine the projection of the 

color vector on the coordinate axes of the color space. Any direction of the coordinate axes can 

be chosen, but it is more convenient to take the color rectangular coordinate system (Figure 

6-26). At first glance, it is meaningless to consider the color in the form of a vector in the space. 

Indeed, the question sounds quite strange, such as where the vector, for example, of the yellow 

color is directed. Nevertheless, in the concerned color space of RGB this vector has a definite 

direction. If it is in the plane of GR and lies closer to an axis of G, have a green shade and if it 

is closer to an axis R – reddish. 



      If GR is plane and lies closer to the axis G, is a green group, and if lies closer to the axis 

R - reddish. Thus, it is possible to define that the direction of the vector depends on the ratio of 

the color coordinates and characterizes chromaticity. Length of this color vector depends on the 

sum of color coordinates and expresses brightness. The vector of C corresponds to colors of 

identical chromaticity, but various brightness. In a color space in the form of vector it is possible 

to present the achromatic colors too. It is possible when the color coordinates (in our case of 

RGB) are equal between one another. In this case, the brightness of the color increases along 

the axis of ChB BW (Figure 6-27) from black through gray to white. The axis of ChB BW is 

called as an achromatic axis. Accordingly, the larger value of color coordinates, the greater the 

color intensity. In process of removal from an achromatic axis the color saturation increases. 

 In modern scientific journals the concepts such as a chromaticity triangle, chromaticity 

diagram, locus, color coverage are often used. What it is, how they are formed and for what 

they are necessary etc. will be investigated further.  

 

Figure 6-26. Rectangular color coordinate system. 
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Figure 6-27.  Changes of the brightness and saturation in the color space. 

 

We bring up for investigation these concepts with the principle of formation of the single 

color plane as an example of RGB.  

The plane of single colors (Q) (Fig. 4.6) passes through the postponed coordinates axes the 

brightness of single values of the selected basic colors. Single color in colorimetry  is the color, 

sum of coordinates which (or, in other words, the color module of  m) is equal . Therefore, we 

can assume that the plane Q, intersecting axes at points BR (R = 1, G = 0, B = 0), BG (R = 0, 

G = 1, B = 0) and BB (R = 0, G = 0, B = 1) is a single locus in the space of RGB (Figure 6-28). 

Each point in the plane of single colors (Q) corresponds to the trace of the color vector that 

penetrates the plane at the corresponding point with m = 1. Consequently, any color light can 

be represented by a single point on the plane. One can also imagine the point, corresponding to 

the white color (B). It is formed by the intersection of the achromatic axis with the plane Q 

(Figure 6-28). Regardless of the selected colorimetric system of the single color plane 

intersecting the coordinate planes, forms a triangle called the color triangle or triangle color 

(Figure 6-28). The points of basis colors are located   at the vertices of the triangle points. 

Determination of color points gained by mixing all three bases, is produced by the rule of 

graphical addition.  

In colorimetry there is no need to resort to the spatial representations for describing the 

chromatic level. 

It is sufficient to use the plane of the chromaticity triangle. In it the position of the point of  

 



 

Figure 6-28. The plane of the single colors and formation the triangle of the 

chromaticity. 

 

any color can be set only two coordinates. It is easy to find a third on the other two, as the sum 

of the chromaticity coordinates (or module) is always equal to1. Therefore, any pair of 

chromaticity coordinates can serve as a point in a rectangular coordinate system in the plane. 

Further, this rectangular system will be used for discussional colors. 

Thus, we found out that the color can graphically be expressed in the form of  the vector in 

the space or in the form of the point lying in the  triangle of chromaticity. Let's try to define the 

boundary of the  actually (see AppData / Loca  / Microsoft / Windows / Temporary Internet 

Files / Content.IE5 / AppData / Local / Temp /-942852119)  observed  colors  with the help of  

the  chromaticity triangle of RGB. As the colors were saturated more than the spectral ones, 

then the points of colors don't exist, and their expressions will also define this boundary.  We 

choose RGB one of vertices, for example b, for the beginning of the coordinate    system (b= 

0) in the right-angled triangle. We put aside the values of r = 1 and g= 1 defer from the beginning 

of coordinates respectively horizontally and vertically (Figure 6-29)  

At the triangle we designate the RGB   for the value of coordinates of the chromaticity, 

corresponding to spectral radiations from 380 to 700 nm. For this purpose we will use curves 

of addition or specific coordinates of  r,  g,  b,  representing  the distribution function  among  

the color coordinates spectrum of the monochromatic radiations  at the power of  1 W (Figure 

6-1). According to their data we will determine the position of the points corresponding to the 



chromaticity coordinates of the monochromatic radiations. Having connected these points we 

will gain the line of spectral colors.  

 

Figure 6-29. Projection of  the  chromaticity triangle on the RG plane. 

The curve turns out open (Figure 6-30). Its boundary points correspond to the most saturated 

red colors of ( = 700 nm) and to the violet ones of ( = 380 nm). Having closed the ends of 

boundary points of a straight line (it is designated by a dotted line in the graphics), we will gain 

a locus of points of the most saturated purple colors. As there are no any purple colors in the 

spectrum (purple color presents a mixture of red and violet radiation), then the values of 

wavelengths are missing on the dotted line. 

The line which is a geometrical place of chromaticity points of the monochromatic radiations 

and closed by purple lines, is called as a locus (lat. locus (pl. loci)- a place) (Figure 6-30). All 

real colors lie inside the locus. Imaginary (or, they are more often called, unreal) colors, more 

saturated, than spectral, expressed in this colorimetric system are positioned out-of locus.  



 

Figure 6-30. Construction the locus of the real colors. 

 

The general properties of any loci, regardless of the selected colorimetric system are: 

1. the point of white color has coordinates (0.33, 0.33); 

2. the saturation of color grows  from the white point to the locus; 

3. on the straight line connecting the white point with a locus, lie the colors of identical 

color tone but different saturations.  

Having put on the locus a grid of rectangular coordinates, the diagram of chromaticity will 

be gained (Figure 6-31). It is possible to define color tone and a saturation of this or that color 

with the help of this diagram. The area limited by the locus and closing its line of purple colors, 

is called as a field of real colors.  

According to Figure 6-31, the chromaticity of the most radiations are characterized by the 

negative coordinate of r < 0, and at purple of g < 0. It complicates calculations of color for its 

spectral composition. Besides, determination of brightness of flowers in RGB system is 

connected with calculation of all three coordinates of color. 

These failures also served as a reason for creation of XYZ system crystals. 



 

Figure 6-31. Chromaticity diagram of RG. 

 

7.1.2. Application of II - III2 - VI4 : REE luminophors in the liquid 

crystals technology 

1) Nowadays the development of the technologies for production and application of the 

liquid crystal display (LCD) within their widespread achievements reaches the highest 

level. The technology of LCD uses the most advanced research standards and achieves 

the first place in the devices of flat screens. Among the most important reasons for such 

situations, the relatively low cost and low energy consumption by systems on the basis 

of the LC should be noted.  

2) The horizontal direction is by one of the two boards, and in the vertical direction – next 

to the other board. The screen is illuminated by light polarized parallel fossa of the first 

panel. Polarization of light controls molecule and after rotation around 90°, it finds itself 

parallel to the fossa of the second polarizer. Thus, the light crosses the second panel: 

the element of the image is on (pixel lit). If the voltage is applied between these two 

panels, the molecules will be oriented in the same direction. Polarization of light 

remains invariable and light can't pass through the second polarizer: the element of the 

image is extinguished. Between these two positions depending on the applied voltage, 



the light flows out with a more or less great intensity. Each element of the image consists 

of a cell of this type ahead of which the  painted filters are placed.  

3) Polarization of light remains invariable and light can't pass through the second polarizer: 

the parallel used in LCD screens the colors would turn out the room of filters ahead of 

each element of the image that allows producing red, blue and green colors from the 

source of the white light. Among the obvious deficiencies of LCD screens include a 

small angle of vision and a low brightness. 

4) Most of the energy is lost when using these filters, because they absorb the energy of 

2/3 (two-third) of the white light. 

5)  Use of the source of UV- light and luminophors replacing the painted filters, would 

allow to increase brightness, as well as angle of vision of the  screens due to isotropic 

transmission of energy radiation with the  luminescent compounds. 

6) Thus, the effective excitement under the influence of UV- radiations is required for 

using the luminophors- candidates in LCD screens. 

7) In the early days, the LCD with a passive matrix was used in flat screens of the portable 

computer. Meanwhile, the system in a passive matrix is too slow for displaying  of big 

flow of the video image, for example, in television. 

8)  For elimination of this defect it is necessary to use the transistor for each "subcell" of 

the image (red, green or blue), and each element of the image then is supervised by three 

transistors. These matrices are called active and consist of a large number of thin-film 

transistors, providing a fast connection. During manufacturing a large-sized screens, the 

number of transistors, respectively, is more, but the most important  consists in 

impossibility for the real level of  development of the technology to make big zero-

defects screens. A screen by a diagonal of 20 " is a technological boundary to which 

pass is impossible at the present time. Thus, the screens on the basis of thin-layer 

transistors aren't competitive in the market of TV screens, which remain as leading, but 

make significant progress in telecommunications, medical, automobile industry. 

9) The indisputable advantages of this equipment – are the low power consumption and 

use of weak voltage about several volts. Among the disadvantages could be included  

the need for a light source. Energy consumption of the reflexive LCD screens which 

don’t use back lighting, but use incident light from the outside, is still less.  

10) A broad band of the excitation spectrum of II - III2 - VI4 : Eu2+ makes this luminophor 

a good candidate for applying in liquid crystal displays. 



11) II - III2 - VI4 : Eu2+ compounds have high qualities for using it as luminophors in LCD 

screens [23, 46], particularly, a greater efficiency of PL is observed under excitation in 

near UF.  

12) LCD screens are not radiating devices which principle of operation is based on the 

modulation of liquid crystals of white light transmitting or reflecting, and subsequently 

exarticulation of modulated white light of its components using a variety of filters. 

13) It was proposed to use luminophors for being released from color filters: the aim is to 

increase illumination, as well as the angle of vision of the screens due to an isotropic 

transfer of luminescent compounds. The principle is to use the diode that emits UV 

between 380 and 420 nm as the excitation source of three luminophors of red, green and 

blue colors, placed ahead of liquid crystals. Wavelength of the UF-diode shouldn't be 

lower than 380 nm to avoid damage of liquid crystals. For implementation of the trial 

screen the luminophors of K5Eu2,5(WO4)6,25, SrGa2S4 : Eu2+  and BaMgAl10O17 : Eu3+ 

were offered  (Figure 6-32). 

7.1.3. Application of  II - III2 - VI4 : REE luminophors in the EL devices 

1) First EL device (monochrome screens) using the yellow luminophors of ZnS: Mn2+, 

were put on the market in 1983 by Sharp Corporation (Japan). The demands for green, 

blue and red EL- luminophors with a good light yield and the appropriate chromaticity 

coordinates stimulated to conduct numerous research works. Special attention was paid 

to the binary compounds of ZnS, SrS and CaS activated by RZE ions, but lacking in 

blue luminophor limited the realization of full-color screens. In 1993 the «Planar 

System» company put the first full-color screen on the market by using of the yellow 

luminophor of ZnS : Mn2+. The development of a new family of the luminophors of EL 

based on ternary compounds allowed gaining significant achievements. The thiogallates 

of SrGa2S4 : Eu2+ and CaGa2S4 : Ce3+ presented the effective luminophors of EL in a 

range of green and blue colors, respectively . The first full-color screen was 

manufactured by «Planar System» with blue luminophors of CaGa2S4: Ce3+, the 

luminophors ZnS : Mn2+ (was filtered red component) and a green luminophors  of  ZnS 

: Tb3+ [87]. Rather recently researches of blue luminophors of BaAl2S4: Eu2+ allowed 

overcoming the problem related to the blue component. It was used in the full-color 

screens offered by the company iFire in 1999 and in the EL  device of the TDK 

corporation by using the compound of SrGa2S4 : Eu2+ for green color and the  compound 

of  MgGa2O4 : Eu2+ for red color . 



2) The EL-structures may be grouped into various types depending on the form of 

luminophors (powdery and thin-film) and as power supply of AC (alternating current) 

and DC (direct current). 

3)  

 

 

Figure 6-32. The structure of the liquid crystal display. 

4) The structures of AC type are commercially profitable. The structures of TFEL of the 

AC-type  are more widely applied because of their acceptable parameters (brightness, 

angle of view). 

Requirements to the materials used in TFEL -devices with the double layer in terms of 

optical, electrical, and physical characteristics will be considered below. In practice the two 

types of the TFEL - devices are used: a) conventional structural device and b) reversed 

structural device. In Figure 6-33 the conventional structural device consisting of a metal 

electrode, a dielectric layer, a phosphoric layer, a dielectric layer, a metal electrode and a glass 

substrate is shown. On the other hand, in Figure 6-34 the reversed structural device consisting 

of a transparent electrode, a dielectric layer, a phosphoric layer, a dielectric layer, a metal 

electrode, a glass substrate and color filters on the closing base is shown. In this structure the 

thin-film layer of the luminophor is located between two thin-film dielectric layers. 

Advantages of this type of EL structures are as follows:  



    the double dielectric layer protects the luminiferous layer against moisture absorption from 

the outside that provides high stability of work of the luminophor; 

 the field can be applied to the luminiferous layer whith the intensity of 106 V / cm without 

the risk of destroying electric breakdown as dielectric layers prevent penetration of flow of 

the electrons from both electrodes in the volume of the luminiferous layer;  

 the internal polarized field, resulting from the capture of charges on the division boundary 

of the dielectric-luminophor, leads to the increase or modulation of the  applied from the 

AC- source to a luminiferous layer of electric field.  As a result, the increase are observed 

in luminosity and efficiency of the luminescence (i.e. a sharp growth is observed in the 

characteristics of L-V и - V). 

 

5)  

 

Figure 6-33.  Conventional TFEL device. 

6)  



 

Figure 6-34. Reversed TFEL device. 

 

 

Requirements for materials forming layers in the EL devices are as follow: 

 in general case, a phosphor composed of base material and an activator which creates radiative 

centers. 

Requirements for the base material are as follows: 

•  to emit the visible light without absorption, width of the band gap should be large enough; 

 when exciting with the strong electric field of about 106 V / cm the electron avalanche 

should be generated; 

 the activator necessary for the radiation of visible light should be suitable for 

implementation in a crystal lattice. 

Requirements for the luminescent centers: 

 to  initiate the impact excitation- the luminescent center should have a large capture cross-

section; 

 luminescent centers should be selected with suitable ionic radii and valences in order to be 

stable in strong electric fields; 

 isolated luminescent centers exhibit a high luminescence efficiency, because they are 

effectively excited by high-energy electrons; 



  dielectric layers: they play an important role in stabilizing the structure with two       

    dielectric layers, and also allow to control the characteristics of the EL; 

 a high value of breakdown of the electric field to ensure stability and prevent the electrical 

breakdown; 

 high value of dielectric permeability (0, r) to reduce the applied voltage; 

 small quantity of the contact holes to prevent the absorption of moisture and electrical 

breakdown;  

 good adhesive capacity with respect to the upper and lower layers. 

Transparent conductive materials: requirements for these materials–high conductivity and 

transparency. High conductivity, first of all, is necessary to provide the uniformity of the display 

and to reduce power consumption which arises because of heating of a transparent conductor 

layer. Nowadays the ITO: In2O3 – 10 % of SnO2 which easily gives in to chemical etching when 

drawing electrodes is used as this material and possesses the low resistance (10-4 Ohmсm). 

Development of inorganic EL-technology began with opening of a high-voltage 

electroluminescence in 1936 [21].  

Then, various technologies were invented, such as the molecular luminescence centers, 

LUMOCEN [106], with high luminosity and long lifetime of TFEL  displays of the AC- type,   

multi-color TFEL displays on the basis of the CaS and SrS [138] and the  thiogallates [71, 81]. 

Full color display requires three colors: red, green, and blue. The technology of "Triply- 

duplicated/ patterned phosphor" which provides three colors per pixel, and the technology 

"color-from-white," which decomposes white light into three colors using a color filter can be 

used to get a full-color display. However, they have some problems, for example, in the first 

case, the process is complicated, and the second inherits the poor efficiency. Recently the 

«iFire» company offered the technology of "colors from blue" [2, 75, 51, 121, 163, 161, 169], 

applying the principle of color conversion technology at which the red and green colors are 

isolated from blue color by means of discoloration materials. The technology “colors from blue" 

has small advantage: first it is simpler, secondly, is less expensive. The brighter materials of 

blue phosphorus are necessary to make technology of real "colors from blue". The concept of 

the given technology is used to produce a full-color inorganic EL display, which is based on 

the idea of the color image with the help, so-called, of optical down-conversion (conversion of 

energy from the vacuum UV to  UV) [120]. 

The production of color with the help of energy conversion was known for a long time ago. 

Due to the recent progress of the inorganic EL technology and the availability of the effective 



and saturated blue EL phosphor, the production a full-color inorganic EL display using the 

concept "color-from blue" could be a viable way to gain full-color EL displays with high levels 

of luminosity and superb color quality. Approach to the "color -from blue" offers the perfect 

solution of all these problems, namely, eliminates requirement of an engraving of the blue layer 

of phosphorus and the subsequent phosphor.  

Second, because all the colors in the pixel approach "color from blue" made of blue primary 

radiation source instead of three requires only a single thin-film blue phosphor. Thus, it 

simplifies the full-color process of production. In addition, because the colors in all pixels in 

approach to "colors from blue" are produced from the primary source of blue radiation, instead 

of three only, just one blue thin layer phosphorus is required.  Approaching to the "colors from 

blue" is actually a necessary demand – for the effective blue EL devices. It would be desirable 

to note especially that the effective blue luminophor of BaAl2S4 : Eu2+ can act itself as a source 

of blue color in displays, and be a reference luminophor when using the technology of "colors 

from blue". In order to reach the effective conversion of blue light into red and green, it is 

necessary to use inorganic luminescent phosphorus both organic dye and pigments. The choice 

of material for potential application in displays was based on three criteria: 

1. high efficiency of conversion of blue light into red or green radiations. It occurs when 

there is a strong crossing between the blue EL-radiation and excitation peaks of potential 

phosphorus or pigment. In addition to availability of strong coefficient of the absorption, 

these materials should have high quantum efficiency in conversion of blue color both 

into red and green colors. 

2. the color saturation of emitted light of the photoluminescent materials is essential to 

avoid the needs for color correction by filtration.  

 3. the color and stability of luminance during  strong blue excitation are also critical. 

 In Figure 6-35 the structure of the thick panel of EL is shown for a combination of usual 

technology of a triple sample and technology  of "colors from blue". Panels consist of a 

substrate, a number of electrodes, thick dielectric, phosphorus, the top insulator, ITO (indium-

tin-oxide), a metal electrode, and color filters or color conversion materials. These are simple 

structures and can make panels cheaper, than other flat displays because they don't demand thin 

structures just as it is required for production of thin-film transistors and LC. 



7.1.4. Application of II - III2 - VI4 : Eu2+ lumınophors in the light-emitting 

diode (LED) technologies 

1) For illumination the production of light can be carried out in the various ways: 

2) -Incandescent  lamps 

3) The principle of functioning of the incandescent lamps are based on the transfer of the 

continuous spectrum by fiber of tungsten on which passes an electric current. When the 

fiber is in vacuum, the maximum operating temperature of the fiber of (2400K) will 

be limited by evaporation of fiber, which provokes the blackening of the bulb. 

Temperature of functioning can be increased approximately to 3200K in the presence 

of inert gas (argon, krypton) or halogens (haloid lamps) which reduce the fiber damages. 

The increase of the fiber temperature provides to produce “less reddish" light (as the 

color temperature increases) and to increase the lifetime of the fiber.  

4) - Gas -discharge lamp 

Gas-discharge lamps are the lamps in which radiation is caused by ionization of inert gas 

(neon, argon, krypton) or atomic vapor (sodium, mercury) under influence of the electric field 

generated between two electrodes. 

 

Figure 6-35.  Structure of the thick EL panels and the large technologies 

“colors from blue”. 

 

When the current density becomes very high, the arc discharge will be produced. Gas-

discharge lamps represent a characteristic spectrum of a chemical compound and pressure of 

gas. For example, functioning at high pressure the emission lines of gas expands and allows to 



receive less periodic spectrum. Fluorescent lamp with mercury vapor, the inner walls of which 

are covered with phosphor are converted UV radiation emitted by the gas into the visible. For 

these lamps the part which was not absorbed by a characteristic spectrum of gas, is imposed on 

a spectrum of the radiation luminophor. The recent achievements, concerning the progress of 

the inorganic electroluminescent diodes, allowed to increase the area of their application. 

Manufacturing of the white light by light-emitting diode systems is carried out in several ways, 

as from the electroluminescent diodes. White light is maybe gained at connection of ternary 

diodes which are emitting red, green and blue colors. This type of lamps already appears in 

commerce and (Table 6.1) represents luminous efficiency of 25 lm / Вт. 

Table 6.5. CONTROLLABILITY THE MAIN CHARACTERISTIC OF LIGHT SOURSES 

Light source 

 

Luminous 

efficiency (lm / W) 

Image  

transmission 

Color temperature 

, (К) 

Life time 

(hours) 

Incandescent  lamp 10-20 100 2700-3200 1000  

Haloid lamp 15-30 100 3200 2000-4000  

gaseous discharge 

lamp (sodium, high 

pressure) 

120 44 1800 20000  

Luminescent  lamp 40-80 84 2700-4100 10000-20000  

Light -emitting diode, 

LEDInGaN/YAG:Ce
3+ 

InGaN/( SrS:Eu2+ 

+SrGa2S4:Eu2+) 

 

25 

 

30 

 

85 

 

89 

 

3000-8000 

 

3700 

50000  

 

5) The second approach is included the excitation of the EL diode of ternary luminophors 

which emit mutually red, green and blue.  

6) Last alternative concerns the application of the diode for transferring  of blue color 

connected with red and green or yellow luminophors (Figure 6-36).This type of device 

made up of the EL diode on basis of  InGaN and yellow luminophors of (YAG : Ce3+), 

were  put on the market  in 1996. EL diodes used for transmission in near UV in or blue 

color, are generally produced on the basis of the compound of InGaN [57, 124, 91, 93, 

170].  Changing their emission wavelength from 370 to 475 nm was carry out with 

increasing quantity [73]. 



7) Thus the requirement for luminophors consists of the followings: 1. high absorption by 

the excitation light of UV, near UV, blue 2. high quantum efficiency; 3. fast attenuation 

of luminescence; 4. high temperature quenching; 5. thermal and chemical stability. 

8) Activated ions of Eu2+ in II-III2-VI4 semiconductors are efficient luminophors  with 

excellent color coordinates, high lumens - the equivalent of (560 lm / W) and fast ( ns) 

luminescence decay. The efficiency of these compounds also caused to its high adhesion 

and stability. These experiments show that during excitation at 460 nm the  radiation 

intensity at mechanical mixing of the compounds of CaGa2S4 : Eu and CaS : Eu or 

composite of (CaGa2S4 + CaS) : Eu2+  was more relative to the luminophors  of YAG : 

Ce, and especially the intensity of red radiation is about three times more in the 

composite than a mechanical mixture. The excitation spectrum of these luminophors 

represents extremely broad band and is explained with absorption of the ions of Eu2+. 

The transitions of 4f5d extending into the visible range due to strong nepheline effect, 

the investigated materials can be effectively excited by blue LEDs. Thus, the 

luminophors in the compound of (CaGa2S4 + CaS) : Eu2+ radiates a green and red 

luminescence at excitation of 460 nm;  while the cascade transfer of energy passes from 

CaGa2S4 : Eu2+  to CaS : Eu2+. 

 

 

Figure 6-36. The scheme of light-emitting diode using phosphors.  



7.2. Laboratory work Nr.1. 

7.2.1. Determination of the optical characteristics of collecting and 

diverging lenses 

Aim of this work is to study the basic concepts and laws of geometrical optics, and to 

determine the focal length of collecting and diverging lenses. 

7.2.1.1. Devices and accessories. 

 

 

Figure 6-37. The laboratory bench 

Laboratory bench (Figure 6-37) includes an optical bench with a measuring scale, moving  

rider, light source in the form of the light-emitting diode (LED) matrix, a set of collecting and 

diverging lenses, web- camera with color filter and screen. Devices and accessories also refer 

to the computer with the necessary software. 

7.2.1.2. Theoretical justification 

Lenses represent the transparent bodies limited by two surfaces (one of them usually 

spherical, sometimes cylindrical, and the second one is spherical or flat), refracting light beams 

and capable to form optical images of objects. For lenses the glass, quartz, crystals, plastic, etc.,  

are served as material. According to the external shape the lens is divided into: 1) the biconvex; 

2) the convexo-plane; 3) the biconcave; 4) plano-concave; 5) the convexo-concave; 6) the 



concave-convex. In accordance with the optical properties of lenses are divided into collecting 

and diverging ones. 

 The lens is called thin if its thickness (distance between limiting surfaces) is much less in 

comparison with radii of the surfaces which limits the lens. The straight line passing through 

the centers of curvature of the surfaces of lens is called the main optical axis. The point lying 

on the main optical axis through which beams travel without refracting is called the optical 

center of the lens. For simplicity, the optical center O of the lens corresponding to the 

geometrical center is considered the medium part of  the lens.  

For derivation of  formula of the thin lens the Fermat principle, or principle of least time is 

used: the actual path of distribution of light (trajectory of  light beam) ) there is a path for 

travelling which light that requires the minimum time compared with any other conceivable 

way between the same points. 

 

 

 

Figure 6-38. Light beams consider 

Let’s consider two light beams (Figure 6-38) between points A and B: the beam passing 

through the optical center of the lens (beam AOB) and the beam passing through the edge of 

the lens (beam DIA). 

We use the condition of equality of the traveling time of light along AOB and ACB. The 

traveling time of light along AOV 

                                                        𝑡1 =
𝑎+𝑁(𝑒+𝑑)+𝑏

𝑐
                                                          (6-27) 

 



where 𝑁 =
𝑛

𝑛1
  – the relative index  of refraction, n and 1n - the absolute indices of refraction of 

the lens and the medium, respectively. The traveling time light along the DIA is equal: 

                                         𝒕𝟐   =
√(𝒂+𝒄)𝟐  + 𝒉𝟐+√(𝒃+𝒅)𝟐+𝒉𝟐  

𝒄
                                              (6-28) 

Since  𝑡1 = 𝑡2, then  

                             𝑎 + 𝑁(𝑐 + 𝑑) + 𝑏 = √(𝑎 + 𝑐)2 + ℎ2+√(𝑏 + 𝑑)2 + ℎ2                   (6-29) 

Let's consider the paraxial (paraxial beams forming with an optical axis of small corners. 

Only when using paraxial beams the stigmatic image can be gained, i.e. all beams of the paraxial 

beams originating from the point A, intersect the optical axis in the same point of B. Then  

                                       ℎ ≪ (𝑎 + 𝑒), ℎ ≪ (𝑏 + 𝑑)                                                           (6-30) 

and 

√(𝑎 + 𝑐)2 + ℎ2 = (𝑎 + 𝑐)√1 +
ℎ2

(𝑎+𝑐)2 = (𝑎 + 𝑐) [1 +
1

2
(

ℎ

𝑎+𝑐
)

2

] = 𝑎 + 𝑐 +
ℎ2

2𝑎+𝑐)
         (6-31) 

By analogy  

                                       √(𝑏 + 𝑑)2 + ℎ2 = 𝑏 + 𝑑 +
ℎ2

2(+𝑑)
                                                (6-32) 

Having substituted the found expressions in (6-29), we will receive 

                                     (𝑁 − 1)(𝑐 + 𝑑) =
ℎ2

2
(

1

𝑎+𝑐
+

1

𝑏+𝑑
)                                                 (6-33) 

For a thin lens е<<а and d<<b, therefore (6-33) it is possible to present as: 

                                           (𝑁 − 1)(𝑐 + 𝑑) =
ℎ2

2
(

1

𝑎
+

1

𝑏
)                                                  (6-34) 

Considering that 

                   𝑒 = 𝑅2 − √𝑅2
2 − ℎ2 = 𝑅2 − √𝑅2

2 −
ℎ2

𝑅2
2 = 𝑅2 − 𝑅2 [1 −

ℎ2

2𝑅2
2] =

ℎ2

2𝑅2
               (6-35) 

and according to 𝑑 =
ℎ2

2𝑅1
 , we obtain the formula of the  thin lens: 

 

                                             (𝑁 − 1) (
1

𝑅1
+

1

𝑅2
) =

1

𝑎
+

1

𝑏
                                                     (6-36) 

 



Radius of curvature of the convex surface of the lens is considered positive, and the concave 

one is negative. 

If  а=,  i.e. beams fall on the lens of the parallel beam , the 

                                                    
 1

𝑏
= (𝑁 − 1) (

1

𝑅1
+

1

𝑅2
)                                                    (6-37) 

Corresponding  to this case, the distance b=OF=f   is called the focal length of the lens, and 

defined by the formula 

                                                       𝑓 =
1

(𝑁−1)(
1

𝑅1
+

1

𝑅2
)
                                                          (6-38) 

 

 

 

 

 

 

 

 

Figure 6-39. The relative indicator of refraction  

It depends on the relative indicator of refraction and radius of curvature. 

If b=, i.e. the image is in infinity and, therefore, beams emerge from the lens with parallel 

beam (fig6-39, b), then a=OF=f. Thus, focal length of the lens surrounded on both sides of the 

same environment/medium are equal. Points F, lying on both sides of the lens at a distance 

equal to the focal are called lens focuses. Focus - the point in which, after refraction all beams 

collect on the lens parallel to the main optical axis. 

Value of:  

                                                      (𝑁 − 1) (
1

𝑅1
+

1

𝑅2
) =

1

𝑓
= 𝟇                (6-39) 

is called optical power of lens. Its unit- diopters (D) - is the optical force of the lens with 

focal length of 1 m: 1 diopter = 1 / m 



Lenses with a positive optical force become collecting, with negative – the diverging ones. The 

planes passing through focuses of the lens perpendicular to the main optical axis are called the 

focal planes. Unlike collecting lenses, the diverging ones have virtual focuses. In virtual focus 

the  imagined continuations of the beams falling on diverging lens parallel to the main optical 

axis (collect (after refraction). 

 

 

 

 

 

 

Figure 6-39 

Considering (6-39), the formula of the lens (6-38) can be written as  

                                                            
1

𝑎
+

1

𝑏
=

1

𝑓
         (6-40) 

For diverging lens the distance f and b should  be considered negative.Imaging  of an object 

in the  lenses is carried out by means of the following beams: 

1) the beam travelling through the optical center of the lens and without changing the 

direction; 

2) the beam going parallel to the main optical axis; after refraction in the lens (or its 

continuation) passes through the second focus lens; 

3) beam (or its continuations), passing through the first focus of a lens; after refraction in 

it leaves the lens parallel to its main optical axis. 

The construction of the images in the collecting (Figure 6-40) and diverging (Figure 6-41) 

lenses  was given as an example : real (Figure 6-40, a) and virtual (Figure 6-40, b) images in a 

collecting lens, but  virtual is in the diverging one .  

The ratio of the linear dimensions of the image and the object is called a linear lens 

magnification. The negative values of linear magnification correspond to the real image ( it is 

inverted) , and the positive ones correspond to the virtual image (it is erect). Combination of 

collecting and diverging lenses are applied to the optical instruments used to solve various 

scientific and engineering problems.  



 

 

 
 

Figure 6-40.  

                        

                                            

 

 

 

 

Figure 6-41.  

The bundle of parallel beams s after passing through the lens becomes convergent or 

divergent. Intersection point of the beams of the transmitted bundle is in the focal plane of the 

lens. This point can be considered as a pinpoint light. Wave emanating from the point in the 

focal plane of the lens after the lens becomes flat (bundle of parallel beams) –on the basis of 

the  signs it is possible to determine the focal length. 

According to the formula (6-40) we will define focal length of a lens distance. 

                                                           f = ab/(a + b)           (6-41)    

  

The lateral magnification in a lens of  (Fig. 7) is equal: 

                                                        = h2 /h1  = b/a ,                                (6-42)    

  

 

where h2 - height of the image;  

h1 - the height of the object. 

 



 

Figure 6-42.   

 

From equations (6-41) and (6-42) we can determine the focal length f of the lens: 

                                                               f = b/(1+)                            (6-43)         

If the collecting lens gives the real image of the object (Figure 6-42), then its focal length can 

be determined by formula (6-41) or by measurements of lateral magnification (6-43). If the lens 

does not allow to obtain an image of the object within the facility, its focal length can be 

determined  in accordance with the shift of the focus point of the converging wave (Figure 6-43). 

 

 

Figure 6-43.  

 

Having measured the coordinates of a former point of focusing of A and a new point of 

focusing of B, we will find focal length on a formula of the lens (6-40) in which it is necessary 

to change a sign before "a" since in this case the of A and B points are on the same side of the 

lens: 

                                                     1/f = 1/b – 1/a.                                                      (6-44)         

  

Then the focal length f has 



                                                   f = ab/(a – b)                 (6-45)

      

For the converging lens f> 0 is obtained, for the diverging  is f <0. 

As seen from formulas (.-416), (6-43) and (6-45), the focal lengths of the lenses can be 

determined from the geometrical distances from the lenses to the image source а and b, and the 

lateral magnification of the lens.  

 

7.2.1.3. Procedures for conducting of the  laboratory work 

 

To determine the lens magnification it is necessary to know the ratio of the image to the size 

of the source [11]. It is possible to obtain such a ratio while setting if a comparative observation 

of this source - LED matrix (Figure 6-44 a) and its images on the screen (Figure 6-44 c) by the 

webcam (Figure 6-44 b) are carried out. 

For observation of one scale of these objects it is necessary to carry out supervision on 

identical remoteness from them to be provided with identical designs of knot with a radiator (a 

LED matrix) (Figure 6-44 a) on which the webcam (Figure 6-44 b), and knot of visualization of 

the image consisting of the screen and the webcam (Figure 6-44 c) can be fixed. 

As the glow of LED matrix has high brightness, the weakening filter consisting of two 

crossed polarizers are worn in order to avoid "blinding" when observing the source on the Web-

Cam lens. Setting the screen in the situation corresponding to the plane in which there is an 

image of object, is carried out on the basis of visual control of image sharpness on a white 

surface of the screen. Counting the position of the image is made on a scale of the lateral surface 

of the optical bench. 

 

 

 



                                        a                                   b                                  c 

Figure 6-44.  

1) After starting up the computer run the Workshop on Physics program.   On the panel of 

devices select the appropriate scenario for conducting experiment (Alt+C)   

2)  Calibrate the images in a web camera, for what: 

3) install in radiator knot the webcam, (Figure 6-44 b); 

4) put  on the camera lens of the polarizing filter 6 (Figure 6-37) 

5) connect the webcam to a computer USB entry; 

6) apply power supply to the LED array; 

ATTENTION! Supply voltage of the LED radiator is not more than 4,5 In (position of the 

voltage switch of the power unit - the network adapter - "3 V"). 

7) keep the image of a LED matrix, having pressed the button    

8) Install the webcam on the distant mobile rider behind the screen (Figure 6-44 b) having 

removed from its lens of the polarizing light filter. 

9) Collect the optical scheme according to Figure 6-45, having established on the position 

second left to the (the mobile rider next to a radiator) collecting lens. Not to install  a 

lens into the mobile rider 

 

 

Figure 6-45.  



 

10) Install the rider with the screen in a position, at which visually image sharpness of the 

source on a white surface of screen is  the highest. 

11) Measure the distance a from the lens to the source and its image b, and enter the data in 

Table 1. 

  Table 1. 

№ 

Measur

ement 

а, 

mm 

b, 

mm 
 

fс, mm,  

formula 

(6-41) 

 

<fс>

, 

Mm 

fс', mm 

formula 

(6-43) 

<fс'

>, 

mm 

1        

2      

3      

4      

5      

 

 

12) 8. Keep the image of LED matrix, having pressed the button. . 

13) Repeat measurements according to 4-7, four more times, changing distance from a 

source to a collecting lens. 

14) Install the screen according to the scheme (Figure 6-45) in a position with the accurate 

image of a source from the collecting lens. 

15) Set the diverging lens between the screen and a collecting lens in the second mobile 

rider according to Figure 6-46.  

 



 

 

Figure 6-46.  

 

16)  Without moving the screen to new position, measure the distance a from the diverging 

lens to the screen 

17) Install the rider with the screen in a position, at which visually image sharpness of the 

source on a white surface of screen is the highest. 

18)  Measure new distance of b from the diverging lens to the screen and enter data in Table 

2. 

                           Table 2. 

№ 

Measurement 
а, mm b, mm 

fр, mm, 

formula (6-

45) 

 <fр>, 

mm 

1     

2    

3    

4    

5    

 

19)  Repeat measurements according to 9 - 13, four more times, changing distance between 

the collecting lens and the diverging lens. 

20)  Determine focal lengths of the collecting lens of f by the formula (6-41) using the 

received results of measurements. Find average <fс> value (Table 1). 



21)  Determine by a formula (6-42) lateral magnification of lens  using the pictures of the 

source and its image. 

 Begin to process the recorded information in the window of the image file. 

22)  Move coordinate system with the mouse, place its center in  the one of the diodes. 

23)  In the right window of data logging at the toolbar   choose the "Addition of Point to the 

Image" tool and fix it  

  Mark with a point any of glowing diode and determine diode coordinates.  

 While processing the picture of the source and the image place the center of the 

coordinate system in one place and measure the coordinate of the same glowing 

diode. 

 Light-emitting diodes of one color are recommended to choose for handling.   

 

24)  Calculate on the formula (6-43) of focal length of the converging lens f fс'.  Find the 

average value <fs'> (Table 1). 

25)  using the results of measurements , determine the focal length of the diverging lens fр 

on the formula (6-45). Find the average value<fр> (Table 2). 

26) Determine the error of estimator of the focal length of the collecting and diverging 

lenses using the rules of error estimates of indirect measurements. 

 

  



7.3. Laboraory work Nr.2.  

7.3.1. Measurement of the laser excitation wavelength 

Aim of the present work is to study the interference phenomena of light and observation of 

the interference by Yung method. Experimental determination of the monochromatic light 

wavelength (laser excitation) is a task of the present work.  

7.3.2. Devices and accessories 

 

 

Figure 6-47. Laboratory setting 

 

Laboratory setting (Figure 6-47) consists of: the optical table 1 with movable light screening 

housing 2, movable holders, кожухом 2, light source 3, block of Yung slits 4, screen for 

visualization of the interference pattern 5, which is mounted on the same holder with the web-

camera for fixing on the screen. Computer with necessary programs is also a part of device and 

accessories. The light source consists of two components (Figure 6-48): semiconductor alser 1 

and collecting lens 2 in the mounting. Main task of the last is to collimate (make wider) of the 

light spot up to size of of the optic element 3 with Yung slits (Figure 6-49 a and b). The web 

camera is on the back side for detecting the interference pattern on the screen. 



 

 

 

 

 

 

 

 

 

Figure 6-48.  

 

 

 

 

 

 

 

Figure 6-49. 

7.3.3. Theoretical justification 

The light is the electromagnetic wave with the frequencies in the range of 4 x 1014 – 7.5 x 

1014 Hz. The man eye can not distinguish the vibrations if they take place with a frequency 

more than 10 times in a second and due to this it fix only average flux energy of the 

electromagnetic wave, The density of energy flux average in time is called the intensity. 

According to Maxwell equations the intensity of the electromagnetic wave is equal to averaged 

in time Umov-Pointing vector and, due of this, is proportional to the square of amplitude of the 

electric or magnetic filed in the wave.  

In any natural light source the light arises due to the excitation of large amount of atoms, 

which emits independently. The atom which comes into the excited states due of thermal motion 

 

1 2 

3 

a)                                         b)  

 



or interaction with excitation- in some time «emits», emitting the electromagnetic waves during 

the time of about 10 ns and then stops emitting up to the next one. Due of a large amount of 

elementary exciters the light wave consists of the excitations with different frequencies and the 

amplitude, phase and the space orientation of electric vector of the wave changes chaosly. As 

an exception one may consider the laser- the wave generator of the optical range in which there 

is no chaotic excitations coming out due of special conditions created. 

Interference is the summation of two and more waves which results to form stable picture 

of amplification and weakness of these waves. Necessary condition for interference is the 

coherence of waves. Two and more wave processes with the same frequency is called coherent, 

if their phase difference stays nearly constant during the observation time. For two light sources 

to be coherent they should have common origin: they should have same front of the same source 

(for e.g. In Yung`s experiment) or they should result from dividing the amplitude of the same 

light flux (as in case of the interference in thin films). When several wave processes are overlap 

the amplitude of the resulted filed depends on the difference of their phases, which in turn 

depends on the point of the space. As a result the amplitude of the light filed and the intensity 

of resulted wave depend on the point of space.  

In case of overlapping the monochromatic sources an eye fixes a series of maxima and 

minima of the illumination. In case of flux superposition of natural light the interference 

maxima for different wavelength are not coincide and the man see the series of maxima 

responding to different color of spectrum. There are many examples: different color light on 

the metal surface, colored stripes arising when light falls on the disk, some strips on the surface 

of water covered by oil spots etc.      

Summation of waves determines by summation of respective vibrations. In a simplest case 

the wave with the same frequency and direction of motion with the phase difference :  
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The amplitude of resulted vibration may be found by summation of the amplitude vectors 

(Figure 6-50).  

 



 

 

Figure 6-50. 

 Resulted vibration will be harmonic withy the same frequency , amplitude:  
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and started phase: 
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Due of the intensity (averaged in time value of Umov-Pointing vector) of the 

electromagnetic wave I is proportional to the square of the electric filed intensity:  
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,                                      (6-50)         

then the intensity of resulted wave 

                                   I = I1 + I2 +2 21II cos ,                                          (6-51)             

 

where I1 и I2 – the intensity of two interference waves. 

 If   = 2m ,where m – is integer, then the intensity is maxima. In case when   

                                               = (2m+1),                                                         (6-52)            

 

 



 

 

 

 

 

 

Figure 6-51.  

The intensity is minimal. The redistribution of energy, arising under superposition of 

coherent wave processes which leads to development of maxima and minimal intensities is 

called the interference and resulted picture- the interference picture.   

In Yung scheme two coherent sources are obtained by division the front of the unique source: 

the light from the source (Figure 6-51) falls onto the narrow slit (6-48) (by this way the coherence 

radii is increases) and then to two parallel to (6-48) slits (6-49). The slits are perpendicular to 

the plane of figure. In the range of overlapping the coherent light sources on the screen (Э) one 

observes parallel interference strips. Let us suppose that the division into two coherent waves 

takes place in a given point O. One wave travelled S1 way in a medium with the refractive index 

n1 up to M point in which the interference observed, the second travelled S2 in a medium with 

n2. If in a point O the phase of vibration is t, then in point М first wave will excite the vibration 
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second wave – the vibration 
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Where: 

 1

1
n

c


 

 and  

2

2
n

c


 

2 1 Э 



 - phase speed of the first and second wave, respectively. The phase difference of these 

vibrations in point М equal  
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Where it has been taken into consideration that /с = 2/с = 2/0 (0 – wave length in 

vacuum). Multiplication of the geometrical length of the light wave in a given medium on the 

refractive index n of this medium is called the optical length of way L, and the difference  = 

L2 – L1 is called the optical way difference. If the  is an integer in a vacuum:  

                                    
,...)2,1,0(0  mm

                                                   (6-56)        

then  =  2m, and the vibrations excited in point М by both waves will take place in phase 

(condition of interference maxima). If   equals  

                               
,..)2,1,0(

2
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                            (6-57)        

then  = (2m + 1) , and the vibrations in point M will take place in counter phase (condition 

of interference minima).   

Calculation of the interference pattern may be done by using two parallel slits, situated 

enough close to each other (Figure 6-52). The distance between the slits S1 и S2 is d and these 

slits are the sources of coherent light.  

 

Figure 6-52.  

 

Interference is observed at any given point A on the screen, which is parallel to both slits and 

situated on distance  l, and l>>d. Starting point is chosen to be at point О, symmetrical 



respective slits. The intensity at any given point A of screen, situated at distance х from О, is 

determined by the length of optical way difference =s2—s1 From Fig. 6 we have:  

                                                  𝑆2
2 = 𝑙2 + (𝑥 +

𝑑

2
)2                             (6-58)         

                                                  𝑆1
2 = 𝑙2 + (𝑥 −

𝑑

2
)2                 (6-59)         

 

And it follows that 
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Or 

                                                       ∆= 𝑆2 − 𝑆1 =
2𝑥𝑑

(𝑆1+𝑆2)
                                          (6-61)         

From a condition l >> d it follows, that s1 + s2  2l, and that is why 

                                                                 ∆=
𝑥𝑑

𝐿
                                                   (6-62)         

Substituting the value of  in (7) и (8), we will receive, that the maximum of the intensities 

will be observed in a case:  

                                                 𝑥𝑚𝑎𝑥 = ±𝑚
𝑙

𝑑
𝜆0   (𝑚 = 0, 1, 2 … )              (6-63)         

And the minimum in a case: 

                                          𝑥𝑚𝑖𝑛 = ±(𝑚 +
1

2
)

1

𝑑
𝜆0      (𝑚 = 0, 1, 2, … )               (6-64)         

 

The distance between two neighbor maxima (or minima), called the width of the interference 

strip equal:  

                                                              ∆𝑥 =
𝑙

𝑑   
𝜆0                                            (6-65)         

Magnitude of x does not depend on the interference order (value т) and is constant for 

given l, d и 0. According to formulae (6-45), the width of interference band x is vice 

proportional to d. Consequently, when the distance between the source is large, e.g. d  l, 

separated strips become not distinguishable. For visible light 0  10–7 m, and due of this well 

resolved interference pattern takes place for l >> d (this condition was taken into consideration 

under calculations). Measured values of l, d и х, give a possibility by using (6-64) to determine 



the wavelength of light. It follows from (6-64) and (6-64) that the interference pattern appearing 

on the screen by two coherent sources of light looks like a series of bright and dark strips parallel 

to each other.   Main maxima, corresponding to т = 0, undergoes through point О. Lower and 

upper from this point there are maximum and minimum strips of the first (т = 1), and second 

(т = 2) orders etc.  

7.3.4. How to perform laboratory work 

Before beginning measurements one should alligne the optical system. To do this it is 

necessary: 

1. To put in the laser power supply adapter into the electric line and turn the laser switch 

into the   «Switch» position.  

2. Take off the lens and lens holder and the holder with «Yung slit» from the place they 

stand and receive a bright point from the laser beam.  

3. By adjusting the alignment screws on the laser holder – place the beam into the center 

of the screen. Be careful by turning this screw and pay attention that the end of this 

screw should not touch the opposite side of the holders ring.   

4. Put the lens and holder onto the post and moving it up and down (by a magnetic post) 

fix the bright point on the central part of the screen. This point has prolonged form 

which is explained by the constructional peculiarities of the semiconductor lasers. It 

is necessary that the point should be prolonged in a horizontal direction To turn the 

point it is necessary to turn off the laser holder relative to its prolonged axis. оси. 

Alignment screws may create some difficulties and one needs to turn them in opposite 

direction. Then after turning the laser it is necessary to repeat the alignment of narrow 

laser beam and after wider beam into the center of the screen.  

5. Place onto the holder element «Yung`s slit» and moving it on a magnetic holder up 

and down, left and right obtain the interference pattern in the center of the screen. 

The ung`s slit» installs in the disperse light beam after the lens focus. When it comes  

closer to the lens focus – the brightness of spot on the screen increases. But in this 

case  some difficulties make take place due to the decreased laser spot size.    

6. Turn on the installation and connect the camers to USB-port of the computer.  

7. Turn on the program o the computer named «practicum on physics». Choose 

respective scenario of the experiment (Alt+C) .  



8. Choose on the panel the knob «Work with camera» .  

9.  Measure the distance from screen up to Yung Slits and write its value: l = … mm. 

10.  In a working window of «Camera» make note by help of button «On and Off data of   

Camera» .  

11.  Start to develop written information on the window of image.   

12.  To make more precise measurements of the distance h between the interference strips 

one should measures the distance сj between the mid of the extreme nearest j neighbor 

strips and after that ∆х  may be determined by:   
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jс
h

j


                                              (6-66)              

 where j – is a number of strips on the screen. 

13.  Using the segment line on the image determine the distance ∆хi between the middle 

of    edge j `the neighbor The results insert in the Table below: 

 

 

 

 

 

 

 

 

 

 

 

 

14.  For each measurement calculate value of ∆х. Calculate average value of <∆х>.  

15. By using <∆х>, and formula (12) calculate the wavelength of laser excitation. The  

L = …  m d = 0,1     mm 

№ 

experiment 

j сj, mm ∆х,

mm 

<∆х>

,mm 

λ,m 

      

    

    

    

    

 

 

     



result inset to Table.  

16.  Determine the accuracy of wavelength measured in your work.   



7.3.5. Control questions 

1. Let us know the determination of the monochromatic and coherent waves.   

2. Explain the interference phenomenon. 

3. What is the intensity of excitation?  

4. How determine the intensity of excitation for two summarized coherent waves?  

5. Write and explain the conditions for maxima and minima of interference. 

6. Take out the formula for determination of the wave length in the present work. 
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