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ticular publication is made. The originally published publications are attached in the

appendix of this thesis. The copyright clearance for each publication was obtained from

the respective publisher. A publication list including the link to the chapter in which

the publication was implemented is established below. Further the contribution of each

additional author is enclosed.
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Abstract

Light emitting diodes (LEDs) have enormous potential to provide high quality of light

combining it with a significant reduction of the energy consumption in general lighting

applications. Much longer lifetimes and higher efficiencies made incandescent as well as

fluorescent lighting systems becoming a dying segment. However, there are still many

remaining questions concerning LEDs reliability and performance issues. In particular,

the understanding of the emission processes occurring in solid state lighting, which gov-

ern lifetime and efficiency, are still not sufficiently developed.

In the present thesis a completely calibrated measurement setup was evolved which al-

lows investigating the emission response with respect to the pn-junction temperature.

A careful distinction between thermal as well as current density impacts is achieved by

operating LEDs under short forward voltage pulses of 500 ns. With the help of an addi-

tional development which extended the temperature range to very low values, specific

radiative recombination mechanisms were accessible.

The electroluminescence spectra of blue emitting GaN-based LEDs as well as red emit-

ting AlGaInP-based LEDs in the temperature region between 4.2 K and 400 K were

investigated. GaN-based LEDs show a strong band filling effect in the elevated tem-

perature region as well as a strong exciton localization which dominates the radiative

recombination at low temperatures. The emission behavior of AlGaInP-based LEDs is

strongly temperature dependent, however stable in terms of the injected current den-

sity. Low temperature investigations brought forward the coupling of free excitons to

impurity states in this semiconductor alloy.

Analytical tools like focused ion beam (FIB) as well as energy dispersive X-ray spec-

troscopy (EDX) were used to determine the structure of the LEDs. The location of the

pn-junction was ascertained by electron beam induced current (EBIC) measurements.

Coherence length of the two types of LEDs was determined via a Fabry-Perot interfer-

ence setup and the validity and limitations of the conventional determination method

from the emission linewidth and lineshape are discussed.

Also present in this thesis is a method which allows to derive photoluminescence proper-

ties like quantum yield as well as the fluorescence lifetime of color conversion materials

which are used for white light LED systems.





Kurzfassung

Licht emittierende Dioden (LEDs) haben ein enormes Potential den Energieverbrauch

in der Allgemeinbeleuchtung drastisch zu reduzieren. Ausschlaggebend dafür sind, im

Vergleich zu herkömmlichen Leuchtmitteln wie Glühbirnen oder Energiesparlampen,

die bedeuten höhere Effizienz als auch die signifikant längere Lebensdauer. Allerdings

sind im Bezug auf Leistung und Beständigkeit noch einige Fragen ungeklärt, vor allem

bezüglich des Verständnisses der strahlenden Rekombination.

In dieser Dissertation wurde ein vollkommen kalibriertes Messsystem entwickelt, welches

erlaubt das Emissionsverhalten von LEDs in Abhängigkeit der pn-Sperrschichttemperatur

zu analysieren. Eine strenge Unterscheidung zwischen Stromdichte- und Temperaturef-

fekten wurde durch Injektion von kurzen Vorwärtsspannungspulsen mit einer Pulsbreite

von 500 ns erzielt. Durch eine Weiterentwicklung dieses Messsystems ist auch eine Anal-

yse im Kryogenik-Bereich möglich.

Das Verhalten von Elektrolumineszenz-Spektren von blau leuchtenden LEDs auf Basis

von GaN und rot emittierenden LEDs auf Basis von AlGaInP wurde im Temperaturbere-

ich von 4.2 K und 400 K analysiert. GaN LEDs zeigen ein starkes Füllen der Bänder in Ab-

hängigkeit von der Stromdichte. Zusätzlich dominieren lokalisierte Exzitonen das Emis-

sionsverhalten bei sehr niedrigen Temperaturen. Die, auf AlGaInP-basierenden, LEDs

sind sehr instabil bezüglich der Temperatur, jedoch zeigen sie kaum eine Veränderung

des Emissionsspektrums in Abhängigkeit von der Stromdichte. Tieftemperaturunter-

suchungen zeigen eine starke Wechselwirkung zwischen freien Exzitonen und auftre-

tenden Defekten im Halleiterverband.

Zur Untersuchung der jeweiligen Struktur der Proben wurden Focused Ion Beam (FIB)

Aufnahmen in Kombination mit energiedispersiver Röntgenspektroskopie (EDX) herange-

zogen. Weiters wurde die Lage des pn-Übergangs mittels Electron Beam Induced Cur-

rent (EBIC) bestimmt.

Eine Kohärenzlängenanalyse der beiden LEDs wurde mit einen Fabry-Perot Interferome-

ter durchgeführt, wobei die konventionelle, numerische Ermittlungsmethode mit exper-

imentell erhaltenen Daten verglichen und gegenübergestellt wurde.

Ebenfalls dargestellt in dieser Dissertation ist eine Methode zur Bestimmung von Photo-

lumineszenz-Eigenschaften wie Quantenausbeute und Fluoreszenz-Lebensdauer von Far-

bkonversionspasten welche für Weiß-Licht-LED Systeme verwendet werden.
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Part I.

General Overview





1. Introduction

1.1. New century of light

Parts of the introduction are taken and adapted from Tunable natural light realized by
phosphor-innovation light-emitting-diode technology by Hetzel et al. [1]. The original

work can be found in the appendix of this thesis.

The first published evidence for solid state lighting was noted by Round in 1907 where

SiC crystals emitted light with different color by the appliance of an electric field [2].

Nearly 50 years later Braunstein reported in 1955 the direct radiative recombination of

electron-hole pairs in several semiconductor alloys [3]. The first Light Emitting Diode

(LED) which was emitting in the visible range of the electromagnetic spectrum was re-

ported in 1962 by Nick Holonyak et al [4]. They achieved red light emission with a

Ga(As1−xPx) semiconductor superstructure. Since then the development of LEDs was

continued and the LED technology became available in opto-couplers, alphanumeric

displays and pocket calculators at the beginning of the 1970s. Since the late 1960s,

the lumen per lamp efficiency for the most powerful commercially available red LEDs

increased roughly by a factor of 1.5 ·105 [5]. During the last decade, the efficiency of the

commercially offered white LEDs increased by a factor of 1.0 · 103 [5]. This exponential

rise of the light output and the efficiency made the technology available for a large field

of new applications. Amongst others, LED technology is now settled in the automotive

and medical sector and is well established in the entertainment industry e.g. for large

area display applications. Additionally, since LED light provides high luminous efficacies

of 150 lm/W and more [6] the conventional incandescent light bulb (around 12 lm/W)

gets replaced by this technology. It is expected that most of the classical light sources

will be replaced by LEDs soon. Several types of semiconductor alloys being available

today allow LEDs to operate at wavelengths from deep ultra violet (UV) up to the near

infrared region (IR) covering the entire visible spectrum (VIS).

Major advantages like long lifetime (beyond tens of thousands of hours) and high ef-

ficiencies make LEDs more and more common in the field of general illumination for

homes and offices. Furthermore, in contrast to thermally radiating light sources (tung-

sten bulbs, halogen lamps, etc.), LEDs offer dimming capabilities while keeping the

3



1. Introduction

spectral distribution constant [7]. To benefit from the LED technology in these areas,

the development of high quality white light was one of the basic challenges.

Light emitted by the sun is essential for life on earth and therefore the standards on

artificial lighting systems must be quite high to compete with the natural light quality.

Dynamic lighting systems enable changing individually and continuously illuminance

and color temperature over the day. Therefore, a high quality dynamic lighting sys-

tem emulates natural light which allows to bring specific natural light conditions, with

all its amenities, into buildings. Hence, the now commonly accepted human biological

clock is getting more and more important. The intrinsic period of the biological clock

is about 24.2 hours long which is slightly longer than our 24 hours day. The biological

clock synchronizes every day by external ”Zeitgeber” (English: ”time givers”) which are

e.g. social stimulations, sleep behavior and eating habits. However, known so far, light

is the most important Zeitgeber which controls the human circadian clock [8]. Once

light enters the human eye sensor, photons strike light sensitive photoreceptor cells in

the retina. The obtained information gets transmitted through the retinal ganglion cells

(RGCs) to the human brain. This image-forming visual system contains rod and cone

photoreceptor cells. For the photopic vision (color vision) three types of cones (L, M,

S), for the scotopic vision (night vision) only one type of rod cells are responsible. Each

human eye contains in sum around 6.5 million cones and roughly 120 million rods,

respectively [9]. However, in 2001 Brainard [10] and Thapan [11] discovered a third

type of photoreceptor that regulates the melatonin concentration over the day which

is mainly responsible for setting the circadian rhythm. This non-image-forming system

does not arise from rods or cones. The opsin-like protein melanopsin triggers the non-

image-forming visual functions [12]. The circadian rhythm - also called sleep-wake

cycle - controls, amongst others, the hormone level of melatonin and cortisol, the core

body temperature, and the heart rate [13], [14]. Hence, the circadian rhythm reflects

physical properties and defines different chronotypes. Especially short wavelength light

(blue to green) suppresses the hormone melatonin efficiently which leads to a shift of

the sleep-wake cycle [15]. Lockley et al. showed further that exposure to light, using

a monochromatic light source with a wavelength of 460 nm (linewidth (FWHM) = 10

nm), results in a phase delay of the circadian rhythm of about 3 hours, compared to

a phase shift of about 1.7 hours for 555 nm, respectively. As a result, polychromatic

light sources offering a high color temperature (e.g. 6500 K) show a significant stronger

impact on the melatonin suppression than light sources with lower correlated color tem-

perature (CCT) values (e.g. 3000 K)[16]. The remaining question at this point is, by

what means does the melatonin suppression influence the actual living situation? Ca-

jochen [17] showed a positive linear correlation between the subjective alertness and

the suppression of melatonin. Suppressing the melatonin concentration results in less

tiredness and therefore, in higher alertness ratings. Further, daytime exposure to bright

light showed a significant decrease of sleepiness [18]. Especially for shift- and late

4



1.1. New century of light

night-workers dynamic lighting can help to get rid of sleep problems, fatigue and deac-

tivation. A study from 2007 revealed that an increase of the CCT of general illumination

systems in offices from 2900 K to 17000 K leads to higher concentration and alertness of

office workers. On the other hand the fatigue as well as the sleepiness decreased. Essen-

tially, the subjective work performance of the office workers increased by 19.4 % [19].

Recent studies showed that dynamic lighting systems improve the performance of high

school students [20]. Appropriate use of different lighting programs with CCT ranges

from 3800 K to 11000 K in class rooms lead to a positive effect regarding reading speeds

and error reduction in concentration tests. Other fields where light plays an important

role are health care facilities and hospitals. Studies pointed out that artificial daylight

illumination significantly improves the well-being and the life quality of elderly people

in health care facilities [21], [22]. Residents show better vitality and orientation and

claimed to have a better sleep quality by applying dynamic lighting systems in common

social environments (e.g. living room). Sust et al. [22] also indicated that the residents

of health care facilities start to communicate more in such environments.

To summarize, several studies point out the importance of light, especially the conse-

quences of light quality on the physical and the psychological system of the human

body. Therefore one main future challenge for general lighting is the improvement of

high quality variable lighting systems. LEDs are the only light sources available right

now which provide on the one hand high quality light in terms of color rendering and

supporting the circadian rhythm and on the other hand long lifetimes and high efficien-

cies.

5



1. Introduction

1.2. Scope of this thesis

This thesis focuses on the understanding of fundamental processes occurring in LEDs.

Keeping in mind the application to achieve white light emitters, a blue emitting GaN-

based LED as well as a red emitting AlGaInP-based LED were examined.

During this thesis a measurement setup was developed which allows to investigate LEDs

under certain driving as well as temperature conditions. In chapter 5 the measurement

setup with all the required calibration measurements is presented.

Sample investigation was performed using analyzing tools like focused ion beam (FIB) in

combination with electron dispersive x-ray spectroscopy (EDX) as well as electron beam

induced current spectroscopy (EBIC). The fundamentals of the methods are summarized

in section 3.4 (FIB and EDX) and in section 3.5 (EBIC), the obtained measurement re-

sults can be found in chapter 4.

Chapter 6 and chapter 7 present the obtained results and the detailed analysis of the

thermal as well as current density impact on the emission behavior of the blue emitting

GaN-based LEDs (chapter 6) as well as red emitting AlGaInP-based LEDs (chapter 7).

The coherence investigation on those two types of LEDs including the established Fabry-

Perot setup can be found in chapter 9.

Further, color conversion materials which are used for white light emitters were inves-

tigated and analyzed. In chapter 10 a measurement setup to determine the quantum

yield is presented. Additionally optical properties (lifetime and quantum yield) of inves-

tigated color conversion materials (phosphorous materials) are shown.

Parts of the thesis were implemented in two different patents whereas the key aspects

of the patents are summarized in chapter 8 and chapter 11.
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2. Color science

This chapter contains selected topics concerning color science and colorimetry. The

described aspects are just enough to gain an overview and an idea of those topics and to

understand the mentioned parameters in this thesis. For this chapter the author refers

to the comprehensive, extensive and detailed summary of color science of Wyszecki &
Stiles (reference number [23]) as well as to the pages 331-385 out of Cameron, J. R. &
Skofronick, J. G. (reference number [9]) which gives an overview on the physics of the

eye and vision.

2.1. The human eye

Light emitted or reflected by an object hits the human eye which processes this infor-

mation to the human brain. Therefore the human eye is the interface which connects

the physical environment and the perception. Furthermore light parameters are directly

connected to the sensitivity of the human eye which will be elaborated below.

The visible spectral range is determined by the detection region of the human eye. In

this thesis the expression ”light” is always referred to the visible spectral range which is

approximately in the wavelength range between 380 nm and 780 nm. Figure 2.1 shows

the main elements of the human eye. Light hits the cornea and gets absorbed by the

pupil, which is surrounded by the iris. The lens focuses the light beam on the retina.

The size of the diameter of the pupil depends on and adjusts to the light level. Generally

the diameter can vary between 3 mm to 8 mm, where it takes for the pupil around 1

to 3 seconds to adjust to its minimum size if the light intensity increases significantly.

However on the other hand it takes more than 5 minutes to reach again the maximum

value if the light level is decreased again. Generally, the incoming light gets refracted

mainly by the cornea, the lens, the aqueous fluid and the vitreous body whereas the

index of refraction of those elements varies between n = 1.33 to n = 1.41 [9]. Not

indicated in figure 2.1 are blood vessels which are responsible for the oxygen supply.

One very important part of the human eye is the retina which contains photosensitive

cells called rods and cones. Each eye contains about 120 million of rods and about 6.5

millions of cones, respectively. If a photon hits the photoreceptor cell, the photon trig-

gers a signal which will be transformed to the brain. Rods provide vision at low light
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2. Color science

Figure 2.1.: Basic structure of the human eye. Light is transmitted through the cornea, absorbed
by the pupil and focused by the lens on the retina which contains the photosensitive
receptor cells.

levels (below 0.034 cd/m2); cones are dominant in the high illumination level (above

3.4 cd/m2). Those two parts can be separated into two kinds of visions, one is labeled

scotopic (where rods are dominant), and the other one is called photopic (where cones

are dominant). The region in-between, where both photoreceptor cells are responsible

for signal triggering, is called mesopic vision.

Figure 2.2 distinguishes between the sensitivity range of the two receptor cells in the

human eye (standard observer following reference [24] for the photopic and [23] for

the scotopic based on measurements by Wald (1945) and by Crawford (1949)). As indi-

cated in figure 2.2 the sensitivity peak of the rods is around 510 nm and shifted to lower

wavelengths relative to the photopic vision. Important to mention is that both sensitiv-

ity curves are normalized to each other in this illustration. The difference in sensitivity

between rods and cones is between 1000 and 10000, depending on the spectral range

as well as on the observer. Therefore the sensitivity of rods is significantly higher than

those of the cones.

In principle, in case of the rods, just two photons are required to trigger a signal. This

however means that in total the illuminant needs to provide around 20 photons in front

of the cornea, due to the fact that 3 % of the incoming photons are getting reflected at

the surface of the cornea, 50 % are getting absorbed somewhere in the eye and only

approximately 20 % of the remaining photons strike the photoreceptor cells in the end.

So in conclusion just 10 % of the incoming photons are triggering a signal.

If the light level increases, cones provide vision. There are three types of cones which

are responsible for color perception of the human eye which are called long (L), middle

(M) and short (S). The sensitivity of those three cones depends on the spectral range

and is depicted in figure 2.3. Taking the convolution of these three sensitivity curves

leads to the eye sensitivity curve which is also known as the V (λ) curve. Figure 2.2

8



2.1. The human eye

Figure 2.2.: Eye sensitivity function of a standard observer (defined and classified by the Interna-
tional Commission on Illumination CIE (Commission Internationale de l’Eclairage)).
Photopic vision is provided by the cones, scotopic by the rods, respectively. Follow-
ing reference [24] (photopic) and [23] (scotopic).

illustrates the V (λ) curve which reflects the sensitivity of the human eye of a standard

observer relative the wavelength of the incoming light (defined and classified by the In-
ternational Commission on Illumination CIE (Commission Internationale de l’Eclairage)).

All photometric parameters are related to this eye sensitivity curve (further attention to

this topic is given in section 2.2).

As discussed in the introduction of this work (section 1.1) there is a third type of pho-

toreceptor which does not control vision, but is responsible for regulation of the circa-

dian rhythm of the human body. This photoreceptor acts as ”Zeitgeber” (English: ”time

giver”) and reflects physical properties. Amongst others, the hormone level of mela-

tonin, cortisol and serotonin as well as heart rate and core body temperature gets highly

influenced by this receptor. The action spectrum of this third type is blue shifted relative

to the scotopic and photopic vision and has it maximum at around 460 nm. Figure 2.4

depicts this action spectrum (also called circadian efficacy) following DIN V 5031-100

[25] as well as the photopic sensitivity function of the human eye.
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2. Color science

Figure 2.3.: Sensitivity behavior of the long (L), middle (M) and short (S) cone of a standard
observer. Convolution lead to the three types lead to the V (λ) curve. Taken from
[26].

Figure 2.4.: Circadian action spectrum peaking at around 460 nm following DIN V 5031-100 [25]
relative to the V (λ) curve.
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2.2. Colorimetry

2.2. Colorimetry

This section treats the fundamental parameters which allow to describe and characterize

a light source regarding its color properties. Colorimetry numerically defines visual

stimuli out of the spectral power distribution the light source provides. The challenge is

to find general valid parameters which describe color properties regarding the needed

requirements. The prerequisite of such definition must satisfy that an observer with

normal color vision agrees completely with the general defined color quantities (under

the same experimental conditions). This can be achieved by defining experimental laws

based on empirical generalizations. Therefore all the mentioned parameters are based

on measurements which were performed and defined for a standard observer with a

standard color vision.

The section gives a general overview concerning this topic based on reference number

[23], [26], and [27]. Reference number [28] allows to access the tabular database

of all important color functions (data in this thesis was accessed from [28] between

03/17/2014 and 03/21/2014).

2.2.1. Tristimulus values - color matching functions

The numerical description of the color stimuli of an observer can be described by the

color matching functions (CMFs). As discussed in the previous section the human vi-

sion is based on three classes of photoreceptor cells which absorb the incoming photon

and trigger a signal. This signal depends on the absorption rate which itself depends

on the energy (i.e. the wavelength) as well as on the amount of photons. To define

the response of a subject relative to the energy of the incoming photons the CMFs are

established.

The CMFs presented here are based on a X, Y , Z coordinate system. This system is also

known as the ”non real” or ”imaginary” color stimuli system. The reason for establishing

an imaginary system is to circumvent negative stimulus values (which is the case in the

R, G, B system). The CMFs reflect the human trichromatic system, therefore each color

can be described by just three quantities.

As mentioned before the X, Y , Z coordinate system does not involve negative values

and therefore is very convenient for further calculation. For that reason this system is

used in this thesis and therefore presented in this section.

There are two common methods to establish the CMFs; one is called Maximum Satura-
tion Method and the other one Maxwell’s Method. In both methods the subject adjusts

the color in a test field to the color provided in the comparison field. The subject has to

achieve the same color (impression) in the test field as shown in the comparison field by

mixing two primary (Maximum Saturation Method) or three primary colors (Maxwell’s
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2. Color science

Method). The color shown in the comparison field is monochromatic and its wavelength

varies throughout the experiment. Usually the primary colors are also monochromatic

however experiments were also executed with polychromatic light sources as well. The

amount of the three primaries required to match the test field color with the compari-

son field color will then be used to define the CMFs. By additive mixing of these three

(dimensionless) values each color (impressions) can be produced. Figure 2.5 shows the

currently proposed CIE CMFs as well as the original one from 1931 modified by Judd

(1951) and Vos (1978) [24]. Those CMFs are valid for a centrally viewed field with a

diameter of 2◦.

Figure 2.5.: 2◦ Color matching functions with respect to the wavelength. Dotted elements: CIE
1931, modified by Judd (1951) and Vos (1978) [24], Solid line: transformed from
Stockman & Sharpe (2000) LMS cone fundamentals [29].

The right now proposed CIE 2006 CMFs are linear transformations of the 2◦ cone fun-

damentals of Stockman & Sharpe 2000 [29], ratified by the CIE (2006) as the new

physiologically-relevant fundamental CIE CMFs.

The transformation between the CMFs and the cone fundamentals l̄(λ), m̄(λ), s̄(λ) is

given by equation 2.1, 2.2 and 2.3.
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2.2. Colorimetry

x̄(λ) = 1.94735469 l̄(λ)− 1.41445123 m̄(λ) + 0.36476327 s̄(λ) (2.1)

ȳ(λ) = 0.68990272 l̄(λ) + 0.34832189 m̄(λ) (2.2)

z̄(λ) = 1.93485343 s̄(λ) (2.3)

(2.4)

The eye sensitivity function V (λ) is defined by equation 2.5:

ȳ(λ) = V (λ) (2.5)

For a given spectral power distribution the three stimulus values X, Y , Z can then be

calculated by using equation 2.6, 2.7 and 2.8.

X =
∫ 780

380
I(λ) x̄ (λ) dλ (2.6)

Y =
∫ 780

380
I(λ) ȳ (λ) dλ (2.7)

Z =
∫ 780

380
I(λ) z̄ (λ) dλ (2.8)

whereas I(λ) is the spectral power distribution of the light source. Out of these stimulus

values the chromaticity values can then be defined as:

x = X

X + Y + Z
(2.9)

y = Y

X + Y + Z
(2.10)

z = Z

X + Y + Z
(2.11)

whereas

x+ y + z = 1 (2.12)

This means that an emission spectrum with a certain spectral power distribution can be

assigned two a 2 dimensional map plotting x and y (the third value can be calculated

out of the other two). This mapping allows to assign a spectral power distribution to a

certain color point. In figure 2.6 the chromaticity diagram of the CIE 2012 (proposed)

is shown. The monochromatic colors or pure colors can be found on the perimeter of

the diagram and are labeled with the perspective wavelength number. The equal energy

point EE corresponds to the a constant spectral distribution (x = 1
3 , y = 1

3 , z = 1
3 ) and is

often also named white point. Further indicated in figure 2.6 is the position of the black

13



2. Color science

body radiator with a certain temperature (see section 2.2.3). The line which connects

the two ends of the spectra locus is called purple line representing the additive mixture

of extreme short wavelength light and long wavelength light. No wavelength numbers

are labeled on this line because there is no monochromatic light which creates this kind

of highly saturated color, only the mixture allows to produce such colors.

With this CIE diagram light sources regarding their color impression can be classified. If

the chromaticity point of the spectral power distribution of the investigate light source

lies in the middle of the spectrum close to the EE point the light source will be classified

as a white light source. The chromaticity points of white light sources are in the envi-

ronment to the Planckian locus.

Figure 2.6.: The CIE (2012) 2◦ ”physiologically-relevant” chromaticity coordinates following
Stockman & Sharpe (2000) [29]. EE refers to the equal energy point.

It is important to mention at this point that the difference between two chromaticity

points in the x, y chromaticity diagram is not uniform. This means that the color change

in one direction occurs much more rapid than in the other direction. Therefore another

color coordinate system was established which is called the uniform chromaticity dia-
gram or u′, v′ diagram. This diagram can be calculated by using equations 2.13 and

2.14:

u′ = 4x
−2x+ 12y + 3 (2.13)

v′ = 9y
−2x+ 12y + 3 (2.14)
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2.2. Colorimetry

Figure 2.7 shows the CIE 1976 u′,v′ uniform chromaticity diagram. The non-uniformity

of the distance between certain color coordinates in the x,y system is not completely

eliminated, however the color difference between two geometric distances is approxi-

mately proportional between these points.

Both systems are applied in the lighting industry, therefore both versions of the chro-

maticity coordinate system are presented in this work (x,y and u′,v′) .

Figure 2.7.: The CIE 1976 u′,v′ uniform chromaticity diagram calculated out of equation 2.13 and
2.14.

Note: The chromaticity coordinates (in either case) are numbers which refer to a certain

color (perception) and do not reflect any spectral distribution of the light source. Out of

a spectral power distribution x,y or u′,v′ coordinates can be calculated by using equa-

tion 2.6 to 2.11 or equation 2.13 and 2.14, respectively. However there is no bijective

function between x,y / u′,v′ coordinates and the spectral power distribution. Therefore

out of the x,y / u′,v′ coordinates no conclusion of the spectral power distribution of the

light source can be drawn.

This means that two light sources with the same coordinates just agree with their color

impression, however the general color quality (e.g. color rendering properties) can be

completely different. Without the spectral distribution of the two light sources they can

hardly be compared to each other.
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2.2.2. MacAdam ellipses

In 1942 MacAdam analyzed the distance between two chromaticity points which are

hardly distinguishable anymore. He defined regions where within these regions the

color difference can not be distinguished by the observer anymore [30]. It turned out

that those regions are shaped like ellipses. Therefore those chromaticity points which

lie in between these ellipse are not distinguishable by the observer anymore and can be

seen as an identical color impression.

Figure 2.8 shows the ellipses (ellipses are plotted 10 times larger due to illustration rea-

sons) in the CIE 1931 chromaticity diagram. The size of an ellipse depends on the color

coordinate (note: this illustration is in the non uniform x,y chromaticity system).

Figure 2.8.: MacAdam ellipses plotted in the CIE 1931 non uniform x,y chromaticity system. Ob-
server: Perley G. Nutting Jr (PGN). The axes of the ellispe are plotted 10 times larger
due to illustration reasons.

In the lighting industry the ellipses defined in the CIE 1931 (plotted in figure 2.8) are

known as 1 step SDCM (”Standard Deviation Color Matching”). This means that no

color difference between the light source and the specified chromaticity coordinate is

observable (it lies inside the MacAdam ellipse) by a standard observer. The difference

between the actual chromaticity color coordinate of a light source and its defined target

color is specified in certain SDCM steps. The SDCM is the standard deviation σ which

means that with the increasing number of steps the actual color difference is getting

larger in comparison to the target value. 1 step SDCM means a standard deviation of 1σ
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which is defined by the MacAdams ellipse itself. A 2 step SDCM means 2σ away from

the target, 3 step SDCM 3σ values away and so on. Therefore a larger SDCM number

refers to a larger standard deviation and therefore to a large color difference of the light

source with respect to the target color.

2.2.3. Color temperature

The color temperature of a light source is referred to a temperature value which defines

the color of white light. The term color temperature is only valid for a black body

radiator. If a black body radiator is getting heated it will start to glow red at a certain

temperature. This emitted visible spectrum can be then assigned to the temperature

value of the black body radiator which is called color temperature. If the temperature

of the emitter is increased the emission spectrum changes and eventually the emitter

will glow bluish for high temperature values. This behavior is depicted in figure 2.9,

following equation 2.15. In equation 2.15 I(λ) refers to the intensity with respect to

wavelength λ, h to the Planck constant, c to the speed of light, k to the Boltzmann

constant and T to the temperature of the black body. A low color temperature value

alludes that red light dominated the emission (often referred as warm white light), a

high color temperature means that the blue emission is dominant (often referred as cold
white light).

I(λ) = 2πhc2

λ5
1

e(
hc
λkT ) − 1

(2.15)

In figure 2.6 and 2.7 the Planckian locus describes the color coordinates of such black

body spectra.

For a non black body emitter (e.g. LED, fluorescent tube, discharge lamp, etc.) a color

temperature value can not be defined. Nevertheless to characterize the white light

sources regarding their type of color (i.e. warm white or cold white) a so called cor-
related color temperature (CCT) is assigned. To calculate this CCT value the chromaticity

values of the light source are determined and compared in the CIE diagram with the

chromaticity values of the black body radiator. This color temperature value which

matches with the Planckian locus will be than assigned as the CCT. If the chromaticity

coordinate of the light source is not lying directly on the Planckian locus, isotherms

(lines with constant color temperature) perpendicular to the Planckian locus allow to

define the CCT of the light source. Those lines are called Judds lines and are perpendic-

ular lines to the Planckian locus in the u′,v′ chromaticity diagram.

Out of the CCT no correlation to the actual spectral distribution can be drawn. Only the

impression of whiteness can be assigned relative to the impression obtained by a black

body radiator. Out of the CCT no color quality can be extracted.

One approximation to calculate the CCT out of the spectral distribution was proposed
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Figure 2.9.: Emission distribution of a black body radiator for several temperatures following
equation 2.15.

by McCamy [31] (equation 2.16):

CCT (x, y) = −449n3 + 3525n3 − 6823.3n+ 5520.33 (2.16)

where n = (x−xe)
(y−ye) and x/y are the chromaticity points of the light source. The epicenter

of convergence are xe = 0.3320 and ye = 0.1858.

2.2.4. Color rendering

To identify the color quality of a light source a parameter has to be established. This

certain parameter has to identify the ability of a light source to represent the natural

appearance of an object if the object is illuminated by the light source. Several types of

color rendering indices were proposed in the last couple of years (e.g. color quality scale

(CQS) [32] or gamut area index (GAI) [33]). However, due to several non-agreements

of third parties involved, non of them gained ground in the lighting community. There-

fore in this work the classical and still accepted color rendering index (CRI) is presented.

The CRI depicts the ability of a light source to render certain colors of an object relative

to a reference light source. The reference light source is chosen in way that if the test

light source lies on the Planckian locus in the chromaticity diagram, a black body radi-

ator with the same nominal color temperature is taken as reference. If the chromaticity
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point lies apart from the Planckian locus, a black body radiator with the same CCT is

chosen or alternatively, the standardized D65 illuminant (also called daylight illuminant

with 6504 K color temperature defined by the CIE) is used. The maximum CRI value

is 100 which indicates high color quality. Every black body radiator has a CRI value of

100.

To gain the CRI value for a test light source, 14 types of test color samples are estab-

lished. Those test color samples get illuminated with the reference source as well as

with the test light source. The difference in color change ∆Ei of the chromaticity coor-

dinates will then be noted. The index i indicates the amount of test samples (1 to 14).

Following equation 2.17 the CRI for each test sample can be calculated.

CRIi = 100− 4.6∆Ei (2.17)

The so called general CRIG is taken by averaging the CRI of the first 8 test samples

(which are often referred to non-saturated colors) given by equation 2.18:

CRIG = 1
8

8∑
i=1

CRIi (2.18)

If more test samples (number 9 to 14) are averaged in the calculation of the CRI it is

labeled separately (e.g. CRI1−14). Figure 2.10 shows the power reflectivity of the 8

non-saturated test samples [34], figure 2.11 of the saturated test samples 9 to 14, re-

spectively.

Another devoted abbreviation of the color rendering index (CRI) is Ra. The Ra is equal

to the general CRIG which averages the first 8 test samples. If more specific test samples

are involved, the index i will refer to the test sample set (Ri). Typically if a light source

is specified, often only the CRIG (Ra) is outlined. The abbreviation Ra is commonly used

in German speaking countries.

Note: The CRI is just an indication which allows to compare certain light sources. On

average one can say that a CRI of at least 90 should be required for indoor lighting

applications.
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Figure 2.10.: Power reflectivity versus wavelength of the 8 test samples [34] which allows to de-
termine the general color rendering index (CRIG / Ra) of a light source.
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Figure 2.11.: Power reflectivity versus wavelength of the test samples number 9 to 14 [34] which
allows to determine specific (saturated) color rendering indices (CRIi / Ri) of a light
source.
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2.2.5. Dominant wavelength & color purity

The dominant wavelength λD is defined as the saturated color which lies on the inter-

section of a straight line between the EE point and the chromaticity point of the light

source and the perimeter (figure 2.12).

The color purity P is defined as the fraction between the distance between EE point and

the x,y of the light source and the distance between EE point to the dominate wave-

length λD (equation 2.19).

P = EE − (x, y)source

EE − λD
= a

a+ b
(2.19)

Figure 2.12.: Graphical definition of the dominant wavelength and the purity of a light source in
the CIE 1931 diagram.

An algorithm which allows to numerically obtain the color purity and the dominant

wavelength was proposed by Judd in 1933 and can be found in reference [35].
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2.2.6. Photometric units

Table 2.1 lists the basic photometric units and its comparison to the radiometric ones.

The difference between photometric and radiometric is that the photometric units take

the already discussed V (λ) curve (which includes the sensitivity of the human eye) into

account and the radiometric do not.

Table 2.1.: Selected photometric and radiometric units. Full names of the abbreviation: lm: lu-
men, cd: candela, lx: lux, sr: steradiant.

Photometric unit Dimension Radiometric unit Dimension

Luminous flux (Lumen) lm Radiant flux W
Illuminance (Lux) lm/m2 = lx Irradiance W/m2

Luminous intensity (Candela) lm/sr = cd Radiant intensity W/sr
Luminance cd/m2 Radiance W/(sr m2)
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3. Fundamentals & analytical tools

In this chapter a compendium of the fundamentals of optoelectronic is presented. Fur-

ther the basics of the analytical tools used to investigate the samples are explained. The

aim of this chapter is provide a principle overview of the physics and on the measure-

ment techniques used in this work.

3.1. Semiconductor principles

To get an overview about principles of semiconductor physics the author highly recom-

mends and refers to the course materials 243. Semiconductor Optoelectronic Devices of

Prof. David A. B. Miller [36].

3.1.1. Semiconductor alloys

For optoelectronic devices III-V compound semiconductors are used (e.g. III: Al, Ga, In,

V: N, P, As). The crystal structures of such compounds do form a so called zinc blende
structure (closely related to the diamond structure) or a wurtzite structure. The zinc

blende structure is an interlocking of two face centered cubic lattices (fcc), however,

different to the diamond structure, there are two different atoms in the unit cell. A very

famous optoelectronic example of such crystal structure is GaAs. III-V nitrides like GaN,

AlN and InN form the wurtzite structure which consists out of two interlocking hexago-

nal closed packed (hcp) lattices [37]. The crystal structures of zinc blende and wurtzite

structure are depicted in figure 3.1. Whether zinc blende nor wurtzite structure do have

a center of inversion, due to the fact that two atoms appear in the crystal structure.

Therefore, by performing a translation, the atom at position (x, y, z) does not lead to

the same atom at position (-x, -y, -z). Subsequently such structures do exhibit a polar-

ity. Wurtzite structures grown on hexagonal substrates (0001) become piezoelectrically

active if they are under thermal stress [38].

For optoelectronic devices, semiconductor materials with a direct band gap are used.

This means that the minimum of the conduction band EC lies directly above the maxi-

mum of the valence band EV . The distance between those two extrema is then called
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Figure 3.1.: Left panel: Zinc blende structure (e.g. GaAs, InP) consisting out of two interlocking
face centered cubic lattices with two atoms in the unit cell. Right panel: Wurtzite
structure (e.g. GaN, AlN) containing two interpenetrating hexagonal closed packed
lattices.

band gap energy Eg. Figure 3.2 illustrates a schematic energy-momentum diagram

(E − k diagram) for a direct semiconductor. If the minimum of the conduction band is

not at the same position (in k-space) as the maximum of the valence band the semicon-

ductor is called indirect.

For GaN the valence band is degenerated. This is due to the fact that the bottom of the

conduction band is formed by the s-levels of gallium atoms (original atom) and the top

of the valence band is formed from the three p-levels (px, py, pz in direction x, y, z)

of the nitrogen atoms. The interaction of the electron spin with the orbits (spin orbit

coupling) separates and therefore splits off one of the three valence bands. This leads

to an occurrence of a so called split off hole (SOH) in the band diagram. The two re-

maining holes, degenerated at the top of the valence band, are on the one hand heavy

holes (HH) and on the other hand light holes (LH), respectively [36], [38].

The difference between heavy holes and light holes is given by their effective mass m∗

which is defined in equation 3.1, whereas h̄ is equal to the Planck constant divided by

2π.
1
m∗

= 1
h̄2
d2E

dk2 (3.1)

Out of equation 3.1 one can conclude that the effective mass is indirect proportional to

the curvature of valence band (cf. figure 3.2). Therefore heavy holes have a larger ef-

fective mass and the curvature is not as bend as for the light holes with a lower effective

mass. Combining the effective mass with the energy leads to the circumstance that the

energy of heavy holes is smaller than the one of the light holes (equation 3.2).

E = h̄2k2

2m∗ (3.2)
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Figure 3.2.: Band diagram (energy versus momentum vector k) of a direct semiconductor mate-
rial. Adapted from [36], [39], and [40].

Further indicated in figure 3.2 are the respective energy positions of the donor and

acceptor levels. Doping with donor atoms lead to an n-type semiconductor material

(extrinsic semiconductor with a large electron concentration). One doping example

is a combination of a group V element with a group IV semiconductor (e.g As or P

in Si which makes Si to an n-type semiconductor). On the other hand an acceptor

atom is referred to a dopant which makes the semiconductor material to a p-type one

(extrinsic semiconductor with a large hole concentration) as for example a group III

element implemented in a group IV semiconductor (Al or B in Si which makes Si to an

p-type semiconductor).

The donor level lies directly beneath the conduction band and the acceptor level is

located closely above the valence band, respectively. The position of the respective

levels can be explained with shallow donors that exhibit usually enough thermal energy

to ionize (e.g. at room temperature) and therefore mobile electrons are lifted into

the conduction band. The positively charged (immobile) donor ions remain closely

below the conduction band. In the complete ionization state (thermal equilibrium) the

electrons are equal to the concentration of the donor ions. For the acceptor dopants the

same is valid however relative to the valence band [39], [41].

27



3. Fundamentals & analytical tools

3.1.2. Recombination processes

If an electron located in the conduction band makes a transition down to the valence

band (where a hole is located) the electron-hole pair is getting annihilated. This effect

is called recombination. Recombination is the opposite process of charge generation

where an electron from the valence band gets lifted up into the conduction band leav-

ing behind the remaining hole in the valence band. Such generation could occur due to

vibrations of lattice atoms which lead to bond breaking. In thermodynamic equilibrium

generation as well as recombination of charge carriers are equal, therefore the overall

carrier concentration stays the same [39].

If now excess carriers are introduced into the direct semiconductor, the probability of

recombination is increasing significantly. On the other hand, if we illuminate a semi-

conductor sample with light containing a certain energy, the probability of generation

of charge carriers is increased as well. This effect is then called absorption. Figure 3.3

illustrates a direct charge generation process (G) as well as an absorption (A) of an in-

coming photon in a semiconductor material. EC and EV are the conduction and the

valence band energies, respectively.

However, in light emitting diodes the emission of light is based on the phenomenon of

radiative recombination of charge carriers (spontaneous recombination). In the radia-

tive recombination process a photon with a certain energy can be created by annihilation

of an electron-hole pair (RE in figure 3.3). The amount of excess electron-hole pairs are

getting produced by injection of charge carriers into the semiconductor material. This

emission process based on charge carrier injection is called electroluminescence. The

energy of the photon depends on the energy position of the respective excited state.

In figure 3.3 the energy of the emitted photon is equal to the band gap energy (hν =
EC -EV ). The photon flux Φ (emitted photons per seconds) of an LED can be defined by

the electron-hole pair injection rate R generated in the volume V convoluted with the

internal quantum efficiency ηi (equation 3.3 [42]).

Φ = ηiRV (3.3)

The internal quantum efficiency ηi strongly depends on temperature, defect concen-

tration, doping, as well as on the semiconductor material itself [42]. Since typically

the internal quantum efficiency is not equal to unity, undesired non-radiative processes

in semiconductors can occur as well. Such non-radiative recombination centers often

occur from defects (foreign atoms, dislocations, etc.) which introduce energy levels

(traps) directly in the band gap of the semiconductor. Such defects within the band gap

effectively trap and capture charge carriers and prevent radiative recombination. These

non-radiative recombination form deep traps in the band gap was firstly analyzed by

Shockley, Read and Hall and is therefore called Shockley Read Hall (SRH) recombina-
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tion. In figure 3.3 such recombination process is labeled RS whereas ET is the energy of

the trap in the band gap.

Another non-radiative recombination process which limits the efficiency of LEDs is called

Auger recombination (RA in figure3.3). The energy from the electron hole recombina-

tion is transferred to a free electron (or free hole) which lifts the free electron high up in

the conduction band (or the hole deeply in the valence band) [27]. The Auger process

is becoming more dominant for small bang gap materials [43].

Not shown in figure 3.3 is the non-radiative recombination by surface states. At the

surface of the semiconductor crystal the periodicity is getting disturbed. Therefore the

energy diagram changes at the surface which further leads to non-radiative recombina-

tion centers [27].

Figure 3.3.: Absorption (A) and charge generation (G) as well as selected radiative and non-
radiative recombination processes (RA Auger recombination, RS Schokley Read
Hall recombination, RE radiative emission) occurring in semiconductor materials.
Adapted from [27] and [39].

Right know the reduction of the internal efficiency with respect to temperature and

injection current (so called efficiency droop) is a highly debated issue and by far not

completely understood. For further reading about this particular topic the author refers

to several recent publications which discuss experimental and simulation data: [43],

[44], [45], [46], [47].

In an indirect semiconductor a direct recombination is very unlikely due to the difference

in momentum of the electron in the conduction band and the hole in the valence band.

A direct recombination where energy as well as momentum is conserved is only possible

in combination with lattice interaction (emission of phonons) [39].
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3.1.3. pn-junction

This summary is a compendium based on reference number [37], [39], [48] and [49],

however the physics of the pn-junction is in principle available in every fundamental

semiconductor physics literature not listed here.

An LED is based on the radiative recombination of electrons and holes in a so called pn-

junction. A pn-junction results out of an interaction between a p-type (p-doped) and an

n-type (n-doped) semiconductor material. Bringing those two types together causes that

the majority charges of the n-type material (electrons) to diffuse into the p-type region

(where holes are the majority charge carriers). The positively charged holes are can-

celed out by the diffusing electrons and therefore a region without majority carriers is

occurring (virtually) whereas parts of the n-type region is charged positively due to the

remaining positively charged atoms (remaining positively charged donors) and parts of

the p-type region is negatively charged due to the remaining negatively charged atoms

in the p-type region (remaining negatively charged acceptors). The diffusion current

occurs due to the difference of the dopant concentration in thermodynamic equilibrium

and flows from the n-type to the p-type material.

Due to this diffusion current an electric field occurs which direction is pointing from the

n-type to the p-type region. However this (negative) electric field drives electrons from

the p-type region back to the n-type region. This type of current is called drift current

and is pointing in the opposite direction relative to the diffusion current. At some point

there is a steady state situation between diffusion current and drift current and a so

called space charge layer (depletion region) is formed.

This situation is depicted in figure 3.4 whereas E is the electric field and ND and NA are

referred to the donor and acceptor concentrations, respectively. The voltage across the

junction in thermodynamic equilibrium (without external bias) is called built in voltage

VB .

By applying an external electrical field, this space charge region can be enhanced or

reduced. Operating the pn-junction in reverse bias (Vr) leads to injection of holes on

the n-type side and electrons on the p-type side, respectively. This circumstance will

increase the width of the depletion region and the total electrostatic potential across

junction increases by Vr. Subsequently the total electrostatic potential V across the

junction in revers bias is the sum of VB + Vr.

On the other hand, if the junction is operated in forward bias Vf , electrons are in-

jected on the n-type side as well as holes are injected on the p-type side, respectively.

Therefore the depletion region width is getting reduced. The total electrostatic potential

across junction V decreases by Vf and is given by VB − Vf .
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Figure 3.4.: Schematic illustration of the pn-junction. ND and NA are referred to the donor and
acceptor concentrations, VB to the built in voltage, respectively.
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3.1.4. Heterostructures

A schematic cross section of an LED is shown in figure 3.5. On a substrate an n-type

semiconductor layer is grown followed by a p-type layer whereas both layers are con-

tacted using gold electrodes. As discussed above the pn-junction is responsible for the

radiative emission of light. The pn-junction usually not just consists out of one single

n-type and one singly p-type layer, rather various types of different layers are arranged

to obtain a highly efficient LED.

Such layer structure consist out of a so called heterostructure (heterojunctions) whereas

more than one type of semiconductor material is grown on each other. Specifically a

quantum well (QW) or more precisely a multiple quantum well (MQW) structure is ob-

tained by bringing together a narrow band gap material with a wide band gap material.

The advantages for using heterostructures are ([36]):

• Confinement of the electrons and holes in QWs makes the device more efficient.

• Different types of materials exhibit different refraction indices and therefore allow

wave-guiding.

• Band gap tuning to control emission behavior / absorption processes is possible.

Very important for growing heterojunctions is that the lattice constant of the used ma-

terials is very similar because a big lattice mismatch leads to defects which increase the

probability of non-radiative recombination centers, therefore reducing the efficiency of

the LED.

The band line up of a typical heterostructure can be found in figure 3.5. In this exam-

ple the MQW structure consists out of two types of semiconductors namely a narrow

band gap GaInN and a wide band gap GaN. The confinement layer is out of AlGaN. The

electrons (and holes) will be confined and can recombine in the potential wells which

are produced by this different kinds of semiconductor materials. Very often an electron

blocking layer (EBL) is inserted for reducing the electron leakage (separate AlGaN layer

in this illustration). This layer prevents that electrons escape from the active layer and

the confinement interface. This becomes crucial at high temperatures where the carriers

are thermally activated as well as if the height of the QW is quite low. Carrier leakage is

quite a big problem for the efficiency decrease in LEDs [43].
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Figure 3.5.: Schematic illustration of the structure of an LED as well as the band diagram of an
undoped multiple quantum well (MWQ) structure including an electron blocking layer
(EBL). The band off-sets between the two different semiconductor material is labeled
∆EC and ∆EV (adapted from [27]).
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3.2. White light LED

Parts of this section are taken and adapted from Tunable natural light realized by phosphor-
innovation light-emitting-diode technology by Hetzel et al. [1]. The original work can be

found in the appendix of this thesis.

There are two general approaches to generate white light which are summarized in

figure 3.6 (adapted from [27]). One technique is by additive mixing of two or more

colors from different light sources (left panel in figure 3.6). Alternatively wavelength

converters allow to modify spectra in a way that white light is emitted (right panel in

figure 3.6). The approach, illustrated on the right hand side of figure 3.6, occurs via

fluorescence. In this case the LED (usually UV or blue LED) excites a phosphor (light

converting luminescence particles e.g. Yttrium Aluminum Granat (YAG) doped with

rare earth materials) which emits light in a certain visible wavelength range. Figure 3.7

demonstrates the characteristic spectrum of a color converted LED. The blue peak in the

spectrum at approximately 450 nm occurs due to the unconverted light fraction of the

exciting blue LED.

Figure 3.6.: Approaches to generate white light (blue emitting LED (B), yellow emitting LED (Y),
green emitting LED (G), red emitting LED (R), color converted LED (P)). Left panel:
Additive color mixing of different LEDs emitting in two or more visible wavelength
regions. Right panel: Use of color converters (Adapted from [27]).

Combining a color converted LED with red and blue LEDs allows on the one hand to

achieve high CRI values and on the other hand to tune the CCT over a broad region. Fig-

ure 3.8 shows an example of an LED module combining three blue, six color-converted

and eight red LEDs, respectively (LUMITECH’s Phosphor Innovation (PI) LED Technol-

ogy). This setup allows CRI values above 90 over the allocated CCT region, from 2700

K to 6500 K. To change the CCT, the emission intensity of the single types of LEDs (R,

P or B) is changed. Further, to address the appearance of an object, the LED module

in figure 3.8 allows, by slightly varying the color composition of the emitting light, to
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adjust the CRI value of the object and therefore emphasizes the object.

The spectral distributions of such an LED module for several CCTs are shown in the bot-

tom panel in figure 3.8. In general, the CRI increases with the number of LED sources

distributed over the visible spectral range [27]. One major benefit, color converted

LEDs provide, is the combination of high efficiencies and broadband emission (figure

3.7) which is mainly responsible for the high CRI values compared to multi-LED addi-

tive mixing.

Figure 3.7.: Spectrum of a color converted LED. The blue peak exists due to the unconverted
light fraction of the exciting blue LED.
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Figure 3.8.: Top panel: LEDmodule using six color converted (P) LEDs in combination with three
blue (B) and eight red (R) LEDs. This allows tuning the CCT from 2700 K to 6500
K and provides a CRI above 90 over the whole tunable CCT region (Courtesy of
LUMITECH Produktion und Entwicklung GmbH). Bottom Panel: Emission spectrum
of the LED module presented for different CCTs. For low CCTs a significant fraction
of the visible spectrum lies in the red region, for high CCTs the blue part of the
spectrum is dominant, respectively.
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3.2.1. LED driver systems

To operate LED light engines basically two types of driver electronics are available. To

reduce the temperature impact of the injection current on the pn-junction most of the

driver systems are operating the LED in a pulsed mode. Such so called pulsed driver

systems inject forward voltage/current pulses with certain duty cycles. The duty cycle

is defined as the ratio between the pulse width and the repetition rate of the pulses.

To change the light output (dimming) the pulse height remains constant, however the

pulse width is getting reduced. Therefore the duty cycle determines the light output

level.

On the other hand constant voltage/current drivers inject direct current (DC) whereas

the light output can be tuned by changing the current level (height). The main reason

that such driver systems are not the system of choice is due to the enormous tempera-

ture increase of the pn-junction during operation. Temperature changes lead to shifts

of color coordinates and unstable emission spectra. However such driver system do not

reveal any kind of flicker effect (stroboscopes).

During this thesis a patent was developed which allows to stabilize the emission behav-

ior of a DC operated LED system. The key aspects of the submitted patent can be found

in in chapter 8.

Figure 3.9 illustrates the two driver concepts.

Figure 3.9.: Driver concepts to operate LED light engine. a) DC driver. b) and c) Pulse driver
with a 50% and a 10% duty cycle.
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3.3. Luminescence

Color conversion materials used to produce white light emitting light engines are based

on luminescence. Basic properties like quantum yield and lifetime of color conversion

materials were obtained during this thesis. The fundamentals are presented in this sec-

tion are following reference number [50], the experimental results can be find in chapter

10.

Luminescence is a phenomenon in nature where light is getting emitted from electron-

ically excited states. Luminescence can be divided into two categories, one is called

Phosphorescence and the other one Fluorescence. Excitation into energetically higher

electronic states can for instance occur due to absorption of photons. Absorption and

emission processes can be illustrated in a Jablonski diagram as shown in figure 3.10. An

absorbed photon can be excited to a higher vibrational level S1 or S2. The level of ex-

citement depends on the energy of the incoming photon. Afterwards a relaxation to the

lowest excited level S1 due to internal conversion processes usually occurs. Emission

from the bottom of S1 to the ground state S0 is then referred to fluorescence whereas

the typical fluorescence lifetime is in the nanosecond range [50]. The excited S states

are singlet states.

On the other hand phosphorescence occurs from triplet states T1 to the ground state.

Such relaxation times are much longer and occur in the millisecond or second range. In

the excited triplet state the spin orientation of the excited electron is the same as in the

ground state. Therefore the electron undergoes a spin conversion from the singlet state

(where opposite spin orientation relative to the ground state is present) to the triplet

state (intersystem crossing). The reason for the long lifetimes of the electron in the

triplet state is due to the fact that transitions from the T1 to the singlet ground state S0

are forbidden (same spin orientation).

As indicted in figure 3.10 the emission from S1 / T1 is shifted to lower energies. The

difference between absorption and emission energy (whereas the emission energy is

typically lower than the absorption energy) is called Stokes shift. For color conversion

materials used for LED lighting this Stokes shift should be as small as possible due to the

fact that energy (and therefore efficiency) is getting lost between excitation and emis-

sion.
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Figure 3.10.: Jablonksi diagram schematically describing Fluorescence (emission from singlet
state S1) and Phosphorescence (emission from triplet state T1). Adapted from
reference number [50].

3.3.1. Fluorescence lifetime

In this thesis the fluorescent lifetime was determined out of the phase-modulation life-

time measurement (this method is also called frequency-domain method). The principle

idea of such setup is presented in this section. For the measurement results and the ac-

tual measurement setup please refer to section 10.1.

Figure 3.11 sketches the concept of the frequency-domain method. The excitation

source gets modulated in the frequency range of the expected lifetime of the sample

(typically in the kHz - MHz region). The sample will emit in the same matter as the

modulation of the excitation source. If the lifetime of the sample is in the same range as

the modulation frequency of the excitation source a shift of the emission response will

occur. This can be noticed by a phase shift of the emission response relative to the mod-

ulation of the excitation source. Further the emission intensity will decrease because

emission occurs when the minimum of excitation is reached. The modulation factor can

be obtained out of the ratio between peak maximum of the excitation a and the peak

height of the emission b, respectively (equation 3.4):

m = b

a
(3.4)

In the experiment discussed above the fluorescent intensity I(t) relative to time t is dis-

covered. This intensity is proportional to the number of exited molecules n(t) which

exponentially decreases with the lifetime τ (equation 3.5)

n(t) = n0e
−t
τ (3.5)
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Figure 3.11.: Principle idea of fluorescent lifetime determination via frequency-domain method.
The phase shift as well as the intensity change with respect of the emission re-
sponse relative to the excitation source is obtained. The modulation m is given
out of the ratio of the peak heights a and b (equation 3.4). Figure adapted from
reference number [50].

whereas n0 is the initial population. The fluorescent intensity can then be written (equa-

tion 3.6):

I(t) = I0e
−t
τ (3.6)

The average amount of time the fluorophore stays in the excited states can be written

as shown in equation 3.7:

< t >=

∞∫
0
tI(t)dt
∞∫
0
I(t)dt

(3.7)

whereas for a single exponential decay equation 3.8 is valid:

< t >= τ (3.8)

The phase shift φ as well as the modulation m can be obtained experimentally. Those

parameters can be used to obtain the lifetime of the sample taking equation 3.9 and

equation 3.10 into account.

tan(φ) = ωτφ (3.9)

m = 1√
1 + ω2τ2

m

(3.10)

whereas ω is the modulation frequency and τφ and τm are the lifetimes gained out of

the respective phase φ or out of the modulation m.
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3.3.2. Fluorescence quantum yield

The quantum yield reflects the light conversion efficiency of a certain material. In the

case of color converting materials this value should be as close to unity as possible to

gain highly efficient light engines. The quantum yield is generally defined as the fraction

of the number of photons emitted relative to number of photons absorbed (equation

3.11):

Φ = #number of photons emitted
#number of photons absorbed

(3.11)

more specifically (equation 3.12)

Φ = Γ
Γ + knr

(3.12)

whereas Γ is the rate constant (emission rate) and knr the rate of the non-radiative

decay. The quantum yield can be close to 1 if the non-radiative decay is very small,

however due to the Stokes shift there will be always energy lost between excitation and

emission.

Demas and Crosby [51] accurately defined the quantum yield of a compound as ”the
fraction of molecules that emit a photon after direct excitation by the source”. This is not

exactly the same definition as discussed in equation 3.11 and equation 3.12, however

for our purposes the definition shown in equation 3.11 is sufficient enough.

A quite recently published review summarizes and compares certain methods for the

determination of the quantum yield [52]. In this thesis the presented results were de-

termined by the comparison with the quantum yields of a reference standard sample

ΦR. Equation 3.13 then leads to the quantum yield ΦS of the investigated sample S:

ΦS = ΦR
FS(λex)
FR(λex)

fR(λex)
fS(λex)

n2
S

n2
R

qR(λex)
qS(λex) (3.13)

whereas R and S are standing for reference standard and sample, respectively. Further

nR and nS are the index of refraction of the solvent of reference standard and sample,

qS and qR are the photon fluxes at sample position for reference standard and sample

at chosen wavelength λex. If possible, the excitation wavelength λex of sample and

reference standard should be the same, however if this is not the case, by measuring the

respective photon fluxes this can be adjusted (q values).

fS(λex), fR(λex) are the absorption factors given by equation 3.14:

f(λex) = 1− 10−A(λex) (3.14)
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whereas A(λex) is the absorbance at the excitation wavelength λex. The factor F is the

integrated spectral fluorescence photon flux defined by equation 3.15:

F = (hc0)−1

λem2∫
λem1

I(λem)
s(λem)λemdλem (3.15)

I(λem) is the blank corrected emission intensity, s(λem) the spectral responsitivity of the

detector, and (hc0)−1λem the conversion factor from an energy scale to a photon scale.

To increase the accuracy of the measurement, various concentrations of reference and

sample solutions have to be measured. Afterwards one can plot the spectral fluorescence

photon flux plot F versus the absorption f for the various concentrations. The gradient

of the linear fit through the measurement data directly leads to term FS(λex)
fS(λex) (indirectly

to fR(λex)
FR(λex) ) in equation 3.13.

For the experimental procedure and the measurement results please refer to section

10.2.

3.4. Focused ion beam (FIB) & electron dispersive X-ray

spectroscopy (EDX)

In this thesis samples have been investigated by a focused ion beam (FIB) microscope as

well as analyzed by the use of an electron dispersive X-ray (EDX) spectroscope. In this

section only the principles of those two analyzing tools will be presented (based on the

review of Steve Reyntjens and Robert Puers [53] for FIB microscopy and [54] for EDX

measurements). The performed measurements can be found in section 4.1.

FIB investigations are applied in the semiconductor industry to perform failure anal-

ysis, material research and process inspection. Further samples can be structured for

micromachining applications or prepared for transmission electron microscopy (TEM)

investigations.

A FIB consists in principle out of an ion column, a vacuum, a gas injection system and a

work chamber. In the ion column Ga+ ions are produced and emitted. Liquid Ga in a

chamber in combination with a high electric field (108 V/cm) allows to emit Ga+ ions

from a liquid droplet on a thin tungsten needle. The ion column is very similar to the

electron column in a scanning electron microscope (SEM) however, instead of electrons,

typically Ga+ ions are used as particle source. The whole ion chamber is under a vac-

uum pressure of around 10−7 mbar.

The ion beam gets collimated and focused through several lenses and apertures. The
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ion beam energy is typically around 10 keV to 50 keV, the current in between 1 pA to 10

nA. The sample is mounted on a work stage within the work chamber. Typically a five-

axis stepping motor allows to move the stage in several directions and it allows rotation

around a certain axis. In most FIB systems a gas injection system is implemented which

can be used for etching or for deposition of certain materials.

When the ion beam hits the sample surface several physical (energy loss of the ions due

to interaction with atoms and electrons of the sample) and chemical processes (break-

ing of bonds) occur. The energy loss can be transferred to heat (phonons) or can induce

damages to the sample (atom displacement). In addition neutral and ionized substrate

atoms can be sputtered, therefore removal of parts of the sample is possible by the use

of a high current beam (so called milling).

In case of milling the ion beam is scanning the sample surface and etching of certain

shapes into the surface is possible. For enhancement of the etching rate selected gas

through the gas nozzle can be inserted (e.g. Cl2, Br2).

Moreover through this gas nozzle certain materials can be deposited by the FIB system

on behave of the chemical vapor deposition (CVD). The precursors gas is getting ad-

sorbed and the materials are getting decomposed through the ion beam. One example

is illustrated in figure 3.12 where platinum (Pt) on a gold circuit path on an LED surface

was deposited.

Figure 3.12.: Deposited platinum (Pt) on the gold circuit path (Au) which is located on the surface
of a GaN-based LED.

The energy of the ion can be also transferred to secondary particles (electrons, ions and

atoms) which are getting emitted from the sample surface. The energy measurement of

those secondary particles enables imaging while the ion beam is scanning the surface of

the sample. It should be mentioned at this point that imaging with the FIB also leads to
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undesired milling as well as to implementation of Ga+ ions in the sample. The imple-

mentation depth depends on the incident angle as well as on the beam energy.

The system used to investigate the presented samples in this thesis is in a dual beam

configuration whereas a scanning electron microscope (SEM) is combined with the FIB.

The electron column of the SEM is tilted 52◦ to the ion column. Such system allows a

live view of the FIB process using the SEM.

Electron dispersive X-ray spectroscopy (EDX)

The sample compilation was analyzed by using an electron dispersive X-ray spectroscope

(EDX). This technique allows to chemically analyze and map the occurring elements in

the sample.

EDX spectroscopy is based on fluorescence. Via X-rays or electrons an electron in the in-

ner shell of the material can be excited by photo-ionization. An electron from an higher

shell will then refill this generated hole whereas through the recombination process ei-

ther radiative emission of non-visible light (X-rays) or an Auger emission is occurring.

The fluorescent emission is characteristic for each element, therefore by measuring the

energy, an elemental assignment to the energy levels can be performed. The Auger

emission is non-radiative and dominant for elements with low nuclear charge values Z.

For Z values above 30 the X-ray emission becomes dominant. This leads to the circum-

stance that for low Z values this technique becomes less appropriate due to the decrease

of radiative emission (increase of the Auger emission).

The penetration depth can be increased if X-rays instead of electrons are used as excita-

tion. Moreover X-ray excitation can be performed under ambient conditions.

For electron irradiation on the other hand ultra high vacuum is a prerequisite, however

a very high spatial resolution can be achieved.

In figure 3.13 an EDX measurement of a GaN-based LED crosscut is illustrated. The

excitation energy of this measurement was 15 keV.
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Figure 3.13.: Example of an EDX measurement of a cross cut through a GaN-based LED. The
excitation energy is 15 keV. The fluorescent emission energy is characteristic and
can be assigned to certain elements.
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3.5. Electron beam induced current (EBIC)

The following text is based on a review article by Leamy, reference number [55].

Electron beam induced current (EBIC) is a general tool to investigate basic properties of

semiconductor materials. The location of pn-junctions, recombination centers as well as

layer inhomogeneity can be detected and imaged. Further, diffusion lengths and carrier

lifetimes in semiconductor materials can be obtained.

An EBIC system contains basically a scanning electron microscope (SEM) where an ex-

ternal amplifier circuit measures the so called EBIC signal. Electron bombardment on

the sample leads to an ionization of the atoms and therefore generates charge carriers

(electrons and holes) in the sample. The EBIC system is sensing the current which is

produced by the electron beam (figure 3.14).

Figure 3.14.: Measurement scheme of an EBIC system. Charge carriers are produced by the
electron beam, get separated by an an internal electric field and collected by an
external circuit.

One prerequisite for detection of an EBIC signal is that the investigated sample supports

an internal electric field (e.g. pn-junction, Schottky contact, etc.). Charge carriers which

are produced by the electron beam get separated by the internal electric field and drift

to the contacts where they can be detected by an external circuit (amplified circuit). If

the electron beam produces charge carriers away from the internal electric field, those

will diffuse to the edges of the space charge region and will get separated afterwards.

Depending on the position where the electron beam produces the charges relative to the

position of the internal electric field, the strength of the EBIC signal varies. I.e. a high
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internal electric field leads to a strong EBIC signal, a low electric field to a small signal,

respectively. The position of the electron beam relative to the sample can be varied and

the behavior of the EBIC signal relative to the (scanning) electron beam position can

than be recorded and imaged.

In a pn-junction a depletion zone arises where (virtually) no mobile charge carriers are

located (see section 3.1.3). If charge carriers are generated directly at the pn-junction

they will drift to the edges of the depletion zone and induce a charge at the external

surface of the sample. The collected current flows in direction of the electric field (built

in field) and occurs due to drift of minority carriers and not due to the drift of majority

carriers. The electric field is pointing from the n-type region to the p-type region, which

means that a positive measured EBIC signal has to be measured on the p-type side, a

negative signal on the n-type side, respectively.

Figure 3.15 shows an actual SEM picture of an AlGaInP-based LED which is contacted

by two measuring needles which record the EBIC signal. One needle is connected to the

current amplifier circuit, the other one to the ground. Depending which of the needles is

connected to the amplifier circuit, whether a positive or a negative signal is measured.

Figure 3.15.: Scanning electron microscope picture of an AlGaInP-based LED inducing two mea-
surement needles to record the EBIC signal. One is connected to the circuit ampli-
fier the other one to ground.
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Experimental Investigation





4. Sample investigation & sample

preparation

Two types of LEDs were mainly investigated regarding their temperature and current

properties. One type is emitting in the blue range (GaN-based) of the visible spectrum

and one in the red region (AlGaInP-based), respectively. The reason for investigating

those types is, that for a tunable white light system such LED constellation is needed

(see section 3.2). The samples were investigated by applying several analyzing tools.

This section deals with the examination of the basic properties of this two types of LEDs.

The distributor specifications of the two types of LEDs are shown in table 4.1.

Table 4.1.: Distributor specifications of the GaN-based and AlGaInP-based LEDs.

GaN AlGaInP

Producer / corporation TE Opto Epistar
Product number ETCJ8-0BAG1-F1 ES-AESOAX14
Maximum DC forward current (mA) 240 50
Maximum reverse voltage (V) 5 10
Maximum junction temperature (◦C) 140 125
Dominant wavelength min/max at 25◦C (nm) 450 / 460 610 / 620
Typical spectral bandwidth at 25◦C (nm) 25 18
Chip dimension (W x L x H) (µm) 510 x 1020 x 150 355 x 355 x 100
Size bonding pad N / P (µm) 82.5 / 82.5 100 / 100
Electrodes Au Au
Substrate Al2O3 Al2O3

Optical microscope pictures of the two types of LEDs are shown in figure 4.1. The image

magnification of the red LED is 200 times, of the blue LED 50 times, respectively. The

dimensions of the LEDs were checked using the optical microscope; for the blue emit-

ting GaN-based LED 520 x 1010 µm, for the red AlGaInP-based LED 295 x 300 were µm

measured. To electrically contact those LEDs, a 30 µm thick gold wire was bonded on

the bonding pad as well as to a printed circuit board.

To gain information about the uniformity of the emission of the LEDs, they were oper-

ated under the optical microscope with a very low DC current level which was 5 µA for

the blue emitting and 2 µA for the red emitting LED, respectively. This uniformity is
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4. Sample investigation & sample preparation

Figure 4.1.: Optical microscope images of the red emitting AlGaInP-based LED (left panel, image
magnification 200 times) and the GaN-based LED (right panel, image magnification
50 times).

important due to the fact that for several experiments a very thin fiber optics was placed

on top of the LED surface and therefore it has to be ensured that the position of the fiber

optics relative to the diode surface does not influence the measuring result. Figure 4.2

again shows the LEDs now contacted and during operation driven at very low current

levels.

Figure 4.2.: Optical microscope images of the operated red emitting AlGaInP-based LED (left
panel, image magnification 200 times) and the GaN-based LED (right panel, image
magnification 50 times). The DC current level was 2 µA for the red emitting AlGaInP-
based and 5 µA for the blue emitting GaN-based, respectively.

52



4.1. FIB & EDX investigations

4.1. FIB & EDX investigations

To gain insight into the LED structure, focused ion beam (FIB) investigations in combina-

tion with energy-dispersive X-ray spectroscopy (EDX) were performed. A basic summary

of those two techniques can be found in section 3.4.

4.1.1. GaN-based LED

Two FIB crosscuts through each electrode (top and bottom electrode) of the LED have

been performed. Figure 4.3 shows a scanning electron microscope (SEM) picture of

the GaN-based LED surface including the two FIB tranches on each electrode whereas

the ring electrode (outer electrode) is referred to the top electrode (p-electrode). The

straight electrode located midway relative to the LED surface is referred to the bottom

electrode (n-electrode). Out of this image one can see the proportion between the thick

sapphire substrate relative to the very thin semiconductor layer on top. The LED was

mounted with conducting graphite to an aluminum sample holder.

The crosscut of the top electrode (marked in figure 4.3) as well as the EDX mapping

can be found in figure 4.4. The EDX mapping region is indicated as a rectangle in the

overview plot.

The semiconductor layers are grown on a pre-patterned Al2O3 sapphire substrate. The

pattern can be identified by the triangles in the FIB crosscut. On top of the substrate an

approximately 8 µm thick GaN layer structure is followed by an 150 nm thin AlN-based

layer. The layer structure was obtained out of the performed EDX measurement. The

height of the gold electrode is around 2.5 µm. In between the gold electrode and the

AlN-based layer a distinct layered structure is observable. FIB in combination with EDX

did not allow us to gain more information about the detailed structure of these layers

(QW structure). On top of the gold electrode a platinum layer was deposited to perform

the FIB cut. This platinum layer reduces charging effects and prevents samples from

damage during the sputtering process.
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4. Sample investigation & sample preparation

Figure 4.3.: Overview scan of the blue emitting GaN-based LED in a FIB microscope. Two FIB-
cut trenches can be identified; one on the top electrode (ring electrode, on the right
hand side, marked) and one at the bottom contact (in middle of the image).

Figure 4.4.: Left panel: Image of the crosscut through the top electrode of the GaN-based LED
(FIB cut position indicated in figure 4.3). The rectangle indicates the EDX mapping
region. Right panel (starting from left to right): EDX mapping of certain elements,
Ga, N, Al, Au and Pt. The platinum was deposited to protect the sample during
sputtering of the FIB trenches.
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4.1. FIB & EDX investigations

The pre-patterning of the substrate can be also identified in figure 4.5. On can see the

pre-patterned substrate in the SEM image during the FIB crosscut preparation (bottom

panel) as well as in the optical microscope picture shown in the top panel of figure 4.5.

Figure 4.5.: Top panel: Optical microscope of the surface of the GaN-based LED. The pre-
patterning of the substrate surface can be identified through the transparent semi-
conductor layer. Bottom panel: SEM image during the FIB cutting process. The
rectangular highlights the pre-patterned structure of the substrate.
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4. Sample investigation & sample preparation

Further the surface of the GaN-based LED was investigated performing EDX measure-

ments on a surface position on the sample (not on the electrode). To gain surface

sensitive information the acceleration voltage of the electron beam was varied between

15 keV and 2 keV. Large acceleration voltages of the electron beam increase the pene-

tration depth, therefore it is very hard to distinguish if the signal (emission) is related to

the surface or to the bulk materials. By varying the voltage and comparing those results

with the EDX measurement performed in the crosscut, conclusions about the surface

materials can be drawn.

The elemental spectra for three acceleration voltages (2 keV, 5 keV and 15 keV) are

depicted in figure 4.6. Out of this measurement we obtained that the surface of the

blue emitting GaN-based LED is covered with a transparent silicon oxide SiO2 layer. The

evolving C peak in the 2 keV measurement arises from carbon contamination.
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4.1. FIB & EDX investigations

Figure 4.6.: EDX investigations of the surface of the GaN-based LED. The acceleration voltage
was varied from 15 keV (top) to 5 keV (middle) and 2 keV (bottom) to reduce the
penetration depth of the electron beam.
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4. Sample investigation & sample preparation

4.1.2. AlGaInP-based LED

Figure 4.7 shows the overview of the red emitting AlGaInP-based LED. Again two FIB

cuts were performed whereas platinum was deposited beforehand. The overall thick-

ness of the device is 100 µm whereas the thickness mainly arises from the substrate. In

the overview image two distinct semiconductor layers (assignment see below) on top of

the substrate can be identified.

The topside electrode contains the round shaped bonding pad and is referred to the n-

electrode. The bottom electrode is the p-electrode, respectively. The LED was mounted

again with conducting graphite on an aluminum sample holder. The vesica on the sur-

face next to the FIB crosscut of the top electrode (right panel in figure 4.7) arise from

the interaction of the ion beam and the surface material.

In figure 4.8 the top electrode is illustrated including the EDX mapping. In this case the

sapphire substrate is not specially patterned (in terms that it will be observable with the

applied techniques). However, a 1.1 µm buffer layer is placed on top of the substrate.

On top of the buffer layer a 9.5 µm thick GaP layer is followed by a 2.7 µm thick AlInP

layer. The gold electrode height is just 1 µm. The platinum layer deposited shows a

distinct two layer structure which can be assigned to the different depositing rate used

(lower evaporation rate at the beginning).

Again surface sensitive EDX analysis was performed, whereas the electron beam voltage

was varied between 2 keV and 15 keV. We found an thin transparent SiO2 passivation

layer on top of the LED (see figure 4.9). The evolving C peak in the 2 keV measurement

arises from carbon contamination.
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4.1. FIB & EDX investigations

Figure 4.7.: Overview of the red emitting AlGaInP-based LED; the right panel shows the zoom
where the FIB trenches are located. Rectangular indicates the FIB cut through the
top electrode (FIB investigation is shown in figure 4.8).

Figure 4.8.: Left panel: Image of the crosscut through the top electrode of the AlGaInP-based
LED. The rectangle indicates the region where EDX analysis was performed. Right
panel (starting from left to right): EDX mapping of certain elements, Ga, In, Al, P, Au
and Pt. The platinum was evaporated to protect the sample during sputtering of the
FIB trenches.
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4. Sample investigation & sample preparation

Figure 4.9.: EDX investigations of the surface of the AlGaInP-based LED. The acceleration volt-
age was varied from 15 keV (top) to 5 keV (middle) to 2 keV (bottom), respectively.
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4.2. EBIC investigations

The fundamental principles of the electron beam induced current (EBIC) method are

illustrated in section 3.5.

Due to the FIB cut preparation, investigations of the cross section using EBIC were

possible. The EBIC signal can be plotted in various ways, for clarity some common ways

of graphical illustration are summarized:

• Contour plots: The scanning position of the electron beam relative to the investi-

gated area is plotted. Lines with the same current are displayed and color coded

regarding their current level. Different colors refer to different current levels. Re-

gions where the numbers of lines are increasing show enhanced current activity.

Due to illustration reasons, the EBIC signal is sometimes plotted on a logarithmic

scale instead of a linear one. However the direction of the electric field is lost due

to the fact that the sign is not considered anymore on a logarithmic scale.

• Gray scale plots: The recorded EBIC signal for each scanning position (electron

beam position) is displayed using gray scale color coding. For negative signals

white regions correspond to no signal; grayish colors to high currents, respectively.

The situation of the color coding is plotted vice versa for positive EBIC current

signals (white indicates low negative values, gray no signal).

• Surface plots: In this 3 dimensional plot the absolute EBIC signal is plotted on the

z-axis. Further the current levels are color coded as well. The x and y directions

correspond to the surface position of the electron beam relative to the sample.

The corresponding scanning electron microscopy (SEM) picture is always included in

the figure.
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4. Sample investigation & sample preparation

4.2.1. AlGaInP-based LED

Figure 4.10 shows the contour plot to the corresponding SEM picture of a red emitting

AlGaInP-based LED. The EBIC investigations were performed at the crosscut beneath the

top electrode which is also indicted in figure 4.10. The EBIC signal shows negative cur-

rent values which indicates that the doping region close to the top electrode is n-type.

Since the EBIC signal was obtained from the top electrode, a negative value means that

the electric field is pointing from the top electrode to the bottom electrode. Therefore

the top electrode has to be the n-electrode. This agrees with the information out of the

data sheet. Figure 4.11 shows the corresponding gray scale plot, which highlights the

pn-junction of the device.

Out of figure 4.12 and figure 4.13 we can address the pn-junction of the AlGaInP-based

red emitting LED. Figure 4.12 and figure 4.13 are a zoom into the crosscut shown in

figure 4.10 and figure 4.11. Figure 4.12 shows the corresponding SEM image including

the contour plot, figure 4.13 the respective gray scale plot and the surface plot. The

magnification of the SEM image shown in figure 4.12 and figure 4.13 is 15000 times.

The pn-junction is located where the maximal EBIC signal is measured and therefore

lies in the middle of the 3 µm thick AlInP layer (which is grown on top of the 10 µm

thick GaP layer, see section 4.1.2).

Due to the fact that the EBIC signal decreases rapidly, one can assume that the diffusion

length of the charge carriers is quite small. The acceleration voltage of the electron

beam was 20 keV.
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4.2. EBIC investigations

Figure 4.10.: Top: Overview image of the AlGaInP-based LED. Rectangular indicates the FIB
trench were EBIC measurements were carried out. Middle: Scanning electron mi-
croscope (SEM) picture of the FIB cut through the top electrode. The acceleration
voltage was 20 keV, the magnification 5000 times. Bottom: Contour plot of the
same region. Low negative EBIC signal indicates the location of the pn-junction.
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Figure 4.11.: Top: Overview image of the AlGaInP-based LED. Rectangular indicates the FIB
trench were EBIC measurements were carried out. Middle: Scanning electron mi-
croscope (SEM) picture of the FIB cut through the top electrode. The acceleration
voltage was 20 keV, the magnification 5000 times. Bottom: Respective gray scale
plot indicating the location of the pn-junction
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4.2. EBIC investigations

Figure 4.12.: Top: Scanning electron microscope (SEM) picture of the FIB cut through the top
electrode of an AlGaInP-based LED. Middle:SEM image of the zoom into the FIB
cut. The acceleration voltage was 20 keV, the magnification 15000 times. Bottom:
Contour plot of this region. Low negative EBIC signal indicates the location of the
pn-junction.
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4. Sample investigation & sample preparation

Figure 4.13.: Top: Scanning electron microscope (SEM) picture of the zoom into the FIB cut
through the top electrode of an AlGaInP-based LED. The acceleration voltage was
20 keV, the magnification 15000 times. Middle: Gray scale plot of the region shown
in the SEM image. Low negative EBIC signal indicates the location of the pn-
junction. Bottom: Respective surface plot.
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4.2. EBIC investigations

4.2.2. GaN-based LED

Figure 4.14 shows overview SEM image of the contacted GaN-based LED for EBIC in-

vestigations. Further the FIB trench including the zoom into the FIB cut is illustrated.

The corresponding EBIC signal is plotted versus the electron beam position and shown

in a color coded contour plot. Figure 4.15 shows the corresponding gray scale plot and

surface plot to the SEM image (magnification 15000 times, beam energy 20 keV). The

pn-junction lies very close below the top electrode where the 150 nm thin AlN layer is

located.

The EBIC signal was again obtained from the top electrode. Since in this case a positive

signal is measured the top electrode refers to the p-type electrode. The electron beam

acceleration voltage was 5 keV.

Figure 4.16 and figure 4.17 illustrate the EBIC signal of the surface of the GaN-based

LED. The corresponding SEM picture shows the surface position as well as a dust grain

located on top of it (which can be also located in each EBIC signal plot because the

signal drops to low values at such position when the electron beam hits the surface).

The acceleration voltage during EBIC measurement was 20 keV.

Special mentioning is the regular and periodic variation of the EBIC signal on the surface

of the LED (surface plot in figure 4.17). This variation occurs due to the inhomogeneous

distribution of recombination centers in the GaN layer. This result has not to be confused

with the patterning of the sapphire substrate shown in section 4.1.1. The penetration

depth X of the electron beam is around 1.45 µm, however the patterning starts to occur

in a depth of around 7 µm (measured from the surface to the bulk). The penetration

depth X was calculated with equation 4.1 (following reference number [56]) whereas

E0 is the beam energy in keV (20 keV) and ρm the mass density of the specimen in

g/cm3 (6.15 g/cm3).

X = 0.1E1.5
0

ρm
(4.1)
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4. Sample investigation & sample preparation

Figure 4.14.: Top: Overview scanning electron microscope (SEM) picture of the FIB cut through
the top electrode of a GaN-based LED. Middle two plots: Zoom into the FIB trench.
Bottom: Contour plot of the SEM image with a magnification of 15000 times. The
acceleration voltage was 5 keV. High EBIC signals indicate the location of the pn-
junction. Bottom: Respective surface plot.
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4.2. EBIC investigations

Figure 4.15.: Top: Scanning electron microscope (SEM) picture of the zoom into the FIB cut
through the top electrode of an GaN-based LED (see figure 4.14). The acceleration
voltage was 5 keV, the magnification 15000 times. Middle: Respective gray scale
plot. Bottom: Respective surface plot.
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4. Sample investigation & sample preparation

Figure 4.16.: Top: Overview scanning electron microscope (SEM) picture including the indication
were the EBIC measurement of the surface of a GaN-based LED was performed.
Middle: Magnified SEM image (acceleration voltage was 20 keV, the magnification
20000 times). Bottom: Contour plot of the respective region.
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4.2. EBIC investigations

Figure 4.17.: Top: SEM image of the surface of a GaN-based LED (overview plot in figure 4.16).
Middle: Respective gray scale image. Dust grain located on the surface can be
identified as a dark spot (low signal). Bottom: Respective surface plot. The accel-
eration voltage was 20 keV, the magnification 20000 times.
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4.3. LED damage

Injection of current (densities) outside the specification boundaries could lead to device

damages of the sample surface as well as of the contacts. Figure 4.18 shows example

images of burned LEDs. Left panel shows the burned surface of a red emitting AlGaInP-

based LED. In this case the current density was too high which leads to a burned surface

next to the electrodes. Right panel shows a burned bonding contact on a GaN-based

LED which got loose due the exceeding current.

Figure 4.18.: Optical microscope images of two examples of LED damage due to high current
density (left panel: red emitting AlGaInP-based LED, right panel: blue emitting
GaN-based LED).
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5. Determination of the junction

temperature of LEDs

There are several attempts to obtain the junction temperature (JT) of LEDs. This section

will list the advantages and disadvantages of several measurement methods and will

present a measurement setup which allows determining the JT highly accurate.

Segments of this chapter are taken and adapted from the conference proceeding Methods
for Obtaining the Junction Temperature of LEDs. The published version can be found in

the appendix of this thesis.

5.1. Conventional measurement methods

In principle thermo-resistances (e.g. Pt100), thermocouples or diodes are sensing in-

struments which allow measuring the temperature with quite high accuracy. The dif-

ficulty applying such tools is that depending where the sensing element is located and

mounted, rather the environment temperature than the actual JT is measured. The key-

word in this section is thermal equilibrium. Direct measurement methods can only be

applied if the whole system (sample and sensing element) is under thermal equilibrium.

However, the influence of the driving parameters on the JT (i.e. current injection) is

still not taken into account. Figure 5.1 shows the temperature of the device environ-

ment of an LED light engine measured with a K-type thermocouple (Nickel Chromium

vs. Nickel Aluminum, reference temperature 0°C). The DC forward current of the device

was 400 mA, 600 mA, and 1300 mA, respectively. The thermocouple was located on a

heat sink next to the LED device which consists of four phosphor-converted-LEDs and

two red-LEDs. After approximately 3600 seconds (60 minutes) a thermal equilibrium

of the device environment is reached, however no conclusion about the actual JT of the

active region of any of the LEDs can be drawn. One approach to gain insight into the

actual JT would be to solve the quite complex heat equation of the whole device area.

However this would still only give an estimate of the JT due to the fact that the driving

parameters cannot be taken into account. Furthermore, due to practical reasons, such

method will be hard to establish in applied fields.
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5. Determination of the junction temperature of LEDs

Figure 5.1.: Temperature dependence vs. time of an LED module containing 4 phosphor con-
verted and 2 red LEDs. Measurements were performed with a K-type thermo couple
located on a heat sink next to the LED device.

One much more convenient way to measure temperatures are contactless methods based

on the detection of infrared (IR) radiation. Every body exhibiting a temperature above

0 K emits IR radiation following Planck’s radiation law (see section 2.2.3).

In the lighting industry it is quite common to use IR cameras to determine temperature

behavior of LEDs. One big advantage of IR cameras is that no contact between the

sensing element and the sample is needed. Further a temperature distribution over the

whole field of view of the camera can be measured. Due to the fast processing time of

modern IR cameras, temperature changes can be basically measured in real time. IR

images published in this thesis were recorded with the following IR camera (Optris PI

160):

• Detector: Amorphous silicon (bolometer)

• Detector size: 160 pixel x 120 pixel (Pixel size 25 µm x 25 µm)

• Spectral Range: 7.5 µm - 13 µm

• Image frequency: 120 Hz

• Temperature detection ranges: -20◦C-100◦C, 0◦-250◦C and 150◦C-900◦C

• Field of view (FOV) objective: 23◦ (horizontal) x 17◦ (vertical)

focal length f = 10 mm
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5.1. Conventional measurement methods

• Lens Material: Germanium

Figure 5.2 shows an IR transmission measurement of the germanium lens of the Optris

PI 160. The particular wavelength behavior of the lens has to be taken into account and

is automatically embedded in the software. If another lens is used the IR image has to

be calibrated regarding the new objective.

Figure 5.2.: IR transmission measurement of a coated Germanium lens used for IR temperature
measurements. Themeasurement was performed with a BOMEMMB-102, whereas
the sample environment was purged with CO2 and H2O filtered air.

Although IR cameras are quite convenient, the accurate temperature measurement is

not straight forward. The following section list the main issues of IR cameras which

have to be taken into account.

1. Emittance of an object ε (Emissivity):

The emittance ε is defined as the change of the emission intensity of an real object

relative to a black body radiator. The ε value depends on the wavelength, as well

as on the temperature and on the angle of incidence. Furthermore the surface

condition (surface texture) strongly influences the emittance as well.

Figure 5.3 shows an IR image of an LED module mounted on an aluminum heat

sink. No operation voltage is applied, therefore the whole light engine is in

thermal equilibrium (environment temperature). Several parts that occur in the

color coded IR image occur distinguishable and therefore exhibit at different as-

signed temperature values. The heat sink where the printed circuit board (PCB)
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5. Determination of the junction temperature of LEDs

is mounted can be easily distinguished from the PCB itself, further gold contac-

t/circuit paths on the PCB can be distinguished as well. Due to the fact that the

IR camera (image) is not calibrated regarding the various emittance values of the

certain materials investigated, the IR image contains wrong temperature values.

For the example shown in figure 5.3, the temperature values vary within 4◦C. To

obtain correct temperature values, the emission coefficients of all materials have

to be taken into account and each pixel of the recorded IR image has to be cali-

brated regarding the emittance ε.

As mentioned above, the ε value strongly depends on wavelength λ, direction θ

and temperature T as well as on the surface condition. Without taking the exact

ε value into account leads to wrong absolute temperature values. Because of the

fact that the ε value depends on temperature also relative changes in temperature

can often hardly be recorded. As an example the ε value of aluminum can basically

vary between 0.01 and 0.99 depending on temperature, wavelength and surface

treatment. To determine the JT of LEDs the ε value of the specific semiconductor

alloy, as well es the T dependence has to be known.

Table 5.1 lists selected values of the normal total emittance for certain materials

[57].

Figure 5.3.: Color coded IR image of an LED module mounted on a aluminum heat sink which
is turned off and in thermal equilibrium. The values labeled next to the color bar are
listed in ◦C.
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5.1. Conventional measurement methods

Table 5.1.: Normal total emittance ε of selected materials at certain temperatures T and condi-
tions (from [57]).

Material T (K) Emittance ε Information

Aluminum 311 0.045-0.056 Foil, embossed
Chromium 367 0.08 Plated on iron, polished
Copper 373 0.052 Polished
Gold 300 0.68 Very pure, polished, λ=0.46 µm
Silicon 1000 0.64 Etched λ=0.65 µm
Silver 1213 0.35 - 0.044 1 Film, tungsten substrate

2. Surface temperature:

Customary an LED is mounted on a substrate surrounded by a glob top material.

Glob top materials are usually transparent (exceptions are phosphor converted

LEDs were the glop top material is utilized as a matrix for the phosphorous parti-

cles) and are assigned to protect the LED chip and LED bonding contact of external

influences (mechanical as well as contamination). IR cameras are measuring sur-

face temperatures, therefore a mixture of the surface temperature of the LED and

of the glob top surface is measured.

One major problem is the IR absorbance of the glob top material. Left y-axis of

figure 5.4 shows Planck’s radiation curve plotted for reasonable LED temperatures

during operation (300 K, 320 K, and 340 K). The detection range of the silicon

detector of the IR camera is shown on the x-axis. The absorbance of a commonly

used glop top material2 is plotted on the right y-axis in figure 5.4. The absorbance

of the silicon rubber compound is significant which leads to absorbance of IR ra-

diation within the globe top material. This results in complete wrong temperature

values if the absorbance behavior of the particular glob top material is unknown.

Those reasons are mainly responsible for the fact that an IR cameras cannot be used to

determine accurately the JT of an LED. Even if no globe top material is implemented,

the strong dependence of the emittance value on temperature, wavelength and sur-

face properties (texture, quality, etc.) makes a sophisticated temperature determination

hardly possible. Moreover at best the surface temperature rather than the JT is mea-

sured.

Therefore another setup was developed in this thesis and is presented in the next section.

1ε=0.35 (λ=0.55) - 0.044 (λ=0.65)
2Two component silicon rubber (ratio 1:1, 20 min cure time at 80◦C), ”Momentiv” XE 14-B7892
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5. Determination of the junction temperature of LEDs

Figure 5.4.: Comparison of black body radiation and absorbance spectrum of a silicon hydro-
carbon polymer used as glob top material in the detection range of an amorphous
silicon IR detector. The IR spectrum was recorded with a BOMEMMB-102, whereas
the sample environment was purged with CO2 and H2O filtered air.

5.2. Obtaining the JT of LEDs in the range between 230

K and 400 K

The principle parts of the measurement setup for obtaining the JT are shown in fig-

ure 5.5. The measurement of the emission spectra and the driving parameters were

performed in thermal equilibrium in a chamber oven with precise temperature control

(Weiss – Vötsch VT4002). The temperature range was set between -40◦C and 120◦C

with an accuracy of 0.1◦C. One additional Pt100 resistor was mounted on a separate

heat sink which was located in the oven to ensure the predetermined oven temperature.

Before the measurements were performed, the samples were stored for at least 30 min-

utes in the chamber to guarantee the thermal equilibrium of the devices. To avoid icing

effects, the temperature oven was flushed with dry air during the whole experiment. To

probe the LED device it must be driven in a manner that there is a negligible temper-

ature increase due to the driving power. Therefore, the LED device is operated with a

current which is generated by voltage pulses with a very small duty cycle (0.1%, pulse

width = 500 ns, repetition time = 500 µs). Consequently we can assume that the JT

is equal to the measured oven temperature. The forward voltage pulses were produced

with a pulse generator (HP 214 B); using a series resistance Rs the forward current of
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the device was determined (the series resistance was selected individually: 9.78 Ω for

20 mA & 50 mA, 19.52 Ω for 100 & 150 mA or 46.31 Ω for 300 & 500 mA, respectively).

The voltage pulses were logged with a digital oscilloscope (Hameg HMO 3524). The

emission spectra were recorded with a CCD spectrometer (Thorlabs CCS 100) contain-

ing a grating with 1200 lines per mm, blazed at 500 nm.

The x-axis of the spectrometer was calibrated with a mercury argon lamp, the y-axis

with a tungsten lamp, respectively. The linearity of the CCD was checked using optical

density filters. Calibration of the x-axis, y-axis, and the linearity of a CCD spectrometer

can be found in section 5.4.

An aperture in front of the entrance slit of the spectrometer was used to define the ac-

ceptance angle (α = 5.72°). The current-voltage characteristics were measured with a

Keithley 2601B source measure unit.

Figure 5.5.: Setup for determining the JT in the temperature range between 230 K and 400 K.
The LEDs are located in a temperature controlled oven and operated by a pulse
generator. The temperature of the LEDs is checked with an additional Pt100. The
emission is recorded with a CCD spectrometer.

Figure 5.6 shows the pulse equivalent circuit of the measurement setup described in

figure 5.5. The narrow pulse width of the forward voltage pulses is achieved by su-

perimposing high frequency components. Therefore, in contrast to the DC equivalent

circuit, capacitance as well as the inductances of the coax cable and of the circuit path-

s/board have to be considered. Furthermore, we also distinguish between horizontal

as well as vertical resistances in the diode. The current Id in figure 5.6 represents four

current components namely the leakage current, the radiative current, the non-radiative

current as well as the carrier-overflow current [58]. The description of the denotation

used in figure 5.6 can be found in table 5.2.
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5. Determination of the junction temperature of LEDs

Figure 5.6.: Pulse equivalent circuit of the whole measurement setup described in figure 5.5,
including the equivalent circuit of the LED, the circuit board as well as the supply
contacts (coax cable). The description of the denotation can be found in table 5.2.
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5.2. Obtaining the JT of LEDs in the range between 230 K and 400 K

Table 5.2.: The description of the denotation of the equivalent circuit in figure 5.6

Label Explanation

R + / R - Resistance of metal electrode of LED
L + / L - Inductance of metal electrode of LED
Rn-v / Rp-v Vertical resistance of the n-type / p-type semiconductor material
Rn-h / Rp-h Horizontal resistance of the n-type / p-type semiconductor mate-

rial
Id Current components
Cd Conductance occurring from the depletion zone
Cp Conductance occurring from the electrodes (pads)
Rw + / Rw - p-side (+) / n-side (-) resistance of Au bonding wire & Au wire

on PCB
Lw + / Lw - p-side (+) / n-side (-) inductance of Au bonding wire & Au wire

on PCB
Rs Series resistance for forward current determination
R’ / R” Resistance of coax cable 1 (’) / 2 (”)
L’ / L” Inductance of coax cable 1 (’) / 2 (”)
C’ / C” Capacitance of coax cable 1 (’) / 2 (”)
G’ / G” Conductance of the dielectric material between inner and outer

conductor of coax cable 1 (’) / 2 (”)
R1 / R2 / Rout Input (output) resistances of scope 1 (R1) / 2 (R2) / pulse gener-

ator (Rout)
C1 / C2 / Cout Input (output) capacitances of scope 1 (C1) / 2 (C2) / pulse gen-

erator (Cout)

The DC equivalent circuit is much simpler and can be derived from the pulse equivalent

circuit because neither capacitances nor inductances play a significant role and therefore

just resistances have to be taken into account.

5.2.1. Diode mounting

The LED dice on a sapphire substrate were mounted with thermally conducting silver

epoxy3 (cure time 80◦C for 30 minutes) on an aluminum heat sink. To ensure great heat

dissipation, the heat sink dimensions (5.0 mm x 6.3 mm x 4.8 mm) were chosen in a way

that the areas of the device are much smaller than the area of the heat sink. Through a

thin 30 µm Au bonding wire the devices were connected to a PCB. The contact pads on

the LED dice as well as on the PCB consists out of Au. Figure 5.7 shows the mounting

setup of the device. For most of the experiments the chip dimensions (length x width

x height) were 1000 µm x 500 µm x 150 µm (blue emitting GaN-based) or 300 µm x

300 µm x 100 µm (red emitting AlGaInP). Additional and detailed information about

the investigated samples can be found in section 4.

3Silver Loaded Epoxy Adhesive - Resin, Article Number: RS 186-3616 Supplier: RS Components Ltd, Birch-
ington Road, Corby, Northants, NN17 9RS, UK
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5. Determination of the junction temperature of LEDs

Figure 5.7.: Schematic illustration of the LEDs mounted on the heat sink and connected via gold
bonding wires to the PCB.

5.3. Low temperature investigations

To gain insight into the emission behavior and emission processes of LEDs the diodes

were measured under low temperature conditions. To ensure the low temperature the

LEDs were dipped into a bath containing liquid helium-4 (4.2 K) or liquid nitrogen

(77 K). Hence the JT of the LED was preset. The volume of the bath was very large

comparing to the very small device volume; therefore, thermal equilibrium was reached

directly after dipping the samples into the bath. The LEDs were mounted as described

above (figure 5.7) and then mounted on a plastic sample holder (figure 5.8). Figure 5.9

shows the whole low temperature measurement setup. The sample holder was carried

by a 2 m long hard glass rod. A 4 m long waveguide (Newport F-MLD; core diameter:

100 µm, cladding diameter: 140 µm, NA = 0.290) out of glass was used to measure the

emission spectra of the LEDs in the liquid bath environment. The connection between

the glass fiber optics and the spectrometer was made with a common SMA905 connector.

The spectrometer including the 4 m long glass fiber was calibrated regarding x-axis as

well as y-axis. To ensure the position of the fiber optics relative to the LED chip during

the measurement, transparent Vaseline (Rohde Sanacid Vaseline) was used on top of the

LED as well on the fiber optics. The reason for using transparent Vaseline was due to

the fact that it was possible to remove the Vaseline after the measurement (see section

5.3.2). To reduce the viscosity of the Vaseline, it was heated with an IR lamp (150 W)

for a couple of minutes until it was easy to distribute it over the device. The cure time

of the Vaseline was around 60 seconds.
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5.3. Low temperature investigations

Figure 5.8.: Sample holder including LEDs used for the low temperature investigations. The
LEDs are mounted on the aluminum heat sink and connected to the PCB. The fiber
optics was mounted on the LED dye using transparent Vaseline.

Figure 5.9.: Illustration of the low temperature setup for the investigation of the emission behav-
ior of the LEDs in liquid environment. The LEDs are mounted on a sample holder
whereas the electrical connections as well as the optical components are guided
through a glass rod.

5.3.1. Emission behavior of Vaseline

To ensure that the measured emission spectra are non-influenced by the intrinsic emis-

sion behavior of the Vaseline, excitation-emission spectra of the Vaseline at room tem-

perature was determined (Figure 5.10). The Vaseline shows a distinct emission peak

around 420 nm which is in the similar emission range as the investigated blue emitting
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5. Determination of the junction temperature of LEDs

GaN-based samples. Therefore, to ensure that our measured spectra do not get noised

by the emission behavior of the Vaseline, the quantum efficiency of the Vaseline was

determined.

Figure 5.10.: Excitation-emission spectrum of the Vaseline. The emission monochromator (Em)
was set to 420 nm for the excitation measurement, the excitation monochromator
(Ex) was set to 380 nm for obtaining the emission spectrum, respectively.

The excitation-emission spectrum was recorded with a Shimdazu RF 5301 spectroflu-

orophotometer (measurement conditions: slit width of excitation/emission monochro-

mator = 1.5 nm, sensitivity = ”High”, speed = ”Medium”). A commercially available

GaN LED4 peaking at around 420 nm was used as reference sample. The reference LED

was mounted on a sample holder and inserted into the spectrofluorophotometer at the

same position were usually the sample cuvette (including the Vaseline) is located. The

current of the reference LED was tuned in a way that the spectrofluorophotometer was

measuring the same number of counts which were emitted by the Vaseline inserted (un-

der the same measurement conditions i.e. sensitivity, slit size, monochromator position,

etc.). Afterwards the emission power of the tuned reference LED was measured with a

power meter (Thorlabs PM 100D; Detector: Silicon photodiode S120VC).

Due to the fact that the emission spectrum of the LED does not exactly agree with the

emission spectrum of the Vaseline, the number of counts were optimized regarding two

wavelength positions at 420 nm and 430 nm (with respect to the two peak positions of

4GaN LED 3 mm Round (WU-1-61 BC), 513177.02, Conrad B/N 183911
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5.3. Low temperature investigations

the emission in figure 5.10). Figure 5.11 shows the emission spectrum of the Vaseline

as well as the spectrum optimized for 420 nm and 430 nm, respectively. The forward

current If of the reference LED was 122 µA for 420 nm and 116 µA for 430 nm. The

emission power (obtained with the Thorlabs PMD 100) was 0.007 µW (0.009 µW/cm2)

for If = 122 µA (420 nm) and 0.005 µW (0.007 µW/cm2) for If = 116 µA (430 nm),

respectively. Due to the low current level, the turn on time of the reference LED did

not change the output power (turn on time investigation was carried out between 1 min

and 35 min).

Figure 5.11.: Emission spectrum of the Vaseline as well as of the reference LED. The current of
the LED (and therefore the output power of the LED) was tuned in a way that the
emission peak fits the emission peak of the Vaseline. The excitation monochroma-
tor (Ex) was set to 380 nm, the emission monochromator (Em) was sweeping from
390 nm to 700 nm. The slit size of excitation/emission monochromator was set to
1.5 nm.

Out of the emission power of the reference LED, the quantum yield can be calculated if

the excitation power of the spectrofluorophotometer is known. Therefore the excitation

power of the spectrofluorophotometer at the excitation maximum of 380 nm was de-

termined with a power meter at sample position (Thorlabs PM 100D; Detector: Silicon

photodiode S120VC). Measurements lead to an average excitation power (at sample

position) of the spectrofluorophotometer source of 83.0 µW (117.5 µW/cm2). Equation

5.1 shows the calculation of the quantum yield η. Inserting the determined emission

power of the LED PEmission (between 0.007 µW/cm2 and 0.009 µW/cm2) as well as the
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5. Determination of the junction temperature of LEDs

excitation power PExcitation of the spectrofluorophotometer (117.5 µW/cm2) into equa-

tion 5.1 leads to a quantum yield between η=0.006 % (for 0.007 µW/cm2) and η=0.008

% (for 0.009 µW/cm2).

η[%] = PEmission

PExcitation
· 100 (5.1)

The experimental approximation to calculate the quantum yield of the used Vaseline

clearly shows that the influence of the emission behavior of the Vaseline on the sample

is negligible. The quantum yield values were obtained for an excitation wavelength of

380 nm which is the peak excitation wavelength of the Vaseline (figure 5.10). For a

different excitation the quantum yield decreases further.

This concludes that Vaseline can be used as mounting and connection material for visible

LEDs in combination with the fiber optics.

5.3.2. Vaseline demount

To remove the Vaseline from the LED dice after low temperature investigations were

carried out, the following procedure was established:

1. LED sample holder has to be placed under an IR lamp (150 W) for around 5

minutes (distance IR lamp-LED: 8 cm) to decrease the viscosity of the Vaseline.

2. Heating of toluene on a separate heating plate until approximately 100◦C are

reached.

3. Carefully washing the Vaseline with the heated toluene from the substrate by using

a glass needle.

4. If interference fringes on the LED surface can be still identified (as shown in the top

panel in figure 5.12) step 1) to 3) have to be repeated until hardly any residuals

are observable (figure 5.12 bottom panel).

5.3.3. Resistance measurements

During the liquid helium temperature measurements a significant part of the supply

wires was located in the liquid bath. The resistance change due to the low temperatures

was measured to ensure that no systematic errors influence the measurement results of

the LED. The resistance measurement was performed by injecting pulsed current as well

as direct current. Pulsed measurements were performed with a 20 Ω series resistance

(series resistance was located outside the liquid environment at room temperature dur-

ing the whole measurement), a forward voltage pulse width of 500 ns and a repetition

rate of 500 µs, respectively. The direct current level was varied between 0 mA and 300
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5.3. Low temperature investigations

Figure 5.12.: Optical microscope image of the LED surface after the Vaseline removal process
was executed once (top image) and twice (bottom image). If interference fringes
are still observable (top image) residuals remain on the surface. The magnification
of both images is 200 times.

mA. The total number of measurement points was 200, the injection time per measure-

ment point was 10 ms.

Figure 5.13 shows the measurements performed at room temperature (RT = 298.5 K)

and helium temperature (4.2 K) for pulsed injection current as well as for direct current.

The minor deviation between DC and pulsed measurement arises from the measurement

uncertainty of the determination of the forward voltage from the pulsed measurements.

As expected, the resistance decreases with decreasing temperature which can be directly

obtained out of the slope of the V-I characteristics. The resistance of the supply wires

changes from 2.66 Ω (2.88 Ω DC) to 1.84 Ω (1.81 Ω DC) due to the low temperature

environment.
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5. Determination of the junction temperature of LEDs

Figure 5.13.: Resistance determination of the contact wires at room temperature and liquid he-
lium environment. Solid lines indicate the DC injected signal, dots the pulsed mea-
sured signal respectively.

5.3.4. Polarization and direction effects

In figure 5.8 the fiber optics is located normal to the substrate surface. To ensure that

the detection angle of the fiber optics relative to the sample surface does not influence

the measured emission response of the diode, the emission spectra of the LED with re-

spect to the angle of the detection fiber was obtained.

The LEDs were mounted on a goniometer which allowed to change the angle of the

detector relative to the samples in between -90◦ and +90◦. The samples were mounted

in a way that the goniometer moved relative to the vertical axis as well as to the hori-

zontal axis of the LED. With a step size of 10◦ the emission spectra were recorded and

compared to each other. The sample was afterward rotated 90◦ and the measurements

were performed again. Neither for the blue emitting GaN-based LED nor for the red

emitting AlGaInP-based LED a change of the shape of the emission spectra with respect

to sample orientation and detector angle was measured.

Further a polarizer was included in front of the detector and the whole measurement

was repeated. No impact on the shape of the emission pattern of the two types of LEDs

was found for any polarization direction.
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5.4. Calibration of a CCD spectrometer

To ensure correct and accurate measurements with a CCD spectrometer, calibration of

the x and y axis has to be done in regular intervals and for every setup (e.g. fiber

optics, aperture, etc.). All of the measured spectra shown in this work were calibrated

regarding the listed points below.

5.4.1. Background spectrum correction

The background spectrum of a CCD spectrometer consists out of two parts, one is the

dark current (thermal noise) of the CCD, one the background counts of residual light in

the measurement setup. The recorded emission spectra have to be corrected regarding

these so called background spectrum. In this thesis both mentioned parts (thermal noise

and background counts) are referred to the expression background spectrum.

To correct the emission spectrum, the background spectrum has to be recorded and sub-

tracted immediately after the measurement. Very important is that for each recorded

spectrum an assigned background spectrum has to be measured as well.

The reason for recording as many background spectra as emission spectra is that the

dark current of the spectrometer changes with time, in particular significantly right af-

ter the spectrometer is turned on. To circumvent the spectrometer should be turned on

for some time prior measurements are carried out. The time interval strongly depends

on the particular spectrometer. Top panel in figure 5.14 shows the behavior of the back-

ground spectrum of an Ocean Optics USB2000+, for different turn on times including

the average signal count values. It takes around 120 minutes until the dark current

remains constant.

The commonly in this work used Thorlabs CCS 100 does not show such a strong dark

current behavior (bottom of figure 5.14). For clarity the background spectra after 30

seconds and after 2 hours are shown in the plot. The spectrometer can be used right

after turning on. However it is still suggested to wait a few minutes before the first

measurement is performed.
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5. Determination of the junction temperature of LEDs

Figure 5.14.: Background spectra (thermal noise of the CCD and background counts of the re-
maining light) of two types of spectrometers. In the top panel the average count
number with the respective to turn on time is listed.
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5.4.2. x-axis calibration

To ensure that the recorded emission wavelength position is measured correctly, an x-

axis calibration has to be performed. The x-axis or wavelength calibration was carried

out with a Pen Ray - Mercury Argon Lamp (LSP035 LOT Oriel Group). The line width

of such calibration sources is very small (i.e. 0.001 nm) and the spectral peak positions

are assigned to certain wavelength values. Measuring the emission pattern of such cali-

bration lamp with the spectrometer and comparing it to published literature wavelength

values allows to calibrate the wavelength axis.

For further reading about the specification of mercury argon lamps the author refers to

reference number [59] and [60].

For the particular spectrometer used, the actual calibration data has to be delivered to

the various software:

• Thorlabs CCS 100: The calibration can be directly done in the delivered Software

”SPLICCO” by measuring the actual emission wavelength of the mercury argon

lamp and inserting the real (literature) values into the software. The software

tool will automatically recalculate the new positions and correct the spectrometer.

• Ocean Optics USB2000+: A linear regression of 3rd order has to be done which

allows to obtain the ”calibration coefficient”. This coefficient has to be inserted

into the Ocean Optics USB2000+ driver software (”USB EEPROM Programmer”).

To perform the linear regression, the wavelength, the pixel number and the pre-

dicted wavelength have to be recorded. With a common analysis software (EXCEL,

ORIGIN, etc.) a linear regression can be performed which leads to the coefficients

needed.

The x-axis calibration should be performed in regular time periods (e.g. each 3 months).

It is highly recommended to perform the calibration with the same equipment (e.g.waveguide,

aperture, etc.) which is used in the actual measurement setup as well.

Note: The warm up time of the Mercury Argon lamp was 20 minutes and the measure-

ment were performed at room temperature.
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5.4.3. y-axis calibration

The y-axis of the spectrometer was calibrated using a tungsten lamp standard (Osram

Wi 17/G 9.0 V 16.9 A (C068), calibrated 11/21/2011). To perform the y-axis calibra-

tion one has to make sure that the same assembly (waveguide, aperture, etc.) which

is used for the measurements is also used for calibration. Therefore the y-axis was cal-

ibrated for each different measurement setup. This means that if a waveguide/fiber

optics exchange takes place or a different aperture is used, the y-axis calibration has to

be re-performed.

The y-axis calibration provides the relative height of the recorded emission intensity. For

the calibration, the tungsten lamp has to be under predefined conditions (delivered by

Osram) which are listed in table 5.3. The distance between the aperture and the lamp

was recorded during each calibration and was usually around 30 cm. The calibration

was always performed at room temperature. The background spectrum was recorded

directly after the measurement. The calibration was performed for 1 scan as well as av-

eraging over 10 scans, 30 scans, 50 scans, and 100 scans, respectively. The calibration

lamp stoving time was at least 20 minutes under calibration conditions.

The emission spectrum was recorded with the spectrometer and compared to the deliv-

ered emission spectrum. Out of the fraction between the background corrected emission

spectrum of the tungsten calibration lamp and the delivered calibration curve, the re-

spective calibration spectrum is obtained. The delivered calibration spectrum of the

tungsten lamp is illustrated in figure 5.15.

Table 5.3.: Measurement conditions to operate the calibration standard.

Parameter Value Information

DC Current (A) 14.439 Setting parameter
Voltage (V) 6.858 4-pol measurement

Stoving time (min) 20

Note: To prevent fusing of the lamp, the current/voltage has to be carefully increased

and decreased during the turn on/off process.
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Figure 5.15.: Calibration spectrum of a tungsten standard under measurement conditions shown
in table 5.3.

5.4.4. Detector linearity

The count value measured with a CCD detector at a certain wavelength does not auto-

matically show a linear evolution with respect to intensity. This means that e.g. for a

certain wavelength, double CCD counts do not guaranty that the light source provides

double intensity. To compare emission spectra, the linearity of the CCD detector has to

be measured and checked.

To perform such calibration, the transmission behavior of certain selected optical den-

sity filters (ODF) was measured in an UV/VIS spectrometer (PerkinElmer Lambda 9 or

Shimadzu UV/VIS 1800). Out of this measurement the transmission T of each ODF for

a specific wavelength (at 620 nm) was determined. Further the transmission T of an

ODF was measured with the respective CCD spectrometer. To do so the ODF was set

in front of the spectrometer, and a spectrum of a red emitting LED (peak wavelength

at 620 nm) was logged and compared to the emission spectrum without ODF inserted.

Taking equation 5.2 into account leads to T :

T = I

I0
(5.2)

whereas I is the measured intensity with an ODF inserted, I0 the intensity without ODF.

The transmission values obtained with the CCD spectrometer are compared with the

transmission behavior measured with the UV/VIS spectrometer. The results are plotted
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in figure 5.16.

Both spectrometers (Ocean Optics USB2000+ as well as Thorlabs CCS 100) were cal-

ibrated. The measurement conditions can be found in table 5.4 for the Ocean Optics

USB2000+ and for the Thorlabs CCS 100, respectively.

Table 5.4.: Parameters to obtain the linearity of the Thorlabs CCS 100 and Ocean Optics
USB2000+ CCD detector.

Parameter Thorlabs Ocean Optics

T of optical density filters (%) 2.8 < T < 93.4 1.2 < T < 98.3
Driving parameters of red LED 10 mA DC, 1.79 V 300 mA Pulse
Turn on time of LED (min) > 20 > 30
UV/VIS spectrometer Shimadzu UV/VIS 1800 PerkinElmer Lambda 9
Distance LED to aperture (mm) 56 30
Distance ODF to aperture (mm) 2 2

The Thorlabs CCD detector shows a linear behavior over the whole region (top panel in

figure 5.16). Though, due to the fact that no measurement data is available below 2.8

% and above 93.4 % the linearity out of the interval can not be ensured. Therefore the

signal intensity should be adjusted in a way that the intensity of the signal is at least 3 %

and not higher than 93 % of the total available range (i.e. by changing the integration

time of the detector).

The Ocean Optics USB2000+ CCD detector shows a distinct behavior (bottom panel in

figure 5.16). Only in the range between 11.9 % to 65.8 % linearity is ensured. Therefore

the signal intensity should be adjusted in a way that it lies in between this regime.
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Figure 5.16.: Behavior of the linearity of the CCD detector of the Thorlabs CCS 100 (top panel)
and the Ocean Optics USB2000+ (bottom panel) spectrometer.
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5.5. Rising / falling times of LEDs

In the presented setup a very short forward voltage pulse is injected into the devices.

The pulse width is 500 ns and the pulse repetition rate is 500 µm, which leads to a duty

cycle of 0.1 %. The question now arises if the investigated devices can follow the short

pulse width of 500 ns. Therefore the rising and falling time of the LEDs was determined.

The LEDs were operated with forward voltage pulses of 500 ns. A high speed silicon PIN

photodiode5 was placed in front of the LED and measured the emission response. Table

5.5 lists the photodiode specifications. To record the voltage output of the photodiode,

a 350 MHz scope was used. As listed in table 5.5 the typical rising time of the silicon

photodiode is 2.5 ns. This fits with the specification of the scope quite well because its

maximum resolution is around 2.9 ns (350 MHz).

To obtain the rising time τr of an LED, the time constant between 10 % and 90 % of the

signal gain is measured. The obtain the falling time τf the same distance is measured

on falling edge of the signal.

The rising time τr and the falling time τf for the GaN-based LED and for the AlGaInP-

based LED were obtained. Figure 5.17 shows the results for the two respective types of

LEDs. For the GaN-based LED (top panel of figure 5.17) a rising time τr of around 117

ns and a falling time τf of 95 ns was found. The average signal width (at 50 % of the

maximum signal value) is 471 ns. For the red emitting AlGaInP-based LED a rising time

τr of around 72 ns and a falling time τf of 68 ns was measured. The average signal

width (at 50 % of the maximum signal value) is 486 ns.

In figure 5.17 the time response of the photodiode was shifted around -23.7 ns towards

the forward voltage spectrum of the LED. This shift was measured in each performed

measurement and is referred to a systematical error. One explanation for this system-

atical error is that the forward voltage injection pulse is measured directly after its

production. However the response of the silicon photodiode is measured later in the

measurement setup, therefore this time delay is measured as well. Further the response

of the photodiode has also taken into account.

Table 5.5.: Melles Griot High-Speed Silicon PIN photodiode specifications.

Range of spectral response (nm) 350-1100
Rise time (ns) 2.5 typ; 3.5 max

Noise equivalent power (W/
√

Hz) 2.2 ·10−14

Dark current at -9 Vdc (nA) 5.5 typ
Response at 830 nm (A/W) 0.35 typ; 0.4 max

5Melles Griot, Product number 13 DAH 005
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Figure 5.17.: Emission behavior of theGaN-based (top panel) and AlGaInP-based (bottom panel)
LED operated with a 500 ns forward voltage pulse. The LED rising time (τr) as well
as falling time (τf ) are extracted out of the time distance between the signal value
at 10 % and 90 %.
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5.6. Influence of the 500 ns pulse on surface heating

To ensure that there is no increase of the device temperature (junction temperature)

with respect to the pulsed injection current, a time dependent measurement of the sur-

face temperature of the two types of LEDs has been performed. The LED dice were

mounted on a ceramic substrate with poor thermal conductivity. Therefore the pro-

duced heat will not be transferred to a heat sink and the LED will heat up immediately

if too much power is injected. Figure 5.18 shows the samples mounted on the ceramic

substrate and bonded with 30 µm thin gold wires to a PCB.

Figure 5.18.: Red emitting AlGaInP-based and blue emitting GaN-based LEDs mounted on a
ceramic substrate and bonded to a PCB.

With an IR camera (Optris PI 160) a time dependent temperature measurement of

the LEDs has been performed. The LEDs were operated with the maximum forward

pulsed current used in the experiments (250 mA for the GaN-based LED, 150 mA for the

AlGaInP-based LED). The results are shown in figure 5.19 whereas the inserts show the

respective IR and visible images including the measurement areas. Two measurement

areas were defined; Area 1 refers to a spot on the ceramic substrate, Area 2 to the actual

diode. The reason of the temperature difference between Area 1 and Area 2 is due to the

different emission coefficient of ceramic and diode. Each second a temperature value

was recorded.

It is observable out of figure 5.19 that no change of the surface temperature with re-

spect to time is measured if pulsed injection current is applied. This result supports our

approach that thermal equilibrium of the diode is not disturbed by the injection of very

short voltage pulses in combination with a low duty cycle.
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Figure 5.19.: LED surface temperature versus time measured with an IR camera. Top panel:
GaN-based LED under a 250 mA pulsed injection current. Bottom panel: AlGaInP
-based LED under a 150 mA pulsed injection current. Pulse width = 500 ns, duty
cycle = 0.1 % for both types of LEDs. T = 0 seconds denotes that the LED is turned
off, T = 1 second denotes that the LED is turned on. Area 2 denotes the position of
the LED, Area 1 the ceramic environment.

99





Part III.

Results and Discussion





6. Current density impact on the

emission behaviour of GaN-based

blue emitting LEDs in the

temperature range of 4.2 K to 400 K

This chapter 6 (except section 6.6) is presented in its original form (as accepted). No

contents regarded changes were made, only the shape was adapted to the formatting of

the thesis. Copyright clearance of the full text was obtained from the publisher. The text

of the paper was completely written by the author of this thesis. The second and last

author of the paper, Günther Leising, was the supervisor of the project. Further contents

discussion as well as correction and proof reading was performed by him.

6.1. Abstract

Blue emitting GaN-based light emitting diodes (LEDs) show a distinct spectral behavior

with respect to temperature and injection current density. Operating LEDs with short

current pulses of 500 ns provide a steady state situation which allows investigating the

emission behavior of LEDs at a certain device temperature thereby maintaining thermal

equilibrium. The LEDs were examined in a temperature range between 4.2 K and 400

K and in a current density range between 2 A/cm2 and 50 A/cm2. Low temperature

investigations showed a blue shift of the electroluminescence spectra (EL) with respect

to junction temperature which is assigned to the radiative recombination of localized

excitons. In the elevated temperature region a distinct red shift due to energy gap

shrinkage was observed. Further we expect an exciton lifetime reduction at 4.2 K.

Additionally the influence of the driving parameters (pulsed injection current or direct

current (DC)) in the presence of piezoelectric fields is discussed and separated into band

filling effect and occurrence of fields which screen the quantum confined Stark effect

(QCSE). Low temperature investigations indicate that band filling is mainly responsible

for the blue shift of the EL spectra with respect to the injection current.
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6.2. Introduction

Recent insights into the human non-image forming visual system gained tremendously

the interest in tunable white light engines (changing color temperature) in the last cou-

ple of years. Hence the requirements for modern light emitting diodes (LEDs) are stable

emission spectra, independent of the modality of current injection (pulse width modu-

lated (PWM) or direct current (DC)). These driving parameters are mainly responsible

for the temperature increase of the pn-junction which leads to unwanted spectral varia-

tions during operation of the LEDs [1]. In white light illuminants especially blue emitters

play a prevailing role because they are used as primary emitter and also as excitation

source for the phosphor conversion technology. GaN layers reveal great thermal stability

as well as crystalline robustness which make this III-V direct semiconductor compound

widely used for short wavelength light emission in optoelectronic devices for general

illumination purposes [61],[62]. The understanding of the detailed nature of the emis-

sion process occurring in blue emitting LEDs and its particular behavior under different

driving conditions is mandatory to design LED modules with stable and constant color

coordinates.

The emission response is influenced by several internal device parameters. One impor-

tant parameter, which dictates efficiency drops and influences the emission character-

istics of LEDs is the junction temperature (JT) of the device [63]. However, the JT of

LEDs is very difficult to access as neither sensing elements nor Infrared (IR) cam-eras

can be used for determination. Sensing elements probe the temperature remote from

the junction; IR cameras suffer from the problem that images have to be calibrated re-

garding the often unknown emission coefficients and they look at best at the surface

temperature and not at the JT of the device. If measured on the final LED module,

emitted IR radiation gets absorbed in the globe top material which consists typically of

hydrocarbon/silicon polymers. Implementing phosphor conversion materials (i.e. rare

earth doped sulphides, nitrides, aluminum garnets etc.) into the globe top matrix will

further sufficiently increase the IR absorption. Consequently in the last couple of years

methods have been developed which allow determining the JT out of the peak wave-

length shift, the slope of the high energy wing or the forward voltage behavior of the

LED [64], [65], [66], [67]. Those measurements are performed at thermal equilibrium

in a temperature controlled oven.

We describe the current density impact on the temperature and therefore on the emis-

sion behavior of GaN-based LEDs by comparing pulsed and DC injection operated LEDs.

We distinguish between pure temperature effects and pure carrier (current) impacts on

the emission characteristics of GaN layer structures which we achieve by operating the

LEDs with short current pulse widths and low duty cycles. To achieve thermal equilib-

rium at low temperatures, the spectral response of the LEDs was measured in a liquid

helium and nitrogen bath.
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6.3. Experimental setup and sample preparation

The measurements were performed at 4.2 K and 77 K and in the range between 230

K and 400 K. To ensure the intended device temperature (JT), all measurements were

performed in thermal equilibrium. Low temperature measurements were carried out by

contact cooling in a liquid helium bath (4.2 K) and a liquid nitrogen bath (77 K). The

investigated LEDs consist of 8 µm thick GaN grown on a 140 µm thick Al2O3 substrate

followed by an AlGaN/InGaN/GaN multiple quantum well (MQW) structure. A trans-

parent SiOx passivation layer is located on top of the whole diode area. The LEDs were

mounted with a two component thermally conducting paste on an aluminum heat sink

(5.0 mm x 6.3 mm x 4.8 mm) and contacted with 30 µm thick Au bond wires down to

a printed circuit board (PCB). The device dimensions were 500 µm x 1000 µm with a

device thickness (substrate and semiconductor layer) of 150 µm. The emission spectra

were recorded with a spectrometer containing a 1200 lines/mm grid blazed at 500 nm.

The spectrometer contains a CCD image sensor with a total number of 3648 pixels (pixel

dimension 8 µm x 200 µm). Intensity calibration of the spectrometer (including fiber

optics) was performed with a tungsten lamp standard; the wavelength calibration with

a mercury argon lamp. The photometric linearity of the CCD detector was determined

which causes that the signal intensity must be in the range between 5 % and 90 % of the

total available measurement interval. For each recorded spectrum, the corresponding

dark current was measured immediately afterwards and subtracted for data analysis.

For the low temperature measurements (4.2 K & 77 K) a 250 µm diameter fiber optics

(NA=0.29) was fixed on top of the LED using transparent glue. Emission/excitation

photoluminescence measurements of the glue were carried out to ensure that the used

glue does not affect the emission characteristics of the samples. Moreover we quantified

that the shape of the emission spectra and the peak position is independent of the detec-

tor angle relative to the sample position. We furthermore did not observe any preferred

polarization direction of the collected light.

For the measurements in the range between 230 K and 400 K a temperature-controlled

chamber was used (temperature accuracy 0.1 K). To ensure the preset temperature of

the chamber an additional Pt100 resistance on a separate heat sink was placed inside.

During the whole experiment the chamber was purged with dry air to avoid icing effects.

In front of the entrance slit of the fiber optics input side an aperture with an acceptance

angle of 5.72◦ was inserted. The samples were stored for at least 30 minutes per mea-

surement point in the chamber to ensure thermal equilibrium between the junction and

the chamber environment.

To operate the samples, forward current pulses (HP 214 B pulse generator) as well as DC

current (Keithley 2601 B source measure unit) were injected. The forward current pulse

width was 500 ns and the repetition rate was 500 µs (duty cycle 0.1 %), respectively. A

20 Ω series resistance was installed in the setup to determine the injection current. The
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pulsed injection current (density) was varied between 10 mA (2 A/cm2) and 250 mA

(50 A/cm2). Current voltage characteristics in DC mode were recorded consecutively

from 0 mA to 200 mA with a 10 ms current injection time per measuring point. The DC

current emission spectra were recorded after the device was turned on for 3 s.

6.4. Results and discussion

One key parameter of light emitting junctions is the JT of the heterostructured LED. The

JT is understood as the lattice temperature of the semiconductor alloy. Carriers injected

into the quantum wells are denoted to hot carriers which possess a higher temperature

than the JT [68]. Those injected hot carriers undergo certain pathways of thermalisa-

tion. One thermalisation process occurs due to carrier-carrier scattering of the injected

hot carriers as well as due to the interaction with already present charge carriers [69],

[70]. Moreover an energy transfer from the hot carriers to the lattice by the emission of

phonons takes place [69], [70]. Thermalisation due to carrier-carrier scattering occurs

quite fast (< 100 fs) e.g. for GaN 15-20 fs (at 25 K) were reported [68], [71]. Thermal-

isation by the emission of phonons is occurring in the ps range where for GaN values

between 0.2 ps and 2.5 ps [70], [72], [73], [74] and for InGaN epitaxial films 5 ps [69]

at room temperature were reported.

For AlGaN/GaN heterostructures 1.4 ps and for AlInN/AlN/GaN heterostructures a hot

carrier energy relaxation time of 6 ps (at room temperature) were experimentally de-

termined [75], [76]. So, current pulse widths of 500 ns are orders of magnitude longer

than the reported hot carrier relaxation times. Therefore carrier temperature is expected

to be equal to the JT. On the other hand, combining this current pulse width of 500 ns

with a very low duty cycle of 0.1 % allows neglecting the contribution of the average

integrated power impact on the JT and leads to a steady state situation. Operating LEDs

with pulsed injection currents and a very low duty cycle in combination with a short

current pulse width (500 ns) allows us to study the current impact on the charge carrier

distribution in the potential wells of the MQW structure at certain preset temperature

values. Further we gain insights into impact of the JT on the electroluminescence (EL)

spectra.

6.4.1. Junction temperature investigations

Figure 6.1 illustrates the behavior of the emission-peak energy Ep with respect to the JT

for several pulsed injection currents, which was obtained from the respective measured

EL spectra. For temperatures above 230 K a red shift of the EL spectra with respect to the

106



6.4. Results and discussion

Figure 6.1.: Behavior of the emission-peak energy Ep as a function of the junction temperature
TJunction and the pulsed injection current. The solid lines are the fitting curves based
on equation 6.2. Insert shows the individual contribution of the respective terms of
the model in equation 6.2 for a 10 mA injection current.

JT occurs, which shows a nonlinear behavior (quadratic) up to 300 K and a linear rela-

tion for higher temperatures. This red shift can be attributed to a temperature induced

energy gap shrinkage of the MQW structure which can be understood as an interaction

of the temperature dependent expansion of the lattice as well as the temperature de-

pendent electron lattice interaction [77]. In this temperature region between 230 K and

400 K we measured a broadening of the emission spectra of approx. 8 nm which occurs

from the interaction of charge carriers with phonons (acoustical as well as optical) and

unavoidable alloy composition fluctuations [67], [78]. We found an additional distinct

red shift of the EL spectra with decreasing temperatures (i.e. blue shift with increasing

temperature) for the low temperature range (4.2 K & 77 K) which is an indication for

exciton localization [40], [79], [80], [81], [82], [83], [84]. In semiconductor materials

excitons are localized at low temperatures and quasi-free at high temperatures [85].

Structural defects (e.g. composition fluctuations, impurity density states, and lattice

defects) lead to highly efficient traps for excitons [80], [81], [82], [84], [86]. Hence

the captured exciton loses its kinetic energy and therefore the photon emission energy

that corresponds to the recombining bound electron-hole pair is reduced by the binding

energy. This leads to induced electronic states in the energy gap of the material and

therefore to a red shift at low temperatures (where excitons dominate the radiative re-

combination). Equation 6.1 presents the total exciton energy Ef in the ground state,
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whereas EX stands for the binding energy of the exciton, me/mh for the electron/hole

mass, Eg reflects the actual energy gap, k the Boltzmann constant and h̄ is equal to

the Planck constant divided by 2π [40]. For trapped excitons the kinetic energy term

vanishes and the total exciton energy Ef is given by the actual gap energy Eg minus the

binding energy of the exciton EX .

Ef = Eg − EX + h̄2k2

2(me +mh) (6.1)

To gain insight into the degree of the localization of the excitons (which apparently

dominate the emission at low temperatures) we apply a model in figure 6.1, which

describes the behavior of the peak emission with respect to temperature as suggested

in [81] and [87]. The emission-peak energy as a function of temperature Ep(T ) can be

then fitted with equation 6.2

Ep(T ) = Eg,0 −
(αT )2

T + β
− σ2

kT
(6.2)

whereas Eg,0 represents the fundamental gap energy at the limit T = 0 K, α and β are

the Varshni parameters and T is the JT of the device, respectively. The last term − σ2

kT

describes the Stokes-type red shift whereas from the σ value the degree of localization

of the excitons can be obtained [79], [80], [81], [84], [87]. We found a σ value of

around 20 meV which is a qualitative indication of a high degree of localization and in

good accordance to previous reported results [79], [81], [87]. As indicated in figure

6.1, equation 6.2 is just applicable for the temperature range at and above 77 K which

again agrees with previously reported results in [79], [81], [87]. However, equation 6.2

cannot describe the distinct behavior of the EL-peak at 4.2 K which will be elaborated

below.

Insert in figure 6.1 separates the respective contribution of the two terms in equation

6.2. The first term − (αT )2

T+β includes the Varshni parameters and allows the description

of the energy gap shrinkage with increasing temperature whereas the second term − σ2

kT

includes the excitonic behavior. Out of the applied model we obtained Varshni param-

eters of around 0.6 meV/K for α and 860 K for β which are comparable to reported

literature values for such types of materials [79], [84], [88], [89].

6.4.2. Injection current influence

At 77 K and in the temperatures region between 230 K and 400 K a distinct blue shift

when increasing the injection current is observed (figure 6.1). Two kinds of effects can

be dominantly assigned to this current-induced blue shift namely the band filling ef-

fect (BFE) as well as the screening of the occurring piezoelectric (PE) field [90], [91].
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Figure 6.2.: Influence of pulsed (left panel) and DC (right panel) injection current levels on the
emission-peak energy Ep at 4.2 K and 77 K.

Charge carriers at higher confined levels in a MQW structure contribute to the radia-

tive recombination process, due to the fact that lower states are occupied [92], [93].

Therefore a shift to higher energies with respect to the charge carrier injection can be

expected and assigned to the BFE. The BFE usually shifts the emission-peak energy lin-

early to higher energies when increasing the injection current [92]. This behavior is

explained by the step-like density of states in the quantum well structure [42], [93].

However as reported previously the lattice mismatch of GaN, AlN and InN gives rise to

PE fields which tilt the potential wells and therefore reduces the effective energy gap

energy [94], [95], [96], [97]. The injection of charge carriers creates a field that coun-

teracts the PE field and therefore reduces the occurring quantum confined Stark effect

(QCSE) [92], [97], [98], [99]. As reported in [100] lattice mismatches as well as the

difference in thermal expansion coefficients furthermore lead to strain and therefore to

PE fields in GaN-based semiconductor alloys. Table 6.1 lists literature values for the

piezoelectric modules ε33 and ε31 [101] as well as the thermal expansion coefficients

αn (normal to c-axis) and αp (parallel to c-axis) at room temperature for GaN, AlN and

InN, respectively [102], [103]. From Table 6.1 we find that the origin of PE field can

be mainly assigned to the lattice mismatch. Nevertheless we note that the behavior of

the thermal expansion coefficient for wurtzite III-V nitrides at low temperatures is quite

complex due to the fact that negative values for temperatures below 50 K for InN [104]

and at 75 K and below for AlN [105] were reported. However as described in [104],
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the difference between the several expansion coefficients of those materials diminishes

for very low temperatures (below 10 K). This concludes that the combination of differ-

ent thermal expansion coefficients with the distinct lattice mismatches leads to PE fields

which tilt the quantum well, where it can be expected that the lattice mismatch is the

predominant effect.

Table 6.1.: Thermal expansion coefficients αp/αn [102], [103] and piezoelectric modules ε33/ε31
[101] for GaN, AlN and InN at room temperature.

αp at 300 K αn at 300 K ε33 ε31
(10−6/K) (10−6/K) (C/m2) (C/m2)

GaN 3.34 3.43 0.73 -0.49
AlN 3.48 4.35 1.46 -0.6
InN 2.751 3.83 0.97 -0.57

Figure 6.3.: Influence of pulsed injection current on the emission-peak energy Ep in the range of
230 K and 400 K.

The behavior of the emission-peak energy of the EL spectra with respect to the injection

current for the low temperature region (4.2 K and 77 K) is shown in figure 6.2, for the

high temperature region (230 K to 400 K) in figure 6.3, respectively. Neither for mea-

surements performed at 77 K nor in between 230 K and 400 K, we find a strictly linear

behavior of the emission-peak energy (which would be an indication for pure band fill-

ing) with respect to the pulsed injection current over the whole applied current range
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(left panel in figure 6.2 and figure 6.3). Only for higher pulsed injection current levels

(i.e. above 100 mA) a linear behavior can be observed (left panel in figure 6.2 and

figure 6.3).

Further the increase of the full width at half maximum (FWHM) of around 16 meV with

respect to the injection current at 77 K (figure 6.4) is an indication for band filling as the

peak line width would be reduced if the QCSE is screened (as reported in [86], [99]).

At 4.2 K a very small red-shift (!) of 3 meV (corresponding to 0.1 % change of the

respective emission-peak energy) with respect to the injection current is measured (left

panel in figure 6.2). This supports our explanation that the screening of the PE field is

not responsible for the blue shift with increasing current at elevated temperatures [79].

If screening of the occurring PE fields would be mainly responsible for the blue shift,

such shift will be also observable at 4.2 K, besides, the FWMH will get reduced as well.

However neither a blue shift (left panel in figure 6.2) nor a FWHM change (figure 6.4)

is observed. Therefore we conclude that band filling is the dominant process for the

blue shift of the EL spectra with increasing current at 77 K and above. However, since

the emission-peak energy does show a non-linear behavior in the low current regime

(< 100 mA) and for temperatures above 77 K, an interplay between BFE and screening

of the PE field in the low current range cannot be entirely excluded. The impact of PE

fields in the low current region (< 100 mA) and at elevated temperatures (at and above

77 K) cannot be further specified by taking the emission-peak behavior at 4.2 K into

account.

We expect that the lifetime of the excitons decreases significantly at low temperatures,

since neither the emission-peak energy (left panel in figure 6.2), nor the spectral shape

(left panel in figure 6.5) do change significantly when increasing the pulsed injection

current at 4.2 K (which was applied in the range between 10 mA and 250 mA) [85],

[106]. Due to the decreasing lifetime of bound excitons at 4.2 K the recombination oc-

curs from low lying energy levels. This reduction in carrier lifetime is also supported by

the fact that no blue shift (and therefore no BFE) is observable at 4.2 K.

We note that for temperatures above 230 K the behavior of the emission-peak energy

with respect to the injection current is slightly different and independent of the JT (fig-

ure 6.3). Deviations between low temperature (77 K) and high temperature (above 230

K) performance might be due to the fact that trapped excitons are not mainly involved

in the radiative recombination process at such high temperatures anymore [85].
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Figure 6.4.: Full width at half maximum (FWHM) with respect to pulsed injection current at 4.2 K
and 77 K.

Essential to mention is that even low DC currents heat up the JT of the device, therefore

non-thermal equilibrium situations are present and all discussed effects (lattice heating,

carrier lifetime changes, screening of the PE field, band filling, etc.) do occur simultane-

ously and are hardly distinguishable anymore. With increasing temperature the lifetime

of the charge carriers increase which allow them to relax into lower energy levels and

explains the slightly red shifted emission spectra in figure 6.2 between pulse and DC

injection current (< 30 mA) [106]. Therefore, a redistribution of the charge carriers

occurs. However the lifetime gets also influenced by the amount of charge carriers, be-

cause more charge carriers in the quantum well reduce the average spatial separation

between electrons and holes which reduces the lifetime [92]. This explains the different

results of DC and pulse measurements performed at 4.2 K and 77 K in figure 6.2 espe-

cially for high current levels. Figure 6.5 shows the spectral behavior at 4.2 K depending

whether pulse or DC current is injected.

These findings support our approach that the only way to extract reliable informations

from the emission data is by depositing low pulse power. We further found a big dif-

ference between the measured current voltage characteristic of pulsed operated and DC

driven LEDs for temperatures between 4.2 K and 300 K. Although the recording time of

the current voltage characteristics of the LEDs was very short (10 ms) a distinct shift to

lower voltages and therefore to higher temperatures was measured.
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Figure 6.5.: Spectral behavior of GaN-based LEDs at 4.2 K. Left panel shows pulsed current
injection, right panel DC current injection, respectively. The spectra are shifted ver-
tically for clarity.

6.5. Conclusion

Our measurements on GaN-based LEDs showed that thermal as well as electrical effects

highly influence the emission behavior. Due to our approach using pulsed injection cur-

rent with a very low duty cycle and a short pulse width we could distinguish between

prevailing thermal related shifts as well as carrier (current) dominated induced shifts.

In the very low temperature region (4.2 K & 77 K), the emission-peak energy of GaN-

based LEDs is red shifted with decreasing temperature (i.e. blue shifted with increasing

temperature) due to the dominating radiative recombination of localized excitons from

traps. Furthermore we expect that the exciton lifetime decreases significantly at 4.2 K.

At 230 K trapped excitons do not dominate the radiative emission anymore and ther-

malize out of the quantum wells. Hence the observed red shift with increasing JT occurs

due to the decrease of the effective energy gap.

We found that the blue shift with respect to injection current density can be dedicated

mainly to band filling instead of screening of the QCSE. Important to mention is that

the JT as well as the lifetime of the charge carriers is strongly influenced by DC current.

Therefore investigations of the emission behavior of LEDs have to be performed using

short current/voltage pulses and low duty cycles. To reach a steady state situation and

ensure a defined JT in the low temperature region, investigations were performed in
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liquid environment which is the only possibility to ensure thermal equilibrium at such

low temperatures. Optical and electrical parameters gained from the presented exper-

imental method can be in assigned to a 2-dimensional calibration array which allows

the determination of the JT during operation of an LED by recalling those parameters.

This gives the opportunity to counteract against current as well as temperature induced

shifts of the color coordinates during operation of LED modules. Further evaluating the

JT out of spectral data is more preferred than extracting it out of the forward voltage

behavior (so called forward voltage method), due to the fact that the equivalent circuit

of the measurement setup used for calibration is not equal to the commonly used PWM

or DC driver circuits.
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6.6. Additional measurements

6.6.1. Phonon replica

The corresponding EL emission spectra of the GaN-based LED measured at 77 K are

shown in figure 6.6. Left panel shows the pulsed operated LED in the range between

10 mA and 250 mA, right panel the DC operated spectra in between 1 mA and 200 mA,

respectively. As discussed in the previous section, a blue shift of the emission spectra

with respect to the injection current occurs which can be mainly assigned to band filling.

Further at low temperatures excitons dominate the emission. The blue shift of the EL

spectra when operating the LEDs under DC conditions is due to overlapping of several

effects (screening of the PE-field, non thermal equilibrium situation, band filling, etc.)

whereas a distinction is hardly possible. However this was already discussed in section

6.4.

In figure 6.6 as well as in figure 6.5 a peak on the low energy side (with respect to the

main emission) is observed. This peak depends on the temperature and is disappearing

for higher temperature values. This behavior is illustrated in figure 6.7 where the EL

spectra with respect to temperature for a pulsed current of 10 mA and 250 mA are

depicted.
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Figure 6.6.: Spectral behavior of GaN-based LEDs at 77 K. Left panel shows pulsed current
injection, right panel DC injection, respectively. The spectra are shifted vertically for
clarity.

Figure 6.7.: Spectral behavior of GaN-based LEDs in the elevated temperature range between
233 K and 393 K. Left panel shows a 10 mA pulsed current injection, right panel
shows a 250 mA pulsed current injection, respectively. The spectra are shifted ver-
tically for clarity.
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This low energy side peak can be assigned to phonon replica which means that a strong

coupling between excitons and phonons exists [107]. To provide momentum conser-

vation the radiative recombination of excitons is phonon assisted. The energy of the

phonon assisted recombination is then given by equation 6.3 whereas E0 is the zero

phonon emission line (0LO) at low temperatures, h̄ωph the longitudinal optical (LO)

phonon energy and n a multiple integer (following reference [108]):

En = E0 − nh̄ωph (6.3)

Out of equation 6.3 one can see that the phonon assisted emission En is slightly red

shifted (lower energy) than the main emission line E0 (0LO). This phonon assisted re-

combination is strongly linked to the exciton therefore the LO phonon peak is disappear-

ing with increasing temperature. However phonon replica are still observed (weakly)

above room temperature which indicates a high crystal quality of the investigated sam-

ples [107].

We obtained the LO phonon energy out of the measurement at 4.2 K. Two side bands

(satellites) are observable whereas the LO phonon energy was extracted out of the dif-

ference between the first LO mode (1LO) and the main EL peak emission E0 which is

also referred to the zero phonon peak (0LO). The second LO mode (2LO) is hardly ap-

pearing, therefore fitting of the emission peak was quite difficult and defective.

Figure 6.8 shows the EL spectrum of the GaN-based LED operated with 10 mA pulsed

current at 4.2 K. The main emission peak was fitted with a Split-Gaussian function

(asymmetric FWHM; in our fit model 0.037 eV on the left side and 0.026 eV on the

right side), the LO phonon assisted peaks with a Gaussian distribution respectively. The

difference between main emission (0LO) and the 1LO mode is around 91 meV which

perfectly fits with previous reported literature results. For InGaN/GaN MQW between

89 meV and 92 meV were reported [107], [109], [110], [111], [112] for AlGaN/GaN

heterostructures 89 meV were reported [113], respectively.

The distance between 1LO mode and 2LO mode is around 105 meV which is slightly

higher than the difference between 0LO and 1LO mode. As discussed above this is due

to the inaccuracy of the fitting, because the peak is hardly observable.

Out of the relative height of the 0LO mode and the respective LO phonon modes the

exciton phonon coupling can be evaluated [114]. To express the relative strength of the

LO sidebands, the Huang-Rhys factor S is introduced in equation 6.4 ([111]):

In = I0
Sn

n! (6.4)

whereas In is the intensity of the n-th LO phonon replica and I0 the intensity of the 0LO
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line. Out of the intensity ratio 2LO
1LO the S parameter was obtained:

S = 2I2

I1
= 20.017

0.14 = 0.24 (6.5)

The value again fits well with literature results for similar structures and lies far above

the value for bulk GaN (S ≈ 0.007), which indicates a strong coupling of the phonon to

the exciton at low temperatures [114].

Figure 6.8.: El-spectrum of a GaN-based LED at 4.2 K operated with a 10 mA pulsed injection
current. Peak fitting (dotted line) of the main emission peak (also called zero phonon
line 0LO) was obtained by a Split-Gaussian function, first phonon mode (1LO) and
second phonon mode (2LO) with an Gaussian function, respectively.

6.6.2. Current-voltage behavior of GaN

The current voltage behavior (I-V) of the GaN-based LED in the range between 230 K

and 400 K is depicted in figure 6.9. The solid lines indicate the DC recorded I-V curves,

the dots indicate the pulsed current injection measurements. For DC operation 200

measurement points with a DC injection time of 10 ms were applied. The measurement

range was within the specifications of 0 mA and 200 mA. The pulsed measurements were

recorded in the range between 10 mA and 250 mA, so slightly out of the specifications,

but due to the pulsed operation the deposited power is still significant low.

Interestingly for low temperatures (233 K and 253 K) and high current values (above
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20 mA) the DC recorded values do not fit with the pulse injection ones. The DC curves

get shifted to lower voltages with respect to the pulsed injection measurement. This is

an indication that the JT is significantly increasing and therefore the I-V characteristic

shifts. The shift of the forward voltage with respect to injection current can be assigned

to the self heating effect of the diode [115], [116].

This becomes crucial especially for very low temperature investigations. The insert in

figure 6.9 illustrates the I-V characteristic at 4.2 K (DC as well as pulsed operated). The

I-V curve for the DC operated LED shows a slight fold back behavior which is due to the

temperature increase of the pn-junction. The difference between DC and pulse operated

I-V characteristics is significant large even for low current densities.

The behavior of the I-V characteristics demonstrates the importance of depositing low

power into the device to ensure the JT. Even very short DC current injection leads to a

significant increase of the JT.

Figure 6.9.: Current-voltage behavior of the GaN-based LED in the temperature range between
230 K and 400 K. Solid lines indicate a DC operated LED, dots indicate a pulsed
operated LED. Insert shows the behavior at 4.2 K.

Forward voltage behavior

A very common method to determine the JT of the device is the evaluation of the behav-

ior of the forward voltage with respect to temperature. This can be done by a calibration

measurement where the forward voltage with respect to the environmental temperature
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of the oven (device in thermal equilibrium by operating it with very short voltage pulses)

is recorded for several injection current levels. As shown for instance in reference num-

ber [65], [66], [117], and [118], usually the behavior of the forward voltage with

respect to JT (oven temperature) follows a linear fit whereas its slope is independent of

the injection current level.

We investigated the forward voltage behavior for JT determination in a reasonable and

applicable temperature range of 233 K (-40◦C) to 393 K (120◦C). The dependence is

plotted in figure 6.10 including the fit model. In this large temperture range we did not

find a linear behavior, further the voltage behavior is not completely independent of the

injection current level. We applied a quadratic fit model which allows to describe the

certain behavior quite well. The obtained fit values can be found in table 6.2.

The previous reported linear behavior is only valid in a quite small temperature region

(approximately between 20◦C and 80◦C) which is a too narrow range in terms of ap-

plication. For a large temperature range another model has to be applied. However it

still might be not sufficient extracting the JT directly out of the forward voltage behav-

ior. Different approaches for determining the JT by the use of the change of EL-spectral

behavior (e.g. peak wavelength, FWHM, high energy slope, etc.) should be considered

as well.

Figure 6.10.: Forward voltage Vf with respect to junction temperature TJunction for pulsed injection
current. The fit parameters to the respective fit model are listed in table 6.2.
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6. Current density impact on GaN blue emitting LEDs

Table 6.2.: Fit parameter of model applied in figure 6.10 for several forward currents If . Model:
Vf = A + B1 TJunction + B2 T

2
Junction; A, B1, and B2 are the fit parameters and σ the

respective standard deviations.

If (mA) A σA B1 σB1 B2 σB2

10 2.77 2.3 · 10−3 −2.1 · 10−3 0.7 · 10−4 0.6 · 10−5 0.7 · 10−6

20 2.96 4.3 · 10−3 −3.0 · 10−3 1.3 · 10−4 1.2 · 10−5 1.4 · 10−6

50 3.20 3.4 · 10−3 −3.5 · 10−3 1.0 · 10−4 1.4 · 10−5 1.1 · 10−6

100 3.40 4.3 · 10−3 −3.5 · 10−3 1.3 · 10−4 1.4 · 10−5 1.4 · 10−6

150 3.58 2.5 · 10−3 −3.5 · 10−3 0.7 · 10−4 1.5 · 10−5 0.8 · 10−6

200 3.76 2.2 · 10−3 −3.6 · 10−3 0.6 · 10−4 1.5 · 10−5 0.7 · 10−6

6.6.3. Conclusion

The additional peak, red shifted relative to the main emission, occurring at low tem-

peratures can be assigned to phonon replica which indicates a strong coupling between

excitons and phonons. The distance between the zero phonon line (main emission line,

0LO) and the first phonon satellite (1LO) is around 91 meV which matches well with

previous reported results.

DC operation of LEDs leads to a significant self heating effect which shifts the voltage

to lower values. The effect becomes more dominant with decreasing temperature. This

illustrates the dominant influence of DC operation on the JT of the device.

Apart from previous reported results, a non linear behavior of the forward voltage with

respect to JT and pulsed injection current was observed. It is highly recommended to

evaluate, if obtaining the JT directly out of the forward voltage behavior leads to correct

temperature values.
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7. Current density impact on the

emission behavior of AlGaInP-based

red emitting LEDs in the

temperature range of 4.2 K to 400 K

7.1. Introduction

To achieve high quality white light in terms of high color rendering, a homogeneous dis-

tribution of the emission spectrum is needed (as discussed in section 3.2). This is only

possible if a red emitter is inserted and the light source does provide a reddish emission.

In principle there are two types of red emitters, primary emitters (e.g. LED) or color

converting emitters which are excited by an UV or blue emitting LED. To circumvent

the large Stoke shift by the use of red emitting color conversion materials, primary red

emitting LEDs are usually preferred. Moreover, for a tunable white light system, which

allows to change the color temperature throughout operation, a red emitting light source

is needed to control the emission spectra in a way that the color temperature of the light

source can be changed in a large range.

AlGaInP alloys are very promising to allow light emission starting from the long wave-

length side (i.e. 650 nm) to the yellowish-green region (i.e. 560 nm) of the visible

spectrum [119], [120]. Due to their high luminous efficacy of over 100 lm/W they

are adopted in several applications, starting from automotive lighting, traffic lighting

as well as color displays [120], [121]. An (AlxGa1−x)0.5In0.5P is lattice matched with

GaAs which results in the fact that GaAs is often used as a substrate material for AlGaInP

heterostructures [121].

However the behavior of the emission of AlGaInP LEDs strongly depends on several

external parameters. One important parameter which will be discussed in this section

is the junction temperature (JT) of the device [122]. Further the current density, the

energy distribution of charge carrier as well as the coupling carrier strength strongly

influence the emission behavior and performance of those types of LEDs [121].

The particular emission behavior of AlGaInP-based LEDs is still not well understood,
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7. Current density impact on AlGaInP red emitting LEDs

therefore in this section the current density impact on the emission behavior of AlGaInP-

based LEDs will be described. In detail a separation between current impacts as well

as temperature effects is achieved by operating the LEDs with very short pulse widths

and small duty cycles. The investigated temperature region ranges from 4.2 K to 400 K,

whereas low temperature investigations provide deeper insights into the ongoing radia-

tive recombination process in such type of alloy.

7.2. Experimental setup and sample preparation

The experimental procedure was similar as described in section 6.3. Low temperature

investigations were carried out in liquid helium-4 (4.2 K) and liquid nitrogen (77 K) by

contact cooling in a liquid environment. The investigations in the temperature range

between 230 K and 400 K were performed in thermal equilibrium in a temperature con-

trolled chamber (temperature accuracy of 0.1 K). The devices were stored for at least

30 minutes in the oven before measurements were carried out, therefore the JT equals

the lattice temperature of the devices. To ensure the preset temperature of the chamber,

an additional Pt100 resistance on a separate heat sink was placed inside. During the

whole experiment the chamber was purged with dry air to avoid icing effects. In front

of the entrance slit of the fiber optics input side, an aperture with an acceptance angle

of 5.72◦ was inserted.

The investigated LEDs consist of a 14 µm thick AlGaInP structure grown on an 86 µm

thick Al2O3 substrate, whereas in the AlGaInP structure a 10 µm thick GaP layer was

followed by a 3 µm AlInP layer. A transparent SiOx passivation layer is located on top

of the whole diode area. The LEDs were mounted with a two component thermally con-

ducting paste on an aluminum heat sink (5.0 mm x 6.3 mm x 4.8 mm) and contacted

with 30 µm thick Au bond wires down to a printed circuit board (PCB). The contact

pads are out of Au as well. The device dimensions were around 300 µm x 300 µm with

a device thickness (substrate and semiconductor layer) of approximately 100 µm. The

emission spectra were recorded with a spectrometer containing a 1200 lines/mm grid

blazed at 500 nm. The spectrometer contains a CCD image sensor with a total number of

3648 pixels (pixel dimension 8 µm x 200 µm). Intensity calibration of the spectrometer

(including fiber optics) was performed with a tungsten lamp standard; the wavelength

calibration with a mercury argon lamp. The photometric linearity of the CCD detec-

tor was determined which causes the signal intensity to be in the range between 5 %

and 90 % of the total available measurement interval. For each recorded spectrum,

the corresponding dark current was measured immediately afterwards and subtracted

for data analysis. For the low temperature measurements (4.2 K & 77 K) a 250 µm

diameter fiber optics (NA=0.29) was fixed on top of the LED using transparent glue.

Emission/excitation photoluminescence measurements of the glue were carried out to
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ensure that the used glue does not affect the emission characteristics of the samples.

Moreover we quantified that the shape of the emission spectra and the peak position is

independent of the detector angle relative to the sample position. We furthermore did

not observe any preferred polarization direction of the collected light.

To operate the samples, forward current pulses (HP 214 B pulse generator) as well as DC

current (Keithley 2601 B source measure unit) were injected. The forward current pulse

width was 500 ns and the repetition rate was 500 µs (duty cycle 0.1 %), respectively. A

20 Ω series resistance was installed in the setup to determine the injection current. The

pulsed injection current (density) was varied between 10 mA (11 A/cm2) and 150 mA

(167 A/cm2) as well as between 20 mA (22 A/cm2) and 500 mA (555 A/cm2). Cur-

rent voltage characteristics in DC mode were recorded consecutively from 0 mA to 40

mA with a 10 ms current injection time per measuring point. The DC current emission

spectra were recorded after the device was turned on for 3 s.

7.3. Results and discussion

As described in section 6.4 the JT is understood as the lattice temperature of the LED.

A pulse width of 500 ns was applied which is magnitudes of orders higher than typical

relaxation times for the hot electrons (thermalization process) which is occurring in ps

and fs ranges [68].

Figure 7.1 shows the behavior of the peak energy versus the junction temperature

TJunction and pulsed injection current for the investigated temperature range between

4.2 K and 400 K. In comparison to the results we obtained for the GaN-based blue

emitting LED, the pulsed injection current does not influence the behavior of the main

emission-peak energy. Therefore no particular strong band filling as well as no screening

of piezoelectric field is observed.

Further free, rather than localized excitons, dominate the radiative emission at low

temperatures which can be obtained from the fact that no red shift with decreasing tem-

perature is observed in our samples [123]. The fit model given in equation 7.1 very well

describes the behavior of the peak energy Ep with respect to the the junction temper-

ature T whereas Eg,0 represents fundamental band gap energy at T = 0 K, and α and

β the Varshni parameters [124]. In contrast to the fit model presented in section 6.4

for the GaN-based LEDs (where excitons which are localized at low temperatures domi-

nate the emission), the term which describes the exciton localization − σ2

kT is set to zero,

which indicates no exciton localization (at first sight, detailed discussion is followed be-

low). The obtained fit values out of equation 7.1 are 0.8 meV/K for α and 560 K for β

(presented in figure 7.1) which are in the same range as previous reported results for

such type of semiconductor alloy [125], [126].
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7. Current density impact on AlGaInP red emitting LEDs

Ep(T ) = Eg,0 −
(αT )2

T + β
(7.1)

Figure 7.1.: Behavior of the emission-peak energy Ep as a function of the junction temperature
TJunction and the pulsed injection current. The solid line is the fitting curve based on
equation 7.1. The fit model was applied for the 10 mA measurement data.

The spectral response of the emission with respect to JT in the elevated temperature

region is shown in figure 7.2. One can see that if plotting the y-axis on logarithmic

scale the slope of the high energy wing changes with respect to JT. This change can be

recorded during a calibration measurement by injection of short forward voltage/cur-

rent pulses. To determine the actual JT of a device during operation of the LED (LED is

driven as designated), the slope of the actual emission spectra can be then compared to

the slopes recorded in the calibration measurement. This allows to obtain the JT of an

LED during operation directly out of the emission spectra [67], [118].

Inserted in figure 7.2 is the sensitivity of the L-cone fundamental (see section 2.2). The

sensitivity of the L-cone drops significantly in the red region of the visible spectrum.

Therefore a temperature induced red shift of the emission spectrum leads to a subjec-

tive brightness decrease since the sensitivity of the human eye is getting reduced. This

indicates the importance of thermal management of solid sate lighting.
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7.3. Results and discussion

Figure 7.2.: Normalized emission spectra with respect to junction temperature TJunction for an
pulsed injection current level of 50 mA. The pulse width was 500 ns, the repetition
rate was 500 µs, respectively (duty cycle of 0.1 %). The dotted line (referred to the
right y-axis) represents the L-cone fundamental.

Figure 7.3 illustrates the FWHM change with respect to JT. The absolute value of the

FWHM depends on the injection current level, however the slopes are independent of

the respective injection current (0.05 nm/K). In the temperature range between 230

K and 400 K a linear shift of the peak energy with respect to temperature (insert of

figure 7.3) independent of the injection current was observed. Again both parameters

obtained out of the emission spectra (peak wavelength and FWHM change) can be used

to determine the JT of a device while it is driven as designated and compared to the

calibration measurement.
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7. Current density impact on AlGaInP red emitting LEDs

Figure 7.3.: Change of full width at half maximum (FWHM) with respect to junction tempera-
ture TJunction and injection current level. The slopes k of the linear fit are listed. Insert
shows the peak wavelength behavior for the same current levels with respect to junc-
tion temperature TJunction.

7.3.1. Low temperature emission behavior

Already presented was the main emission peak Ep with respect to JT and pulsed injec-

tion current in the low temperature region (figure 7.1). However the detailed investiga-

tion of the emission spectra at low temperatures brings forward distinct characteristics

of AlGaInP-based LEDs.

Figure 7.4 shows the behavior of the emission spectra with respect to injection current

at 4.2 K. Left panel illustrates DC injection current, right panel the respective pulsed

injection current measurements. One can see a dominant emission peak (E2) evolving

at around 2.05 eV for low DC currents (0.1 mA to 3 mA), further a high energy peak at

around 2.08 eV arises as well (E1). This second peak (E1 at 2.08 eV) gets dominant for

high injection current levels at and above 5 mA. On the right panel the pulsed injection

current measurements are presented which start at a current injection level of 10 mA.

Lower pulsed injection currents were not possible to measure due to the fact that the

signal to noise ratio decreased to an unacceptable level.

The main emission peak for pulsed operation is again at around 2.08 eV (E1), and simi-

lar to the DC operation at 10 mA, a distinct side shoulder is observable (E2). This side

shoulder has a peak maximum of around 2.06 eV (E2 is also 2.06 eV at 10 mA DC),
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7.3. Results and discussion

therefore it is assumed that the peak E2 (in pulsed operation) is originating from the

same recombination center as the peak E2 in the DC measurement. The author wants

to allude that the spectra in figure 7.4 are normalized regarding their respective peak

maximum and shifted for clarity.

Figure 7.4.: Spectral behavior of an AlGaInP-based LED at 4.2 K with respect to various DC (left
panel) and pulsed injection currents (right panel, pulse width was 500 ns, repetition
rate was 500 µs, respectively). A ”Split Voigt” profile fit for the lowest DC (0.1 mA)
and pulse (10 mA) is illustrated (dotted line). The spectra are normalized to their
respective peak maximum and shifted vertically for clarity.

To assign the certain peaks to recombination mechanisms, a couple of possibilities has

to be taken into account:

We assign the emission at around 2.08 eV (E1) to the radiative recombination from ex-

citons near the band edge of the main barrier. The low energy peak E2 at around 2.05

eV (2.06 eV) is assigned on the one hand to localized excitons. These are trapped due to

impurities (defect related), and/or potential fluctuations and/or bound to neutral (D0-

X) and ionized (D+-X) donors / neutral (A0-X) and ionized (A−-X) acceptors. Localized

excitons which are trapped lose their kinetic energy and therefore the recombination is

red shifted with respect to the main emission [40]. The reason why this emission is so

dominant at low DC levels is probably due to the fact that excitons are getting trapped

to a certain level. If those traps are occupied, no more excitons can get trapped any-

more, therefore the emission intensity is not further increasing. Further the degree of

localization strongly depends on temperature. Higher DC injection leads to significant
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7. Current density impact on AlGaInP red emitting LEDs

higher temperature values of the pn-junction (self heating). This can also be identified

out of the red shit of E1 occurring at higher DC levels and explains that the E2 peak gets

slightly blue shifted with increasing DC current (temperature) as well.

The E2 peak occurring from trapped excitons does not disappear, rather the emission

from the main barriers is getting so dominant that this peak is not resolved anymore.

One indication that trapped excitons are mainly responsible for this low energy emis-

sion is that at higher temperatures the localization becomes weaker because excitons

thermalize out of the localized states in the QWs [123], [127]. This can be also seen

in figure 7.5 where the emission spectra are plotted versus DC current (left panel) and

pulsed injection current (right panel) at 77 K. The low energy side emission E2 is not as

dominant anymore (even at low DC current levels) because the degree of localization

decreases. Again the E2 peak is slightly shifted to higher energies if the temperature

increases from 4.2 K to 77 K (around 12 meV in the 10 mA pulsed injection current

measurement).

This behavior of E2 is similar to the exciton localization observed in GaN-based LEDs,

however for GaN-based LEDs a blue shift of the main emission peak with temperature

occurs (see section 6.4). Please be aware that all of the spectra shown in figure 7.5 are

normalized to their respective peak maximum and shifted for clarity.

Indicated in figure 7.5 are fit functions used to obtain the peak values (details see be-

low). It is very likely that LO phonon replica are superimposed (however unresolved) in

the low energy side peak E2 of around 2.05 eV as well. Depending on the material, LO

phonon replica energies for InP in between 42 meV and 45.2 meV [128], [129], [130]

for GaP in between 45 meV and 47.6 meV [128], [129], [130], [131] and for AlP in be-

tween 55.8 meV and 56 meV [128], [129] were reported. For AlGaInP MWQ structure

a LO phonon replica energy of 47 meV was reported [132] as well.

A 2LO phonon satellite of around 85 meV is observable at 4.2 K and at 77 K for low DC

injection current (indicated in figure 7.4 and 7.5). This 85 meV correspond to a 42.5

meV 1LO phonon replica which fits with previous reported results [128], [129], [130],

[131]. However, due to the dominant radiative recombination of localized excitons the

1LO phonon replica is not resolved.

As already discussed for high DC injection current the emission spectra get red shifted

(at 4.2 K and 77 K). This results from the increase of JT due to self heating. Even at

10 mA direct comparison of DC and pulsed measurement show a slightly red shifted

emission spectrum.

The author also wants to indicate that such peak splitting of the emission spectrum

(in figure 7.4 and figure 7.5) is sometimes referred to exciton-polaritons, where a re-

combining exciton produces a photon which is getting absorbed immediately in the
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Figure 7.5.: Spectral behavior of an AlGaInP-based LED at 77 K with respect to various DC (left
panel) and pulsed injection currents (right panel, pulse width was 500 ns, repetition
rate was 500 µs, respectively). A ”Split Voigt” profile fit for the lowest DC (0.1 mA)
and pulse (10 mA) is illustrated. The spectra are normalized to their respective peak
maximum and shifted vertically for clarity.

semiconductor structure [40]. However, if this would be the case, the two single peaks

E2 at around 2.05 eV (2.06 eV) and E1 at around 2.08 eV, would merge to one peak if

higher injection current is applied [133]. Further the phenomenon of exciton-polaritons

in LEDs is, to the knowledge of the author, only observed in combination with a proper

cavity which allows the re-absorption of the photon (e.g. in GaAs [133], [134]).

Another explanation of such peak splitting is the occurrence of strain which results in

a split off of the heavy and light hole in the MQW. However this seems to be very un-

likely in this case due to the fact that such observations were only achieved by inserting

external mechanical pressure (e.g. diamond pressure cell [135]) or by certain growth

conditions ([136], [137], [138]) to achieve such strain. Further it is not expected that

such peak splitting will diminish with a higher injection current level.

The fit function used to evaluate the peak position is a ”Split Voigt” profile (convolution

of Lorentz profile and Gauss profile with two different FWHM on each side). The fit

were just plotted for the respective lowest current levels (10 mA pulse injection current,

0.1 mA for DC injection) in figure 7.4 and figure 7.5. The fit function agrees well with

the measured EL emission spectra.
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7.3.2. Current-voltage behavior

Figure 7.6 shows the current-voltage (I-V) characteristics of the AlGaInP-based LED in

the temperature region between 233 K and 393 K for pulsed operated LEDs. Insert in

figure 7.6 illustrates the comparison between pulsed and DC operated I-V curves in the

range between 0 mA and 25 mA in the same temperature range. For the pulsed opera-

tion the applied current was varied in the range between 10 mA and 150 mA, for the DC

operation the current was varied between 0 mA and 40 mA (within the specifications),

respectively. The I-V characteristic was obtained by measuring the voltage to the respec-

tive inserted preset current. For the DC I-V characteristic the DC current was injected 10

ms per measurement point (number of total measurement points was 200).

Out of the insert in figure 7.6 one can see that for high DC injection levels the I-V char-

acteristics shifts to lower voltages. This can be assigned to the fact that DC injection

leads to an increase of the JT which shifts the I-V curve to lower voltage values. This

is obviously more curial at low temperatures, therefore the divergence between DC and

pulsed operated I-V curve becomes more distinct at low temperatures.

Figure 7.6.: Current voltage characteristic of an AlGaInP-based LED in the temperature range
between 233 K and 393 K for pulsed operation. Insert shows the comparison be-
tween DC operation and pulse operation in the range between 0 mA and 25 mA in
the same temperature range (DC was only applied between 0 mA and 40 mA).

Figure 7.7 shows the I-V behavior of the AlGaInP-based LED for the elevated tempera-

ture region (room temperature (293 K), upper boundary (393 K), lower boundary (233
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K)) as well as for the low temperature range at 4.2 K and 77 K for pulsed injection cur-

rent. Both axes are plotted on a logarithmic scale. The voltage change at 10 mA pulsed

injection current is around 20.3 V (changing from 1.9 V at 393 K to 22.2 V at 4.2 K).

Insert in figure 7.7 illustrates the behavior of the I-V characteristics under DC injection

for 4.2 K and 77 K. Comparison between DC and pulse operated LEDs shows a change

of the forward voltage behavior (current was preset), where DC operation shifts the

voltage to lower values. On top, at 4.2 K a back bending of the I-V curve is observable.

A recent published paper by Lamp [139] observes a similar behavior of the I-V charac-

teristics of AlGaInP-based LEDs at 4.2 K. The author of this publication associates this

back bending to self heating in combination with the Leidenfrost effect1 which together

causes the elevation of the temperature of the diode [139].

However it is assumed by the author of this thesis that self heating is not the only rea-

son for such strong back bending. Rather at very low temperatures most of the carriers

freeze-out at shallow impurities (traps), therefore injection of charge carries in combina-

tion with a high electric field could lead to an ionization which will increase the current

[140], [141], [142]. Due to the fact that for pulse operation the pulse width is only

500 ns, the charger carriers are not injected permanently. This influences the degree of

ionization and explains the different behavior of the I-V characteristics of pulse and DC

operation. A closer look at the shape of the forward voltage pulse at 4.2 K (150 mA) in

figure 7.8 however indicates a similar behavior compared to DC injection. The voltage

also drops (around 10 V) to maintain the preset current value of 150 mA.

After warming up of the LED back to room temperature the I-V characteristic behaves

normally again. The process of back bending at low temperatures is reversible.

1Leidenfrost effect: An insulation vapor layer between a liquid and a solid object is produced by the fact that
the object exhibits a higher temperature than the liquid’s boiling point.
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Figure 7.7.: Current-voltage characteristic of an AlGaInP-based LED in the temperature range
between 4.2 K and 393 K for pulsed operation. Insert shows the DC operated current-
voltage characteristic in the measurement regime between 0 mA and 40 mA.

Figure 7.8.: Forward voltage versus injection time (500 ns) of the AlGaInP-based LED at 4.2 K.
The injection current pulse is 150 mA.
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7.4. Conclusion

The electroluminescence (EL) behavior of AlGaInP-based LEDs was investigated in the

temperature region between 4.2 K and 400 K for several DC and pulsed injection cur-

rents. Pulsed injection current with a pulse width of 500 ns and a repetition rate of

500 µs (duty cycle = 0.1 %) was used to careful separate between current related and

thermal influence of the spectral response.

The peak wavelength shifts linearly with temperature in the temperature region between

230 K and 400 K, further the FWHM shows also a linear behavior with temperature and

its slope is independent of the injection current level.

Low temperature investigation were performed in liquid helium-4 (4.2 K) and liquid

nitrogen (77 K) bath to ensure the JT of the device. Low current injection at low tem-

peratures leads to the appearance of localized (trapped) excitons (e.g. due to defects)

which radiatively recombine red shifted relative to the main barrier emission. Further

2LO phonon replica could be assigned to the emission spectra.

However the respective peak assignment is very difficult due to the fact that the par-

ticular MQW structure is unknown. Therefore transmission electron microscope (TEM)

investigation would give further insights into the particular structure of those LEDs. On

top of that, phonon satellites are superimposed with the radiative emission of localized

excitons. Therefore on the one hand the 1LO phonon replica could not be resolved and

on the other hand the emission peak due localized excitons get affected as well (convo-

lution of several recombination processes).

Pulsed injection current below 10 mA was not possible because the signal strength of

the EL spectra was too small compared to the noise produced by the CCD.

The unique behavior (back bending) of the current voltage characteristic at low temper-

atures is still under discussion. It is assumed that for AlGaInP-based LEDs self heating

strongly influences the performance. In addition it is suggested that for the explanation

of this extraordinary behavior other considerations (e.g. ionization processes, freeze-out

of charge carriers) have also to be taken into account.
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8. Patent: Method to operate an

adjustable illuminant

In this chapter the general key aspects of the patent Method to operate an adjustable
illuminant (German original title: Verfahren zum Betreiben einer zum Emittieren von in
seiner Helligkeit einstellbarem Licht eingerichteten Anordnung) will be presented and sum-

marized. The patent is currently in preparation and will be submitted to the German

patent office.

To operate an LED module, a driver electronic is needed which adjusts the provided

voltage supply to the certain requirements of the LED light engine. The driver electronic

of an LED light engine usually produces current/voltage pulses with a certain duty cy-

cle. The reason for the injection of current/voltage pulses is to reduce the heat of the

pn-junction, which is highly effected by the amount of charge carriers injected per time

segment. Temperature changes of the pn-junction lead to spectral changes and unde-

sired shifts of the chromaticity coordinates. Furthermore an increase or decrease of the

light output (dimming) of pulse driven LED light engines can be easily achieved by a

change of the duty cycle (rather than by varying the height of the actual pulses).

One main issue of the pulsed injection current is the occurrence of flicker effects. The

human vision recognizes and identifies pulse repetition rates up to 100 Hz. Such flick-

ering frequencies are noticed as highly uncomfortable and disturbing. Moreover the

human non-visual system still recognizes repetition rates at and above 100 Hz [143],

[144].

Beyond that, LED illumination in combination with movie recording could lead to beats

due to the superposition of the recording frequency and the illumination frequency. The

only way to circumvent such problem is to synchronize the LED illumination frequency

and the recording frequency which would result in a major technical effort. All of those

reasons illustrate the importance of a DC driver solution.

However DC driver systems suffer from the problem that the level of injection current

has to be reduced if the light output should get reduced. This leads to enormous junc-

tion temperature changes and therefore to shifts of the color coordinates of the LED

system. Further, intended changes of the spectrum distribution, which allow to tune the

color temperature of the white light (Phosphor Innovation (PI) - LED technology), can
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be only achieved by changing the respective height of the current level for the various

LEDs. This again leads to variations of the junction temperature of the single LED dice

and therefore to chromaticity variations of the emission spectrum. Further the current

level influences the spectra response (peak position and spectral shape) of the LED dice.

Therefore, the aim is to operate an LED light engine with a constant current driver (DC

driver) which allows to change the color temperature at least in the range between

2700 K and 6500 K throughout operation under maintaining the designated chromatic-

ity value. Dimming of the light source must be possible under keeping the spectral

distribution/intended color temperature constant.

The invention relates an LED module for general general illumination for producing

white light of high quality, whereas the high quality is characterized by a high color

rendering index (CRI) of at least 89 together with a high power efficiency of at least

65 lm/W together with a continuous tunability of the color temperature (CCT) between

2700 K and 6500 K following the Planckian locus in the CIE 1931 diagram. The LED

light sources will be addressed by a DC driver which allows to change the color tem-

perature at least in the region between 2700 K and 6500 K under maintaining constant

color coordinates precisely as possible on the Planckian curve. The color coordinates

should lie inside the MacAdam ellipses of 10, 6, 4 or 3 on the Planckian curve whereas

smaller values are more preferred.

Further, dimming of the light source occurs by decreasing the injection current, whereas

the chromaticity coordinates will remain constant, independent of the amplitude of the

current level. The LED module consists out of minimum two different kinds of light

sources, whereas a light source can be a primary emitter (LED) or a phosphor (color

conversion) LED. Preferable three types of light sources which emit in the blue, green

and red region of the visible spectrum are used. Moreover the LED light engine can also

contain more than three types of LEDs.

To describe the color position in the CIE diagram, the dominant wavelength is used.

The dominant wavelength is defined as the saturated color which lies on the intersec-

tion of a line which is determined by the connection between the white point (equal

energy (EE) point) and the chromaticity point of the light source and the perimeter

(figure 2.12 in section 2.2.5). The behavior of the color coordinate of the dominant

wavelength (λd) with respect to temperature and current injection will be recorded in a

calibration measurement. The behavior of λd will be obtained out of the variation of the

peak wavelength λp and/or the full width half maximum (FWHM) change with respect

to temperature and current. Moreover the slope of the high energy wing of the emission

spectrum can be used for calibration.

Electrical parameters like forward voltage behavior of single LED and/or LED groups

can be also used to obtain the junction temperature of the LED/LED group.
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Performed Measurements:

To separate current effects and thermal impacts, the LEDs were calibrated under ther-

mal equilibrium conditions. In a temperature controlled oven the temperature of the

LEDs can be preset and the LEDs are operated with a pulsed injection current of 500 ns

and a repetition rate of 500 µs, respectively. This low duty cycle of 0.1 % allows to ne-

glect the current induced temperature increase. Therefore the behavior of the dominant

wavelength of the single LEDs and/or LED groups with respect to injection current and

temperature can be evaluated. This measurements were performed for blue as well as

for red emitting LEDs. Storing and retrieving of such calibration measurement allows

to calibrate the chromaticity coordinates relative to current and temperature changes of

the LEDs and/or LED groups.

Figure 8.1 shows the behavior of the dominant wavelength of a blue and a red emit-

ting LED with respect to junction temperature in the CIE 1931 diagram (top panel). A

zoom out of the top panel for the blue emitting LED is illustrated in the middle panel

of figure 8.1, for the red emitting LED in the bottom panel, respectively. For the blue

emitting LED the change of the color coordinates (xb,yb) of the dominant wavelength

λd in between -40◦C and 120◦C is ∆xb = 0.006 and ∆yb= 0.011. For the red emitting

LED the change of the color coordinates (xr,yr) of the dominant wavelength λd is more

distinct, however symmetric, whereas ∆xr and ∆yr change by 0.034 (in between -40◦C

and 120◦C).
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8. Patent: Method to operate an adjustable illuminant

Figure 8.1.: Change of the color coordinates of the dominant wavelength of a blue and red emit-
ting LED in the temperature range between -40◦C and 120◦C illustrated in the CIE
1931 chromaticity diagram. Middle Panel shows a cutout regarding the blue emitting
LED, bottom panel a cutout regarding the red emitting LED.

138



What is claimed (compendium):

1. An LED module comprising at least one blue emitting light source in combination

with at least one red emitting light source in combination with at least one phos-

phor/matrix coated blue LED to produce white light of high color quality whereas

a constant current driver electronic (DC driver) controls each single emitter and/or

certain emitter groups.

2. An LED module according to claim 1 whereas the color temperature of the LED

module can be tuned at least in the range between 2700 K and 6500 K whereas

the designated color temperature is achieved by the sum spectrum of the single

emitters.

3. An LED module according to claim 1 whereas the color coordinates of the domi-

nant wavelength of the sum spectrum stays constant and independent of the dim-

ming level.

4. An LED module according to claim 1 whereas the color coordinates of the domi-

nant wavelength of the sum spectra stays constant and independent of the preset

color temperature.

5. An LED module according to claim 1 to claim 4 whereas the dominant wavelength

of the sum spectrum of the single emitter lies as precise as possible on the Planck-

ian locus, however at least in between the MacAdams ellipse of 10, preferable in

between 6, more preferable in between 4 and most preferable in between 3.

6. An LED module according to claim 1 whereas the current dependence of the dom-

inant wavelength of the single LED and/or a group of LEDs is stored on an EPROM

/ EEPROM.

7. An LED module according to claim 1 whereas the temperature dependence of the

dominant wavelength of the single LED and/or a group of LEDs is stored on an

EPROM / EEPROM.

8. An LED module according to claim 1 whereas a temperature sensor is located close

to a single LED and/or an LED group which measures the temperature of the sin-
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gle LED and/or the LED group and gives feedback to a communication unit.

One execution example of the regulation unit in combination with the light engine is

shown in figure 8.2. The LEDs A to N are located on the array (2). The current through

the diodes IA to IN is controlled by a microprocessor (3) which recalls the respective

current values from the the EPROM/EEPROM (4). On the EPROM/EEPROM (4) the

dependence of the dominant wavelength of one, two or more LEDs with respect to

the injection current (I) and temperature (T) is stored. The start parameter (turn-on

parameters) I0,A to I0,N are stored on the EPROM/EEPROM (4) as well. The actual tem-

perature of the junction/device can be recalled by a sensor (5) located on array (2) or

by an external sensor. Across a human interface (1) (e.g. switch, smart phone, tablet)

the actual color temperature (CCT) or the dominant wavelength (via x,y) as well as the

illuminance level can be adjusted. Instead of an human interface, a daylight senor or an

external predefined regulation cycle could also be inserted.

Figure 8.2.: Execution example of the regulation unit in combination with the light engine.
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9. The coherence length of light

emitted from LEDs

The contents of this chapter is taken and adapted form the SPIE Proceeding Spectral Be-
havior and Coherence Length of GaN-, and AlGaInP-based Light-Emitting-Diodes by Rein-

hold Hetzel and Günther Leising. The publication in its original form can be found in

the appendix of this thesis.

9.1. Coherence length determination

For coherence length investigations a self-made Fabry-Perot Interferometer (FPI) was

coupled with a closed cycle cryostat (figure 9.1). The LEDs were mounted on a copper

plate using thermal conducting paste and electrically contacted with a 30 µm thick Au

bonding wire. The samples were located in the focal point of a collecting lens (f = 50

mm) which created a parallel beam for the use of the FPI investigations. A variable

aperture in front as well as a fixed aperture behind the FPI (diameter 1 mm, length 10

mm) were used for beam collimation. Two different kinds of high reflecting mirrors

were used depending whether the red emitting LED (AlGaInP) or the blue emitting LED

(GaN) was investigated. Figure 9.2 shows the reflectivity with respect to wavelength of

the used mirrors. The emission spectra were recorded with a spectrometer containing

a 2400 l/mm grid blazed at 250 nm. The vacuum in the closed cycle cryostat (Model

20/70 Cryogenic Technology) was 10−6 mbar throughout all measurements; the tem-

perature was checked with a silicon diode mounted closely to the sample holder.

9.1.1. Coherence length of GaN-based and AlGaInP-based LEDs

LEDs provide attractive possibilities to implement them for holography (e.g. microscopy)

due to the specific coherence properties this light source offers. Employing holography

allows to construct a 3D-imaging microscope for nondestructive testing and quality con-

trol; further by using photorefractive holography the remote investigation of biological

tissues is possible [145], [146]. Holography in combination with microscopy makes a
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9. The coherence length of light emitted from LEDs

Figure 9.1.: Setup of the closed cycle cryostat in combination with an FPI for coherence length
investigations.

quantitative phase contrast for high resolution topography analysis of micro and nano

structured surfaces available [146]. However, the nature of coherence of solid state light

sources is still not well understood and rarely specified.

Generally the temporal coherence length is defined via the coherence time (equation

9.1 following Ref.[42])

lc = c tc (9.1)

whereas lc is the temporal coherence length, tc the coherence time and c the speed

of light, respectively. For a Gaussian spectral distribution the spectral width ∆ν and

coherence time tc are related by equation 9.2:

∆ν =
√

2ln(2)
π

1
tc

(9.2)
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9.1. Coherence length determination

Figure 9.2.: Reflectivity of the two types of mirrors used for the Fabry-Perot interferometer. The
spectra were obtained with a Shimadzu UV/VIS 1800 spectrometer.

Inserting equation 9.2 in equation 9.1 leads to the theoretical description of the coher-

ence length given in equation 9.3:

lc =
√

2ln(2)
π

λ

∆λ (9.3)

Applying equation 9.3 for determining the coherence length assumes a Gaussian shape

of the spectral distribution. Executing equation 9.3 on our measured emission spectra

leads to coherence lengths at room temperature of 17.8 µm for the AlGaInP-based LEDs

and 9.9 µm for the blue emitting GaN-based LEDs respectively (at 10 mA pulsed cur-

rent). These results agree very well with previous reported coherence lengths [147].

However, measuring the coherence length with a FPI leads to total different situations.

Figure 9.3 illustrates the interference fringes with respect to the mirror separation for

the two types of investigated LEDs. The measurements were performed at room tem-

perature and under DC current injection (10 mA for the GaN-based LED, 30 mA for

the AlGaInP-based LED). For both types of LEDs we find remarkable coherence lengths

which can be obtained directly out of the mirror separation. As shown in figure 9.3

bottom panel, interference fringes can be still identified at a mirror separation of 260

µm which correspond to a coherence length of at least 0.52 mm for the blue emitting

GaN-based LED. For the red emitting AlGaInP-based LED interference fringes can be still

observed at a mirror separation of 650 µm which corresponds to a coherence length
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of at least 1.3 mm (figure 9.3 top panel). These obtained results do not mirror to the

coherence length distribution of the light source and therefore cannot be taken as the

average coherence length of the wave trains emitted from the LEDs. However the light

sources we investigated emit wave trains which fulfill the interference conditions, there-

fore the LED provides wave trains with such long coherence length in the millimeter and

sub-millimeter range. Intriguing about these results is that the number of wave trains

with such long coherence lengths is obviously high which can be identified out of the

amplitudes (constructive / destructive) of the observable interference fringes.

Although LEDs provide a single color (monochromatic) emission pattern (FWHM typi-

cally between 10 nm - 20 nm), the theoretical approach shown above to determine the

coherence length is not satisfying in this case in comparisons to the gained experimental

results.

9.2. Conclusion

Applying of Fabry-Perot interferometry allowed us to gain insights into the coherence

length of the emitted wave trains of LEDs which leads to coherence lengths in the mil-

limeter range for both types of the investigated LEDs. We could show that using numer-

ical estimations for calculating coherence length gives misleading results and provides

values which are far away from those determined experimentally. The main reason is

that LEDs do not strictly provide monochromatic light emission.

Constitutive measurement in the low temperature region would be highly interesting

and will provide further knowledge about the coherence length distribution.
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9.2. Conclusion

Figure 9.3.: Top Panel: Normalized emission spectra of an AlGaInP-based LED through a FPI in
dependence of the mirror separation. The insert shows the reflectance behavior of
the used mirrors in the FPI. Bottom Panel: Normalized emission spectra of a GaN-
based LED through a FPI in dependence of the mirror separation. The insert shows
the reflectance behavior of the used mirrors in the FPI. The spectra are normalized
and shifted for clarity.
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10. Optical properties of light

converting materials

In this chapter experimental results of investigated color converting materials are pre-

sented. A general introduction into this topic can be found in section 3.3. Color con-

version material are often named Phosphors or phosphorous materials in the lighting

community. Unfortunate this nomenclature is misleading and has not be confused with

with the chemical element phosphor (P). Color converting materials usually consists

out of YAG (yttrium aluminum garnet) doped with rare earth materials. In this thesis

the terminus phosphor is used only for color conversion luminescence particles which

convert light of an excitation source to longer wavelength light.

10.1. Measurement of fluorescent lifetimes

To gain insights into the fluorescent lifetime of the investigated color conversion ma-

terials frequency domain lifetime measurements as described in section 3.3.1 was per-

formed.

The actual measurement setup is shown in figure 10.1. The measurement device is

an ISS Greg 200 with an ISS K2 software upgrade. Laser light (Coherent Innova 300,

multi-line mirror) acts as sample excitation source, whereas through several prism (P)

the light beam gets coupled into the main measurement setup. The linearly polarized

beam gets depolarized first (D) due to the fact that the polarization direction of the

laser is unknown. Afterwards, through a Glan-Thompson prism (GT), the light beam

gets linearly polarized in the predominant direction which is needed for the Pockels

cell. The linearly polarized light gets modulated within the Pockles cell whereas the

light beam and the supplying voltage of the Pockels cell have to get adjusted in a way

that the modulation m exceeds 0.1 at ν = 2 MHz. To increase the Pockels effect, the

light path hits a mirror (M) and travels again through the Pockels cell. The frequency

measurement range is predetermined by the radio frequency amplifiers which allows to

sweep the frequency in between 100 kHz and 250 Mhz (Hubert A 1020 RF amplifier).

After the Pockels cell the modulated light beam passes a monochromator (1300 l/mm)

to a beam splitter (BS). One part is detected by a photo multiplier tube (PMT, type:

147



10. Optical properties of light converting materials

Hamamatsu R955), the second part hits the sample (S) or the reference liquid (R) re-

spectively (sample and reference are located on a turret). The reference liquid is used

to determine the origin of zero phase shift and to scale the modulation value properly.

To obtain the phase value of the sample, the reference phase has to be subtracted, the

modulation m of the sample is given by m = msample

mreference
. Glycogen in 18 Ω-water was used

as the reference-scattering solution. A second PMT collects the light reflected from sam-

ple or reference. A cut off filter (F) is inserted in front of the second PMT to ensure that

the excitation light does not influence the measurement.

Figure 10.1.: Actual frequency domain lifetime measurement setup (following [148]). Laser light
travels through several prism (P), a depolarizer (D), and a Glan-Thompson prism
(GT). The light gets modulated in the Pockels cell and reflected back through a mir-
ror (M). Sample (S) and reference (R) are mounted on a turret, a filter (F) prevents
that the photo multiplier tube (PMT) measures the excitation light beam of the laser.

We determined the lifetime by embedding the light converting material in a silicon

potting compound (XE14-B7892). The results are shown in figure 10.2. Lifetime values

of τ=720 ns (out of the single exponential decay of the modulation m) and τ=970 ns

(out of the single exponential decay phase φ) were obtained.
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10.2. Determination of the quantum yield

Figure 10.2.: Phase φ and modulation m of color converting material FA565 embedded in sili-
con potting compound (XE14-B7892). Lifetime values are obtained out of a single
exponential decay (of phase φ and modulation m).

10.2. Determination of the quantum yield

In section 3.3.2 the definition of the quantum yield (QY) was established. For the ex-

perimental determination of the QY the following procedure was applied:

• Recording of the emission spectra of the sample and reference standard solution.

Important is that the emission spectra has to be calibrated regarding the intensity

axis. Further the background spectrum have to be recorded and subtracted from

the respective emission spectrum. The excitation wavelength can be chosen in

the limits where excitation is possible. The photoluminescence emission spectra

were recorded with the Shimadzu RF 5301 PC. Important to note is that the Shi-

madzu (including a xenon lamp) should be turned on at least 30 minutes prior

measurements are performed.

• Measuring of the absorption value of sample solution and reference standard so-

lution for various concentrations. The absorption value of the chosen excitation

wavelength (used for determining the photoluminescence emission) has to be

recorded. At least four measurement points (concentrations) are required. Ob-

viously the measurement accuracy increases with the number of data points. For

149



10. Optical properties of light converting materials

the result presented in this section the absorption was determined out of the trans-

mission measured with an UV/VIS spectrometer (Shimadzu UV 1800). Again, the

measurement system has to be turned on at least 30 minutes prior the measure-

ments are carried out.

If those informations are available, one can plot the integrated emission (divided through

the photon energy (hc0)−1) versus the absorption (1-transmission). This has to be done

for the reference standard and for the sample solution as well. The gradient grad of

the linear fit leads to the QY of the sample ΦS if the QY of the reference standard ΦR is

known:

ΦS = ΦR
gradS
gradR

n2
S

n2
R

(10.1)

whereas

grad = dF (λex)
df(λex) (10.2)

and nR, nS the refracting index of the reference R and the sample S, respectively.

10.2.1. Reference standards

The reference standards were chosen in a way that they have similar emission/excita-

tion behavior compared to the investigated samples. Obviously it is also very important

that the QY of the reference standard is well reported in literature. Table 10.1 lists the

QY of the used reference standard as well as the literature references. Table 10.2 lists

the manufacturer details of the standard materials and the solvents which were investi-

gated. A general list of reference standards can be found in the IUPAC technical report

[149] as well as in reference [150].

Figure 10.3 shows the excitation/emission spectra (left panels), the absorbance (middle

panels) as well as the integrated emission plotted over the absorption for various con-

centrations (right panels). The linear fit leads directly to the gradient grad as discussed

in equation 10.2. Please be aware that in the middle panels the absorbance is plotted

(see equation 3.14), however in the right panels the absorption (1 - transmission) is

plotted, respectively.
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10.2. Determination of the quantum yield

Table 10.1.: Literature values of the quantum yield (QY) of the used reference standard materials.

Reference materials Reported QY Literature reference

Rhodamine 6G in Ethanol 0.95, 0.99 [151], [152], [153]

Rhodamine B in Ethanol 0.65, 0.67 [151], [152]

Perylene in Cyclohexane 0.94 [154], [155]

Fluorescein in Ethanol 0.91, 0.97 [156], [157]

Table 10.2.: Manufacturer details of the reference standard materials as well as the solvents (in-
cluding the index of refraction n).

Material / Solvent Manufacturer Details n

Rhodamine 6G Lambda Physics, Lot Nr. 059001,

LC5900, MW: 479.02

Rhodamine B Lambda Physics, Lot Nr. 039302,

LC6100, MW: 479.02

Perylene CAS Nr.: 198-55-0

Fluorescein Fluka Chemicals,

CAS Nr.: 2321-07-5 (from Sigma Aldrich)

Silicon oil Blazers Materials, Oil AN175, BD480126-T, 1.52045 [158]

Lot Nr.: 98-156859

Ethanol Sigma Aldrich, 34935, CAS Nr.: 64-17-5, 99.8% 1.3605 [159]

Cyclohexane Fluka, 28932, CAS Nr. 110-82-7, 99.5% 1.4235 [160]
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10. Optical properties of light converting materials

Figure 10.3.: Excitation/emission spectra (left panels), absorbance (middle panels) and inte-
grated emission plotted over the absorption (right panels) for various concentra-
tions of Rhodamine B, Rhodamine 6G and Fluorescein (all solved in Ethanol) as
well as Perylene (solved in Cyclohexan). The excitation wavelength as well as the
concentrations are labeled in the plot.
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10.2. Determination of the quantum yield

10.2.2. Quantum yield of solids

To determine the QY of a solid powder, the measurement setup has to be changed. To

circumvent the problem of non solubility of the powder, the color converting particles

were implemented in a silicon oil matrix (see table 10.2). This allows that the particles

stay stable and are equally distributed in the interaction volume. However, performing

such measurement in a quartz glass cuvette was not possible (measurements shown in

figure 10.3 have been performed in a quartz glass cuvette) because it was hardly possi-

ble to establish a steady state situation where the luminescence particles did not move

in the silicon oil. Therefore a homemade sample holder was built which is depicted in

figure 10.4. The inner thickness of the sample holder was chosen to be very small (0.15

mm), which allowed that the particle distribution stayed constant in the silicon oil over

a quite long time (orders of magnitude of the measurement time). Overall around 100

µl - 150 µl of the silicon oil / color converting material compound can be distributed in

the sample holder. The sample holder in the photoluminescence measurement chamber

was tilted by 30◦ to ensure that direct reflections of the excitation source are not de-

tected by the fluorimeter (figure 10.4).

To compare those results with the reference standard samples, all the reference standard

materials again were measured in this homemade sample holder.

Note: The matrix material where the color converting particles are getting embedded

should be chosen in a way that the fluorescence properties of the investigated mate-

rial will not be changed. Therefore for color converting materials no aqueous matrix

compounds should be used (fluorescence decreases with potlife).
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10. Optical properties of light converting materials

Figure 10.4.: Sample holder containing color converting particles in silicon oil. Top panel: Sam-
ple holder implemented in the fluorimeter with a tilt angle of 30◦ relative to the
incoming light. Bottom panel: Excited color converting particles homogeneously
distributed in the silicon oil matrix.

Color converting materials

Two types of color converting materials (YAG:Ce) where the QY was unknown were

investigated. Figure 10.5 shows the excitation/emission spectra of the investigated

materials (measured with home made sample holder as discussed before). All of the

color converting materials are meant to be excited in the blue region and emit in the

green/yellowish region. From the color converting material labeled ”Nemoto” a second

batch called ”Nemoto Reference” was measured. Both (”Nemoto” and ”Nemoto Refer-

ence”) should have the same QY.
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10.2. Determination of the quantum yield

Figure 10.5.: Excitation/emission spectra of green/yellowish emitting color converting material
labeled ”FA565” (wavelength position of the emission monochromator during the
recording of the excitation spectra was at 550 nm, wavelength position of the exci-
tation monochromator during the recording of the emission spectra was at 435 nm),
”Nemoto” and ”Nemoto Reference” (wavelength position of the emission monochro-
mator during the recording of the excitation spectra was at 530 nm, wavelength po-
sition of the excitation monochromator during the recording of the emission spectra
was at 435 nm).

The results of the obtained absolute QY are shown in table 10.3. For the ”FA565” a QY

close to unity was measured. Due to the fact that those materials are labeled as highly

efficient conversion materials such a high value was expected.

For the ”Nemoto” and the ”Nemoto Reference” the value of the two different batches

varies by around 0.05. The discrepancy of the two batches can be assigned to measure-

ment uncertainties occurring in the measurement setup. The inhomogeneous distribu-

tion of the particles in the sample holder as well as the slight particle movement lead to

discrepancies of the slope of the fit (cf. figure 10.6). Slope changes lead to differences

in the QY. Figure 10.6 shows the integrated emission energy versus the absorption for

the three different color converting materials investigated.
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Table 10.3.: Obtained quantum yield (QY) for the three investigated color converting materials
using home made sample holder for solids. Reference standard material: *Perylene
in Cyclohexane, **Fluorescein in Ethanol.

Excitation wavelength QY

FA565 (LITEC-LLL)* 410 nm 0.99
Nemoto** 460 nm 0.93
Nemoto Ref** 460 nm 0.88

Figure 10.6.: Integrated emission energy over the absorption for the three investigated color con-
verting materials. The concentrations vary between 0 and 230 g/l.

10.3. Conclusion

We investigated basic optical properties of color converting materials (luminescence

pigments) which are used for color conversion of blue emitting LEDs. The motivation

behind this work was to gain accurate information about data which is usually not

provided by the distributor.

It was managed to built a measurement setup which allows to determine the absolute

QY of a powder with quite high accuracy (uncertainty is around 5 %). Measurement

uncertainties appear from the unstable distribution of the color converting particles in

the matrix environment.

The fluorescent lifetime of a color converting material was determined by a time domain

lifetime setup. An average lifetime in between 720 ns and 970 ns was observed.
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11. Patent: Color converting material

blends for a tunable white light

engine

In this chapter the general key aspects of the patent Color converting material blends
for a tunable white light engine (German title: Anordnung zum Emittieren von in seiner
Farbtemperatur variierbarem weissem Licht) will be presented and summarized. The ac-

tual version was submitted to the German patent office in September 2013.

One essential parameter, which defines high quality white-light-sources, is the color ren-

dering index (CRI) (see section 2.2.4). The CRI basically reflects the ability of a light

source to render all feasible true colors of an object illuminated by the light source,

whereas keeping in mind, that due to recent research results, the human eye can dis-

tinguish a variety of millions of colors. The CRI lies between 0 and 100 whereas 100

defines total rendering of all colors. A CRI of 100 is achieved if the light source has the

same color rendering as the black body radiator with the same nominal color tempera-

ture. Therefore, a broad spectral distribution leads to high CRI values.

The Phosphor Innovation (PI) - LED technology allows to tune the color temperature of

the emitted white light. The color temperature change is achieved by the rearrangement

of the spectral distribution which therefore leads to different CRI values at different

color temperatures.

One difficulty of such systems is that the light engines often provide a high CRI for one

certain color temperature region; however, by changing the color temperature, the CRI

drops to low values.

Therefore, the aim and, at the same time, the challenge is to provide high CRI values

over the tunable color temperature region (2700 K - 6500 K).

The usual approach to provide high CRI is the combination of a blue, a red as well as

a color converted light emitting diode. Due to the broad emission of the color conver-

sion material (luminescence particles) in the green-yellow region this technique leads to

higher CRI values compared to the classical combination of a red, green and blue light

emitting diode (RGB technology).
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To overcome the problem that light sources usually provide high CRI values for just a

certain color temperature region, we propose an arrangement, which consist out of at

least two types (instead of one type) of color conversion materials (henceforth color

conversion materials will be named phosphors).

The invention relates to an LED module for general illumination for producing white

light of high quality, whereas the high quality is characterized by a high color rendering

index (CRI) of at least 89 together with a high power efficiency of at least 65 lm/W

together with a continuous tunability of the color temperature (CCT) between 2700 K

and 6500 K following the Planckian locus on the CIE 1931 diagram, whereas strictly

maintaining the high color rendering index (CRI) of at least 89 together with the high

power efficiency of at least 65 lm/W over the whole CCT tuning range. Said module

comprises at least one luminescent-conversion-LED consisting out of at least two types

of phosphor conversion materials or at least one luminescent-conversion-LED group,

whereas each LED or each group comprises a balanced mixture of one / two or three

phosphors in a matrix with a broad emission spectrum together with at least one blue

LED or a group of blue LEDs of a balanced emission color together with at least one red

LED or one red LED group with a balanced emission color. The additive mixture of the

various light colors and color distributions produces a white point that lies, as precise

as possible, on the Planckian locus and fulfills the requirement of a high color rendering

index of at least 89. Advantageously, only LEDs of one sort, preferably blue LEDs, are

used for exciting the phosphor mixture(s). However the invention also suggests using

red or green primary emitters as excitation source for particular phosphor materials.

This specific completion will lead to a smaller Stokes shift and therefore to an increase

of the general efficiency of the LED module. The intensity of individual light colors,

single LEDs and LED groups can be adjusted by a separate control unit positioning the

color locus exactly on the Planckian locus.

Abbreviation:

λp Peak wavelength of a quasi-monochromatic light source

Wd Dominant wavelength

P1 Phosphor (color converting material) 1 (Wd = 560 nm)

P2 Phosphor (color converting material) 2 (Wd= 570 nm)

Pb Blend of P1 and P2
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Performed Measurements:

The emission spectra of a single blue (λp = 456 nm), a single red (λp = 620 nm) as

well as two separate types of phosphor converted LEDs (P1, Wd = 560 nm and P2, Wd

= 570 nm, both excited by the same blue LED) were obtained.

Furthermore, the emission spectra of the light engine (three types of LEDs (blue, red,

phosphor converted) assembled) were recorded for several color temperatures. The

light engine contained either phosphor P1 converted LEDs or phosphor P2 converted

LEDs. Out of the spectral data the CRI values for several color temperatures were deter-

mined.

Depending on the phosphor used as conversion material (P1 or P2), the CRI varies

tremendously. Phosphor P1 (Wd = 560 nm) leads to high CRIs (>92) at 4000 K and

above, however delivers low CRI values below 4000 K (e.g. 85 at 2700 K), respectively.

On the other hand Phosphor P2 (Wd = 570 nm) leads to a moderate CRI of 90 at 2700

K but still quite low CRI values (< 80) for higher color temperatures.

Performed Calculations:

Calculations were performed using the data obtained from measured emission spectra.

By blending (mathematically) of certain amount of phosphor P1 and phosphor P2 to

a new phosphor blend Pb (which leads to a new Wd), the emission spectrum (sum-

spectrum of red, blue and Pb converted LED) was calculated. The percentages of the

blue, Pb and red emission were optimized in a way, that the chromaticity coordinates x

and y (following CIE 1931 color space) of each spectrum, were always located on the

Planckian locus for each color temperature. Out of these gained spectra the CRI values

for several color temperatures was obtained.

By balancing the concentration of P1 and P2 of the phosphor blend, a mixture which

allows a high CRI over the tunable color temperature region (2700 K to 6500 K) was

gained. Hence, the CRI value can be improved to a level above 90 for nearly all color

temperatures.

Further, by varying the concentration of P1 and P2, one can optimize the CRI for spe-

cific desired color temperatures. For example a blend containing 50 % of P1 and 50 %

of P2 leads to high CRI values (above 90) in a color temperature region of 2700 K to

5000 K and to a moderate CRI value (above 87) beyond 5000 K. Blends containing 33

% of P1 and 66 % of P2 lead to CRIs above 89 over the whole color temperature region.

Figure 11.1 illustrates the behavior of the CRI versus the correlated color temperature

(CCT) in the range between 2700 K and 6500 K. In this example a blue LED (λp =

456 nm) and a red (λp = 620 nm) were combined with a phosphor blend. The phos-

phor blend contains two types of phosphors (called WD 560 and WD 570) whereas the
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stoichiometric concentration of the various phosphors was changed in the ratios 1:1,

2:1 and, 3:1. Also indicated is the CRI behavior of the LED module if just one single

phosphor is applied (dotted lines).

Figure 11.1.: Behavior of the color rendering index (CRI) versus the correlated color temperature
(CCT) of an LED module with one blue emitter, one red emitter and one phosphor
converted LED. The ratio of the phosphor blend is changed between 1:1 to 3:1.
Dotted lines indicate the CRI trend if phosphor WD 560 (black dotted line) or WD
570 (red dotted line) is applied only.

What is claimed (compendium):

1. An LED module comprising at least one blue emitting light source in combination

with at least one red emitting light source in combination with at least one phos-

phor/matrix coated blue LED to produce white light of color quality (CRI) having

a CRI of at least 89 together with high power efficiency of at least 65 lm/W to-

gether with continuous tunability of the color temperature (CCT) between 2700

K and 6500 K following the Planckian locus, whereas the CCT accuracy is realized

within the MacAdams ellipse of 10, 6, or 3 based on the 1931 CIE table following

the Planckian locus. The phosphor / matrix is composed of a mixture of at least

two phosphors.

2. An LED module according to claim 1, wherein the blue LED emission peaks be-

tween 430 nm and 480 nm, the red LED emission peaks between 600 nm and 640
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nm and the phosphor/matrix emission containing a mixture of phosphors whereas

phosphor A peaks between 500 nm and 590 nm and phosphor B peak between 550

nm and 650 nm; whereas the emission peak-wavelength of phosphor B is larger

than the emission peak-wavelength of phosphor A.

3. An LED module according to claim 1 and claim 2, wherein the blue LED emission

peaks between 430 nm and 480 nm, the red LED emission peaks between 600 nm

and 640 nm and the phosphor/matrix emission containing a mixture of phosphors

whereas phosphor A peaks between 500 nm and 590 nm and phosphor B peaks

between 550 nm and 650 nm; whereas the quantity of phosphor A is between 0.4

and 0.8 and the quantity of phosphor B is in between 0.6 and 0.2, summing up to

1.

4. A LED module according to claim 1, wherein the blue LED emission peaks be-

tween 430 nm and 480 nm, the red LED emission peaks between 600 nm and 640

nm and the phosphor/matrix emission containing a mixture of phosphors whereas

phosphor A peaks between 500 nm and 590 nm, phosphor B peaks between 550

nm and 650 nm, and phosphor C peaks between 530 nm and 580 nm. The emis-

sion peak-wavelength of phosphor A is smaller than the emission peak-wavelength

of phosphor C and phosphor B. The emission peak-wavelength of phosphor B is

larger than the emission peak-wavelength of phosphor C.

5. The blue and red light sources of the LED module according to claim 1 can be re-

alized either by a primary emitter or as a phosphor converted light source whereas

the emission peak is in the same region as described in the previous claims.
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One execution example is illustrated in figure 11.2. On an array (1) two blue emitting

LEDs (3) and (4) and a red emitting LED (5) are located, whereas a micro control

unit (2) drives the array (1). One blue emitting LED (4) acts as excitation source for the

phosphor matrix (6) which contains a blend of phosphor (7) and phosphor (8), whereas

the dominant wavelength between phosphor (7) and phosphor (8) is different. Another

execution example could also include a third type of phosphor with a different dominant

wavelength compared to phosphor (7) and phosphor (8) in the phosphor blend matrix

(6). In another execution example the red emitting LED (5) can be replaced by a blue or

green emitting LED (which acts as excitation source) including a phosphor which emits

in the red region of the visible spectrum. In another execution example phosphor (7)

and phosphor (8) can be implemented in a separate phosphor matrix (6) located on a

separate blue (or green) emitting diode each.

Figure 11.2.: Execution sample of a light engine containing primary emitter LEDs as well as phos-
phor converted LEDs.
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12. Concluding remarks

During this thesis it was achieved to built a fully calibrated setup which allows to deter-

mine the junction temperature of LEDs in the broad temperature range between 4.2 K

and 400 K. As mentioned several times in the thesis, DC operation leads to an increase

of the junction temperature, therefore inserting short forward voltage/current pulses of

500 ns circumvents the thermal impact and leads to a steady state situation (thermal

equilibrium).

Low temperature investigations in liquid helium and liquid nitrogen allowed to gain in-

sight into the radiative recombination process at low temperatures.

GaN-based LEDs show a dominant radiative recombination due to localized excitons at

low temperatures. Further mainly band filling (rather than screening of the piezoelectric

field) leads to a blue shift of the electroluminescence spectrum with respect to injection

current.

The peak energy as well as the FWHM of AlGaInP-based LEDs show a linear evolution

in the elevated temperature region. Further neither band filling nor screening of piezo-

electric fields was observed. At low temperatures excitons get trapped at defects and

influence the emission behavior significantly. The conspicuous back bending of the I-V

characteristics at low temperatures of AlGaInP-based LEDs is still under discussion and

could not be totally explained right now.

Available analytical tools like FIB, EDX, and EBIC offered principle information about

the structure of the LEDs, however to gain deeper insights, transmission electron mi-

croscopy (TEM) of the samples would be highly recommended.

This thesis clearly demonstrates that fundamental research is the required foundation

for applicable process and product development. It was achieved to gain published

scientific results and to implement those in a next step in product/process related

patents.
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Blue emitting GaN-based light emitting diodes (LEDs) show a
distinct spectral behavior with respect to temperature and
injection current density. Operating LEDs with short current
pulses of 500 ns provides a steady state situation, which allows
investigating the emission behavior of LEDs at a certain device
temperature thereby maintaining thermal equilibrium. The
LEDs were examined in a temperature range between 4.2 and
400K and in a current density range between 2 and 50A cm�2.
Low temperature investigations showed a blue shift of the
electroluminescence spectra (EL) with respect to junction
temperature, which is assigned to the radiative recombination of

localized excitons. In the elevated temperature region a distinct
red shift due to energy gap shrinkage was observed. Further we
expect an exciton lifetime reduction at 4.2K. Additionally, the
influence of the driving parameters (pulse injection current or
direct current (DC)) in the presence of piezoelectric fields is
discussed and separated into band filling effect and occurrence
of fields, which screen the quantum confined Stark effect. Low
temperature investigations indicate that band filling is mainly
responsible for the blue shift of the EL spectra with respect to
the injection current.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Recent insights into the human non-
image forming visual system gained tremendously the
interest in tuneable white light engines (changing color
temperature) in the last couple of years. Hence, the
requirements for modern light emitting diodes (LEDs) are
stable emission spectra, independent of the modality of
current injection [pulse width modulated (PWM) or direct
current (DC)]. These driving parameters are mainly
responsible for the temperature increase of the pn-junction,
which leads to unwanted spectral variations during operation
of the LEDs [1]. In white light illuminants, especially blue
emitters play a prevailing role because they are used as
primary emitter and also as excitation source for the
phosphor conversion technology. GaN layers reveal great
thermal stability as well as crystalline robustness, which
make this III–V direct semiconductor compound widely
used for short wavelength light emission in optoelectronic

devices for general illumination purposes [2, 3]. The
understanding of the detailed nature of the emission process
occurring in blue emitting LEDs and its particular behavior
under different driving conditions is mandatory to design
LED modules with stable and constant color coordinates.

The emission response is influenced by several internal
device parameters. One important parameter, which dictates
efficiency drops and influences the emission characteristics
of LEDs is the junction temperature (JT) of the device [4].
However, the JT of LEDs is very difficult to access as neither
sensing elements nor infrared (IR) cameras can be used for
determination. Sensing elements probe the temperature
remote from the junction; IR cameras suffer from the
problem that images have to be calibrated regarding the often
unknown emission coefficients and they look at best at the
surface temperature and not at the JT of the device. If
measured on the final LEDmodule, emitted IR radiation gets
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absorbed in the globe top material, which consists typically
of hydrocarbon/silicon polymers. Implementing phosphor
conversion materials (i.e. rare earth doped sulphides,
nitrides, aluminium garnets etc.) into the globe top matrix
will further sufficiently increase the IR absorption.
Consequently, in the last couple of years methods have
been developed which allow determining the JT out of the
peak wavelength shift, the slope of the high energy wing or
the forward voltage behavior of the LED [5–8]. Those
measurements are performed at thermal equilibrium in a
temperature-controlled oven.

We describe the current density impact on the
temperature and therefore on the emission behavior of
GaN-based LEDs by comparing pulsed and DC injection
operated LEDs. We distinguish between pure temperature
effects and pure carrier (current) impacts on the emission
characteristics of GaN layer structures, which we achieve by
operating the LEDs with short current pulse widths and low
duty cycles. To achieve thermal equilibrium at low
temperatures, the spectral response of the LEDs was
measured in a liquid helium and nitrogen bath.

2 Experimental setup and sample prepara-
tion The measurements were performed at 4.2 and 77K
and in the range between 230 and 400K. To ensure the
intended device temperature (JT), all measurements were
performed in thermal equilibrium. Low temperature meas-
urements were carried out by contact cooling in a liquid
helium bath (4.2K) and a liquid nitrogen bath (77K). The
investigated LEDs consist of 8mm thick GaN grown on a
140mm thick Al2O3 substrate followed by an AlGaN/
InGaN/GaN multiple quantum well (MQW) structure. A
transparent SiOx passivation layer is located on top of the
whole diode area. The LEDs were mounted with a two
component thermally conducting paste on an aluminum heat
sink (5.0mm� 6.3mm� 4.8mm) and contacted with
30mm thick Au bond wires down to a printed circuit board
(PCB). The device dimensions were 500mm� 1000mm
with a device thickness (substrate and semiconductor layer)
of 150mm. The emission spectra were recorded with a
spectrometer containing a 1200 linesmm�1 grid blazed at
500 nm. The spectrometer contains a CCD image sensor with
a total number of 3648 pixels (pixel dimension 8mm� 200
mm). Intensity calibration of the spectrometer (including
fiber optics) was performed with a tungsten lamp standard;
the wavelength calibration with a mercury argon lamp. The
photometric linearity of the CCD detector was determined
which causes that the signal intensity must be in the range
between 5 and 90% of the total available measurement
interval. For each recorded spectrum, the corresponding dark
current was measured immediately afterwards and sub-
tracted for data analysis. For the low temperature measure-
ments (4.2 and 77K) a 250mm diameter fiber optics
(NA¼ 0.29) was fixed on top of the LED using transparent
glue. Emission/excitation photoluminescence measurements
of the glue were carried out to ensure that the used glue does
not affect the emission characteristics of the samples.

Moreover, we quantified that the shape of the emission
spectra and the peak position is independent of the detector
angle relative to the sample position. We furthermore did not
observe any preferred polarization direction of the collected
light.

For the measurements in the range between 230 and
400K a temperature-controlled chamber was used (temper-
ature accuracy 0.1K). To ensure the preset temperature of
the chamber an additional Pt100 resistance on a separate heat
sink was placed inside. During the whole experiment, the
chamber was purged with dry air to avoid icing effects. In
front of the entrance slit of the fiber optics input side an
aperture with an acceptance angle of 5.728 was inserted. The
samples were stored for at least 30min per measurement
point in the chamber to ensure thermal equilibrium between
the junction and the chamber environment.

To operate the samples, forward current pulses (HP 214
B pulse generator) as well as DC current (Keithley 2601 B
source measure unit) were injected. The forward current
pulse width was 500 ns and the repetition rate was 500ms
(duty cycle 0.1%), respectively. A 20V series resistance was
installed in the setup to determine the injection current. The
pulsed injection current (density) was varied between 10mA
(2A cm�2) and 250mA (50A cm�2). Current voltage
characteristics in DC mode were recorded consecutively
from 0 to 200mA with a 10ms current injection time per
measuring point. The DC current emission spectra were
recorded after the device was turned on for 3 s.

3 Results and discussion One key parameter of light
emitting junctions is the JT of the heterostructured LED. The
JT is understood as the lattice temperature of the
semiconductor alloy. Carriers injected into the quantum
wells are denoted to hot carriers, which possess a higher
temperature than the JT [9]. Those injected hot carriers
undergo certain pathways of thermalization. One thermali-
zation process occurs due to carrier–carrier scattering of the
injected hot carriers as well as due to the interaction with
already present charge carriers [10, 11]. Moreover, an energy
transfer from the hot carriers to the lattice by the emission of
phonons takes place [10, 11]. Thermalization due to carrier–
carrier scattering occurs quite fast (<100 fs), e.g. for GaN
15–20 fs (at 25K) were reported [9, 12]. Thermalization by
the emission of phonons is occurring in the ps range where
for GaN values between 0.2 and 2.5 ps [11, 13–15] and for
InGaN epitaxial films 5 ps [10] at room temperature were
reported.

For AlGaN/GaN heterostructures 1.4 ps and for AlInN/
AlN/GaN heterostructures a hot carrier energy relaxation
time of 6 ps (at room temperature) were experimentally
determined [16, 17]. So, current pulse widths of 500 ns are
orders of magnitude longer than the reported hot carrier
relaxation times. Therefore, carrier temperature is expected
to be equal to the JT. On the other hand, combining this
current pulse width of 500 ns with a very low duty cycle of
0.1% allows neglecting the contribution of the average
integrated power impact on the JT and leads to a steady state
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situation. Operating LEDs with pulsed injection currents and
a very low duty cycle in combination with a short current
pulse width (500 ns) allows us to study the current impact on
the charge carrier distribution in the potential wells of the
MQW structure at certain preset temperature values. Further
we gain insights into impact of the JT on the electrolumi-
nescence (EL) spectra.

3.1 Junction temperature investigations Figure 1
illustrates the behavior of the emission-peak energy Ep with
respect to the JT for several pulsed injection currents, which
was obtained from the respective measured EL spectra. For
temperatures above 230K a red shift of the EL spectra with
respect to the JT occurs, which shows a nonlinear behavior
(quadratic) up to 300K and a linear relation for higher
temperatures. This red shift can be attributed to a temperature
induced energy gap shrinkage of the MQW structure which
can be understood as an interaction of the temperature
dependent expansion of the lattice as well as the temperature
dependent electron lattice interaction [18]. In this temperature
region between 230 and 400K we measured a broadening of
the emission spectra of approx. 8 nm, which occurs from the
interaction of charge carriers with phonons (acoustical as
well as optical) and unavoidable alloy composition fluctua-
tions [8, 19].

We found an additional distinct red shift of the EL
spectra with decreasing temperatures (i.e. blue shift with

increasing temperature) for the low temperature range
(4.2 and 77K), which is an indication for exciton
localization [20–26]. In semiconductor materials excitons
are localized at low temperatures and quasi-free at high
temperatures [27]. Structural defects (e.g. composition
fluctuations, impurity density states, and lattice defects)
lead to highly efficient traps for excitons [21, 22, 24, 26, 28].
Hence, the captured exciton loses its kinetic energy and
therefore the photon emission energy that corresponds to
the recombining bound electron–hole pair is reduced by the
binding energy. This leads to induced electronic states in
the energy gap of the material and therefore to a red shift at
low temperatures (where excitons dominate the radiative
recombination). Equation (1) presents the total exciton
energy Ef in the ground state, whereas EX stands for the
binding energy of the exciton, me/mh for the electron/hole
mass, Eg reflects the actual energy gap, k the Boltzmann
constant and �h is equal to the Planck constant divided by
2p [23]. For trapped excitons the kinetic energy term
vanishes and the total exciton energy Ef is given by the actual
gap energy Eg minus the binding energy of the exciton EX.

Ef ¼ Eg � EX þ �h2k2

2ðme þ mhÞ : ð1Þ

To gain insight into the degree of the localization of the
excitons (which apparently dominate the emission at low

Figure 1 Behavior of the emission-peak energy Ep as a function of the junction temperature TJunction and the pulsed injection current. The
solid lines are the fitting curves based on Eq. (2). Insert shows the individual contribution of the respective terms of the model in Eq. (2) for
a 10mA injection current.
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temperatures) we apply a model in Fig. 1, which describes
the behavior of the peak emission with respect to temperature
as suggested in Refs. [22, 29]. The emission-peak energy as a
function of temperature Ep (T) can be then fitted with Eq. (2)

EpðTÞ ¼ Eg;0 � aT2

T þ b
� s2

kT
; ð2Þ

whereas Eg,0 represents the fundamental gap energy at the
limit T¼ 0K, a, and b are the Varshni parameters and T is
the JT of the device, respectively. The last term �s2=kT
describes the Stokes-type red shift whereas from the s value
the degree of localization of the excitons can be
obtained [20–22, 26, 29]. We found a s value of around
20meV, which is a qualitative indication of a high degree of
localization and in good accordance to previous reported
results [20, 22, 29]. As indicated in Fig. 1, Eq. (2) is just
applicable for the temperature range at and above 77K
which again agrees with previously reported results in
Refs. [20, 22, 29]. However, Eq. (2) cannot describe the
distinct behavior of the EL-peak at 4.2K, which will be
elaborated below.

Insert in Fig. 1 separates the respective contribution of
the two terms in Eq. (2). The first term �aT2=ðT þ bÞ
includes the Varshni parameters and allows the description
of the energy gap shrinkage with increasing temperature
whereas the second term �s2=kT includes the excitonic
behavior. Out of the applied model we obtained Varshni
parameters of around 0.6meVK�1 for a and 860K for b,
which are comparable to reported literature values for such
types of materials [20, 26, 30, 31].

3.2 Injection current influence At 77K and in the
temperatures region between 230 and 400K, a distinct blue
shift when increasing the injection current is observed
(Fig. 1). Two kinds of effects can be dominantly assigned to
this current-induced blue shift namely the band filling effect
(BFE) as well as the screening of the occurring piezoelectric
(PE) field [32, 33]. Charge carriers at higher confined levels
in a MQW structure contribute to the radiative recombina-
tion process, due to the fact that lower states are occupied
[34, 35]. Therefore a shift to higher energies with respect to
the charge carrier injection can be expected and assigned to
the BFE. The BFE usually shifts the emission-peak energy
linearly to higher energies when increasing the injection
current [34]. This behavior is explained by the step-like
density of states in the quantum well structure [35, 36].

However as reported previously, the lattice mismatch of
GaN, AlN and InN gives rise to PE fields, which tilt the
potential wells and therefore reduces the effective energy
gap [37–40]. The injection of charge carriers creates a
field that counteracts the PE field and therefore reduces the
occurring quantum confined Stark effect (QCSE) [34, 40–
42]. As reported in [43] lattice mismatches as well as the
difference in thermal expansion coefficients furthermore
lead to strain and therefore to PE fields in GaN based
semiconductor alloys. Table 1 lists literature values for the

piezoelectric modules e33 and e31 [44] as well as the thermal
expansion coefficients an (normal to c-axis) and ap (parallel
to c-axis) at room temperature for GaN, AlN, and InN,
respectively [45, 46]. From Table 1, we find that the origin of
PE field can be mainly assigned to the lattice mismatch.
Nevertheless, we note that the behavior of the thermal
expansion coefficient for wurtzite III–V nitrides at low
temperatures is quite complex due to the fact that negative
values for temperatures below 50K for InN [47] and at 75K
and below for AlN [48] were reported. However as described
in Ref. [47], the difference between the several expansion
coefficients of those materials diminishes for very low
temperatures (below 10K). This concludes that the
combination of different thermal expansion coefficients
with the distinct lattice mismatches leads to PE fields, which
tilt the quantum well, where it can be expected that the lattice
mismatch is the predominant effect.

The behavior of the emission-peak energy of the EL
spectra with respect to the injection current for the low
temperature region (4.2 and 77K) is shown in Fig. 2, for the
high temperature region (230 to 400K) in Fig. 3,
respectively. Neither for measurements performed at 77K
nor in between 230 and 400K, we find a strictly linear
behavior of the emission-peak energy (which would be an
indication for pure band filling) with respect to the pulsed
injection current over the whole applied current range (left
panel in Fig. 2 and Fig. 3). Only for higher pulsed injection
current levels (i.e. above 100mA) a linear behavior can be
observed (left panel in Fig. 2 and Fig. 3).

Further, the increase of the full width at half maximum
(FWHM) of around 16meV with respect to the injection
current at 77K (Fig. 4) is an indication for band filling as the
peak line width would be reduced if the QCSE is screened (as
reported in Refs. [28, 42]). At 4.2K, a very small red-shift (!)
of 3meV (corresponding to 0.1% change of the respective
emission-peak energy) with respect to the injection current is
measured (left panel in Fig. 2). This supports our explanation
that the screening of the PE field is not responsible for the
blue shift with increasing current at elevated temper-
atures [20]. If screening of the occurring PE fields would
be mainly responsible for the blue shift, such shift will be also
observable at 4.2K, besides, the FWMH will get reduced as
well. However, neither a blue shift (left panel in Fig. 2) nor a
FWHM change (Fig. 4) is observed. Therefore we conclude
that band filling is the dominant process for the blue shift of
the EL spectra with increasing current at 77K and above.

Table 1 Thermal expansion coefficients ap/an [45, 46] and
piezoelectric modules e33/e31 [44] for GaN, AlN, and InN at room
temperature.

ap at 300K
(10�6 K�1)

an at 300K
(10�6 K�1)

e33
(Cm�2)

e31
(Cm�2)

GaN 3.340 3.430 0.73 �0.49
AlN 3.480 4.350 1.46 �0.60
InN 2.751 3.830 0.97 �0.57
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However, since the emission-peak energy does show a non-
linear behavior in the low current regime (<100mA) and for
temperatures above 77K, an interplay between BFE and
screening of the PE field in the low current range cannot be
entirely excluded. The impact of PE fields in the low current
region (<100mA) and at elevated temperatures (at and above
77K) cannot be further specified by taking the emission-peak
behavior at 4.2K into account.

We expect that the lifetime of the excitons decreases
significantly at low temperatures, since neither the emission-
peak energy (left panel in Fig. 2), nor the spectral shape (left

panel in Fig. 5) do change significantly when increasing
the pulsed injection current at 4.2K (which was applied
in the range between 10 and 250mA) [27, 49]. Due to
the decreasing lifetime of bound excitons at 4.2K the
recombination occurs from low lying energy levels. This
reduction in carrier lifetime is also supported by the fact
that no blue shift (and therefore no BFE) is observable
at 4.2K.

We note that for temperatures above 230K the behavior
of the emission-peak energy with respect to the injection
current is slightly different and independent of the JT

Figure 2 Influence of pulsed (left panel) and DC (right panel) injection current levels on the emission-peak energy Ep at 4.2 and 77K.

Figure 3 Influence of pulsed injection current on the emission-
peak energy Ep in the range of 230 and 400K.

Figure 4 FWHM with respect to pulsed injection current at 4.2
and 77K.
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(Fig. 3). Deviations between low temperature (77K) and
high temperature (above 230K) performance might be due
to the fact that trapped excitons are not mainly involved in
the radiative recombination process at such high temper-
atures anymore [27].

Essential to mention is that even low DC currents heat up
the JT of the device, therefore non-thermal equilibrium
situations are present and all discussed effects (lattice
heating, carrier lifetime changes, screening of the PE field,
band filling, etc.) do occur simultaneously and are hardly
distinguishable anymore. With increasing temperature the
lifetime of the charge carriers increase which allow them to
relax into lower energy levels and explains the slightly red
shifted emission spectra in Fig. 2 between pulse and DC
injection current (<30mA) [49]. Therefore, a redistribution
of the charge carriers occurs. However, the lifetime gets also
influenced by the amount of charge carriers, because more
charge carriers in the quantum well reduce the average
spatial separation between electrons and holes which reduces
the lifetime [34]. This explains the different results of DC
and pulse measurements performed at 4.2 and 77K in Fig. 2
especially for high current levels. Figure 5 shows the spectral
behavior at 4.2K depending whether pulse or DC current is
injected.

These findings support our approach that the only way to
extract reliable informations from the emission data is by
depositing low pulse power. We further found a big
difference between the measured current voltage character-
istic of pulsed operated and DC driven LEDs for temper-
atures between 4.2 and 300K. Although the recording time

of the current voltage characteristics of the LEDs was very
short (10ms) a distinct shift to lower voltages and therefore
to higher temperatures was measured.

We also performed temperature investigations by IR
technique, which supports our assumption that the pulse
injection current does not increase the temperature of the
device.

4 Conclusions Our measurements on GaN-based
LEDs showed that thermal as well as electrical effects
highly influence the emission behavior. Due to our approach
using pulsed injection current with a very low duty cycle and
a short pulse width, we could distinguish between prevailing
thermal related shifts as well as carrier (current) dominated
induced shifts. In the very low temperature region (4.2 and
77K), the emission-peak energy of GaN-based LEDs is red
shifted with decreasing temperature (i.e. blue shifted with
increasing temperature) due to the dominating radiative
recombination of localized excitons from traps. Furthermore,
we expect that the exciton lifetime decreases significantly at
4.2K. At 230K, trapped excitons do not dominate the
radiative emission anymore and thermalize out of the
quantum wells. Hence, the observed red shift with increasing
JT occurs due to the decrease of the effective energy gap.

We found that the blue shift with respect to injection
current density can be dedicated mainly to band filling
instead of screening of the QCSE.

Important to mention is that the JT as well as the lifetime
of the charge carriers is strongly influenced by DC current.
Therefore, investigations of the emission behavior of LEDs

Figure 5 Spectral behavior of GaN based LEDs at 4.2K. Left panel shows pulsed current injection, right panel DC current injection,
respectively. The spectra are shifted vertically for clarity.
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have to be performed using short current/voltage pulses and
low duty cycles. To reach a steady state situation and ensure
a defined JT in the low temperature region, investigations
were performed in liquid environment, which is the only
possibility to ensure thermal equilibrium at such low
temperatures.

Optical and electrical parameters gained from the
presented experimental method can be in assigned to a
two-dimensional calibration array, which allows the
determination of the JT during operation of an LED by
recalling those parameters. This gives the opportunity to
counteract against current as well as temperature induced
shifts of the color coordinates during operation of LED
modules.

Further evaluating the JT out of spectral data is more
preferred than extracting it out of the forward voltage
behavior (so called forward voltage method), due to the fact
that the equivalent circuit of the measurement setup used for
calibration is not equal to the commonly used PWM or DC
driver circuits.
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Tunable natural light realized
by phosphor-innovation
light-emitting-diode technology
R. Hetzel, S. Tasch, G. Leising

The nature and quality of artificial lighting are becoming more and more recognized and debated issues concerning their impact on
comfort, well-being and even human’s health (chronobiology). Therefore, the target must be to emulate natural (sun) light for indoor
illumination. In this paper parameters which are responsible for the nature and quality of light sources are elaborated. Leading edge
high quality light sources, realized by light emitting diodes (LEDs) for emulating natural light, are presented.

The junction temperature of electroluminescence devices is a key parameter which influences emission wavelength, light output
(power efficiency), light degradation and lifetime of the LEDs. We present experimental data and a model which allows one to derive
the junction temperature of LEDs under operation.

Keywords: light emitting diodes; PI-LED; natural light; junction temperature; white light emitter; chronobiology

Veränderbares natürliches Licht realisiert mit Phosphor-Innovation Licht-Emittierender-Dioden-Technologie.

Die Natur und die Qualität künstlicher Lichtquellen und deren Auswirkungen auf Komfort, Wohlbefinden und Gesundheit werden
immer stärker wahrgenommen und diskutiert (Chronobiologie). Daraus folgt nahezu zwingend die Forderung, natürliches (Sonnen-)
Licht im Bereich der Innenraumbeleuchtung nachzubilden. In dieser Arbeit werden wesentliche Parameter, welche die Natur und die
Qualität von Lichtquellen bestimmen, behandelt. Präsentiert werden technologisch führende und hoch qualitative Lichtquellen zur
Erzeugung von „natürlichem“ Licht unter Verwendung von Licht emittierenden Dioden (LEDs).

Die Temperatur der Grenzschicht ist ein Schlüsselparameter, der die Emissionswellenlänge, die Lichtausbeute (Effizienz), die Licht-
degradation und letztlich die Lebensdauer von LEDs bestimmt. Wir präsentieren Messergebnisse zur Grenzschichttemperatur und ein
Modell, welches erlaubt, die Temperatur der Grenzschicht der LED im Betrieb zu bestimmen.

Schlüsselwörter: Licht emittierende Dioden; PI-LED; Natürliches Licht; Grenzschichttemperatur; Weißlicht-Emitter; Chronobiologie
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1. Introduction
Round (1907) noticed in 1907 that SiC crystals (carborundum) emit
light of different colors by applying an electric field. This was the first
published evidence for solid state lighting (Schubert et al. 2006a). In
1955, Braunstein (1955) reported radiative transitions through direct
recombination of electron-hole pairs in several semiconductor alloys.
One of the first visible Light Emitting Diodes (LEDs) was published in
1962 by Nick Holonyak et al. (Holonyak and Bevacqua 1962). The
light emission in the red region of the visible spectrum was achieved
with a Ga(As1−xPx ) semiconductor alloy.

Subsequently, the development of LEDs was pushed forward and
the technology became commercially available in opto-couplers, al-
phanumeric displays and pocket calculators at the beginning of the
1970s. Since the late 1960s, the lumen per lamp efficiency for the
most powerful commercially available red LEDs increased roughly by
a factor of 1.5 · 105 (Haitz and Tsao 2011). During the last decade,
the efficiency of the commercially offered white LEDs increased by
a factor of 1 · 103 (Haitz and Tsao 2011). This exponential rise of
the light output and the efficiency made the technology available
for a large field of new applications. Amongst others, LED technol-
ogy is now settled in the automotive and medical sector and is well
established in the entertainment industry e.g. for large area display
applications. Additionally, since LED light provides high luminous ef-
ficacies of 150 lm/W and more (Pimputkar et al. 2009) the conven-

tional incandescent light bulb (around 12 lm/W) gets replaced by
this technology. It is expected that most of the classical light sources
will be replaced by LEDs soon.

Several types of semiconductor alloys being available today allow
LEDs to operate at wavelengths from deep ultra violet (UV) up to the
near infrared region (IR) covering the entire visible spectrum (VIS).

2. LED for general illumination purposes
Major advantages like long lifetime (beyond tens of thousands of
hours) and high efficiencies make LEDs more and more common in
the field of general illumination for homes and offices. Furthermore,
in contrast to thermally radiating light sources (tungsten bulbs, halo-
gen lamps, etc.), LEDs offer dimming capabilities while keeping the
spectral distribution constant (Steele 2007). To benefit from the LED
technology in these areas, the development of high quality white
light was one of the basic challenges.
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Table 1. List of correlated color temperatures (CCT), color render-
ing indices (CRI) and lumen efficacies (η) for different light sources
(adapted from Figueiro et al. 2006)

Light Source CCT [K] CRI η [lm/W]

Incandescent bulb 2800 100 12
Ceramic metal halide 4100 93 90
Phosphor converted LED 4000 90 94
‘Full-spectrum’ fluorescent 5500 88 55
RE80 fluorescent 3500 81 89
Cool White fluorescent 4000 62 55
High pressure sodium 2000 16 119

One essential parameter for the quality of a general lighting
source is the Color Rendering Index (CRI). This index reflects the abil-
ity of the light source output to render the true colors of a physical
object. The CRI varies between 0 and 100, whereupon 100 means
total rendering of all colors. This is achieved if the light source has
the same color rendering as the black body source with the same
nominal color temperature (CT, given in units of Kelvin [K]). By con-
vention, all black body emitters have a CRI of 100. This makes sense,
considering that the sun’s radiation (not taking atmospheric contri-
butions into account) is close to a black body radiation of 5777 K.
For indoor illumination CRI values larger than 90 are required.

Up to know it was generally accepted that high efficiencies in-
volve low CRI values and vice versa. One of the prime examples are
sodium gas discharge lamps which provide high lumen efficacies but
very low CRI values, respectively (compare to Table 1). Hence, LED
technology stands for a quite new understanding of providing high
CRI values with high efficiencies and high lifetimes.

Another quantity which plays an important role in dynamic light-
ing systems is the CT which is the temperature of a Planckian black
body radiator. Unlike the CT, the correlated color temperature (CCT)
of a white light source is “the color temperature corresponding to
the point on the Planckian locus which is nearest to the point repre-
senting the chromaticity of the illuminant considered, on an agreed
uniform-chromaticity-scale diagram” (Schanda and Dányi 1977).

Tuning the CT of classic white light sources, results in spectral
changes of the emitted light. Due to that fact, the CRI value changes
by changing the CT. As a result, high quality dynamic lighting sys-
tems have to provide high CRI values over the whole tunable CT
region. Table 1 lists CRI values, CCT, as well as the lumen efficacies
for several light sources. One can see that the listed parameters for
the ceramic metal halide light source are in the range of the phos-
phor converted LED however, the picture changes completely if one
looks closer into the advantages/disadvantages of these two tech-
nologies. Phosphor converted LEDs have significant longer lifetimes
(over 50 000 hours compared to around 10 000 hours for ceramic
metal halide (GE Lighting 2003)). Ceramic metal halide light sources
suffer from poor lifetime color stability (±200 K (Philips 1996)) com-
pared to the highly defined CT of phosphor converted LEDs. Further-
more phosphor converted LEDs provide high efficacies (more than
100 lm/W) together with high CRI values (above 90) over the tun-
able CT region (2700 K–6500 K).

2.1 White light generation
There are two general approaches to generate white light. One tech-
nique is by additive mixing of two or more colors from different light
sources, alternatively wavelength converters allow to modify spectra
in a way that white light is emitted. Figure 1 summarizes the differ-
ent approaches for white light generation (adapted from Schubert
2006b).

Fig. 1. Approaches to generate white light (blue (B), yellow (Y), green
(G), red (R), phosphor (P)). Left: Additive color mixing of different
LEDs emitting in two or more visible wavelength regions. Right: Use
of phosphor converters (Adapted from Schubert 2006b)

Fig. 2. Spectrum of a phosphor converted LED. The blue peak is due
to the unconverted light fraction of the exciting blue LED

The approach, illustrated on the right hand side of Fig. 1, occurs
via fluorescence. In this case the LED (usually UV or blue LED) ex-
cites a phosphor (e.g. Yttrium Aluminum Granat (YAG) doped with
rare earth materials) which emits light in a certain visible wavelength
range. Figure 2 demonstrates the characteristic spectrum of a phos-
phor converted LED. The blue peak in the spectrum at approximately
450 nm occurs due to the unconverted light fraction of the exciting
blue LED.

Combining a phosphor converted LED with red and blue LEDs
allows on the one hand to achieve high CRI values and on the other
hand to tune the CT over a broad region. Figure 3 shows an example
of an LED module combining three blue, six phosphor-converted
and eight red LEDs, respectively (LUMITECHs Phosphor Innovation
(PI) LED Technology). This setup allows CRI values above 90 over the
allocated CT region, from 2700 K till 6500 K. Specifically, to address
the appearance of an object, the LED module in Fig. 3 allows, by
slightly varying the color composition of the emitting light, to adjust
the CRI value of the object and therefore emphasizes the object.
The spectral distributions of such an LED module for several CTs are
shown in Fig. 4.

In general, the CRI increases with the number of LED sources dis-
tributed over the visible spectral range (Schubert et al. 2006a). One
major benefit, phosphor converted LEDs provide, is the combination
of high efficiencies and broadband emission (Fig. 2) which is mainly
responsible for the high CRI values compared to multi LED additive
mixing.
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Fig. 3. LED module using six phosphor converted (P) LEDs in combi-
nation with three blue (B) and eight red (R) LEDs. This allows tuning
the CT from 2700 K to 6500 K and providing a CRI above 90 over
the whole tunable CT region (Courtesy of LUMITECH Produktion und
Entwicklung GmbH)

Fig. 4. Emission spectrum of the LED module presented in Fig. 3 for
different CTs. For low CTs a significant fraction of the visible spec-
trum lies in the red region, for high CTs the blue part of the spectrum
is dominant, respectively

3. Natural light quality from dynamic LED light
Light emitted by the sun is essential for life on earth and therefore
the standards on artificial lighting systems must be quite high to
compete with the natural light quality.

Dynamic lighting systems enable changing individually and con-
tinuously illuminance and CT over the day. Therefore, a high quality
dynamic lighting system emulates natural light which allows to bring
specific natural light conditions, with all its amenities, into buildings.

Fig. 5. Action spectrum of the melatonin suppression with respect to
wavelength (according to DIN V 5031-100:2009-06)

Hence, the now commonly accepted human biological clock is get-
ting more and more important. The intrinsic period of the biological
clock is about 24.2 hours long which is slightly longer than our 24
hour’s day. The biological clock synchronizes every day by external
“Zeitgeber” which are e.g. social stimulations, sleep behavior and
eating habits. However, known so far, light is the most important
Zeitgeber which controls the human circadian clock (Hofstra and
Weerd 2008).

Once light enters the human eye sensor, photons strike light sen-
sitive photoreceptor cells in the retina. The obtained information
gets transmitted through the retinal ganglion cells (RCGs) to the
human brain. This image-forming visual system contains rod and
cone photoreceptor cells. For the Photopic vision (color vision) three
types of cones (L, M, S), for the Scotopic vision (night vision) only
one type of rod cells are responsible. Each human eye contains in
sum around 6.5 million cones and roughly 120 million rods, respec-
tively (Cameron and Skofronick 1978). However, in 2001 Brainard
(Brainard et al. 2001) and Thapan (Thapan et al. 2001) discovered
a third type of photoreceptor that regulates the melatonin concen-
tration over the day which is mainly responsible for setting the cir-
cadian rhythm. This non-image-forming system does not arise from
rods or cones. The opsin-like protein melanopsin triggers the non-
image-forming visual functions (Hattar et al. 2002). The circadian
rhythm—also called sleep-wake cycle—controls, amongst others,
the hormone level of melatonin and cortisol, the core body tem-
perature, and the heart rate (Figueiro and Rea 2010 and Cajochen
et al. 2005). Hence, the circadian rhythm reflects physical properties
and defines different chronotypes.

Especially short wavelength light (blue–green) suppresses the hor-
mone melatonin efficiently which leads to a shift of the sleep-wake
cycle (Lockley et al. 2003). Lockley et al. showed further, that expo-
sure to light, using a monochromatic light source with a wavelength
of 460 nm (linewidth (FWHM) = 10 nm), results in a phase delay
of about 3 hours, compared to a phase shift of about 1.7 hours
for 555 nm, respectively. The sensitivity spectrum for the melatonin
suppression is illustrated in Fig. 5 (following DIN V 5031-100:2009-
06); the peak maximum of this sensitivity curve is between 445 and
465 nm. As a result, polychromatic light sources offering a high CCT
(e.g. 6500 K) show a significant stronger impact on the melatonin
suppression than light sources with lower CCT values (e.g. 3000 K)
(Morita and Tokura 1996). The quantity which expresses the influ-
ence of the light source on the biological clock, concerning the
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melatonin suppression, is given by the circadian action parameter
acv (Eq. (1), according to DIN V 5031-100:2009-06).

acv =
∫ λ2
λ1

X(λ)c(λ)dλ
∫ 780 nm

380 nm X(λ)V (λ)dλ
(1)

The remaining question at this point is, by what means does the
melatonin suppression influence the actual living situation? Ca-
jochen (2007) showed a positive linear correlation between the sub-
jective alertness and the suppression of melatonin. Suppressing the
melatonin concentration results in less tiredness and therefore, in
higher alertness ratings. Further, daytime exposure to bright light
showed a significant decrease of sleepiness (Phipps-Nelson et al.
2003).

Especially for shift and late night workers dynamic lighting can
help to get rid of sleep problems, fatigue and deactivation. A study
from 2007 revealed that an increase of the CCT of general illumi-
nation systems in offices from 2900 K to 17000 K, leads to higher
concentration and alertness of office workers. On the other hand
the fatigue as well as the sleepiness decreased. Essentially, the sub-
jective work performance of the office workers increased by 19.4 %
(Mills et al. 2007).

Recent studies showed that dynamic lighting systems improve the
performance of high school students (Barkmann et al. 2012). Ap-
propriate use of different lighting programs with CCT ranges from
3800 K to 11000 K in class rooms lead to a positive effect regarding
reading speeds and error reduction in concentration tests.

Other fields where light plays an important role are health care
facilities and hospitals. Studies pointed out that artificial daylight
illumination significantly improves the well-being and the life qual-
ity of elderly people in health care facilities (Bieske et al. 2006 and
Sust et al. 2012). Residents show better vitality and orientation and
claimed to have a better sleep quality by applying dynamic lighting
systems in common social environments (e.g. living room). Sust et
al. also indicated that the residents of health care facilities start to
communicate more in such environments.

Knowing this, the consequences of light on the physical and on
the psychological system of the human body have to be considered
by applying light designs, including variable light sequences, for of-
fices, medical and health care facilities as well as homes.

4. Challenges for white light sources
High standards for dynamic lighting systems are required when em-
ulating the changing day light situations. Light sources should pos-
sess a broad tunable CT region as well as high CRI values over this
range. In addition, modern light sources have to provide high ef-
ficiencies especially for general lighting applications. Leading edge
LED technology is capable to satisfy such high requirements.

One key parameter for the performance of LEDs is the device tem-
perature, more specifically, the junction temperature (JT) of the ac-
tive region. The consequences of high JT are reduced light output
(efficiency), shifts of the emission spectra, light degradation as well
as device lifetime shortening. Non-radiative recombinations and the
peculiar temperature behavior of resistances in the equivalent circuit
of the device increase the JT.

The aim is to derive the JT of individual LEDs in assembled light
engine modules. Since a direct measurement of the JT is not possible
we are studying the behavior of the different static and dynamic
driving parameters (e.g. forward voltage, energy gap, etc.) to obtain
the JT.

The theoretical background of the temperature dependence
of the forward voltage can be obtained from Shockley equation

Fig. 6. Peak wavelength shift and light output drop with respect to
device temperature. The red emitting AlGaInP LED was operated with
a 20 mA pulse current (pulse width = 500 ns, repetition time =
500 µs)

(Eq. (2)) (following Xi et al. 2005a, 2005b, and Xi and Schubert
2004)

Jf = Js
(
eeVf /nkT − 1

)
(2)

Where Jf expresses the diode current in forward direction, JS the
saturation current, Vf the forward voltage, n the diode ideality fac-
tor, k the Boltzmann constant, e the elementary charge, and T the
absolute temperature. For Vf � kT /e, the derivative regarding tem-
perature from Eq. (2) leads to Eq. (3).

d
dT

Vf = d
dT

[
nkT

e
ln

(
Jf

Js

)]

(3)

The saturation current JS (Eq. (4)) can be expressed in terms of the
intrinsic carrier concentration ni , the diffusion constants of electrons
Dn and holes Dp, the minority carrier lifetimes of electrons τn and
holes τp as well as the donor density ND and the acceptor density
NA, respectively.

JS = e
[√

Dn

τn

n2
i

ND
+

√
Dp

τp

n2
i

NA

]

(4)

Taking into account the temperature dependence of the diffusion
constants of electrons and holes (D ∝ T−1/2), the effective density of
states at the valence and conduction band edge (Nc,v ∝ T3/2), the
band gap energies as well as the lifetimes of electrons and holes
lead to Eq. (5):

d
dT

Vf = eVf − EG

eT
+ 1

e
d

dT
EG − 3k

e
(5)

This relationship reflects the fundamental temperature dependence
of the forward voltage. It is the starting point in order to characterize
the JT of a pn-junction.

The measurements of the emission spectra and the driving param-
eters were performed in thermodynamic equilibrium in a chamber
furnace with precise temperature control. To probe the LED device
it must be driven in a manner that there is a negligible temperature
increase due to the driving power. Therefore, the LED device is op-
erated with a current which is generated by voltage pulses with a
very small duty cycle (0.1 %, pulse width = 500 ns, repetition time
= 500 µs). Consequently, we can assume that the measured oven
temperature is equal to the JT.

Figure 6 shows the behavior of the peak emission wavelength as
well as the reduction of the light output with respect to temperature
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Fig. 7. Forward voltage dependence of a red light emitting AlGaInP
LED with respect to temperature for different pulsed injection cur-
rents (pulse width = 500 ns, repetition time = 500 µs)

Fig. 8. Device geometry (bottom view) and electrode (top view) of
the measured AlGaInP LED chip

of a red light emitting AlGaInP LED. The LED was operated with a
pulsed injection current of 20 mA. The induced temperature mean
peak wavelength shift is 0.14 nm/K, the reduction of the light out-
put is 0.7 %/K, respectively. Figure 7 indicates the behavior of the
forward voltage with respect to the oven temperature for four differ-
ent pulsed injection currents (20 mA, 50 mA, 100 mA, 150 mA). The
voltage drop lies between −1.67 mV/K (20 mA) and −5.97 mV/K
(150 mA), respectively. The device geometry (bottom view) and the
electrode (top view) of the measured red light emitting AlGaInP LED
are illustrated in Fig. 8 (chip size 1066 µm × 1066 µm, chip thickness
225 µm).

To determine the actual JT during operation, rather than pulsed
current, the device is driven with constant current until the thermo-
dynamic equilibrium is reached. Measuring of the forward voltage
during operation (in thermodynamic equilibrium) and the combina-

tion of the temperature behavior of the forward voltage obtained
out of Fig. 7, lead to the actual JT of the device.

5. Conclusion and outlook
LED based modern light engines are highly efficient and provide long
lifetimes above 50.000 hours. They offer to change the CT individ-
ually and are dimmable without changing the spectral distribution.
Variable white lighting systems have a significant positive effect on
health, wellbeing, performance, and satisfaction of humans in the
working as well as in the private environment.

To harvest all the mentioned advantages, the thermal manage-
ment of LED devices must be totally under control. Although many
research groups worldwide have investigated temperature effects
and their impact on the LED performance, a number of influences
of the JT on the device characteristics are still not well understood.
Particularly the impact of internal resistances and other parameters
on the electric as well as optical properties of LED devices must be
investigated thoroughly. In cases where the white light production
is realized via phosphor converted LEDs, the influence of the device
temperature on the phosphor performance must be examined as
well. Luminescence quenching and degradation effects as well as
spectral changes of the light emission as a consequence of thermal
power produced by the junction, has to be studied and modeled.

In summary, the understanding of such temperature effects is a
prerequisite to provide light engines delivering high efficiencies, long
lifetimes as well as high quality light in terms of high CRI values and
tunable CT.
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ABSTRACT   

The coherence length of electromagnetic waves created by different light sources is a largely overlooked parameter. 
Since the coherence length and its spectral distribution are essential for the entire field of interference, ranging from 
unintended destructive and constructive pattern to intended interference determining the nature of structural colors. We 
studied the spectral emission behaviour of GaN- and AlGaInP-based Light-Emitting-Diodes (LED) under 
thermodynamic equilibrium conditions driven by direct current as well as by short current pulses (500 ns) in the 
temperature range from 4.2 to 390 Kelvin. The coherence length under the different driving conditions was measured via 
a Fabry-Perot interference setup. We discuss the validity and limitations of the conventional determination method from 
the emission linewidth and lineshape. Besides the distinct shifts of the emission wavelength accompanied by significant 
changes of the full width at half maximum, we found quite high values for the coherence length exceeding 0.15 
millimeters for the blue emission and 0.4 millimeters for the red emission at room temperature, respectively. 
Furthermore this contribution will also discuss the nature and interrelationships of coherence length, emission peak 
wavelength and the spectral distribution (lineshape and linewidth) of the investigated LEDs.  

Keywords: Junction temperature, light emitting diodes, coherence length, GaN, AlGaInP, spectral behavior 
 

1. INTRODUCTION  
The nature and quality of artificial lighting are becoming more and more recognized and debated issues concerning their 
impact on comfort, well-being and even human’s health (chronobiology). So general lighting has to fulfill this demand 
towards an integral understanding of sustainability with high quality light sources. Recent insights into the non-visual 
imaging system of the human eye brought forward the fundamental importance of the now commonly accepted 
biological clock. Light is the most important parameter which influences the circadian rhythm and controls hormone 
levels of melatonin and cortisol1. Light emitting diodes (LEDs) are the first kinds of light sources which allow tuning the 
color temperature of white light and still maintaining high color quality in terms of color rendering. Tunable white light 
engines which provide changing color temperature open new dimensions in terms of human comfort and health. 
Furthermore, LEDs have sufficient potential to reduce significantly the energy consumption in the general lighting 
application. Much longer lifetimes and higher efficiencies make incandescent as well as fluorescent lighting systems 
becoming a dying segment2. 

However, intense discussions are going on regarding the total energy consumption (footprint) of LEDs in comparison to 
conventional lighting systems. The life cycle of LEDs is a highly debated issue, due to the fact that the world occurrence 
of used resources may diminish in the future. Additionally, transport costs, manufacturing efforts, as well as the use of 
certain raw materials are always confronted with the gained energy reduction in solid state lighting systems3. 

This paper focuses on LEDs which are assigned to white light engines with tunable white light. However, the 
circumstance that the color temperature is controllable throughout operation leads to the enormous problem that driving 
parameters change as well, which leads to undesirable variations of the pn-junction temperature (JT). Such temperature 
variations reduce the lifetime and the efficiency of the LEDs. Additionally, high temperatures of a single LED device 
heat up the whole luminaire and therefore, the driver electronic, which is usually mounted closely to the LED module, 
gets affected by this dissipated heat. This produced heat in the driver electronics leads to a failure of the electronics 
which is a highest ranked reason that LED systems totally fail4.  

*reinhold.hetzel@tugraz.at; phone +43 316 873-8477; fax +43 316 873-8466; if.tugraz.at 

Light-Emitting Diodes: Materials, Devices, and Applications for Solid State Lighting XVIII, edited by 
Klaus P. Streubel, Heonsu Jeon, Li-Wei Tu, Martin Strassburg, Proc. of SPIE Vol. 9003, 900318 

 © 2014 SPIE · CCC code: 0277-786X/14/$18 · doi: 10.1117/12.2037875

Proc. of SPIE Vol. 9003  900318-1



Therefore, understanding the behavior of the JT and its monitoring and tuning is a prerequisite to design and operate 
light engines with long lifetimes as well as high efficacies. 

In our paper we present an experimental setup which allows to determine the JT of GaN- and AlGaInP-based LEDs in a 
temperature range between 230 K and 400 K very accurately. Especially GaN LEDs play a dominant role in white light 
engines due to the fact that they are implemented as primary emitter and excitation source for phosphor conversion 
materials. Out of the actual JT of the device we can study the influence of several driving parameters (pulse width 
modulation (PWM) as well as direct current injection (DC)) on the temperature throughout operation. We also examine 
the coherence properties of LEDs which offers us details about the ongoing radiative recombination process and provides 
a deeper knowledge of the nature of the electron-hole recombination process. Further we present low temperature 
measurements at 4.2 K and 77 K which allow investigating the interaction of charge carriers with quasiparticles like 
excitons and phonons.  

 

1.1 Junction temperature determination methods 

Thermo resistances (e.g. PT 100), thermocouples, or diodes are sensing devices which allow measuring the temperature 
with high accuracy. The difficulty of such methods is that depending where the sensing element is located and mounted, 
rather the environmental temperature than the actual JT is measured. Hence the obtained temperature value is not equal 
to the JT due to the fact of a non-thermal equilibrium of the device environment and the die.  

A very common and comfortable instrument for thermal measurements and heat flow determinations are infra-red (IR) 
cameras. They are based on the fact that each object, which exhibits a temperature higher than 0 K, emits IR radiation in 
a certain wavelength range which follows Planck’s radiation law. Advantages of IR cameras are that the temperature can 
be probed without any contact between the sample and the measurement system. Further, due to the fast picture 
processing time, thermal images can be taken basically in real time and therefore fast temperature changes of the device 
can be followed. 

However, generally IR cameras can be set to only one emission coefficient; hence variations of different emission 
coefficients of the measured materials lead to wrong indicated temperature values. Therefore, each pixel of the IR image 
has to be calibrated regarding the emission coefficients. Moreover, imaging an LED covered with the generally used 
globe top leads to the problem that the IR radiation measured by the camera is strongly altered by the characteristic IR 
absorptions of the globe top hydrocarbon/silicon polymer. The specific transmission properties (complicated by the 
anharmonic vibrational behavior of the polymer hydrocarbons, overtones, combined resonances, etc.) of the globe top 
solid have to be taken into account. Figure 1 shows the IR absorption spectra of a transparent globe top material (two 
compound (ratio 1:1) silicon rubber) on a silicon substrate including black body radiation curves for three common LED 
JTs. The x-axis in figure 1 indicates the detection range of an amorphous silicon detector (19200 pixels, 25 μm x 25 μm 
per pixel; IR camera: Optris Pi160). Most of the emitted IR radiation gets absorbed in the transparent globe top, which 
implies that no direct conclusion of the actual JT can be drawn out of the characteristic IR emission behavior. Moreover, 
if no globe top material is used, at best the surface temperature instead of the actual JT of the die can be determined. 
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Figure 1: Comparison of black body radiation and absorbance spectra of a silicon hydrocarbon polymer used as glob top material 
in the detection range of an amorphous silicon IR detector. 

 

2. EXPERIMENTAL SETUP 
To investigate the emission as well as the voltage/current behavior of the LEDs in the temperature range between 230 K 
and 400 K the measurements were carried out in a temperature controlled oven (figure 2). To ensure thermodynamic 
equilibrium the samples were stored for at least 30 minutes in the chamber (Weiss–Vötsch VT4002) before 
characterization was performed. The temperature accuracy of the oven was 0.1 K; an additional PT 100 thermo 
resistance was installed on a separate aluminum heat sink to ensure the preset oven temperature. The whole chamber was 
purged with dry air to avoid icing effects. To ensure that the injection current does not increase the temperature of the 
junction during operation, the LED samples were operated with very short forward voltage pulses with a small duty 
cycle (0.1%, pulse width = 500 ns, repetition time = 500 µs). Consequently we can assume that the preset temperature of 
the oven equals the JT of the device. The forward voltage pulses were produced with a pulse generator (HP 214 B); using 
a 20 Ω series resistance the forward current of the device was determined. The voltage pulses were logged with a digital 
oscilloscope (Hameg HMO 3524). The DC current-voltage characteristics were recorded with a Keithley 2601B source 
measure unit. 

A CCD spectrometer containing a 1200 lines/mm grid blazed at 500 nm (Thorlabs CCS 100) was used to record the 
emission spectra of the LEDs. In front of the input slit of the fiber optics input side an aperture with an acceptance angle 
of 5.72° was inserted. 

The wavelength calibration was done with a mercury argon lamp (LSP035 LOT Oriel Group). For each recorded 
spectrum the corresponding dark current was recorded and subtracted. The intensity calibration (spectrometer including 
fiber optics and aperture) was performed with a tungsten lamp standard. The linearity of the CCD array of the 
spectrometer was calibrated by comparing the transmission spectra of optical density filters measured with the CCD 
spectrometer and an UV/VIS spectrometer (Shimadzu UV/VIS 1800). 10 filters with a transmission between 2% and 
95% (at 460 nm) were used for linearity investigation. The calibration leads to the result that the photometric linearity is 
valid in the range between 5% and 90% of the total available measurement range.  
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Figure 2: Setup for determining the JT in the temperature range between 230 K and 400 K. 

 

2.1 Low temperature measurements 

To gain insight into the emission processes occurring in LEDs the samples were characterized at very low temperatures 
of 4.2 K and 77 K. To ensure thermodynamic equilibrium at such low temperatures the LEDs were dipped into a bath of 
liquid helium (4.2 K) or liquid nitrogen (77 K). Hence the JT of the LED was preset. To record the emission in the liquid 
bath environment a 4 m long waveguide (Newport F-MLD, 100 μm core diameter, 140 μm cladding diameter NA = 
0.290) was used. As elaborated above, the spectrometer including the waveguide was calibrated regarding the 
wavelength and intensity axis. To couple the fiber optics to the LED chip during the measurement, transparent glue was 
used on top of the LED as well as on the fiber optics. Photoluminescence excitation/emission measurements of the glue 
were carried out to certify that the recorded emission spectra do not get influenced by the glue. Moreover we confirmed 
that the shape as well as the peak position of the LEDs is independent of the sample position relative to the detector. We 
did not observe any preferred polarization direction of the emitted light.  

 

2.2 Coherence length investigation 

For coherence length investigations a self-made Fabry Perot Interferometer (FPI) was coupled with a closed cycle 
cryostat (figure 3). The LEDs were mounted on a copper plate using thermal conduction paste and electrically contacted 
with a 30 μm thick Au bonding wire. The samples were located in the focal point of a collecting lense (f = 50 mm) which 
created a parallel beam for the use of the FPI investigations. A variable aperture in front as well as a fixed aperture 
behind the FPI (diameter 1 mm, length 10 mm) were used for beam collimation. Two different kinds of high reflecting 
mirrors were used depending whether the red emitting LED (AlGaInP) or the blue emitting LED (GaN) was investigated 
(inserts in figure 7 and figure 8 show the reflectivity in respect to wavelength of the used mirrors). The emission spectra 
were recorded with a spectrometer containing a 2400 l/mm grid blazed at 250 nm. The vacuum in the closed cycle 
cryostat (Model 20/70 Crygenic Technology) was 10-6 mbar throughout all measurements; the temperature was checked 
with a silicon diode mounted closely to the sample holder.  

 

2.3 Samples and diode mounting 

The LED dice on a sapphire (AlO3) substrate were mounted with thermally conducting paste on an aluminum heat sink 
(dimensions 5.0 mm x 6.3 mm x 4.8 mm). With a thin 30 μm Au bonding wire the devices were connected to a printed 
circuit board. To investigate the structure as well as the composition of the used samples focused ion beam (FIB) and 
electron disperse x-ray spectroscopy (EDX) measurements were performed. The dimension of the blue emitting GaN 
LED is 500 μm x 1000 μm with an overall thickness (substrate and semiconductor) of 150 μm whereas the active layer 
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consists out of a 8 μm thick GaN layer followed by a 150 nm thick AlN based p-type layer. The red emitting AlGaInP 
LEDs are grown on an AlO3 substrate whereas a 2.5 μm AlInP layer follows a 9.5 μm thick GaP based layer. The device 
dimensions are 300 μm x 300 μm with an overall thickness of 100 μm. Both types of LEDs were covered with a SiOx 
passivation layer. 

 

 
Figure 3: Setup of the closed cycle cryostat in combination with an FPI for coherence length investigations. 

 

3. RESULTS 
Figure 4 shows the behavior of the energy gap of a blue emitting GaN LED with respect to the pulsed injection current in 
the temperature range between 230 K and 400 K. The band gap energy gE  was extracted out of the peak energy pE  
reduced by ½ kT 5. With increasing temperature a shift of the peak to lower energy levels occurs. This red shift is 
designated to the reduction of the band gap energy with increasing temperatures6. Due to the applied small voltage pulses 
the current induced temperature increase can be neglected. Notable is the blue shift (shift to higher energies) of the band 
gap energy with increasing injection current. The reason for such behavior can be dedicated to charge carriers of higher 
confined levels in the quantum well structure which participate to the radiative recombination process. Hence an 
effective increase of the band gap energy occurs which is the so called band-filling effect7,8. This effect especially occurs 
for higher injection current levels and shows a linear behavior due to the fact that the density of states in the quantum 
wells increases linearly as well. The band filling effect interplays with the screening of the piezoelectric fields which 
occurs from the lattice mismatch in GaN LEDs9,10. Especially at low temperatures excitons dominate the emission. Those 
excitons gets polarized by the piezoelectric field, however instead of field ionization of the exciton, the electrons get 
pulled to the quantum well on the one side, the holes get pulled in the other direction, respectively. Hence the wall of the 
quantum well prevents the excitons from field ionization. In this constellation the electron and hole are still close 
together, thus they feel the Coulomb potential. For that reason the exciton can still exist as a particle for a long time, the 
absorption peak does not get broadened because the exciton is not ionized by the field. Therefore the emission peak gets 
shifted to a higher wavelength which is assigned to the quantum confined stark effect (QCSE)11.  
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Injecting charge carriers rise a field which is acting against the occurring piezoelectric field and this results in a blue shift 
with respect to the injection current level. Low temperature investigations exhibited that the blue shift at a low current 
level (< 50 mA) can be assigned to the screening of the piezoelectric field until the potential wells are in a non-zero field 
condition. For higher current densities the band filling effect gets predominant.  

 
Figure 4: Energy gap behavior for several pulsed injection currents of a GaN blue emitting LED in the range of 230 K and 400 K 

The spectral behavior of the red emitting AlGaInP LED in the temperature range between 230 K and 400 K for a forward 
current pulse height of 50 mA is illustrated in figure 5. The shown spectra are normalized regarding the maximum 
intensity value. Additionally plotted in figure 5 is the sensitivity curve of the L-cone of the human eye12. On top of the 
efficiency decrease with increasing temperature, due to the shift to higher wavelengths, a decrease of the subjective 
brightness occurs because the sensitivity of the human eye decreases significantly as well. Plotting the intensity 
logarithmically allows determining the slope of the high energy wing which can be used for JT determination13. 

Figure 6 shows the behavior of the band gap energy with respect to the JT in the region between 4.2 K and 400 K. 
Notable is that the energy gap is independent of the level of injection current. Further the peak wavelength behaves 
linearly for temperature values above 200 K. Therefore, after performing the calibration measurement in the temperature 
chamber, the peak wavelength behavior and/or the slope of the high energy wing lead to the actual JT of the device 
during operation (as reported in14-16). 

The fit model used in figure 6 is obtained out of the data recorded with a 10 mA pulsed current and is given in equation 
(1)6 (fit parameter see figure 7), whereas gE  represents the band gap energy, 0E  the energy gap at 0 K, β  and γ  are 

the fit parameters and T the JT of the device. The model fits well with the experimental data and implies that, in contrast 
to our investigated GaN-based LEDs, excitons do not dominate the recombination at low temperatures for the AlGaInP 
LEDs17. 
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Figure 5: Emission behavior of a red emitting AlGaInP based LED in the temperature range of 230 K and 390 K in comparison to 
the sensitivity of the L-cone of the human eye. 

 
Figure 6: Band gap energy versus junction temperature of an AlGaInP LED. 
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3.1 Coherence length of GaN and AlGaInP LEDs 

LEDs provide attractive possibilities to implement them for holography (e.g. microscopy) due to the specific coherence 
properties this light source offers. Employing holography allows to construct a 3D-imaging microscope for non-
destructive testing and quality control; further by using photorefractive holography the remote investigation of biological 
tissues is possible18, 9. Holography in combination with microscopy makes a quantitative phase contrast for high 
resolution topography analysis of micro and nano structured surfaces available19. However, the nature of coherence of 
solid state light sources is still not well understood and rarely specified. 

Generally the temporal coherence length is defined via of the coherence time (following Ref.21) 

cc ctl =       (2) 

whereas cl  is the temporal coherence length, ct  the coherence time and c  the speed of light, respectively. For a 

Gaussian spectral distribution the spectral width νΔ  and coherence time ct  are related by 

ct
12ln2

Π
=Δν .      (3) 

Inserting equation (3) in equation (2) leads to the theoretical description of the coherence length given in equation (4). 

λ
λ
ΔΠ

=
22ln2

cl       (4) 

Applying equation (4) for determining the coherence length assumes a Gaussian shape of the spectral distribution. 
Executing equation (4) on our measured emission spectra leads to coherence lengths at room temperature of 17.8 μm for 
the AlGaInP LEDs and 9.9 μm for the blue emitting GaN LEDs respectively (at 10 mA pulsed current). These results 
agree very well with previous reported coherence lengths20. However, measuring the coherence length with a FPI leads 
to total different situations. Figure 7 and figure 8 illustrate the interference fringes with respect to the mirror separation 
for the two types of investigated LEDs. The measurements were performed at room temperature and under DC current 
injection (10 mA for the GaN LED, 30 mA for the AlGaInP LED). For both types of LEDs we find remarkable 
coherence lengths which can be obtained directly out of the mirror separation. As shown in figure 7 interference fringes 
can be still identified at a mirror separation of 260 μm which correspond to a coherence length of at least 0.52 mm. For 
the red emitting AlGaInP LED interference fringes can be still observed at a mirror separation of 650 μm which 
corresponds to a coherence length of at least 1.3 mm. These obtained results do not mirror to the coherence length 
distribution of the light source and therefore cannot be taken as the average coherence length of the wave trains emitted 
from the LEDs. However the light sources we investigated emit wave trains which fulfill the interference conditions, 
therefore the LED provides wave trains with such long coherence length in the millimeter and sub millimeter range. 
Intriguing about these results is that the number of wave trains with such high coherence lengths is obviously high which 
can be identified out of the amplitudes (constructive / destructive) of the observable interference fringes. 

Although LEDs provide a single color (monochromatic) emission pattern (FWHM typically between 10 nm – 20 nm), 
the theoretical approach shown above to determine the coherence length is not satisfying in this case in comparisons to 
the gained experimental results.  
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Figure 7: Normalized emission spectra of a GaN LED through a FPI in dependence of the mirror separation. The insert shows the 
reflectance behavior of the used mirrors in the FPI. 

 
Figure 8: Normalized emission spectra of an AlGaInP LED through a FPI in dependence of the mirror separation. The insert 
shows the reflectance behavior of the used mirrors in the FPI. 
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4. CONCLUSION 
The presented setup allows to determine the JT of LEDs very accurately. Injecting small voltage pulses leads to emission 
spectra whereby maintaining thermal dynamic equilibrium. Operating LEDs under DC leads to the fact that the JT of the 
device immediately changes and therefore a non-thermal equilibrium situation is present. We found that screening of the 
piezoelectric field as well as the band filling effect are responsible for the blue shift with increasing current injection 
level for blue emitting GaN LEDs. Low temperature investigations further illustrate that the band filling effect is 
dominant for the shift at high current levels. On the other hand we found that the band gap energy does not change with 
increasing current density for the red emitting AlGaInP LEDs. Therefore determining the JT out of the peak wavelength 
leads to accurate and satisfying results.  

Applying of Fabry-Perot interferometry allows to gain insight into the coherence length of the emitted wave trains of 
LEDs which leads to coherence lengths in the millimeter range for both types of LEDs. We could show that using 
numerical estimations for calculating coherence length gives misleading results and provides values which are far away 
from those determined experimentally. 
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Abstract
The electrical and optoelectronic 
performance as well as the operation 
lifetime of electroluminescent devices 
are strongly linked to the temperature 
of the active region. This so called 
junction temperature is a key 
parameter regarding device lifetime 
and luminous efficacy. Furthermore, 
temperature changes throughout 
operation lead to spectral shifts and 
broadening of the emission spectrum 
which subsequently lead to changes of 
color temperature and color rendering 
index in white light LED systems. 
Therefore, understanding the behavior 
of the junction temperature and its 
monitoring are prerequisites to design 
and operate light engines with long 
lifetimes, high efficacies and excellent 
long term color quality.

Due to chip encapsulation, in situ 
measurements of the junction 
temperature is practically not 
possible. There are several measuring 
methods which attempt to probe 
the temperature of the device 
(direct measuring (e.g. attached 
sensing elements) as well as indirect 
measurement (e.g. infra-red cameras)). 
However, most of them rather 
probe the temperature of the device 
environment than the actual junction 
temperature of the active region.

Our work is based on contactless 
methods for accurately deriving 
the junction temperature of LEDs 
in an assembled light engine under 
operation. Additionally we will show 
that the junction temperature can 
be obtained out of several externally 
accessible parameters (forward 
voltage, energy gap, etc.) on direct 
current (DC) and pulsed current driven 
devices.

Introduction
High efficiencies combined with long 
lifetimes make LED technology more and 
more becoming well established in a variety 
of fields and therefore LED lighting systems 
start to dominate the area of general 
illumination. Lifetime, efficiency, and reliability 
of electroluminescent devices are strongly 
linked to one important device parameter, 
namely the temperature of the LED device, 
to be more specific the temperature of the 
pn-junction volume. Moreover, 
optoelectronic properties are closely related 
to this so called junction temperature (JT). 
Shifts of the peak wavelength, broadening or 
narrowing of the emission spectra are the 
severe consequences of altering JTs. Hence 
during operation, variations of the JT lead to 
changes of the device characteristics i.e. 
color temperature and chromaticity 
coordinates. [1]
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This paper focuses on temperature 
measurement methods of 
electroluminescent devices and we will show 
a contactless measurement setup which 
allows to determine the JT of LED devices 
under operation [2 - 4]. Additionally we 
demonstrate the impact of the JT on 
optoelectronic properties. 

Common Temperature 
Measurement Methods
There are several methods to determine the 
operation temperature of the device; 
however most of them rather probe the 
temperature of the device environment than 
the actual JT of the active region.

Direct measuring of the temperature using 
e.g. resistance thermometers or 
thermocouples leads to the problem that the 
temperature is measured outside of the 
place of interest. Hence the measured 
temperature is not equal to the JT due to the 
fact of a non-thermal equilibrium of the 
device environment and the die. Figure 1 
shows the temperature of the device 

environment of an LED light engine 
measured with a K-type thermocouple 
(Nickel Chromium vs. Nickel Aluminum, 
reference temperature 0°C). The DC forward 
current of the device was 400 mA, 600 mA, 
and 1300 mA, respectively. The 
thermocouple was located on a heat sink 
next to the LED device which consists of four 
phosphor-converted-LEDs and two 
red-LEDs. After approximately 3000 
seconds (60 minutes) a thermal equilibrium 
of the device environment is reached, 
however no conclusion about the actual JT 
of the active region of any of the LEDs can 
be drawn. Only the complete solution of the 
quite complex heat equation over the whole 
device area would give an estimate of the 
actual temperature distribution.

Very common and comfortable instruments 
for thermal measurements and heat flow 
determinations, are infra-red (IR) cameras. 
They are based on the fact that each object, 
which has a temperature higher than 0 K, 
emits IR radiation in a certain wavelength 
range which follows Planck radiation law. 
Advantages of IR cameras are that no direct 

Figure 1:  
Tempera-
ture depen-
dence vs. 
time of 
an LED 
module 
containing 
4 phosphor 
converted 
and 2 red 
LEDs. 
Measure-
ments 
were 
performed 
with a 
K-type 
thermo-
couple 
located on 
a heat sink 
next to the 
LED device
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contact between the sample and the 
measurement system is needed.  
Further due to the fast picture processing 
time, thermal images can be taken basically 
in real time and therefore fast temperature 
changes of the device can be followed.

However, imaging an LED covered with the 
generally used globe top leads to the 
problem that the IR radiation measured by 
the camera is strongly altered by the 
characteristic IR absorptions of the globe top 
polymer. Therefore, the specific transmission 
properties (complicated by the enharmonic 
behavior of the polymer hydrocarbons, 
overtones, combined resonances, etc.)  
of the globe top solid have to be taken into 
account. To gain accurate and correct 
temperature values, a calibration regarding 
the globe top transmission features is 
mandatory. 

Theoretical Background
The theoretical background of the 
temperature dependence of the forward 
voltage and the energy gap can be obtained 
from Shockley equation (equation (1)) 
(following [2], [3] and [4])

Jf = Js (e
eVf / nkT-1) (1)

Where Jf expresses the diode current in 
forward direction, Js the saturation current, 
Vf the forward voltage, n the diode ideality 
factor, k the Boltzmann constant, e the 
elementary charge, and T the absolute 
temperature. For Vf ب�kT/e, the -1 in 
equation (1) can be neglected and the 
derivative regarding temperature of the 
modified equation (1) leads to equation (2).

d  
dT

 Vf = d  
dT

 [ nkT  
e

 ln ( Jf  
Js ) ] (2)

 
The saturation current (equation (3)) can be 
expressed in terms of the intrinsic carrier 
concentration ni, the diffusion constants of 
electrons Dn and holes Dp, the minority 

carrier lifetimes of electrons τn and holes τp 
as well as the donor density ND and the 
acceptor density NA, respectively.

Js = e [ √ Dn  
τn

 ni
2  

ND

 + √ Dp  
τp

 ni
2  

NA

 ] (3)

The intrinsic carrier concentration ni is 
given by

ni = √NC NV e
-Eg  
2kT

where NC and NV are the effective density of 
states at the conduction and valence band 
edges

NC = 2 ( 2πmekT  
h2  ) 

3  
2

NV = 2 ( 2πmhkT  
h2  ) 

3  
2

Taking into account the temperature 
dependence of the diffusion constants of 
electrons and holes (D ן T1/2), the effective 
density of states at the valence and 
conduction band edge (NC,V ן T3/2), the band 
gap energies as well as the lifetimes of 
electrons and holes lead to equation (4):

d  
dT Vf = 

eVf - Eg  
eT

 + 
1  
e  

d  
dT

 Eg - 
3k  
e

 (4)

This relationship reflects the fundamental 
temperature dependence of the forward 
voltage. It is the starting point in order to 
characterize the JT of a pn-junction.  
The first term on the right hand side is due  
to the temperature dependence of ni, the 
second term expresses the temperature 
dependence of the energy gap, the third 
summand occurs due to the temperature 
dependence of NC and NV..

The band-gap energy is given by

Eg = Eτ=0K - 
αT2  
β+T

where α and β are the Varshni parameters. 
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Experimental Setup
The principle parts of the measurement setup 
are shown in figure 2. The measurement of 
the emission spectra and the driving 
parameters were performed in 
thermodynamic equilibrium in a chamber 
oven with precise temperature control  
(Weiss – Vötsch VT4002). The temperature 
range was set between -40°C to 120°C with 
an accuracy of 0.1°C. One additional PT 100 
resistor was mounted on a separate heat sink 
which was located in the oven to ensure the 
predetermined oven temperature. Before the 
measurements were performed, the samples 
were stored for at least 30 minutes in the 
chamber to guarantee the thermodynamic 
equilibrium of the devices. To avoid icing 
effects, the temperature oven was flushed 
with dry air during the whole experiment.

To probe the LED device it must be driven  
in a manner that there is a negligible 
temperature increase due to the driving 
power. Therefore, the LED device is operated 
with a current which is generated by voltage 
pulses with a very small duty cycle (0.1%, 
pulse width = 500 ns, repetition time = 500 µs). 
Consequently, we can assume that the JT is 
equal to the measured oven temperature. 
Voltage pulses were produced with a pulse 
generator (HP 214 B); using a series 
resistance Rs the forward current of the 
device was determined (the series resistance 
was selected individually: 9.78 Ω for 20 mA & 
50 mA, 19.52 Ω for 100 & 150 mA or  
46.31 Ω for 300 & 500 mA, respectively).  

The voltage pulses were logged with a digital 
oscilloscope (Hameg HMO 3524).  
The emission spectra were recorded with a 
CCD spectrometer (Thorlabs CCS 100) 
containing a grating with 1200 lines per mm, 
blazed at 500 nm. An aperture in front of the 
entrance slit of the spectrometer was used 
to define the acceptance angle (α = 5.72°). 
The current-voltage characteristics were 
measured with a Keithley 2601B source 
measure unit. 

AlGaInP red LED dice on a sapphire 
substrate (chip dimension 300 μm x 300 μm,  
Au electrodes) with a nominal dominant 
wavelength at room temperature between 
610 nm and 620 nm were used. Through a 
thin 30 μm Au bonding wire the devices were 
connected to a circuit board. To ensure high 
heat dissipation the devices were mounted 
with thermally conducting paste on a heat 
sink (L = 5 mm, B = 6.3 mm, H= 4.8 mm). 

Figure 3 shows the AC equivalent circuit of 
the measurement setup. Due to the narrow 
width of the voltage pulses (high frequency 
components), capacitances as well as the 
inductances of the coax cable and of the 
circuit board have to be considered. 
Furthermore, we also distinguish between 
horizontal as well as vertical resistances in 
the diode. The current Id in figure 3 
represents four current components namely 
the leakage current, the radiative current,  
the non-radiative current as well as the 
carrier-overflow current [5].

Figure 2:  
Measure-
ment setup 
for deter-
mining the 
calibration 
curve for 
evaluating 
the JT
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R + / R - Resistance of metal electrode of LED

L + / L - Inductance of metal electrode of LED

Rn-v / Rp-v Vertical resistance of the p-type / 
n-type semiconductor material 

Rn-h / Rp-h Horizontal resistance of the p-type / 
n-type semiconductor material

Id Current components 

Cd Conductance occurring from the 
depletion zone

Cp Conductance occurring from the 
electrodes (pads)

Rw + / Rw - Resistance of Au bonding wire & Au 
wire on circuit board

Lw + / Lw - Inductance of Au bonding wire & Au 
wire on circuit board

Rs Series resistance for forward current 
determination

R’ / R’’ Resistance of coax cable 1 (’) / 2 (’’)

L’ / L’’ Inductance of coax cable 1 (’) / 2 (’’)

C’ / C’’ Capacitance of coax cable 1 (’) / 2 (’’)

G ‘ / G’’ Conductance of the dielectric material 
between inner and outer conductor of 
coax cable 1 (’) / 2 (’’)

R1 / R2 / 
Rout

Input (output) resistances of scope 
1(R1) / 2 (R2) / pulse generator (Rout)

C1 / C2 / 
Cout

Input (output) capacitances of scope 
1 (C1) / 2 (C2) / pulse generator (Cout)

The DC equivalent circuit is much more 
simple and is derived from the AC equivalent 
circuit because neither capacitances nor 
inductances play a significant role and 
therefore just resistances have to be taken 
into account. 

Results
Figure 4 shows the effects of the JT on the 
driving parameters of the diode. In the low 
temperature region (< 20°C), JT changes 
have greater impact on the driving parameter 
compared to the high temperature region  
(> 20°C). Hence the broadly proposed linear 
behavior of the forward voltage with respect 
to temperature does not apply anymore for 
such large temperature ranges (160 K).

Figure 5 (on page 200)  illustrates the effect 
of the JT on the spectral behavior of the red 
LED for a pulsed current of 50 mA. The 
emission peak shifts between 610 nm at 
- 40°C to 632 nm at 120°C. The dashed line 
in figure 5 shows the sensitivity dependence 
of the L cone of the human eye (Styles and 
Burch [6]). It follows that a peak wavelength 
shift of 30 nm corresponds to a subjectively 
perceived change of brightness of around 50 
% in this wavelength range.

Figure 6 shows the linear change of the full 
width at half maximum (FWHM) with respect 
to temperature and injected pulsed current 
over the whole temperature region.

As indicated in figure 7 (on page 200) the 
peak wavelength shifts linear with 
temperature (0.14 nm/K) and additionally it is 
independent of the pulsed driving current. 
This behavior proofs that the injected pulsed 
current does not influence the JT. For 
comparison figure 7 shows the intensity drop 
of the red LED with respect to temperature. 
The results are referred to the measurement 
performed at 20°C. Out of this data one can 
extract that the impact of the JT on the 
device performance is rather affected by 
temperatures above 20°C compared to 
temperatures below 20°C, respectively.

Figure 3:  
AC equiva-
lent circuit 
of the 
measure-
ment 
setup.
The 
descrip-
tion of the 
denota-
tion used 
in figure 
3 can be 
found in 
table 1.

Table 1: 
Explana-
tion of the 
denota-
tion used in 
figure 3
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Figure 4:  
I-V charac-
teristic of a 
red LED as 
function of 
tempera-
ture

Figure 5:  
Spectral 
distribu-
tion with 
respect to 
tempera-
ture as well 
as L cone 
sensitivity 
curve
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Figure 6:  
Depen-
dence of 
the FWHM 
with 
respect to 
tempera-
ture and 
injection 
pulsed 
current

Figure 7:  
Peak wave-
length and 
normal-
ized inten-
sity with 
respect to 
tempera-
ture of a 
red LED
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With this gained spectral information the  
JT of an electroluminescent device during 
operation can be determined. Measuring  
of the forward voltage and the emission 
spectra during operation and the 
combination of the temperature behavior  
of the forward voltage/emission spectra 
obtained out of the calibration data, the 
actual JT of the device can be extracted. 
This approach is independent of the 
designated driving conditions of the  
device (pulsed current, pulse width 
modulation or DC).

Conclusion
All the well-known advantages of LED 
technology could only be harvested  
if the thermal management is totally  
under control. As shown in this paper, 
temperature changes lead to spectral 
changes (e.g. wavelength shifts,  
spectral broadening/narrowing) as well  
as intensity changes which directly effect 
the color temperature and the chromaticity 
coordinates of the device. We showed  
that out of the spectral information the 
actual JT during operation can  
be obtained.  

Precise measurements of the temperature of 
the active region are a prerequisite for 
understanding the temperature behavior of 
LEDs and therefore allow providing light 
engine design with high efficiencies, long 
lifetimes as well as high quality light in terms of 
stable color temperature and color rendering. 

All the above mentioned measures to extend 
energy efficiency, life expectancy and 
consumer comfort of LED lamps could be 
combined to create a superior product and to 
support a major breakthrough in solid state 
lighting on a broader basis - some at a higher 
cost but some even cost saving especially in 
terms of energy consumption, maintenance 
and payback with all the ecological side 
aspects of fossile resources, carbon footprint 
and climate. 300 lm/W efficiencies seem to 
be within reach and have the potential of 
cutting lighting energy consumption from 
20% down to 1% off today’s electric energy 
bill. All the intelligence required to take care of 
complex monitoring and control functions 
could be packed into very compact basic 
ultra low power microcontrollers at minimal 
cost. It doesn’t take magic but a certain 
conceptual pradigm shift at the design, 
engineering, manufacturing, sales and 
last-not-least consumer level and should  
be worth the effort. 

References:
[1] Hetzel et al., 2012, Tunable natural light realized by phosphor-innovation light-emitting-diode technology, e & i Elektro-

technik und Informationstechnik, 7-8, pp.460-465
[2] Xi et al. (2005). Junction temperature in ultraviolet light-emitting diodes. Japanese Journal of Applied Physics Part 

1-regular Papers Brief Communications & Review Papers, 44(10), pp. 7260-7266
[3] Xi et al. (2005) Junction and carrier temperature measurements in deep-ultraviolet light-emitting diodes using three 

different methods. Applied Physics Letters, 86(3), 031907
[4] Xi et al. (2004). Junction-temperature measurement in GaN ultraviolet light-emitting diodes using diode forward voltage 

method. Applied Physics Letters, 85(12), pp. 2163-2165
[5] Masui et al., 2008, Equivalent-Circuit Analysis for the Electroluminescence-Efficiency Problem of InGaN/GaN Light-Emit-

ting Diodes, Japanese Journal of Applied Physics, Vol. 47, No54, pp. 2112-2118
[6] Based on the Stiles & Burch 10-deg CMFs (adjusted to 2-deg), Color and Vision Research Labs, accessed 18.06.2013

THERMAL I


	General Overview
	Introduction
	New century of light
	Scope of this thesis

	Color science
	The human eye
	Colorimetry
	Tristimulus values - color matching functions
	MacAdam ellipses
	Color temperature
	Color rendering
	Dominant wavelength & color purity
	Photometric units


	Fundamentals & analytical tools
	Semiconductor principles
	Semiconductor alloys
	Recombination processes
	pn-junction
	Heterostructures

	White light LED
	LED driver systems

	Luminescence
	Fluorescence lifetime
	Fluorescence quantum yield

	Focused ion beam (FIB) & electron dispersive X-ray spectroscopy (EDX)
	Electron beam induced current (EBIC)


	Experimental Investigation
	Sample investigation & sample preparation
	FIB & EDX investigations
	GaN-based LED
	AlGaInP-based LED

	EBIC investigations
	AlGaInP-based LED
	GaN-based LED

	LED damage

	Determination of the junction temperature of LEDs
	Conventional measurement methods
	Obtaining the JT of LEDs in the range between 230 K and 400 K
	Diode mounting

	Low temperature investigations
	Emission behavior of Vaseline
	Vaseline demount
	Resistance measurements
	Polarization and direction effects

	Calibration of a CCD spectrometer
	Background spectrum correction
	x-axis calibration
	y-axis calibration
	Detector linearity

	Rising / falling times of LEDs
	Influence of the 500 ns pulse on surface heating


	Results and Discussion
	Current density impact on GaN blue emitting LEDs
	Abstract
	Introduction
	Experimental setup and sample preparation
	Results and discussion
	Junction temperature investigations
	Injection current influence

	Conclusion
	Additional measurements
	Phonon replica
	Current-voltage behavior of GaN
	Conclusion


	Current density impact on AlGaInP red emitting LEDs
	Introduction
	Experimental setup and sample preparation
	Results and discussion
	Low temperature emission behavior
	Current-voltage behavior

	Conclusion

	Patent: Method to operate an adjustable illuminant
	The coherence length of light emitted from LEDs
	Coherence length determination
	Coherence length of GaN-based and AlGaInP-based LEDs

	Conclusion

	Optical properties of light converting materials
	Measurement of fluorescent lifetimes
	Determination of the quantum yield
	Reference standards
	Quantum yield of solids

	Conclusion

	Patent: Color converting material blends for a tunable white light engine
	Concluding remarks

	Appendix
	Bibliography
	Publications
	Current density impact on the emission behavior of GaN-based blue emitting LEDs in the temperature range of 4.2-400 K
	Tunable natural light realized by phosphor-innovation light-emitting-diode technology
	Spectral Behavior and Coherence Length of GaN-, and AlGaInP-based Light-Emitting-Diodes
	Methods for obtaining the junction temperature of LEDs



