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Summary

This thesis deals with the characterization and modeling of modern power
LEDs in the thermal, electrical and optical domains using transient measurements techniques. The thesis can be split into two major parts. The first part
is devoted to the research on relatively slow thermal transient processes. In
the second one the fast optical and electrical processes are investigated.
The first part of the thesis is focused on the enhancement of the existing
methods of the thermal transient testing. Thermal transient testing covers
the measurement of the junction temperature response to a unit step power
excitation and the corresponding mathematical methods of transforming this
transient into other forms to allow a deeper analysis of the investigated device
package. In the classical thermal transient testing without special post processing a singular heat source is measured and the results of the data processing
are physically representative to device packages with a single, dominant heatflow path. Using both experimental measurements and numerical simulations,
we demonstrated that a single heat-flow path model topology cannot be used
for an accurate characterization of LED packages. Our findings emphasize
the significance of considering multiple heat paths and multiple heat sources.
In particular, we demonstrated that the heat flow towards LED dome considerably impacts the thermal transient of the p-n junction and thereafter the
thermal transient analysis results. Secondary heat sources associated with the
thermal losses arising during light extraction and conversion also cause significant distortion. We proposed and demonstrated novel methods to characterize
the secondary heat paths and to estimate the dissipation in the secondary heat
sources in order to enhance thermal transient analysis. These methods significantly increase the accuracies of thermal transient characterization, thermal
compact models extraction and the calibration of the finite element thermal

vi
models of modern power LEDs used in lighting.
The second part of the thesis deals with the fast electrical and optical transient responses of LEDs. We use a small-signal analysis approach to characterize electrical carrier storage, transport and recombination phenomena that
are determining these processes. We define the major sources of the optical
output nonlinearities for blue illumination GaN LEDs. We propose a dynamic
light output model for optical wireless communication compensation algorithms and a corresponding procedure for the extraction of the parameters of
this model. We also investigate, how do the fast transient electrical and optical responses depend on the classical health indicators of LEDs such as the
p-n junction temperature and the leakage current. The results inspired us to
propose a number of novel methods for health monitoring of solid state lighting systems. The methods can be used both in laboratory environments and
in-field by solid state lighting systems equipped with optical wireless communication functionalities.
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Chapter 1
Introduction
Light is electromagnetic radiation. Humans and other species rely on light of a
certain spectrum to get information about and to interact with the surrounding
environment. Biological processes and daily behavior of most animals including humans live according to circadian rhythms that are directly influenced by
lighting conditions that vary during the day and night. Light plays a significant
role in our lives.

1.1

Artificial Light Sources

Figure 1.1: Some of the major light sources used by humanity prior to invention of
solid state lighting.

In case of lack of sunlight, artificial illumination is used. The first artificial light sources known are campfires and torches. As further technological
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developments, oil lamps and candles were introduced. These, in turn were
replaced by more economical kerosene and gas lanterns. Electrification contributed to development of a vast variety of artificial light sources: halogen,
fluorescent, neon, sodium vapor, sulfur, gas discharge, light-emitting diode
(LED) and many other. Figure 1.1 illustrates the evolution of the light sources.
All these light sources vary widely in efficiency and spectral characteristics.
LEDs are extremely versatile devices and therefore are widely used in numerous modern lighting applications: general indoor and outdoor illumination, spot lighting, advertising, aesthetic decoration of buildings and attractions, warning lights, store lighting, displays, projectors, automotive lights,
optic data transmission, horticulture, agriculture and many others. The invention and commoditization of highly efficient LEDs has significantly decreased
the market share of conventional light sources and inaugurated the era of
Solid State Lighting (SSL).

1.2

Light Emitting Diodes

LEDs are superior to other light sources for a great number of modern applications. LEDs allow generation of light in a wide range of wavelengths. LED
types are available for a wide range of wavelengths, including infra-red, visible and ultraviolet parts of spectrum. Moreover, LEDs have numerous advantages: outstanding efficiency, long lifetime, high reliability, ultra-fast on and
off switching and small size. Meanwhile, advances of technological development in the last decades have drastically decreased the price of semiconductor
devices mass production.

1.2.1

Working Principle

An LED is a semiconductor device that emits light when a suitable bias current
is applied. The most simple LED design is based upon a single p-n junction, an
interface between n-type and p-type regions inside a crystal of semiconductor.
The the n-type region is doped with donor atoms that create an excess of
electrons. The p-type region is doped with acceptor atoms that create an
excess of holes (A hole is the lack of an electron at a position in an atom
or atomic lattice where one could exist.)
Similar to a typical diode, when a forward current flows through a p-n
junction of an LED, electrons and holes are recombining. The recombination
process is associated with electrons moving from the conduction band into
the valence band. An event of recombination can lead to a photon (light)
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emission. Not all the semiconductor materials are capable of significant light
emission during the recombination, thus most diodes do not emit light. Only
diodes made of direct band gap materials (e.g. GaAs, GaN etc.) can emit
significant amount of photons.

1

Figure 1.2: Schematic representation of recombination processes in direct band gap
and indirect band gap semiconductors

The direct band gap condition is required for photon generation. In fact,
according to the law of conservation of energy during the electron-photon
interaction, the emitted photon energy and the wavelength depend on the
band gap energy. Energy and momentum of the photon are bond to its wavelength, as illustrated in Figure 1.2. A photon with a characteristic band gap
energy has almost zero momentum. Therefore, in indirect band gap materials, where the conductive band and the valence bands’ momenta do not match,
the difference of the electron and the hole impulses can not be compensated
by a photon release. The recombination process in this case has to involve a
phonon, a quasi-particle (crystal lattice vibration) which absorbs the momentum difference. Such interaction requires all three "particles" to be present at
the same place. This is highly unlikely. Therefore, the recombination occurs
via other mechanisms. e.g. through crystallographic defects. Thus, the probability of radiative recombination in the indirect band gap semiconductors is
significantly reduced compared to the direct band gap ones.
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1.2.2

1

Design of Modern High Efficiency Illumination LEDs

The first commercial LEDs were red, had low efficiency and high cost. Therefore, these were mostly used as indicator and signal lamps. The further advances in physics, material science and chip fabrication methods evolved the
LED design. Colored LEDs became widely available, LEDs began to be used
in display applications, and finally with invention of high-efficiency design,
LEDs invaded the lighting market. Next, we discuss the design features of
high-efficiency LEDs that enable outstanding performance.

Active Region Design
Modern high-efficiency illumination LEDs employ double-heterostructures [1]
to create Quantum Wells (QW) and facilitate the radiative recombination rate.
A sketch of a modern high efficiency LED GaN/InGaN active region is presented in Figure 1.3. Compared to a simple homo-junction LED, it has a significantly more complex architecture. The active region consists of multiple
layers [2]. Each layer serves its own function.

Figure 1.3: Sketch of a structure of a modern illumination LED

Similar to other semiconductor products, the active region of an LED is
"grown" in a high-temperature, high-pressure chamber on a substrate wafer.
Sapphire is the most common substrate material for GaN/InGaN LEDs [3].
The n-doped region is typically deposited on it. The n-doped region is followed
by a superlatice. The superlatice enhances the lateral current spreading [4].
Multiple Quantum Wells (MQW) are "grown" on top of it. The MQW structure
is followed by an Electron Blocking Layer (EBL). EBL reduces the electron
escape rate from the active region [2]. Thereby, it reduces the nonradiative
leakage current and enhances the photon generation rate. A p-doped region
and a p-electrode follow the EBL.This design enables superior efficiency.
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Figure 1.4: Examples of LED packages designs and thermal simulation results [5].
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The electrons and holes are injected and recombined in the active region
in pairs to comply with the charge neutrality principle. Thus, their concentrations can be assumed equal. Parasitic nonradiative Shockley–Read–Hall (SRH)
recombination occurs via defects of a crystal lattice. Thus, it is proportional
to the first power of concentration of the charge carriers. Desirable radiative
recombination requires both a hole and an electron to be present in vicinity
of each pother. Thus, the radiative recombination is proportional to a square
of the charge carriers concentration. This makes the radiative recombination
dominant if the carriers concentration is high. The active region design presented in Figure 1.3 enables effective confinement of injected electrons and
the holes in the MQW structure. High concentration of the carriers trapped
by the QWs ensures a high fraction of the radiative recombination rate. Thus,
the MQW LEDs are capable of producing significantly higher luminous flux
compared to the homo-junction LEDs where the carrier are spread over the
diffusion length.
Minor variation of the demonstrated design are possible, e.g. the Cree LED
manufacturer widely uses silicon carbide substrates instead of sapphire crystals, the material and the number of the QWs may be different for different
LED models, EBL chemical composition, the p and n doping atoms concentrations may vary etc. Nonetheless, the general design remains identical for
the majority of the high-efficiency illumination LEDs presented on the market.
In this work, we do not consider exotic LEDs active region designs with resonant cavities, quantum dots etc. Instead, we investigate and characterize the
general illumination high efficiency LEDs.
LED Packaging
The active region (epitaxial layer) is "grown" on a substrate wafer. The wafer
is cut into dice during the manufacturing process. The die require packaging
to provide electrical and thermal connection to other components of a SSL
system. Packages of LEDs usually also contain optics to form the light beam
and a phosphor layer for light conversion.
High efficiency illumination LEDs come in a variety of different packages.
The package type is dependent on the particular application case. A package can contain a single or multiple dies depending on the required optical
power output. Figures 1.4 (a) and (b) demonstrate two Mid Power (MP) LED
packages with one and two die respectively. A twenty four die Chip on Board
(COB) LED package is shown in Figure 1.4 (c).
All the demonstrated designs have common features: The dies are glued or
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soldered to a heat spreader (thermal pad) located at the bottom of a package.
The heat spreader can be integrated with the cathode for MP LEDs. The silicone/phosphor mixture surrounds the LED dies and provides light conversion.
The mixture forms a dome that is in a direct contact with the dies.
Light Conversion Layer
Unlike many other traditional light sources, LED chips emit light with a very
narrow spectrum [2]. The wavelength and the color of the light emitted are
dependent on the band gap of the quantum wells. Light with a narrow spectrum is typically not desired for general illumination since it provides low
color rendering quality. Thus, phosphor coatings are applied to the LED chips
to convert the narrow band spectrum into light of wide spectrum. The conversion is performed via process known as luminescence. The converted light
has a broader frequency range. Typically phosphor emits light in a band from
green to red with a peak in yellow, see Figure 1.5. The emission spectrum
combined with initial blue light creates a broad spectrum white light.

Figure 1.5: Phosphor light conversion. (a) Sketch of the LED dome performing
light conversion. The dome is shifted up for illustrative purposes. (b)
Schematic representation of the resulting spectrum of the converted light.

1.3

Modeling of Light Emitting Diodes

The highly competitive modern SSL market demands industry to continuously
maximize the lighting systems performance and reduce the costs of manufacturing. Digital development of SSL systems enables substitution of expensive
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and time consuming physical prototyping. It gives the companies a competitive advantage. Thus, electrical, optical, and thermal models of luminaries
are built by SSL systems designers prior to any product manufacturing. LEDs
are the key component of SSL systems. This makes development of electrical,
optical and thermal models of LEDs extremely important for the creation of
modern lighting products.

1
Delphi4LED
Delphi4LED [5,6] was a European Union consortium that was founded to provide the lighting industry with a comprehensive mathematical description of
LEDs. It aimed at developing a modeling approach to simultaneously predict
the thermal, optical, and electrical performance of LED packages in arbitrary
boundary conditions including bias current, case and ambient air temperatures. The complementary goals of this project are to establish a compact
model for optical wireless communication via LEDs and to investigate novel
health monitoring techniques of LEDs. A major part of the research presented
in this thesis has been motivated and inspired by the goals of Delphi4LED
project.
The consortium includes fifteen partners from seven countries representing luminaire manufacturers, simulation software vendors and academia. The
project must provide a Multi-Domain Compact Model (MDCM) topology and a
measurement-based MDCM extraction procedure. The resulting MDCM is intended to be used by the LED experts, product system architects, the thermal,
mechanical, electrical and optical engineers and designers from various industries and organisations ranging from small enterprises to large manufacturers
of SSL systems. The main advantage of MDCM approach is the superior computational time compared to the detailed finite element method-based modeling. It enables fast and accurate digital designs of experiments execution and
decreases both the product development costs and time.
One of the major challenges of MDCM LED development is the establishment of a thermal compact model topology and a corresponding characterization procedure. The standards JEDEC JC51-51/51-52 define the procedure
of thermal characterization for LEDs [7, 8]. Yet, these standards can be used
to characterize the thermal performance of an LED with only a single thermal
resistance R t h . As discussed in Section 1.3.4 this approach provides limited
thermal modeling opportunities. Moreover, the vendors typically still do not
perform thermal characterization according to a standard procedure [9]. As a
result, the reported temperature dependencies of such important parameters
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of LEDs as optical flux, luminous efficiency, color point, forward voltage and
many others are often ill-defined.
The preceding DELPHI [10] and PROFIT [11] projects identified a methodology to derive steady state compact thermal models of packages of semiconductor devices with a single heat source. Delphi4LED projects was set to expand the proposed approach to LED packages. The CTMs developed by the
project must model the intertwined thermal, electrical and optical domains.
Moreover they must be designed to directly relate to the physics and the packages architecture. This should ensure reliability of the parameters extraction,
ease of interpretation and a superior modeling accuracy.

1.3.1

Multi-domain Modeling and Characterization of LEDs

Figure 1.6: LED Multi-domain model. Electrical, optical and thermal domains [5].

The optical, electrical and thermal performance of LEDs are all dependent
on each other [9]. A high-level overview of the major interactions between
the physical domains of illumination LEDs is demonstrated in Figure 1.6. The
forward current I F is divided into the radiative I r ad and the nonradiative I nr
components. The voltage drop over an LED, VF , consists of the voltage drop
VR = I F R s over the parasitic series resistance R s and the voltage drop VF pn
over the p-n junction. The optical radiant flux emitted by the active region is
Φe = VF pn I r ad . Phosphor light conversion and package extraction efficiencies
decrease it with the factor of External Quantum Efficiency (EQE ). Thus, the
total thermal power dissipated inside of an LED package is P H = VF pn I nr + (1 −
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EQE )I r ad VF pn . This heat loss contributes to increase of the junction T j and the
phosphor T p temperatures. The change in temperatures impacts back the light

generation and the light conversion efficiencies. Thus, reliable multi-domain
modeling of LEDs requires iterative computations. Separation evaluation of
the inter-twinned optical, electrical and thermal domains can not be done
without a significant accuracy loss.

1

1.3.2

Electrical Domain Modeling

LEDs obey the same basic operational principles as traditional diodes. The theory behind these is well developed. The static forward current is traditionally
modeled by a Shockley equation [12]:
£
¡
¢
¤
I F = I 0 exp VF _pn /nVT − 1 ,

(1.1)

where n is the ideality factor, VF _pn is the forward voltage drop over the pn junction, VT and I 0 are temperature dependent thermal voltage and the
reverse bias saturation current, respectively:
¶
µ
Wg
kT
3
VT =
,
, I 0 ∼ T exp −
q
nkT

(1.2)

Wg is the band gap, q is the elementary charge, k is the Boltzmann constant.
Diodes are typically current driven, thus the forward voltage over an LED VF

can be written as:

VF = nVT ln

IF
+ IF Rs ,
I0

(1.3)

where R s is the parasitic series resistance that accounts for all the losses not
belonging to the basic p-n junction operation.
Currents related to each recombination type (e.g. Shockley–Read–Hall, radiative, Auger) have their own VT and n parameters. As demonstrated in the
work of Hantos et al. [13], the I-V characteristic of an LED can be precisely
fit with the demonstrated model for a wide range of forward currents and
junction temperatures. Yet, since the electrical properties retain strong temperature temperature dependence (see Figure 1.7) the electrical modeling of
illumination LEDs should be done only together with the thermal modeling.
Steady-state electrical models of LEDs are well-established. Nonetheless,
under fast modulation, the electrical response of QW-based photonic devices
and LEDs deviates from the steady-state I-V curve due to the charge carriers
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Figure 1.7: Measurement results of temperature dependence of the IV characteristic
of a GaN LED (Delphi4LED).

storage and transport effects. [14, 15]. The electrical response of LEDs under
fast modulation is poorly investigated. New digital technologies such as Li-Fi
and Optical Wireless Communication (OWC) rely on fast modulation of LEDs.
These technologies demand development of dynamic electrical and optical
models able to predict fast light output changes. These models can potentially be used for OWC systems performance improvement and new functional
acquisition (e.g. in-field temperature and health monitoring).

1.3.3

Optical Domain Modeling

Optical models of illumination LEDs traditionally predict three important features: the Wall Plug Efficiency (WPE), the luminous efficacy, the spectral
power distribution and the angular distribution of the luminous flux. Spectral power distribution defines color rendering index, correlated color temperature. All these parameters are dependent on the forward current, the
junction and the phosphor temperatures [9, 16, 17]. Similar to the electrical
parameters, they can be easily characterized if the temperature control is done
correctly. Figure 1.8 illustrates the measured dependence of the light output
on current and temperature.
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Figure 1.8: Temperature dependence of the light output of a GaN LED (Delphi4LED).

WPE is a parameter connecting the optical and the thermal domains. It is
defined as the ratio between the emitted radiant flux and the applied electrical power. For modern white illumination LEDs with phosphor conversion, it
normally ranges approximately from 20% to 60%. WPE is also dependent on
temperature and on bias current. Figure 1.9 exhibits the dependence. Thus,
the optical modeling and characterization should also be done with respect to
the thermal aspects.
On one hand, the steady-state optical characterization techniques are wellestablished and can be done precisely if the temperature control is implemented correctly. On the other hand, up until recently, the dynamic optical
response of LEDs was mostly out of scope of the research. The emerging need
to increase communication data rates pushes the lighting industry to incorporate this OWC functional in SSL systems [18]. Thus, LEDs are actively used
for data transmission due to their fast turn on and switch off times. Nonetheless, modern illumination LEDs are primarily designed to provide superior
efficiency without consideration for communication performance. Therefore,
the data transmission via illumination LEDs is generally limited by the factors
not typical for semiconductor devices designed for communication. For example, the optical response of the GaN active region is not linear [19]. The
carrier lifetime and the associated 3 dB optical bandwidth are limited by effi-
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Figure 1.9: Temperature dependence of the WPE of a white GaN LED with a phosphor
light conversion layer (Delphi4LED).

ciency requirements. The traditional phosphors used in LEDs have relatively
long excited state lifetimes. This decreases the 3 dB bandwidth of the white
LEDs even more [20, 21].
Efficient data encoding and transmission methods can counter these drawbacks to some extent [22]. Yet, effective implementation of these methods
requires development of dynamic optical response models. Models previously
proposed in the literature are often built around wrong premises e.g. they do
not consider the memory effects [23] or they have a non-physical assumption
of doped active region [24]. Moreover, these models lack reliable characterization procedures. This may lead to inaccurate modeling of the optical dynamic
response under deep modulation.

1.3.4

Thermal Domain Modeling

Light output, electrical properties, lifetime and reliability are all dependent
on the p-n junction and the phosphor temperatures [25]. This makes thermal
modeling of LED packages essential for development of high performance SSL
systems.
Despite having outstanding light conversion efficiency, compared to the
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traditional light sources, LEDs still dissipate significant amount of heat [26].
Consider an example of a white LED with a blue GaN chip and a phosphor
light conversion layer. As can be seen in Figure 1.9, up to 65% of the supplied
electrical power converts into heat. The heat is released in a small volume
inside of an LED package. This creates a region with high power density and
leads to a significant increase in temperature. Unlike incandescent bulbs, LEDs
can not effectively use radiation cooling due to significantly lower operating
temperatures. Moreover, conductive cooling is also limited: LED chips are typically encapsulated in a transparent dome made of low thermal conductivity
resin. Thus, thermal management of LEDs is a challenging problem.
The major heat sources inside of an LED package are the active region, the
phosphor light conversion layer and the structures providing the light extraction (e.g. cup reflection surface, dome, substrate crystal). Internal Quantum
Efficiency (IQE) of blue Gan LEDs at the nominal current is roughly 70%.
Thus, considering WPE of 35%, approximately half of the thermal power dissipates in the p-n junction. The second half dissipates in the dome due to light
conversion and light extraction. An approximate heat dissipation scheme of a
white LED is shown in Figure 1.10.

Figure 1.10: LED energy conversion scheme.

Direct temperature measurements of LEDs are complicated and often virtually impossible due to the design peculiarities and the small sizes of the
packages: a temperature probe placed inside of a package disturbs the LED
operation, e.g. a thermocouple mounted on a p-n junction blocks a significant
part of light flux, creates new heat path via the wires forming it and therefore
impacts the LED optical performance. Moreover, such thermocouple experiences excessive heating due to the light absorption. Infrared measurements
with thermographic cameras are also troublesome due to the the dome and
the phosphor particles: firstly, the dome material is often semitransparent for
infrared wavelengths. Secondly, the phosphor particles partially block the p-n
junction and have a non-uniform spatial and temperature distributions.
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Sophisticated model calibration techniques and characterization procedures
are being used by the industry to overcome the challenges mentioned above.
In the following section, we analyse these techniques. The analysis enables us
to identify the associated weak spots.
Compact Thermal Modeling
The semiconductor industry heavy relies on Compact Thermal Models (CTM)
[6, 10]. Compact models have a reduced complexity compared to full finite
element models. Thus, these accelerate numerical computational time. Moreover, CTMs can be designed with a pre-defined accuracy. Thus, CTMs are perfect candidates to execute numerous digital designs of experiment scenarios,
required during the development phase of SSL systems.

(a)

(b)

(c)

(d)

Figure 1.11: Examples of compact thermal models. Nodes with thermal power
sources are designated with orange color. (a) A single thermal resistance CTM; (b) A CTM with two heat paths; (c) A dynamic CTM based
on a Cauer RC ladder.(c) A complex dynamic CTM with multiple thermal
power sources.

The thermal-electrical analogy enables the representation of a CTM in the
form of a thermal RC network. Figure 1.11 exhibits examples of CTMs. There
is no standard network topology. CTM structure depends on the application
and the required accuracy. The simplest CTM is a single junction to case thermal resistance. Additional thermal nodes may be added to it to increase the
accuracy of the modeling, if required. A steady-state CTM can be augmented
with thermal capacitances to simulate a dynamic response of the thermal system of interest. Dynamic CTMs (DCTMs) based on a Cauer RC Ladder are
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often used. There are two most common ways of DCTM derivation: using
thermal transient testing-based and using finite element modeling-based.
Thermal Transient Measurements Based Compact Thermal Modeling

1

A common method of CTM extraction is via thermal transient testing [27]. The
method is based on the dynamic p-n junction temperature response monitoring in the time domain. The method yields a one-dimensional Cauer thermal
RC ladder. The ladder thermal resistors and capacitors represent the main
heat path of an LED package. The fundamentals of the thermal transient testing method are described in details in Chapter 2.
The classical thermal transient analysis is done under two major assumptions [28]:
• Essentially one-dimensional heat path.
• Single heat source.
In case of characterization of LEDs, the validity of these assumptions is typically justified by the following reasoning: firstly, the thermal conductivity of
the dome is significantly smaller than the thermal conductivity of the main
heat path elements. Thus, the major part of the heat dissipates via the main
heat path. Secondly, the phosphor particles are located close to the p-n junction. Therefore, the main heat source (p-n junction) and the secondary heat
source (phosphor particles) are often considered to be lumped.
Nonetheless, the previously published research results have indicated that
these assumptions may not be completely valid. As a result, the CTM extracted
with the transient testing method may contain a considerable error [29–31].
We set a goal to investigate the impact of the multiple heat paths and multiple heat sources on the thermal transient behaviour and the accuracy of the
derived CTM for LEDs.
We have found various general techniques for CTM derivation of thermal
networks with multiple heat paths [32, 33] and multiple heat sources [34, 35]
in the literature. Yet, these techniques can not be directly applied due to the
specifics of LEDs: the heat sources corresponding to the p-n junction and the
phosphor particles can not be activated separately; the temperature of the
phosphorous layer is complex to measure; and the parallel heat path from the
junction to the ambient air via the dome can not be directly evaluated. Thus,
LEDs require development of special techniques that can account for these
peculiarities.
Methods of multiple heat path thermal model development specially designed for LEDs were proposed by Ma et al. [36] and Chen et al. [37]. Yet, our
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back of the envelop calculations presented in Chapter 2 already demonstrate
that these works significantly overestimate the impact of the heat flow through
the silicone dome. Juntunen et al. [38] also developed a thermal resistance
network model that considers the impact of the secondary heat sources on the
thermal transient analysis results. Yet, this model has a nonphysical assumption of lumped p-n junction and phosphor heat sources. We demonstrate the
invalidity of this assumption in Chapter 3.
Thus, a clear need for development of sophisticated multiple heat path and
multiple heat source CTM exists. Such CTM must also be supplemented with
corresponding characterization techniques. We aim to create novel thermal
transient measurements evaluation methods that can eliminate or significantly
reduce the characterization inaccuracy by purely physical-based thermal compact modeling of LEDs.
Finite Element Method Based Compact Thermal Modeling
Another way of CTM extraction is based on Model Order Reduction (MOR)
of full Finite Element Method (FEM) models [39]. This method is extremely
accurate and in theory can provide CTMs of any designed level of accuracy.
Nonetheless, it requires a precisely built FEM model. Which in turn requires
detailed knowledge of:
• The geometrical details.
• The materials thermal properties.
• The fine structures (e.g. die attach layer) thermal properties.
• The heat sources distribution.
If these parameters are not known, the original FEM model and the extracted
CTM are not accurate. Moreover, the important boundary condition independence property [40] is not guaranteed in this case. It sets a need for development of FEM models’ calibration methods.
The geometrical details of the packages can be identified by direct measurements or x-ray imaging [5]. The thermal properties of the materials and fine
structures are hard to evaluate directly. Therefore, a calibration with thermal
transient measurement data is typically used [41]. Nonetheless, such calibration may not be precise. The error of the main heat path thermal properties evaluation with transient measurements analysis was reported [5, 29, 30].
Thus, the process of calibration of an FEM model with thermal transient measurements may also be corrupted. This sets a need to identify the source of
the thermal transient testing evaluation error of LEDs to ensure the precision
of FEM models calibration.
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1
Figure 1.12: Compact thermal model extraction procedures.

Figure 1.12 summarizes the discussed CTM derivation procedures. Both of
the discussed CTM derivation techniques are dependent on the thermal transient testing. It signifies the importance of detailed understanding of the thermal transient processes inside of LED packages for robust and precise CTMs
derivation.

1.4

LED Transient Processes

Through the dissertation we are motivated to enhance the existing modelling
methods of LEDs. We intend to investigate opportunities of characterization of
LEDs based on the dynamic electrical, thermal and optical measurements. In
general a response of a packaged LED die can be divided into a "fast" electrical
transient-related phase and a "slow" thermal transient-related phase [29]. We
illustrate it based on a voltage response to a current step demonstrated in
Figure 1.13.
During the electrical transient phase the forward voltage change is associated with the processes of carrier transport and recombination in the active
region of LED. The duration of this phase is limited by the slowest characteristic time constant defining these phenomena. It is approximately 1 × 10−6
s for blue GaN MQW LEDs [15]. The junction temperature remains practically constant during this time frame and thus has no impact on the voltage
transient. Nonetheless, the parasitic inductance of the connecting wires may
significantly affect the accuracy of electrical measurements at this time scale.
Next, after the electrical transient, a much slower thermal transient dominates the voltage response. Indeed, the forward voltage experiences the p-n
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junction temperature dependence. Thus, it follows the variation of the temperature. The fastest thermal transient constants of LEDs are in order of tens
of milliseconds. Thus, the temperature change is negligible at sub millisecond
time-frame.

1

Figure 1.13: Schematic representation of transient response of the forward voltage of
an LED after a negative current step. Electrical and thermal stages are
indicated.

The different time scales of the electrical and thermal phases require usage
of specific measurement equipment and techniques. The "slow" thermal transient can be conveniently measured directly in the time domain as a response
to a thermal power step. We use T3Ster set-up specially designed for thermal
transient testing to perform this measurements. The LED transient characterization requires advanced methodology [27, 42]. LEDs are opto-electric
devices. Unlike the majority of IC packages they transform significant part of
the applied power to light. The evaluation of the thermal transient response
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data is done with custom Matlab code based on work of Szekely [43]. The
method is described in details in Chapter 2.
The measurements of the high-speed electrical and optical responses are
complicated due to the parasitic high frequency electrical effects and a much
faster sampling time required. Thus we use a combination of frequency domain and time domain measurements. The frequency domain measurements
are inspired by [44, 45]. They used to precisely characterize the transport and
recombination phenomena inside of LED’s active region. For the frequency domain measurements we use a radio frequency probe calibrated to the tips and
a Vector Network Analyzer (VNA). We also use a custom built OWC-enabled
LED driver, high bandwidth photo-diode with an amplifier. We use an oscilloscope for time domain measurements. The corresponding methods are
described in details in Chapters 4 and 5.

1.5

Research Questions

As discussed, thermal transient testing is a critically important technology for
CTM extraction. Thus, the first research question is:
Q.1 What are the sources of the inaccuracies of the classical thermal transient
analysis of LEDs?
We begun our research with investigation of the validity of the key assumptions of this method. This raised the next pair of research questions:
Q.2 What is the impact of the complex three-dimensional LED packages structure on the results of the thermal transient analysis?
Q.3 What is the impact of the presence of multiple heat sources on the results of
the thermal transient analysis?
Our simulation results indicated that both the multiple heat paths and the
multiple heat sources cause significant inaccuracies. This led us to the next
research question:
Q.4 How to adjust the procedure of CTM extraction to account for the presence
of the additional heat paths and the multiple heat sources?
LED packages have various designs and therefore contain different secondary
heat sources. We formulated an additional question to determine the impact
of the secondary heat sources for different LED architectures:
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Q.5 Which types of LEDs have significant secondary heat sources?
The thermal transient measurements data is used not only for direct extraction
of the compact models out of the measurements but also for calibration of
FEM models. If inaccurate or unrealistic assumptions are made a seemingly
"successful" calibration may be a result of a false parameter adjustment. This
led us to the following research question:
Q.6 How to ensure correct FEM models calibrations with thermal transient
data?
Another goal was to investigate the fast electrical and optical transient responses beyond the characteristic thermal time constants range. We aimed
to develop a model and a calibration procedure able to predict nonlinear dynamic optical output for a current modulation. Such model is required for
creation of effective digital data encoding methods for OWC.
Q.7 How to model and characterize the dynamic light output of LEDs for OWC?
Finally, we strove to correlate the fast electrical and optical responses with
the key parameters indicating the LED health (e.g. increased p-n junction
temperature, increased leakage current). This is reflected in the last research
question.
Q.8 Is it possible to use the electrical and optical transient measurements to
predict LED health and imminent failures?

1.6

Summary of Contributions

The following list presents a high-level overview of the novel contributions of
this dissertation:
• We have convincingly demonstrated the impact of the secondary heat
paths on the accuracy of thermal transient analysis. Our research indicates that the dynamic rather that the steady-state thermal response of
the secondary heat path causes the error of the classical transient analysis. This finding is an important insight for CTM development and FEM
models calibration.

1
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• We have pioneered the investigation of the impact of the phosphor light
conversion and the optics light extraction thermal losses on the accuracy
of thermal transient analysis results.

1

• We have shown that the impact of the secondary heat sources is significantly underestimated for high efficiency monochromatic LEDs with no
phosphor light conversion.
• Novel multiple heat source and multiple heat path CTM extraction procedures are proposed and demonstrated.
• We have formulated a set of rules for design and calibration of FEM
models with thermal transient measurement data. The rules ensure
physically-based modeling and significantly reduce the calibration inaccuracies associated with the secondary heat paths and secondary heat
sources.
• We have demonstrated a dynamic light output model for optical wireless
communication via LEDs. We base our model on the actual physical
processes inside of the active regions of modern high efficiency LEDs. It
enables us to significantly decrease the number of parameters compared
to the previously published models and to propose a simple calibration
procedure.
• We have shown a number of novel methods of LEDs temperature and
health estimation based on the evaluation of the small signal modulation electrical and optical responses. The methods can be used for infield imminent failure prediction and for accuracy enhancement of the
measurement techniques similar to thermal transient testing.

1.7

Content of this Thesis

Chapter 2 is devoted to the multiple heat path problem. It partially addresses Q.1, Q.2 and Q.5. It begins with an introduction to the theory behind
the thermal transient analysis. Next, it presents experimental and simulation
comparisons of two LED configurations. The first one is an LED with a dome
and the second one is its bare chip counterpart. The impact of the dome
presence on the main thermal path properties characterization is investigated.
The results are used to indicate the influence of the secondary heat paths on
the accuracy of compact model extraction and FEM models calibration with
transient measurements data.

1.7 Content of this Thesis
Chapter 3 investigates the multiple heat source problem. It completes the
answers to questions Q.1, Q.3 and Q.5. The chapter contains a detailed analysis of the main and secondary heat sources inside of LED packages. LED architectures with and without phosphor light conversion were analyzed which
helped us to answer Q.4. The chapter demonstrates a method that enables
characterization of the secondary heat sources based on the analysis of the
initial temperature transient. Finally, it gives recommendations for calibration
of the secondary heat sources in FEM models of LEDs.
Chapter 4 addresses Q.7. It begins with introduction of the small-signal
electrical response analysis. Next, it analyzes the main sources of the optical
output non-linearity of modern high efficiency LEDs without phosphor light
conversion. The analysis results are used to build a physics-based model of
LED dynamic light output. Finally, we present a model parameters characterisation procedure based on combination of steady-state and transient measurements. The procedure enables physically-based derivation of the model
parameters.
Chapter 5 addresses Q.8. This chapter analyzes the electrical and optical small-signal responses data. The impact of the junction temperature and
the presence of the active region defects on the the small-signal response is
demonstrated. Imminent failure prediction monitoring techniques and advanced temperature monitoring methods are proposed. Opportunities of infiled LED health monitoring are discussed.
Chapter 6 finalizes the dissertation with a summary and proposes possible
directions for further research.
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Chapter 2
Multiple Heat Path Thermal
Transient Characterization
Abstract
A problem of multiple heat path impact on the accuracy of classical thermal
transient analysis is addressed in this chapter. The associated inaccuracies are
demonstrated. A new multiple heat path dynamic compact model extraction
method for LED packages with silicone domes is proposed. The method enables separate characterization of the LEDs dome and the main heat path. It is
based on the thermal transient analysis of LED configurations with and without the dome. The proposed heat paths de-embedding procedure significantly
increases accuracy of the LED thermal characterization compared to a typical
singular heat path approach. The method is demonstrated with a representative mid-power LED. The results are validated with steady state FEA.

The chapter is based on [JP-1].
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2.1

2

Introduction

Efficient cooling of high performance solid-state lighting systems allows luminaire manufacturers to sufficiently extend product’s lifetime, decrease associated manufacturing costs, boost performance, and ensure high reliability.
Detailed thermal characterization of LED packages is a key step for enhancing
design of cooling solutions for lighting applications. LED manufacturers do
not disclose confidential information like material type, and LED structure architecture (among others including thermal architecture). This restricts LEDs
and lighting systems thermal modeling. Therefore, we need a reliable way to
generate LED thermal models.
As discussed in the introduction chapter, a compact thermal modelling approach is traditionally used by the industry. Compact Thermal Models (CTMs)
and Dynamic Compact Thermal Modes (DCTMs) are either directly generated
based on p-n junction thermal transient measurement data or are extracted
by model order reduction [54] from detailed full-3D finite element thermal
models [39]. Yet, a calibration of the original full-3D model with thermal
transient measurement data is also required. The calibration includes tuning
of the thermal properties of the materials. The tuning is done by aligning the
model’s thermal transient response or structure function (SF) with the measured transient data of the corresponding physical LED specimen [41]. Thus, a
proper choice of the right physical phenomena to consider should be carefully
executed to ensure correct transient simulation. We devote special attention
to the investigation of the physical assumptions of the thermal transient analysis. This enables us to eliminate the corresponding errors in both thermal
transient analysis and thermal finite element simulations.
The thermal transient analysis is done under the assumption of an essentially one-dimensional heat path and singular heat source. Thus, associated
inaccuracies of CTM generation and can arise. In this chapter, we investigate the impact of parallel heat paths on the accuracy of the thermal transient
analysis and CTM generation.
As shown in works [33, 55], parasitic parallel heat paths can introduce a
significant error to the SF evaluation. Our works [31,53] demonstrate that the
LED dome is able to store significant amounts of heat by acting as a parallel
heat path. In this chapter, we demonstrate a procedure that extracts a multiple
heat path DCTM for LEDs with silicone domes. Our procedure offers a purely
physics-based approach for the characterization of the silicone dome and the
main heat path. The proposed DCTM extraction procedure is based on thermal
transient analysis of two different LED configurations. The derived DCTM
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can be used to enhance the accuracy of the dual interface method and the
characterization of the main heat path of the LED.
The proposed multiple heat path DCTM allows to predict a temperature
response of the LED’s main heat path elements for an arbitrary input power
with significantly higher accuracy than the one-dimensional DCTM generated
by a classical transient analysis. The increased accuracy of the main heat path
modeling enables a better prediction of LED failure modes related to thermomechanical stress such as delamination at the die attachment interface, delamination between the encapsulant and the die [56–58].

2.2
2.2.1

Background
Considered LED Architecture

Modern LEDs dissipate significant amounts of energy as heat [59–61]. The
major heat source inside of an LED package is a p-n junction. Mid power LED
p-n junctions are cooled primarily by thermal conduction through the sapphire/die attach/thermal pad heat path. Significantly lower amounts of heat
leaves the junction through other ways due to relatively low thermal conductivity of silicone and poor heat transfer from the LED outer surfaces to the
ambient air. Nevertheless, as will be shown, the heat transfer into the silicone
dome significantly influences the heat path elements properties extracted by a
direct transient analysis. Therefore, the effect of the heat transfer through the
dome has to be accounted for in the creation of reliable DCTMs.
Figure 2.1 exhibits a typical architecture of a single-color one-die midpower LED. A p-n junction is formed by deposition of an epitaxial film on
top of a sapphire crystal. The junction is normally encapsulated in a transparent silicone dome. The dome improves light extraction, shapes the light beam
and protects the p-n junction against environments. The sapphire crystal is
glued on top of a copper thermal pad.

Figure 2.1: Scheme of a typical mid-power LED.
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Often manufacturers use a flip-chip architecture that enhances LED thermal properties. In this case the epitaxial layer is located at the bottom of
the sapphire crystal allowing heat to transport faster to the thermal pad. More
powerful LEDs often contain numerous p-n junctions on multiple crystals. Sapphire may be substituted by another material. Architectures with a separate
thermal pad that is not integrated into one of the LED’s electrodes are common. In this chapter we consider only the architecture presented in Figure
2.1. Proposed DCTM evaluation methods for other LED architectures can be
easily derived from it.

2

2.2.2

LED Thermal Transient Analysis

We use the transient analysis approach presented in the work of Van Bien et
al. [28]. Firstly, a junction temperature T j response to a power step P h is
measured. An example of T j transient measurement is shown in Figure 2.2.

Figure 2.2: An on/off thermal transient of a p-n junction temperature of an LED.

The T j time response is defined with the following equation [28]:
1 d
T j (z) = R(z) ~ W(z)
Ph d z

(2.1)
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where, z is the logarithmic time variable z = ln (t ), R(z) is the thermal time
constant distribution of the p-n junction of the device under test, ~ denotes
the convolution operation, and W(z) is a function defined by the response of
a single time constant system:
¡

W(z) = exp z − exp (z)

¢

(2.2)

2

Figure 2.3: Log time derivative of T j response to a power step function.

Figure 2.3 exhibits the ddz T j (z) of the transient T j response data presented
in Figure 2.2. We use iterative Richardson–Lucy deconvolution [62, 63] to
derive the time constant distribution. The iterative scheme is defined as:
Ã
(l +1)

R̂

(l )

(z) = R̂ (z)

1 d
P h d z T j (z)

R̂(t ) (z) ~ W(z)

!
∗

~ W (z)

(2.3)

where the division and multiplication are element wise, and W∗ (z) is the
flipped W(z), R̂(l ) is the thermal time constant distribution at l iteration step.
Figure 2.4 demonstrates the thermal time constant distribution derived from
Figure 2.3 log time derivative data.
Now, a Foster-equivalent thermal RC circuit (see Figure 2.5) characterizing
the thermal response of a device can be found by discretizing the thermal response time constant spectrum. The thermal response time constant spectrum
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2

Figure 2.4: Thermal response time constant spectrum R extracted from the T j response data.

Figure 2.5: Thermal Foster RC network.

of a Foster RC network is a superposition of all the time constants of the separate RC stages. Thus, the R and C values of such a network can be found from
R(z) as:
R i = R(z i )/∆z

(2.4)

C i = exp(z i )/R i

(2.5)

where z i denotes discretized log time values, ∆z is the discretization step.
As shown above, a Foster RC network form can be easily generated based
on the thermal time constant spectrum. Yet such network does not directly
represent heat path properties. Considering several stages of a Foster network,
a simultaneous rise of voltage (temperature in thermal-electrical analogy) on
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the both sides of such a network would lead to an instant rise of the voltage
(temperature) of all the nodes of the network without any current (heat flow)
passing through it. This is nonphysical. On the contrary, a Cauer thermal RC
network presented in Figure 2.6 has a direct physical interpretation [28, 64,
65]. The thermal capacitors of such a network are connected to the ground
and thus simulate heat storage with a reference to the ambient temperature.
A Cauer network is often used for modeling of sufficiently one-dimensional
thermal systems. Therefore, a transformation of a Foster RC network into
the Cauer form enables a physics-based interpretation of the network thermal
resistances and capacitances.

2

Figure 2.6: Thermal Cauer RC network.

Foster to Cauer RC Networks Conversion
A Laplace transform of the Foster network impedance is
Zt h =

n ¡
X
¢−1
R i−1 +C i s

(2.6)

i =1

where s is a complex frequency, C i and R i are the thermal resistances and
capacitances of the Foster RC ladder. An indirect representation of this formula
is
Zt h =

a 0 + a 1 s + a 2 s 2 + ... + a n−1 s n−1
b 0 + b 1 s + b 2 s 2 + ... + b n s n

(2.7)

where ai and bi are polynomial coefficients obtained by folding Formula 2.6.
A Laplace transform of the Cauer RC network thermal impedance is:
Z t h = (C 1 s + (R 1 + (C 2 s + (R 2 + ...)−1 )−1 )−1 )−1

(2.8)

here C i and R i are the thermal resistances and capacitances of the Cauer RC
ladder. An equivalent Cauer RC network can be synthesised by using polynomial long-division of the numerator and the denominator of Formula 2.7.
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Custom Matlab code was written and used to perform the transient analysis. We use symbolical calculation based on the direct and indirect formulas of
the thermal impedance for synthesis the RC networks in this and the following chapters. During the symbolical calculations the polynomial coefficients
often exceed the largest and the smallest doubleprecision data type values due
to wide the range of thermal capacitances considered. This constraint limits
the maximum number of elements in the RC networks. An effective measure
that prevents this problem is application of linear time invariant systems MOR
techniques [66]. Another solution to this problem can be usage of a higher
precision data type.

2
2.2.3

Structure Function Interpretation

A thermal RC Cauer network can conveniently be represented graphically as a
SF [67]. A SF provides a visualisation of the main heat path thermal properties. A SF is a plot of the Cauer RC network cumulative R Σ values versus the
cumulative C Σ values starting from the p-n junction. The cumulative values
are defined as
R Σn =
C Σn =

n
X
i =1
n
X

Ri

(2.9)

Ci

(2.10)

i =1

where R and C are the elements of the corresponding Cauer ladder.
We relate the thermal structures of the LED presented in Figure 2.1 to the
particular regions of the corresponding SF plot shown in Figure 2.7. We use
methods presented in [28, 56]. SF plateaus represent thermal path elements
with small thermal capacitance and large thermal resistance. SF steps correspond to elements with high thermal capacitance and low thermal resistance.
The SF shown in Figure 2.7 represents the heat path of an LED assembled on
an MCPCB. The p-n junction is always located at the beginning of the plot.
Thus, the initial increase of the thermal capacitance is related to the first element of the thermal path, the sapphire crystal. The subsequent shelf represents the DAL that has high partial R t h and low partial C t h . A sharp increase
of the cumulative thermal capacitance observed after the DAL shelf is related
to the massive copper thermal pad. The thermal pad is attached to the copper
tracks of the printed circuit board (PCB), a region with significant radial heat
spreading. The SF image of it looks like a tilted straight line [28].
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Figure 2.7: A typical SF of an LED. Characteristic features of the thermal path elements are designated.

Thus, the partial thermal resistances of the elements of the main heat path
can be easily identified using a SF. E.g. p-n junction to thermal pad thermal
resistance of the LED corresponding to Figure 2.7 is approximately 35 K/W.
Yet, as discussed in the introduction and as shown later in this chapter, this
value may contain an error caused by the secondary heat paths.
In this work we call "raw SFs" all the SF that are directly calculated from the
measurement or simulated thermal transient data using the classical transient
analysis method alone.

2.3
2.3.1

Methods
Finite Element Analysis ANSYS

ANSYS software was used to perform steady state and transient finite element
analysis (FEA). A model of a typical mid-power illumination LED was used.
Due to the proprietary nature of the product, the specific LED type and package details are not described. Two LED dome configurations were considered:
Silicone dome and Bare chip. The configurations are presented in Figure 2.8.
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2

Figure 2.8: Cross sections of LED/PCB assemblies used for finite element analysis. A.
Silicone dome LED configuration. B. Bare chip LED configuration. Thermal boundary conditions were T a = 22 °C , Junction P h = 0.226 W . Conduction, convention and radiation heat transfers were simulated.

The following boundary conditions were applied for the FEA model. The
PCB bottom side temperature was set to 22 °C . Convection and radiation heat
transfer to ambient air of 22 °C was modeled both from LED’s and PCB’s surfaces. The thickness of the p-n junction was neglected. We do not investigate
the impact of multiple heat sources in this chapter. Thus, all the thermal
power was uniformly applied at the top of the sapphire crystal surface. We
use thermal power of 0.226 W , a value measured during the physical prototype characterization. T j was calculated as average temperature across the
top crystal surface.
The model had been calibrated with measurements presented in [53] by
SFs alignment across both the PCB and the LED regions. To confirm the presence of the SF distortion a comparison between raw SFs and FEA steady state
simulations results was done. As can be seen in Figure 2.9 junction-to-thermal
pad R t h value derived by a steady state FEA modeling does not match the SF
thermal pad step in case of Silicone Dome LED configuration. Bare Chip LED
configuration junction-to-thermal pad R t h value is in a perfect agreement with
the corresponding step.
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Figure 2.9: Raw structure functions of Silicone Dome and Bare Chip configurations.
Junction-to-thermal pad R t h inconsistency is observed for LED with silicone dome. The junction-to-thermal pad R t h values derived by FEA are
indicated. A steady state average temperature of the thermal pad surface
under the DAL was used for the R t h values calculations.

This proves that the silicone dome presence significantly affects the ability
of a raw SF to represent the main heat path. Therefore, no inner structures
thermal properties can reliably be extracted by direct classical transient analysis for similar LEDs with silicone domes.

2.3.2

LED Thermal Structure

A proposed scheme of the heat dissipation path of the Silicone Dome LED
configuration is presented in Figure 2.10. It illustrates the main LED package
structures that are involved into heat transfer. Each structure is modeled as
a one-dimensional heat path. Therefore each block represents a two-port RC
Cauer network. Thermal structures represented by each block are defined in
Table 2.1.
The silicone dome has two major impacts on the LED thermal properties.
Firstly, due to the low thermal conductivity, high thermal capacity of silicone
and negligible convection and radiation heat transfer from the surface of the
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LEDs dome, the secondary path works as a heat storage that can slowly accumulate and give the heat back.

2

(a)

(b)
Figure 2.10: (a) Heat path of Silicone Dome LED configuration. The heat path is separated into the main and secondary paths. The junction node is designated with a circle. (b) A one-dimensional two-port thermal RC network
representing topology of each block.

Secondly, the silicone provides an extra shunt heat path parallel to the
DAL. As will be shown later, this is the main reason of total R t h reduction of
the silicone encapsulated LEDs compared to the identical bare chip ones.
The silicone dome also shunts the sapphire crystal and a part of the thermal pad. Nevertheless, the effect of this shunting is small since the sapphire
crystal and the thermal pad have significantly higher thermal conductivities
compared to the silicone.
Therefore, a Bare-Chip LED configuration heat path can be derived from
Figure 2.10 scheme by omitting the silicone-related blocks.
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Table 2.1: Blocks of the LED thermal model.

Block name

Objects and phenomena modeled

Crystal

Die

DAL

Die attach layer

Thermal Pad
PCB

Thermal pad
Printed circuit board and solder
The heat path thorough the silicone dome
parallel to the die attach layer
The piece of the silicone dome on top of the
p-n junction
Convection and radiation heat transfer from
the surface of the LED package

Silicone Shunt
Silicone Top
Convection
and Radiation

2.3.3

Notes
Single R t h
Cth ≈ 0

2
High R t h

Heat Paths De-embedding Procedure

The Silicone Dome LED configuration has two parallel heat paths. Therefore,
analysis of a raw SF of such configuration is challenging. Nevertheless it is
possible. If all the blocks of the Figure 2.10 heat path are known, the main and
secondary heat paths can be de-embedded. The characterization of the blocks
is proposed to be done by quantifying the difference between the transient
measurements results of the Silicone Dome and Bare Chip LED configurations.
A procedure of the characterization is presented below.
“Convection and Radiation” block
First, we perform a lower analytical estimation of “Convection and Radiation”
block characteristic R t h value. We consider typical mid-power LED dimensions and architecture. The estimation is presented for extreme conditions.
The characteristic R t h of “Convection and Radiation” block can be estimated
according to the equations:
Rt h ≈

Ts − Ta
q

¡
¡
¢¢
q = S h (T s − T a ) + ²σ T s4 − T a4

(2.11)

(2.12)
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where T s is the LED surface temperature (assuming it is uniform), T a is the
ambient temperature, q is the total heat flow from the temperature to the
ambient. S is LED surface exposed to ambient, h is convection heat transfer
coefficient, ² is emissivity, σ is Stefan–Boltzmann constant. Heat convection
coefficient was assumed to be 5 W /(m 2 · K ). Radiation into ambient was calculated according to the Stefan–Boltzmann law. LED’s surface is modeled as
a perfectly black body. The LEDs surface area was set to 1.4 × 10−7 m 2 with
uniform temperature of 90 °C , the ambient air temperature was set to 22 °C .
These parameters represent an unrealistic worst case scenario of LED operation.
The characteristic "Convection and Radiation" block R t h is estimated as
approximately 5500 K /W . This value is a factor of 1000 larger than the characteristic mid-power LED steady state R t h . Therefore, the secondary heat path
of a typical mid-power LED can barely transmit heat to the ambient comparing
to he main heat path.
Moreover, we estimated the lower bound of the thermal resistance associated with the heat transfer from the LED surface. The real thermal resistance
associated with the radiation and convection heat transfers is significantly
higher. E.g. the difference between the LED junction temperatures derived
with FEM for cases of convection and conduction switched on and off is 0.001
°C , an insignificant value.
As a consequence, on one hand, the secondary heat path does not alter the
total steady state junction-to-ambient R t h of the LED packages. On the other
hand, as shown in Figure 2.9 it is still able to significantly influence the T j
transient behavior due to the heat storage effect of the “Silicone Top” block.
This block represents the dome silicone material placed directly on top of the
pn junction.

“Crystal”, “DAL”, “Thermal Pad” and “PCB” blocks
Considering the Bare Chip LED configuration, it has no “Silicone Top” and“Silicone
Shunt” blocks. The “Convection and Radiation” block R t h is shown to be incomparably large compared to the others. Therefore, it can be neglected.
Thus, a raw SF of the Bare Crystal LED configuration can be split into three
parts along the DAL boundaries. This yields three Cauer RC networks. Starting
from the junction node, the first two networks characterize the “Crystal” and
the “DAL” blocks of the LEDs heat path. The last one characterizes “Thermal
Pad” and “PCB” blocks together.
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“Silicone shunt” block
As shown before, “Convection and Radiation” block cannot significantly change
the total steady state junction-to-ambient R t h . of an LED package. Therefore,
“Silicone Shunt” is the only dome-related block that contributes to the steady
state R t h value.

2

Figure 2.11: Total steady state heat flux around the sapphire crystal of the Silicone
Dome LED configuration. Logarithmic scale. Intense heat transfer in
silicone is noticeable only near the DAL.

Hence, the “Silicone Shunt” total R t h value is determined by the difference
between the junction-to-ambient R t h of the Bare Chip and Silicone Dome LED
configurations. The value of it can be found according to
R tDhAL

Ã

R tshunt
h

= R tDhAL

LE D _B ar e

Rt h

LE D _SD

− Rt h

!

∗α

+1

(2.13)

where α is a parameter close but not equal to 1. Parameter α, if set slightly
higher than 1, allows insignificant amount of heat to leak through the secondary heat path. This assures the convergence of calculations in the s-domain
during the subsequent "Silicone top" block characterization.
The C t h values of the “Silicone Shunt” RC network are negligible compared
to the thermal capacitance of the sapphire crystal and the thermal pad. This
fact is supported by almost identical heights of DAL shelves presented in Figure 2.9. Moreover, the simulated steady state heat flux distribution around
the DAL area presented in Figure 2.11 supports this fact as well: an intense
heat flow in the silicone dome is observed only in a close vicinity of the DAL.

42

Multiple Heat Path Thermal Transient Characterization
This confirms the hypothesis that only a small part of the silicone dome is
contributing to the shunting effect for similar LED architectures. Thus, the
thermal capacitance of this block can be omitted. The block can be modeled
as a singular shunting thermal resistor.
“Silicone top” block

2

Finally, the “Silicone Top” block can be characterized. We define a Laplace
transform of the junction-to-case impedance of the Silicone Dome LED packLE D _SD
age as Z t h
(s). It is dependent on the parallel-connected main and secondary heat paths impedances Z tMh ai n (s) and Z tSec
(s). Therefore, the impedance
h
of the secondary heat path can be expressed as:

Z tSec
h (s) =

1
1

LE D _SD
Zt h
(s)

− Z M ai1n (s)

(2.14)

th

Thus, to derive the secondary heat path impedance we have to know Z tMh ai n (s)
LE D _SD
and Z t h
(s).

LE D _SD

Z tMh ai n (s) can be derived from all the previously determined blocks. Z t h

can be found by the Silicone Dome LED configuration response analysis. Now
straight-forward calculations in s-domain enable Z tSec
(s) derivation. The reh
sulting polynomial fraction Z tSec
(s)
can
be
decomposed
into an equivalent
h
Cauer RC ladder. This ladder will characterize the secondary heat path thermal properties.
A straightforward decomposition of Z tSec
(s) according to Formula 2.8 usuh
ally leads to the presence of several small negative thermal capacitances and
resistances in the secondary heat path Cauer RC ladder. The negatives R t h or
C t h elements are not physical. These negative elements are artifacts caused by
discretization and mathematical operations in s-domain during polynomial division. The artifacts can be efficiently suppressed. Firstly, one has to simulate
a step response of the RC ladder containing the negative elements to a step
function. Secondly, standard thermal transient analysis has to be applied to
the simulated response. This analysis yields an RC ladder providing identical
response, yet containing no negative elements.
Another computational problem that may arise is unbounded power step
response of Z tSec
(s). This problem arises if α parameter is set too close or
h
equal to 1. This is caused by Z tSec
(s) singularity when s = 0. The singularity
h
LE D _SD
is caused by identical Z t h
(s) and Z tMh ai n (s) values when s →
− 0. Indeed,

(s)
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α parameter of the “Silicone Shunt” resistance is a factor by which the main
thermal path R tMh ai n is higher than the Silicone Dome Configuration junctionLE D _SD

LE D _SD

which leads to the singuto-ambient R t h
. If α = 1 then R tMh ai n = R t h
larity.
α value set to 1.001 makes R tSec
finite by allowing approximately 0.1% of
h
the heat dissipate directly from the dome surface. This bounds the secondary
heat path step response and enables standard transient analysis techniques for
the secondary heat path derivation. Usage of indirect form of the impedances’
representation enables decomposition of the impedances’ fractions into numerators’ and denominators’ polynomials. This simplifies multiplicative inverses which allow usage of double-precision floating-point format instead of
more precise formats for further calculations.

2.4

Results

We apply the de-embedding procedure defined above to the results of the transient thermal numerical simulations. We derive the main and the secondary
heat paths. The results are presented in Figures 2.12 and 2.13 in the form of
two SFs. Figure 2.12 compares the de-embedded main heat path SF with the
raw SF of Silicone Dome LED configuration. R t h values of the main structures
of the LED package are indicated. The PCB spreading region is shown as well.
The R t h values of these regions are found with steady state FEA.
Figure 2.13 demonstrates the de-embedded structure of the secondary heat
path. The SF is dtermined by the “Silicone Dome” and “Convection and Radiation” blocks. The part of the SF before the C t h shelf defines the “Silicone
Dome”. The shelf length is determined by α parameter and therefore can be
taken out of the analysis.
Next, we test if the de-embedded main and the secondary heat paths together accurately determine the temperature response of the LED package.
Figure 2.14 data illustrates a complete match between the original FEM model
and derived two heat path DCTM model junction temperature responses.

2.5

Discussion

2.5.1

Significance

We demonstrate a major improvement of the accuracy of the main heat path
elements thermal properties estimation using the de-embedding technique. An

2
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2

Figure 2.12: Comparison of raw silicone dome LED SF and SF of its de-embedded
main heat path. The blue area indicates the error caused by the secondary heat path. Light green and light red areas indicate junction-tothermal pad R t h , and the region of radial heat spreading in the PCB.
These areas are found with steady state FEA. The de-embedded main
heat path SF fits the direct steady state FEA results perfectly.

original SF and the de-embedded main heat path are presented in the Figure
2.12 data.
Firstly, the secondary heat path de-embedding significantly enhances the
accuracy of characterization of the inner structures. We support this statement demonstrating the main thermal path estimation error in Figure 2.12.
The light blue area represents it. We quantify the error. We chose junction-tothermal pad R t h as a figure of merit. Original SF evaluation leads to inaccuracy
of approximately 4 K /W (10% of the absolute value) for junction-to-thermal
pad R t h determination. In comparison, the de-embedded main heat path provides a precise estimation of this value compared to the steady state FEM
model.
Secondly, the de-embedding enhances the main heat path elements partial
thermal resistances identification: the de-embedded SF is shown to be sharper
and less distorted. Therefore, the heat path structures become visible and

2.5 Discussion
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Figure 2.13: De-embedded silicone dome structure function. Significant cumulative
R t h values are caused by poor heat transfer from the silicone top surface.

more distinct.
Finally, the de-embedding separates the silicone dome thermal structure
from the main heat path. This enables dome analysis with the well-developed
transient measurements interpretation methods.

2.5.2

Practical Implementation

LED Preparation and Measurements
The methods proposed in this chapter can be applied not only for analysis
of the results of numerical simulations. Characterization of real LEDs is also
possible. Similar to the numerical experiments a real LED has to be measures
both in Silicone Dome and Bare Chip configurations.
Majority of LEDs on the market are unavailable in the Bare Chip configuration. To overcome this problem the dome of the chosen LED can be etched
to obtain an identical bare chip LED analog. The LED has to remain soldered
to the PCB during the etching process to avoid thermal degradation and keep
measurements consistent. Usage of the same LED for silicone dome and bare
chip measurements will also cancel characterization uncertainties associated
with the production spread.

46

Multiple Heat Path Thermal Transient Characterization

2

Figure 2.14: Finite element model and the extracted two heat path DCTM. T j responses for the Silicone Dome LED configuration. The responses match
perfectly.

Simplified De-Embedding Procedure
A simplified procedure for the thermal path de-embedding can be used. The
simplified procedure does not require direct complex symbolical transformations. To execute it, a thermal transient measurement of the original LED
package of the interest should be performed. Afterwards, the dome of the
LED should be etched and a thermal transient measurement the LED package
without the dome has to be repeated.
Next, a CTM of the main heat path of the LED has to be found. It can be
derived from the the bare chip LED package transient measurements results.
Firstly, the effect of the secondary heat sources has to be compensated according to the procedure presented in Chapter 3. Next, the thermal resistance of
the DAL has to be adjusted to fit the thermal resistance of the DAL of the silicone dome configuration multiplied by parameter α ≈ 1.001. The difference
between these thermal resistances is due to the shunting effect. The resulting
SF will represent the main heat path of the LED.
Now we have an s-domain representation of the impedance of the main
heat path and the dull silicone dome package. The temperature response of
the secondary heat path should be simulated. The response can be derived

2.6 Conclusions
using the additivity property of linear RC networks. According to Figure 2.10
the silicone dome LED thermal response is defined by two parallel RC networks representing the main and the secondary heat paths. Consider a third
RC network identical to the main RC ladder elements with inversed sign. If
such a network is added in parallel to the previous two, it will cancel the main
heat path RC network. The resulting system will be identical to the secondary
heat path alone. Therefore, the temperature response of the secondary heat
path can be derived by simulating a response of the raw SF RC ladder plugged
parallel to a reversed sign main heat path RC ladder.
Finally, the SF of the secondary heat path can be derived with the thermal
transient analysis of the simulated secondary heat path temperature response.

2.6

Conclusions

The impact of the secondary heat path of LEDs on the accuracy of thermal
transient analysis is demonstrated. The FEA indicates that the DAL thermal
resistance determination error of approximately 10% is associated with the
heat propagation through the secondary heat path.
We demonstrate that the dynamic rather than steady state thermal properties of the dome case the SF distortion. The steady state heat flow trough the
dome toward ambient air is shown to be negligibly small.
SF de-embedding technique presented in the chapter enables multiple heat
paths LED DCTM generation based on finite element analysis. The de-embedding
procedure enables a detailed analysis of both the main thermal heat path and
the silicone dome effect separately, which significantly enhances inner structures characterization accuracy. The increased accuracy of the extraction of
thermal properties of the elements of the LED heat path leads to improvement
of thermal failure modes characterization.
The technique is demonstrated for a mid-power LED with a silicone dome
and a singular die. The technique can be expanded with minimal modifications for other LED architectures as flip-chip, multiple die, etc. It also can be
used to eliminate the effect of the systematic measurement errors, present in
other IC devices with similar heat propagation structure.
A DCTM model generation method avoiding direct symbolical calculations
is proposed. A spreadsheet editor, transient analysis software and a SPICE
simulation software are required for its execution.
The results indicate that the dome has a considerable impact on the the
DAL SF image. This proves that the characteristic thermal time constants of
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the dome and the DAL are of the same order of magnitude. Thus, calibration of FEM models has to be done with caution. The entanglement of the
characteristic thermal time constant of the dome and the DAL may lead to a
nonphysical calibration. E.g. a false compensation of the DAL thermal properties can be done by an adjustment of the dome thermal properties and vice
versa.

2

Chapter 3
Multiple Heat Source Thermal
Modeling and Transient Analysis
3
Abstract
Thermal transient testing is widely used for LED characterization, derivation
of compact models, and calibration of 3D finite element models. The traditional analysis of transient thermal measurements yields a thermal model for
a single heat source. However, it appears that secondary heat sources are
typically present in LED packages and significantly limit the model’s precision
if not accounted for. In this chapter, we reveal inaccuracies of thermal transient measurements interpretation associated with the secondary heat sources
related to the light trapped in an optical encapsulant and phosphor light conversion losses. We show that both have a significant impact on the transient
response for mid-power LED packages. We present a novel methodology of
a derivation and calibration of thermal models for LEDs with multiple heat
sources. It can be applied not only to monochromatic LEDs but particularly
also to LEDs with phosphor light conversion. The methodology enables a separate characterization of the primary p-n junction thermal power source and
the secondary heat sources in an LED package.

The chapter is based on [JP-2].
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3.1

3

Introduction

This chapter investigates the impact of presence of secondary heat sources
inside of LED packages on the accuracy of thermal transient analysis and FEM
models calibration with transient measurements.
We begin with analysis of major heat sources inside of an LED package.
Firstly, the LED chip generates heat due to internal optical losses (non-ideal
internal quantum efficiency IQE), and electrical losses [68, 69]. Secondly, the
light emitted by the LED chip can be trapped in the encapsulating optical
dome, partially re-absorbed inside the LED chip and on the walls of the LED
package [70]. The impact of the heat loss caused by the trapped light is often
underestimated. We will show that these losses can have a significant influence on the LED transient and steady-state thermal behavior. Thirdly, if the
LED has a silicone/phosphor layer, Stokes losses occur in the light conversion
and cause thermal heating [71]. The phosphor material can cover the entire
LED chip, be distantly located within the LED package, or be placed remotely
on a secondary optic diffuser [38,72]. In the first or the second case, phosphor
power losses can significantly affect the thermal performance of the LEDs [53].
Various approaches to calibrate multiple heat source LED thermal models
are demonstrated in scientific works. A well-known impedance matrix approach enables the thermal characterization of multi-heat source multichip
LEDs [73–75]. Yet, this method cannot be applied for the characterization
of the secondary heat sources: they are bounded to the main ones and cannot be activated separately. This makes the required measurements of transfer impedance impossible. The secondary heat sources can be characterized
by ray tracing simulations [30, 76, 77]. Yet, this approach requires access to
proprietary information, such as phosphor composite particles spatial distribution, excitation and emission spectra, reflection properties, and the angular
light distribution of the LED die. Another way to characterize secondary heat
sources is comparative comparison of the thermal transient and optical measurements of an original bare chip LED against the same LED with a dispensed
dome [36, 38]. Yet, this method requires access to the bare chip LED packages, which are typically not available on the market and phosphor/silicone
mixtures used by the LED manufacturers. Thus, we lack methods to characterize the LED secondary heat sources [26].
As a result, the trapped light and phosphor light conversion losses are typically coarsely approximated during the calibration of 3D models, e.g., Bornoff
et al. assume 75% phosphor conversion efficiency without direct measurements when demonstrating their calibration procedure [41]. However, we

3.2 Materials and Methods
show that the secondary heat sources have a significant impact on thermal
transient and, therefore, these sources have to be estimated based on measurement data for proper calibration of 3D models. This chapter is filling the
methodological gap by describing a procedure of multiple heat source LED
thermal model calibration by analysis of LED package transient response.
We begin with familiarization of the reader with the considered LED package architecture, the transient analysis method, and the thermal SF concept.
Next, we describe the LED’s FEM thermal model. Then, we demonstrate an analytical estimation of the impact of such LED parameters as internal quantum
efficiency (IQE), external quantum efficiency (EQE), light extraction efficiency
(LEE), and dome geometry on the dome light extraction losses. Afterwards,
we propose the novel thermal transient analysis methodology for multiple
heat sources LED characterization. We follow with validating the proposed
methodology and demonstrating the impact of the secondary heat sources on
the interpretation of the transient measurements with our FEM model. We
experimentally demonstrate the importance of the secondary thermal sources
consideration for the thermal transient analysis of LEDs. Finally, we discuss
the topologies of thermal resistor networks for physical-based modeling an
LED.

3.2
3.2.1

Materials and Methods
LED Architecture

In this section, we give an overview of the LED packages of interest, their structures, characteristic dimensions and typical materials. Similar to the multiple
heat patch chapter we focus on MP surface mounted packages with lateral LED
chips. MP LEDs are currently the most commonly used type in the lighting industry. Figure 3.1 represents a sketch of a typical MP LED package mounted
on a metal core printed circuit board (MCPCB). MP LEDs typically contain one
to three separate dies interconnected with wire bonds. Each die is attached to
a thermal pad by a die attach layer (DAL). For sake of simplicity, we consider
a one-die LED package. Multichip LED packages with a larger number of dies
can also be characterized by the approach presented in this chapter with some
limitation: as shown in [78–80], the thermal transient measurements can also
be applied to such packages. Yet, the interpretation of the results for CTM
calibration must be done with careful approach. Numerous p-n junctions in
such packages may have different thermal and electrical behavior.
A typical MP LEDs with square size of 3 mm × 3 mm (3030 package) have
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Figure 3.1: Sketch of a typical MP LED package soldered on an MCPCB

3

a characteristic reflection chosen as 0.2 mm and 0.8 mm, respectively. Highly
efficient GaN LEDs are grown on c-plane sapphire substrate [81]. Despite
the fact that sapphire crystal’s thermal conductivity is anisotropic, the known
crystal orientation enables high accuracy of sapphire thermal parameter estimation. The encapsulating dome above an LED die is typically fabricated out
of either transparent silicone or silicone mixed with phosphor particles. LED
anodes, cathodes, and the thermal pads are traditionally made of copper.

3.2.2

Thermal Transient Analysis

A well-established method to characterize and extract a CTM of an LED is
thermal transient analysis [28,43,64]. A detailed description of the method is
given in Chapter 2.
In this chapter we also employ a differential SF. The differential SF is defined as the derivative of the cumulative thermal capacitance with respect to
the cumulative thermal resistance. A SF and the corresponding differential
SF are presented in Figure 3.2. The peaks of the differential SF simplify determination of the thermal path elements [82]. We use the differential SF
peak related to the thermal pad to characterize the total R t h of the die and
the DAL. The peak is located in the middle of "Thermal Pad" area in Figure
3.2. Nevertheless, as will be shown further, the die and the DAL SF regions
can be significantly distorted if the secondary heat sources are present. Thus,
the R t h value estimated with this method may be inaccurate. We analyze the
factors contributing to the SF distortion, the related physics and the impact of
the secondary heat sources on thermal transient processes in this work. We
use simulated SFs to quantify the impact.
The DAL is the most significant contributor to total R t h of MP LED packages [83, 84]. The partial R t h of a DAL can reach up to tens of K/W for a
single die MP LED package (Figure 3.2), while the partial R t h values of other
heat path structures as sapphire crystal and thermal pad are below 10 K/W.
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Figure 3.2: A characteristic structure function and a corresponding differential structure function of a typical one die MP LED and its relation to the LED’s
thermal heat path structures. The peak of the differential structure function related to the thermal pad is indicated.

Thus, estimation of DAL properties is crucial for LED reliability prediction and
calibration of FEM thermal models. The R t h of a DAL is the major contributor to junction to thermal pad thermal resistance R t h _ J 2T . For our further
analysis of the SF distortion we compare the R t h _ J 2T values derived with two
different methods: SF analysis and FEA. The corresponding values are named
R t h _ J 2T _SF and R t h _ J 2T _F E A , respectively.
As shown before, the location of the corresponding differential SF peak enables a straight-forward identification of the R t h _ J 2T _SF value. Yet, the peak
might become blurred and impossible to identify by this method for some LED
configurations. In this case the R t h _ J 2T _SF value is determined by a method inspired by [85] as cumulative R t h value corresponding to characteristic C t h _ J 2T
value which is defined as:

C t h _ J 2T = C t h _C r y st al + 0.5C t h _T her mal P ad

(3.1)

We use R t h _ J 2T _F E A to verify R t h _ J 2T _SF values and determine the accu-
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racy of the thermal transient measurements interpretation. The R t h _ J 2T _F E A
derivation method is based on a direct evaluation of steady-state thermal FEA
results. It requires calculation of T j and TD AL , the average temperatures of the
p-n junction and the bottom of the DAL finite element model nodes, respectively. According to the definition of the thermal resistance:

R t h _ J 2T _F E A =

T j − TD AL
Ph J

(3.2)

The difference between the R t h _ J 2T _SF and the R t h _ J 2T _F E A defines the accuracy of SF representation of the LED’s main heat path. We define the relative
error of R t h _ J 2T _SF derivation as:

3

R t h _ J 2T _er r =

3.2.3

R t h _ J 2T _F E A − R t h _ J 2T _SF
R t h _ J 2T _F E A

(3.3)

Thermal FEA

We use a modification of the FEM model demonstrated in our publication [49].
The model was built with the MATLAB (2018b, MathWorks, Natick, MA, USA)
partial differential equation toolbox. We aim to determine the effects of the
secondary heat sources on the accuracy of the transient analysis, in particular,
on the R t h _ J 2T value. We use a generalized axisymmetric geometry of an MP
LED package mockup. Our model contains only the major thermal elements of
the package: p-n junction, sapphire crystal, DAL, thermal pad, and dome. The
fine details of the LED package are omitted since their effect on the T j transient
response and SF is negligible. The model can simulate characteristic thermal
behavior of MP LED packages of various size by adjusting the characteristic
dimensions of the thermal structures. Figure 3.3 (a) depicts the geometry
of the FEM thermal model and defines key characteristic dimensions. The
geometrical and thermal parameters of the model are presented in Table 3.1.
Plastic housing of LEDs is not explicitly considered in the thermal simulations because its thermal conductivity is considerably lower than that of the
copper thermal pad. Moreover, the housing is separated from the junction by
a dome made of an extremely low thermal conductive polymer. Thus, we assume the housing thermal effect on the T j response to be small. Nevertheless,
as shown in [86], the housing geometry significantly affects the LE E and the
trapped light thermal losses.
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(a)

(b)

Figure 3.3: (a) Cross-sectional view of the axisymmetric FEA LED package mockup and its dimensions. (b) Thermal power
dissipation regions.

Table 3.1: Geometrical and thermal properties of the LEDs FEA model structures.
Material
Radius (mm) Height(mm) ρ (g /mm 3 ) C (J /g K )

Element
Crystal
DAL
Thermal pad
Dome
MCPCB tracks
MCPCB dielectric

Sapphire
Copper
Silicone phosphor
Copper
FR4

0.4
0.4
1.2
0.8
10
10

0.2
0.002
0.25
0.2
0.07
0.1

3.98
8.93
1.10*
8.93
1.90

0.85
0.39
1.15*
0.39
1.2

k (W /mK )

32
0.1
380
0.2*
380
0.2

*The data are given for silicone. Silicone/phosphor composite thermal properties are defined in (3.32) - (3.34).
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The model contains three heat sources. The sources are defined in Figure
3.3 (b) and related to the p-n junction P h J (red), dome P hD (green), and cup
reflector surface P hC (yellow). P h J and P hC are homogeneously distributed
over the corresponding junction and cup surfaces. P hD is uniformly distributed
within the dome volume. The sum of the considered heat sources is equal to
the total thermal power losses P h of the LED:

P h = P h J + P hD + P hC

(3.4)

We define the sum of the parasitic secondary heat losses P h0 as:
0

3

P h = P hD + P hC

(3.5)

We also evaluate heat transfer through the copper tracks and the dielectric
layer of the MCPCB during our FEA. A constant temperature boundary condition is set at the bottom of the PCB’s dielectric layer to simulate the upper
surface of the PCB’s highly conductive metal core. We set uniform initial temperature condition. Convection and radiation heat transfers from the outer
surfaces of the LED package are negligible and therefore ignored. Chapter 2
demonstrates that a negligible fraction of heat leaves an LED via these mechanisms compared to conduction via the main heat path. Thus, adiabatic boundary conditions are applied to all outer LED surfaces. Therefore, the numerical
problem is linear and the system temperature response, normalized with applied thermal power, does not depend neither on the absolute value of the
initial temperature nor on the applied power. The heat sources are activated
at τ = 0. Transient response of the averaged p-n junction temperature is evaluated. For calculation of the R t h _ J 2T _F E A the steady-state averaged temperature
of the bottom of the DAL finite element model nodes is used.

3.2.4

Experimental Setup and Physical Specimens

To confirm the impact of the secondary heat sources, experiments using two
samples of MP 3030 LED with a bare non-encapsulated chip have been conducted. We made various modifications for the dome encapsulant of each LED.
The 1st LED got a flat silicone dome as an encapsulant filling the package cup.
The 2nd LED was initially modified with a clear silicone rim layer around the
sapphire chip and then a silicone/phosphor mixture as a light conversion layer
covering the whole open surface in the package cup.
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OE-6650 resin material (Dow Corning, Midland, Michigan, United States) was
used as the silicone for these layers. The resulting LED configurations are
presented in Figure 3.4. Transient testing of each of them was performed
separately. Comparative analysis of the results corresponding to each LED
enabled identification of the impact of the trapped light and the phosphor
secondary power sources.

3

Figure 3.4: The physical LED specimens’ configuration.

To perform the thermal transient measurements, the LEDs were soldered
on an MCPCB which was mounted on a heat sink. T3Ster (Mentor Graphics, Wilsonville, Oregon, United States) thermal tester was used to perform
transient testing. An on/off forward voltage response was measured while
the heat sink temperature was kept 50 °C . We used 150 m A driving and 10
m A measurement currents. The dependence of the LED forward voltage on
T j was calibrated in the range of 25–85 °C while the LEDs were mounted on
a coldplate and biased with the measurement current. We use a quadratic
approximation of the T j dependence on the forward voltage to increase the
accuracy, since it was shown in the literature that use of a linear approximation in some cases may lead to a significant error of the junction temperature
evaluation for LEDs [29, 87].
We used a square root initial correction to substitute the initial electrical transient. The correction was based on T j response data sampled in the
50–400 µs interval. The optical fluxes were measured by an integration sphere
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to calculate the total thermal power P h dissipated by each LED. The LEDs
were horizontally mounted on a heat sink during the optical measurements in
order to minimize the convection heat flux losses that may be caused by the
non-isothermal environmental conditions at open interface with integration
sphere [29]. The LED forward current and the heat sink temperature were
kept constant during all thermal transient measurements.

3.2.5

3

Multiple Heat Source Characterization

In this chapter, we perform an analysis of the fraction of the secondary thermal
power sources in the total power dissipation for MP LED packages. Firstly, we
analytically estimate the power losses related to the trapped light P hC . We
demonstrate a method to estimate P hC based on the values of IQE , EQE ,
and LE E parameters and on the geometries of the LED chip and the package.
Next, we estimate the thermal losses caused by phosphor light conversion
P hD . Finally, we propose an experimental method that enables separation
of the secondary heat sources power P h0 from the total thermal power P h .
The method is based on a revised analytical solution of an initial thermal
transient response also presented in this chapter. We analyze the applicability
of the proposed method for LEDs with transparent domes and for LEDs with
phosphor light conversion.

Secondary Heat Sources
In this subchapter, we aim to estimate the fraction that secondary heat sources
contribution to the total heat dissipation. First, we analyze LEDs without phosphor light conversion. In this case the secondary heat sources are originated
from the light trapped in the encapsulating dome layer due to total internal
reflections (TIRs), (see Figure 3.5). This light is partially absorbed by the reflector cup walls and the p-n junction when light re-enters the LED crystal [2].
In general, evaluation of the trapped light losses requires sophisticated ray
tracing modeling and extensive LED characterization. Yet, it is possible to
make a coarse analytical estimation employing approximations of the LE E
and IQE coefficients and other LED parameters, such as cup reflectivity, dome
curvature, die and package dimensions, etc. First, we define the total thermal
power P h dependence on the applied electrical power. LE E of an LED package
is the product of the chip-to-dome light extraction coefficient LE E chi p and the
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Figure 3.5: Illustration of a trapped light ray emitted by the p-n junction experiencing
multiple TIRs before leaving a silicone dome of an LED.

dome-to-air light extraction coefficient LE E d ome , thus:
LE E = LE E chi p · LE E d ome

(3.6)

EQE is a product of IQE and LEE, that is:
EQE = IQE (I ) · LE E chi p · LE E d ome

(3.7)

Unlike LE E chi p and LE E d ome , IQE is dependent on the forward current I . The
total thermal power dissipated in an LED is:
¡
¢
P h = P el · 1 − IQE (I ) · LE E chi p · LE E d ome

(3.8)

The fraction of the light initially left the die and trapped on the reflection cup
walls is:
P hC u IQE (I ) · LE E chi p · (1 − LE E d ome ) · Λ

(3.9)

where dimensionless coefficient Λ provides a correction for the crystal light reabsorption. Appendix A analyzes the dependence of Λ on the LED’s package
geometry and other parameters.
The LE E d ome coefficient is difficult to measure directly without manufacturing packages of custom calibration LEDs and without advanced measurement setups. Therefore, we use the results of ray tracing simulation presented
by Tran et al. [86]. The results enable estimation of the LE E d ome for MP
LED packages. The authors define the LE E d ome dependence on the dome curvature and angle of the reflector cup. The simulation shows evidence that
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the LE E d ome coefficient for conventional dome designs varies from 0.65–0.92.
The LE E d ome coefficient for conventional multiple-chip LEDs with flat lightemitting surface (LES) and the absence of special light extraction enhancement structures is around 60% [88–90]. Optimization of the LED packages by
using a gradient refractive index encapsulant, roughened or patterned leadframe substrates, and the scattering effect of phosphor particles can increase
the LE E d ome up to 85%.
Now we estimate the fraction of P hC in the total power dissipated by an
LED:

IQE (I ) · LE E chi p · (1 − LE E d ome )
P hC
=
·Λ
Ph
1 − IQE (I ) · LE E chi p · LE E d ome

3

(3.10)

We then estimate the P hC /P h ratio for blue GaN LEDs. Modern state-ofthe-art high brightness blue LEDs can have a LE E chi p coefficient of 85% for
double-side textured-crystals [91]. The reflectance coefficient of the cup is set
to 93%. The ratio between the areas of the cup and the crystal S cup /P cr y plays
an important role. It defines the probability of crystals re-entry by the trapped
light. We consider two S cup /P cr y ratios: 7 and 2. The first corresponds to the
MP LED architecture presented in Table 3.1. The second represents a smaller
single die or a multiple die LED package. Indeed, multiple-die packages with
low S cup /P cr y ratios have increased shielding of the light by the neighboring
dies (denser chip placement leads to an increased light re-absorption by the
LED package chips) [92]. The results are presented in Figure 3.6.
Plots presented in Figure 3.6 evidence that low LE E d ome packages with
high IQE LED chip have the highest relative P hC thermal losses. The fraction
of P hC rapidly increases with increase of IQE. A decrease of the S cup /P cr y value
leads to a decrease of the P hC fraction due to the shielding effect.
The IQE of blue GaN LEDs approaches its theoretical limit of 95%. Nevertheless, in the majority of high-power applications, blue LEDs are driven in
the droop regime when the IQE is approximately 70% (marked in the plot of
Figure 3.6). These parameters indicate that approximately up to 25% of the
total thermal power P h can be dissipated on the LED cup walls due to optical
absorption.
LEDs with a phosphor light conversion layer always have extra heat losses
due to Stokes effect. This emphasizes the fact that the secondary heat sources
are significant. Next, we propose a methodology of their experimental estimation.
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Figure 3.6: P hC /P h ratio as a function of IQE for a range of LE E d ome coefficient.

Estimation of the Secondary Heat Sources
Modern LED transient testing methods determine the total thermal power P h
as a difference between the applied electrical power P el and the emitted radiant flux P opt [7, 8, 93, 94]. It is impossible to separate the secondary heat
sources P h0 with this approach. In this section, we propose a method to experimentally estimate P h0 . The method is based on a revised solution of the initial
T j transient response.
In practice, it is challenging to measure the initial T j response during the
first tens of milliseconds due to the electrical transient processes in the pn junction, the connecting wires and the transient measurement equipment.
Therefore, correction methods were developed to restore this data. One of
these methods is a square root correction. The method is based on the analytical solution of heat propagation into a semi-infinite material from a homogeneous surface heat source: the p-n junction substrate can be often approximated as a surface heat source and a semi-infinite body in the beginning of
thermal transient. The initial T j transient response can be approximated with
the following equation [95, 96]:

T j (t ) = T0 +

Ph J
S pn

p
·K · t

(3.11)
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where T0 is the initial temperature, S pn is the surface of the p-n junction, K is
the coefficient dependent on the material parameters, t is time.
The form of the equation proves that the initial T j transient response is a
linear function of the square root of time. The coefficient K bounds the slope of
this plot with the junction dissipated thermal power P h J and the chip surface
S pn . An example of the measured LED data and of the applied square root
initial transient correction based on 50–400 µs interval is shown in Figure 3.7.

3

Figure 3.7: An example of the square root initial transient correction applied to measured data of an on/off transient.

Bilateral Inital Transient Heat Transfer
The correction method assumes a unilateral one-dimensional heat propagation in the beginning of the transient. LED chips are typically encapsulated in
a dome to enhance light extraction and shape the light beam. Thus, the heat
dissipated by the p-n junction propagates bilaterally, both to the substrate and
the dome. We intend to increase the accuracy of initial transient correction by
accounting for this. We search for an analytical solution for the transient temperature response of the interface between two semi-infinite bodies when a
uniform heat source is located at the contact. One of the bodies represents the
crystal substrate, the other one corresponds to the dome. Figure 3.8 illustrates
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the problem.

Figure 3.8: Transient heat conduction on the edge of the sapphire crystal and dome.
x d and x s are the spatial coordinates.

The problem is one-dimensional. At the initial time t = 0 the bodies have
uniform identical temperatures T0 . A constant and uniform heat source with
power density q is activated at the interface at the time t = 0. The heat transfer
governing equations are:
ρd Cd

∂Td
∂2 Td
= kd
∂t
∂x d2

(3.12)

ρsCs

∂T s
∂2 T s
= ks
∂t
∂x s2

(3.13)

The initial and the interfacial conditions are:
Td (x d , 0) = T0

(3.14)

T s (x s , 0) = T0

(3.15)

Td (0, t ) = T s (0, t )

(3.16)

We define the heat fluxes qd and q s that leave the interface towards the
dome and the sapphire, respectively. According to the law of conservation of
energy, their sum is equal to q . Thus:
∂Td (0, t )
|xd =0
∂x d
∂T s (0, t )
q s = −k s
|x s =0
∂x s

q d = −k d

q = qd + q s

(3.17)
(3.18)
(3.19)
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From (3.12), (3.13), (3.16)–(3.18), it can be seen that qd and q s are constant
and they depend only on the thermal properties of the sapphire crystal and
the dome. The ratio between the heat fluxes is:

qd
=
qs

s

kd ρ d C d
ks ρs C s

(3.20)

Therefore, the bilateral heat propagation problem can be reduced to two
unilateral problems with heat fluxes qd and q s . The heat flux through the
sapphire crystal can be expressed as:

qs =

3

1+

q
q

kd ρ d C d
ks ρs C s

(3.21)

Thus, the surface temperature response is equal to:
2q
T (t ) = T0 + p ¡p
p
¢
π k s ρ s C s + kd ρ d C d

(3.22)

The resulting equation retains the square root time-dependence. After substituting the power density q with P h J /S pn in (3.22) we obtain the coefficient
K bi _l at characterizing T j initial response for the case of bilateral heat propagation. The original coefficient K uni _l at and the derived K bi _l at are presented
below:
2
K uni _l at = p
πK s ρ s C s

(3.23)

2
K bi _l at = p ¡p
p
¢
π K s ρ s C s + Kd ρd Cd

(3.24)

The similar form of the bilateral heat propagation solution justifies the application of the square root initial correction for LEDs. Nevertheless, the bilateral solution bounds quite accurately the initial T j response to the thermal
power dissipated by the junction P h J .
We determine the values of the heat flows toward the dome and the substrate during the initial thermal transient by substituting the corresponding
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thermal properties in (3.20) and (3.21). We derive that approximately 5% of
the total heat dissipated by the junction propagates to the dome. This corresponds to approximately 5% systematic error for P h J power evaluation with
the classic method when no heat propagation into the dome is considered.
The T j response follows the square root time dependency only for a finite
amount of time while the assumption of one-dimensional heat propagation is
valid on both sides of the active region. On the one hand, it is limited by the
characteristic time constant of the substrate τs . On the other hand, by the
requirement of sufficiently one-dimensional heat propagation into the dome.
The substrate time constant τs can be found as the product of the partial
thermal resistance and thermal capacitance of the die crystal. It can be expressed with sapphire thermal properties and the crystal height H sap :

τs = R t h _sap C t h _sap =

2
H sap
ρ sap C sap

k sap

(3.25)

The heat propagation into the dome can be considered sufficiently one0
dimensional if the characteristic width of the p-n junction l pn
is much larger
than the characteristic depth of heat propagation into the dome x d0 :
x d0
0
l pn

(3.26)

<< 1

0
We estimate l pn
as a one half of the minimal dimension of the top of the
sapphire crystal. Carslaw and Jaeger [97] have derived a closed-form solution
of the time-dependent temperature profile for heat propagation into a semiinfinite media:

2q

T (x, t ) = T0 + q
πkρC p

p

s

µ 2
¶
2 ρC
x ρC
qx
x

−
er f c 
t · exp −
4t k
k
4t k

(3.27)

The form of the exponential term of (3.27) yields the x d0 dependence on time:
s

x d0 ≈ 2

t

kd
ρd Cd

(3.28)
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0
Thus, the characteristic time τd at which x d0 ≈ l pn
is:

τd ≈

0 2
l pn
ρd Cd

4

kd

(3.29)

Therefore, the initial heat propagation is sufficiently one-dimensional on both
sides of the active region if:

t << mi n (τs , τd )

3

(3.30)

τs and τd are estimated as 3.8 ms and 250 ms , respectively, considering the
data of Table 3.1. Estimated τs is significantly faster than τd . Thus, we con-

clude that the heat propagation into the silicone dome is always sufficiently
one dimensional while the heat transfer into the sapphire crystal obeys the
semi-infinite body approximation. Therefore, P h J can be reliably extracted by
(3.11) and (3.24). Then, P h0 can be found as the difference between P h and
Ph J .
Applicability of the Approach for LEDs with Phosphor Light Conversion
In this section, we investigate the applicability of the proposed method of P h J
estimation for LEDs with silicone/phosphor composite domes. The heat generation by phosphor particles may disturb the initial thermal transient which
can affect the accuracy. We investigate the impact of the presence of phosphor
on the accuracy of the proposed P h J extraction method.
Firstly, we perform estimation of the thermal properties of the phosphor/silicone composite material. We use the phosphor filler volume fraction f
parameter defined with the volumes of the silicone Vsi l and the phosphor Vpho
fractions as:

f =

Vpho
Vpho + Vsi l

(3.31)

Numerous models have been proposed to model the effective thermal conductivity of this type of composite [98–100]. These models are typically derived for a certain range of the phosphor volume fraction. We use a high volume fraction limit model proposed by Every [101]. The effective thermal con-
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ductivity kd of the silicone/phosphor composite material dome is expressed
as:
k si l
kd = ¡
¢3(1−α0 )(1+2α0 )
1− f

(3.32)

Here, k si l is the thermal conductivity of the silicone and α0 is a nondimensional parameter bounding the particle size and particle-composite matrix interface effect.
Zhang et al. [102] have fitted the model of the equation to experimental
measurements of the typical silicone/phosphor composite used in LEDs. They
used C e 3+ doped YAG (Y3 Al 5O 12 ) phosphor particles of 13.0 ± 2.0 µm diameter encapsulated in high optical transparency silicone. They achieved an
excellent agreement with the experimental results for high volume concentrations f from 20–40%. It was found that α0 is 0.004. This fitting result slightly
overestimates the thermal conductivity for the composites with low phosphor
volume fractions.
The YAG phosphor density ρ pho and the specific heat C pho are 4.56 g /cm3
and 0.6 J /(g K ), respectively [103]. The density ρ d and specific heat C d of the
dome composite are estimated based on the volume fraction of the phosphor
particles f as:
¡
¢
ρ d = ρ si l 1 − f + ρ pho f
¡
¢
C d = C si l 1 − f +C pho f

(3.33)
(3.34)

The phosphor dome light conversion efficiency was shown to be dependent
on the phosphor particles type, concentration, temperature, experienced thermal stress [16, 38, 104, 105]. Yet, we assume the silicone/phosphor composite
properties to be constant during the fast initial transient processes due to small
temperature variations. Consequently, the heat transfer problem remains linear. Therefore, we address the multiple heat source initial thermal transient
analysis using the principle of superposition. We analyze heating of the LED
package with P hD and P h J heat sources separately and compare the heating
rates.
We start with the analysis of the silicone/phosphor composite dome. The
data presented by Chung [106] shows the evidence that the heating time constant of the remote phosphor layers is significantly slower than the p-n junction heating time constant (60 s vs. 0.02 s ). However, the phosphor layers
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deposited over the p-n junction may have significant higher heating rates due
to the higher optical power density. Lou et al. [77, 107] determined the phosphor energy conversion efficiency both experimentally and numerically. For
warm white LEDs with high phosphor volume fractions, up to 45% of blue
light optical power can be dissipated as heat during light conversion [108]. If
we assume that W PE chi p = 70% for the LED chip (a typical value for modern
blue LEDs under typical operating conditions), then it will mean that up to
half of the total thermal power P h for white LED package can be related to
the phosphor thermal losses P hD . Similar power ratio results were previously
determined in the literature [36, 76].
The rate at which the temperature of the silicone/phosphor composite
dome increases during the first hundreds of milliseconds after turning an LED
on is linear. It is determined mainly by the capacitive thermal effects due to
the low thermal conductivity of the silicone/phosphor composite. Thus, we
estimate the composite dome temperature increase ∆Td at times t << τd as:
∆Td (t ) =

P hD τ
ρ d C d Vd

(3.35)

Here Vd is the characteristic dome volume per one die. Multiple die LEDs
have higher dome optical power density than the one-die LEDs. This leads to
a faster rate of silicone/phosphor composite heating. To consider a worst-case
scenario we perform an estimation for a case of a more powerful two-die MP
3030 white LED package. Thus, we chose Vd as half of the corresponding LED
dome volume.
We compare the characteristic dome temperature increase with the junction temperature increase ∆T j (τ) estimated by (3.11) and K bi _l at coefficient.
The comparison yields evidence that for t below 400 µs (which is a typical upper time limit used for transient correction), ∆Td is less than 0.03∆T j .
Thus, the initial heating rate of the silicone/phosphor composite is significantly slower than the one of the p-n junction. Moreover, the thermal conductivity of the silicone/phosphor composite is considerably lower than one of the
sapphire crystal. All these factors indicate that the phosphor-related thermal
losses have insignificant impact on the initial transients, as will be confirmed
in the next section.
The unilateral coefficient K uni _l at and the derived dependence of the bilateral coefficient K bi _l at as a function of the phosphor fraction f are shown in
Figure 3.9. The data confirms 5–15% K uni _l at relative error if compared with
more precise K bi _l at values. P h J contains the same error if estimated by (3.11)
under the classical unilateral heat propagation assumption.

3.3 Results

69

3
Figure 3.9: Comparison of K uni _l at and K bi _l at coefficients

3.3
3.3.1

Results
Numerical Simulations

In this section, we determine the impact of the power P h0 for secondary heat
sources on the transient analysis results with our FEA model. The analytical estimations presented above show evidence that P hC can reach up to 25%
of total P h for LEDs with inefficient dome design. Phosphor-related thermal
losses P hD can be estimated as high as 50% of P h if we consider an LED that
has 65% phosphor light conversion efficiency [72] driven with current corresponding to 75% IQE . We aim to determine general patterns and estimate
the thermal transient analysis inaccuracies associated with the secondary heat
sources.

Secondary Heat Sources Impact on Junction Thermal Transient
First, we analyze the logarithmic time derivative and the initial transient of
T j response of the FEA model (Figure 3.10). We consider two extreme cases:
P h0 = P hD and P h0 = P hC .
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(a)

(b)
Figure 3.10: Temperature response FEA. (a) Log time derivative of T j response. The
solid lines represent LEDs with P h0 = P hC . The dashed lines are correp
sponding to LEDs with P h0 = P hD . (b) Initial T j response vs. τ. No
0
0
substantial difference between the P h = P hD and P h = P hC cases is observed, the dashed lines are merged with the solid ones.
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Figure 3.10 (a) shows that the initial thermal responses are similar up to
10 ms . They linearly scale with the P h0 /P h fraction. A significant effect of the
phosphor heat generation is observed for τ > 10 ms . Figure 3.10 (b) shows
that the initial T j transient responses plotted versus square root of time are
linear up to 400 µs . As shown before, phosphor thermal power generation
P hD has no influence on the initial transient in the considered time interval.
Thus, the numerical modeling confirms that the K bi _l at coefficient extracted
from the initial thermal transient is weakly affected by the heat generation
in the encapsulating dome. This confirms the applicability of the P h J estimation from initial transient response analysis even for LEDs with phosphor light
conversion layer.
Table 3.2: Initial ∆T j response predicted by unilateral and bilateral analytical models
at τ = 400 µs .

∆T j [K]

Phosphor Volume Fraction

0
0.4

FEA Reference

Bilateral
Estimation

4.1
3.7

4.1
3.7

Unilateral
Estimation
4.3
4.3

Secondary Heat Sources Estimation Verification
To verify the proposed method of P h0 and P h J evaluation, we determine the
increase of the ∆T j at t = 400 µs by deriving K bi _l at and K uni _l at coefficients
using (3.11)-(3.24). We compare the obtained ∆T j values against the simulation results in Table 3.2. The data show that the proposed bilateral initial
heat propagation model predicts initial thermal transient response with significantly higher accuracy as compared to the classical unilateral model. Thus,
the K bi _l at coefficient helps to decrease significantly the P h0 and P h J evaluation
errors.
Secondary Heat Sources Impact on Structure Functions
For numerical simulations of the LED thermal structure functions we consider
two extreme cases: P h0 = P hC and P h0 = P hD . We change the secondary heat
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sources P h0 /P h fraction from 0 to 0.4. We use P h as an input power for thermal transient analysis. The resulting simulated SFs are presented in Figure
3.11. SF-derived R t h _ J 2T _SF and reference R t h _ J 2T _F E A thermal resistances are
indicated on the graph. The R t h _ J 2T _F E A is found to have an extremely weak
dependence on the secondary heat sources presence, thus, R t h _ J 2T _F E A is considered to be independent of the secondary heat source’s power fraction. The
blue SF represents the LED without secondary heat sources. The DAL SF based
estimation error R t h _ J 2T _er r defined by (3.3) is plotted in Figure 3.12.

3

Figure 3.11: Influence of the secondary heat sources on SFs derived with FEA. The
solid structure functions represent LEDs with a heat source imitating the
dome trapped light losses. The dashed structure functions are related
to LEDs with heat source imitating the phosphor light conversion losses.
The reference thermal resistance R t h _ J 2T _F E A is indicated.

We observe that the error is approximately linearly proportional to the
P h0 /P h ratio for both considered cases:
∆R t h _ J 2T _er r u P h0 /P h

(3.36)

Any actual configuration of secondary thermal sources within an LED is
formed as a superposition of these extreme cases. Since the considered problem is linear, thus, our proposed R t h _ J 2T _er r estimation is valid for both types
of encapsulated LEDs, with and without phosphor light conversion.
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Figure 3.12: Dependence of the relative error of relative R t h _ J 2T _SF on the fraction of
the secondary heat sources derived with FEA.

R t h _ J 2T _er r is slightly higher for the P h0 = P hD than for P h0 = P hC case. The

difference is explained by the fact that in steady-state conditions a fraction
of the heat generated by the phosphor containing encapsulating dome goes
through the sapphire crystal and through the DAL, while the heat generated
by the trapped light in clear encapsulant is dissipated directly on the thermal pad, bypassing the die and the DAL. In phosphor converted LED package,
the die and the DAL experience additional heat flow caused by the phosphor
losses in particles located close to the die crystal. An important remark is that
this heat flow is significantly delayed due to low thermal diffusivity of silicone/phosphor composite. Figure 3.10 (a) confirms the “slow” impact of the
phosphor heat flow on the p-n junction temperature transient. These results
allow us to conclude that the phosphor heat generation has no significant impact on the initial thermal transient, yet it partially increases the thermal flux
flow through the die and the DAL during steady state.
It should be noted, that the dome phosphor-related heat sources P hD significantly impact the “tails” of the SFs, in Figure 3.11. Indeed, as shown above,
the phosphor dome heat generation P hD produces an additional delayed thermal flow that affects the slow part of the T j response. Based on this observation, we conclude that the presence of the distributed heat sources in the
dome leads to the distortion of the regions of SFs corresponding to structures
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with relatively “slow” time constants (e.g. PCB and the further thermal path).
Therefore, application of such techniques as transient dual interface measurements [109] may be limited in cases of LEDs with phosphor light conversion.
The analysis presented in this chapter shows that the value of total thermal
resistance of an LED (as derived from the thermal transient measurement)
decreases when the fraction of the secondary heat sources increases. This
decrease of thermal resistance is associated with the fact that a significant
part of the thermal power from secondary heat sources is distributed over the
LED package volume. Thus, a part of the total heat losses used to calculate
the LED’s thermal resistance value bypasses the p-n junction, the die, and the
DAL. This effectively decreases the junction temperature compared to the case
when all the thermal power is generated only by the p-n junction.

3

Die and DAL Thermal Characterization
We observe a “scaling” effect of the SFs presented in Figure 3.11: the higher
the P h0 /P h fraction the lower the R t h and the higher the C t h values. At the same
time, the thermal properties of the main heat path remain constant in all the
numerical experiments. Moreover, we have noticed the characteristic dependence of R t h _ J 2T _er r on P h0 /P h , and assumed that the initial heat propagation
through the die and DAL is not dependent on the secondary heat sources P h0 . In
order to verify this hypothesis, we use P h J instead of P h as the power step for
thermal transient analysis. The resulted new SFs are presented in Figure 3.13.
We observe a cancelation of the “scaling” effect up to the thermal pad step
regardless of the nature of the secondary heat source. The derived R t h _ J 2T _SF
values are almost identical to the reference R t h _ J 2T _F E A . The R t h _ J 2T _er r error
is reduced to 5% and does not depend on the P h0 /P h ratio anymore. Thus, we
conclude that our hypothesis is valid: the distributed secondary heat sources
are not influencing the initial heat propagation though the die and the DAL.
We conclude that the die and the DAL thermal properties can be extracted from
thermal transient measurements quite accurately if secondary heat sources are
subtracted from the total thermal power.
The properties of the other elements in the thermal path and the total
thermal resistance of the LED become distorted if one corrects SF for the power
from the secondary heat sources. This can be seen as a spread of the SFs
shapes after the thermal pad step. These results show that this method of
LED thermal transient analysis can be applied only to characterize the thermal
properties of the die and the DAL.
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(a)

(b)
Figure 3.13: FEA derived SFs, when P h J power step is used for thermal transient analysis. Junction to thermal pad resistances derived by the SF analysis and a
reference FEA are indicated: (a) when only trapped light losses are considered as the secondary heat source; and (b) when only phosphor dome
light conversion losses are considered as the secondary heat source.
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We evaluate the thermal power dissipated at the junction P h J and the secondary heat losses P h0 for each physical LED configuration. To evaluate these
parameters we measure P el and P opt and perform initial transient analysis by
(3.11) and (3.24) in the range of 50–400 µs . The obtained thermal power
distributions are presented in Table 3.3.

Table 3.3: Thermal power distribution.

3

LED
Sample
1A
1B
2A
2B
2C

Dome
Configuration
Bare chip
Flat silicone
Bare chip
Rim dome
Phosphor top

P el

P opt

Ph

Ph j

P h /P h j

(W)
0.444
0.445
0.441
0.442
0.441

(W)
0.189
0.122
0.199
0.159
0.091

(W)
0.255
0.323
0.242
0.238
0.350

(W)
0.250
0.229
0.221
0.203
0.223

0.02
0.29
0.09
0.28
0.33

First, we analyze the log time derivative of the measured junction temperature T j response. The measurement data are presented in Figure 3.14.
Despite a significant variation of the measured total thermal power P h values, we observe an expected small difference for the initial thermal transient
response between both LEDs in our set of experiments. Indeed, alterations
of the dome configuration mainly change the power of the secondary heat
sources P h0 and weakly affect the p-n junction heat power P h J . The initial T j
increase rate is dependent on P h J according to (3.11). Moreover, we confirm
the predicted impact of the phosphor heat generation on the slow time constants (Figure 3.14 (b)). Additionally, we observe that the measurement data
noise patterns up to 10 ms look similar. This may be evidence for a presence of
a systematic error that is most likely caused by the measurement equipment
or a raw data processing algorithms.
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(a)

(b)
Figure 3.14: Experimentally derived log time derivative of T j response: (a) 1st LED
and (b) 2nd LED.
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(a)

(b)
Figure 3.15: Experimentally obtained SFs of two configuration of 1st LED specimen:
(a) Total thermal power P h is used for the transient analysis; and (b)
only junction thermal power P h J is used for the transient analysis.

3.3 Results
The results of the thermal transient testing of the 1st LED are presented
below. We employ the experimentally derived P h and P h J values as power
inputs for the transient analysis. The comparison of the SFs presented in Figure 3.15 (a) exhibits the “scaling” effect demonstrated with the FEA modeling.
The 1B flat silicone dome configuration has a slightly higher fraction of the
secondary thermal losses. Our reasoning for this is:
• The silicone dome enhances the light extraction from the chip into the
encapsulant;
• The enhanced light extraction from the chip leads to a reduction of P h J
(Table 3.3);
• The light is trapped in silicone dome due to TIR and is absorbed on the
reflector surfaces, this effect increases P h0 .
Now we analyze the SFs when P h J is used for the transient analysis. The
resulting SFs are presented in Figure 3.15 (b). The SFs are aligned up to
the 25 K /W point. The scaling effect is significantly reduced. Yet, considerable discrepancy is observable. The SF of the 1B configuration is significantly
“smoother” compared to the bare chip one. We have shown in Chapter 2 that
this effect is related to the heat storage in the dome encapsulating material.
Analyzed SFs of the 2nd LED are presented in Figure 3.16. Again, we observe
the “scaling” effect when the total thermal power P h is used for thermal transient analysis (Figure 3.16 (a)): the higher the P h0 /P h ratio the more distorted
the initial SF regions representing the sapphire chip and the DAL. Like the
dome of 1B configuration, the rim of the 2B configuration enhances the light
extraction from the crystal, and it increases the fraction of the secondary thermal losses P h0 /P h . Introduction of the phosphor top layer increases the P h0 /P h
ratio even more.
Figure 3.16 (b) demonstrates that usage of the P h J power for transient
analysis suppresses the scaling effect. The resulting 2A and 2B configurations’
SFs perfectly overlay each other up to the thermal pad step. The silicone rim
does not create a significant parallel capacitive thermal heat path, unlike the
full silicone dome, thus, 2B SF is not blurred. Yet, the 2C configuration SF is
blurred due to the secondary heat path created by the phosphor top layer. The
derived sapphire chip thermal capacitance is almost identical for all three SFs.
The SF of the 2C configuration has a significantly expanded tail compared to
the pure silicone dome configuration 2B. This is caused by the phosphor heat
generation impact demonstrated with the numerical simulations.
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(a)

(b)
Figure 3.16: Experimentally obtained SFs of three configuration of 2nd LED specimen: (a) Total thermal power P h is used for the transient analysis; and
(b) only junction thermal power P h J is used for the transient analysis.
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The error of the junction to thermal pad thermal resistance evaluation with
thermal transient measurements without the correction for the secondary heat
sources is 35% for configuration 1B, 30% for configuration 2B and 37% for
2C. The error is proportional to P h0 /P h ratio. If the p-n junction is completely
encapsulated into the dome the error increases by approximately 5% due to
the SF distortion caused by heat storage in the dome.

3.4

Discussion

We have numerically and experimentally proven the applicability of the proposed secondary heat sources separation method. Moreover, we have demonstrated that, firstly, the die and the DAL thermal resistance can be accurately
derived from a SF only if the correction for the secondary heat sources is done
and the thermal power dissipated exclusively by the p-n junction is used for
the transient analysis. Secondly, we have shown that the trapped light and the
phosphor heat generation has no significant influence on the initial transient.
Thirdly, we have demonstrated that the phosphor heat generation affects the
slow time constant region of the thermal transient spectrum and, as a result,
it changes the parts of SFs corresponding to the LED package and assembly
elements (e.g. PCB).
Next, we analyze the topologies of various thermal models and calibration procedures used by other authors based on the obtained knowledge.
Works [36] and [37] use a bidirectional thermal resistance network to model
the thermal behavior of LEDs. This bidirectional model is presented in Figure 3.17 (a). It contains two power sources modeling the active region and
the dome heat generation. The nodes connected by thermal resistances represent the phosphor dome, the junction and the case of an LED. To derive
the model, the authors compare and analyze SFs of bare chip, silicone and
silicone/phosphor composite dome packages of the same LED design. The
SFs have a noticeable decrease of the cumulative thermal resistance and an
increase of the cumulative thermal capacitance of the die and DAL regions evidencing the “scaling” effect demonstrated in Figure 3.11. The authors explain
the junction to ambient thermal resistances decrease by the enhancement of
the heat conduction through the dome towards ambient (e.g., a decrease of
R t hD 2J and R t hD 2A ). Nevertheless, as shown in Chaper 3 and other scientific
works [16, 31], the steady-state convection and radiation heat transfer from
the top of an MP LED package is negligible compared to the conduction heat
transfer via the main heat path (R t h _D2A >> R t h _ J 2C ). Thus, the bidirectional
model proposed by the authors [36] and [37] does not provide a physics-based
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explanation of the observed phenomena.

3

(a)

(b)

(c)

Figure 3.17: LED package thermal resistance models. (a) Bidirectional model presented in works [36, 37]; (b) the model presented in work of Juntunen
et al. [38]; and (c) the model proposed by us. Heat flows are indicated
with red.

Juntunen et al. also developed a thermal resistance network model that
considers the secondary heat sources [38]. The model is shown in Figure 3.17
(b). The model contains a thermal pad node corresponding to the temperature
of the top of the substrate on which an LED die is mounted. The authors
consider a one-dimensional heat path but do not separate the junction and
the phosphor heat sources in their model. This may not accurately capture
all relevant physical phenomena. The SF data presented in their paper also
exhibits the “scaling” effect. Yet, they do not consider distributed secondary
thermal sources. They explain this effect only by an additional parallel heat
path (represented as R t h _shunt ) formed by the dome that shunts the die and
the DAL thermal resistance R t h _ J 2T .
Based on our analysis of the SFs we propose a thermal resistance network
model that eliminates the above mentioned flaws. The topology of the model
is shown in Figure 3.17 (c). It contains three power sources responsible for
heat generation in the p-n junction, the dome and on the reflective cup surface.
The dome heat source is connected both to the p-n junction and the thermal
pad. The trapped light heat source is located at the thermal pad node. The
secondary heat sources are spread over the package according to their actual
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placement. Thus, a significant part of the heat generated by them is dissipated
through the thermal pad bypassing the die and the DAL. This better explains
the main reason of the total R t h decrease for the LEDs with secondary heat
sources rather than assumed increase of the heat flow through the top of the
dome, or the shunting heat path for the die and the DAL. We propose a possible
extraction procedure for the parameters of this compact thermal model in
Appendix B.
The discussed impact of the phosphor secondary heat source on the “tails”
of SFs is noticed in the experimental and numerical simulations data of works
[36, 38, 53]. As demonstrated in Figure 3.11, the presence of phosphor losses
leads to an extension of the SF images of the thermal pad and PCB. As discussed earlier, this effect is caused by the relatively low thermal diffusivity of
silicone/phosphor composite and associated alteration of the slow time constant spectrum, as demonstrated in Figure 3.10 (a). This knowledge coupled
with the demonstrated procedure of heat source separation could enhance
the accuracy of the CTM calibration procedure demonstrated in the work of
Bornoff et al. [41] and similar ones.

3.5

Conclusions

We have shown that the secondary heat sources have a significant impact on
the accuracy of the thermal transient analysis results, in particular, they distort
the die and the DAL regions of SF. The distortion causes the “scaling” effect.
We have numerically modeled and experimentally confirmed the distortion of
the SF’s die and the DAL regions associated with the presence of secondary
heat sources. We have experimentally confirmed that the related error of the
die and the DAL thermal resistance evaluation can be as high as 35%. Moreover, our estimations indicate that this error can reach up to 50% for LEDs
with phosphor light conversion. We have shown that this error is proportional
to the fraction of the secondary heat sources in the total power dissipation.
We have proposed a novel method of separation of the main and the secondary heat sources based on the thermal transient analysis and the radiant
flux measurements. The method is confirmed both numerically and experimentally. The method can significantly increase the accuracy of calibration of
3D FEA thermal models.
We have proposed a technique that can be used to determine actual thermal properties of the die and the DAL. The technique enables suppression of
the distortion effects in SFs caused by the secondary heat sources. Using the
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new SF analysis insights obtained with this technique, we have analyzed current thermal resistor models for multiple heat source LEDs. We observe that
these models are partially derived using incorrect SF interpretations. Thus,
we proposed a new model topology that enables physically accurate thermal
modeling of multiple heat source LEDs.
The characteristic impact of the heat generation by phosphor particles on
the transient response was demonstrated. We have found that the heat caused
by the phosphor light conversion losses affects “slow” thermal time constants.
These time constants are often related to the heat transfer through the PCB.
This is an important observation for enhancement of calibration accuracy of
3D FEA thermal models of phosphor converted LEDs.
We have revised and improved the analytical solution for the initial transient response, by considering a case of bilateral heat propagation. Our approach increases the accuracy of the junction thermal power estimation up to
15% for LEDs with phosphor light conversion and up to 5% for the LEDs with
clear silicone encapsulant.
In a general case, only the total power of the secondary heat sources can
be derived with the proposed secondary heat sources estimation method. It
appeared not yet possible to separate the phosphor heat generation and the
reflection losses. Sensitivity analysis of the proposed method to the accuracy
of the forward voltage vs temperature calibration and the measurement noise,
as well as additional cross-verification with other methods of the secondary
heat source evaluations should be performed.
Moreover, the heat generation profile in a silicone/phosphor composite
dome is not uniform. It depends on the phosphor particle spatial distribution around the die, the dome shape and the reflection cup geometry. Thus,
the secondary heat sources power density distribution within an LED package
is difficult to evaluate. There is no technique yet to estimate the part of the
heat dissipated by the phosphor particles that bypasses the die and DAL. As a
result, the proposed power separation method still cannot guarantee a precise
calibration if used alone without FEA. Thus, we see room for future research.

Chapter 4
LED Characterization for OWC
Non-linearities Compensation
Abstract
Light Emitting Diodes (LEDs) are widely used for data transmission in emerging Optical Wireless Communication (OWC) systems. This chapter analyses
the physical processes limiting the bandwidth and causing nonlinearities in
the light output of the modern high efficiency LEDs. We consider the processes of carrier transport, as well as carrier storage, recombination and leakage in the active-region. We propose a model for the LED light output based
on dynamic modeling of these phenomena. We extend this by a physics-based
calibration procedure of the model parameters. This ensures that the model
is independent of boundary conditions. We verify the modeling approach for
a high-efficiency blue GaN LED. We compare the simulation results using the
model against optical measurements of harmonic distortion and against measurements of the LED response to a deep rectangular current modulation. Finally, we show how the topology of the model can be simplified, we address
self-calibration techniques and discuss the limits of the presented approach.

The chapter is based on [JP-3].
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4.1

4

Introduction

Wireless communication has become an essential enabler for a significant part
of the activities of modern society. Continuous exponential growth of the demand for data transfer challenges engineers to search for less-congested alternatives to radio frequency (RF) based communication technologies. Optical
Wireless Communication (OWC) uses visible, infrared or ultraviolet light to
transmit data. OWC offers a number of advantages comparing to the RF communication [110–112] In particular, it offers an extra layer of security due
to the inability of the light to travel across walls, it causes a natural spatial
separation thus allows a very dense reuse, it requires no license and can be
used in environments where RF communication is restricted, e.g. in hospitals,
in factories, or in aircrafts. Moreover, OWC employs light, a high frequency
electromagnetic radiation, as the carrier. Thus, significantly more bandwidth
is potentially available than for RF alternatives [113]. The OWC technology
can become a major breakthrough to solve the current bandwidth limitations
of the communication channels.
State of the art Solid State Lighting (SSL) systems rapidly embrace further
IoT sensing and communication functionalities. The communication performance of OWC continuously increases [24, 114, 115]. These can be designed
in several ways. Firstly, illumination LEDs can be directly employed to transmit data. Secondly, a lighting system can be augmented with infrared LEDs to
transmit data independently of the illumination function.
Highly efficient infrared LEDs typically employ aluminium indium gallium
phosphide semiconductor material, instead of indium gallium nitride dominantly used for blue and white illumination ones. A typical white LED is made
of a blue-emitting chip and phosphorous particles that convert a part of the
blue photons into light of a wider spectrum providing quality illumination
with an adequate color rendering index [116]. Therefore, the communication performance of such LEDs is limited by both the electrical processes in
the active region and the response of the phosphor particles. Conventional
yttrium aluminum garnet phosphors have a long exited-state lifetime which
limits the OWC phosphor-associated bandwidth [117–119]. The development
of a fast light-conversion material with short radiative lifetime and high efficiency is still a significant challenge for the Solid State Lighting (SSL) industry.
Such materials as perovskite nanocrystals and others have been shown to significantly increase the phosphor-associated bandwidth [117, 119–121] which
can eliminate the phosphor bottleneck for OWC. Thus, in the general case
the phosphor-converted light carries a low-pass filtered, attenuated copy of

4.1 Introduction
the signal. Nonetheless, usage of blue filters also significantly enhances the
modulation bandwidth [18, 20, 21], but at the cost of a deterioration of the
signal-to-noise ratio in a thermal noise limited channel [50]. Anyhow, the
general active region architecture of infrared and visible light spectrum high
efficiency LEDs remains identical. The same modeling approach can be applied for the chips of these LED types. Therefore, we focus our investigation
efforts to the bandwidth and linearity of the modern MQW LED chips with
high efficiency.
Typically, the modern illumination LEDs are designed to maximise the light
output without directly considering communication performance. Therefore,
the major bottleneck of OWC-enabled SSL systems is the low modulation
bandwidth of the LEDs and the nonlinear distortion of the signal [24, 122,
123]. To achieve high data rates over a low-pass transfer function, Orthogonal Frequency Division Multiplexing (OFDM) modulation is widely employed
[22, 124]. It can precisely load all parts of the signal spectrum with an optimized signal power [123, 125, 126]. OFDM modulation is sensitive to the
linearity of the communication channel since harmonic distortion causes the
inter-symbol interference. Therefore, it is essential to predict and counter the
nonlinearities of LEDs.
In this work, we demonstrate an approach to model the dynamic light output based on physics of the LED. In a novel way, we combine methods of
characterization of the LED efficiency, we cover multiple recombination and
leakage processes in an extension of the common expressions for the ABC
model and propose the model characterization procedure using the differential carrier lifetime measurements. In isolation, these methods were published
previously in the literature. Combining these enables us to derive a new procedure of unique and precise physics-based estimation of the radiative and
nonradiative recombination parameters. In particular, it avoids the use of
parameters, such as the effective size of the quantum well, which requires
sophisticated (e.g. chip reverse-engineering) lab set-ups. Proprietary design
data can not be used in a real-time adaptive equalizer designed by other parties. Moreover, these parameters are subject to process spread, aging, etc. We
show that the proposed approach ensures precise modelling of the light output in wide range of bias currents and modulation depths. This paves the way
for a new structure of non-linear equalizers.
Firstly, we define the phenomena limiting the optical bandwidth. Secondly,
inspired by methods to characterize efficiency, we use a combination of steadystate light output and small-signal optical response measurements to characterize the recombination processes. Next, we propose the dynamic nonlinear
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light output model and validate it against measurements. Finally, we identify
the most relevant and significant parameters of the model and demonstrate
how the model can be simplified without jeopardizing accuracy. We compare
our model with the models previously shown in the literature. The obtained
results can be used for effective reduction of inter-symbol interference, for
instance using a predistortor, a non-linear equalizer or digital waveform shaping, for instance to extend approaches like [19, 24, 127, 128].

4.2
4.2.1

4

Methods
Dynamic Light Output Modeling

The Multiple Quantum Well (MQW) architecture of the p-n junction is typical
for modern high efficiency LEDs. Quantum Wells (QWs) form narrow regions
of high concentration of electrons and holes. These high carrier concentrations facilitate the radiative recombination, to provide a superior light conversion efficiency. Inside of a p-n junction, the MQW is sandwiched between the
doped cladding layers. These claddings form a Space-Charge Region (SCR),
as shown in Figure 4.1, represents a depletion region in doped semiconductor.
The mobile charge carriers in this area diffuse away, leaving ionized donor or
acceptor atoms if no forward current is applied. Under a forward bias condition, the mobile carriers are injected into the SCR at a rate of I /q , where I is
the forward current and q is the elementary charge. Firstly, the injected carriers neutralize the SCR ions. This facilitates the diffusion current towards the
QWs f d i f . Next, the QWs trap the diffused carriers. The carriers trapped in
the QWs can either recombine with the rate of f r ec or escape the QWs, causing
carrier leakage out of the active region at a rate of f l eak . The leakage is caused
by the thermionic emission, carrier overflow and other mechanisms [129].
The small-signal analysis technique was shown to be a powerful tool to
characterize semiconductor devices such as LEDs and laser diodes [14, 130–
133]. Work of Aurelien David et al. [15] shows that the QW recombination,
carrier leakage and the transport of the carriers impact the dynamic optical
response of InGaN high-efficiency LEDs. The analytical solution of the small
signal optical response derived in this work contains two poles. The first one,
a low frequency pole is dependent on the carrier recombination and the QW
leakage rates. The second one, the high frequency pole is defined by the
transport (diffusion) processes. The characteristic frequency of the first one
is usually at several MHz and the second one is approximately at hundreds of
MHz. The 3 dB optical bandwidth is is related to the low frequency pole in the
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Figure 4.1: P-n junction model. Multiple Quantum Well structure is designated as a
singular QW.

impedance, as both relate to the time constants of recombination and leakage processes. The transport phenomena impact the optical response at very
high frequencies where the optical signal response is significantly attenuated
by the first pole and can not be practically used for data communication. In
other words, the transport processes through the SCR towards MQW are significantly faster than the characteristic recombination lifetime of the carriers
for GaN/InGaN illumination LEDs [50].
We use a rate equation to describe the carrier dynamics inside of a p-n
junction and connect it to the light output. Our rate equations modeling is
done under the following assumptions: we do not consider the SCR transport
phenomena to introduce any latency, based on findings from the small-signal
analysis. We neglect the recombination in the SCR and GaN cladding layers,
as these regions contain significantly lower carrier concentrations. We model
the MQW structure as a single effective QW. This is reasonable because carrier transient times between the QWs in an GaN MQW structure have been
reported to be in the range of a femtosecond [134, 135] in InGaN/GaN LEDs.
This is significantly faster than the characteristic times of the carrier recombination and of the QW escape processes. Thus, we neglect the carrier transport
between the QWs and model the MQW structure as singular effective QW.
We assume a uniform carrier distribution in this QW. We assume the populations of the electrons and holes to be equal and we use a single-particle rate
equation modeling approach, similar to [15].
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Designating the total population of the carriers in the effective QW as N q w ,
we obtain the following rate equation for the QW population:

Ṅ q w =

I
− f r ec − f l eak
q

(4.1)

Next, we analyze and model the recombination and the leakage rates, denoted
in Fig 4.1 as f r ec and f l eak , respectively.
Recombination
The carriers in a QW recombine in multiple channels, i.e., f r ec consists of
multiple terms. According to the standard ABC model [136] we denote
f r ec = AN q w + B N q2w +C N q3w ,

4

(4.2)

where A , B and C are the coefficients characterizing the dominant recombination channels. These channels are Shockley–Read–Hall (SRH) trap-assisted
recombination, bimolecular radiative recombination, and Auger recombination (see Figure 4.2).

Figure 4.2: Schematic diagram illustrating major recombination mechanisms.

The first one is SRH. It is related to a process of an electron passing through
a localized energy state (a so-called trap) between the valence and the conduction bands related to a defect in a crystal lattice. The energy is typically
released in form of a phonon, i.e., a crystal lattice vibration. The rate of SRH
recombination is proportional to the first order of concentration of carriers in
the QW N q w , thus it is dominant at low injection currents.
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Bimolecular recombination requires two particles: an electron and a hole.
An electron directly recombines with a hole and the difference in energy releases as a photon. This recombination mechanism is the only one that results
in light emission. Two particles need to be present in the vicinity of each other
for this recombination to occur. Thus, the rate of this process is proportional
to N q2w and it is the dominant mechanism at medium currents.
Finally, Auger recombination requires three particles. In case of Auger recombination an electron and a photon recombine and the released energy is
absorbed by a third carrier. As a result, the third carrier moves to a higher
energy state within the same band. Thus, no light is emitted during the Auger
recombination. The Auger recombination rate becomes significant at high bias
currents and is considered to be one of the major reasons for LED efficiency
droop.
Traditionally, in literature devoted to modeling of the dynamic light output, the recombination rates corresponding to these different channels are
estimated based on the assumptions of the QW thickness, its volume and characteristic rates of the recombination processes. These physical estimations are
not reliable since none of these parameters can be measured directly. Moreover, we are interested in building a model for prediction of communication
performance and do not require the detailed characterization of the properties and dimensions of the active region structures. Thus, instead of the carrier
concentration and the QW volume traditionally used in literature, we use the
total number of the carriers. In other words, our ABC parameters define the
total rates of carrier recombination and leakage in the whole active region.
Leakage
The carrier leakage rate f l eak in the active region is caused by multiple mechanisms such as thermionic emission, carrier overflow but also many other effects. In scientific literature, there are still ongoing investigations and different
mechanisms are seen as the dominant effect [137]. Nevertheless, in a formal
approach these can be expanded into a Taylor series of N q w [45, 138]
f l eak = aN q w + bN q2w + cN q3w + f l0eak (N qmw ).

(4.3)

where f l0eak (N qmw ) represents higher–order terms. Justification of this approach
is based on the empirically observed method to describe the tunneling, thermionic
escape and overflow currents in InGaN/GaN LEDs by using a diode equation
with a larger ideality factor [139–141].

4

92

LED Characterization for OWC Non-linearities Compensation
The expansion (4.3) of f l eak can be united with the model (4.2) for f r ec
[45, 142]. In fact,
f r ec + f l eak = A 0 N q w + B 0 N q2w +C 0 N q3w + f l0eak (N qmw ).

(4.4)

where A 0 , B 0 and C 0 are new coefficients defined as A 0 = A + a , B 0 = B + b , and
C 0 = C + c . Similar to [142], we substitute the sum of the f r ec and f l eak terms
in (C.2) using (4.4). Unlike in the case of a classical ABC model, the modified
parameters are determined not only by the recombination processes but also
by the leakage phenomena. Now if A 0 , B 0 , C 0 parameters and the dependence
of f l eak on N q w are known, we can numerically solve (C.2) for an arbitrary
current input and predict the light output that is proportional to the radiative
recombination rate.

4.2.2

4

Model Parameter Characterization

Neither the carrier recombination rate, the active region leakage rate nor the
QW carrier population can be directly measured in practice. Thus, we use
the approach demonstrated in works modeling the (static) LED efficiency to
extract the ABC parameters. The approach is based on steady-state measurements of LED light conversion efficiency. It enables characterization of the LED
light output with a number of dimensionless parameters. Later we show how
these parameters can be translated into the integral A 0 , B 0 and C 0 coefficients
on which our dynamic light output simulation approach relies.
The Internal Quantum Efficiency ( IQE ) is defined by the fraction of the
injected carriers converted into photons. Therefore, it is defined as a ratio
between the radiative recombination rate and the total recombination and
leakage rates

IQE =

B N q2w
A 0 N q w + B 0 N q2w +C 0 N q3w + f l0eak (N qmw )

(4.5)

The enumerator contains the B coefficient, thus only the light generating contributions, while the denominator describes all recombination effects.
The External Quantum Efficiency EQE is the ratio of the number of photons
emitted by an LED package to the number of carriers injected into it. EQE can
be obtained from IQE by correcting it with the Light Extraction Efficiency
(LE E ) coefficient EQE = LE E × IQE . The light extraction efficiency depends
on the properties of the optics of the LED package but it is assumed to be
independent of the bias current and the temperature conditions.
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We introduce a modified LE E 0 coefficient, adjusted with the B /B 0 ratio:
LE E 0 = LE E BB0 . Therefore,
EQE = LE E 0

B 0 N q2w
A 0 N q w + B 0 N q2w +C 0 N q3w + f l0eak (N qmw )

.

(4.6)

Now, the efficiency analysis technique demonstrated in work by Dai et al. [45]
can be applied to characterize the efficiency with dimensionless parameters.
The ABC model, without the high–order leakage terms, was shown to perfectly fit the efficiency curve of GaN LEDs at low and moderate bias currents [45, 136], when the higher–order terms of the active region leakage
current are insignificant, i.e., f l0eak (N qmw ) ≈ 0. EQE can be expressed in a form
of
EQE = LE E 0

Q
Q+

¡

¢0.5 ¡
¢−0.5
p/p max
+ p/p max

(4.7)

where Q is the quality factor, which is a dimensionless parameter defined as
p
Q = B 0 / A 0C 0 ,

(4.8)

denoting p as the light output, p max is the light output corresponding to the
maximum of EQE . In fact, the maximum external quantum efficency EQE max
is
EQE max = LE E 0

Q
Q +2

(4.9)

Thus, by considering the normalized EQE, we can eliminate the LEE’ parameter:
EQE
Q +2
=
¡
¢0.5 ¡
¢−0.5
max
EQE
Q + p/p max
+ p/p max

(4.10)

The EQE /EQE max and p/p max ratios can be easily obtained from p versus I
measurements.
The quality factor Q can be obtained either by¡ a least-square
fitting
of
¢0.5 ¡
¢−0.5
+ p/p max
(4.10) or by plotting the EQE max /EQE ratio versus p/p max
and approximating the plot by a linear function towards the vertical axis. The
interception point will define the maximum IQE [61]. Nonetheless, the further workflow of the extraction of ABC parameters presented in the previously
cited papers requires knowledge of the physical dimensions of the QW. This
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information generally is kept proprietary and can not be publicly obtained. To
overcome this and to allow in-field estimation, we develop alternative method
to characterize the ABC parameters. We combine concepts of ABC model interpretation and of estimation of the differential carrier lifetime. These concepts
individually been published. Here, we combine these in a new way.
By definition (4.8), the quality factor Q relates the A 0 , B 0 and C 0 parameters
to each other. As Q can be estimated, we have to find two more independent
equations that relate these parameters, to estimate all unambiguously.
Firstly, we refer to the work of Ruy et al. [143] to relate the current I max
corresponding to the maximum IQE with the ABC parameters. By using the
integral ABC parameters in his approach we obtain:
I max = q

´
p
A0 ³ 0
0C 0
B
+
2
A
C0

(4.11)

A further independent equation is obtained from the differential carrier
d(f +f
)
lifetime analysis. The differential lifetime is defined as τ−1 = rdecNq wl eak . Thus,
following the reinterpreted ABC model (4.4),

4

τ=

1
A 0 + 2B 0 N

qw

+ 3C 0 N q2w

.

(4.12)

In this form, the differential carrier lifetime expression is dependent on the
ABC parameters and N q w . (4.12) is later used in the chapter for a straightforward 3dB bandwidth estimation:
f 3d B =

1
.
2πτ

(4.13)

However, it is not directly related to the p max and Q , parameters previously
discussed.
Schiacon at al. [144] connected the differential recombination lifetime τ to
p/p max and Q :
τ=

¡

A 0−1
¢0.5

1 + 2Q p/p max

¡
¢
+ 3 p/p max

(4.14)

Now, we summarize the procedure of the estimation ABC model parameters.

4.2.3

Summary of our measurement procedure

(4.8), (4.11) and (4.14) form a complete, closed system with three unknown
parameters A 0 , B 0 and C 0 . The system can be solved to find these parameters, by measuring the small-signal optical bandwidth f 3d B at a current I 0 by
combining these with the steady-state efficiency dependence on current.
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Firstly, we estimate the Q coefficient by fitting the experimental data of
EQE /EQE max versus p/p max , using (4.10). We fit up to I max to avoid the
impact of high–order terms, in particular 4t h order terms and above of the recombination model. Now p/p max at I 0 can be calculated and the A 0 parameter
can be extracted using (4.14). We employ the following equation
C 0 = A 03

i2
h q
+
2)
,
(Q
I max

(4.15)

derived from (4.8) and (4.11) to evaluate C 0 parameter. Finally, B 0 is estimated
using (4.8). The higher–order terms of the leakage rate f l0eak can be derived
by fitting (4.6) to the high current measurements (I > I max ) using the known
A 0 , B 0 , and C 0 parameters.

4.2.4

Measurements

4

Figure 4.3: Schematic diagram of the measurement system.

We use a commercially available blue high efficiency LED to verify the model.
The modulation of the LED with current is done by a custom made low-pass
current driver with low harmonic distortion. The driver consists of a series
transistor modulator topology with feedback control of the emitter current,
designed using the principles described in [145]. The emitter current is sensed
across the sense resistor, passed through a filter, and finally fed to the inverting
input of operation amplifier. On the non-inverting input of the operation amplifier, the desired modulation signal is applied. Furthermore, the operational
amplifier has a frequency limiting arrangement to ensure a smooth roll-off at
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approximately 200 MHz. We intentionally design the driver for current driving. That is, the driver forces a certain current into the LED regardless of the
voltage across the LED. So the driver can be seen as one with a very high output impedance, which is inherent to an AC current source [146]. A structure
with a feedback sense resistor can further help to guarantee this and to mitigate distortion caused to the current, from a nonlinear current–voltage (I-V)
curve of the LED [145].
The optical signal is detected with a photodiode equipped with a preamplifier. We use a high bandwidth oscilloscope to monitor the photodiode output
signal, the LED modulation and bias currents. The LED junction temperature
is controlled by a thermostat. The schematic diagram of the measurement
system is presented in Figure 4.3
Steady-state efficiency dependence on current was measured with an integration sphere, also equipped with a thermostat. Preliminary junction-to-case
thermal resistance measurements were performed to ensure precise junction
temperature control at any bias current. In all of the discussed experiments,
we set the junction temperature to 50◦C .

4
4.3
4.3.1

Results
Numerical Model Parameters Extraction

The results of the normalized EQE measurements are presented in Figure 4.4.
We use the data to fit the parameters of the model defined in (4.7). In the
fitting procedure, we include only data points up to the maximum of EQE to
avoid the impact of the efficiency droop. In fact, droop can not be accounted
for without high–order terms of recombination and leakage. The fitting yields
a quality factor of Q = 7.0 and a current I max = 15.4 mA correspondent to the
maximum efficiency.
Next, we perform two small-signal measurements of the optical response
at bias currents of I = 75 mA and I = 150 mA. We use two bias conditions
to perform a cross-validation. The modulation depth was chosen such that
significant no harmonics occurs but large enough to avoid noise problems, The
optical small-signal response measurement results are presented in Figure 4.5.
The derived 3 dB cut–off frequencies are 3.63 MHz and 5.46 MHz, respectively.
These translate to characteristic carrier lifetimes of τ equal to 4.4 × 10−8 and
2.9 × 10−8 s, respectively.
We independently determine the integral A 0 , B 0 and C 0 parameters for both
bias conditions. The obtained parameters are practically identical with less
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Figure 4.4: Normalized EQE measurements results and recombination model fits.
The plots are separated by 3 dB.

than 2% difference. The resulting averaged values are A 0 = 5.23 × 105 s−1 ,
B 0 = 1.81 × 10−4 s−1 , and C 0 = 1.25 × 10−15 s−1 .
Further higher–order terms of the leakage rate, thus f l0eak (N qmw ) with m
above 3, can be estimated as a difference between the measured injection rate
I /q and the sum of the total recombination and leakage rates predicted by the
modified ABC model. To also capture the residual f l eak (N qmw ), we fit this to
a fourth–order leakage term D 0 N q4w , although this may not represent a single
physical mechanism. We obtain D 0 = 2.2 × 10−27 s−1 .
The resulting "ABC+D" model fit is presented in Figure 4.4. The results
indicate that the fourth–order polynomial enhances the characterization of
the LED efficiency in the droop regime. Additional higher–order terms that
characterize the leakage rate, e.g. ∼E 0 N q5w , can be added to the model in a
similar manner. Yet, we limit the leakage current expansion to a fourth–order
polynomial one and assume f l eak (N qmw ) ≈ D 0 N q4w .

4.3.2

Numerical Model Verification

A finite-difference method analysis is applied to numerically solve the rate
equation characterizing the QW carrier population N q w and to determine the
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Figure 4.5: Normalized small-signal optical response measurements and one pole
low-pass filter fits. Low current measurements are shifted up by 3 dB
to avoid visually overlapping curves.

4

radiative recombination rate f r ad proportional to the light intensity p . We use
the difference scheme
³
N q w [t + d t ] = N q w [t ] + d t I [t ]/q − A 0 N q w [t ] − B 0 N q2w [t ]
´
−C 0 N q3w [t ] − f (N qmw )[t ]

(4.16)

f r ad [t ] = N q2w [t ]

where t and d t designate time and time step, respectively.
We simulate the LED light output response to a large sinusoidal modulation, thus with a significant deviation around the DC bias. Stepped frequency simulations are used. The model parameters derived in section 4.3.1
are used. We monitor the first three harmonics of the light output response at
each modulation frequency. Validation is done by a comparison of experimental and measurements data. The complete radiant flux of the LED could not
be captured physically by our set up. Therefore, when comparing simulated
with experimental data, we eliminate any differences caused by modulation–
frequency–independent propagation path losses in the set–up. That is, in Figure 4.6, the amplitudes of the simulated signal are matched to the light output
at a low frequency that is not subject to LED bandwidth limitations.
Figure 4.6 (a) plots the harmonic content in the light output for a stepped
modulation frequency with a bias current fixed at 75 mA and a sinusoidal
modulation with a peak-to-peak amplitude of 100 mA. Figure 4.6 (b) is related
to a 150 mA bias current and a 200 mA peak-to-peak modulation amplitude.
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(a)

(b)
Figure 4.6: Stepped frequency measurement and simulation results of LED optical signal harmonic distortion. (a) Bias current 75 mA peak-to-peak sinusoidal
modulation of 100 mA. (b) Bias current 150 mA peak-to-peak sinusoidal
modulation of 200 mA.
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Our predicted distortion in the light output signal is in a good agreement
with the experimental measurements, at least at not too high frequencies.
The deviation between experimental and simulated data in the second, but
particularly the third harmonic of the light output, as seen in Figure 4.6 at
frequencies higher than 8 MHz can be associated with imperfections in the
electronics. IN particular, above 8 MHz, we noticed some harmonic distortion
in the driving current. Thus, we expect the driver imperfections to cause the
discrepancy appeared above 70 MHz. Current-Voltage non-linearities that may
be less suppressed by the response of the feedback loop via a sense resistor at
these high frequencies, is a potential explanation.
The above characterization of harmonics as a function of frequency is particularly relevant to Orthogonal Frequency-Division Multiplexing (OFDM) modulation. The theoretical LED model also covers intermodulation that causes
further intercarrier interference in OFDM.
Yet, for Pulse Amplitude Modulation (PAM), the rise and fall curves are
mostly used to describe performance. To this end, we simulate and measure
the optical response to two–level PAM. In the experiment, we use two current
levels: 50 mA and 250 mA, alternating at a frequency of 3 MHz with a step

Figure 4.7: Two level pulse amplitude modulation measurements and simulation results. The experimentally measured current is used as an input for optical
output simulation.
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transition. We measure both the light output response and the modulation
current through the LED. We feed our numerical model with the current measurements data. The comparison of the simulation and measurements results
is presented in Figure 4.7.
Two model variations are used to simulate light responses. The first one
corresponds to (4.16). The second one is a reduced "BC" model with no A 0 and
D 0 parameters. We observe that both the full and the reduced models provide
practically identical results.

4.4

Discussion

We have demonstrated, characterized and verified a nonlinear model to predict the distortion in the dynamic light output. Unlike the modeling approaches that were demonstrated earlier, our method relies on a direct estimation of the total recombination and leakage parameters. This eliminates the
errors associated with indirect estimation of the SRC, radiative, and Auger recombination channels, volume of the active region and other parameters commonly used in previous works based on the ABC model-like approach [24,50].
As an example, previous works had to assume the presence of a significant
level of doping in the active region to fit the model and to correctly predicts
the optical response, including nonlinearities. In reality, high–efficiency LEDs
have an intrinsic active region, since doping atoms increase the number of defects and severely decrease the light output efficiency. Thus, previously shown
models can be considered nonphysical. Moreover, we demonstrate that our
modeling approach, beside the recombination phenomena, also accounts for
the impact of the active region carrier leakage. This ensures the property
of the boundary condition independence of the model. Thus, our approach
makes LED models better suitable for real-time estimation to enhance the performance of communication systems.

4.4.1

Sensitivity to measurement errors

The approach that we study here is relatively well conditioned. For instance,
making an error of 1% in 3 dB bandwidth estimation gives an error of approximately 1%, 2%, and 3% in A 0 , B 0 , and C 0 parameters respectively. This translated to an error of less than 4% and 8% in the estimation of the amplitudes
of the second and third harmonics, respectively. A 1% error in Q estimation
translates to approximately 0.6%, 0.5%, and 0.3% errors in A 0 , B 0 , and C 0 parameters respectively and less than 1% error in the amplitudes estimations of
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the second and third harmonic, in the considered frequency range.

4.4.2

4

Model Reduction

The model is build in a direct relation to the underlying physics. The demonstrated uniqueness of the parameter estimation enables analysis of the significance of the various mechanisms impact on the accuracy of the non-linear
light output modeling.
Radiative and Auger recombination mechanisms are two of the most dominant under recommended bias current conditions for blue GaN LEDs. Thus,
we expect the B 0 and C 0 coefficients of the model to have the most impact on
the optical bandwidth and the linearity of the light output.
Indeed, simulation results in Figure 4.7 demonstrate that a truncated model
with A 0 = 0 and D 0 = 0 parameters predict the light output distortion equally
accurately. The truncated model was also used to repeat the simulations presented in Figure 4.6. Similar to the pulse amplitude modulation case the truncated model provides practically identical results for harmonic distortion evaluation.

Figure 4.8: QW carrier dynamics model used for large-signal light output simulation.
T s represents time delay. Light output p is proportional to the squared
concentration of carriers ∼ N q2w , thus also proportional to ∼ B 0 N q2w . Parameters A 0 and D 0 can be neglected if modulation is around the nominal
bias current.

This inspires us to propose a simplified nonlinear LED model, capable to
predict dynamic nonlinearity. The model is presented in Figure 4.8. It simu-
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lates two recombination channels. The recombination rate through the "radiative" channels is proportional to the light output p . Thus, this model has only
two parameters characterizing the non-linearity. This is significantly lower
than the number of parameters of the models proposed previously in the literature.
The exclusion of the A 0 parameter out of the model has two main prerequisites. Firstly, the parameter defines the linear component of the leakage and
recombination rates dependence on N q w , so it does not directly contribute to
the generation of harmonics. Secondly, the fraction of the SRH recombination rate is relatively low at nominal operational currents of the GaN LEDs.
Therefore, the BC model describes the light output sufficiently accurate. For
instance, the BC model predicts the 3 dB bandwidth with an error of less than
0.5% (compared to the ABC model) for a forward current above 75 mA. This is
significantly below the expected accuracy of the estimation of the bandwidth
in-field. Moreover, numerical experiments reveal that error of the reduced
model for a 2 level PAM (250 mA and 0.25 mA, 0.998 depth) 3 MHz is below 0.5% of the absolute value, after amplitude normalization (below 1.5%
without it) compared to the full ABC model. This observation enables straightforward in-field calibration.

4.4.3

Self-Calibration Opportunities

We have shown that just the B 0 and C 0 coefficients of the ABC model suffice for
the prediction of the non-linearity if modulation occurs around the nominal
bias current setting. That is, for the as a real-time LED-channel estimation
algorithm and a corresponding nonlinear equaliser or distortion compensator,
a communication system can estimate and track these. We refer to a steadystate solution of (C.2) and (4.4) and to the definition of the differential carrier
lifetime and 3 dB optical response bandwidth, (4.12) and (4.13). Assuming
A 0 ≈ 0, the forward current I and the optical 3 dB cutoff frequency f 3d B of a
small-signal modulation are determined as:
´
³
I ≈ q B 0 N q2w +C 0 N q3w

f 3d B ≈

2B 0 N q w + 3C 0 N q2w

(4.17)

2π

The equations above create a closed system if expressed for two bias currents I (1,2) and their corresponding f 3d B (1,2) values. It has a unique solution
if we further impose B 0 > 0, C 0 > 0 and N q w(1,2) > 0. Using more measurements would allow a least squares estimate. Using small-signal measurements
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demonstrated in Figure 4.5, we estimated B 0 = 1.78×10−4 and C 0 = 1.07×10−15 .
These are in a good agreement with the derivation based on the quality factor.
We repeat the numerical simulations presented in Figures 4.6 and 4.7 with the
coefficients derived in this section. The results are in excellent agreement with
the simulations based on the full ABC model derived by analyzing the quality
factor.

4.4.4

Modeling Limitations

The A 0 , B 0 , and C 0 parameters of the modified ABC model incorporate the leakage current terms. Therefore, this model is appropriate only if the characteristic times of the recombination and leakage processes remain constant. One
of the major contributors to the leakage current is the carrier thermionic escape. According to the standard theory of thermionic emission, the thermionic
escape current J t her m over a QW barrier can be written as [147]

4

µ
¶
p
∆E
J t her m = N q w K T exp −
kB T

(4.18)

where K is a constant that depends on the effective mass of the carrier, kB is
a Boltzmann constant and ∆E is the effective barrier height. As it can be seen
from the form of the equation, for a constant barrier height, the thermionic
escape current is proportional to N q w , thus are incorporated into A 0 coefficient
and is therefore insignificant as empirically shown.

(a)

(b)

Figure 4.9: Schematic band diagram of QW carrier energy distribution. (a) forward
biased p-n junction. (b) unbiased p-n junction. Fractions of the carrier
distribution contributing to the thermionic escape rate are demonstrated.

Nonetheless, the effective barrier height depends on the polarization field
across the active region. Due to the exponential I-V characteristic of LEDs, the
field across the p-n junction remains small at moderate and high bias currents.
Nonetheless, if the voltage around the p-n junction is significantly lower than
the turn–on voltage, the SCR creates the polarization field and the QW band
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structure tilts (see Figure 4.9). The effective barrier height ∆E reduces, which
increases the thermionic escape current J t her m [148]. Thus, A 0 significantly
changes if the voltage over an LED drops. This means that the ABC model
can be used for light output prediction even under short negative spikes of the
forward current if the condition of the sufficient forward voltage is met. This
observation is relevant to OFDM modulation, where the current has a Gaussian
probability density but the system is sensitive to clipping. It indicates that the
signal is not necessarily hard-clipped when the current briefly goes negative.

4.4.5

Infrared LEDs

The proposed reduction of model parameters and the self-calibration procedure may not be accurate for infrared high-efficiency LEDs due to the following key differences. Epilayers of AlInGaP LED in MQW region do not have a
polarization field. Thus, MQWs have a more square shape, which causes better radiative recombination due to better overlap of electron and hole wave
functions. Quantum wells often are wider and not so deep, that increases the
effect of thermal ionization of carriers in QW (higher thermionic escape rate).
This leads to a high sensitivity of the efficiency on the temperature. Moreover,
defects and non-radiative centers could play a much more significant role in
non-radiative recombination for infrared LEDs. Thus, A 0 is expected to have a
higher impact. In a nutshell, A 0 will have a larger impact, while the effect of C 0
will be significantly less in comparison with GaN-based LEDs. Thus, a model
for the infrared LEDs can potentially omit the C 0 term. Additional experiments
are required to verify this.

4.5

Conclusions

We have proposed and demonstrated the feasibility of a method to model and
quantify the dynamic nonlinear optical response for high efficiency LEDs. We
reinterpreted the ABC approach as a foundation. It enables simultaneous simulation of two competing processes defining the carrier lifetime in the active
region, namely the carrier recombination and the carrier leakage. A physicsbased extraction procedure of the models parameters is demonstrated. The
extraction procedure ensures a unique characterization of the model parameters and ensures the boundary condition independence of the model.
We have experimentally validated the proposed dynamic light output modeling approach. A blue illumination LED has been characterized. The harmonic distortion for a wide range of frequencies and transients due to pulse
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amplitude modulation (PAM) were simulated based on the extracted model
parameters. The simulation results were shown to be in excellent agreement
with the light output measurements.
We show that for a case of blue GaN LEDs, the linear term of the ABC
model can be reduced without significant loss of the accuracy. The reduction
enables a straight-forward estimation of the remaining parameters based on
two measurements of small-signal optical responses, at different bias current
levels.
The results can be used for effective reduction of inter-symbolic interference with such techniques as pre-distortion, equalization and digital waveform
shaping.

4

Chapter 5
Dynamic Response-Based Health
and Temperature Monitoring of
LEDs
Abstract
This chapter presents a number of novel methods to measure the junction temperature and to estimate the health of gallium nitride light-emitting diodes
(LEDs). The methods are based on measurements of the dynamic impedance
and optical output. Our experimental analysis reveals temperature sensitive
parameters of the electrical and optical responses. Moreover, a correlation between the non-radiative current characterizing the active region defects and
the small-signal impedance is shown. The demonstrated methods can be applied to enhance existing temperature-monitoring techniques. The derived
dependencies also build a foundation for advanced in-field health monitoring
of the LEDs using the infrastructure of visible light communication systems.
Such methods and techniques are valuable for predictive maintenance of solid
state lighting systems

The chapter is based on [JP-3].
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5.1

5

Introduction

Manufacturing of highly reliable LED lighting systems has become more important than ever. At the same time, modern lighting has a tendency to offer
new functions and features, such as optical wireless communication (OWC),
integration in the smart buildings environment, or connection to the Internet
of Things. Therefore, the newly arising infrastructure can be used to gather
data that predicts imminent failures or performance degradation. In this chapter, we investigate how the functionality of this infrastructure can potentially
be used to track the health of LEDs.
We argue that OWC can be used to monitor health of the LEDs. In fact,
OWC drivers designed to transmit data by electrically modulating LEDs can
be cost-efficiently augmented with measurement capabilities. This can enable
the in-field estimation of dynamic electrical parameters of LEDs. Alternatively,
if high frequency AC components inherently present in the current from a
switch mode power supply are intentionally not fully filtered, they can also be
exploited to monitor the impedance and optical response of the LED e.g. by
measuring the voltage across the LED and the voltage across the current sense
resistor, the impedance of the LED can be determined. Additional hardware,
e.g. OWC receivers can identify changes in the dynamic light response, track
the optical response 3 dB bandwidth, rise and fall times etc. Thus, if some
of the parameters of the electrical and optical dynamic responses are dependent on the known predictors for LED aging and degradation, smart drivers
and OWC receivers can track these processes, thus predict the imminent failures. The recorded data can easily be transferred via the Internet of Things,
to enable in-field real-time LED health monitoring.
About 20% of solid-state lighting systems failures are directly related to
LEDs [25]. LED failure modes can be clustered into two major categories:
package related and active region-related. The major package related failure
modes include encapsulant degradation [149, 150]. The degradation occurs
due to the excessive heating of the dome by the p-n junction and due to selfheating. It leads to yellowing of the transparent epoxy, which causes a decrease of the dome light conversion and light extraction efficiencies. This in
turn increases the self-heating of the dome and eventually results in a catastrophic thermal runaway. Other major package-related failures are die delamination [151], dome delamination, optics cracking [149, 150], and bonding
wires fatigue [25]. These failure modes are primarily caused by thermal cycling, which is inevitable in lighting systems. Thermal cycling causes repetitive mechanical stresses if thermal expansion coefficients of various parts of
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an LED package mismatch. It results in the development of cracks and delamination of the LED package components. Increased junction temperature is an
indicator of all the failure modes described above, except the bonding wires
fatigue.
Another group of the failure modes is related to active region degradation.
Aging of the active region leads to nucleation and growth of dislocations of the
epitaxy layer. It contributes to an increase of the non radiative recombination
rate and of the leakage current [25, 151, 152]. Both processes decrease the
internal quantum efficiency and the emitted optical power [153] especially at
low driving currents. A number of known LEDs health monitoring techniques
use repeated steady-state measurements of electrical and optical parameters
to indicate potential signs of aging [25, 154, 155]. Yet, these techniques have
a number of significant drawbacks: the steady state electrical parameters of
an LED have a relatively weak dependence on temperature; the steady-state
optical domain based junction temperature estimation requires an integration
of the total radiant flux emitted by an LED or a precise spectral power density analysis. These methods are practically impossible outside of laboratory
environments, where integration spheres cannot be used.
In this chapter, we investigate the dynamic electrical and optical responses
of LEDs to a sinusoidal modulation. We search for novel temperature indicators and lifetime predictors that, unlike the traditional ones, are not based on
the steady state measurements. We are inspired by electrochemical impedance
spectroscopy related batteries cells temperature tracking methods [156]. Which
uses the temperature dependence of the phase shift between an applied sinusoidal current and the resulting alternating voltage [157,158] and the temperature dependence the real and the imaginary parts of impedance at predefined
frequency [159, 160]. Raijmakers et al. have also demonstrated feasibility of
these methods for organic light emitting diodes [161].
We propose the fundamentals of novel non-destructive methods of temperature and health monitoring of high efficiency GaN LEDs. The proposed
electrical response-based methods can potentially provide a higher accuracy
of temperature estimation due to relatively high sensitivity of the temperature predictors. The proposed dynamic optical response based temperature
estimation is suitable for in-field estimation without a need of specialized lab
equipment.
We do not restrict ourselves to a specific hardware implementation for the
in-field measurements, since it would heavily depend on the chosen architecture of the smart driver and the targeted infrastructure. Yet, we concentrate
our efforts on the fundamentals of this dynamic optical response based LED
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temperature and health monitoring principle.

5.2

Methods

We characterized the dynamic optical and electrical responses of the LED packages with a vector network analyzer (VNA). During the experiments both the
bias current and the small signal modulation current required for LED characterization were supplied by the VNA. We used the one-port reflection method
to measure the dependence of the small signal impedance on the bias current and temperature. A photodiode connected to the second port enabled
simultaneous optical response detection. The temperature of the LED junction
was controlled by a thermostat. Preliminary junction-to-case thermal resistance characterization was done with a thermal transient testing method. A
diagram of the experimental set up is show in Figure 5.1. An example of the
measured response dependency on temperature is shown in Appendix C.

5

Figure 5.1: Experimental set-up scheme.

References [15, 44, 162] establish the basis of the analysis of the smallsignal impedance and optical response of GaN LEDs with MQW. According to
these papers, the optical and the electrical modulation responses are dependent on each other. The considered schematic structure of the active region
and the carrier diffusion, recombination and escape rates are shown in Figure
5.2.
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The electrical response has a two-pole low-pass behavior (see Appendix
C). The first, lower frequency, pole is associated with the carrier storage in the
MQW. The higher frequency pole corresponds to the SCR capacitance. The
first pole also defines the optical modulation 3 dB cutoff frequency [15]. Thus,
the bandwidth of the optical response depends on the recombination and the
carrier escape rates of the MQW structure, but the same time the bandwidth
appears to be relatively independent of the capacitance of the SCR, diffusion
rate and parasitic serial resistance of the bonding wires (which are commonly
associated to the diode time constant for the considered high efficiency LEDs).

5
Figure 5.2: Schematic illustration of the epitaxial layer structure. MQW is shown as
one effective QW.

5.2.1

Temperature Monitoring

We have tested two commercially available white CSP GaN LEDs. The phosphor light-conversion layers of these were removed. The remaining bare chips
have surface areas of 0.64 mm 2 and 4.4 mm 2 . In this chapter, we refer to these
chips as “LED A” and “LED B”, correspondingly. The VNA bias current is limited to 120 mA, thus the difference in the surface areas of the LEDs enables
coverage of a wide range of current densities from 0.1 A/cm 2 to 19 A/cm 2 .
For office and consumer low brightness applications, those current densities
are < 30 A/cm 2 . The LED chips used for this experiment were soldered upside
down (electrical pads up) to ceramic substrates with silver solder. Substrates
were attached on a temperature-controlled heat sink. This provides low ther-
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mal resistance between the junction and the heat sink and enables access to
the LED electrical contacts with a microwave probe. The derived junction to
heat sink thermal resistance values are 12 K /W and 6.5 K /W for “LED A” and
“LED B”, respectively. During the experiments, we controlled the junction temperature based on the LED total consumed power, efficiency, and the estimated
junction-to-heatsink thermal resistance. We sweep the junction temperature
from T J _mi n = 15◦C to T J _max = 115◦C in 10◦C increments by adjusting the heat
sink temperature. We aim to correlate the results of the dynamic measurements with the junction temperature.

5.2.2

5

Active Region Defects Monitoring

Twenty-five GaN white LED packages with phosphor light conversion were
randomly picked from a rejection pool made available by the manufacturer.
The pool contained LEDs with an increased density of active region defects.
We have measured the I-V characteristics, the small-signal impedances and the
optical responses of these LEDs.
Defects in the active region increase both the Shockley Read Hall recombination rate and the leakage current. By using low bias voltages e.g. 2.35
to 2.5 V, we ensured high rates of these processes relative to the radiative
and Auger recombination rates. The current supply and measurements on
LED were performed with a hand made probe. The probe was designed to
enable fast switching between the LEDs, yet it has reduced accuracy for the
high-frequency low-impedance measurements. Nevertheless, since we bias
the LEDs with a low voltage, their impedance is high and the characteristic recombination rate is low, which makes the measurements reliable. The
temperature was not controlled, as only low levels of electrical power were
applied for these experiments.
We aim to correlate the results of the dynamic measurements with the
defects-related non radiative current. The large number of the LEDs is required to minimize the influence of the production spread.

5.3 Measurements Results

5.3

Measurements Results

5.3.1

Temperature Monitoring
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Impedance-based
As can be seen in the example of the small signal measurements presented in
Figure 5.3 both the real and the imaginary parts of the small signal impedance
of the LEDs depend on the temperature. The absolute values of the impedances
of LEDs A and B measured at the same bias current are significantly different
due to the difference of the chip areas. Thus, we define and use the y z coefficient that designates a relative change of the absolute value of the impedance
per unit of temperature. The higher the coefficient the more sensitive (relative
to its low temperature value) the impedance is. We consider y z as a function
of modulation frequency f .
Usage of the y z coefficient enables normalization and thus simultaneous
analysis of all the measurement data of the small signal impedance. The y z
coefficient is calculated according to (5.1) and (5.2) over a span of 100 ◦C .
Equation (5.1) determines the impedance normalization procedure. Equation (5.2) defines y z as the slope of the secant line between the maximum and
the minimum temperature values of the normalized impedance Znor m ( f , T J ).
The frequency dependence of the derived parameter is shown in Figure 5.4.

¡

Znor m f , T j

¢

¡
¢
|Z f , T j |
¢
= ¡
|Z f , T j _mi n |

¡
¢
¡
¢
¡ ¢ Znor m f , T j _max − Znor m f , T j _mi n
Yz f =
T j _max − T j _mi n

(5.1)

(5.2)

We notice two temperature sensitive regions, each with its own particular
behavior of the sensitivity coefficient: a “low frequency region” ( f < 100 kHz)
and a “high frequency band” ( f ∼ 10 MHz). The sensitivity coefficient of the
low frequency region is current-dependent and its sign (positive or negative)
depends on the bias condition. The corresponding low-frequency small signal
impedance is defined by the slope of the I-V characteristic near the bias point.
The dominant physics cause of the observed sensitivity sign change remains
unclear and requires additional analysis of the recombination and transport
process that lays outside of the scope of this chapter.

5
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(a) Real part of the impedance.

5
(b) Imaginary part of the impedance.

(c) Normalized light output. Plots are shifted vertically for better
visualization.
Figure 5.3: Examples of the temperature dependence of the measured frequencyresponses. LED A left, LED B right. LEDs are biased at 60 mA.
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Figure 5.4: The relative temperature sensitivity of the small-signal impedance.

The high sensitivity around 10 MHz is expected to be caused by the temperature sensitive thermionic emission rate from the MQW to the space-charge
region. The rate depends on temperature as R esc ∼ 1/exp(kb T /E a ) [15], where
k b is Boltzmann constant, E a is the effective barrier energy. An increased
thermionic emission rate opposes the diffusion current. This effectively facilitates transport of the carriers between the space charge region and the MQW
structure that increases the high frequency impedance corresponding to the
space-charge region. A similar temperature sensitivity effect was observed for
GaAs MQW devices [44].

Non-zero intercept frequency-based
We also test the temperature monitoring technique based on the non-zero
intercept frequency (NZIF). Its applicability was already successfully demonstrated for Li-ion battery systems and organic LEDs [156, 163, 164]. To the
best knowledge of the authors, this method is demonstrated for GaN LEDs for
the first time in this thesis.

5
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Figure 5.5: Log plot of the non-zero intercept frequency as a function of temperature.

5

The method uses the interception point of the imaginary part of the impedance
with a pre-defined value Zi m to estimate the temperature of the device under
test. Figure 5.5 contains the derived NZIFs’. The interception impedance values Zi m are chosen as 1.5 Ohm, 0.3 Ohm, 0.1 Ohm and 0.05 Ohm for bias
currents of 5 mA, 20 mA, 60 mA and 120 mA, correspondingly. We chose the
Zi m values as approximately half of the minimum of the imaginary part of the
impedance value corresponding to the low frequency pole. The low frequency
pole is chosen to monitor the temperature due to the high temperature sensitivity of its frequency and the fact that the high frequency measurements of
the second pole are typically significantly more complicated because of the
parasitic inductance effects that increase with the frequency.
The presented results evidence that the NZIF significantly decreases with
an increase of the temperature, at any bias current. A 100 K increase of the
temperature leads to a decrease of the NZIF by a factor of two.
Optical Modulation Bandwidth based
The temperature dependence of the first pole of the LED’s impedance is caused
by the temperature dependent characteristic carrier recombination and the
characteristic carrier escape rates from the MQW structure [15]. The optical
small-signal 3 dB modulation bandwidth of the illumination LEDs is also pri-
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marily defined by these two parameters. Therefore, we also investigate the
dependence of the 3 dB optical bandwidth on the temperature and on the bias
current. The bandwidth is determined by curve fitting the small-signal optical
response of the LED to a 1st order low pass filter response.

Figure 5.6: Log-log plot of the optical modulation bandwidth dependence on current
density at 15◦C

.
Data in Figure 5.6 exhibit a dependence of the 3 dB cut-off frequency on
the current density measured at T (J mi n ). A log log plot is used. Figure 5.7
illustrates the sensitivity of the 3 dB cut off frequency on temperature and on
forward current. The absolute value of the 3 dB cut-off frequency is nonlineary dependent on the bias current density and significantly varies with it.
Therefore, Figure 5.7 data are normalized with frequency values from Figure
5.6. The normalization enables better visualization of the optical bandwidth
variation with the temperature in all bias currents considered. The 3 dB temperature sensitivity dependence on bias current is clear if bias current density
is considered. We analyze it further in the paper.

5
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Figure 5.7: Normalized optical modulation bandwidth dependence on junction temperature.

5

The measurement results show that the 3 dB bandwidth is almost linearly
dependent on the temperature with an exception of the very low and the very
high current densities. For these current densities, the high temperature sensitivities significantly decrease. A 100 K increase of the temperature leads to
a decrease of the 3 dB bandwidth up to 15%. A comparison of the absolute
values of the NZIF and 3 dB bandwidth temperature sensitivities is presented
in section 5.4.1 of this chapter.

5.3.2

Active Region Defects Monitoring

Figure 5.8 (a) presents the measurements of I-V characteristics of the LEDs
with increased density of the active region defects. The forward bias voltage
is measured up to 2.7 V. The non-radiative regime is dominant up to 2.5 V [25].
In this regime, Shockley Read Hall recombination and the leakage current define the conductivity of the LED. Both processes contribute to the non radiative
current. Thus, current measured at the low-voltage bias is used as a figure of
merit of the active region defects presence. We aim to find other signatures
that can indicate the increased density of the die defects.
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(a) I-V characteristics of the chosen LEDs with increased leakage current.

5
(b) Imaginary part of the small-signal modulation impedance measured at
bias of 2.4 V.

(c) Non-zero intercept frequency at Zi m = −400 Ohm vs leakage current
measured at bias of 2.4 V.
Figure 5.8: Results of the measurements of the defective LEDs.
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As shown earlier, the first pole defining the impedance response depends
on the recombination processes. The active region defects boost Shockley
Read Hall recombination rate. This increases the total recombination rate.
Thus, a presence of the active region defects must be associated with a rise of
the characteristic cut-off frequency of the first pole. We use the NZIF method
demonstrated earlier as a measure of the first pole cut-off frequency. Thus, we
expect to observe a positive correlation between the NZIFs and the increased
non-radiative current.
The measurements of the small-signal impedance of all the 25 defective
LEDs were done at biases of 2.35 V, 2.4 V and 2.5 V (The NZIF Zi m interception
values are chosen as −1000 Ohm, −400 Ohm and −30 Ohm correspondingly).
The impedance values are significantly higher than ones used in the previous
sections. This is caused by lower bias voltage condition. An example of the
measured imaginary part of the impedance is shown in Figure 5.8 (b). The
Zi m interception values are chosen in a similar manner as in the previous
experiments, approximately as half of the minimum of the imaginary part
of the impedance of the first pole. The significant difference between the
Zi m values is due to the exponential nature of dependence of the differential
impedance on the bias voltage.
We correlate the forward current and NZIF. A correlation for 2.4 V bias is
demonstrated in Figure 5.8 (c). We fit a linear model N Z I F = a1 + a2 ∗ I l eak
to the obtained data. The fitting results demonstrate a significant dependence
of the NZIF on the leakage current. Obtained p-values for the a2 coefficients
fittings are below 10−5 for all the considered bias voltages. a1 coefficients have
large p-values and, therefore, insignificant.
An increase of the Shockley Read Hall recombination rate and the leakage current should also affect the 3 dB modulation optical bandwidth. Nevertheless, we observe no statistically significant relation between the optical
bandwidth and the non-radiative current. This can be explained by a presence
of interaction between the optical response modulation bandwidth and LED
impedance under low-current bias conditions observed in [165].

5.4
5.4.1

Discussion
Temperature Predictors Sensitivity

The presented measurements show that the small signal impedance, the NZIFs
and the optical 3 dB bandwidth all depend on the junction temperature. Figure
5.9 exhibits a comparison of the absolute sensitivities of the 3 dB bandwidth
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and NZIF. The sensitivities are averaged over a 100 K temperature span.
We cannot directly compare the sensitivities of the frequency based and
the impedance based temperature predictors since they have different dimensions. Therefore, we normalize the NZIF variation with the low temperature
NZIF value and the corresponding temperature variation similar to the approach presented in (5.1) and (5.2) to make the comparison. The derived
dependencies of the normalized sensitivities on the current density are presented in Figure 5.10.

5
Figure 5.9: Comparison of the absolute temperature sensitivity of the considered
NZIF and 3 dB based temperature monitoring methods. Data points are
fitted with a second-order polynomial function for better visualization.

We notice that the NZIF method has the highest absolute value of the normalized sensitivity within the considered current density range. On the contrary, temperature estimation based on the 3 dB optical bandwidth has the
lowest sensitivity. The small signal impedance temperature dependence estimated at modulation stimulus frequency of f = 10 kHz is weaker than at f = 10
MHz and it changes sign around current density value of 1 A/cm 2 .
In comparison, the normalized temperature sensitivity of the forward voltage (a traditional parameter used for junction temperature estimation for thermal transient testing) is approximately 1.3 mV /K at 10 mA bias current [87].
This corresponds to 0.5 × 10−3 K −1 normalized sensitivity. Figure 5.10 data
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Figure 5.10: Comparison of the relative sensitivities of different predictors for temperature estimation. Data points are fitted with a second-order polynomial
for better visualization.

5

show that the normalized sensitivities of the small-signal impedance and NZIF
are an order of magnitude higher. Thus, these predictors can increase the accuracy of the temperature estimation and potentially enhance the precision of
the existing thermal transient measurements methods. The normalized sensitivity of the 3 dB optical bandwidth is relatively low and comparable to the
one of the forward voltage.
The obtained results can be used to enhance existing thermal measurement techniques, such as thermal transient testing [27, 166]. Thermal transient testing enables evaluation of the properties of the main heat path of
an integrated circuit device by analysis of the junction temperature transient
response to an applied power step. The thermal transient processes are relatively slow. Therefore, the required temperature estimation is traditionally
done by a quasi-steady state forward voltage monitoring. Forward voltage
has a weak dependence on temperature. Usage of the dynamic temperature
sensitive parameters, as demonstrated earlier in the chapter, can enhance the
accuracy of the method. Nevertheless, further research has to be conducted to
investigate advantages and drawbacks of impedance and NZIF-based thermal
transient testing.
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Opportunities for In Field Temperature Estimation

The demonstrated high sensitivity of the impedance based methods also facilitates opportunities of the in-field temperature and health estimation with
smart drivers. Nonetheless, the absolute value of the imaginary part of the
GaN LED impedance is in the order of fraction of an Ohm. This is significantly
smaller than the one of the OLEDs [163]. This may limit the in-field NZIF
based and small-signal impedance measurements opportunities. Yet, at lower
bias currents, the impedance of LEDs reaches significantly higher values. Furthermore, the impedance sampling can be done fast, the samples can be measured at a typical time of ∼ 1/ f , where f is the characteristic NZIF frequency
or the impedance tracking frequency. These observations can contribute to
the development advanced in-field junction temperature estimation methods
based on the thermal transient testing principles [27]. E.g. during switching
an LED off, it first can be biased with a pre-defined low current that creates a
thermal power step. The step can be used for performance of a temperature
response transient measurement for the health diagnostics.
In order to reliably estimate the thermal parameters of an LED package,
the temperature sampling should be faster than the fastest characteristic thermal time constant of GaN blue LED packages. This thermal time constant is
related to the sapphire die. It is estimated at approximately 4 ms, as shown
in Chapter 3. Thus, the temperature sampling has to be faster than 250 Hz.
All the temperature predictors considered in this chapter can be sampled at
significantly higher frequencies. E.g. the measured characteristic NZIF is approximately 100 kHz. This enables sampling of at least several hundred data
points during the cooling transient of the chip. Thus, this method ensures a
reliable estimation of the LEDs packages structures.
As can be seen in Figure 5.3 and Figure 5.4, the sensitivity of the impedancebased temperature estimation is dependent on the chosen Zi m and the monitoring frequency f values. This implies that certain Zi m and f values are
more accurate for temperature indication. In this work we use approximate
Zi m thresholds and a broad frequency sweep to demonstrate the presence and
the expected sensitivity magnitude of the temperature sensitive parameters.
Nonetheless, in real systems outside of the lab environments, considerable
levels of the measurement noise may occur. Moreover, the accuracy of the
high frequency measurements may be low due to the impact of parasitic inductance. This can make measurements at certain Zi m and f values impractical. Thus, an analysis, as performed by Beelen et al. [167], can be used to
determine the most optimal Zi m and f monitoring parameters for practical
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systems.
The demonstrated dependence of the 3 dB modulation frequency on temperature can be used for junction temperature estimation with OWC infrastructure. Unlike many other optical methods that track the degradation of
LEDs by repeated radiant flux measurements, the optical bandwidth-based
tracking method does not require estimation of the total radiant flux.

5.4.3

5

Opportunities for In Field Active Region Degradation Estimation

The demonstrated correlation between the small-signal impedance parameters
and the non radiative current can be used for in-field monitoring of the active
region defects development with voltage biased LEDs. OWC LED drivers with
voltage biasing topologies have already been presented [168, 169]. However,
for electrical stability reasons, and because of the inherent nature of switched
mode power supplies, in illumination systems, LEDs are typically biased with
fixed current. Thus, additional research has to be done to correlate the active region defects presence with the impedance response for current bias. We
expect a negative correlation between the first pole frequency and the non radiative current of the aged LEDs due to increase of the leakage current fraction
and, thus, reduced MQW recombination rate. Yet we could not find a statistically significant confirmation of this hypothesis due to significant sample-to
sample variation induced by the production spread. A pairwise comparison
of new and aged chips has to be done to reduce the impact of the production
spread.

5.5

Conclusions

We have studied electrical and optical small-signal modulation responses of
high efficiency blue GaN LEDs and demonstrated new indicators of LED temperature and health. In particular, we have correlated the junction temperature and the non radiative current with the parameters of the electrical and
optical small-signal modulation responses. The correlations are demonstrated
in a wide range of modulation stimulus frequencies and bias current densities.
We have estimated the temperature sensitivities of the 3 dB optical response
bandwidth, of the absolute value of the small-signal impedance, and of the
non-zero intercept frequencies (NZIFs), i.e. frequencies at which the imaginary part of the impedance is equal to a predefined constant. The absolute
values of the small signal impedance measured at 10 kHz and 10 MHz and
NZIFs are shown to have the highest normalized sensitivity. E.g. the NZ-
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IFs change more than by a factor of two in a junction temperature span of
100 K. This high sensitivity is observed in the whole range of the considered
bias current densities. The NZIFs normalized sensitivity is shown to exceed
the forward voltage one by an order of magnitude. This makes NZIFs an alternative perspective for junction temperature estimations. Finally, we have
demonstrated a correlation between the increased non-radiative current and
NZIFs.
The results demonstrated in this chapter can be used for enhancement of
existing LEDs characterization methods and for development of in field health
monitoring techniques using smart drivers and optical wireless communication infrastructure. We demonstrated that such predictors of imminent failures of LEDs as increased junction temperature and increased leakage current
can be detected by analysis of the dynamic electrical and optical responses.

5
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Chapter 6
Discussion and Conclusions
6.1

Contributions

This dissertation reports an investigation into the opportunities of transient
measurements analysis for development of novel methods of LED modeling.
The research results enabled advanced modeling and characterization of LED
chips and packages. We investigate both the slow thermal and the fast electrical and optical transient responses.
In summary, we demonstrated the importance of multiple heat path and
multiple heat source thermal modeling of LEDs. We supported it by developing and presenting novel methods for multiple heat path and multiple heat
source characterization. We have derived a physics-based model for prediction of nonlinear effects in the LED light output for optical wireless communication. The model has no redundant parameters which ensures it’s boundary
conditions independence. We have proposed and demonstrated the possibility
of novel methods of LED health and temperature monitoring using electrical
and optical dynamic responses analysis.

Thermal Transient Response Analysis
Chapters 2 and 3 present a sophisticated analysis of the accuracy of classical
thermal transient measurements results interpretation. We used a combination of experimental and numerical modeling approaches to determine the
impact of presence of multiple heat sources and multiple heat paths on the
accuracy of LED thermal properties estimation by structure function analysis.
We have characterized and demonstrated the characteristic errors associated
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with these two phenomena. The knowledge obtained in these two chapters
can be used to significantly increase the accuracy of thermal modeling and
characterization of LEDs. Specifically, it is used by the Delphi4LED consortium
to ensure precise calibration of the finite element models of LED packages.
The impact of the secondary heat paths is shown in Chapter 2. In particular,
the effect of heat propagation through the dome of LEDs is investigated. The
results indicate that the dynamic, rather than static, response of the dome is
the major contributor to the error of thermal transient analysis. Based on our
finding we proposed a method of the secondary heat path dynamic response
estimation using thermal transient analysis methods. The obtained results
allowed us to propose a method of dynamic bidirectional thermal compact
model extraction for LEDs. The results provided explanation for the previously
published inaccuracies of the thermal transient characterization method.
In Chapter 2 we analyzed the multiple heat source problem. We have found
that the secondary heat sources are significant not only for LEDs with phosphor light conversion but also for high efficiency monochromatic LEDs. The
results indicate that the main (p-n junction) heat source and the secondary
heat sources typical for LEDs can not be considered as lumped during the
thermal transient analysis without significant reduction of the accuracy. The
results of finite element analysis presented in this chapter inspired us to propose a novel topology of thermal compact model of LEDs. The topology enables physics-based modeling of the LEDs. A characterization procedure for
the compact model parameters extraction is proposed. The research received
multiple awards in the thermal engineering community.

6

Electrical and Optical Transient Responses Analysis
The electrical and optical responses are analyzed in Chapters 4 and 5. Using
the results of the fast dynamic measurements we investigated the physics processes inside of the active region of modern high efficiency LEDs. Based on the
results we proposed a model for optical visible light communication via highefficiency LEDs and novel methods of temperature and health monitoring.
Chapter 4 contains a sophisticated analysis of the transient processes defining the optical response to a current modulation. We used small-signal impedance
an optical output measurements to characterize the transport and recombination processes inside of the active region of a high-efficiency LED. We determined that the fast dynamic optical response is defined mostly by the recombination processes. Based on the research results we proposed a physics-based
nonlinear model for dynamic light output prediction. Moreover, we demon-
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strate a straight-forward method of the model’s parameters characterization.
This ensures the precision of the light output prediction in a wide range of
modulation currents. The model is purely physics-based and has a significantly
reduced complexity comparing to the existing models previously published in
the literature.
Chapter 5 results indicate a presence of dependence of LEDs dynamic response on health indicators. Such parameters as 3 d B modulation optical
bandwidth, absolute value of small-signal impedance and non-zero intercept
frequency were shown to be dependent on junction temperature. Moreover,
non-zero intercept frequency is also shown to be correlated with the leakage
current under low bias voltage conditions. These findings create a foundation
for novel in-field health monitoring techniques for LEDs. We propose methods of augmentation of modern optical wireless communication-enabled solid
state lighting systems with with the health monitoring functional.

6.2

Answers to the Research Questions

Q.1 What are the sources of the inaccuracies of the classical thermal transient
analysis of LEDs?
• Heat propagation through the secondary heat path formed by the dome
has been shown to have a significant impact on the results of thermal
transient analysis.
• Secondary heat sources related to light conversion and light extraction
were shown to have a significant impact on the results of thermal transient analysis.
Q.2 What is the impact of the complex three-dimensional LED packages structure on the results of the thermal transient analysis?
• We have demonstrated that the thermal properties of the inner structures
of LED package extracted without consideration for the secondary heat
path can contain a significant error up to 10% of the absolute value.
• Dynamic thermal response of the dome is shown to be the major source
of structure function distortion.
• Steady state junction to ambient air heat transfer through the dome is
shown to be negligible. Absence of an impact of it on the results of
thermal transient analysis is demonstrated.
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• P-n junction temperature measurement accuracy is not affected by the
presence of the additional heat paths.
Q.3 What is the impact of the presence of multiple heat sources on the results of
the thermal transient analysis?
• We have demonstrated that the error of the main heat path thermal
properties estimation based on structure function analysis can reach up
to 50% of the absolute value for LEDs with phosphor light conversion
layer.
• We have demonstrated that the error is proportional to the ratio between
the sum of the secondary heat sources thermal power and the total thermal power dissipated by an LED.
Q.4 How to adjust the procedure of CTM extraction to account for the presence
of the additional heat paths and the multiple heat sources?
• A novel bilateral dynamic compact model topology is proposed. Beside
the main heat path this model contains the secondary one. The secondary heat path characterizes the heat propagation through the dome.
• A method of the secondary heat path de-embedding procedure is proposed.

6

• We have proposed a novel method of characterization of the secondary
heat sources based on the initial thermal transient response of the p-n
junction.
• We have proposed a new thermal compact model topology providing a
true physics-based modeling of an LED package.
Q.5 Which types of LEDs have significant secondary heat sources?
• LEDs with phosphor light conversion layers.
• Monochromatic LEDs with high internal quantum efficiency.
Q.6 How to ensure correct FEM models calibrations with thermal transient
data?
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• The dynamic heat propagation through the dome is shown to have a
significant impact on the thermal properties of the DAL extracted by
thermal transient analysis. It complicates their thermal properties calibration with a singular thermal transient measurement.
• Two complimentary calibrations must be done to precisely calibrate the
dome and the DAL thermal properties. e.g. an original LED and the
same LED with removed dome must be considered.
• The thermal power dissipated by the p-n junction must be assigned by
the initial transient response analysis.
• The thermal power of the secondary heat sources must be found as a difference between the total thermal power dissipated by the LED package
and the thermal power of dissipated by the p-n junction.
Q.7 How to model and characterize the dynamic light output of LEDs for OWC?
• Carrier recombination and leakage effects rather than transport processes were shown to define the dynamic light output under current
modulation.
• A model capable of precise dynamic light output simulations is demonstrated and verified. We based our model on already existing ABC recombinationinspired models. Yet, we reconsidered the modeling approach and include the leakage terms. It enables elimination of nonphysical assumptions characteristic to the models previously published in the literature.
• A novel characterization procedure of the dynamic light output model
parameters is proposed. The procedure enables simple, physics-based
and, therefore, reliable extraction of the models parameters.
Q.8 Is it possible to use the electrical and optical transient measurements to
predict LED health and imminent failures?
• Non-zero intercept frequency, absolute value of small-signal impedance
and the 3dB optical modulation bandwidth are shown to be indicators
of p-n junction temperature for high efficiency GaN LEDs. P-n junction
is the primary parameter indicating LED health and imminent failures.
• Non-zero intercept frequency is shown to be correlated with the leakage
current, a parameter characterizing the presence of active region defects
and aging of the active region.
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6.3

6

Limitations and Further Directions

The study of the thermal transient processes presented in Chapters 2 and 3
was limited to investigation of mid power LEDs. A significant share of the
market is occupied by this type of LEDs. Yet, high power (HP) LEDs are also
common for lighting industry. High power LEDs are highly effective and high
brightness light sources used primarily for outdoor and industrial lighting. HP
LEDs have multiple, up to several dozen, light emitting chips. The chips are
often connected both in parallel and in series in a single package. The chips
are typically mounted on a single thermal pad. This configuration enables
superior lighting performance. In theory all the discovered phenomena are
also relevant for HP LEDs. Yet, the application of these methods must be done
with caution due to the intrinsic inaccuracy of the thermal transient testing
associated with HP LED architecture.
The HP LEDs due to the peculiarities of their design have a gradient of
temperature along the thermal pad surface. This results in the higher temperature of the chips located in the center of the package relative to the peripheral
ones [38]. Moreover, the phosphor light conversion layer temperature experience a similar temperature variation. Furthermore, the thermal transient
testing methods use the p-n junction forward voltage to detect the temperature. The chips selected for manufacturing of a singular HP LED may come
from different batches or even be of different color. Thus, these chips may
have a significant variation in the temperature sensitivity coefficients and forward voltages. This complicates the thermal transient testing procedure and
deteriorates the quality of transient analysis. Additional research has to be
conducted to develop reliable methods of HP LED thermal transient characterization.
Multiple heat path and multiple heat source compact models derivation
procedures are presented in this thesis. The compact models can be directly
extracted out of the thermal transient data. The multiple heat path de-embedding
approach enables derivation of a dynamic thermal compact model. While the
multiple heat source compact model extraction procedure enables derivation
of a steady-state one. Additional research has to be dedicated to investigation
of methods of direct extraction of multiple heat source dynamic compact models directly from the thermal transient data. At this moment such models can
be extracted only by model order reduction of full finite element models.
The demonstrated structure function distortion may impact the accuracy of
the junction to case thermal resistance estimation using the double interface
method. The method is defined in JEDEC standard JESD51-14 [170]. There-
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fore, further research to relate the secondary heat paths and the secondary
heat sources impact on the double interface method accuracy is required.
The dynamic optical output model presented in Chapter 4 is purely based
on simulation of the recombination processes in the QW. Nonetheless, another
physics mechanisms can potentially be employed by the LED drivers to facilitate data transfer rate. Usage of the carrier sweep out effect has been proposed
in the literature to accelerate the optical response time [171]. The method
counteracts the slow recombination lifetime in the QW by active removal of
the charge carriers when LED is biased to a sufficiently low voltage [2]. It can
be used to increase the optical modulation bandwidth of LEDs. Nonetheless,
the carrier sweep out is primarily defined by the voltage change over an LED.
Thus, it can not be effectively modeled by our purely current-driven model.
Additional research has to be completed to expand the model with this functional.
The dynamic optical output model is demonstrated for GaN blue LEDs.
Modern solid state lighting industry has a trend of employing high efficiency
infrared AlInGap LEDs for data transmission. Infrared LEDs enable data communication independent of the lighting functional. The general architecture
the active region of these types of LEDs remains the same. Thus, the physics
phenomena defining the light output are also identical. Nonetheless, additional experiments have to be completed to validate the modeling method for
high efficiency infrared LEDs.
In Chapter 5 we aimed to contribute to development of the in-field health
monitoring techniques. The research correlated LED health indicators with
the small-signal responses parameters. This defined the parameters that can
be tracked by the smart lighting systems. Some of the parameters e.g. nonzero intercept frequency were demonstrated to have remarkably high sensitivity on the junction temperature. Yet, the possibility of application frequency response-based measurement techniques by LED drivers is not wellinvestigated. This sets a need for development "proof of concept" drivers with
LED health monitoring functional. Moreover, the non-zero intercept frequency
should also be considered as an alternative temperature predictor for thermal
transient testing methods.
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Appendix A
Estimation of Optical
Reabsorbtion Coefficient
This appendix enables an analytical estimation of the reabsorption coefficient
Λ dependence on the LED dome and cup geometries.
The optical losses from the portion of the light when it left the crystal for
the first time P h _opt are equal to:

P h _opt = IQE (I ) · LE E chi p · (1 − LE E d ome )

(A.1)

These losses are dissipated either on the reflector cup surface as P hC or
inside of the crystal during light re-entries as P h _r e :

P h _opt = P hC + P h _r e

(A.2)

The equation can be rewritten with the coefficient Λ:
P hC = P h _opt · Λ

(A.3)

P h _r e = P h _opt · (1 − Λ)

(A.4)

The ratio between P hC and P h J _r e is determined by the number of the cup
reflection events Ncup , the crystal transitions events Ncr y and the correspond-
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ing probabilities of light absorption during these events. The absorption probabilities are determined by the cup walls reflection coefficient R cup and the
crystal transition coefficient Tcr y :
¡
¢
Ncup 1 − R cup
P hC
¡
¢
u
P hr e
Ncr y 1 − Tcr y

(A.5)

We assume that the average number of the photons bouncing off the cup
walls and the number of crystal re-entries by the trapped light are proportional
to their surface areas exposed to the dome. Thereby, the ratio between these
quantities is:
Ncup
Ncr y

u

S cup
S cr y

(A.6)

where S cup is the area of the dome cup walls, S cr y is the area of the sapphire crystal in contact with the encapsulating dome. Now, assuming that the
crystal transition probability is approximately equal to the light extraction efficiency of the chip: Tcr y u LE E chi p , Λ coefficient can be determined based on
(A.3)–(A.6):
¡
¢ !−1
S cup 1 − R cup
¡
¢
Λ u 1+
S cr y 1 − LE E chi p
Ã

A

(A.7)

Appendix B
Thermal Compact Model
Parameters Estimation
The calculations presented in this appendix show a way to estimate the parameters of our thermal resistance model shown in Figure 3.16 (c).
Using simple circuit analysis, we define the dependence of the heat flows
QD2J, QJ2T, QD2J, and QT2C on the corresponding thermal resistances and
the average temperature of the junction T j , the average temperature of the
upper surface of the thermal pad T t , the average case temperature Tc and the
chosen measure of the dome temperature Td :

Q D2J =

Q J 2T =

Td − T j
R t h _D2J

T j − Tt
R t h _ J 2T

(B.1)

(B.2)

Q D2T =

Td − T t
R t h _D2T

(B.3)

Q T 2C =

T t − Tc
R t h _T 2C

(B.4)
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The Kirchhoff’s current law bounds the heat flows and the considered heat
sources:

A

P hD = Q D2J +Q D2T

(B.5)

P h J = Q J 2T −Q D2J

(B.6)

P hC = Q T 2C −Q J 2T −Q D2T

(B.7)

The collection of (B.1)–(B.7) creates an underdetermined system with 15
variables. However, T j and Tc can be estimated by a thermal transient measurement and a dual interface material method. We have shown that R t h _ J 2
can be found from an SF if the junction thermal power P h J is used for thermal
transient analysis instead of the total thermal power P h . A method of estimation of P h J and the sum of the secondary heat sources P hD and P hC is also
described in this paper.
Firstly, we consider an LED without phosphor light conversion layer. In
this case, P hD = 0 and the dome temperature is not a critical reliability parameter. Moreover, the parallel heat path through the dome formed by R t h _D2J
and R t h _D2T has very high characteristic thermal resistance compared to the
main thermal path due to low thermal conductivity of silicone [46]. Thus,
(B.1), (B.3), and (B.5) associated with the dome node can be taken out of the
consideration. Q D2J and Q D2T can be assumed to be equal to zero. Now, the
system can be solved and the rest of the model parameters can be determined
mathematically.
Secondly, we consider an LED with a phosphor light conversion layer. The
phosphor particles encapsulated in the dome suppress multiple TIRs due to
light re-emission and light scattering. Thus, we can assume that the trapped
light reflection losses P hC are negligible and all the secondary heat losses are
primarily due to P hD . The temperature of the phosphor dome is not uniform
in a general case. More research is required to understand the temperature
profile of it [172]. Yet, a number of methods, like infrared imaging, thermal
couple measurements, or spectroscopic approaches, are known for phosphor
layer temperature characterization [17, 173–175]. Any of these methods can
be chosen to provide a characteristic measure of the dome temperature Td .
Part of the heat produced by the phosphor dome dissipates through the pn
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junction and the sapphire, the other part goes directly to the thermal pad.
Thus, the ratio of R t h _D2J and R t h _D2T can be approximated by the reciprocal of
the ratio of the crystal and the cup surfaces S cr y and S cup . Now the considered
system of equations becomes determined. Therefore, all the model parameters
can be calculated.
The accuracy of phosphor and junction temperature modeling by a thermal
resistor network is validated in [36]. Our model can be mathematically transformed into the one used in the reference by network analysis techniques,
thus, it can also be considered as validated. Yet, our model provides a physicsbased explanation of the thermal behavior of an LED.
The presented method for parameter extraction enables analytical derivation of the models parameters. Nevertheless, such parameters as R t h _D2J and
R t h _D2T can only be coarsely estimated by SF and LED package geometry analysis. As discussed earlier in the paper, such parameters can be extracted with
a higher accuracy from calibrated thermal finite element models.
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Appendix C
Small-Signal Response Analysis of
MQW LEDs
This appendix presents a procedure to characterize MQW LEDs based on an
analysis of the electrical and optical small-signal frequency responses. The
procedure enables quantification of carrier transport, QW recombination and
escape rates. These processes determine IQE, carrier distribution and junction
capacitance of an LED [14, 130, 132, 133, 176].
We use rate equations to describe the carrier dynamics. We assume a uniform distribution of the carriers in the lateral direction and uniform carrier
distribution in the QW and Space Charage Region (SCR). To satisfy the charge
neutrality, holes and electrons are injected and recombined in pairs. The holes
have very high effective mass. Their capture rate is fast and the escape rate is
slow [44]. Therefore, we assume that the small-signal response is dominated
by the electron population and we use a single-particle modeling approach.
The two-particle analysis doubles the number of the coupled nonlinear rate
equations [177]. A simple analytical solutions do not exists for such case.
The carrier transient time between QWs in an GaN MQW struture has been
reported in a femtosecond range [134, 135] which is significantly faster than
other processes considered. Thus, we neglect the transport between the QWs
and we model the MQW structure as one effective QW.
The considered p-n junction model is shown in Figure 4.1. The carriers are
injected with a rate of I /q , where I is the forward current and q is the elementary charge. A fraction of the injected carriers bypasses the active region
with rate of f l eak causing the leakage current. A part of the carriers neutralizes the SCR ions. We designate the total number of carriers trapped in the
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SCR region as N sc . The ions neutralization facilitates the diffusion current
towards the QW. We designate the associated carrier rate as f d i f . The QW
traps the diffused carriers. The total population of the carriers in the QW is
N q w . We neglect recombination in the SCR and cladding layers. The carriers
trapped in the QW can either recombine with the rate of f r ec or escape with
rate of f l eak due to the thermionic emission and other mechanisms [129]. An
electron blocking layers placed after a QW effectively suppress the escape rate
of the electrons towards the p-type side. Moreover, the remaining leakage to
the p side is mathematically indistinguishable from the f r ec rate. Thus, in our
model we leave only f esc term characterizing the electron thermionic escape
rate back to the n-type cladding.
Now we bound the carrier rates to the carrier populations. The recombination rate f r ec is governed by the QW carrier population N q w . Therefore, it
can be defined as f r ec = N q w /τr ec , where the characteristic carrier lifetime τr ec
is dependent on N q w . The thermionic emission from a QW is dependent on
N q w , temperature and the effective barrier height [148]. The effective barrier
height is dependent on the bias voltage that is bounded to the N sc population.
Thus, the escape rate can be represented as f esc = N q w /τr ec , where characteristic time τesc is temperature and N sc dependent. Similarly, we determine the
diffusion rate f d i f = N sc /τd i f , were time constant τd i f is dependent on N sc .
Following the continuity principle we define the rate equations characterizing
the N q w and N sc dynamics.

Nq w
I
N sc
−
+
q τd i f (N sc ) τesc (N sc )
Nq w
Nq w
N sc
=
−
−
τd i f (N sc ) τesc (N sc ) τr ec (N q w )

Ṅ sc =

A

Ṅ q w

(C.1)
(C.2)

We consider a small-signal modulation of current in the form of I = I 0 +
i exp( j ωt ) where ω is the angular frequency, j is the imaginary unit and i is a
complex amplitude of the small-signal modulation. The response of the QW
carrier population is N q w = N q w _0 + n q w exp( j ωt ). The SCR carrier population
response is defined in the same manner. We insert the small-signal expansions
into (C.2) and leave only the first order terms.
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nq w
n sc
i
− 0 + 0
q τd i f
τesc
nq w nq w
n sc
= 0 − 0 − 0
τd i f
τesc τr ec

i ωn sc =
i ωn q w

(C.3)
(C.4)
df

r ec
The prime symbol denotes the differential lifetimes e.g. τ0−1
r ec = d N q w , that
still retain the carrier dependence similar to the full time constants. Now we
linearize the equations around the bias point using the electrical parameters
C sc , C q w , v sc , v q w designating the capacitance and small-signal voltage responses of the SCR, QW respectively:

n sc =
nq w =

C sc v sc
q
Cqw vqw

(C.5)
(C.6)

q

C sc and C q w are not constant but depend on the populations of the SCR and

QW, respectively. Inserting (C.5) and (C.6) into (C.3) and (C.4) yields:
j ωsc =
j ωv q w C q w =

i v sc C sc v q w C q w
− 0
+
q
τd i f
τ0esc

(C.7)

v sc C sc v q w C q w v q w C q w
−
−
τ0d i f
τ0esc
τ0r ec

(C.8)

Now we express the small-signal impedance Z of the LED. We assume the
voltage over the LED is equal to the voltage over the SCR plus the voltage
drop over parasitic resistance, thus Z = v sc /i + R s . We express the first term of
Z from (C.7) and (C.8):
Z = Rs +

τ0d i f
C sc

Ã

1+

j ωτ0d i f

µ

− 1+

j ωτ0esc

+

τ0esc
τ0r ec

¶−1 !−1

(C.9)

The impedance measurements results and the fitted model are shown in Figure C.1.
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Figure C.1: The real part of the small-signal impedance at various bias currents of
a MP Blue GaN LED. Dotes: experimental data. Solid lines: analytical
model curve fit.

Two limits of the small-signal impedance of the LED are used for the evaluation of the measurements results:
(C.10)

lim Z = R s

ω→∞

lim Z = R s +

ω→0

A

τ0d i f
C sc

Ã

µ
τ0
1 − 1 + 0esc
τr ec

¶−1 !−1

(C.11)

Small-signal light output L is proportional to the small-signal QW carrier
population response n q w . It can be expressed from (C.7) and (C.8):
Ã
!
µ
µ
0 ¶−1 −1
0 ¶−1
τ
τ
1 + j ωτ0d i f − 1 + j ωτ0esc + 0esc
L ∼ i 1 + j ωτ0esc + 0esc
τr ec
τr ec

(C.12)

The small-signal light output and the light output predicted by the model
based on the parameters extracted from the electrical small-signal measurements is shown in Figure C.2
Eq. (C.9) and (C.12) can be used for analysis of the small-signal responses.
The equations have five independent parameters. We employ the high and the
low frequency limits presented in (C.10) and (C.11) to bound two of them.

145

Figure C.2: Comparison of the experimental 3 dB cut off point optical data (squares)
and the rate model optical response prediction (solid lines) of a MP Blue
GaN LED. The power levels are shifted to match 0 dB at low frequency

The remaining three are obtained by a fit of the electrical responses measurement data.
The fitting results indicate that the carrier recombination processes define
the 3 dB cut-off point of the optical response of an LED. The diffusion processes are significantly faster and thus do not play a major role in light output
distortion for MP Blue GaN LEDs. We use this information to build the large
signal model in Chapter 4.
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