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Santrauka

Pagrindinis disertacijos tikslas buvo istirti Siluminius reiskinius ir jy sukeltus
elektriniy bei i1§¢jimo charakteristiky pokycius prekiniuose didelés galios Sviestukuose.

Disertacija yra sudaryta i§ penkiy skyriy. Kiekvieno skyriaus pabaigoje yra
pateikiamos iSvados. Disertanto kartu su bendraautoriais iSpublikuoty moksliniy
straipsniy ir konferencijy praneSimy sgraSas pateikiamas darbo pabaigoje. Disertacijos
skyriai, kuriuos rengiant panaudota straipsniy medziaga, ir paveiksléliai Siuose skyriuose
pazyméti su citavimo nuorodomis  pastargjj sarasa.

Pirmasis disertacijos skyrius, sudarytas 1§ keturiy poskyriy, skirtas 6viestuk7
sandiiros temperatiiros nustatymo 1§ elektroliuminescencijos spektro dideliy energijy
Slaito metodo tyrimui ir jo taikymo salygy apibréZimui. Pirmame poskyryje pateiktas
eksperimento apraSymas, kuriame nurodyti tiriamy Sviestuky tipai, naudota aparatiira ir
tyrimo salygos. Antrame ir treCiame poskyriuose apraSomi, atitinkamai, AlGalnP ir
InGaN Sviestuky heterosandiry temperatiiros nustatymo i§ elektroliuminescencijos
spektry, rezultatai. Patekti rezultatai parodo sandiiros temperatiiros nustatymo iS$
elektroliuminescencijos spektro dideliy energijy Slaito metodo taikymo galimybes ir
salygas. Taip pat, démesys yra skirtas skirtingy metody palyginimui.

Antras skyrius yra skirtas puslaidininkinio lusto temperattiros dinamikos tyrimui,
kai Sviestukas yra valdomas impulso ploCio ir impulsy pasikartojimo daznio
moduliacijos biidais. Po eksperimento metodinés medziagos, antrame poskyryje
pateikiami eksperimentiniai sandiiros temperatiiros dinamikos matavimo rezultatai esant
dviems skirtingiems valdymo biidams. Tre¢iame poskyryje pasiiilomas teorinis modelis,
aprasSantis sandiiros temperatiiros kitimg. Eksperimentiskai nustatytas ir teorinio modelio
pagalba paaiSkintas impulsy daznio moduliacijos taikymo Sviestuky valdymui
pranaSumas dél didesnio naSumo ir pastovesniy iSéjimo charakteristiky.

TreCiame skyriuje apraSomas detalus balty konversijos fosforuose Sviestuky
spalvio priklausomybés nuo aplinkos temperatiiros ir tiesioginés sroveés tyrimas.
Pirmame poskyryje pateikiama informacija apie tyrimo eigg. Antrame poskyryje aprasyti
tyrimo rezultatai ir pasitilytas paprastas spalvio kitimo skaitinis modelis, kuris sékmingai

gali biiti panaudotas prekiniy puslaidininkiniy Sviestuky techniniame aprasyme. Pagal §j



modelj apskaiciuotas spalvis nedaug skiriasi nuo eksperimentiniy rezultaty, o skirtumas
gali biiti mazesnis uz spalvio suvokimo ribg visame temperatiiry ir sroviy intervale.

Ketvirtas skyrius yra skirtas Siluminiam ir neSiluminiam poveikiui
elektroliuminescencijos moduliacijos spektrui esant harmoninei Sviestuky tiesioginés
srovés moduliacijai. Siame skyriuje apra$ytas tyrimas, kurio metu buvo nustatyti jvairiy
AlGalnP ir InGaN Sviestuky elektroliuminescencijos harmoninés moduliacijos gylio
spektrai. Gauti rezultatai atskleidé sandiiros temperatiirai jautrias spektro sritis. IStyrus
temperatiirai jautriy sri¢ly moduliacijos gylio priklausomybe nuo moduliacijos daznio,
buvo nustatytos Sviestukg sudaraniy konstrukcijos elementy Siluminés relaksacijos
trukmeés.

Penktajame disertacijos skyriuje pateikiamas Sviestuky elektriniy charakteristiky
kitimas, jiems senstant darbinémis §iluminémis salygomis. Cia apra$omas sendinimo
metu nustatytas tiesioginés jtampos, nuosekliosios varzos ir kriivininky injekcijos
proceso charakteringosios energijos mazéjimas. Gauti rezultatai buvo paaiskinti
ilgalaikio i8kaitinimo darbin¢je temperatiiroje sukelta Mg—H kompleksy disociacija, dél

kurios padidé¢ja jonizuoty priemaiSy tankis Sviestuko p apvalkaliniame sluoksnyje.
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Introduction

Artificial light is being used by humans for ages following the progress in the
development of light sources. The most advanced lighting technology is based on light-
emitting diodes (LEDs), which are already widely used in general and special
illumination [1]. The phenomenon of electroluminescence (EL), which is the principle of
operation of LEDs, has been discovered in the beginning of the XX™ century [2],
although this phenomenon was explained by radiative recombination of free carriers
much latter [3]. A huge progress in solid-state lighting was attained after the adapting of
metalorganic chemical vapour deposition (MOCVD) technology for the growth of high-
quality AlGaInP and InGaN semiconductor layers by the end of the XX™ century [4,5].
By using heterostructures based on these semiconductors, light can be efficiently
generated within a wide range of chromaticities.

Radiant efficiency of about 50% and luminous efficiency in excess of 200 Im/W
have already been achieved for direct-emission coloured LEDs and phosphor converted
white LEDs, respectively [6,7]. However, high output fluxes are attained while operating
LEDs in severe driving conditions (1 to 10 W electrical power), which result in an
increase of junction temperature due to the selfheating effect. The junction temperature
is an important parameter that influences all characteristics of a LED. An increased
junction temperature results in the alteration of electrical characteristics, such as forward
voltage and series resistance. Also, the efficiency, as well as the peak wavelength,
bandwidth, chromaticity, and frequency response of EL are sensitive to the selfheating
effect due to the sensitivity of the rate of radiative and nonradiative recombination, band
gap energy, carrier distribution function, and phosphor photoluminescence to
temperature.

The measurement of junction temperature usually is based on the temperature
sensitivity of a LED parameter. A well established approach is the forward-voltage
method [8]. Alternatively, the junction temperature can be determined remotely from the
high-energy wing of the EL spectrum. However, a disparity in the values of junction
temperature measured using different methods was revealed [9]. Therefore, a detailed

investigation of the latter method should be performed.



The junction temperature of a LED oscillates under pulsed driving. The
character of such oscillation depends on the duration and repetition frequency of the
forward-current pulses and on the thermal response of the LED chip, which contains
components with different thermal relaxation constants. As the result, the output
characteristics of the LED might be different at different driving modes. This poses a
problem of the selection of a driving mode that is optimal in terms of the thermal regime
and might be different form the commonly used pulse-width modulation mode.

White LEDs have a polychromatic spectral power distribution that is composed
of both direct-emission EL band and/or photoluminescence bands due to the conversion
of EL in phosphors [10]. Therefore, the dependence of white LED chromaticity on
forward current and ambient temperature is intricate and difficult to describe using
analytical models. To that end, numerical models with an appropriate accuracy are of
high interest.

The oscillation of junction temperature can influence the modulation properties
of LEDs. However, the thermal and athermal effects on the frequency response of LEDs
and on the spectral distribution of modulation depth are rarely reported in literature and
deserve more attention.

The selfheating of LED chip might result in the alteration of electrical
characteristics during long-term operation. Although LED aging effects received
considerable attention [11], the long-term variation of the electrical characteristics of
LED:s is to be addressed in more detail.

Keeping in mind the issues mentioned above, the thesis was aimed at the
investigation of steady-state and transient thermal effects in high-power LEDs. The
main goals of this work were the investigation of different thermal characterization
methods, thermal response of LEDs, and the dependence of electrical and output

characteristics on junction temperature.

Main objectives

To validate the method of LED junction temperature measurement from the
high-energy wing of the EL spectrum. To investigate the possibility of the application of

this method and to compare it with another ones.



To compare the pulse-width modulation and pulse-frequency modulation driving
modes in terms of the transient behaviour of junction temperature and output
characteristics.

To investigate the dependence of white LED chromaticity on ambient
temperature and forward voltage and to introduce a simple numerical model for the
simulation of chromaticity coordinates with perceptually acceptable accuracy.

To investigate the EL modulation spectrum of high-power LEDs and to elucidate
the effect of junction temperature oscillation in different parts of the spectrum.

To investigate the variation of electrical characteristics of commercial InGaN

LEDs during long-term aging under rated thermal condition.

Novelty and significance of the thesis

The method of LED junction temperature measurement from the high-energy
wing of the EL spectrum has been validated and compared to other methods.

A comparison of the pulse-width modulation and pulse-frequency modulation
driving modes in terms of junction temperature oscillation and output characteristics of a
high-power LED has been performed.

A simple numerical model for the simulation of chromaticity coordinates of
white LEDs as a function of ambient temperature and forward current has been
proposed.

The spectral distribution of modulation depth of EL has been investigated in
high-power AlInGaP and InGaN LEDs and explained in terms of thermal and athermal
effects. The thermal characterization of the LEDs was performed using the sensitivity of
particular parts of the modulation spectrum to junction temperature oscillation.

The alteration of electrical characteristics of InGaN LEDs during long-term
aging has been investigated. The results were proposed to attribute to long-term

annealing under rated thermal conditions.
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Points to be maintained (statements to defence)

1.

The junction temperature of AlGalnP light-emitting diodes, which emit due to the
recombination of free carriers, can be determined directly from the high-energy
wing of electroluminescence spectrum. Calibration measurements should be
carried out for the measurement of junction temperature in InGaN light-emitting

diodes, which emit is due to the recombination of localized carriers.

. In comparison with the pulse-width modulation driving mode, the pulse-

frequency modulation driving mode is advantageous in a higher efficiency,

steadier chromaticity and lower junction temperature oscillation.

. The chromaticity coordinates of phosphor conversion white light-emitting diodes

can be numerically simulated within acceptable tolerance (3 MacAdam ellipses)
as flat functions of ambient temperature and forward current.

The spectral distribution of electroluminescence modulation is uneven in AlGalnP
light-emitting diodes driven by harmonically modulated forward current due to
the thermal modulation of band gap and free carrier distribution function. The
spectral distribution of electroluminescence modulation in InGaN light-emitting
diodes is due only to the thermal modulation of delocalized carrier distribution
function. Different parts of the electroluminescence spectrum have different

sensitivity to junction temperature oscillation.

. The forward voltage, series resistance and characteristic energy of carrier

injection decrease during long-term aging of high-power InGaN light-emitting

diodes under rated thermal conditions.

11



1. Measurement of LED junction temperature from the high-energy slope of the EL
band [P1]

An important parameter in operating LEDs is the junction temperature, which
conditions the efficiency, chromaticity, and longevity of a device. The measurement of
LED junction temperature rely on numerous techniques, among which the most
established are the methods of forward voltage [8] and EL band peak position [9]. The
main drawback of these methods is the necessity of individual calibration of each LED
prior to examination. Alternatively, the junction temperature can be determined directly
from the high-energy slope of the EL spectrum, which reflects the distribution function
of nonequilibrium carriers in the active layer of a LED. The short-wavelength wing of
the EL band can be quantified by the inverse derivative Tip of logarithmic intensity with

respect to photon energy /v and expressed in temperature units

-1
} , (1.1)
A

where [ is the spectral intensity of EL, A = hv— Ep is the distance from peak position (Ep

o(InT)
o(hv)

TID<A)={—kB

is the peak position of the EL band). However, the values of LED junction temperature
measured using different methods exhibit a disparity [9]. In this work, the high-energy
slope method for the measurement of the junction temperature of high-power AlGalnP
and InGaN LEDs has been validated.

High-power (1 W) red AlGalnP (Philips Lumileds Lighting model LXHL-MD1R)
and blue InGaN (Philips Lumileds Lighting model LXHL-MRRD) LEDs were studied.

AlGalnP LEDs emit due to the band-to-band recombination of free carriers in the
bulk-like active layer, which is about 1 um in thickness. For tree-dimensional statistics,

the shape of the EL band can de expressed as

r(hv):Atheth—Eg exp(— kh; j, (1.2)
B c

were A 1s a constant, E, is the energy gap, 7. is the temperature of carriers. The carrier

temperature, which is assumed to equal junction temperature, can be estimated from the
experimental inverse derivative Tip as the characteristic temperature 75, obtained form

the differentiation of Eq. (1.2):

12



kB

Figure 1.1 shows characteristic
temperature as a function of distance
from the peak position in the AlGalnP
LED measured in the self-heating-free
(pulsed) regime for wvarious chip
temperatures and driving currents. The
range from 90 meV to 150 meV (gray
area in Fig. 1.1) is seen to accurately
reflect the actual junction temperature
(dashed horizontal lines). Moreover,
the independence of characteristic
temperature on forward current was
the

characteristic temperature decreases at

observed. Meanwhile,
photon energies higher than 150 meV
from the peak position due probably to
photon absorption in cladding layers.
The junction temperature
calibration curves of the red AlGalnP
LED are shown in Fig. 1.2. A linear
function 77 =mTs +T* was used for the
approximation of the calibration data.
The approximation parameter m = 1 and
a small temperature bias 7*=-6K
were determined for characteristic
temperature determined in the 90 meV
to 150 meV spectral interval. This
means that the junction temperature can

be accurately determined directly from

240 |

200}

Characteristic temperature (K)
o
o

160 F —
0.06

012 015 018 021

0.09
Distance from peak (eV)

Fig. 1.1. Characteristic temperature derived from
the high-energy wing of the EL spectra for a high-
power red AlGalnP LED as a function of distance
from the EL band peak for various driving
currents. The dashed horizontal lines demarcate
chip temperature (indicated) [P1].

InP LED

w

[e2]

o
T

- AlGa

320

T=T,-6K

280

240

200

Characteristic temperature (K)

T=1.65T,-63K |

220 240 260 280 300 320 340 360
Junction temperature (K)

160 L

Fig. 1.2. Calibration charts for the measurement
of junction temperature in a red AlGalnP LED
obtained from the inverse derivative of the high-
energy wing of the EL spectra at the rated
current. The filled squares are the characteristic
temperature in the transparent spectral window;
open circles are those in the reabsorbed spectral
window. The solid lines are linear
approximations as indicated and the dashed line
is the equality dependence 7) = Ts [P1].

13



characteristic temperature. Meanwhile, the characteristic temperature measured in the
range of 150 meV above the peak position noticeably deviates from junction
temperature. For instance in the range from 200 meV to 220 meV corresponding to EL
reabsorption, the approximation parameters are m = 1.65 and 7*=-63 K. This means
that calibration measurements should be performed for junction temperature
measurement in this interval.

For the validation of high-energy slope method, a comparison of junction
temperature determined from the high-energy wing of the EL spectrum with that
measured by the forward-voltage method was performed. The estimated difference in
junction temperature was found to not exceed 3 K (1%) for the transparent spectral
window. For the spectral window corresponding to the reabsorbed high-energy wing, the
difference amounts up to 18 K (5%—7%).

InGaN LEDs contain a multiple-quantum-well active layer with carriers subjected to
quantum confinement and described within two-dimensional statistics, which should
result in a simple high-energy exponential slope (7ip = T.). However, the effect of
localized carriers (excitons) that dominate the emission results in that the actual shape of
the high-energy wing of the EL spectra in InGaN LEDs is more complex and is

determined by the Gaussian distribution of the localized states and inhomogeneous

broadening. 700 -
The inverse derivatives of the EL
spectra of the InGaN LED as a function of % . \
distance form the EL band peak are shown é %00
in Fig. 1.3. With increasing the distance, g 400
the inverse derivative is seen to approach E 300 |-N
the actual junction temperature. However, 200k e
it does not reach junction temperature due 005 010 015 020 025 030 035

. . . Atstumas nuo smailés (eV)
to broadening and the distortion of the EL

spectra in cladding layers. In the spectral Fig. 1.3. Inverse derivative of the high-energy

wing for a high-power blue InGaN LED as a
range from 140 meV to 160 meV above fynction of the distance from the peak for
various driving currents. The dashed
horizontal lines demarcate chip temperature
can be estimated using an appropriate  (indicated) [P1].

the peak position, the junction temperature
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correction procedure. For instance, a linear

550; T T T T T T T T T _f
function 77 =mTp + T* with m = 0.66 and ; InGaN LED ]

__500F
T*=43 K can be used in this spectral % 4505
_ o 2 [ | T,=0.66 T +43K ]
interval. The calibration chart for the — 8 4gof E
® i ]
measurement of junction temperature from 2 3500 .
[ F ]
. .. . o : I (MA): ]
inverse derivative in the selected spectral S 300} _F( 30)m A
window is shown in Fig. 1.4 at two values 250°F £ 350mAj

220 240 260 280 300 320 340 360

of forward current. Junction temperature (K)

Fig. 1.4. Calibration chart for the
Summary measurement of junction temperature in a
In AlGalnP LEDs, which contain a blufe IanN LED .obtamed frorp the inverse
derivative of the high-energy wing of the EL
thick active layer, the junction temperature  spectra at two forward currents. The solid line
) ) is a linear approximation as indicated [P1].
can be directly measured with an accuracy
of about 2 % as the characteristic temperature obtained from the inverse derivative of the
spectra with the 3D density of states taken into account. The spectral region for such a
measurement must be free from parasitic absorption.

In InGaN LEDs, extraction of junction temperature from the inverse derivative of
the EL spectra is aggravated by a complex effect of thermal broadening on the shape of
localized-carrier EL band and by an admixture of free carrier emission. Nevertheless, the
inverse derivative at about 150 meV above the peak energy can be linearly linked to

junction temperature by using a correction factor and bias term.

2. Dynamics of the junction temperature of LEDs under pulsed driving [P5]

The control of LED output can be performed using different methods of driving. The
pulse-width modulation (PWM) driving mode is frequently used instead of the constant
current regulation (CCR) mode due to the simplicity of driving electronics and steadier
output characteristics [12,13]. However, the oscillation of junction temperature caused
by the pulsed driving results in the variation of output flux parameters within the pulse
repetition period. One can anticipate that the use of shorter current pulses makes the

oscillations of junction temperature, output flux, and chromaticity of a LED smaller. To

15



that end, comparison of the PWM and pulse-frequency modulation (PFM) driving modes
was performed in this part of the work.

A high-power (1 W) amber AlGalnP LED (Philips Lumileds Lighting model LXHL-
ML1D) was used for the investigation of the driving methods. The driving pulses of the
rated forward current (350 mA) with the duration varied from 200 pus to 20 m at a
constant repetition frequency of 50 Hz were used in PWM driving mode. Meanwhile, a
constant pulse duration of 200 ps with the pulse repetition frequency varied from 50 Hz
to 5 kHz was used in the PFM dimming mode. The CCR driving method was also used

for comparison.

The junction temperature was traced 312
within the entire pulse repetition period using [
308
the forward-voltage method [8]. (In order to I

measure the junction temperature during the 304:

“off” phase, a small bias current of 3.5 mA
312

was applied.) The dynamics of junction  (b) O Experimental data

o —— Simulated data
temperature under pulsed driving at a duty 3081

cycle of 50 % and for three different pulse
304 -
repetition frequencies is shown in Fig. 2.1 -

Junction temperature (K)

(circles). It can be seen, that the magnitude of

junction temperature oscillation is decreased 12 (c)

at a higher pulse repetition frequency. 308:—

However, the average junction temperature 304

remains constant. For comparison of PWM :. ?==255?38ng| o
and PFM driving modes, the output 00 0.1 02 0.3 0.4 05 06 0.7 08

. . : . Time (ms)
characteristics were investigated. The points

in Fig. 2.2 (a) correspond to the time- Fig 2.1. Transients of the junction
temperature of an amber AlGalnP LED

integrated intensity of EL at the PFM driven at different pulse repetition rates.

. . Points, data measured using the forward-
(circles), PWM (squeres) and CCR (triangles) voltage method; solid lines, reconstruction

dimming modes. The dash-dotted line using the proposed model; dashed line, the
L ) i ) ) average junction temperature [P5].
indicates hypothetical intensity without the

self-heating effect. The deviation of time-integrated intensity from self-heating free

intensity is shown in Fig. 2.2 (b) by points. The deviation is the same for all driving
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modes at the duty cycle of 100 %. However, the difference in deviation was observed at
decreased duty cycles. The smallest deviation was found for the CCR driving mode.
Meanwhile, the PFM method showed better results than the PWM. The efficiency of
LED is by 5% higher for the PFM dimming at a duty cycle 50 %. Also, a linear
dependence of deviation was observed for the PFM driving method, which makes the

compensation of self-heating effect easier.

Figure 2.3 (a) shows the peak
wavelength dependence on duty cycle. A " @ /,/'/
linear increase of peak wavelength up to é ) ./'/.
2.6 nm was observed with increasing duty g T .
cycle for the CCR driving mode. The %zz
variation of peak wavelength for the PWM £ ool - | - EE“FQ |
and PFM dimming methods is not linear. 5L A —--- CCR self-heating
However, the deviation from linearity is & OF - e
very small for the PFM mode. The parts %
(b) and () of Fig 2.3 depict the ?i
dependences of chromaticity coordinates ;@:
on duty cycle. Again, the variation of =

0 20 40 60 80

chromaticity coordinates is almost linear Duty cycle (%)
in the CCR dimming mode and deviates L , '
Fig. 2.2. Time-integrated intensity and

from linearity in the pulsed driving modes.

deviation of intensity from the self-heating-

free output characteristic as functions of duty
cycle for the three driving modes. The solid
and dashed lines show the results of
simulation using the model [P5].

However, the deviation from a linear
dependence in the PFM mode is much
smaller than that in the PWM mode.

A simple model was proposed for the explanation of the experimental data on the
oscillation of junction temperature. The minimal junction temperature equals ambient
temperature 7, and the maximal temperature can be calculated using the thermal

resistance of LED, Ry,

T

max =Ty + Rg(Velp — @), 2.1)

where V% 1s the forward voltage, Ir is the forward current, and @ is the optical power.
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The variation of junction temperature with time during one period can be expressed

as

where T3(0) is the junction temperature at
the beginning of the period, £, is the
duration of the current pulse, 7, is the
period, and o; and 7 are the fractional
contributions and the time constants of the
i-th thermal relaxation path, respectively.

The lines in Fig.2.1 show the
reconstructed transient behaviour of the
junction temperature of the amber LED for
To=295K, Ry=20K/W and three-
exponential thermal response function with
the time constants of 73 =37 s,
n=1.6ms and ©5=0.54s. The shortest
time constant can be assigned to the heat
flow from the junction to the bottom
cladding layer of the chip. The second one
can be assigned to heat relaxation through
the metal base of the chip. The longest
constant heat

time corresponds  to

75 (0) + [T} pox —TJ(O)]{I—Z(ZI- exp(—LH for 0<r<¢,,
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Fig. 2.3. Peak position and chromaticity

coordinates of EL as functions of duty cycle.
Solid and dashed lines, the results of
simulation using the model [P5].

dissipation in the remaining parts of the LED and external heat sink.

The above results show that the output characteristics of a LED driven by repetitive

current pulses depend on the driving mode. A gain in efficiency of about 5 % at a duty

cycle of 50 % can be achieved for the LED investigated under the PFM driving mode

due to reduced junction temperature oscillation. Another advantage of the PFM driving

mode with respect to the PWM one is the almost linear dependences of output intensity



deviation from the self-heating-free dependence, peak position and chromaticity

coordinates on duty cycle.

Summary

Using a time-resolved forward-voltage method, the oscillation of the junction
temperature of a LED driven by repetitive current pulses was studied within a wide
range of pulse widths and repetition frequencies. The measured transients of junction
temperature can be quantitatively described by a simple model that is based on a multi-
exponent thermal response function. The thermal-relaxation model was shown to
account for the output characteristics measured in the PFM and PWM driving modes. An
increased efficiency and higher steadiness of output characteristics is the benefit of the

PFM driving mode.

3. Numerical model of the chromaticity of white LEDs dependence on ambient

temperature and forward current

The chromaticity of phosphor converted white LEDs depends on temperature and
forward current. This feature should be taken into account in applications that are
sensitive to colour quality of illumination. The chromaticity varies due to several reasons
as follows [12,13]. The shape of the EL spectrum of the InGaN chip depends on junction
temperature and forward current. Meanwhile, the intensity of phosphor
photoluminescence decreases, the width of spectral line broadens and the peak position
shifts to longer wavelength due to phosphor heating. Usually, LED datasheets lack
information on the variation of the chromaticity of emitted light.

In this work, the chromaticity of white LEDs was investigated as a function of two
variables, ambient temperature and forward current, and a simple numerical model for
simulating chromaticity coordinates was proposed.

High power (1 W) phosphor converted white LEDs (Philips Lumileds Lighting)
were studied. Three warm white LEDs (model LXHL-MWGC, correlated colour
temperature 3500 K) and three neutral white LEDs (model LXHL-MWI1D, correlated
colour temperature 5000 K) were studied. The ambient temperature and forward current

of the LEDs were varied within wide ranges. The grids of chromaticity coordinates at
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different operation conditions are shown in Fig. 3.1. Figures 3.1 (a) and (b) correspond
to the surfaces of CIE x and y chromaticity coordinates, respectively, for warm white
LEDs. Figures 3.1 (c¢) and (d) show similar data for neutral white LEDs. The surfaces of
chromaticity coordinates are seen to be non-flat. However, we propose a simple model
for simulating the x and y coordinates dependence on ambient temperature and forward

current. The experimental data were fitted by the planes, which are described as

(I, Ty ) =xo +a+b-JE1F0 o Ta = Tho 3.1)
Irg Tao
and
Irg Tao

were xo and y, are the CIE chromaticity coordinates of a LED at rated conditions

(Tao =20 °C, Iro =350 mA), and a, b, c, d, e and f are the model parameters.

Coordinate x
Coordinate y

Coordinate x
Coordinate y

Fig. 3.1. CIE chromaticity coordinates x and y of the white high-power LEDs as functions of
ambient temperature and forward current. Parts (a) and (b), warm white LEDs; parts (¢) and (d),
neutral white LEDs.
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The interpolated MacAdam ellipses [14] were used for the validation of the model.
The perceived difference in chromaticity was considered as significant when it is larger
than the dimension of the ellipse M (distance from the centre to the edge of the ellipse)
multiplied by a factor of 3. Two methods for choosing the parameters in Egs. (3.1) and
(3.2) were applied. The less square method yields chromaticity planes that are positioned
closer to the most data. Meanwhile at the edges of the experimental chromaticity
surfaces, the deviation from the modelled planes is high. Therefore, we applied a least-
deviation method for modelling the chromaticity planes. The application of this method
gives smaller misalignment of the experimental surfaces with the model planes.

The parameters of the proposed model were optimized for every LED separately.
For the unification of the model, the average values of the parameters were calculated for
two types of devices. Then, a numerical simulation of chromaticity coordinates and
correlated colour temperature were performed for each LED using the average values.
The largest deviation of calculated chromaticity from the measured one was 3.03M for
the least-deviation model. The largest deviation of correlated colour temperature was
150 K. Meanwhile, the largest deviation of calculated chromaticity from the measured
one was 3.14M for the least-square method.

Figure 3.2 shows an example of the simulation of chromaticity coordinates using the

two different methods.

Coordinate y

(b)

Fig. 3.2. Chromaticity coordinates x (a) and y (b) of a white LED as functions of ambient
temperature and forward current. Gray surface, experimental data; gridded planes, the
chromaticities simulated using the two different methods.
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Summary

The surfaces of the chromaticity coordinates as functions of ambient temperature
and forward current were determined. A flat approximation of the experimental data was
proposed and the parameters of two different numerical methods were found. The model
of least chromaticity deviation shows a better match of the experimental and simulated
data that the least-square model. The modelled chromaticities deviate from the
experimental ones within 3-step MacAdam ellipses, which is the perceptually acceptable

tolerance.

4. Thermal and athermal effects on EL spectral modulation of LEDs [P3—-P4]

LEDs are compact and easy to modulate sources of light, which are used in
spectroscopy and communication for years. However, the spectral dependence of EL
modulation, which might be important in wavelength-division-multiplexed optical
networks [15], optical sensors [16], and intelligent signalling and lighting systems [17],
has not been revealed so far. Such dependence can be influenced by the oscillation of
junction temperature caused by modulated driving.

In this part of the thesis, the EL modulation spectra were studied in high-power
LEDs and thermal and athermal effects on these spectra were revealed. Commercial
high-power AlGalnP and InGaN LEDs (Philips Lumileds Lighting, LXHL series) were
investigated. The red, red-orange and amber AlGalnP LEDs feature a double
heterojunction with a bulk-like active layer emitting due to the band-to-band
recombination of free carriers. The blue and green InGaN LEDs have a multiple-
quantum-well active layer emitting due mainly to carriers localized at the band potential
minima of the alloy.

Figures 4.1 (a), (b) and (c) show the EL spectra of red, red-orange, and amber LEDs,
respectively, at a constant forward current of 350 mA. The EL modulation spectra of the
LEDs driven by forward current with a bias of 350 mA and modulation depth of 5 % are
shown in Figs. 4.1 (b), (d) and (f), respectively. The common features of the spectra for
the red and red-orange LEDs are as follows: 1) a constant increase in modulation depth in
the low-energy wing of the EL spectrum; ii) a dip at a photon energy near the peak

position; and 1i1) a linear increase of modulation depth with photon energy in the high-
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energy wing of the EL spectrum. At a high modulation frequency, which us above the
thermal cut-off frequency, these features are smoother and, probably, are caused by
athermal broadening of the EL spectrum. The amber LED differs from other AlGalnP
diodes in that no increase of modulation in the high-energy wing of the EL spectrum is
observed due to the effect of EL reabsorption in the GaP window layer. The solid and
doted horizontal lines in Fig. 4.1 represent the modulation depth of spectrally integrated

EL above the thermal cut-of frequency and at zero frequency.

AlGalnP
Red

AlGalnP
Red-orange

AlGalnP
Amber

L intensity
(arb. units)

ELi
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Fig. 4.1. EL spectra of high-power red (a), red-orange (c) and amber (¢) AlGalnP LEDs at a
constant forward current of 350 mA. Parts (b), (d) and (f), EL modulation spectra of the same
LEDs at high and low modulation frequencies [P3—P4].
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Fig. 4.2. EL spectra of high-power blue (a) and green (¢) InGaN LEDs at a constant forward
current of 350 mA. (b) and (d) EL modulation spectra of the same LEDs at high and low
modulation frequencies [P3—P4].
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Figures 4.2 (a) and (c) show the EL spectra of the blue and green InGaN LEDs,
respectively. Figures 4.2 (b) and (d) display the corresponding EL modulation spectra.

The modulation spectra of the

60 T T N | T T T —~~

InGaN LEDs have no dip near & i 18 3
c 58| I” =

. s 0T <

the EL spectrum peak position T el ls §
and the modulation depth in the 8 1 o
% 54} d4 g
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the spectrum, the modulation 48 10 @
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to an athermal effect. However, ‘ ‘
Fig. 4.3. Dependences of modulation depth in the low-
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in InGaN LEDs, the most sensitive

spectrum in the far high-energy region.

Figure 4.3 shows the measured

frequency dependences of EL modulation depth in the low-energy wing and the slope of

the EL modulation spectrum in high-energy wing in the red AlGalnP LED. Figure 4.4
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shows the frequency dependence of the slope in the green InGaN LED. The observed
step-like experimental dependences were fitted to thermal frequency response functions
containing several thermal relaxation time constants.

The best fit for the red LED was obtained for a three-component thermal frequency
response function with thermal relaxation time constants 7; =37 us, »=4.0 ms and
3 =0.58 s, respectively. A similar response function with thermal relaxation time
constants 7; =50 us, »=9.0ms and 73 =0.25 s, respectively, was used for the green
LED. These time constants correspond to thermal dissipation through different parts of
the LEDs.

In order to account for the spectral features of EL modulation spectra of the LEDs, a
model, which considers junction temperature oscillation due to transient self-heating,
was introduced. The excess junction temperature oscillates around the mean value 7

under harmonically modulated driving as
T(6)-Tx = (To = Tp 1+ my (@)sin{or - or (w)}]; (4.1)

where 7, is the ambient (heat sink) temperature, my is the junction temperature
modulation depth, @ is the angular frequency of forward current modulation, ¢r is the
phase shift between the current and junction temperature waveforms. Meanwhile for
modulated forward current and junction temperature, the spectrally integrated flux

oscillates around the mean value @, with the modulation depth m¢ and phase shift ¢y,
D(t)= D (1+ mg (@)sin|wt — pg (v)]). (4.2)

The analysis of the EL spectral modulation based on Egs. (4.1) and (4.2) with a
glance to the EL spectral power distribution of the LEDs yielded the analytical
expressions of modulation depth in different parts of the spectrum.

The spectral modulation depth in the low-energy wing of the EL spectrum of

AlGalnP LEDs, which emit due to free-carrier recombination, can be presented as

T, —T, OF
o (@) mo (@) -2 —Emp (0)cos pr (o). (43)
0

where E is the characteristic energy of the low-energy slope of the EL spectrum, which

is assumed to weakly depend on temperature and current and 0E,/0T is the temperature
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coefficient of band gap energy. The dip of the modulation spectrum is located at the

hv .. =~ E_ +kgT —L% (44)
min ~ =g B40 2kB or :

and the modulation depth at the dip is

photon energy

3 1 CE\T,-T
)= i 0)-{ 3L TN (0o o), @)
B

In the high-energy limit, the modulation depth increases linearly with photon energy
due to the thermal modulation of the carrier distribution function. The corresponding

slope is

6m¢H(a),hv)zTo—TA mT(a))COS(DT(a)), (46)
ohv T, kgl

The multiple-quantum well active layer of high-power InGaN LEDs emits due to
carriers localized at the band potential minima of the alloy. The red shift of the EL due to
the thermal effect on band gap energy counteracts the blue shift due to the band filling
effect [18]. Therefore, one might expect that the drop of modulation depth around the EL
peak photon energy is less prominent than that defined by Egs. (4.4) and (4.5) and that
the low-energy modulation depth is smaller than that defined by Eq. (4.3).

In an InGaN LED, the EL spectrum above the peak photon energy can be presented

as

(4.7)

hv—-E T
Oy (I, T, hv)oc ®(I5,T)exp —~(—)g< ) ,

kB a-T-T
where a and T* are the constants, that can by obtained from a calibration measurement.
Therefore, the thermal modulation of the carrier distribution function results in an

increase of modulation depth with photon energy far above the band gap energy as

omgu (@, hv)  Ty—Ty (). (4.8)

~

ohv ylary+1f "

In AlGalnP LEDs, our model of the EL modulation spectrum explains the low-

frequency experimental data by junction temperature oscillation in all three spectral
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regions (low-energy, peak, and high-energy). Meanwhile in InGaN LEDs, the spectral
variation of modulation depth is mainly due to athermal effects and the transient self-

heating manifests itself only in the far high-energy region of the spectrum.

Summary

The EL modulation spectra of high-power AlGalnP and InGaN LEDs were studied.
The effect of junction temperature oscillation on the EL modulation spectrum was
revealed by measuring the spectrum at two modulation frequencies, below and above the
thermal cut-off frequency, respectively. In the red and red-orange AlGalnP LEDs, the
modulation spectrum exhibits the features as follows: 1) a dip at the photon energy
somewhat above the EL peak photon energy; ii) an almost photon-energy-independent
modulation enhancement in the low energy wing of the EL spectrum; and iii) a linear
increase of modulation depth with photon energy in the high-energy wing of the EL
spectrum. These features were found to be in a quantitative agreement with a theoretical
model proposed.

In the blue and green InGaN LEDs, the effect of junction temperature oscillation on
EL spectral modulation was revealed only in the far high-energy region of the spectra,
where the emission is strongly contributed by the band-to-band recombination of free
carriers. Meanwhile, almost no effect of transient self-heating was observed in the low
energy and central regions of the EL spectrum. Such a result was attributed to thermal
redistribution of localized carriers over the band-tail states, which compensates the

thermal narrowing of band gap.

5. Aging effect on electrical characteristics of LEDs [P2]

Advanced LEDs feature longevity and high efficiency in comparison to other light
sources. However for solid lighting systems designed for long-term operation, the
alteration of electrical characteristics within the operating time can occur and must be
predicted. Commonly, the following changes of LED electrical characteristics are
observed: 1) an increase of forward current due to an increase of the rate of nonradiative
recombination; i) an increase of reverse current; iii) a decrease of forward current at the

rated voltage due to the deterioration of the electrical contact between the chip and
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electrodes [11]. In this part of the work, the effect of long-term aging under rated thermal
conditions on electrical characteristics in high-power InGaN LEDs was investigated.

Four high-power blue InGaN LEDs (Philips

100g
Lumileds Lighting, model LXHL-MRRD) were ”a (a) ==
under study. The aging experiment was o 107" /// o
3 A F
conducted under rated conditions. The series ; /
. . . . . 2102 Aging time:
resistance and conductivity of the heterojunction § 9n9 t‘: :00 h
. . - ———- t=9600 h
were determined from the /-V characteristics 1024 . N o
26 28 30 32 34
measured within a wide range of forward Forward voltage (V)
06 : : :
currents. To avoid ambiguities due to short-term (b)
aging effects, the first measurements of electrical < 04
characteristics were performed after 500 hours of &
. £ 02 Aging time:
seasoning. o t=500h
: ) o t=9600h
Figure 5.1 shows the typical [V

o _ %% o1 oz 03 04
characteristics of a LED just after 500-h Forward current (A)

seasoning and after 9600-h aging. Only marginal Fig. 5.1. (a) Semilogarithmic and (b)
differential /-7 characteristics of a
high-power InGaN LED just after 500-

can be seen. However, a significant difference in h seasoning and after 9600-h aging
[P2].

difference of forward current in just opened LED

forward voltage (0Vr = —70 mV) was observed at
the rated current of 350 mA. Such variation corresponds to a decrease of series resistance
of the LED.

The observed alteration of the I-V characteristics was analyzed in terms of the
Shockley equation for diffusion, recombination and tunnel injection mechanisms, which

are typical of InGaN LEDs

Ve —IpRg
o= 1. R S e~ Ay | 5.1
F Zl: 0i ) €XP E/ P ( )
q
where /j; and E; are the reverse saturation current and the energy parameter of the i-th

injection process, respectively, Rg is the series resistance, g is the elementary charge.

Assuming that the injection current is dominated by a single component on the right-
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hand side of Eq.(5.1) and 7y >>1,, differentiation by forward current yields the

dynamic resistance

av, E
Rp=—t =R+

. 5.2
dl qly 62

The second term on the right-hand side of Eq. (5.2) is the inverse junction conductivity,
which for a particular forward current is determined by solely the energy parameter of
the injection process. To distinguish between the components of the dynamic resistance,

the differential /- characteristics, which is obtained from Eq. (5.2), can by used

dv, E
IeR; EIFdTF:IFRS+7O' (5.3)

F

By plotting the product /gRp as a function of forward current, both the series
resistance (the slope) and the characteristic injection energy (the extrapolated value at

I = 0) can be extracted.

Figure 5.1 (b) shows the differential ook
’ 13.36

I-V characteristics just after seasoning ol o>

) a ’ 13.34 fEU g)
and after long-term aging. The slope of S- 004} las S %
the curves corresponds to serial -0.06 e
resistances of (1,03240,025)Q and 1100
(0,938+0,025) Q, respectively.

1095 -

5Rg ()

Meanwhile, the extrapolation revealed
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Figure 5.2 displays the cumulative

results of the effect of aging on electrical

parameters of four high-power InGaN Fig. 5.2. Average variation of the electrical
parameters of four high-power InGaN light-
emitting diodes with time: (a) forward voltage at

decrease of forward voltage with a rate nominal current, (b) series resistance, (c)
characteristic energy of the injection process

of 6,7mV/1000h or 0,2 %/1000 h, the [P2].

LEDs at the nominal current. The
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decrease of series resistance with a rate of ~0,011 /1000 h or 1,1 %/1000 h and the
decrease of characteristic energy of injection mechanism with a rate of ~0,1 meV/1000 h
or 0.09 %/1000 h were determined from the figure.

A detailed analysis revealed at least two comparable contributions of the aging
effect, a decrease in series resistance and a decrease in characteristic energy. The
decrease in series resistance could be attributed to continuous annealing of the p cladding
layer in the light-emitting structure. Such a post-fabrication self-annealing can result in a
higher density of holes due to the dissociation of residual Mg—H complexes. Normally,
the nominal junction temperature is too low to invoke the breakdown of the Mg—H
bonds, which are known to dissociate at about 1000 K. However, in forward-biased
diodes, minority-carrier-enhanced debonding of hydrogen is known to facilitate
annealing at much lower temperatures [19]. Under assumption of an exponential
probability of dissociation with an activation energy of about 1 eV on the minute scale,
one can expect a similar annealing effect at 350 K on the 1000-hour scale.

The increase of junction conductivity probably has a more complex origin due to
both the variation of the density of ionized acceptors in the p cladding layer and the

density of localized states in the active layers.

Summary

We observed a long-term decrease of forward voltage in high-power InGaN LEDs
and applied an analytical approach for /-V characteristics that revealed the variation of
series resistance and junction conductivity with aging time. The decrease of series
resistance was attributed to slow post-fabrication self-annealing of the p-type cladding

layer facilitated by minority carriers under the rated thermal conditions.
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