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Preface

Light emitting diodes (LEDs) are a solid-state lighting source increasingly being used
in display backlighting, communications, medical services, signage, and general
illumination. LEDs offer design flexibility, have small exterior outline dimensions,
higher energy efficiency, have longer life, provide higher performance, a wider range
of controllable color temperatures, are eco-friendly products, and don’t suffer from
low-temperature startup problems, as compared to conventional lighting sources.
Unfortunately, they produce heat, and contrary to conventional lighting sources this
does cause serious problems (please keep in mind that if the bulb would have been
invented today it would never have been legalized because of the excessive touch
temperatures).

This book is about thermal management of LEDs and especially LED applications.
The main question to be addressed is why we need thermal management in the first
place. As Christian Belady put it eloquently in 2001:

The ultimate goal of system thermal design is not the prediction of component temperatures,
but rather the reduction of thermally associated risk to the product.

Hence, if your boss asks you: “Take care that the junction temperature does not
exceed 125°C”, you may answer: “Why? Do we sell temperatures?” and then you
may educate your boss: “The real objectives to realize are: we want to keep the
Lifetime beyond x years, we want to keep the Color Point within margin y, and
we want to raise the Efficiency to z %. And yes, these objectives that determine the
quality of our LED-based products are linked to the junction temperature, but never
as a goal in itself.”

The book is divided in four parts: Part A: Basic Physics, Part B: Testing
and Standardization, Part C: Advances in Cooling Technologies, and Part D:
Applications.

Part A: Basic Physics

The evident link between temperature and various quality-related issues is the
rationale behind Chap. 1, an Introduction to LED Thermal Management and Relia-
bility, presenting a general overview of LED basics, LED manufacturing and LED
failure mechanisms. Obviously, the first step in reaching the aforementioned goal
of LED thermal design is to understand the basics of LED physics: what are the
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reasons that the temperature is rising anyway? This subject is treated in Chap. 2 on
the basics of solid-state physics of LEDs. To be able to perform back-of-the-envelope
calculations to get a rough idea about the feasibility of your design from a thermal
point of view is an important first step: this topic is treated in Chap. 3.

Part B: Testing and Standardization

This part starts with Chap. 4 dealing with basic thermal characterization and test-
ing. How to test LEDs from a lighting point of view is the subject of Chap. 5. Chapter 6
discusses the increasing need for a more sophisticated thermal characterization of
LEDs and LED-based products. Unfortunately, the progress in thermal characteriza-
tion has not kept pace with the exponential growth of the LED-business. Due to the
lack of worldwide-accepted standards a manufacturer can publish whatever thermal
information she/he wants. Hence, it becomes a problem for the experienced user
because the thermal data that are published are often ratheruseless in practice when
accuracy is at stake.

Part C: Advances in Cooling Technologies

Air cooling is by far the most frequent cooling method and will be for a long time
to come. Natural and forced convection cooling, including synthetic jet cooling, is
discussed in Chap. 7. Another important thermal management control option is the
thermal interface material (TIM). For high-performance LED-based products it may
even be the limiting factor in the thermal resistance chain. Current and future thermal
interface materials are dealt with in Chap. 8. An even more important thermal control
option is area enlargement, either by heat sinks attached to the LED substrate or by
first transferring the heat through heat pipes to a location where area enlargement is
easier to handle. Chapter 9 deals with the fundamentals a designer should master to
enable an optimal choice out of the thousands of heat sinks available on the market.

Part D: Applications

Chapter 10 is related to Chap. 9 but focuses on applications in practice. Prob-
lems inherent to LED manufacturing from a thermal point of view are the subject of
Chap. 11. Thermal management of sophisticated LED solutions is treated in Chap. 12,
while another important application field, namely LED-driven display technologies,
is discussed in Chaps. 13 and 14, the first providing a historical overview, and the
second the state-of-the-art. Many LED applications are designed for use in harsh
environments, for example automotive, aircraft, outdoor lighting, and signage ev-
erywhere on earth. Chapter 15 provides insight in the challenges these applications
are facing. The book closes with Chap. 16 showing an overview of future directions
in LED applications.

In summary, the editors are convinced that this book covers (almost) all aspects
of thermal management that are relevant to the design of LEDs and LED-based
systems.

In closing this preface, the editors would like to express their sincere thanks to all
authors who made this book possible.

Philips Research Emeritus, The Netherlands Clemens J. M. Lasance
Budapest University of Technology and Economics Andras Poppe
and Mentor Graphics, Hungary
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Chapter 4
Thermal Testing of LEDs

Gabor Farkas and Andras Poppe

Abstract In this chapter, after a generic discussion of thermal testing techniques used
to characterize packaged semiconductor devices; the latest practical test methods
widespread in thermal testing of LED components and SSL luminaires are discussed.
Thus, the focus is on the latest, power semiconductor and LED-specific test pro-
cedures, environments and thermal metrics—all derived from the classical JEDEC
JESDS51 family of testing standards. Detailed discussion is devoted to the transient ex-
tension of the so-called static test method and the differential measurement principle
in its practical realization.

Different representations of the thermal impedance are presented starting from
the classical Z,(t) functions ending with the so-called structure functions. These are
discussed in depth because they became the de facto standard in laboratory testing of
thermal properties of LED components, in reliability analysis and in quality assurance
at leading LED manufacturers. The basic concepts are introduced through practical
examples.

4.1 Introduction

A common feature in present engineering tasks is struggling with growing power
level in electronic systems. Solid-state lighting luminaires now operate at dozens
of watts; the driving electronics has to produce many amperes. In other fields of
electronics, processors now. run at aggressive clock frequencies, electric cars have
commutators working at kilowatts and hundred amperes. These are challenges not
only for thermal management but also need clever solutions in thermal testing.
What is more important, the power density also increases. Video projectors, which
were formerly of suitcase size, now resemble a pocketbook, mobile phones produce
although a few watts only but in an extremely tight case with no ventilation at all.
Furthermore, many systems work in extremely harsh environments. Automotive
electronics, for example, has to operate in the — 30 to + 80 °C external temperature
range; this is similar for LED-based automotive lighting solutions or for street lighting

G. Farkas (D<) - A. Poppe

Mentor Graphics MAD MicReD unit, Infopark D, Gabor Dénes utca 2,
Budapest 1117, Hungary

e-mail: gabor_farkas@mentor.com; andras_poppe @mentor.com
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luminaires. Of course, at the hottest points of such a system, semiconductor junctions
can reach 150 °C or even more, near their operation limits.

In conventional electronics as well as in solid-state lighting, the junction tem-
perature (77;) is a primary quantity influencing system reliability and lifetime. The
junction temperature of an LED is not just a performance indicator of the thermal
design but also plays a major role in lighting design since many properties of the
light output of an LED depend on the absolute junction temperature (Fig. 4.1). This
means that thermal management should be an integral part of the system design of
an LED-based lighting solution, resulting in changing roles of different engineering
disciplines in the overall design process.

The spectacular technological development described above has been achieved
by thermally aware system design.

As it is known, thermally aware design has two pillars, measurement and simu-
lation. However, both of them implicitly rely on a third one, modeling the thermal
behavior of the system.

This mandatory modeling step is very evident in case of simulations where you
create a solid model first, then do some meshing, etc. However, many limitations and
misunderstandings originate from improperly handling the inherent model creation
in case of measurements.

At first sight, one could think that the precision of thermal testing depends on
the resolution, accuracy, repeatability, and reproducibility of the measurement.' A
simple example can prove that this is not generally true.

If we ask, for example, how much is the distance between London and Moscow,
the correct answer is 2,500 km. This statement already contains a lot of implicit
modeling factors such as: we measure the length of the arc on the globe and not the
chord; we do not talk about driving distance, etc.

At present, we have length-measuring instruments with an accuracy of centime-
ters, resolution of millimeters, and we also have satellites. With these tools, we can

! Some of these topics will be discussed later in this chapter and many more in Chap. 11, but their
detailed treatment is beyond the scope of this book.



4 Thermal Testing of LEDs 75

give a much more precise number for the distance of two towers in the cities, for
example, but this was not the question.> We cannot improve measuring the distance
of the two cities, as they are not point-like objects, and modeling them as such is an
obvious mistake. The achievable accuracy of this measurement is 20 km considering
the real objects to be measured and the relevant models to be used for them. These
factors manifest as inherent uncertainty of the measurement.

Even in special literature, we find papers where some quantities with limited
relevance like chip temperature or package case temperature are measured at four-
digit accuracy and then derived quantities are calculated at six-digit accuracy. In the
following sections, we will clarify possibilities and limits of measurements.

Before the advent of new thermal design methods, the major cause of system
breakdown was the overheating of critical components. Failure analysis (FA) shows
that nowadays systems are correctly designed in this respect. The typical component
breakdown is caused by repeated thermal transients. Heating and cooling induces
shear stress at the material interfaces in the structure (die attach, solder joint) resulting
in delamination, tear off, etc. The poorer heat removal through a diminished surface
can then cause thermal runaway.

This is one of the reasons for introducing thermal transient measurements and sim-
ulation techniques. As we can see later, these methods also unfold internal structural
details that cannot be identified by static measurements.

4.2 Modeling of Devices for Measurement and Simulation

When we measure parameters of semiconductor devices, we inherently have an
underlying model in mind. The model parameters like single junction temperature,
single lumped thermal resistance, or thermal capacitance are highly simplified.

Inreality, there is always a given distribution of the temperature over the active area
of a device; and thermal systems are infinite distributed RC systems. The question
is how good our implicit models are reduced to single (average) temperature value
or to a few thermal network elements.

For a long time, packaged electronic components were represented by a single
thermal resistance in the data sheet. Power devices were usually encapsulated in
packages with a dedicated cooling surface, called “case.”

At discrete semiconductors (diodes, transistors), the hottest portion of the device
was the pn-junction. As first estimation, the engineer accepted that applying Py
heating power at the junction of the packaged device mounted on a surface of T¢

2 The mentioned cities span over a large surface while distance is defined between two points. The
question is: are there some points in these cities which are characteristic for the real target of the
distance measurement and where are they located? We face similar questions in the thermal testing
of semiconductor devices. To which point of the active semiconductor we assign the “junction
temperature”? Resistance (strictly speaking) is defined between two nodes of a graph. Which are
the distinct points between which we define the thermal resistance? See Chap. 6 for further details
on these issues.
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temperature; the device will reach maximum junction temperature in a longer run.
T) = Py - Rpyc + Tc 4.1)

At present, the range of LED devices is very wide. There are small devices for which
the usual approximations and assumptions of the classical thermal testing are still
more or less valid, but nowadays we face a couple of challenges, which are not yet
followed up by standards:

* Instead of LED packages containing a small chip, we have to characterize large
modules with multiple devices, chip arrays, etc. causing various dissipation
patterns on the chip surfaces.

* Packages have become large and very flat, the idea of a homogenous temperature
on a case surface (and also on the chip surface) is no more acceptable.

¢ For many devices (LEDs and driving electronics), the heat flow through package
pins became a major, often dominant factor.

e There are direct mounting (chip on board) solutions.

» With surface mount technologies the heat leaves in very complex and manifold
ways through pins, exposed tabs, mould surface towards different layers of the
printed board, to the air, sometimes to heat sinks, fans, etc.

Single thermal resistance values such as the junction-to-case Ry,¢ are still part of
a data sheet facilitating component selection at early design phases. However, the
complex, three-dimensional reality can only be handled with sophisticated simulation
tools along with thermal measurements.

Not only the conventional concept of a single thermal resistance is insufficient
for adequate design in solid-state lighting, but we have also serious doubts about the
nature of the innocent Py heating power in Eq. (4.1). This will be treated more in
detail in Sect. 4.3.7.

The most exciting question is the temperature of the semiconductor in a specific
environment. With more measurements at various boundaries, we can get relevant
data about this. A simple and effective use of the measured values is if we order them
into a consistent structure of a few model elements (compact model).

Most accurate results, such as temperature and heat flux at many points of the chip,
package, and environment can be gained using detailed models consisting of many
hundreds of thousand elements, e.g., with finite element (FEM) or finite difference
(FDM) methods (see Fig. 4.2). If we want to see the effect of convection (“still” or
moving air around the component), we can rely on computational fluid dynamics
(CFD) methods.

This kind of simulation needs special expertise and this level of accuracy can
be achieved at the manufacturer of the component only, where all geometrical and
material details are known.

Building compact models of a few elements gives a much faster and simpler
approach, describing the component with reasonable accuracy for the application
engineer. Some compact models are behavioral ones while others also reveal essential
structural information.
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Fig. 4.2 An LED device on heat sink: a detailed thermal model, meshed for a finite difference
solver (FloTHERM), b close-up view of the model at the LED chip, ¢ results of the CFD simulation
using this model

Creating compact models is not too simple either. In classical electronics, thermal
management and modeling techniques were developed in the last two decades and
became formally standardized recently. In case of LEDs, however, compact modeling
is still evolving; it is far from a mature state that one could call standard. A survey
on LED compact modeling status is provided in Chap. 6 on standardization.

Figure 4.3 showsan LED device packaged and a heat sink to be attached to the
“case” surface. Fig. 4.4 shows different possible model topologies—which are in
practical cases nodes assigned to surfaces of more or less uniform temperature and
thermal resistances between these.

A compact model approach helps in interpreting measurement results, and we
shall mainly use it for this purpose in this chapter. It also enables understanding
the interaction of the device (represented by RL, RR, RP) and the environment
(represented by R1, R2, R3 in Fig. 4.5).
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Fig. 4.3 A real package: LED C
packaged and a heat sink to
be attached left = right
\
OO T leads
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Applying an extremely good cooling on the “case” or “left” surface and applying
known power on the LED, we can identify the measured thermal resistance as the
classic junction-to-case value (RL). Replacing this extreme cooling by a heat sink
for which a catalogue claims R1 at still air condition, we shall measure more or less
RL + R1 thermal resistance. Rather less, as all other elements of the model (if it is
correct) will be “active” in this new situation, the air cannot be so “still”’—and we
shall see later on that even the package section represented by RL will behave in a
very different way.

|0
J
[ O N
: RL
[ﬂ R1
a (as footprint) b (as footprint)

Fig. 4.5 a Static, b dynamic compact model of a packaged device according to the model topology
shown in Fig. 4.4b
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Usually, model values derived for a given topology strongly depend on the ac-
tual environment. Models containing more elements such as in Fig. 4.5a show less
dependence on actual boundary conditions.

Instead of single thermal resistance values, major semiconductor companies
nowadays offer compact models that can be used in design tools like board or
system-level thermal simulators. It is expected that a thorough optimization step
yields acceptable values for a broad range of actual boundary conditions (boundary
condition-independent models), see also [1].

Besides packaged devices, other system elements such as heat sinks, fans,
heat pipes, etc. may also have compact models derived from measurements and
simulations [2].

4.3 Thermal Measurements

We can summarize the consequences of the previous section as follows:

* Measurements can be done for component or for system characterization.
* They can be steady-state or transient measurements.

In this chapter, we mainly focus on transient measurements.

As we will see in later sections, besides the primary information of the temperature
at selected points; the heat propagation starting from the heaters in the system also
reveals structural details of the assembly, comparable to ultrasonic or X-ray inves-
tigation. In such a way, transient measurements and their evaluation serve multiple
purposes. They:

* Yield essential data to application engineers in format of data sheets or compact
model libraries.

* Characterize the thermal behavior of components at package, board, and system
level.

* Help production engineers to perform quality checks on packaging, die-
attachment.

* Give feedback to designers of packages or luminaires on the actual performance
of constructions.

* Help design engineers to evaluate thermal properties of package, thermal interface,
and board materials.

As we can see, some measurement tasks serve research and development (R&D),
or can help perform structural FA and production monitoring as part of a quality
assurance (QA) process.

Applying a steady low power level to the device and then instantly switching to a
higher level (Fig. 4.6), we can observe a heating transient. Similarly, switching from
a higher level to a lower one, we can monitor the cooling of the device.
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A Power Temperature rise
Time Time
- I >
: Model
estnd generation

Package ljnder test

Fig. 4.6 Thermal transient testing of electronics parts (with heat generation only)

At R&D and FA, the time spent for each measurement doing transient analysis
is not critical. At these measurements, we are in the fortunate situation that we can
completely capture the transients up to steady-state level. This practice can also be
followed at QA if we restrict investigations to a few selected samples.

When aiming at a broader characterization performed on all manufactured sam-
ples, the time per measurement is much more limited; i.e., we have to carry out
short transients and search for correlation between short time and complete transient
behaviors. Some results related to this problem in case of LEDs are presented in a
couple of conference papers [3, 4]. Figure 4.6 illustrates testing of semiconductor de-
vices with a single-energy transport mechanism, all electric energy flowing towards
the device will be transformed at the end to heat.

In Fig. 4.7, we see a case where a portion of the input electric energy is converted
to some other sort of energy: in case of LEDs, laser diodes, etc. this is typically
emitted light. While recording the temperature transient, this other quantity can also
be recorded. Further consequences of this type of measurement will be discussed in
Sect. 4.3.7.

4.3.1 Device Categories and Their Features

Semiconductor devices can act as heaters by applying appropriate voltage and cur-
rent at some of their internal structures. They can also act as sensors using their
temperature-sensitive parameters (further referenced as TSP, for more details see
Sect. 4.3.8 on the TSP calibration of devices).

Dedicated thermal test chips have separate heater (dissipator) and sensor structures
(Fig. 4.8d).
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Fig. 4.7 Thermal transient testing of LEDs (with heat generation and light emission)

Fig. 4.8 Heater/sensor |
structures used in thermal
testing: a MOS transistors, U F
b bipolar transistors, ——|[ ——K

¢ pn-junction or diodes, —K—
d separate heaters and sensors

a b c | d

The most common three-pin semiconductor devices like MOS field effect transis-
tors (MOSFET) and bipolar junction transistors (BJT; Fig. 4.8a, b) have an inherent
feature of sensing temperature—parameters influenced by the temperature such as
Vg or Vg voltages can be measured. These three-pin devices have at least partially
separated ports for heating and sensing, e.g., heating can be applied across collector
and base electrodes, while the emitter-base junction can be used for sensing purposes.
The power step can be induced by a sudden change in the collector-base voltage Vg
(voltage jump) or in the emitter current /g (current jump).

Diode-type discrete devices (Fig. 4.8c) have only one pair of pins, the port used
for heating and sensing is the same. The typical powering mode is “current jump,”
switching between a larger heating current and a smaller sensing or measurement
current. At heating, the voltage on the diode changes significantly during the transient
(which is the effect we use for measurement actually). Preferred measurement mode
is cooling, at a small measurement current. This ensures a suitable Vy forward
voltage, which can be used for sensing purposes. In case the power level at cooling
is very small, it can be considered to be constant zero. (See considerations of proper
choice of the measurement current later.)

Standard silicon integrated circuits can be measured in a “dull” way with their
inherently present substrate diodes; such falling into category c. MOSFET devices
also can be measured using their reverse diode structures.
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A more sophisticated way of measuring integrated circuits is powering heating
structures, which dissipate at normal operation. The same structure can act as sensor
in many cases. Also, input protection diodes or output parasitic diodes can be used
for multiple point sensing. In this case, selecting a proper low sensor current is
essential so that the voltage on eventual series resistors can be neglected compared
to the forward voltage on the small diode.

4.3.2 Basic Approach

In further sections, we shall give an exhaustive treatment of standards and tech-
niques. In order not to be lost in the details here, we want to emphasize that relevant
thermal information can be gained even with a multimeter, thermocouple, and other
simple devices. Of course, advanced methods give a much deeper insight into device
structure and failure locations.

All methods have to comprise the following steps:

1. Calibration: measurement of the TSP at more temperature values.
2. Heating by applied electric power.
3. TSP measurement at low power.

In production lines, thermal testing is often simplified to a static method recording
one or a few characteristic temperatures.

In a measurement targeting steady-state thermal metrics such as junction-to-
ambient thermal resistance, step 3 has to be carried out twice, once in hot state,
just after switching off the heating power, and once near cold steady state. The mea-
sured TSP values yield the “hot” and “cold” temperatures using the calibration values
from step 1. This calibration is sometimes carried out just for a few samples of a
manufacturing lot.

In a correct static measurement, the cold steady state is reached after a longer
equalization time,

* Either just before switching on the power, or
¢ Using the same long equalization time at the end of a cooling transient (which is
not measured).

The critical question is how the time point “just after switching off” is found.

Production line testers often arbitrate just based on one or few “hot” temperature
values in go-no go tests.

With “continuous transient” methods (sometimes, as a result of ill-formed termi-
nology of an old thermal testing standard [5] mistakenly referred as static), step 2 has
to be applied for an equalization time and then step 3 has to be carried out more times
at a certain sampling rate. The first and the last sample yields the “hot” and “cold”
temperatures, the temperature change in between provides device structure-related
information.
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Fig. 4.9 LED device on metal core PCB with thermal testing point, a photograph, b, ¢ compact
models of different accuracy and complexity

While at simple static and “continuous transient” methods step 2 and step 3 last
for a time long enough for reaching temperature equalization, pulsing methods repeat
step 2 and step 3 for each sampling. Here, actually step 3 has to be carried out before
and after each heating pulse.’

For large-scale testing, often simple comparison measurements are used.

In Fig. 4.9, we see a power LED mounted on a metal core printed circuit board
(PCB) used as heat spreader having a thermal test point. LED manufacturers often
specify the safe operating area of the LED in terms of test point temperature—
allowing their end-users to perform a very simple temperature measurement at this
point, often considered as the final thermal testing of their LED application.*

3 Measurement waveforms for the static test methods are depicted in Fig. 6.20 of Chap. 6; (see also
[6] and [7]). A concise summary of thermal measurement of diodes is given in [7, 8, 9]. A more
detailed analysis is provided in Sect. 4.3.6.

4 The junction-to-test point thermal characterization parameter is a thermal metric, which can help
relate junction temperatures to test point temperatures. Discussion of such simple tests is not the
main target of this chapter.
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For LEDs of this construction (Fig. 4.9a), application notes suggest a compact
model as presented in Fig. 6.16 of Chap. 6.

The model in the application note is rather simplified and corresponds approxi-
mately to Fig. 4.9b. Although it can be used well despite its simplicity, partial thermal
resistance values and internal node temperatures cannot be measured.

Instead, at certain powering, the chip temperature can be derived using one of
the methods described before. The package, lead, and test point temperatures can be
measured by attaching a thermocouple there.

The more detailed model suggested in Fig. 4.9¢ hints that such simple static
methods yield information on junction, lead, and test point temperatures. However,
test point temperature can significantly differ from board temperature under the LED,
depending on the cooling mount attached.

In comparative tests, the measurement restricted on leads and test point already
provides basic information like “some failure occurred in the chip—submount—heat
slug—glue—distributor plate” heat conduction path. Temperature of internal elements
in the device and structural information can be gained by transient measurements.

4.3.3 Thermal Testing Standards

Repeatability of a measurement on the same device, moreover the reproducibility
among systems at different sites serving the same purpose are key issues in all
measurements. In case of thermal characterization, this can be ensured provided the
measurement technique, boundary conditions (test environments), in some cases, test
devices along with the measured quantities (thermal metrics) are defined by widely
accepted standards.

Since 1990, the Joint Electron Device Engineering Council (JEDEC), under
the Electronic Industries Association (EIA), has been creating a set of thermal
measurement standards for semiconductor device packages. The JEDEC JC-15 com-
mittee (Thermal Characterization Techniques for Semiconductor Packages) has been
formed by over 40 member companies, among them semiconductor, packaging, and
software companies.

The JEDEC thermal testing standards recommend specific environmental con-
ditions, measurement techniques, fixturing, heating power, and data reporting
guidelines. Most recently, compact thermal modeling guidelines and LED thermal
testing guidelines have been developed and published. (For details on these latter,
refer to Chap. 6 on standardization.)

Further in this chapter, we provide details on the basic concepts of thermal testing
of packaged semiconductor devices (keeping in mind what is important for LED
thermal testing). The basics of thermal testing are described in the JEDEC JESD51
document [10], which is the so-called overview document of the thermal charac-
terization of packaged semiconductor devices. The family of pertinent JESD-51
standards is shown in Fig. 4.10. This figure is an updated version [11] of the chart
published in the original JESD51 document [10]. (The most recent update on the
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Temperature measurement technique: Electrical test method

Boundary: composed of

Test environment: Natural convection

Component mounting: Low conductivity test board for
surface-mount leaded package

Device construction: Wire bond thermal test chip

standardization activities of the JC15 committee is provided in [12]. More details on
JEDEC’s LED thermal testing standards are given in Chap. 6).

The series of the JESD 51 standards is based on a modular approach. A testing
protocol for a particular measurement problem can be composed by selecting the
appropriate documents describing the measurement method, the test environment,
component mounting, device construction, and the data reporting. For example, a
process can be built up on the following elements:

The measurement process yields one or more standardized thermal metrics, which
need to be reported with information recommended by the data reporting guidelines
and according to the specific requirements of the given test method.

The modular approach of the JEDEC thermal testing standards is explicitly de-
scribed in the JESD51 document by mentioning possible addition of new documents
as the need arises.

JEDEC thermal metrics types aim to express power-induced temperature change.
The measurement occurs between the point where the powering occurs (driving point,
“junction”) and some reference point or reference surface or reference environment.

The first type of thermal metrics is based on a stricter definition and is called
thermal resistance, denoted as R, x or ©,x. Supposing that all heat generated by Py
heating power at the J driving point (usually referred to as junction) flows through
an isothermal surface in the measurement arrangement called X; we define Ry, x as

R = =X (4.2)
Py
In thermal design, we still often use the term junction for the thin region on the top
of the semiconductor chip where dissipation occurs. The term is inherited from the
time of discrete components having a large pn-junction as source of dissipation. In
case of LEDs, it is really the pn-junction where most heat is generated.

Usually, the X surface is not a plane. 7; and Ty are the temperatures of the driving
point and the reference environment.

In many cases, it is not possible to find an isothermal surface where all heat
passes. In such cases, a less rigorous thermal metric type is defined, called thermal
characterization parameter, which is denoted as W .

Supposing the heat generated by Py power at the J driving point flows through
more alternative heat conducting path sections, and there is a well-defined point in
the measurement arrangement called X, Wx is defined as

Uy = — (4.3)
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Fig. 4.11 The general scheme of the tester and test environment

Ty and Ty are the temperatures of the driving point and of the reference point. The test
point in Fig. 4.9 can serve for producing such a thermal characterization parameter
in comparison measurements.

For further details on standardization of thermal characterization of LEDs, consult
Chap. 6 of this book. Some new thermal testing standards are presented for power
semiconductor devices in [13] and for power LEDs in [6, 14].

4.3.4 Measurement Instruments and Environments

As shown before, we have to use controlled voltage and current sources to apply the
appropriate power levels. For measuring the junction temperature by electrical test
method, we also need fast and accurate amplifiers and data acquisition, at least in
transient testing. Powering, sampling, and data acquisition is integrated in thermal
transient testers.

Another task related to the thermal testing of semiconductor devices is the real-
ization of repeatable boundary conditions. The JEDEC JESD 51 series of standards
define convective and conductive environments.

Convective boundaries are typically realized by still air chambers, wind tun-
nels, and liquid baths. Conductive environment is realized by different cold plate
structures.

Plates and baths can be programmed to force different temperature values to the
device under test. Using them with the tester equipment, these can be also applied
to calibrate the temperature-sensitive parameter of the devices (Fig. 4.11).
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The thermal transient testing system consists of:

¢ The tester hardware,

* Software elements for measurement control and data acquisition,

* Software elements for the subsequent postprocessing and display of data
measured.

The measurement control software applies programmed power excitations to the
dissipator element and records the complex temperature responses.

Relevant radiometric and photometric standards (listed in Chap. 6) prescribe an
appropriate temperature-stabilized environment for LED measurements, e.g., an in-
tegrating sphere with temperature-stabilized fixture. In Sect. 4.3.7, we present a
combined methodology for radiometric/photometric and thermal testing.

4.3.5 The Differential Measurement Principle

Formerly, when steady-state thermal measurements predominated, usually the ab-
solute measurement technique was used. This technique takes the meaning of
Eq. (4.2) literally.

One has to apply a Py heating power and then has to measure the absolute 7, and
Ty values separately. The advantage of this measurement is that it can be carried out
by very simple means, like a multimeter. On the other hand, this approach unleashes
a lot of problems in measurement and calibration (referred later in this section).

One can get rid of most measurement errors using a differential technique for
measuring quantities, which are by nature differences.

For example, at junction-to-ambient measurements, we can apply two differ-
ent level of the heating power Py, and Pp,, and measure the temperature after
equalization in each case. We shall get:

Ty = Py1 - Rypya + Ty 4.4)

Ty = Pyy- Rypga + T4 4.5)

(Pa1 — Pu2) - Ryya =T — T2 (4.6)
(Tj1 —Ty2)

Rogp = —21L— =72 47

A (Pu1 — Py2) 7

As shown before, the temperature-sensitive element is in most cases a pn-junction (or
a resistor), needing some bias (usually a constant current) to produce a temperature-
dependent voltage. The temperature sensitivity of these structures has typically good
linearity over a large temperature interval, thus, if the Vgo reference value of the
forward voltage is known for the T, reference value of the junction temperature,
the forward voltage at any junction temperature can be expressed with a linear
relationship:

Vi(Ty) = Vio + Svr - (T; — Tyo) 4.8)
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where the Syr sensitivity slightly depends on the I, bias current, too. With this, for
Ripnja, we get

Vi(Ty1) — Ve(Tr2) _ AVp
Svr - (Pg1 — Pg2)  Svr- APy

The differential principle offers a lot of advantages. There is no need to directly
measure T4, just 7;. Even when doing the calibration for getting the Syg sensitivity
for Eq. (4.8), only a differential measurement is needed. All offset problems at
measurement and calibration cancel out.

Inthe literature, often the K = 1/Syr reciprocal sensitivity factor is used. Therefore,
the calibration process for finding the value of Syr is also called K-factor calibration.
With the K-factor, Eq. (4.9) reads as

Rija = 4.9

AVp
APy
The results apply to transient measurements, too. Here, a full capture of AT(¢) time
function (i.e., using the voltage of the temperature-sensitive structure) is needed
between the equilibrium at Py and that at Pg,. It is often thought that one of the
power levels, Py, for example, has to be kept low in order to avoid self-heating of
the device. Using the differential technique, this effect is only of minor importance;
even the effect on the K-factor calibration can be neglected.

Py and Pp) can be applied in many ways, such as changing Vg on a transistor,
or changing the clock frequency of a processor.

If in Eq. (4.10) we consider the AV (7) time function of the change of the forward
voltage, we obtain Ry,js(f)—a time dependent thermal resistance value referred to
as Zy,yx(¢) thermal impedance, see also Sect. 6.1.4.1 of Chap. 6.

Zyx(t) impedances, i.e., thermal impedances towards a point different than the
ambient can be derived similarly, by measuring 7, and T at two power levels. Here,
all offset problems cancel out again.

Ria = K (4.10)

4.3.6 Current Jump Measurements on Two—Pin Devices

At diode-like devices (including LEDs), the usual way to apply the Py, and Pg»
power levels is to change the current bias. While maintaining a constant I, sensor
current, a sudden jump in the power level can be generated by switching on and off
an I, heating current. Throughout the JESD51 series of thermal testing standards
the L..s¢ Sensor current is also known as ly, measurement current and the sum of
Lsense and 1,4, currents is called Iy heating current.

4.3.6.1 - Continuous Cooling Measurements

With this measurement technique, the switching from the Iy heating current to a
smaller Iy, measurement current occurs only once, as shown in Fig. 4.12.
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Fig. 4.12 Stepwise change
of the forward current on
the diode under test

Fig. 4.13 Diode
measurement scheme as
defined by JESD51-1
and JESD51-51

Fig. 4.14 Practical
realization of the diode
measurement scheme:

a applying heating current,
b applying measurement
current
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Figure 4.13 shows the theoretical measurement arrangement as recommended by
the classical technical literature [7] and the JEDEC thermal testing standards [5, 10].
In Fig. 4.14a, b, the practical realization of the switching is shown.

The [y heating current is provided as a sum of the currents of the 1y, and L.
current sources, thus, in the heating period (Fig. 4.14a) both currents are applied on
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the device for an equalization time of appropriate duration. When the device reached
“hot” steady state, the drive current will be switched off and the transient recording
of the cooling will start (Fig. 4.14b) at the I;; measurement current provided by the
Ijense current source only.

Diodes have negative temperature sensitivity (Syr &~ —1 to —2.5 mV/°C), so
during the heating period the temperature increases and the Vy forward voltage dimin-
ishes. As the current is constant, Py also diminishes during the heating (Fig. 4.15),
it has to be measured just before switching out. We can state that

Py =1y -Vy, Py =1y - Vg (4.11)
and
APy = Pyy — Puya = Iy - Vg — Iy - Vi (4.12)

where Vy is the forward voltage of the hot diode biased with the Iy heating current
(heating voltage) at the time instance of switching, Vj; is the initial value of the
forward voltage at the beginning of the cooling transient when the diode is supplied
with the small /), measurement current only (for notations see Fig. 4.16).
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Fig. 4.17 Electrical transient
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During the cooling period, the Vi forward voltage will grow, it nearly repeats the
change that took place during the equalization, but now in the opposite direction.
The slightly changing power during cooling can be expressed as

Pyy = Iy - Vri 4 Ly - AVE(2) (4.13)

If the I); measurement current is significantly lower than the 7y heating current, then
the power change during cooling can be neglected.

For a simple estimate on an LED measurement, let us program /5 = 350 mA and
Iy =5 mA. Assuming a forward voltage of about 3V at I and 2.9V at I, the total
power step will be (350 mA x 3V)— (S mA x 29V)=1.035W.

If the temperature sensitivity is —2 mV/°C at the measurement current and the
temperature change during the transient is 50 °C, then the temperature-induced for-
ward voltage change is 100 mV. The error term (power instability during the cooling)
will be Iy, - AVg(f) = 0.5 mW, which is about 0.5 % of the total power change. Thus,
at low AVp and low [ the change of the heating power is a secondary order effect
only. In such a way, at cooling, we could realize a nearly perfect power step.

After switching off first, we can observe a sudden large voltage jump on the
diode—the Vp forward voltage sinks from the Vy value belonging to the “hot”
diode characteristics at Iy = Iyive + Lgense t0 the lower Vg value belonging to the
“hot” diode characteristics at the smaller Iy, = I, only (Fig. 4.17).

This change, referred to as electrical transient, can be many hundred millivolts
for diodes, for diodes with higher series resistance® even more than 1 V. The voltage
change can be slow (10-100 ws), as large amount of stored diffusion charge has to
be removed from the forward biased pn-junction (see also [7]).

After thiselectric transient, we can capture the thermal transient, as the Vy forward
voltage slowly increases from its V; initial value when the operating point moves

3 The effect of the series resistance is discussed in detail in Chaps. 2 and 6 and in papers [15, 16].
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Fig. 4.18 Recorded transient of an actual diode, scaled in voltage (on the left) and in temperature
(on the right)

from the “hot” to the “cold” diode characteristics, reaching its final, Vg value, always
at I, bias (Fig. 4.16).5
Selecting a measurement range of a few millivolts (shown in Fig. 4.16 as AVg
range), we always capture first the end of the electric transient at early times
(intersection of AV range and the electric transient), and then the thermal transient.
In Fig. 4.18, a recorded transient of a diode is presented; the electric transient
finishes at approximately 10 ps.

4.3.6.2 Selecting the Heating Power

As thermal testers are typically sensitive, for just analyzing the structure integrity, we
need a power level that can ensure a few centigrade temperature elevation. For relia-
bility testing, normal operational power has to be ensured. For accelerated reliability
testing, higher than normal power has to be applied unto the device.

4.3.6.3 Selecting the Measurement Current

A common mistake in the literature is that the sensor current should be kept low in
order to avoid self-heating of the component. In reality, the self-heating has only some
minor influence in the absolute measurement technique, and can be nearly neglected

© Voltage and current notations correspond to the notations used the JESD51-5x series of standards,
see also Chap. 6.
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Fig. 4.19 Force/sense measurement of a diode. (Connection diagram of a thermal transient tester)

in the differential technique. In this case, we have great freedom for selecting the
sensor current.

One of the advantages of selecting higher sensor currents is smaller and faster
electric transients.

As we will see in Sect. 4.3.8, semiconductor diodes biased at different current
level obey the

(Vr1 — Vi) = Vr-In(1 /) + Rs-(I, — 1) (4.14)

law. The first term of the equation describes the ideal diode equation of the junc-
tion. For calculating the change of the voltage caused by this term, we can use the
approximate values as V; =kT/q~ 26 mV (at room temperature) and In (10) &~ 2.3.
The result is that at a measurement current ten times lower than the heating current
the voltage change during the electric transient is approximately 60 mV. Similarly,
at a measurement current hundred times lower than the heating current the voltage
change during the electric transient is approximately 120 mV.

The second term in Eq. (4.14) is practically dependent on the heating current only;
the influence of the measurement current can be neglected.

Using forward voltage of diodes as temperature-sensitive parameter, we experi-
ence lower noise at higher measurement current. The physical background of the
effect will be given later in Sect. 4.3.9.

In actual current jump measurements, a four-wire force/sense arrangement (as
shown in Fig. 4.13) is preferred for correct power calculation, not adding the
dissipation on the wires to the powering of the device.

Up-to-date testers can measure separately the high Vy value on a DVM unit for
calculating the power and the small temperature-induced AV change on a sensitive
differential measurement channel (Fig. 4.19).

An actual thermal measurement arrangement with the tester and the equipment
realizing the thermal boundary is shown in Fig. 4.20.

As continuous heating measurements and pulsed measurements suffer from seri-
ous drawbacks in LED measurements and in such a way their use has limitations,
we discuss these below only briefly.
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Fig. 4.21 Power change before and during the heating measurement on a diode

4.3.6.4 Continuous Heating Measurements

In these measurements, only the sensor current is applied to the device for an equal-
ization time of appropriate duration. When the device reached “cold” steady state
(the equilibrium at Py = I, V), the drive current will be switched on, too, and the
transient recording of the heating will start.

Most considerations introduced for the cooling operate in the same way. How-
ever, here we experience a larger power change on the hot device during recording
time, approximately the opposite forward voltage change, which we saw at cooling
measurements occurs now at high current. The powering is far from an ideal step
(Fig. 4.21).

This problem can be mathematically handled, but it is easier to use the cooling
for the thermal measurements of two pin devices.
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and corresponding temperature responses, b heating curve composed of individual temperature
values measured at the end of the heating pulses

Both the cooling and the heating measurements described up to this point cor-
respond to the transient extension of the JEDEC JESD51-1 “static” test method,’
defined in [5] and Chap. 6.

4.3.6.5 Pulsed Measurements

The JEDEC JESDS51-1 standard [5] also defines the so-called “dynamic” method. The
measurement principle is illustrated in Fig. 4.22. In this method, the measurement

7 This extension was first defined in details in the JEDEC JESD 51-14 standard [13]. This proposes
a transient method for the measurement of the junction-to-case thermal resistance of power semi-
conductor device packages with a single heat flow path and with an exposed cooling surface—such
as power LED packages. JEDEC JESD 51-14 also prefers the cooling mode transient measurement
for diodes since the error introduced by the slightly changing power after switching is negligible
in this case (as we also pointed out by a numerical example). The most recent LED thermal testing
standard JESD51-51 [6] also recommends the cooling mode measurement if the task is to measure
the real Z;,(¢) thermal impedance of an LED package.
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is based on a series of high current pulses for heating and switching back to low
current for temperature recording: the temperature value 7' corresponding to #; time
instance is measured such that a power pulse with a duration of #; is applied to the
device under test. When ¢, time is elapsed, the power pulse is switched off (switching
from Iy heating current to the /), measurement current) and with a short delay #yp
(called the measurement delay) the value of the TSP (forward voltage) is measured
and through the K-factor is converted to junction temperature. Then, the device under
test needs to cool down, the cooling time must be at least as long as #,. Then, the
process is repeated for a longer pulse width #,, etc.

The test result (referred to as heating curve) is composed from these responses to
individual heating pulses of different length. This technique distorts each recorded
point by an electric transient and the data correction problem (back extrapolation
of the measured ith junction temperature at #; + typ time instance to the f; time
instance) is also present at every data point of the composed Z,, curve. Moreover,
as we see in Sect. 6.5.1 of Chap. 6, these recorded points belong to different heating
powers due to temperature-dependent LED efficiency, even if the applied electrical
power is kept constant during the entire measurement process. Last but not least: the
physical time needed for the measurement by the dynamic test method is by orders
of magnitude longer than the length of the real cooling transient measured by the
transient extension of the static test method.

As such, use of pulsing measurements is very restricted in LED applications:
the JESD51-51 standard recommends this only for measuring steady-state thermal
metrics such as total junction-to-ambient thermal resistance of a given test setup.
The description of this pulsed method as “dynamic” is a bit misleading; all transient
measurements of any style are by nature dynamic.

4.3.6.6 Measurement of Devices with Separated Heating and Sensing

Typically, complex systems or thermal test chips have separate leads for heating and
sensing. They can also be measured in current jump mode with a sudden change in
a current of the system. More typically, voltage jump mode is used for such devices.

Even simple devices widely used in SSL lighting as current drive stage, such
as bipolar transistor or MOSFETSs, have a sort of separation between heating and
sensing. For example, for transistors, we can maintain a steady /g emitter current
and then switch between a high and a low Vg collector-base voltage value for
generating a power step. For sensing purposes, we can capture the voltage change
at the emitter-base junction. Then, using different leads, we have good separation
of powering and sensing. In such a way, the above mentioned problem of changing
power during a heating type measurement is also eliminated.

This measurement mode offers the best resolution when mapping the fine details
of the thermal structure, belonging to shortest time constants. Due to the separation,
the electric transient is very fast, just a few microseconds.
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Fig. 4.23 Photometric/radiometric measurement of an LED device in a combined arrangement

4.3.7 Combined Thermal and Photometric/Radiometric
Measurements

As mentioned before, thermal and photometric/radiometric measurements can be
combined for faster and more reliable testing.

In these combined measurements, first the device is mounted on a temperature-
stabilized plate, as anyway requested in optical measurements of high-power LEDs
and then this plate is fixed to an integrating sphere equipped with detector, filters,
spectrometers, etc.

The device is heated by appropriate heating current. When steady state is reached,
emitted optical power, luminosity, color coordinates, etc. are provided by the optical
test system (Fig. 4.23).

The forward voltage of the device at the heating current is measured by the thermal
test equipment. The measured value is stored and used for power calculation. As
hinted in Fig. 4.7 “power” can have more interpretations:

¢ First of all, we can calculate the input electric power, P,y = Ir - Vi
* The radiometric measurement provides the emitted optical power, Py,
* The heat remaining in the structure Py = P, — P, is called heating power
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Fig. 4.24 Thermal transient measurement of an LED device in a combined arrangement

Pyt 1s also known as total radiant flux and is also denoted by ®..

Finishing the test, we switch down the heating current to a low measurement
current and capture the thermal transient (Fig. 4.24) in accordance with the continuous
cooling transient measurement technique discussed in Sect. 4.3.6.1.

Now all thermal descriptive functions, which are normalized by the power, will
have two different sets with different meaning. Even in the simplest steady-state
case, we can define

Rin—et = AT [ Py (4.15)

as electrical only thermal resistance for calculating the thermal stress on the actual
device at a certain electrical powering (not considering light emission), and

Rin—real = ATJ/PH = ATJ/(PeI - Popt) (4.16)

as real thermal resistance for characterizing package quality, structural details, not
influenced by the actual type (color, etc.) of the packaged LED device.

The JESD51-51 standard [6] prescribes measuring the real thermal resistance for
package characterization.
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Fig. 4.25 Realization of a combined thermal and radiometric/photometric LED measurement
station

Further analysis of Ry,.; and Ry, thermal characteristics will be provided in
Sect. 4.4.

Figure 4.25 shows a practical realization of a combined thermal and optical LED
measurements station. The device has to be mounted on the temperature-stabilized
cold plate only once. The system automatically measures all temperature- and current
level-dependent LED parameters, going through a user-defined set of temperatures
and currents. After an initial step needed for the optical measurements, the automated
measurement is carried out in three embedded loops. The complete measurement
sequence is as follows:

1. Dark offset measurement with DUT LED off
2. Self-absorption correction with DUT LED off and reference LED on

3. New temperature is programmed (this can be changed in the slowest way)
the system waits for temperature stabilization

4. New current is programmed,
the system waits for voltage and temperature stabilization

S/a. radiometric and photometric parameters are measured
by filters and/or a spectrometer

5/b. switch from programmed forward current down to the
measurement current: thermal parameters are measured
by the thermal transient tester

Next current is programmed

Next temperature is programmed
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Fig. 4.26 Temperature dependence of the forward voltage, LED at different bias currents

In step 1, the DUT LED is switched completely off: the dark-level offset mea-
surement of the photodetector (and/or spectrometer) takes place. In step 2, the
measurements needed for the self-absorption correction of the DUT LED are per-
formed using an auxiliary reference LED with known and stable parameters. (For
further details on this, refer to Sect. 5.2 of Chap. 5).

In a postprocessing step, after making the measurements for every (I, T') operat-
ing point the real heating power is calculated from the electrical power (/z-Vy) and
the measured radiant flux (P,,; = ®,).

With these data, the real thermal resistance can be gained from which the real
junction temperature is also calculated back: Ty = Tyof +Riprear - P, Where T is
the cold plate temperature and Py = I -Vp — P, denotes the actual heating power.

Plots of temperature- and current-dependent LED parameters are presented in
Figs. 6.15 and 6.26 of Chap. 6.

4.3.8 The K-Factor Calibration Process

The precise calibration process is of high importance because this step influences
the overall accuracy of the measurement. All other steps in thermal measurements
are practically voltage and current measurements for which we have instruments of
high precision and high time resolution. On the contrary, it is easy to perform a bad
calibration and undermine the validity of thermal data.
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4.3.8.1 The Temperature-Sensitive Parameter

The most often used parameter for temperature sensing is the forward voltage of a
diode-like structure. Temperature sensitivity can be deduced from basic semicon-
ductor theory. We present the case of diodes, which behave nearly ideally in a wide
range of temperature and current, but the results are much the same for other device
types, too. The forward current (/7 )—forward voltage (V) characteristics of an ideal
diode follows the Shockley model of pn-junctions®

Ir = Ip[exp (Vp/mVr) — 1] 4.17)

Introducing the Rg internal electrical series resistance (and neglecting the very
small—I/, term), we get

I
Vi =mVy lnI—F~|—IpRS (4.18)
0

The Vy and I parameters are temperature-dependent

Vi = %T, Iy~n; ~T? exp( kx;/g) (4.19)
where n; is the intrinsic concentration of moving electrons in the pure semiconductor,
showing the above dependence on the T absolute temperature of the semiconductor
material.

m is a device-specific constant called ideality factor. m is 1 in the normal operation
mode of an ideal diode.

At very small currents, m = 2 because of recombination/generation effects in the
depleted junction region. Theoretically, at very high currents m =2, again because of
ambipolar diffusion of carriers of both type. These regions generally overlap thus giv-
ing an m factor valid for a wide current range. The m factor can be calculated by more
methods, the simplest is choosing two appropriate points from the characteristics:

VFz—Vpl :mVTlnﬂ, m:Llnﬂ (420)
I Vo = Vel Ip
In practical cases, Eq. (4.17) is suitable for the description of the diode behavior
for a wide range of the forward current with an appropriate selection of the ideality
factor m.

The temperature dependence of the forward voltage (temperature sensitivity) can

be calculated from the above equations. An often-used form is

Weg
dVy (VF —3mVr — 7)

Svr = = 4.21
vE= T 4.21)

8 See also Chap. 2 on the physical basics of LEDs.
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Table 4.1 Major properties of some semiconductor materials

Properties Si Ge GaAs
Atoms/cm? 5.0 x 102 4.42 x 102 4.42 % 10?
Density [g/cm?] 2.32 5.32 5.32
Bandgap energy 1.12 0.66 1.424
at 300 K [eV]
Intrinsic carrier 1.45 x 10" 2.4 x 1013 1.79 x 10°
concentration [cm ™3]
Lattice constant [nm] 0.543 0.564 0.565
Minority carrier 2.5 x 1073 ~1073 ~1078
lifetime [s]
Optical phonon 0.063 0.037 0.035
energy [eV]
Specific heat [kJ kg T'K~!] 0.7 0.31 0.35
Thermal conductivity at 150 60 46
300 K [Wm~!'K™!]
Table 4.2 Bandgap energy Color Wavelength [nm] Bandgap energy [eV]
of some color LEDs
Deep red 700 1.77
Red 660 1.88
Orange 623 1.99
Amber 594 2.09
Green 523 2.37
Cyan (verde green) 501 2.47
Deep blue 470 2.64
Violet 410 3.02

where W, is the bandgap of the semiconductor. Important material parameters
(including bandgap energy) for some semiconductors used in electronics are listed in
Table 4.1. Table 4.2 lists bandgap energies of LEDs emitting light in different spec-
tral ranges. The tables show values at room temperature (300 K), at actual operating
temperature they can be significantly different.

Figure 4.26 shows the V forward voltage of an LED at different bias current (0.1,
1, and 5 mA). The marks in the plot in the temperature range from 10 to 90 °C show
measured Vy values of the actual diode. Using the measured values at 1 mA bias,
we calculated the I, m and Ry values and produced analytic curves (solid lines) for
other bias than 1 mA and an extrapolated temperature range (— 80 to 250 °C).

The curves, corresponding to the analytic equations above, are obviously
nonlinear, but show only very small nonlinearity over a broad temperature range.

Previously, we used a symbolic form for the same temperature dependence of the
temperature-sensitive parameter in Eq. (4.8)

Ve(Ty, Iy) = VeoIy) + Svr - (Ty — Tyo) (4.22)

Thermostats produce highly repeatable boundary conditions at various tempera-
ture levels. So they can be used for temperature—voltage calibration, which means
recording Vi forward voltage (or other parameter) values at different component
temperatures.
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Fig. 4.27 Calibration of a component mounted on single and dual cold plate

We have to make a difference between absolute and relative calibration. The
former means mapping the Vy(7, I) function, the latter deriving the Sy sensitivity
parameter only.

Absolute calibration has theoretical limitations. For operating our component, we
need some P power applied on it. Supposing all paths in the heat conduction path
arrive at the same temperature-controlled surface named X, we experience a

Ty=P-Rypx +Tx (4.23)

junction temperature. Even with the P power kept low, the junction temperature will
differ from the controlled temperature.

Relative calibration has practical limitations only. As we saw in Sect. 4.3.5 for
the differential measurement principle, we only need the Sy sensitivity value (or its
reciprocal, the K-factor).

4.3.8.2 Calibration on a Cold Plate

Components having a large cooling surface (case, tab) where most heat flows through
can be measured and calibrated when mounted on a cold plate (Fig. 4.27). This is
actually an easy process:

* Set the cold plate temperature to several values.
* Record the corresponding Vy forward voltage.

Despite its simplicity, we have to be aware of some important issues for doing the
calibration correctly:

e As the Sy sensitivity introduced in Eq. (4.8) depends on the operating point;
always apply the voltage and/or current on the component to be calibrated, which
corresponds exactly to the transient measurement circumstances.
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* For cooling measurements, this should be the lower, for heating the higher
powering of the two levels used in the differential method.

* For diode-type components, this practically means applying the sensor current
only if cooling (or pulsed method) is the selected transient type. The same is true
for other devices in current jump mode.

e If the power sinking capability of (liquid circulator-driven) cold plates is high,
even the calibration at high power needed for heating can be carried out easily.

Figure 4.27 shows the simplified model of a surface mounted device (SMD) com-
ponent mounted on a single and on a dual cold plate. The figure reveals that some
surfaces of the package are terminated by the ambient (room temperature) rather than
by the temperature-controlled plate. The junction temperature is “downscaled” by
the appropriate thermal resistances in the thermal circuit; it does not follow exactly
the setpoint of the plate.

Figure 4.28 shows the consequences. The dashed line labeled as “absolute” shows
the Ryyx =0 case (“chip not packaged, just attached to the cold plate”). The solid
SC curve corresponds to the forward voltage of the packaged component on a single
cold plate, while the solid DC curve corresponds to the dual cold plate case. The
temperature axis is scaled in the measured cold plate temperature. Vr is negative
(calibration of an anode grounded device).

If the cold plate is set to room temperature (25 °C in the figure), then the SC
and DC curves coincide. The junction-to-ambient thermal resistance can be derived
from the plot, using the 7y = P - Rya + T4 equation. At all other temperatures, the
junction is between the ambient and the cold plate temperature and we underestimate
the actual Syr sensitivity.

Figure 4.27 also hints that if a large portion of the heat leaves through the pins
(package with small tab and many pins), a good thermal contact is also needed
between the wires feeding the package through the pins and the cold plate.
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Fig. 4.29 Example on the 20.09 25.10 30.07 35.09 40.09
dynamic calibration error -0.63 0 * ! i '
T[°C]
DCAJSE
-0.64 7
:I/.//"
-0.65 /
#fast
-0.66
-0.67 L - u/
V. [V]

The calibration process can be manual or automatic, using calibration software.
In both cases, the following steps have to be carried out:

* Select four or five temperature setpoints, spanning the whole temperature range
of the future measurement.

* Apply the appropriate power on the device.

¢ Program the lowest temperature value and wait for #; time until the cold plate
temperature stabilizes.

¢ Check the component voltage, wait for #, time until the voltage stabilizes.

The ¢, and #, waiting times are needed because the “thermal resistance” elements
shown in Fig. 4.27 are complex impedances and their capacitive part expresses heat
storage in different material sections (see Sect. 4.4.4). If 1, is too short, we face the
problem shown in Fig. 4.29. The component voltage (dynamic curve labeled “fast”
in the figure) follows the cold plate with some delay, at the lowest temperature point,
we also see the previous cooling from room temperature.

Even waiting for long # times, we cannot completely get rid of the dynamic
effect. On the other hand, even with long ¢, times, we experience small changes in
the cold plate temperature also due to the control loop of the liquid circulator. The
best practice to minimize these effects is:

* Record the actual temperature of the cold plate after a ¢, stabilization time instead
of the programed setpoint temperature (as in Fig. 4.29).

* Onmit the first voltage reading at lowest temperature.

e Try to read all voltage values at equidistant ¢#; + f, times (in such a way the
dynamic curve runs parallel to the SC or DC curve).

Example 1—K-factor calibration
A flat SMID package with exposed cooling surface (tab, heat slug) is calibrated in a
single-side cold plate setup.
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Suppose that in the model of Fig. 4.27 the junction-to-top resistance is ap-
proximately 10 K/W and the still air cooling on the top surface corresponds to
approximately 20 K/W.

The parallel path composed by the junction-to-case and junction-to-pin resistance
is 2 K/W, the spreading in the cold plate is below 0.1 K/W. The wires towards the
pins are in good thermal contact with the cold plate. The junction-to-side path is
approximately 200 K/W.

Without detailed calculations, we can see that nearly 10 % of the heat leaves
towards the ambient, we underestimate the sensitivity by almost 10 % in this setup.

In the dual cold plate setup, we have some heat loss towards the sides only.
However, as there is a thin air gap between the two temperature-stabilized metal
plates, the air is practically of the same temperature as the cold plate. The side
resistance is connected to the cold plate temperature rather than to room temperature.

4.3.8.3 Calibration in a Closed Chamber or Bath

In case all branches of the heat conduction path end at the same temperature, many
problems of the previous section are automatically solved. This is the case when
using a closed chamber with thermoelectric heating and cooling, or a liquid bath
(Fig. 4.30).

Otherwise, the way of programming temperatures and reading voltages is much
the same as in case of cold plate calibrations.

The #, and #, equalization periods are not fixed values. Instead, we should accept
the state as thermal equilibrium if the changes of the chamber temperature remain
below a given limit in a given time window, and after reaching this, also the measured
voltage does not change more than a predefined limit for a similar time window.
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For cold plates and chambers, the actual liquid or plate temperature can be different
from that of the sensor used for controlling the system. Inreal life, 3—5 % repeatability
can be expected for TSP calibration.

As mentioned before; all other steps in thermal tests need some sort of voltage
and current measurement instruments, which are of high accuracy and stability.
Recalibration of these is also only very rarely needed. Calibration thermostats need
regular recalibration using stable reference devices.

4.3.9 Electrical Noise Calculation

The electrical noise in thermal measurements has two distinct sources: internal noise
(shot noise in case of diodes) and external noise from the sensor current source.

For the latter, the noise calculation is very simple. From Eq. (4.17), the differential
resistance of the diode is simply inversely proportional to the measurement current,
rq = Vr/ly. As a consequence, the more shunted the external noise is, the higher is
the measurement current.

The internal shot noise comes from the thermal equations, at a certain Af
bandwidth of the measurement it is:

i = AT Af/rq = /A4kT - (qIy/kT) - Af = /AqIuAf (4.24)

where k is Boltzmann’s constant in J/K, T is the absolute temperature in K, and ry is
the dynamic resistance. The Af is the bandwidth of the measurement, ¢ is the charge
of the electron, and I, is the steady current (measurement) through the diode.

However, testers measure the device voltage, along with the noise voltage. As
u=i-ry, the noise voltage shows square root decrease with higher measurement
current.

Electrical noise calculation plays an important role in tester construction, but also
has importance for a broader audience when selecting the measurement current for
thermal transient measurements.

In practical cases, we select the lowest measurement current with already accept-
able noise. For a broad category of silicon devices, 1 mA and for LEDs 10 mA is an
acceptable value.

4.4 Evaluation of the Thermal Transients: Theory and Practice

The world of thermal transient measurements could be explored in a fully theoretical
way. Now, we rather select some practical examples to show the highlights of the
evaluation of thermal measurements characterizing power LEDs.

Example 2—Thermal impedance of a high-performance 1 W white LED
An Osram Dragon LED was selected for measurement. For characterizing the
package, we selected a set of measurements at two different boundaries.
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cold plate cold plate

Fig. 4.31 Sketch of the two boundaries: with TIM layer (“wet” condition) and without TIM layer
(“dry” condition)

Table 4.3 Measurement settings and powering data of LED of Example 2

Programed parameters Measured parameters Calculated parameters

Iy =0.700 A Vu =333V P, =230W

Iy =0.010A Vri =2.68V P =0.03W

tmwax = 20.0 s teorr = 20 s P,=P,— P =227TW
Tcoldp/ate =25°C Popl =0.55W Ne = opt/Pel =0.24
Sampling rate: 200/octave Py =175W

The difference in boundaries was realized by different thermal interface at the
exposed cooling surface of the package as suggested in the JEDEC JESD 51-14
standard [13].

The measurement was carried out in an integrating sphere, in a combined thermal
and radiometric/photometric arrangement (Fig. 4.25). During the measurement, ef-
fective cooling was assured by the cold plate mounted on the side of the sphere. The
two boundary conditions were realized as (Fig. 4.31.):

* Mounting the LED on the dry plate surface (which always implies a thin insulating
air gap between the faces); and then
¢ Mounting the same LED on the plate wetted by thermal grease.

For calibrating the temperature-sensitive parameter, we put the device in a closed
thermostated chamber and recorded the forward voltage at different temperatures
with Iy =10 mA applied (Fig. 4.31).

The measured temperature sensitivity of the forward voltage was approximately
Syr = —1.21 mV/°C.

Then, we placed the LED on the cold plate of the integrating sphere and connected
the device to the appropriate connectors of the thermal transient tester.

A few trial measurements were carried out to find the measurement time needed
to reach steady state and the proper sampling rate of the tester. The power level
was chosen to achieve several degrees Celsius of temperature change. The selected
parameters are listed in the first column of Table 4.3.

Cooling measurements were carried out. The power was applied on the diode by
switching on a higher I, current, as an addition to the /), measurement current,
which had been already used in the calibration step. The LED was left to reach its
hot thermal steady state powered by the Iy = 4. + Iy heating current.
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Fig. 4.32 Calibration curve of a power LED at 10 mA
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Fig. 4.33 Raw cooling transient: 1 ps to 20s with initial correction

At the start of the cooling, the current was switched from Iy to ), only. Before
switching off, Vg =3.33 V was measured on the hot diode at 700 mA bias. Imme-
diately after switching off, the forward voltage dropped to 2.68 V at 10 mA bias. So
the electric power step was P,;=(3.33 - 0.7)W — (2.68 - 0.01)W =2.27 W.

The radiometric measurement yielded P,,, = 0.55 W emitted optical power result-
ing in a radiant efficiency of , = P,,/P,; =0.24 and Py =1.75 W heating power.

Figures 4.32 and 4.33 show the recorded transient as change of voltage and
temperature.
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Fig. 4.34 Excerpt of the raw cooling transient, 100 ps to-1 ms

In the 1 to 20 ps interval, we see the electric transient of the diode as the voltage
sinks from 3.33 towards 2.68 V. (Reference directions of the picture have been se-
lected in a way that moving up in the plot represents diminishing voltage—so cooling
is shown in the usual way).

The electric transient of the device finishes at 20 s, after this point, we see the
temperature-induced voltage change, the real thermal transient.

The excerpt in Fig. 4.33 demonstrates that for subsequent postprocessing a
good-quality transient record is needed. The precise sampling at as high as 200
samples/octave rate produces many thousand points. (An octave is a 1:2 time span,
such as 100 to 200 s, etc.). Moving average over the samples serves good noise
suppression.

4.4.1 Temperature Change Plots

Figure 4.34 presents the relative temperature change of our Dragon LED at the two
selected boundary conditions. Here, and in all subsequent plots, GD_air denotes
the curve belonging to a dry condition with the inherent air gap when no thermal
interface material (TIM) is applied and GD_grease denotes the curve belonging to a
wet condition with applied grease on the package cooling surface.

A cooling (or heating) plot already yields a lot of useful information. Usually,
the time axis is logarithmic, this helps analyze the thermal behavior of the packaged
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device, we see the early time details that characterize the chip, package, and pin
region and later we can identify the cooling mount.

However, this information is very specific, it describes the component behavior
on cold plate, at P,; =2.27 W power step only. We want to find descriptive functions
that predict component behavior at different boundary conditions, different power
waveform and magnitude, etc.

Fitting the cooling curves at their hottest point in Fig. 4.34, we find that the cooling
is not influenced by the actual boundary condition until 20 ms and all curves coincide
perfectly. This can be easily explained stating that until 20 ms the thermal changes
occur inside the package; we still did not reach the outer thermal interface.

A beautiful world of powerful description tools can be entered assuming that the
behavior of our thermal systems is linear. Luckily, the material parameters of the
components show only a small dependence on temperature. However, e.g. LEDs’
radiant efficiency shows a stronger change.

In silicon devices, linearity assumption is typically valid over a 50 °C temperature
rise. A study on handling nonlinearity is presented in [17]. As shown in Fig. 6.32 of
Chap. 6, assuming temperature-independent material properties for LEDs in a tem-
perature range of 60 °C is also valid for power LEDs. Similar experimental evidence
for LEDs can be found in the technical literature too (see, e.g., Fig. 11 of [18]).

4.4.2 Z Curves

The first evident step of generalizing our temperature measurement result can be
done by normalizing it by the applied power. This normalized temperature transient
is the Z,, curve also known as thermal impedance curve.’

In the world of silicon (single-energy transport) devices, all input electric energy
is converted into heating power: APy = AP, thus: Z,,(t) = AT;(t)/AP,;.

The power step can be negative (cooling) resulting in a negative change of the
junction temperature as well or the power step and the junction temperature change
can be positive (heating); in both cases, the thermal impedance curve will be a
monotonically increasing function, therefore we usually consider the direction of
the heating as positive in Z;;, curves.

The curves shown in Figs. 4.36 and 4.37 come from dividing the measured cooling
curves (Fig. 4.35) by P,y = —2.27W.

In silicon devices, the approximate junction temperature transient for any power
step can be easily gained from the Z;, curve, simply multiplying each time point by
the actual power.

This process has a small error as linearity is not perfect. At higher temperature, the
cooling is generally better, turbulent convection is more effective, radiation grows
quickly. If we apply on our system an actual power, which is higher than the one used

9 In electronics, the impedance is interpreted in the frequency domain, not in the time domain as a
step-response function. In Sect. 6.1.4.1 of Chap. 6, the thermal resistance concept is generalized to
thermal impedances.
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Fig. 4.36 Z,;, curve (without correction of emitted optical power), LED component on cold plate,

dry surface. Two possible exponential components shown

during the Z,; measurement, the actual temperature elevation will be lower than the

calculated. In such a way, the error is made on the safe side.

From the beginning, the Z;, curve was used for analyzing device structure. As we
can see in Fig. 4.36 the Z,;, curve is “bumpy,” we see the heating of structural elements
(chip, submount, heat spreader) superposed. The height and position of a bump can
be used to check the structural health of the device or for identifying failures.
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Fig. 4.37 Z, curves with and without correction for the emitted optical power, LED measured
twice with different case-to-cold plate thermal interfaces

In Fig. 4.37, we compare more Z,, curves constructed from the cooling curves
of Fig. 4.35. Dividing the cooling curves by P,;, we get the GD_air and GD_grease
“electrical only” Z,;,..; curves of Fig. 4.37.

Using Py = P, — P,p, we get the GD_air_oc and GD_grease_oc “real” Z . eal
curves, where the postfix _oc stands for “optical power corrected”.

Putting the question which one is the “good” Z,;, curve, the answer is that all of
them are correct but they have different information content and may serve different
applications.

Repeating the Z; measurements at different power level or ambient tempera-
ture, we will see that the real Zy, ., curves fit nearly perfectly; they reflect only
the possible temperature dependence of material parameters and the cooling mount
characteristics.

As exposed many times in this book, the n, = P,/ P,; radiant efficiency depends
on the LED’s forward current and junction temperature. In the range of interest, the
efficiency is higher at lower currents and lower temperatures.

According to the above, Z,..; is valid only for one current and one specific ambient
temperature. Therefore, publishing it in product data sheets is correct only along with
these conditions:

Both curve types can be relevant in proper context. In the data sheet of an LED
module or luminaire where practically one optimal driving current is specified, and
all other use is limited to dimming at smaller current; Z,;, .; gives answer to questions
like “after switching on or off the unit what will be the junction temperature at a
certain point in time.”

However, in an R&D project where LED packages or LED light output properties
have to be compared, Z;;,_,.,; can be used for adequate comparison. Also, this is the
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thermal metric to be used in thermal simulation—allowing modeling of application
scenarios with any electrical and thermal conditions.!® As presented later in this
section, postprocessing Z;, ..,; can reveal structural details and can identify failure
locations in a correct way.

Looking at the GD_air and GD_grease “electrical only” Z,;, .; curves in Fig. 4.36,
we can observe in the plot that until the point we proceed in the internal structures of
the heat conduction path a bit more than 6.3 K/W (reached at 20 ms), the Z,;, curves
coincide. Leaving the cooling slug, we step into the thermal interface region. The
measured curves show 15 K/W total change with the LED on dry surface and 8.2
K/W on the surface with thermal grease applied.

This way, we identified the “electrical only” junction-to-case thermal resistance
as R[hJC_El =6.3 K/W.

The “effective” junction-to-ambient thermal resistance is 8.2 and 15 K/W for the
two boundaries, interpreting “ambient” as the end of the cold plate-liquid-based
thermostat system.

The corresponding “real” quantities are 8.3, 11, and 20 K/W, respectively. These
bigger numbers for the real impedance or resistance values underline the importance
of proper standardization. The requirement of reporting these values on product data
sheet does not leave any room for possible misleading of inexperienced end-users.

Figure 4.36 already proves that a drastic change in the structure provokes a visible
change in the transient thermal behavior, but quantitative statements are limited on
one specific point only. The Z, curves can be used as starting point for more “views”
of the same measurement, which provide much clearer picture of the device and its
environment. The most refined way for structure identification will be presented in
Sect. 4.4.4.

A basic statement of linear system theory is that knowing the system response to
a short pulse (Dirac-§ pulse) or to unit step (Fig. 4.36 or 4.37) we know all possible
transient responses. The transient change caused by any excitation of any waveform
can be easily calculated using the so-called convolution integrals [20].

A closely related problem is studying system response on periodic excitations at
different frequencies. The result is that time domain transients can be converted to
frequency domain response using the Fourier transformation.

Descriptive functions of such nature are now common in data sheets regarding
electric parameters, and are more and more important for the thermal parameters.

4.4.3 Thermal Time Constants

A further way of representing the thermal system is highlighted in Fig. 4.36. The Z,;,
curves are of “bumpy” nature. This is natural, at heating we can observe how we first
heat up the chip, then internal package elements, followed by the package body, the
board, etc.

10 See Sect. 6.5.2.2 of Chap. 6 for an overview of LED multidomain modeling.
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Such a curve can always be interpreted as a sum of exponential compo-
nents. This exponential composition automatically yields a simple one-dimensional
dynamic compact model, a series or chain of parallel connected thermal resistance—
capacitance pairs.

In the simplest case, our system can be represented by a single thermal resistance
expressing heat conduction and a parallel thermal capacitance expressing energy
storage (Fig. 4.38).

Applying a step-wise power change to this equivalent network, the temperature
quickly grows until =Ry, - Cy, time, then gradually stabilizes at the T = Py - Ry,
value following the T(¢)= Py - Ry, - (1—e™*/) time function (Fig. 4.39). (In the
analogous electric network, power is replaced by current, temperature by voltage.)
If 1 W power is applied, we get the Z,;(¢) curve.

Composing now a Zy, curve like the one in Fig. 4.36, we have to sum up such
exponential heating curves:

T()=Y Py Ryi-(1—e™) (4.25)

i=1



4 Thermal Testing of LEDs 117

th 1 th2 CHrn
I | | i
2 R{.M
APH 4 - | erhrr
f Rmf Rmz Rthn U I 1

L] T2 T,

Zrh(r) e ZRHH ’(1 = e_f”‘) e er' . Cr.fu'

i=l
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Fig. 4.41 a FOSTER type and b CAUER type representations of a driving point!? thermal impedance.
(Source: [13] © JEDEC, reproduced with permission)

The addition of temperatures corresponds to model network composed as a chain
of parallel RC stages as shown in Fig. 4.40: the same power (“current”) flows
along the chain, and the total temperature (“voltage”) is calculated as the sum of
the components. At 1 W power, we get the Z;,(¢) curve again.

We could quantitatively describe the chain model with a large table of R; and
C;pairs. For the visual representation, it is practical to give the Ry,; and 7y = Ry - Cypi
values instead (see on the right in Fig. 4.40), because Ry,;-s give direct information
on the magnitude of the given component, and t;-s on the place of the “bump” along
the time axis.

The network model shown in Fig. 4.40 is called the FOSTER model of the
impedance. As this model perfectly describes the time response of the thermal
impedance, it can be considered as a black box model of the thermal impedance.

It would be misleading to associate these thermal resistances and capacitances to
the different physical regions of a heat conduction path structure. The FOSTER model
is unsuitable for this since it contains node-to-node thermal capacitances representing
no physical reality. An equivalent model exists as well for the RC one-ports: the
so-called CAUER network. This model is a ladder network, shown in Fig. 4.41b.
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This model is excellently matched to the idea of associate the circuit elements with
physical regions. This behavior will be the base of the heat flow path identification
by means of structure functions as will be shown later.

4.4.4 Structure Functions

In the late 1990s, the way of interpreting thermal measurement results radically
changed. A plausible modification of the time constant representation caused a real
revolution that enabled direct investigation of the physical structures, reverse engi-
neering, failure analysis (FA)—instead of just viewing the thermal changes as time
behavior of a “black box” system. This change was due to the introduction of the so-
called structure functions, introduced in thermal testing of packaged semiconductor
devices by Székely [21].

We concluded the previous section by stating that CAUER equivalent models of the
thermal impedances can be generated from the time constant spectra. The practical
problem with such a network model is that 150..200 individual thermal resistance and
thermal capacitance values cannot be interpreted. Therefore, after the introduction
of further two simple definitions, we can represent the CAUER equivalent model
graphically. Thus, the cumulative thermal resistance is defined as

Rz =) Rui (4.26)

and the cumulative thermal capacitance as'!

Cis =Y _Cu 4.27)

In other words: starting from the driving point (the junction), we cumulate (sum)
the partial thermal resistance and thermal capacitance values for all subsequent heat
flow path sections. If we interpret the cumulative thermal capacitance as function
of the cumulative thermal resistance, we obtain the so-called cumulative structure
function, often abbreviated as CSF

CSF = Gz (Ryx) (4.28)

This formal definition is illustrated in Fig. 4.42. The origin of the function corre-
sponds to the junction. As all thermal capacitance values are positive, the cumulative

1 The concept of cumulative resistance and cumulative capacitance and the concept of the Cx(Ryx)
function were first introduced by Protonotarios and Wing in their fundamental papers about the
theory of nonuniform (electrical) RC lines. In the first part, Protonotarios, E. N. [22] they used this
function for simplifying the telegraphists’ equations when used in the synthesis of nonuniform RC
lines.
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Fig. 4.42 Cumulative structure function: the graphic representation of the thermal RC equivalent
of the system

structure function should be a strictly monotonically increasing function. The heat
conduction path ends in the ambient, which is characterized by infinite heat sinking
capacity, therefore the cumulative thermal capacitance must tend to infinity. This
means that the cumulative structure function should end with a singularity (at the
location corresponding to the ambient). As a further consequence, the distance of
the singularity and the origin is equal to R,;4—the junction-to-ambient thermal
resistance.

A simple physical model helps understand the meaning of the cumulative struc-
ture function. If we have a heat flow through a small portion of material, we shall
experience two effects. As shown in Fig. 4.43, there will be a temperature drop be-
tween two (isothermal) surfaces of the material (assuming an adiabatic condition at
the other four faces of the cuboid).

If the material has /4 thermal conductivity and P power flows through the a and
b surfaces, they will have T, and T} temperatures, measured from the ambient. We
can say that if the slice has a small dx length and a surface with A cross-sectional
area then the temperature drop between the two sides can be expressed as

T,—1,=p (L% (4.29)
S A} '
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where the expression in the bracket on the right-hand side is the Ry, thermal resistance
between the a and b points corresponding to the two surfaces:

1dx
=-— 4.30
Ry, ( A ) (4.30)
On the other hand, the same material slice can store thermal energy (see Fig. 4.44).

If we have a heat flow into the material, then in a short df =, — ¢; time interval the
energy change is

dQ = Pdt = Gyp(T, — Th) (4.31)

if Ty =T(#)) is the temperature of the material at #; time and T, = T(,) is the tem-
perature of the material at #, time. We can represent the slice by a single point now

12 Driving point means that heating and measuring the temperature response takes place at the same
physical location. See also Sect. 6.1.4.2 of Chap. 6.
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Fig. 4.45 A section of the A
heat conduction path

dx\’\

for simplest approach. As T} and 7, temperatures are again measured from the am-
bient, Eq. (4.31) defines a Cy, thermal capacitance between a point representing the
material portion and the ambient. The value of this Cy, thermal capacitance can also
be expressed trough material parameters

Ch=cm=c-p-dx-Aor G, =cy-V =cy-dx-A 4.32)

where c denotes specific heat, m denotes mass, p is the density, ¢y denotes volumetric
(specific) heat capacitance, and V denotes volume.

The cumulative structure function is an excellent graphic tool to analyze the
physical structure.

In low-gradient sections, a small amount of material having low capacitance
causes large change in thermal resistance. These regions have low thermal conduc-
tivity or small cross-sectional area. Steep sections correspond to material regions of
high thermal conductivity or large cross-sectional area. Sudden breaks of the slope
belong to material or geometry changes.

In such a way, thermal resistance and capacitance values, geometrical dimen-
sions, heat transfer coefficients, and material parameters can be directly read from
cumulative structure functions.

In a realistic environment, the heat flow can have various shapes—longitudinal
along a beam, radial in a board, conical in a heat sink holding a smaller package.
In most cases, we can make a “proper” slicing of the material, on the isothermal
surfaces, perpendicular to the direction of the flow. These slices must be narrow, but
not always of very small cross-sectional area (Fig. 4.45) and the surfaces are usually
not planes.

It is sometimes easier to identify the interface between the sections using the
derivative of the cumulative curve: the differential structure function. Here, peaks
correspond to regions of high thermal conductivity like the chip or a heat sink and
valleys show regions of low thermal conductivity like die attach or air. Interface
surfaces are represented as inflexion points between peaks and valleys.
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Fig. 4.46 The RC model of a narrow slice of the heat conduction path with perfect one-dimensional
heat flow and the CAUER-type network model of the thermal impedance of the entire heat flow path

From Eq. (4.31) and Eq. (4.32), we can say:

dCyx
dRys

~1
DSF = =cv~dx~A-<——) =cy-A-A? (4.33)
This is called differential structure function (frequently abbreviated as DSF’), which
also yields information on the cross-sectional area along the heat conduction path.

As summary, let us consider a homogeneous rod with thermal boundary conditions
as indicated in Fig. 4.46. This rod can be considered as series of infinitesimally small
material sections as discussed above. Consequently, the network model of its thermal
impedance would also be a series connection of the single RC stages as shown in
Fig. 4.46. Thus, with this slicing along the heat conduction path, we create a ladder
of lateral thermal resistances between two thermal nodes and thermal capacitances
between a node and the ambient.

Since we assumed homogeneity, the ratio of the elementary thermal capacitances
and thermal resistances in the network model shown in Fig. 4.46 would be constant.
This means that the cumulative structure function of the rod would be a straight line—
its slope is determined by the Cy,/Ry;, ratio of the network model and its differential
structure function would be a constant pn-junction C,/ Ry, ratio of the element values,
as shown in Fig. 4.47.
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Fig. 4.47 The cumulative and differential structure functions of a homogeneous rod

With this rod example, we can demonstrate that the features of the structure func-
tions are in a one-to-one correspondence with the properties of the heat conduction
path.

Let us assume that in a given section in the middle of the rod the Cy,/Ry;, ratio is
doubled. This results in a steeper middle section in the cumulative structure function
(with the slope doubled) and in a peak in the differential structure function (which
is twice as high as the constant value of the other sections). This is illustrated in
Fig. 4.48.

Example 3—optical correction and TIM quality in structure functions
In Fig. 4.49 and Fig. 4.50, we converted our previous Z, curves (presented in
Fig. 4.37) into structure functions.

Figure 4.49 presents the cumulative structure functions at two boundaries when
the normalizing factor in the calculation was the P,; electric power and the emitted
optical power was not taken into consideration. The technique used for producing
the curves emphasizes small differences; we can see the divergence of the curves
much clearer than in Fig. 4.37.

The curves are steep around the divergence, we can read an Ry,jc.; = 6.3 KIW
junction-to-case thermal resistance unambiguously. However, if the boundary change
is applied on a larger surface in the structure then the divergence is less pronounced.
For correct interpretation of the measured data, it is indispensable to specify the ¢
threshold value at which we consider the structure functions belonging to different
boundaries to be separate.
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Fig. 4.48 Structure functions indicate the changes in the Cy,/Ry, ratio along the heat conduction
path

In case we start our calculation from the Zj, ., thermal impedances with the
emitted optical power considered, we get those structure functions that are scaled
in the real physical thermal resistances and capacitances (Fig. 4.50, curves with
postfix _oc).

In this plot, we can read partial resistances and capacitances easily. We can clearly
see the “sandwich-like structure” of the LED, again we can read the junction-to-
case thermal resistance as Ry, c..a = 8.3 K/W. The curves diverge fast; the value
does not change much if we vary the ¢ difference threshold. More reference on the
standard-compliant definition of the junction-to-case thermal resistance is provided
in Sect. 4.5.2.

The steep section until 8.3 K/W can be identified as the cooling slug of the LED;
we can measure 18 mJ/K thermal capacitance form the start until the end of it which
can be also expressed as Smm? copper calculated from Eq. (4.32).

Figure 4.51 shows the differential structure functions of the same LED measure-
ment examples.

Example 4—locating structural elements in an LED package
In Fig. 4.52, we see the optically corrected cumulative structure function of a power
LED, mounted on cold plate.
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Fig. 4.53 Distributed, infinite (thermal) RC systems can be represented by the Rt (7) time constant
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We can identify the sandwich-like structure corresponding to the chip, submount,
and the heat slug. The flat sections represent different thermal interface layers (TIMa,
TIMb, TIMc).

In case we know the material composition, we can measure the volume of an
element through the thermal capacitance difference in the structure function. In case
we know the exact geometry of an element, we can measure thermal conductivity
and specific heat. For details of such analysis, consult, e.g., [15, 16].

4.4.5 Theoretical Background of Thermal Time Constant Spectra,
the NID Method and the Structure Functions

Real thermal systems are infinite, distributed thermal systems, therefore real thermal
impedances can be represented not by a set of discrete thermal time constants, but
with a continuous spectrum of possible time constants. This representation is called
thermal time constant spectrum. The Z;,(¢) function can be expressed in a similar
way as presented in Fig. 4.40, but the sum of the exponential terms is replaced by an
integral over the entire range of the possible thermal time constants

o0

Zy(t) = / R.(7)- (1 —e"/")dr (4.34)
0

Thus, the discrete Ry;,; magnitude values are replaced by the R, () thermal time
constant spectrum, see Fig. 4.53.

Using logarithmic time scale has advantages. A practical reason is that data acqui-
sition with logarithmically equidistant time intervals greatly reduces the need for data
storage. Using logarithmic time in graphical display of junction temperature tran-
sients allows visualizing all the details over the entire time constant range: changes
corresponding to the chip + submount, heat slug, MCPCB, etc. will be visible. From
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data processing point of view, applying logarithmic time scale the relationships be-
tween different representations of thermal impedances can be formulated by means
of convolution integrals [20, 23].

Thus, by introducing the z = In(¢) logarithmic time and the ¢ = In(t) logarithmic
time constant Eq. (4.34) will look as follows:

oo

Zin(1) = / Ry (¢) - [1 —exp(—t/exp(£))]dg (4.35)

—00

where the R, (¢) logarithmic time constant spectrum is defined as

R (¢) = R.(exp(£)) - exp () (4.36)

In the following, we shall always refer to R(¢) as the time constant spectrum.
Simplifying our notation by a(z) = Z,(t = exp(z)), we can further write

o]

d
d—za(Z) = / Ry ()lexp(z — & —exp(z—{))]d¢ (4.37)

—00

Further introducing the notation

w,(2) = exp [z — exp ()] (4.38)
we can write
d o0
a0 = / Re() - wilz — )¢ (4.39)

One can easily realize that Eq. (4.39) is a convolution integral

d

d—Za(Z) = R;(2) ® w,(2) (4.40)
where the ® symbol denotes the convolution operation. From this, we can deduce a
method of obtaining the R, (¢) time constant spectrum, as a(z) is the measured Z,,
thermal impedance on logarithmic time scale, and w,(z) is a fixed function:

R.(2) = [diza(z)} R 'w.(2) (4.41)

where ® ~ ' denotes deconvolution, the inverse operation of convolution.
Implementation of this calculation is not straightforward. Deconvolution can be
performed in time domain, e.g., by Bayesian iteration or in the frequency domain by
division, also known as Fourier-domain inverse filtering. For details of the frequency
domain implementation, see, e.g., Annex B of the JESD51-14 standard [13] or refer
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Fig. 4.54 Discretization of the R;(¢) time constant spectrum and constructing a FOSTER model of
the measured thermal impedance from this. (Source: [13] © JEDEC, reproduced with permission)

to an original paper of Székely et al. [24]. There is another practical aspect of
Eq. (4.41): as both the derivation and the deconvolution operations enhance noise,
if time constant spectra are to be generated from measured thermal transient curves,
these Z;, curves must be extremely noise free. Using noisy signals, the obtained
time constant spectra would include false values causing misleading artifacts in the
results of further postprocessing steps.

Based on this discussion, another, more formal definition of the time constant
spectrum can be given as follows [20]:

R;(£)Ag is the magnitude of the components in the thermal impedance (unit-step
response) that belong to the time constant range of [exp(¢), exp(¢ + AZ)].

This formal definition implies a method for discretizing the time constant spectrum
and creating a network model of the thermal impedance (Fig. 4.54). Thus, according
to this definition the thermal resistance value belonging to the time constant range
[t1, T2] can be expressed as

Inty
Rz, 1) = / Re(0)de 4.42)
Int

and the total steady-state thermal resistance of the measured structure can be
calculated as

[e¢]

Rip(1) = f R;(¢)d¢ (4.43)

—0Q

The procedure was first applied for the characterization of heat flow path struc-
tures of packaged semiconductor devices by Székely [21]. As the method provides
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network models of measured thermal impedances through a deconvolution step, it
became widely known as network identification by deconvolution or NID method.
The method has some theoretical limits, which are discussed in detail by Székely
in his other often cited paper [23]. One needs to add that if the NID method is im-
plemented with care, the method can be widely used in daily practice of thermal
measurements, QA, and FA. Another field of application is CFD model validation or
LED package compact thermal modeling as will be shown later in this chapter (see
also Sect. 6.5.2.2. of Chap. 6).

It is worth mentioning that time constant spectra can be created not only by the
deconvolution operation shown by Eq. (4.41) but it is also possible to calculate
them directly in any thermal simulation program, which is able to calculate ther-
mal impedances in the complex frequency domain [20]. Such calculations have the
advantage that time constant spectra obtained this way are free from any distortion
of measurement noise and measurement artifacts originating from the cutting and
substituting the early electrical transients (see Fig. 4.16 and Fig. 4.18 in Sect. 4.3.6.1).

When converting measured thermal impedance curves to time constant spectra,
small differences and noise are further enhanced by the numerical derivation and
numerical deconvolution needed to postprocess data using Eq. (4.41).

Based on Eq. (4.41), time constant spectra can also be extracted from simulated
thermal impedance curves. In this case, the problems are due to the quantization
noise of the numerical results and the possibly too coarse time resolution'? of such
simulated transients. The direct calculation of the time constant spectra as described,
e.g.,in[20]is a viable alternative to the “brute force” application of the NID method to
simulated Z, curves. Unfortunately, commercially available program tools providing
this opportunity are no longer available.

As stated already, the Z,(¢) thermal impedance function and the R, (¢) time con-
stant spectrum are equivalent, the R, (¢) function also carries all available information
about the heat conduction path. Thus, it is worthwhile further transforming it into
highly detailed network models of the thermal impedance and into other descriptive
functions for the analysis of different aspects of the junction-to-ambient heat flow
path structure. These further representations include the cumulative and differential
structure functions, which were discussed in the previous sections and the pulse
thermal resistance diagrams described later in this section.

As Fig. 4.54 shows, for further numerical processing, the continuous time con-
stant spectrum obtained by Eq. (4.41) needs to be discretized. For a given discrete
time constant value an average R,; magnitude value is assigned using Eq. (4.42).
From the discrete time constant and magnitude value, a thermal capacitance value
describing the given discretized time constant value is calculated. This way the dis-
cretized time constant spectrum is turned into a long FOSTER equivalent model as
shown in Fig. 4.54. The discretized version of the continuous time constant spectrum
typically contains 150..200 R;,—t pairs, thus, the FOSTER equivalent model consists

13 Achieving a time resolution higher than 20 points per decade may require unaffordable simulation
resources while measuring a thermal transient with about 200 or 400 points per decade resolution
is not a problem with the transient extension of the JESDS51-1 “static” test method.
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of 150..200 stages. In the practical realization of these calculations, the stages are
ordered according to the time constant values, starting with the smallest one.

The temperature response of the system described by this model can be calculated
by Eq. (4.25). Due to the associativity property of the addition operation, however,
the summation in Eq. (4.25) can be carried out by any order of the RC stages of the
FosTER equivalent model. In simple words, this means that the order of the RC stages
of the FOSTER equivalent model can be any, it has nothing to do with the physical
structure of the heat conduction path described by the model.

This underlines our prior statement that the elements of the FOSTER model are
“fictitious”: the entire model properly represents the thermal impedance but the
individual element values of the model are not related to the physical reality.

To overcome this problem, the FOSTER equivalent model of the thermal impedance
is converted into the corresponding CAUER ladder model.

The FOSTER <> CAUER conversion is a “standard” technique in case of (passive)
linear electrical circuits, but there are practical limits when one tries to implement
the conversion algorithms numerically.

Fortunately, we need the FOSTER — CAUER conversion only, which works well
for large models with hundreds of stages. The “only” numerical issue in this case is
that the standard floating point number representations do not provide the appropriate
range of orders of magnitude of values and do not provide enough numbers of decimal
digits.'* Description of the conversion algorithm is out of our scope, it can be found,
e.g., in Annex C of the JESD 51-14 standard [13].

As a final result, the R, (¢) continuous time constant spectrum discretized to about
150..200 points is converted into a detailed equivalent CAUER-type RC model of the
thermal impedance. If any two RC stages of that model are swapped, the thermal
response of the network model would be different, therefore the order of the RC stages
of a CAUER-type ladder model is significant; the order and the element values of the
RC stages are related to the physical structure of the (essentially one-dimensional)
heat flow path.

Asasummary regarding structure functions, we can conclude the following. Struc-
ture functions are closely related to the theory of the linear RC networks and to their
different representations. Strictly speaking, structure functions are representations
of impedances of distributed (thermal) RC networks characterized as follows:

¢ The network is linear and passive;
* Driving point behavior is considered;
» Essentially one-dimensional heat flow is assumed.

Linearity means that the thermal resistance and capacitance are independent of the
temperature itself. In other words: both the thermal conductivity and heat capacity
are constant values, without temperature dependence. In reality, this theoretical
condition is not met exactly but in practical situations it is a reasonable approximation.

14 This problem can be overcome by using special math libraries in the implementation, which
provide any number of digits both for the exponent and for the mantissa.
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Fig. 4.55 Periodic heating A
pulse sequence P(t)

The subject was discussed in detail by Székely and Rencz [17] and is also touched
in Sect. 6.5.2.2 of Chap. 6.

Driving point behavior means that the same location of the structure is heated (by,
e.g., a power step) and measured for its temperature response; see also Sect. 6.1.4.2
of Chap. 6.

Essentially one-dimensional heat flow (besides longitudinal flow) includes more
complex heat spreading, which with some coordinate system transformation can
be mapped to longitudinal flow in a Cartesian coordinate system. This includes
radial spreading in disc-like structures such as an MCPCB under a power LED or
in a JEDEC standard thermal test board, cylindrical spreading or conical spreading
(e.g., in a copper heat slug of a power LED package).

A heat flow path is called essentially one-dimensional path if it is formed as “series
connection” of the regions with the above described heat spreading characteristics,
which is often the case with real semiconductor device packages. Only the splitting
of the heat flow path poses questions. When the splitting point coincides with the
driving point of a main and a parasitic heat flow path and the total thermal resistance
of the parasitic path is known, there is a possibility to eliminate the effect of the
parasitic path from the structure function [25]. Even if such a correction is not
possible because the parasitic shunting resistance is not known or the splitting point
differs from the driving point, still an “equivalent” physical structure can be derived,
but without direct mapping to the real physical structure in such a case.

4.4.6 Pulse Thermal Resistance Diagrams

In case we apply a square wave power profile (such as shown in Fig. 4.55) on a device
for a long period of time, we can expect it to reach a stationary state: the junction
temperature will also follow a periodic function and its waveform becomes stable.
Examples for such stabilized junction temperature waveforms are shown in Fig. 4.56.

The most important quantity at such excitations is the peak temperature reached in
stationary state. One way of getting this value is really programming different pulses
of different length and amplitude and measuring the transient temperature changes
(for practical reasons in the “off” state).
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Fig. 4.56 Junction temperature waveform at different heating pulse series:
atp =0.1ms,t, =02ms,8§=0.5, f =1/t, =5kHz, dTpear = 7.8 K, dT,,, = 7.3 K
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Carrying out a series of measurements with square wave excitation at many fre-
quencies and duty cycles is a rather tedious task. Instead, we can derive this plot
from a single measurement with step excitation, and some mathematical calculation.

Actual temperature waveform can be gained by simulation, making first one of the
RC models of the device defined in previous sections and then using a SPICE-like
circuit simulator.

A useful plot called pulse thermal resistance diagram or thermal transient
impedance plot yields peak temperature in stationary state directly; it can be easily
derived from the time constant spectrum.

Let the periodic pulse load be denoted by the #; pulse width, #, period, and the
8 = t1/t, duty factor (Fig. 4.55). The curves of the pulse thermal resistance diagram
can be calculated from the time constant spectrum by the following convolution
operation [20]:

C _ 1 —exp[—exp(2)]
Zie=In.8) = R ® T (4.44)

Example 5—generating pulse thermal resistance diagrams
Such a diagram (Fig. 4.57) describes the behavior of the same LED used in Examples
1-3—when excited by repeated pulses of given length and duty cycle. The horizontal
axis shows the pulse length; the duty cycle is the curve parameter. The vertical axis
shows the peak temperature elevation in terms of an “effective thermal resistance”
[K/W].

In case of a stream of very short pulses, the power source can be interpreted as
an effective source with a power downscaled by the duty cycle. In case of very long
pulses, the temperature has “enough time” to reach the steady-state situation.
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Fig.4.57 Pulse thermal resistance diagram of the Dragon LED on cold plate, thermal grease applied,
emitted optical power considered

Accordingly, in Fig. 4.57, we get back for pulses of very long #; again the peak
temperature elevation corresponding to 11 K/W as in previous “views.” At 50 % duty
cycle, the peak temperature behaves like at driving a 5.5 K/W thermal system for
a long time, at 10 % like driving a 0.11 K/W heat conduction path, etc. The really
informative part of the figure is in between, where we have no instant guess on the
peak temperature.

This curve is extremely useful for producing data sheets for devices and designing
switching-type power supplies (pulse width modulation [PWM] LED drives).

The powering scheme shown in Fig. 4.55 is typical in case of dimming LEDs
with pulse width modulation (PWM dimming) where the average luminous flux is
controlled by the duty factor.

4.4.7 Complex Loci

The frequency domain representation of the thermal impedance can be provided in
different ways. Based on the Z,;,(¢) function, it can be by transformed into the Z;,(w)
function

[e¢]

Zu(w) = / Za(De ' dt 4.45)
0
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Fig. 4.58 Complex locus of the frequency domain thermal impedance of the power LED assembly.
Harmonic components corresponding to 0, 100, 200, and 300 Hz (0, 628 rad/s, etc.) are shown

where o is the angular frequency of the excitation. The resulting Z,,(w) complex
thermal impedance function can be visualized, e.g., by means of a complex locus
(also known as Nyquist diagram) as shown in Fig. 4.58.

The zero frequency value is the thermal resistance defined in Sect. 4.3.3. In the
actual measurement, this is again 8.2 K/W and 15 K/W for the two boundaries when
measured along the horizontal axis on the “electrical only” curves.

In case the frequency of the mains voltage, is, e.g., 50 Hz, then the power will
have 100 Hz base frequency and hence, harmonics of 200 Hz, 300 Hz, etc. The
corresponding angular frequencies of interest will be accordingly 628 rad/s, 1,258
rad/s, 1,885 rad/s, etc.

The absolute value of the impedance at any frequency is the length of the vector
pointing from the origin to the given frequency point on the Z,,(w) locus (arrows in
Fig. 4.58 and Fig. 4.59). The angle between the horizontal axis and the locus shows
the phase shift between the sinusoid power component and the temperature change
belonging to it.

The length of the vectors shows that the thermal impedance is smaller at higher fre-
quency; their angle proves that the temperature change is delayed to the power. This
is also implied by the compact network model of the thermal impedance (Fig. 4.40).
The physical meaning of the smaller temperature change on the same power ampli-
tude is that the periodically changing heat can be locally stored and released by the
structures near the junction; it does not reach the ambient.

Complex loci are a very powerful representation of the component and its envi-
ronment when analyzing periodic excitations. An application example is the single
valued “AC thermal impedance” of LEDs [26] that will be detailed in Sect. 4.7.
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Fig. 4.59 Excerpt of the complex locus in Fig. 4.58

4.4.8 Summary About the Different Representations of Thermal
Impedances

In Sect. 4.4, we described how the results of thermal transient measurements can be
interpreted.

The well-known Z,,(t) curve is obtained from the measured junction temperature change
AT(t): this function is divided by the APy real heating power step applied at the device
under test (in case of LEDs that is the supplied electrical power less the emitted optical
power). The Z,,(t) time domain thermal impedance function directly provides the junction
temperature response if 1 W of heating is applied, therefore it is called unit-step response.
We distinguish between driving point thermal impedances (when the heating and the mea-
surement of the dynamic temperature response takes place at the same location) and the
transfer impedances (when the heating and the measurement of the temperature response
are at different locations).

During the subsequent postprocessing of the measured thermal impedances, logarithmic time
scale is assumed by the introduction of the z =In(¢) transformation. The unit step response
in logarithmic time scale is often denoted by a(z) in the technical literature.

The first concept we described was the concept of the continuous R, (¢) thermal time con-
stant spectra. The convolution integral, which connects the time constant spectrum and the
unit-step response, was shown. This relationship provides the algorithm of extracting the
time constant spectra from measured thermal impedances. Time constant spectra are in-
terpreted both for driving point and transfer impedances. Time constant spectra of driving
point impedances have only positive values, while in case of transfer impedances there are
negative values also present in the time constant spectra.

Time constant spectra of driving point thermal impedances can be further pro-
cessed: after discretization (as a practical step in the numerical implementation of the
necessary calculations) FOSTER equivalent models (as black box models) and after
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a conversion step, detailed CAUER equivalent network models (with about 150..200
stages) can be obtained. These detailed network models are yet another representation
of the driving point thermal impedances.

The measurement result evaluation method is named NID as the process is based
on the series of a deconvolution and a network model identification steps.

To facilitate the further analysis of the measurement results, the cumulative struc-
ture function'> (CSF) is defined as a map or a graphical representation of the thermal
capacitance/thermal resistance distribution of the junction-to-ambient heat flow path.
We have shown that for essentially one-dimensional heat flow paths the structure
functions and the physical structure of the path are in a one-to-one relationship. To
further enhance the heat flow path details, the derivative of the cumulative structure
function, called the differential structure function (DSF) is also introduced.

Both kinds of structure functions are powerful tools in finding partial thermal
resistances (like TIM resistances) or thermal capacitances of different structural
elements of a power semiconductor device package. Knowing material properties,
volumes and effective cross-sectional areas of different heat flow path sections can
be identified; or, if geometrical information about the heat flow path sections is
available, material properties can be identified. Some of these properties of structure
functions lead to new thermal testing applications like die attach qualification or
measurement of thermal conductivity of TIM. Application of structure functions in
pre- and poststress analysis of LED’s reliability studies was demonstrated recently
[28]. This topic is further discussed in Sect. 4.5.4.

Thermal transient measurements and structure functions recently got used in
measuring standard thermal metrics of packages like the measurement of the
junction-to-case thermal resistance of power semiconductor device packages (see
the JEDEC JESDS51-14 standard [13]).

Last but not least, there are two further representations of the thermal impedances,
which help study the thermal behavior of packaged semiconductor devices under
periodic heat load conditions. The pulse thermal resistance diagrams can be derived
from time constant spectra by using a convolution integral [20]. These diagrams
provide information about the effective thermal resistance of the heat flow path when
driven with a square wave dissipation with a given pulse duration and duty factor.
This information can be useful for the thermal management design of PWM-dimmed
LED applications.

Complex loci (or Nyquist diagrams) are the graphical representations of ther-
mal impedances in the frequency domain. They are defined both for driving point
and transfer impedances. With the help of these loci, one can identify the value
of the thermal impedance at any harmonic frequency of a sinusoid power excita-
tion. This is very useful information when one needs to characterize the thermal
behavior of directly AC mains driven LEDs [26]. This topic is further discussed in
Sect. 4.7.

15 Tn many cases, the adjective “cumulative” is neglected and the CSF is simply called the structure
function.
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Fig.4.60 Summary of the possible equivalent representations of a driving point thermal impedance
(after Vermeersch [27])

All these equivalent representations of the thermal impedances and the conversion
steps between them are summarized in Fig. 4.60.

4.5 Some Applications of Structure Functions

4.5.1 In Situ TIM Testing

As pointed out in Sect. 4.4.4, structure functions can be well used to study material
property changes in junction-to-ambient heat conduction paths of different (power)
semiconductor devices. As an example, interfaces between mating solid surfaces in a
heat flow path are regions usually characterized by a small Cy,/R;;, ratio—appearing
as long, flat plateaus in structure functions.'6

Some portions of the LED structure are highly stable (chip, submount, heat slug.)
On the contrary, TIM layers, which are applied to fill the small gaps between mating
surfaces can show large variation even in samples from the same manufacturing lot.
Testing the TIM itself, in bulk or in thin layers (see Sect. 4.5.3) gives no hint on the
actual thermal resistance achieved in the fabricated TIM layer. These unavoidable
variations can be best studied in structure functions.

Figure 4.61 highlights typical thermal interfaces in an LED application. Their
quality can be even measured as the length along the thermal resistance axis of
TIMa, TIMb, and TIMc in Fig. 4.51 (Example 4 of Sect. 4.4.4).

There could be many reasons why interfacial thermal resistance changes: temper-
ature change, variation in the thickness of the TIM layer, aging or simply, the TIM
quality is changed by purpose. In the subsequent sections, examples will be shown

16 The analysis technique based on changing Cy/Ry, ratio in the structure function was first
suggested by M. Rencz et al. [29] for the study of die attach voiding and for TIM quality assessment.
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Fig. 4.61 Different thermal interfaces in the junction-to-ambient heat flow path of a typical LED
application

for such cases. The overview of applications of structure functions will be concluded
by an example for model calibration.

4.5.2 The Transient Dual Interface Method for the Standard
Measurement of the Junction-to-Case Thermal Resistance

The measurement of the R,,;c junction-to-case thermal resistance of (power) semi-
conductor device packages has always been suffering from different problems. The
“classical” method was putting a thermocouple into the cooling mount and making
statements on measuring junction temperature and the temperature of an arbitrary
point on the “case” surface. The major pain was the repeatability and another is-
sue was accuracy—which became rather severe when small R,,;c values had to be
measured.

Even small errors in the measurement or its repeatability may cause enormous
problems. On one hand, publishing junction-to-case thermal resistance values on
the product data sheet underestimated by 10 % may result in liability issues of the
semiconductor vendors. On the other hand, the same thermal metric overestimated by
10 % may result in competitive disadvantage if end-users select power semiconductor
parts based on the thermal performance measured by this metric.

Application of structure functions in a smart way was a workaround to this mea-
surement problem. Today’s new JEDEC standard JESD51-14 [13] is based on the
original idea first published by Steffens et al. in 2005 [30], which is the following.
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Since structure functions reflect structural changes of an essentially one-
dimensional heat conduction path, let us introduce such a change by purpose: let
us change the quality of the thermal interface at the “case” surface of a power pack-
age. That change must be reflected to some extent by the Z;, curves (Fig. 4.37)
and much clearer by the structure functions (Fig. 4.50, Fig. 4.51). There are cases
when the deviation of the first derivative of the measured Z; thermal impedance
function provides a more definite separation, thus allowing a better definition for the
R[h JC value.

In the original paper, the authors realized the two different qualities of the thermal
interface by inserting a thin thermal insulator between the package under test and
the cold plate used as a test environment. The present JEDEC standard recommends
a more practical approach: it proposes to measure the package “dry” and “wet,” as
demonstrated in Fig. 4.31.

When applied to LEDs, one has to make sure that in both measurements the
heating power is corrected by the emitted optical power, using, for example, the
curves with postfix _oc in all characteristic plots.

Finding the separation point of the structure functions is not trivial. After detailed
numerical simulation studies and practical experiments, [31, 32] the method got
standardized with the requirement of defining a small positive ¢ threshold number
(Fig. 4.49, Fig. 4.50). This ¢ either specifies the relative difference of two derivative
functions or the difference of the cumulative structure functions (depending on the
method chosen) where we say, the corresponding Z;, value or the corresponding
cumulative thermal resistance is equal to the junction-to-case thermal resistance.
This ¢ value must be included along with the identified Ry,;c value on the test re-
port. Precise details are presented in the JESD 51-14 standard [13] and in papers
[33] or [34].

The required data processing method is implemented in a publicly available soft-
ware tool (forming an online annex of the standard) as well as in a commercially
available software.

Note that the standard was worked out for silicon power semiconductor devices.
Before standardization, different aspects of the applicability of the method have been
analyzed by Schweitzer et al. [32, 34, 35].

One of the first studies on the applicability of this method to certain high-power
LEDs was published by Miiller et al. [36].

The great advantage of this transient method is that instead of measuring a spatial
difference of two temperature values (7, Tcgs.) With two thermometers (the junction
itself and a thermocouple attached to the “case” somehow), it takes the temporal
difference of the junction temperature only (junction temperature transient). This
way most of the uncertainty and repeatability issues of the classical steady-state
Rinjc measurements are inherently eliminated. The completely differential approach
used in the ATy (#) measurement automatically cancels out offset errors and one needs
to calibrate the TSP of the device under test only.
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Fig. 4.62 Possible setups for TIM testing: a classical ASTM-like steady-state measurement setup,
b Dynamic TIM testing setup based on junction temperature transient measurements

4.5.3 Structure Functions Used in TIM Testing

In classical (steady-state) thermal interface material testing (ASTM D-5470-01, see
[37]) heat bars with known heat flux are used and the temperature drop difference due
to the introduction of the TIM to be tested is measured. Based on this temperature
difference, the thermal conductivity of the material can be calculated (Fig. 4.62a).

Uncertainties emerge due to the calibration issues of measuring spatial difference
of two temperatures, possible errors in temperature readings of thermocouples used,
etc.

A better way of testing thin TIM layers can be built on the transient method used
for measuring junction-to-case thermal resistance. The material sample is placed
in a dedicated test fixture where one face is the “case” surface of a power diode
and the other face is the surface of a cold plate. We measure the AT, (f) junction
temperature transient of the diode at a well specified, preset thickness of the material
(BLT—bondline thickness), see Fig. 4.62b. As we change the sample thickness with a
precise, dedicated mechanics, the total measured thermal impedance of the complete
test setup will change.

The change of the total junction-to-ambient resistance of the test setup is solely due
to the changes in material sample thickness, as presented in the structure functions
of Fig. 4.63. Therefore, the A thermal conductivity of the sample can be calculated
as follows:

1 AL
1=
where A is the cross-sectional area of the heat flow path across the sample, AL is the
bondline thickness change, and ARy, is the corresponding change in the total thermal
resistance of the test setup.
According to Eq. (4.46), we can state that the thermal conductivity of the TIM
sample tested is directly proportional to the slope of the R;—BLT diagram obtained
for the sample. Such diagrams are shown in Fig. 4.64.

There are some advantages of this TIM testing method compared to other tech-
niques. For example, there is reduced measurement uncertainty due to the differential

(4.46)
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approach. The test method can be considered as a quasi in situ technique as the test
fixture resembles the real-life application conditions of TIM materials. Last but not
least, every measurement includes an inherent self-test of the measuring system;
as based on the obtained structure functions, the structural integrity of the test fixture
can always be checked. Such a system is available as an add-on item [38] of a
commercial thermal transient tester [39].

A general overview on different TIM testing techniques is given in Chap. 8 on
TIMs.

Details of the measurement principle and its realization are presented in papers
of Vass-Varnai et al. [40, 47].

4.5.4 Structure Functions in Reliability Analysis

If aging of TIMs manifests in thermal conductivity changes, these changes can thus
be well measured by structure functions. Therefore, thermal transient measurements
completed by structure function analysis are becoming a popular tool in reliability
investigations of complete thermal management solutions both in electronics cooling
and in solid-state lighting applications.

The general methodology is as follows.

First, a test heat conduction path setup is created: typically a power semiconduc-
tor device is assembled to a cold plate. The purpose of the test could be to test the
semiconductor device itself or to test the TIM layer applied between the semicon-
ductor device and the cold plate.

As second step, thermal transient measurement of the test setup is performed
before any stress condition of the given reliability/or life time test is applied.

Then, the stress condition is applied. In reliability analysis, typically temperature
cycling and/or power cycling are used as a thermal stress condition. Another often
applied stress condition is relative humidity (RH) cycling. In case of LED life time
testing (LM80 standard [42] compliant tests), the stress condition is realized by
operating the LEDs at nominal forward current at elevated environmental temperature
(e.g., 85°C).

Thermal transient measurements of the test structure are usually performed reg-
ularly while the stress conditions are being applied: e.g., at 500h, 1,000 h, 1,500 h
etc. in LMS8O0 life time measurements [29].

The first such measurements on power LEDs were published by the team of M. W.
Shin [43, 44]. A power LED package was subject to high temperature and high RH
conditions, which caused die attach delamination. The delamination process was
“monitored” by structure functions taken after 3, 6 and 24 h of stressing. At the end
of the experiment, the die attach delamination was confirmed by acoustic microscopy.

Example 6—structural changes during LM80 tests
Degradation of these thermal interfaces such as delamination or material aging results
in increased thermal resistance, thus in higher junction temperature, which is among
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the reasons that lead to luminous flux reduction of LEDs during their life time or
even to fatal failures.

End-users of LEDs have no control over the quality of most of these thermal
interfaces except the ones introduced at the assembly of the LED-based product.
These comprise the LEDs’ attachment to a substrate like a metal core printed circuit
board (MCPCB) or the so-called TIM?2 layer—the TIM used to reduce the interfacial
thermal resistance between the MCPCB and the heat sink (luminaire body).

In a series of experiments on aging LEDs performed by the team of Schanda et al.
at the University of Pannonia (Veszprém, Hungary), the usual electrical and photo-
metric/spectroscopic measurements during LMS8O0 life time tests have been completed
with thermal transient measurements and subsequent structure function analysis [29].

The obtained structure functions indicate all the essential elements of the junction-
to-cold plate heat flow path, like the LED chip itself, die attach, the solder/glue
between the primary LED package and the MCPCB used for assembly, and the TIM
between the MCPCB and the temperature-controlled solid surface of the test chamber
(cold plate).

With the regular thermal transient measurements during this experiment, one could
observe structural degradation both within and outside the LED package. The most
characteristic changes were delamination of the LED package from the MCPCB and
the degradation of the applied TIM2 material.

Figure 4.65 provides snapshots for LED samples, which are considered “best”
performing devices from the point of view of light output stability (samples A) and
for the worst devices (samples B). In Fig. 4.65a, only a slight thermal resistance
increase can be observed on samples A, the main contributor to this increase is at the
end of the junction-to-cold plate heat flow path. This can be identified as the TIM
(conventional thermal grease in this case) between the MCPCB and the test chamber.
The increase of 0.9 K/W with respect to the original value of 15.1 K/W means about
6 % change of the total thermal resistance. In Fig. 4.65a, one can also see the high
stability of the relative luminous flux of the investigated LEDs.

Figure 4.65b demonstrates that samples B show huge increase in the total thermal
resistance as indicated by the structure functions. This increase took place within
500 h of aging time. Since the initial sections of the structure functions in Fig. 4.65b
coincide (corresponding to the LED chip and the die attach), probably the increase
reveals a delamination of the LED package from the MCPCB. Between 500 and
2,000 h, the same TIM aging took place as seen in Fig. 4.65a.

Asone can see, there is a strong correlation between the maintenance of the emitted
luminous flux of the LEDs and the structural stability of the junction-to-ambient heat
flow path. In case of poorly performing LEDs, the significant increase of the thermal
resistance is not the direct reason of the significant drop of the luminous flux.!” The
increased junction temperature resulting from the increased thermal resistance has
accelerated those chip-level failure mechanisms, which cause light output reduction.
Section 5.5.2 of Chap. 5 presents further details on light output measurement results
obtained in this experiment.

17 In this particular case, about 1.5% loss can be attributed directly to the increased thermal
resistance.
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Fig. 4.65 Change of relative luminous flux and thermal properties of a a very stable LED and b a
poor quality LED during LM80-compliant life time testing experiment [29]

Example 7—TIM property changes during temperature cycling

In this case study, the changes of TIM performance were monitored in situ, after
repeated reliability tests. In the test arrangement, the TIM material was put between
the external cooling surface of a power semiconductor device and a liquid cooled
heat sink. The device was fixed to the surface of the heat sink by constant force,
maintained by a special fixture.

The test was aimed at the study of the durability of TIM materials for temperature
cycling, induced by power cycles applied to the device. After reaching the hot thermal
steady state, the high power applied at the device was switched off and the cooling
transient was measured by the transient tester. Such test conditions resemble the
normal operation of the device: if the quality of the TIM gets worse, the same
powering results in higher junction temperatures in each cycle.

The device was trained by approximately 20 W power steps, in 20 s periods of
50 % duty cycle. The surface temperature of the heat sink was set to 40 °C during
all measurements. This allowed the junction temperature to rise up to approximately
120 °C in each cycle.

In the original study of Vass-Varnai et al. [45] the thermal behavior of eight
different TIM samples was investigated; here we present the case of a nanoparticle
filled composite.
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Fig.4.66 Sample structure functions obtained from the power/temperature cycling test setup aimed
at the study of the long-term behavior of different TIMs
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Fig. 4.67 TIM performance change during power cycling indicated by junction temperature
elevation, derived from the structure functions of Fig. 4.66

During the tests of the investigated TIM materials, 2,500 cycles were performed
and the cooling transients for every cycle were captured. Structure functions were
generated from the junction temperature transients measured in every cycle. As seen
in Fig. 4.66, as long as the heat flows in the same structure (the BJT package),
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Fig.4.68 Measurement and simulation results of a power transistor package: a junction temperature
transients, b cumulative structure functions. Simulation was performed with an initial, uncalibrated
detailed model

the structure functions are exactly the same. If the structure of the heat flow path
changes, the difference immediately appears on these functions, showing the exact
location (thermal resistance value) and magnitude (thermal capacitance value) of the
change. In this example, the changes appear in the last section—corresponding to
the investigated TIMs.

The reference structure function is the one obtained after the first cycle (the
rightmost curve in Fig. 4.66). Further structure functions obtained after 500, 1,000,
and 2,500 cycles are also shown in the figure. The observed junction temperature
elevations for all test cycles of a selected TIM are shown in Fig. 4.68. In this particular
example, the TIM performance has improved during the test.

The original study [45] includes examples in which TIM quality degradation was
observed during the temperature cycling.
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4.5.5 Structure Functions and Thermal Modeling

A simulation model is as good as the available input data: device geometry and ma-
terial properties. When creating detailed models for CFD simulation tools, this is
always an issue, even for semiconductor vendors who in principle must be aware of
at least the device geometry. But many times, material parameters and effective
volumes or area raise questions. One possible source of uncertainty in detailed
thermal simulation models is the interface thermal resistance, both at TIM1 (die
attach) and TIM2 (e.g., thermal grease).

Thermal transient testing was already used in the PROFIT project for the cali-
bration of detailed simulation models further used in DELPHI-type compact model
generation [46]. Though structure functions were already known as tools of heat
flow path structural analysis, in this work they were not yet used: only measured and
simulated junction temperature transients obtained for different DELPHI dual cold
plate conditions were compared.

The idea behind using structure functions for detailed model calibration/validation
is as follows. If both the geometry/material properties in the simulation model and
the boundary conditions correspond to the real-life situation, then there should be
no differences between the measured and simulated thermal impedance curves. Any
small difference due to geometry or material mismatch should be visible in the
corresponding structure functions. A paper by Bornoff and Vass-Varnai [47] provides
acase study on how a power semiconductor device package model could be fine-tuned
with the help of structure functions. We take the example from this paper!®: creating
the calibrated detailed model of BD-242-type transistor housed in a TO-220 package.

In the early iteration steps, the die size and the area of the active (dissipating) chip
surface region were matched. With this modification, the first section of the heat flow
path model became correct: as seen in Fig. 4.69a. With this, the match between the
simulated thermal impedance and the measured thermal impedance became perfect
up to a cumulative thermal resistance value of about 2.5 K/W.

After the die attach layer’s properties also got modified (interface resistance set
to the proper value by adjusting the thermal conductivity of the TIM1 material),
the matching of the structure functions became perfect up to roughly 4.4 K/W, see
Fig. 4.69b.

The last step in the model calibration was to properly set the thermal resistance
of the applied TIM2 layer, see Fig. 4.69c. With this, the model calibration was com-
pleted. The remaining difference is attributed to the modeling of the cold plate used.

Trade-offs between simulation and measurement depend on many factors. Paper
[48] discusses some of these. A recent approach is to create (dynamic) compact mod-
els of packages directly from measurement results [27], leaving out the creation of
calibrated detailed CFD models used in standard compact modeling methodologies.
For more on this topic, refer to Sect. 6.5.2.2 of Chap. 6.

18 Measurement and simulation results by courtesy of Vass-Varnai and Bornoff.
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Fig. 4.69 Major iteration steps of adjusting the simulation model: a correction of the die size and
the area of the active (dissipating) region, b die attach thermal resistance also corrected, ¢ final
calibrated model with adjusted TIM2 thermal resistance
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Fig. 4.70 Ostar module in the calibration chamber also used as cold plate during the measurement

4.6 Multichip Measurements

Thermal measurement of multichip modules is discussed systematically in Chap. 6,
Sect. 6.1.4.2. Here, we illustrate the features of such measurement in a practical
example.

Example 8—measurement of an RGB module

We measured a commercially available 4-chip Osram Ostar module built on a surface
mount distributor plate. The module contained a 2 x 2 array of a red, a blue, and
two green chips.

The plate temperature was separately measured by a negative temperature
coefficient (NTC) resistor.

After calibration, cooling curves were recorded and processed in the same way
as in previous examples.

Figure 4.70 shows the thermostat with removed lid in which the calibration and
the subsequent thermal measurement was carried out.

Figure 4.71 shows the cooling curves of the system. The blue chip was driven by
350 mA, much below the allowed maximum current. We can observe that the run
time from the driven blue to the nearby green chips was approximately 3 ms and to
the red chip, which was in opposite diagonal position in the array it was 5 ms. The
temperature change reached the NTC sensor after 400 ms.

Table 4.4 lists the measured “electrical only” Ryj4_¢; junction-to-ambient thermal
resistance ‘values calculated from the input electric power only. Each row repre-
sents a measurement in which one LED was driven by heating current and then the
cooling of four LEDs and the NTC sensor were recorded. In the diagonal of the
table with bold numbers, we see the self-resistance (temperature change on the LED
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Fig. 4.71 Cooling curves of the Ostar module, blue chip-driven

Table 4.4 Measurement results for the RGB module

Ri-er [KIW]
LED driven Channel sensed
G1 B G2 R NTC
G1 10.44 4.67 4.03 4.53 1.15
B 4.21 9.24 413 3.73 1.14
G2 4.00 4.54 9.95 4.48 1.14
R 4.05 3.74 3.97 9.65 1.05

heated by electric power, also displayed in Fig. 4.72); other cells represent transfer
resistance also known as thermal characterization parameter (temperature change
at an unheated point divided by the input power of the heated LED).
The small asymmetry of the array is caused by the different energy conversion
efficiency of the chips of different color.
The next two figures compare the Z, ; and Z, .o self-impedances of the four
chips. The Z, .q; curves are shifted such that they coincide on the longest section.
Cumulative structure functions composed from the self-impedance also show poor
coincidence without optical power correction. Structure functions with correction
show difference only in the chip region.
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4.7 Issues of Thermal Testing of AC-Driven LEDs

4.7.1 Introduction

LED lighting applications can be powered either by a constant current LED driver
circuit or directly from the AC mains. Such AC-powered LEDs may have different
configurations [49, 50, 51]. In directly AC-driven LEDs or LED lamps, the driver
electronics is simplified to a small integrated ballast, sometimes a serial resistor only,
sometimes a component of reactive nature. '’

At constant DC, powering LEDs dissipate steady power. This results in a steady
junction temperature after a relatively short heating transient. Due to basically one-
dimensionalheat spreading in LED components, a single thermal resistance value
for further system (luminaire)-level thermal design is usually a sufficient model of
the steady-state thermal behavior.

The first publications about techniques aimed at measuring the junction tempera-
ture of AC-driven LEDs appeared in 2010 [53, 54]. These methods are based on the
idea of Zong and Ohno, first suggested for optical testing of DC-driven LEDs at a
specified junction temperature [55]. In the following, we present how a single-valued
thermal metric of AC-driven LEDs can be identified, based on concepts and testing
methods shown for DC-driven LEDs.

As none of these methods provide any thermal metric for packages and cooling
solutions of AC-driven LEDs, in the following, we try to fill this gap.

In case of AC-driven LEDs, the sinusoidal mains voltage results in a periodic
waveform of the actual heating power, after an initial, transitional period while
heating up the LED junctions. Once the shapes of the waveforms of the heating
power and the junction temperature do not change any more, we can say that the
directly AC-driven LED is in a stationary state. As our systems are nearly linear in
the thermal domain, the thermally stationary situation can be treated similar to the
small signal AC operation of linear electronic circuits.

In AC conditions, the frequency-dependent temperature response is of interest.
Using the frequency domain description of the thermal impedance, the temperature
can be calculated as:

Ty(@) = Zy(w) - Paissac(w) (4.47)

where w is (angular) frequency and Pyssac is the AC power dissipation (as we show
later, obtaining Pgsac is not trivial). If Pyac Were a purely sinusoidal signal in the
form of Pigsac(f) = Pmax- sin(wt), the time domain representation of the AC junction
temperature response would also be a sinusoidal function:

T]AC(t) = TJmax : Sin(a)t - (,0), T]max = |Zth(w)| . Pmax (448)

where ¢ is the phase shift between the power and the temperature waveforms.

19 These ballasts usually hamper thermal testing and thus need to be bypassed for the sake of this
test.
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For fairly good approximate calculations, the dynamic compact network model
representation of the thermal impedance (Fig. 4.74c) can be used in formulas (4.47)
and (4.48) as usual in the simple small signal calculations of linear electrical circuits:

1 1 1
Zin(w) = R R Russ + Zns
(@) 7o X { th1 + TwCom X ( th2 + |:ij[/13 X (Ripz + Zp ):|>}
4.49)

For the element values in Eq. (4.49), notation of Fig. 4.74c was used. Z;, denotes
the thermal impedance of the TIM and the heat sink (modeled by R4 and Cyy4 in
case of the present example) and the x symbol represents the “re-plus” operation
(i.e., resulting in the net impedance/resistance of two parallel branches).

This means assuming constant amplitude of the power the amplitude of the junc-
tion temperature changes with the frequency since the value of | Z,(w)| vanishes with
increasing frequency as it already concludes from Eq. (4.49). This also suggests that
the AC thermal impedance (yet to be exactly defined in a subsequent section) of
thesame AC LED lamp is of different value when operated from a 50 Hz mains or
from a 60 Hz mains (see also Fig. 4.74b). Figure 4.74c also helps understand this: the
dynamic heat storage in capacity of the different heat flow path sections described
by the dynamic compact model act as “shunting branches,” which become more
effective at higher frequencies.

4.7.2 The Harmonic Components of the Periodic Heating Power

So far, the simple model of a purely sinusoidal dissipated power waveform helps
understand the frequency-dependent nature of LEDs’ AC thermal impedance. But
this simplistic approach does not consider that reality: sinusoid power change does
not occur. However, periodic power waveforms have a Fourier decomposition of
harmonic changes around a mean (DC) power level. Terms in Eq. (4.50) describe
any of these harmonics. The relationship between a periodic dissipation function and
its harmonic components is

+o00

Paisac(t) =Y Py - " (4.50)
n=0

where the complex number P, denotes the Fourier coefficient of the nth harmonic
of the Pyjssac(?) “signal.” Introducing the notation of Z,, , = Zy(n - wp)—where wy
refers to the frequency of the base harmonic—the Fourier series expansion of real
Tac(?) time functions can be expressed as
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Fig. 4.74 Different
representations of the thermal
impedance of a 10 W LED:

a the usual Z;;, curve (time
domain representation), b the
complex locus of the Z;,(w)
function (frequency domain
representation), ¢ cumulative
structure function and
dynamic compact model
representation of the same
thermal impedance. (Source:
[26] © IEEE, with
permission)
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+o0

Tyac(t) = Z Zih - Py - eI (4.51)
n=0

As introduced by Eq. (4.45) in Sect. 4.4.1.7, the Z,,(w) function is known once the
Zuy(t) thermal impedance is measured, thus, the Z, , = Zu(n-wp) values in
Eq. (4.51) can be easily calculated.

4.7.3 The AC Heating Power of LEDs

To have a better understanding of the nature of the real AC heating power of LEDs, let
us consider the model of LEDs’ [-V characteristics in which we separate the forward
current component responsible for light output and heat loss. As discussed in Chap. 2,
light output is associated to the so-called radiative recombination processes and heat
dissipation is due to the so-called nonradiative recombination processes, as illustrated
by Fig. 6.34 of Sect. 6.5.2.2 in Chap. 6. With this in mind, we can write

Ir = 14is(Vp) + Laa(VE) = Iy gis - [exp (VE/mV7) — 1]
+1o_raa - lexp (Vp/nVr) — 1] (4.52)

where Iy 45 and Iy 44 are the current constants of the different current components
associated with the nonradiative and radiative recombination processes; m and n are
the corresponding ideality factors (introduced in Sect. 2.1.3.2 of Chap. 2).

Equation (4.52) is true for the forward characteristics of the LED only. However,
most AC LEDs utilize both halves of the sine wave with appropriate circuitry. This
way Eq. (4.52) can be used for AC voltage, although during the two different half-
waves [r may flow in different elementary diodes of an AC-driven LED chain.

With Vy¢ = Vjux - sin(wt) voltage change the current of the LED can be described
as:

Ir(t) = Io_gis - [exp(Vaax - sin(wt)/mVr) — 1] + I4a(Vyax - sin(wt))  (4.53)

The AC generator voltage is also substituted into the /,,4(V) function representing the
light emission. The dissipated AC power of the LED is determined by the AC voltage
drop across the LED (the AC generator voltage) and the current not associated with
light generation:

Puissac(®) = Io_aislexp (Vmax - sin(wt)/mVr) — 1] - Vyax - sin (wt) (4.54)

Figure 4.75 shows Pyisac(t), the time function and the relative amplitudes of its first
eight harmonic components.
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Substituting the exp(Viax - sin(wt)/mV ) term with the Taylor-series approxi-
mation of the exp() function and performing the multiplication with Vyax - sin(wt)
in Eq. (4.54), we obtain:

Py O=V2,,- —IO . —1 sin®(wt) +
dissAC MAX Ve 1 w
+Viax - o . 1 sin’(wt) + (4.55)
MAX (V)2 2]! .
+ Vi .- 0 in*wt + ...
MAX mvp)ye 3! (wt)

We can see that due to the nonlinearity of the LEDs’ I-V characteristics, higher
harmonics of the base frequency of the AC voltage generator will appear in the
dissipation. The even harmonics add to the DC level of the dissipated power, since
sin?(ar) = [1 — cos(2a)]/2, sin*(a) = [3 — 4 - cos(2a) + cos(4a)]/2, etc.

The first harmonic represents a Y2, the fourth g x Vb part of the DC level and
so on. Since sin’(«) =[3 - sin(e) — sin(3x)]/4, the odd harmonics cause the base
harmonics to appear in the power change but at a lower factor only.

Another extreme case is the AC current driven situation when a sinusoidal AC
current is forced through the AC LED. The resulting voltage waveform and the
amplitudes of the harmonic components the Py;s54¢ can also be analytically expressed
for this situation—for details of this calculation, refer to [55].

In Fig. 4.76, measured waveforms of an AC voltage-driven LED 4 ballast resistor
configuration are shown together with the harmonics of its AC dissipation.
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Fig. 4.76 a Different measured AC waveforms of power LED + ballast resistor, driven by an AC
voltage generator b the relative amplitudes of its AC heating power
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Fig.4.77 Schematic diagram of a possible thermal test setup for the measurement of the AC thermal
impedance of mains-driven AC LEDs. (Source: [53] © EDA Publishing)

4.7.4 Possible Test Methods and Definitions of the Thermal
Impedance of AC LEDs

4.7.4.1 Direct Measurement

Direct measurement of the real AC thermal impedance of LEDs should be performed
with care. Depending on the mains frequency different values are expected: the
thermal impedance at 50 Hz is always larger than that at 60 Hz. The period of
the mains voltage (20 ms/16.66 ms) is much longer than the smallest thermal time
constants of usual LEDs—about 20 % of the thermal change of an LED occurs in
this time interval.

Adapting the principles of the JEDEC JESD51-1 standard-compliant thermal tran-
sient measurements, the AC LED under test must be heated by the AC mains power
source. Once reaching stationary current/voltage waveforms of a constant shape, the
AC power can be cut off and the junction temperature drop can be measured by
the usual electrical test method. The schematic of a possible test setup is shown in
Fig. 4.77.

To assure repeatability, the power has to be switched down at a well-defined phase
of the AC signal, since the measured impedance curves strongly depend on this phase.
Figure 4.78 illustrates this for a low AC voltage-driven single LED + ballast resistor
arrangement. Besides the dependence on the phase, another difficulty of such a
measurement approach is the realization of the sharp switching between a 120 or 230
V AC power source (with no harmonic distortion) and a DC measurement current.
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Fig. 4.78 Measurement results obtained by a low voltage version of the test setup outlined in
Fig. 4.77

4.7.4.2 JESD51-1-Compliant Thermal Tests and Calculus

The most straightforward way is using the junction-to-ambient thermal impedance,
which is a unique property of a semiconductor package. There are several ways
of representing it, with well-defined transformation methods among the different
representations as summarized in Sect. 4.1.8.

Powering an AC LED by appropriately high DC voltage (up to 150..280 V),
one can measure the Z,, thermal impedance as defined in the JEDEC JESD51-51
electrical test method for LEDs. As recommended by the JESD51-52 standard, the
measurement of the total radiant flux should also be performed. Such measurements
can be performed with usual, commercially available test equipment.

The measured time domain thermal impedance curve can be transformed into
frequency domain—this way one can obtain the Z,(w) function. At this point, we
have the frequency domain model of the LED suitable for being driven by arbitrary
waveforms.

As a next step, the AC voltage needed (120 V/60 Hz or 230 V/50 Hz) has to
be applied. Once the AC LED has reached its stationary state, the waveforms of
its AC voltage, current, and its periodic radiant flux can be measured (see, e.g.,
Fig. 4.76ain Sect. 4.7.3). From these waveforms, the actual Py ;,4c(f) heating power
can be calculated. With Fourier analysis, the P, harmonic components of the LED’s
heating power can be calculated.

Taking the values of the Z;(w) at the harmonic frequencies of the dissipation,
the waveform of the AC junction temperature can be calculated with the help of
Eq. (4.54).
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Fig. 4.79 An integrating sphere as thermal test environment for an LED lamp. Sphere properties
(size, material) and lamp orientation influence the maximal junction temperature

Once the Tjsc(f) and Pgsac(t) functions are known, the effective AC thermal
impedance as a thermal metric can be derived. There are several possibilities to define
such a thermal metric, such as the ratio of (some proper) mean values. Equation (4.56)
and (4.57) provide two different examples for a possible calculation of such a value

Zinac — ZinaC_mean = Tiac — Zinac_mean/Paiss ac_rus (4.56)
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Zinac — Zinac_mean = Tjac — Zinac_mean/Piiss Ac—RrMS (4.57)

where in both cases, e.2., Pgissac_rus is the RMS value of the periodic heating power.
In the first case also the RMS value, in the second case the maximal value of the
junction temperature waveform is used.

4.7.5 Test Environments

For component-level testing LEDs, the JESD51-50 series of standards recommend
a temperature-controlled cold plate as thermal test environment. This would be the
natural choice for MCPCB assembled AC-driven LEDs such as the Acriche series
from SSC.

For AC-driven retrofit LED lamps, however, natural convection is the usual op-
erational environment, therefore, it seems that a standardized natural convection test
environment would be required and another thermal metric, some sort of junction-
to-ambient AC thermal impedance would make sense. As we are interested in the
real heating power, the total radiant flux of AC-driven LEDs is also to be measured,
typically in an integrating sphere.

Actually, the integrating sphere can also serve as a thermal test environment,
providing hopefully repeatable test conditions. Again, care has to be paid, since the
lamp orientation in the sphere, the sphere size, the thermal conductivity of the sphere
wall, and even the thermal conditions of the testing laboratory may have significant
influence on the ultimate stationary junction temperature response. This can be easily
revealed by CFD simulation. In Fig. 4.79, an integrating sphere serves as a natural
convection thermal test environment for a retrofit LED lamp. The sphere properties
(size, material) and the lamp orientation influence the maximal junction temperature
(CFD analysis results obtained by the FIoEFD tool from Mentor Graphics).
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